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Abstract

Master’s Thesis: Conceptual design of a Boeing ScanFagle drone using Hy propulsion
Author: Elfidio Angel Alonso Artal

In order to be awarded the Master’s Degree in Electromechanical Engineering (Aeronau-
tics)

Academic year 2022-2023

This study has as its main objective the analysis of the application of a hydrogen
fuel cell as the main propulsion system for an unmanned aerial vehicle, specifically the
ScanFagle. The aim is to meet the essential goals of a typical reconnaissance mission. The
study begins by reverse engineering the original vehicle to gather information regarding
its geometry, weight, propulsion and aerodynamics, followed by programming a simula-
tion of the cruise flight to assess its performance. Once this is accomplished, the new
propulsion system is implemented. It is sized during the ascent and cruise phases through
an iterative process. The study concludes with a comparison of five different models with

varying performance, weights and geometries.

The results demonstrate that none of the designed models can simultaneously fulfill
all the objectives of the original mission because of an increase in takeoff weight and
size. However, each of them could be used for a modified and specific mission that meet
some of these requirements, establishing this new carbon-free technology as a potential

replacement for internal combustion engines in UAV applications.

Key words: UAV, drone, PEMFC, hydrogen, ScanEagle, zero emissions.
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Chapter 1

Thesis approach

1 Introduction

Unmanned Aerial Vehicles (UAVs), sometimes known as drones, have risen in popularity
across a wide range of industries due to their agility and ability to do tasks that would
be difficult or dangerous for human pilots. The ScanFagle drone, in particular, has been
frequently used for intelligence, surveillance, and reconnaissance activities in both military
and civilian environments. However, like many UAVs, its reliance on traditional fossil fuels

has raised concerns about its environmental impact and sustainability.

To address these challenges, this thesis investigates the conceptual design of a ScanFEa-
gle drone with a hydrogen-powered propulsion system. Because of its high energy content
and potential for zero-emission operations, hydrogen has been recognized as a prospective
replacement to fossil fuels. The use of Hs as a fuel source can drastically lower the carbon

footprint of UAVs while also increasing their overall efficiency.

The purpose of this thesis is to evaluate the technical feasibility and performance of
the proposed design, as well as the impact of the hydrogen propulsion system on the
drone’s weight, endurance, and geometrical characteristics. The research will also look at

the benefits and drawbacks of utilizing hydrogen as a fuel source for UAVs in general.

Overall, the goal of this report is to contribute to research on this topic and establish
whether this sort of propulsion has the potential to revolutionize the UAV industry by
providing a more sustainable and environmentally friendly option for aerial operations.
This approach also generates fewer thermal and acoustic emissions, which is useful for

military applications [31].



Chapter 1. Thesis approach

2 Justification and state of the art

For a variety of reasons, sustainable fuels such as hydrogen will become increasingly sig-
nificant over the next decade. As a result of population growth and industrial expansion,
global energy consumption is expected to skyrocket in the next years. As a result, there
will be a larger need to develop alternative and sustainable energy sources capable of

satisfying this growing demand without negatively impacting the environment.

Secondly, the negative environmental impact of traditional fossil fuels is becoming
increasingly apparent. The use of fossil fuels has been linked to climate change, air
pollution, and other environmental issues, which can have serious consequences for human
health and well-being. A move to more sustainable energy sources is thus crucial for

mitigating these negative impacts and ensuring a more environmentally friendly future.

Thirdly, as a result of technology advances and increased demand for renewable energy
sources, the energy industry is undergoing significant shifts. Sustainable fuels are a feasible
alternative to traditional fossil fuels since they have a lower carbon impact and may be
produced from renewable sources such as wind, solar, or hydroelectric power. This allows
for a more diversified and sustainable energy mix, which improves energy security and

resilience.

This is why, in the next decades, the use of sustainable aviation fuels (SAFs) will be
crucial, as it will help address the issues of meeting expanding energy demand while reduc-
ing the negative environmental impact of existing fossil fuels. By investing in sustainable
fuels and technologies, we can ensure a more sustainable and resilient energy future for

generations to come |[8].

2.1 Some existing UAVs with H2 fuel cells

There have been several attempts to hydrogen-powered drones since the last decade.
Some of them will be named in order to qualitatively compare them to the ScanFagle
design (which will be subsequently described) and provide an overall description of their
configurations and use of H,. Since aircraft conceptual design is based on existing know-

how, only UAVs driven electrically by propellers will be selected.



2. Justification and state of the art

NRL’s Ion Tiger

Developed by the U.S Naval research Laboratory (NRL) in 2009 with its own fuel cell stack
using oxygen from the ambient air and hydrogen, either in liquid or gaseous form depend-
ing on the specific version. It was designed for stealthy and long endurance operations,
reaching the 23 hour endurance mark. Its fuel cell stack is made from titanium plates with
3D metal printing technology and it is powered by a single PEMFC [32]. In addition, the
compressed gaseous hydrogen is contained in a carbon over wrapped aluminum pressure

vessel.

ey :

Figure 1.1: Ion Tiger drone [32].

As it will be seen later, this drone presents a different configuration to the ScanFagle’s:
a double puller propeller on the nose, no winglets and a conventional configuration for

vertical and horizontal stabilizers.

H3 Dynamics Hywings UAV

H3 Dynamics is a Singapore-based corporation that includes HES Energy Systems and
HUS Unmanned Systems. Its fixed wing UAV is powered by an electric engine and a
hydrogen fuel cell technology developed by HES that is 3 to 5 times lighter than Li-Po
batteries.

Hywings is a fixed-wing unmanned aerial vehicle that can take off without the need
of a catapult. Depending on the variation. This aircraft is provided with the possibility
of quick hydrogen bottle refueling (G-version) or quick exchange of hydrogen chemical

cartridge (L-version) depending on a chosen variant.

3
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Figure 1.2: Hywings drone [27].

Sparkle Tech Eagle plus VTOL

This drone has a VTOL capability thanks its propeller’s configuration. It is powered by
a hydrogen fuel cell and a battery (for helping during peak power) and its wingspan and
length is very similar to the latest version of the ScanFagle. It can transport more payload

but the endurance is reduced to 5 hours.

Figure 1.3: Fagle plus drone [15].

JOUAYV DJ25

With a similar design as the previous UAV, this drone has the same VTOL capability, but
it is heavier, it has a larger wingspan and can carry a lower amount of payload. However,

its maximum endurance is slightly higher than the Fagle Plus’.



2. Justification and state of the art

Figure 1.4: DJ25 drone [13].

MMC Griflion M8

This VTOL’s design is functionally comparable to the last mentioned aircaft, with a
construction based on a combination of fixed wings and multi-copter features that allows
it to take off and land in locations without a landing strip. It is lighter and can carry
more payload than the JOUAV DJ25 while keeping the same endurance. Depending on
the variant, this UAV is fitted with a Li-Po battery or an H1 hydrogen fuel cell system.

Figure 1.5: Griflion M8 drone [19].

To summarize, their main characteristics will be shown in Table 1.1, that could be
helpful in order to obtain an order of magnitude of their geometry and weights for certain

flight conditions and performance.
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Ion Tiger Hywings Eagle Plus DJ25 Griflion M8

by [m] 5.18 3.30 3.50 4.40 3.75
Sy [m?) 1.58 0.79 0.70 1.23 0.94
AR 17.00 13.78 17.50 15.74 15.00
I [m] 2.40 2.27 2.00 2.10 2.15
ds (maz) [m] 0.40 0.35 0.30 0.40 0.30
Wempty [k9] 13.00 5.00 12.50 25.00 10.00
MTOW [kg]  16.00 7.00 22.50 31.00 22.00
s 0.81 0.71 0.56 0.81 0.45
Wy, [kg] 2.50 1.00 10.00 4.00 10.00
W et [k 0.50 1.00 1.50 2.00 2.00
Vias [/ 5] 28 27 31 27 30

Eraa [P 24 10 5 6 6

Zmaz M) 1100 — 4000 3500 5000
P 550 W 200 W 500 W — —

Table 1.1: Main characteristics for similar aircraft [30][27][15][13][22].

3 Objectives

The objective of this thesis is to perform a conceptual design of the Boeing ScanFEagle
UAV using an electrical propulsion system formed by a Proton Exchange Membrane
Fuel Cell (PEMFC) that drives an electrical motor using gaseous hydrogen. A battery
will be used as well for complementary purposes. Hydrogen fuel has a higher Lower
Heating Value (LHV) and energy per unit of mass than kerosene (33.33 kW h/kg and
12.14 kW h/kg, respectively [17]), so it is a very interesting fuel to be considered. Plus,
no carbon emissions are produced. Although, it presents a great drawback in terms of

energy per unit of volume.

By this change in the original propulsion system, some requirements have to be met

so the drone is able to keep performing the same mission.

System requirements

e Fuel is switched from kerosene to gaseous hydrogen.

e An electric motor has to drive the propeller.

Performance requirements



3. Objectives

e The original endurance must not be noticeably compromised. This is approximately

16 — 20 h, depending on the mission.

e The original cruise altitude and speed should be kept. This is approximately 5000m,

although it also depends on the mission.

e The drone must carry the same maximum payload. This is approximately 5 kg.

Operational requirements

e Possible geometry and/or weight changes must not imply a significant modification

in the UAV’s launching or landing procedures.

These are critical for the surveillance missions to which this UAV is assigned. Payload
is mainly reserved for a radar, camera, sensors, etc. That provide useful information
during the loiter phase in which the drone is airborne for a large amount of hours. In
addition, keeping as much similar specifications as possible to the original 1C ScanFagle
would imply (hypothetically) a reduction in manufacturing costs. However, it may not

be an easy task considering this type of fuel demands a higher storage volume.



Chapter 2

Theoretical and preliminary research

In this chapter, a detailed description of the ScanFagle drone will be performed. Starting
by the current versions, which are powered by a piston or internal combustion (IC) engine,
to the desired fuel cell (FC) hydrogen powered concept that will be designed. Afterwards, a
reverse engineering procedure on the IC design can be performed in order to extract useful
information and key parameters that can be modified to obtain a similar performance for
the FC concept.

1 The IC ScanEagle

The Boeing ScanFagle drone is a small, unmanned aerial vehicle built by Insitu that is
designed for intelligence, surveillance, and reconnaissance missions at low altitude. It has
a distinctive, long, slender fuselage with a wingspan of 3.1 m to 4m and a length of 1.2m
to 2.5m, depending on the specific version. The drone is powered by a two-stroke, liquid-
cooled internal combustion engine, which provides a maximum speed of around 40 m/s

and a range of up to 2500 km.

One of the key factors that make the ScanFagle drone unique is its advanced imaging
capabilities. Equipped with a high-resolution camera, the drone can capture clear and
detailed images and video footage from altitudes of up to 19,500 ft. The drone also fea-
tures a stabilized gimbal, which allows for smooth and precise movements while capturing

footage.

Another important feature of the ScanFagle drone is its durability and reliability. The
drone is built to withstand harsh environmental conditions and it is equipped with ad-

vanced avionics systems, including GPS, automatic takeoff and landing, and a fail-safe

8



1. The IC ScanEagle

recovery system. It has been widely used in military operations around the world, includ-
ing in Iraq and Afghanistan. Its small size, stealth capabilities, and advanced imaging
capabilities make it ideal for intelligence, surveillance, and reconnaissance missions. In
addition, the drone’s ability to operate for extended periods of time without the need
for refueling or maintenance makes it an efficient and cost-effective option for military

operations [21].

1.1 Variants

Since its introduction in 2005, several variants have been developed. Some of the most

relevant are:

ScanEagle A15

As cann be seen in Figure 2.1, the ScanFagle has a propeller on the aft part of the
fuselage, a long wingspan with a relatively high sweep angle, that allows the winglets
to perform as V-tails and a camera on the front part. All the payload, avionics and
navigation equipment is located inside the fuselage. This variant has an optimal feature

of carburetor deicing and ice-phobic wing covering [4].

Figure 2.1: ScanFEagle A15 [5].

ScanEagle 2

This version (see Figure 2.2) is aimed to provide persistent daytime and nighttime in-
telligence, surveillance and reconnaissance (ISR) in extreme environments. It provides a
superior operational capability and reliability, with advanced payload options and a faster

payload integration [21]. Its geometry is very similar to the ScanFagle A15’s.

9



Chapter 2. Theoretical and preliminary research

Figure 2.2: ScanFagle 2 [28|.

ScanEagle 3

This design (see Figure 2.3) can double the payload capacity of the previous variants
without compromising the endurance. it increases the operational flexibility by accom-
modating several payloads at the same time, allowing to collect and analyze more infor-
mation in a single flight. This version has a different configuration, since it has a lower
sweep angle, no winglets and the control surfaces are located at the rear thanks to a tail

boom. A newer stability and navigation systems are embarked [20)].

Figure 2.3: ScanFEagle 3 [34].

In Table 2.1, a comparison of the different specifications of the variants mentioned

above can be seen [1]:

10



1. The IC ScanEagle

Feature ScanFagle A15 | ScanFEagle 2 | ScanFEagle 3
Cruise speed 25 —30m/s 25—35m/s | 30—40m/s
Max. speed 36 m/s 41 m/s 45m/s
Endurance 12—15h 16 —20 h 20—25h
Service ceiling 5000 m 5950 m 6100 m
Wing span 3.1m 3.1m 4m
Length 1.2m 1.71m 23—-25m
Max. Payload 0.6 kg 5.0 kg 8.6 kg
Max. fuel 5.4 kg 5.5 kg -
MTOW 18 kg 26.5 kg 36.3 kg
OEW 12 kg 11 kg -
Payload power - 150 W 170 W
Fuselage diameter - 0.2m -

Table 2.1: Specifications for the different IC ScanFagles.

1.2 Propulsion system

IC engine

The piston engine chosen for all current ScanEagle applications is the two-stroke 3W-28i
adjusted for jet fuel. A lightweight 1.50 kg and 1.12 kW of power engine which is adapted
for driving the 2-blade propeller. This power has to be also distributed to the payload

equipment which is chosen by the customer and the onboard avionics [4].

Figure 2.4: 2-stroke 3W-28i IC engine [35].

11



Chapter 2. Theoretical and preliminary research

Propeller

The propeller used is the APC propeller model LP16014P [33]. It is a 2-blade propeller
made out of resin and chopped fiberglass. It has a 40.64cm diameter and a 35.6cm pitch?.
Unless it is specified, this propeller will be kept in the new design.

Figure 2.5: APC LP16014P propeller [33].

1.3 Takeoff and landing

This drone is not equipped with a landing gear, thus, it does not need a runway in order
to takeoff and land. In fact, it is launched by a catapult system (SuperWedge) that can
be easily transported in large boats or even set up on the ground. This system sends
the drone into the air with the needed AoA at 25 m/s. In order to land, the UAV is
captured by a SkyHook system equipped with a long elastic cable that hangs from a long
pole thanks to hook placed at the winglets.

(a) Catapult launch. (b) Hook landing.

Figure 2.6: Takeoff and landing procedures [18][24].

!Describes how far forward in a specific fluid the propeller can move in a single revolution.
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1. The IC ScanEagle

1.4 Mission profile

Before starting with the reverse engineering process, it is important to select a mission
profile, based on a real possible real case scenario in which the ScanEagle could perform
(Figure 2.7).

Since this UAV is originally built and designed for surveillance and reconnaissance

activities, the mission profile is simple but quite long. It consists in:

1. Takeoff: Desert Ridge United State’s Air Force Base, located in the outskirts of
the city of Tucson, Arizona at 800 m altitude ASL (hypothesis).

2. Climb and acceleration: The engine runs at a certain power for the amount of

time needed in order to reach the cruise altitude at the desired cruise speed?.

3. First Cruise: The UAV reaches the desired cruise altitude and flies at the cruise
(maximum range) velocity for a horizontal distance of 320 km, entering the border
region between Arizona and New Mexico, covering a stretch of rugged desert terrain
known as the Cholla Valley.

4. Loiter in mission area: The surveillance and reconnaissance mission begins over
Rattlesnake Ridge, a series of elevated plateaus overlooking potential smuggling
routes, and the Coyote Pass, a known hotspot for illicit border crossings. The UAV
will fly at the maximum endurance velocity for the vast majority of the time while

airborne.

5. Second Cruise: The mission has ended and the UAV will come back to the ori-
gin site flying a high percentage of the remaining 320 km distance at the cruise

(maximum range) velocity.

6. Descent/Landing: The UAV will descend from the cruise altitude thanks to its
gliding capabilities. So, a percentage of those 320 km back to the origin site will be
done by means of an unpowered flight. A 5% of the total fuel would be saved for

an emergency.

2This amount of time and power needed is not calculated, but its corresponding consumed fuel weight

fraction will be assumed according to the bibliography.
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Chapter 2. Theoretical and preliminary research

Figure 2.7: Selected mission profile.
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Figure 2.8: Cruise to mission distance (Google Maps).

2 Reverse engineering

In order to obtain as much technical information as possible from the original recipro-
cating engine (IC) drone, a reverse engineering process is done. This is, gathering and

estimating key geometrical and performance parameters that will potentially allow to
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2. Reverse engineering

design a hydrogen-powered version that meets the requirements stated at chapter 1 -

section 3.

The idea is to minimize the number of unknown parameters from the original design,
so reasoning and simplifications can be made without compromising the reliability of the
calculations. Both Corke’s [10] and Raymer’s [26] methodologies will be used for this

reverse engineering process.

It is important to highlight the fact that the ScanEagle 2 (Figure 2.2) will be the
reference UAV selected, since it is the one from which the largest amount of bibliography

has been found. Plus, this version has been widely used and is relatively recent.

2.1 Flight conditions

Because the weight of the aircraft is continually decreasing due to fuel consumption, flight

conditions will vary during cruise and loiter. Expendable payload will not be considered.

Velocity, and thus, the Mach number and the dynamic pressure at the cruise altitude
will vary. This is because the UAV will fly at the maximum range or maximum endurance
speeds only. These two velocities will be obtained by knowing the aircraft weight at every

time interval and the corresponding lift coefficient.

The only fixed variable is the cruise altitude, which will be z = 5000 m, knowing that
there is a reasonable margin with respect to its flight ceiling. Following the ISA model,

the most relevant parameters related to flight conditions are summarized in Table 2.2.

Parameter Value
Zmaz 5950 m
Zer 5000 m
Vinae 41 m/s
Ver variable
Geor 320.53 m/s
Moz 0.13
M., variable
Per 0.74 kg/m?
Ver 2.21-107°m?/s
Her 3.00-107° kg/(m - s)
Qer variable

Table 2.2: Cruise flight conditions.
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2.2 Estimation of basic geometry

From the information obtained in Table 2.1, and with the help of OAD’S Aircraft De-
sign Software®, it is possible to extract this drone’s main dimensions and geometrical

parameters.

ADS® is available on the market for aircraft designers, universities, research institutes
or even for amateur users. Uploading a scaled 3D view of a specific aircraft, it is possible
to create a model using control points and lines in order to simulate a very precise 3D
CAD model of the drone. This allows to obtain the remaining unknown values that are
required for the reverse engineering, such as the wing surface, aspect ratio, taper ratio,

sweep angles, etc.

This software also allows to choose which kind of aircraft is going to be studied (e.g:
Unmanned Aerial Vehicle, ultralight and light airplanes, civil transport jet, etc), although
it is not prepared for supersonic applications. In addition, the type of propulsion can be
selected (e.g: piston engine, turboprop, turbofan, electric.) and also other specific data
related to whether the aircraft has landing gear or not, control surfaces, fuel tanks, airfoils,

cabin information and many more.

The resulting 3D model can be seen in Figure 2.9:

Figure 2.9: IC ScanEagle 2 model in ADS®.

3ADS® is a very efficient and useful software aimed for aircraft conceptual and preliminary design.
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2. Reverse engineering

The values obtained from this model are tabulated in Table 2.3. Since it has been
made from scaled images of the original UAV, the resulting geometry can be assumed

almost identical to the real aircraft.

Wing V-Tail Fuselage

S = 0.86 m? S = 0.09 m? I=171m

b=311m b=0.63m d=0.20m
AR =11.20 AR =441 | Syt = 0.96 m?
buwingtet = 0.39 | ¢y = 0.15m

¢ = 0.37Tm cip = 0.11m

Cip = 0.19m | cpae = 0.13m
Cmac = 0.29m A=0.71
A = 0.50 Apg = 60.4°
App = 28.4° Agjp = 57.6°
Acjp = 25.7° Aesg = 59.0°
Agjy =27.1° I' =68.2°
I'=-24°

Table 2.3: IC ScanEagle geometry estimation using ADS®.

As it can be seen in the last figure, this UAV has a V-shaped tail. These control

4. Despite the fact that the ScanEagle is not designed for

surfaces act as ruddervators
taking off and landing on a runway, it has flaps. These are part of its control surfaces to
adjust its aerodynamic performance during flight. The flaps are located on the trailing
edge of the drone’s wings and can be extended or retracted to change the lift and drag
characteristics of the wings. By adjusting the position of the flaps, the drone can change its
speed, altitude, and maneuverability, making it more versatile and adaptable to different
mission requirements. Although they are not strictly necessary for increasing lift at low
velocities during the landing procedure since the SkyHook system absorbs the remaining

kinetic of the drone.

2.3 Airfoil selection

Because there is frequently little information available about the airfoil used on an air-
craft’s main wing and empennage, a decision must be made based on the requirements.
As will be shown later in the reverse engineering process, the aircraft’s main wing must
create enough lift to allow the aircraft to fly at relatively moderate speeds, hence decreas-

ing drag or power when in cruise. Since the associated lift coefficient directly depends on

4This type of surfaces provide both pitch and yaw control.
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Chapter 2. Theoretical and preliminary research

the weight of the aircraft at each time interval, one must take into account that by no
means can this lift coefficient be higher than the maximum lift coefficient the 3D wing
can provide at that flight condition.

According to this restriction, a 5 digit NACA airfoil has been selected with the fol-

lowing characteristics:

Main wing’s airfoil: NACA 44012

This airfoil profile can be seen in Figure 2.10.

HACA 44012

Figure 2.10: NACA 44012 12% airfoil (JavaFoil).

Thanks to JavaFoil software, 2D C; and C, coefficients at different AoA and Reynolds
can be obtained. This allows plotting several curves and calculate the real 3D wing

coeflicients afterwards.

Some of the relevant curves that can be obtain using the data provided by JavaFoil
are the C; — a, Cqy — a, C; — Cy and C’lg/Q/Cd — « curves, respectively in Figure 2.11 and
Figure 2.12.
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NACA 44012 C) vs «
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Figure 2.11: NACA 23012 C} and Cy vs « curves.

Where it can be seen that the 2D lift curve presents a positive non-zero lift value

at o = 0°, which is coherent with the curvature of this profile and a linear evolution of

this coefficient is obtained until the stall region, which appears at agsau2p = 14° with

Cy,... = 1.90. The slope of the linear range is C_ and it can be approximated to 2w rad—?.

In the other hand, an increasing tendency of the drag coefficient with the angle of attack

is obtained, as one could expect.
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Figure 2.12: NACA 23012 drag polar (a) and endurance parameter (b) curves.

As in Figure 2.12 (b), it is interesting to represent the endurance parameter Cf /2 /Ca

(from Equation 2.1 [3]) in function of the AoA. Derived from the Breguet equation for
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Chapter 2. Theoretical and preliminary research

endurance (which is proportional to the aerodynamic efficiency), it will be an important
equation for this thesis, since one of the main objectives of the new design is to achieve a

similar endurance as the original ScanEagle. For subscript ¢ referring to the time instant:

W; 1 W; 3/2
E = —/ orop L CL AW —/ ”p”p\/psw P dvg,[;dt (2.1)
W, C VCOp W w., C 2 Cp W

where the velocity V' has been substituted from the lift force equation, being L = W.

W
"\ ies.c; (2:2)

One must not forget that, for now, no aspect ratio effects are taken into account.

Thus, only two-dimensional C; and C, are considered. In the same figure, an optimal

AoA for endurance is obtained at around 9°.

Then, the most relevant information about the selected airfoil is presented in Table 2.4:

Feature | NACA 44012
Cin 1.57
C, 0.092 deg™*
Olstall 2D 15.00 deg
apr, —2.98 deg
timaz 0.12 ¢,
Loz 0.20 ¢,

Table 2.4: NACA 44012 relevant data.

Where t,,4, is the maximum thickness with respect to the chord length and x,,,, the

longitudinal position of the maximum thickness with respect to the chord length.

V-tail’s airfoil: NACA 0012

For the V-tail, a symmetrical airfoil is going to be selected. Since no pitching nor yawing
moments with respect to the center of gravity of the aircraft are desired when the control

surfaces are set at zero AoA in level flight.

The airfoil selected, then, is the NACA symmetrical airfoil with the same maximum
thickness as the main wing’s, the NACA 0012.
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HACA 00012

Figure 2.13: NACA 0012 airfoil (JavaFoil).

As a comparison, the C; — a and C; — « curves are plotted. In Figure 2.14 (a), it is
shown that NACA 0012 airfoils have zero-lift at 0° AoA and also have a lower (, , than
the NACA 44012. Although, their linear slopes are identical.

NACA 0012 C) vs « NACA 0012 Cy vs o
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(a) C; vs a curve. (b) Cq4 vs « curve.

Figure 2.14: NACA 0012 C; and Cy vs « curves (R, = 4,000, 000).

And the most relevant information about this airfoil is shown in Table 2.5

Feature | NACA 0012

Clnas 1.05
., 0.12 deg™!
Qlstall,2D 10.00 deg
QoL 0 deg
tmaz 0.12 ¢,

Table 2.5: NACA 0012 relevant data.
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2.4 Estimation of wing lift-related coefficients

From the wing’s 2D airfoil (NACA 44012) information, the 3D wing lift-related coefficients
can be obtained:

Knowing that:
Cr(a) =Cr, -a+Cr, (2.3)

The slope of the linear section can be obtained as:

or A
Cp. = mAR (2.4)

a 2+\/4+(AR5)2-{1+tan<%>]

Where the sweep angle is in rad and 5 = /1 + Mfff, being M.sr = M., - cos(ALg).

And the lift coefficient for o« = 0° can be obtained as:

CLa:O = _CLa enys (25)

On the other hand, the maximum (3D) lift coefficient C,,4, can be obtained analyti-

cally.

According to Raymer:

CLmaz = Olmaz ' M + ACfL'm,az (26)

Where the unknown parameters Cp, . /Ci,... and ACy, .. can be obtained knowing
the geometry of the wing and looking at the figures described in Raymer’s methodology
[26].

Then, the maximum angle of attack for which the 3D wing stalls (o at Cp, ) is

calculated as:

C
Agtall = CL,maz + aor, + ACystall (27)
Lq

Where, again, the unknown parameter A« is obtained knowing the wing geometry
and looking at the figures from Raymer’s methodology.
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Finally, the lift coefficient at cruise conditions can be already calculated as in Equa-

tion 2.23. To sum up, all the relevant 3D wing lift-related coefficients are presented in
Table 2.6:

Parameter Value
Cr., 0.082 deg™*
CrL._o 0.097
Crus 1.38
Qgtall 16.87 deg

Table 2.6: Original ScanFEagle lift-related coefficients.

As expected, the 3D wing stalls at a higher AoA than the 2D airfoil with a lower linear
slope, but reaches a lower maximum lift coefficient due to the effect of the aspect ratio
(see Table 2.4).

2.5 [Estimation of weights

It is important to divide the aircraft into its basic components and look for their weights.
In this particular case, the conceptual design requires to know the empty weight, payload,

fuel and maximum takeoff weights.

For both the reverse engineering and the new design calculations, the payload weight
selected will be fixed to Wpy, = 5 kg, considering that no expendable payload is needed
for the mission. This means, the rest of the available weight (taking into account the
empty weight as well) that the aircraft will carry until the MTOW restriction, is going
to be only fuel.

This will allow to increase the powered endurance and range. It will be also assumed
that, at takeoff, W;, = MTOW . The weight distribution is summarized in Table 2.7:
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Element | Weight [kg]
Witruc 11
Weatra 2
Wiank 1.5

Weng 1.5
Woempty 16
W tuet 5.5
Wpr 5

W;o 26.5

Table 2.7: Original ScanEagle weight estimations [21].

2.6 Estimation of weight fractions

Weight fractions for the whole mission profile may be determined using the prior weight
estimates. Depending on the phase of the flight, q different amount of fuel will be burned.
These adjustments are important for the calculations since many parameters are affected
by the weight evolution of the aircraft.

As previously said, the mission profile is quite straightforward and divided into various
sections. The fuel utilized in any of those phases may be stated as the ratio of the end
weight over the beginning one (in kg). The goal is to calculate what proportion of the total
available fuel weight is spent throughout each phase, allowing to determine the aircraft’s

performance in terms of endurance and range.

e Takeoff [1]: For engine start-up and takeoff, Raymer proposes a weight fraction
loss of about 3%. However, since the UAV is launched from the catapult, almost no
fuel burn is needed. Considering that W;, = Wj.

Wy
— =0.995 2.8
i (2:8)

e Climb [2]: After takeoff, the aircraft has to reach the desired cruise altitude and
accelerate (if needed) to the optimal cruise speed. In this phase, the fuel weight lost

with respect to the total fuel weight is considered to be a 2%.

Wy = 0.995 - Wy = 26.37 kg
Wy (2.9)
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e First Cruise [3]: During the cruise to the mission, 320 km are travelled. It is
important to know what is the weight of the aircraft at the beginning of this phase
(in = initial).

Wiin = 0.98 - Wy = 25.84 kg (2.10)

e Loiter/Mission [4]: While in the mission area, the UAV will remain airborne as

long as there is enough fuel to get back to the origin site.

e Second Cruise [5]: The cruise back to the origin site will involve another 320 km,
of which a high percent of that distance will be done by a powered flight. The
aircraft will start descending when there is only a 5% fuel remaining (fi = final).

This extra fuel will be reserved for any possible inconvenient.

Ws.pi = Wi — 0.95 - Wyye = 21.28 kg (2.11)

e Descent/Landing [6]: The whole descent from the cruise altitude will be done
gliding, so a lower percentage of those 320 km distance will imply no fuel consump-

tion.

Ws = Ws.pi = 21.28 kg (2.12)

2.7 Cruise weight and velocity evolution

As said before, the velocity during First Cruise (phase 3) and the Second Cruise (phase
5) will be that of maximum range. During the Mission (phase 4), the aircraft velocity

will be that of maximum endurance.

For programming purposes, the powered mission profile that involves phases 3, 4 and 5
(cruise and mission without gliding) will be divided into 500 steps. The whole calculation
will be looped so, when there is convergence, there is always information about which

step belongs to the end of phases 3, 4 and 5.

Since this is a loop, at the beginning of each iteration there is information about the
engine’s SFC at each step, from the previous iteration. The same happens with the
endurance obtained. This allows obtaining the weight of the aircraft at the end of phases
3, 4 and 5.

So a weight evolution vector of size 500 can be defined with linear decreasing weight
knowing the steps at which the velocity is changed from maximum range to maximum

endurance and vice-versa.

25



Chapter 2. Theoretical and preliminary research

Concerning the velocity vector, it also has size 500 and varies knowing that:

[ W-g
V=4 —2 2.1
1/2pSwCL ( 3>

And Cp, is obtained differently depending on the velocity profile. For a propeller-
driven engine [26]:

C

CLyvwur = 2o phases 3 and 5
Kind (2.14)
3 Cp,

2.8 Estimation of wing drag

From all the information collected, some basic aerodynamics can be extracted. This is,
calculating the drag contributions from the main components and also the lift produced
at cruise. As Corke states on his procedure, based on the flat plate analogy, the drag

coefficient for the wing can be calculated as:

Cp = Cp, + Cp, + Cp (2.15)

visc

where:

e Cp, is the base (zero-lift) drag coefficient.
e Cp, = kinq C% represents the induced (due to lift) drag coefficient.

b CDvisc

losses, such as those produced by flow separation.

= kyisc (Cr — Cp, .. ) is the additional drag term that results from viscous

Base drag coefficient

This coefficient can be estimated with the geometrical parameters. So that:

Swet

Cpy = Cp-F- Q- =

(2.16)
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Where:

o (' is the skin friction coefficient that depends on the Reynolds number. It is based
on the longitudinal development length of the boundary layer and the Mach number.

For laminar flow conditions in cruise:

1.328
Cr= "7

(2.17)

V. mac o - . .
being v Re = Cmac 1000. So it is laminar according to Corke’s method.
v

e [ is the form factor and depends on the geometry of the airfoil:

0.6

tm(lI tmaw *
F=11+ ( ) + 100 ( ) ] [1.34 M2 cos(Aeya)*®]  (2.18)

(Tmaz/C) c c

e () is the interference factor, that depends on the components that may be attached

to the wing or fuselage, disturbing the flow. For high-wing aircraft:

Q=1 (2.19)

e S and S, are the wing surface and the wetted wing surface, respectively. Knowing
the shape of the airfoil and the wing surface, the wetted surface can be estimated
analytically and should be slightly larger than two times the wing surface. For
tmaz/c > 0.05:

Swet = S {1.977 +0.52 (tm)} (2.20)

c

Induced drag coefficient

For calculating this coefficient, it is necessary to obtain the induced drag parameter and
the (3D) lift coefficient.

e The induced drag parameter is calculated as:

1
king = ———— 2.21
d ™ AR Ceff ( )
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where the Oswald efficiency has been calculated considering the V-Tail /winglet effect
according to DATCOM and Scholz et al. [25] as follows:

o 1.1 (Cy. /ARy
B ksuc(OLa/ARw) + 7T(1 - ksuc)

b 2
— . Wef f
eeff =€ ( bw )

and, at the same time, kg, is the leading edge suction parameter and it is equal to
0.965, obtained from DATCOM charts using the ScanEagle’s basic geometry. The

parameter b

(2.22)

wer; = bw+Dwingler and Cp,, can be already calculated as in Equation 2.4.

e The lift coefficient can be calculated in cruise knowing that L = W. As follows:

W.g

Cr= q Sw

(2.23)

Viscous drag term

In order to obtain the viscous losses, the minimum-drag lift coefficient and the viscous

constant have to be obtained:

e The viscous constant is dependent on the leading-edge radius and taper ratio. It
is ranged 0.02 — 0.16. For a blunt leading edge but relatively high-swept wing, a

reasonable value could be k,;,. = 0.06.

e The minimum-drag lift coefficient can be easily obtained as:

Clypinp = 4/ Cpy (2.24)
kind

Wing drag force and drag coefficient

Once all drag-related coefficients are obtained, the wing drag force and drag coefficient in

cruise conditions are:

Cp = Cpy + kina C% + kyise (CL —CL,..0)

(2.25)
D= q Sw OD
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2.9 Estimation of fuselage drag

This base drag estimation follows a similar procedure to the previous one. But, in this
case, it is based on an integration along the fuselage length since it is not a perfect
cylinder and the flow properties may be different depending on the location. The fuselage
is divided into N individual parts and the drag is estimated for each of those parts. The

resulting drag force, then, is summed up.

However, since ADS® provides the fuselage wetted area from the 3D model, no in-
tegration is going to be needed. The total fuselage drag coefficient is then calculated

as:

S et
Cp, =Cp,, =Cp - F-Q- =g (2.26)

Note that this drag coefficient is normalized with the wing surface. All the parameters
within the expression are calculated the same way as in the wing’s base drag calculations

except for the form factor (F').

e For the friction coefficient (Cy), in this case, the Reynolds number is calculated
taking the fuselage diameter (dy) as the characteristic length. The interference
factor (Q) is equal to the unit for a high-wing configuration and Sy ., = 0.96 m?
according to ADS®.

e The form factor is calculated as:

60 (1/9)

F=1
s T a0

(2.27)

Where § = ds/ly, the so-called fuselage fineness ratio. In order to calculate the

fuselage drag force in cruise conditions:

Df :qu CDf (228)

2.10 Estimation of V-Tail drag

For the V-Tail, the exact same procedure as the one used for the main wing’s base drag
is going to be followed, but using the tail’s geometry instead. In cruise conditions, the

aircraft is assumed to be trimmed longitudinal-wise with no lateral-directional turns.
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Thus, no drag effects due to lift are going to be considered for the tail. The more realistic
situation would be to consider a slow turn every so often (since the UAV is flying in circles

over a certain region), but this situation is going to be neglected.

So the V-Tail’s only drag contribution to the total drag will be:

Dy =q S, Cp, (2.29)

Where, again, the tail’s drag coefficient is Cp, = Cp,, and it is normalized with the
main wing’s surface. According to Raymer, a tail surface with a hinged rudder or elevator
(ruddervator in this case) will have a form factor (F') about 10% higher than predicted
by Equation 2.18 due to the extra drag of the gap between the tail surface and its control

surface.

2.11 Drag summary

As the propeller is located on the very aft part of the fuselage, it is a pusher system and
its dimensions do not largely overpass the fuselage diameter, its drag contribution to the

total drag is also going to be neglected®.

In order to summarize, all the drag-related results will be shown in Table 2.8 (mean

values over 500 steps):

Wing Fuselage Tails
Cp, = 0.0052 Cp, = 0.0033 Cp, = 0.0009
Cp, = 0.0241 Dy =0.826 N D, =0.243 N

Cp,,.. = 0.0030
kina = 0.0250
Cp =0.0324
D, =7495 N
Wing only

Cpo = 18.70% Cp,  Cp. = 72.43% Cp, Cp
Total (aircraft)
Ch,., = 0.0367
Dyor = 8.564 N
Cp, = 87.14% Cp,,. Cp, = 9.93% Cp,,, Cp, = 2.93% Cp,,

—8.87% Cp,

visc

Table 2.8: IC ScanEagle drag-related results.

=4 . . . . . .
°in comparison with the main contributors, e.g: main wing, fuselage.
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Attending to the summary above, it is interesting to see that the main contributor
to the wing’s drag is the induced component. Several ways for reducing this term can
be approached, such as, increasing the AR and V. Nevertheless, the aircraft weight will
have a significant importance since it is directly related to the amount of lift needed. The
more lift needed, the higher the induced drag term will be. The goal is, then, to reduce
the weight as much as possible to increase the endurance. This will be a compromise
between decreasing the induced drag term (thus, the total drag) and keeping an acceptable

cL

aerodynamic efficiency at the same time (AE = m).

On the other hand, as one could expect, the main wing’s drag is the main contributor
to the total aircraft drag, followed by the fuselage’s and then by the V-Tail’s drag, which

is almost negligible in comparison with the drag the main wing will produce.

2.12 Estimation of propulsion system

As mentioned before, the original ScanEagle is powered by a 1.12 kW piston engine, that
drives the propeller and supplies power to the onboard equipment. The most relevant

information about the propulsion needed is gathered in Table 2.9.

Feature Data
Fuel type kerosene
Pax(SLS) 1120 W
Pyaitavie(cruise) 673 W
Ppr, 150 W
Tprop 0.83
dprop 0.41m
Diprop 0.36 m
Cp 0.129
Cr 0.082
J 0.944
SFC(SLS) 9.00-10~* kg/Wh
SFC SFC(Mach,T)

Table 2.9: Original ScanEagle propulsion estimations [35].

The needed power, then, is distributed into the shaft power to the propeller and the
different payload users, which demand a power equal to Ppy, just while the UAV is on the
mission area (phase 4 only). These users can be avionics, full motion sensor, anti-icing

system, camera or other necessary accessories [28].
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As the total drag of the UAV has been already estimated, some calculations on the
engine can be performed. Assuming that the aircraft has to counteract the total drag
force in cruise flight, and estimating a realistic propeller efficiency, the shaft power in W

needed is:

o Dtot'v

np’f‘ op

Py, (2.30)

In order to obtain the needed power at each step, the constant Pp; has to be added

to the shaft power needed during the mission (phase 4 only).

Pneeded - Psh + PPL (231)

In the other hand, the power available at the cruise altitude (constant) can be esti-

mated knowing the maximum power at SLS and the air density at that altitude [29]:

p
Pavailable = Pmaac I
PSL

(2.32)

For the SF'C evolution (Model X [7]), a reference (sea level) value, Mach number and
ambient temperature at both cruise altitude and sea level must be known (see Table 2.9).
Where the Mach number at sea level has been estimated so that the resulting average

velocity is the same as the average cruise velocity.

/| M-T

The engine’s rotational speed at every step can be calculated using the following

equation [36]:

Pnee €
Wprop = (’/ 2ol (2.34)

- d4 .l
kpmp dprop pZPTOP

where Dipop (pitch), dp.op (diameter) are expressed in inches and k.., = 5.30 - 107° to

provide wpyop, in rpm.

From propeller engines, 3 relevant non-dimensional parameters can be obtained. In

cruise:
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e The power coefficient

V.
Cp=—% (2.35)
Wprop * prop
e The thrust coefficient
Psh
Cr = (2.36)
Per - w;?)rop : d;l)rop
e The advance ratio
Ver
Jprop = (2.37)

Wprop * Aprop

2.13 Estimation of performance

Now that all the needed parameters for calculating the performance of the aircraft are

estimated, some relevant results can be obtained.

e Wing loading (L =W - g):

3

WL = (2.38)

e Stall speed:

‘ 7 : x;
pr— 2-
stall \/1/2 P Sw CLmaz ( 39)

Where, at every step, it has to be checked that the aircraft velocity is always at

least 10% higher than V,;. This is where a good airfoil selection gains importance.

e Aerodynamic efficiencies:

AE, - L
2/Chy - Find (2.40)
AE =Cp/Cp
e Powered Endurance in hours (Breguet eq.):
500
AE; W,
E = L ‘] =16.76h 2.41
zi: c " (Wi—i-l) 24
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SFC-V lbm2kg

here C; = —2 2" 4. .
Where & 550 - oy © Ibf2N

Where, according to Corke, SFC [Ib/(hp - h)],

2
V' [ft/s] and J_is the corresponding unit conversion so that endurance is in h.

Ibf2N

e Powered Range in kilometers (Breguet eq.):

500

3600
R=S"E .V, -2 _ 200530k
21‘: 1000 m

e Extended Range (gliding) in kilometers:

Ygtide = atan( ) =0.029 rad = 1.70°

AEma:B
z
Rojide = cr — 168.31k
Aide = e (Yguge) - 1000 m
Where z., is in m.
e Extended Endurance (gliding) in hours:
R lide
Eojige = g —141h
! cos(Vgiiqe) - V - 2283

(2.42)

(2.43)

(2.44)

Where V' [m/s] and AE,,,, are constant during all the gliding descent and are equal

to their corresponding values at the last step of the powered flight (step 500). The

gliding range Rgjiqe is in km.

e Total Endurance and Range:

E=18.17h
R =2173.60 km

(2.45)
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According to the results above, the obtained endurance is close enough to what it was

found in the literature. Thus, the reverse engineering procedure can be considered for the

new design.

For better comprehension, several parameter evolutions during the powered flight will

be plotted:

Weight evolution (while powered) Needed power in cruise
26 700
650
& 1 600 Preeded
Pavailable
550
24y
g g 500
R &
231
221
21 - * * - - -
0 500 1000 1500 2000 0 5 10 15 20
Range [km] Endurance |h]
(a) Original Weight vs Range evolution. (b) Original Power needed in cruise.
Figure 2.15: Reverse engineering parameter evolutions (I).
7 SFC in cruise Engine rpm in cruise
3.1 (20 4600 e : ‘
\ 4500 |
3l |
4400
29 N ] 4300 |
= ~ 4200 r
Z28 3
% = 4100 N
By
w27+ 4000
3900 r
26 1
\ 3800 f ~
2.5 - : - 3700 - - -
0 5 10 15 20 0 5 10 15 20
Endurance [h] Endurance [h]
(a) Original SFC during cruise. (b) Original rpm during cruise.

Figure 2.16: Reverse engineering parameter evolutions (II).
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Wing Loading in cruise
;
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34r /‘ 0.105 280
En
= 32 0.1 =
— . =~
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=
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(a) Original Velocity and Mach vs weight evo-  (b) Original Wing loading during cruise.

lution.

Figure 2.17: Reverse engineering parameter evolutions (III).

Where, in all of the figures above, a decreasing tendency in time/range can be seen
because of the fuel weight loss. Sudden variations in those evolutions are due to the switch

in maximum range and endurance velocity profiles.

In Figure 2.15b, the power needed in cruise is always lower than the maximum power
available at the cruise altitude. In the other hand, payload power during the mission

implies in average a 50% increase in the needed power.

Needed power during mission

1 T .
0.9
sl With Payload power | |
’ —No Payload power
= —— Power available

~ 07}

Df 06 7
0.5 1
0.4 |
0.3 ‘ ‘ . ‘ ‘ . ‘

0 50 100 150 200 250 300 350 400
Simulation step [-]

Figure 2.18: Original needed power versus payload power during mission.
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2.14 Sensitivity analysis

To finalize the reverse engineering process, a sensitivity analysis will be performed. This
is, modifying some parameters by a certain percentage and compare the effects produced
with respect to the original geometry. The more significant the relative variation, the
more sensitive the parameter will be. Doing this, the dominant parameters are identified

and the new design can be developed in convenience.

This sensitivity analysis is shown in Table 2.10, where the major or most relevant

relative variations are highlighted.

AR +15% | b +15% | d¢ +15% | Iy +15% | Wyo + 15%
Dimensions
Sw (%] +13.56 +32.25 +0.00 +0.00 +0.00
Fin.ratio (5) [%] +0.00 0.00 +15.00 —13.04 +0.00
Drag
AFE %] +8.74 +2.90 +0.51 +0.53 +1.71
Chby,, (%] —6.54 +2.82 —0.07 —0.07 —2.96
Cp, (%] —8.55 —~7.13 —0.91 —0.98 —-3.19
Cpy; [%0)] —9.17 —19.95 —2.80 —2.86 —4.58
Cpoy [%0)] —17.35 —21.58 —0.07 —0.08 —2.96
Cp, [%] —8.53 —7.08 —0.95 —0.97 —3.48
Cp %] —8.32 —7.71 —0.97 —1.02 —-3.28
Dot [%0] —8.04 —2.82 —0.51 —0.53 +16.69
Propulsion
Nprop | /0] +0.00 +0.00 +0.00 +0.00 +0.00
Cp [%] +0.00 +0.00 +0.00 +0.00 +0.00
Cr %) +1.35 +6.87 —0.33 —0.34 —1.10
Performance

E %) +15.95 +15.19 +0.17 +0.25 —22.91
Vitau [%0)] —6.16 —13.04 +0.00 +0.00 +8.94
Vinazi [%0)] —6 — 02 —10.77 +0.24 +0.24 49.91
WL (%] —11.94 —24.29 +0.00 +0.00 +18.68

Table 2.10: Results from the sensitivity analysis.

It is evident that the variations in wingspan come in first place, followed by variations
in aspect ratio and aircraft weight. However, it is worth mentioning that a slight increase

in fuselage length and diameter has little effect on either performance or aerodynamics.
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This is very convenient for the new design because it will probably require modifications
in fuselage size.

e Drag: The induced drag and the fuselage/tails base drag are the most sensible
parameters. To reduce them, it seems like the wingspan has to be increased, thus,
the aspect ratio as well, since these parameters are directly proportional. The
wing surface would have to be increased accordingly to achieve this goal. But this
also implies that the aircraft weight will be inevitably increased, compromising this

solution.

However, the total drag is mostly reduced by increasing the aspect ratio while
minimizing the weight, only. Since the shaft power is directly proportional to the
total drag, the most optimized this tendency is, the less shaft power will be needed

in cruise.

So there has to be an equilibrium between a large wingspan, aspect ratio and a
low weight. Fortunately, the fuselage length and diameter can be increased without
major penalty, but considering that this would potentially contribute to increasing

the weight too.

e Propulsion: Regarding propulsion, no major modifications are shown. Except
for the fact that the power needed would be modified in accordance to the total
drag (see Equation 2.30). However, this power strongly depends on the selected
propulsion system, which will be certainly modified.

e Performance: To boost the endurance (and the aerodynamic efficiency), the same

procedure for optimizing the total drag applies.

To sum up, the sensitivity analysis suggests that, for decreasing the total drag force
(Dyr and all drag coefficients) and increasing the aircraft’s endurance (F), the wingspan
(by) and the aspect ratio (AR) have to be increased, while minimizing the aircraft’s takeoff

weight (Wy,). These results will be helpful as a starting point for the drone’s initial sizing.
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The FC ScanEagle

In this chapter, the new design is going to be implemented according to the objectives
described in Chapter 1 - section 3 and the results obtained from the IC ScanEagle re-
verse engineering. The major modification is to implement an electrical engine that is
mainly powered by a PEMFC hydrogen fuel cell. Since batteries are not optimal for long
endurance applications due to their weight and low power capacity, a PEMFC can be a
better option. In this type of system, electrical power will be generated continuously as
long as there is available hydrogen and oxygen. It is more efficient in terms of power-to-

weight capability than the batteries available on the market.

The PEMFC is referred as the aircraft’s main power source because it will not be
the only one. In fact, the addition of a battery would be a complementary solution for
providing a considerable power boost for a short period of time. This means, the UAV
will use a battery for the climbing phase, in which the available power provided by the

fuel cell may not be sufficient.

The fuel cell is the core of the power generating system, but several other components
are necessary to keep the fuel cell operating effectively and to guarantee reaction products
exit the system appropriately. Figure 3.1 is an example of integrating a fuel cell stack
as a power generator for a propellant application. Wet air is supplied with hydrogen via
the anode to the fuel cell in this setup. The water vapor produced as a byproduct at
the cathode output is utilised in the humidifier before the absorbed air is discharged into
the environment. Finally, the fuel cell stack not only powers its application but may also

power the other system components.
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Figure 3.1: Fuel cell system outline integrating the FC stack and the components of the
balance of plant [12].

Whereas the whole powerplant system scheme is shown in Figure 3.2:

Propeller

Battery pack

Figure 3.2: Powerplant components outline [23].
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1 The PEMFC

The hydrogen fuel cell will be the main propulsion device. This technology is still relatively
new and has been steadily developing over the past few decades. However, further research
on PEMFC performance is out of the scope of this thesis. As a matter of fact, the drone’s

power requirements will rely on the fuel cell state of the art.

1.1  Working principle

A fuel cell is a device that uses a chemical reaction between oxygen and hydrogen fuel to
turn stored molecular energy into electrical energy. Anode, cathode, and an electrolyte

membrane make up the cell itself (see Figure 3.3).

Figure 3.3: Proton Exchange Membrane Fuel Cell scheme [2].

The anode is where hydrogen enters the fuel cell. Hydrogen atoms react with a catalyst
and divide into electrons and protons in this reaction. On the other side, oxygen from
the surrounding air enters through the cathode. The positively charged protons travel
to the cathode via the porous electrolyte membrane. The negatively charged electrons
exit the cell and generate an electric current, which can be utilized to power an electric
motor. Protons and oxygen combine to form water vapor in the cathode, which is the

only emission produced [2].

In the case of hydrogen, the reactions are, in general !:

Depending on the type of fuel cell used, based on its architecture and the electrolyte, the reactions

vary. This chemical formula is related to solid oxide fuel cells and was selected for simplicity.
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Anode: Hy — 2H" + 2e~
Cathode: Oy + 4e~ +4H' — 2H,0 (3.1)
Overall: 2Hy + Oy — 2H50

However, for most purposes, fuel cells cannot be made up of merely an anode/cathode
pair (single cell), because the electrical power generated would be insufficient. That is
why they create a compound system known as a "stack" in which they are arranged in

consecutive layers, boosting the overall power output of the system.

2 Sizing methodology

The approach used to accomplish the adaptation will be extensively discussed when the
initial conditions for the model are specified using the related sources. The major features
to adapt will be the new characteristics for the structure, fuel cell, fuel storage system,
battery and electrical motor. Starting with the mission definition and instances to be
studied, the focus will transition to a schematic overview of the many steps of the iterative
methods, the data utilized to accomplish the estimation, and the logic underpinning
the decision-making. Following a broad description of the technique, a deeper dive into
the mathematical models, assumptions, and ramifications of each stage of the element

dimensioning will be made.

2.1 Iterative procedure overview

The sizing of the new design will start with the original IC ScanEagle geometry (Table 2.3)
and weights (Table 2.7). Then, the process will be composed of three dependent loops.
The first, known as the geometry loop from this point on, focuses on changing the wing
loading needed in cruise to obtain the required endurance at a certain cruise altitude and
speed (25 — 35 m/s), as well as modifying the wingspan and wing surface accordingly.
The fuselage length and width will be updated so the fuel tank, battery and fuel cell can
fit inside.

Once completed, the cruise loop will be used to iteratively compute the fuel reservoir
characteristics required to finish the mission given the components indicated for that

iteration, settling a provisional mass of the aircraft for a particular fuel and tank mass.

The third loop, known as the climb loop, will utilize the previous results to estimate
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the power necessary to climb at a certain rate with the previously determined weight
distribution and decide if the power supplied to the aircraft is sufficient to complete
the stated maneuver. The electric motor power will be modified as a result of this.
Additionally, the battery size will be calculated since so it can provide the difference
between the required and the supplied power by the fuel cell system. Given the revised
size of these elements, the weight of the entire aircraft will be updated, and therefore
the structure and subsequently cruise power will require new modifications, repeating the

entire process iteratively, as shown in Figure 3.4.

> » LimitModel ——>  Final model
YES YES YES

Geometry
convergence?

v
4

Original Model ——>» ———3 Adapted Model >
3

4

NO NO NO

v Iv

Geometry
re-calculated

H2 tanks
re-dimensioned ~

e—

Fuel cell and

| ———r motor
re-dimensioned

Battery
re-dimensioned

Figure 3.4: Flowchart of the overall procedure followed to perform the UAV adaptation.

Where, the Adapted model collects the updated power system, fuel storage and bat-
tery requirements and simulates the entire mission as in the reverse engineering, the
Limat model fulfills the mission objectives within several versions and the Final model is

ultimately selected as the optimal Fuel Cell ScanEagle among the possible versions.

2.2 Geometry loop

The geometry loop consists in selecting initial aerodynamic parameters (Cp,, king) and a
reference S, and b,,. A design cruise velocity is also selected so that the output results
provide reasonable values for the geometry. The wing loading needed at the cruise altitude

for a (', that maximizes endurance is then calculated as:
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W-g 1
WIL = — 20V
Sw 2

3.2
kind ( )

Then, weight fractions for the mission are estimated as in the reverse engineering,
knowing the SFC' in cruise (obtained at the previous iteration). This loop ends when
the difference in wing surface between iterations is lower than 0.01 m?. It is important to
mention that the main wing’s aspect ratio may be increased in order to obtain the desired

endurance. And also the taper ratios are kept as in the original design.

The output results for this loop are:

e Provisional cruise wing loading (WL)
e Provisional aerodynamic parameters (Cp,, kindg, AE )

e Updated geometry (by, Sw,lf, df, Stuwet)

2.3 Cruise loop

The cruise loop is mainly used for selecting the PEMFC, dimensioning the fuel tank and

estimating the amount of fuel needed in order to perform the mission.

Hydrogen storage

The decision of using a Type IV? cylindrical tank pressurized at 700 bar is made. Since it
is a common way of storing gaseous hydrogen in similar applications. In order to obtain
the amount of fuel and the mass and volume of the tank, hydrogen’s Lower Heating Value,

density and the gravimetric capacity of the tank at that pressure are needed:

Property | Value (700 bar)
LHVy, | 33.33kWh/kg
PH, 42 kg/m®
Cy tank 1.4 EWh/kg

Table 3.1: Hydrogen storage relevant information [14].

2This tank consists of a thin (5mm) liner made of high density polyethylene (HDPE)
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Cruise powers and SFC

Knowing the maximum shaft power (payload power included in loiter) needed in cruise
from the last iteration (Peedea), Other powers can be obtained. These powers are the
electrical and the fuel cell powers. Each one of them can be calculated knowing the
corresponding efficiencies of both the electric motor and the fuel cell. Knowing this, the
PEMFC is selected so it can provide enough power even in the worst case scenario, which
is already considered since the shaft power in cruise selected is the maximum obtained in

the mission simulation.

Pneeded = Dtot : V/nprop
Pelec = needed/nmot (33)
Pfc = elec/nfc

In order to obtain Pj. from P, a procedure to obtain 7. has to be followed:

1. Find the corresponding polarization curve from the fuel cell manufacturer (see An-

nex section 1).

2. Multiply the number of cells times the ideal voltage (1.23 V).

3. Dividing the net power (P,.) obtained, over the multiplied voltage, search for the

needed current. This current corresponds to a new voltage in the polarization curve.

4. The fuel cell efficiency at sea level is obtained dividing the last voltage obtained

graphically and the one calculated knowing the number of cells and the ideal voltage.

5. To estimate a new fuel cell efficiency considering the altitude, an efficiency drop

constant can be obtained graphically from [23] in Figure 3.5.
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Figure 3.5: Net power vs fuel cell efficiency at different altitudes for a 40 kW fuel cell
[23].

On the other hand, knowing hydrogen’s LHV, the aforementioned efficiencies and the
DC/DC inverter efficiency (= 95%), the SEC' [kg/(W - s)] in cruise can be estimated as:

1
a LHVYy, - Nprop * Mimot * TNfc - IDCDC

SFC (3.4)

Fuel tank sizing

Once all the previous information is calculated, the mass of fuel can be estimated knowing

the cruise flight endurance, as follows:

M fuel = Ppe/LHV,
quel = mfuel B (35)
Ufuel = quel/sz

For the tank’s mass and volume, the corresponding gravimetric and volumetric capac-

ities from Table 3.1 are used:

Wtank == quel/(cg,tank/LHVHz) (3 6)

Vtank = Ufuel
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2.4 Climb loop

Climb loop is used for the battery and electric motor dimensioning as well as for up-
dating the aircraft’s takeoff weight by means of assigning an individual weight for each

component.

Battery power storage

The decision is to opt for a High-Voltage Cathod Lithium NCM 622 battery. Which are
widely produced and have reasonable gravimetric and volumetric energy densities for this

kind of application.

Property Value
Cy.bat 0.22 kWh/kg
Co bat 0.60 kWh/L

Table 3.2: Battery power storage relevant information [6].

Battery and electric motor sizing

In order to estimate the amount of power that the battery has to supply during the climb
phase, the excess power (P,, — P,,) has to be calculated knowing the rate of climb and

a provisional takeoff weight.

Pav - Preq
Wto g (37)
Preq =1.10- (Pneeded + Wto +g- V::limb)/(nprop : 77mot)

‘/climb =

Where P, is the required power for the ascent, in which the change in potential
energy is added to the needed power in cruise and increased in a 10% so the calculation is
more conservative. As the power that the battery needs to supply is electrical, the result

is divided by the propeller and the electric motor efficiencies.

The available power (P,,) is the one provided by both the fuel cell and the battery at
the same time. And it is also used to size the electric motor, this time not considering

electrical power but mechanical. The motor mass will be estimated as an exponential
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correlation (R? = 0.99) of mgm Compro electric motors’ catalogue [9]. Where the mass

of the motor as function of peak power follows the ecpression:

Wmot - 2-276160'0325Pm0t'nmw (38)

Then, the power needed for the battery can be obtained knowing the available power
for the climb rate selected and the maximum electric power that the fuel cell will need
provide in cruise. It is important to take into account that the battery has an efficiency of
about 90% and it cannot be fully discharged, thus, a 20% discharge margin is considered.
Once the climb rate is selected, the time needed for ascending to the cruise velocity can

be easily obtained, providing the energy needed for the battery.

Pbat - (Pav - Pelec)/ (nbat)

(3.9)
Jbat - Pbat(1-20 ' tclz’mb)

Finally, the energy needed for the battery during the ascent is obtained. Its mass and

volume can be calculated using the data in Table 3.2.

Wbat = Jbat/Cg,bat

(3.10)
Vpat = Jbat/Cv,bat

2.5 Updated takeoff weight

At the end of the iteration, the aircraft weight is updated, knowing the mass of each
component, as in Table 3.3. The only components that will remain constant with the
same weight as in the original design are the auxiliary elements (Weyq) and the payload
(Wpr). The structural weight will vary depending on how the geometry is modified for a

certain design.
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Component Weight
Wstrue Modified by geometry
Weztra 2 kg
Wie Modified by cruise and FC
W tank Modified by cruise and FC
W ot Modified by climb
Wat Modified by climb
Wempty
W tuel Modified by cruise and FC
Wpr 5 kg
Wio

Table 3.3: Weight distribution for the FC ScanEagle by component.

It is important to mention that the structural factor for the FC ScanEagle may increase
considerably, since the major contributions to the total weight of the aircraft correspond
to the empty weight (mainly structure, fuel tank and battery). This is due to the fact that
hydrogen fuel mass will be noticeably decreased compared to kerosene and the payload
weight will remain constant and relatively lightweight. Obviously there is no crew weight
involved, so the structural factor is even larger than the already high IC ScanEagle’s
(s =0.60).

To compute the structural weight, a conservative approximation will be done consid-
ering the increment in wingspan and fuselage length. Since the is no enough bibliography
corresponding to the estimation of UAV structural weight, a linear estimation from the
results obtained by [11] using the aircraft conceptual design software known as AAA will
be done. As the authors stated, the drone’s structural weight may not follow a linear ten-
dency as the takeoff weight increases. For this reason, the estimation performed can be
considered as conservative and may also account for the V-tail’s structural mass increase
as well. The linear correlations obtained for the total increase in structural weight both

wingspan and fuselage are:

Wh,, = 2.7485 - b,, — 4.8762

(3.11)
W, = 3.442 - 1; — 0.1817

In order consider the net weight increase, the original masses of these structures must
be subtracted (3.60 and 5.40 kg, respectively).
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2.6 V-tail sizing

As a first approximation, the V-tail geometry will be kept as in the original IC' ScanFagle,
but as the endurance and takeoff weight requirements increase, the control surface’s area
variation cannot be neglected. The coefficient C; in Equation 3.12 is usually derived
from literature, but in this case a very specific arrangement (twin vertical stabilizers over
the main wing that also perform as winglets) is used and very little information can be

obtained from UAV correlations so that the precision of the calculations can be trusted.

by S
Ly

Where [; is the distance from the main wing’s and tail’s aerodynamic centers. This
implies that C; should be retro-engineered as it may differ noticeably from the conventional

(manned) geometry aircraft.

However, the V-tail geometry must account for both lateral and longitudinal stabilities,
which are related to a preliminary stage of the design. The decision, then, is to approxi-
mate this provisional geometry as a proportional increment in wing surface. Keeping the
same surface ratio between the V-tail’s and main wing’s areas from the original design.
It is also important to consider a large enough V-tail span so that the ScanEagle can
be captured by the SkyHook system at landing. This feature strongly depends on the

aircraft’s landing weight, geometry and the SkyHook’s capabilities themselves.
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3 Simulation cases

Once the design procedure is known, several simulations can be performed in order to
analyze different versions of the FC' ScanFagle, depending on the cruise altitude, climb

rate and target endurance.

The simulation cases or drone versions selected are the following ones:

CASE 1: z, = 5000 m, Viimp = 2m/s = taimp = 41.67min, E ~ 18 h

e CASE 2: z,, = 3000 m, Viimp = 2m/s = taimp = 25.40 min, E ~ 18 h

CASE 3: z.. = 3000m, Viimp = 4m/s = taimp = 12.70 min, E ~ 18 h

CASE 4: z.. = 5000 m, Viimp = 2m/s = taimp = 41.67min, E~10h

e CASE 5: z,, = 3000 m, Viimp = 2m/s = taimp = 25.40 min, E ~ 10 h

The mission selected will be exactly as for the original ScanEagle (see Figure 2.7). In
which the same distances and velocity profiles in cruise for reaching the mission site and
back to the origin site will be assumed. The simulation steps will be kept the same as
well, in order to compare the performance of every fuel cell drone design with the internal

combustion one.

4 Results

After applying the sizing methodology explained in section 2 for all five cases, the results
shown in Table 3.4 were obtained. The decisions for those cases were made so that all
objectives stated for this thesis were considered. Results show that not all of them can be

accomplished at the same time for a single case or version. Mainly due to the fact that:

e The cruise altitude severely influences the aircraft’s takeoff weight (via climb veloc-
ity) and geometry, compromising the ability for the new design to be adapted to
the takeoff and landing procedures of the original ScanFagle.

e The aircraft’s takeoff weight and geometry directly influences the performance ca-

pabilities in terms of endurance and range.

o1



Chapter 3. The FC ScanEagle

For this reason, each of these five versions can be selected for a specific requirement,

that must consider some (but not all) of the initial mission objectives:

e CASE 1: It is the heaviest version, that requires the heaviest equipment (empty
weight) and demands the largest geometry (wingspan, fuselage length, etc.) in order
to accomplish the initial target endurance. On the other hand, takeoff and landing
procedures will certainly have to be reconfigured for this version to be correctly
adapted to them.

e CASE 2: In order to accomplish the target endurance reducing the drone’s size and
takeoff weight, the original cruise altitude had to be lowered. Potentially compro-
mising the drone’s detectability. This version keeps a balance between a reasonable

takeoff weight and endurance.

e CASE 3: Similar to CASE 2, but with a reduced ascent time, compromising the
aircraft’s weight and size (because of the climb-dependent elements, e.g. battery

and motor) while reaching the target endurance.

e CASE 4: This version can fly at the original cruise altitude, reducing the takeoff
weight and size by lowering the target endurance. Which may be an interesting
alternative for those missions that require less loiter time. Takeoff and landing

procedures must be assessed in a similar way as CASES 2 and 3.

e CASE 5: Similar approach to CASE 4, but lowering both the original cruise al-
titude (as in CASES 2 and 3) and the target endurance (as in CASE /). This
is the lightest and most compact version of all five. Which would be the one that
can could be adapted the best to the original takeoff and landing procedures while

compromising detectability and loiter time during mission.
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Parameter | CASE 1 | CASE 2 | CASE 3 | CASE 4 | CASE 5

Efficiencies
Nprop 0.83 0.83 0.83 0.83 0.83
"DCDC 0.95 0.95 0.95 0.95 0.95
Thmot 0.90 0.90 0.90 0.90 0.90
Nfe 0.59 0.58 0.58 0.59 0.58
Mbat 0.90 0.90 0.90 0.90 0.90
Powers, Energy
Prceded [W] 762 540 620 622 502
Pejee [W] 846 600 690 691 558
Py [W] 1424 1033 1188 1163 962
Prer s W] 2000 1200 1200 1200 1200
Po, [W] 4669 3275 6326 3530 2787
Py (W] 3234 2272 4137 2472 1959
Prot,a. [W] 4500 3000 6000 3500 3000
Jpat [KW h] 3.54 1.51 1.59 2.62 1.51
Geometry
AR, 14.60 14.60 14.60 14.60 14.60
by [m] 7.38 5.11 5.46 6.10 4.43
Ly Im] 4.06 2.81 3.00 3.35 2.44
dy [m] 0.47 0.33 0.35 0.39 0.28
Weights, Volumes
Wi [kg] 3.00 2.15 2.15 2.15 2.15
Wiyer [kg] 0.77 0.56 0.64 0.35 0.29
Wiank [k9] 18.30 13.27 15.28 8.30 6.87
Vtank | L] 18.30 13.27 15.28 8.30 6.87
What [kg] 16.08 6.86 7.23 11.95 5.72
Vpat L] 5.89 2.66 2.76 4.38 2.10
Winot (k9] 2.63 2.51 2.77 2.55 2.51
Wtrue k9] 26.42 18.58 20.94 25.53 17.37
Wempty [k9] 68.43 45.37 50.37 50.48 36.52
Wio [kg] 74.20 50.93 56.01 55.83 41.91
s 0.92 0.89 0.90 0.90 0.87
Performance
E [h] 18.3 16.8 18.1 11.0 10.3
R [km] 2167 2127 2167 1361 1319

Table 3.4: Results obtained for five versions of the FC' ScanFEagle.



Chapter 3. The FC ScanEagle

4.1 Weight distribution overview

Weight distribution comparisons between models can be helpful to obtain trends depend-
ing on mission requirements. In Figure 3.6, the weight distribution of the most relevant
elements of the aircraft in the form of a bar chart can be seen, for every fuel cell version

of the drone as well as the original internal combustion one.

30
25
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D mWmot
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Figure 3.6: Weight distribution of each element for five FC' ScanFagle versions and

original IC ScanFagle in kilograms.

Results show that the main individual contributor to the overall weight of the aircraft
is the structural weight, in all cases. Fact that may seem logical since it is responsible for
the integrity of the drone. However, the main difference between the original design and
the fuel cell versions is that the mass of the tank is significantly larger for the fuel cell
designs, as one may have predicted in advance, due to the low volumetric energy density
of gaseous hydrogen. Increasing the operational empty weight of the aircraft noticeably,
specially in long endurance missions. On the other hand, fuel mass is reduced in an order

of magnitude compared to the kerosene version because of hydrogen’s high specific energy.

Regarding the propulsion system (composed of fuel cell, tank, battery and electric mo-
tor), the most relevant fact is that both cruise altitude and climb speed play an important

role in battery dimensioning. As it can be seen, the battery weight becomes more relevant
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4. Results

in those cases in which the cruise altitude is higher (CASES 1 and 4 ), due to the amount
of energy needed for a certain climb rate. This increment in battery weight can also be
observed between CASES 2 and 3, in which the only difference in their requirements is
the climb velocity. Being this velocity for CASE 3 doubled with respect to CASE 2,
the takeoff weight increases around 5 kg, what actually suggests one of the best ways for
minimizing weight in this kind of aircraft is reducing the climb rate as much as possible

for a certain mission.

The rest of the propulsion system components (fuel cell and electric motor) do not
imply a significant change in the operational empty weight due to their lightweight design.
However, in the case of the electric motor, the correlation used may introduce an error due

to the lack of available information in the market about motors for this kind of application.

In Figure 3.7, the contribution of the aforementioned elements to the total aircraft
weight can be seen. This time, considering all four elements of the propulsion system
together (Wpropw). It is interesting to see how the propulsion system mass becomes
the main contributor to the total weight for those cases that prioritize endurance as an
objective, requiring larger tank sizes. This tendency is yet increased for higher cruise

altitudes, in which the battery becomes heavier as well.

s Wpropul = Wstruc m Wfuel = Wextra = WPL

CASE 1 CASE 2 CASE 3

5 5 5
0772 . >
\‘ BEE ‘ 0.64 \‘
2479 27.43
40.01
26.42
jass 20.94
CASE 4 CASE 5 Original

o

5 5 3
352 =
2
A 17.25
24.95 2
2353 "
17.37 25

Figure 3.7: Weight contributions to the total weight of each element for five F'C' ScanFEa-

gle versions and original IC ScanFagle in kilograms.
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Chapter 3. The FC ScanEagle

Structural and propulsion system weights, then, become more balanced for relatively
lower endurance missions, even if the cruise altitude differ from one model to the other.
For the original design, the relatively lightweight tank and engine make the operational
empty weight decrease in comparison to the fuel cell versions. This, combined to the
fact that the amount of fuel (kerosene) needed for long endurance missions is quite larger
to their fuel cell counterparts, justify the extremely high structural factor of the FC
ScanFEagle (s ~ 0.90). For this factor to be decreased, the payload weight has to be
increased noticeably, since the hydrogen fuel weight will always be a very small fraction
of the total weight.

4.2 Size comparison

For a visual comparison, two other 3D models (CASES 1 and §) in ADS® were done.
Figure 3.8 shows the difference in length, width and wingspan of the original IC' ScanFEagle,
the most compact and the largest FC' ScanFEagle (CASES 5 and 1, respectively).

CASE 1

Original

3.11m

443 m

7.38m

Figure 3.8: Size comparison between the original IC ScanFagle (left), CASE 5 FC
ScanFagle (center) and CASE 1 FC ScanEagle (right).

As one can see, CASE & is the best option to be adapted to the takeoff catapult and
landing cable due to its geometric similarities to the original drone, compromising two
relevant characteristics such as cruise altitude and mission endurance. On the other hand,
CASF 1, while fulfilling the latter requirements, will most likely be unable to adapt to the
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same takeoff and landing procedures due to its large geometry and weight. Which is quite
inconvenient to the overall philosophy of the ScanEagle, that one may argue is related to

compactness, ease of transport, speed and flexibility in takeoff and landing sites, etc.

Volume adaptation

As the dimensions of the different components that belong inside the fuselage can be
obtained analytically or by the manufacturer, their adaptability can be estimated knowing

the volume inside the fuselage of the different versions provided by ADS® software.

Assuming that the available space inside the fuselage for installing the needed equip-
ment (tank, battery, electric motor, fuel cell, avionics, cables, pipes, etc.) is around 70%
of the total volume the software computes and that the shape of the tank is cylindrical
with spherical edges at both sides. The volumes of the propulsion system are summarized
in Table 3.5:

Parameter CASE 1 CASE 5
Ly [m] 4.06 2.44
ds [m] 0.47 0.28
Vpat [ L] 5.89 0.95
dimmor M) $0.10 x 0.10 $0.08 x 0.10
Vot [L] 0.79 0.50
dimy. [m] | 0.339 x 0.143 x 0.172 | 0.279 x 0.127 x 0.143
vy [L] 8.34 5.07
dimsan, [M) $0.19 x 0.53 $0.14 x 0.35
Vsank | L] 18.30 6.87
Vot [ L] 33.31 14.54
vy [L] 418 120

Table 3.5: Volumes of each component compared to the total available volume inside
the fuselage for CASES 1 and 5.

Resulting in more than enough available space inside the fuselage for each component.
Even though the structural weight estimation for each version may seem logical, it also
may be conservative. That means further studies in fuselage and wing masses are rec-
ommended, so that the empty weight of the drone is minimized without compromising
its structural integrity. This study could also address the optimization of the fuselage
internal volume, but always prioritizing the stability of the aircraft (this belongs to the

preliminary stage of the design).
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Chapter 4

Conclusions

In this thesis, the aircraft conceptual design theory described by Corke and Raymer has
been used in order to conceptually design five versions of a hydrogen powered ScanFEagle
UAV via cruise simulations and an iterative process. The main conclusions obtained after

the analysis of the results are the following:

1 Conclusions

The reverse engineering section has been useful not only to find precise magnitudes of the
original ScanFagle’s geometry and performance but also to validate the cruise simulation
that involves the aerodynamics, propulsion, and performance of the aircraft at a certain
altitude. In addition, the sensitivity analysis suggestion of increasing the main wing’s
aspect ratio (thus wingspan) to obtain a larger endurance has been followed, which has

contributed to improve the performance of the new designs.

For the FC ScanFagle versions sizing, several hypotheses have been considered, such
as: constant efficiencies for all the components during climb and cruise phases, a 10%
increase in the power required during the ascent for conservative purposes, an exponential
correlation for electric motor sizing according to the manufacturer’s catalogue, a linear
correlation for the main wing and fuselage weights and a proportional increase in V-tail
surface with the main wing’s area. These hypotheses were taken because of the lack of
available information about certain components and always staying on the conservative

side, penalizing in performance if necessary.

Results show that the initial objectives of the new design cannot be fulfilled all at once

for a certain version or case. Mainly due to the fact that fuel cell-powered drones demand
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2. Further studies

different components for the propulsion system that directly affect their takeoff weight
and geometry. Depending on how these objectives are prioritized, a different version of
the FC ScanFagle may be selected.

As result, according to the original ScanEagle philosophy, the optimal choice might
be between CASES 2 and 5. On the one hand, CASE 2 compromises cruise altitude
and it is more difficult to be adapted to the original takeoff and landing procedures while
keeping the original endurance. On the other hand, CASE 5 can be better adapted to
the latter procedures while also compromising the mission endurance. Turning out that

the adaptability to takeoff and landing procedures is the key factor in the decision.

Overall it has been proven that these PEMFC gaseous hydrogen-powered aircraft
show promising results. Although these drones have significant disadvantages in terms
of endurance and weight, they are nonetheless capable of executing useful missions while
emitting no pollutants or C'O,. Meaning this technology is expected to be a viable alter-
native to internal combustion engines for powering aircraft at least within the unmanned
segment. As technology matures and the industry transitions to cleaner energies, hydro-
gen will reduce its cost and its storage techniques will progressively improve potentially

presenting itself as a better alternative to the existing power production methods.

2 Further studies

The successful study of the cases presented for the FC system as a powerplant for a
ScanFagle drone has opened the door to future research on the subject. This would
expand understanding of how fuel cell implementations impact these kind of vehicles,

which would aid the advancement of similar technology in this specific area.

Hydrogen propulsion systems in aviation are undergoing significant and growing re-
search subjected to continuous improvement. Today, converting the ScanFagle to hydro-
gen may seem only possible by means of pressurized gas tanks, however, liquid hydrogen
storage would allow to save more weight. Before that step, the implementation of more
sophisticated tanks (e.g. Type V composed by just a CFRP layer) could help improve

the performance of the designed models.

A relevant contribution for increasing the performance could be the redesign of the
fuselage. In fact, the choice of keeping a constant fuselage section and the same fine-
ness and wingspan-to-length ratio as the original design can be sub-optimal. Thus, an

optimization of fuselage structural weight and dimensions is recommended.
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Chapter 4. Conclusions

Despite the fact that flying at a higher altitude can reduce the skin drag, the climb
phase requires a large amount of available power combining the fuel cell and battery,
increasing both battery and electric motor weights, counteracting the positive effect of a
higher cruise altitude. This fact suggests a better analysis of the optimal cruise altitude

so that takeoff weight is minimized within the mission objectives.

It would also be a great addition to this work to compare the carbon emissions of
the fuel cell models with the original IC' ScanFagle, providing more information on the
feasibility of this technology within a sector that is increasingly demanding lower carbon
footprints, potentially increasing the profitability of this kind of propulsion as it would
indicate the advantage that they present, reducing the environmental impact that humans

cause.

Finally, the best way of validating the results obtained from this study would be to
produce an experimental prototype, whether it is in real life operations or in a testbench.
Ultimately confronting the economic and time resources that any of the aforementioned

conceptual designs would require.
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Annex

H3 Dynamics A-1200 LV 1200 W

A-1200 LV (1200W)

ADVANCED LIGHTWEIGHT FUEL CELL SYSTEM H Dynamics

The AEROSTAK 1200-LV has been designed to power large fixed wing drones and mid-sized multi rotor UAV's (<10 kg
MTQOW), as well as other portable applications.

Stack Design 50 cells Dimensions 279x127 x 143 mm
Rated Power (FC) 1200 W Cooling Air
Max Power (FC) 1400 W Air Input Temperature 0-40°C
Peak Power (FC + battery) 3250W Hydrogen Input Pressure 0.6 - 0.8 bar
Voltage 32.0-475V Hydrogen Purity Required 99,998%
Current 0-47A Max. Consumption < 12.5 L/min
Weight 215 kg Start Up Time <20s
Specific Power 560 W/kg Suggested Hybrid LiPo 85 (>1000)
Power Density 236 W/L
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45 1400
40
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35
1000
30
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a % 800 o
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8 2
= 4 (=3
S 20 600 o
15
400
10
5 200
« Power == Voltage
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0 5 10 15 20 25 30 35 40 45 50
Current (A)

Figure 4.1: H3 Dynamics A-1200 LV 1200 W Fuel Cell [16].
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Chapter 4. Conclusions

H3 Dynamics A-2000 2000 W

A-2000 (2000W)

ADVANCED LIGHTWEIGHT FUEL CELL SYSTEM H Dynamics

AEROSTAK 2000 is suitable for larger payload multi rotor UAV, for fixed wing, VTOL and other higher power mobile applications

Stack Design 55 cells Dimensions 339x143x 172 mm
Rated Power (FC) 2000W Cooling Air
Max Power (FC) 2200W Air Input Temperature 0 - 40°C
Peak Power (FC + battery) up to 8000 W Hydrogen Input Pressure 0.6 - 0.8 bar
Voltage 33.0-53.0V Hydrogen Purity Required 99,998%
Current 0-60A Max. Consumption < 21.0 L/min
Weight 3kg Start Up Time <20s
Specific Power 667 W/kg Suggested Hybrid LiPo 9S (>1000)
Power Density 240 W/L
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45 2500
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g e 2000
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Figure 4.2: H3 Dynamics A-2000 2000 W Fuel Cell [16].
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