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Preface

Before you lies the Final Report concluding the EuroFlyer Project. This project is part of the Design SynthesisExercise conducted at the faculty of Aerospace Engineering at Delft University of Technology. From April tillJuly, 10 Bachelor students have committed themselves to design a new generation of aircraft for the year 2035.Succeeding the previously published Mid-Term Report, this deliverable acquaints the reader with the entiredesign process and results. Due to limited resources, it does not aim to attain a flawless result able to competewith contemporary standards in industrial practice. However, the goal of the EuroFlyer project is to prove thatnew innovative designs are worth examining and that the current generation of aircraft can be improved.
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ṁLNG Fuel Flow LNG kg/s
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σE Critical Stress Pa
σx Normal Stress in x-direction Pa
σy Normal Stress in y-direction Pa
σz normal Stress in z-direction Pa
τxy Shaer Force in the xy-plane Pa
τyz Shear Force in the yz-plane Pa
τzx Shear Force in the zx-plane Pa
θ Elastic Twist radΘamb Ratio of Inlet Temperature −
θOB Angle of Flight Path Between Take-off andObstical Hight rad
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Summary

The Advisory Council for Aviation Research and Innovation in Europe (ACARE) has set challenging goals topush engineers even further in the race to design a new generation of aircraft. The EuroFlyer project aims totake a head start by meeting goals previously thought optimistic while ensuring a realistic and feasible designentering service in 2035.
With the goal of pushing boundaries to aim for new frontiers, the EuroFlyer required a 75% decrease in carbondioxide (CO2) emissions and a 90% decrease in Nitrogen Oxides (NOx ) emissions with respect to the EmbraerE170 on a similar mission. Furthermore a 10 dB noise emission reduction with regard to the Chapter 4 goals of theInternational Civil Aviation Organisation (ICAO) is to be accomplished. Although the economy has been plaguedwith drawbacks and a large recession, the air transport market has proven resilient. A profound market analysispinpointed a profitable market gap in the future European regional air transport segment. With oil prices on therise and the demand for low cost carriers increasing, airliners are seeking efficient aircraft to maintain their marginof profit. To satisfy this accumulating demand, the EuroFlyer is designed to carry 81 passengers over a range of1500 km with a minimum flight speed of Mach 0.65. In addition, the aircraft has to possess the ability to oper-ate on regional airports while complying with regulations and providing a safe and comfortable travel environment.
To meet these challenging requirements, an innovative design is proposed implementing several promisingenhancements. The first novel feature is the revolutionary propulsive system achieving a propulsive efficiencyof 99.8% by utilizing the boundary layer ingestion theory. Two large slowly contra-rotating fuselage mountedpropellers ingest the low energy fuselage wake, leading to a higher propulsive efficiency. The second feature isthe implementation of a fail-safe hybrid power train consisting of an electrical engine in combination with aLiquefied Natural Gas (LNG) powered turboprop and Auxiliary Power Unit (APU). Furthermore, the increasedfuselage fineness ratio allows spacious installation of the drive train in addition to improved aerodynamic andstructural properties. Finally, a slender clean wing design with spiroid wingtips reduces drag to a minimum. Theimplemented technologies show potential of possibly surpassing the projects conservative expectations in the future.
The presented design satisfies almost all key requirements and is estimated to weigh 27,840 kg, to consume34.6 GJ of energy and to deliver 3.3 MW . The unequal amount of blades reduces noise emission substantially.In addition, the technique of trailing edge blowing is applied to the vertical tail. The horizontal tail is loweredwith the purpose of further reducing propeller noise. The energy supply is divided between batteries and LNG,providing 17.5% and 82.5% of the total energy, respectively. The fuselage is sized at 20.37 m in length and hasa diameter of 4.7 m. The wings span 36 m covering a surface of 65.18 m2. Throughout the design process, arealistic approach is adopted to ensure aircraft performance with entry into service in 2035.
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CHAPTER 1

Introduction

Sustainable development is hitting headlines around the globe, pushing aircraft industry to new solutions whilestill answering the ever increasing standards and requirements set by consumers. The ACARE has set challenginggoals to reduce CO2 emissions by 75%, NOx emissions by 90% and noise emissions by 50% by the year 2050 [1].In addition to rising demand of regional air transport in Europe, a solution is intensively sought after. Withthe goal of satisfying this demand and pushing creativity, the team was assigned to design an aircraft, namedEuroFlyer, which fulfils the given requirements and enters service in 2035.
This Final Report marks the end of the Design Synthesis Exercise (DSE) 2013. As a concluding work, it providesa detailed overview of the steps taken in the final design process of the EuroFlyer aircraft. This report consistsof 20 chapters which are although not expressly indicated as such, subdivided in three parts.
The first part covers the project and product background and discusses how the design team has progressedup to this point. Chapter 2 defines the mission, in Chapter 3, the Functional Breakdown Structure (FBS) andFunctional Flow Block Diagram (FFBD) are discussed. Team Organisation and Planning follows in Chapter 4,after which the background of the EuroFlyer concept design is discussed in terms of a Sustainable DevelopmentStrategy (Chapter 5) and a Market Analysis (Chapter 6). In Chapter 7, the various concepts that were consideredin the conceptual design stage are discussed and the final concept is selected.
The second part discusses the detailed design of the aircraft. First the fuselage is designed in Chapter 8, nextfollows the wing design (Chapter 9). This part concludes with a determination of the required energy andsizing the energy storage system in Chapter 11, after the design of the propulsion system has been discussed inChapter 10.
The final part continues with an analysis of the stability and control characteristics in Chapter 12, noise emissions(Chapter 14) and flight performance (Chapter 15). Chapter 13 discusses the iterative process and shows how boththe aircraft and its various subsystems are optimised, whereas Chapter 16 gives an overview of the final design,discusses Reliability, Availability, Maintainability & Safety (RAMS) characteristics and risk, shows the results ofa sensitivity analysis and elaborates on the possibility of creating an entire aircraft family. Chapter 17 aims tocompute the cost of the aircraft, after which the design is verified and validated in Chapter 18. A conclusionfollows in Chapter 20, after which Chapter 21 ends the report with a set of recommendations for the continuationof the EuroFlyer design project.
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CHAPTER 2

Mission Definition

With the aviation industry being larger than ever before, mission optimised aircraft are increasingly important.These aircraft are optimised for their range, velocity and number of passengers, resulting in lower fuel consumptionand thus less operational costs. In any economy, cost reduction is an on going important process. Additionally,the environment becomes increasingly important. Concepts using biofuels and alternative power sources result inreduced fuel emissions and have lowered the overall cradle-to-cradle environmental impact. Chapters 5 and 6further elaborate on the need for this mission.
Investigating the majority of aviation traffic movements shows an increasing growth in the short-haul flightswhich continue throughout the following decades [2]. The market is analysed in further detail in Chapter 6. Fromthis the EuroFlyer is defined as a short-haul small capacity aircraft usable on the European market.
The Advisory Council for Aeronautics Research in Europe (ACARE) has formulated goals to reduce CO2 emissionsby 75%, NOx emissions by 90% and noise emissions by 50% for the year 2050. To realise those reductions awhole new generation of aircraft is required.
With this information, the EuroFlyer mission and now a mission need statement and a project objective statementcan be defined.
Mission Need Statement
To ensure future profitability of air transport and continue increasing sustainability in air travel an aircraft for the
intra-European market needs to be designed with increased propulsive efficiency and lowered fuel consumption
also meeting the ACARE goals set for emissions and noise.

Project Objective Statement
Design an environmentally friendly low passenger capacity short range aircraft using the propulsive fuselage
concept which can carry around 80 passengers with a range of at least 1500 km in the year 2035, by 10 Bachelor
students of TU Delft in 10 weeks time [3].
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CHAPTER 3

Functional Breakdown Structure and Functional Flow Block Diagram

Before one starts thinking how the Mission Need Statement (MNS) and Project Objective Statement (POS) canbe achieved, it is important to fully understand what the system is expected to do to satisfy the customer. In thischapter, the functions of the EuroFlyer are investigated and derived, as they describe the required behaviour ofa system. In order to provide a logical sequence and a detailed operational sequence of the functions of theEuroFlyer, the Functional Breakdown Structure (FBS) & Functional Flow Block Diagram (FFBD) are presented.
3.1 Functional Breakdown Structure
The FBS, shown in Appendix A, provides a baseline of functions and their subsequent sub-functions in orderto get an understanding of the total operation of the EuroFlyer. In addition, the FBS serves as a basis forthe development of contingency procedures. All functions that must be performed by the EuroFlyer need to beidentified and linked to requirements. Due to the fact that the FBS has an influence on the requirements andvice versa, an iterative process is required. The FBS is divided into three main functions: design, production andoperation.
3.2 Functional Flow Block Diagram
The FFBD, shown in Appendix B, shows the detailed operational sequence for the EuroFlyer and the connectionbetween the individual functions. These functions are divided into three main levels: before lift-off, flight andafter touchdown. The functions of the EuroFlyer end with the end of flight cycle which can be seen as thebeginning of a new flight. The before lift-off phase ends at the point when the EuroFlyer is airborne, whereasthe after touchdown level starts as soon as the wheels of the aircraft touch the ground. The individual functionsare connected by arrows showing the logical sequence between them. In order to describe the functions in moredetail, some of them are shown in sub-levels, illustrating the exact procedure to perform the task. The productionfunctions identified in the FBS are not elaborated on by means of a FFBD, since this is not the main focus ofthis project.
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CHAPTER 4

Team Organisation & Planning

This chapter covers the team organisation and provides an insight into the task division. Firstly, the OrganisationalBreakdown Structure (OBS) will be treated, followed by the Human Resource (HR) allocation. Finally, theproject planning will be discussed.
4.1 Organisational Breakdown Structure
The organisation of the EuroFlyer group consists out of four positions: a chairman, an administrative position, areporting position and a systems engineering position. This is illustrated in Fig. 4.1.

Chairman

Sebastian Bosma

Administrative Report

Secretary
Arnault-Quentin Eggermont

Frouke Kruijssen

Controlling / Planning
Robbert Heuijerjans

Koen Morias

Meetings
Rotating 

(2 team members per 
meeting)

Quality Assurance / 
Reporting

Steven Leest
Bram Peerlings

Archiving / Documentation

Kailey van Zomeren

Keep logbook up to dateSet-up project schedule
Monitor project progress

Check spelling
Check LaTex files for errors

Check consistency 

Check referencing
Keep Dropbox organised

Chair meetings
Take notes

Systems Engineering

Marit Meijburg
Frederick van den Oudenalder

Check coherence of subjects
Control development process

Plan meetings
Manage communications between group and tutors
Make sure everybody performs assigned tasks

Figure 4.1: Organisational Breakdown Structure
In the following, every function is assigned to a group member and is further elaborated on. The allocation of theteam members for every function was influenced by the results of a Belbin Test. Sebastian Bosma is assigned tofulfill the chairman position and is responsible for the communication between the group and various stakeholders.The secretary position is divided between two group members, being Arnault-Quentin Eggermont and FroukeKruijssen. This task includes making minutes during the internal group meetings and to keep the logbook up todate. The controlling and planning function is executed by Robbert Heuijerjans and Koen Morias. This functionfocuses on the project progress with respect to the scheduled time. The quality assurance/reporting task will beexecuted by Steven Leest and Bram Peerlings which consists out of checking project for errors, spelling andconsistency. The archiving/documentation task, which includes organising all the references used throughoutthe documents and to keep the documentation structured, will be executed by Kailey van Zomeren. Finally, thesystems engineering task will be executed by Marit Meijburg and Frederick van den Oudenalder. The mainfocus of this task is to check the coherence between the different engineering disciplines. Throughout the project,the task of chairing and making minutes during the meetings is alternating between all team members.
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4.2 Human Resource Allocation
The engineering tasks for the EuroFlyer project are divided into six disciplines as shown into Fig. 4.2. All theteam members are working on the same design, which means that there has to be intensive communicationbetween the different disciplines at all times, as they are all closely related. This also means that the allocatedmembers might took the lead in design challenges, but were certainly not the only people working on problemsin these design areas.

Design Tasks

Energy

Bram Peerlings
Kailey van Zomeren

Fuselage

Robbert Heuijerjans
Frederick van den Oudenalder

Stability & Control

Sebastian Bosma

Flight Performance

Robbert Heuijerjans
Kailey van Zomeren

Wing

Frouke Kruijssen
Koen Morias

Propulsion

Sebastian Bosma
Steven Leest

Marit Meijburg

Figure 4.2: Human Resource Allocation
4.3 Team Procedures
To ensure continuous progress and that every group member was aware of all the developments in the project,certain procedures with respect to communication and documentation were defined.
In order to keep track of the progress of all the team members, three small meetings were held daily. The firstone at the start of each day (9 am) in which the morning schedule was discussed. After lunch break (1:30 pm),a second meeting , to evaluate the progress made in the morning. At the end of the day (5:30 pm), the lastmeeting was held to update the team on every member’s work that day and what he or she expected to beworking on the next day. Also it was discussed whether the team was still on track. Furthermore, two meetingsper week with the supervisor and coaches were held. These meetings were usually scheduled on Mondayat 10 am and Wednesday at 4 pm, but varied due to irregular week schedules. During these meetings, thesupervisor and coaches were informed on the project’s developments and feedback and advice was given to the team.
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CHAPTER 5

Sustainable Development Strategy

Since its origins the aviation industry has been growing. This resulted in the fact that the environmental impactbecame a crucial aspect during the design process. A more sustainable development approach is required toface the associated increasing emissions. Sustainable Development is defined as “meeting the needs of thepresent without compromising the ability of future generations to meet their own needs”, according to the WorldCommission on Environment and Development [4]. This approach is nothing new for the aviation industry. Overthe past 40 years fuel efficiency improved with almost 70%, reducing the amount of emissions significantly [5].Recent studies showed that switching to new sustainable biofuels can reduce CO2 emission by 72% in theaviation sector [6].
Subsonic aircraft in flight contribute to climate change in four ways, emitting carbon dioxide, oxides of nitrogen,water vapour and particulates. The CO2 emissions are the most significant and best understood of these four.
CO2 emissions due to aviation is only a small percentage (2%) of the total global level. As can be seen inFig. 5.2, a large growth in CO2 emissions is expected if the technology level stays constant (displayed by thegrey area). This forecast and the increasing social awareness on the global warming has raised the bar toreduce those emissions to the yellow projected area in Fig. 5.2 [5].
Other aircraft emissions enlarge the environmental impact significantly. Nitrogen oxide emissions effectivelyform ozone in the upper troposphere locally. High altitude emissions result in greater concentrations ofozone. Nitrogen also reduce levels of methane, which is also a greenhouse gas [7]. Water vapour producedby aircraft engines will under certain conditions form water droplets, creating condensation trails that alsocontribute to global warming due to the resulting increased cloud formation. Particulates (soot and sulphate)have the least significant effect, but all aircraft powered by combustion engines will release some amount of soot [8].
The total climate impact of aircraft emissions in the form of radiate forcing is possibly as much as 4.9% [9].Turboprop aircraft have two significant benefits over jet aircraft regarding climate impact. They burn less fuel perpassenger mile and they fly at lower altitudes, where there are less concerns on trails and ozone production. Anoverview of the amount of kilogram CO2 emitted per passenger mile for several means of transport can be foundin Fig. 5.1. Short distance is defined for trips under 20 miles for bus and train.
ACARE has set standards to reduce CO2 emissions with 75%, the NOx emissions with 90% and the noiseemissions with 50% by the year 2050 [1]. The aircraft industry needs to change their design methodologytowards a more sustainable approach to come up with new aircraft and propulsions systems, to comply withthese emission standards. The EuroFlyer project requires a reduction of CO2 emissions by 75% compared tothe Embrear E170. In addition, noise should be reduced to 10 dB less than the standards described in ICAOChapter 4. A new innovative and sustainable approach is needed to meet these goals with new aircraft.
In order to address these problems, it is important to define the origin of the emissions. Gas emissions aremainly originated from the propulsion system and the APU, whereas noise is generated in the propulsion system,the APU and on the airframe.
Propulsion systems used to contribute the most to noise. However over the last few years technology reduced
6 EuroFlyer – Final Report Design Synthesis Exercise
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Figure 5.1: Emitted Amount of CO2 for Different Means of Transport [10]

Figure 5.2: Roadmap for Future Emissions of CO2 in Aviation [5]
this proportion, so that the airframe is the highest noise source nowadays [11]. Further reduction of the noiseshould be accomplished by limiting the noise created by the airframe. Most of the noise of the airframe is causedby the high lift devices (flaps and slats) and the landing gear [11]. These subsystems disturb the flow, directlyresulting in the creation of vibrations. Reducing the noise further consists of finding innovative solutions for boththe airframe and propulsion system.
Reducing the gas emissions, especially CO2 and NO2, can be easily done by burning less fossil fuels oreven better by not burning any fossil fuel at all. The latter can be achieved by using an electrical energysource, which is an innovative solution for the future, but might not be feasible by 2035. Reduction in theamount of fuel used can be achieved in multiple ways. The propulsion system is of big importance, as theefficiency depends on the chosen propulsion system. For instance, a propulsive fuselage can increase thepropulsion efficiency. Other possibilities can be found by reducing the required power. The thrust can bereduced by using new efficient aerodynamics shapes, high lift devices or by using a low drag fuselage. Anotheroption is decreasing structural mass by the use of new materials such as composites. Finally, filtering theseexhaust gasses might be a solution. Therefore meeting the gas emission goals of ACARE can be done in many ways.
A sustainable development approach should not be limited to new innovative concepts, it can be found as well inthe production process. The selection of recyclable material or using the Cradle to Cradle (C2C) principle willresult in less waste and disposal. For instance, using composites is beneficial because it will result in a lighterstructure mass, but are hard to recycle. By now it may be clear that are many ways for the aviation industry tooperate in a sustainable responsible way.
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CHAPTER 6

Market Analysis

In the past ten years, the economy has been faced with some of most market affecting events, such as the greatrecession. Although the economy remains unstable and the events have had close relationships with the aircraftindustry, the air transport business continues to thrive [12]. This resilience proves the importance of air travel inour society and is also a good market property which can be exploited when forecasting. These forecasts arean indispensable tool to ensure the success of a new type of aircraft, as this is largely assessed based on itssales. Forecasts can help predict in whether the market demands in the targeted market segments will be ofprofitable size and what parameters characterize these demands. In this process, market analysis is often definedas three-dimensional, differentiating between customer, function and technology.
To ensure that the product that is being designed does indeed satisfy future demand, a market analysis needs tobe performed. First, literature studies were performed on the three dimensions by examining different twenty-yearforecasts [2, 12, 13, 14, 15], made available by various aircraft manufacturers. With the extracted informationand retrieved data, the amount of units demanded in 2035 was predicted. A preliminary cost estimation wasperformed in [16], a more accurate will be conducted in Chapter 17.
6.1 Function and Customer
As different customers require different product functions, the first two dimensions, function and customer, areclosely related in this project and are therefore combined. The first step was to look into market customers aswell as the different continents. Next, the expected market for implementation was evaluated in order to find thebiggest functional developments predicted for 2035. This was executed by separately looking into passengerneeds and aircraft carrier needs.
6.1.1 Continental MarketsWhen investigating the demand in different continents, one development clearly has the headline in all market out-looks. As it happens, an impressive relative growth is expected from developing economies. Embraer forecasts thatworld air transport demand in 2029 will reach levels close to 2.7 times higher than in 2009. China will lead thisincrease with an average annual Revenue Passenger Kilometre (RPK) growth rate of 7.3% over the next 20 yearsfollowed by Latin America, Asia Pacific and Russia/Commonwealth of Independent States (CIS), each with rates ofaround 6% per year. Africa will grow 5.1% and mature economies such as North America and Europe by about 3.2%and 4.2%, respectively [15]. However what must be kept in mind is that these are percentages. If the actual RPKsizes are illustrated, one can see in Fig. 6.1 that Europe will be the most profitable continent of the world by 2029.
Airbus’ forecast of the largest airflows (see Fig. 6.2) in the year 2030 shows similar trends to the Embraerforecast. Again, it can be distinguished that the large air traffic regions will be Europe, North America andChina. Now it can even be precised that domestic flights in these three regions, merging Central and WesternEurope as one region, account for more than 30% of air travel in even shares. When looking at deliveries ofregional aircraft forecast, the largest orders are expected to originate from Pacific Asia, North America andEurope. Airbus’ estimates are presented in Table 6.1.
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Figure 6.1: Projected Traffic and Economic Growth 2010 - 2029, Billion RPK by Region [15]

Figure 6.2: Largest 20 Traffic Flows in 2031, by RPK (Billion) [12]
Table 6.1: New Passenger Aircraft Deliveries by Region [12]

Africa Asia-Pacific CIS Europe Latin America Middle East North America World2012 - 2021 413 4,505 492 2,815 1,004 1,007 2,580 12,8162022 - 2031 544 5,113 737 2,886 1,081 899 3,271 14,5312012 - 2031 957 9,618 1,229 5,701 2,085 1,906 5,851 27,3474% 35% 4% 21% 8% 7% 21% 100%
It seems that the European market is an appropriate choice for the product to be developed. This is due to highfuture demand and earnings in addition to low market implementation and entry costs. Now a more in-depthlook is necessary into what the specific demand of the customers in the European market is.
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Figure 6.3: Total Fleet Units in 2011 and 2031 [15]
6.1.2 European MarketThere are two aircraft performance indicators which are driving the demand. One is the amount of seats, whichis driven by aircraft carrier needs, and the second is range, which is a demand coming from air travellers. First,looking into the amount of seats, Bombardier forecasts a large increase in the demand for aircraft with 60 to 99seats which will consist of the delivery of 5600 new units including replacement [2]. The total fleet size growthis illustrated in Fig. 6.3.
Next, the second aspect, range of aircraft, was investigated. In the segment of regional carriers, the averagelength flown in Europe augmented from 384 statute miles to 390 statute miles in the period from 2000 to 2010[2]. Linear regression yields a 0.6 miles per year increase, resulting in a forecast estimating an average distanceflown of 400 miles or 640 km by the year 2030. From these flights, the longest flights with still interestingshares in the amount of air traffic will be around 1400 - 1800 km. These distances are connections from London,Amsterdam and Berlin to Madrid, for example.
6.1.3 Other MarketsBriefly remembering that in the forecast of the largest airflows, domestic North American flights and domesticChinese flights, each had more than a 10% share as well, it could be interesting to investigate possibleimplementation of the product in those markets as well without having to make larger changes to the design.Chinese markets however are demanding for larger capacity aircraft in combination to medium range as opposedto regional distances which this project focuses on. On the other hand, the North American market is quitesimilar to the European segment differing only slightly in range. In the United States, the largest and driving airtraffic market in North America, average trip length has experienced a similar rise compared to Europe, from 296statute miles in 2000, to 464 statute miles in 2010 and even to 468 statute miles as of the first half of 2011 [2].Linear regression yields a 16.3 miles per year increase, forecasting 795 miles or 1273 km by the year 2030.Keeping this data in mind when designing, the products’ application could almost be doubled in size.
6.2 Technology
The last dimension characterizing markets is technology. In this relatively short project there will not be sufficienttime to design, test and implement completely new concepts, therefore existing and conceptual technology willbe used and combined. However, there are a few important developments on the technology front that should bementioned. At the moment there are two crucial demand driven requirements that are pushing for technologicalinnovation in future aircraft design: stricter regulations on emissions and rising oil prices. In Chapter 5, a closer
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look was taken into the regulations on emissions. An interesting point to realize relative to emissions is that thetargeted market is the most inefficient market segment. Fig. 6.4 depicts the energy consumed per Available SeatKilometre (ASK). From this, it can be concluded that the largest gains can be obtained in the targeted regionalmarket segment. The second requirement is imposed by aircraft carriers who have seen the continuous rise inkerosene prices, as illustrated in Fig. 6.5, decrease their profits [17]. Fig. 6.6 shows the rise in fuel share of totaloperating costs. Although there was a big oscillation in fuel price in 2008 - 2009, the fuel price is expected tocontinue to increase, following the trend of the past ten years. This is because the oscillation was mainly due tounique events. First, the threatening embargo of a few of the countries within the Organisation of the PetroleumExporting Countries (OPEC) and the United States (US) demand for supplies caused the price to increase to anunprecedented level. Then, the US sell off of reserves, predicted reduction of European demand, a strong Euroand the fall of the Lehman brothers sent the price tumbling back down. This kind of events cannot be forecast, soan average has to be assumed.

Figure 6.4: Energy Consumed per Available Seat Kilometre [18]

Figure 6.5: Weekly U.S Gulf Coast Kerosene-Type Jet Fuel Spot Price [19]
Another development is the competition of the high speed train network, where topographic characteristics permitit. There has been a lot of attention going to this development, especially with the recent large investments inthe Chinese high speed railway network. However, Airbus forecasts that "high speed rail and air transport mightface competition on some market segments. But, due to the main performance characteristics and differencesbetween surface and air transport large segment markets will remain well separated. Air transport networks stillhave the potential to respond to modal competition" [12]. The predictions also stipulated that for distances over1000 km, air travel would maintain an undeniable upper hand. In Europe, air travel will have a 70% marketshare for distances of around 1000 km, increasing asymptotically and reaching almost 100% at about 1500 km [12].
Closely related to the high speed train network competition is the subject of an aircraft biggest advantage: speed.Although it may seem like a bad idea to reduce this advantage by lowering speed, National Aeronautics and
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Figure 6.6: Fuel as a Share of Total Operating Costs [17]
Space Administration (NASA) argues in its market analysis for the Subsonic Ultra Green Aircraft Research(SUGAR) project [6] that the advantages of slower air travel will outweigh the disadvantages. The main advantageis that slower flight can make aircraft notably more efficient, therefore reducing fuel costs and ultimately ticketcosts. This would make air travel more attractive to consumers outweighing the now slighter smaller travel timedifference. NASA predicts that optimum flight speeds for medium and large aircraft will respectively be betweenMach 0.7 and 0.8. Projecting these flight speeds to regional aircraft, an optimum flight speed of approximately0.61 to Mach 0.64 is found. When looking at NASA categorisation an aircraft with 80 passengers would be inthe largest section of regional aircraft, bordering on medium when looking at a range of 1500 km. Therefore forthe sketched scenario a cruise speed of Mach 0.65 would seem a good first estimation.
The last development in the technological dimension is the growing market share of turboprops. ATR specifiedthat the confidence in the turboprop market potential is dramatically growing and the company is expectinga 25% increase in turboprop market share between 2019 - 2029 [13]. In the forecast beyond 2030 which iselaborated in Section 6.3, more attention will be given to this subject.
6.3 2030 and Beyond

The reference market outlooks used unfortunately do not provide scenarios for the future beyond 2030. As theEuroFlyer is intended to be launched in 2035, at first sight these forecasts only provide an indication for themarket potential. However, when the global trends spotted in these analyses are projected forward and thecurrent regional fleet is investigated, the team trusts to be able to provide at least a qualitative scenario aboutthe market that EuroFlyer will be entering in 25 years time. Based on the current fleet, projected market growthand retirement rate, some quantitative estimates are also made.
6.3.1 Trends

As stated above, the team assumes the most important global trends to continue for many years beyond 2030.First of these is a sustained growth of the Gross Domestic Product (GDP). Amongst others, this has been roughlyconstant at an average of 3% per year, measured over 40 years [2]. Additionally, two drivers that will get moreand more important in the future are oil prices and the associated ecological footprint of the airline industry.The best known example of this is the emission of carbon dioxide, but the ACARE has also set stringent goalson reduction of nitrogen oxides and aircraft noise [1]. This will, in the teams opinion, lead to better utilisationof available aircraft (gradually increasing the average load factor) and will cause operators to turn to moresustainable aircraft sooner than projected. Besides these well-established driving factors, new influences aregradually becoming more important. In Western Europe one can think of the increasing role that a high-speedrail network can play [2, 12]. Globally, emerging markets in Asia and Africa cannot be denied as significantgrowth drivers.
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6.3.2 Fleet AnalysisTo be able to relate the above to the market potential of the EuroFlyer project, the current regional market wasanalysed. This market was said to stretch from aircraft seating 60 to 90 passengers. The research was focussedon the most important aircraft in this category, listed as [[20]]:
· ATR 72 – 70 seats
· Bombardier CRJ700 – 70 seats & CRJ900 – 86 seats
· Bombardier Dash 8 Series 400, formerly DHC-8 400 – 70 seats
· Embraer E170 – 70 seats & E175 – 78 seats
· Fokker 70 – 79 seatsThe complete results of this analysis are shown in Appendix D; the most important figures are repeated here.According to the data [21], 1843 units of the above aircraft types are currently operated around the globe. Onaverage, these aircraft are 7.5 years old, with the oldest still in operation having reached the age of 25. Notsurprisingly, given a positive order backlog, the newest in this fleet has just been delivered to the customer. Inthis exact same market, Embraer counted 1805 units [15]. The difference can be explained by the fact that theEmbraer count is from 2009. Also, it has to be noted that only the most important aircraft in this category arecounted, and it therefore might not include some minor players.

When this market segment is split up between propulsion methods, the differences between the analysis bythe group and by Embraer are a little larger [15]. The latter mentions 740 turboprops as of 2009 (ATR 72and DHC-8 400), whereas own research has shown there to be 900 in operation. This is almost completelyexplained by the fact that since 2009, 170 ATR’s have been produced. Looking at jets, the group counts 943units, whereas Embraer shows 1065 [15]. This variance is explained by, as mentioned previously, the focus of thegroup’s research, in which aircraft with a very low market share were not considered. On average, turbopropsare a few months older than their jet powered counterparts.
GrowthBased on this current (60- to 90-seat) fleet, Embraer expects the 2029 fleet to have grown to 5030 units, ofwhich 4325 will be new deliveries [15]. In the 60- to 99-seat market, Bombardier sees room for 5600 deliveries[2]. Combined with a 2011 fleet of 2500 aircraft, of which 1300 will retire in the next two decades, the 2031fleet will consists of about 6800 aircraft. ATR [13] is a little less specific with their outlook, but sees room for1250 new turboprops seating 61 to 90 passengers. From this, however, they are able to conclude a growingconfidence in the turboprop market potential. Boeing is less positive, with a little over 2000 regional jets to bedelivered between now and 2030 [14], Airbus sees room for approximately 1700 new single-aisle aircraft up to 100seats, but unfortunately does not specify a lower limit to the number of seats available in the aircraft considered [12].
It cannot be missed that the different forecasts have produced quite different results. Airbus and Boeing, whichdo not (or only barely) cater to the regional market, estimate growth towards larger single-aisle jets (such astheir 737 and A320-families). Embraer and Bombardier are closer together, especially when it is taken intoaccount that 90- to 100-seaters are also included in the latter forecast. Adjusting for this assuming a lineardistribution, 75% of 5600 deliveries (4200 units) will be aircraft seating 60 to 90 passengers. ATR deviates fromthese numbers again, although it specifically mentions turboprop regional aircraft. The team has decided toaverage all these different numbers, weighing Bombardier’s and Embraer’s marginally more (a factor of 1.1), toget to a combined forecast of 3120 aircraft deliveries, of which 40% (approximately 1250 units) is assumed to beturboprops aircraft.
RetirementNow growth has been considered, it is worthwhile to look at fleet replacement. Avolon, an international aircraftleasing company, spots that the retirement age of regional aircraft is increasing [22], as shown in Figs. 6.7(a) and (b). Whereas at present, most of these aircraft are jets with a high operating cost, Avolon agreesthat in the future, the market share of turboprops will increase [22]. As these are cheaper to operate, theeconomic life is lengthened and carriers will be not so eager to replace these machines early on. As can beread from the graphs, the mean retirement age is 12.1 years and is assumed to shift to 18.3 years in 2021. Itis not unthinkable that around 2030, this average retirement age will have increased further, up to 23 to 25 years1.

1Unfortunately, no data for regional propeller aircraft could be found. Given their lower operational cost, it is assumed that thesemachines are retired later than their jet-powered counterparts. This is taken into account in the estimation for 2030.
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(a) 2012 (b) 2020
Figure 6.7: Regional Jet Age at Retirement [22]

As any market analyst will confirm, the aviation industry is highly cyclical. Based on the period of these cycleson the average retirement age, it can be argued that the market potential available today, will be available by2035 as well. The team has decided the future to be too uncertain to analyse long-term future industry growthor decline at this stage. Therefore, it assumed that the number of aircraft to be delivered in 2012 to 2031 will beequal to the number of regional aircraft to be delivered in 2032 to 2051: 3120 in total, split 40/60 between(turbo)props and jets. If this again follows a normal distribution, most aircraft will be delivered by 2040.
6.3.3 Conclusions and SWOT-AnalysisIf the EuroFlyer is scheduled to make it first flight in 2035 and sees the program launched a few years earlier, theteam is confident that the aircraft is available in time for regional airlines to consider in their fleet replacementplans. Given the added efficiency of propeller-driven aircraft, the team considers it most likely that the industrywill continue to grow, ensuring the market potential established. Based on simple analyses, it is expected thatsomewhat over 3000 aircraft (split 40/60 between turboprops and jets) will be delivered to this entire marketbetween 2032 and 2051. This number holds for the global industry, whereas the team sees most opportunities inthe European (and possibly North-American) market.
In order to assess the attractiveness of the European market for the EuroFlyer, a (Strengths, Weaknesses,Opportunities and Threats (SWOT) analysis is performed. All strengths, weaknesses, opportunities and threatsmentioned below can be visualized in a SWOT-diagram, as shown in Table 6.2.

Table 6.2: SWOT-Analysis of the European Market
Strengths WeaknessesHigh demand for aircraft type Not tending to ’next-future’ markets (2050 +)Much to improve, current aircraft outdated

Opportunities ThreatsSustainable image Modal shift (esp. rail network)Ability to start EuroFlyer-family Cluttered airportsTrendsetting in emerging markets Cluttered airspaceInteresting to Low Cost Carriers (LCC)
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CHAPTER 7

Concept Selection

Starting out with a mission, a set of constraints and having identified a market potential, the EuroFlyer designteam has progressed through various stages to be able to present its final work in this report. The most notablestep made concerns the concept selection. In the previously published Mid-Term Report, the design team hasmoved from an extensive Design Options Tree (DOT) to three proposed designs [16]. Using a weighted trade-offprocess, one of these was selected most promising and was taken into the detailed design phase. A short overviewof the aforementioned process is given in this chapter. Sections 7.1, 7.2 and 7.3 present the various conceptsconsidered. The trade-off criteria and results are shown in Section 7.4, with a more elaborate description of thedetailed design phase following in Section 7.5.
7.1 Novel Concept

The first concept, dubbed novel concept because of its futuristic layout, is a low-wing aircraft with a set of twocontra-rotating propellers mounted at the rear of the fuselage. The fuselage is, although cylindrical, wider andshorter than normal, to increase structural efficiency and to create a larger boundary layer. This boundarylayer is ingested by the propellers, increasing propulsive efficiency. Power will be provided by a hybrid system,combining LNG and high-tech Lithium-air (Li-air) batteries. A conventional tail configuration was found toensure optimal stability and control characteristics, as well as a convenient structural integrity solution for theEuroFlyer.
As mentioned previously, this novel concept ultimately stems from an extensive DOT. Various subsystemswere considered in more detail, such as the fuselage shape, wing, energy source, propulsion system and tailconfiguration. For further details on these separate trade-offs, the team refers to aforementioned Mid-TermReport [16].
7.2 Conventional Concept

As the name suggest, the conventional concept is more down-to-earth than the novel concept presented above. Itis based on a reference aircraft, the ATR 72-500, which has been carefully adapted to suit the different missionneeds. The result is a low-wing and conventional tail aircraft with an extraordinarily wide fuselage, seatingall passengers and providing room for the landing gear (previously stored in separate fairings). The turbopropengines featured on the original ATR design are replaced by two high bypass ratio turbofans, increasing efficiencyand reducing fuel burn and both noise and greenhouse emissions. The latter are further reduced by using LNGas fuel, replacing the kerosene today. Fig. 7.1a shows a schematic top view of this concept.
With all these design changes, the team is confident of having adapted the aircraft to such an extent that allEuroFlyer mission requirements are met. For further elaboration on the changes made to the original aircraftand their projected consequences, the reader is referred to the Mid-Term Report [16].
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(a) Schematic Top View of the Conventional Concept (b) Schematic Top View of the Π-tail Concept
Figure 7.1: Concepts Derived from the ATR 72-500

7.3 Π-tail Concept
For the Π-tail concept, the team elaborated on the conventional concept presented in the previous section. Withone important change, the aircraft has moved away from the ATR design even further. To increase the totalefficiency, the two turbofan engines have been moved to the top of the aft fuselage, such that the principlesof Boundary Layer Ingestion could be applied. A direct consequence of this is the redesigned tail section.Previously featuring a conventional tail, this has changed into a Π-shaped tail, essentially a T-tail with twovertical stabilizers. The engines are mounted in between, as can be also seen from Fig. 7.1b.
7.4 Trade-Off
Choosing between these concepts was no easy task. Of course, all have some weaker points, but all also haveequally valuable advantages. The conventional concept might be conservative and not high-tech, but seems muchmore likely to be introduced by 2035 than the novel concepts. The three concepts were carefully graded onthese and other trade-off criteria, which are presented below. The list also includes the applied weighting factorand a short explanation of the criteria considered.
· Emissions (10)Sustainability is and has been a main focus in aviation. A reduction in fuel emission is one of the mostimportant goals of the EuroFlyer project. Therefore the criterion emissions was appointed highest possibleweighting factor. This should ensure that the concept chosen has the highest likelihood of achieving thedesired performance.
· Fuel Efficiency (8)Another heavily weighted criterion is the fuel efficiency. With fuel prices on the rise and fuel resourcesrunning out in the future, airlines are looking towards ever more fuel efficient aircraft. All three conceptswill be compared looking at the efficiency of the total propulsive system and operational empty weight toestimate the energy necessary to carry the payload.
· Feasibility (8)The EuroFlyer is projected to enter service in 2035. However, some of the concepts use subsystemsand expected efficiency gains which are still under development or only theoretically proven. Feasibilityassesses if all the integrated subsystems are expected to be ready, available and constructible before 2035.
· Noise (7)A reduction of 10 dB during take-off and landing as compared to the current ICAO Chapter 4 regulationsis set as a design requirement for the EuroFlyer. The noise generated during take-off and landing isoriginating from various sources. The variables with the highest contribution to the noise are the high-liftdevices, engine types and engines location. Some of the stakeholders have great interest in reducing thenoise, explaining the high weighting factor.
· Reliability, Availability, Maintainability and Safety (6)Airlines operating EuroFlyer aircraft will do this to generate a profit. The cost related to the maintenanceof the design, the turnover time and the availability of the design are therefore highly important for thecustomer.
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· Aerodynamic Efficiency (6)An increased aerodynamic performance of an aircraft results in an overall higher efficiency. Metrics aslift-to-drag ratio were used to judge the performance of the concept aircraft.
· Stability & Control (6)When comparing the three design concepts Stability & Control (S&C) is an important criterion, as allaircraft should be safe to operate. As it is difficult to already determine the stability characteristics of anaircraft with the information known at the concept selection stage, an estimate is provided through logicalreasoning. To grade the concepts on this criterion, positions of subsystems which have a large contributionto weight and the position of the lift surfaces are taken into account. It is especially noteworthy thata lower score on this criterion does not indicate an uncontrollable aircraft, but would rather indicate(predicted) smaller margins for the centre of gravity.
· Complexity (5)Complexity of a system will rapidly increase costs and is therefore important to customers. This fact holdsfor design, assembly but also for maintenance.
· Sales Prospective (4)The aviation market has shown that airliners are sceptic about adopting new aircraft designs in their fleet.This is accounted for with this trade-off criterion.
· Family Concepts (3)In addition to cost, possibilities to develop family aircraft are favourable to optimise the design potentialand customer needs. New aircraft with similar missions can be designed with relatively low costs comparedto an entirely new design.For each criterion, grades between -2 and +2 were awarded. These, in addition to the final scores, are shownin Table 7.1 below. Table 7.1: Concept Selection Trade-Off

Scores with Weighting Factor
Criterion/Concepts Weighting Factor Novel Concept Π-Tail Concept Conventional ConceptFuel Emissions 10 18.0 -1.0 -10.0Fuel Efficiency 8 8.0 8.8 -4.0Feasibility 8 -7.2 -4.8 8.0Noise 7 4.9 7.0 -2.8RAMS 6 0.0 1.2 7.2Aerodynamic Efficiency 6 10.2 4.2 -4.2Stability and Control 6 -4.8 -1.8 7.8Complexity 5 -5.0 -3.5 6.0Sales Prospective 4 -0.8 -0.4 4.8Family Concepts 3 1.2 2.1 4.2
Total Score 24.5 15.3 17.0

With a total of 24.5 points, the novel concept turns out to be the most promising design. The conventionalconcept comes second (with 17 points), the Π-tail concept, scoring 15.3 points, is the least promising designoption. Hence, the novel concept is chosen as the concept with which the detailed design phase will start. Asthese total scores greatly depend on the weighting factors chosen, a sensitivity analysis was performed. Theweighting factors were varied around the baseline (shown in the Table 7.1) with -2 or +2, and the total scoreswere computed for all these possible combinations. There also, the novel concept obtained the highest score.
7.5 Detailed Design
Although the team undeniably has gone a long way from the first brainstorms and design option trees to theconcept presented above, it does not stretch any further than the conceptual design phase. Having selected theNovel concept as the starting point to the detailed design performed in the last half of the DSE, the team haslooked into the aircraft in more detail. The findings are presented in the next chapters and show the final designof the fuselage, wing, propulsive system, energy storage and S&C. After that, the performance is analysed onvarious topics, such as flight performance and noise.
As with any engineering problem, the process of designing the EuroFlyer in detail has been highly iterative.This is further detailed in Chapter 13, but when continuing to read it is highly advised to keep this process inmind. That means that values that are presented in and at the end of the upcoming chapters are final values,obtained after the iterative process is completed, unless stated otherwise.
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CHAPTER 8

Fuselage

This chapter presents the detailed fuselage design of the EuroFlyer. In Fig. 8.1, a road map can be foundwhich displays the basic structure of this chapter. Firstly, the fuselage layout is determined. Secondly, theEnvironmental Control System (ECS) is discussed. Next, the overall geometry of the fuselage is established.After this, a preliminary structural analysis of the fuselage is provided and finally, the methodology to obtain thelanding gear main parameters is described.
Fuselage Layout

Environmental 
Control System

Dimensions

Cabin Layout

Storage Volume

Cabin Air 
Conditioning

Humidity

Thermal Regulation

System Architecture

Fuselage Geometry

Visibility 
Requirements

Geometry Analysis

Drag Coefficient

Structural Analysis

Loading Analysis

Material Selection

Internal Structure

Landing Gear

Type

Location

Loading Analysis

Tire Selection

Fuselage Mass

Landing Gear Mass

Results

Integration

Figure 8.1: Fuselage Road Map
8.1 Layout
In this section, the dimensions of the fuselage are determined. Here the driving parameters for increasing theboundary layer area, fuselage length and diameter, are investigated. Secondly, the cabin layout of the fuselageis established for two different seating configurations. In the last section the cargo storage volume is estimated.
8.1.1 DimensionsSince the main design parameters of the fuselage are the length and diameter, the first step in the detailed designof the fuselage consists out of examining which of these parameters is the most dominant in terms of increasingthe boundary layer area. Since the EuroFlyer strives to make optimal use of Boundary Layer Ingestion (BLI),an initial sizing using the area of the boundary layer as a key parameter is performed. Here, the boundarylayer thickness is approximated using thin plate turbulent boundary layer theory [23]. Due to the fact that the
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boundary layer area is a function of the length and the diameter of the fuselage, it is crucial to determine whichparameter has the most influence. In order to investigate this, a three-dimensional plot showing the boundarylayer area as a function of fuselage diameter and length, as shown in Fig. 8.2a, is made.As expected, it can be seen in Fig. 8.2a that the larger the fuselage diameter or length, the larger the area of theboundary layer. However, what is of interest, is which one is the most dominant factor for a reasonable fuselagelength and diameter. When looking at the slopes of Fig. 8.2b and Fig. 8.2c, it can be seen that for a fuselagediameter of approximately five metres, the diameter is the driving factor for increasing the boundary layer area.After that point, it is more efficient to use a longer fuselage to increase the boundary layer area.

(a) As a Function of Fuselage Length and Diameter

(b) As a Function of Fuselage Length (c) As a Function of Fuselage Diameter
Figure 8.2: Area of the Boundary Layer as a Function of Fuselage Length and Diameter

The next step in the fuselage design process is to determine the actual size of the fuselage. The general approachis an inside out approach which means that first the seating configuration is chosen and the resulting fuselagelength and diameter follow from this configuration.
In order to determine the size of the fuselage, important parameters and their dimensions for the internal layoutof the fuselage, shown in Table 8.1, are derived from CS-25 regulations.

Table 8.1: Internal Layout Parameters
Parameter Value UnitSeat Pitch (Economy) 0.8128 mSeat Pitch (Business) 0.9652 mSeat Width (Economy) 0.4572 mSeat Width (Business) 0.4572 mAisle Width 0.381 mAisle Height 1.524 mFlight Deck Margin 2.54 mCockpit Length including the Nose 3.5 mTailcone Length 3.5 mSide Margin 0.23 mGalley Volume per Passenger 0-0.03 m3Lavatories (per 40-50 Passengers) 1 −Luggage Volume per Passenger 0.044 m3
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Earlier this section, it was observed that for a fuselage diameter under five metres, the diameter has a largerinfluence than the length on the boundary layer area. Thus, the fuselage sizing starts by defining the seatingconfiguration in the form of adjacent seats. Due to the current trend and popularity of low cost carriers, thefuselage is sized for a pure economy class configuration. In order to obtain flexibility, a length margin of twometres is taken into account during the sizing of the fuselage length. This margin accounts for galleys, toiletsand minor seating configuration changes. The values given in Table 8.1 are used to determine the seatingconfiguration parameters. Furthermore, the so called fineness ratio which is the diameter over the length ratio isused as an additional criterion as it serves as a basis for the drag estimation of the fuselage. In Table 8.2, fiveproposed seating configurations are presented.
Table 8.2: Proposed Seating Configurations

Seating Configuration 3x3 2x2x2 2x3x2 2x4x2 2x2x2x2 UnitFuselage Diameter 3.822 4.242 4.699 5.156 5.576 mFuselage Length 21.998 21.998 20.374 18.75 18.75 mFineness Ratio (d/l) 0.1737 0.1928 0.2306 0.275 0.2974 −

From Table 8.2 it can be seen that the 2x3x2 configuration is the most beneficial for the EuroFlyer to meet thegiven requirements. This is due to the following reasons. As discussed previously, the driving parameter for theboundary layer area is the fuselage diameter. However, it is also argued that a too large fuselage diameter isnot very convenient due to several reasons. A too large diameter would mean that a large propeller is requiredto efficiently make use of BLI. Secondly, the passenger comfort would decrease during manoeuvres, as the outerpassengers are located further away from the centre-line of rotation. Also, it can be seen that the fineness ratioof the 2x3x2 configuration is quite close in comparison to today’s aircraft to the optimal fineness ratio of 0.3 inorder to reduce the drag coefficient [24].
Another point of importance is the emergency exits. As stated in Corke [25], two type I and one type III emergencyexits are required at each side of the fuselage. The dimensions for such emergency exits are 122 cm x 61 cm and91 cm x 51 cm, respectively. These exits have been located at the front, middle and aft section of the fuselage.The front and aft exit on the port side of the aircraft are used during regular loading and unloading operations.Due to the twin aisles configuration, the time required for these operations is reduced and thus the turnaroundtime is decreased.
Just as the number of exits, the amount of windows is also regulated by CS-25 regulations. These state that forthe fuselage length of the EuroFlyer, a minimum of 13 windows on each side of the fuselage is required. From astructural point of view, the window edges are curved to decrease stress concentrations located at each corner.For safety reasons, the type III exit accommodates one window, located in the middle of the cabin.
8.1.2 Cabin LayoutWith the given seating configuration, fuselage length and diameter, exit locations and extra facilities such astoilets and galleys, the fuselage layout and seating plan can be established as shown in Fig. 8.3a. It can beseen that the cabin contains 84 seats, 81 for airline customers and 3 for flight attendants. Furthermore, theaircraft contains two galleys and two lavatories at the front and back of the cabin respectively. Fig. 8.3b displaysan alternative cabin layout, which includes a business class section at the front of the cabin. This configurationhas room for 12 passengers in business class, 67 in economy class and 3 flight attendants. This option allowsairliners to change seating configurations according to their customers preferences and needs.The next major step in the fuselage design is the detailed sizing of the cross-section of the fuselage. As can beseen in Fig. 8.4, the different dimensions of the fuselage cross-section are provided. Even though most shortrange aircraft do not use cargo containers, the cargo hold is still compatible with standard type A and type BUnit Load Devices (ULD) [25].
The fuselage dimensions, shown in Fig. 8.4, are summarised in Table 8.3 for convenience.
8.1.3 Storage VolumeAs Fig. 8.3a and Table 8.3 show, the diameter of the fuselage is sufficiently large to provide a high storagevolume, as well as a large head room for the passengers. The total volume beneath the cabin was approximatedto be 76.52 m3, by using a trapezoidal approximation. However, the volume available for cargo will be lowersince the fuel system, energy system and wing box required for operation will be placed within this volume. In
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(a) Economy Class only (b) Economy and Business Class
Figure 8.3: Seating Configurations

(a) Cabin Cross Sectional View (b) Seating Configuration
Figure 8.4: Interior Fuselage Dimensions

Table 8.3: Dimensions of the Fuselage Cross-Section
Element Dimension UnitThickness of Passenger Floor 0.1 mThickness of Cargo Floor 0.1 mHeadroom 1.65 mAisle Height 1.90 mHeight of Cargo Floor 0.4 mHeight of ULD 1.62 mContainer Clearance Margin 0.08 m

this stage, the fuel tanks are estimated to contain a volume of approximately 7 m3, the battery container is sizedfor a volume of 10 m3 and the wing box for approximately 5.5 m3. When subtracting these numbers from the
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total available cargo hold volume, approximately 54 m3 is available for cargo storage. However, the location andintegration of the landing gear, which will be discussed in Section 8.5.3, may further decrease the cargo storagevolume.
8.2 Environmental Control System
To ensure passenger comfort, the EuroFlyer is equipped with an ECS. Its purpose is to maintain a comfortableatmosphere during flight. The ECS usually focuses on the internal part of a vehicle. Therefore, this section willonly discuss the internal aircraft environment. In addition cabin air conditioning, humidity levels, temperatureand the air cycle method are described in this section.
8.2.1 Cabin Air ConditioningThe air conditioning system must provide comfortable cabin conditions (22 ± 2 °C , 95 ± 5 kPa, 50-70 %humidity) [26]. These conditions have to be maintained during all flight phases. This means that the airconditioning system must provide ventilation, pressurisation, heating, cooling, humidification, dehumidificationand disinfection. Due to these tasks, the air conditioning system is the second most power-consuming system ofthe aircraft [26]. Therefore approximately five percent of the total energy is accounted for operating the onboardsystems, including the ECS.
The complete cabin air is refreshed 20 times per hour. With the cabin pressure set at 8000 f t and a cabinvolume of approximately 58.09 m3 a mass flow of 0.31 kg/s is required. Since cabin air is originated from themain compressor this mass flow is taken into account when sizing the compressor. This is further discussedin Section 8.2.4. This amount of air enters the cabin through grilles present in the cabin. Air exits the cabinthrough additional grilles located near the floor and finally, the air exits through an outflow valve in the bottompart of the fuselage (see Fig. 8.5).

Figure 8.5: Cabin Air Flow [27]
8.2.2 HumidityAs mentioned earlier, human comfort requires a relative humidity of 50-70%. However, such high levels cannot be maintained on board of an aircraft. The main reason for this is due to condensation which can affectmetals and stimulate micro-organism growth. Therefore, the relative cabin humidity is kept within the 10-20%range. At cruise altitude, the outside air humidity levels are very low, thus during cruise it is easy to maintainsuch low levels without the presence of passengers. However, when passengers are present, the water vapourreleased by breathing increases the air humidity. During loading and unloading operations, the ECS must firstdehumidify the fresh air introduced into the cabin in order to avoid damaging the aircraft. Another reason for regu-lating air humidity is that after 3-4 hours of exposure to 10% humidity, passengers might experience discomfort [26].
The EuroFlyer strives to maintain a relative humidity of 20 to 60%. However, this depends on the material usedfor constructing the fuselage. Regarding humidity levels, composites offer a significant advantage. Composites
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are not as sensitive to water vapour as metals, which allows for operation at higher humidity levels. This in turnleads to a substantial improvement in flight experience [28].
8.2.3 Thermal RegulationFrom a temperature point of view, there are two main requirements, one related to human comfort and the otherto avionics. The cabin temperature should be regulated between 18 and 26 °C without any thermal shocks. Inorder to provide the optimal atmosphere for avionics, the cabinets must be kept within 30 to 70 °C [26].
Thermal design is driven by two extreme cases. The first case is the worst cooling case. This means that theaircraft is at a hot, humid location with its doors closed, its engines running and filled with passengers. Inthis situation, the cooling system should be able to cool the cabin down from 47 to 21 °C in less than 30 minutes [26].
The second case is the worst heating case. In this situation, the aircraft is completely empty and located ata cold humid place with its doors opened, engines off and running on APU power. For this case, the systemsshould be able to heat the aircraft from -40 to 24 °C within 30 minutes [26].The ECS is designed to cope with both extreme cases. Therefore, the EuroFlyer is able to operate successfullyin different environments where the temperatures differ significantly.
8.2.4 System ArchitectureThe EuroFlyer takes air from the main compressor, also known as bleed air, for pressurisation and air ventilationpurposes. This air is run through two heat exchangers in order to cool the air before it can enter the cabin.After the first heat exchanger, the air is compressed again before it runs through the second heat exchanger.Afterwards, air is expanded through a turbine and is mixed with hot bleed air to reach the 10 to 35 °C needed tokeep the cabin air at around 22 °C at all times [26]. A simplified form of the system architecture is shown in Fig. 8.6.
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Figure 8.6: Air Flow Architecture
8.3 Geometry
Since the overall dimensions and interior layout have been determined, the precise geometry of the fuselagecan be established. This section first identifies the visibility requirements regarding fuselage design. Then,it elaborates on the performed geometry analysis. Finally, the drag coefficient corresponding to the chosengeometry is calculated.
8.3.1 Visibility RequirementsBefore the baseline geometry can be developed, a few important factors have to be taken into consideration.Firstly, the pilots need to have is an unobstructed forward view [29]. In order to achieve this, a minimum over-noseangle, αovernose is required. This angle is defined as the angle between the horizontal and a line running throughthe pilot’s eye, down to the point of highest visual obstruction, see Fig. 8.7. The required over-nose angledepends on the approach angle, γapproach, and the approach velocity, Vapproach. The approach angle is definedas follows [25].

γapproach = sin−1(−D
W

) (8.1)
The approach velocity can be approximated to be 1.3 times the landing stall velocity with extended high liftdevices [25]. With these values in mind, the over-nose angle can be computed by using Eq. 8.2.
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αovernose = γapproach + 0.177 · Vstall (8.2)
In this equation, Vstall is in m/s and αovernose and γapproach are in degrees. Using Eqs. 8.1 and 8.2, the L/D ratioof 17.61 and a landing stall speed of 51.7m/s, the over-nose angle is calculated to be 9.1 deg.
Another visual requirement is the over-side vision angle, αoverside. This angle represents the angle between ahorizontal line through the pilot’s eye down to the highest visual obstruction on the side of the fuselage, seeFig. 8.7. For commercial aircraft and general aviation, this angle is 35 deg [25].

Figure 8.7: Representation of Pilot Vision Parameters [25]
8.3.2 Geometry AnalysisTwo different shapes are evaluated and the final shape is chosen according to its aerodynamic performance.Each design’s aerodynamic performance is monitored by making use of Computational Fluid Dynamics (CFD). Inorder to obtain these results, the fuselage geometry is defined in 2D using Computer Aided Three-DimensionalInteractive Application (CATIA), the meshing is performed in Geometry And Mesh Building Intelligent Toolkit(GAMBIT) version 2.4.6 and finally the CFD analysis is performed using ANSYS FLUENT version 14.5.
In Fig. 8.8 a graphical representation of both shapes is displayed. As can be seen in this figure, only the nose ofboth geometries differs. The tailcone section of both fuselage shape is identical. The first shape, referred to asthe the baseline shape, is displayed in Fig. 8.8a. The second shape where the geometry of the nose has beenaltered is displayed in Fig. 8.8b. From this point on, this geometry is referred to as the altered nose concept.

(a) Baseline Geometry (b) Altered Nose Geometry
Figure 8.8: Analysis of Evaluated Fuselage Shapes

For each geometry, the lift, drag, and moment coefficients are obtained. From this analysis, the effect of adifferent type of nose on the aerodynamic characteristics can be derived. As an example, Fig. 8.9 displays thevelocity profile and pressure distributions for both geometries.
From these velocity profiles and pressure distributions the lift, drag and moment coefficient per geometry areobtained. In Table 8.6 these lift, drag and moment coefficients are displayed for both geometries.

Table 8.4: Aerodynamic Characteristics per Geometry
Parameter Baseline Altered Nose UnitLift Coefficient -7.581·10−3 -2.478·10−3 −Drag Coefficient 1.889·10−2 9.956·10−3 −Moment Coefficient 4.816·10−1 3.088·10−1 −
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(a) Baseline Velocity Profile (b) Baseline Pressure Distribution

(c) Altered Nose Velocity Profile (d) Altered Nose Pressure Distribution
Figure 8.9: Velocity Profile and Pressure Distribution Analysis for the Baseline and Altedered Nose Geometry
When looking at the drag coefficients provided in this table it can quickly be noted that, in terms of drag, thealtered nose geometry is superior. When considering the visibility requirements as stated in Section 8.3.1, theconventional nose also comes with advantages over the altered nose. Thus is due to the fact that the "dent"automatically increases the pilots over-nose angle.
8.3.3 Drag Coefficient EstimationIn this section, the procedure for the drag coefficient estimation of the fuselage of the EuroFlyer is described.
As the boundary layer changes from laminar to turbulent over the fuselage length, the drag significantly increases.Therefore, one has to account for laminar and turbulent skin friction coefficient. Since the point where thistransition occurs must be known, the design team consulted literature to estimate the location of this point.According to Corke [25], it is assumed that the location of the transition point, xcr , from laminar to turbulent flow,is at 5% of the fuselage length. This assumption is valid for a fuselage which has distinct shaped nose where ingeneral transition takes place.
The general formula to determine the drag coefficient of the fuselage is provided by Eq. 8.3, which is shownbelow.

CDFuselage = CfFuselage · FF ·
Swet
S · Rwf (8.3)

In Eq. 8.3, S represents the wing area and is determined in an iterative approach. The value for the wetted areaof the fuselage is found using Computer Aided Design (CAD). The form factor, FF , is averaged from four differentmethods as proposed by Gur et. al. [30]. The wing interference factor, Rwf , can be read from Fig. 8.10, shownbelow [31], by knowing the Reynolds number and Mach number.The skin friction coefficient of the fuselage, CfFuselage , is determined using Eq. 8.4.
CfFuselage = CfturbL −

xcr
L · Cfturbxcr + xcr

L · Cflamxcr · 1.16 (8.4)
In Eq. 8.4, CfturbL , Cfturbxcr and Cflamxcr are the turbulent skin friction coefficient for the complete fuselage length,the turbulent and laminar skin friction coefficients until the transition point, respectively. The correction factor1.16 is sugested by Corke [25] in order to correct the flat plate skin friction coefficient for the nose. The turbulentskin friction coefficient, Cfturbulent can be determined with Eq. 8.5, as provided below.

Cfturbulent = 0.455(log10Rex )2.58 · (1 + 0.144 ·M2)0.65 (8.5)
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Figure 8.10: Interference Factor of the Wing as a Function of Reynolds Number [31]
The skin friction coefficient is calculated at the Reynolds number for the complete fuselage length and for thetransition from laminar to turbulent. The calculation of both Reynolds numbers are presented in Eqs. 8.6 & 8.7,respectively.

ReL = ρ · V · L
µ (8.6)

Rexcr = ρ · V · xcr
µ (8.7)

The laminar skin friction coefficient until the transition point is calculated with Eq. 8.8.
Cflaminar = 1.382√

Rexcr
(8.8)

Using Eq. 8.3 to Eq. 8.8, the fuselage drag coefficient of the EuroFlyer is estimated to have a value of 0.0106.
8.4 Structural Design
In this section, the fuselage structure is designed. The main purpose of the fuselage structure is to transfer andwithstand loads which occur during different phases of the flight profile. First, the shear force and the bendingmoment as a function of fuselage length are determined, followed by the sizing of the internal structure of thefuselage. Then, the material is selected and finally the mass of the fuselage is estimated.
8.4.1 Shear and Bending Moment Analysis on the FuselageIn order to determine the required skin thickness of the fuselage, the maximum bending moment and the internalpressure need to be calculated. The maximum moment can be determined by modelling the fuselage as a beamwith concentrated and distributed loads acting on it [25]. The beam is assumed to be simply support at theaerodynamic centre where the resultant lift force acts. In Fig. 8.11, the idealised fuselage structure and the loadsacting on it are shown.
From Fig. 8.11, the shear force and bending moment as a function of fuselage length can be determined. Sinceat the start of the nose and at the end of the aft part of the fuselage, the shear force and moment must be zero,the most convenient start to analyse the structure is either at the nose or at the aft part of the fuselage. Bymaking multiple cuts, the shear force and bending moment diagrams can be determined which are shown inFig. 8.12a and Fig. 8.12b, respectively.From Fig. 8.12b, the maximum moment acting on the fuselage structure can be deduced. From this value, theskin thickness can be sized by using Eq. 8.9 and by realising that the maximum tensile stress is located at thetop of the fuselage.

σtensile = Mmax · d2 · I (8.9)
Using the thin walled approximation for the moment of inertia in Eq. 8.10 and including the load factor of 2.5which is further discussed in Chapter 15, the thickness of the skin can be determined with Eq. 8.11 [25].
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Figure 8.11: Distributed Load Acting on the Idealised Fuselage Structure
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(b) Bending Moment Diagram
Figure 8.12: Fuselage Loading Diagrams

I = 8π · d3 · tmin2 (8.10)
tmin = 8 ·Mmax · n

π · σtensile · d2 (8.11)
However, the minimum thickness is also influenced by the internal pressure. The cabin pressure is dictated by theCS-25 regulations which state that the internal pressure in the cabin should be at least equivalent to the outsidepressure of 8000 f t [32]. As the cruise altitude is at 29527.6 f t, the cabin has to be pressurised, introducinganother load on the skin of the fuselage. Since the circumferential stress due to pressure is two times largerthan the longitudinal stress, both cases have to be checked for obtaining the minimum thickness of the fuselage skin.
Summarizing, the skin thickness is obtained by Eqs. 8.12 and 8.13, respectively, which are provided below andthe thickest skin is used for the fuselage.

tminlongitudinal = 8 ·Mmax · n
π · σtensile · d2 + p · d4 · σ (8.12)

tmincircumferential = p · d2 · σ (8.13)
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8.4.2 Sizing of the Internal StructureThe next step in the sizing of the internal structure consists out of determining the amount of longitudinal andcircumferential stiffeners which take the compressive and tensile load respectively.
As the structural design of the fuselage is kept to a basic level only, the determination of the required amount ofstiffeners is based on reference data. For this, the book ‘Airframe Structural Design’ [33] is consulted which liststhe longitudinal stringer spacing as a function of fuselage radius. Using a linear regression analysis and knowingthe diameter of the fuselage, a spacing of 0.19 m is found. Dividing the perimeter of the fuselage by the pitch,the total amount of stringers is calculated to be 78. Making the approximation that a common ratio between thepitch of the longitudinal and circumferential stringers is 2, the circumferential stringer pitch of 0.38 m is found.As the fuselage length is determined to be 20.37 m, the total number of circumferential stringers is found as 53 .
Since the number of stringers is known, the required moment of inertia of the stringers can be determined inorder to resist the compressive loading in the structure. The main criterion for compressive loading is dictated bythe column buckling of the longitudinal placed stringers. Using the Euler formula for buckling, with a value of 1for C , explained by the fact that the circumferential stringers are assumed to be free to twist and bend [25], andrewriting it for the critical stress, Eq. 8.14 can be found [25].

σE = C · π2 · E(L/ρ)2 (8.14)
The actual stress taken by the longitudinal stringers should be lower than the allowable buckling stress dividedby the loading factor, as Eq. 8.15 shows [25].

σ < σE
n (8.15)

Ultimately, the formulas given above can be combined into the following relation, Eq. 8.16 [25].
σmax ·

L2
I < C · π2 · E

n · A (8.16)
The maximum compressive stress due to the bending moment occurs at the bottom part of the fuselage. Thisvalue is used for the determination of the moment of inertia of the longitudinal stringers. As 78 longitudinalstringers are used, the moment of inertia can be determined by consulting Corke who suggests using symmetryfor the calculation. The formula for the moment of inertia is provided in Eq. 8.17.

I = Al ·
∑

y2 (8.17)
When assuming the centre line of the fuselage as the centroid and using only the right half plane for the momentof inertia calculation the following equation can be found.

I = 2 · Al · r2 ·
Nstringers∑

i=1 cos2(i · π/(2 ·Nstringers))
 (8.18)

Combining the previous results gives a relation for the required moment of inertia, as Eq. 8.19 shows.
Il >

L2 · n · 0.026316 ·Mmax

r · C · π · E (8.19)
The most common shapes for stringers are circular, rectangular tubes or hat shaped stringers [25]. The circulartubes are difficult to manufacture and therefore these are not used for the internal structure of the fuselage.The rectangular stringers are too heavy in relation to their moment of inertia contribution and thus they arediscarded as well. As the hat shaped stringers provide more attachment points in comparison to the ‘S’ stringershape and they are reasonably easy to manufacture, these stringers are used for the EuroFlyer structure.
8.4.3 Material SelectionFrom the previous analysis it was found that the driving design factors for the material selection are the ultimatetensile strength and the Young’s Modulus. As the design should be as light as possible, the material will be selectedaccording to its specific ultimate strength and specific stiffness. In addition, it is important to realize that the cost ofthe aircraft should be in within reasonable range and therefore, the price is also included in the material selection.
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The specific relations of the weight of the material with respect to the ultimate strength and Young’s Modulusare derived as follows. The tensile stress is defined by Eq. 8.20.
σtensile = F

A (8.20)
Knowing that the volume is equal to length times width times thickness and using the density of the materialgives the following relation for the weight for tensile loading, as provided in Eq. 8.21 [25].

Wt = F · L · ρ
σtensile

(8.21)
If the applied load is the same, a comparison between different materials can be made based on the followingrelation, Eq. 8.22 [25].

Wtensile1
Wtensile2 = ρ1 · σultimatetensile1

ρ2 · σultimatetensile2 (8.22)
Using the same argumentation, a relation for compressive loading can be made which is given by Eq. 8.23 [25].

Wcompressive1
Wcompressive2 = ρ1 · E1/32

ρ2 · E1/31 (8.23)
Knowing these relations, two graphs using CES EduPack 2013 Version 12.2.13, shown in Figs. 8.13 & 8.14 canbe made which show commonly used materials in the aerospace industry. Metals and alloys are shown in ared shading and the composites material group is shaded in grey. The scale on the abscissa and ordinate arelogarithmic and the slope of 1 in Fig. 8.13 and of 1/3 in Fig. 8.14 are shown by multiple dotted lines. The upperlimit for the material price is set to 100 e/kg, eliminating certain materials leaving them grey in the graph. Inaddition, the materials below the bold line show marginal performance with respect to the loading requirementswhich is indicated by grey filled circles. A final restriction in the material selection is that for composites onlyisotropic layups are considered.

Figure 8.13: Tensile Strength as a Function of Density
In Fig. 8.13, the tensile strength is plotted against the density. The closer the material is to the top left side ofthe graph, the better the performance with respect to lightweight design. Also, material on the same dotted lineshow the same performance with respect to tensile loading and minimizing weight. As can be seen in Fig. 8.13,woven fabric carbon fibre with an epoxy resin and a quasi-isotropic layup is the best material for the tensile loading.
In Fig. 8.14, the Young’s Modulus is shown as function of the density of the material. Again, the more the materialis located in the top left corner of the graph, the better the performance. It can be seen that PEEK carbon fibreand epoxy carbon fibre show good performance with respect to compressive loading. However, from this graph italso becomes apparent that aluminium and titanium are better in terms of compressive loading.
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Figure 8.14: Young’s Modulus as a Function of Density
Realising that composites have superior fatigue properties with respect to metals and consulting Fig. 8.13 andFig. 8.14, it can be seen that Carbon Fibre Reinforced Plastics (CFRP) using an epoxy resin is the material ofchoice for the EuroFlyer fuselage skin. As the material properties for a quasi-isotropic layup of the fibres (0°,90°, +45°, -45°) can be obtained with CES EduPack, the minimum required skin thickness can be calculatedusing Eqs. 8.12 and 8.13. The resulting thickness includes a loading factor of 2.5 and a safety factor of 1.5. Therequired moment of inertia for the stringers can now be calculated using Eq. 8.19, as the Young’s Modulus is known.
8.4.4 Fuselage MassIn this section, a first estimation of the fuselage structural mass is provided. The method used to estimate thisweight as described by Raymer [34]. The equation used is described below.

Wfuselage = 0.3280 · S0.302
f · (Nz ·Wdg)0.5 · Kdoor · KLg · (L/D)0.1 · L0.25 · (1 + Kws)0.04 (8.24)Please note that the equation to compute Kws is shown in Eq. 8.25. This parameter depends on the taper ratio,wingspan, sweep angle and fuselage structural length.

Kws = 0.75(1 + 2λ)(1 + λ) Bw tan Λ
L (8.25)

Substituting Eq. 8.25 into Eq. 8.24 leads to Raymer’s equation to estimate the fuselage mass. When using thevalues found during the iterative process, a fuselage mass of 2937 kg is found. However, since the finenessratio of the EuroFlyer differs significantly from today’s commercial aircraft, this value should only be used as afirst approximation, not as a final value. Also keep in mind that this estimation does not take into account anymaterial choice.
8.5 Landing Gear Sizing
The focus of this section lies on the landing gear design. The landing gear system, configuration, loading,tires, and mass will be sized in this section. The methodology is described and final values are given for eachparameter. As input parameters, the final iteration values were used.
8.5.1 TypeFirst, the landing gear system has to be chosen. Retractable systems are generally used for aircraft that flyfaster than 77.2 m/s (150 kts) [27]. As the cruise speed of the EuroFlyer is above this speed, a retractablelanding gear is used. Next, the landing gear type is determined. After consulting literature, the conventionaltricycle landing gear configuration evidently turns out to be the most suitable for the EuroFlyer [27]. The NoseLanding Gear (NLG) consists out of two tires to reduce the chance of a fatal tire blow out. The number of tiresfor the main gear is based on the loading per tire and is discussed in Section 8.5.6.
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8.5.2 Location

The most common location for the main landing is close to the centre wing box. The wing and centre of gravitypositions follow from a Class II weight estimation and stability and control analysis of the aircraft. When theselocations are known, and the assumptions is made that the Main Landing Gear (MLG) is located 20 cm behindthe wing, the aircraft can be analysed for longitudinal stability. Fig. 8.15 displays the two criteria related tolanding gear height. First the longitudinal tip over criterion, displayed by angle A, and secondly the clearancecriterion, displayed by angle B [24]. Each of these criteria provides a required landing gear height. A maximumheight comes forth from the tip over criterion, while the clearance criterion provides a minimum height. Themethods to obtain these heights are explained below, starting with the tip over criterion.

Figure 8.15: Longitudinal Landing Gear Layout Requirements for Tricycle Configuration [31]
When the wing location and thus the MLG location is known, the aircraft can be checked for compliancewith its tip over requirements. By using trigonometric relations and an angle A of 15 deg, the maximumlanding gear height is obtained. Please note that this criterion has to be fulfilled for both the most for-ward and aft centre of gravity location. Where in this case, the most aft centre of gravity is the crucial of thetwo. If the MLG location does not comply with this criterion, it has to be moved aft or the centre of gravity forward.
For the take-off clearance criterion, an angle B of minimum twelve degree has to be satisfied. Since theEuroFlyer has a shroud at the aft of the fuselage, it can lead to clearance complications and therefore the landinggear height has been sized for an angle B of 14 deg. If the outer diameter of the shroud and the horizontallength between the MLG and the aft of the shroud are known, the height of the landing gear can once again becomputed by using trigonometric relations.
Now that both criteria related to landing gear height have been evaluated, a maximum and minimum landinggear height known for the centre of gravity, wing and shroud locations. Within these boundaries, the landinggear height can be sized. For the values found during the final iteration a landing gear height of 1.74 m is found.This value complies with both criteria regarding longitudinal stability.
The next step in the process to in determine the distance between the MLG and the NLG. Fig. 8.16 shows the rela-tion between the wheelbase and the fuselage length. This wheelbase length is the distance between the NLG andMLG. The wheelbase is determined with help of Fig. 8.16, and a reasonable estimation for the nose gear location isfound. Using a total wheelbase value of ten metres, the distance between the NLG and the centre of gravity is ob-tained. This value has been chosen in accordance with the nose wheel loading which is described in Section 8.5.4.
Another criterion which has to be satisfied is the lateral tip over criterion. As can be seen in Fig. 8.17, theangle Ψ has to be equal to or more than 25 deg. This ensures that the aircraft will not perform any fatal rollingmovements during its ground operations.By consulting reference aircraft, a first estimate for this length is obtained. Fig. 8.18 displays the trackwidthlength in relation to the MTOW (Maximum Take-Off Weight) [31].
From Fig. 8.18, a track width of approximately six metres can be found for a MTOW of 27840 kg. Whencomputing the track width according to the criterion displayed in Fig. 8.17, an angle Ψ of 29.2 deg is found foran track width of 5 metres. Please note that for this computation, the centre of gravity is assumed to be in thecentre of the fuselage cross-section. Comparing this value to the value found from reference aircraft, it can beconcluded that this value is within close proximity of operational aircraft track lengths.
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Figure 8.16: Reference Aircraft Wheelbase Length with respect to Fuselage Length [31]

Figure 8.17: Lateral Tip Over criterion for Tricycle Configuration [35]

Figure 8.18: Reference Aircraft Trackwidth with Respect to Maximum Take-Off Weight [31]
8.5.3 IntegrationDue to the lateral stability criterion, the undercarriage will have to be placed on either the wings or inside thefuselage. Since locating the MLG in the wing leads to complications with the wing box, the undercarriage islocated behind the wing inside of the fuselage. The landing gear deploys outwards in order to satisfy the lateralstability criterion. Such a deployment, instead of deploying it forward or backward increases the undercarriagestiffness. For this configuration to work, the MLG requires a pivot point. Due to this, it can be stored inside thefuselage since the effective strut length is decreased. A graphical representation of this system can be seenin Fig. 8.19. This displays the deployed MLG of the British Aerospace 146 aircraft, also known as the BAe 146 [36].
The undercarriage location comes with certain advantages. Firstly, since the landing gear is not connected to thewing, the air flow over the wing is undisturbed. Secondly, the further aft the MLG, the more stable the aircraft isregarding tip over requirement.
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Figure 8.19: British Aerospace 146 Deployed Fuselage Mounted Main Landing Gear [37]
8.5.4 Static Loading AnalysisFor tricycle configurations, the main and nose gear static loading can be computed by using Eqs. 8.26 and 8.27.In these equations, ns represents the number of main gear struts. In this case, the first iteration assumes a valueof two for this parameter.

Pnstatic = WTO · lm
lm + ln

(8.26)
Pmstatic = WTO · lm

ns(lm + ln) (8.27)
For good steering qualities, eight to fifteen percent of the MTOW should be statically loaded on the nosegear [27]. However for the current parameters and landing gear location 37% of the MTOW is loaded on theNLG. This is due to the fact that the MLG can not be located in the wing, and thus has to be placed further back.Due to the relatively short fuselage, placing the NLG further forward in order to decrease the static loading isonly possible to a certain extend.
8.5.5 Dynamic Loading AnalysisThe dynamic loading experienced by the landing gear can be expressed by Eqs. 8.28 and 8.29 [27]. In orderfor the tires to be FAR-25 certified and to account for growth in airplane weight, the dynamic load per tire ismultiplied by 1.07 and 1.25, respectively.

Pndynamic = WTO(lm + ax
g·hcg )(lm + ln) (8.28)

Pmdynamic = WTO(ln + ax
g·hcg )(lm + ln) (8.29)

Extra parameters used in these equations are specified as follows.
· ax /g = 0.35 for dry concrete with simple brakes
· ax /g = 0.45 for dry concrete with anti-skid brakes

Since the dynamic loading is higher than the static loading the tires will be sized in accordance to the dynamicloading. This dynamic loading for the NLG and MLG are 11510 lb and 15176 lb respectively. However, inorder to select the appropriate tires, the maximum tire operating speed has to be determined first. This can bedetermined by using Eqs. 8.30 and 8.31. Here the assumption is made that the take-off and landing speed areequal to 1.05 times their specific stall speed.
Vtiremax = 1.1 · 1.05 · Vstalltake−of f (8.30)
Vtiremax = 1.1 · 1.05 · Vstalllanding (8.31)Since the lift coefficient for take-off and landing are 2.1 and 2.5 respectively, the stall speed will be higher fortake-off. At sea level, the stall speed for take-off will be 57 m/s. Substituting this value in Eq. 8.30 will lead toa Vtiremax value of approximately 66 m/s (147.7 mph). Now that both the maximum dynamic load per tire andoperating speed are known, the tires can be selected in accordance the tire data as provided in Roskam [31].
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8.5.6 Tire SelectionFor the MTOW, landing gear location and centre of gravity location which came from the iteration, the tires canbe chosen. The nose gear will make use of two tires where each one is subjected to a 11510 lbs load. The mainlanding gear consists out of four tires which are each subjected to a 15176 lbs load. Consulting literature, thefollowing tire selection was performed, as shown in Tab. 8.5.
Table 8.5: Tire Parameters

Parameter Nose Gear Tire Main Gear Tire UnitRated Load 12500 16200 lbOperating Speed 230 217 mphSize 24x8.0-13 25.5x8-14 inchPly Rating 18 20 −Weight 28.3 39.5 lb

8.6 Results
For convenience all major parameters from this Chapter are summarised in Table 8.6. These were obtainedafter several iterations were performed. Please note that not all parameters used are stated here. For moreinformation and the methodology behind the values, please refer to the beginning of Chapter 8.

Table 8.6: Fuselage Parameters
Parameter Value Unit
External GeometryFuselage Diameter 4.699 mFuselage Length 20.374 mFineness Ratio 0.2306 −
Internal GeometrySeating Configuration 2x3x2 −Maximum Number of Seats 84 −Number of Exits 6 −Number of Windows 30 −Available Storage Volume 54 m3
Aerodynamic/Structural SpecificationFuselage Drag Coefficient 0.0106 −Minimum Fuselage Skin Thickness 0.93 mmMinimum Required Moment of Inertia for the Stringers 4.87 · 107 mm4Fuselage Structural Mass 2937 kg
Landing GearLanding Gear Height 1.74 mLanding Gear Track Width 5.0 mLanding Gear Wheelbase 10 mMain Landing Gear Location (from nose) 12.0 mNose Landing Gear Location (from nose) 2.0 mNumber of Nose Tires 2 −Number of Main Tires 4 −Nose Landing Gear Mass 277 kgMain Landing Gear Mass 1028 kg
Tire SelectionNose Tire Diameter 0.61 mMain tire Diameter 0.65 mNose Tire Width 0.20 mMain Tire Width 0.20 mNose Tire Maximum Operating Speed 102.82 m/sMain Tire Maximum Operating Speed 97.01 m/sNose Tire Maximum Static Loading 8269 lbMain Tire Maximum Static Loading 11178 lbNose Tire Maximum Dynamic Loading 11510 lbMain Tire Maximum Dynamic Loading 15176 lb
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CHAPTER 9

Wing

This chapter presents the detailed wing design of the EuroFlyer. The road map of this chapter can be found in Fig.9.1. Firstly, an appropriate aerofoil is selected according to the maximum wing loading and the Maximum Take-OffWeight, determined in Chapter 13 [16]. Next step is to determine the optimal parameters to design an optimalwing planform according to the requirements and mission needs. Afterwards the aerodynamic characteristics ofthe wing are calculated. Then, wing is structurally analysed to ensure the feasibility of the proposed design.Finally the results are summarised in the last section.
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Figure 9.1: Wing Road Map

9.1 Aerofoil Selection

From the design point and the estimated Maximum Take-Off Weight, some preliminary aerodynamic characteristicswere derived. The design lift coefficient is calculated to be 0.49 for a MTOW of 27840 kg and a maximum wingloading of 4190 N/m2. These characteristics need to be achieved at Mach 0.65 at 9000 m, an altitude whichresults in an airspeed of 197.6 m/s. The maximum lift coefficient in clean configuration should be at least 1.3 inorder to prevent the need for heavy high lift devices. The clean wing without any flaps or slats has a CLmax valueof 1.73 determined using the computational tool XFLR5 [38]. With this information, an appropriate aerofoil canbe selected.
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9.1.1 Comparison FactorsThe aerofoil selection is performed using data obtained from Abbott and Von Doenhoff (A & vD) and the compu-tational tools XFLR5 and JavaFoil [38, 39]. However, due to different methods used and assumptions made in thecomputational tools, the actual aerodynamic characteristics of the aerofoils often differ from the experimentaldata. In order to give an accurate estimate of the aerofoil characteristics, the computational data is compared tothe experimental. Comparison factors are defined to scale the computational towards the experimental data.
The aerofoils NACA 632-415, NACA 632-615, NACA 652-415 and NLF-0416 are considered after a first analysis.The characteristics of these aerofoils are simulated in XFLR5 and compared to experimental data, obtainedfrom Abott and Von Doenhoff [39]. Comparison factors are defined for the CD , CLmax and αmax values of all theaerofoils at Reynolds numbers of 3, 6 and 9 million. These values are extrapolated to a Reynolds number of 12million, the estimated Reynolds number in cruise, to reduce the induced error in the computational values. Allthe mentioned values and factors can be found in Table 9.1.

Table 9.1: Aerodynamic Values and Comparison Values
Re = 3 · 106 Re = 6 · 106 Re = 9 · 106 Re = 12 · 106

Aerofoil Parameter XFLR5 A & vD Factor XFLR5 A & vD Factor XFLR5 A & vD Factor XFLR5 Value with Factor FactorNACA 632-615 CD 0.0049 0.0053 1.08 0.0053 0.0052 0.98 0.0053 0.0048 0.90 0.0069 0.0055 0.80
CLmax 1.51 1.46 0.97 1.63 1.56 0.96 1.69 1.67 0.99 1.79 1.78 0.99
αmax 20 13.5 0.68 19 14.25 0.75 20 15 0.75 20.8 17.2 0.83NACA 632-415 CD 0.0050 0.0055 1.11 0.0043 0.0052 1.21 0.0043 0.0049 1.14 0.0039 0.0047 1.22
CLmax 1.7 1.55 0.91 1.82 1.64 0.90 1.89 1.66 0.88 2.00 1.73 0.86
αmax 19.0 13.9 0.73 20.0 15.2 0.76 20.0 16.0 0.80 21.0 18.0 0.86NACA 652-415 CD 0.0047 0.0050 1.06 0.0038 0.0042 1.11 0.0037 0,0042 1.14 0.0044 0.0053 1.20
CLmax 1.71 1.45 0.85 1.76 1.58 0.90 1.82 1.62 0.89 1.95 1.82 0.93
αmax 19 16.34 0.86 20 17.4 0.87 22 16.5 0.75 22 14.7 0.67NLF-0416 CD 0.0053 0.0060 1.14 0.0051 0.0058 1.14 0.0053 0.0057 1.08 0.0048 0.0051 1.06
CLmax 1.76 1.71 0.97 1.88 1.84 0.98 1.94 1.90 0.98 2.00 1.98 0.99
αmax 16 13.8 0.86 17 15.5 0.91 17.5 15.6 0.89 16 14.9 0.93

9.1.2 Trade-OffNow that the aerodynamic characteristics are known, a trade-off between the four selected aerofoils is performed.The trade-off will be based on the three parameters extrapolated in the previous section, being the drag coefficient
CD , the maximum lift coefficient CLmax and the maximum angle of attack αmax . As the most important parameter isthe drag coefficient during cruise, this parameter has a weighting factor of 3, compared to 1 for both the maximumlift coefficient and the maximum angle of attack. The grading scale runs for -2 to 2. In this scale a score of -2defines the lowest scores and 2 defines the highest possible score. The trade-off can be found in Table 9.2. Theselected aerofoil is the NACA 632-415.

Table 9.2: Aerofoil Selection Trade-Off
Aerofoil / Criterion CD CLmax αmax Total Score
Weighting Factor 3 1 1NACA 632-615 0 0 0 0NACA 632-415 2 -1 1 6NACA 652-415 1 1 -2 2NLF-0416 1 2 -2 3

9.2 Planform Design
In this section, the wing planform will be designed. The aerofoil is determined and from this two-dimensionalaerofoil a three dimensional wing is created. The goal is to design a wing with the lowest drag as possible andto insure the wing weight stays within an acceptable range. The final wing surface was determined by means ofan iterative process in Chapter 13 and equals 65.18 m2 for a lift coefficient of 0.50 at a MTOW of 27840 kg.
9.2.1 WingspanAn important parameter when designing the wing planform, is the maximum allowable wingspan. One of the keyrequirements of the project is that the aircraft should be able to operate at regional airports. The Airbus A320 isa good reference aircraft regarding this requirement. Its wingspan is 34.10 m [40], and according to the ICAOAirport Reference Codes, this is a Class 3 aircraft [41]. The maximum allowable wingspan for a Class 3 aircraft
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is 36 m, this value is set as the maximum allowable wingspan for the EuroFlyer.
9.2.2 Taper Ratio
The optimum taper ratio was determined using the computational tool XFLR5. The drag estimation of XFLR5 isnot accurate enough to use the drag coefficients, but the trend due to changes is reliable. Different taper ratioswere analysed with the above mentioned parameters. Leading edge sweep was set to zero degrees in order toincrease laminarity over the wings. The different taper ratios are plotted in Fig. 9.2 against the lift over dragratio, L/D, of the wing. The wing surface and the lift coefficient are constants for this plot. It can clearly be seenthat the optimal taper ratio is in between 0.3 and 0.4. The maximum value is obtained at a taper ratio of 0.30,shown by the dotted line.
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Figure 9.2: Optimal Taper Ratio for Constant S and CL
9.2.3 Mach Critical and Sweep
With the followings two equations the critical Mach number can be determined.

Cp = Cp,0√1−M2
∞

(9.1)
Cpcr = 2

γM2
cr


1 + [ (γ−1)2

]
M2
cr1 + [ (γ−1)2
]  γ

γ−1
− 1
 (9.2)

In Eq. 9.2 γ stands for the heat capacity ratio, which is 1.4 for air. Plotting these equations as function of theMach number, one can find the intersection of the two curves. The intersection point is the critical Mach number.In Fig. 9.3 the two curves are plotted and the critical Mach number in case of zero sweep equals 0.6522, whichis above the cruise Mach number, therefore no sweep is required. This is also beneficial for the amount oflaminar flow on the wing, which will heavily influence the drag characteristics of the wing, as will be discussedin Section 9.3.
9.2.4 Aspect Ratio
Finally the aspect ratio (AR) needs to be determined. In Fig. 9.4 the total wing drag coefficient is plotted againstaspect ratio for the cruise conditions of the EuroFlyer, neglecting the effect of the winglets. One can concludethat the higher the aspect ratio is, the lower the wing drag coefficient will be. This is the main reason fordesigning the wing with an aspect ratio as high as possible. Furthermore, for propeller aircraft, an increasingaspect ratio has positive consequences on the climb rate and climb gradient of propeller aircraft. A drawback isa heaver design and possible aero elastic effects [42]. The weight penalty and aero elastic effects are taken intoaccount and will be discussed in Section 9.4. Given the wing surface, maximum wingspan and the taper ratio,the optimal aspect ratio is 19.88.
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Figure 9.3: Critical Mach Number Determination
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Figure 9.4: Influence of Aspect Ratio on the Wing Drag Coefficients
9.2.5 High Lift DevicesIn order to fulfil the take-off and landing requirements [16] and to come up with a feasible high lift device design,the landing requirements were set to a landing distance of 1500 m and a maximum landing coefficient of 2.5.The aircraft needs to have a maximum take-off lift coefficient CLT /O,max of 2.1. In Section 9.1.1 the induced error ofthis program was corrected with a comparison factor. Therefore, a correction factor of 0.85 is used to get theright CLmax value.
The maximum increase in lift coefficient ∆CLmax of the wing can be calculated using Eq. 9.3 [43]. In this equation,∆Clmax is the increase in lift coefficient Cl of the aerofoil with extended flap compared to the aerofoil in normalconfiguration. The ratio of wetted area over the reference area is given by Swf

S . The wetted area represents thearea of the wing equipped with high lift devices. The parameter Λhingeline represents the sweep of the hinge-lineof the high lift device. ∆CLmax = 0.9∆Clmax SwfS cos(Λhingeline) (9.3)
A broad spectrum of high lift devices is used nowadays. The highest Clmax values, can be achieved by morecomplicated high lift devices. However, when high lift devices become more complicated, they become heavier aswell. Therefore, the least complicated high lift device, delivering the required ∆CLmax , is the best to use: theFowler flap. The Fowler flap has a Clmax of 1.3 · c′c [43]. In order to generate the maximum lift coefficient of 2.5,the high lift devices should cover 41% of each wing. The Fowler Flaps starts at approximately 13% spanwise ofeach wing, which means at 2.34 m from the fuselage, and ends at 57% of the span. The exact geometry of thewing and the high lift devices is visualised in Fig. G.2 in Appendix G.
9.2.6 ResultsThe final wing planform is fixed, knowing these above mentioned parameters. The geometry of the wing can befound Appendix G. All the parameters and their associated variables are summarised in Table 9.3. Note thatwing tip technology will be discussed in Section 9.3 and that the dihedral angle will be determined based onthe tip deflection on ground, obtained from the structural analysis in Section 9.4.
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Table 9.3: Wing Planform Parameters
Parameter Value Unit Parameter Value UnitWing Surface 65.18 m2 Wingspan 36.00 mAspect Ratio 19.88 − Sweep Angle LE 0 radMean Aerodynamic Chord 1.98 m Reynolds Number 12 ·106 −Geometric Chord 1.81 m Taper Ratio 0.3012 −Root Chord 2.7830 m Tip Chord 0.8382 mMax. Clean Lift Coefficient 1.7 − Max. Landing Lift Coefficient 2.5 −High Lift Device Single Fowler Flaps

9.3 Drag Estimation
The determination of the drag force of the wing is an essential part of the aircraft design process, as it directlyaffects the overall aircraft performance. The main equation for estimating the drag of the wing is given in Eq. 9.4.The parasite drag coefficient CD0 is caused by the resistance of moving a body through a medium such as air.The induced drag coefficient CDi is in turn given by the second term and is the drag associated by the liftgeneration of the wing.

CD = CD0 + CDi (9.4)
9.3.1 Parasite Drag
The parasitic drag coefficient CD0 is often defined as the sum of the skin friction coefficient CF , the form dragcoefficient CDp and the wave drag coefficient CDw , as shown in Eq. 9.5. The sum of the skin friction and theform drag coefficient is often defined as the profile drag coefficient CDF . The interference drag is not taken intoaccount, as this value has already been accounted for in the fuselage drag estimation in Section 8.3.3.

CD0 = CDF + CDw = CF + CDp + CDw (9.5)
First the profile drag will be determined. The skin friction originates from the presence of retarded flow inthe proximity of the wing surface, also known as the boundary layer. Most of the boundary layer is turbulent.However, for the NACA 632-415 aerofoil in subsonic conditions, laminar flow is assumed up to ten percent of thechord length. For laminar flow the skin friction of a flat plate can be calculated with Eq. 9.6, while for turbulentflow Eq. 9.7 can be used [44]. In these equations, Re is the Reynolds number given by Eq. 9.8. In this lastequation, ρ represents the air density, V is the airspeed and l is the characteristic length, as percentage of thechord. Finally µ is the dynamic viscosity of the fluid, a parameter obtained from the International StandardAtmosphere (ISA).

Cflam = 1.328
Re 12 (9.6)

Cfturb = 0.074
Re 15 (9.7)

Re = ρ · V · l
µ (9.8)

The profile drag includes pressure drag and the skin friction as mentioned earlier. Pressure drag depends on theform of a body. It occurs in case adverse pressure gradients exist near the trailing edge on the wing, resulting inflow separation. The profile drag coefficient can be estimated with the use of form factors, FF . A form factorrepresents the drag correction due to thickness and pressure drag. A broad spectrum of form factors are availableand described by Gur et al. [30]. These form factors have differences up to 20%. As these difference have an highinfluence on the drag characteristics, the average value of the form factors defined by Hoerner, Torenbeek, Edet,Nicolai, Kroo and Shevell is used to perform the calculations.
CDF = FFavg · Cfskin ·

Swf
Sref

(9.9)
Wave drag appears at airspeeds higher than the critical Mach number Mcr , due to the presence of shock waves.In Section 9.2.3 it was shown that the critical Mach number is higher than the cruise Mach number. As there isno supersonic velocities on the wing, the wave drag is zero and can be neglected.
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9.3.2 Induced DragThe induced drag is the drag produced by the wing when generating lift. In order to produce lift, the direction ofthe flow is redirected by the wing, causing drag. This drag can be calculated using the lifting line theory as inEq.9.10. The design lift coefficient, CL, is estimated to be 0.5. The aspect ratio, AR , is found to be 19.88. TheOswald Factor, e, is determined by using Eq. 9.11 [45].
CDi = CL2

π · AR · e (9.10)
e = 1(1 + 0.12M6) [1 + 0.142+f (λ) AR (10 t

c )0.33
cos(Λ.25) + 0.1(3Ne+1)(4+AR )0.8

] (9.11)
with f (λ) = 0.005(1 + 1.5 (λ− 0.6)2) (9.12)

In the above equation the Mach number M equals the cruise Mach number of 0.65. The value of the aspect ratio isdetermined earlier. The ratio t/c is the maximum thickness of the aerofoil and is equal to 0.15 for the NACA 632-415aerofoil. The sweep angle at quarter chord length Λ.25 is -0.027. The taper ratio λ is determined in Section 9.2.2to be optimal with a value of 0.3012. Finally there are no engines on top of the wing surface, setting Ne to zero.This leads to an Oswald factor of 0.77. Now the induced drag coefficient CDi turns out to be 0.0051 using Eq. 9.10.
9.3.3 WingletsThe induced drag can be significantly reduced with the use of wing tip technology, such as a winglet. The mostpromising technology in the field of winglets is the spiroid wing tip see Fig.9.5. According to Guerrero et al. [46]the induced drag can be reduced by 28% at a lift coefficient of 0.40 and by 35% at a lift coefficient of 0.55 usingspiroid winglets. However, this value was decreased to a more conservative value of ten percent in the calculations,as this technology is only in an early stage and more investigation is required to prove this high beneficial re-duction in reality. Taking the reduction of ten percent into account in Eq. 9.10, the induced drag is equal to 0.0046.

Figure 9.5: Spiroid Wing Tip
9.3.4 ResultsAn overview of all the obtained wing drag coefficients are summarised in Table 9.4.

Table 9.4: Wing Drag Parameters
Parameter Symbol Value UnitParasite Drag Coefficient CD0 0.0073 -Induced Drag Coefficient CDi 0.0046 -Total Drag Coefficient CD 0.0119 -

9.4 Structural Design
This section discusses a preliminary structural sizing of the wing, in particular the wing box. As mentionedbefore, the wing of the EuroFlyer features an aspect ratio of 19.88. Given the fact that current commercial aircrafthave a considerably lower value for this parameter, one can easily understand that the structural design of suchan high aspect ratio wing could potentially be an issue. The normal and shear stresses along the span will be
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considerably higher compared to a wing with a lower aspect ratio. Furthermore, aerodynamic flutter has to betaken into account as this resonating oscillation could result in a catastrophic in-flight failure.
This section aims to demonstrate the feasibility of the proposed wing rather than providing a detailed designof the complete wing box. Firstly, a structural design is proposed once the internal shear forces and bendingmoments distributions along the wingspan have been determined. Next, flutter is addressed and the wing boxdesign is adjusted to prevent these phenomena in flight.
9.4.1 Wing BoxIn this section, the proposed wing design will structurally be analysed and a wing box structure which is able tocope with the different load cases will be presented. The wing is not only subjected to a shear force and bendingmoment distribution along the span, but as there is an offset between the centre of pressure and shear centre ofthe wing box and the wing is generating a constant pitch down moment around the aerodynamic centre, thecross-section is also subjected to a torsional moment. The cross-section considered for the structural design isshown in Fig. 9.6. All dimensions are proportional to the local chord length, in order to reduce the overall wingweight. Both the top and bottom skin are assumed to have identical thickness, resulting in a fixed location of theneutral line and thus simplifying the structural analysis to a great extent. As the front and rear spar feature adifferent thickness, the shear centre location is varying along the wingspan.
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Figure 9.6: Wing Box Location in the Cross-Section
Before establishing the shear force and moment diagrams, it is important to note that some simplifying assumptionshave been made in this preliminary sizing. Firstly, there will be assumed that no stringers are present andthat whereas it is common to design the structure such that the skin will carry only the shear stresses and thestringers will take up the normal stresses due to bending. For a preliminary sizing however, where the mainfocus is to show the feasibility of the high aspect ratio wing within a reasonable mass budget, this assumption isvalid. Secondly, there is opted for a structural idealisation by means of a finite number of booms, which greatlyreduces the time budget required for the analysis. This implies that skin thickness is set zero and the boomareas are adjusted to account for the area of the skin. Furthermore, it is assumed that the beam is made of aspecified composite material with isotropic properties, beam deflections under the applied loads are negligible,plain cross-sections remain plain and that no axial constraints exist at the ends.
Now that the cross-section has been defined and the assumptions have been stated, the distribution of theinternal shear force, bending moment and torsional moment along the span can be determined. Assumingthat lift distribution is directly proportional to the local chord length and the wing loading will be multipliedwith an overall safety factor of 3.75, to account for the ultimate load factor of 2.5 and material degrada-tion factor of 1.5, the shear force and bending moment diagrams can be established by means of force andmoment equilibrium. These are shown in Figs. 9.7a and 9.7b. Due to symmetry, only half of the wingspan is shown.
From these distributions, the resulting normal and shear stress distribution can be derived. Eq. 9.13 and Eq. 9.14shows how the bending moment and shear flow is related to the normal and shear stress respectively. The shearflow qxy accounts both for the component originating from the shear force, qS , and the one from the torsionalmoment, qT . To take into account both the normal and shear stress at a given location, one can compute theVon Mises Stress, σVMS . By doing so, one gets an idea about the total stress state at that specific locationand it allows to observe if yielding (in case of a metal) or failure (in case of a composite material) occurs. TheVon Mises stress can be found by evaluating Eq. 9.15. In this case however, due to the absence of two normalstresses and shear stresses in the remaining directions, this equation can significantly be reduced.
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(b) Bending Moment Diagram
Figure 9.7: Internal Shear Force and Bending Moment Diagrams

σz = Mx · y
Ixx

(9.13)
τxy = qxy

t = qS + qT
t (9.14)

σVMS =√ 12
[(
σx − σy

)2 + (σy − σz)2 + (σz − σx )2]+ 3 [τ2
xy + τ2

yz + τ2
zx
] =√σ 2

z + 3τ2
xy (9.15)

m = ρ · A · b (9.16)The wing box dimensions are varied in an iterative process until the maximum Von Mises stress equals 350
MPa, the assumed ultimate strength of the composite material. The resulting Von Mises stress distributionover the wing box is shown in Fig. 9.8. Table 9.5 contains the values of the Von Mises Stress as well as thecorresponding dimensions of the skin, front and back spar for three distinct locations along the span. Once thesevalues are known, Eq. 9.16 can be used to estimate the mass of the wing box. Here A represents the average ofall cross-sectional areas along the wingspan and ρ is the material density, which is assumed to have a value of1600 kg/m3. Substituting the obtained wing box dimensions, a wing box mass of 2557.2 kg can be found.

Figure 9.8: Von Mises Stress Distribution over the Wingbox
Table 9.5: Wing Box Parameters

Skin Front Spar Rear Spar
Parameter Thickness [mm] σVMS [MPa] Thickness [mm] σVMS [MPa] Thickness [mm] σVMS [MPa]Root 31.4 323.8 19.5 349.6 4.50 348.7Mid-Span 20.5 236.4 12.7 262.5 2.90 261.6Tip 9.50 173.6 5.90 281.4 1.40 278.2
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9.4.2 FlutterWhen designing a wing box, several failure modes can be identified. Aside from the evident failure modes,bending and compression, two aero elastic phenomena need to be investigated, namely flutter and divergence.Within the scope of our project these failure modes are too complex for a thorough investigation, however toconfirm the feasibility of the design a simplified approximation can be made.
The first motion which is assessed is flutter. Flutter is a dynamic motion which is characterised by rapid flappingof the wingtips. The airspeed UF at which flutter becomes a diverging vibration can be computed with a simplifiedtwo dimensional model with two degrees of freedom (Fig. 9.9b).
The second motion, divergence, is a static motion. Over the length of the span the wing will get a moment inducedangle, θ (Fig. 9.9a). Due to this increased angle of attack, the lift and moment of the section will increase, againleading to a larger twist angle. The divergence speed UD is defined as the speed at which this twist exceeds thestructural limits and the wing fails [47].
The wing box needs to be designed such that both limit speeds are larger than the designs dive speed, equal to1.5 times cruise speed. This so that the aircraft can perform emergency manoeuvres without wing failure as thiswould result in a worsened situation allowing no chance of recovery.
When calculating the static flutter, both the flutter speed and the divergence speed, the typical cross section ofthe wing is the assessed profile. The typical cross section of the wing is the cross section at 75% of the wing. Inthis case the stiffness of the wing will be modelled by a spring (Fig. 9.9). In Table 9.5 the typical cross sectionand the values needed in order to calculate the flutter and divergence speed are visible [47].

(a) Calculation Divergence Speed [47] (b) Calculation Flutter Speed [47]
Figure 9.9: Aerofoil Segments to Calculate Flutter Speed and Divergence Speed

Flutter SpeedThe flutter speed can be calculated using Eq. 9.17, where rα and ωα are given by Eqs. 9.18 and 9.19 [47].
UF
bωα

=√ m
πρb2 r2α[1 + 2(a+ xα )] (9.17)
rα =√ Iα

mb2 (9.18)
ωα =√Kα

Iα
(9.19)

Divergence SpeedThe calculation of the divergence speed is done using Eq. 9.20.
UD =√ 1

C θθ
( ∂CL
∂α
) ( ρ2 )Se (9.20)
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Where C θθ is equal to Eq. 9.21 [47].
C θθ = θ

T (9.21)
9.4.3 Iteration and ResultsWith all the failure modes defined, the wing box can be sized so that it can withstand all conditions. The sizingof the wing box is an iterative process where the lightest solution is sought where all requirements are met.Considering the high aspect ratio generating high loads and importance of reducing weight, an appropriatematerial had to be selected. The only material which proved capable of fulfilling the requirements was carbonfibre reinforced polymer.
This composite provides the possibility to custom design every section with respect to the loads it has tocarry. This customisation is done by selecting the amount of layers with carbon in 0° direction and the amountof layers with carbon in 45° direction. Layers in 0° direction are efficient at counteracting the bendingmoment which results in compressive stress in the skins. Layers in 45° direction are effective in supportingtorque loading. With this in mind one can play with the composition of the skin. To simplify the calcula-tions the composition is assumed identical throughout the wing box, as this computation has the sole goalof proving feasibility of the high aspect ratio. In reality, the wing box weight will be significantly lower af-ter detailed component design where composition and thickness of the skin are optimally varied over the wingspan.
The iteration is done in a specific order to minimise weight. Throughout the iteration skin thickness are assumedconstant over the wing box for simplification purposes. In first instance the wing box is designed to be able tocope with the bending moment. With the resulting thicknesses, both aero elastic cases are assessed. Spars arethen thickened until the flutter and divergence requirements are satisfied. Once they are satisfied the bendingmoment failure mode is recomputed and the top and bottom skin are minimised. With the new cross-section theaero elastic cases are reassessed. This loop is repeated until the values are constant.
After the iteration a final wing box design satisfying all requirements was found. The parameters of this wingbox are summarised in the Table 9.6. In next steps of the design process, skin thickness and material compositionshould be varied. In addition the wing box is currently modelled only with skins, however in real life stringersand stiffeners will also be applied. Taking into account these later design choices the wing box weight can belowered substantially.
9.4.4 DihedralThe dihedral angle plays a role in two characteristics: ground clearance of the wing and roll stability of theaircraft. First the ground clearance criteria is assessed by computing what angle is necessary for the wing to notdeflect passed the root height under its own weight. By taking the average area moment of inertia and modellingthe weight of the wing as a distributed load, a first approximation of the deflection can be made using Eq. 9.22.

δ = 9.81 ·Wtip · L224EI (3L2) + 9.81 · (Wroot −Wtip) · L120EI (4L3) (9.22)
The dihedral angle is computed by taking the arctangent of the deflection over the half wingspan. This results ina necessary dihedral angle of 2.9193 · 10−4 deg, or approximately 0. Therefore a dihedral angle is chosen basedon benefits in roll stability. However the flight dynamics analysis required to determine the optimal dihedralangle is out of the scope of this project and will be determined in later stages of the design process.

44 EuroFlyer – Final Report Design Synthesis Exercise



9.5 Results
The final results of the wing obtained in this chapter, are summarised in Table 9.6.

Table 9.6: Wing Parameters
Parameter Value Unit
AerofoilAerofoil Number NACA632-415 −
Wing PlanformWing Surface 65.18 m2Wing Span 36.00 mAspect Ratio 19.88 −Sweep Angle LE 0 radTaper Ratio 0.3012 −Root Chord 2.7830 mMean Aerodynamic Chord 1.98 mReynolds Number 12·106 −Cruise Lift Coefficient 0.5 −Max. Clean Lift Coefficient 1.7 −Max. Landing Lift Coefficient 2.5 −High Lift Device Single Fowler Flaps
AerodynamicsOswald Factor 0.77 −Induced Drag Coefficient 0.0046 −Parasite Drag Coefficient 0.0073 −Total Drag Coefficient 0.0119 −Winglets Spiroid
Structural AnalysisTop Skin Thickness 0.028 mBottom Skin Thickness 0.028 mFront Spar Thickness 0.041 mRear Spar Thickness 0.0103 mFibre Direction: +/- 45 ° 51 %Fibre Direction: 0/90° 49 %Wing Box Weight 3572 kgDihedral 0 deg
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CHAPTER 10

Propulsion

One of the most innovative aspects of the EuroFlyer is the propulsive system. The revolutionary hybrid powersystem, which is further explained in Chapter 11, powers two large slow Contra Rotating Propellers (CRP)integrated at the aft of the fuselage. These adjustments were performed to maximize efficiency with better propellercharacteristics and by implementing the BLI principle. These implementations have additional consequencesfor the power train. In order to power two propellers with different energy sources, a complicated but failproofpower train is required. The EuroFlyer resolves this problem by simultaneously running a turboprop engine,APU and an electrical engine with the necessary safety measures.
In this chapter the design process and results of the propulsive system are discussed. This includes basicpropeller parameter optimization, engine design, shaft sizing and propulsive system architecture design. Theroadmap of this chapter can be found in Fig. 10.1.
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Figure 10.1: Propulsion Road Map
10.1 System Architecture
Many requirements for the EuroFlyer design are dictated by regulations set by the European Aviation SafetyAgency (EASA), as published in their Certification Specifications for Large Aeroplanes [32]. There are importantrequirements set on the configuration of the propulsive system, to prevent further damage in case of partialfailure. At first, the proposed hybrid solution seems to automatically tackle these problems as the LNG- and
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battery-fed systems are inherently independent systems. However, due to the large weight associated with theelectrical system, it is not feasible to split the energy and power requirements in equal parts. Having one of thetwo propellers run only half the time is no option either. Hence, the LNG-system does not only have to providecontinuous power to one of the propellers, it is also partially powering the other. That would normally resultin a mechanically coupled system (which cannot be certified), but as can be seen from the schematic layoutshown in Fig. 10.2, the team has come up with a solution that would comply with the regulations. In reality thepropellers are placed on the same horizontal axis, but for clarity they are shown next to each other.

LNG
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Turboprop

Generator

Electric 
engine2 x
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Figure 10.2: Selected Propulsive System Configuration
In this layout, the LNG is used as fuel for both a turboprop and a gas generator. The turboprop is connected tothe drive shaft of one of the propeller disks. The other propeller is driven by an electric engine that draws itspower from the battery pack and the generator. The generator receives power from another gas turbine engine(APU). This gas generator is slightly smaller than the turboprop and will also supply power to all electricalsystems. A switch has been added between the turboprop and the generator to assure sufficient power to theon-board systems in the case that the APU turboprop fails.
10.2 Propeller Propulsion
The thrust from a propeller is derived by the addition of small velocity changes to a large mass of air, thereforethe efficiency increases rapidly with increasing flight speed [48]. However, at higher subsonic Mach numbersthe performance of the propellers suffers, mainly as a result of the adverse changes of pressure distribution onthe blade due to compressibility effects. Therefore, a limit to the Mach number exists at which propellers mayefficiently be employed. Modern propellers employed by high speed propeller aircraft use wide chord, multiple,swept blades rotating relatively slowly and can be usefully used up to a Mach number of about 0.7, although aMach number between 0.6 and 0.65 is a more frequent design point [49].
Propellers may be designed to achieve their highest efficiency at various Mach numbers depending upon therequired application. The adjustment of blade pitch on an individual propeller enables relatively high efficiencyto be achieved over a range of speeds. At Mach numbers between 0.3 and 0.65 an efficiency of 85 to 90% iscommonly realised [50].
The propulsive system of the EuroFlyer consists out of two CRP, surrounded by a shroud. This configuration hasthe advantage that the required pressure ratio to generate a specific amount of thrust can be distributed overtwo propeller stages, resulting in a lower loading per stage as compared to a single propeller.
The overall pressure ratio of the CRP is distributed over both propellers. From this, two approaches can bederived on how the propulsive system may be designed. The first approach is to opt for a system where theoverall pressure is higher than that of a comparable conventional propulsive system generating an equal amountof thrust. This leads to lower rotational speeds for the CRP engine set-up as compared to the rotational speed ofa conventional single propeller. The higher pressure ratio implies that for an equal amount of thrust, the propellerdiameter must be reduced, leading to lower propeller and hub weight. The smaller fan diameter also results inan overall engine drag reduction. The lower rotational speed, and hence lower tip speed of the propellers resultsin a lower noise emission.
Design Synthesis Exercise EuroFlyer – Final Report 47



The second approach is not to increase the pressure ratio as compared to a conventional propeller. For the contrarotating propeller, this leads to even lower rotational speeds and pressure ratios for both propeller stages. Sincethe total pressure ratio is not increased, the size (or area) of the propeller will be the same for the given thrustrequirements. The lower rotational speed implies that the aircraft can cruise at higher Mach numbers and therequired lift coefficients with suitable critical Mach numbers are more feasible to be reached. This concept resultsin the largest reduction in fuel consumption since a propeller with a larger diameter generally operates more effi-cient [51]. Because of the strict emission requirements set for the EuroFlyer the second design approach is followed.
10.2.1 Boundary Layer IngestionOne of the most prominent fuel saving methods implemented in the EuroFlyer is the BLI phenomenon. BLI in thecontext used here means taking fuselage boundary layer fluid through the engine for the purpose of improvingfuel efficiency. In a conventional aircraft configuration the fuselage wake momentum deficit is balanced by theengine wake momentum excess. The benefit of BLI comes from re-energizing this fuselage wake by the engines,allowing lower energy waste. Fig. 10.3 gives an overview of the two situations.
With podded engines the flow entering the engine is at free stream velocity. The engine accelerates theflow of a velocity ujet , such that the created moment excess balances the momentum deficit due to the dragof the airframe, Dairf rame. In the theoretical case where 100% of the boundary layer is ingested, and theflow is perfectly accelerated to the free stream velocity, it can be observed that there is a perfect momentumbalance. The difference in energy input between the two situations occurs because, with a given thrust force,less power needs to be added to a flow that enters the engine with a lower velocity [51]. The loading of theblades will be designed in such a way that the BLI effect is optimized, while still keeping realistic blade parameters.

(a) Podded (b) BLI
Figure 10.3: Difference Between a Podded Engine and BLI

10.2.2 AssumptionsTo understand the performance of the propeller and relate this performance to simple initial design parameters,the actuator disk theory is applied [52]. With this theory the propeller is modelled as a continuous disk insteadof a finite number of propeller blades. This theory has the following assumptions.
· The rotation imparted to the flow is neglect
· Assume the flow outside the propeller stream tube has constant stagnation pressure
· Assume that the flow is steady. Smear out the moving blades so they are one thin steady disk that hasapproximately the same effect on the flow as the moving blades
· Across the actuator disk, assume that the pressure changes discontinuously, but the velocity varies in acontinuous manner.

From a certification point of view the Shaft Horse Power (SHP) over both shafts driving the two propellers maynot deviate too much from one another. This way, the propellers should be able to generate a sufficient amountof thrust, given that the airspeed is lowered, in the case that either one of the engines fails. However, this alsobrings difficulties when designing the contra-rotating propellers and their energy source.
In particular, determining the optimal pressure ratios for both propellers poses a large problem as the firstpropeller is located just in front of the second propeller. Therefore, the inlet velocity of the second propeller will
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be higher than the inlet velocity of the first propeller. Because of the working principle of a propeller, this im-plies that the second propeller is unable to produce the same amount of thrust, as the SHP is equal over both shafts.
In order to cope with this problem, it is assumed that the rise in total pressure caused by the first propeller canbe seen by the second propeller as a rise in static pressure only. This implies that the second propeller sees thesame inlet velocity, u0, as the first propeller. With this assumption the two contra rotating propellers may bemodelled by a single actuator disk in the preliminary design phase.
Furthermore it is assumed that due to the presence of the shroud around the propellers, the Prandtl tip loss maybe neglected. This ignores the tip loss concerning the blade tip, thereby increasing propulsive efficiency, whichapproximately models a shrouded rotor.
10.2.3 Preliminary DesignTheoretically the most efficient propeller is a slowly rotating propeller with a large diameter [49]. Since a largediameter will provide the highest efficiency, the largest propeller diameter which complies with the CS-25 groundclearance regulations is selected. The ground clearance is a function of the landing gear positioning; after iter-ation the maximal propeller diameter has been set 3.7 metres, as an additional clearance is required for the shroud.
As the propulsive system will be optimized for cruise operations, the required thrust will be calculated at trueairspeed cruise velocity and altitude. From the preliminary sizing however, the weight to power ratio wascalculated based on the take-off performance of the EuroFlyer. Therefore it is necessary to assure that thepropulsive system optimized for cruise conditions is capable of also generating the required take-off thrust. Atthe end of the design phase this will be verified. In the final iteration, a total drag during cruise of 16714 N wasdetermined. This implies that since the propulsive system will be design for cruise conditions, also 16714 N ofThrust has to be produced.
With the thrust known, a model of the propulsive system may be constructed. Combining the required thrustwith the local ambient pressure and the diameter of the propeller, a pressure ratio over the two contra rotatingpropellers of 1.002 is found. Applying the assumption that the rise in total pressure after the first propeller iscaused by an increase in static pressure only, the pressure ratio of the two propellers is 1.001.
10.3 Propeller Design
In this section, the propeller design process is thoroughly explained. Propeller propulsion systems are complicatedsystems where still a lot of research is done on how to optimise the efficiency of such propulsors. In addition,due to the EuroFlyer performance’s close correlation to the efficiency of BLI, it has to be investigated how thesystem can be designed to optimally benefit BLI. To do so, the following approach is opted for and is documentedaccordingly.
To begin with, design parameters are chosen and boundaries are set to these values. Next, a first estimation ismade using free stream actuator disk theory. The incoming velocity is then modelled according to the boundarylayer profile and the actuator disk are modelled element wise and a necessary shaft power is computed whichwill function as input in the engine design. The actuator disk is then translated to propeller blades. During thewhole process, the design parameters are continuously verified on boundary violation. A schematic representationof the propeller design process is provided by Fig. 10.4. Here, for clarity, the steps explained in every subsectionof this paragraph are marked accordingly.
10.3.1 Design ParametersAs initial input in the design process for the propulsive system, certain constrains will be placed on severalparameters in the same manner as the propeller diameter has already been specified earlier.
Starting with the tip speed, the effective velocity seen by the propeller tip may not exceed Mach 0.88 duringcruise [48]. This limit has been determined as the Mach number from when compressibility effects may no longerbe ignored.
Despite that a propeller only suffers relatively small efficiency losses, even when the flow goes supersonic, a tipvelocity of more than Mach one will produce unacceptable noise levels. Since the noise requirements on theEuroFlyer are most important during take-off, the tip Mach number during take-off may not exceed 0.72 Mach
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Figure 10.4: Propeller Design Flow Chart
[53] to suppressed noise production. The effective velocity of the wing tip is the vector addition of the cruisevelocity and the rotational velocity of the wing tip, resulting in Eq. 10.1.

Vtip =√V 2
cr + (π · 2rtip · n)2 (10.1)Here rtip is the distance from the centre of the hub to the tip and n the number of revolutions per second.

With the propeller tip velocity known, the revolutions per minute (RPM) of the propeller may be selected.The RPM of the propeller influences the tip velocity and the aerofoil characteristics of the propeller, for agiven amount of thrust. From a noise point of view, the lower the propeller RPM the less noise will beemitted. This however is especially relevant during take-off, but will also be considered for cruise conditionsto reduce both ground- and cabin noise. For this reason the RPM of the propeller will be lowered to a valuewhere the required lift coefficients, and corresponding drag coefficients, over the blade are still in acceptable limits.
With limits set on RPM, the required thrust, Vtip and the propeller diameter and the limits of the pressure ratioover both propellers known, the propeller may be modelled. In the following section the methodology of thesizing of the propeller is described. At the end, after several iteration rounds of the whole aircraft, the finalvalues for the above named parameters will be given.
10.3.2 First EstimationIn the following subsection the process of generating the initial estimation for the propeller parameters willbe described. For this phase the inputs were the limits set on the parameters described in Section 10.3.1, theoutputs are the initial parameters of the actuator disk. In this phase a constant input velocity profile is used; theboundary layer is not yet taken into account.Fig. 10.5 provides an overview of the simplified initial model according to the Actuator Disk Theory. Theconvenience of the this model is that an even pressure distribution over the disk is assumed.To prepare the calculations to account for BLI, it was attempted to generate a disk loading such that the velocityprofile behind the disk was constant. This implies that the thrust generated over the radius of the disk must be
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Figure 10.5: Schematic Overview of the Propeller, Modelled According to the Actuator Disk Theory

constant. This in term results in a required propeller loading. With Eq. 10.2 [51] the required velocity increasebefore and after the propeller can be calculated when the actuator disk theory is applied.
T = ρπ4D2(V∞ + 12∆V)∆V (10.2)

In this equation ∆V is the velocity increment that must be given to the free stream in order to generate therequired thrust of 16714 N . However, since part of the actuator disk theory states that half of the velocityincrease occurs before the disk, due to suction, and the other half of the velocity increase after the disk. This interm leads to the relation given in Eq. 10.3 [51].
Vatblade = V∞ + 12∆V (10.3)

This is an important relation as now the incoming free stream velocity as seen by the propeller can be calculated.Specifying this velocity has great influence on the propeller and blade properties. With this incoming velocityspecified, it is now possible to go into more detail.
10.3.3 Designing for Boundary Layer IngestionWhen designing for BLI, a velocity profile behind the propeller similar as in Fig. 10.6 should be strived for. Toadopt the BLI principle in the design of the propulsive system, an incoming boundary layer velocity profile isrequired. This incoming velocity profile is initially modelled using the Blasius formula. However, at the aft ofthe fuselage, the boundary layer seen by the propeller will have become turbulent due to the high Reynoldsnumber. The Blasius formula is therefore scaled to represent a turbulent boundary layer profile which is steeperand reaches 95% of the free stream velocity in less distance from the skin. The scaling is then verified to theprofile resulting from ANSYS FLUENT, with the limiting offset set to five percent. The result can be seen inFig. 10.6, note that the straight line in the centre of the outgoing velocity profile originates from the exhaust velocity.

Figure 10.6: Schematic Overview of the Velocity Profile Before and After the Propeller
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Figure 10.7: Final Blade Loading and Velocity Profiles Before and After the two Contra-Rotating Propellers

Furthermore, the outgoing velocity profile also has to be modelled. This is done according to the loading profilesought after. Important efficiency gains can be obtained by doing this optimally. Typically, propellers are bestgradually loaded increasing to a maximum loading at 0.8-0.85% of the blade length. However the design teamhopes to gain efficiency by propelling boundary layer, so a suggestion was done to mirror the optimal loading ofa conventional propeller. Nevertheless only the first section of the propeller is functioning in boundary layer andthe rest is still propelling free stream air.
With this in mind a novel loading distribution combining both ideas is developed. After testing all three profilesthrough the whole design process and verifying that their required blade lift coefficients are within reasonablelimits, the novel loading distribution is found to be the most efficient and is adopted which results in an efficiencyof 99.8% compared to 95% without BLI. This load distribution is depicted in Fig. 10.7a. With the outgoing velocitythe shaft power is then computed element-wise along the span with Eq. 10.4.

Pshaf t = ∫ Rprop

Rhub
ρπ
((

r + δr2
)2
−
(
r − δr2

)2)
· (Vin + 0.5∆V )2 · ∆Vδr (10.4)

10.3.4 From Disk to PropellerFrom the actuator disk model, a realistic propeller can be designed. First the required amount of blades iscomputed to then calculate the necessary lift coefficient and chord of every element following the blade elementtheory, depicted in Fig. 10.8. To begin with, the amount of blades can be calculated by rewriting Eq. 10.5 where
b is the number of blades. Here, the blade power is chosen to be 5.2 W/m2 based on highly loaded referencepropellers [53].

Pblade = 4P
πbD2 (10.5)

Normally, before the blade lift coefficient, Cl, and chord, c, can be calculated, three important losses in efficiencyshould be taken into account: compressibility loss, tip loss and blade drag loss. However, in the EuroFlyer’scase, the first two can be neglected as tip velocities will not exceed the blade critical Mach number avoidingcompressibility losses and as the propeller will be enclosed by a shroud tip losses are negligible as well. Finally,blade drag efficiency loss can be computed using Eq. 10.6 where Cd is approximated with respect to the averagenecessary lift coefficient. The total efficiency can then be computed with Eq. 10.7. An artificial required thrust isthen found and the whole process is reiterated. If the amount of blades increases, the process has to be reiteratedonce more taking into account the additional drag loss.
Partif icial = Pshaf t1− nblade·Cd·(Rprop−Rhub)·cblade

π·(R2
prop−R2

hub) (10.6)
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Figure 10.8: Schematic Overview of the Propeller, Modelled According to the Blade Element Theory

η = T · V
Partif icial

(10.7)
With the artificial required thrust increments, a blade chord and Cl can be selected for every element by rewritingthe following formula. Here, Ve is the effective velocity seen by the blade.

T = 12 · ρ · b
∫ 1.9

0.75 ·V 2
e · c · Cl · dr (10.8)

The final blade dimensions can then be checked if they are realistic, in particular if the Cl values are obtainablewith the effective Mach number of the blade element. Table 10.2 summarizes the characteristics of the propeller.Also, in Fig. 10.9 the required lift coefficient over the span of the propeller blade is shown, here the chorddimensions are selected such that the lift coefficients are within acceptable limits [54].
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Figure 10.9: Schematic Overview of the Lift Coefficient over the Blade Span
Fig. 10.10 shows a rendering of the propeller system. The next step in the propulsion design process is thesizing of the engine. Section 10.4 will elaborate on the method employed.
10.4 Engine Design
The next step in the design process of the propulsion system is the design of the power train. As mentionedbefore, the EuroFlyer will integrate a revolutionary hybrid power system. To obtain high fuel efficiency of theaircraft, it is essential that the engines are designed precisely. The powertrain will consist of three engines, twoLNG powered engines and an electrical engine. As electrical engines are scalable with consistent efficienciesand outside the field of expertise of the team, the design of the electrical engine will be left for a later designstage. On the other hand the LNG powered engines are sensitive to power output and require sizing. In theEuroFlyer design, the required output led to the decision to utilize two turboprops, where one will function asAPU. This section will discuss the sizing of these engines and the integrated system.
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Figure 10.10: Artist Impression of the Propeller System
10.4.1 Shaft DesignAs the propulsive system is an unprecedented system the weight and dimension sizing based on statistical datais not possible. Fortunately for some components, such as the shaft, a good approximation can be made with afew simple structural equations. Closely related to the shaft design is the design of the exhaust, which will alsobe explained in this subsection.
First, the load cases of the shaft are defined. Three critical failure modes are identified, starting with torsionalfailure. To make sure the shaft can carry the applied load, the torsional rigidity needs to be found. This can bedone using Eq. 10.9. This value depends on the torque applied, the shear force in the shaft and the radius of theshaft.

J = T · Rshaf t /τ (10.9)Next, the column buckling was found with Eq. 10.10. By looking at the trust provided by the propellers, thelength of the shaft and the Young Modulus.
I = Thrust2 · 4 · L2

shaf t4 · π2 · E (10.10)
The last failure mode the shaft needs to withstand is the compressive loading. The compressive yield stress canbe found with Eq. 10.11. Which also depends on the trust, like the column buckling, but also depends on thearea of the shaft. Since failure is not allowed for any of these three cases, the shaft should be designed so it cancarry all the loads, including a safety factor.

σ = Thrust2 · π · (R2
shaf t − (Rshaf t − t)2)) (10.11)

The length of the shaft is determined in the allocation of space to all subsystems and was found to be one metre.Next, the shaft diameter is chosen, which should be larger than the exhaust and smaller than the hub with a 30
cm margin to account for necessary systems such as pitch control. This resulted in a diameter of 50 cm for theouter concentric shaft.
For the shaft titanium was opted for as material because of the beneficial strength to weight ratio and pos-sible high operating temperatures. With these design choices, a necessary thickness of 1.6 and 2.0 mm wascalculated for the outer and inner shaft respectively. Here, a load factor of 6 and safety factor of 1.5 arealready taken into account in these values. However experience proves that due to visual discomfort of suchthin shafts and the importance of a fail proof shaft that extra thickness is always added. So, for simplicity ashaft thickness of one centimetre is chosen for both concentric shafts. This results in a total shaft mass of 147.1 kg.
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10.4.2 Design MethodologyThe properties at every stage of the engine are calculated using the isentropic relations and equations for workand thrust. The turboprop and APU will be dual stage engines with a third turbine to power the shaft. Howeverfor simplicity it is modelled as a single stage engine, as it is assumed that technology will be at a level wherethe performance of a current single stage and a future twin stage engine is equal. During the description of theengine model the reference points as depicted in Fig. 10.11 are addressed accordingly. The airflow conditionschange from ambient at point zero before entering the compressor stages at point two. The pressure loss andtemperature increase are computed with the isentropic relations.

Figure 10.11: Engine Overview
By applying Eq. 10.12 the temperature after the compression stage is found. After this stage 0.59kg/s ofcompressed bleed air is withdrawn with the purpose of refreshing cabin air and blowing air through the strutsand vertical tail plane (Section 10.6). It is verified that the combustion chamber does not exceed the limittemperature of 1500K [55]. With the application of Eqs. 10.13 and 10.12 and by calculating the work performedby the compressors with Eq.10.14 the pressure and temperature at location five are found.

Ta
Tb

= 1 + 1
ηis

[
pa
pb

κ
κ−1 − 1] (10.12)

ṁfuel = mair · Cpgas · ∆T
LHV · ηcc

(10.13)
Ẇcomp = ṁair · Cpair · (T30 − T20) (10.14)As a twin spool engine is selected, the work required to compress the air at the compressor stages has to bedelivered by the turbines. An additional turbine is added to provide the required shaft power. Using Eq. 10.15the required work that has to be done by this turbine is calculated. The conditions of the turbine stages areaccordingly calculated with Eqs. 10.14 and 10.12.

Ẇgg = ṁgas · Cpgas · T50
[1− p0

p50
κg−1
κg

] (10.15)
It was verified that the nozzle is unchoked and that the exhaust thrust is minimized to obtain maximum propulsiveefficiency. This will be explained in the following section.Finally, the fuel efficiency can be calculated using Eq. 10.16.

ηfuel = Ẇgg

ṁfuel · LHV
(10.16)

10.4.3 Turboprop ResultsTo optimize the efficiency of the propulsive system, it is desirable to suppress the thrust generated by theturboprop as much as possible as the CRP have a significantly higher propulsive efficiency than the exhaustvelocity thrust. To achieve this, a near zero pressure and velocity difference is opted for. With the strict fuel flowrequirements and a maximum temperature in the combustion chamber, the optimal turbine entry temperature,thermal efficiency, thrust and shaft power can be deduced from the plots displayed in Fig. 10.12. These plotsrepresent every possible combination of engine parameters and the associated engine characteristics.
Design Synthesis Exercise EuroFlyer – Final Report 55



(a) Work Output (b) Turbine Inlet Temperature

(c) Thrust (d) Fuel Efficiency
Figure 10.12: Engine Parameters as a function of Air Mass Flow and Compressor Pressure Ratio

Using a twin spool turboprop engine allows for high pressure ratios and increased efficiencies. However inthe EuroFlyer design the airflow is a limiting parameter as the engine inlet is complex and limited in size.Finally, based on the combination of work output and fuel efficiency, the optimal engine was chosen. A shortsummarising table describing the turboprop characteristics can be found in Table 10.2 and the complete set ofengine specifications are included in Appendix F. For take-off performance, the fuel flow can be increased to0.095 kg/s to generate the desired power output of 2.2 MW as discussed in Chapter 11.
10.4.4 APU ResultsThe APU gas turbine sizing process is very similar to that of the turboprop engine described in Section 10.4.Where the in- and outputs differ, the computation method remains the same. By distributing the fuel flow equally,the total fuel efficiency is maximised. As a result the APU is allowed the same mass fuel flow as the turbopropengine. The pressure ratio of the twin spool engine is 17 consisting of an axial compressor with pressure ratioof 4.25 and a radial compressor with a ratio of 4. A summarising description of the APU can be found in Table 10.2.
The electrical engine is to provide the same shaft power as the turboprop, namely half of the total powerrequired. Electric engine development is making giant leaps in technology, allowing for a relatively small enginewith a large power output. Different possibilities exist with varieties in power-to-weight ratios and RPM. Oneparticularly interesting engine is a 4 MW naval engine manufactured by Siemens [56]. Masson states thatsimilar engines in terms of power and efficiency are very much possible and available [57].
10.4.5 Air Inlet and Exhaust DesignThe amount of air the turboprop and the APU require is relatively small compared to other engines allowingthe inlets to be integrated into the fuselage, just after the wing. This position is beneficial because the winghas already disturbed the boundary layer in that region, minimising the disturbance in boundary layer for thepropellers. The inlets can be connected with each other by opening up the connecting section for safety reasons.The inlets can be viewed in Fig. 10.13.
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With the shaft design fixed the exhaust design can now be executed. An exhaust leaves from each fuel poweredengine, the turboprop and APU, and join smoothly just before the concentric shafts. The exhaust then runsthrough the full length of the shafts to propel the exhaust air parallel to the velocity. The radius of the exhaustwas computed to be 16 cm. Chevrons are a newly used method on turbofan engines which allow silent mixing ofthe cold outer air and the hot exhaust fumes [58].
10.5 Mechanical Layout
A topview of the propulsive system and all its components is shown in Fig. 10.13 as located in the aft fuselage.The two gas turbines are flanked by two fire shields each, to prevent damage to the other components. The gasturbines are located at the same height, positioned near the fuselage centre line. The turboprop provides all theshaft power for the second set of propeller blades. The free turbine in the engine translates the power througha gearbox to a drive shaft. The electrical engine is placed above the APU as seen from behind, driving theouter propeller shaft through a gearbox. The generator is located below the APU and turboprop and is directlyconnected to the APU. The generator can also be powered by the turboprop by means of a clutch in case ofAPU failure. The electric engine is powered by the generator and the batteries.
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Figure 10.13: Top View of the Propulsive System in the Fuselage Rear Section
10.5.1 Failure PerformanceSafety regulations demand an acceptable separation of systems in terms of mechanics, electronics and a physicalseparation. Analysing the failure performance of the propulsion system, it can be seen that no single componentfailure can shut down the entire system. In the unlikely case that one of the engines or the APU or one of theirmain components is unable to function, the other shaft and attached power source will still provide sufficientpower to ensure a safe landing.
The turboprop and drive shafts are not connected to the electrical system unless the clutch to the generator isenabled. The electric engine system in turn is not dependent upon or connected to the turboprop system, savefor the electric engine starter on the turboprop. An extra advantage of the distinctly different systems is that it isvery unlikely that one (external) cause will result in failure of both. As for physical separation, several fire-proofwalls will be integrated around the gas turbines along with adequate structural support and attachments.
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10.6 Shroud Design

In this section, there will be focused on the design of the shroud, surrounding the contra-rotating propeller. Theshroud is not only included to reduce the noise emissions due to blockage of the sound waves, it also affectsthe propeller performance by reducing the losses at the blade tip. However, its wetted surface increases theoverall aircraft drag and its structural integration is not evident. Therefore, the design team considers it relevantto perform an in depth analysis of the influence of the presence of the shroud on the propulsive subsystem toenable an objective decision whether a shroud is desirable for the EuroFlyer. Lazareff compares in his paperthe propulsive efficiency of a freestream and shrouded propeller at various flight speeds [59]. This is illustratedin Fig. 10.14. One can observe that shrouded propellers are characterized by a higher propulsive efficiency atlow flight speeds. This changes however at Mach numbers approximately higher than 0.3, as the drag of theshroud becomes more significant and induces a reduction in propulsive efficiency. From Mach 0.65 onwardshowever, the propulsive efficiency of a freestream propeller rapidly drops due to compressibility effects on theblade tips. Given the cruise Mach number of the EuroFlyer, one can thus conclude that the addition of a shroudwill not affect the propulsive efficiency during cruise. Nevertheless, in order to allow the EuroFlyer to meet thestipulated noise reductions during take-off and landing, a shrouded propeller design was opted for, even thoughthe structural integration is not straightforward. This section will proceed with the determination of main shroudcharacteristics, such as the shroud dimensions and drag.

Figure 10.14: Effect of Shroud on Propulsive Efficiency

10.6.1 Shroud Parameters

Using a similar method to that of the wing and tailplane drag estimations, the appropriate friction and dragcoefficients were calculated for the shroud by modelling it as a circular wing with a symmetric aerofoil. Theshroud length is estimated to be 1.2 m based on the propeller geometry, propeller offset, tail plane lengths andexit area. The type of aerofoil decided upon is half of the NACA 0012, the inner side of the aerofoil is cut offfrom the camber line. This ensures benefits of an aerofoil in terms of drag while lowering its thickness and skinfriction coefficient [59]. The skin friction coefficient is calculated in a similar manner as the wing by means ofEqs. 9.7 and 9.8. The most essential shroud characteristics are united in Table 10.1.
Table 10.1: Shroud Parameters

Parameter Value UnitShroud Length 1.2 mThickness Ratio 6% %Skin Friction Coefficient 0.0017 −Total Shroud Drag 1008.1 N
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10.6.2 Advanced TechnologiesSome novel technologies are implemented on the shroud to contribute to noise reduction or improve overallefficiency. To temporarily alter the propeller exit velocity for example, the shroud exit area is adjustable by meansof a shroud flap. This may be beneficiary in certain flight conditions such as take-off, but also compressibilityeffects can be postponed [59]. As the shroud forms the boundary between the faster flowing air propelled by thepropeller and the more slowly flowing free stream air, the implementation of chevrons is suggested to reduce thenoise generated by the shroud.
Chevrons are serrations at the trailing edge of a nozzle. By serrating the trailing edge of the shroud the lowfrequency noise is reduced as the rate of mixing between the two airflows is increased [58]. A by-product ofthe enhanced mixing ratio is the production of large amount of high-frequency noise. High frequency soundlevels are much easier damped by atmospheric attenuation than lower frequency sound levels. The addition ofchevrons in the shroud design will lead to a reduction in cruise emitted noise, allowing more silent flight whichis especially beneficial during night flights.
The design of chevrons is mainly a function of the velocity difference between the inner and outer flows specifiedas Vdif f /Vmix ; the acoustic benefit can be related to this parameter. The chevrons are especially efficient whenthis ratio is higher than 0.8. The chevrons of the EuroFlyer will be operating at a ratio of approximately 0.05.Research shows that for a normalized velocity difference of 0.1, a noise reduction of 1.5 EPNdB is realisable.Here it was experimentally proven that a total of eight serrations provided the largest reduction in emitted noisefor the velocity difference ratio of the EuroFlyer. For a low normalized velocity difference it was shown that thisnumber of serrations is the optimal.
10.7 Results
This paragraph provides a brief overview of the final values of the propulsive system parameters after iteration ofthe final design.

Table 10.2: Propulsion Parameters
Parameter Value Unit
PropellerBlade Length 1.1 mHub Diameter 1.5 mRotational Speed 11.67 RPSTip Mach Number 0.79 −Number of Blades First propeller 5 −Number of Blades Second Propeller 6 −Propeller Efficiency 99.8 %Improved Efficiency due to BLI 4.3 %Shaft Power 3.30 MWInner Shaft Thickness 1 cmOuter Shaft Thickness 1 cm
Turboprop EngineWork Free Turbine 1.66 MWMass Flow Fuel 0.075 kg/sMass Flow Air 5 kg/sFuel Efficiency 0.432 −Thermal Efficiency 0.385 −
APU EngineWork Free Turbine 1.69 MWMass Flow Fuel 0.075 kg/sMass Flow Air 5 kg/sFuel Efficiency 0.439 −Thermal Efficiency 0.444 −
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CHAPTER 11

Energy

Due to stringent requirements on emissions of carbon dioxide CO2 and NOx , the EuroFlyer team has carefullyinvestigated various options of storing energy. Earlier in the design process, the trade-off proved a hybrid energysystem as most favourable, combining LNG with high-tech Li-air batteries [16]. Then, the required amount ofenergy was estimated using reference data. Having progressed in the design process, it is now time to turn tomore advanced methods. This chapter shows and explains this exact methodology, ending in a presentation ofthe results obtained.
To simplify the iterative process, extensive use was made of the MATLAB programming suite. Fig. 11.1 showsthe program setup.

Power
Power and 

Energy
Hybrid System Operations Results

Figure 11.1: Energy Road Map
The steps taken are presented chronologically in the next sections. Section 11.1 explains the method used to findthe required power, Section 11.2 details how this energy is stored and divided between LNG and the batteries.Some operational aspects are outlined in the remainder of the chapter, Section 11.3.
11.1 Power and Energy
Previously, the required amount of energy was determined by considering the fuel consumption of variousreference aircraft [16]. For this more detailed analysis, a different approach was taken. This was furtherelaborated in Chapter 10. The value for the maximum power found, 3.3008 MW , forms the basis of all furthercalculations. Based on the NASA N+3 mission profile, as depicted in Fig. 11.2, the mission is split up invarious phases and power settings for each phase are estimated. Next, the total flight time is split between thesephases. With both power and time known, the energy is computed. Table 11.1 shows the values used in this process.
Some values might require some clarification. Flight times for take-off, climb out, climb to cruise, descent andlanding have been assumed based on aforementioned mission profile. The flight phase hold only appears inthe part of the flight where reserves are used, and is set to 10 minutes (given in the mission profile). Taxi timeis indicated as 4 minutes for taxi in and 4 minutes for taxi out and is summed in Table 11.1. This does notappear in the reserve phase for obvious reasons. The mission cruise phase follows from subtracting all missionflight times (excluding taxi) from the total mission flight time, based on range and average speed. The reservecruise phase flight time is found using a similar method, with the total reserve flight range (climb out up to andincluding descent) set at 200 nautical miles (370 km).
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Figure 11.2: NASA N+3 Mission Profile [3]
Table 11.1: Flight Phase Division, Indicating Power Setting and Flight Time

Flight phase Power setting [-] Flight time [s]
Mission ReserveTake-off 1 60 60Climb out 0.95 120 60Climb to cruise 0.85 800 200Cruise 0.75 (A) (B)Hold 0.75 0 600Descent 0.65 800 400Landing 0.75 240 240Taxi 0.5 480 0

Two important factors cannot be forgotten. Firstly, there is a three percent flight fuel allowance, which is takeninto account by multiplying all mission flight phase durations with 1.03. Secondly, a margin of five percent istaken into account (over the entire flight) to account for the energy consumption by on-board electrical systems [31].
11.2 Hybrid System
As indicated in earlier work [16], the EuroFlyers hybrid system will be sized to precisely meet the emissionrequirements, set at a 75% reduction in CO2 and a 90% reduction in NOx as compared to the Embraer E170 on acomparable mission. That aircraft uses a total of 4387.5 kg of kerosene to transport its payload over 1500 km [60].
Reaction of hydrocarbons can be found with Eq. 11.1, which can be converted to Eqs. 11.2 and 11.3. From theseequations, it was found that for one kilogram of burnt kerosene, 3.11 kg of CO2 is produced. For LNG, this valueis a little lower, at 2.75 kilogram C02 per kilogram LNG. Based on these values and the required reduction, themaximum LNG weight can be determined, which in turn results in a maximum energy fraction to be supplied byburning LNG.

CxHy + (x + y4)O2 + 3.76(x + y4)N2 −→ xCO2 + y2H2O + 3.76(x + y4)N2 (11.1)
Kerosene: C12H26 + 18.5O2 + 69.56N2 −→ 12CO2 + 13H2O + 69.56N2 (11.2)LNG: CH4 + 2O2 + 7.52N2 −→ CO2 + 2H2O + 7.52N2 (11.3)

Where CO2 emissions are reduced by 75% by just reducing the amount of fuel burned, finding the NOx reductionneeds another approach. Calculating the exact NOx emitted is more challenging as it depends on many differentparameters, such as temperature, pressure, fuel flow and altitude. In addition, LNG is new to the aviationindustry meaning that there are almost no reference aircraft. In order to provide a good estimation, a methodfor computing aircraft emissions suggested by NASA is used [61]. As this method is based on aircraft usingkerosene, a correction factor is applied (reducing NOx emissions by 60%) [62].
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This approach starts with the input of the different fuel flows, during all flight stages. Known values are takenfrom literature, others are interpolated or estimated based on power setting. With these fuel flows, a fuel flowfactor can be found using Eq. 11.4. This is used to find its corresponding Reference Emission Index (REI) neededto compute the NOx emission per amount of fuel burned. In this equation, δamb and Θamb are the ratio of inlettemperature and ambient pressure.
Wf f = Wf

δamb
· Θ3.8

amb · e0.2M2 (11.4)
After this, the NOx per kilogram of LNG is calculated with Eq. 11.5, where REINOx is the REI coefficient and Hdepends on the humidity, pressure and temperature of the airflow. Multiplying the outcome of this formula withthe fuel flow and duration of the flight phase, the emitted NOx of every phase can be found. Summing all flightphases yields the total amount of nitrogen oxides emitted.

ṁNOx = REINOx · eH ·
(
δ1.02
ambΘ3.3
amb

)0.5 (11.5)
The most critical emission requirement is chosen being the leading one. Based on that, the maximum amountof LNG that can be burnt is found. Subtracting this value from the total required amount of energy gives anindication of the amount of energy that the batteries have to supply.
Based on the power requirement defined above, the total amount of energy required to perform the missionand possible diversions is 34.602 GJ . The CO2 reduction was found to be most driving design requirement andresults in a split of 17.5% energy in batteries, the other 82.5% in LNG. In terms of energy, this means that over28 GJ is supplied by LNG, and approximately 6 GJ is carried in a battery pack.Implying that the requirementof 75% emission reduction is just met. For NOx , the EuroFlyer will perform even better than required. Whenperforming the same calculation for the Embraer E170 a reduction of 92% was found for the EuroFlyer.
BatteriesWorking from this latter value, the weight of the battery system is computed. For Lithium-air batteries, a (cell)specific energy of 4.86 MJ/kg is determined [63, 64, 65, 66, 67]. Also, it is assumed that the batteries havean efficiency of 95%, which might increase due to the high temperature superconductors the design team isplanning to use [68]. To preserve battery performance, the team has chosen to de-charge the batteries to only63%, reducing the effective specific energy. An interesting complication is formed by the fact that Lithium-airbatteries gain weight during de-charge, as the air is drawn from the ambient. This weight increase is alreadyincorporated in the aforementioned specific energy, but for further reference, the weight difference is computedas well.
As indicated above, these values only comprise the battery cells. Although these are the only parts thatstore energy, various additional components are required to make the system work. These include a batterymanagement system, a casing, and additional subsystems. Based on the current state of the art, where thecells take up 40% of the battery weight [69], it is assumed that by 2035, the split is 50:50 [68]. Hence the masscomputed above is doubled to account for this. Combining this with the gravimetric density (assuming this isequal for cells and related components), the volume of the system can be found.
Combining the energy requirement with the effective specific energy of the Lithium-air batteries, the total systemmass is found to be 4159 kg, of which 119 kg is air mass that is gained during flight. The total system willrequire a storage volume of 3.51 m3.
LNGIn the previous section, the amount of allowable LNG was found, taking in to account the reduction of CO2 and
NOx compared with the Embraer E170. As this is known, the effective energy gained by LNG can be foundas well as the power required from the batteries. Next to that more specific sizing can be done, resulting indetailed weights and volumes of the system which are needed for further iterations.
To compute the effective energy, the total mass of LNG has to be multiplied with its energy density and theefficiency factor, as can be seen in Eq. 11.6. For LNG an energy density of 53.6 MJ/kg is found, where thetotal efficiency of the system is carefully predicted. Nowadays, efficiencies are around 40%, where the designteam sees an increase over the following years and is expect to reach 50% by the year 2035. Using this in thefollowing equation results to the effective energy. The energy required can be found by simply subtracting bothvalues, as shown in Eq. 11.7.

ELNG = ṁLNG · uLNG · η (11.6)
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Ebatt = Etot − ELNG (11.7)With this required energy, the batteries are sized, which is explained previously. Here it is also found thatthe battery mass increases when the battery is discharging. To cope with this effect, part of the LNG willbe stored close to the batteries, where the rest will be close to the centre of gravity. This reduces thechance of unwanted gravity shifts during flight. Note that the amount of fuel stored close to the battery willhave the same mass as the increase in mass of the battery, thereby keeping the total weight as constant as possible.
During flight, LNG will be stored in fuel tanks which will cool itself. This cooling system will be elaborated lateron, but first the amount of volume needed has to be computed. This can easily be done, using the gravimetricdensity of the fuel, 440 kg/m3 and adding a safety factor of ten percent. Next to that, the design team found thata spherical tank would be the best solution. Since this shape has the smallest outer area for a given volume, theLNG will experience minimum heat exchange with its surroundings. However, for this reason it is impossible tostore fuel in the wings but due to the large fuselage volume, this does not cause any problems. With the shapeof the fuel tank and the volume of LNG known, tanks can be sized and focus shifts to the cooling system.
The LNG will be stored at 103 K in an isolated tank, which consists out of two thin layers aluminium separatedby a layer of CO2. Using Eq. 11.8 one can compute the heat transfer of the system [70]. Here k is the thermalconductivity, A the total area, t the thickness, s the time lapse in seconds and ∆T the temperature differencebetween the fuel and its surroundings. Note that only the layer of CO2 is considered as isolation, since aluminiumcan be ignored due to its high thermal conductivity and the small thickness. After that, the thickness of the CO2layer is optimised, by looking at the total mass of the tank ( increasing for a thicker isolation layer) and theamount of extra fuel needed to cool the system.

q = kCO2 · A · ∆Tt · s (11.8)
Just as nitrogen, LNG will be cooled using a similar process. To make this process work, the pressure inside thetank needs to remain constant and the LNG will be stored around its boiling point. Hence it tends to evaporate,once heat is added due to the temperature difference with the surroundings. However, this phase transformationrequires a high amount of energy namely 525.48 kJ to evaporate one kilogram of LNG. During the whole flight, alittle less than 5 MJ heat was added from the surrounding.By simply dividing the total amount of heat added by the heating value of the phase change of LNG, as can beseen in Eq. 11.9, the total amount of LNG that will be vaporized can be computed and was found to be 9.5kg.As was stated earlier in the paragraph, the LNG needs to be stored at a constant pressure. This means that thevaporized gas should be removed from the tank, which slightly complicates the system.

mloss = q
c (11.9)

Even when vaporized, the natural gas is still at a very low temperature. Aiming to reduce emissions, this gas isnot simply emitted into the atmosphere. As the mass of the dissipated LNG will be limited [71], the team hascalculated that it is possible to store this gas. When the aircraft lands at an airport, the gas can be extractedand be turned into LNG again. However, before the natural gas is stored, it is used to help cooling the hightemperature superconducting wiring connecting the battery packs and electric engine. As the natural gas is stillat a very low temperature, it is perfectly suitable for this purpose.
As explained above, 28.55 GJ of energy has to be contained in the LNG system. Given the specific energy, thiscan be translated into a mass of 1248.2 kg, of which 119 kg will be located in the front tank (to compensate theweight increase of the batteries for stability and control reasons) and 1119.7 kg will be stored in a main tank.Clever readers might note that 199 and 1119.7 does not add up to 1248.2. The remaining 9.5 kg is evaporatedduring flight. The tanks have been optimized to be as light as possible, varying the amount of LNG burnt offand the insulating properties. For the front tank, a gap of 8 cm separates the two tank walls; for the centretank, this distance increases to 10 cm. In total, the tanks have an inner radius of 41.4 and 87.4 cm and weighapproximately 4.4 and 18.9 kg. If airliners prefer to increase the operational range of their EuroFlyer aircraftwithout having to reduce the payload weight, larger or extra tanks can be installed. Due to the low weight ofthese components, the team has chosen not to elaborate on this any further.
11.3 Operations
Especially on short haul flights, turnaround times are crucial to make a profit. The time spent on the groundmakes the difference between being able to operate three or four daily flights, and in turn to split costs over - inthe EuroFlyer case - 240 or 320 people. In these precious moments, passengers get off and on the aircraft, the
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cabin is cleaned, food and drink reserves are filled up and, most important in this chapter, the aircraft’s energysources are replenished. As the EuroFlyer will be powered by a combination of LNG and batteries, this processis a little less straight forward compared to conventional airliners.
Re-fuelling the LNG tanks is not going to raise major difficulties. The largest problem is that the fuel has toremain in its liquid state during the entire process. However, LNG can be used to cool itself (as explainedpreviously), reducing the need for external cooling mechanisms. As also explained above, extra fuel is taken onboard to use for this cryogenic cooling process. When aircraft are re-fuelled a long time before their departure,additional boil-off LNG is required. All in all, it is assumed that this process will not take more time than iscurrently necessary to re-fuel a regional aircraft.

Figure 11.3: Dimensions of LD-8 Unit Load Device [27]
Charging batteries would definitely take longer than the 20 to 60 minutes aircraft are on the ground [72]. As analternative solution, a strategy is conceived in which batteries are not recharged while in the aircraft, but aresimply taken out and replaced by charged ones. To facilitate the unloading and loading of battery packs, theseare placed in standard-sized Unit Load Devices (ULD’s). These are sized based on the dimensions and weight ofthe battery system.
As was mentioned earlier, the total volume of the battery pack is a relatively small amount: only 3.51 m3. Theweight is more substantial, at 4160 kg. Given the large volume available in the cargo hold, the weight isconsidered the driving requirement, as reinforcing other ULD’s would result in non-uniformity and higher cost.One model of container is particularly suitable for these requirements: an LD-9 ULD has a usable volume of10.2 m2 and a max gross weight of 4624 kg, which includes 220 kg of structural weight for the container itself.Looking at the dimensions leads to the conclusion that the selected container fits in the cargo hold. Loadingand unloading might be more difficult, as this would require a cargo door of 162.5 cm high and, more impor-tantly, 317.5 cm wide. Next to that, unloading the whole battery at once causes a large shift in the centre of gravity.
For these reasons, the battery packs will be split up in two separate containers. Two LD-8 containers can beused when both containers carry the same amount of batteries, their dimensions are shown in Fig. 11.3 [27].Now the door sizes can be reduced to 162.5cm height and 153.4cm width.
11.4 Results
Table 11.2 provides an overview of the values found for the final design of the EuroFlyer.

Table 11.2: Energy Parameters
Parameter Value UnitEnergy Required 34.6 GJLNG Mass 1248 kg% of Energy 82.5Battery Mass 4159 kg% of Energy 17.5Container Type 6A LD-8Container Mass 128 kgTotal System Mass 5663 kg
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CHAPTER 12

Stability and Control

For a non-aerospace engineer, an aircraft’s requirement to fly seems to be solely to possess a wing and atail. However the required precision of the complicated system to operate controls and ensure stability is oftenforgotten or severely underestimated. This chapter explains the design choices made to provide this essentialrequirement of the EuroFlyer. It is structured according to the procedure as follows: first the weight estimationis discussed, followed by the loading and tail sizing. Finally, the design of the control surfaces is stipulated.
12.1 Weight Estimation
The first step in ensuring stability and control (S&C) of an aircraft in a conceptual design phase is to perform aprecise class II weight estimation. With this estimation an initial centre of gravity location is determined, inaddition to its corresponding limits based on the payload loading.
12.1.1 Class IIBefore it is possible to perform a class II weight estimation, a class I weight estimation is done based on referenceaircraft. By means of a multi-variable linear regression a first estimate of the EuroFlyer operational emptyweight (OEW) and MTOW were found to be 27840 and 35000 kg respectively [16]. Implementing those valuesinto a class II weight estimation a precise weight distribution can be determined.
A class II weight estimation is based on a statistical method which estimates system and component weights ofthe aircraft. There are several published methods which can be chosen. In the design process of the EuroFlyer,a method provided by Raymer [34] was employed. As the equations are based on statistical analysis, otherweight estimations will be required for novel implementations. These new estimations are addressed in thecorresponding chapters and sections. Once all the weights have been determined a new MTOW is found andinputted into the estimation. This iterative process is repeated until the input MTOW is equal to the outputMTOW. This is done in parallel to updating the wing size by determining a new wing surface based on the wingloading. This iteration is part of the larger iteration discussed in Chapter 13.
12.1.2 Loading DiagramsIn addition to sizing the weight of all systems and components, they are located as well. Furthermore thepassenger, or payload, positions will be defined. The systems are placed by sizing them and allocating spaceavailable under the fuselage. Likewise the passengers are located according to the seating configuration aspresented in Chapter 8. As the EuroFlyer has an unconventionally high engine weight at the aft of the aircraft,it is important that this weight is sufficiently counteracted to result in a more distributed load. Fortunatelybatteries and other systems can be placed more forward in the aircraft. Once the centre of gravity locationsand weights are known, loading diagrams can be constructed. A detailed overview of all the centre of gravitylocations is presented in Table 12.1.
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Figure 12.1: Loading Diagram
Loading diagrams plot the shift in centre of gravity as the aircraft is loaded. The following loading procedurewas adopted for the EuroFlyer. First the batteries are replaced by loaded units, one-by-one, next the passengersare loaded and lastly the Liquefied Natural Gas is refuelled. This order was chosen as the switch in batteriesis an important procedure where it is undesirable to have passengers boarding at the same time as it couldmake the area slightly hectic elevating chances of human error. The batteries are switched one-by-one, howeverif necessary both can be removed without tip over occurring. Tanking and boarding of passengers happensimultaneously in reality, however for ease of computation passengers are boarded first. This order is beneficialfor the temperature at which LNG needs to be stored. The boarding procedure of passengers is assessed in twodirections, namely front-to-back and back-to-front. Passengers are divided into 3 groups, window seats, aisleseats and centre seats, which are boarded accordingly. The loading diagrams are presented in Fig. 12.1. Fromthese, the extreme load cases for the stationary and flight case can be determined, -44% to -6% and -44% to-14% respectively. These load cases are expressed with respect to the leading edge of the mean aerodynamicchord as percentage of the mean aerodynamic chord.
12.2 Tail
To provide stable and controllable flight an aircraft needs to be able to counteract all forces and moments inevery extreme load case. The most efficient way to do this is by using a tail. Therefore it is essential that in aconceptual design phase it can be proven that the tail necessary to render an aircraft stable and controllable isfeasible. This section addresses the tail configuration, and horizontal- and vertical tail sizing.
12.2.1 ConfigurationWith the eccentric propulsive design of the EuroFlyer, the tail configuration has great impact on performance. Inthe trade-off process explained in Chapter 7, a conventional tail with a bottom strut to protect the propeller fromground strikes was chosen. Although other more unconventional tails might provide some additional benefits inperformance, the structural complexity and unpredictability of those concepts drove the EuroFlyer to the currentconfiguration. Nevertheless, to minimize performance losses some alterations need to be made.
The most affected aspect by the tail configuration in the EuroFlyer is noise. As a propeller will be rotating athigh speeds closely behind the tail, sudden pressure differences occur as the propeller hits through the wake ofthe tail. One way to notably diminish these sound levels is by making the striking angle between the prop andtail surface differ from 0 degrees as much as possible. Implementing this idea, the horizontal tail surface waslowered to the bottom of the fuselage at that location.
However this solution only solves half of the problem as the vertical tail and bottom strut are still producing awake parallel to the propeller blades. Decentralizing these would produce an uneven loading with respect toroll and would destabilize the system. To solve this complication the EuroFlyer implements the technique of
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blowing. Blowing consists of filling the wake with energized or propelled bleed air from an engine compressorby means of a slit near the trailing edge. Studies have shown that the most efficient noise reduction occurs byfilling approximately 60% of the wake [73]. To estimate how much mass flow needs to be energized, the wakearea is approximated by computing the boundary layer thickness. When estimating the wake area, only theboundary layer where the velocity is reduced to less than 95% of the free stream velocity was taken into account.Eq. 12.1 was applied to calculate the total boundary layer thickness after which the boundary layer profile wasmodelled with the approximation also used for propulsion. The resulting bleed air mass flow required is 0.28kg/s. This value was taken into account when sizing the engines and inlet.
δ = 0.37x

Re1/5
c

(12.1)
12.2.2 Horizontal TailConsequently to determining the ultimate load cases, the horizontal tail can be sized to provide sufficient controland stability in these extreme scenarios. The first step in this process is the generation of a stability and controlplot which can be seen in Fig. 12.2. The plotted functions for stability and control are derived from the stableflight situation. This derivation results in two equations, Eqs. 12.3.The first is for stability and the latter forcontrollability. The coefficients in these equations were computed using the method presented in the SystemsEngineering & Aerospace Design course at the Aerospace Faculty of the TU Delft [74]. In computing thesecoefficients a first estimation of the horizontal tail surface is made based on reference aircraft. This estimationis then adjusted to the value which is obtained from the plot. This value is deduced by finding the minimumhorizontal tail surface for which the centre of gravity range is within the stable and controllable range. Thisrange is the area to the left of the stability line and to the right of the controllability line (see plot Fig. 12.2).
The horizontal surface is iterated until the optimum is achieved. In this process a couple design choices hadto be fixed. A taper ratio of 0.4 was chosen. This low taper ratio has induced drag benefits and is still largeenough to provide and support sufficient lift without complicated structural designs. An aspect ratio of 6.63 ischosen which is slightly higher than current aircraft but relative to the main wing aspect ratio is a realistic value[75]. Furthermore a lift coefficient of -0.6 was chosen. For simplified analysis a symmetric profile was selected,the NACA 0012. The iteration resulted in a surface area of 9.97 m2 and a wingspan of 8.13 m. Including thefuselage diameter at this location this turned out to be 9.63 m.
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Figure 12.2: Stability and Control Limits
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12.2.3 Vertical TailConventionally the vertical tail is designed to counteract the engine out yawing moment. However in the caseof the EuroFlyer, the propulsive system cannot produce a yawing moment and the shroud will also conteractyawing motions effectively. Resulting in the fact that the vertical tail can be designed significantly smaller. Thepropulsive system does however induce a rolling moment in case of one engine failure. This moment can howeverbe counteracted efficiently by the wings and ailerons. The driving requirement is then to ensure that the tail incombination with the rudder can provide the necessary controllability to turn the aircraft. As a first assumptionvertical tail volume coefficients were assessed and a value of 0.03 was chosen. This is a common value for singleprop driven aircraft [74]. The height was chosen based on reference aircraft to be 4.07 m; including the fuselagethe total height is equal to 4.82 m. Identical to the horizontal tail a taper ratio of 0.4 was chosen. The resultingsurface is 9.37 m2.
12.3 Control Surfaces
Now that the tail has been designed, control surfaces need to be sized. This section discusses the sizing of therudder, ailerons and elevators to ensure the EuroFlyer’s compliance with manoeuver regulations.
12.3.1 RudderA standard turn rate for light aircraft is defined as three degrees per second or 180 degrees in a minute. To sizethe rudder the assumption is made that without banking this turn rate can be achieved. This is simulated with ahorizontal force exerted by the rudder, making the aircraft turn. This turn rate is necessary at loiter altitude,defined as 1500 m. Computing the necessary force, the vertical tail needs to produce, a lift coefficient of 0.237 isestablished. To obtain this value a rudder with a deflection of ten degrees is implemented which results in a liftcoefficient of 0.6 over the affected area. From these values it is deducted that the rudder needs to affect 39.6%of the area. This should be feasible without affecting the area in front of the propeller. If this is not the casethen the vertical tail has to be resized or redesigned until this is possible. The mentioned values satisfy thisrequirement.
12.3.2 AileronsIn order to define the size of the ailerons, the time required to obtain a certain bank angle has to be determined.Since the MTOW of the aircraft is 27840 kg, the aircraft is categorised as a class II [76]. Also, since the aircraftis a passenger transport aircraft the acceptability is level 1 [76]. A class II level 1 aircraft should take maximum1.8 seconds to achieve a bank angle of 30 deg.
The time required to reach a bank angle of 30 deg can be calculated using Eq. 12.4. In this equation Ṗ is thetime rate of change of the roll rate.

t2 =√2Φdes

Ṗ
(12.4)

Ṗ can be calculated using Eq. 12.5, where it can be seen that the time rate of change is an equation of the rollrate against the reached bank angle.
Ṗ = P2

ss2Φ1 (12.5)
When working out the equations, the ailerons are sized at a surface of 3.1 m2. With this surface, the timerequired to reach a bank angle of 30 deg is 1.74 s, which is lower than the maximum of 1.8 s.
12.3.3 ElevatorsFrom the stability and control plot it can be observed that only during manoeuvres the lift coefficient of -0.6 isnecessary. To increase the critical Mach number above cruise Mach number the horizontal tail was set at anangle of -2.5 degrees and a leading edge sweep of 35 degrees was applied. This sweep is also beneficial forcontrol as the arm of the horizontal stabilizer with respect to the centre of gravity is larger. To obtain the liftcoefficient needed during manoeuvres, elevators are added to the horizontal tail. These elevators are sized todeflect 12 degrees and start at 80% of the chord to obtain a lift coefficient of -0.968 over the area affected. Thisconcluded that the area the elevators needed to affect was 46.3% of the horizontal tail surface.
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In Fig. 12.3 a render of the entire tail configuration including control surfaces is depicted.

Figure 12.3: Artist Impression of the Integrated Tail with Control Surfaces
Table 12.1: Centre of Gravity Locations

System c.g. Location w.r.t. Nose [m] Mass [kg]Instruments 1 186Nose Landing Gear 2 257Avionics 2.5 903Crew Weight 3.5 515Electrical 5 464Battery Weight 5 4160Fuel Weight Front 6 129Payload 9 8137Furnishings 9 1619Anti-Ice 9.5 29Fuselage 10 2937Wing 10.5 2700Fuel Weight Middle 10.5 1120Flight Controls 10.5 345Horizontal Tail 18.5 196Vertical Tail 18.5 194Main Landing Gear 11.8 993Hydraulics 11.8 113Fuel System 14 126Engine Group 15 1148Engine Controls 16 27Starter 16 38APU 16 924Handling Gear 18 4Air Conditioning 19 276Shroud 19 200
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CHAPTER 13

Subsystem Integration & Optimisation

In Chapter 9 to 11, the design methodology of the fuselage, wing, power train and energy system has beendescribed. Once these individual subsystems have been decomposed into components and elements and each ofthese has been sized according to the specified requirements, the various subsystems will be integrated in thesynthesis phase. Due to the complexity of the overall system, the many relationships that exist between thedifferent elements force the design team to use an iterative approach before the final design can be obtained.This process is known to be very time consuming, but it allows the design team to optimise the overall systemperformance. This chapter discusses the various steps taken in the subsystem integration and optimisation,including the establishment of the N2 chart and the definition of the parameters to be optimised. Finally, theresults of the iterative process are discussed.
13.1 Interface Definition
In order to simplify the iterative process and the optimisation of each individual subsystem, an N2 chart isestablished. Such a chart is a tool to visualise a system’s subsystems and which information is exchangedbetween these. One can also refer to this as interface definition, as an N2 chart indicates the borders ofvarious subsystems and their relations. It is a square matrix which has all the subsystems on the diagonal andthe interaction between them in the other cells, where outputs are horizontal and inputs are vertical. It is ofcrucial importance to perform this interface definition before the start of the trade-off, as it clearly indicatesthe relationships and interdependencies of various subsystems. In Fig. 13.1, an N2 chart is depicted showingthe iterations done in this preliminary design phase. In order to use the available resources as efficiently aspossible, there is opted to initially only consider the first four elements on the diagonal, being Weight Estimation,Aerodynamics, Propulsion System and Energy. After this first loop has been completed, the controllability andstability of the EuroFlyer will be evaluated. Eventually, the complete iterative process will be run once again toverify the obtained result.
13.2 Subsystem Optimisation
Before the actual iterative process can be started, one needs to define which parameters have to be optimised.One of the most important parameters which has not been specified in the mission definition is the cruisealtitude, as every individual subsystem is directly influenced by the local atmospheric conditions. In addition,the wing aspect ratio is a parameter which the design team can make use of in order to increase the aircraftperformance. Therefore, it can be understood that the first step in the iterative process consists of determiningthe cruise altitude and aspect ratio. In order to be fully aware of the effect of varying these parameters for afixed MTOW, one could opt for a qualitative analysis of the lift over drag ratio. This is often used as a measureof the aerodynamic efficiency of an aircraft and is therefore a good parameter to optimise. Secondly, given thefact that the amount of LNG for the EuroFlyer is limited and that all the remaining energy needs to be carried inLithium-air batteries, the shaft power required is preferably minimised. Fig. 13.2a and 13.2b depict the variationof lift over drag ratio and shaft power required with altitude respectively. One can observe that both higheraltitudes and aspect ratios are beneficial to reduce the energy system mass and increase the overall aerodynamicefficiency.
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Figure 13.1: Interface Definition for the Iterative Process

0 5000 10000 15000
5

10

15

20

25

30

Altitude [m]

Li
ft 

ov
er

 D
ra

g 
R

at
io

 L
/D

 [−
]

 

 
AR=5
AR=10
AR=15
AR=20
AR=25
AR=30

(a) Lift over Drag Ratio
0 5000 10000 15000

2

3

4

5

6

7

8

9

10

Altitude [m]

S
ha

ft 
P

ow
er

 R
eq

ui
re

d 
[M

W
]

 

 
AR=5
AR=10
AR=15
AR=20
AR=25
AR=30

(b) Shaft Power Required
Figure 13.2: L/D and Shaft Power Required as a Function of Altitude and Aspect Ratio

One must take into account however that due to the use of propellers, the aircraft cruise altitude is limited bythe propeller performance at elevated altitude [77]. After a preliminary investigation on the feasibility of thepropeller blade design and decrease in propulsive efficiency, the design team opted to set the cruise altitudeat 9000 m. Figure 13.2a reveals that in order to have the cruise speed located right in the middle of thedrag bucket, an aspect ratio of less than 5 would be required. For the same cruise altitude however, a higheraspect ratio not only increases the lift over drag ratio but also reduces the power required significantly. It isimportant to note that the benefit from increasing the aspect ratio diminishes the higher this property becomes, asthe lift over drag ratio and power required only marginally reduce between 20 and 30 at the chosen cruise altitude.
Nevertheless, this decrease in power required might still considerably reduce the overall energy system mass.On the other hand, other parameters such as the wing mass are known to increase with increasing aspect ratio,due to the higher force and moment distributions along the span [43]. In order to provide the design team moreinsight into this matter, a plot as shown in Fig. 13.3 can be established. The aspect ratio of current (civil) aircraftis determined by the intersection of the wing and fuel mass, as the fuel reduces with increasing aspect ratiowhile the wing mass increases [43]. For the hybrid energy system of the EuroFlyer however, the energy systemand wing mass curves intersect at an aspect ratio of 31, which is considerably higher than what is currently usedfor commercial aircraft. Figure 13.3 reveals however that the minimal total mass can be achieved by selecting anaspect ratio of 27. Still, the feasibility of such high aspect ratio for commercial flight is doubtable, given thefact that struts or any other additional load carrying members are undesirable. As the requirement stipulatingthat the EuroFlyer should be able to operate at regional airports limits the wingspan to 36 m, the design teamopted to set this maximum wingspan in order to maximize the aspect ratio [41]. By doing so, with the given wingloading of 4190 N/m2 the aspect ratio will be the highest achievable one for a specific MTOW.
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Figure 13.3: Variation of Wing and Energy System Mass with Varying Aspect Ratio
13.3 Results
Once the parameters to be optimised are defined, the iterative process can be started. As discussed before, thecruise altitude in this iteration will be fixed at 9000 m due to diminishing propeller performance and increasingsensitivity of the atmospheric layers at more elevated altitudes. Furthermore, the wingspan is set to a valueof 36 m in order to be able to operate at regional airports. The N2 chart, as shown in Fig. 13.1, summarizesthe iterative process and shows which variables are being varied in every loop. The final iteration required 32iterations before convergence was reached. The final values are listed in Table 13.1. As can be observed, theobtained aspect ratio of 19.88 does not equal the optimal aspect ratio of 27. However, despite this offset, thelower aspect ratio only results in a 2% increase in the combined mass of the wing and energy system. In orderto validate the obtained values and thus enhance the credibility of the proposed design, these were compared toreference aircraft such as the ATR 72-500. As an offset in MTOW of just 23.7% has been calculated, the obtainedvalues enjoy the full confidence of the design team.

Table 13.1: Iteration Results
Parameter Value UnitMaximum Take-Off Weight 27840 kgBattery Mass 4160 kgTotal Drag Force 16704 NShaft Power Required 3.3 MWAspect Ratio 19.88 −
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CHAPTER 14

Noise

This chapter provides an overview of the noise emissions during various operations of the EuroFlyer. First, abrief literary review on the theory of airframe and propulsive system noise is provided. Due to the fact that theprediction and modelling of aircraft noise is extremely difficult, an estimation of the aircraft noise emissions ismade by means of noise predicting software of the Engineering Sciences Data Unit (ESDU). Then it is verifiedwhether these predictions will meet the requirements regarding noise emissions of the EuroFlyer. Finally, anoverview of implementable noise reduction methods and systems are given.
14.1 Introduction to Aircraft Noise
A sound wave can be modelled as changes in air pressure; therefore, the wave carries a certain amount of energywith it in the direction of propagation. Sound waves are created at a source and will propagate through a mediumuntil observed by the final observer. For an aircraft, the main sources of noise originate from the airframe andthe propulsive system. The scale most often used for aircraft noise measurement is the Effective Perceived NoiseLevel (EPNL) scale. It involves a correction factor that adds to the Perceived Noise Level (PNL) when there arediscrete tones in the noise spectrum. The EPNL accounts for duration and presence of discrete frequency tones. Italso includes a correction obtained by integrating the PNL over a 10 second time interval. The fact that peoples’perception of noise varies logarithmically with sound intensity is also a reason why noise reduction is a challenge.According to requirements 4.3.1-4.3.3, the noise levels have to be reduced by around 10 dB, relative to ICAOChapter 4 noise limit regulations. This implies that the sound intensity has to be reduced by approximately 90% [78].
As stated earlier, the main sources of aircraft noise are the airframe and the propulsive system. Airframe noise iscaused by airflow over aircraft surfaces. The noise level emitted by the airframe is dependent on the aircraftconfiguration. In aerodynamically clean configurations, less noise is emitted when compared to landing or take-offconfigurations. The components responsible for the airframe noise can be split up into five main contributors[78, 79] which are listed below:
· Trailing-edge noiseIn a clean configuration, the main source of the noise due to the presence of the wing is the noise generatedat the trailing edge. A trailing-edge in a fluctuating flow field generates an unsteady vortical wake.
· Slats/flap covesRecirculating flow behind the leading-edge causes a turbulent bubble to form in the cove of the slat,generating sound of a broadband nature. A similar phenomenon occurs in the cove of the flap.
· Flap side-edge noiseThe noise induced by the flaps is a large contributor to the landing and take-off noise. The noise is causedby the pressure jump across the upper and lower surfaces of the flap, this in term creates a recirculatingflow around the side edge. The shear layer of this flow detaches at the side of the flap and rolls up to asingle vortical structure.
· Main- and nose landing gearA vortex force is generated behind the landing gear due to unsteady flow separation caused by the different
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structural components. Because of the unfavourable placing of the landing gear, the vertically radiatednoise has to be scaled as part of the noise is reflected downward by the airframe panels. Therefore, thelanding gear has a large contribution to airframe noise.
· Horizontal- and vertical tail surfacesThe noise generation of the tail is similar to that of the leading edge of the wing; the main noise source ofthe tail is already listed above.

Most of the fluctuating lift and drag generating components, which generate aircraft noise, are associated withthe contributions listed above. Here, it may be noted that despite the fact that the fuselage does produce somelift, it is not adopted in the list of main sources of noise production. This is due to the fact that the noise of thefuselage may be considered negligible at a measurement point in the far downstream. In addition, to reduce thenoise of the EuroFlyer no slats are installed, reducing that noise component to zero.
The air induced by the propeller of the EuroFlyer will be of turbulent nature due to effects as atmosphericturbulence, the ingestion of the boundary layer and the vertical- and horizontal tail that are located in front ofthe propellers. The blades then experience fluctuating forces which in turn produce fluctuating levels of discretefrequency and broad-band noise. Aerodynamically induced noise from an aircraft using a propeller as propulsivesystem may be split up into two main components. First there is discrete frequency component, which occurs ata fixed frequency interval, the rotational noise. Then there is a broad-band component, the vortex noise [80, 81].Dependent on the frequency region either one of the noise sources is dominant, rotational noise is usuallydominant at low frequency and vortex noise at higher frequencies. The rotational noise is the main contributor tothe fluctuating levels of discrete frequency and broad-band noise mentioned earlier. The phenomenon of bladeslap is also categorised as rotational noise. Blade slap originates from the interaction between the propellerblades and a concentrated vortex created by the preceding blade and interruptions in free stream air prior tomeeting the propeller blade. The last source of blade slap will be neglected for the noise predictions made later.
14.2 ICAO Chapter 4
One of the key requirements set for the EuroFlyer is related to the noise emission. The requirement states thatthe EuroFlyer shall reduce its noise emission by 10 dB according to the standards defined in ICAO Chapter 4.Therefore, before the noise emissions of the EuroFlyer are modelled, first the noise limits will be specified.
The noise limits are set at three specific locations named the Lateral measurement point, the Fly-Over measurementpoint and the Approach measurement point. These three points are visualised in Fig. 14.1. The Lateralmeasurement point is defined as the point on a line parallel to and 450 m from the runway centre line, wherethe noise level is maximum during take-off, Fig. 14.1a. The Fly-over measurement point is the point on theextended centre line of the runway and at a distance of 6500 m from the start of roll, Fig. 14.1b. Finally, theapproach reference noise measurement point is the point on the extended centre line of the runway which is 2000
m from the threshold. This corresponds to a position 120 m vertically below the 3◦ descent path originatingfrom a point 300 m beyond the threshold [82]. The limits of noise emission at these points are defined as: 94
dB for the Lateral measurement point, 89 dB for the Fly-Over measurement point and 98 dB for the Approachmeasurement point. For the EuroFlyer, these limits are approximately 84 dB, 79 dB and 88 dB, respectively. Inaddition, the following rules also have to be fulfilled in order to meet the ICAO Chapter 4 requirements.
· The maximum permitted noise levels shall not be exceeded at any of the measurement points
· The sum of the differences, the cumulative margin, at all three measurement points between the maximumnoise levels and the previously set maximum noise levels shall not be less than 10 EPNdB;
· The sum of the differences at any two measurement points between the respective maximum noise levelsand the previously mentioned maximum noise levels shall not be less than 2 EPNdB.

Whether the EuroFlyer complies with these requirements is computed in the next section.
14.3 Model
The program used to model the noise emissions of the EuroFlyer is based on the ESDU Royal AeronauticalSociety airframe- and propeller noise prediction software. For both software packs it is necessary to entergeometrical and performance related parameters of the aircraft.
74 EuroFlyer – Final Report Design Synthesis Exercise



(a) Lateral Measurement Point (b) Fly-Over Measurement Point

(c) Approach Measurement Point
Figure 14.1: Visualisation of the ICAO Chapter 4 Noise Measurement Points, the Red Dots indicating theMeasurement Points
In order to estimate the airframe noise, the ESDUpac A9023 and B9023 software packages are used [79]. Theprediction method used by this software is semi-empirical and follows the procedure proposed by Fink [83]with changes to directivity and spectral functions based on recent data. Each airframe component has its owndirectivity function, D (φf , θ)), and spectrum function, F (Sr). Also, the motion of the source is accounted for by theDoppler frequency factor, (1−M cos θ), and source amplification factor (1−M cos θ)4. These predictions do notaccount for atmospheric attenuation, ground reflection and lateral attenuation [79]. After giving the input of theaircraft geometry and operating conditions, the program returns the noise generation predictions of the airframecomponents listed earlier in this chapter. By means of validation, the accuracy of the software is determined tobe within 3 dB at maximum.
The prediction of the propulsive system induced noise is performed with the ESDUpac A1105, B1105, MB1105and MG1105 software [80]. These predictions are based on the propeller noise emissions methods developedby Hanson & Parzych [81]. The program computes monopole and dipole noise for propellers. Here reflectionsfrom surfaces and ground vortex effects caused by proximity of the ground to the propeller are not taken intoaccount as their influence is negligible. For the propulsive system, the source frequency is also modified by theDoppler effect to the received frequency. Contrary to the airframe noise, this program also copes with atmosphericconditions with zero wind. An accuracy of ±2.5 dB at maximum is claimed to be achieved, based on validation.
To combine the results of both the airframe and propulsive system, Eq. 14.1 is used to calculate the total noiseemission.

Noisetotal = 10 · log10 (10Anoise/10 + 10Pnoise/10) (14.1)In Eq. 14.1, Anoise is the airframe induced noise and Pnoise is the noise generated by the propulsive system.When combining these two noise sources through Eq. 14.1, the total aircraft noise is found. Here it is assumedthat the two sources, the airframe and the propulsive systems, radiate independently from one another and thatthe noise caused by the interactions between the two sources is negligible. The shroud of the EuroFlyer isnot taken into account because of limitations of the software packages and due to the fact that experimentalresults of [84] show that the shroud does not affect the noise at measurement points significantly. Specifically,in this paper the Fly-Over measurement point was investigated. This can be explained by the fact that lowerfrequencies are much harder to damp than higher frequencies. When looking at the 5-bladed propeller rotatingat 700 RPM, a simple hand calculation shows a main frequency band of 58.3 Hz and wavelength of 5.8 m.Therefore it is assumed that the noise damping effects of the shroud are negligible.In the next three paragraphs, the results of the computations are given and evaluated.
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14.3.1 Lateral Measurement Point

The lateral noise is measured just after take-off, at the moment of maximum engine power settings. Here, themaximum engine power setting is set at the screen height of 35 f t or 10.7 m. In addition, the landing gearis already retracted, the flaps are extended and the flight velocity has been determined to be 55.76 m/s. Theresulting noise pattern is given in Fig. 14.2.

(a) Frontal View of the Lateral Continuous Sound Intensity LevelPattern
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Figure 14.2: Visualisation of the Noise Emissions of the EuroFlyer during Take-Off. In both Graphs the SoundIntensity Level is plotted against the distance to the Aircraft.
As can be seen in Fig. 14.2a, the noise radiation pattern is very circular. This can be explained by the fact thatduring take-off, the engine noise is dominant over the airframe noise. The airframe noise is also significantlyreduced because the landing gear is retracted and the EuroFlyer does not have slats installed on the wings. Asstated earlier, slats are a large part of the airframe noise in conventional aircraft. From Fig. 14.2b the sound levelat the measurement point can be concluded to be 90 dB which is 6 dB more than the requirement of 84 dB.This implies that noise reduction techniques have to be implemented in order to reduce the noise during take-off.
14.3.2 Fly-Over Measurement Point

After take-off, the fly-over noise is measured. Here the aircraft is still climbing, but at a lower engine powersetting. The noise is measured at a distance of 1167 m from the aircraft, this is the theoretically obtained altitudeby subtracting the take-off distance from the 6500 m measurement point distance, and multiplying the resultwith the vertical speed over the horizontal speed ratio. The resulting plots are given in Fig. 14.3.Here, the EuroFlyer is emitting a small amount of noise: 77.2 dB which is 1.8 dB under the required 79 dB. Thisis mainly the result of the high climbing performances combined with a short take-off distance of the EuroFlyer.Therefore, the distance between the measurement point and the EuroFlyer is much larger when compared toconventional aircraft. According to the pattern given in Fig. 14.3a, the propeller noise is still dominant overthe airframe noise. However, the margin between these two sources is smaller when compared to the take-offmeasurement point from Fig. 14.2a. This is expected since the power setting of the engine has been lowered.
14.3.3 Approach Measurement Point

During approach, the situation becomes different from the previously treated measurement points. The landinggear is deployed and the flaps are at full deflection. The aircraft is flying at 52 m/s with a low engine setting.For the final measurement point, the resulting plots are given in Fig. 14.4.
76 EuroFlyer – Final Report Design Synthesis Exercise



(a) Frontal View of the Fly-Over Continuous Sound IntensityLevel Pattern
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Figure 14.3: Visualisation of the Noise Emissions of the EuroFlyer during Fly-over. In both Graphs the SoundIntensity Level is plotted against the Distance to the Aircraft.

(a) Frontal View of the Approach Continuous Sound IntensityLevel Pattern
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Figure 14.4: Visualisation of the Noise Emissions of the EuroFlyer during Approach. In both Graphs the SoundIntensity Level is plotted against the Distance to the Aircraft.
In Fig. 14.4a, the landing gear can easily be distinguished as the lower peak at the bottom of the aircraft. Also,the wings and even the tail are made out of this noise pattern. The more distinct recognition can be reasoned bythe airframe noise being the dominant source of the aircraft. Because of the clean wing configuration, no enginesand no slats, the aircraft is only emitting 83 dB, 5 dB under the maximum of allowable emission of 88 dB.
14.4 Noise Reduction Techniques

The previous paragraphs showed the noise emissions of the EuroFlyer at the three relevant measurement points.Two of these measurement points do meet the ICAO Chapter 4 criteria because of the clean configuration, shorttake-off distance and good climbing performances. From the measurement point figures, the propulsive system ofthe EuroFlyer may be regarded as largest contributor of the total aircraft noise. Implementing methods to reducethe propeller noise emissions will thus have the greatest effect on the overall noise profile. In this paragraph anattempt will be made to predict the effects on noise emissions by implementing various promising noise reductiontechniques to both the airframe and propulsive system.
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14.4.1 AirframeStarting off with the trailing-edge noise. Currently the trailing-edge produces at maximum 88.8 dB at 30
m during Approach. A promising method to reduce this number is based on theoretical work in aeroacous-tics by Fink et al. from 1980 [85]. With this method, the airframe trailing edges are acoustically treatedby deploying brushes to reduce the aerofoil self-noise. By means of experiments on a scale model, a noisereduction of 4 dB was demonstrated [86]. Other researches achieve a noise reduction in the order of 2 to 10 dB [87].
The decision of not installing flaps on the leading edge already has a significant influence on the total airframenoise. The EuroFlyer does utilise flaps, resulting in the generation of flap cove noise. Since the noise generatingturbulence originates from the vortex captured in the flap cove, a streamlined cove-cover provides a solution toreducing the turbulence in this area by preventing the vorticity to penetrate into the slot flow. With this cover, abroadband noise reduction of up to 5 dB has been experimentally shown [88].
Flap side-edge noise can be reduced by implementing side-edge fences. A flap side-edge fence is a simpledevice attached to the side surface of the flaps. By making sure that the fence protrudes into the flow on thelower side of the flap, the local flow structure is altered whilst it is made sure that the overall lift characteristicsof the flap are not affected. By altering the flow structure, a downward shift of the dominant frequency of thepeaks is forced [89]. For noise induced exclusively by flap side-edge, a reduction of around 4 to 5 dB can beachieved [88, 89].
In Figs. 14.2a, 14.3a and 14.4a, the landing gear can easily be identified from its high levels of noise emission.The landing gear emits such high noise levels because it is a complex 3-dimensional cluster of noise sources:vortex shedding off struts, wake-flow interaction between components and shear layer interaction with downstreambay rim [90]. Designing a low noise emitting landing gear configuration can thus evoke great improvements.Much research has been done in this field, and the landing gear fairings are becoming more adequate. Bymeans of CFD and full scale mock-up wind tunnel testing, results within 5 to 7 dB decrease have been realised [85].
The sound pressure level of the airframe noise sources scale with 1/r2 and un. In these relations r is the distancebetween the source and the observer, u is the approach velocity and the exponent n is a factor dependent onwhere the corresponding sound wave stems from [86]. These relations imply that when flying at lower speedsnear the measurement points, the noise level at the observer is lower. In addition, the noise may be reduced bylanding further into the runway to keep the aircraft at a higher altitude when crossing the airport perimeter. Asboth methods depend on the approach speed of the aircraft, reducing the approach speed will reduce the noiseemissions exponentially. This noise reduction method is applicable to all sources of airframe noise.
14.4.2 Propulsive SystemIn addition to reducing the airframe noise, several improvements may be implemented in the propulsive system inorder to reduce the propulsive system noise. Since the propeller is the main source of the noise emitted by thepropulsive system, this paragraph will be focused on techniques to reduce the propeller noise.
One of the most determining factors in the propeller noise is the tip Mach number [91]. Reducing the tip Machnumber leads to significantly reduced propeller noise emission. The tip Mach number can be lowered in variousof ways. The method with least impact for reducing the noise is by means of introducing a single or doublesweep of the propeller blade. The blade may be swept away from the free stream velocity or from the rotationalvelocity part. Measurements showed that with a rather extreme sweep of 52◦, a noise reduction of 5.2 dB atFly-Over can be achieved [92].
The propeller blade spacing affects the frequency distribution of the propeller rotational noise components. For amulti-bladed propeller, the noise can be described to be generated by summation of the sound pressure signalof each individual blade. According to [93], in the case of asymmetrically space blades, identical waveformsinterfere as a function of their displacement in phase and thus their geometrical location. This will lead to analtered propeller noise radiation in the spectral content and directivity. By means of experiments and the theorypreviously described, a noise reduction of 3 dB was achieved [92, 93], with a similar tip Mach number comparedto the EuroFlyer.
Finally, another method to reduce the propeller induced noise emission which do not require a complete redesignof the propulsive system is adding serrations to the leading edge. Serrations in the trailing edge of the propellerblade mitigate noise, since they extend the presence of a more varied range of turbulence length scales, reducingthe effect of the interference from pressure fluctuations at the blade leading edge [94, 95]. Experiments have
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shown a possible blade noise reduction of 2-3 dB.
14.5 Results
This section provides a brief overview whether the EuroFlyer is able to meet the noise related requirements.It was already shown that, for the fly-over and the approach, the EuroFlyer is emitting even less noise thanrequired. To pass the noise requirement, however, the lateral noise must be reduced by 6 dB.
Since the propeller is so dominant during take-off, the 6 dB reduction can be achieved by only implementingthe previously mentioned propeller noise reduction methods. Here, the option of serrated blades and a tip sweepof 26◦ provide a sufficient noise reduction of 6.11 dB, after applying Eq. 14.1. It might prove to be necessaryto implement more of the above named methods to account for the assumptions and the limitations of the usedsoftware package. The final results are given in Table 14.1. With the implementation of a few noise reductionmethods, the EuroFlyer is able to satisfy all requirements of the ICAO Chapter 4, with an additional noisereduction of 10 dB. Table 14.1: Noise Analysis Results

Measurement Point Maximum Allowable Noise Emission Achieved Noise Emission MarginLateral 84 dB 83.9 dB 0.1 dBFly-over 79 dB 77.2 dB 1.8 dBApproach 88 dB 83 dB 5 dB
Result DecibelsCumulative Margin 36.9 dB
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CHAPTER 15

Performance Analysis

This chapter elaborates on the performance of the EuroFlyer. A road map for the performance analysis is shownin Fig. 15.1. Firstly, the accelerated performance is described, using the method from J. Anderson [96]. Secondly,the cruise performances in normal flight and in case of engine failure are discussed. After having calculatedthe turning performance, the climb performance of the aircraft is determined. Then, the loading diagrams andthe payload-range diagram of the EuroFlyer are shown. Finally, the results of the performance analysis aresummarized.
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Figure 15.1: Performance Analysis Road Map

15.1 Accelerated Performance
This section elaborates on the take-off performance, followed by the landing performance of the EuroFlyer.
15.1.1 Take-Off
The take-off of an aircraft is a performance problem of accelerated nature. In detail, the take-off distance consistsout of the ground roll, sg, which is the distance from the start of the take-off until the aircraft lifts into the air andsome extra ground distance sa which is required to pass over a 35 ft obstacle height as stated in CS-25 [96, 32].The general take-off procedure with the corresponding distances is shown in Fig. 15.2.In general, the speed required for liftoff, VLO , is 1.1 times the stall speed [97]. According to Anderson [96], for apropeller configuration, the power available is reasonably constant. Hence, during ground roll, the thrust can becalculated with Eq. 15.1.
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Figure 15.2: Take-Off Distance
T = P

V∞
(15.1)

The drag coefficient must be adjusted to account for the additional drag of the extended landing gear and thereduction of drag due to the presence of the ground effect. The increase in drag due to the extended landinggear can be approximated by Eq. 15.2 as stated in Aircraft Performance [97].
∆CD0 = W

S · Kuc ·m
−0.215 (15.2)

In Eq. 15.2, Kuc is a factor to account for the flap deflection, since the landing gear drag is decreases for a flapdeflection [96]. The reduction in the induced drag coefficient due to the ground effect can be determined byEq. 15.3 [98].
G = (16 · hb )21 + (16 · hb )2 (15.3)

In Eq. 15.3, h is the height of the wing with respect to the ground and b is the wingspan. The distance forground roll can be determined by Eq. 15.4 as mentioned by J. Anderson [96].
sg = 12 · g · KA · ln(1 + KA

KT
· V 2

LO) +N · VLO (15.4)
In Eq. 15.4, KA is represented Eq. 15.5 and KT by Eq. 15.6. These two parameters are calculated at an airspeedequal to 0.7 times the lift-off velocity.

KA = − ρ∞2 · WS · (CD0 + ∆CD0 + (k1 + G
πeAR )C 2

L − µrCL) (15.5)
KT = ( TW − µr ) (15.6)

In Eq. 15.5, k1 is one third of 1/πARe. According to Raymer [34], the lift coefficient at ground roll can be safelyassumed to be 0.1. However, it is important to realize that this value depends on the deployment of the high liftdevices and will increase during the rotation phase. The friction coefficient, µr is assumed to be 0.04 which isa typical value for dry concrete with no brakes applied [96]. In Eq. 15.4, N represents the time between theinitiation of rotation and actual lift-off which is three seconds for large aircraft [34].
The airborne distance of the take-off can be determined using Fig. 15.3. The radius can be calculated usingEq. 15.7 where the load factor is determined with an airspeed which is 1.15 times the stall speed.

R = 1.15 · V 2
Stall

g · (n− 1) (15.7)
The airborne distance can be calculated using Eq. 15.9 by knowing the angle which is determined using Eq. 15.8.

θOB = cos−1(1− hOB
R ) (15.8)

sa = R · sin(θOB) (15.9)
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Figure 15.3: Take-Off Airborne Distance
The total take-off length is found by adding the airborne distance and the ground roll distance, shown inEq. 15.10.

sTake−Off = sa + sg (15.10)
15.1.2 LandingThe landing distance of the aircraft consists out of three phases, being the approach distance, sa, the flaredistance, sf and ground roll, sg. This is shown in Fig. 15.4 for more clarity. From Fig. 15.4, the approach distancecan be obtained using trigonometry and by knowing the height of the screen, as shown in Eq. 15.11.

Figure 15.4: Landing Distance [96]
sa = 15.24− hftan(θa) (15.11)

As stated in Chapter 8, the approach angle was found to be -0.051 degrees. Again, using Fig. 15.4, the flaredistance is calculated using Eq. 15.12.
sf = R · sin θa (15.12)The radius, R , is determined by means of Eq. 15.13.

82 EuroFlyer – Final Report Design Synthesis Exercise



R = V 2
f

g · (n− 1) (15.13)
Where the load factor is determined at the flare speed which is equal to 1.23 times the stall speed. The grounddistance is calculated using Eq. 15.14.

sg = N · VTD + 12 · g · JA · ln(1 + Ja
JT
· V 2

TD) (15.14)
Here, N is the time increment for the free roll and a value of three seconds is common for large aircraft [34]. Thevelocity at touchdown, VTD , is assumed to be 1.15 times the stall speed. JT accounts for reverse thrust and thefriction coefficient, as Eq. 15.15 shows. However, no reverse thrust is used, so Trev is set to zero and the valuefor µr is set to 0.4 since the brakes are applied, as suggested by [96].

JT = Trev
W + µr (15.15)

The symbol JA is calculated by using Eq. 15.16.
JA = − ρ∞2(W/S) · (CD0 + ∆CD0 + (k1 + G

πeAR )C 2
L − µrCL) (15.16)

In Eq. 15.16, k1 is one third of 1/πARe and the lift coefficient is assumed to be 0.1, as discussed previously.Combining the three landing distances, the total landing distance is obtained via Eq. 15.17.
sLanding = sa + sf + sg (15.17)

15.2 Cruise Performance
This section assesses the cruise performance of the EuroFlyer. As the cruise phase is the most important phaseof the mission, it is definitely worthwhile to consider in this performance analysis. First the drag and lift overdrag ratio will be analysed at cruise altitude. Afterwards the stall speed and maximum velocity are determined.Finally the airspeeds, at which the aircraft should fly to obtain its maximum range and maximum endurance arecalculated.
15.2.1 Optimum Cruise ConditionsFigure 15.5 illustrates the variation of the drag force and lift over drag ratio as a function of Mach number atthe cruise altitude of 9000 m. As can be observed in Fig. 15.5a, the parasitic drag increases with increasingflight speed while the induced drag decreases. By adding these two components, the total drag is found todecrease until a freestream Mach number of 0.424, where an extremum is reached. This minimal value isalso referred to as the drag bucket. As the EuroFlyer has a minimum cruise Mach number of 0.65, the draggenerated by the EuroFlyer is found to be 32% higher than this minimum value. The same trends can be iden-tified in the lift over drag ratio, a measure for the aerodynamic efficiency of the aircraft. This is shown in Fig. 15.5b.
The reason that the aircraft in cruise is not perfectly in the drag bucket is that at this altitude and velocity, thehighest lift over drag ratio is obtained at the current design point. The ratio L/D can be increased by flying at alower airspeed or by flying at a higher altitude. Unfortunately, flying at a lower airspeed is not allowed by theminimum cruise requirements and flying at an higher altitude is restricted by the engine’s performance. Duethese restrictions, the current design point can be considered as the optimal.
15.2.2 Stall SpeedThe stall speed of the EuroFlyer is determined using Eq. 15.18. The maximum lift coefficient in clean configurationand both the density at sea level and at cruise altitude are used to calculate the stall speeds at sea level andcruise altitude respectively.

Vmin =√ 2 ·W
S · ρ · CLMaxClean

(15.18)
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Figure 15.5: Drag and L/D ratio as Function of Mach Number at Cruise Altitude

15.2.3 Maximum AirspeedThe maximum airspeed at cruise altitude can be obtained by knowing the maximum thrust the propulsion unitcan deliver and setting it equal to the drag. Using simple algebra, Eq. 15.19 can be obtained which gives arelation for the drag coefficient.
CD = CL · T

W (15.19)
The relation of the drag coefficient is then plugged into the lift drag polar shown in Eq. 15.20.

CD = CD0 + C 2
L

πARe (15.20)
This results into a quadratic equation which is solved for the lift coefficient. Next, this value is inserted inEq. 15.21 and the maximum speed at cruise altitude is obtained.

V =√ 2 ·W
S · ρ · CL

(15.21)
15.2.4 Speed for Maximum RangeThe optimal lift coefficient in order to obtain the maximum range is determined by minimising the drag of theaircraft. This is achieved by differentiating the lift over drag ratio with respect to the lift coefficient, hencemaximising it. This is shown in Eq. 15.22 [99].

CLRange =√CD0 · π · AR · e (15.22)The corresponding speed for the maximum range is calculated using Eq. 15.23 [99].
VRange =√ W · 2

S · ρ · CLRange
(15.23)

15.2.5 Speed for Maximum EnduranceThe maximum endurance can be calculated by minimizing the drag over velocity ratio [99]. This is obtained bymaximizing the lift coefficient over the square of the drag coefficient. The resulting lift coefficient for maximumendurance is shown in Eq. 15.24 [99].
CLEndurance =√13 · CD0 · π · AR · e (15.24)

The speed is given in Eq. 15.25 [99].
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VEndurance =√ W · 2
S · ρ · CLEndurance

(15.25)
15.3 Engine Failure Performance
Only recently, aircraft are allowed to fly over large oceans without having more than of two engines. Thiswas simply due to unreliable engines, which had a relative high chance of failure. Now that the reliability isincreasing, various new aircraft are allowed to fly over seas, with only two engines. In addition, aerodynamicsshapes keep evolving into more efficient forms leading to higher gliding performance.
In this section, the performances during an engine failure will be analysed by looking at the maximum range andmaximum endurance of the EuroFlyer. Note that the speeds found in Sections 15.2.4 and 15.2.5 are equal to thespeeds used in this section.
15.3.1 Maximum RangeWhen all the engines of the EuroFlyer fail, the aircraft is no longer able to provide trust and is forced to makean emergency landing. It is, therefore, important to know the distance the EuroFlyer can cover, to find a suitableairport to land. The most efficient airspeed was already found, but to maintain at the same airspeed the aircrafthas to overcome the corresponding drag. In such an event, by using the equation of motion, the gliding angle canfound as is shown in Eq. 15.26 [100]. Here Pa is zero, Pr = (D · V ) should be as low as possible, meaningthat the drag should be minimum, and V was found earlier. Using these values, Eq. 15.26 can be rewritten toEq. 15.27, which gives a gliding angle for the longest range. When this is known, the maximum range can befound with Eq. 15.28.

Pa − Pr = W2 · g · V · sin(γ) = W · RoC (15.26)
γ = arcsin (CD/CL) (15.27)

Range = Harctan γ (15.28)
15.3.2 Maximum EnduranceThe maximum endurance corresponding to the maximum amount of time the EuroFlyer can stay airborne, whenboth engines are inoperative. Normally, however, the aircraft is allowed to land as soon as possible. Nevertheless,it will still be computed for completeness, where first the Rate of Climb (RoC ) was found with Eq. 15.26. Forthe longest range, different Pr and V values are used. Pr can be found with Eq. 15.29 [100] and the airspeedwas calculated in Section 15.2.5. At last, dividing the altitude by the computed RoC will result in the maximumendurance.

Pr = W ·

√2 ·W · C 2
D

S · ρ · C 3
L

(15.29)
15.4 Turning Performance
To make sure that the EuroFlyer can reach its destination, it has to be able to perform a suitable turn.In section, the turn performance is elaborated, by looking at the steepest turn, minimum turn radius and theminimum turn time. The steepest turn occurs at the maximum load factor, which was found to be 2.5 in Section. 15.6.
The minimum turn radius which is also referred to as the tightest turn, can be found using two conditions thatdepend on the airspeed and load factor. The first condition represents the stall condition, since the lift vector (L′)pointing upwards should be equal to the weight of the aircraft as can be seen in Fig. 15.6a. Therefore, the lift(L) can be found using Eqs. 15.30 and 15.31, which can be rewritten into Eq. 15.32 [100].

L = n · L′ (15.30)
L = 0.5 · ρ · V 2 · S · CL (15.31)

Design Synthesis Exercise EuroFlyer – Final Report 85



V =√ 2 · n ·W
S · ρ · CL

(15.32)
The corresponding minimum range is obtained by leaving n as a variable. Using the different load factors andtheir corresponding airspeed values, obtained from Eq. 15.32, result in a minimum range, shown in Eq. 15.33,while still satisfying the minimum amount of lift needed. This is illustrated by the purple line displayed inFig. 15.6b. However, these load factors vary until a value of six which will never occur during the missionof the EuroFlyer. This leads to the second condition, where different load factors are used (1.15, 1.41 and 2)corresponding to different bank angles (30, 45 and 60 deg), respectively. Leaving these factors constant, whilethe airspeed is kept as a variable, leads to the other three lines shown in Fig. 15.6b. Note that the Euroflyershould satisfy both conditions; the minimum turn radius cannot lie below one of these lines.

R = V 2
g ·
√
n2 − 1 (15.33)

Now, the minimum turn radius can be easily found for the different bank angles, by looking at the intersectionsbetween the lines. As expected, a higher load factor leads to a lower turn radius. With the obtained relationshipbetween the airspeed and radius, the minimum turning time can be found with Eq. 15.34.
T2π = 2 · π · R

V (15.34)

(a) Visualisation of the Lift Force During a Turn
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Figure 15.6: Turn Radius and Forces
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15.5 Climb Performance
This section elaborates on the general climb performance of the EuroFlyer. First, the climb performance isdetermined, followed by the time to cruise altitude.
15.5.1 Rate of ClimbDuring the design process of the EuroFlyer, it was found that the optimum cruise altitude is 9000 m, resulting ina higher efficiency which is one of the main driving requirements. In addition, due to noise regulations, it ispreferred that the EuroFlyer will reach this altitude in a short amount of time. In this section, the rate of climb,time to cruise and the service ceiling will be studied.
The maximum rate of climb can be found with Eq. 15.35 [100], however Pa changes with altitude as can be seenin Eq. 15.36 [100].

RoC = Pa
W −

√2 ·W · C 2
d

S · ρ · C 3
L

(15.35)
Pa = ( ρρ0 )0.75 · Pa0 (15.36)

By converting the altitude into a ratio of densities, the altitude versus RoC can be plotted as shown in Fig. 15.7.In this figure, it can be observed that the RoC decreases as the altitude increases. The theoretical ceiling canbe found at an RoC of 0 m/s, the service ceiling is defined at an RoC equals to 0.5 m/s which is displayedwith the dotted red line.
15.5.2 Time to Cruise AltitudeWith the RoC known at every altitude, it is possible find the time to cruise with Eq. 15.37, where RoCavg is theaverage rate of climb.

t = H
RoCavg

(15.37)
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Figure 15.7: Rate of Climb at Different Altitudes
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15.6 Loading Diagrams
A key design parameter contained in the structural design criteria is the load factor the structure must be ableto bear. In the structural design of the EuroFlyer a maximum load factor of 2.5 and a minimum load factorof -1 have been taken into account, as required by the airworthiness regulations [32]. Here the airworthinessrequirements also stipulate that an aircraft must be sufficiently strong to cope with all possible combinationsof the flight velocity and load factors. This requirement must be satisfied at all possible altitudes, weightsand weight configurations. The proof of strength is based on the critical points, in this case the corners of thediagrams. Since the aircraft will be most heavily loaded at the start of the cruise missions segment, the loadingdiagrams at this load state will be provided for the EuroFlyer.
The diagram found in Fig. 15.8a shows the loading diagram of the EuroFlyer at start of cruise conditions. Theindicated equivalent airspeeds include the stall speed VS , the minimum velocity at maximum load factor VA , thecruise speed VC and the dive speed VD defined as 1.5 times the cruise speed. The two exponential represent theboundaries with and without high lift devices, where the limit load factor of the case with high lift devices islower than in the case of a clean wing configuration.
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Figure 15.8: Loading and Gust Diagram at Start of Cruise at 9000 metres

To also assure that the aircraft is not crossing the load factor limits at bad weather conditions, a gust diagram ismade and depicted in Fig. 15.8b. This diagram results from the aircraft flying through turbulent air. When anaircraft experiences a gust, the effect is an increase or decrease in the angle-of-attack, resulting in a change inlift and, consequently, a change in load factor [48]. The displayed gust lines are plotted for gust velocities of 58
f t/s, 46 f t/s and 21 f t/s as these are the respective relevant gust speeds at the cruise altitude of the EuroFlyer[48].
15.7 Payload-Range Diagram
To construct the payload-range diagram for the EuroFlyer, the design point was taken to be at a payload of 79passengers with cargo (8137 kg) and 1500 km range to satisfy the emission requirements. In order to obtain therange with maximum payload and the maximum range with payload, the following method is used.First, the maximum amount of energy that can be carried is related to a maximum range. Since the LNG tankshave been sized to reach 3000 km, the location of the maximum range with payload lies at this distance. Tobe able to fly even further, the payload has to be decreased in order to store more LNG. Since 1502 kg extramass of LNG is required to reach a range of 3000 km, the payload should decrease by the same amountas the extra mass of LNG. Here, it is assumed that double the energy is required in order to reach double the range.
In order to determine the range which can be covered without transporting any payload, Eqs. 15.22 and 15.23are used. By using these equations, the available energy on board, the required power, the aircraft drag and themaximum aircraft range can be determined. This value for the range was found to be 4140 km. To be able tocompute the point on the payload-range diagram which represents the range with maximum payload, one has toset the range for this point. In Chapter 6 it was concluded that within the United States the average trip length
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will be approximately 1300 km by the year 2030. With this in mind, the range for maximum payload has beenset to this distance. By knowing this range, the corresponding value for the maximum payload is found to be8337 kg.
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Figure 15.9: Payload-Range Diagram
With the help of these points, the payload-range diagram of the EuroFlyer can be constructed which is displayedin Fig. 15.9. The design point of the EuroFlyer is illustrated by the red dot and the blue line shows the payloadas a function of range.
15.8 Results
The results found previously in this chapter are summarised in Table 15.1.

Table 15.1: Performance Analysis Results
Parameter Value UnitTake-off Distance 1050.9 mLanding Distance 936.1 m
Speed limitsStall Speed Sea Level 57.1 m/sStall Speed Cruise Altitude 114.0 m/sMaximum Speed at Cruise Altitude 258.1 m/sSpeed for Maximum Range 129.7 m/sSpeed for Maximum Endurance 99 m/s
Engine FailureMaximum Range 203.58 kmMaximum Endurance 0.497 hr
Turn PerformanceMinimum Turn Radius 30 deg 1979 mMinimum Turn Time 30 deg 118 sMinimum Turn Radius 45 deg 1386 mMinimum Turn Time 45 deg 75 sMinimum Turn Radius 60 deg 1128 mMinimum Turn Time 60 deg 51 s
Climb PerformanceMaximum Rate of Climb 13.01 m/sTime to Cruise Altitude 1060 sService Ceiling 11250 m
Payload-Range DiagramMaximum Payload Range 1300 kmMaximum Zero-Payload Range 4140 km
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CHAPTER 16

Concept Analysis

16.1 Overview
Summarising a ten week design process in a few dozen pages is quite an accomplishment, but the team realisesthat by this chapter readers might have lost a few details here and there. This chapter serves to refresh thememory and provides a concise overview of the designed aircraft.
16.1.1 MissionOriginally intended for a mission of 2000 km (excluding reserves), a market analysis has shown high potentialfor aircraft clearly oriented at regional travellers. The aircraft concept under development is therefore sized for arange of 1500 km. Of course, the aircraft will spend most of its time in the cruise phase at an altitude of 9000 m.Flying at Mach 0.65, a trip covering the full range takes approximately 2.65 hours. Which is the block time,which is defined as the time from gate to gate.
16.1.2 FuselageThe fuselage is sized by the payload it is supposed to carry - 80 passengers and their luggage - and propulsionsystem. The boundary layer of the fuselage is ingested by the aft mounted propellers, increasing efficiency.Although it increases the wetted area and drag, it is due to this concept beneficial to have a wide fuselage,generating a large boundary layer. Due to the fuselage diameter of 4.7 m, the seats are configured in a 2x3x2setting. For this diameter, a fuselage length of 20.37 m was selected. The number of seats varies from 79 to81, depending on whether a single or twin-class configuration is preferred by the operating airline. Below thepassenger floor, there is sufficient room for cargo of various shapes and sizes. With a maximum height of 1.62 m(excluding margins) and a usable volume of 54 m3, more than just passengers’ luggage can find a place onboard. Appendix G shows all relevant dimensions in various planes and artist impressions of the EuroFlyer concept.
In the previous paragraph, the aerodynamic consequences of a wide fuselage were already touched upon. A totalfuselage drag coefficient of 0.0106 is found. Based on a structural analysis performed, the team has selectedCarbon Fibre Reinforced Plastics as the material of choice for the EuroFlyer airframe, yielding a skin thicknessof 0.93 mm. The structure is further stiffened using 53 circumferential stringers. Due to the lightweight materialand high structural efficiency, the fuselage weight is kept low at an approximated mass of only 3090.5 kg. Thisdoes not take into account the tricycle retractable landing gear, weighing 1142.3 kg.
16.1.3 WingThe wing design team has taken off from the previously established design point, a combination of wing andpower loading. With respect to the former parameter and the maximum take-off weight, a design lift coefficient of0.4967 was computed. Based on this requirement and important aerodynamic qualities, the NACA 632 − 415was selected as the EuroFlyers aerofoil. Characteristics of the wing plan form are the wingspan of 36 m (set bythe requirement to be able to operate on regional airports), the taper ratio of 0.3012 (chosen for the optimum
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lift-to-drag ratio), the aspect ratio of 19.88 (based on a careful optimization between drag and climb performanceon the one, and weight on the other hand) and a corresponding wing surface area of 65.18 m2. Due to arelatively low cruise Mach number and the selected aerofoil, it was not necessary to apply sweep.
The wing configuration described above provides enough lift to keep the aircraft flying, but also creates drag. Interms of coefficients, the total drag is 0.0119, of which 0.0046 is induced by the lift force and 0.0073 is a resultof the aerodynamic shape. Advanced spiroid winglets contribute to the low induced drag coefficient.
16.1.4 PropulsionAs the EuroFlyers propulsion system will be hybrid, it consists out of two engines - one turboprop operatingon LNG and one electric engine - each connected to one of the two co-axial contra-rotating propellers. Asexplained in the next section on energy, the ratio between LNG and batteries is not equal. Hence, a generatorcoupled to an APU can be used to convert chemical energy (from the LNG) into electrical energy powering theelectric engine. Although complexity is increased as compared to a conventional system, redundancy is too. Theteam cannot think of any event that can shut down both the chemical and electric system, which means that ifone engine is inoperative, the aircraft can still make a safe emergency landing.
The propulsive system is placed in and mounted at the rear of the fuselage. This way, the boundary layer gener-ated by the fuselage can be ingested by the propellers. With this technique, the aircraft wake is re-energized bythe propeller. Rather than having a momentum deficit in this wake and a momentum excess behind the propellers,these two are now (partially) balancing each other, increasing efficiency and reducing energy consumption. Tofurther increase efficiency, the two propellers are shrouded. This can be clearly seen in Appendix G.
The turboprop engine is sized based on the power requirements, following from the computed drag. Totalling3.3 MW in cruise, the turboprop is needs to provide approximately half of that power, or 1.65 MW during cruiseto be precise. A pressure ratio of 28 is selected, divided over an axial and a radial compressor. With a fuelflow of 0.075 kg/s and a turbine exit temperature of 1439.1 K , a total fuel efficiency of 43.2% is obtained. Asmentioned, these specifications hold during cruise. During take-off, when more power is required, the fuel massflow is increased to 0.095 kg/s, resulting in a shaft power output of 2.2 MW , on which the turboprop was sized
The APU sizing process is very similar to the turboprop sizing process. The pressure ratio is somewhat lower at17, as well as the combustion temperature (1255.6 K ). Due to this, the output power is 1.69 MW . The electricalengine is sized to deliver the other half of the total power.
It can be easily seen that this is a complex system. Many parts work together to guarantee optimal performance.This also comes at a price, not only in terms of cost, but also in weight.
16.1.5 EnergyThe EuroFlyer draws its energy from a hybrid power source in which LNG and high-tech Lithium-air batteriesare combined. The latter system provides 17.5% of the required energy, whereas the other 82.5% of the energy isstored in the LNG. The batteries are the heaviest component of this system, having a mass of 4159.35 kg, asopposed to 1248.18 kg reserved for LNG. The batteries will gain 119 kg of mass during flight. This is due tothe nature of the batteries, which draw one of the reaction components (oxygen) from the ambient. The LNG iskept cool by means of evaporate-cooling, a process in which a total of 9.35 kg of LNG is evaporated to absorbthe heat of the air surrounding the LNG tanks. A large tank is placed at the centre of the fuselage, a smallertank is placed in the front to balance the increase in battery mass.
To keep turnaround time to a minimum, the batteries will be placed in a ULD. This facilitates easy loading andunloading, such that de-charged battery packs can be quickly replaced by charged ones.
16.1.6 NoiseNoise is analysed by means of the ESDU software package and the EuroFlyer concept is checked for compliancewith the requirements (10 dB reduction with respect to ICAO Ch. 4 regulations). In these requirements, noise ismeasured at a lateral measurement point, a fly-over measurement point and an approach measurement point.Starting with the first, initial modelling a noise level of 90 EPNLdB was found, which is six decibels too highto meet the requirements. The noise emissions are lowered by using serrated and slightly swept propellerblades, yielding a noise reduction of 6.11 EPNLdB, lowering the total noise at this measurement point to83.9 EPNLdB. For fly-over, the EuroFlyer performs even better than required, only producing sound with an
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intensity of 77.2 EPNLdB (whereas the requirement was set at 79 EPNLdB). The same conclusion holdsfor the approach measurement point. Emitting only 83 EPNLdB, the EuroFlyer is five decibels below therequirement.
16.1.7 Flight PerformanceThe flight performance of the EuroFlyer was analysed, elaborating on take-off, landing, climbing and turningperformance. A short take-off distance is important to be able to successfully operate on regional airports, andwith 1050.9 m, this performance can be classified excellent. The landing distance is lower, at 936.1 m. With amaximum rate of climb of 13.01 m/s, it takes 1060 s (almost 18 minutes) to reach the optimum cruise altitudeof 9000 m. Turns were analysed for a set of three bank angles and corresponding load factors: 30, 45 and 60degrees, or load factors of 1.15, 1.41 and 2. The minimum turn radii were found to be 1979 m, 1386 m and1128 m respectively, with turns taking 118 s, 75 s and 51 s to complete.
Speeds at various points in the flight envelope have also been determined. At sea level, the stall speed isdetermined to be 57.1 m/s, increasing to 114 m/s at cruise altitude. At that same altitude, the maximum speedis 258.1 m/s. Optimising endurance or range, the team has found speeds of 99 m/s and 129.7 m/s to be mostsuitable, respectively. In normal operating conditions, the range with maximum payload is 1300 km, increasingto 4140 km if no payload is carried at all. For safety reasons, the maximum range and endurance for the oneengine inoperative (OEI) condition are also important. These were computed to be 203.58 km and 30 min.Especially in the densely populated areas, the EuroFlyer will be operating in, this should be sufficient to safelyget to an airport in time.
16.2 RAMS Characteristics
In order to make the EuroFlyer an attractive product, it should comply with the airliners’ requirements. Therequirements are covering several topics: Reliability, Availability, Maintainability, and Safety. In this section allthese fields are touched upon. Starting with reliability which is the possibility that the EuroFlyer is able toreadily perform its mission. Availability concerns the amount of time the EuroFlyer can be operative. Ease ofaccess for maintenance is discussed and battery replacements are elaborated on in the maintainability section.Finally, the safety characteristics of the aircraft are defined. These subjects determine the effectiveness of theaircraft during its service life which forms an important aspect of the aircraft.
16.2.1 ReliabilityReliability is closely related with redundancy. For the EuroFlyer this is found in multiple subsystems whichwere designed to cope with various circumstances including single part or system failures. Due to the location ofthe propellers the length of the landing gear was increased to provide more clearance and an extra supportingstrut was placed on the shroud. In addition, this strut also provides structural redundancy and limits propellerdamage in case of a ground strike during landing or take-off, thereby increasing its reliability. The placement ofthe propellers also offers the advantage that they are shielded from objects coming from the front (such as birds),lowering the chance of taking damage on the blades during such an event. However, one of the disadvantages ofthis propulsive configuration is that the propellers are located behind the landing gear. As a consequence, dirtoriginating from the wheels might find its way into the propellers.
Another increase in reliability can be found in the powering the avionics and the electric engine. Their power issupplied by two separate batteries and a generator-APU combination. This results in systems with a very highredundancy, since the occurrence of simultaneous failure of all three sources is highly unlikely.
16.2.2 AvailabilityPurchasing an aircraft is not without any risk. It is a large investment and in order for the airliner to make aprofit, it is important to return this investment as soon as possible. The aircraft therefore needs to be able toperform its mission and preferably as often as possible.
To achieve this, the EuroFlyer is designed to have a quick turnaround time. The cabin contains two aisles,therefore there are four aisle-seat rows, making it possible to load or unload passengers quicker. In addition, thebatteries are stored in two different cargo containers. This contributes to easy loading and unloading operationsregarding the battery system. And even though refuelling the EuroFlyer with LNG must be done carefully andmay increase turnaround time, only a small amount of fuel is consumed during its mission compared to today’s
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aircraft and therefore the turn around time is expected to be shorter than it is today.
16.2.3 MaintainabilityPart of the operational cost can be found in the maintenance of the EuroFlyer. Since most main systems are locatedinside the fuselage, all systems are centred and placed in easy accessible locations. This in turn leads to faster andmore simple inspection procedures which reduce the maintenance cost and increase the availability of the aircraft.The battery packs however can be quickly replaced after they exceed the intended number of life cycles. Sincethey are replaced during every turnaround, used battery packs can be serviced while the aircraft remains operative.
A critical part of the EuroFlyer can be found at the end of the fuselage, here multiple subsystems are integrated.Both the tail, duct, propellers and shafts are joined in a complex architecture and will be subjected into highstresses. This means that this part of the EuroFlyer should be maintained with extreme caution and has tobe checked frequently. The two gas turbines are located into the fuselage, as a result engine maintenance orreplacement may cost more time and effort compared to today’s maintenance procedures.
16.2.4 SafetyThe EuroFlyer is designed to comfortably and safely transport passengers to their destination and even thoughthe need for comfort may differ for some parties, safety standards will not. Strict regulations regarding safetyapply, such as the Certification Specification (CS-25) [32]. These regulations have continuously influenced thedesign throughout the entire design process.
As mentioned in Section 16.2.1, the relation between the landing gear, shroud and propellers has been thoroughlyconsidered and evaluated. The length of the landing gear was increased in order to have a take-off clearanceangle of 14 degrees which is exceeds the requirement of 12 degrees. In addition an extra supporting strut wasplaced to both support the shroud and protect the propeller blades during take-off and landing procedures.
In the event of an accident six emergency exits are present, including the main entrances. These are spreadthroughout the cabin to effectively clear the cabin during emergencies. For an aircraft up to 79 passengersa total of four exits is required, but having six emergency exits leads to a quicker quicker and smoother evacuation.
The propulsive system of the EuroFlyer is designed in such a way that the electric engine is powered by multiplesources reducing the chance of a failure. And during the event of engine failure, one of the two propellers canstill provided enough power to safely land the aircraft. Part of the energy is provided by LNG. Since the optimumsize of the tanks was found to be spherical, they have to be placed inside the fuselage. It might sound moredangerous having the fuel close to the passengers, but it should be noted that LNG only explodes under certainconditions and is recognised to be less of a risk than kerosene in aircraft [101].
For all the structural aspects of the subsystems, a safety factor of 1.5 was taken into account. This should preventfailure during the event of a loading exceeding its maximum design load. This accounts for the situations thatthe EuroFlyer might experience due to a sudden movement during manoeuvres or other unexpected events.
16.3 Risk Assessment
In this section, a technical risk map is established. This is an crucial procedure in a product development project,such as effectuated in this DSE. Risk is defined as a ”measure of uncertainty of attaining a goal, objective orrequirement pertaining to technical performance, cost and schedule” [102]. From this definition, one can easilyunderstand that risk is always present, as it is the interconnecting link between technical performance, cost andschedule, which characterise the Systems Engineering (SE) universe. One distinguishes technical, schedule andcost risk. The technical risk increases when the technical performance of the product is using state-of-the-artconcepts, which have not proven their effect during operation. Schedule risk occurs when the product developmentand deployment is rushed in order to meet a given deadline. Finally, cost risk occurs when the available funds forthe development project are limited. It is important to note that these different risk categories are not independentof each other, but the occurrence of one category might influence the magnitude of another.
It can easily be understood that in practical applications, risk can never be removed completely. However, in thecontext of industrial SE, risk management allows the design team to recognize, assess and control uncertaintiesthat might result in schedule delays, cost overruns, performance problems or other undesired effects. More
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specifically, Project Risk Management (PRM) concerns the management of technical risks associated with anydevelopment or production project, such that the product can meet the stipulated performance, cost and scheduleobjectives. It consists of the identification of potential risks, assessment of their probability of occurrence andseriousness of their impact on the product performance, schedule and cost, followed by ranking these risks. ThePRM process is terminated with the indication of preferred measures to reduce the risk of these events. The maingoal is to identify the areas where largest reductions in risk can be achieved, such that the limited resources interms of persons, time and money can be optimally distributed.
Another definition of risk is the product of the likelihood of an event and the consequence of an event. Thisdefinition serves as the base for the creation of a risk map which is a graphical representation of risk simplifyingthe identification of the events involving a high risk. The risk map is shown in Fig. 16.1. On the x-axis thelikelihood of an event is categorised as ’very low’, ’low’, ’medium’, ’high’ or ’very high’. The probability ofoccurrence is highly dependent on the current state of technology or technology maturity. Proven efficienciesand assumptions can be seen as synonym of ‘very low‘ probability, while a theoretically feasibly concept suitsbetter the ‘very high‘ label. In other words, a ’very low’ probability means the current design expectation willbe most likely fulfilled, whereas a ’very high’ probability implies it will be very hard to achieve the currentdesign expectation. On the y-axis the consequence of an event is labelled as ’negligible’, ’marginal’, ’critical’ or’catastrophic’, as the severity is expressed according to its influence on the design. The events with the highestrisk are due to the definition of the events with the highest likelihood and severity of occurrence. This situationis illustrated in the upper right corner of Fig. 16.1. In the left under corner the events with lowest risk can befound and in between these regions the events with medium risk are indicated. The elements included in the riskmap are the most important and influential novelties and assumptions for the Euroflyer design. The overall risksare not very high, as most assumptions and efficiencies were conservatively assumed in the design.As can be observed in Fig. 16.1 and Table 16.1, there is one event resulting in high risk. More specifically, theEuroFlyer’s performance expectation may be too demanding, as the drag estimations influences that to a greatextent 16.4. The risk of not performing according to standard is very high due to its high likelihood of occurrenceand high mission criticality. In order to reduce this high risk, risk mitigation offers the technical approach for riskminimization. High risks can be reduced by performing (pre-)development, which decreases the probability ofoccurrence. Another possibility is adapting the design. Both selecting different or additional technologies oradding margins for redundancy can be considered as tools to achieve these changes. Ultimately, the objective isto end up in the lower left corner of the risk map for each event.

Figure 16.1: Risk Map
For each individual high risk element, a certain risk mitigation strategy will be selected to achieve this decrease.In this specific case, reducing the likelihood of an event is most likely to be achieved by careful selection,analysing and testing of the technologies and assumptions considered in the conceptual design phase, evaluationof current and addition of new sufficient margins in each subsystem. On a regular basis during the proceedingphases, risk item tracking will need to be executed. In other words, the status of the risks and mitigationstrategies will have to be verified to ensure that the high risks are eliminated.
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Table 16.1: Risk Ranking
Rank Event Likelihood Consequence1 Energy and Propulsion Certification Regulations High Catastrophic2 Drag Assumptions High Catastrophic3 Fuel Efficiency Medium Catastrophic4 Battery Energy Density High Critical5 Compatibility with Regional Airports Medium Critical6 Control and Stability Low Critical7 Structural Analysis Assumptions Very High Marginal8 Landing Gear Integration Medium Critical9 Weight Estimation Medium Critical10 Boundary Layer Ingestion Efficiency Low Critical

16.4 Sensitivity Analysis
For a complete design of the EuroFlyer not only the final design parameters of the aircraft are necessary, butalso how sensitive final values are when input parameters are changed. By means of this sensitivity analysis itis attempted to verify the impact of potential parameter changes, caused by possible over- or under estimationsor model and calculation errors. Their influence is reflected on the change in MTOW, as this is a prominentdriving factor in the design of the EuroFlyer.
During the design phase it was found that some variables had a more significant influence on the final designthan others. To provide a proper outline of the sensitivity of the design, the impact of small changes in thevariables with the most significant influence on the final weight are being quantitatively and qualitativelyanalysed. These parameters are the drag, battery energy density and the LNG fuel efficiency.
To quantify the results several iteration rounds are performed, only changing either one of the above mentionedvariables while keeping the rest of the design variables constant. To provide a good impression of the individualeffects of these three variables, all three are varied with the same percentage of 2%. This 2% is selected as areasonable percentage to indicated the effects on the MTOW and a realistic error margin in the estimations thathave been made on the above mentioned parameters.
16.4.1 Drag
The most dominant factors on the total aircraft drag are the fuselage form factor and the laminar flow percentages.In Chapters 8 and 9 a laminar flow of 10% over the wing chord and 5% over the fuselage length have beenassumed, respectively. Despite that numerous articles predict a much higher possible percentage, a conservativeapproach is used as other articles predict a lower value. Similar, in the determination of the fuselage form factoran average of four different form factors has been taken to assure a realistic value. Since these important factorsare based on assumptions, the total drag of the aircraft is able to vary slightly. Fig. 16.2 shows the result of a2% increase and decrease in total aircraft drag after 25 iterations.From Fig. 16.2 it becomes obvious that the design is very sensitive to variations in drag: a 2% increase resultsin a MTOW of 31788 kg whereas with a 2% reduction a MTOW of 25002 kg is found. These extreme numbersare mainly the result of the hybrid energy system utilised by the EuroFlyer. Here, because of the strict CO2emission limits the increase in required energy must be accounted for by the batteries. Since the addition ofextra energy through the use of batteries does not follow a convergence pattern as steep as regular fossil fuels,the MTOW rapidly rises with addition of battery mass.
Furthermore it can be seen that in the case of a 2% drag reduction the trend converges faster than when thedrag is increased by 2%. Referring back to Fig. 13.3, this behaviour can be explained by examining the blackline, indicating the wing and energy system mass. This line provides a good impression on the trend followed bythe total aircraft weight as in this design phase the energy system and the wing weight of the EuroFlyer arethe two parameters which determine this trend. When the aspect ratio is increased, which in turn leads to alower drag, the mass decreases. However, when the aspect ratio is decreased, leading to a higher drag, the massof the aircraft increases exponentially. From Fig. 13.3 this behaviour can be explained: at the current aspectratio of 19.88 the design point is still at a location where the battery and wing mass has not yet converged Thisexplains the gap between the two results: the MTOW of the 2% increased total drag is 3949 kg higher and theMTOW of the 2% decreased total drag is 2838 kg than the original design.
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Figure 16.2: Drag Sensitivity
16.4.2 Battery Energy Density
The calculation of the expected battery energy density for the year 2035 has already been treated in Chapter 11.As the battery energy density of the EuroFlyer is not yet feasible as of this moment, it is necessary to analyse thesensitivity of the concept to changes in the battery energy density. Similar as before, the iterative process is re-peated, but with changes of 2% in the energy density of the Lithium-air batteries. The result is depicted in Fig. 16.3.
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Figure 16.3: Battery Energy Density Sensitivity
With a 2% change in the energy density, the MTOW of the Euroflyer varies with approximately 2.0%. Thesevariations simply originate from the additional battery mass required to still meet the required power. This massincrease, however, is not as significant as for the case where the drag is increased. This is due to a fact this changedoes not lead to large changes in the aspect ratio of the aircraft. Again referring to the aforementioned black linein Fig. 13.3, small changes an aspect ratio of 19-20 does not lead to large variations in the MTOW of the EuroFlyer.
16.4.3 Fuel Efficiency
The fuel efficiency of LNG set in Chapter 11 sets high requirements for the engine, specifically for the combustionchamber temperature. Current engines are limited in achieving higher efficiencies by the allowable limits of thecombustion chamber temperature set by the thermal properties of materials. For 2035, it was obtained that afuel efficiency of 43% is realisable. Fig. 16.4 provides the iteration results on the MTOW for the scenario whereeither a LNG fuel efficiency of 42.14 or 43.86% is achieved by 2035.
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Figure 16.4: Fuel Efficiency Sensitivity
A similar profile as in Fig. 16.2 is found for the case where the LNG fuel efficiency is varied. The large variationscan also be derived from the lower rate of convergence of the batteries. As can be seen, slightly varying the fuelefficiency has a significant influence on the MTOW. Therefore, during the iterations, this parameter should beclosely monitored and its value confirmed.
16.4.4 ResultsFrom the preceding sections it can be concluded that because of the implementation of an hybrid energy systemthe EuroFlyer is particularly sensitive to changes in certain prominent variables. Table 16.2 lists the exactvalues to changes of 2% in the total drag, battery energy density and LNG fuel efficiency. Since most param-eters in the design are explicitly chosen conservatively, it is expected that the current MTOW will not be exceeded.

Table 16.2: Sensitivity Analysis Results on the Variation of Three Parameters
Parameter Initial Value Direction Aspect Ratio[-] MTOW [kg] Variation [%]

Total Drag [N] 16714 2% Increase 17.41 31788 14.22% Decrease 22.1 25002 11.4
Battery Energy Density [Wh/kg] 1350 2% Increase 20.24 27354 1.82% Decrease 19.46 28414 2.1
Fuel Efficiency [%] 43 2% Increase 21.72 25455 9.42% Decrease 18.18 30454 9.4
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16.5 Family Concepts
The development cost of an aircraft contributes to the total Life Cycle Cost (LCC). However, this cost could bereduced as much as possible to generate a so called family concept. In such a case, an existing aircraft couldbe slightly modified so that the new design fulfils (its own) requirements. The idea of family concepts is quiteestablished in the aviation industry. In this section, the capability for a EuroFlyer family is elaborated, bylooking at different configurations of the aircraft. The first concepts’ focus lies on transporting more passengers.The second concept turns the standard EuroFlyer from a short range to a long range aircraft. Finally the cargotransport capabilities of the EuroFlyer family are discussed.
16.5.1 Twin DeckAs was observed during the sensitivity analysis, the EuroFlyer is very sensitive to small changes in the design.This is partially due to the use of batteries, where their low energy density has a high influence on the totalaircraft mass. The design team sees an opportunity - if the market shows a demand - for a higher passengercapacity aircraft. It was found that a short fat body was the most promising shape for the fuselage and thiscreates possibilities for a double deck. By adapting the passenger deck to a 3-3 configuration it can be movedupwards, creating enough space for another floor of seats on the lower deck.
Whereas the increased amount of passengers can be regarded as a benefit, there are also negative consequences.Due to the higher weight, a stronger structure is required and the control surfaces would have to be increased.Since the CO2 emissions are determined per passenger kilometre, more LNG on board is allowed. However dueto the large mass increase, more energy is needed which cannot be provided solely by the allowed amount ofLNG. This could be solved by using a larger battery. However, less storage room is available due to the twindeck configuration.
Summarising, this family concept is feasible if the market shows a demand for a larger passenger capacity shortrange aircraft. However, it will not be as sustainable as the original EuroFlyer, because a larger brother willnot be able to fully comply with these emission requirements. Next to that, due to the higher gross weight, thepropulsive system has to provide more power, which leads to higher noise levels and with the small marginscompared to ICAO Chapter 4, this concept might not fulfil the noise requirement.
16.5.2 Long RangeDuring the market analysis, a possibility to extend the EuroFlyer market was found in the USA. Here, theaverage flight was found to be around 1300 km, which is within the EuroFlyer range. However to really infiltratein this market, this family concept would have to have an increase in range and in passengers: as the 1300 kmis an average value, there are many flights longer than this. This result can be achieved by up scaling thecompletely aircraft. With this increase the fuselage dimensions has to be altered. As a result, the energy andpropulsive system will also have to redesigned according to the fuselage and payload changes.
16.5.3 Cargo TransportA completely different direction for the EuroFlyer could be as a cargo transporter, where the wide fuselageset-up offers large storage volume. Because cargo transport vehicles have a higher payload weight and differentregulations for emissions, removing the batteries seems to be a reasonable option. Due to the configurationchange, significant weight reduction can be achieved by removing furnishings. This, and removing the batteries,leads to an increased payload capacity for the transport family concept.
Concluding, there are some feasible possibilities for integrating the EuroFlyer into the different markets. Theseconcepts will however not be able to exceed the level of sustainability of the current EuroFlyer, but will still bea great improvement compared to today’s aircraft.
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CHAPTER 17

Cost Analysis

An aircraft might perform perfectly, but if this comes at a huge cost, it will most definitely not be a best-seller. Inthis chapter, a cost analysis for the proposed EuroFlyer concept is presented. Section 17.1 deals with acquisitioncost, Section 17.2 investigates the cost associated to operate the aircraft.
17.1 Acquisition Cost
To estimate the unit cost of an aircraft, comprised of Research, Development, Testing and Evaluation Cost (RDT&E)and Program Cost, two methods are well known. One of these is defined by Raymer [34]; the other by Roskam[31]. Seemingly different, both methods are based on the DAPCA IV model, developed by the Rand Corporationin 1987 [103]. This model might not give the most accurate Cost Estimating Relationship (CER) for a particularclass of aircraft, but performs well over a wide design range. Also, and maybe even more important in this designphase, documentation is good and the number of design parameters that the method requires is low. Due to themore extended adaptation of Roskam, it is chosen to stick to that particular method.
The acquisition cost is split up in two parts. First, the RDT&E cost is determined, next the program cost iscomputed. In the following subsections, each of these steps is explained. Due to the fact that the method is fairlyold, the total unit cost is scaled by a correction factor, based on the comparison of estimated and true cost for aset of reference aircraft. This is further explained in Section 17.1.3.
17.1.1 Research, Development, Testing and Evaluation CostThis cost is split up in seven steps. For an extensive description, the reader is referred to the original work[31], but the most important steps are mentioned below. Please note that all costs are expressed in 1970 USDand that inflation is corrected afterwards [104] (one dollar in 1970 has about the same purchasing power as sixdollars in 2013).
Airframe Engineering and Design Cost (Caedr )This cost is a function of AMPR weight (Aeronautical Manufacturers Planning Report), maximum speed, thenumber of aircraft produced for the RDT&E phase, a complexity factor, a factor accounting for the use of computerdesign, and the hourly engineering rate. The AMPR weight is statistically related to the take-off weight accordingto Eq. 17.1.

Wampr = 100.1936+0.8645·log(WTO ) (17.1)For a take-off weight of 27840 kg, the AMPR weight is computed to be 10865 kg or 23952 lbs. The maximumspeed is set at the Equivalent Air Speed in cruise conditions (200 m/s or 389 kts) and it is assumed thatfive test aircraft are produced. The complexity factor, Fdif f is set at 2 (the highest value) due to the fact thatthe EuroFlyer design is innovative. Fcad is set at 0.8 (indicating that the aircraft manufacturer producing theEuroFlyer would have extensive experience with CAD-programs). The engineering rate, Raedr is set at a value of18 USD per hour. These parameters are combined to yield Caedr in Eq. 17.2 below.
Caedr = 0.0396 ·W 0.791

ampr · V 1.526
max ·N0.183

rdte · Fdif f · Fcad · Raedr (17.2)
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Substituting the above values yields a value of 39, 896, 333 (1970 USD).
Development Support and Testing Cost CdstrMuch of the above parameters are also used to estimate the cost associated to the testing of various parts andsubsystems, as can be seen from Eq. 17.3. The cost escalation factor (CEF) is set to 1, as the cost is computedin 1970 USD.

Cdstr = 0.008325 ·W 0.873
ampr · V 1.890

max ·N0.346
rdte · CEF · Fdif f (17.3)Substitution yields a value of 15, 168, 608 (1970 USD).

Flight Test Aeroplanes Cost Cf tar
Cf tar is quite a lot more complicated to compute than the above cost factors. The cost of test aircraft comprisesengine and avionics cost, manufacturing cost (both material and labour), testing cost and quality control cost.
· Engine and Avionics costEstimating the engine and especially the avionics cost has proven to be quite difficult. As the statisticalrelations for engine and propeller cost provided by Roskam are not very up-to-date, the team has chosento work with more recent reference data for engine cost [20, 105], which is included in Appendix E. Thecorresponding relation is shown in Eq. 17.4. Please note that, contrary to most other values, this isexpressed in 2013 USD.

Cer = 1112.9 · P0.8786
sh (17.4)Eq. 17.5 is used to obtain the propeller cost and stems from the original Roskam method. This computedcost is in 1989 USD.

Cpr = 100.7746+1.1432·log(SHPTO ) (17.5)Working with a shaft horsepower of 22313 SHPTO (corresponding to a power output of 1.6504 MW perengine), the engine and propeller cost follow as 161, 422 and 12, 302 per engine or propeller in 1970 USD.For avionics, data were even scarcer and was therefore omitted. This is allowed as the final unit cost iscorrected using reference aircraft, and this will also compensate for the left-out avionics. The battery costhas to be accounted for separately. It is expected that by 2030, the cost per unit of energy has decreasedto a value between 200 and 250 USD/Wh [106, 107]. The more conservative latter value will be used infurther calculations. Based on the energy requirement and the fact that batteries are only discharged 63%,the total battery cost is given as 104, 416 1970 USD. Given that only three of five aircraft will be used forflight testing, the total cost is 1, 355, 594 USD.
· Manufacturing Labour CostThe manufacturing labour cost depends on variables explained before and is based on a hourly labour rateof 11 USD. Eq. 17.6 shows the equation used.

Cmanr = 28.984 ·W 0.740
ampr · V 0.543

max · (Nrdte − 2)0.524 · Fdif f · Rmanr (17.6)
This yields a value of 65, 729, 821 USD in 1970.
· Manufacturing Material CostThe material cost associated with manufacturing the aircraft considered builds on many familiar variables,as Eq. 17.7 shows.

Cmatr = 37.632 · Fmat ·W 0.689
ampr · V 0.624

max ·N0.792
rdte · CEF (17.7)

Fmat is a factor that depends on the selected material. This value is set at 3 (for carbon compositeairframes). Substituting the values, the material cost is computed to be 17, 362, 091 USD in 1970.
· Tooling CostThe tooling cost follows from AMPR weight, maximum speed, RDT&E production volume (Nrdte) and rate(Nrr , set to 0.33 as advised by Roskam), complexity factor and a hourly rate of 13 USD. Adding andmultiplying these factors as shown in Eq. 17.8 yields a tooling cost of 60, 954, 253 1970 USD.

Ctoolr = 4.0127 ·W 0.764
ampr · V 0.899

max ·N0.178
rdte ·N0.066

rr · Fdif f · Rtoolr (17.8)
· Quality Control CostBased on [31], the quality control cost is set at 13% of the manufacturing labour cost. This yields a totalsum of 8, 544, 877 USD in 1970.

The total cost associated to (flight) test aircraft then equals 136, 584, 544 1970 USD.
100 EuroFlyer – Final Report Design Synthesis Exercise



Flight Test Operations Cost Cf torFlight test operations cost can be estimated using Eq. 17.9. Fobs is a factor compensating for the possibleimportance of low visibility during testing. Since this is of no concern to the EuroFlyer team, this factor is set toits basis value of 1.
Cf tor = 0.001244 ·W 1.160

ampr · V 1.371
max · (Nrdte − 2)1.281 · CEF · Fdif f · Fobs (17.9)

Substituting the aforementioned values allows for finding a flight test operations cost of 4, 340, 650 USD.
Test and Simulation Facilities Cost CtsfrWhereas the previously discussed Development Support and Testing Cost takes into account testing cost, it mightsometimes be necessary to build new facilities. These expenses are accounted for, by applying a simple factor.The total RDT&E cost will be divided by this factor, Ftsfr , which is set to 0.05 (corresponding to the situationwhere little new facilities are required).
Financing Cost Cf inr and Profit CprorThe most important driver for the financing cost for the entire RDT&E phase is the interest rate. This is estimatedat 10% and applied using a factor (Ff inr ). An RDT&E profit is also accounted for by a factor, Fpror , of the totalRDT&E cost. This is set to 10%.
Total RDT&E CostLogically, the total RDT&E cost sums the above cost, dividing by the various correction factors mentioned. Thisyields a total RDT&E cost of 261, 320, 181 1970 USD. Correcting for inflation over the period from 1970 to 2013results in a present-day RDT&E cost of 1, 565, 307, 881 USD. Table 17.1 summarizes the above results andshows how the RDT&E cost is built up.

Table 17.1: Research, Development, Testing & Evaluation Cost Breakdown
Cost factor Symbol 1970 USD 2013 USDAirframe Engineering and Design Cost Caedr 39,893,333 238,979,037Development Support and Testing Cost Cdstr 15,168,608 90,859,962Flight Test Aeroplanes Cost Cf tar 136,584,544 818,141,420Flight Test Operations Cost Cf tor 4,340,650 26,000,491Test and Simulation Facilities Cost Ctsfr 13,066,009 78,265,394Financing Cost Cf inr 26,132,018 156,530,788Profit Cpror 26,132,018 156,530,788Total RDT&E Cost Crdte 261,320,181 1,565,307,881

17.1.2 Program CostHaving spent the above total RDT&E cost does not result in an apron filled with aircraft that can be sold. Duringproduction, more costs are incurred because more aircraft are produced. This section summarizes the processused to compute this program cost.
Airframe Engineering and Design Cost CaedmMost of the engineering and design cost is covered during the RDT&E phase, but some problems, iterations oranalyses might only occur during the production run. These are computed using Eq. 17.10.

Caedm = 0.0396 ·W 0.791
ampr · V 1.526

max ·N0.183
pr · Fdif f · Fcad · Rem − Caedr (17.10)

This equation is very similar to Eq. 17.2 presented above. The labour rate Rem for manufacturing is equal tothe value used before, being 18 USD. A difference is found in the fact that the number of aircraft produced nowcomprises production rather than RDT&E aircraft. From the market analysis, presented in Chapter 6, it becameclear that there exists a market for 1250 units. However, due to the influence of the production volume on theprice, less positive estimates of 350 and 800 units are also considered. The total engineering and design costtherefore varies between 69, 689, 902 USD (1250 units), 61, 095, 659 USD (800 units) and 46, 916, 899 USD(350 units).
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Aeroplane Production Cost CapcmContrary to before, now the interior cost is included. This is approximated to be 1, 000 USD in 1990, which equals310 1970 USD per passenger for regional transport aircraft. Multiplying with the number of passengers (79)yields an interior cost of 25, 110 USD per aircraft. Summing engine and avionics cost, interior cost, manufacturinglabour cost, manufacturing material cost, tooling cost and quality control cost yields production costs rangingfrom 2, 446, 464, 701 USD (1250 units) to 1, 800, 327, 319 USD (800 units) and 1, 032, 315, 758 1970 USD (350units).
Production Flight Test Operations Cost Cf tomBefore aircraft are delivered, they undergo unit testing. The cost incurred in this phase can be found by thehourly operating cost (assumed to be 2, 000 USD/hr), the number of flight test hours flown (assumed to beequal to eight) and an overhead factor. Lacking actual data, this is assumed to be equal to four. For the mostoptimistic production volumes, these costs are 80, 000, 000 USD. If only 800 units are produced, these reduce to51, 200, 000 USD, to further lower to 22, 400, 000 USD for a production of 350 aircraft.
Financing Cost Cf inm and Profit CpromA financing interest rate of 10% of the total program cost is assumed. Based on references [108], a profit of 16%of the total program is assumed.
Total Program CostThe total program cost can be computed by summing engineering, design and production cost, and dividing byfinancing and profit rates. For the scenario in which 350 EuroFlyer aircraft are produced, the program cost canbe computed to be 1, 488, 692, 799 USD. The intermediate scenario of 800 units would result in program costsof 2, 584, 625, 646 USD, further increasing to 3, 508, 317, 030 USD if 1250 units are produced.
17.1.3 Total Acquisition CostThe acquisition cost (list price) is computed by summing RDT&E and program cost, and dividing these by thenumber of aircraft produced. For the different scenarios, the acquisition cost then becomes 3, 015, 710 USD(1250 units), 3, 557, 432 USD (800 units) or 5, 000, 037 USD (350 units). Correcting for inflation over the period1970 to 2013, these numbers change to 18, 064, 102 USD, 21, 309, 019 USD and 29, 950, 222 USD, respectively.Table 17.2 shows how this cost is broken down.

Table 17.2: Program Cost Breakdown
Cost factor Symbol 350 units 800 units 1250 units1970 USD 2013 USD 1970 USD 2013 USD 1970 USD 2013 USDAirframe Engineering and Design Cost Caedm 46,916,899 281,032,224 61,095,659 365,963,000 69,689,902 417,442,511Aeroplane Production Cost Capcm 1,032,315,758 6,183,571,388 1,800,327,319 10,783,960,638 2,446,464,701 14,654,323,557Production Flight Test Operations Cost Cf tom 22,400,000 134,176,000 51,200,000 306,688,000 80,000,000 479,200,000Financing Cost Cf inm 148,869,278 891,726,975 258,462,565 1,548,190,762 350,831,703 2,101,481,901Profit Cprom 238,190,845 1,426,763,159 413,540,103 2,477,105,219 561,330,725 3,362,371,042Total Program Cost Cprogram 1,488,692,799 8,917,269,745 2,584,625,646 15,481,907.618 3,508,317,030 21,014,819,011Total RDT&E Cost Crdte 261,320,181 1,565,307,881 261,320,181 1,565,307.881 261,320,181 1,565,307,881Total Cost 1,750,012,959 10,482,577,627 2,845,945,826 17,047,215.500 3,769,637,211 22,580,126,892Acquisition Cos 5,000,037 29,950,222 3,557,432 21,309.019 3,015,710 18,064,102

As mentioned previously, in an effort to improve the quality of the estimation, the EuroFlyer design team hasinvestigated the estimated cost of reference aircraft for which a list price is known. Due to the influence ofthe production volume of these aircraft, three scenarios have been investigated. The first has used the currentproduction of the aircraft investigated, whereas the second uses the projected production (and, if not available,the total order backlog). A third scenario is based on the 1250 units estimated for the EuroFlyer and hasnormalized all aircraft production volumes against this value. Table 17.3 shows the results of the investigation[20, 109, 110, 31, 104]. Averaging all data yields a correction factor of 1.360. Applying this to the EuroFlyercost estimated above results in a final (2013 USD) unit cost of 40.732.302 USD if 350 units are produced,28.980.266 USD for 800 aircraft and 24.567.178 USD in case of 1250-unit case.
17.2 Operating Cost
Where the acquisition cost is just a one time expense, operation costs are a continuously returning cost. Therefore,the operating cost has a big influence on the profit made by airlines, which plays an important role in the success
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Table 17.3: Comparison of Estimated and True Acquisition Cost, expressed in 2013 USD
Aircraft Model True Cost Current Production Projected Production Normalized Production AverageProjected Cost Difference Projected Cost Difference Projected Cost DifferenceATR 72-500 20,300,000 14,423,198 13,500,400 12,375,582Bombardier Dash-8 31,500,000 17,627,639 16,118,958 15,519,484XAC MA-600 14,420,000 22,818,036 15,729,961 8,869,993Average turboprop 1.207 1.460 1.801 1.489COMAC ARJ21 30,240,000 36,475,628 30,223,153 24,166,930Embraer E170 36,600,000 1 27,425,159 23,879,853 23,496,170Embraer E190 44,240,000 32,282,969 28,965,903 29,442,796Average turbofan 1.155 1.338 1.393 1.295Average 1.174 1.381 1.524 1.360

of the aircraft. This is the reason that a cost analysis of the operational cost cannot be forgotten. In this section,the operating cost will be elaborated, looking at the different aspects related to this cost. For this estimation,two different methods were used, therefore increasing the accuracy of the estimation. The two methods used arethe ones provided by Roskam [31] and Liebeck [111].
First the Direct Operating Cost (DOC) are computed, followed by the Indirect Operating Cost (IOC). Note thatthe IOC will be a factor of 0.8 of the DOC, due to the fact that IOC strongly depends on the airline using theEuroFlyer. First all contributors to the DOC are elaborated and are shown later on in Table 17.4.
17.2.1 Crew Expenses

The crew expenses the contains the cost of wages, accommodation, transportation, meals and so on. The wagesdepend on standard starting wage plus some additional cost depending on the gross weight and the mission(international or domestic flights). Next to that, the wages are defined for the flight and cabin crew, where theflight crew have a fixed starting wage of 440 USD/hr and the cabin crew gets 78 USD/hr for international flights.
For the EuroFlyer it was found that a total of five crew members are required due to regulations. Two representthe flight crew and the other three the cabin crew. The only thing left to compute the cost of the crew per hourdepends on the block time, which is the time from the moment the aircrafts’ doors close till they open again atits destination and can be found with Eq. 17.11. This is found to be 2.65 hr. At last one can simply multiply thecost per hour with the corresponding number of crew members to find its total crew expenses of 1274 USD/hr.

Tblock = 0.0021 · Range+ 0.94 (17.11)
17.2.2 Fuel Cost

Where the cost of kerosene is expected to rise over the following years and the EuroFlyer is switching to LNG,the fuel costs are expected to drop compared to current day aircraft. The fuel cost per hour depends on a fewvariables, where the largest contribution is the cost of the main energy source. However, since the EuroFlyerwill use both LNG and electricity it has to be computed slightly different.By dividing the total cost of the 1248 kg LNG, ±6GJ energy and an extra factor (0.08 of the LNG cost) for oil,by the total block time. For the EuroFlyer this results in a cost of 1022 USD/hr, which is around 12.5% of theTOC. Note that this is lower then the conventional aircraft, since the concept aircraft considered will consumeless fuel, and use a different energy source.
17.2.3 Maintenance Cost

Maintenance cost exist out of two different groups, which can be found in cost due to maintenance of the airframeand engine. Both groups can be subdivided even further, looking at the cost due to labour, materials and an extraburden. Here the labour cost depends on the weight of the airframe or engine, the block time, number of yearlyflights and the wage. From these variables, in combination with regulations, it is possible to define the amountof time needed to perform a maintenance. Next to that it represents the number of checks during it operating life.Maintenance cost can be found using the same variables and the cost of the airframe and engine. While theextra burden can be found multiplying the labour cost with a factor two. For the wages 66 USD/hr was taken aswas found in Section. 17.1 (now corrected for 2013 USD). This results in a total maintenance cost, both engineand airframe of 750 USD/hr
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17.2.4 Depreciation, Insurance and InterestThese three factors are affected by many variables, starting with depreciation. This can be found using theacquisition cost of the subsystems found in Section 17.1, the operating life of the subsystems and the spares ofthe systems. The interest can be found looking at the unit cost of both present and future values and the interestrate. For the interest rate a percentage of 5.54% was taken, which is the interest rate for 18 years [112] plus anextra rate of 2% [113]. Insurance only takes up a small contribution and is solely depending on the unit cost.Adding all these values result in extra cost of 1075 USD/hr
17.2.5 Airport FeesAirport fees may vary in Europe, due to additional cost for emissions and noise produced. Luckily, the EuroFlyeris quite promising in reducing these emissions which should result in lower fees. However a baseline costcannot be prevented. These depend on the gross weight of the aircraft. In addition, extra costs can be found innavigating fee. This result in a total fee cost of 436 USD/hr.

Figure 17.1: Direct Operating Cost Break-down Figure 17.2: Total Operating Cost Breakdown
All calculated costs can be found in Table 17.4, where the cost are shown as an hourly rate and the total cost forits Operating Life (OL). Here, it was taken that the EuroFlyer will be operational nine hours a day on average,where the market analysis shows an operating life of 18 years. It was found that the hourly operating cost willbe around 8, 201 USD/hr which results in a total unit operational cost of 484.9 million in 18 years. At last, thisit multiplied by 800 units, taken from the market analysis and results in a cost of 387, 958, 120, 810 USD. Inorder to give a clear overview the contribution of each subgroup, two pie charts are shown, in Fig. 17.1. The leftshows the percentages of the DOC and the right one, Fig. 17.2 of the total operation cost.

Table 17.4: Subsystem Operating Cost Breakdown
USD/hr 106 · USD/OLCrew 1274 75.32Fuel 1022 60.42Maintenance 750 44.33Airport Fees 436 25.76Depreciation, Insurance and Interest 1075 63.59Total Direect Operating Cost 4556 269.4Indirect Operating Cost 3645 215.5Total Operating Cost 8201 484.9
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CHAPTER 18

Verification and Validation

This section elaborates on the verification and validation procedures for the EuroFlyer. The main question to beanswered is whether this concept can guarantee the design team that the product is able to meet all the relevantrequirements, as found in the RDT and list of requirements. First the general outline will be discussed and afterthat the wind tunnel will be elaborated
18.1 Verification and Validation Outline
Verification yields as proof of compliance with design solution specifications and descriptive documents. Putdifferently, it can be understood as an objective evidence that the specified requirements have been fulfilled.Validation is in turn the proof that the product accomplishes the intended purpose based on stakeholder require-ments. In other words, the design team can confirm by means of examination and provision of objective evidencethat the particular requirements for a specific intended use are fulfilled.
There are different approaches to verify a design. Depending on risks related to the operation of the system,technology maturity, experience with technologies used in the concept and verification requirements from thecustomer, the design team can select a verification method for the different subsystems. The most frequently usedverification methods are tests, analysis, simulation, inspection, and demonstration. As verification proceduresneed to be executed for each requirement, to show the product’s compliance with that specific requirement, eachverification effort needs to be carefully specified. A compliance matrix for the EuroFlyer, listing each requirementand whether this is met at the current stage of the design, can be found in Section 19.1.
In a first preparation phase, the requirement needs to be validated according to the Verifiable, Achievable, Logical,Integral and Definitive (VALID) standards. In this case a (numerical) are used in the verification procedure. Themodels need to be defined in advance and validated for the specific requirement. Secondly, the verificationactivity needs to be planned. The objectives of the verification task needs to be established, as well as the mostsuitable verification type. One can certainly not forget about the given budget, in terms of time, people, facilitiesand the determination of the required inputs and outputs. In addition, the potential risks associated to partial ornon-fulfilment of a requirement should be assessed and a back-up plan should be present. Finally, the planningphase is concluded with the actual planning of the verification activities, which include number of runs andduration in case of a test, and documenting the verification plan. Once all these steps have successfully beencompleted, the actual verification procedures can be executed and documented.
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Figure 18.1: Verification Process for the EuroFlyer
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For the EuroFlyer, several subsystems are be verified by means of simulation and analysis, given the limitedtime and budget of this project. Examples include the use of Computational Fluid Dynamics (CFD) and othercomputational tools such as XFLR5 to verify the aerodynamic properties used in the design process. Moreover,another approach was used both in the cost estimation and determination of aerofoil properties. The process isschematically represented in Fig. 18.1. The method uses reference data as input to a model to define comparisonfactors for more accurate and reliable prediction. Furthermore, a wind tunnel test will be conducted in one of thecoming weeks to verify the predicted efficiency increase due to the implementation of the propulsive fuselageconcept. The experiment aims to obtain actual measure for the reduction in energy consumption due to BLI. Amore detailed description of the test can be found in Section 18.2.
Validation procedures for passenger aircraft include the development and construction of several prototypes,including the Qualification Model (QM) and Flight Model (FM). Within the given scope of this project, it is mostlikely that no validation procedures are performed and therefore these are not treated in more detail.
18.2 Windtunnel Experiments
Next to the design of the EuroFlyer, the team co-operated intensively with wind tunnel experiments conductedin the low wind speed tunnel lab at the Faculty of Aerospace Engineering at the TU Delft. With these tests, thebenefit of Boundary Layer Ingestion (BLI) is investigated and compared to the theoretical expectations. Despitethe fact that the results of these tests are not directly implementable into the design of the EuroFlyer, the BLIexperiments are an extension of the DSE, with the goal of validating the efficiency gains expected from BLI.
18.2.1 Set-UpTo demonstrate the effect of BLI, three cases are tested: a drag estimation case, a BLI case and a free streampropeller case. This need in order to finally compute the efficiency difference between the latter two tests. Thelayout of the tests are shown in Fig. 18.2. The test setup consists of the following facilities:

1. Windtunnel (400 x 400 mm, V∞= 0-32 m/s)2. Detachable Axis-Symmetric Body3. Air Bearing / Connection / Struts4. Drag Sensor (KD 40S-2N)5. Propeller Test Rig: DC Motor (Maxon 310007 60W) Thrust Balances RPM Meter6. Propellers (APC 4.1X4.1 / GRAUPNER 4.7X4.7 / 4.75X4.75 / 5X5 / 5.5X5.5)7. DC Power (30V, 2A)

Figure 18.2: Test Set-up without (left) and with BLI (right)
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Both the body and the propeller are set to an angle of attack of 0 deg. This implies that only the zero-lift drag(profile drag) and the energy related are investigated. In the two propelled scenarios thrust is set so that the
T = D condition is satisfied. Before testing begins the ambient temperature and pressure are noted. In everycase, drag is measured for every integer increment in air speed velocity. In the two propelled scenarios, thethrust, power setting, voltage and amperage of the propeller is noted.
18.2.2 Data ProcessingBetween every case and before the results can be considered, the data needs to be processed. From the dragestimation case a strut drag, hub with strut drag and fixed total drag including body drag are observed. In theBLI scenario, the total drag is constantly measured as the suction of the propeller influences the body drag. Todetermine the thrust required some simple computations are required. In the BLI case, thrust is equal to thetotal constantly measured total drag subtracted by the fixed hub with strut drag. In the free stream propellercase, the thrust is set to be equal to the fixed total drag subtracted by the hub with strut drag.
18.2.3 ResultsAs the main goal of the experiment was to validate the effect of BLI, this is the aspect which is assessed from theresults. In Fig.18.3 a plot shows the absolute difference in power and drag for every speed increment which arelinked. The plot clearly indicates an increase in drag for the BLI case. Although the drag increases, power isnotably reduced. This means that the BLI scenario is significantly more efficient and validates the theoreticalresults in our design.
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Figure 18.3: Results of the Experiment
18.2.4 DiscussionThe efficiency gain of BLI proved significant (12%), however the experiment has quite a few differences withrespect to the EuroFlyer. First of all, scalability is an issue as the Reynolds number of the test model and theEuroFlyer design differ significantly. The second discrepancy is the low mechanical efficiency of the motor usedin the test. This influences the amount of efficiency gain found in the test. As to how much the real efficiencygain would be a scaled model has to be tested. Another point of interest for future experiments are the bladeprofiles which can be tested. Currently the same profile was tested in all cases. However the blade implementedin the test is optimised for a freesteam scenario. If in the BLI case an optimised profile would be used, the BLIgains would be even more pronounced. Furthermore, a point of discussion for the EuroFlyer design is that thedrag increase of the fuselage is assumed to be negligible as the modelling of this was assumed out of the scopeof the project. The experiment shows that the influence of the increased drag is a point which definitely has tobe investigated in the future. Nevertheless, the goal of the experiment to validate the expected effects of BLI wassuccessful.
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CHAPTER 19

Compliance Matrix and Feasibility

As the design process has been concluded and the performance and specifications of the EuroFlyer are established,it is now possible to verify if the requirements mentioned in the project guide were met. In order to do so, a socalled compliance matrix is made which contains the requirements and the indication of if it was met, partiallymet or not met. The basic structure of this chapter is divided into two sections, where Section 19.1 provides thecompliance matrix and the feasibility analysis in Section 19.2 provides the background information to certainrequirements from the compliance matrix.
19.1 Compliance Matrix
In Table 19.1, the requirements from the project guide are listed and the corresponding outcome is shown. As allrequirements are derived from those specified in the initial project outline, the compliance of the final design isalso analysed with reference to the original requirements.

Table 19.1: Requirements Compliance Matrix
# Requirement Compliance

Key Requirements

1 A minimum of 80 passengers, including 23 kg of luggage each, shall be transported. X
2 The aircraft shall have a range of at least 2000 km. -
3 The aircraft shall have the ability to use alternative fuels. -
4 The aircraft shall be available on the market before 2035. X
5 A minimal cruise speed of 0.65 Mach at cruising altitude shall be achieved. X
6 The CO2 emissions per passenger km should be reduced by 50% when compared to theEmbraer E170 on the same mission, without making use of biofuels. X

7 Safe and comfortable travel within regulations (FAR/CS-25). X
8 The aircraft needs to comply with the standard infrastructure at regional airports. X
9 The aircraft needs to be able to land and take-off on the regional airports in Europe. X
10 The noise emission should be around 10dB less than ICAO Chapter 4. X
11 Design has to comply with CS-25 regulations. X
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19.2 Feasibility Analysis
In Table 19.1, the key requirements of the EuroFlyer are specified. By means of a feasibility analysis, thereasoning behind the compliance of some highlighted requirements is provided.
The second requirement is marked as partially met since this requirement has been restated in consultation withthe complete EuroFlyer team, lowering the design range of the EuroFlyer to 1500 km. This range followedfrom the results of the market analysis conducted in the initial phase of the design process. As discussed inChapter 6, the average flight distance is much lower than the 2000 km specified in the initial requirements. Toensure a competitive design of the EuroFlyer on most of the European flight routes, the initial design range of2000 km is lowered to 1500 km to avoid an over designed aircraft. The range of 1500 km was pinpointed asone of the maximum flight route lengths in Europe.
Since the year 1941, kerosene has been the primary jet fuel that powers the world’s aircraft [114]. With LNGbeing the main power source of the EuroFlyer, a new era of jet fuel has been defined. The third requirement ofthe EuroFlyer states that the aircraft shall have the ability to utilise alternative fuel sources. Since using LNGas an energy source brings more difficulties than kerosene, such as cooling, it is expected that the EuroFlyeris able to operate on kerosine as well with slight modifications to the fuel system. The same goes for usingalternative biofuels. The requirement has been marked as partially met as only small changes are necessary,however these changes have not been looked at into much detail.
The sixth requirement in the compliance matrix regarding the CO2 emissions has the outcome that it is met.However, it is important to mention that this requirement was changed by the supervisor of the design team,as flying at a lower Mach number would imply that the original requirement could almost be met without anyother major design changes. Therefore, the requirement was changed to 75% reduction in CO2 emissions whencompared to the Embraer, in order to make the design process more challenging for the EuroFlyer team.
Although met, the eighth requirement in Table 19.1 needs more explanation. As the EuroFlyer utilizes a hybridenergy system, which implies more complicated refuelling during loading and unloading manoeuvres, additionalinfrastructure at regional airports may be required. This is due to the design choice that the batteries are notrecharged after one mission, but being completely replaced which could require special equipment and operationsat regional airports. However, as the electrical mobility is expected to increase in the upcoming years, it is safeto assume that the airports are getting more prepared for electrical powered aircraft.
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CHAPTER 20

Conclusion

In order to meet the set requirements, revolutionary design changes were made and a new type of aircraft isborn. The propulsive system, consisting out of contra-rotating propeller, has been located at the aft of the aircraft.With this drastic configuration change, it is possible to make use of the propulsive fuselage concept. Boundarylayer generated by the fuselage is ingested into the propellers resulting in a propulsive efficiency of 99.8%.
In addition, the EuroFlyer is one of the first aircraft which makes uses of a hybrid energy system. This systemcombines both Liquefied Natural Gas and batteries to create an environmentally friendly form of air transportation.The EuroFlyer makes use of new technologies such as spiriod winglets, trialling edge blowing, serrated bladesand a chevron shaped shroud to further decrease emissions and noise pollution. During the iteration, thesensitivity to specific design parameters has been identified. From this analysis, it can be concluded that theimplementation of a hybrid energy system leads to a particularly sensitive design.
The presented design satisfies almost all key requirements and even exceeds the goals set by ACARE since theEuroFlyer achieves an impressive 92% reduction in NOx emissions. From a market perspective, the EuroFlyeracquisition cost ranges from 24 to 40 million current day USD, depending on the units produced. To attract airlines,the EuroFlyer is compatible with different seating configurations and energy system compositions. As a result, theaircraft can also be used as cargo transport or as long range aircraft, thereby extending its market and capabilities.
This project has proven that it is possible to design a new generation of environmentally friendly aircraft, evenwhen subjected to strict regulations. Liquefied Natural Gas, just as a partially electrical propulsive system, isfeasible and leads to significant advantages regarding fuel consumption and emissions.
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CHAPTER 21

Recommendations

As stated in the preface of this report, it was not the team’s goal to attain a flawless final result, able to competewith contemporary standard in industrial practice. It is not without reason that many years are spent before anidea of an aircraft can be transformed into a product that can be ready for production and performs accordingto its specifications. In the course of the project, the EuroFlyer design team has identified various areas inwhich more research could greatly benefit the design. In this chapter, these recommendations are discussed, tohopefully be picked up later and to contribute to a more refined design.
21.1 Conservative Design
Not entirely convinced or simply not knowledgeable enough, the team has chosen to design certain elementsof the aircraft in a fairly conservative way. A prime example of this is the design of the distinguishingspiroid winglets that are mounted on the tips of the wings. Estimates by Guerrero et al. [46] have showna decrease in induced drag that varies between 28 and 35%, whereas the team assumed a decrease of only10%. Investigating this further might confirm the earlier results, or validate the more conservative assumption made.
Another recommendation is to further optimise the fuselage nose design as it is currently driven by visibilityrequirements. Even in the scope of these requirements, the selected shape might not be the one most optimal interms of aerodynamics, cockpit layout and room for the installation of avionics systems.
Rather time consuming is the structural optimisation of wing and fuselage. In the former, the skin thickness isassumed constant over the entire length of the wing. This might be necessary to ensure safe flight, but it justmight as well be a design that is too heavy. This also holds for the stiffening elements placed in the wings andthe fuselage of the aircraft.
21.2 Energy Storage
The EuroFlyer is revolutionary in the fact that it uses a hybrid system to store the required energy. Based on anumber of research projects, the performance of Lithium-air batteries was estimated, but tests are necessary toconfirm these assumptions. Even harder to predict is battery cost. When the design progresses, this parametershould be under constant evaluation. Also lacking are safety regulations for the use of batteries in the propulsivesystem of an aircraft, but these regulations are only set up when aircraft manufacturers are considering usingthese solutions in their designs. With this conceptual study, the EuroFlyer design team has shown that theseregulations are needed. The operations aspect closely touches upon this. Many questions are still remaining:are airlines or airports willing to invest into battery charging stations? Would these facilities be cheap enoughto indeed guarantee the operating cost advantage over traditional fuels?
Working with the assumptions presented in this report, an APU and generator are required to convert part ofthe LNG into electrical energy, driving the electric engine. Currently, a gas generator is selected for this task,but the team sees a large potential for a fuel cell powered system. To further reduce emissions and increase
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the energy efficiency, as compared to combustion engines, changing to fuel cells would allow for further designoptimisation.
21.3 Propulsion
In theory, much progress can be made concerning engine performance. In an ideal case the turboprop enginewould always run at its most efficient power setting, with another engine with a wider range of efficientperformance assisting in cases where more power is needed. The energy required for this engine can be extractedfrom the turboprop engine, given that the power output is higher than the power required for propulsion. However,this is only possible in an ideal case. Currently, regulations do not permit such systems. Rather than giving upat that notion, the EuroFlyer design team would like to encourage policy makers to see if current regulations arestill applicable or should be altered to allow for new and efficient technology to be utilized to their full extent.
A discipline that the team is lacking in is propeller blade design. The propellers have now been sized based onactuator disk theory and blade element theory, but a proper aerofoil selection was deemed out of the scope ofthis design project. The same goes for carefully determining the blade pitch and twist angles. In conjunction withverifying and altering the currently proposed design, research into new technologies can be performed. Variousmethods, such as serrated or swept blades, seem promising ways to reduce noise. Although the EuroFlyeralready is a very quiet aircraft, further optimisation is necessary to ensure a small audible footprint in the furtherfuture of aviation.
The current design was assessed versus all existing safety regulations. However the novel propeller with shrouddesign is not categorized in current regulations. Therefore in following design stages, it is essential to certifythis propulsive system.
Balancing on the verge between propulsion and aerodynamics is the technique of boundary layer ingestion.Theoretically proving significant reductions in fuel burn, these claims have to be verified and validated beforethe idea can be used on a large scale. In a later addendum to this Final Report, the team hopes to sharesome preliminary test results of research investigating the true effectiveness of BLI, partially fulfilling therecommendation made here.
21.4 Shroud
The shroud surrounding the propellers, is closely related to the propulsive system. Lacking time to design thispart in more detail, the team has chosen an aerofoil that does not interfere with the interior shroud aerodynamics.However, it might be more efficient to use an aerofoil that generates lift towards the propeller. This configurationhas been investigated and proven beneficial in high cruise speed situations. The principle is that the pressureinside the shroud is augmented with the result that the propeller energizes a larger volume of air. To validatewhether this concept is beneficial for the EuroFlyer design, tests have to be conducted.
21.5 Operations
This DSE focusses on the design of an environmentally friendly aircraft, in addition, research can be extended todesign an environmentally friendly aircraft operating system. For this, the component of operations would bean important addition. Only touching upon this aspect in selected parts, the effects of ground assisted taxiingor Continuous Descent Approaches (CDA) were unfortunately not investigated. Similarly, it is not taken intoaccount that the definition of regional airport might change in the next two decades, due to the continued growthof the air transport market. Larger airports might not limit the wingspan to 36, which would possibly allow tofurther increase aspect ratio.
Continuous descent approaches were already mentioned in the previous paragraph, but even if these protocolswould not be applicable to the EuroFlyer mission, the mission characteristics can be further analysed. Checkingthe power requirements in the various flight phases would be a first step. Seeing how these can be loweredwould yield optimisation in a different field.
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APPENDIX A

Functional Breakdown Structure

Eu
ro

Fl
ye

r
(D

es
ig

n)

C
om

m
u

n
ic

at
io

n
s

P
ow

er
 s

u
p

pl
y

P
ro

pu
ls

io
n

St
ru

ct
ur

al
 

in
te

gr
it

y
P

ro
vi

d
e 

Li
ft

P
ro

vi
d

e 
co

nt
ro

l 
an

d 
st

a
bi

lit
y

U
nd

er
ca

rr
ia

ge

R
ec

ei
ve

 d
at

a

P
er

fo
rm

 d
at

a 
h

an
d

lin
g

R
eg

u
la

te
 

el
ec

tr
ic

al
 

p
ow

er

D
is

tr
ib

ut
e 

el
ec

tr
ic

al
 

p
ow

er

P
ro

vi
d

e 
el

ec
tr

ic
al

 
p

ow
er

St
o

re
 

el
ec

tr
ic

al
 

en
er

gy

St
o

re
 d

at
a

G
en

er
at

e
 d

at
a

R
eg

u
la

te
 in

pu
t 

en
er

gy

R
eg

u
la

te
 

th
u

rs
t

Tr
an

sf
er

 a
nd

 
w

it
hs

ta
n

d 
 

d
yn

am
ic

 lo
ad

s

C
ab

in
 

p
re

ss
u

re

C
on

ve
rt

 in
pu

t 
en

er
gy

 in
to

 
th

ru
st

A
er

o
dy

n
am

ic
 

lo
ad

s

G
ra

vi
ta

ti
on

al
 

lo
ad

s

A
cc

el
er

at
io

n/
d

ec
e

le
ra

ti
o

n
 

lo
ad

s

R
ed

uc
e 

lif
t

La
nd

in
g 

lo
ad

s

M
an

oe
uv

er
 

lo
ad

s

G
en

er
at

e
 li

ft
Tr

an
sf

er
 a

nd
 

w
it

hs
ta

n
d 

 
st

at
ic

 lo
ad

s

A
er

o
dy

n
am

ic
 

lo
ad

s

R
ec

ei
ve

 
co

n
tr

o
l 

co
m

m
an

ds

P
ro

vi
d

e 
tr

an
sp

or
t

D
ef

le
ct

 
co

n
tr

o
l 

su
rf

ac
e

s

R
eg

u
la

te
 

co
n

tr
o

l 
su

rf
ac

e
s

D
ef

le
ct

 
co

n
tr

o
l 

su
rf

ac
e

s

A
d

ju
st

 p
ow

er
 

se
tt

in
gs

P
as

se
n

ge
rs

C
ar

go

C
re

w P
ilo

ts

P
ay

lo
ad

Sa
n

it
at

io
n

 
fa

ci
lit

ie
s

P
ro

vi
d

e 
lo

ad
in

g 
o

pe
ra

ti
o

n
s

Em
er

ge
n

ci
es

R
eg

u
la

te
 

au
to

p
ilo

t

C
ab

in
 c

re
w

En
su

re
 s

af
et

y

O
xy

ge
n

P
ro

vi
d

e 
co

m
fo

rt

C
ab

in
 

p
re

ss
u

re

A
ir

 
co

n
di

ti
on

in
g

P
ro

vi
d

e 
u

nl
oa

d
in

g 
o

pe
ra

ti
o

n
s

Fl
o

at
in

g 
d

ev
ic

es

In
fo

rm
 

em
er

ge
n

cy
 

p
ro

ce
du

re
s

Li
gh

ti
ng

Se
at

in
g

En
te

rt
ai

nm
en

t

P
er

fo
rm

 
gr

ou
n

d 
co

n
tr

o
l

W
it

hs
ta

n
d 

lo
ad

in
g

Sa
fe

ty
 f

ac
to

r

Sa
fe

ty
 

st
an

d
ar

ds

D
am

ag
e

 
To

le
ra

n
ce

Si
n

gl
e

 p
oi

nt
 

fa
ilu

re
 

R
eg

u
la

te
 

ca
bi

n 
te

m
p

er
at

ur
e

R
eg

u
la

te
 t

ru
st

R
eg

u
la

te
 t

ru
st

A
d

ju
st

 a
n

gl
e

 
o

f a
tt

ac
k

A
d

ju
st

 a
n

gl
e

 
o

f a
tt

ac
k

A
er

o
dy

n
am

ic
 

su
rf

ac
e

s

Tr
an

sm
it

 d
at

a

P
er

fo
rm

 fl
ig

h
t 

o
pe

ra
ti

o
n

s

Fa
il 

Sa
fe

Sa
fe

 L
if

e

Figure A.1: Functional Breakdown Structure – Design
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APPENDIX B

Functional Flow Block Diagram
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Figure B.3: Functional Flow Block Diagram of After Touchdown Stage
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APPENDIX C

Gantt Chart

Figure C.1: Project Gantt Chart – Project Start-Up
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Figure C.2: Project Gantt Chart – Project Definition
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Figure C.3: Project Gantt Chart – Conceptual Design

Figure C.4: Project Gantt Chart – Detailed Design

DesignSynthesisExercise
EuroFlyer–FinalReport

123



Figure C.5: Project Gantt Chart – Project Completion

124
EuroFlyer–FinalReport

DesignSynthesisExercise



APPENDIX D

Fleet Analysis

Table D.1: Fleet Analysis for 61-90 Seater Regional Aircraft – ATR 72, CRJ700, CRJ900 DHC-8 400, E170,E175, F70 [21]
Aircraft Status Number Oldest Newest Average61-90 seats Active 1843 25 11 7.429572On Order 17Stored 161 24 2 10.87Scrapped 8 22 8 16.13Written off 18 22 5 15.67

Table D.2: Fleet Analysis for 60+ Seater Regional Turboprop Aircraft – ATR 72, DHC-8 400 [21]
Aircraft Status Number Oldest Newest AverageTurboprops (60+ seats) Active 900 25 0 7.65On order 15Stored 124 24 2 12.23Scrapped 5 22 8 16.8Written off 17 22 5 15.94

Table D.3: Fleet Analysis for 61-90 Seater Regional Jets – CRJ700, CRJ900, E170, E175, F70 [21]
Aircraft Status Number Oldest Newest AverageJets (61 - 90 seats) Active 943 19 0 7.21On order 2Stored 37 18 2 6.30Scrapped 3 22 11 15Written off 1 11 11 11
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APPENDIX E

Engine Cost

Table E.1 shows the reference used to determine Eq. 17.4 in Chapter 17 on Cost Analysis. Due to a fairly limitedamount of reference turboprops (indicated TP), turbofan (TF) engines rated up to 70.000 pounds of thrust werealso included in the analysis. Thrust was converted to power using Eq. E.1.
Psh[hp] = T1000 · 1.36 · V (E.1)

For V , a value of 200 m/s has been substituted, corresponding to the approximate cruising speed of the EuroFlyeraircraft. Table E.1: Engine Cost Analysis Reference Data [20, 105, 104]
Type Engine Thrust Power Cost Application[lb] [N] [hp] [USD] [2013 USD]TP Klimov VK-800 1000 210,000 (2007) 236,000TP RR AE2100 4395 2,450,000 (2002) 3,167,000 C130, S2000TP RR AE 2100D3 4590 1,900,000 (1990) 3,380,000 C130TP RR Allison T56 4672 2,150,000 (2000) 2,903,000 C130TP RR AE 1107C 6150 2,200,000 (2007) 2,470,000 CV-22 OspreyTF RR AE 3007 7580 33729 9174 1,400,000 (1996) 2,070,000 ERJ-145TF GE CF34-3BI 9220 41027 11159 2,000,000 (2001) 2,630,000 CRJ-200TF GE CF-34-10E 18820 83744 22778 3,570,000 (2004) 4,395,000 E-190TF RR BR715 22000 97894 26627 7,000,000 (1999) 9,770,000 B717TF CFM56-7 27300 121478 33042 11,000,000 (1997) 15,940,000 B737NGTF CM56-5B 33000 146841 39941 10,000,000 (1994) 15,690,000 A320TF IAE V2500 33000 146841 39941 9,700,000 (1989) 18,190,000 A320TF PW F117-PW-100 41700 185554 50471 8,400,000 (1995) 12,820,000 C-17ATF PW PW4062 62000 275884 75040 14,000,000 (2004) 19,700,000 A300, B747, B767TF GE CF6-80C2 63500 282558 76856 10,000,000 (1985) 21,610,000 A300, B747, B767TF GE GEnx 2B 66500 295908 80487 12,000,000 (2011) 12,410,000 B747-8TF PW PW4168 68600 305252 83029 20,000,000 (2000) 27,010,000 A330
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APPENDIX F

Propulsion Specifications

TurbopropAll standard constants and efficiencies originate from the AE2203 course [55] and the atmospheric values are ISA.
Table F.1: Turboprop Parameters

Parameter Unit ValueWork free turbine 1.66 MWMass flow fuel 0.075 kg/sMass flow air 5 kg/sFuel efficiency 0.432 −Thermal efficiency 0.385 −

Table F.2: Temperature and Pressure values Throughout the Turboprop
Point Location Temperature [K ] Pressure [Pa]0 Ambient 229.65 307422 Before compressor 249.15 386923 After compressor 689.59 10833764 Before turbine 1439.1 10040415 Before free turbine 1007.9 2034876 After free turbine 686.67 349397 Before nozzle 686.67 349398 After nozzle 596.06 40888

Table F.3: Turboprop Efficiencies
Efficiencies

ηis,in Intake isentropic 0.8
ηis,comp Compressor 0.9
ηc Combustion 0.99

ηmech Mechanic 0.99
ηis,turb1 Turbine isentropic 0.9
ηis,turb2 Free turbine isentropic 0.9
ηp,cc Combustion chamber pressure ratio 0.96
ηis,n Nozzle isentropic 0.97

APUAll standard constants and efficiencies originate from the AE2203 course [55] and the atmospheric values are ISA.
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Table F.4: APU Parameters
Parameter Unit ValueWork free turbine 1.69 MWMass flow fuel 0.075 kg/sMass flow air 5 kg/sFuel efficiency 0.439 −Thermal efficiency 0.444 −

Table F.5: Temperature and Pressure values Throughout the APU
Point Location Temperature [K ] Pressure [Pa]0 Ambient 229.65 307422 Before compressor 249.15 386923 After compressor 594.29 6577624 Before turbine 1255.6 6314515 Before free turbine 956.89 1832646 After free turbine 667.81 352567 Before nozzle 667.81 352568 After nozzle 586.28 40888

Table F.6: APU Efficiencies
Efficiencies

ηis,in Intake isentropic 0.8
ηis,comp Compressor 0.9
ηc Combustion 0.99

ηmech Mechanic 0.99
ηis,turb1 Turbine isentropic 0.9
ηis,turb2 Free turbine isentropic 0.9
ηp,cc Combustion chamber pressure ratio 0.96
ηis,n Nozzle isentropic 0.97
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APPENDIX G

CAD Drawings

Figure G.1: Side View
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Figure G.2: Top View

Figure G.3: Front View
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