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Abstract—Finite element analysis was conducted to study
the stress behaviour in a generic electric high-revolution rim-
driven rotor in relation to the number of spokes and
rotational speed using the maximum distortion energy failure
criterion. The paper analysed the stresses on an electric high-
revolution rotor and locate the failure’s potential origins.
Upon analysing the FEA results, it is found that the maximum
equivalent von-Mises stress is related to the square of
revolution in RPM. It is concluded that it is possible to create
a general formula that can predict the stresses, simplifying the
development stage of an electric rim-driven rotor for high-
speed applications.
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1. INTRODUCTION

Many forward-thinking organisations are directing their
aviation research and development strategies towards
providing the most efficient propulsion systems that lower
environmental impact [1],[2]. This quest has led to an
increase in attention being given to electrically powered
propulsion for aircraft [3]. Conventional hub-driven
propeller and fan devices have already been installed and
flown on numerous test aircraft [4] and, alongside novel fan
arrangements such as rim driven fan technology [5] and
distributed thrust systems, offer potential solutions that
could contribute towards achieving the ultimate goal of
zero-emission propulsion. Electrical rim drives have been
successfully implemented in the marine industry where
they directly drive propellor thrusters at relatively low
rotational speeds of a few hundreds of revolutions per
minute.

Various numerical studies have been conducted in
regard of rim-driven thrusters, propellers, and fans. For
example, an open water CFD investigation on hub-type and
hubless rim-driven thrusters (RDT) performance with
differing hub diameter using CFX 14.0 is reported in [6];
Dubas et al. [7] provided the development of a CFD
method and investigation of rotor-stator interaction using
OpenFOAM; a FEM simulation for the proposed
implementation of axial flux motor (AFM) in RDT for a
marine application is discussed by Ojaghlu et al. [8]; a
performance optimisation of RDT using RANS calculation
for maximum propulsive efficiency and minimum
cavitation is suggested by Gaggero [9]. These papers are
essential to demonstrate the potentials and applications of
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rim-driven rotors. However, these numerical models are
conducted for low-speed applications and are focused on
the computation fluid dynamics of the fluid behaviour
through and around the device. Rim driven rotors (RDR)
for aerospace propulsion applications require operations at
much higher rotational speeds, in the many thousands of
revolutions per minute [10]-[12]. Such rotors can be
incorporated within the architectures of induction, switched
reluctance or synchronous AC motors. Fig. 1 shows a
schematic representation of such a device, while Fig. 2
shows a commercial rim-driven thruster.

This paper aims to analyse the stresses on an electric
high-speed RDR using the Static Structural program in
Ansys Workbench and understand the nature of stresses
and potential origins of structural failures.

II. METHODOLOGY

An accurate definition of failure is essential to approach
the potential structural problem. In engineering, a material,
structure or component is considered to have failed once it
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Fig. 1. Electric high-speed rim-driven device schematics.
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Fig. 2. Commercial Rim Driven Thruster by TSL Technology Ltd.; used
in BLUEFIN HAUV [13].
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Fig. 3. Total deformation of a six-spoked rim drive at rotational speed of
14,000 RPM. (Exaggerated scale for visuals)

can no longer serve its intended design functions [14].
However, in this paper, failure is associated with the
physical fracture or yielding (also known as distortion and
plastic strain) of materials subject to stress [15].

The type of failure depends highly on the material’s
physical properties, such as ductility and brittleness.
Ductile materials are commonly considered to have failed
as the maximum stress on the structure surpasses the
ultimate yield strength; this is when the material reaches the
plastic region. On the other hand, since brittle materials
have no appreciable yield point, the failure on brittle
materials occurs at fracture, known as ‘“brittle
fracture” [16]. This research focuses on the failure of
ductile materials for electric high-revolution RDRs; thus, it
is vital to use an appropriate failure theory consistent with
the observation for ductile materials subject to stress.

Three-dimensional structures are subject to triaxial
stress, which is composed of hydrostatic and deviatoric
stresses; however, hydrostatic stresses cannot cause the
yielding of ductile materials; thus, a suitable failure theory
should be independent of hydrostatic stress. Tresca and von
-Mises failure criteria are commonly used and are proven to
be consistent with the behaviour of ductile materials [15]-
[17].

Due to the relatively wide elastic region of structural
steel in the Ansys Material Library and the expected
presence of tensile loading at the rim, hub and the length of
the spokes, the von-Mises failure criterion is a better-suited
failure criterion for this analysis. Furthermore, the von-
Mises failure criterion is also suited for estimating within
the plastic region, which is expected to occur within the
simulations. Therefore, the von-Mises failure criterion is
this paper’s failure criterion of choice [18],[19].

The von-Mises failure criterion utilises the shear
deformation as the yield mechanism of structures subject to
forces; however, it does so by the principle of critical
distortion energy. The critical distortion energy is the
distortion energy required to cause the onset of plastic
deformation. Therefore, the von-Mises failure -criterion
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Fig. 4. Maximum equivalent von-Mises stresses of a six-spoked rim drive
at rotational speed of 14,000 RPM. (Exaggerated scale for visuals)
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states that yielding occurs when the effective stress equals
the uniaxial yield strength. The uniaxial yield strength can
be found experimentally, while the effective stress is given
as follows in (1) according [18],[19], where o, is the
effective stress, o is the normal stress and 7 is the shear
stress. The first letter of the subscript represents the plane
of the stress tensor while the second subscript is the
direction relative to the coordinate system.

The model used in this FEA (Fig. 3) is a generic three-
dimensional spoked RDR with rim thickness and rim outer
diameter of 2 mm and 204 mm, respectively, and a shafted
hub of thickness and outer diameter of 10 mm and 40 mm,
respectively. The rim and the hub are 50 mm long, with the
spokes Smm indented from both ends of the rim and hub.
The spokes have 3 mm depth, 40 mm breadth, and 80 mm
high. The simulation consists of an RDR with, ns, number
of spokes at variable revolution, ranging from 2 to 16
spokes and 1,000 to 14,000 RPM. The authors tracked the
mass of the RDR and maximum equivalent von-Mises
stress using the parameter window on Ansys Workbench.

The adaptive convergence criteria and adaptive mesh
refinement controls were used to ensure the high accuracy
of the simulation [20]. The adaptive convergence criteria
used in this simulation tracks the maximum equivalent von-
Mises stress relative error, E, given by (2), with the relative
error criteria less than 2% before converge solution.

E >100% x (—¢"+l¢_ 4 J ()

i

where E is the relative error, ¢; is the previous tracked
value, and ¢, is the new tracked value. In this case, the
value being tracked is the maximum equivalent von-Mises
stress.

The refinement depth of each refinement loop is set to
two, with ten maximum refinement loops per case. This
approach allowed the author to automatically refine the
mesh elements around high-stress regions in the model
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Fig. 5. Maximum equivalent von-Mises stress of rim drives with
increasing number of spokes at different speeds.

while using the parameter window in Ansys Workbench for
faster data gathering without compromising the simulation
accuracy. The initial FEA of the model in Fig. 4 presented a
logarithmic stress singularity at the sharp re-entrant corners
of the rim-spoke, and hub-spoke intersect; hence, the author
added blending of Imm radius at these re-entrant corners,
irradicating the stress singularities [21].

The gravity is off for the cases because the force due to
gravity is negligible relative to the centrifugal force
generated at high revolution. Nonetheless, the mass of each
RDR for increasing numbers of spokes is shown in Table I
because the mass of a rotating body is an integral factor of
angular momentum that constitutes the centrifugal force
[17].

III. RESULTS AND DISCUSSION

The simulation of the total deformation of a six-spoked
RDR at 14,000 RPM is shown in Fig. 3. It shows that the
spokeless regions of the rim are radially deforming due to
rotation, which is a consistent behaviour of a rotating rim.
In contrast, the length of the spokes shows low stresses in

TaBLE . Mass oF THE RiM DRIVES
WITH INCREASING NUMBER OF SPOKES .

Number of Spokes Mass [kg]
2 1.019
3 1.095
4 1.171
5 1.246
6 1.322
7 1.398
8 1.473
9 1.549
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12 1.776
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Fig. 6. Maximum equivalent von-Mises stress vs. rotational speed for
various number of spokes (2-11).

Fig. 4, suggesting that they are resisting their centrifugal
load. Furthermore, Fig.4 shows that high-stress
concentrations are present at the rim-spoke intersects,
which are the locations of stress singularities mentioned in
section Methodology. These stress concentrations mark the
failure’s potential origin; therefore, the blending of these
locations is essential [22].

Fig. 5 demonstrates the FEA result of the cases with
increasing spoke number for different revolutions. The
figure shows that a form of “disk-effect” occurs from 12 to
16 spokes. The behaviour was observed for the revolution
ranging from 1,000 to 14,000 RPM; however, the
behaviour is less appreciable at lower revolutions; hence,
the authors omitted those results for clarity. Since the disk-
effect is present in all cases with increasing spoke numbers,
it is deduced that the behaviour is related to the model
topology.

The disk-effect occurs when the number of spokes is
sufficient to provide enough structural rigidity and causes
the whole structure to behave like a solid disk, hence, the
maximum equivalent von-Mises stress is reduced
irrespective of the speed of revolution. However, as much
as it is an interesting phenomenon, the investigation of the
disk-effect is currently not within the paper’s scope; hence,
the authors have opted to continue with the simulations
results of cases ranging from 2 to 11 number of spokes.

The maximum equivalent von-Mises stress of RDR
with increasing revolution for different numbers of spokes
is shown in Fig. 6. The figure shows that the maximum
equivalent von-Mises is proportional to the squared of the
revolution, which is a well-expected behaviour as the
centrifugal force of a rotating body increases with the
squared of the revolution, as shown in (3).

F =mre’ 3)

where F. is the centrifugal force, m is the mass of the
rotating body, r is the distance of the mass from the centre
of rotation, and @ is the rotational speed in radian per
second.



Furthermore, the graphs’ gradient increases with a
higher number of spokes, indicating that RDR with higher
spoke numbers has a narrower operating range; a horizontal
line extending across the graph representing the ultimate
yield strength of structural steel was added for
visualisation.

These findings suggest that it is possible to create a
generalised formula that can predict the stresses on electric
high-revolution rim-driven rotors based on the geometry,
mass, and speed of revolution. However, the development
of a general formula requires further work to study different
permutations with the most logical approach. This is
forming an approach that can potentially predict the
maximum equivalent Von-Mises stresses with the RPM;
however, this is still in the early stage and requires more
investigation.

IV. CoNCLUSION

Upon conducting this study, a method of analysing the
stress behaviour of an electric high-speed RDR with
increasing speed and number of spokes was developed. The
initial assessment of the FEA found that the rim and the
hub are deforming radially due to their centrifugal force,
while the spokes resist this force. It is also found that the
maximum equivalent von-Mises stress is located at the rim-
spoke intersect, indicating the possible location of failure
origin. Furthermore, it is found that the maximum
equivalent von-Mises stress is proportional to the square of
revolution, which 1is consistent with the nature of
centrifugal force. However, further assessment of this
shows that the number of spokes affects the graph’s
gradient, indicating that a higher number of spokes narrows
the operating range of the RDR. Ultimately, because of the
relationship of the maximum equivalent von-Mises stress to
the revolution, it is concluded that it is possible to create a
general formula that can predict the maximum von-Mises
stress from the geometry, mass, and speed of revolution of
an electric high-speed rim-driven device.
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