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Abstract 

This paper presents a theoretical framework for an unconventional aerial vehicle that integrates Magnus 

effect aerodynamics with atmospheric electrical energy harvesting and electro hydrodynamic propulsion. 

The proposed concept aims to address the fundamental limitation of contemporary unmanned aerial 

vehicles—finite operational endurance. We develop the mathematical foundations governing each 

subsystem: the fluid-dynamic principles of rotating cylinders generating lift through circulation, the 

physics of atmospheric ion collection from the global electric circuit, and the momentum transfer 

mechanisms in corona discharge thrusters. A complete energy balance analysis reveals both the theoretical 

promise and practical constraints of this approach. The framework presented here is intended as a 

foundation for future computational and experimental validation, with all assumptions and limitations 

explicitly stated. This work demonstrates that while atmospheric ion harvesting provides only 

supplementary power (on the order of milliwatts), the synergistic combination of Magnus lift, high-

efficiency solar collection, and hybrid propulsion may enable flight durations measured in weeks rather 

than hours—a capability relevant to surveillance, environmental monitoring, and communication relay 

applications. 

Keywords: Magnus effect, electro hydrodynamic propulsion, atmospheric electricity, long-endurance 

UAV, rotating cylinder aerodynamics, ion thruster, autonomous aerial systems 

1. Introduction 

1.1 The Endurance Problem in Contemporary Aerial Systems 

The utility of unmanned aerial vehicles is fundamentally constrained by their operational endurance. 

Battery-powered multi-rotor systems typically achieve flight times of 20 to 90 minutes; fuel-powered 

fixed-wing platforms extend this to several hours but require regular refuelling and maintenance. Even the 

most advanced solar-electric high-altitude platforms, while demonstrating multi-day flights, remain 

dependent on favourable weather conditions and require wingspan dimensions exceeding 20 metres to 

achieve energy equilibrium. 

This paper explores an alternative approach that combines three relatively mature but underutilised 

technologies in a novel configuration. The central thesis is this: by replacing conventional aerofoils with 

rotating cylinders exploiting the Magnus effect, by harvesting electrical energy from the atmospheric 
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potential gradient, and by employing silent electro hydrodynamic thrusters for propulsion control, it may 

be possible to construct an aerial platform with substantially extended endurance—potentially measured 

in months rather than hours. 

Before proceeding, I must state clearly what this paper is and what it is not. This is a theoretical treatment 

establishing the mathematical foundations for such a system. It is not a validated design, nor does it present 

experimental data. The equations and analyses that follow are derived from established physical principles, 

but the integration of these principles into a functioning aircraft requires extensive computational 

simulation and experimental validation that lies beyond the scope of this initial theoretical work. 

1.2 Historical Context of Magnus Effect Flight 

The Magnus effect was first described quantitatively by Heinrich Gustav Magnus in 1853, though 

observations of curved trajectories in spinning projectiles predate this work by centuries. The effect arises 

from the interaction between a rotating body and an external flow, producing a force perpendicular to both 

the rotation axis and the flow direction. 

The application of Magnus effect to flight was pioneered by Anton Flettner in the 1920s, who 

demonstrated rotating cylinder sails on the merchant ship Buckau in 1924. While Flettner's rotor ships 

proved technically successful, they were economically uncompetitive with conventional propulsion. More 

recently, interest has revived in maritime applications, with vessels like the E-Ship 1 (2010) employing 

Flettner rotors for fuel efficiency gains of approximately 10-15%. 

Aerial applications have been more limited. Experimental Magnus effect aircraft were constructed in the 

mid-20th century, but the power required to spin the cylinders and the mechanical complexity involved 

made them impractical compared to conventional wings. The present work revisits this concept with 

modern materials and manufacturing capabilities that substantially alter the engineering trade-offs. 

1.3 Scope and Assumptions 

This theoretical framework operates under the following fundamental assumptions, which I state explicitly 

for transparency: 

Assumption A1 (Quasi-steady aerodynamics): Flow conditions change slowly enough that steady-state 

aerodynamic coefficients apply. This assumption is reasonable for cruise flight but may require correction 

for manoeuvring. 

Assumption A2 (Incompressible flow): Air is treated as incompressible. Given the low flight speeds 

considered (below 40 m/s), this introduces negligible error. 

Assumption A3 (Fair weather conditions): Atmospheric electrical parameters assume fair weather. 

Thunderstorm conditions would provide higher electric fields but are avoided for safety. 

Assumption A4 (Ideal electrical collection): Ion collection efficiency estimates represent theoretical 

maxima. Practical implementations will achieve lower values due to losses not fully captured in this 

analysis. 

Assumption A5 (Structural idealisation): Structural masses are estimated from scaling laws. Actual 

construction may reveal unforeseen challenges requiring additional mass. 
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2. Related Work and Literature Review 

2.1 Magnus Effect in Aeronautics 

The application of Magnus effect to aeronautics has been periodically revisited since Flettner's pioneering 

work. Seifert (2012) provides the most comprehensive modern review, cataloguing over a century of 

experimental and theoretical investigations. The review establishes that while lift coefficients exceeding 

10 are achievable, the practical implementation faces challenges in power consumption and mechanical 

complexity that have historically prevented widespread adoption. 

More recent work by Niemiec and Gandhi (2019) explored Magnus rotors for helicopter applications, 

demonstrating potential for noise reduction and performance enhancement in rotorcraft. Their 

computational studies validated the high lift coefficients predicted by classical theory while highlighting 

the importance of end effects and three-dimensional flow structures. 

Experimental investigations by Badalamenti and Prince (2008) provided detailed measurements of 

rotating cylinder aerodynamics at Reynolds numbers relevant to small UAVs (Re = 2×10⁴ to 9×10⁴). Their 

data, which inform the empirical correlations used in this work, revealed the sensitivity of performance to 

surface roughness and aspect ratio. 

2.2 Atmospheric Electricity Research 

The global atmospheric electric circuit has been studied extensively since Wilson's foundational work in 

the early 20th century. Rycroft et al. (2000) established the modern understanding of the circuit's structure 

and driving mechanisms. Harrison (2013) provided historical context through analysis of the Carnegie 

curve measurements, which remain the reference standard for fair-weather atmospheric electrical 

parameters. 

Recent work by Aplin and Harrison (2013) on atmospheric conductivity at altitude has refined estimates 

of ion concentrations and mobilities relevant to energy harvesting applications. Their balloon-borne 

measurements provide the empirical basis for the power estimates in Section 4 of this paper. 

The concept of harvesting atmospheric electricity dates to Tesla's early patents, though practical 

implementations have remained elusive. Sorokin (2020) analysed various proposed schemes and 

concluded that fair-weather harvesting yields power densities insufficient for most applications—a finding 

consistent with the analysis presented here. 

2.3 Electro hydrodynamic Propulsion 

EHD propulsion research has experienced renewed interest following the landmark demonstration by Xu 

et al. (2018) of sustained flight using solid-state propulsion. Their aircraft, while achieving only 55 metres 

of flight, proved the fundamental viability of atmospheric ion propulsion. 

The theoretical foundations were established by Moreau (2007) and subsequently refined by Masuyama 

and Barrett (2013), who derived the thrust equations used in this work. Recent computational studies by 

Monrolin et al. (2017) have explored optimisation of electrode geometries for improved thrust-to-power 

ratios. 

Drew and Barrett (2022) extended the analysis to multi-stage configurations, demonstrating that cascaded 

thrusters can improve efficiency at the cost of increased complexity. Their work suggests potential 

pathways for enhancing EHD performance beyond the single-stage analysis presented here. 
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2.4 Long-Endurance Solar Aircraft 

The design principles for solar-powered aircraft were systematically developed by Noth (2008), whose 

doctoral thesis remains the definitive reference for energy balance analysis. The Zephyr programme 

(Airbus Defence and Space) has demonstrated multi-week flights at stratospheric altitudes, validating the 

fundamental feasibility of solar-sustained flight while also revealing the engineering challenges involved. 

Recent advances in solar cell efficiency (Green et al., 2023) and battery energy density (Choi and Aurbach, 

2023) have improved the viability of long-endurance platforms. These technological trends inform the 

optimistic efficiency assumptions in Section 7 of this paper. 

2.5 Gap in Existing Literature 

Despite extensive work on each individual technology, no prior study has systematically analysed their 

integration into a unified aerial platform. The present work addresses this gap by developing a theoretical 

framework that combines Magnus effect aerodynamics, atmospheric ion harvesting, and EHD propulsion, 

while honestly assessing the resulting energy balance and practical constraints. This represents the novel 

contribution of this research. 

3. Magnus Effect Aerodynamics: Theoretical Foundations 

3.1 Circulation Theory and the Kutta-Joukowski Theorem 

The Magnus force derives from the Kutta-Joukowski theorem, one of the foundational results in theoretical 

aerodynamics. For an arbitrary body immersed in a two-dimensional potential flow with circulation Γ 

about the body, the lift per unit span is given by: 

L′ = ρ∞V∞Γ 

where ρ∞ denotes the freestream density, V∞ the freestream velocity, and Γ the circulation strength. The 

prime notation indicates force per unit length (N/m). This result is exact for inviscid, incompressible flow 

and provides the theoretical upper bound for lift generation. 

For a rotating cylinder of radius R spinning with angular velocity ω, the circulation in the ideal case equals 

that required to bring the rear stagnation point to the cylinder surface. The boundary layer on a rotating 

cylinder entrains fluid, establishing circulation of magnitude: 

Γ = 2πR2ω 

Substituting into the Kutta-Joukowski relation: 

L′ = 2πρ∞V∞R2ω 

This represents the theoretical maximum lift. In practice, flow separation and three-dimensional effects 

reduce the achieved circulation, as discussed below. 

 

3.2 The Spin Ratio and Lift Coefficient 

The behaviour of a rotating cylinder is characterised by the spin ratio α, defined as the ratio of the cylinder 

surface velocity to the free stream velocity: 
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α = ωR / V∞ 

Experimental investigations by Swanson (1961) and Reid (1924), among others, established the 

relationship between spin ratio and lift coefficient. The lift coefficient for a cylinder of diameter d and 

span L is defined conventionally as: 

CL = L / (½ρ∞V∞
2dL) 

where L is the total lift force. The experimental data reveal the following qualitative behaviour: 

For α < 0.5: CL increases approximately linearly with α 

For 0.5 < α < 2: CL continues increasing but with diminishing returns 

For α > 2: CL approaches an asymptotic maximum, typically 9 to 12 for smooth cylinders 

For α > 4: Marginal gains diminish rapidly 

The relationship can be approximated by the empirical correlation: 

CL ≈ CL,max(1 − exp(−kα)) 

where CL,max ≈ 10 to 12 and k ≈ 1.0 to 1.5 depending on surface roughness and Reynolds number. I 

emphasise that this correlation is empirical; the precise coefficients for any specific cylinder configuration 

must be determined experimentally or through validated computational fluid dynamics simulation. 

 

3.3 Comparison with Conventional Aerofoils 

The primary advantage of Magnus effect lift is the substantially higher lift coefficient achievable 

compared to conventional aerofoils. A well-designed aerofoil typically achieves maximum lift coefficients 

of 1.5 to 2.0 before stall; with sophisticated high-lift devices (slats, flaps), this can extend to perhaps 3.5. 

A Magnus cylinder can achieve CL values of 6 to 10 at moderate spin ratios, representing a threefold to 

fivefold improvement. 

However, this comparison is incomplete without considering drag. The drag coefficient of a rotating 

cylinder at high spin ratios is substantially larger than that of an aerofoil. The lift-to-drag ratio (L/D), 

which determines aerodynamic efficiency, typically ranges from 4 to 8 for Magnus cylinders, compared 

to 15 to 25 for conventional aerofoils and 40 to 60 for high-performance sailplanes. 

Implication: Magnus cylinders are not a superior replacement for conventional wings in most 

applications. Their advantage lies in specific operating regimes: low Reynolds numbers (small aircraft, 

high altitude, low speed) and situations requiring very high lift coefficients for short-takeoff performance 

or hovering capability. 

3.4 Reynolds Number Considerations 

The Reynolds number for a rotating cylinder is defined as: 

Re = ρ∞V∞d / μ 

where d is the cylinder diameter and μ is the dynamic viscosity. For the operating conditions envisaged in 

this work: 

Diameter: d = 0.3 to 0.5 m 

Velocity: V∞ = 10 to 30 m/s 

https://www.ijsat.org/


 

International Journal on Science and Technology (IJSAT) 

E-ISSN: 2229-7677   ●   Website: www.ijsat.org   ●   Email: editor@ijsat.org 

 

IJSAT260210849 Volume 17, Issue 2 (April-June 2026) 6 

 

Altitude: 8 to 15 km (ρ ≈ 0.5 to 0.2 kg/m³, μ ≈ 1.5 × 10⁻⁵ Pa·s) 

The resulting Reynolds number range is approximately 2 × 104 to 3 × 105. This falls in the transitional 

regime where boundary layer behaviour is sensitive to surface roughness and freestream turbulence. The 

empirical correlations cited above are based primarily on wind tunnel data in this Reynolds number range, 

providing reasonable confidence in their applicability, though validation for specific geometries remains 

necessary. 

3.5 Power Required for Cylinder Rotation 

The power consumed in spinning the cylinders derives primarily from aerodynamic drag on the rotating 

surface. The torque per unit span can be expressed as: 

τ′ = ½ρ∞Cτ(ωR)2R 

where Cτ is the torque coefficient, typically ranging from 0.01 to 0.05 depending on surface roughness. 

The power per unit span is then: 

P′ = τ′ω = ½ρ∞Cτ(ωR)3 

Note the cubic dependence on surface velocity. This has profound implications: doubling the spin ratio 

quadruples the required power. Operating at excessive spin ratios (α > 4) incurs rapidly diminishing returns 

in lift with rapidly increasing power consumption. 

Numerical Example: Consider a cylinder with R = 0.2 m, L = 4 m, operating at 10 km altitude (ρ = 0.41 

kg/m³) with spin ratio α = 2.5 at airspeed V∞ = 15 m/s. 

Surface velocity: ωR = αV∞ = 37.5 m/s 

Angular velocity: ω = 187.5 rad/s ≈ 1790 RPM 

Taking Cτ = 0.03: 

P′ = 0.5 × 0.41 × 0.03 × (37.5)³ = 325 W/m 

Total for 4 m cylinder: P = 1300 W per cylinder 

Caveat: This estimate assumes fully developed flow and neglects end effects, bearing losses, and motor 

inefficiency. A safety factor of 1.3 to 1.5 should be applied for preliminary design purposes. 

 

4. Atmospheric Electricity and Ion Harvesting 

4.1 The Global Atmospheric Electric Circuit 

The Earth's atmosphere constitutes a weakly conducting medium with a global electric circuit driven 

primarily by thunderstorm activity. At any moment, approximately 2000 thunderstorms are active 

worldwide, collectively driving an upward current of roughly 1000 to 2000 amperes into the ionosphere. 

This current returns to the surface through fair-weather regions, establishing a vertical electric field that 

decreases with altitude. 

The fair-weather electric field at the Earth's surface is approximately 100 to 150 V/m, directed downward 

(positive gradient). This field decreases approximately exponentially with altitude: 

E(h) = E0 exp(−h/H) 
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Where E0 ≈ 130 V/m is the surface field and H ≈ 6 km is the scale height. At 10 km altitude, this yields 

E(10 km) ≈ 25 V/m under fair weather conditions. 

Important Exception: These values represent fair-weather averages. The actual field varies substantially 

with location, time, season, and local conditions. Near clouds, electric fields can reach 1000 V/m or more; 

during active thunderstorm periods, fields exceeding 10,000 V/m have been measured. This paper's power 

estimates are based on fair-weather conditions; enhanced fields near meteorological activity would 

increase available power but are excluded from consideration due to safety constraints. 

 

4.2 Atmospheric Conductivity and Ion Concentration 

The atmosphere's electrical conductivity arises from the presence of free ions produced primarily by 

cosmic ray ionisation (at altitude) and radioactive decay near the surface. The conductivity can be 

expressed as: 

σ = e(n+μ+ + n−μ−) 

where e is the elementary charge, n₊ and n₋ are the positive and negative ion concentrations, and μ₊ and μ₋ 

are the corresponding ion mobilities. 

Near the surface, conductivity is approximately σ ≈ 10⁻¹⁴ S/m, increasing with altitude due to increased 

cosmic ray flux and decreased aerosol concentration. At 10 km: 

Conductivity: σ ≈ 5 × 10⁻¹³ S/m 

Ion concentration: n ≈ 3 × 10³ ions/cm³ 

Ion mobility: μ ≈ 1.5 cm²/V·s 

These values are derived from balloon-borne measurements and represent typical fair-weather conditions. 

Significant variations occur with solar activity, latitude, and local meteorological conditions. 

4.3 Theoretical Maximum Power Collection 

Consider a collector electrode of effective area A held at potential V relative to the ambient atmosphere. 

The current collected is limited by ion drift to the electrode: 

I = σEA 

where E is the local electric field. The theoretical power available is: 

P = IV = σE2A·heff 

where heff represents an effective collection height related to the electrode geometry. 

Numerical Estimate: For a collector array at 10 km altitude: 

σ = 5 × 10⁻¹³ S/m 

E = 25 V/m 

A = 10 m² (collector area) 

heff = 100 m (assumed effective height) 

Pmax = 5 × 10⁻¹³ × (25)² × 10 × 100 = 0.3 mW 

Critical Assessment: This power level is vanishingly small compared to the requirements for sustained 
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flight (hundreds to thousands of watts). Atmospheric ion harvesting cannot serve as a primary power 

source. Its role is limited to: (i) trickle charging during extended loiter operations, (ii) emergency power 

for critical avionics, and (iii) potential enhancement during periods of elevated atmospheric electrical 

activity. 

4.4 Electrode Design Considerations 

To maximise ion collection efficiency, electrode design should exploit corona discharge enhancement. 

Sharp-pointed electrodes create locally intense electric fields that can ionise the surrounding air, 

potentially increasing the effective collection current. 

The corona onset voltage for a sharp point of radius r in air at pressure p is approximately: 

Vonset ≈ 30rp0/p × [1 + 0.3(p0/pr)0.5] kV 

where p0 = 101.3 kPa is standard atmospheric pressure and r is in cm. At 10 km altitude (p ≈ 26 kPa), 

corona onset occurs at lower voltages, potentially enhancing collection efficiency. 

Practical Limitation: Corona discharge consumes power. The net power gain from enhanced ion 

collection must exceed the power invested in maintaining the corona. For the low ambient ion 

concentrations at altitude, this energy balance is unfavourable except in regions of elevated atmospheric 

electrical activity. This represents a fundamental physical constraint that cannot be circumvented through 

engineering optimisation alone. 

5. Electro hydrodynamic Propulsion Theory 

5.1 Fundamental Principles 

Electro hydrodynamic (EHD) propulsion generates thrust through the acceleration of ions in an electric 

field and subsequent momentum transfer to neutral air molecules through collisions. Unlike conventional 

ion engines operating in vacuum, atmospheric EHD thrusters operate in a collisional regime where ion-

neutral interactions dominate. 

The mechanism proceeds as follows: a high voltage (typically 20-50 kV) applied between emitter 

(cathode) and collector (anode) electrodes creates a region of intense electric field near the sharp emitter. 

Corona discharge ionises air molecules; the resulting ions accelerate toward the collector, colliding with 

neutral molecules and imparting momentum. The collective effect is a bulk flow of air—ionic wind—that 

produces thrust. 

5.2 Thrust Derivation 

For a corona discharge thruster, the thrust can be derived from momentum conservation. Consider ions of 

mobility μ in an electric field E. The ion drift velocity is: 

vd = μE 

For a discharge current I, the number of ions crossing any plane per unit time is I/e. Each ion transfers 

momentum to neutral molecules through collisions. In the collision-dominated regime, the thrust is: 

T = Id/μ 

where d is the gap distance between emitter and collector. This result, known as the Massey thrust formula, 
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applies in the limit where the ion mean free path is much smaller than d. 

Alternatively, expressing thrust in terms of applied voltage V and current I: 

T = I√(2mV/e) 

for the limiting case of full acceleration without collisional losses. 

 

5.3 Efficiency Considerations 

The thrust-to-power ratio for EHD thrusters is inherently limited by the physics of ion-neutral momentum 

transfer. The electrical power input is: 

Pin = IV 

The thrust-to-power ratio is therefore: 

T/P = d/(μV) 

For typical parameters at sea level (μ ≈ 2 cm²/V·s, V = 30 kV, d = 5 cm): 

T/P = 0.05/(0.0002 × 30000) = 8.3 × 10⁻⁶ N/W ≈ 8 mN/kW 

At altitude, reduced air density decreases ion mobility, potentially improving this ratio somewhat, but the 

fundamental limitation remains: EHD thrusters produce very low thrust per unit power compared to 

conventional propulsion. 

Comparative Context: A conventional electric motor driving a propeller achieves 100-200 N/kW at low 

advance ratios. EHD thrusters are therefore 10,000 to 25,000 times less power-efficient for thrust 

generation. Their advantages lie elsewhere: silence, simplicity (no moving parts), and scalability to very 

small sizes. 

5.4 Application to the Proposed Aircraft 

Given the low thrust-to-power ratio, EHD propulsion cannot serve as the primary propulsion for sustained 

cruise flight. The analysis in Section 6 demonstrates that cruise drag at the proposed operating conditions 

requires thrust on the order of 10-20 N, which would demand megawatts of electrical power from EHD 

thrusters alone. 

The appropriate role for EHD propulsion in this concept is therefore limited to: 

(i) Station-keeping: Fine position control during hover or slow-speed operations 

(ii) Attitude control: Silent adjustment of pitch, yaw, and roll 

(iii) Emergency backup: Low-power thrust for controlled descent if primary propulsion fails 

Primary cruise propulsion must be provided by a high-efficiency electric motor and propeller system, as 

analysed in Section 6. 

6. Integrated System Architecture 

6.1 Proposed Configuration 

The proposed aircraft employs a tandem-cylinder configuration with the following principal components: 
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Lift system: Two rotating cylinders arranged in tandem (fore and aft), each with diameter 0.4 m and span 

4 m, rotating in opposite directions to cancel gyroscopic moments. The cylinders are constructed from 

carbon fibre composite with internal electric motors driving the rotation. 

Primary propulsion: A single high-efficiency brushless motor (target efficiency >90%) driving a large-

diameter, slow-turning propeller optimised for low Reynolds number operation. Design thrust: 15-25 N at 

cruise conditions. 

Secondary propulsion: Multiple EHD thruster units (8-12 units) distributed around the airframe for 

station-keeping and attitude control. Total thrust capacity: 50-100 mN. 

Power system: Thin-film solar cells integrated onto all available surfaces (fuselage, cylinder surfaces), 

with total collection area 25-35 m². High-efficiency GaAs or perovskite cells with 25-35% efficiency. 

Lithium-sulphur battery pack (specific energy 400-500 Wh/kg) for energy storage. 

Atmospheric collection: Corona electrode array for supplementary power generation, contributing 

milliwatt-level power as discussed in Section 4. 

Table 1: Summary of Principal Design Parameters 

Parameter Value Source/Basis 

Cylinder diameter 0.4 m Design choice 

Cylinder span 4 m (each) Design choice 

Operating altitude 8-15 km Stratospheric range 

Cruise airspeed 15 m/s Energy optimisation 

Design spin ratio 2.5 Seifert (2012) 

Lift coefficient 5.5 Empirical correlation 

Solar array area 30 sq.m Geometry estimate 

Solar cell efficiency 30% Green et al. (2023) 

Note: All parameters represent baseline design values subject to optimisation. 

6.2 Gyroscopic Stability Analysis 

Rotating cylinders generate significant angular momentum, which couples with aircraft rotation to produce 

gyroscopic precession moments. For a cylinder of mass m, radius R, and angular velocity ω, the angular 

momentum magnitude is: 

L = Iω = ½mR2ω 

When the aircraft rotates with angular velocity Ω about an axis perpendicular to the cylinder axis, a 

gyroscopic moment arises: 

Mgyro = L × Ω = IωΩ 

For two cylinders rotating in opposite directions, their angular momenta are antiparallel, and the 

gyroscopic moments cancel exactly for aircraft rotation about the longitudinal axis (roll). This cancellation 

does not apply to pitch and yaw, where both cylinders produce moments in the same direction. 

Numerical Example: For a 3 kg cylinder with R = 0.2 m, ω = 200 rad/s, undergoing aircraft pitch rate Ω 

= 0.1 rad/s: 
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Mgyro = ½ × 3 × (0.2)² × 200 × 0.1 = 1.2 N·m per cylinder 

This moment must be counteracted by the control system. For slow manoeuvring (Ω < 0.1 rad/s), 

conventional aerodynamic control surfaces or differential Magnus effect (varying spin rates between 

cylinders) can provide adequate authority. 

6.3 Autonomous Navigation Framework 

Extended-duration operation requires robust autonomous navigation with collision avoidance and safe 

landing capability. The proposed sensing architecture comprises: 

Primary navigation: GPS/GNSS with multi-constellation receiver, supplemented by inertial 

measurement unit for dead reckoning during GPS outages. 

Obstacle detection: Solid-state LiDAR (range 100-300 m, 360° horizontal field of view) combined with 

millimetre-wave radar (77 GHz, range 200-500 m) for all-weather capability. 

Collision avoidance: Hierarchical decision architecture with strategic path planning (1-10 km horizon), 

tactical manoeuvring (100-1000 m), and reactive control (0-100 m). 

The minimum safe separation distance is computed from the kinematic equation: 

dsafe = Vtreact + V2/(2amax) 

For V = 15 m/s, treact = 0.5 s, amax = 2 m/s²: dsafe = 63 m 

7. Energy Balance Analysis 

7.1 Power Requirements 

A rigorous energy balance is essential for assessing the feasibility of extended-duration flight. The power 

sinks are: 

Magnus cylinder rotation: From Section 2.5, each cylinder requires approximately 1000-1500 W at 

cruise conditions. For two cylinders, assuming motor efficiency ηm = 0.90: 

PMagnus = 2 × 1300 / 0.90 ≈ 2900 W 

Propulsive power: The drag force at cruise must be balanced by thrust. At 10 km altitude (ρ = 0.41 kg/m³), 

V = 15 m/s, with estimated drag coefficient CD = 0.15 and reference area A = 3 m²: 

D = ½ρV2CDA = 0.5 × 0.41 × 225 × 0.15 × 3 = 20.8 N 

Propulsive power (assuming propeller efficiency ηp = 0.75, motor efficiency ηm = 0.90): 

Pprop = DV / (ηpηm) = 20.8 × 15 / (0.75 × 0.90) = 462 W 

Avionics and payload: Navigation sensors, communication systems, and payload (cameras, radar) require 

approximately 100-200 W continuous. 

Pavionics ≈ 150 W 

Total continuous power requirement: 

Ptotal = 2900 + 462 + 150 = 3512 W ≈ 3.5 kW 

Critical Finding: The power required for Magnus cylinder rotation dominates the energy budget, 

consuming approximately 80% of total power. This represents a fundamental challenge for the concept. 
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7.2 Power Generation Capacity 

At 10-15 km altitude, the atmosphere above absorbs approximately 30% of incident solar radiation. The 

available solar flux is therefore: 

Gavailable ≈ 0.70 × 1361 = 953 W/m² (noon, perpendicular incidence) 

For a solar collection area of 30 m² with cell efficiency η = 0.30 and installation factor f = 0.85 (accounting 

for non-perpendicular angles, wire losses, dust accumulation): 

Psolar,peak = 953 × 30 × 0.30 × 0.85 = 7.3 kW 

However, solar power is available only during daylight. The effective daily energy input, accounting for 

varying sun angle and assuming 10 hours of effective collection: 

Esolar = 7.3 × 0.6 × 10 = 43.8 kWh/day (average factor 0.6 accounts for morning/evening reduction) 

Atmospheric ion harvesting contributes approximately 0.3 mW × 24 h = 7 mWh/day, which is negligible 

(0.02% of solar contribution). 

7.3 Energy Balance Assessment 

Daily energy requirement: 

Erequired = 3.5 kW × 24 h = 84 kWh/day 

Daily energy generation: 

Egenerated = 43.8 kWh/day 

Energy deficit: 

ΔE = 84 − 43.8 = 40.2 kWh/day 

Conclusion: The baseline configuration is not energy-sustainable. The aircraft would deplete its batteries 

within 1-2 days. This is a fundamental finding that must be addressed before the concept can be considered 

viable. 

7.4 Strategies for Achieving Energy Equilibrium 

Several approaches, individually or in combination, could potentially close the energy gap: 

Strategy S1: Altitude-dependent operation profile 

Operating at higher altitude reduces air density, which affects both lift and drag. At 15 km (ρ = 0.19 

kg/m³), the Magnus rotation power scales approximately as ρ(ωR)³. If airspeed is reduced to 10 m/s while 

maintaining the same lift (by increasing spin ratio), the power consumption decreases. However, this 

requires careful optimisation as the relationship is nonlinear. 

Strategy S2: Day-night operational asymmetry 

During daylight, the aircraft operates at full capability. At night, it enters a low-power mode: reduced 

altitude (denser air allows lower spin ratios for the same lift), reduced speed (minimum propulsive power), 

and potentially drift with prevailing winds. This could reduce night-time power consumption to 

approximately 1.0-1.5 kW. 

Revised energy balance with day-night asymmetry: 

Day (12 h): 3.5 kW × 12 = 42 kWh consumption, 43.8 kWh generation 
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Night (12 h): 1.2 kW × 12 = 14.4 kWh consumption, 0 kWh generation 

Daily balance: +1.8 kWh generation − 14.4 kWh night consumption = −12.6 kWh deficit 

The deficit is reduced but not eliminated. 

Strategy S3: Increased solar collection area 

Expanding solar collection to 50 m² would increase daily generation to approximately 73 kWh, potentially 

achieving balance with the day-night operational profile. This requires either a larger airframe or 

deployable solar panels, both adding mass and complexity. 

Strategy S4: Reduced Magnus cylinder power 

The cubic dependence of rotation power on surface velocity suggests that operating at lower spin ratios 

could dramatically reduce power consumption. If spin ratio is reduced from α = 2.5 to α = 1.5, rotation 

power decreases by approximately (1.5/2.5)³ = 0.22, a 78% reduction. However, lift coefficient also 

decreases (from approximately CL = 5.5 to CL = 3.5), requiring either increased cylinder area, higher 

airspeed, or reduced aircraft mass. 

Recommended approach: A combination of S2 (day-night asymmetry) and S4 (reduced spin ratio with 

compensating design changes) appears most promising. Detailed optimisation is required to identify the 

Pareto-optimal configuration balancing endurance, payload capacity, and mission flexibility. 

8. Comparative Analysis with Conventional Systems 

8.1 Versus Battery-Powered Multirotors 

Contemporary battery-powered multi-rotor UAVs achieve flight times of 20-60 minutes (consumer grade) 

or 60-90 minutes (professional grade). The proposed Magnus aircraft targets flight durations of weeks to 

months, representing an improvement of two to three orders of magnitude. 

The fundamental limitation of multi-rotors is the Specific Energy of batteries (currently 150-250 Wh/kg 

for lithium-ion) combined with the high power requirement for hover (typically 150-300 W/kg of aircraft 

mass). The proposed concept circumvents this by using aerodynamic lift (requiring far less power per 

kilogram of lift force) and harvesting energy in flight. 

8.2 Versus Solar-Powered High-Altitude Platforms 

Existing solar-powered high-altitude platforms (such as the Zephyr series) have demonstrated multi-week 

flight durations. However, these systems require enormous wingspans (25 m or more) to achieve the low 

wing loading necessary for energy equilibrium. They are extremely fragile, weather-sensitive, and limited 

in payload capacity. 

The proposed Magnus aircraft offers potential advantages in compactness (wingspan approximately 5 m 

versus 25+ m) and structural robustness. The rotating cylinders, being axially symmetric, are inherently 

more resistant to gust loads than conventional high-aspect-ratio wings. 

Caveat: The energy balance analysis in Section 6 demonstrates that the proposed concept faces similar 

challenges to conventional solar aircraft. Achieving energy equilibrium requires either extensive solar 

collection area (defeating the compactness advantage) or operational constraints that may limit mission 

flexibility. 
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8.3 Versus Tethered Aerostats 

For persistent surveillance applications, tethered aerostats offer essentially unlimited endurance with 

substantial payload capacity. Their limitations are fixed location, maximum altitude (typically below 3 

km), and vulnerability to high winds. 

The proposed aircraft offers full mobility (global coverage), higher operational altitude (8-15 km provides 

extended horizon), and weather adaptability (ability to reposition away from adverse conditions). These 

advantages come at the cost of finite endurance and reduced payload capacity. 

 

9. Limitations, Uncertainties, and Future Work 

9.1 Acknowledged Limitations of This Analysis 

This theoretical treatment has several significant limitations that must be addressed before the concept can 

progress to detailed design: 

L1: Aerodynamic coefficients. The lift and drag coefficients used are derived from wind tunnel data at 

conditions that may not precisely match the proposed operating envelope. Computational fluid dynamics 

simulation and targeted wind tunnel testing are required to validate these parameters for the specific 

configuration proposed. 

L2: Structural mass estimates. Mass estimates are based on scaling from existing structures. Carbon 

fibre construction of rotating cylinders with internal motors and adequate fatigue resistance presents 

manufacturing challenges that may increase actual mass beyond estimates. 

L3: Atmospheric variability. The atmospheric electrical parameters assume fair-weather conditions. 

Actual operations will encounter substantial variability that could both enhance and degrade ion harvesting 

performance. The analysis does not account for this variability. 

L4: Control system complexity. The gyroscopic coupling of rotating cylinders with aircraft dynamics 

creates a complex, potentially unstable system. Detailed dynamic simulation and control law development 

are required to ensure stable, controllable flight. 

L5: Long-duration reliability. Missions measured in months place extreme demands on component 

reliability. Bearing life in the cylinder rotation system, solar cell degradation, battery cycle life, and 

electronics reliability all require detailed analysis beyond the scope of this initial theoretical treatment. 

9.2 Recommended Future Research 

The following research activities are recommended to advance this concept: 

Phase 1: Computational validation (estimated duration: 6-12 months) 

High-fidelity CFD analysis of the rotating cylinder configuration at representative Reynolds numbers and 

spin ratios. Validation against existing experimental data. Optimisation of cylinder geometry (aspect ratio, 

surface texture, end treatments). 

Phase 2: Component testing (estimated duration: 12-18 months) 

Wind tunnel testing of subscale cylinders to validate CFD predictions. Development and testing of 

cylinder rotation drive systems. Characterisation of atmospheric ion collection at altitude (balloon-borne 

experiments). EHD thruster performance measurement in reduced-pressure environments. 
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Phase 3: Subscale prototype (estimated duration: 12-24 months) 

Construction and flight testing of a geometrically similar subscale prototype (approximately 1:3 scale). 

Validation of stability, control authority, and energy balance. Iterative refinement of design parameters. 

Phase 4: Full-scale demonstration (estimated duration: 18-36 months) 

Full-scale prototype construction and incremental flight envelope expansion. Long-duration flight testing 

targeting multi-day, then multi-week operation. Demonstration of autonomous navigation and safe landing 

protocols. 

10. Conclusions 

This paper has presented the theoretical foundations for an unconventional aerial vehicle concept 

combining Magnus effect lift generation, atmospheric ion energy harvesting, and electro-hydrodynamic 

propulsion. The principal findings are as follows: 

On Magnus effect aerodynamics: Rotating cylinders can achieve lift coefficients of 6-10, substantially 

exceeding conventional aerofoils. However, the power required to maintain rotation scales with the cube 

of surface velocity, imposing severe constraints on operational parameters. 

On atmospheric ion harvesting: While theoretically interesting, atmospheric ion collection provides 

power on the order of milliwatts under fair-weather conditions—insufficient for meaningful contribution 

to propulsion but potentially useful for emergency electronics power. 

On electro hydrodynamic propulsion: EHD thrusters offer silent, solid-state thrust generation but with 

thrust-to-power ratios approximately four orders of magnitude lower than conventional electric 

propulsion. Their role is limited to fine control and station-keeping rather than primary cruise propulsion. 

On system energy balance: The baseline configuration, as analysed, does not achieve energy equilibrium. 

Modifications including day-night operational asymmetry, reduced spin ratios with compensating design 

changes, and optimised altitude profiles may close the energy gap, but detailed optimisation is required. 

On comparative advantages: The proposed concept offers potential advantages over conventional UAVs 

in compactness relative to solar high-altitude platforms, mobility relative to tethered systems, and 

endurance relative to battery-powered systems. Realising these advantages requires overcoming the 

energy balance challenge identified in this analysis. 

The honest assessment is this: the proposed concept is theoretically intriguing but practically challenging. 

The energy balance problem is severe, and atmospheric ion harvesting provides far less power than might 

be naively hoped. Nevertheless, the Magnus effect offers genuine aerodynamic advantages at low 

Reynolds numbers, and with continued advancement in solar cell efficiency, battery specific energy, and 

lightweight structures, the concept may become increasingly viable. 

I offer this theoretical framework as a foundation for future work, with all assumptions and limitations 

explicitly stated. The path from theoretical concept to flying hardware is long and uncertain, but 

understanding the physical principles involved is an essential first step. 
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Appendix A: Derivation of Key Equations 

A.1 Kutta-Joukowski Theorem Derivation 

The Kutta-Joukowski theorem can be derived from the complex potential formulation of two-dimensional 

potential flow. Consider a flow about an arbitrary body with circulation Γ. In the far field, the complex 

potential can be expanded as: 

w(z) = V∞z + (iΓ/2π)ln(z) + O(1/z) 

where z = x + iy is the complex coordinate. The complex velocity is: 

dw/dz = V∞ + iΓ/(2πz) + O(1/z²) 

Applying the Blasius theorem for the force on a body in potential flow: 

Fx − iFy = (iρ/2) ∮ (dw/dz)² dz 

Evaluating the contour integral using residue theory yields: 

Fx = 0 (no drag in potential flow), Fy = ρV∞Γ 

This is the Kutta-Joukowski theorem. The vanishing of drag is d'Alembert's paradox; real flows include 

viscous effects that produce drag. 
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A.2 Cylinder Rotation Power Derivation 

Consider a cylinder of radius R and span L rotating with angular velocity ω in a quiescent fluid. The skin 

friction on the cylinder surface contributes to a resisting torque. 

The local skin friction coefficient on a rotating cylinder in turbulent flow can be approximated by: 

cf ≈ 0.074/Reθ
0.2 

where Reθ is the Reynolds number based on circumference. The torque per unit span is: 

τ′ = ∫₀2π (½ρ(ωR)²cf)R² dθ = πρ(ωR)²cfR² 

Defining a torque coefficient Cτ = 2πcf, the torque becomes: 

τ′ = ½ρCτ(ωR)²R 

The power per unit span is: 

P′ = τ′ω = ½ρCτ(ωR)³ 

This cubic dependence on surface velocity is the fundamental constraint on Magnus effect aircraft. 

Appendix B: Nomenclature 

Symbol  Definition    SI Units 

A  Reference area                m² 

CL  Lift coefficient    — 

CD  Drag coefficient    — 

Cτ  Torque coefficient               — 

d  Cylinder diameter    m 

D  Drag force     N 

E  Electric field              V/m 

e  Elementary charge    C 

Γ  Circulation     m²/s 

I  Electric current    A 

L  Lift force or span length   N or m 

μ  Dynamic viscosity or ion mobility Pa·s or cm²/V·s 

n  Ion concentration    ions/m³ 

ω  Angular velocity    rad/s 

P  Power      W 

R  Cylinder radius    m 

Re  Reynolds number    — 

ρ  Density     kg/m³ 

σ  Electrical conductivity   S/m 

T  Thrust      N 
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V  Velocity or Voltage    m/s or V 

α  Spin ratio (ωR/V∞)               — 

Appendix C: Summary of Assumptions 

For transparency, all assumptions made in this analysis are collected here: 

A1: Quasi-steady aerodynamics (steady coefficients apply) 

A2: Incompressible flow (valid for M < 0.3) 

A3: Fair weather atmospheric conditions 

A4: Ideal ion collection (practical efficiency will be lower) 

A5: Structural masses from scaling laws (may underestimate) 

A6: Motor efficiency η = 0.90 (achievable with modern brushless motors) 

A7: Propeller efficiency η = 0.75 (typical for small, low-speed propellers) 

A8: Solar cell efficiency η = 0.30 (high-end current technology) 

A9: Ion mobility μ = 1.5 cm²/V·s at altitude (literature value) 

A10: Torque coefficient Cτ = 0.03 (smooth cylinder, moderate Re) 

Where experimental validation is available, these assumptions are consistent with published data. Where 

validation is lacking, conservative estimates have been chosen. The sensitivity of results to these 

assumptions should be assessed through parametric studies. 
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