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SUMMARY

Aviation is responsible for a large part of the emissions due to transportation, which is
why, in recent years, a trend towards implementing sustainability in aviation has emerged.
In small aircraft, the concept of Leading-Edge Distributed Propulsion (LEDP) can provide
aerodynamic advantages to reduce fuel consumption thanks to the ability to increase lift
due to the interaction between the slipstream of the propellers and the wing.

Therefore, a wind tunnel experiment is performed to study the aerodynamic interaction
in propeller-wing-flap systems when Leading-Edge Distributed Propulsion is used. The
objective of this research is to gain insight into the difference in wing loading distribution
between the distributed-propeller and single-propeller configurations in the flap retracted
case, about the effect of flap position on the lift enhancement in LEDP and about the
effect of flap deflection on the wake downstream of the system.

The model consists of a 2.5D configuration semi-span wing with three propellers and a
Fowler flap. The experiment takes place in the DNW low-speed tunnel. The measurement
techniques used are balance forces to obtain the wing lift and drag, the model is also
instrumented with pressure taps at two sections located behind the medium propeller,
where maximum blade loading is expected, on both up- and down-going blade side to
obtain the pressure distribution and sectional lift and pressure drag; and five-hole probe
wake measurement located a one chord from the wing in flap retracted configuration to
analyze the slipstream deformation as it interacts with the wing.

Experimental results show that the wing lift enhancement of the distributed-propulsion
configuration is similar to three times that generated by the single-propeller configuration.
However, there is a modification of the pressure distribution, that is recorded behind
the middle propeller, due to the effect of the adjacent propeller’s slipstream, resulting in
higher sectional lift. This influence is higher on the down-going blade side due to the
adjacent up-going propeller. In addition, an increase in rear loading is observed behind
the middle propeller due to the slipstream impingement of the adjacent slipstream, which
increases with increasing thrust because the deformation of the slipstream due to trailing
vorticity increases.

When evaluating the effect of flap position on lift enhancement, it can be seen how at
low angles of attack the enhancement increases with flap deflection angle, mainly due
to an increase in flap suction. However, while for the flap retracted configuration the
enhancement increases with AoA, a larger flap deflection angle causes the enhancement
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to decrease with angle of attack due to the higher position of the propeller. At higher
angles of attack the lift enhancement increases again since the propeller-off configuration
is stalled, resulting in a big difference between the lift generated in prop-on and prop-off
configurations. When evaluating the effect of the flap gap, it is found that the lift is higher
when the flap gap is smaller in propeller-off condition, a similar flap pressure distribution
is obtained for both flap gap values when the propellers are on.

The results obtained in this experiment help to better understand the aerodynamic
interaction of propeller-wing-flap systems with distributed propulsion. The comparison
of the slipstream effect on wing loading between the single-propeller case and the
distributed-propulsion case in flap retracted configuration, the use of different flap
positions to evaluate their influence on the lift enhancement produced by the distributed-
propulsion system and the analysis of the slipstream deformation under flap action
provide a complete assessment of the aerodynamics of the system and contribute to the
development of leading-edge distributed propulsion configurations for electric/hybrid-
electric aircraft.
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INTRODUCTION

The aviation industry is a great contributor to the climate change through the gasses
that are emitted from the internal combustion engines (ICE) and the contrails generated

at high altitude. According to the European Aviation Environmental Report [1], in 2016
the aviation was responsible of 13.4% of the CO , emission due to transport. A 42%
growth in the number of ights is forecasted to 2040 that brings a 21% increase inCO
emissions and a 16% increase in NO x emissions. Another source, such as the ICAO 2019
Environmental Report [2], predicts and increase in the emissions of 2 to 4 times from 2015

to 2050 depending on the type of the emission and the scenario used. In gure  (1.1),itcan
be appreciated how the CO , emissions are predicted to grow despite the technological
advancements, therefore, new disruptive aircraft concepts with reduced climate impacts
are required.

Seeing these predictions, it is not surprising that the European Union has created a
vision for the future, this project is called Fligthpath 2050 and aims to emit 75% less
COg, 90% less NG, and 65% less noise when compared to a typical new aircraft in 2000.
[4]. In order to meet these ambitious goals, it is necessary to incorporate sustainable
technology in aviation, which is the purpose of projects such as CleanSky 2 and the NASA
Environmentally Responsible Aviation (ERA).

Incorporating sustainability into aviation can be understood as the substitution of the
fuel for another green energy source, the use of more ef cient power sources or the
implementation of new con gurations to reduce the energy consumption of the aircraft.
All of the measures mentioned before have a common actor: the electricity. Electricity,
when obtained from a green energy source, does not produce gas emissions; it powers
electric engines, which are more ef cient and compact than combustion engines [5]; and,
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Figure 1.1: CO emissions roadmap [3]

since the transmission of energy is done through wires, it allows to place these engines in
a strategic location to obtain additional bene t of the interaction of the engine with the
ow that surrounds the airframe.

The electricity used to power the airplanes could be obtained by several ways: extracted
from a storage of energy, like batteries; obtained through chemical reaction, like the fuel
cells; or directly obtained from the sun using solar panels. For small aircraft, the most
promising technology in the short term seems to be the battery technology [6]. The two
most important parameters regarding the batteries are the speci c energy (Wh/kg), that
governs the energy capacity for a certain amount of batteries and hence it limits the
range of the battery powered aircraft; and the speci c power (W/kg), that indicates the
amount of power that can be obtained instantaneously from a determined amount of
batteries. Therefore, it may represent a restriction certain ight phases such as take-off
and climb. Nevertheless, there are other key parameters that must be taken into account
when opting for a particular type of battery such as the life, the volumetric density and
the price. Apart from the batteries, other sources for energy storage have been researched
that could entail the future of powered aircraft. Some examples of these systems are the
fuel cells [7], the ywheel [8] or the structural batteries [9].

The electric engines possesses several advantages with respect to the ICE. They produce
less noise [10] due to the absence of combustion and they are simpler and more reliable,
what reduces the maintenance cost [5]. Besides, they do not require warming up, they
supply the power instantly and they do not depend on the size to provide good performance
[5]. Different architectures can be implemented depending on the role that these electric
engines play. If a full-electric architecture is used the aircraft is powered by electric



engines that receive the electricity directly from the storage. When part of the energy
to power the aircraft is obtained through more than one energy source (e.g. fuel and

electricity) it is denominated hybrid-electric architecture. Finally, when the aircraft is

powered by electric engines but the electricity is obtained from a combustion engine it is

called turboelectric architecture. A detailed visualization of these architectures can be

foundin gure

Figure 1.2: Different architectures for the power system of sustainable aircraft [11].

Apart from the bene ts that the use of electric engines provide in terms of reduction
of noise and lower maintenance costs, the fact that the transmission from the energy
source to the electric engine is made by wires and the higher speci ¢ power these engines
[12] opens the door for the concept of Distributed Electric Propulsion (DEP) in small
aircraft. It consists of placing the electric engines strategically to obtain additional bene t
of the interaction of the engine with the ow that surrounds the airframe. Some of these
con gurations are the concepts of wingtip mounted propellers, boundary-layer ingestion
and leading-edge distributed propulsion.

The concept of wingtip mounted propeller consist of placing the propeller engines on the
tip of the wing so it interacts with the wingtip vortex. Although initial studies suggested
an increase in the performance of the propeller and a reduction of induced drag, later
studies indicate that a distinction should be made depending on if the propeller is in
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tractor or pusher con guration because it reduces the induced drag or increases the
propeller ef ciency, respectively [13]. Other advantages of this concept are the reduction

in passenger perceived noise due to the increased distance from the fuselage as compared
to conventional layouts [14] and the reduced probability of impact of a blade with the
fuselage in the case of blade loss[15]. This concept could entail some disadvantages,
for example, from an aeroelastic point of view because of utter due to the change in
the torsion moment of inertia and the bending and torsion modes coupling [15]. The
main problems of the wingtip-mounted propellers are the directional control after engine
failure due to the big asymmetric moment generated because of the distance with respect
to the fuselage and the ground clearance [14][15].

The concept of boundary-layer ingestion resides in placing the electric engines in the rear
part of the fuselage to make the engine ingest part of the boundary layer of the fuselage.
Since the air that is part of the boundary layer has less energy than the freestream ow,
the change in momentum is higher compared to a propeller in freestream conditions for
the same power, hence, it increases the propulsive ef ciency [16]. However, the increase
in ef ciency may be mitigated by the increase in fuselage drag and the weight penalty
[17]. Another advantage could be that less wetted area is obtained because the nacelles
are embedded in the fuselage, hence, less friction drag.

The concept of leading-edge distributed propulsion is based on placing the engines in
the leading-edge of the wing along the span in order to use the propeller slipstream to
create additional lift. This technology could be used in determined ight phases when
high lift is required and would not work during cruise to achieve laminar ow on the wing
and, hence, reduce the drag [18]. However, the technology could be also used in cruise
conditions, because, if part of the lift is generated due to propeller slipstream, a wing with
less chord can be used that enhances the aerodynamic ef ciency when maintaining the
same span. The concept could be implemented together with a ap in order to achieve
very high lift coef cients or, instead of it, to obtain a simple wing. The working principle
behind this concept is blowing the wings to create lift, what induces a new degree of
freedom for producing lift that must be taken into account when designing the aircraft.
This system, apart from increasing the maximum lift coef cient and allowing for smaller
wings, when used for all ight phases, entails an advantage when balancing the aircraft
after engine failure because the asymmetry generated due to the thrust force could be
used to counteract instead of the vertical tail, meaning that the tail could be reduced or
maybe eliminated [19].

1.1. MOTIVATION AND THESIS OBJECTIVE

Having analyzed all the advantages that result from distributed electric propulsion, a
question arises: Which one is the most promising one? The answer to this question
depends on the type of aircraft and the timeframe targeted. Taking into account the
current state-of-the-art of the battery technology and other sources of energy [6], the
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incorporation of the distributed electric propulsion on aviation could only be implemented
depending on the degree of hybridization of energy [20], meaning how much of the energy
used to power the aircraft is electric. Therefore, it is able to develop an all-electric aircraft
only when it is small, including urban air mobility concepts, but it is also possible in
bigger concepts with hybrid-electric architectures. Due to its high-lift capabilities that
are important for STOL aircraft (again, urban air mobility development) combined with
increased safety and aerodynamic ef ciency, the concept of leading-edge distributed
propulsion seems to be a promising technology in the development of distributed electric
propulsion aircraft and serves as a demonstrator for bigger aircraft in the coming years.

Various studies have been conducted to obtain a better understanding of the leading-
edge distributed propulsion systems. The interaction between the propeller slipstream

and the wing has been studying by analyzing the sensitivity of the relative position of

the propeller with respect to the leading-edge [21]-[24]. The spanwise position of the
propellers and its direction of rotation has been also assessed in a experimental [21] and
numerical [25] way.

Nevertheless, there is a gap in literature concerning the effect of the ap position on
the propeller-wing- ap interaction. Only few numerical [26][27] and experimental [28]
studies have been conducted where ap de ection is assessed. In conclusion, since the
ap position plays an important role in high-lift systems with distributed propulsion,
analyzing the effect that this geometrical parameter has on the aerodynamics of propeller-
wing- ap systems is envisioned as a promising research direction that could nd its
application in electric (or hybrid-electric) regional aircraft or urban air mobility during
the next decade.

Once the topic is de ned, the next question that arises is: what is the most appropriate
approach to assess the effect of ap position in leading-edge distributed propulsion
systems? A low-order method would be ideal to test the different positions since the
analysis is computationally fast. However, since these methods are based on inviscid
aerodynamic models coupled with propeller aerodynamic theories, there are not able to
predict stall accurately and they rely on airfoil data to estimate viscous drag [29][30][26][27].
A high-order method would be more appropriate to obtain more accurate results, although
it is computationally expensive to test different con gurations. In conclusion, a wind
tunnel experiment is proposed to assess the effect of ap position in leading-edge
distributed propulsion systems. Examples of wind tunnel experiments to assess the
effect of the different design parameters can be found in literature [21]-[23].

In conclusion, the fundamental research objective that emerges from the gap in literature
isto gaininsightinto the aerodynamic interaction effects in propeller-wing- ap systems
with leading-edge distributed propulsion, and to assess how this interaction changes
with ap position.

Within the main research objective, the following sub-goals are assessed in this thesis:
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* What is the effect of using multiple propellers on the wing loading distribution,
when compared to a single-propeller case?

* What is the effect of the ap position on the change in aerodynamic coef cients
due to slipstream effects?

* How does the ap de ection affect the wake downstream of the system?

1.2. THESIS OUTLINE

The present thesis is structured in six chapters. Chapter 2 collects all the theoretical
knowledge necessary to understand the concepts studied in the experiment. The topics
covered are: propeller aerodynamics, high-lift aerodynamics, the interaction between
components and the effect of the design parameters on the aerodynamic coef cients.
Chapter 3 covers the design of the model and its installation, the wind tunnel facilities
where it takes place and under what conditions, and the manner in which the data are
obtained and processed. Chapter 4 is the rst of the two chapter of results and presents all
the results regarding the aerodynamic interaction in leading-edge distributed-propulsion
systems when the ap is retracted. Chapter 5 assesses the effect of ap position in
propeller-wing- ap systems with leading-edge distributed propulsion. Finally, in Chapter

6 the conclusions extracted from the results are summarized.



THEORETICAL BACKGROUND

This chapter is divided into four different sections that establish the foundation for
understanding the interaction between propeller and ap in DEP con gurations. The rst
section treats the analysis methods for propellers and it covers the Momentum Theory,
the Blade Element Method and the Vortex Theory. The second section focuses on the
aerodynamics of trailing-edge high-lift devices. Finally, the third section focus on the
interference between components, that is, on propeller-wing interaction, propeller- ap
interaction and propeller-propeller interaction.

2.1. PROPELLER AERODYNAMICS

A simple way to understand the working principle of a propeller is using the momentum
theory [31]. This theory, also known as actuator disk theory, de nes the propeller as a
porous disk of a determined area (' A) that produces thrust ( T). It assumes that the thrust
is uniformly distributed over the disk. The disk accelerates the ow only in the axial
direction, so no swirl is considered. Figure (2.1) visualizes the scheme of the streamtube
that passes through the disk. Four sections can be distinguished. The rst section is the
incoming ow with a determined static pressure. The second section corresponds to the
ow before the propeller, where the velocity of the ow is increased by a velocity induced

by the propeller. Section three is located immediately after the propeller and it is different
from section two because the static pressure is increased by a ¢ p. Finally, the last section
accounts for the ow with a velocity higher than the incoming one but with the pressure
equals to the freestream static pressure.

This theory assumes incompressible ow, hence, the Bernouilli equation is applied in the
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Figure 2.1: Flow passing through a propeller[18].

section upstream of the propeller (Eqg. (2.1)) and downstream of the propeller ((2.2)).

1 1
p1 AW Apo A (2.1)

1 1
p1 Aél/é\/fﬁEpgAd:pAEl/sz (2.2)

If the streamtube is selected as a control surface and the continuity equation is applied,
a expression of the thrust can be obtained ( (2.3)). The thrust can also be expressed as a
change in velocity or as a pressure jump.

T AEBYRN(Vai Vi ) A¥%AV,(Vai Vi ) AMEV EACD (2.3)

An expression for the required power can be derived. Nevertheless, this power is less
than the power required to spin the propeller, because the momentum theory does not
consider losses due to pro le drag or trailing vortices [18].

P AL MV T VE) AT (Vo Avi) 2.4)

From equations (2.4) and (2.3) it can be extracted that the velocity in section 4 equals the
incoming velocity plus two times the induced velocity by the propeller in the location of
the propeller disk. Summarizing, the velocity in each of the sections is expressed in terms
of the incoming velocity in gure (2.1).

The greatest limitation of this theory is that it does not consider the design of individual
blades and the absence of swirl. Nevertheless, it could be a powerful tool when estimating
the thrust or trying to evaluate axial velocity, specially in early design phases.
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The ow downstream of the propeller is known as slipstream. The velocities presentin
the slipstream have three components: the axial component, the tangential component
and the radial component.

The axial component of the velocity is the main velocity induced by the propeller. This
is the only induced velocity desired as it is the one that contributes to the thrust. A

representative representation of the axial velocity distribution along a blade can be seen
in gure (2.2).

Figure 2.2: Representative representation of the axial and tangential normalized induced velocities vs. radial
location.[18]

The tangential component of the velocity is called swirl and is produced by the bound
vorticity on the blades in vortex system and the viscous drag of the blades. Contrary to
the axial velocity, the swirl is not useful for producing thrust, therefore, it is desired to
reduce the swirl. A typical distribution of the tangential velocity can be appreciated in
gure (2.2). The higher tangential velocity is located near the root and diminishes when

moving to the propeller tip. The swirl angle can be seen as the deviation of the ow from
the axial direction:

Mswirl ZEarctan (2.5)

t

Vi Avy

The radial component of the velocity is mainly due to the contraction that the slipstream
experiments. In lightly loaded propellers the contraction of the slipstream is on the order

of 1% [32], therefore this velocity is sometimes neglected without compromising the
calculations.

The pressure distribution changes throughout the slipstream. The effect of the propeller
is to increase both static and total pressure of the ow. Since not all the ow is accelerated
in axial direction, the total pressure rise is higher than the rise of static pressure. The
difference between the cases with and without contraction of the slipstream is equivalent
to %Vz\/t2 [21]. In the same way as the axial and tangential velocity, the total and static




10 2. THEORETICAL BACKGROUND

pressures vary in the radial direction, as shown in gure (2.3).

Figure 2.3: Typical radial distribution of axial velocity, tangential velocity, total pressure and static pressure
directly behind a 6 bladed lightly loaded propeller. [21]

Since the momentum theory only takes into account the axial component of the velocity,
there is another method called the blade element method [31]. This method is useful
when the detailed shape of the blade is of interest. The blade is divided into differential
sections or elements as if they were airfoils with length  dr. Each element has its own
ow properties and geometry that generates a differential lift and a differential drag. It is
assumed that no interaction takes place between elements and the differential lift and
drag are purely two-dimensional. The velocity that sees the element ( v;) is compound by
two velocities, the axial velocity ( v5) and the tangential velocity ( vi):

Va AV1 (1Aa) (2.6)

vi A r(1i ad 2.7)

Where a is the axial induction factor and it is de ned as the ratio between induced
velocity and freesetream velocity; alis the tangential induction factor and it is de ned as
the ratio between the local angular velocity and the angular velocity of the propeller. In
order to obtain the total thrust and torque, an integration must be performed along the
blade. Nevertheless, the induced velocity by the propeller is unknown when integrating,
therefore, the blade element method is usually combined with momentum theory to
create the blade element momentum theory. The propeller disk is divided into annular
rings of thickness dr and the torque and the thrust are calculated using momentum
theory.

However, this combined theory does not consider the in uence of the vortices shed from

the blade tips into the slipstream. That is the reason why a tip-loss correction factor ( F)is
sometimes used that provides the circulation for minimum vortex energy loss at a given
radial station [33] to account for the nite number of blades and zero loading towards the

tip:
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