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Abstract: Within the framework of blade aerodynamic design, the maximum aerodynamic efficiency,
power production, and minimum thrust force are the targets to obtain. This paper describes an
improved optimization framework for blade aerodynamic design under realistic conditions, while
considering multiple design parameters. The relationship between the objective function and the
design parameters, such as the chord length, maximum chord, and twist angle, were obtained by
using the second-order response surface methodology (RSM). Moreover, the identified parameters
were organized to optimize the aerodynamic design of the blades. Furthermore, the initial and
optimized blade geometries were compared and showed that the performance of the optimized blade
improved significantly. In fact, the efficiency was increased by approximately 10%, although its thrust
was not varied. In addition, to demonstrate the improvement in the resulting optimized blades,
the annual energy production (AEP) was estimated when installed in a specific regional location.
The result showed a significant improvement when compared to the baseline blades. This result will
be extended to a new perspective approach for a more robust optimal design of a wind turbine blade.

Keywords: wind turbine; rotor blade; optimization; aeroelastic analysis; blade element momentum
theory (BEMT); response surface methodology (RSM); multivariate design parameters; simultaneously

1. Introduction

The wind turbine is a complex engineering system, subjected to highly fluctuating and irregular
loads. In addition, as wind turbines continue to grow in size and rated power, obtaining an optimal
blade design is a significant task. For the design and performance calculation of the blades, numerous
papers have used blade element momentum theory (BEMT), which was developed originally for
airplane propellers by Glauert [1], and is combined with momentum theory and blade element theory to
analyze wind turbine performances. Many researchers have predicted wind turbine performance using
those theories [2–6]. Mostafa et al. [7] improved the aerodynamic performance of a wind turbine blade
by the cavity shape optimization. Ozge and Ismail [8] explained an aerodynamic shape optimization
methodology based on a genetic algorithm and BEMT. Wei et al. [9] presented an integrated method for
designing the airfoil families of large wind turbine blades. Krishnil et al. [10] designed and optimized
airfoils for a 20 kW wind turbine using a multi-objective genetic algorithm. In addition, in relation to
the optimization of the blade design, many studies have already been conducted in helicopter and
aeronautical engineering fields. Kumar and Cesnik [11] presented a mixed-variable optimization
method for the aeroelastic analysis and design of active twist rotors. Sekula and Wilbur [12] identified
the optimal blade tip planform for an active twist rotor. For vibration reduction with an active twist
rotor blade in helicopters, Shin et al. [13] studied the design and manufacturing procedure.
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For improving the efficiency of the blade, most of the literature has focused on the optimization
of the airfoil profile or active twist rotors, etc. However, in addition to these factors, there are more
possibilities for aerodynamic design for an optimal design of the blades, and further study is needed.
In particular, most research in the past had yielded optimal blade designs by a number of iterations,
which consumed a lot of time and computational resources, and it was difficult to acquire quick results.
Therefore, it is necessary to consider a straightforward design scheme with multiple design parameters
for an optimum aerodynamic design at an early stage of the design and to grasp significant design
parameters along with their correlation. The response surface methodology (RSM) is a statistical
method for studying the relationship between multiple design variables and one or more response
variables. Ali et al. [14] developed an airfoil profile optimization for wind turbines with computational
fluid dynamics (CFD) analysis and the RSM. Li et al. [15] presented an airfoil optimization for a wind
turbine based on the response surface method. Toft et al. [16] assessed the structural integrity of a
wind turbine using the RSM. Tabatabaeikia et al. [17] studied the optimization of a wind turbine based
on the computational and experimental method. In that study, as an analytical procedure for the
optimization method, the RSM was utilized using multivariate statistical techniques. Huang et al. [18]
presented the optimal blade setting angle of a tidal turbine using the RSM and validated it with an
experimental method. Sun [19] presented a wind turbine airfoil design using the RSM under various
operating conditions.

Previous research on the blade design using the RSM focused on the micro-range, such as blade
airfoil optimal design, blade setting angle optimization, etc. However, in addition to those approaches,
it will be a good study to identify the key design parameters in the blade aerodynamic design and to
find and use the best combination of these parameters to obtain the optimal design of the blade. Such
a method may become a research objective for additional and improved blade design. However, in the
past, optimization in the field of wind turbine blades has been carried out, taking into account the
influence of a single factor at a time. Therefore, only a single parameter was modified, while the other
factors were not varied. One of the significant disadvantages for such methods was that it did not take
into account the possibility that the used variables could interact with the others. As a result, those
methods were not capable of expressing the effect of the other parameters on the response. Another
disadvantage of the single-parameter optimization was that the number of experiments required
increased, while increasing time, cost, and computing resources.

This paper presents a multi-parametric blade design methodology with maximum efficiency
using a second-order RSM based on the BEMT. The ultimate goal of the RSM application is obtaining
the best blade performance by identifying the design variables that significantly affect the blade
efficiency, such as chord length, max chord length, and twist angle, etc., and designing the blades
with maximum efficiency and maximum energy production through the optimal combination of these
variables. Additionally, in using the optimized blades, an annual energy production (AEP) is estimated
and compared for the case where an optimal blade is installed in a specific area. As a result, the AEP
shows a significant improvement over the baseline blade.

2. Theoretical Method and Geometry Description

BEMT has been used as a theory to predict blade performance, and this theory has the assumption
that the wind is a one-dimensional, non-viscous, and incompressible flow. This theory has been applied
in numerous studies dealing with the simulation of wind turbine performance [2–6].

2.1. Blade Element Momentum Thoery (BEMT)

Based on BEMT, wind turbine blades are considered as actuator discs and have no thickness,
as shown in Figure 1. The definition of the power coefficient (CP) is as follows:

CP =
Actual electrical power production

Wind power in turbine
=

Pout

Pin
=

Protor

0.5ρATV3 , (1)
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where ρ, AT, and V are the air density, cross-section of the rotor, and wind velocity, respectively.
We introduce the axial induction factor as

a =
V −VT

V
. (2)
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Figure 1. Schematics of the blade elements.

Regarding the upstream flow, it is assumed that the downstream flow is rotated at angular velocity
ω while it is entirely axial. Taking into account the tangent flow behind the rotor, a factor defined as a′,
the tangential induction factor is introduced as follows:

a′ =
ω

2Ω
, (3)

where ω is the induced tangential angular velocity of the flow and Ω is the angular velocity of the
rotor, respectively.

The thrust force by the annular element can be expressed as follows, and the power produced
by the rotor, P is found to be the product of the annular elemental torque and the angular velocity,
described as follows:

dT = 4a(1− a) 1
2ρV22πrdr(a)

P =

∫ R
0 4a′(1−a)

2 ρV2πrdrΩr2(b)
. (4)

The dr is a blade element of length and r is a distance from the rotor axis, shown in Figure 1,
and the power coefficient, Cp, is given as follows.

Cp =
8
λ2

λ∫
λh

λr
3a′(1− a)

{
1−

(CD

CL

)
cotφ

}
dλr, (5)

where λ is the tip speed ratio, λh is the speed ratio at the hub radius, and λr is the speed radius at rotor
radius r.

λ = (ΩR/V), λh = (ΩRh/V), λr = (Ωr/V). (6)

Several research studies have considered the effects of tip losses [8]. Prandtl’s tip loss coefficient
(Ct) is shown below.

Ct =
2
π

cos−1

exp

−


(
B
2

)(
1− r

R

)
r
R sinφ



. (7)
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The power coefficient, Cp along with the tip loss coefficient of the blade can be determined as

Cp =
8
λ2

λ∫
λh

Ct sin2 φ(cosφ− λr sinφ)(sinφ+ λr cosφ)
{

1−
(CD

CL

)
cotφ

}
λr

2dλ. (8)

By looking at Equation (8), it is obvious that the torque and power depend on the angle of attack,
φ, which is determined by the inflow wind speed and the rotational speed of the turbine.

2.2. Aerodynamic Design

In the initial blade design phase, the design parameter, such as the diameter of the blade, Drotor,
rated speed, Ωblade,rated, and design tip speed ratio, λdesign, can be predicted by using Equations (9)–(11).

Drotor =

√
8Prated

ηCp,estimatedρπV3
rated

, (9)

Ωblade,rated =

( Vtip

Vrated wind speed

)
, (10)

λdesign =

(
ωR
Vin

)
. (11)

After determining the design parameters, the computation of the chord length and twist angle is
processed as follows [3].

(1) Compute the tip loss factor in Equation (7), (Ct)
(2) Calculation of the axial flow induction factor, aµ

aµ =
1
3
+

1
3

Ct + −
1
3

√
1−Ct + Ct2. (12)

(3) Check the convergence digit after iterative computations for Ct and aµ
(4) Obtain the tangential flow induction factor, a′µ

a′µ =
aµ

(
1−

aµ
Ct,µ

)
λ2

designµ2 . (13)

(5) Calculate the chord length, Cµ

cµ =
2π

NλdesignCL,tip f oil
µ2

4λ2
designµ

2a′µR

2
√
(1− aµ)

2 + (λ2
designµ(1 + a′µ))

2
. (14)

(6) Calculate the twist angle, θµ
θµ = φµ − αtip f oil. (15)

Through this procedure, the aerodynamic blade design for the wind turbine is completed, and its
power and efficiency are obtained based on BEMT.

2.3. Response Surface Method (RSM)

The RSM is an important statistical methodology for investigating the relationships between the
variables, which is to set-up an estimated specific relation between the design parameters and their
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responses. The main purpose of the RSM is to use a series of designed experiments to acquire a best
response. It is used to maximize the performance of a product by optimizing the operating elements.
Independent variables are assumed to be continuous and can be controlled by experiments with minor
errors. It is needed to find an appropriate assumption of the actual practical relationship between the
individual variables and the responses. Generally, the second-order RSM model is used as follows.

Y = β0 +
k∑

i = 1

(βixi) +
k−1∑

i = 1

k∑
j = 2

(βi jxix j)+
k∑

i = 1

(βiix2
i) + ε, (16)

where Y is the response value of the system, β0 is the regression coefficient intercept, βi are the linear
terms, βi j are the quadratic terms, and βii are the interaction terms. xi and x j are the coded independent
variables for the design parameters. In addition, k and ε are the number of the variables and the
statistical error, respectively.

y = Xβ+ ε, (17)
y1

y2
...

yn

 =


1 x11 x12 · · · x1k
1 x21 x22 · · · x2k
...

...
...

...
...

1 xn1 xn2 · · · xnk



β1

β2
...
βk

+

ε1

ε2
...
εk

. (18)

Using the least-squares method, Equations (17) and (18) are solved, and the equation coefficients
are computed. After obtaining the equation coefficients, the response is estimated by solving the
equations. In Section 2.2 and [2–4], the chord length and the twist angle distribution along the blade
are recognized as the most important design parameters for the blade efficiency, and research on the
optimal blade design is conducted by focusing on these two parameters using the RSM.

3. Optimal Design of the Blade

In order to achieve the highest power coefficient of the wind turbine, multivariate statistical
techniques are used in carrying out the optimization of the blade. For this, the second-order RSM
in a commercial software, Minitab 18 [20], is applied to the design of experiment (DOE) approach.
Moreover, GH Bladed [21] is used for the estimation of the blade efficiency (CP). GH Bladed is a
commercial code used for wind turbine design and certification based on the BEMT, and is commonly
used in the field of wind turbines.

With regard to optimal blade design, a flowchart of the present process is shown in Figure 2.
First, based on BEMT, the shape design of the blades, i.e., the aerodynamic design, is carried out as
a baseline blade. To check the adequacy of the aerodynamically designed blade, the blade will be
examined regarding whether it is applicable to an actual turbine based on various parameters such as
blade efficiency, power production, and trust force, obtained using GH Bladed. In this process, it is
important to identify the design variables that affect blade efficiency in the blade design procedure.
Next, using the identified design variables, the best combination of the design variables that can yield
the maximum blade efficiency will be obtained. In this paper and research [2–4], we identified that the
blade chord length and the built-in twist angle will be the most significant design variables, and the
design process to determine the optimal combination of those will be conducted. Meanwhile, as a first
step in the optimal design using the RSM, several calculation locations are chosen along the length of
the blade. In the case of a substantial change in the geometry of the blade, a significant amount of
computation is performed by placing the calculation locations more densely. For the computation of
the RSM, the ranges and levels of the variables for the chord length and built-in twist angle are assigned
for each calculation location. At each calculation location, various combinations of the chord length
and twist angle are presented using the RSM, and the blade efficiency will then be estimated by GH
Bladed based on those combinations. These computations are performed at each calculation location.
The chord length and the twist angle, determined by the optimal combination at each location [2–5],



Energies 2020, 13, 1639 6 of 23

finally represent the geometry of the blade as a result of the aerodynamic design. As the final step,
the blade efficiency, power production, and thrust forces are obtained using the optimal design blade
again. If the results are within the blade design objectives, the blade optimization will be completed.
However, if they do not match, the redesign will be performed by changing the design parameters.
In addition, using the optimized blades, the AEP will be predicted, and it will be found that the blade
optimization technique using the RSM introduced in this paper has a significant economic value,
as well as technical aspects.Energies 2020, 13, x FOR PEER REVIEW 7 of 23 

 

 
Figure 2. Schematic diagram of the present blade design optimization procedure. 

3.1. Initial Blade Design 

For designing the initial baseline blade, the airfoils and the information used in this paper are 
shown in Figure 3 and Table 1. Choosing the appropriate blade profile depends on blade performance, 
and more than one airfoil is applied according to the selected thickness distribution. For structural 
reasons, a thicker airfoil is typically used closer to the blade root, while a thinner airfoil is used along 
the tip area as it is distributed smoothly from the root to the tip. Krishnil et al. [10] had applied a 
single airfoil, which differs from the large commercial blades currently in use; in general, large blades 
have 5 to 7 airfoil applications. In this paper, six types of airfoils are used, including the NACA and 
DU series, and especially, NACA 64–618 is considered as an airfoil at the tip. The aerodynamic 
performance in terms of the Reynolds number at the blade tip region ( 5Re 4.5 10= × ) is obtained 
using the aerodynamic table generator (ATG) [22]. The ATG uses the aerodynamic database obtained 
by wind tunnel experiments, and revises the aerodynamic performance by considering the thickness 
distribution of adjacent airfoil shapes, change in the Reynolds number, and three-dimensional 
influence on a rotating blade by the aerodynamic performance re-assessment method [23] The lift 
and drag coefficients ( ,L DC C ) of various types of airfoil are applied to the airfoil section and predict 
the aerodynamic performance of the blades, which are functions of the angle of attack. 

Figure 2. Schematic diagram of the present blade design optimization procedure.

3.1. Initial Blade Design

For designing the initial baseline blade, the airfoils and the information used in this paper are
shown in Figure 3 and Table 1. Choosing the appropriate blade profile depends on blade performance,
and more than one airfoil is applied according to the selected thickness distribution. For structural
reasons, a thicker airfoil is typically used closer to the blade root, while a thinner airfoil is used along
the tip area as it is distributed smoothly from the root to the tip. Krishnil et al. [10] had applied a single
airfoil, which differs from the large commercial blades currently in use; in general, large blades have 5
to 7 airfoil applications. In this paper, six types of airfoils are used, including the NACA and DU series,
and especially, NACA 64–618 is considered as an airfoil at the tip. The aerodynamic performance
in terms of the Reynolds number at the blade tip region (Re = 4.5 × 105) is obtained using the
aerodynamic table generator (ATG) [22]. The ATG uses the aerodynamic database obtained by wind
tunnel experiments, and revises the aerodynamic performance by considering the thickness distribution
of adjacent airfoil shapes, change in the Reynolds number, and three-dimensional influence on a
rotating blade by the aerodynamic performance re-assessment method [23] The lift and drag coefficients
(CL, CD) of various types of airfoil are applied to the airfoil section and predict the aerodynamic
performance of the blades, which are functions of the angle of attack.
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Table 1. Airfoil distribution.

Airfoil Number Position [µ] Airfoil

1
0.0272 Cylinder

0.0928 Cylinder

2 0.1574 DU-401

3 0.2326 DU-350

4 0.3177 DU-300

5 0.4153 DU-250

6 0.5305 DU-212

7
0.6585 NACA64618

1.0000 NACA64618

In Section 2.2 and the equations described therein, the blade design starts by dividing the blade
into several elements, and assumes the initial axis induction factor and the initial tangential induction
factor at the specific blade element. Then, the angle of attack, blade efficiency, and thrust force of the
blade are calculated using BEMT. During this process, the governing equation is solved by repeatedly
updating the axial induction and tangential induction factors until it converges. These procedures will
also be repeated in the next elements, and the calculation will continue until all elements are completed.
There are many computational codes, such as Flex5 (ECN: Energy Research Centre of the Netherlands)
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and WT-Perf (NREL: National Renewable Energy Laboratory), based on this logic, and the program,
GH Bladed, is utilized in this work.

Through multiple iterations for maximum efficiency (CP) in the blade design, the chord length
and the twist angle distribution along the blade are recognized as the most important design factors for
the blade efficiency [2–5]. In the meantime, the chord length and the twist angle distribution along the
span-wise direction are obtained in Figure 4, which are 40.1 and 2.6 m, in length and chord, respectively.
Additionally, the aerodynamic performance (CP) distribution is shown in Figure 5 and has a 2 MW
rated power and 221.415 kN max thrust force. Even though that is a well-created blade based on BEMT,
it is a blade that requires an improvement in terms of efficiency, and the RSM is applied to optimize the
blade design.
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3.2. Objective Function

In the blade optimization design process, the objective function and constraint are established first.
The objective function is chosen to maximize the efficiency of the blade in order for increased energy
production. For that, the most fundamental target in the wind turbine blade optimal design is to obtain
the blade design at its highest possible CP values. The design variables are selected to be the chord
length and the twist angle distribution, by referring to many existing studies. As a constraint, when all
the designs are completed, the overall blade geometry should be designed smoothly. The above is
summarized as follows.

- Objective function: To maximize the efficiency (CP) of the blade
- Design variables: Chord length, twist angle (± 10% based on the calculation location)
- Constraints: Chord length and twist angle, not exceeding 2.5 m and 15◦, respectively

3.3. Design Parameter and Calculation Locations

In the blade design procedure, the most significant design parameters are identified as the chord
length and the twist angle distribution, as shown in studies 3 and 4. Therefore, considering the effects
of the two parameters on the wind blade performance, simultaneously, is required. For comparison
purposes of the optimization, the baseline blade is used as an initial design. Table 2 presents the
baseline blade geometry and calculation location. The blade is divided into 16 sections (17 locations),
and 14 locations, from 3 to 16, are regarded as optimization locations using the RSM, as shown in
Figure 6. The other locations (1, 2, and 17) are excluded as calculation locations because the optimization
effect will be minimal from an aerodynamic point of view. The optimal design is performed by placing
calculated optimization locations intensively from 40% to 90% span-wise location, which significantly
affects the blade efficiency. The ranges and levels of the variables are decided based on the adjacent
chord length and the twist angle for the calculation locations, as listed in Table 3. At the calculation
location, the values of the chord length and twist angle are determined to be + 10% for −1 and −10% for
+1, respectively. If this value is greater than 10%, the inconsistency may occur that the chord length and
twist angle at the calculation location do not smoothly connect with those determined at the adjacent
calculation location. In this case, considering the blade fabrication process using the infusion method,
the result is an impractical design.

Table 2. Baseline blade geometry and calculation location.

Calculation
Location

Geometry

Distance from r
Root (m) Chord Length (m) Twist Angle (◦)

1 0 2.1 15

2 1.399 2.209 15

3 6.747 2.600 15

4 7.987 2.527 14.487

5 10.469 2.382 13.023

6 11.755 2.306 12.264

7 14.327 2.156 10.746

8 15.852 2.066 9.845

9 18.903 1.888 8.046

10 20.345 1.804 7.195

11 23.229 1.635 5.492

12 25.660 1.493 4.640
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Table 2. Cont.

Calculation
Location

Geometry

Distance from r
Root (m) Chord Length (m) Twist Angle (◦)

13 28.091 1.350 3.789

14 33.950 1.007 1.738

15 37.640 0.791 0.445

16 39.280 0.695 0

17 40.100 0.010 0

Energies 2020, 13, x FOR PEER REVIEW 10 of 23 

 

is to obtain the blade design at its highest possible pC  values. The design variables are selected to 

be the chord length and the twist angle distribution, by referring to many existing studies. As a 
constraint, when all the designs are completed, the overall blade geometry should be designed 
smoothly. The above is summarized as follows. 

- Objective function: To maximize the efficiency ( pC ) of the blade 

- Design variables: Chord length, twist angle (± 10% based on the calculation location) 
- Constraints: Chord length and twist angle, not exceeding 2.5 m and 15°, respectively 

3.3. Design Parameter and Calculation Locations 

In the blade design procedure, the most significant design parameters are identified as the chord 
length and the twist angle distribution, as shown in studies 3 and 4. Therefore, considering the effects 
of the two parameters on the wind blade performance, simultaneously, is required. For comparison 
purposes of the optimization, the baseline blade is used as an initial design. Table 2 presents the 
baseline blade geometry and calculation location. The blade is divided into 16 sections (17 locations), 
and 14 locations, from 3 to 16, are regarded as optimization locations using the RSM, as shown in 
Figure 6. The other locations (1, 2, and 17) are excluded as calculation locations because the 
optimization effect will be minimal from an aerodynamic point of view. The optimal design is 
performed by placing calculated optimization locations intensively from 40% to 90% span-wise 
location, which significantly affects the blade efficiency. The ranges and levels of the variables are 
decided based on the adjacent chord length and the twist angle for the calculation locations, as listed 
in Table 3. At the calculation location, the values of the chord length and twist angle are determined 
to be + 10% for −1 and −10% for +1, respectively. If this value is greater than 10%, the inconsistency 
may occur that the chord length and twist angle at the calculation location do not smoothly connect 
with those determined at the adjacent calculation location. In this case, considering the blade 
fabrication process using the infusion method, the result is an impractical design. 

 
Figure 6. Calculation locations of the baseline blade for optimization. 

Table 2. Baseline blade geometry and calculation location. 

Calculation 
Location 

Geometry 
Distance from r 

Root (m) 
Chord Length (m) Twist Angle (°) 

1 0 2.1 15 
2 1.399 2.209 15 
3 6.747 2.600 15 
4 7.987 2.527 14.487 
5 10.469 2.382 13.023 
6 11.755 2.306 12.264 
7 14.327 2.156 10.746 
8 15.852 2.066 9.845 
9 18.903 1.888 8.046 

10 20.345 1.804 7.195 
11 23.229 1.635 5.492 

Figure 6. Calculation locations of the baseline blade for optimization.

Table 3. Ranges and levels of variables, chord length (m), and twist angle (◦).

Location 3 Location 4

Levels Levels

Variables −1 0 +1 −1 0 +1

Chord
Length 2.405 2.600 2.564 2.564 2.527 2.455

Twist Angle 15.000 15.000 14.743 14.743 14.487 13.755

Location 5 Location 6

Levels Levels

Variables −1 0 −1 0 −1 0

Chord
Length 2.455 2.382 2.455 2.382 2.455 2.382

Twist Angle 13.755 13.022 13.755 13.022 13.755 13.022

Location 7 Location 8

Levels Levels

Variables −1 0 +1 −1 0 +1

Chord
Length 2.231 2.156 2.112 2.112 2.067 1.978

Twist Angle 11.505 10.746 10.296 10.296 9.846 8.946

Location 9 Location 10

Levels Levels

Variables −1 0 −1 0 −1 0

Chord
Length 1.978 1.889 1.978 1.889 1.978 1.889

Twist Angle 8.946 8.046 8.946 8.046 8.946 8.046
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Table 3. Cont.

Location 11 Location 12

Levels Levels

Variables −1 0 +1 −1 0 +1

Chord
Length 1.719 1.635 1.564 1.564 1.493 1.421

Twist Angle 6.343 5.492 5.066 5.066 4.640 4.215

Location 13 Location14

Levels Levels

Variables −1 0 −1 0 −1 0

Chord
Length 1.421 1.350 1.421 1.350 1.421 1.350

Twist Angle 4.215 3.789 4.215 3.789 4.215 3.789

Location 15 Location 16

Levels Levels

Variables −1 0 +1 −1 0 +1

Chord
Length 0.899 0.791 0.767 0.767 0.743 0.719

Twist Angle 1.092 0.445 0.302 0.302 0.158 0.079

3.4. Calculation Procedure

Thirteen simulations with different design parameters are conducted for each calculation location,
from 3 to 16, and only calculation location 3 is shown as a sample in Table 4. The 9th–13th simulations
are the central experiments, which are used to guarantee a reliable prediction. In it, an estimation of the
relationship between the design variables and output responses is attempted by using the experimental
design method with the RSM and the GH Bladed results. The two main factors are determined as
design variables, and the case of various combinations of these variables will be obtained. The first
factor is the chord length and the second factor is the twist angle. The last column shows CP values by
GH Bladed for each sample at multiple parameters. It is most important to find the best combination
of the two variables, chord length and twist angle. The RSM calculation finds the number of optimal
combinations of these two variables as “Variables” in 13 cases; the efficiency CP at this time is expressed
as "Response" through BEMT calculation in Table 4. Then, it chooses a case that indicates the maximum
efficiency (Cp). The chord length and twist angle values are selected as geometries for the location
and are reflected in the final design. These computations are performed for each calculation location,
and 13 computations per location are performed, and thus, a total of 182 (13 × 14 = 182) calculations
are performed.

Table 4. Design of the parameters for calculation location 3.

Run
Variables Response

Chord Length (m) Twist Angle (◦) Efficiency (CP)

1 2.597 14.872 0.449

2 2.484 15.054 0.448

3 2.405 15.000 0.448

4 2.484 14.690 0.448

5 2.564 14.743 0.449
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Table 4. Cont.

Run
Variables Response

Chord Length (m) Twist Angle (◦) Efficiency (CP)

6 2.405 14.743 0.448

7 2.372 14.872 0.448

8 2.564 15.000 0.449

9 2.484 14.872 0.449

10 2.484 14.872 0.449

11 2.484 14.872 0.449

12 2.484 14.872 0.449

13 2.484 14.872 0.449

4. Results and Discussions

In this paper, the RSM used a mathematical formulation to find combinations that could represent
the best blade efficiency using two independent variables. The blade is divided into 17 locations,
and 14 locations are regarded as optimization locations.

4.1. Surface and Contour Plot

Surface plots, which are a pairwise relationship between the chord length, twist angle, and CP

values, are shown in Figure 7. In this diagram, at location 3, an optimum efficiency is achieved at 2.6
m chord length and 14.9◦ twist angle, at which the maximum CP will become 0.448. This diagram
demonstrates the positive effects of increasing the chord length on the value of CP, whereas the
changes in the twist angle do not have such effect. It is estimated that increasing the chord length to a
specific twist angle value, approximately 15◦, will also increase the efficiency. In consideration of this,
the design should focus on the changes in the chord length rather than the twist angle near the blade
root. However, other locations, such as locations 4 through 15, have different tendencies. This diagram
shows an inverse relationship between these two parameters. If the chord length increases and the
twist angle decreases to a certain point, CP will show an increased tendency.

Energies 2020, 13, x FOR PEER REVIEW 12 of 23 

 

PC  at this time is expressed as "Response" through BEMT calculation in Table 4. Then, it chooses a 
case that indicates the maximum efficiency (Cp). The chord length and twist angle values are selected 
as geometries for the location and are reflected in the final design. These computations are performed 
for each calculation location, and 13 computations per location are performed, and thus, a total of 182 
(13× 14 = 182) calculations are performed. 

Table 4. Design of the parameters for calculation location 3. 

Run 
Variables Response 

Chord Length (m) Twist Angle (°) Efficiency ( PC ) 

1 2.597 14.872 0.449 
2 2.484 15.054 0.448 
3 2.405 15.000 0.448 
4 2.484 14.690 0.448 
5 2.564 14.743 0.449 
6 2.405 14.743 0.448 
7 2.372 14.872 0.448 
8 2.564 15.000 0.449 
9 2.484 14.872 0.449 

10 2.484 14.872 0.449 
11 2.484 14.872 0.449 
12 2.484 14.872 0.449 
13 2.484 14.872 0.449 

4. Results and Discussions 

In this paper, the RSM used a mathematical formulation to find combinations that could 
represent the best blade efficiency using two independent variables. The blade is divided into 17 
locations, and 14 locations are regarded as optimization locations. 

4.1. Surface and Contour Plot 

Surface plots, which are a pairwise relationship between the chord length, twist angle, and PC  
values, are shown in Figure 7. In this diagram, at location 3, an optimum efficiency is achieved at 2.6 
m chord length and 14.9° twist angle, at which the maximum PC  will become 0.448. This diagram 
demonstrates the positive effects of increasing the chord length on the value of PC , whereas the 
changes in the twist angle do not have such effect. It is estimated that increasing the chord length to 
a specific twist angle value, approximately 15°, will also increase the efficiency. In consideration of 
this, the design should focus on the changes in the chord length rather than the twist angle near the 
blade root. However, other locations, such as locations 4 through 15, have different tendencies. This 
diagram shows an inverse relationship between these two parameters. If the chord length increases 
and the twist angle decreases to a certain point, PC  will show an increased tendency. 

  
(a) Location 3 (b) Location 4 

Figure 7. Cont.



Energies 2020, 13, 1639 13 of 23

Energies 2020, 13, x FOR PEER REVIEW 13 of 23 

 

  
(c) Location 5 (d) Location 6 

  
(e) Location 7 (f) Location 8 

  
(g) Location 9 (h) Location 10 

  
(i) Location 11 (j) Location 12 

  
(k) Location 13 (l) Location 14 

Figure 7. Cont.



Energies 2020, 13, 1639 14 of 23

Energies 2020, 13, x FOR PEER REVIEW 14 of 23 

 

  
(m) Location 15 (n) Location 16 

Figure 7. Surface plots of PC  in terms of chord length and twist angle. (a) Location 3. (b) Location 4. 

(c) Location 5. (d) Location 6. (e) Location 7. (f) Location 8. (g) Location 9. (h) Location 10. (i) Location 
11. (j) Location 12. (k) Location 13. (l) Location 14. (m) Location 15. (n) Location 16. 
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The correlation between the CP values is shown in terms of the chord length and twist angle in
Figure 8 as contour plots. In this diagram, it is straightforward to verify the relationship among the
design parameters. At the calculation locations from 4 to 16, the dark color, which means a larger CP

value, is mostly located on the left and top. This indicates increasing size of the chord length, while
taking the twist angle smaller, rather than increasing the value of the twist angle. Based on these trends
in the contour plot, proceeding with the blade optimization design is found to be appropriate.
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4.2. Blade Optimization Results

The optimization results for each calculation location are listed in Table 5. The optimum chord and
twist derived from the present RSM at each calculation location are applied to estimate CP. CP at each
location shown in Table 5 is the resulting value of CP of the blade when the optimal design is obtained
only at the respective location. Therefore, the combination of the optimal design by all the calculation
locations, i.e., the final optimal blade design result, shows a further increased value of CP, as shown in
Figures 9 and 10. In the case of the locations from 7 (14.327 m from the root, 36% of the blade length) to
14 (33.95 m from the root, 85% of the blade length), although optimized only at the respective locations,
the overall efficiency is found to exceed 0.45. This means that most of the blade efficiency is rather
influenced by that area, a length of approximately 40% to 90% from the root [24]. Thus, for the blade
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optimization, it will be effective to concentrate on the part that is responsible for most of the efficiencies
and power of the blade, and then perform the optimal design. The optimized combinations of the
calculation locations, from locations 3 to 16, are listed as the results of the optimum blade design in
Table 6. It shows the geometric comparison between the initial blade and the optimum blade with
respect to the chord length and the twist angle. The chord length is increased by approximately 5% as
compared to that of the baseline blade. However, the built-in twist angle is decreased dramatically,
specifically 69% at 37.64 m of the blade. As shown in Figures 7 and 8, the present optimization
progresses in the direction of increasing chord length and decreasing twist angle.

Table 5. Optimized results for each calculation location.

Calculation
Location

Results

Chord Length (m) Twist Angle (◦) Efficiency (CP)

3 2.597 14.690 0.449

4 2.586 13.550 0.449

5 2.478 12.413 0.449

6 2.368 11.269 0.449

7 2.257 10.045 0.450

8 2.139 8.666 0.451

9 2.005 7.346 0.451

10 1.872 6.079 0.451

11 1.752 4.801 0.452

12 1.593 4.038 0.450

13 1.433 2.463 0.453

14 1.073 0.745 0.452

15 0.740 0.138 0.449

16 0.711 0.033 0.449

Table 6. Geometric comparison.

Distance from
Root (m)

Baseline Blade Optimum Blade Comparison (%)

Chord
Length (m)

Twist
Angle (◦)

Chord
Length (m)

Twist
Angle (◦)

Chord
Length Twist Angle

0 2.100 15.000 2.100 15.000 - -

1.399 2.209 15.000 2.209 15.000 - -

6.747 2.600 15.000 2.597 14.690 −0.1 −2.1

7.987 2.527 14.487 2.586 13.550 2.3 −6.5

10.469 2.382 13.023 2.478 12.413 4.0 −4.7

11.755 2.307 12.264 2.368 11.270 2.6 −8.1

14.327 2.156 10.746 2.256 10.046 4.6 −6.5

15.852 2.067 9.846 2.139 8.666 3.5 −12.0

18.903 1.888 8.046 2.005 7.346 6.2 −8.7

20.345 1.804 7.195 1.872 6.079 3.8 −15.5

23.229 1.635 5.492 1.752 4.801 7.1 −12.6

25.660 1.493 4.640 1.593 4.038 6.7 −13.0
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Table 6. Cont.

Distance from
Root (m)

Baseline Blade Optimum Blade Comparison (%)

Chord
Length (m)

Twist
Angle (◦)

Chord
Length (m)

Twist
Angle (◦)

Chord
Length Twist Angle

28.091 1.350 3.790 1.434 2.463 6.2 −35.0

33.950 1.007 1.738 1.073 0.745 6.5 −57.1

37.640 0.791 0.445 0.740 0.138 −6.5 −68.9

39.280 0.695 0.000 0.711 0.033 2.3 -

40.100 0.010 0.000 0.010 0.000 - -
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Additionally, in the optimal blade design results, the chord length and the twist angle distribution
along the span-wise direction are shown in Figure 9. The chord length is thicker than the baseline
blade. It is found that the twist angle is reduced considerably. By looking at the results of the optimal
chord length and the twist angle, comparison of the efficiency (CP) is shown in Figure 10. In Table 7,
the optimized blade performance is significantly improved, of which the efficiency (CP) is significantly
increased, approximately 8.7%, from 0.4487 to 0.4876. In agreement with the efficiency, the thrust force
is also increased in Figure 11. However, most of the wind turbines have a pitch control system for
optimal operation of the blade and to reduce the thrust force imposed by the wind load. The advantage
of the optimal design is found to be greater than the loss due to the increase in the blade thrust force.
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Table 7. Results comparison.

Baseline Blade Optimum Blade Improvement

Rated Power 2 MW 2 MW -

Rated Wind speed 12.5 m/s 12.0 m/s −4.00%

Efficiency (CP) 0.4487 0.4876 +8.67%

Annual energy
production (AEP) 4665 MWh/y 4975 MWh/y +6.65%
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Finally, the power curve comparison between the two blades is shown in Figure 12. The rated
wind speed of the optimized blade is changed from 12.5 to 12.0 m/s, which is the rated wind speed
shifted to the left at 4%. This indicates that the rated power of 2 MW occurs at a lower wind speed,
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which indicates an AEP increase. Two megawatts is the maximum energy produced in the optimum
condition for the wind turbine. The turbine with a lower rated wind velocity means that 2 MW of
electricity can be produced at a relatively low speed, as compared to a high rated wind speed turbine.
This represents a highly desirable design for the turbines. As an optimal power is generated at relatively
low wind speeds, it is possible to have more energy production and, therefore, an increased efficiency.Energies 2020, 13, x FOR PEER REVIEW 19 of 23 
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5. Improvements in AEP

In this section, the annual energy production (AEP) is calculated, and the results are compared
between the baseline blade and the optimal designed blade when installed in a specific area, Jeju Island,
South Korea (N33.5, E126.8). For this, WAsP 11 [25], a commercial software for the wind turbine and
the site data analysis, is used. Meanwhile, information on the probability distribution of the wind and
the wind speed for each direction required for this calculation are shown in Figure 13.

In the case of the blade used in this calculation, a blade capable of generating a rated power
of 2 MW/h, when the wind velocity is greater than the rated wind speed (12 or 12.5 m/s) only,
is 17,520 MWh/y, theoretically. However, as shown in Figure 13, when considering the wind probability
distribution and the wind direction according to the wind speed, the actual output amount of the
electricity is only about 20% of the maximum output due to a low wind velocity distribution. Therefore,
the design of a blade with a rated speed at a low speed that can produce a rated output early is of
paramount importance. The rated wind speed of the optimized blade moves to the left compared to
the baseline blade. This suggests that a rated wind speed of 2 MW occurs at lower wind speeds, which
means an increase in the AEP. This difference is especially significant in the lower wind speed regions.
The turbines with lower rated wind speeds may produce 2 MW of electricity at lower wind speeds.
The optimum power is generated at relatively low wind speeds, allowing for more energy production,
which can improve efficiency.

The AEP is calculated by WAsP 11 as 4665 and 4975 MWh/y for the baseline blade and the optimal
designed blade, respectively, and summarized in Table 7. With an increase of approximately 6.65% in
terms of the AEP, the average durability of a wind turbine is 20 years or longer, which has a significant
economic value in terms of energy production. Considering these results, the optimum design of
the blade is an essential procedure in wind turbine design, and the present design scheme, which
considers multiple design parameters using the RSM, is a meritorious method.
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6. Conclusions 

This paper proposes an improved blade design scheme that considers multiple design 
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economic improvement resulting from the technological improvements. 

For an optimal design of the blades in the wind turbine, various approaches were introduced by 
many researchers, but there were disadvantages that were relatively complex and accompanied by a 
significant amount of calculations. Contrary to those constraints, the present RSM method is capable 
of an efficient blade design optimization. Additionally, this design method provides faster and more 
accurate access to blade design and evaluation, which enables wind turbine blade designers to obtain 
efficient and reliable designs from various design parameters. In the future, as an extension of this 
paper, CFD analysis will be used to provide further improvement regarding the three-dimensional 
flow effects around the wind turbine blade, which may not be fully captured by the present BEM 
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6. Conclusions

This paper proposes an improved blade design scheme that considers multiple design parameters,
such as the chord length and twist angles along the blades, for an optimal design of the wind blades
by using the second-order RSM. In this study, the blade efficiency, rated power, and thrust force are
calculated based on BEMT. For comparison of the proposed design optimization, an initial baseline
blade is designed and optimized using the RSM. Even though the baseline blade is well-designed
based on BEMT, with appropriate chord length and twist angle distribution, it is a blade that requires
improvement in terms of efficiency. Through the proposed optimization methodology using the RSM,
the blade efficiency increases by 8.7% and the rated wind speed also improves by 4% from 12.5 to
12 m/s. In addition, because of these results, the annual energy production (AEP) shows an increase of
approximately 7%. It is observed that this is the result of an economic improvement resulting from the
technological improvements.

For an optimal design of the blades in the wind turbine, various approaches were introduced by
many researchers, but there were disadvantages that were relatively complex and accompanied by a
significant amount of calculations. Contrary to those constraints, the present RSM method is capable
of an efficient blade design optimization. Additionally, this design method provides faster and more
accurate access to blade design and evaluation, which enables wind turbine blade designers to obtain
efficient and reliable designs from various design parameters. In the future, as an extension of this
paper, CFD analysis will be used to provide further improvement regarding the three-dimensional flow
effects around the wind turbine blade, which may not be fully captured by the present BEM method.
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Nomenclature

AEP Annual Energy Production
ATG Aerodynamic Table Generator
BEMT Blade Element Momentum Theory
CFD Computational Fluid Dynamics
DOE Design of Experiment
ECN Energy Research Centre of the Netherlands
NREL National Renewable Energy Laboratory
RSM Response Surface Methodology
WAsP Wind Atlas Analysis and Application Program
CD Drag coefficient
CL Lift coefficient
CP Power coefficient
Ct Tip loss factor
Dhub Hub diameter
Drotor Rotor diameter
N Number of blade
Prated Rated power
Q Torque
Rblade Radius
Reµ Reynolds number
T Thrust force
aµ Axial flow induction factor
a′µ Tangential flow induction factor
aT Critical axial induction factor
cµ Chord length
fµ Tip loss factor
αtip f oil Angle of attack at tip airfoil
θlimit Upper limit of twist angle
θµ Twist angle
λdesign Design tip speed ratio
φµ Inflow angle
Ωblade,min Minimum blade rotational speed
Ωblade,max Maximum blade rotational speed
Ωblade,rated Rated rotating speed of blade
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