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Abstract

In this study, flow phenomena through the axial fan and the rotor dynamic performance analysis of a permanent mag-
net generator with three phases has been explored for a wide velocity range by using an Ansys-Fluent computational
fluid dynamics package. In this respect, velocities of dependence angle for a flat blade have been analyzed, numerically.
The self-sustained air cooling performance has been optimized in order to provide more efficient machine, namely the
number of blades and blade angles have been considered as different input parameters in the simulations. As a result
of simulations, the optimum flat angle of the blade is determined after having the highest velocity value from the outlet
of the simulation. Besides, the rotor fan power is obtained from the pressure differences between the inlet and outlet.
According to the results, the highest velocity has been predicted as 1.86 m/s and power has been calculated as 0.48 W
at 65 degrees of blade. In addition, the optimum number of blade has been ascertained as 40 and the velocity for this
blade geometry has been found as 1.39 m/s. Consequently, the optimum rotor blade angle and number have been
determined as 65 degrees and 40, respectively.
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Abbreviations higher energy densities, lower cogging torque and lower
CFD Computational fluid dynamics cost, thereby they have been very popular for the energy
PM Permanent magnet conversion systems [3, 4]. On the other hand, the phase
NdFeB Neodium voltages generated by PM generators can be obtained as
VAWT Vertical axis wind turbines close to ideal sinusoidal waveform [5].

AFPMSG  Axial flux permanent magnet synchronous Generators should be efficient and light for easy instal-

generator lation and more durable in its operation time. Although
the PM generators are mostly preferred to operate in wind

turbines, they are indispensable for hydroelectric and geo-

1 Introduction

In last decades, the production of permanent magnet (PM)
generators has grown rapidly after the invention of the
rare earth materials. Today's PMs are especially made by
Neodium (NdFeB) magnets for the industrial purposes.
[1, 2] Axial flux PM generators(AFPMGs) have in general

thermal conversion systems. Here, it should be pointed
out that AFPMGs have certain advantages for its low cost,
high energy density and robust rotor/stator frame accord-
ing to the finite element analysis (FEA) [6, 7]. According
to literature, there are many different designs on the PM
machines. In the work of Muljadi et al., they designed and
implemented a machine with a torus geometry for low
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power house-hold wind energy applications [8]. In other
work, Gor and Kurt [9] have designed a new 3-phase gen-
erator with power scale of 250 W. In the literature, one of
the important issues is the losses of the generator. In 2008,
Marignetti et al. studied the soft magnetic material core for
their axial flux machine, they explored the losses and also
thermal issues of the machine [10]. In Ref. [11], Scowby
et al., discussed a special machine with a 300 kW power
at 2300 rpm and they thermally modelled their structure
for different conditions. In a different thermal analysis
study, the flow rate and temperature values of a proto-
type machine have been measured [12]. In another paper,
the methods to calculate rotor eddy current losses have
been discussed and harmonic methods are applied to the
machine [13]. In 2015, Wrobel et al. [14] studied the heat
transfer processes of their PM generator and mechanical
losses were also defined.

The losses directly affects the electrical efficiency of a
machine. Apart from that, mechanical losses are mainly
related to aerodynamic effects, which are hard to detect
or needs much effort. In that manner, it is worth to explore
the mechanical losses and relevant aerodynamic aspects.
Indeed, fundamental applications in this field are the
matter of forced convection or liquid cooling systems
for machine units. For instance, Howey et al. [15] have
studied the convective heat transfer within the air gap of
both cylindrical and disk geometry. They claimed that the
torque of the machine is limited by the maximum temper-
ature of the components, thereby surface convective heat
transfer coefficients are vital. In Ref. [16], Howey et al., per-
formed an experimental and theoretical study on an air-
cooled disc type machine. In the experimental measure-
ments, thin-film electrical heating method is used. Liu et al.
[17] designed and implemented a composite rotor in low
air pressure environment. The windage loss predictions
were performed and the airgap windage was examined
between the rotor and stator in successive spin tests. In the
other study [18], El-Refaie et al. studied PM machines for
the ground transportation sector. The machine was opti-
mized in terms of thermal management schemes and the
advanced rotor structure was ascertained. In one of recent
studies, Debruyne and his colleagues have explored the
effect of temperature on the line-start permanent-magnet
machines efficiency by both finite-element modeling and
by practical measurements in a squirrel-cage induction
machine [19]. It has been proven that the PM flux density
was a function of the operating temperature, thereby the
temperature affected almost every electrical quantity of
the machine, including current, torque, and efficiency.

In the electromagnetic systems, any overheating due
to the electrical and magnetic parts lead to losses or dam-
ages. In that manner, especially the temperature of the
magnet should be under critical temperature of the rare
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earth material, otherwise their magnetic characteristics
have been annihilated. According to literature, critical
temperature of NdFeB is T.=150 °C [20].That motivates
one to set up a good air or liquid cooling facility for the
electrical conversion systems. In terms of thermodynamics,
high convection coefficient refers to high cooling ability.
Indeed, convection coefficient depends on Nusselt and
Reynolds numbers. On the one hand, Reynolds number is
also directly proportional to the fluid velocity. This velocity
is dependent on the fan rotational speed and characteris-
tics of the fan blade such as its shape, blade number and
pitch in the cooling system [21].The axial fan has a wide
range of application for cooling purposes due to its basic,
closed-pack structure and low cost. In order to design
and implement such a fan, computational fluid dynam-
ics (CFD) simulations are the best way in order to reduce
the production costs and obtain the most optimal geom-
etry, thereby fluid flowing through the axial fan and stator
components can be tested to achieve better aerodynam-
ics. The CFD techniques are faster and cheaper than any
experimental procedure, thus they are inevitably applied
for the machine design [22]. It should be also pointed out
that axial flow machines generally have lower specific
energy and superior flow rate because their specific veloc-
ity is high and specific diameter is low on a single-stage
base [23, 24]. Naturally, the axial flux machines produce
a centrifugal force on the fluid and that is also combined
with the fluid flowing through the blades.

In the present paper, a new fan structure for the rotor
unit of a wind energy generator has been designed and
simulated. In the previous papers, there is no sufficient
study on the blade number and blade angle parameters
for other axial flux machines to our knowledge. Since our
PM generator is a new machine, the blade numbers and
blade angles should be ascertained in order to have an
effective air cooling process. Therefore, we have motivated
ourselves to perform this study as a new contribution to
the literature. In the generators, especially the volume
of the rotor is restricted due to the rotational aspects of
the magnets. Therefore, an efficient CFD analysis for that
restricted volume gets importance in order to get maximal
efficiency in cooling. Since the rotor structure of the gen-
erator is novel, a novel design for the blades is required.
It will be shown that velocity and pressure profiles strictly
depend on the angle and blade numbers. The paper is
formed as follows: The methodology is described in Sect. 2.
The computational dynamic domain, the structure and
the mesh optimization are given in this section. In the fol-
lowing section, the main simulation results and relevant
discussion exist. The angles and blade numbers are the
main operational parameters to test in that section. Veloc-
ity and pressure profiles are also examined in that section.
The final remarks are given in the conclusion section.
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2 Materials and methods
2.1 Model validation

In this study, performance of rotor fan is observed and
explored for the cooling purpose of the generator. For
this reason, the experimental setup is prepared. The
number of blades of rotor fan is 16, the thickness of
blades is 5 mm and the blade angle of the rotor fan is 65
degree in the experiment. The fluid velocity measure-
ments have been performed with the use of an anemom-
eter placed 1 cm away to the rotor fan. Anemometer
type is hot wire with a nominal accuracy of + %5 m/s.
The experimental setup can be seen in Fig. 1.

The initial experimental results are received from
three different locations in the tests: The blade root,
blade tip and position with 2.5 and 5 cm away from rotor.
The machine has been operated at 700 rpm and the
results are depicted in Fig. 2. Note that the experimental
results are compared with the findings from the numeri-
cal simulations. It has been proven that the results of
simulation are in good agreement with the experimental
findings especially for low speed regime. Therefore, the
simulations can be used for further exploration of other
parameters on the blade performances.

Fig. 1 Experimental setup
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Fig.2 Validation of simulations via the experimental and simula-
tion results for blades length

2.2 CFD modeling

CFD is mainly performed in all geometries including the
simple ones such as flat sheets and circular tubes and com-
plicated ones. The flow zone is divided into certain small
mesh regions. The meshes should be smooth and include
the solutions of the differential equations of the relevant
fluid. The mesh elements should be smaller around the
complicated geometry parts and especially edge regions
of the studied structures. The solutions can be obtained by
serial iterations and the Navier-Stokes equations including
the continuity, momentum, energy for each unit can be
solved for each mesh node. If it is desired, the turbulent
viscosity can also be added to the model as in the pre-
sent study by the determination of the turbulent kinetic
energy k and the turbulent dissipation rates. Mesh type is
automatically selected as tetrahedral mesh structure by
Ansys-Fluent in order to optimize the calculation time. The
calculation domain has been determined depending on
the generator geometry.

The diameter of the rotor is D=0.34 m and the thickness
is 0.01 m. In this study, blades length is 0.055 m and chords
length depends on angle of rotor blades. They change
from 0.0576 m for 10 degree to 0.0101 m for 80 degree.
The rotor has been specially designed for the ventilation
and cooling applications of a generator, such as the ones
used on vertical axis wind turbines (VAWT). The geometry
and mesh domain could be seen in Fig. 3.

In the simulations, default mesh values of ANSYS-
Fluent package have been used. However, one should
test whether the mesh numbers are sufficient or less. At
this point, when mesh number increases, solution time
increases substantially and the computer processor is
forced. Another point is that the mesh independence
should be ascertained to get the ideal simulation results.
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Fig. 3 Axial flow fan rotor geometry and domain
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Fig.4 Mesh Independence for reference points for average velocity

If mesh number is increased, the results become similar
to the experimental data as shown in Fig. 4. According to
the figure, the most relevant simulation data is obtained
for the mesh number 1,439,434.

3 Results and discussions

In this study, formula of the Reynolds Number and fan

power is important. Because Reynolds Number is used for

limit of flow structure and power is shown consumption of

rotor fan. Thus, formula of the Reynolds Number and fan

power can be stated as follows over the control volume:
Formula of Reynolds Number:
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Here Re,p,V,D, u, ‘L—V'r/, AP and Q denote Reynolds
Number, density, velocity, diameter of domain, viscosity,
fan power, pressure difference and volumetric flow rate
respectively. For Re is approximately 60.000 at the first
formula for 300 rpm angular velocity. If Re is higher than
4,000 for inner pipe, the flow is turbulence. Because in this
study, k— & turbulence model is selected in the Ansys-Flu-
ent package program. The simulation time for a parameter
set gets almost 12 h for the simulation computer.

3.1 Effects of angle of rotor blades

High velocity is important for good forced convection,
because convection coefficient is directly proportional to
Reynolds number that is to say velocity. In this study, dif-
ferent angle of rotor blades and chord length are investi-
gated in order to fluid velocity and flow phenomena. In
Fig. 5a, b and ¢, the findings for velocity, pressure differ-
ence and power are plotted. The velocity amount increases
depending rise of angle of rotor blades. Strictly speaking,
the velocities get value from 0.46 to 1.86 m/s. For all those
Ansys Fluent simulations, the boundary conditions for
the inlet and outlet are taken as stagnant, zero velocity
and pressure. Velocity take maximum value at 65 degree
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Fig.5 Plots of a air velocity depending angle of rotor blades and b
power with respect to the angle of rotor blades

of angle of rotor blades, it could be seen at the Fig. 5a.
According to Fig. 5b, the fan power for different angle of
rotor blades starts from 0.004 W and increases up to 0.58 W
for 10 degree to 80 degree of rotor blades.

3.2 Effects of angular velocity

When the looking at Fig. 6, it is easily said that just now
proposition is proven. Angle of rotor blades is 45 degree
and 16 blades rotor fan is selected for investigation of
this case. Because its results are the best at before case.
According to Figure, the fan power for different angle of
rotor blades starts from 0.17 W and increases up to 29.11 W
for 1500 rpm angular velocity of rotor blades. If the angu-
lar velocity rises, fan power is also rises. That is expected
result.

3.3 Effects of number of blades

In the last case, effect of change of blade numbers of fan is
investigated. In this case, angle of rotor blades is 45 degree
and angular velocity of rotor is 300 rpm. Number of blades
is varied between 16 and 56 increased by 8 for impact of
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Fig.6 Plots of power with respect to the angular velocity

number of blades on fluid velocity and fan power. Result
of this study graphics are shown in Fig. 7a and b. In the
Fig. 7b, It could seen easy when more and more num-
ber of blades, power increase. In the Fig. 7a, fluid veloc-
ity increase with 16-40 number of blades, fluid velocity
decrease with 40-48 and it once again increase 48-56, but
fluid velocity is lower of fan with 56 blades is compared to
40 blades. According to this study, it could be easily said
that more number of blades is not advantage for good
and all.
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Fig.7 Plots of a air velocity depending blade numbers and b
power with respect to blade numbers
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4 Conclusions

The optimized blade structure has been designed for the
rotor component of the three phase permanent magnet
generator. In the finite element simulations, especially
the aerodynamic behavior of the rotor structure has been
defined by the number and angle of the blades. The result-
ing axial rotor fan has been finalized for the self-cooling
purposes for the new-designed machine. While the
boundary conditions for the inlet are described with zero
for velocity and pressure, the outlet has been described
with zero pressure. The air velocities have been obtained
between 0.46 and 1.86 m/s for 10 degrees and 80 degrees,
respectively. In addition, the fan power values are found
as 0.004 W and 0.58 W for the same blade angles. The
optimized angle has been determined as 65 degrees. In
addition, powers change from 0.17 to 29.11 W between
the angular velocities of 300 rpm and 1500 rpm, respec-
tively. The increase in fan velocity produces higher power
as usual. In the last simulation set, different blade numbers
are simulated. The air velocity has been found between
1.20 and 1.42 m/s and the fan power gives the values of
0.17 W and 0.33 W. The optimum blade number has been
simulated as 40 at the end of these simulations.
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