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Abstract: Generating a high startup torque is a critical factor for the application of small wind
turbines in regions with low wind speed. In the present study, the blades of a small wind turbine
were designed and optimized to maximize the output power and startup torque. For this purpose,
the chord length and the twist angle were considered as design variables, and a multi-objective
optimization study was used to assess the optimal blade geometry. The blade element momentum
(BEM) technique was used to calculate the design goals and the genetic algorithm was utilized to
perform the optimization. The BEM method and the optimization tools were verified with wind
tunnel test results of the base turbine and Schmitz equations, respectively. The results showed that
from the aerodynamic viewpoint, the blade of a small wind turbine can be divided into two sections:
r/R < 0.52, which is responsible for generating the startup torque, and r/R ≥ 0.52, where most of the
turbine power is generated. By increasing the chord length and twist angle (especially chord length)
in the r/R < 0.52 section and following the ideal chord length and twist angle distributions in the
r/R ≥ 0.52 part, a 140% rise in the startup torque of the designed blade was observed with only a
1.5% reduction in power coefficient, compared with the base blade. Thereby, the startup wind speed
was reduced from 6 m/s for the base blade to 4 m/s for the designed blade, which provides greater
possibilities for the operation of this turbine in areas with lower wind speeds.

Keywords: wind energy; blade; airfoil; small wind turbine; multi-objective optimization; computa-
tional fluid dynamics (CFD); artificial neural network (ANN); genetic algorithm; power coefficient;
startup torque

1. Introduction

The seventh goal of the United Nations Sustainable Development is access to clean
and affordable energy for all people [1]. According to the global sustainability indicators,
the wind is one of the best renewable energy sources in terms of sustainability [2]. Wind
turbines are employed to capture the kinetic energy of wind and convert it into electrical
power. While the technology and research interest for large wind turbines are rapidly
growing, small wind turbines (SWT) require further examination, since these turbines can
be suitable tools for providing electricity [3], and using them is cost-effective [4].

For economic and technical reasons, SWTs do not have a pitch controller [5]. With the
aid of this controller, the blade rotates around its axis and by changing the twist angle, the
angle of attack is adjusted to the optimal level. Due to the absence of this mechanism in
SWTs, it is not possible to optimally position the section of the blade in direction of the
wind. This is especially important at low wind speeds and when SWTs begin rotating from
a motionless state. Because in this state, the blade sections experience considerably high
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angles of attack, which result in reduced lifting force and startup torque. To solve this
problem and increase the startup torque, SWTs usually have multiple blades [6]. Experi-
mental results have shown that as the blade begins to rotate, the angles of attack decrease
over time, which leads to a higher lift-to-drag ratio and as a result, raises the aerodynamic
torque and facilitates the rotation and acceleration of the blade [7]. Thus, generating a
high startup torque to overcome the generator resistive torque is a cardinal factor for
using these turbines in areas with low wind speeds, which requires more investigation.
Berges [8] employed simulation and experimental approaches to investigate the startup
and performance of a decentralized electricity generation center based on SWTs in Kenya.
The findings of this study indicated that SWTs are viable sources of electricity generation if
they can work at low to medium wind speeds. Based on the literature, Computational Fluid
Dynamic (CFD), Vortex Method (VM), and Blade Element Momentum (BEM) are common
approaches that are used to predict the performance and aerodynamic forces of wind
turbines. The aerodynamic behavior of SWTs was investigated in the work of Hansen and
Madsen [9]. In their study, which was mostly focused on CFD and the BEM methods, they
assessed various approaches for determining the aerodynamic properties of wind rotors.
They regarded the BEM model as a simple yet rapid approach for calculations compared
with the other aerodynamic models. They also stated that the CFD method is a great tool
for verifying the designs because it has a very close agreement with experimental results.

The blade shape plays an essential role in the output power as well as the startup
behavior of turbines and is generally determined by three parameters, including, the airfoil
profile, and the distributions of twist angle (θ) and chord length (c) along the blade (see
Figure 1). In large wind turbines, a group of airfoils is employed in various sections of
the blades, each airfoil having its specific task. Thick airfoils are used near the hub to
withstand structural stresses, and thinner airfoils with higher lift-to-drag (L/D) ratios are
used at the blade tip to generate more power [10]. In contrast to large wind turbines, to
reduce construction costs, only one airfoil is used along the blade of SWTs. These turbines
typically operate at Reynolds numbers (Re) less than 500,000 [11]. Singh et al. [12] designed
an airfoil specifically for application in a small horizontal-axis wind turbine (SHAWT) at
low Reynolds numbers. Their modified airfoil presented significant improvements in terms
of performance in comparison with other airfoils. Their findings showed that by using thin
airfoils the adverse pressure gradient can be reduced on the suction side of the airfoil and
consequently the aerodynamic performance of the turbine can be enhanced.
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Regardless of the blade size, the θ and c profiles along the blade are determined based
on the design objective or objectives. The first and most important objective in the design
of a turbine blade is to achieve the maximum power coefficient (Cp) [13]. For this purpose,
the analytical correlations presented in the literature [14] or optimization algorithms can
be employed. In this regard, in recent years, the use of nature-inspired metaheuristic
approaches to optimize wind turbine blades has substantially grown. As the name suggests,
these algorithms are inspired by the behavior of animals or other natural processes. Some
examples of popular nature-inspired metaheuristic algorithms are Cuckoo Search [15],
Jumping Frogs Optimization [16], Bat Algorithm [17], Genetic Algorithm (GA) [18], Ant
Colony Optimization [19], and Particle Swarm Optimization [20]. Soni et al. [21] compared
the performance of twelve types of nature-inspired algorithms from the perspectives of
accuracy, speed, convergence, and efficiency. Their results showed the GA provides rapid
speed and also a great accuracy. This point has caused the widespread use of this algorithm
for optimizing wind turbine blades [22,23].

Hassanzadeh et al. [13] increased the output power of a SHAWT by more than 8.5%
by optimizing the θ and c profiles of its blade. The design and optimization of SWT
blades for improving their Cp and startup time (Ts) has been carried out by Wood [10] and
Pourrajabian et al. [22]. The results have shown that increasing the θ and c in the root region
can reduce the Ts of the turbine. In another study, Pourrajabian et al. [24] suggested the use
of hollow blades to reduce the blade inertia (J) for reducing the Ts of SWTs. Akbari et al. [25]
investigated the effect of ten different airfoils on the performance of an SWT in terms of
Ts and Cp. The results showed that SG6043 and BW-3 airfoils have the best performance
in windy regions and regions with low wind speeds, respectively. The optimization of
the control systems [26], minimizing mass [27], cost [23], and aerodynamic noise [28] are
some of the other design and optimization objectives of wind turbine blades that have been
examined by researchers.

Abdelsalam et al. [29] investigated the effect of linear and nonlinear θ and c profiles
on the performance of an SWT with a rotor diameter of 1 m at wind speeds of 5–10 m/s.
The results showed that the maximum Cp of linear and nonlinear models is 0.426 and 0.446
respectively. The blade with a linear distribution started to rotate at a wind speed of 5 m/s,
while this value for the blade with a nonlinear distribution was found to be 6 m/s. Rector
et al. [30] investigated the effect of solidity, the number of blades (N = 3, 6), and pitch angle
on the performance of a SHAWT. The results showed that by increasing the solidity and the
number of blades, the turbine performance improves at low wind speeds, but the rotor with
three blades performs better at high wind speeds. The results of Eltayesh et al. [5] revealed
that raising the number of blades reduces the maximum Cp and blade tip speed ratio, but it
raises the startup torque and reduces the required wind speed for the start of the rotation.
Similar results were observed in the research conducted by Wang and Chen [31]. In the
recent study by Bourhis et al. [6], it was highlighted that with a fixed number of blades
(N = 8), the increase in solidity due to the increase in the c leads to a better startup torque.
They showed that by raising the solidity from 0.5 to 1.25, the required wind speed for the
start of rotation is decreased from 5.8 m/s to 3.8 m/s. In their study, the effect of θ on the
startup torque was not studied, while according to the work of Astolfi et al. [32], the θ is
one of the most effective parameters in the startup process of wind turbines.

Based on the literature review, it can be observed that so far, to improve the startup
performance of SWTs, researchers have mostly focused on increasing the number of blades
and reducing the blade inertia and startup time. On the other hand, the startup torque
capabilities have drawn less attention. Therefore, in the present study, an attempt is made to
investigate the effect of the geometrical shape of the blade on the startup torque of an SWT.
In this regard, the twist angle and chord length were chosen as the design variable, and to
determine their distributions along the blade, a multi-objective optimization algorithm was
used to maximize the output power as well as the startup torque. Indeed, in the current
research, an attempt is made to answer the question that without increasing the number
of blades and only by changing their geometrical shape, to what extent it is possible to
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increase the startup torque of a stationary blade so that the output power of the turbine
does not drop significantly? The BEM method was employed to perform the relevant
calculations and a genetic algorithm was used to perform the optimization process.

2. The Base Wind Turbine

The SHAWT that is examined in the present study was designed and experimentally
assessed by Anderson et al. [33]. Figure 2 illustrates the geometrical presentation of this
two-bladed turbine. A NACA4412 airfoil is employed as the profile of the blade. The
geometry of this airfoil is illustrated in Figure 3. It is noteworthy that the NACA4412 airfoil
was originally designed for application in the aviation industry, but due to the simplicity of
its fabrication process, it has become one of the most popular airfoils in SWTs [34].
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3. Numerical Methodology
3.1. Calculating Design Goals

The BEM method was employed to calculate the Cp as well as the startup torque.
This method was proposed by Glauert [35] in 1935 [14,36]. In the BEM, the blade is
separated into various individual elements, which have a particular θ and c values. Using
conservation laws, including the continuity correlation and the momentum correlations
for these elements, the amount of local forces is computed for the entire blade, and by
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summing the loadings along the blade, the total torque (Q) is obtained which is employed
to calculate the Cp as follows:

Cp =
Qω

0.5ρSU3 (1)

where, ω, ρ, S, and U indicate the rotational velocity, air density, the blade swept area, and
the wind speed, respectively. To consider the tip losses, Prandtl’s tip loss correction factor
was used in the BEM calculations. This correction model (F) which is a function of the
blade number (N), the flow angle (φ), and the local radius (r) is defined as follows [37]:

F =
2 cos−1

(
e− f
)

π
(2)

f =
N(R − r)
2r sin φ

(3)

φ = θ + α (4)

in which, α represent the angle of attack.
When the blade is stationary, α values are higher than 20◦ in its sections [24], in which

case these parts behave like flat plates from an aerodynamic viewpoint; therefore, the
analytical lift and drag coefficients can be used in the startup analysis with satisfactory
precision [38].

Cl = sin 2α (5)

Cd = 2 sin2 α (6)

By using Equations (5) and (6) in the BEM theory, the startup torque (Qs) can be
calculated as follows [24]:

QS = NρU2R3
1∫

rh

(1 + λr
2)

1/2
cr sinθ (cosθ − λrsinθ)dr (7)

where rh, and λr =
r
R λ are the hub radius, and the local tip speed ratio respectively. In this

equation, all dimensions and speeds are normalized based on the R and the wind speed
(U), respectively. By inserting λ = 0 in Equation (7), the value of the Qs on a stationary
blade can be calculated.

3.2. Multi-Objective Optimization

To determine the geometry of the optimal blades, the genetic algorithm method was
used. Inspired by natural evolution, this algorithm was introduced by Holland [39] in 1975
and developed by Goldberg [40]. The results have shown that this algorithm has a good
performance in the multi-objective optimization of wind turbine blades [24]. To find the
optimal solutions, in the genetic cycle, three operators including, selection, crossover, and
mutation are used one after another. The operation method is that at first, the primary
population matrix, which includes chromosomes that are the candidate solutions or design
variables, is created completely randomly. Each row of this matrix represents a blade.
Subsequently, based on the value of the objective function, the best ones are selected as
parents by the selection operator to produce children which may have a better objective
function value with the help of the crossover operator. In the end, the mutation operator is
used to prevent the algorithm from converging to the local solutions [41]. All these steps
are repeated for a large number of generations until finally an optimal and global solution
is obtained.
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To achieve the two objectives that were previously mentioned, i.e., maximizing the Cp
and Qs, the following equation was considered as the objective function:

Maximize :
(

n
CP

max(CP)
+ (1 − n)

Qs

max(Qs)

)
(8)

where n is the parameter that determines the weight of each design goal in the objective
function. The terms, max (CP) and max(Qs) are the maximum Cp and the maximum Qs of
the blades, respectively.

3.3. Configuring the Input Variables

Figure 4 shows a flowchart for the proposed optimization algorithm.
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To perform the optimization, it is necessary to determine the value of the tip speed
ratio (λ) at which the base turbine reaches its maximum Cp at a rated wind speed of 10 m/s.
According to the experimental test results of this turbine, which are mentioned in the results
section (validation of the BEM code), this value is equal to 10.16. The wind speed for the
startup process was set at 5 m/s. It is noteworthy that although changing the startup wind
speed (Us) can completely alter the Qs, it does not affect the geometric shape of the optimal
blades because Equation (7) is independent of the Reynolds number. The considered range
for the design variables based on the fabrication restrictions is listed in Table 1.

Table 1. The considered range for the design variables [24].

Variable Lower Limit Upper Limit

θ (◦) −5 25
c/R 0.01 0.2

Twenty elements were considered along the blade; thereby, the number of the design
variables in the genetic algorithm is 40. Table 2 shows the input parameters considered in
the genetic algorithm.
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Table 2. The input values in the GA [22].

Variable Value

Population 3000
Number of generations 500

Selection rate 0.1
Mutation rate 0–0.1

4. Results and Discussion
4.1. Validity of the BEM Technique

To check the validity of the BEM technique, this section compares the experimental
data of the base turbine from the wind tunnel test with the data acquired for the current
research. The drag and lift (Cd and Cl) coefficients of the NACA4412 profile, at different
α and various Re numbers, are shown in Figure 5. These coefficients are tabulated and
considering the Re and α of each element, the related lift, and drag values are calculated
and called in the BEM and also optimization stages.
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Figure 5. The variations in the drag and lift coefficients of the NACA4412 profile [10].

Figure 6 illustrates the CP alternations at various tip speed ratios (λ). By considering
this figure, it can be noticed that the values acquired by the numerical code are in satisfactory
agreement with the wind tunnel test data with a maximum deviation of 6.5%.
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Figure 6. The changes of CP at various λ for the current research and the study of Anderson et al. [33].

4.2. Validity of the Optimization Technique

The Schmitz formula [42] was utilized to examine the efficiency of the optimization
code. By taking the air circulation behind the blade into account, and neglecting the drag
and tip losses, these equations specify the distribution of θ and c along the blade to achieve
the maximum Cp.

θ =
2
3

tan−1
(

1
λr

)
− α (9)

c =
16πr
NCl

sin2
(

1
3

tan−1
(

1
λr

))
(10)

To use these correlations, Cl and α should be determined at the maximum L/D ratio.
For the NACA4412 airfoil, at Re = 3 × 105, these values are 6◦ and 0.9, respectively [10].
By placing n = 1 in the objective function (Equation (8)), the distributions of θ and c which
are obtained from the optimization algorithm are compared with those from the ideal
correlations (Equations (9) and (10)) in Figure 7.

As can be observed, the distributions are very close to each other, so it can be ensured
that the final answer obtained from the optimization code is an optimal solution.

4.3. Performing the Optimization

By taking the conditions specified in Section 3.3 of the study into account, the optimiza-
tion process was employed to design the optimal blades. In multi-objective optimization
problems, more than one candidate answer exists for the designer, in which case the Pareto
front is used to determine the best answer. Figure 8 shows the Pareto front for the CP and
Qs. As can be observed, the blade that generates the maximum power (n = 1) has the lowest
Qs. As the value of the n parameter decreases, the importance of the Qs in the objective
function increases, which results in a reduction of the CP. This is a trend that should be
expected because in multi-objective optimization problems, concentrating on one objective
weakens the other objective/objectives. However, it is worth noting that with a slight
reduction in the CP, a significant increase in the Qs is observed (see Figure 8).
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Figure 7. The distributions of θ (top) and c (bottom) obtained from the optimization algorithm and
ideal correlations.
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Figure 8 illustrates the important point that the design of SWT blades has to be accord-
ing to the wind potential of the region where it is going to be employed. Considering this,
in windy areas where the aim of designing wind turbine blades is to reach the maximum
Cp, the blades with n = 1 and n = 0.95 are recommended, while the blade with n = 0.75 is
the best choice for generating a high Qs for areas with low wind speeds. Figure 9 shows
the distribution of θ and c for the optimal blades.

Machines 2022, 10, x FOR PEER REVIEW 11 of 23 
 

 

 
Figure 9. The θ and c profiles for the blades with different n values. 

As can be observed, by decreasing the n value, the optimization algorithm considers 
higher values for θ and c (especially c) for the inner part of the blade (r <0.52). There are 
two reasons for this, which are discussed here. First, as mentioned in Section 3.1, when 
the blade is stationary, its sections experience high angles of attack. Therefore, one way to 
reduce them is to increase θ. Second, Equation (7), which was used to calculate the Qs, is 
in direct relationship with c. Thus, the optimization algorithm tries to increase Qs by rais-
ing c, of course in the design limit that was specified in Table 1. But the remarkable point 
regarding Figure 9 is that the shape of the blades is considerably similar at r/R ≥ 0.52, the 
reason for which is explained in detail in Section 4.4. 

Since the present study aims to design a blade with a high Qs to work at low wind 
speeds, the blade with n = 0.75 is selected as the optimal blade for further analysis. It 
should be noted that the blade with n = 0.7 was also considered in the objective function, 
but the optimization algorithm could not produce a smooth distribution for θ and c in the 
outer part of the blade. Because by reducing n in Equation (8), the optimization algorithm 
mostly focuses on the evolution of design variables on the inner part of the blade to raise 
the Qs, which results in discrepancies in the outer part of the blade and a sharp reduction 
in the Cp. Thereby, it was ensured that the blade with n = 0.75 is the most suitable blade 
based on the design objectives. 

Figure 10 compares the θ and c profiles of the optimal blade from the current study 
(with the objectives of maximizing the Cp and maximizing the Qs) and the optimal blade 

0.0 0.2 0.4 0.6 0.8 1.0
−5

0

5

10

15

20

25

θ 
(d

eg
)

Radius, r/R

 n = 1    n = 0.95
 n = 0.9    n = 0.95
 n = 0.8    n = 0.75

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.04

0.08

0.12

0.16

0.20

C
ho

rd
, c

/R

Radius, r/R

 n = 1    n = 0.95
 n = 0.9    n = 0.85
 n = 0.8    n = 0.75

Figure 9. The θ and c profiles for the blades with different n values.

As can be observed, by decreasing the n value, the optimization algorithm considers
higher values for θ and c (especially c) for the inner part of the blade (r < 0.52). There are
two reasons for this, which are discussed here. First, as mentioned in Section 3.1, when
the blade is stationary, its sections experience high angles of attack. Therefore, one way
to reduce them is to increase θ. Second, Equation (7), which was used to calculate the Qs,
is in direct relationship with c. Thus, the optimization algorithm tries to increase Qs by
raising c, of course in the design limit that was specified in Table 1. But the remarkable
point regarding Figure 9 is that the shape of the blades is considerably similar at r/R ≥ 0.52,
the reason for which is explained in detail in Section 4.4.

Since the present study aims to design a blade with a high Qs to work at low wind
speeds, the blade with n = 0.75 is selected as the optimal blade for further analysis. It
should be noted that the blade with n = 0.7 was also considered in the objective function,
but the optimization algorithm could not produce a smooth distribution for θ and c in the
outer part of the blade. Because by reducing n in Equation (8), the optimization algorithm



Machines 2022, 10, 785 11 of 21

mostly focuses on the evolution of design variables on the inner part of the blade to raise
the Qs, which results in discrepancies in the outer part of the blade and a sharp reduction
in the Cp. Thereby, it was ensured that the blade with n = 0.75 is the most suitable blade
based on the design objectives.

Figure 10 compares the θ and c profiles of the optimal blade from the current study
(with the objectives of maximizing the Cp and maximizing the Qs) and the optimal blade
designed for a 0.75 kW turbine by Pourrajbian et al. [24] (with the goals of maximizing the
Cp and minimizing Ts).
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As can be observed, c and θ distributions determined by Pourrajbian et al. have many
discrepancies, which makes the blade manufacturing process impossible. In this situation,
it is necessary to use the polynomial curve for fitting the results [10]. This issue takes the
blade away from its optimal condition. The blade designed in this research does not have
these discrepancies and will be examined and compared with the base blade in both CFD
and BEM calculations with the same geometry. It is necessary to explain that the results
of the present study show that from the aerodynamic viewpoint, the blade is divided into
two completely different areas. The first half is responsible for creating Qs and requires
an increase in θ and c values, and the second half is responsible for generating the output
power; for that part, the θ and c profiles can be obtained from ideal correlations.

4.4. The Power Generation Analysis

The purpose of this section is to further investigate the flow field around the base/designed
blades using CFD beside the BEM analysis. In this regard, the Cp, as well as the aerody-
namic torque generated along the blades, is examined. Figure 11 shows the geometry of
the base and designed blades.
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Figure 11. The geometry of the base (a) and designed (b) blades.

The steady-state, RANS form of governing equations, and Shear Stress Transport (SST)
k-ω turbulence model were considered for the simulations that were carried out for the
base/designed blades using the ANSYS Fluent software [43]. The second-order upwind
technique was used to discretize the convection terms and a semi-implicit (SIMPLE) method
was employed for the pressure-velocity coupling.

To reduce the computational cost, by applying a periodic boundary condition only
one blade was modeled. The computational domain and the chosen boundary conditions
are shown in Figure 12.
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Figure 12. The computational domain and boundary conditions.

The domain was 1
2 of a cylinder (180◦ sector) and was divided into two zones: the blade

zone and the outer zone. The boundary conditions were set as follows: velocity inlet for the
inlet (located 5R upstream), pressure outlet for the outlet (located 10R upstream), symmetry
for the outer boundary, periodic for the lateral planes, a solid wall with a no-slip condition
for the blade surface, and interface for merging the separated frames. Additionally, the
moving reference frame model was employed to simulate the rotation.

The precision of a CFD simulation depends on the quality of the generated mesh. Due
to the complexity of the blade geometry, an unstructured mesh was used for the blade zone
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while because of the simple geometry of the outer zone, a structured mesh was applied for
that region. Figure 13 depicts the mesh generated for the computational domain.
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Figure 13. The generated mesh for the computational domain.

To improve the accuracy of the calculations in the boundary layer, a prism layer was
created to cover the blade surface. Since the SST k-ωmodel needs y+ < 1, the height of the
first layer was considered to be 1 × 10−6. Figure 14 shows the y+ distribution contours on
the suction side of the base/designed blades.
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The grid-independency check was carried out by testing grids with different densities.
The torque generated by the blades was selected as the basis to judge the grid-independency
test results.

Figure 15 shows these results. Grids with 8.8 × 106 and 11.9 × 106 elements were
selected for the base and designed blades, respectively.
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Figure 15. The grid-independency test results.

Table 3 lists the Cp values obtained by the BEM and CFD methods for the base/designed
blades. This table also shows the experimental Cp of the base turbine. Both methods predict
a slight reduction in the Cp of the designed blade compared with the base blade, but this
reduction is not noticeable, especially in the CFD method. The BEM technique, which is
the basis of the present study calculations, predicts only a 1.5% reduction.

Table 3. The Cp values of the base/designed blades.

Method
Cp

Base Blade Designed Blade

Anderson et al. [33] 0.454 -

BEM 0.460 0.453

CFD 0.453 0.451

Figure 16 shows the aerodynamic torque generated during power generation in each
element (20 elements) for the base/designed blades. As can be observed, the trend of
changes in the generated torque in the two methods is very close.
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Figure 16. The generated aerodynamic torque along the blade during power generation.

The aerodynamic torque increases along the blade from the hub to r/R = 0.89, but
then decreases in r/R > 0.89. The reason is the formation of tip vortices in this area of the
blade. The influence of this three-dimensional phenomenon was considered by Prandtl’s tip
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correction factor (F) in the BEM method (see Section 3.1), but, the significant point is that the
CFD results predict a greater tip loss compared with this correction factor. Figure 17 shows
the tip vortices and Figure 18 presents the tip streamlines for the base/designed blades.
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Figure 17. The tip vortices of the base (left) and designed (right) blades.
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Figure 18. The tip streamlines of the base (left) and designed (right) blades.

Tip vortices are the source of induced drag and they reduce the generated torque.
These vortices are created because of the formation of a 3D spanwise flow due to the
pressure difference between the pressure side and the suction side of the blade. It should
be noted that the lower value of c at the tip of the designed blade slightly reduces the tip
vortices compared with the base blade. One of the best ways to reduce these vortices is to
use a winglet, which increases the kinetic energy captured by the blade by shifting the tip
vortices from the blade tip to the winglet tip.

As mentioned in Section 4.3, the shapes of all the optimal blades are very close in
r/R ≥ 052. The reason is specified in this section. Since, according to Figure 16, most of
the aerodynamic torque, which is used to generate power, is generated in the outer half of
the blade, to maintain power, the optimization algorithm minimizes the changes in this
part of the blade, even at low n values. This prevents a considerable reduction in power
generation.

4.5. The Startup Behavior Analysis

Compared with the design condition, in which the blade elements have small and
medium angles of attack, when the blade is stationary, the angles of attack are very high.
Therefore, as mentioned before, Equation (7) is employed to analyze the startup process. It
is necessary to explain that the analytical aerodynamic coefficients in this equation have
acceptable results compared with the wind tunnel test analyses conducted at different
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Reynolds numbers and high angles of attack (See ref. [10]). According to this, the Qs value
of the base/designed blades is shown in Figure 19. The results show a 140% increase in the
value of this parameter for the designed blade compared with the base blade. For further
examination, the distribution of Qs generated by each element is shown in Figure 20. By
observing this figure, it is clear that most of the Qs is generated in the inner half of the blade
(r/R < 0.52).

Figure 19. The Qs values generated by the base/designed blades.
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The interesting point is the negative Qs in the tip elements of the blades, which is due
to the negative θ in this region. Another parameter that has a cardinal role in the operation
of SWTs at low wind speeds is Ts [24]. Indeed, generating a high Qs becomes sensible as
a practical improvement when the turbine has a low Ts so that power generation is not
delayed. Raising the c in the inner part of the designed blade increases its moment of
inertia, which can affect the rotational acceleration and hence the Ts of the turbine. Thereby,
it is necessary to perform a Ts analysis. In this regard, the changes in λ over time during
the startup process can be considered as follows [24]:

dλ

dt
=

R(Qs − Qr)

JUs
(11)

where, Qr is the resistive torque of the generator and J is the blade moment of inertia, which
can be calculated using the following correlation if all the lengths are normalized by R [22]:

J = Nρb AR5
[∫

(cr)2dr +
1

12

(∫
c4cos2θdr + A2

∫
c4sin2θ dr

)]
(12)

where, ρb is the blade density, and A is the surface of the airfoil profile, the value of which
for the NACA4412 airfoil is 0.082 m2 [10].
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It is necessary to explain that the precision of Equation (11) was experimentally verified
by Sessrego and Wood [44]. By solving this equation, from the stationary state to λ = 1, the
Ts is calculated [10]. In this study, the Adams–Moulton method was employed to calculate
this equation, and the trapezoidal integration technique was used to calculate the blade
inertia (Equation (12)). By considering ρb = 550 kg/m3 and also Qr = 0.5 Nm for the
turbine of the present study [10,33], the Ts of the base/designed blades was investigated.
The results are summarized in Table 4 for various wind speeds. In this table, the J values of
the blades are also given.

Table 4. The Ts values of the base and designed blades at various wind speeds.

Case J (kg·m2)
Ts (s)

Us = 4 m/s Us = 5 m/s Us = 6 m/s

Base blade 0.798 - - 10.63
Designed blade 1.691 12.59 6.69 4.71

As can be observed in this table, the base turbine is not able to rotate at wind speeds
(Us) of 4 and 5 m/s. On the other hand, the designed blade, despite having a higher J than
the base blade, starts to rotate at Us = 4 m/s and can be used to generate power. Figure 21
shows the changes of λ during the startup process and Figure 22 shows the changes of Qs
up to λ = 2 for the base and designed blades.

As shown in Figure 22, as the blade starts rotating, regardless of its geometry, at first,
the Qs slightly diminishes and then begins to rise. It should be noted that although the Qs
of the designed blade at Us = 4 m/s is greater than the Qs of the base blade at Us = 6 m/s
(see Figure 22), it has a higher Ts than the base blade. This is due to the lower J value of the
base blade.
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5. Conclusions

The design and optimization of the blades of an SWT with a rotor diameter of 3 m were
carried out not only to reach the maximum power coefficient (Cp) but also for the maximum
startup torque (Qs) because these turbines usually lack a pitch control mechanism to
adjust the optimal angle of attack. For this purpose, a genetic multi-objective optimization
algorithm was employed. The twist angle (θ) and chord length (c) were considered as
the design variables and the BEM method was utilized to calculate the design objectives.
Validation studies were carried out for both the BEM technique and also the optimization
algorithm. A weighting factor was used to make a compromise between the Cp and the
Qs, and different blades were designed by changing it. The outline of the research can be
highlighted as follows:

• By increasing the c and θ values in r/R < 0.52 and also following the ideal c and θ
profiles in r/R ≥ 0.52, with only a 1.5% reduction in the Cp, the Qs of the designed
blade was augmented by 140% compared with the base blade. This increase in the Qs
reduced the startup wind speed from 6 m/s in the base blade to 4 m/s in the designed
blade. This makes the turbine appropriate to use in more regions;

• In blade design, to obtain the maximum Cp, the genetic algorithm and the Schmitz
equations reached a similar c and θ profiles, which indicates the high accuracy and
capability of the genetic algorithm in optimizing wind turbine blades;

• The blade geometry designed with ideal equations produces the lowest Qs, so these
types of blades are not suitable for application in regions with low wind speed;

• The aerodynamic torque for power generation increases along the length of the blade
from the hub to r/R = 0.89, and a good agreement can be seen between the CFD and
BEM results up to this point, but after that, the aerodynamic torque decreases due to
the formation of tip vortices. In this regard, the CFD method predicts a greater drop
than Prandtl’s tip correction factor;
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• Considering the Qs in the objective function is very useful because, firstly, it leads to
c and θ distributions without discrepancies, and, secondly, it results in a significant
increase in the Qs against a slight decrease in the output power. This compromise is
very attractive for low-wind-speed areas;

• When the blade is stationary, the tip elements of the blade not only do not contribute
to the Qs but also can produce a negative torque which is due to the negative θ in this
region.
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Nomenclature

A The surface area of the airfoil (m2)
Cl Lift coefficient
Cp Power coefficient
c Blade chord (m)
F Prandtl tip loss factor
f Term in Prandtl tip loss factor
J Rotational inertia (kg·m2)
N Number of blades
n Weighting factor
Q Torque (kg·m2·s−2)
Qr Resistive torque (kg·m2·s−2)
R Blade tip radius (m)
Re Reynolds number
r Radial coordinate along blade (m)
rh Hub radius (m)
S The swept area of blades (m2)
Ts Startup time (s)
t Time (s)
U Wind velocity (m·s−1)
y+ Non-dimensional distance
Greek Symbols
α Angle of attack
θ Blade twist angle
λ Tip speed ratio
λr Local tip speed ratio
ρ Density (kg·m−3)
φ Blade inflow angle
ω Angular velocity (s−1)
Subscripts
b Blade
s Startup
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Abbreviations
BEM Blade element momentum
CFD Computational fluid dynamic
HAWT Horizontal-axis wind turbine
NACA U.S. National Advisory Committee on Aeronautics
SST Shear stress transport
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