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Abstract
The wind machine performance and the wind frequency characteristic at which the
machine located can considerably influence the annual energy production of the
technology. The design parameters of blade number and rotational operation have been
proved to have an effect on the wind machine performance in many studies. This paper
explores the annual energy production of a wind machine on the variation of the blade
number and the rotational operation with consideration of the wind frequency
characteristic condition. The methodology of generating this study is a simulation using
the aerodynamic mathematical model of the Blade Element Momentum and the Weibull
model. The results of this study indicate that at low rotational operation the annual
energy production for the high bladed turbine is higher than that with lower number for
all wind characteristic conditions investigated, while, at the high rotational operation, the
low bladed turbine has better annual energy production.
Keywords: blade number, rotational operation, annual energy, wind turbine, wind
occurrence, simulation

1. Introduction
The requirement on the understanding of the economical feasibility is important
as it possibly delivers figures on whether a proposed technology will have economic
senses or not when it is put into application. To assess the economical attractiveness
on the application of the wind technology, one of important activities is to
determine the annual energy production.
A factor that may influence the annual energy production of the machine is the
performance. The higher machine performance, the higher annual e nergy possibly
obtained is. The machine performance can be determined by the technology design.
One of the design parameters of the wind technology is the blade number. It is
apparently reasonable that the more blades mean the more performance derived. But
the modern horizontal wind turbines generally have only a small number of blades.
It is believed that the increasing on the blade number of the wind turbine can
increase the performance. But, putting too many blades may result in an
aerodynamic complication, reducing the performance [1]. The turbine with very
high blade number may cause the reduction on the performance driven by stall
looses [2]. Another factor that can influence the performance is the rotational
operation of the wind turbine. Several works [3-8] show the role of the rotational
operation on the wind machine performance. These works indicate that, under the
same velocity condition, the turbines with high blade number have higher
performance at low rotational operation, while the turbines with lower blade number
perform better at higher rotation operation.
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Figure 1. The Influences of the Wind Machine Performance and the
Wind Frequency on the Annual Energy Generation
Another factor that may also influence the annual power production is the wind
frequency characteristic condition in the location where the machine operates. Even
one can design a wind machine with a promising high performance; the
characteristic of the low and infrequent wind condition in the location where th e
machine is located possibly causes less energy production, making the technology
application uneconomically attractive.
The inclusion of the effect of the wind frequency characteristic in many wind
studies which relate to the design parameters, such as the blade number, seems to be
less presented. Many studies [3-9] seem to focus on the effect of the blade number
on the performance of the wind machines relating to only the parameters of velocity
and rotation. This information seems to be less representative as the source to assess
the annual energy production, one of the essential parameters in determining the
economical attractiveness of the wind machine application. The aim of this study is
to investigate the annual energy production of a wind machine in the variation of the
turbine design parameters of blade number and rotational operation with inclusion
on the influence of the wind frequency characteristic.

2. Methodology
The methodology of generating this study is a simulation using the Blade Element
Momentum (BEM) model and the Weibull model. Initially, it determines the
characteristic of the wind machine performance in the variation of the blade number
and the rotational operation derived from a parametric study using the Momentum
model. Then, the result is combined with the characteristic of the annual wind
frequency derived from the Weibull model to obtain the annual energy generation.
2.1. The Blade Element Momentum (BEM) Model
The BEM model can be utilized in designing the blade of turbine and in
evaluating the wind turbine performance [9]. Using this model, it is possible to
evaluate the forces acting on the blades, and the torque and the power at a rotor
shaft with a wide range of wind velocities. In the model, the power of the turbine,
P V (watt (W)) at a wind velocity (V (m/s)) is expressed [1, 2] as
R

PV = η ∫rh
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Where, B is the blade number, ρ is the specific mass of air (kg/m 3 ), l is the cord
length of the cross section (aerofoil) of the turbine blade (m), K is the dimensionless
parameter of loading coefficient, R is the turbine radius (m), rh is the turbine hub
radius (m), Ω is the rotation of the turbine (RPM), θ is the blade angle (°), α is the
attack angle (°), r is the elemental blade radius (m), C L and C D is the lift and drag
coefficients of the cross section (aerofoil) of the turbine blade and η is the generator
and transmission efficiency.
2.2. Weibull Model
Wind speed is a random variable and the variation of the wind speed over a
period of time can be represented by probability density functions such as gamma,
lognormal, three parameter beta, Rayleigh and Weibull distributions [10]. In recent
years Weibull distribution has been one of the most commonly used, accepted and
recommended distributions to determine wind energy potential and has been
employed as a reference distribution for some commercial wind energy softwares
[11]. Many studies [12-17] have utilized the Weibull model in analyzing wind
energy potential and in finding out the wind energy density and other wind
characteristics in various locations in the globe, such as India, Algeria, Malaysia,
Jordan, Indonesia and Iran. The annual wind frequency, ƒv (h/yr) at a wind velocity
(V) derived from the Weibull distribution model can be expressed as
ƒv = (8760)

k
C

V k−1

(C )

V k

exp [− (C) ]

(2)

where, c is the Weibull scale parameter and k is the Weibull shape parameter.
2.3. Annual Energy Production
The annual energy production of a wind machine for a certain wind velocity with
its annual frequency, W V (KWh/yr), can be formulated by
WV = 10−3 PV ƒv

(3)

Thus, the total annual energy output, W VT (KWh/yr) can be formulated by
Vmax

WVT = ∫0

WV dV

(4)

where V max (m/s) is a velocity at which, in the wind frequency characteristic
modeled as the Weibull, the velocities beyond it (V max) have almost a zero
frequency.
2.4 Data of Investigation
In inputting the data into the BEM model, the turbine radius (R) is set to be 2.7 m
and the hub radius (rh) is set to be 0.2 m. The cord length (l) is set to be 0.3 m – 0.2
m (from hub to tip). The type of the aerofoil is NACA 2451 in which the data of C L
and CD for this aerofoil is derived from a study in (Hughes, 2009). The blade angle
(θ) is set to be 4°. The blade number (B) is varied by 3 and 9, and the rotation of the
turbine (Ω) is varied by 100 RPM and 200 RPM. The efficiency of transmission and
generator (η) is assumed to be 0.5.
In the Weibull model, it employs the data of the annual wind frequency modeled
as Weibull distribution in Makassar Indonesia [in 15] and Abaqa Jordan [in 12]. The
results for the modeled wind frequency are the annual wind frequency characteristic
modeled as Weibull function at the scale factor (c) of 2.52 and shape factor (k) of
1.52, and at the scale factor (c) of 5.37 and the shape factor (k) of 2.26, respectively.
The maximum velocity (V max) in present study is 16 m/s.
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3. Results and Discussion
3.1. Annual Energy Production at c = 2.52 and k= 1.52
The results in this wind frequency condition show that the turbine with nine
blades has better annual energy production than that of the three-bladed turbine at
100 RPM, while at 200 RPM, the three-bladed turbine has better annual power
production than that of the nine-bladed turbine (see Figure 2&3). At this wind
condition, the occurrence of the wind speed above 3 m/s is lower than that of the
wind speed of 2 m/s to 3 m/s (see Figure 2&3).
At the rotation of 100 RPM, the power of the turbine with three blades is better
than that of the turbine with nine blades on the velocity range of 2 m/s to 6 m/s,
while at the velocities above 6 m/s, the turbine with nine blades performs better than
the turbine with three blades. It seems that the condition of the higher power for the
velocity range of 2 m/s to 6 m/s where the frequency on this velocity range is high,
brings the higher annual energy output for the three-bladed turbine than that of the
nine-bladed turbine. However, the result shows reversing; the nine-bladed turbine
obtains higher annual energy production than that of the turbine with three blades.
One of the reasons is that the power generated in this velocity range (2 m/s to 6 m/s)
would be low as the power is the function of the cubic velocity. The nine -bladed
turbine which has the higher performance at the velocities above 6 m/s, can obtain
higher energy than that of the lower-bladed turbine as the power generated from the
velocities above 6 m/s is higher than those of 2m/s to 6 m/s (even the occurrence on
the velocities above 6 m/s is lower than that of the velocities of 2 m/s to 6 m/s) (see
Figure 2).

Figure 2. The Annual Energy Production at 100 RPM (c= 2.52 and k=
1.52)

Figure 3. The Annual Energy Production at 200 RPM (c= 2.52 and k=
1.52)
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At 200 RPM, the performance of the turbine with three blades is higher than that
of the turbine with nine blades for the velocity range of 4 m/s to 7.5 m/s, while for
the velocities above 7.5 m/s, the nine-bladed turbine performs better. As the annual
wind frequency for the velocity range of 4 m/s to 7.5 m/s is considerably higher than
that of the velocity above 7.5 m/s (see Figure 3), the turbine with three blades
benefits in obtaining the higher annual energy production than that of the turbine
with nine blades. This can be the reason for the higher annual energy production of
the turbine with three blades than that of the turbine with nine blades at 20 0 RPM at
corresponding wind condition.
3.2. Annual Energy Production at c= 5.37 and k=2.26
In this wind frequency condition, the turbine with three blades has lower annual
energy production than that of the nine-bladed turbine at 100 RPM, while at 200
RPM the three-bladed turbine has better annual energy production than that of the
high bladed turbine (see Figure 5&6).
At corresponding wind frequency condition, the occurrence of the wind speed
below 3 m/s is relatively lower than those above 3 m/s. As at 100 RPM, the power
of the turbine with nine blades is better than that of the turbine with three blades at
the velocity region above 6 m/s, where the annual occurrence for corresponding
wind region is high, it causes the higher annual energy output than that of the
turbine with three blades (see Figure 5). At 200 RPM, the condition of the higher
performance at the velocity region of 4 m/s to 7 m/s where the annual frequency for
corresponding velocity region is high results in the higher annual energy output for
the turbine with three blades than that of the nine-bladed turbine (see Figure 6).

Figure 4. The Annual Energy Production at 100 RPM (c= 5,37 and k=
2,26)

Figure 5. The Annual Energy Production at 200 RPM (c= 5,37 and k=
2,26)
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The results in the annual energy productions for the different blade number and
rotation in the two different wind frequency characteristics seem to have a similar
pattern. The similarity can be seen from the high annual energy production for the
high bladed turbine with low rotational operation and the high annual energy
production for the low bladed turbine with high rotational operation. However, in
both wind frequency conditions, the amount of the annual energy production is
different. Turbines operating at the wind occurrence condition of c of 5.37 and k of
2.26 have higher annual energy production than that of the turbines operating at c of
2.52 and k of 1.52. This is because that the existence of the high wind speeds in the
wind condition of c of 5.37 and k of 2.26 is higher than that of the wind condition
with c of 2.52 and k of 1.52.

4. Conclusion
This study has simulated the annual energy production on the wind machine in
the variation of the blade number and the rotational operation in the dif ferent wind
occurrence condition. The following are some conclusions that can be drawn .
For both wind frequency conditions, there is a similar tendency of the high annual
energy production for the high bladed turbine with low rotational operation and the
high annual energy production for the low bladed turbine with high rotational
operation. A certain configuration of blade number and rotation can create a specific
performance characteristic of the wind machine. In this characteristic, it does not
always guarantee for the high machine performance in all velocity range. The
population of the annual wind occurrence may accumulate at a certain range of
velocity, while in other range it may be rare, vice versa. A wind machine with its
specific performance characteristic may derive an advantage of the high annual
energy production when both the performance at a certain range of velocities and
the annual wind frequency for corresponding speed range are high. In contrary, even
the performance is high for a certain range of velocities; the low population on the
annual wind frequency for corresponding range may disadvantage the machine in
obtaining the high annual energy production. In other case, it is possible for a
turbine with high performance at a certain velocity range where the population of
annual wind frequency is high to obtain low annual energy production as the
velocities in the range have a low speed characteristic.
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