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ABSTRACT

This bachelor thesis deals with a design processafl unmanned aerial vehicle intended
for Air Cargo Challenge 2015 competition. The tees organized according to the
development process. The initial conceptual desgdgollowed by the choice of appropriate
shape of the airplane and its airfoils. Calculatadnflight performance, maximum takeoff
weight and aircraft balance follows. The final pafrthe thesis describes structure of the aircraft
and prediction of the payload dependence on theeaisity.
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ABSTRAKT

Bakal&ska prace se zabyva navrhem malého bezpilotniboratuteného pro sotE Air
Cargo Challenge 2015. Prace je uswgdna dle postupu vyvojovych praci. Na prvotni
koncegni navrh navazuje volba vhodného tvaru letounuha jerofildze. Nasleduje vyget
letovych vykorii, maximalni vzletové hmotnosti a centraze letouPoslednicast prace se
zabyva konstrukci letounu a je provedena analyx@lpti uzit€ného zatizeni na hustot
vzduchu.
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1 INTRODUCTION

This bachelor’'s thesis describes the design proocessmimanned aerial vehicle (further
stated UAV) newly developed by the students of Fgaf Mechanical Engineering at Brno
University of Technology. The student team and U\ fight for victory in the competition
Air Cargo Challenge 2015, which will be held in Awggj in Stuttgart, Germany. Bachelor’s
thesis describes considerations taken into accdurihg the conceptual design of UAV,
aerodynamical design and basic flight performaradeutations of UAV, mass and balance
analysis, basic structural design and payload ptiediin regards to the air density.

A part of the thesis, which describes the firstaggtual design, includes arrangement of
aerodynamic surfaces, undercarriage type and mwigousystem selection. The aerodynamic
design part of the thesis consists of the wing@m@ennage shape and airfoils selection. Next
part of this section describes the fuselage shapelodpment and selection, which is followed
by the control surfaces design. The final parterbdynamic design consists of aircraft polar
and longitudinal stability calculation. The aerodgmc design is followed by the flight
performance calculations. The part describing liigatfperformance consists of the evaluation
of horizontal flight characteristic speeds, clindprapabilities of the aircraft, the calculation of
limit turns diagrams and evaluation of takeoff grduroll distance and time. The flight
performance evaluation is followed by the masslaaldnce analysis. That part of thesis stands
for description of individual parts masses andrtbhentres of gravity determination. After all
individual masses were defined, centre of gravitthe aircraft was calculated. The structural
design part describes individual components contiposand gives the overview of the aircraft
structure as the whole. The final part of the theshich is named payload prediction, includes
the description of the process, which led to themeination of the payload weight dependence
on the air density.

2 ACC COMPETITION

Air Cargo Challenge competition was established?@®3 by the APAE (Portuguese
Association of Aeronautics and Space) and wasliegy the North American DBF (design-
build-fly) aircraft university competitions. Sintleen, the competition has been held every two
years. Since 2007, many of the European countaes taken part in it. [19]

From the beginning, Air Cargo Challenge was intehtteawake a passion for aviation and
airplane design among students of technical univess

2.1 Aim of ACC 2015 competition

The Air Cargo Challenge allows students to geterlde the practical engineering and
actively participate in the design process of nemanned aerial vehicle (further mentioned as
UAV). Strict regulations as well as the time deaé$ are given and there is also highly
competitive environment within teams from all owbe world, which participating in the
competition.

Air Cargo Challenge 2015 competition aim differsnfraim of previous competition years.
This time, teams have to design UAV which haveramdport maximum payload on the
maximum possible distance within given time frarbast competition year, task was bit of
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easier, because there was no distance task. UA\Ohigdo take-off, make a go around and
land safely.

= UAV competition flight mission:

The flight mission for which was UAV designed issdebed by the regulations document
which was issued by the ACC 2015 organizing cona®iti he idea of the given competition
flight mission profile is evident from the figurel2which is listed below.

IS Vs

100m - 2min landing

max30s SIS

before

entering 60m \ "ot

the track max 3min for

' *a 2 valid takeoff

Fig. 2.1 Competition flight mission profile idgEQ]

2.2 BUT Chicken Wings university team

In the competition as well as in the practicesihecessary to create new, highly valuable
designs. Because of that, BUT Chicken Wings teara established. The diversity of the
individual team members’ interests increases therallvability of the team to design a new
competitive UAV. Team members are:

= Maté& Malinowski - Team leader

The student of the third year of bachelor’'s studygpamme Fundamentals of Mechanical
Engineering at the Brno University of Technologyridg the design process he focuses on
concept creation, aerodynamical design, flight grenbince calculation, mass and balance
calculation, payload prediction, and structuraligiesind cooperates with other team members
on particular structural design aspects, markedimd)sponsoring tasks.

= Jan Jilek — Composites specialist

The student of the third year of bachelor's studygpamme Fundamentals of Mechanical
Engineering at the Brno University of Technologwridg the design process he focuses on the
challenges associated with the design of UAV contpasructures. He also participates in the
3D CAD models creation.

= Bc. Michal Kubo — Strength calculations

The student of the first year of master’s studygpaonme Aircraft design at Brno University
of Technology. He focuses on the strength calcutatiof the wing, 3D CAD modes creation
and conceptual design of selected structural nodes.
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=  Ondiej Kovér — Manufacturing specialist

The student of the third year of bachelor’'s studygpamme Fundamentals of Mechanical
Engineering at the Brno University of TechnologyecBuse of his experience with the
production of Ellipse Spirit aircraft parts, he ises on the manufacturing process of UAV.
This includes the question of moulds creation atéelcsion of its material, and also preparation
of moulds for the manufacturing process. He widloaparticipate in the production of UAV
individual parts.

= |ng. Filip Sklenaf¥ — Competition pilot

The student of doctoral study programme AircrafsiDe and Air Transportation at the
Brno University of Technology. The main task ofsttéam member is piloting of UAV at the
competition and preparation for this task.

= Michaela Hanova — Marketing specialist

The student of the second year of bachelor’'s sudgramme Fundamentals of Mechanical
Engineering at the Brno University of TechnologyheSfocuses on the marketing
communication with companies which were addressemmntext of sponsors finding. She also
monitors the technical development of UAV to beatdp of effective communication with
potential project partners.

3 ACC 2015 TECHNICAL REGULATIONS

Technical requirements for the newly developed U#&¥ enshrined in the competition
regulations. The main technical requirements andtdtions, which are set by the ACC
organising committee follows. [19]

= Aircraft configuration:

Any aircraft configuration is acceptable excepargiwing or lighter than air configuration.
Externally assisted take-off is prohibited. It mgatihat energy needed for take-off must come
from propulsion battery pack on-board the UAV. Timy acceptable propulsion of UAV is an
electric motor, which is described below.

= Motor:

AXI Gold 2826/10 electric motor has to be usedtfa UAV propulsion. Only one engine
is allowed for the UAV propulsion. Any type of eteanic speed control (ESC) system could
be used. Open mounting is recommended for goodngpof engine.

= Batteries:

Any type of Lithium based battery (LiPo, LiFe, Lipis allowed. Batteries with up to 3
cells in series could be used. The product of marincontinuous discharge rate times the
capacity has to be at least 45A. The main battargpeters, which are voltage, capacity and
maximal charge and discharge rate have to be fahtn the battery.

= Propeller:

There is a possibility to use many different typéslevices generating thrust. Shrouded
propellers, multiple and single propeller and dddens are allowed. However, if the propeller
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is used, the only allowed type is APC 13x7 inchgsrgpropeller (manufacturer Product Code
LP 13070). The propeller must be properly secussdgua spinner or security screw.

=  Transmission:

Types of allowed transmissions are transmissionsgehains or propeller shafts, but only
if the rotation ratio between the propeller and osnoemains 1:1.

= Aircraft dimensions:

Aircraft dimensions are restricted so that the méded plane has to fit in square of 2,5 m
edge while standing on its landing gear.

= Cargo bay:

The cargo bay, which is intended for the payloat@mhent has to have minimal internal
dimensions of 160 x 80 x 80 mm (Fig. 3.1).

min.
80,0
|_min, min.__|
40,0 400 |

min, 40,0
‘/*.
@8,0—""

800 |4 min. 160,0

28,0
™

T

min. 40,0

Fig. 3.1 Minimal internal dimensions of the calgay [19]

However, the internal dimensions may be largenfaking sure, that the foam control box,
which will be used during dimensional inspectiofi fiii into the cargo bay. The cargo bay has
to contain a payload mounting.

= Payload:

The payload, which will be consisted of an amodsteel plates (Fig. 3.2), must be secured
against the movement under normal loads (taxiingfytf and landing). The payload may be
carried inside or outside the plane. Payload musafféct the structural stability of the UAV.
It mustn’t have much influence on the UAV centregadvity position.
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~—max. 80,0—

sl

i

max. 40,0

80,0 max. 160,0

max. 40,0

L

Fig. 3.2 Payload in form of steel plate [19]

=  Transportation box:

All teams have to use a transportation box for gpants of UAV. Minimal internal
dimensions could be seen in figure 3.3.

rirnax. 1100——

max.
400

A

max. 500,0

!

Fig. 3.3 UAV mandatory transportation box [19]

All structural parts of UAV and its electronicsig, tail, fuselage, landing gear, electric
motor, propeller, batteries ...) have to fit intaanisportation box at one time.

= Aircraft identification:

The aircraft must have unique identification synshevhich should be team number and
name of the university. Logos of sponsors are abbhwoo. Wings and the fuselage of the
aircraft have to be identified by the team numbetten in clear figures of at least 10 cm height.
The team number must be clearly visible at leasioprand bottom of each wing half and on
both fuselage sides. University name (if applicasleould be placed on the fuselage or the
wing in clearly readable form. Initials of the uargity should be used, if they are unique and
recognizable.

= Radio requirements and control system:

It is highly recommended to use 2,4 GHz radio aadrdystem. An independent battery pack
for RX is mandatory. It has to have a minimum cayaaf 600 mAh. Competition flight will
be performed independently on weather conditidnss electronic equipment have to be placed
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taking this fact into account. Servos have to wiéhd aerodynamical loads, which could
occurs. The usage of autopilot or control assigtasgstems (gyroscope, any artificial
stabilizing systems) is strongly prohibited. Mixiabilities may be used. However, no input of
sensors into aircraft control is allowed. Sensorsrfonitoring of such parameters as controlling
voltage of RX battery, battery temperature, temioeesof electric motor etc. are allowed.

4 CONCEPT OF NEW UAV

The conception of UAV comes from the Air Cargo Qérade 2015 competition flight
mission. First prerequisite for success in the oetitipn is creation of concept of a plane with
relatively high maximum take-off weight and rigidnstruction, which can withstand high
loads during fast flight in turns and which hasoafpod potential to resist to aeroelastic
phenomena.

= Relative position of wing and fuselage:

There were three possible options of the wing -elage configuration. Namely a high
wing, mid wing and low wing configuration (Fig. 4.J/Advantages and disadvantages of each
configuration are mentioned in the table 4.1 below.

coefficient Gmax.

and
maneuverability.

Configuration High wing Mid wing Low wing
Low interference Low weight of
Hiah maximum lift drag between landing gear and
Advantages g fuselage and wing| good load transfer

through aircraft
structure.

Disadvantages

Higher landing gear
weight when

attached to the wing.

Wing goes through
fuselage, which
limits the payload
placement.

High interference
drag without prope
aerodynamic filets.

Tab. 4.1 Advantages and disadvantages of a eliffeving to fuselage relative positions

CL

] —

—

———

-

Cp

Fig. 4.1 Wing to fuselage relative position [5]
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Finally the low wing configuration was chosen. Timain reason for this choice was
technological requirements and best load trankfeugh the important design nodes.

= Relative position of wing and horizontal tail:

The horizontal tail relative position against théngvwas chosen as the conventional
conception. It means horizontal stabiliser and a&i@vis positioned behind the wing of UAV
(Fig. 4.2).

Fig. 4.2 Relative position of horizontal tail awthg [18]

= Relative position of horizontal and vertical tail:

The relative position of horizontal and vertical,tevhich was chosen, could be seen in the
figure 4.3, lettera below. This configuration provides relatively sinatrtical stabiliser and
rudder area shaded by the elevator wake duringjitiint near the stall.

Fig. 4.3 Relative position of horizontal and et tail [7]

= Landing gear:

The conventional landing gear type (Fig. 4.4), whi€ non retractable was chosen. The
main landing gear utilizes solid spring type ofdhabsorber. The tail landing gear will utilize
tailskid. The table of advantages and disadvantafesiding gear configuration follows.
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Configuration

Non retractable tail wheel type landing gear withdsspring shock
absorber

Advantages

Low weight, simplicity, reliability, taxi and landg load
distribution directly to the main wing spar (langigear attachment
point).

Disadvantages

Higher aerodynamic drag than retictanding gear.

Tab. 4.2 Advantages and disadvantages of chaseimly gear

P

Fig. 4.4 Landing gear type [14]

=  Propulsion system:

AXI 2826/10 brushless electric motor (Fig. 4.5) kabe used by all teams participating in
the competition. Beyond the regulations it is plolesio use optional radial mount for this type
of engine. This mount consists of a mounting flangepeller adaptor, securing collar and
additional screws [17]. AXI 2826/10 electric motdraracteristics are available in appendix

A.1, Fig. Al.1.
]
Q
- [
s P N\
=1 F | — — B | — - ﬁ
s _.] | =
3
] 3
AXI 2820 - $5mm
17 AXI2826- 61mm pa

Fig. 4.5 AXI 2826/10 motor drawing [17]
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The mandatory type of propeller is APC 13x7 inc8psrt propeller. The main reason for
usage of the same propeller for all UAVs involvedhe competition is to achieve comparable
propulsion system characteristics for all teams.

=  Primary structure composition:

Primary structure of aircraft is going to be madanmty of composite materials.

Part Part description

Carbon and glass fibre reinforced composite sarfdwith core

Wing covering made of Rohacell

. Carbon fibre reinforced composite sandwich withecmiade of
Wing spar web

Rohacell
Wing spar flanges Thicker carbon fabric reinforcethposite
Empennage Composition same as in the case of tigg wi
Fuselage Thin carbon and glass reinforced compsisék

Tab. 4.3 Primary structure composition

Detailed structure composition is described in t&ad.

5 AERODYNAMIC DESIGN

The main objective of this chapter is to defineabeodynamic shape of the UAV, its rough
aerodynamic polar and to calculate the longitudatalbility.

5.1 Expected properties of environment

An important difference in the aerodynamic proagsapared to the classical approach lies
in the calculation for the environment expectedhat competition area. This approach was
chosen because the aircraft is designed espetoalthe competition and there is an effort to
achieve maximum possible performance even undewdthst possible conditions. Expected
properties of the air were based on the histontzdh of the ambient air temperature and
pressure at the Stuttgart airport (ICAO code ED&®a in the last five years (2010 — 2014) in
the August.

. Maximum air temperature Minimum sea level air
Period o
[ C] pressure [hPa]
1.7.2010 — 31.8.2010 34 1006
1.7.2011 - 31.8.2011 34 1003
1.7.2012 — 31.8.2012 35 1004
1.7.2013 — 31.8.2013 34 1005
1.7.2014 — 31.8.2014 33 1005

Tab. 5.1 Air properties extremes at EDDS [23]
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The worst expected conditions could occur whemthg&mum temperature and minimum
possible air pressure combines, which led to then#st air and lower thrust generated by the
propulsion system compared to the ideal internatistandard atmosphere. The calculation of
air properties in table 5.3 was done with followingut parameters.

Property of air Designation Value Unit
Air temperature T 308,15 K
Air pressure p 100 000 Pa
Specific gas constant r 287,06 JHkigt
Reference dynamic viscosity oM 1,716-16 Pa-s
Reference temperature ol 273,15 K
Sutherland’s constant [1] sT 110,4 K
Heat capacity ratio K 1,4 -
Tab. 5.2 Input parameters for calculation of aoperties
The formulas for calculation of air density:
pV=m-r-T (5.2)
p
= 5.2
pP=—" (5.2)
Dynamic viscosity of air was calculated using Sutre’s law:
T\/2 T, +T;
U= g <_) : [1] (5.3)
T, T + T
The formula for calculation of air kinematic visdgs
u
V=- 1] (5.4
) [1] (5.4)
The formula for calculation of speed of sound:
a=Vek-1-T [1] (5.5)
Property of air Designation Value Unit
Density p 1,130 kg- ¥
Dynamic viscosity VI 1,88431-%0 Pa-s
Kinematic viscosity v 1,66705-10 m?. st
Speed of sound a 351,910 m-s

Tab. 5.3 Calculated air properties
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5.2 Wing aerodynamic design

The main objective of wing aerodynamic design esdkefinition of the airfoils, and of the
wing geometry. Preliminary planform of the wing bbe seen in the figure 5.1 below. First
conceptual sketch of FabricK UAV could be seerhmdppendix A.1, figure A1.2.

3000 _

T T~

300

Fig. 5.1 Preliminary planform of the wing

= Airfoil selection:

Requirements of airfoil properties was a low dragefticient, high maximum lift
coefficient, sufficient airfoil thickness (strengtbquirements) and good airfoil characteristics
during the stall. CAL 1215j, S1210 and SD7062 @sfavas considered. SD7062 was chosen
from the remaining two airfoils (Fig. 5.2) becawadéts high maximal lift coefficient Grax and
low drag at low lift coefficient area in the polgraphs compared to S1210 (Fig. 5.3).

SD7062
0.15—
Ok-‘_
0.1 | | | | | |
0.1 0.2 0 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Fig. 5.2 SD 7062 Airfoil
Property Value [%] Location at chord [%]

Maximum thickness 14 25,5
Maximum chamber 3,5 38,8

Tab. 5.4 SD 7062 airfoil geometrical charactesssti
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SD7062 (B) (K. Widiner / M. Allen) $1210 (M. Allen)

® Re = 60,000 ¥ Re = 300,000 = Re=100,000 > Re=250,000
S e & Re=150,000 v Re=300,000
@ Re = 100,000 @ Re = 400,000 ol

A Re =200,000 20 -

d

Fig. 5.3 Comparison of SD7062 and S1210 aerodimpatars [6], [8]

SD7062 airfoil was simulated in XFLR5 aerodynamiawdation software. Polar and lift
curves were created for Reynolds numbers from 1Dt60L 000 000 that means for airfoil
chord 300 mm speed range of 0,556 to 55,567 ntis.ahgle of attack range was defined from
-20 to 20 degrees. Aerodynamic polars and lift earsould be seen in figures 5.4 and 5.5. For
clear arrangement polar and lift curves are ngilaied for all simulated Reynolds numbers.
Obtained data was used for further simulation oMJging.

SD 7062 aerodynamic polars

2,00 r
——Re =51 000
== R = 7
150 | e =70 000
Re = 100 000
100 | Re = 200 000
——Re =300 000
— 0,50 ——Re =400 000
© ——Re =500 000
0,00 ——Re =750 000
~—
= Re = 1 000 00
V
-0,50
_1,00 1 1 1 1 1 1 1 1 1 ]
0,00 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09 0,10

Co [
Fig. 5.4 SD7062 aerodynamic polars (XFLR 5)
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SD 7062 lift curves

2.00
—_Re=51000
Re = 70 000
150 |
Re = 100 000
oo | Re = 200 000
—_Re=300000
< 0,50 | ——Re =400 000
o —_Re=500000
0,00 | —Re = 750 000
—_Re=100000
0,50 |
-1,00

-20,00 -15,00 -10,00 -5,00 0,00 5,00 10,00 15,00 20,00 25,30,00 35,00
o []

Fig. 5.5 SD7062 lift curves (XFLR 5)

=  Maximum wing lift coefficient estimation:

The maximum wing lift coefficient was obtained kogwiering of airfoil maximum  lift
coefficient at Reynolds number of 225 000, whicReynolds number of root airfoil and free
stream velocity of 12,5 m/s. Maximum airfoil lifoefficient at this Reynolds number is 1,6.
For calculation of wing area, maximum lift coefat of wing was considered to be 1,55.

CLmax = 1,55

=  Maximum takeoff weight determination:

The maximum takeoff weight was estimated taking iatcount the weight of radio
controlled aircraft models (Tab. 5.5) similar tee thircraft, which has to be designed. Next
factor taken into account was the maximum payloadykt of airplanes of ACC competition
in year 2013 (Tab. 5.6).

Aircraft Wingspan [m] Weight [kg]
ASW 28 GFK [21] 4,090 4,000
Moswey 4 [16] 3,900 5,000
Duo Discuss GFK [22] 3,070 3,000
DG 303 GFK [22] 3,300 3,750
DG 600 GFK [22] 3,200 1,600
ASW 28 GFK [22] 3,000 2,500

Tab. 5.5 Composite radio controlled models weights

25



Team Predicted payload [kg] Actual payload [kg]
AKAModell Stuttgart e.V. 12,840 12,050
Tsinghua University 10,840 12,070
Beihang Aeromodelling Team 1 10,200 10,000
HUSZ Vulture 13,100 9,040
Beihang Aeromodelling Team 2 10,200 8,000
High Flyers 13,020 8,020

Tab. 5.6 ACC 2013 aircrafts predicted and agvagload [12]

Taking into account the change of flight missiompared to the year 2013, which is now
more focused on the speed of aircraft, maximumafhkeeight was estimated to be between
weights of classical radio controlled model andipag weight of ACC 2013 aircrafts. Whereas
the new aircraft is considered not to utilize higting devices on the wing (flaps), the
conservative approach was chosen and maximum fakedght was in the first estimation
defined to be following.

Myrow = 9,5 kg

=  Maximum lift-off speed determination:

Maximum lift-off speed/, ,r desired was defined to be:
VLOF = 12,5 m/S
In the initial phase of design, this speed wasmegid as input parameter for further
calculations. Lift-off speed and stall speed areelation defined by the following equation.
VLOF = 1,15 - VS (56)
Usually, the lift-off speed is defined to be 1hdis stall speed. [2]

Above mentioned modification was made to rise #keodff speed as all simulations made
in XFLR5 could be affected by some simulation esrdRising of lift-off speed reducing the
risk of stall during takeoff.

=  Wing area determination:

UAV wing area calculation is performed for take-p#rameters in the moment of lift-off
when UAV weight is just balanced by the wing Iifhe initial proposal of wing area calculation
is based on basic equation for wing lift calculatio

1
L=§-p-V2-S-CL (5.7)
Where for wing area calculation:
VLOF
=V = —— 5.8
V=Vs=175 (5.8)
Cp = Crmax (5.10)
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L =myrow"9g (5.11)

After substitution to the equation 5.7:

1 VLOF 2
Myrow "9 = 2 P <E> “Sw " Crmax (5.12)
Wing areaS;,, expression from equation 5.12:

1,15% - 2 - myrow * g
W =

(5.13)
p- VLOF2 " Crmax

And finally after input parameters were substitutecequation 5.13 wing are®, was
calculated to be:
Sy = 0,9 m?
= Wing geometry:

Aspect ratio of the wing could be calculated udimgequation 5.14 below.
Ly”
AR = — [5] (5.14)
Sw

Maximum wingspan of competition UAV is limited byd square of 2,5 m x 2,5 m
dimension. It means, that maximal theoretical woagsis:

lyme = 2,52+ 2,52 =35m (5.15)

After consideration, that wing tip chord is not@emaximum wingspan was chosen to be
3m with possibility to increase wingspan by the gtip extensions intended for induced drag
reduction.

lW = 3 m
After substitution into equation 5.14:
AR =10

Next important parameter, which has to be choseming dihedral angle. This angle is
positive in case when wing tips are directed upwdFdg. 5.6).

M +T

M

Fig. 5.6 Wing geometry description [1]
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Dihedral angle is important in matter of the lakestatic stability of the UAV. Usually,
positive dihedral angle is chosen in case of lowgaplanes, because it would provide natural
transversal stability of the aircraft and no actél stabilisation system is required.

lateral motion

Fig. 5.7 Lateral stability principle [5]

When the sideslip of the aircraft occurs (Fig. 5t lift on the forward wing (in direction
of sideslip) increases while lift on the oppositengvdecreases. This phenomenon causes
stabilising banking torque, which has tendencytedr the bank angle of the aircraft and thus
the sideslip.

In case of the newly designed competition UAV, thieedral angle was chosen to be
positive with value of 5 degrees.

['=5°

=  Wing planform geometry:

Firstly the multi segmented trapezoidal wing desiggs considered, but further in the
design process, in regards to the manufacturingntdogy chosen, semi-elliptical wing
planform was chosen. The wing planform can be geére figure 5.8 below.

1500

& AL

~MAC
340

153

X
!
Fig. 5.8 Wing planform

The aspect ratio of the wing, which was calculaiiedhe chapter before has to be
recalculated, because wing asgain not exactly 0,9 /) but a bit smaller. New wing arég,
has value of 0,89961n

AR = 10,004
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There is also little increase in the lift-off spdédr. The calculation was performed using
equation 6.7.

VLOF = 12,506 m/S

Because of safety, wing was finally geometricaktetdl. Twisting starts at the y coordinate
500 mm, measured from the longitudinal axis of Uand ends at the y coordinate 1500 mm,
which is wing tip. The wing tip airfoil is twistetd minus three degrees relative to the airfoll
located at the y coordinate 500 mm.

Ew = '30

= Mean aerodynamic chord calculation:

The mean aerodynamic chord (further stated as Ma@gfined as a chord value for the
equivalent rectangular wing planform [13]. Theipoas of the MAC in matter of wingspan
and its longitudinal position is important. Equasdor calculation of these parameters [19]:

wy,
2
curc =3 | ) ay [20] (5.16)
wy,
2
Yuc =5 | 0D x()dy 20 (5.17)
),
[20] (5.18)

2
Ymac =§J- cy)-ydy
0

For calculation of above mentioned parameters,temquaf chord value dependence on the

spanwise position y (eqg. 5.19) is needed same@endence of the leading edge x coordinate
on the y position (eq. 5.20).

a2.b2_ 2.b2
dw=j Tk (5.19)

a2 - b2 — y2 - b2
x(y)=0»b —j = (5.20)

Explanation of unknowns in equations 5.19 and 5.20:

Unknown explanation Designation Value Unit
Half of wing span a 1,500 m
Wing root minus wing tip chord b 0,187 m
Wing tip chord value k 0,153 m
Spanwise position y - m

Tab. 5.7 Mean aerodynamic chord calculation unkrso
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After integration of above mentioned equations§5-5.18) final value ofy; ¢, Xy 4c @and
Yuac Was found.

Cvac = 305,680 mm
xMAC = 34,321 mm

YMAC == 694,469 mm

=  Summary information on the wing geometry:

The table, which contains summary information @& Wing design parameters, is shown
below.

Parameter Designation Value Unit

Area v 0,89961 M

Wingspan W 3000 mm
Aspect ratio ARy 10,004 -

Root chord ow 340 mm

Tip chord Gw 153 mm
Dihedral angle Tw 5 °
Washout angle Ew 3 °

Mean aerodynamic chord CMAC 305,680 mm

Tab. 5.8 Design parameters of wing

5.3 Empennage aerodynamic design

The empennage is mainly intended for the stahitisadbf the UAV in flight and for
providing of good maneuverability. The main soui@ethe design of the empennage of the
UAV is statistical values obtained and verifiedthg operation of the aircrafts already in use.

= Horizontal and vertical tailplane airfoil selection:

Airfoil selection for UAV tailplane was reduced tiee symmetrical airfoils. The decision
was between two NACA symmetrical airfoils. Namegtwsieen NACA 0010 and NACA 0012
airfoils. After pros and cons considerations wevealit was decided to use NACA 0010 airfoll

(Fig. 5.9).

NACA 0010
0.1
) ——--—
0.1] | | | \ \ \ | | \ |
0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0

Fig. 5.9 NACA 0010 Airfoil
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The main reason for choosing of NACA 0010 is itsdo drag coefficient in comparison to
the NACA 0012. Lower drag coefficient is consequen€ thinner airfoil (10% compared to
12%). However thinner NACA 0010 airfoil has lowenstruction height.

= Horizontal tail plane aerodynamic design:

Most design parameters of horizontal tailplanesisned by the statistical data of the similar
type of the aircraft. For the new UAV design, sttital data was taken from literature, which
focuses on the design of full scale airplanesiSiedl data is available in the table 5.9 below.

Parameter Designation Range Unit
Relative area St = Su/Sw 0,22+0,044 1
Aspect ratio AR 4,5+0,74 1

Dihedral angle IH 0 °
Root airfoil thickness bon 12-15 %
Tip airfoil thickness by 10 %

Horizontal tail volume A 0,68+0,23 1

Tab. 5.9 Horizontal tailplane design paramettatssical data [7]

After a few design iterations, the horizontal tilee geometry was defined, which results
in its following parameters.

Parameter Designation Value Unit
Area Si 0,16611 M
Span h 850 mm

Aspect ratio AR 4,34962 -
Root chord 6 226 mm
Tip chord GH 83,5 mm

Dihedral angle I 0 °

Tab. 5.10 Design parameters of horizontal taipla

Horizontal tailplane planform can be seen at tgarg 5.10 below.

- 425 _
y
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Fig 5.10 Horizontal tailplane planform

31



The next important step is to define horizontdptane arm. The horizontal tailplane arm
is the length value measured between quarter pbantving and horizontal tail MAC projected
to the planform of the UAV (Fig. 5.11).

Fig. 5.11 Horizontal tailplane arm definition [7]

Due to the limited length of the UAV, which is givey the 2,5m x 2,5m square mentioned
in the section 6.1, arm of the horizontal tailplavees finally defined to be 1,175 m.

Ly =1175m

The result of the equation for calculation of honial tailplane volume, which is in the
following form, has to be within desired limits niemed in the table 5.8.

SH * LH
Ay = —m— [7] (5.22)
" Sw * Cmac
And finally after substitution.
Ay = 0,70976

This value of horizontal tailplane volume is withdesired limits. After the volume
calculation, it was important to calculate horizdrailplane MAC and position of the MAC in
the longitudinal direction and its position in tepan direction. After integration of the
equations 5.16 to 5.18 with substituting of unknevey the values of the horizontal tailplane,
results are following.

CHMAC = 200,596 mm
Xgmac = 25,4‘04‘ mm

Yumac = 194‘,102 mm
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= Vertical tailplane aerodynamic design:

Design parameters of vertical tailplane is alsongef by the statistical data.

Parameter Designation Range Unit
Relative area Sy = Sv/Sw 0,170+0,04 1
Aspect ratio AR 1,33%0,27 1

MAC airfoil thickness Dy ac 10,5+2,2 %
Vertical tail volume A 0,0686+0,016 1

Tab. 5.11 Vertical tailplane design parameteatistical data [7]

After a few design iterations, vertical tailplaneognetry was defined, which results in its

following parameters.

Parameter Designation Value Unit
Area S 0,10066 m
Span \% 400 mm

Aspect ratio AR 1,58951 -
Root chord ov 289 mm
Tip chord Gv 115 mm

Tab. 5.12 Design parameters of vertical tailplane

The planform of the vertical tailplane is similarthat of the horizontal tailplane. However,
there is one difference in the geometry of theilgg@nd trailing edge. Trailing edge of the
vertical tailplane is deflected 8 degrees back bradling edge points are also deflected

backwards.

Vertical tailplane planform can be seen at therfgnt12.

115

e

0/ -
< C ~F
VMAL (f_jo
X
| B
289

Fig. 5.12 Vertical tailplane planform

The vertical tailplane arm is the length value nueed between quarter point of wing and
vertical tail MAC projected to the planform of thAV (Fig. 5.13).
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Fig. 5.13 Vertical tailplane arm definition [7]

Because of the desired offset of the horizontipleme against vertical one, the arm of the
vertical tailplane was finally defined to be 1,100

Ly = 1,100 m
The equation for calculation of vertical tail volans very similar to equation 5.21.
Ay = ;‘A’/ : i:/ [7] (5.22)
And finally after substitution.
Ay = 0,04103

The value of the vertical tail volume isn’t withiimits mentioned in table 5.10. However,
this value is within limits given by another sourecording to the airspace.cz webpage, which
focuses on the airplane RC models design, vetiadalane volume has to be within following
limits.

0,020 < A, < 0,039 [11] (5.23)

The result is, that the value of the vertical t@lume is between lowest value mentioned
in table 5.10 and highest value mentioned in eqoadi.23. Calculation of vertical tailplane
MAC and position of the MAC in the longitudinal dation and its position in the vertical tail
span direction follows.

The equation of leading edge x coordinate is giwithout derivation and has the following
form.

a2 . b2 — 2. b2
x(y)=b —\/ azy +tané -y (5.24)
Explanation of unknowns in equations 5.24:
Unknown explanation Designation Value Unit
Vertical tailplane span a 0,400 m
Vertical tail root minus tip chord b 0,174 m
Vertical tail tip chord value k 0,115 m
Spanwise position y - m

Tab. 5.13 Mean aerodynamic chord calculation onkrs
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After integration of the equations 5.16 to 5.18watibstituting of unknowns by the values
of the vertical tailplane, results are as follows.
CVMAC = 257,653 mm
Xymac = 57,14’8 mm

YymMmac = 183,582 mm

5.4 Fuselage aerodynamic design

The main purpose of the fuselage is the placemeltAY systems and payload and is
required to have drag as low as possible. The naihéirag of the fuselage can be observed in
the glider planes category (Fig. 5.14, letter fhhene all ways to reduce drag are used to the
maximum extent possible. Because of this, a gli#terfuselage was proposed as an optimal
variant for UAV fuselage design.

Fig. 5.14 Usual fuselage shapes [7]

First design version of the fuselage could be seéme figure 5.15. It is evident, that shape
of fuselage was defined with changes in shape @mslsmmooth as possible. In the first concept
sketch, the payload bay is embedded to the wingtstre, to maximally limit the frontal area
of the fuselage. This solution has also impacthewtetted area reduction.

2201

130
4875

$ 3302

a4

Fig. 5.15 Fuselage version 1

Due to the structural design difficulties of thengito fuselage attachment node arising
from the embedded payload bay, it was decidedntplgfly this construction node by moving
the payload bay above the wing structure. New &ggelconcept could be seen in the figure
5.16.
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Fig. 5.16 Fuselage version 2

5.5 Control surfaces design

Control surfaces design focuses on determinatiaconfrol surfaces type, its dimensions
and area.

= Ajlerons:

The function principle lies in changing of the tstribution (Fig. 5.17) on the wing causing
a banking moment in direction, that wing half wéiteron deflected up moves downwards.

damping

A0
+81 ﬁ%vmf}%/ 5 moment:

Fig. 5.17 Ailerons function principle [9]

Other phenomenon which occurs when using aileadditional yaw moment generation.
It is possible to eliminate this parasite momentifferentiation of ailerons deflection or by
the usage of Friese ailerons (Fig. 5.18). The difigation of ailerons deflection will be chosen
as it is not difficult to provide difference of dietions by the ailerons servomotors programing.
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COMPENSATION:
1) Friese aileron

2) Differentiated ailerons
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Towards control stick

Increased drag of aileron deflected upward &4

Fig. 5.18 Friese and differentiated ailerong [10

In case of newly designed UAV, ailerons were desigto have parameters mentioned in
table 5.14 which can be seen below.

Parameter Designation Value Unit
Aileron length A 675 mm
Aileron depth @ 79 mm
Aileron area o 53325 mm
Relative ailerons area Sa 0,11855 -
Position of aileron axis - %yac Aax 0,74156 %
Aileron deflection S —30/+20 °

Tab. 5.14 Ailerons design parameters

The detail of aileron of left half of the wing cha seen in the figure 5.19.

79

20 675

Fig. 5.19 Aileron geometry
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= Rudder:

The design parameters of the rudder, which araresfan the table 5.15 was chosen.

Rudder deflection can be adjusted according tdJi#¥ flight properties observed during the
test flights.

Parameter Designation Value Unit
Rudder length A 385,5 mm
Rudder depth e 86,5 mm
Rudder area S 33345,75 mrh
Relative rudder area SR 0,33126 -
Position of rudder axis - %/yac Rax 0,66428 %
Rudder deflection 3R +30 °

Tab. 5.15 Rudder design parameters

The detail of rudder geometry can be seen in figuze.

86,5

'
— i

3855 _7{

Fig. 5.20 Rudder geometry

=  Elevator:

The elevator of the all flying type was chosen.sThirangement provides very good
manoeuvrability and also good longitudinal trimmicepability. As the all flying elevator is

not usual within slow flying aircrafts and UAVs, gign parameters are given without deeper
analysis.

The main design parameters of the elevator areiom&tt in the table 5.16. The elevator
deflection can be adjusted according to the UAgMiproperties observed during test flights.

Parameter Designation Value Unit
Elevator length d 791 mm
Elevator area S 152779,20 mrh
Relative elevator area Sg 0,91977 -
Position of elevator axis - ¥uac Eax 20 %
Elevator deflection S -12/49 °

Tab. 5.16 Elevator design parameters

Geometry of the elevator can be seen in the fi§2#& located on the following page.
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Fig. 5.21 Elevator geometry

5.6 UAV aerodynamic polar calculation

UAV polar curve was obtained for simplified confrgtion. Main simplification consist in
the zero wing and elevator angle of incidence. MNaxiplification is not considering effect of
the faster air stream behind propeller.

= Wing polar:

The wing aerodynamic polar was determined usingiimellation software XFLR5. Total
two polar curves were created. One for the lewghflanalysis and one for the flight in steady
turn.

The polar for the level flight was created using tlonstant lift analysis, where mass of the
airplane defined was 9,5 kg (Fig. 5.22).

200 o Wing aerodynamic polar - horizontal flight

1,50

— 1,00 | | —— Wing polar|

0,50 r

0,00 1 1 1 1 1 J

0,00 0,02 0,04 0,06 0,08 0,10 0,12
Co [

Fig. 5.22 Wing horizontal flight polar
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The polar curve intended for turning flight ana$ysvas created using constant speed
analysis type, where the speed of the UAV definad 25,9 m/s (Fig. 5.23).

Wing aerodynamic polar - turning flight

2,00

1,50 r

1,00

| —— Wing polar|

C. [

0,50

0,00

_0,50 1 1 1 1 )

0,00 0,02 0,04 0,06 0,08 0,10
Co -

Fig. 5.23 Wing turning flight polar

= Wing and tail polar:

The analysis was performed including only the wargd horizontal tail followed by
analysis including the wing, horizontal tail andalertical tail (Fig. 5.24, Fig. 5.25). Software
does not calculate the interference drag betweemadnizontal and vertical tail. Hence it was
needed to calculate contribution of interferencaitaahally.

200 « Contribution of individual parts to overal drag

—Wing
Wing, horizontal tail
Wing, horizontal tail, vertical tail
1,50 —
— 1,00 |
)
0,50
0’00 1 1 1 1 1 1 J
0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14

Co [
Fig. 5.24 Contribution of individual parts to oaé drag in horizontal flight
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Contribution of individual parts to overal drag - turning flight

2,00
Wing polar
Wing, horizontal tail
1,50 | Wing, horizontal tail, vertical tail
1,00 |
© 050 |
0,00
_0,50 1 1 1 1 1 J
0,00 0,02 0,04 0,06 0,08 0,10 0,12

Co [
Fig. 5.25 Contribution of individual parts to oaé drag in turning flight

= Parasite drag calculation:

The drag of all parts other than wing was calculatsing data obtained by the procedure
mentioned above and by the usage of empirical fasaj4]

The calculation of the parasite drag for angle ttdck of one degreed = 1°) and the
analysis of constant lift type (horizontal flight) described below. This angle of attack was
chosen for outlining of calculation method. TheutBsg data after decomposition of total lift
and drag to individual parts is in the table 5.17.

Parameter Designation Value Unit
Angle of attack o 1 °
Wing lift coefficient CLw 0,363789 -
Wing drag coefficient Cpw 0,013159 -
Horizontal tail lift coefficient Cru -0,010826 -
Horizontal tail drag coefficient CoH 0,001265 -
Vertical tail drag coefficient Cpv 0,000762 -

Tab. 5.17 Aerodynamic coefficients for parasiagdcalculation
Determination of other important UAV parts dragldals. Parts, which were taken into

account, are fuselage, landing gear shock absarxkmuundercarriage wheels. Fuselage drag
coefficient was calculated using equation 5.25.

Cor = 22 (1+ 2d) [4] (5.25)
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5 _ dFmax
F=

[4] (5.26)
lp

Symbol G stands for aerodynamic drag of the flat plate lfnaith stream velocity vector
and with Reynolds number equivalent to that of lage (see appendix A.2, Fig. A2.1).
Fuselage Reynolds number was calculated for tleeenete speed of 25 m/s.

Rey = V%IF (5.27)

Resulting fuselage drag coefficient is:
Cpr = 0,003701

Landing gear shock absorber drag coefficient wasutated as the drag coefficient of a flat
plate placed in stream with velocity vector patdtehe plate. Reynolds number was calculated
for the width of shock absorber and velocity okatn same as in the case of fuselage. The
shock absorber drag coefficient is:

Cpsq = 0,049922
Landing gear wheel drag coefficient was obtainedftiterature [4].
CDWh = 0,25

Reference area of fuselage as well as refereneecdrehock absorber is its wetted area.
Reference area of landing gear wheel is its froatad.

Spr = 0,421649 m?
Spsa = 0,006743 m?
Spwn = 0,002175 m?

Formula intended for determination of parasite d#g

Spr Sps 2 Spwn
CDP:Fi'<CDH+CDV+CDF'_+CDSa'_a+CDSa' )

—_— 2
S S S (5:28)

Where Fris increasing coefficient, which have to be usedate interference drag into
account. For usual aeroplane models the coeffitiastvalue of 1,1 [4]:

F=11
After substitution into equation 5.28 parasite dcagfficient is:
Cpp = 0,005879
Lift coefficient and drag coefficient of the UAV calculated using equations 5.29 and 5.30.
C,=Cw+Cry (5.29)
Cp = Cpw + Cpp (5.30)
Resulting aerodynamic coefficients:
C, = 0,352963
Cp = 0,019038

42



This procedure was used for calculation of lift ainag coefficients of UAV in the angle of
attack range from -2,6 to 13,8 degrees in casemdtant lift analysis and in the range of -5 to
13,8 degrees in case of constant speed analysigsge appendix A.3, Tab. A3.3). Resulting
polar graphs for horizontal flight (Fig. 5.26) died turning flight (Fig. 5.27) can be seen lower.

200 - UAV aerodynamic polar - horizontal flight
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Fig. 5.26 UAV horizontal flight polar

200 - UAV aerodynamic polar - turning flight
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Fig. 5.27 UAV turning flight polar

All calculations and simulations, which led to tHAV horizontal flight and turning flight
polar curves calculation, are affected by calcalatand simulation errors. For example,
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increase of the fuselage drag, when affected bfaster stream behind propeller could be even
more than 1,5 times the drag value of fuselagafietted by faster stream. [4] Because of the
calculation errors and simplifications mentionethatbeginning of this chapter, it is necessary
to look at the results in this chapter as the tesided for preliminary design of UAV.

5.7 Longitudinal stability calculation

The first step when considering longitudinal st@pilvas to determine UAV aerodynamic
centre. The second step was the definition of ddsgentre of gravity location and the
consequent adjustment angle. The relative positfddAV aerodynamic centre and centre of
gravity is extremely important to ensure longitwaistability.

=  Aerodynamic centre calculation:

The first assumption in the aerodynamic centre rdet@ation process was, that the
aerodynamic centre of wing is approximately in qo@rter of wing mean aerodynamic chord.
The impact of the fuselage, landing gear and gihets are not taken into account. Because of
that only the influence of the horizontal tail, whiis most significant will be taken into account.
Aerodynamic centre relative position on wing meandynamic chord could be calculated
using equation 5.31.

xXg = 0,25+ Axpy [4] (5.31)
Where the influence of horizontal tail on the agrainic centre position:
Gy
Or similar equation:
_ ay de
A= k- A -(1——) 3] (5.33
XFH q H'A4H 9a [3] ( )

However, equation 5.32 was used becrggmdkH members of the equation could not be

determined using methods available in the desigogss used in this thesis. Other members of
equation were calculated using the equations below.

ay S
a=aH-[1+ﬁ'#'(1—D)] [4] (5.34)
_aw(1+T) 1 lW 2
p-tw (rD '[“E'(E)l /4] (5.35)

Lift curve slopesay and a,, were determined from lift curves data of the wisgd
horizontal tail (see appendix A.3, Tab. A3.1). Goé#nt  has value of zero in case of elliptical
wing. [4] After substitution to above mentionediations, results are:

D = 0,349568
a = 5,543239 rad~?
A% = 0,337724
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And finally after substitution to the equation 5.31
xr = 0,587724

=  Centre of gravity and adjustment angle calculation:

The centre of gravity of the UAV has to be locatedront of its aerodynamic centre to
provide static longitudinal stability (Fig. 5.28).
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CR TR
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Fig. 5.28 Relative position of A.S. and C.G. atatic longitudinal stability principle [4]

The difference between the position of the aeronyoacentre and centre of gravity is
called a static margin. For conventional airplareeis the static margin has usually value of
ten percent of wing MAC [4]. It means that:

Xsm = Xp —X¢e = 0,1
This leads to:
Xoo = 0,487724

This value represents desired centre of gravistiret location on the MAC, which has to
be achieved by a proper distribution of individmass groups of the UAV.

The horizontal tail lift coefficient needed for cpensation of pitching moment has to be
determined using equation 5.37. The calculatictigfparameter is related to a certain defined
speed. Speed of 25 m/s was chosen as referenakfepdiais calculation.

S
My, + Cow - (Xcg — 0,25) = Cry " Ay + Cry S_H(% -025)=0 [4] (5.36)
w
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After expression of th€,y:

Myo,, + Cow * (Xcg — 0,25)

St (g~ 0.25) [4] (5.37)
w

Ciy =
Ay

In the next stepn,,,,, which is wing moment coefficient related to qearpoint of the
wing MAC and wing lift coefficientC,,, has to be defined. Wing lift coefficient was insfi
iteration calculated from the lift and mass equilibh equation (eq. 5.7).

Cowi = 0,293266

From lift curve of the wing (Fig. 5.29), angle dfack corresponding to above mentioned
wing lift coefficient was found.

Wing lift curve
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| —— Wing lift curve|
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]
Fig. 5.29 Lift curve of wing

Angle of attack of wing for lift coefficient 0,2988 is:
ay1 = 0,204°

Wing moment coefficientn,,,, has to be found from the moment curve (Fig. 5.8apular
data of wing moment curve could be seen in appefdxtable A3.2.
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Wing moment curve
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Fig. 5.30 Moment curve of wing

Moment coefficient of wing at lift coefficient of 293266 is:
My0,1 = —0,08620

And after substitution to equation 5.37:
Coyp = —0,024756

Negative lift coefficient of horizontal tail impkethat lift generated by this part will
decrease overall lift of the UAV. Because of thatrizontal tail lift coefficient has to be
calculated again for higher value of wing lift chh@ent. Wing lift coefficient has to be
increased by the following value.

S
ACiwy = —Crmn S_H (5.38)
w

After substitution the result is:

AC y1 = 0,004571
This value has to be added to lift coefficient @2686. Lift coefficient for second iteration

is:

Cow2 = 0,297837

Calculation mentioned above was performed agaih feitowing results:
Ay = 0,2580

mZOW2 = _0,08625

Cryp = —0,023199

ACyy» = 0,004283
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The resulting lift coefficient of wing after secoitdration is:
Crwar = 0,297837 — 0,004283 = 0,293554

This wing lift coefficient has following differendeom the coefficient, which is needed.

ACLwar = Cowar — Cown (5-39)
AC o = 0,293554 — 0,293266 = 0,000288

This difference has to be subtracted fr6yy,, and results for third and final iteration is
then:
Cng = 0,297550

tys = 0,255°
szW3 = _0,0862

Cous = —0,023301
ACyys = 0,004302

The resulting lift coefficient of wing after finderation is:
Crwar = 0,297550 — 0,004302 = 0,293248

The difference between this lift coefficient andeded one i4,8 - 107> It is important to
find horizontal tail angle of attack correspondiiagits lift coefficient equal taC, ;5. After
analysis of horizontal tail lift curve (Fig. 5.31je horizontal tail angle of attack has to be
following.

ay = —0,345°
Horizontal tailplane lift curve

1,00 r

0,50 |
— 0,00 |
o

| —— Horizontal tail lift curve|
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-10,00 -5,00 0,00 5,00 10,00

Fig. 5.31 Horizontal tailplane lift curve
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The horizontal tail lift coefficient was calculatethe wing and horizontal tail angle of
incidence (Fig 5.32) has to be determined. Alsoathi@stment angle has to be defined. This
parameters are important for a proper placemettieofving and horizontal tail in relation to
the fuselage longitudinal axis. It is desirables¢éd an angle between the fuselage longitudinal
axis and wing so that at desired flight speed,laggelongitudinal axis is parallel with the free
stream velocity. The horizontal tail angle of irete is than set to achieve moment equilibrium
at desired speed.

Fig. 5.32 Angles of incidence of wing and horitzdriail [4]

Downwash angle at the position of horizontal tail:

H

After substitution:

£=0,022792 rad
& =1,305859°

The wing angle of incidence was chosen to be 0,286that the fuselage longitudinal axis
is set to the angle of attack equal zero durirghflat 25 m/s.

@ = 0,255°
Adjustment angle:
p=ay—ay—E& [4] (5.41)
After substitution:
@ = —0,707°

The horizontal tail angle of incidence is then aldted using equation 5.42.
Py =Pw — @ [4] (5.42)

49



Which results in:

ou = 0,961°

6 FLIGHT PERFORMANCE

This chapter describes the determination of fligltformance of newly designed UAV.
Each subsection focuses on a particular key flighime.

6.1 Level flight

During horizontal flight, the balance between tbhecé of gravity and lift, the same as
between thrust and drag, has to be achieved. Flegident form the figure 6.1 below.

2 YErtey,

Fig. 6.1 Force equilibrium in steady turn [2]

When simplification lying in thinking of the smalhgle of attackr and small thrust vector
incidence anglepr is taken into account, the equilibrium of forceseaxpressed by the
equilibrium equations 6.1 and 6.2, which are védidsteady horizontal flight [2].

F-D=0 [2] (6.1)
L—-G=0 [2] (6.2)

For analysis of horizontal flight, it is necessarypbtain curves of usable and required thrust
and power.

During the calculation of UAV performance, the fisgep was the creation of a usable thrust
curve. The principle of usable thrust curve craaties in thinking of equilibrium between the
electric motor moment and the moment of the prepalhused by drag of propeller blades
during its rotation. Calculated data are includedppendix A.4, table A4.1. Usable thrust curve
IS not smooth, because it is based on the datanebt&rom the manufacturer of the electric
motor and of the propeller, which could contain someasurement errors. Same problem
occurs in the figure 6.3, which contains usable gosurve.

The required thrust curve was created using folowprocedure. Airflow speed was
determined by the speed expression from the equetibft and the weight equilibrium.

50



2-m-
y= |29 (6.3)
p-Sw-Cp

After level flight speed for one angle of attaclcadculated, it is possible to calculate drag
for the same angle of attack.

1

After the calculation of the drag, one point of uggd thrust curve is created. By this
process, it is possible to obtain drag values &sireéd speed range (see appendix A.4, Tab.
A4.2). This drag values corresponds to requiredsthr

D = Fy (6.5)

Required and usable thrust curves can be seee iigtire 6.2 below.

Usable and required thrust
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0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00 40,00 45,00
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Fig. 6.2 Usable and required thrust curves
Required and usable power curves were determinad talowing equations.

Py=Fy-V [2] (6.6)
Pr=FgV [2] (6.7)

The table of required and usable power valuesdeed range same as in case of thrust are
included in appendix A.4, table A4.3. Curves ofuiegd and usable power can be seen in the
figure 6.3 on next page.
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Usable and required power
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Fig. 6.3 Usable and required power curves

The identification of the characteristic speedfiofizontal flight follows. Optimal flight
speed, economic flight speed, cruise speed andnmuaxispeed of UAV will be determined.
This characteristic speeds can be seen in theefigdr below.

Aircraft polar Thrust diagram Power diagram
:‘ — Qe Vs 5 ® g 2- C'('per’ ¥ i CLper 3- Olecs Vee CLec
- aopt’ Vopl’ C'Lopl 3= Oler 5 Ver Crer 6 — o

Fig. 6.4 Characteristic speeds of horizontahtiigp]

Economic flight speed is defined as speed of hatadlight at which minimum power is
required.

V,.=13,40m-s?!
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Important flight regime is the horizontal flight aptimum speed. During the flight at this
speed, minimal thrust is required.

Vopt =17,40m - s71

Cruise speed is speed corresponding to the minidragat UAV polar. This speed can be
also defined as tangent to the required thrusteswhich passes through required thrust curve
graph origin.

V., =2220m-s7?1
Maximum speed in horizontal flight could be detared as solution of equation 6.8.
Py(Vinax) = Py (Vmax) = 0 (6.8)
Maximum flight speed is than:

Vowax = 30,95m-s™1

6.2 Climbing flight

Forces acting on the aircraft in climbing flightubd be seen in the figure 6.5 below.

( a'HPF)
-

X=X

Fig. 6.5 Force equilibrium in steady climb [2]

When simplification, the same as in the chaptergtdken into account, resulting equations
of force equilibrium have following form.
F—D—G-siny=0 [2] (6.9)
—L+G-cosy=0 [2] (6.10)
After adjustments made to equation 6.9 resultingaggn for climb speed is:
_(F=D)V _AF-V AP
YT TG TG

The table of climb speed calculated for speed rdrya 11 to 30,5 m/s is included in
appendix A.4, table A4.5. The graph of climb spdedendence on flight speed can be seen in
the figure 6.6 on the next page.

2] (6.11)
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Climb speed
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Fig. 6.6 Climb speed dependence on flight speed

Maximum climb speed is 1,82 m/s and is achievateaflight speed of 18,75 m/s.
Viwpow = 18,75m - s71
Wiax = 1,82m-s71

The angle of climb can be calculated using equaiid2, which was created expressing
angle of climb from equation 6.9.

Yy = arcsin <A?F) [2] (6.12)

Table of the angle of climb calculated for speetyeafrom 11 to 30,5 m/s are included in
appendix A.4, table A4.6. The graph of climb spdedendence on flight speed can be seen in
the figure 6.7 on the following page.
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Fig. 6.7 Angle of climb dependence on flight gpee

Maximum angle of climb is 6,41° and is achievethatflight speed of 13,9 m/s.

V, .. =1390m-s7!

Ymax = 6,41°

6.3 Turning flight

Forces acting on the aircraft in turning flight tbe seen in the figure 6.8 below.

Fig. 6.8 Force equilibrium in steady turn [2]
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When simplification, same as in the chapter 6.thken into account, resulting equations
of force equilibrium have following form.

F-D=0 [2] (6.13)

VZ
L-sinCD—m-Tzo [2] (6.14)
—L-cos®+G=0 [2] (6.15)

It is necessary to determine limit turns diagrarppoximate shape of limit turns diagram
could be seen in figure 6.9 below. There are thram limitations in turning flight.
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Fig. 6.9 Limit turns minimal radius diagram [2]

a) Structural limitation — limitation due to the maxam operational load factor
b) Aerodynamical limitation — limitation due to the raaal lift coefficient
c) Propulsion limitation — limitation due to the maxdhusable thrust [2]

Structural limit turns:

Load factorn;,,,, Which is equal to the maximal operational loactdais substituted to
equations for limit turn parameters.

Maximal bank angle:

D x = arccos< 51 > [2] (6.16)

nmax
Minimum turn radius:
2
i = 2] (6.17)
g- (nmax) -1
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Minimum 360° turn time:

oo 2V 2] (6.18)
e ' (nfnax)z_l .

Aerodynamical limit turns:

Load factom? ..., which is dependent on the actual flight speedcamdbe calculated using
equation 7.19.

1 2
L S pV2-5,-C VA2
Mlhae = -2 = 2 - (77) 21 (6.19)
5 'VSZ'SW'CLmax S
Maximal bank angle:
1 A%
DA = arccos( " ) = arccos (—S) [2] (6.20)
nmax V

Minimum turn radius:

|4
rA =

2 VZ
mm_gWM%mﬁ—l_g_(Vf 1 2] (6.21)
fﬂ _

Minimum 360° turn time:

a 2-m-V? 2-m-V?

mm_g-\/(nfnax)z—lzg_ (V)4 . [2] (6.22)
/Vs _

Propulsion limit turns:

Load factom?, ..., which is dependent on the actual flight speedcamdbe calculated using
equation 6.23. However, the procedure for obtaitiftgcoefficient appropriate to thrust of
propulsion system at given speed is slightly maficdlt. The first step is to find thrust at
given speed from usable thrust curve. The secamistto find drag coefficient for speed, for
which the usable thrust value was found. Thisadad done from equilibrium between drag
and thrust. Final step is to find the lift coeféint C/ associated to calculated drag coefficient.
This could be done using UAV polar. [2]

F.l

Z.p.72.
P L GV Sw [2] (6.23)
Nmax = E - G
Maximal bank angle:
1
oF . = arccos( = ) [2] (6.24)
nmax
Minimum turn radius:
F — VZ
Tmin = [2] (6.25)

g~ (nfnax)z -1
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Minimum 360° turn time:

min —

7 2-m-V?

[2] (6.26)
g- (nfnax)z -1
All above mentioned limit turns parameters werewalted and could be seen in appendix
A.4, tables A4.7 to A4.9. The graph of the minimtum radius in dependence to the flight

speed can be seen in figure 6.10. Minimum timeetdgom 360 degrees turn in dependence to
flight speed can be seen in figure 6.11.
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Fig. 6.10 Minimum turn radius
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Minimum 360° turn time
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Fig. 6.11 Minimum time to perform 360 degreestur

6.4 Ground roll start phase

The analysis of the ground roll distance was peréat using equation 6.27 and
aerodynamic polar, which was determined by the g@aoe mentioned in section 5.6 and was
created with ground effect taken into account.

1 (Vior vdv
SG - — f
0

' F V2.§ [2] (6.27)
R R L
Analysis of ground-roll time was performed usingiatipn 6.28.

1 fVLOF dv
g F V2-§
g Jo TU —f=(Cp—f- CL)pZ-—GW [2] (6.28)

tG:

Speed/; yr:
VLOF = 1,15 ' VS == 12,506 m:- S_l

Friction coefficientf, which is friction coefficient of landing gear wast to the value of
0,02, which corresponds to the surface of hard aynfgoncrete, asphalt) [2].

f=0,02
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The member of equation designatédtands for thrust of propulsion system. However,
thrust of propulsion system is dependent on tlghtlspeed. The dependence of usable thrust
on flight speed was determined by fitting of usathleist curve by polynomial function of
fourth degree.

Fy = (—4,867966 -107%) - V* + (5,084267 - 10™*) - V3 — (2,245088 - 1072) - V2
+(2,365060 - 1072) - V + 1,806309 - 101 (6.29)
Optimal lift coefficientC; and drag coefficient, during ground roll phase had to be found.

This was done from UAV polar with ground effect aindm the condition of optimal lift
coefficient (eq. 6.30).
aCp
— = 2] (6.30
3c [2] (6.30)

This could be seen in the figure 6.12 below.

optimal ground
roll regime

v

Fig. 6.12 Optimal ground roll regime [2]

After analysis of UAV polar with ground effect (sappendix A.3, Fig. A3.1) optimal lift
and drag coefficient are.

C, = 0,24
Cp = 0,0201

Finally after integration of equations 7.27 and87@sults are:

s =51,888m
te = 7,966 s
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7 MASS AND BALANCE

Chapter brings a closer look at the calculatioweiight and centre of gravity of the UAV.

7.1 Mass analysis

The tabular data below represents the weight aViddal parts of the UAV and include
their centre of gravity position and will be latesed to determine the position of the centre of
gravity of entire UAV. Zero X coordinate was placdhe front surface of the motor partition.

14,15 16, 17

Fig. 7.1 Positions of individual masses

Position Part m [g] &G [mm] m- X [g-mm]
1 Wing 988 396,8 392038,4
2 Fuselage 225 664,1 149422,5
3 Horizontal tail 159 1540,9 245003,1
4 Vertical tail 103 1487,0 153161,0

Tab. 7.1 Airframe mass group

Position Part m [g] e [mm] m- X [g-mm]
5 Shock absorber 20 308,9 6178,0
6 Wheels 52 304,8 15849,6
7 Tail skid 2 1568,6 3137,2

Tab. 7.2 Landing gear mass group

Position Part m [g] oG [mm] m- X [g-mm]
8 Electric motor 181 -27,0 -4887,0
9 Motor battery 482 100,0 48200,0
10 Motor regulator 56 115,0 6440,0
11 Propeller 48 -67,0 -3216,0

Tab. 7.3 Propulsion unit mass group
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Position Part m [g] &G [mm] m- X [g-mm]
12 RX battery 165 108 17820,0
13 Receiver 6 582,0 3492,0
14 Left aileron servo motor 22 353,6 7779,2
15 Right aileron servo motof 22 353,6 7779,2
16 Elevator servo motor 22 513,5 11297,0
17 Rudder servo motor 22 513,5 11297,0

Tab. 7.4 Electronics mass group

Position Part m [g] &G [mm] m- X [g-mm]
18 Payload 6775 395,67 2680664,3
19 Balance mass 150 50 7500,0

Tab. 7.5 Payload mass group
Empty weight of the UAV was calculated to be:
Myew = 2,725 kg
Maximum take-off weight:
Mptow = 9,500 kg
Payload weight:
mpld = 6,775 kg
7.2 Determination of centre of gravity
The position of UAV centre of gravity was calculigsing equation 7.1.
i=17
i=1 Mi " Xcgi
Xcg = — (7.1)
« o1 m;

After substitution into above mentioned equation:
Xce = 395,7 mm
Wing MAC has its most forward point at coordinate:

foAC = 24‘6,6 mm

The difference between centre of gravity coordireatd MAC forward point coordinate,

divided by MAC length is relative position of CGMAC.

—  XcG — Xfmac
Xeg = ———

Cmac
And finally after substitution:

Xcg = 0,487765
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This value is close to the value of UAV centre cd\gty desired position on wing MAC,
as defined in chapter 5.7. The difference is 4,2 Hbwever, the centre of gravity position of
UAV could be adjusted by moving the balance wefghivard or backward or by changes in
the balance weight mass if needed.

8 STRUCTURAL DESIGN

In this chapter, the structural design of UAV wi# described. The main objective is the
description of individual parts composition andatren of comprehensive view of the UAV
structure. In the figure 8.1 below, UAV structureutd be seen. In next chapters, individual
subassemblies will be described.

/ «
Fig. 8.1 UAV internal structure

In table 8.1, the materials used in the UAV strueiare described.

Material Surche Volume Material Material Mlaterial
designation denszlty density type style thickness

[9/m7] [kg/m?’] [mm]

Style 458-1 55 - Carbon Linen 0,10

Style 447 160 - Carbon Linen 0,27

Style 405 375 Carbon Linen 0,63
UD CS 600 600 - Carbon Two grids 0,75
uUD CS 200 200 - Carbon Two grids 0,30

EE23 P 23 - Glass Linen 0,032

RHC.51 - 52 ROHACELL Foam 1-70

RHC.71 - 75 ROHACEL Foam 3-60

LG 285 - - Epoxy resin - -

HG 285 - - Hardener - -

Tab. 8.1 Description of materials used [15]
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8.1 Wing design

The wing structure composes of a front main wirgy sp back auxiliary wing spar (without
flanges) and wing ribs. The wing cover is of a seict type. In the back part of the wing
central segment is located partition with holes dorews, which are intended for the wing
attachment to the fuselage. In front part of thagneentral segment is located front wing to
fuselage attachment. This joint is intended asps in two holes. The two pins are a part of
the wing structure and fits into the holes madin@fuselage partition. The wing is attached to
the fuselage by inserting the pins into the hateluselage partition and securing wing by the
rear screw joint. The composition of individual wiparts is described under figure 8.2.

10

Fig. 8.2 Wing internal structure

Position Part description
1 Wing covering
Wing main spar web
Wing auxiliary spar web
Wing main spar upper flange
Wing main spar lower flange
Front wing to fuselage attachment partition (woagt)
Rear wing to fuselage attachment (wing part)
Strengthened wing rib
Wing rib
10 Rib at the end of auxiliary wing spar

OO |BWIN

Tab. 8.2 Description of wing parts
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Position Layer 1 Layer 2 Layer 3 Layer 4 Layer %
1 EE23P | Style 458-1 Fg'rﬁrf)l Style 458-1 i
2 | Style 458-1 an?rg)l Style 458-1 i i
3 | style 458-1 gHo(r:nan) Style 458-1 i i
4 | upcse00| UDCS 600 i i i
5 | UDCS600| UDCS 600 i i i
6 | Style458-1 UDCS600 UDCS6Q0 Style 458-1 i
7 | style458-1] UDCS600 UDCS600  Style 458-1 i
8 | sStyle4ss-1| Style 458-1 (gf?)craﬁ) Style 458-1| Style 458-1
o | Style 4581 ('iHSCrﬁ) Style 458-1 i i
10 | Style 458-1 ggcrﬁ%) Style 458-1 i i

Tab. 8.3 Composition of individual wing parts

8.2 Fuselage design

The fuselage (Fig. 8.3, Fig. 8.4) structure is ofia shell type. Inside the fuselage front
part, a motor partition is placed. At the back pafrthe fuselage, partitions are placed to
reinforce fuselage structure it the place of hartabtail connection. Also a payload box is
attached to the fuselage inner surface. In frortheffuselage, an engine partition is located.
The fuselage is divided into two separate partsalse of limited dimensions of the
transportation box. The fuselage front part tordéwr part connection is designed as tube on
tube connection. This joint is secured againsttiartaby pin. The vertical stabiliser is an
integral part of the fuselage back part structimeide the vertical stabiliser, the main and
auxiliary spars are located. Both of them withdahfes, only web. The vertical stabiliser
covering is of the same type as the wing covering.
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Fig. 8.4 Rear fuselage segment

66



A4

Position Part description

1 Fuselage covering

2 Electric motor partition

3 Front wing to fuselage attachment partition (fage part)

4 Rear wing to fuselage attachment (fuselage part)

5 Rear fuselage to front fuselage segment attachmen

6 Payload box floor

7 Payload supports (pins)

8 Payload box partitions

9 Payload box ribs

10 Vertical stabiliser covering

11 Vertical stabilisers front spar (web only)

12 Vertical stabilisers rear spar (web only)

13 Vertical stabilisers strengthened rib

14 Fuselage to horizontal stabiliser rib

15 Back fuselage partitions

Tab. 8.4 Description of fuselage parts
Position Layer 1 Layer 2 Layer 3 Layer 4 Layer %

1 EE23P | Style458-] Style 458{1 Style 458-1 .

2 Style 458-1] UD CS 600 UDCS6(Q0 Style 458-1 -

3 Style 458-1] UD CS 600 UDCS6(Q0 Style 458-1 -

4 Style 458-1] UDCS 600 UDCS6(Q0 Style 458-1 -

5 Style 458-1] UDCS 200 UDCS200 UDCSZ200 Stge-1

6 Style 458-1] UDCS 600 UDCS6(Q0 Style 458-1 -

7 Style 447 Style 447 Style 4471 - -
RHC.51

8 Style 458-1 (2,0mm) Style 458-1 - -
RHC.51

9 Style 458-1 (2,0mm) Style 458-1 - -

RHC.51

10 EE 23 P Style 458-1 (2mm) Style 458-1 -
RHC.71

11 Style 458-1 (3mm) Style 458-1 - -
RHC.71

12 Style 458-1 (3mm) Style 458-1 - -
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RHC.71

13 Style 458-1 5o | Style 458-1 -
RHC.71

14 Style 458-1) "5 " | Style 458-1 -
RHC.71

15 Style 458-1) "5 " | Style 458-1 -

Tab. 8.5 Composition of individual fuselage parts

8.3 Horizontal stabiliser

The horizontal stabiliser (Fig. 8.5) is of all g type. The internal structure consist of
inner, outer and two internal ribs connected bpar svith flanges. Covering of the horizontal
stabiliser is of a similar type as the wing andtieat stabiliser covering. The horizontal
stabiliser is intended to be attached to the fggelsy tube on tube type connection secured by

the pin.

Fig. 8.5 Horizontal stabiliser internal structure

Position Part description
1 Horizontal stabiliser covering
2 Horizontal stabiliser spar web
3 Horizontal stabiliser spar upper flange
4 Horizontal stabiliser spar lower flange
5 Horizontal stabiliser ribs

Tab. 8.6 Description of fuselage parts
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Position Layer 1 Layer 2 Layer 3 Layer 4 Layer $
1 EE23P | Style 458-1 I?zHr(;'rg)l Style 458-1 i
2 Style 458-1 (Ig,l?)crﬁﬁ) Style 458-1 - -
3 UD CS 600 UDCS60(0 UDCS®6Q0 - -
4 UD CS 600 UDCS600 UDCS®6QO0 - -
5 | Style 458-1 (Fi"éfnfnl) Style 458-1 i i

8.4 Landing gear

Tab. 8.7 Composition of individual horizontallsteser parts

The landing gear consist of a solid spring typemtanding gear (Fig. 8.6) and a tail skid
(Fig. 8.7). Wheels are actually of a factory typat there is possibility to change them by
custom-made wheels with lower weight. A solid sgrigpe shock absorber will be made of
carbon fibres reinforced composite and attachetdaving spar using screws. The tail skid is
also intended to be made of carbon fibre reinform@dposite and to be attached to the fuselage
rear partition.

Fig. 8.6 Main landing gear shock absorber
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Fig. 8.7 Tail skid

Position Layer 1 Layer 2 Layer 3 Layer 4 Layer $
1 Style 458-1|  Style 405 Style 40% Style 405  Stys-4
2 Style 458-1|  Style 405 Style 405  Style 458-1 -

Tab. 8.8 Composition of landing gear parts

9 PAYLOAD PREDICTION

The payload weight is based on the empty weight m@®W of the UAV. Firstly, the
MTOW dependence on the air density had to be fo@rdund roll start phase mustn’'t be
longer than 60 m. Because of that, payload depeedamthe air density was defined by fixing
ground roll length and calculation of MTOW for saedovalue of air density. The first value
was 1,130 kg-mand the second one was defined to be 1,225 &gBmcalculation of MTOW
for these two air density values, the linear depend of payload on air density can be set.

The calculation of ground roll parameters was peré using UAV polar for start with
ground effect (see appendix A.3, Fig A3.1) taketo iaccount and usable thrust curve
established for air density of 1,225 kg? isee appendix A.4, Tab. A4.1).

Usable thrust curve is defined by the polynomial:

Fy = (-5,357824-107%) - V* + (5,595891 - 10™*) - V3 — (2,471009 - 107%) - V2
+(2,603053-1072) - V + 1,988076 - 10! (9.1)

Using the same procedure as in chapter 7.4, fatlgyparameters of ground roll for air
density of 1,225 kg-fiwas calculated (Tab. 9.1).
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Parameter Designation Value Unit
Maximum take-off weight MTOW 10,568 kg
Stall speed Vs 11,016 m/s
Lift off speed Vior 12,668 m/s
Friction coefficient f 0,020 -

Lift coefficient CL 0,240 -
Drag coefficient Cp 0,201 -
Ground roll distance Sg 51,883 m
Ground roll time tg 7,965 S

Tab. 9.1 Take-off ground roll parameters fordainsity 1,225 kg- rf

In the following table 9.2, parameters needed faylgad prediction dependence on air
density are mentioned. Value of MTOW and payload dw density of 1,320 kg-thwas
determined using linear function (eq. 9.2) to defpayload and MTOW for air density value
range of 1,225+0,095 kg-fnFor ACC 2015 competition, it is mandatory to define payload
weight prediction in form of linear function.

MTOW [kg] Empty weight [kg] | Payload weight [kgl] Aitensity [kg- 1]
9,500 2,725 6,775 1,130
10,568 2,725 7,843 1,225
11,636 2,725 8,911 1,320

MTOW and payload prediction

Tab. 9.2 Take-off ground roll parameters ford@nsity

14,00
12,00
10,00 // //
8,00 //,///
= y = 11,242x - 5,929 |
= 6,00 |
= ——MTOW
4,00
200 | ——Payload
0700 1 1 1 1 1 1 1 1 1
1,12 1,14 1,16 1,18 1,20 1,22 1,24 1,26 1,28 1,30 1,32
p [kg-m?]

Fig. 9.1 Maximum take-off and payload weight degence on air density
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As shown in the figure 9.1 on the previous page phyload is predicted to depend on air
density in form of linear function:

Myq = 11,242 - p — 5,929 (9.2)

10 CONCLUSION

In this bachelor’s thesis, the conceptual designshall UAV was performed. UAV, which
was finally named FabricK, was designed to meetegjliirements of the Air Cargo Challenge
2015 competition and to exceed this requirementsilgnan the field of flight performance.
From the beginning of the design process, the desap focused on creating an aircraft with
the highest possible flight speed and at the samedapable of carrying a payload of at least
6 kg. This goal, which was set by the design teaas achieved by the maximum effort to
minimize drag and empty weight of aircraft.

The specific of the FabricK aircraft is a flaplegsg and the use of all flying elevator type.
A flapless wing was chosen because of its loweghtetompared to the wing with flaps. The
decision of using of all flying elevator type wasskd on the requirement of high
maneuverability, which will be helpful in the tung flight.

FabricK was designed to have wingspan of 3 metmrgpty weight of 2,725 kg and
maximum take-off weight of 9,5 kg.

Engine manufacturer recommends the maximum taker@fjht of airplane models using
AXI1 2826/10 to be 3 kg. [17]

Even the maximum take-off weight of FabricK is #arémes higher, preliminary
calculations shows that airplane will be able fiedff after 51,9 meter long ground roll at speed
of 12,5 m/s. Preliminary design calculations alsggest, that FabricK will be capable of steady
climb with climb speed of 1,82 m/s while flight ggkis 18,75 m/s. Maximum climb angle of
6,41° will be achieved at the flight speed of 18y8. Maximum speed calculated is 30,95 m/s
and cruise speed has value of 22,2 m/s.

Last details of the design should be finalized Iuhe end of the first half of June 2015.
During the final improvements of the design, theilebe intensive negotiations with sponsors
of the project. At the same time, moulds for thegpaonstruction will be prepared in form of
3D CAD models and further forwarded to the sponswith machining capabilities. After
finalisation of moulds, the actual constructionrafividual parts will begin.

Above mentioned flight performance and design patans suggest that FabricK will be a
strong competitor in the battle for victory in thee Cargo Challenge 2015 competition.
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LIST OF SYMBOLS AND ACRONYMS

Symbol

XcG

A.C.
Aax

AR
ARH
ARv
ARw

Description

Vertical tailplane relative area
Horizontal tailplane relative area
Relative root airfoil thickness of horizontal tddpe

Relative tip airfoil thickness of horizontal {alhne

Vertical tailplane relative thickness at place afan aerodynamic

chord
Aileron relative area

Relative elevator area

Relative diameter of fuselage

Relative position of UAV aerodynamic centre
Relative value of static margin

Relative position of the UAV centre of gravity
Dynamic viscosity

Speed of sound

UAV lift curve slope

Aerodynamic centre

Position of aileron axis in % of wing mean aeraatyric chord
Horizontal tail volume

Horizontal tail lift curve slope

Aspect ratio

Horizontal tailplane aspect ratio

Vertical tailplane aspect ratio

Wing aspect ratio

Vertical tail volume

Wing lift curve slope

Chord length

Horizontal tailplane root chord

Vertical tailplane root chord

Wing root chord length

Aileron depth

Drag coefficient
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%

%

Pa-s
m-st
rad?

%

rad?!

rad?!
mm
mm
mm
mm
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Cor
CoH
Cop
Cbsa
Cov
Cow
Cown
CHMAC
CL
CiLH
ClLmax
Cw

CmMAC

Fuselage drag coefficient

Horizontal tail drag coefficient

Parasite drag coefficient

Shock absorber drag coefficient

Vertical tail drag coefficient

Wing drag coefficient

Wheel drag coefficient

Horizontal tail mean aerodynamic chord length
Lift coefficient

Horizontal tail lift coefficient

Maximum lift coefficient
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Mean aerodynamic chord length

Depth of rudder

Drag coefficient of flat plate

Horizontal tailplane tip chord

Vertical tailplane tip chord

Wing tip chord length
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Drag force
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Position of elevator axis in % of vertical tailpamean

aerodynamic chord
Thrust force

Start strip friction coefficient
Interference drag correction factor
Required thrust force
Usable thrust force
Acceleration of gravity
UAV force of gravity

Lift force

Length of aileron

Elevator length

Fuselage length

Horizontal tailplane arm
Horizontal tailplane span
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| Wmt

MAC
MmTow
Moew
Mpid
MTOW
My
Mzow
N max
Nmax

S
Nmax

min

F
t"min

Length of rudder

Vertical tailplane span

Vertical tailplane arm

Wingspan

Maximum theoretical wingspan

mass

Mean aerodynamic chord

Maximum take-off weight

Operational empty weight

Payload weight

Maximum take-off weight

Banking moment

Wing moment coefficient around its quarter MAC goi
Aerodynamical limited load factor
Propulsion limited load factor

Structural limited load factor

Required power

Usable power

Minimal radius of aerodynamical limited turn

Position of rudder axis in % of vertical tailplamean aerodynamic

chord
Fuselage Reynolds number

Minimal radius of propulsion limited turn
Minimal radius of structural limited turn
Area

Aileron area

Fuselage wetted area

Shock absorber wetted area

Wheel frontal area

Elevator area

Ground roll distance

Horizontal tailplane area

Rudder area

Vertical tailplane area

Wing area

Minimal time to perform 360° aerodynamical limitedn
Minimal time to perform 360° limited turn
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min

UAV

Vao
VCI’
VEC

Vint
VioF
V max
V min
Vopt

Vs

Vv

V Wmax

Vymax

Wmax

XcG
XfMAC
XHMAC

XMAC

XVMAC

YHMAC
YMAC

YVMAC

Olcr
Olcrit
Oec
OH

Olopt

Olper

Ground roll time

Minimal time to perform 360° structural limitedrtu
Unmanned aerial vehicle

Flight speed

Resulting speed on wing in lateral direction

Cruise speed

Economic flight speed

Horizontal component of speed

Speed of the stream unaffected by the UAV

Lift-off speed

Maximum flight speed

Minimum flight speed

Optimum flight speed

Stall speed

Vertical component of speed

Flight speed for maximum climb speed

Flight speed for maximum angle of climb

Climb speed
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Leading edge longitudinal coordinate

Centre of gravity x coordinate

Most forward point of wing MAC x coordinate
Horizontal tail mean aerodynamic chord leadingeepigint position
Mean aerodynamic chord leading edge point position
Vertical tail mean aerodynamic chord leading epgiat position
Spanwise coordinate

Horizontal tail mean aerodynamic chord spanwisstiopm
Mean aerodynamic chord spanwise position

Vertical tail mean aerodynamic chord spanwisetmsi
Angle of attack

Cruise angle of attack

Critical angle of attack

Economic angle of attack

Horizontal tail angle of attack

Optimal angle of attack

Permitted angle of attack
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A o < >

S S

A
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F
(I) max
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Pw

Wing angle of attack

Dihedral angle

Angle of climb

Horizontal tailplane dihedral angle
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APPENDICES

A.

Pin [W], Pout [W]

1 Conceptual design figures
AXI 2826-10 GOLD - 12V (Test #3) Date: 7/4/2009

Controller JETI MasterSPIN 55 Timing 24°, Freq 8kHz
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Fig. A1.1 AXI 2826/10 Electric motor characteigst[24]
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A.2 Aerodynamic coefficients
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Fig. A2.1 Aerodynamic coefficients of three simplodies [4]
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A.3 Aerodynamic data

Wing AOA Wing lift coefficient Horizontal stab. | Horizontal stab. Lift

aw [] Cuw [-] AOA an [] coefficient Gn [-]
0,0 0,2749937 0,0 -6,84E-17
0,4 0,3105017 0,4 0,02705925
0,8 0,3460275 0,8 0,05418271
1,2 0,3815461 1,2 0,08141177
1,6 0,4170323 1,6 0,1087602
2,0 0,4524585 2,0 0,1362309
2,4 0,4877816 2,4 0,1638222
2,8 0,5229515 2,8 0,1915308
3,2 0,5582332 3,2 0,2193531
3,6 0,593508 3,6 0,2472853
4,0 0,6287042 4,0 0,275324
4,4 0,6638738 4,4 0,3034664
4,8 0,6990257 4,8 0,3317095
52 0,7341625 5,2 0,3600511
5,6 0,7693119 5,6 0,3884888
6,0 0,8044862 6,0 0,4170208
6,4 0,8396608 6,4 0,445645
6,8 0,8748846 6,8 0,4743598
7,2 0,9101094 7,2 0,5031634
7,6 0,9453804 7,6 0,5320542
8,0 0,9806645 8,0 0,5610307
8,4 1,015978 8,4 0,5900913
8,8 1,051321 8,8 0,6192347
9,2 1,086676 9,2 0,6484594
9,6 1,122064 9,6 0,677764
10,0 1,157469 10,0 0,7071472

A4

Tab. A3.1 Wing and horizontal stabiliser lift gas data




Wing moment

Wing moment

W'SV% '[A‘]O A coefficient W'SV% '[A‘]O A coefficient

Mzow [-] Mzow [-]
-5,0 -0,094748 3,0 -0,093664
-4,6 -0,092859 3,4 -0,095302
-4,2 -0,091192 3,8 -0,097036
-3,8 -0,089723 4,2 -0,098866
-3,4 -0,088456 4,6 -0,100801
-3,0 -0,087386 5,0 -0,102844
-2,6 -0,086517 5,4 -0,105001
-2,2 -0,085855 5,8 -0,107257
-1,8 -0,085405 6,2 -0,109620
-1,4 -0,085160 6,6 -0,112080
-1,0 -0,085121 7,0 -0,114633
-0,6 -0,085282 7,4 -0,117273
-0,2 -0,085630 7,8 -0,119993
0,2 -0,086150 8,2 -0,122785
0,6 -0,086831 8,6 -0,125643
1,0 -0,087664 9,0 -0,128559
1,4 -0,088638 9,4 -0,131525
1,8 -0,089739 9,8 -0,134534
2,2 -0,090951 10,2 -0,137577
2,6 -0,092251

Tab. A3.2 Wing moment coefficient data
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Plane AOA Horizontal Horizontal Turning flight | Turning flight
o] flight C [-] flight Cp [-] C. [-] Co [-]
-5,0 - - -0,231671 0,024256
-4,6 - - -0,192538 0,022779
-4,2 - - -0,153459 0,021507
-3,8 - - -0,114433 0,020408
-3,4 - - -0,075453 0,019489
-3,0 - - -0,036511 0,018753
-2,6 0,000000 0,002704 0,002402 0,018164
-2,2 0,041301 0,014697 0,041301 0,017635
-1,8 0,080203 0,015242 0,080203 0,017198
-1,4 0,119125 0,015581 0,119125 0,016924
-1,0 0,158078 0,015883 0,158078 0,016783
-0,6 0,197067 0,016228 0,197067 0,016776
-0,2 0,236084 0,016672 0,236084 0,016936
0,2 0,275126 0,017283 0,275126 0,017280
0,6 0,314209 0,017629 0,314209 0,017364
1,0 0,352963 0,019038 0,352963 0,018519
1,4 0,392482 0,020078 0,392482 0,019309
1,8 0,431550 0,021282 0,431550 0,020287
2,2 0,471043 0,022596 0,471043 0,021384
2,6 0,510191 0,023946 0,510191 0,022543
3,0 0,549297 0,025438 0,549297 0,023861
3,4 0,588576 0,027078 0,588576 0,025297
3,8 0,627814 0,028887 0,627814 0,026860
4,2 0,667026 0,030835 0,667026 0,028590
4,6 0,706238 0,032913 0,706238 0,030468
5,0 0,745477 0,035113 0,745477 0,032479
54 0,784770 0,037439 0,784770 0,034626
5,8 0,824085 0,039880 0,824085 0,036900
6,2 0,863476 0,042451 0,863476 0,039302
6,6 0,902905 0,045139 0,902905 0,041831
7,0 0,942408 0,047945 0,942408 0,044483
7,4 0,981956 0,050885 0,981956 0,047258
7,8 1,021582 0,053962 1,021582 0,050159
8,2 1,061249 0,057177 1,061249 0,053183
8,6 1,100993 0,060538 1,100993 0,056341
9,0 1,140783 0,064040 1,140783 0,059629
9,4 1,180630 0,067694 1,180630 0,063051
9,8 1,220538 0,071508 1,220538 0,066612
10,2 1,260491 0,075486 1,260491 0,070315

Tab. A3.3 UAV Polars data for horizontal andhing flight
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Plane AOA

o[] Start G [-] Start G [-]

-5,0 -0,262255 0,038623
-4,6 -0,217775 0,032318
-4,2 -0,173399 0,029080
-3,8 -0,129121 0,027405
-3,4 -0,084934 0,025269
-3,0 -0,040829 0,024092
-2,6 0,003208 0,023019
-2,2 0,047195 0,021958
-1,8 0,091152 0,021189
-14 0,135101 0,020615
-1,0 0,179058 0,020256
-0,6 0,223029 0,020113
-0,2 0,267011 0,020167
0,2 0,311002 0,020392
0,6 0,355050 0,020616
1,0 0,398630 0,021226
14 0,443229 0,021819
1,8 0,487197 0,022530
2,2 0,531789 0,023354
2,6 0,575925 0,024168
3,0 0,619993 0,025186
3,4 0,664205 0,026327
3,8 0,708374 0,027559
4,2 0,752524 0,028885
4,6 0,796690 0,030300
5,0 0,840917 0,031818
54 0,885247 0,033456
5,8 0,929666 0,035203
6,2 0,974255 0,037067
6,6 1,019002 0,039045
7,0 1,063983 0,041156
7,4 1,109214 0,043440
7,8 1,154790 0,045913
8,2 1,200753 0,048524
8,6 1,247246 0,051288
9,0 1,294387 0,054267
9,4 1,342387 0,057577

A7

Tab. A3.4 UAV Polar data for start (with grourfteet at h=0,25 m)
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A.4  Flight performance data

Usable thrust

Usable thrust

FIgnt speed Rl speed | (=1 113 ki) | (p=1,225 kg/r)
[m/s] [km/h] Fu [N] Fu [N]
0,000 0,000 18,017 19,830
1,051 3,784 17,987 19,797
2,067 7,440 17,950 19,756
3,121 11,236 17,887 19,687
4,135 14,884 17,809 19,602
5,199 18,715 17,704 19,485
6,271 22,577 17,564 19,331
7,317 26,342 17,366 19,113
8,405 30,259 17,109 18,831
9,477 34,116 16,815 18,507
10,586 38,111 16,444 18,099
11,715 42,174 16,046 17,660
12,821 26,157 15,612 17,183
14,005 50,417 15,140 16,664
15,210 54,754 14,617 16,088
16,472 59,301 14,058 15,472
17,788 64,035 13,509 14,869
19,179 69,045 12,939 14,241
20,669 74,407 12,372 13,617
22,199 79,916 11,761 12,944
23,786 85,630 11,149 12,271
27,606 99,381 9,933 10,932
28,582 102,895 9,367 10,310
29,564 106,430 8,821 9,709
30,532 109,914 8,290 9,124
31,433 113,157 7,785 8,568
32,236 116,050 7,332 8,070
33,157 119,364 6,838 7,526
33,981 122,333 6,372 7,013
34,846 125,446 5,902 6,496
35,670 128,411 5,445 5,993
36,133 130,080 5,068 5,578
37,348 134,451 4,518 4,973
38,179 137,445 4,063 4,472
39,015 140,454 3,607 3,970
39,836 143,408 3,159 3,477
40,687 146,474 2,688 2,958
41,519 149,468 2,223 2,447
42,382 152,576 1,733 1,907
43,254 155,714 1,225 1,349
44,142 158,912 0,707 0,778
44,999 161,996 0,191 0,211

Tab. A4.1 Usable thrust data
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Required thrust

Required thrust

Flight speed (p=1,113 kg/m, Flight speed (p=1,113 kg/m,
V [m/s] m = 9,5 kg) V [m/s] m = 9,5 kg)
Fr [N] Fr [N]
10,630 7,437 14,570 4,580
10,697 7,360 14,739 4,543
10,765 7,059 14,914 4,508
10,834 6,862 15,095 4,475
10,905 6,713 15,283 4,445
10,976 6,588 15,478 4,415
11,050 6,478 15,680 4,388
11,125 6,378 15,891 4,364
11,201 6,286 16,110 4,342
11,279 6,201 16,338 4,323
11,358 6,121 16,577 4,307
11,439 6,045 16,826 4,295
11,522 5,973 17,087 4,287
11,607 5,903 17,360 4,284
11,693 5,836 17,647 4,286
11,781 5,769 17,949 4,297
11,872 5,705 18,267 4,314
11,964 5,641 18,601 4,339
12,059 5,579 18,954 4,373
12,155 5,518 19,328 4,415
12,254 5,458 19,726 4,469
12,356 5,400 20,152 4,517
12,460 5,342 20,609 4,594
12,566 5,285 21,087 4,672
12,676 5,230 21,610 4,766
12,788 5,176 22,180 4,884
12,903 5,123 22,788 5,025
13,021 5,070 23,440 5,175
13,142 5,019 24,152 5,227
13,267 4,969 24,941 5,570
13,395 4,921 25,811 5,852
13,527 4,874 26,779 6,181
13,662 4,828 27,864 6,579
13,802 4,783 29,092 7,067
13,946 4,740 30,497 7,672
14,095 4,698 32,128 8,421
14,248 4,658 34,051 9,361
14,406 4,618 36,366 10,574

Tab. A4.2 Required thrust data
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Usable power

Usable power

FIgnt speed Rl speed | (=1 113 ki) | (p=1,225 ko)
[ms] [km] P [N] Py [N]

0,000 0,000 0,000 0,000
1,051 3,784 18,906 20,808
2,067 7,440 37,097 40,830
3,121 11,236 55,827 61,444
4,135 14,884 73,635 81,044
5,199 18,715 92,036 101,298
6,271 22,577 110,147 121,231
7,317 26,342 127,069 139,856
8,405 30,259 143,810 158,281
9,477 34,116 159,354 175,389
10,586 38,111 174,086 191,604
11,715 42,174 187,975 206,891
12,821 26,157 200,171 220,314
14,005 50,417 212,038 233,375
15,210 54,754 222,313 244,684
16,472 59,301 231,564 254,867
17,788 64,035 240,296 264,477
19,179 69,045 248,167 273,139
20,669 74,407 255,707 281,438
22,199 79,916 261,072 287,343
23,786 85,630 265,188 291,873
27,606 99,381 274,206 301,799
28,582 102,895 267,721 294,668
29,564 106,430 260,793 287,036
30,532 109,914 253,109 278,579
31,433 113,157 244,687 269,310
32,236 116,050 236,370 260,156
33,157 119,364 226,735 249,551
33,981 122,333 216,534 238,323
34,846 125,446 205,651 226,345
35,670 128,411 194,209 213,752
36,133 130,080 183,109 201,535
37,348 134,451 168,752 185,733
38,179 137,445 155,128 170,739
39,015 140,454 140,735 154,897
39,836 143,408 125,827 138,488
40,687 146,474 109,357 120,361
41,519 149,468 92,316 101,605
42,382 152,576 73,450 80,841
43,254 155,714 53,007 58,341
24,142 158,912 31,217 34,358
44,999 161,996 8,615 9,482

Tab. A4.3 Usable power data
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Required power

Required power

Flight speed (p=1,113 kg/m, Flight speed (p=1,113 kg/m,

V [m/s] m = 9,5 kg) V [m/s] m = 9,5 kg)
Pr [W] Pr [W]

10,630 79,058 14,570 66,731
10,697 78,730 14,739 66,961
10,765 75,992 14,914 67,238
10,834 74,339 15,095 67,554
10,905 73,206 15,283 67,924
10,976 72,310 15,478 68,334
11,050 71,575 15,680 68,807
11,125 70,952 15,891 69,340
11,201 70,413 16,110 69,945
11,279 69,939 16,338 70,623
11,358 69,522 16,577 71,391
11,439 69,153 16,826 72,265
11,522 68,820 17,087 73,244
11,607 68,518 17,360 74,363
11,693 68,235 17,647 75,636
11,781 67,971 17,949 77,117
11,872 67,726 18,267 78,811
11,964 67,492 18,601 80,717
12,059 67,278 18,954 82,880
12,155 67,074 19,328 85,341
12,254 66,887 19,726 88,157
12,356 66,718 20,152 91,029
12,460 66,557 20,609 94,685
12,566 66,419 21,087 98,527
12,676 66,292 21,610 102,993
12,788 66,185 22,180 108,319
12,903 66,095 22,788 114,510
13,021 66,019 23,440 121,291
13,142 65,965 24,152 126,245
13,267 65,927 24,941 138,922
13,395 65,916 25,811 151,056
13,527 65,925 26,779 165,517
13,662 65,958 27,864 183,317
13,802 66,018 29,092 205,600
13,946 66,100 30,497 233,970
14,095 66,214 32,128 270,564
14,248 66,360 34,051 318,743
14,406 66,526 36,366 384,515

Tab. A4.4 Required power data
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Climb speed Climb speed
Flight speed (p=1,113 kg/m, Flight speed (p=1,113 kg/m,
V [m/s] m = 9,5 kg) V [m/s] m = 9,5 kg)
w [m/s] w [m/s]
11,000 1,122 21,000 1,763
11,500 1,212 21,500 1,735
12,000 1,296 22,000 1,702
12,500 1,372 22,500 1,663
13,000 1,442 23,000 1,618
13,500 1,506 23,500 1,568
14,000 1,564 24,000 1,511
14,500 1,615 24,500 1,449
15,000 1,661 25,000 1,380
15,500 1,700 25,500 1,305
16,000 1,734 26,000 1,224
16,500 1,762 26,500 1,137
17,000 1,784 27,000 1,042
17,500 1,801 27,500 0,941
18,000 1,812 28,000 0,833
18,500 1,817 28,500 0,717
19,000 1,818 29,000 0,595
19,500 1,812 29,500 0,464
20,000 1,801 30,000 0,326
20,500 1,785 30,500 0,180

Tab. A4.5 Climb speed data
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Climb angle Climb angle
Flight speed (p=1,113 kg/m, Flight speed (p=1,113 kg/m,
V [m/s] m = 9,5 kg) V [m/s] m = 9,5 kg)
v [ v [
11,000 5,855 21,000 4,815
11,500 6,051 21,500 4,629
12,000 6,198 22,000 4,436
12,500 6,302 22,500 4,238
13,000 6,370 23,000 4,034
13,500 6,405 23,500 3,825
14,000 6,413 24,000 3,610
14,500 6,395 24,500 3,390
15,000 6,356 25,000 3,165
15,500 6,297 25,500 2,935
16,000 6,221 26,000 2,699
16,500 6,129 26,500 2,458
17,000 6,024 27,000 2,212
17,500 5,906 27,500 1,961
18,000 5777 28,000 1,705
18,500 5,638 28,500 1,443
19,000 5,489 29,000 1,175
19,500 5,332 29,500 0,902
20,000 5,167 30,000 0,623
20,500 4,994 30,500 0,338

Tab. A4.6 Climb angle data
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Structural limit turns

Flight speed

Maximum bank

Minimum turn

Minimum time to

angle radius perform 360° turn

v [m/S] (qunax [o] rrs;lin [m] tf’nin [S]

11,000 75,522 3,186 1,820
11,500 75,522 3,482 1,902
12,000 75,522 3,791 1,985
12,500 75,522 4,114 2,068
13,000 75,522 4,450 2,151
13,500 75,522 4,798 2,233
14,000 75,522 5,160 2,316
14,500 75,522 5,536 2,399
15,000 75,522 5,924 2,481
15,500 75,522 6,326 2,564
16,000 75,522 6,740 2,647
16,500 75,522 7,168 2,730
17,000 75,522 7,609 2,812
17,500 75,522 8,063 2,895
18,000 75,522 8,531 2,978
18,500 75,522 9,011 3,060
19,000 75,522 9,505 3,143
19,500 75,522 10,012 3,226
20,000 75,522 10,532 3,309
20,500 75,522 11,065 3,391
21,000 75,522 11,611 3,474
21,500 75,522 12,171 3,557
22,000 75,522 12,743 3,639
22,500 75,522 13,329 3,722
23,000 75,522 13,928 3,805
23,500 75,522 14,540 3,888
24,000 75,522 15,165 3,970
24,500 75,522 15,804 4,053
25,000 75,522 16,456 4,136
25,500 75,522 17,120 4,218
26,000 75,522 17,798 4,301
26,500 75,522 18,490 4,384
27,000 75,522 19,194 4,467
27,500 75,522 19,911 4,549
28,000 75,522 20,642 4,632
28,500 75,522 21,386 4,715
29,000 75,522 22,143 4,797
29,500 75,522 22,913 4,880
30,000 75,522 23,696 4,963
30,500 75,522 24,493 5,046

Tab. A4.7 Structural limit turns data
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Aerodynamical limit turns

Maximum bank

Minimum turn

Minimum time to

Fll\?I‘E:nS/E]e ed angle radius perform 360° turn
cI)gax [O] rr?lin [m] tgin [S]
11,000 12,233 56,910 32,507
11,500 26,599 26,931 14,714
12,000 34,795 21,131 11,064
12,500 40,816 18,448 9,273
13,000 45,596 16,879 8,158
13,500 49,545 15,847 7,376
14,000 52,891 15,120 6,786
14,500 55,775 14,584 6,319
15,000 58,294 14,174 5,937
15,500 60,514 13,853 5,615
16,000 62,489 13,596 5,339
16,500 64,256 13,387 5,098
17,000 65,847 13,215 4,884
17,500 67,286 13,072 4,693
18,000 68,594 12,952 4,521
18,500 69,787 12,850 4,364
19,000 70,879 12,763 4,220
19,500 71,881 12,688 4,088
20,000 72,805 12,623 3,966
20,500 73,657 12,566 3,851
21,000 74,446 12,517 3,745
21,500 75,178 12,473 3,645
22,000 75,858 12,435 3,552
22,500 76,492 12,401 3,463
23,000 77,083 12,371 3,380
23,500 77,636 12,345 3,301
24,000 78,153 12,321 3,226
24,500 78,638 12,299 3,154
25,000 79,094 12,280 3,086
25,500 79,522 12,263 3,022
26,000 79,925 12,247 2,960
26,500 80,306 12,233 2,900
27,000 80,665 12,220 2,844
27,500 81,004 12,209 2,789
28,000 81,325 12,198 2,737
28,500 81,629 12,188 2,687
29,000 81,917 12,179 2,639
29,500 82,190 12,171 2,592
30,000 82,450 12,164 2,548
30,500 82,697 12,157 2,504

Tab. A4.8 Aerodynamical limit turns data
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Propulsion limit turns

Flight speed Maximum bank Minimu_m turn Minimum tirrze to
V [m/s] angle radius perform 360" turn
(DFnax [0] rrlilin [m] tfnin [S]
15,552 62,518 12,829 5,183
16,020 63,523 13,035 5,112
16,415 64,176 13,297 5,090
16,968 64,908 13,748 5,091
17,510 65,487 14,257 5,116
18,057 65,973 14,822 5,157
18,619 66,397 15,446 5,212
19,005 66,653 15,898 5,256
19,603 66,996 16,636 5,332
20,015 67,198 17,173 5,391
20,653 67,458 18,054 5,493
21,094 67,603 18,699 5,570
21,545 67,718 19,396 5,656
22,008 67,805 20,151 5,753
22,483 67,861 20,972 5,861
22,968 67,878 21,867 5,982
23,466 67,859 22,848 6,118
23,972 67,789 23,926 6,271
24,488 67,668 25,119 6,445
25,009 67,479 26,445 6,644
25,534 67,213 27,929 6,873
26,059 66,852 29,604 7,138
26,580 66,376 31,510 7,449
27,083 65,741 33,707 7,820
27,571 64,925 36,269 8,265
28,047 63,905 39,289 8,802
28,502 62,621 42,900 9,457
28,948 61,014 47,339 10,275
29,545 57,656 56,367 11,987
30,053 52,531 70,591 14,758
30,533 39,718 114,433 23,548

Tab. A4.9 Propulsion limit turns data
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A.5 3 view drawing
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Fig. A5.1 3 view drawing of FabricK UAV

Al8

400




A.6 Contents of CD with electronic form of bachelols thesis

1) PDF version of bachelor’s thesis
2) CAD model of FabricK UAV
3) Simulation file of XFLR5 Software
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