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High-Frequency Electric Machines for Boundary
Layer Ingestion Fan Propulsor
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Abstract—High specific power electric motor is a key enabling
technology for electric/hybrid-electric propulsion for aircraft.
High-frequency, air core machine topologies show potential for
high specific power when the machines are integrated within jet
engines at high speed, e.g. 15,000 rpm. In this paper, we explore how
these machines scale to a boundary layer ingestion (BLI) fan appli-
cation in newly proposed Single-aisle Turboelectric Aircraft with an
Aft Boundary Layer Propulsor (STARC-ABL). Detailed analytical
models that have been experimentally verified, and an evolutionary
genetic algorithm are utilized to choose an optimized design for
the BLI propulsor. Analyses show that a 2.6 MW, 11 kW/kg, 98%
electric motor is achievable.

Index Terms—Electrical machines, high specific power, high
power density, high-frequency, electric propulsion, electric
aircraft, slotless, STARC-ABL.

I. INTRODUCTION

NATIONAL Aeronautics and Space Administration
(NASA) has identified light-weight electric motors as

a key enabling technology to reduce thrust specific fuel and
energy consumption of aircrafts [1], [2]. Such motors achieve
high specific power through aggressive cooling and high
speed [3]–[5]. One example of a high-frequency machine with a
significantly reduced ferromagnetic core is a 13 kW/kg, 1 MW
machine being developed by NASA [6]. The design of the
machine is optimized at 15,000 rpm to be integrated within a jet
engine in a parallel-hybrid or turbo-electric propulsion systems.
However, most aircraft designs use lower rotational speeds for
propulsors. This paper builds on work from earlier paper by
the authors, which shows that a motor with high fundamental
frequency and a slotless topology retains high specific power
characteristics at lower rotational speeds [7].

Specific target application of this paper is the tail-cone propul-
sor for the NASA’s newly proposed turboelectric concept air-
craft, STARC-ABL, which is shown in Fig. 1. The 2.6 MW,
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Fig. 1. STARC-ABL concept with BLI fan indicated.

Fig. 2. CAD representation of the full motor.

3000 rpm boundary layer propulsor allows reduction of drag
that exists on the fuselage of an aircraft by “ingesting” the
hydrodynamic boundary layer that exists on the surface, which
allows for a significant reductions in system fuel burn [8], [9].
This paper first presents a brief overview of the baseline design
of the motor, followed by analytical models used for sizing the
boundary layer ingestion (BLI) fan motor. Several possibilities
for motor-propulsor integration is presented and compared, and
a final design is chosen based on pareto line comparing weight
and efficiency.

II. BASELINE MOTOR CONCEPT SUMMARY

In Fig. 2, the concept of the motor is highlighted. High
specific power is achieved through the use of high-frequency to
minimize the magnetic circuit of the motor, reducing the amount
of heavy metal in the design. For motors with high fundamental
frequency, we can assume that the thicknesses of the stator yoke,
ds, and rotor yoke, dr, are much smaller than the airgap diameter.
Then, expressing power density as power (from the well-known
sizing equation) divided by volume of active materials, we see
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that

Power Density ≈ 2kwApeakBpeakv

ds + dr
, (1)

where kw,A,B, and v refer to winding factor, electrical loading,
magnetic loading, and rotor tipspeed. The expression points to
the usual emphasis on cooling and aoption of better magnetic
materials to maximize electrical loading and magnetic loading,
respectively, to maximize power density. Density of active mate-
rials such as steel, copper (especially including insulation), and
magnets are of same order, so the above expression can be said to
be proportional to specific power. Note that for a more accurate
representation of specific power, auxiliary components such as
structural and cooling infrastructure must be taken into account.
The expression also highlights that high-frequency machines
can achieve high specific power through high rotor tipspeed,
regardless of size or angular speed. This is especially attractive
in aircraft propulsion systems because typical aircraft fans rotate
around 3000 rpm. To accommodate high-frequency and high
rotor tip speed, appropriate design choices have been made.
Adoption of litz wires (for high-frequency armature coils) and
elimination of stator teeth alleviate the electrical and magnetic
losses associated with high-frequency. Energy-dense, rare-earth
permanent magnets in the rotor are arranged in a Halbach array,
eliminating the need for a rotor yoke. An outer carbon fiber
ring is used to retain the magnets at high tip speeds. The use
of outer-rotor topology allows proper thickness of retaining ring
without sacrificing the magnetic air-gap between the magnet and
the high-frequency coils.

The resulting air-core topology allows more space and flexi-
bility in the design of a heat sink along the inner diameter of
the stator. Along with a ducted fan design that pulls the air
in from the free-end of the cantilevered design, the heat sink
allows for effective extraction of thermal losses from the high-
frequency coils. The armature consists of a 3-phase, 20-pole
distributed winding with 2 slots per pole per phase (10 pre-cast
coils per phase), and a 5/6th winding pitch. Armature coils are
precast using ceramic filled resin to further improve thermal
performance from the copper. To improve manufacturing and
assembly qualities of the coils, coils of each phase are stag-
gered with respect to coils of another phase. The resulting coils
have different end-winding length between the phases, but can
easily be addressed with appropriate drive control. Design and
prototyping effort of this 1 MW motor included development
effort of a modular, multilevel inverters that have shown to be
effective at minimizing total harmonic distortion (THD) [10].
This, coupled with a highly sinusoidal airgap field, also allows
the topology to have very low torque ripple. Key metrics of the
baseline motor being developed are summmarized in Table I.
The 1 MW prototype motor hardware is shown in Fig. 3.

III. ANALYTICAL MODEL

An analytical model for the air-core machine described in
the previous section has been developed to predict electromag-
netic, thermal, and mechanical performance, as described in
the following subsections. The loss models have been validated
and calibrated with recent experiments [11], [12] and serve as

TABLE I
KEY METRICS AND DIMENSIONS FOR THE BASELINE MOTOR

Fig. 3. Rotor (left) and stator (right) assembly of the 1 MW motor.

the starting point for obtaining an optimzal design for the BLI
propulsor motor. As one of the main fixed variable constraint for
the optimization is air-gap heat flux, the losses are represented
in the form of heat flux. Furthermore, only copper losses, iron
losses, and windage losses are considered for this study. Study
of the 1 MW baseline design showed that magnet losses and
bearing losses are very small compared to the other losses (0.5%
for magnet loss and 0.2% for bearing) and thus are excluded from
the analysis [13].

A. Air-Gap Field and Torque

While finite element method (FEM) provides highly accurate
field distribution in the air-gap, it is not suitable for comparative
studies with dozens of cases due to its high computation time.
In the case of conventional machines characterized by small
air-gap distance, magnetic equivalent circuit (MEC) model is
often used. In the case of a toothless, air-gap winding topology,
simplified model such as MEC should be avoided because of
the larger magnetic air-gap and the resulting increase in air-gap
leakage. Thus, to calculate air-gap field for a given geometry
and the resulting torque, an analytical model (shown in Fig. 4)
based on flux-potential transfer relations is used [14].

We begin with the fact that

Bn = μo (Hn +Mn) , (2)

where M is magnetization intensity vector. Applying curl on
both sides,

∇×Bn = μo∇×Mn (3)
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Fig. 4. Analytical model for the toothless topology.

Fig. 5. Radial magnetization, Mr , and tangential magnetization, Mθ , for one
pole pair of an 8-pole design. The results here show sum of up to 100th harmonic
contents.

can be established with the fact that the permanent magnet region
is absent of free current such that the Ampere’s law gives ∇×
Hn = 0. Expressing Bn in terms of magnetic vector potential,

∇×Bn = ∇× (∇×An)

= ∇ (∇ ·An)−∇2An (4)

Finally, using the Coulomb gauge condition, (3) and (4) can be
combined to establish a Poisson’s equation as shown as,

∇2An = −μo∇×Mn, (5)

where the subscript n denotes the harmonic number to account
for non-sinusoidal magnetization vector. Assuming a general
form of An and Mn such that

An = Re
[
Az,ne

−jnpθ
]
ẑ

Mn =
[
Mr,ne

−jnpθ r̂+Mθ,ne
−jnpθθ̂

]
, (6)

(5) can be solved as

∂2

∂r2
Az,n +

1

r

∂

∂r
Az,n −

(np
r

)2

Az,n = −jμo
np

r
Mn, (7)

where r, p and θ refer to radius, number of pole pairs, and angular
position, respectively.Az,n,Mr,n, andMθ,n refer to magnitudes
of magnetic vector potential, radial magnetization vector, and
tangential magnetization vector, of nth harmonic. Variable Mn

is calculated as Mr,n +Mθ,n/jnp. Fig. 5 shows an example of

radial and tangential magnetization magnitudes for an Halbach
array.

Upon finding homogeneous and particular solution for (7),
general transfer relation between the magnetic vector potentials
and the tangential flux densities at two different boundaries can
be established. For example, from Fig. 4, tangential flux density
at boundary, f (with radius of α), and tangential flux density
at boundary, g (with radius of β), can be described with the
following transfer relation:
[
Bf

θn

Bg
θn

]

=

[
Fo(β, α) Go(α, β)

Go(β, α) Fo(α, β)

][
Af

z,n

Ag
z,n

]

−Ms

[
Xs

Ys

]

, (8)

where

Ms =
jμonpMn

(np)2 − 1
,

Xs = αFo(β, α) + βGo(α, β) + 1,

Ys = αGo(β, α) + βFo(α, β) + 1,

and functions, F0 and G0, can be calculated as

F0(x, y) =
np

y

[(
x
y

)np

+
(
y
x

)np]

[(
x
y

)np

− (
y
x

)np] ,

G0(x, y) =
2np

x

1
[(

x
y

)np

− (
y
x

)np]

Applying boundary condition of He
θ = Hf

θ and (3) results in a
transfer relation between boundaries e and h as

[
Be

θn

Bh
θn

]

=

[
Fo(β, α) Go(α, β)

Go(β, α) Fo(α, β)

][
Ae

z,n

Ah
z,n

]

+

[
−μoMθ,n −MsXs

−μoMθ,n −MsYs

]

. (9)

Furthermore, noting that magnetization source does not exist
between boundaries b and e, the transfer relation can be shown
as

[
Bb

θn

Be
θn

]

=

[
Fo(α, γ) Go(γ, α)

Go(α, γ) Fo(γ, α)

][
Ab

z,n

Ae
z,n

]

. (10)

Then, combining (8), (9), and (10), with a boundary condition
stating that Bb

θ = 0, we can obtain Be
θ and Bh

θ . From these re-
sults, tangential flux densities at all boundaries can be computed
using the transfer relations. Radial component of the flux density
can simply be obtained by computing the curl of magnetic vector
potential. Fig. 6 shows the flux density of the Halbach array
using the described transfer relations. Note that the non-active
side result shows the effectiveness of field cancelletion.

Similarly, Poisson’s equation can be obtained for finding
magnetic field due to the coils, as shown as

∇2An = −μo∇× Jf . (11)
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Fig. 6. Magnet flux density at Halbach array magnet surface. Air-gap side
(top), and non-active side (bottom).

where Jf refers to current density of the coils. Then the transfer
relation between the magnetic vector potentials and the tangen-
tial flux densities at two different boundaries (e.g. boundaries
denoted by b (with radius of γ) and c (with radius of δ)) due to
the coils can be shown as

[
Bb

θn

Bc
θn

]

=

[
Fo(δ, γ) Go(γ, δ)

Go(δ, γ) Fo(γ, δ)

][
Ab

z,n

Ac
z,n

]

− Jfs

[
Xfs

Yfs

]

,

(12)
where

Jfs =
μoJzn

(np)2 − 1
,

Xfs = γFo(δ, γ) + δGo(γ, δ) + 1,

Yfs = γGo(δ, γ) + δFo(γ, δ) + 1.

Note that Jzn refers to magnitude of current density distribution
of nth harmonic.

Using the described method, magnetic fields generated by the
permanent magnet can be computed at a certain boundary, and
can be superposed with the calculated magnetic field generated
by the copper coils at the same boundary to evaluate the Maxwell
Stress Tensor. Then the torque can be calculated as

Torque =
Dag

4

πDagLstk

Δθμop
〈BnBθ〉, (13)

where Δθ accounts for the spatial discretization and p refers to
number of magnetic pole pairs. The model is tested at various
pole counts and dimensions. Fig. 7 shows radial and tangential
components of air-gap flux density of a 8-pole toothless machine
and shows good agreement with FEA. This model can easily be
applied to inner-rotor topology with boundaries and radii flipped.

B. Iron Loss

Numerous specific iron loss models have been proposed since
Steinmetz’ first formulation [15]–[17]. We found that the best
model for specific iron loss allows for variable loss coefficients
with frequency or induction, as presented in [18]. Using such
method, specific iron loss in stator yoke with yoke flux density,

Fig. 7. Air-gap field comparison between FEA and analytical method of a
8-pole slotless motor with current density of 8A/mm2(peak). Radial and
tangential components of total air-gap field (from permanent magnet and copper
coils) are shown.

Byk, varying at some frequency, f , can be realized as

Pyk = khfB
2
yk + kef

2B2
yk (14)

where the hysteresis loss coefficient, kh, and eddy current loss
coefficient, ke, are each characterized as a cubic polynomial:

kh = kh,0 + kh,1Byk + kh,2B
2
yk + kh,3B

3
yk

ke = ke,0 + ke,1Byk + ke,2B
2
yk + ke,3B

3
yk (15)

Then, heat flux (W/m2) due to iron loss in the yoke can be
expressed as,

qyk = [khfB
2
yk + kef

2B2
yk]ρfedyk (16)

where ρfe and dyk refer to volumetric mass density of yoke
material and radial dimension of the yoke. Note that flux density
in the yoke can be estimated as

Byk = Bag
Dag

2dykp
(17)

where Bag and p refer to peak air-gap flux density and number
of magnetic pole pairs.

C. Copper Loss

Copper losses can be separated into dc and ac losses and
represented as heat flux. Heat flux due to dc conduction losses
can be represented as

qdc = [J2
cu/σcu]dcuff (18)

where Jcu, σcu, dcu, and ff refer to copper current density,
copper conductivity, radial dimension of copper coils, and cop-
per fill factor. Heat flux due to ac losses, specifically proximity
losses, can be represented as

qac =
ω2
o
¯̂
B2D2

str

32ρcu
dcuff (19)

where ωo, ¯̂
B2, and Dstr refer to frequency, spatial average of

peak flux density squared, and copper strand diameter [19].

For the slot-less topology, ¯̂
B2 can be computed by mapping
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Fig. 8. Schematic of the STARC-ABL tail cone propulsor showing three
possible locations for the motor.

the field within the winding region using the flux-potential
transfer relations from Section III-A. Accuracy of the analytical
model for copper losses have been verified via indirect balanced
calorimetry [12].

D. Windage Loss

There are three major sources of mechanical losses for the
discussed topology: air-gap windage, outer rotor windage, and
cooling fan losses. Because the windage loss at the outer rotor
surface is largely removed by the mass flow at the surface,
airgap windage is considered as the only contributor to the
airgap heat flux. Airgap windage losses have been estimated and
experimentally verified as shown in [11]. Using the experimental
measurements from the rotor test, heat flux from the air-gap
windage loss at different speeds,N , and air-gap diameters,Dag ,
can be estimated as

qwind = qwind,base

[
N

Nbase

]2.8 [
Dag

Dag,base

]3.5
, (20)

where qwind,base refers to heat flux due to airgap windage
measured for a motor with an air-gap diameter of Dag,base at
speed of Nbase.

IV. BLI PROPULSOR MOTOR OPTIMIZATION

While the baseline model was optimized at a power rating of
1 MW, STARC-ABL specification calls for a 2.6 MW power
rating [8]. To optimize the air-core machine for the BLI propul-
sor, rated power of the motor is constrained at 2.6 MW at a
speed of 3000 rpm. Upon examining the geometry of the tailcone
propulsor published in [8], three possible motor-fan integrations
are realized:
� Concept 1: High-speed, outer rotor (fan driven via a

gearbox)
� Concept 2: Direct-drive, outer rotor (motor located at the

base of the fan blades)
� Concept 3: Direct-drive, inner-rotor (motor located at the

tip of the fan blades, “rim-driven”)
These concepts are illustrated in Fig. 8. Concept 1, with an

operating speed of 15,000 rpm, has the potential for highest spe-
cific power. However, with a need for a 5:1 gear, both efficiency
and specific power may be reduced. The second concept is a
direct drive motor, with operating speed of 3000 rpm. The last
concept places the motor at the tip of the fan with an operating
speed of 3000 rpm. Fig. 9 and Fig. 10 illustrate what concept 2
and concept 3 motors would look like when integrated to the
fan.

Fig. 9. CAD illustration of direct-drive, outer rotor motor and fan integration

Fig. 10. CAD illustration of direct-drive, inner rotor rim-driven fan integration

A. Multi-Objective Optimization Scheme

For fair comparison of specific power and efficiency across
different concepts, an evolutionary genetic algorithm toolbox
for MATLAB, i.e., GOSET [20] was utilized to obtain a pareto
optimal front for each concept. The optimization is performed
within the design space of free variables,

Vfree =
[
p dcu dpm Lact

]T
(21)

where p, dcu, dpm, andLact refer to number of pole pairs, copper
radial height, magnet radial height, and active length, respec-
tively. Fixed variables are included to constrain the optimization
problem as

Vfixed =
[
ωm qag P Byk Do

]T
(22)

where qag refers to total heat flux in the airgap such that
qag = qyk + qdc + qac + qwind. ωm, P, Byk, and Do refer to
mechanical angular speed, rated power, peak yoke flux density,
and machine outer diameter, respectively. The heat flux in the
airgap, denoted as qag , is fixed to that of the baseline design
across different concepts and designs, as it is treated as a cooling
specification. Experiences with the fan design from the baseline
design point to the fact that qag = 65 kW/m2 is manageable
with a 20 m/s airflow through the heat exchanger. While this
assumption may not be completely true in other design concepts,
it is useful in providing first order comparison between the
concepts.

From the input, Vfree, the algorithm generates candidate
designs and outputs a pareto front that investigates tradeoff be-
tween total weight,Wtot, and efficiency, η, with fitness functions
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Fig. 11. Case study results showing pareto optimal front for three designs
using genetic algorithm. The star symbol marks the final choice for BLI fan
motor.

given by

f(Vfree) =
[ 1
Wtot

1
η

]T
(23)

To assess the total weight of a design, a detailed CAD model is
used. With information from the baseline design, radial dimen-
sions of structural components such as titanium, shell and carbon
fiber retaining ring can be scaled for various rotor tip-speeds. The
effect of stack length on end plate thickness is also included to
account for static deflection (thickness of end plate ∝ 1/Lstack)
[21]. In addition to materials, fixed Litz wire strand diameter,
fill factor, yoke lamination thickness is also enforced. Note that
the strand diameter is chosen to accommodate the skin depth at
maximum frequency used in the study.

B. Optimization Results and Concept Comparison

Fig. 11 shows the results from the optimization study, as
generated with 1000 individual, 30 generation optimization run
per design. For the concept 1, gearbox loss of 1% is assumed
and weight of the gearbox estimated using empirical correla-
tions from a survey of numerous gearboxes used in aircraft
applications [22].

Upon comparison of the results, the benefit of 15000 rpm,
outer rotor motor is once again highlighted. With not only high
rotational speed, but also high tip speed, motor designed for con-
cept 1 displays the lowest weight among the three motors. How-
ever, when the effect of gearbox is added, the high-efficiency,
low-weight characteristics are quickly lost. The outer-rotor mo-
tor (concept 2) in the plot shows potential for high efficiency,
at the cost of weight. The observed heavy weight characteristic
is in agreement with the fact that low rotor tip speed causes
reduction in specific power. With a speed-constraint of 3000 rpm
and outer diameter constraint of 23 inches, tip speed of the motor
is constrained to 1/4 to that of concept 1 and concept 3 motors.
The rim-driven fan design, however, has high tip speeds even
at low rpm due to a significant outer diameter. The benefit of
high tip speed is clear, while the high-frequency causes slightly
lower efficiency. Furthermore, because the rotor is no longer on
the outside of the motor, cantilevered design and its associated
auxiliary weight can be eliminated. With an outer stator, the
need for aluminum heat exchanger can also be eliminated since

Fig. 12. PM radial height and coil radial height for different designs for
concept 2.

Fig. 13. Air-gap diameter and stack length for different designs for concept 2.

the heat due to copper and iron losses can be directly extracted
from the outer diameter of the machine. While this rim-driven
fan topology seems optimal at a glance, having electromagnetic
interaction at such a large diameter comes with significant
mechanical risks and difficulty identifying appropriately rated
bearings, and thus may not be a feasible concept.

A common parameter that drives the weight-efficiency trade-
off for the three concepts is found to be pole-count (or rather,
frequency). For example, an examination of the pareto front
for concept 2 shows that the design with lowest efficiency and
weight has 40 poles (1000 Hz), whereas the design with highest
efficiency and weight has 14 poles (350 Hz). The 40 pole design
is characterized by a very thin radial build at the expense of
high ac losses, where the opposite is true for the 14 pole design.
This is illustrated in Fig. 12, where both magnet radial height
and copper radial height is observed to reduce due to high pole
count designs toward the left of the curve.

Figures 13 and 14 provide more insight to the trade-off
between weight and efficiency of the most favorable concept -
concept 2. Because of the reduced radial dimensions for the
magnet and the constrained outer dimension, airgap diameter is
allowed to increase, as seen in Fig. 13. It is also interesting to
note that these low-weight, low-efficiency designs demonstrate
longer active length than the designs on the far right. This
indicates that the effect of higher-pole, higher-frequency designs
on reduction in weight is greater than the effect of longer active
length. Fig. 14 shows a trend in reduced electrical loading
and magnetic loading for low-efficiency, low-weight designs to
accomodate higher losses.
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Fig. 14. Electrical and magnetic loading for different designs for concept 2.

TABLE II
KEY METRICS AND DIMENSIONS FOR THE SELECTED MOTOR

V. SELECTED DESIGN

With various considerations discussed in the previous sec-
tion, final concept and design is chosen and marked by the
star symbol in Fig. 11. While the weight of the machine is
critical for aircrafts, additional 2 points of efficiency over the
assumed 96% metric used in the STARC-ABL feasibility study
in [8] is expected to be valuable in propulsion system context.
Key metrics and dimensions for the final design can be found
in Table II. Motor voltage is determined to be 650 V (rms,
line-line). Modular inverters should be used to drive the motor
to accommodate the appropriate current ratings.

Electromagnetic performance and power rating of 2.6 MW is
verified using FEA, where the model shown in Fig. 15 highlights
the thin radial build of the topology. Loss breakdown of the
machine is shown in Fig. 16. With tip speed that’s only a third of
the baseline 1 MW design, the percentage of windage losses
is found to be much lower (compared to 70% of the losses
being windage in the baseline motor). As a result, a bigger
percentage of airgap heat flux can be allocated to copper losses,
allowing for a larger electrical loading (2.3 times larger), and
thus maintaining a >10 kW/kg of specific power. The hotspot
temperature for this design has been analysed using thermal FEA
as shown in Fig 17. A periodic model with one coil segment was
used to reduce the computational expense while capturing the
most important heat transfer considerations. A heat generation of
225 W was applied to the copper coils. This value corresponds

Fig. 15. Electromagnetic finite element model and resulting magnetic field
lines.

Fig. 16. Loss breakdown of the selected design.

Fig. 17. Thermal finite element model and resulting heatmap.

to the total expected copper losses divided by the number of
coil segments. Iron loss and windage loss at the airgap has also
been included in the study. Across the heat sink, a convection
boundary condition was applied with an air flow of 20 m/s at
an ambient temperature of 23 °C. More moderate cooling is
assumed in the airgap with an air flow of 10 m/s [13]. These
assumptions are analogous to the studies performed for the
baseline design [13]. The results show that the copper coils
operate at an average temperature of about 150 °C, with a hotspot
temperature of 176 °C. This 2-dimensional analysis shows that



2196 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 34, NO. 4, DECEMBER 2019

Fig. 18. Mechanical boundary conditions for rotor finite element analysis.

Fig. 19. Results of retaining ring structural analysis.

the hotspot temperature is within the temperature rating of Class
H insulation intended for the coils. However, a more rigorous
investigation considering the effects of atmospheric conditions
at altitude and 3-d effects must be performed. For example, while
the temperature at cruise altitude is around −56.5 °C, and can
greatly help management of thermal losses, proper design into
fans have to be considered as the atmospheric pressure drops by
a factor of five (compared to sea level).

Mechanical analysis on the retaining ring is also performed to
ensure integrity of the rotor structure. This is important to ensure
proper contacts with the bearings, which do not provide any
support in tension. A static FEA was performed using Autodesk
Inventor on a periodic section of the rotor. Boundary conditions
and material properties were prescribed as shown in Fig. 18.
The right end of the rotor is assumed not to expand due to added
material from the fan and is set as a fixed boundary condition.
The left end of the motor is open to expand. This direct drive
motor is assumed to spin with a fan speed of 3000 RPM to
generate radial body forces pointing away from the center of
the motor. Note that the mechanical simulations were performed
using retaining ring material properties at room temperature. The
effects of heat flux from the coils on the carbon fiber retaining
ring and titanium are neglected in this analysis, because of
convective cooling in the airgap. The heat flux due to windage at
the rotor outer diameter is found to be small (as seen in Fig. 16)
and thus also excluded for this analysis. The results of the finite
element analysis are presented in Fig 19. The maximum stress
experienced in both the rotor shell and retaining ring are well
below the endurance life of carbon fiber and titanium, where
endurance life is taken as half of the ultimate strength. The
maximum displacement of the rotor is near 0.15 mm validating
the ability of retaining ring to keep the rotor in contact with the
bearings.

CAD rendering of the chosen direct-drive 2.6 MW BLI fan
motor is shown in Fig. 20. Note that the fan design shown
in the figure is not optimized to force air through the heat
exchangers, and only serves graphic purposes. Next iteration

Fig. 20. CAD rendering of concept 2 motor selected from design optimization
results. Fan and bearing design shown in the rendering is not representative of
the final design.

of design optimization will be performed in conjunction with a
propulsor fan design, where the effects of fan dynamics will be
taken into account. Furthermore, because of substantial axial
load associated with propulsors, proper bearing choices will
need to be made.

VI. CONCLUSION

The design of a motor for a tail-cone BLI fan, based on a
1MW prototype, has been investigated. An analytical model
utilizing electromagnetic transfer relation, validated with fi-
nite element analysis, is presented. In addition, major losses
mechanisms have been characterized and incorporated within a
genetic algorithm based optimization scheme. Efficiency-weight
tradeoff is observed for all three proposed concepts to show that
the direct-drive, outer rotor motor and fan integration is most
attractive. A design on the pareto curve that exhibits a good
balance between efficiency and weight is chosen, and initial
analyses have been performed. The final design is a 2.6 MW,
3000 rpm motor with 98% efficiency at a specific power of
11 kW/kg.
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