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Abstract 

The aim of this programme of studies is to research and develop electrical Rim Driven Fan 

(RDF) technology for high-speed aircraft propulsion and to provide knowledge to support 

Society’s efforts to combat climate change using zero-emission technologies.  

The objectives were to conduct research into the state-of-the-art of aircraft electrical 

propulsion, to estimate the performance of single and dual stage contra-rotating fans over a 

range of diameters, to provide a methodology to enable the aerodynamic design and detailed 

Computational Fluid Dynamic (CFD) analyses of small contra-rotating fans and to create a 

conceptual design for an RDF device suitable to power an unmanned aircraft. In completing 

this work, literature reviews were carried out on electrically powered propulsion for aircraft, 

electrical motor technologies and rim drive technology for aircraft propulsion. Original 

research was undertaken in the form of aerodynamic analyses, using derived numerical and 

CFD techniques, to determine the optimum performance of single and dual stage (contra-

rotating) rim driven fans for high-speed electric aircraft applications. Original research was 

also undertaken in the form of electrical analyses using Motor-CAD finite element software to 

analyse the feasibility of novel rim-drive concepts such as slotless stator designs, aluminium 

windings and iron-less rotors with Halbach magnet arrays in an RDF context. The results of 

these studies have contributed new knowledge that has been peer-reviewed and internationally 

published. An original RDF design concept, suitable to power an unmanned aircraft, was 

devised and a UK patent application filed. The main findings of this work are that RDF 

technology offers a viable means of high-speed aircraft propulsion with a dual-stage contra-

rotating, air-cooled fan arrangement. That optimum RDF power density is achieved with 

slotless windings and iron-less rotors configured with Halbach magnet arrays which reduce 

their rotating mass. These findings have enabled a feasible novel RDF design to be created 

which is a significant contribution in the field of electrical aircraft propulsion. The results of 

this work also contribute the significant new knowledge that dual stage contra-rotating RDF 

configurations provide the potential for an increase in thrust per frontal area, and higher 

exhaust-air velocities, when compared with existing hub-driven fan technologies. This work 

has established a novel fan design technique, that can be used by technologists to analyse and 

design future electrical fan concepts, and offers a significant contribution towards Society’s 

efforts to combat climate change with zero-emission technologies. Opportunities for further 

areas of study in this field are in the analyses of large diameter high thrust versions of RDFs 

suitable for large manned aircraft and hovercraft applications.   



 

  v 

Table of Contents 

Nomenclature………………………………………………………………..…………… xvii 

Chapter 1: Introduction………………………………………………………………….. 1 

1.1 Aims and Objectives…………………………………………………………… 2 

Chapter 2: Aircraft Electrical Propulsion and Rim Driven Technology………..…… 4 

2.1 Propulsive Efficiency…………………………………………..……………… 4 

2.2 Comparison of Electrical Propulsion Mechanisms…………….……………… 4 

2.3 Propellers………………………………………………………………………. 6 

2.3.1 Fixed Pitch Propellers……………………………………………….. 6 

2.3.2 Variable Pitch…………………………………………………………6 

2.4 Fans………………….………………………………………………………… 7 

2.4.1 Contra-rotating (counter-rotating) propellers and fans………………. 7 

2.4.2 Ducted Fan…………………………………………………………… 8 

2.4.3 Open Fan (or Prop Fan)……………………………………………… 9 

2.4.4 Distributed Propulsion (Thrust) Configurations…………………….. 9 

2.5 Electrical Power Generation and Storage………..……………………………. 10 

2.5.1 Battery Technology…………………………………………………. 10 

2.5.2 Metal-Air Batteries………………………………………………….. 11 

2.5.3 Supercapacitors………………………………………………………. 12 

2.5.4 Fuel Cells……….…………………………………………………… 13 

2.5.5 Hybrid-electric………………………………………………………. 13 

2.5.6 Flywheels……………………………………………………………. 15 

2.5.7 Energy Recovery Systems…………………………………………… 16 

2.5.8 Photovoltaic (PV) Technology……………………………………… 16 

2.5.9 Superconducting Magnetic Energy Storage (SMES)…….…….…… 17 



 

  vi 

2.6 Electrical Motor and Control……………..…………………………………… 18 

2.6.1 Electronic Switching Technology (Power Converters)……………… 18 

2.6.2 Specific Power and Torque per unit Rotor Volume…………………. 20 

2.6.3 Classification of Motor Types……………………………………….. 21 

2.6.4 Electric Motors in Terrestrial Applications…………………………. 22 

2.6.5 Electric Motors in Aerospace Applications…………………………. 22 

2.6.6 Motor Configurations for Aerospace Applications…………………. 22 

2.6.7 Rotor and Stator Configurations…………………………………….. 23 

2.6.8 Axial Flux Motor Configurations……………………………………. 24 

2.6.9 Energy Losses……………………………………………………….. 25 

2.6.10 Overview of Existing Aerospace Motor Technologies…………….. 25 

2.7 Rim Driven Propulsor Technology……………………………………………. 30 

2.7.1 Tip Driven Fans and Propellers……………………………………… 30 

2.7.2 Rim Driven Fans (RDFs)……………………………………………. 30 

2.7.3 Ducted Fans in UAV applications…….……………………….……. 31 

2.7.4 Large Electric Ducted Fan (Hub-driven) Technology………………. 32 

2.7.5 Electrically Powered Rim Driven Devices………………………….. 38 

2.7.6 Rim Driven Propellers or Fans and Aerospace Applications……….. 38 

2.7.7 Motor Design; Winding Patterns and Pole Layouts………………… 41 

2.7.8 Halbach Magnet Array……………………………………………….. 41 

2.7.9 Motor Speed Control………………………………………………… 42 

2.8 Summary and Concept Discussions……………………………………………. 42 

2.8.1 The Case for the Rim Driven Fan (RDF) Concept………………….. 45 

2.8.2 Concept Discussions…………………………………………………. 45 

2.8.3 Weight……………………………………………………………….. 47 



 

  vii 

2.8.4 Balance………………………………………………………………. 47 

2.8.5 Bearing Design………………………………………………………. 47 

2.8.6 Support Structure……………………………………………………. 47 

2.8.7 Rotor Inertia……………………………………………….………… 47 

2.8.8 Rotational Speed and Propeller/Fan Design………………………… 47 

Chapter 3: Rim Driven Fan (RDF) Performance Analysis…………………………… 48 

3.1 Static Performance Analysis………………………………………….………. 49 

3.1.1 Engine Thrust Validation Calculations…………………….….…….. 53 

3.1.2 Input (Shaft) Power Requirement for Optimum RDF Performance…. 57 

3.1.3 Single Stage RDF Results………………………………………..….. 59 

3.1.4 Dual Stage (Contra-Rotating) RDF Results…………………………. 62 

3.2 Dynamic Performance Analysis (in-flight)……………………………………. 64 

3.2.1 RDF Propulsive Efficiency Calculations and Comparisons………… 65 

3.2.2 Ram Ratio / Ram Pressure Recovery…………………………..……. 66 

3.3 Summary…………………………………………………………………..…… 70 

Chapter 4: Aerodynamic Analysis: Hub-less RDFs……………………………….…… 73 

4.1 Analysis Methodology………………………………………..……………….. 73 

4.2 Generic EDF Analysis………………………………………………….……… 74 

4.3 Contra-Rotating Fan (RDF) Analysis………………………….………………. 82 

4.4 RDF Blade Angles Determination……………………………..……………… 86 

4.5 Fan Blade Profiles……………………………………………………….…….. 88 

4.6 Computational Fluid Dynamic (CFD) Modelling………………………….…. 93 

4.7 Summary……………………………………………………………………….. 101 

Chapter 5: RDF Electrical and Magnetic Circuit Analysis…………………………… 103 

5.1 Synchronous Motors……………………………………………………….….. 103 



 

  viii 

5.2 Stator Architectures and Materials…………………………………………….. 103 

5.2.1 Slotless Stators………………………………………………………. 105 

5.2.2 Slotted Stators……………………………………………………….. 106 

5.2.3 Aluminium versus Copper Windings……………………………….. 109 

5.3 Rotor Architecture…………………………………………………………….. 109 

5.4 Build Factor…………………………………………………………………… 109 

5.5 Modelling Non-salient PM Synchronous Machines………………………...… 110 

5.5.1 Electro-magnetic Torque Determination……………………………. 111 

5.5.2 Vector Control of non-salient Synchronous Machines………………. 111 

5.5.3 Sensorless Control…………………………………………………… 113 

5.5.4 PMSM Model for Sensorless RDF Control…………………………. 114 

5.5.5 RDF Operation under Current and Voltage Constraints…………….. 115 

5.6 MotorCAD Analyses………………………………………………………….. 117 

5.6.1 SPMSM Motor-CAD Input Data……………………………………. 118 

5.6.2 SPMSM Motor-CAD Output Data………………………………….. 119 

5.6.3 Slotless Stator SPMSM Motor-CAD Output Graphs……………….. 121 

5.6.4 Slotted Stator SPMSM Motor-CAD Output Graphs………………… 128 

5.7 Summary………………………………………………………………….…… 134 

Chapter 6: Rim Driven Fan RDF - Concept Prototype…………………………………135 

6.1 Overview of the Prototype RDF Propulsor Device…………………………… 135 

6.2 Fan Blade Design: Profile and Radial Variation in Air-angles………………… 137 

6.2.1 Determining the Axial Velocity Profile……………………………… 140 

6.2.2 Determining the RDF Blade Flow Angles………………………..…. 142 

6.2.3 Determining the RDF Blade Aspect Ratio and the Number of Blades 143 

6.3 Intake Design………………..………………………………………………… 144 



 

  ix 

6.4 Energiser Section Design……………………………………………………… 145 

6.4.1 Load, Energy and Stress Analyses…………………………………………… 146 

6.4.2 Energiser Component Selection and Designs……………………….. 151 

6.4.3 Assembly Technique…………………………………………….….. 152 

6.4.4 Sealing Provisions & Leakage Flow Estimate………………….…… 153 

6.5 Exhaust Nozzle Design…………………………………………………….….. 154 

6.6 Motor Cooling Circuit…………………………………………………………. 155 

6.6.1 Theoretical minimum required cooling air mass flowrate & velocity 155 

6.6.2 Estimating the actual RDF convective heat transfer co-efficient……. 157 

6.6.3 Matching the required and actual RDF cooling performances……… 158 

6.7 Prototype Weight Estimates…………………………………………………… 158 

6.8 Preliminary Flight Performance Estimates……………………………….…… 160 

6.9 Novel Design Features……………………………………………………..….. 164 

Chapter 7: Discussion, Conclusions and Further Work………………………………. 165 

7.1 Discussion……………………………………………………………….…….. 165 

7.2 Conclusions……………………………………………………………………. 167 

7.3 Opportunities for Further Work………………………………………………... 171 

References………………………………………………………………………………… 172 

Appendix A………………………………………………………………………….……. 188 

Appendix B…………………………………………………………………………….…. 257 

Appendix C………………………………………………………………………….……. 298 

Appendix D………………………………………………………………………….……. 300 

Appendix E…………………………………………………………………………….…. 305 

 

  



 

  x 

List of Figures 

Fig. 2.1 Propulsive Efficiency of (a) Turbo-Jets and Propellers (b) Propfans and  

Contra-rotating Fans  [14]…………………………………………………………………. 6 

Fig. 2.2 High Density YASA Electric Motor for the Electroflight Aircraft [20]…………. 7 

Fig. 2.3 Airbus E-Fan [22]………………………………………………………………… 8 

Fig. 2.4 Typical Electrically Powered Ducted Fan System [26]…………………………... 8 

Fig. 2.5 NASA’s X-57 Distributed Thrust Electric Research Plane………………………. 9 

Fig. 2.6 Battery System Design for High Specific Power and Energy [26]………………. 10 

Fig. 2.7 Ragone Plot [33]………………………………………………………………….. 11 

Fig. 2.8 Specific Energies (Wh/kg) of Batteries compared to Gasoline [36]……………… 12 

Fig. 2.9 The Extra 330LE (Hybrid ICE) Aerobatic Plane [46]……………………………. 14 

Fig. 2.10 (a) Series and (b) Parallel Hybrid Arrangements……………………………….. 14 

Fig. 2.11 Flywheel Assembly [39]………………………………………………………… 16 

Fig. 2.12 Installation of Photovoltaic Cells on the Helios Prototype [56]………………… 17 

Fig. 2.13 SMES System Layout [58]………………………………………………………. 18 

Fig. 2.14 Classification of Motors for EV Applications…………………………………… 22 

Fig. 2.15 Motor Powers versus Speed…………………………………………………….. 27 

Fig. 2.16 Cessna Grand Caravan [93]……………………………………………………… 27 

Fig. 2.17 City Airbus [94]…………………………………………………………………. 28 

Fig. 2.18 Motor Efficiencies versus Specific Powers……………………………………… 29 

Fig. 2.19 The Fairey Rotodyne with rotor tip ram-jets [100]……………………………… 30 

Fig. 2.20 The XV-5A Rim Driven Lift-Fan aircraft [100]………………………………… 31 

Fig. 2.21 Ryan XV-5A Pneumatically Rim Driven Fans [101]……………………………. 31 

Fig. 2.22 Sirkorsky Cypher II UAV……………………………………………………….. 32 

Fig. 2.23 Cutaway view of Hubless RDF concept with contra-rotating fans……………… 36 



 

  xi 

Fig. 2.24 (a) Isometric and (b) Front view of NASA's 32"  

Ducted Rim Driven Fan Concept [110]…………………………………………………… 39 

Fig. 2.25 Rim Driven Fan (RDF) Concept………………………………………………… 45 

Fig. 2.26 (a) Rotational and (b) Static views of Gimbals with  

potential for RDF thrust vectoring [133]………………………………………………….. 46 

Fig. 3.1 IAE V2500-A5 Aircraft Engine Fan [135]………………………………………. 53 

Fig. 3.2 Methodology used to calculate V2500 and RDF Performances…………………. 55 

Fig. 3.3 Cordier Diagram [136]…………………………………………………………… 57 

Fig. 3.4 Single-stage RDF power requirements for a range of inlet diameters…………… 59 

Fig. 3.5 Single and Dual-Stage RDF Power Requirements……………………………….. 63 

Fig. 3.6 Single and Dual-Stage RDF (a) Thrust and (b) Efflux Performances……………. 64 

Fig. 3.7 Fan Differential Airspeed versus Aircraft Speed (Without Nozzle)………….….. 66 

Fig. 3.8 Fan Differential Airspeed versus Aircraft Speed (With Nozzle)…………………. 67 

Fig. 3.9 Thrust versus Aircraft Speed (Without Nozzle)………………………………….. 67 

Fig. 3.10 Thrust versus Aircraft Speed (With Nozzle)……………………………………. 68 

Fig. 3.11 Fan Massflow versus Aircraft Speed (Without Nozzle)………………………… 68 

Fig. 3.12 Fan Massflow versus Aircraft Speed (With Nozzle)……………………………. 69 

Fig. 3.13 Propulsive Efficiency versus Aircraft Speed (Without Nozzle)………………… 69 

Fig. 3.14 Propulsive Efficiency versus Aircraft Speed (With Nozzle)……………………. 70 

Fig. 4.1 Cordier Diagram [142]……………………………………………………………. 77 

Fig. 4.2 Single-stage EDF (a) Fan blade section and (b) Vector ‘Speed’ Triangles………. 79 

Fig. 4.3 Design deflection curves; data from [119]……………………………………….. 81 

Fig. 4.4 Contra-rotating dual-stage RDF “Speed Triangle” Diagrams  

(a) Rotor 1 and (b) Rotor 2………………………………………………………………… 84 

Fig. 4.5 (a) and (b) NACA 65 Blade profiles and annotations……………………………. 90 



 

  xii 

Fig. 4.6 NACA 65 series, approximate relation between CL and θ [28]…………………. 91 

Fig. 4.7 An inlet view of the RDF solid model……………………………………………. 93 

Fig. 4.8 An isometric view of the RDF solid model………………………………………. 93 

Fig. 4.9 Wireframe of the RDF rotational domains and enclosure………………………… 94 

Fig. 4.10 Global Measure of the Discretisation Error (ϵ) for Massflow (ρAv)……………. 98 

Fig. 4.11 Streamline image of the RDF operating at 29250 RPM………………………… 99 

Fig. 4.12 Absolute velocity contours at the exit plane of rotor 2 (29250 RPM)…………... 100 

Fig. 4.13 Total pressure contours at the exit plane of rotor 2 (29250 RPM)……………… 100 

Fig. 5.1 Star Connected Winding Arrangement [68]……………………………………… 105 

Fig. 5.2 Slotless winding pattern considered for the RDF analysis……………………….. 107 

Fig. 5.3 Slotted winding pattern considered for the RDF analysis………………………… 108 

Fig. 5.4 Stationary and Rotary Reference Frames for a Non-salient machine…………….. 112 

Fig. 5.5 Non-salient Vector Control Schematic suitable for the RDF Control……………. 113 

Fig. 5.6 Vector Diagram of RDF operating at rated (limit) speed………………………… 116 

Fig. 5.7 Slotless SPMSM Design: Shaft Torque Vs Speed Characteristic………………… 121 

Fig. 5.8 Slotless SPMSM Design: Shaft power Vs Speed Characteristic…………………. 122 

Fig. 5.9 Slotless SPMSM Design: Motor Efficiency Vs Speed Characteristic……………. 123 

Fig. 5.10 Slotless SPMSM Design: Shaft Torque Characteristic………………………….. 123 

Fig. 5.11 Slotless SPMSM Design: Electromagnetic Flux Distribution…………………… 125 

Fig. 5.12 Slotless SPMSM Design: Space Vector Diagram………………………………. 127 

Fig. 5.13 Slotted SPMSM Design: Shaft Torque Vs Speed Characteristic………………... 128 

Fig. 5.14 Slotted SPMSM Design: Shaft Power Vs Speed Characteristic………………… 129 

Fig. 5.15 Slotted SPMSM Design: Motor Efficiency Vs Speed Characteristic…………… 129 

Fig. 5.16 Slotted SPMSM Design: Shaft Torque Characteristic…………………………... 130 

Fig. 5.17 Slotted SPMSM Design: Electromagnetic Flux Distribution…………………… 131 



 

  xiii 

Fig. 5.18 Slotted SPMSM Design: Space Vector Diagram………………………….…….. 133 

Fig. 6.1 Cutaway view of the Prototype Rim Driven Fan (RDF) Device…………………. 135 

Fig. 6.2 RDF main sub-assemblies…………………………………………………...…… 136 

Fig. 6.3 Front (a) and rear (b) views of the Prototype RDF Rotors and  

Stator Support Structure……………………………………………………………...……. 137 

Fig. 6.4 Isometric (a) and Section (b) views of the Prototype RDF Intake Structure  

with the Cooling-air Vent-slot………………………………………….…………………. 145 

Fig. 6.5 Front (a) and Rear (b) views of the Prototype RDF Energiser Section…….…..… 145 

Fig. 6.6 centrifugal stress distributions of the RDF……………………………………….. 150 

Fig. 6.7 stator guide vane and axle assembly……………………………………………… 151 

Fig. 6.8 Isometric (a) and Section (b) views of the Exhaust Nozzle Design……………… 154 

Fig. 6.9 Sectional view on a plane passing through the centre-line of the RDF……….….. 155 

Fig. 6.10 Rendered (a) and Wireframe (b) views of the BWB Electrical Concept UAV…. 160 

Fig. 6.11 Estimated Low Altitude BWB Aircraft Performance (400 Ft)………………….. 162 

Fig. 6.12  Estimated High Altitude BWB Aircraft Performance (20kFt)…………………. 162 

 

  



 

  xiv 

List of Tables 

Table 2.1 Main Types of Electronic Switches……………………………………………... 19 

Table 2.2 Comparison of Specific Power Values for Traditional Engines………………… 20 

Table 2.3 TRV Values for Continuous Operation Motor Designs………………………… 21 

Table 2.4 Existing Aerospace Motor Technologies……………………………………….. 26 

Table 2.5 Modern Twin-spool turbofan Performance Parameters [117]………………….. 37 

Table 3.1 Overview of RDF diameters versus rotational speeds………………………….. 50 

Table 3.2 Technical Details of the V2500-A5 Aircraft Engine Fan………………………. 52 

Table 3.3 Calculated performance values for the V2500-A5 Aircraft Engine Fan……….. 57 

Table 3.4 Calculated RDF Performance Values for Input (shaft) Power…………………. 60 

Table 3.5 Calculated RDF Values for Fan Pressure Ratio………………………………… 60 

Table 3.6 Calculated RDF Values for RDF Static Thrust………………….……………… 61 

Table 3.7 Estimated RDF Efflux Velocity………………………………………………… 61 

Table 3.8 Estimated RDF Mass flows…………………………………………………….. 62 

Table 3.9 Comparison of Single-stage and Contra-rotating RDFs………………………… 63 

Table 4.1 Generic Design Point of an Electrically Ducted Fan (EDF)…………………….. 74 

Table 4.2 Generic EDF Analysis Results derived from Table 4.1 Input Data…………….. 78 

Table 4.3 Single-Rotor Fan Blade Air Angles (EDF)…………………………………….. 80 

Table 4.4 Single-Rotor Fan Dimensions (EDF)…………………………………………… 82 

Table 4.5 Contra-rotating first-stage fan (RDF) Analysis Results………………………… 83 

Table 4.6 Contra-rotating dual-stage RDF Parameters……………………………………. 85 

Table 4.7 Contra-rotating dual-stage RDF derived trigonometric relationships………….. 87 

Table 4.8 Contra-rotating Fan Blade Air Angles (RDF)…………………………………. 87 

Table 4.9 Fan Comparison of the Design Point Generic Specification…………………… 88 

Table 4.10 Fan Rotor 1 - NACA Series 65 Aerofoil………………………………………. 92 



 

  xv 

Table 4.11 Fan Rotor 2 - NACA Series 65 Aerofoil………………………………………. 92 

Table 4.12 RDF Calculated 2D values versus 3D CFD model results…………………….. 101 

Table 5.1 Vector Expressions and Descriptions………………………………………….... 116 

Table 5.2 FEA Mesh Details………………………………………………………………. 117 

Table 5.3 Pertinent SPMSM dimensions considered in this analysis……………………… 118 

Table 5.4 Pertinent SPMSM winding parameters considered in this analysis…………….. 118 

Table 5.5 Pertinent SPMSM drive parameters considered in this analysis……………….. 119 

Table 5.6 pertinent SPMSM temperatures considered in this analysis…………………….. 119 

Table 5.7 SPMSM Comparison: Slotless versus Slotted Designs…………………………. 120 

Table 5.8 SPMSM Comparison: Slotless versus Slotted Designs Flux Densities (Tesla)….121 

Table 6.1 RDF Fan Blade Design-Point Performance Input Parameters………………….. 139 

Table 6.2 Fan Blade Design Mean Line Calculations……………………………………... 140 

Table 6.3 Mixed Vortex Calculations-Inputs……………………………………………… 141 

Table 6.4 Mixed Vortex Calculation Velocity Profile Results -Rotor 1…………………… 141 

Table 6.5 Prototype RDF Vector ‘Speed’ Triangle Equations……………………………. 142 

Table 6.6 Mixed Vortex Design Flow Angles-Rotor 1……………………………………. 142 

Table 6.7 Mixed Vortex Design Flow Angles-Rotor 2……………………………………. 143 

Table 6.8 results of Pitch/Chord and Blade Number Calculations………………………… 143 

Table 6.9 Precessional loading calculations at 15,000 RPM………………………………. 147 

Table 6.10 Initial estimation of the RDF back-iron stress concentrations…………………. 149 

Table 6.11 Input parameters used to calculate cooling air mass flowrate…………………. 156 

Table 6.12 air properties were derived from [164]………………………………………… 156 

Table 6.13 Estimated Prototype RDF Component Masses………………………………… 159 

Table 6.14 Input Parameters: BWB Electrical Concept UAV……………………………. 161 

Table 6.15 Output Parameters: BWB Electrical Concept UAV (400 Ft)…………………. 163 



 

  xvi 

Table 6.16 Output Parameters: BWB Electrical Concept UAV (20,000 Ft)……………… 163 

 

 

 

  



 

  xvii 

Nomenclature 

Symbol Parameter (units) 

A Area (m2) 

a Sonic velocity (m/s) 
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n Number of blades 
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pT Total pressure, (Pa) 

Q
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r Fan radius, (m) 

R Specific gas constant for air, (taken as 287 J/kg·K) 

s Pitch (or space), (m) 

T Temperature, (K) 

U Tangential (whirl) velocity, (m/s) 

v Relative air-velocity, (m/s) 

V  
Volumetric Flow (m3/s) 

W Work, (J) 
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Y Specific work, (J/kg or m2/s2) 

 Air density, (kg/m3) 

 Fan diameter number 

′ Deviation angle, Degrees 

σ Fan speed number or Direct stress (Pa) 

ε Deflection angle (ε = β1 – β2), Degrees 

ζ Setting or stagger angle, Degrees 

θ Blade camber angle, Degrees 

o Overall efficiency (electrical fan device), % 

s Isentropic efficiency (fan), % 

µ Dynamic viscosity (kg/m·s) 

 Adiabatic Index, ratio of specific heat capacities Cp/Cv, for air = 1.4 

Φ  Flow co-efficient 

ψ  Stage co-efficient (work co-efficient) 
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o Static conditions 

w Whirl direction 

t Total 

m mean 

o static (ambient) condition 

R root 

s swirl 

t tip 

T total 

w Whirl direction 

θ Tangential component  

1 Rotor 1 inlet 

2 Rotor 1 outlet 

3 Rotor 2 inlet 

4 Rotor 2 outlet 

m Mean 

t Tip 

h Hub 

i Inlet or inner 

o Outer 

v Von Mises 

Superscripts 

′ Air angle 
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Chapter 1: Introduction

Humankind has continuously sought ways in which to traverse natural boundaries such as 

mountains and oceans and travel long distances quickly. Air transportation is the ultimate 

embodiment of these objectives and during the Jet Age it successfully managed to increase 

passenger speed, comfort, and safety by flying higher, faster, and farther than previously 

believed achievable. This golden age is now firmly in the past and public opinion on aviation 

has shifted its focus onto the environmental impact and the emissions from aircraft engines 

such as heat, noise, particulates, and gases. 

Nowadays, international concerns about the impact of fossil fuel emissions on climate 

change dominate the forefront of political agendas. With initiatives, such as the Paris Climate 

Agreement [1] and the UK’s recent legal commitment to cutting carbon emissions to net zero 

by 2050 [2], already impacting the future direction of aviation technology. Aircraft Electrical 

Propulsion (AEP) is widely considered the only feasible technology that could enable zero 

emission flight but, before it can match Jet Age performance standards, there are many 

obstacles yet to be overcome. Arguably the major problem to be solved is how to practically 

store the energy required for flight on board the aircraft. This problem is receiving much 

attention from national and private research organisations, with a wide variety of solutions 

currently under consideration, some of which are in the advance stages of development. 

Regardless of the means of onboard energy storage, there will, however, remain the 

challenge of how to achieve efficient high-speed flight using electrical motor technology. The 

world’s major civil airframe, systems and powerplant manufacturers are taking similar 

approaches to achieve subsonic commercial airspeeds and these are all based on hub-driven 

Electric Ducted Fan (EDF) technology [3]. Various research programs have been underway 

with one international consortium, until recently, aiming to develop a 2 MW electrically 

powered single rotor EDF that is conventionally mounted on a regional jet airframe. Whilst 

another major consortium planned to develop a family of hybrid-electric regional aircraft based 

on conventional airframe configurations with rear mounted EDF units [4]. It is, however, 

widely acknowledged that large centralized EDF propulsion and conventional aircraft wing 

and tube designs are likely to present electrical supply and aerodynamic inefficiencies, that 

would penalize the overall performance of an electrically powered aircraft [5-6]. This is 

particularly evident if these conventional designs are assessed alongside the possible benefits 

that electrical propulsion has to offer; namely blended wing body and distributed thrust 
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architectures [7]. Smaller EDF units allow distributed thrust designs to be implemented but

have a physical limitation to the fan pressure ratios, exhaust velocities and thrust values that 

can be achieved with their hub-driven, single-stage fan rotors. This currently restricts them to 

lightweight and low speed flight applications, such as general aviation and small unmanned 

aircraft [8]. However, a promising solution appears in the form of Rim Driven Fan (RDF) 

technology which offers an alternative motor architecture with the potential for high thrust and 

exhaust air speeds to be achieved whilst maintaining relatively small fan inlet diameters [9].

Rim driven devices are not a new idea. Indeed, a waterwheel is a rim driven device. 

The concept of a tip or rim driven propeller (RDP) or fan (RDF) is also well established. As 

far back as 1957, a mechanically rim driven ship's propeller was proposed [10]. Since then, the 

implementation of electrical rim drives has become popular in marine applications and now 

rim driven propeller RDP devices for surface and submarine vessels are currently commercially 

available [11]. However, fewer references can be found relating to rim driven technologies in 

motor vehicle and aerospace applications. Historically this deficit is probably owing to the 

penalties associated with increased un-sprung and rotating component masses, the technical 

complexities involved and the available technologies for realising concepts at that time.

The capability to design, develop and flight test novel high-performance aircraft and 

powerplant has traditionally remained within the domain of national governments and large 

multi-national corporations. However, recent technological advances in areas such as,

computerised modelling and analysis techniques, material sciences, 3D prototyping,

Unmanned Aircraft System (UAS) technology, and power electronics and electric drive 

technologies have made the possibility of developing and testing a motorised RDF for an 

unmanned aircraft application a feasible prospect as a university-based undertaking. 

Aims and Objectives

The aims of this research is to develop electrical Rim Driven Fan (RDF) technology for high-

speed aircraft propulsion and to provide knowledge to support Society’s efforts to combat

climate change using zero-emission technologies. 

A comprehensive analysis of the state-of-the-art in aircraft electrical propulsion 

technology has been carried out and mathematical modelling conducted to determine the

mechanical, thermal, fluid-dynamic and electromagnetic performance of rim driven fan (RDF) 

technology. As a result of this work, a novel concept prototype RDF design with original 

features has been developed. Based on the knowledge accrued in this study it is planned, as 
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future work, to manufacture a prototype RDF concept demonstrator device for flight testing on 

an unmanned aircraft.

Objectives

1. Research the available electrical propulsion energy sources and motor technologies 

suitable for aircraft applications.

2. Devise a calculation methodology suitable for initial performance predictions of the 

hub-bearing RDF technology using MATLAB software.

3. Mathematically model hub-less RDF aerodynamic performance using ANSYS Fluent 

software.

4. Mathematically model the electromagnetic performance of the RDF motors using finite 

element Motor-CAD software.

5. Devise a novel prototype RDF design using Solidworks-CAD software 

6. Mathematically model the initial thermal and stress performance of the prototype RDF 

design.

7. Simulate the flight performance of a blended-wing-body (BWB) unmanned aircraft 

powered with the prototype RDF device using MATLAB software.  

The thesis is composed of seven chapters which include: a state-of-the-art review of the 

energy sources and motor technologies currently available for electrically powered flight;

performance predictions for a range of fan diameters and rotor speeds; a two-dimensional 

vector analysis to determine suitable fan blade architectures; a three dimensional numerical 

CFD (computational fluid dynamic) analysis of a hub-less RDF concept device; the design of 

the electromagnetic circuits and motor architectures considered most suitable for the prototype 

rim driven fan (RDF) application; the derivation of a suitable motor control circuit using

closed-loop control techniques mechanical and thermal analyses of a “concept demonstrator 

design” and calculations and performance predictions for an RDF powered SUA BWB 

operating at low and high altitudes.

Appendix A contains copies of the academic papers that have been published during

this study. Also, because of this work, a UK patent application (GB2018240.8) has been 

registered on a novel dual-stage RDF device. A copy of the patent application is contained in 

Appendix E.
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Chapter 2: Aircraft Electrical Propulsion and Rim Driven Technology

This chapter provides:

A review of the available energy sources suitable for aircraft electrical propulsion 

applications.

An analysis and review of motor technologies currently available for electrically 

powered flight.

A review of rim driven propulsor technology in an historical context.

A summary and discussion on hub-bearing and hub-less (rim bearing) fan concepts for 

aeronautical applications.

It is considered worth noting that the comparatively low energy storage capacity of 

electrical aircraft is the only serious obstacle to the development of successful zero-emission 

flight. And that, regardless of the means of on-board electrical energy supply, Aircraft 

Electrical Propulsion (AEP) is likely to bring about the most significant change to the topology 

of the electric motor in over a century. 

Propulsive Efficiency

The overall efficiency of an aircraft propulsion system (ηov) can be determined from the ratio 

of the effective propulsive power (PThrust ) to the power supplied by the energy source, (PSupply)

which may be aviation fuel or an electrical supply or a combination of these sources. An 

excellent comparison between electrically powered propulsion and gas turbine engines (GTEs) 

has been published by Seitz et al. [12] in which the following useful efficiency chain is 

presented:

= Thrust
ec tr pr

Supp
ov

ly

P = η ×η ×η
P

η expressed as percentage (1.1)

where ηov is the overall propulsion system efficiency; ηec is the energy conversion efficiency; 

ηtr is the energy transmission efficiency; ηpr is the propulsive efficiency.

Comparison of Electrical Propulsion Mechanisms

Irrespective of whether the prime mover is an electrical motor or an Internal Combustion Engine 

(ICE) the propulsive efficiency is a fundamental parameter to be considered whenever matching 
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a propeller or fan, to an aircraft. It represents the efficiency of the conversion of kinetic energy 

to propulsive work and can be defined as the amount of power produced by the propulsion 

device that is evidenced as thrust-power on the aircraft [13].

The thrust (T), produced by a motorised fan can be calculated using the following 

equation according to Newton’s second law of motion:

f aT = M V -VM measured in Newtons (1.2)

Where MM is the massflow of air (kg/s) , fV is the fan efflux velocity and aV the aircraft velocity

(m/s). The thrust-power (Pt) exerted on the aircraft can be obtained by multiplying this thrust 

by the aircraft speed:

t f a aP = M V -V ×VM measured in Watts (1.3)

The power produced by the motorised fan is the rate of increase of the kinetic energy 

of the air as it passes through the fan. Therefore, the fan power (Pf) is:

2 2
f f a

1P = M V -V
2

M measured in Watts (1.4)

By definition the propulsive efficiency (ηp) is:

f a a a
p

2 2 f a
f a

M V -V ×V 2Vη = =1 V +VM V -V
2

M

M
(1.5)

Equation (1.5) indicates that the propulsive efficiency can be improved by reducing 

the ratio of the fan efflux velocity (Vf) to the aircraft velocity (Va). This is often erroneously 

interpreted to mean that only lower aircraft speeds and propellers with slow-moving airstreams 

are the most efficient method of propulsion. However, this expression shows that propulsive 

efficiency is influenced by the relative velocity between the aircraft and jet efflux and not the 

absolute velocity of the aircraft this is also demonstrated graphically, see Fig. 2.1. For example, 

Concorde, cruising at Mach 2.0 with Olympus 593 engines can be shown to have a higher 

propulsive efficiency than most modern subsonic airliners [13].



6

Fig. 2.1 Propulsive Efficiency of (a) Turbo-Jets and Propellers (b) Propfans and Contra-rotating Fans [14]

Propellers

2.3.1 Fixed Pitch Propellers

Fixed pitch propellers are the most common type of propeller used on electrical aircraft in order 

to simplify the propeller design and minimise its mass. However, they come with a 

performance penalty as the optimum pitch angle (best lift to drag ratio) of a propeller depends 

on the aircraft’s flight condition. For example, a low propeller pitch angle is best for take-off 

and a high angle is best for cruise. Hence the fixed pitch angle is normally a compromise to 

suit the purpose for which the aircraft is designed and consequently, the propeller operates less

efficiently during some of the aircraft’s flight phases [15].

2.3.2 Variable Pitch

Variable pitch propellers allow for a more efficient operation during flight although at a cost 

in system weight, complexity and hence reduced reliability. The pitch can be continuously 

adjusted during flight to the optimum angle and this ensures that propulsive efficiencies are 

maintained around 80% up to 400 mph (645 kph), above this speed, the airflow over the 

propeller tips becomes supersonic and causes a reduction in efficiency. Other advantages may 

be gained from the ability to feather the propellers, reverse their pitch or set them for electrical 
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regeneration during the aircraft descent phase of flight [16]. Electrically actuated pitch control 

for propellers is common-place and has been in development since prior to 1944 [15].

Fans

2.4.1 Contra-rotating (counter-rotating) propellers and fans

Contra-rotating fan or propeller arrangements can provide more efficient use of power and 

seem very well suited to electrically propelled aircraft owing to the simple direct power 

transmission designs that are achievable [15]. Regardless of whether the contra-rotating 

propellers are electrically or conventionally (ICE) driven, they minimise the spinning 

slipstream of the single propeller arrangement. Thus, for tractor aircraft configurations, they 

provide a symmetrical airflow over the wing and tail surfaces resulting in improved 

longitudinal and lateral stability. Other benefits are the cancellation of reaction-torque, the 

lessening of slipstream turbulence which enable aircraft designs with reduced wingspans,

smaller ailerons, weight reductions in control surfaces and a reduction in aircraft drag [17].

Electrically powered propulsion (EPP) technology, in contrast to an ICE driven 

contra-rotating arrangement, allows each propeller to be directly driven by an independent 

motor arrangement and therefore has the potential to offer twin engine status, improved safety 

margins, reduced noise and vibration and improved “throttle response”, see Fig. 2.2. Recently, 

Contra-electric Propulsion Ltd. has developed such a system with their 112.5 kW co-axial 

propeller shaft system suitable for light aircraft [18]. Studies of alternative EPP contra-rotating 

arrangements have also been carried out whereby the propeller blades are mounted directly to 

the rotor casing of a high-speed double rotor, axial-flux permanent magnet (PM) motor [19].

Fig. 2.2 High Density YASA Electric Motor for the Electroflight Aircraft [20]
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2.4.2 Ducted Fan

Ducted fans offer the potential quieter and more efficient aircraft operation and allow higher 

airspeeds to be attained by the aircraft, see Figs. 2.3 and 2.4. The shrouding offered by the duct 

also serves to protect the fan blades and accelerate the exhaust airflow. Most applications of 

ducted fans on aircraft are conventional horizontal installations such as on the Airbus E-Fan in 

which 32 kW electric motors drive two ducted fans [21]

Fig. 2.3 Airbus E-Fan [22]

Electrically driven ducted fan aircraft designs have been studied for both manned and 

unmanned vertical take-off and landing (VTOL) aircraft applications [23-24] and extensive 

computational fluid dynamic (CFD) modelling has been carried out to investigate the benefits 

of optimising the thrust generated and the aerodynamic manoeuvrability of these devices using 

phenomena such as the Coanda and Magnus effects [25].

Fig. 2.4 Typical Electrically Powered Ducted Fan System [26]
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2.4.3 Open Fan (or Prop Fan)

As thrust demands increase, for increasingly larger electrical aircraft projects, so too must the 

diameter of the fan. A suitable shrouding duct installation may then present excessive weight 

and structural problems. A solution may be to use an Open Fan (also known as a Prop-fan) 

engine design. Open fan engines can provide high propulsive efficiencies (> 80%) at airspeeds 

above 500 mph (806 kph) [14].

2.4.4 Distributed Propulsion (Thrust) Configurations

One of the main advantages offered by electric aircraft designs is their flexibility regarding 

their power-plant installation. The distributed propulsion (DP) concept for aircraft, see Fig. 2.5, 

has been in development since the early 1920s [27] however it is only recently, since all electric 

and hybrid-electric aircraft propulsion has been considered, that DP has become a feasible 

concern. Research conducted on DP has highlighted many potential benefits including 

achieving high engine by-pass ratios without requiring huge fan diameters, boundary layer 

ingestion and reduced noise “Silent Aircraft” [28]. Distributed thrust studies have been 

considered for conventional “tube and wing” and also blended-wing-body (BWB) aircraft 

designs.

Fig. 2.5 NASA’s X-57 Distributed Thrust Electric Research Plane

[Image Credit: NASA Langley/Advanced Concepts Lab, AMA, Inc]



10

Electrical Power Generation and Storage

The established technologies of electrical power generation and delivery devices for electrical 

vehicles (EVs) are Hybrid power-plants, Photovoltaic (PV) cells [29] and Fuel Cells. The two 

main technologies of electrical energy storage and delivery devices are batteries and super-

capacitors.

2.5.1 Battery Technology

Battery powered aircraft can provide very high total efficiency chains, in excess of 70%, when 

compared with current ICE chain efficiencies of less than 40% for turbofans and turbo-props 

[30]. They also have the advantage of zero emissions, low maintenance and no centre of gravity 

(CG) movement during flight. Currently, the main disadvantages of using battery system 

technology are: the reduced flying range of the aircraft; the relatively high aircraft weight 

(which doesn’t change between take-off and landing) and the issues relating to the recycling of 

batteries.

Specific Power is a key performance parameter that relates to the amount of power 

obtainable per kilogram of a generation or storage device (W/kg), whilst Energy Density is the 

amount of electrical energy stored per cubic meter of the device (Wh/m3), and Specific Energy 

is the amount of energy stored per kilogram of the device’s mass (Wh/kg) [31]. Batteries may 

have a high value of specific energy but generally have low values of specific power. For 

example, a battery may be capable of storing much energy but is only able to release it slowly 

and, therefore, such a battery may be useful in an electrical aircraft to provide range but not 

acceleration. In their paper [32] on Electric Air Transport, Kuhn et al., present a parallel battery 

system intended to optimise battery performance utilising two different types of batteries: one 

having a high specific power (P) and the other a high specific energy (E), see Fig. 2.6.

Fig. 2.6 Battery System Design for High Specific Power and Energy [26]
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This ratio of specific energy to specific power of a battery is a very important 

technology performance comparator which is often graphically represented using a Ragone 

plot, see Fig. 2.7.

Fig. 2.7 Ragone Plot [33]

Battery technologies in aircraft usage are: lead Acid batteries in General Aviation 

(GA) and Light Aircraft; Nickel Cadmium batteries on larger aircraft and helicopters and 

Lithium Ion batteries on large More Electric Aircraft (MEA) such as the Boeing 787 

Dreamliner [34] and all electric aircraft such as the Airbus E-Fan which has a Lithium-ion ICR 

18650 [35] with a specific energy per battery cell of 207 Wh/kg and a total available energy of 

29kWh for a battery weight of 167kg, providing an endurance of 1 hour with 30 minutes reserve 

[21]. 

2.5.2 Metal-Air Batteries

Interest in metal-air battery technology is on the increase because of its extremely high energy 

density compared to that of other battery technologies refer to Fig. 2.8 [36]. This technology

differs from Lithium-ion battery technology as metal-air batteries cannot be recharged by 

reversing the current direction, because the metal electrodes are irreversibly altered as part of 

the reaction process, thus requiring replacement and reprocessing once spent. From an aircraft 

operator’s viewpoint, metal-air batteries may, therefore, be considered as requiring “refuelling” 

[31]. 

A special feature of these batteries compared to conventional batteries is the air-

breathing electrode required to supply the cathode by active material (oxygen). Metal-air 
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batteries can be based on a variety of metal electrode materials such as Li, Zn, Al, Na, Mg, Ca 

or Fe and require a metal-ion conducting electrolyte. The electricity is generated through the 

reduction and oxidation processes between the metal and the oxygen [37].

Fig. 2.8 Specific Energies (Wh/kg) of Batteries compared to Gasoline [36].

2.5.3 Supercapacitors

Supercapacitors which are also known as ultra-capacitors, can produce much higher specific 

powers (multiple kW/kg) but have lower specific energy capacities (currently only a few 

Wh·kg-1) than batteries. Battery system design performs a trade-off between specific energy 

and specific power and supercapacitors can offer a way of satisfying peak power demands over 

relatively short durations. Battery / Supercapacitor power sharing in this way is a fundamental 

principle of a hybrid energy storage system (HESS) [38] and a major factor in sizing the battery 

system and determining its cycle life [39]. Examples of such peak power demands are those 

present during take-off and climb.

The most common types of supercapacitors are electrical double layer capacitors

(EDLCs) which store electrical energy in an electrostatic field e.g. similar to the static build up 

on a balloon. They are very durable, capable of achieving millions of cycles and have relatively 

fast charging and discharging rates when compared with battery technology. Examples of 

EDLC applications can be found in the economising stop-start systems of modern road vehicles 

[40]. There are also environmental benefits of using these types of supercapacitors as they do 

not require expensive materials such as Lithium and Cobalt in their manufacture [41] and can,

therefore, avoid the associated flammability and toxicity issues. 
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Supercapacitors provide a credible alternative to Lithium Ion battery technology and 

national and industrial organisations are showing an increased interest in the development of 

this technology. Although there are new types of Hybrid-supercapacitors currently in 

development based on established Lithium-ion technology [40]. NASA Kennedy Space Center 

is investigating the development of graphene-based ultra-capacitors, which utilise the large 

accessible surface area of graphene (2,600 m2g-1), to increase the electrical energy that can be 

stored [42-43] and recent media reports suggest that aqueous supercapacitor development 

work, carried out by Superdielectrics Ltd., will soon enable specific energy capacities of up to 

180 Wh/kg to be achieved [41].  

2.5.4 Fuel Cells

Fuel Cells (FCs) are similar to batteries in that they produce electricity based on a chemical 

reaction. The most common types of chemicals used are Hydrogen and Oxygen, although some 

fuel cells use methane or methanol [31]. The main difference between a fuel cell operation and 

that of an ICE is that energy is released as an electric current rather than heat, therefore, 

compared with ICE vehicles, fuel cells offer high energy efficiency and low emissions [39]. 

Fuel cells have demonstrated higher specific energies than Lithium Ion battery technology of 

up to 1980 kJ/kg (550 Wh/kg) although their rate of energy release (specific power) is lower. 

For this reason, FC installations on aircraft require a hybrid system approach to meet peak 

power requirements such as during take-off and climb [44]. Fuel Cells also require the 

pressurised on-board storage of hydrogen and a supply of air during flight. These are restricting 

factors when considering the system’s installation on an aircraft.

2.5.5 Hybrid-electric

Hybrid-electric aircraft systems have two or more power sources the most common being a 

combination of electrical power with an ICE, see Fig. 2.9. These systems are divided into two 

main categories, namely series hybrid and parallel hybrid, and are determined by the 

arrangements of their electrical and mechanical drive components. In a series hybrid 

arrangement the aircraft propulsion mechanism e.g. the propeller, is purely driven from an 

electrical supply e.g. via a motor, and in this case, the ICE simply powers a generator which 

supplies current to the system. Whereas in a parallel hybrid arrangement, the propulsion 

mechanism may also be driven mechanically by the ICE via a shaft and gears etc. refer to 

Fig. 1.10 [45].
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Fig. 2.9 The Extra 330LE (Hybrid ICE) Aerobatic Plane [46]

The Extra 330LE aerobatic plane is powered by a lightweight hybrid-electric 

propulsion system, set a new record when it reached 209.7 mph (337.5 km/h) [46].

Fig. 2.10 (a) Series and (b) Parallel Hybrid Arrangements

A term commonly applied to describe parallel hybrid-electric aircraft systems is the 

Degree of Hybridisation (DOH):

electric motor powerDOH =
electric motor power + IC engine power

expressed as percentage (1.6)
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The greater the degree of hybridisation indicates the more scope there is to use 

electrical propulsion techniques and minimise the ICE input power [31] although Pornet & 

Isikveren [45] postulate that advanced aircraft hybrid-electric systems cannot be suitably 

represented by such a single DOH parametric descriptor.

Hybrid-electrical aircraft are considered the logical step towards achieving all-electric 

aircraft capabilities. In June 2011, Diamond Aircraft, Siemens, Austro Engine and Airbus (then 

known as EADS) presented the Diamond DA36 E-Star as the world’s first serial hybrid aircraft 

at the Paris Airshow [47].

2.5.6 Flywheels

Flywheels offer a means of mechanically storing energy and generally have high specific power 

ratings; thus, they can store and release energy relatively quickly [31]. The kinetic energy 

stored in a rotating flywheel is given by the following equation:

21
2f f fE j measured in Joules (1.7)

where Ef is energy stored by the flywheel (Joules); jf is the polar moment of inertia for the 

flywheel (m4); ϖf is the angular velocity of the flywheel (rad/s). Indicating that the angular 

velocity of the wheel plays an important part in the amount of energy that can be stored. There 

are examples of flywheel applications on terrestrial electrical vehicles notably the “Gyrobus” 

developed by the Oerlikon Engineering Company [37] although few examples can be found 

for aircraft applications which are probably owing to the perceived weight and installation

concerns. Consideration continues to be given to the likely benefits offered by flywheels; such 

as the release of stored energy during take-off to reduce the engine workload or shorten 

runways and the ability to assist motors to spool up more quickly when power is re-applied 

after idling [48]. Recent developments in this technology have produced ultra-high-speed 

flywheels of only tens of kilograms mass running, in evacuated housings on magnetically 

levitated bearings, at speeds in excess of 100,000 RPM [49]. Refer to Fig. 2.11.
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Fig. 2.11 Flywheel Assembly [39]

2.5.7 Energy Recovery Systems

Energy recovery systems offer the potential to optimise aircraft energy consumption whilst 

operating both in flight and on the ground. Studies conducted on High altitude long endurance 

(HALE) Unmanned Air Vehicles (UAVs) have considered the benefits of incorporating 

Regenerative Fuel Cell (RFC) technology using photovoltaic arrays during the day to 

regenerate hydrogen and oxygen [50]. Studies have also been conducted to test the efficiency 

of electrical regenerators connected to aircraft electro-mechanical actuators [51] and in 2007 

Delos Aerospace patented a fully electric landing gear system which recovered kinetic energy 

during aircraft braking (KERS) that could later be utilised during taxying and take-off by 

driving the wheels of the aircraft and helping to shorten runway requirements and assist noise 

abatement [52].

2.5.8 Photovoltaic (PV) Technology

Modern photovoltaic technology started its development with the silicon PV cell in the USA 

as far back as 1954 and by 1964 NASA had placed the Nimbus satellite in space powered with 

a 470 W solar array. A decade later, the first solar powered aircraft (Sunrise 1) was launched 

with a MTOM of 12kg it had 4096 PV cells of 11% efficiency and produced 450 W of power 

[53]. An important performance parameter for PV cells is its solar conversion efficiency which 

is normally expressed as a percentage of the electrical energy produced to the solar energy to 

which it is exposed:  

The energy conversion efficiency M
pc

C

Pη =
G×S

expressed as percentage (1.8)
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where PM is the photovoltaic cell’s maximum output power (Watts), G is the input solar 

irradiation (W/m2) and SC is the surface area of the photovoltaic cell (m2).

Nowadays there are numerous PV technologies available such as silicon based, 

organic cells, polymer cells, hybrid PV cells and thin-film solar cells and the efficiencies being 

achieved are as high as 44% [54]. However, silicon based PV cells are currently considered the 

only suitable solution for solar powered aircraft on design and cost effectiveness reasons, see 

Fig. 2.12. These can be made from mono-crystalline, multi-crystalline or amorphous silicon 

and provide efficiencies around 16-22%. Recently SunPower provided the 22,000 PV cells 

incorporated in the wings and tailplane of the Solar Impulse aircraft. Each PV cell is only 135 

microns thick and producing an efficiency of approximately 22.7% [55].

Fig. 2.12 Installation of Photovoltaic Cells on the Helios Prototype [56]

2.5.9 Superconducting Magnetic Energy Storage (SMES)

Superconducting Magnetic Energy Storage (SMES) is a method of electrical energy storage by 

generating and sustaining a magnetic field, see Fig. 2.13. When an electrical current flows in a 

cryogenically cooled superconducting coil, it will continue to flow even after the voltage across 

its terminals has been removed. Thus, the magnetic field can be sustained because there is 

negligible circuit resistance. SMES devices exhibit fast response rates and high efficiencies (a 

charge-discharge efficiency of over 95%) [57]. Making them most suitable for high power and 

short duration applications [58]. The SMES coils are usually made from niobium-titanium 
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(NbTi) which has a critical temperature of about 9K. Advancements are being made in 

superconductor material technology and in particular raising the critical temperature at which 

the superconducting transition occurs. If sufficient advances in material technologies are made, 

it is believed that SMES devices may one day replace battery technology:

21Magnetic Energy Stored    
2ME LI measured in Joules (1.9)

where I is current (Amperes), L is inductance (Henrys).

Fig. 2.13 SMES System Layout [58]

Electrical Motor and Control 

Although the operation of electrical motors is based on common electromagnetic principles,

they can differ widely in their actuation and control. The four main types of motors used in 

electrical vehicle (EV) propulsion are Induction Motors, Brushed DC motors, Brushless DC 

Motors (BLDC) and Switched Reluctance Motors (SRM). Of these four types, the BLDC and 

switched reluctance motors are currently considered the most suitable for aircraft propulsion 

applications due to their high specific power and reliability when compared with induction or 

brushed DC motor types [31].

2.6.1 Electronic Switching Technology (Power Converters)

Both SRM and BLDC motors are simple, robust and compact synchronous machines that do 

not require a supply of electrical current to their rotors. However, in order to operate, they do 

require complicated control circuitry in the form of switch-mode power electronic converters. 

These are based on programmed microprocessor and solid-state (electronic) switching and as 

devices are characterised by their:

Voltage rating: The maximum voltage they can withstand in their off state.

Cryostat

Cryogenic 
Refrigerator

Helium/ 
Hydrogen

Pump

Liquid 
Helium/ 

Hydrogen
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Currrent rating: The maximum current they can withstand without overheating.

Switching speed (frequency): The transition speed between on and off states.

On-state voltage: The voltage drop across the device in the on-state (the lower this is 

the lower the power loss).

The main types of electronic switches used in power electronic converters are shown in

Table 2.1. Of these, the Insulated Gate Bipolar Transistor (IGBT) is the preferred choice for 

high voltage propulsion systems, in which the current exceeds 50A, such as those required to 

power aircraft [31]. IGBTs permit high switching speeds (e.g. 30kHz) of large currents and can 

be used in a wide range of power applications ranging from fractional kW to many MW. They 

can also operate from high voltage supplies with a small on-state voltage and minimal losses.

Table 2.1 Main Types of Electronic Switches

Type Thyristor MOSFET IGBT

Maximum Voltage (V) 4500 1000 1700

Maximum current (A) 4000 50 600

Switching time (μs) 10-25 0.3-0.5 1-4

Power electronic converters require intermediary control circuitry (gate-driver 

integrated circuits (ICs)) to interface the signals from the programmed microprocessor to the 

power semiconductor switching devices. Gate driver ICs and the power semiconductor switch

devices are available in single component packages known as Power Integrated Modules 

(PIMs). PIMs include multiple power switches, diodes and the gate drive circuitry and can also 

include fault protection and associated diagnostics. An example of such a PIM is the Fuji 

Electric IGBT Module 7MBR100DO60. This is designed for applications with a maximum 

voltage of 600V and to withstand currents up to 100 Amperes.

It is worth noting that for commercial aircraft applications, power electronic 

controllers are required to meet stringent qualification test standards in addition to any national 

and industrial standard compliances that they may also hold. These tests are detailed in 

EUROCAE ED-14G and RTCA DO-160G (ISO-7137) for Airborne Equipment (hardware) 

and RTCA DO-178C/ED-12C for Software Considerations in Airborne Systems and 

Equipment Certification. 
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2.6.2 Specific Power and Torque per unit Rotor Volume

Two useful measures for determining the suitability of a motor design for a particular 

application are its Specific Power (kW/kg) and its Torque per unit Rotor Volume (TRV: 

kNm/m3). The former provides an indication of performance regarding power to weight and 

allows a comparison to be made between electric motor performance and that of Internal 

Combustion Engines (ICE). Table 2.2 provides an approximate comparison of Specific Power 

values for traditional forms of vehicle engines. 

Table 2.2 Comparison of Specific Power Values for Traditional Engines

Engine Type
Specific Power 

(kW/kg)

Automobile Engine 

(reciprocating)

0.9

High Performance Car 

Engine (reciprocating)

4.8

Jet Engine 31

Rocket Engine 153

The latter, TRV (see Table 2.3), is a useful guide for designers in sizing an electrical 

machine as it provides an indication of the effectiveness of the electromechanical energy 

conversion of motor design. It can be calculated as follows [61]:

π= × = 2
2 w1 mean

rotor

TTRV = k × A× B σ
V measured in Newton metres / cubic metre (1.10)

where,

2π= ×
4 2

2
w1 stkT k × A× B× D × L (1.11)

π
=

4

2
stk

rotor
D L

V (1.12)

and
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= mean
mean

F
σ = B× A

Area (1.13)

where T is the motor torque (Nm); Vrotor is the rotor volume (of active elements, m3); D is the 

rotor diameter (m); kw1 is the fundamental winding factor; Lstk is the axial active length (m); A

is the electric loading: number of ampere-conductors per metre around the stator surface that 

faces the airgap; B is the magnetic loading: the average flux density over the rotor surface 

(Tesla); and σmean is the shear stress on the rotor (N/m2). Rim driven motor architectures provide 

good TRV values as their active rotor elements are distributed around the periphery of the 

motorised mechanism and therefore ideally suited to maximise the motor torque.

2.6.3 Classification of Motor Types

Table 2.3 TRV Values for Continuous Operation Motor Designs

Motor Type TRV (kNm/m3)

Totally enclosed motors with 

low energy ferrite magnets

5-15

Totally enclosed motors with 

sintered rare earth magnets 

(NdFeB, SmCo)

15-40

Medium power (>5kW) 

Industrial induction motors

5-30

Aerospace Machines 30-75

Liquid cooled machines 75-250

A variety of technical characteristics are used to classify motor types. Some sources 

broadly categorise motors as either AC or DC machines [62] whereas others draw a 

fundamental distinction between whether they have axial or radial flux topologies [63]. In an 

overview of electric machine technologies [64] an extensive range of existing and emerging 

motor concepts is provided, and these are initially categorised as brushed or brushless types. 

Another method of classification is based on whether the motor operation is synchronous or 

asynchronous. Figure 2.14 shows a typical overall classification of motors used in modern 

electrical vehicle (EV) traction applications. 
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Fig. 2.14 Classification of Motors for EV Applications

2.6.4 Electric Motors in Terrestrial Applications

The automobile sector has seen extensive development in EV motor technology over the past 

two decades. Over which time, it has become evident, that even though manufacturers’ initial 

development specifications have been similar at the outset of an EV design. Their resultant 

traction motor solutions have often varied. The Nissan LEAF motor, for example, is based on 

a Brushless DC (BLDC) permanent magnet motor design, whereas the Tesla model S motor is 

based on a copper rotor Induction Motor (IM). EV motors also vary considerably in the 

arrangement of their windings and their cooling provisions. In a comparative study [65] of 

different electric motors for EVs it was concluded that although induction motor technology 

was more mature, robust and less costly. Permanent magnet synchronous motor motors 

provided less pollution, less fuel consumption and better power to volume ratios.

2.6.5 Electric Motors in Aerospace Applications

Until recently, electric motors in aerospace applications were mainly used to power on-board 

systems rather than being the primary method of propulsion. Over the past 20 years, the civil 

aerospace industry has concentrated efforts on developing More Electric Aircraft (MEA) 

technologies embodied by the Boeing 787 and Airbus 350 aircraft [66]. Large (15 kW) axial 

flow fans are used to recirculate air within the air-conditioning systems for civil airliners such 

as the Airbus A330 aircraft. Similarly, four 100 kW single-stage centrifugal compressors are 

used to pressurise the Boeing 787 fuselage. Electrically powered hydraulic and fuel pumps are 

common to many large aircraft designs, and electric motors incorporated in nose landing gear 

allow for more efficient ground taxi operations at airports [67].

2.6.6 Motor Configurations for Aerospace Applications 

BLDC motor designs are currently the most commonly used for small unmanned AEP. They 

are very similar in design to synchronous AC motors with the primary difference being in the 
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shape of their back-EMF waveform and rotor position sensing: BLDC motors have trapezoidal 

back-EMF waveforms; whilst synchronous AC machines generate sinusoidal shapes. Common 

BLDC configurations have the following characteristics and are more suitable for power drive 

applications that can withstand some torque ripple [65]: 

Full pitched and concentrated windings (generate trapezoidal back-EMF).

Higher Power Density.

Low cost Hall effect probes for motor commutation control.

There are two types of synchronous AC motors, namely wound-field (rotor) and 

permanent magnet [68]. The wound-field type requires brushes to provide an electrical current 

to the rotor. In common with brushed DC motor configurations, wound rotor AC machines are 

considered undesirable for aerospace applications on the grounds of their reduced component 

reliability and susceptibility to arcing. However, wound-field SMs (WFSMs) potentially have 

a future in HTS aerospace applications [69]. Permanent magnet (PM) AC synchronous motors 

are suitable for aerospace applications and considered preferable to BLDC motors for high 

speed applications as they offer better control and extended field weakening capabilities. AC 

synchronous motor operations have the following characteristics: 

Distributed and fractional-slot windings for sinusoidal back-EMF (providing 

smoother operation) 

Better control and extended field weakening capabilities (for high frequency control) 

High cost shaft encoder to control stator currents. 

Induction motors (IMs) are used extensively in terrestrial applications and offer a 

simplicity of construction combined with low costs compared with BLDC machines as their 

construction requires no expensive rare-earth magnets. Stator windings for induction motors 

are identical to those of synchronous machines; however, IMs do not match PM machines for 

power density. IMs also experience performance restrictions due to thermal limitations 

imposed by rotor induction heating effects.

2.6.7 Rotor and Stator Configurations

Stator windings are categorised as either concentrated or distributed types. BLDC motors 

typically have concentrated stator windings, with conductor wires wound around salient iron 
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pole pieces. In contrast, most PM synchronous motors have distributed windings with stranded 

or hairpin conductor coils housed in slots evenly distributed around the stator. Both of these 

winding types are susceptible, in varying degrees, to generating cogging and ripple torque 

effects owing to variations in their magnetic circuit reluctance [70]. For aerospace applications 

it is desirable to minimise any sources of noise, vibration and harshness (NVH) and increased 

attention is being given to slotless (airgap winding) BLDC motor configurations. In [71] a 

design method for a small-sized brushless DC motor double-layered, short pitched hexagonal 

winding is provided, which offers an advantage of omitting end-windings and their associated 

losses. The design and analysis of a lightweight motor for aerospace applications is presented 

in [72-73], which achieves high power density, zero cogging torque and low torque ripple using 

a rotor magnet Halbach array arrangement. Halbach arrays improve airgap flux concentration 

and offer the future potential to delete the rotor iron from motor designs, although not from 

their stator [74]. Various slotless winding patterns are presented including, helical, basket, 

skewed (Faulhaber), rhombic, straight (with end turns), ringed and pancake forms. Aspects of 

their design are discussed in [75] concluding that high frequency eddy current losses can be 

reduced by employing thinner conductors, such as Litz wire [76] and parallel connections. 

Favourable analysis and testing have also found that using aluminium windings instead of 

copper can provide improvements in motor specific power combined with cost benefits [77-

78].

2.6.8 Axial Flux Motor Configurations

Studies aimed at increasing the power density and efficiency of electrical motors, intended for 

all electric flight, have also considered axial flux motor designs rather than the more 

conventional radial flux machines [59] combined with the use of high temperature 

superconducting (HTS) materials and trapped flux magnets. From which theoretical results are 

indicating motor efficiencies in excess of 99% [60]. Although the majority of motors are radial 

flux machines, axial flux PM motors attract much attention for traction and aerospace 

propulsion applications [79]. A comparison of the power density of axial machines is provided 

in [80] concluding that the axial machines analysed have higher power density when compared 

with IM machines. Unfortunately, this study does not provide a like for like comparison of 

BLDC technologies. Although, a similar comparison of axial and radial BLDC configurations 

[81] concludes that the axial flux machines have much higher torque to mass ratios than radial 

flux machines.
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2.6.9 Energy Losses

The efficiency of aerospace electric motors and their associated controllers are critical to the 

success of commercially viable AEP systems. BLDC motors and their associated electrical 

speed controllers (ESCs), used for hobby build and small unmanned aircraft projects, 

commonly have unit efficiencies under 80%. However, commercial AEP projects target 

efficiencies above 95% for motors and controllers alike. Thermal management of the power 

chain is critical to achieving these aims, and much effort is spent in reducing armature currents 

and controller switching frequencies. High DC line voltages e.g. >500VDC, allow for a 

significant reduction in current supply to stator windings, thus minimising the I2R losses. 

Motor cooling circuits, either liquid or forced air, can further enhance motor efficiencies. 

Advances in solid-state Silicon Carbide IGBT switching technologies have improved motor 

control performance as highlighted in a recent study [82], and for high altitude aircraft 

operations, the high voltage DC (HVDC) motor transmission lines are susceptible to corona 

energy discharge losses [83]. An excellent performance analysis of electric motor technologies 

is provided in the White Paper produced by Motor Design Ltd. of the UK [84]. 

2.6.10 Overview of Existing Aerospace Motor Technologies 

Table 2.4 provides an overview of a range of existing aerospace motor technologies sourced 

online from supplier literature. Some of the aircraft listed are still in the development phase 

having not yet flown. 
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Table 2.4 Existing Aerospace Motor Technologies

Electric Motors and Manned and Un-manned (autonomous) AEP applications

Motor

Manufacturer

Aircraft 
Project

Motor Type Speed 
(RPM)

Power 
(kW)

Mass 
(kg)

Specific 
power 

(kW/kg)

Supply 
Voltage (V)

SAFRAN [85] Airbus E-
Fan 2

Electric 
Integrated 
Propulsion 

System EIPS

Efficiency 94%

2500 30 12 2.5 500

Siemens 
SP200D [86]

City Airbus BLDC

Liquid Cooled 
Efficiency 95%

1300 204 49 4.16 480-850

YASA 750R 
[87]

ACCEL Liquid Cooled 
Efficiency 

>95%

2400

(0-3250)

200 37 5.4 700

magniX 
magni500 [88]

Harbour 
Air, DHC-2

Beaver

Liquid Cooled 
Efficiency 

>93%

2600

(max) 
1900

(Base 
speed)

560 133 4.15 490-750

(Link voltage 
540V)

UQM

Technologies 
[89]

Rutan Long 
ESA

Liquid Cooled 
Efficiency 

>93%

5500 150

(250

max)

18 8.3 450-750

Emrax 348 [90]Autonomou
s Air Taxis 
(general)

Axial BLDC 
Liquid Cooled 
Efficiency 92-

98%

1840 380

(Peak) 
210

(cont.)

41 Up to 10 800

MPS-154120 
[91]

Large 
Hobby built 

drones 
(general)

BLDC

Air Cooled 
Efficiency 88%

4500

(max) 
3500

(rated)

45-50

(max)

5.9 6.78 120 (max)

E-Power 
Hobby 

EP238/50 [92]

Paratrike BLDC

Air Cooled 
Efficiency 90%

5000

(max)

35

(peak) 
18

(rated)

5 7 100 (max)
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A graphical assessment of the achievable performance of these motors is provided in 

Fig. 2.15, in which motor powers have been plotted against motor speeds.

Fig. 2.15 Motor Powers versus Speed

It can be seen that the lower speed motors have high power applications because 

greater torque is required to turn large propellers. Such is the case for the magniX magni500, 

which is used to power the electrical version of the DHC-2 Beaver and also the Cessna Grand 

Cararvan shown in Fig. 2.16.

Fig. 2.16 Cessna Grand Caravan [93]
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Lower motor speeds permit direct coupling of propellers and provide a weight saving 

that would otherwise be incurred by a reduction gearbox. Aircraft with propellers exceeding 

1m in length are normally required to rotate at speeds of less than 3000 RPM to avoid 

performance degradations owing to sonic airflow conditions at the propeller tips. The 

CityAirbus, see Fig. 2.17, is powered by eight Siemens SP200Ds which rotate at a relatively 

slow 1300 RPM.

Fig. 2.17 City Airbus [94]

Conversely, the MPS 154120 and the EP 238/50 motor characteristics shown in Fig.

1.15, indicate motors having high rotational speeds >4000 RPM and relatively low torque 

characteristics. These motors have typical applications on large homebuilt UAV drones and 

powered paragliders respectively and are readily available to purchase as off-the-shelf 

equipment. Interestingly the UQM Technologies motor uniquely indicates relatively high 

rotational speed and power characteristics. This motor drive system was adapted from a 

terrestrial vehicle application for the Rutan Long ESA aircraft in a one-off AEP speed record 

attempt. 

Fig. 2.18 provides a comparison of the Specific Powers and Efficiencies of the motors 

listed in Table 2.4.
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Fig. 2.18 Motor Efficiencies versus Specific Powers

It shows that the higher output power motors also have higher efficiencies in the range 

of 93% to 95%. These motors are exclusively liquid cooled and are synchronous permanent 

magnet types with slotted distributed windings. The lower efficiency motors have efficiencies 

in the range of 88% to 90% and are air cooled, BLDC permanent magnet types with 

concentrated windings. Interestingly, a high specific power value does not necessarily indicate 

good motor efficiency. The air-cooled motors are indicating very good specific power values 

of about 7 kW/kg.
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Rim Driven Propulsor Technology

2.7.1 Tip Driven Fans and Propellers

One of the earliest attempts to drive a propeller from the tips rather than the hub was made by 

the Fairey Aircraft Corporation of the UK with their experimental Rotodyne aircraft, see Fig.

2.19. This was a novel combination of turbo-prop and helicopter aircraft and first flew in 1957. 

In this aircraft the helicopter rotor blades were powered by ram-jets at their tips [99]. 

Fig. 2.19: The Fairey Rotodyne with rotor tip ram-jets [100]

2.7.2 Rim Driven Fans (RDFs)

In 1961, funded by a USA governmental contract the Ryan Aircraft Corporation developed the 

XV-5A rim driven lift-fan aircraft, see Figs. 2.20 and 2.21. This experimental Vertical Take-

off and Landing (VTOL) aircraft had three fans to provide vertical lift; a main fan is located in 

each wing and a smaller fan located in the nose. These fans were pneumatically powered by 

bleed air extracted from the compressors of two jet engines located in the fuselage.

More recently a UK patent filed for an electric powered tip-driven fan [101] shows an 

outline design for an electrically powered rim driven fan, however, further searching has 

discovered no evidence that it was actually constructed nor is there any available data relating 

to its predicted performance or operation. 
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Fig. 2.20: The XV-5A Rim Driven Lift-Fan aircraft. [100]

Fig. 2.21 Ryan XV-5A Pneumatically Rim Driven Fans [101]

2.7.3 Ducted Fans in UAV applications

The main difference between a tip driven fan and a rim driven fan is that a rim driven fan will 

have some form of shroud or duct assembly around its perimeter, whereas a tip driven propeller 

or fan will not. The duct is primarily required to support the rim and its drive mechanism;

however, it can also be configured to provide additional benefits such as improved thrust 

efficiency, noise reduction and improved safety of operation. These benefits are already being 

utilised in Unmanned Aerial Vehicle (UAV) applications. In his design study, Khan [103] 

highlights these benefits proposing a “Multi-purpose Ducted-fan Type VTOL UAV” which 
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has twin vertically mounted contra rotating propellers. The two bladed propellers, which are 

arranged to face each other, are powered by two separate motors located co-axially and one 

above the other. This UAV was not constructed or tested neither is there any accessible 

predicted performance data. However, the design suggests that the propeller performance 

would be a concern as it is a relatively small diameter and would have to rotate at extremely 

high speeds to generate lift. Additionally, there is a large amount of motor support structure 

located within the ducts which has the potential to disrupt airflow.

By contrast, the Sirkorsky Cypher II UAV, see Fig. 2.22, is an operating example of 

a successful twin rotor contra-rotating four bladed UAV [104].  Powered by a rotary internal 

combustion engine, the main ducted fan on this aircraft is hub driven and housed within a torus 

shaped fuselage that creates additional lift using the Coanda effect. 

Fig. 2.22: Sirkorsky Cypher II UAV (Sikorsky archives, 2016)

With limited success, [105] have also investigated the creation of novel UAVs 

employing the Coanda effect and powered by a range of laboratory based electrical fans. 

Unfortunately, to date they have not achieved any flights with a self-contained UAV.

2.7.4 Large Electric Ducted Fan (Hub-driven) Technology

Until recently the world’s major civil airframe, systems and powerplant manufacturers have 

been taking similar approaches to achieve subsonic commercial airspeeds with electrical 

powerplant. All of these are based on large Electric Ducted Fan (EDF) technology. Airbus, 
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Siemens and Rolls Royce Aero Engines had recently formed a UK government funded 

partnership to develop the Airbus E-Fan X hybrid-electric flight demonstrator. A project which 

aimed to develop a 2 MW electrically powered single rotor EDF conventionally mounted on a 

BAE Systems 146 regional jet airframe [4]. The E-Fan X approach seems one of relatively low 

technical risk and could have enabled a quick implementation to the flight demonstrator stage 

(this project has since been cancelled in April 2020). Whereas, Boeing and Zunum Aero had 

plans to develop a somewhat more ambitious family of hybrid-electric regional aircraft based 

on conventional airframe configurations with rear mounted EDF units (this project has since 

been cancelled in 2019) [106].

It is considered widely acknowledged that, large centralised EDF propulsion and 

conventional aircraft wing and tube designs, are likely to present electrical supply and 

aerodynamic inefficiencies that would penalise the overall performance of an electrically 

powered aircraft [5-6]. This is particularly evident when assessed alongside the possible 

benefits that electrical propulsion has to offer; namely blended wing body and distributed thrust 

architectures [7]. Smaller EDF units may allow distributed thrust designs to be implemented, 

but there is a physical limitation to the fan pressure ratios, exhaust velocities and hence thrust 

that can be achieved with small, hub-driven, single-stage fan rotors. This restricts their current 

usage to lightweight and low speed flight applications, such as those of general aviation and 

small unmanned aircraft [8]. However, a promising solution appears in the form of Rim Driven 

Fan (RDF) technology which offers the potential for high thrust and exhaust air speeds to be 

achieved whilst maintaining relatively small fan inlet diameters [9].

It has long been established that contra-rotating (a.k.a. counter-rotating) propellers 

and fans offer performance improvements over single stage equivalents. As far back as 1944 

the Curtiss-Wright Corp. described “Dual Rotation” as the most recent development in modern 

propeller design [15] and highlight their “efficient operation in thin atmosphere at great 

heights”. The relative ease with which contra-rotating propeller technology can be applied to 

electrical aircraft propulsion has recently been realised with new products such as the YASA

High Density motor and contra-rotating propeller assembly for proposed Electroflight aircraft 

[17].

Open-fan, Open-rotor or Prop-fan designs also feature contra-rotation and have been 

the subject of much analysis and prototype testing by Chen and Williams in the 1980’s [107]

and more recently by Brouckaert, et al [108]. In their paper on the performance prediction of 

contra-rotating rotors, Guerin et al. [109], highlight the limitations of large diameter single 
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stage ducted fans and consider an open rotor architecture to be a preferable alternative. Their 

performance predictions are based on the German Aerospace Centre’s (DLR) in-house 

computerised model. From which, about a 10% gain in Specific Fuel Consumption (SFC) is 

cited as a benefit over an equivalent large ducted fan design. Although, this study concludes 

that the high levels of acoustic noise generated by open rotor architectures remain a challenge. 

Interestingly, open rotor designs lend themselves to direct drive configurations using axial flux 

electric motors, and have been the subject of a study by Brando et al. [19] which concentrated 

on the application of double-rotor axial-flux permanent magnet technology, but unfortunately 

their study did not extend to the aerodynamic analysis of the contra-rotating aerofoils. 

Similarly, NASA have published work on a conceptual design study into the development of a 

32-inch diameter levitated ducted fan which concentrated solely on the electromagnetic 

architecture of a single rotor rim-driven fan device [110]. Ducted fans or propellers offer 

improved efficiency, as they reduce the tip losses associated with open rotors, and is a 

significant reason why contra-rotating ducted fan technology is attracting increased attention 

for aerospace vehicle applications such as: the powering of small vertical take-off and landing 

(VTOL), unmanned and autonomous aerial vehicles. 

A study by Nemnem et al. [111], considered the analysis of a contra-rotating, hub-

driven ducted fan capable of generating 40 N of thrust with a 20-cm fan diameter and identified 

current ducted fan pressure ratios to be in a range of 1.02 to 1.16. This study also highlighted 

that the higher rotor solidity ratio in a contra-rotating subsonic flow fan can provide increased 

pressure ratios and hence increased thrust, without the need for an increase in rotational speed 

or fan diameter. A velocity vector analysis is also provided in the study, representing both rotor 

stages and indicating how the wake of the second rotor can be directed towards the axial flow 

direction thus improving propulsive efficiency. However, the maximum relative velocity value, 

of the airflow across the second stage rotor, is not identified as a critical parameter with regard 

to maintaining a subsonic flow regime through the fan. Neither is a method developed to 

determine the magnitude of this critical V3 parameter. 

Hub-driven fans have the disadvantage of generating an annulus section airflow as the 

air passes around the central motor and hub assembly. Resulting in performance penalties due 

to reduced cross-sectional flow areas for given duct inlet areas and increased frictional drag 

because of the increase in wetted surface area. Flow imbalances across the plane of the air-flow 

annulus also contribute to reduced performance and have been the focus of analytical and 

experimental studies on low speed contra-rotating fans for aerospace propulsion applications, 
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with simulated complex inflow distortions [112]. In these studies, total pressure co-efficient 

parameters were selected to provide an understanding of the pressure distribution and flow 

behaviour through the stage.

Electrical propulsion seems to lend itself more easily to dual independent rotor 

actuation than mechanical internal combustion engine technology. A key advantage being the 

ease by which contra-rotation and the ability to vary the speed ratios between the rotors can be 

implemented. Varying the speeds of the rotors provides an increased degree of flow control 

through the fan allowing its aerodynamic efficiency to be optimised. Chen et al. [113] have 

numerically and experimentally investigated the performance of an axial flow hub driven 

contra-rotating compressor under differing combinations of rotational speeds. The outcome of 

which indicated that the rotor speed ratio (Rotor1/Rotor2) has a significant effect on the off-

design rotor performance. With an increase in the ratio showing higher efficiencies and a 

decrease indicating a more stable stall free operating range. Tip section flow stability in this 

hub driven configuration was also identified as an area of concern. Clearly, this may therefore 

be avoided with the implementation of rim driven fan technology. The rotor-rotor interactions 

within counter rotating compressors are coming under increased scrutiny as consideration is 

given to removal of the stator stages in conventional axial compressors to reduce engine mass 

[114]. In [115] et al. present a design and experimental evaluation of a ducted, counter-rotating, 

axial-flow fan system. Their study demonstrated very good agreement between numerical and 

experimental results, although it only focused on hub-driven fan aerodynamics for which the 

distance between rotors is relatively large when compared with an RDF configuration. A two-

stage hub-driven contra-rotating fan arrangement has been the subject of a design and 

optimisation study in [112] which considers varied axial spacing of contra-rotating hub-driven 

fan rotors. This parametric study proposed a fan optimisation process and also involved varying 

the fan speed ratios. However, the results are applicable to relatively low rotational speeds and 

to fans having throughflow airspeeds and pressure-rises un-representative of high-speed 

aircraft propulsion applications. The literature search provided no evidence that aerodynamic 

analyses of hub-less RDF designs existed and that the available aerodynamic performance 

literature appears limited solely to hub-driven ducted fan architectures. It was therefore 

considered important to conduct such a hub-less RDF study, see Fig. 2.23.
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Fig. 2.23 Cutaway view of Hubless RDF concept with contra-rotating fans

For this reason, Chapter 4 focuses on the aerodynamic analysis of the contra-rotating 

fans of a small hub-less RDF device, as shown in Fig. 2.23, suitable for an Unmanned Aerial 

Vehicle (UAV) application. Although, the analyses associated with the mechanical installation 

of the fan, motor and bearing configurations, was considered beyond the scope of the study.

All atmospheric propulsion mechanisms utilise one or more of the following three 

components:

An intake or diffuser 

A source of energy (actuator)

A propelling nozzle

For turbo-jet, turbo-fan and turbo-prop engines the source of energy is the section 

comprising the compressors, combustion chambers and turbines. In the case of piston engine 

aircraft, no diffuser or nozzle mechanisms are usually required and the energy source is the 

piston engine driving a propeller. For electrical propulsion mechanisms the source of energy is 

the electrical motor which is normally configured to drive a propeller, fan or compressor via a 

mechanical hub attachment. There is no definitive difference between a compressor and a fan 

although, fans are generally used in applications requiring high flow rates across low pressure 

differentials and compressors in applications involving higher-pressure differentials and 

significant increases in gas density. The study presented in chapter 4 concentrates on the energy 

source (rim driven fan) part of the propulsion mechanism. It is intended that the performance 
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of suitable intake (diffuser) and exhaust duct (propelling nozzle) configurations shall be the 

subjects of future analytical studies. 

Nowadays the majority of sub-sonic commercial transport aircraft are powered by 

turbofan engines. Table 2.5 provides data for a modern twin-spool turbofan engine comprising 

of both an axial fan and a multi-stage axial compressor capable of propelling an aircraft to high

subsonic speeds e.g. Mach of 0.7 to 0.85.

Table 2.5 Modern Twin-spool turbofan Performance Parameters [117]

Fan Pressure Ratio 1.65

Compressor Pressure Ratio 25.0

Engine By-pass ratio (Fan / Compressor massflow) 5.0

Fan and Compressor polytropic efficiency 0.9

Total Air Mass-flow 215 kg/s

The tabulated data illustrates that the majority of the propulsive thrust for this type of 

engine is being developed across the fan which has a pressure ratio (Outlet stagnation 

pressure/Inlet stagnation pressure) of 1.65. 

It is a drag reduction priority of high-speed turbo-fan or turbojet engines to achieve a 

large flowrate per unit frontal area, which requires the optimisation of fan pressure ratios and 

the minimisation of any obstructions to the passage of the airflow. High fan mass-flow rates 

are a feature of turbofan engines with civil aircraft designs tending to use single-stage fans to 

minimise weight and noise. Turbofan engines commonly used in commercial aviation typically 

have fan pressure ratios ranging between 1.5 and 1.8 [119] thus enabling high subsonic aircraft 

speeds to be achieved. The compressor airflow is primarily used to support the combustion 

process and drive the turbines, although it also contributes to the overall thrust of the engine as 

it exhausts via the propelling nozzle. To achieve the optimum fan pressure ratio a combination 

of the following factors should be applied:

High tangential blade-speed (U);

High airflow axial-velocity (Ca);

High fluid deflection in the rotor blades (β1 − β2).
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It is worth noting that the pressure ratios generated by single stage fans for commercial 

aircraft turbo-fan engines are much higher than those of smaller Electrical Ducted Fans such 

as those used for manned and unmanned aircraft applications. This is primarily achieved, in 

the former, by generating very high tip speeds (e.g. 450 m/s) and utilising fan blades that are 

optimised for these resulting supersonic airspeeds relative to the outer portion of the fan blades 

[14]. Ducted fans offer improved efficiency, high exhaust-air speeds and lower noise when 

compared with open fans or propellers and are becoming increasingly popular for both manned 

and unmanned electrically powered aircraft [118-119].

2.7.5 Electrically Powered Rim Driven Devices

A conceptual study of a large, 230 kilo-Watt, two metre diameter, tip driven fan was studied 

by [120]. Based on SERAPHIM technology, SERAPHIM is an acronym for Segmented Rail 

Phased Induction Motor, the study focusses on an axial flux design concept with passive 

induction coils located entirely around the rotor fan perimeter and three sets of shorter 

energising stator coils positioned 120o apart. Specific applications are not provided in the paper, 

neither are any details of the fan geometry, aerodynamics, thrust or speed control. However, it 

is thought unlikely that the author is aiming the conceptual study towards aircraft propulsion 

as the motor requires a heavy inverter and large AC capacitors to generate a 210 V square wave 

input voltage and the motor air-gap is surprisingly large at 1cm. The paper also briefly 

considers a radial flux arrangement of the rotor and stator, then dismisses it as less efficient. 

Explaining that it will result in a net inward force, although no evidence is provided to support 

this assumption.

Similarly, in his doctoral thesis [98], explores the development of a direct-drive rim 

driven machine which is intended for industrial or marine applications. Although, this study 

provides analyses of both permanent magnet and induction motor configurations. It is based on 

the device being powered directly from a mains or generator supply and therefore is concerned 

mainly with low rotational speeds.

2.7.6 Rim Driven Propellers or Fans and Aerospace Applications

A team of engineers from the NASA Glenn Research Center [110] have provided details for a 

conceptual design of a 32 Inch Diameter Levitated Ducted Fan. This conceptual design is 
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intended for aircraft propulsion and is based on a single stage rim driven magnetically levitated 

fan with permanent magnets on the rotor and copper windings on the stator. The conceptual 

design has 24 fan blades extending from the rim to a hollow central rotor (torque ring) 

assembly, refer to Fig. 2.24. Although this study quite understandably concentrates on the 

electro-magnetic circuit design and its theoretically derived performance, many fundamental 

structural, aerodynamic and thermodynamic aspects of the device are not addressed. Such as 

static and dynamic structural loadings, vibration tolerance, fan blade aerodynamics, winding 

heat dissipation, torque and speed control.

Fig. 2.24: (a) Isometric and (b) Front view of NASA's 32" Ducted Rim Driven Fan Concept [110]

Additionally, it would be particularly interesting to have seen a depiction of the 

airflow pattern through the central portion or hub of the device, and also to have had more 

information relating to the estimated thrust to weight ratios. 

One of the advantages offered by a rim driven fan device is that contra rotating fan or 

propeller arrangements are quite easily achieved. These arrangements offer improved 

propulsive efficiency as they allow the absorption of higher powers in driving two fans and 
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reduce the swirl velocity component in the wake. In effect, the fans act to straighten the exit 

flow and ensure that all of the exhaust air is directed rearwards [168]. A major advantage of 

rim driven fans is that they do not share a common central rotational shaft and can therefore be 

repeatedly “stacked” in tandem and arranged in contra-rotation, simply via changes to the 3 

phase circuit polarity. Hence giving the added advantage that a single, suitably rated, Engine 

Speed Controller (ESC) could drive the fans simultaneously and therefore provide excellent 

fan speed matching.

The most relevant literature researched relates to contra-rotating propellers in electric 

UAVs [19]. This team of Italian Engineers have proposed solutions that are based on the 

stacking of two bespoke axial flux permanent magnet motors, operating in contra-rotation 

whilst directly driving three bladed propellers. Interestingly the proposed motor designs are 

based on conventional three phase and also the less conventional five phase power supplies. 

Their MATLAB simulation study compares the two differing motor configurations (for the 3 

and 5 phase supplies) having rated powers 20kW or 40kW and operating speeds ranging 

between 5000 and 8000rpm. The paper provides a good description of the axial flux (AF) 

mathematical modelling techniques used which includes a very useful sections on mechanical 

stresses and thermal constraints imposed on permanent magnet (PM) motors.

The purpose of their study was to demonstrate the feasibility of a high-speed axial flux 

(AF) contra-rotating motor design. However, the relevance of this proposed motor design is 

limited when applied to small UAVs. This is mainly because it is more powerful and has been 

designed to operate from the US Military Standard (MIL-STD-704F) Aircraft Electrical Power 

Characteristic maximum 270 VDC supply. Whereby small UAVs are typically operating from 

supplies less than 20 VDC. The perceived benefits of the proposed AF configuration are likely 

to be lost as its geometry is scaled down to SUA power sizes. Additionally, the conclusion 

section of the paper seems merely to support the widely understood principles that the 5 phase 

motor would provide better power density than the 3 phase motor, the lower number of pole 

configurations provides higher rotational speeds for a given supply frequency and single layer 

windings provide for better stator circuit performance. Another limitation of the paper is that 

no consideration has been given to non-traditional radial flux motor configurations such as a 

large diameter out-runner types which could certainly be configured to operate in contra-

rotation.
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2.7.7 Motor Design; Winding Patterns and Pole Layouts

The literature review has indicated that the most promising method of electro-magnetic 

actuation for an aerospace rim driven fan is that offered by Brushless DC motor technology 

[121]. High efficiency, better speed versus torque characteristics, high dynamic response, long

operating life, quieter operation and higher speed ranges all seem achievable [122]. The design 

of the electromagnetic circuit of a motor is critical to its success. The layout of the stator 

windings not only effects the magneto-motive force (mmf) produced but also whether the stator 

windings will be balanced. This ensures that all three phases produce the same level of back 

emf and that they are all out of phase by 120o.The selection and arrangement of the permanent 

magnets effect the flux density in the airgap and the start-up torque characteristics of the motor 

[68]. Fortunately, various papers and computer software packages such as MotorSolve [123]

and MotorCAD [84] have been produced to assist in this process.

In their paper on the design of the winding layout for permanent magnet machines 

[124] propose a technique for designing the winding patterns for the stators of three phase 

permanent magnet machines. They present a design guideline in the form of a mathematical 

relationship between the number of slots (or teeth) on a motor stator and the number of 

magnetic poles on the rotor. Although this relationship has been recommended in the context 

of double-layer per slot windings, correspondence has been established with the slot and pole 

patterns tabulated in Hendershot’s more general analyses (Hendershot,n.d.) of BLDC motor 

designs. Hendershot’s paper presents one particular pattern of interest to this project involving 

12 stator windings (slots) and either 2, 4, 8 or 16 magnetic rotor poles. This arrangement seems 

to provide high design flexibility with the number of rotor poles and would maintain some 

commonality with existing UAV BLDC stator designs that commonly have a total of 12 coils 

on the windings.

2.7.8 Halbach Magnet Array

As a result of a novel approach to the design of permanent magnet circuits, Klaus Halbach 

[125] devised an analysis method and pattern of permanent magnet arrangements that would 

concentrate the magnetic field to certain areas in the array. Used primarily at that time in the 

design of particle accelerators and the control of particle beams, Halbach arrays have since 

been applied to electrical machine technology [126]. Nowadays Halbach arrays can be found 

in the design of radial magnetic bearings being developed for high speed rotational devices for 
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aerospace applications and are also widely commercially available for numerous other 

applications [127]. Halbach arrays are of particular interest to this project as their successful 

implementation could replace the need for an iron ring (ferro-magnetic path) on the rotor. Such 

an ironless rotor would result in a reduction in the rotating mass and provide substantial weight 

savings [128].

2.7.9 Motor Speed Control

Brushless DC motors are really a type of AC synchronous motor, because the rotor “locks-

onto” the 3-phase rotating magnetic field set up in the stator and rotates at the same 

synchronous speed.  The control of the motor rotation is therefore achieved by the commutation 

of the stator windings, which requires a closed loop control system to operate [129]. A means 

of sensing the BLDC shaft position is required and to achieve this either Hall Effect sensors or 

optical encoders are normally used [130]. These are however difficult and expensive to install 

on very small low-cost BLDC motors such as those used in SUAs. Therefore, various 

alternative methods of sensor-less and more reliable BLDC control have been investigated 

[131].

A method of BLDC control with back-EMF (BEMF) filtering is described in an 

application note published by Microchip Technology Inc. This is a process in which each phase 

of the motor is filtered, in order to identify when to commutate the drive voltages. The BEMF 

signal is normally in the form of a trapezoidal alternating waveform, from which the zero cross-

over points are used to determine the rotor position. This type of method is commonly used on 

SUA Electronic Speed Controller (ESC) units and provides the previously mentioned 

associated advantages [132]. There are however some drawbacks with this arrangement, a 

fundamental one being that without any rotor movement no BEMF signal can be generated. 

This normally manifests itself on motor start-up when the motor appears to twitch and search 

and sometimes even reverse rotate before running normally. However, this seems to be an 

acceptable price to pay for a sensor-less closed loop control.

Summary and Concept Discussions

The review conducted in this chapter has established that emission reduction targets set at 

national and international levels have helped to ensure that research and development into 
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electrically powered propulsion for aircraft has become a rapidly growing area of technology. 

With numerous major and minor aerospace companies now conducting electrical propulsion 

programmes for future light aviation and large commercial aircraft applications.

Power generation and storage present the greatest hurdles facing electrically powered 

propulsion with the most feasible aircraft designs to date being based on hybrid-electric 

architectures such as Zunum Aero’s regional hybrid-electric plane [95] and the E-Fan X hybrid-

electric flight demonstrator project conducted by Airbus, Rolls-Royce and Siemens [96].

An important factor in achieving electrically powered propulsion is the weight and 

aerodynamic efficiency of the airframe design. Approximately 50% of the Airbus A350 and 

Boeing 787 Dreamliner airframes are currently comprised of lightweight composite materials. 

However, future electrical aircraft projects are already considering a move away from 

conventional wing and tube aircraft towards BWB designs with distributed thrust and higher 

composite material contents. Novel electrical motor configurations are also likely to have an 

impact on electrical aircraft performance capabilities. Rim driven and multi-staged fans that 

are based on axial flux motor arrangements, could facilitate high aircraft speeds. Iron-less 

rotors can reduce rotational stresses and increase motor reliability and Halbach arrays of 

permanent magnets could improve magnetic field concentrations [97].

The limitations of state-of-the-art battery technology, particularly associated with low 

values of specific power, are restricting the performance of all electric aircraft designs to low 

speed and short endurance flight envelopes. However recent advances in materials technology, 

especially relating to graphene and HTS materials and their implications for battery, 

supercapacitor, SMES and motor technologies have offered grounds for optimism and the 

possibility that, in the not too distant future, electrically powered aircraft performance will be 

able to match or surpass that of ICE technology.

It is also important that the requirements for ground-based support are considered and 

keep equal pace with this rapidly advancing aerospace technology. For example, regional and 

hub airports will require the necessary infrastructure to supply electrical power to meet aircraft 

demands and maintenance bases will require the necessary training and equipment to service 

electrical aircraft. Novel airport features such as the ground supply of electrical power to assist 

an aircraft’s take-off run could be considered and the airworthiness regulations and new 

requirements applicable to the manufacture, operation and maintenance of electrical aircraft 

will need to be developed. From the overview of the state-of-the-art in motor topologies for 

AEP it was ascertained that electrical motors provide an ideal means for achieving aircraft 
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propulsion. Fan and propeller load (torque) characteristics increase gradually with rotor speed 

which makes them ideal for electrical motor drive applications. The operational ranges of fan 

and propeller speeds also permit simple, lightweight direct-drive connections to be achieved 

and with reference to Table 2.4. It can be seen that the specific power values for existing AEP 

motor technologies range between 4 and 10 kW/kg placing them between high-performance 

piston engine and jet engine technologies when correlated with Table 2.2 values. It was further 

ascertained that existing AEP motors rotate at relatively low speed ranges of 1300 to 5000 

RPM. Especially when compared with civil aircraft turbo-fan engines which typically rotate 

between 5000 and 7000 RPM. These relatively low motor speeds indicate a limitation in 

attainable fan efflux velocities and ultimately AEP achievable aircraft speeds. A deduction that 

is evidenced by the low speed aircraft applications on which current AEP motor technologies 

are implemented. The importance of high TRV values (refer to Table 2.3) was also realised 

when considering the flat disc-like, liquid cooled motor topologies evidenced by the images of 

the high-performance motors provided in Table 2.4. This also suggested that higher fan and 

motor speeds are likely to be required for future high-speed aircraft designs. It was, therefore,

considered that further studies and analyses should concentrate on rim driven fan (RDF) 

technologies that offer the potential of high efficiency and efflux velocities [9]. 

Electrical rim driven fan technology for aircraft applications has been the subject of 

various theoretical publications since the 1960s, one of the more recent (2006) being conducted 

at the NASA Glenn Research Centre during which a thirty two-inch (813 mm) diameter rim 

driven fan was the subject of an active magnetic (levitated) rim bearing study [2]. However, 

this study did not consider the performance characteristics of the fan over a range of operational 

speeds. A more recent account of electrical RDF technology (2017) involved the manufacture 

and concept demonstration of a plastic, low-cost 3D printable electrical RDF intended for small 

UAV applications [9]. The study successfully tested the 115 mm diameter RDF to speeds in 

excess of 10,000 RPM. However, the fan blades had not been aerodynamically optimised, and 

the input power and thrust values derived during the test were not considered optimal. Neither 

did this study consider the performance analysis of other RDF diameters over a range of 

rotational speeds.

It was therefore considered that performance and aerodynamic studies and analyses 

should be conducted on rim driven fan (RDF) technologies to determine their potential 

efficiency and efflux velocities.
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2.8.1 The Case for the Rim Driven Fan (RDF) Concept

As previously mentioned, the concept of a tip or rim driven propeller (RDP) or fan (RDF) is 

well established and has been particularly popular in marine applications. In light of the recent 

BLDC technology advances also discussed earlier in this report, it seems a worthy exercise to 

explore the possible application of BLDC motor RDF technology to UAV applications.

The schematic diagram of a conceptual 3 bladed BLDC motor RDF configuration is

shown in Fig. 2.25. Whereby the permanent magnets form part of the rotor structure which is 

integral to the rim. The stator windings are arranged such that the energised magnetic field

extends perpendicular to the motor axis making this a radial flux machine.

A central bearing supports a multi-bladed propeller or fan device, which in turn is 

supported by diametrical beams attached to the stator housing. Thus, the electro-magnetic 

circuits have been moved from the hub of the fan to its periphery, which, in a way, is a further 

continuation of the in-runner concept. This radical change in configuration now presents new 

opportunities and equally new problems to the BLDC motor and UAV designers alike.

Fig. 2.25: Rim Driven Fan (RDF) Concept

2.8.2 Concept Discussions

The most striking effect of the proposed RDF radial flux configuration is that the device 

becomes disc-like, rather than the cylindrical or tubular shape of conventional BLDC motor 

designs. Also, there will be less resistance to the airflow through the fan owing to the removal 

of the windings and magnets etc. from the hub region. This disc-like arrangement could benefit 
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thrust vectoring applications whereby the complete RDF device is adapted by means of 

gimbals, see Fig. 2.26, to have up to three rotational degrees of freedom about the X, Y and Z 

axes. This particular configuration may be useful for highly manoeuvrable miniature UAV 

applications or for propelling long endurance e.g. lighter than air UAVs and maintaining them 

stationary whilst on-station.

Additionally, the radial flux RDF configuration could provide increased efficiency 

and thrust benefits that may be obtained by arranging two or more RDF devices in tandem 

(stacking). In such an arrangement the two RDFs could be configured as contra-rotating fans 

either by physical connection of the coils or by adapting the stator commutation with suitable 

ESC Firmware algorithms. The advantages would be an increase in propeller pressure rise 

providing an increase in thrust and speed for a particular UAV application. There is also the 

benefit that the net torque effects of the device should be zero.

Fig. 2.26: (a) Rotational and (b) Static views of Gimbals with potential for RDF thrust vectoring [133]

The dramatically increased diameter of the rotor should have a marked effect on the 

pole pitch and although there is likely to be an associated increase in air gap length, the overall 

effect should be to maximise the “Goodness” factor of such a machine [134]. However, 

Laiwthwaite’s Goodness Factor does not address the practical application of the motor in its 

physical implementation and the following major disadvantages can be anticipated when 

considering the design details.
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2.8.3 Weight

Because of the increased diameter of the stator and the introduction of a rim, the RDP design 

is likely to have a lower thrust (or lift) to weight ratio than an equivalently powered existing 

BLDC design. 

2.8.4 Balance

It will become quite critical to ensure that the increased rotating mass of the fan is statically 

balanced to avoid an increase in bearing wear and vibration.

2.8.5 Bearing Design

Relatively robust bearings will be required to avoid any shaft wobble that would otherwise 

increase vibration and affect the air-gap tolerances.

2.8.6 Support Structure

The diametrical fan support beams will have to be of a strong and stiff enough design to enable 

the transfer of the thrust forces from the fan whilst also minimising their aerodynamic drag 

effects.

2.8.7 Rotor Inertia

Any increase in rotor mass will increase the inertia of the fan and may reduce its response rate 

to propeller speed changes. This could affect its ability to meet the demands of the rapid 

changes required for current multi-rotor speed control 

2.8.8 Rotational Speed and Propeller/Fan Design

As a result of the decreased fan diameter, the resulting rotational speed of the RDF device may 

be dramatically increased compared to that of the current BLDC motor designs. Fan design and 

blade aerodynamics could be critical to the performance of the RDF device and an increase in 

the number of blades e.g. 4, 5, 6 or more and blade shapes e.g. scimitar curved and wider chord 

lengths will also need to be assessed.
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Chapter 3: Rim Driven Fan (RDF) Performance Analysis

This chapter provides an estimate of the optimum performance likely to be obtained from single 

and dual stage (contra-rotating) RDF configurations for UAV applications.

Electrical rim driven fan technology is a novel application to aircraft propulsion and 

there are many factors that play a part in determining its optimal achievable performance. For 

example, the electrical, magnetic, and thermal properties of the rim driven motor architectures; 

the mechanical strength, mass and friction properties of the materials used, the aerodynamics 

of the fan blades and the efficiencies of the motor drive and control circuitries. Each of these 

factors also require in-depth analyses. The aims of this chapter are to provide a starting point 

from which to get a feel for the rough-order-magnitude of an RDFs performance and to derive

a conventional calculation method suitable for a quick and easy ‘reality-check’ before 

undertaking more accurate numerical (CFD) analysis techniques. Initially the properties of an 

existing aerospace fan design, namely that of the IAE V2500-A5 turbo-fan engine see Fig. 3.1,

which powers the Airbus single aisle family of aircraft, is used to validate this approach. This 

same methodology is then used to estimate a ‘first-guess’ performance prediction for a range 

of single-stage RDFs of varying sizes from 100mm to 500mm diameter, operating over a range 

of speeds from zero to 25,000 RPM. A comparison between a single-stage and a dual-stage 

(contra-rotating) 200mm diameter RDF for a UAV application is then conducted and finally 

an evaluation of the performance and propulsive efficiencies of these RDFs configured with 

and without exhaust nozzles is conducted. 

In common with turbo-fan engines, electrical Rim Driven Fans (RDFs) entrain an 

airflow on which work is done to generate thrust. However, unlike turbofans, this is not 

achieved by elevating a core-flow part of the air to high pressures and temperatures nor by 

combusting fuels resulting in environmentally damaging gas emissions. Instead, RDFs impart 

their momentum to the entire airflow using the electromagnetic interaction of the rim motor 

architecture and the resulting fan rotation. As such they offer an attractive solution for zero-

emission propulsion. One of the most appealing aspects of electrical RDF technology is the 

possibility to arrange the fan rotors in close tandem and energise them to contra-rotate. This 

has the potential to benefit the thrust generation of the overall unit by increasing the thrust per 

unit frontal area and eliminating the efflux swirl, improving its thrust efficiency. The increased 

thrust is generated due to an increase in the fan pressure ratio FPR. 
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Static Performance Analysis

The performance limits of the RDFs considered in this analysis have been established to ensure 

that the fan blades are always operating within the subsonic flow regime. This is because the 

aerodynamic efficiency of the fan blades is considered to significantly degrade as the relative 

velocity of the air to the fan blade nears the sonic (Mach 1) condition. The fan blade velocity v

was determined using: 

2π=
60
Nrv measured in meters per second (3.1)

where N is rotational speed in revolutions per minute (RPM); r is the fan radius. The speed of 

sound in air, a, is mainly dependent on the static air temperature and can be calculated with the 

following formula:

= γR oa T measured in meters per second (3.2)

where γ is the ratio of specific heat capacities; R is the specific gas constant for air; To is the 

static (ambient) temperature. Under International Standard Atmosphere (ISA) conditions, γ = 

1.4, R = 287 J/Kg·K, and To = 288K (15°C). Therefore, the speed of sound in air (a) can be 

calculated as: 

= 1.4×287×288 = 340m sa (3.3)

Table 3.1 provides an overview of RDF diameters versus rotational speeds. The shaded 

areas signify when the RDF would be operating under sonic flow conditions resulting in sub-

optimal performance. The performance analysis of the RDFs was conducted for the subsonic 

operational range of speeds from zero to 30,000 RPM and fan radii from 0.05 to 0.3 m.

A Fan Pressure Ratio (FPR) was first determined based on a design operational fan 

efflux of 100 m/s. Therefore, the differential pressure Δp, across the RDF was estimated using: 

1= = 0.5×1.225×10000 = 6125Pa,
2

2Δp ρv measured in Pascals (3.4)

101325 + 6125= = 1.06
101325

p + ΔpoFPR =
po

(3.5)

where ρ is the air density, kg/m3; po is the static pressure.
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Table 3.1 Overview of RDF diameters versus rotational speeds

RPM

RDF Dia.(m)

0.1 0.2 0.3 0.4 0.5 0.6

0 0 0 0 0 0 0

5000 26 52 79 105 131 157

10000 52 105 157 209 262 314

15000 79 157 236 314 393 471

20000 105 209 314 419 524 628

25000 131 262 393 524 655 785

30000 157 314 471 628 785 942

The specific work (Y) J/kg is a very useful and versatile parameter in the analysis of 

turbomachinery and provides a measure of the work expended by the fan on each kilogram of 

air. It can be evaluated by using the following relationships: 

PY =
M
P
M

measured in Joules per kilogram (3.6)

ΔpY =
ρ

(3.7)

Y = ΔC Uw (3.8)

= CpY ΔT (3.9)

where MM is the massflow, kg/s; ΔCw is the whirl velocity difference, m/s; U is the tangential 

(whirl) velocity, m/s; Cp is the specific heat capacity (of air) at constant pressure (taken as 

1005) J/kg·K. 



51

The Cordier diagram shown in Fig. 3.3 indicates the optimum wheel types based on 

two important fan parameters calculated for the design point: The Fan Specific Speed number 

(σ) and the Fan Specific Diameter number (δ).

The Fan Specific Speed number (σ) is a dimensionless fan performance parameter 

based on the rotational speed of the fan, its volumetric through-flow and the specific work 

supply to the airflow:

3
4

2
2

Vn
Yt

2V 2 (3.10)

where n is rotational speed in revolutions per second (RPS) and VV the volumetric flow (m3/s).

The fan Specific Diameter number (δ) is also a dimensionless fan performance 

parameter but is based on the geometry of the fan its volumetric through flow and the specific 

work supply to the airflow:

4
2

2 π= ×
2

Ytδ D
V 2

π×
2

t
V (3.11)

where D is the fan diameter, m.

The information contained in Table 3.2 relates to the performance of the International 

Aero-Engines (IAE) V2500-A5 Series Turbo-fan engines under International Standard 

Atmosphere (ISA), Sea-Level (SL), static-testing conditions. And has been sourced from the 

V2500-Af EASA Type-Certificate Datasheet No.IM. E.069, [135] and [169].
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Table 3.2 Technical Details of the V2500-A5 Aircraft Engine Fan.

Turbo Fan Engine (Airbus A319, 320, 321) V2500-A5 Series [135][169]

Engine Parameter Value Detailed explanation

Take-off Thrust (N) range 102,480
to

140,560

This is the maximum thrust range produced by 
the -A5 engine under the stationary conditions 
present at the start of the take-off run during 
aircraft operations. The rating of the engine will 
determine its actual maximum thrust capability.

Dry Weight (Mass) (kg) 2404 This is the weight of the engine with all 
equipment necessary for operation installed but 
without oil, coolant, or fuel.

By-pass Ratio 4.5:1 This is a ratio of the massflow of air that passes 
through the engine fan to the massflow of air that 
passes through the engine core.

Nominal mass flow rate 
(kg/s)

384 This is the total massflow of air through the 
engine.

Total Volumetric Flow (ISA 
conditions) (m3/s)

313.5 This is the total volumetric flow of air through 
the engine.

Fan Volumetric Flow (ISA 
conditions) (m3/s)

257 This is the maximum volumetric flow of air 
through the fan.

Fan Diameter (m) 1.6 This is the diameter measured across the inlet 
face of the fan.

Fan Pressure Ratio (FPR) 1.6 This is the ratio of the total pressure at the fan 
outlet to the total pressure at the fan inlet and is 
an indication of the amount of energy that has 
been imparted to the airflow by the fan.

LP Shaft max. Speed (RPM) 5650 The Low Pressure (LP) shaft is the engine shaft 
on which the fan is attached and driven. The 
shaft rotational speed is provided in revolutions 
per minute.

Fan tip-speed (max) (m/s) 473 This is the absolute velocity of the fan blade at 
the tip under the maximum speed and thrust 
conditions. 
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Fig. 3.1 IAE V2500-A5 Aircraft Engine Fan [135]

3.1.1 Engine Thrust Validation Calculations

The following calculations were made to validate the V2500-A5 fan thrust 

performance values contained in Table 3.2 and are based on Rolls-Royce engine test bench 

thrust (static conditions) equations [14].

Engine Thrust = Core Flow (nozzle) Thrust + Fan Flow (by-pass) Thrust (3.12)

The total massflow of air through the engine is 384 kg/s, so the portion of this passing 

through the core of the engine is:

1 1= 384 69.8kg s
5.5 5.5

Core Flow M 3
5 5

M 1 3M 3M (3.13)

At the take-off thrust condition the engine will be operating under ‘choked’ nozzle 

conditions giving a Mach 1 efflux velocity of approximately 340 m/s under ISA SL conditions:

=69.8 340 23732 NCore Thrust (3.14)

At the take-off thrust condition the fan will have a mean efflux velocity determined 

by the fan pressure ratio (FPR) of 1.6. Therefore, the dynamic pressure rise induced by the fan 

is estimated:
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 = ( ) (1.6  101325) 101325 = 60795Pao oDynamic Pressure rise FPR × P - P (3.15)

 = ((2  ) )  ((2  60795) 1.225) 315m sDynamic oFan Efflux Velocity P ρ (3.16)

4.5 4.5= 384 314.2kg s
5.5 5.5

Fan Flow M 3
5 5

M 4.5 3M 3M (3.17)

314.2 315 98973NFan Thrust = Massflow×Velocity Differential M × ΔV 3M ΔV 3M × ΔV 3M × ΔV (3.18)

t 23732 98973 122,705NEngine Thrust =CoreThrust +FanThrus (3.19)

The calculated engine thrust value of 122,705 N lies in the middle of the take-off thrust 

range for the V2500-A5 series engines and validates the selected tabulated values. 
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Fig. 3.2 is a flowchart to illustrate the methodology used to calculate the theoretical 

performance of the existing V2500-A5 Fan and determine the performance characteristics of 

the RDF design.

Fig. 3.2 Methodology used to calculate V2500 and RDF Performances
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Using this methodology, the V2500-A5 fan specific work Y was first calculated: 

1.6×101325 -101325
= = 49628.6 J kg

1.225
ΔPY =
ρ

(3.20)

The fan Specific Speed Number could then be determined using (3.10):

3
4

257.5= 94.2 2 π = 0.96 1
2×49628.6

σ (3.21)

The fan Specific Diameter Number could then be determined using (3.11):

4
2

2×49628.6 π= 1.6× × = 1.57 1.6
2257.5

δ (3.22)

The fan air whirl velocity difference was also determined using (3.8):

49628.6= = 104.9m s
473

YΔC =w U
(3.23)

and the fan tip speed to whirl velocity ratio (Stage Loading) was calculated: 

104.9= = 22%
473

ΔCwStage Loading (Ψ)=
U

(3.24)

The stage loading (the whirl to tangential velocity ratio, ΔCw/U) is a useful indication 

of the fan blade’s ability to transfer energy to the air in relation to the tangential velocity (U)

of the blade. The U value of 473 m/s is a very high (supersonic) fan tip speed and the 22% 

indicates an excellent proprietary fan blade aerodynamic design. Table 3.3 lists the calculated 

values for the V2500-A5 fan and the five-pointed star marker in Figure 3.3 indicates that the 

fan is positioned close to the optimum performance curve of the Cordier diagram. The V2500 

engine Design Point, for optimum efficiency, would normally be the aircraft cruise mode at 

altitude. However, this basic analysis has shown that even under the assumed ISA Sea Level 

conditions the fan also performs very well.
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Table 3.3 Calculated performance values for the V2500-A5 Aircraft Engine Fan.

Turbo Fan Engine (Airbus A319, 320, 321) V2500-A5

Fan Speed Number 1

Fan Diameter Number 1.6

Tip Speed to Whirl Velocity Ratio 
(ΔCw/U)

22%

Fig. 3.3 Cordier Diagram [136]

3.1.2 Input (Shaft) Power Requirement for Optimum RDF Performance

Equation (3.8) dictates that small diameter fans must rotate at much higher speeds than large 

commercial turbofans to achieve the Specific Work input required to generate thrust for 

propulsion. The following analysis studies Rim Driven Fans of varying diameters between 100 

RDF Fan Design

V2500 Fan Design
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and 500 mm. These fans are considered to operate with optimum performance in the sub-sonic 

flow regime (refer to Table I). Having a 17% Euler fan ratio which is representative of the 

state-of-the-art hub-driven electrical ducted fans (EDFs) used for small unmanned and model 

aircraft propulsion [137]. 

The analysis was based on a 17% Euler fan ratio. Whereby the fan whirl velocity 

difference (ΔCw) is 17% of the fan tangential tip-speed (U). The difference in whirl velocity is 

the difference between the fan entry plane whirl (Cw1) and its exit plane whirl (Cw2), where: 

ΔC = C - Cw w2 w1 measured in metres per second (3.25)

This allowed a specific work value (Y) to be calculated using (3.8): 

wY = ΔC U measured in Joules per kilogram (3.26)

Assuming International Standard Atmosphere sea-level conditions, (3.7) was used to 

calculate values of the fan pressure rise for a range of fan speeds from zero to 25,000 

revolutions per minute (RPM): 

Δp = Y × ρ measured in Pascals (3.27)

A volumetric flow estimate for the RDF was then calculated based on the fan inlet 

diameter and assuming a fan flow co-efficient Kfan = 0.95: 

fan

π2×= K × ×
4

2 2
rim hubD - DΔpV

ρfan= K ×fV measured in cubic metres per second (3.28)

A mass flow estimate was calculated using the following relationship: 

M = ρVM = ρV measured in kilograms per second (3.29)

and an input power value determined with the following equation: 

P = MYMY measured in Watts (3.30)

The dimensionless fan pressure ratio (FPR) is the ratio of the fan’s input total pressure 

to its output total pressure. This was derived using the static air pressure value po = 101325 Pa: 

p +(Yρ)oFPR = po (3.31)
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3.1.3 Single Stage RDF Results

For the range of speeds analysed the Specific Speed and Specific Diameter values for the RDF 

were determined to be: σ = 1.7 and δ = 1.03 using equations (3.13) and (3.14), respectively. 

These values have been plotted on the Cordier diagram and are indicated by the four-pointed 

star marker in Fig. 3.3.

Fig.. 3.4 shows the performance curves representing the input (shaft) power required to 

drive the single-stage RDF fans of varying diameters over the range of speeds. And Tables 3.4

to 3.8 provide the numerical values calculated at interval speeds of 5,000 RPM. By way of 

example, a 200 mm diameter RDF operating at 15,000 RPM would be expected to require input 

supply power to the fan in the order of 13.827 kW. Assuming an electro-magnetic circuit 

(motor) efficiency of 90%, this would mean an RDF supply power of 15.4 kW. The same 

diameter fan would provide a fan pressure ratio of FPR 1.05, an efflux velocity in the region 

of 82 m/s and thrust values of around 272 N. 

Fig. 3.4 Single-stage RDF power requirements for a range of inlet diameters
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Table 3.4 Calculated RDF Performance Values for Input (shaft) Power

Fan 

Speed 

(RPM)

RDF-Fan Diameter (mm)

100 150 200 300 400 500

Optimum RDF Input (shaft) Power (W)

0 0 0 0 0 0 0

5000 16 122 512 3889 16387 50010

10000 128 972 4097 31110 131099 400082

15000 432 3281 13827 104997 442458

20000 1024 7778 32775 248883 Sonic 

Fan-

Flow25000 2000 15191 64013

Table 3.5 Calculated RDF Values for Fan Pressure Ratio

Fan 

Speed 

(RPM)

RDF-Fan Diameter (mm)

100 150 200 300 400 500

Optimum RDF Fan Pressure Ratio (FPR)

0 1 1 1 1 1            1

5000 1.001 1.003 1.01 1.01 1.02 1.04

10000 1.006 1.01 1.02 1.05 1.09 1.14

15000 1.013 1.03 1.05 1.11 1.20

20000 1.023 1.05 1.09 1.20 Sonic 

Fan-

Flow25000 1.035 1.08 1.14
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Table 3.6 Calculated RDF Values for RDF Static Thrust

Fan 

Speed 

(RPM)

RDF-Fan Diameter (mm)

100 150 200 300 400 500

Optimum RDF Static Thrust (N)

0 0 0 0 0 0 0

5000 2 10 30 153 483 1179

10000 8 38 121 611 1932 4717

15000 17 86 272 1376 4348

20000 30 153 483 2446 Sonic 

Fan-

Flow25000 47 239 755

Table 3.7 Estimated RDF Efflux Velocity

Fan 

Speed 

(RPM)

RDF-Fan Diameter (mm)

100 150 200 300 400 500

Optimum RDF Efflux Velocity (m/s)

0 0 0 0 0 0 0

5000 14 21 27 41 55 69

10000 27 41 55 82 110 137

15000 41 62 82 124 165

20000 55 82 110 165 Sonic 

Fan-

Flow25000 69 103 137
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Table 3.8 Estimated RDF Mass flows

Fan 

Speed 

(RPM)

RDF-Fan Diameter (mm)

100 150 200 300 400 500

Optimum RDF mass flow (kg/s)

0 0 0 0 0 0 0

5000 0.14 0.46 1.10 3.71 8.79 17.17

10000 0.27 0.93 2.20 7.42 17.58 34.34

15000 0.41 1.39 3.30 11.13 26.37

20000 0.55 1.85 4.40 14.83 Sonic 

Fan-

Flow25000 0.69 2.32 5.49

3.1.4 Dual Stage (Contra-Rotating) RDF Results

As discussed in the introduction section of this thesis a two stage contra-rotating RDF offers 

the potential for performance improvements over a single-stage RDF for any given fan 

diameter and rotational speed. The contra-rotating fan analysis was based on a 34% Euler fan 

ratio. Whereby the fan whirl velocity difference (ΔCw) is comprised of 17% of the fan 

tangential tip-speed (U) in the clockwise direction and 17% in the anti-clockwise direction (i.e. 

34% in total). One of the added advantages of the contra-rotating fan arrangement is that the 

efflux has a minimal, or zero, swirl velocity component further improving the thrust efficiency. 

By way of example, Table 3.9 provides a comparison of analysis results for single-stage 

and contra-rotating RDFs with a 200 mm diameter RDF operating at 15000 RPM. 

Figs. 3.5 and 3.6 show the plotted results of the single stage versus contra-rotating RDF 

performance comparison over a speed range of zero to 25000 RPM. 
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Table 3.9 Comparison of Single-stage and Contra-rotating RDFs

Fan Diameter= 200 mm, Fan Speed 15000 RPM

Parameter Single-Stage 

RDF

Contra-Rotating 

RDF

Input Power (Shaft) 

(kW)

13.8 39.1

Fan Pressure Ratio 

(FPR)

1.05 1.1

Thrust (N) 272 543

Efflux Velocity (m/s) 82 117

Mass flow (kg/s) 3.3 4.66

Fig. 3.5 Single and Dual-Stage RDF Power Requirements
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Fig. 3.6 Single and Dual-Stage RDF (a) Thrust and (b) Efflux Performances.

Dynamic Performance Analysis (in-flight)

To determine the thrust generated by the RDF in flight it is first necessary to define the gross 

thrust, the momentum drag, and the net thrust terms. The gross or total thrust is the product of 

the mass of air passing through the fan and the jet velocity at the propelling nozzle and can be 

expressed as:

o eGrossThrust =(P - P )A+MVeMVe , measured in Newtons (3.32)

where P is static pressure across the propelling nozzle, Po is the ambient static pressure, MM is

the mass flow of air through the fan, A is the propelling nozzle area and eV is the fan efflux 

velocity at the propelling nozzle.

The momentum drag is the drag due to the momentum of the air passing into the fan 

relative to the aircraft velocity and can be expressed as:

aMomentumDrag = MVaMVa , measured in Newtons (3.33)

Where: aV is the velocity of the aircraft.

The net thrust is the resultant force acting on the aircraft in flight and is the difference 

between the gross thrust and the momentum drag:
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o e aNetThrust = P - P A+MV - MVe aMV - MVe a measured in Newtons (3.34)

Equation (3.34) is widely used in aeronautical engineering to determine the net thrust of jet 

engines that operate with the propelling nozzle in the choked condition. As the RDF operates 

with a non-choked nozzle the o(P - P )A term does not apply. Thus, the thrust of the RDF 

results only from the momentum change in the fan airflow and is expressed as:

e aNetThrust = MV - MVe aMV - MVe a (3.35)

Equation (3.35) can be expanded and re-arranged, to estimate the RDF efflux velocity 

(Ve) for a given value of input (shaft) power over a range of aircraft speeds (Va). As follows:

1 1= -
2 2

3 3
shaft f e e i aP ×η ρAV ρAV (3.36)

3= +shaft f 3i
e a

e e

2P ×η AV ×V
ρA A

(3.37)

where shaftP is the motor shaft power, f is the fan isentropic efficiency (typically 85% to 90%), 

is static air density, iA is the inlet annulus area and eA is the nozzle cross-sectional area. 

Fan efflux velocity is significantly influenced by the ratio of the inlet and nozzle areas 

and also the forward airspeed of the aircraft.

3.2.1 RDF Propulsive Efficiency Calculations and Comparisons

In Chapter 1 the concept of Propulsive Efficiency (i.e. the amount of power produced by the 

motorised fan that appears as thrust power on the aircraft) is introduced and discussed. 

Propulsive efficiency ( pη ) can be defined using the following equation: 

a
p

f a

2Vη =
V +V

(3.38)

Equation (3.38) indicates that the propulsive efficiency can be improved by reducing 

the ratio of the fan efflux velocity (Vf) to the aircraft velocity (Va). The dynamic (in-flight) 

performance of the RDF was calculated using equations (3.36, 3.37 and 3.38) using MATLAB 

software. The graphical outputs from these calculations, refer to Figs. 3.6 to 3.13, give a good 
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indication of the estimated dynamic performance of the RDF. Although, it must be noted that 

the propulsive efficiency curves, see Figs. 3.13 and 3.14, have been idealised as the actual 

aircraft drag characteristics have not been taken into consideration.

3.2.2 Ram Ratio / Ram Pressure Recovery

The forward speed of the aircraft provides a ram-ratio effect which causes extra air to be taken 

into the RDF thus increasing the mass-flow and efflux velocity. This effect tends to offset the 

extra intake momentum drag and is particularly significant at higher speeds e.g. Va > 120m/s. 

Two sets of graphs are provided indicating the RDF dynamic performance with and without a 

propulsive nozzle, see Figs. 3.7 to 3.14. The MATLAB script used to generate these graphs are

provided in Appendices B1 and B2.

Fig. 3.7 Fan Differential Airspeed versus Aircraft Speed (Without Nozzle)

Fig.3.7 shows how the difference in the velocity of the air entering and exiting the fan 

(differential airspeed) decreases as the aircraft speed increases. This is the normal characteristic 

of most existing electrical ducted fans. It is associated with low speed fan devices that produce 

low-pressure ratios and are therefore speed limited by their exhaust efflux velocities.



67

Fig. 3.8 Fan Differential Airspeed versus Aircraft Speed (With Nozzle)

Fig.3.8 shows the characteristic of a fan with a nozzle fitted. The difference in the velocity of 

the air entering and exiting the fan (differential airspeed) initially decreases then begins to 

increase again. This known as the ‘ram effect’ which benefits fans with nozzles because they 

accelerate the exhaust airspeed. However, to achieve this the fan must be capable of providing 

higher pressure ratios and requires more power to overcome the pressure losses associated with 

the nozzle.     

Fig. 3.9 Thrust versus Aircraft Speed (Without Nozzle)

Fig.3.9 shows how the thrust reduces with airspeed for conventional low speed fan devices 

(without nozzles) that produce low-pressure ratios. 
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Fig. 3.10 Thrust versus Aircraft Speed (With Nozzle)

Fig.3.10 shows how the thrust initially reduces, then increases with airspeed because of the 

‘ram-effect’. This is characteristic of high-speed fan devices with nozzles, such as the RDF. To 

generate the increase in thrust, more power must be supplied to the fan.

Fig. 3.11 Fan Massflow versus Aircraft Speed (Without Nozzle)

Fig.3.11 shows the ‘ram effect’ and how the massflow through the fan would increase with the 

forward speed of the aircraft. However, for low pressure fan devices this massflow 

characteristic is purely theoretical in nature because the reduction in fan differential airspeed 

inhibits the generation of thrust by the fan thus preventing it from attaining higher airspeeds. 
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Fig. 3.12 Fan Massflow versus Aircraft Speed (With Nozzle)

Fig.3.12 shows the ‘ram effect’ and how the massflow through the fan would increase with the 

forward speed of the aircraft. For high pressure fan devices, with higher exhaust air velocities, 

this massflow characteristic is realistically achievable and results in increased thrust 

performance as seen in Fig.3.10. 

Fig. 3.13 Propulsive Efficiency versus Aircraft Speed (Without Nozzle)

Fig.3.13 shows the propulsive efficiency characteristic of a conventional low-pressure fan 

device (without a nozzle). This is an idealised condition whereby the fan efflux velocity is 

eventually equal to the aircraft speed and therefore the propulsive efficiency reaches 100%. In 

practice this would not be possible because no account has been given to the drag characteristic 

of the aircraft. However, this graph serves to provide an efficiency comparison with the high-

pressure fan device (with a nozzle). See Fig.3.14.    
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Fig. 3.14 Propulsive Efficiency versus Aircraft Speed (With Nozzle)

Fig.3.14 shows the propulsive efficiency characteristic of a high-pressure fan device (with a 

nozzle). This is also an idealised condition because no account has been given to the drag 

characteristic of the aircraft. The propulsive efficiency of a fan with a nozzle is less efficient 

than a fan without a nozzle. This is because the nozzle always ensures a differential airspeed 

between the inlet and the exhaust and therefore the fan efflux velocity can never become equal 

to the aircraft speed.   

Summary

The analysis in this chapter provides the estimated static performance of single and dual-stage 

rim driven fans of various inlet diameters over a wide range of speeds and an estimated dynamic 

performance of a 200mm inlet diameter RDF

An important limiting factor of larger diameter fans is their tip-speeds. This is because 

the aerodynamic performance of the fan degrades markedly when the airflow becomes sonic. 

For example, a 500 mm diameter fan reaches Mach 1 (sonic velocity) at 13000 RPM under 

ISA sea level conditions. It was also determined that the input power required to drive an RDF 

increases with a polynomial relationship in degree five to an increase in the fan diameter. For 

example, a simple doubling of fan diameter (fan diameter x 21) will require an increase of 

approximately thirty-two times the input power at the same speed (input power increase x 25). 

A trebling of the fan diameter (fan diameter x 31) will require an increase of approximately two 

hundred and forty -three times the input power at the same speed (input power increase x 35). 

The analysed RDF input-power requirements are presented in the log-linear curves of Fig. 3.4.

The tabulated results also demonstrate how high fan-blade speeds are essential to generating 

high fan pressure ratios and efflux velocities. In Table 3.7 it can be seen that a 100 mm diameter 
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RDF operating at 15000 RPM provides an efflux velocity of 41 m/s whilst a 200 mm diameter 

RDF operating at the same 15000 RPM provides an efflux velocity of 82 m/s. Indicating that 

the efflux velocity varies in direct proportion to the fan diameter for a given RDF rotational 

speed. This observation concurs with established fan ‘velocity triangle’ vector theory 

commonly employed to determine fan blade angles [117].

It was concluded that, although there is marked increase of input power with diameter, 

there is a lesser increase in efflux velocity. However, there is a marked increase in mass-flow 

and thrust with diameter which are generated by the relatively small increments in the fan 

pressure ratio (FPR) values listed in Table 3.5. For example, the 200 mm RDF operates with 

an FPR = 1.02 (at 5000 RPM) and generates 30N of thrust, whereas the same diameter RDF 

operating with an FPR = 1.05 (at 15000 RPM) generates 272 N of thrust. 

An additional effect of increased FPR and the associated rise in total pressure across 

the fan is an increase in the airflow static temperature. It was concluded that this airflow 

temperature rise would manifests itself as an RDF inefficiency unless it is minimised and

utilised by design. Minimisation can be achieved by ensuring that the design-point fan pressure 

ratio of the RDF correctly matches the intended aircraft speed as closely as possible and hence 

maximises the overall propulsive efficiency of the aircraft. Which is best achieved using 

aircraft with low drag coefficients. Utilisation can be achieved by careful design of the RDF 

nozzle section to ensure smooth exhaust air expansion and acceleration to the ambient free-

stream conditions. Thus, it was concluded that if an RDF, or indeed any type of electrical 

ducted fan (EDF), is to be used for high-speed subsonic propulsion to match modern 

commercial turbo-fan aircraft capabilities. It would be important to ensure that the fan and 

airframe assembly have much improved aerodynamic and operational efficiencies to those of 

conventional, state-of-the-art ‘wing and tube’ airframes with large diameter turbofans. In this 

respect, blended wing-body aircraft and distributed thrust propulsion systems [7] offer an 

attractive solution. Under such circumstances, the installation of multiple dual-stage contra-

rotating RDFs could be of benefit. For example, the results of the static performance analysis 

conducted indicated that a 400 mm diameter contra-rotating RDF, can provide approximately 

8.7 kN of thrust with an efflux velocity 240 m/s (Mach 0.7) and an FPR = 1.4. Whilst also 

offering electric motor drive efficiencies more than 90%, with relatively low temperature 

material operations and zero emissions. 
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This chapter has determined optimum performance parameters applicable to single-

stage and contra-rotating rim driven fans (RDFs) that are intended for the electrical propulsion 

of UAVs. It has also presented an analytical methodology suitable to a ‘first-guess’

performance prediction for a range of RDFs of varying sizes and over a range of operating 

speeds. 
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Chapter 4: Aerodynamic Analysis: Hub-less RDFs

Analysis Methodology

This chapter is concerned with the aerodynamics of hub-less RDFs and details a two-

dimensional vector analysis and calculation methodology to determine suitable fan blade 

architectures. It also provides a detailed aerodynamic and numerical CFD analysis, a discussion 

of a hub-less RDF concept device and defines the fan blade angles and aerodynamic profiles 

for a proposed hub-bearing concept demonstrator prototype RDF device. 

Initially, the analysis methodology was applied to a single stage fan device based on 

the generic EDF data in Table 4.1 and was conducted using a semi-empirical 2D “pitch line” 

calculation [138-140]. The results of this initial analysis are summarised in Table 4.2. This 

analysis methodology was then used to obtain the performance and size of the contra-rotating 

RDF assembly which is detailed in the subsequent section of this thesis. Euler’s principle 

relating to the rate of increase of angular momentum of a perfect (inviscid) fluid, between fan 

inlet and outlet, was applied in the initial 2D “pitch line” analyses based on the power exerted 

by the fan as defined by the following equation [141]:

w2 2 w1 1Tω= C ωr dm- C ωr dmw1 1C ωr dmw1 1m- , measured in Watts (4.1)

where T is in (Nm), ω is in (rads/s), r is in (m) and dmm (kg/s).

To conduct these analyses, some general assumptions, common to both the EDF and 

RDF, were made. It was assumed that the fans were operating under steady-state thrust 

conditions in International Standard Atmospheric (ISA) sea level static (freestream) conditions 

with: an inlet ambient temperature of 15°C (288 K); air density of ρ = 1.225 kg/m3 and static 

pressure p = 101325 Pa. 

A free vortex condition was also assumed, whereby the swirl velocity is inversely 

proportional to the radius position on the fan blade, and there is a constant absolute axial flow 

velocity Ca through the fan device. It has also been considered that the inlet and outlet fan 

tangential velocities are equal (i.e. U1 = U2) and there is an increase in air density as it passes 

through the fan. Finally, CFD modelling of the contra-rotating RDF assembly using a “sliding 

mesh” technique was achieved using the fan blade architectures derived from these 2D 

calculations. The CFD model is described in Section 4.6 and the results were considered to
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provide a more accurate account of RDF performance relating to airflow velocity and pressure 

profiles and distributions. 

Table 4.1 Generic Design Point of an Electrically Ducted Fan (EDF)

Parameter Value

Thrust 95 N

Exhaust Speed 103 m/s

Rotational Speed 29,250 RPM

Input Power (shaft) 7.15 kW

Fan Swept Area 82 cm2

Inner Shroud Diameter 120 mm

Hub Diameter 40 mm

Motor Diameter 63 mm

Overall Efficiency (ηo) 70.5%

Generic EDF Analysis

Initially, the mean diameter (Dm) of the annulus was calculated which then allowed 

the Tangential Velocity (U) of the fan blades at the mean diameter to be determined:

=
2

outer inner
m

D + DD measured in metres (4.2)

π=
60

mNDU measured in metres per second (4.3)

Then the mass-flow ( mm ) of the air passing through the EDF was calculated for the 

maximum thrust under static conditions. Under the specified conditions (Table 4.1) the EDF is

operating as a steady-flow system. Euler’s principle of angular momentum can be applied to 
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the flow through the fan rotor to establish the difference between the angular velocity at the 

mean diameter and hence the whirl velocity difference ΔCW between the fluid entering and 

leaving the EDF:

2 1

Thrustm=
V -V
Thrusm= measured in kilograms per second (4.4)

W
PΔC =

mUmU
measured in metres per second (4.5)

Fan Pressure Ratio (FPR) is the dimensionless ratio of the total pressure at the fan 

outlet to that at its inlet and has been calculated assuming a general isentropic efficiency value 

(ηs) of 0.85. The isentropic efficiency provides an indication of the amount of work that is 

usefully employed in raising the pressure to that which is dissipated in friction. Once the FPR

is established the actual difference in pressure generated by the fan can be calculated and then 

a value for the Specific Work (Y) can then be determined:

γ
γ-1

s
p

= 1+
C

Tout w

Tin o

P UΔCFPR = η
P T

(4.6)

T Tin TinΔP = FPR×P - P measured in Pascals (4.7)

T

1

ΔPY =
ρ

measured in Joules per kilogram (4.8)

The rise in pressure across the fan will be accompanied by a temperature rise in the 

air and changes in its density. The following formulae were used to provide values for the 

actual temperature rise and the mean air density through the fan. On establishing the mean air 

density, an average value of volumetric flow rate through the fan was then calculated:

p

=
CActual
YΔT measured in Kelvins (4.9)

=
R

m
m

Pρ
T

measured in kilograms per cubic metres (4.10)

m

mV =
ρ
mV = m

measured in cubic metres per second (4.11)
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The value of input power from Table 4.1 (7.15 kW), was compared with the value 

calculated using equation (4.12) as a “validity check” for the chosen methodology and the 

difference provided a minimal error of −0.4%:

pC ×
=in

overall

ΔT
Input Power(P )

η
measured in Watts (4.12)

In the absence of outlet guide vanes, the resulting swirl element in the exhaust air from 

a single stage fan has the effect of reducing its maximum obtainable thrust. This has been 

determined in terms of a fan swirl parameter “K” based on a “free vortex” swirl distribution. 

The swirl power in the exhaust air was calculated using the following formula:

2

swirl
f

mKP =
A

2mK (4.13)

where,

TK =
mm

(4.14)

and,

×60
= =

2×π×
shaftP

T Shaft Torque
N

(4.15)

where fA is the fan swept area (m2), tip hubr r , T is the shaft torque (Nm) and mm the fan 

massflow (kg/s) . This indicated that without outlet guide vanes the percentage of power lost 

in swirl effects would be 7.1%. However, the generic fan data of Table 4.1 has been derived 

from EDF units with outlet guide vanes installed. Their effectiveness was evaluated in terms 

of percentage power loss by calculating the rate and direction of kinetic energy transfer from 

the fan to the airflow, which resulted in a percentage of total power dissipated (lost) in a swirl

with outlet guide vanes of 3.2%. 

The power exerted on the airflow by the fan is:

f WP = m×U×ΔCm×U×ΔC (4.16)

The power required to accelerate the air axially for thrust:
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1=
2

2
a aP mC2

amCa (4.17)

Swirl power loss calculated with outlet guide vanes installed:

s f aP = P - P (4.18)

There are various factors to be considered when selecting the ideal fan or compressor 

geometry for an application. Common choices of wheels are radial, diagonal, axial and drum

rotors. Fortunately, there already exists much guidance literature on this topic and a valuable 

aid often used in this selection process is the Cordier Diagram shown in Fig. 4.1.

``

Fig. 4.1 Cordier Diagram [142]

The Cordier diagram indicates optimum wheel types based on two important fan 

parameters calculated for the design point. Namely, the Fan Speed number (σ) and the Fan 

Diameter number (δ). A theoretical derivation of these parameters and the associated Cordier 

diagram can be found in the paper by Epple et al. [142]. The Fan Speed Number (σ) is a 

dimensionless fan performance parameter based on the rotational speed of the fan, its 

volumetric through-flow, and the specific work supply to the airflow:
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3
4

= 2 π
2 t

Vσ N
Y

2 πV (4.19)

The fan diameter number (δ) is also a dimensionless fan performance parameter but 

is based on the geometry of the fan its volumetric through flow and the specific work supply 

to the airflow:

4
2

2 π= ×
2

tYδ D
V 2

π×
2

t

V
(4.20)

Table 4.2 Generic EDF Analysis Results derived from Table 4.1 Input Data

Parameter Analysed Calculated value

Mean diameter (Dm) 91.5mm

Tangential Velocity (U) 140.1 m/s

Mass-flow ( mm ) 0.992 kg/s

Whirl velocity difference (ΔCW) 39 m/s

Fan Pressure Ratio (FPR) 1.06

Total Pressure Difference (ΔPt) 6080 Pa

Specific Work (Y) 4963.3 kJ/kg

Temperature Rise (ΔTActual) 5°C

Mean air density (ρm) 1.263 kg/m3

Volumetric flowrate (VV ) 0.730 m3/s

Input Power (Pin) 7121 W

Swirl power (Pswirl) 357.4 W

Swirl parameter (K) 1.783 m2/s

Fan Shaft Torque (T) 1.644 Nm

Power exerted on the airflow by the fan (Pf) 5051 W

Power required to accelerate the air axially (Pa) 4891 W



79

Swirl power loss (Ps) 160 W

The Fan Speed Number (σ) 1.48

The fan diameter Number (δ) 1.24

Reference to the Cordier diagram (Fig. 4.1) indicates that the fan speed and diameter 

numbers place the optimum form, for this generic fan example, to be a diagonal, tending toward 

axial, fan type with a relatively high hub to fan diameter ratio.

In line with accepted practice in the analysis of airflow through rotating devices, 

speed-triangles have been generated to depict the magnitude and direction of the velocity 

vectors being analysed applicable to the mean fan blade radius. This is a two-dimensional flow 

analysis technique in which the velocity components of the airflow are being considered in the 

axial and the tangential (known as the “whirl velocity”) directions only. This method is 

commonly employed in axial compressor analysis where blade root-to-tip radius differences 

are relatively small. As the tangential velocity (U) of the blade has the same value at its inlet 

and outlet, the velocity triangles in Fig. 4.2, have been constructed on a common base. It is 

considered worth mentioning the importance of the speed of sound on the relative velocity V1

and the effect that introducing a C1 impingement angle α1 (which is 0° in Fig. 4.2), using Inlet 

Guide Vanes (IGVs), has on decreasing the magnitude of the V1 vector.

Fig. 4.2 Single-stage EDF (a) Fan blade section and (b) Vector ‘Speed’ Triangles
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The inlet angle of the relative velocity vector V1 is denoted β1 and was determined 

using the following relationships:

2 2
1 1V = U +C measured in metres per second (4.21)

tan m
1m

a

Uβ =
C

(4.22)

The outlet angle of the relative velocity vector V2 is denoted β2 and was determined 

using the following relationship:

tan m w2
2m w2 2

a

U -Cβ = C ωr dm
C

m (4.23)

Table 4.3 provides the results of the blade calculations:

Table 4.3 Single-Rotor Fan Blade Air Angles (EDF)

Blade 
Position

Inlet Angle Outlet Angle Deflection Angle

ε = β1 − β2

Root β1r = 43° β2r = 21° ε = 22°

Mean β1m = 53.7° β2m = 44.5° ε = 9.2°

Tip β1t = 61° β2t = 56° ε = 5°
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Fig. 4.3 Design deflection curves; data from [119]

The optimum number of annularly spaced fan blades has been determined by a semi-

empirical analytical technique using Fig. 4.3 [24]. This set of master curves is a graphical 

representation of the results of a large number of tests conducted on different forms of blade 

cascades [143]. The nominal deflection angle (ε) is plotted against the blade outlet angle (β2)

with the pitch (spacing)/chord ratio (s/c) as a parameter. By way of example, for the mean 

radius position, the deflection angle is 10° and the outlet angle β2 is approximately 45°. From 

Fig. 4.3 the resulting value for the pitch (spacing) /chord ratio (s/c) ≈ 1.7.

The aspect ratio for the blade height/chord (h/c) was also selected from empirical and 

experiential results to be most effective at approximately h/c = 3.0. The blade height at the 

mean radius position of the generic EDF hm then becomes:

m
Rim Dia.- Hub Dia.h =

2
measured in metres (4.24)

The chord length at the mean radius position of the generic EDF cm then becomes:

=
3
m

m
hc measured in metres (4.25)

The pitch (spacing) of the fan blades s and number of blades n are determined as:

×1.7ms = c measured in metres (4.26)

2π= mrn
s

(4.27)

The results of the EDF rotor dimensional analysis have been summarised in Table 4.4.
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Table 4.4 Single-Rotor Fan Dimensions (EDF)

Parameter Analysed Calculated value

Mean blade height (hm) 40 mm

chord length at the mean radius 
position (cm)

13.3 mm

pitch (spacing) of the fan blades (s) 23 mm

number of blades (n) 12

Contra-Rotating Fan (RDF) Analysis

Fan design literature postulates that contra-rotating fan stages can provide an increase in the 

pressure ratio and hence fan airspeed and thrust for a given inlet area [109]. Additionally, there 

are efficiency benefits from the exhaust swirl cancellation. For the purpose of the following 

contra-rotating fan analysis the axial air velocity through the fan has been considered constant 

and equal to the ambient airspeed (Ca = C1 = C4 = constant). 

The following analysis has been conducted to provide an initial estimate of the fan 

pressure ratio (FPR), fan blade design, thrust and input power requirements of a hub less Rim 

Driven Fan intended to provide a relatively high-speed exhaust air velocity of approximately 

150 m/s (i.e. 540 kph, 336 mph or Mach 0.44 at ISA SL conditions). Using the following 

equation an initial estimate of FPR = 1.145 was established to provide an exhaust airspeed of 

Ca = C4 = 151.1 m/s:

1
γ-1 2
γ

o
2γ= R -1

1- γ
2

4RDF
o

PC T
P

measured in metres per second (4.28)

To achieve an overall FPR of 1.145 would requires two equal stage pressure ratios of:

= 1.145STAGEFPR (4.29)
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Under these conditions the total pressure rise and specific work across the first stage 

of the RDF were evaluated. The mean air density was then determined and values for the mass 

and volumetric airflows through the RDF were established (Table 4.5).

mRDF RDF 4RDFm = A ×C × ρRDF RDm = ARDF RDR (4.30)

Table 4.5 Contra-rotating first-stage fan (RDF) Analysis Results

Parameter Analysed Calculated value

Fan Pressure Ratio (FPR) 1.07

Total Pressure Difference (ΔPt) 7092.75 Pa

Specific Work (Y) 5790 kJ/kg

Temperature Rise (ΔTActual) 5.8°C

Mean air density ( m) 1.262 kg/m3

Mass flowrate ( RDFmRDFm ) 2.1 kg/s

Volumetric flowrate (VV ) 0.730 m3/s

The Fan Speed Number (σ) 3.35

The fan diameter number (δ) 0.72
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Fig. 4.4 Contra-rotating dual-stage RDF “Speed Triangle” Diagrams (a) Rotor 1 and (b) Rotor 2

Reference to the Cordier diagram (Fig. 4.1) indicates that the fan speed and diameter 

numbers, applicable to individual stages only, confirm that the optimum form for the RDF is a 

pure axial flow fan. It was assumed that the absolute velocity (speed and direction) of the air 

leaving the first stage (rotor 1) is equal to the absolute velocity of the air impinging on the 

second stage (rotor 2) i.e. C2 = C3. Additionally, with reference to Fig. 4.4, the vector 

component of the whirl velocity Cw2 is in the negative direction and accounts for the whirl 

component reversal of Cw1. The algebraic sum of the whirl components (ΔCw = Cw1 + Cw2) was 

used to calculate the power exerted by the rotors. As with the generic EDF, the aspect ratio for 

the blade height/chord (h/c) was selected at approximately h/c = 3.0. Then: the blade height h

at the mean radius position rm; the chord length at the mean radius position; the pitch (spacing) 

of the fan blades s and the number of blades n were calculated for the RDF, (Table 4.6):

=
2m

Tip rad.- Hubless rad.r (4.31)

It was assumed that the removal of the exhaust swirl has the effect of “straightening” 

the exhaust airflow so that its velocity acts purely in the axial direction. This assumption 

allowed the following relationship to be developed enabling a total value of ΔCw to be 

calculated based simply on axial airflow and fan blade tangential velocity values.

U =ωr (4.32)

1=
2

2
wmUΔC mv1

2
2

wmUΔC mv1=wUU (4.33)
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=
2

2

W
vΔC
U

(4.34)

where the total value of whirl velocity is the sum of both rotor stages:

W W1 W2ΔC = ΔC + ΔC (4.35)

and the value for each stage was determined as:

W1 W2ΔC = ΔC (4.36)

If a value of isentropic efficiency of 85% is assigned [141], the following equation 

allows the contra-rotating fan stage pressure ratio and the change in the airflow whirl velocity 

to be checked.

γ
γ-1

p

= 1+
C

w2
s

o o

UΔCP η
P T

(4.37)

where Po is the total pressure at the inlet to the first fan stage and P2 is the total pressure at the 

outlet of the second fan stage. The pressure ratio equation (4.37) can be used to calculate the 

overall fan pressure ratio when both rotors are operating at the same speed. The contra-rotating

fan FPR value represents an increase of twice that of the single stage EDF previously analysed 

in this thesis.

Table 4.6 Contra-rotating dual-stage RDF Parameters

Parameter Analysed Calculated value

Absolute Axial Velocity (Ca) 151.1 m/s

Mean blade height (hm) 50 mm

Hub-less core diameter 20 mm

Rim diameter 120 mm

Hub to tip ratio 20/120 = 0.167

Root radius 10 mm

Mean radius position (rm) 35 mm

Tip radius 60 mm

Hub-less radius 10 mm

Mean chord (cm) 16.6 mm

Fan blade spacing (s) 28.2 mm
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Number of fan blades (n) 8

Swept area (annulus) 110 cm2

Tangential root velocity (Uroot) 31 m/s

Mean tangential velocity (Umean) 107 m/s

Tangential tip velocity (Utip) 184 m/s

Root whirl velocity difference (ΔCW1root) 61.2 m/s

Mean whirl velocity difference (ΔCW1mean) 53.24 m/s

Tip whirl velocity difference (ΔCW1tip) 30.6 m/s

RDF pressure ratio P2/Po 1.122

RDF Thrust 317 N

RDF Shaft Power 23971 W

RDF Input Power 34001 W

Rotor 1 inlet relative velocity (V1) 185.1 m/s

Absolute velocities (C2 = C3) 160 m/s

Rotor 2 inlet relative velocity (V3) 220 m/s

Rotor 2 outlet relative velocity (V4) 185.3 m/s

An estimate of the thrust and power requirements was then determined:

RDF 4RDFThrust (RDF)=m ×CRDF 4RDm ×CRDF 4 measured in Newtons (4.38)

RDF wShaft Power (RDF)=m ×U × ΔCRDFm ×U ×RDF measured in Watts (4.39)

o

Shaft PowerInput Power =
η

(4.40)

The RDF Rotor 1 inlet relative velocity vector (V1) was calculated as follows:

2 2
1 m aV = U + C (4.41)

RDF Blade Angles Determination

Using derived trigonometric relationships, the magnitudes and directions of the absolute and 

relative air velocities were calculated for pitch line conditions at the fan blade root, mean and 

tip positions. The following tabulated equations see Table 4.7, have been provided to illustrate 

the methodology used and are applicable to the mean fan blade position. The RDF Rotor 2 fan 

blade inlet and outlet angles (β3 and β4) were determined in a similar way as for Rotor 1, where 

C1 = 151.1m/s and therefore: C1 = C4 = 151.1m/s and C2 = C3.
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Table 4.7 Contra-rotating dual-stage RDF derived trigonometric relationships

Parameter Description Trigonometric Equation
The inlet angle of the relative velocity vector V1

is denoted β1 and was determined using the 
relationship:

1tan m
m

a

U
C

(4.42)

The outlet angle of the relative velocity vector 
V2 is denoted β2 and was determined using the 
relationship:

2tan m
m w2

a

U -C
C

(4.43)

Absolute velocities (C2 = C3): 2 2
2 3 w1 1C =C = C + C (4.44)

The air angle of the absolute velocities 
(C2 and C3):

1
2 3 sin w1

2

C
C

(4.45)

Rotor 2 inlet relative velocity (V3): 32 cos 902 2 2
3 3 2 3 2V = C + U C U

(4.46)

RDF Rotor 2 fan blade relative velocity V3 inlet 
angle β3:

1
3 sin 2 w2

3

U + C
V

(4.47)

Rotor 2 outlet relative velocity (V4): 2 2
4 4 2V = C + U (4.48)

RDF Rotor 2 fan blade relative velocity V4 outlet 
angle β4:

1
4 sin 2

4

U
V

(4.49)

These derived trigonometric relationships were used to calculate the inlet and outlet 

blade angles for the first and second stage rotors of the RDF and the results have been tabulated 

in Table 4.8.

Table 4.8 Contra-rotating Fan Blade Air Angles (RDF)

Blade 
Position

Inlet Angle Outlet Angle Deflection 
Angle
ε = β1 − β2

Fan Rotor 1

Root β1r = 11.2° β2r = −11.5° ε = 22.5°

Mean β1m = 35.3° β2m = 19.7° ε = 15.5°

Tip β1t = 49.9° β2t = 45.6° ε = 4.3°

Fan Rotor 2

Root β3r = 31.3° β4r = 11.5° ε = 19.8°

Mean β3m = 46.8° β4m = 35.3° ε = 10.8°

Tip β3t = 54.9° β4t = 50.8° ε = 4.1°
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This initial estimate of a hub-less contra-rotating fan arrangement, such as that of a 

Rim Driven Fan, suggests that a more than trebling of the fan static thrust rating could be 

achieved for the same fan (frontal) inlet area. However, this would be at a cost of more than 

quadrupling of the input power. Table 4.9 allows a comparison to be made with the Generic 

EDF analysed earlier in this thesis.

Table 4.9 Fan Comparison of the Design Point Generic Specification

EDF RDF

Thrust 95 N 317 N

Exhaust Speed 103 m/s 151.1 m/s

Rotational Speed 29,250 RPM 29,250 RPM

Input Power 7.15 kW 34 kW

Fan Swept Area 82 cm2 110 cm2

Inner Shroud Diameter 120 mm 120 mm

Motor Diameter 63 mm Not Applicable (RDF)

Overall Efficiency 70% 70%

Fan Blade Profiles

Fan blade profiles adopted by gas turbine engine manufacturers are proprietary in nature and 

not widely available in open literature. Such commercial blade designs have been developed 

to optimise flow patterns, strength characteristics, manufacturing advances and maintenance 
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processes [144]. This study selected the NACA 65 series aerofoil profile [145-146] which is 

aerodynamically similar to the RAF 27 profile and ‘C series’ that have been widely used in the 

UK for, subsonic axial flow, fan and compressor applications. The NACA 65 series promised 

good performance and its geometry and performance data are readily available in the public 

domain [147].

The symmetrical chord-line profile was modified based on a circular arc camber line. 

The radius of which is dependent on the subtended arc angle θ, see Fig. 4.5, which is in turn 

determined from the inlet and outlet blade angles β1 and β2. NACA 65 series arc camber lines 

are denoted in terms of their associated design lift coefficient (CLo) of the aerofoil profile 

however, an approximate relation between the camber angle θ of circular arc aerofoils and the 

65 series lift coefficient (CLo) can be obtained from the graph in Fig. 4.6 [139].

In practice, although the airflow accurately follows the direction of the inlet blade 

angle (β1). It demonstrates a reluctance to turn through the full deflection of the blades resulting 

in a deviation (δ) from the outlet blade direction [117]. This deviation, which has also been 

taken into consideration in this analysis, depends mainly on the blade camber and pitch/chord 

ratio and can be estimated using the following empirically derived relationships:

sδ = mθ
c

measured in degrees (4.50)

where, θ is the camber angle (degrees), s is fan blade pitch (m) and c is the chord (m).

22= 0.23 + 0.1
50

2βam
c

(4.51)

In equation (4.51) “a” is the distance to the point of maximum camber from the blade 

leading edge. Therefore, for the selected NACA 65 series circular arc camber line “a” occurs 

at the mid-point of the chord and the term: 
2

12a
c

. And by way of example the deviation 

and stagger angles at the RDF rotor 1 mean fan blade radius was calculated :

19.7Deviation Angle = 0.23+0.1× 1.7 × = 0.351
50

δ θ θ (4.52)
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Fig. 4.5 (a) and (b) NACA 65 Blade profiles and annotations

Therefore, as: ' '
1 2θ= β - β where '

1 1β = β (assuming zero incidence). Then the 

camber line arc angle was determined using:

+0.351θ' '
1 2 1 2θ= β - β +δ= β - β (4.53)

0.649θ = '
1 2β - β (4.54)

The outlet air angle was determined using:

' '
2 1β = β -θ (4.55)

The deviation angle was determined using:

'
2 2δ = β - β (4.56)

The stagger angle (ζ) of the blade chord relative to the axial direction was then 

determined using the relationship:

-
2

'
1
θς= β (4.57)



91

Fig. 4.6 NACA 65 series, approximate relation between CL and θ [28]

The Diffusion Factor (D) indicates whether the fan blade air deflection values will 

incur excessive friction losses. Normally in the hub (root) region of a fan, losses are minimal 

and permit values of D up to 0.6. However, in the rotor rim (tip) region, losses become more 

significant whenever values of D exceed 0.4 [117]. The diffusion factors for varying rotor blade 

positions were calculated using the methodology illustrated by the following example, which

is applicable to the mean radius position of rotor 1:

1- + ×
2

w2

1 1

ΔCV sD
V V c

(4.58)

The camber arc radius was calculated using the following relationship:

57.3 = ×Camber arc Radius c
θ

measured in metres (4.59)

The resulting dimensions for fan rotors 1 and 2 are shown in Tables 4.10 and 4.11.
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Table 4.10 Fan Rotor 1 - NACA Series 65 Aerofoil

Root (Hub) Mid Tip (Rim)

Chord Length (c) 5mm 16.6mm 29mm

Stagger Angle (ζ) −4.4° 23.3° 46.2°

Camber (θ) 31.1° 24° 7.4°

Deviation Angle (δ) 8.4° 8.4° 3.1°

Camber-arc Radius 9.2mm 40mm 224.6mm

Diffusion factor (D) 0.620 0.378 0.208

Table 4.11 Fan Rotor 2 - NACA Series 65 Aerofoil

Root (Hub) Mid Tip (Rim)

Chord Length (c) 5mm 16.6mm 29mm

Stagger Angle (ζ) 16.5° 37.5° 51.3°

Camber (θ) 29.6° 17.8° 7.2°

Deviation Angle (δ) 9.7° 7° 3.1°

Camber-arc Radius 9.7mm 53.8mm 230mm

Diffusion factor (D) 0.581 0.589 0.338
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Computational Fluid Dynamic (CFD) Modelling

A solid model of the RDF fan assembly see Figs. 4.7 and 4.8, was constructed using the 

dimensions for the rotors 1 and 2, established in Tables 4.10 and 4.11.

Fig. 4.7 An inlet view of the RDF solid model

Fig. 4.8 An isometric view of the RDF solid model
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CFD modelling was conducted using ANSYS Fluent version 19.1. with a transient 

analysis of the RDF operation under static International Standard Atmospheric (ISA Sea Level) 

conditions. A dynamic, sliding-mesh model was generated, of two interfacing contra-rotational 

domains, representing RDF rotor 1 (cylinder diameter = 130mm, depth Z = 30mm, comprising 

of 568,625 elements and 104,834 nodes) and rotor 2 (cylinder diameter = 130mm, depth 

Z = 25mm, comprising of 433,061 elements and 83,827 nodes) within a stationary cuboid 

enclosure X = 250mm, Y = 250mm, Z = 200mm, comprising of 5217 elements and 1115 nodes 

see Fig. 4.9.

Rotational domain 1

Rotational domains 
1 & 2 interface

Enclosure

Rotational domain 2

Inlet plane

Outlet plane

Fig. 4.9 Wireframe of the RDF rotational domains and enclosure

The sliding-mesh is a special case of general dynamic mesh motion and allows the 

mesh zones, moving adjacent to one another, to link across non-conformal interfaces and the 

fluid to pass from one zone to another. The Cell Zone Conditions were configured to provide 

Mesh Motions, prescribing contra-rotational angular motion of the rotational domains, about 

their respective centres of gravity at 29,250 revolutions per minute (RPM). The “right-hand-

rule” convention was assigned to denote their directions of rotation. 

To model the turbulent compressible flow, Reynolds-Averaged Navier-Stokes 

(RANS) equations were solved. The following governing partial differential equations (PDEs) 

were used: 

The mass continuity equation:
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0T

t
u (4.60)

x-linear momentum equation:

2

T T
u u v u wU PU

t x x y z
u (4.61)

y-linear momentum equation:

2

T T
vu v v wV PV

t y x y z
u (4.62)

z-linear momentum equation:

2

T T
wu w v wW PW

t z x y z
u (4.63)

The Energy Equation of the first law of thermodynamics:

1 1
2 2

T T T

T T T

e e
t

u e v e w e
p

x y z

u u u u u

q u u
(4.64)

In equations (4.61 to 4.64):

12
2 3

TT T
T I

u u
u ; (4.65)

“T” is the transpose, “I” is the identity matrix; the overbar signifies a time-averaged variable; 

u is the vector velocity of the air; u, v and w are the instantaneous velocity components of u in 

the x, y and z directions respectively; U, V and W are the time-averaged components of the 

instantaneous velocity components u, v, w. And u′, v′, w′ are the fluctuating components of, the 

instantaneous velocity components u, v and w. For this analysis, the body forces were 

considered negligible and therefore assumed to be zero. 
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A Realizable k-epsilon (k-ϵ) turbulence model, with scalable wall functions, was used 

to model the Reynolds stresses and close the RANS equations. This involved the computation 

of two additional transport equations to determine the turbulence kinetic energy (k) and the rate 

of dissipation (ϵ), of k per unit mass respectively:

kk k t
j k b M k

j j k j

u G G Y S
t x x x (4.66)

and,

2

1 2 1 3kk

j
j

t
b

j j

u
t x

C S C C C G S
x x

(4.67)

where, 

1
kmax 0.43, , , 2

5 ij ijC S S S S (4.68)

In equations 4.66 and 4.67, Gk represents the generation of turbulence kinetic energy 

owing to the mean velocity gradients and Gb is the generation of turbulence kinetic energy 

owing to buoyancy; Ym represents the contribution of the fluctuating dilation in compressible 

turbulence to the overall dissipation rate; C2 = 1.9 and C1ε = 1.44 are constants and σk = 1 and 

σε = 1.2 are the turbulent Prandtl numbers for k and ε, respectively; Sk and Sε are source terms. 

The analysis assumes the air to behave as a Newtonian fluid with viscous stresses 

directly proportional to the rates of deformation and also to be isotropic and in thermodynamic 

equilibrium. The following constitutive laws relating to the state of a perfect gas were used to 

relate the variables pressure (p) and internal energy (i) with the two state variables of density 

(ρ) and temperature (T), (where: R = Cp − Cv):

= Rp ρ T (4.69)

v= Ci T (4.70)

Sutherland’s Viscosity Law was used to relate the temperature dependence of the air 

viscosity:
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3
2

1

2

C=
+ C
Tμ

T
(4.71)

where μ is the dynamic viscosity (kg/m·s); T is the static temperature (K); co-efficient 

C1 = 1.458×10−6 kg/m·s; co-efficient C2 = 110.4K. Sutherland’s Law was also used to calculate 

the thermal conductivity (k) of the air:

3
2

3

4

C=
+ C
Tk

T
(4.72)

where k is the coefficient of thermal conductivity (W/m·K); T is the static temperature (K); co-

efficient C3 = 2.495×10−3 kg·m/s3K3/2; co-efficient C4 = 194K. Once k was known, the 

following equation could be used to determine the thermal diffusivity of the air α (m2/s):

p

=
C
kα
ρ

(4.73)

The initial conditions applied everywhere in the solution region were: a temperature 

of 288K; an air-velocity (u) of 0 m/s; a dynamic viscosity of air μ = 1.789 10−5 kg/m·s; an air 

density ρ = 1.225 kg/m3; and an air pressure of 0 Gauge (101325 Pa absolute). For the boundary 

conditions, a Pressure-Inlet boundary condition was applied at the inlet plane and a Pressure-

Outlet boundary at the outlet plane refer to Fig. 4.9. All the other boundaries, i.e. the enclosure 

surfaces and fan blades, were considered as wall boundaries. At the wall boundaries, no-slip 

and standard roughness conditions were applied and scalable wall functions were specified in 

order to maintain the near-wall grid nodes within the log-law region for flow analysis. 

A global measure of discretisation error-estimate of the RDF mass-flow parameter 

was performed for the CFD model using multiple refined spatial grids of the enclosure and 

rotational domains, see Fig. 4.10. A posteriori error estimation procedure was used to determine 

that the actual order of convergence was 1.73. The difference between this actual (achieved) 

convergence value and the nominal order of convergence value of 2, being attributable, most 

likely, to turbulence and perhaps other factors such as grid stretching. Calculation of the grid 

convergence indices was performed and subsequently used to determine whether the solutions 

were in the asymptotic range of convergence, resulting in a value of 1.005148. This value was 

considered to approximate to one, thus indicating that the solutions were within the asymptotic 

range of convergence. The grid convergence index for the fine grid was calculated to be 0.278% 

and the Richardson extrapolation method [148-150] was applied, using the values of the two 
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finest grids, to estimate the RDF mass-flow at zero grid spacing. This was determined to be 

1.414 kg/s within an error band of 0.3%. Fig.. 4.10 shows a log-log plot of the RDF mass-flow 

parameter error-measure ϵ(ρAv) decreasing as a function of the refined mesh size (hm).

Fig. 4.10 Global Measure of the Discretisation Error (ϵ) for Massflow (ρAv)

Fig. 4.11 shows a stream-line view of the results of the simulated RDF operating at 

29,250 RPM under static thrust conditions. The forward fan being denoted rotor 1 and the aft 

fan rotor 2. The side view of the velocity streamlines shows that there is minimal swirl in the 

fan efflux. This is an indication that the RDF is an efficient propulsive device and is attributable 

to the effects of the contra-rotating fans. Also visible in Fig. 4.11 are the stream-lines 

representing the airflows across the fan blades in the rotating fan domains. The streamlines 

indicate the presence of sub-sonic airflow velocities up to and in excess 200 m/s and as such, 

these results correlate well with the 2D “pitch line” calculated mean values of airflow 

velocities: V1 = 185.1 m/s, V2 = 160.5 m/s, V3 = 221 m/s and V4 = 185.3 m/s.
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Fig. 4.11 Streamline image of the RDF operating at 29250 RPM

Fig. 4.12 is a colour-coded contoured velocity representation of the airflow at the 

Rotor-2, X-Y exit plane, as viewed from the RDF inlet perspective. This image indicates that

the majority of the airflow is exhausting from the RDF as a large annulus of high-speed airflow 

with a velocity in the region of 150 m/s. This result also correlates well with the 2D “pitch line” 

calculated mean value of absolute velocity C4 = 151.1 m/s. The annulus of high-speed air can 

be seen to surround a core of lower speed air, which reduces to approximately 50 m/s in the 

centre of the hub-less RDF. It is considered that the viscous effects of the high-speed annulus 

airflow act to induce the inner core flow which considerably augments the total mass flow of 

air and hence the attainable thrust for a given fan inlet diameter.
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Fig. 4.12 Absolute velocity contours at the exit plane of rotor 2 (29250 RPM)

Fig. 4.13 is a colour-coded contoured representation of the total pressure at the Rotor-

2, X-Y exit plane, as viewed from the RDF outlet perspective. The peak pressure regions 

indicate that there is a total pressure increase in the region of 14.0 kPa. above the ambient inlet 

total pressure of 101.325 kPa. These pressure peak regions equate to a peak Fan Pressure Ratio 

(FPR) value of: FPR = 1.138 and as such provides good agreement with the 2D “pitch line” 

calculated mean value of: FPR = P2/Po = 1.122.
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Fig. 4.13 Total pressure contours at the exit plane of rotor 2 (29250 RPM)
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Table 4.12 provides a comparison of the values calculated using the 2D “pitch-line” 

methodology and the results generated by the CFD model for rotors 1 and 2.

Table 4.12 RDF Calculated 2D values versus 3D CFD model results

Parameter 2D Pitch-line values 3D CFD model results

Fan-rotor 1 torque (Nm) 3.931 3.7

Fan-rotor 2 torque (Nm) −3.931 −3.92

RDF net (reaction) torque (Nm) 0 −0.22

RDF Total torque (Nm) 7.826 7.599

Rotational Speed (RPM) 29250 29250

Angular velocity (rad/s) 3063 3063

RDF shaft power (W) 23,971 23,279

Fan Pressure Ratio 1.122 (mean) 1.138 (peak)

Exhaust air velocity (m/s) 151.1 ≈ 150

Thrust (N) 317 ≈ 212

Summary

In this chapter, the aerodynamic analysis of a small hub-less, multi-stage, Rim Driven Fan to 

enable high-speed electrically powered flight has been carried out. The results indicate that the, 

innovative two stage contra-rotating, RDF configuration provides the potential for a significant 

increase in the available thrust for a given fan inlet diameter and rotational speed. When 
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compared with the dimensionally equivalent EDF technology, the thrust calculated (CFD 

results) for the RDF = 212 N and the EDF = 95 N with an accompanying RDF efflux velocity 

(CFD results) exceeding 150 m/s (336 mph), whilst the efflux of the EDF = 103 m/s 

(230 mph).

The velocity parameters calculated using the 2D pitch-line methodology accurately 

corresponded with the Ansys CFD results (refer to Table 4.12) and provided a fast and effective 

technique, prior to conducting detailed CFD analysis, with which to determine initial fan blade 

geometries and velocity estimates. However, the derived thrust values differed substantially 

between the 2D pitch-line methodology (317 N) and that of the CFD model (212 N). This was 

attributed mainly to an overly optimistic assumption of the effective fan through-flow area of 

the hub-less configuration that was used in the 2D pitch-line methodology. Although, it was 

also acknowledged that the velocity profile across the fan exit plane reduces dramatically from 

the fan blade root/rim (≈180 m/s) to the centre (≈50 m/s) and as a result the mean flow velocity 

parameter also reduces. Future adoptions of the 2D “pitch-line” calculation methodology may 

therefore benefit from CFD derived flow restriction coefficients. The CFD results 

demonstrated that although much whirl-cancellation had taken place through the RDF, the 

exhaust airflow still had a small degree of swirl present. This was also confirmed by the CFD 

value of −0.22 Nm net (reaction) torque on the RDF. It is considered that this net torque could 

be reduced to zero if differential speed control, providing active “speed-trimming”, between 

the two independent rotors was implemented. This analysis has also confirmed that the highest 

air velocity (V3) is present at the inlet of the RDF rotor 2, and therefore may be considered a 

limiting parameter for sub-sonic fan designs.

Future studies are planned to analyse: the central core aerodynamics and the effects 

of blade tip vortices shedding; the resonance and acoustic signatures between rotors; 

differential speed control in order to balance the division of “reaction” 50%-50% (Stage 

Loading) between the rotor stages, and the design of a suitable air intake (diffuser) and exhaust 

nozzle to maximise the inlet pressure recovery and exhaust airspeed of the RDF. Although this 

analysis was conducted for an RDF device having a relatively small fan diameter of 120 mm, 

the findings of this study can be equally applied to the performance of much larger and more 

powerful RDF propulsion units. Including RDF devices having multiple contra-rotating paired 

stages (e.g. 4, 6 or more rotors) to generate higher-pressure ratios and exhaust airspeeds suitable 

for large modern aircraft propulsion. 
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Chapter 5: RDF Electrical and Magnetic Circuit Analysis

This chapter presents the analyses and designs of the electro-magnetic circuits considered most 

suitable for a proposed prototype rim driven fan (RDF) application. It provides an analysis of

surface mounted permanent magnet synchronous motor (SPMSM) technology and wiring 

patterns for both slotted and slotless stator configurations. It also investigates a suitable motor 

control circuit using sensorless closed loop control techniques and includes torque versus speed 

and Specific Power predictions for the concept demonstrator prototype using FE analysis.

Synchronous Motors

In Chapter 2 various motor topologies were discussed, and their merits investigated. The 

outcome being that permanent magnet synchronous motors (PMSM) were identified as 

offering the best solution for powering the rim driven fan (RDF) application. This selection 

was primarily based on the high-torque and power density characteristics of PMSMs. However, 

as no energy has to be transferred to the rotor, they also provide high efficiency, good reliability 

and offer low weight and rugged construction when compared with wound rotor synchronous 

motors. As mentioned in chapter 1, brushless DC (BLDC) motors are a variant of PMSM and 

are used extensively in low cost and high production volume applications. Their main 

distinction from other PMSM being that the stators of BLDC motors are constructed with 

concentrated windings which result in the generation of a trapezoidal back emf. BLDCs have 

a simpler design and construction when compared with AC PMSM and their control is simpler 

in principle. They offer higher power densities than the sinusoidal back-emf PMSM but give 

lower performance regarding torque smoothness and overall efficiency. For these reasons the 

analysis in this chapter has been conducted on sinusoidal back-emf PMSM designs and not 

BLDC motors. There are two main configurations of PMSMs:

Interior permanent magnet synchronous motors (IPMSM), in which the magnets are 

located internal to the rotor structure. These machines are increasingly popular in electrical 

vehicle applications. With one of their key features being the saliency of the rotors. This is 

caused by the different values of inductance for the d and q axis and results in the generation 

of reluctance torque. However, IPMSM are not considered feasible for the RDF application as 

the IPMSM rotor structure is solid and would not permit the installation of the RDF fan blades 

to allow any airflow.
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Surface mounted permanent magnet synchronous machines (SPMSM) on the other 

hand, allow the magnets to be installed on the rim of the RDF’s fan blade structure and permit 

unobstructed airflow through the device. SPMSM are non-salient machines, having the same 

inductance on the d and q axis. This is because the magnet permeability is normally close to 

that of air. This type of machine architecture was considered the most suitable for the RDF 

application and is analysed in this chapter.  

Stator Architectures and Materials

Stator windings are categorised as either concentrated or distributed types. BLDC motors 

typically have concentrated stator windings, with conductor wires wound around salient iron 

pole pieces. In contrast, most permanent magnet synchronous motors (PMSM) have distributed

windings with stranded or hairpin conductor coils housed in slots evenly distributed around the 

stator. Both of these winding types are susceptible, in varying degrees, to generating cogging 

and ripple torque effects owing to variations in their magnetic circuit reluctance. These 

variations can be sources of noise, vibration and harshness (NVH) [70].

The materials used to construct stators need to be highly magnetically permeable and 

therefore ferro-magnetic irons and steels are commonly used. To reduce the eddy-current iron 

losses these materials are laminated and to further minimise these losses the steels can also be 

alloyed with silicon to inhibit its electrical conductivity characteristics [62]. 

In the RDF analysis, detailed in this chapter, the stator material selected is European 

Standard EN 10106:2007, M250-35A. This is a fully processed, cold-rolled non-oriented 

electrical steel and the lamination thickness considered for the stator was 0.35 mm. The 

maximum operational temperature of the stator is determined by the insulation rating of the 

windings and for this analysis NEMA/ Class H was considered, which allows a maximum 

winding temperature of 180oC to be achieved.  

The phase-windings of three phase machines are connected either in a star (wye) or 

delta arrangement. Star is the most used winding arrangement for PMSM and has also been 

selected for use in this analysis of the RDF. In the star arrangement, refer to Fig. 5.1, each of 

the three phase windings U, V and W are connected at a common star or neutral point. The line 

voltage (Vline-line) is applied across any two sets of the phase winding coils and the phase voltage 

(Vph) is applied between each phase-winding and the neutral point. The line voltage is root 

mean squared (rms) value of the peak supply voltage(Vpeak-peak):
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1=
2line-line peak - peakV V measured in Volts (5.1)

and the phase voltage:

1=
3ph line-lineV V measured in Volts (5.2)

VA

VC

VB

Vph Iph

Vline-line

Fig. 5.1 Star Connected Winding Arrangement [68]

In the RDF analysis, detailed in this chapter, the peak voltage is 440 volts (from a DC 

supply). Therefore, the rms line voltage is 311 volts AC and the phase voltage is 179.6 volts.

5.2.1 Slotless Stators

For aerospace applications it is desirable to minimise any sources of noise, vibration, and 

harshness (NVH) and increased attention is being given to slotless (airgap winding) motor 

configurations. In [71] a design method for a small-sized brushless DC motor double-layered, 

short pitched hexagonal winding is provided, which offers an advantage of omitting end-

windings and their associated losses. The design and analysis of a lightweight motor for 

aerospace applications is presented in [72-73], which achieves high power density, zero 

cogging torque and low torque ripple using a rotor magnet Halbach array arrangement. Halbach 

arrays improve airgap flux concentration and offer the future potential to delete the rotor iron 

from motor designs although not from their stator [74]. In [75] various slotless winding patterns 

are presented including, helical, basket, skewed (Faulhaber), rhombic, straight (with end turns), 

ringed and pancake forms. 

The slotless winding pattern considered for the RDF analysis in this chapter is straight 

with end turns and is shown in Fig. 5.2.
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5.2.2 Slotted Stators

The alternative to a slotless stator is the slotted stator. This type of stator has stator teeth which 

improve air-gap flux density. For the RDF design analysis both slotted and slotless designs 

were considered, refer to Figs. 5.2 and 5.3. The NVH can also be minimised in slotted stator 

designs by increasing the slot count. The slot number is always a multiple value of the phases, 

pole number and paths (i.e. slots/phases/parallel paths = integer). Normally this is the lowest 

common multiple value. However, by increasing this multiple the torque ripple can be 

smoothed.  
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(a) Motor-CAD Radial view, (b) Motor-CAD Axial View, (c) Motor-CAD Winding Pattern 

Radial view, (d) Motor-CAD Winding Definition view, (e) Motor-CAD Winding Pattern 

Linear view.
Fig. 5.2 Slotless winding pattern considered for the RDF analysis
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(a) Motor-CAD Radial view, (b) Motor-CAD Axial View, (c) Motor-CAD Winding Pattern 

Radial view, (d) Motor-CAD Winding Definition view, (e) Motor-CAD Winding Pattern 

Linear view.
Fig. 5.3 Slotted winding pattern considered for the RDF analysis
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5.2.3 Aluminium versus Copper Windings

The two most common materials used by the wire and cable industry to conduct electricity are 

copper and aluminium. The International Annealed Copper Standard (IACS) allows a 

comparison to be made, between copper and other metals, with copper rated at 100% 

conductivity. Aluminium has 61% of the conductivity of copper but at 30% of its weight. It

has been determined that aluminium conductors typically have to be two AWG sizes larger 

than copper conductors for the same application [151].

The vast majority of electrical motors have been designed for terrestrial or marine 

applications and employ copper windings. However, the RDF has an aerospace application and 

its mass is a critical design criterion. Therefore, a performance comparison, between an 

otherwise identical RDF device was conducted to investigate whether there was a potential to 

optimise its weight using aluminium instead of copper windings, refer to Appendix A [3].

Rotor Architecture

For both of the slotted and slotless designs, the rotors are considered identical in this analysis 

and are of a surface mounted permanent magnet construction. Therefore, both of the machines 

analysed are of the non-salient, surface mounted, permanent magnet, synchronous motor 

(SPMSM) types. The rotor magnets are arranged in a Halbach array, having three magnetic 

segments per pole and producing a sinusoidal magnetic flux concentration in the airgap. 

Unlike interior magnet machines, surface mounted magnets are susceptible to 

becoming detached during high-speed motor operations. For this reason, it is considered good 

design practice to maintain the maximum tangential velocity of the rotor surface below 180 m/s 

and use a composite rotor banding to secure the magnets. The magnet grade selected is 

N48H_AM and they are of rare earth element Neodymium, Iron, Boron (NeFeB) composition 

and sintered construction. The maximum rotor operating temperature, determined by the Curie 

point of the magnets, is 140oC and they are adhered to the rotor back-iron. Electrical grade steel 

M250-35A was also chosen for the rotor back-iron which is of a laminated construction.

Build Factor

To accommodate any losses that may occur during production a 1.5 Build Factor has been 

applied to the motor model analysed.
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Modelling Non-salient PM Synchronous Machines

The following equation is an expression of the dynamic model for stator-voltage of a symmetric

synchronous machine using 3-phase variables:

sin
sin - 2π 3

sin + 2π 3

mas as s as

bs s bs s bs m pm m

cs cs s cs m

θV i L 0 0 i
dV = R i + 0 L 0 . i -ω .ψ θ
dt

V i 0 0 L i θ
measured in Volts (5.3)

where V is the phase voltage, i is the phase current, L the phase inductance, mω is the motor 

rotational frequency, pmψ the rotor magnetic flux and mθ the rotor position relative to the stator 

winding. This three-phase stator voltage equation can be transformed into the following 

equivalent dynamic model in the stationary ( ) reference frame using complex space vector 

representation [152]:

s
s s s

s s s
dψV = R × i +
dt

sV = R ×s s sdψi +s
sψi (5.4)

For synchronous machines the rotor flux angle is aligned with the rotor angle. This 

allows the dynamic model to be transformed to a rotating reference frame with the d-q axis 

aligned with the rotor flux. This transformation is beneficial for both motor analysis and control 

purposes. The dynamic model stator voltage equations, in the d-q (synchronous) reference 

frame, are generated by multiplying equation (5.4) space vector representation by: mje [152]

the resulting expressions being:

ds
ds s ds ds m qs qs

diV = R i + L -ω i L
dt (5.5)

qs
qs s qs qs m pm m ds ds

di
V = R i + L +ω ψ +ω i L

dt
(5.6)

The stator fluxes are expressed as: 

ds ds ds pmψ = i L +ψ (5.7)

qs qs qsψ = i L (5.8)
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5.5.1 Electro-magnetic Torque Determination

The general expression for the torque produced by a synchronous machine is given by the 

following equation:

em
3T = p
2 ds qs qs dsψ i - ψ i measured in Newton metres (5.9)

where Tem is the electro-magnetic torque, p is the number of pole pairs, ψ the stator flux acting 

in the d or q axis direction and i the stator current acting in the d or q axis direction. This can 

be expressed as a function of the stator inductances and the magnetic field as:

em pm ds qs
3T = p ψ  + L - L
2 qs ds qsi i i (5.10)

However, the RDF has the same inductance in the d and q axis (Ls=Lds=Lqs) and is 

non-salient. This is because the magnet permeability is normally close to that of air. As a result, 

the torque equation is simplified to:

em pm
3T = pψ
2 qsi (5.11)

It is worth noting that equation (5.11) is only applicable to non-salient SPMSM and 

shows that the electromagnetic torque is proportional to the q axis current and independent of 

the d axis current. 

5.5.2 Vector Control of non-salient Synchronous Machines

By design, the rotor flux of synchronous machines (which may be created by permanent 

magnets or rotor windings) is aligned with the rotor position. Therefore, a position sensor that 

can detect the rotor position can provide the angle m (degrees) required for the transformation 

to the synchronous d-q axis rotational reference frame (refer to Fig. 5.4).
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Fig. 5.4 Stationary and Rotary Reference Frames for a Non-salient machine

For non-salient synchronous machines, such as the RDF, vector control can be 

achieved by converting a required torque command into a q-axis current command. A basic 

block diagram shown in Fig. 5.5 represents a vector control schematic for such a non-salient 

machine. In this schematic the d-axis current is normally set to zero as it does not contribute to 

the production of torque. To enable operations at high motor speeds, negative values of d-axis 

current can be used (injected) to reduce the stator flux. However, this comes at a cost of reduced 

torque production. Such a method of high-speed motor control is termed “Field Weakening”.

With reference to Fig. 5.5, the torque input command emT is a function of the desired 

RDF thrust setting and the q-axis current command 
qs

*i , is generated based on the motor 

permanent magnet flux configuration T pmk ψ (refer to equation 5.11). Superscript *, stating for

the complex conjugate of the current space vector.

The current command 
qs

*i is modulated with the qs-i feedback signal and as stated in 

the previous paragraph, the d-axis current is normally set to zero. The current regulators, which 

are of the PI (proportion and integral) control type, are required to ensure that the actual 

currents closely follow the d-q axis current commands. The outputs from the current regulators 

are the desired d-q axis voltage vector signals in the synchronous reference frame. These 

voltage signals are then transformed to the stationary (αβ) reference frame using an inverse 

Park transform function and then converted by means of an inverse Clark transform function 

to generate the stator voltage commands required for each of the windings (phases) vas, vbs, vcs.

The voltage command signals are then converted to pulse width modulated signals to control 

the IGBT power circuit to drive the RDF. To close the control loop, each RDF phase current is 
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sensed and a rotor positional sensor (e.g. encoder) located on the RDF generates a rotor 

positional reference feedback signal m . This enables the rotational transformation of the

sensed stator phase currents ( as bs csi ,i ,i ) from the stationary ( αs βsi , i ) to the synchronous 

reference frames in order to generate the qs dsi , i feedback control signals.  

Fig. 5.5 Non-salient Vector Control Schematic suitable for the RDF Control

5.5.3 Sensorless Control

To function, the vector control schematic shown in Fig. 5.5 requires a position sensor, attached 

to the rotor. However, it is preferable for the RDF to adopt a sensorless control philosophy as 

this would minimise its size and mass, improve its reliability and reduce its maintenance and 

component costs.

Nowadays sensorless motor control techniques are widely used for synchronous and 

induction motor control. However, unlike induction motors, the control of permanent magnet 

synchronous machines requires information relating to the precise, absolute-position, of the 

rotor. Fortunately, as the rotor flux is determined in the construction of a PMSM, the rotor 

position can be determined using the rotor’s magnetic polarity. 

The two techniques employed in sensorless control of PMSM are: 
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Model based control: This technique is passive and suitable for medium and high-

speed control but cannot operate at low or zero rotor speeds.

Saliency-tracking control: This technique is active and requires the 

implementation of high-frequency excitation and it enables motor control at very 

low or zero speed. However, it performs poorly at high-speeds.

Sensorless PMSM is therefore best achieved by combining these two control methods.

5.5.4 PMSM Model for Sensorless RDF Control

The calculation of the rotor position for a PMSM, such as the RDF, can be determined via 

analysis of the stator voltage equations [152] when they are transformed to the stationary (αβ)

reference frame. Additionally, as the RDF is non-salient (having the same inductance in the d

and q axis) the following simplified expression can be derived to model the motor: 

-sin

cos
αs αs m

s s m pm
βs βs m

V i θd= R + å L +ω ψ
V dt i θ

(5.12)

The right-hand side of equation (5.12) depends on the rotor position. This shows that 

it is possible to calculate the rotor position from this model provided that the stator voltage and 

current can be measured or estimated and that the RDF machine parameters (e.g. stator 

resistance, inductance etc.) are also known. To aid analysis, equation (5.12) can be rearranged 

using complex vector notation, in which the time derivative has been replaced by the Laplace 

operator (s) as:

je m
s s θs
s ss s s m pmv = R i + sL i + jω ψ

s
+ sL i + jω ψsv = R i +s

s
s

i + (5.13)

The measurable variables being the stator voltage ( s
sv sv ) and current ( s

si
si ).

The rotor angle ( ) may be estimated using the stator voltage equation (5.13) by 

evaluating the back-emf ( s
se ), which is proportional to the rotor speed:

je =mθs s s s
s m pm s s s s se = jω ψ v - R i - sL ijθs se = js ω ψ v - R i - sL ije =j mθm s s si - sL iss (5.14)

An alternative method uses the stator flux for the estimation of the rotor angle as 

described in [152].
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5.5.5 RDF Operation under Current and Voltage Constraints

It is important to be aware of the current and voltage limits when considering the design of the 

RDF electro-magnetic circuit and its associated power converter. The current limit is usually 

imposed by the thermal constraints of a motor and converter design and installation. But there 

is also a risk of de-magnetization of the rotor if it experiences excessive negative d-axis 

currents. The current limit is expressed as:

2 2 2
ds qs s limiti +i i (5.15)

The voltage limit is usually imposed by the insulation constraints of the motor and 

converter design and these need to match with each other. The voltage limit is expressed as:

2 2 2
ds qs s limitV +V V (5.16)

Typically, at lower operational speeds, the power converter will have adequate source 

voltage with which to drive the required currents. Under these circumstances the voltage limit 

as expressed by equation (5.16) will have no impact on the RDF system and only the current 

limit as expressed by equation (5.15) will require any consideration. 

However, as the RDF speed approaches and exceeds its maximum operational (rated) 

values, the back-emf is likely to increase to the maximum converter supply voltage levels. At 

this point the RDF performance becomes limited. In the case of steady-state operation of the

RDF at high speeds, the stator voltages can be evaluated using the following d-q axis voltage 

equations:

ds m qs sV ω i L (5.17)

+ = +qs m pm m ds s m pm ds sV ω ψ ω i L ω ψ i L (5.18)

Equation (5.18) shows that the voltage induced in the stator winding due to the 

magnetic flux linkage (i.e. the back-emf) only occurs in the q-axis and is proportional to the 

rotor speed. At the rated speed for the RDF the back-emf will equal the voltage supplied by the 

converter (Vs limit). The RDF performance will then become limited and the speed cannot be 

increased as there is no voltage available to drive q-axis current and produce torque. Fig. 5.6 

provides a vector diagram of the RDF motor operating at rated (limit) speed and Table 5.1 a 

description of the associated vector expressions.
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Fig. 5.6 Vector Diagram of RDF operating at rated (limit) speed

Table 5.1 Vector Expressions and Descriptions

Vector
Expression

Vector Description Units

pm
Flux linkage, d-axs (on-load) mVs

qs qsL i Flux linkage, q-axis (on-load) mVs

s
Flux linkage on Load mVs

m pm
Back EMF Phase Voltage (rms) Volts

qs si R Phase resistive Voltage (rms) Volts

m ds dsL i Phase Reactive voltage q-axis (rms) Volts

m qs qsL i Phase Reactive Voltage d-axis (rms) Volts

s m sv = ω ψ Phase Terminal voltage (rms) (phasor) Volts

sv Phase Supply Voltage (rms) Volts

qsi Phase current q-axis (rms) Amps
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However, as previously mentioned, the “field-weakening” control technique may be 

employed to increase the motor speed under these circumstances. This involves injecting a 

negative d-axis current (i.e. < 0dsi ), which reduces the stator d-axis flux and therefore qsV .

The implementation of d-axis current injection to reduce the q-axis voltage also results in a 

reduction in q-axis current. Which is a desirable consequence, otherwise the current limit of 

the RDF system (matched motor and converter) could exceed its current limit. As a result, 

during high-speed field-weakening modes of operation, the available torque for the RDF is also 

reduced.  

MotorCAD Analyses

The RDF motor analyses were conducted using Motor-CAD software provided by Motor 

Design Ltd. of the UK. Initially the Motor-CAD EMag design tool was used to define the motor 

architecture and the layout of the windings. Then the Motor-CAD Lab design tool was used. 

Motor CAD Lab enabled rapid analysis of the electric machine design over the full operating 

envelope providing the torque, power and efficiency characteristics. The software achieved this 

using a combination of numerical 2D finite element analyses (FEA) and analytical algorithms 

[68] and [153-159]. The Motor-CAD FEA solver automatically handled meshing, boundary 

conditions and symmetry. A thermal analysis was not conducted as the comparison was made 

considering that adequate ram-air cooling was available to maintain the overall RDF and 

electromagnetic components at 60°C.

The electromagnetic modelling in Lab is based on the d-q axis model and assumes 

ideal sinusoidal flux linkages and current waveforms. Which allows an expression for both the 

steady-state electromagnetic torque and supply voltage to be derived. The mesh details are 

listed in Table 5.2.

Table 5.2 FEA Mesh Details

FEA Mesh Details

Slotted SPMSM Slotless SPMSM

FEA Nodes 4233 1174

FEA Elements 8159 2108

FEA maximum element length (mm) 1.677 1.667
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5.6.1 SPMSM Motor-CAD Input Data

Tables 5.3 to 5.6 detail the input parameters used to generate the Motor-CAD models.

Table 5.3 Pertinent SPMSM dimensions considered in this analysis

RDF Design Parameter Slotless Design Slotted Design

Pole Number 6 6

Slot Number 0 72

Stator Diameter (mm) 242 248

Stator Bore (mm) 224 222

Airgap (mm) 2 2

Banding Thickness (mm) 1 1

Magnet Thickness (mm) 4 4

Magnet Segments 
(Halbach array)

3 (per pole) 5 (per pole)

Motor Length (mm) 50 40

End Winding Overhang 
(mm)

24 30

Rotor Bore (mm) 200 200

Rotor Back-iron
Thickness (mm)

4 3

Mass of Active Elements 4.782 kg 5.583 kg

Table 5.4 Pertinent SPMSM winding parameters considered in this analysis

RDF Winding Parameter Slotless Design Slotted Design

Winding Connection Star Star

Wire Diameter (mm) 1.678 1.388

Copper Slot Fill Factor 0.2 0.35

Strands in Hand 1 1

Winding Depth (mm) 4 6.17
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Conductor Separation (mm) 0.1 0.15

Turns 8 11

Throw 3 11

Parallel Paths 1 2

Winding Layers Double (U/L) Single

Table 5.5 Pertinent SPMSM drive parameters considered in this analysis

RDF Drive Parameter Slotless Design Slotted Design

DC Bus Voltage 440 V 440 V

Peak Current 45 A 45 A

RMS Current Density 15.99 A/mm2 11.8 A/mm2

Phases 3 3

Rotor Speed 15,000 RPM 15,000 RPM

Table 5.6 pertinent SPMSM temperatures considered in this analysis

RDF Temperature 
Parameter (oC)

Slotless Design Slotted Design

Winding Temperature 180 180

Magnet Temperature 140 140

Stator Lamination 20 20

Rotor Lamination 20 20

5.6.2 SPMSM Motor-CAD Output Data

Tables 5.7 and 5.8 provide a comparison, of the Motor-CAD results, between the slotless and 

slotted RDF models that were analysed (refer to Appendix B for the comprehensive output 

data).

Table 5.7 provides an electromagnetic performance comparison from which it is 

evident that the system efficiencies (the ratios of output to input power) of both the slotless and 

slotted designs are almost equal. The slotted design indicates a marginally better result of 

91.3%. However, the Specific Power result of the slotless design was almost 20% higher than
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the slotted design and, as the RDF mass is a critical design factor for aircraft propulsion, the

lower mass, and subsequently higher Specific Power rating of the slotless design indicates that 

it is a better solution. This is the case even though the Torque per Rotor Volume (TRV) values, 

(another general indicator of motor performance) suggest that the slotted design is better. The 

superior TRV values of the slotted design can be attributed to the shorter motor length and 

thinner rotor back-iron thickness as detailed in Table 5.3. but it is not deemed a valid 

assessment criterion for this RDF motor comparison as it does not account for the differing 

stator designs of the slotless and slotted models.

Table 5.7 SPMSM Comparison: Slotless versus Slotted Designs Electromagnetic Performance

SPMSM Comparison: Slotless versus Slotted Designs
Electromagnetic Performance

SPMSM type: Slotless Design Slotted Design

Input Power (electrical) (W) 16116 15811

Output Power (minus friction losses) (W) 14700 14442

System Efficiency (%) 91.2 91.3

Shaft Torque (Nm) 9.358 9.194

Speed Limit for Constant Torque Operation (RPM) 15549 15115

Torque per Rotor Volume (TRV) (kN/m3) 25.7 34.8

Active elements mass 4.782 5.583

Specific Power (active element mass) (kW/kg) 3.07 2.59

Table 5.8 provides a comparison of the resulting flux densities from which it is evident

that the mean airgap flux density in the slotless design is approximately 15% higher than the 

slotted design although the peak airgap values were almost equal. This suggests that the slotless 

design provides a broader (more widely distributed) magnetic wave shape than the slotted 

design. Also, the relatively high flux density value of 1.92 Tesla, present in the rotor back iron 

of the slotted design, indicates that it is operating in or close to the saturated condition and not 

providing optimal performance. Overall, it was concluded from these results that the slotless 

RDF motor design provided a better flux distribution within its magnetic circuit.  
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Table 5.8 SPMSM Comparison: Slotless versus Slotted Designs Flux Densities (Tesla)

SPMSM Comparison: Slotless versus Slotted Designs
Flux Densities (Tesla)

SPMSM type: Slotless Design Slotted Design

Airgap (mean) 0.1806 0.1533

Airgap (peak) 0.4269 0.4271

Stator Back Iron (peak) 1.847 1.563

Rotor Back Iron (peak) 1.696 1.92

5.6.3 Slotless Stator SPMSM Motor-CAD Output Graphs

Fig. 5.7 shows the operational torque envelope of the slotless RDF motor design and indicates 

the speed limit of constant torque operation up to 15,549 RPM. To generate the characteristic 

above this speed, the maximum current was used, and the current angle was advanced to 

suppress the voltage. Thus, a constant torque of 9.358 Nm can be maintained up to the design 

specification value of 15,000 RPM. This torque value is current limited over the speed range 

and to increase the torque would require an associated increase in current. To increase the 

operational speed range for the same torque, an increased supply voltage would be required.

However, the actual torque characteristic for the RDF rises gradually with speed, as is common 

to all fan devices, and this means that the actual current requirement will be reduced at speeds 

below 15000 RPM.

Fig. 5.7 Slotless SPMSM Design: Shaft Torque Vs Speed Characteristic
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Fig. 5.8 shows the shaft power versus speed characteristic for the slotless RDF motor 

design. The results of the calculation show a direct (straight line) relationship between the shaft 

torque and the motor speed. This conforms with the constant torque operation that has been 

assumed as shown in Fig. 5.7. However, the actual on-load power requirement of the RDF 

below 15,00RPM is anticipated to be less than the graphical values as the actual torque 

characteristic for the RDF rises gradually with speed, as is common to all fan devices.

Therefore, these results confirm that the RDF motor will satisfy its operational output power 

requirement up to a maximum shaft power at 15,000 RPM of 14,700 Watts.

Fig. 5.8 Slotless SPMSM Design: Shaft power Vs Speed Characteristic

Fig. 5.9 shows the predicted slotless RDF motor efficiency versus motor speed 

characteristic which results in a very good efficiency of 91.2 % at the maximum design speed 

of 15,000 RPM. At speeds above 17,000 RPM the efficiency drops off rapidly as there is a 

marked decrease in output power for the given input power conditions. This drop-off in power 

can be attributed to a range of factors including the torque speed control characteristic,

magnetic field effects and resistance heating in the windings.
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Fig. 5.9 Slotless SPMSM Design: Motor Efficiency Vs Speed Characteristic

Fig. 5.10 indicates the pattern of torque distribution around the rotor and represents 

the cyclical increase and decrease in output torque as the RDF rotates. This is principally caused 

by harmonics generated by the rotor pole number and stator winding interactions when 

energised. The undulating characteristic is known as the ‘Torque Ripple’ of the motor and is 

defined as the difference between the maximum and minimum torque values over one 

revolution. It is desirable to minimise the torque ripple of the RDF motor to maintain smooth,

constant speed operations. The torque ripple for the slotless RDF design is sinusoidal and has 

a maximum value of 0.5 Nm which is approximately only 5% of the maximum on-load torque

requirement. This torque characteristic will therefore result in a relatively smooth RDF 

operation and can be attributed to the slotless stator design with evenly distributed windings.  

Fig. 5.10 Slotless SPMSM Design: Shaft Torque Characteristic
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Fig. 5.11 presents a coloured contour image of the electromagnetic flux distributions

in active segments of the slotless RDF motor. The segment on the left of the figure represents 

the rotor flux distributions and the segment on the right represents the stator flux distributions.

An indication of the intensity of the air-gap flux distribution can be found where the two 

segments interface. The colours represent the intensity of magnetic flux density which is

measured in Tesla. The highest values of flux density are present in the stator back-iron, where 

they reach a peak value of 1.847 T. However, for good electromagnetic circuit design, the flux 

density should not exceed 1.8 T. and above this value the ferro-magnetic material becomes 

saturated and in-efficient as a magnetic conductor resulting in losses and a reduction in overall 

system efficiency. On the other hand, the rotor back-iron flux density peaks at 1.696 T which 

indicates that this ferro-magnetic circuit is optimal. The peak airgap flux density value 0.4269 

T is good for a slotless motor design such as this with a large high-reluctance airgap.
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Fig. 5.11 Slotless SPMSM Design: Electromagnetic Flux Distribution
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Fig. 5.12 shows the space vector diagram representing the vector components of 

voltage, current and the flux-linkages present across a single phase of the slotless RDF motor

in balanced operation at 15,000 RPM, whereby the output torque and power are constant. The 

vertical vector components represent the quadrature (Q) axis values of currents and voltages 

and the horizontal vector components represent the direct (D) axis values. It can be seen that 

the Phase Terminal voltage vector of 184 Volts (which is the vector sum of the back EMF

phase voltage, the phase resistive voltage and the D & Q axis phase reactive voltages) extends 

slightly beyond the phase supply voltage reference value of 179.6 Volts denoted by the dashed 

circle. This indicates that motor is operating at its limit and any further output power 

requirements at this speed or above would require an increase in phase supply voltage. The 

green vector diagram on the right-hand side represents the on-load flux linkages in the RDF 

and provides an indication of the magnetic flux density distribution and saliency of the motor.
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Fig. 5.12 Slotless SPMSM Design: Space Vector Diagram
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5.6.4 Slotted Stator SPMSM Motor-CAD Output Graphs

Fig. 5.13 shows the operational torque envelope of the slotted RDF motor design and indicates 

the speed limit of constant torque operation up to 15,115 RPM. To generate the characteristic 

above this speed, the maximum current was used, and the current angle was advanced to 

suppress the voltage. Thus, a constant torque of at least 9.194 Nm can be maintained up to the 

design specification value of 15,000 RPM. This torque value is current limited over the speed 

range and to increase the torque would require an associated increase in current. To increase 

the operational speed range for the same torque, an increased supply voltage would be required. 

The actual torque characteristic for the RDF rises gradually with speed, as is common to all fan 

devices, and this means that the actual current requirement will be reduced at speeds below 

15000 RPM.   

Fig. 5.13 Slotted SPMSM Design: Shaft Torque Vs Speed Characteristic

Fig. 5.14 shows the shaft power versus speed characteristic for the slotted RDF motor 

design. The results of the calculation show a direct (straight line) relationship between the shaft 

torque and the motor speed. This conforms with the constant torque operation that has been 

assumed as shown in Fig. 5.13. However, the actual on-load power requirement of the RDF 

below 15,000 RPM is anticipated to be less than the graphical values as the actual torque 

characteristic for the RDF rises gradually with speed, as is common to all fan devices. 

Therefore, these results confirm that the RDF motor will satisfy its operational output power 

requirement up to a maximum shaft power at 15,000 RPM of 14,442 Watts. 
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Fig. 5.14 Slotted SPMSM Design: Shaft Power Vs Speed Characteristic

Fig. 5.15 shows the predicted slotted RDF motor efficiency versus motor speed 

characteristic which results in a very good efficiency of 91.3 % at the maximum design speed 

of 15,000 RPM. At speeds above 17,000 RPM the efficiency starts to gradually drop off due to 

a range of factors including the torque speed control characteristic, magnetic field effects and 

resistance heating of the windings.

Fig. 5.15 Slotted SPMSM Design: Motor Efficiency Vs Speed Characteristic

Fig. 5.16 indicates the pattern of torque distribution around the rotor and represents the cyclical 

increase and decrease in output torque as the RDF rotates. This is principally caused by 
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harmonics generated by the rotor pole number and stator winding interactions when energised. 

The undulating characteristic is known as the ‘Torque Ripple’ of the motor and is defined as 

the difference between the maximum and minimum torque values over one revolution. It is 

desirable to minimise the torque ripple of the RDF motor to maintain smooth, constant speed 

operations. The torque ripple for the slotted RDF design is less sinusoidal than that of the 

slotless design and has a maximum value of 0.8 Nm, which is approximately 8% of the 

maximum on-load torque requirement. Even so, this torque characteristic will result in smooth

RDF operation and can be attributed to the relatively high number of slots (72) in the stator 

design combined with the evenly distributed single layer windings.      

Fig. 5.16 Slotted SPMSM Design: Shaft Torque Characteristic

Fig. 5.17 presents a coloured contour image of the electromagnetic flux distributions 

in active segments of the slotted RDF motor. The segment on the left of the figure represents 

the rotor flux distributions and the segment on the right represents the stator flux distributions. 

An indication of the intensity of the air-gap flux distribution can be found where the two 

segments interface. The colours represent the intensity of magnetic flux density which is 

measured in Tesla. The highest values of flux density are present in the rotor back-iron, where 

they reach a peak value of 1.92 T. However, for good electromagnetic circuit design, the flux 

density should not exceed 1.8 T. and above this value the ferro-magnetic material becomes 

saturated and in-efficient as a magnetic conductor resulting in losses and a reduction in overall 

system efficiency. On the other hand, the stator back-iron flux density peaks at 1.563 T which 
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indicates that this ferro-magnetic circuit is optimal. The peak airgap flux density value is 

0.4271 T and offers the potential to be improved for a slotted design such as this. Which could 

be achieved by increasing the volume of the rotor back-iron.

Fig. 5.17 Slotted SPMSM Design: Electromagnetic Flux Distribution



132

Fig. 5.18 shows the space vector diagram representing the vector components of 

voltage, current and the flux-linkages present across a single phase of the slotted RDF motor 

in balanced operation at 15,000 RPM, whereby the output torque and power are constant. The 

vertical vector components represent the quadrature (Q) axis values of currents and voltages 

and the horizontal vector components represent the direct (D) axis values. It can be seen that 

the Phase Terminal voltage vector of 179.5 Volts (which is the vector sum of  the back EMF 

phase voltage, the phase resistive voltage and the D & Q axis phase reactive voltages) is just 

less than the phase supply voltage reference value of 179.6 Volts denoted by the dashed circle. 

This indicates that motor is operating at its limit and any further output power requirements at 

this speed or above would require an increase in phase supply voltage. The green vector 

diagram on the right-hand side represents the on-load flux linkages in the RDF and provides 

an indication of the magnetic flux density distribution and saliency of the motor.  
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Fig. 5.18 Slotted SPMSM Design: Space Vector Diagram
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Summary

The investigation and analysis in this chapter has demonstrated that it is possible to provide a 

powerful motorised fan with a relatively small frontal area. Thus, enabling a very high thrust 

to frontal-area ratio to be achieved which is a prerequisite for a high-speed aircraft propulsion 

device. The analysis also indicates that the slotless surface permanent magnet synchronous 

motor (SPMSM) would provide the smoother operation owing to its torque characteristic (refer 

to Fig. 5.10) than the slotted design. Additionally, the slotless motor offers the better 

performance when evaluated from its Specific Power rating of 3.07 kW/kg (refer to Table 5.6).

Both the slotted and slotless synchronous motors offer relatively good system 

efficiencies of 91.3% and 91.2% respectively when compared with off-the-shelf BLDC motors 

which typically have system efficiencies below 85% . These higher motor efficiencies are 

achieved through good electro-magnetic circuit design and by using a high voltage (440 Volts 

DC supply) resulting in reduced winding currents. Even so, it is anticipated that the motor 

windings and magnets shall require significant cooling and this aspect is addressed in Chapter 

6 of this report.
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Chapter 6: Rim Driven Fan RDF - Concept Prototype

This chapter presents the mechanical analyses and design derived for the prototype application 

of the rim driven fan (RDF). The device presented is a ‘concept demonstrator design’ and is 

intended as the basis from which an actual RDF prototype device, suitable for an unmanned 

aircraft, can be developed. The aims of this concept demonstrator prototype RDF are to:

Investigate a feasible RDF concept design and its assembly

Evaluate the air-flow requirements for motor cooling

Analyse fan rotor stress distributions

Identify and evaluate potential air leakage paths  

Generate an initial RDF assembly mass breakdown  

Estimate Flight Performance

Identify any novel features suitable for intellectual property registration

Overview of the Prototype RDF Propulsor Device 

The prototype RDF design (refer to Figs. 6.1 and 6.2 and Appendix C) has evolved from the 

findings of the literature reviews and the aerodynamic and electrical performance analyses 

contained in the preceding chapters of this report. In common with most ducted propelling 

devices the RDF comprises of the following three main sections:

The Intake Section

The Energiser Section

The Exit Nozzle

Fig. 6.1 Cutaway view of the Prototype Rim Driven Fan (RDF) Device
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(a) RDF Assembly Isometric View, (b) RDF Assembly Exploded View

Fig. 6.2 RDF main sub-assemblies

The first important design decision to be made regarding the prototype architecture was 

whether it should be a hub or hub-less fan configuration. Although the analyses contained in 

the preceding chapters indicated that there are aerodynamic performance benefits to be gained 

from hub-less configurations, such as an increase in the mass flow of air and hence fan thrust, 

there are also many technical hurdles that remain to be overcome. Most notably those relating 

to the bearing support provision at the hub-less fan rim. Research showed that there are 

currently no suitable off-the-shelf compact, low weight and low friction bearing solutions 

available for this application. The most feasible solution, to achieve a high-speed and hub-less 

RDF implementation, was considered to be with the use of magnetic levitation technology. 

Therefore, in order to minimise the technical risk to the prototype RDF development, it was 

decided to base this initial prototype design along the lines of a more conventional hub and 

mechanical bearing configuration.

The second important design decision was to determine the most favourable way in 

which to support the central hub structure, fan rotors and the bearings. Conventional single-

rotor electrical fan designs are normally supported on rotating cantilever shafts that axially 

extend from the hub mounted motor assemblies. In the case of the RDF, which has rim mounted 

motors, it was clear that this type of configuration could not be applied for the prototype design. 

Even so, the extended shaft design provides an installation advantage of maintaining an 

unobstructed intake area upstream of the fan face and the potential for a lighter and more stable 

solution. A less desirable alternative is to have the shaft support structure and bearings forward 
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of the fan face; a heavier arrangement that would obstruct the flow of air through the device 

and under certain meteorological conditions become susceptible to airborne ice accretion and 

shaft vibration. Therefore, in order to create a compact and unobstructed device the two fan 

rotors were configured to contra-rotate with each fan rotor being supported on a short stub axle 

which is mechanically fixed to a stator guide-vane support structure that is positioned in axial 

alignment between the two fan rotors as shown in Fig. 6.3.

Fig. 6.3 Front (a) and rear (b) views of the Prototype RDF Rotors and Stator Support Structure

Fan Blade Design: Profile and Radial Variation in Air-angles

Prior to manufacturing the RDF rotors, it is intended that a parametric three-dimensional 

Computational Fluid Dynamic (CFD) analysis is conducted on the intake, fans and nozzle 

assembly under static and dynamic inlet conditions. It is intended that this CFD analysis shall 

be carried out using ANSYS Fluent in a similar way to the aerodynamic analysis on the hub-

less device presented in Chapter 4. The theoretical analysis in this section has been carried out 

to provide a starting point for the prototype RDF CFD analysis and a methodology for defining 

the rotor blade architectures.

The blade profile chosen for the prototype RDF device is the NACA 65 series with a 

10% thickness/chord ratio as detailed in chapter 4 section 4.4. The aerodynamic blade study 

presented in chapter 4 is based on blade angles determined using a free-vortex blade design. 

This was deemed a suitable choice for the hub-less concept and provided good results. 
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However, problems arise (in practise) from applying a free-vortex solution to low hub-to-tip

ratio fans (i.e. Hub to tip ratios <0.4) such as those proposed for this concept prototype RDF. 

The difficulties arise from the wide variation in flow angles, reaction and tangential velocities 

resulting from the application of the free-vortex condition. These cause the resulting blade 

designs to be highly twisted and difficult to manufacture and also to be a source of significant 

total pressure losses [165]. A preferred solution, for a practical application, is the mixed-vortex 

blade design which combines the free-vortex and the forced-vortex philosophies. The 

following analysis has been based on the mixed-vortex method of blade design.

The tangential velocity distribution, for the combined flow after a fan rotor, is given by 

the following expression for a mixed-vortex rotor blade design [165]:

a= + bθ2C r
r measured in metres per second (6.1)

where C 2 is the tangential velocity of the air at rotor exit (m/s); r is the radius (m); ‘a’ and ‘b’ 

are dimensionless constants.

The radial distribution of the mixed-vortex blade loading can be optimised by the 

careful selection of the constants ‘a’ and ‘b’. However, as θ2C is initially unknown, an 

effective strategy to assign and determine the values of a and b is by considering the stage 

loading,ψ (a.k.a the work co-efficient) and attempt to allocate its span-wise distribution 

[166]. As the RDF design has no inlet guide vanes upstream of the forward rotor 1, the inlet 

airflow velocity is purely axial in direction. Therefore, the change in whirl velocity through 

rotor1 is: =w1 θ2ΔC C . Similarly, it is a design aim that the whirl velocity component of the air 

exiting rotor 2 is also zero ( = 0 m sθ4C ) in order to optimise thrust and therefore the whirl 

velocity component of the air entering rotor2 ( )θ3C can be shown to be equal to:

3 2 1 2w wC C C C (6.2)

N.B. the role of the stator guide vane section between the two rotors is to stabilise and diffuse 

(slow) the airflow and ensure that it is introduced to the rotor2 at the design point optimum 

angle.

The variation in stage loading (ψ ) under these conditions is therefore given by the 

following equation:
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2

a + b0 w θ2
2

Δp ΔC C 1ψ= = = =
ρU U U ω r

dimensionless (6.3)

By selecting two values of stage loading at two radii positions for a given rotor angular 

velocity condition. It is possible to solve for ‘a’ and ‘b’ using simultaneous equations. By way 

of example, for the two radial positions of the fan tip and mean radii and with reference to the 

input conditions and mean-line calculated values provided in Tables 6.1 and 6.2. The values of 

stage loading for the mean radius of = 0.4mψ and the tip radius = 0.6tψ were selected and ‘a’ 

and ‘b’ evaluated as: 2

1 a= + bψ
ω r

(6.4)

2

1 a= + b
1571 0.072mψ (6.5)

-40.4 = 0.1228a + 6.365×10 b (6.6)

2

1 a= + b
1571 0.1tψ (6.7)

-40.6 = 2.8329a + 6.365×10 b (6.8)

Thus: a = 0.0738 and b= 613.83

Table 6.1 RDF Fan Blade Design-Point Performance Input Parameters

Available Shaft Power (W) 15000

Fan / Compressor Isentropic Efficiency (η) 0.9

Fan Hub Radius rh (m) 0.02

Fan Tip (rim) Radius rt (m) 0.1

Fan Speed (RPM) 15000

Stage Co-efficient @ Mean Radius rm (ψm) 0.4

Air Density at inlet (ρ), (kg/m^3) 1.225

Air Temperature at inlet (T0), (K) 288

Adiabatic Index (ϒ) 1.4

Gas constant (R), (J/kg. K) 287
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Table 6.2 Fan Blade Design Mean Line Calculations

Inlet Annulus Area (Ai)
(m2)

= π 2 2
t hAi r - r (6.9) 0.030159

Mean radius (rm) (m) = 22 2
m t hr r - r (6.10) 0.072

Power transmitted to 
airflow (W) shaft FANP = P ×η (6.11) 13500

Angular Velocity (rad/sec) × 2π 60ω= RPM (6.12) 1571

Tangential Velocity at (rm)
(Um) (m/s) m mU = ω× r (6.13) 113

Specific Work (Y) at (rm)
(J/kg)

2
mY =ψU (6.14) 5132

Massflow (kg/s) M = P YM = P Y (6.15) 2.63

Axial Velocity at (rm)
(Cxm) (m/s) xm iC = M ρAM (6.16) 71.2

Flow Coefficient at (rm)
(Ф) xm mΦ= C U (6.17) 0.63

Tangential air velocity 
(delta) Cθ2 (m/s) θ2 mC = ψU (6.18) 45.3

6.2.1 Determining the Axial Velocity Profile

For the mixed vortex rotor blade design the axial exit velocity ( )x2C profile across each fan 

radial position can be found using the following equation [165]:

b= C - 4b ln +
2

2 2
x2C r r (6.19)

The constant ‘C’ was determined by considering the axial velocity at the mean radius 

position to be equal to the mean flow velocity determined from the continuity of flow equation 

(refer to Table 6.2):

bC = + 4b a ln +
2

2 2
xm m mC r r (6.20)
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The results of spreadsheet calculations carried out to determine the RDF design point 

mixed vortex axial velocity profiles are provided in Table 6.4 and the input parameters in 

Table 6.3.

Table 6.3 Mixed Vortex Calculations-Inputs

Stage Co-efficient @ Hub Radius rh (ψh) 0.6

Rotor 1 Hub to Tip radius ratio 0.2

Rotor 2 Hub to Tip radius ratio 0.3

Rotor 1 Mean Radius to Tip radius ratio 0.72

Rotor 2 Mean Radius to Tip radius ratio 0.74

Mixed Vortex constant (a) 0.0738

Mixed Vortex constant (b) 613.83

Rotor1 Calculated Constant (C) 8511

Rotor1 Calculated Constant (C) 8771

Table 6.4 Mixed Vortex Calculation Velocity Profile Results -Rotor 1

Radius (m) 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

4b(alnr+br2/2) 407.4 42.8 622.5 1341.1 2203.1 3210.7 4365.2 5667.6 7118.5

C-4b(alnr+br2/2) 8919 8469 7889 7170 6308 5301 4146 2844 1393

Cx2 (m/s) 94.4 92.0 88.8 84.7 79.4 72.8 64.4 53.3 37.3

Cx2 mid ordinate 93.2 90.4 86.7 82.1 76.1 68.6 58.9 45.3 N/A

Mid-ordinate rad 
(m) 0.025 0.035 0.045 0.055 0.065 0.075 0.085 0.095 N/A

Cθ2 18.3 23.6 29.3 35.1 41.0 47.0 53.0 59.1 N/A

Cθ2/Cxm 0.257 0.331 0.411 0.493 0.576 0.660 0.745 0.830 N/A

Work co-efficient 
(ψ) 0.466 0.429 0.414 0.406 0.402 0.399 0.397 0.396 0.395

Reaction (R) 0.767 0.785 0.793 0.797 0.799 0.800 0.801 0.802 N/A
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6.2.2 Determining the RDF Blade Flow Angles

In chapter 4, the contra-rotating RDF speed triangle diagrams are illustrated in Fig. 4.4 and 

Table 4.7 provides the corresponding dual-stage RDF derived trigonometric relationships.  The 

rotor 1 and 2 flow angles were calculated from the tangential θ2C and axial velocity x2C

profile results from Table 6.4 using the trigonometric relationships listed in Table 6.5. The 

resulting flow angles for Rotors 1 and 2 are provided in Tables 6.6. and 6.7 respectively.

Table 6.5 Prototype RDF Vector ‘Speed’ Triangle Equations

Rotor 1 Trigonometric Equations [165] Rotor 2 Trigonometric Equations

(Refer to Table 4.7)

tan 1
x2

Uβ =
C

(6.21) 2 21
3

3

sin
U C

V (6.25)

tan 1-2
x2

Uβ = ψ
C

(6.22) 1 2
4

4

sin U
V (6.26)

tan 2
x2

Uα =ψ
C

(6.23) 1 2
2 3

2

sin
C
C (6.27)

1 1 2 (6.24) 2 3 4 (6.28)

Table 6.6 Mixed Vortex Design Flow Angles-Rotor 1

Radius (m) 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

β1 degrees 18.4 27.1 35.3 42.8 49.9 56.5 62.9 69.3 76.6

β2 degrees 10.1 16.3 22.5 28.8 35.4 42.2 49.6 58.0 68.6

ε1 (turn) degrees 8.3 10.8 12.8 14.0 14.5 14.3 13.2 11.3 8.1

α2 degrees 8.8 12.4 16.3 20.7 25.5 31.1 37.8 46.4 59.0

Flow co-eff (Φ) 3.01 1.95 1.41 1.08 0.84 0.66 0.51 0.38 0.24
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Table 6.7 Mixed Vortex Design Flow Angles-Rotor 2

Radius (m) 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

β3 degrees 37.5 46.0 53.3 59.6 65.1 70.2 75.1 80.5

β4 degrees 27.1 35.3 42.8 49.9 56.5 62.9 69.3 76.6

ε2(turn) degrees 10.4 10.8 10.5 9.7 8.6 7.3 5.8 3.8

α3 degrees 8.8 12.4 16.3 20.7 25.5 31.1 37.8 46.4

Flow co-eff (Φ) 1.98 1.44 1.10 0.86 0.68 0.53 0.39 0.26

6.2.3 Determining the RDF Blade Aspect Ratio and the Number of Blades

The aspect ratio of the fan blades plays an important role in their performance. Traditionally 

high aspect ratios AR 3 are commonly used for open tipped blades (refer to chapter 4). The 

existing literature on the aspect ratio effects of open-tipped rotor blades indicate that lower 

aspect ratios (AR = 1 to 2) provide a higher (better) surge margin and therefore a more stable 

fan operation but result in performance degradations due to increased wetted areas and 

boundary layer build up effects [167]. For the prototype RDF design a low aspect ratio of 1.5 

was selected. This decision was made in order to enable stable RDF operations and also because 

it was considered that the closed fan tips, provided by the rim structure, would provide 

aerodynamic advantages akin to an increase in blade aspect ratio. Additionally, the lower aspect 

ratio blades should result in a stronger and more robust rotor structure. The Diffusion Factor is 

described in Chapter 4 section 4.5 and a value of 0.45 was initially selected for the prototype 

RDF design. The Mean Chord, Pitch to Chord ratio and Blade Pitch were calculated as detailed 

in Chapter 4 and are listed in Table 6.8.

Table 6.8 results of Pitch/Chord and Blade Number Calculations

Input Parameter Rotor 1 Rotor 2

Diffusion Factor 0.45

Aspect Ratio 1.5

Output Parameter Rotor 1 Rotor 2

Mean Chord (m) 0.053 0.047

Pitch/Chord Ratio 1.097 1.129

Blade Pitch (S) (m) 0.058 0.053

Number of Blades 8 9
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Intake Design

The requirements for the ideal intake design are:

1. To maximises the intake airflow per intake frontal area.

2. To allow unhindered airflow to the fan under all meteorological operating conditions. 

For example, in cross-winds, rain or icing conditions. 

3. To allow unhindered airflow to the fan under all operating attitudes. For example, at 

high angles of attack, yawing and pitching manoeuvres, spinning and stalled aircraft 

conditions.

4. To provide a minimum energy loss in the intake airflow (i.e. minimises pressure head 

and friction losses) 

5. To provide a balanced and even distribution of airflow across the fan rotor.

6. To augment thrust for example by means of Coanda effect lift generation at the intake 

lip.

7. To minimise the radiation of fan noise. 

A short circular pitot-type intake design (refer to Fig. 6.4) was chosen for the prototype 

RDF unit as it satisfies these criteria well and is also a popular choice for many subsonic ducted 

fan and jet aircraft designs. However, unlike the aforementioned conventional applications, the 

RDF intake has an additional requirement to provide a source of air to cool the motor windings, 

stators and magnets. The solution chosen for this was the incorporation of an air inlet vent-slot 

located around the periphery of the external surface of the intake fairing. Fig. 6.4 shows the 

intake design solution for the prototype RDF device. The vent-slot is a novel feature on an 

electrical ducted fan device and analysis was conducted to determine its optimum slot 

dimensions. The intake aperture diameter was selected as 200mm and the area is 0.0314 m2.
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Fig. 6.4 Isometric (a) and Section (b) views of the Prototype RDF Intake Structure with the 
Cooling-air Vent-slot

The energiser section, see Fig. 6.5, comprises of the electro-magnetic motor circuitry, the rotors 

and the stator guide-vane support structure.

Energiser Section Design

Fig. 6.5 Front (a) and Rear (b) views of the Prototype RDF Energiser Section
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Based on the outcome of the electrical performance analyses contained in the 

preceding chapter of this report, a slotless Surface mounted Permanent-Magnet Synchronous 

Motor (SPMSM) configuration was selected and configured for the prototype.

6.4.1 Load, Energy and Stress Analyses

This section provides an initial analysis of the component loads and stresses that are likely to 

occur during the prototype RDF operations. The magnitude and distribution of these likely 

loads and stresses have been analysed and estimated in order to:

Identify the sources of load generation

Inform the selection of suitable materials and production processes

Identify critical RDF components and features

Provide a starting point for future detailed analyses  

The operational loads considered in this section are those, applicable to the ground 

based static operations of the prototype RDF, which are considered likely to be encountered

during laboratory testing. It is intended that the dynamic loading analysis of the RDF device 

e.g. aerodynamic, manoeuvring and landing loads, will form part of future studies, considered 

outside the scope of this dissertation, which would be conducted prior to the installation of the 

prototype RDF to an airframe for flight testing.

6.4.1.1 Gyroscopic Loads

The gyroscopic loads on the RDF are generated as a result of precession. This is defined as the 

reaction to a turning moment (torque) that has been applied to the axis of a rotating component 

[160]. In the case of the RDF the rotating components are the fan rotors and these operate in 

contra-rotation. The forces acting on the fan rotors are those produced by the aerodynamic 

(pressure) loads, centrifugal loads and gravity. During normal operation and under static 

conditions the aerodynamic and centrifugal loads will act along the axis of rotation or be 

balanced (respectively) and therefore there will be no resulting net turning moment applied. 

However, there is a turning moment (couple) generated, on the fan axis, due to the downward 

pull of gravity which would cause the fan rotors to precess, in azimuth and in the same direction

as each other, if they were unconstrained by the stator shaft and bearings. The magnitude of 

this resulting constraining force can be estimate as follows:

An estimation of the mass moment of inertia of each fan rotor was made:
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=
2

2 2
i o

f

m r + r
I measured in kilogram square metres (6.29)

where If is the mass moment of inertia of the fan (kgm2), m is the mass (kg) of the fan (rotor),

ri the hub inner and ro the rim outer radii (m). The angular velocity of precession was 

determined at the maximum rotational speed:

g=p
f r

m rω
I ω

measured in radians per second (6.30)

Where r is half the distance between the centre of gravities of the two RDF rotors (m), g is the 

acceleration due to gravity (9.81 m/s2), pω the angular velocity of precession and rω the angular 

velocity of the rotors.

The precessional loading (F) on the rotor shaft and bearings was calculated:

= 2 2
pF mω r measured in Newtons (6.31)

Table 6.9 lists the results of these calculations for the RDF maximum design operational 

speed of 15,000 RPM. The anticipated bearing load owing to gyroscopic precession effects are 

extremely small and could therefore be neglected regarding further load analyses.

Table 6.9 Precessional loading calculations at 15,000 RPM

Estimation of the RDF bearing load (F) owing to gyroscopic precession

r ri ro m I ωr ωp g F

m m m kg Kgm2 rad/s rad/s m/s2 N

0.05 0.095 0.1 0.72 0.006818 1570.8 0.032826 9.81 7.7E-05

6.4.1.2 Kinetic Energy of the Rotating Fans

It is a design feature of the RDF fan rotors that that most of their mass is distributed about the 

rim in a similar fashion to the design of a flywheel. This is mainly owing to the location of the 

magnets and the rotor back iron. The rotational kinetic energy (K.E) of each fan wheel at the 

maximum design operational speed of 15,000 RPM is estimated as follows [161]:
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21= = 0.5× 0.006818 1570.8 = 8411.4Joules
2

2
rK.E Iω (6.32)

This is a large amount of energy and equates to the mass of the fan rotor (0.72 kg) 

moving at a linear velocity of 152.9 m/s (342 mph). Therefore, it is important to ensure safe 

and adequate containment facilities will be provided for the RDF during its prototype test 

programme. Fortunately, the stator core for the RDF motor windings forms a substantial steel 

containment belt around the fan rotor and is in the same rotational plane.  

6.4.1.3 Centrifugal Loads

The greatest rotating mass of the prototype RDF is contained in the rim structure and magnets 

and it is anticipated that this region will generate the highest centrifugal loading. The back-iron

rim structure is cylindrical and continuous in form and is ideally suited to carrying the resulting 

structural hoop and shear stresses. An initial investigation of the magnitude of the stresses, 

induced in the rotating back-iron acting alone, was conducted using simple stress theory. The 

material chosen for this study was plain carbon steel and the maximum principal (hoop) and 

shear stresses were calculated with the following formula and the results are tabulated in 

Table 6.10 [162].

The principal (hoop) stresses (σ1 and σ2) are measured in Newtons per square metre and 

are located on the inside of the rim: 

= 1- 2ν + 3 - 2ν
4(1- )

2
2 2r

1 i o
ρωσ r r (6.33)

23 - 2ν=
1- ν 8

2
r

2 o i
ρωσ r - r (6.34)

The maximum shearing stress at any radius through the rim (τmax) is given by:

1=
2max 1 2τ σ - σ (6.35)

The equivalent von Mises stress (σv) is used to predict stress related failures in ductile 

materials and is calculated from the stress values at appoint in a two-dimensional stress system 

as follows [163].
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Equivalent von Mises stress (2D):

= + 32 2
v x xyσ σ τ measured in Newtons per square metres. (6.36)

In the two-dimensional case of the backplate the principal stress σ1 = σv.

The equivalent von Mises stress is compared to the yield strength of the material σy in

Table 6.10. It is worth noting that the yield stress is temperature dependent and this will need 

to be accounted for when a comprehensive FEA stress analysis of the RDF is conducted. It can 

be seen, from this initial analysis, that the equivalent von Mises value is less than the yield 

strength and therefore the backplate is considered not to have failed.

Table 6.10 Initial estimation of the RDF back-iron stress concentrations

Initial estimation of the RDF back-iron stress concentrations

ρ ri ro ω ν σ1 σ2 τmax σv σy

Kg/m3 m m rad/s - MN/m2 N/m2 MN/m2 MN/m2 MN/m2

7858 0.103 0.105 1571 0.29 212.62 33051 106.3 212.62 280

6.4.1.4 Stress Distributions

Conventional rimless fan blades, like those used in a turbo-fan engine or hub-driven electrical 

fans, are loaded in a similar way as an aircraft wing or a cantilever beam. Whereby all of the 

loads, to which a fan blade is subjected, are transmitted to the blade-root and fan hub which is 

therefore the most highly stressed region of the fan device. The stresses at the blade root are 

significant and result from: 

the centrifugal tensile loads of the rotating blade mass.

the bending stresses generated by pressure loads (thrust).

the shear stresses generated by torque and aerodynamic drag effects.

However, a rim driven fan is not loaded in the same way as the conventional fan. The 

fan blades of a rim driven fan act more akin to a built-in or encastre beam. In this configuration 

the blade is supported at both ends (root and tip) and the loads on the blade are transmitted to 

both the hub and the rim. This means that the stresses generated from these loads are distributed 

more evenly around the fan structure and do not concentrate at the hub. Fig. 6.6 illustrates the 
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centrifugal stress distributions of the RDF generated under a low speed (1900 RPM) operation 

of a titanium rotor 1 fan mass.

Fig. 6.6 centrifugal stress distributions of the RDF

6.4.1.5 Reactive Torque Loads

The reaction-torque of a fan or propellor is an innate load that is produced as a result of the 

aerodynamic resistance of the fan blades to their motion. In the case of a conventional hub 

driven fan the associated torque loads and shaft shearing stresses are transmitted to the motor 

mounts and airframe via the motor shaft and body. However, for a rim driven fan these loads 

pass instead to the rim mounted motor, and as a result, the hub bearings and shaft operate under 

a much-reduced loading condition. In the case of the RDF, which has two contra-rotating 

rotors, the net torque effect on the airframe is much reduced and can even be eliminated. This

should make the RDF propulsion device beneficial to aircraft flight handling and control.

6.4.1.6 Distortion and Dimensional Tolerances

Maintaining dimensional stability is essential to the effective operation of the RDF. This is 

because, unlike conventional motorised fan devices, excessive RDF deflections can directly 

affect the motor air-gap length. Fortunately, the cylindrically shaped rim provides inherent 

stiffness for the fan structure. It also facilitates lower aspect ratio (AR) blades to be used which 

are of a more rigid design and avoid tip losses, bending and flutter problems. RDF aspect ratios 
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1 to 1.5 can be achieved whereas rimless fan blades normally have aspect ratios greater than 3. 

As part of a more detailed FEA stress analysis it is recommended that the RDF strain and 

distortion are also accurately modelled.  

6.4.2 Energiser Component Selection and Designs

The following paragraphs provide an overview of the proposed concept demonstrator 

energiser. This information is intended as a starting point for a detailed design and analysis 

process with the aim of manufacturing a functional prototype RDF.

6.4.2.1 Fan Rotors

It is intended that each RDF device houses two contra-rotating fan rotors (refer to Fig. 6.5).

6.4.2.2 Bearings

Standard off-the-shelf radial ball bearings are to be used. These shall be sealed and require no 

active lubrication system to be installed. A suitable example bearing specification is ISO 15 

RBB-1912-12, SI, NC_68.

6.4.2.3 Stator Guide Vane and Axle Assembly  

The stator guide vane and axle assembly, see Fig. 6.7, lie at the heart of the RDF device and 

plays an important role in achieving the optimum dimensional control and aerodynamic 

performance of the device by providing the necessary structural strength and stability 

(stiffness).

Fig. 6.7 stator guide vane and axle assembly
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6.4.2.4 Nose & Bullet Fairings

The purpose of the nose and bullet fairings is to minimise disruptions to the flow of air entering 

the RDF device and to maintain the annulus cross sectional area required to maintain the 

efficient exit of air through the exhaust nozzle. It is intended that these fairings will be static 

on the prototype device and shall be held in place by means of screw thread attachments to the 

ends of the rotor axles. Future developments may incorporate exit guide vanes to support the 

bullet fairing and the nozzle structure and to also straighten any components of efflux swirl. 

Theses fairings also provide the facility for future RDF developments to also house any smart 

electronics developed to optimise operation of the RDF.   

6.4.2.5 Magnets & Installation

Surface mounted magnets are susceptible to separation from the rim when operating in high-

speed applications. A general guideline used in industry for the maximum tangential speed, to 

which surface mounted rotors should be operated, is 180 m/s. The RDF magnets will be 

subjected to a maximum velocity of 160 m/s and it is proposed that they will be secured with 

adhesive and fasteners to the surface of the rotor back-iron and also retained by a composite 

(CFRP or Kevlar) rotor-band. The magnets selected for the prototype RDF design will be 

manufactured from sintered Neodymium, Iron, Boron (NdFeB) magnet grade N48H AM.

These magnets have a maximum operating temperature threshold of 150oC and a tensile 

strength of 80 MN/m2.

6.4.3 Assembly Technique

The Neodymium magnets exert extremely high attraction forces when brought into proximity 

with ferro-magnetic materials. For this reason, a special technique for the RDF assembly has 

to be considered at an early stage in the design process. It is important to establish how the 

permanent magnet rotors can safely and effectively be installed into the motor housings without 

clashing with the stator irons or damaging the motor windings and constituent parts. To achieve 

a smooth installation of the rotors it is proposed that a special assembly tool is used. The tool 

will simply allow an extension to be made to the axles and enable the fan rotors to slide into 

the motor housing whilst maintaining the necessary air-gap. The axle extension tool can be 

threaded so that it will screw into the ends of the motor axles and should also be made of a non-
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magnetic metal such as brass or the same type of corrosion resistant steel from which the axle 

is made. These extension bars will be the same diameter as the axles.

6.4.4 Sealing Provisions & Leakage Flow Estimate

The results of the performance analysis presented in chapter 4 identify the sealing of the 

internal RDF flow paths to be a critical aspect in achieving a good pressure rise across the fan 

sections and hence enabling high efflux velocities. Sealing of the rotor wheels for the concept 

demonstrator RDF will be achieved with polymer (e.g. Nylon) seals secured in four locations 

around the circumference of the intake, stator guide vane and nozzle structures and adjacent to 

the rotating fan rims. It is anticipated that an average clearance gap of 0.25 mm can be 

maintained whilst the RDF is operating with these seals. The leakage flow past these seals has 

been estimated as follows:     

2Leakage Area ( ) = 4× π×210× 0.25 = 660mmA (6.37)

Sealing gap discharge coefficient C= 0.6 

Leakage flow ( LM LM L ):

6

= × C× × measured in kilograms per second

2×12524= × 0.6× 660×10 ×1.045 = 0.064kg s
1.045

L
2pM A ρ 
ρL

2pM =L

(6.38)

where LM LM L is the leakage flow (kg/s), p is the pressure differential (Pa), ρ is the air density 

(kg/m3), C is a sharp-edged discharge co-efficient (assumed 0.6) and A is the leakage area (m2).

RDF core mass-flow estimates determined in chapter 4 are in the range of 3 kg/s. The 

anticipated leakage flow as a percentage of the core flow is thus:

0.064Leakage (%) = = 2.1%
3

(6.39)

The leakage percentage is considered very low and therefore the proposed sealing 

arrangement acceptable for the prototype RDF device. 
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Exhaust Nozzle Design

The requirements for the exhaust nozzle are to:

1. Minimise pressure energy losses in the fan exhaust airflow.

2. Discharge the air at the required high velocity

3. Discharge the air in the correct direction (rearwards) to maximise thrust

4. Minimise fanning-out (divergence) of the efflux.

5. Induce a secondary cooling flow for the motor windings

6. Minimise turbulence, noise and vibration from the efflux.

A short circular convergent section exhaust nozzle design was chosen for the 

prototype RDF unit as it satisfies these criteria well. The exhaust nozzle area has been sized 

and adapted to ensure that the design maximum airspeed in excess of 130 m/s at the RDF 

operational fan pressure ratio FPR=1.1124 is achieved. The RDF nozzle has an additional 

requirement to provide a motive flow to induce cooling-air for the motor windings, stators and 

magnets. The solution chosen for this was the incorporation of a double walled structure with 

a vent-slot located around the periphery of the internal surface of the nozzle. Fig. 6.8 shows 

the design solution for the prototype RDF device. The vent-slot is a novel feature on an 

electrical ducted fan device and prototype testing is proposed to determine the optimum slot 

dimensions. The nozzle exit aperture diameter was determined using the mass flow continuity 

equation to be 160mm and the corresponding area is 0.0201 m2.

Fig. 6.8 Isometric (a) and Section (b) views of the Exhaust Nozzle Design
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Motor Cooling Circuit

The majority of electrical motors currently being developed for Light and General Aviation 

applications have liquid cooling circuits (refer to table 1.4). However, the location of the 

electro-magnetic circuitry of the rim mounted motors is ideal for the provision of cooling using 

ambient air. An initial estimate of the cooling airflow requirement for the RDF motors was 

conducted, to assess the feasibility of this cooling concept, using text-book heat transfer 

equations based on convective heat transfer coefficients [141]. Fig. 6.9 shows a sectional view 

on a plane passing through the centre-line of the RDF device and the electrical motor circuitry 

can clearly be seen located at the rim of each of the two fan rotors. The arrows indicate the 

cooling airflow direction from the slotted inlet to the exhaust vent in the nozzle. 

Fig. 6.9 Sectional view on a plane passing through the centre-line of the RDF 

6.6.1 Theoretical minimum required cooling air mass flowrate and velocity

Table 6.11 lists the input parameters used to calculate an approximation of the minimum 

cooling air mass flowrate likely to be required under maximum power conditions. An example 

of the calculation methodology used is also provided.
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Table 6.11 Input parameters used to calculate cooling air mass flowrate

Electrical Input Power (per motor) 15 kW (maximum)

Motor Efficiency 90%

Thermal power output from each stator winding 1.5 kW

Total thermal power output from the RDF ( THQTHQT ) 3 kW

Maximum stator surface temperature (Tw) 110 oC

Ambient air inlet temperature (TSI) 20 oC

Cooling air outlet temperature (TSO) 65 oC

Stator diameter 242 mm

Stator length 50 mm

End windings length 2 x 20mm

Stator cooling-air channel depth 6 mm

As proposed in [141] the fluid (air) properties were evaluated at a film temperature 

(Tf) which is defined as follows: 

o110 + 20= = = 65 C
2 2

s w
f

T +TT (6.40)

Table 6.12 air properties were derived from [164]

Thermal conductivity (k) of air @ 65oC 2.913 x 10-5 kW/m. K

Prandtl Number (Pr) for air @ 65oC 0.699

Dynamic Viscosity ( ) for air @ 65oC 2.021 x 10-5 kg/m s

The mean density of the cooling air ( ) was calculated at ambient pressure 

po = 101325 Pa:

3101325= = = 1.045kg m
R 287×338

opρ
T

(6.41)

The cooling air mass flowrate ( MM )was estimated for the maximum heat load of the 

RDF:
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p

3000= = = 0.0663 kg s
C 1005×(65 - 20)

THQM
ΔT

==
C
QM THQ (6.42)

The cooling air volume flowrate (VV )was estimated for the total heat load of the RDF:

30.0663= = 0.0634 m s
1.045

MV =
ρ

0.0660.066=MV = 0= 0M
(6.43)

The cooling air velocity ( v )was estimated for the total heat load of the RDF:

0.0634= = 13.73 m s
0.245× π×0.006

Vv =
A

=V (6.44)

6.6.2 Estimating the actual RDF convective heat transfer co-efficient

An estimation of the achievable heat transfer co-efficient, for a single stator winding operating 

under the conditions listed in Tables 6.11 and 6.12, was calculated. This was done by evaluating 

the Nusselt number, which is a measure of the rate of heat transfer by convection, for the local 

flow condition. Firstly, the Reynolds number (Rex) depicting the local flow conditions over the 

width (x) of the stator and end windings was calculated:

-5

1.045×13.73× 0.09= = 63894.4
2.021×10x

ρvxRe =
μ

(6.45)

The Nusselt number (Nux) was calculated:

1 3 1 2 1 3 1 2= 0.332( ) ( ) = 0.332×0.699 ×63894.4 = 74.5x xNu Pr Re (6.46)

The local heat transfer coefficient (αx) was calculated:

-5

2
2.913×10 kJ= = 74.5× = 0.0241 m sK0.09x x

kα Nu
x

(6.47)

The average heat transfer coefficient (α) over the length x is 2αx [141] Therefore the

actual rate of heat transfer over each stator winding under these flow conditions is:

- 2 0.0241 ( 0.242 0.09) (20 -110)
= 0.297 kJ / s or apprx 0.3kW

ACTQ A T Ts wACTQACT (6.48)
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6.6.3 Matching the required and actual RDF cooling performances

The RDF cooling performance results contained in the two previous sections allow a rough 

estimate of the cooling-air mass-flow required to achieve adequate cooling of the RDF unit 

under the maximum power conditions:

3 kg= ×0.0663 = 0.332 s2 0.3
TH

ACT TH.MIN
ACT

QM = × M
Q

3= 3
2 0 3ACT H.MIN

QM =ACT
Q
Q

THQT MTHQT

ACTQA
TH× MT

Q
Q

× MTHQT (6.49)

The actual cooling flow estimation of 0.332 kg/s indicates that under the input 

parameters used in this analysis the cooling airflow requirement is likely to be between 10% 

and 15% of the fan core-flow. Although this ratio of cooling airflow to core flow is possible to 

induce, it can be further reduced by increasing the stator windings heat transfer coefficients 

with the introduction of cooling fins on the stators. This initial estimate has highlighted the 

requirement, at a future stage, to conduct more detailed cooling circuit modelling and analysis 

using computational thermodynamic and fluid dynamic analyses.

Prototype Weight Estimates 

Table 6.13 provides a mass breakdown for the prototype RDF device in which two values of 

the total RDF assembly mass have been provided. These values are the actual mass and the 

target mass. The actual mass is simply the current component mass value computed from the 

current concept demonstrator prototype solid model and materials selection. The target mass is 

a lower mass that is predicted to be achieved, by careful weight saving design practices and 

material selections, during the production prototype design phase. The proposed weight of the 

production prototype is 13.488 kg and the weight reduction amount to 12.4% of the actual 

concept demonstrator mass of 15.395 kg. This weight saving percentage seems an achievable 

target and would not be considered unreasonable in an aircraft equipment or system 

development programme. 

It is interesting to note that the predicted Specific Power of the prototype concept 

demonstrator RDF, based on only the active elements of the slotted motor design (Chapter 5) 

is 2.59 kW/kg. Whereas the Specific Power of the complete RDF assembly including the inlet 

duct, casing, fan rotors, stator, exhaust nozzle and motor cooling circuit is 2.14 kW/kg. and 

only amounts to a 17% performance reduction. This is not as significant a reduction in specific 

performance as that which would result from the equivalent alternative larger and heavier hub 

driven fans and propeller solutions.
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Preliminary Flight Performance Estimates 

This section provides an initial indication of the in-flight cruise performance characteristics of 

the RDF installation to an aircraft. The analysis has been based on the dynamic performance 

equation (3.29) established in section 3.2 and a generic small unmanned blended-wing-body

BWB aircraft as shown in Fig. 6.10.

Fig. 6.10 Rendered (a) and Wireframe (b) views of the BWB Electrical Concept UAV
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The design input parameters, on which the performance estimates were based, are listed 

in Table 6.14. A relatively low wing loading of 20 kg/m2 has been used for this analysis 

although future variants of this test aircraft are likely to have much higher values. 

Table 6.14 Input Parameters: BWB Electrical Concept UAV

Input Parameter Value

MTOM 60 kg

Wing Area 3 m2

Design Wing Loading 20 kg/m2

Wing Profile (Section) NACA 0010

Angle of Attack (α cruise) 4 Degrees

Total Drag Co-efficient (CD) 0.005

Lift Co-efficient (CL) 0.2

Input Power 30 kW

Static Thrust (Sea Level)
Cruise Altitudes

370 N
400 ft /20kft

The NASA Open-source Vehicle Sketchpad (OpenVSP, Release 3.21.0) program was 

used to model the flight vehicle and derive its initial aerodynamic characteristics. The weight

breakdown, MATLAB code and graphical output data for this aircraft can be found in 

Appendix D. Figs. 6.11 and 6.12 show the estimated prediction for the optimum aircraft 

performance operating at, low (400 ft) and high (20,000ft), cruise conditions. It must be 

emphasised that this is an idealised operational scenario whereby the aircraft is simply 

operating at its cruise design point and has sufficient electrical supply capacity.
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Fig. 6.11 Estimated Low Altitude BWB Aircraft Performance (400 Ft)

Fig. 6.12 Estimated High Altitude BWB Aircraft Performance (20kFt)
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Tables 6.15 and 6.16 list the predicted output performance data for the BWB UAV.  

Table 6.15 Output Parameters: BWB Electrical Concept UAV (400 Ft)

Estimated Output Data Value

Cruise Speed 140m/s

Drag 190 N

Lift (α = 4o) 7203 N

Thrust 190 N

Thrust to Weight Ratio
Fan Pressure Ratio (min)

0.32
1.118

Table 6.16 Output Parameters: BWB Electrical Concept UAV (20,000 Ft)

Estimated Output Data Value

Cruise Speed 180m/s

Drag 145 N

Lift (α = 4o) 5676 N

Thrust 145 N

Thrust to Weight Ratio
Fan Pressure Ratio (min)

0.24
1.217

Figs. 6.11 and 6.12 show that the BWB aircraft is capable of operating with greater 

speeds at higher altitudes. This performance improvement can be attributed to:

The reduced drag of the airframe owing to reduced air density (0.5389 kg/m3) at 

20,000ft.

The ‘ram-effect’ augmenting the RDF operational pressure ratio.

The efficient operation of the nozzle (assumed 90%)

The outcomes of this chapter are discussed in more detail in the following Chapter 7 of 

this report.
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Novel Design Features 

As a result of this conceptual prototype development process, it was considered that the RDF 

embodies some novel features that could support a patent application for Intellectual Property. 

The areas of innovation identified are:

1. A rim-driven fan device with two contra-rotating motorised fans intended for aircraft 

propulsion. 

2. A central structural stator arrangement with a dual stub- axles provision (cantilever) 

support for the fan rotor wheels. 

3. A novel intake design allowing an increased air mass-flow per frontal area and reduced 

drag characteristic. 

4. A jet-pump style motor cooling arrangement that uses the fan exhaust airflow to induce 

a secondary cooling airflow past the peripherally placed motor windings and magnets. 

5. The possibility to provide a low drag liquid-cooled version of the device, which would 

be able to achieve higher Specific Power values using the intake lip, stator or fan casing 

structures as liquid to air heat exchangers.

6. The capability to independently adjust the speed of each fan rotor to ensure that the 

device’s optimum operational performance is actively maintained and that fan blade 

stall (surging) is actively avoided. 

A patent application for the Rim Driven Fan has been registered with the UK Patent 

office (Patent Application Number: GB2018240.8) a copy of which can be found in

Appendix E.
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Chapter 7: Discussion, Conclusions and Further Work

This Chapter is intended to highlight what has been achieved in the context of the original 

research aims and objectives and to clarify how the PhD challenge has been met. 

Discussion

The aim of this programme of studies was to research and develop electrical Rim Driven Fan 

(RDF) technology for high-speed aircraft propulsion and to provide knowledge to support 

society’s efforts to combat climate change using zero-emission technologies. 

The initial objective was to conduct research into the state-of-the-art of aircraft 

electrical propulsion, aircraft electrical motor technology and any existing rim-driven fan 

applications in general. The outcome resulted in a peer-reviewed and published body of 

knowledge providing a significant contribution to exponents of aircraft electrical propulsion 

and comprising a comprehensive referencing of electrical motor technologies and their current 

applications to aviation propulsion. The research indicated that RDF technology has never been

applied in any practical aircraft propulsion applications and, as such, is an area of originality.

Furthermore, there do not appear to be any wider aerospace applications of RDF technology in 

existence although, the research did indicate that it could be applied to lift and propel an 

unmanned aircraft. Another outcome was the identification of an inherent problematic feature 

of an RDF design. This relates to the cogging torque of the motor. Most hub-driven, brushless

DC (BLDC) motors are subject to a degree of cogging torque owing to their concentrated 

winding (post) construction. However, the peripheral architecture of the rim driven 

electromagnetic circuits makes them particularly prone to high cogging torque characteristics 

which would affect start-up performance and cause vibration at low rotational speeds. It was 

therefore considered that this characteristic must be addressed in any developments of RDF

technology. To enable the start-up torque generated on energisation of the windings to

overcome the cogging torque generated by the permanent magnetic field and stator interaction.

This knowledge was used to inform the choice of AC synchronous motor technology for the 

concept RDF over BLDC motor technology and provide operation with a smoother sinusoidal 

back emf characteristic with reduced torque ripple and vibration. As a result, multi-slot and 

slotless winding configurations were studied.

The next objectives were to estimate the performance of single and dual stage contra-

rotating fans over a range of diameters and to provide a methodology to enable the aerodynamic 
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design and detailed Computational Fluid Dynamic (CFD) analyses of small contra-rotating 

fans. To achieve this, the properties of an existing aerospace fan design, namely that of the IAE 

V2500-A5 turbo-fan engine were used for initial validation. Original research was undertaken 

in the form of aerodynamic analyses which resulted in a novel analytical methodology and 

provided a significant contribution to knowledge in this topic area. This has been peer-reviewed 

and published and is an aid to technologists, in this field, as a ‘first-guess’ performance 

indicator (for single and dual stage electric ducted fans of varying sizes and over a range of 

operating speeds). More detailed aerodynamic analyses were conducted into a specific contra-

rotating architecture for a hub-less RDF and this original research work established a new

technique for contra-rotating fan and blade analysis based on a unique vectorial relationship

that was also then used to design the individual blades and rotor assemblies for the concept 

RDF. Three-dimensional solid models of the contra-rotating fans were generated, and a 

comparison was made between two-dimensional pitch-line calculations and three-dimensional 

numerical CFD modelling using Ansys Fluent. The results of this work provided a significant 

contribution to knowledge in the field of hub-less fan aerodynamics and were published in the

American Institute of Aeronautics and Astronautics (AIAA) Journal of Propulsion and Power 

(JPP).

The final objective of these studies was to create a conceptual design for an RDF device 

suitable to power an unmanned aircraft. This required an innovative step in this field of 

technology as there were no existing examples of such devices. Original research was 

undertaken in the form electrical and magnetic performance analyses, which demonstrated that 

it is possible to provide a powerful motorised rim-driven fan with a relatively small frontal 

area. Thus, enabling a very high thrust to frontal-area ratio to be achieved, which is a

prerequisite for a high-speed aircraft propulsive device. The analyses also indicated that a 

slotless surface permanent magnet synchronous motor (SPMSM) would provide the smoother 

operation owing to its gentler torque ripple characteristic. A comparative study was then 

conducted, of a slotless (SPMSM) RDF application, to evaluate whether there could be 

performance advantages by using aluminium in place of copper windings in this aerospace 

application. A topic area found to be lacking in published literature. The results showed that 

aluminium was the preferable material because it provided the RDF design with a higher 

specific power rating. This study provided a significant contribution to knowledge, in the field 

of aluminium windings for aerospace applications, and has since been peer-reviewed and 

published. Mechanical, aerodynamic, and thermal performance analyses were also conducted
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which indicated that a relatively low weight and compact RDF design could be employed. The 

synthesis of the researched information and performance studies led to the creation of the novel 

concept Rim Driven Fan (RDF) device comprising of two motorised fans configured in contra-

rotation and supported on a central stator guide vane assembly as shown in Fig. 6.1. The aim

being to enable electrical propulsion for high-speed flight of an unmanned aircraft. A patent 

application for this Rim Driven Fan was registered with the UK Patent office (Patent 

Application Number: GB2018240.8) a copy of which can be found in Appendix E. To meet 

the part of the objective relating to unmanned aircraft, a performance analysis was conducted 

on a generic unmanned BWB aircraft design, powered by the RDF. This was done for, low 

(400 ft) and high (20,000ft), cruise conditions. The MATLAB model created to predict the 

aircraft performance proved very useful for determining the sensitivity of the aircraft’s 

performance to atmospheric density changes and the potential benefits for the RDF design 

owing to the ram-effects of high-speed flight.

Conclusions

The main findings of this work are that rim driven fan (RDF) technology offers a viable means 

of high-speed aircraft propulsion with a dual-stage contra-rotating, air-cooled fan arrangement. 

And that the optimum RDF power density is achieved with slotless aluminium windings and 

iron-less rotors configured with Halbach magnet arrays to reduce the rotating masses. From the 

researched literature it was identified that the on-board storage of electrical energy is the major 

factor prohibiting aircraft electrical equivalence with internal combustion engine performance. 

Leading to the conclusion that the propulsive efficiency of the ‘aircraft and powerplant match’

are of particular importance to achieve high-speed electrical flight. It was also concluded from 

the performance and aerodynamic analyses, that there was a finite amount of energy that could 

be transmitted to the airflow through a fan for any given diameter and speed. This meant that 

it was important to ensure that the motors’ power and weight were optimised to satisfy but not 

exceed this defining power requirement. Furthermore, it was concluded that the choice of 

pressure ratio across the RDF and the minimisation of any fan leakage were critical factors to 

good performance, as were the dimensions and effectiveness of the RDF nozzle arrangement 

that determines the maximum exhaust airspeed achievable for any given RDF device. These 

findings have enabled a feasible RDF design configuration to become established and hold 

particular significance for future electrical aircraft, particularly of blended-wing-body (BWB) 

and distributed thrust architectures.
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From the performance study of single-stage and dual-stage rim driven fans of various 

inlet diameters over a wide range of speeds it was concluded that an important limiting factor 

of larger diameter fans is their tip-speeds. This is because the aerodynamic performance of the 

fan degrades markedly when the airflow becomes sonic. For example, a 500 mm diameter fan 

reaches Mach 1 (sonic velocity) at 13 kRPM (under ISA sea level conditions) and the 

degradational aerodynamic effects can manifest themselves over areas of the fan blades before 

this, at tip velocities as low as Mach 0.7 . It was also concluded that the input power required 

to drive an RDF increases with a polynomial relationship in degree five to an increase in the 

fan diameter. For example, a simple doubling of fan diameter (fan diameter x 21) will require 

an increase of approximately thirty-two times the input power at the same speed (input power 

increase x25). A trebling of the fan diameter (fan diameter x31) will require an increase of 

approximately two hundred and forty -three times the input power at the same speed (input 

power increase x35). The performance analysis defined the RDF input-power requirements and 

the results also demonstrated how high tangential fan-blade speeds are essential to generating 

high fan pressure ratios and efflux velocities. For example, it was demonstrated that a 100 mm 

diameter RDF operating at 15000 RPM provides an efflux velocity of 41 m/s whilst a 200 mm 

diameter RDF operating at the same 15000 RPM provides an efflux velocity of 82 m/s. 

Indicating that the efflux velocity varies in direct proportion to the fan diameter for a given 

RDF rotational speed. This observation concurs with established fan “velocity triangle” vector 

theory commonly employed to determine fan blade angles. It was concluded that, although 

there is marked increase of input power with diameter, there is a lesser increase in efflux 

velocity. However, there is a marked increase in mass-flow and thrust with diameter which are 

generated by the relatively small increments in the fan pressure ratio (FPR) values. For 

example, the 200 mm RDF operates with an FPR = 1.02 (at 5 kRPM) and generates 30N of 

thrust, whereas the same diameter RDF operating with an FPR = 1.05 (at 15 kRPM) generates 

272 N of thrust. An additional effect of increased FPR and the associated rise in total pressure 

across the fan is an increase in the airflow temperature. It was concluded that this airflow 

temperature rise would manifest itself as an RDF inefficiency unless it is minimised and 

utilised by design. Minimisation can be achieved by ensuring that the design-point fan pressure 

ratio of the RDF correctly matches the intended aircraft speed as closely as possible and hence 

maximises the overall propulsive efficiency of the aircraft. Which is best achieved using 

aircraft with low drag coefficients. Utilisation can be achieved by careful design of the RDF 

motor-cooling and an ‘adapted’ nozzle section to ensure smooth exhaust air expansion and 
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acceleration to the ambient free-stream conditions. Thus, it was concluded that if an RDF, or 

indeed any type of electrical ducted fan (EDF), is to be used for high-speed subsonic propulsion 

to match modern commercial turbo-fan aircraft capabilities. It would be important to ensure 

that the fan and airframe assembly have much improved aerodynamic and operational 

efficiencies to those of conventional, state-of-the-art “wing and tube” airframes with large 

diameter turbofans. In this respect, blended wing-body aircraft and distributed thrust 

propulsion systems offer an attractive solution. It was therefore concluded that under such 

circumstances, the installation of multiple dual-stage contra-rotating RDFs could be of benefit. 

For example, the results of the static performance analysis conducted indicated that a 400 mm 

diameter contra-rotating RDF, can provide approximately 8.7 kN of thrust with an efflux 

velocity 240 m/s (Mach 0.7) and an FPR = 1.4. Thus, demonstrating that this technology can 

match turbofan engine performance, whilst also offering electric motor drive efficiencies 

greater than 90%, using relatively low temperature materials in their construction and providing

zero emission operations. The performance study presented in Chapter 3 determined the

optimum performance parameters applicable to single-stage and contra-rotating rim driven fans 

(RDFs) that are intended for the electrical propulsion of UAVs. It also presented an analytical 

methodology suitable to a first-guess performance prediction for a range of RDFs of varying 

sizes and over a range of operating speeds. 

In this thesis, the contra-rotating fan rotor architecture for a hub-less RDF was analysed 

and corresponding vector speed triangles were established. These helped to form some 

fundamental trigonometric relationships which proved very useful for the later blade design 

analysis work that was conducted. A methodology for fan blade design was also established 

based on a free-vortex design philosophy. Three dimensional solid models of the contra-

rotating fans were generated, and a comparison was made between two-dimensional pitch-line 

calculations and three dimensional numerical CFD modelling using Ansys Fluent. From the 

results it was concluded that the, innovative two stage contra-rotating, RDF configuration 

provided the potential for a significant increase in the available thrust for a given fan inlet 

diameter and rotational speed. When compared with the dimensionally equivalent hub-driven 

single stage EDF technology, the thrust calculated (CFD results) for the RDF = 212 N and the 

EDF = 95 N with an accompanying RDF efflux velocity (CFD results) exceeding 150 m/s 

(336 mph), whilst the efflux of the EDF = 103 m/s (230 mph). The velocity parameters 

calculated using the 2D pitch-line methodology accurately corresponded with the Ansys CFD 

results (refer to Table 4.12) and provided a fast and effective technique, prior to conducting 
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detailed CFD analysis, with which to determine initial fan blade geometries and velocity 

estimates. However, the derived thrust values differed substantially between the 2D pitch-line 

methodology (317 N) and that of the CFD model (212 N). This was attributed mainly to an 

overly optimistic assumption of the effective fan through-flow area of the hub-less 

configuration that was used in the 2D pitch-line methodology.

From the electrical and magnetic performance analysis, it was concluded that it is 

possible to provide a powerful motorised fan with a relatively small frontal area. Thus, enabling 

a very high thrust to frontal-area ratio to be achieved for the RDF. The analysis also indicated 

that a slotless surface permanent magnet synchronous motor (SPMSM) would provide the 

smoother operation owing to its gentler torque ripple characteristic (refer to Fig. 5.10) than the 

slotted design. Additionally, the slotless motor offered the better performance when evaluated 

from its Specific Power rating of 3.07 kW/kg (refer to Table 5.7) which was attributable to its

lighter stator design owing to the omission of stator-teeth. However, the torque per unit rotor 

volume (TRV) values for the slotted and slotless RDF motor circuits are 34.8 and 25.7 KN/m3

respectively (refer to Table 5.7). And when referenced to Table 2.3, it was concluded that both

rim motor designs are very effective and can be considered in the high-performance category 

of air-cooled “Aerospace Machines”.

A hub-bearing concept prototype RDF design is presented in this thesis and its 

realisation investigated. A calculation of the prototype fan blade flow angles is provided based 

on vortex design philosophy and the number of blades per rotor and their spacing was

determined. The structural analysis identified a unique stress distribution pattern peculiar to 

rim fan architectures. Whereby the rim driven fan is loaded in a different way to conventional 

cantilever fan blades. In the RDF configuration the blades are supported at both ends (roots

and tips) and the loads on the blades are shared by both the hub and the rim. This means that 

the stresses generated from these loads are distributed more evenly around the fan structure 

and do not concentrate at the hub as is the case for conventional hub-driven fans. This was 

concluded advantageous to overcoming the anticipated high centripetal loads which would 

otherwise be generated in conventional blades operating at such high rotational speeds. It was 

also concluded that, by optimising the blade numbers and taking aerodynamic advantage of the 

rim to blade-tip gap closure, the blade aspect ratio may also be reduced. Initial estimates show 

that, for a rim fan design with an increased blade number and reduced aspect ratio, hub stress 

reductions of 50% or greater can be achieved. A cooling analysis to ascertain the feasibility of 

convective air-cooling for the motors demonstrated that the induced cooling flow requirement 
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is in the region of 10-15% of the motive flow and was therefore concluded to be an achievable 

prospect. It was also concluded, from a performance analysis made of a BWB unmanned 

aircraft with this concept RDF installed, that it would be capable of achieving high-speeds of 

140 m/s whilst operating at, low (400 ft) and 180 m/s at high (20,000ft), cruise conditions.

Finally, it has been concluded from the findings of this thesis that future applications of the 

RDF technology will most probably be found in UAV roles and configurations, such as:

High speed fixed wing UAVs.

Highly manoeuvrable vectored thrust UAVs.

Shrouded fan vehicles including Coanda Effect UAVs.

Amphibian UAVs.

Miniaturised UAVs with hub-less rotors.

Opportunities for Further Work

During the final year of this project a successful SMART Expertise grant application was made 

to the Welsh European Funding Office (WEFO) as part of an industrial collaboration. As a 

result, the “Fast-Fan” project has started, and detailed analysis and design work is currently 

underway on a Fast-Fan prototype device with an aim of eventually flight testing an RDF 

device on a UAV. The recommended areas for future work and studies to be conducted are: 

More detailed CFD and FE analyses

The production of detailed design drawings.

Laboratory prototype development testing.

The investigation of applications to distributed thrust BWB aircraft.

Opportunities for further areas of study in this field are also in the analyses of large 

diameter high thrust RDF versions suitable for large manned aircraft and hovercraft 

applications; The performance analysis and development of slotless, rigid windings and the 

design and analyses of composite rotor technologies for rim drives.  

Appendix A contains a copy of the associated academic papers published during this 

project.
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Abstract—Electrical Rim Driven Fan (RDF) technology is 
a novel application to aircraft propulsion, and there are many 
factors that play a part in determining its optimal achievable 
performance, for example, the electrical, magnetic and 
thermal properties of the rim driven motor architectures; the 
mechanical strength, mass and friction properties of the 
materials used; the aerodynamics of the fans and the 
efficiency of the motor drive and control circuitries. Each of 
these factors could easily warrant their own lengthy and in-
depth analyses. The aims of this paper are to provide a 
starting point from which to get a feel for the rough-order-
magnitude of an RDFs performance and to elucidate a 
conventional calculative methodology suitable for a quick and 
easy reality-check before undertaking more accurate 
numerical analysis techniques. Initially, the properties of an 
existing aerospace fan design, namely that of the IAE V2500-
A5 turbo-fan engine, is used to validate this approach and 
then the same methodology is used to estimate a first-guess 
performance prediction for a range of single-stage RDFs of 
varying sizes from 100mm to 500mm diameter, operating over 
a range of speeds from zero to 25 kRPM. Finally, a 
comparison between a single-stage and a dual-stage (contra-
rotating) 200mm diameter RDF for a UAV application is 
conducted. The performance limits of the RDFs considered in 
this analysis have been established to ensure that the fan 
blades are always operating within the subsonic flow regime.

Keywords—rim driven fan, RDF, unmanned aircraft, UAV, 
electric aircraft, specific speed, specific diameter, contra-
rotating fan

I. I
One of the earliest recorded accounts of rim driven fan 

technology for aerospace applications took place in 1961 
when the Ryan Aircraft Corporation developed the XV-5A 
Vertifan aircraft. The XV-5A fans were pneumatically 
driven by jet engine exhaust gasses acting on turbine blades 
located around the periphery of the aircraft’s lift producing 
fans [1]. Although the fan technology was deemed a 
success the rim drive element was halted, and the fan 
design went on to be developed for the General Electric 
CF6 high by-pass engine designs. The cutaway view of the 
Ryan XV-5A pneumatically Rim Driven Fans is shown in 
Fig. 1. 

Electrical rim driven fan technology for aircraft 
applications has also been the subject of various theoretical 

publications since the 1960s, one of the more recent (2006) 
being conducted at the NASA Glenn Research Centre 
during which a thirty two-inch (813 mm) diameter rim 
driven fan was the subject of an active magnetic (levitated) 
rim bearing study [2]. However, this study did not consider 
the performance characteristics of the fan over a range of 
operational speeds. A more recent account of electrical 
RDF technology (2017) involved the manufacture and 
concept demonstration of a plastic, low-cost 3D printable 
electrical RDF intended for small UAV applications [3]. 
The study successfully tested the 115 mm diameter RDF to 
speeds in excess of 10,000 RPM. However, the fan blades 
had not been aerodynamically optimised, and the input 
power and thrust values derived during the test were not 
considered optimal. Neither did this study consider the 
performance analysis of other RDF diameters over a range 
of rotational speeds.

In common with turbo-fan engines, electrical Rim 
Driven Fans (RDFs) entrain an airflow on which work is 
done to generate thrust. Although, unlike turbo-fans, this is 
not achieved by elevating a “core-flow” part of the air to 
high pressures and temperatures nor by combusting fuels 
resulting in environmentally damaging gas emissions. 
Instead, RDFs impart their momentum to the entire airflow 
using the electromagnetic interaction of the rim motor 
architecture and resulting fan rotation and as such offer an 
attractive solution for zero-emission propulsion.

One of the most appealing aspects of electrical RDF 
technology is the possibility to arrange them in close 
tandem and energise them to contra-rotate. This benefits the 
thrust generation of the overall unit by increasing the thrust 
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per unit frontal area and eliminating the efflux swirl, 
improving its thrust efficiency. The increased thrust is 
generated due to an increase in the fan pressure ratio FPR. 
This paper details a method of estimating the performance 
of single-stage and dual-stage (contra-rotating) RDFs 
intended for electrical aircraft propulsion. 

II. P  A  
The aerodynamic efficiency of the fan blades is 

considered to significantly degraded as the relative velocity 
of the air to the fan blade nears the sonic (Mach 1) 
condition. The fan blade velocity v was determined using:

(1)

where N is rotational speed in revolutions per minute 
(RPM); r is the fan radius. 

The speed of sound in air a is mainly dependent on the 
static air temperature and can be calculated with the 
following formula:

(2)

where γ is the ratio of specific heat capacities; R is the 
specific gas constant for air; To is the static (ambient) 
temperature.

Under International Standard Atmosphere (ISA) 
conditions, γ = 1.4, R = 287 J/Kg·K, and To = 288K 
(15°C). Therefore, the speed of sound in air can be 
calculated as:

(3)

Table I provides an overview of RDF diameters versus 
rotational speeds. The shaded areas signify when the RDF 
would be operating under sonic flow conditions resulting in 
sub-optimal performance. The performance analysis of the 
RDFs was conducted for the subsonic operational range of 
speeds from zero to 30,000 RPM and fan radii from 0.05 to 
0.3 m. 

A Fan Pressure Ratio (FPR) was first determined based 
on a design operational fan efflux of 100 m/s. Therefore, 
the differential pressure Δp, across the RDF was estimated 
using:

(4)

(5)

where ρ is the air density, kg/m3; po is the static pressure.

2
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p

The specific work (Y) J/kg is a very useful and versatile 
parameter in the analysis of turbo-machinery and provides 
a measure of the work expended by the fan on each 
kilogram of air. It and can be evaluated by using the 
following relationships: 

(6)

(7)

(8)

(9)

where M is the massflow, kg/s; ΔCw is the whirl velocity 
difference, m/s; U is the tangential (whirl) velocity, m/s; Cp 
is the specific heat capacity (of air) at constant pressure 
(taken as 1005) J/kg·K. 

The Cordier diagram shown in Fig. 2 indicates the 
optimum wheel types based on two important fan 
parameters calculated for the design point; The Fan 
Specific Speed number (σ) and the Fan Specific Diameter 
number (δ). 

The Fan Specific Speed number (σ) is a dimensionless 
fan performance parameter based on the rotational speed of 
the fan, its volumetric through-flow and the specific work 
supply to the airflow. 

(10)

where n is rotational speed in revolutions per second (RPS). 

The fan Specific Diameter number (δ) is also a 
dimensionless fan performance parameter but is based on 
the geometry of the fan its volumetric through flow and the 
specific work supply to the airflow. 

(11)

where D is the fan diameter, m. 
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Fig. 2. Cordier Diagram (S/N range 0.06 to 0.8 – Radial Fan Types; 
S/N range 0.25 to 1.0 – Diagonal Fan Ttypes; S/N range 0.6 to 3.0 – Axial 
Fan Types) [5].



By way of example, calculated Speed and Diameter 
Numbers for a modern high by-pass fan-jet engine are 
shown in Table II. 

For the below tabulated fan specification. The fan 
specific work Y was first calculated:

(12)

The fan Specific Speed Number could then be 
determined using (10):

(13)

The fan Specific Diameter Number could then be 
determined using (11):

(14)

The fan air whirl velocity difference was also 
determined using (8):

(15)

and the fan tip speed to whirl velocity ratio was calculated:

(16)

This 22% “Euler” (whirl velocity based) ratio (ΔCw/U) 
is a useful indication of the fan blade’s ability to transfer 
energy to the air in relation to the tangential velocity (U) of 
the blade. The U value of 473 m/s is a very high 

1.6 101325 101325
49628.6 J kg

1.225
PY

3
4

257.594.2 2 0.96 1
2 49628.6

4
2

2 49628.61.6 1.57 1.6
2257.5

49628.6 104.9m s
473w

YC
U

104.9( ) 22%
473

wC
Euler fan ratio

U

(supersonic) fan tip speed and the 22% indicates an 
excellent proprietary fan blade aerodynamic design. 
Table III lists the calculated values for the V2500-A5 fan 
and the five-pointed star marker in Fig. 2 indicates that the 
fan is positioned close to the optimum performance curve 
of the Cordier diagram. The V2500 engine Design Point, 
for optimum efficiency, would normally be the aircraft 
cruise mode at altitude. However, this basic analysis has 
shown that even under the assumed ISA Sea Level 
conditions the fan also performs very well.

III. I  (S ) P  R   O  
RDF P  

Equation (8) dictates that small diameter fans must 
rotate at much higher speeds than large commercial turbo-
fans to achieve the Specific Work input required to 
generate thrust for propulsion. The following analysis 
studies Rim Driven Fans of varying diameters between 100 
and 500 mm. These fans are considered to operate with 
optimum performance in the sub-sonic flow regime (refer 
to Table I). Having a 17% Euler fan ratio which is 
representative of the state-of-the-art hub-driven electrical 
ducted fans (EDFs) used for small unmanned and model 
aircraft propulsion [6]. 

The analysis was based on a 17% Euler fan ratio. 
Whereby the fan whirl velocity difference (ΔCw) is 17% of 
the fan tangential tip-speed (U). The difference in whirl 
velocity is the difference between the fan entry plane whirl 
(Cw1) and its exit plane whirl (Cw2), where:

(17)

This allowed a specific work value (Y) to be calculated 
using (8):

(18)

Assuming International Standard Atmosphere sea-level 
conditions, (7) was used to calculate values of the fan 
pressure rise for a range of fan speeds from zero to 25,000 
revolutions per minute (RPM):

(19)

A volumetric flow estimate for the RDF was then 
calculated based on the fan inlet diameter and assuming a 
fan flow co-efficient Kfan = 0.95:

(20)

A mass flow estimate was calculated using the 
following relationship:

(21)

and an input power value determined with the following 
equation:

(22)

2 1w w wC C C

wY C U

p Y

2 2
2

4
rim hub

fan

D DpV K fff

M V

P MY

T  III. C  P  V    V2500-A5 
A  E  F .

Turbo Fan Engine (Airbus A319, A320, A321) V2500-A5

Take-off Thrust (N) 102,480

Dry Weight (Mass) (kg) 2404

By-pass Ratio 4.5:1

Mass flow rate (kg/s) 384

Volumetric Flow (ISA conditions) (m3/s) 313.5

Fan Diameter (m) 1.6

Fan Pressure Ratio (FPR) 1.6

LP Shaft Max. Speed (RPM) 5650

Fan tip-speed (max.) (m/s) 473
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Fig. 3. IAE V2500-A5 aircraft engine fan [4].

Turbo Fan Engine (Airbus A319, 320, 321) V2500-A5

Fan Speed Number 1

Fan Diameter Number 1.6

Tip speed to whirl velocity ratio (ΔCw/U) 22%



The fan pressure ratio (FPR) is the ratio of the fan’s 
input total pressure to its output total pressure and this was 
derived using the static air pressure value po = 101325 Pa:

(23)

A.   Single Stage RDF Results 
For the range of speeds analysed the Specific Speed and 

Specific Diameter values for the RDF were determined to 
be: σ = 1.7 and δ = 1.03 using (13) and (14), respectively. 
These values have been plotted on the Cordier diagram and 
are indicated by the four-pointed star marker (Fig. 2).

o

o

p Y
FPR

p

Fig. 4 shows the performance curves representing the 
input (shaft) power required to drive the single-stage RDF 
fans of varying diameters over the range of speeds. And 
Tables IV-VIII provide the numerical values calculated at 
interval speeds of 5,000 RPM. By way of example, a 
200 mm diameter RDF operating at 15,000 RPM would be 
expected to require input supply power to the fan in the 
order of 13.827 kW. Assuming an electro-magnetic circuit 
(motor) efficiency of 90%, this would mean an RDF supply 
power of 15.4 kW. The same diameter fan would provide a 
fan pressure ratio of FPR 1.05, an efflux velocity in the 
region of 82 m/s and thrust values of around 272 N.

B.   Contra-Rotating RDF Results 
As discussed in the introduction section of this paper a 

two stage contra-rotating RDF offers the potential for 
performance improvements over a single-stage RDF for 
any given fan diameter and rotational speed. The contra-
rotating fan analysis was based on a 34% Euler fan ratio. 
Whereby the fan whirl velocity difference (ΔCw) is 
comprised of 17% of the fan tangential tip-speed (U) in the 

Fig. 4. Single-stage RDF power requirements for a range of inlet diameters.

Fan 
Speed 
(RPM)

RDF-Fan Diameter (mm)

100 150 200 300 400 500

Optimum RDF Static Thrust (N)

0 0 0 0 0 0 0

5000 2 10 30 153 483 1179

10000 8 38 121 611 1932 4717

15000 17 86 272 1376 4348

20000 30 153 483 2446 Sonic
Fan-
Flow25000 47 239 755

T  VI.C  P  V   RDF S  T .

Fan 
Speed 
(RPM)

RDF-Fan Diameter (mm)

100 150 200 300 400 500

Optimum RDF Efflux Velocity (m/s)

0 0 0 0 0 0 0

5000 14 21 27 41 55 69

10000 27 41 55 82 110 137

15000 41 62 82 124 165

20000 55 82 110 165 Sonic
Fan-
Flow25000 69 103 137

T  VII. E  RDF E  V .

Fan 
Speed 
(RPM)

RDF-Fan Diameter (mm)

100 150 200 300 400 500

Optimum RDF mass flow (kg/s)

0 0 0 0 0 0 0

5000 0.14 0.46 1.10 3.71 8.79 17.17

10000 0.27 0.93 2.20 7.42 17.58 34.34

15000 0.41 1.39 3.30 11.13 26.37

20000 0.55 1.85 4.40 14.83 Sonic
Fan-
Flow25000 0.69 2.32 5.49

T  VIII. E  RDF M  F .

Fan 
Speed 
(RPM)

RDF-Fan Diameter (mm)

100 150 200 300 400 500

Optimum RDF Input (shaft) Power (W)

0 0 0 0 0 0 0

5000 16 122 512 3889 16387 50010

10000 128 972 4097 31110 131099 400082

15000 432 3281 13827 104997 442458

20000 1024 7778 32775 248883 Sonic
Fan-
Flow25000 2000 15191 64013

T  IV. C  RDF P  V   I  ( ) 
P .

Fan 
Speed 
(RPM)

RDF-Fan Diameter (mm)

100 150 200 300 400 500

Optimum RDF Fan Pressure Ratio (FPR)

0 1 1 1 1 1 1

5000 1.001 1.003 1.01 1.01 1.02 1.04

10000 1.006 1.01 1.02 1.05 1.09 1.14

15000 1.013 1.03 1.05 1.11 1.20

20000 1.023 1.05 1.09 1.20 Sonic
Fan-
Flow25000 1.035 1.08 1.14

T  V. C  RDF V   F  P  R  (FPR).



clockwise direction and 17% in the anti-clockwise direction 
(i.e. 34% in total). One of the added advantages of the 
contra-rotating fan arrangement is that the efflux has a 
minimal, or zero, swirl velocity component further 
improving the thrust efficiency.

By way of example, Table IX provides a comparison of 
analysis results for single-stage and contra-rotating RDFs 
with a 200 mm diameter RDF operating at 15 kRPM.

Fig. 5 and Fig. 6 show the plotted results of the single-
stage versus contra-rotating RDF performance comparison 
over a speed range of zero to 25 kRPM. 

IV. D  
This analysis provides the estimated performance of 

single-stage and dual-stage rim driven fans of various inlet 
diameters over a wide range of speeds. It can be seen that 
an important limiting factor of larger diameter fans is their 
tip-speeds. This is because the aerodynamic performance of 
the fan degrades markedly when the airflow becomes sonic. 
For example, a 500 mm diameter fan reaches Mach 1 (sonic 
velocity) at 13 kRPM under ISA sea level conditions. It was 
also determined that the input power required to drive an 
RDF increases with a polynomial relationship in degree 
five to an increase in the fan diameter. For example, a 
simple doubling of fan diameter (fan diameter 21) will 
require an increase of approximately thirty-two times the 
input power at the same speed (input power increase 25). 
A trebling of the fan diameter (fan diameter 31) will 
require an increase of approximately two hundred and forty
-three times the input power at the same speed (input power 
increase 35). The analysed RDF input-power requirements 
are presented in the log-linear curves of Fig. 4. The 
tabulated results also demonstrate how high fan-blade 
speeds are essential to generating high fan pressure ratios 
and efflux velocities. In Table VII it can be seen that a 
100 mm diameter RDF operating at 15,000 RPM provides 
an efflux velocity of 41 m/s whilst a 200 mm diameter RDF 
operating at the same 15000 RPM provides an efflux 
velocity of 82 m/s. Indicating that the efflux velocity varies 
in direct proportion to the fan diameter for a given RDF 
rotational speed. This observation concurs with established 
fan “velocity triangle” vector theory commonly employed 
to determine fan blade angles [7].

V.  C
It was concluded that, although there is marked increase 

of input power with diameter, there is a lesser increase in 
efflux velocity. However, there is a marked increase in 
mass-flow and thrust with diameter which are generated by 
the relatively small increments in the fan pressure ratio 
(FPR) values listed in Table V. For example, the 200 mm 

RDF operates with an FPR = 1.02 (at 5 kRPM) and 
generates 30 N of thrust, whereas the same diameter RDF 
operating with an FPR = 1.05 (at 15 kRPM) generates 
272 N of thrust. 

An additional effect of increased FPR and the 
associated rise in total pressure across the fan is an increase 
in the airflow static temperature; refer to (9). It was 
concluded that this airflow temperature rise would manifest 
itself as an RDF inefficiency unless it is minimised and 
utilised by design. Minimisation can be achieved by 
ensuring that the design-point fan pressure ratio of the RDF 
correctly matches the intended aircraft speed as closely as 
possible and hence maximises the overall propulsive 
efficiency of the aircraft which is best achieved using 
aircraft with low drag coefficients. Utilisation can be 
achieved by careful design of the RDF nozzle section to 
ensure smooth exhaust air expansion and acceleration to the 
ambient free-stream conditions. Thus, it was concluded that 
if an RDF, or indeed any type of electrical ducted fan 
(EDF), is to be used for high speed subsonic propulsion to 
match modern commercial turbo-fan aircraft capabilities. It 
would be important to ensure that the fan and airframe 
assembly have much improved aerodynamic and 
operational efficiencies to those of conventional, state-of-
the-art “wing and tube” airframes with large diameter 
turbofans. In this respect, blended wing-body aircraft and 

Fig. 5. Comparison of Single-Stage and Contra-Rotating RDF Power 
Requirements.

Fig. 6. Comparison of Single-Stage and Contra-Rotating RDF Thrust and 
Efflux Performances.

T  IX.C   S -S   
C -R  RDF P .

Fan Diameter= 200 mm, Fan Speed 15000 RPM

Parameter Single-Stage 
RDF

Contra-Rotating 
RDF

Input Power (Shaft) (kW) 13.8 39.1

Fan Pressure Ratio (FPR) 1.05 1.1

Thrust (N) 272 543

Efflux Velocity (m/s) 82 117

Mass flow (kg/s) 3.3 4.66



distributed thrust propulsion systems [8] offer an attractive 
solution. Under such circumstances, the installation of 
multiple dual-stage contra-rotating RDFs could be of 
benefit. For example, the results of the static performance 
analysis conducted indicated that a 400 mm diameter contra
-rotating RDF, can provide approximately 8.7 kN of thrust 
with an efflux velocity 240 m/s (Mach 0.7) and an 
FPR = 1.4. Whilst also offering electric motor drive 
efficiencies in excess of 90%, with relatively low 
temperature material operations and zero emissions.

This paper has determined optimum performance 
parameters applicable to single-stage and contra-rotating 
rim driven fans (RDFs) that are intended for the electrical 
propulsion of UAVs. It has also presented an analytical 
methodology suitable to a first-guess performance 
prediction for a range of RDFs of varying sizes and over a 
range of operating speeds. It is intended that future work in 
this area will concentrate on determining the output (shaft) 
power performance of aerospace-centred, RDF motor 
architectures of varying diameters.
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Abstract—Rim Driven Fans (RDFs) are receiving 
increased attention amongst zero-emission aerospace 
technologists as they offer the potential for high Fan Pressure 
Ratios (FPR) to be efficiently generated and fan flow to be 
maximised compared with conventional (hub driven) 
electrical axial-flow fans. In other words; RDFs can provide 
higher thrust performance and exhaust air velocities than hub 
driven devices of the same intake area and also offer 
significant aerodynamic drag reductions. As such they are a 
feasible propulsion contender for fixed-wing, distributed-
thrust, electrical aircraft designs. Thrust-to-weight ratio is a 
critical design parameter when considering aircraft 
propulsion devices and so design mass must be optimised 
accordingly. This paper presents an electromagnetic 
comparison of copper versus aluminium, slot-less, brushless 
DC motor (BLDC), stator-wiring architectures. The results of 
this study identify the performance benefits and limitations of 
these differing stator wiring materials in the context of a 
single rotor-stage RDF intended for the propulsion of a small 
unmanned aircraft.

Keywords—rim driven fan, RDF, unmanned aircraft, 
electric aircraft, aluminium windings, ironless rotor, specific 
power

I. I

Electrical rim drive technology has been around for 
decades and is particularly popular for marine propulsion 
devices such as Rim Driven Thrusters [1]. One obvious 
benefit of a rim drive is that greater leverage is achieved 
from a tangential force applied at the rim of a rotor than 
one applied at or near its hub. Other benefits include less 
obstruction to the through-flow of fluids if used in an RDF 
or RDT application and the flexibility to install multiple 
rim driven devices in tandem. Some of the main 
disadvantages of rim drives are that they are: susceptible to 
efficiency reductions due to friction generated at the rim, 
for example from rim mounted mechanical bearings; they 
may require relatively high supply current frequencies to 
achieve fast rotational speeds and noise, vibration and 
harshness (NVH) problems can arise owing to the 
manifestation of eddy currents, cogging torque and torque-
ripple effects at the rim [2]. Some motors are more suited to 
rim drives than others, with the better types being induction 
motors (IMs) and brushless DC (BLDC) motors. These 
motors have the benefits of being robust in design, require 
no electrical supply to the rotor and exhibit good power 
densities. This study compares copper with aluminium 
stator windings for a BLDC motor, in a rim driven fan 

application, intended to propel a small unmanned aircraft. It 
is worth noting that aluminium conductors are already 
commonplace in components such as IMs, transformers [3]
-[7] and National Grid power lines.

Thrust to weight ratio is a critical design parameter 
when considering aircraft propulsion mechanisms [8] and 
literature already exists whereby motors have been 
compared having aluminium and copper windings. In a 
study of aluminium versus copper stator windings for 
single-phase induction motors [9] two single-phase 
0.25 kW, 230 VAC (max 3000 RPM) motors were tested 
across their operational range with aluminium and copper 
wired stators. The main reason for this study was economic 
in nature (aluminium being lower in cost) and demonstrated 
that the performance of the two differently wound motors 
was “almost the same”. This study also found reduced 
weight and noise levels with aluminium windings. In [10], 
a comparative study between aluminium and copper 
windings was conducted on a machine fitted with the 
alternate materials. The purpose is being to assess the 
feasibility of using aluminium for cost-effective in-volume 
motor fabrication. A variable-speed interior permanent 
magnet BLDC motor, for a traction application 60 kW, DC 
link voltage 600 V (0-15 kRPM with a base speed of 
4770 RPM), was studied. This study found that only a 
moderate reduction in machine performance is experienced 
with aluminium windings. Concluding that in this particular 
case for a small 2% reduction in efficiency over the vehicle 
driving cycle there would be an overall mass saving of 3kg.

In the study presented in this paper, the masses of the 
active components of the BLDC design have been 
minimised. The rotor iron deleted and the stator back-iron 
has been paired down to saturate at a flux density of 1.8 T. 
BLDC motors can be categorised by their permanent 
magnet (PM) installations which are surface mounted 
(SPM) or flux concentrating, interior (IPM) configurations. 
The surface-mounted type has been chosen for this study as 
it is more amenable to achieving thin rim designs. The 
permanent magnetic field is a Halbach array to maximise 
the air-gap flux density and a 1mm thick CFRP magnet 
retaining sleeve has been included in the analysis owing to 
the high operational speed of the rotor (>20,000 RPM). 

II.  RDF P  R
The RDF’s shaft power requirement was used to relate 

the electrical motor design to its fan performance over a 
range of rotational speeds from zero to 25,000 RPM. 
Initially, the fan pressure ratio (FPR) was calculated using 
(1), based on Euler’s principle of angular momentum [11] 
and a whirl velocity difference ΔCw = 0.017U, which is a 
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representative value for small fan blade designs of this 
type.

where PTout is fan outlet pressure (total), Pa; PTin is fan inlet 
pressure (total), Pa; Cp is specific heat capacity (of air) at 
constant pressure (taken as 1005 J/kg·K); To is static air 
temperature, K; γ is ratio of specific heat capacities (Cp/Cv) 
for air = 1.4; ηs is isentropic efficiency (fan), %.

The FPR was calculated for the range of RDF speeds 
and the differential pressure generated across the fan rotor 
was established with (2). 

where Δp is difference in pressure, Pa; po is static pressure, 
Pa.

The RDF volumetric V and mass M airflow were 
calculated with equations (3) and (4). 

where K is a dimensionless fan flow parameter taken as 
0.95; ρ is air density, kg/m3; rrim is rim radius, m; rhub is hub 
radius, m.

The RDF shaft (motor output) power P, torque T and 
thrust were determined using (5)-(7). 

where ω is angular velocity, rad/s; Δv is difference in 
velocity, m/s. 

Table I details the results of the above calculations and 
Fig. 1 shows the desired RDF fan performance curves over 
a range of rotational speeds from zero to 25,000 RPM. 
Fig. 1(a) represents the RDF’s aerodynamic start-up 
performance, showing the pressure rise and flowrate 
increasing as a result of the fan’s acceleration. Fig. 1(b) is 
the RDF’s torque versus speed characteristic and represents 
the output power (shaft power) required of the RDF’s 
motor. Fig. 1(c) is the RDF’s thrust versus speed 
characteristic and indicates the static-thrust attainable for a 
given speed.
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III. A   C  W
The two most common materials, used by the wire and 

cable industry to conduct electricity are copper and 
aluminium. The International Annealed Copper Standard 
(IACS) allows a comparison to be made, between copper 
and other metals, with copper rated at 100% conductivity. 
Aluminium has 61% of the conductivity of copper but at 
30% of its weight. Table II provides a comparison between 
copper and aluminium for the same domestic wiring 
application [12]. It was determined that aluminium 
conductors typically had to be two AWG sizes larger than 
copper conductors for the same application.

The vast majority of electrical motors have been 
designed for terrestrial or marine applications and employ 
copper windings. However, the RDF is an aerospace 
application. Therefore, a performance comparison, between 
an otherwise identical RDF device was conducted to 
investigate whether there was a potential to optimise its 
weight using aluminium instead of copper windings.

IV. S  P  (P - -W  R )
Specific power is an ideal parameter for the initial 

assessment of the performance of an aerospace propulsive 
device such as the RDF. Table III provides an approximate 
comparison of Specific Power values for traditional forms 
of vehicle engines 

Specific Power values for high performance electrical 
motors usually lie between those of reciprocating and jet 
engines. In the study detailed in this paper the RDF specific 
power calculations have been based on the active masses of 
the motors.

T  I. RDF M   F  A
 P  P .

Fig. 1.  Desired RDF fan performance characteristics.
(a) (b) (c)

RDF Speed (RPM) 0 5,000 10,000 15,000 20,000 25,000

Shaft Power (W) 0 279.9 2244.2 7600.4 18103.1 34108.5

Shaft Torque (Nm) 0 0.535 2.143 4.839 8.644 13.028

RDF Pressure Rise 
(ΔP) (Pa) 0 393.7 1581.4 3582.9 6431.4 10174.5

RDF Volumetric Flow 
(m3/s) 0 0.605 1.213 1.826 2.447 3.077

RDF Massflow (kg/s) 0 0.742 1.486 2.237 2.997 3.614

RDF Static Thrust (N) 0 18.8 75.5 171.1 307.1 465.8

Properties Copper Aluminium

AWG size for 60 A @ 75oC 8 6

Weight per 1,000 ft 65 lb 39 lb

Nominal diameter 0.23 in. 0.26 in.

Maximum pulling tension 132 lb 157 lb

T  II. C  B  C   A  
 S  D  W  A .

Engine Type Specific Power (kW/kg)

Automobile Engine (reciprocating) 0.9

High Performance Car Engine (reciprocating) 4.8

Jet Engine 31

Rocket Engine 153

T  III.A  A  C   S  P  V  
 T  F   V  E .



V. RDF M  D  
The rim drive motor models being compared, RDF-Al 

and RDF-Cu, have been designed with a four pole-pair 
surface-mounted permanent magnet rotor secured with 
1mm thick banding. To minimise the RDF weight and 
rotating loads the rotor-iron has been omitted. The 
clearance (air gap) between the rotor magnets and stators is 
2 mm and the permanent magnets are the rare-earth type 
made from neodymium iron boron (NeFeB) grade N42UH. 
The RDF is a slotless BLDC design and the stator is made 
from laminated electric steel grade M250-35A for which 
the thickness has been optimised to operate below the 
material flux saturation threshold of 1.8 Tesla. The double 
layer winding patterns are of insulated aluminium wire for 
RDF-Al, and insulated pure copper wire for RDF-Cu. 
Fig. 2 shows the slotless motor with the windings 
effectively sitting within an extended motor air-gap. The
3-phase windings comprise of four coils per phase each coil 
having 20 turns (40 conductor lengths) of AWG 13 (1.9025
-1.8288 mm, diameter) wire. 

The RDF motor’s design specification is given in 
Table IV.

A three-phase, star connected, double layer winding 
pattern was used for both the copper and aluminium RDF 
performance analyses, refer to Fig. 3.

The analysis is based on a 370 VDC electrically 
supplied inverter delivering a balanced sinusoidal 3-phase 
supply to the RDF windings having a peak current value of 
50 A as shown in Fig. 4(a).

VI. A  
The RDF motor winding comparison was conducted 

using Motor-CAD software provided by Motor Design Ltd. 
of the UK. Initially the Motor-CAD EMag design tool was 
used to define the motor architecture and the layout of the 
windings. Then the Motor-CAD Lab design tool was used. 
Which enabled rapid analysis of the electric machine 
design over the full operating envelope providing the 
torque, power and efficiency characteristics. The software 
achieved this using a combination of numerical 2D finite 
element analyses (FEA) and analytical algorithms [13-19]. 
The Motor-CAD FEA solver automatically handled 
meshing, boundary conditions and symmetry. A thermal 
analysis was not conducted as the comparison was made 
considering that adequate ram-air cooling was available to 
maintain the overall RDF and electromagnetic components 
at 60°C.

T  IV. RDF D  S .

Fig. 3.Double layer windings and stator linear winding pattern.
Fig. 4. (a) RDF input current to stator windings; (b) RDF flux linkage on 
load.
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Fig. 2.RDF rotor and stator arrangement and detail view of rim drive.

Peak Torque 8.6 Nm

Peak Power 18.1 kW

Maximum Speed 20000 RPM

DC Link Voltage 370 V

Maximum current 50 A (peak)

Stator Outer Diameter 216 mm

Cooling Forced Air Convection

Maximum temperature 60°C

Air gap length 2 mm

 

Double Layer Windings

Stator Linear Winding Pattern

(a)

(b)



The electromagnetic modelling in Lab is based on the
d-q axis model and assumes ideal sinusoidal flux linkages 
and current waveforms. Which allows an expression for 
both the steady-state electromagnetic torque and supply 
voltage to be derived:

The voltages in the d-q reference frame were derived 
using:

where ωs is the electrical supply angular frequency in
rad/sec; ψq and ψd are the d-q axis flux linkages; R is the 
circuit resistance.

By ignoring the resistive (RI) terms the stator voltage 
was derived using:

The average output power conversion over one 
electrical cycle was determined by:

where P is the output (shaft) power; m is the number of 
phases.

And the electromagnetic torque was calculated using:

where Te is the RDF torque; p is the number of pole-pairs.

Fig. 4(b) shows the on-load RDF flux linkages which 
were identical for both the copper and aluminium winding 
patterns.

A. Flux Density Distributions
The flux density distributions in the stators and rotors of 

the copper and aluminium wound RDF models for peak 
torque operation is shown in Fig. 5. In both cases the flux 
densities can be seen to be identical with a maximum stator 
back-iron peak flux density of 1.72 Tesla. Which remains 
below the target magnetic saturation threshold of 1.8 Tesla.

B. Electromagnetic Performance Results
The results of the Motor-CAD Lab analysis allowed the 

performance of the RDF motor, with copper and aluminium 
windings, to be plotted alongside the RDF fan torque-speed 
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characteristic. Fig. 6 shows the intersection of these two 
RDF motor curves, with the fan performance curve, 
occurring below 20 kRPM. The copper wound RDF 
demonstrated marginally better output torque (7.21 Nm) 
performance than the aluminium wound RDF (6.99 Nm) at 
20 kRPM. The intersection points in both cases indicate the 
peak operating point for that particular RDF motor-fan 
combination and power supply conditions. The horizontal 
region of the RDF motor characteristics is identical for both 
RDF configurations and is an indication that the torque 
output is being limited by the available current (Mode I) 
and input voltage increases linearly with speed. The peak 
operating point (RDF Fan intersection) occurs beyond 
Mode I in the voltage and current limited region (Mode II) 
which results in a higher rotational speed for the same 
voltage however with a reduction in torque [20].

Fig. 7(a) provides a comparison of the RDF output 
power (shaft power) with copper and aluminium windings. 
These curves indicate the operating range of the RDF based 
on the limitation of the 370 VDC bus voltage. Again, it can 
be seen that the copper windings (15.1 kW @20 kRPM) 
provide only a marginal performance improvement over the 
RDF configured with aluminium windings (14.65 kW 
@20 kRPM).

An efficiency analysis was also conducted using the 
Motor-CAD Lab software and the results are shown in 
Fig. 7(b). Although both the copper and aluminium RDF 
configurations demonstrated very good efficiency 
characteristics over the entire operational speed range of 
the RDF. The copper wound stator exhibited the highest 
values with a peak efficiency at 20 kRPM of 94.4% 
compared with 92.2% for the aluminium wound stator 

C. Noise Vibration Harshness (NVH) 
A slotless rotor design was selected for this analysis in 

order to minimise the RDF torque ripple and cogging 
torque effects which can severely impact the Noise Fig. 5.Flux distribution (a) copper and (b) aluminium windings.

(a) (b)

Fig. 6.RDF torque versus speed for copper and aluminium windings.

Fig. 7. (a) RDF power versus speed and (b) RDF efficiency comparison for 
copper and aluminium windings.

(a) (b)



Vibration and Harshness (NVH) properties of the rim 
driven device. Both the aluminium and copper windings 
demonstrated identical torque ripple and cogging torque 
effects as shown in Fig. 8 and Fig. 9 respectively. The 
cogging torque calculations were achieved using the 
magnetic co-energy variation method (CE) and also the 
virtual work (VW) computation method [13-19].

D.Comparison of Results 
Table V provides an overview of the RDF performance 

analysis results of the copper versus aluminium windings. 
The results indicate that copper provides a 3.3%, and 2.2% 
increase, in output (power/torque) and motor efficiency 
respectively, when compared with the aluminium windings. 
However, the aluminium windings provide a more 
significant 45% increase in specific power performance. 

VII.  C
This analysis was conducted primarily to evaluate 

whether there may be performance advantages to be gained 
from using aluminium in place of copper windings in an 
aerospace application of a rim driven fan. And initial 
specific power results have confirmed that aluminium 
would make a preferable winding material providing a 45% 
increase in power to weight performance. It is worth noting 
that the specific power values have been calculated using 
the mass of the active elements of the circuitry and do not 
account for RDF structure and housing etc. Although, it can 
be considered that these non-active elements would be of 
equal masses for both the aluminium and copper RDF 
assemblies, their overall effect would be to reduce the 
percentage difference in power to weight ratio.

The performances of both of the RDF-Cu and RDF-Al 
models fell short of the initial design specification targets 
set out in Table 1 in regard to desired output power and 
torque. This would manifest itself in actual reduced RDF 
operating speeds and thrust generation. However, it was not 
the aim of this study to satisfy the exact specification 
values. This would entail further iterative modifications to 
the RDFs geometry and winding patterns.

The Motor-CAD Lab software proved an excellent time
-saving tool with which to conduct a quick trade-off study 
such as this. It was also interesting to note the high motor 
efficiencies obtained throughout the operational range of 
the RDFs. These were attributed in part to the slotless 
design and reduction in ferrous content of the RDF thus 
minimising eddy current (iron) losses and also for the 
aluminium windings which due to higher electrical 
resistivity is less prone to AC effects in this relatively high 
speed (supply frequency) BLDC application. The results of 
this study also concur with the findings and conclusions of 
the previously reviewed literature and in particular those of 
[9],[10].

It is planned for future work to include thermal analysis 
of a detail designed RDF with an aluminium stator and ram 
air cooling provision of the coils and associated 
electromagnetic elements.
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Abstract—This paper provides a review of the state-of-the-
art in aircraft electrical propulsion (AEP). Initially, the 
limitations of on-board energy storage devices are highlighted 
and contextualised. The definitions of useful measures for 
determining the suitability of motor design, namely specific 
power and motor torque per unit rotor volume (TRW), are 
discussed and relevant examples are provided. The 
classifications of motors used for terrestrial vehicle 
applications are reviewed and their limitations highlighted 
regarding their suitability to AEP applications. A discussion 
on motor configurations for aerospace applications is 
provided which includes: synchronous motor stator winding 
configurations; axial flux motor configurations and the causes 
of energy losses. Additionally, the topologies and performance 
characteristics of existing aerospace motor technologies are 
examined. It was concluded that electrical motors provide an 
ideal means for achieving aircraft propulsion and that higher 
motor speeds are likely to be required for future commercial 
aircraft motor designs.

Keywords—aircraft electrical propulsion, BLDC, unmanned 
aircraft, rim driven fan, RDF, specific power, TRV, slotless 
windings

I. I
The comparatively low energy storage capacity of 

electrical aircraft is the only serious obstacle to the 
development of successful zero-emission flight. Although it 
is not the aim of this paper to discuss on-board electrical 
energy storage; it is first considered important to offer a 
contextual reference to the present feasibility of electrical 
propulsion for aircraft. 

Various methods of electrical energy supply already 
exist to provide on-board power for propulsion. Fig. 1 
provids an indication of power and energy densities of state
-of-the-art electrical storage technologies. In [1] existing 
battery, solar cell, ultra-capacitor and fuel cell technologies 
are described alongside operational hybrid aircraft and 
future High-Temperature Superconducting (HTS) systems. 
HTS technology is becoming increasingly feasible with 
recent advances in material sciences [2],[3]. Likewise, high
-powered metal-air battery technologies, such as lithium-
air, offer the potential to equal and surpass the energy 
release capabilities of hydro-carbon fuels. 

Fig. 1 provides an overview of theoretical specific 
energies of batteries compared with gasoline. Fig. 2. shows 
Ragone chart comparing specific energy and power values 
for electrical storage technologies. At the time of writing, 
the energy density of practical Lithium-Ion batteries is 
about 200 Wh/kg whereas Jet-A1 (AvTur) kerosene has an 

energy density of 11.95 kWh/kg [2]. This is some sixty 
times greater than is achievable for electrical flight. Thus, it 
is restricting present aircraft applications to light weight, 
low speed and short duration flights such as light aircraft, 
paragliders, unmanned (autonomous) aircraft and model 
aircraft. Regardless of the means of on-board electrical 
energy supply, Aircraft Electrical Propulsion (AEP) is 
likely to bring about the most significant change to the 
topology of the electric motor for over a century. This 
paper presents a review of existing motor technologies for 
aircraft propulsion.

Two useful measures for determining the suitability of a 
motor design for a particular application are its Specific 
Power (kW/kg) and its Torque per unit Rotor Volume 
(TRV: kNm/m3). The former provides an indication of 
performance regarding power to weight and allows a 
comparison to be made between electric motor performance 
and that of Internal Combustion Engines (ICE). Table I 
provides an approximate comparison of Specific Power 
values for traditional forms of vehicle engines.

The latter, TRV (refer to Table II), is a useful guide for 
designers in sizing an electrical machine as it provides an 
indication of the effectiveness of the electromechanical 
energy conversion of motor design. It can be calculated as 
follows [4]:

(1)

(2)

(3)

(4)

where T is the motor torque (Nm); Vrotor is the rotor volume 
(m3); D is the rotor diameter (m); kw1 is the fundamental 
winding factor; Lstk is the axial active length (m); A is the 
electric loading: number of ampere-conductors per metre 
around the stator surface that faces the airgap; B is the 
magnetic loading: the average flux density over the rotor 
surface (Tesla); and σmean is the shear stress on the rotor 
(N/m2).

A variety of technical characteristics are used to classify 
motor types. Some sources broadly categorise motors as 
either AC or DC machines [5] whereas others draw a 
fundamental distinction between whether they have axial or 
radial flux topologies [6]. In an overview of electric 
machine technologies [7] an extensive range of existing and 
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emerging motor concepts is provided, and these are initially 
categorised as brushed or brushless types. Another method 
of classification is based on whether the motor operation is 
synchronous or asynchronous. Fig. 3 shows a typical 
overall classification of motors used in modern electrical 
vehicle (EV) traction applications. 

The automobile sector has seen extensive development 
in EV motor technology over the past two decades. Over 
which time, it has become evident, that even though 
manufacturers’ initial development specifications have 

been similar at the outset of an EV design. Their resultant 
traction motor solutions have often varied. The Nissan 
LEAF motor, for example, is based on a Brushless DC 
(BLDC) permanent magnet motor design, whereas the 
Tesla model S motor is based on a copper rotor Induction 
Motor (IM). EV motors also vary considerably in the 
arrangement of their windings and their cooling provisions. 
In a comparative study [8] of different electric motors for 
EVs it was concluded that although induction motor 
technology was more mature, robust and less costly. 
Parment magnet synchronous motor motors provided less 
pollution, less fuel consumption and better power to 
volume ratios. 

Until recently, electric motors in aerospace applications 
were mainly used to power on-board systems rather than 
being the primary method of propulsion. Over the past 20 
years, the civil aerospace industry has concentrated efforts 
on developing More Electric Aircraft (MEA) technologies 
embodied by the Boeing 787 and Airbus 350 aircraft [9]. 
Large (15 kW) axial flow fans are used to recirculate air 
within the air-conditioning systems for civil airliners such 
as the Airbus A330 aircraft. Similarly, four 100 kW single-
stage centrifugal compressors are used to pressurise the 
Boeing 787 fuselage. Electrically powered hydraulic and 
fuel pumps are common to many large aircraft designs, and 
electric motors incorporated in nose landing gear allow for 
more efficient ground taxi operations at airports [10].

II.  M  C   A  A
BLDC motor designs are currently the most commonly 

used for small unmanned AEP. They are very similar in 
design to synchronous AC motors with the primary 
difference being in the shape of their back-EMF waveform 
and rotor position sensing: BLDC motors have trapezoidal 
back-EMF waveforms; whilst synchronous AC machines 
generate sinusoidal shapes. Common BLDC configurations 
have the following characteristics and are more suitable for 
power drive applications that can withstand some torque 
ripple [8]:

Full pitched and concentrated windings (generate 
trapezoidal back-EMF). 
Higher Power Density.
Low cost Hall effect probes for motor commutation 
control.

There are two types of synchronous AC motors, namely 
wound-field (rotor) and permanent magnet [11]. The 
wound-field type requires brushes to provide an electrical 
current to the rotor. In common with brushed DC motor 
configurations, wound rotor AC machines are considered 
undesirable for aerospace applications on the grounds of 
their reduced component reliability and susceptibility to 
arcing. However, wound-field SMs (WFSMs) potentially 
have a future in HTS aerospace applications [3]. Permanent 
magnet (PM) AC synchronous motors are suitable for 
aerospace applications and considered preferable to BLDC 

Fig. 3. Classification of motor types used in EV applications.
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Motor Type TRV
(kNm/m3)

Totally enclosed motors with low energy ferrite magnets 5-15

Totally enclosed motors with sintered rare earth magnets 
(NdFeB, SmCo)

15-40

Medium power (>5kW) Industrial induction motors 5-30

Aerospace machines 30-75

Liquid cooled machines 75-250



motors for high speed applications as they offer better 
control and extended field weakening capabilities. AC 
synchronous motor operations have the following 
characteristics:

Distributed and fractional-slot windings for sinusoidal 
back-EMF (providing smoother operation)
Better control and extended field weakening capabilities 
(for high frequency control)
High cost shaft encoder to control stator currents.

Induction motors (IMs) are used extensively in 
terrestrial applications and offer a simplicity of construction 
combined with low costs compared with BLDC machines 
as their construction requires no expensive rare-earth 
magnets. Stator windings for induction motors are identical 
to those of synchronous machines; however, IMs do not 
match PM machines for power density. IMs also experience 
performance restrictions due to thermal limitations imposed 
by rotor induction heating effects.

A.   Rotor and Stator Configurations
Stator windings are categorised as either concentrated 

or distributed types. BLDC motors typically have 
concentrated stator windings, with conductor wires wound 
around salient iron pole pieces. In contrast, most PM 
synchronous motors have distributed windings with 
stranded or hairpin conductor coils housed in slots evenly 
distributed around the stator. Both of these winding types 
are susceptible, in varying degrees, to generating cogging 
and ripple torque effects owing to variations in their 
magnetic circuit reluctance [12]. For aerospace applications 
it is desirable to minimise any sources of noise, vibration 
and harshness (NVH) and increased attention is being given 
to slotless (airgap winding) BLDC motor configurations. In 
[13] a design method for a small-sized brushless DC motor 
double-layered, short pitched hexagonal winding is 
provided, which offers an advantage of omitting end-
windings and their associated losses. The design and 
analysis of a lightweight motor for aerospace applications 
is presented in [14],[15], which achieves high power 
density, zero cogging torque and low torque ripple using a 
rotor magnet Halbach array arrangement. Halbach arrays 
improve airgap flux concentration and offer the future 
potential to delete the rotor iron from motor designs 
although not from their stator [16]. Various slotless 
winding patterns are presented including, helical, basket, 
skewed (Faulhaber), rhombic, straight (with end turns), 
ringed and pancake forms. Aspects of their design are 
discussed in [17] concluding that high frequency eddy 
current losses can be reduced by employing thinner 
conductors, such as Litz wire [18] and parallel connections. 
Favourable analysis and testing have also found that using 
aluminium windings instead of copper can provide 
improvements in motor specific power combined with cost 
benefits [19],[20].

B.   Axial Flux Motor Configurations
Although the majority of motors are radial flux 

machines, axial flux PM motors attract much attention for 
traction and aerospace propulsion applications [21]. A 
comparison of the power density of axial machines is 
provided in [22] concluding that the axial machines 
analysed have higher power density when compared with 
IM machines. Unfortunately, this study does not provide a 
like for like comparison of BLDC technologies. Although, 
a similar comparison of axial and radial BLDC 
configurations [23] concludes that the axial flux machines 

have much higher torque to mass ratios than radial flux 
machines.

C.   Energy Losses
The efficiency of aerospace electric motors and their 

associated controllers are critical to the success of 
commercially viable AEP systems. BLDC motors and their 
associated electrical speed controllers (ESCs), used for 
hobby build and small unmanned aircraft projects, 
commonly have unit efficiencies under 80%. However, 
commercial AEP projects target efficiencies above 95% for 
motors and controllers alike. Thermal management of the 
power chain is critical to achieving these aims, and much 
effort is spent in reducing armature currents and controller 
switching frequencies. High DC line voltages e.g. 
>500VDC, allow for a significant reduction in current 
supply to stator windings, thus minimising the I2R losses. 
Motor cooling circuits, either liquid or forced air, can 
further enhance motor efficiencies. Advances in solid-state 
Silicon Carbide IGBT switching technologies have 
improved motor control performance as highlighted in a 
recent study [24], and for high altitude aircraft operations 
the high voltage DC (HVDC) motor transmission lines are 
susceptible to corona energy discharge losses [25]. An 
excellent performance analysis of electric motor 
technologies is provided in the White Paper produced by 
Motor Design Ltd. of the UK [26].

III. O   E  A  
M  T  

Table III provides an overview of a range of existing 
aerospace motor technologies sourced online from supplier 
literature. Some of the aircraft listed below are still in the 
development phase having not yet flown.

A graphical assessment of the achievable performance 
of these motors is provided in Fig. 4, in which motor 
powers have been plotted against motor speeds. It can be 
seen that the lower speed motors have high power 
applications because greater torque is required to turn large 
propellers. Such is the case for the magniX magni500, 
which is used to power the electrical version of the DHC-2 
Beaver and also the Cessna Grand Caravan shown in Fig. 5.

Lower motor speeds permit direct coupling of 
propellers and provide a weight saving that would 
otherwise be incurred by a reduction gearbox. Aircraft with 
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T  III.E  A  M  T .

Electric Motors and Manned and Un-manned (autonomous) AEP applications

Motor 
Manufacturer

Aircraft 
Project

Motor Type Speed 
(RPM)

Power 
(kW)

Mass 
(kg)

Specific power 
(kW/kg)

Supply 
Voltage (V)

SAFRAN [28] Airbus 
E-Fan 2

Electric Integrated 
Propulsion System 
EIPS
Efficiency 94%

2500 30 12 2.5 500

Siemens 
SP200D [29]

City Airbus BLDC 
Liquid Cooled
Efficiency 95%

1300 204 49 4.16 480-850

YASA 750R 
[30]

ACCEL Liquid Cooled 
Efficiency >95%

2400
(0-3250)

200 37 5.4 700

magniX 
magni500 [31]

Harbour Air, 
DHC-2 
Beaver

Liquid Cooled 
Efficiency >93%

2600
(max)
1900
(Base 
speed)

560 133 4.15 490-750
(Link voltage

540V)

UQM 
Technologies
[32]

Rutan Long 
ESA

Liquid Cooled 
Efficiency >93%

5500 150
(250 
max)

18 8.3 450-750

Emrax 348 [33] Autonomous 
Air Taxis 
(general)

Axial BLDC 
Liquid Cooled
Efficiency 92-98%

1840 380
(Peak)

210
(cont.)

41 Up to 10 800

MPS-154120 
[34]

Large Hobby 
built drones
(general)

BLDC 
Air Cooled 
Efficiency 88%

4500
(max)
3500

(rated)

45-50
(max)

5.9 6.78 120 (max)

E-Power Hobby 
EP238/50 [35]

Paratrike BLDC
Air Cooled 
Efficiency 90%

5000
(max)

35
(peak)

18
(rated)

5 7 100 (max)



propellers exceeding 1m in length are normally required to 
rotate at speeds of less than 3000 RPM to avoid 
performance degradations owing to sonic airflow 
conditions at the propeller tips. The CityAirbus (Fig. 6), is 
powered by eight Siemens SP200Ds which rotate at a 
relatively slow 1300 RPM. Conversely, the MPS 154120 
and the EP 238/50 motor characteristics shown in Fig. 4, 
indicate motors having high rotational speeds >4000 RPM 
and relatively low torque characteristics. These motors 
have typical applications on large homebuild UAV drones 
and powered paragliders respectively and are readily 
available to purchase as off-the-shelf equipment. 
Interestingly the UQM Technologies motor uniquely 
indicates relatively high rotational speed and power 
characteristics. This motor drive system was adapted from a 

terrestrial vehicle application for the Rutan Long ESA 
aircraft in a one-off AEP speed record attempt. 

Fig. 7 provides a comparison of the Specific Powers 
and Efficiencies of the motors listed in Table III. 

It shows that the higher output power motors also have 
higher efficiencies in the range of 93% to 95%. These 
motors are exclusively liquid cooled and are synchronous 
permanent magnet types with slotted distributed windings.  
The lower efficiency motors have efficiencies in the range 
of 88% to 90% and are air cooled, BLDC permanent 
magnet types with concentrated windings. Interestingly, a 
high specific power value does not necessarily indicate 
good motor efficiency. The air-cooled motors indicating 
very good specific power values of about 7 kW/kg. 

IV.  C
An overview of the state-of-the-art in motor topologies 

for AEP has been conducted, and it has been concluded that 
electrical motors provide an ideal means for achieving 
aircraft propulsion. Fan and propeller load (torque) 
characteristics increase gradually with rotor speed which 
makes them ideal for electrical motor drive applications. 
The operational ranges of fan and propeller speeds also 
permit simple, lightweight direct-drive connections to be 
achieved and with reference to Table III. It can be seen that 
the specific power values for existing AEP motor 
technologies range between 4 and 10 kW/kg placing them 
between high-performance piston engine and jet engine 
technologies when correlated with Table I values. It was 
further concluded that existing AEP motors rotate at 
relatively low speed ranges of 1300 to 5000 RPM when 
compared with civil aircraft turbo-fan engines which 
typically rotate between 5000 and 7000 RPM. Indicating a 
limitation in attainable fan efflux velocities and ultimately 
AEP achievable aircraft speeds. A deduction that is 
evidenced by the low speed aircraft applications on which 
current AEP motor technologies are implemented. This also 
suggests that higher fan and motor speeds are likely to be 
required for future high speed aircraft designs. To this end, 
development work is already underway on rim driven fan 
(RDF) technologies that offer the potential of high 
efficiency and efflux velocities [27]. The importance of 
high TRV values (refer to Table II) was also realised when 
considering the flat disc-like, liquid cooled motor 
topologies evidenced by the images of the high-
performance motors provided in Table III.
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Abstract—This paper presents a review of the state-of-the-art 
in aircraft electrical propulsion technology. A comparison is 
provided of differing propulsion mechanisms such as propellers, 
open fans, ducted fans, multi-stage rim driven fans and 
distributed thrust designs and their suitability to particular flight 
profiles and mission applications. Electrical motor architectures 
are also reviewed with particular attention being given to 
synchronous machines, such as Brushless Direct Current (BLDC) 
and Switched Reluctance Motor (SRM) technologies, and the 
recent advances that have been made in solid-state switching and 
High Temperature Superconducting (HTS) material 
applications. Present day electrical power generation, storage 
and control technologies are also reviewed including hybrid and 
fuel cell technologies and regeneration techniques. Electrical 
storage capabilities with regard to specific power and energy 
characteristics are discussed and the extent to which existing 
system technology can be integrated onto a Hybrid-electric and 
an All Electric Aircraft (AEA) is also investigated. Finally, a 
conclusion is provided highlighting the current technological 
challenges facing the development of commercial aircraft in 
terms of performance, airframe configuration and legislative and 
operational infrastructural requirements. 

Keywords—electrical propulsion, all electric aircraft, hybrid-
electric aircraft, more electric aircraft, unmanned aircraft, rim 
driven fan, high speed electrical flight, aircraft batteries, fuel cells, 
PV cells, supercapacitors  

I.  INTRODUCTION 
It may be claimed that energy management is one of the 

critical issues facing our society and that the importance of 
reducing harmful emissions into our atmosphere is now 
universally understood in the World. CO2 emissions have 
increased by about 80% between 1990 and 2014, and are 
forecast to grow by a further 45% between 2014 and 2035. 
Also, NOx emissions have doubled between 1990 and 2014, 
and are forecast to grow by a further 43% between 2014 and 
2035 [1].  

Electrically propelled vehicles are increasingly popular in 
society with countries such as Norway, Hong Kong, and 
Iceland leading the way in adopting this environmentally 
friendly technology for their road and rail vehicles. However, 
electrical propulsion technologies for flight do not appear to 
be advancing as quickly. Although, successes like Solar 
Impulse’s global circumnavigation and the recent boom in 
Small Unmanned Aircraft (SUA) technologies have 
highlighted the possibilities for electrically powered and 
autonomous flight. Technological hurdles such as power to 
weight ratios, the on-board storage of electrical charge and 

system control technologies seem to hamper “commercially 
feasible” development in the civil aviation sector.  

Fortunately, national and international organisations such 
as the International Civil Aviation Organisation (ICAO), the 
National Aeronautics and Space Administration (NASA) and 
the Advisory Council for Aviation Research and Innovation in 
Europe (ACARE) have recognised their roles in guiding and 
encouraging environmentally responsible aviation and have 
begun to set goals, provide funding and conduct research 
aimed at improving the many aspects of aviation technology 
and operations necessary to protect our environment and 
energy resources [2]. The problem being addressed is how to 
reduce aircraft emissions and it is believed that electrical 
propulsion for aircraft can help to provide the solution. This 
report presents a review of the state-of-the-art in Electrically 
Powered Propulsion (EPP) for aircraft. . 

II.  COMPARISON OF ELECTRICAL PROPULSION MECHANISMS  
The overall efficiency of an aircraft propulsion system ηov 

can be determined from the ratio of the effective propulsive 
power PThrust to the power supplied by the energy source, 
PSupply which may be aviation fuel or an electrical supply or a 
combination of these sources. An excellent comparison 
between electrically powered propulsion and gas turbine 
engines (GTEs) has been published by Seitz et al. [3] in which 
the following useful efficiency chain is presented: 

      
where ηec is the energy conversion efficiency; ηtr is the energy 
transmission efficiency; ηpr is the propulsive efficiency. 

Propulsive efficiency. Irrespective of whether the prime 
mover is an electrical motor or an Internal Combustion Engine 

Thrust
ec tr pr

Supply
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P
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(ICE) the propulsive efficiency is a fundamental parameter to 
be considered whenever matching a propeller or fan, to an 
aircraft. It represents the efficiency of the conversion of 
kinetic energy to propulsive work and may be expressed: 

   
This may be expressed in terms of aircraft velocity (Va) 

and the propelling airstream (jet) velocity (VJ) to: 

         
The above equations illustrate that the lower the ratio of VJ 

to Va the higher the propulsive efficiency. Therefore, at lower 
aircraft speeds propellers with slow moving airstreams are a 
suitable method of propulsion whereas at higher aircraft 
speeds fans or compressor with faster propelling airstreams 
become an efficient method [4], [5]. 

Fixed pitch propellers are the most common type of 
propeller used on electrical aircraft in order to simplify the 
propeller design and minimise its mass. However, they come 
with a performance penalty as the optimum pitch angle (best 
lift to drag ratio) of a propeller depends on the aircraft’s flight 
condition. For example, a low propeller pitch angle is best for 
take-off and a high angle is best for cruise. Hence the fixed 
pitch angle is normally a compromise to suit the purpose for 
which the aircraft is designed and consequently the propeller 
operates less efficiently during some of the aircraft’s flight 
phases [6]. 

Variable pitch propellers allow for a more efficient 
operation during flight although at a cost in system weight, 
complexity and hence reduced reliability. The pitch can be 
continuously adjusted during flight to the optimum angle and 
this ensures that propulsive efficiencies are maintained around 
80% up to 400 mph (645 km/h), above this speed the airflow 
over the propeller tips becomes supersonic and causes a 
reduction in efficiency. Other advantages may be gained from 
the ability to feather the propellers, reverse their pitch or set 
them for electrical regeneration during the aircraft descent 
phase of flight [7]. Electrically actuated pitch control for 
propellers is common-place and has been in development 
since prior to 1944 [6]. 

Work done on the aircraft
Energy imparted to the propulsive airflowpr (2) 

2

1

a

J

a

pr
V
V
V

(3) 

Contra-rotating (counter-rotating) fan or propeller 
arrangements can provide a more efficient use of power and 
seem very well suited to electrically propelled aircraft owing 
to the simple direct power transmission designs that are 
achievable [6]. Regardless of whether the contra-rotating 
propellers are electrically or conventionally (ICE) driven, they 
avoid the spinning slipstream of the single propeller 
arrangement. Thus, for tractor aircraft configurations, they 
provide a symmetrical airflow over the wing and tail surfaces 
resulting in improved longitudinal and lateral stability. Other 
benefits are the cancellation of reaction-torque; the lessening 
of slipstream turbulence which enable aircraft designs with 
reduced wingspans; smaller ailerons; weight reductions in 
control surfaces and a reduction in aircraft drag [8]. 

Electrically powered propulsion (EPP) technology, in 
contrast to an ICE driven contra-rotating arrangement, allows 
each propeller to be directly driven by an independent motor 
arrangement and therefore has the potential to offer twin 
engine status, improved safety margins, reduced noise and 
vibration and improved “throttle response”. Recently, Contra-
electric Propulsion Ltd. has developed such a system with 
their 112.5 kW co-axial propeller shaft system suitable for 
light aircraft [9]. Studies of alternative EPP contra-rotating 
arrangements have also been carried out whereby the propeller 
blades are mounted directly to the rotor casing of a high-speed 
double rotor, axial-flux permanent magnet (PM) motor [10]. 

Ducted fans offer the potential for quieter and more 
efficient aircraft operation and allow higher airspeeds to be 
attained by the aircraft. The shrouding offered by the duct also 
serves to protect the fan blades and accelerate the exhaust 
airflow. Most applications of ducted fans on aircraft are 
conventional horizontal installations such as on the Airbus E-
Fan in which 32 kW electric motors drive two ducted fans 
[12]. 

Electrically driven ducted fan aircraft designs have been 
studied for both manned and unmanned vertical take-off and 
landing (VTOL) aircraft applications [14], [15] and extensive 
computational fluid dynamic (CFD) modelling has been 
carried out to investigate the benefits of optimising the thrust 
generated and the aerodynamic manoeuvrability of these 
devices using phenomena such as the Coanda and Magnus 
effects [16]. Fig. 2. High-density YASA electric motor for the Electroflight P1e [11]. 

Fig. 3. Airbus E-fan [13]. 



Rim driven fans (RDF) are also a form of ducted 
electrical fan in which the fan blades are attached at their tips 
to a rotating rim or duct structure [18]. Investigative research 
has been conducted on these devices [19] with the perceived 
benefits being increased fan pressure ratios gained by multi-
staged contra-rotating compressor configurations and also 
miniaturisation and airflow efficiency gains through hub-less 
RDF configurations. Rim driven fans offer the prospect of 
achieving high electrically powered aircraft speeds extending 
into the supersonic region of flight. 

Open fan (or Prop fan). As thrust demands increase, for 
increasingly larger electrical aircraft projects, so too must the 
diameter of the fan. A suitable shrouding duct installation may 
then present excessive weight and structural problems. A 
solution may be to use an Open Fan (also known as a Prop-
fan) engine design. Open fan engines can provide high 
propulsive efficiencies (> 80%) at airspeeds above 500 mph 
(806 km/h) [5]. 

Distributed propulsion (Thrust) configurations. One of 
the main advantages offered by electric aircraft designs is their 
flexibility regarding their power-plant installation. The 
distributed propulsion (DP) concept for aircraft has been in 
development since the early 1920s [20] however it is only 
recently, since all electric and hybrid-electric aircraft 
propulsion has been considered, that DP has become a feasible 
concern. Research conducted on DP has highlighted many 
potential benefits including achieving high engine by-pass 
ratios without requiring huge fan diameters, boundary layer 
ingestion and reduced noise “Silent Aircraft” [21].  
Distributed thrust studies have been considered for 
conventional “tube and wing” and also blended-wing-body 
(BWB) aircraft designs. 

III. ELECTRICAL MOTOR AND CONTROL TECHNOLOGY 
Although the operation of electrical motors is based on 

common electromagnetic principles they can differ widely in 
their actuation and control. The four main types of motors 
used in electrical vehicle (EV) propulsion are Induction 
Motors, Brushed DC Motors, Brushless DC Motors (BLDC) 
and Switched Reluctance Motors (SRM). Of these four types, 
the BLDC and switched reluctance motors are currently 
considered the most suitable for aircraft propulsion 
applications due to their high specific power and reliability 
when compared with induction or brushed DC motor types 
[22]. 

Both SRM and BLDC motors are simple, robust and 
compact synchronous machines that do not require a supply of 
electrical current to their rotors. However, in order to operate 
they do require complicated control circuitry which is based 

on programmed microprocessor and solid-state (electronic) 
switching technology. The main types of electronic switches 
used in power electronics are in Table I. Of these the Insulated 
Gate Bipolar Transistor (IGBT) is the preferred choice for 
high voltage propulsion systems, in which the current exceeds 
50A, such as those required to power aircraft [22]. 

Studies aimed at increasing the power density and 
efficiency of electrical motors, intended for all electric flight, 
have also considered axial flux motor designs rather than the 
more conventional radial flux machines [23] combined with 
the use of high temperature superconducting (HTS) materials 
and trapped flux magnets. From which theoretical results are 
indicating motor efficiencies in excess of 99% [24]. 

III. ELECTRICAL POWER GENERATION AND STORAGE  
The established technologies of electrical power 

generation and delivery devices for electrical vehicles (EVs) 
are Hybrid power-plants, Photovoltaic (PV) cells [25] and 
Fuel Cells. The two main technologies of electrical energy 
storage and delivery devices are batteries and super-
capacitors. 

Battery technology. Battery powered aircraft can provide 
very high total efficiency chains, in excess of 70%, when 
compared with current ICE chain efficiencies of less than 40% 
for turbofans and turbo-props [26]. They also have the 
advantage of zero emissions, low maintenance and no centre 
of gravity (CG) movement during flight. Currently the main 
disadvantages of using battery system technology are: the 
reduced flying range of the aircraft; the relatively high aircraft 
weight (which does not change between take-off and landing) 
and the issues relating to the recycling of batteries.  

Specific Power is a key performance parameter that relates 
to the amount of power obtainable per kilogram of a 
generation or storage device (W/kg), whilst Energy Density is 

Fig. 4. Typical electrically powered ducted fan system [17]. 

Fig. 5. NASA’s X-57 distributed thrust Electric Research Plane [21]. 

Type Thyristor MOSFET IGBT 

Maximum voltage 4,500V 1,000V 1,700V 

Maximum current 4,000A 50A 600A 

Switching time 10-25μs 0.3-0.5μs 1-4μs 

TABLE I. MAIN TYPES OF ELECTRONIC SWITCHES 
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the amount of electrical energy stored per cubic meter of the 
device (Wh/m3) and Specific Energy is the amount of energy 
stored per kilogram of the device’s mass (Wh/kg) [22]. 
Batteries may have a high value of specific energy but 
generally have low values of specific power. For example, a 
battery may be capable of storing much energy but is only 
able to release it slowly and therefore, such a battery may be 
useful in an electrical aircraft to provide range but not 
acceleration. In their paper [28] on Electric Air Transport, 
Kuhn et al., present a parallel battery system intended to 
optimise battery performance utilising two different types of 
batteries: one having a high specific power (P) and the other a 
high specific energy (E) (Fig. 6). This ratio of specific energy 
to specific power of a battery is a very important technology 
performance comparator which is often graphically 
represented using a Ragone plot, see Fig. 7. 

Battery technologies in aircraft usage are: lead Acid 
batteries in General Aviation (GA) and Light Aircraft; Nickel 
Cadmium batteries on larger aircraft and helicopters and 
Lithium Ion batteries on large More Electric Aircraft (MEA) 
such as the Boeing 787 Dreamliner [20] and all electric 
aircraft such as the Airbus E-Fan which has a Lithium-ion ICR 
18650 [31] with a specific energy per battery cell of 
207 Wh/kg and a total available energy of 29 kWh for a 
battery weight of 167 kg, providing an endurance of 1 hour 
with 30 minutes reserve [12].  

Interest in metal-air battery technology is on the increase 
because of its extremely high energy density compared to that 
of other battery technologies (Fig. 8) [32]. This technology 
differs from Lithium-ion battery technology as metal-air 
batteries cannot be recharged by reversing the current 
direction, because the metal electrodes are irreversibly altered 
as part of the reaction process, thus requiring replacement and 
reprocessing once spent. From an aircraft operators’ viewpoint 
metal-air batteries may therefore be considered as requiring 
“refuelling” [22].  

A special feature of these batteries compared to 
conventional batteries is the air-breathing electrode required to 
supply the cathode active material (oxygen). Metal-air 
batteries can be based on a variety of metal electrode materials 
such as Li, Zn, Al, Na, Mg, Ca or Fe and require a metal-ion 
conducting electrolyte. The electricity is generated through the 
reduction and oxidation processes between the metal and the 
oxygen [33]. 

Super-capacitors (Ultra-capacitors) which are otherwise 
known as ultra-capacitors can produce much higher specific 
powers (multiple kW/kg) but have lower specific energy 
capacities (currently only a few Wh/kg) than batteries. Battery 
system design performs a trade-off between specific energy 
and specific power and supercapacitors can offer a way of 

satisfying peak power demands over relatively short durations. 
Battery/Supercapacitor power sharing in this way is a 
fundamental principle of a hybrid energy storage system 
(HESS) [34] and a major factor in sizing the battery system 
and determining its cycle life [35]. Examples of such peak 
power demands are those present during take-off and climb. 

The most common types of supercapacitors are electrical 
double layer capacitors (EDLCs) which store electrical energy 
in an electrostatic field e.g. similar to the static build up on a 
balloon. They are very durable, capable of achieving millions 
of cycles and have relatively fast charging and discharging 
rates when compared with battery technology. Examples of 
EDLC applications can be found in the economising stop-start 
systems of modern road vehicles [36]. There are also 
environmental benefits of using these types of supercapacitors 
as they do not require expensive materials such as Lithium and 
Cobalt in their manufacture [37] and can therefore avoid the 
associated flammability and toxicity issues.  

Supercapacitors provide a credible alternative to Lithium 
Ion battery technology and national and industrial 
organisations are showing an increased interest in the 
development of this technology. Although there are new types 
of Hybrid-supercapacitors currently in development based on 
established Lithium-ion technology [36]. NASA Kennedy 
Space Center is investigating the development of graphene-
based ultra-capacitors, which utilise the large accessible 
surface area of graphene (2,600 m2/g), to increase the 
electrical energy that can be stored [38],[39] and recent media 
reports suggest that aqueous supercapacitor development 
work, carried out by Superdielectrics Ltd., will soon enable 
specific energy capacities of up to 180 Wh/kg to be achieved 
[37]. 

Fig. 7. Ragone chart [29]. 

Fig. 6. Battery System Design for high specific power and energy [27]. 
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Fuel cells (FCs) are similar to batteries in that they 
produce electricity based on a chemical reaction. The most 
common types of chemicals used are Hydrogen and Oxygen 
although some fuel cells use methane or methanol [22]. The 
main difference between a fuel cell operation and that of an 
ICE is that energy is released as an electric current rather than 
heat therefore, compared with ICE vehicles, fuel cells offer 
high energy efficiency and low emissions [35]. Fuel cells have 
demonstrated higher specific energies than Lithium Ion 
battery technology of up to 1980 kJ/kg (550 Wh/kg) although 
their rate of energy release (specific power) is lower. For this 
reason, FC installations on aircraft require a hybrid system 
approach to meet peak power requirements such as during 
take-off and climb [40]. Fuel Cells also require the pressurised 
on-board storage of hydrogen and a supply of air during flight. 
These are restricting factors when considering the system’s 
installation on an aircraft. 

Hybrid-electric aircraft systems have two or more power 
sources the most common being a combination of electrical 
power with an ICE. These systems are divided into two main 
categories, namely series hybrid and parallel hybrid, and are 
determined by the arrangements of their electrical and 
mechanical drive components. In a series hybrid arrangement 
the aircraft propulsion mechanism e.g. the propeller, is purely 
driven from an electrical supply e.g. via a motor, and in this 
case the ICE simply powers a generator which supplies 
current to the system. Whereas in a parallel hybrid 
arrangement the propulsion mechanism may also be driven 
mechanically by the ICE via a shaft and gears etc. (Fig. 10) 
[42]. 

A term commonly applied to describe parallel hybrid-
electric aircraft systems is the Degree of Hybridisation 
(DOH):  

   
The greater the degree of hybridisation indicates the more 

scope there is to use electrical propulsion techniques and 
minimise the ICE input power [22] although Pornet and 
Isikveren [42] postulate that advanced aircraft hybrid-electric 
systems cannot be suitably represented by such a single DOH 
parametric descriptor.  

electric motor powerDOH
electric motor power + IC engine power

(4) 

Hybrid-electrical aircraft are considered the logical step 
towards achieving all electric aircraft capabilities. In June 
2011, Diamond Aircraft, Siemens, Austro Engine and Airbus 
(then known as EADS) presented the Diamond DA36 E-Star 
as the world’s first serial hybrid aircraft at the Paris Airshow 
[43]. 

Flywheels offer a means of mechanically storing energy 
and generally have high specific power ratings thus they can 
store and release energy relatively quickly [22]. The kinetic 
energy stored in a rotating flywheel is given by the following 
equation: 

          
where Ef is the energy stored in the flywheel (J); jf is the polar 
moment of inertia of the flywheel (m4); ωf is the angular 
velocity of the flywheel (rad/s). 

Indicating that the angular velocity of the wheel plays an 
important part in the amount of energy that can be stored. 
There are examples of flywheel applications on terrestrial 
electrical vehicles notably the “Gyrobus” developed by the 
Oerlikon Engineering Company [33] although few examples 
can be found for aircraft applications which is probably owing 
to the perceived weight and installation concerns. 
Consideration continues to be given to the likely benefits 
offered by flywheels; such as the release of stored energy 
during take-off to reduce the engine workload or shorten 
runways and the ability to assist motors to spool up more 
quickly when power is re-applied after idling [44]. Recent 
developments in this technology have produced ultra-high-
speed flywheels of only tens of kilograms mass running, in 
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Fig. 9. The Extra 330LE aerobatic plane, powered by a lightweight hybrid-
electric propulsion system, set a new record when it reached 337.5 km/h [41]. 

Fig. 10. Series and parallel hybrid arrangements [42]. 
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evacuated housings on magnetically levitated bearings, at 
speeds in excess of 100,000 rpm (Fig. 11) [45]. 

Energy recovery systems offer the potential to optimise 
aircraft energy consumption whilst operating both in flight and 
on the ground. Studies conducted on High altitude long 
endurance (HALE) Unmanned Air Vehicles (UAVs) have 
considered the benefits of incorporating Regenerative Fuel 
Cell (RFC) technology using photovoltaic arrays during the 
day to regenerate hydrogen and oxygen [46]. Studies have also 
been conducted to test the efficiency of electrical regenerators 
connected to aircraft electro-mechanical actuators [47] and in 
2007 Delos Aerospace patented a fully electric landing gear 
system which recovered kinetic energy during aircraft braking 
(KERS) that could later be utilised during taxying and take-off 
by driving the wheels of the aircraft and helping to shorten 
runway requirements and assist noise abatement [48]. 

Photovoltaic (PV) technology. Modern photovoltaic 
technology started its development with the silicon PV cell in 
the USA as far back as 1954 and by 1964 NASA had placed 
the Nimbus satellite in space powered with a 470 W solar 
array. A decade later the first solar powered aircraft 
(Sunrise 1) was launched with a MTOM of 12 kg it had 4096 
PV cells of 11% efficiency and produced 450 W of power 
[49]. An important performance parameter for PV cells is its 
solar conversion efficiency which is normally expressed as a 
percentage of the electrical energy produced to the solar 
energy to which it is exposed: 

          
where PM is the photovoltaic cell’s maximum output power 
(W), G is the input solar irradiation (W/m2) and SC is the 
surface area of the photovoltaic cell (m2). 

Nowadays there are numerous PV technologies available 
such as silicon based, organic cells, polymer cells, hybrid PV 
cells and thin-film solar cells and the efficiencies being 
achieved are as high as 44% [50]. However silicon based PV 
cells are currently considered the only suitable solution for 
solar powered aircraft on design and cost effectiveness 
reasons. These can be made from mono-crystalline, multi-

M
pc

C

P
G S

(6) 

crystalline or amorphous silicon and provide efficiencies 
around 16-22%. Recently SunPower provided the 22,000 PV 
cells incorporated in the wings and tailplane of the Solar 
Impulse aircraft. Each PV cell being only 135 microns thick 
and producing an efficiency of approximately 22.7% [51]. 

Superconducting Magnetic Energy Storage (SMES) is a 
method of electrical energy storage by generating and 
sustaining a magnetic field. When an electrical current flows 
in a cryogenically cooled superconducting coil it will continue 
to flow even after the voltage across its terminals has been 
removed. Thus the magnetic field can be sustained because 
there is negligible circuit resistance. SMES devices exhibit 
fast response rates and high efficiencies (a charge-discharge 
efficiency of over 95%) [53]. Making them most suitable to 
high power and short duration applications [54]. The SMES 
coils are usually made from niobium-titanium (NbTi) which 
has a critical temperature of about 9K. Advancements are 
being made in superconductor material technology and in 
particular raising the critical temperature at which the 
superconducting transition occurs. If sufficient advances in 
material technologies are made it is believed that SMES 
devices may one day replace battery technology. 

V.  CONCLUSION 
Aircraft emission reduction targets set at national and 

international levels have helped to ensure that research and 
development into electrically powered propulsion for aircraft 
has become a rapidly growing area of technology. With 
numerous major and minor aerospace companies now 
conducting electrical propulsion programmes for future light 
aviation and large commercial aircraft applications. 

Power generation and storage present the greatest hurdles 
facing electrically powered propulsion with the most feasible 
aircraft designs to date being based on hybrid-electric 
architectures such as the Zunum Aero’s regional hybrid-
electric plane [55] and the E-Fan X hybrid-electric flight 
demonstrator project currently being conducted by Airbus, 
Rolls-Royce and Siemens [56]. 

An important factor in achieving electrically powered 
propulsion is the weight and aerodynamic efficiency of the 
airframe design. Approximately 50% of the Airbus A350 and 
Boeing 787 Dreamliner airframes are currently comprised of 
lightweight composite materials. However, future electrical 
aircraft projects are already considering a move away from 
conventional wing and tube aircraft towards BWB designs 
with distributed thrust and higher composite material contents. 
Novel electrical motor configurations are also likely to have 
an impact on electrical aircraft performance capabilities. Rim 
driven and multi-staged fans that are based on axial flux motor 
arrangements, could facilitate high aircraft speeds. Iron-less 
rotors can reduce rotational stresses and increase motor Fig. 12. Installation of photovoltaic cells on the Helios prototype [52]. 
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reliability and Halbach arrays of permanent magnets could 
improve magnetic field concentrations [57]. 

The limitations of state-of-the-art battery technology, 
particularly associated with low values of specific power, are 
restricting the performance of all electric aircraft designs to 
low speed and short endurance flight envelopes. However 
recent advances in materials technology, especially relating to 
graphene and HTS materials and their implications for battery, 
supercapacitor, SMES and motor technologies have offered 
grounds for optimism and the possibility that, in the not too 
distant future, electrically powered aircraft performance will 
be able to match or surpass that of ICE technology. 

It is also important that the requirements for ground-based 
support are considered and keep equal pace with this rapidly 
advancing aerospace technology. For example regional and 
hub airports will require the necessary infrastructure to supply 
electrical power to meet aircraft demands and maintenance 
bases will require the necessary training and equipment to 
service electrical aircraft. Novel airport features such as the 
ground supply of electrical power to assist an aircraft’s take-
off run could be considered and the airworthiness regulations 
and new requirements applicable to the manufacture, 
operation and maintenance of electrical aircraft will need to be 
developed. 
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Abstract—Aircraft propeller performance is significantly 
reduced when tip speeds become sonic causing the maximum 
attainable airspeed of the vehicle to be limited by the propeller 
diameter. There are also performance losses attributable to 
miniature Unmanned Aerial Vehicles as the propeller to hub 
diameter ratio is reduced. The research conducted indicated that 
re-arranging a Brushless DC Motor and propeller configuration, 
so that it becomes rim-driven rather than hub-driven, would 
provide some performance and operational advantages and could 
inspire the design of novel high-speed Unmanned Aerial Vehicle 
configurations powered by hub-less, multi-stage contra-rotating 
electrical fan-compressors. This investigation involved analysis, 
design and testing a prototype, low cost, concept demonstrator 
Rim Driven Fan device in order to assess the feasibility of 
applying this technology to Small Unmanned Aircraft. It was 
demonstrated that Rim Driven Fan technology could be 
successfully applied to lift and propel a Small Unmanned 
Aircraft. However, the performance testing of the Rim Driven 
Fan demonstrated that in its prototype configuration it would not 
be as efficient as a conventional Brushless DC motor and 
propeller. 

Keywords—rim driven fan; small unmanned aircraft;
unmanned air vehicles; drone; brushless dc motors; hub-less fan 

I. INTRODUCTION

Small Unmanned Aircraft (SUAs), which are more 
commonly referred to as “Drones”, are becoming increasingly 
popular in our society and are used in a wide range of 
commercial and recreational applications [1]. The vast majority 
of these aircraft are electrically powered and use Lithium 
Polymer (LiPo) batteries for on-board energy storage and 
Brushless DC (BLDC) motors to drive conventional two or 
three bladed propellers for propulsion. Many recreational users 
are keen to home-build their own drones and this has resulted 
in a healthy market for an extensive range of inter-compatible 
drone related components [2]. 

The conventional BLDC motor with a two or three bladed 
hub-driven propeller combination is very well suited to both 
multi-rotor and fixed wing aircraft applications (Fig. 1). 
However, it can also be restrictive to the operational 
performance of SUAs, as excessive propeller tip speeds can 
limit their performance and hence the maximum achievable 
airspeed attainable by an aircraft. Additionally, hub mounted 
motors can reduce thrust, especially if located in the prop-wash 
[3].

Rim driven devices are not a new concept. Indeed, a 
waterwheel is a rim driven device. The concept of a tip or rim 
driven propeller (RDP) or fan (RDF) is also well established. 
As far back as 1957 a mechanically rim driven ships propeller 
was proposed [4]. Since then, the implementation of electrical 
rim drives has become popular in marine applications and now 
rim driven propeller RDP devices for surface and submarine 
vessels are currently commercially available [5]. 

RDFs have also been considered in aerospace applications; 
In 1961, funded by a USA governmental contract the Ryan 
Aircraft Corporation developed the XV-5A pneumatically 
powered rim-driven “lift-fan” aircraft and more recently a team 
of engineers from the NASA Glenn Research Center [6] have 
studied a conceptual design of a 32 inch diameter levitated 
ducted fan intended for aircraft propulsion. 

II. PROTOTYPE REQUIREMENTS

In order to provide guidance for the design and 
development of a prototype RDF device, a project specification 
was formulated. This defined the following essential and 
desirable features: 

A. Essential Features 
Low project cost;  
Low lead time; 
Able to interface with existing off-the shelf low cost 
components such as: Flight Controller, Electronic 
Speed Controller (ESC) and LiPo battery technology; 
Possible to be made and tested within a typical 
Technical College Workshop environment. e.g. 3D 
printer with 150mm maximum component diameter 
capability; 
That it functions effectively and demonstrates the 
feasibility of a rim driven fan device being suitable for 
a small UAV application. 

B. Desireable Features 
Allows Pulse Width Modulation (PWM) thrust control;  
Is an efficient device; 
Is capable of rotating up to high speeds e.g. in excess 
5000 rpm; 
Has low vibration; 
Exhibits smooth and responsive speed control; 
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Is able to lift its own weight (lift to weight ratio of 1 or 
more); 
Is simple in design (e.g. no Hall Effect feedback 
sensors etc.); 
Is self-starting; 
Is safe to operate; 
Allows contra-rotational fan installations to be easily 
achieved; 
Exhibits the potential to be adaptable for vectored 
thrust applications; 
Has the potential to allow high speed electrical flight to 
be achieved (increased fan pressure ratio); 
Offers the potential for miniaturisation and hub-less 
fan development. 

Fig. 1. SUA with shrouded hub driven fans 

III. ANALYSIS

Initial estimates of lift and power requirements were 
established using the following standard engineering equations. 

A. Target Mass Value 
An initial estimate of the prototype RDF device’s target 

weight was required. To do this a reference weight value of a 
comparable conventional out-runner motor and propeller 
combination was used. The equipment selected for this purpose 
was the BLDC motor AX-2810Q KV 750 fitted with an 11" 
Gemfan propeller. The mass of this combination was measured 
at 89 grams.  

It was anticipated that the prototype RDF unit would be 
heavier than an equivalent conventional out-runner owing to 
the additional material required for the motor housing and 
bearing support so the measured value was doubled and 
rounded up to give a target mass value of 180g (0.18 kg). 

B. Energy Required to Achieve a Lift to Weight Ratio of 1 
A lift to drag ratio of 1 means that the RDF unit should be 

able to create enough lift to support its own weight. Therefore, 

the energy required to maintain 9.81 m/s velocity to overcome 
the acceleration due to gravity: 

2 21 0.5 0.18 9.81 8.66J
2

E mv   (1) 

where E is the energy [J], m is the target mass [kg], v is the 
required velocity [m/s]. 

C. Power Required to Achieve a Lift to Weight Ratio of 1 
To overcome gravity 8.66 J of work is required to be done 

by the RDF on accelerating air in the way of thrust every 
second. Therefore, the power required for this action is 8.66 W.
A value of 50% efficiency us assumed for the fan and a value 
of 90% efficiency is assumed for both the motor and ESC 
Taking into account a design margin, the required power 
became:  

2.5 8.66 53.46W
0.5 0.9 0.9R

F M ESC

aPP  (2) 

where PR is the required power [W], a is the factor of 2.5 was 
applied to this value as a design margin, ηF is the efficiency of 
the fan, ηM is the efficiency of the motor, ηESC is the efficiency 
of ESC. 

D. Torque Required to Achieve a Lift to Weight Ratio of 1 
A nominal operational speed value of n = 5000 rpm is

initially selected for the RDF in order to estimate the required 
torque: 

60 53.46 60 0.102Nm
2 2 5000
RPT

n
  (3) 

where T is the required torque [Nm], n is the operational speed 
[rpm]. 

E. Tangential Force Required at the Rim of the RDF 
Assuming the outer RDF housing diameter could not 

exceed 150mm a rotor diameter of 124mm was estimated. This 
provided a radius arm value of 62mm from the centre of the 
rotor to the rim. Therefore, the required tangential force on the 
rim became: 

0.102 1.65N
0.062

TF
R

      (4) 

where F is the required force [N], R is the proposed radius [m]. 

F. ESC Current Rating 
Checking the current rating required for the ESC to drive 

the RDF unit from a 10V DC supply: 

53.46 5.346A
10

RPI
V

   (5) 

where I is the ESC current [A], V is the power supply voltage 
[V]. 

This current value is the maximum expected and would 
reduce if a 3S (11.1V) or 4S (14.8V) battery is configured to 
supply the ESC. 
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IV. ELECTRO-MAGNETIC CIRCUIT CALCULATIONS

A. Tangential Rotor Force 
The electro-magnetic flux, generated by the conductors, in 

the air gap between the stator and rotor determines the 
magnitude of the tangential force exerted on the rim of the 
rotor. The following equation is used to calculate the tangential 
force:   

F BIl     (6) 

where B is the magnetic flux density [T], l is the length of the 
conductor [m]. 

Good machine design practice maintains the maximum 
magnetic flux density in the iron parts of the electro-magnetic 
circuit to 1.6 T. Above this value the iron starts to saturate and 
the magnetisation process becomes inefficient. Also, the DC 
power supply unit available to run the prototype units has a 
maximum current rating of 2.5 A, so a slightly lower 
operational value of 2.0 A was chosen for the prototype circuit 
design purposes. 

Assuming the required tangential force of 1.65 N will be 
produced by one of the three sets of windings which each have 
four coils connected in parallel, then: 

2 0.5A
4C

II
k

    (7) 

where IC is the current per coil [A], k is the number of coils 
connected in parallel (k = 4). 

Therefore, the length of the conductor required is: 

1.65 0.516m
1.6 2

Fl
BI

   (8) 

The mean diameter of each coil is 5mm therefore the 
number of turns per coil is: 

0.516 33Turns
0.005

lN
d

   (9) 

where N is the number of turns per coil [Turns], d is the mean 
diameter of reach coil [m]. 

The above value of turns per coil has been calculated 
assuming that the flux density in the air-gap is 1.6 T. However, 
this is determined by the total flux in the circuit which is 
iteratively dependent on the magnetising force based on the 
number of turns and current flowing in the coils.  

B. Total Magnetic Flux 
The value of flux density B in the above equation is that 

generated by the electro-magnetic circuit. This can be 
calculated once the total flux Φ in the circuit is known. 
However, determining the magnetic flux distribution in an 
electro-magnetic device can be very difficult to achieve with 
any degree of accuracy. Especially if the circuit being analysed 
is of a non-conventional arrangement such as the RDF under 
consideration. The major factors affecting the pattern of flux 
distribution are: the available magneto-motive force (m.m.f.) of 
the coil; the total reluctance of the circuit and the effects of any 

magnetic leakage and fringing. The following equation was 
used to calculate the total flux:   

CM NIF     (10) 

where Φ is the total flux [Wb], FM is the mmf of the coil 
[A×Turns];  is the total reluctance [Wb/A×Turns]. 

The total reluctance of the circuit was established from the 
physical geometry of the magnetic circuit path and the 
permeability of the various materials in the circuit. The 
following equation was used to calculate the total reluctance: 

01

m
i

i ii

l
A

    (11) 

where μ0 = 4π×10–7 H/m magnetic constant, μi is the relative 
permeability, Ai is the cross-sectional area [m2], li is the mean 
length [m].

The analysis of the electromagnetic circuit of the RDF 
device was carried out using the following two methods: 

Initial estimates and sizing calculations using standard 
textbook equations; 
Empirical data used for confirmation and validation of 
the above methodology. 

V. PROTOTYPE RDF DESIGN

A. Motor Design, Winding Patterns and Pole Layouts 
The design of the electromagnetic circuit of a motor is 

critical to its success. The layout of the stator windings not 
only effects m.m.f. produced but also whether the stator
windings will be balanced. This ensures that all three phases 
produce the same level of back e.m.f. (BEMF) and that they are 
all out of phase by 120°.The selection and arrangement of the 
permanent magnets effect the flux density in the airgap and the 
start-up torque characteristics of the motor [7]. Fortunately, 
various papers and computer software packages such as 
MotorSolve [8] have been produced to assist in this process.  

Very little guidance literature could be found relating to 
multi-pole stator/slot (winding) combinations. Radial flux 
architectures appear more widely used than axial machines and 
the most common radial flux arrangement used on SUAs such 
as quadcopters are 14 magnetic poles and 12 slots (windings).  

Hendershot and Miller in [9] on BLDC motor phase, pole 
and slot configurations provide tables of recommended stator 
slot/rotor pole combinations for 3 phase BLDC motors. Twelve 
slots per winding was commonly listed alongside 4, 8 and 16 
magnetic pole configurations. However, it was decided 12 
clockwise windings, 8 magnetic poles and a 1.5 slot to pole 
ratio would be an optimum configuration. This was therefore 
selected for the prototype RDF device (Fig. 2). 

In line with the common practice for virtually all small 
BLDC motors, the “wye” (star) connection pattern was 
selected for the windings. Connecting the circuit in a wye 
pattern means that two of the windings will always be in series 
and share the line voltages between their respective phases. 
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This means that the supply voltage to the windings is increased 
by a factor of 1.73 or √3, than if they had been connected in the 
delta pattern [10]. 

A 

A

A A

B

B

B

B

C

C

C

C

Fig. 2. Selected RDF stator winding pattern. 

Theoretically the RDF device should be able to operate 
with the windings configured in parallel or series. The choice 
of which is a trade-off between: 

Parallel windings; these offer the potential for less 
impedance in the circuit and permit a greater current to 
flow generating more magneto motive force (m.m.f.).
Series windings with higher circuit impedance, less 
m.m.f. but increased inductance and the likelihood of a 
strong BEMF signal for ESC. 

It was decided that both parallel and series configurations 
would be trialed during the testing of the RDF unit.   

The ESC converts the direct current (DC) battery supply to 
an alternating current (AC) to correctly energise the BLDC 
stator windings and generate the rotating magnetic field. The 
process of ensuring that the current is always flowing in the 
correct direction in the stator windings is known as 
“commutation” and this controls the changing polarity of the 
magnetic field. The permanent magnet (PM) rotor “locks” on 
to the stator field and then rotates at the same speed, thus ESCs 
can also be known as Synchronous Motor Drives or 
Electronically-Commutated Motor (ECM) drives. 

The AC drive signal is 3-phase and is generated by a 3-
phase inverter which comprises of solid state switching devices 
known as MOSFETs arranged in a transistor bridge as shown 
in Fig. 3.  

To ensure stable “closed loop” speed control the ESC 
hardware also incorporates a microcontroller which runs a pre-
programmed software algorithm or Firmware. On multi-rotor 
UAVs, it is the ESC commands alone that stabilise the aircraft 
by constantly varying the BLDC motor speeds in accordance 
with the Firmware control logic. The inputs to the ESC are 
derived from the Flight Controller (FC) which contains the 
IMU (Inertial Measurement Unit) and the GPS (Global 
Positioning System). Additional input sensor data may also be 
received from 3d-Magnetometer/compass, ultrasonic sensors, 
pressure or temperature sensors etc. [11]. 

Normally the speed of the motors used in SUAs is 
manually adjusted using the throttle control on the transmitter 
unit. However, for the purpose of testing the RDF device, a 
servo adjuster unit was implemented instead. 

Battery

BLDC 
Motor

Control/Drive Logic: Firmware

Flight Control and Other Inputs

3-Phase MOSFET Bridge

Fig. 3. A structure of BLDC motor control. 

The motor speed is determined by the speed of the rotating 
magnetic field, which is known as the synchronous speed ns.
This is directly proportional to the frequency (f) of the 3-phase 
electrical supply and inversely proportional to the number of 
stator poles (p) as defined by the following equation:  

120 120 500 5000rpm
12s

fn
p

   (12) 

Positional or speed feedback from the motors is also 
required to stabilise a BLDC motor system. This is normally 
provided by Hall Effect Sensors or encoder devices which are 
integrated within each motor. However, on most small UAVs, 
the ESC achieves this simply by monitoring the back e.m.f. 
waveforms from each energised winding in the 3-phase motor 
cycle.  

Therefore, it was important to make sure that the RDF 
device also produced a similar or adequate back e.m.f. signal 
that registers with the ESC. This was done by designing the 
coils to match or exceed the inductance values of existing
BLDC motor devices. 

B. Fan Design 
The thrust developed by a propeller or fan is a product of 

the mass-flow of air passing through the fan and its associated 
increase in velocity. 

2 1Thrust M V V     (13) 

where M is the mass-flow [kg/s]; V is the velocity [m/s] 

It follows that an equivalent amount of thrust can be 
obtained by either accelerating a large mass of air slowly or a 
smaller mass of air more quickly. The former method is more 
efficient than the latter as it involves a low pressure rise across 
the fan or propeller and therefore minimises the associated 
heating and turbulence losses. Thus, “large” propellers are 
efficient but limited to low speed flight, whereas “smaller” fans 
are suitable for higher flight speeds and compact propulsion 
unit designs. 

The full analyses required to determine the most suitable 
fan device for an RDF was deemed beyond the scope of this 
feasibility study. However, a semi-empirical fan analysis and 
design process was adopted, in order to obtain an aerodynamic 
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fan shape that would be capable of sustaining an adequate 
pressure rise required to fulfil the following desirable (target) 
specification requirement: able to lift its own weight (lift to 
weight ratio equal or greater than 1) 

The analysis involved the CFD modelling of candidate fan 
blade configurations derived from fan performance charts [12] 
until a suitable aerodynamic shape and number of fan blades 
was established. A rimless prototype fan was then constructed 
and installed on a conventional out-runner motor and tested for 
lifting performance under a range of speeds and powers 
(Fig. 4). 

Fig. 4. The conventional BLDC motor and 4 bladed fan performance testing. 

VI. PROTOTYPE RDF TEST RESULTS

The performance test results indicated that the RDF 
configuration was capable of achieving the “target value” Lift 
to Weight ratio of 1 (Fig. 5, Table I, Table II), although to do 
this the fan had to rotate at a much higher speed than the 
conventional BLDC i.e. 7000 rpm compared to 5500 rpm. It 
was interesting to note that the overall thrust efficiencies of 
both configurations remained comparable over the wide range 
of speeds tested. Additional maximum rotational speed tests, 
conducted under minimum thrust conditions, recorded speeds 
in excess of 10,000 RPM (Fig. 6). 

TABLE I. CONVENTIONAL BLDC WITH HYBRID 4 BLADED FAN

Speed 
(rpm)

Input 
Voltage (V)

Input Power 
(W)

Lift/Weight 
Ratio

Thrust 
Efficiency

3097 11.5 5.75 0.26 41%
4680 11.5 13.8 0.69 45%
5500 11.5 21.3 1 42%

TABLE II. RDF CONFIGURED BLDC WITH HYBRID 4 BLADED FAN

Speed 
(rpm)

Input 
Voltage (V)

Input Power 
(W)

Lift/Weight 
Ratio

Thrust 
Efficiency

3100 11.5 5.75 0.26 43%
5945 11.5 25.3 0.71 42%

>7000 14.8 >44 1 33%

Fig. 5. Performance comparison of BLDC and RDF motor technology. 

Fig. 6. Prototype RDF unit running at speeds in excess of 10,000 rpm. 

VII. RDF CONFIGURED FOR A HIGH SPEED FLIGHT

High speed flight involves accelerating the aircraft to a high 
speed relative to the ambient air and then maintaining enough 
thrust to overcome the drag incurred at this speed. In order to 
accelerate the air, the fan must impart energy to it, and thus 
increase its total pressure. The ratio of the fan outlet pressure to 
its inlet pressure is termed the Fan Pressure Ratio (FPR) and 
this is critical to determining the maximum speed that an 
aircraft may attain. Fan Pressure Ratios of 1.65 are normal 
values achieved with modern turbo-fan engines, which are 
capable of propelling aircraft to speeds in the region of Mach 
0.8 [13]. 

The RDF design concept allows the arrangement of 
multiple fan rotors in tandem (Fig. 7). In addition, their 
combined efficiency may be improved when contra-rotating 
[3]. If each rotor installation is considered to be similar to an 
axial flow compressor stage, which typically has a pressure 
ratio (PRstage) between 1.1 and 1.2 (say 1.15), then the total 
number of rotors required can be easily determined using the 
following equation: 

39



1.65ln 1.435
1.15

total
S

stage

PRN
PR

   (14) 

where: NS is the number of rotor stages. 

Therefore 
1.435 4.2 4SN e     (15) 

This simple calculation illustrates that the RDF concept has 
the potential to allow a UAV to achieve high speed subsonic 
flight with, for example, four well designed fan rotors arranged 
in tandem. Of course, much more detailed research and 
analysis would be required before confirmation of this basic 
PR assumption could be made. 

Fig. 7. CAD image of two RDF units assembled in tandem 

VIII. CONCLUSION

The primary aim of this project was to investigate the 
feasibility of applying electrical Rim Driven Fan technology to 
Small Unmanned Aircraft. 

As a result of the project work carried out, the conclusion 
reached is that RDF technology could be successfully applied 
to lift and propel a SUA. However, the performance testing of 
the RDF has demonstrated that in its current prototype form, it 
would not be as efficient as a conventional BLDC and 
propeller arrangement, such as are typically found on multi-
rotor aircraft. 

The project also highlighted a problematic feature of the 
RDF design, which relates to the cogging torque of the motor. 
Most BLDC motors are subject to a degree of cogging torque. 
However, the architecture of the RDF makes it particularly 
prone to high cogging torque characteristics which can affect 
start-up performance and cause vibration at low rotational 
speeds. It is therefore recommended that any future study of 
this technology ensures that this characteristic is addressed. In 
particular, it is important to ensure that the start-up torque 
generated on energisation of the windings is sufficient to 
overcome the cogging torque generated by the permanent 
magnetic field and stator interaction. 

From the research carried out, the indications are that RDF 
technology has not yet been applied to any UAV applications. 
Furthermore, there do not appear to be any wider aerospace 
applications of RDF technology actually in existence. It was 
also concluded that any future applications of the RDF 
technology will most probably be found in novel UAV roles 
and configurations, such as: 

High speed fixed wing UAVs; 
Highly manoeuvrable vectored thrust UAVs; 
Shrouded fan vehicles including Coanda Effect UAVs; 
Amphibian UAVs; 
Miniaturised UAVs with hub-less rotors. 

This project has also demonstrated that it is possible to 
construct a low cost RDF device which is capable of 
interfacing with existing commercially available UAV 
components such as ESCs, LiPo Batteries and Servo 
Regulators. Additionally, because the major bespoke parts of 
the concept demonstrator RDFs were made using 3D printing 
technology, the project has also demonstrated the possibility of 
being able to remotely manufacture UAV propulsion units and 
replacement parts. This could be a useful capability to develop 
for exploratory projects located in remote areas of the world or 
indeed on other atmospheric planets such as Mars. 
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Appendix B MotorCAD Output Results for RDF Slotted and Slotless Motor Designs



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

R
ad

ia
l S

lo
tt

ed
 M

ot
or

 A
rc

hi
te

ct
ur

e



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

In
pu

t D
at

a 



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

In
pu

t D
at

a



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 M
ot

or
 D

ri
ve

 D
at

a



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 E
-M

ag
ne

tic
s



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 P
ha

so
r 

D
ia

gr
am



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 F
lu

x 
D

en
si

tie
s



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 L
os

se
s



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 W
in

di
ng

s



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 M
at

er
ia

ls



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 S
ta

to
r 

C
ur

re
nt

s



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 T
er

m
in

al
 V

ol
ta

ge
s



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 B
ac

k 
E

M
F



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 T
or

qu
e



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 C
og

gi
ng

 T
or

qu
e



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 F
lu

x 
L

in
ka

ge
 -

O
pe

n 
C

ir
cu

it



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 F
lu

x 
L

in
ka

ge
 o

n 
L

oa
d



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 T
or

qu
e 

ve
rs

us
 S

pe
ed



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 P
ow

er
 v

er
su

s S
pe

ed



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

R
ad

ia
l S

lo
tle

ss
 M

ot
or

 A
rc

hi
te

ct
ur

e



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

In
pu

t D
at

a 



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

In
pu

t D
at

a 



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 M
ot

or
 D

ri
ve

 D
at

a



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 E
-M

ag
ne

tic
s



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 P
ha

so
r 

D
ia

gr
am



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 F
lu

x 
D

en
si

tie
s



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 L
os

se
s



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 W
in

di
ng

s



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 M
at

er
ia

ls



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 S
ta

to
r 

C
ur

re
nt

s



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 T
er

m
in

al
 V

ol
ta

ge
s



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 B
ac

k 
E

M
F



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 T
or

qu
e



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 C
og

gi
ng

 T
or

qu
e



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 F
lu

x 
L

in
ka

ge
 -

O
pe

n 
C

ir
cu

it



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 F
lu

x 
L

in
ka

ge
 o

n 
L

oa
d



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 T
or

qu
e 

ve
rs

us
 S

pe
ed



A
PP

E
N

D
IX

 B
 M

ot
or

C
A

D
 O

ut
pu

t R
es

ul
ts

 fo
r 

R
D

F 
Sl

ot
te

d 
an

d 
Sl

ot
le

ss
 m

ot
or

 d
es

ig
ns

.

O
ut

pu
t:

 P
ow

er
 v

er
su

s S
pe

ed



Appendix B1 MATLAB Code: Estimation of Fan Efflux velocity (with Nozzle)



Appendix B2 MATLAB Code: Estimation of Fan Efflux velocity (without Nozzle)
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Appendix C Fast Fan Assembly





Appendix D

Concept BWB UAV Weight Breakdown (kg)
Batteries 20
RDF Unit 15
Airframe 15

Landing Gear 5
Motor Controller/Drive 1

Flight Avionics and sensors 1
Wires/harnesses 1

Actuators 1
Emergency Chute 1

Total 60



Appendix D
MATLAB Script
%Estimation of fan efflux velocity versus aircraft drag
%(with nozzle)

Vo=0:10:200; %Aircraft velocity from static 
conditions (m/s)
Rrim=0.1; %Fan rim radius (m)
Rhub=0.02; %Fan hub radius (m)
Rexit=0.08;
Dens=1.225; %Air Density (kg/m^3)
Pin=30000*0.95*0.95; %Fan input power 
(Watts)
Nuf=0.85
S=3;
Cd=0.005;
%Fan Efficiency
Ai=pi*((Rrim.^2)-(Rhub.^2)) %Fan cross-sectional Area 
(m^2)
Ae=pi*(Rexit.^2) %Fan nozzle area (m^2)
Veff=(((2*Pin*Nuf)/(Dens*Ae))+((Ai/Ae)*Vo.^3)).^(1/3) %Fan Efflux Velocity 
(m/s)
Vdiff=Veff-Vo
%Fan differential velocity (m/s)
subplot(2,3,1)
plot(Vo,Vdiff)
title('Fan Differential Airspeed versus Aircraft Speed (With Nozzle)')
xlabel('Aircraft Speed m/s')
ylabel('Fan Differential Airspeed m/s')
%%Estimation of massflow versus aircraft speed
Mflow=Dens*Ae*Veff %Airflow (kg/s)
subplot(2,3,2)
plot(Vo,Mflow)
title('Fan Massflow versus Aircraft Speed (With Nozzle)')
xlabel('Aircraft Speed m/s')
ylabel('Fan Massflow kg/s')
%%Estimation of Thrust versus aircraft speed
Thrust=Mflow.*(Veff-Vo)
subplot(2,3,3)
plot(Vo,Thrust)
title('Thrust versus Aircraft Speed (With Nozzle)')
xlabel('Aircraft Speed m/s')
ylabel('Thrust N')
%%Estimation of Propulsive Efficiency versus aircraft speed
Peff=2*Vo./(Veff+Vo)
subplot(2,3,4)
plot(Vo,Peff)
title('Propulsive Efficiency versus Aircraft Speed (With Nozzle)')
xlabel('Aircraft Speed m/s')
ylabel('Propulsive Efficiency')
%%Estimation of BWB Aircraft Drag (N) Characteristc versus aircraft speed
Drag=0.5*Dens*(Vo.^2)*S*Cd
subplot(2,3,5)
plot(Vo,Drag,Vo,Thrust)
title('400Ft ISA Day')
xlabel('Aircraft Speed m/s')
ylabel('Aircraft (Thrust or Drag) N')
legend('Aircraft Drag','RDF Thrust')
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Appendix E Rim Driven Fan Device (Patent Application)
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DESCRIPTION

Title: Rim Driven Fan Device

Technical Field

This invention relates to a ducted rim driven fan device which is powered by means of 

electromagnetic motors.5 

Rotational fan devices are well known devices which normally consist of two or more 

fluid dynamically shaped blades (or vanes) which are often, but not always, located in a 

common plane and extend in a radial direction from a central hub. The plane of the fan blades 

is normally perpendicular to the axis of the hub, about which the fan rotates.

In general, rotational fan devices are used where there is a requirement to energise a 10 

fluid, normally to increase the fluid flow rate. Some examples of fan uses are in the ventilation 

of buildings, the cooling of electronic equipment, the pumping of fluids and in the generation 

of lift and thrust for aircraft. In the latter application they can be commonly referred to as 

propellers, fans or ducted fans.

Background Art15 

Rim driven thruster devices already exist for marine applications and are used to propel 

ships and boats, using rim mounted electrical motor arrangements. Rim driven fan devices have 

been used to propel aircraft an example being the Ryan aircraft corporation XV-5A aircraft that 

was propelled using pneumatically energised rim driven fans. Electrically energised rim driven 

fans have been proposed to propel aircraft, an example of which may be found in the UK patent 20 

GB1282485(A), although to date no evidence exists of any actual implementation of such a

proposed device. In GB1282485(A) it is proposed that the fan rotors are secured directly to a 

rotary shaft or to a hub secured to the rotary shaft, with the shaft being journaled and caused to 

rotate by the action of a rim mounted electrical motor arrangement. However, such a rotating 

journaled shaft arrangement has the disadvantage that the fan rotors will all rotate in the same 25 

direction and at the same speed, thus inducing significant swirl momentum in the airflow and 

reducing the overall efficiency of the fan device. Furthermore, when using multiple fans in 

such an arrangement, the shaft is supported at its extremities and is long and susceptible to 

wobble and vibration. The resulting shaft arrangement also requires heavy support structures 

for the journals that obstruct the flow of air through the device and, under certain 30 

meteorological conditions, become susceptible to airborne ice accretion. Another limitation of
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a device of the invention proposed in UK patent GB1282485(A) is the omission of any cooling 

provision for the electrical motor conductor windings which will cause them to overheat or 

create a further reduction in the efficiency of the fan device. Further limitations of a device of 

the invention proposed in UK patent GB1282485(A) are that it cannot operate efficiently nor 

increase the speed of the air flowing through the fan device. This is because there are no guide 5 

vanes in the device to minimise air leakage paths around the fan blades and direct the air 

flowing between the fan rotors at the necessary angles required to prevent the fan blades from 

operating in the aerodynamically stalled condition. This is also because the cross-sectional area 

of the internal airflow channel from the duct inlet to the duct outlet, of the device proposed in 

GB1282485(A), does not contract in order to sustain the increase in air density generated by 10 

the action of the rotating fan blades.

Clearly there is an advantage to be gained from configuring a ducted rim driven fan 

device to embody contra-rotating fan rotors that are assembled on short stub axles that do not 

rotate. The simplest method of achieving this arrangement is with two contra-rotating fan rotors 

assembled on either side of a single static guide vane structure to which the stub axles are fixed. 15 

It would also be an advantage for a ducted rim driven fan device to be configured with air 

channels in its outer duct structure to enable ambient cooling-air to be drawn past the electric 

motor circuitry. Furthermore, to sustain an increase in density of the air, as it passes through 

the fan device, it would be advantageous to configure the fan with a conically shaped hub to 

progressively reduce the cross-sectional area of the internal flow channel annulus.20 

Disclosure of the Invention

According to this invention there is provided a ducted rim driven fan device which is 

powered by means of electromagnetic motor circuitry and configured to have two contra-

rotating fan rotors which are caused to contra-rotate about static stub axles that are 

mechanically attached to a static support structure positioned in axial alignment between the 25 

fan rotors.  

A fan device of the invention may comprise of two axially aligned fan rotors or may be 

an assembly of three or more axially aligned fan rotors wherein each successive pair of fan 

rotors is located either side of a static support structure. 

30 
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Preferably a fan device of the invention shall be configured so that the static support 

part of the device, namely the structural stator, is configured with one or more fixed axles to 

provide bearing support for the fan rotors.

Preferably a fan device of the invention may be configured to operate from a single or 

polyphase alternating electrical current supply, although a fan device of the invention may also 5 

be configured to operate from a direct electrical current supply.

Preferably a fan device of the invention may be configured with copper windings 

although a fan device of the invention may also be configured with aluminium windings or 

windings made from any other suitable electrically conducting materials. 

Preferably a fan device of the invention shall be configured as a permanent magnet 10 

synchronous motor although a fan device of the invention may also be configured as an

induction motor or a switched reluctance motor or a hybrid combination of such motor 

technologies.

Such a fan device of the invention could be installed in an aircraft and configured so 

that it can generate the forces of lift, thrust or drag to act on the aircraft.15 

By way of example the following text describes a fan device of the invention configured 

to operate on the slotless permanent magnet synchronous motor principle from a polyphase 

(e.g. three phase) alternating supply in which: -

Figure 1 shows in perspective the ducted fan device with a mounting bracket attached to its 

casing.20 

Figure 2 shows a partial cut-away view of the ducted fan device

Figure 3 shows a sectional view on a plane passing through the centre-line of the ducted fan 

device.

Referring to the accompanying drawings, figures 1,2 and 3 show a fan device of the 

invention having a forward intake section (1) a central energiser section (2) and an aft exhaust 25 

nozzle section (3). The central energiser section houses a forward fan rotor (4) and an aft fan 

rotor (5). The fan-rotors are able to rotate, by means of bearings (6) which are supported on a 

shaft (7) fixed to a static guide vane structure (8) which is attached to the duct casing (9).

Around the periphery of each fan rotor is a rim (10) that supports the permanent magnets (11)

and the rotor back-irons (12). In this example the rotor magnets are arranged in a Halbach array. 30 
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Attached to the duct casing are the laminated stator irons (13) and the conductor 

windings (14) of the motor circuits. In this example the stator irons and conductor windings

are configured to be slotless. The hub regions, (15), (16) and (17) of the fan rotors and the guide 

vane structure are conical in form and tapered in order to progressively reduce the air-flow 

annulus-area from the nose cone (18), located at the ducted fan intake, to the exhaust cone (19)5 

located at the ducted fan outlet.

In order to provide a source of air, to cool the rotor back-irons and magnets and the 

stator irons and conductor windings, an air-inlet aperture (20) is located around the external

peripheral surface of the ducted fan device between the intake lip and the duct casing. To

facilitate the passage of the cooling air ventilation passages (21) are provided in the static guide 10 

vane structure. The cooling air is exhausted into the fan efflux air by means of the double-

walled air channel (22).

In order to generate an airflow through the ducted fan device, the fan rotors are caused 

to rotate in opposite directions (contra-rotate) by the energisation of the electrical motor 

circuitry acting on the rims of the fan rotors. The fan rotors may be provided with sealing 15 

devices to minimise air leakage paths between the rotating fans and their adjacent static 

structures. 
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CLAIMS

1. An electrical rim driven fan device intended for aircraft propulsion having two fan-

rotors configured to contra-rotate with each fan-rotor being supported on an axle which 

is mechanically attached to a static support structure that is positioned in axial 

alignment between the two fan rotors.

2. A rim driven fan device as claimed in Claim 1 wherein the static support structure is 

configured with aerodynamically shaped radially arranged vanes that guide the 

direction of the airflow that leaves the forward fan-rotor blades in such a manner as to 

impinge on the aft fan-rotor blades at the optimum angle necessary to ensure efficient 

aerodynamic performance.   

3. A rim driven fan device as claimed in Claim 1 or Claim 2 wherein the hub region is 

configured to be conically shaped in order to progressively reduce the cross-sectional 

annulus-area of the internal flow-channel as the air-flow passes through the fan device.  

4. A rim driven fan device as claimed in any preceding claim, wherein the device is 

electrically configured so that the rotational speed of each fan-rotor is independently 

controllable.

5. A rim driven fan device as claimed in any preceding claim, wherein the device is 

configured with an air-cooled motor arrangement that uses the fan exhaust air-flow to 

induce a secondary cooling air-flow to enter via an externally located vent aperture and 

to flow past the peripherally placed motor conductor windings and magnets and then to 

exhaust with the main fan air-flow. 

6. A rim driven fan device as claimed in Claim 1, Claim 2, Claim 3 or Claim 4, wherein 

the device is configured with a liquid-cooled motor arrangement that may incorporate 

the intake lip, fan-stator or fan casing structure as liquid to air heat exchangers. 
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ABSTRACT

RIM DRIVEN FAN DEVICE

An electrical rim driven fan device intended for aircraft propulsion having two or more fan-

rotors configured to contra-rotate with each fan-rotor being supported on an axle which is 

mechanically attached to a static guide vane support structure that is positioned in axial 

alignment between the fan rotors.

(Use Figure 2)




