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Abstract:

Wind energy is one of the most common and natural resources that play a huge role in energy sector,
and due to the increasing demand to improve the efficiency of wind turbines and the development of the
energy field, improvements have been made to design a suitable wind turbine and obtain the most energy
efficiency possible from wind. In this paper, a horizontal wind turbine blade operating under low wind speed
was designed using the (BEM) theory, where the design of the turbine rotor blade is a difficult task due to the
calculations involved in the design process. To understand the behavior of the turbine blade, the QBlade
program was used to design and simulate the turbine rotor blade during working conditions. The design
variables such as (chord length and torsion angle) affecting the performance of wind turbines were studied.
Aileron (NACA4711) was selected for sixteen different sections of the blade with a length of (155 cm) both
(power factor, torque coefficient, lift coefficient, drag coefficient, lift-to-drag coefficient ratio) where high-
accuracy results were obtained and it was found that the best performance in which the turbine rotor can
operate is when the tip speed ratio is equal to (7). In addition, a power factor was obtained (Cp = 0.4742),
not exceeding the Betz limit (0.59%). It is good efficiency for a small wind turbine, and it turns out that the
design of a small horizontal wind turbine with three blades is suitable for working in areas with low wind

speed.

Key words: Blade Shape, Power Coefficient, Twist Angle, Torque Coefficient, Wind Energy.

Introduction:

Many technological challenges stem from the
need for renewable energy to reduce environmental
pollution, and wind energy is one of the solutions.
The recent development in wind energy technology
has raised hopes for providing electrical energy in
many countries, and investments have increased to
enable countries to produce electrical energy from
wind energy 2. To reduce the effects of carbon
dioxide emissions, which leads to global
warming, and although the distribution of wind
speed varies in place and time, wind energy is the
best option for renewable energy 4. When studying
or designing wind turbines, the aerodynamics of the
airfoils used in the design of the wind turbine rotor
must be described. Based on BEM, the aerodynamic
data is among the inputs required when conducting
the simulation °. Gray and others compared a group
of airfoils designs for the National Renewable
Energy Laboratory (NREL) and National Advisory

Committee for Aeronautics (NACA) series of
ailerons to design a model that works in areas with
low wind speeds using the QBlade program to
increase aerodynamic performance and they came
up with an airfoil design (G4510) that works within
a wind speed (2m/s - 6m/s). It was found that the
value of (CL/CD) has increased in comparison with
other airfoils that were studied to become the
efficiency of G4510 by (52.2%) °. Mujahid and
others designed eight types of airfoils with different
thicknesses for two groups of (NACA) the first
group was (55xx) and the second group (00xx) to
design a blade length (25 m) using QBlade
simulation program and simulate the two groups at
different angles to obtain the highest power that the
turbine rotor can pick up from wind and they
concluded that the optimal design is (55xx), as this
design can capture energy from wind at a rate of (4
m/s) and give energy of (500 kw) at a wind speed (9
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m/s), and this characteristic is desirable. It was also
found that the change in the twist angle and the
length of the chord leads to a small change in the
power output at a wind speed of (18 m/s) 7. Modal
analysis was studied on a horizontal axis wind
turbine (HAWT) blade with three configurations
(solid, no spar and spar) and the analysis of the
blade configurations (bending stress, blade edge,
and frequencies) and their response to forces and
aerodynamic loads. They concluded that the blade
made of aluminum class (6000) to reduce the
additional weight is better for its resistance to
bending at all speeds and has a longer life,
especially in areas with high wind speed 8. Some
new designs were presented including (slotted
blades and tuber or convex design models) and
some experiments were conducted to verify the
validity of numerical studies and obtain more
detailed and understandable results. It was found
that the slotted blade design is more energy-
producing than the straight blade design at low wind
speed. As for the tuber blades, it was found that its
performance is better for producing power at high
wind speeds and its behavior is more stable at
unstable and harsh wind speeds, due to its tuber
design, which prevents disturbances °. Shah and
Barve designed and modeled a vertical wind turbine
type (Darrieus) where the ailerons were designed
using QBlade software, turbine modeling using
Solidworks software, and aerodynamic analysis
using ANSYS Workbench software and with the
help of QBlade, a highly efficient airfoil design has
been obtained that can be used to capture energy
from the wind °. Gulve and Barve designed two
types of small turbines with a hybrid system with
solar cells, where they came up with the design of a
compact system consisting of (VAWT) that is
installed above (HAWT) to generate electric power
The results were efficient and useful for rural areas,
homes and most cities, and at a lower cost. They
can also be installed for bridges that need
continuous lighting . A new concept has been
studied for the design of the Darrieus wind turbine
blade for the J-shaped vertical wind turbine that can
benefit from the force of lift and drag at the same
time, and these forces help the turbines to have a
faster rotation process in low wind speed, which
leads to the termination of the autorun problem and
the improvement of power parameters, especially in
the low and moderate TSR. The results obtained
indicate that the J-shaped profile improves the
intrinsic ability to initiate the rotor rotation process
and helps to escape from the area called the dead
zone because of its ability to harness the kinetic
energy of the wind. This type of design is superior
to traditional blades in taking advantage of the

forces of lifting and pulling at the same time 2,
Muhsen and others designed and improved the
(HAWT) blade using the BEM theory, where the
QBlade program was used to perform the
optimization and the MATLAB program was used
for the input parameters and a high power
coefficient was obtained by designing the airfoils
S1223 and S1210 with a rotor diameter of 4 m with
three blades, and a power coefficient of (0.40%)
was obtained at a wind speed of (7 m/s) and the
power of the wind turbine was (1.18 kw) . The
horizontal axis (1MW) wind turbine is designed
using the (BEM) theory in order to obtain the
maximum power coefficient and lower the
manufacturing cost of the blade It also made the
manufacturing process easier and more accurate by
developing linear chord distributions and also to
cross the tangent line through different points on the
chord the results determined that the best point
along the chord has the highest total energy
parameter and is close to the results of (BEM). It
was also observed that the optimal location is
approximately (60-64%) and (30-37%) of the blade
length, for the chord and twist . The horizontal
axis wind turbine model was studied at variable
wind speed and it was found that the change of
blade angle is important to control the values of
power factor Cp and TSR at variable wind speed to
obtain efficiency within a specified range !°.The
aim of the study isto design a small three-
bladed horizontal wind turbine 'rotor blade' and
make some engineering modifications to the blade
in terms of shape and torsion angle in order to
obtain the maximum amount of energy gained from
the wind and then study the mechanical
properties of the wind turbine.

Theoretical Formulation:

The power coefficient (Cp) is the most
important parameter for choosing a suitable wind
turbine, which is defined as the ratio of the power
obtained by turbine rotor (Py) to the total wind
energy (Po) flowing through the blades of the
turbine rotor at a certain speed, Fig.1.

turbine rotor blades

Vi W2

tower

—— /3

Figure 1. Shows the wind flow through the
turbine rotor blades.
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Many factors are included in the power
coefficient such as the efficiency (gearbox, shaft
bearings, power electronics, generators). The value
of (Cp) is affected by operating conditions such as
wind speed, blade angle, rotation speed, etc... The
power coefficient (Cp) can be expressed by
equation No. 1.
¢, =1 = EPA(Vfl- VA (V1+V2) 1

Po ZPVPA
Where, V1 is the upstream wind speed and V2 is
the wind speed flowing through the rotor blades, P
air density (1.225 kg/m3) A is the rotor diameter.
Therefore, the power coefficient can be written in
another form in terms of the axial induction factor
@).

Cp = 4a(1 — @)?--------- 2

The axial induction coefficient (a) represents the
partial drop in wind speed between (the turbine
rotor and the free wind speed upstream), and is
given by equation 3:-

_ Vi-v2

0 = ——— ~=mmmmm- 3
Vi

The axial torque on the wind turbine rotor can also
be expressed by equation 4:-
T = 2pAVZa (1 — a)----- ------ 4

So the torque coefficient can be written in Equation
5:-

CT= “““““ 5

1
ElezA

It can also be written (CT) in terms of the
coefficient of axial induction (a) in Equation 6:-
Cr = 4a(1 - a)----—--—-- 6

The lift and drag coefficients are important for wind
turbine design, which are given by equations 7 and
8:-

_____________ 7
L %pAV2
D
o — 8
b ZpAV?2

Where (CL) represents the lift coefficient, (CD) the
drag coefficient, (L) represents the lift force due to
the uneven pressure on the lower and upper surface
of the airfoil, which is perpendicular to the wind
direction. And (D) represents the drag force that is
parallel to the wind direction due to the unequal
pressure of the airfoil surfaces facing the wind 617,

Rotor Design:

The blade is the most important element in
wind turbine design. Using the BEM method, some
of the inputs shown in Table 1 should be considered
to improve the wind turbine blade (HAWT) using
airfoil (NACA 4711). Airfoil analysis was
performed in QBlade for different wind speeds and
record the ideal values for (CL/CD, CL, CD). Then
the blade element was divided into (N=16) elements
and then determine the shape of the blade suitable
for the design of the rotary with a diameter of (170
cm) was determined, works with good efficiency
Fig.2. With the application of some modifications to
engineer the shape of the blade so that each section
of the blade could face the wind direction to achieve
the best tip speed (TSR) for optimum power
generation. The aim of this research is to design a
horizontal wind turbine with a factor of (CP),
greater than (0.40) and it works in areas with low
wind speed (0.5 m/s — 7 m/s) not exceeding the
value of the Betz limit (0.59), which states that
wind turbines cannot convert more than (59.3%) of
the kinetic energy of the wind into mechanical
energy.

Table 1. Horizontal Axis Wind Turbine Specifications.

Sr No: Position (cm) Chord (cm) Twist-angle (deg) Foil
1 0 10 0 Circular foil
2 5 10 0 Circular foil
3 10 10 0 Circular foil
4 15 10 0 Circular foil
5 45 17.17 11.1 NACA4711
6 55 14.85 9.02 NACA4711
7 65 13.07 7.44 NACA4711
8 75 11.67 6.19 NACA4711
9 85 10.53 5.19 NACA4711
10 95 9.60 4.37 NACA4711
11 105 8.81 3.68 NACA4711
12 115 8.14 3.09 NACA4711
13 125 7.57 2.59 NACA4711
14 135 7.07 2.16 NACA4711
15 145 6.63 1.77 NACA4711
16 155 6.25 1.44 NACA4711
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Figure 2. (a) shows the design of the blade. (b) shows the design of a three-blade turbine rotor.

We note from Figure 2, that the blade sections
from 1 to 4 are the root of the blade and the angle at
that is (zero), as for the rest of the other sections,
the angle is gradually changed from (11.101°) to
(1.440°) so that each section could face the wind
direction to achieve the best lifting force, and obtain
an optimum tip velocity ratio (TSR) for the blade.
The blade sections from 5 to 16 are the parts that
interact with the wind to capture energy from the
wind and convert it into mechanical energy.

Results and Discussion:

In this paper, the chord optimization was carried
out in addition to the torsion angle of an airfoil
(NACA4711) to obtain a high power wind turbine.
The turbine rotor blade consists of sixteen different
sections, so that the shape of the airfoil can be
curvilinear for the central geometric line (the
middle line) of the airfoil section, as well as the
distribution of airfoil thickness. As the shape of the
airfoil is streamlined, the wind can flow through it.
Thus, it can be said that the airfoil is the first step in
designing the turbine rotor blade. Fig.3 shows how
the aileron (NACA4711) was created.

Maximum
thickness chord line Traling

Leadin
g | Edge

Edge

SRR LR LR LR LR R PR ise2=s=ni i RIRRT LRI RARR I RE I RARINRLERTRARATLRRS
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‘ chord ‘

Rotor

N\

airfoil

Traling
Edgq
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Leading
Edge

blade
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(b)

Figure 3. (a) The design of the airfoil of the blade, the rotor of the turbine. (b) b Describes the blade
design and final shape of the turbine.

After designing the aileron and determining the
appropriate blade shape using the Q-Blade program,
a simulation was carried out to calculate the lift and
drag coefficients by using both equation (7 and 8) to
find out the best angle at which the rotor blades can

be placed, and obtaining a high lift coefficient and a
low drag coefficient to rotate the rotor and capture
wind energy and then convert it into mechanical
energy that can be used. Fig.4 shows the lift and
drag coefficients.
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Figure 4. (a) Shows the lift coefficient (CI) with the angle (Alpha), (b) Shows the drag coefficient (Cd)
with the angle (Alpha).

We notice from Fig.4a that the lift coefficient
(CI) increases as the angle (Alpha) increases, with a
slight increase in the drag coefficient, so that the lift
coefficient can reach a maximum value at an angle
of (16°) degrees. Then it starts decreasing, and thus
the drag coefficient (Cd) increases to reach its
maximum value at an angle (20°) Fig.4b. In order to
find out the pitch angle to complete the blade
optimization process, the ratio of the lift-to-drag
coefficient (CI/Cd) with the angle (Alpha) was
calculated from Fig.5, it was found that the pitch
angle value is equal to (2°) degrees, Similar to what
was found in the study 820,

clfcd
130
160
140
120
100

alpha
a 10 20

Figure 5. Ratio of the lift-to-drag coefficient
(Cl/Cd) with the angle (Alpha).

The power coefficient (Cp) and thrust coefficient
(CT) by using equations (2 and 6), with tip velocity
ratio (TSR) are also simulated. To achieve the blade
element theory (BEM), and that the value of (Cp)
does not exceed the Betz limit (0.59), and through
the simulation process, it was found that the data are
typical, as Fig.6a indicates that the wind turbine
operates at optimum tip speed ratios. The high Cp
value is due to the ideal design of the rotor blade,
such as improving the twist angle and profile of the
blade. We also notice from Fig.6b that the torque
coefficient (CT) increases with the increase in tip
speed ratio (TSR), Similar to what was found in the
study 2422,
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Figure 6. Shows the (Cp) and (CT) curves with the tip velocity ratio (TSR) values.

Conclusions:

In this paper a horizontal axis wind turbine,
optimizing the rotor blade is designed to operate at
low wind speeds, based on BEM theory using Q-
blade design software. It has been concluded that
the shape of the rotor blade improves the
performance of the turbine. Any mistake in the
design of the blade such as the torsion angle or the
aileron curvature will negatively affect the
performance of the turbine, and the selection of the
NACAA4711 airfoil is very appropriate. Through the
results obtained, it is found that the highest value of
(Cl/Cd) when (Alpha) is equal to (2°) degree. And
the use of small-sized turbines is suitable in areas
with low wind speed, to raise water in rural areas or
use it to generate electric power for street lighting
or invest it by homes.
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