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Abstract

:

When it comes to computing the values of variables defining the preliminary sizing of an airship, a few standardized approaches are available in the existing literature. However, when including a disruptive technology in the design is required, sizing procedures need to be amended, so as to be able to deal with the features of any additional novel item. This is the case of atmospheric ionic thrusters, a promising propulsive technology based on electric power, where thrusters feature no moving parts and are relatively cheap to manufacture. The present contribution proposes modifications to an existing airship design technique, originally conceived accounting for standard electro-mechanical thrusters, so as to cope with the specific features of new atmospheric ionic thrusters. After introducing this design procedure in detail, its potential is tested by showing results from feasibility studies on an example airship intended for a high-altitude mission. Concurrently, the so-obtained results allow the demonstration of the sizing features corresponding to the adoption of atmospheric ionic thrusters at the current level of technology, comparing them to what is obtained for the same mission when employing a standard electro-mechanical propulsion system.
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1. Introduction


Lighter-than-air (LTA) flying craft, currently employed or still in a design stage, are usually lofted according to two major paradigms, namely as passively controlled, non-propelled balloons or as actively controlled, propelled airships. In the latter case, existing realizations invariably make use of rather standard propulsion techniques, with propellers coupled to piston engines or electric motors [1,2].



As is widely known [3,4,5], among the missions that LTA craft can cover, high-altitude observation missions are particularly interesting since the peculiar atmospheric conditions—especially the good predictability and overall stability of the thermodynamic and chemical state of the atmospheric mixture at altitudes around 18–20 km from the ground—potentially allow the overcoming of the inherent weaknesses of these platforms, primarily bound to controllability [6,7,8,9], unfolding their potential as an alternative to more expensive aircraft and satellites. Currently, passively controlled balloons are employed for several missions, especially for gathering signals or measurements during the ascent or for relatively short-term signal relay in the higher layers of the atmosphere [10,11,12]. However, for image collection and signal relay while in a station-keeping attitude, active control and propulsion are required, at least to counter the stratospheric wind encountered at the target stationing altitude. The latter mission, often referred to as high-altitude pseudo-satellite (HAPS), is of special relevance for both civil and military purposes, yet it is very challenging from the design standpoint [13,14,15,16,17]. First, the exposure to high energy intensity and a chemically active gaseous mixture tends to degrade materials quicker than in other design problems in the aeronautical domain. Second, the design of the propulsion system for a high time between overhauls (TBO) so as to allow an almost-permanent deployment at altitude may become an issue similar to the case of satellites, given the articulated and uneasy procedures required for a safe descent and recovery, and for the re-deployment as well, which an overhaul would invariably require. As a matter of fact, high-altitude airships (HAA) are actually still in their infancy, with conceptual and experimental machines proposed and tested over the years [18,19,20], but with no standardized model having entered production to date.



To the aim of increasing the TBO of HAA platforms while additionally starkly decreasing the chance of detection, novel technology has been proposed for generating thrust, namely atmospheric ionic thrusters (sometimes referred to as ion-plasma thrusters) [21,22,23,24,25]. Working on the principle of ionizing air in proximity to electrodes and accelerating plasma through a voltage differential, these thrusters are currently capable of producing a modest thrust, which, however, can be profitably employed for propelling and controlling airships, since these platforms do not rely on aerodynamic lift (hence on wings pushed by a thrust force, and not even on a powered rotor) for staying aloft. Furthermore, featuring no moving parts at all, this type of thruster is generally simpler and cheaper to manufacture, and its TBO can be substantially extended over that typical to more standard propulsion systems.



Several technological aspects related to ion-plasma-based propulsion are currently under investigation within the scope of the EU-funded project IPROP [26]. Besides the optimal geometry and arrangement of the thrusters, the characterization of their performance is the focus of the technological part of the project. Another crucial step foreseen within IPROP, required to enable the adoption of novel atmospheric ionic thrusters on board, is the synthesis of corresponding preliminary sizing and lofting techniques. While being inspired by existing sizing techniques prepared for conventionally powered airships [27], new design algorithms need to cope with the specific features of atmospheric ionic thrusters.



The present work deals especially with the latter topic. Drawing on the technological data made available by the investigations carried out within the first stage of the project, where stable predictions of the performance associated with drafted thruster geometries have been made available, a preliminary sizing technique for airships employing atmospheric ionic thrusters has been envisaged. This has been inspired by existing techniques, typically employable for standard-propelled airships. It will be detailed in the methodological section. In particular, an inner sizing loop, so as to compute the weight of an airship corresponding to an assigned geometry and compliant with performance requirements coming from a target mission, is described at first. Then, an optimal algorithm is employed on top of the sizing loop so as to steer the selection of the geometrical parameters according to weight optimization logic.



Results from the application of the proposed algorithm have been investigated recently for two target missions, namely a demonstration mission where an airship mounting atmospheric ionic thrusters is sized for a short flight in proximity to the ground (the manufacture of this flying demonstrator is among the goals of the project IPROP), and a HAPS mission, where the machine is sized according to a totally different mission. An analysis of the first results of the application of this technology to the design of a low-altitude demonstrator has been presented elsewhere [28]. In the present contribution, numerical results will be shown concerning a high-altitude mission (the analysis of the feasibility and the preliminary design of this type of platform are among the long-term goals of the project IPROP). Parametric analyses, showing, in particular, the effect of a changing value of the technological parameters associated with the thrusters, allow not only to testify on the overall feasibility and expected performance of airships based on atmospheric ionic thrusters for propulsion but also to identify the most critical technological features in the corresponding design, in view of their further development.




2. Baseline Sizing Methodology for an Airship Featuring Standard Electric Propulsion


To explain more easily the peculiarities of the design methodology proposed for an airship pushed by atmospheric ionic thrusters, we recall at first a preliminary design procedure introduced by the authors for high-altitude airships [5], subsequently amended to allow for the design of airships stationing at an arbitrary altitude [29]. Those design schemes, already documented in full elsewhere, had been developed originally for the case of a standard electro-mechanical propulsion system. The modifications needed to cope with the specific features of atmospheric ionic thrusters are reported in a later section after reviewing the technical characteristics of atmospheric ionic thrusters relevant to the airship sizing procedure.



Referring to Figure 1 [29], for an airship featuring standard electro-mechanical propulsion (i.e., figuratively electric motors powering propellers), it is possible to envisage two logical layers, namely a sizing loop and an optimum-seeking loop. The sizing loop is conceptually an algorithm to compute preliminary sizing quantities-in particular, the weight breakdown, envelope volume, and installed thrust of an airship-starting from the assignment of a set of quantities defining a target mission (stationing altitude, climb and cruise speed, time duration, etc.), the technology adopted for the airship subsystems and components (e.g., battery chemistry, envelope density, etc.), as well as the general shape of the envelope (which influences its aerodynamic characteristics). The optimum-seeking loop implements a suitable optimization algorithm, which smartly steers a set of key sizing parameters in an automated fashion so as to reduce take-off mass to a minimum while satisfying a set of physical constraints.



An advantage of the proposed procedure (logically described by the scheme in Figure 1) is the automated computation of a complete set of design variables describing an airship sizing solution, which should be otherwise negotiated one by one. Furthermore, the optimization algorithm ensures compliance with respect to some technological constraints, which are naturally taken into account in the optimization algorithm. This procedure has been practically implemented in the suite Morning Star of the Department of Aerospace Science and Technology, Politecnico di Milano [5,28,29].



To illustrate this procedure in more depth, consider (as a possible practical instance) taking the shape of the airship envelope as a low-drag bi-ellipsoidal solid. The corresponding geometrical sizing can be fully assigned through its length   L r   and fineness ratio   F R  . The latter is defined as the ratio between the airship length   L r   and the top diameter   2 R   of the airship envelope (R being the top radius). Concurrently, highly flexible solar cells are considered capable of adjusting to the local shape of the envelope. A symmetric placement of the cells to the left and right of the longitudinal plane of symmetry of the airship is hypothesized. The size of the cells and their placement are therefore assigned through limit azimuth values on a cross-section, namely   ϑ  i n    and   ϑ  o u t   , and through longitudinal positions of the extremities of the panels, measured along the longitudinal axis of the airship, namely through corresponding longitudinal coordinates   x  l e    and   x  t e   . This takes the overall set of parameters managed by the numerical optimizer to those in the array   p =   L r  , F R ,  ϑ  i n   ,  ϑ  o u t   ,  x  l e   ,  x  t e     .



Other environmental and technological parameters for the sizing need to be assigned, yet they are considered constant in the optimization process. These parameters can be collected in a few major containers as follows:




	
Mission parameters. These are first the stationing altitude and geographical position (coordinates) on the start date of the mission. These features influence the thermodynamic state of the atmosphere, as well as wind (including its intensity and direction) and solar irradiance (including daylight time and radiation direction) along the mission profile. A reference profile with altitude for these characteristics has been worked out, obtained by weighting and averaging the values corresponding to geographical and temporal samples over the surface of the Earth and the time of the year. Such a profile can be employed to uncorrelate the sizing of the airship from a specific location and the start time of the mission. Further flight mechanics quantities include the buoyancy ratio at altitude, the climb/descent angle and velocity, and the cruise velocity with respect to the ground (typically null for a station-keeping mission).



	
Payload parameters. Payload mass and related power supply.



	
Envelope and systems parameters. Maximum acceptable wind speed for envelope sizing, envelope material (specified through its mass density as well as top-stress characteristics), and lifting gas (including purity level). Characteristics of the fins, septa, and stringers. Characteristics of the ballonet system.



	
Power system parameters. Battery chemistry (yielding specific energy and specific power characteristics), solar cell material (specified through its mass density and energy conversion efficiency), and motor characteristics (including the conversion efficiency of the electric motor and the propulsive efficiency of the propeller).








Starting from the assignment of these constant parameters and for a choice of the optimization parameters in  p , it is possible to invoke a set of models and regressions, producing the sizing of all major subsystems on board. This set of instructions–namely constituting the sizing loop–make for a procedure to be called repeatedly by the optimum-seeking loop, changing the input parameters  p  seeking for a mass-optimal design solution, compliant with a set of constraints. These two logical components of the sizing algorithm are described in the following paragraphs.



2.1. Sizing Loop


The operations required for completing the sizing of an airship, starting from the value of the parameters specified in  p  and the assigned technological properties mentioned in the previous listing, are wrapped in the sizing loop, which can be synthetically described as follows.



	
Geometrical sizing of envelope and solar cells. Through the assignment of the parameters in  p , it is immediately possible to build the complete geometry of the airship envelope, thus computing, in particular, its volume, area of the external surface, and area of the front and longitudinal sections. Correspondingly, the exact size of the solar cells and their orientation in space (dictated by the local orientation of the envelope surface) can be computed. An estimation of the zero-lift drag coefficient   C  D , 0    and drag due to lift coefficient K, configuring a classical parabolic polar for the airship, can be carried out based on regressions for the envelope, in particular involving its fineness ratio   F R   [27]. In the same fashion, it is possible to obtain estimations for the sensitivities   C  L α    and   C  Q β    (the latter representing that of the aerodynamic side force vs. the sideslip angle). Refinements of this preliminary estimation can be carried out based on the size of the fins and gondola (if any) [30], themselves in turn obtained from regressions of statistical data, given the size of the envelope (or payload and energy system for the case of the gondola).



	
Environmental conditions at stationing altitude and during climb. Through the assignment of the position on Earth and time of the year for the ascent, it is possible to compute from dedicated models the temperature, pressure, and density of air, the wind intensity and direction at altitude, and the solar irradiance (in terms of both intensity and direction). In particular, the International Standard Atmosphere (ISA) model can be employed for static air characteristics [31], whereas the Horizontal Wind Model (HWM) can be employed for obtaining the wind characteristics [32,33]. The SMARTS model can be adopted for the computation of direct and diffused irradiance at altitude [34].



As pointed out earlier in this section, alternatively to the selection of a location and time of the year for the mission and to the corresponding explicit computation of all quantities just mentioned through models accounting for such information, it is possible to carry out this step in the sizing procedure employing an averaged model for the state of the atmosphere, as well as for the wind and solar irradiance, where each output quantity is only a function of the altitude. This averaged model has been prepared to start from the original ones [32,33,34], sampling the profile with altitude at nodal positions on Earth and time-wise along a yearly period. This choice is especially interesting for making comparisons among concurrent designs (for instance, design solutions obtained by changing the value of some parameters) without binding the solution to a specific location or time of the year for the start of the mission.



	
Computation of total power and energy required. Having assigned the target stationing altitude and having computed the wind characteristics along the climb and at altitude, it is possible to define the power   P r   (and the corresponding peak power   P  r , max   ) and energy E required for a mission profile, composed of an ascent, stationing phase at altitude for a certain time, and descent.



In particular, it is assumed that the airship is flying in climb/descent with a given climb angle   γ c   with an assigned heading and course. The angle of attack is computed correspondingly, considering the actual intensity of the horizontal wind to compute the angle of attack and the sideslip angle. Conversely, when at the stationing altitude, the airship is hypothesized to be always oriented with the wind so that, in particular, non-sideslip occurs. With these assumptions, it is possible to estimate the lift coefficient   C L  , the side force coefficient   C Q  , and correspondingly, the drag coefficient   C D  , the latter being a function of both   C L   and   C Q   (as well as bound to a constant   C  D , 0    component independent of the two) through the polar of the airship. The computation of power for propulsion is therefore possible in climb/descent by further assigning the climb speed   V c  , and at the stationing altitude as well, having computed the wind speed and having assigned a cruise speed   V  c r    with respect to the ground (i.e., a ground speed in cruise). The latter may be null, typically in casein the case that the mission is that of station-keeping (yet in that case the velocity of the wind will not be null, and the power required for propulsion in cruise will be correspondingly non-null). The value of power can be computed at any time as    P r  = D V  , as usual for flight performance computations, where drag D is obtained from dynamic pressure at each considered altitude along the flight profile, and the drag coefficient   C D   has been computed as just mentioned.



Power for propulsion is complemented by the power required for the payload and by the power required for other plants on board, including losses (estimated via regressions). Once the time history of power along the mission profile is known, peak power and the energy required for the mission are easily obtained.



	
Computation of available power and energy. Available power and energy are estimated starting from the geometry of solar cells and from the mission profile. The latter provides a flight trajectory and the orientation of the airship along it (through the assumptions introduced at the previous point). This knowledge can be employed to define the power capture based on the irradiance data coming from the corresponding model. By comparing the power available and the power required (previous point), a power balance can be carried out, yielding the size of the batteries required for covering the mission.



In particular, the energy quotas considered for battery sizing are obtained by integrating the difference between the power available from solar irradiance and the power required by the airship (for propulsion and systems operation), considering those conditions where this difference is negative. This means that when the power from irradiance exceeds the power required, as typical in daylight at cruising altitude, the airship is powered by solar energy. Conversely, at night and during climb and descent, the airship is typically fed by the batteries.



Considering all segments in the mission profile where the power required exceeds the power available, corresponding values of energy quotas   Δ  E i    are obtained. The maximum among them (namely   Δ  E max   ) is selected within the sizing algorithm. Additionally, since batteries are associated with a top value of power that they can treat, the top value of the power flow from the batteries is considered to be well, as a possible constraint for battery sizing. The sizing operation can be, therefore, written in mathematical terms as the problem


   W  b a t   =   1   η d   η m   η p     max     Δ  E max    e  b a t     ,      P a  −  P r   max   p  b a t      .  



(1)







In Equation (1), the values of   e  b a t    and   p  b a t    represent the specific energy and power of the battery,   η d   the battery discharge efficiency,   η m   the efficiency of the motors and   η p   the efficiency of the propeller. The values of   e  b a t    and   p  b a t    are typically related to one another through a specific choice of the chemistry of the battery [35].



	
Mass of power system. The power required for flight allows the assignment of the power of the motors and propellers   W m  . These are turned into corresponding masses and complemented by those of the power-trains and sub-plants (cables, power electronics, etc.), wrapped in   W  e l   . Finally, the mass of the power system includes that of the batteries   W  b a t    and solar cells   W  s c   , obtained starting from their respective sizing (see previous points).



	
Stress analysis on envelope. With a knowledge of the dynamic pressure along the mission and of the maximum wind speed to sustain, as well as of the external pressure, it is possible to compute the pressure differential and its corresponding maximum   Δ  P   i n − o u t  max     along the mission profile, and from it the hoop stress and longitudinal stress on the envelope from regressions. It should be noted that, in the presence of inflatable ballonets, the pressure differential is typically constant during any altitude change. Conversely, when the ballonets are not present, like for almost-constant altitude missions, or when the airship is operating above its target altitude and ballonets are empty, the differential may indeed change with the altitude. When present, ballonets will be associated with a weight   W  b a l   , computed via statistical regressions from their volume, in turn, intended to allow reaching the target altitude without increasing the stress on the envelope.



	
Mass of envelope. From the knowledge of the sizing of the envelope, its mass   W  e n v    can be readily computed. It is noteworthy that the thickness of the envelope is assigned a priori since it is not considered to be a continuous variable, being based on the number of layers of the same material that are superimposed, hence not being practical to change in an optimization algorithm. In other words, the number of layers and their corresponding thickness are assigned among the constant parameters, and the sizing of the envelope is carried out accordingly. The mass of the lifting gas   W  l g    and of the pressure system required to fill and pressurize the envelope are computed at this step as well, together with the masses of structural parts like the fins (  W t  ) and inner diaphragms (  W  s t r   ), which are functions of the size of the envelope.






Following the definition of all the components in the breakdown of the total weight of the airship, it is possible to assemble the latter by simple sum, yielding


  W =  W  e n v   +  W  l g   +  W  b a l   +  W  s c   +  W  b a t   +  W m  +  W  e l   +  W  g o n   +  W  s t r   +  W t  +  W  p l   ,  



(2)




where the component   W  p l    represents the weight of the payload, and it is a known parameter in the design.




2.2. Optimum-Seeking Loop


The procedure just outlined produces a complete candidate sizing, corresponding in particular to a total weight W (as well as its breakdown, see Equation (2)), which has been chosen as the cost function of the minimization problem solved by the optimizer.



However, as demonstrated in Figure 1, the outcome of the sizing loop just outlined also needs to guarantee the satisfaction of three constraints.



	
Buoyancy. The buoyancy ratio   B R   of the airship should be over an assigned minimum. The latter is typically chosen very close to unity for HAAs for safety reasons unless the wind is expected to provide a steady and sufficiently predictable contribution to lift. This analytically yields


   c 1  :  B R −    B  h  c r    W   < 0 ,  



(3)




where the target buoyancy ratio   B R   needs to be matched by that obtained from computations in the sizing loop, in particular considering the buoyancy force found at the cruising altitude of the airship (  B  h  c r    ), which is the lowest encountered value, hence making the satisfaction of the constraint more requiring.



	
Envelope stress. The stress values on the envelope computed in the previous procedure are compared to the nominal stress values    σ ¯  max  , which the material adopted for the envelope can sustain (as obtained from a corresponding characterization). This yields


   c 2  :   σ max  −   σ ¯  max  < 0 ,  



(4)




where the value of   σ max   measured along the mission profile has been obtained from the sizing loop, starting from the pressure differential   Δ  P   i n − o u t  max    .



	
Battery power flow. Within the sizing loop, the sizing of the power system (including, in particular, the battery) is carried out without considering the ability of the system to reload the battery in preparation for covering the energy requirement of those phases of the flight where the power harvested from the solar cells is lower than the power required. A corresponding constraint is therefore added, imposing that the energy stored in the batteries during those time frames when the power harvested is larger than that required to be at least equal to the energy released by the battery when the power flow from the solar cells is incapable of covering the requirements of the airship.



In analytic terms, this constraint can be written by conceptually defining three time instants. First, a time instant   t  r e c    corresponds to the start of a phase where solar power is recharging the battery, meaning sufficient power is harvested for that task and for covering the power required by the airship. Second, a time instant   t  d i s    corresponds to inversion of the power flow, which is no longer charging the battery but where power is flowing from it since the harvested power is no longer sufficient to cover the power required by the airship. Finally,   t  r e c  ′   corresponds to the end of the latter discharging phase and corresponds to a new recharge-discharge cycle. It is possible to find this triple of time instant for each of the   N  c y c    recharge-discharge cycles during a mission, thus allowing the identification of time boundaries for evaluating the integral of power. Additionally, for clarity, we introduce the power harvested by the solar cells as   P  s c    and that flowing from the batteries as   P  d i s   . All these definitions allow the construction of the following constraint


   c 3  :   max  i = 1 , … ,  N  c y c      −  ∫   t  r e c , i     t  d i s , i      P  s c   −  P r   d t +  ∫   t  d i s , i     t  r e c , i  ′     P  d i s   −  P r   d t  < 0 .  



(5)










Having introduced the set of constraints for the optimal problem, a corresponding analytic description of the latter can be given as


   min p  W  s . t .    c 1  ,  c 2  ,  c 3   .  



(6)







Given the general regularity of the solution with respect to the proposed optimization parameters, even considering the action of constraints, a gradient-based algorithm has been employed to numerically solve the optimal problem. The stability of convergence generally displayed by the proposed algorithm has allowed its adoption as a sizing tool to carry out several parameterized analyses, presented in the application section.





3. Airship Sizing Methodology Accounting for Atmospheric Ionic Thrusters


The sizing loop and optimal-weight-seeking algorithm presented in the previous Section 2, can be largely retained when dealing with atmospheric ionic thrusters instead of standard electric motor and propeller assemblies. However, in order to accurately describe the modifications required to the baseline design procedure when including this novel type of thrusters on board, a quick review of their geometry and associated technological parameters is required. This will be presented in the next subsection, followed by the proposed corresponding amendment to the design methodology.



3.1. Atmospheric Ionic Thrusters for Airships


Atmospheric ionic thrusters exploit the formation of ionized plasma from air and its acceleration between two electrodes set at a distance from one another and subject to an assigned voltage differential. A couple of such electrodes, composing the basic nucleus of the thruster, is made of an emitter and a collector. Clusters of emitters and collectors, geometrically arranged in parallel (with emitters to the front and collectors to the back), allow the upscaling of the propulsive yield of a single couple while retaining most of the power-conditioning apparatus and load-bearing structure, thus providing a way to set up a thruster in this fashion.



Current research efforts [21,22,23] (including the most recent developments within project IPROP) are investigating the properties of these thrusters with respect to the geometrical characteristics of the setup. In particular, the number of emitters and collectors (which might not be defined according to a 1:1 rule in a thruster but may be arranged in a way such that more than one emitter feeds a single collector), their mutual positioning and distances, the lofting and sizing of the emitters and (especially) of the collectors, all bear an impact on the performance of the resulting thruster. Concerning the shaping of collectors, a smart way of obtaining good aerodynamic and electrical properties for this component has been proved to be the adoption of thin airfoils (the target for aerodynamic performance, in particular, is that of minimizing drag). Further options are being investigated at the time of writing within project IPROP, but for the present paper, dealing with an initial assessment of feasibility and performance, we assume to work with this type of constructive technology. Therefore, where emitters are typically thin wires with no special aerodynamic properties, collectors need more care in terms of manufacture, choice of the material (so as to optimize weight vs. strength), and construction strategy as well (for instance, they might be built either as hollow structures similar to typical aircraft empennages or conversely as filled-in structures).



To the aim of setting up a computational procedure able to manipulate the variables that assign the geometry of the thruster according to an automated algorithm, the definitions in Figure 2 should be assumed. Considering a single emitter-collector couple in that figure, c is the chord of the collector, and d is the distance between the emitter and the leading edge of the collector. The sum of these distances gives   l = c + d  . Considering a cluster of more emitters and collectors forming a thruster, the distance between two adjoining collectors is defined as   Δ s  , whereas the total radial extension of the thruster is s, and it can be obtained from the number of collectors   N c   and the distance   Δ s   as   s =  N c  Δ s  .



The length l and height s define two components of the overall dimensions of the thruster. The last one, namely a measure of width w, is bound to the span of the collector. Due to the physics underlying the plasma-based propulsive effect, it is typical to have a minimum size constraint, which comes in terms of minimum gap   d min   between the emitters and collectors, a minimum span   w min   to reduce boundary effects close to the tips of the collectors, as well as minimum radial and longitudinal extensions (respectively   s min   and   l min  ) of the overall thruster.



The supporting structure of the thruster is composed of two side plates and load-bearing rods connecting them. Thanks to the generally low values of forces involved, a light material can be employed for the supporting structure.



The thruster is electrically fed, with voltage employed for regulating the intensity of thrust. The manipulation of electrical variables requires the employment of specific electric components, including a voltage booster. Typically employed out of the aeronautical domain, existing realizations of this component feature limited weight performance, expressed through a high value of the weight-to-power ratio. However, novel and more performing exemplars of this technology are under development within project IPROP to allow for easier adoption of this component on flying machines.



In terms of performance, similarly to the domain of turbomachinery, it is typical to define as characteristic figures of the proposed atmospheric ionic thruster structure a thrust-over-frontal area ratio    T  A m    , thrust-over-weight    T  W m     and thrust-over-volume    T  V m    . Furthermore, a power efficiency measure can be defined through the parameter    T  P m    , where   P m   is the power flow required from the electrical system to produce the corresponding thrust. From experiments, preliminary figures have been obtained for all these quantities within project IPROP, according to the general layout of the proposed specific implementation of the thrusters.



The material arrangement of atmospheric ionic thrusters on airships is currently a matter of investigation [23]. Different promising solutions are currently under investigation, up to now set up mostly considering the advantages and shortcomings of the mutual placement of multiple thrusters in a streamwise direction on the side of the envelope. The interaction of multiple streamwise aligned thrusters—which, in that configuration, take the name of longitudinal stages—is still under investigation [24,25], and results currently available appear to indicate the existence of constraints on the minimum longitudinal distance between the stages and a maximum recommendable number. This is explained by a significant increase in drag, besides thrust, associated with an increase in the number of stages. This, in turn, produces a progressively less steep increase of the net thrust per additional stage when the number of longitudinal stages is increased.



An option considered in the present study is that of arranging multiple thrusters sharing the frontal area, but set sufficiently apart in a longitudinal direction to allow considering the interaction between streamwise aligned thrusters negligible. Where the study of the detailed lofting of multiple thrusters on board the airship has not been included in the present work, the adoption of this layout allows some flexibility in the longitudinal placement of the thrusters, which is of great relevance for longitudinal balancing in static or near-hover conditions [7,9], as well as for maneuverability. These static balance (i.e., trimmability) and dynamic performance aspects (including both the configuration of the eigenmodes of the free response, bound to the inertia of the system, and controllability, bound to the positioning of thrust forces in the configuration), which of course constrain the positioning of thrusters, as well as that of stages in a streamwise close-coupled multi-stage arrangement, will be in the focus of further studies within IPROP.




3.2. A Sizing Methodology for Atmospheric Ionic Thrusters on Airships


From the standpoint of a sizing algorithm, the adoption of atmospheric ionic thrusters requires the definition of a series of geometrical and technological parameters while leaving one (or a set) of design parameters free to tune so as to cope with design requirements. The actual sizing value of this parameter (or this set of parameters) shall be defined based on the same type of requirement leading to the adoption of a certain electric motor in the baseline procedure (Section 2), namely the need to satisfy equilibrium conditions along the mission profile.



A difference between the sizing of atmospheric ionic thrusters and electric motor/propeller assemblies may lie in the fact that the former, where scaled up in size to increase thrust, may tend to concurrently increase drag, mostly due to the side plates and thruster cover (the latter has been assumed in the current implementation, but it is not necessarily always present), forming a nacelle for the thrusters, similar to ducted fans or jet engines on aircraft. Such an increase in drag needs to be assessed so as to avoid over-estimating the advantage on the net thrust of increasing the size of the thrusters.



According to the topology presented in Figure 3, considered in the present work, it is assumed that the thrusters are placed on the lower half of the airship for obvious balance reasons (center of buoyancy above the center of gravity). Their number at a certain longitudinal section,   N  t , l   , combined with the number of longitudinal stations   N l  , is such that the total number of thrusters is    N t  =  N l   N  t , l    .



Of course, the actual specific positioning of the thrusters on board will have an impact on free dynamics (through the corresponding positioning of the center of gravity and the values of the components of the inertia tensor) and the controlled response of the airship. However, this level of detail will be dealt with through an analysis of lofting (further on within project IPROP), which is triggered by the preliminary sizing presented in this work.



In the proposed sizing methodology, the amendment due to the adoption of atmospheric ionic thrusters is included at the level of the estimation of the thrust required for the mission profile (Section 2.1), as will be detailed in the following paragraphs.



3.2.1. Assigned Geometrical and Technological Parameters


First, it is assumed to work with assigned data concerning the following aspects.



	
Geometrical features of each thruster. In particular, referring to Figure 2, quantities l, w, and s are assigned (they are optimized in the laboratory, starting from basic theoretical models, currently being employed at Politecnico di Milano in conjunction with practical testing). This yields an a priori knowledge of the geometrical sizing of each thruster unit. In particular, it is assumed for simplicity that   s = w   implying a square front section of each thruster.



	
Thrust-to-frontal area. The value of the ratio    T  A m     follows an assigned behavior with the altitude (similar to geometrical characteristics of the thruster, experimentation on the optimization of this value through a selection of the thruster configuration, supported by a dedicated theoretical model, is well underway within project IPROP). This relevant assumption is supported by the adoption of a certain geometry and general arrangement of the components within the thrusters (e.g., the relative numbers and positioning of emitters and collectors, the sizing of the basic components like c, d and   Δ s  , etc.). This behavior shows an increasing trend, yielding an increasing value of the ratio with the altitude [24,36], according to the law displayed in Figure 4. It can be observed that the    T  A m     ratio is generally increasing with the altitude.



	
Thrust-to-power. The ratio    T  P m     is a measure of the efficiency of the thruster, and it might bear an impact on the actual value of power required from the electrical system (and batteries in particular). The behavior of this quantity with altitude is currently a matter of investigation (among the aims of project IPROP). For the present work, assumptions on the behavior of the thermodynamic state of the atmosphere at altitude, known to bear an impact on the    T  P m     ratio, have been employed to feed a preliminary first-principle model [24,36], thus producing the behavior in Figure 5.



From the figure, it is immediate to check that    T  P m     is decreasing with the altitude, yielding a less efficient conversion of the power fed to the thrusters into thrust when the airship approaches higher layers of the atmosphere.



	
Arrangement and number of thrusters. Based on the assumed size of the frontal area, in particular, considering the width w, it is possible to compute the maximum number of thrusters   N  t , l    to put on a longitudinal station of the airship hull by simply considering the bottom half-circumference of that station and dividing it by the width of each thruster. However, it is interesting to study the effect of the placement of the thrusters, also considering reducing the top number of units that can be arranged on a longitudinal station (a dedicated paragraph is correspondingly included in the application section). To this aim, we introduce a blockage parameter  ξ , considered to be assigned and constant and representing the share of the bottom half-circumference of a longitudinal station that can be taken over by the thrusters. When   ξ =   1, the entire bottom half-circumference is available for the thrusters. Conversely, when (for example)   ξ =   0.5, only half of the bottom half-circumference is available for placing thrusters, and correspondingly, gaps will appear between thrusters on the same longitudinal station.



	
Voltage booster. The voltage booster is associated with a technological figure, namely a ratio of the power over weight and to a voltage level. These quantities are considered to be assigned and constant.






It should be remarked that the assignment of these parameters corresponds to the definition of a certain structure of the thrusters and a corresponding characterization of their performance. These choices clearly influence the results. Given the relative immaturity of the atmospheric ionic thruster technology, since many of these quantities have been estimated through experiments in laboratories and not always from measurements in a relevant environment for high-altitude employment, the results presented in the application section take the meaning of a preliminary feasibility assessment (as cited in the title of this work). However, the employment of provisional figures of performance within the sizing procedure allows the illustration of its potential and draws some interesting preliminary results as well.




3.2.2. Amendments to the Baseline Sizing Procedure


As can be argued from the listing of parameters just introduced, the geometry of a single thruster is considered to be assigned completely, and its technological characterization is similarly available. Conversely, the number of thrusters to be put on board has not been assigned, in particular since the number of longitudinal stations   N l   is unknown, and the number of thrusters   N  t , l    on a given longitudinal section is a function of the circumference of the cross-section of the airship.



Within the sizing loop proposed for airship sizing in the baseline scenario (Section 2.1), it is possible to carry out the computation of these additional parameters in a way that satisfies equilibrium along the mission profile.



This is conceptually similar to the baseline case, where thrust is obtained from an electric motor/propeller assembly. However, a significant difference with respect to the baseline case is in the relationship between the thruster size (hence its nominal thrust) and drag. Actually, at the level of the computation of the drag coefficient   C  D , 0   , an additional component due to the presence of the nacelles of the thrusters must be taken into account. To this aim, an inner iterative loop where the value of   N l   is solved has been envisaged as follows. The starting point is a first-guess sizing, where the number of longitudinal stations   N l   is considered    N l  =   1, and, consequently, the number of thrusters is    N t  =  N  t , l    . Starting from this first-guess candidate solution, the following amendments to the original sizing procedure (Section 2.1) are included.



	
Compute the drag coefficient   C  D , 0    associated with the configuration of the thrusters. This can be performed starting from the drag coefficient value obtained for the airship without thrusters and estimating the additional contribution due to the nacelles of the thrusters. This step can be performed based on a model of the nacelle sides as flat plates. The drag coefficient of the plate is obtained as a function of the relative velocity and viscosity of air and of the length of the plate, which compose the Reynolds number. Then, the drag coefficient obtained for one nacelle can be multiplied by   N t   to obtain the total additional drag   Δ  C  D , 0    , hence the actual value of   C  D , 0   .



	
Compute the drag for each node along the mission profile. From this time series of values, the maximum drag encountered over the mission as   D  t o t , max    can be computed.



	
Compute the nominal available thrust. Based on the number of thrusters on board   N t  , assumed in the current run of the sizing loop, and based on the value of the thrust-to-area ratio    T  A m    , it is possible to compute the actual value of thrust at the altitude corresponding to each time node along the mission, multiplying the total front area of all thrusters    A m  = w s  N t    by that ratio, thus yielding


  T =    T  A m      w s  N t   .  



(7)







	
Check the minimum difference of the thrust available vs. drag. Following the computation of the thrust available at every altitude and, correspondingly, the drag, it is possible to check whether the installed thrust is sufficient to compensate for the drag, especially in the worst conditions encountered along the profile. In analytic terms, that check corresponds to the evaluation of the constraint


    ( T − D )   t o t , min   > 0 .  



(8)







In case the constraint in Equation (8) is not satisfied, thrusters are added on a further longitudinal station, increasing the number   N l   by 1 and restarting from point 1. of this cycle, with a new total number of thrusters    N t  =  N l   N  t , l    . Conversely, if the inequality in Equation (8) is satisfied, the procedure is over.






Upon reaching convergence, the number of the thrusters will be such that their thrust will be able to balance the requirement of the mission even in the worst condition, accounting for the drag penalty due to the nacelles. With this inner sizing constraint satisfied, it is possible to size the batteries according to point 4. in Section 2.1 and Equation (1) in it (with the only caveat that the propeller efficiency   η p   and electric motor efficiency   η m   need to be taken out of the expression). The sizing loop then proceeds along points 5–7. in Section 2.1.



As a remark, it should be noted that the drag associated with the stream flowing within the thrusters has not been accounted for explicitly. This is due to the fact that the    T  A m     figure specified for a certain atmospheric ionic thruster construction represents a net thrust. This is in accordance with what is typically done to provide the characteristic performance of any thruster (e.g., the thrust figure typically specified for a jet engine is not such that the drag of the flow blowing through the compressor and turbine vanes needs to be taken away from it in order to obtain the actual thrust).



Once the inner sizing loop producing the geometry and thrust of the propulsive system has been assigned, the corresponding mass can be assessed in order to amend the computation of the weight breakdown within an optimal design procedure, as presented in Section 2.1. The weight components associated with the atmospheric ionic thruster can be listed as follows:




	
Wires employed as emitters. Due to their very limited diameter, these components are associated with a negligible weight.



	
Collectors. Depending on the material employed and structural sizing (i.e., hollow or filled structure), the weight may vary significantly.



	
Load-bearing structure. Thanks to the relatively low value of force exerted by each thruster, its load-bearing structure can be manufactured with relatively light and flexible material. The cage structure naturally resulting from the setup of this type of thruster allows the obtaining of overall good levels of rigidity at the price of a mild global weight of the structure.



	
Nacelle. The material of the nacelle may be the same as the load-bearing structure. The sides of the nacelle may be actually part of it. The structural role of the nacelle top is typically not relevant; hence, this component can be manufactured from very light material.



	
Voltage booster. As pointed out, this component is typically not to be found in powerplants for aviation, and its corresponding weight-to-power figure may be somewhat penalizing, albeit already compatible with airship flight operations at the current level of technology. Ways to obtain a better value of this parameter are currently under study (within project IPROP).








The weight corresponding to atmospheric ionic thrusters can be related to their thrust through a thrust-to-weight parameter    T  W m    , which accounts for the aggregated contribution of all the components in the previous listing, except the voltage booster. This allows the definition of the weight of the propulsive units   W m   from the knowledge of the top thrust, whereas the weight   W  v b    of the voltage booster is typically computed separately, based on the power it has to deal with, which in turns is again related to the top thrust to be obtained from each thruster.



The weight breakdown in Equation (2) can be, therefore, built up according to a modified set of components, as


  W =  W  e n v   +  W  l g   +  W  b a l   +  W  s c   +  W  b a t   +  W m  +  W  e l   +  W  v b   +  W  g o n   +  W  s t r   +  W t  +  W  p l   ,  



(9)




wherein it should be observed that the weight of the gondola   W  g o n    can be obtained as a function of the weight of the voltage booster   W  v b   , as well as of the other components stored in the gondola according to the adopted baseline architecture.



The optimal problem introduced in Equation (6) remains unchanged. The addition of a further parameter (namely   N l  ) to be solved by the sizing algorithm does not alter the set of optimization parameters  p . From a mathematical-numerical perspective, such an additional variable is not continuous and cannot be managed directly by a gradient-based algorithm working on continuous variables (listed in  p ). For this reason, this quantity needs to be treated via the inner loop just introduced, nested inside the algorithm, leading to the evaluation of the merit function W. A value of   N l   can be obtained for each assigned set of parameters in  p  encountered along the numerical solution of the optimal problem.



It is relevant to remark that the solution obtained from the sizing procedure just outlined is totally dependent on the many assumptions on the geometrical and technological features of the thruster (as pointed out in Section 3.2.1). For this reason, an evaluation of the sensitivity of the outcome of the design procedure with respect to these parameters is of great interest, and it will be assessed in the application Section 4.






4. Application Studies


As pointed out in the introduction (Section 1), it is interesting to show the result of the application of the comprehensive sizing procedure described in this work. It has been explained in Section 3.2 how the original sizing algorithm recalled in Section 2, intended for airships featuring standard electro-mechanical propulsion, and practically wrapped in the suite Morning Star (which works in Matlab® R2019b), can be enriched with features so as to allow the sizing of an airship accounting for the specific features of atmospheric ionic thrusters. As an example application, considering the goals of the project IPROP, a high-altitude airship mission has been considered, with a realistic payload and mission profile, which will be introduced next. A comparative study is presented then, where an airship featuring standard electro-mechanical propulsion is sized to be able to fly that mission concurrently with another airship featuring atmospheric ionic thrusters. The outcome of this first analysis allows the comparison of the effect of the inclusion of atmospheric ionic thrusters in the design of airships with a high-altitude mission. The so-obtained design of a machine based on atmospheric ionic thrusters is then employed as a baseline for further analyses of the outcome of optimal sizing obtained for changing values of some parameters related to the mission profile or the technology of the components.



4.1. Baseline Mission Characteristics and Payload


In the following, the results of optimal sizing will be presented referring to a baseline high-altitude station-keeping observation mission, where the airship takes off, climbs to a cruising altitude    h  c r   =   17 km (chosen according to the payload requirements and an a posteriori justification, shown later in this section), and keeps there for an active observation phase of the mission. It then descends back to the original take-off level. The entire mission duration is   T =   48 h. This duration, which involves two daily recharge-discharge cycles besides the climb and descent phases, is well representative of a longer (virtually permanent) multi-day flight mission. All along the mission profile (including ascent and descent phases, and of course, the station-keeping phase at altitude), the airship faces realistic characteristics of the environment, and in particular, changing values with respect to the altitude of the atmospheric thermodynamic state, including temperature, pressure, and density, as well as of the horizontal wind and solar radiation (both in intensity and direction). As pointed out in the methodological section (Section 2.1), in order to simplify the analysis, thus focusing on aspects of more direct interest considering this example application, a representative profile for all cited quantities has been elaborated, averaging samples from locations at different geographical locations over an entire yearly cycle, obtained from state-of-the-art models (in particular, those described in [31,33,34]), so as to create a realistic reference profile with altitude, uncorrelated from any specific position or time of the mission.



The basic data defining the desired mission profile are reported in Table 1. It should be noted that for a station-keeping mission, the ground speed on the cruise is null, and the airspeed in that condition is dictated by the velocity of the wind at cruising altitude. The latter is, therefore, not a specification by the designer.



The payload for the mission has been designed so as to obtain state-of-the-art detection capabilities in the visual and infrared spectra, as well as a radar scanning ability through a synthetic aperture radar (SAR), thus yielding a monitoring capability of the ground from altitude through the weather. The selection of detection systems is reported in Table 2. This payload capability configures a complete airborne detection platform, merging the abilities of different existing flying systems in the same machine. The resulting weight of the payload reaches    W  p l   =   576 kg, adsorbing a nominal power    P  p l   =   14.85 kW.




4.2. Comparison of Design Solutions on Baseline Mission


The technology of onboard systems and components has been chosen to be as standard as possible so as to avoid unrealistic projections in the characteristics of the out-coming design. Furthermore, both the conventional airship based on electro-mechanical thrusters and the one based on atmospheric ionic thrusters share most of the choices concerning components, including, in particular, key contributors to the weight breakdown like the envelope and batteries. The data employed for the envelope material, battery, and electrical wiring in both designs are reported in Table 3.



Concerning the envelope material, data in Table 3 refer to a laminated material, based on a sandwich composed of Zylon® (Madrid, Spain) fibers in the middle as a load-bearing component, a Mylar® (PET) film (Chester, VA, USA) for an internal gas barrier layer, a Kapton® (PI) film (Tianjin, China) with an aluminum deposit and Corrosion Resistant Coating (CRC) as top weathering layer, and two EVOH films as adhesive layers between other functional layers [37]. Battery technology data refer to off-the-shelf products based on Lithium-Polymer chemistry. Electric cables are manufactured from standard copper wires.



Considering the airship based on standard electro-mechanical propulsion, this employs electric motors and propellers to propel the airship. In this case, the sizing of the propulsion system requires the definition of a technological relationship between the power needed for propulsion and the weight of the motor so as to define   W m   in Equation (2) based on the value of required power   P  r , max    resulting from the mission. In particular, a linear relationship based on motors for industrial applications of comparable power as for the airship at hand has been employed, yielding       P  r , max   g   W m    =   1905 kW/kg. Furthermore, as required according to Equation (1), values of the propeller and motor efficiency, respectively, of    η P  =   85% and    η m  =   95% have been assumed [38].



For the solution based on atmospheric ionic thrusters, the definition of a feasible solution requires not just the definition of the installed thrust (as for the electro-mechanical case), but conversely, it comes together with the definition of a general arrangement and the number of thrusters on board. As explained (Section 3.2.2), the reason for that is the dependence of both propulsion and drag on the number and sizing of the thrusters for this technology. As parameters for the sizing, a square frontal area has been hypothesized for each thruster, yielding a height of the thruster of   s = w =   2 m. The length in the streamwise direction is   l =   0.055 m, dictated by the arrangement and sizing of emitters and collectors currently under study within IPROP. The number of emitters and collectors within a thruster has been set to 80. It should be noted that these figures are very preliminary since atmospheric ionic thrusters are currently being developed primarily for smaller-scale applications [28]. The density of the collectors within the atmospheric ionic thrusters has been assumed at 50 kg/m3, corresponding to a styrofoam-based structure coated in light metal alloy, from experiments on prototypes developed within the activities of project IPROP. A 50% infill allows the actual reduction of this figure by the same amount without apparently producing any detrimental effect on structural stiffness. The density of the external structure of the thruster is assumed of 50 kg/m3, similar to that of the collectors. It has been practically checked that a load-bearing structure made of this material, where suitably lofted, allows the supporting of the range of loads to which the thruster should be subjected. The blockage parameter  ξ , defining the share of the bottom half-circumference of a cross-section of the airship available for putting the thrusters (see Section 3.2.1), has been set to   ξ =   1.



The thrust-to-area ratio    T  A m     and thrust-to-power ratio    T  P m     have been assigned as functions of the altitude, as shown in Figure 4 and Figure 5, respectively. Finally, a currently achievable value of      W  v b    P m    =   0.83 kg/kW has been assumed for the voltage booster.



The outcome of the weight-optimal sizing for both concurrent designs is reported in Table 4. Concerning the constraints in the optimal sizing, for both designs, the value of the buoyancy ratio has been set to   B R =   0.93, the nominal stress limit has been set to     σ ¯  max  =   970 N/cm, and the specific energy of the battery to 450 J/kg.



The number of thrusters, defined only for the case of atmospheric ionic thrusters, is    N l  =   30 and    N  t , l   =   41, yielding a total of    N t  =   1230 thrusters.



To help appreciate the features of the respective design solutions, the corresponding geometrical sizing has been reported in Figure 6. In these figures, it is possible to check the actual shape and geometrical sizing of the envelope, the extension and positioning of the solar cells, and, for the atmospheric ionic solution, the sizing of the thrusters. For the latter, the longitudinal positioning in the sketch is the result of an arbitrary assumption. As pointed out, future research will be devoted to the actual optimal placement of the thrusters on board in view of the obtainment of a desired dynamic performance.



From Table 4, it can be noticed that both airship designs correspond to a significant geometrical size. To allow for a direct visual comparison, despite very limited scientific validity due to the completely different missions for which the respective ships have been sized, it can be observed that the conventional airship compares well in size with the Zeppelin NT, whereas the one pushed by atmospheric ionic thrusters with the Zeppelin LZ129. According to the same comparison, the weight of the conventional design is less than one half that of the Zeppelin NT, with which it shares the general non-rigid construction, and similarly, the weight of the design based on atmospheric ionic thrusters is less than one half that of the Zeppelin LZ129, which however featured a radically different rigid structure. The relatively contained overall weight figures for the designs presented here are a result of the comparatively low payload compared to the transport airships just cited.



The fineness ratio of the ion-based design is higher, yielding a significantly slenderer shape compared to the standard propulsion case. The weight breakdown for the two designs at hand features some relevant differences, which can be linked to the constitutionally lower weight efficiency of the novel thrust generation system, which includes, for instance, a voltage-boosting component creating a weight offset with respect to the conventional design. A corresponding increase in the lifting volume, hence in the weight of the envelope and lifting gas, is obtained. This, in turn, corresponds to an increase in size, which pushes the energy balance towards higher values of drag and thrust, which tend to increase the requirement for energy harvesting and storage systems. Despite these differences, both designs appear feasible, with the novel one based on ion technology bringing in the strategic advantages mentioned in the introduction (Section 1), which include very low detectability and a higher TBO.



As a remark, it should be recalled that the results presented in this work have been obtained willingly as a preliminary forecast based on the current level of technology, i.e., without accounting for any assumption on the yield of future developments. The so-obtained preliminary results are, therefore, especially encouraging, showing that even with the strict assumptions just mentioned, a stratospheric design based on atmospheric ionic thrusters is theoretically feasible. Clearly, since project IPROP is largely dedicated to the increase in the technological readiness of atmospheric ionic thrusters and all related components (including the voltage booster), it is very likely that the figures just presented will be improved further, as the research in this field unfolds.




4.3. Effect of Mission and Technology Parameters on the Design Solution


The design solution obtained from the optimal sizing procedure in Section 4.2 shows that a significant difference exists between an airship sized considering conventional thrusters and that obtained from atmospheric ionic thrusters. As anticipated, it is interesting to investigate the sensitivity of the design solution obtained when the novel atmospheric ionic thrusters are mounted on board, and corresponding to changing values of some parameters either pertaining to the mission or bound to technological assumptions.



4.3.1. Effect of Stationing Altitude on the Design Based on Conventional and Atmospheric Ionic Thrusters


Considering the high-altitude mission of interest here, a relevant quantity to consider as a changing parameter is the target altitude for the stationing phase. In Figure 7, the change in the weight breakdown corresponding to weight-optimal solutions at different target altitude values is presented for the conventionally propelled airship (top plot) and the airship based on atmospheric ionic thrusters (bottom plot).



Looking at the results for the conventionally propelled airship (top plot in Figure 7), the choice of the reference altitude for the baseline design at    h  c r   =   17 km can be reinforced a posteriori. As already pointed out, such an altitude value is ideal for the selected payload. Additionally, from the plot, it appears to correspond to a typical sweet spot for the overall weight of the machine. It should be underlined that the very existence of a condition of minimal weight is interesting in itself.



Considering the optimal altitude of    h  c r   =   17 km, the trade-off resulting in the behavior of the weight breakdown portrayed in the plot can be explained according to at least four drivers. A lower level of radiation intensity and a more intense wind are encountered at a lower altitude, corresponding, respectively, to a higher weight of the batteries (which need to store more of the energy required for the mission) and installed thrust (needed to overcome a more intense drag). On the other hand, at higher altitudes, an increase of the ballonet sizing and a higher volume of lifting are observed, due, respectively, to the need for producing a buoyancy force with a lower density of external air and to the (non-linear) decrease in the pressure of air as more altitude is gained. The balance of all these antagonist effects bears the trend resulting in the plot of Figure 7.



From the bottom plot in Figure 7, the novel design based on atmospheric ionic thrusters appears to follow a more complex trend. In particular, it can be observed that the global weight minimum is obtained for an altitude of    h  c r   =   18 km, which is different from that corresponding to the conventional propulsion case, and the increase trend of weight for a changing altitude is generally steeper than for the other case. Furthermore, the weight of the ballonet system is not monotonically increasing, in contrast with the previous case. To help explain these differences, it should be recalled that the optimal sizing algorithm accounting for atmospheric ionic thrusters computes the actual number of thrusters (this is not true for the conventional case, where only the overall installed power is computed), choosing it so as to simultaneously guarantee a sufficient propulsive power and produce a minimal-weight solution. However, the thrust required (due to drag) is also a function of the number of thrusters, as pointed out. This feature in the design procedure reflects an additional complexity in the sizing of the airship in the presence of atmospheric ionic thrusters, i.e., the inner link between the sizing of the thrusters and drag, besides the more obvious relation with thrust. The number of thrusters corresponding to the optimal solutions at increasing altitude presented on the bottom plot in Figure 7 is reported in Table 5.



The total number of thrusters   N t   for each sizing solution in Table 5 is obtained by multiplying   N l   and   N  t , l   . Cross-checking Table 5 together with the right plot in Figure 7 allows the discovery of a correlation between the number of thrusters and the overall weight, which offers an interpretation of the trend just observed. As an additional driver yielding that trend, it should be pointed out that in the case of atmospheric ionic thrusters, the thrust produced by these thrusters increases with the altitude, through an increase in    T  A m    , whereas the value of the thrust-to-power ratio    T  P m     decreases, as mentioned in Section 3.2.1. This further trade-off contributes to producing an offset of the optimal altitude for this case, compared to the conventional propulsion case, and also supports the very existence of an optimum.




4.3.2. Effect of Envelope Density on the Design Based on Atmospheric Ionic Thrusters


Considering the significant share taken by the envelope in the baseline design (see Section 4.2) and the level of innovation required for the manufacture of the airship envelope for a mission in the higher layers of the atmosphere (due to the mechanical stress bound to the wind, and to the extreme intensity of the solar radiation), a second interesting parameter is the density of the envelope. The plot in Figure 8 reports the result of the weight-optimal sizing of an airship featuring atmospheric ionic thrusters for two additional values of the envelope density, respectively, 80% and 120% of the baseline value.



The trend appears regular in all these cases for all weight components in the breakdown, corresponding to the fact that the number of optimal motors remains unchanged. An upscaling effect especially on the batteries and lifting gas (corresponding to an increase in size, not portrayed), and of course on the envelope, is found for increasing values of the envelope density. Furthermore, it can be noticed that the trend of the output total weight is considerably steep, showing a significant change in weight for the considered (relatively small) change in the density. Also a slightly non-linear increase can be noticed, with a weight penalty when increasing the envelope density from the baseline bigger than the weight saving when decreasing the density by the same percent amount.



These results show, on the one hand, that the effect of the density of the envelope is, as expected, sizeable. However, at least for the considered changes in this parameter, the outcome is not different to the point of altering the general geometric sizing of the airship (as can be seen from the lifting gas, which is proportional to volume), which remains in the size class of the baseline.




4.3.3. Effect of the Sizing of Atmospheric Ionic Thrusters


Considering the focus put in this paper on the development of a reliable technique capable of sizing an airship pushed by atmospheric ionic thrusters, it is interesting to show how this procedure can cope with two key parameters concerning the general sizing and arrangement of atmospheric ionic thrusters. In particular, it is hypothesized to change two parameters. The first is the maximum affordable blockage of the front section, already introduced as a non-dimensional parameter  ξ  ranging between 0 (extreme value, non-physical) and 1. Considering Figure 3, a value of   ξ =   1 implies that the entire half-circle corresponding to the bottom half of a cross-section circumference of the airship can be taken over by the thrusters. A lower value of this parameter reduces the occupation of the frontal area, thus reducing the blockage of the front section of the airship due to the thrusters. Setting this parameter restricts the maximum number of thrusters per section, i.e.,   N  t , l   , to an extent that depends also on their geometrical sizing and the actual sizing of the airship envelope. Correspondingly, as a second parameter, the height s and width w of the front section of the thruster are increased while retaining a square shape (thus, they are treated as a single parameter, given that   s = w  , as observed).



The results obtained combining the changes in these parameters are reported in Figure 9. A blockage parameter of   ξ =   0.5 or 1 is considered, respectively, for the top and bottom plots. In each plot, the value of the width and height of the thruster section is increased as reported.



The corresponding number of thrusters is reported in Table 6.



Comparing the plots in Figure 9, it is possible to notice that a stark change in the scale of overall mass values of the airship is obtained, in particular with a significantly higher weight (total, and proportionately for each component within it) for a lower value of the blockage parameter (top plot) than for a higher value of that parameter (bottom plot). Furthermore, on both plots (i.e., for both values of  ξ ), it is possible to notice a decreasing trend of weight with respect to the sizing of the frontal area of a single thruster. The results reported in Table 6 help to explain the behavior just reported. For the lower value of the blockage parameter (  ξ =   0.5), a lower number of thrusters per section (  N  t , l   ) is encountered, yielding a generally higher number of sections upon which the thrusters are spread (  N l  ). The total number of thrusters is generally significantly higher for   ξ =   0.5 than for   ξ =   1.0, implying a generally less efficient sizing solution.



The results in Figure 9 and Table 6, albeit interesting and apparently indicating a clear best practice in choosing a higher value of the blockage parameter, should be considered with caution. Actually, they ignore the possible positive coupling effect of thrusters working in series along a streamwise direction. Current research results within project IPROP tend to support a positive interaction effect of thrusters working in that configuration. Considering this effect (still to assess with precision) is likely to positively affect the overall efficiency of thrusters put in series, thus potentially reducing the need for higher   N l   when the blockage  ξ  is lower than unity compared to what has been obtained, thus, in turn, altering the balance shown in the results just introduced (Figure 9 and Table 6).






5. Conclusions


The present contribution has introduced an amendment to an original preliminary sizing algorithm for airships, developed by the authors considering electro-mechanical motors, so as to include atmospheric ionic thrusters in the design (under development within project IPROP). The so-identified procedure allows the keeping of the number of free sizing parameters to a minimum while coping with the specific features of this novel type of thruster and making use of the technological data pertaining to them as obtained from experiments. The sizing algorithm, which works in an automated fashion within the airship sizing suite Morning Star, returns a general sizing of the envelope and solar cells needed for energy harvesting, the weight breakdown including the propulsion system and batteries, and the number and general arrangement of the atmospheric ionic thrusters, when they are considered in the design. Such a sizing algorithm is based on a weight-optimal criterion, capable of producing a minimum-weight sizing complying with constraints coming from the mission profile and from technological limits.



Preliminary sizing results for the design of a high-altitude airship (HAA) with a payload and mission granting a top-tier high-altitude pseudo-satellite (HAPS) observation capability (as requested among the milestones of project IPROP), show that an airship based on atmospheric ionic thrusters is indeed feasible at the current technological level, albeit in association with a more requiring sizing solution compared to a case based on standard electro-mechanical propulsion.



An exploration of the space of design solutions has been carried out, considering changing values of the stationing altitude, envelope material, and assumptions on the thruster geometrical characteristics and arrangement. The study of the dependence of the optimal solution on the stationing altitude reveals the existence of an optimum, which is different yet not excessively dissimilar for the conventional and ion cases. The analysis of the dependence on the envelope material and the thruster characteristics shows clear trends in the overall weight and its breakdown, as well as a general detrimental upscaling effect when the arrangement of the thrusters is such that it leaves gaps between units on the same cross-section. A word of caution concerning the latter result is bound to the limits of the modeling of the interaction among thrusters in a streamwise series, which, when accounted for, may significantly alter the outcome of the analysis.



Further research on the design of HAAs featuring atmospheric ionic thrusters will follow within project IPROP, as the technology of these thrusters and the related systems is developed (also thanks to the experience gained through the design and planned manufacture of a low-altitude flying demonstrator). Besides updating the values pertaining to technological variables, research will especially target the implication of the dynamic behavior of the airship and its controllability bound to a detailed lofting of the weight components and the thrusters onboard.
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Figure 1. Logical flowchart illustrating the airship design scheme based on a sizing loop and an optimum-seeking loop. 
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Figure 2. Schematic representation of an atmospheric ionic thruster, defining some characteristic geometrical parameters. (Left) side view. (Right) three-quarters view. 
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Figure 3. Basic working topology adopted in the design algorithm. 
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Figure 4. Considered model of the ratio    T  A m     with altitude. 
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Figure 5. Considered model of the ratio    T  P m     with altitude. 
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Figure 6. Geometry of baseline designs. Showing the geometrical sizing of the envelope, solar cells, and thrusters (the latter for ionic cases only). (Top plot) conventionally propelled airship. (Bottom plot) airship featuring atmospheric ionic thrusters. 
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Figure 7. Effect of the target altitude on the weight breakdown. (Top plot) conventionally propelled airship. (Bottom plot) airship featuring atmospheric ionic thrusters. 
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Figure 8. Effect of a change in the envelope material density on the weight breakdown of an airship featuring atmospheric ionic thrusters. 
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Figure 9. Effect of the frontal blockage parameter  ξ  and of the side of the square front capture area of the atmospheric ionic thruster. (Top plot)   ξ =   0.5. (Bottom plot)   ξ =   1. 
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Table 1. Basic data for high-altitude mission sizing.
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	Mission Parameter
	Value





	Flight time
	48 h



	Climb and descent ground speed
	6 m/s



	Top altitude (above ground)
	17 km



	Climb and descent angle (absolute value)
	30 deg










 





Table 2. Components of the payload.
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	System
	Weight [kg]
	Power [kW]





	Data links & Computers
	10
	0.1



	ELM-2022A
	95
	3.3



	AJCN
	227
	9.7



	MS-177
	244
	1.75










 





Table 3. Assigned values of technological parameters.
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	Component
	Technological Parameter
	Value





	Envelope
	Surface density
	113 g/cm2



	
	Maximum tensile strength
	970 N/cm



	Battery
	Energy density
	450 Wh/kg



	
	Power density
	1800 W/kg



	
	Charge/Discharge efficiency
	96%



	Cables
	Volumetric energy density
	1150 J/m3










 





Table 4. Results of weight-optimal sizing for airships based on conventional or atmospheric ionic thrusters. Baseline technology data is assumed for the computations.
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	Quantity
	Conventional
	Ionic





	Envelope length   L r   [m]
	87.0
	275.7



	Fineness ratio   F R  
	3.40
	5.23



	Total weight W [kg]
	3864
	51,889



	Envelope   W  e n v    [kg]
	772
	4943



	Ballonet   W  b a l    [kg]
	399
	2257



	Lifting gas   W  l g    [kg]
	668
	8975



	Support structures, tail    W  s t r   +  W t    [kg]
	124
	1370



	Thruster    W m  +  W  e l     [kg]
	207
	313



	Voltage booster   W  v b    [kg]
	0
	4052



	Battery   W  b a t    [kg]
	712
	21,674



	Solar cells, MPPT    W  s c   +  W  M P P T     [kg]
	72
	2358



	Gondola   W  g o n    [kg]
	247
	4213



	Payload   W  p l    [kg]
	576
	576










 





Table 5. Number of thrusters for weight-optimal design solution with atmospheric ionic thrusters, for changing the value of the top altitude (as in the bottom plot of Figure 7).
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	Altitude    h cr   
	    N l    
	    N  t , l     
	     N t  =  N l   N  t , l      





	15 km
	43
	43
	1849



	16 km
	37
	43
	1591



	17 km
	30
	41
	1230



	18 km
	24
	42
	1008



	19 km
	32
	55
	1760



	20 km
	35
	64
	2240










 





Table 6. Number of thrusters for weight-optimal design solution with atmospheric ionic thrusters, for changing the value of the blockage parameter and frontal area sizing (as in Figure 9).
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	Frontal Area Side    s = w    [m]
	Blockage Parameter   ξ  
	    N c    
	    N l    
	    N  t , l     
	     N t  =  N l   N  t , l      





	2.0
	0.5
	80
	146
	30
	4380



	2.0
	1
	80
	30
	41
	1230



	2.5
	0.5
	100
	86
	20
	1720



	2.5
	1
	100
	22
	32
	704



	3.0
	0.5
	120
	60
	15
	900



	3.0
	1
	120
	18
	26
	468
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