r A P | D NASA/DLR

WIN THE SHORT RANGE Aeronautic Design Challenge 2018|2019

Team

Nils Kllper, B. Sc. (Team Leader) Markus Berschik, B. Sc.
Lars-Hendrik Lemke, B. Sc. Esther Schaupeter, B. Sc.
Julian Stuwe, B. Sc. Thomas Weber, B. Sc.

Academic Support
Prof. Dr.-Ing. Volker Gollnick

Submitted on June 30, 2019

TUHH Technische Universitdt Hamburg

Technische Universitit Hamburg Institut fir Lufttransportsysteme
Blohmstr. 20, 21079 Hamburg



ILT /5

Institut fiir

Technische Universitdt Hamburg Lufttransportsysteme
I TUHH, Institut fur Lufttransportsysteme, D-21079 Hamburg Institut fiir Lufttransportsysteme
Prof. Dr.-Ing. Volker Gollnick
Blohmstr.20

D-21079 Hamburg

Datum und Zeichen lhres Schreibens Geschéftszeichen Hamburg,

Prof. Dr.-Ing. Volker Gollnick 25. Juni 2019

Bescheinigung und Freigabe des Beitrags zur DLR/NASA-Design-Challenge 2019

Hiermit wird bescheinigt, dal} der Beitrag der Studierenden zum Studierendenwettbewerb
DLR-NASA-Design Challenge 2019 am Institut fiir Lufttransportsysteme geprift und
freigegeben wurde. Die Einreichung des Beitrags wird hiermit beflirwortet.

Fiir weitere Rickfragen stehen Herr Daniel Bodmer, M.Sc. daniel.bodmer@tuhh.de oder ich
gerne zur Verfligung.

Mit freundlichen GrifRRen

Ww

Volker Gollnick
Institutsleiter

Postanschrift Telefon E-Mail

21071 Hamburg +49 (0) 40 428 78-4196 volker.gollnick@tu-harburg.de
Besucheranschrift Fax

BlohmstraRe 20 +49 (0) 40 428 78-2979

21079 Hamburg www.tu-harburg.defilt Seite 1von 1




ILT 75

Institut fiir

Technische Universitdt Hamburg Lufttransportsysteme

TUHH, Institut fiir Lufttransportsysteme, D-21079 Hamburg Institut fiir Lufttransportsysteme
Prof. Dr.-Ing. Volker Gollnick
Blohmstr.20
D-21079 Hamburg

Datum und Zeichen lhres Schreibens Geschaftszeichen Hamburg,

Prof. Dr.-Ing. Volker Gollnick 28.Juni 2019

Bestatigung der eigenstandigen Projektbearbeitung zur DLR/NASA-Design-
Challenge 2019

Hiermit wird ausdrtcklich bestatigt, dal3

Herr Nils Kalper, TUHH

Frau Esther Schaupeter, TUHH
Herr Lars-Hendrik Lemke, TUHH
Herr Thomas Weber, TUHH
Herr Markus Berschick, TUHH
Herr Julian Stuwe, TUHH

den eingereichten Projektbericht sowie alle dahinter liegenden Arbeiten vollstandig
eigenstandig und ausschlieBlich unter Zuhilfenahme der angegebenen Quellen erstellt
haben.

Fur weitere Rickfragen stehen Herr Daniel Bodmer, M.Sc. daniel.bodmer@tuhh.de oder
ich gerne zur Verfliigung.

Mit freundlichen GriBen

el s

Volker Gollnick
Institutsleiter

Postanschrift Telefon E-Mail

21071 Hamburg +49 (0) 40 428 78-4196 volker.gollnick@tu-harburg.de
Besucheranschrift Fax

Blohmstrafe 20 +49 (0) 40 428 78-2979

21079 Hamburg www.tu-harburg.de/ilt Seite 1von 1




Abstract

The racing APID (derived from lat.: apidae = real bees) (rAPID) concept fulfills the needs for an aircraft concept
for thin haul routes to rural and sub urban areas as part of the Joint NASA /DLR, Aeronautic Design Challenge.
This project gives an overview over the current situation in this sector including fundamental challenges and
requirements like economical challenges due to many takeoffs and landings.

The rAPID is build entirely of carbon fiber reinforced plastic (CFRP) to save mass and thicknesses are validated
with the finite element method (FEM). To operate on small airfields the rAPID holds a box wing for less drag
and a compact design with a wingspan of not more than 15m. The wings are optimized to ensure good and
safe handling qualities. Impeller are located on its lower wings to create thrust takeoff (T/O) and ensure yaw
control. A pusher propeller is located at the back for cruise flight. As a special feature for short T/O, the main
landing gear is electrically driven. Energy for engines, cockpit and cabin is supplied by a turbine during cruise
and a battery during on and near ground operations to ensure a quiet aircraft (A/C).

A novelty for small aircraft are the avionics and the cabin. The A/C does not hold any windows, only screens
and the cabin seats are ultra lightweight and therefore, quick change devices. To reduce staff costs and to
achieve autonomous flights, the avionics are of the same scope and complexity as newest commercial aircraft.
This rAPID concept is compared to the Cessna 208 Caravan (C208) in mass and performance. Therefore, T/O
and landing performance and cruise speed are determined. Possible and mandatory operations, based on the
rAPID concept, are presented and the costs are estimated which are lower than typical for that A/C type. This
results in a better profitability for airlines.

The innovative cabin, the higher performance than competitors, lower operation cost and the ability to fly
without a pilot makes rAPID the ideal concept for a new short range A/C for 2025.
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1 Introduction

1 Introduction

Small commuter aircraft types mainly operate on local routes with few passengers (PAXs). Therefore, only
small A/C are required. Due to this type of operations, flight routes present a significant economic challenge for
commercial airlines. Low PAX demand results in lower use of the aircraft which thereby increases fixed costs.
Furthermore, a high frequency of T/O and landing increases operating costs. This results in higher per-seat
costs and passengers might choose different means of transportation. [19][64]

It is not an option to eliminate such routes, either. Some spare communities, like several in the in Alaska in
the USA, would be cutoff causing supply problems especially in emergency situations. For this purpose, the
subsidy program ‘Essential Air Service’was put into place in the United States (US) to ensure a minimal level
of scheduled air services. [19][64][89] Goal is to gain a better alternative as the C208 which is currently the
most suitable one available for this kind of operation.

Most small commuter aircraft are allowed to operate with a single pilot according to Title 14 of the Code of
Federal Regulations (CFR) Part 135 which results in limitations for the A/C size. Additionally, air cargo is
often operated at times with a minimum of PAX demand, e.g. at night. As such, there is an opportunity to
reduce the unused time and thereby costs. [19][64]

1.1 Literature Overview

For this A/C concept many different sources were studied including books, dissertations, papers and internet
documents. Every source used and quoted is listed at the end but the most important ones are the two most
recent books by RAYMER [72] about aircraft design.

2 Requirements Discussion

Every project has requirements which define the needs for the final product to satisfy the stakeholders. Those
requirements, defined by the NASA /DLR, are called business requirements and directly influence the Top Level
Aircraft Requirements (TLAR). They always consist of a unique ID, a responsible person, a threshold and goal
value with a unit if applicable. If a comment for a better understanding is required, it was added. An overview
of the TLARs and the achieved values by the rAPID concept are shown in chapter 7. [26][35]

In this ‘NASA/DLR Joint Design Challenge’the main focus is on economical and operational feasibility as well
as sustainability. As mentioned before the costs shall be as low as possible to ensure a profitable business for
airlines. Therefore, the maintenance costs need to be at a minimum which is challenging for an A/C with
many takeoffs and landings. The other aspect is to maximize the operational use by creating a utilization of
minimum 18 h a day. This requires a smart operations plan and can be accomplished with a minimum staff cost,
a double usage of the A/C (as freighter and as PAX transporter) and a very quiet aircraft. Another important
and challenging aspect of the A/C is the ability to operate on very short runways with a maximum of 304.8 m
during takeoff and landing to support communities with small airfields as well.

3 Conceptual Design
3.1 Methodical Approach

For this challenge the guidelines of agile project management were followed, dividing the time available into
three sprints: concept freeze, parameter identification and documentation [48].

Based on the requirements provided by the challenge certain functions like complete flight mission, takeoff,
landing, creating thrust and more can be found. Based on these top level aircraft functions, solutions were
collected and listed in a morphological box. The possible solutions listed in the box were analyzed and evaluated
based on their feasibility for a small commuter aircraft. Unrealistic options got eliminated. Afterwards, each
team member individually created one or two concept ideas. Finally, those concepts were evaluated and the
best concept idea was selected.
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3.2 Aircraft Design

In this section a brief introduction of the special design features of the aircraft design is given for a general
overview. A more detailed description of those features is presented in chapter 4. The aircraft is a boxwing
configuration with a hybrid driven pusher propeller and comes along with the following special features:

o low wingspan through boxwing configuration

« less drag by omitting vertical tailplane

« high efficiency through hybrid propulsion concept

« low noise emission through full electric takeoff

o short runway length through electric driven main landing gear

« quiet and safe ground movement through electric driven main landing gear

« easy handling characteristics through full fly-by-wire technology

o extraordinary safety level through ballistic emergency chute (especially for autonomous flight)
o low cabin noise

o low structural weight through windowless design

« special passenger experience through large organic light emitting diode (OLED)-screens

« simple configuration switch (passenger to cargo)

A three side view can be seen in figure 3.1 and used key technologies are shown in figure 7.1.

—1.76m—
14.99m

Figure 3.1: Three side view of the rAPID



4 Technical Design

4 Technical Design

In the following chapter the major technical designs of the rAPID concept are described in detail.

4.1 Aerodynamics

In this chapter the aerodynamic design for the rAPID is carried out.

4.1.1 Wing Design

The main task of the wing is to produce the necessary lift at all flight phases. The most decisive phase is the
T/O. Due to the requirement for a very short runway length it is important to get airborne using a minimum
speed. That results in a low stall speed requirement. On the other hand, the cruise speed is preset and efficiency
at this speed plays a major role as well [19]. Therefore the wing design needs to satisfy both requirements.
The wing design procedure used in this case can be seen in figure A.2. After determining all requirements a
general wing configuration and shape is chosen. In the following steps all relevant parameters of this configu-
ration are calculated, beginning with the wingspan, due to special requirements for its maximum. Thereafter
the chord lengths, sweep angle and lift ratio between both wings are assumed. For the resulting wing geometry
the wing area and the required lift coefficient can be determined. In a profile comparison an airfoil suitable
for the requirements is searched. If no airfoil can be found to meet the lift requirements, the chord length or
the wingspan has to be adjusted until an appropriate airfoil for both, cruise and T/O, is found. Due to the
high required range of lift coefficients for different flight phases, a high lift design is included into the profile
comparison. After the airfoil is chosen the dihedral and the twist are estimated to provide good dynamic flight
characteristics. The final design step is sizing the control surfaces in order to provide flight controls suitable
for all required maneuvers. To validate the total wing design, the performance is checked against the initial
requirements list.

Lift requirements and general shape. The maximum total A/C mass at T/O is estimated to be 3600kg for
aerodynamic calculations. Flight performance calculations have shown, that a stall speed of 30m/s or less in
T/O configuration is required to meet the runway length goal, see chapter 5.3. Thereby, a total lift force of
Liot = MTOM - g = 3600kg - 9.81m/s* ~ 35.3kN needs to be produced. In order to minimize the stall
speed the wing area needs to be large. This A/C is supposed to operate from small aerodromes, which means
especially the wingspan is limited. A wing geometry that combines a small wingspan with a large wing area
is the boxwing configuration. Other benefits of a boxwing are a reduced induced drag and a high efficiency
compared to a standard configuration with negative lift providing horizontal stabilizers. An equal distribution
over both wings, i.e. both wings produce the same amount of lift, provides the highest aerodynamic efficiency
[69]. Therefore, both wings have a similar geometry. On the other hand, it is important that in case of a stall
the forward wing stalls first in order to automatically reduce the angle of attack (AoA) for recovery. This can
be solved by a slightly unequal wing loading of the forward and the rear wing with the COG shifted more to
the front.

Wingspan. Aerodromes are categorized by the International Civil Aviation Organization (ICAQO) aerodrome
reference code and the Federal Administration Association (FAA) Airplane Design Group [22][40]. The wingspan
together with the reference field length and the main gear wheel span determine on which category of aerodromes
the A/C is permitted to land on. For code A aerodromes, which are the smallest possible, a wingspan of less
than 15m is required. The wingtip connectors require 0.2 m each, which leads to an useful wingspan of 14.6 m.
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Geometric parameters for static behavior. Several iteration steps have shown that a chord length of 1.6 m at
the root and 0.9m at the tip is useful. In order to achieve pitch control and to increase the useful COG range,
the wings need a separation in flight direction. Therefor, this offset is set to 5m. This leads to high sweep
angles when connecting the wingtips, such, that the forward wing has a sweep of 20 deg and the rear wing of
—15deg. The wing area is then calculated to 18.25m? for each wing, using equation 4.1.

Aref =05-(cr+c) b (4.1)

Required lift coefficients. As mentioned above, the COG position

defines the lift ratio AL, i.e. the amount of lift the forward wing Cp = AL * Lot (4.2)
(wing 1) produces, compared to that of the rear wing (wing 2). 1* pxv?x Aoy

Using equation 4.2 and the above given stall speed requirements 2

the required lift coefficients at the stall speed for each wing at

different lift ratios can be determined. The results for sea level and Lwﬂl/Lw’Q ‘ Crireq | CL2re

ISA are shown in table 4.1. With the empty mass COG close to 0.50/0.50 1.7552 1.7552
the aerodynamic center and the ability of arbitrarily distributing 0.51/0.49 1.7903 1.7201
fuel over a forward and a rear wing fuel tank the COG position 0.53/0.47 1.8605 | 1.6499

can be maintained in a narrow range, such, that the forward wing muple 4.1: Lift coefficient requirements
provides 50 % to 53 % of the total lift.

Profile selection. The profile defines the shape of the wing in chordwise direction and determines the local
aerodynamic quality. Besides the aerodynamic design the profile has to be designed to provide enough space for
the wing structure, the flap actuation system and the fuel tanks. For this design the aerodynamic performance
at low speeds is the sizing factor.

To simplify the design process only a few common airfoils were compared in detail. As this is a low to medium
speed subsonic A/C design the airfoil characteristics at speeds of 30m/s up to 100m/s and a Reynolds number
within the range of 500000 to 11000000 are of interest. The National Advisory Committee of Aeronautics
(NACA) provides an extensive database of tested airfoils. For this design process the four digits NACA-Series
was used [2]. This system allows for a fast comparison of the impact of the most decisive parameters and
thereby a fast selection of an useful airfoil. Additionally, some high-speed sailplane airfoils were compared. For
the comparison the relevant operating points were calculated for each airfoil using XFoiL. XFOIL is a free
license program for 2-D subsonic airfoil analysis and includes a four and five digits NACA-airfoil generator with
the option of defining flaps [52]. Arbitrary airfoils can be loaded as well. For this analysis airfoils defined by 300
coordinate points were used. Input parameters were the airfoil geometry, flap size and location, flap deflection
angle, Reynolds number, Mach number and either desired AoA or desired lift coefficient.

As mentioned in section 4.1.1 the crucial parameters of an airfoil are the maximum lift coefficient as well as
the glide ratio under T/O and cruise conditions. From the required lift coefficient of the wing, requirements
for the lift coefficient of the 2-D airfoil can be derived. 2-D airfoil data assumes a rectangular wing geometry
with infinite span. A divergent wing geometry has an impact mainly on the lift slope Cr. This impact can be
approximated using equation 4.3 [38].

Opa = ——& (4.3)

The Oswald factor e represents the aerodynamic efficiency dependent on the wing configuration. Some typical
values are given by KROO [46]. For a boxwing the factor is e &~ 1.46 [46]. With that adjusted lift slope the lift
coefficient can be transferred with equation 4.4 [38].

Cla

C =0y -
l L CLa

(4.4)

As the lift slope of the various airfoils may vary, a required 2-D lift coefficient would need to be calculated for
each airfoil. To simplify this step and to keep the results more comparable the lift coefficients of the profile
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analysis are directly transferred into 3-D data, using the above equations.

The airfoil NACA2409 is the thinnest one of the 4-digit NACA-Series that meets all requirements. In figure
4.1a it can be seen that the necessary flap deflections depend on the COG position and vary between 15 deg and
20 deg for the forward wing. Comparing figures 4.1a and 4.1b it becomes clear that the forward wing stalls first.
When in T/O configuration the flaps of the rear wing can still manage additional deflections in both directions
for flight control purposes without stalling and thus can work as an elevator.

25 25 T T T T T

NACA2409 on 3D-wing

c H

05 8 05 B
= COG most forward = COG most forward
/ COG most aft COG most aft
0 clean || 0 clean Il
/ ----- Flaps 10 / ----- Flaps 10
----- Flaps 15 =-=-=Flaps 15
= = =Flaps 20 = = =Flaps 20
05 I I I I I 05 1 1 1 1 1
-10 5 0 5 10 15 20 25 -10 -5 0 5 10 15 20 25
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Figure 4.1: Lift coefficient of 3-D wings at 30m/s and sea level according to ISA including required maxi-
mum for different COG positions

Geometric parameters for dynamic behavior. Some geometric parameters needed for a good behavior of the
A/C are discussed on a qualitatively basis in this section. The determination of the final values for these
parameters are subject of future wind tunnel and flight test, as there are many interference that may have an
impact. The COG of this A/C is between both wings and maneuverability is granted by large sizes ailerons. A
positive dihedral on the lower wing of 5deg is chosen to increase roll stability. A slightly negative dihedral on
the upper wing of -1.7 deg to decrease the distance between the wingtips for a more lightweight construction
of the wingtip connector. [72] The angle of incidence (Aol) is set to 0deg for the lower wing, such, that the
fuselage operates at a small positive AoA in cruise to minimize down force of the fuselage. The Aol for the
upper wing needs to be slightly positive to compensate the down wash effect of the forward wing. [17] This
effect needs to be quantified in wind tunnel tests. A wing twist can be used to shift the region on the wing
where stall occurs first. For a boxwing those regions naturally are the wingtip of the forward and the root area
of the rear wing [17]. In order to maintain roll control as long as possible it is desired to shift the region of first
stall of the forward wing to the root area as well. Therefore, the lower wingtip is twisted by —1 deg.

Control surfaces. Due to the fly-by-wire technology control surface deflections can be mixed for optimal
handling qualities. This leads to the following assignment of control inputs to surfaces. Pitch control is
provided by the trailing edge (TE)-flaps of the rear wing, roll control is provided by all TE-flaps and yaw
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control is provided by differential thrust of ducted fans near the wingtip. The latter is supported by one-sided
deflection of split speed brakes (SSB) in the wingtip connectors for peak performance. Flap deflections for
high-lift are mixed with deflections for flight control by superposition. The lower flaps are also divided into two
parts to realize slightly different deflection angle for the area effected by the yaw-fans’ slipstream. A specialty
of rAPID is a negative flap deflection at T/O-run to ensure high friction between the driven wheels and the
runway. At rotation the flap deflection automatically changes to a positive angle. Another major feature of this
A/C is the high drag configuration. Flight performance calculations have shown, that a total drag of around
4.9kN on final approach is desired to minimize the landing distance. The A/C drag is increased to this value
using the SSBs at the wingtip connectors, plus deflecting the inboard and outboard flaps of the rear wing in
opposite directions and splitting the outboard flap. The additional drag coefficient ACy of a SSB with 60 deg
deflection each side can be estimated to 1.5 [42]. A full 60 deg deflection of the outboard flaps would produce
too much drag, such that the drag can be controlled electronically for the desired value. The sizing results of
the SSB in the wingtip connector can be seen in table 4.2.

lower chord length ‘ upper chord length ‘ height ‘ split flap size ‘ Cd ret ‘ Ci,ext

0.2m \ 0.19m | 0.8m | 022-c¢ | 000542 | 1.50542
Table 4.2: Wingtip speed brake

4.1.2 Fuselage Design

The fuselage provides protected space for most systems and for the payload, i.e. passengers and cargo. The
outer fuselage shape highly depends on the required dimensions and the arrangement of those systems and
payloads. Therefore, the design process starts by determining those dimensions and collecting all arrangement
constraints. The main systems that are to integrate are the cabin, cockpit, avionics, propulsion system, landing
gear, wing-root structure and the fuselage structure itself. Decisive factors are the total system’s weight result-
ing of wiring lengths, safety restrictions like fire containers and emergency evacuation routes and operational
aspects like turnaround procedures. The goal is to keep the fuselage drag as low as possible.

In a first step a shell covering all systems with a minimal surface area is modeled.

CFD analysis. The goal of the analysis is etk Fressure o S
to localize unfavorable curves and to mini- 7.950+02 o T
mize drag and aerodynamic down force of I 7.01e+02 - ——— e
the fuselage. To minimize calculation time 6.076+02 — e
the fuselage was analyzed isolated, i.e. with- 513e402 ' — =

5.13e+02

out the wings, and only one half was mod- 419402 —N
eled as it is symmetric to the x-z-plane (fig- oo 3'26 = =
ure 4.2). The setup of the CFD-program - e 2’3: Oﬁ
ANSYS FLUENT was chosen in accordance — 1'38: S
to the recommendations of ARMES [4] and = 4'42 =
includes a wall friction model. A detailed ==
. . -4.96e+01 ——— -4.96e+01
list of the setup parameter are shown in ta-

+1.43e+02 & -1.4391 scal |

ble 4.3. Using the results of the analysis the [pascall
down force was eliminated for most common o ——2m—
flight phases and the drag was reduced by
approximately 15% in cruise configuration
by lowering the nose and slightly changing
the shape of the rear cone. The new fuse-
lage shape was then analyzed for the crucial T/O-run ‘ T/O-climb ‘ cruise ‘ final approach
flight phases to achieve aerodynamic infor- 169N ‘ 167N ‘ 956 N ‘ 167N

?;?)3202'3The results for drag are written in Table 4.3: Fuselage drag for different flight phases

Figure 4.2: Pressure plot and pathlines on half fuselage cal-
culated with ANSY'S Fluent
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4.1.3 Total aerodynamics

In this last step of the aerodynamic design the results of both, the wing and the fuselage design, are merged
into aerodynamic parameters of the total A/C for flight performance calculations and for comparison with other
A/C. These parameters are the total lift and drag coefficients and the glide ratio in different configurations.
For this purpose the aerodynamic forces of all components were summed up, including an interference factor of
Q@ = 1.2 for the drag [31]. The total forces are then normalized by the total wing area and the dynamic pressure
to achieve the total A/C lift and drag coefficients C, and Cp. The glide ratio is defined as E = C,/Cp. The
values are written in table 4.3. Additionally flaps, brakes and gear positions are given in this table for a better
overview.

Wing 1 Wing 2 Flap
Flight phase Flap inboard | outboard | LDG | SSB Cr, Cp E
T/O-run —10deg | —b5deg —b5deg extr | retr | -0.2125 | 0.0221 | -9.64
T/O-climb 20deg | 13.5deg | 13.5deg | extr | retr | 1.2189 | 0.0330 | 36.91
cruise -4.9deg | -4.9deg | -4.9deg retr | retr | 0.1981 | 0.0114 | 17.39
final approach | 20deg 25 deg splitted extr | extr | 1.2189 | 0.16912 | 7.21

Figure 4.3: Aerodynamic parameters of the total aircraft (retr = retracted; extr = extracted)

4.2 Structure

The most important factors which have to be considered during the design of an aircraft structure are weight,
strength and reliability. A material which meets these requirements is CFRP. Nowadays it is commonly used
for the aircraft structure. Since the entry into service is planned for 2025, future materials like carbon nanotubes
are not expected to be ready and affordable for mass production and the same consideration applies for bionic
structures. Even though CFRPs promise a significant loss in weight, they come with the cost of loosing lightning
protection. To retain this protection, it is necessary to integrate a conductive mesh like aluminum on the CFRP
surface. [55]

The fuselage and wing construction is realized as a reinforced shell. The skin is reinforced by a framework of
structural components, which absorb and transmit the stresses. The fuselage is made of three sections (cockpit
section, middle piece and aft section). Each consist of two elements. This construction allows simple production,
maintenance and repair. The aircraft is subject to fives types of stress: tension, compression, shear, bending
and torsion or a combination of these. To get an optimal design of the structural components, it is beneficial
to vary the number of layers and fiber orientation, regarding their applied stresses. [71] An overview about the
main stresses for the structure components with the corresponding advantageous fiber orientation is given in
table 4.4.

Stress Fuselage Wing ‘ Opt. fiber orientation
bending skins & stringers | skins & stringers | 0° [63]

shear skins spar webs + 45° [71]

torsion skins skins & spar webs | + 45° [5]
concentrated load introduction | bulkheads ribs 0°

hold contour frames ribs 0°/+45°/90 °

Table 4.4: internal loads

4.2.1 Fuselage

The main task of the fuselage is the accommodation of the payload. The fuselage forms the main body of an
aircraft to which wings, engines and gears are attached. Since the aircraft is not pressurized, the fuselage shape
differs from commonly used cylindrical shape.
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The more rectangular cross section provides more space for the passengers [78]. Cut-outs like windows, doors
or the landing gear bay heavily disturb the flow of forces and weaken the structure. Thus, heavy reinforcements
are needed to support the surrounding structure. To eliminate some reinforcements OLED screens are used
instead of windows. This results in a weight-saving of about 30 % (see figure 4.4) [6].

4.2.2 Wing

7
The characteristic of a boxwing is the connection of two vertical separated 0

classic wings into one. This connection is realized with a lightweight rigid
joint, which does not enhance aero elastic problems because it transmits all
stresses [23]. The boxwing is built with ribs and two spars at 25% and 70% 500

600-

chord length. The distance between the ribs is relatively high due to the &
strong wing shell. In order to realize a small profile thickness, the resistance 'f‘ 400
to bending is increased by increasing the wall thickness of the wing box [16]. 5
2 300
4.2.3 Landing Gear
The landing gear is designed as a common tricycle gear with two main wheels 200
and one nose wheel. For more efficiency in cruise the landing gear is fully 100
retractable. As the COG of the aircraft will be in between of the two wings,
the main landing gear can not be integrated in a wing and needs to be fully 0
integrated into the fuselage. Due to the electric driven main landing gear it is ltraditional fusdage
necessary to have reinforced landing gear rods in flight direction. Side stays I windowless fusdage

ensure that the main landing gear stays in position when extended. Since
the rAPID uses a pusher propeller, the landing gear needs to provide enough
ground clearance to the propeller during T/O.

Figure 4.4: Comparison be-
tween a traditional
and windowless
fuselage

4.3 Propulsion And Energy

To gain system efficiency the rAPID uses the concept of a serial hybrid power train. The general idea is to
size the gas turbine to an optimum and buffer spikes in power consumption with batteries, while mechanically
decoupling the engine from the propulsion system. As said in chapter 3.2 the T/O is fully electric which defines
the system architecture to a serial approach instead of a parallel one [51].

Thrust is generated by three subsystems. During cruise flight a propeller, located at the rear of the aircraft,
acts as an efficient and reliable way to generate thrust [72]. To address the problem of over sizing the propeller
to meet thrust requirements, during takeoff and climb, a set of electric ducted fans electric ducted fans (EDFs)
generates additional thrust. This configuration also allows a differential thrust yaw control. To further shorten
the runway length, integrated wheel motors are used in the landing gear (LDG).

4.3.1 Propulsion System

Pusher propeller. By placing the main propeller at the rear end of the fuselage propeller efficiency is decreased
through the disturbed airflow in which the propeller operates but aerodynamic efficiency will be gained through
the slower airflow over wings and fuselage as well as the abundance of prop wash effects [72]. The propulsive
efficiency nprop p of a propeller in a pusher configuration suffers a loss of about 2% — 5% [72], while the
efficiency loss due to prop wash effects of the C208, calculated with the Society of British Aircraft Constructors
(SBAC)-Method is about 3 %. Both aircraft therefore will operate at similar propulsive efficiency during cruise
flight.
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EDF. One decisive factor for placing and sizing the EDFs is the required yaw moment generated trough
differential thrust. The sizing is based on a failure of two EDF's on one side of the wing while in the climb
segment. Another factor is the required thrust output during takeoff and climb which should be at least
Trpr = 5KN based on the calculation in Chapter 5.3. By using data of the AIRBUS E-Fan (Table 4.5) a
configuration of four fans on each wing is chosen.

Fan ‘ Diameter ‘ Thrust ‘ Input Power ‘ Weight

Airbus E-Fan | 520mm | 750N | 30kW | 30kg
Table 4.5: Data of the AIRBUS E-Fan [68]

By looking at the definition of the ideal propulsive efficiency

Voo

Vout—Vi
V;;n + out2 in

NProp = (45)

as well as an estimated ratio of Vj,/V,, = 1.2 on top of the wing, it appears that the EDFs are poorly placed
in terms of optimizing their propulsive efficiency nprop, pr. A more suiteable place would be right under the
wing where V,,/Voo = 0.7 [32]. However, regarding the short duration of the takeoff and climb segment and the
EDF's main purpose to generate thrust during this segment, a placement where the EDFs are protected from
foreign object damages (FODs) and noise is shielded by the wings is more important.

Electric driven LDG. The electric driven LDG as the third propulsive system further decreases the runway
length by accelerating the aircraft during the takeoff roll. While running on wet concrete the system is designed
to generate a thrust of Tprpe = 10kN. With little friction effects nearly all of the provided shaft power will
be transferred into thrust. The propulsive efficiency is almost 100 %.

It must be taken into consideration that using a driven LDG on contaminated or non asphalted runways, slipping
effects can cause serious FODs at the propeller or even fuselage [68]. To counteract this problem mudguards
are used. Additional use of the system can be made during taxi to reduce battery drain and noise emissions
[83]. Furthermore, by providing differential torque an active nose gear steering is not necessary.
Thrust-to-weight ratios T/W for relevant flight segments of all three systems combined are presented in table
4.6.

‘ Take off roll ‘ initial climb ‘ final climb ‘ cruise

/W | 0.49 | 0.21 | 021 | 0.11
Table 4.6: Thrust to weight ratios

4.3.2 Efficient Power Generation

To find the most suitable engine or system to generate energy several concepts are compared. A conventional
[10] and a recuperated [85] turbo shaft engine, called turbo generator (T'G) are compared to a turbo diesel
engine [20] as well as a free piston linear generator (FPLG) [33][75] in terms of fuel efficiency, system weight
and the corresponding runway lengths. Fuel cell systems have been proven to be too heavy for its usage in short
duration flights [44].

Rubber engine sizing is used in some extend to scale the engines up to the required power output of about 400 kW
during cruise (see chapter 4.3.3). In comparison to a conventional turbo generators, a recuperated TG is 20 kg
heavier due to the heat exchanger. The specific fuel consumption (SFC) is reduced by 15 %. [85] The Textron
Lycoming LTS 101-650B1 serves as a reference gas turbine (GT). Due to technical progress, improvements of
13 % can be assumed [85].

Table 4.7 presents engine data as well as corresponding values for fuel consumption of a 99 min flight mission
with the aircraft masses given in 5.2.
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| Turbo generator | Turbo generator (recup.) | Turbo diesel | FPLG

SFC [kg/kWh)]

Weight [kg]

Specific power [kW /kg]
Fuel consumption [kg]

0.289
100
4.14
319.2

0.257
120
3.45
305.7

Table 4.7: Engine data comparison

301.6

0.2 | 0.195
408 450
1.04 0.92

303.2

Based on the challenging T/O requirements a high specific power is required. In table 4.7 it can be seen that
only a turbo generator can fulfill the TLAR. A recuperated TG is selected due to the lower noise emission and
higher efficiency. This engine, compared to the C208’s turboprop engine, is estimated to be about 20 % more

fuel efficient.

Starting the TG requires 56 Nm [36]. The synchronous electric generator on the turbine shaft is also used as
the turbine starter by using a bidirectional inverter.

4.3.3 Energy Storage And Distribution

The key factor for designing an efficient electrical architecture (figure 4.5) is using components that operate
with little power losses. With promising developments of inverters based on siliconcarbide a high efficiency

and small system weight is realized
[74]. The same applies to motor ef-
ficiency, which by now is reaching
up to 95 % [79]. Depending on the
short time frame until 2025 the pre-
dictions of upcoming technologies
strongly vary. Therefore only es-
tablished concepts are chosen and
an increase of 5% power/energy
density as well as an increase of
1% efficiency are added to the val-
ues given in table 4.8.

While operational voltages often
are limited to 540V due to partial
discharge effects, improvements in
insulation technologies as well as
the low flight altitude allow higher
voltage limits resulting in less ca-
ble weights and higher component
power densities [45].

The battery has to be sized such
that at all operation conditions in-
cluding error cases enough power
is available to ensure a safe condi-
tion of the aircraft. The power flow
from the battery to the aircraft
during TG-off mode is described in
equation 4.6.

PBat:

necu nymu

Avionics/AC
24V/DC
10kwW

1 1
. (— -(Pp + Perpc + Pepr) +

Turbine Unit

Avionics
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S5kW

Battery
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Figure 4.5: System architecture
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Component Efficiency Power  density | Ref.
by 2025 by 2025 [kW /kg]
SiC-inverter 0.98 30 [74]
Rectifier 0.99 30 [49]
Motor units 0.96 7 [79]
Generator 0.96 7 [67]
Battery+PCU | 0.96 5.25 [34][73]

Table 4.8: Properties of electric components

NRec

“ Ppvijiosvac +

S PAvi,24VAC)
NDC Link

(4.6)

The resulting power output reaches a maximum of about 655kW during takeoff run. Batteries of current
automotive applications are focusing on high energy densities while operating with power densities at 300 W /kg.

10
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This would result in an unacceptable battery mass of about 2200 kg for the rAPID. Instead, a trade-off between
a lower energy density and a much higher power density is taken. In 2015 Hitachi introduced a battery with a
power density of 5kW /kg and an energy density of 80 Wh/kg [34]. Considering possible values of 5.25 kW /kg
in 2025 the battery weighs 82kg. To ensure safety, a battery weight of 100kg is chosen. The energy capacity
therefore is EF'g,¢ = 8.4kWh while a start requires Fp,; = 4.3kWh.

Power Demand [kW]
TG-off TG-on TG-off

655kW

EDF
(100%)

Charge Bat
Propeller EDE

(50%) EDF EDF (10%)
(100%) (100%)

EDF
EDF

10%
Propeller (10%) = (50%)
(100%)
Propeller  Propeller Propeller (10%)
(50%) (50%) (50%) Propeller Propeller E-LDG E-LDG
(20%) (20%) (10%) (20%)
Avionics and AC Load
iti i Cruise,
Taxi Take-off roll g::‘al: (fllirr‘::) Loiter/ Descend Landing Approach Roll Taxi

Figure 4.6: Energy demand during flight cycle

The estimated values in figure 4.6 show the power level for each system during the flight cycle. The required
power output as seen in the systems architecture (figure 4.5) multiplied with the corresponding duration and
load factors as described in figure 4.6 of the engine-off flight segments leads to a minimal energy capacity of
Epat = 200kWh. the battery is fairly overdimensioned regarding its capacity thus enabling a safety margin.

4.3.4 Acoustics

For the reduction of noise emissions a distributed electric propulsion (DEP) concept as well as a full electric
T/O are utilized, eliminating the engine noise until a flight level of 400 ft is reached. By then the TG’s noise
is less compared to a turbo prop engine because it is more shielded. It is stated that using a recuperated GT
further decreases the TG’s noise through damping effects [57].

A pusher configuration usually generates more external and less internal noise emissions because the propeller
rotates in a disturbed airflow behind the aircraft [66]. However, it is stated that this mostly happens due to
exhaust gas flows in turbo prop A/C like the Piaggio P.180 Avanti [66]. By placing the EDF's at the outer part
of the wing these disturbance effects are further minimized.

During takeoff roll and initial climb the propeller operates at a lower power setting and can be operated in a
low-noise mode with a decrease in noise of about 12dB(A) [7].

In comparison to the C208, generating 73dB(A) during overflight [21], the rAPID is estimated to emit less
noise, using the presented noise reduction strategies.

4.4 Avionics

As the commercial use of small aircraft is really costly, pilot costs should be as low as possible. This can be
achieved by easy and intuitive A/C controlling or even unmanned flights. To ensure a safe flight of the aircraft,
strong safety margins in form of the probability of failure safety requirements per flight hour need to be met

11
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[62]. Systems like the control of ailerons and elevators or the autopilot, which lead in case of a failure to a
catastrophic outcome, need to have a probability of failure of < 11072, It is therefore necessary to have
multiple redundant fault tolerant systems, not only regarding hardware but also software. [62][81]

The software is therefor designed to receive DO-178B Level A approval published by RTCA [3].

An abstract of the used avionic components with its wiring is shown in figure 4.7. The whole overview is shown
in figure A.3.
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Figure 4.7: Part of the overview of avionics configuration, showing the connection of main communication
backbone and PFC / CPM

All avionic components are located in three different protected areas. The main avionics bay (MAB) in front
of the cockpit, the central avionics bay (CAB) and the engine avionics bay (EAB) in the back of the A/C.
The concept uses a triplex CON/MON voter architecture for the primary flight computer with two redundant
secondary flight computer in the EAB [62]. Both flight computers are developed directly for this A/C to cope
with the unusual boxwing configuration and reduce mass of the components. Even if one flight computer has
a failure, the system is still operational. In the unlikely event that all three primary flight computers fail, the
secondary flight computers take over with reduced functionality and simpler control laws, to still land the A/C
safely.

To reduce development and certification costs the avionics design uses already existing and commonly used
components. For communication an Aeronautical Radio Incorporated (ARINC) 664 Standard Avionics Full
DupleX Switched Ethernet (AFDX) network is used, which provides the main communication link from the
front to the back of the aircraft [61].

To reduce costs, Integrated Modular Avionics (IMA) based processing modules are used for other important
task in the A/C, e.g. fuel control, door lock or climate control. The big advantage of IMA processing modules
is that it can be used as a general-purpose computing resource, which is cheaper than hardware specialized
systems for every single task and can handle robustly partitioned application software. [62]

Three redundant Air Data Inertial Reference System (ADIRS) combine the measured data of the external
AoA sensors, pitot-static-tubes and inertial navigation systems Inertial Navigation System (INS) with Global
Navigation Satellite System (GNSS) signals [37][62]. AoA sensors and pitot-static-tubes are used to measure
side slip and AoA. Both sensors are actively heated to avoid icing. The overall location of the sensors are shown
in figure 4.8.

Further systems are shown in A.3. Additional equipment is used to receive data via a satellite data link,
described in chapter 4.7. For every control surface two redundant linear electric motors are used. Additionally,

12
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to the main AFDX network, every actuator has an independent digital data line to each flight computer, which
ensures control even if the AFDX network is compromised.

4.5 Cockpit Design

The cockpit of the rAPID is a uniquely designed concept, which provides an easy way to control the A/C by a
single pilot. It is designed to reduce the workload for the pilot as much as possible without losing the situational
awareness.

4.5.1 Configuration

The pilot sits in the left seat and has all important peripherals in his range. The rAPID's uniquely designed
cockpit is windowless. And the pilot is therefore surrounded by a 180 deg OLED display, which shows the outside
view. The image data is produced by multiple cameras and combined in three redundant operating graphical
processing units. On top of the outside view, additional information will be augmented into the display. To cope
for display loses, the OLED display is split into four smaller displays. As input peripherals, the pilot controls
the aircraft with a side stick, pedals and thrust levers. Additionally, the pilot has a 3-D mouse to select options
on the display and a keyboard for other inputs. An overview of the cockpit is shown in figure A.4.

4.5.2 Windowless Design

At the first glance a windowless cockpit looks counterintuitive to safety and comfort for the pilot. With no direct
visual information, the pilot is completely reliant on his board computers and can not see what happens outside
the aircraft. Introducing different cameras, which are already in use, e.g. in the A380, a strong and robust
avionics system and fusing all information together, gives this visual information back to the pilot. [62][81]

Benefits occur through an overall weight
reduction, reduction in SFC up to 2% and
additional airport capacity in bad weather
conditions [24].
Reference Through the Enhanced Flight Vision
> Cockpit camera Systems (EFVS) the pilot gets additional
~ Cabin Camera  augmented information, which enhances
the wvisibility at nighttime or at bad
weather conditions [62]. Combined with
[ Aoa the use of a synthetic vision system (SVS)
with an augmented 3D-terrain view,
the vision of the pilot will be further
improved. Companies like FalconEye
are trying to certify a Combined Vision
System approved for CATIII conditions
by the end of 2020 [56]. As an overlay
a Head-up-Display (HUD), with primary
flight, navigation and weather data is
augmented into the displayed outside
view, see figure A.5 and A.4.
Compared to the use of virtual reality
glasses, all these augmentations can be
easily included into the visual information
from outside the aircraft, because of the
existing fix points in the viewing area.

D Pitot-Static-Tube

Figure 4.8: Top view of the aircraft with cameras and sensor loca-
tion

The display can be configured by the pilot, so that the comfort of using this advanced system can be maximized.
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In case of an emergency, information of the occurred fault will be shown on the display in addition to the
resulting checklist for fixing this problem. Thereby the workload in extreme situations can be reduced. [24]

In addition to the information on the display, redundant systems like an Integrated Standby Instrument Sys-
tem (ISIS), a navigation display and Electronic Centralized Aircraft Monitoring (ECAM) system is provided,
in case the main display fails, see figure A.5.

4.6 Cabin Design

For the examined A/C the cabin is of particular importance as it is supposed to be a quick change A/C, i.e.
the passenger version is converted into a cargo version within 60 minutes and vice versa. Hence, it is important
to consider the need for an easy and quick (dis)assembly and therefore a lightweight and simple interior which
also contributes to low acquisition and fuel costs.

Apart from its practical characteristics the appearance and comfort of the cabin should be taken into account
since the cabin itself can be a decisive factor for passengers and airlines. A detailed view into the cabin is shown
in figures A.6, A.7 and A.8 in the appendix.

4.6.1 Layout

The cabin layout is designed in a 2-abreast seating arrangement with economy seats and consists of four rows.
The seat for the ninth passenger is the so-called jump seat. It is placed next to the pilot seat and can be used
for either one passenger or for a teaching pilot.

One emergency exit on each side is necessary to operate it in agreement with the rules of the FAA [90].
Nevertheless, the designed A/C has a total of three emergency exits which results from the cargo version.
Due to the decreasing height of the cabin from rear to front, a big entrance at the rear of the cabin with a
small window is essential to enable the loading of spacious cargo from the back. That door is also used for
(de)boarding. Another small exit door with a small window is on the opposite side of the cabin, behind the
pilot’s seat. This door is essential for the pilot to enter when flying cargo, since the cabin aisle will be full of
cargo. Since the Pilot will not be able to reach the back door in an emergency, a second exit within the range
of the pilot is needed to fulfill the requirements of the CFR 23 [90]. Therefor, an emergency hatch near the
cockpit in front of the cargo load is installed.

Dimensions

The cabin needs to provide space for seating as well as load devices and cargo nets to transport freight. A cargo
net is also used for securing the passengers’ luggage since it ensures an adjustable safe and low weight placing.
Assuming that the devices carrying freight can be adjusted to the A/C, formulae for economic and minimum
dimensions of a PAX cabin are used to define the dimensions of the cabin and the seats [29][90]. The cabin is
not pressurized. Therefor, the cabin does not need to have a circular cross section and the actual final width
and height were influenced by the aerodynamics. The rAPID’s cabin dimensions in millimeter are shown in
figure 4.9. The cabin length is based on seat pitch, bulk cargo area and exits [65].

4.6.2 Seats

A key technology of the rAPID is represented by the ‘lightest and most durable aircraft seat ever’, a concept
from the aircraft seating manufacturer Mirus [60].

This 3.8kg seat is made from carbon fibers (see appendix A.9). Though the seat is still only a concept, it is
already 16G proven. For a final certification there still remain fire and toxicity tests to be carried out which is
likely feasible until 2025.

It is a very convenient seat, especially regarding the daily (dis)assembly of the cabin. For changing the PAX
cabin into a cargo version, these seats become a key factor for an economical and quick change. Due to the low
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Figure 4.9: Cabin dimensions in millimeter

weight this can be done in only a few minutes by a single person. The seat may not be the most comfortable
aircraft seat but in general, passengers will not be seated for much longer than 99 minutes.

4.6.3 OLED Windows

Another key technology of the rAPID are the OLED screens which are used instead of windows. They show the
exterior view through cameras at the exterior fuselage (see. figure 4.8). They can also be used as an In-flight
Entertainment (IFE) system.

In the first design approach a canopy window over the whole cabin was contemplated. But OLED windows are
a convincing key factor for the aircraft, especially due to the weight savings and the solar protection. Table A.2
in the appendix displays the pros and cons of OLED windows and a canopy. In case of emergencies the OLED
screens are supplied by the battery. Alternatively, fluorescent stripes on the floor guide the PAX to the exits.

Passenger Acceptance

A cabin without windows is a big change for passengers. One may assume that they will not buy tickets for
such an aircraft because they might feel claustrophobic.

According to a survey, every third PAX fears of flying. But only 4,5 % of all respondents state that they actually
suffer from claustrophobia during flying. In the same paper, in which the acceptance of a blended wing body
cabin was reviewed, the participants were asked if they could accept a video system which substitutes real
windows. Especially with additional functions like ‘various, select-able perspectives as well as a digital zoom,
navigational information and video-on-demand’, the participants tend to accept the replacement.[91] Since this
survey was executed in 2004 it can be assumed that results are even more promising in 2025, with a rising
enthusiasm in technology.

Since 2018, the first virtual windows are already in the air. The first class cabin of Emirates’newest Boeing
777-300ER aircraft offers a realistic outside view for passengers sitting in the middle having no actual window.
As first reviews state it is a remarkable and exciting passenger experience which provides ‘incredibly clear’views
[25][76].

Apart from that, many new A/C concepts include the idea of a windowless cabin. On top of that the ‘Crystal
Cabin Award 2018’went to Airbus’s windowless cabin [15].

All things considered, especially taking into account the promising studies, it can be assumed that the passengers
will quickly accept and even enjoy the new windowless passenger cabin.
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4.6.4 Equipment & Air Condition

According to FAA regulations a flight attendant is essential from 19 PAX seats or more [90]. Thus, the rAPID
is operated without a cabin crew.

As the A/C is designed to fly only short ranges within a maximum time of 99 minutes and to fly very economical,
galley and lavatory are not installed. Consequently, the change can be carried out quick and by only one person.
A widely used alternative in general aviation, a portable urinal/funnel, could be offered by the operating airline.
It can also be used for motion sickness [82].

The Air Conditioning (AC) is an evaporative cooler which is commonly used in such non-pressurized small
aircraft [88]. It is designed in such a way that it can provide individually warmer or cooler air than the room
temperature, adjustable by every PAX.

4.7 Unmanned Aircraft

In order to achieve the high economic goals of the concept, in a first step unmanned cargo flights will be
considered for nighttime. In the future remotely controlled passenger missions are considered.

Unmanned aircraft (UA) will have to share the controlled and uncontrolled airspace with conventional manned
aircraft. Therefore, Unmanned Aircraft (UA) need to be integrated into the same airspace.

The FAA is pushing its National Airspace System (NAS) the Next Generation Air Transportation Sys-
tem (NextGen) to full realization until 2025. Part of the strategy is the digital transponder system Automatic
Dependent Surveillance - Broadcast (ADS-B). The system has benefits over older transponder systems, due to
its higher availability and coverage. [87]

Furthermore, NextGen enhances air to ground and ground to ground communication with its Data Commu-
nication System (Data Comm). This overall benefits the flight planning and improves navigation, accuracy,
communication and surveillance. A new 4-D flight pass is resulting from the improvements in strategic planning,
which reduces flight duration and waiting times due to other traffic or weather. [87]

Another key point for UA is the use of stable data links to communicate and control the aircraft. To control
an aircraft directly via this data link the most relevant requirements are low latency (round trip of 2s for
95% of messages), high continuity (delivery probability of 99.999%) and high availability. [70] Currently no
commercial satellite communication system meets these requirements, with a small and compact low weight
solution. [14][53][59]

The most promising satellite communication approach of different companies is the satellite constellation of
SpaceX, called Starlink [41]. It consists of 11927 satellites in Very Low Earth Orbit (VLEO). The satellite
connection will have a latency of just 50 — 70 ms with a bandwidth per user of around 1 GB/s. [30][43][54] Half
of the constellation will be in orbit in March 2024 and therefore fully functional in 2025. The first internet
connection should be established in the end of 2019 [80]. Through the great amount and the very low orbit of
the satellites in the constellation, these antennas will be reasonable small, comparable to the antenna build by
cobham with a mass of roughly 5kg [14].

A typical unmanned cargo mission will start with the connection of an external pilot onto the A/C. The pilot
will check all systems and programs the route into the flight computer of the A/C. The overall mission will
be split into three parts, takeoff, flight and landing. In all phases a direct data link is established using the
Starlink network. In the takeoff phase the controller has direct access onto the visual information from all
cameras, additional to all system information. After the A/C is airborne, it enters the flight phase in which
the autopilot is used to fly certain predefined way points. The pilot is permanently in contact with a controller
and receives all status information of the A/C. The flight information will be transmitted on the one hand
side, by the Starlink data link and additionally through the redundant ADS-B System. If necessary, the pilot
has direct access onto the visual information of the cameras.

In the landing phase the A/C uses its internal navigation systems to fly near the airport. For bigger airports
with certified CATTII Instrument Landing System (ILS) the A/C is using this information to land. For smaller
airfields an external GBAS is needed to land the UA. The general purpose of the system is to reduce the error
of the GNSS data through atmospheric disturbance and the actual location of the A/C. The ground system
sends the calculated error from the exact position to the A/C, which then can calculate its actual position
without the disturbance. [9] A general overview over the GBAS is given in figure 4.10.
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Studies show that with data fusion of
different GNSS, e.g. Global Positioning Sys-
tem (GPS) and Galileo will provide enough
information to land in CATTIII conditions
[8]. In the near future this system will be
ready and certified for the use in CATIII
conditions and therefore for autonomous
landings.  With the certification of this
puafrequency  System, other airfields with a working ILS
ol oneenion  will soon install a GBAS due to its lower
Recefver operation and maintenance costs. [9]
The external pilot will need to sit in an
office with protected a data link to the
VHF Data Broadeast A/C. To cope with occurring errors during
flight, the autopilot is designed as a fail

| GBAS Ground Station

DUl ey " Generation of Corrections operational system, refer 4.4. Even if the
GBAS Ground Receivers g and Integrity Information connection of the pilot is interrupted, the
A/C can takeoff, fly and land autonomously.

Figure 4.10: GBAS Architecture, based on [§] The pilot is therefore only for surveillance

purposes connected with the aircraft, but
can always interrupt the system.

Because the whole communication and control of the aircraft is realized by a wireless connection, the probability
of signal jamming or spoofing needs to be considered. While in normal flight signal jamming is rather unlikely
due to the height of the aircraft, whereas jamming at takeoff or landing is more likely. In the takeoff phase
the autopilot can takeoff without constraints, whereas the landing phase is more problematic. If all signals are
jammed, the aircraft returns to a defined holding position. The rAPID ensures that if there is no way the pilot
can reconnect to the A/C after a certain time, the parachute abort system is activated and the aircraft lands
safely in the defined holding zone.

The communication via internet needs to be encrypted carefully. Therefore, a common end-to-end-encryption
(E2EE) needs to be used. To achieve a secure system the secret key for the encryption needs to be securely
changed after every flight. Additionally, incoming data packages from the data link are processed through a
protection gateway, which decouples the outer world from the A/C [11]. With this encryption signal spoofing
is practical not possible, because no viable information package with the used encryption can be inserted into
the communication.

It will still be a challenge to protect the aircraft data link from all possible threads and therefore more research
in this area is needed.

5 Flight Performance
5.1 Design Range

For both PAX and freight configuration a minimum range of 370.40 km (200 nm) is required but a higher range
would be appreciated. An airline which operates in this sector is ‘Cape Air’ which operates in the US. 67 % of
the airlines missions in the USA are shorter than 100 nm which is equivalent to 185.2 km. Furthermore, all of
their missions are not more than 416.7km (225nm) in length. As a result, a cruise range R4, of 550km is
selected to reach even further locations. [12][84]
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5.2 Aircraft Mass

System ‘ Mass ‘ Unit
avionics & cockpit 290 | kg
structure & LDG & wheel eng. | 1100 | kg
cabin & AC 170 | kg
power generation 170 | kg
battery 100 | kg
power electronics & fuel sys. 65 | kg
actuator 140 | kg
propulsion 220 | kg
parachute 20 | kg
OME 2255 | kg

Table 5.1: Final masses of the sub systems

m;

mi—1

5 Flight Performance

The A/C mass contains of an operational mass empty
(OME) which is driven by the A/C components and sys-
tems, the fuel mass myye; and the payload mpg,. This
results in the maximum takeoff mass (MTOM). The
weight assumed for the components and the resulting
OME are listed in table 5.1 and detailed mass identifi-
cations are listed in B.1.

A typical operation is defined by the fuel needed for the
mission like climb or cruise and the reserve like cruise
to alternate. With an OME of 2255 kg the specific fuel
mass can be determined for each segment based on the
Breguet range equation which is rewritten in formula
5.1 to determine the mass.

-R-SFC- g)
(/D) 5

The specific fuel mass mppr/MTOM is the product of each segment times a factor of 3 % for unusable fuel mass.
The payload is 997.9kg according to the TLAR including one pilot. This results in the maximum zero fuel
mass (MZFM) which is the sum of OME and payload. [28]

With these values the MTOM is deter-
mined iterative, being the sum of the
payload, fuel mass and the OME. The
resulting values are listed in table 5.2.
These are shown in figure 5.1 compared
with the C208. It can be seen that
the rAPID is slightly lighter due to new
technologies even tough it contains of a
hybrid system and a boxwing. [28][71]

Variable ‘ Value ‘ Unit

Mpayload 997.9 kg
MZFM 3252.9 | kg
™M fuel 285.4 kg
MTOM | 3538.3 | kg
Table 5.2: Mass share

Mass [kg]
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Figure 5.1: Mass Breakdown (based on [86])
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5 Flight Performance

Mass-R -Di
4000[ ass-Range-Diagram

An A/C never just operates at its 3500
design range but in fact, the ranges
and masses on board may vary. It
is assumed that the max. payload is
1100kg due the small cabin volume.
A Mass-Range-Diagram is determined
by calculating, first, a payload-range-
diagram and then adding the MTOM
values. Therefore, the range is deter-
mined for points: P1 (max. payload),
for P2 (max. fuel mass) and P3 (zero
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tions for each state. The results are 500

shown in figure 5.2. The bold black
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which is the MTOM. [28] 0 200 400 600 800 1000
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Figure 5.2: Mass-Range-Diagram of rAPID

5.3 Takeoff And Landing

Distances needed for T/O and landing are calculated the same way because ‘landing is like takeoff only
backward[s]” [71]. The process, of one of these two, can be divided into four segments until an obstacle
height of 10.67m is cleared: roll on ground, A/C rotation, transition/flare and initial climb/final approach [72].
The ground roll is determined using the medium acceleration or deceleration between halt and lift off speed
vro = 1.1 - vg for T/O or touchdown speed vrp = 1.15 - vg for landing. Because the wheels are electrically
driven and down force is applied, the main thrust on ground is created by the wheels. The down force ensures
that contact with ground is maintained even on uneven runways. An aerodynamic factor ae contains the drag
influence dependent on the square of the velocity. The acceleration or deceleration

ac; j; = g+ (fji,propeller + fji,wheels + ae - 'UZQ) (52)

is determined for zero velocity and lift off or touch down speed with the forces created by the propeller, EDFs
and the wheels normalized with the weight. The ground roll distance can be found:

1 b2,02
= -1 : 5.3
1 2-g-ae n(b(),og) ( )

The aircraft rotation is assumed to take 1s and the distance therefore is z.,; [72]. The next phase is the
transition in which the A/C accelerates to 1.2 times stall speed which is also the climb speed vo. During landing
the aircraft decelerates from approach speed v, = 1.3 - vg to touch down velocity. The climb rate is needed for
both the transition and climb.

Tetimp — D )

. — qi -1 PR
Yelimb Sin <MTOM g
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5 Flight Performance

The transition distance x7g is determined by multiply-

ing the radius with the sinus of the climb rate. If the Parameter ‘ Takeoff ‘ Landing

obstacle height of 35ft is cleared during transition, the Yelimb 14.3% -14.1%
distance traveled during climb z5 is zero and only the 1 127.1m 87.4m
transition distance is determined. If not, the distance Trot 33m 34.5m
traveled during climb x5 # 0 and both distances must TR 86.3m 98 m
be determined. This applies equally to landing. s 31.3m 26 m
All relevant distances for T/O and landing, including

the total distance needed z;.¢, are listed in table 5.3. It Ltot 277.7m 246m

demonstrates that rAPID stays within the limits given Table 5.3: T/O and landing distances

by the requirements.

Therefore, the rAPID concept has a shorter required runway then a C208 [86] and due to the redundant
propulsion system, a loss of e.g. one EDF is not critical. The altitude of an airport has a mayor effect on the
takeoff and landing distance. Therefore, it is required in the 14 CFR Part 23 to show these performance data
for an airport altitude from sea level up to 10000 ft. The A/C concept is not allowed to fly over 8000 ft since
no pressurized cabin is used and the cabin altitude should not exceed this height.

Takeoff and Landing Performance
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Figure 5.3: Takeoff and landing distance on different surfaces with an increasing airport elevation

After takeoff the steady climb starts at 400 ft and to ensure a good safety margin the aircraft is not allowed to
perform a normal T/O or landing above 6000 ft. The increase of those distances are shown in figure 5.3. The
highest airport elevation possible within the limits, given by the TLAR, is around 800 m for landing and around
500 m for takeoff. 94 % of all airports worldwide, with concrete or asphalt runways over 100 ft, have a length
of more than 380m [58]. Therefore, the A/C is able to operate on the majority of airfields, even if those are
located at an elevation up to 6000 ft above sea level.
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6 Operations And Cost

5.4 Cruise Speed

The aircraft cruise speed is important because it has an influence on e.g. the aerodynamics and therefore, the
time needed for each mission segment must be determined. Those segments are:

« takeoff including initial climb until the obstacle height is cleared
 climb to cruise altitude:
> second climb segment with vy, LDG down and T/O thrust until 400 ft

> acceleration at 400 ft from vy to vpcs = 2 - v while the gas turbine is started and from there on, it is
used as the energy source

> final climb segment with vgog until the cruise altitude of 8000 ft is reached
e cruise
« descent with a selected angle of v = —4° until an altitude of 1500 ft is reached
« approach from 1500 ft to obstacle height with an approach gradient of v = —14.1 % based on equation 5.4
« final approach from obstacle height and landing until halt

The time, that the A/C is allowed to fly from point A to point B, is limited to 99 min. Therefore, the time
needed for each segment and the range covered, are determined using basic physics. This results in a remaining
time and range, as part of the planed range, for the cruise flight and therefore, a speed needed to comply with
this: the cruise velocity, which in this case is & 99.6 m/s. [72]

6 Operations And Cost

6.1 Operations

The rAPID is an aircraft which can be operated independent of a network structure like hub-spoke or
spoke-spoke. It only needs a base with a well-equipped infrastructure which is needed for cabin change and
maintenance.

6.1.1 Ground Operations

To accomplish a mission, different operations need to be done while the aircraft is on the ground. These are
listed and explained further in the following.

Battery and fuel. An access to unleaded JET A-1 is necessary. The fuel pipe does not need to be a high
pressure line, since the aircraft is fueled from the topside of the lower wing. An electrical energy supply either
by ground power vehicles or via cables providing 230 VAC is convenient but not essential, since in general the
battery is charged enough during the flight for running the air condition on ground and for the next takeoff.
For safety reasons the battery is charged via the right wing and the aircraft is fueled via the left wing, i.e. there
is a great distance and a simultaneous energy supply can take place.

Passenger and baggage handling. Cleaning staff and Catering is not necessary for the A/C. The baggage
is stacked and unloaded by the passengers themselves with the guidance of the pilot in the therefor intended
space opposite the entry door. The pilot will secure the baggage with a cargo net after boarding. Since the door
functions as a ramp, there are no stairs needed. The (de)boarding times are each estimated with two minutes,
since there is only a maximum of nine passengers (de)boarding the aircraft. Before takeoff, a two minute safety
instructions video needs to be displayed on the OLED screens.
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6 Operations And Cost

PAX/Cargo change. It is intended that the cabin is converted every day from a PAX cabin to a cargo cabin
within 60 minutes and vice versa at the airline’s base [19]. The rAPID is designed conveniently for this purpose
by the use of ultra-light passenger seats. This is the main interior which needs to be (dis)assembled. The
seats are secured via two latches, one connected with the seat track on the floor and one with the seat track
on the side which is connected with the cabin wall. Due to the lightweight of the seats and the fast and easy
(un)locking, the eight seats are (dis)assembled within approximately eight minutes. The jump seat is heavier
and is not supposed to be removed regularly. Nevertheless, if there is an overload, the jump seat is still quick
and easy to (dis)assemble within approximately three minutes.

Cargo handling. The freight mission is mainly supposed to be unmanned. Therefore, at least one worker is
needed at the airports to (un)load the A/C. In case of a pilot personally flying the aircraft he/she could be
responsible for the cargo (un)loading. The cargo load devices, designed to fit perfectly into the A/C, have small
rolls underneath to ease the transport on the ground. In the aircraft they are latched on the seat tracks. For
bulk cargo, nets are available to latch almost anywhere in the cabin. The cargo handling time is variable and
mainly depends on the amount of bulk cargo. The turn around time for the cargo mission is preset with 30
minutes [19]. Hence, a cargo handling time of 15 to 20 minutes seems to be realistic.

Flight preparations. The pilot needs to do pre-flight checks before every flight which include the outside check
and ensuring the proper function of the systems. It will not be necessary to execute route and navigation
planning as in common aircraft since NextGen with Data Comm (see chapter 4.7) takes up that job [87]. The
entire flight preparations are estimated with six minutes.

Maintenance. In general, maintenance work is performed at the base, where a full maintenance service is
ensured. With a preset utilization of 300 flights per year and up to eight hours of ground time at the base (see
chapter 6.1.2), there will be plenty of time for maintenance. Though the A/C will likely need more maintenance
as regular aircraft, since it is flying only short ranges, which results in more takeoffs and landings.

Unmanned flights. For unmanned flights the same ground operations take place as for flights with a present
pilot. Due to the missing pilot someone else is essential to do the work the pilot would have done according
to the flight preparation listed above. For future autonomous flights with passengers one would need to handle
the passenger and baggage supervision.

6.1.2 24 Hours Mission

The A/C is characterized by the double mission abil- 24 hours mission
ity. Setting up an exemplary 24 hours utilization '
schedule, as shown in figure 6.1, it appears that the
aircraft can operate with eight legs (light blue) car-
rying passengers and four legs transporting cargo
(pink). These numbers arise from the preset factors
from the DLR [19] as turnaround times (45 minutes
PAX mission (green), 30 minutes cargo mission (dark © 6 12 18
blue)) and ground times (due to maintenance, clean- hours [hl

ing and curfews (orange) or cabin change (yellow)).
« . -Ground Time @ Base I:lGround Time PAX/Cargo Change @ Base
The amount of legs per mission and day need to be

even-numbered so that the cabin can be changed at -Tumaround Time PAX - Ground Time Cargo
the base. The airborne time was calculated with

the average speed from chapter 5.4 and a range of I:’Airborne PAX -Airborne Cargo
120 nm which results in 37.02 minutes. This number
is rounded to 40 minutes as a buffer. With such a 24
hours mission 2400 block hours are flown yearly.

Figure 6.1: 24 hours mission
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6 Operations And Cost

6.2 Costs

The rAPID is designed to improve the profitability of small A/C flying short ranges. An estimation of the life
cycle cost (LCC) of one aircraft is presented in 2018 US-dollar (USD). Building on that, the change in costs
for totally autonomous operations are specified.

6.2.1 Life Cycle Costs

Due to the very little published data (confirmed by LANGHANS [50]) of LCC (factors) of A/C programs the
costs will be determined empirically, some analytically and some have to be best-guessed.

Manufacturer costs can be expressed as non-recurring cost (NRC) and recurring cost (RC). OME, engine
thrust, max. available speed, aircraft type (business, commercial), number of engines, and technology factors
influence the NRC [50]. The rAPID’s development cost (NRC) are estimated with 190 M USD with the data
from [50] and a regression line (see figure 6.2). The NRC of the Lilium program is estimated with 150 M USD
by taking [18]. The NRC of the C208 is guessed based on the low innovation factor on a linear line with the

ERJ 135 and the A319.
The RC is approximated with the correlation

- 000 i 400 of NRC, RC and the aircraft’s price. Latter
g ChallanEsT can be approximated with the approach of
el RAYMER [72] which determinates the price
;,3 by the OME. Accordingly, general aviation
£ 400 aircraft cost about 200 USD and business
= M A about 800 USD per pound. Since the rAPID
£ 300 is far more complex than a general aviation
*g rAP!I.).__‘_.A...‘__.--"'l A/C' (due to the avif)nics) but df)es not .ﬁy
O 200 | g at high speeds and is unpressurized unlike
*5 o Lilium ® [RIi135 business jets, the cost is set to 700 USD
€ 100 per pound. This results in a unit price of
oy ® Cessna208 3.15M USD. Substituting the NRC over 800
gz units [19] from the aircraft price, the RC
@ o0

= 0 5000 10000 15000 20000 25000 30000 35000 40opo COMe to about 2.91M USD. A key factor

for the airline’s revenue is the direct oper-
ating cost (DOC) [47]. To achieve profit,

Figure 6.2: NRC in million USD in 2018 over OME in kg the airline needs to keep it as low as possible.

OME in kg

4,50

Latter is taken as a reference aircraft since it is commonly used for such
missions the rAPID is designed for and data is avaiable from STOLL [84].
550 In figure 6.3 the difference in DOC per 1nm for a 100nm flight of the
. W riiirance rAPID and the Cessna208 is presented. Fuel (0.68 USD for the 100 nm
mission [39]) and maintenance cost which contribute the most to the DOC,
apart from ownership [50] as well as crew costs are relatively low. Insur-
pilot ance costs per year is generally 1% of the aircraft’s price [50]. Breaking
that down by 2400 h per year, with 120 nm per mission, the insurance costs
come to about 0.075 USD per nautical mile for a 100 nm flight. Landing
ownership  fees are assumed with 0.30 USD per nautical mile.
To calculate the price/km/seat the indirect operating cost (IOC) need to be
taken into account. According to GOLLNICK [27], the IOC are roughly 40%
H fuel of the total operating cost (TOC). The factors are commonly distributed
in the IOC as shown in figure C.1 in the appendix [77]. Since the rAPID
Q offers almost no passenger service the IOC is lower than usual and conse-
< & ' O"’Ejrham & quently it is set to 35% of the TOC. Therefore, the price/nm/seat comes
& maintenance ¢, (.58 USD/nm/seat (0.31 USD/km/seat) which is almost 20 % cheaper
than the C208.

it . B landing fees

DOC per nm for 100nm flights in 2018 USD

Figure 6.3: DOC
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7 Conclusion

6.2.2 Cost Estimation For Totally Autonomous Operations

In case of future totally autonomous flights, i.e. not only transporting cargo but also passengers without a
present pilot, the entire cockpit will be removed. The avionics remains in the aircraft, including the flight- and
voice recorder as well as the radio communication system and the parachute.

Unmanned flights will lead to a significant cost reduction, mainly since the OME is reduced by 80kg and the
salary for the pilot who will fly the aircraft from the ground can be reduced by approximately 20%. Further,
the revenue is increased because of the new available space for one more passenger seat and approximately 15%
more cargo. This results in an estimated profit increase of 13%.

Nevertheless, autonomous flights with passengers also imply disadvantages, e.g. the passengers are on their
own and need to have access to the parachute tripping device which can be encroached. Also, the passenger
acceptance is questionable since a wireless connection may always be hackable. Further, this technique is
problematic in terms of ethic aspects, since a person flying the A/C who is not actually inside it with the
passengers may not do his best work and bring the A/C with the PAX into danger. Hence, the avionics need
to be designed so that it can not be encroached. On top of that, the machine should not be the last decision
factor. It will be a challenge to do so.

7 Conclusion

This project was started to create a concept which is designed for short, thin-haul routes to rural and sub urban
areas as part of the Joint NASA /DLR Aeronautic Design Challenge. The rAPID fulfills those needs by keeping
all threshold requirements. Those are marked light green in figure 7.2. In some cases, the rAPID overachieves
the threshold requirements and those are marked with a strong green in figure 7.2. The used key technologies
are shown in figure 7.1.

All in all, the rAPID is optimized for short routes and is a great A/C for thin-haul, short range flights in 2025.
As part of this, it is built mainly of CFRP to save weight. Furthermore, to operate on small airfields it holds a
boxwing for less drag and a compact design with a wingspan of 15m. EDF's are located on its lower wings to
create thrust during T/O and ensure yaw control. A pusher propeller is located at the back for cruise flight. A
specialty of the rAPID is that for short T/O and better ground handling the main landing gear is electrically
driven. Energy for engines, cockpit and cabin is supplied by a turbine during cruise and a battery during on
and near ground operations to ensure a quiet A/C.

Revolutionary is that the A/C does not hold any windows, only screens and the cabin seats are ultra lightweight
and therefore are quick change devices. The avionics are designed to enable autonomous flights to reduce staff
costs to a minimum. If compared to competitors like the C208, the rAPID has a better flight performance
with significantly lower fuel consumption and can be operated more flexible. Even though, it has a high initial
price, the rAPID has operations cost of around 28 ¢/km/person and is therefore competitive to other means of
transportation [1].

It is recommended to do further studies in this A/C sector and to further develop rAPID in detail to improve
parameters like costs and the aerodynamics.

Boxwing Configuration
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A Technical Design

A.1 Aerodynamics
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Figure A.1: Wing design process
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Mesh setup

Element sizes

Inlet 2,2m
Outlet 0,95m
Interfaces 00,44 m
Fuselage 0,095 m
Inflation Option last aspect ratio
First layer height 0,095 m
Maximum Layers 1000

FLUENT setup

Friction Model Spalart-Allmaras

Material Air according to ISA
Inlet velocity According to the flight phase
Solution method Green-Gauss Node Based
Convergence criterion 1-107% for all residuals
Iterations 3000

Table A.1: Settings used for CFD-software ANSYS FLUENT as recommended by [4]
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Figure A.2: Meshing results for CFD analysis of fuselage with ANSYS FLUENT
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B.2 Avionics

Tube sensor

Weather Radio Radio
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Figure A.3: Overview of avionics configuration
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C.3 Cockpit

Figure A.4: Main view of the Cockpit

<

2300

Figure A.5: View of the cockpits display
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D.4 Cabin

Figure A.6: View into cabin: left side

Figure A.7: View into cabin: right side
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Figure A.8: View into cabin: top view

OLEDs

‘ canopy

+ no direct incident solar radiation
+ pilot can sit anywhere
+ less structural weight
— less fuel
— less costs
— less emission of CO
— longer ranges possible
— shorter runways needed
+ additional functions e.g. augmented reality
o passenger acceptance chapter 4.6.3)
- cameras needed
- 3 emergency exits necessary (chapter 4.6.1)
- power needed for screens

+ can be used as an emergency exit
— only 2 emergency exits necessary
+ /- freight loaded through the canopy
- direct incident solar radiation
— blinds or any technique which prevents
the pilot to be dazzled and the cabin
to heat up is needed
- damage while (dis)assembling the
equipment possible
— aircraft might get grounded more often

Table A.2: OLED windows vs. canopy window
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MIRUS

VISION 2030

This 16G proven concept is a representation of a clean sheet; perie
that focuses all of our Formula 1 engineering expertise into crea
durable aircraft seat ever.

PURE PERFORMANCE

A concept for an all carbon fibre fixed-back economy seat
weighing just 3.8KG and comprising of only 8 parts.

THE

The mission required a complete rethink of traditional economy seat architectures
through the extensive application of carbon fibre materials. The result demonstrates
our ability to push the boundaries of what is perceived possible in the economy seat
market.

With only 8 parts and weighing just 3.8kg per PAX, the Vision 2030 Concept would be
the lightest, simplest aircraft seat ever. If taken to production, it would deliver

significant benefits in fuel savings and maintenance costs whilst redefining living

space standards for passengers.

Figure A.9: Mirus Aircraft Seat Vision 2030 data sheet taken from MIRUS AIRCRAFT SEATING [60]
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B Flight Performance

System ‘ Value ‘ Unit
Fuselage 550 | kg
Wings 350 | kg
LDG & wheel engine 180 | kg
EDFs 120 | kg
Cruise propeller 50 | kg
Motor 50 | kg
Generator 50 | kg
Turbine 120 | kg
Fuel system 15 | kg
Power electronics (incl. wiring) 50 | kg
Battery 100 | kg
Avionics mass 220 | kg
Actuator 140 | kg
Emergency parachute 20 | kg
Cockpit 70 | kg
Cabin 130 | kg
AC 40 | kg
OME 2255 | kg
Payload 997.9 | kg
Fuel mass 285.4 | kg
MTOM 3538.3 | kg

Table B.1: Detailed mass division
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C Operations and Costs

|OC of an average aircraft

m Administraion
m Marketing, Sale
= Passenger

Service

1 Station Cost

Figure C.1: Commonly IOC distribution of aircaft

The following table shows the estimated total operating costs per nautical mile for a 100 nm flight in 2018
USD. The data for the Cessna 208 are taken from STOLL [84].

The amount for overhaul and maintenance of the rAPID is comparable to high lift propellers which data were
also presented in STOLL [84]. Fuel price of the rAPID is calculated with Breguet’s formula. Ownership is
based on the aircraft’s price. Therefore the percentage of the ownership costs of the Cessna 208 data was taken
to evaluate it for the rAPID. The pilot’s costs for the rAPID are set a bit lower due to the avionics. Insurance
is also based on the aircraft’s price (1% of it per year). Landing fees are set to 4 USD per 1000 1b of MTOM.

|Cessna402 rAPID

overhaul & maintenance | 1.9 1
fuel 0.85 0.68
ownership 0.5 0.85
pilot 0.55 0.495
insurance 0.05 0.075
landing fees 0.3 0.3
4.10 3.40

Table C.1: Direct Operating Cost Evaluation
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