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Sommario

Il trasporto aereo ha visto una crescita sempre pit importante fin dalla sua nascita,
ed e destinato ad espandersi ulteriormente. Questo mezzo di trasporto era riserva-
to principalmente a lunghi viaggi, ma diventera piu fruibile anche negli spostamenti
di media e breve durata grazie a servizi piu dinamici come miniliner e microfeeder.
Le aspettative di evoluzione del sistema di trasporto hanno attivato una intensifi-
cazione degli sforzi di ricerca per ridurre I'impatto ambientale dell'aviazione. Diver-
si progetti sono nati in questa direzione, tra cui UNIFIER19, un velivolo 19 posti a
quasi-zero emissioni che ambisce ad essere ‘facile come un autobus”. In questo
documento fornisco il mio contributo verso un‘aviazione ecosostenibile attraverso
I'analisi e la selezione di una configurazione candidata per il progetto UNIFIER19.

Il processo di selezione é diviso in tre blocchi. Inizialmente, varie tecnologie ven-
gono analizate e combinate tra loro in una varieta di velivoli che spazzano un ampio
spazio di progetto. Successivamente, un metodo decisionale multi criterio (MCDM)
viene utilizzato per condurre la selezione qualitativa di alcuni promettenti aerei can-
didati. Infine, le alternative vengono dimensionate, analizzate e confrontate per
evidenziare la piu indonea rispetto agli obiettivi di progetto.

Il velivolo identificato ha un tradizionale layout del tipo tubo-ala con coda po-
steriore e propulsione elettrica distribuita (DEP). Sfrutta i benefici dell'interazione
propulsione-velivolo per aumentare l'efficienza aerodinamica attraverso un'ala sof-
flata dotata di eliche d’estremita (WTP), e per migliorare I'efficienza propulsiva gra-
zie ad un elica di coda (TCP) che consente l'ingestione dello strato limite (BLI). Ele-
vate capacita di missione ed eccezionali prestazioni ambientali sono garantite con
un‘architettura ibrido-elettrica di tipo serie che conta su delle celle a combustibile
alimentate da un sistema di stoccaggio dell'idrogeno in forma liquida (LH2).
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Abstract

Aerial transport has always seen a fast growth since its birth, and it is bound to
expand further. This means of transport was mainly reserved for long travel, but
it is getting more suitable also in mid and short time transfers thanks to more dy-
namic services such as miniliner and microfeeder. Expectations on the evolution
of transport system prompted an intensification of efforts to reduce the environ-
mental impact of aviation. Many projects were born in this direction, among these
UNIFIERT9, a 19-seater Near-Zero Emission (NZE) aircraft that aims to be "as easy
as a bus”. In this document | give my contribution towards an eco-friendly aviation
through the analysis and selection of a candidate configuration for the UNIFIER19
project.

The selection procedure is divided into three blocks. Initially, many technologies
are analyzed and combined together in a variety of aircraft that sweep a vast design
space. Then, a Multi Criteria Decision Making (MCDM) method is used to conduct
the qualitative selection of a few promising candidate airplanes. Finally, the alter-
natives are sized, analyzed and compared to highlight the most suitable one with
respect to the design goals.

The identified aircraft has a traditional tube-and-wing layout with aft-tail and Dis-
tributed Electric Propulsion (DEP). It exploits the benefits of propulsion-airframe in-
teractions to increase aerodynamic efficiency through a blown wing equipped with
Wing Tip Propellers (WTP), and to enhance propulsive efficiency thanks to a Tail
Cone Propeller that enables Boundary Layer Ingestion (BLI). Great mission capabil-
ities and outstanding environmental performance are ensured with a serial hybrid-
electric architecture that relies on fuel cells fed by a Liquid Hydrogen storage sys-
tem (LH2).
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Nomenclature

Symbol Description

A Section area

A, Section area of strut

Ao Reference section area

b Wing span

bo Reference wing span

b Arm of equivalent dump load

b Strut breakpoint

c Chord

o Reference chord

C; Coefficients of polynomial interpolation function (with
i=0,1,...)

Cs Strut chord

D Drag

E Young's modulus

F Load resultant

GI Gravimetric index

g Gravity acceleration

hs Vertical distance between wing and strut hinges on fuselage

Ir = Ig(xs) | Result of numerical integration with elliptical lift distribution

Ip = Ip(xs) | Result of numerical integration with parabolic lift distribution

I, = I1(xs) | Result of numerical integration with linear lift distribution

L Lift

m Mass

mo Reference mass

mpy, Mass of hydrogen

MyTO Maximum Take Off mass

My Strut mass

Miank Mass of tank

My Wing mass

Muwa Wing assembly mass (includes strut)

m Nondimensional mass

M Bending moment

M Nondimensional bending moment



Symbol | Description

My Reaction moment at point A

Mp Moment due to load F (pole at origin)

Nmax Maximum load factor

Nnin Minimum load factor (maximum negative)

Nyatio Ratio between maximum and minimum load factors

Nt Ultimate load factor

N Axial force

Na Reaction force at point A

Np Reaction force at point B

N¢ Reaction force at point C'

N, Axial force of strut

N Nondimensional axial force

J Second area moment of the section

Jo Second area moment of reference section

PSC Power saving coefficient

P}, Propulsive power (non-BLI)

Pp Propulsive power (BLI)

q(z) Load distribution

q Mean load distribution

q Nondimensional load distribution

q0 Load distribution coefficient

0 Load distribution coefficient

Ty Radius of gyration of the section

740 Radius of gyration of the reference section

R4 Reaction force at point A

Rp Reaction force at point B

Re Reaction force at point C'

S Wing surface

t Thickness of airfoil

ts Strut thickness

(t/c) Thickness-to-chord ratio

(t/c)s Thickness-to-chord ratio of strut

T Shear force

T Nondimensional shear force

x Spanwise coordinate

Vo Free stream velocity

Ymax Maximum distance from the elastic axis of section

Winin Section modulus

Winin 0 Section modulus of the reference section

a Angle between strut and wing

A Ratio between cantilever wing span and strut braced wing span on
comparison

np Propulsive efficiency (non-BLlI)

Vs Nondimensional vertical distance between wing and strut hinges on
fuselage

VI



Symbol | Description

Vs,0 Nondimensional vertical distance between wing and strut hinges on
fuselage (with respect to reference wing span)

Kopt Structural optimization level

A Aspect ratio

Ao Reference aspect ratio

14 Beam length (half of wing span)

L, Arm of the equivalent dump load

ly Strut length

p Density

o Stress

Olim Strength limit of material

O max Maximum allowed stress

Os.cr Crititcal stress for strut buckling

o Nondimensional stress

X Nondimensional span coordinate

Xs,opt Optimal nondimensional strut breakpoint (for minimum stress)

Xs Nondimensional strut breakpoint

19 Spanwise coordinate (integration variable)

¢ Nondimensional span coordinate (integration variable)
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Acronyms

Acronym Definition

AAW Active Aeroelastic Wing

ACARE Advisory Council for Aeronautics Research in Europe

ACTE Active Compliant Trailing Edge

AHP Analytical Hierarchy Process

ARGOS AiRcraft GeOmetric Sizing

BEHA Bio Electric Hybrid Aircraft

BLI Boundry Layer Ingestion

BWA Box Wing Aircraft
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CS Clean Sky Programme

CS2 Clean Sky 2 Programme

CSJu Clean Sky Joint Undertaking
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DEP Distributed Electric Propulsion
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FMSlab Flight Mechanics & Flight Systems Laboratory

GA General Aviation

GH, or GH2 | Gaseous Hydrogen storage system

HE Hybrid Electric
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HYPERION | HYbrid PERformance SimulatiON
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JWA Joined Wing Aircraft

LEAPTech | Leading Edge Asynchronous Propellers Technology

LSA Light Sport Aircraft

LH, or LH2 | Liquid Hydrogen storage system

MAC Mean Aerodynamic Chord

MAHEPA Modular Approach to Hybrid Electric Propulsion Architecture
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Innovative Controls

MDO Multidisciplinary Design Optimization

MSE Mean Square Error




Acronym Definition

MTOM Maximum Take Off Mass

NLF Natural Laminar Flow

NZE Near-Zero Emission

OASPL OverAll Sound Pressure Level

PARSIFAL Prandtl ARchitecture for the Sustainable Improvement of Future
AirpLanes

PAX Passenger

PCA Propulsion Controlled Aircraft

PE Pure Electric

PEM Proton Exchange Membrane

POLIMI Politecnico di Milano

PVS Pipistrel Vertical Solution

SBW Strut Braced Wing

SMP Sizing Matrix Plot

SRA Strategic Research Agenda

STARC-ABL | Single-aisle Turboelectric Aircraft with Aft Boundary-Layer
Propulsion

SUGAR Subsonic Ultra Green Aircraft Research

TBO Time Between Overhaul

TBW Truss Braced Wing

TCP Tail Cone Propeller

TRL Technology Readiness Level

TSA Three Surface Aircraft

TUDELFT Delft University of Technology

T&W Tube and Wing (type of aircraft layout)

WP Work Package

WTP Wing Tip Propeller

Xl



1. Introduction

The modern world is facing the climate change problem and our society is demand-
ing an ever-increasing dense air transportation network. As a result, in the near
future the aeronautical industry will provide new types of aircraft capable of satis-
fying travellers’ needs while taking care of Earth's environment. In this document, |
present my contribution in designing one of these new aircraft in the framework of
the Clean Sky UNIFIER19 project.

This chapter includes an outline of the UNIFIER19 project, an outline of its state
and a description of what is carried out within this document.

1.1. Motivation

It is often argued that humans had a major impact on Earth’s climate system and
caused climate change on a global scale, with large-scale shifts in weather patterns
resulting from global warming. The largest source of warming is the emission of
greenhouse gases (mainly CO,). Fossil fuel burned for energy consumption is the
main contribution to these emissions.

The environmental impact of aviation accounts for about 3% of global man-
made CO, emissions and is going to increase even more in the next years (about
4 times before 2050), as modern society demands enhanced connection among
people and places [1]. But aeronautics is known for its ability to innovate, in fact a
strong research effort persists since many years and powerful solutions to mini-
mize the environmental impact of aviation are close to be delivered.

Aerospace is one of Europe’s excellences and the European aeronautical indus-
try is a worldwide co-leader. Back in 2000, Europe recognized the importance of
aviation and grouped key stakeholders to agree on how aviation could meet soci-
ety demands. The result was a report named “European Aeronautics: A vision for
2020” published in 2001 [2], and the consequent establishment of ACARE (Advisory
Council for Aeronautics Research in Europe) to develop and maintain a Strategic
Research Agenda (SRA) that would help achieve the goals of Vision 2020.

Various changes collected over years induced ACARE to reconsider and extend
Vision 2020 to a new horizon towards 2050. In 2011 ACARE published its new vi-
sion, Flightpath 2050 [3].

The vision covers several aspects of the aviation world such as safety, traffic
management, industry and leadership, research and education, goals for emission
reductions, etc. Between them, two are of particular interest to understand the
motivations that led to the UNIFIER19 project.

The first point is that environmental protection has been and remains a prime
driver in the development of air vehicles. This means that aircraft will be more en-
vironmentally friendly, with significant lower noise and chemical emissions.
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The second point is that the air transport is going to be highly integrated with
ground infrastructure allowing 90 % of travellers within Europe to complete their
journey, door-to-door within 4 hours. Major hubs, secondary airports, vertiports
and heliports, will be seamlessly connected within a multimodal transport system.
Airport will operate at high utilization levels with highly efficient operations even
through night thanks to new much quieter aircraft.

The European Flightpath 2050 satisfies the demands of european citizen as
also demonstrated by market studies made for UNIFIER19 [4]. Similar findings were
highlighted also in the american aerial transportation network [5]. These studies in-
dicates a potential market demand for a new kind of air trasport that could reduce
travel time by enabling direct point-to-point aerial transfer from local community air-
ports. This new air mobility network would allow for greater growth in commercial
air travel by adding a lot of underused small airports to relieve the major hubs.

The Clean Sky Joint Undertaking (CSJU) is a partnership launched in 2008 be-
tween the European Commission and the European aviation industry, that coor-
dinates and funds researches with the aim to provide environmental sustainable
aircraft, with minimal acoustic and chemical emissions. The CSJU manages the
Clean Sky Programme (CS) and the Clean Sky 2 Programme (CS2). Clean Sky 2
was launched in 2014 following the success of the initial CS, and it contributes to
advance towards the european vision Flightpath 2050.

The UNIFIER19 project [6] is funded by CSJU and it deals with an innovative
aircraft that will enable European Flightpath 2050 vision by offering a sustainable
and cost-efficient air mobility solution. This is a 19-passenger Near-Zero-Emission
(NZE) aircraft intended to provide a diffused service connecting smaller airports
to each other (miniliner) and with hubs (microfeeder), for both scheduled and on-
demand shuttle flights. This concept allows exploiting the sparse, underused Eu-
ropean small airport network to offer a new mobility experience, ‘as easy as a bus”.

1.2. Background

The UNIFIER19 project is implemented into four Work Packages (WP) and it in-
cludes three major partners, namely: Politecnico di Milano (POLIMI), Delft Univer-
sity of Technology (TUDELFT) and Pipistrel Vertical Solutions (PVS). The first two
are universities while the latter is an aircraft manufacturer at the forefront of inno-
vation, acting as the project coordinator.

The first WP, "The Design Framework', had the main tasks of identifying potential
markets for the aircraft family, define its design requirements, define performance
metrics to be applied during WP2 and identify the set of applicable aiframe and
propulsion architectures.

The second WP, "Initial Concurrent Design Competition" is ongoing at the time
of writing. POLIMI and TUDELFT are performing design activities in a concurrent
manner with the help of PVS (Pipistrel Vertical Solution). As an output from these
conceptual loops, two candidate aircraft configurations have been proposed, one
by POLIMI and one by TUDELFT. Further analysis and assessments will be per-
formed on the two proposed configurations in order to choose a winner.

A detailed preliminary design on the selected configuration will be conducted
later in the WP3, "High-fidelity design and optimization".

Project management is parallel to the entire design process and it is included in
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WP4, "Management and Dissemination’.

The present document focuses on WP2, and particularly ontask 2.1, "“Concurrent
Conceptual Design" of the UNIFIER19 project.

WP?2 relies on vast and solid basis set up during WP1 and reported in the de-
liverable D1.1 "The design framework for an NZE 19-seater — Complete Report". A
version of this document is open to the general public namely D1.2 "The design
framework for an NZE 19-seater" [4]. The activities carried out inside WP1 include:
a review of the state of the art technologies applicable to the scope of UNIFIERT9,
market studies for miniliner and microfeeder services, acoustic and chemical emis-
sions analysis, aircraft cost and infrastructural cost analysis, particularly on battery
charging infrastructures and hydrogen supply infrastructures.

The existence of an other independent project named MAHEPA (Modular Ap-
proach to Hybrid Electric Propulsion Architecture) is worth mentioning. The two
projects have common partners and share similar objectives, this may allow UNI-
FIERT9 to benefit from milestones reached by MAHEPA.

The MAHEPA project has already developed and flown two variants of a se-
rial hybrid-electric powertrains. The first uses an Internal Combustion Engine (ICE)
coupled with a generator to charge batteries and power electric motors. While the
variant relies on fuel cells to generate power enabling zero-emission, quieter and
more efficient aircraft.

Previous research works inside DAER (Department of AERospace science and
technologies), particularly at the FMSlab (Flight Mechanics & Flight Systems Labo-
ratory), led to development of two sizing tools, namely Hyperion and Titan, that are
then expanded and used within the design phase of UNIFIER19 [/], [8].

1.3. Aim

The aim of this work is to identify the optimal aircraft configuration with respect to
the performance metrics derived from WP1, and compliant with the design require-
ments, also defined in WP1.

The performance metrics are defined through two indices that will be used to
assess the optimality of a configuration, but also to justify investments in future
phases of the project. The former is the Emission Index, which captures the combi-
nation of CO, emissions, NO, emissions and acoustic emissions. The latter is the
Success Index, which aggregates estimations on development, certification and
production costs, maintenance complexity, and operating costs to ensure future
commercially successful operations.

The design requirements come from market studies performed in WP1. These
studies highlighted two possible market scenarios, pointing out the need of a mod-
ular propulsion system for the same airframe.

The requirements of these target missions are fully reported later in Section
Here, the main high-level operational design requirements are presented,
since they contribute to define the target aircraft to which this work is aimed at.

The aircraft should exploit a modular hybrid-electric propulsion architecture, al-
lowing the development of a single airframe capable of accommodating various
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combinations of propellers, batteries and range-extending technologies each tai-
lored for a specific service, and easily upgradable to further extend the commercial
life.

It should have a reconfigurable cabin that allows to rapid switching between a
passenger-seating cabin and a cargo cabin, enabling work in a multimodal passen-
ger and freight network. The same aircraft moves people with daylight and freight
during night-time.

A reduction in ground infrastructure investments exponentially increases the
number of communities served by this aircraft. This makes the ability to operate
on unpaved runways of rural airport of paramount importance. Moreover, the inte-
gration in the airframe of equipments, such as a facial recognition system, enables
the authenticaton of pre-registered and security-approved travellers, allowing also
an embarking and disembarking experience 'as easy as a bus"”.

Furthermore, the aircraft should operate silently to avoid the ‘not in my backyard”
syndrome, specially during night operations, and it should employ an advanced fly-
by-wire control system to reduce pilot workload in the envision of single-pilot oper-
ations and to facilitate future upgrades to autonomous or remotely-piloted flight.

It should be able to perform commercially successful operations in the near fu-
ture. Near-zero emission CS-25 airliners are still beyond the technological horizon
of today, but the technology level that is maturing in this years allows the develop-
ment and certification of a CS-23 hybrid-electric aircraft, that is, an aircraft able to
carry up to 19 passengers with a Maximum Take Off Mass (MTOM) up to 8618 kg.

1.4. Method

The approach adopted to select the candidate aircraft design solution delivered by
POLIMI can be divided into four major steps:

1. Design Space Sweep. An in-depth research is conducted to identify all the in-
novative technologies that are applicable for this aircraft family, proceeding from
work done in WP1. The identified technologies are initially combined with a system-
atic approach to obtain all possible combinations. This leads to a large number of
alternatives, of which many are not feasible or not practical.

2. Qualitative Selection. A set of selection criteria are chosen and used to per-
form a reduction of the initial list of candidates. The list is further reduced during a
series of brain-storming in which the potential of each configuration is discussed.
Some other configurations are added, as other secondary technologies are taken
into account from discussions and from solutions of issues highlighted by concep-
tual hand-sketches. In the end, a subset of 15 candidate aircraft is used as input of
an accurate selection based on the AHP (Analytical Hierarchy Process), obtaining
the 5 most promising configurations.



1.5. Structure of the Work 5

3. Quantitative Selection. The five selected aircraft are sized by taking advan-
tage of the sizing tools developed internally at DAER, i.e. Hyperion and Titan. This
involves determining the necessary input data based on mission and certification
requirements and updating the software to consider the new particular mission and
the new technologies specific to these aircraft. The sizing results are iteratively as-
sessed and discussed, bringing to the update of some design requirements. Finally,
the ultimate sizing results for the various configurations are compared and the best
one is identified and delivered for further assessment.

1.5. Structure of the Work

The following paragraphs contain a brief description of each chapter to help the
reader moving through the document.

! The document starts describing what the world is demanding to

air trasportation in these years and how the aviation industry is going to answer in
the near future, this is crucial to understand the role UNIFIER19 is going to play.

Then follows a summary of the work already performed by the team, and a de-
scription of what is taken ahead within this thesis.

IDesign Space and Technology Review| One of the key target to pursue in the
early stages of conceptual design of an innovative aircraft is certainly to explore the
widest range of design alternatives suitable for the intended aircraft. This starts
with being aware of all technological opportunities with the allowed TRL (Techno-
logical Readiness Level).

In this chapter many of these technologies are presented and discussed with
the available literature material.

Bl [Candidate Configurations| The entire design space is explored, considering
every possible combination of aero-propulsion systems, hybrid-electric architec-
tures and aircraft layouts. This process ends with a list of possible candidate con-
figurations.

[4] [Qualitative Selection| In this chapter the list of candidate configurations is re-
duced applying qualitative selection criteria. Initially a raw selection is performed to
reach a practical number of configurations but paying attention not to miss any pre-
cious solutions. Then, a final and accurate selection is performed on the shortened
list using the AHP.

At the end of this chapter, five candidate configurations are ready to be sized,
analyzed and further selected using quantitative selection criteria.
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5] [Sizing Methodology] This chapter starts with an overview of the sizing tools
developed inside the Department of Aerospace Science and Technology of Politec-
nico di Milano, namely HYPERION (HYbrid PERformance simulatlON) ARGOS (AiR-
craft GeOmetric Sizing) and TITAN.

The candidate configurations that have been selected take advantage of many
innovative technologies that were still not included in Titan. In order to obtain de-
tailed solutions it has been necessary to model and include them in the sizing tools,
this process is summarized as well.

Particularly, an analytical model of a strut braced wing is developed in order to
catch the main effects on weight and drag. The strut braced wing takes the place of
truss braced wing, because at this level of detail it is considered enough to predict
major effects while allowing to neglect many design details that are still unknown
at a conceptual level.

6] [Quantitative Selection| Initially, an explanation of methods and criteria used
to estimate the input parameters required to size the candidate configurations are
shown.

Then, the sizing results are presented, compared and discussed to select the
configuration that is delivered to the partners for assessment.

Conclusion| Here, the main results are summarized and conclusions and rec-
ommendations are drawn.

[Al [Strut Braced Wing Analytical Modelingl As mentioned above, the aicraft siz-
ing tools needed to be updated with the capability to model the new technologies
adopted by the candidate configurations.

One of such technologies, which required an original development is the strut
braced wing presented in Chapter[5] which is throughly detailed in this Appendix.
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The chapter starts with a general overview on the present state of the art that can be
of interest for the UNIFIER19 project. Subsequently, an extensive set of innovative
technologies are presented with more details because they are actually applied to
the candidate configurations.

2.1. Overview

In 2008 NASA has awarded 18-month research contracts to six industry teams [9]
to study advanced concepts for subsonic and supersonic aircraft that could enter
in service around 2035. The focus of these studies is on commercial transports
that can overcome major performance and environmental challenges for the bene-
fit of all the Earth's population. The research and development airplane generation
is known as "N+3", denoting three generations beyond the one used for commercial
transport fleet in 2008. These studies [10] led to predictions on noise and chemi-
cal emission reduction, to analysis of market demand for air mobility and to the
exploration of various innovative aircraft configurations such as the Blended Wing
Body (BWB) adopted in the NASA TeDP (Turbo-electric Distributed Propulsion, also
known as N3-X) shown in Figure[2.1]

A concept aircraft explored by Boeing during N+3 researches is the SUGAR
(Subsonic Ultra Green Aircraft Research) [12]. This project evolved in three vari-
ants: SUGAR High is the initial one, featuring a high aspect ratio Truss Braced Wing
(TBW), SUGAR Volt is the hybrid-electric successor of High and, with the variant
Freeze, they exploited BLI (Boundary Layer Ingestion) and switched to fuel cells fed
with liquified natural gas.

Areview of the propulsion technologies proposed for the N+3 subsonic vehicles
is given in [13]. They computed the relative weights of each propulsion technology
with respect to the N+3 goals (i.e. reduction of acoustic and chemical emissions),
highlighting the importance of electric motors (1 place with a weight of 13.8), ad-
vanced combustors (2" place with a weight of 11.2), alternative fuels (3" place with
a weight of 10.8), boundary layer ingestion (4" place with a weight of 10.2), com-
posite materials (51" place with a weight of 10) and distributed electric propulsion
(6™ place with a weight of 9.8).

They also estimated the benefit each technology has in attaining the N+3 goals
and the likeliness of them being ready for implementation in the 2035. Technolo-
gies such as Fuel Cells (FC), electric motors and batteries have high benefit on the
goals, others such as composites and Boundary Layer Ingestion (BLI) have high
probability of being ready on time. In particular, the Distributed Electric Propulsion
(DEP) is considered both benefical and likely.

In 2009 IATA (International Air Transport Association) published a report [14]
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Figure 2.1: NASA N3-X, of interest the adoption of a BWB layout with DEP on the
back to exploit also BLI [T1].

ad

Figure 2.2: Boeing SUGAR Freeze, evident the presence of BLI and TBW technolo-
gies [11].
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Figure 2.3: Airbus ZEROe concept aircraft family (above) and the new "Pod" config-
uration (below) [15].

with the aim to show a possible timeline of future technological innovations, their
effect in reducing emissions from the global aircraft fleet and the likelihood of their
implementation. They predicted a 50 % reduction of aviation CO, emissions by the
year 2050 relative to 2005. They found that fuel efficiency improvements of about
25-30 % can be reached by applying combinations of evolutionary technologies,
however, further improvements with the conventional T&W (Tube and Wing) layout
will become hardly attainable around 2035. Thus, radically new geometry of the
aircraft, such as the BWB, combined with innovative propulsion systems will be
required to further reduce emissions towards 2050.

Since the publication of these studies (around 2010), interest for fuel cells and
hydrogen propulsion has sharply increased as it proved greater potential and faster
technological advance. In addition to transport, hydrogen is expected to be a wide-
spread clean energy carrier in many other industries, and aviation is taking the most
from this trend.

Airbus, with the ZEROe concept aircraft shown in Figure[2.3] has the ambition
to develop the first zero-emission commercial aircraft by 2035. All three ZEROe
concepts use modified gas turbines able to operate with liquid hydrogen. Hydrogen
fuel cells create electrical power that complements the gas turbine, resulting in a
highly efficient hybrid-electric propulsion system. They also started considering a
variant (Figure[2.3) with a distributed hydrogen fuel cell propulsion system arranged
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inside 6 pods along the wing, each pod is a stand-alone propulsion unit consisting
of propeller, electric motor, fuel cell, hydrogen tank and all the required equipment.

According to [16] the most promising innovations for aircraft designed to enter in
service before 2035 are: more efficient engines (high bypass ratio, high pressure),
composite structures, electric taxiing, winglets, riblets, variable camber, spiroidal
wing tip, hybrid/natural laminar flow control and hybrid-electric propulsion.

Recently some concrete success in green aviation have been accomplished. For
example in June 2020, Pipistrel certified the first electric aircraft, a LSA (Light Sport
Aircraft) called Velis Electro that is able to fly for up to 50 minutes [17]. The biggest
electric aircraft that has flown so far is the eCaravan from AeroTEC & magniX [18].
It flew for the first time in May 2020, it can host up to 9 passengers, and it is able
to fly up to 160 km with 5 passengers on board.

2.2. Multi-Criteria Decision-Making

In conceptual design many important decisions have to be made, requirements
must be fulfilled and choices must be balanced among multiple criteria. These de-
cisions impact the outcome of the project but it is seldom possible to calculate a
parameter that provides a mathematical net distinction among the alternatives. In
fact, the available information at the early phase of every project are usually based
on subjective perceptions and speculations. In addition, requirements and selec-
tion criteria may be conflicting with each other making impossible to identify a so-
lution without a clear systematic approach.

A variety of Multi-Criteria Decision Making (MCDM) methods have been pro-
posed in literature to make the selection process more formal, credible and trans-
parent.

These methods embrace several different approaches and various mathemati-
cal models to assist deciding the best alternative(s). In [19] some of these methods
are described and compared to identify possible differences in the methods, and to
give recommendations for their use. The methods they compared showed parallel
results but in certain cases the choice of a MCDM method can have significant ef-
fect on the result. They concluded with the following guidelines for the designer to
obtain and interpret the comparison results:

1. Start concept comparison with simpler methods such as Pugh matrix.
2. Consider using another method to verify the results.

3. When the result is very clear with one method, it most likely will be same with
other methods.

4. When the results show small differences among alternatives, one should try
with another method, or further study the alternatives, or enhance the resolu-
tion of ratings, or change the comparison mode.

5. Look into the actual comparison data, and check the possible best alternative
in detail before making the final decision.
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Criteria Weight Alternatives
A B C D
Criteria 1 2 S + + -
Criteria 2 1 S - 4+ -
Criteria 3 3 S + - +
Criteria 4 2 S + + +
Criteria 5 4 S - - -
Criteria 6 3 S + + -
Criteria 7 5 S + + +
Criteria 8 3 S + - -
Total + 0O 6 5 3
Total - 0 2 3 5
Score O 4 2 -2
Weighted + 0 18 13 10
Weighted - 0O 5 10 13
Weighted Score 0O 183 3 -3

Table 2.1: A simple example of implementation of the Pugh's matrix.

One of the most popular examples of MCDM method is the Pugh's Method de-
scribed in [20]. It is very simple to use because it relies on a series of pairwise
comparisons between design candidates against a number of criteria. One of its
key advantages is its ability to handle a large number of decision criteria and a large
number of alternatives. An example of usage of Pugh's method is given in Table[2.7]

The process to construct the Pugh's matrix can be divided into five steps:

1.

Identify and clearly define the selection criteria. The selection of proper criteria
have a majorimpact on the robustness and reliability of the outcome. Weights
can be assigned to criteria, but it is recommended to include them after a first
neutral comparison.

. Select a baseline candidate design option. Its performance with respect to all

criteria are set to 'S" (Same) by definition.

. Compare each candidate design option with the baseline. The score is decided

for each criterion with a pairwise comparison: "S" if the two options have the
same performance with respect to that criterion, "+" if the candidate is better
than the baseline, " if it is worse.

Compute total scores and weighted scores. The number of "+" and "-" are cal-
culated, their difference is the score. In case of non-unitary weights, each vote
has to be multiplied by the corresponding criterion weight.

. Make the decision. Ideally, the highest ranked score is the winner, but the use

of common sense is recommended.

Another widely-used MCDM method is the Analytical Hierarchy Process (AHP)
presented in [21]. It is much more detailed and laborious with respect to Pugh's
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method but it delivers more tangible and robust results. The method is extensively
described in Chapter[d]as it is implemented in a spreadsheets tool to perform the
accurate qualitative selection of the candidate configurations.

2.3. Aircraft Layout

The typical tube-and-wing (T&W) layout with aft-tail has been established itself
since many years both in general aviation and on commercial airplanes. However,
many other geometries are possible and it is good practice to consider all of them
at early stages of the design. In fact an unusual configuration may unexpectedly
bring together many desiderable features for a certain mission with only some ac-
ceptable downside. In [22] many alternatives are discussed, including: asymmetric
airplanes, tandem wing, oblique wing, C-wing, multi-fuselage, and others.

Other alternatives come out when considering atypical tail options such as, the
canard, the Three Surface Aircraft (TSA) adopted on the Piaggio P180 Avanti or the
tailless (also proposed as N+3 aircraft [23]).

In this section a brief overview is given for the most special aircraft layout taken
into account for this project.

2.3.1. Blended Wing Body

The BWB is a hybrid shape that resembles a flying wing with some features from
conventional commercial aircraft (see figures[2.1]and[2.3). Its shape allows unique
interior designs through wide payload areas in the center of the vehicle. The main
advantage of this layout is to reduce the wetted area, the airfoil-shaped body con-
tributes to generate lift enabling a reduction in size and drag of the wings. It does
not suffer from the drag penalty associated to wing-body junctions and it permits
efficient structures with reduced weight thanks to the thickness of the wing root
section. Other advantages are the ability to use the wingtips as vertical fins and the
lower optimal wing loading.

In [24] a comparison with a conventional T&W layout has been done, highlighting
a lower operating empty weight and lower fuel burn per passenger kilometer with
values as high as 30% for along-haul 250-PAX plane. Articles from NASA and Airbus
mention a reduction in fuel consumption of about 20%. In [25] a new concept for the
pressurized cabin of a BWB is described, that also has good customer acceptance
due to the flexibility in cabin configuration.

The BWB aircraft is a configuration of particular interest since many years, as it
promises outstanding efficiency improvements. In fact both NASA and Airbus built
and flew a demonstrator, the X-48 [26] and the Maveric [27] respectively. Further-
more, the N+3 proposal of NASA called N3-X adopted the BWB layout, and a BWB
is included in the ZEROe concept familiy of Airbus.
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Figure 2.5: PARSIFAL project [30].

2.3.2. Box Wing Aircraft

The BWA (Box Wing Aircraft) is the implementation of the best wing system theo-
rized by Prandtl [28]. The main advantage is the minimization of the induced drag
provided by the box wing. An overview of the features related to this aeroplane lay-
outis givenin [29]. Equation[2.T|express the induced drag as function of the induced
drag factor ¢, which is usually greater or equal to O for planar wings.

%
Cpi= AR

Figure [2.4] shows how changes of the wing geometry in the vertical direction
have an effect in reducing the induced drag factor. In fact, it becomes already nega-
tive by adding a small dihedral or by changing the shape of wing tips, but the biggest
improvement is met with the box wing that leads to a drag reduction of more than
30%.

Some benefits other than fuel saving are: better pitch control, reduced vor-
tex formation, ground-operation advantages, reduced noise and enhanced control
strategies allowed by the distribution of control surfaces across both wings

The PARSIFAL project (Prandtl ARchitecture for the Sustainable Improvement
of Future AirpLanes), shown in Figure[2.5 has been concluded in 2020 and had the
objective to establish the scientific and engineering basis necessary for introducing
this innovative aircraft into service [30].

A similar concept is the Joined Wing Aircraft (JWA), used by the Guizhou Soar
Dragon, a Chinese HALE UAV (High Altitude Long Endurance Unmanned Aerial Ve-

(1+0) 2.)
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hicle). The JWA is considered to have less structural complexity while preserving
most of the aerodynamic advantages of the box wing.

Another resembling technology with great potential is the Spiroidal wing tip [31],
in which the wing closes on itself at the tip, enhancing efficiency by reducing vortex
intensity.

2.3.3. Truss Braced Wing

The TBW layout leverages the reduction of induced drag associated with a high-
aspect ratio wing by means of support braces that enable a reduction of structural
weight, and a further enhancement of aerodynamic efficiency through a reduction
of the thickness-to-chord ratio of the wing. The main drawbacks are the increase
in parasite drag and weight that come with the supporting structure.

This wing has been selected for the SUGAR High variant (Figure[2.2) proposed
as N+3 airplane [12], they achieved a 39% reduction in fuel burn compared to the
SUGAR Free baseline, and 22 db less noise. They identified opportunities for wing
weight reduction and aerodynamic improvements able to take the fuel burn benefit
to 58%. Their conventional configuration, Refined SUGAR, indicated a 44% reduc-
tion in fuel burn while noise decreased by 16 db.

In [32], a MDO framework for conceptual design of truss-braced wing configura-
tions was developed. In addition, fuel saving potentials attained with different truss
designs of gradually increased complexity (cantilever, strut braced, truss braced
with 1 jury, and with 2 jury) were presented and compared. The results showed
larger benefit for increased complexity in truss topology, in fact, compared with the
cantilever wing, the 2 jury TBW provided up to 20% of fuel saving and 11% reduction
in MTOM. However, parameters such as fuel mass, wing area, MTOM and lift-to-
drag ratio present a clear knee on improvements at single jury TBW and the mass
of the wing assembly even increases sligthly passing to the 2 jury topology.

The conceptual design of a 72-PAX regional jet aircraft is the topic of [33]. They
started from an existing 52-passenger conventional turboprop airplane, then they
included high-bypass ratio turbofans and modified the fuselage to accomodate 20
more seats. Finally, they adopted a strut braced wing with an aspect ratio of 20. The
strut led to a 20% reduction in wing weight with respect to an equivalent cantilever
wing, but it caused a 36% increment in wing assembly weight with respect to the
baseline. However, the fuel weight showed a considerable 9.7% reduction thanks
to the increased lift-to-drag ratio.

2.4. Aircraft Propulsion

Electric propulsion is the most sustainable technology available today, in fact it has
no local chemical emissions at all, and it is way more quiet and way more effi-
cient than an Internal Combustion Engine (ICE). Moreover, motors and controllers
are smaller, lighter, safer, more reliable, reversible (usable as generators), they have
longer TBO (Time Between Overhaul), they have constant power with altitude and
almost flat torque-speed curve that ease their use for flight control, and they en-
hance aircraft flexibility as many of them can be easily placed far away from one
or more diverse power supplies. The downsides of electric propulsion come out
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when considering energy storage systems: batteries are much heavier than fuel,
and they're not burned off during flight, so the corresponding range benefit is lost.

Based on the current trends of development, the adoption of electric propulsion
promises to unfold a good potential in terms of local environmental impact. It is
therefore interesting to exploit all its advantages in order to overcome the down-
sides and design a commercially competitive airplane.

Many technolgies leverage electric powertrains, this section presents the most
relevant to this project.

Hybrid-electric architectures allow smoothly switching among different power
sources, typically between batteries and a Power Generation System (PGS) such
as ICE or Fuel Cells (FC). Multiple architectures exist, each of them enabling a va-
riety of energy-management strategies, to make an example: taxiing, take off and
climb can be silently performed draining power from batteries, thus postponing ICE
ignition at altitude.

2.4.1. Hydrogen

Hydrogen is a highly attractive option for the future of aviation. A vast fact-based
study of hydrogen technology for aviation is presented in [1].

Hydrogen does not contain carbon, so its reaction with air does not cause CO,
emissions on flight and, with fuel cell, it does not give rise to NO, either. In addi-
tion, studies on hyrogen-combustion aircraft showed that emissions of NO, can be
reduced by 50-80% without large losses of engine efficiency.

Hydrogen produces about 2.5 times more water vapor than kerosene, however
the water molecules coming from hydrogen-combustion have a lower global warm-
ing effect, resulting in a 30-50% reduction in impacts from contrail and cirrus for-
mation. In addition, the water vapor emitted by a fuel cell is cooler and it can be
conditioned on-board to impact less on the local atmosphere.

For these reasons, airplanes based on fuel cell can reduce climate impact up to
about 75-90%, while hydrogen-combustion is the next best alternative with 50-75%
reduction.

It is important to underline that the study cited above forecasts these values
based on preliminary evaluations.

The fuel cell technology is considered suitable for short and medium-haul air-
craft, while for long-range airplanes, hydrogen-powered turbines will likely remain
the only option in the foreseeable future.

There exist multiple types of fuel cells, the Proton Exchange Membrane (PEM)
is considered the most mature and suitable for aviation to date.

The main drawback of hydrogen are its significantly low-temperature critical
point (about-240 °C) and its very low density (71 kg/m?3 non-pressurized liquid cryo-
genic, versus 780 kg/m? of kerosene). On the other hand, hydrogen has three times
the heating value of kerosene (120 MJ/kg against 43 MJ/kg).

Hydrogen can be stored as highly-pressurized gas (usually at 70 MPa) or in lig-
uid cryogenic form (at about -255 °C). Gaseous hydrogen storage (GH2) is already
commercially available but it is mostly suitable for short flight due the size and
weight of pressurized cyclinders.

Liquid hydrogen storage (LH2) tanks are significantly lighter than GH2 tanks and
they require about half of their volume, however they are still about 4 times as big
compared to kerosene tanks. LH2 tanks are integrated into the aircraft fuselage
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as they are spherical or cylindrical to minimize heat transfer and thus, vaporization
and losses.

The gravimetric index G1 is commonly used to quantify the efficiency of a hy-
drogen storage system, it is defined as the ratio between the hydrogen mass my,
and the total mass of the completely filled tank man, + mpy,:

mpy,

Gl ="M
Miank + mH2

(2.2)

The gravimetric index is estimated to be about 20% as today, but major improve-
ments are expected in the near future bringing it over 35% (some studies estimates
values as high as 70%, see [34]).

In parallel, significantly hard challenges also await for infrastructure and logis-
tics, since ways and networks are necessary to properly feed airports with the re-
quired amount of hydrogen.

Research work has been already conducted on these topics at Politecnico di
Milano to obtain a sizing procedure for fuel cells, GH2 and LH2 tanks [35], [7].

2.4.2. High-lift Propellers

High-lift Propellers, or blown wing, or also Leading Edge Asynchronous Propellers
Technology (LEAPTech) is a promising technology that exploits aero-propulsive in-
teraction to enhance overall aircraft efficiency [36]. It features a number of tractor
propellers spaced spanwise along the leading edge of the wing. These propellers
are activated as needed during flight to increase the maximum lift coefficient by
providing substantially increased dynamic pressure over the wing, thus enabling
the design of air vehicles with lower stall speeds and/or lower wing area without
the need for complex high-lift devices. This allows for a smaller wing, sized close
to the theoretical area for maximum cruise range, instead of the usual sizing to
meet take off and landing requirements, therefore attaining a substantial reduction
in cruise drag and wing mass without decreasing take off and landing performance.
In addition, this can go along with an increase of aspect ratio to comply with wing
span constraint, bringing further aerodynamic benefits. Other remarkable advan-
tages could be noise reduction and enhanced reliability.

NASA, with its X-57 shown in Figure|2.6} spent and is spending much research
effort on this innovative aircraft [37]. They already tested the wing on-ground, now
they modified a Tecnam P2006T with an electric propulsion system that is about
to go through flight testing. Subsequently, they will include and flight test the new
blown wing, with 14 tractor propellers distributed along its span.

Traditional propulsive units make it impractical or impossible to apply such a
configuration, but electric motors turn it attractive with their smaller sizes, lower
weight, and their ability to scale with minor losses of efficiency and specific power.

A previous work in Politecnico di Milano [38] focused on establishing and imple-
menting a procedure for the performance-based conceptual sizing of an electric
aircraft featuring this technology.
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Figure 2.6: NASA X-57 featuring a blown wing and WTP [37].

2.4.3. Wing Tip Propellers

A wing tip propeller reduces wing induced drag by attenuating the wing tip vortex
by means of the propeller slipstream. In addition, it can also improve propulsive
efficiency of pusher propellers.

In [39] the propeller has been analyzed in a pusher configuration such that it is
immersed in the wing tip vortex. They estimated a reduction of approximately 25%
in power required to maintain cruise. In addition, this is followed by a 30% decrease
in induced drag (at a lift coefficient of 0.35) due to the vortex dissipation resulting
from aero-propulsive interaction, this is equivalent to about 10-12% reduction of to-
tal aircraft drag.

In [40] the propeller has been analyzed in a tractor configuration and compared
with a conventional in-board configuration. They measured an increase in lift 1-4%
smaller for the wing tip mounting with respect to the in-board mounting, but the
dynamic pressure boost in the latter case acts on a double spanwise length, and
on a region of the wing where the section lift is higher.

The drag is reduced by 5-15% compared to the conventional configuration, at a
lift coefficient of 0.5 and thrust coefficientin range 0.09-0.13, and it further improves
with increasing lift coefficient and thrust coefficient, reaching 25-50% reduction (at
a lift coefficient of 0.7 and thrust coefficient in range 0.14-0.17). The difference
mainly comes from a reduction of induced drag, and it is equivalent to an incrase
of span efficiency up to 40% compared to the conventional configuration.

This technology is indeed quite old, it was already adopted by the Vought V-
173 "Flying Pancake" (shown in Figure[2.7) which made its maiden flight in 1942. It
boasted high maneuverability, impressive low-speed capabilities and great struc-
tural strength. The main problem was the amount of vibration produced by the
complicated gearbox required to convey power from the engines through the long
propeller shafts.

The NASA X-57 and the Eviation Alice are two modern examples of electric air-
craft concepts that take advantage of WTP.
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Figure 2.7: Vought V-173 "Flying Pancake", a first application of the WTP.
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Figure 2.8: Comparison between simplified non-BLI (above) and ideal BLI (below)
configuration [42].

2.4.4. Boundary Layer Ingestion

This technology, known as wake ingestion or Boundary Layer Ingestion (BLI), is
based upon the fact that the propulsive efficiency is enhanced when the propulsive
unit is allowed to process part or all of the wake of the aircraft [41].

The most beneficial phenomena exploited are the reduction of jet mixing losses
due to decreased jet kinetic energy enabled by the reduced inflow velocity at the
propulsor, and the reduction of airframe mixing losses [42].

Figure[2.8| helps to understand the key concept behind BLI. In the non-BLI con-
figuration (above), energy is dissipated both in the wake of the aircraft and in the jet
of the propulsor because their speeds differ from the free stream value. In the ideal
BLI configuration, all the wake of the aircraft is ingested by the propulsor which re-
energizes it up to the free stream condition, thus maximizing propulsive efficiency.

In the propulsion benefit of this technology is quantified with a formula-
tion that can be directly used for propellers, however the conclusions also apply to
ducted fans. The Author of the study defined a power saving coefficient PSC as:

P, — Pp

PSC =2 "I
VoD /np

(2.3)
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where Py, is the non-BLI propulsive power, Pp is BLI propulsive power, V4 is the
free stream velocity, D is drag, and 7} is the non-BLI propulsive efficiency.

Then it is shown how the PSC is greater for higher disk loading (smaller pro-
peller), when the wake form factor is high (flow close to separation), and when the
propeller is designed to flatten down the outflow wake profile (wake recovery). In
addition, it is shown that the benefit can reach 20% in some cases.

In [42] they present a quantitative estimation of the BLI benefit through a control
volume and one-dimensional analysis. This method is usually referred to as "Power
Method". They applied the method to the D8 aircraft and showed a power reduction
of 8.7% obtained with the ingestion of 40% of the fuselage wake (the upper part).

A complete review of many other BLI modelling approaches is performed in [43],
where some results are also presented.

In [44] they analyzed a propulsor located at the upper rear centerbody of a BWB
aircraft, using a parallel compressor model to take into account the effect of a non-
uniform inflow, and retrieving the required boundary layer data from a common
2D subsonic airfoil analysis tool (XFOIL). They obtained a PSC' of 2.44% at cruise,
that raises to 5.4% when the drag reduction due to embedded engines is taken
into account. They also indicated a variation of about 3% in fan efficiency between
distorted and undistorted inflow sector.

Many modern aircraft concepts adopt this technology, some examples are the
NASA N3-X, the Aurora D8 "Double Bubble', the STARC-ABL (Single-aisle Turbo-
electric Aircraft with Aft Boundary-Layer Propulsion), the EADS VoltAir, the SUGAR
Freeze or the Airbus ZEROe BWB.

2.4.5. Distributed Electric Propulsion

The main objective of the Distributed Electric Propulsion (DEP) technology is to ex-
ploit at best the benefits of the synergic coupling among structure, aerodynamics
and propulsion enabled by the integration of multiple propulsive units throughout
the airframe [45]. Thereby, aerodynamic, propulsive, structural, and/or other effi-
ciencies are mutually maximized to enhance the overall vehicle performance.

Electric propulsion enhance potential of technologies such as the blown wing,
and it permits to leverage multiple aero-propulsive interactions at a time. As an ex-
ample, based on the technologies presented in this section, the following possible
benefits may be simultaneously obtained:

Increased lift by means of circulation control (LEAPTech),

- Reduced drag through separation control (HLFC),

- Reduction of viscous drag with reenergization of the wake (BLI),
- Reduction of drag thanks to vortex attenuation (WTP),

- Vehicle control without control surfaces via differential thrust and thrust vec-
toring, for both pitch, roll, and yaw (PCA),

- Reduction of noise through spectrum control or signature alteration, attain-
able thanks to the plurality of thrust/noise sources,

- Reduction of noise and installation weight given by the better integration of
the propulsion system with the airframe,
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- Increased safety, reliability and robustness because of redundancy,

- Lower production and maintenance costs thanks to higher production rates
and easier replacement of propulsive units that are smaller and lighter.

2.5. Other Potentially Useful Technologies

This section mentions a few more relevant technologies, some others have been
considered during the initial phase but they are included here because in the end
they did not play a role.

2.5.1. Propulsion Control

In the past many aircraft experienced major flight control system failures, and the
crew tried to use the propulsion for emergency flight control, unfortunately most of
the time without success. The advent of flight control computer prompted NASA
to develop a system, called Propulsion-Controlled Aircraft (PCA), that uses pilot in-
puts and sensors to provide proper engine thrust commands for emergency flight
control [46], [47]. The concept was successful tested on various aircraft such as
the F-15, MD-11, B-747 and many others.

This proved the possibility to control an aircraft using only propulsion, despite
the slow time response of typical aircraft engines. A hybrid-electric propulsion sys-
tem, possibly with distributed propulsion, would exploit definitely better this tech-
nology giving the opportunity to get rid of vertical tail plane and control surfaces
improving aerodynamics by means of a smaller wetted area and lower induced
drag.

2.5.2. Laminar Flow

The reduction of parasite drag by attaining a great fraction of laminar boundary
layer has been the dream of several generations of aircraft designers. The tech-
niques for the design of airfoils capable of maintaining Natural Laminar Flow (NLF)
over a large portion of the chord are established [48], as well as for the design of the
fuselage [49]. The main obstacles are the high speeds, the sweep angle, and the
accumulation of dirt on the surfaces. A practical limit on the maximum length of
NLF runs is of about 50-70% of the total length of a surface, yielding a drag reduc-
tion of about 30-60%. The potential drag benefit for a high-performance business
jet with NLF is up to about 24%.

Riblets are surface striations that are aligned with the airstream [50]. Their pur-
pose is to thicken the near-wall viscous region providing a "slip layer" at surface
that is able to reduce drag up to about 8% with a yaw angle up to 15 degrees (at 30
degrees the benefit is lost). They can be used in combination with NLF to reduce
friction drag also in the turbulent part of the flow.
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Figure 2.9: Blohm & Voss BV 144 that adopted the VIW, of interest the easy board-
ing thanks to the fuselage closer to ground, and the absence of tail up
sweep angle.

2.5.3. Morphing

Today's aeroplanes are approaching peak levels of efficiency, making further im-
provements difficult, without new game-changing technologies. Wing design is a
compromise between several constraints on various flight conditions, and its best
efficiency is achieved rarely in the flight envelope. This is particularly true for short-
haul aircraft, as they spend much of the flight climbing and descending, and only
brief period flying at a constant level cruising altitude. A way of enhancing aircraft
efficiency is to adapt the shape of the wing in-flight to maximize its performance
under all operating conditions. Many researches have been done on this subject in
the past (e.g. with the F-111 "Mission Adapting Wing") and many are still on-going
(e.g. see Clean Sky website [57]).

Variable Incidence Wing (VIW). The VIW has been adopted on the Vought F-8
Crusader, a jet aircraft introduced in 1957 that served principally in the Vietham
war. The VIW made possible to change angle of attack without altering the fuse-
lage pitch angle during deck landing, increasing forward visibility and allowing op-
erations on shorter Essex class aircraft carrier of World War [l, that were designed
for old propeller aircraft.

Another application of VIW was on the Blohm & Voss BV 144 shown in Figure
[2.9] a twin-engined commercial airliner developed in Germany during World War ||
but intended for post-war service. It had a crew of three and was able to carry 18 to
23 passengers. The VIW eases boarding operations by allowing the fuselage to sit
low to the ground, and ensures the comfort of the passengers by reducing fuselage
pitch during takeoff and landing.

In addition, the VIW avoids the upsweep angle enabling lower fuselage drag,
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and it makes possible to further augment efficiency during all flight phases by op-
timizing fuselage pitch independently of the required angle of attack. This technol-
ogy can be coupled profitably with high-lift propellers (blown wing) to potentially
improve landing performance, and it can simplify the shape of a fuselage that min-
imizes drag by maintaining NLF on a vast portion of its surface.

Active Aeroelastic Wing (AAW). The AAW can be considered a return to an idea
first pioneered by the Wright Brothers. It is a multidisciplinary technology as it inte-
grates aerodynamics, active controls and structural aeroelastic behavior [52]. The
shape of the wing is aeroelastically deformed through multiple leading and trailing
edge control surfaces driven by a flight control system. The energy of the airstream
is exploited to twist the wing with very small control surface deflections, so that the
control forces are produced by the wing itself. This enables the use of thin, high as-
pect ratio wings with benefits in terms of reduced aerodynamic drag and reduced
aircraft structural weight. The technology has already been proved in full scale us-
ing the X-53 aircraft.

Adaptive Compliant Trailing Edge (ACTE). The U.S Air Force and NASA perfor-
med a successful flight test campaign on a business jet retrofitted with ACTE con-
trol surfaces [53]. The high-lift devices of the test aircraft have been replaced with
seamless variable-geometry control surfaces. A series of acoustic flight tests have
also been carried out, reporting a reduction in aircraft noise up to 30% on takeoff
and landing. Another benefit is an increase in lift-to-drag ratio, whereas the main
drawback is the lower maximum lift coefficient due to the absence of slots to re-
energize the boundary layer.

2.6. Similar Works

The demand for a greener aviation, together with the wide European funding ef-
fort resulted in the foundation of multiple projects aimed at delivering a near-zero
emissions 19-seat commuter aircraft based on new propulsion technologies.

The ELICA (ELectric Innovative Commuter Aircraft) and the HECARRUS (Hybrid
ElectriC smAll commuteR aiRcraft conteptUal deSign), similarly to UNIFIER1T9, are
two projects funded by CleanSky within the research and innovation programmme
Horizon 2020 [54], [55].

The project CoCoRe (Cooperation for Commuter Research) is a study from DLR
(Deutsches Zentrum fur Luft- und Raumfahrt, also known as German Aerospace
Center) [56] in collaboration with MTU Aero Engines [57]. They are developing a
hybrid-electric aircraft based on Dornier Do 228 and Jetstream 31, which will be able
to fly for a range of 200 km using electric power alone with 2 tonnes of batteries.
The range can be extended to over 1000 kilometers by using two gas turbines.

Heart Aerospace claims that it will deliver the first ES-19 fully electric 19-seater
airliner certified for commercial flight by 2026 [58]. It has an operating range of 400
km and it can operate on runways 750 meters long, with 75% cost savings in fuel
and 50% in maintenance.
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Figure 2.10: Faradair BEHA [61].

The HyFlyer Il project involves a partnership between ZeroAvia [59] and EMEC
[60]. They have already flown a modified 6-seat Piper Malibu M350 powered by
a hydrogen fuel cell powertrain and they planned a 350 mile flight with a 19-seat
hydrogen-electric aircraft in 2023.

Faradair BEHA (Bio Electric Hybrid Aircraft) [61] is a multi-role hybrid-electric
regional aircraft featuring a triple box wing and a contra-rotating pusher propfan
(see Figure [2.10). It has a range of 1150 miles, it accomodates up to three LD3
containers, or 5 tons of payloads, or 18 passengers, and it is able to switch cabin
configuration from passengers to cargo in only 15 minutes. Faradair aims to deliver
300 of this aircraft between year 2026 and 2030.



This page has been intentionally left blank.



3. Candidate Configurations

In a very first design stage one can rely on very limited landmarks to start. Only
the target markets and the main operative requirements have been outlined so far.
With them a research has been conducted to identify the technologies that promise
the greatest potentiality of success to the project (see Chapter|2).

This chapter aims to rationally assemble the identified technologies in several
ways, creating a vast cloud of different airplane configurations that evenly sweep
the entire project space.

3.1. Design Space

The main high-level goal of UNIFIER19 project is to provide, in the near future, an
air mobility service with greater flexibility, and substantially reduced emissions.

This objective can be reached by leveraging on the propulsive innovations that
are maturing in these years. When appropriate, these innovations can be integrated
with other systems cabable of enhancing them, to further improve the performance
of the final configuration. The most traditional options are also incorporated beside
the innovative ones, and as a byproduct, this always ensures a benchmark to make
unbiased assessments and selections.

The design space, in this sense, includes: the hybrid-electric drivetrains, with
both thermal power generation system (THE) or fuel cells with gaseous (GH2) or
cryogenic (LH2) hydrogen storage, various special solutions of the overall aircraft
layout such as BWA or BWB, multiple options for the wing and tail, and much more.

A systematic approach enables facing the matter in a simplified but compre-
hensive way, ensuring access to all possible combinations. At this point, it is ap-
propriate to bundle the array of considered options into categories, as in Table[3.1]

All the options mentioned above have already been depicted in Chapter[2] Many
other technologies are excluded at this stage as they've been judged as not appli-
cable to the project, mainly due to their technological immaturity; a few examples
of them are: structural batteries, chemical hydrogen storage system and superca-
pacitors.

A few other technologies are introduced in[4] where some appealing alternatives
arise during the qualitative selection, as a consequence of the further detailing and
discussion of candidate configurations.
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Category Elements
Lavout e canard e three surface (TSA)
y o tailless e traditional aft tail
Win e high aspect ratio supported wing (TBW, SBW)
9 e box wing e cantilever
Propulsion e blown-wing (DEP) e tail cone (TCP)
P e traditional nose or wing-mounted e wing tip (WTP)
Propeller e contra-rotating e single e tubed fan

. e single source (fuel or electric energy)
Architecture e hybrid-electric (series or parallel or complex)
Enerav Source  ° batteries e fossil-fuel

9y e hydrogen fuel cells with GH2 or LH2 storage system
o flying-V e blended wing body (BWB)

Special e box wing or joined wing aircraft (BWA, JWA)

Table 3.1: Categorized list of technologies options considered in the assembling of
candidates.
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3.2. Approach to Generation of Candidates

At the beginning, a systematic permutation of elements taken from all the different
categories presented in Table 3.7 was attempted, but it revealed itself as a monu-
mental undertaking. Ideally, each of the 4 elements of the layout category can be
combined with each of those 4 in the wing category, then with the 4 of propulsion,
next with all the 3 of propeller, with the 2 of architecture, still with the 3 possibilities
of energy source. Finally there are at least 3 more special configurations. Moreover,
it may be possible to pick up multiple elements of the same category, for example:
one may include in the same aircraft both a tubed fan for a tail cone propeller and
a single propeller for the blown-wing.

The number of individual configurations resulting from such a systematic pro-
cedure, is grossly estimated applying the classical algebra of permutations and
combinations: proceeding on this path would lead to more than 200.000 aircraft
configuration. Lately, there are studies concerning methodologies to include differ-
ent layout options within a MDO by means of genetic algorithms, thus automatizing
to some extent this process.

The amount of configurations is reduced by ignoring a couple of categories, as
they can be applied to any aircraft. This is the case of propeller type, architecture,
and energy source, that will be reintroduced in a later stage of the design.

Ideally one may consider a hybrid-electric architecture that relies on multiple
source of energy (e.g. to extremes: both batteries, fuel and fuel cells, with both
GH2 and LH2). Again such an increase in complexity has not yet demonstrated
any merit, thus only simple hybrid architectures are included (i.e. PE, THE and fuel
cells with GH2 and LH2).

The systematic approach is then boosted with a contextual selection based on
removal of only those configuration unfeasible or unable to provide any benefit.
In fact, many aircraft configurations obtained with a mere combination of options
are wrong from definition (e.g. DEP with fuel as a single source of energy), others
clearly destroy benefit each other (e.g. DEP with parallel thermal hybrid-electric
architecture), and so forth.

In practice, a number of qualitative assessments are carried out, in which ev-
ery alternative is discussed, relying on the help of hand-drawings to better define
some particulars of less-intuible solutions. The generation of candidates, as well
as their qualitative selection outlined in Chapter[4] is an iterative process in which
a refined vision of the alternatives is earned every time they face an assessment or
a selection.

3.3. Initial List of Candidates

The final result of the methodology presented in the previous section is the list of
likely configurations reported in Table[3.2] (continued in Table[3.2). Each candidate
configuration is numbered and described very briefly within the table, later in Chap-
ter[4a deeper insight is given for the selected alternatives. This big list of configura-
tions is further reviewed in the next chapter, where an initial selection is performed
concurrently with the end of this production of candidates. Many alternatives will
be discarded as likely unfeasible, whereas a few will be added.
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3. Candidate Configurations

NO

Layout

Wing

Definition

Propulsion

Note: The first configuration is taken as reference/baseline for comparisons and selec-
tions, with either conventional turboprop engines or innovative propulsion architectures.

O 0 N O o A WO N =

N N NN 2 a4 a4
W N =2 O O 0 NN Oy o1 D WON - O

Aft Tail

Cantilever

Twin wing-mounted propellers

DEP and WTP
DER, WTP and BLI
WTP and BLI

BLI and VIW

TBW

DEP and WTP
DER, WTP and BLI
WTP and BLI

BLI and VIW

Box Wing

DEP
DEP and BLI
BLI'and VIW

Canard

Cantilever

DEP and WTP
DER, WTP and BLI
WTP and BLI

BLI and VIW

TBW

DEP and WTP
DER, WTP and BLI
WTP and BLI
BLI'and VIW

Box Wing

DEP
DEP and BLI
BLI and VIW

Table 3.2: Initial list of candidate configurations.
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NO

Layout

Wing

Definition

Propulsion

Note: The VIW is exploited in some aircraft to ensure clearance of tail propeller strike
at take off roll, as discussed in Chapterand further resumed later in chaptersﬂand@

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4
42
43
44
45

Tailless

Cantilever

DEP and WTP
DER, WTP and BLI
WTP and BLI

BLI and VIW

TBW

DEP and WTP
DER, WTP and BLI
WTP and BLI

BLI and VIW

Box Wing

DEP
DEP and BLI
BLI and VIW

TSA

Table 3.2: Initial list of candidate configurations (continued).

Cantilever

DEP and WTP
DEP, WTP and BLI
WTP and BLI

BLI and VIW

TBW

DEP and WTP
DEP, WTP and BLI
WTP and BLI

BLI and VIW

Box Wing

DEP
DEP and BLI
BLI and VIW



This page has been intentionally left blank.



4. Qualitative Selection

The entire design space has been explored in Chapter [3] providing a formation of
possible configurations presented in Table (and continued in[3.2), a few other
special configurations were mentioned in Table

Certain other options are added or further detailed concurrently with the ini-
tial selection of 15 candidates, finally 5 of them are meticulously selected and de-
scribed.

4.1. Initial Selection

The great deal of alternatives makes it challenging to define and assess them all
with the proper deserved regard. Therefore a first coarse selection is used to narrow
the list down to 15 elements, in such a way to ensure a minimal loss of opportunities
in attaining the overall goal described in Chapter [i]

4.1.1. Method

This first step of the qualitative selection has been carried out partially overlapping
with the generation of candidate configurations of Chapter[3} In fact, a couple of
special alternatives were born while further detailing the definition of each alterna-
tive (these are presented in the next section).

The rough down-selection method is based on the following evaluation criteria:

A. One critical innovation at a time. The embedding of multiple criticalities
and challenges in a design impacts on the uncertainty of the estimated per-
fomances, and on the risk that the latter cannot be achieved. Such consid-
erations rule out some apparently less promising alternatives, which instead
would win in an ideal future selection, as greater knowledge on a particular
technology may reveal lower capabilities than predicted. For this reason, the
candidate configurations should share an equivalent level of complexity, un-
certainty and feasibility.

B. Keep all the innovative solutions. Each attractive technology should be
present at least in one of the down-selected configurations. At this step it is
essential to not take away any innovative technology detected before, unless
clear exceptional conditions are encountered to judge it absolutely inapplica-
ble. In fact, the subsequent detailed assessment may change the game and
promote an option over the others.

C. Remove all impractical configurations. All the selected configuration must
be feasible, so they are carefully analyzed to detect possible inconsistencies
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Figure 4.1: Otto Celera 500 L [62].

and oddities. For instance, the configurations including a variable incidence
box wing have been considered impractical, as the structural complexity of
such a mechanism would likely trivialize any advantages.

D. Keep only solutions with proven benefits. The high level of abstraction
that naturally characterizes this generation and selection process may easily
lead to assumptions that are not observed in practice, or to deviations toward
different design goals. This coarse selection should maintain only those can-
didate configurations that show benefits only relative to the objective of this
project, ignoring all those benefits that are not peritnent or not substantiated.

In practice, many reduced lists of candidate configurations have been proposed,
they have been discussed and combined together until reaching a single list con-
sidered compliant with the selection criteria presented above.

4.1.2. Further Candidates

As anticipated, in the course of the selection stage a few special candidate air-
planes emerged, as they exploit a combination of new technologies that are able
to contribute synergistically in the pursuit of the desired result.

The first one is inspired by the Otto Celera 500L, that features a bullet-shape
fuselage with a pusher propeller, and that already completed a series of test flights
and aerodynamic validations.

The Celera 500L, shown in Figure (4.1} is a six seats aircraft intended for private
air transportation, it has a comfortable 1.88 m high cabin and a huge range of 8334
km. The design goal of 500L is the reduction of operating costs per passenger so
to compete with commercial airline ticket pricing. This translates in extremely low
drag over the entire aircraft and a very efficient propulsion system. Its astonishing
fuel efficiency of 18-25 miles per gallon (compared to 2-3 mpg of an equivalent jet
aircraft) is the result of extensive use of laminar shapes for the wings, fuselage, and
tail sections.
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Label Definition
Layout Wing Propulsion
C1 Aft Tail TBW DEP and WTP

C2  Special Layout: Canard PCA with DERP, WTP and BLI

C3  Special Layout: Canard with "laminar flow fuselage”, VIW and BLI
C4  Special Layout: BWB with asymmetric BLI-DEP

C5  Special Layout: BWA with DEP

Cé6 Aft Tall Cantilever DERP, WTP and BLI
C7 Aft Tail TBW DEP WTP and BLI
C8 Aft Tail Box Wing DEP

C9 Aft Tall Box Wing DEP and BLI
C10 Canard Cantilever DERP, WTP and BLI
CT Tailless Cantilever DEP, WTP and BLI
C12 Tailless TBW DEP, WTP and BLI
C13 Tailless Cantilever WTP and BLI
C14 TSA Cantilever DEP, WTP and BLI
C15 TSA TBW DEP WTP and BLI

Table 4.1: List of candidates at intermediate qualitative selection stage.

As already mentioned in Chapter[2} the tail cone propeller enables an enhance-
ment of propulsive efficiency thanks to BLI, and the peculiar shape of the fuselage
simplifies the achievement of wide percentage of laminar flow, as well as the reduc-
tion of shape drag typical of the tail cone upsweep angle, that thickens the wake as
a result of vein fluid detachment. For simplicity and only as an identification label,
it has been used the term "laminar flow fuselage" to recognize this concept later on,
despite it does not comply to the letter with a physical interpretation.

Another appealing configuration provides for distribution of the propulsive sys-
tem in such a way to enable flight control (PCA) without control surfaces. The dis-
tributed propulsion over wing span provides control about the yaw (and roll) axis,
while the combination of a low-wing and a high tail propeller offers control on pitch
axis. Such a solution further exploits the advantages of hybrid-electric modular
propulsion by removing control surfaces, thus delivering increased aerodynamical
efficiency and reduced trim drag contribution.

4.1.3. Results

The results of the selection procedure described above are the 15 candidate air-
planes listed in Table[4.1} each of them has been assigned a label name to identify
it in next stages of design.
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4.2. Accurate Selection

The final qualitative selection relies on the AHP method as already mentioned in
Chapter In this section the method is explained, then it is implemented in a
spreadsheet tool in order to rank the alternatives.

4.2.1. Method

The AHP is a widespread MCDM method able to deliver robust results. It has been
implemented in a spreadsheets tool because it involves a laborious procedure with
a series of computations.

Theory

The process is presented in detail in [21]. The core of this process can be summa-
rized into the following key steps:

1. Define the problem. The alternatives, the criteria, the goal and a scale of num-
bers to be used for judgements.

2. Structure the decision hierarchy. From the top (i.e. the goal of the decision),
through the intermediate levels (e.g. criteria), to the lowest level (e.g. alterna-
tives).

3. Construct a set of pairwise comparison matrices. Each element is used to
compare the elements in the level below. For examples: goals are used to
compare criteria and criteria are used to compare alternatives.

4. Use priorities weight in the level below. For each element in the level below
add its weighed values and obtain its global priority. Repeat this process of
weighing and adding down to the bottom most level to obtain the priorities of
the alternatives. For example: use the priorities of the criteria with respect to
the goal to weight the priorities of the alternatives with respect to the criteria,
then obtain the overall priorities by summing these weighted values.

In a pairwise comparison matrix the elements on the left are one-by-one com-
pared with each element listed on top, an example is given in Table[4.2] The scale of
numbers described in Table[4.3]indicates how many times more important one ele-
ment is with respect to another element. When a number is identified from compar-
ison, the number is entered in its proper position and, automatically, its reciprocal
is entered in the transpose position.

The priorities are obtained by raising the matrix to a large power (e.g. B = A')
then summing each row (e.g. C; = >_, B;;) and dividing each by the total sum of
alltherows (e.g. D; = C;/ >, Cy).

The synthesis is the part of the process in which the global priorities are obtained
by multiplying each ranking by the priority of its criterion and summing them for
each alternative.

There are two ways of obtaining priorities for the alternatives: the relative model
and the rating model [21]. In both models, the priorities of the criteria with respect
to the goal are obtained through a pairwise comparison.
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Criteria1 Design A Design B Design C Design D

Design A 1 2
Design B 1/2 1
Design C 1/6 8

Design D 1/3 1/4

Table 4.2: Example of a pairwise comparison matrix used in the AHP.

Intensity  Definition

6 3
1/8 4
1 1/7

Explanation

1 Equal

2 Weak or slight

3 Moderate

4 Moderate plus

5 Strong

6 Strong plus

/ Very strong

8 Very, very strong
9 Extreme

1/9-1/1 Reciprocals

11-19 Similar activities

Table 4.3: The fundamental scale of absolute numbers (from [21]).

Two activities contribute equally
to the objective.

Experiences favour one activity
over another moderately.

Experiences favour one activity
over another strongly.

Dominance of one activity over
another is demonstrated in prac-
tice.

The evidence favouring one ac-
tivity over another is of the high-
est possible order of affirmation.

If activity ¢ received one of the
above numbers when compared
with activity 7, then j receives the
reciprocal when compared with .

When compared with the other
constrasting activities the small
numbers would not be too no-
ticeable, yet they can still indicate
the relative importance of the ac-
tivities.
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In the relative model a pairwise comparison between alternatives is performed
for each criterion to obtain the priority of each alternative with respect to the crite-
rion, then the global scoring are obtained with the synthesis.

In the rating model some rating categories are established (e.g. "High", "Same"
and "Low") for each criterion and they're prioritized by pairwise comparison. Then,
rating categories are assigned to alternatives for each criterion, and before proceed-
ing with the sythesis, the rating categories are substituted with their corresponding
idealized priorities (priorities normalized dividing by the largest of the priorities).

In group decision making it is possible to aggregate the final outcomes of each
individual expert in a group into a single representative judgement for the entire
group, by using the geometry mean of the final outcomes. If the opinions of the
experts have different importance, their judgements are raised to the power of their
priorities before calculation of the geometric mean.

Application

The method has been implemented within a few spreadsheets in both its "Relative
Model" and "Rating Model" variants. In addition, it has been combined with a routine
to get the outcomes of multiple different ratings.

The tool requires all possible pairwise comparisons among a given number of
items, each comparison yields a rating. Then, a set of calculations are automati-
cally executed delivering the priority of each item with respect to the criterion of the
assessment.

This is done by means of a square matrix (or table) with as many rows (and
columns) as the number of items to be ranked, each row number (and column num-
ber) labels a specific item. For each cell (i, j) of the table one wonders: "How much
better is item i relatively to item j with respect to the evaluation criterion ?". The
answer is given on the basis of the scale of number already presented in Table[4.3]

In practice, one needs to fill only the upper triangle of the matrix because the
diagonal elements are unit by definition (i.e. each element is equally important to
itself), while the elements below the diagonal are automatically computed with the
reciprocal rule (i.e. if element i is n times better than element j, then j is 1/n better
than 7), see Table[4.3]

Criteria

Previously selected 15 aircraft (Table [4.T) are pairwise compared with respect to
the following selection criteria, chosen in accordance with the goal of the project.

1. Airframe-Propulsion Interaction. This criterion is used to judge how much
a configuration is able to exploit the benefits of hybrid-electric architecture
through innovative airframe-propulsion interactions. This has been selected
because leveraging on propulsion is part of the fondation of UNIFIERT9 vision.

2. Aerodynamic Efficiency. The reduction of chemical emission is an impor-
tant design goal that depends, at a first glance, on propulsion efficiency and
aerodynamic efficiency. The former is somehow included in the previous cri-
terion, the latter is assessed with this criterion.
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Figure 4.2: Pairwise comparison matrix for criteria priorities.

3. Structural Efficiency. This has been selected because indirectly affects
emissions through fuel consumption, in fact an aeroplane with lower struc-
tural efficiency has higher airframe weight, thus requires more lift, more power
and more fuel.

4. Noise Effect. Reduction of acoustic emissions is another key target for the
project. Itis explicitly evaluated with this criterion despite all the previous have
also effect on noise.

5. Costand Design Complexity. Every complexity in the design should be taken
into account here, each configuration has its own. This criterion is used as a
mean to account for all those aspects specific of every individual design, and
that ultimately impact on cost and design complexity.

As a first step, the criteria are pairwise compared to establish their priorities
in achieving the design goal. The table of the spreadsheet tool that is employed
to this purpose is shown in Figure[4.2] The row/column numbers refer to criteria
according with the enumeration given above.

The numbers in the upper triangle have been assigned based on discussionsina
group meeting, the spreadsheet automatically computes the numbers in the lower
triangle and the priorities in the right column. It can be seen that criteria 2 and 3 (i.e.
aerodynamic and structural efficiencies) turned out to be most important, followed
by criteria Tand 4 (i.e. propulsion and noise), and last cost and design complexity.

Relative Model

Inside the 5-by-5 table depicted in Figure [4.2] the 5 selection criteria are pairwise
compared with respect to the design goal. The "Relative Model" take advantage
of the same procedure to compare the 15 candidate configurations with respect
to each of the 5 selection criteria. This means that 5 tables have been filled out
similarly to what is done in Figure[4.2] each of them has 15 rows and columns.

When all the tables have been compiled, the priority of each configuration with
respect to each criterion is calculated automatically, in addition the algorithm com-
bines these priorities together as described above to obtain the priority of each
candidate with respect to the design goal.
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Figure 4.3: Ratings-to-priorities for criterion 3 "Aerodynamic Efficiency".
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Figure 4.4: Ratings of candidate configurations.

Rating Model

The "Rating Model" is slightly different from the "Relative Model": a rating scale is
defined for each criterion (e.g. "High', "Medium" and "Low" with a proper definition
of what each means). Then their priority are obtained with the same AHP method-
ology utilized before. This is shown in Figure [4.3] for instance with the criterion 2
"aerodynamic efficiency".

The same procedure is applied to all the selection criteria, then each configura-
tion is judged with respect to each criterion using the relevant rating scale defined
before (see Figure[4.4). The row numbers correspond to configurations according
with enumeration given in Table 4.1 while column numbers refer to criteria follow-
ing the enumeration given above in this section.

Automatically, each text rating is substituted with the correspondent priority,
thus tracing back to the same situation of the "relative model". The algorithm also
computes the priority of each candidate with respect to the design goal, as per the
"relative model" (right columns).
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Results Aggregation

The spreadsheet tool can be utilized by many experts, or with various scale of num-
bers, or even with different criteria, besides the fact that it offers two diverse vari-
ants of the method.

In the end, multiple outcomes are combined together through a geometric mean
as anticipated at the beginning of the section, so as to have the single vector of
priorities that ranks the candidate airplanes in Table[4.4]

4.2.2. Remarks on Ratings

Many aspects are considered when a score is assigned, however the immense
amount of pairwise comparison conducted makes it inconvenient to comment ev-
ery rating. This part of the document attempts to provide an understanding of the
overall thinking behind each rating.

Selection Criteria

High aerodynamic and structural efficiencies drive the selection criteria because
they intrinsically play a key role in the reduction of both acoustic and chemical emis-
sions. Chemical emissions are reduced as a consequence of the lesser power re-
quired and thus lower fuel consumption. In addition, a lighter and more efficient
aircraft causes lower air displacement leading to reduced noise, beside the fact
that it pulls down both production and operative costs. Therefore, these criteria
act indirectly also on two other selection criteria. A substantial increase in aerody-
namic and propulsive efficiency can be achieved by exploiting propulsive-airframe
interactions, hence this deserves to be a selection criterion of great importance
as it promotes lower emissions indirectly. A selection criterion is used to discern
the noise effect specific of each individual configuration, but its importance is con-
sidered secondary to the achievement of reduced chemical emissions. Costs and
design complexity are not of much interest because the abatment of the environ-
mental impact of such a service is deemed imperative.

Airframe-Propulsion Interactions

The hybrid-electric architecture is likely the best option to attain the design goals
thanks to its unique capability of controlling emissions and providing operational
flexibility. However it brings also some drawbacks that should be balanced as much
as possible. This criterion is used to judge how much advantage a configuration
takes from the use of a hybrid-electric architecture. For instance, a configuration
with just a nose propeller does not exploit much benefits of a hybrid-electric archi-
tecture, as the propeller can be directly driven by a traditional thermal engine. On
the contrary, a configuration which uses both DEP and PCA is able to exploit much
benefits of a hybrid-electric architecture because those technologies provide addi-
tional advantages that are not accesible with traditional thermal engines. The effect
on propulsive efficiency is also accounted here.
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Aerodynamic Efficiency

The aerodynamic efficiency is improved in many ways among the pre-selected can-
didates. Some of them take advantage from the reduction of induced drag ensured
by a box wing or a high aspect ratio TBW. Others rely on a reduced zero-lift drag
thanks to a "laminar flow fuselage" or the minimized wetted area of a BWB. Tail con-
figurations like the TSA or the canard may permit lower trim drag. Special aircraft
layouts such as the BWA or the BWB give the opportunity to better integrate the
vertical fin in the airframe causing an overall reduction of weight and drag. The ef-
fect on aerodynamic efficiency due to propulsion-airframe interaction is accounted
with this criterion.

Structural Efficiency

This criterion evalutes how much weight increase is expected with respect to a tra-
ditional aircraft. This may be due to the inherent structural requirements of a partic-
ular solution but also due to the lower knowledge and experience with the structural
optimization of a very new shape. High aspect ratio comes with an inherent weight
penalty, a BWA or a BWB may suffer a low structural efficiency caused by lack of
previous design experience of flying real scale models.

Noise Effect

An article from NASA [63] helped in weighting the contribution to noise of various
parameters. They developed a theory-based empirical relationship which showed
the important parameters for the prediction of the aerodynamic noise OASPL (Over-
All Sound Pressure Level) to be: Mach number, wing area and aspect ratio in addi-
tion to the normal distance factor. The equation is given by the simple expression:

Overall o
Radiated = 10logy, (I\/IDQCP NqubeAr) (W;r;{g ?rej) + constant (4.1)
Noise (dB) (Distance)* (Aspect Ratio)

The equations highlight the positive effect on noise induced by high aspect ratio
wing and lower wing area, thus higher wing loading.

Other considerations are based on findings discussed in articles, already sum-
marized in Chapter[2] For example, it has been estimated a reduction of noise due
to the use of DEPR, and a possible increase of acoustic emissions caused by BLI.

Cost and Design Complexity

All the configurations proposed are thought to operate as passengers and cargo
aircraft as well, this makes difficult to predict how much effort is required to re-
configure each alternative at this stage of the project. Costs are also still unpre-
dictable, anyway we can judge how much work is required to complete the design
and certification of a configuration, based on the amount of studies already present
in literature and on the level of similarity to exsisting airplanes.
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Score Label Definition
Layout Wing Propulsion
B | 022759 C3 Canard with "laminar flow fuselage”, VIW and BLI
B | 020612 C12 Tailless TBW DERP, WTP and BLI
B | 020415 C2 Canard PCA with DEP, WTP and BLI
B | 0.20373 C7 Aft Tail TBW DEP. WTP and BLI
B | 019857 C15 TSA TBW DEP. WTP and BLI
B | 019850 C6 Aft Tail Cantilever ~ DEP, WTP and BLI
[T | 0.19420 C4 BWB with with asymmetric BLI-DEP
1 | 0.19419 C9 Aft Tail Box Wing DEP and BLI
[ [ 019399 C Tailless Cantilever ~ DERP, WTP and BLI
[ | 019380 C10 Canard Cantilever ~ DEP, WTP and BLI
1| 0.19188 C5 BWA with DEP
1] 019121 C1 Aft Tail TBW DEP and WTP
B | 018676 Cl14 TSA Cantilever ~ DEP, WTP and BLI
B [ 018284 C13 Tailless Cantilever WTP and BLI
I | 017913 C8 Aft Tail Box Wing DEP

Table 4.4: Ranked list of candidates with scores attained in the AHP.

4.2.3. Results

Table[4.4] presents the results obtained with the application of methods previously
discussed in this chapter. The histogram on the left side depicts the ratings attained
by each candidate at the end of the entire evaluation procedure. As anticipated, the
rank is the result of geometric mean among multiple different application of the
AHP. A good robustness of these results is highlighted by the presence of many
similarities in the individual rankings. Moreover, there are any evident unexpected
behaviours and just a few switch of positions in the chart. Colors show the natural
clustering inspired by discrete jumps in scoring.

Configuration C3 stands out among all the others thanks to its relatively sim-
ple design that ensure great aerodynamic and structural potential while exploiting
propulsion-airframe interaction.

At a first glance one may just take the first four or six top-rating candidates
(i.e. C3,C12,C2, C7,C15and C6), however it can be noted that configurations C12,
C7 and C15 are quite similar. Moreover, there is little difference of score between
C12 and C7, as well as between C15 and C6. These crucial properties drive the
final selection of the candidate airplanes. In fact, little difference in performance
is expected among C15, C7 and C12 but the available tools are able to perform the
sizing only of the more traditional C7. For this reason configuration C12 and C15
have been temporarily excluded, leaving configuration C3, C2, C7 and C6 (see next
section and Table[4.5).
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Label Score Description

C3 0.22759 Tube-and-wing layout with control-type canard, cantilever
wing, bullet-shape axis-symmetric "laminar flow fuselage’,
variable incidence wing and a coaxial tail cone propeller. The
shape of the fuselage minimizes aerodynamic drag both by
attaining laminar boundary layer on a vast area, and by re-
moving the tail upsweep. The TCP yields increased propul-
sive efficiency through BLI. The VIW is used to avoid tail strike
during take off maneuver.

C2 0.20415 Tube-and-wing layout with control-type canard, cantilever
wing, blown low-wing (DEP, WTP) and a tail cone propeller
placed higher. The vertical offset among thrust sources en-
ables propulsion control over pitch axis, while the spanwise
distributed wing propellers ensure yaw and roll controls. This
minimizes the control surfaces both in number and sizes.

Cc7 0.20373 Tube-and-wing layout with aft tail, strut braced high aspect
ratio wing and a tail cone propeller. The wing is blown with a
number of propellers (DEP, WTP).

Ccé6 0.19850 Tube-and-wing layout with aft tail, cantilever blown wing
(DEP, WTP) and a tail cone propeller.

co - Tube-and-wing aircraft with aft tail, cantilever wing, and twin
wing mounted propellers. Hybrid-electric aircraft used as
baseline to assess additional innovative technologies intro-
duced by the candidates.

REF - Traditional aircraft with aft tail, cantilever wing, twin wing
mounted turboprop. Clean "zero-innovation" 2025 aircraft
used as reference in comparisons.

Table 4.5: List of aircraft for sizing and assessments.

4.3. Candidate Configurations

Table[4.5lists the aeroplanes selected to be taken forward to the sizing stage, each
of them is described at the available level of detail. Two more traditional configu-
rations are added to those selected in previous section, namely CO and REF, as a
benchmark for future numerical comparisons.
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The parameters needed to perform a quantitative comparison and ranking of the
candidates are determined through a sizing methodology developed by the FMSlab
of DAER in Politecnico di Milano. Here a brief presentation is given about the tools
that constitute this sizing procedure, namely Hyperion, Argos and Titan.

The candidate configurations incorporate many advanced features that have
not been completed yet in the deployed tools, this chapter also treats the modelling
of these technologies and the estimation of the relevant parameters.

5.1. Description of Sizing Tools

This section introduces the tools used to carry out the preliminary sizing of the
candidate configurations.

The first one, Hyperion, has been used extensively within the very early design
phases to discriminate the effect of various propulsion alternatives (i.e. THE, GH2,
LH2) and to validate the results of the qualitative selection. It has also been used
for the sizing of the reference aircraft (with conventional layout and propulsion).

Argos, has never been used as standalone but always as part of Titan. The latter,
provides the final sizing results, that are compared for selection and delivery.

5.1.1. Hyperion

Hyperion (HYbrid PERformance SimulatlON) is a methodology developed at Po-
litecnico di Milano. A complete description of this method is present in [7]. Here
just a brief description of the methodology and its capability is given. In Figure(5.1
the main flow chart of Hyperion is shown.

Hyperion performs the preliminary sizing of pure-electric (PE) and hybrid-electric
(HE), propeller-driven, fixed-wing air vehicles of arbitrary size and mission require-
ments, providing the design weights, the propulsive plant sizing, and the overall
aircraft dimensions [7].

It includes energy management strategies that are peculiar to electrically-driven
aircraft, such as PE operation on terminal maneuvers, and energy recuperation dur-
ing descent via propeller wind-milling.

The procedure relies on a more detailed mass breakdown compared to the tra-
ditional formulation: the operational empty mass is expanded and its estimation is
achieved term by term by means of a proper statistical regressions at subsystem
level, or other applicable models.

Firstly, an appropriate design point is chosen on the Sizing Matrix Plot (SMP),
this means that the design wing loading and the design power loading are se-
lected within the feasibility region, ensuring compliance with all the performance



44 5. Sizing Methodology

{————{ GetData HWﬁteFile |<+[messenger]

4 v i
l Keyboard | [ reader ]( ______ |
v

)

AircraftSizing ]<—[ ExtraSettings ]

initialiser

\4
[StruthMat H FMS H Mat2Struct

{ CheckErrors I

v v v

[PostProcess] |.mat filel [ PrintResults ]

I
|
|
|
|
|
|
|
|
v

YYY

Figure 5.1: Flow chart of the outermost Hyperion loop [7].

constraints imposed by design requirements and/or regulation.

Then, the energy sources and power supply devices are sized and the mass of
each component is estimated.

These two steps are repeated until the mass breakdown converges. Such an
iterative procedure is required because the classical separation between design
mass, power loading and wing loadings fails with PE and HE propulsion.

Finally, the full sizing mission is simulated by a time-marching algorithm, provid-
ing insights on the time evolution of the powertrain dynamics, and leading to small
adjustments on the initial estimations that however, do not require an update of the
masses of the components.

Hyperion functionalities have been repeatedly expanded and enhanced from its
birth: the ability of sizing aircraft that features a blown-wing (DEP) has been in-
cluded [38], and also a routine to size LH2 tanks of hydrogen-electric airplanes [35].

5.1.2. Argos

Argos (AiRcraft GeOmetric Sizing) is a methodology developed at Politecnico di Mi-
lano. It integrates and automates the sizing procedures of the main subsystems of
an aeroplane, delivering a comprehensive and thorough preliminary aircraft sizing.

It requires a number of input parameters coming from an initial rough sizing of
the vehicle (e.g. wing area, fuel mass, installed power). Then, it executes a series of
consecutive and/or nested sizing loops as depicted through a flow chart in Figure
where each block may contain further sizing loops depending on the subsys-
tem involved.

A brief overview of the methods and their outcomes is given below, details are
exhaustively treated in [8].
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Figure 5.2: Flow chart of the outermost Argos loop [8].

Wing. The bestairfoil is selected from a database, according to the required max-
imum lift coefficient and design lift coefficient.

The taper ratio and twist of the wing are calculated to obtain the minimum in-
duced drag coefficient for the design lift coefficient, based on lifting line theory.

The sweep angleis calculated to minimize compressibility effects only for cruise
Mach over 0.65.

The high-lift devices are sized based on their type (plain, split, slotted, Fowler)
and spanwise start/end locations, providing as output their drag contribution and
their geomtrical dimensions such as area, chord, deflection.

Engine. Engines, motors, propellers, PGS, batteries and tanks dimensions are es-
timated based on their power using statistical models, some of them purposely
derived for the software.

Fuselage. The fuselage is sized to comply with regulations and with a desired
slenderness ratio (i.e. the ratio between the length of the fuselage and its external
diameter).

Number of aisles, number of flight assistants, number of lavatories and cargo/-
baggage volume are selected and used to estimate the dimensions of the cabin,
including seats arrangement.

If present, batteries are placed in the wing box and/or below the cabin floor.
Cargo/baggage is positioned below the cabin floor and/or in the tailcone. If neces-
sary, further volume is added by means of a cargo bay located behind the cabin.

In case of hybrid-electric aircraft the PGS is placed in the tailcone, the cylindri-
cal GH2 tanks are installed over the cabin roof, the (almost) spherical LH2 tank is
arranged behind the cargo sector.
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Empennage. The horizontal and vertical tail are sized together with the wing di-
hedral to meet stability requirement.

Undercarriage. The landing gear is sized to ensure vehicle stability on ground,
and to ensure tail-strike clearance at take off and landing.

Weight and Balance. The mass is estimated for of each sub-system such as
wing, fuselage, motors, electrical system, and others.

The center of gravity is estimated for all the components, and for the entire
aircraft in multiple configurations (e.g. empty and loaded).

5.1.3. Titan

Titan is a tool that results from the integration of Hyperion and Argos, described in
the previous lines.

The sizing procedure starts with Hyperion that provides an initial solution, then
Argos employs the output of Hyperion to size the main subsystems of the airplane,
thus producing a more detailed preliminary sizing. These steps are repeated in a
loop in which the results from Argos are given as feedback to Hyperion until the
error between their MTOM estimations falls within a small tolerance.

At the end of the routine, the results are reported to the designer in several for-
mats as required: 3D conceptual representation of the vehicle, data files, graphs,
textual reports, and so forth.

Figure|5.3|shows the flow chart of Titan as described above. Further details are
presented by the authors of the tool in [8].

5.2. Modelling of New Technologies

The comprehensive review of the technologies, summarized in Chapter[2] included
several promising innovations that were not considered in previous works concern-
ing the development of the sizing tools. After a first qualitative selection of the can-
didates, the sizing stage has been delayed to permit the update of the sizing tools
with specific provisions for the novel technologies included in the selected config-
urations.

As said in Section the tools already have the ability to consider many ad-
vanced propulsive solutions such as THE, FC with GH2 or LH2 storage systems,
and the DEP with blown wing.

The missing technologies have been listed and their relevance on the results
has been assessed, below a quick recap of the taken decisions.

The benefits of WTP are partially accounted for in the sizing routine of the blown
wing, which considers the contribution to lift and drag given by the increase of air
speed across the wing. The second positive effect of enhancing wing span effi-
ciency has been conservatively neglected, as a proper simplified model is not yet
ready and it requires much time to develop. Additionally, a further propulsive advan-
tage may be exploited whenever the propeller is mounted in pusher configuration,
as already mentioned in Chapter[2|
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Figure 5.3: Flow chart of Titan [8].

Specific Input Data

The effect of BLI enabled by the Tail Cone Propeller (TCP) is estimated from
values found in literature, as multiple studies predicted comparable increments of
propulsive efficiency with similar conditions. For example, in [64] they estimated
a +5% propulsive efficiency at cruise for the EADS VoltAir which employs a tail
cone fan, slightly higher values are mentioned in Chapter [2] The TCP of the pro-
posed candidate configurations boast a +6% propulsive efficiency with respect to
the baseline.

Configuration C3 features a laminar flow fuselage, as pointed out in Chapter[4]
this name should not be taken literally. The fuselage is shaped to promote a wider
portion of laminar boundary layer, and a further drag reduction is provided by an
axis-symmetric tail cone. These effects are accounted in a decrease by 0.004 of
the value of zero-lift drag, corresponding to about -13% from baseline. The estima-
tion is carried out with methods suggested in [65], and it stand on the same order
of magnitude of the prediction found in [64] for the EADS VoltAir which exploits a
fairly comparable bullet-shape fuselage (specifically, they calculated 15% smaller
parasite drag coefficient due to laminar flow, and a further -5% thanks to fuselage
shape, however they considered 60% of laminar flow over wings).

Configuration C3 also exploits a VIW, as a solution to prevent tail strike during
take off roll. The main effect of VIW is a penalization of the empty mass, measured
as +3% based on considerations discussed in [65] relatively to a variable sweep
wing. Other potentialities of this feature have been highlighted during selection but
not assessed or included in the preliminary sizing, because of the current poor level
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of confidence due to lack of on-going studies.

This last thought applys also to PCA, in fact the aircraft empty mass may be pos-
itively affected by this technology thanks to the possibility to remove some control
surfaces, however clear quantifications are not yet possible.

At first, the TBW effects were accounted through an increase of aspect ratio, fol-
lowed by an increase in parasite drag of 0.002 due to the presence of the struts, and
a +3% increase in empty mass due to higher wing span. These estimations were
carried out with methods and considerations found in [65] concerning analogous
topics. Then, much more effort has been invested with the Analytical Modelling of
a Strut Braced Wing presented in Section[5.3]and deepened in Appendix [Al

Finally, a number of tail configurations are required, such as the Canard, the
Tailless aircraft, and the TSA. A prioritization of the tasks led to modelling of only
the first one, in a parallel thesis activity. Very shortly, the procedure adopted for the
geometric canard sizing is intended for control-type canard, and not for lifting-type
canard. The wing is placed as far aft as possible, excluding the fuselage rear cone,
next, the canard is sized to minimize its area, while attaining a given static margin,
and paying attention to controllability constraints.

5.3. Strut Braced Wing

As anticipated, the introduction of novel technologies in the design raised the need
for the study and implementation of novel sizing techniques. This section presents
the core part of the study carried out as Analytical Modelling of a Strut Braced Wing,
where many details have been moved to Appendix[Alto preserve the train of though.

The aim of the work is to quantitavely catch the effects of a high aspect ratio
wing coupled with a supporting frame able to reduce the stress in the structure.
The increased aspect ratio is generally desiderable for a couple of reasons such as
the reduction of induced drag, however the correspondent increase in wing span
would seriously increase the mass of a traditional cantilever wing. The deployment
of a proper structure in support of the wing may not only permit a reduction of mass
of the wing assembly with respect to an equivalent cantilever wing (i.e. with same
span), but also a reduction in wave drag and profile drag thanks to the less strin-
gent requirements on the wing box structure, and the related possibility to select
a thinner airfoil. The main cons are clearly the drag contribution of the additional
structural elements, and the possible mass increase with respect to a normal can-
tilever arrangement (i.e. with normal span).

There exist a lot of articles and studies on this innovative technology, some ex-
amples were already mentioned in Chapter [2] However, most of the approaches
adopted in literature to model this technology include a Multidisciplinary Design
Optimization (MDO) with some advanced modelling of the wing assembly based
on a Finite Element Method (FEM). Such an approach deliver high-fidelity results,
and configurations that are already overall optimized, but it requires computational-
expensive tools and a wide knowledge of the baseline aircraft and its design vari-
ables, making it inadeguate for a very initial conceptual analysis. For the same rea-
son, the results present in literature are very specific for those aircraft and cannot
be adjusted to our candidate configuration. Finally, the MDO acts on many design
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parameters inside its sizing loops making it difficult to isolate the pure effect of the
TBW.

Thus, it has been decided to put resources on developing a simple analytical
model.

5.3.1. Method

The root intention was to obtain a set of equations that could be used to estimate
wing-assembly mass and drag involving only variables that are available with a min-
imal knowledge of the aircraft (e.g. wing area, aspect ratio, MTOM). The analytical
nature of this model also enable simply assessment of the effects on the results of
each design variable.

The structural model is based on the well known Euler's beam, which is exten-
sively treated in literature and classes, for example in [66]. Despite its simplicity, it
turned out to be quite suitable to understand the problem and to formulate ratio-
nal predictions. The supporting structure is conceptualized as a simple strut that
links to the fuselage from a location along the wing. The equations are derived in
a nondimensional fashion aiming at maximum generality, with all the case-specific
parameters grouped apart. The width of the fuselage is ignored, this means that the
semi-wing is considered as clamped to the longitudinal symmetry plane. This sim-
plification is needed to avoid the presence of fuselage width inside equations, but it
is a rather conservative assumption resulting in longer beams, and so higher bend-
ing moments. The wing taper, sweep angle, twist, dihedral angle, and the possible
presence of multiple airfoils are neglected, or in other words, the wing is considered
rectangular, planar, untwisted and with a constant airfoil along the span.

The same modelling approach has been also applied to a cantilever wing, for
the purpose of providing a fair comparison and an exhaustive validation.

The estimation of the aerodynamic drag term due to the strut relies on a com-
mon method available in literature [65], for sake of completeness this is shown in

Appendix Al

Load Distribution

A comprehensive structural sizing cannot prescind from a verification of a vast
number of scenarios, where each of them exhibits a static or dynamic aero-elastic
behaviour characterized by a peculiar load and stress distribution that may dictate
the sizing. Such a complicated procedure does not lend itself to an analytical for-
mulation, but at this early design stage a gross and simpler sizing procedure can be
adequate. Therefore, only one single static sizing load condition that represent the
theoretical spanwise elliptical lift distribution at the ultimate load factor has been
considered.

The elliptical lift distribution is usually desired and pursued throughout the aero-
dynamic wing design as it minimizes the induced drag, but in the end the distribu-
tion can be different due to many reasons, such as the presence of control surfaces
or swirl from propellers. A parabolic and a linear load distributions are utilized as
forerunners to get elucidating or simplified equations (specially when multiple sub-
sequent integrations are needed to obtain wing displacements), but also to quali-
tatively judge the effect of deviations from the ideal case, as a sort of rudimental
uncertainty analysis.



50 5. Sizing Methodology

—T"-'-"|'L.'_'.' rrrrrrrrrrrrrr.r.rrrrrprrr T 1T T 1T [ T 11T ]
LAE e Tt — Elliptical
c - BTN - == Parabolic | 1
@) r 5 tee R 7
S 12F - Linear .
= L ".. Y m
9 IENEIEIDSN SRR NE Y DEREISEN NENERE 0y ]
Q ]‘ __ ...'.. ‘Q __
a I A e D) " ]
& r e, ]
— 08¢ T ]
TU C s‘ ~,~. i
% i “s Ot ]
‘0 06 - SN . ]
% L ‘s~ 3
e L s ]
'—5 04 r s‘ 7
C - . ]
2 ok T\
- “ .
0.2F o \1
- . .
- + \H

- A 3

A ]

O I B B i B A A i A A A i B S S i B A A A A A A A
0 01 02 03 04 05 06 07 08 09 1

Nondimensional Span Position

Figure 5.4: Nondimensional lift distribution comparison.

In Figure [5.4] the three load distributions are compared, their expressions and
other relevant details can be found in Appendix [Al

Section Properties

The outcome of a structural sizing depends on the load as discussed above, on
the performance of the selected resisting material, and also on the geometrical
properties of the resisting section, namely: the section area and its spread over the
section plane.

Figure [5.5] shows respectively a double plate and a semi-monocoque idealiza-
tion of the wing section. From these idealization it seems reasonable to assume
that the radius of gyration r, is roughly equal to half of the airfoil thickness ¢, and
that this is also more or less equal to the maximum distance to the elastic axis
Ymax- IN fact, the resisting fibres are usually located on the contour of the wing box,
which has approximately a constant height and it is almost symmetric with respect
to chord line. This can be written as:

Ty Y 51 = 3 (1) 0= 5 (1) 3 (5.1)
This assumption allows to write specific geometrical section properties such
as r, and ymax IN terms of quantities easily available at a conceptual stage, i.e.
thickness-to-chord ratio (¢/c), wing span b and aspect ratio .
The definitions of the required section properties are given in Appendix[Al where
some usefull relations are also derived and exploited to simplify subsequent equa-
tions.
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Figure 5.5: Double plate (above) and semi-monocoque (below) structural idealiza-
tions of a wing section.

Structural Sizing

The structural sizing of the wing box is carried out as a classical exercise of beam
analysis. The constraint reactions are calculated starting from the loads through
a set of equilibrium equations, then the internal forces and moments are obtained
as functions of the spanwise coordinate, and with them, also the maximum stress
peaked at each spanwise position. The contribution of shear and torsion to the
stress are neglected, in virtue of the ordinary values of aspect ratio and aerody-
namic moment coefficient. Axial force is included.

The optimal structural sizing in terms of mass is achieved when each section
along the span of the wing is sized to withstand exactly the local maximum stress.
In other words, when the resisting area changes continually along the span, in such
a manner that the maximum stress section-wise remains constant and equal to the
maximum tolerable stress for the specific material utilized.

On the contrary, the worst (rational) structural sizing in terms of mass takes
place when the resisting section is kept constant all along the span, and therefore
it is sized to withstand a maximum stress that is potentially experienced only in a
single spanwise location.

The bare-structure wing mass is evaluated both in the optimal 1., variable @Nd in
the worst my, constant Case, and a coefficient x,, is defined to quantify the level of
structural optimization by means of a linear interpolation between these two limit
sizing (see eq. [5.2). Rationally, the mass of the resisting material m,, is calculated
as:

My = My constant + /{opt<mw,variable - mw,constant) (52)
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Aeronautical airframes are designed to be extremely efficient with most of the
material contributing to the structural strength (e.g. skin, tank), specially when com-
posite materials are used (e.g. epoxy replaces rivets and sealant). Moreover, the
mass of the various systems and of the control surfaces are frequently accounted
separately. On this basis, the mass of the wing is confused with the bare-structure
wing mass, and the error is hidden in the uncertainty of the attainable level of struc-
tural optimization.

At first, the knowledge of wing stiffness and wing displacements appeared of
major importance for a fair sizing and comparison of the two alternatives, nev-
ertheless, after further analysis, it has been concluded that a sizing based only on
stress was appropriate. Hence, the displacement equations were derived (only with
parabolic load distribution to attain manageable expressions) and they can found
in Appendix A} together with other quantities that played a minor role in the study.

This whole process has been summarized in few lines, still, it involves many
equations that can be reused in other works, and that may be useful to better ap-
preciate the logic; refer to Appendix[A for a deeper insight.

5.3.2. Results

Shear and axial forces, bending moment, stress and wing assembly mass of can-
tilever and strut braced wings are presented and compared through graphs in Ap-
pendix[Al (respectively in figures|A.8][A.9}[A.TO}[A. TT|and[A.12). It stems that stress is
generally much smaller for a strut braced wing with respect to an equivalent can-
tilever wing, and this may lead to a great mass reduction depending on geometrical
arrangement (particularly on the strut breakpoint location). The difference among
the three considered load distributions has a minor impact on results.

The normalized strut breakpoint location y, is defined as the ratio between the
spanwise coordinate of the strut breakpoint over half the wing span, thus x, = 0
represent a strut linked with the root of the wing, while x, = 1 indicates a strut
linked to the tip of the wing.

The optimal location for the strut breakpoint x;.,: has been established, the
value is specific for the three different load distributions considered but with little
variation (i.e. between 55 and 65 % of semi-span from wing root).

The main contribution to the stress along the wing is given by the bending mo-
ment, showed in Figure [5.6| for different strut breakpoint y, (parabolic lift distribu-
tion).

The location of the most stressed section depends on the strut breakpoint po-
sition, specifically, it is at the strut breakpoint for y, lower than x; .+ and it moves
in-between fuselage and strut breakpoint when y, is greater than the optimal value.

A practical analytical expression for the maximum stress can be obtained only
for xs < Xs.opt, @S Well as the equation for the mass of a strut braced wing with
constant section. The mass of the variable section strut braced wing requires the
numerical solution of anintegral that depends on y,, the integral has been evaluated
for a vast number of y, and the results of a polynomial interpolation have been
provided to allow manual calculations. In case of cantilever wing all the derived
formulas are entirely analytical. Much more details are given in Appendix [Al

Finally, the strut has been verified for buckling, which revealed to bear a key-
role in the selection of the wing geometry parameters such as the strut breakpoint
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Figure 5.6: Bending moment comparison for different .

location or the minimum thickness of the strut cross-section (see Appendix [A).

5.3.3. Validation

The mass of the cantilever and strut braced wing are predicted with the method-
ology presented in this section, here they are compared with data gathered from
literature. As anticipated, the considered lift distribution is elliptical.

The equation for the mass of a wing depends on the sizing load, defined as:

L= Nt ™MTO 9 (53)

where mtq is maximum take off mass of the aircraft, g is gravity acceleration,
and n,; is the ultimate load factor that is computed from the maximum operative
load factor n,.. through a safety coefficient of 1.5:

Nut = 1.5 Npax (5.4)

The safety factor of 1.5 is also used to calculate the maximum allowed stress
omax TOr the limit stress of a given the material 0y;,,,:

Omax — Ulim/1-5 (55)

Equation|5.6| represent a prototype equation obtained from this estimation ap-
proach, specifically it is the mass of a constant section cantilever wing (find more in
Appendix[A). As a first crude means of validation, the expression involves the same
parameters required by the majority of historical-statistical wing mass estimation
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Figure 5.7: Wing mass comparison among various statistical equations valid for
commercial aircraft and the proposed analytical model.

formulas (also reported in[A).

2 p A3
mo = S_W(nlﬂt mro g)amax /o) NG (5.6)

Commercial Aircraft

Figure [5.7] shows comparison between cantilever wing weight calculated with the
analytical model and some statistical equations taken from [22], and [67]. De-
tails concerning the involved statistical equations are provided in Appendix Al

These statistical equations are limited to aspect ratios of commercial aircraft,
here considered below 12. The parameters used for the graphs in Figure are:
ultimate load factor ny; = 1.5 npmax = 3.75, maximum take off mass Wro = 8500
kg, thickness-to-chord ratio (t/c) = 0.12, wing area S = 32 m?, rectangular wing
(unswept, untapered), aluminium alloy (p = 2768 kg/M®, Omax = O /1.5 = 170
MPa), maximum level flight Mach My = 0.30 (Vi = 200 kts, msl), xs = 0.5, 70 =
0.15, g = 9.

The mean square error between the calculated mass of the variable section
wing and the statistical estimations is about 12 % (6 < Xy < 16).



5.3. Strut Braced Wing 55

35_""I""I""I""I""I""I""I""
[ |— Constant Section

30 F |--- Variable Section
- | Fred Thomas

25 |
20 F

15

10 | :

Wing Mass per Unit Area [kg/m?]

ot
LI B
I N I T

0-||||I||||I||||I||||I||||I||||I||||I||||

18 19 20 21 22 23 24 25
Aspect Ratio

DO
D

Figure 5.8: Wing mass comparison between the typical region occupied by sailpla-
nes (i.e. high aspect ratio wings) and the proposed analytical model.

Sailplanes

The results of this novel approach are compared with statistical estimation of wing
masses of sailplanes, in order to validate the methodology also for high aspect ratio
wings. Accordingly to [68], a reasonable estimation of the wing weight of a sailplane
depends only on the wing area (this is better explained in the book), so in Figure|5.8
the comparison is made on wing mass per unit area of the wing.

The parameters involved in graphs of Figure[5.8|are: ultimate load factor n,; =
1.5 nmax = 6, maximum take off mass mro = 600 kg, thickness-to-chord ratio
(t/c) = 0.12, wing area S = 17 m?, aluminium alloy (p = 2768 kg/m?, opnax =
01im/1.5 = 170 MPa).

It can be seen that the analytical model produces results fitting well within sta-
tistical data. The mean square error between the wing mass per unit area (case
with variable section) and the center of the region is about 7 % (18 < ¢ < 26).

Cessna Method

Unfortunately, there are not many wing mass statistical equations specific for strut
braced wings and it has not been possible to find reliable and complete data for
some aeroplanes. Roskam [22] presents a statistical equation from Torenbeek for
cantilever wings and he suggests to remove 30 % in case of strut braced wing.
Articles concerning the TBW (cited and discussed in Chapter indicate a reduction
of about 20 % of the wing weight compared to an equivalent cantilever wing.
Again Roskam [22] presents two equations under the name "Cessna Method"
valid for small, relatively low performance General Aviation (GA) airplanes with max-
imum speeds below 200 kts. One is for cantilever wing and the other is for strut
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Figure 5.9: Mass of cantilever wing and strut braced wing calculated with statistical
equations from Cessna Method.

braced wing. He warns that this last equation must be used with caution because
it does not take into account aircraft weight. However, he does not specify any lim-
its for the variables involved. Limit values have been determined consistently with
some of the most famous Cessna aircraft, namely the Cessna 120/140, 172 Sky-
hawk, 185 Skywagon and 208 Caravan. For sake of completeness, these equations
are printed in Appendix|Al

In Figure [5.9] these two formulas have been compared for a range of aspect
ratios. The parameters involved are: ultimate load factor n,; = 1.5 nyax = 6, Maxi-
mum take off mass Wy = 1520 kg, wing area S = 16.5 m?.

It can be seen that the strut braced wing is estimated to be about 50 % lighter
than the correspondent cantilever wing, which is consistent with the results coming
from the method developed.

The results of the strut braced formula from Cessna Method have been com-
pared with the equation from the analytical model. The strut breakpoint location
has been set to y, = 0.3 after some tests and looking at some Cessna aircraft.
Figure shows this comparison, the parameters involved are: ultimate load
factor nyy = 1.5 nnax = 6, maximum take off mass Wro = 1520 kg, wing area
S = 16.5 m?, thickness-to-chord ratio (t/c) = 0.12, aluminium alloy (p = 2768
kg/mMm?3, omax = G1im /1.5 = 170 MPa), x5 = 0.3, 7,0 = 0.15, A\g = 9.

It can be seen that statistical estimation agrees quite well with the results for
a constant section wing, which seems reasonable considering that this type of
aircraft probably does not justify a significant structural optimization. The mean
square error between the wing mass (constant section) and the statistical equa-
tion is about 6.5 % (6 < A\g < 8).



5.3. Strut Braced Wing 57

—— Cessna Method _
--- Constant Section
---- Variable Section

140

120

-
-
= -
-
-
- -
==

)
-
-
-
-----
-
-
e

100 |

- T ]
é ------- 4
PR SR N ST el :
% Law===T _
s 801 :
(@)} C :
E _
= 60t |

40 :_ ------------------------------------------------------------ _:

20 | |

6 62 64 66 6.8 7 72 74 76 78 8
Aspect Ratio

Figure 5.10: Strut braced wing mass comparison between Cessna Method and the
analytical model.

Literature about TBW

In previous validations, it has been noted that the statistical mass of a wing is usu-
ally somewhere in-between the estimated mass of a variable section wing and that
of a constant section wing. Ideally, if the structure of a wing has been highly opti-
mized then it would have a mass closer to that of a variable section wing, in which
each section is sized to reach the maximum allowed stress. On the contrary, the
most simple wing structure would have a constant section sized to reach the max-
imum allowed stress at the most loaded section.

This thinking inspired the defintion of a coefficient k., (already presented with
equation with values spanning range 0 to 1, expressing the level of structural
optimization that the wing has been subjected to.

The data presented in [33], [32] and [69] are used to estimate strut braced wing
masses and the results have been compared with those found in the correspondent
articles. This is shown in Table[5.1]

It is interesting to look at the structural optimization level k,,; computed for
those cases, it does exceed 82 % and it reaches higher values in heavier aircaft.
In most of the analyzed cases it exhibits a predictable behaviour, for example: con-
sidering the wings of sailplanes as shown in Figure[5.8} they feature a generally high
structural optimization level, where designs characterized by an extreme aspect ra-
tio demand the highest optimization effort.
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Name Unit From|[32] From[33] From[69] From [12]

MMTO kg 239000 28740 228990 74322

S m? 500 69.3 3937 164.2
(t/e) - 0.09" 0.09° 00914  0.1075
A - 15.5 20 1.1 23.087
Ao - 9" 10.8 1.1 11.017
Mae - 25 25 25 2.5
Xs - 0.43 0.6 06872  0.4603
Vs . 0.15° 0.15" 0.15° 0.15"
Omax  MPa 383 250" 250" 250"
p  kg/m® 2883 2700° 2700°  2700°

Meart kg 48000 3610 28576 17961

Mmin kg 36360 2458 28376 12100

Mmax kg 98572 4666 29470 33767
Kopt - 0.8129 0.4783 0.8168 0.7295

Table 5.1: Data and results from various articles compared to those found applying
the analytical method developed in this report. Data with ™ have been
assumed.
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So far, various innovative technologies have been analyzed, retrieving all the knowl-
edge required to smartly combine them in a set of appealing configurations. These
alternatives then faced a first quantitative selection. In this chapter, the shortlisted
are sized employing the methology already discussed in Chapter[5} and aiming to
establish which one is the most suitable configuration that fulfill the UNIFIERT9 de-
sign requirements.

6.1. Input Data

In this section the main input parameters required by the sizing tools are discussed.
Some secondary settings are not presented as they are not specific to this project,
one of these additional settings that played a role in the mission definition is the
energy management strategy.

The HE architecture gives increased design flexibily by means of an additional
degree of freedom, that is the ability to push and draw energy to and from the bat-
teries during different flight phases according to a prescribed energy management
strategy, thus leading to different sizing of powerplant components. The strategy
chosen for the UNIFIERT9 mission stands on the main concept of using batteries
to deliver the excess power with respect to the cruise level. Consequently the PGS
is sized to provide cruise power. As such, the battery charge is consumed during
the take off and the climb stages of flight, and smartly recharged during descent or
other flight phases, as needed to ensure safety while enhancing fuel efficiency and
reducing noise propagation to the nearby communities. Peculiarly to this project,
safety is guaranteed by approaching with enough battery charge to allow an emer-
gency climb in case of balked landing; noise is reduced by working only on battery
below a threshold altitude (in case of THE propulsion); and efficiency is enhanced
by maximizing battery recharging during turnaround times in case of LH2 system,
so that hydrogen boil-off is exploited and tank venting is minimized (more in Section

6.2).
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Quantity Units Mission Review
A B C
Crew Personnel - 1
Passengers/Cargo kg 2280™
Runway Length m 800
Cruise Speed kn 150
Diversion km 100
Loiter min 45
Turnaround min 30
Hop Range km 600 250 350
Number of Hops - 1 4 6

*.Ready for autonomous or remotely-aided flight.
** 19 PAX, each one considered as 100 kg plus other 20 kg of checked luggage.

Table 6.1: Mission requirements during various phases of the design.

6.1.1. Mission Requirements

The design requirements, particularly mission requirements, stem out from market
studies conducted in an earlier stage of the project and presented in [4]. The com-
muter aircraft of UNIFIER19 project should be able to operate also on secondary
airfields with short and possibly snowy or frozen grass runways, and without rely-
ing on ground services such as tank refuelling or battery recharging. This last is
enabled by the multihops mission capability, that consist in performing a number
of small routes among rural aerodromes, starting and ending on a serviced airport.

In the market studies [4], they analyzed the current ground transportation net-
work and predicted the population that would appreciate a time benefit from the
new miniliner service over the usual means of transportation, so to extract the op-
timal mission characteristics that realize such service. They spotted a key depen-
dency with the hop range, cruise speed and minimum runway length. In particular,
shorter runways, higher cruise speeds and longer route distances help catching a
wider number of citizens. Based on these results, a convenient trade-off between
the aircraft performance and the catched passenger traffic has been defined with
a 800 m long runway, a hop distance of about 250-350 km and a cruise speed of
about 150 kn. The aircraft should be able to perform a diversion to a nearby airfield,
to ensure a safety and conservative mission profile that could be actually applied
in practice. It stems from the market study that the majority of airfields offer an
alternate landing site within 100 km.

These requirements remained unchanged in the course of the conceptual sizing
phase, except for the number of hops and their ranges, that have been subjected
to optimization through multiple iterations, where each alternative was exploited at
best, leading to further mission adjustments. This highlights the inherent coupling
between mission and vehicle performance, the importance of attaining successful
commercial operations drives both the selection of proper aircraft technologies and
the enhancement of mission requirements. Table |6.1] collects the main mission
parameters throughout the various steps of the process.

The aircraft should be CS-23 compliant [70], the most relevant requirements
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from this regulation have been considered and imposed in the sizing process, de-
spite they're not explicitly mentioned here. The same apply to other minor require-
ments, such as the rate of climb and rate of descent that are selected with con-
sideration related to the passenger comfort, or the cruise altitude that has been
selected to allow a practical duration of the cruise phase.

Initially the THE solutions were explored, they resulted particularly heavy and it
has been necessary to set a range of 600 km for a single hop mission to comply
with CS-23 mass limit of 8618 kg (seel6.2).

The exploration of GH2 fuel cell power train enabled a first range increase to
1000 km, or about four hops of 250 km each.

In the end, the maximum benefit has been found for LH2 fuel cell propulsion,
that proved the feasibility of reaching up to 3000 km range on a single hop mission.
Considering the hydrogen venting on turnaround and some safety design margin,
the final mission consist of six hops of 350 km each.

6.1.2. Baseline Aircraft

An existing aeroplane, the Dornier 228NG, has been used as a reference to maxi-
mize the reliability of the results. This aircraft represents an excellent starting point
in terms of performance and design for an advanced commuter like UNIFIER19, in
fact it has been chosen for a retrofit within a similar work supervised by DLR (see
Section [2.6). The 228NG has been used for the validation of the sizing tools em-
ployed for this project, therefore the relevant input parameter to Hyperion and Titan
represent a robust basis, capable of facilitating the achievement of a commercially
feasible design.

It is a twin turboprop high wing aircraft with retractable landing gear, it hosts
19 passengers reaching a MTOM of 6575 kg. Its range is limited to about 344 km
when loaded with 1960 kg of payload but it has STOL capability as prooved by the
792 m take off run. Still, the cabin features a two seats per row layout resulting in
1,35m x 1,55m x 14.7m cabin dimensions [71], which means that LD3 shipping con-
tainers cannot be loaded. The LD3 container is the smallest intended for standard
aviation with its dimensions of 1,534m x 1,626m x 2,007m, and the UNIFIER19 air-
plane should be able to accommodate three of them in freighter configuration as
per cargo requirement.

The cabin layout that permit to satisfy such a condition on the cargo bay is that
adopted by the Cessna 408 SkyCourier, where the seats are arranged three per row
(see Figure[6.T). The SkyCourier is a vehicle still in the development stage (firstly
flown in May 2020), which shares many attributes with the 228NG, and many mis-
sion requirements of UNIFIER19: it is intended to be a completely new 19-PAX air-
craft with twin turboprop mounted on its high wing, purposely designed to operate
at high utilization rate with maximum efficiency. In fact, it minimizes turnaround
time through fast refuelling, easy boarding, and easy loading enabled by a built-in
roller system and a wide passenger/cargo door.
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Figure 6.1: Cabin layout of the Cessna 408 SkyCourier [72].

Parameter Units Technological Years
2020 2025 2030 2035

Battery Specific Energy Wh/kg 210 260 304 350
Battery Specific Power W/kg 1365 1670 1970 2275
Battery Volumetric Density Wh/I 490 600 710 817
Fuel Cell Specific Power W/kg 800 2130 3460 4800
Electric Motor Specific Power  W/kg 5750 7533 9317 11100
Gravimetric Index (GHy) % 20 25 30 35

Table 6.2: Parameters defining the technological level expected for 2025 (interpo-
lation between 2020 and 2035 of data from [35]).

6.1.3. Technology Level

The time scale of an aeronautical project is usually quite large, the entry into ser-
vice of an aircraft comes many years after the beginning of the conceptual design,
and during those years the technical progress proceeds relentless. This is specially
likely for an innovative project such as the UNIFIER19, thus it is of paramount impor-
tance to carefully estimate the expected performance growth of the technologies
involved in the project, exploiting at best their future benefit.

The market inclusion of UNIFIER19 should happen as soon as possible, consid-
ering the time frame of the detailed design it has been decided that a technological
level for this aircraft will be that of year 2025. Table[6.2]lists the main performance
parameters that depends on the technological evolution, determined by interpola-
tion of the current ones (2020) and those estimated in literature for the year 2035

[35].
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6.2. Results

This stage of the UNIFIER19 project is still in progress. However, various configu-
rations have been sized and compared. The design mission is still being optimized
and the update of the sizing tools is still ongoing. Despite all this, a set of milestones
have been already achieved, particularly:

- the concurrent design loop is at its lasts iterations and the candidate airplanes
are converging to stable solutions.

- thermal hybrid electric architecture has been excluded in favour of a fuel cells
based architecture.

- storage of gaseous hydrogen has been excluded in favour of a liquid hydrogen
storage system.

- strut braced wing configuration (C7) may be excluded as it presents minimal
or even negative improvements with respect to the baseline (C0).

- the most ready alternative (C6) has been already delivered to PVS for assess-
ment.

- configurations C2 and C3 looks very promising and they are close to be deliv-
erable too.

At the beginning of the sizing stage only the first five candidates of Table
have been considered, namely C3, C12, C2, C7 and C15. Comparing the results the
similarity among configurations C7, C15 and C12 showed the greatest potential,
prompting a review of the candidate configurations as already discussed in Chap-
ter[4] This comes from the inherent iterative nature of the design process, where
the presence of nested loops may require some steps to partially overlap (similarly
to what happened between Chapter [3 and [4] with the addition of two special con-
figurations during the initial selection process).

In the rest of this section an overview of the intermediate numerical results is
given.

Thermal Hybrid Electric

The quantitative selection started with the analysis of the most ready hybrid-electric
architecture, that is the thermal hybrid electric. This architecture provides benefits
both in terms of acoustic and chemical emissions, however its high weight dramat-
ically penalizes performance (see Table[6.3). In fact, despite a sizing cruise range
of only 600 km, the MTOMs of all the candidates exceed the CS-23 limit of 8618 kg.
Such a low cruise range limits the potential for commercial successful operations.
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Label MTOM Empty  Battery Fuel Power" Wing Area
kg kg kg kg kW m?
C2 9998 5456 1231 832 1958 49
C3 10188 5820 1211 779 1904 50
C7 10184 5664 1371 670 2177 50

* Maximum continuous at propeller(s) shaft.

Table 6.3: Main sizing results with THE architecture.

Label MTOM Empty Battery Fuel Power" Wing Area

kg kg kg kg kW m?
C2 8223 4981 684 113 1607 40.3
C3 8423 5184 654 105 1574 41.3
C7 8633 5222 836 94 1845 42.3

*. Maximum continuous at propeller(s) shaft.

Table 6.4: Main sizing results with fuel cells based HE architecture and GH2.

Gaseous Hydrogen

The GH2 fuel cells architecture offers much better results with respect to the THE
one, see Table The sizing cruise range is still set to 600 km for these solu-
tions but now, the new powertrain option pulls the MTOM down below the CS-23
limit. A little margin of improvement has been identified after some analysis and
refinements of design settings, however it seems impossible to attain more than
two hops without refuelling.

Liquid Hydrogen

Liquid hydrogen storage enables full operational potential to the UNIFIER19 service.
In fact, right from the firsts sizings it appeared possible to increase the number of
hops considerably. Initially only four hops of 250 km each were considered, then
the number of hops has been increased to six and the range of each hop has been
increased to 350 km (Table[6.5). This rather long mission lasts more than 11 hours,
allowing service at full load throughout the entire daylight without refuelling (see
Figure[6.3). Such great operational capabilities are ensured with a reasonable mar-
gin from the CS-23 mass limit (Table[6.5).

In multi-hops sizing the diversion and loiter have been placed only at the first
hop because it is the most penalizing as the aircraft flies with the greatest mass.
However, it must be pointed out that this is a design mission and so, it is intended
only to provide sizing contraints. In a realistic operative scenario the mission would
be degraded or aborted as the aircraft must be able to perform a diversion and/or
a loiter always until the last landing for safety reasons.

Liquid hydrogen needs to be maintained at a cryogenic temperature, otherwise
it would boil off causing tank pressure to increase. The LH2 tank is not sized to
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Label MTOM Empty  Battery Fuel Power" Wing Area
kg kg kg kg kW m?
Cé6 7954 4615 586 376 1188 39
C2 7843 4356 743 369 1378 39.9
C3 7392 4148 521 350 1082 37
c7 8223 4863 547 433 1228 40.3
Co 8212 4715 719 405 1397 41.2
REF™ 8733 4904 0 1501 1866 44

* Maximum continuous at propeller(s) shaft.
**_Sized for a range of 1600 km to comply with MTOM limit of CS-23.

Table 6.5: Main sizing results with fuel cells based HE architecture and LH2.

withstand much high pressure, thus the hydrogen must be vented in such an even-
tuality. During normal flight the evaporated hydrogen is consumed by fuel cells,
indeed fuel demand is usually such that additional heat is required other than that
naturally received from tank walls in order to enforce hydrogen boil off.

During turnaround time the fuel demand drops substantially and venting is likely
required, causing inefficiencies and undesiderable emissions. A cooling system to
keep hydrogen in liquid form would be too big and heavy to be included onboard
favourably, but when ground infrastructure is available tank venting may be pre-
vented relying on a ground fuel cooling system. Nevertheless, this should not be a
big deal for UNIFIERT9 as its operating philosophy is to be "as easy as a bus’, thus
embarking and disembarking procedures would be especially fast yielding to short
turnaround.

Figure[6.2]indicates the travelled distance and the true airspeed during the sizing
mission. In particular, these comes from the sizing results of configuration C6. The
loiter and diversion are clearly visible at the end of the first hop, the turnaround
phases are also distinguishable by looking at airspeed that drops to zero.

Figure[6.3|depicts the altitude during the sizing mission, together with the level
of throttle, battery charge and remaining fuel. It can be noticed that fuel level de-
creases also during turnaround time, when the fuel cells throttle is set to zero. This
is the consequence of venting the hydrogen tank, and it is more significant in the
lasts hops than in the firsts.

Similar graphs have been obtained for the other configurations, with differences
that are difficult to appreciate as MTOM changes in the order of a few hundreds of
kg among alternatives (less than 7%).
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Figure 6.3: Altitude, throttle, fuel and battery levels along the mission (C6).
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6.3. Final Assessment

As anticipated, the assessment of the proposed configurations is still ongoing at
the moment of writing this report.

The configuration selection is a very complex problem that cannot ignore an
in-depth cost analysis and feasibility assessment, which are outside of the scope
of the present thesis work. In fact, such a delicate task is assigned to a well ex-
perienced partner, the airplane manufacturer Pipistrel Vertical Solution (PVS). The
role of Politecnico di Milano in this process is focused on the identification of alter-
natives and the subsequent estimation of their environmental impact. Throughout
this work, a great amount of possibilities have been explored with the purpose of
detecting the best combinations of technologies that ensure a great potential for
the commercial future of the UNIFIER19 project.

The quantitative selection carried out in this work is based on the amount of
energy consumed per passenger and per kilometer. In fact, the European Union
decision makers are paying much attention to the overall efficiency of aviation, in-
dependently from the source of energy employed, be it hydrogen or batteries or
kerosene. Such a decision criterion may look like an over-simplification of the de-
cision process, but it relies on a long-term thinking approach that focuses on the
achievement of the European vision "Flightpath 2050". In practice, a number of reg-
ulations are expected for the near future aiming at enforcing efficiency and sus-
tainability, especially in transportation and even more in aviation. Therefore, it is
extremely likely that this will be the main driving requirement also in a comprehen-
sive and structured selection process.

Based on the sizings presented in the previous section, configuration C3 attains
the best performance in this regard. In fact, it stands out for the low values of both
fuel mass and battery mass. However, it must be noted that configuration C3 is
currently the most immature among the presented alternatives, as the prediction
concerning the amount of laminar boundary layer attainable over the fuselage has
not yet been validated. On the contrary, configuration C6 represents the most reli-
able solution at this stage, as it already underwent a thorough assessment.

A conceptual representation of configuration C6 is given in Figure[6.4} where its
main systems are highlighted with different colours: electric motors are colored in
light green and they are placed close to correspondent propeller; passenger seats
are shown in yellow; battery pack is placed in the central part of the wing and it is
highlighted in green; the pink box in the tail cone symbolizes the PGS; the cylindric-
spheric blu shape behind the cabin is the LH2 tank; the cargo is barely visible in
dark green at the end of the passenger cabin.

The same subsystem placement is applied to the other configurations.
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Figure 6.4: Schematic representation of the candidate configuration (C6).



7. Conclusion

In the present work, the design space for the candidate configurations of a near-
zero emission commuter aircraft, targeted in the UNIFIER19 project, has been thor-
oughly explored. This led to the creation of a set of candidate airplanes suited for
the intended mission, including more than 45 possibilities that have been later as-
sessed and down-selected.

An initial selection has been carried out to reduce the list of candidates to a
practical number that permits their refinement and accurate assessment. This se-
lection has been based on a few criteria that grant minimal loss of opportunities
in reaching the design goals. Also, a specific selection tool has been implemented
through spreadsheets based on the AHP method. This allowed to perform and ag-
gregate different evaluations of the configurations with respect to a set of selection
criteria. These criteria has been carefully chosen to facilitate judgement of the key
aspects that drive the project.

New design options have been investigated, modelled and implemented in the
design tools. Particularly, this document includes the work carried out on the an-
alytical modelling of a strut braced wing suited for aircraft preliminary sizing pur-
poses. The equations have been derived and extensively tested for various aircraft
categories (commercial airplanes, general aviation and even sailplanes).

The most promising alternatives have been sized with tools developed within
the FMSIab research group during previous activities and further refined during the
present work. The results obtained allowed the selection of a powertrain archi-
tecture, as well as a quantitative ranking based on emissions considerations. The
configurations have been sized with either a thermal hybrid-electric architecture or
a fuel-cell-based hybrid-electric architecture, with either gaseous or liquid hydrogen
on-board storage systems. The best solution in term of emissions is found in the
liquid hydrogen fuel-cell-based option.

A traditional turboprop aircraft has been considered and it has been demon-
strated that it is not able to achieve the same mission capability within the CS-23
category limits.

An aircraft with classical layout (i.e. aft tail and twin wing-mounted propellers)
and liquid hydrogen drivetrain has been considered as a baseline. The proposed
configurations generally show better performance with respect to such baseline,
except for configuration C7, which shows slightly worse performance. The reason
for that may be due to the short cruise phases that prevent exploiting the benefit
on induced drag at best. C7 may have some margin of improvement by adjusting
mission definition in terms of cruise altitude and speed, but it is unlikely that it would
overcome the other competitors.

Configuration C6 is currently undergoing a thorough review in the final phase
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of the WP2 activities of the UNIFIER19 project to assess its general feasibility and
cost efficiency.

Critical Analysis and Recommendations

Based on my experience in this project, would like to offer some considerations for
the improvement of the design space exploration process applicable to possible
future activities.

| recommend to rely more on hand-drawing and brainstorming to generate a list
of alternatives. Indeed, the systematic approach initally adopted in this work led
to a great amount of unfeasible configurations that have been later removed, while
the recommended approach resulted in strong configurations, such as C2 and C3
that are currently considered viable options for UNIFIER19.

| recommend to adopt a simpler method such as the Pugh's Matrix to further
reduce the number of configurations before applying the AHP method (10 elements
would be enough in my opinion, 15 elements proved to be too many). Moreover, it
is important not to hurry towards the final qualitative selection, but to take time to
analyze the scoring and the effect of different opinions and/or thinking of multiple
experts. Finally, it is advisable to cross-check the results with other selection ap-
proaches, such as the Pugh's method. In this process, it may be useful to combine
also different selection criteria, and to have preliminary numerical results to better
judge a solution over the others.

For the sake of the effectiveness of the final assessment process in the UNI-
FIERT9 project, | recommend to establish a shared repository among project part-
ners to permit real-time access to the latest version of software tools, documents
and notifications of issues.

Future Works

The spreadsheet tool developed in Chapter [4 will be enhanced with a greater level
of automatization that will fasten its application to other problems. Tables will be
automatically generated and initialized according to the given set of criteria and
alternatives.

The strut braced wing model developed in Chapter [5 will be further analyzed
and better implemented to deliver more accurate and reliable results.

The energy management strategy will be improved to ensure higher safety while
limiting inefficiencies that occur during turnaround, as discussed in Chapter [6]

The possible benefits of the VIW mentioned in Chapter[2will be investigated. For
instance, the operating strategies that this technology enables such as adapting
the incidence to flight conditions to reduce trim and fuselage drag. Particularly
interesting effects may raise when coupled with DEP thanks to thrust vectoring
that may further enhance landing capability.

The sizings of configurations C2, C3 and C7 will be refined and possibly deliv-
ered to partner for further assessments. The effect of exploiting propulsion con-
trols on configuration C2 will be investigated. The drag advantages promised by
configuration C3 will be better analyzed and validated. Finally, the mission profile
for configuration C7 will be modified searching for its best commercial role.
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A. Strut Braced Wing Analytical Modeling

The candidate configuration "C7" includes the high aspect ratio TBW technology. In
order to be able to quantitatively catch the effects of this technology it has became
necessary to model it and integrate it inside our sizing tools. In other words, it has
been necessary to estimate its impact on mass and drag of the airplane.

The approach followed for these estimations has been already discussed in
Section together with its validation and its results. This appendix contains
many details excluded in that section to preserve the flux of the main topic of this
document, that is the conceptual design of UNIFIER19 aircraft.

In Section [A] the load distributions and the section properties are discussed,
then the cantilever wing and the strut braced wing models are developed, respec-
tively in Section[A.2]and[A 3] It follows a brief comparison between the results from
the two models (Section and a comparison with data gathered from literature
aimed to validate the approach followed (Section|A.5).

Finally, in Section[A.6] other secondary but useful information are presented.

A.1. Problem Setup

This section treats various topic that are common to both wing layouts, or that are
useful for comparing them.

A.1.1. Load Distributions

The ideal lift distribution on a wing is elliptical, this minimize induced drag and it is
usually desiderable. Initially, the linear and the parabolic lift distributions were also
considered to obtain simpler equations, as many subsequent integrations were re-
quired to obtain wing displacements. On a next stage, it has been found that sizing
only for stress was enough to obtain good results, so displacements have be ig-
nored. However all the three load distributions are included in this work, because
the comparison among them allows one to qualitatively judge the effect of small
variations from the ideal distribution, as a sort of rudimental uncertainty analysis.
The resultant of the load distribution along the beam is defined as:

¢
F:/O q(z)dx (A1)

The mean load distribution is defined as the constant load distribution that have
the same resultant:

F
14

q= (A.2)
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The moment induced by the load with respect to the origin is:

¢
MF:/ q(z)xdx
0

(A.3)
The arm length of a dump load equivalent to the load distribution is given by:

_ Mrp

fo= (A.4)

Nondimensionalization

The nondimensionalization is useful to obtain rather general equations and to col-
lect all case-specific parameters.

Nondimensional spanwise coordinate, it goes from 0 to 1:

X
(=7 (A.5)
Nondimensional load distribution, depicted in Figure[5.4
i=1 (A.6)
q

Parabolic

The expression of the parabolic load distribution can be written as (g is the mag-
nitude coefficient of the load):

@) = (1-5) = (1= ¢) (A7)

The magnitude coefficient ¢y can be calculated for a given resultant F:

Z ! z’ 2 3F
F:/O q($)d$:/0 do (1_€_2> d.TZggC]O — QO:§?

The location ¢, of adump force equivalent to the load is derived from the expression
for the moment of the load:

¢ ¢ 2
Mp / q(z)rdr = / o <1 - 6_2) xdx
10 3 ’ Mg 3 (1.9)
= ZqOEQ =Ft = f= —E_2y
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Elliptical

For the elliptical load distribution the equations are:

@) = a1 = /T (10

¢ £ a2 1 AF 4
F = /0 q(z)dx = i qor/ 1 — E_de = ngqo - == %(j (A7)
£ 14 2
Mp = / q(x)rdr = [ qo\/1— xd
0 0 £ (A12)
— 14

Linear

The case with linear load distribution is slightly different because it involves two co-
efficient to control the shape of the load. The second equation required to solve the
system has been retrieved by minimizing the Mean Square Error (MSE) between lin-
ear and elliptical load distributions, with the load resultant enforced as a constraint.

The expression of a linear load distribution can be written as (¢ and ¢, are the
coefficients that control the shape of the load distribution):

q(x) = qo + m% =qo + 1€ (A13)

The constraint equation is obtained by fixing the value of resultant F:

1 2 ¢ 2
The error between the elliptical and the (constrained) linear load distributions is

given by:
4F x? F x 1
N T T [WQI (ré)] (A15)

The problem is solved by calculating the mean square error over the entire beam
(integral), and then searching its minimum with respect to the coefficients (null
derivative with respect to ¢;):

oomin [ em@Pdr — a=(0_6)a w=(4-)s @0
/ (F-o)a w=(1-3)

q1

¢ ¢ x 1 F 1
F = / q(v)dx = / g + q-dx = (q() + —m) C = qg==-=-qa (A14)
0 0

err(x) =

This linear load distribution has the same equivalent dump load location ¢, of
the elliptical case:

¢ ¢ .
Mp = / q(x)rdx = / (qo + QIZ> xdx
0 0 (A7)

1 1 4
— gl = —F0 g, =F_ 2y
p@ot +gntt = oo F  3rn
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A.1.2. Section Properties

This section contains definitions of some section and geometrical properties, and
a couple of useful relations based on the assumption discussed in[5.3/and that are
used later on in the document.

The second area moment J can be defined in terms of the gyration radius r, and
section resisting area A:
J=rlA (A.18)

The minimum section modulus W, is defined through ymax, that is the distance
from elastic axis to the farthest fibre of the resisting section:

2
Wmin - / - rg A (A19)
ymax ymax
The aspect ratio is:
v¥oob
=— =- A2
A 5= (A.20)

The ratio between cantilever wingspan and strut-braced wingspan is defined:

Al (A21)
by

Cantilever and strut-braced wing are compared maintaining the same wing area
and the same thickness-to-chord ratio (the subscript "0" identifies the reference
cantilever wing):

S =bc= boCO (A22)

this leads to the following relations that will be used later:

ro _3t/0w ¢ Sb b

~2 7P E T T A A.23
Ty T(t/o)e e bS b (A.23)
2 2 2
ﬁzlb W2 A2 A 2),A A 24)
g E(t/c)c (t/c)cobo o (t/c) co (t/c) (t/c)
b b _ 2 (A25)

re0  (t/c)eo  (t[c)

A.2. Cantilever Wing

In this section the equations for the cantilever wing case are derived. Figure
represents a cantilever wing with a generic load distribution.
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X
— q(z)
I
E7 AOJ ']07 %b()

Figure A.1: Cantilever wing scheme and nomenclature.

A.2.1. Nondimensionalization

As already pointed up in Section for the load distributions, the nondimension-
alization has been considered useful to generalize the results and group the case-

specific terms.
The nondimensional span-wise coordinate is defined with respect to half of the
wing span, or the span of the semi-wing (it goes from 0 at root to 1 at tip):

o x
2o
The nondimensional internal axial force, shear force and beding moment re-

spectively that are shown in graphs:

X (A.26)

- N
N=% (A.27)
- T

T=- (A.28)
~ M

The nondimensional stress and mass, again used to show generalized graphs:

(A.30)

o=

] Q

m_m( P \/§|L|>_1 (A.37)

max
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Figure A.2: Cantilever wing reaction forces.

A.2.2. Reactions
Figure[A.2)indicates forces and moments acting on the wing.

General

The reactions are obtained enforcing statical equilibrium, these equations are valid
for all the load distributions:

Ny=0 (A.32)
zbo 1
Ry = / q(z)dx = §L (A.33)
0
zbo 1
My = / q(x)zdx = beiL (A.34)
0
Parabolic
In case of parabolic lift distribution the reactions are:
2
RA = qubO (ASS)
My = iq b2 (A.36)
47167070 '
3L
=—— A.37
do 2 by (A.37)
b= b (A38)
e — 16 0 .

The parabolic lift distribution is equivalent to a dump force at £ of wing semi-
span from the root.
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Elliptical
In case of elliptical lift distribution the reactions are:

1

RA = gﬂ'QobO (A?)g)
1 2
My = ﬁ%bo (A.40)
4 L
W =3 (A.41)
2
be = oy (A42)

The elliptical lift distribution is equivalent to a dump force at = of wing semi-
span from the root.

Linear

In case of linear lift distribution the reactions are:

1 1
Ry = 5 <QO + §(J1> bo (A.43)
I 5, 1
MA = g(]obo + qubo (A44)
%:@_§>£ (A.45)
™ bo
1 L
¢ = (-6 _ 6) L (A.46)
s bo
2
b, = —by (A.47)
R

The linear lift distribution is equivalent to a dump force at = of wing semi-span
from the root (the same of the elliptical distribution).

A.2.3. Internal Forces

General

The internal forces are computed through the following equations, valid for a gen-
eral load distribution:

N(z) =0 (A.48)
T(x) = T(0) - / " a(6)de (A.49)

M) = M)~ [ T(e)at (A50)
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T(0) = Ry (A.57)

M(0) = My (A.52)

Parabolic

In case of parabolic lift distribution the internal forces and moments became:

1) =70) - [ € = Ra [ Shoan (1 = ¢ g

s, (A.53)
BRIV
g X 1 3. 1,
M(z) = M(0) — T(§)dE = My — 550[/ 5 ZC + ZC dg
0 0
5 1 3 1 (A.54)
_ &= P Ny
- <32 PR TAET R ) Lbo
Elliptical
In case of ellipticla lift distribution the internal forces and moments became:
1 1 ) 1
T(m)z---z(———arcsmx——x 1—X2>L (A.55)
2 7 T
1 .
M(z)=...= {2— <Xarcsmx+ V1— X2>
4 (A.56)

1 1
+6_7T(X2_1) \/1—X2—4—1X} Lbg

Linear

In case of linear lift distribution the internal forces and moments became:

N R
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A.2.4. Stress

The maximum stress over the section is computed considering only the bending
moment, shear and torsion are not included. The approximations on the section
properties are introduced here, this is highlighted in equations by using the symbol
'~"in place of the equal.

Parabolic

The maximum stress over the section varies along the span of the wing, soitis a
function of .

_MOIl (3 1 3 |L] bo
o(x) = oo\t 16X X 472 — Ymax0
3 1 3, L] bo
~ (31 A.59
(32 XN T 32 > Ao 740 (A59)

N EE N L] o
S\ 2N e T 16 A, (t/c)
The maximum stress over the entire beam is at root, this can be proven but it

has been omitted as it is rather intuitive for the cantilever wing, however it can be
understood looking at Figure

(MO) _ 3 |L] X

Omax0 = A.60
"= Waimo ™ 16 Ao (1)) (4.60)
Elliptical
_ MOl [ - —2
o(x) = W = |2n (X arcsiny + /1 —x >
1 L|b
+ - (X - 1) V1- X2 - 4X:| L—‘Qoymax[)
070 (A.67)
[ xarcsiny +4/1 — X2>
1, — 1 |L| Ao
N 3 O =1 Vi=x QX] Ap(t/c)
(M©O) 2 LA
max0 — ~ A.62
i S N (462)
Linear
MOl 2 1 AW 4_1 5] LA
o) = Wiino |37 2X+ ! 7 )X * st 2) X Ap(t/c) (A.63)

Tmax0 Wmin 0 37T AO (t/C)

Note: this linear lift distribution has the same maximum stress of the elliptical
one.
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A.2.5. Mass

The mass of the wing (m,,) refers to the full wing (both sides). It is estimated con-
sidering the only contribution given by the resisting structural material.

Constant Section - Parabolic

In this case the resisting area is sized at the section with the highest stress and it
is kept constant all along the span.

3 |L| Xo
N ———— A.65
"™ 16 0max (t/) (A69)
3 L] Xo VA
= pA ~ A.
mo = p Ob() 16 max( /C> 0 16‘ P (t/ )\/_ ( 66)
Constant Section - Elliptical

0~ 2 1L 2o (A.67)

37 Omax (/)

mo = pAobo ~

3
2 JLL Doy 200 0 VN g (A68)

P e (£)) % Omnax (£/€)

Constant Section - Linear

o2 1L X
S S 0 (A.69)
mo = pAgby ~ \/_\/_ (A.70)

UmaX(/)

Note: it gives the same result of the elllptlcal distribution because maximum
stress is the same.
Variable Section - Parabolic

In this case the resisting area is sized at each section, so the stress is kept constant
all along the span and equal to o ,ax.

3 1 3 1 L] Ao
A 2oz 2 A4 A71
o) ~ (16 pX T Y T 16N ) Ginax (1/€) a
1 Ll A trs 1 3 1
mo—/pAo( )bodX~P| | Ob/( X+ g x——x)dx
0 omax (t/C) " Jo 16 2 8 16 (A72)

. U
Omax (t/C )\/_

N20



A.3. Strut Braced Wing Xi

Figure A.3: Strut-braced wing scheme and nomenclature, with a generic load distri-
bution.

Variable Section - Elliptical

1 :
Ao(x) =~ [; (X arcsin y — /1 — X2>

(A73)
1, 11 1L] A
— 1)1 — 2 — Dy 2D
T3, (00 X zx} o (1)
! Ll A M ,
mo = / pAo(x)bodx ~ pu . bo/ {— (X arcsiny — /1 — XZ)
0 Omax (t/C) 0 ™ (A 74)
+ L () VISR - iy | )L /% /5 |
3 2 16" Omax (t/c)
Variable Section - Linear
2 1 2 4 1 IL| Ao
Aoy) ~ | 2~ = 1= 2 )2+ (= = =)y 2 A7
o(x) {37? X T ( 7T) X+ (37T 2) X ] Omax(t/€) (A79)

oy = /01 Ao\ bodx = - - ~ (i - i) L VN5 (a7

3r 24 Omax (t/€)

A.3. Strut Braced Wing

In this section the equations for the strut braced wing are derived. Comments are
usually avoided in this section because it has been followed exactly the same pro-
cedure already described for the cantilever wing case.

Figure[A.3)represents a strut braced wing with a generic load distribution. The
following geometrical relations can be verified from the drawing.

hs
tan o = ™ (A77)
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Uy = +/h?+1? (A.78)

sina = % (A.79)
bs
cosa = o (A.80)
A.3.1. Nondimensionalization
The nondimensional span-wise coordinate is:
Xz
Y= (A.87)
2

The nondimensional span-wise location of the strut connection to the wing (strut
breakpoint):

bs
Xs =1, (A.82)
2
The nondimensional vertical location of the strut connection to the fuselage:
hs
17
5b
The vertical location can be also nondimensionalized with respect to the refer-
ence wing span by.

hs
2bo

This is especially practical because the vertical location of the strut connection
on the fuselage depends on the fuselage height, that should not change while con-
sidering different wing spans. A given v, would give a different h, with a different
wing span b, on the contrary a given v, o fixes h, independently of b.

Below the definitions of, respectively, the nondimensional axial force, shear for-
ce, bending moment, stress and mass:

= 7,A (A.84)

Vs,0 =

N:% (A.85)
T:% (A.86)
M:% (A.87)
5=o% (A.88)

ﬁi:nz( P v@yu>_1 (A.89)



A.3. Strut Braced Wing Xiii
Figure A.4: Strut-braced wing reaction forces.
One last useful relation that will be used later:
1 1
ls = §b\/m = 550 X2IAZ+ 72, (A.90)
A.3.2. Reactions
Figure[A.4lindicates forces and moments acting on the wing.
General
The static equilibrium equations are:
1
Bi+ Rp = §L (A91)
1
§Lb€ — Rpb, =0 (A.92)
The reactions forces obtained from static equilibrium:
1 be
1b
——y A94
Ro =5 (n.94)
Rc = Rp (A.95)
Rp 10, bs
Ny = =—-———L A.
A7 tana 2 bs hg (A.96)
No = Np =Ny (A.97)
N, = Bz _Lbls (A.98)

* sina 20b, h,

Notes: With positive lift, the strut is pulled and the inner part of the wing is com-

pressed. The strut is subjected only to axial load.
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Parabolic
1 30
fa (5 B @zz)
3 b
RB - 3_2b_5
_3bbs
A7 320, h,
3 b4
° 320, h,
Elliptical
1 10
fa (5 B 376:)
1b
Rp = ——
B 3rb,
_1bbs
A7 30D, hy
1 b4
* " 3mbg hy
Linear

Note: same reactions of the elliptical distribution.

150 2 1
=——L=——1L
Ry 37 by 3T X
Ny_Lbb 21, 24,
3 b hg 3T Vs 3T Ys.0
2 24,2
1 b, 9 \/ Va0 +AXE
Ny = —— = L

A.3.3. Internal Forces - First Chunk

(A.99)

(A.100)

(A.107)

(A.102)

(A.103)

(A.104)

(A.105)

(A.106)

(A.107)

(A.108)

(A.109)

(A.110)

Internal forces and moments calculated for the first chuck of the beam, that means

from the wing root to strut breakpoint.

x < by

(A117)
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Parabolic

N(z)=N0)=-Ny=———1L (A112)

1) =70 - [ alde = fa— [ oo (1= ) g

s, s, (A113)
2 TN T a6y
* X713 1 31 1
M($):M(0)—/ T({)dﬁz—/ <§_4_1C+4_1C3_E_> Lsbdg
0 0 Xs 2
(A.114)
(e 2e Le 2l
U T e Tt Tyt
Elliptical
1 b by
1 21 1 1
T(x)z---z( —————— arcsin y — —yx 1—X2>L (A.116)
2 3myxs T T
1 , 1,
M(z)=...= —<XaI‘CSII1X—|—\/]_—X2>+—(X —1)v/1-x2
2m 6m
| ! (A.117)
X
o — (X 1)L
4X+37r (Xs )} b
Linear
1 A
N(z)=—-———L A.118
0 =g (AT8)
1 2 1 4 4 3
Ta)==|-————(2—=)x—(=-—= )L A.119
S YA N P
U [ SURINE S0 GRPI (ESL L BB (IR
M(x) = —[ 4X+37TX5+<2 7T)x +(37T 4)X]Lb (A.120)

A.3.4. Internal Forces - Second Chunk

Internal forces and moments calculated for the second chuck of the beam, that is
from the strut breakpoint to the wing tip.

x> b, (A121)

Note: all equation for the second chunck are the same of the cantilever wing
(the second junk can be seen as a cantilever beam constrained to the first chunck).

N(z) = N(b)) + Np =0 (A122)
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Parabolic
T(x) = T(bs) + Rp — /:Q(é)df == (% — ZX + ixi”) L (A.123)
M(z) = M(bs) — /b T(&)dE = = (—ix + %XQ — %X‘* + 3—32) Lb  (A124)
Elliptical
T(x)="-= (% - %arcsinx - %X 1- X2> L (A125)
M(z)=...= {% (Xarcsinx—i— V11— X2>
(A126)
Fe ) M—H L
Linear
1w == 5= (2-2)x- (3-3) (n127)
M(z)=--- = [—ix+3i7r+ (%—%) X+ (3%—}1) ;ﬁ} Lb  (A128)

A.3.5. Internal Forces - Complete

The equations from the two chucks can be combined together taking advantage of
the step function, defined as follows:

0 ¢<0
t = - A129
step(() {1 (>0 ( )
Parabolic
b 31
(z) = 57— (step(x — xs) — 1)L = o5 —(step(x — xs) — 1)L
32 hy 32 s
(A130)
= 38 (step(x — xo) = )L
- 32 'ys?o p X XS
/1 3 1, 31 31
T(x) = <2 — 4X+ X~ 16 1. + 16 Xsstep(X _Xs)> L (A137)
1 3 1 3
M) = (~Jxt ot - g+ X
X (A132)

3X_Xs

32 X

step(x — xs)> Lb
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Elliptical

1 b0

1 A
N(z) = — — (st ) = DL = —
() b, hs(s ep(x — xs) — 1) 37 700

(step(x — xs) — 1)L (A.133)

1 1 1 21
T(x)= {— — —arcsiny — —xv/1—x>— ——
T s

’ 37 X (A134)
—l—liste (x —xs)| L
37 s PUX — Xs
1 1 1
M(z) = {— (Xarcsinx+ V1— X2> +— (-1 V1-x2—-x
2T 67 4
L/ Ly (A.135)
— (A1) - — (X1 )| L
T3 (Xs ) . (Xs )Step(X Xs):| b
Linear
N(z) = =2 (step(x — &) = 1)L (A136)
T)= 37 750 SLePIX — Xs .
1 4 4 3 2 1
ro == 5= (22 (5-3) ¢ o
: (A137)
—l—i—ste (x —xs)| L
37 v PUX — Xs
1 1 1 2 1
M(z)=...= {—ZXJF (5—;)X2+ (g—z)x?’
(A138)

A.3.6. Internal Forces - Strut

The axial force acting on the strut, which is the only non-zero internal force.

Parabolic
2 2~,2
300 3VRFRE, 3\ et AN
N2 0hp  SNVY X, S VBT (A.139)
32 b, hy 16 xs7s 16 Xs7s,0
Elliptical

2 2~,2
\/ Vs T AXG
N, = 3ib££_sL I (A.140)
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=

Figure A.5: Summation of bending stress and normal stress (clarification on pres-
ence of absolute value in the stress equation).

Linear

Note: it is the same result of the elliptical distribution.

9 /750 + A2
N==—V" 5 (A147)

3T Xs’)/s,()

A.3.7. Stress

Notes: only bending moment and axial load are considered, torsion and shear have
been ignored. For sake of clarity, the absolute value is needed to find the maximum
stress, see Figure[A.5]

Parabolic
a(x) = |%LX:‘ + ‘Nf(fm

_ ’_lx + 136X - 3—12x4 + 3—325 332 X szsstep(x Xs) |j| %ymax
+ 3—327?0 [1 —step(x — xs)] lfll
‘_%X + %X N 312X4 + 332% 332X XSXSStep(X Xa) lfl|7“bg

o 21— stepl — x5

~ ‘—%x n §x2 _ %X‘* + %% - %X ;ststep(X —Xs) %?E/AC;

+ 3—32760 [1 —step(x — xs)]%

(A142)
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Elliptical
MO, INOY|
o(x) = W T A
1 1 1
=|— (XarcsinXJr\/l—X?) +_(X2_1) V1—y2 -y
2T 61
L (x |L|b
(A1) = — ="
o (xs ) [1 —step(x — xs)] 73 e
1A L)
——[1 —step(x — xs)]" .
+ 3MS,0[ step(x — Xs)] = (A.143)
1 1 1
~ ‘; <Xarcsinx+\/1—x2> +3_7T(X2_1) ‘/1_X2_§X
2 (X |L| AgA?
— (& 1) [1=step(x — xs)]| —
b (1) 1 stepta - 22
LA L)
_ 1 — st —Ys)]—
3%75,0[ step(x — Xs)] =
Linear
M), [N
(X) B Wmin A
RlmsxFll-—= )X+l -5 )X
. e (A.144)
2X 2 XXt - )@AON ~
3mxs 3T Xs PIXT X)) 7Y (t/c)
1 A |L|
— T [1—st — )=
+ 3%75,0[ step(x — Xs)] =
Strut - Parabolic
_ ol _ 8y A (A145)
A 160 xaso A ’
Strut - Elliptical
] 2yt TN (A146)
Os = - T .
’ AS 3 Xs7Vs,0 As
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Strut - Linear
Note: it is the same result of the elliptical distribution.

2 2~,2
IN,| 2 \/Vso +A Xs |L| (A147)

O-S: = —_—

As 3m Xs7s,0 A_s

A.3.8. Maximum Stress

In order to size a constant section wing, it is necessary to find the overall maximum
stress along the wing. In case of cantilever wing this was always at the root, in case
of strut braced wing it turns out to be harder to find its location and so, its value.
For this reason, the maximum stress is searched analytically only for the parabolic
lift distribution, and then findings are applied also to the other distributions.

Parabolic

Axial load is constant, so the most stressed section along the wing corresponds to
the section at which the bending moment is maximum.

max M () : oM _ 0 (A.148)
X ox
OM 3 1 31 31
14 2y — o3+ 2 — 2 step(x — X A.149
I +5X T gX +8xs 8xssep(x Xs) ( )
0 301,

The only solution for y > x, is at the tip (x = 1) in which the bending moment
is zero (the slope of the function is monotonic decreasing: %QX]? =2 - 2y?),sothe
maximum bending moment must be at y < ..

The exact location of the maximum for y < x, is obtained by solving the follow-
ing third order equation:

OM 3 1 31
kel Ty S V% M A.151
Dx Fox Tt =Y (A.157)

but the resulting expression of the analytical solution is of poor utility:

X < Xs

<
7N
ool w
x|

|
—_
N———
2|
x|~

|
=~ w
g
S

Xs = 16
vw={ L(3L |\ [9T 3T (A152)
8 Xs 64xs  4Xxs
S
2 cos {%atan (?1—6;’@)} Xs > &

Figure[A.6|indicates maximum bending moment and its location along the wing
as a function of strut breakpoint x, (obtained numerically from equation|A.148). The
maximum bending moment is at the strut breakpoint for y, < 0.55, when x, > 0.55
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Figure A.6: Maximum bending moment and its span-wise location for different y,
(numerical solution).

the maximum bending moment is in the inner part of the wing. It can be also seen
that this point is the optimal strut breakpoint, in the sense that it leads to the lowest
maximum stress. So the optimal strut breakpoint is xs.p¢ = 0.55 for the parabolic
lift distribution.

Fortunately, the maximum stress for x > x; ot IS NOt Of much interest, because
this solution is sub-optimal and it also leads to longer strut that generates more
drag and that is more prone to buckling. For x < x;..: the location of the maximum
is known (it is at the strut breakpoint), so it can be easily computed:

LMl N
max Wmm A
1 3, 143)|L|b 3 AL
1 T390, 4

:(— o165 T 3% T3 ) Wi 32700 A
1 3 , 1 , 3\|Lp 3 A |L
:(_ZXS+1_6XS_3_2XS+§) rg_Aymax 3—2%7 (A153)
1 3 , 1 , 3\I|Lb 3 A|L
~ (‘1“ RS A 3—2) T A 3230 A
1 3, 1 , 3\|LXAZ 3 A |L
~ (—§Xs TR TN T 1_6) Ao 3Ry A
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Elliptical

The same reasoning done for parabolic lift distribution applies to elliptical lift distri-
bution but it gives a different numerical result. In fact, the optimal strut breakpoint
(that gives the lowest maximum stress) is ;s opt = 0.6.

M N| 1
Omax = ﬂ + u ~ = <X8 arcsin Xs + 11— X?)
Wiin A (A154)
1, 1 1IL| A2 1 A L '
— — )T =2 — =y, | 2 - =
3, 061 X 24 A (/0 T3m70 A

Linear

The optimal strut breakpoint (that gives the lowest maximum stress) for the linear
lift distribution is xs opt &= 0.65.

M@ N
max Wmln A
1 2 4 1 2 |L| )\OA2
eyt (1=2) 2+ (——2) e = | 2 .
{ 2X + ( 7r) Xs (37r 2) Xs 3%] A (t/c) (A155)
1 AL
37T’}/s70 A

A.3.9. Strut Buckling

The same load distribution has been considered but with a negative load. This is
done to use the structural constraint given by the load factors, for example ny;,, =
(Mmax, Mmin) = (+4, —2). The positive limits is higher in modulus than the negative
limit, so the strut area is sized from the positive load factor. The ratio between the
two limits is defined:

|Tmax | |Ly |
Nratio = 77— = 77 (A156)
' |Tmin| |L_|
|Noow| m2EJs 1 mE
Osor = 1 2 o E Tos (A157)
Os < Oser (A.158)
As the area of the strut A, as been already sized then:
|Nmax 7| |Nmax f| O max
Os_ = — = " Omax = *** = A.159
’ As ’Nma:c,Jr | Nratio ( )
so it is possible to calculate the minimum required radius of gyration:
mE o502 1 Omax
05— < E Tos T Tgs 2 =5 = — 772E£§ (A.160)
and the minimum required thickness of the strut:
b= ea(t]e)s > 1] ——TmE 2 A2 26 (A161)
° ° o Nratio B >0 °
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A.3.10. Mass

The mass of the wing (m,,) refers to the full wing (both sides). The mass of the
struts (m,) includes both struts. The mass of the wing assembly (wing + struts) is

simply given by:
Moy = My, + M
Strut - Parabolic

3 /o0 T A% |1
16 Xs7s,0 Omax

1 1
lo= 02+ 12 = Sbv/x2 492 = Sboy [ ADE +13

3 720+ A% |L
ms = 2pAdls = 2p—fy 20 Xs |L] bo
32 Xs7s,0 Omax

3 7e0 + A p
== VAoV |L
16 Xs7Vs,0 Omax 0 | |

Strut - Elliptical

) :3\/73,0+A2X§ 1L

3m Xs’Ys,O Omax

2 720+ A2
m5:2pAS€5:—7’0 Xs P \//\0\/§|L|

3m Xs7s,0 Omax

Strut - Linear
Note: it is the same of the elliptical distribution.
2 \/ 750+ AN ||

Ay = —
3m Xs’Vs,O Omax

2 720+ A2
ms = 2pAls = 3—7 L Xs P VoVS |L|
™ Xs7s,0 Omax

Constant Section Wing - Parabolic

(A162)

(A163)

(A.164)

(A165)

(A.166)

(A167)

(A.168)

(A169)

In this case the resisting area is sized at the section with the highest stress and it
is kept constant along the span. The equation is valid only for x5 < Xsop =~ 0.55,
because it has been assumed that the maximum stress is at the strut breakpoint.

1
An [ —axet 22— =t 2
(2X+8XS 6% " 16

3 1, 3\ |L| %A 3 A L]
Omax (t/C) 32 ’YS,O Omax

(A170)
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1 3 1 3 VA3
= pAb ~ (——x5+ X2 — x§+—) VS L]
2 8 16 16 ) Ormax (t/) (AT7)

L\ AVS ||

* 3_2'750 Omax

Constant Section Wing - Elliptical

In this case the equation is valid only for x5 < xs.0pt =~ 0.6.

1
Ax [ (Xs arcsin xs + /1 — X?)
_l’_

(A172)
1, ., L] MAZ 1 A L
- — 1)1 — %2 — =, - =
3r (XS ) X 2X ] Omax (t/c) + 37T V5.0 Omax
1 :
my, = pAb =~ [— (Xs arcsin xs + /1 — XE)
m
1, ., 1 p A/ ASAS
— —1)y/1—x%2—= L A173
+ oo (xs ) X3 2Xs] YR Y=VS I (A173)
VAoVS L]
37( ¥s,0 Omax
Constant Section Wing - Linear
In this case the equation is valid only for x5 < xs.opt ~ 0.65.
1 2 4 1 2 L| \A?
A~ |—=xs + 1—— A==z )+ = L] o
2 3mr 2 37| Omax (t/C) (A174)
1A I |
3m 73,0 Omax
1 2 4 1
My =pAba |—=xs+ (1= X2+ [ ——= )|\
2 s 3m 2 (A175)
2 VASA3 '
— VAoVS |L
3#} Omax (t/ VEIL+ 37 V5.0 Ormax doVS 11

Variable Section Wing - Parabolic

In this case the resisting area is sized at each section, so the stress is kept constant
all along the span.

1 3 1 3% 3xX—Xs L] AgA2
AD) m [—2x 4+ o2 = =+ =2 — 22 Bgpep(y — xo)| =
(x) R A T S T Sv T step(X — Xs) YROD
3 A L
1— st s

(A.176)
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1 3A3
mw:/pA(X)bdX% PV VS |L|
0

T (1/0)
< /0 1

1 3 1 3 X 3X Xs
—x+ o =X -
3

" Id
2 X TN Ty, 16 repx x| dx A177)
+ 35X P/ 2oVS L

sO max

\/—A 3
Namax (t/) \/_|L|[P<XS) @ s

C\/2VS L

sO max

Unfortunately this last integral requires a numerical solution, but later on the
results are interpolated with polynomials and their coefficients are given in Table
AT

Variable Section Wing - Elliptical

Ax) = %(Xar031nx+\/1_7>+_(x _1)m_%x
* % (Xl - 1) [1 = step(x — x:)] U’j’ ?;/ch (A178)
+ %fﬂ [1 —step(x — xs)] ’i’x
N
/ )by ~ . X arcsin x + /1 — 2 )
+

Bi(x _l)m_1X+_<Z_l) [1 — step(x — xs)]

S ax
1
+ _Xs \/ \/_ |L|
3 f)/sO max
VASA3 1
Umax (t/ ) 37T

50 max

(A.179)
Unfortunately this last integral requires a numerical solution, but later on the
results are interpolated with polynomials and their coefficients are given in Table
AT

Variable Section Wing - Linear

L] oA
] (A.180)
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Figure A.7: Numerical integration of Ip(xs), Ir(xs) and I(xs) together with their
correspondent polynomial interpolations.

My = /OlpA(X)bdX ~ L \{;A ——X n <1 _ E) v

4 Iy 5 2 x 2X Xs

- = t s
+ {5 2)X+ =—step(x — Xs)
_l’_

dx

3T Xs 37 Xs

V2SI

1
377 ’Ys 0 Omax

P VARG i1 () + g LRSI

~ Omax (t/) sO max

(A.181)

Unfortunately this last integral requires a numerical solution, but later on the
results are interpolated with polynomials and their coefficients are given in Table

Al

Integrals Interpolations

Integrals Ip(xs), Ie(xs) and I.(xs) have been integrated numerically for various
values of y,. The resulting functions have been interpolated using a sixth order
polynomial in the form of:

I(xs) = Cs + Csxs + Cux? + Cax® + Coxt 4+ Cix3 + Cox8 (A182)

Figure |A./| shows the results of numerical integration and the corresponding
polynomial mterpolatlons Table[A7]contains the coefficients of the polynomials.
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Co Cl 02 03 C14 C1"’) Cﬁ

Ip 7.3729 -21.8847 24.8689 -13.4524 3.6813 -0.5827 0.0749
Iy 6.9733 -22.5414 281720 -16.9872 5.2202 -0.8854 0.1069
I, 5.4573 -18.0120 22.9419 -14.0406 4.3651 -0.7638 0.1022

Table A.1: Coefficients resulting from interpolation of Ip, I and I, computed
through numerical integration for various ..
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Figure A.8: Nondimensional axial force comparison.

A.4. Comparison

In this section various results of the cantilever wing are compared with those of the
strut-braced wing.

Axial Force. Figure[A.§ shows a comparison of nondimensional axial forces be-
tween cantilever and strut braced wings, in case with elliptical lift distribution with

Xs = 0.5,7,0=0.15and A = 1.
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Figure A.9: Nondimensional shear force comparison.

Shear Force. Figure[A.9shows a comparison of nondimensional shear forces of
cantilever and strut braced wings, in case of elliptical lift distribution with x, = 0.5.

Bending Moment. Figure shows a comparison of nondimensional bending
moment of cantilever and strut braced wings, in case of elliptical lift distribution

with y, = 0.5.

Stress. Figure shows a comparison between the nondimensional stress of
cantilever and strut braced wing, in case of elliptical lift distribution with x, = 0.5,
Vs,0 = 0.15,A =1, A =9 and (t/C) =0.12.

Mass. Figure shows a comparison between the nondimensional wing mass
of cantilever and strut braced wings, in case of elliptical lift distribution with y, =
0.5, 750 = 0.15, \g = 9 and (t/c) = 0.12.

A.5. Validation

The validation presented in Section[5.3]involves statistical equations gathered from
literature, specifically from [22], [65] and [67]. For the sake of completeness those
equations are reported below.

Important note: The statistical equations have been copied as they are, so refer to
Table[A.2lfor nomenclature and units adopted in them. Do not consider this nomen-
clature and units valid elsewhere in the document, and do not consider the nomen-
clature adopted in the rest of the document valid within these statistical equations.
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Figure A.10: Nondimensional bending moment comparison.

:I T T T [ T T T T [ T T 7T T [ T T T T [ T T T T [ T T 7T 7T [ T T T T [ T T T T [ T T T T [ T T 71T
N — Cantilever
- - - - Strut Braced

—
(=]

—_
W

— —
(@] [\
LI L LENLEL

Nondimensional Stress
(070]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Nondimensional Span Position

—_

Figure A.11: Nondimensional stress comparison.
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Figure A.12: Nondimensional wing assembly mass comparison (including struts).

Symbol Units | Description

S ft? | Wing area

A - Aspect ratio

My - Maximum level Mach number at sea level
Wro Ibs Take-off mass

Nt - Design ultimate load factor

A - Wing taper ratio

(t/c)m - Maximum wing thickness ratio

Ay deg | Wing semi-chord sweep angle

Wiz Ibs Maximum zero fuel mass (Wro — Wr)

b ft Wing span

t, ft Maximum thickness of wing root chord
Wag Ibs Design flight gross mass

N, - Ultimate load factor

Sw ft? Trapezoidal wing area

(t/C)root - Thickness-to-chord ratio at root

Sesw ft2 Control surface area (wing-mounted, includes flaps)
MAC ft Mean Aerodynamic Chord

(%) - Maximum thickness-to-chord ratio

Pmat Ibs/ft® | Density of construction material

AR - Aspect ratio

K, - Parameter "wing density factor’, see values in [67]
g ft/s? | Gravitational acceleration

Table A.2: Nomenclature and units adopted only for the statistical equations.
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GD Method. Wing mass statistical equation [22].

~0.00428(8%4%) (A) (M) * (Wromu) >3 (M) 1*

Wi A.183
v [100(£/¢),]%70 (cos Ay /)154 (A183)
Torenbeek. Wing mass statistical equation [22].
Wi = 0.0017 Wize (b/ cos A 2)7[1 + {6.3 cos(Ay2) /b} 4] (A184)
X (nult)o'sg)(bS/tTWsz COS A1/2)0.30 )
Raymer. Wing mass statistical equation [65].
Waing = 0.0051(WgV,)"5750649 4034 /) 0:4(1 4 1) x (cos A) 050, (A185)

Sadraey. Wing weight statistical equation [67], note that this equation may be em-
ployed in both SI and British units and that it yields the wing weight, not the wing
mass as it was for the other equations.

Weo — S - MAC - [ L . i (AR e 0‘6.)\0-04. (A.186)
w w C - Pmat p COS(A0,25) g :

Cessna Method - Cantilever Wing. Wing mass statistical equation [22], refer to
Table[A.2Ifor nomenclature and units.

WW = 0.04674 (WTO)O.397(S)O.360(nult)0.397(A)1.712 (A~|87)

Cessna Method - Strut Braced Wing. Wing mass statistical equation [22], refer to
Table[A.2lfor nomenclature and units.

Wi = 0.002933 (S)"18(A)2473 (n, )61 (A.188)

A.6. Others

A.6.1. Displacements
Cantilever - Parabolic Lift Distribution

EJyw"(z) = M(x) EJyw'(0) =0, EJow(0)=0 (A.189)

EJow'(z) = BJou'(0) + [ M(€)de
0

3 1 1 23 1 2
=L —bx— —a?+—"— — _
(64 16" T3, 320 bg) (A.190)

3 1 1 1
— b2 e 32 P B 1
0( X~ 16X T 39X ~ 30X
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_ <%b0x2 _ %IS + %i—: _ ﬁ%) (A197)

_ L (%Xz _ 9_16X3 " ﬁf _ @XG)
w'(x) = é—f}i (634)( — 1—16)(2 + 3%963 — %X‘%) (A192)
w(y) = é_bji (%XQ — %XS + %XZL - @XG) (A.193)

Strut Braced - Parabolic Lift Distribution

Wing. Vertical displacement of the wing, only bending moment is taken into ac-
count and the strut displacement is neglected.

EJuw"(z) = M(z)  EJw(0) =0, EJw(bs) =0 (A.194)

EJuw'(z) = EJw'(0) + /0»"5 M (&)d€

1 1 1 3 x2
— E / _ 2 _ 3 _ 5 A
Juw'(0) +( 6% T3¢ " 30% T 18y, (A.195)
_ 2
_ iustep(x _ Xs)) L2

128 Xs
EJw(z) = EJw(0) + //Ow M(€)de?
1

1 1 1 1
= EJuw'(0)=b —— X+ === == .
w(0)3hx + ( 06X T 256X " 3s10Y T30y, A190)
1 (X - Xs>3 3
X TX) en(x — ) | Lb
s tep( - )
EJw(bs) =0 — EJuw'(0) = iXQ - LX?) + L)(5 - LXS Ly (A197)
8% T 128% T 19200 T 128
L (1 1 1 1 1 1 1
! _ | -2 - .3 P B T2 i 1
w0 =57 (48Xs 128" T 1020 T 128 T 16 T32Y T 320X (A 198)
128y, 128 v, :
/1, 1 , 1 . 1 \1 1., 1,
v = g7 K%X ~ 2560 T 3820 %Xs) 53X~ 96¢ * 256 A109)
3840° T 256y, 256 v, ’
Nx 3 A Lb
_NT 3 A ety — vl — 120 A.200
= EA T 33 (step(x = xs) = )X ( )
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Figure A.13: Effect of the axial displacement of wing and strut on vertical displace-
ment of the wing.

Strut. Axial displacement of the strut.

N 37+ A Lb

T EA, 32 xopod EBAN (A207)

Us

Complete. The contribution to the vertical displacement of the wing given by the
axial displacement of the strut is added. Figure shows the effect of the axial
displacements of wing and strut on the vertical displacement of the wing.

C= <(bS + Uy) cos 3, (bs + uy) sin ﬁ> (A.202a)
C = <(€s + ug) cos(a 4+ ), (L5 + us) sin(a + ) — hs> (A.202b)
(bs + uy) cos B = (Ls + us) cos(a + ) (A.203a)

(bs + uy) sin B = (b + ug) sin(a + ) — hy (A.203b)

cos(a+ ) = cosacosy —sinasiny &~ cosa — ysin « (A.204a)
sin(a + ) = sinacosy + cos asiny & sin «a + 7 cos « (A.204b)
cos S~ 1 (A.204c)
sin 8 ~ 3 (A.204d)
(bs + uy) = (bs + us) cosa — (U5 + us)ysina (A.2053)
(bs + uy) B = (bs + ug) sina + (€ + ug)y cosa — hyg (A.205b)

(Us + us) cosa — (bs + uy,)

— A2
7 (s + us) sina (A.2063)
(05 + ug) sinaw — hy N (05 + ug) cos a

bs—|—uw bs+uw

8= (A.206D)
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Recall that cosa = by /¢, and sin o = h, /s, the equation for § becomes:

(05 + ug) sina — hy N (05 + us) cosa (s + us) cos a — (bs + )

p= bs + Uy, bs + Uy (05 + us) sin«
s+ ug hy h n Oy +us b b
S bt uw b bytuw  bs+ughils g
S I + (05 + )b2 bs(bs + wy) (4207
b + h uS E uS ES S S u’UJ
_ i L B e
by + Uy hs by L L by 4 bty
wo = B (A.208)

Wing section is sized to withstand bending loads, hence it is very stiff with re-
spect to axial loads and it may be possible to consider u,, = 0, in this case:

l, 3/ (20 +A%2)" L
8~ Uy A \/ ) (A.209)
hsbs 32 x220A EA,
2 2.2)3 2
(V20 +A23%)" (V20 +A2%2)"
wo = B ~ 3/ ) 3 /0% ) L (A210)

32 X272, EASx 32 X220A EASX

A.6.2. Mass comparison coefficient

Definitions

The mass comparison coefficient compares the mass of the wing assembly of a
strut braced wing m,, = m, + m, with the mass of a cantilever wing my. The
comparison considers same wing surface S, same thickness-to-chord ratio (t/c),
same sizing lift L and same material, which means same o, and p. The parameter
A = b/by allows to compare wings with different span.

K = —2 (A.217)
mo

Koy = 2 (A.212)
mo

mo mo mo

Various mass comparison coefficients can be calculated, by combining differ-
ent load distributions and different criteria for sizing the resisting section. In the
following part only mass comparison coefficients calculated with same sizing cri-
teria and same load distribution are shown.

The mass comparison coefficient depends only on geometrical quantities:

Rm = K’m(Aa Xss Vs,05 (t/C), )\0) (A214)
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In order to simplify the notation in the expressions for the mass coefficients

consider the following definitions:

_ 2 gy

Y Opax (/)

U, = L \/2VS|L|

amax

(t/c)
Ao

U.
UT:_SI
Uw

Constant section wing - parabolic

mw mS
Km = — +
mo mo

8 1 1 A2 . A242
(——Xs+2x§— —X§+1) IR AL e 17
3 3 2 Vs,0 Vs,0Xs

Q

Constant section wing - elliptical

3 1 3
K & {5 (Xsarcsinxs—i— 1 —)@) —1—5 (X§—1) \/1—X§—£X$} A3

1 AQ ; A2 2
+ — UT + MUT
2,}/8,0 Vs,0Xs

Constant section wing - linear

3T 3T 3T
R — v, 24 (2= )3+ A8
e [ (F-2) e (2= )|
1 A2 ’ A2y2
4z Vs0 + heyss
275,0 /Ys,OXs

Variable section wing - parabolic

15 A? 1572, + A%y?
Fom & 201 p(xs) A% + —xo—U, + — 22— — 25
8 Vs,0 4 Vs,0Xs
Variable section wing - elliptical
16 A? 3292+ A%

Ry = 16]E(X5)A3 + %XS_U + U’!‘

Vs,0 ' 3 Vs,0Xs

(A.215)
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Variable section wing - linear

24r 8§  A? 16 720+ A%

~ 1 A3 —— A22
Rm S_ - L(Xs) + ] _ 7TXS 78’0 Ur + S _ 1 ’}/570)(3 Ur ( 3)
A.6.3. Weight correction factor
The weight correction factor is defined as:
oy = ety (A.224)

Mempty0

where memu, 1S the empty mass of the aircraft with strut-braced wing, while
Memptyo 1S the empty mass of the reference aircraft with cantilever wing. These
masses can be decomposed as:

Mempty = Maircraft + M (A225)
Mempty0 = Maircraft + mg (A226)

assuming that the only difference between the two is the wing mass (including
the strut). Substituting in the previous equation, with some steps one obtains:

Mempty . Maircraft + My o Maircraft + My

Ry =
mempty(] memptyO memptyO memptyO
Memptyo — Mo My
= + A.227
Memptyo Mempty0 ( )
mo My mo
=1+ <——1>:1+ (Km — 1)
Mempty0 mo Mempty0

where k., is the mass comparison coefficient calculated before, while meppy0
is known for the airfract (or can be estimated) and m, can be estimated with a
statistical equation.

A.6.4. Aerodynamics

Zero-Lift Drag Coefficient

The strut adds a contribution to the zero-lift drag coefficient. This contribution can
be estimated using an approach suggested by Raymer [65].

Swe stru
AC(DO,strut = Cf,strutFFstrthstrut% (A228)
ref

FFst'rut -

1+ 0.0 (f) 100 (f)4] [1.34M° 8 (cosA,, )% (A.229)

(x/¢)m \ € c

The boundary layer on the strut is considered to be entirely turbulent and it is
assumed that there is any interference drag (Qsw = 1).
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Type of Surface Skin Roughness

k[m]
Smooth paint 0.634 x 1075
Production sheet metal 0.405 x 107°
Polished sheet metal 0.152 x 1075
Smooth composite 0.052 x 107

Table A.3: Skin roughness value for different type of aircraft [65].

The following equations are used to calculate the zero-lift drag coefficient:

Re ="V (A.230)
i
Ma = % - —wgairT (A237)
1 =Crm = Togm Re)2-58(()i4f50.144Ma2)0-65 (A.232)
Cpo = Z Of,iFEQiinj: + Cpo,mise (A.233)

When the skin surface is relatively rough, the flow will be extra turbulent and the
friction coefficient will be higher. A cutoff Reynolds number is used instead of the
Reynolds number when it is lower:

(A.234)

Re = Recutoff Recutoff S Re
Re

The cutoff Reynolds number is calculated with the following equation, with &
chosen from Table[A:3]

k
Recutoff = 38.21 (é) (A235)

Oswald’s Factor

The common formulas used to estimate the Oswald’s factor are usually not suitable
for very high aspect ratio wing. | was not able to find an equation in literature, how-
ever in [73] it is presented a graph (copied in Figure[A.14) that can be interpolated
to be used within a software.
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Figure A.14: Oswald's factor of wing, as function of taper ratio for various aspect
ratio [73].
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