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ECO FRIENDLY SPORT AIRCRAFT – SOLAR AND FUEL CELL CONFIGURATION



Executive Summary Almost all aircraft in the skies today rely on the burning of fossil fuels to produce the power they need for flight. In recent years with the environmental impact of aircraft has become an increased concern due to the harmful effects of greenhouse gases that they produce. The combination of the environmental issues, the depleting stocks of fossil fuels and rising price of petroleum has caused much research to be undertaken into alternative and environmentally friendly means to power aircraft. As part of our Aircraft Design Project we had to study different configurations for powering an Eco friendly sport aircraft, such as Fuel cell and Solar cell power. The configuration required for our design was solar and fuel cell powdered, coupled to an electrical motor. The following report details the all the steps of the aircraft design process such as conceptual design, preliminary design and detail design. We were able to successfully design a sports aircraft, but with reduced performance when compared to the baseline aircraft of the Lancair legacy. This is due to the low power outputs and power densities of solar cell and fuel cell, compared to that of a piston engine.
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1 INTRODUCTION Almost all aircraft in the skies today rely on the burning of fossil fuels to produce the power they need for flight. In recent years with the environmental impact of aircraft has become an increased concern due to the harmful effects of greenhouse gases that they produce. The combination of the environmental issues, the depleting stocks of fossil fuels and rising price of petroleum has caused much research to be undertaken into alternative and environmentally friendly means to power aircraft. With continued advancement in solar power and fuel cell powered technology, they are increasing becoming an attractive alternative source of power for aerospace applications. Solar cells turn the suns power into electrical energy, while fuel cells can use hydrogen in an electrochemical reaction to produce electrical energy. The energy produced can then be used by an electrical engine to power the flight of an aircraft. As part of our Aircraft Design Project we had to study different configurations for powering an Eco friendly sport aircraft, such as Fuel cell and Solar cell power. The configuration required to be studied by our group was a solar and fuel cell powered aircraft coupled to an electrical motor. The following report details the all the steps of the aircraft design process such as conceptual design, preliminary design and detailed design.
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2 MANAGEMENT SUMMARY 2.1 Team members



Figure 1: Team members of fuel cell and solar power aircraft configuration



2.2 Team organisation and Assignment areas Jason - Group leader, Weekly presentations Lucas – Excel file Jonathan – Excel file, Tornado Gilbert – CATIA model
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2.3 Project Milestones



Figure 2: Project milestones for the eco sport aircraft



The above time plan was put together at the start of the project as a basic guide to when we expected to complete each of the stage of the project. We first went through the project brief and made a Work Break down (WBS) structure, listing all of the tasks that we needed to complete, breaking those tasks up into smaller tasks, and then estimated the time we thought would be required for each task and which order they needed to be completed in. The overall time plan also included the schedule for our demonstrator aircraft which is displayed in the solar powered demonstrator aircraft report.
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3 CONCEPTUAL DESIGN 3.1 Requirements The requirements of the project were to design a green sport aircraft, using as the Lancair Legacy aircraft as the baseline for performance.



Figure 3: Lancair Legacy baseline aircraft



Specifications Engine Power Propeller Length Wing Span Wing Area Wing Loading Aspect Ratio Empty Weight Gross Weight Fuel capacity Useful Load Baggage Capacity Cabin Width Cockpit seats



Performance Continental IO-550-N or Lycoming IO-540 200 kW 3 blade 6.7 m 7.8 m 7.7 sq. m



130 kg/sq. m 7.95 680 kg 998 kg 246 liter’s 318 kg 40.8 kg 1.1 m 2



Cruise Speed Cruise Altitude Stall speed Service ceiling Take off distance Landing Roll Max Range Rate of climb



444 km/hr 8,000 ft 105 km/hr 18,000 ft 260 m 275 m 1000 nm 2,700 ft/min



Table 1: Specifications and Performance characteristics of Lancair Legacy



AIRCRAFT PROJECT COURSE – TMAL04



Page 4



ECO FRIENDLY SPORT AIRCRAFT – SOLAR AND FUEL CELL CONFIGURATION



3.2 Mission Design Flight Profile



Figure 4: Flight profile of the Eco friendly sport aircraft
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3.3 Concept and configuration generation 3.3.1 Research on existing concepts The initial step when designing any new aircraft is to first research the existing concepts and look at the technology that is currently available and what are the likely technological advances in the future. Boeings Fuel cell powered Dimona Motor glider Boeings Research and technology group in Europe has used a the airframe of a 2 seat Dimona motor glider and modified it to include a Proton membrane exchange fuel cell and lithium ion battery system hybrid system to power an electrical motor. The aircraft was designed to climb to an altitude of 3,300 ft above seas level using a combination of battery power and the power generated by the Figure 5: Diamona motor glider hydrogen fuel cell. After reaching cruise altitude the aircraft uses the power solely generated by the hydrogen fuel cells to cruise at 100 km/hr with an endurance of 20 minutes.



Solar Impulse Solar Impulse is a solar powered aircraft designed by the Swiss Federal Institute of Technology. The aircraft aims to fly at an altitude of 8,500 m and circumnavigate the earth. Solar impulse is a glider with a massive wing span of 61 m and 200 m2 of usable wing area for solar cells. There are 12,000
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photovoltaic monocrystalline silicon solar cells, with a 22% photovoltaic efficiency and providing a total engine power of 30 KW. As the solar impulse aims to fly for several days straight, the solar cells are attached to lithium polymer batteries which are charged during the day and discharged for flight during the night until the sun comes up the next day. Sunseeker Sunseeker II is a single seat solar powered gilder aircraft. The Sunseeker uses 4 lithium polymer battery’s located in the wings to provide 6 kW of power for take off and climb. Once the aircraft hits a cruise altitude of 3,000 ft the aircraft uses only solar power to maintain altitude at Figure 7: Sun seeker a maximum speed of 65 km/hr. As the batteries are very small it takes only 90 minutes for them to be charged with the excess solar power. If the aircraft nears some clouds, the battery power can be switched back on and the aircraft will climb above the clouds. When batteries are used the aircraft can fly at 130 km/hr. Lisa Airplanes Hy-bird



Figure 8: Lisa Airplanes hybird
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The Hy-bird is a fuel cell and solar powered aircraft being developed by Lisa Airplanes in France. Lisa airplanes have said that the combination of two energies has proved to be the best solution to keep both the size of a leisure airplane and a reasonable take-off weight. Solar airplanes have a huge wing span, whereas a hydrogen aircraft would have to have a fuel cell system which is too large and heavy, therefore they have made a compromise between the two.



Figure 9: Propulsion system layout for hybird



The Hy-bird has lithium polymer battery is the nose, whose main purpose is to provide extra power during take-off, climb and also at peak power. The fuel cell provides e 15 kW of power for the aircraft during cruise, while the 17% mono crystalline solar cells are used to charge the batteries during flight. The aircraft has a wing span of 16 m, length of 7 m and will cruise at 130-150 km/hr.
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3.3.2 Summary of important characteristics of similar aircraft



Power (kW)



Lancair Legacy



194



Length Wing (m) Span (m)



6.7



7.77



Wing Area (m2)



Range (nm)



7.66



Aspect Ratio



Gross weight (kg)



Cruise Speed (Km/hr )



7.95



998



445



17.37



840



100



Fuel cell power aircraft Dimona modified by Boeing



15



7.3



16.3



15.3



Solar powered Aircraft Solar Impulse Sunseeker



30



61



200



8



18.6



70



6



65 Fuel cell and Solar powered Aircraft



Lisa Airplanes Hy-Bird



20



7



16



16



16



850



130



High wing Aircraft Cessna Turbo Sky Lane



175



8.8



11



16.3



1695



7.4



1,406



326



Cessna Skyhawk



120



8.3



11



16.2



800



7.5



1,111



226



Table 2: Comparisons between current aircraft



From the above table we can see that all the fuel cell, solar cell aircraft that are currently flying, operate at much lower power levels and cruise speeds than that of the Lancair legacy. The obvious reason being that the legacy aircraft is powered by a high energy density piston engine, where as the electrical powered aircraft have very low power available to them from the fuel and/or solar cells. Another major difference between the Lancair Legacy and the solar powered aircraft is that all the solar powered aircraft have a high wing as it is critical for the power output of the solar cells that they avoid shadow and they also have a much larger wing area due to the need to fit as many solar cells as possible. We can also see that the best piston engine high winged aircraft to not have a performance as great as the low winged Lancair legacy aircraft. From these comparisons we can conclude that we are going to need to design an aircraft with a very large wing, span and wing area, light weight due to the low power available and also that we are going to have to consider which specifics and performance characteristics we are willing to make a comprise on to match the baseline aircraft in other areas. AIRCRAFT PROJECT COURSE – TMAL04
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3.3.3 Solar Cell Technology Sunlight can be converted into electricity with the use of photovoltaic cells, also known as solar cells. The low efficiency of the sun power that of the cells can convert into useful electrical energy has been the main reason for the limited use of solar cells in the past. As we can see in the below graph, these solar cell efficiencies has been increasing steadily in pervious years. The efficiency of solar cells is now at a point where they are increasing being considered for use in more industrial applications.



Figure 10: Graph of solar cell efficiency (%) vs. Time (yr)



Solar cell technology can be divided into three generations: 1st generation: Crystalline Silicon (Heavy) Efficiency: current 20%, potential 33% First generation cells consist of large-area, high quality, single junction devices and are the most commonly used technology in commercial production. First Generation technologies involve high energy and labour inputs which prevent any significant progress in reducing production costs. Those cells are quite heavy, but the technology manages to do very light cell for this kind of cells, particularly for specific project like
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Solar Impulse. So in this way we have a high efficiency (which is a characteristic of the 1 generation cells) and a light weight.



st



2nd generation: Thin-film cell (Light) Efficiency: current 14%, potential 25% Second generation materials have been developed to address energy requirements and production costs of solar cells. The most successful second generation materials have been cadmium telluride (CdTe), copper indium gallium selenide (CIGS), amorphous silicon and micromorphous silicon. These materials are applied in a thin film to a supporting substrate such as glass or ceramics reducing material mass and therefore costs.



Figure 11: Flexible solar cell



So we can see that this kind of cells can be easily bended and it’s also very light. The major problem with those cells is that they don’t have the same efficiency as the first generation.



3rd generation: alternative of first and second generation (High efficiency, light weight) Efficiency: targeting 30-60% Third generation technologies aim to enhance poor electrical performance of second generation (thin-film technologies) while maintaining very low production costs. There are a few approaches to achieving these high efficiencies including the use of Multijunction photovoltaic cells, concentration of the incident spectrum, the use of thermal generation by UV light to enhance voltage or carrier collection, or the use of the infrared spectrum for night-time operation.
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Sun Radiation The power output of the solar cells is dependant on the amount of sun power reaching the solar cells. The amount of sun power available varies over the earth’s surface. The diagram below illustrates how the sun power varies over the earth’s surface. It can be seen that areas closer to the equator receive a larger amount of the suns energy and places further from the equator.



Figure 12: Distribution of the sun radiation over the earth’s surface



Effects of light intensity on solar cell power outputs The voltage output from solar cells depends on the semiconductor material. In silicon it amounts to approximately 0.5 V. Terminal Voltage is only weakly dependent on light radiation, while the current increases with higher luminosity. A 100 cm² silicon cell, for example, reaches a maximum current intensity of approximately 2 A when radiated by 1000 W/m². If radiated by 500 W/m², the current would be approximately halved.



Figure 13: Effects of light intensity of solar cell power output
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Effects of Temperature on solar cell power outputs Temperature is also an important consideration for the output of a solar cell. We can notice that the energy production is temperature dependant. Higher cells temperature leads to a lower output voltage. Lower cell temperature leads to higher voltage output.



Figure 14: Graph of Current vs. Voltage for varying temperatures
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3.3.4 Fuel cell Technology A fuel cell is a way to produce energy from H2 and O2. Here is a simplify scheme of this process:



Figure 15: Fuel cell process



The fuel cell technology is very interesting in the transportation field because: -it produces electrical power quietly -it is efficient -the by-products are heat and water, so no pollution at all



That’s the main reasons why the automotive industry for example tries to democratize this technology, especially during the last years since the fossil energy seems to have reach (or will reach soon or later) a limit. The biggest problem of this technology is to get H2. Indeed, H2 is not present "alone" on earth. It’s always combine with either water (H2O), or sulphur or also carbon. That means that we need to use fossil energy to split the molecule and that costs pollution and money.
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Different types of fuel cells: Fuel cells are usually classified by their operating temperature and the type of electrolyte they use. Some types of fuel cells work well for use in stationary power generation plants. Others may be useful for small portable applications or for powering cars. The main types of fuel cells include: Polymer exchange membrane fuel cell (PEMFC) Power range: 100W to 500kW, Operating temperature: 50°C to 120°C PEMFC seems to be the most likely candidate for transportation applications. The PEMFC has a high power density and a relatively low operating temperature (ranging from 50 to 120 degrees Celsius). The low operating temperature means that it doesn't take very long for the fuel cell to warm up and begin generating electricity. Solid oxide fuel cell (SOFC) Power range: up to 100MW, Operating temperature: 800°C to 1200°C These fuel cells are best suited for large-scale stationary power generators that could provide electricity for factories or towns. This type of fuel cell operates at very high temperatures (between 800 and 1200 degrees Celsius). This high temperature makes reliability a problem, because parts of the fuel cell can break down after cycling on and off repeatedly. However, solid oxide fuel cells are very stable when in continuous use. In fact, the SOFC has demonstrated the longest operating life of any fuel cell under certain operating conditions. The high temperature also has an advantage: the steam produced by the fuel cell can be channelled into turbines to generate more electricity. This process is called co-generation of heat and power (CHP) and it improves the overall efficiency of the system. Phosphoric-acid fuel cell (PAFC) Power range: up to 10MW, Operating temperature: 150°C to 200°C The phosphoric-acid fuel cell has potential for use in small stationary power-generation systems. It operates at a higher temperature than polymer exchange membrane fuel cells, so it has a longer warm-up time. This makes it unsuitable for use in transportation. Direct-methanol fuel cell (DMFC) Power range: 100kW to 1MW, Operating temperature: 90°C to 120°C Methanol fuel cells are comparable to a PEMFC in regards to operating temperature, but are not as efficient. Also, the DMFC requires a relatively large amount of platinum to act as a catalyst, which makes these fuel cells expensive.
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3.4 Concept selection and conclusions The class was divided up into 4 groups to study full scale versions of different eco sport plane configurations. The different configurations studied were: •



Fuel cell propulsion



•



Piston-engine + batteries



•



Fuel cells + solar cells



•



Batteries + solar cells



The concept that we were required to design was a Fuel cell and solar cell powered aircraft.
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4 PRELIMINARY DESIGN 4.1 Design Methodology To make the detail design of our aircraft, we need to use a home made program in Excel. This program was initially made for “classical” aircraft, i.e. turbofan and fuel powered. So we had to add some tabs in this file so we will be able to design our “Eco Sport Plane”. We added the following tabs:



• • • •



• • • • •



Propeller: where we implement the propeller theory to get efficiency, output power etc. Hybrid: where we take into account hybrid propulsion (electrical + piston engine) Electric motor: where we can choose the power (peak and continuous) of our engine; its weight will change according to that power Energy Management Module: here we can manage our power coming from all the power source; for example you can choose the throttle for each segment and the contribution of each power source to this throttle Battery: here we implement a battery model where you can choose what capacity you want Fuel Cell: the fuel cell theory is implemented on this tab. In input, you have the power needed and the number of tanks Solar: according to the efficiency, the area of your wing, the layout of your cells, you can find out what power is expected out of the solar cells. SFC: SFC calculation is made for all kind of propulsion. We also modified some existing sheet like weight, cost or balancing. In balancing we need to take into account the fuel cells, the solar cell and the battery. So we made a new data area where you can place all those devices.



Those tabs put together with the initial file make the file ready to be implemented for an eco friendly aircraft.



On the initial file we can find those major tabs: • •



Cost: here the overall cost of the aircraft is calculated. The final output is cost per seat per mile Mission: this is the main tab; we can have a quick view of the aircraft characteristics (MTOW, wingspan, payload, …) and also of the mission of aircraft
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• • • •



• • • •



(cruise speed, range, cruise altitude and in our case the power needed for the mission in kWh and the power contribution of each sources) Aircraft balancing: We can see what the static margin of our aircraft is and also check the CG excursion graph. Drag estimate: here we can see the drag contribution of each part of the aircraft Geometry: we define/draw the geometry of our aircraft in this tab. We also place the engine. Sizing: here we check the constraint diagram to be sure that the aircraft is in the design area. If it’s not then we can change the landing distance, the take-off distance, the CL-design… Aero data: we have some aerodynamics performance in this tab such as the Thrust/Drag as a function of speed. We can also define the Clmax. Climb/Cruise/Landing: each step of the mission is detailed on those tabs. We have different climb step (one every 1000ft), the climb time, the rate of climb... Neutral point estimation: is where the neutral point is calculated Weights: in this tab, all the structural weights are calculated. We need to have the same weight in this tab and on the “Mission” tab otherwise the iteration process can’t be done.



The two main words to define the design of an aircraft on a computer are: iteration and convergence. To start, we need to make a first guess on some characteristics and then according to the results change them or keep them. So in this file, we navigate between the input tabs which are “Mission”, “Geometry”, “Balancing”, “Sizing”, “Fuel Cell”, “Electric engine”… In our specific case (fuel cells + solar cells + battery), we estimate a mission as a range and an electrical power consumed in kWh. Each device produce an amount of electrical power, each segment need an amount of power. If the total power needed is smaller than the power produced then we can do the mission. Otherwise we need to change some parameters as the cruise speed, the throttle during cruise and the wing area.
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4.2 Design Trade offs High vs. Low wing: Although it can be seen that a low wing configuration is better for high performance sport planes, we knew that we needed to have a high wing configuration on our aircraft to avoid having any shadows on the solar cells. Even a small shadow on part of the wing would have a dramatic effect on the power output from the solar. This is because a large amount of the cells are connected in series and the total power output will be the sum of the weakest cell. For this reason, we can see that in all the above examples of solar powered aircraft has a high wing configuration. The benefits of a high wing over a low wing configuration are better visibility for the pilot and better lateral stability. Disadvantages are that the landing gear is likely to be much heavier and there is greater interference drag by the wing.



T-tail vs. Normal tail: For the same reason highlighted above, it was decided that a T-tail configuration would be used so that solar cells could be placed on the tail and avoid any shadow.



Front Vs Rear mounted Engine: Concepts with either Front or Rear mounted engines were considered in our design. Rear mounted engines can be arranged in a pusher or puller configuration. Pusher configurations are where the engine is mounted forward of the propeller, which means that the airframe will have a compressive stress applied from the rear as opposed to a tensile stress from the front. Some of the advantages of a rear mounted engine are that wing efficiency is increased due to the absence of prop wash over the wing, visibility is increased as the engine doesn’t block any forward vision and there is increased pitch and yaw control at low speeds as there is increase in speed over the control surfaces. Some of the disadvantages of a rear mounted engine are that the propeller could be damaged by foreign objects kicked up by the main landing gear, crew members may be sucked into the propeller in an attempted ejection from the aircraft and strong pitch and yaw changes may occur at different motor power settings, which can also be a negative effect in controlling the aircraft. We explored both options in our conceptual design, but found that since we had such a large wing, it was important to keep as much weight as possible in the front of the aircraft so that the centre of gravity was ahead of the aerodynamic centre to balance the aircraft and give us a good static margin.
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Side by side seating vs. Tandem seating: A tandem seating configuration was chosen where the pilot was in front of the passenger. The main reason for this was to reduce the cross-sectional area of the fuselage, which reduces the drag.
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4.3 Sizing trade off Wing Design When designing the wing of the aircraft there are a number of characteristics that need to be considered such as wing area, aspect ratio, Thickness ratio, Airfoil selection, taper ratio, Twist, Incidence angle, Dihedral angle, High lift and control surface requirements, winglets and sweep angle. The initial size of our wing area and aspect ratio was chosen to be similar to the solar and fuel cell powered aircraft that we had found in our background research so that we can fit a large amount of solar cells. The wing couldn’t be designed to be too large as it increases weight and drag. Fuselage Design Fuselage size is an important sizing trade off to be considered. Sitting pilots behind each other in a tandem configuration decreases drag, but larger fuselage would allow pilots to sit side by side.



Fuel cell size Increasing the size of the fuel cell means more power, but the power density of the fuel cell is not very high. To get a power output similar to the legacy, the fuel cell would be almost as heavy as the entire Lancair legacy aircraft weight; therefore a balance must be found between the right sizes, power and weight fuel cell.
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5 DETAIL DESIGN



Figure 16: CATIA model of full scale aircraft



To start the detail design in the Excel spreadsheet, we need to make a first guess of all the characteristics of our aircraft. Then the iterate process can start until we find a solution matching all the requirements. In our case we start by fixing some parameters in order to keep performances from Lancair Legacy. Of course one can understand that for our configuration (solar cells + fuel cells) we won’t be able to have the same performances as the Legacy such as the speed or even the range for example. So we set:



• • •



The cruise altitude as 8000ft (same as Legacy) The payload as 100kg (Legacy has 130kg) The wing loading is 70kg (that’s about half the wing loading of Legacy since we’ll have an airplane which more looks like a glider than the Legacy)



It is a matter of compromise to design such an aircraft. We must choose one configuration among a lot of possible configuration (because there is a lot of possible configuration, even with the previous parameters set). What we will present here are the final results of our aircraft. It is a good compromise according to all the parameters that can be changed. We will justify later on our choices for the detail design.
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5.1 Geometry We first design our aircraft geometry. It has to be quite long since we’ll have a large wing span. With a large wing span it’s harder to control the aircraft if the tail is to close to the wing. We also have the engine on the front and a high wing configuration. According to that, we obtain the following geometry:
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Figure 17: Geometry of aircraft



Aircraft dimensions: • • • •



Wingspan = 18 m Wing area = 19 m² Length = 7 m Height/Width = 1 m
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5.2 Propulsion System According to the climb performance for our aircraft and after several try, we choose an engine of 70kW (94HP) in peak power and 65kW (87HP) in continuous. The choice of the electrical engine mostly depends on the take-off and climb segment because then for the cruise, we don’t need too much power. So with this engine, we have a rate of climb of 495ft/min. To run this engine, we use two different devices: fuel cells and battery (the battery being charged by the solar cells). The batteries are still very heavy today so we had to be careful for what power we chose for it. We decided to have a power contribution of about 75% fuel cells and 25% battery at full throttle. So in that case we get:



• • • • •



Electrical engine: 70kW in peak and 65kW in continuous for 70kg Propeller: 3 blades, 1m60 diameter Fuel cells: 3 tanks, peak power of 65kW, and total weight 321kg. The endurance is estimated as 104.01kWh. Battery: Lithium-Po battery, peak power 16.33 kW, total weight 115kg and endurance estimated as 33kWh. Solar cells: 40% efficient (according to the trend line presented before, we can expect to have very good efficiency in the next 10 years), 14m² of solar cells (including tail), 10kg and producing 2.7kW.



So now we set the propulsion system in the model we can take care of the performances.
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5.2.1 Energy management We added a new tab in the Excel file which enables the management of the power:



Figure 18: Energy management page from sizing program



With this new tab we are able to calculate the power needed for the mission and so to see what kind of mission we can do (range and speed).
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5.2.2 Layout of propulsion system



Propeller



Electrical motor



Lithium-Polymer battery



Fuel cells



Solar Cells



Figure 19: Overall Layout of propulsion system
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5.2.3 Positioning of Propulsion system



Figure 20: Positioning of propulsion system



From the above CATIA model we can see the position of the various aspects of the propulsion system. There are 2 hydrogen fuel tanks positioned laterally behind the pilot. Then we have the fuel cell system and batteries, followed by another hydrogen fuel tank positioned longitudinally. The passenger’s seat can be tilted forward to have access to the various access of the propulsion system positioned there. We can also see the small electrical engine positioned far right at the tip of the nose of the aircraft.
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5.3 Aerodynamics 5.3.1 Tornado Program Tornado, which is an open source program implemented in MATLAB, is a Vortex Lattice Method (VLM) which is intended to be used in linear wing design applications, conceptual aircraft design and aeronautical education. The first version of the code, which was made at the Department of Aeronautics at the Royal Institute of Technology in Sweden, was released in 2001 and several developments have been made since then. Today, Tornado is being developed as collaboration between the Royal institute of Technology in Stockholm Sweden and University of Bristol, United Kingdom. It’s possible to define most types of contemporary aircraft designs in Tornado. The geometry is three dimensional with a flexible, free-stream following wake. Each wing is built up of quadrilateral partitions with individual sweep, dihedral, twist, taper, trailing edge control surface, camber, NACA 4-digits and coordinate library. The solver in Tornado solves for forces and moments, from which the aerodynamic coefficients are computed. In this project Tornado has been used to calculate data regarding induced drag and produced lift for the selection of an appropriate airfoil and stability derivatives for calculation of the flight mechanics.



Side Front



Top



ISO



Figure 21 - Tornado program
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5.3.2 Implementation in tornado



Figure 22 - Tornado model



The parameter for the geometry that has been implemented into the Tornado model is gathered from the Excel sizing workbook in which the geometry first was determined. The main wing, horizontal tail, vertical tail and the fuselage has also been modeled in separate tornado models in order to get separate values for the stability derivatives which will be used in the flight mechanics calculations. Instead of trying to model the fuselage correctly, as a round profile with flat plates, the flat plates have been used to make a cross-like profile. By modeling the fuselage in this way the drag estimation will be incorrect and by some reason it even seems to give a negative drag contribution to the airplane according to tornado. Also when calculating the Cmα value for the fuselage something seems to be wrong in the model and Tornado gives an unrealistic value. In order to have a more realistic value for the flight mechanic calculations the reference point was moved slightly in the fuselage model. Because of those errors in the calculations of the fuselage model, the calculations where the fuselage is involved must be dealt with caution. When all parts have been modeled into the same model a number of 12 wings have been used, with different number of partitions on each wing.



AIRCRAFT PROJECT COURSE – TMAL04



Page 29



ECO FRIENDLY SPORT AIRCRAFT – SOLAR AND FUEL CELL CONFIGURATION



5.3.3 Aerofoil selections Main wing The decision of the final specific airfoil to be used on the airplane was done by first studying different airfoils on existing gliders with similar flying conditions and then trying to find the most suitable for our flying conditions by looking at data regarding induced drag and produced lift calculated by Tornado. Unfortunately all the weights weren’t correctly included into the Excel sizing program when the first airfoil SM701 was determined. In order not to change the wing loading the wing was enlarged and the design cruise speed was lowered. Since the flying condition had changed the airfoil SM701 weren’t longer good enough and the searching for an appropriate airfoil had to start over. The best airfoil for the cruise condition of our airplane that was found for the new flying conditions is Wortmann FX 63-137. It was desirable to have a lift force, in order of the weight of the aircraft, when flying at the designed cruise speed to avoid flying with an angle of attack while cruising. It was also desirable to find an airfoil with a high lift to drag ratio to have a good efficiency of the wing. For an untwisted wing with the chosen airfoil FX 63-137 we have (according to tornado calculations): Drag (untwisted wing only): 131 N Lift (untwisted wing only): 11813 N Since the lift force of the untwisted wing is slightly below the weight of the airplane (OEW of 1230 kg) the wing has been twisted upwards with an angle of about 2.5 degree at the inner part fading to 0 degrees at the end of the wing. For a twisted wing with the chosen airfoil FX 63-137 we have (according to tornado calculations): Drag (twisted wing only): 206 N Lift (twisted wing only): 12790 N With the twisted wing the drag has increased with about 75 N and the lift has increased with about 977 N which means that we have a lifting force between the operating empty weight of 1230 kg and the maximum take of weight of 1330 kg, even though the Lift force might be somewhat lower when the fuselage is attached. That will allow us to fly with no or almost no angle of attack during the designed cruise condition. The twist also ensures that the wing tip is the last part of the wing surface to stall and it made it possible to have a somewhat more elliptical looking lift distribution over the wing, se figure below.
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Figure 13 - Lift distribution over main wing



Horizontal stabilizer Since the main task of the horizontal stabilizer isn’t to create lift it has been given a symmetric NACA wing profile with 12 percent thickness to chord ratio. Vertical stabilizer The vertical stabilizer is also given a symmetric wing profile, with 5 percent thickness to chord ratio, in order to not create any yaw moment in forward flight unless the rudder is deflected. 5.3.4 Aerodynamic Coefficients as function of angle to attack Coefficient dependency on alpha 5
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Figure 24 - Sample alpha sweep output from Tornado



The lift coefficient, CL, looks good. It shows that we need to fly with less than -5 degrees angle of attack in order to have a negative lift coefficient. The roll moment coefficient, Cl, AIRCRAFT PROJECT COURSE – TMAL04
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is approximately zero, which should be the case when only the angle of attack is changing. Induced drag coefficient, CD, seems to be ok. Pitch moment coefficient, Cm, has a negative slope for positive angle of attack, which is good since it indicates stability in pitching. The side force coefficient, CY, and the yaw moment coefficient, Cn, is also approximately zero, just like it should be. 5.3.5 Drag calculations We can have a pie diagram of the drag contribution of each part of the aircraft:



Figure 25 – Pie chart of drag contributions



As we can expect, the wing has the biggest percentage (58%) of the drag contribution. It is quite normal since we have a very large wingspan. For the other parts we have common number: 20% for the fuselage, 12% for the tail, 7% for the landing gear and 3% for the canopy.
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5.4 Flight Mechanics



Figure 26 - Definition of forces, moments, and velocity components used in flight mechanics



The flight mechanics studies have been made in order to make sure of the stability of the airplane in air. The flight mechanics part is divided into static stability, dynamic stability and flying qualities. Static stability is the initial tendency of the vehicle to return to its equilibrium state after a disturbance which is necessary in order to have any stability of the airplane. In dynamic stability we are as well concerned with the time history of the motion of the vehicle after the disturbance. The part called flying qualities will use the thumb print criterion to see which flying qualities our airplane have. To do the flight AIRCRAFT PROJECT COURSE – TMAL04
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mechanics an excel file as well as some flight mechanics files made by Per Ajdén were used.



5.4.1 Static Stability Longitudinal stability: Longitudinal static stability means that the airplane tends to return to an equilibrium condition when subjected to a disturbance in pitch. In order to have longitudinal static dC stability the airplane pitching moment curve must have a negative slope, that is m < 0 . dα This value is highly affected by the Cmα calculated for the fuselage. With a value of -1,502 that requirement is fulfilled. However, this value is highly affected by Tornado’s bad calculations for the fuselage why its accuracy is not to trust. Directional stability: Just as with the longitudinal static stability it is desirable that the airplane tend to return to an equilibrium condition when subjected to a yawing disturbance. To have static directional stability the slope of the yawing moment curve must be positive, that is C nβ > 0 . We have a value of 0,095 for our airplane and are therefore fulfilling this requirement. Roll stability: For static roll stability a restoring moment should be developed when the airplane is disturbed from a wings-level attitude. The requirement for static roll stability is that C lβ < 0 . A slightly dihedral angle of 1 degree has been given the wing in order to get a value of -0,014, according to the flight mechanics excel sheet, which fulfills the requirement.
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5.4.2 Dynamic Stability The dynamic stability have been calculated on a reference state for a normal forward flying aircraft with longitudinal speed u0=47 m/s, and all other parameters like roll angular velocity p, pitch angular velocity q, yaw angular velocity r and others put to zero. The flight mechanic parameters describing our aircraft have been implemented into the flight mechanics Matlab file together with the reference state. Simulations for a disturbance in p, q and r respectively have been done in order to control the dynamic stability. Simulation with a disturbance of p=0.1 rad: -3
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Simulations with a disturbance of q = 0.1 rad:
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Simulation with a disturbance of r=0.1 rad: u(t)
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According to the simulations the motions are damped which indicates dynamic stability. Also when no modification to the fuselage model in Tornado, in order to get more realistic values for the fuselage, was done the motions was slightly damped even though the amplitude of the oscillating behavior was much bigger. More understanding of the problems that occurred in the fuselage model in Tornado and how to solve it in a correct way, but also better knowledge about the accuracy of the results obtained from Tornado and how necessary simplifications of the geometry in the models affect the results is necessary in order to be able to really trust the flight mechanic calculations.



AIRCRAFT PROJECT COURSE – TMAL04



Page 36



ECO FRIENDLY SPORT AIRCRAFT – SOLAR AND FUEL CELL CONFIGURATION



5.4.3 Flying qualities



Figure 27 - Thumb print criterion



With ωn,sp = 2,3819 and ζsp = 1 the longitudinal flying qualities are almost on the line between satisfactory and acceptable flying qualities according to the figure above. Other criterions can be used by itself or as a complement to the thumb print criterion. However, for our airplane we have only examined the thumb print criterion.



5.4.4 Stability calculations from excel program We have seen that the fuel cells and the battery weight a lot, so we need to place them carefully in the aircraft in order to have a good CG position and a good static margin. We manage to have the following layout:
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Figure 28- Centre of gravity
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With: ____: fuel cells stacks ____: H2 tank ____: Electrical engine We don’t see the battery on the layout because we can more or less arrange them how we want (since its assembly of small cells). We put the CG of the battery at 3m from the nose.



What’s important to get from those graphs? • We have a static margin of 9% so the aircraft is stable • The landing gear is 60cm height



We can also have a look to the CG excursion to be more precise on the CG location (with one or two pilots):
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Figure 29 – C.G excursion



We notice that the CG is in the front of neutral point with or without the payload which is a good thing. We also notice that the CG is between the two limits (rear and front) coming from the landing gear location and others characteristics.
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5.5 Weight Management Summary of weight estimates:



Fuselage Wing Horizontal Tail Vertical Tail Landing Gear Canopy Engine + Propeller Fuel cells Battery Solar cells Systems Operation items Total



Weight (kg) 51 359 5 2 10 5 97 321 116 10 162 90 1228



Table 3: Showing a summary of the aircraft weights



On the same way as for the drag, we have the following pie diagram:



Figure 30: Pie chart of weight contributions



If we only take the wing (29%), the fuel cells (27%) and the battery (10%), we have 65% of the Operating Empty Weight. We also see that the solar cells are very light. For the canopy and the landing gear we made an approximation to calculate the weight: 1% of the OEW for the landing gear and 0.5% for the canopy.
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5.6 Structures 5.6.1 Fuselage



Figure 31: Skeleton of fuselage



Figure 32: Fuselage with skin and windows



The fuselage is designed to be of a Semi monocoque construction, with a series of frames at intervals along the skin to give the cross-sectional shape. The frames are connected by stringers that run the length of the fuselage. The large cut outs in the forward fuselage for the cockpit windows interrupt the load path. These cut outs are to be reinforced around the edges.
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5.6.2 Wing



Figure 33: skeleton of wing structure



Figure 34: Wing with skin and solar cells



The internal structure of the aircraft wing is designed with a front and rear spars, connected by ribs that are spaced all the span of the wing. Stringers are attached to stiffen up the wing skin and counted any buckling loads when the wing bends or twists. Due to such a large wing span it is vitally important that we have a very stiff wing design. The stressed skin construction also helps to give the wing its aerodynamic shape. The solar cells are covering the entire upper wing surface except for where the ailerons are positioned. The high wing can be attached to the fuselage with a 4 pin design concept to take the lift and weight shear loads, then a shear tie rib to transfer the thrust and drag loads to the main structure. As we have a high wing configuration, the inertia loads on landing create critical compression loads on the wing to fuselage frames and therefore we need to make sure we have strong enough frames. AIRCRAFT PROJECT COURSE – TMAL04



Page 41



ECO FRIENDLY SPORT AIRCRAFT – SOLAR AND FUEL CELL CONFIGURATION



5.6.3 Vertical and Horizontal Stabilizer



Figure 35: Skeleton of tail plane



Figure 36: Tail plane with skin and control surfaces



The tail section of the aircraft is of a T-tail configuration with solar cells placed on the upper surface. The construction of the tail is much the same as the wing design with front and rear spars which are connected by ribs along the span.
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5.6.4 Landing Gear



Figure 37: Landing gear



The landing gear is connected to the underside of the fuselage and is of a tri cycle configuration. When determining the static ground line for sizing of the landing gear the things that have to be taken into consideration is the tail to ground clearance at take off and due to the large wing span, the wing tip to ground clearance also needs to be considered.
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5.6.5 Full View



Figure 38: Isometric view of overall aircraft skeleton



Figure 39: Isometric view of overall aircraft
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Figure 40: Front view of the aircraft



Figure 41: Side view of the aircraft



Figure 42: Cross-sectional view of aircraft interior



Figure 43: Cockpit door
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5.7 Performance 5.7.1 Sizing Diagram Now, let’s have a look at the sizing diagram:



Figure 44: Shows a sizing constraint diagram



To have this sizing diagram (which is good because the design point is in the design area on the top left corner) we have the following parameters:



• • • • • •



Stall speed = 45kts (from FAR23 regulation) CL DESIGN = 0.63 Take-off distance = 495m Landing distance = 300m CL Max = 2.28 Approach speed = 56kt
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5.7.2 Climb Performance We have also access to the climb performance in the “Climb” tab:



Figure 45: Shows rate of climb and time to climb



As we can expect, the performance decrease with the altitude. We take 18min to climb at 8000ft.



5.7.3 Cruise speed To choose the cruise speed and the range of our aircraft, we made a very simple graph but this graph shows very relevant information: Range vs power used Power (kWh) 152



Lowest drag-133km/h 200km/h Lowest drag-133km/h Cruise speed-169km/h



150 148
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Figure 46: Shows Range vs. power



To do this graph, we set the available power and change the cruise speed. We can see that, as we can expected, the lowest drag point has the longest range and in the opposite way, the max-speed point has the shortest range. So we decide to have a cruise speed of 169km/h which is a pretty good compromise between range and speed (we must have quite a high speed since it’s an Eco Sport Plane). AIRCRAFT PROJECT COURSE – TMAL04
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So in this case our parameters are: • • •



Range=305nm Cruise speed=169km/h Mission duration=3h42min



To see what speed corresponds to the lowest drag we can have a look of the following diagram:



Figure 47: A graph of Thrust/drag vs. Mach Number



On this diagram we see that the lowest drag point is for Mach 0.11 which correspond to 133km/h. Our cruise speed is at Mach 0.14 or 169km/h. The drag and the thrust curves are equal for this point because we optimised the throttle needed for the cruise. It means that to fly at 169km/h, we use only 35% of the full throttle. So we have a big margin in case of an emergency need for climb for example. To summarize all this information we have: Specifications Engine Propeller Length Wingspan Wing Area Wing Loading Aspect Ratio OEW MTOW Payload



70kW/94HP 3 blades, Ø 2.27m 7.6 m 17.7 m 19 m² 70 kg/m² 17 1230 kg 1330 kg 100 kg



Performance Cruise Stall Speed Cruise alt Take off Distance Landing Roll Max. Range Rate of Climb Time to climb



Table 4 – Eco sport aircraft specifications and performance
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169 km/hr 80 km/hr 8000 ft 495 m 300 m 340 nm 470 ft/min 18 min
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5.8 Drawings 5.8.1 Overall dimensions for Eco sport aircraft



Figure 48: Drawing of front and plan view of aircraft
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5.8.2 Comparison to the Lancair Legacy



Figure 49: Top, front and side view of Lancair Legacy aircraft
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6 DISCUSSION 6.1 Sizing Comparisons between the legacy and our aircraft Sizing



Lancair Legacy



Length (m) Height (m) Wing span (m) Wing Area (m) Aspect Ratio Cabin Width (m) Cabin Height (m)



6.7 2.54 7.8 7.7 7.95 1.1 1.17



Fuel Cell and Solar Cell Eco Sport 8.0 2.8 17.7 19 17 1 1



Table 5: Sizing comparison between Legacy and Eco sport aircraft



From the above we can see the fuselage size and overall length of our eco friendly sport aircraft was very much similar to the Lancair Legacy. From the sizing point of view, the major difference in the aircrafts was that eco sport aircraft has more than double the wing span and wing area of the legacy. Although a larger wing results in more drag and less performance, it was absolutely essential for this configuration to have as large wing area as possible to maximise the area available to place solar cells and hence maximise the power output from the solar cells. A future increase in solar cell efficiency would allow us to either reduce the wing area of the aircraft to have the same performance or increase the power to have better performance.



6.2 Performance Comparisons between the legacy and our aircraft Performance



Lancair Legacy



Wing Loading (kg/sq m) MTOW (kg) OEW (kg) Power (kW) Cruise Speed (km/h) Stall Speed (km/h) Cruise Altitude (ft) Take-off Distance (m) Landing Distance (m) Maximum Range (nm) Rate of Climb (ft/min)



130 997 680 200 444 113 8000 244 275 1000 2700



Fuel Cell and Solar cell Eco Sport 70 1330 1230 70 169 83 8000 495 300 340 470



Table 6: Performance comparison between Legacy and Eco sport aircraft
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The wing loading of our airplane is quite low compared to Lancair Legacy. That might make our airplane a bit less sporty with characteristics more similar to those of a glider. On the other hand the low wing loading is a result of a big wing which makes it possible to generate more energy from the wing mounted solar cells at the same time as it gives us the possibility to cruise at a lower speed with less power. Another result of the larger wing is the lower stalling speed of our airplane. The operating empty weight is almost the double in our airplane compared to Lancair Legacy. That’s mainly due to the heavier propulsion system and the bigger wing of our design. In Lancair Legacy the quite big mass-range between the operating empty weight and the maximum takeoff weight is partly covered by the fuel why it’s possible to sacrifice some fuel in order to, for example, have more payloads or to shorten the takeoff distance. In our design that sacrifice is not possible since different charging levels of the battery or different amount of hydrogen in the tanks won’t affect the weight sufficiently. The only way to have a similar effect on our airplane is to remove one or more hydrogen tanks, which of course is a more complicated solution where respect must be taken to eventual changes to the position of gravity that will change the behavior of the airplane in flight. The reason for the longer takeoff distance as well as the lower rate of climb of our airplane compared to Lancair Legacy is both due to the bigger weight of our airplane as well as the lower power obtained from the propulsion system. Since the propulsion system already is determined the way to improve those performances would be to get rid of some of the weights, which only can be done with a sacrifice of range, speed and/or endurance. The only performance parameters that still stays close to those of the Lancair Legacy is the cruise altitude as well as the landing distance. The cruise altitude has been fixed to the same value as for Lancair Legacy both since it’s a normal flying height of a sport plane but also since it gives good comparativeness to the performance of Lancair Legacy. The longer landing distance is due to the higher weight of our airplane. In the final design of our airplane all of the performance figures are worse than those of Lancair Legacy. This is because a compromise between speed and distance has been done in order to have an airplane that can fit environmentally friendly pilots that are satisfied with modest performance. Attempts to keep the speed of the Lancair Legacy could have been done, but that would have resulted in a very short endurance and vice versa.
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7 CONCLUSION The project provided the group with the chance to learn about alternative and environmentally friendly sources of power that can be utilised for aircraft flight. We were able to successfully design a full scale eco-friendly sport aircraft, working our way through the aircraft design phases of conceptual design, preliminary design and detail design. Further to the full scale aircraft studied in this report, we also designed, manufactured and flight tested a solar powered technology demonstrator which was representative of our full scale aircraft. In the conceptual design phase of the project we were able to assess range of ideas for our for our aircraft design. The preliminary design stage of the project allowed us to study the various design trade offs that we had to consider in our aircraft design and also study the effects of sizing different components of the aircraft affected each other to achieve the optimum aircraft design. In the detailed design phase of the project we were able to put together detailed calculations of the different performance characteristics of our aircraft, produce a CATIA model of the design and overall dimensional drawings. This project has shown that there are alternative sources of power that with further development we could see being increasingly used in aircraft applications. Fuel cells can provide enough power to get decent cruise performance figures for small sport aircraft. Solar cells are very light weight and efficiencies are slowing increasing. With continued advancement in these technologies, these power sources is becoming a more attractive and green option for powering small aircraft such as unmanned aerial vehicles and supplementary electrical devices inside larger aircraft.
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9 APPENDIX 9.1 Project guidelines 9.1.1 Introduction This document presents the requirements for the study of a “green sport aircraft” and the realisation of a flying demonstrator. This document is the base for an agreement between the supplier (project group) and the customer. This document will be the ground for verification of the completion of the agreed requirements. All requirements will be described in a table row as illustrated here below. The second column indicates if this is an original requirement or if has been added or modified under the project. The third column will be a clear description of the requirement, the forth column indicates the priority of the requirements. The priority can be: base, normal or extra. Base is a ground requirement that is mandatory, normal is seen as a minimum level above the base level to be completed. Extra are requirements that are desirable but not mandatory. All requirements will be subjected to negotiation during the first week.



9.1.2 Project work Requirement Original nr x



Requirement description



Requr. nr 1 Original



Each group member must have a certain Base responsibility role that can be chosen as wanted, except for the project leader role and the one responsible for documentation.



Requr. nr 2 Original



Once a week there will be a project meeting where Base each area of responsibility or sub group will present the current status and issues to be addressed.



Requr. nr 3 Original



Realisation of marketing material.
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9.1.3 Goals The goal of this project is to study the feasibility of a “green sport aircraft”. The project will consist of two parts: one full scale study and the realisation of a scaled demonstrator.



Requr. nr 4 Original



Realisation of a sizing program for sport aircraft.



Base



Requr. nr 5 Original



Realisation of a flying demonstrator.



Base



Requr. nr 6 Original



Study of different configurations.



Base



Requr. nr 7 Original



CAD representation of the different configurations.



Base



9.1.4 Sizing Program The existing sizing program shall be complemented with the following modules: •



Propeller model



•



Electric motor model



•



Piston-engine model



•



Hybrid engine model



•



Fuel cell propulsion model



•



Complement existing weight module



•



Battery model



•



Solar propulsion model



•



Complement existing cost model



•



Complement existing sizing model



The sizing program should be based on a piston-engine sport aircraft, where different types of “green” propulsion alternatives should be included in order to determine the performances with those different propulsion systems. The sizing program and baseline configuration will need to be calibrated on the requirements and specification for the piston-engine baseline aircraft that is described later. The sizing program should also AIRCRAFT PROJECT COURSE – TMAL04
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allow trade off studies in form of “how much greener” can the aircraft be if the performance are reduced by x%. Aerodynamic calculation should be realised with lifting-line tools such as Tornado or any other suitable software or method.



Requr. nr 8



Original



The different module must be connected together.



Requr. nr 9



Original



The sizing program should be benchmarked with a Base piston-engine powered sport aircraft and then show that it can adapt to different type of “green” propulsion systems.



Requr. nr 10 Original



The sizing program should allow trade-off studies Base regarding performances and fuel consumption reduction.



Requr. nr 11 Original



Optimization of the different configurations should Base be possible.



Requr. nr 12 Original



Multi objective optimization should be possible to Extra be performed.



Requr. nr 13 Original



The sizing program must be realised in Excel or Base Matlab.



Base



9.1.5 Baseline configuration The baseline aircraft is the Lancair Legacy. This will be used for benchmarking the sizing program.
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9.1.6 Study of Configurations Full scale versions of different eco sport plane configurations shall be studied. Keeping the same payload and range as the baseline are key parameters in sizing. The different configurations to be studied are: •



Fuel cells propulsion



•



Piston-engine + batteries



•



Fuel cells + solar cells



•



Batteries + solar cells



These configurations shall be studied with regard to optimal propulsion mix, and compared with performance figures of the baseline. The goal is to be as close as possible to the baseline performances. The following requirements are common to all configurations.



Requr. nr 14 Original



Performance figures.



Base



Requr. nr 15 Original



Stability and balance shall be calculated.



Base



Requr. nr 16 Original



Structural layout shall be presented.



Base



Requr. nr 17 Original



CAD drawings of the configuration (Catia v5 is Base mandatory).



Requr. nr 18 Original



Penalties compared to the base line shall be listed Base and discussed.



Requr. nr 19 Original



Structural detail design.



Normal



Requr. nr 20 Original



Cockpit layout.



Extra
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9.1.7 Flying demonstrator In order to demonstrate the feasibility of a “green” sport aircraft, a scaled demonstrator shall be built, tested and flown. The specifications of the demonstrator will be defined later. Requr. nr 21 Original



Size the demonstrator.



Base



Requr. nr 22 Original



Manufacture the demonstrator.



Base



Requr. nr 23 Original



Test fly the demonstrator.



Base



Requr. nr 24 Original



Write test flight report.



Base



9.1.8 Deliveries and mid-deliveries The following chapter present the decision points for the different documents and deliverables that must be submitted by the suppliers. Every Thursday before 12:00 all decision material for the weekly meetings on Fridays must be sent to the customer. The customer will evaluate the different points and present their view on them during the Friday meetings. A project plan must be delivered in the first week of the project; this project plan will need to be followed up each week. The supplier shall present the status of advancement and present and warn if (and how) the time plan will be affected and how issues will be addressed. Decision point 1: Agreement on the requirement specifications, project plan and time plan. Decision point 2: All requirement points and technical specifications for the different parts shall be documented and handed over to the customer. Decision point 3: All deliverables are completed, which means that all requirements classified as base and normal are fulfilled. Technical documentation, presentation material and the final report have been submitted and accepted by the customer. Decision point 4: Grades will be set after decision point 3 has been completed and after an oral presentation of the project. In addition to the decision points, a time report shall be sent to the customer every Thursday before 12:00. The total time spent on the project each week shall be included within ±20% of the planned time, both at the individual level and at the entire group level. At the end of the project, total time spent on the project must equal total planned project time. AIRCRAFT PROJECT COURSE – TMAL04
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For obtaining the grade “passed” the group and each individual group member must have decision point 4 completed and a minimum of 85% of total time completed. All absences must be justified. 9.1.9 Documentation All documentation shall be stored in the TeamCenter portal and shall be versioned. Requirement specifications: if the group has not notified in time that they will negotiate the requirements in this document there will be no modifications to the requirements. This can lead to a grade “failed” if the negotiation is notified too late in the project or close to the decision point 3. The interpretation of the requirement specification must be agreed upon with the customer prior to decision point 1. Project and time plan: documents shall be signed by all project members to ensure that everyone has agreed. 400 hours shall be spent by each group member. A template to file in the weekly spent hours will be available. The project must be able to deal with delayed activities. All activities shall be clearly described. A safety time of at least 10% shall be included within the different activities especially around deadlines. Revision of the time plan can be performed as long as the deadlines are not affected. If the deadlines are affected a negation with the customer must be undertaken. Technical documentation: this document shall present the complete technical solution for the different aircraft configuration and the sizing program. This document shall be written so that anyone that wants to understand or modify the sizing program and the presented calculations can easily track down where the decisions derive from and where the different equations or assumptions have been taken from. All calculations for structural calculations, stability and control, performance and other key factors must be presented here. All references must be listed and clearly referenced to. All parameters must be displayed in a nomenclature. Final report: this document shall present the project from a large perspective and must be written for a non technical audience. The technicalities shall be referred to in the technical documentation. The final report shall present the overall characteristics of each aircraft configuration. Presentations-CD/DVD: the CD must have an ”autoplay-function” launching an HTML document. This HTML document must link to the relevant parts of the project such as, final report, technical documentation, CAD file structure and an overview presentation of the project. This presentation shall preferably be a pdf file. All documents shall be accessible from the HTML document, CAD files, movies, animations and pictures must be set up in a clear and easy to navigate structure. Overview presentation: This presentation shall be used for as a marketing document for the Eco Sport Plane.
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