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Abstract

:

The resurgence in interest in aircraft electro-aerodynamic (EAD) propulsion has been sparked due to recent advancements in EAD thrusters, which generate thrust by employing a plasma generated through electrical discharge. With potentially quieter propulsion that could contribute to the generation of lift or the control of attitude, it is important to determine the feasibility of an EAD-propelled airplane. First, the main propulsive characteristics (thrust generation and power consumption) of EAD thrusters were drawn from the literature and compared with existing technologies. Second, an algorithm was developed to couple standard equations of flight with EAD propulsion performance and treat the first-order interactions. It fairly replicated the performance of the only available autonomous EAD-propelled drone. A test case based on an existing commercial UAV of 10 kg equipped with current-generation EAD thrusters anticipated a flight of less than 10 min, lower than 30 m in height, and below 8 m · s −1 in velocity. Achieving over 2 h of flight at 30 m of height at 10 m · s −1 requires the current EAD thrust to be doubled without altering the power consumption. For the same flight performance as the baseline UAV, the prediction asked for a tenfold increase in the thrust at the same power consumption.
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1. Introduction


In recent years, the need to transition towards more sustainable aviation has raised the interest in electric propulsion for aircraft. One of the most popular examples of a fully electric airplane is the Solar Impulse, which used solar panels in order to reach theoretical perpetual autonomy. (In reality, it is essentially limited by the resistance of the pilot and reaches roughly 120 h). Electric UAVs are already commercialized, such as quadcopters or fixed-wing UAVs. It is today possible to propel a 10 kg drone with a conventional propeller powered via an electric engine supplied with a battery for missions of a few hours (e.g., Albatross UAV from Applied Aeronautics (Austin, USA)). Nowadays, electric ultralight airplanes (e.g., Alpha Electro from Pipistrel (Ajdovščina, Slovenia) and U15E  Φ NIX from Pure Flight Solution (Vrážská, Czechia)) and motor gliders (e.g., Taurus Electro from Pipistrel (Ajdovščina, Slovenia), AS 34 Me from Alexander Schleicher (Poppenhausen, Germany), and Discus-2cFES from Schempp-Hirth (Kirchheim unter Teck, Germany)) are commercialized, and more work is carried out in order to propel civil airplanes electrically (e.g., E-Fan X from Airbus). The later examples typically use propellers to produce thrust, but another electric propulsion technology is getting some attention: electro-aerodynamic (EAD) thrusters for which the thrust force results from electrically charged particles emanating from plasma.



The regaining of interest in EAD propulsion has mainly been driven by the EAD-propelled fixed-wing UAV realized at MIT by Xu et al. [1]. This UAV managed to sustain a steady, level flight with an onboard power supply. This encompasses both the battery and high-voltage transformer. Although this drone has limited abilities compared to mainstream commercial UAVs, it is a proof of concept for the propulsion system under standard atmospheric conditions. Other examples of EAD aircraft include a blimp [2] and micro-aerial vehicles [3,4].



EAD propulsion relies on the transport of electrically charged particles in the air. The simplest thrusters studied in the literature correspond to isolated EAD actuators. A schematic of a standard wire-to-cylinder thruster under a positive DC voltage is given in Figure 1. A positive high voltage of tens of kilovolts is applied across a thin wire and a cylinder of much greater radius, both made of conducting materials. At the surface of a conducting medium, the electric potential  ϕ  is uniform, and the electric field  E  is determined using Poisson’s equation:


  E = − ∇ ϕ  .  



(1)







Consequently, the electric field strength rises sharply at the curved surface of the thin wire. When the electric breakdown of air is achieved, a corona discharge ignites at the wire, and plasma forms in the air. The difference in electric potential between the wire and cylinder creates a strong electric field in the inter-electrode gap. Thus, Coulomb forces are exerted on the charged particles in the plasma. This forcing pulls the positively charged particles (ions) out of the plasma and accelerates them towards the cylinder. On their path, they collide with neutral air particles. Hence, the momentum is transferred to the air, and the gas is set into motion via the flow of the charged particles. This process forms an ionic wind. The electric charges are then neutralized at the cylinder collector. The acceleration of the gas via the electric force results in the generation of a thrust force (horizontal in Figure 1).



EAD thrusters have several advantages and limitations. For instance, they generate less noise than typical propellers. Their differential actuation around an aircraft could also be used for control. Given the advancements achieved in EAD propulsion, it is important to ascertain the present capabilities and constraints of the technology. Furthermore, modeling an EAD-propelled airplane is crucial for understanding the specifics of this propulsion mode. Eventually, the required improvements in the technology can be identified and quantified.



To achieve these objectives, Section 2 presents the current knowledge in EAD propulsion and discusses typical modeling approaches used to analyze the propulsive performance of single EAD thrusters. The focus of this paper is restricted to corona discharge thrusters, as shown in Figure 1. Subsequently, the abilities of a multistage thruster consisting of an arrangement of single EAD thrusters are evaluated in Section 3. The efficiency, maximum flight velocity, and general design of a multistage thruster are compared with existing propulsion modes. Thirdly, the modeling and limitations highlighted in the previous sections enabled the construction of an algorithm that simulates the flight performance of a fixed-wing aircraft equipped with a multistage thruster. This work is presented in Section 4, detailing choices in the designs of the aircraft and thruster, as well as the solving process. Finally, several configurations of airplanes were simulated with the obtained algorithm, as discussed in Section 5. Initially, the algorithm was validated by simulating the only known fixed-wing UAV propelled with EAD technology [1]. This particular drone serves as a reference throughout the study. Thereafter, the algorithm is applied in order to assess the preliminary design of an EAD drone, based on the performance of an existing commercial UAV, and the results show the current benefits and limitations of the technology.




2. Modeling of the Propulsive Performance of Single-Stage EAD Thrusters


Before considering an EAD-propelled aircraft, it is important to present the current abilities and physical properties of an isolated single-stage thruster. It consists of one emitter and one collector (either single or dual), as shown in Figure 2. To condense the figure, the five single-stage thrusters are represented vertically in Figure 2, with the wire emitters positioned on top. Consequently, thrust is directed vertically in the figure. As depicted in Figure 1, all subsequent thrusters in the paper are laid out horizontally.



2.1. Different Types of Plasma Discharges


Mainly two types of discharge were investigated for flow control and propulsion. First, corona discharge actuators (as shown in Figure 2a–d are commonly employed. The most typical geometry is the wire-to-cylinder design that was presented in Section 1 and that is displayed in Figure 1 and Figure 2a. The wire has diameter   D 1  , the cylinder diameter   D 2  , and an inter-electrode gap, d, separates the electrodes. Additionally, modifying the geometry of the collector can be convenient in order to reduce its aerodynamic drag. For instance, the UAV realized by Xu et al. [1] used wire-to-airfoil thrusters. This geometry is presented in Figure 2b, where the collector is an airfoil of chord   c e   and thickness   t e  .



Placing a single collector directly in the wake of the emitting electrode can interfere with the induced wind. Consequently, an arrangement involving two parallel collectors has been evaluated [5,6,7,8]. This configuration corresponds to the wire-to-parallel cylinders geometry displayed in Figure 2c. This dual-collector design generates a higher net thrust at a given consumed electric power under quiescent conditions (i.e., in the absence of a freestream with still air). This configuration can be improved through the use of airfoils instead of cylinders in order to reduce the drag in flight (see Figure 2d). Disregard the shape of the collector; an additional electrode must be considered with care. The increase in the drag due to the addition of an electrode must stay beneficial in terms of flight performance.



Another type of plasma discharge is the dielectric barrier discharge (DBD) that occurs when a dielectric material encapsulates one of the electrodes. Such a configuration is represented in Figure 2e. While corona discharges can be triggered with different kinds of high-voltage signals (e.g., DC, AC, and nanosecond pulses), DBDs are only sustained via time-varying signals. With the possibility to change the frequency or modulate the discharge, DBD actuators have been predominantly evaluated as surface actuators for their flow control abilities [9,10,11]. In such a case, their injection of momentum into the air occurs close to the wall and interacts with air friction. The abilities of DBD actuators for propulsion have not been investigated properly.



The two types of discharges can also be coupled into a sliding discharge (that is, a decoupled discharge) [12,13] to benefit from their individual advantages. Sliding discharge actuators must be further studied in the context of propulsion in order to draw conclusions concerning their suitability.



A more detailed review of the different types of discharges can be found in [14]. Given the lower abilities of DBD actuators and the uncertainty surrounding sliding discharge actuators, the present work focuses on DC corona discharge actuators. The most studied design is the wire-to-cylinder design. The modeling of its propulsive performance is detailed in the next section.




2.2. Physical Modeling of Single-Stage Thrusters


Over the past decades, many equations have been drawn and used by various authors in order to model the propulsive performance of single-stage thrusters (thrust, power, and the thrust-to-power ratio). The first two parameters of interest are thrust generation and power consumption. For an electrical device, the real-time power consumption can be determined by multiplying the supplied voltage, V, by the current flowing through the thruster, I. Integrating over time,   Δ τ   reveals the average power consumed by a thruster   P a  :


   P a  =  1  Δ τ    ·   ∫  0   Δ τ   V  ·  I  d τ  ,  



(2)




With a DC power source and when measuring the mean current, the following simply ensues:


   P a  = V  ·  I  .  



(3)







For the typical corona discharge in the glow regime, the current under quiescent conditions (i.e., in still air) is determined through Townsend’s law [3,12,15,16,17]:


  I = C  ·  V  ·   V −  V 0    ,  



(4)




where C is a constant, and   V 0   is the onset voltage (i.e., the voltage above which ionization starts and the current flows).



The thrust produced by a single-stage thruster   T a   can be expressed as follows [5,7,16]:


   T a  =  F ead  −  F  D , a    ,  



(5)




where    F ead    is the total EAD force, and    F  D , a     is the total drag force generated via the flow of gas around the electrodes (ionic wind and freestream). The EAD force corresponds to the overall Coulomb force exerted on the electric charges. Consequently, this force depends on the charge density, the volume of the discharge, and the strength of the electric field. Under quiescent conditions, the EAD force can be expressed as follows [6,18,19,20]:


   F ead  =    I  ·  d   μ i     ,  



(6)




with d the inter-electrode gap and   μ i   the ionic mobility (around   2 ×  10  − 4       m 2     ·     V  − 1      ·     s  − 1    in the air at mean sea level). Ionic mobility evaluates the ease of motion of the charged particles into the bulk of the fluid. The lower the ionic mobility, the more the kinetic energy of the charged particles is transferred into the air. The current, I, corresponds to the flux of electrically charged species through the discharge cross section,   A d  . Under quiescent conditions, the drag force is weak and can be neglected. In such a case, Equations (5) and (6) predict a linear relationship between the thrust and the current. Such a dependency has been regularly observed in experiments [5,6,16,18,21,22]. For instance, data from the work of Moreau et al. [5] are represented in Figure 3. The thrust–current characteristics (Figure 3a) are fitted with linear functions for both single- and dual-collector designs (Figure 2a,c, respectively).



The derivation of the current I requires the integration of the flow of the space charge through the entire volume of the discharge. In order to ease the calculation of the current, average values of the space charge density   ρ c  , the charged particle drift velocity    v drift   , and the discharge cross-sectional area   A d   can be defined so that the following ensues [23]:


  I =  ρ c   ·   A d   ·   v drift   ,  



(7)




where the average drift velocity of the charged particles is the sum of the freestream velocity   v ∞   and the velocity imparted via the EAD force [23]:


   v drift  =  v ∞  +  μ i   ·  E  ,  



(8)




where E is the average strength of the electric field in the gap. Modeling the current with Equations (7) and (8) highlights the linear increase in the current with the freestream velocity [24,25]; however, it neglects the interaction of the freestream velocity with the voltage. Under 15 m   ·     s  − 1   , the EAD force was observed to stay constant with the velocity, while the drag of the electrodes increased with the square of the freestream velocity (Equation (5)) [25].



The second term on the right-hand side of Equation (5) is the total drag force,    F  D , a    , and it results from the drag generated via all the electrodes. The contribution of the emitter to the drag can be neglected due to its minute diameter compared to the collector (hundreds of micrometers versus several millimeters). By definition, the following applies:


   F  D , a   =  1 2   ·   ρ ∞   ·   S a   ·   C D   ·   v a 2   ,  



(9)




where   ρ ∞   is the air density,   S a   the reference area of the collector(s),   C D   the drag coefficient of the collector(s), and   v a   the air velocity around the collector. For a single cylinder (Figure 2a),   S a   is the frontal area of the cylinder. For a single airfoil (Figure 2b),   S a   is the plane surface of the airfoil (span times chord). If two collectors are used, and if the aerodynamic interactions are neglected, then   S a   is simply doubled. The reference velocity,   v a  , depends on the freestream and ionic wind around the collector. The induced velocity is not homogeneous around the electrodes [7]. If an average ionic wind velocity,   v i  , is known, the following can be estimated:


   v a  =  v ∞  + α  ·   v i   ,  



(10)




where  α  is a coefficient modeling the degree of interference between the ionic wind and the electrodes. For example,   α = 0   corresponds to an optimized single-stage thruster in which the electrodes are away from the induced jet. For wire-to-cylinder geometry,   α ≈ 1   since the collector stands in the way of the ionic wind. As shown by Monrolin et al. [7], an optimum inter-collector separation exists: the highest mechanical efficiency (i.e., the mechanical power of the ionic wind over electrical power) is achieved for a half-angle  γ  of 30° (see Figure 2c). Also, if the electrodes take a non-zero angle of attack and/or an asymmetrical airfoil is used, a lift force,    F  L , a    , is generated:


   F  L , a   =  1 2   ·   ρ ∞   ·   S a   ·   C L   ·   v a 2   ,  



(11)




where   C L   is the lift coefficient.



The effectiveness of an EAD thruster is assessed through the thrust-over-power ratio:


   θ a  =    T a   P a     .  



(12)







When neglecting the drag force under quiescent conditions, the following can be estimated [6,18,26]:


   θ a  ≈     F ead    P a    =   d   μ i   ·  V     .  



(13)







In addition, a decrease in the thrust-to-power ratio is always observed when the thrust increases [5,6,16,18,21,22]. For instance, the data of Moreau et al. [5] are reproduced in Figure 3b for both single- and dual-collector designs.



Several levels of efficiency can be used to characterize EAD thrusters. The overall efficiency  η  measures the conversion of the input power into propulsive power (for example, an electric motor with a propeller converts the input electric energy into an air jet). For an EAD thruster, it is the ratio of the available power in flight,    v ∞   ·   T a   , over the input electrical power,   P a   [1,27]:


  η =     v ∞   ·   T a    P a    =  v ∞   ·   θ a   .  



(14)







For comparison with a typical propulsion medium, the propulsive efficiency   η p   can be preferred. It is the ratio of the useful power in flight over the total power generated via the engine [27]:


   η p  =   2  1 +  v a  /  v ∞      .  



(15)







At a constant thrust-to-power ratio, Equation (14) predicts that the overall efficiency grows linearly with the freestream velocity. However, this prediction neglects the reduction in the thrust in flight due to the drag of the electrodes (Equation (5)) and the increase in power consumption due to the rise in the current in moving air (Equation (7)).



Finally, the problem is assumed to be two-dimensional with homogeneous thrust generation and power consumption over the span L of the thruster. Thus, the thrust and power per meter of the span of the thruster are more commonly used in the literature:


    T ^  a  =   T a  L   ,  



(16)




and


    P ^  a  =   P a  L   .  



(17)







The thrust and power per unit span of a single-stage thruster will be simply referred to as thrust and power in order to respect the terminology of the plasma propulsion community.



The current, thrust, and power measurements that have led to the previous scaling laws bring quantitative evaluations to the present technology. They are presented in the next section.




2.3. Current Performance of Single-Stage Thrusters and Prospects for Improvements


Plasma thrusters have improved over the years. Most of the studies found in the literature focus on configurations such as the wire-to-cylinder [6,12,18,21,22], wire-to-airfoil [1,28] and wire-to-cylinders [5,7]. The maximum recorded thrust moves towards 100 to 200 mN   ·     m  − 1    at a thrust-to-power ratio in the range of 5 to 10 mN   ·     W  − 1    [1,5,12,18,21,22]. Higher thrust-over-power ratios can be reached, but they are observed at lower values of thrust. For instance, for a thrust of between 30 and 50 mN   ·     m  − 1   , the thrust-to-power ratio reaches around 10 to 15 mN   ·     W  − 1    [5,6,12,18,21,22]. The effect of several electrical and geometrical parameters has already been assessed in the aforementioned papers.



First, the polarity and amplitude of the voltage can easily be modified. On the one hand, the polarity does not seem to heavily impact the propulsive performance of EAD thrusters [16] for a wire-to-cylinder configuration. On the other hand, Equations (4) and (6), together with Equation (13), suggest that a higher voltage leads to a higher thrust but with a lower thrust-to-power ratio [5,6,16,18,21,22].



Secondly, the geometry of EAD thrusters has also been investigated. For instance, an increase in the inter-electrode gap, d, has been observed to increase the thrust at a given current and increase the thrust-to-power ratio at a given thrust [6,16,18,22]. These observations qualitatively agree with Equations (6) and (13). Unfortunately, this distance also decreases the intensity of the current since a larger gap results in a weaker electric field. An adequate rise in the voltage can compensate for this effect; however, it brings more technical difficulties such as its generation (e.g., the size of the high-voltage transformer) or the appearance of parasitic plasma discharges (the higher the voltage, the more difficult it becomes to properly insulate the surroundings). In the case of two parallel collectors, as shown in Figure 2c, the two collectors are separated by a distance, s. Several authors proved that this dual-collector configuration achieves a higher thrust at a given current and a greater thrust-to-power ratio at a given thrust [5,8]. These phenomena are highlighted in Figure 3a,b.



Thirdly, it is important to increase the asymmetry between the electrodes. For instance, a higher curvature at the surface of the emitter increases the electric field in its surroundings. Hence, a thinner wire emitter reduces the onset voltage   V 0   and allows for the achievement of higher thrust at the same voltage [6,19,28]. A thinner radius also reduces the aerodynamic drag, but since the drag of the emitter is negligible compared to the drag of the collector, the electric effects are predominant. However, reducing the radius of the wire weakens its structural resistance in a freestream. On the contrary, the selection of the collector geometry is a trade-off between the electric and aerodynamic forces. A larger diameter of the collector can increase the generated thrust at first [16,29]. Yet, an optimum seems to exist over which an increase in the diameter produces more aerodynamic losses than gains by increasing the electric field [16]. Finding this optimum is a design requirement that depends on the operating velocity.



Finally, the influence of the altitude must be addressed. A higher altitude was observed to alter the propulsive performance of single-stage thrusters [30]. Nevertheless, as will be shown in the results, the present study focused on a low altitude (below 1 km), at which this parameter is insignificant. Having outlined the propulsive capabilities of a single-stage thruster, the next step is to explore its incorporation into a multistage thruster comprising multiple stages in series and parallel.





3. Propulsive Performance of a Multistage EAD Thruster in Flight


In a multistage thruster, each single stage becomes a unit, positioned either in series (following another) or in parallel (adjacent to each other).Tremendous work is being carried out by various teams around the world to improve the performance of multistage thrusters. Efforts are especially made to increase the efficiency by ducting thrusters [31,32,33] and modifying the shape and number of electrodes [32,34] to reduce losses. As more work is carried out, it can be expected that the laws and estimations presented in the previous section will change. Specifically, the dependency of the performance of each single stage on its design and location within the multistage thruster must be better understood for every new configuration. Furthermore, the addition of a duct requires its drag and mass to be modeled. The following section is limited to an unducted multistage thruster with single stages composed of one emitter and one collector. Although this choice allows for reliance on well-established laws in the literature with simple modelization, it also neglects possible improvements that can make thrusters more efficient. Initially, defining the limits of thrust, power, and efficiency for a multistage thruster is feasible, followed by a comparison with typical propulsion technologies.



3.1. Available Thrust and Thrust-to-Power Ratio


Based on the earlier discussion, a variety of conclusions can be drawn. First, the technology is moving towards a maximum thrust of 150 to 200 mN   ·     m  − 1    with a thrust-to-power ratio of around 10 to 15 mN   ·     W  − 1    in the short to medium terms. Secondly, it appears feasible to attain a higher thrust-to-power ratio, producing 30 to 50 mN   ·     W  − 1    at 50 mN   ·     m  − 1   .



In terms of the thrust-to-power ratio, the mentioned values are comparable to existing technologies. For instance, an electric motor with a gearbox and a propeller typically achieves an efficiency of around 75% [35]. According to Equation (14), the thrust-to-power ratio ranges between 30 and 75 mN   ·     W  − 1    at flight velocities from 25 to 10 m   ·     s  − 1    respectively. Similarly, for a jet engine with an overall efficiency of about 33% [35] flying between Mach 0.7 and 0.85 near the tropopause, the same equation yields a thrust-to-power ratio between 1.6 and 1.3 mN   ·     W  − 1   , respectively.



A comparison of the thrust density of the engines can also be drawn. Typically, the inter-electrode gap ranges between 50 and 100 mm. NACA 0010 airfoil electrodes with a 60 mm chord and an angle of   γ =  30 ∘    with a maximal thrust of 200 mN   ·     m  − 1    can be considered. This setup closely mimics the performance of the thruster employed in the reference drone [1], scaled up with the adoption of a dual collector design. It leads to a maximum thrust density of around 31.5 N   ·     m  − 3    for a gap of 50 mm and down to 10.8 N   ·     m  − 3    for a gap of 100 mm. When compared to propellers, it can be preferred to express the thrust as pressure over the surface represented by the exit cross-sectional area of the single-stage thruster. With the previous parameters, this pressure respectively amounts to 3.46 and 1.73 N   ·     m  − 2    for gaps of 50 and 100 mm. These values are in the range found by Belan et al. [36].



Furthermore, the total efficiency of the propulsion system (that is, chain efficiency) can be compared to more common engines. The chain efficiencies of several propulsive technologies were evaluated in the work of Hepperle [35]. Chain efficiency assesses the full efficiency of a propulsive system by taking into account all the steps of transformation between the input power (e.g., electricity stored in a battery) and the creation of the thrust force. For instance, turboprop and turbofan engines are estimated to have respective chain efficiencies of 39% and 33%. For electric engines with propellers, it can be estimated that the chain efficiencies are about 73% when using batteries and 44% when using hydrogen fuel cells.



For an EAD thruster (single-stage or multistage), the chain starts with a battery (100%) that is converted via a power converter. The efficiency of a high-voltage power converter and controller can be estimated at about 80–90%. For example, the transformer used for the reference drone [1] achieved around 85% efficiency [1,37]. As presented in Equation (14), the overall efficiency of an EAD thruster grows linearly with the thrust-to-power ratio and the velocity. With a single-stage thruster, and assuming that the EAD force    F ead   , the charge density   ρ c   and the cross-sectional area of the discharge   A d   do not depend on the velocity, and the velocity induced by the discharge   v i   in the gas mixture is low compared to the freestream velocity   v ∞   (   v i  ≲ 1   m   ·     s  − 1    [7,25]); Equations (3), (5), (7), (9) and (12) lead to the following:


   θ a  =  θ a   (  v ∞  = 0 )   ·   1 −     ρ ∞   ·   S a   ·   C D   ·   v ∞ 2    2  ·   P a   (  v ∞  = 0 )       ·    1 +   v ∞    μ i  E     − 1   =  θ a   (  v ∞  = 0 )   ·     1 −  k 1   ·   v ∞ 2    1 +  k 2   ·   v ∞      .  



(18)







In order to approximate the values of the coefficients in Equation (18), the parameters of the reference drone [1] can be used. For instance, the NACA 0010 airfoil has a drag coefficient of less than 0.025, the air density is roughly 1.2 kg   ·     m  − 3    at mean sea level, and the average electric field between the emitters and collectors is around 40 kV over 60 mm of gap, i.e., 66.7 V   ·     mm  − 1   . For a single-stage thruster of 1 m of span with a chord of the collector of around 100 mm, the orders of magnitude of the coefficients in Equation (18) are as follows:    k 1  =  10  − 4       s 2     ·     m 2   and    k 2  =  10  − 1     s   ·   m. This estimation leads to a 50% drop in the thrust-to-power ratio at 10 m   ·     s  − 1    and a 70% drop at 20 m   ·     s  − 1   , which is significant. A contour graph of the overall efficiency against the velocity and thrust-to-power ratio is presented in Figure 4a. With velocities of 5 to 10 m   ·     s  − 1    (the reference drone [1] flew at 4.8 m   ·     s  − 1   ) at a thrust-to-power ratio of 10 to 40 mN   ·     W  − 1    in cruise, the overall efficiency is less than 20% and closer to 10% when considering the drop in the thrust-to-power ratio with the freestream velocity. In Figure 4b, the overall efficiency is plotted against the thrust-to-power ratio at 5, 10, and 15 m   ·     s  − 1   . At 5 mN   ·     W  − 1    and 5 m   ·     s  − 1   , the efficiency is around 1.7%. This situation compares to the reference drone [1], for which the efficiency is 2.56%. By selecting less-power-consuming thrust generation, the thrust-to-power ratio can increase up to 20 to 40 mN   ·     W  − 1   . At 5 m   ·     s  − 1   , the efficiency ranges between 6 and 14%, and at 10 m   ·     s  − 1   , the overall efficiency ranges between 10 and 20%. In conclusion, the overall efficiency seems to approach 10% for a carefully designed single-stage thruster. Consequently, the chain efficiency of EAD propulsion is currently about 9%. If the technology moves towards 50 mN   ·     W  − 1    in the future with a velocity of 10 m   ·     s  − 1   , the overall efficiency could rise up to 25%. In such a case, the chain efficiency would be around 22%. When being overly optimistic, it could be imagined that the velocity increases up to 15 m   ·     s  − 1    for the same thrust-to-power ratio, leading to an overall efficiency of around 30% and chain efficiency of nearly 26%. Consequently, EAD thrusters are less efficient than turboprop and turbofan engines at a much lower flight velocity. Moreover, the chain efficiency stays very low compared to the 73% of a battery-powered electric engine with a propeller.



In terms of chain efficiency, an EAD propulsion system does not seem to exhibit any major benefit over existing propulsive technologies. Nevertheless, an EAD thruster has other possible advantages that could be benefited from. For instance, the low induced velocity (see the section below) results in a high propulsive efficiency   η p   (around 95% with    v a  = 11   m   ·     s  − 1    at    v ∞  = 10   m   ·     s  − 1   ) but a low thrust density. Consequently, EAD thrusters must be large relative to the size of the carrying aircraft and could be used to generate lift. On the other hand, jet and prop engines induce larger air jets with lower propulsive efficiency (80% for propellers and 65% for a fan [35]) but high thrust densities and are, hence, small relative to the size of the carrying aircraft.



The earlier study examined the present propulsive effectiveness of EAD thrusters. As demonstrated previously, the air velocity significantly influences the efficiency of EAD thrusters. Prior to analyzing the multistage thruster design, it is crucial to evaluate how the freestream velocity affects the thrust produced to establish the velocity constraints of EAD thrusters.




3.2. Achievable Flight Velocity


First, let us recall the propulsive performance of the reference drone [1]. The thrust was 3.2 N for eight single stages with a span of 3 m (i.e., 133 mN   ·     m  − 1   ) at a flight velocity of 4.8 m   ·     s  − 1    with NACA 0010 airfoil single collectors. Without further information, it is estimated that the chord is between 60 and 100 mm for a thickness between 6 and 10 mm, respectively. The chord-based Reynolds number lies between 20,000 and 35,000, which gives a prediction of   0.020 ≤  C D  ≤ 0.026  . With the given data, it is possible to estimate that the average velocity induced by the thruster is around 0.5 m   ·     s  − 1    with   α = 1  , i.e., with a strong interference since the collector stands in the ionic wind (see Appendix A and Equation (A3)). It is possible to calculate the drag of a single stage with Equation (9). With the reported cruise flight at 4.8 m   ·     s  − 1    and drag between 26.8 and 34.4 mN   ·     m  − 1   , and given Equation (5), it is possible to estimate that the corresponding thrust under quiescent conditions is about 160 mN   ·     m  − 1   . This thrust at    v ∞  = 0   can be used as a starting point in the calculation of the forces for different thrusters. The previous modeling is consistent with experiments [25] under 15 m   ·     s  − 1   .



All the cases are shown in Figure 5, assuming a chord of 60 mm, and several points are highlighted on the curves. For each case, two components of three forces are represented against the flight velocity: the EAD force, the drag, and the thrust (see Equation (5)). Point (0) corresponds to the original data reported for the reference drone [1], and Point (1) gives the velocity at which the drag and EAD forces balance each other, resulting in a null thrust at point (2). First, the reference case (wire-to-single NACA 0010) is displayed in Figure 5a. Mathematically, a thrust of 133 mN   ·     m  − 1    is achieved at 4.8 m   ·     s  − 1    for the UAV (point (0)). It can be observed that the thrust cancels at around 12.5 m   ·     s  − 1    (point (2)) when the drag has caught up with the EAD force (point (1)).



When replacing the airfoil with a cylinder that has a diameter of 6 mm and a drag coefficient of around 0.8 (Figure 5b), the drag rises tremendously. Thus, the thrust cancels at around 7 m   ·     s  − 1    (point (2)). This shows how critical the designs of the electrodes are.



The last two predictions (case (c) and (d) of Figure 5) correspond to dual-collector configurations. It is here assumed that the placement of the collectors is optimized such that   α = 0   in Equation (10) (i.e., the collectors are far enough from the ionic wind and do not interfere with it). In case (c), the initial thrust under quiescent conditions is kept at 160 mN   ·     m  − 1    as for the reference case. As a result, the addition of an electrode is only responsible for almost a doubling of the drag at a given velocity, and the maximum flight velocity reduces to less than 9 m   ·     s  − 1   . Nevertheless, case (c) assumes a constant EAD force with the reference. As observed by Moreau et al. [5], a dual collector leads to a gain in the thrust-to-power ratio at a constant thrust. In case (c), the thrust-to-power ratio is, thus, superior to the reference. In case (d), the thrust-to-power ratio is equal to the reference. The results of Moreau et al. [5] show an increase of around 40 mN   ·     m  − 1    at a thrust-to-power ratio of 5.5 mN   ·     W  − 1    when adding a collector. Assuming this increase in thrust stands in the present case, Figure 5d shows that the thrust now cancels at 10 m   ·     s  − 1    (point (2)). This result indicates that the addition of collectors must be thoroughly evaluated. For a given thruster and given flight conditions, the increase in the thrust brought about through the addition of a collector at a constant thrust-to-power ratio must exceed the increase in drag that it causes. Alternatively, the excess mass imparted via the dual-collector design can be counterbalanced with a gain in battery mass, thanks to the higher thrust-to-power ratio of the dual-collector configuration. With the current propulsive performance of EAD thrusters, it can be estimated that the maximum flight velocity always stays below or around 10 m   ·     s  − 1   . Furthermore, the flight velocity of the full aircraft can only be lower due to the drag produced due to the other components of the vehicle.



In the previous paragraphs, the aerodynamic drag of the single-stage thruster was discussed; however, the possible gains in aerodynamic lift have not been presented. For electrodes with an angle of attack and/or with an asymmetric design, an EAD thruster can also generate a lift force and could help by replacing part of the wing of the aircraft. Yet, due to the small chord of the electrodes and the low achievable flight speed, such considerations can only be approached when the full size of the thruster is known. The last step required to model an EAD thruster in flight is to choose its design.




3.3. Thruster Design and Dimensions


The design of the thruster is fundamentally different from the design of typical air-breathing engines. Due to their low thrust generation and large size, EAD thrusters would need to be integrated into the airframe. For instance, the airfoils used as electrodes could be asymmetrical so that they participate in the lift force. Thus, an EAD thruster could replace part of the wing and play a role in both the aerodynamic and structural properties of the aircraft (e.g., the mechanical rigidity of the wing).



Until now, the presented thrusters have consisted of wire emitters and cylinder/airfoil collectors. It is easy to see how a series of single stages, one behind another, would lead to backward-facing discharges between two successive stages if the distance between them were not large enough. This means that the thrust density (in N   ·     m  − 3   ) drastically reduces when stacking stages in series with conventional configurations. One way to reduce the size of a thruster is to enable each electrode to be used both as an emitter and a collector. For an airfoil, it is an easy task. The sharp trailing edge of an airfoil can be used as an emitter, while the blunt leading edge of the same airfoil can become a collector. Such a configuration is presented in Figure 6. To our knowledge, this configuration has not been experimentally tested. Each electrode is an airfoil of chord   c e   and thickness   t e  . Each single-stage thruster becomes a stage within the whole multistage thruster. Single-stage thrusters (or more simply stages) share one or several electrodes with the neighboring stages. A single-stage thruster is a set of one emitter and one or two collectors, depending on the selected configuration. An emitter is separated from the collecting stage by a gap d. In the case of a dual collector configuration, a separation, s, is also defined, giving a half-angle  γ  from the emitter.



Finally, the multistage thruster consists of several single stages in parallel and in series. In order to avoid parasitic discharges between two successive stages, all the electrodes belonging to stage N in parallel should be at the same potential, while each successive stage in series should switch the polarity. Using opposite DC voltages on emitters and collectors was observed to achieve a similar propulsive performance as using DC voltage on the emitter and ground potential on the collector [22]. It should be noted that using a positive or negative polarity at the emitter has little impact on the EAD performance of a thruster [16,18]. In Figure 6, small discharges are drawn on the trailing edges of the collectors in series (the far right of the figure). Since the electric field rises locally at the trailing edges of the last column on electrodes, the last collectors in series can also trigger discharges at their sharp trailing edges. Even without a collector, the charged species are then repealed from the electrically charged emitting electrodes and, hence, generate an EAD force. However, some results suggest that the thrust generated in the absence of a collector is very small when the voltage exceeds 10 to 20 kV [38].



As discussed previously, it can be preferred to reduce the number of electrodes in order to reduce the drag. Thus, two options are available, and both are displayed in Figure 7. The first option consists of the one-emitter, one-collector configuration (i.e., single-collector design), with N stages in parallel (side by side in the flow) and M stages in series (in succession in the flow), as presented in Figure 7a. The second option is the one-emitter, two-collector configuration (i.e., dual-collector design), as shown in Figure 7b. It is important to note that stacking dual-collector stages in parallel is less detrimental in terms of drag. Indeed, for an isolated single-stage thruster, this configuration adds a third electrode. In the case of several dual-collector stages in parallel, collectors are shared. For both the single- and dual-collector designs, the number of stages (and plasma discharges) in a multistage thruster is as follows:


   K 1  = M  ·  N  .  



(19)







One single-stage thruster is formed by an emitting electrode and a collecting stage (single or dual electrodes), as displayed in Figure 2b,d. The number of electrodes is not equal to the number of stage   K 1  . As presented in Figure 6, the proposed design comprises several electrodes that serve both as an emitter for one stage and a collector for the previous stage in series, or as shared collectors for adjacent parallel stages in the case of dual collectors. Therefore, the number of electrodes   K 2   must be calculated independently for single and dual designs. For the single-collector design (Figure 7a), the number of electrodes is as follows:


   K 2 s  = N  ·   M + 1   ,  



(20)




While the number of electrodes for the dual-collector design (Figure 7b) is as follows:


   K 2 d  = N  ·   M + 1  +  1 2   M +    1 −   ( − 1 )  M   2     .  



(21)







From Equations (20) and (21) with   M = 1  , it can be seen that only one electrode is added when choosing a dual-collector design. As a result, if more stages are stacked in parallel (i.e., N increases), then the difference in the number of electrodes between the two designs becomes smaller. For any constant number of stages in series M, this remark stays valid and can be expressed as follows:


   lim     M = cst       N → ∞          K 2 d   K 2 s    =  1 +   .  



(22)







Moreover, the overall drag of the multistage thruster can be reduced by using wires instead of airfoil for the first column of electrodes (i.e., the emitters of   M = 1   in series can be wires). Hence, these electrodes can be neglected from the calculation of the drag and lift of the thruster by removing N electrodes from   K 2  . For the last column of electrodes (column   M + 1  ), an airfoil optimized to produce less drag could be used. The algorithm detailed in the next sections assumes wire emitters at stage   M = 1  , and it assumes that all the remaining electrodes have the same shape.



The final remark about the effects of staging concerns the exit-induced velocity (Equation (A3)). Staging in parallel increases the exit area    A out   , while staging in series increases the average velocity induced into the flow. By assuming    v ∞  ≪  v i    under quiescent conditions and assuming that M stages in series multiply the thrust by M with the same density and exit area, Equation (A3) leads to a total induced velocity at stage M   v  i , M    :


   v  i , M   ≈  M   ·   v  i , 1    .  



(23)







The dimensions of the multistage thruster are a span, L, a height, H, and a width, W. For a dual-collector design, the height and width are as follows:


  W =  M + 1   ·   c e  + M  ·  d  ,  



(24)




and


  H = N  ·  s +  t e   .  



(25)







Equation (25) assumes that the airfoils have a negligible angle of attack, and it overlooks the minor vertical shift between two consecutive stages in series, which arises due to the asymmetry of the airfoils. The span of the thruster, L, can be arbitrarily set to fit the chosen design of the aircraft. By taking   γ =  30 ∘    to calculate s, the multistage thruster should exhibit higher mechanical efficiency under quiescent conditions. It will be further assumed that a single-collector design occupies the same space as a dual-collector design with   γ =  30 ∘   , and with W and H determined through Equations (24) and (25).



Finally, the physical properties of the complete thruster can be derived. All the electrical and aerodynamic interference between the stages is here ignored. The aerodynamic drag,    F  D , t    , and lift,    F  L , t    , grow with the number of electrodes:


   F  D , t   =  1 2   ·   ρ ∞   ·   C  D , e    ·   K 2   ·   c e   ·  L  ·   v a 2   ,  



(26)




and


   F  L , t   =  1 2   ·   ρ ∞   ·   C L,e   ·   K 2   ·   c e   ·  L  ·   v a 2   ,  



(27)




where    C D,e    and    C L,e    are the drag and lift coefficients of an electrode. On the other hand, the generated thrust,    F  T , t    , and consumed power,   P t  , depend on the number of stages:


   F  T , t   =  K 1   ·  L  ·    T ^  a   ,  



(28)




and


   P t  =  K 1   ·  L  ·    P ^  a   .  



(29)







By defining a linear mass density of an electrode,    m ^  e   (in kg   ·     m  − 1   ), the total mass of the thruster,   m t  , can be determined:


   m t  =  K 2   ·  L  ·    m ^  e   .  



(30)







If the electrode is approximated with a rectangular frame of height equal to the thickness of the airfoil and width equal to the chord of the airfoil, then    m ^  e   can be estimated for the given wall thickness   δ e   and material density   ρ e   of the electrode:


    m ^  e  = 2  ·   (  c e  +  t e  )   ·   δ e   ·   ρ e   .  



(31)







The previous equations can be used to estimate the size of a thruster, given the mass and flight velocity of an aircraft. The following example focuses on a single-collector design with four stages in parallel and two in series. The electrodes are NACA 0010 with a thickness of 6 mm, an inter-electrode gap of 60 mm, and a half-angle  γ  of   30 ∘   (  s = 69.3   mm). This design resembles the configuration used on the reference drone [1]. Consequently, the evolution of the thrust with the velocity represented in Figure 5a was here chosen. The drag of the aircraft body is neglected in the example. It was assumed that the collectors are aluminum with a 0.1 mm wall thickness (    m ^  e  ≈ 0.035   kg   ·     m  − 1   ). It can be remarked that this mass is around twice the mass used for the reference drone [1] (about 0.017 kg   ·     m  − 1   ). For a given take-off mass   m 0  , the required thrust in cruising can be found using the balance of the force in an unaccelerated, level flight (Equation (A6)) for a lift-over-drag ratio of 20. With the given input data, it is possible to derive the required mass of electrodes, depending on the mass of the aircraft. It is further assumed that the mass of the full thruster is approximately equal to the total mass of the electrodes. The mass of the thruster is plotted against the flight velocity for three orders of magnitude of the mass of the aircraft in Figure 8. The values are given as a percentage of the mass of the aircraft. The mass of the thruster is negatively impacted by the desired flight speed. When considering an aircraft of 10 kg, the multistage thruster occupies a quarter of the mass for a cruise velocity of 7.4 m   ·     s  − 1    and up to a third of the mass of the aircraft for a cruise at 9.1 m   ·     s  − 1   . It should be recalled that the preliminary estimates in Section 3.2 demonstrate the difficulty of exceeding around 10 m   ·     s  − 1    of flight velocity, given the current abilities of EAD thrusters. Below 10 m   ·     s  − 1   , it becomes more legitimate to center the remainder of the study on light UAVs. By focusing on a 10 kg UAV with a maximum mass of the multistage thruster of 25%, the speed could reach up to 7.4 m   ·     s  − 1    with the current EAD abilities (refer to Figure 8). For such an aircraft, the thruster would reach a span L of 6.0 m, a height H of 0.28 m, and a width W of 0.30 m with the original design (  N = 4  ,   M = 2  ). Adding a single stage in parallel (  N = 5  ,   M = 2  ) would allow the span to decrease to 4.8 m with a height of 0.35 m. In both cases, the multistage thruster would occupy the full span of the wing. The integration of the electrodes into the wing, with a contribution to the lift and control of the aircraft, is relevant.



In the previous sections, the current and forthcoming abilities of EAD thrusters have been presented. It has been shown that their modeling is similar to that of typical propulsion systems. Thus, the standard equations of aircraft performance can be used. Moreover, their limitations in flight velocity have been estimated. Their current abilities make it difficult to exceed 10 to 15 m   ·     s  − 1    in flight. Furthermore, the addition of a collector is beneficial under quiescent conditions, but its applicability in flight is jeopardized if the increase in EAD force at a constant thrust-to-power ratio does not outdo the drag penalty imparted to the second collector. Considering the drag generated by a complete aircraft, it is more reasonable to set the flight velocity below 10 m   ·     s  − 1   . Consequently, the present work is now restricted to light UAVs. However, the previous assessment neglected the overall performance of the carrying aircraft. As was shown, a multistage thruster would certainly have to participate actively in the lift and control of the aircraft. Consequently, a more complete model was derived based on simple flight equations. This model is explained in the next section.





4. Modeling of the Flight Performance of an EAD-Propelled Aircraft


In the previous sections, the propulsive performance and design of EAD thrusters were decoupled from the design and performance of the aircraft fitted with the thrusters. However, due to their large size compared to the carrying airframe, it is essential to model a complete EAD-propelled aircraft in order to determine the feasibility of such a vehicle. The design of the aircraft and flight performance equations are common knowledge. As a result, they are presented in Appendix B (Equations (A4)–(A21)), and they are repeatedly referred to in the next sections. The following sections focus on the EAD input data and the complete process of the solver. This algorithm was used to derive the results presented in the Section 5.



4.1. Reference Flight Performance


So far, the MIT drone [1] has been the only known fixed-wing drone propelled with EAD technology. This first reference drone was used to check the validity of the proposed algorithm regarding EAD performance. A second reference drone was also required in order to compare with conventional designs, which would set the targeted performance. The 10 kg mass UAV “Albatross” developed by Applied Aeronautics is documented enough to be used as such (data obtained on the company website at www.appliedaeronautics.com, last accessed on 1 March 2024). It has a wingspan of 3 m, an aspect ratio of 13.6, and a lift-over-drag ratio of 28 to 30. This particular product is able to take off autonomously with a 50 to 100 m runway. The climb performance has not been identified by the authors. The given endurance is 4 h with a Li-ion battery of 1.2 kg (energy density around 220 W   ·   h   ·     kg  − 1   ) for a cruise velocity of 68 km   ·     h  − 1    (19 m   ·     s  − 1   ).



At the time of writing this article, the EU and US regulations stated that the maximal height over the ground for operating a civilian UAV of less than 25 kg is 120 m (400 ft) (FAA regulation: 14 CFR Part 107; EASA regulation: UAS.OPEN.010 (2) (3) Annex Part A of EU Regulation 2019/947). From this point forward, it will be assumed that the UAV is taking off from sea level up to a maximum of 400 ft. Assuming ISA conditions, at this altitude, the temperature is 287 K (14 °C), the pressure is 998.91 hPa (0.99 atm), and the density is 1.16 kg   ·     m  − 3   . Such variations in atmospheric conditions can be met at mean sea level in labs simply due to changes in weather conditions. They have not been reported to cause significant discrepancies in the thrust and power of EAD thrusters. It is thus safe to assume that the flight envelope did not impact the propulsive performance of the EAD thruster in the rest of the present study. Moreover, harsh environments were not considered in the study (e.g., a sand desert, an ice floe, and a humid rainforest).



The flight performance, design choice, and characteristic dimensions of the two UAVs are summarized in Table 1.




4.2. Selected EAD Performance


The choice was made to take the propulsive performance reported in the work of Moreau et al. [5] for a gap of 30 mm, with both dual- and single-collector designs. This decision was mainly motivated by the fact that the study includes the comparison of the single- and dual-collector designs and that it almost reached the thrust of the reference drone of MIT [1] with around 125 mN   ·     m  − 1    in [5] against 133 mN   ·     m  − 1    in [1].



In order to determine the power consumed for a given thrust requirement, the original data for a dual cylindrical collector with a gap of 30 mm [5] were fitted with a polynomial (the red curve in Figure 9):


    P ^  a d  =  a 3   ·    T ^  a 3  +  a 2   ·    T ^  a 2  +  a 1   ·    T ^  a  +  a 0   ,  



(32)




with


     a 3     = 5.3677 ×  10  − 6    ,       a 2     = 3.7039 ×  10  − 5    ,       a 1     = 1.2497 ×  10  − 1    ,       a 0     = − 6.7593 ×  10  − 1    .     











In the case of a single cylindrical collector (the blue curve in Figure 9), it was determined that the power    P ^  a s   could be obtained using the following:


    P ^  a s  = 1.42  ·    P ^  a d   ,  



(33)




where    P ^  a d   is determined via Equation (32). These equations are displayed in Figure 9 for both single- and dual-collector cases. The coefficients of determination   R 2   are greater than 0.99 in both cases.



Moreover, it is important to note that the diameter of the collector(s) must be reduced in order to generate less drag. The original study corresponds to a diameter of 12 mm [5]. However, it was observed that the diameter of the collector could be reduced to around 8 mm without much impact on the general EAD performance of the singe-stage thruster [16]. In the present work, it was further considered that the diameter of the electrodes (or thickness) could be reduced by up to 6 mm. This optimistic assumption led to a possible overestimation of the thrust-to-power ratio in flight and gave EAD propulsion a better chance to yield solutions in the developed algorithm. In order to account for optimized geometries with larger gaps, the scaling coefficients   σ T   and   σ P   were included into the model so that the power,    P ^  a  , and thrust,    T ^  a  , could be multiplied independently. Consequently, for any modeled thruster, the thrust-to-power ratio at the arbitrary thrust    T ^  a   is as follows:


   θ a  =    σ T   ·    T ^  a     σ P   ·    P ^  a     ,  



(34)




where the power    P ^  a   is computed through Equation (32) or Equation (33), depending on the selected configuration. The definition of two constants allows for either the simulation of a more effective thruster than the reference [5] by only reducing the power consumption at the reference thrust generation or an increase in the thrust generation at the reference power consumption. For example, the two pairs   (  σ T   ,   σ P  )   of (1, 0.8) and (1.25, 1) leads to a 25% increase in the thrust-to-power ratio compared to the reference data   (  σ T  /  σ P  = 1.25 )  . However, the first pair conserved the same thrust generation as the reference data, whereas the second pair shared the same power consumption as the reference data. Thanks to these scaling coefficients, the EAD performance could be adjusted to meet the data of another design (e.g., a higher thrust-to-power ratio at a larger gap, higher voltage, and/or with the use of a dual collector).




4.3. Solving Process


In all the previous sections, different models and equations have been presented. Yet, choices needed to be made on the input targets and the process through which the equations combine. The complete scheme is displayed in the schematics in Figure 10, where the architecture of the algorithm is simplified.



Commencing with input data encompassing aircraft requirements (in cruise and take-off), design factors (wing, mass, etc.), and cruise performance metrics (lift-over-drag, Oswald coefficient, etc.), along with the thrust-versus-power curve (such as Figure 9 with the coefficients   σ P   and   σ T  ) and the design specifications for both single-stage and multistage thrusters, the algorithm initially focuses on computing the thruster design that conforms to specified constraints and minimizes power consumption. The result includes the design parameters of the multistage thruster (such as the numbers of stages N and M and the span), as well as the thrust and power during cruising.



After computing the thruster design, the algorithm utilizes the provided thrust-to-power curve to ascertain the feasibility of take-off based on the maximum take-off distance provided as input. It also calculates the climb performance, including the optimal angle and rate of climb, to achieve the desired altitude with minimal energy expenditure. The results are the thrust generated and the power consumed during both flight phases. It is important to note that take-off can be disregarded, resulting in a catapulted take-off with negligible power consumption.



Finally, the results obtained through the three flight phases are combined with the defined characteristics of the electrodes and battery. Hence, the algorithm outputs three pools of data: the design of the aircraft fitted with its thruster and battery, the performance of the thruster during the three flight phases, and the complete flight path of the aircraft (times, distances, etc.).



The used equations of flight can be found in [27] and are summarized in Appendix B. Further details about the process of the algorithm can be found in Appendix C. The next step involved testing and implementing the algorithm we developed.





5. Results and Discussion


The model described in the preceding section can accommodate various flight characteristics and aircraft designs. In addition, defining the two scaling coefficients for the thrust generated and the power consumed by the thruster (  σ T   and   σ P  ) enables the model to estimate enhancements in the propulsive performance of single stages, thereby meeting the desired flight performance and aircraft design specifications. The results obtained with the algorithm are described in the following sections. In all cases, the linear mass,    m ^  t  , was 0.017 kg   ·     m  − 1    (as for the EAD-propelled drone [1]), and the Oswald efficiency number was 0.85. Moreover, the thruster uses wires for the first emitters at stage   M = 1   in series, and all subsequent electrodes are NACA 0010 airfoils with a thickness   t e   of 6 mm. The inter-electrode gap d was set to 60 mm, and the inter-collector separation, s, corresponds to a half-angle  γ  of   30 ∘  .



First, the algorithm had to be verified using the reference test case: the drone realized at MIT [1]. After validation, the algorithm could be used with the reference commercial UAV presented in Section 4.1. The important characteristics of both reference aircraft are summarized in Table 1.



5.1. Reference EAD-Propelled Drone


First, the solver was applied to the design of the EAD-propelled drone realized at MIT [1]. This validation case allowed for the determination of the suitability and limitations of the algorithm. This drone used multiple wire-to-airfoil stages (see Figure 2b). The wires were set 60 mm apart from NACA 0010 airfoil with four stages in parallel and two stages in series. The UAV flew over about 40 m at a height of around 2 m and a velocity of 4.8 m   ·     s  − 1   . It should be remarked that this drone was constrained in its flight abilities due to the size of the flight test facility (a sports hall).



With the same aircraft design and EAD performance, the model determines the necessary configuration of the thruster. When setting    σ P  = 0.65   with    σ T  = 1  , the model computes a cruise at a thrust of 136 mN   ·     m  − 1    and a power of 25.8 W   ·     m  − 1   . These values agree with the original performance (see Table 1).



The resulting design is a multistage thruster that uses four stages in parallel and two stages in series with a span of 2.8 m. This is 0.2 m lower than the actual span of the electrodes of the original UAV (around a 7% difference). The mass of the thruster was calculated at 0.379 kg, and a battery of 0.231 kg was computed for a maximum flight time of 2.9 min. The flight time is not representative since the flight of the drone was constrained due to the test facility (60 m). The authors of the original work estimated that the battery could sustain a 600 W discharge for 1.5 min [1], and the computed value of 2.9 min is of the proper order of magnitude. The predicted reduction in the span of the electrodes could be partially caused by errors in the estimation of the drag of the thruster, resulting in inaccuracies in the calculation of the thrust under quiescent conditions and the overall drag of the thruster in cruising. The model did not take the internal structures that hold the thruster together into account, leading to an underestimation of the actual drag of the thruster. For instance, the required thrust computed by the model was 3.0 N instead of 3.2 N ± 0.2 N for the original UAV (a 6.3% difference). Nevertheless, the model provided good estimates for this particular aircraft. Consequently, the solver was used in the commercial design of a UAV. These results are discussed in the next section.




5.2. Albatross UAV


The Albatross UAV was chosen thanks to its data availability. This drone has good flight performance, with a lift-over-drag ratio of around 28 and a range of 4 h at 18.9 m   ·     s  − 1   . Although the maximum flight height is not provided, the EU and US regulations limit this kind of civil UAV to 400 ft (120 m). The available mass (other than the engine and battery) is about 8.5 kg. The design of this UAV is summarized in Table 1. For the drag, it can be estimated that the drag coefficient for a NACA 0010 airfoil at a Reynolds number of 20,000 to 40,000 (5 to 10 m   ·     s  − 1   ) varies between 0.026 and 0.020, respectively. Moreover, the following results are summarized in Table 2.



The model predicted that the original EAD performance (   σ T  =  σ P  = 1  ) did not allow the abilities of the original UAV to be achieved. For instance, the same available mass can only be achieved by decreasing the cruise velocity down to 4.5 m   ·     s  − 1   , the maximum height to 10 m for a flight in a cruise of 6 min (EAD Albatross 1 in Table 2). With a thruster using a dual-collector design with four stages in parallel and two in series, its size becomes   H × W × L   of 0.28 m × 0.3 m × 4.3 m. Hence, the thruster would need to be fragmented into two distinct blocks to fit under the wing of 3 m, either by allowing a larger height (one on top of the other) or by using multiple thrusters. In such a case, the thruster could even replace the wing and generate lift.



By doubling the thrust at the same power consumption (   σ T  = 2   and    σ P  = 1  ), the velocity can be raised to 6.6 m   ·     s  − 1    at a height of 10 m for 42 min in cruise alone (EAD Albatross 2 in Table 2). The span of the thruster L reduces to 2.1 m in this situation.



The thrust must be multiplied by 10 (   σ T  = 10   and    σ P  = 1  ) in order to achieve 400 ft of flight height at 10 m   ·     s  − 1    for 4 h in cruising with the same available mass of 8.5 kg (EAD Albatross 3 in Table 2). In this configuration, only four stages are needed in parallel and just one in series for a size of   H × W × L   of 0.28 m × 0.18 m × 1.9 m. If the doubling of the thrust at the reference power consumption seems feasible, multiplying the thrust by 10 is unrealistic without including important modifications to the EAD thrusters (e.g., a change in the gas and/or an increase in the plasma density).



It is clear that current EAD thrusters cannot be employed in the same manner as in usual propulsion systems. For instance, the thruster could itself be used for flight control, lift generation, or structural strength. As a result, less conventional designs need to be assessed. Additionally, reaching the capabilities of existing UAVs should not be an absolute target. Indeed, plasma thrusters exhibit particularities such as their lower noise generation compared to propellers. Such unique characteristics can be of primary interest in the design and usage of an aircraft and surpass the need for optimum flight performance. Moreover, the propulsive performance achieved by Moreau et al. [5] does not correspond to optimized EAD performance. Consequently, the current and predicted flight performance of an EAD-propelled UAV is discussed in the next section.




5.3. Possible EAD-Propelled UAVs


To determine better EAD performance, one can refer to Figure 5. It has been determined that single stages of the reference drone [1] achieved a quiescent thrust of around 160 mN   ·     m  − 1    and that a dual-collector configuration would produce about 200 mN   ·     m  − 1   . Both configurations were simulated by setting the scaling coefficient of the thrust   σ T   to generate the aforementioned values. In all cases,    σ P  = 1  . Concerning the design of the aircraft, the span was increased to 5 m with an aspect ratio of 20 (a chord of 250 mm). The mass and energy density of the battery were the same as those used for the Albatross. The original UAV can carry up to 4 kg, according to the home company. If the EAD characteristics are the main concern, the battery size can be increased to increase the range. Two cases are presented here with available masses (   m 0  −  m b  −  m t   ) of 8.5 and 6.5 kg. This allows for a possible increase in the mass of the battery of 2 kg compared to the Albatross. The selected height for cruising was set to 100 feet (30 m). The results presented in the current section are summarized in Table 3.



On the one hand, the reference thrust data in the single configuration had to be multiplied by    σ T  = 1.28   in order to achieve the desired thrust of 160 mN   ·     m  − 1   . Such an improvement could be realized through simultaneous increases in the supplied voltage and the inter-electrode gap. This aims to achieve higher thrust while maintaining a favorable thrust-to-power ratio. When allowing the available mass to reduce to 6.5 kg, the algorithm computes a flight of 46 min (22 min in cruise after the climb at 30 m) at 4.8 m   ·     s  − 1    (column UAV 1 in Table 3).



On the other hand, the thrust must be scaled up by    σ T  = 1.55   so that 200 mN   ·     m  − 1    is generated with a dual collector. If the available mass of 8.5 kg is respected, the solver predicted that cruising could be maintained for 6 min only (column UAV 2 in Table 3). With an available mass of 6.5 kg (column UAV 3 in Table 3), cruising could be extended up to 1 h 33 min (1 h 13 min in cruising in addition to the climb to 30 m). The maximum velocity rises to 5.7 m   ·     s  − 1    in this situation. Clearly, better flight performance is achieved with dual collectors. In this example, the thrusters would have two stages in series and four stages in parallel with a size of   H × W × L =   0.28 m × 0.3 m × 2.8 m. Moreover, when keeping a flight velocity of 4.8 m   ·     s  − 1    (as for the single-collector configuration), the algorithm calculates that the necessary thrust per meter of span reduces and that the thrust-to-power ratio can be optimized (column UAV 4 in Table 3). Consequently, the span of the thruster increases to 3.8 m, but the cruising can be maintained over 1 h and 42 min at 30 m of height (climb of 6 min).



It can be noted that the optimization coefficient of the power consumption has not been modified previously. During the tests, it became clear that the reduction in the power consumption at the same thrust only results in a slightly lighter battery with little impact on the flight performance of the drone. However, because the same drag-generating thruster produced consistent thrust even with reduced power consumption, the attainable cruise velocity remained low. Based on the previous dual-collector design (   σ T  = 1.55  ), the doubling of the highest achievable thrust was simulated by setting    σ T  = 2 × 1.55 = 3.1  . This achieved thrust generation of 247 mN   ·     m  − 1    in cruising with a thrust-to-power ratio of 12 mN   ·     W  − 1   . These correspond to very optimistic propulsive performance based on the current abilities of EAD thrusters. By keeping the cruise velocity at 5.7 m   ·     s  − 1    (column UAV 5 in Table 3), the model predicted that the UAV could reach up to 4 h 10 min (4 h in cruising at 400 ft). Except for the velocity, the flight performance of the EAD-propelled version met that of the original drone. Alternatively, the cruise velocity could increase up to 7.3 m   ·     s  − 1    (column UAV 6 in Table 3) over 2 h 20 min (a climb of 16 min at 30 m). At both velocities, the flight distance was reduced from 86 km at 5.7 m   ·     s  − 1    to 61 km at 7.3 m   ·     s  − 1   .



With the same wingspan and battery mass, the solver predicted that 459 mN   ·     m  − 1    of thrust should be produced at a thrust-to-power ratio of 21 mN   ·   W  W  − 1    in order to achieve endurance of 4 h at 120 m (400 ft) and 10 m   ·     s  − 1   . It is difficult to envision such a rise in the thrust at this power consumption without a tremendous increase in the voltage. To the authors’ knowledge, such a thrust has never been achieved experimentally with a DC corona discharge thruster in atmospheric air. This would lead to a thruster with four stages in parallel but only one stage in series (i.e., a single column of stages) for a 2 m span. Such propulsive performance is much greater than the current abilities of EAD thrusters. If achieving such values seems unattainable with standard corona discharge thrusters powered via DC voltage, it is conceivable that alternative EAD thrusters with varied power supplies could achieve the desired thrust generation and power consumption levels. Additional research is needed, particularly regarding the type and characteristics of the plasma discharge, to ascertain whether attaining such thrust and thrust-to-power ratio is feasible.



In order to achieve the exact same flight performance as the original Albatross UAV, a single-stage thruster must generate 1630 mN   ·     m  − 1    at 81 mN   ·     W  − 1   . Assuming that the separation s stays at the order of 100 mm, this thrust results in an outlet pressure of around 16 Pa. With the thrust in cruising being 3.5 N, this pressure could be achieved using a 52 cm diameter propeller. Thus, a thruster with this propulsive performance would be very similar to a standard propeller. It is impossible to achieve improvements in thrust generation and the thrust-to-power ratio of this magnitude with current EAD thrusters without tremendous developments in the technology (e.g., changing the gas or increasing the charge density).



Finally, the possible participation of the thruster in the lift force has been mentioned on several occasions. Now that the size of the thruster is known, it is possible to quantify this contribution.




5.4. The Participation of the Thruster in Lift Generation


In Section 3.2, it was remarked that the lift generated by the thruster could partially replace the wing. If possible, the drag of the thruster could be partly compensated.



To determine the lift generated by the thruster, we referenced the previous design, which employs dual collectors and operates at a cruise velocity of 5.7 m   ·     s  − 1    at a height of 30 m. The thruster consists of four stages in parallel and two in series with dimensions of   H × W × L =   0.28 m × 0.3 m × 2.8 m. In total, this represents a total length (   K 2  × L  ) of electrodes of 25 m with NACA 0010 airfoil of 60 mm chord. It should be noted that, if the thrust generation of EAD thrusters is increased, the total length of electrodes decreases. Hence, the following results are more representative of the current abilities of EAD thrusters than the future abilities of improved thrusters. Using XFoil, the lift coefficient of NACA 0010 was calculated for an angle of attack between 0 and 1.5 degrees. Under these conditions, the drag coefficient stayed between 0.022 and 0.027, and the lift coefficient stayed below 0.09. If asymmetrical airfoils are used, the lift coefficient can be further increased while keeping the same thickness and drag (in order to keep the same propulsive and flight performance). Hence, the lift coefficient could be further increased to around 0.1. More optimized airfoil designs could lead to higher lift with lower drag; their EAD performance compared to the original NACA 0010 is, however, uncertain.



The predicted lift generation is displayed in Figure 11. Three curves are presented for the selected velocity of 5.7 m   ·     s  − 1   , the attainable velocity of 7 m   ·     s  − 1    with improved propulsive EAD performance, and the challenging-to-reach 10 m   ·     s  − 1   . The lift is expressed as a percentage of the total lift of the UAV of 10 kg, and it is plotted against the lift coefficient of the electrodes. At the lowest velocity of 5.7 m   ·     s  − 1   , the thruster contributes to a maximum of 3% of the lift when the lift coefficient is at its highest. In this scenario, enlarging the chord of the electrodes could lead to an increase in the lift of the thruster. In this particular case, more complex optimization is required to strike the best compromise between the propulsive abilities of the thruster and the aerodynamic and mechanical performance of the wing. For a flight velocity of 7 m   ·     s  − 1   , the contribution of the thruster to the lift increases up to 4.5% at the highest lift coefficient of 0.1. The flight velocity must increase to 10 m   ·     s  − 1    for the contribution to meet and even exceed 5% of the total lift. It should be noted that the original total length was kept constant in all the calculations. Yet, achieving a flight velocity of 10 m   ·     s  − 1    requires the multiplication of the thrust generation by 5.6. Thus, the size of the thruster reduces in this case, leading to a decrease in the lift generated by the thruster.



These results highlight the low contribution to lift generation of EAD thrusters at a low speed. Clearly, an increase in the EAD performance of actuators would cause major changes to these estimations.





6. Conclusions


The current state of air-breathingplasma propulsion was briefly reviewed. Corona discharge thrusters operating in the air are capable of generating a thrust ranging from 150 to 200 mN   ·     m  − 1    in electrode span, with a thrust-to-power ratio falling between 10 and 15 mN   ·     W  − 1   . Alternatively, achieving a thrust-to-power ratio of 30 to 50 mN   ·     W  − 1    is feasible for a thrust close to 50 mN   ·     m  − 1    of span. Drawing from previous findings indicating a consistent electric force below 15 m   ·     s  − 1    suggests that the thrust diminishes quadratically with the freestream velocity due to the drag exerted by the electrodes that compose the thruster. Concurrently, the power consumption escalates linearly with the flight velocity, owing to the amplified electric current. Based on the thrust generation and power consumption data documented in the literature on EAD thrusters, it was projected that the thrust nullifies within the range of 5 to 10 m   ·     s  − 1    due to the drag induced by the electrodes. A higher EAD force and lower drag for the collectors are necessary to surpass this limit. Finally, the thrust-to-power ratio of EAD thrusters stands within the boundaries of other common propulsion technologies (propeller and jet); however, it drops significantly when the freestream velocity increases. Compared with typical propulsion systems, the chain efficiency of an EAD propulsion system is low (around 10%) but the propulsive efficiency is high (around 95%) because of the low velocity induced by the thrusters. This highlights the need to rethink the design of the engine in the case of an EAD-propelled aircraft with a thruster of great size relative to the aircraft.



Hence, an algorithm was developed to integrate conventional flight equations with those of EAD propulsion in a freestream, facilitating the assessment of the impact of installing an EAD thruster on an aircraft. The low achievable flight velocity and low thrust-to-power ratio of current EAD thrusters is more suited to light UAVs or MAVs with a weight of a few kilograms at most. The modeling stressed the necessity of using optimization processes when designing an EAD thruster because of the strong coupling between the desired flight performance, the propulsive EAD performance, and the design of the thruster. The model is able to capture the flight performance of the only known autonomous EAD-propelled drone with fair accuracy. When considering an existing commercial UAV, the algorithm cannot find a suitable replacement for the electric engine and its propeller with an EAD thruster. When adapting the design of the aircraft to EAD propulsion (i.e., by increasing the wingspan and the mass of the battery) and with the best achievable EAD performance with current technologies, it is estimated that a maximum of 7 to 8 m   ·     s  − 1    of cruise velocity could be sustained with a 10 kg UAV with an endurance of around 2 h 20 min at a height of 30 m (100 ft). The aforementioned flight performance would be achieved with a large thruster that matches the chord and span of the wing, extending to a height nearly equivalent to the chord of the wing. Using the algorithm, it was determined that future thrusters would need to achieve between 450 and 500 mN   ·     m  − 1    of thrust with the same power consumption as current thrusters in order to realize flights at 10 m   ·     s  − 1   . This represents almost a doubling of the highest-reported thrust while keeping the power consumption constant. Such improvements would allow the endurance of the UAV to achieve 4 h at an altitude of 120 m (400 ft). However, tremendous work is required to achieve these targets, especially concerning the plasma discharge in moving air. The EAD performance strongly depends on the electric charge density that is exchanged via the electrodes, and changing the type of discharge (e.g., dielectric barrier discharge) or supplying another ionized gas (e.g., on-board tank and usage in a different atmosphere or in the stratosphere…) could be solutions.
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Appendix A. Applicability of Usual Thrust Equations


To accurately simulate the flight performance of an EAD-powered aircraft, it is crucial to validate the applicability of standard equations commonly employed for modeling propulsion systems, such as those used for propeller and jet engines. Given the low flight velocity of the reference UAV (4.8 m   ·     s  − 1    [1]), EAD thrusters can first be compared to propellers. The main difference lies in the fact that EAD thrusters generate a body force   F b   (in N   ·     kg  − 1   ) in the volume of gas, whereas propellers can be modeled using a disk on which pressure,   Δ p  , is applied. For instance, stream tubes around an EAD thruster and a propeller are drawn in Figure A1. The EAD thruster is here represented by the overall volume around the electrodes. This means that any number of stages can be placed in parallel (side by side) or in series (one behind another) with any number of electrodes inside the volume. The design of EAD thrusters is discussed in Section 3.3. The following derivation of the thrust of the EAD thruster was simplified to a 2D case with homogeneous velocities. A more detailed and accurate derivation can be found in the work of Belan et al. [36].
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Figure A1. Schematic of the control volume around (a) an EAD thruster and (b) a propeller. 






Figure A1. Schematic of the control volume around (a) an EAD thruster and (b) a propeller.
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In Figure A1, the inlet area,    A in   , is unknown, but the outlet area,    A out   , can be approximated by the frontal area of the thruster (i.e., height times span,   H × L  ). Moreover, the inlet velocity,    v in   , is the flight velocity,   v ∞  , while the exit velocity,    v out   , is the sum of the flight velocity and an averaged induced velocity,   v i  . It should be noted that   v i   is not necessarily equal to the average induced velocity   v a   defined previously since several stages in series increase the overall induced velocity at the outlet. Using the conservation of mass across the inlet and the outlet with constant density and pressure, the following can be shown:


     A in     A out    = 1 +   v i   v ∞    .  



(A1)







Equation (A1) holds for both the EAD thruster and the propeller displayed in Figure A1. Additionally, if the induced velocity,   v i  , is low compared to the flight speed,   v ∞  , then the two areas are almost identical. On the other hand, the conservation of momentum changes when body force is used instead of pressure. If the EAD thruster is modeled as a constant body force,   F b  , over the volume,   Ω = H × L × W =  A out  × W  , then the following applies:


   ρ ∞   ·   F b   ·  W =  ρ ∞   ·   v i   ·   (  v ∞  +  v i  )   .  



(A2)







As a result, by defining an overall pressure difference around the EAD thruster   Δ  p ead  =  ρ ∞   ·   F b   ·  W  , Equation (A2) becomes similar to the pressure difference across a propeller. Thus, it seems possible to carry on the modeling of an EAD aircraft using standard equations of propulsion. Furthermore, Equation (A2) can used with the data for the UAV of Xu et al. [1]. First, let us rewrite Equation (A2) in terms of total thrust   F T  :


   F T  =  ρ ∞   ·   A out   ·   v i   ·   (  v ∞  +  v i  )   ,  



(A3)







With a thrust of 3.2 N at ground level (   ρ ∞  = 1.225   kg   ·     m  − 3   ), a flight speed of 4.8 m   ·     s  − 1   , and a frontal area of the thruster of 0.9   m 2  , Equation (A3) can be solved, and it predicts an average induced velocity of 0.54 m   ·     s  − 1   . However, the original UAV used four stages in parallel with two in series (a total of eight actuators with a span of 3 m). A single-stage thruster could induce more velocity locally. For instance, the measurements of Monrolin et al. [7] show a velocity of up to 1 to 1.5 m   ·     s  − 1    locally in the wake 1 cm downstream from the thruster. The distances between stages in the complete EAD thruster are, hence, critical in order to reduce the dissipation of the velocity induced by a single thruster. The previous estimate of 0.5 m   ·     s  − 1    can yet be used to approximate the mean induced velocity of EAD thrusters.




Appendix B. Aircraft Performance


The present section introduces the equations used in the study to model the flight performance of an aircraft. The equations come from the book by Anderson [27]. Their full derivation is not detailed here, but their adjustment to the present study is described. The selected flight path is displayed in Figure A2a. It comprises an autonomous or catapulted take-off (phase 0), a climb (phase 1) (Figure A2c), and a cruise (phase 2) (Figure A2b).



Appendix B.1. Overall Design and Characteristics of the Aircraft


A schematic is drawn in Figure A3. The different parts of the aircraft are detailed in Figure A3a. The main airframe consists of the fuselage, the wing, and the tail. It carries the systems necessary for the control and power distribution and possibly a payload. The wing and EAD thruster either are independent (e.g., the UAV of Xu et al. [1]) or the EAD thruster can be integrated into the wing to contribute to the lift and control. Indeed, a differential actuation would lead to asymmetrical thrust generation, thus allowing control without other moving parts. Finally, a battery needs to be taken into account in the calculations.
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Figure A2. Schematic of the aircraft in different flight phases (a) and balance of the forces in (b) cruising and (c) climbing. 






Figure A2. Schematic of the aircraft in different flight phases (a) and balance of the forces in (b) cruising and (c) climbing.
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Figure A3. Schematic of the modeled airplane with (a) its different components and (b) their masses and dimensions. 






Figure A3. Schematic of the modeled airplane with (a) its different components and (b) their masses and dimensions.
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When referring to Figure A3b, it is possible to see the different contributions to the total mass. For an electric aircraft with a battery, the total mass,   m 0  , of the aircraft is constant. The first contribution,   m s  , comes from the airframe, the flight systems, the power converters, and the payload. Those components are modeled independently in the algorithm; hence, this mass can either be fixed arbitrarily or verified at the end as an output parameter. Secondly comes the mass of the thruster,   m t  , which is described in Section 3.3. Finally comes the mass of the battery. For a given energy density of the battery,   U b   (in W   ·   h   ·     kg  − 1   ), and with a flight time,   τ n  , and power consumption,   P n  , for each phase of the flight (  0 ≤ n ≤ 2  ), and without counting for losses of current, the minimal mass of the battery is as follows:


   m b  =   ∑  n = 0  2   P n   ·   τ n    ·   U b  − 1    .  



(A4)







It is important to note here that EAD-propelled aircraft, like any electric aircraft, are limited by the energy density of the battery. For the typical and predicted abilities of batteries, the work of Hepperle [35] can be looked at. Several technologies are available, and developments are being made. For instance LiOH batteries achieve approximately 200 W   ·   h   ·     kg  − 1    (500 W   ·   h   ·     L  − 1   ), LiOH nano-wire batteries around 700 W   ·   h   ·     kg  − 1    (2000 W   ·   h   ·     L  − 1   ). If   h 2   is available as well to produce electricity, the conversion chain of the energy is 73% for batteries but only 44% for   h 2  . Moreover,   h 2   storing and power conversion for UAVs is not straightforward (size and mass limitations). Consequently, the current study focused on batteries. It can be expected that chemical batteries could reach about 250 W   ·   h   ·     kg  − 1    (Li-ion) and up to 500–800 W   ·   h   ·     kg  − 1    for    Li - O  2   in 2025. Li-ion batteries are largely in use nowadays in many applications and were, thus, focused on in the present work.



Furthermore, different geometrical parameters are shown in Figure A3b. The wing has a span, b, and a mean chord, c, that lead to a reference area,    S ref   , and an aspect ratio,   A R  , related as follows:


  A R ≡   b 2    S ref    =  b c   .  



(A5)







The aspect ratio impacts aircraft performance. For instance, the maximum lift-over-drag ratio, f, can be increased with a large aspect ratio (e.g., gliders). The geometrical properties of the thruster are discussed in Section 3.3.




Appendix B.2. Cruise Flight


The easier phase to model corresponds to cruising (see Figure A2b). For a small angle of attack, the thrust,    F  T , 2    , balances the drag,    F  D , 2    , while the lift,    F  L , 2    , balances the weight,   F W  . The following can be shown [27]:


   F  T , 2   =    m 0   ·  g  f   ,  



(A6)




where   m 0   is the mass of the aircraft, g the gravitational acceleration, and f the maximum lift-over-drag ratio of the aircraft. Here,   m 0   is a constant since only electric UAVs using batteries are considered in this work. The cruise speed,   v 2  , the range,   s 2  , and the endurance,   τ 2  , are related as follows:


   s 2  =  v 2   ·   τ 2   .  



(A7)








Appendix B.3. Steady Climb


For a steady climb, as shown in Figure A2c, it is impossible to disconnect the thrust from the lift and drag. If the aircraft moves at an airspeed,   v 1  , along a flight path with a climb angle,  β , it has a vertical velocity (or rate of climb),   R C  , determined as follows:


  R C =  v 1   ·  sin  ( β )   .  



(A8)







Here, it is assumed that  β  stays constant during the climb. This assumption does not necessarily hold for a long climb towards a high altitude. As can be seen in Figure A2c, the thrust in climbing needs to partly counter the weight as well. If the angle of attack is still neglected, the thrust in climbing,    F  T , 1    , becomes the following [27]:


   F  T , 1   =  F  D , 1   +  F W   ·  sin  ( β )   ,  



(A9)




where    F  D , 1     is the drag force in climbing. However, the drag force is different in climbing and in cruising, and the aircraft does not necessarily fly at its optimum lift-over-drag ratio. As a result, the drag force must be evaluated. The overall drag of the aircraft is as follows:


   F  D , 1   =  1 2   ·   ρ ∞   ·   S ref   ·   C D   ·   v 1 2   ,  



(A10)




where    S ref    is the reference area of the aircraft,   C D   is the drag coefficient of the aircraft, and the density,   ρ ∞  , can be obtained with the International Standard Atmosphere (IISA) model. In the ISA model, in the troposphere (below 11 km of altitude), the temperature decreases by   6.5 ×  10  − 3     K   ·     m  − 1    of altitude from 288.16 K on the ground. Consequently, at an altitude, h, in meters, the temperature,   Ψ ∞  , in K and density,   ρ ∞  , in kg   ·     m  − 3    are as follows [27]:


   Ψ ∞  = 288.16 − 6.5 ×  10  − 3    h  ,  



(A11)




and


   ρ ∞  = 1.225       Ψ ∞   288.16      4.2579    ,  



(A12)







For instance, an average density,    ρ ¯  ∞  , can be chosen between the ground level,   h = 0  , and the cruise altitude,   h =  h 2   :


    ρ ¯  ∞  =  1  h 2      ∫ 0  h 2    ρ ∞   d h   .  



(A13)







If the velocity in climbing is known, the drag coefficient still needs to be evaluated. When using the drag polar, the following applies:


   C D  =  C  D , 0   +    C L 2   π  ·  e  ·  A R     ,  



(A14)




where   C L   is the lift coefficient,   A R   the aspect ratio, e the span efficiency coefficient (that is, the Oswald coefficient), and    C  D , 0     the zero-lift drag coefficient. It can be noted that using Equation (A14) for cruising with a known lift-over-drag ratio and Oswald efficiency coefficient leads to the determination of the zero-lift drag coefficient of the aircraft. The lift force in climbing,    F  L , 1    , is determined as follows [27]:


   F  L , 1   =  F W   ·  cos  ( β )   .  



(A15)







Moreover, the standard formula for the lift is the following:


   F  L , 1   =  1 2   ·   ρ ∞   ·   S ref   ·   C L   ·   v 1 2   .  



(A16)







As a result, a known climb angle,  β , allows the lift force to be derived with Equation (A15). Then, the lift coefficient is obtained with Equation (A16), which results in the determination of the drag coefficient using Equation (A14). Finally, Equation (A10) and then Equation (A9) lead to the total thrust required for the climb. For such calculations, it is possible to solve the equations for  β  below a certain angle (e.g., 45 degrees) for a flight velocity between the take-off and cruising velocities. Conditions and optimization can be determined to select the best climb angle.



Finally, the distance covered by aircraft over the ground,   s 1  , and the time taken to perform a climb,   τ 1  , are related as follows:


   s 1  =  τ 1   ·   v 1   ·  cos  ( β )  =  h 1   ·  cotan  ( β )   .  



(A17)








Appendix B.4. Take-Off Performance


As explained previously, only small UAVs were considered in the current estimations. Thus, they could be catapulted instead of taking off autonomously. However, it is still possible to estimate the distance required for lifting off,   s 0  . The take-off distance is here approximated with the lift-off distance, i.e., the distance covered on the runway by the aircraft for the lift force to equal the weight.



For an accurate assessment of the lift-off distance,   s 0  , many parameters should be considered, such as the friction between the aircraft and the runway or the altitude of the runway. Nevertheless, assuming that the thrust greatly exceeds the drag and the friction, and that the lift-off velocity,   v 0  , is 120% of the stall velocity,    v  st .    ,   s 0   is as follows [27]:


   s 0  =    1.44   F W 2    g  ·   ρ ∞   ·   S ref   ·   C  L , max    ·   F  T , 0       ,  



(A18)




where    F  T , 0     is the lift-off thrust, and    C  L , max     is the maximum lift coefficient of the aircraft. Assuming    F  T , 0   =  F  T , 1     and that the lift-off is performed at altitude   h = 0  , Equation (A18) can be simplified as follows:


   s 0  ≈    11.5   m 0 2     S ref   ·   C  L , max    ·   F  T , 1       .  



(A19)







The maximum lift coefficient can be found by solving a steady flight at stall velocity:


   F  L , st .   =  F W  =  1 2   ·   ρ ∞   ·   S ref   ·   C  L , max    ·   v  st .  2   .  



(A20)







Finally, the lift-off time,   τ 0  , can be determined by dividing the lift-off distance,   s 0  , by the average take-off velocity. However, the speed is not constant during take-off. It can be approximated that the average speed on the runway is around 70% of the lift-off speed,   v 0   [27]. Then the following applies:


   τ 0  =   s 0   0.7   v 0     .  



(A21)







The previous equations were used in the algorithm schematized in Figure 10.





Appendix C. Process of the Algorithm


This section details the process of the algorithm represented schematically in Figure 10, which was used for the derivation of the results presented in Section 5.



Appendix C.1. Input Data


Three categories of input data can be determined. They can be seen in the blue frame on top of Figure 10. First, the design and performance of the aircraft must be selected (see Appendix B.1). This accounts for general design parameters such as the mass, the wingspan, and the aspect ratio, but it also accounts for general aircraft performance characteristics such as the cruise lift-over-drag ratio, the Oswald coefficient, and the energy density of the battery. Additionally, some mission parameters must be given. These include the cruise endurance, speed and height, the maximal allowed take-off distance, and the stall velocity.



Secondly, the geometric and aerodynamic characteristics of the single-stage thruster must be provided. For a given configuration (single or dual collector), they concern the geometry of the electrodes and thrusters (see Figure 6) with the thickness and chord of the electrodes and the distances between the electrodes (the inter-electrode gap and inter-collector separation). Moreover, the aerodynamic coefficients of the electrodes need to be set. For example, using the cruise velocity brought with the aircraft inputs, and when the chord of an electrode is known, the Reynolds number can be calculated. Then, simple tools such as airfoil databases or programs such as XFoil can be used to derive the coefficients. Because stacking stages in series strengthens the interference between successive stages, it can be preferred to favor an increase in the number of stages in parallel. However, increasing the number of stages in parallel increases the total height of the thruster (see Equation (25)). Thus, a maximal suitable height of the thruster must be defined.



The third and final category of input data relates to the EAD performance of the thrusters (see Section 4.2). An initial array of available thrusts per unit span can be set. With the original data used in the derivation of Equations (32) and (33) [5], using a range of 20 to 125 mN   ·     m  − 1    under quiescent conditions is more suitable. Then, the equations provide a corresponding array of power consumption per unit span. Moreover, when assuming an average induced velocity of 0.5 m   ·     s  − 1   , Equation (9) allows the calculation of the self-induced drag per unit span     F ^   D , a   =  F  D , a   / L   of the selected design. Here, the choice is   α = 0   for a dual-collector design and   α = 1   for a single-collector design in Equation (10). As a consequence, it is possible to estimate the thrust at any specific velocity with Equations (5) and (9).




Appendix C.2. Thruster Design and Cruise Performance


The next step of the process is to agree on a given design of the thruster (e.g., finding the height, width, and span). In order to reduce the size, mass, and drag of the thruster, it was decided to select its final design (stages in series, span, and width) based on cruise conditions. In the previous section, the thrust per unit span under quiescent conditions was defined as an array (the default range is 20 to 125 mN   ·     m  − 1   ). Moreover, it was translated into a range of thrust per unit span under cruise conditions. Using the balance of thrust and drag in the cruising Equation (A6), the necessary thrust to hold steady cruising can be calculated for the selected aircraft. Consequently, for any thrust per unit span in the array, it is possible to determine the necessary span and width of the thruster. The algorithm starts by fixing the height of the thruster to the value given as an input. For each thrust per unit span in cruise and the number of stages in parallel, the algorithm then calculates the necessary span. If the calculated span exceeds the full span of the wing, then the algorithm starts adding series of stages. A loop runs until a span and the number of stages in series are met. The limits for the loop are the chord of the wing for the width of the thruster, the span of the wing for the span of the thruster, and the input height for the height of the thruster. If these limits cannot be met, the algorithm returns an error.



Since the aforementioned process is carried out over a range of possible thrusts per unit span, the final design must be selected based on additional conditions. First, for each possible thrust per unit span, the algorithm verifies that the sizes found previously achieve the required thrust in cruising (Equations (28) and (29)). Another condition is added here. The additional drag of the thruster (Equation (26)) must not exceed a given ratio of the total drag generated by the aircraft in cruising. In cruising, it should be recalled that the drag of the aircraft has the same amplitude as the thrust. As a result, a ratio  κ  can be written as follows:


  κ =    F D,t     F T,2     .  



(A22)







 κ  mostly depends on the size of the thruster. If the thrust is so large that it replaces a large portion of the wing (depending on the achieved lift force), then its share of the total drag can increase. In the study,  κ  was kept at a value of 25%.



The final condition in cruising is the minimization of the consumed power. Since reduced power consumption is linked to a lower thrust generation, this condition translates to selecting the minimal thrust per unit span that meets the first two conditions.




Appendix C.3. Take-Off and Climbing Performance


From the previous step of the solving process, a new range of possible thrust per unit span can be defined. Two values are now retained. First, the nominal thrust per unit span selected in cruising reveals the capabilities in cruise conditions. Second, the maximum thrust per unit span defined in the inputs is used during climbing and take-off. The power consumption per unit span is also known for each of these thrusts.



For take-off, the maximum lift coefficient can be determined with the balance of the lift force and weight under the stall condition (Equation (A20)). Then, the lift-off distance is derived from Equation (A19). If the calculation reveals a distance greater than the maximum distance given in the inputs, the take-off is ignored by the algorithm. In such a case, it is assumed that the UAV is catapulted and that the take-off does not contribute to the energy consumption.



Finally, the climb performance of the aircraft (the rate-of-climb, climb angle, and velocity…) can be derived with Equations (A8)–(A16). First, a matrix of thrust values that solves the balance of the forces under climb conditions (Equation (A9)) is built using given ranges of velocities and angles. It was chosen to select a velocity between the take-off velocity (120% of the stall velocity) and the cruise velocity. The climb angle can be allowed to range from a value strictly greater than 0° up to a large value of 45°. From all of these possible solutions, the algorithm filters the ones that exceed the maximal thrust that can be achieved by the thruster at the maximal thrust per unit span (125 mN   ·     m  − 1    in the example). Then, calculating the time to climb, the energy consumption can be derived from the known power at the maximum thrust. The algorithm focuses on the solution that exhibits the lower energy usage. If several solutions are found by the algorithm, only the solution with the lower time to climb is retained. Consequently, the algorithm determines the climb velocity and angle. This choice is primarily driven by the need to reduce the energy stored in the battery in order to decrease the required mass of the battery.




Appendix C.4. Output Parameters


With the determined performance of the aircraft in the different flight phases, it is possible to compute the times and distances covered by the different phases. The total energy consumed by the propulsion system is estimated based on the EAD performance of the thruster. Thus, the masses of the thruster and the battery are calculated using the thruster geometry and the energy density of the battery. In the final evaluation, the user needs to assess the share of the total mass that is not occupied by the battery and the thruster and determine whether it suffices for the remainder of the airframe with its systems. The analysis of these results allows for the determination of whether the available mass is sufficient for a feasible aircraft design.
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Figure 1. Schematic of a single-stage wire-to-cylinder thruster. 
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Figure 2. Schematic of different configurations of single-stage thrusters. 
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Figure 3. Thrust versus current (a) and thrust-to-power ratio versus thrust (b) for single (red) and dual (blue) collectors (experimental data from [5]). 
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Figure 4. Overall efficiency against flight velocity and thrust-to-power ratio as (a) a contour plot and (b) three relevant velocities. 
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Figure 5. Electric and aerodynamic forces against flight velocity for single (a) airfoil and (b) cylinder collectors and (c,d) dual airfoil collectors. Remarkable points: (0) values reported in [1], (1) balance of drag and EAD forces, and (2) cancellation of the thrust. 
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Figure 6. Schematic of the proposed design of a multistage thruster (four stages in parallel and three stages in series with dual collectors). 
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Figure 7. Multistage thrusters with (a) single and (b) dual collectors (  N = 4   and   M = 3  ). 
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Figure 8. The mass of the multistage thruster as a function of the cruise velocity for aircraft masses of 10, 100, and 1000 kg. 
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Figure 9. Thrust–power curves used in the model (based on the data in [5]). 
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Figure 10. Schematic of the architecture of the algorithm. 
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Figure 11. Contribution of the EAD thruster to the airplane lift in relation to the lift coefficient of the electrodes. 
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Table 1. Principal characteristics of the two reference UAVs.
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Aircraft Model:

	
MIT

	
Albatross






	
Aircraft

	
Mass

	
   m 0   

	
(kg)

	
2.45

	
10




	
Span

	
b

	
(m)

	
5

	
3




	
Aspect ratio

	
   A R   

	

	
17.9

	
13.6




	
Lift-over-drag

	
f

	

	
8

	
28 to 30




	
Battery

	
Mass

	
   m b   

	
(kg)

	
0.23

	
1.2




	
Energy density

	
   U b   

	
(W   ·   h   ·     kg  − 1   )

	
130

	
223




	
Mission

	
Cruise velocity

	
   v 2   

	
(m   ·     s  − 1   )

	
4.8

	
18.9




	
Endurance

	
   τ 2   

	
(h)

	
-

	
4




	
Take-off

	

	

	
Catapulted

	
Catapulted or 100 m




	
Engine

	
Type

	

	

	
EAD, single collectors

	
Electric with propeller




	
Frontal dimensions

	

	
(m)

	
   L × H = 3 × 0.3   

	
Diameter of 0.38




	
Mass

	
   m t   

	
(kg)

	
0.41

	
0.29




	
Thrust

	
    T ^  a   

	
(mN   ·     m  − 1   )

	
133 (in cruise)

	
-




	
Power

	
    P ^  a   

	
(W   ·     m  − 1   )

	
25.8 (in cruise)

	
-











 





Table 2. Results for EAD-propelled versions of the Albatross UAV (size of the thruster = height × total chord × span).
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Aircraft

	
Albatross UAV (Reference)

	
EAD-Propelled




	
EAD Albatross 1

	
EAD Albatross 2

	
EAD Albatross 3






	
Thruster size

	
-

	
0.28 × 0.3 × 4.3   m 3  

	
0.28 × 0.3 × 2.1   m 3  

	
0.28 × 0.18 × 0.9   m 3  




	
Configuration

	
-

	
dual

	
dual

	
dual




	
Thrust scaling

	
-

	
×1

	
×2

	
×10




	
Cruise velocity

	
18.9 m   ·     s  − 1   

	
4.5 m   ·     s  − 1   

	
6.6 m   ·     s  − 1   

	
18.9 m   ·     s  − 1   




	
Endurance

	
4 h

	
6 min

	
42 min

	
4 h




	
Ceiling

	
120 m

	
10 m

	
10 m

	
120 m




	
Available mass

	
8.5 kg

	
8.5 kg

	
8.5 kg

	
8.5 kg




	
Wingspan

	
3 m

	
4.3 m

	
3 m

	
3 m




	
Aspect ratio

	
13.6

	
19.5

	
13.6

	
13.6











 





Table 3. Results for EAD-propelled UAVs with a similar take-off mass (10 kg) and lift-over-drag ratio (28) as the Albatross UAV.
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Aircraft

	
Albatross

(Reference)

	
EAD-Propelled




	
UAV 1

	
UAV 2

	
UAV 3

	
UAV 4

	
UAV 5

	
UAV 6






	
Thruster  size

	
-

	
0.28 × 0.3 × 3.6   m 3  

	
0.28 × 0.3 × 2.8   m 3  

	
0.28 × 0.3 × 2.8   m 3  

	
0.28 × 0.3 × 3.8   m 3  

	
0.28 × 0.3 × 2.7   m 3  

	
0.28 × 0.18 × 3.5   m 3  




	
Configuration

	
-

	
single

	
dual

	
dual

	
dual

	
dual

	
dual




	
Thrust scaling

	
-

	
×1.28

	
×1.55

	
×1.55

	
×1.55

	
×3.1

	
×3.1




	
Cruise velocity

	
18.9 m   ·     s  − 1   

	
4.8 m   ·     s  − 1   

	
5.7 m   ·     s  − 1   

	
5.7 m   ·     s  − 1   

	
4.8 m   ·     s  − 1   

	
5.7 m   ·     s  − 1   

	
7.3 m   ·     s  − 1   




	
Endurance

	
4 h

	
46 min

	
6 min

	
1 h 33 min

	
1 h 42 min

	
4 h 10 min

	
2 h 20 min




	
Ceiling

	
120 m

	
30 m

	
30 m

	
30 m

	
30 m

	
120 m

	
30 m




	
Available mass

	
8.5 kg

	
6.5 kg

	
8.5 kg

	
6.5 kg

	
6.5 kg

	
6.5 kg

	
6.5 kg




	
Wingspan

	
3 m

	
5 m

	
5 m

	
5 m

	
5 m

	
5 m

	
5 m




	
Aspect ratio

	
13.6

	
20

	
20

	
20

	
20

	
20

	
20




	

	
Conceivable  aircraft

	
Optimistic  aircraft
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