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Resum
Aquest projecte es basa en una col·laboració mitjançant la Universitat
Politècnica de Catalunya i ONAerospace. Es tracta del concepte preliminar de
disseny d’una aeronau e-VTOL (All-electric Vertical Take-Off and Landing). Per
tant, per poder dur-lo a terme, s’ha decidit organitzar-lo amb 4 divisions:
aerodinàmica, propulsió, mecànica de vol i aviònica.
El primer e-VTOL va ser patentat per en Nikola Tesla l’any 1928. Des de
llavors, aquests avions han anat variant i desenvolupant-se. Avui en dia, se’ls
ha enfocat d’una manera distinta al que se’ls havia enfocat prèviament. Ara,
diverses empreses estan apostant per l’investigació d’aquestes aeronaus, ja
que està sorgint una nova idea d’aerotaxi. Una d’aquestes empreses és ONA
Aerospace que és amb la que s’està col·laborant en aquest projecte. Per la
qual cosa, es vol enfocar aquest e-VTOL no només com aerotaxi, sinó també
com a avió de rescat.
El principal objectiu d’aquest treball és fer l’estudi inicial de la mecànica de vol
d’aquest avió e-VTOL. És a dir, estudiar la seva mecànica establint els eixos
cos i eixos vent de l’aeronau i estipulant les diferents equacions de moviment.
Per altra banda, també cal estudiar les diferents actuacions, ja que una de les
característiques més significatives de l’e-VTOL, que de fet fa que d’aquest avió
se’n digui e-VTOL, és l’enlairament i l’aterratge vertical. A part, conjuntament
amb el Departament d’Aerodinàmica, s’ha duit a terme l’estudi de l’estabilitat i
el control. Des de l’aerodinàmica s’ha elaborat una simulació CFD mitjançant
el software d’ANSYS per obtenir diversos paràmetres amb els quals després,
en aquest projecte, s’ha estudiat si complien les condicions per obtenir un
comportament d’estabilitat longitudinal. A més, en aquest projecte s’ha
realitzar una simulació CFD pel disseny de la coa vertical per poder estudiar
l’estabilitat lateral-direccional. Finalment, s’han estudiat els diferents
coeficients de moments per saber la maniobrabilitat de l’avió.
S’ha pogut confirmar i concloure que l’e-VTOL és estable tant longitudinalment
com lateral i direccionalment i per les maniobres d’estirada i viratge. A més, en
la fase de transició hi ha una pèrdua de sustentació perquè els motors
posteriors estan inclinant, però aquesta inclinació introduirà una empenta cap
endavant que permetrà que les ales i canards comencin a generar sustentació.
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Resumen
Este proyecto se basa en una colaboración mediante la Universitat Politècnica
de Catalunya y ONAerospace. Se trata del concepto preliminar de diseño de
una aeronave e-VTOL (All-electric Vertical Take-Off and Landing). Por tanto,
para poder llevarlo a cabo, se ha decidido organizarlo con 4 divisiones:
aerodinámica, propulsión, mecánica de vuelo y aviónica.
El primer e-VTOL fue patentado por Nikola Tesla en 1928. Desde entonces,
estos aviones han ido variando y desarrollándose. Hoy en día, se les ha
enfocado de forma distinta a lo que se les había enfocado previamente. Ahora,
varias empresas están apostando por la investigación de estas aeronaves,
puesto que está surgiendo una nueva idea de aerotaxis. Una de estas
empresas es ONA Aerospace que es con la que se está colaborando en este
proyecto. Por lo que, se quiere enfocar ese e-VTOL no sólo como aerotaxis,
sino también como avión de rescate.
El principal objetivo de este trabajo es realizar el estudio inicial de la mecánica
de vuelo de este avión e-VTOL. Es decir, estudiar su mecánica estableciendo
los ejes cuerpo y ejes viento de la aeronave y estipulando las distintas
ecuaciones de movimiento. Por otra parte, también es necesario estudiar las
diferentes actuaciones, ya que una de las características más significativas del
e-VTOL, que de hecho hace que este avión se llame e-VTOL, es el despegue
y el aterrizaje vertical. Aparte, conjuntamente con el Departamento de
Aerodinámica, se ha llevado a cabo el estudio de la estabilidad y el control.
Desde la aerodinámica se ha elaborado una simulación CFD mediante el
software de ANSYS para obtener varios parámetros con los que después, en
este proyecto, se ha estudiado si cumplían las condiciones para obtener un
comportamiento de estabilidad longitudinal. Además, en este proyecto se ha
realizado una simulación CFD por el diseño de la cola vertical para poder
estudiar la estabilidad lateral-direccional. Por último, se han estudiado los
diferentes coeficientes de momentos para saber la maniobrabilidad del avión.
Se ha podido confirmar y concluir que el e-VTOL es estable tanto longitudinal
como lateral y direccionalmente y por las maniobras de estirado y viraje.
Además, en la fase de transición hay una pérdida de sustentación porque los
motores traseros se están inclinando, pero esta inclinación introducirá un
empuje hacia adelante que permitirá que las alas y canards comiencen a
generar sustentación.
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Overview
This project is based on a collaboration through the Universitat Politècnica de
Catalunya and ONAerospace. This is the preliminary design concept for an
e-VTOL (All-electric Vertical Take-Off and Landing) aircraft. Therefore, in order
to carry it out, it has been decided to organize it with 4 divisions: aerodynamics,
propulsion, flight mechanics and avionics.
The first e-VTOL was patented by Nikola Tesla in 1928. Since then, these
planes have been varying and developing. Nowadays, they have been
approached in a different way than they were previously. Now, several
companies are investing in the research of these aircraft, as a new idea of
aerotaxi is emerging. One of these companies is ONA Aerospace, which is
being collaborated with on this project. Therefore, we want to focus on this
e-VTOL not only as an air taxi, but also as a rescue aircraft.
The main objective of this project is to make the initial study of the flight
mechanics of this e-VTOL aircraft. In other words, study its mechanics by
establishing the body axes and wind axes of the aircraft and stipulating the
different equations of motion. On the other hand, it is also necessary to study
the different performances, since one of the most significant characteristics of
the e-VTOL, which in fact makes this aircraft called an e-VTOL, is the take-off
and vertical landing. In addition, together with the Aerodynamics Department,
the study of stability and control has been carried out. From the aerodynamics
side, a CFD simulation has been prepared using ANSYS software to obtain
several parameters with which, in this project, it has been studied whether they
met the conditions to obtain a longitudinal stability behavior. In addition, in this
project a CFD simulation has been carried out for the design of the vertical tail
in order to study the lateral-directional stability. Finally, the different moment
coefficients have been studied to determine the maneuverability of the aircraft.
It has been possible to confirm and conclude that the e-VTOL is stable both
longitudinally, laterally and directionally and for pulling and turning maneuvers.
In addition, in the transition phase there is a loss of lift because the rear
engines are tilting, but this tilt will introduce a forward thrust that will allow the
wings and canards to start generating lift.
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ACRONYMS AND ABBREVIATIONS
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INTRODUCTION
The project of the aircraft concept design consists in the preliminary study of the
design of an e-VTOL (All-electric Vertical Take-Off and Landing) aircraft being a
collaboration between the Universitat Politècnica de Catalunya and ONA
Aerospace. Therefore, being this first step in the development of a new e-VTOL
and in order to carry it out, this aircraft concept design project has been divided
into 4 parts: aerodynamics, propulsion, flight mechanics and avionics.
The aim of this project is to make the initial study of the flight mechanics of this
e-VTOL aircraft. Flight mechanics is the discipline which studies efficient,
practical and reliable aircraft. So, this study will focus on the stability & control of
the e-VTOL to know the aircraft behaviour and to achieve a safe and secure
flight.
The project will have 6 chapters: history & evolution, mechanics, flight
performances, stability & control, maneuvers and conclusions.
As a conceptual work the project will need a theoretical study, about all the
history and evolution of e-VTOL to explain the necessity of this type of aircrafts,
how they came about and how they are focused today. In addition, there will be
established the mechanics from the e-VTOL: since the different axes that
contribute to the different dynamic, kinematic and propulsive equations.
Moreover, there will be the study and the calculations of the different flight
performances because one of the most significant characteristics is the vertical
take-off and landing. Therefore, it’s important to study the transition
performance between take-off and cruise and then cruise and landing because
it’s the most critical phase during flight. Otherwise, to achieve these
performances, it is necessary to achieve a stable e-VTOL. So, there will be a
chapter of stability and control to discuss the stability of the aircraft and the
value of the different moment coefficients. Then, thanks to these moment
coefficients, maneuvers can be calculated: jerk and turn, pitch, roll and yaw.
With these moment coefficients, the different moments created in the
maneuvers will be found. Finally, there will be a chapter to express and explain
the diverse conclusions extracted from the study.
The decision to organize the project with these explained chapters has been
carried out for the following reason and methodology:
●

Theoretical Framework: Firstly, it’s important to introduce the theme of
the project and it’s necessary to explain the impact that it has had in the
past and the impact that it has in the present to express the purpose
behind this project. In addition, it’s important to introduce the e-VTOL of
this project.

●

Mechanics: Secondly, it’s important to manifest the different axis of the
e-VTOL and stipulate the different equations of motion of the aircraft
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taking into account the symmetry of the airplane because depending on
the symmetry, the dynamics change.
●

Flight Performances: Thirdly, once the body axes have been
established and the equations of motion, too, it’s necessary to determine
the different performances. It’s important to check if the aircraft can be
lifted in take-off with the power determined by the Propulsion
Department. Besides, it’s mandatory to study the behaviour of thrust
during transition because of its complexity during flight.

●

Stability & Control: Fourthly, longitudinal and lateral-directional stability
and control have been studied, discussed and calculated. On the one
hand, for longitudinal stability there has been a collaboration between the
Aerodynamic Department. The Aerodynamic Department has done a
CFD simulation and then, in this project, the parameters extracted from
this CFD simulation have been checked to observe if the stability is
achieved in the aircraft behaviour. For it, diverse changes and
interactions have been made until reaching the final values to have a
stable e-VTOL. On the other hand, for lateral-directional stability, in this
project a vertical tail CFD simulation with software ANSYS has been
done to then study the lateral-directional stability of the e-VTOL. Because
the vertical tail it’s important for maneuverability.

●

Maneuvers: Fifthly, once the stability & control is calculated, the
maneuvers can be studied to see the different moments that interact with
the e-VTOL and how these coefficients affect the maneuverability of the
aircraft.

●

Conclusions: Finally, in this chapter, all the chapters before are
discussed, summarized and concluded.

The principal conclusions extracted from this project are that the aircraft is
totably stable in longitudinal and lateral-directional stability & control and in jerk
& turn maneuvers. Moreover, with the pre established power, the aircraft will
take-off. In addition, it has been observed that during transition, the thrust will
be duplicated or more. So, during transition a great value of thrust is needed.
Finally, the designed vertical tail as a preliminary design works to reach
lateral-directional stability.

Theoretical framework

3

CHAPTER 1. THEORETICAL FRAMEWORK
1.1.

History & Evolution

1.1.1.

Flight mechanics in aviation

Flight mechanics has always been an important field of study in aviation which
is focused on the different performances, manoeuvers, stability and control and
take-off and landing of any aircraft. Since the beginning of the experimental
work by Wright brothers until nowadays. Flight mechanics is in constant
evolution. Because, due to vary, develop and improve the flight mechanics,
favorable results and significant improvements in aircraft design are achieved.
It’s important to mention that the evolution in aviation is due to the fact that the
human being is in constant search of new knowledge to satisfy the necessities
that the society has. Thus, the flight mechanics was used, is used and will be
used depending on the period of the evolution of the society. So, it’s interesting
to observe the evolution of aircrafts, and in consequence flight mechanics, over
the centuries.
In the end of the XIX century is when the aircrafts and gliders began to be born.
In this period, the society has the necessity to fly given that human anatomy is
not capable of flying. Hence, the aircrafts of this century were primitive because
they were the first experimental work. The first registered flights were short, a
few meters. This problem is because, as can be appreciated, the aircrafts had
rectangular wings and airfoils. With rectangular wings it’s more difficult to obtain
lift following the Bernoulli Principle. In addition, they didn’t have engines and the
helixes were primitive, too. Moreover, these aircrafts weren’t built with the
materials that there are nowadays and this aspect influences significantly.
In the XX century there was a considerable evolution and development in the
aeronautical industry. In fact, in technology in general. At the beginning of this
century, in 1919, commercial flights began to be operative after the World War I
[1]. Besides, the STOL and VTOL aircrafts were invented. In point of fact, the
VTOL aircrafts were patented in 1928 by Nikola Tesla. In addition, in this
century there was the tourist boom that helped the exploitation of commercial
aviation. As a consequence, this meant the use of aviation available to the
whole society.
Finally, nowadays, in the XXI century, the development and improvement of
aircrafts are in a notable increment due to observing the aerodynamics, flight
mechanics, materials, etc. Furthermore, society tends to globalization and has
the need to be in contact with different locations. On the other hand, it’s in
constant growth. This last issue means that there are more vehicles on land:
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car, bus, motorbike, bike, electric scooters, etc. For this reason, there are
companies such as Airbus, Uber, Lilium and many others that are investing in
the creation of new e-VTOL (VTOL with electric engines) aircraft working as
aerotaxi. Additionally, climate change has become a problem because of
contamination and pollution. Thereupon, new advances in science and
engineering are searching for sustainability. Thus, e-VTOL is a considerable
alternative to preserve the environment through the use of electric engines.

1.1.2.

VTOL evolution

VTOL is the acronym of “Vertical Take-Off and Landing”. Hence, a VTOL aircraft
has the capability to land and take-off vertically without the necessity of a
runway. Thus, e-VTOL means a VTOL aircraft with electric engines.
As it has been mentioned before, the VTOL aircraft was patented by Nikola
Tesla in 1928 (see Fig. 1.1). Nevertheless, the development of VTOL aircrafts
was during the World War II and the Cold War [2].

Fig. 1.1: Nikola Tesla's patent of the VTOL [2]
Ten years later, in 1938, the Austrian Otto Musk patented the Focke-Wulf
Triebflügel which had three wings and a Prabst ramjet in the extreme of each
one. However, it was never built.
Then, during the World War II, some of the implicated countries developed new
models of VTOL aircrafts. But some of them weren’t built and others were
cancelled in an advanced state of the design.
One of them was the North American VTOL aircraft called Convair XFY “Pogo”
which had a turbo helix engine and two helixes spinning in the opposite
direction to cancel the natural tendency of the aircraft to spin in the contrary
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direction of the helices [2]. With this aircraft it was able to take-off vertically.
Nonetheless, the pilot cabin was in a difficult position making the landing difficult
to operate. Therefore, this prototype project was cancelled in 1956.
Then, there was another interesting VTOL model which was the Yakovlev
Yak-38M Forger that had four little engines to ascend vertically and another one
for horizontal thrust [2].
The moment of glory of VTOL arrived in the 50s. In the finals of the 50s and
beginning of the 60s, there were several military fighters that used the VTOL
philosophy and technology. Nevertheless, there were inconveniences because
some of them weren’t built and the ones that were built had diverse problems
with vertical take-off and landing [2].
In 1980, a new VTOL aircraft entered service: the BAE Sea Harrier. But, in
2006, it was retired.
Nowadays, as it has mentioned previously, the VTOL aircrafts are seen as an
alternative to passenger transport as aerotaxi. In addition, as a way to preserve
climate change, focusing on sustainability using electric engines.
Finally, the first e-VTOL aircraft is the Lilium Jet. The Lilium company has been
investigating since 2015 until now. In fact, the Lilium Jet was released on the
market as a finished project at the end of 2021. Thus, it can be concluded that
the e-VTOL concept is a new, pioneering and innovative technology that will
mark the future of aviation and will be a new vision and point of view for future
aircrafts.

1.2.

STOL concept

As the VTOL aircrafts were developed from the creation of the STOLs, it’s
important to explain the STOL concept, what it consists of and the anatomy of
these aircrafts because the characteristics of STOLs were used and helped the
development and improvement of VTOLs. Therefore, several aspects of VTOLs
anatomy are based on STOLs anatomy. This explanation of the anatomy can be
seen deeply in the Appendix I.
STOL is the acronym of “Short Take-Off and Landing”. Therefore, this concept
corresponds to the characteristic of the aircrafts that are available to take-off
and land in a short area (runway, land or water).
“In order to reduce the length of runway required, significant effort is focused on
having a low minimum flying speed (also known as stall speed). This is because
STOL distance is most closely related to this number. When it comes to
take-off, large power/weight ratios and a low amount of drag help a plane
accelerate into flight. On the other hand, the landing runway requirement is
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decreased by strong brakes, a low landing flight speed, and thrust reversers or
spoilers” [3].

1.3. e-VTOL aircraft characteristics
The concept design of the e-VTOL aircraft studied in this project will have a
tricycle landing gear configuration because the fuselage will be parallel to the
ground. So, there will be more stability and control to perform vertical take-off
and landing.
Secondly, the preliminary design hasn't a vertical tail and this aspect will be
discussed in this project. In addition, it has a canard tail configuration (Fig. 1.2).
Furthermore, in the following table (Table 1.1) there are the basic design
parameters of the e-VTOL.
Table 1.1. Parameters of the e-VTOL
Parameter

Value
Mass

3200 Kg

Span

15 m

Wingspan

14 m

Longitude

10 m

Fuselage maximum width

≃2m

Cruise altitude

10000 ft

Fig. 1.2: e-VTOL 3D prototype
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CHAPTER 2. MECHANICS
2.1. Reference systems
There are 6 reference systems used in the description of flight that are
represented in the axis X, Y and Z with O as the origin Fi(Oi, Xi, Yi, Zi). On one
hand, 3 of them have their origin fixed to the Earth and, on the other hand, the
other 3 to the aircraft.
The axes that do not move with the object are: inertial reference (i = l) which
romains parallel to itself, geocentric reference (i = g) which rotates while the
Earth rotates and Earth axes (i = e) which are located in the Earth’s surface
(see Fig. 2.1).

Fig. 2.1: Inertial reference systems, rotating geocentric, Earth and local horizon
[5]
The axes that move with the aircraft are: local horizon (i = h) which is parallel to
the Earth axes and is located in the subaircraft point (see Fig. 2.1), body axes
system and wind axes system. These last two systems are located in the
aircraft itself. Thus, these two systems will be represented in the preliminar
general sketch of the e-V/STOL studied in this concept design project.

2.1.1. Body axis system
The body axis system (i = b) corresponds to the axes of the aircraft itself where
Ob (the point where the three axis meet) is the center of mass.
On the one hand, Xb and Zb stay in the symmetry plane. Xb is parallel to the
fuselage and Zb is perpendicular to Xb. On the other hand, Yb is perpendicular to
the symmetry plane.
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Therefore, in the following figure (see Fig. 2.2), there is the body axis system
represented in the preliminar general sketch of the e-V/STOL aircraft of this
project design.

Fig. 2.2: Body axis system in the e-VTOL

2.1.2. Wind axis system
The wind axis system (i = w) is linked to the axes of the aerodynamic velocity.
As in the previous case, the reference point is the center of mass.
The Xw follows the velocity vector
while the Zw is located in the symmetry
plane and is perpendicular to Xw. On the other side, the Yw is forming a triedro
with Xw and Zw. It’s interesting to mention that if Xw is located in the symmetry
plane, Yb ≡ Yw.
Therefore, in the following figure (see Fig. 2.3) there are the body and wind axis
systems represented in the preliminar general sketch of the e-V/STOL aircraft of
this project design.

Fig. 2.3: Body and wind axis system in the e-VTOL
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2.2. General equations of motion
In this section, general equations of motion of the e-VTOL aircraft concept
design of this project will be exposed.

2.2.1. Dynamics
The dynamics equations of an aircraft are related to the moments created in the
aircraft. Thereupon, the dynamics are composed by the equation of angular
momentum conservation (2.3) and the equation of linear momentum
conservation (2.4).
Firstly, before exposing the two theorems, it is necessary to mention the
different variables that can be found in the aircraft and, thus, in the e-VTOL of
this project. The body-axis components of total force, total moment in the center
of mass, absolute linear velocity (taking into account the aerodynamic velocity
of the aircraft and the wind velocity), and absolute angular velocity are
expressed as the following:

(2.1)
So, these variables expressed in (2.1) are applied as the following (see Fig. 2.4)
in the e-VTOL aircraft.

Fig. 2.4: Body-axis components of total force, total moment in the center of
mass, absolute linear velocity, and absolute angular velocity where X, Y, Z, L, M
and N contains the gravitational, propulsive and aerodynamic actions (sign
criterion) [14]
Moreover, to apply the theorems it’s necessary to define the inertia tensor of
e-VTOL aircraft that is the following (2.2):
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(2.2)
Where, I terms refer to the moments of inertia of the reference system and the J
ones are the inertia products.
Once the variables, (2.1) and (2.2), that interact with the aircraft, the two
theorems can be exposed: the equation of angular momentum conservation
(2.3) and the equation of linear momentum conservation (2.4).

(2.3)

Where,

can be defined as the total angular momentum.

(2.4)
Where, m is the mass of the aircraft. Therefore, m = 3200 Kg.
Hence, because the e-VTOL aircraft have the symmetry plane (as it can be
seen in the previous section representing the reference systems) in the plane
xb–zb, the Jxy and Jyz are identical and null. Thus, the dynamic equations of the
e-VTOL are the following [14]:

(2.5)
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Where,
●
●
●
●

T and A subindex indicates the propulsive and aerodynamic actions
respectively
mg = 3200 [Kg]·9.80665 [m/s2] = 31381.28 N
θ = Pitch angle
ɸ = Roll angle

2.2.2. Kinematics
In kinematics two types of equations can be found: linear kinematic and angular
kinematic. On the one hand, the linear kinematic equations are related to the
absolute velocity of the aircraft and determine the trajectory. On the other hand,
the angular kinematic equations relate the angular velocity and the aircraft
attitude.
2.2.2.1. Linear
As it has been mentioned, linear kinematic equations work with the absolute
velocity of the aircraft. Therefore, they can be achieved by following the next
procedure (2.6). Earth axes have been considered as the inertial system. In
addition, it has been supposed that they are parallel to the local horizon axes.
So,

(2.6)
Therefore, applying the transformation matrix Lbh (see Appendix I), the obtained
linear kinematic equations of the e-VTOL aircraft are the following (2.7).

(2.7)

Where, Ψ is the yaw angle while the θ and ɸ are the pitch and roll angles
respectively as it has been mentioned previously.
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2.2.2.2. Angular
As it has been expressed previously, angular kinematic equations work with the
angular velocity. Hence, despite the angular velocity in the local horizon axes
with respect to Earth axes, the following expression is found (2.8).

(2.8)
Thereupon, applying Euler angles and solving the angular velocity vector, the
angular kinematic equations of the e-VTOL aircraft can be expressed as the
following (2.9).

(2.9)

In conclusion, the set of dynamic and kinematic equations conclude that the
e-VTOL aircraft (and any aircraft) constitutes 12 differential equations of 12
variables (2.10).
= [x y z ɸ θ ψ u v w p q r]

(2.10)

2.2.3. Propulsion
As it has been mentioned in the dynamics section, there are FT and MT that
refer to the propulsion actions. Therefore, it’s important to establish these
actions.
So, the e-VTOL aircraft will be equipped with electric ducted fan engines. Thus,
it’s necessary to expose the expressions for FT and MT that will be conditioned
by these electric ducted fan engines.
Being an e-VTOL aircraft, it implies that there will be FT and MT in the axis yb.
I.e., on the one hand, in the vertical take-off and landing, propulsion moments
with respect to the CG should cancel. On the other hand, in the cruise the force
and momentum will be located in the yb axis.

Mechanics

13

2.2.3.1. Thrust
The thrust obtained by the ducted fan refers to the FT [6]. So,

= ρπR4Ω2CT

(2.11)

Where,
●
●
●
●
●

ρ = Air density
R = Ducted fan radius
Ω = Angular velocity of rotation
CT = Engine pull coefficient
= Body axes i or k depending on where the FT is applied (if the aircraft
is taking-off or landing, it will be

and if it’s cruising, it will be

).

2.2.3.2. Propulsive momentum
The propulsive momentum obtained by the ducted fans refers to the MT
(propulsive torque) [6]. So,

= ρπR5Ω2CP

(2.11)

Where, CP is the power coefficient of the engine and can be calculated as the
𝑃
following: CP =
5 3 , where P = 315 kW.
ρπ𝑅 Ω

It’s important not to forget that if the engine is not aligned with CG, it will also
produce a moment about the CG.
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CHAPTER 3. FLIGHT PERFORMANCES
There are 5 flight phases (see Fig. 3.1): take-off, transition to cruise (climb),
cruise, transition to landing (descend) and landing. However, the transitions can
be considered into a single performance.

Fig. 3.1: Representation of the VTOL performance [7]

3.1. Take-off
In the vertical take-off performance, several forces and variables act on the
aircraft (see Fig. 3.2). The weight of the aircraft is compensated by the thrust.
I.e., in terms of physic axes, the forces of thrust (T) and weight (W) are aligned
in the same Z axis. Hence, it’s necessary to achieve a thrust greater than the
weight to hover. Thus, T > 31381.28 N.

Fig. 3.2: Schematic representation of take-off and its variables
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As it has been expressed previously, T is the thrust and W is the weight. Then,
the other parameters are the following:
●
●
●
●
●
●
●

VR = Velocity through the rotor disc
Vw = Velocity of the ultimate wake (also known as the uniform slipstream
velocity)
Sw = Wake area (also known as the slipstream section)
SR = Area through the rotor disc
Pi = Pressure (where i = 0, 1, 2)
Dw = Diameter of the ultimate wake
DR = Diameter through the rotor disc

In addition, it has to be established that the initial velocity is equal to 0 because
the aircraft remains at rest.
To calculate the different parameters of the hover, it’s important to mention that
the aircraft works with an ideal ducted rotor. This aspect will influence
significantly during the process to achieve the thrust and the ultimate wake
velocity. Moreover, the flow will be considered 1-D, quasi-steady and
incompressible.
Hence, with these last assumptions, the mass flow through the rotor of the
ducted fan can be expressed by the conservation of mass (Equation 3.1) [15].
= ρA∞Vw = ρA2Vi = ρAVi

(3.1)

Thereupon, with the conservation of mass and the conservation of momentum,
thrust can be expressed related to the mass flow (Equation 3.2). In the case of
an ideal ducted rotor, the thrust can be expressed as the sum of the thrust of
the duct and the thrust of the rotor (T = TD + TR). Moreover, due to the fact that
it’s an ideal ducted engine, the thrust of the duct and the thrust of the rotor are
equal (TR = TD). So,
T = 2TR =

Vw

(3.2)

Then, the gain in energy of the fluid per unit time and the work done on the rotor
can be related thanks to the conservation of energy [8]. Hence,

TRVi =

1
2

Vw2

(3.3)
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Taking into account that A is the area of the rotor disc (A = πR2) and considering
that in an ideal ducted fan Vi = Vw, combinating Equations 3.2 and 3.3, the Vw
can be expressed as the following:

Vw =

𝑇
ρ𝐴

(3.4)

Note that if the ducted fan was open and not ideal, the wake ultimate velocity is
1
the half of the induced velocity (Vi = 2 Vw). Therefore, in Equation 3.4, the thrust
will have to be multiplied by 2.
This equation, apart from being used to find the ultimate wake velocity, will be
used to find the thrust using the thrust-to-power ratio. I.e., the thrust-to-power
ratio can be expressed as the following taking into consideration that T = mVw
1
and P = 2 mVw2 where de P = 315 kW calculated in the power plant section of
the e-VTOL project [13]:

𝑇
𝑃

=

TVw =

𝑇
2

2
𝑉𝑤

(3.5)

Therefore,

P=
T=

3

2

1
2

2

𝑃 4ρπ𝑅 =

3

𝑇
ρ𝐴

=

3

𝑇
4ρ𝐴

2

315000 ·4·1. 225π0. 875

(3.6)
2

T = 10535.643 N

This value is the generated thrust for a single ducted fan. The aircraft has 3
ducted fans. Hence, the total thrust is this found value multiplied by 3.
Thereupon,

TTOTAL = 3T → TTOTAL = 31606.930 N

So, it can be concluded that the aircraft will hover because the generated total
thrust is greater than the weight. T = 31606.930 N > 31381.28 N.
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Now, with the value of the thrust and the Equation 3.4 it’s possible to know the
ultimate wake velocity (or slipstream velocity). So,

Vw =

10535.64323
2

1.225π0.875

→ Vw = 59.797 m/s

Furthermore, in the ideal ducted fan, the diffuser ratio is equal to 1 (σ = 1).
Hence, knowing the relation between the diffuser ratio and the velocities VR and
Vw, σ = VR/Vw it can be concluded that the velocity through the rotor disc is equal
to the ultimate wake velocity (VR = Vw). Therefore, VR = 59.797 m/s.
On the other hand, the diffuser ratio also relates the wake area and the area
through the rotor disc, σ = Sw/SR. So, SR = Sw. But firstly, to achieve the value of
these variables, it’s necessary to find the pressure difference. For it, it’s
necessary to apply Bernoulli's Principle (expressed in Equation 3.7).

P2 - P1 =
P2 - P1 =

1
2

1
2

ρVw2

(3.7)

·1.225·59.7972

P2 - P1 = 2190.106 Pa

Therefore, continuing with the Bernoulli’s Principle:
T = SR(P2 - P1)
S R = Sw =

𝑇
𝑃2− 𝑃1

=

(3.8)

31606.930
2190.106

SR = Sw = 14.432 m2

To summarize, in the following figure (see Fig. 3.3) there is a scheme of an ideal
ducted fan. Moreover, in the following table (see Table 3.1.) there will be a
compilation of all the calculations of the take-off parameters.
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Fig. 3.3: Scheme of an ideal ducted fan [8]
Table 3.1. Compilation of take-off parameters
Parameters

Value
T

10535.643 N

TTOTAL

31606.930 N

Vw

59.797 m/s

VR

59.797 m/s

P2 - P1

2190.106 Pa

Sw

14.432 m2

SR

14.432 m2

3.2. Transition
The transition performance refers to take-off to cruise and cruise to landing. I.e.,
it’s the instant when the engines have to rotate to go from one performance to
another.
It’s important to mention that, on the one hand, the engines will rotate from
totally vertical position to horizontal in take-off to cruise. On the other hand, they
will rotate from totally horizontal to vertical in cruise to landing.
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In the following figure (see Fig. 3.4) it can be appreciated the distribution of
forces and the incidence of angles during the transition performance. The τ
angle is the angle of attack with respect to the engine itself called tilt angle.

Fig. 3.4: Representation of the ducted fan rotation [8]
Firstly, the parameter χ is the angle formed in the ducted fan. I.e., “the angle
between the vertical axis of the rotor and the exit wake of the rotor” [8]. It’s
called wake skew angle. Furthermore, it can be calculated with the following
expression (3.9):

−1

𝑉 𝑐𝑜𝑠(τ)

0
χ = 𝑡𝑎𝑛 ( 𝑉 𝑠𝑖𝑛
)
(τ) + 𝑉
0

(3.9)

𝑖

Where,
●
●

V0 = Free stream velocity
Vi = Induced velocity that

As it has been said before, in the case of an ideal ducted fan, Vi = Vw
(calculated in the take-off section).
To study the wake skew angle, a code with Matlab has been made (Appendix
II.A) to achieve a graphic (Fig. 3.5). In it, different lines showing the wake skew
angle values have been plotted for different free stream velocities. Moreover,
these lines are in function of the tilt angle (angle of attack with respect to the
ducted fan) from 1º to 90º.
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Fig. 3.5: Graphic of the wake skew angle of the ducted fan in function of the tilt
angle for a given free stream velocity
On the one hand, as it can be seen in the graphic from Fig 3.5, the wake skew
angle increases when the free stream velocity increases. Therefore, it can be
concluded that the wake skew angle in function of the free stream velocity is an
increasing function. On the other hand, the wake skew angle decreases when
the tilt angle increases. Thus, it can be affirmed that the wake skew angle in
function of the tilt angle is a decreasing function. In addition, as can be
appreciated in the graphic, when the tilt angle is 90º, the wake skew angle for
all the values of free stream velocity is 0º.
Secondly, the parameter T refers to the thrust generated by a ducted fan in free
stream and tilt conditions and it can be calculated with the following formula
(Equation 3.10) that “shows a linear inflow distribution across the rotor” [8].

4

3

2 2

𝑇

2

𝑉𝑖 + 2𝑉0𝑠𝑖𝑛(τ) 𝑉𝑖 + 𝑉0𝑉𝑖 − ( 2ρ𝐴 ) = 0

(3.10)

Therefore, the expression to find the thrust isolating T is the following (3.11)
remembering that A is the disc area, so A = πR2:

2

T = 2ρπ𝑅

4

3

2 2

𝑉𝑤 + 2𝑉0𝑠𝑖𝑛(τ)𝑉𝑤 + 𝑉0𝑉𝑤

(3.11)
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As in wake skew angle, to study the thrust, a code with Matlab has been made
(Appendix III.A) to achieve a graphic (Fig. 3.6 and Fig. 3.7). In it, different lines
showing the thrust value have been plotted for different free stream velocities.
Moreover, these lines are in function of the tilt angle from 1º to 90º.

Fig. 3.6: Graphic of the generated thrust of a ducted fan in function of the tilt
angle for a given free stream velocity
This graphic corresponds to the generated thrust of a single engine ducted fan.
Therefore, as it can be appreciated, the values for thrust are more elevated than
in take-off where the calculated value was 10535.643 N. The physical
explanation for this significant increment is that in transition two necessary axes
of forces appear: vertical and horizontal. Due to the fact of having two axes of
forces, there is the need for a greater value of thrust.
In the case of the transition, two of the three engines rotate. Thereupon, the
ducted fan that remains without rotation, doesn’t generate thrust in transition
and cruise. Hence, the total generated thrust of a single ducted fan has to be
multiplied by 2 and no 3 as it has been applied in take-off. So, the total thrust
can be seen in the following graphic (see Fig. 3.7).
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Fig. 3.7: Graphic of the total generated thrust in function of the tilt angle for a
given free stream velocity
In this graphic it can be also observed that there is a significant increment in the
value of the total thrust. In the take-off section, the calculated total thrust was
31606.92968 N. The explanation of this phenomenon is the same as it has
been said before in the thrust of a single ducted fan of the graphic of Fig. 3.6.
Furthermore, the graphs (Fig. 3.6 and Fig. 3.7) show that the ducted fan
performs better with the air coming axially and at high speed. As the air comes
at an angle (because the aircraft is advancing), there is a loss of thrust.
Finally, it’s important to clarify that in the transition phase there is a loss of
lift because the rear engines are tilting, but this tilt will introduce a
forward thrust that will allow the wings and canards to start generating
lift.

3.3. Cruise
The cruise performance in the VTOL aircrafts is the same as a conventional
cruise of other aircrafts. I.e., the distribution of the forces remains as the
following figure (see Fig. 3.8). Furthermore, it’s important to mention that two of
the three engines will generate thrust in cruise. Because there is the ducted fan
of the front that doesn’t rotate. Thus, in cruise, this ducted fan won’t generate
thrust. Finally, it’s necessary to consider that the aircraft has a canard
configuration as it has been established in the aerodynamic study [12]. The
canard configuration will be appreciated in the lift coefficient calculation.
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Fig. 3.8: Schematic representation of cruise
Then, the distribution of the forces in the X (3.12) and Z (3.13) axes can be
expressed by the following equations:

T=D=

1
2

ρSU2CD

(3.12)

L=W=

1
2

ρSU2CL

(3.13)

Applying the Equation 3.13, the lift coefficient of the wing (CLw) and of the
canard (CLc) can be calculated knowing that the cruise speed (U) is equal to
89.408 m/s and the wing surface is 35 m2 and the canard surface id 15 m2 (S):

2𝑊

CL =

CLw =
CLc =

2

ρ𝑆𝑈

2·31381.28
2

→ CLw = 0.183

2

→ CLc = 0.427

1.225·35·89.408
2·31381.28
1.225·15·89.408

Knowing the CL and the CFD elaboration of the graphic of angle of attack (⍺) vs
lift coefficient (CL), it’s possible to know the maximum angle of attack, i.e., the
stall angle of attack. Then, with the maximum lift coefficient and angle of attack,
the stall speed (Vs) can be found whose desired theoretical value is 20 m/s. So,
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to calculate it, the Aerodynamic Department [12] has made a CFD simulation of
the wing and the canard. With this simulation, he could achieve the curve of CL
vs ⍺ for a flap deflection of 30º and 35º (Fig. 3.9 and Fig. 3.10).

Fig. 3.9: CL vs AoA for a flap deflection of 30º [12]

Fig. 3.10: CL vs AoA for a flap deflection of 35º [12]
Therefore, to calculate the experimental stall speed from CFD simulation, the CL
from the wing will be introduced in the Equation 3.13.
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Vs =

●

Flap deflection of 30º: CLmax = 2.745575743 → ⍺max = 12º
Vs =

●

2·𝑊
ρ𝑆𝐶𝐿

2·31381.28
1.225·35·2.745575743

→ Vs = 23.090 m/s

Flap deflection of 35º: CLmax = 2.798227172 → ⍺max = 12º
Vs =

2·31381.28
1.225·35·2.798227172

→ Vs = 22.872 m/s

3.4. Landing
In the case of landing, the three engines are used. The thrust of the engines is
used to counteract weight exactly the same as for take-off. For take-off a little bit
more thrust than weight is needed to accelerate upwards. Otherwise, for landing
there is the need to cut thrust slightly below weight for touchdown, but the thrust
must essentially always cancel weight in both cases.
The direction of the flow is the same as in take-off. So, the force and variables
diagram is the same as the Fig. 3.2. In landing, the thrust still has to counteract
the weight. Otherwise the aircraft would crash very badly. For landing there is
no aerodynamic lift from wings or canards. All lift comes from the ducted fans,
which must generate an upward thrust to roughly compensate weight.
It’s important to take into account that, on the one hand, the final thrust will be
equal to 0 because the aircraft will remain at rest. On the other hand, the initial
thrust of the landing performance will be the achieved thrust in the last moment
of transition. Thus, with this initial thrust, applying the Equations 3.6, the initial
necessary power can be calculated. Consequently, the ultimate wake velocity,
the induced velocity, the wake area, the area through the rotor disc and the
pressure difference can be calculated following the same steps as in take-off.
Moreover, the final velocity will be equal to 0 for the same reason as the thrust.
I.e., the aircraft will remain at rest.
In addition, for conventional landing the pilot can have the engines idling, but
vertical landing requires that the engines produce thrust that is oriented
vertically.
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CHAPTER 4. STABILITY & CONTROL
To study the behaviour of an aircraft, it’s necessary to identify the stability and
control. For it, several calculations have to be done to check if the aircraft has
stability to be secure during flight. Thus, two types of stability have to be studied
to determine the safe behaviour of the aircraft: static longitudinal stability &
control and static lateral-directional stability & control.
On the one hand, as it has been presented previously, the e-VTOL of this
project has a canard configuration. I.e., the horizontal tail is a canard. This
configuration will condition the calculations and expressions to study the
longitudinal static stability. On the other hand, for the lateral-directional static
stability, a vertical tail has been designed with a CFD simulation.
Finally, in this chapter, there will be the calculation of the different coefficients to
establish if the aircraft is stable. Then, in the following chapter (Chapter 5.
Maneuvers), there will be the study and the explanation of the different graphics
of the coefficients related to the different maneuvers of the e-VTOL flight.
Important to clarify that the canard variables will be expressed with “h” that
corresponds to horizontal tail; the wing ones, with a “w” and the vertical tail
parameters, with a “v”. Furthermore, the reference location for moment
coefficients is the CG (center of gravity).

4.1. Longitudinal static stability & control
The e-VTOL has a symmetry respect to the axes xb and zb with the origin at the
center of mass (see Fig. 2.2). Therefore, the longitudinal static stability and
control is defined as a system where the lateral-directional variables are null.
I.e., the longitudinal static stability intervenes in the y axis rotation. In the
following figure (Fig. 4.1), it can be seen the different forces and moments that
act on the longitudinal flight.

Fig. 4.1: Aerodynamic forces and moments in a longitudinal flight [5]

Stability & Control

27

Remind that the Aerodynamic Department [12], it has been concluded that the
aircraft will have a canard configuration (see Fig. 4.2).

Fig. 4.2: Comparison between conventional tail aft and canard configuration [9]
The longitudinal static stability is represented by the following expression (4.1)
that represents the Modeling the Pitching Moment for a Simple Wing-Canard
System:
Cm = Cm0 + Cm𝛼·𝛼 + Cmδ𝑒·𝛿e

(4.1)

Where,
●
●
●

Cm0 = Coefficient of moment at zero AoA
Cm𝛼 = Change in coefficient of pitching moment due to AoA
Cmδ𝑒 = Elevator authority; change in coefficient of pitching moment due to
elevator deflection

For the canard configuration, two conditions have to be satisfied to achieve
a stable aircraft:
1. Cm0 > 0 (positive)
2. Cm𝛼 < 0 (negative)
These two conditions can be reached modifying the distance between the
location of the wing and the canard with respect to the CG (center of gravity). In
fact, according to the book General Aviation Aircraft Design: “the CG must be
placed far forward of the aerodynamic center of the Mean Geometric Chord in
order to produce a stabilizing moment” [9].
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Before going deeper into the study of the coefficients explained above, it’s
important to have a space visualization of the different parameters that interfere
in the stability of an aircraft. So, in the following figure (Fig. 4.3), it can be seen
the wing-canard configuration system used to solve the Equation 4.1.

Fig. 4.3: Wing-Canard configuration used to obtain Equation 4.1 [9]
Therefore, to achieve total stability when an aircraft is designed, it might be
necessary to redo the calculations and restore the initial parameters to other
ones that can reach the stability. In the case of this project, several
recalculations and changes of initial parameters have been done jointly by the
Aerodynamic Department [12] who has done the aerodynamic study. On the
one hand, his part was focused on finding these variables with the simulations
with ANSYS. On the other hand, this project of Flight Mechanics was focused
on checking if these variables could reach a stable behaviour for the aircraft.
Thereupon, at the beginning, the initial parameters of the aerodynamic study
gave unstable results. So, it was necessary to redo calculations and reset
parameters several times until the final results and the definitive parameters
were obtained (Table 4.1.). These ones are going to be displayed in the
following explanations.
Table 4.1. Definitive parameters of Wing-Canard Configuration
Parameter

Wing

Value
Mean Aerodynamic Chord (c)

2.593 m

Wing lift coefficient at zero AOA (CL0w)

0.163

Wing lift curve slope (CL𝛼w)

4

Physical location of the Aerodynamic
Center (Xac)

0.648 m

Physical location of the CG (Xcg)

1.1 m
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Canard Mean Aerodynamic Chord (ch)

1.556 m

Canard lift coefficient at zero AOA (CL0h)

0.217

Canard lift curve slope (CL𝛼h)

4

Arm between the aerodynamic center of
the canard and CG (lh)

3.630 m

Canard

It’s important to remember that the wing surface (S) is 35 m2 and the canard
surface (Sh) is 15 m2.

4.1.1. Coefficient of moment at zero AoA
The coefficient of moment at zero AoA (Cm0) is expressed by the Equation 4.2
(reminding that the “h” is referring to the horizontal tail which is the canard and
the “w”, to the wing):
Cm0 = Vh·CL0h + Cm0ac - Cm0w

(4.2)

Where,
●

Vh = Renormalisation of canard moment coefficient to wing area and
chord scales
Vh =

●

𝑆ℎ𝑙ℎ
𝑆𝑐

=

35 ·

98
27
70
27

→ Vh = 0.6

Cm0w = Wing pitching moment due to airfoil camber
Cm0w = CL0w

●

15 ·

𝑋𝑎𝑐+𝑋𝑐𝑔
𝑐

= 0.163

35
54

+1.1
70
27

→ Cm0w = 0.11

Cm0ac = Longitudinal stability contribution of components other than the
wing. This value is usually a small value near 0. In this project, it has
been agreed jointly with the aerodynamic section [12] that the value of
Cm0ac for the e-VTOL will be 0. The reason is because this project is the
initial and preliminary study of the e-VTOL design. So, for this beginning
of design, the Cm0ac will be 0. In addition, this value is interesting when all
the components other than the wing are designed and established. At
this stage of the project (preliminary), not all the components are
established and fully designed as, for example, the cockpit. Therefore, as
it is not possible to have the exact value because there are still
components to be clarified and established, it has been decided to
dispense with this design interaction variable and, thereupon, leave it as
0. → Cm0ac = 0

30

e-VTOL aircraft concept design - Flight Mechanics

Hence, applying these values and the Equation 4.2,
Cm0 = 0.6·0.217 + 0 - 0.11
Cm0 = 0.02

Considering the conditions explained above in the yellow box, it can be
concluded that the first condition is met since the value obtained is positive
(Cm0 > 0).

4.1.2. Change in coefficient of pitching moment due to AoA
The coefficient of moment at zero AoA (Cm0) is expressed by the Equation 4.3:

Cm𝛼 = Vh·CL𝛼h + Cm𝛼ac - CL𝛼w·

𝑋𝑎𝑐 + 𝑋𝑐𝑔
𝑐

(4.3)

Where all the variables are known (Vh is calculated in the previous subsection)
in exception of Cm𝛼ac which is the longitudinal stability contribution of
components other than the wing as the Cm0ac. Hence, applying the same
criterion as for Cm0ac, the Cm𝛼ac will be leave it as 0. → Cm𝛼ac= 0
So, applying the values and the Equation 4.3,

Cm𝛼 = 0.6·4 + 0 - 4·

0.648+1.1
2.593

Cm𝛼 = -0.297 rad-1

Considering the conditions explained above in the yellow box, it can be
concluded that the second condition is met since the value obtained is
negative (Cm𝛼 < 0).

4.1.3. Elevator authority
The elevator authority known also as the change in coefficient of pitching
moment due to elevator deflection is expressed by the Equation 4.4:
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Cmδ𝑒 = -CL𝛼h·𝜂·Vh·𝜏

(4.4)

Where (CL𝛼h and Vh are known variables),
●
●

𝜂 = qt/qw ≃ 1 → It’s very close to 1. So, it’s considered 1 in almost all the
cases.
𝜏 = 0.5 → Assumed value. This aspect escapes from the investigation of
this project. Thereupon, it has been decided to look for an aircraft similar
to the e-VTOL of this project and use its value for the preliminary study.
The similar decided aircraft was the UAV Phoenix. In addition, the
elevator is a deflectable surface on the canard.

Therefore, applying these values and the Equation 4.4,
Cmδ𝑒 = -4·1·0.6·0.5
Cmδ𝑒 = -1.2 rad-1

4.1.4. Stick-fixed neutral point for a canard configuration
The Stick-Fixed Neutral Point (Xn) can be obtained from Equation 4.3 when the
slope of the moment curve becomes 0 (Cm𝛼 = 0). I.e., to obtain Xn it’s necessary
to put the condition of Cm𝛼 = 0. So, the Equation 4.3 is equal to 0. Remind that
the reference location is the CG (center of gravity).

0 = Vh·CL𝛼h + Cm𝛼ac - CL𝛼w·

𝑋𝑎𝑐 + 𝑋𝑐𝑔
𝑐

Developing this expression and decomposing the Vh in its initial formula (seen in
section 4.1.1.), the non-dimensionalized Stick-Fixed Neutral Point (𝑋n) can be
expressed by the following Equation 4.5:

(𝑙ℎ𝑤−𝑋𝑎𝑐)

𝑋n =

𝑐

𝑆ℎ·𝐶𝐿αℎ + 𝑆(𝐶𝑚α𝑎𝑐−
𝑆ℎ·𝐶𝐿αℎ + 𝑆·𝐶𝐿α𝑤

𝑋𝑎𝑐
𝑐

𝐶𝐿α𝑤)

(4.5)

Where,
●

lhw = Arm between the aerodynamic center of the canard and the wing
lhw = lh + Xcg + Xac = 3.630 + 1.1 + 0.648 → lhw = 242/45 m = 5.378 m
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So, applying this value, the known parameters and the Equation 4.5,

(

𝑋n =

242
45

− 0.648)

0.648

·15·4 + 35(0− 2.593 ·4)

2.593

15·4 + 35·4

𝑋n = 0.372

Remember that this is the non-dimensionalized Stick-Fixed Neutral Point. Thus,
to obtain the dimensionalized parameter, it’s necessary to multiply the 𝑋n for the
Mean Aerodynamic Chord (Equation 4.6). So,

Xn = 𝑋n·c

(4.6)

Xn = 0.372·2.593
Xn = 0.965 m

In addition, knowing the non-dimensionalized Stick-Fixed Neutral Point, the
Static Margin (

𝑑𝐶𝑚𝑐𝑔
𝑑𝐶𝐿

) can be calculated by the following Equation 4.7:

𝑑𝐶𝑚𝑐𝑔
𝑑𝐶𝐿
𝑑𝐶𝑚𝑐𝑔
𝑑𝐶𝐿

=

𝑑𝐶𝑚𝑐𝑔
𝑑𝐶𝐿

= 𝑋cg - 𝑋n
1.1
2.593

(4.7)

- 0.372

= 0.052

Once finalized this section (4.1. Longitudinal static stability & control), it can
be concluded that the two conditions to achieve a stable aircraft have been
met. So, the e-VTOL is STABLE in terms of longitudinal static stability &
control.
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4.2. Lateral-directional static stability
The lateral-directional static stability is defined as the rotation in the axes x and
z. I.e., the lateral-directional static stability and longitudinal static stability are
opposite. While the longitudinal is the rotation in axis y, lateral-directional is the
rotation in x and z.
Moreover, “it is also essential to note that in the lateral-directional case the
moments associated with the rotations about the x and z axes are coupled. This
implies that, for example, the roll angular velocity, p, generates an aerodynamic
moment about its axis (roll moment), as well as a z-axis aerodynamic moment
(yaw moment). Similarly, the yaw angular velocity, r, generates an aerodynamic
moment on its axis (yaw moment), as well as on the x axis (roll moment)” [10].
Therefore, having a vertical tail (Vtail) it’s extremely important because it helps
to control the stability, the control and the behaviour of the aircraft. A vertical tail
helps in terms of yaw engine fault and gives more versatility in maneuverability.
The preliminary sketches of the e-VTOL don’t have a vertical tail. Thus, for this
project it has been decided to make a preliminary design of the possible vertical
tail that the e-VTOL could have. To do this, this preliminary design has been
made with the help of a vertical and horizontal queue design book and,
subsequently, a simulation has been developed using the ANSYS software.
With this simulation, Cl vs. AoA and Cd vs. AoA graphics could be plotted. In
addition, with the Cl vs. AoA graphic, the Cl𝛼t could be extract to then make the
calculations of lateral-directional stability.
Thereupon, in this section there will be two subsections: on the one hand, the
study of the vertical tail design. On the other hand, the calculations and study of
the different coefficients of the lateral-directional static stability.
Previously, it’s important to clarify that the parameters and variables related to
the vertical tail will be represented by a “v”.

4.2.1. Vertical tail design
The Aerodynamic Department [12] established that the vertical tail will have a
surface of 3.5 m2 (Sv = 3.5 m2) and an airfoil NACA 0009. From these two data
and with the help of the book Chapter 6. Tail Design [11], all the variables of the
vertical tail can be calculated and determined.
To go into the election of parameters, it’s important to have a visualization of all
of them in the design of the aircraft (see Fig. 4.4).
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Fig. 4.4: The vertical tail parameters [11]
1. Tail arm (lv):
The tail arm, as it could be seen in the previous section, is linked with the
vertical tail volume. So, according to the book [11], the typical vertical tail
volumes romain between 0.02 and 0.14.
Moreover, at the moment to calculate and elaborate the preliminary design of an
aircraft, it’s interesting to have a reference and begin with values of similar
aircrafts. Therefore, according to the source Chapter 6. Tail Design [11], the
aircraft that uses a NACA 0009 (the same airfoil as the e-VTOL of this project)
is the Cessna 177 which is a similar aircraft to the e-VTOL. Thus, the vertical
tail volume of the Cessna 177 that it uses is 0.14. Thereupon, with the vertical
tail volume, the tail arm can be calculated:
Vv =

𝑆𝑣𝑙𝑣
𝑆𝑐

→ lv =

𝑉𝑣𝑆𝑐
𝑆𝑣

=

0.14·2.593·35
3.5

→ lv = 98/27 m = 3.63 m

2. Incidence:
Following the common procedures of aircraft design according to the examples
that appear in the book [11], it will be 0 as the wing incidence. Incidence = 0
3. Aspect ratio (ARV):
To calculate the aspect ratio of the vertical tail, it’s interesting to know the ratio
between the wing surface and the vertical tail surface which is Sv/S = 35/3.5 =
0.1. Now, with this value, it’s possible to estimate an aspect ratio. Seeing the
different examples that the book [11] provides, there is a table with them that
relates the surface ratio with the aspect ratio. So, the closest surface ratio to the
calculated 0.1 of the e-VTOL is the one from Cessna 177 which is 0.107.
Therefore, the Cessna 177 has an aspect ratio of 1.41. So, taking into account
this relation between surface ratio and aspect ratio and the strong proximity of
the two surface ratio values -the Cessna 177 one and the calculated one of the
e-VTOL-, it has been decided that the aspect ratio from Cessna 177 is the one
that will be used for this vertical tail design. → ARv = 1.41
Once the aspect ratio is determined, the bv (see Fig. 4.4) can be calculated by
the following expression extracted from [11]:
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ARv =

𝑏𝑣

→ bv =

𝑆𝑣

𝐴𝑅𝑣𝑆𝑣 = 1. 41·3. 5 → bv = 2.221 m

Finally, knowing the bv and the ARV it’s possible to know the vertical tail mean
aerodynamic chord (Cv) with the expression that relates the Cv, bv and ARV:
ARV =

𝑏𝑉
𝐶𝑣

→ Cv =

𝑏𝑣
𝐴𝑅𝑣

=

2.221
1.41

→ Cv = 0.635 m

4. Taper ratio (𝜆 v):
Following the common procedures of aircraft design according to the examples
that appear in the book [11], the vertical tail taper ratio is equal to the canard
taper ratio that is equal to the wing taper ratio. So, 𝜆 v = 𝜆 w = 𝜆 h = 0.5
5. Root chord (Cv_root):
Knowing the vertical tail mean aerodynamic chord and the taper ratio, it’s
possible to find the root chord with the following expression:
2

Cv =

2
3

Cv_root =

Cv_root(
3
2

1 + λ𝑣 + λ𝑣
1 + λ𝑣

·0.635·(

) → Cv_root =

1 + 0.5
2

1 + 0.5 + 0.5

3
2

Cv(

1 + λ𝑣
2

1 + λ𝑣 + λ𝑣

)

) → Cv_root = 0.816 m

6. Tip chord (Cv_tip):
It’s possible to know the tip chord with an expression extracted from source [11]
that relates the tip chord and the root chord with the taper ratio. So, with the
values of the taper ratio and the root chord, it’s possible to calculate the tip
chord:
𝜆v = Cv_tip/Cv_root → Cv_tip = 𝜆vCv_root
Cv_tip = 0.5·0.816 → Cv_tip = 0.408 m
7. Sweep angle (𝛬 v):
According to Chapter 6. Tail Design [11], the most common sweep angles
(illustrated in Fig. 4.4) oscillate between 33º and 36º. There are others aircrafts
that have a sweep angle of 40º or 45º or 55º. Being faithful to the similarity of
the aircraft and sharing many similar parameters, it has been decided to opt for
a sweep angle of 35º like the Cessna 177. Besides, this value is within the
usual range that aircrafts have. So, 𝛬 v = 35º
8. Dihedral angle (𝛤 v):
Using a dihedral angle would break the left-right symmetry of the aircraft.
Therefore, it will be 0 (as the wing dihedral angle). So, 𝛤 v = 0
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Once all these parameters are calculated and established, the vertical tail can
be builded as a 3D sketch with the software SOLIDWORKS. In the following
figure (Fig. 4.5) it can be seen the vertical tail in 3D applying all these
parameters and calculations. In the Appendix IV.B there are more photos of the
3D vertical tail viewed from different angles and with different zooms.

Fig. 4.5: The vertical tail built with the
software SOLIDWORKS

Fig. 4.6: The vertical tail showing 𝛬v
and bv parameters

Before beginning with the CFD, it’s interesting to mention that in this project it
has been thought to install the rudder in the tail.
Once the vertical tail is designed and modeled, the simulation has to be done.
The simulation consists of a CFD (Computational Fluid Dynamics) with the
software ANSYS. The election of this software was taken because it has
precision and accuracy and it was recommended by coworkers with experience
in ANSYS. In addition, there was the possibility to do the simulation with the
SOLIDWORKS. But it’s a primitive program in terms of CFD and the results are
not accurate and precise. The SOLIDWORKS CFD is used to have initial results
and an initial idea.
ANSYS has two types of CFD simulation: 2D and 3D. On the one hand, in the
3D simulation, once the 3D solid has been built, it’s necessary to design the
volume control around the 3D solid. On the other hand, with the 2D it’s
necessary to plot the airfoil (in this case the NACA 0009) and make a contorn
with a semicircle and a rectangle. The semicircle it’s important because it
achieves that the fluid falls upon the airfoil in the same way on all sides. In the
following figures (Fig. 4.7 and Fig. 4.8) it can be seen the 3D and 2D contours.
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Fig. 4.8: 2D Contorn

Then, the next step is the meshing. It’s mandatory to elaborate a mesh. For
both (3D and 2D), the mesh has cells of 5 cm, an inflation with 10 layers and a
mesh sizing. For the mesh sizing: on the one hand, the 3D has the sizing
around the body with cells of 5 cm of size. On the other hand, the 2D has the
sizing in the edge of the airfoil with 200 number of divisions. Moreover, both
meshes have the capture curvature activated. In the following figures (Fig. 4.9,
4.10, 4.11 and 4.12) there are both meshes. In the Appendix IV.A there are
more photos of the mashes from different angles and with different zooms.

Fig. 4.9: 3D mesh

Fig. 4.10: 2D mesh
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Fig. 4.11: Zoom in airfoil of 3D mesh

Fig. 4.12: Zoom in airfoil of 2D mesh
Once the mesh is generated, it’s time to do the simulation with the ANSYS
setup. The achieved results were extracted with the 2D simulation due to the
fact that the version ANSYS Student has a limit of a maximum 512000 cells. So,
the 3D mesh exceeded this limit and a less precise and accurate mesh gave
nonsense and incoherent results because of this lack of accuracy and precision.
Therefore, it was decided to generate the 2D simulation which didn’t exceed the
maximum limit and had the precise and accurate mesh.

Fig. 4.13: Setup 2D simulation
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The obtained results are presented in the following table (Table 4.2). Plotting
these values of CL and CD, the following graphics have been obtained (Fig. 4.13
and Fig. 4.14).
Table 4.2. ANSYS 2D simulation results
Angle of attack

Drag Coefficient

Lift Coefficient

0

0.011934745

-0.004505117

1

0.012114561

0.092124671

2

0.012679173

0.22094209

3

0.014009337

0.31829699

4

0.016266427

0.41314233

5

0.020174983

0.50638779

6

0.026948638

0.60531450

7

0.055782259

0.70330307

10

0.23273262

0.9809384

12

0.26353192

1.1261992

13

0.12746593

-

Fig. 4.14: CD vs AoA
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Fig. 4.15: CD vs AoA
As it can be appreciated in both graphics, the CD and CL curves are reasonables
and give a coherent result for the behaviour of the vertical tail.
On the one hand, in the case of the drag coefficient vs. angle of attack (Fig.
4.13), the CD creases with the AoA as the expected behaviour (i.e., as accorded
to the theory). As it can be observed, there is a strong growth between the
angle 7º and the angle 10º. But it is still a reasonable result.
On the other hand, in the case of the lift coefficient vs. angle of attack (Fig.
4.14), the CL creases with the AoA and, at a determined angle, the curve falls
as the expected behaviour (i.e., as accorded to the theory). Thus, it can be
concluded that the vertical tail stall AoA (𝛼stall) is 12º. When the vertical tail
reaches an AoA of 12º, it will enter in stall. Hence, the vertical fin must not
operate in any case beyond 12º sideslip angle. In addition, it’s important to
calculate the CL𝛼v from the graphic because it’s going to be useful to calculate
and study the lateral-directional static stability. For it, the slope of the CL has to
be extracted with the help of Excel tools and then converted to radians because
the graphic is expressed in degrees. So, CL𝛼v = 5.449 rad-1.

4.2.2. Moment coefficients
Knowing the design parameters of the vertical, the parameters from Table 4.1
and CL𝛼v, it’s possible to study and calculate the different moments.
The moment coefficients that are going to be explained are calculated in
stationary, rectilinear and non-symmetric flight conditions with constant mach
number M and angle of attack 𝛼, projected on the so-called stability axes. So,
they are going to depend by the following parameters: 𝛽 (slip angle), 𝛿𝑎 (aileron
deflection) and 𝛿r (rudder).
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4.2.2.1. Total lateral force coefficient
The total lateral force coefficient is expressed by the following expression
(Equation 4.8):
CY = CY0 + CYββ + CYδ𝑎𝛿𝑎 + CYδ𝑟𝛿r

(4.8)

Where,
●

CY0:

It’s equal to 0 for symmetric airplanes. The e-VTOL of this project is symmetric.
So, CY0 = 0
●

Derivative of lateral force coefficient with respect to 𝛿 a:

In most cases it’s considered negligible. So, CYδ𝑎 = 0

●

Derivative of lateral force coefficient with respect to β:

The CYβ can be calculated with the following formula extracted from [5]:
CYβ = (CYβ)wb + (CYβ)v

(4.9)

But, the calculation complexity of (CYβ)wb which is the wing-fuselage assemblies,
implies assuming that (CYβ)wb << (CYβ)v. This last one coefficient represents the
vertical tail contribution. So, CYβ = (CYβ)v. Finally, according to the book of Flight
∂σ
Mechanics [5] and assuming that ∂β = 0 :
CYβ = (CYβ)v = -CL𝛼v·𝜂·
CYβ = -5.449·1·

3.5
35

𝑆𝑣
𝑆

(1 +

∂σ
∂β

)

(4.10)

(1 + 0)

CYβ = -0.545

●

Derivative of lateral force coefficient with respect to 𝛿 r:

The CYδ𝑟 can be calculated with the following expression (Equation 4.11)
extracted from source [5] (where 𝜏r = 0.5 → Assumed value taking it from UAV
Phoenix):
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CYδ𝑟 = -CL𝛼v·𝜂·
CYδ𝑟 = -5.449·1·

𝑆𝑣
𝑆
3.5
35

·𝜏r

(4.11)

·0.5

CYδ𝑟 = -0.272

4.2.2.2. Total roll aerodynamic moment coefficient
The total roll aerodynamic moment coefficient is expressed by the following
expression (Equation 4.12):

Where,
●

Cl = Cl0 + Clββ + Clδ𝑎𝛿𝑎 + Clδ𝑟𝛿r

(4.12)

Cl0:

It’s equal to 0 for symmetric airplanes. The e-VTOL of this project is symmetric.
So, Cl0 = 0
●

Dihedral effect:

This value is extracted from the CFD simulation of the wings. This aspect
escapes from the investigation of this project. Thereupon, in the absence of
simulation, it has been decided to look for an aircraft similar to the e-VTOL of
this project and use its value for the preliminary study. However, this value is
very small, close to zero. Therefore, being a value close to zero, if this
coefficient were neglected, it would not be a determining parameter that
unbalances the lateral-directional static stability. The similar decided aircraft
was the UAV Phoenix which has the (Cl𝛽)sim equal -0.0002 rad-1. So, for the
e-VTOL → Cl𝛽 = -0.0002 rad-1
●

Side control power:

According to the sign criteria of the Fig. 2.4, the side control power has to be
positive (Clδ𝑎 > 0). This coefficient can be calculated following the Prandtl’s long
wing theory:

Clδ𝑎 =

2𝐶𝐿α𝑤τ𝑎𝑐
𝑆𝑏

2

⎡𝑦 +
⎢ 2
⎣

2
3

( )

Where (remembering that 𝜆 is the taper ratio),

λ−1
𝑏

𝑏𝑎𝑜

3
𝑦 ⎤⎥
⎦𝑏

𝑎𝑖

(4.13)
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bao and bai = Limits in y integration which would be the y coordinate of the
tip of the wing (bao = initial position without the aileron deflection) and of
the root (bai = final position with the aileron deflection). See a
representation in Appendix IV.C.
𝜏 a = 0.5 → Assumed value (taking the UAV Phoenix value).

Taking into account that Prandtl's theory goes from -b/2 to b/2, it’s possible to
delimitate the expressions with limits going from 0 to b/2. If the limits are these
last ones, the expression has to be multiplied by 2 because there are two wings
and the limits 0 to b/2 contempl one wing coordinates. So, considering this
explanation, bao = b/2 = 7 m. On the other hand, bai will be smaller than bao
(visual representation in Appendix IV.C). Finally, the Equation 4.9 will be
multiplied by 2.
70

Clδ𝑎 = 2·

2·4·0.5· 27
35·14

2

⎡𝑦 +
⎢ 2
⎣

2
3

(

0.5−1
14

)

𝑏𝑎𝑜

3
𝑦 ⎤⎥
⎦𝑏

𝑎𝑖

Being a preliminary design study, in the aerodynamic project study, the ailerons
haven't been designed and, as consequence, the deflection either. So, in this
flight mechanics study, a Matlab code (Appendix III.B) has been elaborated to
observe how the side control changes respect to the aileron deflection.

Fig. 4.16: Side Control Power in function of the Aileron Deflection
In the graphic it can be seen an aileron deflection that goes from 0 m to 0.7 m
(from 7 m to 6.3 m). Actually, the deflection won’t be as pronounced as it is
represented in the graphic. I.e., in reality, it’s difficult for an aircraft to achieve an
aileron deflection of 0.7 m. Nevertheless, it has been decided to take into
account the most adverse and restrictive condition in order to guarantee the
greatest possible safety and security. So, on the one hand, for an aileron
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deflection of 0.7 m, the coefficient will be 0.338 rad-1. On the other hand, for a
standard aileron deflection of 0.3 m, the coefficient is 0.151 rad-1. However, it’s
not probable that an aircraft has 0 m aileron deflection. So, the minimum
considered deflection in this project will be 0.05 m with a coefficient of 0.026
rad-1.
●

Derivative of the balance moment coefficient with respect to 𝛿 r:

The Clδ𝑟 can be expressed by the following expression according to source [5].

Clδ𝑟 = CYδ𝑟

ℎ𝑣
𝑏

= -CL𝛼v·𝜂·

𝑆𝑣ℎ𝑣
𝑆𝑏

·τ𝑟

(4.14)

Where (remembering that 𝜂 = 1 and the CL𝛼v has been calculated with ANSYS),
○

hv = Distance between the aerodynamic center of vertical tail and xs axis
hv = zacv - zcg = 0.987 - 0.95 → hv = 0.037
On the one hand, the zacv has been calculated with the SOLIDWORKS
taking into account that the aerodynamic center is at 25% of the mean
aerodynamic chord. On the other hand, for the zcg is the z coordinate of
the center of gravity that is approximately 0.95 m.

○

𝜏 r = 0.5 → Assumed value (taking the UAV Phoenix value).

Clδ𝑟 = -5.448828632·1·

3.5·0.037
35·14

·0.5

Clδ𝑟 = -7.194·10-4 rad-1

4.2.2.3. Total yaw aerodynamic moment coefficient
The total yaw aerodynamic moment coefficient is expressed by the following
expression (Equation 4.15):
Cn = Cn0 + Cnββ + Cnδ𝑎𝛿𝑎 + Cnδ𝑟𝛿r

(4.15)

Where,
●

Cn0:

It’s equal to 0 for symmetric airplanes. The e-VTOL of this project is symmetric.
So, Cn0 = 0
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Directional static stability index with fixed controls:

In situations of perturbations in slip (β), the sign of this coefficient is related with
the sign of the partial derivative of the total yaw moment with respect to the slip
angle

( )
∂𝐶𝑛
∂β

[10]. Therefore, there are three possibilities of behaviour:
δ𝑟

1. Cnβ > 0 → STABLE
2. Cnβ < 0 → UNSTABLE
3. Cnβ = 0 → INDIFFERENT BEHAVIOUR
When it’s positive the aircraft is stable because for a positive slip angle, the
behaviour of the aircraft tends to eliminate the perturbation through the positive
rotation [10]. So,
Cnβ = (Cnβ)wb + (Cnβ)v

(4.16)

Where,
●

(Cnβ)wb = Represents the wing-fuselage assemblies
For the same reasons as in the dihedral effect, the UAV Phoenix value
will be used. So, (Cnβ)wb = 0.046 rad-1

●

(Cnβ)v = Represents the vertical tail contribution (assuming
(Cnβ)v = -(CYꞵ)v

𝑙𝑣
𝑏

= CL𝛼v·𝜂·Vv(1 +

(Cnβ)v = 0.763 rad

∂σ
∂β

∂σ
∂β

= 0) [10]

) = 5.449·1·0.14(1 + 0) →

-1

So,
Cnβ = 0.046 + 0.763
Cnβ = 0.809 rad-1

It can be concluded that the aircraft will be statically and directionally stable
because Cnβ > 0.
●

Adverse yaw:

If the lateral command hasn’t been designed carefully, the adverse yaw
derivative is negative (Cnδ𝑎 < 0). “The negative sign of this stability derivative
implies that when a pilot wants to make, for example, a turn to the right, he
actuates the lateral stick to the right. This causes a positive aileron deflection
that generates a positive roll moment but, at the same time, a negative yaw
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moment, the latter opposing the desired turn” [10]. However, the desired result
is an adverse yaw equal to 0 (Cnδ𝑎 = 0). It can be achieved using spoilers or
using ailerons with differential deflection. So, for this project has been decided
that → Cnδ𝑎 = 0
●

Rudder control power:

The Cnδ𝑟 can be expressed by the following expression according to source [5].
According to the used sign criteria, it has to be positive Cnδ𝑟 > 0.

Cnδ𝑟 = -CYδ𝑟

𝑙𝑣
𝑏

= CL𝛼v·𝜂·Vv·τ𝑟

Cnδ𝑟 = 5.449·1·0.14·0.5
Cnδ𝑟 = 0.381 rad-1

(4.17)
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CHAPTER 5. MANEUVERS
In this chapter, 4 types of maneuvers will be studied: jerk & turn with fixed
controls, pitch, roll and yaw. For it, the results of the previous chapter are going
to be taken into account and discussed in terms of maneuvers.

5.1. Jerk & turn with fixed controls
Jerk and turn maneuvers (both for symmetric flight) imply variations of the angle
of attack at a constant speed. Therefore, the variable of these two maneuvers is
the load factor (n) which is the ratio of the lift to weight (n = L/W). Moreover,
apart from the load factor, there is another variable that has to be taken into
account which is the damping effect due to pitch angular velocity q.
Thereupon, while the aircraft is cruising, according to the force diagram (Fig.
3.8), the lift and the weight are compensated, i.e., are equal. So, in cruise, if the
L and W are equal, the load factor is equal to 1 (n = 1). Otherwise, when the
airplane is not cruising, the load factor is not equal to 1. In fact, while the aircraft
is turning, the load factor increases. So, to study how the load factor can affect
these two maneuvers and to the stability, the following equation extracted from
the book of Flight Mechanics [5] has been applied (Equation 5.1).

(Cm𝛼)V = Cm𝛼 + Cm𝑞CL𝛼w·

ρ𝑆𝑔𝑐
4𝑊

·φ’(n)

(5.1)

Where,
●

Cm𝛼 = -0.297 rad-1 → Calculated in the previous chapter

●

Cm𝑞 = Pitch damping
Cm𝑞 =

2𝑉
𝑐

Cmq =

2𝑉
𝑐

·1.1(Cmq)t = -1.1Vh·𝜂1/2·CL𝛼h·

2𝑙ℎ
𝑐

98

= -1.1·0.6·11/2·4·

2· 27
70
27

→

Cm𝑞 = -7.392
●

φ’(n):
i.
Jerk → φ’(n) = 1
ii. Turn → φ’(n) = 1 + (1/n2)

So, depending on the maneuver, the longitudinal static stability index will
change. To have a stable aircraft, the index has to be negative ((Cm𝛼)V < 0). So,
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5.1.1. Jerk
“The jerk is like the first half of a normal loop and starts when entering speed
into a loop is reached” [16].

(Cm𝛼)V = -0.297 - 7.392·4·

1.225·35·9.80665·2.593
4·31381.28

·1

(Cm𝛼)V = -0.554 rad-1

So, it can be concluded that for a symmetric jerk the e-VTOL will be STABLE
because (Cm𝛼)V < 0.

5.1.2. Turn
(Cm𝛼)V = -0.297 - 7.392·4·

1.225·35·9.80665·2.593
4·31381.28

·[1 + (1/n2)]

To study how the load factor influence the turn maneuver, a Matlab code has
been elaborated (Appendix III.B) to plot a graphic with the variance of (Cm𝛼)V.

Fig. 5.1: Longitudinal Static Stability with Fixed Controls vs Load Factor for Turn
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As it can be seen in the graphic, the index is negative for all the values of load
factor ((Cm𝛼)V < 0). Hence, it can be concluded that the e-VTOL will be
STABLE for all the load factor values.

5.2. Pitch
The pitch maneuver is an up and down movement of the aircraft. So, to study
the pitch, it’s necessary to remember the Equation 4.1 and the values of the
coefficients:
Cm = Cm0 + Cm𝛼·𝛼 + Cmδ𝑒·𝛿e
Cm0 = 0.02 ; Cm𝛼 = -0.297 rad-1 ; Cmδ𝑒 = -1.2 rad-1
It has taken into account the hypotheses of rectilineal, symmetrical and
stationary flight with a constant load factor. Besides, there are two variables in
the Equation 4.1: the 𝛼 and the 𝛿e which has a range of 𝛿e = ± 30º = ± 𝜋/6. So,
with these conditions, the following graphics have been plotted with a Matlab
code (Appendix III.B). Moreover, “when evaluating the canard size for the
design mission weight and CG-location, then the elevator should be in trail (i.e.
𝛿e = 0). This contribution is used to accommodate off-design flight and weight”
[9]. Thus, in the Appendix IV.D there is a graphic of only the plot from 𝛿e = 0.

Fig. 5.2: Pitching Moment Coefficient (Cm) vs AoA for a Canard for a given 𝛿e

50

e-VTOL aircraft concept design - Flight Mechanics

Fig. 5.3: Pitching Moment Coefficient (Cm) vs Trim Angle for a Canard for 𝛼 = 0º
As it can be observed in both graphics, the maximum Cm is achieved for an
angle of attack equal to 0 (𝛼 = 0º). So, for the e-VTOL the maximum Cm through
the trim angle will be:

Cm_max = 0.02 - 1.2·±

π
6

→ Cm_max1 = 0.648
→ Cm_max2 = -0.608

“Whereas, due to the longitudinal and statically stable behavior of the aircraft,
the positive or negative angle of attack of the wing-fuselage assembly
contributes to the negative or positive aerodynamic moment, respectively” [10].
Considering the trim angle and the cruise conditions (U = 89.408 m/s), the
maximum pitching moment is the following:

MA = qScCm =

1
2

⍴U2ScCm =

1
2

·1.225·89.4082·35·2.593·Cm_max{i}

MA1 = 288037.882 Nm
Ma2 = -270266.501 Nm
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5.3. Roll
The roll maneuver is the rolling movement that the aircraft does in the
longitudinal axis. So, to study the roll, it’s necessary to remember the Equation
4.12 and the values of the coefficients:
Cl = Cl0 + Clββ + Clδ𝑎𝛿𝑎 + Clδ𝑟𝛿r
Cl0 = 0 ; Cl𝛽 = -0.0002 rad-1 ; Clδ𝑟 = -7.194·10-4 rad-1
Clδ𝑎 ∈ [0.026 , 0.338] rad-1
Applying the conditions of maximum aileron deflection (𝛿𝑎_max = ± 20º = ± 𝜋/9
rad), maximum rudder (𝛿r_max = ± 30º = ± 𝜋/6 rad), null slip angle (β = 0) and a
side control power coefficient for the standard aileron deflection commented
previously (aileron deflection = 0.3 m with a Clδ𝑎 = 0.151 rad-1), the maximum roll
coefficient is the following:

Cl = 0.151· ±

π
9

- 7.194·10-4· ±

π
6

Cl = ± 0.052

Considering the cruise conditions (U = 89.408 m/s), the maximum roll moment
is the following:

LA = qSbCl =

1
2

·⍴U2SbCl =

1
2

·1.225·89.4082·35·14·± 0.052

LA = ± 125413.202 Nm

5.4. Yaw
The yaw maneuver is the left-right movement of the aircraft. So, to study the
yaw, it’s necessary to remember the Equation 4.15 and the values of the
coefficients:
Cn = Cn0 + Cnββ + Cnδ𝑎𝛿𝑎 + Cnδ𝑟𝛿r
Cn0 = 0 ; Cn𝛽 = 0.809 rad-1 ; Cnδ𝑎 = 0 ; Cnδ𝑟 = 0.381 rad-1
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Applying the conditions of maximum aileron deflection (𝛿𝑎_max = ± 20º = ± 𝜋/9
rad), maximum rudder (𝛿r_max = ± 30º = ± 𝜋/6 rad) and null slip angle (β = 0), the
maximum yaw coefficient is the following:

Cn = 0.381· ±

π
6

Cn = ± 0.19971

Considering the cruise conditions (U = 89.408 m/s), the maximum yaw moment
is the following:

NA = qSbCn =

1
2

·⍴U2SbCn =

1
2

·1.225·89.4082·35·14·± 0.19971

LA = ± 479131.523 Nm
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CHAPTER 6. CONCLUSIONS
The first e-VTOL aircraft was patented in 1928 by Nikola Tesla and, since then,
these aircrafts have developed and varied throughout the decades. Nowadays,
the actual necessity to use these aircraft has became with the new idea of
aerotaxi. In addition, several companies that are working on these aircrafts are
focusing on electrical engines due to the fact that global warming is impacting
the Earth. Otherwise, the e-VTOL of this project is intended to also be a rescue
plane.
Due to the symmetry of the e-VTOL (which is symmetric), the different
equations of motion have been established with the condition of a symmetric
aircraft. In addition, the different body and wind axes have been stipulated in the
prototype of the e-VTOL of ONAerospace.
Then, with the power calculated in the Propulsion Department [13], it has been
checked that the aircraft will take-off because the generated thrust is greater
than the weight of the aircraft. In addition, it has been proven that during the
transition performance, there is a loss of lift because the rear engines are tilting,
but this tilt will introduce a forward thrust that will allow the wings and canards to
start generating lift.
Next, on the one hand, in terms of longitudinal stability and control, after all the
calculations of all the moment coefficients, it can be concluded that this e-VTOL
is totally stable. To reach a longitudinal stability and control, it’s mandatory to
achieve a positive coefficient of moment zero AoA (Cm0 > 0) and a negative
change in coefficient of pitching moment due to AoA (Cm𝛼 < 0). Therefore, this
e-VTOL meets these two conditions. Hence, it’s longitudinally stable. But, to
reach stability, there has been a joint work with the Aerodynamic Department
[12]. He was calculating the different wing and canard parameters with a CFD
simulation and then, in this project, these parameters were checked to see if
these two conditions were met. To have a stable aircraft, different parameters
modifications have been carried out because with the first and the following
delimitations and variables, the aircraft was not stable.
On the other hand, to calculate and discuss the lateral-directional stability and
control, a vertical tail CFD simulation has been made. Before the CFD
simulation, the different parameters have been determined following the design
steps for a vertical tail and the two parameters determined in the aerodynamic
project [12]: a NACA 0009 airfoil and a surface of 3.5 m2. One of the conditions
to achieve lateral-directional stability and control is to reach a positive
directional static stability index with fixed controls (Cnβ > 0). Thereupon, the
e-VTOL of this project meets this condition and, as consequence, is stable in
terms of lateral-directional stability. It’s interesting to comment, being a
preliminary concept design, in the Aerodynamic Department no data has been
obtained from the ailerons. So, there is no data for the ailerons deflection that is
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used to study the side control power (Clδ𝑎). Thus, a graphic of the Prandtl’s
theory in function of the aileron deflection has been plotted to observe how the
aileron deflection can affect to this coefficient.
Finally, the different maneuvers have been studied. Firstly, it can be concluded
that the e-VTOL aircraft is totably stable in jerk and turn maneuvers. The
condition to meet for stability is that the longitudinal static stability index with
fixed controls ((Cm𝛼)V) has to be negative ((Cm𝛼)V < 0). So, the aircraft has a
negative coefficient. Then, for pitch, roll and yaw, the different total coefficients
have been calculated with the calculus from the chapter of stability and control.
Following, with these total coefficients, the different moments have been
calculated. It can be observed that the yaw maneuver reaches the greater
moment and the roll maneuver reaches the lowest one.

6.1. Future
The future work for this project is keeping with the aircraft concept design and
investigating the better implementations and improvements.
Now the project is in its preliminary stages. So, now it’s time to do several
calculations to satisfy the different basic conditions of design. Therefore, this
project and the other 3 divisions are the develop scale prototype. Following, will
be the testing scale prototype. Then, the development functional prototype.
Next, testing the functional prototype and, finally, the first unit ONA.
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Appendix I. Anatomy of a STOL aircraft
A. Wings
As it has been mentioned in the last section, STOL aircrafts perform at low
speeds. Thereupon, STOL aircrafts use wings with vortex generators, flaps,
slats, slots. Moreover, wings usually are large because of aircraft weight.
Nevertheless, according to Chris Heintz [4], relatively short wings achieve an
easier performance in taxi, specially in off-airport environments.
A.1 Leading edge slats
Using slats and flaps, the aircraft can achieve a higher lift coefficient and, in
consequence, a delayed stall speed. Thus, higher lift coefficient, higher angle of
attack. So, as the STOL aircrafts work with a low stall speed, delaying it with
slats and flaps, they can further reduce the runway length. Besides, angle of
attack can be doubled if the aircrafts had wings without flaps and slats (see Fig.
1.2). Moreover, in cruise, higher lift coefficient, lower drag penalty.

Fig. I.1: Lift Coefficient vs. Airfoil Angle of Attack [4]
The increase of drag created through the space between the slat and the wing
depends on the amount of air. It’s necessary to achieve minimum drag in cruise
and maximum lift in take-off and landing. There isn’t lost energy due to that the
air doesn’t flow between slat and wing if the amount of air pressure at the top
and the bottom of the wing at the leading edge is equalated in cruise. So, to
achieve this equalization it is necessary “slight trailing edge upward deflection of
the wing flap” [4].
Chris Heintz [4] also affirms that thick wing chords provide high lift, and,
moreover, maximum strength and low weight.
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A.2 Wing tips
The usual wing tips found in STOL aircrafts are the Dropped Wing Tips (see
Fig. 1.3).

Fig. I.2: Raised and Dropped Wing Tips [4]
There are other types of wing tips that are called Hoerner Wing Tips that
“provide the largest effective span for a given geometric span or a given wing
weight” [4] due to a 45 degrees cut (see Fig. 1.4).

Fig. I.3: Hoerner Wing Tips [4]
B. Controls
B.1 Flaps, Ailerons and Flaperons
In STOL aircrafts, flaperons are used which act as span ailerons and full span
flats. Specifically, “Junker” aileron/flap (see Fig. 1.5) are used to avoid the loss
control capacity that happens in conventional aileron/flap because it deflects in
a non-aerodynamic active boundary layer [4]. Furthermore, this type of
flaperons is effective in high angles of attack.
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Fig. I.4: Boundary layer [4]
B.2 Horizontal tail
To achieve high angles of attack, STOL aircrafts need a large horizontal tail and
it has to be pushed down more than conventional ones. In addition, to achieve
negative lift coefficient, there is the need to have an inverted stabilizer airfoil
and a virtual venturi (Fig. 1.6) [4].

Fig. I.5: Stabilizer and virtual venturi [4]
B.3 Rudder
In STOL aircrafts, an all-vertical tail (rudder) is a favorable option for its
extraordinary crosswind capability. Because, “with a STOL design, when the
crosswind is higher than the aircraft’s stall speed, the airplane can be faced into
the wind and literally take-off vertically” [4].
B.4 Short take-off and landing
To perform take-off and landing there are two configurations: tailwheel (left) and
by raising the rear fuselage call it as tricycle (right) (see Fig. 1.7). With these
two configurations, the aircraft can reach a high angle of attack.
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Fig. I.6: Landing Gear Configuration [4]
Nevertheless, the option of tricycle is better than the tailwheel one because of
the angle of attack on the runway (on the ground). I.e., as it can be seen in the
figure (Fig. 1.7), the tricycle configuration has a “neutral” angle of attack. On the
contrary, the tailwheel option has an angle of attack as a consequence of its
inclination of the fuselage. Therefore, the tailwheel option is “more susceptible
to the wind” [4].
C. Cabin and visibility
There is an interesting wing position which is “above-cab”. Ergo, wings above
the cabin. Due to this configuration of wings, there is more visibility: frontal,
horizontal and vertical. In addition, it has another benefit which is the smaller
frontal area. Thereupon, with a smaller frontal area, means “less drag (a faster
airplane with the same amount of power) and excellent controllability at low
speeds because the air is directed without disturbance from the helix to the tail”
[4].
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Appendix II. Orientations between systems
A. Orientation between Fb and Fh
The angles are:
● 𝛿1 = ɸ → roll angle (0 ≤ ɸ < 2𝜋)
● 𝛿2 = θ → pitch angle (-𝜋/2 ≤ θ < 𝜋/2)
● 𝛿3 = ψ → yaw angle (0 ≤ ɸ < 2𝜋)

Fig. II.1: Reference system between Fb and Fh [5]

(I.1)
Fig. II.2: Transformation matrix Lbh [5]

B. Orientation between Fw and Fh
The angles are:
● 𝛿1 = 𝜇 → roll angle (0 ≤ 𝜇 < 2𝜋)
● 𝛿2 = 𝛾 → pitch angle (-𝜋/2 ≤ 𝛾 < 𝜋/2)
● 𝛿3 = 𝜒 → yaw angle (0 ≤ 𝜒 < 2𝜋)
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Fig. II.3: Reference system between Fw and Fh [5]

(I.2)
Fig. II.4: Transformation matrix Lwh [5]

C. Orientation between Fb and Fw
The angles are:
● 𝛿1 = 0º
● 𝛿2 = 𝛼 → angle of attack (-𝜋/2 ≤ 𝛼 < 𝜋/2)
● 𝛿3 = -ꞵ → slip angle (0 ≤ ꞵ < 2𝜋)

Fig. II.5: Reference system between Fb and Fw [5]
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(I.3)
Fig. II.6: Transformation matrix Lbw [5]
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Appendix III. Code
A. Transition flight performance
% TRANSITION FLIGHT PERFORMANCE
% In function of the angle of attack and the free stream
velocity
clear all;
close all;
% Wake skew angle
Vw = 59.79701349; % Ultimate wake velocity [m/s]
tilt = 1:90; % Angle of attack with respect to the engine [º]
V_inf = [5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70,
75]; % Free stream velocity [m/s]
for i = 1:length(V_inf)
for j = 1:length(tilt)
WakeSkewAngle(i,j) =
atand((V_inf(i)*cosd(j))/((V_inf(i)*sind(j)) + Vw));
end
tlegend{i} = sprintf('V_{free stream} = %d m/s',V_inf(i));
end
figure(1);
hold on
plot(tilt,WakeSkewAngle,'LineWidth',1)
title('The Wake Skew Angle of the ducted fan in function of the
Tilt Angle (angle of attack respect to the ducted fan) for a
given free stream velocity')
xlabel('Tilt Angle (º)')
ylabel('Wake Skew Angle (º)')
hold on
legend(tlegend);
box on;
grid on;
% Thrust
R = 0.875; % Ducted fan radius [m]
dens = 1.225; % Density [Kg/m^3]
for i = 1:length(V_inf)
for j = 1:length(tilt)
T(i,j) = 2*dens*pi*R^(2)*sqrt(Vw^(4) +
2*V_inf(i)*sind(j)*Vw^(3) + V_inf(i)^(2)*Vw^(2));
end
figure(2);
hold on
plot(tilt,T,'LineWidth',1)
title('The Generated Thrust of a Ducted Fan in function of
the Tilt Angle (angle of attack respect to the ducted fan) for a
given Free Stream Velocity')
xlabel('Tilt Angle (º)')
ylabel('Thrust (N)')
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hold on
tlegend{i} = sprintf('V_{free stream} = %d m/s',V_inf(i));
legend(tlegend);
tlg = legend;
tlg.FontSize = 6;
tlg.NumColumns = 3;
box on;
grid on;
figure(3);
hold on
plot(tilt,2*T,'LineWidth',1)
title('The Total Generated Thrust in function of the Tilt
Angle (angle of attack respect to the ducted fan) for a given
Free Stream Velocity')
xlabel('Tilt Angle (º)')
ylabel('Thrust (N)')
hold on
lgd{i} = sprintf('V_{free stream} = %d m/s',V_inf(i));
legend(lgd);
lg = legend;
lg.FontSize = 6;
lg.NumColumns = 3;
box on;
grid on;
end

B. Stability & Control and Maneuvers
% STABILITY & CONTROL AND MANEUVERS
clear all;
close all;
%% LONGITUDINAL STATIC STABILITY
% Wing
S = 35; % Reference wing area [m^(2)]
c = 70/27; % Wing mean aerodynamic chord [m]
Cl0w = 0.1629899911; % Wing lift coefficient at zero AoA
Clalpha_w = 4; % Lift curve slope of the wing [rad^(-1)] (aw)
Xac = 35/54; % Physical location of the Aerodynamic Center [m]
Xac_c = Xac/c;
Xcg = 1.1; % Physical location of the CG [m]
Xcg_c = Xcg/c;
% Canard (horizontal tail)
Sh = 15; % Planform area of the canard [m^(2)]
ch = 14/9; % Canard chord [m]
Cl0h = 0.2165030376; % Canard lift coefficient at zero AoA
Clalpha_h = 4; % Lift curve slope of the canard [rad^(-1)] (at)
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lh = 98/27; % Arm between the aerodynamic center of the canard
and CG [m]
% Other parameters
Cm0ac = 0; % Longitudinal stability contribution of components
other than the wing
Cmalpha_ac = 0; % Longitudinal stability contribution of
components other than the wing
eta = 1; % Eta = qt/qw that is very close to 1 and is considered
equal to 1
tau = 0.5; % The assumed value from UAV Phoenix has been taken
% Previous calculations
Vh = (lh*Sh)/(c*S); % Renormalisation of canard moment
coefficient to wing area and chord scales
Cm0w = Cl0w*(Xac + Xcg)/c; % Wing pitching moment due to airfoil
camber
% Coefficients
Cm0 = Vh*Cl0h + Cm0ac - Cm0w; % Coefficient of moment at zero
AOA
Cmalpha = Vh*Clalpha_h + Cmalpha_ac - ((Xac + Xcg)/c)*Clalpha_w;
%Change in coefficient of pitching moment due to AOA
Cmtrim = -Clalpha_h*eta*Vh*tau; % Elevator authority; change in
coefficient of pitching moment due to elevator deflection
% Modeling the Pitching Moment for a Simple Wing-Canard System
alpha = (-10:20)*((2*pi)/360); % Angle of attack [rad]
trim = [-30, -20, -12, -8, -4, -2, 0, 2, 4, 8, 12, 20,
30]*((2*pi)/360); % Trim angle [rad]
for i = 1:length(trim)
for j = 1:length(alpha)
Cm(i,j) = Cm0 + Cmalpha*alpha(j) + Cmtrim*trim(i);
end
tlegend{i} = sprintf('Trim = %d º',trim(i)/((2*pi)/360));
end
figure(1);
hold on
plot(alpha/((2*pi)/360),Cm,'LineWidth',1)
title('Pitching Moment Coefficient (Cm) vs AoA for a Canard')
xlabel('Angle of Attack (º)')
ylabel('Pitching Moment Coefficient, Cm')
hold on
legend(tlegend);
box on;
grid on;
figure(2);
hold on
title('Pitching Moment Coefficient (Cm) vs AoA for a Canard')
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subtitle('For a {\delta} = 0º')
plot(alpha/((2*pi)/360),Cm(7,:),'LineWidth',1)
xlabel('Angle of Attack (º)')
ylabel('Pitching Moment Coefficient, Cm')
box on;
grid on;
% Pitching Moment for angle of attack = 0 rad = 0º to see the
variation of Cm vs trim
alpha2 = 0;
trim2 = (-30:30)*((2*pi)/360);
for i = 1:length(trim2)
Cm2(i) = Cm0 + Cmalpha*alpha2 + Cmtrim*trim2(i);
end
figure(3);
hold on
title('Pitching Moment Coefficient (Cm) vs Trim Angle for a
Canard')
subtitle('For a {\alpha} = 0º')
plot(trim2/(2*pi/360),Cm2,'LineWidth',1)
xlabel('Trim angle (º)')
ylabel('Pitching Moment Coefficient, Cm')
box on;
grid on;
% Stick-fixed Neutral Point for a Canard Configuration
lhw = lh + Xcg + Xac; % Arm between the aerodynamic center of
the canard and the wing
Xn_c = (((lh - Xac)/c)*Sh*Clalpha_h + S*(Cmalpha_ac (Xac/c)*Clalpha_w))/(Sh*Clalpha_h + S*Clalpha_w); % Xn_c = Xn/c
Xn = Xn_c*c; % [m]
% Static Margin
dCmcg_dCl = Xcg_c - Xn_c;
%% LONGITUDINAL STATIC STABILITY INDEX WITH FIXED CONTROLS
% Fixed controls in maneuver
g = 9.80665; % Gravity [m/s^2]
W = 3200*g; % Aircraft weight [N]
dens = 1.225; % Density [Kg/m^3]
n = 1:0.1:6; % Load factor
Cmq = -1.1*Vh*eta^(1/2)*Clalpha_h*((2*lh)/c); % Pitch damping
% Stationary Symmetrical Jerk
Cmalpha_v_p = Cmalpha + Cmq*Clalpha_w*((dens*S*g*c)/(4*W))*1;
% Stationary Symmetrical Horizontal Turn
for i = 1:length(n)
Cmalpha_v_t(i) = Cmalpha +
Cmq*Clalpha_w*((dens*S*g*c)/(4*W))*(1+(1/n(i)^(2)));
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end
figure(4);
hold on
plot(n,Cmalpha_v_t,'LineWidth',1)
title('Longitudinal Static Stability Index with Fixed Controls
vs Load Factor')
xlabel('Load Factor')
ylabel('(Cm{\alpha})_{v} (rad^{-1})')
hold on
box on;
grid on;
%% LATERAL-DIRECTIONAL STATIC STABILITY
x = 0:0.05:0.7;
b = 14; % Wingspan [m]
taper = 0.5; % Taper ratio
bao = b/2;
for i = 1:length(x)
bai = bao - x;
Cl_delta_a(i) =
2*((2*Clalpha_w*tau*c)/(S*b))*(0.5*bao^(2)-((taper 1)/b)*bao^(3) - (0.5*bai(i)^(2)-((taper - 1)/b)*bai(i)^(3)));
end
figure(5);
hold on
plot(x,Cl_delta_a,'LineWidth',1)
title('Side Control Power')
xlabel('Aileron Deflection (m)')
ylabel('C_{l{\delta}_{a}} (rad^{-1})')
hold on
box on;
grid on;
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Appendix IV. Figures
A. Vertical tail design SOLIDWORKS

Fig. IV.1: Plant view of the vertical tail

Fig. IV.2: View 2 of the vertical tail
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Fig. IV.3: View 3 of the vertical tail

Fig. IV.4: View 4 of the vertical tail
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Fig. IV.5: Profile view of the vertical tail

B. ANSYS

Fig. IV.6: 3D mesh zoom out
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Fig. IV.7: 3D volume contour mesh zoom in

Fig. IV.8: 3D mesh airfoil view 1
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Fig. IV.9: 3D mesh airfoil view 2

Fig. IV.10: 3D mesh airfoil view 3
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Fig. IV.11: 2D mesh zoom out

Fig. IV.12: 2D airfoil mesh
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Fig. IV.13: 2D airfoil mesh zoom

C. Aileron deflection

Fig. IV.14: Bao representation

Fig. IV.15: Bai representation (where Yi < Yo → So, bai < bao)
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D. Graph

Fig. IV.16: Pitching Moment Coefficient (Cm) vs AoA for a Canard for a 𝛿e = 0º

