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Abstract— This paper investigates a new ventilation cooling
technology for modular permanent magnet (PM) machines. Air is
pumped into the stator flux gaps and rotor ducts. A significant
temperature reduction for the modular machines can be observed
by introducing ventilated air. The flux gaps within the modular
machines provide extra coolant path, notably modify the flow
profile. Moreover, the flux gaps also provide additional contact
area between machines and coolant, improving heat transfer rate.
Comparative study between different machine configurations,
including different inlet and outlet areas, different topologies of
shaft, and different stator topologies have been investigated. Their
influences on machine cooling have been investigated using
computational fluid dynamics (CFD) modelling. Furthermore,
since the coolant (air) will pass through the stator-rotor annular
gap, i.e., airgap, as well as rotor ducts, the rotor speed will
influence the cooling efficiency of the ventilation cooling system.
This influence comes from shock loss, friction loss, and combining
flow phenomenon. A series of experiments have been conducted to
validate the CFD simulations.

Index Terms— Combining flow, flux gaps, forced-air cooling,
modular machine, ventilation cooling.

1. INTRODUCTION

Permanent magnet (PM) machines have been used in a wide
range of industry applications due to their high
torque/power density and high efficiency. When any electrical
machine (including PM machines) operates, heat will be
generated inside it due to different types of losses. These
include copper losses, iron losses, PM eddy current losses, and
mechanical losses, etc. Heat generated inside the machine will
result in temperature rise. Due to the maximum temperature
limit of various materials, e.g., rare-earth metals such as PMs
(<150°C) and coil insulations (< 180°C), the machine
temperatures should be limited to a certain range. To this end,
employing an effective cooling systems is one of the solutions
widely used for power dense electrical machine. It is well-
established that heat transfers inside electrical machines
through thermal conduction, convection and radiation due to
temperature difference [1]. By employing the right cooling
technologies, the heat transfer rate of the machine can be
improved, and this helps to reduce temperature rise.

Various cooling technologies have been investigated in
literature. Some of them are passive cooling methods that do
not require extra pumps. Typical examples are potting materials
filled in the end-space [2, 3]. Increasing contact surface area of
frame or other machine components by using cooling fins [4] is
another passive cooling method. Passive cooling technologies
improve machine thermal performance without external power
supply. However, compared with active cooling methods, the
cooling efficiency of passive cooling methods is limited.

Several active cooling methods have also been proposed in
literature. One typical example is the forced-air cooling system.
In these systems, fans can be located outside of the machines,
such as the totally enclosed fan-cooled (TEFC) machine to
improve the convection coefficient of the housing [5], or the
through ventilation cooling machine [6] to directly dissipate
heat from the heat generation components (e.g., windings,
stator/rotor laminations and PMs). The fan can also be located
inside the machines, such as on the surface of shaft or rotor [7].
In addition to the forced air cooling, other coolants can also be
used, i.e., forced liquid cooling [8]. Some of these forced liquid
cooling systems are direct forced liquid cooling [9, 10] and oil
spray [6]. They are closed-circuit cooling systems, in which
coolant is pumped into the machine. The coolant absorbs heat
from the machine components and the surrounding circuit
before transferring it to a heat exchanger. For direct forced
liquid cooling, the coolant is in contact with the specific
components, especially the coils and stator iron core. It can
significantly reduce the temperature inside the machine.
However, the risks of corrosion and liquid leakage should be
considered. Other literature investigated indirect forced liquid
cooling. The fluid channel can be assembled in the frame [11],
the slot [12], the end-windings [13], the stator back-iron [14] or
the shaft [15]. These fluid channels can remove heat near them
effectively. Such indirect contact between the coolant and the
machine components also avoids the corrosion issue presented
in the direct forced cooling system. However, like the direct
forced liquid cooling method, liquid leakage remains an issue
that needs to be considered.

Fig. 1. Cross-section of modular machine.
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For the modular machines, as shown in Fig. 1, a significant
change in machine topology is introduced. According to the
flow network analysis [16], the influence of the flux gaps on
fluid dynamics and heat transfer can be significant. Different
cooling methods for the PM machines with stator modularity
have been investigated in literatures [10, 17, 18]. They
indicated that introducing flux gaps/barriers into the machine
stator can improve machine electromagnetic and thermal
performances. The reason for improving the thermal
performance is that, introducing flux gaps can not only increase
the contact area between the stator and the coolant, but also
significantly reduce the flow resistance of the whole cooling
system for the investigated machines.

In this paper, a new ventilation cooling system will be
employed for the modular machines and its non-modular
counterpart. The influence of the flux gaps and rotor ducts on
thermal performance of the modular machines will be
investigated. In addition, the impact of other parameters such as
the inlet and outlet areas, and the topology of shaft, will also be
investigated. Moreover, the rotation of the rotor will lead to
additional shock loss, friction loss, and combining flow
phenomenon for ventilation cooling, resulting in higher system
pressure loss. These have not been investigated in literature and
will contribute to the novelty of this paper.

1I. CFD MODELLING AND MACHINE SPECIFICATION
A. CFD Modelling

The behaviour of fluid is governed by a set of nonlinear
partial differential equations. Therefore, it is necessary to
employ a CFD modelling to iteratively solve this problem. The
CFD software package ANSYS-CFX has been used for this
research. It is worth noting that the fluid flow in electrical
machines is often considered as turbulent flow. Different
simulation methods, i.e., direct numerical simulation (DNS),
large eddy simulation (LES), and Reynolds-average Navier-
Stokes (RANS) approach, can be employed to solve the
turbulent flow problem. Compared with DNS and LES, RANS
approach is more popular for the thermal analysis of electrical
machines as it requires much less computational resources.
Moreover, the shear stress transport (SST) k-w model has been
employed. Compared with other model, it makes the model
stable in viscous-affected region (viscous sublayer), where the
viscosity plays an important role in flow behaviour [19].

One of the key considerations for simulating fluid behaviour
in electrical machines is the influence of rotor rotation. The
rotor speed has a profound impact on the fluid velocity and
pressure. To reduce the computational burden, the moving
reference frame (MRF), also known as the “frozen rotor”, is
employed for steady-state analysis of the rotating machines. In
the MRF approach, a mesh region for the rotating part acts as a
reference frame, while the rest of the regions remain static. The
reference frame is not moving physically, but the Coriolis force
and centrifugal force caused by rotating is included in rotating
reference frame. It is worth noting that, MRF approach can only
simulate the time-average flow field, where the results
calculated are highly dependent on the relative position of the
rotating frame and static frame, or in other words, the initial
rotor positions of the simulated electrical machines.

B. Machine Specification

A modular permanent magnet synchronous (PMSM)
machine is used for the investigations in this paper, as shown in
Fig. 2. The specifications of this machine are listed in Table I,
which are the same for the non-modular machine. The average
torques under rated current for the modular and the non-
modular machine are 330Nm and 273Nm. respectively. For a
fairer comparison and to show the improved cooling efficiency
with flux gaps, the losses of both machines are kept the same.

The thermal properties of machine components are listed in
Table II, and the properties of coolant are listed in Table III. It
is worth noting that, the air is considered as incompressible
fluid in simulations. To simplify the CFD modelling, a thermal
anisotropy material is introduced for the coils to represent the
mixture of copper and impregnation within stator slots. Hashin
and Shtrikman approximation [20] in employed to calculate the
anisotropic thermal conductivity of this material. The slot fill
factor is assumed to be 0.4 for all the investigated machines and
the conductivity that is vertical to the current direction is
0.65W/m/K, while the conductivity that is parallel to the
current direction is 160 W/m/K. The average density is
4269 kg/m3® and the average specific heat capacity is
1174]/kg/K.

Table I Parameters of Modular SPM Machine

Slot number 24 Rotor outer radius (mm) 129.4
Pole number 28 Stack length (mm) 210
Stator outer radius 154 DC voltage (V) 300
(mm)
Flux gap width (mm) 10 Rated phase current (A) 1002
Airgap length (mm) 2 Number of turns per coil 10
Magnet thickness (mm) 6.6 Rated speed (rpm) 1500
Table I Properties of Machine Solid Components
Housing Rotor/Stator Magnet Shaft
p (kg/m?) 2790 7650 7500 7800
A (W/m/K) 168 30 7.6 52
c (J/kg/K) 833 460 7500 460

Noted: p, 4 and ¢ denote the density, thermal conductivity, and specific heat
capacity, respectively.

Table III Properties of Air

Density (kg/m?) 1.185
Thermal conductivity (W/m - K) 0.0261
Dynamic viscosity (Pa - s) 1.831x 1075
Specific heat capacity (J/kg/K) 1.004x 103

Fig. 2. Cut away view of the modular SPM machine with ventilation cooling.



TABLE IV-(A) TOPOLOGIES OF INVESTIGATED MACHINES

Ml M2 M3 M4
Endcap El E2 E2 E2
Shaft SF1 SF1 SF1 SF1
Stator Modular Modular Modular Nonmodular
Sleeve Yes Yes No No

TABLE IV-(B) TOPOLOGIES OF INVESTIGATED MACHINES

M5 M6 M7 M8
Endcap E2 E2 E3 E3
Shaft SF2 SF2 SF2 SF2
Stator Modular Nonmodular  Modular Nonmodular
Sleeve No No No No

(e
Fig. 3. Endcap designs: (a) E1, (b) E2, and (c) E3. Shaft designs: (e) SF1 and
(f) SF2.

For comparative analyses, 8 machine models from model 1
to model 8, termed ‘M1’ to ‘M8’, as listed in Table IV, have
been proposed and investigated. These models have different
designs of endcaps, shafts, and stators. The topologies for
endcaps and shafts are shown in Fig. 3. As described in Fig. 4,
M1 is the original modular machine. M2 enlarges the cross-
sectional area of the inlet and outlet of M 1. For M1 and M2, the
presence of a PEEK sleeve divides the machine into stator and
rotor components. M3 omits the sleeve from M1 and M2. Once
the sleeve is removed, the forced-air cooling system can also be
adopted for the non-modular machines since the flux gaps are
not the exclusive fluid path for the coolant. This leads to the
development of M4, which has the same endcaps and shaft as
those of M3 but with non-modular stator. A spoke-shape shaft
can be used to provide additional coolant path for both modular
and non-modular machines, termed M5 and M6, respectively.
The further enlarged trapezoidal-shape inlet and outlet can be
designed to align with the spoke-shape shaft, referred to as M7

] |

Fig. 4. The comparison between different models.

and MS. Details of each machine component for different
models are listed in Table IV-(A) and (B).

111 RESULTS AND DISCUSSIONS

Since the forced-air cooling system is employed, the
temperature varying properties of air (especially the density and
dynamic viscosity) can be neglected. In addition, the
compressibility of air is also negligible. A uniform, fully
developed airflow is introduced into the investigated modular
machines with a mass flow rate of 0.48kg/s, and an inlet
temperature of 20°C. For the forced cooling systems, the
gravitational effect has been neglected. Therefore, the
circumferential symmetry of the modular SPM machine leads
to a circumferentially symmetric distribution of flow field and
heat transfer. Thus, a one-twelfth (30°) segment is simulated
for 3D CFD modelling. It is worth noting that the axial domain
lengths both upstream and downstream of the machine are
around 2 times and 3.5 times the machine length to achieve a
fully developed flow profile. This can prevent the model from
having unwanted ‘backflow’ that can cause poor convergency
and inaccurate results.

C. Comparative Analysis of Different Models

Fig. 5 shows the CFD results for M1. Since the flow rate is
constant, a very high air velocity is reached due to the small
inlet and outlet areas. This small area also leads to high pressure
loss, which is 55.24kPa as shown in Fig. 6. Moreover, the stator
components benefit from ventilated air, resulting in lower
temperature, while the rotor component shows a much higher
temperature in Fig. 5 (b) and (c). For example, the maximum
winding temperature is 68.5 °C, while the maximum PM
temperature is 110°C.

A design featuring non-circular inlet and outlet shape, as
shown in Fig. 3 (b), has been adopted to enhance the
performance of this cooling technology. This configuration is
termed ‘M2’. Compared with M1, the cross-sectional area has
been increased from 174 mm? to 728 mm?. A substantial
reduction of dimensionless pressure loss coefficient for sudden
expansions and contractions is achieved, leading to a significant
reduction of pressure losses, as shown in Fig. 6.
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Fig. 5. (a) winding temperature distribution, and (b) rotor temperature
distribution of M1.
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Fig. 6. Pressure losses for different machine configurations.

Moreover, when the PEEK sleeve is removed, the airgap
can be used as an additional fluid path. This machine topology
is termed ‘M3’. A significant pressure reduction can be
achieved, as shown in Fig. 6. In addition, after removing the
sleeve, the coolant directly contacts the machine rotating
components, especially the PMs. This results in a significant
temperature reduction in rotor region, as shown in Fig. 7 (a), as
well as a winding temperature reduction, as shown in Fig. 7 (b).

When the PEEK sleeve is removed, it is important to note
that the machine’s airgap can serve as an additional fluid path.
As a result, non-modular machines can also employ ventilation
cooling. This machine configuration is labelled ‘M4’. However,
it is worth mentioning that, at the same flow rate, the pressure
loss of M4 is much higher than the other models, as shown in
Fig. 6. Even though the airgap can offer a flow path, its small
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(a) Maximum PM temperatures and (b) maximum winding
temperature for different machine configurations.

Fig. 7.

cross-sectional area leads to an exceedingly high dimensionless
pressure loss coefficient, resulting in substantial pressure
losses. To be more specific, the pressure loss within the
machine active part is 101.6kPa, slightly exceeds the total
pressure loss between the inlet and outlet, as indicated by the
blue box in Fig. 6. It illustrates that the narrower gaps result in
a substantially lower absolute pressure within the machine’s
downstream part, causing air to be drawn back into the machine
from the outlet.

The shafts for all previous designs (from M1 to M4) are
disc-shaped and do not have holes for airflow as shown in Fig.
3 (e). However, this can be modified to a spoke shape, as shown
in Fig. 3 (f). This spoke-shape shaft incorporates 12 spokes
connecting the hub and the rotor, introducing an additional fluid
path for both modular and non-modular machines. This design
enhancement results in a substantial improvement in reducing
pressure loss within the cooling system. For the modular
machines with a spoke-shape shaft, they are termed ‘M5’. For
comparative analysis, the spoke shape shaft is also used in the
non-modular machines, which is termed ‘M6’. When compared
to M3 and M4, both two topologies achieve an effective
reduction in pressure losses, largely due to the introduction of
rotor ducts, as shown in Fig. 6.

Additionally, the inlet and outlet areas can be extended to
align with the rotating region, as shown in Fig. 3 (c¢). This leads
to the development of new topologies for both the modular and
non-modular machines, designated ‘M7’ and ‘M8’
respectively. These modifications result in a further reduction
in pressure losses, as shown in Fig. 6. While the temperature
reductions for these two configurations may not be as
significant when compared to other machine topologies, their
exceptionally low system dimensionless pressure loss
coefficients allow for much higher flow rates, meeting the
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Fig. 8. Cut away view of M7.

requirements of external pumps. When considering the trade-
off between the cooling efficiency and the requirement of pump
pressure, it becomes evident that M7 and M8 exhibit the most
optimal cooling performance. Further research in the following
sections will be centred around these two machine
configurations. The final design of M7 is shown in Fig. 8, which
will be used for further investigations in the following sections.

D. Influence of Rotor Speed

As mentioned above, for the investigated non-modular
machines with ventilation cooling, the flow paths for the
ventilated air are mainly the airgap and rotor ducts (spoke-shape
shaft). However, for the modular machines, the introduced flux
gaps can be considered as additional stator ducts for the air
flow. The influences of rotor speed on the flow resistances for
those flow paths are essential. The rotor rotation introduces
additional pressure losses because the direction of coolant is
significantly changed when it enters the rotating ducts in the
rotor iron core or shaft. This kind of pressure losses is named as
shock losses [21]. In addition, the rotor rotation may also cause
additional pressure loss due to friction loss variation and
combining flow phenomenon [19].

The pressure losses in different machine regions versus
rotor speed have been calculated using CFD models, as shown
in Fig. 9. The results demonstrate that the pressure losses in the
end-space inlet and the rotor ducts increase with increased rotor
speed. It is noticed that the pressure losses in the airgap and flux
gaps reduce when the rotor speed increases. This is caused by
the combining flow phenomenon, which affects the pressure
drop in the airgap and flux gaps.

As both the modular and non-modular machines use the
same rotor ducts and inlets/outlets, one would expect that their
pressure losses through the rotor ducts and end-space are
similar. However, the simulated pressure losses in the airgap
and flux gap are very much different. A significant pressure loss
reduction is achieved after introducing the flux gaps. However,
this reduction is less significant when the rotor speed increases.
This is also caused by the combining flow phenomenon, which
is another reason for the increased pressure loss in the machine
cooling systems. The flow is deflected when it exits from the
rotor ducts due to the centrifugal effect. The deflected flow will
mix with the flow through the airgap (and the flow through the
flux gaps for the modular machines). The flow separation at

upstream and the flow combination at downstream result in
additional pressure loss, which is named as combining flow
loss. It is worth noting that, combining flow phenomenon only
occurs in turbulent flow.

The flow velocity streamlines for the modular and non-
modular machines at different rotor speeds are shown in Fig. 10
and Fig. 11. When the inlet volumetric flow rate is constant, the
air velocity increases with rotor speed. The combining flow
phenomenon will occur and aggravate with higher rotor speed.
The combining flow also blocks the fluid flow in the flux gaps
as shown in Fig. 11. When the machine is stationary, the air
flows through the flux gaps, resulting in significant reduction in
pressure loss. However, as the speed increases, the streamline
in the flux gaps thins out. For example, the air barely flows
through the flux gaps when the rotor speed is 3000rpm, as
shown in Fig. 11 (c).

When the rotor is stationary or the rotor speed is relatively
low, e.g., 1500rpm, the ventilated air passes through the flux
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gaps. However, at a higher rotor speed, i.e., 3000rpm, a
combining flow phenomenon occurs, resulting in backflows in
the flux gaps regions and blocking the fluid that flows through
the flux gaps. This is the reason why air barely flows through
the flux gaps when the rotor speed is 3000rpm.

1V. EXPERIMENTAL VALIDATION
A. Tested Machines and Test Rig

To validate the predictions, a modular SPM machine with
2mm flux gaps, referred to as ‘Modular 1’ (as shown in Fig. 12),
was fabricated and tested. The specifications of this machine
are listed in Table V. To conduct a comparative analysis, its
nonmodular counterpart, named ‘Nonmodular’ (obtained by
inserting plastic sleeves into the flux gaps to block the airflow)
was also tested to ascertain the influence of flux gaps on
machine cooling.

Ventilation cooling experiments were performed using
endcaps, as shown in Fig. 12 (a), equipped with 6 trapezoidal
inlets and outlets. Furthermore, to evaluate the influence of inlet
and outlet areas on machine cooling, instead of manufacturing
new endcaps, two plastic sheets with smaller, round-shaped
holes were devised to cover the endcaps. This alteration

Flux gap
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Fig. 11. Air velocity streamline distributions for the modular machine with
different rotor speeds. Rotor speeds are (a) Orpm, (b) 1500rpm, (c) 3000rpm.

established a reduced area for the inlet and outlet, denoted as
‘Modular 2°.

TABLE V. PARAMETERS OF PROTOTYPE MODULAR SPM MACHINE [17]

Slot number 12 Rotor outer radius (mm) 27.5
Pole number 14 Magnet thickness (mm) 3
Stator outer radius (mm) 50 Stack length (mm) 50
Stator inner radius (mm)  28.5 Rated phase current (A) 7.34
Flux gap width (mm) 2 Number of turns per coil 132
Airgap length (mm) 1 Rated speed (rpm) 400

@ )
Fig. 12. 12-slot/10-pole Modular SPM prototype machine. (a) Endcap and
rotor, and (b) stator with stator modularity.
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A ventilation cooling test rig, as shown in Fig. 13, has been
built to validate the CFD simulations. The tested machine is
driven by a dyno-motor, while ventilated air is produced by an
adjustable speed fan. Essential parameters such as pressure
losses, air velocity and machine temperatures are meticulously
gauged using differential pressure transducer, hot-wire
anemometer and T-type thermocouples, respectively. The
adjustable speed fan is a centrifugal fan (L-28-E), manufactured
by B.O.B Stevenson Ltd. At an ambient temperature of 20°C,
the fan can provide a flow rate of 0.14m3 /s at a static pressure
of 500Pa. Its speed is controlled via an inverter, allowing for
adjustable fan speeds ranging from Orpm to 2500rpm.

Some measurement devices were incorporated for the
ventilation cooling test. The differential pressure transducer,
Omega PX277-05D5V, was utilized to measure the pressure
variances between the upstream and downstream of the tested
machines. The location of measured point for upstream flow is

illustrated in Fig. 14 (a). The downstream pressure was
maintained at ambient pressure (= 1 bar). The air velocity at
upstream of the tested machine was determined using a hot-wire
anemometer, with the specific measurement point shown in Fig.
14 (b). It is worth noting that, the hot-wire anemometer assesses
gas velocity by detecting variation in the electrical resistance of
its heated wire, which changes with the passage of gas through
it. Moreover, the temperatures of coils in the tested machines
were monitored using T-type thermocouples, and the recorded
data was logged by a temperature data logger.

B. Measured Results

The air velocity for different machine configurations was
measured at different fan speeds as shown in Fig. 15. The
‘Modular 1’ configuration, characterized by both flux gaps and
larger trapezoidal inlet and outlet areas, exhibited higher air
velocity compared to other machine configurations. However,
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upon inserting sheets within flux gaps, the air flow was
obstructed, preventing it from passing through flux gaps. The
system flow resistance is increased, resulting in a slightly lower
air velocity. In addition, the measured result of ‘Modular 2’
showed a notably reduced air velocity. This reduction was
attributed to very high flow resistance for this configuration,
stemming from the reduction in the inlet and outlet area
(reduced from 426.38mm? to 78.53mm?).

The measured and simulated results of pressure losses for
all machines at different air velocities are shown in Fig. 16.
Observably, the pressure losses consistently increased as the air
velocity increases. Under the same air velocity, the modular
machine featuring larger inlet and outlet areas necessitates less
pressure due to its reduced system flow resistance. However, it
is important to highlight that due to the manufacturing
tolerances, the sheets inserted within the flux gaps did not
entirely fill the flux gaps, allowing for a slight passage of
airflow. Therefore, the actual flow resistance for this candidate
was lower than anticipated, leading to overestimated pressure
losses in the simulation, as shown in Fig. 16. Moreover,
discrepancies between the measured and simulated results were
noticeable for Modular 2. This variance can be attributed to the
accuracy limitations of the anemometer and differential
pressure transducer. The discrepancy notably decreased with
increased fan speeds.

The temperatures of various machine configurations are
measured to compare with the simulated results, as shown Fig.
17 and Fig. 18. The simulated results indicated that without
ventilation cooling, the machine temperature was around
186°C. However, upon the introduction of ventilated air, the
machine temperature reduced significantly to around 50°C.

Furthermore, consistently increased air velocity contributed to
further reductions in machine temperature for both modular and
nonmodular machines. Notably, a strong correlation between
the measured and simulated results was evident. It is worth
noting that, due to the passage of air resulting from
manufacturing tolerances, the measured temperatures were
slightly lower than expected, as shown in Fig. 18.
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Fig. 17. Simulated and measured machine temperatures for Modular 1. It is
worth noting that the temperature is 186°C when coolant velocity is Om/s.
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V. CONCLUSION

In this paper, a forced cooling technology, i.e., ventilation
cooling, has been employed for the modular SPM machine and
its non-modular counterpart. To investigate the cooling
efficiencies of these technologies, and to understand the flow
profiles and the heat transfers, a series of 3D CFD modelling
has been carried out. The investigations revealed that the
ventilation cooling system significantly reduces the machine
temperatures. The influence of flux gaps on machine cooling
has also been discussed. Due to their additional flow path,
larger surface area of immersed solid, and lower flow
resistance, the flux gaps result in lower pressure losses and
reduced machine temperature for the modular machines. The
influences of the cross-sectional area of the inlet and outlet for
forced cooling technology have also been investigated. An
increased cross-sectional area significantly reduces the
dimensionless pressure loss coefficient caused by sudden
expansions and contractions. It results in higher flow rate, and
reduced machine temperature. Consequently, a larger cross-
sectional area is preferred, provided that the mechanical
reliability is not compromised.

The influence of rotor rotation on ventilation cooling
efficiency has also been investigated. Due to additional pressure
losses caused by shock and friction, a rotating machine results



in higher pressure loss compared to the stationary case.
Increased rotor speed leads to higher pressure losses and may
introduce the combining flow phenomenon in the machines
with different coolant path. This phenomenon further increases
the pressure losses for the entire machine cooling system. While
the flux gaps in the modular machine result in lower pressure
loss, the reduction of pressure loss is affected by the combining
flow phenomenon. Thus, the benefits of flux gaps in improving
cooling efficiency of ventilation cooling system may be
diminished at higher rotor speed. The simulations and
conclusions in this paper have been validated by tests.
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