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Abstract: This work aims at designing and optimizing the performance of a small Horizontal-Axis-
Wind-Turbine to obtain a power coefficient (Cr) higher than 40% at a low wind speed of 5 m/s. Two
symmetric in shape airfoils were used to get the final optimized airfoil. The main objective is to
optimize the blade parameters that influence the design of the blade since the small turbines are
prone to show low performance due to the low Reynolds number as a result of the small size of the
rotor and the low wind speed. Therefore, the optimization process will select different airfoils and
extract their performance at the design conditions to find the best sections which form the optimal
design of the blade. The sections of the blade in the final version mainly consist of two different
sections belong to 51210 and 51223 airfoils. The optimization process goes further by investigating
the performance of the final design, and it employs the blade element momentum theory to enhance
the design. Finally, the rotor-design was obtained, which consists of three blades with a diameter of
4 m, a hub of 20 cm radius, a tip-speed ratio of 6.5 and can obtain about 650 W with a Power
coefficient of 0.445 at a wind-speed of 5.5 m/s, reaching a power of 1.18 kW and a power coefficient
of 0.40 at a wind-speed of 7 m/s.
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1. Introduction

Wind energy is considered as one of the most promising renewable energy sources, and the
blade design has a crucial impact on the harvested energy. The wind is actually produced due to the
differences in the atmospheric pressure. The flow of wind varies in speed and patterns across the
world and is also affected by the difference in terrain, water bodies, and vegetation [1]. Nowadays,
electricity is being generated using wind turbines. The kinetic energy generated by air moves a
propeller, which causes the rotor of a generator to rotate, thus generating electrical power. The
aerodynamics of wind turbines is related to its geometry and flow Reynolds number. Most commonly
used in commercial applications is the Horizontal-Axis Wind Turbine (HAWT). The wind turbines
are classified according to the rated generated power. For instance, small wind turbines refer to wind
turbines with rated power less than 50 kW [2]. The aim of utilizing small wind turbines is to supply
buildings with electrical power, which might or might not be connected to the utility grid. The World
Wind Energy Association has reported that the global installed wind power has increased 52.552 GW,
making the total power generated 539.291 GW. This considerable number accounts for 5% of the
global electricity demand, with Denmark setting a record with 43% of its power consumption covered
by wind turbines [3]. Sessarego and Wood [4] demonstrated the procedure for designing small wind
turbine blades and optimized the design for the rapid starting, efficient power extraction, and
minimal mass. They noticed that rapid prototyping has excellent potential for small blade
manufacture. They used E-glass and polyester resin in the blade design. Al-Abadi et al. [5] developed
an aerodynamic shape optimization method for a horizontal axis wind turbine. They matched the
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torques produced by the rotor and the coupled generator and optimized the blade shape. They found
good agreement between measured and computed performance. The Blade Element Momentum
theory was employed by Hassanzadeh et al. [6] to optimize the horizontal-axis wind turbine (HAWT)
blade. They used Viterna equations for deducing airfoil data into the post-stall regime and
demonstrated the high capability of this method to predict the performance of wind turbines. The
airfoil structure can be developed to increase the reliability of wind turbine blades. This objective was
achieved by El-Mouhsine et al. [7]. They calculated an optimum blade shape and developed an
accurate three-dimensional Horizontal-Axis Wind Turbine (HAWT) model. Based on Blade Element
Moment theory (BEM), Lanzafame et al. [8] presented a revised numerical code to assess the
performance of a Horizontal Axis Wind Turbines by determining the mechanical power, power,
torque coefficients, and finding the compatibility with the existing data. For the large angles of attack,
the computational fluid dynamics CFD can be employed along with optimization algorithms to
design wind turbine blades [9]. They performed CFD simulations using a one equation turbulence
model and applied single and multi-objective genetic algorithms along with artificial neural
networks. They demonstrated that artificial neural networks could reduce computational time by
almost 50%.

Nada and Al-Shahrani [10] provided an innovative solution for the small-size wind turbines.
They used a flexible multibody dynamics approach to extend the traditional method of dynamic
modeling of small-size wind turbines. They introduced a trade-off procedure to optimize the
geometric airfoil shape of small-size wind turbines. Jeong et al. [11] studied design optimization of
the wind turbine blade to reduce the blade’s bending moment fluctuation in turbulent wind. They
developed a FastCode to analyze the unsteady aerodynamic load of a wind turbine. They noticed
that the magnitude of the fluctuation of the out-of-plane bending moment was reduced by about 20%,
and the rated power of 1.5 MW was maintained. In several countries, like South Africa, the wind
conditions are appropriate for small-scale wind turbines with wind speed below 7 m/s. Erfort et al.
[12] studied the optimization of these turbines using a surrogate model. They used non-uniform
rational B-splines to encompass a wide range of possible shapes for a wide range of wind speeds.
They found that the surrogate model can provide an optimized solution with an increase in the
coefficient of power. A new optimization method was proposed by Mohammadi et al. [13] for blades
of four small scale wind turbines with maximum output torque as an objective function. They
confirmed that this method could increase the output torque by up to 19.5%. Tenguria et al. [14]
presented a comprehensive review of wind turbines regarding several parameters, including blade
design and optimization. They compared different models and methods of optimization under
different operating conditions and blade materials. Recently, Vivek et al. [15] presented a detailed
review of vertical and horizontal axis wind turbines. They found that a vertical axis wind turbine is
widely used in urban settings and typically has low power production and low efficiency. By
contrast, HAWT have high power production and are more efficient, but require significantly higher
investment. Jureczko et al. [16] developed a numerical model of the wind turbine blade and a
computer program to optimize this model about several criteria. They created several blade models
using ANSYS software by changing thicknesses and main dimensions of the model blade. The
computer program enables the optimization of several objective functions subject to numerous
constraints. Based on the blade—element theory and multi-objective evolutionary algorithm, Benini
and Toffolo [17] produced an optimal design of a horizontal-axis wind turbine. The blade-element
approach offers an adequate solution of the flow field around the rotor disc, whereas the evolutionary
algorithm controls the decision variables of the optimization problem. Multi-objective optimization
algorithms recognize a trade-off curve that exposes the flaws, glitches, and incentives of specific
targets. Chehouri et al. [18] employed these algorithms and introduced the fundamental principles
of wind turbine design to explain a classic multi-objective wind turbine optimization problem using
a genetic algorithm. Thumthae [19] designed a variable speed Horizontal Axis Wind Turbine blade.
To achieve a maximum energy output, chord lengths, blade twist angles, and rotational speeds were
varied independently. It was found that 50.5% efficiency can be achieved at the design tip speed ratio
of 7.5. The numerical results agree well with the BEM calculation. Tang et al. [20] presented a direct
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method for small wind turbine blade design and optimization. They developed a unique
aerodynamic mathematical model to find the optimal blade chord and twist angle distributions along
the blade span. This method integrates blade design and the airfoil analysis process. Lin et al. [21]
studied 150 kW horizontal axis wind turbines and performed numerical simulations. To predict
turbulent flow, they employed Reynolds-averaged Navier-Stokes equations and Re-Normalisation
Group (RNG) k-¢ turbulence model. They demonstrated that below 12 m/s rated wind speed, 180
kW, 82 kW, and 56 kW output power can be achieved for the pitch angle of 5, 15 and 30°, respectively.
Furthermore, the maximum aerodynamic performance of 0.42 can be accomplished on the pitch angle
of 5 with a tip speed ratio A of 3.6. The genetic algorithm was also employed by Pourrajabian et al.
[22] to resolve the constrained objective function, obtaining an optimal blade keeping starting time
small and the output power high along with the stress limitation. They calculated output power and
the starting time using blade-element momentum theory and employed simple beam theory to
determine the stress and deflection along the blade. Tahir et al. [23] optimized the turbine blades
using enhanced blade element momentum theory together with the Viterna-Corrigan stall model to
yield low cut-in speed and high power level. They compared numerical results with experimental
results and noticed that the wind turbine could be optimized to produce more energy. The
importance of designing small HAWT from the aerodynamic point of view returns to the increased
interest of employing these turbines for the urban setting [24]. Unlike large HAWTs that are designed
to generate power in areas with optimal wind conditions, small HAWTs are designed to produce
power regardless of optimum wind conditions [25]. The design of small HAWT requires a deep
understanding of the design parameters since they show low performance in contrast to the large
wind turbine. The weakness of the small HAWT performance returns to the operating conditions at
low wind speed and the small rotor size, which will yield a low Reynolds number, and it might cause
laminar separation on the blade [26]. In addition, small HAWT are prone to fatigue due to their small
size, the variation of the wind speed, and the operation at high rotational speed, mainly in the urban
environment [27]. Therefore, it is essential to optimize the design of the HAWT blades to ensure
shorter blades and higher power generation [28], in addition to increasing their reliability in terms of
dynamic behavior. In this paper, Section 2 addresses the extraction of the design parameters of the
HAWT blades. In Section 3, the design steps and the optimization process are presented. The final
design of the blade and the results obtained from this study will be presented and discussed in
Section 4. In Section 5, the validation of the current work is presented. Finally, the conclusion of the
work presented in this research will be summarized in Section 6.

2. Subject Theory

The most commonly used approach to describe the aerodynamics of the wind-turbines blades is
the BEM method, which can be found in many textbooks and previous works [29-33]. Figure 1 shows
the blade sectional aerodynamic angles and force coefficients. The tangential which results on the
blade is given by Equation (1). The tangential force is dependent on the chord of the airfoil, air
density, relative wind velocity, global pitch angle, local twist angle, lift coefficient, and drag
coefficient. Furthermore, the tangential force is obtained by a combination of the drag and lift forces.
Since the drag and lift coefficients are nonlinearly dependent on the Angle of Attack (AoA), the ratio
of the lift to the drag coefficient can decrease and cause the turbine to stall after fulfilling the
maximum threshold of the AoA:

df; =0.5p-c-V,}(C, cos(B)+C,sin(p))dr 1)

where p is the air density, c is the chord length, Vr is the relative wind speed between the blade
section and the wind, the Ct is the lift coefficient, the Cb is the drag coefficient, and g is the relative
angle between the lift and drag coefficients.
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Figure 1. Blade sectional aerodynamic angles and forces coefficients, where || indicates parallel
relation and L indicates perpendicular relation.

In order to calculate the mechanical torque on the profile of the blade, the tangential force is
multiplied by the radial distance between the axis of rotation and the internal radius of the rotor.
Therefore, it can be expressed as:

dr, =df; -rzé-p-c-r-Vrj,(CL cos(,B)—CD sin(ﬂ))dr ()

The torque coefficient can be expressed as follows:
Cg(l,ﬂ):CLcos(,B)—CDsin(ﬂ) 3)

Hence, the mechanical torque acting on an infinitesimal blade profile can be given by:

dTT:%.p-c-r-Vz-CQ(ﬂ,,ﬂ)‘di’ (4)

rel

where c represents the cross-section area at radius r. The relationship between the power coefficient
Cr and the torques coefficient Cq satisfies

Cp=C,/4 (5)

The previous equations have been written in terms of the pitch angle 3 and the tip speed ratio A,
which is defined as

A=w-RIV, (6)
The mechanical power of HAWT in Watt can be derived by integrating the mechanical torque of the

blade multiplied by the rotational speed of the blades and the number of blades N:

R
P:N~w-jdrr dr 7)

THub

where R is the rotor radius, N is the number of the blades, and w is the rotational speed. The relative
wind velocity can be found as follows:

v, =v(-a) +(r-o-(1+d)/V) (8)

where d is the axial induction factor, «'is the radial induction factor, and V represents the upstream

wind-speed. Consequently, the angle of relative wind velocity can be expressed as:

tan(p) =V (1-a)/(r-w(1+a’)) )
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where ¢ represents the relative flow angle and it can be expressed as the summation of the twist

angle, AoA, and the pitch angle. According to the previous equations, the parameters of the cost
function that have been selected were: Cq, R, o, A, and V.

3. Design Methodology

The blade is the main component of the wind turbine, which extracts the energy from the wind,
and it contributes 20-25% of the wind turbine’s overall budget [34]. Therefore, it is essential to
optimize the design of the wind turbine with a maximum power coefficient under the design
conditions. One of the methods to optimize the design of HAWT is the iterative method. The steps of
this approach are depicted in Figure 2. The iterative approach aims at analyzing the aerodynamics
load based on the Blade Element Momentum (BEM) theory. It assumes that the value of the axial
induction coefficient to be zero at the beginning, and it depends on the lift force, drag force, thrust
force and tangential force to express the aerodynamic load, and it gives a real understanding of the
design problem. In this work, the first objective was to determine the algorithm to be used and the
related parameters of tuning to be used during the final solution. Many factors and parameters can
affect the design of the blade, and most of these parameters are dependent, which makes the
optimization process more complicated. The objective of this work is to design a high-performance,
small Horizontal-Axis Wind-Turbine (HAWT) with a Power Coefficient (Cr) higher than 40% at an
average wind speed of 20 km/h, using multiple stages of optimization and different tools which might
help during the optimization process, as well as showing the effect of the different factors on the
overall performance of the wind turbine blade. The structural design of the blade will also be taken
into consideration to make sure that the blade can withstand the stresses applied to it without
breaking or deforming.

Select an

Algorithm

Characterize the Search the
design space design space

Figure 2. Iterative method procedures.

The first step in the design process was to determine the design goal, which can be summarized
in designing a blade with a maximum length 2 m and operates through wind speeds between 3 m/s
and 6 m/s. This means that the blade will have a low Reynolds number due to the small blade surface
and relatively low wind speed. The next step is to determine the design parameters which have been
discharged in Table 1, and they have been extracted based on Equation (1) to Equation (9). The next
steps in the design process can be summarized as follows:

e Initializing Design Conditions

The wind turbine is assumed to operate at a wind speed of 4-7 m/s at a temperature of 15 °C, an
air density of 1.1162 kg/m? with a dynamic viscosity of 1.81 x 105 kg.s/m at 15 °C, the blade length
must be less than or equal to 2 m. Therefore, the Reynolds number will be less than or equal to 100,000.
The selected number of blades in the designed turbine was three blades, and the tip speed ratio spans
from 4 to 8. Finally, the internal to external radius ration was selected between 0.10 to 0.12. Due to
the low wind speed and small rotor area, and it was necessary to find a set of airfoils suitable for low
Reynolds number applications.

e  Selection of the Airfoils
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The selection of the airfoils was obtained using the Xfoil tool to evaluate the aerodynamic
coefficients of the chosen set of airfoils for the design to find the best pitch-angles for the design wind
speed while taking the Blade Element Momentum (BEM) theory into consideration. The selection of
the airfoil must consider the need for airfoils, which shows high performance at low wind speed and
hence low Reynolds number. After virtually experimenting with multiple airfoil shapes, the chosen
set of airfoils for the Design of Experiments include S1210 for the root [35] and 51223 for the tip [36].

e  Optimizing the Airfoils Using Xfoil

A MATLAB (MathWorks, Natick, MA, USA) script with four nested for-loops was used to
optimize the design of the blade by finding the optimal values of the design parameters. The design
parameters that represent the input parameters of the MATLAB program that include the rotor
diameter, tip-speed ratio, and internal-external radius ratio. The main goal of the program is to select
the airfoil sections which maximize the power coefficient, and the selection of the airfoil sections will
be extracted from the selected airfoils which fulfill the design conditions and predefined in the
previous step. In each iteration, the MATLAB program returns the power coefficient (Cr), which is
calculated using the Trapezoidal and Simpson methods. Since the Cr differs in each section of the
blade, it is necessary to use integration to obtain the overall Cr for the entire blade. In addition, the
program returns the optimal values of the chord and the optimal AoA for each section of the airfoil.
At the end of the iterative process, the program will return the optimal values of the design
parameters that are summarized in Table 1.

Table 1. Output parameters of the optimization process.

Number of Variables and Output

Parameters Symbol Description
1 N Number of Blades
2 A Tip speed ratio (unitless)
3 D Rotor diameter (m)
4 o) Angular velocity (rad/s)
5 a Induction factor (unitless)
6 |4 Wind speed (m/s)
7 Cp Power coefficient (%)
8 Power Watts
9 r/R Internal-to-external radius ratio

*  BEM Simulation and Further Optimization Using Qblade

In this part, Qblade (TU Berlin, Berlin, Germany) is used to produce the initial design of the rotor
blades. In the first place, the selected airfoils have been imported into Qblade; then, a rotor-blade is
designed using those airfoils considering the angles-of-attacks and chords obtained previously. A
BEM simulation was also made across the tip-speed ratios 4 to 8 to optimize the tip-speed ratio of the
blade, to get the maximum possible power coefficient with this blade. The blades have been
investigated at wind speed ranges from 1 m/s to 7 m/s, rotational-speed ranges from 138 rpm to 500
rpm, and Pitch ranges from 0-10 degrees. The chord distribution is optimized further, according to
Betz [37]:

16 7R 1

"9 B.C, A ( rjz 4 (10)
A—1| +—
R 9

The results of the multi-parameters BEM simulation in QBlade will be presented in the results
section. The simulations will present the changes in the generated power by the wind-turbine with
the change of wind speed and pitch angles. In addition, the BEM simulation will determine the cut-
in and cut-off wind speeds to obtain the maximum possible power coefficient. Finally, the steps of
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the optimization process of designing the rotor blades have been summarized and depicted in Figure

3.
Initialization and Design
Conditions

Airfoils Selections

!

For i=1:n (Number of section in each
airfoil)

!

—+ Caleulate chord, tip speed ratio, r/R

!

Calculate local Cri, ai, chordi

Call Xfoil function

F 3

Yes
¥

Find optimal A, D, w, N, V, i/R

!

Rotor Blade Design using sections with
maximum Cr from two airfoils $1210 and
51223

|

Find optimal tip speed ratio A for the final
design

F 3

Call Qblade

Call BEM Simulation

F

Figure 3. Rotor blades design and optimization procedures.

4. Results and Discussion

The BEM theory was used for the final design of the blade, which has different cross-sections
from root to tip. Furthermore, the BEM theory was used to interpolate two adequate airfoils into one
to enhance the performance of the resulted airfoil. Figure 4 depicts the sections of the airfoils 51210,
51223, and the interpolated airfoil section S1210-51223, which are used in the final blade design. The
driving force of a wind turbine is Lift force. Lift force will be perpendicular to the apparent velocity,
and it usually increases with AoA. Along with the lift force, an undesirable drag force also increases.
This drag force can never be eliminated; therefore, it must be minimized. The best performance a
wind turbine can offer is at an angle called optimum attack angle; at this angle, the lift to drag ratio
is maximum. In this work, the utilized airfoils have been investigated to determine C./Co versus the
AoA using Qblade software. It is noticed that the interpolated airfoil 51210-51223 showed higher
Ci/Cp at different Reynolds numbers with the range of AoA shown in Figure 5. At a Reynolds number
of 100,000, the interpolated airfoil showed a higher C/Cp ratio than 51210 and 51223 for AoA lower
than 4.2 degrees. In addition, the interpolated airfoil showed a higher Ci/Cb ratio for the whole range
of AoA when the Reynolds number is set at 75,000. The impact of the Reynolds number on the C/Cp
ratio of the 51210-51223 airfoil is depicted in Figure 5b. It is seen that the C/Cp ratio is higher in the
case of selecting the highest possible Reynolds number at low wind speed. Accordingly, the Reynolds
number was settled 100,000 during the simulation, and it was determined that an interpolated blade
between the profiles ‘S1210', “S1223" will tick all the criteria boxes in terms of high Ci/Cpb ratio on low
Reynolds numbers, and gives relatively high performance given the limitations.
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Figure 4. The sections of the airfoils 51210, S1223, and the interpolated airfoil section S1210-S1223.
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Figure 5. C./Cp vs. AoA for (a) S1210, S1223, S1210-51223 airfoils with Re = 100,000, (b) S1210-S1223
airfoils with Re = 100,000, Re = 75,000, Re = 50,000, (c) S1210, S1223, S1210-S1223 airfoils with Re =
60,000, (d) S1210, S1223, S1210-S1223 airfoils with Re = 75,000.

It is worth mentioning that simulation settings have been set at an air density of 1.1162 kg/m?
and an air viscosity of 1.81 x 105 kg.s/m, 40 blade elements, 100 iterations, maximum 0.001 for
convergence, and a relaxation factor of 0.3. In addition, the analysis conditions were set at wind range
at a speed from 1 m/s to 7 m/s, rotor range in rotational speed from 138 rpm to 500 rpm, and a pitch
angle from 0° to 10°. The length of a blade is a significant factor affecting the power extracted from
the wind, looking back at Equation (7), the relation between the length of the blade (R) and power

(Pr) is squared.

Therefore, the blade length has been set at 2 m during the optimization process to maximize the
generated power since this value represents the maximum permissible length in the proposed study.
The optimal values of the design parameters have been discharged in Table 2. The values of these
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parameters will be used to produce the blade using the Qblade. The Qblade was used to further
smoothen the blade around the transition areas (from one airfoil to another), as depicted in Figure 6.
This blade is considered as the final design. After improving the design of the final blade using the
Qblade as mentioned previously and implementing the BEM simulation, the Cp of the blade was
increased to almost 0.45, which is relatively high considering the size and the speed of the wind.
Figure 7 depicts the impact of the design parameters on the power coefficient which are represented
by the rotor diameter, tip speed ratio, and the internal to external radius ratio. In Figure 7a, it is
noticed that the Cr value is slightly increased with increasing the rotor diameter (D) at the same tip
speed ratio (A). On the other hand, the increase of tip speed ratio will yield in increasing Cr for the
same rotor diameter, which is true if the length of the rotor blade is greater than 3 m as depicted in
Figure 7b. In addition, it was observed that the Cr value decreases with an increase in the internal to
external radius ratio (rr) at the same tip speed ratio as shown in Figure 7c. The maximum Cpr is
obtained corresponding to D =4 m, A = 6, and rr = 0.1 m. In Figure 8a, it was noticed that the power
generated can increase to almost double just by increasing the velocity by 2 m/s, the rated power at
5.5 m/s will be around 650 Watts. In Figure 8b, the results showed that Cr is increasing proportionally
with increased rotor diameter. In Figure 8c, since the design was based on an optimal average wind
speed of 5.5 m/s, the maximum Cr of 0.445 was obtained around that value. When the speed diverges
from the design wind speed, it is normal for the Cr to drop.

Table 2. Optimal values of design variables.

A No. of Blades D (m) w (rad/s) a V (m/s) /R Cpritrap) Cprisim)
6 3 4 16.5 0.275 55 0.1 0.391876 0.405566
Y
12103
ﬁ/ B o
£ 155
e 1223
i 1223
)_, 1210
/7~/ 1210
& 1210
oy 1210

Circular Foil

Circular Foil

Figure 6. Resultant blade from XFOIL and MATLAB with Airfoil sections along the length of the
blade.

The mass of the blade is dependent on the thickness of the spar cap that can be minimized at
different cross-sections to comply with the permissible level of strain. In addition, the selection of the
shell material and the internal material of the blade has a substantial impact on the mass of the blade.
The thickness of the shell layer and the internal layer was 9% the length of the local chord of the blade
section. In order to investigate the performance of the designed blade, it was possible to perform a
stress-analysis simulation using QBlade to show the stresses on the blade corresponding to the loads
applied by the wind on it under the operating conditions of the wind turbine. It was necessary to
identify the internal structure of the blade, as well as the shell material and internal material, and the
mass of the blade was calculated using the software. Therefore, the internal structure of the blade
was hollow with spar, and the utilized internal material is a Ti foam with a compressive-yield
strength of 256 MPa. The shell material is made of Aluminum with a compressive-yield strength of
310 MPa. The Von-Mises stresses acting on the blade under the operating conditions have been
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determined, and the stress-distribution model is showing the critical sections of the blade was
created.
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Figure 7. The impact of design parameters on Cr (a) D vs. Cr at rr = 0.10 m at various tip speed ratios;
(b) Cpvs. A at rr=0.10 m at various blade diameters; (c) Cr vs. rr at D =3 m at various tip speed ratios.
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Figure 8. (a) Power vs. Wind Speed; (b) Cp vs. Wind speed; (c) Cr vs. A.

The stress analysis was performed using the Qblade at different rotational speeds to show the
behavior of the designed blades in loading conditions. Figure 9 shows the maximum stress on the
designed blade to be 13.88 MPa at a rotational speed of 100 rpm, which is far less than the yield
strength of Aluminum (310 MPa), the deflection on the z-axis is (0.00355756 m) and on the x-axis
(0.000156953 m). Furthermore, the stress analysis that was performed on the designed blade has been
investigated at 235 rpm and 500 rpm, which represents that the maximum rotational speed was set
during the design process. The results of the stress analysis at different rotational speeds are depicted

in Figure 8.
4.08 MPa
Hom MPa

E 13.88 MPa EB.W MPa
0.00 MPa 0.00 MPa

X Axis Tip Def.: 0.000156953 [m]

X Adis Tip Defl.: 0.000110623 [m] X Ads Tip Defl.: 17729605 [m]

(a) (b)

Figure 9. Stress analysis of the blade.at 100 rpm (top left), at 235 rpm (top right), at 500 rpm (bottom).

5. Validation of the Proposed Approach
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For the sake of validating the proposed approach in designing and optimizing a small wind
turbine blade, the results have been compared with experimental results obtained in previous works.
The comparison is valid due to adopting the same test conditions during the simulation. The first
comparison considered the operation of the designed turbine at a wind speed of 12 m/s with Reynolds
number of 100,000, and the radius of the blade was less than 2 m as in [38]. Figure 10a depicts the
simulation results in terms of the power coefficient of the designed blade at different tip speed ratios
in comparison with experimental results in [38]. The simulation’s settings in Qblade have been
updated to establish another comparison in which the designed turbine will operate at rated wind
speed of 10.5 m/s with a cut-in speed of 4 m/s and cut out speed of 15 m/s at rated rotating speed of
250 rpm as in [39].

The designed blade was scaled to have a length of 1.85 m and the Reynolds number was selected
at 100,000. The result of the comparison is depicted in Figure 10b. The results of the blades with A7
and E185 airfoils have been compared with designed blade, and the results of the comparison showed
a good matching between the behavior of the designed blade and the other blades at the same test
conditions that validate the design approach. In order to estimate the percentage of matching, the
Root Mean Squared Error (RMSE) has been used to calculate the error between the simulation and
the experimental results. The results of the RMSE calculations have been discharged in Table 3.
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Figure 10. A comparison between the proposed approach and experimental works in [38,39].

Table 3. RMSE between the results of the designed blade in simulation and experimental results in
[38,39] under similar design conditions.

Designed Blade vs. Blade Designed Blade vs. Blade = Designed Blade vs. Blade
with Blade in [38] with A7 Airfoil [39] with E387 Airfoil [39]
RMSE 0.0321 0.0370 0.0340

6. Conclusions

The objective of this work is to design and optimize a Horizontal-Axis Wind-Turbine blade for
relatively low Reynolds’ numbers and higher power coefficient. The design of the blade is achieved
by employing BEM theory, and optimization is performed using the software QBlade. A MATLAB
script is utilized and implemented to find the power coefficient for the selected input parameters.
The MATLAB script is designed to obtain up to four factors at a time to implement the design of
experiments. The numerical results reveal that the interpolated airfoils that are formed from 51210
and 51223 airfoils are the selections, as they show good results under the selected operating
conditions. The rotor-design was also obtained, which consists of 3-blades with a diameter of 4 m, a
hub of 20 cm radius, a tip-speed ratio of 6.5, and can generate around 650 W with a Power coefficient
of 0.445 at a wind-speed of 5.5 m/s, reaching a power of 1.18 kW and a power coefficient of 0.40 at a
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wind-speed of 7 m/s. The numerical results are compared with the available data and are found in
good agreement.
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Notations
p Density of air (1.22 kg/m?3)
N Number of blades
D Blade Diameter (m)
P Mechanical Power (W)
A% Upstream wind-speed (m/s)
Cr Power coefficient
Cao Torque coefficient
C Cross section Area at radius r (m?)
A, Ao tip-speed ratio, optimum
Fo Lift force (N)
Fo Drag force (N)
CL Lift coefficient
Co Drag coefficient
Fr Tangential force (N)
Tr Torque per unit-length (N)
Vel Relative wind speed (m/s)
R Radius of the rotor (m)
) Angle of relative wind (deg)
B Pitch angle (deg)
w Rotational Speed (rad/s)
A Area (m?)
Rr External radius to internal radius ratio (r / R)
\Y% Average wind speed (m/s)
a Axial Induction factor
a’ Radial Induction factor
Cline Chord line
AoA Angle of Attack
r Internal radius (Distance between the axis of rotation and the blade section) (m)

Re Reynolds number
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