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Abstract

The following thesis, carried out in collaboration with the company Pro S3 s.r.l,
consists in the study of the propulsion system of a quadricopter drone, with the aim
of developing four propellers for vertical take-off and a propeller for horizontal flight.
The Skywalker X8 drone must operate at an altitude of 4000 m.

The theories used are: Simple Impulsive Theory, Extended Impulsive Theory,
Vortex Theory, Blade Element Theory, and Linearized theory of the actuator disk.

Firstly, the drone characteristics and the operating environment, characterized by
a density of 0.86 kg/m3, are exposed; the density is of central importance because,
by calculating the Reynolds number, it contributes to the determination of the flow.

Later, the Simple Impulsive Theory and the Extended Impulsive Theory are
discussed and applied by considering a determined number of scenarios
characterized by masses and variable diameters. The aim concerns the
determination of the induced power and the induced speed for each scenario.

The application of the Vortex Theory allows to calculate the vorticity distribution
under optimal conditions by determining the load parameter of Glauert (G) using
an iterative method. Moreover, this theory is applied both to a disk with an infinite
number of blades and to a disk with finite number of blades, considering, at the
same time, the losses at the tip by using the Prandtl factor.

The Linearized theory of the actuator disk identifies the motion field induced by the
propeller.

Finally, the results obtained from the application of these theories, the profiles
used, with the corresponding performance calculated with XFOIL, and the motion
field results are reported.
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1 — Introduction

The following thesis aims to develop four propellers for vertical take-off and one for
the straight horizontal flight of the Skywalker X8 drone.

The drone in question has to operate at high altitude, about 4000 m, and it has to
carry out activities such as shooting or photographs.

The following thesis work was carried out in collaboration with the company Pro S3
s.r.l.

1.2 - The drone Skywalker X8

The following drone can be found in two configurations, one with the presence of
four arms used for placing the four propellers and one without the following arms,
but with a single propeller. In the latter case, the take-off is performed in a special
ramp.

Figure 1 - First configuration



Figure 2 - Second configuration

The configuration discussed in the thesis is the first one (Figure 1). The drone
consists of:

e Wing span: 2.122 [m]

e Length: 0.82 [m]

e Mass: 4 [kg]

e Cruise speed: 19 [m/s]

1.2 — Environment

The operating environment is relative to 4000 m, therefore the operations take
place inside the troposphere, which is in contact with the earth's surface and
extends up to 16-20 km to the equator and up to 8 km to the poles.

The troposphere contains the % of the entire gaseous mass and in it mainly occur
the atmospheric phenomena which consists of (Saha, 2008):

e Nitrogen: 78.09%

e Oxygen: 20.95%

e Argon: 0.93%

e The last percentage is about the other gas



Regarding physical quantities:

Table 1 - Atmosphere at 4000 m

Temperature 262.15 [K]
Pressure in ISA condition 6.5+ 10* [Pa]
Density 0.8631 [kg /m3]
Dynamic viscosity 1.665- 1075
Cinematic viscosity 1.929-107°
Speed of sound 324.72 [m/s]
Gravity acceleration 9.81 [m/s?]

Exosphere

Thermosphere

Mesosphere

Stratosphere

Troposphere

Figure 3 - layers of the atmosphere




2 - Momentum theory

The momentum theory was made to develop propellers used in the nautical field.
The following theory was determined by W.J.M Rankine (1865) and R.E. Froude
(188%5); then, it was extended by A. Betz in 1920, also considering slipstream
rotation.

The actuator disk supports the thrust explained in the following paragraph, and the
direction of the air is opposite to the thrust; for this reason, it leads back to Newton's
third law (reaction action law).

The wake stream has specific kinetic energy, from the latter, it is possible to
determine the induced power, linked to the induced resistance of a fixed-wing.

This theory does not allow to obtain essential data relating to the flow; moreover,
it needs the application of conservation laws.

2.1 - Analytical treatment (Simple Impulsive Theory)

Before explaining the momentum theory, it is necessary an introduction relating to
the actuator disk, exploited precisely within the theory just mentioned to simplify it.

The actuator disk is a simplified model of the rotor, consisting of a circular section
of infinitesimal thickness.

e The actuator disk is rotated through a torque, which determines a certain
angular momentum on the fluid.

e The thrust on the rotor has a uniform distribution, and an instantaneous
pressure variation (AP) occurs through the circular surface selected by an
infinitesimal thickness. The uniform thrust can be realized because the rotor
has an infinite number of blades.

e “The slipstream of the rotor is a clearly defined mass of moving air outside
which the air is practically undisturbed” (A. R. S. Bramwell, 2001).

e The flow is ideal, steady and irrotational.

Through the preliminary analysis, that it is carried out later, all that is done to know
the flow velocity and the power, according to the thrust determined in the
preliminary phase. These physical quantities are obtained by considering the
influence of the actuator disk on the flow, and through the momentum theory, this
problem is solved by applying the conservation laws.
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Figure 4 - Variation throw the actuator disk in vertical flight

e V. represents the ascent speed.

e V;: represents the increase in speed that the disk provides to the flow.

e T: thrust generated by the disk and opposite to the fluid direction.

e V,: speed increase downstream of the flow tube.

e Py, P.: represent the pressure before and after the actuator disk, and the
difference between them gives the pressure increment (AP)

re—]
|Do..
|
So

Ve +Vaa

Ve+Va

Ve

P2 = Po

Figure 5 - Graphical point of view

This theory considered an actuator disk constituted by an area: A = m- R?. The
mass flow rate that crosses the surface of the disk is . = pAV, which is constant.



The thrust generated is expressed as:

Rg
T=fAP-dA=f Ap - 2mr - dr (2.1)
A

d 0

If the pressure variation is constant, it is possible to take it out of the integral
obtaining:

T =Ap-A, (2.2)

Applying the Bernoulli equation to the various stations (Figure 3):

e Station 0 — 2:
1
PO = Pz + —pvz
2
e Station 3 -1

Py 2—P+1 2
3—2.077—0 ZPW

From the combination of the following equations, it is possible to obtain the thrust
per unit area:

T 1 (2.3)
Z=P3_P2=§PW2

Considering the mass flow through the disc:
1. (2.4)

e Station 0 - 1:

Now in the equation (2.5), the whole tube, from the input surface to the output
surface, is considered:

T = p(Ve + w)?As — pVEA, (2.5)



station 0
(far upstream)
thrust T

rotor disk T station 2
area A station 3

slipstream ///

l station |

W (far downstream)
Figure 6 - Flow tube with stations

In the flow tube, there is an increase in speed, this increment determines an
instantaneous reduction in pressure, as shown in Figure 5, and a reduction in the
section of the flow tube to satisfy the conservation mass low. In the case of
incompressible fluid, the mass flow rate remains constant, also considering the
stationary flow condition, then the mass conservation law can be expressed in
terms of volume obtaining Leonardo's law:

V- A = cost. (2.6)
Equation (2.6) is constant for each section of the flow tube.
VerAo=We+w)Ap =V +vy) - Ag (2.7)
From equation (2.7) it is possible to derive the equation of the areas (4, and 4,)
and replace them in equation (2.5) obtaining:

_ prDg

. V. +v)-w (2.8)

T

Considering the equation reported (2.9):

1
p+ EPVZ + pgz = cost. (2.9)

The (2.9) represents the Bernoulli equation, and in the case of negligible variations
of the height, the third term is negligible, and it is possible to explain the pressure
difference as:

> (2.10)

1
Ap =pW(VC +EW



Replacing equation (2.10) in (2.2) it is possible to obtain the Froude's Theorem,
which affirm that the velocity induced at the infinite downstream (w) is precisely
twice the speed estimated at the actuator disk (v;).

The theorem just explained allows to rewrite the equation (2.8) and (2.10) reporting
only the speed evaluated at the disk:

D2 (2.11
szzd(VC-I_vi)vi )
Ap = 2pv; (V¢ + v;) (2.12)

In the previous equations V., is the climb speed.

If the flight is not vertical, but there is a hover condition, the climb speed (V) is
zero, and the lift generated by the actuator disk is equal in module to the weight,
but the opposite direction.

W

Thrust

g
o
=

Figure 7 - Helicopter hovering flight

D3
=7 L (Ve +v) v (2.13)

Ap = 2pv; (Ve + v;) (2.14)

T




The Simple Impulsive Theory is applied to make an example of this model. It is
considered a certain number of masses and diameters, and from the combination,
a certain number of scenarios are performed. It should be noted that all the
calculations are carried out considering an altitude of 4000 m, therefore with
density present at the considered level.

Table 2 - Masses

Masses [kg]
0.125/0.25|0.375| 0.5]|0.625|0.75| 0.875 1{1.125|1.25
1.375| 1.5|/1.625|1.75|1.875 2|2.125(2.25|2.375| 2.5

Table 3 - Diameters

Diameters [m]
0.10/10.11/0.11(0.12|0.13{0.13{0.14|0.15|0.16|0.16
0.17/0.18|0.180.19|0.20{0.20|0.21{0.22|0.22(0.23
0.2410.2410.25]0.26|0.27(0.27|0.28{0.29|0.29(0.30

Table 4 - Necessary thrust

Thrust [N]
1.23| 2.45| 3.68| 491| 6.13| 7.36| 858| 9.81|11.04|12.26
13.49|14.72(15.94|17.17|18.39|19.62|20.85| 22.07| 23.30| 24.53

The speeds belonging to each scenario are obtained with equation (2.15), and the
induced power (2.16)

Vi = ' (2.15)

Pi =T- Vi (216)
1200 T T T T T T T

1000 -
800

600

P W]

400 -

200

0 5 10 15 20 25 30 35 40 45
v, [m/s]

Figure 8 - Induced power



In Figure 8, the curves are parameterized with the mass, in particular, the value of
the powers increases as the mass increases

2.2 - Analytical treatment (Extended Impulsive Theory)

The Simple Impulsive Theory considers stationary, incompressible, and irrotational
flux; in the extended theory, instead, the condition of irrotational flux is no longer
considered, and the vorticity downstream of the rotor is also taken into account.
The conservation laws are always used, with the addition of the conservation of
the angular momentum due to the rotation of the wake downstream of the disc.

The laws in use are the following:

e Conservation of the mass
pfq-ndSzO (2.16)

e Conservation of momentum

pqu-ndS+fpndS=Fb0dy (2.17)
e Conservation of angular momentum
Pjrxqq-nd5+jprxndS=Mbody (2.18)
e Energy conservation
dE (2.19)

j(+1 2) ds =
p+5pq”)q-mdS=—

dS represents the reference surface, and it encloses the fluid, n represents the
normal to the surface. Fy,,4, and M,,4, represent the force and the moment acting
on the rotor, while the ratio dE /dt represents the energy added to the flow by the
rotor.

In this theory, a function of the radius must be obtained in such a way as to be able
to minimize the power induced by a given thrust. It is possible to introduce the
Lagrange multipliers to satisfy this request, which are chosen arbitrarily to find the
minimum of the induced power.

With the extended impulsive theory, it is possible to identify the tangential and axial
velocity knowing the thrust.

The thrust, power, and torque are calculated respectively:

-

Ap-dA = f pw?dS; + | (p; —po)dS; (2.20)

d S1 S1

10



1
P, = f AP -v dA +f = puv dA (2.21)
Ag Ag 2
Q= p-v-u-r-dAzf prw-uy 1 dS; (2.22)
Ad S1

In the relations shown, the velocities u and v represent the tangential and axial
velocity, respectively. Equation (2.21) consists of two terms; the first determines
the acceleration of the fluid in the axial direction; the second term is not a power
because the rotary motion does not determine thrust.

area Sy station 0
(far upstream)
If
thrust T
rotor disk | ‘ station 2
area 4 + station 3
V+v

slipstream /

V+w

area §; l station ]

(far downstream)

Figure 9 - Extended theory

The induced power reported in equation (2.21) is equal to the power calculated at
the tree:

P=0Q-Q (2.23)

By replacing in (2.23) equation (2.21) and (2.22), it is possible to get:

1
pr-vdA+f —puzvdAzf Q-p-u-v-rdA (2.24)
Aq AdZ

Aq

By manipulating this equation, the pressure difference is obtained:

1
J Ap-vdA=J pv(Qr——u)u-dA
A A 2
d

d

1
Ap-vdAzpv(Qr—Eu>u-dA

1
Ap =p<Qr—§u)u (2.25)

11



It is possible to replace the equation (2.25) in the (2.12) obtained in the previous
paragraph.

1
20v% =p (Qr — Eu) u (2.26)
1
2v? = (Qr - Eu)u (2.27)

Following the process reported in (Johnson W. , 2013), the optimal value of the
tangential and axial velocity is determined by an iterative way to evaluate v,
knowing the thrust T. The term v, has the same dimensions of the speed and is a
free parameter which is determined, as just said, by the imposition of the thrust.

5 Qr)*
T = vao fmdfl (228)
2 2
T = 2pAv2 [1 + (3';0)2 ‘In (g—;’?) + %} (2.29)

With equation (2.29) it is possible to determine the value of v, iteratively, after
having determined it is possible to obtain:

2v¢
u=Qr-———m——— (2.30)
(ﬂz‘)z; g
Qr
V=vy (2.31)
O (Qr)? + v?

Considering the scenarios described above and replacing v, in the equations
(2.30) and (2.31), the tangential and axial speed distribution is determined.

1.8
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R

Figure 10 - Tangential and axial speed distribution
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In the following treatment, the power is calculated considering the rotation of the
wake, the following parameter is compared with the power induced by Simple
Impulsive Theory to verify the increase.

B = f v(r) - dT (2.32)

1200
1000 |
800 |

600 b

P W]

400

200 [

Figure 11 - TIS

1800

1600 |-

1400

P [W]

Figure 12 - TIE

In the following chapter, the application of the simple and extended impulsive
theory has been reported to evaluate the effect of the rotation of the wake.
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3 - Blade Element Theory

The first development of this theory, especially around 1920, followed two separate
concepts: one was the blade element theory, the second was the momentum
theory.

The first approaches of considerable importance date back to the studies of William
Froude (1878) and Stefan Drzewiecki (1892-1920), who approached the study
considering the independent airfoils profiles between them, in particular, his studies
were uncertain due to the aerodynamic characteristics adopted for the profiles; to
deal with this problem, an empirical approach was used, that was calculating the
necessary characteristics directly on a series of propeller.

Therefore, using the characteristics of 2D profiles in the following analysis, give
erroneous results, therefore Drzewiecki, used the characteristics related to the 3D
wing to obtain acceptable results, even if there is a certain margin of error.

G. de Bothezat (1918), he used the momentum theory but adding an empirical
approach like the one adopted by Drzewiecki.

A. Fage and H. E. Collins (1917), exploited the momentum theory, but with an
aspect ratio like 6, the problem lay in the fact that, it was necessary to make specific
corrections on the induced speed due to the variations of aspect ratio.

Thanks to subsequent developments conducted by Prandtl, a clear formulation
was provided that allows to understand the effect of the induced speed determined
by the wake. It was shown that the circuit around the aerodynamic profile
determines the lift.

The Vortex Theory allows to incorporate the speed induced in the blade element
theory. It is specified that both the previous theory and the momentum theory used
a model called actuator disk.

With the blade element theory, the aerodynamic profile formulation is applied to
the rotor, with the influence of the wake expressed in an induced angle of attack.
The application of theory requires the estimation of the induced velocity, obtainable
through the momentum theory or vortex theory.

The following points are the substantial differences that distinguish the two theories
just mentioned:

e The theory of the moment allows us to conduct a global analysis,
furthermore, it must be accompanied by a further theory to obtain the
complete results for the design of the rotor. Remember that in the theory of
the moment the disk is included by an infinite number of blades, therefore
an actuator disk and infinite aspect ratio.

e The blade element theory instead refers to the flow, the load acting on the
rotor blades, and the design parameters.

By knowing thrust, angular velocity, propeller diameter, and aerodynamic
characteristics of the profiles, this analysis can be used as a tool for the design of
the propeller because it allows the determination of the geometric characteristics.

14



3.1 - Analytical treatment of the theory

The blade element theory consists of applying to a rotating blade the theory used
for the wing profiles. In Figure 13 it is possible to see a typical profile and in Figure
14 the notation to be used. Figure 15 shows the element placed at a distance r
from the rotational axis. The rotor is considered with infinitesimal thickness (dr).
The effective speed (U), that invests the rotating element, determines an angle a
with the chord, this one is the angle of attack, while ¢, the inflow angle (or geometric
angle), it is formed between the effective speed (U) and the plane of the disk, as
shown in Figure 15.

It should be noted that the components of speed U are:

e Tangential speed: Qr
e Axial speed: (V; + V), V. in the case of vertical flight

The speed V. is considered in the driven propeller (propeller 2), because it has a
feed speed perpendicular to the airflow.

Figure 16 represents a view from the top of the rotor, it allows to identify the radius
immediately at the tip of the blade and the rotation speed with the corresponding
direction of rotation.

Figure 13 - Blade section

15
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Figure 14 - Blade coordinates

U= /Viz + (Qr)? (3.1
4 _

¢ = atan [E] 3.2)

a=0—¢ (3.3)

dL

Blade Section

Y

Disc Plane Qr dD

Figure 15 - Blade section characteristics

QR

Figure 16 - Plan view
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In the case of vertical flight or hover, the problem lies in the distribution of the forces
shown in Figure 15, for this reason, it is necessary to integrate and then highlight
the terms dependent on the radius:

1
dL=§-p-U2-c-CL-dr (3.4)

1
dD=§-p-U2-c-CD-dr (3.5)
dT = dL -cos¢ —dD -sin¢p (3.6)
dQ = (dL-sin¢g + dD - cos p)r (3.7)

d

dH=—Q (3.8)

r
It is necessary to report some simplifications:

e The blade is assumed rigid thanks to the action of the centrifugal force.

e The inflow angle (¢) is assumed small, in particular, this statement is very
close to reality when is considered a condition far from the axis of rotation
thanks to the fact that Qr is very high, this statement is inconsistent close to
the rotation axis, even if the acting forces are small:

U=Q-r (3.9)
cos¢p = 1;sin¢gp = ¢ (3.10)
Vi
¢=q (3.11)
Now the first equations can be rewritten with the simplification introduced:

1

dLEdT=§p(Q-r)zCl-c-dr (3.12)
1

dQ = Epﬂzr3(Cl¢ + Cy)c-dr (3.13)

The equation below (3.14), express the power request to the blade:

dp = %p (Q-1)3(C¢p + Cy)c - dr (3.14)

If it is introduced the number of blades and the single blade has a finite size, it is
necessary to integrate the equations from the inner radius to the outer. These
equations represent the total physical quantities:

N-Q2p (R
T = > PJ C,-c-r2dr (3.15)
0
N-Q2-p (F
Q = Tpf (Cl¢ + Cd)C : T3dr (316)
0
N-Q3-p (R
p= Tpf (C,p + Cy)c - r3dr (3.17)
0

The equations below, (3.18), (3.19), (3.20) are adimensional:
2T

= 3.18

Cr 4-p-Q2R* ( )
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m? Q

Co = 5o ke (3.19)
3
P
o = R (3.20)

In the Blade Element Theory is contained a parameter relative to the area of the
disc, it represents the solidity (J. Seddom, 2011):
N-cR N-c

= = 3.22
s T+ R2 T'R ( )

Two other factors of fundamental importance are:

e The performance of the propeller
e The factor of merit.

In particular, the efficiency is directly proportional to the speed of ascent, so in the
case of a rotor analysis in hovering, this term is useless; the merit factor, on the
other hand, can have a value between 1 and 0 and is directly proportional to the
induced axial speed.

F.M.= Jy vial (3.23)
J, @dq
L)) (3.24)
m-R

With the equations related to the coefficients introduced previously and the
definition of solidity, it is possible to rewrite the coefficients as:

73 (R
Cr :ﬁf Cioridr (3.25)
3 RO
Co = T R4 j (C, p + Cyor3dr (3.26)
p 8R4’ J (Cl ¢ + Cd)O'T (327)
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4 — Vortex Theory

The vortex theory exploits the concept of actuator disk as already mentioned in the
previous chapter (Blade Element Theory), the disk, made up of an infinite number
of blades, is permeable and distributes the vorticity uniformly, moreover, in this
theory the contraction of the wake is neglected.

The leading scholars who developed and perfected the Vortex Theory are:

e N. E. Joukowski (1912): he studied the speed induced by the helical vortex
system of an actuator disk.

e Betz (1919): he determines the optimal circulation distribution on the rotor
in the case of an infinite number of blades and the minimum induced power.

e L. Prandtl (1920): he developed the theory to take into consideration the
circulation of a finite number of blades.

e S. Goldenstein (1929): introduced an exact correction to consider the
presence of a finite number of blades.

e H. Glauert (1934): he reworked the work done by Betz in the condition of a
weakly loaded disk extending the treatment to any load condition.

The Vortex Theory allows to analyze the flow field near the disk and in the wake
that is generated from it under the hypothesis of inviscid and incompressible fluid.

The laws necessary for the analysis are:

e Kutta-Joukowski theorem:

Lift A

Spinning
cylinder

Figure 17 - Kutta - Joukowski

“If an irrotational two-dimensional fluid current, having at infinity the velocity V,,
surrounds any closed contour on which the circulation of velocity is I', the force of
the aerodynamic pressure acts on this contour in a direction perpendicular to the
velocity and has the value” (J. D. Anderson, 2011).

L' = poVeoltor (4.1)

19



e Vorticity equation:

Dw
PO _ - vy (4.2)
Dt

e Biot-Savar law:

In the surrounding space, a flow field is induced by the filament, moreover, if the
circulation is performed in a closed path, then it has a constant value, and the term
I' represents this intensity.

dl is the vector that determines the direction of the segment, r is the distance
between the segment and the point P, V is a velocity induced by the filament:

' dl x
gy = L dtx @)

= 4.3
4 |r|3 (4.3)

Vortex filament
of strength I’

dav
Figure 18 - Representation of the Biot Savart law
e Kelvin’s theorem:

“The time rate of change of circulation around a closed curve consisting of the
same fluid elements is zero” (J. D. Anderson, 2011).

Fluid elements
along a curve ()
at time #;.

The same fluid elements
at a later time ¢;. The
fluid elements now form
a different curve C;.

Figure 19 - Representation Kelvin's theorem
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i . - 4.4
ths w-ndS o 0 (4.4)

e Helmholtz theorems:

The mathematician and physicist Hermann von Helmholtz (1821-1894) was a
pioneer in the use of the vortex filament for analysis of inviscid and incompressible
flow, establishing principles concerning the vortex behavior:

1. “The strength of a vortex filament is constant along its length”.
2. “A vortex filament cannot end in a fluid; it must extend to the boundaries of
the fluid (which can be + «) or form a closed path” (J. D. Anderson, 2011).

b _ (4.5)
E(w ndS) =0

After having listed all the laws considered in this theory, it is possible to proceed
with the integration of the Kutta-Jukowski theorem on the radius of a single blade
to determine a relationship between the circuitry and the forces acting on the disk.

Figure 20 - Example of a wing subject to a speed flow V

R
L = poVe f r(r) dr (4.6)
0

In the case of a rotating element, the relative speed can be approximated as a
product between the speed of rotation and the radius, and the elementary thrust
can be considered equal to the lift; therefore, the following relation (4.7) is reported:

dT = pQrT(r)dr (4.7)
Dividing by area:
dT  pQI'(r)
dA-  om (4.8)
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Where the infinitesimal area is: dA = 2nr dr and in this way, as anticipated above,
a relation has been identified between thrust on area units and circulation.

4.1 — Discussion of the rotor vortex and its wake

Considering a rotor made by a finite humber of blades and having a constant
circulation distribution, it is possible to assume the blade equal to a whirling filament
that starts from the infinite and ends at the root, moreover, the vortex filament is
set on the axis of the rotor, there is also a swirling end filament, which takes on a
helical shape due to the rotation of the disk and the axial velocity also determined
by the disk (Figure 21)

thrust, T

rotational speed, Q2

_k_:l‘; tip vortices

root vortex ——

Figure 21 - Helicoidal motion

The flux is irrotational at infinity upstream of the flow tube, therefore w = 0, passing
to the two following stations "2" and "3" ( the stations that enclose the rotor, Figure
9), the flow becomes rotational, in particular, the axial speed is constant, while the
tangential speed undergoes an increment, passing from the null value to a finite
value:

I

u(r) = m (4-9)

Concerning the case reported, due to the uniform distribution of vorticity and vortex
adhering to the blade, the root and terminal vortex, have a constant circuit value.

From equation (4.8), it is possible to determine the ratio between the thrust, the
surface, and the value of the circuit (equations (4.10) and (4.11)).
T _pQr

T =0 (4.10)
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roL2m (4.11)
~ ApQ '

The points that characterize the whirling system are listed below:

e Whirling filament aligned with the axis of the rotor having a circulation
intensity equal to the equation (4.11) described.

e On the surface of the actuator disk there is a radial distribution of vortex
filaments having a density:

- 4.12
Yb o ( )

e The flow tube is made up of swirling rings parallel to the plane of the

propeller; the rings constitute the lateral surface of the tube.

¢ Axial distribution and perpendicular to the whirling rings have the following
intensity:

Y =— (4.13)

This breakdown of the motion field was carried out in such a way as to simplify the
analysis of the induced motion field.

b thrust, T

bound circulation
distributed over
rotor disk

vortex sheet
on slipstream
boundary

——

axial root vortex —
Figure 22 - Vortex theory for the actuator disk model.

The longitudinal filaments and the root vortex present in the following system do
not induce any axial velocity, but determine only the rotary motion of the flow, in
particular, the tangential velocity caused by the root vortex is:

r
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The radial vorticity distribution helps to determine the two tangential velocities
below, and above the disk, they have the same form but different sign. Considering
that the flow before crossing the disk is irrotational, then the velocity above the
disk: —u, is opposite and equal in form to the velocity that gush from the root
vortex (4.9). It is possible to determine the relations relative to the velocity below
the disc (4.15) and the velocity to the infinity downstream (4.16).

u(r) =2 upy = (4.15)

2mr
r ul)

- 4.16
4ty 2 ( )

Uoo (1) = Ugy =

The elements that allow the determination of the axial speed are the rings that
make up the lateral surface of the flow tube; they have an intensity:

r
=g (4.17)
The parameter h represents the distance between the whirling rings.
21
h = Evi (418)

In equation (4.18), v; represents the induced axial velocity, replacing this equation
in (4.17), it is obtained:

_ T
N Apvi

Yr (4.19)

Considering what reported on page 6 of (M. Knighr, 1937), it is shown that a
distribution of rings, belonging to the surface of a flow tube (with density reported
in equation (4.17)), determines a potential velocities in a generic point P :

dl’

_ Zy
—4dz | " dz (4.20)
4m

Z1

Py

It should be noted that z; and z, represent the extremes of integration. w in
equation (4.19) represents the solid angle subtended by the rotor; this angle is also
reported in (Johnson W. , 2013), but with another symbology.

By deriving the potential concerning the variable z, the induced velocity is obtained
as:

Y [“?
vi(P)=ﬁ J dw (4.21)
w1

Considering that the density is explained by (4.19) and the angle subtended from

the ring to the downstream infinity is zero, by appropriately manipulating, the
induced speed is obtained:
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2-T
mpD?

v;(P) = (4.21)

Manipulating these relations, in particular following the procedure reported in
(Johnson W. , 1994), it is shown that the speed of a point placed at the infinity
downstream is: v, = 2v;.

Therefore with this theory, the results obtained for the Simple Impulsive Theory
have been confirmed.

4.1.1 — Variable distribution of I'(r)

Considering a variable circuitry distribution, for each variation of circuiting, there is
the detachment of a filament from the blade (Figure 23).

@%/‘”
\Pﬁ’“ | dry
//\\ B ’{":/MHM}

v

Figure 23 - Separation of the swirling filament

The set of filaments forms a swirling free surface of helical shape, as in Figure 24.
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Figure 24 - Vortex sheet

Between the plane of the disk and the surfaces shown in Figure 24, an angle is
formed:

V;

¢ = arctan (4.22)

Qr—%

Compared to the previous case with constant circuitry, in this case, considering a
variable circulation and an infinite number of blades, the swirling surfaces are
separated by an infinitesimal distance, and the vorticity is no longer concentrated
only in the lateral surface of the flow tube but throughout the wake.

It is possible to consider the model as reported in Figure 21, so the problem is
simplified.

For the Kelvin theorem, the generic filament has an intensity equal to:

_are) (4.23)
dr
In particular, the density of the whirling rings is:
dr 1 dr Q
ﬂ = ™) . (4.24)

() = - dr h dr 2mvy;

As far as the determination of the tangential speed is concerned, it has a relation
equal to that shown in (4.15), with the circulation variable according to the radius.

Applying Bernoulli's law to the current lines, the pressure increase across the disc
takes into account the tangential speed and axial speed:

26



u2
Ap = (217-2——) (4.25)
p p L 2

It is also possible to evaluate the elementary thrust (4.26) and compare it with the
thrust obtainable by the Kutta-Jukowski law (4.27), obtaining the variable circuitry
as a function of the induced speed.

uZ
dT = 2mp | 2v? — > (4.26)
u
dT = pV,Ldr = p (Qr - E) Tdr (4.27)
4Arv?
() = ’; i (4.28)

Equation (4.28) is determined by equating (4.26) and (4.27).

4.2 - Optimal vortex system

As demonstrated by Betz, a weakly charged propeller, the condition of minimum
induced energy requires that the vortex surface must rotate around the rotation
axis, as a rigid surface, and form with the disk plane a constant angle for each
dimension (¢). Then the swirling surface can be assimilated to an Archimedean
screw.

asse z

f

Filamento al
tempo t

|
|
i
!
|
|
I

Filamento al
tempo
'e t+ At

Figure 25 — Rotor wake

The Archimedean screw, which is formed by the swirling trail, pushes the fluid
downstream. As shown in Figure 25, three velocity components are formed:
perpendicular to the vortex trail (v,,), one directed along the rotation axis (v,), and
the last tangential (v;). The speed of the wake relative to the disc is constant and
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is vy. To determine the three indicated speeds, they are expressed as a function
of angle ¢ and speed v,:

Vp, = Vg " COS ¢ (4.29)
vV = Vg - cos¢ - sin ¢ (4.30)
v, = Vg coSs% ¢ (4.31)
The ¢ angle is:
¢ = arctan (E) (4.32)

The speed v, is the component of v,,, while the absolute tangential speed is:

u = wr
In the inflow angle, it is possible to consider the climb velocity or the
cruise speed, as reported in chapter 6, to describe a condition different
from the hover.

4.2.1 - Determination of the optimum circulation

(4.33)

As explained at the beginning of Chapter 4, Betz determined the optimal circulation
distribution for a disk having an infinite number of blades and weakly loaded.
Subsequently, Glauert extended this treatment to any load condition and provided
a formulation and a mathematical solution of the condition problem minimum
induced power and, considering the pressure variation of the Extended Impulsive
Theory (equation (2.25)), the elementary thrust is determined:

dT = 2mp (Qr — %) ur dr (4.34)

Considering that v; = Q rtan ¢ and dP; = dT v;, the induced elementary power is:
dP, = 2mp (Qr — =) ur dr v; = 2mp (Qr — =) uQr? tanp d 435
;= np( T—E)ur rv; = np( T—E)urtancp r (4.35)

Using the calculation of the variations based on the Euler-Lagrange equations,
Glauert determined an equation that allows to obtain the condition of Minimum
induced power of the rotor, knowing the necessary thrust, as reported in (Peters,
2016):

X -—1(BX—-6)2 =7(3X —4)? (4.36)
Making explicit:
)
_Z 4.38)
) ;. (4.
7= RO (4.39)
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The parameter G indicated as v, in (Peters, 2016), represents a Lagrange
multiplier, as explained later, it assumes an arbitrary value to obtain the maximum
of the function, which in this case is the assigned value of the thrust.

The dimensionless angular velocity is:

522 4.40
= 0=% (4.40)

_ 6

w =
4.41
5+f2+2(1+f2)cos(§) (4.41)
0 is calculated as:
7O+ 37 +372 -1

6 = arccos T4 1372 T 1 (4.42)

Explaining the circuit as a function of the radius from equation (4.15) and replacing
the tangential speed u = wr = wQr, it is possible to obtain:

I'(r) =2nriowQ (4.43)
The dimensionless circulation is derived from the latter, and the typical trend is
reported in Figure 26.
2

_ I'(r) T
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R

Figure 26 - Adimentional circulation
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4.2.2 — Prandtl correction

In the case of the finite number of blades, energy losses occur, caused by the
motion of the fluid, which escapes from the helical vortex surface and flows around
the edge of the upper and lower face causing a reduction in the axial momentum.

In the case of an infinite number of blades, this phenomenon did not occur thanks
to the presence of contiguous swirling surfaces, which hindered this phenomenon.

The phenomenon, exposed later analytically, occurs with the cancellation of lift and
circulation to the tip of the blades.

Glauert made an equation that allowed simple evaluation of tip losses for the BEM
(Blade Element Theory) model, thus exploiting a two-dimensional model Glauert
obtained a factor that multiplied by the circulation approximates the effects of such
losses. This discussion is also presented in (Sgrensen, 2016)

F(r) = ;arccos(e_f) (4.45)
N (R -
f=7( r¢r) (4.46)

In equation (4.46), N represents the number of blades, while ¢ is the inflow angle
exposed above. By tracing the behavior of the Prandtl factor with the variation of
the number of blades as in Figure 27, it is possible to see how at the tip (as the
number of blades increases) F tends to the unit value.

12

N=2
N=4

08

06

F(r)

04r

02}

R

Figure 27 - Prandtl factor

Once the Prandtl factor has been determined, it is possible to correct the
adimensional circuitry determined for an infinite number of blades; the correction
consists in introducing both the energy losses to the tip and the finite number of
blades which in this case is equal to 2 (N = 2).

_ _ T\ 2 TR\ _ /1 \2

[(r)=Fa (ﬁ) = —arccos <e T$ ) ® (ﬁ) (4.47)
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The problem related to the resolution of equation (4.47) is correlated to the
presence of two free parameters which are v,, contained in ¢, and the load
parameter G. One of the two can be eliminated by imposing the thrust, moreover,
it needs to add a relation that links v, and G. The first term has the dimensions of
speed, while the load parameter is adimensional.

Through the properties of the trigopnometric functions, it is possible to derive the
equation (4.48) from (4.30):

2
vg Qr
=9 4.48
Ve Qr)? +vg (4.48)
2
vgQr
-2 9" 4.49
“ (Qr)2 + v3 (4.49)

The (4.49) has been obtained considering that u = 2 - v, and knowing that u = w -
r = wQr (w is a function of G as shown by the equation (4.41))

u=QrwlG) (4.50)
_ 2v§
w(G) = m (4.51)

The equation (4.51) was obtained by equating (4.49) and (4.50).

The following shows the trend of the correct dimensionless circuit (Figure 28).
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Figure 28 — I adimensional corrected
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5 — Linearized theory of the actuator disk

5.1 — Exposition of the problem and formulation

“Through the theory presented in (Conway, 1997), it is possible to determine more
precisely the effect due to the presence of more propellers and also extends the
theory of the actuator disk with radially and constant distributed load, to calculate
the range of motion in all the domain considering any distribution of axial speed’
(Zazza, 2017).

For the treatment, it is considered an incompressible and rotational flow due to the
intrinsic property of the propeller filed, which is a vortex region.

VXV +#0
V- V=0
Thanks to the compressibility of the fluid, it is possible to define an arbitrary
potential vector A that allows the representation of the motion field:
V=VxA (5.1)
Due to the arbitrariness of the potential vector, the following condition is taken:

V-A=0 (5.2)
VA = —w (5.3)

The vector w represents the vorticity; as previously exposed in this treatment, it is
different from 0, and the problem is symmetrical. Therefore the vector w is written
as a function of the derivatives reported in equation (5.4).

ovyg 0v, 0v, 16(rv9)>

" 9z'dz or'r or (5.4)

(DZVXV: (wr’we’wz) :<

Thanks to the presence of cylindrical symmetry the only non-zero component of
the potential vector is Ay, and with (5.3), which expresses the link between the
potential vector and vorticity, it is possible to rewrite (5.4) eliminating the null terms

w = (0,wy,0) (5.5)

The terms: Ay(r,2),v,.(r,z),v,(r,z) are induced fields obtained using an
axisymmetric vorticity distribution.

Equation (5.1) is expressed through the potential vector in cylindrical coordinates
to obtain the velocity field.

(5.6)

aAg 16(7"149)
V=VXA=(UTIVBIVZ)=<_ aZ 10'; ar
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Figure 29 - Cylindrical coordinate system

Figure 29 shows a cylindrical reference system, concerning the figure, the radius
p corresponds to r and the angle ¢ to 6.

The exposed problem is characterized by an incompressible and symmetrical flow,
as explained above, so it is possible to introduce the current function ¥ (r, z), itis
linked to the velocity components through the following equations:

10V

iy (5.7)
10V

= —— 5.8

Vz r or (5.8)

From the comparison of the last two equations with the (5.6), it is possible to obtain
Ay = ¥/r, therefore replacing the (5.7) and (5.8) in the azimuthal component of the
vorticity is obtained:

10°¢  10¥ 10%¥

“o = r 0z2 + r2dr r or? (5.9)

Equation (5.9) can also be expressed through a linear differential operator

Y 0°Y 1Y V¥ 0°¥\1

L
(r'z)< or? + ror r? + 072

T
The (5.10) represents the governing law of the motion field determined by an axial
vorticity distribution (wg (r, z)). The equation (5.10) represents the beginning of the
study related to the determination of the flow induced by an immersed propeller in
an ideal fluid. It is necessary to impose the following boundary conditions to solve
the equation (5.10).
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Law %7 (5.11)

vV, =—————-0ifr >0 orz—-tow
’ r 0z /

To determine the induced speed field, proceed from the equation (5.10) and
consider a single whirling ring. In particular, in chapter 6, the axial velocity
distribution and tangential velocity distribution are calculated.

5.1.1 — Problem solution

The solution to the problem is determined by referring to a vortex ring of intensity
I, it determines a potential vector A4(r,z) and a motion field identified by the
successive equations; the following treatment is also reported in (Besset, 1888):

Ag (r,z) = lp(:) z) _ FTO— ]1(50')]1(57")8 slz—¢l g (5.12)

Ur(T, Z) = F; fooS]l(SO')]l(Sr)e_ﬂZ_ﬂdS le > ( (513)
0

v (r,2) = _F; j- S]l(SO')jl(sr)e_5|Z—f|dS ifz<¢ (5.14)

) (5.15)

v,(1,2) = %G f sJ1(s0)]o(sT)es17 ¢l ds
0

The surface density in the considered domain is introduced, it is possible to
reformulate the equations just described and to consider them concerning more
whirling rings rather than one. By introducing the density, the domain can be
extended along z to all values greater than 0; while the radius r, it can vary from 0
to the reference R; the determination of the radius R is shown in the next chapter.

‘P(r Z)

R(2)
Ag(r.z) = j j j y(0,0)0 J(s6) J(sr) e~s=%ldsdod¢  (5.16)

R(2)
v (r,z) = %] j J v(0,0)0 s J1(s0) J,(sr) e 51" Cldsdodl if z=>¢ (5.17)
o Jo 0
[ (z) oo
v (r,z) = lf jR f —y(0,0)0 s J,(s0) J,(sr) e 512~ dsdodl if z < ¢ (5.18)
e e
v,(r,z) = %j J f v(0,0)0 s J,(s0) Jo(sr) e s"~¢ldsdadl (5.19)
o Jo 0

In the equations just described, the vorticity density and the radius R are not known,
to determine the density the Vortex Theory is used, while as regards R, it varies
along z. To eliminate the contraction, R is assumed constant to linearize the
exposed treatment.

For the vorticity density, the equation (5.20) is considered, it is possible to see that
it depends only on the coordinate r, while v; represents the induced axial velocota.

dv;(o)
do

y(o) = =2 (5.20)
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With the simplifications introduced, the equations (5.16), (5.17), (5.18), and (5.19)
are rewritten, modifying the integration extreme eliminating the dependence on the
z dimension.

Y(r,z)
— =

[o's) R oo
Ag(r,z) = %f f f v(0)o J1(s0) J,(sr) es17=¢ldsdadq (5.21)
o R Yo Jo Jo
v.(r,z) = Ef f f v(@)o s J,(so) J,(sr) e s*Sldsdodl if z>¢ (5.22)
0 0 0
1 r® R(z) poo
v.(r,z) = Ef f f —y(0)o s J,(so) J1(sr) e 51"~Cldsdod? if z< ¢ (5.23)
0 0 OR( )
1 (o] Z [ee]
,(1,2) =5 —slz=¢ldsdod (5.24)
w2 =g ] | | v ji(so) jalsr) e~ ldsdodg

By integrating concerning the variable ¢, which represents the center of the ring in
the z-axis, the speeds concerning r and z become:

R po .
vrn2) = f f W) o s (srre=sldsdo (5.25)
R [, .
v,(r,z) = —f f dlzia) Gjl(sa)jo(sr)(z — e‘5|2|)dsda ifz=0 (5.26)
0 0
R co .
v,(r,z) = _jo jo di;ga) o J1(sa)],(sr)e sVldsdo if z <0 (5.27)

Evaluating the equation (5.26) in z = 0:
v, (r,0) = — J;)R wa 0 J1(sa)],(sr)dsdo (5.28)
Placing v,(0,0) = f(o) and changing the integral extremes concerning do
v,(r,0) = — j:o J:of’(a) o J,(s0)]y(sr)dsdo (5.29)

The equation (5.30) shows the first-order Henkel transform obtained from f'(o) of
equation (5.29)

61(5) = Hy(f'(0)) = f £(0) 0 J1(s0) do (5.30)

Fo(s) = Ho(f(0)) = f £(0) 0 Jo(s0) do (5.31)
0

The (5.31) is the Henkel transform of zero order. For the properties of the Henkel
function, it is possible to obtain:

G1(s) = Hy(f'(0)) = —sFy(s) (5.32)
f f'(0) 0 J,(s0) do = f —£(0) s0 Jo(so) do (5.33)

35



Considering that this relation must be satisfied for all ¢ > 0, it is obtained:
f'(0) 0]1(so) = —f (o) so Jo(so) (5.34)

Replacing the (5.34) equation in (5.25), (5.26) and (5.27), the velocities are
functions of the axial one.

v.(r,z) = —f foovz(a, 0)s o Jo(s0)],(sr)es?ldsdo (5.35)
R e 2070
v,(r,2) = f f v,(0,0)s 0 Jo(s0)]o(s7)(2 — e~5V?)dsdo if z=0 (5.36)
0 9? o
v,(r,z) = f f v,(0,0)s 0 Jo(s0)Jo(sr)e sV dsdo if z < 0 (5.37)

Separating (5.36) into two integrals:

v,(rz) =L -1, =2 fR fmvz(a, 0)s 0 Jo(s0)/,(sr)dsdo — J-Rfmvz(a, 0)s 0 Jo(s0)o(sr) (e~ dsdo (538)
0 0 0 0

Manipulating the last equation, the (5.39) is obtained:

[0e]

I, = Zf v,(0,0) 0 Umsjo(sa)jo(sr)ds l do (5.39)
0 0

The inner integral of equation (5.39) is possibly rewritten for the property of the
Bessel function:

jom sJo(sa)]o(sr)ds = @ (5.40)
I, =2 foovz(a, 0)6(c—1)do (5.41)
0
Considering the properties of delta Dirac:
I, =2 foovz(a, 0)8(oc—71)do =v,(r,0) (5.42)
0

Thanks to the result obtained, the equation (5.26) is simplified as follows:

v,(r,z=>0) =2v,(r,0) —v,(r,z < 0) (5.42)

Finally, the equations of the linearized theory to be implemented are, equation
(5.42) and (5.44):

R (o]
v.(r,z) = —f f v,(0,0)s o J,(s0)J;(sr)e 5 dsdo (5.43)

R oo
v,(r,z<0) = f f v,(0,0)s a]0(50)]0(sr)(e‘5|z|)dsda (5.44)
0o Jo
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6 — Propellers design

In the previous chapters, all theories used for the design of the propeller were
exposed; in the following chapter are listed the results obtained, the analysis of the
chosen aerodynamic profiles, and the CAD model relative to the two propellers,
one necessary for take-off and one for horizontal flight.

The scenario refers to a height of 4000 m, where there are the following features:

Table 5 - Atmospheric characteristics

Temperature 262.15 [K]
Pressure in ISA condition 6.5 10* [Pa]
Density 0.8631 [kg/m3]
Dynamic viscosity 1.665-107°
Cinematic viscosity 1.929-107°
Speed of sound 324.72 [m/s]
Gravity acceleration 9.81 [m/s?]

The drawing up of the following paragraphs is simplified in this way, the propeller
developed for take-off is called propeller 1, while the propeller for horizontal flight
is propeller 2.

6.1 - Radius determination and angular velocity

After determining the atmospheric characteristics, the radius relative to the two
propellers is evaluated. Below there are the equations implemented on Matlab and
the choice of the thrust coefficient C;, the following value is determined on a
statistical basis by referring to a propellers database developed by the company
“APC propellers”:

m? T
Cr=—-+ —5 5 (6.1)
4 pVi,R

The equation (6.1) is equal to (3.18) of chapter 3 related to the Blade Element
Theory, through an inverse equation it is possible to make explicit the radius of the
disk R and determine the rotation speed.

R= — (6.2)
2-Vip |PCrT
Vtip
QO = 6.3
= (6.3)

The values obtained for the two propellers are shown below:

e Propeller 1:
o Cr=0.085
o Vip =0.85-0.5-V; =138 [m/s]
o R =0.1316 [m]
o 0 =10485 [rad/s]
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e Propeller 2.
o Cr=0.065
o Vip =0.85:0.5-V; =179.4 [m/s]
o R =0.2316 [m]
o O =774.78[rad/s]

6.2 — Application of the Vortex Theory

In the following paragraph, the results obtained from the application of Vortex
Theory are explained, in particular, differentiating the case for the propeller
modeled for take-off (propeller 1) and the driving propeller (propeller 2). The
Skywalker X8 has a cruising speed of around 19 [m/ s].

The procedure described in chapter 4 is used to determine the optimum circulation:

e The radius 7 is determined by equation (4.39).
e Parameter 6 with: (4.42).

e The dimensionless angular velocity w: (4.41)
e The circulation: (4.34)

e The dimensionless circulation: (4.44).

6.2.1 — Infinite number of blades

In the dimensionless circulation, the Glauert load parameter is present (G), this
parameter is calculated iteratively, in particular, G represents a Lagrange multiplier,
and is an arbitrary parameter chosen to maximize the desired function, to
determine it in the case of infinite number of blades, the following equation has
been implemented:

R

Ty, = jo RdT(r) = 2mp JO (Q - %) wrddr (6.4)

Considering that the circulation of optimum is a function of the dimensionless
angular velocity by (4.37) and the angular velocity w can be determined as w =
u(r)/r, then determining the tangential velocity from (4.36) it is possible to
establish the dependence of the thrust as a function of the Glauert load parameter.

The G parameter is:

e (0.0832 for propeller 1
e 0.0457 for propeller 2.
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6.2.2 — Finite number of blades

In the case of the finite number of blades, the energy losses at the tip are
considered using the Prandtl parameter. The following paragraph also calculates
the Glauert load parameter G because the losses were not considered in the
previous paragraph.

Initially, the relative velocity between the wake and the disc is calculated:

e
Vg = +Qr 2_—(3(6') (65)

Another essential variable is the inflow angle (¢), the following angle takes into
account the inclination of the wake compared to the disc, so in the case of hovering,
only the speed (v,) acts, the equation is:

14

¢ = arctan (Q_(;”) (6.6)

In the case of the propeller 2, in addition to the axial speed v,, there is the nominal
cruising speed of the drone, which is about 19 [m/s], so the equation (6.6)
becomes:

v0+V>

— (6.6)

¢ = arctan(

Once the following values have been identified, the correct optimal circulation is
calculated.

A final precaution before exposing the results is relative to the thrust, which is used
to determine the G factor, as shown in the previous paragraph.

R L., QR?*G?\ _
Ty59p = N - 21 - pQRZGZ J or - =—— 1_‘corrdr (67)
0.25R 2r

The parameters obtained are:

e 0.0983 for propeller 1
e 0.0567 for propeller 2

The thrust is considered by 25% of the radius, up to the tip, because usually, the
hub is up to 25%.

Below there are the optimal circulations respect to the dimensionless circulation.
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Figure 30 - Circulation for infinite number of blade (propeller 1)
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Figure 31 - Circulation for infinite number of blade (propeller 2)

In Figures 30 and 31 are reported the correct circulation taking in to account the
Prandtl’s factor (F).
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Figure 33 - Propeller 2
The relative speed (v,) between the disk and the swirling surfaces is:

e Propeller 1: 12.02 [m/s]
e Propeller 2: 9.4 [m/s]

Finally, the axial velocity of the disk is determined, which is calculated as:

v; =1 M (6.8)
2,’ T
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Figure 34 - Propeller 1 axial velocity
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Figure 35 - Propeller 2 axial velocity

The propeller 1 has a higher distribution of values because the equation (6.8) is
proportional to the square circulation and angular velocity, which in the propeller 1
are higher than propeller 2.
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6.3 — Propellers Geometry

The Blade Element Theory is applied to determine the geometry of the rotors,
shown in chapter 3, which allows the identification of the distribution of the chords
and the distribution of pitch angle. The aerodynamic characteristics, such as the
lift coefficient and the drag coefficient, are determined by an analysis of profiles
conducted on XFOIL.

The pitch angle is determined by equation (3.3), as explained in paragraph 6.2.2,
it is necessary to pay attention to the inflow angle to be used.

The distribution of the chords is identified as:

__ 2dT/dr (6.9)
(= @@
dr 1 .
=3P cos ¢ (Or)?C;cdr (6.10)

6.3.1 — Airfoils used

To identify the type of profiles to be used for a propeller, in the case of a low
Reynolds number, reference was made to: (Zalewski, 2015), (Werme, 1984).

First, the distribution and the mediated value of the Reynolds number were
calculated to identify the input data to perform the analysis. Furthermore, this
XFOIL study was carried out without considering the compressibility, because the
average value of the Mach number along the opening is less than 0.3.

Mach Mach
0.6 T T T T 045 T T T

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
IR IR

Figure 36 - Mach distribution propeller 2 and propeller 1

e Mach average propeller 2: 0.28
e Mach average propeller 1: 0.22
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Figure 37 - Reynolds distribution propeller 1
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Figure 38 — Reynolds distribution propeller 2
The Reynolds number averages are:

e Propeller 1: 9-10*
e Propeller 2: 6.5 - 10*
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Figure 39 - Profiles analyzed
Figure 38 shows all the profiles analyzed for the indicated Reynolds numbers.

Only two profiles have been chosen (Figure 39), CLARK-Y and MH116, which have
a very similar thickness and similar aerodynamic characteristics, then the
distribution determined by XFOIL is reported below, and which of the two is chosen
for each propeller.
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Figure 42 - Efficiency
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The CLARK-Y profile has a maximum efficiency of 49 compared to the MH 116
profile which has an efficiency of 59, moreover the following profile is characterized
by a slightly lower thickness than the CLARK-Y, in fact, MH 116 has a range of

Figure 44 - Efficiency

incidence angles with lower resistance than the CLARK-Y.

Table 6 contains all the aerodynamic characteristics calculated at the operating
angle. The angle of incidence is chosen at 8° and constant throughout the blade.

This angle is chosen to have maximum efficiency.

Table 6 - Aerodynamic characteristics

20

Toper 8°
Clorar—y 1.1868
Clomise 1.2474
Ca crarie—y 0.0242
Caniie 0.0227

The chosen profile is the MH 116 thanks to the high efficiency and the wide range

characterized by low resistance




In Figure 45 is report the chords distribution and in Figure 47 the pitch distribution.
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Figure 45 - Chord distribution
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Figure 47 - 6 distribution

Table 7 - Coefficients Max. propeller 1

0.14

MH116
Apmax 1 2
Cirrax 1.3395
Camax 0.0595
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Propeller 2

Also, for this propeller, the chosen profiles are shown in Figure 40
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Figure 49 - Efficiency
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Figure 51 — Efficiency
Table 8 - Aerodynamic characteristics
o
aoper 8
Clczark—y 1.16
Clymiie 1.24
CdClark—y 0.03
Capnite 0.026

Also in this case, the MH116 profile is chosen because it has a higher efficiency
than the CLARK-Y, moreover considering the operating angle, which corresponds
to the maximum efficiency angle.

51



c(r) [m]

c(ryYR

0.1

0.08

0.06

0.04

0.02

-0.02

-0.04

-0.06

0.05 0.1 0.15
r[m]

Figure 52 — Chords distribution
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Table 9 - Coefficients Max. propeller 2

0.2

MH116
Ut 11.36
Cotax 1.36
Camax 0.06

0.25
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6.4 — Propeller performance

In the following paragraph, the performances of the two propellers are calculated
by referring to the Blade Element Theory in chapter 3, in particular reporting the

results of the equations: (3.25), (3.26), (3.27), (3.23).

Table 10 - Propeller 1 performance

Propeller 1
Cp 0.038726
Co 0.006163
Cr 0.117536
F.M. 0.8465
F.M.25% 0.7521
T[N] 13.74
Q[N - m] 0.19
P[W] 196.34
Tys05 [N] 13.285
Table 11 - Propeller 2 performance
Propeller 2
Cp 0.019961
Co 0.003177
Cr 0.038081
Ji 0.072461
F.M. 0.3180
F.M.25% 0.285
T [N] 23.29
Q [N -m] 0.89
P[W] 688.14
Tyss [N] 22.13

Table 11 also calculates the advance ratio, because for propeller 2 is considered

the cruise speed.
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6.5 — Induced field

The equations given in chapter 5 are used to determine the induced flow field, in
particular (5.44), (5.42).

The domain is evaluated from z = —5[m] to z = 5 [m]. The radius goes from 0 to
R, which in the case of the propeller 1 is 0.1316 [m], while for the propeller 2, the
value is: 0.2316 [m]. Thanks to these intervals, it is possible to determine a grid to
analyze the flow.

The tangential speed does not depend on the distance from z, for this reason, the
distribution evaluated in chapter 4 is shown in Figure 55 and 56 for both propellers.
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Figure 55 — tangential speed, propeller 1
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Figure 56 - Tangential speed, propeller 2
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The axial velocities are reported based on the proximity to the disk, both for the
propeller 1 and the propeller 2.

e Propeller 1
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Figure 57 — Axial velocity for z=0.64R and z=0.32R
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Figure 58 - Axial velocity for z=0 and z=-0.32R
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Figure 59 - Axial velocity for z=-0.64R
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Figure 63 - Axial velocity for z=-0.64R
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6.6 — CAD

Propeller 1

Figure 65 - Propeller 1 CAD
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Propeller 2
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Figure 66 - Propeller 2 CAD
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Table 12 - Geometry of the propeller 1

Stations Chords Pitch
1 0,037 38,71
2 0,0352 33,78
3 0,0331 30,01
4 0,0308 27,09
5 0,0286 24,81
6 0,0266 22,99
7 0,0248 21,52
8 0,0231 20,29
9 0,0216 19,26

10 0,0203 18,39
11 0,0190 17,63
12 0,0179 16,97
13 0,0168 16,39
14 0,0157 15,86
15 0,0146 15,36
16 0,0134 14,89
17 0,0120 14,42
18 0,0102 13,91
19 0,0075 13,30
20 0 12,44
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Table 13 - Geometry of the propeller 2

Stations Chords Pitch
1 0,0354 77,98
2 0,0322 64,96
3 0,0283 54,61
4 0,0248 46,88
5 0,0219 41,11
6 0,0195 36,71
7 0,0175 33,28
8 0,0158 30,54
9 0,0143 28,32
10 0,0131 26,47
11 0,0120 24,92
12 0,0110 23,59
13 0,0100 22,43
14 0,0091 21,42
15 0,0082 20,51
16 0,0073 19,68
17 0,0063 18,92
18 0,0051 18,18
19 0,0036 17,45
20 0 16,62

The station 20 has not been reported for both propellers, while station 1 refers to
15% of the total radius for the propeller 1 and to 7% of the total radius of the
propeller 2 to obtain a hub of about 3.2 cm for both propellers. Furthermore, the
choice of hub dimensions is related to that used for the first propeller of the
Skywalker X8, which is the one used for low altitude operations.
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Conclusions

In the following study, several models have been implemented with them is
possible to represent the composition of motion. Initially, the two impulsive theories
were implemented; with the Simple Impulsive Theory the induced power was
determined without taking into account the rotation of the wake, while with the
extended impulsive theory the rotation of the wake is considered, in fact, the flux
in addition to having a given axial speed also has a tangential speed. The two
theories have been implemented for 600 scenarios, in particular, 20 masses and
30 diameters.

However, more sophisticated theories have been implemented, such as the Vortex
Theory, which has been adapted to the Blade Element Theory. With the vortex
theory, it is possible to obtain the circuitry in optimal condition through the Glauert
parameter (G) and the velocity field components.

Subsequently, having chosen a profile with high aerodynamic performances on the
base of the Reynolds number obtained, the geometries of the two propellers were
determined by the Blade Element Theory.

By applying the linearized theory of the actuator disk, the axial velocity was
obtained for a flow tube of a given size.

It is necessary to validate the study done with:

e Perform CFD analysis on the propellers for vertical take-off

e Perform CFD analysis on the driving propeller

e Check how the front propellers act on the rear

e Check out the motion field produced by the propellers for vertical take-
off on the driving propeller

e Check how the body of the drone changes the range of motion of the
propellers

e Of course, the analyzes must be conducted considering a real flow and
compressibility, which reduces the aerodynamic characteristics.
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