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The aerodynamic efficiency of a wind turbine is reliant on the design of its blades. To maximize wind
energy conversion, the turbine blades must be positioned at the optimal angle to face the oncoming
wind throughout their length. This is achieved through blade twisting. However, while increasing the
twist angle can enhance power output, it may compromise structural integrity. This paper presents the
optimization process for the twisting angle of a horizontal axis wind turbine (HAWT) model, focusing
on structural integrity and power output. An iterative design-based optimization approach, utilizing
Finite Element modeling under static load, is employed to ensure structural strength. A direct analysis
method is employed to optimize the twisting angle for power output. The NACA 2412 airfoil is se-
lected for blade design using SolidWorks. Structural analysis of various twisted HAWT blade models
is conducted in ANSYS Mechanical and QBlade software. The twisting angle derived from structural
analysis is then compared with the twisting angle obtained from power output analysis to determine the
final twisted model that meets both criteria.

© SEECMAR | All rights reserved

1. Introduction.

A wind turbine blade is a crucial component in the energy
production process, as it efficiently converts the kinetic energy
of wind into useful power through its rotating blades. Ensuring
maximum aerodynamic efficiency is key, and this is influenced
by the structural integrity of the rotor blades and their ability to
harness the maximum wind energy [1, 2].

To ensure the structural integrity of Horizontal Axis Wind
Turbine (HAWT) blades, it is important to guarantee a long and
maintenance-free life cycle, stiffness, fatigue resistance, and
high strength while maintaining an aerodynamically thin and
lightweight structure. While conventional materials like struc-
tural steel and other metals can meet some of these require-
ments, alternate materials such as Carbon and Glass fiber-based
composite structures have been identified in published works
[2, 3]. To harness wind energy efficiently, the turbine blade
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must meet the wind at the correct angle. As a result, HAWT
blades are designed to be twisted at certain angles, enabling
them to capture 5-10% more energy from the wind and to func-
tion efficiently in areas with lower wind speeds [4].

Hoque et al. conducted a comprehensive analysis of wind
turbine blades made from various composite materials, com-
paring their performance to traditional structural steel [3]. The
blades were designed using the NACA 2412 airfoil section with
no twisting angle, and structural analysis was performed using
FEA on six different materials. Additionally, nodal analysis
was carried out to identify maximum stress and deformation lo-
cations. The results indicated that Epoxy E-glass UD, Epoxy
S-Glass UD, and Epoxy Carbon UD (230 GPa) Prepreg were
significantly superior to the other materials tested.

Liu et al. investigated the optimization of wind turbine
blades for fixed-pitch fixed-speed (FPFS) horizontal-axis wind
turbine by linearizing the blade chord and twisting angle pro-
files [5]. This novel method aimed to maximize the annual en-
ergy production for a specific wind speed distribution. By com-
paring it with the preliminary blade design, it was found that
this method enhances the power performance while reducing
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the manufacturing cost and applicable for any new FPFS blade
design.

Alaskari et al. examined the influence of various design pa-
rameters on wind turbine blades using QBlade software, which
applies the blade element momentum method [6]. For their
study, they utilized the SG6043 airfoil, with the blades mea-
suring 1.17m in length [6]. The outcome showed that the op-
timized blade improved the performance of the blade and the
result from the software was of high accuracy and thus showed
the reliability and user friendliness of QBlade software in the
field of wind turbine blade.

Mendez and Greiner presented a method using genetic al-
gorithms to optimize the wind turbine blade chord and twisting
angle to maximize the power output for a specific Weibull wind
distribution [7]. The Blade Element Theory is employed and
validated against experimental data from the Risø test turbine.
The result showed improved performance at lower wind speed
but slightly worse performance at higher wind speed. However,
the optimized blade shows increased annual energy production
than the original blade.

The optimization process of twisting angles presents two
key challenges. The first challenge is to determine the opti-
mum twisting angle distribution of the blade. Given the nu-
merous combinations of twisting angles possible, an iterative
design approach is crucial. These twisted models are designed
using SolidWorks and analyzed using the Finite Element Anal-
ysis (FEA) package ANSYS Mechanical to find the optimum
model in terms of structural strength. The second challenge is
to determine the power output for different twisted models, ne-
cessitating a second iterative method. The designed models are
imported into QBlade software to analyze their power output
for different twisted models.

2. Blade Geometry.

The blade shape has been designed to align with previous
work [3]. Hoque et al. conducted an analysis of wind tur-
bine blades using various composite materials and employed
the NACA 2412 airfoil section for the design of a blade with
zero twist angle. Therefore, for this study, the primary blade
shape was developed based on the NACA 2412 airfoil section
[3]. The shape of the NACA 2412 airfoil section is illustrated
in Fig. 1.

Figure 1: NACA 2412 airfoil section.

Source: Authors.

The whole blade is designed with ten equally spaced NACA
profiles as shown in Fig. 2 for the implementation of twisting
angle. Fig. 3 represents the rendered model of the primary

blade design without twisting angle. All the required design
parameters are provided in Table 1.

Figure 2: Blade segmentation.

Source: Authors.

Figure 3: Primary blade model without twisting.

Source: Authors.

Table 1: Blade properties [3].

Source: Authors.

3. Methodology.

The methodology of this work is divided into two process
flow. First process flow represents the determination of opti-
mum twisted model based on the structural integrity and the
second process flow represents the optimum twisted model based
on power output. Finally, both results are analyzed to find the
optimum model which serves both purposes. The process flow
of the work is shown in Fig. 4.
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Figure 4: Process flow of the work.

Source: Authors.

4. Results and Discussion.

4.1. Determination of Optimum Twist Angle Based on Struc-
tural Analysis.

The twist angle is the phase shift between root chord and
tip chord of the blade. Wind turbine blades are slightly twisted
from root to tip to generate maximum thrust using the wind.

4.1.1. Modeling Twisted Blade.
For modeling twisted blade SolidWorks is used. The whole

blade is divided into equally spaced 10 sections depicted in Fig.
5. Each cross section represents NACA 2412 airfoil shape.

Figure 5: Blade sectional divisions.

Source: Authors.

The total twist angle of a blade is defined by the difference
of twist angle between the root section and the tip section. To

give the blade a certain twist angle, each section is rotated grad-
ually. For example, if a blade with 10-degree twisting is to be
modeled, it is to be ensured that the angular difference between
root and tip section has to be 10-degree with the intermediate
sections having gradual rotation. In this study each section is
rotated manually to obtain various combinations of twist angles
in the designated blade. Fig. 6 shows the rotation of each indi-
vidual section. Combining the rotation of each airfoil section,
the combined sections are presented in Fig. 7.

Figure 6: Rotation of each section.

Source: Authors.

Figure 7: Total twisted sections.

Source: Authors.

After sectional rotation the whole blade is rendered, and the
model is now completed. Similarly, several models of different
twisting angles are modeled for further analysis. The twisted
blade model is shown in Fig. 8.

4.1.2. Load Application.
Hoque et al. performed a static analysis of wind turbine

blades made from various composite materials, demonstrating
their advantages over traditional structural steel [3]. Utilizing
the NACA 2412 airfoil section, they designed the blade with a
zero-twist angle and conducted structural analysis using FEM
[3]. Building on the findings from Hoque et al.’s previous work,
this study extends the analysis to include twisted blade models.

Loads are applied in the flap wise and edge wise direction.
The load equation is represented in the following section,
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Figure 8: Twisted blade model.

Source: Authors.

F = πxρxV2xD2 (1)

Here,
P = Density = 1.29 Kg/m3.
V =Wind speed = 10 m/s.
D = 30 m.
Applying Equation (1) with the given values, the resulting

load is calculated to be 364,554 N, or 364.6 kN.

4.1.3. Boundary Conditions.
The Hub of the blade is fixed. So, all six degrees of free-

dom are constrained here. Also, the displacement along X and
Z axes are also constrained for the blade and thus only trans-
latory motion is constrained in these directions. This condition
was implied so that the blade itself does not deform along the
direction of rotation and towards the center.

4.1.4. Meshing.
In this section, several twisted models are analyzed based

on previous boundary conditions and loading to determine to-
tal deformation and equivalent stress [3]. For each twist angle,
four models are analyzed, utilizing Carbon Epoxy UD, E-glass,
S-glass, and structural steel. Initially, meshing is performed for

each model. However, if the mesh quality is inadequate, the re-
sults will lack accuracy. A good quality mesh is characterized
by an aspect ratio below 5 for at least 90 percent of the total el-
ements. Table 2 shows the total number of elements and those
with an aspect ratio below 5, enabling the calculation of the
aspect ratio percentage. Fortunately, all the models with differ-
ent twist angles have good quality meshes. Fig. 9 illustrates a
fully meshed version of one of the twisted models, while Table
2 provides details on the total number of meshed elements for
various models at different twist angles.

Figure 9: Meshing.

Source: Authors.

Table 2: Total number of elements and aspect ratios for different
twisted models.

Source: Authors.

4.1.5. Analysis Results.

For each twisted model listed in Table 2, stress and defor-
mation are determined using ANSYS Mechanical. Each model
is analyzed for four different materials. The materials are se-
lected from a previous work performed by Hoque et al. [3].
These are Carbon Epoxy UD, E-glass, S-glass and structural
steel. Fig. 10 to Fig. 13 show the analysis conducted through
Ansys Mechanical to find the total deformation and equivalent
stress for 20-degree twisted model.
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Figure 10: Total deformation and equivalent stress of Epoxy
carbon UD for 20-degree twisted model.

Source: Authors.

Figure 11: Total deformation and equivalent stress of Structural
Steel for 20-degree twisted model.

Source: Authors.

Fig. 10 and Fig. 11 represent the ANSYS Mechanical in-
terface after conduction of the analysis on 20-degree twisted
HAWT blade model for Epoxy carbon UD and Structural steel.
In Fig. 10, the left analysis shows the total deformation, and
the right analysis shows the equivalent stress for the application
of static load. Similarly, Fig.11 represents the total deformation
and equivalent stress of the structural steel for the 20-degree
twisted model.

Figure 12: Total deformation and equivalent stress of Epoxy E-
glass UD for 20-degree twisted model.

Source: Authors.

Figure 13: Total deformation and equivalent stress of Epoxy S-
glass UD for 20-degree twisted model.

Source: Authors.

Similarly, Fig. 12 and Fig. 13 display the ANSYS Mechani-
cal interface after analyzing the 20-degree twisted HAWT blade

model for both Epoxy E-glass UD and Epoxy S-glass UD mate-
rials. In Fig. 12, the left image shows the total deformation, and
the right image shows the equivalent stress of Epoxy E-glass
UD under static load. Likewise, Fig. 13 illustrates the total de-
formation and equivalent stress for the 20-degree twisted model
made of Epoxy S-glass UD.

All the analysis results are summarized in Table 3 for better
comparison. Table 3 includes results for twisted models ranging
from 18 to 26 degrees. Below 18 degrees, the results are sig-
nificantly poor, and above 26 degrees, there is no considerable
improvement. Table 3 presents the stress and total deformation
values obtained from the analysis for each twisted model. Addi-
tionally, each model is analyzed using four different materials,
and all results are displayed for comparison purposes. Table 3
reveals that the deformation and stress values for all materials
follow a consistent trend. From a 10-degree twisted blade, both
deformation and stress decrease, reaching a minimum between
21.5 and 22 degrees, before rising again after a 24-degree twist.
For all materials, the minimum deformation and stress occur
between the 21.5 - and 22-degree twisted models.

Table 3: Structural analysis results of wind turbine blade made
of different materials.

Source: Authors.

Figure 14: Graphical representation of stress and deformation
of Structural Streel for various twisted wind turbine models.

Source: Authors.
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Figure 15: Graphical representation of stress and deformation
of Carbon Epoxy UD for various twisted wind turbine models.

Source: Authors.

Figure 16: Graphical representation of stress and deformation
of Epoxy E-glass UD for various twisted wind turbine models.

Source: Authors.

Figure 17: Graphical representation of stress and deformation
of Epoxy S-glass UD for various twisted wind turbine models.

Source: Authors.

Fig. 14 to Fig. 17 present the analysis results for four dif-
ferent materials, with the X-axis illustrating the impact of the
twisting angle on deformation and stress. All graphs exhibit a
consistent pattern, indicating that the lowest stress and defor-

mation occur at a twisting angle of 21.5 degrees, marked by
the black line in each plot. Therefore, for optimal structural
integrity, the ideal twisting angle for the wind turbine blade is
21.5 degrees. The final twisted model is depicted in Fig. 18.

Figure 18: 21.5 degree twisted model.

Source: Authors.

4.2. Determination of Optimum Twist Angle Based on Power
Output.

QBlade is a specialized software designed for comprehen-
sive analysis of wind turbines. The software utilizes mathe-
matical formulations based on the Blade Element Momentum
(BEM) method. During this phase of the analysis, previously
designed models with different twist angles are re-evaluated and
analyzed in QBlade to determine power output values [6].

4.2.1. Governing Equation.
Drag coefficient CD and lift coefficient CL are required to

calculate the drag force (D) and lift force (L) [8],

CD =
D

0.5ρAV2 (2)

CL =
L

0.5ρAV2 (3)

Where ρ represents the density of air, A represents the ef-
fective object area, and v represents the wind speed. The Power
Coefficient (CP) is the most crucial factor in selecting a wind
turbine. It is defined as the ratio of the actual power generated
(PT ) to the overall power of the wind. The wind passes through
the blades of a wind turbine when it reaches a specific wind
speed (P0) [8].

Pt

P0
=

1
4ρA(V2

1 − V2
2 )(V1 + V2)

0.5ρAV3
1

(4)

4.2.2. Airfoil Generation.
To find the power output the first step is to design the airfoil

section. A DAT file of NACA 2412 airfoil section is imported
on the QBlade for this purpose. Fig.19 shows the airfoil design
section in QBlade interface.
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Figure 19: Airfoil generation in QBlade software.

Source: Authors.

Once the appropriate airfoil for the blade has been chosen,
the simulation may commence. The XFOIL utilizes a polar
perspective to do a direct analysis, which is then employed to
establish a fresh analysis. Airfoils with low Reynold numbers
are anticipated to exhibit laminar flow. For this investigation,
a Reynolds number of 105 is employed. Fig. 20 depicts the
relationship between the variables CL, CD, and CL/CD as they
vary with the angle of attack.

Figure 20: CL, CD, and CL/CD vs. angle of attack.

Source: Authors.

4.2.3. Advance Blade Design.
This study involved the creation of ten segments of HAWT.

The chord was defined based on the taper ratio. Fig. 21 shows
the maximum thickness of the thread at the centerline, achieved
through advanced blade design. The twist angle values for the
developed blades were manually input based on the values ob-
tained from the previous analysis in section 5.1.

4.2.4. Analysis Results from QBlade Software.
To achieve the Blade Element Momentum Analysis (BEM),

rotor (BEM) simulation tab is selected. The resulting simula-
tion is for the power coefficient CP as shown in Fig. 22. The
other important output result such as the power and thrust are
recorded by switching to multiparameter BEM simulation. Fig.
23 shows the results for different values of wind speed.

Figure 21: Advanced blade design in QBlade software.

Source: Authors.

Figure 22: Power coefficient CP vs. tip speed.

Source: Authors.

Figure 23: Power and thrust output results from multiparameter
BEM simulation.

Source: Authors.
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The initial assumption of this study considers a wind speed
of 10 m/s. In Fig. 23, the dotted line indicated the power output
for a wind speed of 10 m/s.

In the same way this analysis is conducted for all the twisted
models and their power outputs for 10 m/s are recorded. The
power output at 10 m/s wind speed for several twisted models
are shown graphically in Fig. 24. The power output at 10 m/s
wind speed for different twist angles are highlighted in Table 4.

Table 4: Power output at 10 m/s wind speed for different twist
angles.

Source: Authors.

Figure 24: Power output for various twist angle.

Source: Authors.

Fig. 24 indicates that a greater twist angle in the blade en-
hances power generation. However, while increasing the twist
angle may seem beneficial initially for enhancing power output,
there are constraints to consider. The twist angle and the struc-
tural robustness of the blade exhibit an inverse relationship, ne-
cessitating careful consideration to avoid compromising struc-
tural integrity. The power curve reveals that power gains begin
to level off after reaching a twist angle of around 22 degrees,
suggesting this as a critical threshold. Beyond 22 degrees, the
incremental increase in power diminishes significantly. There-
fore, based on this analysis, the 22-degree twist model is chosen
as the optimal configuration for maximizing power output.

5. General Discussion.

The main goal of this study is to optimize the twisting angle
of HAWT blades. To achieve this, two separate iterative anal-
ysis processes were carried out. The first analysis focused on
finding the optimal twist angle for structural stability, resulting
in a twist angle of 21.5 degrees. The second analysis aimed
at determining the optimal twist angle for maximizing power
output, resulting in a twist angle of 22 degrees. Comparing the
two results, there is very little difference between the twisting
values (21.5 degrees and 22 degrees). The power output for the
21.5-degree twist angle is 29.8 KW, whereas for the 22-degree
twist angle, it is 30.4 KW.

If structural integrity is prioritized, the 21.5-degree twist an-
gle is the optimum choice, although there is a minimal decrease
in power output, (30.4-29.8) KW = 0.6 KW, which can be con-
sidered insignificant. On the other hand, if power output is pri-
oritized, the 22-degree twist angle serves the optimum purpose.
Graphical analysis from Fig. 14 to Fig. 17 also shows that for
the 22-degree twist angle, the increase in stress and deformation
is insignificant. Therefore, considering both aspects, an average
twist angle of 21.75 degrees can be considered for the optimum
choice.

By using SG6043 airfoil section in the analysis of wind tur-
bine blade via QBlade software, Alaskari et al. optimized a hor-
izontal axis wind turbine blade [6]. The chord and twist angle
were adjusted using software, resulting in a higher power coef-
ficient compared to the previous configuration. The final blade
length was reduced to 1.250 m, and the twist at the root chord
was set to 18.3°, which is in close proximity to the current twist
angle of 17.32°. However, the twist angle along the blade is
16.9°, lower than the twist angle mentioned in this reference [6].
This variability can be attributed to the utilization of various
blade cross-sections, such as NACA 2412 in this study, along
with potential differences in blade dimensions. Again, along
with these dissimilarities, the wind speed is different and ac-
cording to Capuzzi et al., the optimum twist angle increases as
a function of wind speed [9]. Moreover, in the current QBlade
usage, only the twist angle was selected to optimize whereas
the chord and blade length were kept constant. Despite these
differences, in both cases, the variation in twist angle has led to
an improvement in blade performance.

The current analysis is done for a constant wind speed which
is 10 m/s. Wang et al. optimized the chord and twist angle dis-
tributions by considering blades operating at different Reynold
Numbers [4]. The airfoil section chosen was S809 and a MAT-
LAB program was used to address this problem which means a
different airfoil section and different approach was used while
keeping the wind speed as variable [4]. The optimal blade de-
sign in this paper was chosen based on maximizing annual en-
ergy production. However, in this study, the selection was based
on minimizing stress and deformation as determined by AN-
SYS structural analysis, prioritizing structural integrity along-
side power output from QBlade software. The optimal twist an-
gle in prior research by Wang et al. was nearly 27° [4], exceed-
ing the twist angle selected for the current study. The current
analysis involved selecting a twist angle in QBlade software
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where power output plateaus; therefore, the maximum power is
achieved at a slightly larger twist angle, albeit at the expense
of increased stress and the need for additional reinforcement,
leading to higher manufacturing costs. Thus, in order to prior-
itize both structural strength and power output, the twist angle
selected for the current study is deemed to be optimal.

Another different way to optimize the blade is the lineariza-
tion approach which was used by Liu et al. [5]. To optimize
chord and twist angle profiles, the DU93W210 airfoil was used,
which differs from the airfoil utilized in this study. The best-
linearized blade, chosen for its maximum AEP, had a blade root
chord of 0.754 m and a blade root twist angle of 17.5°. In this
analysis, the optimal blade root twist angle was determined to
be 17.32°, while the chord length was significantly different at
1.651 m [5]. This disparity may be attributed to the utilization
of different airfoil sections. Nevertheless, both studies concur
that twist angle significantly influences blade performance, re-
gardless of the structural analysis method employed.

The study conducted by Hoque et al. compared the per-
formance of wind turbine blades using various composite ma-
terials, highlighting their advantages over traditional structural
steel materials [3]. The NACA 2412 airfoil section was utilized,
and the blade featured a zero-degree twist angle. Furthermore,
nodal analysis was performed for each material to pinpoint the
areas of highest stress and deformation. The findings revealed
that Epoxy E-glass UD, Epoxy S-glass UD, and Epoxy Carbon
UD (230 GPa) surpassed other materials in performance. This
research extends the work of Hoque et al. by introducing blade
optimization, which holds greater practical significance com-
pared to employing a blade with zero-twist angle. Implement-
ing the same materials in a modified twisted blade resulted in
improved stress and deformation values, rendering them more
suitable for practical applications.

Conclusions.

This paper outlines the optimization of the twist angle for a
horizontal axis wind turbine (HAWT) blade utilizing a NACA
2412 profile. This study builds upon a previous investigation,
which focused on identifying suitable materials for ensuring ad-
equate structural strength in a simple HAWT model with a zero-
twist angle. The current study proposes an approach to twist
angle optimization that takes into account both the structural
integrity and power output of the wind turbine blade.

An iterative design process was carried out to generate more
practical models with twist angles ranging from 5 to 30 degrees.
Finite element analysis, conducted using ANSYS Mechanical
under static load, demonstrated that the model with a twist an-
gle of 21.5 degrees exhibited superior structural strength with
lower stress and deformation. The structural materials were se-
lected based on findings from the previous study [3]. Addition-
ally, an analysis in QBlade software was performed to deter-
mine the power output of each designed twisted model, taking
into consideration the airfoil profile of NACA 2412 and param-
eters such as the drag coefficient and lift coefficient. The power
output at a wind speed of 10 m/s was recorded and graphically

represented for all models, revealing that the 22-degree twisted
model yielded the optimal power output.

The results show that there is very little difference between
the twist angles of 21.5 degrees and 22 degrees. At a 21.5-
degree twist angle, the power output is 29.8 kW, whereas at a
22-degree twist angle, it is 30.4 kW. Considering structural in-
tegrity as a priority, the 21.5-degree twist angle is optimal, de-
spite a slight decrease in power output of 0.6 kW, which is neg-
ligible. However, if maximizing power output is the goal, then
the 22-degree twist angle is preferable. The analysis indicates
that the increase in stress and deformation at the 22-degree twist
angle is insignificant. Thus, taking both factors into account, an
average twist angle of 21.75 degrees is considered the optimal
choice.
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