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1 Introduction

Olissipo Air Team stands as this competition's representative of Instituto Superior Técnico
(IST), as well as that of AeroTéc - the Association of Aerospace Engineering Students of the
aforementioned institution.

The aim of our student association is to provide students with the opportunity of com-
plementing theoretical knowledge acquired in the classes with some much-needed practical
experience in the aerospace engineering branch. Our team in particular offers the possibility
of doing some hands-on work in designing, building and testing an aircratft.

None of the current team members have participated in this competition in the past, but
have learned valuable lessons from older colleagues who, in 2020/21, laid the groundwork
for the prototype upon which the current aircraft is based.

1.1 Team

In order to more ef ciently design and build the aircraft, the team decided to partition itself
into smaller groups that would be in charge of different components of the aircratft.

For structural design and construction, 3 subteams were assigned - one for the wing
structure, one for the fuselage and one for the tail and landing gear. The aerodynamic design
of the aircraft, on the other hand, particularly the shape of the wing and tail, are under the
aerodynamics subteam's responsibility. There was also a need for an electronics subteam
in charge of all the aircraft's electronic components. Finally, a marketing team was also
assembled to optimize contacts with potential sponsors and the project's outreach program.
The coordinators responsible for these task-forces, as well as the assistant professor and
the pilot, are presented in Table 1.1. The full team can be found in Annex B .

In order to ensure all members are aware of the work other subteams are developing,
general meetings are held every week, where the progress of each one is laid out. Fur-
thermore, the subteams' coordinators arrange meetings of their own when they see t, in
order to, among other aspects, ensure a more cohesive work ow. This method has proven
paramount in the progress made over the last 2 years.

Table 1.1: Coordination Team for Olissipo Air Team

Name Team position Course (year)

Simao Martins Team Leader / Wing structures Coordinator Aerospace Eng. (39)
Duarte Brito Financial Coordinator / Aerodynamics Coordinator Aerospace Eng. (39)
José Bento Human Resources Coordinator / Electronics Coordinator | Aerospace Eng. (39)
Filipe Faria Tail and Landing Gear Coordinator Aerospace Eng. (5™)
Francisco Dores Fuselage Coordinator Aerospace Eng. (39)
Mariana Dias Marketing Coordinator Mechanical Eng. (5™)
Ludovico Lourengo | Pilot -

André Marta Supervising Professor -

2 Project Management
2.1 Time Schedule

The time schedule for this academic year is shown in the Gant-Chart in Figure 2.1. Even
though the time schedule only shows the tasks for this academic year, the work for Air
Cargo Challenge 2022 started in 2020/21, when the regulations came out. The discussions

1
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on conceptual design of the UAV started on the beginning of the academic year of 2020/21
and, by the end of it, the rst optimized prototype had already been designed and built.

Figure 2.1: Time schedule for the academic year of 2021/22

During this academic year, the optimization tools were further developed, and a second
iteration on the UAV design was made, based on the test ights and wind tunnel tests.
This year, the team has conditions to nish building the UAV a few months ahead of the
competition, to leave time for ight tests, to understand the limitations of our design and also
to train the pilot. Furthermore, this would allow further structural improvements to the UAV
after the initial tests and the manufacturing of spare parts for the competition.

Parallel to the design and manufacturing of the UAV, there were two recruitment seasons
during the academic year, plus several new partnerships, as will be explored next.

2.2 Finances

Along with the team's growth, nances became an ever-increasing limiting factor. Even
with help from the university, it was clear that the project could not support the entirety of
the team's travelling costs. For the rst time, the project did not cover the totality of the
competition's expenditures (as seen in Figure 2.2). The airplane tickets required all the
planned budget, but the limitation in guests limited the amount spent. As for the materials

Figure 2.2: Project nances overview
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needed for the airplane, the main differences appeared with sponsorships, as seen in Table
2.3. The main expenses predicted for the fuselage were regarding the specialized cores,
which were provided by our sponsor, Lantor Composites. Blocks and Fablab also helped
with 3D printing supplies. The decision to use wood instead of Sika for the wing and fuselage
molds had a great impact as well. Note that some teams, such as the marketing team, have
increased spending leading up to the competition, so this still haven't met their initial budget.

None of that would be possible without sponsor help, both monetary and logistical, from
the following sponsors, to whom the team owes a great deal of gratitude. We note that Orion
Technik, QSR and IST have been supporting the team for many iterations of the competition,
to whom it is due a special thank-you message.

Figure 2.3: Project's sponsors information

Entity Type of support Amount / Material
ULisboa Logistical workshop space, exposure, etc.
IST Logistical workshop space, exposure, etc.
IPDJ Financial €949,71
IST & Santander Totta Financial €5000
Orion Technik Financial Material refunds
IST & Caixa Geral de Depdsitos Financial €1450
QSR Financial €750
AED Cluster Financial €500 + AED days + exposure
EVOLEO Technologies Financial €500
Alma Design Financial €200 and aircraft styling
OMNI Aviation Group Financial €100
Rebelco Financial 30% Discount
R&G Composites Financial 20% Discount
Fablab Logistical 3D printing services
Lantor Composites Logistical Core material
Forca Aérea Portuguesa Logistical Wind tunnel
Blocks Logistical 3D printer and 5kg of lament
Copitec Logistical €150 in marketing material

2.3 Tools Used

* Ansys Workbench (version 2019R1,

2020R1 and 2022R1);

» SolidWorks (versions 2020 and 2021);

 Ultimaker Cura (version 4.9.1);

» Matlab (versions 2020a and 2021a);

Abaqus (version 2021);
XFLR5 (version 6.48);
Xfoil (version 6.48);
HSMWorks (version 2021).

3 Aerodynamic Design
3.1 Propulsion

Before starting the aerodynamic design of the aircraft, it was necessary to establish how
much thrust the engine could output. The regulation establishes the motor to use as the 'AXI
2826/10 GOLD LINE V2', as well as a 3 cell limit on the main battery. Therefore, the liberty

3
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to optimize the motor performance was limited to the battery capacity, discharge rate, a few
ESC parameters and the choice between 2 different propellers.

3.1.1 ESC Timing

Regarding market researches, the '"Hobbywing Skywalker 40A ESC' was considered the
ideal choice to plug to the required motor since it is neither too heavy nor too expensive.

The ESC's Timing affects the synchronization between the angular position of the magnet
and the activation of the peripheral coils. This makes programming this parameter the best
way to achieve the desired performance regarding the ESC. The completion of some tests
showed that the thrust increases with the timing (for programmable values). Therefore, the
ESC was programmed to its maximum Timing available (26.25 ), as seen in Table 3.1.

Table 3.1: Effect of ESC timing on motor thrust (test conducted at 0 m/s)

Timing [ ] | Max Thrust [N]
3.75 14.70
15 15.17
26.25 15.72

3.1.2 Propeller tests

The competition's organization team allowed for the choice between two propeller op-
tions, namely the 'APC-E 10x6E' and the 'Aeronaut CAMcarbon Light 10"x6™. In result of
the comparative wind tunnel tests conducted by the team (see Figure 3.1), it was concluded
that the 'Aeronaut CAMcarbon Light 10"x6™ performed slightly better for low air velocities,
while the 'APC-E' was superior for higher speeds. Since the aircraft will perform most of its
ight's duration at velocities higher than 10 m/s, the 'APC-E 10x6E' was chosen. Given that
the difference is almost negligible, this decision may be revisited after future ight tests.

Figure 3.1: Thrust as a function of velocity using a voltage source for both propellers

3.1.3 Battery capacity

The initial estimates, based on the operating voltage and current of the motor present in
its data-sheet, pointed to the need for a battery with a capacity of around 2800 mAh in order
to accomplish the mission. This led to the rst wind tunnel tests being conducted using this
battery (Figure 3.2a).

After this test, a very signi cant decrease in the thrust generated was noted, to such an
extent that it had dropped to half after 3 minutes. These results motivated further tests on
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the other 3 batteries available - one with 4000 mAh capacity, one with 5000 mAh and one
with 8500 mAh (see Figure 3.2b). This time, they were conducted at 9 m/s.

(a) Thrust decay using 2800 mAh battery (b) Thrust decay for 3 different batteries

Figure 3.2: Time decay of thrust

These tests led to the conclusion not only that for a larger battery capacity the decay of
thrust was lower, but also that the initial value of thrust generated is greater for batteries with
bigger capacity (even though all 3 were fully charged).

Therefore, the ideal battery would have a capacity big enough not to decay too much but
not too big as to unnecessarily increase the weight. Therefore, the chosen battery was one
with a capacity of 5000 mAh ('Gens Ace 5000mAh 3S 11.1V 50C - Bashing Series’).

3.1.4 Thrust Function (t,v)

Finally, the wind tunnel tests resulted in thrust curves for a 5000 mAh battery as a function
of time for two different velocities (9 m/s and 17 m/s). Subsequently, the team developed
a MATLAB code that takes velocity and time as inputs. It uses the functions taken from
gures 3.1, 3.3a and 3.3b to extrapolate the resultant thrust and plot a 3D surface, which is
presented in gure 3.3c.

(a) Thrust decay using 5000 mAh (b) Thrust decay using 5000 mAh (c) Extrapolation of the results
battery for 9 m/s battery for 17 m/s

Figure 3.3: Final results used for the aerodynamic design

3.2 Wing Design

Bearing in mind both ACC's scoring methods and size restrictions, the team developed an
optimized design space program that tackles both aspects, yielding the best wing and land-
ing gear design given the constraints. For this purpose, a MATLAB algorithm was developed,
aiming to score each con guration out of the following variables: Aspect Ratio ( AR); Wing
Area (S); Height (achieved within 60 s after takeoff); Landing Gear (taildragger or tricycle);
Payload.
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Besides these variables, it must also be assured that not only the wing ts in the limiting
rhombus-shaped box, but that a stable con guration can be built upon it, and that the nal
assembled plane ts in said box. As such, the design space algorithm is divided in three
main segments, as follows:

» Geometry Functions : responsible for evaluating and scoring a speci ¢ wing given the
competition's size restrictions. In other words, only wings with con gurations that tin
the limiting box will be evaluated,;

» Evaluating Functions: scoring the wing performance in terms of the ve main vari-
ables listed above;

» Data Compilation : plots a 3D surface, gure 3.4 where the score (the more negative
the better) will be plotted against Aspect Ratio (AR) and Wing Area (S). The surface
will be color encoded (RGB), allowing to represent the three extra variables:

Landing Gear : Taildragger - green; Tricycle - red;
Payload : Greater payload increases the amount of blue;
Height : Greater height increases the amount of green.

In addition to data plotting, a gradient function nds the optimum design point - the
point with the greatest absolute value of score.

Figure 3.4: Wing scoring with the design space

The nal wing design is a taildragger con guration and, prior to the winglet studies, had
an aspect ratio of 7.4250 a wing area of 0.5812 m?.

3.2.1 Geometry Functions

In this section, a speci ¢ wing con guration ( AR and S pair) is tested in terms of its size
and stability. The iterative algorithm, for different box angles, assesses if the wing ts the
box span- and chord-wise (at the tip). It also maximizes the longitudinal distance, in order to
maximize the potential distance between the aerodynamic center (AC) of the wing and the
horizontal stabilizer's AC, allowing for greater stability.

After that, the algorithm calculates the area for a horizontal stabilizer capable of producing
a stable con guration to check if said stabilizer also ts the box. For the horizontal stabilizer
area, equation (3.2) is used [1]:

Sy Iy

Cy= —8
"7 Sy Cuac

(3.1)




Team 06
Olissipo Air Team

where Cy is the stability coef cient (experimentally determined to be 0.5), S, is the tail area,
|y the distance between the aerodynamic centers (of the wing and horizontal stabilizer), sw
the area of the wing and Cyac the mean aerodynamic chord of the wing.

If the horizontal stabilizer doesn't t in the limiting box, the wing will be deemed unusable,
otherwise said con guration's performance will be evaluated (and scored) in the next section.

3.2.2 Evaluating Functions

For each set of the 5 previous mentioned independent variables, this section utilizes aux-
iliary functions to calculate the remaining dependent variables: K-factor (k); Aircraft Weight
(W); Minimum Drag Coef cient (Cp,); Maximum Cruise Speed (Vcise ); Weight/Surface
Area of the Wing (W=S).

With all these collected data, further calculations allow the team to identify the velocity
which maximizes the L=D ratio, the ideal velocity to perform a turn and the climb angle. This
also allows for the calculations of the total drag coef cient, using the following equation:

Cp = Cp, + kC? (3.2)

Note that Cp, is calculated for each part of the aircraft and then summed to its total value.
Most of the equations used to calculate the dependent variables consist of empirical equa-
tions from [1].

Thrust to velocity curves for each instant of the ight are used to determine if the aircraft
is capable to perform the needed maneuvers, i.e., if it has enough power. If the aircraft is
not able to execute one of the ight phases - Take-Off, Climb, Stall Speed (bellow 10 m/s),
Cruise, Maneuvers and Landing - it is excluded.

Each set of independent variables undergoes these successive calculation steps, which
can take a long time and a lot of computational capacity, but ensures very satisfactory results.
In addition, there's an implemented function in this program which takes all this data to solve
for a simple AR and S input and returns both the best score possible as the characteristics
needed to achieve it. Once all the relevant information about each con guration is gathered,
each AR and S point are given a punctuation and ranked taking into account the ACC's
scoring methods. The best con guration is then chosen. Finally, the initial design point is
chosen, and it's ready for the following design steps.

3.3 Payload Prediction

The payload prediction can be divided into two phases: the rst one carried throughout
the wing design optimization, and the second one afterwards, once the design of the total
aircraft is in its nal stages, by making a detailed evaluation of whether the wing design
choice was able to take off.

Starting with the criteria used in the wing design optimization, the program checked if
the con gurations had enough power to complete climb, take-off for 40 m, take-off for 60 m,
cruise and other maneuvers.

The formulas used for the power required at each stage were the following [1]:

q CDo VH \V¥
RC+ 20 H,ws —H
climb (RC W S > g AR

)i (3.3)

Pclimb =
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where is the propeller ef ciency, which was equal to 0:8 for the climb stage, RC is the rate
of climb, q is the dynamic pressure, V is the horizontal speed, W is the weight, S is the
area and AR is the aspect ratio;

1 Vo Vo Coro q Cio
Pro= — P2 (—10 “Pro 4 (1 2 Loy 4
7 "2 (2 g dro wst & ws (3.4)

where 1o =0:8, dro is the take-off distance (either 40 m or 60 m);

1 V3 Cp 2 kW S
Peruise = + ; 35
cruise cruise ( 2 W S V ) ’ ( )
where .uise = 1, k is the k factor, equal to ﬁ, where eis the Oswald coef cient;
1 YA Co 2 k n?
P = o + W S); 3.6
turn wrn ( 2 W S V )l ( )

where «,, = 0:8n is the load factor, equal to Wl() where is the bank angle, equal to
arctg(gFl’%), where Rym = 25m.

Moving to the take-off study, this program can once again be divided into two parts:
checking if the tail is capable of leaving the ground and checking if the airplane is capable
of completing the take-off in 40 m, because the selected con guration by the program was
both a taildragger and predicted to take-off in 40 m.

The rst part is completed by solving two equations: the sum of forces in the Z axis
(equation 3.7) and the sum of moments in the CG of the airplane (equation 3.8) [1]. Since in
the early ight stages the aircraft is moving horizontally and not rotating, both of the previous
values are equal to zero. The meaning of each term in the following 4 equations can be seen
in Figure C.1 from Annex C.

X
FZZO) RM+RT+LW W+LHT:0 (37)

X
Mce=0) Tyr+RuXm LwXw RiXr Lurlur (Rm + Rr)hecg+ My =0 (3.8)
These equations are solved to nd out the velocity at which the tail of the airplane leaves
the ground, i.e., at what velocity the reaction force of the wheel in the tail is equal to zero.
The resulted is then integrated, using Newton's Second Law in the x axis, to nd out at what
distance from the starting point, the tail of the airplane leaves the ground.

The second part is executed by calculating the required velocity for the airplane to com-
plete the take-off, that meaning, when the Lift is equal to the Weight of the aircraft (eq. 3.9).
This value is then multiplied by 1.2 for safety measures. Then, the program nds the velocity
that the aircraft achieves at 40 m, by solving the differential equation that de nes the system,
with the starting point being the instant when the tail left the ground (equation 3.10). This
program enabled the conclusion that the aircraft was capable of taking off in 40 m.

r

_ _ _ 2mg
L=W| EszcL =mg() v= sC, (3.9)
X Tox2+ Tix+ x+Tp mg + sSx3(C C
Fx=mx() x= 2~ 1= 0 g *+55¢(CL 0) (3.10)
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3.3.1 Payload vs Air Density

To determine the correlation between the payload prediction and the air density, the team
used the program described in Section 3.3 to study the take-off, since this is believed to be
the part of the ight that is the most affected by changes in the payload.

One of the program's parameters was the air density, , thus, this value was changed
to determine the maximum payload that the aircraft could carry while completing the take-
off. To determine which values of were worth experimenting with, the following formula
was used: = . In order to assess the atmospheric pressure, p, and temperature, T,
last competition's values in Munich provided a reliable example - the pressure was equal to
101500 Pa [2] and the temperature ranged from 16 C to 27 C [3], being extended to 10 C

to 30 C as a safety measure. This yielded a range for from 1.15 to 1.25 kg/m?.

The results obtained can be seen in Figure 3.5, and the formula is as follows:

- 1:.96 +0:048 if < 1:2
ayload_prediction =
payload_p ¢ 2:4, if 1.2
The values after = 2:4 are constant, since the cargo-bay does not have the volume to
hold more than 8 bags. Note that the value in the function is always a maximum, so, for each
value of , the results need to be truncated according to the number of blood bags.

Figure 3.5: Payload prediction depending on air density

3.4 Airfoil Design

Rather than using existing airfoils in this competition, the team decided to develop its own
airfoil which would meet the requirements set out by the wing design. To do so, a genetic
algorithmic optimization was developed. Even though the main functioning scheme is similar
to all genetic algorithms, both the reproduction and tness function were challenges.

The reproduction was overcome with the introduction of control points, as seen in gure
3.6a, determined using Chebyshev nodes. It was conducted by mixing the points, with
random small variations, from different elements of the population. Despite making the
process of reproduction easier, this method created the problem of having to reconstruct the
airfoil using only 11 points. That was overcome with an Akima Interpolation and a smoothing
ler. Even though some detail from the input airfoils is lost, for the optimization, this method
works satisfactorily.

The tness function uses Xfoil analysis as a base. Initially it was xed on a point's C_ =Cp
but that approach minimized Cp and excessively increased C, , producing odd shapes. The
superior method was found to be estimating the take-off, cruise and climb angles, and using
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sigmoid functions, exemplied in gure 3.6b. The multiplication of two mirrored sigmoid
functions, seen in gure 3.6c, generates a plateau shape. C, inside the target region return
a value of 1, while C_ outside the target zone return an inferior value. When multiplying the
return values of several functions, for take-off, cruise and climb, with the C, =G, the program
had the intended tendency to reduce Cp at the selected C, .

(a) Control points (b) Sigmoid function (c) Two sigmoid function multiplied

Figure 3.6: Control points and functions used as tness functions

After de ning the tness function, multiple analyses were run. The best airfoils were
shortlisted and tested in the real wing using XFLR5. The C_=Cy curves of the wing were
useful to compare the airfoils which had the least Cp for the predicted C, values of cruise.
This resulted in the choice of two airfoils. Their respective pictures can be seen in gure 3.7,
and their data sheets are in tables D.1 and D.2 from Annex D .

(a) Airfoil at the tip (b) Airfoil at the root

Figure 3.7: Final choices for the airfoils

The team chose two airfoils to achieve aerodynamic twist, with the airfoil that entered stall
for higher angles of attack at the tip, and the airfoil with the higher peak of C, =G, at the root,
as it can be seen in gure 3.8. Also note that the selected airfoils have higher C_=Cy ratios
for the angles typically used in cruise, when compared to commonly used ones.

(a) Higher CL/CD for angles typ- (b) Wing tip airfoil has a higher
ically used in cruise stall angle

Figure 3.8: Relevant polars for the wing tip airfoil (green), wing root airfoil (brown) and NACA6410
(blue)
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3.5 Tail Design and Stability

The main concern in designing the tail of the aircraft is the stability, but other requirements
were also considered. To check that the aircraft was stable (the most important requirement)
but not excessively, compromising pilot control, the following references were used:

Table 3.2: Reference values [4].

| Stability \ Parameter | Optimum Values |
Longitudinal Static Static margin [%0] 5to 15
Cnm [/ -0.01745 to -0.01047
Lateral Static C [ -0.00349 to -0.000873
Cn 19 0.000873 to 0.00349
Longitudinal Dynamic - Phugoid Damping Coef cient > 0.02
Longitudinal Dynamic - Short Period | Damping Coef cient 0.35t0 1.3
Lateral Dynamic - Spiral T, [s] > 8
Lateral Dynamic - Rolling T [s] <14
Lateral Dynamic - Dutch Roll Damping Coef cient > 0.08
Natural Frequency (Hz) > 0.079577

Another requirement for the tail was its tting in the limiting box along with the assembled
aircraft. In order to be absolutely sure that there were no faults in this issue, a CAD repre-
sentation of the box was made with the aircraft and changed all the necessary parameters
of the tail in each design. Using this CAD, it was possible to ensure that, for each con gu-
ration, the distance between the aerodynamic center of the tail and the CG was as large as
possible, while still tting in the box, in order to increase the lever arm. This is important as
it allows the reducing of the dimensions of the tail and consequently the drag caused by it.

Once the rst step of de ning the requirements was concluded, several tails were de-
signed and analyzed in XFLR5, the rst ones being conventional "T" tails, already assem-
bled with the wing. For each tail, all the requirements de ned in table 3.2 were checked,
until the one that had the best aerodynamic characteristics stood out, while achieving these
objectives, especially in terms of lift and drag coef cients, velocity and angle of attack.

Taking this most effective "T" tail as a rst draft, the team developed a "V-tail" con gu-
ration that would allow a reduction of drag, while trying to maintain the stability and control
parameters. This was again an iteration problem, in which the rst approach was "convert-
ing" the T-tail into an equivalent V-tail. This tail had an angle in relation to the horizontal
plane, in such a way that the horizontal and vertical projections of the tail were respectively
equivalent to the horizontal and vertical stabilizers of the T-tail. Then, once more, several
tails were designed, with small variations in different geometric parameters, and compared,
until the best one was found, according to the previously detailed objectives.

The nal step was to convert the geometry into an elliptical tail, in order to reduce the
induced drag. To do this conversion, there is an equation that provides the chord as a
function of the distance to the root of the tail, expressed in equation (3.11):

0 s 1

2
c(y)=:—2L@% 1 % + cA (3.11)
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The tail that was nally achieved, not only met all the imposed requirements with regard
to stability, being all the parameters inside or close to the de ned boundaries, but also pro-
vided good aerodynamic results. Regarding the rst statement, the values by which it is
characterized are as follows:

Table 3.3: Values obtained with XFLR5.

| Stability \ Parameter | Value |
Longitudinal Static Static margin (%) 9.29
Cn (19 -0.0102

Lateral Static C ( -0.000495

Cn (19 0.000939
Longitudinal Dynamic - Phugoid Damping Coef cient 0.022
Longitudinal Dynamic - Short Period | Damping Coef cient 0.643
Lateral Dynamic - Spiral T, (S) 9.006
Lateral Dynamic - Rolling T (s) 0.022
Lateral Dynamic - Dutch Roll Damping Coef cient 0.143
Natural Frequency (Hz) 0.885

By comparing tables 3.2 and 3.3, it can be concluded that almost all parameters are within
the desired range. The exceptions to this conclusion are C,, , which is lower, in terms of
absolute value, than the target value, and C; which is much lower, although not as impactful
as the former. Despite these exceptions, this was the tail we were able to draw that was a
better trade-off, considering the stability, the external impositions, the reduction of drag and
the additional dif culties of designing a V-tail.

The same analysis was done for the possible extreme positions of the CG. These extreme
positions de ne the range of values between which the longitudinal stability is guaranteed,
with the angle of attack at the equilibrium point being lower than 3 . They were found in
XFLR5 and correspond to static margins of 8.2143% and 12.5%. The results are presented
in table 3.4.

Table 3.4: Values obtained with XFLR5 for the extreme positions of the CG.

| Stability \ Parameter Value Value
Longitudinal Static Static margin (%) 8.2143 12.5

Cn (19 -0.0065613 | -0.013055

Lateral Static C (9 -0.00049 | -0.000411

Cn (/9 0.000935 | 0.000952
Longitudinal Dynamic - Phugoid Damping Coef cient 0.018 0.034
Longitudinal Dynamic - Short Period | Damping Coef cient 0.655 0.602
Lateral Dynamic - Spiral T, () 7.93 13.397
Lateral Dynamic - Rolling T (s) 0.034 0.028
Lateral Dynamic - Dutch Roll Damping Coef cient 0.149 0.134
Natural Frequency (Hz) 0.851 1.037

To conclude this section, the values obtained for the extreme positions of the CG show
that, for the lower static margin, the aircraft can be somewhat statically unstable, with special
concern in the longitudinal axis; for the higher static margin, static stability is ensured, with
the exception of the C, derivative, which remains too low. Regarding dynamic stability, all
the parameters t almost perfectly in the desired ranges for both extreme positions.

12
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3.6 Control Surface Design

For the sizing of the control surfaces of the aircraft, the team calculated the theoretical
values needed, using as parameters the values taken from the wind tunnel tests.

The aileron size has two dimensions -
width and length. The width of the aileron
was set to 25% of the length of the chord
on the surface midpoint, as it's a typical and
acceptable value for this parameter, based
on team experience. On the other hand, for
the value of the length of the ailerons, other
calculations were made.

The parameter used to evaluate the per- _ _ _ _
formance of the ailerons of the aircraft is Figure 3.9: Aileron design variables
the roll helix angle (%). This factor takes
into account two important aspects of con-
trol surfaces: authority at low speeds and authority at high speeds. For cargo airplanes, it
is recommended that this factor exceeds 0.07. Nevertheless, the team decided to aim for a
0.09 value, to ensure safety and maneuverability at more critical scenarios.

The roll helix angle depends on the aileron authority derivative, C, _, the roll damping
derivative, C,,, and the maximum achievable de ection, ,, a relation which is established
as follows:

pb _ C,
N C. a (3.12)
The present parameters are determined by the following equations:
Z
_dc _2g, 7"
C, = d._ b, cly) y dy (3.13)
Z .
_ A top) P,
C,= —gg Y cndy (3.14)
a= max 0775 (3.15)

where bis the wing span, in m, S is the wing area, in m?, b, is the starting point of aileron, in
m, b, is the ending point of aileron, in m, shown in gure 3.9. . IS the maximum achievable
de ection angle of the ailerons in rad. The other variables used are ¢ _, ¢ and Cqo.

To obtain ¢ _, the team resorted to wind tunnel tests. For the change in lift coef cient with
aileron de ection ¢ _, small de ections were studied, whose effect was then approximated
as linear, extracting the ¢ . value.

For ¢ and cqo, the team calculated the average of their values on the airfoil from the tip
of the wing and the one on the root of the wing. They were both determined using XFLR5
analysis.

As for the parametric representation of the chord, c(y), the equation for the elliptical wing
used is the same used for the tail (equation 3.11).

The process used to optimise the size of the ailerons was an iterative one. The team
used the previously known variables and varied the other ones, namely by, in order to get
the desired value for the roll helix angle. The team also noticed that the calculations without

13
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considering the existence of the winglets were stricter, needing a bigger aileron to achieve
a % larger than 0:09, so the team chose to use these parameters. The value used for
the maximum achievable de ection angle of the ailerons, max, was 15 . The rest of the
parameters that resulted from the iterative process are:

8
Ebl:O:G?m 8 o o
by = g _ % = 1:022m 2 a= max 075=15(5) 0:75=0:1963rad
3 S =0:5812m?2 5 Cr, 504338
® o - a7ams C,= 09334
pb _ G,

a=0:0912> 0:090

VAR

With these parameters, the ideal result is a aileron length of 0.352 m. Despite this result,
the experience of the team and the fact that there was room for a bigger aileron, it was
decided that it would be 0.42 m. A bigger aileron allows for more control over the airplane,
needing slighter de ections to achieve equal results, which is a positive point, as bigger
de ections generate greater drag.

As for the aps, the rest of the wingspan toward the fuselage was used, applying the
same width (25% of the chord on the surface midpoint). For the tail, the team decided to use
the whole length of the trailing edge for the ruddervators. Their width was set to 30% of the
chord, as it is a reasonable and typical value for this, according to experience.

3.7 Winglet

In order to achieve a high ef ciency, the consensus was that even with an elliptical wing, a
winglet could be a performance boosting design decision. As a result of some research, the
team concluded that, for the mission in question and the wing in use, the winglets that were
good candidates were the canted winglet, the blended winglet and the sharklet winglet. Not
withstanding, the team not only considered other types of winglets like the witcomb design,
but also looked into alternatives such as a polyhedral wing that, with a further inspection,
showed their costs outweighed their bene ts.

In order to quickly get proper results of the winglets' performances, XFLR5 simulations
were completed by modelling the various con gurations and iteratively changing different
parameters and measuring their effects on the wing's performance. These simulations were
run for an expected interval of the aircraft's cruise velocities in XFLR5 using the VLM model.
Let it be noted that the results obtained in XFLR5 were very optimistic, despite the approxi-
mated nature of the methods used.

The next step was to analyze the data, with an emphasis on both the Lift and Drag
Coef cients, (C.) and (Cp), as functions of the angle of attack (AOA) plots, and the Drag
Polar plot, (C.) as a function of (Cp). The best con gurations were selected to simulate in
CFD. The nest winglet con gurations were modelled in SolidWorks.

This 3D model would be the geometry for the CFD simulation using Ansys Fluent. To
evaluate the quality of the simulation methodology, these results were compared to the ex-
perimental ones, obtained by performing wind tunnel tests for a both canted and blended
winglets. The results discussed in Section 3.9 for CFD precision lead to more con dence in
the simulations.

14
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The C_ =G ratio results, obtained for different angles of attack, revealed that the sharklet
winglet has the best results, followed by the blended winglet. The nal winglet designs can
be seenin gure 3.10.

(a) Isometric view (b) Front view

Figure 3.10: Sharklet winglet CAD design in SolidWorks

3.8 Stall Studies

The stall study tries to as accurately as possible predict the angle of (static) stall, through
the wind tunnel tests, the XFLR5 and the latest CFD results. This information reveals the
aircraft's limits within which the team can operate.

Not many conclusions could be drawn from the initial wind tunnel runs, they were not
planed with this intent. This led to the exclusive testing of wings at -10 to 15 of angle of
attack, leaving little data around 14 and 15 for the stall region to be well analyzed.

Secondly, through XFLR5 simulation with the VLM2 model, a stall angle between 12
and 13 was obtained. Although this was not the angle of maximum lift coef cient, it was the
angle at which the lift coef cient stopped being proportional to the angle of attack, which we
consider to be close to the stall angle.

Lastly, steady CFD simulations were executed using different AOAs, starting at the XFLR5
predicted values 12 and 13 and increasing them. The team then concluded, through post-
processing, that the stall angle was 26 - the angle at which the wing root entered a stall
state. Even though this obtained value doesn't seem to correspond to the real one, evi-
dences showed that the stall started at the root, span-wise to the tip, as illustrated in g.
3.11. This guarantees that the control surfaces are working when the wing starts to stall. A
later wind tunnel model, discussed in Section 3.9, would con rm that the stall is happening
at around 14,5 , con rming the team'’s suspicions.

(a) Wing root (b) Near the wing tip

Figure 3.11: Velocity contours of air ow around sections of the wing at an angle of attack of 26
obtained in Ansys Fluent

In terms of the dynamic stall, no simulations were executed for a projection: in XFLR5
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these results are impossible to obtain, but the wind tunnel and the CFD results deem them-
selves satisfactory, motivating further investigation in this area.

3.9 Wind Tunnel Testing

During the development of the aircraft, the team had the opportunity to use the wind
tunnel at the Portuguese Air Force Base n°l, in Sintra, 3 times, with 3 different models
and 4 different objectives. The rst one was to verify rst hand the models used. In gure
3.12a the wind tunnel data was compared with 2 drag polar models. Even though the Cp,
estimations were on point, the simpler model's reliability was a surprise, and the team ended
up choosing it over the more complicated one. Note that the model was not elliptical, but had
similar characteristics to the aircraft's design, such as the aspect ratio and area. The models
were applied to the simpler design in order to be tested. In these experiments, a smaller
scale model of the wing was used, maintaining the same Reynolds number, by performing
tests at higher wing speeds according to the scale factor.

For the second time, emphasis was given on surface de ection, to gather experimen-
tal data with the genetically created airfoil for aileron design. This model was also the one
implemented to test different winglets (e.g. gure 3.12b). Besides comparing the winglets
between themselves, the wind tunnel data was compared to that of the CFD. The Cp value
obtained in the wind tunnel doesn't include the central section's contribution, so the sim-
ulated Cp was expected to be slightly higher. Even though the results were off by around
10% in Cp and 20% in C_ the same tendencies were observed. The winglets that performed
better in the wind tunnel had the exact same performance difference in the simulations. This
lead to con dence in the utilized Viscous Model (k-epsilon - Realizable - Non-equilibrium
Wall Functions), specially on how they were applied. The CFD was not used to gather
precise data, but rather as a method to compare designs from then on.

The last model was focused on performance evaluation. For this, the real nal design
of the aircraft was established, as seen in gure 3.12c, instead of a simpli ed model. This
allowed for some drag related items to be tested. It was found that covering the surface of
the wheels had an impact on drag of around 4.5%. The main intent though was to gather
accurate C_, Cp and C,, data, with different ap and aileron angles, to estimate the optimum
de ections at take-off, climb and cruise, for maximum speed at different payloads. With this
data, it was also con rmed that the wing stalled at around 14.5 , as shown in Section 3.8.

(a) Model testing (b) Scale model of the wing with the (c) Wind tunnel performance
canted winglet in the wind tunnel evaluation

Figure 3.12: Different applications of wind tunnel tests

3.10 Fuselage

The aerodynamic shape of the fuselage was achieved having in consideration all the
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different components it must accommodate; not only the payload, but also the electronic
components, the GPS and all the connection elements between the various parts of the
aircraft. The change in this competition's regulation led us to de ne new goals, specially
regarding the volume needed inside the fuselage, given the large dimensions of the blood
bags, so a great care was taken to ensure every other element would t inside the fuselage.

The most important details to address in order to improve the fuselage's aerodynamic
performance were: tangentially joining the wings and fuselage; the sharp angle given in the
empennage portion; the large frontal area (compared to the total length); and the body's
rough surface.

The CFD analysis which compared different designs (Figures 3.13a and 3.13b) allowed
for the conclusion that the major factor increasing drag was the frontal area of the fuselage.
This led the team to reduce the height and width of the body to a bare minimum through
a 4 2 bag con guration, with 4 columns of 2 bags each, leaving only a small gap as
margin. Furthermore, the electronic components' section was condensed. Since this is
carried in the foremost part of the fuselage, its volume is crucial to determine the path of
the air around the body and its interaction with the wings. Besides this, the team aimed to
maintain an acceptable body length vs frontal area ratio (in values above 5), while restricting
the additional friction drag.

(a) Half circular fuselage - L/D = (b) Half squarish fuselage - L/D =
16.640 (Full Fuselage) 17.302 (Full Fuselage)

Figure 3.13: CFD study designs in SolidWorks

In the CAD design (Figure 3.14a), the tangency between the airfoil and the cargo-bay was
ensured, as well as a reduced angle in the empennage zone. These characteristics allow a
better lift generation, keeping the air ow aligned with the wings and avoiding big separation
zones (and vortices) in the rear of the fuselage, which would affect the control ef ciency of
the tail surfaces. Although this value was not veri able, the airplane’s stall angle predictions

(a) Fuselage (b) Empennage angle (c) Frontal Area

Figure 3.14: Fuselage CAD design in SolidWorks
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based on computer simulations and previous models showed a stall angle of approximately
15 . For this reason, the empennage angle was set around this value (Figure 3.14b).

Finally, having a smooth surface would decrease the fuselage's friction drag, so the team
used appropriate construction methods to achieve this, as explored in section 4.3.

3.11 Landing Gear Con guration

To determine the height of the landing gear, the team started by nding out the lim-
its of how much the center of gravity (CG) could be moved forward or backward without
falling out of the appropriate static margin. The limits set up for these criteria were be-
tween 5% and 15%. The results were that the CG could be between x = 0.103 m and
x =0.132 m, where x = 0 m is the leading edge of the wing and x is positive in the direction
of the tail. It was also assumed that the CG was the highest possible, that is, in the same
plane as the wing, for extra safety.

For the forward most point, a line with a slope equal to tan(75 +1z;) was drawn, and, for
the most backward point, a line with a slope equal to tan(65 1z;) was drawn. These two lines
intersect where the landing gear, wheel and oor intersect. This resulted in the landing gear
being placed 7 cm behind the leading edge of the wing and at an initial angle of attack for
the airplane equal to 9.15 , an objective which was accomplished by the addition of a small
wheel below the tail, shown in sectioon 4.4.3.

The height of the landing gear was determined by ensuring that, with the airplane parallel
to the ground, the distance between the propeller and the oor was 5 cm. The width of
the landing gear was determined by making the angle between the line that contains the
assumed CG and the wheel and the vertical axis equal to 30 . Thus, to sum up, the landing
gear's nal dimensions are 67 mm in height and 306 mm in width.

4  Structural Design
4.1 Wing

The wing follows a typical wing structure with spars, ribs and a shell. It's divided in two
sections, both connected to the fuselage when assembled, to meet the transportation box
size requirements. It has a semi-elliptical shape to ease the construction of ailerons and
aps, and winglets that are not separable from the rest of the wing. Almost all the compo-
nents of the wing structure were made out of sandwich composites and studied together to
optimise the stiffness-to-weight ratio, as will be explained later. Figure 4.1 shows the overall
design of the right side of the wing (left side is symmetric).

Figure 4.1: Isometric view of the rigth wing in SolidWorks
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4.1.1 Spar and Connection

The spar accounts for sustaining the majority of the stresses from bending and torsion.
Therefore, it's the stiffest component of the wing. It has a rectangular section which, when
compared to a circular section, is more ef cient in resisting bending stresses (the most
signi cant on the wing), since the inertia moment is higher for the same section area. It's also
easy to manufacture with composite materials and it's simple to connect with the fuselage.

The material chosen to build the spar was balsa wood wrapped in low density CFRP
(Carbon Fiber Reinforced Polymer) with 90g=n?. This allows stiffness variation of the spar
across the span, by increasing or decreasing the number of carbon bre layers. According
to our optimization results, the spar is divided in 3 sections, varying from 3 layers on the root
(where the stresses are higher), to 0 layers on the tip. There is also a secondary spar that
closes the division between the control surfaces and the rest of the wing.

In order to reduce weight and avoid additional parts, the main spar is used as a con-
nection between the two halves of the wing and the fuselage. Therefore, there's a central
section of the spar that connects to the CFRP 30 cm long rectangular tubes by friction and
passes through the fuselage between them, as shown in gure 4.2. This removable section
of the spar works like a fuse because it can be replaced easily and breaks before the rest
of the wing structure (which is subject to higher stresses). The central section also de nes
and ensures the dihedral angle of the wing, assuming a critical role in the aerodynamic
performance of the wing.

Figure 4.2: Simpli ed connection between wing and fuselage in SolidWorks

Lastly, to reduce the torsion on the connections, there are two CFRP circular tubes pass-
ing through the rst two ribs and xed by friction to 3D printed parts on the fuselage.

4.1.2 Ribs

The wing ribs serve the crucial role of preventing shell de ection further than an estab-
lished value that would jeopardise its aerodynamic performance. Since it's xed with epoxy
resin to both the spars and the shell surfaces, it allows loads to be transferred between these
two components.

To nd a thickness and geometry of the ribs that minimizes their weight, a program of
topological optimization was developed from scratch. This program generates a 2D trian-

(a) 2D mesh in MATLAB (b) CAD design in SolidWorks

Figure 4.3: Best result obtained with the ribs' optimisation program and CAD design
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gular mesh to de ne the geometry of the rib and optimizes it by removing elements of the
mesh, using an evolutionary algorithm [5] and FEM theory to determine the strength of the
ribs at each iteration, based on loads computed with Xfoil. Figure 4.3 shows the best result
achieved.

The ribs were cut out of a composite sandwich panel of balsa wood and one layer of
CFRP, with a total thickness of 3mm. The wing contains 9 ribs with non-uniform spacing.
Their position was de ned according to the optimization results in section 4.1.5.

4.1.3 Shell

The shell is responsible for generating the lift force that sustains the aircraft, therefore, it's
crucial to ensure that it has great dimensional accuracy and doesn't deform too much. The
aps and ailerons mechanisms were also placed inside the wing to improve its aerodynamic
ef ciency. Furthermore, being the largest surface of the UAV, the shell makes up about 50%
of the weight of the wing (excluding servo mechanisms). Keeping that in mind, the shell is
made from a thin composite sandwich, so the wing can be extremely lightweight and still
achieve an acceptable strength.

This composite sandwich material is made of one layer of berglass and epoxy resin
facings and a 1.2 mm thick foam core (Airex®). The shell supports a signi cant amount of
shear stresses, so the berglass woven was placed at 45 /-45 to reduce wing torsion. It
was also reinforced with a low density unidirectional carbon ber in the position of the spar,
to increase bending stiffness in this critical area.

4.1.4 Preliminary Optimisation

The optimisation of the overall structure of the wing was made in 2 steps: running a
program developed by the team to quickly analyse a variety of solutions (preliminary optimi-
sation); and then performing FEM (Finite Element Method) analysis to the best solution, to
further understand the stresses imposed, and to reduce its weight.

For the rst step, a MATLAB program was developed to look for a combination of param-
eters and perform a multi-variable optimisation, using a simple steepest descent algorithm.
These parameters are coded in arrays, so they can vary along the span. The moments and
torsion applied in the wing decrease closer to the wing tip, so the algorithm naturally starts
decreasing its stiffness away from the root.

The program reads the output le of XFLRS5, that contains 2D information about the forces
acting on the wing surface, and computes all the bending moments and shear forces in
several sections of the span. Assuming the wing section is a closed section beam with 2
cells, bending and shear stresses acting on it are computed, using analytical formulas [6].
Finally, at each iteration of the algorithm, the critical stresses are computed to determine if
the spar and shell fails. On this step, the Classical Lamination Theory (CLT) [7], and the
Tsai-Wu failure criteria were used.

Table 4.1: Best result from the preliminary optimization

- 0-24cm | 24-47cm | 47-51cm | 51-86cm | 86-96cm | 96-111cm
Spar CFRP layers (0 /90 ) 4 4 3 2 1 0
Shell Thickness 2mm 1.2mm 1.2mm 1.2mm 1.2mm 1.2mm
Shell FG layers (+45 /-45 ) 1 1 1 1 1 1
Spar position 25% 25% 25% 25% 25% 25%
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