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Abstract—The aim of this paper is to provide a method of 
estimating torque versus speed characteristics of single and 
dual-stage electrically powered Rim Driven Fans which are 
intended for aircraft propulsion. The methodology is based on 
the well-known Euler equation which considers the change in 
angular momentum of the air as it passes through the fan 
rotors. A derivation of the useful and versatile Specific Work 
parameter (Y) is provided along with its important relationship 
with the fan Work Co-efficient (ψ) and an explanation of the 

relevance of the Fan Flow Co-efficient () in determining the 

flow of air through the RDF device. An equation is derived 
which relates the fan torque to its rotational speed and a 
specimen calculation of a 200 mm inlet diameter RDF has been 
provided. Electrical performance graphs, generated with 
Motor-CAD LAB software, are included to illustrate an 
example of a suitably optimised RDF motor circuit. Finally, a 
thrust performance comparison is made between a theoretical 
dual-stage RDF and a commercially available fan-jet engine. It 
is demonstrated that the dual-stage RDF technology could 
offer a viable solution to power high-speed medium and large 
commercial transport aircraft, making them particularly 
suited to distributed thrust system architectures and blended-
wing-body aircraft designs. 

Keywords—zero emission flight, rim driven fan, aircraft 
electrical propulsion, contra-rotating fans 

I.  Introduction 

In the quest to achieve Zero Emission Flight (ZEF) by 
2050 [1], Electrical Ducted Fans (EDFs) are increasingly 
being considered as a means of primary propulsion [2]. 
Most EDFs for aircraft propulsion are single-stage hub-
driven devices that are powered using permanent magnet 
motor technologies. Rim Driven Fans (RDFs) [3]-[5], 
however, are a type of ducted fan that have a continuous 
rotor-rim attached to the tips of the fan blades and are 
driven by means of electro-magnetic motor circuitry 
arranged within the duct (Fig 1). RDFs offer some key 
advantages when compared with conventional hub-driven 
fans. Such as an increase in thrust per frontal area owing to 
the removal of the flow restriction caused by the hub-
mounted motor; shorter overall length of the fan assembly; a 
reduction in the motor tangential forces required to generate 
torque owing to an increase in the radial moment arm; 
improved fan aerodynamics; provision of cooling for the 
motor windings and the ability to easily install two contra-

rotating RDFs in tandem. This latter advantage also enables 
increased Fan Pressure Ratios (FPRs) to be generated [6] 
thus allowing faster efflux velocities and flying speeds. A 
drawback to an RDF configuration can be its weight if the 
electromagnetic circuit is not sized or constructed 
efficiently. 

All fans have a finite limit to the amount of energy they 
can transfer to an air stream. This normally occurs when the 
fan operates under maximum static-thrust conditions and is 
governed by the tangential speed of the fan blades, the 
degree of air deflection (whirl) imparted by the blades and 
the mass flow rate of the air passing through the fan [7]. It is 
therefore important for the motor designer to estimate the 
required RDF torque versus speed characteristic, during the 
early stages of design, so that the electromagnetic motor 
circuit is not too powerful and heavy for its intended 
purpose. This is particularly relevant for the rim driven fan 
rotor which could otherwise become subject to unnecessary 
centrifugal loads. 

II. Methodology 

Euler’s work equation defines the rate of transfer of 
angular momentum from a fan into the passing airstream 
and can be expressed as: 
                                                   . 

                             (1) 
                                                               . 
where, P is the fan shaft power (W); M is the mass flow of 
air passing through the fan, measured in kilograms per 
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second (kg/s); U is the tangential velocity of the fan (which 
is normally taken at a mean radius position) measured in 
metres per second (m/s); ΔCW is the change in rotational 
(whirl) velocity of the airflow between the plane on which it 
enters the fan to that where it exits. 

In equation (1) the term UΔCW defines the total specific 
work done by the fan and can be expressed in Joules per 
kilogram (J/kg). This term also represents the specific 
enthalpy rise of the air (Δh0) and is widely given the symbol 
Y [8]. Total specific work Y is a very useful and versatile 
parameter in fan analyses and may be expressed in the 
following forms [6]: 

                                        (2) 

                                        (3) 

                                    (4) 

                                    (5) 

where, Δp is the total pressure rise across the fan (Pa); ρ is 
the average density of the air (kg/m3), Cp is the specific heat 
capacity of air at constant pressure (taken as 1005 J/kg K); 
ΔT is the total temperature rise of the air across the fan (K). 

To relate the specific work parameter (Y) to a particular 
fan device, for example, when considering the number, size, 
angles and shape of its blades etc., a dimensionless work co-
efficient (also known as the Stage Loading) ψ is used [9], 
where:  

                                    (6) 

Therefore, from equations (4) and (6) it can be 
determined that:  

                                    (7) 

Typical values of work co-efficient ψ for high-
performance axial flow fans and compressors lie between 
ψ = 0.4 and ψ = 0.75 [9]. For radial (centrifugal) flow 
compressors, in which the airflow is turned through 90 
degrees, a unity work co-efficient can be assumed i.e. ψ = 1.  

To relate the tangential speed of the fan U to the axial 
velocity Cx of the airflow through the fan the dimensionless 
flow co-efficient, , is used, where:  

                                     (8) 

An accepted value of flow co-efficient  for high-
performance axial flow fan and compressor designs is 
 = 0.5 [10]. 

The shaft power P of a fan is a product of the exerted 
torque T and the angular velocity of the fan ω and is 
expressed as follows:  

                                    (9) 

where, T is measured in Joules (J) or Newton metres (Nm); 
ω is the angular velocity of the fan measured in radians per 
second (rad/s).  

The tangential velocity U can be determined from the 
angular velocity ω at any radial position of the fan using the 
following equation:  

                                   (10) 

where, r is the radial position (m).  
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From equations (2) and (7) the following relationship for 
shaft power can be derived: 

                                 (11) 

From equations (8), (9), (10) and (11) the following 
relationship for shaft torque can be derived: 

                              (12) 

where, rm is the mean radial position (m), and rin is the fan 
inlet radius (m).  

III. Analyses and Results 

A. Estimating Torque versus Speed Characteristics of 
Electrically Powered Rim Driven Fans (RDFs)  

Table I and Fig. 2 show the results of the analysis of a 
200 mm diameter single-stage RDF which were generated 
using equation (12). Assuming values of work co-efficient 
ψ = 0.45, flow co-efficient  = 0.5 and density  
ρ = 1.225 kg/m3 i.e. International Standard Atmosphere 
(ISA) Sea Level conditions. An estimate for dual-stage RDF 

2P M U=

2 3 2

m inT r r  =

Fig. 2. Estimated Torque versus Speed Characteristic for a 200 mm 
diameter single-stage RDF. 

Speed (RPM) Speed (Rad/s) Torque (Nm) 

0 0.0 0.00 

1000 104.7 0.03 

2000 209.4 0.13 

3000 314.1 0.29 

4000 418.8 0.52 

5000 523.5 0.81 

6000 628.2 1.17 

7000 732.9 1.60 

8000 837.7 2.08 

9000 942.4 2.64 

10000 1047.1 3.26 

11000 1151.8 3.94 

12000 1256.5 4.69 

13000 1361.2 5.50 

14000 1465.9 6.38 

15000 1570.6 7.33 

Table I. Results of the Analysis of a 200 mm Intake Diameter  
Single-stage RDF using Equation (12). 

. 

. 



performance can be made by doubling the Specific Work 
(Y) value calculated for a single-stage RDF.  

Fig. 2 shows that there is a gradual but exponential 
increase in the shaft torque requirement with respect to 
increasing fan speed. This curve is typical of torque versus 
speed characteristics for pumps, fans, ship propulsion etc. 
[11].  

B. Matching RDF Motor Performance to the Torque versus 
Speed Characteristics  

Using the results provided in Table I and Fig. 2 it was 
possible to match the design of the rim motor to satisfy the 
maximum fan torque requirement (7.33 Nm at 15,000 RPM) 
so that the RDF was neither overpowered nor overweight. 
Figs. 3-5 show graphs created using MotorCAD LAB 
software [12], of shaft torque, shaft power, and motor 
efficiency versus motor speed. These graphs were generated 
based on a novel AC synchronous rim motor arrangement 
designed to drive a single 200 mm diameter fan. The details 
of the actual motor are commercially sensitive. However, 
the reduced tangential rim forces meant that a very 
lightweight motor design was achieved. The motor has an 
iron-less rotor design based on a Halbach-array of 
permanent magnets and an optimised multi-slotted, thin 
laminated stator iron with aluminium, 3-phase distributed 
windings and flux densities not exceeding 1.2 Tesla. An 
increased voltage supply also enabled a lower operating 
current (peak value = 35 A) compared with an equivalently 
rated hub-driven EDF that normally draws more than 200 A. 
The reduced RDF current also minimises the heating losses 
in both the motor and the controller, and Fig. 5 shows the 

Table II. Results of the Analysis of a 600 mm Intake Diameter  
Dual-stage Contra-rotating RDF.  

Inlet diameter 0.6 m 

Inlet radius 0.3 m 

Mean radius 0.21 m 

Speed 10000 RPM 

Angular velocity 1047.07 Rad/s 

Tangential velocity (U) 219.9 m/s 

Work co-efficient (ψ) 0.45 

Specific work (Y) 21757.04 J/kg 

Flow co-efficient () 0.5 

Axial velocity (Ca) 109.9 m/s 

Hub diameter 0.05 m 

Inlet area 0.275 m2 

Volume flow 30.218 m3/s 

Mass flow 37.017 kg/s 

Dual RDF (Y dual) 43514.08 J/kg 

Δp 53304.7 Pa 

Fan Pressure Ratio (FPR) 1.526 

Efflux velocity 295 m/s 

Shaft Power 1.6108 MW 

Torque 1538.4 Nm 

Torque (single) 769.2 Nm 

Thrust Static 10920.3 N 

Thrust Static 1113.2 kg 

Thrust Static 2493.5 lb 

Fig. 3. Shaft torque versus speed characteristic for a 200 mm diameter 
 fan single stage RDF motor, Motor CAD (LAB). 

Fig. 4. Shaft power versus speed characteristic for a 200 mm diameter 
 fan single stage RDF motor, Motor CAD (LAB). 

Fig. 5. Efficiency versus speed characteristic for a 200 mm diameter 
 fan single stage RDF motor, Motor CAD (LAB). 

Fig. 6. Pratt and Whitney PW617F-E Engine [15]. 



high motor efficiency of approximately 95% that is 
achieved at 15,000 RPM. This optimised RDF motor design 
resulted in a Specific Power rating of approximately 4 kW/
kg when accounting its active elements [13],[14].  

C. Comparison of a Dual Stage Electrical RDF and a 

Conventional Fan Jet Engine  

Using the equations established in the Methodology 
section, a comparison has been made between the 
theoretical thrust performance of a 600 mm diameter dual-
stage contra-rotating RDF energiser unit (Fig. 1) with an 
existing small fan-jet engine, namely the Pratt and Whitney 
W617F-E, used to power the UK’s Royal Air Force Phenom
-T1 aircraft (Figs. 6 and 7). The RDF calculations estimate 
its performance whilst it is operating at maximum static 

thrust, at 10,000 RPM under ISA Sea Level conditions. 
Refer to Table II for the input data and calculated results.  

Table II indicates the potential for RDF technology to 
power high-speed aircraft in place of current turbojet and 
fan-jet engines. The estimated maximum efflux velocity of 
this dual RDF example is 295 m/s (660 mph) and the static 
thrust is 10.92 kN (2494 lbs). This device could be used to 
power a light military trainer aircraft (Fig. 8) or alternatively 
a multitude of RDF devices could power medium to large 
commercial aircraft configured with BWB distributed thrust 
systems (Fig. 9). 

Table III provides a basic comparison between the 
PW617F-E engine [15],[19] and a dual-stage electrical 
RDF. The RDF diameter is 34% larger than the PW617F-E, 
although it is 60% shorter in length. The RDF also provides 
a much higher thrust capability (10.92 kN) compared to the 
PW617F-E (8.98 kN). 

IV.  Conclusion 

Equation (12) has been derived, which can be used for 
estimating torque versus speed characteristics of single and 
dual-stage electrically powered Rim Driven Fans (RDFs) 
intended for aircraft propulsion. This can assist the 
aeronautical motor designer to optimise the electromagnetic 
circuit and minimise the motor’s mass and centrifugal 
stresses. The calculated values of shaft torque and rotational 
speed can also be used to determine the required motor shaft 
power and, by assuming values for motor and controller 
efficiencies, estimate the electrical power supply 
requirements. An example of an optimised RDF motor has 
also been provided using MotorCAD generated torque, 
power and efficiency characteristics. This optimised RDF 
motor design resulted in a Specific Power rating of 
approximately 4kW/kg which is comparable to state-of-the-
art hub driven EDF devices.  

The results of the comparative study between the 
theoretical dual-stage RDF and the Pratt and Whitney 
PW617F-E fan-jet engine indicated that, as a thruster 
device, the RDF offers a compact and lightweight 
alternative to small fan-jet engines. The RDF is also 
substantially shorter in length, will operate at much lower 
core temperatures than a jet engine and is likely to be lighter 
in weight, more efficient, easier to monitor and control, 
quieter and offer much greater values of specific thrust. It is 
considered that the only reason why RDFs are not already 
used for ZEF, on pure electric aircraft, is because of existing 
technology limitations regarding on-board electrical energy 
storage and delivery. However, RDFs are a viable contender 
for high-speed hybrid aviation applications such as large 
BWB commercial aircraft with distributed thrust 
architectures that are being studied by Airbus [18] and 
NASA [20].  
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