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Table of acronyms

a ¢ maximum surface deflection Re Reynolds number
G ¢ lift coefficient S- lifting surface

Gro- Lift coefficient (at takeoff) S - control surfacearea
Gr - Lift coefficient (during the flight) T-thrust

Cx- drag cefficient V ¢ take-off velocity
Is-mean control surface cord Ver- Cruise speed
L-take off distance Vmax maximum velocity
Ls ¢ mean geometric wing cord W-weight

M - control surfaces moment H- Coefficient offriction
MAC¢ Mean Aerodynamic Chord A¢ Kinematic viscosity
MTOW¢ Maximum TakeOff " - air density

Px¢ dragforce _ G aspect ratio

Pz- lift force

R/Cc¢ the rate of climb



1. Introduction

This report was written by the JetStream group from Wroclaw University of Science and

Technologywhichbrings togetherstudentswho are specialized in fields such agechanical

engineering, mechatronicand aviation engineerind.his report aims$o presentthe process

of designand testingof an unmanned aircraft builto participatein the Air Cargo Challenge

2022 competition. Everything writterhere is followed by almost 2 years of project

development involving significant changes in team composition, new manufacturing

techniques and delays caused by COMI®

2. Project management

2.1.

Management and risk analysis

In 2020, two groups were formed, to compete with each other in creaitiegoest design. As
time andthe LJF Yy RSYA O LINRPINBA&ASRI 2yS 27
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competition hold was announced. In 2022, a begingroup was designated lolder team

members to finish the project under their supervision. From human resources perspective

this caused unnecessary delays, but aircraft design quality stayed unafféctegtision was

madeto follow the V-model developnent plan Figurel), which is derived frorthe waterfall

methodology.
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Figurel V-model development process.
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The team captain defined specific tasks, which were controlled and assigned using an
electronic Kanban board provided with the ClickUp app. These were discussed during weekly
team meetings. Additionallythe strict time contiol was introduced using a critical path as
shown in Section 2.3. This approach enabled clear task progress recognition and siedject
prediction which led to flexible work planning and assignment of suitable resources for the
management and precise sowpof the work to be done, costs, necessary assets, and
knowledge for other team members. For recognition of the risk levels occurring during project
phasesthe Impact Matrix was prepared, so the Team could focus more on the critical areas
(Figure2).
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Figure2 Risk bubble graph representation.

2.2. Software
Toimproveefficiency duringhe project, various computer programs were used. Utilizing this

software allowedusto acquire more precisealculationgesults make better decisionsand
make communication easier and fast8oftware choicavasdeterminedby its performance,

ease of usgand team familiarity. All software and its use are showiable 1.



Tablel Software used and its purpase

Software Purpose
Clickup Assigning tasks
Zoom Meetings organization, communication
Management
Google Drive Filesmanagement
ProjectLibre Time management, project plan
AutoCAD 2D drawings
CAD SolidWorks 3Dmodelling
Fusion 360 3Dmodellingand generative design
Ansys Structural load analysis, flow analysis
CFD, FEM
NX1980 Structural load analysis
flow5 Aerodynamicconfigurationdesign
Other xflr5 VLM analysis
MS Excel Charts and calculations

2.3. Workschedule
As mentioned above, the previous team, consisting of older team members, had to leave this

project behind and hand it to the newer members. The older team managed to conceptualize
and test the model using XFLR5 softwaamd then begin manufacturing and $éing.
Unfortunately, the pandemic struck and the competition had to be delayed. The table below
shows how much timeach team spent on each phase of the projéctearly 2022, the newer
team members took hold of the research and learned how to manufacparts, then
assembled the whole structure and started looking for imperfections in the structure to try
and balance out. In parallel, the members were working on the technical repothe
beginning, the writing went tardily, but as time went on, théngot back on track and the
technical report was finished on time. Test flights began shortly after the end of the SAE Aero
Design West competition. The fact that new pilots had to be trained increased the time

required for testing.
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2.4. Financial budget

Figure3 Table ofwork schedule
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Firstly, weparticipated inthe competition for the distribution of fundat our universityEach

participatingteamhad toprovidethe relevantdocumentation, projectimetable, distribution

of funds, blueprints andtaffallocation aseach teammember wasassigned accordirtg their

skills.All this information allowed the committee to subsidise @arence clulwith the funds

allocated to the ACC competition because they knew we were capable of doing it.
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one of the five best strategic science clubs, whiabvideduswith the necessarfundingfor

this project.Thanks to ouexcellent resultsn other competitions, wehave attracted many

new sponsorgrom the industry, who have providedis with materials in the form of barter.

Furthermore, weappliedfor grants from the Mechanical & Power Engineering Faculty and the

Mechanical Faculty of Wroclaw University of Science and Techndlbgyfinalcost of eab

specificexpense group can be seenTiale 2.



Table2 Material costs

Project expense Value
GComposite materials and chemicals 1 020¢
Wooden materials 310¢
Other, not enlisted materials (such as mepairts, etc.) 250¢
Services (such amilling, MJF3d printing, etc.) 870¢
Hectronics 930¢
Gas (neededo get to the airport for tests) 190€
Build phase subtotal 3570¢
Members entry fee 1750¢€
Car rental withfuel included 1050¢
Competition participation subtotal 2800¢
ProjectTotal 6370¢€

3. Mission, aircraft configuratigand dimensions

3.1. Scoring analysis
Due tothe complex profile of thi®# S YWRHAAA2Y YR A02NAy3I KAIKE &
results. The team decided to calculatee most favourable variable, thus aircraft type, but
quickly realized that too many variables were present. It was decidedatmatrframe with
the best glide rath possibleand sustainingt at different speeds would be most beneficial for
all scoring factors. To improve flight characteristics at low speeds e.g., abtaéed climb,

wing mechanization in form of flaps was used.

3.2. Configuration selection

Maximum eficiency imposedhe following features:

1 good glide ratia; high wing aspect ratio and wing taper,
1 best use of limited thrust, prop wash free of unnecessary elements,

1 small frontal area; optimal cargo configuration.

As high aspect ratio and low drag wings are favourable, biplane and tandefigurations

were rejected. To movthe propeller away from other parts of the aircrafhe motor extends



on the CFRP tube in front of the aircrafthe @rgo bay was moved dowereatinga parasol

wing, to further remove propwash obstructions and improve airflowrabe centre section

of the wing. Carbon tube extends back creating tail boom, to which standard configuration
empennage is attached. Other types of tail configuraticere rejectedthe as tail is located
abovetheg Ay 3 Q& R246Y Sl &KZI YI1AYy3 20KSNTIhethcgdedA S NE

landing gear is used as it is eadtake offand offers better manoeuvrability.

Payload featured in thi& S |- cidipatitionconsists of blood bags filled with fake blood, which
masses are 100g, 200g or 300g. Because at least one 300g bag must be carried, the team
decided to use only these types of bags. Testing done by the team concluded, that 300g is
close tothe maximum capaity of the bag, thus its dimensions are mostly fixed, with only small
shapechangegossible This resulted in considering the payload as a solid aftked shape

and not as a liquid.

3.3. Aircraft dimensions
With aircraft dimensions partially fixday a 1,5m rhombus shag anoptimal angle had to be
found at whichthe aircraft would perform desirably The mostcrucial factorwas its
longitudinalstability, as the static margin had to be greater than in other aircraft because of
the payload which may shiffoG.The SM was set to 15%ontraryto the minimum of 3%
used Based on similar aircraft adlfiis type, maximum horizontal stabilizer dimensions were
determined. By changinghe rhombus anglethe maximum wingspan at which SM af
minimum of 15% could be obtained was calculated usargMS Excel spreadshe€ethe
optimal angle was 112°, which resulted artheoretical maximum wingspan of 2480mas

shown inFigure4.
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4. Aerodynamic design

4.1. Airfoilselection
As mentioned abovean airfoil with a high glide ratio and flat cl/cgholar curve had tde
selected.To choosethe best performing airfojlthe applicable Reynolds number had been
calculated?.
wib66 pdmtop

Ye ’ ptvupm
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The liftnecessary fothe level flight was calculated fromhe lift force equation:
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Following these calculationd airfoils wereselected,shown inFigure5and Table3.
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Table3 Considered airfoils details

Figureb Considered airfoils shape

Thickness, % | At % of chord | Camber At % of chord
E216 10,4% 26,2% 4. 7% 59%
MH32 8, 7% 30,2% 2,3% 45,7%
Al8 7,3% 30% 3,9% 45%
S1223 12,1% 19,8% 8,1% 49%
— —— \
Eppler E216 Martin Hepperle MH 32
—
Archer A18 F1C Selig $1223

Following airfoils were analysed usiting XFIr5 program. Results are showrfFigure6.
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Grafhs show that S21223providesremarkably higHift, 6 dzi G & Y Isdbétanttal ONXB I {
drag, thuswould not fit into the efficient-at-different-speedsdesign MH32 wasrejected asti

R2Say Qi LINE ShargirSE215 Was defeétenlierddB as it provides more lift at high

h, and less dragt higher lift,which may be necessary duriteke-off and climb.Also, A18 a

very thinprofile couldlead tomechanical challengeturingthe wing construction process.

4.2. Flap chord selection
Effective wing mechanization was describecaasmportant feature. For flaps to ba viable
solution, lift must be increased by noticeable margin and increased dr&yl y Qi LINE @Sy
aircraft from slowing down.As all tested flap chords performed well, one with the highest

glide ratiq whichoccurred witha 30% MAC flapyas selected as best ftine climb Figure?).
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Q 10.00
(@)
8.00
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6.00
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Figure7 Drag to lift coefficient for different % chord flaps

4.3. Wing geometry
With established lift coefficient and lift force, the maximum tadé weight was calculated.
Stall speed was established with lift coefficient decreased®p as an aircraft should not
exceed the maximum angle of attack atlow altitude as the one occung duringthe
competition The maximum aerodynamic load of the wing was calculdtad aircraft

controllability analysi&i.

12



Table4 Final wing parameters

Wing Span 2,4m
Wing Aera 0,521n%

Aspect Ratio | 11

Taper Ratio 0,2
MAC 0,229m
Dihedral Angle| 3

0 p Hjj

To fitinsiderhombus shapewingtips are tapere@nd have their tips rounded ofbr safety
and strength. A 3 dihedral wasadded to the wimgtips to increase roll stability

(Table4, Figure8).

e ) S —

Figure8 Finished wing design

4.4. Fuselage design
Missionprofile requiresflying at various speeds during single flight thussingle AoAor a
flight cannot be determinedA ratherlong shape of the fuselageould drastically increase
drag and generate unwanted lift/downforce stubjected toa suboptimal (different than 0)
angle ofairflow. To mitigate this problem, it was decided designthe fuselage inan
aerodynamic shape sud@san oval. After designing severalrototypes,it became cleathat
oblongblood bags cannot bftted insidean oval fuselage with minimal free spaddso,the
fuselage which could fihe payload inside would be too highakinghe aircraft exceed 50cm

in height, and its frontal area would be larger than the rectangle one.

13



The idea was dropped, ararectangularfuselage witha fairing at either end was designed.
After test flights of the prototype,its incidence was set to be 0 degrees dhgricircling
according to tested Aofasduring the climb it can contribute to total lift generate@o allow
flight with varying cargaamounts it is located directly below C@troducing no shifts in

stability margin.

4.5. Aircraft stability
Our team has carried out the dynamic and static analysis in XFLR5 sofeigaree®). The
centre of gravity isat 30,5% of MAC. To ensusafety, our team decided to provide lsgher
than usualstatic margin for our aircraftas cargo may shiits position duringhe climb. The
neutral stabilityis located at53,5% of MAC. It means that SM28%. After locating the€G

and adding all masses of each component, we checked static and dynamic stability

0,01 10,00
0 ——— 8,00
0 5 10 15 6,00 pitch
-0,01
£ o 4,00
- 5
-0,02 S 500
CG at 30,5% of %
o
-0,03 MAC 0,00
Neutral Point 2 000»00 ’ 7 . 8,00
-0,04
AoA -4,00

Time, s

Figure9 Static and dynamic stability

The oscillations tend to decayertime- whichmeans the aircraft is stabld.
High pitch stability is mainly provided llye low CG position, thanks tthe cargo located

substantially below the wing.

5. Aircraft performance

5.1. Takeoff distance

Consideringhat the take-off distanceis 60 meters long, it was necessary to calculate how
muchcargo can be loaded on the plane, so that it would still be able toodikeith its payload

and meet the restriction. We have also taken into account that the air density could vary with

14



weather conditions which would affect the taladf distance therefore the maximum load
weight is a little less than it could theoretically Ble

Table5 Take;off distance
Weight Force (Plane + Payload) 44,145 N
Thrust 13,73 N
Take off velocity(V) 11,78 m/s
The lift coefficient (at takeff) 1
Take off distance(L) 35m

The takeoff velocity was calculated using the following equation:

W

o —_—
E” N
c o4

Whereaghe lift force at takeoff was calculated using this one:
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Figure 10; Takeoff distance estimatiof]

The minimum velocity required for levelled flight at 0 m is 11.78 m/s which is achieved at 35

meters of full throttle.
5.2. Climbout performance

The climbing time is 60 seconds for the plane to ascend as high as possible during this time.
The climbingoerformance of the plane depends on many factdBy. calculating the rate of

climb that resultsfrom the productof the minimum required velocity for takeoff and the

angle of climbjt is determinedwhat height the planewill be atafter 60seconds and after

what time itwill reach the level of 100 meters.

Table6 Climhgout performance

Rate of climb (R/C) 1,8m/s
Lift force (Pz) 56,87N
Dragforce (Px) 132N
Angle ofascent 9°
Time up to 100 meters 55s
Height after 60 seconds 110m

1€



The equations used for thealculationd®!:
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The condition is fulfilledthe lift surface load during climbing is bigger thére assumed lift

surface load duringevelledflight. Climbingis safe andneetsdesired value.

V - take off velocity, RC - rate of climb; Pz- lift force; Px¢ drag force
Gr - Lift coefficient (during the flight " - air density;S- lifting surface;Cx- dragcoefficient

Gro- Lift coefficient(at take-off);
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6. Structural design

This part presentslesign solutions used wach subassembly of the aircrafingine nacelle,

tail boom with empennaggwing, cargo baywith front and rear undercarriage.

6.1. Engine nacelle
The electric motor is connected the tail boom bya monocoque constructiorarbon fibre
nacelle A 3d printed motor housing is used to minimize drag while providing necessary cooling
during flight.Two birch plywoodulkheads provide support for the motor atail boom tube

at either end.Nacelle also housegle motor battery, ESC and main receiver

18



6.2. Tail assembly
To decrease empennage weight, both stabilizers are constructed with balsa wood with
minimal use of birch plywood only in connection pointhe mainspar uses carbon fibre flat
bars asa light alternative to pine. All surfaces are covered with OraCoveLi@hacovering
foil providinga smooth surface and increased stiffness while keeping weight to the minimum.
Both stabilizers are mounted @carbon fibre tail boom by 2 screws aad aerodynamic 3d
printed adaptor. During construction, 3d printed jigsg{ie 9) were used to position all

elements and simplifthe construction process.

Figurell Stabilizer construction process using 3d printed jig

6.3. Wing
The wing is a stressed skin type of constructcmmposed ofa carbon fibre composite
sandwich structureThe laminatewas chosen over wooden construction, as it is easier to
manufacture while providing greater quality of the air foil's shape. Asrtbeldsfor the wing
GSNBE It NBFR& YIRSI ¢S tReAoRefald highdt Eogt Sompazed B 2 NNEB
wooden construction. Wing shell is composed of two layers of Aspro spread tow carbon fabric,
followed by ROHACELL structural foamatidrd layer of carbon. Application of core material
increases product thickness;uh, stiffness is increased with little weight addédminimal
amount of internal structure is used, as test® doneby the team concluded that resin used
to connect them tothe 6 A Yy 3 Q& aKSf f K She@vefalbweight Thél ékacd dzi S a

arrangemen of internal structures can be seentime Figure belowKigurel?).




































