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      Ion drives and sustainability A thesis on the promising technology Names: Koos Meesters, Wessel Terpstra Coordinating teacher: J. van den Berg Subject: Physics Date: 18-10-2019 Version: 2.0 Abstract In this thesis, the ion thruster is being looked at from the perspective of a sustainable alternative to conventional jet and rocket engines. The report consists of a literature study of the need for alternatives, the scientific theory related to the subject and an experiment with a self-built ion thruster. The literature study on the need for alternative propulsion systems is based on previous studies done by professors from several acclaimed universities and institutions and shows how the current propulsion systems are extremely polluting and not sustainable for the coming century. The different forms of energy and the type of forces in ionic thrusters have been studied to show how and why a particle behaves in a certain way. Besides the literature study, an experiment has been conducted using a real-life ion thruster to find out what contributes to an ion thruster’s power and how closely the ionic thruster behaves to its expected behaviour. The report concluded that ion propulsion is currently not a viable alternative to conventional jet engines in commercial aviation. Furthermore, the report showed that there is a gap in human knowledge on how the ionization of air behaves, indicating that there is research left to do in this field. Even though ionic thrusters do not come close to the power produced by current jet engines, the technology does, however, have enormous potential due to the high efficiency, low noise, mechanical simplicity and no reliance on fossil fuels. With further research, a viable ionocraft may be produced in the near future. 1 Index Abstract 1 Index 2 Preface 3 Introduction 4 The Climate and Aerospace 6 The scientific theory behind the ion thruster 8 Ion thrust 8 The ionization of air 8 Acceleration of charged particles 9 Determining particle acceleration 10 Generating thrust 10 Number of particles accelerated 11 Determining thrust generated 11 Ionocraft 11 Experiment: The Ion Thruster 12 The objective of the experiment 12 Design 12 Materials and Methods 13 Testing 14 Results 15 The Ion Thruster: pros and cons 19 Mechanical simplicity 19 Low noise 19 Discussion 21 General Conclusion 23 Bibliography 24 Appendix 27 Annexe 1: Test results . Voltage = 25 kV 27 Annexe 2: test results from testing the relation between voltage and thrust 27 Annexe 3: Initial testing results 27 Annexe 4: Ion thruster blueprints 28 2 Preface We would like to start by thanking all parties who helped to facilitate this thesis. We thank Mr. van den Berg, 't Atrium and all the institutions who have contributed to the knowledge on this topic. The report was written as part of the senior year of the authors of this Thesis, which are Wessel Terpstra and Koos Meesters. These are both pupils at 't Atrium; are in the 6th year of the bilingual pre-university education program and they have both opted for an N&T/N&G profile. In this thesis, we have chosen the subject of ionic propulsion and sustainability. The reason being, that our generation's biggest challenge is sustainability and creating a liveable planet for the future. With aerospace being one of the main contributors to this most unfortunate event we chose to research an alternative to fossil fuels in the aerospace industry. It’s also very exciting to be able to have built an ionic thruster ourselves. Sincerely, Wessel Terpstra Koos Meesters 3 Introduction Climate change and sustainability. These two terms have, in just a decade and justifiably so, become one of the most debated issues. Climate change, according to some experts, will have a profound impact on the planet, ranging from migration due to increasingly unliveable conditions to tropical viruses being able to spread around the globe faster than ever before (M. Turner, R. Sparrow, 2017). Only in recent years have governments and companies started to invest in sustainable technologies. However, according to the climate panel of the UN, the IPCC, we will reach 1.5 °C of warming in 2040 if the current warming rate continues(IPCC, 2018). Thus, the pressure is on to bring sustainable alternatives to fossil fuels into being and revolutionise the way our world Figure 1: Projected rise of global temperature uses natural resources. due to climate change(IPCC, 2018) We will have to come up with ways to replace and improve the current fossil fuel dependent sectors of everyday life to create a liveable tomorrow. This thesis will focus on the commercial aviation sector. As it stands today, the transport sector alone accounts for 27% of EU-28 greenhouse gas emissions (EEA, 2018). Fortunately, for most of the currently operating technologies, alternatives are already available and in production. For example, the automobile industry has electric and hydrogen-powered vehicles and the shipping industry can rely on wind-powered or wind-assisted systems to reduce its carbon footprint. However, the commercial aviation sector does not have a sustainable alternative to its current jumbo jets. There is simply no sustainable alternative for this application, even though it produces greenhouse gasses equivalent to nearly 7.5 Gigatons of CO 2 each year (World Resources Institute, 2019). Furthermore, the aviation industry is expanding at an ever-increasing rate. The European Environment Agency states in a report from 2016 that “As a result of a significant rise in passenger-kilometre and tonne-kilometre demand, greenhouse gas emissions from international aviation more than doubled from 1990 levels (+114 %)”. This reinforces the idea that the innovation in the aerospace industry must be accelerated as every year new kerosene guzzling jetliners are being produced to keep up with growing demand. Acting now is of the utmost importance. Ion propulsion, the main subject of this thesis, is a more than promising sustainable technology in the aerospace industry. Because of the fact that ion propulsion is only dependent on electricity and air for its thrust, it is interesting to study in the context of sustainability because it does not emit greenhouse gasses. Even though ion propulsion has been studied for several decades, only recently has there been meaningful research on the matter. Most notably, the aircraft developed by the Massachusetts Institute of Technology which was the first flight of an aeroplane with solid-state propulsion(J. Chu, 2018). Lead engineer, that worked on this achievement at MIT, Steven Barrett stated: “This has potentially opened new and unexplored possibilities for aircraft which are quieter, mechanically simpler, and do not emit combustion emissions.” However, previous research 4 done on the matter has had a focus on the reduction in moving parts and noise but not sustainability. This thesis hopes to shed some light on the sustainability of ion thrusters. Inspired by the promising new developments in the world of ionocraft, the main research question that arose was: In what applications can ion propulsion replace and improve on conventional fuels in the aerospace industry? Accordingly, this thesis will be heavily focussed on commercial aviation. When starting off, the hypothesis was that ionic thrusters are currently not able to produce enough thrust to replace the current high-power jet or rocket engines, the technology will, however, be able to replace and improve upon conventional fuels in sustaining flight. The first chapter will focus on sustainability and the commercial aviation industry, focussing on the sub-question: why should conventional fuels be replaced? The second chapter will have an in-depth analysis of the scientific theory and other research in the field, focussing on the sub-question: How does an ion drive generate thrust? The third chapter will discuss the experiment done with a self-built ion drive to add substance to our analysis of viability. To finalise, there will be a deliberation on the advantages and disadvantages of ion propulsion to form a concrete analysis of the viability of ionocraft. All sources used in this these are stated at the end of this report in the bibliography and are cited in the text itself. 5 The Climate and Aerospace “Amersfoort aan zee” Although it might have a nice ring to it, is, unfortunately, highly likely that it will become a reality by 2050. According to a paper released in May 2019, the sea levels will have risen by 0.5 meters by 2050. This will be caused by the 3 °C temperature change through global warming (D. Spratt, I. Dunlop, 2019). Furthermore, the site ‘beforetheflood’(B. Strauss, 2016) shows that an increase in the sea level by 0.7 meters will partially flood Amersfoort, which lies 75 kilometres inland. This will already happen at an average global temperature increase of 0.5 °C. At an increase of 3 °C, the source shows that most of Amersfoort will be covered with seawater. This is just the Netherlands, globally about 196 million lives will directly be influenced by just the increase of the sea level (J. Holder, N. Kommenda, J. Watts, 2018). Furthermore, many lives will be impacted by extreme heatwaves and collapsed ecosystems. Anyone living near the tropical zone, like West Africa, tropical South America, the Middle East and South-East Asia will all have to evacuate from these areas since they will have become uninhabitable, causing another billion lives to be affected by global warming. Adding insult to injury, water accessibility will decrease affecting another 2 billion lives. Prof. Hans Joachim Schellnhuber, Director of the Potsdam Institute, says that “climate change is now reaching the end-game, where very soon humanity must choose between taking unprecedented action, or accepting that it has been left too late and bear the consequences.” “There is a very big risk that we will just end our civilisation. The human species will survive somehow but we will destroy almost everything we have built up over the last two thousand years.” The increased greenhouse effect is mostly caused by CO 2 emissions caused by human activity, shown by the pie chart in figure 2 that shows which gases are polluting the air and the source of these gases. As shown fossil fuels contribute 62% of the emission gases. The remaining CO2 emission comes from land use and chemicals. The other emission gasses consist of CH4, H2O and F-gasses. In the pie chart, the percentages are ‘converted with their equivalent “global warming potential”’, which is used because some molecular substances are more damaging to the environment than others. For example, methane is a more dangerous substance than carbon dioxide. Methane can trap heat more effectively than carbon dioxide and hereby have a stronger effect on global warming (M. Denchak, 2019). Thus, the conclusion can be made that if we want to combat the immense threat of global warming fossils have got to go. But what are fossils fuels exactly and why are they so harmful to the environment. Essentially, fossil fuels are fuels such as oil and coal. Crude oil, from which jet-fuel is made, is a liquid fossil fuel found underground. It was produced by plants and other organisms that have been under pressure from the ground for millions of years. Oils are accessed by drilling the ground either on land or at sea. Once extracted the crude oil is processed into fuels like gasoline, propane, kerosene and jet fuel (J. Foley, 2019). Figure 2: Distribution of greenhouse gasses by gas, retrieved from CPA 6 Besides global warming being a factor to replace conventional fuels there is also another problem, the supply of fossil fuels is not infinite. This means that the oil which fuels aerospace is running out. 16 out of 20 of earth’s largest oil fields are at their peak production, yet the demand is higher than its supply. To prevent the destructive increase of more than 1.5 ° C, eighty per cent of all oil reserves should be left in the ground (Ecotricity, 2016). As of 2019, if nothing is changed, all known oil fields will run out in a mere 33 years, seriously affecting the globe for centuries to come(MAHB Admin, 2013). In 2016 it was estimated that earth’s oil supplies would last for 50.7 years (Ritchie, H. (2017)). Thus, fossil fuels are running out quicker than we can imagine creating a future where fossil fuels are simply unavailable. Despite the fact that the resources keep decreasing the demand for aviation keeps increasing. Just commercial flights have been increasing with an average of 6.5 per cent for the past 10 years (E. Mazareanu, 2019). Commercial aviation is important for tourism all over the world and the income that tourism generates. Tourism has contributed about 8.8 trillion USD to the global economy over the past 25 years. Furthermore, tourism has contributed around 319 million jobs, which is one in ten jobs worldwide (world travel & tourism council, 2019). Without aviation, which makes long-distance travel possible, entire economies could collapse. For example, 39.6 per cent of the GDP from the Maldives comes from tourism(O. Smith, 2018). Moreover, the Maldives is one of the countries that won’t be around due to the rise of the sea level caused by global warming(World Bank, 2016). Aviation is not only in demand for recreational use but it is also of great importance to businesses. Globalization has been boosted incredibly because of aviation. In 2016 aeroplanes transported around 53 million tonnes of freight, which is equal to about 18 billion USD. Air transportation has contributed to about 29 million jobs. Moreover, its economic impact is estimated to be around 2.9 million USD, this is equal to 8 per cent of the world GDP (OEF, 2004). Without aviation, millions of jobs would be lost and an economic crisis would be inevitable. Therefore, the world cannot afford for aviation to be lost due to a shortage of fuel. To solve this urgent problem there needs to be a new, more sustainable fuel. Virgin Atlantic already took a step in the right direction way back in 2008. They flew the first plane fuelled partly by biofuel from London to Amsterdam. The biofuel consisted of coconut oil and babassu oil. Initially, it was thought that the mixture would freeze during flight. However, the pilot reported that all went fine. Although this sounds sustainable, it is not. It is speculated that this fuel would cost too much land that is currently in use for food production (CBC, 2008). This would be a complication with all biofuels and thus biofuels are not a sustainable alternative to fossil fuels. The ion thruster does not have these drawbacks due to the lack of any combustion taking place it does not emit greenhouse gasses(MIT, 2017). Furthermore, it is solely powered by electricity which can be generated by sustainable technologies such as, wind, solar and nuclear energy. This makes it completely unreliable upon the quickly decreasing supply of fossil fuels and provides an alternative to conventional jet engines that does not emit greenhouse gasses. In conclusion, conventional fuels need to be replaced because they are not sustainable enough. The continuous increase in demand further pushes the need for a new kind of fuel that is more sustainable. The supply of conventional fuels is not only low, but they are also incredibly harmful to the environment. If nothing changes soon the world should prepare for devastating natural disasters caused by global warming. The ionic propulsion-based motors are more sustainable and are therefore great contestants for alternative fuels. 7 The scientific theory behind the ion thruster Ion thrust In essence, an ion thruster generates its thrust by accelerating ions, charged atoms, through the use of either the Lorentz force or the Coulomb force. This acceleration will, in accordance with Newton’s 3rd law and the conservation of momentum, generate forward motion. The thrusters can be divided into two subcategories: the electrostatic thrusters, utilizing the Coulomb force, and the electromagnetic thrusters, using the Lorentz force. Due to the fact that the development of electromagnetic thrusters is still in its infancy, the focus will be on electrostatic thrusters. The ionization of air In order to accelerate an air particle by means of electromagnetic forces, an air particle will need to acquire a charge. The charged air particles are created due to corona discharge. This occurs by generating an electric potential large enough to cause dielectric breakdown of air. To illustrate, air which mainly consists of nitrogen and oxygen has a dielectric configuration, because nitrogen gas and oxygen gas consist of two paired atoms. This O 2 and N2 will breakdown into O+ and N+ when the gas comes enters an area with a strong electric field generated by high voltage. This phenomenon occurs when the dielectric strength of a gas is exceeded, causing the atoms to fall apart and form an ion (J.S. Macmillan, 1996). This is represented by the formula for the ionization of a particle. M + e-→ M+ +2 e- (1) Where M represents the atom undergoing ionization, e - represents the high energy electrons and M+ the ionized particle. Corona discharge is a process that is facilitated by the strong electric field generated by the high voltage, but the process is not initiated due to the strong electric field. The reaction requires a small amount of energy to be added to start the reaction. This activation energy is most commonly supplied by an ultraviolet photon colliding with an atom in the strong electric Figure 4: Visualisation of the initiation of corona discharge Figure 3: visualisation of the electron avalanche 8 field. In accordance with the photoelectric effect, an electron is stripped from the atom, visualized in figure 4. When this collision occurs the process of ionization is started. Due to the fact that the electron is a negatively charged particle, it will be accelerated in the opposite direction of the positive ion. This prevents the two particles from recombining, attributes kinetic energy to the particles and creates the necessary conditions for the process to continue. The process of electrical breakdown can now start due to the free electron generated by the initiation. This free electron is accelerated by the Coulomb force generated by the strong electric field and gains enough kinetic energy that when it collides with another atom it ionizes it, knocking out another electron and creating a new positive ion. This newly formed free electron accelerates and creates another free electron and positive ion, these interactions are described by formula 1 and visualised in figure 3. This process continues in a chain reaction called the electron avalanche. Thus, once the corona discharge is initiated the process will continue indefinitely if the electric field is strong enough. Acceleration of charged particles An electrostatic thruster works by accelerating a charged particle by an electric field generated due to a voltage potential between two plates. In the case of a constant electric field, such as between parallel plate conductors, the strength of such a field can be described with the formula of uniform electric fields. 𝛥𝑉 𝐸𝐹𝑖𝑒𝑙𝑑 = − (2) 𝑑 Where E is the magnitude of the electric field in newtons per coulomb (N/C), is equal to the voltage potential between the two plates in volts and d is the distance between the two plates in meters. The increase in electrical energy of a charged particle in an electric field can be described by the following formula. 𝛥 𝐸𝑒𝑙 = 𝑞𝑉 (3) The work a uniform electric field supplies to the charged particle can be calculated according to the formula of work per unit charge. 𝑊 = 𝑞𝑉 ⋅ 𝑠(4) Where W is the work done by the electrical field in joules, q is equal to the charge of the particle in coulomb, V is equal to the electric potential in volts and s is equal to the time in seconds(BiNaS, 2013). Combining the formula for work per unit charge(4) and the formula for the electric field strength(2) the following formula is formulated. 𝑊 𝐸𝑑 = = 𝛥𝑉 (5) 𝑞 9 Determining particle acceleration In order to determine the eventual speed of the charged particle, the kinetic energy provided by the electric field to the charged particle must be calculated. The increase in kinetic energy provided by the electric field is equivalent to the increase in electric energy. This provides us with the formula for the kinetic energy in an electric field. 𝛥𝐸𝑘 = −𝛥𝐸𝑒𝑙 (6) Where 𝛥𝐸𝑘 is equal to the increase in kinetic energy in joules and 𝛥𝐸𝑒𝑙 is equal to the increase in electrical energy in joules due to the electrostatic field. Writing the formula in its 1 complete form produces the formula 𝑞𝑉 = 𝑚 ⋅ 𝑣 2 , this formula can be transformed such that 2 the velocity is expressed. This provides the formula for the maximum velocity of the accelerated particles 𝑞 𝑣 = √1 ⋅ 𝑉(7) 𝑚 2 where v is equal to velocity in m/s, m is equal to the mass of the charged particle undergoing acceleration in kilograms, q is equal to the charge of the particle in coulomb and V is equal to the Voltage potential in volts. Generating thrust So far, it has been determined that the ion thruster accelerates particles in a particular direction, but how does this acceleration of particles generate thrust? The thrust generated is caused by the conservation of momentum and the conservation of impulse, which are both direct consequences of Newton’s third law. Momentum is equal to mass times velocity, and impulse is equal to the change in momentum over time. Newton’s third law states that every action has an equal and opposite reaction. This means that when the ion thruster accelerates the ions out in one direction and in doing so exerts a force onto the ions. These ions exert an equal force onto the thruster in the opposite direction, so the ions accelerate the ion thruster in the opposite direction. This transfer of momentum between the ions and the thruster can be described by the formula for momentum (7) and the conservation of momentum(8). 𝑃 = 𝑚 ⋅ 𝑣(7) where p is momentum in ns, m is the mass of the object in kg and v is equal to the velocity of the object. 𝑚𝑖𝑜𝑛𝑠 ⋅ 𝑣𝑖𝑜𝑛𝑠 + 𝑚𝑡ℎ𝑟𝑢𝑠𝑡𝑒𝑟 ⋅ 𝑣𝑡ℎ𝑟𝑢𝑠𝑡𝑒𝑟 = 0(8) where mions is equal to the collective mass of the accelerated ions in kilograms, v ions is equal to the velocity of the ions in m/s, m thruster is equal to the mass of the thruster in kilograms and vthruster is equal to the velocity of the thruster in m/s. However, the ions are technically not the particles that generate the thrust. Because ions are charged particles, they can’t escape the electric field. This is due to the fact that the, positively charged, ions are accelerated back towards the, negatively charged, ground electrode. This would produce a net force that would be equal to 0. The reason the thruster does produce thrust is that the accelerated ions transfer their momentum onto the neutral air molecules that find themselves in the path of the ions. This transfer of momentum is described by the formula for the conservation of momentum 10 𝑚𝑖𝑜𝑛 ⋅ 𝑣𝑖𝑜𝑛 + 𝑚𝑎𝑖𝑟 ⋅ 𝑣𝑎𝑖𝑟 = 0 (9) where mion is equal to the mass of the accelerated ion in kilograms, v ion is equal to the velocity of the ion in m/s, mair is equal to the mass of the air particle in kilograms and v air is equal to the velocity of the air in m/s. Number of particles accelerated A theoretical approach to determine the maximum force deliverable by an air-breathing ionic thruster is beyond the scope of this research. This is due to the fact that the ionization of the air is an ambiguous process with a substantial amount of academic research left. As most of the research into this process was, and still is, done by government agencies, resources regarding the matter have been either lost in the collapse of the Soviet Union or determined military technology and thus confidential. Although there have been attempts to determine the ionization of air, this is hard to do without simulating particle physics at a subatomic level. The computational power and thus the time required to do this theoretically has been too much to justify researching and thus the best, and practically only, way to determine the total particles accelerated will be an experiment. Or in the case of a vacuum oriented thruster, a controlled inflow of particles into the ionization chamber. However, it is beyond the scope of this thesis to further this research. Determining thrust generated The best approach to determining the theoretical maximum force deliverable by an air- breathing ionic thruster is with fluid dynamics because air behaves like a fluid in the field of electrohydrodynamics. This can be achieved by utilizing the Biefeld-Brown effect. The formula used to determine the force applied to the fluid, air, is equal to the equation 𝐼𝑑 𝐹= (10) 𝑘 where F is the resulting force in newtons, I is the current in amperes, d is the distance between electrodes in meters and k is the ion mobility coefficient of the dielectric fluid, measured in m2/(V·s). For air, this coefficient is equal to 2.2 × 103 𝑐𝑚 2 /(𝑉 ⋅ 𝑠)(H. Ryzko, 1965). Ionocraft In ionocraft, the working principle remains the same, charged particles accelerated by an electrostatic field. However, the path these particles take is altered. With a conventional aeroplane, jet engines are mounted underneath the wings and the plane gains its lift by the speed of the plane through the atmosphere (NASA, 2015). Currently, ionocraft, however, do not reach the speed necessary to facilitate this, so the researchers at MIT designed a solution. Instead of accelerating the wings through the air, the air is accelerated over the wings. This generates more lift due to the fact that the velocity of air moving over the wing is now greater than if it were just the atmosphere moving over the wing. This is due to the Bernoulli Principle, which states that faster airflow over the wing equals low air pressure and slower airflow under the wing creates high pressure causing lift(MIT, 1997). So, by placing the electrodes so that the accelerated air is led over the wing more lift is generated. This makes it so that the speed through the air to achieve and sustain flight is significantly lowered(MIT, 2017). 11 Experiment: The Ion Thruster The objective of the experiment The experiment set out to determine the thrust achievable with a small-scale ion thruster. Furthermore, it set out to determine the key factors that contribute to an efficient and powerful ion thruster. Design To test the capabilities of an ionic thruster a real-life ionic thruster is needed. The decision was made to build a simple electrostatic accelerator as it would be a properly verifiable and testable design. Figure 5 shows a 3d model of our ion thruster, blueprints can also be found in the appendix. As seen in the 3d model, the cathode tower consists of 7 copper nails. These copper nails are positioned so that the tip of the nail is in the centre of copper cylinders. Nails are used due to the fact that they have a sharp tip and thus have an as little surface area as possible. This is a requirement due to the dielectric strength of the air, which is equal to 3 kV/mm. The anode tower consists of copper tubing, this was chosen as it was Figure 5: 3d model of the design used the best available method of creating a ground electrode grid. The cylinder is needed as it creates a passageway for the thruster’s exhaust, allowing it to generate thrust. The conscious decision was made to not optimise the design to save weight because this was beyond the scope of this research as it is a stationary thruster only used to measure thrust 12 Materials and Methods Materials needed for construction: ● 1 High voltage transformer 25Kv 12VA ● 2 meters of Copper tubing with a diameter of 20 mm ● 1 Wooden base plate of 220 mm×120 mm×10 mm ● 1 Wooden backplate of 220 mm×120 mm×10 mm ● 2 meters of Copper wiring with a diameter of 1 mm ● 7 3 cm long Copper nails ● 1 30 mm×30 mm×115 mm whitewood beam ● 2 90 mm ×10 mm × 3 mm Plywood crossbeams Construction process To start of the experiment the ion thruster had to be built. First, the supporting structure was built. As there were no prefabricated pieces of wood that were the proper dimensions, the wooden backplate needed to be cut out of a piece of medium-density fibreboard. The MDF was cut into two plates with a table saw, both with the same dimensions of 220 mm×120 mm×10 mm. These two plates were then bonded together with adhesive. After the adhesive had dried, the structure was strengthened with two short crossbeams. These two cross beams were thin pieces of 90 mm ×10 mm × 3 mm plywood and were mounted to the base and backplate with M2.3/2.6mm screws. Secondly, the cathode tower was built, which consisted of a whitewood beam with 7 pieces of copper arranged in a honeycomb structure. In order to continue, the 2 meters of copper tubing was cut into 7 pieces of 5 centimetres long with a hand saw and then sanded to straighten the edges. After which, the copper pieces of tubing had to be bonded together, because this bond had to be conductive solder was used. Before starting the soldering process, the copper tubing must be cleaned and sanded where the tubing will bond if this is not done either the solder won’t bond, or the bond will be significantly weakened. In order for the solder to bond, a blowtorch was used to heat up the copper tubing, this is a necessary step as cold copper won’t bond with the solder due to the fact that when the solder comes into contact with the cold copper it solidifies before the solder can form a bond. Liquid soldering flux was used to help the solder flow into the joints, improving the strength of the bond. After performing all previous steps, the copper tubing was arranged into the desired honeycomb layout and a lead of copper wiring was placed near a joint. Thereafter, these parts were soldered together in one go. Following, the location should be determined where the centres of the copper tubing would align with the backplate. This was marked onto the backplate by laying the cathode tower on top of the backplate and dotting the middle onto the backplate with a pencil. Thereafter, holes for the nail of the anode had to be pre-drilled at the markings. Later the nails were hit through the holes, but not fully since a part of the head that sticks out is needed for the copper wiring that leads to the HV transformer. Subsequently, the cathode tubing had to adhere to the whitewood beam and the whitewood beam had to be secured to the baseplate by utilizing a screw. Once this was done, the copper wiring should be connected to the back of the nails in series. 13 Testing First off, the high voltage transformer must be plugged in. Once this is done, the copper wiring should be connected to the high voltage transformer with electrical wires and a crocodile clip, making sure the cathode tower is connected to the negative or ground electrode and the anode tower to the positive electrode. The ion thruster should be placed as far from the high voltage transformer as the wiring allows, to maintain safe operating conditions. Then, the power should be turned on and the voltage increased slowly. If arcing occurs the voltage should be reduced and the high voltage transformer turned off. The distance between the thruster and the operator should always be at least 20 centimetres to prevent arcing. The amount of thrust produced was measured through a rig in which the iron thruster was secured above a highly accurate scale. When activated the ion thruster focuses its thrust onto the scale, which effectively results in constant pressure being applied to the scale. To check the accuracy of the testing method, the distance between the ion motor and the scale was measured and altered. The first distance between the ion motor and the scale was equal to 35 mm. This distance showed results with an average of 0.832 g. The second distance was equal to 50 mm and showed results with an average of 0.828 g. The difference between these two measurements was 0.005 g, which is insignificant and within the margin of error. This means that there is no significant loss of thrust when the distance between the scale and motor is altered, eliminating this variable. The testing method is, therefore, an accurate way to measure the force produced by the ion motor. 14 Figure 6: Relationship between thrust and the distance Figure 7: Relationship between the applied voltage and between the anode and cathode. thrust. Results After initially having tested the ion thruster, it was determined that the power of the original design fluctuated between 0.4 grams of thrust and 0.5 grams of thrust. Complete testing data from the initial testing can be found in the appendix. These results are equal to 3.9 × 10−3 Newton and 4.9 × 10−3 Newton respectively. However, when the distance between the cathode and anode was changed in subsequent tests, the results deviated from initial testing. These test results are shown in figure 6. These deviations revealed that the original design produced less thrust than was optimally achievable. The highest average thrust generated by optimizing the distance between the anode and cathode was 8.15 × 10−3 N. Regardless of the amount of thrust produced, the results show that the thrust decreases when the distance between electrodes is increased and that the maximal producible thrust would be between 27mm and 20mm from cathode to anode. Thus, it can be concluded from the test data in figure 6, that there is a negative correlation between the distance between the electrodes and the amount of thrust produced. Furthermore, it can be determined, by looking at the graph in figure 6, that the maximum amount of thrust is achieved when the distance between the cathode and anode is equal to approximately 25 mm. This equates to approximately 1 kV per mm. The experiment also examined the relationship between the amount of voltage applied and the amount of thrust produced, this can be seen in figure 7. The data provides a clear positive correlation between the amount of voltage applied and the amount of thrust produced. Besides, it provides the minimum voltage required to initiate corona discharge and produce thrust, which can be determined by the trendline, which is equal to 13.5 kV. 15 Ahead of starting the calculations, several assumptions were made regarding the working of the ion thruster. Four significant assumptions were made: that the electric field is a perfect uniform electric field, that every accelerated ion collided with an air particle, that there was perfect ionization of particles and that the ions only consist of oxygen and nitrogen ions as these particles make up over 99% of air particles(Engineering Toolbox, 2019). As shown previously, the acceleration of the ions can be determined with formula 7 𝑞 𝑣=√ ⋅𝑉 1 2𝑚 Filling this in with the average mass and charge of an air ion and the voltage potential, m=2.405 × 10−26 kg(Engineering Toolbox, 2019), 𝑞 = 1 ⋅ 1.602 × 10−19 = 1.602 × 10−19 and V=25000(BiNaS, 2017). The resulting formula is 1.602×10−19 ⋅25000 4.005×10−15 𝑣=√1 = √1.162935×10−26 = 5.8684 × 105 𝑚/𝑠. ⋅2.325871×10−26 2 So, the maximum velocity of the ions would be equal to well over half a million meters per second. From the testing data, it is possible to derive the total number of atoms ionized and accelerated by using the following formula 𝐸𝑒𝑙 ⋅ 𝑁 = 𝐸𝑡𝑜𝑡𝑎𝑙 . (10) Where 𝐸𝑒𝑙 = 𝑞𝑉 is the energy per particle in joules, N is the number of particles and 𝐸𝑡𝑜𝑡𝑎𝑙 is equal to total energy produced by the thruster in joules. Calculating 𝐸𝑒𝑙 gives us 𝐸𝑒𝑙 = 𝑞 ⋅ 𝑉 = 1.602 × 10−19 ⋅ 25000 = 1.2015 × 10−14 𝐽. From the highest average total continuous force, being 8.15 × 10−3 N, we can calculate the energy output of the thruster in joules by utilizing the formula for work (4) 𝑊 = 𝐹 ⋅ 𝑆 ⋅ 𝐶𝑜𝑠(𝛼). (11) Due to the assumption made that the electric field is a uniform electric field, cos(𝛂) is equal to one. Inputting the variables from our testing gives the energy output of the thruster, which is equal to 𝑊 = 8.15 × 10−3 ⋅ 𝑐𝑜𝑠(0) ⋅ 𝑠 = 8.15 × 10−3 ⋅ 𝑠 . Rewriting the formula so that the energy output per second is shown gives 𝑊/𝑆 = 8.15 × 10−3 𝐽/𝑠, thus the energy output of the thruster is 8.15 × 10−3 joules per second. It is now possible to calculate the number of particles being accelerated per second by rewriting formula 10 𝐸𝑡𝑜𝑡𝑎𝑙 8.15×10−3 𝑁= = = 2.035 × 1012 𝑖𝑜𝑛𝑠. 𝐸𝑒𝑙 4.005×10−15 The total number of ions accelerated per second in testing is equal to 2.035 × 1012 . From this, the collective mass of the ions accelerated by the thrusters can be calculated. This is equal to the average mass times the number of accelerated ions, this provides the formula 𝑚𝑖𝑜𝑛𝑠 = 𝑚𝑖𝑜𝑛 ⋅ 𝑁 where mions is equal to the collective mass of the ions in kg, m ion is equal to the average mass of an air ion in kg and N is equal to the number of accelerated ions. Inserting the variables provides the collective ion mass, which is equal to 𝑚𝑖𝑜𝑛𝑠 = 2.405 × 10−26 ⋅ 2.035 × 1012 = 4.8941 × 10−14 kg. 16 Now that the weight and the velocity of the ions have been established, the transfer of momentum can be calculated by utilizing the formula for the conservation of momentum (8, 9). Entering the variables gives the velocity of the air molecules the thruster is expelling 𝑚𝑖𝑜𝑛 ⋅ 𝑣𝑖𝑜𝑛 + 𝑚𝑎𝑖𝑟 ⋅ 𝑣𝑎𝑖𝑟 = 2.405 × 10−26 ⋅ 5.8684 × 105 + 4.806 × 10−26 ⋅ 𝑣𝑎𝑖𝑟 = 0 −1.4113×10−20 rewriting gives, |𝑣𝑎𝑖𝑟 | = = 2.937 × 105 𝑚/𝑠. 4.806×10−26 So, the velocity of the exhausted air molecules is equal to a little short of 300 thousand meters per second. With this data, the transfer of momentum between the thruster and the exhaust gasses can be calculated by utilizing the formula for the conservation of momentum. By using the total number of the exhausted molecules, which is equal to the number of accelerated ions as every single ion collides with a single air molecule, and the average weight of an air particle, the total weight of the expelled air molecules can be determined. This is equal to 2.035 × 1012 ⋅ 4.806 × 10−26 = 9.780 × 10−14 𝑘𝑔. Having determined the collective mass of the expelled air, it is possible to determine the transfer of momentum between the thruster and the air −14 𝑚𝑡ℎ𝑟𝑢𝑠𝑡𝑒𝑟 ⋅ 𝑣𝑡ℎ𝑟𝑢𝑠𝑡𝑒𝑟 + 𝑚𝑎𝑖𝑟 ⋅ 𝑣𝑎𝑖𝑟 = 6.10 × 10−1 ⋅ 𝑣𝑡ℎ𝑟𝑢𝑠𝑡𝑒𝑟 + 9.780 × 10 ⋅ 2.937 × 105 = 0 −8 −2.908×10 |𝑣𝑡ℎ𝑟𝑢𝑠𝑡𝑒𝑟 | = = 4.768 × 10−8𝑚/𝑠. 6.10×10−1 Therefore, the speed the thruster has achieved after one second of continual thrust is equal to 4.768 × 10−8 𝑚/𝑠. Thus, the acceleration is the thruster undergoes is equal to 4.768 × 10−8 𝑚/𝑠 2 . The acceleration of the thruster can be determined by looking at the conservation of impulse, which is the change in momentum. This change in momentum can be described by the impulse equation 𝐽 = 𝛥𝑝 = 𝐹 ⋅ 𝛥𝑡 where J is equal to impulse in Ns, 𝛥𝑝is equal to the change in momentum in ns, F is the applied force in n and 𝛥𝑡 is equal to the elapsed time in s. By inputting the variables for the impulse equation, it is possible to get the amount of impulse transferred per second 𝐽 = 8.15 × 10−3 ⋅ 1 = 8.15 × 10−3𝑁𝑠 In order to get the acceleration of the thruster, the formula for momentum is used, 8.15 × 10−3 = 𝛥𝑝 = 𝑝₂ − 𝑝₁ = 𝑝2 − 0 = 𝑝2 = 𝑚 ⋅ 𝑣 8.15 × 10−3 = 6.10 × 10−1 ⋅ 𝑣 8.15×10−3 rewriting so that v is expressed, 𝑣 = = 1.34 × 10−2𝑚/𝑠. 6.10×10−1 Now that velocity increase per second is known, the acceleration of the thruster can be derived. The acceleration of the thruster is equal to 1.34 × 10−2 𝑚/𝑠 2 . To illustrate this number, the time it would take for the thruster to accelerate itself in order to reach 5 m/s in a frictionless environment would be equal to about 374 seconds or 6 minutes and 14 seconds. However, this calculation only takes the mass of the ion thruster into consideration. To make a definitive calculation, the mass of the casing, power source and the transformer should be included in the calculations. 𝛥𝑣 𝐴=( ) 𝛥𝑡 𝛥𝑣 𝛥𝑡 = 𝐴 17 5 𝛥𝑡 = = 374.23 𝑠 1.34 × 10−2 These numbers may indicate as though the thruster is falling short, but as we established earlier, the goal of this experiment was not to optimise the design for weight savings. If, in further research, the design is optimised these numbers could be significantly improved. Two important metrics needed to compare thrusters are thrust density and the thrust-to- power ratio. Thrust is important in determining the viability of high-speed commercial flight as it gives a metric that can be compared between low and high-power thrusters. Thrust density is measured in the amount of force per square meter. Inputting our data, F=8.15 × 10−3 N and A=7 ⋅ 𝜋𝑟 2 = 7 ⋅ 𝜋0.012 = 2.20 × 10−3 𝑚 2, provides 𝐹 8.15×10−3 𝑇ℎ𝑟𝑢𝑠𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝐴 = 2.20×10−3 = 3.70 𝑁/𝑚2 . The achieved thrust density of 3.70 𝑁/𝑚2 is, when compared to other ion thrusters, a satisfactory result(H. Xu, Y. He, K.L. Strobel, 2018). However, when compared to a typical modern civil airliner, where the thrust density is of the order of 1,000 N/m 2, it can be concluded that the thrust provided is insufficient for high-speed flight at the scale of commercial aviation. The thrust-to-power ratio is measured in newtons per kilowatt and gives a way to compare the efficiency of propulsion engines. Inputting our date, F=8.15 × 10−3 N and kW=1.20× 10−2 , provides 𝐹 8.15×10−3 𝑇ℎ𝑟𝑢𝑠𝑡 − 𝑡𝑜 − 𝑝𝑜𝑤𝑒𝑟 = 𝑘𝑊 = 1.20×10−2 = 6.792 × 10−1 𝑁/𝑘𝑊. When comparing this result to a commercial jet engine which produces 2 N/kW, it shows that our ion thruster is surprisingly inefficient. It is a surprising result because other ion thrusters have produced thrust-to-power ratios of 6.25 N/kW, which is higher than a jet engine(MIT, 2017). In conclusion, we have determined several correlations between variables and thrust. Firstly, there is a negative correlation between the distance between the electrodes and the amount of thrust produced. Secondly, a clear positive correlation between the amount of voltage applied and the amount of thrust produced. Adding to that, an ideal distance between anode and cathode of 1mm/kV has been determined through testing. 18 The Ion Thruster: pros and cons Ion propulsion, like all fuels, has its advantages and disadvantages but what makes the ion thruster stand out? What are the most significant problems of ion propulsion? These are both questions relevant to the matter since the answers put the usage possibility of ion propulsion in perspective. The results might also create new questions to make ion propulsion better than it is currently. Efficiency One of the largest advantages of ion propulsion is its efficiency. An ion thruster has a fuel efficiency of 90 per cent instead of a mere 35 per cent from chemical propulsion. This was shown through an experiment by MIT, which demonstrated that an ion thruster produced winds of 110 Newton per kilowatt while a jet engine produced a thrust of 2 Newton per kilowatt (Massachusetts Institute of Technology. (2013, April 3) ). This causes the ion thruster to be able to travel around 10 times the distance chemical propulsion could. The ion thruster would be able to do this with the same amount of volume of fuel. Furthermore, if the ion thruster would be used on earth it would not need a fuel tank since it is fuelled by ions of which there are plenty in the air. Mechanical simplicity Another advantage of ionic thrusters is the fact that there are no moving parts. This would mean that parts could be made lighter and cheaper since they do not have to endure the stress of moving around. When parts do move around, they require maintenance and maintenance costs money. Around 40 billion USD is spent each year on direct operating costs (DOC) and since a low DOC is of the utmost importance for a profitable airline business (Airo 19, 2002), these businesses might be motivated to start developing ionic propulsion-based aeroplanes when profit would be boosted by making these developments(Boeing, 2019). Low noise Ionic thrusters would create less sound pollution since there is no combustion or any rotating aerodynamic surfaces. Sound pollution is proven to be bad for the health of people and animals, both on land and in the sea. A common health problem caused by sound pollution is Noise-Induced Hearing Loss (NIHL) (T. Brown, (2019)). NIHL is caused by damage within the inner ear to sensitive structures. Since aeroplane noise isn’t just a single loud pulse, the damage is done over a longer amount of time (NIDCD, (2019)). So, decreasing sound pollution would increase health, which is a good motivation to start developing Ionic propulsion-based aeroplanes. Low thrust A disadvantage of ion propulsion is that it only generates a very low thrust. The amount of thrust from, for example, the thrusters from the Dawn spacecraft can be compared to the force an A4 piece of paper on earth. Because of this, it takes a very long time for the ion thruster to gain actual speed. For instance, the dawn spacecraft took four days at full power to get from 0 km/h to 100 km/h (M. Rayman, (2015)). This of course already is slow, but on earth, it is not achievable. In space, there is a vacuum, which means that the spacecraft has 19 no resistance and can accelerate limitlessly. However, on earth, there are frictional forces that need to be taken into consideration. These negative forces cause the acceleration time to be infinite as it cannot overcome friction. So far, all flights made by ionic propulsion planes on earth did not have to lift off by itself, since they were launched. Furthermore, this plane weighed around 2.45 kg (H. Xu, Y. He, K.L. Strobel, 2018), which is nowhere near the 41 thousand kilograms of the average aeroplane (Travel on the fly, 2019). In conclusion, the ionic thruster stands out as an alternate because the advantages outweigh the disadvantages in quantity. However, without resolving the disadvantage of low thrust this new technology cannot be used in commercial aviation. A lot of development is still necessary before ionic propulsion can replace chemical propulsion. Nevertheless, when these problems are solved, which is imaginable as just two years ago the first-ever ionocraft took flight, humans will be able to travel significantly more sustainable resulting in a new era of greener travel and globalization. 20 Discussion This thesis was mainly based around the question ‘In what applications can ion propulsion replace and improve on conventional fuels in aerospace?’ This question was speculated to result in the knowledge that ionic thrusters will not be able to produce enough thrust to replace the current high-power jet/rocket engines, the technology will, however, be able to have an application in sustaining flight and in-space applications. This was speculated through prior knowledge of the physics of ion thruster. This prior knowledge had also sparked interest causing the thesis to be about the ion thruster. The results were found through the sub-questions; Why should conventional fuels be replaced? How does ion propulsion work? And what are the advantages and disadvantages of ion propulsion? Experiment The theoretical force that could be produced by the experiment is can be determined with the use of formula 10 𝐼𝑑 6.00×10−4 ∙4.40×10−2 𝐹= = = 1.2 × 10−2 𝑁. 𝑘 2.2×10−3 By comparing the experimental result of 8.15× 10−3 to the theoretical result of 1.2 × 10−2 it can be determined that the theoretical results did not match the result of the experiment which is most likely because of the imperfections in the materials used and the imperfect spacing and orientation between the anode and cathode. The biggest issue with the materials used would be the nails used, the nails used do not have an incredibly sharp point thus reducing the voltage potential per area. This could have caused the dielectric strength of the air, 30 kV/cm, to not be reached. This results in loss of ion production, which will reduce the amount of thrust generated as it would effectively cause there to be a shortage of expelled mass. In further research, the nails used should be individually checked and refined in order to mitigate these issues. Another imperfection in materials is down to the copper tubing used. The cuts made were far from perfect due to the fact it was done with a handsaw and this will have resulted in an electric field that is not uniform. The absence of uniformity would cause ions to be accelerated into to not be accelerated perfectly backwards and thus hurting performance and efficiency. Conform to the formula of work, 𝑊 = 𝐹 ∙ cos (α), the cos(a) determines the direction of the force. So, if the direction of the force would deviate by just 25 degrees it would cause cos(a) to be equal to 0.90. This would result in a 10 per cent reduction in the work done, which partly explains the deviating results. The surprising find that our thruster does not have the typical high efficiency of an ion thruster can be attributed to a poor high-voltage transformer. The transformer used was a model that was not particularly advanced, by using a more modern transformer with higher-grade metals and parts used would significantly improve power efficiency. In further research, the focus should lie on how much lift a wing-mounted thruster could produce. Moreover, in further research more investigating should be done on optimizing the weight of the thruster as this is an important determining factor in producing forward motion. Also, a high-voltage transformer that is purpose-built for the specific application of providing power to an ion thruster should be developed in order to improve efficiency. 21 As hypothesized, the speculations that ionic thrusters will not be able to produce enough thrust to replace the current high-power jet/rocket engines was coherent to the results as shown in the third sub-question ‘what are the advantages and disadvantages of ion propulsion?’. These results indeed showed that ionic thrusters currently do not provide enough power to replace most conventional fuels. However, they do have the potential to replace them if ionic thrusters become more powerful. 22 General Conclusion When looking at ion propulsion from an environmentalist perspective the technology is an amazing alternative to fossil-fuel-powered engines in the aerospace industry. The climate problem was determined to be a major issue facing humanity. However, it appears to not affect the decision making in commercial air travel, as the sector has shown exponential growth over the last 2 decades. This creates a growing need for a sustainable alternative, as the aerospace industry is a sector 100% reliant on fossil fuels. Therefore, ion propulsion is an interesting area of research. However, when determining the viability of ion propulsion from a physics perspective the prospect darkens a bit. As shown the thrust provided by ionic engines still is incredibly low and only one institute has succeeded in sustaining powered flight. This flight has only happened in very recent history showing the need for more research into the technology. Our research has also shown the need for more extensive research into the particle physics of electric ionization of air. Although the principle is understood, there has been no way of describing the number of ions ionized in theory. So, for commercial air travel, the image may look bleak. However, due to the fact that aerospace will be forced to develop alternatives to fossil fuel-powered jet engines the amount of money and time invested into alternatives such as the ion thruster. This increase in research will lead to a more refined design and hopefully a fully operating ionocraft. From our own experiment we concluded that even though there is no mechanical complexity to the design, the tolerances for imperfections in materials is still high. We could see that the efficiency of the thruster was not great when compared to other thrusters developed by established agencies and institutions. Mainly due to imperfection in materials used, but also important quality assurance steps were not taken to ensure the proper functioning of the thruster. 23 Bibliography Air Transport Action Group. (2005). Air transport drives economic and social progress The economic & social benefits of air transport Contents. Retrieved from ATAG website: https://www.icao.int/Meetings/wrdss2011/Documents/JointWorkshop2005/ATAG_So cialBenefitsAirTransport.pdf Boeing. (2019). Aero 19 - 717 Maintenance Costs. Retrieved November 29, 2019, from Boeing.com website: http://www.boeing.com/commercial/aeromagazine/aero_19/717_story.html Bouwens, R., de Groot, P., Kranendonk, W., van Lune, J. P., van den Berg, C. M., van Riswick, J. A. M. H., & Westra, J. J. (2013). Binas havo/vwo : informatieboek havo/vwo voor het onderwijs in de natuurwetenschappen. Groningen: Noordhoff Uitgevers. CBC. (2008, February 24). Airline flies jumbo jet powered by biofuel. Retrieved October 8, 2019, from CBC website: https://www.cbc.ca/news/technology/airline-flies-jumbo- jet-powered-by-biofuel-1.754085 Chu, J. (2018, November 21). MIT engineers fly first-ever plane with no moving parts. Retrieved October 6, 2019, from MIT News website: http://news.mit.edu/2018/first- ionic-wind-plane-no-moving-parts-1121 Denchak, M. (2019, January 11). Fossil Fuels: The Dirty Facts. Retrieved October 15, 2019, from NRDC website: https://www.nrdc.org/stories/fossil-fuels-dirty-facts Ecotricity. (2016). The end of fossil fuels. Retrieved October 16, 2019, from Ecotricity.co.uk website: https://www.ecotricity.co.uk/our-green-energy/energy-independence/the- end-of-fossil-fuels EEA. (2018). Greenhouse gas emissions from transport. Retrieved October 6, 2019, from European Environment Agency website: https://www.eea.europa.eu/data-and- maps/indicators/transport-emissions-of-greenhouse-gases/transport-emissions-of- greenhouse-gases-11 Engineering Toolbox. (2019). Air - Molecular Weight and Composition. Retrieved November 30, 2019, from Engineeringtoolbox.com website: https://www.engineeringtoolbox.com/molecular-mass-air-d_679.html Foley, J. (2019, June 3). The Three Most Important Graphs in Climate Change. Retrieved October 14, 2019, from Medium website: https://globalecoguy.org/the-three-most- important-graphs-in-climate-change-e64d3f4ed76 Holder, J., Niko Kommenda, & Watts, J. (2018). The three-degree world: cities that will be drowned by global warming. Retrieved October 18, 2019, from the Guardian website: https://www.theguardian.com/cities/ng-interactive/2017/nov/03/three-degree-world- cities-drowned-global-warming Lieberman, M. A., & Lichtenberg, A. J. (1994). Principles of plasma discharges and materials processing (p. 546). New York, N.Y.: Wiley. MAHB Admin. (2013). When Fossil Fuels Run Out, What Then? | MAHB. Retrieved October 15, 2019, from MAHB website: https://mahb.stanford.edu/library-item/fossil- fuels-run/ 24 Massachusetts Institute of Technology. (2013, April 3). Ionic thrusters generate efficient propulsion in air. Retrieved November 27, 2019, from ScienceDaily website: https://www.sciencedaily.com/releases/2013/04/130403122013.htm NASA. (2015). What is Lift? Retrieved from Nasa.gov website: https://www.grc.nasa.gov/www/k-12/airplane/lift1.html NASA. (2019). NASA - Ion Propulsion: Farther, Faster, Cheaper. Retrieved October 12, 2019, from Nasa.gov website: https://www.nasa.gov/centers/glenn/technology/Ion_Propulsion1.html NASA Jet Propulsion Laboratory. (2015, January 12). NASA Jet Propulsion Laboratory - Ion Propulsion Advance Technology To Power Spacecrafts [720p]. Retrieved November 19, 2019, from YouTube website: https://youtu.be/pDO4uhqehK0 National Geographic Society. (2019, July 16). Noise Pollution. Retrieved November 23, 2019, from National Geographic Society website: https://www.nationalgeographic.org/encyclopedia/noise-pollution/ NIDCD. (2018, December 14). Noise-Induced Hearing Loss. Retrieved November 26, 2019, from NIDCD website: https://www.nidcd.nih.gov/health/noise-induced-hearing-loss Ritchie, H. (2017). How long before we run out of fossil fuels? Retrieved October 11, 2019, from Our World in Data website: https://ourworldindata.org/how-long-before-we-run- out-of-fossil-fuels Ryzko, H. (1965). Drift velocity of electrons and ions in dry and humid air and in water vapour. Proceedings of the Physical Society, 85(6), 1283–1295. https://doi.org/10.1088/0370-1328/85/6/327 Spratt, D., & Dunlop, I. (2019). Existential climate-related security risk: A scenario approach THE AUTHORS. Breakthrough. Statista. (2019). Growth of global air traffic passenger demand 2019 | Statistic. Retrieved from Statista website: https://www.statista.com/statistics/193533/growth-of-global- air-traffic-passenger-demand/ Strauss, B. (2016). Before the Flood. Retrieved October 18, 2019, from Before the Flood website: https://www.beforetheflood.com/explore/the-crisis/sea-level-rise/ Telegraph.co.uk. (2018, March 22). Revealed: The countries that rely most on your money. Retrieved December 1, 2019, from The Telegraph website: https://www.telegraph.co.uk/travel/maps-and-graphics/Mapped-The-countries-that- rely-most-on-your-money/ Tereza Pultarova. (2017, October 13). Ion Thruster Prototype Breaks Records in Tests, Could Send Humans to Mars. Retrieved October 14, 2019, from Space.com website: https://www.space.com/38444-mars-thruster-design-breaks-records.html The X3 Ion Thruster Is Here, This Is How It’ll Get Us to Mars. (2019, January 13). The X3 Ion Thruster Is Here, This Is How It’ll Get Us to Mars. Retrieved October 18, 2019, from YouTube website: https://youtu.be/CiWb44VRZGo Travel On The Fly. (2019, May 7). Average Airplane Weight (With 9 Examples) - Travel On The Fly. Retrieved November 28, 2019, from Travel On The Fly website: https://travelonthefly.com/airplane-weight/ Turner, M., & Sparrow, R. (2017, April 1). 50 grand challenges for the 21st Century (B. Lufkin, Interviewer). 25 World Resources Institute. (2019). Climate Watch. Retrieved October 13, 2019, from Climatewatchdata.org website: https://www.climatewatchdata.org/ghg- emissions?breakBy=sector&chartType=line&gases=177&sectors=512%2C510%2C5 11%2C514%2C509%2C513%2C518%2C508 Wortley, J. (2019). Travel Tourism continues strong growth above global GDP. Retrieved from WTTC website: https://www.wttc.org/about/media-centre/press-releases/press- releases/2019/travel-tourism-continues-strong-growth-above-global-gdp/ Xu, H., He, Y., Strobel, K. L., Gilmore, C. K., Kelley, S. P., Hennick, C. C., … Barrett, S. R. H. (2018). Flight of an aeroplane with solid-state propulsion. Nature, 563(7732), 532– 535. https://doi.org/10.1038/s41586-018-0707-9 IPCC, 2018: Summary for Policymakers. In: Global Warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 1.5°C above pre-industrial levels and related global greenhouse gas emission pathways, in the context of strengthening the global response to the threat of climate change, sustainable development, and efforts to eradicate poverty [Masson-Delmotte, V., P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. Matthews, Y. Chen, X. Zhou, M.I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, and T. Waterfield (eds.)]. In Press. World bank "Climate Change in the Maldives." South Asia -., n.d. Web. 21 Feb.2016, Retrieved from website: http://web.worldbank.org/WBSITE/EXTERNAL/COUNTRIES/SOUTHASI AEXT/0,,contentMDK:22413695~pagePK:146736~piPK:146830~theSitePK:223547, 00.html. MIT. (1997, March 16). Theory of Flight. Retrieved December 1, 2019, from Mit.edu website: https://web.mit.edu/16.00/www/aec/flight.html 26 Appendix Annexe 1: Test results from testing the relationship between distance and thrust. Voltage = 25 kV Distance between anode and 17 20 27 35 47 57 cathode in mm Thrust produced in Test 1 in grams 0.75 0.85 0.84 0.73 0.45 0.31 Thrust produced in Test 2 in grams 0.75 0.82 0.82 0.77 0.45 0.32 Thrust produced in Test 3 in grams 0.73 0.84 0.82 0.78 0.44 0.34 Thrust produced in Test 4 in grams 0.73 0.82 0.82 0.79 0.45 0.32 Thrust produced in Test 5 in grams 0.77 0.83 0.84 0.79 0.44 0.33 Average thrust produced in grams 0.746 0.832 0.828 0.772 0.446 0.324 Annexe 2: test results from testing the relation between voltage and thrust Applied voltage (kV) 12.5 15 17.5 20 22.5 25 Force (g) 0.00 0.09 0.21 0.35 0.48 0.80 Annexe 3: Initial testing results Test 1: Thrust 4.60E-03 Test 2: Thrust 4.40E-03 Test 3: Thrust 4.70E-03 Test 4: Thrust 4.20E-03 Test 5: Thrust 4.30E-03 Test 6: Thrust 4.50E-03 Test 7: Thrust 5.10E-03 Test 8: Thrust 4.80E-03 Test 9: Thrust 4.10E-03 Test 10: Thrust 3.90E-03 Average thrust produced 4.46E-03 Standard deviation 0.000356526 27 Annexe 4: Ion thruster blueprints 28 29 
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