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Resumo

O crescimento no incentivo de fontes de energia descarbonizada na industria da aviacao
civil, desde a aviacao de transporte até vigilancia, leva a que novos conceitos de aeron-
aves sejam desenvolvidos para uma gama diferente de aplicacoes futuras e actuais como
substuicao de conceitos ultrapassados de aeronaves ainda em uso. A electrificacio é o
futuro para propulsao de aeronaves. A aeronave do tipo eléctrico com descolagem e ater-
ragem vertical (eVTOL) tem amadurecido como alternativa para Mobilidade Aérea Ur-
bana (MAU), no transporte de mercadorias e passageiros para curto e médio alcance.

Nesta dissertacao, € proposto um projeto conceptual e preliminar de uma aeronave
eVTOL. O design é um pequeno UAV otimizado para maximizar uma func¢io objetivo,
Fopj= mpayg—g para um maior alcance e capacidade de carga. Utilizou-se uma folha de
calculo Excel para fazer um estudo paramétrico da asa com a envergadura, corda aerod-
inamica média (CAM) e coeficiente de sustentacdo como principais parametros de projeto
da asa da aeronave. Foram testadas multiplas combinac¢des dos parametros e os critérios
de selecao foram a funcao objetivo e CAM. Um compromisso entre os dois critérios foi al-
cancado ao selecionar uma asa com uma pontuagdo um pouco menor na funcio objetivo,
mas um valor de CAM superior a corda 6tima, isso foi a melhor escolha para a estrutura.
O Prop Selector foi utilizado em combinagdo com a folha de calculo para o projeto prelim-
inar da hélice, implementou-se uma configuracao de passo variavel com as caracteristi-
cas principais da asa ja conhecida. Estudou-se o desempenho da aeronave em condigoes
de voo pairado e cruzeiro para selecionar o melhor didmetro da hélice com os critérios
desempenho da eficiéncia de tracdo em voo pairado (H) e efficiéncia global (14.5q1) para
quantificar o passo apropriado a cada condicao de voo e apurar a previsao do desempenho
global da aeronave.

A previsao de desempenho, razao de subida, velocidade de cruzeiro, e alcance, revelou
resultados promissores. O software XFOIL/XFLR5 foi utilizado para estudar a estabili-
dade longitudinal estatica, e em seguida desenhou-se com Open VSP e CATIA V5 modelos
CAD da aeronave e do mecanismo basculante dos rotores. Finalmente, foi feito o perfil da
missao, em que é de interesse a fracdo de massa da bateria, e o consumo de energia para
cada condicao de voo, e com essas métricas as capacidades e limitacoes da aeronave sao
reconhecidas.

Palavras-chave

eVTOL, Projecto Preliminar, Asa Fixa, MAU, UAV, hélice de passo variavel






Abstract

The growing demand for alternative clean energy sources for civil aviation industry,
from transport to surveillance, prompts new aircraft configurations for a different range
of future applications and replacement of outdated concepts of aircraft still in service.
The electrification of aircraft is the future of aviation. The electrical Vertical Take-off and
Landing (eVTOL) type of aircraft is growing in demand as an alternative for Urban Air
Mobility (UAM), in short to mid-range transportation of goods and passengers.

In this dissertation, an eVTOL aircraft concept and preliminary design are proposed.
The design is a small UAV optimized for mpayg—g aiming at longer flight ranges and car-
rying capacity. An Excel spreadsheet developed to proceed with the parametric study.
The parameters considered are: Winspan, mean aerodynamic chord (MAC), and lift co-
efficient as the main design parameters for the aircraft wing. Multiple parameters com-
binations were tested and the selection criteria were the objective function and MAC. A
compromise between the two criteria was achieved by selecting a wing with a slightly less
score in objective function but a mean chord value higher than the optimal chord, which
was better for the structure. Prop Selector was used in combination with spreadsheets
for the preliminary propeller design, where a variable pitch configuration with the known
wing main characteristics was adopted, in hover and cruise conditions to screen the best
propeller diameter using the hover lift performance () and global efficiency (1400:) as
the main performance parameters do optimize the propulsion of the aircraft. The selected
diameter is studied in the climb condition and the ideal pitch of the propeller is predicted
for the relevant flight conditions.

The performance parameters such as the rate of climb, cruise speed, and range were
estimated, showing promissing results. With XFOIL/XFLR5 software the static longitu-
dinal stability was studied, and Open VSP and CATIA V5 CAD models of the aircraft, and
tilt-rotor mechanism were made. Finally, the mission profile is devised, the battery mass
fraction, and energy consumption for each flight condition is calculated, thus highlighting
the capabilities and limitations of the aircraft.
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Chapter 1

Introduction

1.1  Motivation

In recent years the demand for electric propulsion and low to zero carbon emissions
energy sources is growing in the aviation, automobile, and other engineering fields.

Urbain Air Mobility(UAM) is being discussed moreover as a solution to the issue of
automobile traffic, specifically, over high-density and major cities, as alternative for fast
transport in short-mid range flights for few passengers seat or cargo. A compromise be-
tween fewer carbon emissions aircraft and a UAM environment has pointed out the need
to develop new alternative aircraft configurations. Henceforth, some experts in the avia-
tion industry and companies expect the eVTOL to be a promising solution for the issues
mentioned. Moreover, investment is being made in projects for eVTOL aircraft as it be-
comes a growing trend [1, 2].

The global market for eVTOL aircraft was estimated to be USD 8.5 billion in 2021, pro-
jected to reach USD 30.8 billion by the year 2030 [3]. The growth of eVTOL applicability
is expected to increase as more breakthrough in the reliability of renewable energies suc-
ceeds. Specifically, as the battery enhancements come forth to improve stability, durabil-
ity and higher energy density or the development of other renewable energy alternatives
as hydrogen and even fusion nuclear energy. One deterrent to eVTOL growth lies in the
certification, license and a clear EASA regulations or FAA regulations developed for the
operation of this aircraft[2].

The driving growth of projects and newer concepts in recent years for this concept
lies in how promising the applications for this type of aircraft with featured capabilities in
terms of clearance, noise and green energy use. The technology is still in recent develop-
ment since most examples of this aircraft in the market under application are small UAVs,
such as the Tron F9o, for surveillance and transport with an MTOM lower than 50kg. The
larger eVTOL are usually reliant on hybrid propulsion, utilizing fuel cells and batteries for
the sustainability of flight. Moreover, most products under recreation operations have a
passenger limit of one or two, Kitty Hawk Cora, and Blackfly alike are examples. Another
ambitious project is the Lilium Jet which intends to carry six passengers with a fair range
capability.

Companies such as Uber, Bell, Boeing, NASA, Airbus, Rolls Royce, E-Hang, and oth-
ers are competing for the future market share of these aircraft. Investment and limited



certifications for operations exist mostly in North America and China. As time and space
are allowed, eventually, the public opinion about the reliability and demand for this type
of aircraft is coming worldwide. Subsequently, advancements and technology refinement
will help for future implementation in a broader global scale environment. Altogether,
eVTOL is one of the most prominent aircraft configurations with the prospect of replac-
ing helicopters in short- mid-range transportation, specifically for the UAM application,
since helicopters are not a suitable alternative. Henceforth, developments and studies of
this aircraft are needed for this prospect to become a reality in the next decades.

1.2 Objectives

The main objective is to introduce an new preliminary design of an eVTOL aircraft, to
become a UAV product with a take-off mass close to 10kg or even a scaled-down prototype
for UAM application.

Select an apropriate affordable brushless motor for this eVTOL is also intended and to
give a special focus into the propeller by selecting the most suitable diameter and studying
the variable pitch propeller behaviour for the hover, climb and cruise phases while trying
to maximize the global efficiency of the propulsion system in all these flight phases.

1.3 Thesis Outline

This thesis has five chapters divided as follows:
e Chapter 1 introduces the topic of the disseration, the motivation and objectives.

e Chapter 2 provides a literature review with two sections. The first section is funda-
mentals that provides the theoretical fundations for the methodologhy. And the second
section is the state of art which includes a brief history of the rotorcraft vehicles until the
first VTOL achievement, a battery tecnology review, eVTOL UAM aplications and at last a
performance comparison of the proposed design against the eVTOL UAV available in the
market.

e Chapter 3 presents the methodology implemented to do the wing sizing, develop a pre-
liminar variable pitch propeller, and prove the aircraft statical longitudinal stability of the
aircraft.

e Chapter 4 discusses the results obtained from the adopted methodology. The limitations
on wing sizing are analyzed, and verify the benefits of a variable pitch propeller. It is also
present the aircraft performance and mission profile.



e Chapter 5 presents the conclusions overview and accomplishments. Future Work sug-
gestions are also included.






Chapter 2

Literature Review

2.1 Fundamentals

2.1.1 Aerofoil

An aerofoil is defined as the cross-section of the wing. It influences the performance
features such as take-off and landing, cruise speed, stall speed, stability, and others. De-
pending on design requirements and the role of the aircraft, the aerofoil may be adapted
or newly designed for its specific application.

For the aerofoil to produce an aerodynamic force (lift) perpendicular to its direction
of motion, a small resistance force (drag) is created ( see figure p.1). And the airflow over
the upper surface increases its speed resulting in a pressure reduction. That generates a
force (lift) perpendicular to the chord[4].

Equations (2.1) , (£.9), (£.9) represent the aerodynamic forces of the aerofoil. Where
[ is lift force per unit span, d is the drag force per unit span, ¢ is the mean aerodynamic
chord, p is the air density, V the airspeed, and C; and Cj; the lift and drag coefficients per

unit span.

[ = %pVQECl (2.1)
1 92—

d= ipV cCy (2.2)
I C

i Fd (2.3)



Figure 2.1: Aerofoil cross-section[5]

Lifting surfaces that use aerofoils include wings, tailplanes, fins, winglets, propeller
blades and helicopter rotor blades. Control surfaces (e.g. ailerons, elevators and rudders)
are shaped to contribute to the overall aerofoil section of the wing or tailplane[]. The
objective of aerofoil design is to achieve the best compromise between lift, drag, pitching
moment and room to place the needed structure for the flight envelope that intends to
operate.

An aerofoil has important geometrical parameters to understand and manage. They
are[6]:
-Chord is the distance between the leading edge and trailing edge of the aerofoil.
-Wing span is the distance from one wing-tip to the opposite wing-tip.
-Mean Camber Line is the line of equal distance between the upper and lower surfaces
of the aerofoil.
-Leading Edge is the foremost edge facing the oncoming air.
-Trailing Edge is the aftmost edge where the airflow leaves the aerofoil.
-Thickness is the maximum distance perpendicular to the chord between the upper sur-
face and the lower surface of the aerofoil.

Thickness  Mean or camber line

Trailing edge

Chord line

p *f

nChord length

W

Figure 2.2: Aerofoil Geometry[[7]
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2.1.1.1 Thickness Ratio

The thickness ratio(%) is an important parameter for aerofoils. It significantly affects,
the weight and structure shape of the wing. According to Jenkinson, the thickness ratio
will vary along the wingspan to adapt to the local flow and structural requirements. As
e.g., the wing bending moment and shear force increase gradually from the tip to the root
of the wing[8]. Hence, diminishing the thickness from root to tip is an advantage for less
weight and profile drag.

Furthermore, the thickness ratio has relevant aerofoil aerodynamical effects. From
Figure b.3is , one can conclude that the increase in thickness ratio enhances the aerody-
namic coefficients of the aerofoil. However, the drag coefficient will also increase and, at
some point will make it less efficient for the aerofoil.

008F —e— tfc12%
006k —o— tfc1a%

—a— tfc16%
t/c18%

; L L L PR . . ) P S S S S S S S
=2 2 6 10 14 -2 2 6 10 14
a(®) a(®)
(a) Lift coefficients (b) Drag coefficients
O o ye1x
o tc1a%

016 —a— tcl6%
/c18%

/e 12%
o tc1a%
A t/c16%

—s—  tfc18%

a(®) a(®)

(c) Lift-drag ratio (d) Pitching moment coefTicients

Figure 2.3: Thickness ratio influence on the aerofoil aerodynamic behaviour[g]

2.1.1.2 Reynolds Number

The Reynolds number points the characteristics and behaviour of a two-dimensional
flow in interaction with an aerofoil. The flow around the aerofoil can be either laminar
or turbulent depending on certain conditions. When is flow laminar it has an organized
and linear behaviour interacting with aerofoil. When the flow is turbulent, has a non-
linear behaviour, and has very chaotic and complex motion. The Reynolds number is a
non-dimensional parameter that relates the ratio of the inertia forces to the viscous forces
in a flow interacting with a body[10]. The Reynolds number for an aerofoil is defined by
Equation (2.4)), where 1 is the dynamic viscosity, U, is the free-stream velocity. It is no-
ticeable that Reynolds has a higher magnitude when either free-stream speed increases,
the chord increases or both. Generally, a flow maintains the laminar regime flow when
interacting with a smooth wall ( or aerofoil surface) and has no adverse pressure gradient
until the Reynolds number reaches near 10°[10d]. To this point, the small disturbances
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start amplifying and the flow transitions to the turbulent regime.

~ pUsc
/L

Re (2.4)

Figure p.4 shows different flying creatures and aircraft’s typical ranges speed and Re
flying ranges. In the Re>105, it is where light aircraft and commercial airplanes oper-
ate (see Figure p.4). In this regime, the boundary layer transition from laminar to tur-
bulent does not cause flow separation from the aerofoil and subsequently reattachment.
Thus, it increases aerodynamic performance for the wing and avoids a drag coefficient
increase due to laminar separation bubbles[i1]. In the case of low Reynolds mumber
(Re<5 * 10°) it operates model aircraft, homebuilt aircraft types with relatively small wing
chords and low speeds of operation. When the aerofoil Reynolds number falls within 10*
and 10%, a laminar separation of the boundary layer exists before the trailing edge which
is caused by the inability of laminar boundary layer to withstand intense adverse pressure
gradients[12]. When the separation occurs at moderately Low Reynolds, the separated
flow can become turbulent, recovering and reattaching [12] (see figure p.5). This reat-
tachment creates a laminar circulation bubble. That prevents the stall of the aerofoil to
happen. Consequently, the bubbles produce higher aerofoil drag coefficients. Hence, Low
Reynolds aerofoils have a smaller performance than High Reynolds aerofoils as a result
of an increase in drag coefficient when the laminar separation bubbles exist [11].
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i 10 10? 10? 10* 0% 10® o it

CHORD REYNOLDS NUMBER

Figure 2.4: Reynolds Number Spectrum of Aircraft Operation[12]

Separation

Laminar bubble Turbulent
attached flow attached flow

Figure 2.5: Laminar Separation Bubble[13]

2.1.1.3 Aerofoil Aerodynamic Coefficients

The aerodynamic coefficients define the aerodynamic behaviour for the profile aero-
foil. They are the lift coefficient per wingspan (C)), drag coefficient per wingspan (Cy), and
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pitching moment coefficient (C,,). These parameters are a function of Reynolds number,
angle of attack and Mach number (only in compressible flow, M>0.3). Since the span is
a wing parameter, the aerodynamic forces are shown in Equations (.5)(2.6)and(p.7) di-
vided by the wingspan, becoming the profile forces(l,d,m). The dynamic pressure (g..)
represents the dynamic pressure of the airflow.

L/b

=L (2.5)
JoC

Cy= % (26)
doC
M/b

Cp = / 5 (2.7)
ool

2.1.2 Wing Geometry

The wing geometry mostly influences the aerofoil choice and the planform. The wing
planform is defined by its mean aerodynamic chord, wingspan, aspect ratio, taper ratio,
and sweep. Other parameters such as the incidence, twist, dihedral, and wing location, are
parameters that affect the wing aerodynamic, weight, and stability. In Figure .6 the wing
planform is represented with the main parameters, reference wing area (S), wingspan (b),
the aspect ratio (A), the taper ratio (\) these parameters are further discussed in this sec-
tion.

-
/T Actual wing

-— Reference wing

| = -

Ctip

Figure 2.6: Wing Geometry Planform[i14]

2.1.2.1 Aspect Ratio

The aspect ratio is the ratio between the square of wingspan and the wing area accord-
ing to Equation (R.8). The aspect ratio affects the weight and aerodynamic features. Early
wing designs were rectangular, so the aspect ratio is then the wingspan divided by wing
chord[4].



b2

A
R S

(2.8)

In the generation of lift in a real three-dimensional wing, the airflow from the lower
surface and higher pressure moves to the upper surface towards the lower pressure. It
occurs when air around the wing tip[i4]. As shown in figure p.7, this behaviour reduces
the pressure difference between the lower and upper surface of the wing, thus diminishing
the lift generation near the tip[i4]. This effect is called wing-tip vortex and produces an
induced drag ( drag due to lift) affecting the wing performance.

Lower a
o

. o
pressures Q>
1 4 B " Tip
/ / Higher /] vortex
pressures ___,/
/
Distributed
>

- I
e, VoOrticity

Figure 2.7: Wing tip vortices[14]

A high aspect ratio wing, the wing-tips are further away, causing the effect of the wing-
tip vortex where a lift loss is inflicted and the induced drag is increase. For that reason, in
many cases in commercial aviation, winglets are set to push the vortex further from the
wing structure.

The induced drag depends on the wingspan when the wing area is the same, the span
will be inversely proportional to the square root of the aspect ratio[i14].

A high aspect ratio wing has a higher lift coefficient when compared with the counter-
part. Though, a low aspect ratio wing results in a more manoeuvrable aircraft. Further-
more, a low aspect ratio wing has a stalling angle, a higher angle of attack when compared
with a high aspect ratio.

The structure construction is more expensive, and heavy for a high aspect ratio wing
when compared with a low aspect ratio. Consequently, the wing location may be com-
promise in case is designed a high aspect ratio wing due the mounting, torsion box ar-
ragement. Altogether, the choice between high or low aspect ratio relies on the design
requirements and aircraft role.

2.1.2.2 Taper Ratio

The taper ratio (1)) is the ratio between the tip chord and the root chord of a wing as
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shown in Equation (.9). The taper ratio affects the lift distribution along the wingspan.
Proven by Prandtl wing theory, the minimum induced drag for a wing with a given span
occurs when the planform (i.e., wing loft load distribution) is elliptical [14]. The taper ra-
tio varies between 0 to 1. A rectangular wing A = 1 while a delta wing \ = 0 a trapezoidal
wing has a typical value in the interval 0.4 < A <= 0.6[15].

= Ltip. (2.9)

Croot

An elliptical shape wing is more expensive and complex to construct[14]. The issue
is overcome by replacing it with a tapered wing to diminish the effects of the wing-tip
vortex, thus minimising the induced drag. Therefore, the lift distribution for a tapered
wing is closer to an elliptical planform wing. Although a tapered wing results in a smaller
induced drag wing with better lift distribution, it has shortcomings. It has higher costs
and a more complex wing structure, as spars need to adapt to the wing’s non-linear shape.
Another problem is the tip stall, as a consequence of the small Reynolds number near the
tip ( due to small chord tip compared with the root chord), [16]. The ¢; will reach near
maximum value at the tip making stall possible; and when it happens the one wing-tip
that stalls will cause a sudden roll of the aircraft from loss of lift[16]. These problems can
be partially solved through the use of washout[16]. Unlike the tapered wing, a rectangular
wing stall is first close to the wing root. A tapered wing design must compromise induced
drag reduction, lift distribution and tip stall.

2.1.3 Airplane Stability and Control Surfaces

The Aircraft flight control are used to control the direction and attitude of the aircraft
and performs any manoeuvring on an aircraft in flight. The flight control systems subdi-
vides into what refers to as primary and secondary flight controls. Primary flight controls
require safely control of an aircraft during flight and consist of ailerons, elevators (or, in
some installations, stabilators) and a rudder. Secondary flight controls intend to improve
the aircraft performance characteristics or to relieve excessive control loading. It consists
of high lift devices such as slats and flaps as well as flight spoilers and trim systems[4/].

The movement of any of the primary flight controls causes the aircraft to rotate around
the axis of rotation associated with the control surface. The ailerons control motion around
the longitudinal axis (roll), the elevator controls rotation around the lateral axis (pitch)
and the rudder controls movement around the vertical axis (yaw)[6].
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Figure 2.8: Airplane Control Surfaces and Axis[17]

The aircraft must be stable and controllable. Stability refers to the capability of a sys-
tem to return to the equilibrium state after disturbance[18]. The stability concerns two
parts that are static stability and dynamic stability. An airplane is statically stable when a
force or moment created through disturbance is pushed to correction in the direction of
the aircraft’s original equilibrium state, and in equilibrium for which linear and angular
acceleration is zero[i14, 19]. Dynamic stability occurs when motions of the aircraft will re-
turn in time, it undergoes linear and angular accelerations to overcome the perturbations
on the aircraft to the equilibrium state[i14), 19].

The static stability does not imply that dynamic stability is achieved as well. If forces
restoring the static original state are very high, an oscillation with great amplitude occurs
as time passes. The aircraft though statically stable can diverge to a point of no return for
its dynamic stability as represented in figure .g[[14].

a) Perfectly neutral b) Statically unstable

a a

——

O) = = - --

——  TiME

c) Stable, highly d) Stable, lightly ¢) Statically stable,
damped damped dynamically unstable

Time

“Divergence”

Figure 2.9: Static Stability and Dynamic Stability[i4]

Furthermore, the static stability is divided into longitudinal, and latero-directional sta-
bility. Among the various contributors to the pitching moment about the centre of gravity
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(CG) of the airplane is the lift through the wing aerodynamic centre, the wing pitching
moment about the aerodynamic centre, the moment arm of the horizontal tail times its
lift and the thrust line of the engine distance to the CG times the thrust. For an airplane
to be statically stable in pitch, every time it experiences a change in the angle of attack, it
must generate a pitching moment to oppose that change. The pitching moment (C,,,) vs
angle of attack or lift coefficient plot must have a negative slope and the point where the
pitching moment is zero it is marked the neutral point. When the CG is shifted forward
from neutral point, makes the airplane more statically stable. On the other way around,
there is a rear CG location limit, where the slope becomes null, corresponding to the neu-
tral point location.

The static margin is an important parameter for the longitudinal static stability of
an airplane. This parameter represents the distance between the neutral point( z,,) and
xc.q expressed as a percentage of the mean aerodynamic chord of the wing (see equation
(B.1d))[14]. When the static margin value is negative, the C.G is behind the neutral point,
so the airplane is statically unstable. Generally, the static margin varies between 5 % and
15 % for commercial aircraft and can be higher for general aviation aircraft [14]. Figure
demonstrates the influence of the C.G position, relative to the neutral point, on the
pitching moment as a function of lift coefficient. Correspondingly, the higher the of static
margin, the more negative the slope of the pitching moment curve, thus, improving the
longitudinal static stability.

SM =%,, —Zca (2.10)

. CGbehind NP (3M<0)

Crm0 ool CGinNP(SM=0)

CG ahead NP (SM>0)

Figure 2.10: Static Margin
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2.1.4 Actuator Disc Theory (Momentum Theory)

The actuator disc theory is a mathematical model for the lifting rotor in vertical flight.
Therefore, it determines the influence of the actuator disc on the flow over a hovering
or climbing situation, the induced velocity and the minimum power for a given thrust
(P/T), according to the altitude air density and rotor disk diameter. However, there are
losses of power not accounted for in this simple model. ”"Figure of Merit” is the parameter
of efficiency that accounts for the minimum required power to hover in relation to the
actual required power to hover[20, 21]. The following conditions are assumed for this
theory[20] :

e Uniform inflow
« Non finiteness of no. of blades

No Swirl in the wake

+ No unsteady flow

+ No tip losses due to vortices

station O
(far upstream)
thrust T
rotor disk IT station 2
area A * station 3

v

l station 1

w (far downstream)

slipstream /

Figure 2.11: Actuator Disc Theory[22]

As aresult of these assumptions, the actuator disc theory gives a first estimation of the
wake-induced flow and thus the minimum ideal induced power (see Equation (.11)) of
the rotor[22].

The induced power (F;), thrust (7"), disk area (A) and induced velocity in hover (v},) situ-

ation results in equations:

T

P=T 2P—A (2.11)
T

vy = TpA (2.12)



In the momentum theory analysis in climb condition is represented in Figure .1d.
The velocity in the far wake is represented in Equation (2.15) and when climb rate is high
the power approaches only the climb power TV [22].

Vv Vv
V=gt (5)2 + 02 (2.13)

(2.14)

V+w:V+2v:\/V2+4v% (2.15)

The momentum theory model for vertical climb cannot be used in the descent condi-
tion, where V < 0 m/s (Figure 2.12). Since in descent the free stream velocity is directed
upward, accordingly, the far downstream wake is above the rotor disc. In the momentum
theory result for the induced velocity in descent[22], the net velocities at the disc and far
downstream are computed in equations (2.16) to (2.18).

1% Vv
v=—g - (5)2 + 02 (2.16)
Vv |4
Vi4ov=——/(5)2+0} (2.17)
2 2
V4+w=V+4+20=— V2—4v}2l (2.18)

:

v
thrust T

|

T

[ V]—w

thrust T

rotor disk
area A

wake /

rotor disk
area A

wake /

slipstream Vi+w slipstream
climb (V> 0) descent (V< 0)

Figure 2.12: Momentum Theory in Climb (Left side) and Descent (Right Side)[22]

The induced power estimated in the momentum theory is about 65% below peak effi-
ciency of the actual power thus acceptable for gross estimation of the power output (see

Table p.1)[22].
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Table 2.1: Power losses [22]

Power component [%] Off Peak Efficiency[%]
Ideal Induced Power 74 to 78 65

Profile Power 10to 19 25

Nonuniform Inflow 5to7 6

Swirl in the Wake lessthan1 less than 1

Tip Losses 2104 3

2.1.4.1 Autorotation

The autorotation is used in emergency situations to land safely the rotorcraft rotor-
craft in a power failure situation, to continue to produce thrust equal to the rotorcraft
weight, thus having a safe descent for emergency landing [20]. The aircraft with low disc
loading have higher hover efficiency making them more able to safely operate in vertical
flight and use autorotation for an emergency landing. That is why helicopters are capable
of autorotation due to bigger disc areas than other rotorcraft for example the Tilt-Rotors
as V-22 Osprey cannot perform autorotation due to much higher disc loading. This issue
affects the aircraft since the design consists in having a smaller disc area to achieve better
cruise performance, weight reduction and other airplane manoeuvres. Though, it dimin-
ishes the vertical flight performance and its safe operation. Some aircraft designs use the
redundancy of applying more motors in case of failure and some cases use Distributed
Electric Propulsion (DEP), which means many small motor-propeller for safety in failure,
or have STOL capabilities in case of an unsafe environment for VTOL.

2.1.5 Propeller Configuration

The role of a propeller is to transfer the mechanical rotational power generated at the
motor shaft into forward thrust at a given airspeed through the acceleration of a mass of
air flowing into the propeller disc on its lifting surfaces (blades)[23]. Three main variables
influencing the propeller performance are diameter, the number of blades, and the blade
pitch. A propeller operates not in isolation but must be designed to fit the aircraft motor
requirements. A poorly chosen propeller-motor combination causes less performance, or
may struggle to get airborne.
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Figure 2.13: Propeller blade representation (adapted from [24])
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The propeller diameter is often desired as high as the motor can support. High diam-
eter helps for hover mode for better hover lift efficiency but airplane mode at high speeds
can be very inefficient. The higher the diameter, the higher the inertia and the higher the
tip speed[23]. When tip speed reaches near sonic levels, the potential to have a windmill
effect occurs, to avoid that, the disc diameter must be study for limitations as airspeed
increases through the blade.

The number of blades affects the thrust and efficiency. Hence, considering thrust per
number of blades, generally the fewer blades design result in more efficient propeller disc
[23]. Generally, small UAV applications using a two-blade configuration is a good com-
promise of thrust and efficiency. However, increasing the number of blades is the best so-
lution to efficiently extract the desired thrust from a motor where a propeller with fewer
blades cannot reach the required thrust for operation and in cases where vibration and
noise are also an issue.

The propeller pitch refers to the distance that the propeller advances through the air
during one revolution. A fine pitch means it will move forward through the air a short dis-
tance every revolution (low advance ratio) whereas a coarse pitch moves forward through
the air a large distance every revolution (high advance ratio)[23]. Thus for hover mode,
a fine pitch is recommended. But for airplane mode when in cruise operation due to high
speeds a coarse pitch is the most efficient configuration. In climb operation a pitch higher
than the fine pitch for take-off but less coarse pitch than the cruise is required.

2.1.6 Fixed Pitch Propeller

In Section the pitch relevance to the design of the free propeller is described. The
fine pitch and coarse pitch are interchangeable in a variable pitch propeller. However,
in a fixed propeller , an ideal blade pitch is selected to operate through all flight states.
It is designed based on the motor angular speed (wotor) (RPM) and airspeed combina-
tion where the propeller is operating[23]. At different airspeeds and motor RPM regimes,
there is less thrust available from the propeller.

As to compensate, manufacturers sometimes design a fine fixed pitch propeller for
take-off and climb, and a coarse fixed pitch propeller for cruise available for the same air-
plane. Although simple to operate, however, a fixed pitch propeller must align several
factors such as motor RPM, airspeed, relative airflow, blade pitch, diameter, number of
blades, blade chord and length, and emitted sound levels. Therefore, the use of this pro-
peller type for a configuration is inefficient due to the different modes of flight that the
aircraft must operate in.

2.1.7 Variable Pitch Propeller or Collective Pitch

A variable-pitch propeller can gradually change the blade pitch during flight, from the
pilot input or command (UAV)[23]. A blade adjusts to its optimum value for the phase of
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flight, be it takeoff, climb or cruise. In some installations, it is possible to feather the pro-
peller as well. Varying the blade pitch is effective since pitch changes to values resulting
in better flight performance in horizontal and vertical flights.

Figure 2.14: Variable Pitch of a Tail Sitter[25]

As shown in figure b.14, small UAVs use servos and bearings to achieve a fine or coarse
pitch state depending on the sensors input. For manned aircraft, it can be automatic,
manual.

A variable-pitch propeller has usually a thinner and more flexible blade consequently,
construction and design increase in complexity. It also adds more load to the motor. It
has more parts integrating the whole system whilst adding more complexity, maintenance
and cost when compared with the fixed-pitch propeller.

2.1.8 Performance

The performance of aircraft is the study of the capabilities, trade-offs and limitations
of a design on its flight and mission. In this section, important parameters for better flight
such as the Range, the flight speeds(vs, v, Vmae), Endurance, the rate of climb (ROC), an-
gle of climb, figure of merit (FOM), hover lift efficiency are discussed.

2.1.8.1 Range

The range of an aircraft is defined as the distance the aircraft can fly from take-off
to landing at the expense of the available energy consumption. For applications such as
transport of passengers and cargo from short to long-range, this parameter is a crucial
indicator of performance and in the case of the for operation as a UAM application.

The range for electric airplanes is different than for the typical fuel propeller-driven
airplane. Therefore an evolution from the Bréguet Range Formula ( Equation (.19))
for fuel propeller-driven airplane to an electric propeller-driven supplied by a battery
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was elaborated Equation (2.2d) to adjust for the electric flight different conditions as
follows[26, 27], where: C is the specific fuel consumption, W} is initial take-off weight,
W, final weight. E is the battery specific energy, ngoq is the mechanical and propulsive
efficiency.

_ M, (W) L
R= Cln <W0> 5 (2.19)
1 Mpat CL

R= Esnglobal - (2-20)

g mpTOWw CD

The range of a fully electric aircraft depends on the available energy. Nonetheless,
the battery weight remains constant throughout the flight in opposition to fuel supplied
in engines as shown in Equation (P.19) loses weight as the fuel depletes. Henceforth,
relevant parameters to study are battery specific energy, total propulsive efficiency and
aerodynamic efficiency. Therefore, the range for an electric aircraft increases all three
parameters, particularly the E; because the higher its value, the lower the battery weight
for a given battery energy. For the same battery weight fraction it is possible to achieve a
higher range.

In Figure three different aerodynamic efficiencies £ and, ngopa = 0.75, illustrate
how increasing significantly the F, results in much higher range for different battery mass
ratios.
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Figure 2.15: Range in function of Specific Energy Density [27]

2.1.8.2 Endurance

The endurance refers to the flight time that the aircraft remains airborne from the
take-off to landing. It is crucial for airplane applications such as surveillance, and other
designs that focus more on flight time. Within all conditions, the endurance is described
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in the general Equation for range (2.2d) by relating with the airspeed. For the same range,
the endurance is inversely proportional to airspeed.

The %LD% is an efficiency parameter of endurance maximised to increase flight time.
In high lift devices where the lift coefficient is higher while airspeed is diminished (see
Equation (2.23)) it is utilized this parameter. For the Equation (p.22) computed when
joining Equation (2.2d) and (R.6) to find the endurance of an electric aircraft for a given

battery.
R =vFE (2.21)

1 1 myy CL2

E=——— Engopa— ——=— (2.22)
[evrow 9 g mpyrow CD
PooS

2.1.8.3 Flight Speeds

Regarding this section is discussed the most significant flight speeds in straight-level
flight. The stall speed(vs), cruise speed,(v.), and maximum speed(v;,,,). Figure
shows that it is critical to improve the aerodynamics and propulsion to achieve a bet-
ter flight envelope. The required power (P,) relates to the drag force times the airspeed ,
and the available power (P,) is the thrust times the airspeed. As the available power in-
creases and required power decreases we can fly from a range of multiple cruise speeds to
selected, ones that are efficient for the airplane.

) POWER

MAXIMUM AVAILABLE _.EEQUIRED
PO (Pr)

HIGH CRUISE
POWER

r=— MAXIMUM LEVEL

LOW CRUISE FLIGHT SPEED

SPEED —

MIN,
SPEED_

SPEED
Figure 2.16: Power vs Flight Speeds (adapted from [28])
The stall speed is the minimum speed to operate the aircraft in cruise flight before
stalling the aircraft. Since the speed is inversely proportional to the square root of lift co-
efficient, the lower its value, the higher the maximum lift coefficient of the aircraft. Equa-

tion (R.23) is an airspeed Equation with relation to the lift coefficient. Nonetheless, for the
stall speed is not a problem because it operates in hover mode, near zero airspeed velocity.

[ 2W
Vg = pS’T (2.23)
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The cruise speed occurs when near or at the best % ratio. Depending on how high it
can become at the maximum speed, its value is much higher performing at the speed with
the smallest drag coefficient in a cruise condition.

The maximum speed is defined at the power available limitation, thus, P4 = Pg, or
when flight speed is so high that vibration can cause damage to the aircraft due to struc-
tural limitations(flutter). Usually, high flight speeds occur when the lift coefficient is at
the lowest or near the lowest point for the aircraft operation.

2.1.8.4 Climb

The rate of climb (ROC) describes the instantaneous vertical velocity that depends on
the altitude, the weight of the aircraft and the difference of power available and power re-
quired. For airliners, ROC must be sufficiently high to achieve cruising altitude within a
reasonable time whereas for military applications, fighters must have a very high ROC for
intercepting a foe as quickly as possible. Manoeuvring is very beneficial to a high climb
rate[29] to reach a given altitude in the shortest possible time.

Lift

Weight

Figure 2.17: Airplane Climb[30]

The influence of the % and wing loading(%), demonstrates how much the weight
of the airplane influences this parameter[29]. Since required power is a parameter that
depends on the aircraft aerodynamics, from Equation (2.24) when breaking down the re-
quired power, it results in Equation (.25), which gives a better view of the weight effect
on the rate of climb. Thus, the lower the MTOW of the aircraft, the better ROC, and lower
wing loading also increases the ROC. Or as, an alternative, increasing the power available
when the MTOM or wing loading are restricted.

_ Py—Pg
ROC = W (2.24)

P 2
ROC = -4 _ C—E —W (2.25)
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Another parameter related to the ROCis the angle of climb. Geometrically it represents
the difference between the pitch angle and the angle of attack for the aircraft. Since the
ROC is a vertical speed, applying the Pitagoras Theorem, ROC is the opposite side of the
angle of climb (v.) (see figure2.17). Then the direction of relative wind and sine of the
climb angle equals the ROC (see Equation (2.26)).

Vsiny. = ROC (2.26)

2.1.8.5 Hover Performance

The figure of merit (FOM) is the ratio of the ideal induced power (P;) to the actual
power needed to hover the rotorcraft (P) (Equation(p.27)). These parameters and the
disc loading are compared to give us a first impression of the rotorcraft’s broader charac-
teristics.

PA

FOM = - (2.27)

Since the FOM, is from a hovering rotor, it is appropriate to define Equation (.28)
where the useful power (Cp) is that required to produce a static thrust (C7) [22]. The
FOM can also represent the contributions of the induced power and profile power to the
rotor power, written as Equation(k.2d).

C’Q
FOM = =L (2.28)
Cp
Cpi
FOM = ———M——— 2.2
(Cpi + Cpo) (2.29)

Usually, the profile power C'pocontributes at least 10% to 20% of the total power, and
the induced power Cp; around 10% to 15% higher than the ideal power[22]. The highest
value for the figure of merit is close to 0.75[22].

The other two performance parameters are the discloading and Hover Lift Efficiency(%).
Disc Loading(%) measures how much lift is produced by the unit area of the disc, there-
fore, the higher values are those of aircraft like F-35 or Harrier. The lower the disc loading,
the closer to the helicopter is the design. Figure shows that the hover lift efficiency
increases as the disc loading decreases.
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2.2 State of the art

2.2.1 Brief history

The introduction of roto
resent the first step for the

the XX century, the engineer Juan de La Cierva came up with the creation of the “flap-
ping hinge”. That invention served as the foundation of the development of autogiro (see
Figure p.1d) and helicopters. After the autogiro” Juan de la Cierva further developed the
rotor hub system for the autogiro which he called the autodynamic rotor”.

This system replaced the airplane control surfaces[20], providing various functional-
ities employing torque, inertial, and aerodynamic forces acting on tailored rotor blades
rotating about the inclined flap, drag, and feather hinges. Additional functionality was
provided by mechanical means within the hub actuated by those same forces or via a cock-
pit control. The autodynamic rotor achieved much of its functionality by coupling blade

motion about two or more

coupling could be positive or negative relative to the respective axis [32].

rcraft vehicles and then the application of the helicopters rep-
conception of the aircraft. In the development of rotorcraft in

Figure 2.19: Autogiro C.30 G-ACFI[R4]

of the feather (x), drag (y), and flap (z) axes. The value of the
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Figure 2.20: Autodynamic rotor tested on the C.30 G-ACFI[R2]

Following World War II, significant progress was made again in research of helicopter
dynamics and stability. It led directly to machines that were less stressful to fly and cor-
respondingly safer. The Bell 47 based on the research of Arthur Young was the first heli-
copter certified in 1946. The Sycamore of 1952 (Figure .21) was designed by Hafner, it
is the first certified British helicopter. It was remarkable for its performance in flight and
also its light control forces that did not require power assistance[33].

Figure 2.21: Sycamore[33]

During the 1950s and 1960s, after the development of the early helicopter designs,
great research effort was made for the conception of an aircraft able to fly in the cruise
like an airplane and able to take-off and land vertically like a helicopter. This coined the
term VTOL aircraft[34]. The XV-3 was a remarkable attempt to create this type of aircraft.
Unfortunately, the instability caused by adverse environmental effects or failure, as well
as high vibration was unable to be solved with the traditional analyses and experimenta-
tion of the time, the project needed further testing. Beyond the achievement of the XV-3
project was the prospect of performing an in flight conversion of a helicopter for take-off
and landing to an airplane in a safer controllable setting[31].
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Figure 2.22: XV-3[R1]

During the 1970s, the XV-15 tilt rotor research started. This project overcame many of
the issues unsolved with the XV-3 and contributed to the future development of tilt rotors
as JVX/V22 Osprey in the 1990s[31].

Augusta Westland 609 Leonardo ( known as BB609) is a tilt-rotor VTOL being de-
veloped from 1996 with the concepts and features inherited from the XV-15 research
project[31]. Unfortunately, a tragic accident happened in 2015, prior to the aircraft certi-
fication, during a high speed dive test, two pilots died resulting in an investigation of the
crash. The accident report concludes that oscillation on the yaw control evolves to an ex-
cessive yaw angle. That forced its prop-rotors to hit its wings multiple times and damaged
the hydraulic and fuel line, following an in-flight breakup and fire[35]. Subsequently, a
redesign was demanded and consequently halted the certification from FAA. It is expected
to be certified this year (2022) by FAA as probably the first civil tilt-rotor aircraft in the
market.

Figure 2.23: August Westland AW609[R36]

In the last decade the tilt-rotor concept and the application of tilt-rotor in the military
branch was first achieved with Bell V2 Osprey, and soon will come the Bell V280. In
Section recent examples of concepts for electric VTOL already developed are given,
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though, almost all do not have flight certifications for civil operations.

2.2.2 Electric Flight

The recent demands for electrification in general aviation, meaning the use of cleaner
energy sources versus fossil fuel mandate improvements in its capability and reliability
for that to come to fruition. In recent years more investment in battery technology is be-
ing made. Many projections indicate that batteries are one of the most reliable sources
of clean energy for electric vehicles and other industrial machines. However, significant
technical limitations are not yet overcome to make batteries the main source of energy
for the future, in this case, the unique and reliable energy storage to power a big electric
aircraft as the eVTOL.

The battery is a device used to convert the energy stored within molecules to useful
energy by an electrochemical process. It is assembled from one or more electrochemi-
cal cells, arranged in a specific configuration depending on the electrical output require-
ments. Energy is released from internal chemical reactions through an electrolyte be-
tween two electrodes, an anode and a cathode. The cathode is the external positive termi-
nal(+), while the anode is the external negative terminal(-)[37].

Asnoted, batteries could be classified as primary, which are those that cannot be recharged
and reused, and secondary batteries, those that can be recharged and reused. Batteries
belonging to the first category are zinc-carbon cells, heavy duty zinc-chloride cells, alka-
line cells, lithium and silver batteries, mercuric oxide cells and zinc-air cells. Batteries
belonging to the second category are, e.g. lead-acid batteries, nickel-cadmium batteries,
nickel-metal-hydride batteries, rechargeable alkaline cells, lithium-ion batteries, lithium-
ion polymer batteries, lithium-air batteries and lithium-sulphur batteries[37].

Many concepts exist for electric propulsion systems which they differ in energy stor-
age and conversion. The main focus is on battery based systems and fuel cell based sys-
tems. Both systems are under constant development, driven by mobile applications like
automobiles, and aerospace. Most of these developments are currently aiming at fur-
ther increase the energy density capabilities above Li-ion cells (120 — 220%}1 for some
combinations)[38, 39].

In aerospace applications, the use of lithium-ion battery types is much more common.
The lithium-ion battery has attracted the most attention due to its superior performance.
However, it is harder to combine all the desired properties such as high energy content,
power capabilities and long cycle life into a single technology and the existing lithium-ion
battery has reached its limit of advancement.
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Figure 2.24: Gravimetric and volumetric cells comparison[40]

Figure reveals reasons for the lithium combination becoming used extensively in
the field. Not only it is much lighter for the same energy amount but also more compact,
thus requiring less volume for application than its counterparts. Weight and volume are
crucial for transport aviation since the aircraft is optimized to carry as much payload as
possible. Henceforth, lithium batteries will stay fulfilling the energy demand for many
devices until safer, durable and especially higher "specific energy density” energy alter-
natives are developed and tested as a reliable replacement. Moreover, a significant effort
is made to enhance the energy density of this battery as much as possible, however, the
theoretical limit is soon to be achieved (around =~ 250%").

Unfortunately, the application of electric propulsion in aeronautics has yet severe is-
sues dealing with the mass specific energy density and volumetric specific energy. Com-
pared with fuel or Kerosene, currently the most advanced battery system presents 60
times less mass specific energy, and 18 times less volumetric specific energy [27].

Meanwhile, other newer combinations such as lithium-air, zinc-air, lithium sulphur,
magnesium, and tin-based technologies, with their specific properties, seem to offer promis-
ing solutions, though their durability and lifetime are still under the lithium-ion batteries,
therefore, not yet useful for aircraft applications. Furthermore, the commercial exploita-
tion of these batteries has been hampered by a series of difficulties such as self-discharge
and low life cycle.[41]. Table .4 some of the rechargeable batteries types are presented
along their respective characteristics.
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Table 2.2: Battery types comparison

Type Cells Specific Energy Specific Cycle Se.zlf Efficiency
Battery Volt Energy Density , Power Life Discharge [%]
[Wh/kg] [kWh/m?°] | [W/kg] Rate(Month)
Lead-acid[37] 2 1-60 30-60 300 250-1000 17% 80-90
Ni-Cad[37] 1.2 20-0 25 150-300 | 600-1200 10-20% 85
Ni-MH[B7] 1.2 1-100 80-100 220 600-1200 2.9% 88
E:;on[gq] 3.2 120 - - 1000-2000 | 1% 98-99
11:111;/1[?[39] 3.7 220 - - 1000-2000 | 1% -
Li-Sulphur[3g] | 2.15 | 200-550 - - ~ 50 8-15% -
Li-Metal[38]
(Li-MnO2) 3 230-270 520-535 - - - -
Li-Air[42] 3.3 150-6000 | 30-1000 - - - -

Furthermore, the development of solid state batteries is showing great potential as an
alternative for use and replacement in many fields where lithium battery is commonly
used. That is positive since the increase in demand, especially for the automobiles, and
policies in action over developed world for decarbonization in the next decade is projected
to cause shortages of lithium metal and driving the need to create new sites for the explo-
ration of the resource.

2.2.3 Challenges for Helicopters and eVTOL

The eVTOL aircraft has expectations to replace in some decades the helicopter for
some applications in short-range transportation of passengers and cargo in Urban areas
when crucial limitations on battery source such as mass specific energy, are overcome (
see Section ). Due to the prospect of the eVTOL having advantages over the he-
licopter such as a cost-effective vehicle in terms of energy or power demand, achieving
greater speed than helicopter, lower cost production and maintenance and operator cost.
Yet, helicopters are technologically mature, reliable and well accepted by the public.

Helicopters are having a steady decline in demand ( see Figure p.25), even before
the pandemic, due to demand from the customers and users for the transition to more
lightweight aircraft, and better operational efficiency. Furthermore, the budget reduction
from developed countries to helicopter production and design is discouraging the growth
of this aircraft market. That is pressing manufacturers and developers to innovate for
lighter helicopters with the least power consumption, or in cases such as Bell, to invest in
eVTOL projects for possible replacement of the helicopter in similar operations[43, 1].

28



OEM DELIVERIES 2010 - 2018
NN 2010-2018

N
e
NE&
o
o~ O N
N €0 60
<t <t QL 32}
-——J30 3 © 9
) hhs) 2 mLmSs
e QX AR 27
= —— - [T N
O O
5 <~
oooo\m‘g,_
MDD Ieyee)
] [ [T
im__

Airbus Bell Leonardo Sikorsky

Data Source: Jetnet

Figure 2.25: Helicopter Demand Decline[l44]

The required technology developments are demonstrated by introducing battery-powered

electric propulsion systems to small and medium-sized aircraft, since currently battery
capacity to sustain electric powered airplanes are limited to small vehicles with up to two
passengers due to low endurance and yet limited for short-range. To power larger aircraft
much further improvement in battery technology is needed. Compared with today’s tech-
nology, specific energy and the specific energy density have to be increased at least by a
factor of 10 to become suitable for the industry to invest and pressure the legal entities to
certify this aircraft type for application in larger (regional) aircraft market[27].

Although the UAM market has the potential to grow as a market study in 2020 made by
Research Dive ( see Figure p.26) shows good prospects for the next decade. Applications
are air taxis, personal air vehicles, cargo air vehicles, and air ambulances, among oth-
ers. This is expected to offer opportunities to players in the helicopter market, who have
the design and manufacturing capabilities to produce this aircraft and to increase their
market share. Companies such as Uber have collaborated with various OEMs, like Bell,
Karem Aircraft, and Boeing, to commercialize the urban air mobility concept by 2023.
When commercialized, this concept is expected to enable passengers to share air services
between cities and suburbs, and eventually within cities[3].
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Figure 2.26: Global growth in demand for [45]

2.2.4 eVTOL UAM Applications

As discussed in Section p.2.1, Tilt rotors are the predecessors for the eVTOL and some
of its configurations. The main difference lies in not being “electric” and just VTOL fully
reliable on fuel. These have engines on the tip of the wings, making them less stable and
complex to operate. These also have an average higher P/W ratio, justifying their reliabil-
ity on fuel propulsion systems for decent mid-range cruise flight. However, the cons are
the high consumption and maintenance a consequence of design features, lower hover
performance compared to the helicopter, lower forward flight performance against the
propeller airplane, and airworthiness issues. Those reasons undermine the progression
of the tilt-rotor as a commonly utilized aircraft configuration with more applications es-
pecially in civil aviation [46].

In recent years, many eVTOL concepts have been surging and developing. Yet, due to
the limitations described in Section , there is still more progress for this aircraft to
achieve introduction in civil applications as a common reality. The definition of an eVTOL
has been broadly used and depending upon the aviation industry background, some eV-
TOL configurations are considered or not as such. Some are hybrid VTOL concepts or the
wingless multi-rotors alike. Nevertheless, the most acceptable definition for is an aircraft
with the following main features:

« Must use an electric propulsion system to power the aircraft;
» Must perform take-off and landing vertically but cruising and most manoeuvrers in

an airplane configuration.

Many companies and startups have started developing and testing different electric
VTOLs. The website Electric VTOL News, published by the Vertical Flight Society, classi-
fies eVTOLs in the following categories:

- Vectored Thrust;
- Lift + Cruise;
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- Wingless;
- Hoverbikes;
- eHelos (conventional electric helicopters).

Even though the common definition of includes wingless aircraft, in practice, that is
far from the truth. Those requirements are fundamental for an airplane with rotor mode
configuration. Therefore the two main categories for eVTOL regarding the propulsion
system configuration are:

-Vectored Thrust;
-Lift + Cruise.

The vectored thrust has a fixed-wing for an efficient cruise and propulsion system
integrated to sustain both VTOL and cruise flight. The lift + cruise eVTOLSs have a fixed-
wing for an efficient cruise and separate propulsion systems for both VTOL and cruise
flight[34]. In Figure p.27, a compilation made by Vertical Society that shows a wheel of
fortune summarizing the many concepts in the market and the developers of some of those
eVTOL aircraft for UAM applications.

Airbus Joby
Vahana S4

Lilium

Jet Aurora Flight Sciences

Bell Uber

e€CRM-001

Uber

Volocopter
2% eCRM-003

EmbraerX

Airbus
CityAirbus

Kitty Hawk
Cora

Pipistrel Carter Aviation
CarterCopter

Figure 2.27: Wheel of concepts. Right side outside the red line are fixed-wing configuration [47]

Mentioning some VTOL fixed-wing configurations, recent examples are Opener Black-
Fly V3, Kitty Hawk Heaviside and Lilium Jet. Those three are remarkably distinct in the
propulsion system, number of PAX(passengers), speed and range.

The Blackfly is an eVTOL made by Opener, it is a one-seat short-range tail sitter,
vectored-thrust propeller aircraft with 64km range. Already flown over 2,300 times, ad-
vantages of being ultralight, simple, and disassembled and reassembled with ease. It
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makes it promising for recreation or single passenger short distance transportation[48],
and it is already certified as PART 103. The Kitty Hawk Heaviside is a vectored thrust
propeller aircraft developed by Kitty Hawk. It is a single-seat with eight tilt propellers.
It is 100 times quieter than a helicopter, nevertheless faster and lighter. It has a range
of 160 km and a 354 km/h cruise speed. It uses distributed electric propulsion (DEP) to
provide safety redundancy. Hence, if some propellers fail, others can sustain flight for a
safe emergency landing. Another reliable feature is that it can land as an airplane [49].

The Lilium Jet 5 seater is an ambitious configuration that uses a vectored thrust con-
figuration integrating ducted fan jet electric motors, supplied by fuel cells and battery.
That is an unique configuration where Lilium Jet is its pioneer. This configuration has a
top speed of 300 km/h and a range of 300 km. Compared with multicopter aircraft, that
consumes much of their energy sustaining the cruising flight operation, Lilium Jet can
rely on the lift generated by the fixed-wing and requires less than 10 % of its maximum
2,000 hp when in cruise flight. Lilium jet also reduces complexity, and structure weight
by adopting a canard configuration [50, 51]. Lilium Jet is in the prototype phase working
on getting the EASA and FAA certifications.

Figure 2.28: Opener Blackfly V3[48]
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Figure 2.29: Kitty Hawk Heaviside[4g]

Figure 2.30: Lilium Jet 5 seater[51]

Table .4 presents some performance and wing parameters of some UAM eVTOL de-
signs. The three examples above were representations from a variety of configurations
designed by numerous companies. From jet and electric propulsion to DEP, the list of
concepts and models developed is extensive, to define the best configuration for the role
of UAM.

Table 2.3: eVTOL Models Comparinson

UAM MTOM/Payload | Wingspan | Range | v.r Pax
(kg [m] [km] [knots]
XTI Trifan600[52] 2404/816 11.5 1240 300 6
S4[53, 541 1815/- 10.7 2414 | 173.9 |5
Kitty-Hawk-Cora[55] -/181 11 100 95.59 | 2
Opener Blackfly V3[48] 255.4/113.4 4.1 64.37 69.52 1
Lilium Jet[50] -/- - 300 161.63 | 5
Kitty-Hawk Heavyside[4q] | -/- 6 160.93 | 191.2 1
Bell Nexus 4EX[56, 571 3175/- 12.2 97 130.35 | 5
Archer Maker[58] 1497/- 12.2 96 130.35 | 2
ALIA-250c[Rd, 6d] 2721.5/- 15.24 463 145.8 | 5
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Table 2.4: VTOL’s Aircraft Specifications

Model Energy MTOM | Span | Range | Endurance | vc, i\:l ToM/
Source [kg] [m] [km] [min] (2] [ka]
Kuzgun[61] Battery 4.7 2 26.60 | 25 20 2.35
FW-VTOLUAV[62] Battery 3.688 1.7 56 30 30 2.17
KapetAir[63] Battery 6.5 3.3 120 120 16.67 | 1.97
ALTI Ascend[64] Hybrid 10 2 450 360 20 5.00
?E?E?;,I;[iﬁtems Hybrid 5 2.3904 | 100 98 17 2.09
Heliplane[66] Battery 8.5 2.7 72 60 20 3.15
Vector[67] Battery 7.4 2.8 108 120 15 2.64
CW 15[68] - 16.5 3.54 108 90 20 4.66
Sentaero BVLOS[69] Battery 8.165 2.299 | 88.51 | 72 20.11 | 3.55
CT-o5[70] Battery 6 1.8 109.2 | 91 20 3.33
SLA-2[i71] - 6.8 2.4 99 75 22 2.83
(S:tér,}%?:[i;s?s Battery 14,2 5 120 120 18 2.84
TiltRotor[73] - 15,351 2.268 | 100 55 30 6.77
Swift[[74] - 9 2.6 97 90 18 3.46
PLASMAFALCON Battery 6.6 1.11 100 57 50 5.95
1.11 / VTOL[75]
5487FB8/10-146[76] - 30 4.21 360 240 25 7.13
5487FB8/10-107[177] - 15 3 160 105 26 5
CW-20[]78] - 25 3.2 300 180 27,78 | 7.81
DZ-20[79] Fuel 24 3.2 540 360 25 7.5
%?zﬁt;;:) f}[/;t;:]m S Battery 14 3.5 160 120 22 4
Penguin B VTOL[81] Fuel 30 3.9 720 480 25 7.69
SkyEye Sierra[82] Battery 12.5 3.1 195 180 18 4.03
WingtraOne GEN[83] Battery 4.5 0.125 | 56 59 16 36
Great Shark[84] Battery 20.3 3.2 270 180 25 7.19
AeroeVTOL UAV Battery 10 2.14 148 87 29 4.67
AeroeVTOL UAV (Future) | Battery | 10 2.14 387 220 29 4.67

2.2.5 eVTOL UAV

Although the previous section discusses UAM applications and eVTOL concepts, this
section includes models developed for the UAV market. Since the present work is focused
in the design of an eVTOLUAV.

Table p.4 lists some eVTOL and VTOL UAVs in the market for this dissertation. The
models presented have a MTOM<50 kg, which ranks small UAVs. Most of the models are
rolled for surveillance applications and few are experimental designs.

The aircraft specified on the list have a MTOM range between 4-30 kg. The proposed
eVTOL developed in this work has a MTOM near 10 kg, moreover a Li-ion battery with a
common F; =120 Wh/kgitisimplemented. Is also study to the case of implementing a Li-
ion battery with future capacity F; = 250 Wh/kg [27]. The design is named “AeroeVTOL
UAV”, and among other aircraft shown in the table p.4 was plotted for comparison and to
visualize the trend line for some performance parameters.
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Figure £.31 shows a trend for the aircraft with smaller wingspan also to have smaller
MTOM. The wingspan for the “AeroeVTOL UAV” is smaller than the trend for the same
MTOM resulting in, higher cruise speed, maximum speed, and better aerodynamic effi-
ciency at higher airspeeds. The stall speed increases, though for this configuration type it
is not detrimental. The other aircraft have worse cruise speed due to lower wing loading
than “AeroeVTOL UAV” ( Figure 2.39). Since they are optimized for endurance, sacrific-
ing speed for flight time, that explains most having a bigger wingspan.
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Figure 2.31: Scatter plot of Wingspan vs MTOM of the VTOLs presented in table p.4
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Figure 2.32: Scatter plot of Cruise Speed vs MTOM of the VTOLSs presented in table b.4

The endurance graph(see Figure 2.33) is relevant because most aircraft are for surveil-
lance purposes. The high wing loading of the “AeroeVTOL UAV” with Es = 120 Wh/kg
results in higher speed and power consumption. Furthermore, it shows lower endurance
than the trend, but compensates it with better high speed than the trend. In the case of fuel
powered VTOL, since they have higher supply of energy for having higher power density
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than the counterparts. That results in significant increase in range and endurance.
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Figure 2.33: Scatter plot of Endurance vs MTOM of the VTOLs presented in table b.4

The range performance of Figure £.34 also shows promising results. This aircraft de-
sign has a higher range than the trend for its MTOM and using a common Li-ion battery
of 5 =120 Wh/kg. It is though surpassed by fuel engine VTOL counterparts. The design
concept is to optimize Cr,/Cp, since the range is the most crucial performance parameter.
The aircraft has a higher speed, and wing loading than the trend line, and most of them
operate in surveillance roles. In the case of “AeroeVTOL UAV Future” it has a lot more en-
ergy to consume, thus it is capable to reach further. Therefore it is able to achieve higher
cruise speed and range than most of the eVTOL.
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Figure 2.34: Scatter plot of Range vs MTOM of the VTOLSs presented in table p.4
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Chapter 3

Methodologhy

This chapter describes the methodology implemented from the conceptual design to
the preliminary design.

In a summarized format, this dissertation has proceeded in the following stages:

1. Introduction of the eVTOL aircraft concept and objectives defined for the proposed air-
craft design;

2. Determination of the problem-solving strategy to achieve the defined objectives;

3. Presentation of a literature review to set the theoretical fundamentals needed for the
dissertation, historic background and a state of art regarding eVTOL, a study of the cur-
rent battery technology capabilities and limitations, a brief market study for the helicopter
and eVTOL and a framework of the eVTOL UAV project developed in relation with simi-
lar eVTOL UAV for the purpose of comparing the results and improve over some crucial
design parameters;

4. Parametric study of the wing, first implementing a morphing aerofoil model, then the
development of drag model accounting for the parasite and induced drag regarding all
components, and obtain the empty mass initial results. Then iterating the program to ob-
tain the optimal wingspan and optimal chord and then selecting a suited compromise of
both parameters to define the wing;

5. Propulsion study using Prop Selector for the selection of propeller diameter and pitch
values regarding hover lift performance (H) for the hover condition and the propeller
global efficiency for cruise and climb conditions;

6. Tail sizing, and static stability study using XFLRj5 for estimation of the trim angle of
attack, a refined aerodynamic model and plots of C,,, vs C,, C, vs V and the static margin;

7. Creation in OpenVSP software of the CAD geometry of the preliminary aircraft design;

8. Furthermore, development in CATIA V5 of an accurate CAD design for the transition
device. Definition of a mission profile and execution of a performance study for the de-
signed eVTOL.
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3.1 Conceptual Design

This section reveals the methodology for the conceptual design phase of the eVTOL
UAV aircraft. The adopted concepts are explained along with the main features of the
design. These are then studied throughout the preliminary design to analyse the design
capabilities and limitations. The figure B.] showcases the algorithm steps from the con-
cept to the preliminary design, and the mission profile proposed for eVTOL UAV.

A simplified approach for the main configuration is adopted from the start. The de-
signed aircraft is intended to be a prototype to test the performance capabilities of the eV-
TOL aircraft. Hence, many design choices were adopted within a flexible selection since
the preliminary design mostly focused on the aerodynamics, propulsion, and performance
of the aircratft.

Aircraft Concept Design [«

Y

Aircraft Initial Szing

Y ¢ Y

Aercdynamics Propulsion Stability

Y

EE— Preliminar Design B —

YES

Mission Profile

Figure 3.1: eVTOL Design Diagram

The design concepts implemented in the Aero eVTOLUAV are:
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a) High wing for better lift distribution, latero-directional stability and clear space for
cargo in the fuselage. With the following characteristics:

- Slightly tapered wing for structural reasoning, stability and manoeuvrability, less weight;
- Small wing incidence in line with the flow of minimal interference drag caused by the
fuselage on the wing lift distribution;

- Simplified torsion box construction;

- High wing loading ratio for higher cruise speed, more range, and higher stall speed but
the aircraft does VTOL therefore is not a crucial issue;

b) A bi motor tractor propeller configuration in the wings and pusher motor propeller at
the back of the fuselage. Hence, a tricopter propulsion that also allows:

- Simple transition from the rotor to propeller configuration for the three electric motors;
- Vectored thrust system where all motors work in all stages of flight including the hover,

climb and cruise conditions simultaneously;

c) A fully electric energy system, relying on a battery for sustainability. That is the case for
a flexible propulsive system, with a small footprint and suitable for the mission profile.
The battery mass is divided into three packs, distributed as two in the booms for the for-
ward motors and one battery pack in the back of the fuselage, close to the electric motor.
Figure 3.2 represents the framework of the proposed propulsion system. It is two tractor
electric motors-propellers on the front and one pusher electric motor on the aft position.
The front motors spin in opposite directions, hence, it is a tricopter configuration instead
of the general quadcopter configuration. Two main reasons for the configuration lie in
the operational effectiveness and decreased drag. In a quadcopter, at least motors are not
required in the cruise condition. Keeping propellers stopped increases drag, and the tri-
copter is simpler.

- A flight controller responsible for the power management system ( PMS ), system mon-
itoring, and pilot command is implemented. In case a battery pack fails, the energy from
the others is supplied by a power bus.

M mf;ﬂFW Propeller
ESC Vector Thrust Pitch Control
Servo 1 Servo :

Power BUS S

Propeller Motor 1| ESC Battery Flight Controller
i J

I “l: Data Link, System Menitoring |

Pitch Control | | [Vector Thrust kst Command [

Servo Servo i | Pitch Control

| ESC Servo

Motor FW

Figure 3.2: Propulsion System
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d) Landing skid gear for airframe ground collision protection, smaller drag.

e) The booms are positioned near the outer panel section of the wing to diminish the effect
of the front rotor disc-propeller interaction with the wings and fuselage.

f) Length of the fuselage is half the span of the main wing as most gliders.

g) The front motors booms extent to the back as tail booms to support the individual tail
surfaces;

h) Inverted V-Tail mounted as the configuration wing tip tail (WTT). This configuration
helps generating forward force and diminishing the induced drag[85]

Figure 3.3: Aero eVTOL UAV ISO view

3.1.1 Software Tools

-Microsoft Excel

Microsoft Excel is a software that utilizes spreadsheets for organizing data, program-
ming, data analysis and calculations. For the present work, this software was extensively
used for calculations, iterations, graphs, and table comparisons.

-XFLR5

XFLR5 is an open source software created by André Deperrois and it was initially de-
veloped to serve as a friendly user interface version of the XFOIL code[86, 87]. Currently,
beyond aerofoil analysis and design using the XFOIL code, XFLR5 also allows the aero-
dynamic and stability analysis of finite wings and fixed wing aircraft such as sailplanes
and small UAVs, all operating in low Reynolds Number[86]. In this dissertation XFLR5,
is used for static stability aerodynamic performance analysis.

-Open VSP

OpenVSP is a parametric aircraft geometry open source software tool created by NASA
that allows the designer to create a 3D model of an aircraft defined by common engineer-
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ing parameters[88]. This model then can be processed into formats suitable for engineer-
ing analysis. This software was utilized for development of the conceptual design and CAD
model.

-CATIA V5

CATIA V5, is a multiplatform software for CAD,CAM, CAE, 3D modelling and PLM
made by Dassault Systémes. This software is utilized for development of the preliminary
design model of the frontal tilt rotor mechanism of the aircraft.

-Prop Selector

Prop Selector is a software made by Brian R. Gyles that allows the estimation of param-
eters as thrust, power, propeller efficiency and others for small aircraft propellers with two
to four blades[89]. For the input the program utilizes the altitude, airspeed, RPM, num-
ber of blades, blade pitch and propeller diameter. The estimations does not account for
the blade geometry, therefore an ideal geometry is assumed. The propeller data comes
from NACA Technical Note 698[90]. Prop Selector was utilized for the estimation of the
blade pitch, thrust, and shaft power and its variations through different flight conditions,
in order to select the most suitable propeller diameter and pitch for the aircraft.

3.2 Aerodynamics and Stability

3.2.1 Aerofoil Theoretical Model

Generally, the aerofoil is chosen before the conception and aerodynamics study on
the wing. That specifically limits the wing ”sizing” to aerofoil’s characteristics and may
lead to unwanted results and step-backs over the design. Therefore a theoretical aerofoil
model developed by Silvestre[91] is implemented with the effect of the lift coefficient, on
the aerodynamic efficiency of the aerofoil function of Reynolds number hence, by imple-
menting it into the parametric study of the wing, it is possible to estimate the wing drag
coefficient, and lift distribution for our wingspan (b) and mean aerodynamic chord (¢), to-
gether without selecting initially an existing aerofoil. It is implemented through Equation
(B.1). Subsequently, an existing aerofoil is selected or designed to match the performance
results predicted by the model for the same wing planform. The Reduced Reynolds num-
ber (Re+/C)) is utilized to take into consideration that the Reynolds number decreases
with increasing values of C,, owing to decreasing airspeeds.

C . o7 (log(Rey/Ch) 55
U _ sgsin(1.4007) (o8lever) .
o, ~ 8sin(14C) (log(lOOOOO) (3-1)
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Figure 3.4: Morphing Aerofoil[91]

3.2.2 Drag

Drag is a crucial and complex parameter to study and estimate rightfully without
wind tunnel testing or other expensive means. The drag study is usually divided into
two groups: drag due lift (D;) and parasite drag (D). To distinguish both drags were
estimated through their respective coefficient as follows:

D =0,5pV2SCp (3-3)

Cp = Cp, + Cp, (3-4)
_ ¢

Cp, = e (3.5)

The parasite drag coefficient (Cp,) on the aircraft components is estimated through
empirical methods and observations. In a preliminary design it is suitable to go through
empirical data and statistics. Thus, to obtain a close approximation for the contribution
of parasite drag from the main airframe parts such as wing (Cp foil)’ fuselage (Cp fuse), tail
(CDewmy)s and smaller components (Cp,p,..,,) such as antenna, gimbal and others.

The parasitic drag coefficient equations are:

CD() = CDfoil + CDemp + CDfuse + CDOResto (3'6)

Cp, = f(Cl, Re) 3.7)
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V3
CDfuse = CfFF Lo (38)
T SRef

CDe'mp ~ 07 ]‘SCDfoil (3‘9)

Cp;., 1s dependent on the Reynolds number and the lift coefficient of the morphing
aerofoil (Equation (.7)). Equation (.7) takes into account the incidence drag coefficient
CD;, caused by the lift generated on the main wing. The interference drag is included
on the wing. This was assumed accordingly to Hoerner’s book [92], which considers the
interference drag relative to the wing area covered by the fuselage. That is represented

Figure 3.5.

—
~—

Figure 3.5: Interference Drag assumption.

For the estimation of the fuselage drag (Cp,,,.) Snorri, and Hoener methods are adopted
[03, 94, 92] to compute form drag and friction drag. The method is based on the airship
drag estimation, which relies on the fuselage body volume(V%,,.), concerning the refer-

ence wing area Vf%m /Sres and the volumetric coefficient drag (Cp,) [95]. Cp, accounts
for the friction drag and form drag of the fuselage. Although, the body has the volume re-
quired for the battery+payload inside the fuselage. Is then consider the fuselage volume
as a box that encased it, so that is simplified the geometry, thus, simplifying calculations
for the fuselage drag. Through these, mass mcontainer that represents a mass of the box
that encase the fuselage, and a reference density p; are used to estimate the volume, V/,
for the fuselage compared with the geometric measure drawn in the Figure B.6.
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Figure 3.6: Container volume representation. Created in OpenVSP

The friction coefficient (C't) was estimated for a turbulent flow regime (Equation (B.1d)),
used based on Raymer [14] empirical analysis. In most aircraft, the flow over the total wet-
ted surface of the fuselage is turbulent, and the laminar flow may exist on the front 10 %
to 20 % of the wing[14]. A carefully designed composite aircraft, such as the Piaggio GP
180, may exhibit laminar flow over 50 % of the wing and over 20 % to 35 % of the fuse-
lage. Raymer 1992 suggests estimating the proportion of laminar flow for the aircraft in
question in order to calculate a mean skin-friction drag. Although, in this aircraft, due to
the small size and, thus, Reynolds number, it may have a significant part of the fuselage
in the laminar regime, the friction coefficient Equation (B.1d) is for the case of fully tur-
bulent regime.

The form factor (F'F) is also very relevant to find Cp,, . value. Itis most reliant on the
fineness ratio of the fuselage. Based on Gotten studies which have shown that the higher
the fineness ratio, the higher the friction drag in relation to the form drag[96], especially
with a fineness ratio (I;/d;) above 6. Therefore a [;/d; = 6, is given to avoid higher
fuselage drag due to friction. Equation (B.11) is the rearranged Hoener empirical equation
for form drag[95]. Another note is that most empirical equations such as Hoerner, Snorri,
and Raymer do not estimate accurately the fuselage drag when the fineness ratio is under
5[06]. The length of the fuselage was obtained, through statistical trends estimated for
other existing small UAV fuselages.

Altogether, Cp,,,, results in Equation (B.8). Thus fuselage drag still has an important
contribution to the drag of the entire aircraft, an increase in the amount of payload adds
more container space, therefore a bigger fuselage must be constructed, resulting in more
drag.
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o 0,455
7™ ((log Re))28(1 + 0, 144112)0.65

(3.10)

FF = 4(15/dg)’ + 6(L/dg) "6 +24(g/dg) ™5 (3.11)

The tail drag Cp,,,, is considered 0.15 Cp,,,,. Since tail parasite drag accounts on
average for around 10 % to 15 % of total parasite drag of the wing, and the tail geometric
characteristics are not known yet.

The remaining profile drag, Cp,,..,, accounts for other interference drag on the air-
craft, nacelles, propeller drag, antenna, landing gear,tail boom etc. For simplification
CDopesto=35%CDpy,,. is considered.

3.2.3 Wing Geometry

The morphing aerofoil presented in Section places the aerofoil characteristics for
the aircraft to estimate the wingspan b, the wing mean chord (¢), and lift coefficient C7.
Thus, as an initial guess, it is unknown what is the best combination of those parame-
ters for the wing design to be selected. An objective function is then required to guide
the parametric study over the result analysis and selection of wingspan and mean chord
value. The selected objective function for this parametric study was the lift-to-drag ratio
times the payload mass for the aircraft mpay%. Since the aircraft’s role is payload trans-
portation, it is enhanced for the best range. This allows improvements in aerodynamic
efficiency and increase in carrying capacity.

Multiple combinations of mean aerodynamic chord, wingspan and lift coefficient are
studied. Hence the ideal value for the aerodynamic chord and a wingspan are estimated.
That results in the highest score of the objective function. Figure B.7 introduces the steps
implemented to achieve the optimal mean chord and wingspan as well as lift coefficient.

Firstly, four chords were input and each had the wingspan variation in 40 partitions
from arange [by; byo]. Since firstiteration onwards, a C7, from arange of [0.4; 2] is selected[91].
Then, the best chord is selected as the one with the highest m,,,,, % Afterwards, the value
for the wingspan that matched previously with the best chord but now with the chord
varying in 40 partitions [cy; c40] are calculated. These iterations are repeated until a com-
bination for the wingspan and chord that results in the best 7,4, g—g isreached. Equations
(B.12), (R.14) , (8.15) are utilized to study these parameters.
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Cj = Cmin +7J

i,k =0,..,40

Cmazx — Cmin

jtotal

bma:r: - bmzn

ktotal

CLi _ CLmin +i |:CLmax - Cme:|

Z'total

(3.12)

(3.13)

(3.14)

(3.15)

Furthermore, a table with combinations of multiple wingspan, mean chord and lift

coefficient is created (see Section [4.1). After assembling enough combinations, the actual

optimal wingspan, and mean chord combination with the best objective function result

among the many combinations with each different lift coefficient is selected. Relevant

graphs like the g—g vs C'1, and objective function are plotted to help in the selection of the
design span, chord and lift coefficient.

Reset

i=[1-40]
C_L=[042]

A

- CL_i
v
j=11-40] , c_j=[0.15-0.25]
far
b1=2 h2=245,
h3=3 h4=35%
L J
l=[1-40] , h_k=[2-3.9]
for
c1=0.081, c2=0.078
c3=0.074 , c4=0.068

Y

F_objiC_L, c¢_j, b_K) = m_pay(C_LUC_D)

F_ohjMax= CL_opt, c_opt, h_opt

Figure 3.7: Parametric study schematic for wing design
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Although, the main objective is to find the best wingspan, mean chord and aerofoil
design lift coefficient, the selected design point from the parametric study data may re-
sult in an unpractical wing to be built due to high aspect ratio, and consequently, a too
short chord ( see Section l4.1). Hence, two parameters Flossqp: and F'c,q, are introduce to
measure the losses:

mpay%
Flossopt = 1 — VAN (3.16)
(5]

Flossopt <= 0.15 (3.17)

C
Fepar =1 — — (3.18)

op
AR <=15 (3.19)

3.2.4 Empty Mass Model

The empty mass model is implemented to estimate the mass function of the size and
payload of the aircraft [91]. Therefore, all parameters in Equation (§.2d) are determined
through structural construction tests, known aircraft statistical data, and material used
for the structure[91].

e \“/ b\"”
Mempty = Myef | —— + Msys (3-20)
Cref bref

This model estimates the mass of the aircraft structure depending on the wing geome-
try and accounts for the initial guess for the mass of the systems (wires, sensors, propeller,
etc), mgys. The m,.¢ is a reference airplane structure mass with the same structure con-
cept (same construction concept and materials), b,. and ¢,y are the respective span and
mean chord. The exponents eycf, ecrcf, represent the non-linearity of the empty mass
function with the airplane span and chord [91].

3.2.5 Stability
3.2.5.1 Tail Sizing

The aircraft stability study begins with the tail volume coefficient estimation. The
volume coefficients (cy7 and ¢y ) are set through statistical data of common airplanes,
and Ly and Ly, represent the tail arms ,i.e. the distance from a quarter of chord of the
wing to a quarter of the chord for each tail surface(see Equation (5.21) and (8.22))[14].
This concept is a first approximation to guess whether the aircraft may achieve or not a
stable condition. Later on, more suited analyses to conclude that the aircraft will operate
in stable condition are necessary.
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Figure 3.8 shows the projected areas method used for the V-Tail sizing. Since the tail
volume coefficients would come from statistical data of general airplanes values, the tail
arm is assumed as 60 % of the length of the fuselage as proposed by Raymer [14]. Then
both tail area surfaces Sy and Sy are estimated with the following Equations (8.21) and

(B.22):

cvrbw Sw
Syr = ———"— (3.21)
Lyr
cHTCW Sw
Sur = ———— (3.22)
Lyt
— A
_.r’/ ~ ’.J’
- )
,f’ /
Svtail _~ -
2 N S
SV /_).r' /_,.
- - o~
a2 ./_,-—-’ ] > ‘f/
//.’.’ g _r”/’
/r// /’f .‘_/
.-/- - /”-’
|~ _
1 . - ’{ff .5”'
Il i 2
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Figure 3.8: V-Tail projected areas method[g7]

Both projected areas are estimated and then converted into the V-Tail surface area of
the aircraft. In theory, the V-Tail is equivalent using 'Pythagoras theorem’ to the square
root of both square surface areas resulting in near 70 % of the resulting tail surface area
(Equation (B.29)). However, according to NACA 823 report [98], the V-tail surface area
must be larger than whatever is estimated in theory to maintain the same efficiency, re-
sulting in Equation (5.24)).

The dihedral angle from the surface areas is estimated, since the V-Tail is the sum of
both projected areas, the dihedral angle (I") is the square inverse tangent of those surface
areas projected (see Equation (3.25)).

S‘/tail,theory = \/ SH2 + SV2 (3'23)

NViaa = SH + 5V (3-24)
I' = arctan® <Sv> (3.25)
Sviy
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Moreover, the V-tail span and mean chord are estimated for its geometric shape. The
aspect ratio of the horizontal tail should always be less than half the aspect ratio of the
wing. Yet, the aspect ratio is unknown. An approximated value for the aspect ratio from
Raymer data for the horizontal and vertical tail from general airplanes[i4] it is then as-
sumed. Since lower aspect ratio wings generally stall at higher angles of attack, the hori-
zontal stabilizer should have a significant lower aspect ratio depending on the wing such
that the elevator is capable of stall recovery after the wing has stalled[99]. Thus, following
this condition to the V-Tail, the assumptions then result in Equations (3.26), (§.27).

bvtail = V S‘/;failAVtail (3'26)

L= ik (3.27)

Henceforth, a wing and plane analysis using XLFR5 software to find the actual aero-
foil is performed, a more precise aerodynamic efficiency prediction and study the pitch-
ing moment coefficient in function of the lift coefficient, seek the trim AOA condition, and
overall behaviour of the aircraft within the fixed wing mode in longitudinal static stability.

3.2.5.2 Transition of Vertical Flight to Horizontal Flight

In order to improve the transition phase from vertical flight to horizontal flight, it is
imperative to seek the shortening of the transition time phase as much as possible. A fast
transition reduces energy consumption significantly when possible, to turn over a stable
mode with safety, either fixed-wing or VTOL mode.

The eVTOL configuration is significantly complex to study and it is uncertain to im-
prove its transition phase in preliminary design stage . Hence, the focus is on optimized
level-flight performance, such as cruise speed, range, and aerodynamics efficiency. Since
most of the flight operation occurs the FW mode conditions. This design approach conse-
quently may result in relatively poor flight characteristics when operating in the transition
mode due to lack of study and optimization in this flight stage.

It is intended that the transition phase is dependent on a control system for airwor-
thiness throughout this phase. The capability for near-ground landing operations is also
relevant in VTOL to FW wing mode. An Extended State Observer (ESO) control module
of the Active Disturbance Rejection Control (ADRC) assists in altitude fluctuation reduc-
tion in a fast mode transition. This device allows the aircraft to improve lateral stability
at low altitudes and in limited airspace and clearance. [10d]. Figure B.d represents the a
concept CAD model of the tilt rotor mechanism. Is desired a streamline body to reduce
friction drag and weight with a coupled system inside the cage. It will rely on servos caus-
ing momentum into a transition arm to switch modes. It will also need a damping system
to calibrate for small angles when in vertical flight, so that the aircraft hover can maintain

49



equilibrium.

Encase

APre=x
Ij~/ \ "f 7 /’\\ e Z
G ) N\
\ 7, P '
\‘Jz — ¢ ition Arm

Figure 3.9: Tilt Rotor Mechanism

The propulsion configuration of a tricopter system has to account for the dissymmetry
of torque. It has two motors producing anti-clockwise torque and one operating clock-
wise. There is a lack of counterbalancing in the yaw axis if all are perpendicular to the
horizontal axis (in 90o). Thus the deflection angle for the transition shaft device support-
ing the forward motors in the vertical flight phase is estimated. To maintain a balanced
torque and a steady vertical flight phase (Figure B.1d).
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Figure 3.10: Dissymmetry of torque and frontal rotors equilibrium tilt angle
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3.3 Propulsion

The aircraft propulsion was defined through the study of its propeller’s main parame-
ters that are the disc diameter and blade pitch coupled to the electric motor. The electric
motor must supply enough power output for the VTOL operation and work with low disc
loading and motor rpm with efficiency. Therefore the electric motor selected was AXI
GOLD Line 2835 (see motor specifications Appendix A.1).

The “sizing” of the propeller, hence, the diameter and blade pitch of the propeller and
the resulting thrust (7), Py, s, motor angular speed (wiot0r), are estimated using “Prop
Selector” software. Three different conditions were studied, when operating the aircraft
in VTOL mode, in hover and two conditions were in the fixed-wing mode in cruise and full
power climb. Equation (5.28) and (R.29), are the general constraints implemented for the
simulation to work. The output coming from the software are the shaft power and motor
and must match with the calculations made in the spreadsheet.

Wshaft = Wmotor (328)

Pshaft = PMotor (329)

In the propulsion modelling, the two parameters Py, s+ and wgp, f+ are calculated and
considered inputs from the electric motor specifications. In the first stance, the input for
the "Prop Selector” becomes a guessing diameter, blade pitch, and w;,.t0. The outputs are
T, Pshaft, and the propeller efficiency (7,). The following equations describe the calcula-
tions in the spreadsheet for the necessary parameters. Where U, refers to the battery
voltage, U, is the nominal voltage proportional with the battery efficiency (7,4;) . For
the motor torque (Q) it is necessary to find the induced voltage (U;), effective current (Z.¢ )
with the motor specific constant velocity (k,) and no-load current (/). As result, ) with
the wimotor calculates the shaft power output (P;,0t0-) estimated from the spreadsheet (see

Equation (5.35)).

Ubat[v] = MpatUnom (3.30)
U=U;+ LR (3.31)
1
U, = kiwmotor (332)
v
U-U;
I.sr = .
r R (3-33)
I.rr — I
Q== (3.34)
v
Purrotor = meotor (335)

The global efficiency (see Equation B.39) is considered the most important param-
eter for the propulsive system. Through global efficiency maximization, the best blade
pitch for a propeller diameter is selected according to the airspeed. The hover lift perfor-
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mance (H ), defines the best blade pitch and diameter for the hover condition (see Section
l4.3).Equation (B.4d) is obtained from electric power(P,;.) from Equation 3.37 with the
input 7. The global efficiency(74.p;) accounts: the efficiency from the motor (7,,) and

propeller (1,).

Ty

= (3.36)
p Pspafi 33

Pelef = Iefoz (337)
Pshaft

M= —F (3.38)
Pelef

Nglobal = Tmp (3-39)

T
H = P (3.40)

The propeller design must sustain the three flight conditions, it is a priority for the de-
signed propeller, the operation in VTOL mode due to the higher energy consumption. The
methodology used to select the best propeller pitch and diameter changes according to the
flight mode, though the same propeller diameter must be selected for both flight modes.
Hereafter, the blade pitch must differ to fulfil the power and global efficiency require-
ments for all flight conditions, resulting in a variable pitch configuration. A variable-pitch
propeller configuration fits better for efficiency and flexibility when operating in different
flight regimes.

Diagram represents how the propeller diameter and its blade pitch are selected
for VTOL mode. The constraints in Equations (§.28) and (B.29) are implemented, and
new are introduced to the algorithm as follows:

1%
T = Thover = —MTOM (341)
Nmotors
I/Inae <=0.95 (3-42)
V < Vinas (3-43)

The first condition is that the thrust fixed of each propeller equals one-third of the
aircraft’s weight since it is in hover. Then the power shaft and resulting (/), for a diameter
with a range of different blade pitches are calculated. The higher the current becomes, the
higher the electric power and the heat from the electric motor. To avoid much strain and
damage to the electric motor, the electric current is limited by the throttle to satisfy the
condition in Equation (B.42). Voltage above the motor specifications results in excessive
Wmotor- Thus it must always be lower than V,,,,. Meantime the best propeller pitch is
estimated for each diameter and compared to the best H for each diameter in a plot of
hover lift parameter versus blade pitch (7).
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Figure 3.11: Propulsive Rotor Diagram

In this stage the diameter is almost chosen. The best diameter must have fair results in
H and n4j0pq: in FW mode. The best compromise between the two will become the selected
propeller diameter. In the FW mode, the best pitch was studied for the range of airspeed
0;647].
S

The propulsive steady flight study diagram in Figure 5.1, describes the algorithm
implemented for estimation of the propeller pitch and diameter in the fixed-wing mode,
cruise condition. Furthermore, the results are plots of the global efficiency function of
airspeed and respective blade pitch versus the airspeed. The constraints in Equations

(B.28) and (B.29) are implemented along with Equation (8.44)
Treq =D (344)
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Figure 3.12: Propulsive Cruise Steady Flight Diagram

The condition of Equation (B.44) is implemented since, in the cruise flight, the thrust
required is known as the aircraft in cruise from the Section and is equal to the thrust
available generated by the three propellers. Hereafter, the parameters shaft power and
global efficiency are calculated for different airspeeds.

Subsequently, the diameter was selected to match between both flight regimes from
the diameter range that was calculated. Then the plots of H vs P, and ngpa VS v for
hover and cruise flight are plotted respectively. Frequently the best cruise propeller in
global efficiency has a lower disc diameter than the best rotor diameter in H (see Section

3.

The climb condition was studied using the algorithm shown in Figure B.13. The objec-
tive is to find the maximum available thrust versus airspeed and its power for the climb
flight. In addition, the results for the global efficiency and propeller pitch function of air-
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speed are plotted. Therefore, the constraints introduced correspond to Equations (3.2§),

(B-29) and (B.45).
I =14 (3.45)

The electric current must be at the maximum value allowed for the motor since with
this constraint the maximum power available to climb at a given airspeed is achieved.
Afterwards, the graph of thrust available related to the airspeed, global efficiency in climb
versus airspeed, and the propeller pitch in climb versus airspeed are plotted.
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Figure 3.13: Propulsive Climb Flight Diagram
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Chapter 4

Results/Discussions

4.1 Aerodynamics

In this section the results from wing sizing will be discussed along with the study of the
static longitudinal stability of the aircraft.

Table 4.1 presents wingspan and mean chord, iterated multiple times for the selec-
tion of the most suitable wing size. It is seen that the best objective function (F,;) is
achieved on iteration 9. Furthermore, it is complicated to build a wing with an aspect
ratio (AR) above 20, especially with such a very short chord. Accordingly, the structural
integrity could be an issue. Moreover, the booms attached at the outer wing would have
less area for support, therefore, the connection between wing structure and the boom,
could be weak. Hence, the combination of iteration 19 with AR around 10, resulting in a
mean chord much more reasonable is selected as the design point of the aircraft wing. The
Flossoptimal 0f 12 % means that the F,,,; at this iteration is 12 % lower than the (Fip;) optimal-

Table 4.1: Wing iterated for best objective function

c b Fopj |4 W/S
T o  mg o AR prgy Flesen o
1 0.0515 2.335 2 53.1 25.802 45.34 83.15 0.1004 -0.348
2 0.0560 2,4075 1.8 55.719 25.686 42.99 74.17  0.0560 -0.291
3 0.0585 24225 1.7 56.73 25.779 4141 70.56 0.0389 -0.259
4 0.0615 24375 1.6 57.553 25.837 39.63 66.70 0.0249 -0.221
5 0.0650 2.445 1.5 58.194 25.916 37.62 62.92 0.0141 -0.177
6 0.0690 2,4575 1.4 58.654 25.97 35.62 58.97 0.0063 -0.126
7 0.0738 2.45 1,3 58.934 26.108 33,22 55.34 0.0015 -0.066
8 0.0768 24525 1.25 59.003 26.086 31.95 53.12 0.0004 -0.028
9 0.0790 2.4475 1.2 59.027 26.269 30.98 5172  0.0000 0.0000
10 0.0825 2.44 1.15 59.001 26.2909 29.58 49.68 0.0004 0.044
11 0.0860 2.4375 1.1 58.924 26.351 28.34 47.70 0.0017 0.088
12 0.0935 2.4125 1 58.614 26.642 25.80 44.33 0.0070 0.183
13 0.1025 2.3875 0.9 58.072 26.962 23.29 40.86 0.0161 0.297
14 0.1150 2.35 0.8 57.269 27.213 20.43 37.00 0.0297 0.455
15 0.1225 2.335 0.75 56.755 27.319 19.06 34.96 0.0384 0.550
16 0.1500 2.25 0.6 54.68 28.119 15.00 29.63 0.0736 0.898
17  0.1625 2.215 0.55 53.771 28.439 13.63 27.78 0.0890 1.057
18 0.1775 2.1775 0.5 52.727 28.784 12.27 25.87 0.1067 1.246
19 0.1975 2.14 0.45 51.524 20.014 10.84 23.66 0.1271 1.500
20 0.2200 2.08 0.4 50.137 29.576  9.45 21.85 0.1506 1.784

The empty mass model adopted some exponential values that did not adapt correclty
to the wing characteristics. Though there is a loss in performance, it is accepted since the
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chord selected difference from the optimal chord (F'¢,,,-) increases 150 % and such value
¢=0.1975 m of iteration 19 versus ¢c=0.079 m of iteration 9 being a far more reasonable
value allowing enough room for the wing structure. As seen, the cruise speed (v.,-) respec-
tive to C1./Cp also increases from 26.26 m /s to 29 m/s.

Figure [4.1 shows the graphical representation of Fuj vs C, corresponding to the data
of table [4.1. Note that each C}, value design point corresponded to the b, ¢ combination
that maximizes Fi;;. It seems that the lift coefficient always improves F,,;. However,
when reached C';=1.2, which also coincides with the maximum aerodynamic efficiency of
the morphing foil model, F,;; starts decreasing gradually as the lift coefficient increases
(see Figure [4.1).
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Figure 4.1: Objective Function vs Cy,

Figure 4.9 shows the pattern, clearly observed previously in Figure l4.1. The chord vari-
ation is slim around lift coefficients near 1.2 but increases dramatically when the design
lift coefficient is reduced below 1, but a modest decrease in F,; is observed. Some factors
that may contribute to this are the morphing aerofoil model behaviour being affected by
the corresponding higher Reynolds number of a larger wing chord. However though F,;
decreases for lower lift coefficient, the chord increases at a higher pace. Therefore, the
compromise must be that MAC has a higher value to prevent problems to implement the
wing structure, and the trade-off for lowering F,;,; was selected as the design point mark
in the graph for a more suitable mean chord value.

The wingspan has the least effect on the result of F;, since the mean chord signif-
icantly influences the Reynolds number (see Equation (§.d)), along with the lift coeffi-
cient, both influence the most F,,;. Figure l4.9 shows Fy; in relation to the wingspan.
Increasing the wingspan also increases F,y,;, resulting in the chord diminishing gradually,
and eventually reaching maximum F;; at C1,=1.2 but then the wingspan decreases as the
chord gets extremely small at very high lift coefficients, where the structure mass model
penalizes the payload by estimating an increasingly high empty mass for the aircraft(see
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appendix A.2).

A shorter wingspan for a limited chord adds wing loading , which also increases cruise
speed for the aircraft. Nevertheless, the corresponding stall speed increase for higher wing
loading, in this case, is not an issue because the aircraft is of the VTOL type.

The chosen compromise design point brings down the empty mass, resulting in more
payload for the aircraft. That explains why F;; is not so penalized when the chord in-

creases dramatically at low design lift coefficient. The wingspan decreases and diminish
significantly the F,,;; value in comparison with (Fpp;)opt-
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At this stage the morphing aerofoil is still used to estimate the wing performance. A
real aerofoil is chosen based on the design point aerofoil characteristics: Re\/C7, g—; and
c;. Hence, the real aerofoil was selected from a list of some known aerofoils and chosen
the one with the most similar characteristic values to those predicted by the morphing
aerofoil model function. These characteristics were: aerofoil best g—; > 75 with ¢;=0.6 at
Rey/C|, = 263214.5. Hence, the most similar aerofoil from the list in comparison was the
Selig 9000 (the black curve), and thus, chosen for further analysis.
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Figure 4.4: C;/Cq vs ¢; plot predicted by XFOIL.
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4.2 Static Longitudinal Stability

The tail sizing is completed in this section. It is then introduced into XLFR5 to start
the C.G positioning. The tail arm is 0.7 m and the tail volume coefficient is 0.5.

The C.G estimation is found based on the weight and device positions on the aircraft.
It assumes a weight value for main components and the battery packs since these are
the heaviest components, divided by three packs placed near each motor-propeller of the
aircraft, all three packs combined are 4 kg.

The results from XFLR5 show that the selected aerofoil is working and adapted to the
morphing aerofoil applied early. In Figure |4.5 the behaviour of the pitching moment re-
lated to the aircraft lift coefficient is plotted. The values of C); are negative after angle of
attack reaches around 1 degree (Figure in Appendix [A.11), for C, larger than 0.6. Thus,
C, is zero and the aircraft is in equilibrium when C7, is 0.6. The pitching moment curve
shows an almost linear behaviour and the aircraft is trimmed for a flight speed of about
22 m/s. Therefore, it is necessary to modify the incidence angle on the V-tail to reduce
the the trim lift coefficient, bringing the trim condition to when C, is around 0.30 (lower
line in the graph). At that lift coefficient, the flight speed is near 29 m /s, which increases
the actual range of the aircraft (as shown in Section l4.4)).

Furthermore, the aircraft neutral point was found close to x=572 mm, resulting in
a static margin of approximately 10 %. It is purposely arranged for this value, so that
manoeuvrability and stability in steady flight would be balanced. Henceforth, the C.G
position is at 32 % the quarter of the chord.

So, deflecting the tail incidence angle from 0° to 1.5°, changed the trim flight condition
to lift coefficient near 0.3, thus, cruise speed near 29 m/s. However, such adjustment of
tail incidence angle is considering, in theory, an all moving tail. In practical application a
flap surface area near 30 % of the tail chord is more likely to be implemented.
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Figure 4.5: Cm vs Cy, plot from XFLR5. Cm = 0 at C, = 0.6 (gray curve), Cm = 0 at Cr, = 0.3 (black curve).
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Figure 4.6: Cm vs V plot from XFLR5

4.3 Propulsion

This section shows the results and selection of the propeller’s two geometric parame-
ters, the diameter with variable pitch value for each flight condition.

Figure 4.7 plots with the resulting blade pitch throughout multiple diameters. One can
see that the bigger the disc diameter, the better is hover lift efficiency, H. However, when
reached a point where the current demand is very high for the chosen diameter, or the
motor wy,.tor 1S too low to be efficiently operating, the efficiency starts to drop rapidly.

The diameter of 50 ¢m is the best in hover because it produces the same thrust with less
power due to having lower disc loading than the competing smaller disc diameters. The
40 cm disc diameter has much higher disc loading and consequently, less H. Although, it
demands less electric current, it also increases the voltage needed to operate, resulting in
more electric power demand for the same thrust produced and consequently, in lower H.

The results indicated that the best disc diameter is between 40-50 c¢m. The results in
the hover condition compared with the cruise flight condition will make it possible to de-
fine the design disc diameter value.
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Figure 4.8: Global efficiency in cruise vs Airspeed in different diameters

Figure 4.8 shows that using the 45 ¢m diameter is the best compromise considering
both scenarios. Despite that, the 40 c¢m results in the best disc diameter for high speed

63



in cruise. Though, the 45 ¢m disc diameter is the best compromise for both modes of
operation because it has the best hover efficiency and makes the cruise global efficiency
peak close to the aircraft objective function peak design value, v.,, 30m/s (see Figure 4.8).

Hereafter, the 45 cm disc diameter is selected, thus, the final aircraft performance predic-
tions were made with this value.

Figure j4.g describes the aircraft required thrust in cruise flight in relation of the air-

speed. The minimum point reflects the speed for the lowest thrust demand, which is the
cruise speed of the aircraft and on this stage, (%)
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Figure 4.9: Thrust required

Figure describes the thrust generated by the propulsion system available in func-
tion of airspeed when the throttle is set to maintain the maximum motor electric current
I = 69A, corresponding to a climb flight condition. It demonstrates that the propeller of
airspeed when the throttle is set to maintain the maximum motor electric current I=69A,

corresponding to a climb flight condition. Thrust as airspeed increases, the corresponding
global propulsive efficiency versus airspeed in shown in Figure [4.12, where it is observed

that when maximum throttle is used, the global efficiency almost not affected by the height
current draw but the corresponding airspeed increases significantly.
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Figure 4.10: Thrust Available

Figure shows the blade pitch in the function of airspeed for the required thrust.
The variable pitch trend is to increase to a coarse pitch values as the airspeed increases.
An increase of the motor RPM was also observed as the airspeed increases.

Figure also represents the variable blade pitch for available thrust at different
speeds assuming I,,,,. Interesting results for the pitch behaviour are plotted. Since air-
speed gradually increases, the pitch becomes more coarse, whereas, the w0 are ob-
served in the data to gradually decrease. It is observed that to draw the maximum cur-
rent, the throttle is greatly increased in comparison with the required thrust condition,
thus, the pitch for maximum available thrust is smaller for the same airspeed because the
motor is turning at much higher w,,oz0r -

The variable pitch in both flight conditions increases with the airspeed (see Figure
l4.11)), for the cruise condition with a parabolic behaviour, whereas, the climb condition
presents a linear behaviour. For the cruise condition, the pitch increases as a parabolic
function with values of pitch higher than the counterpart, thus, presenting a coarse pitch.
Nevertheless, no significant change occurs in the global efficiency of the propeller system.
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Figure 4.11: Variable pitch in cruise and climb vs airspeed

Figure shows the global efficiency for both conditions of flight, cruise and climb
with a fixed pitch and variable pitch propeller. In the cruise condition the shaft power
is significantly lower than in the climb condition, and so is the thrust, hence, the power
output formula is (7,7V. = P). The fixed pitch curves assume a P, = 22 e¢m, which is the
highest value for a fixed pitch propeller to operate in all flight conditions (VTOL,cruise,
climb) effectively . The variable pitch propeller is optimized to iterated until reaches the
maximum 7y, for each airspeed, which results in having the variable pitch propeller
presenting better 7., values in all airspeeds.
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4.4 Performance

The performance study seeks parameters such as the ROC, Endurance, and others.
These parameters are the product of aerodynamics and propulsion interactions, defining
the mission profile for this aircraft.

At this point it is defined that the aircraft in cruise has about a 29 m /s airspeed with
the variable ptich propeller. That is achieved arranging the tail deflection of 1.5, so that
neutral point occurs at 0.3. This corresponds to an increase of the global efficiency of the
propeller since the 45 ¢m disc diameter is better around this airspeed (see Figure 4.8).

The ROC study will determine the points where the climb for the fixed wing flight mode
condition is effective. The ROC for the propeller fixed-wing mode is formulated in Equa-

tion (4.1) as:

(F — D)Voo

ROC =
Wyrom

(4.1)

The available and required thrust in the airspeed range is plotted in Figure for
both fixed ptich and variable pitch propeller. The fixed pitch propeller generates more
thurst at lower speed since is limit to fine pitch values. The P, = 7cm represents the case
where the best pitch for hover lift performance is adopted.

The fine pitch propeller cannot increase above 22 ¢m because the blades encounters
themselves close to stall. As the airspeed increases, the pitch set becomes insufficient to
generate thrust at higher speeds with a 45 ¢m diameter. Hence, a variable pitch propeller
proves superior because it can operate effectively in all speed ranges. Solid dark curve
in Figure represents the variable pitch propeller optimize for best 74054, While the
interrupted curve is the case where is to select pitches that maximize the thrust available
for all airspeeds. And is shown that with a variable pitch propeller optimize to maximized
T., does achieved best T, results in all speed range, and that also reflects in better rate of
climb as follows (see Figure j4.15).

Figure represents both curves of power required and power available of the air-
craft with a fixed ptich and variable pitch propeller. For a propeller-driven aircraft, the
thrust comes from the power output produced by the engine torque at a given rotational
speed(w), then Qw = F'V/n,. For the variable pitch propeller the power available is con-
siderably superior to the power required in fixed-wing mode at minimum airspeed. Since
the power demand for hovering and climbing in VTOL mode is so great, the motor selected
has enough power to operate smoothly in those stages. As airspeed increases, the power
available has a small variation until the airspeed surpasses the max speed of around 64
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m/s. By then, the required power is increasing sharply with airspeed due to the parasite
drag value increase.
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Figure 4.14: Power Required and Power Available

The rate of climb in fixed-wing mode is presented in Figure for the fixed pitch pro-
peller and variable pitch propeller. The variable pitch propeller optimized for maximum

Nglobal has better result as speeds increases resulting in the best rate of climb near 3 m /s at
20 m/s airspeed. The fixed-pitch cases presents better results due to having a finer pitch,
which generates more thrust at lower airspeeds but cannot operate at higher airspeed be-
cause they lose thrust and suffer "windmilling”. The interrupted curve presents the best

rate of climb for all range of speeds since was optimized for maximum 7.
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Figure 4.16: Range performance

The range is crucial for mission planning and performance, especially for a transport
role aircraft. An electric aircraft does not lose weight during flight, and the power available
does not change with flight altitude. Therefore, estimating this performance parameter
for this project requires a different approach than the general for engine propeller-driven
aircraft. The battery is the sole energy reservoir for the flight, thus, Equation (2.2d) is
proposed for the range estimation presented in Figure for this electric aircraft. About
67 % of battery is reserve for cruise condition with a variable pitch propeller, moreover,
battery fraction for cruise, ;"¢ = 0.267.The maximum range for the variable pitch
propeller occurs at 25 m/s cruise, very close to the minimum drag condition. That hap-
pens because the lift to drag ratio changes significantly among the speed ranges and does a

higher contribution into the range equation when compared to the global efficiency, which

69



at speeds between 20 to 40 m/s does not vary considerably( see Appendix [A.15). Figure
also shows that the variable pitch propeller is always better in range in all airspeeds
because is optimized for best pitch for every airspeed.

4.4.1 Mission Profile

Generally, the mission profile definition is one of the first steps for a conceptual and
preliminary design of the aircraft. However, designs such as eVTOL are unique and present
features unclear in the initial phase. Furthermore, the designed aircraft’s goal is concept
testing, thus, they are no defined initial requirements for a specific mission profile and the
main driving objective was prototype cost. Hence, in this dissertation, the mission profile
is proposed as the last step when the aircraft was already sized. The mission profile is then
adapted for the aircraft’s capabilities and limitations.

At this stage, performance parameters such as range, cruise speed, global efficiency,
and power are introduced for planning the flight phases of the mission profile.

The Flight phases must fulfil the policies demanded by civil aviation authorities to op-
erate. Since 2021, EASA has introduced recommendations for the national civil aviation
authorities to operate UAM aircraft. The aircraft designed follows open category A3 in
EASA regulations which means uncertified aircraft below 25 kg that must fly far from
people, and be operated by a certified remote pilot[101]. Further operation requirements
from 14 CFR Part 107 include[102]:

-Keep your drone within line of sight. If you use First Person View or similar technology.
-Fly during daylight (30 minutes before official sunrise to 30 minutes after official sunset,
local time) or in twilight if your drone has anti-collision lighting

-The maximum allowable altitude is 122 m above the ground, higher if your drone remains
within 400 feet of a structure. Maximum airspeed is 100 mph (44.44 m/s).

The aircraft design fulfils the operational restrictions since its cruise speed is slightly
above 27.78 m/s, and the ceiling is considered slightly above 100 m. Therefore after ob-
serving the restrictions from civil aviation authorities the pathline to follow for the mission
planning is clear.

Table 4.9 gives the time for each operation phase and energy consumption. E., is the
consumption over each flight stage , E..,,/ E.onr is the ratio between the E.,,, and the total
energy consumption of the mission. A battery mass corresponding to 40 % of the aircraft
MTOM, is assumed.

The eVTOL presents two flight modes, over which the VTOL mode consumes a sig-
nificant amount of energy despite the short time it operates. That is the case since it is
responsible to lift and sustain the aircraft until the transition phase. Hereafter, the fixed-
wing mode relies upon the wing for lift, and from climb to cruise condition occurs a huge
drop in consumption since the aircraft is flying in a steady condition at optimised cruise
speed and global efficiency for the propulsion system. A decrease in endurance results in
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a higher relative energy consumption at the VTOL mode shortening the range, and the
battery mass fraction for the fixed wing flight mode diminishes.

Table 4.2: Mission Profile Flight Phases and Energy Consumption

Mission | Description t[s] EeonlJ] Econ[Wh] | Econ/Econt
(o} TAXI: Multi-rotor 10.00 13937.3682 | 3.871 0.805
) Hovering : Multi-rotor | 40.00 | 55749.4727 | 15.486 3.221
Climb : Multi-rotor 24.07 | 39554.6342 | 10.987 2.285
2 Climb : Fixed wing 10.32 11799.6335 | 3.278 0.682
3 Cruise 5051.2 | 835246.9 232.013 48.255
4 Descent : Fixed wing 10.32 1705.964 0.474 0.099
Descent: Multi-rotor 24.07 33551.26 9.320 1.938
5 Hovering : Multi-rotor | 40.00 | 55749.4727 | 15.486 3.221
6 TAXI: Multi-rotor 10.00 13937.3682 | 3.871 0.805
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Figure 4.17: Mission Profile
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Chapter 5

Conclusion

5.1 Overview

This dissertation encompass the development of an eVTOL prototype considering 10kg
as MTOW. This prototype aims to be used as a proof of concept for further developments.

A morphing aerofoil model allowed to predict that the optimal wing mean chord value
is too small to implement due to structural limitation of the wing. A 150 % higher than the
optimal mean chord was selected as a suitable compromise with a penalty of 13 % lower
value in the optimal objective function.

The propulsion system capable of operating efficiently in all flight modes was found
to have a variable pitch propeller. Based on the propulsion system global efficiency op-
timization, the implemented method showed that since blade pitch increases from the
VTOL mode to the fixed-wing mode significantly, a fixed-pitch propeller could not work
efficiently in all modes in the same mission profile.

The morphing aerofoil is replaced by Selig 9000 in the later stage of the design to per-
form aerodynamics and static stability simulations in XFLR5. The static margin is 10 %
when the C.G is placed around 32 % of the mean aerodynamic chord. Hence, the designed
eVTOL is capable of efficient cruise flight in airplane mode with a cruise speed in the range
22 m/s for C,=0.6 to 29 m/s for C1,=0.3.

The MTOM is 10 kg, with a battery mass fraction close to 0.4. By reducing battery
mass fraction for more payload room results in a higher objective function. That does not
significantly decrease the range when less than 5 % of its value is taken.

The mission profile shows that most energy consumption occurs in the VTOL mode for
short time flights ( below 25 minutes mark) with E¢ = 120 Wh/kg, nevertheless, for the
planned mission 67 % of the battery is spent for 82 minutes in cruise flight and a total 87
minutes of flight time and range close to 148 km.

5.2 Future Work

In this dissertation although its objectives were achieved, a detailed design is still miss-
ing. For a start, the transition flight phase needs to be studied for a clear understanding of
how the aircraft behaves throughout such phase in terms of aerodynamics and stability,

73



propulsion for further optimization. Furthermore, the thrust tilt mechanism designed in
CAD must be 3D printed and tested for structural integrity, effectiveness and reliability
for the approval of the design.

The propulsion system must accommodate a variable pitch mechanism with significant
pitch changes through the flight modes. Thus, such a mechanism must be developed and
tested to compare with the results of the predictions realized in the present work. More-
over, the blade sizing of such a propeller must have its geometry related to the variable
pitch mechanism efficient results and flight operation. The possibility of performing au-
torotation can be studied for this propulsion configuration as the aircraft could benefit
from this safety feature and increase the aircraft survivability.
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Appendix

Appendix

This appendix includes information and data about the motor, empty mass model,
wing sizing, aircraft Computer Aided Design(CAD), extra propulsion graphs.

A

A.1 Motor
Figure A.1: AXI 2835/10 GOLD LINE V2 LONG
Table A.1: Motor Specifications
Electric Motor AXI GOLDLINE 2835/10 V2 LONG
Brushless Outrunner Motor
Mass[g] 257
EVIrpm/V) 690
R[Q] 0.027
Ih[A] 2.8
Tmaz[A4] 69
Praz[W] 1190
Shaft Diameter[mm] | 5
Can Diameter[mm] 35
Lenght[mm] 75,5
Cost [EUR] 142
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A.2 Empty Mass Model Parameters

Table A.2: Empty mass parameters values

Parameters
Myeykg] 0.3
Msystemslkg] | 2
bres[m] 0.2
Cref [m] 1.4
€p 1.2
ec 1.2
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A.3 Wing Sizing

D[N]

E L
<_meanim]

1975
01975
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H L
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Figure A.2: Wing Parametric Study Spreadsheet
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A.4 AeroeVTOL CAD
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Figure A.4: Aero eVTOL UAV ISO View in Fixed-Wing

Figure A.5: AeroeVTOL UAV Lateral View in Fixed Wing

86



=D

=l

—
~—

|

Figure A.6: AeroeVTOL UAV Top View in VTOL
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Figure A.7: AeroeVTOL UAV ISO View in VTOL
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A.5 Tilt Rotor Mechanism CAD

Figure A.8: Tilt Rotor Mechanism ISO View

i

Figure A.9: Tilt Rotor Mechanism Lateral View
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Figure A.10: Tilt Rotor Mechanism TOP View
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A.6 Static Stability

Alphal°®]

Figure A.11: C,, vs « plot from XFLR5.C'm = 0 at C, = 0.6 (gray curve), Cm = 0 at C, = 0.3 (black curve).
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cL

Figure A.12: C;/Cq vs ¢; plot from XFLR5.Cm = 0 at C, = 0.6 (gray curve), C'm = 0 at C = 0.3 (black
curve).
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A.7 Propulsion Plots and Battery Mass Fraction
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Figure A.14: Blade Pitch Available vs Airspeed
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Figure A.13: Blade Pitch Required vs Airspeed
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Figure A.15: Variable Pitch global efficiency in cruise and climb vs airspeed
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Figure A.16: Battery Fraction for every flight condition
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