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 In this work, a modified blade element momentum algorithm of low computational cost was written in MATLAB, 
to analyze the concept of swept blade horizontal axis wind turbine. The algorithm was validated by comparing 
the numerical predictions with results available in the literature. Different geometrical arrangements of 10-kW 
horizontal axis wind turbines with Göttingen airfoils (GOEs) with different maximum thickness and camber to 
chord ratios and tip sweep angles were designed and compared. The influence of maximum thickness and camber 
to chord ratios, as well as the blade tip sweep angle over the power generation, torque and thrust of horizontal 
axis wind turbines were evaluated. The torque and thrust distributions as well as the contributions of the different 
regions of the blades to power generation were also assessed. Results showed that high maximum thickness to 
chord ratio and moderate maximum chamber to chord ratio increase power generation. For horizontal axis wind 
turbines using GOE 413 airfoil with tip speed ratio (TSR) equal to 8, the tip sweep angle of 40° resulted in a power 
generation of 10,669.81 W and a thrust of 1,776.89 N, which are 6.16% higher and 31.32% lower than the straight 
blade case, respectively. Also, it was found that the thrust generated in the backward swept blade regions is lower 
than the cases of straight blade and forward swept blade. The results confirm the adequacy of backward sweep 
blades for horizontal axis wind turbine rotors for TSR equal to 8 at a wind velocity of 9 m/s, due to the power 
generation increase and thrust reduction. Also, the results confirm that backward swept blades are appropriate 
for high size rotors, due to the thrust reduction, which reduces the structural deformation. 

Keywords: swept blades, horizontal axis wind turbine, power coefficient, thickness/chord ratio, chamber/chord 
ratio, Göttingen airfoils 

 

INTRODUCTION 

The use of renewable energy sources is growing rapidly 
around the world, including wind energy. However, there is an 
increasing need for alternative energy sources to match 
traditional sources in terms of viability and financial return. In 
countries such as United States of America, the past research 
on wind energy generated positive economic returns (Wiser & 
Millstein, 2020). The cost of energy (CoE) from wind power has 
seen a huge drop, and it is cheaper than the energy generated 
in existing coal and gas plants (Gözcü et al., 2022). Global wind 
energy installed capacity showed a high growth in the past 
decades, from 18 GW in 2000, to 590 GW in 2019 (Dorrell & 
Lee, 2020). 

Ancient Egyptians were the first to use the wind power, to 
sail their boats, around 5000 B.C. After that, windmills were 
used in Iran to grind grains. Centuries later, the windmill basic 
concept was applied in the Netherlands (Khandakar & 

Kashem, 2020). The first electricity-generating wind turbine 
was created by James Blyth, in 1887 (Sharma et al., 2022). 

There are two main types of wind turbines: horizontal axis 
wind turbines (HAWTs) and vertical axis wind turbines 
(VAWTs). The rotation axis of a HAWT is parallel to the wind 
direction, while the rotation axis of a VAWT is perpendicular 
to the wind direction (Ahmad et al., 2020). For low wind 
velocities and disturbed or turbulent flows, VAWTs have 
advantages over HAWTs. Also, VAWTs can receive winds from 
any direction, and they produce less noise than HAWTs, which 
is ideal for urban areas (Johari et al., 2018). However, HAWTs 
are more efficient in wind energy conversion, and they are 
used for large power generation, as the 4.8 MW GE turbine (Liu 
et al., 2019). 

Small-medium-sized HAWTs are also being applied in 
urban and isolated rural areas. Between 2013 and 2018, the 
cumulative installed capacity of small HAWTs showed a 
growth of 50%, achieving 1,727 MW in 2018. Unlike large 
multi-MW HAWTs, designed to operate under optimal 
conditions, small HAWTs can be designed for operating in a 

https://www.ejosdr.com/
mailto:pedroaab@gmail.com
https://doi.org/10.29333/ejosdr/16053
https://orcid.org/0000-0001-7671-1384
https://orcid.org/0000-0003-3834-5269


2 / 18 Ismail & Baracat / European Journal of Sustainable Development Research, 9(2), em0282 

broad range of wind conditions, including low wind velocities, 
and present good start-up performances (Gözcü et al., 2022). 

The challenges for a good use of wind resources include the 
increase of the power coefficient (𝐶𝑝) of wind turbines. The 𝐶𝑝 
represents the overall efficiency of a wind turbine, which is the 
ratio between the output power and the total power associated 
to the wind (Hernández & Cabrera, 2018). According to Betz, 
the theoretical maximum 𝐶𝑝 that can be reached by any wind 
turbine is 16/27 ≅ 0.59 (Fadil et al., 2017). HAWTs present the 
highest 𝐶𝑝  values, compared to VAWTs. While HAWTs can 
reach a 𝐶𝑝  of 0.5, the maximum 𝐶𝑝  of VAWTs is around 0.4. 
HAWTs produce around 85% of total wind power generation 
(Redchyts et al., 2023), as most wind turbines in operation are 
of the horizontal axis type (Kamran, 2022). 

According to Fritz et al. (2024), wind turbine rotors with 
straight blades are becoming increasingly large, in the pursuit 
of reducing the levelized CoE. Consequently, wind turbine 
blades become more flexible, increasing the interaction 
between aerodynamic forces and structural deformations. 
Swept-bladed HAWTs, on the other hand, allows the increase 
of the blade length (to capture more power from the wind) 
without increasing the rotor radius, besides reducing 
aerodynamic noise. Despite the more complex geometry of 
swept-bladed HAWTs, it has a good potential for load 
alleviation (Li et al., 2022; Pavese et al., 2017) and for 
increasing the power generation and the 𝐶𝑝 , compared to 
HAWTs with straight blades (Larwood et al., 2014). However, 
more studies on this type of geometry are necessary for a 
complete characterization of its advantages (Kaya et al., 2018). 
Straight and swept-bladed HAWTs geometries are represented 
in Figure 1. For the swept-bladed HAWTs of Figure 1, the 
sweep angle starts in 0°, from the blade root until the tip. 

Gözcü et al. (2022) carried out dynamic investigations of 
100-kW straight-bladed and swept-bladed HAWTs, by 
performing modal analysis, dynamic load analysis and flutter 
analysis. Their results showed that passive load mechanisms 
(aeroelastic tailoring) can reduce the loads over the blades, 
without compromising performance. 

Sessarego et al. (2018) have analyzed the wake including 
complex inflow conditions (turbulent wind and extreme shear) 
of HAWTs’ blades with winglets and sweep through 
vortex-based codes and compared the effect of sweep and 
winglets to straight blades. They concluded that blades with 
sweep or winglets may present better performance, compared 
to their straight blade counterparts. 

Li et al. (2020) proposed a method for including curved 
bound vortex influence at HAWT’s blades. According to the 

authors, in order to calculate the load distribution along swept 
blades, it is necessary to evaluate the influence of the curved 
shape on the blade’s aerodynamics, especially for blades 
designed with aeroelastic tailoring (Scott et al., 2017). 

Veloso et al. (2023) investigated the effects of swept blades 
on the starting and operational performance of small HAWTs. 
They evaluated the influence of swept-blade angle over 
aerodynamic torque and thrust force, and the required wind 
velocity for starting a small HAWT. According to their results, 
swept blades may not reduce the thrust or increase the torque, 
depending on operation conditions. The authors stated that 
the thrust reduction and the torque increase caused by swept 
blades also depend on the airfoil used. 

Verelst and Larsen (2010) investigated 120 different swept 
blade configurations (forward and backward sweep). Their 
results for backward sweep showed lower blade root flap-wise 
fatigue and extreme loads, as well as reduced loading on shaft 
and tower. On the other hand, forward sweeps increased 
fatigue and extreme loads.  

Khalafallah et al. (2019) have analyzed the influence of 
winglets on the performance of swept-bladed HAWTs, through 
computational fluid dynamics (CFD) simulations. They 
concluded that winglets and sweep can increase power 
generation. The highest improvement in 𝐶𝑝  was of 4.39% at 
the design tip speed ratio (TSR) of 6. 

According to Larwood et al. (2014), the blade sweep 
permits increasing the rotor diameter to capture more power. 
They described a study of swept blade design parameters for 
750-kW HAWT. They also conducted a design study to 
implement a swept design on 1.5-MW, 3-MW, and 5-MW 
HAWTs, aiming a 5% increase in annual energy production 
over the straight blade, without increasing blade loads. This 
goal was achieved for the 1.5-MW and 3-MW HAWTs. Also, 
their results showed that loads and energy production were the 
most sensitive parameters to the tip sweep. 

Horcas et al. (2023) described different state-of-the-art 
computational aerodynamic models for the design stage of 
curved tip extensions of HAWTs: a blade-resolved navier 
stokes solver, a lifting line model, a vortex-based method 
coupling a near-wake model with a far-wake model, and two 
implementations of blade element momentum (BEM), with 
and without radial induction. All methods showed noticeable 
differences of thrust and power from CFD, for the baseline 
configuration. The methods showed similar results when 
assessing the impact of different tip shapes over the thrust. 
CFD showed different results when assessing the impact of 
different tip shapes over the power. BEM results were different 
from other methods when predicting the impact of different 
blade tip shapes over the blade sectional load. 

Fritz et al. (2022) proposed a correction model that enables 
the extension of BEM for swept blades. The proposed 
extension corrects the axial induction regarding the azimuthal 
displacement of the trailed vorticity system and the induction 
of the curved bound vortex on itself.  

Fritz et al. (2024) performed an experimental analysis of a 
HAWT with aft-swept blades using particle image velocimetry 
in a wind tunnel. Their results provide a comprehensive 
aerodynamics characterization of rotating swept blades in 
controlled conditions and can be used in the validation of 

 
Figure 1. Different HAWT geometries representations: (a) 
Straight bladed HAWT, (b) Forward swept bladed HAWT, & (c) 
Backward swept bladed HAWT (Source: Authors’ own 
elaboration) 
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higher-fidelity models, such as CFD, and lower-fidelity 
models, such as BEM. The blade sweep model applied in this 
study can be considered polynomial, since the swept blades are 
derived from a straight reference with a displacement as a 
function of the radial position and other parameters raised to 
the power of 2. Barlas et al. (2021) also performed wind tunnel 
analysis of a HAWT swept blade. They concluded that 
experimental and CFD results showed good agreement in 
terms of flow visualization and pressure distribution. 

Pholdee et al. (2023) presented an optimal design of swept 
blade for HAWTs using a hybrid surrogate-assisted optimizer. 
The goal was to maximize the ratio of the torque coefficient to 
the thrust coefficient of a HAWT at a wind velocity of 10 m/s. 
CFD was used for the aerodynamic analysis of the wind turbine 
blade. According to the authors, their proposed model of 
analysis is the most efficient for the sweep blade design 
problem. The optimal blade design improved the torque, 
thrust and the ratio of the torque coefficient to the thrust 
coefficient by approximately 31.0%, 18.7%, and 15% from the 
original design, respectively. 

From the momentum conservation and the actuator disk 
(AD) method, it is possible to optimize aspects of the geometry 
of HAWTs. In this work, the AD method and a modified BEM 
method for swept blades were used as a low computational cost 
algorithm in MATLAB. The lift (𝐶𝑙) and drag (𝐶𝑑) coefficients 
are possible inputs of this algorithm, and were provided from 
different sources, for comparison purposes. One source was 
the literature, from which tables of 𝐶𝑙 and 𝐶𝑑 were made to be 
read during the algorithm’s execution. The other source was 
an interface between the modified BEM code and XFoil (Drela, 
2013). 

The modified BEM code was used to optimize and analyze 
different concepts of swept-bladed 10-kW HAWTs and its 
correspondents straight-bladed HAWTs, with Göttingen 
airfoils, which are widely used for wind energy. The sweep 
angle at the blade root was kept at 0°, and different tip sweep 
angles were analyzed, to assess the influence of the airfoil 
maximum thickness (𝑡) and camber (𝑧), and the blades sweep 
geometry over the power and 𝐶𝑝 curves with TSR. Based on the 
literature revision, this is the first detailed study on those 
airfoils characteristics in swept-bladed HAWTs. Also, the 
contribution of different sectors of the blades to torque/power 
generation and thrust were analyzed through the torque 
distribution along the blades. 

The present work investigating wind energy methods to 
improve their production and provide more energy is in line 
with the objectives of the United Nations sustainable 
developments goals promoting clean and accessible energy 
(SDG7 affordable and clean energy). 

 The literature review shows little information on swept 
blade horizontal axis wind turbines especially in relation to 
performance parameters and experimental and numerical 
results. The main contribution of the present study is to 
provide a detailed numerical evaluation of the aerodynamic 
and performance parameters in comparison with straight 
blade wind turbines, besides showing that swept blades can 
increase torque, reduce axial thrust loads and aerodynamic 
noise making it suitable for urban applications on top of 
buildings and residential condominium. 

THEORETICAL ASPECTS 

Optimization of Straight-Bladed HAWT Geometry 

The AD theory assumes that the momentum rate of change 
of the flow within the stream-tube is equal to the momentum 
rate of change of the AD. The momentum rate of change is due 
to the pressure difference over the AD, as the stream-tube is 
surrounded by atmospheric pressure. From the AD theory, the 
power coefficient for straight-bladed HAWTs can be derived, 
as in Eq. (1) (Burton et al., 2001): 

 𝐶𝑝 =  
2𝑃

𝜌𝑉∞
3 𝜋𝑅2

. (1) 

In Eq. (1), 𝑃 is the wind turbine power, 𝜌 the air density, 𝑉∞ 
is the free stream velocity and 𝑅  is the rotor radius. In an 
optimum design, a maximum 𝐶𝑝  ( 𝐶𝑝,𝑚𝑎𝑥 ) is obtained. The 
terms of Eq. (1) can be rearranged, for the optimum radius 
calculation (with maximum 𝐶𝑝), which gives Eq. (2): 

 𝑅 =  √
2𝑃

𝜌𝑉∞
3 𝜋𝐶𝑝,𝑚𝑎𝑥

. (2) 

In Eq. (2), 𝑃 is the expected power and 𝑅 is the optimized 
rotor radius. From the BEM theory, 𝐶𝑝,𝑚𝑎𝑥 is given by Eq. (3) 
(Hansen, 2008): 

 𝐶𝑝,𝑚𝑎𝑥 = (1 −
1.386

𝐵
𝑠𝑖𝑛 

𝜙

2
)

2 16

27
(𝑒−0.35𝜆−1.29

−
𝐶𝑑

𝐶𝑙
𝜆). (3) 

In Eq. (3), 𝜆  is the tip speed ratio at the blade tip, as a 
function of dimensionless radius 𝑟/𝑅 (𝑟 is the local radius, or 
the blade element radius), 𝐵 is the number of blades and 𝜙 is 
the angle between the plane of rotation and the flow relative 
velocity, as a function of 𝜆, for the angle of attack (𝛼) that gives 
the maximum value of 𝐶𝑙/𝐶𝑑 (𝛼𝑜𝑝𝑡). The same values of 𝐶𝑙 and 
𝐶𝑑 are used in Eq. (3). 

The first step to optimize the blade’s geometry of a 
straight-bladed HAWT is to define an airfoil to be used in the 
blades, a TSR value and an expected output power. From the 
chosen airfoil, 𝐶𝑙, 𝐶𝑑, and 𝛼𝑜𝑝𝑡 for the maximum value of 𝐶𝑙/𝐶𝑑 
can be found and applied to Eq. (3) and Eq. (2), in that order. 

The chord 𝑐(𝑟)  and twist 𝜃(𝑟)  distributions can be 
optimized as well. From BEM theory, the axial induction factor 
(𝑎) and the tangential induction factor (𝑏) define the change in 
the flow velocity after crossing the AD. The optimum values of 
induction factors are 𝑎 = 1/3 and 𝑏 = 0. From those values, 
the equation for 𝜙 at each section of an ideal wind turbine is 
(Manwell et al., 2009): 

 𝜙 = 𝑡𝑎𝑛−1 (
2

3𝜆
). (4) 

From Eq. (4), the optimum twist distribution, 𝜃𝑜𝑝𝑡, can be 
derived: 

 𝜃𝑜𝑝𝑡 = 𝜙 − 𝛼𝑜𝑝𝑡. (5) 

The optimum chord distribution along the blade 𝑚 (𝑐) is 
given by Eq. (6) (Manwell et al., 2009): 
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 𝑐 =
8𝜋𝑟 𝑠𝑖𝑛𝜙

3𝐵𝐶𝑙𝜆
. (6) 

Since the resulting non-linear curves of twist and chord 
along the blade may be difficult to manufacture, they can be 
linearized at a certain distance from the hub. 

Optimization of Straight-Bladed HAWT Geometry 

The function that transforms the local radius 𝑟  of the 
straight-bladed geometry into the local radius 𝑟𝑗  of the 
swept-bladed geometry is defined in Eq. (7) (Gemaque et al., 
2022; Veloso et al., 2023): 

 𝑟𝑗 = 𝑅(𝑟𝑠,𝑗/𝑅)
𝛽𝑗+1

, (7) 

where 𝑟𝑠,𝑗  is the local radius in the blade element 𝑗  of the 
straight-bladed HAWT, 𝛽𝑗  is the local sweep angle in the blade 
element 𝑗, for a blade divided in 𝑁 elements, as given by Eq. (8) 
(Veloso et al., 2023): 

 𝛽𝑗 = 𝛽1 + (𝑗 − 1)(𝛽𝑁 − 𝛽1)/(𝑁 − 1). (8) 

The chord length in blade element 𝑗 (𝑐𝑗) is given by Eq. (9) 
(Veloso et al., 2023): 

 𝑐𝑗 = 𝑐𝑠,𝑗𝑐𝑜𝑠 (𝛽𝑗), (9) 

where 𝑐𝑠,𝑗  is the chord length in the blade element 𝑗  of the 
straight-bladed HAWT. Figure 2 shows the straight to swept 
blade conversion. 

Modified BEM Method to Swept-Bladed HAWTs 

In each blade element 𝑗  of a swept-bladed HAWT, the 
relation between the local angle of attack, 𝛼𝑗, the local twist 
angle, 𝜃𝑗  and the local angle between the plane of rotation and 
the relative wind velocity, 𝜙𝑗  is (Veloso et al., 2023): 

 𝜙𝑗 = 𝜃𝑗 + 𝛼𝑗. (10) 

The angle 𝜙𝑗  can be calculated with the axial induction 
factor for swept blade element 𝑗, 𝑎𝑗, the tangential induction 
factor for swept blade element 𝑗, 𝑏𝑗 , the angular velocity, 𝜔, 
the local radius, 𝑟𝑗 and the local sweep angle, 𝛽𝑗  (Veloso et al., 
2023): 

 𝜙𝑗 = 𝑡𝑎𝑛−1 [
(1−𝑎𝑗)𝑉∞

(1+𝑏𝑗)𝜔𝑟𝑗𝑐𝑜𝑠 (𝛽𝑗)
]. (11) 

The normal (𝐶𝑛,𝑗 ) and tangential (𝐶𝑡,𝑗 ) force coefficients, 
used in the convergence of the values of 𝑎𝑗  and 𝑏𝑗 , are, 
respectively (Gemaque et al., 2022; Veloso et al., 2023): 

 𝐶𝑛,𝑗 = [𝐶𝑙 𝑐𝑜𝑠(𝜙𝑗) + 𝐶𝑑 𝑠𝑖𝑛(𝜙𝑗)] 𝑐𝑜𝑠(𝛽𝑗). (12) 

 𝐶𝑡,𝑗 = [𝐶𝑙 𝑠𝑖𝑛(𝜙𝑗) − 𝐶𝑑 𝑐𝑜𝑠(𝜙𝑗)] 𝑐𝑜𝑠(𝛽𝑗). (13) 

The local relative wind velocity over the blade element 𝑗, 
𝑉𝑟,𝑗 , is calculated through Eq. (14) (Gemaque et al., 2022; 
Veloso et al., 2023): 

 𝑉𝑟,𝑗 = √[𝑉∞(1 − 𝑎𝑗)]
2

+ [𝜔𝑟𝑗𝑐𝑜𝑠 (𝛽𝑗)(1 + 𝑏)]
2
. (14) 

With the local relative wind velocity over the blade section, 
it is possible to calculate the local Reynolds number (𝑅𝑒), as in 
Eq. (15), in which 𝜇 is the dynamic viscosity of the air: 

 𝑅𝑒 =
𝜌𝑉𝑟,𝑗𝑐𝑗

𝜇
. (15) 

 

 𝑅𝑒 =
𝜌𝑉𝑟,𝑗𝑐𝑗

𝜇
 (15) 

Aerodynamic Losses, Thrust, and Torque Variations 

There are some models to compute aerodynamic losses. 
The Prandtl tip loss factor considers the finite 𝐵. In a similar 
way, the hub losses can be computed through Eq. (16), Eq. (17), 
and Eq. (18) (Baracat et al., 2019; Gemaque et al., 2022; 
Hansen, 2008): 

 𝑓ℎ =
𝐵(𝑟𝑗−𝑅ℎ𝑢𝑏)

2𝑟𝑗𝑠𝑖𝑛(𝜙𝑗)
. (16) 

 𝑓𝑡 =
𝐵(𝑅−𝑟𝑗)

2𝑟𝑗𝑠𝑖𝑛(𝜙𝑗)
. (17) 

 𝐹 = [(2/𝜋)𝑐𝑜𝑠−1(𝑒𝑓𝑡)][(2/𝜋)𝑐𝑜𝑠−1(𝑒𝑓ℎ)]. (18) 

In Eq. (16), 𝑓ℎ  is the hub loss factor and 𝑅ℎ𝑢𝑏  is the hub 
radius. In Eq. (17), 𝑓𝑡 is the tip loss factor. In Eq. (18), 𝐹 is the 
modified Prandtl’s correction. 

The thrust (𝑇) and torque (𝑄) are calculated considering the 
aerodynamic losses. The thrust variation, 𝑑𝑇/𝑑𝑟𝑗 , and the 
torque variation, 𝑑𝑄/𝑑𝑟𝑗 , can be calculated through Eq. (19) 
and Eq. (20), respectively (Kulunk & Yilmaz, 2009): 

 
𝑑𝑇

𝑑𝑟𝑗
=

1

2
𝐹𝜌𝑉𝑟,𝑗

2𝐵𝑐𝑗[𝐶𝑙 𝑐𝑜𝑠(𝜙𝑗) + 𝐶𝑑 𝑠𝑖𝑛(𝜙𝑗)]. (19) 

 
𝑑𝑄

𝑑𝑟𝑗
=

1

2
𝐹𝜌𝑉𝑟,𝑗

2𝐵𝑐𝑗𝑟𝑗[𝐶𝑙 𝑠𝑖𝑛(𝜙𝑗) − 𝐶𝑑 𝑐𝑜𝑠(𝜙𝑗)]. (20) 

Hansen (2008) also describes Glauert and Spera corrections 
for calculating 𝑎𝑗  and 𝑏𝑗 , for high values of 𝑎𝑗 , which were 
applied in the modified BEM code: 

𝑎𝑗 = {
(𝐾 + 1)−1, 𝑓𝑜𝑟 𝑎𝑗 ≤ 𝑎𝑐

1

2
[2 + 𝐾(1 − 2𝑎𝑐) − √[𝐾(1 − 2𝑎𝑐) + 2]2 + 4(𝐾𝑎𝑐

2 − 1)], 𝑓𝑜𝑟 𝑎𝑗 > 𝑎𝑐

. (21) 

 
Figure 2. Straight to swept blade transform: (a) Rotor 
geometry & (b) Blade geometry (Source: Authors’ own 
elaboration) 
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 𝑏𝑗 = {
4𝐹𝑠𝑖𝑛(𝜙𝑗)𝑐𝑜𝑠 (𝜙𝑗)

𝜎𝑗[𝐶𝑙 𝑠𝑖𝑛(𝜙𝑗)−𝐶𝑑 𝑐𝑜𝑠(𝜙𝑗)]
}

−1

, (22) 

where 𝑎𝑐 = 0.20, 𝜎𝑗  is the rotor local solidity of blade element 
𝑗, defined in Eq. (23) (Veloso et al., 2023), and 𝐾 is defined in 
Eq. (24) (Hansen, 2008): 

 𝜎𝑗 = 𝐵𝑐𝑗/(2𝜋𝑟𝑗). (23) 

 𝐾 =
4𝐹𝑠𝑖𝑛2(𝜙𝑗)

𝜎𝑗[𝐶𝑙 𝑐𝑜𝑠(𝜙𝑗)+𝐶𝑑 𝑠𝑖𝑛(𝜙𝑗)]
. (24) 

Power Generation and Power Coefficient 

From Eq. (20), the torque (𝑄) can be numerically calculated. 
The power generation (𝑃) can be numerically calculated from 
the relation of Eq. (25) (Hansen, 2008): 

 𝑑𝑃 = 𝜔. 𝑑𝑄. (25) 

The power generation can also be calculated by Eq. (26) 
(Hansen, 2008): 

 𝑃 = 2𝜌𝑉∞
3𝑎(1 − 𝑎)2𝜋𝑅2. (26) 

The available power (𝑃𝑓𝑙𝑜𝑤 ) in the cross section of the 
stream-tube with the same area as the AD is given by Eq. (27) 
(Hansen, 2008): 

 𝑃𝑓𝑙𝑜𝑤 = 0.5𝜌𝜋𝑅2𝑉∞
3. (27) 

With 𝑃𝑓𝑙𝑜𝑤  and 𝑃 , 𝐶𝑝  can be calculated, as in Eq. (28) 
(Hansen, 2008), which is the same as Eq. (1): 

 𝐶𝑝 = 𝑃/𝑃𝑓𝑙𝑜𝑤. (28) 

The combination of Eq. (26), Eq. (27), and Eq. (28) leads to 
another relation for calculating 𝐶𝑝 , as given by Eq. (29) 
(Hansen, 2008): 

 𝐶𝑝 = 4𝑎(1 − 𝑎)2. (29) 

METHODOLOGY 

Code Structure 

Figure 3 shows a diagram of the modified BEM code.  
After optimizing the rotor radius and the twist and chord 

distributions along the blade, the modified BEM algorithm was 
set up to run the simulations of the HAWTs. After reading the 
geometry, environment, HAWT project and simulation inputs 
parameters, the first process of the modified BEM code is the 
increment of TSR or free stream velocity (depending on the 
type of simulation). Under that process, there is the 
incremental subprocess that analyzes each blade element. 
Under the blade element analysis, there is the iterative 
subprocess of convergence of the 𝑎 and 𝑏. 

Important simulation parameters are the initial guesses, 
convergence criteria for the 𝑎 and 𝑏 and maximum number of 
convergence attempts. Usually, the initial guess for 𝑎 is 0 or 

0.33, which is the value that maximizes the power coefficient, 
and the initial guess for the 𝑏 is 0. However, those values are 
calibrated, to ensure realistic results. The convergence criteria 
are the maximum differences between the previous and new 
calculated induction factors, to consider that the process has 
converged. The maximum number of attempts of convergence 
of induction factors is also calibrated, to optimize the results 
and the processing time.  

Lift and Drag Coefficients Sources 

The lift and drag coefficients of the airfoil section, 𝐶𝑙 and 
𝐶𝑑 , are inputs of the code and are functions of the angle of 
attack and Reynolds number. The values of 𝐶𝑙 and 𝐶𝑑 for each 
angle of attack can be organized in tables. One table 
corresponds to a specific Reynolds number. Since several 
Reynolds numbers appear during one simulation, a set of 
tables is necessary, to cover as many Reynolds numbers as 
possible. One set of tables corresponds to a single airfoil. This 
leads to a high volume of data. 

An alternative solution to this problem is to use values of 
𝐶𝑙 and 𝐶𝑑 obtained with XFoil. One disadvantage is that XFoil 
often does not converge its results for high angles of attack. 

 
Figure 3. Modified BEM computational processes (Source: 
Authors’ own elaboration) 
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However, in a HAWT simulation, those angles are usually 
small. In order to use computational values of 𝐶𝑙  and 𝐶𝑑 , an 
interface between the modified BEM code and XFoil was 
created. Despite the increase of simulation times, with the 
interface between the code and XFoil, 𝐶𝑙  and 𝐶𝑑  are not 
required as input data from the user. 

Optimization and Straight-Bladed HAWTs Base 
Geometry and Dimensions 

Twelve 3-bladed 10-kW HAWTs were designed, with 
different Göttingen airfoils and the same dimensions, for 
comparison. Including the HAWT with NACA 4412 airfoil, each 
wind turbine geometry was optimized for 10 kW power, with 
linear twist and chord distributions, and a set of dimensions 
was chosen for all, in order to be simulated with the modified 
BEM algorithm. The airfoil profiles are: GOE 419, GOE 101, 
GOE 116, GOE 479, GOE 526, GOE 413, GOE 429, GOE 416A, 
GOE 693, GOE 480, GOE 446 and GOE 447.  

Table 1 shows the optimized dimensions for those airfoils, 
as well as for NACA 4412. The optimizations were made based 
on the available 𝐶𝑙  and 𝐶𝑑  tables. In the case of Göttingen 
airfoils, those tables were created with XFoil data. 

The twist and chord distributions of Table 1 were 
linearized at 80% of the radius distance from the hub. For all 
cases with Göttingen and NACA 4412 airfoils, the code was set 
to run a maximum of 100 convergence attempts for the 𝑎 and 
𝑏, with a convergence criterion of 0.01, and initial guesses of 
0.33 for 𝑎, and 0 for the 𝑏. Instead of providing air density and 
dynamic viscosity, ambient temperature of 25 °C, relative 
humidity of 50% and ambient pressure of 100 kPa were 
provided, for calculating air density and dynamic viscosity.  

The 𝐵 elements was set to 50, and the hub radius was 10% 
of the rotor radius. The rotor radius was chosen as 4.50 m, 
based on the optimization results. The code was also set to 
compute Prandtl losses at the hub and tip of the blades (Eq. 
[16], Eq. [17], and Eq. [18]), along the radius.  

Despite the option of incrementing the wind velocity value, 
simulations were carried out by incrementing the value of TSR, 
from 3 to 8, with a step value of 0.20. In order to analyze 
parameters that change with other variables, a fixed TSR of 6 
was chosen. One example is the curve of thrust with the 

distance from the hub or local radius (radius of the blade 
element), which needs a constant value of TSR. The fixed wind 
velocity value (free stream velocity) was 9 m/s. 

Since there is not enough information about 𝐶𝑙  and 𝐶𝑑 
values for Göttingen airfoils, the source of those coefficients 
was XFoil. Despite the convergence issue for high angles of 
attack, which may exist locally on a HAWT (Hansen, 2008), the 
angles of attack were monitored during the simulations, and 
curves of angle of attack with local radius were generated to 
assure that they are in the range of convergence of XFoil. In 
the simulations with Göttingen and NACA 4412 airfoils, the 𝐶𝑝 
accounted for the electromechanics efficiency of the HAWTs. 
Hence, the 𝐶𝑝  was equal to the electromechanics efficiency 
times the aerodynamic efficiency, which gives the HAWT 
global efficiency. Electromechanics efficiency was set to 90%. 
These parameters were applied to all simulations, except the 
validation’s studies, for which simulation parameters are 
described separately. 

Airfoil Maximum Thickness to Chord and Chamber to 
Chord Ratios 

Table 2 shows the maximum thickness to chord ratios 
( 𝑡/𝑐 ), maximum camber to chord ratios ( 𝑧/𝑐 ) and the 
percentages of the chord in which they are located, for the 
Göttingen airfoils. In Table 2, the airfoils GOE 419, GOE 101, 
GOE 116, GOE 479, GOE 526, and GOE 413 have different 
maximum thickness to chord ratios, and approximately the 
same maximum camber to chord ratios. The airfoils GOE 429, 
GOE 416A, GOE 693, GOE 480, GOE 446, and GOE 447 have 
different maximum chamber to chord ratios, and 
approximately the same maximum thickness to chord ratios. 
The influences of airfoil maximum thickness to chord and 
camber to chord ratios over the curves of power with TSR and 
thrust with radius were evaluated. Figure 4 shows the curves 
of maximum thickness to chord ratios (part a), and maximum 
camber to chord ratios (part b) of Table 2, for different 
Göttingen airfoils (AirfoilTools, 2024). 

Table 1. Optimized and applied geometries for each wind 
turbine 

Airfoil Radius 
Twist 
hub 

Twist 
tip 

Chord 
hub 

Chord 
tip 

Optimized, GOE 419 4.20 m 9.74o 1.05o 0.58 m 0.24 m 
Optimized, GOE 101 4.18 m 6.74o -1.95o 0.44 m 0.18 m 
Optimized, GOE 116 4.34 m 7.74o -0.95o 0.54 m 0.22 m 
Optimized, GOE 479 4.26 m 4.99o -3.70o 0.40 m 0.17 m 
Optimized, GOE 526 4.41 m 4.49o -4.20o 0.43 m 0.18 m 
Optimized, GOE 413 4.10 m 4.74o -3.95o 0.32 m 0.13 m 
Optimized, GOE 429 4.49 m 8.74o 0.05o 0.79 m 0.33 m 
Optimized, GOE 416A 4.27 m 7.74o -0.95o 0.57 m 0.23 m 
Optimized, GOE 693 4.25 m 5.74o -2.95o 0.41 m 0.17 m 
Optimized, GOE 480 3.91 m 9.74o 1.05o 0.42 m 0.17 m 
Optimized, GOE 446 3.90 m 12.00o 3.00o 0.43 m 0.17 m 
Optimized, GOE 447 3.89 m 10.74o 2.05o 0.36 m 0.15 m 
Optimized, NACA 4412 4.34 m 8.74o 0.05o 0.44 m 0.18 m 
Applied (all airfoils) 4.50 m 10.00o 0.00o 0.40 m 0.20 m 

 

Table 2. Maximum thickness and camber to chord ratios, and 
the percentage of the chord in which they are located, for 
Göttingen airfoils (Airfoil Tools, 2024) 

Airfoil Maximum thickness to 
chord ratio (𝒕/𝒄) 

Maximum chamber to 
chord ratio (𝒛/𝒄) 

GOE 419 5.3% at 30.0% chord 4.1% at 40.0% chord 
GOE 101 6.9% at 30.0% chord 4.0% at 30.0% chord 
GOE 116 9.3% at 39.8% chord 4.1% at 39.8% chord 
GOE 479 11.6% at 30.0% chord 4.0% at 40.0% chord 
GOE 526 12.3% at 29.7% chord 4.1% at 39.7% chord 
GOE 413 16.4% at 30.0% chord 4.6% at 40.0% chord 
GOE 429 11.4% at 30.0% chord 0.2% at 10.0% chord 
GOE 416A 11.7% at 29.5% chord 1.3% at 59.6% chord 
GOE 693 12.0% at 30.0% chord 3.6% at 40.0% chord 
GOE 480 11.8% at 30.0% chord 5.5% at 40.0% chord 
GOE 446 12.9% at 29.7% chord 6.3% at 39.7% chord 
GOE 447 12.7% at 29.7% chord 8.0% at 39.7% chord 
Note. GOE 419, GOE 101, GOE 116, GOE 479, GOE 526, and GOE 413 
airfoils have different maximum thickness to chord ratios, with 
approximately the same maximum chamber to chord ratios, GOE 429, 
GOE 416A, GOE 693, GOE 480, GOE 446, and GOE 447 have different 
maximum chamber to chord ratios, with approximately the same 
maximum thickness as chord ratios, & GOEs were chosen due to their 
traditional application in wind energy 
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HAWTs With Different Tip Sweep Angles 

In the study of the influence of the tip sweep angle over the 
power with TSR, torque with local radius and thrust with local 
radius curves, for the HAWTs with Göttingen airfoils, the start 
sweep angle (at the blade root) was kept at 0°, the start sweep 
point was the blade root, and the tip sweep angles were -40°, 
0°, and 40°. The tip sweep angle of 0° is equivalent to a straight 
blade. Negative tip sweep angles mean that the blade is 
forward swept, and positive tip sweep angles mean that the 
blade is backward swept. 

VALIDATION 

As two ways of running an analysis were implemented, one 
with providing 𝐶𝑙  and 𝐶𝑑  as input data, and the other using 
XFoil to obtain 𝐶𝑙  and 𝐶𝑑 , a comparative study can be done 
with results. For the NACA 4412, that is a popular airfoil 
(Gowda, 2019), there are more sources of experimental 𝐶𝑙 and 
𝐶𝑑  values, as well as JavaFoil (Hepperle, 2018), which is a 
software that can estimate those coefficients for National 
Advisory Committee for Aeronautics (NACA) airfoils. Hence, a 
set of 𝐶𝑙  and 𝐶𝑑  tables was created. Simulations for a 
straight-bladed HAWT with NACA 4412 airfoil were run, and 
results were compared. The rotor geometry and other 
parameters are the same as the HAWTs with Göttingen airfoils, 
and they are described together (Table 1). The 𝐶𝑝 curves with 
TSR are shown in Figure 5. 

Both curves have small differences in terms of low TSR 
values. Disregarding the initial TSR values, for which the first 
attempts of convergence of induction factors were made, the 
highest absolute difference is at 𝑇𝑆𝑅 = 8, in which 𝐶𝑝 = 0.42 
for XFoil, and 𝐶𝑝  =  0.47 for tables, which corresponds to a 
maximum difference of 10.64%. The results of Figure 5 show 
that it is possible to work with both sources of 𝐶𝑙 and 𝐶𝑑 (tables 
and XFoil), as long as a reasonable number of tables for 
different Reynolds numbers are used, with 𝐶𝑙  and 𝐶𝑑  for a 
sufficient range of angles of attack. However, it is 
recommended to compare results generated with the same 
type of source of 𝐶𝑙 and 𝐶𝑑.  

The first validation study was made through the 
comparison of results obtained with the present modified BEM 
code, and experimental results found in literature (Liu & 

Janajreh, 2012). The purpose of this validation was to assess 
the results of the regular BEM code for a straight-bladed 
HAWT, since it is the base for the swept-bladed HAWT code. 
The code was set to divide the blades into 50 elements, run a 
maximum of 100 convergence attempts for the induction 
factors, with a convergence criterion (absolute differences 
between current and last values) of 0.001 and initial guesses of 
0 for both induction factors. Tables of 𝐶𝑙 and 𝐶𝑑 were used as 
input data. It was applied to the NREL S809 airfoil, developed 
by the national renewable energy laboratory (NREL) (Somers, 
1997). The geometry of the wind turbine was reproduced as 
faithfully as possible, according to the description found in the 
literature, which is given with other parameters in Table 3 (Liu 
& Janajreh, 2012). The results of the first validation are shown 
in Figure 6. 

Between free stream velocities of 6 and 10 m/s, the results 
from the present BEM code were close to experimental results. 
Outside those limits, the errors increase. One reason is that it 
is not possible to reproduce the exact geometry of a real wind 
turbine in the BEM code, which assumes simplifying 
hypotheses for geometry. Hence, the geometries of 
experimental and simulated HAWTs are not completely the 
same. Another possible reason for errors is the limited set of 𝐶𝑙 
and 𝐶𝑑  values applied in the simulation. The maximum 
absolute variation is at 𝑉∞ = 10 𝑚/𝑠 , in which 𝐶𝑝 = 0.23  for 

 
Figure 4. GOEs geometries (AirfoilTools, 2024): (a) Maximum thickness to chord ratios & (b) Maximum camber to chord ratios 
(Source: Authors’ own elaboration) 

 
Figure 5. 𝐶𝑝 with TSR curves, for different sources of 𝐶𝑙 and 𝐶𝑑 
(NACA 4412 airfoil) (Source: Authors’ own elaboration) 
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the experimental curve, and 𝐶𝑝 = 0.19 for the BEM method, 
corresponding to a difference of 17.39%. In this case, the initial 
values of simulated wind velocities were excluded from the 
curve, which allowed the use of first shown values in the error 
measurement. 
 
 

A second validation study was made through the 
comparison of results of a different straight-bladed HAWT, 
with results found in literature (Kulunk & Yilmaz, 2009). As 
the first validation, the code was set to divide the blades into 
50 elements, run a maximum of 100 convergence attempts for 
the induction factors, with a convergence criterion of 0.01, and 
initial guesses of 0.33 for 𝑎, and 0 for the 𝑏. Tables of 𝐶𝑙 and 𝐶𝑑 
were used as input data. The geometry of the wind turbine was 
reproduced as faithfully as possible, according to the 
description found in the literature, which is given with other 
parameters in Table 4 (Bak et al., 1999). 

The results of the second validation are shown in Figure 7. 
The maximum absolute difference of experimental results and 
the results of this work occurred for 𝑉∞ = 9 𝑚/𝑠. At this point, 
the experimental study reported a power of 266 kW (Bak et al., 
1999), and the power obtained through BEM code was 241 kW, 
which corresponds to a difference of 9.40%. Once again, one of 
the reasons for the errors is the differences between the 
geometry of experimental HAWT and the geometry of 
simulated HAWT, with the simplifying hypotheses of BEM 
method. As in the first validation, another reason for the errors 
is the limited set of 𝐶𝑙 and 𝐶𝑑 values used. 

The differences in experimental and simulated results for 
both validations were expected due to the simplifying 
hypotheses for the HAWTs geometries and the limitations in 
input data. The hub shapes and the blade root connections 
with the hub were not considered. Also, the twist and chord 
distributions were linearized. In future work, the geometry 
level of detail can be improved, as well as more tables of 𝐶𝑙 and 
𝐶𝑑  tables can be applied to reduce errors. Considering that 
those differences are small and have reasonable explanations, 
the modified BEM code used in this work was validated.  

RESULTS AND DISCUSSION 

Airfoil Maximum Thickness to Chord Ratios 

Airfoil maximum thickness to chord ratios results were 
evaluated through the curves of power with TSR and thrust in 
blade element with local radius. The start sweep angle was 
kept at 0°, from the blade root. The evaluated tip sweep angles 
were -40°, 0°, and 40°.  

Figure 8, Figure 9, and Figure 10 show the curves of 
power with TSR and thrust in blade element with local radius 
for 𝑇𝑆𝑅 = 6, for HAWTs with airfoils with different maximum 
thickness to chord ratios and similar maximum camber to 
chord ratios, with tip sweep angles equal to -40°, 0°, and 40°, 
respectively. In Figure 8, Figure 9, and Figure 10, some 
curves have sudden changes, as the power with TSR curves of 

Table 3. Parameters of environment, project and geometry of 
the first validation simulated HAWT 
Parameter Value 
Air density 1.225 kg/m³ 
Air dynamic viscosity 0.000018205 Pa.s 
Airfoil S809 (AirfoilTools, 2024) 
Number of blades 2 
Rotor radius 5.70 m 
Hub 2% of the rotor radius 
Angular velocity 7.54 rad/s 
Linear blade twist distribution Hub: 20.00° & Tip: -2.50° 
Linear blade chord distribution Hub: 0.74 m & Tip: 0.31 m 

 

 
Figure 6. 𝐶𝑝 with wind velocity, from experimental results (Liu 
& Janajreh, 2012) and from the present BEM code (Source: 
Authors’ own elaboration) 

Table 4. Parameters of environment, project and geometry of 
the second validation simulated HAWT 
Parameter Value 
Air density 1.225 kg/m³ 
Air dynamic viscosity 0.000018205 Pa.s 
Airfoil FFA-W3-211 
Number of blades 3 
Rotor radius 20.50 m 
Hub 22% of the rotor radius 
Angular velocity 2.84 rad/s 
Linear blade twist distribution Hub: 5.00° & Tip: 0.00° 
Linear blade chord distribution Hub: 1.63 m & Tip: 0.27 m 

 

 
Figure 7. Power with wind velocity, from experimental results 
(Bak et al., 1999) and from the present BEM code (Source: 
Authors’ own elaboration) 
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GOE 419 airfoil. The sudden changes occur due to points of 
non-convergence, originated in XFoil simulations. However, 
this did not affect the analyses and comparisons. 

HAWTs with GOE 413 airfoil (𝑡/𝑐 = 16.4%) presented the 
highest power generation for TSR under 6, for all tip sweep 
angles (-40°, 0°, and 40°). This leads to the conclusion that 

 
Figure 8. Results for HAWTs with airfoils with different maximum thickness to chord ratios, for tip sweep angle equal to -40°: 
(a) Power with TSR & (b) Thrust in blade element with local radius for a single blade and 𝑇𝑆𝑅 = 6 (Source: Authors’ own 
elaboration) 
 

 
Figure 9.  Results for HAWTs with airfoils with different maximum thickness to chord ratios, for tip sweep angle equal to 0°: (a) 
Power with TSR & (b) Thrust in blade element with local radius for a single blade and 𝑇𝑆𝑅 = 6 (Source: Authors’ own elaboration) 
 

 
Figure 10.  Results for HAWTs with airfoils with different maximum thickness to chord ratios, for tip sweep angle equal to 40°: 
(a) Power with TSR & (b) Thrust in blade element with local radius for a single blade and 𝑇𝑆𝑅 = 6 (Source: Authors’ own 
elaboration) 
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airfoils with high maximum thickness to chord ratios produce 
more power, for lower TSR values.  

On the other hand, for TSR equal or greater than 7, GOE 
101 ( 𝑡/𝑐 =  6.9% ), GOE 479 ( 𝑡/𝑐 =  11.8% ), and GOE 526 
(𝑡/𝑐 =  12.3%) airfoils seem to produce more power for all tip 
sweep angles, due to a more pronounced growth of their power 
with TSR curves. This leads to the conclusion that airfoils with 
low and moderate maximum thickness to chord ratios produce 
more power at higher TSR values.  

However, results showed a lower limit for maximum 
thickness to chord ratios for power increase, since GOE 419 
airfoil (𝑡/𝑐 = 5.3%), which has the lowest maximum thickness 
to chord ratio, did not show the highest power generation for 
high TSR values. 

The curves of part a in Figure 9 for GOE 116 and GOE 413, 
airfoils show a small drop in power generation for high TSR 
values. The curves of part a in Figure 8 and Figure 10 for the 
same airfoils suggest that swept-bladed HAWTs avoid the 
power generation drop observed in straight-bladed HAWTs, 
which is one benefit of blades sweep. 

Part b in Figure 8, Figure 9, and Figure 10 suggest that 
the increase in power generation caused by airfoils with high 
maximum thickness to chord ratios has a negative effect, 
which is the increase of the thrust along the blade. HAWTs 
with GOE 413 and GOE 526 airfoils, which have the highest 
maximum thickness to chord ratios, presented the highest 
power generations for low TSR values. They also produced the 
highest thrust values of all blades, for tip sweep angles of -40°, 
0°, and 40°. On the other hand, HAWTs with GOE 419 airfoil, 
which has the lowest maximum thickness to chord ratio, 
presented the lowest power generation for low TSR values. 
They also produced one of the lowest thrust values along the 
blade, for all tip sweep angles (-40°, 0°, and 40°). 

High thrust values along the blade suggest the presence of 
high mechanical loads over the blade and tower structure. If, 
on the one hand, HAWTs with GOE 413 and GOE 526 airfoils 
achieved the highest thrust results, on the other hand, the 
greater thickness of these airfoils produces more resistant 
blades. Hence, for TSR less or equal to 6, HAWTs with GOE 413 

airfoil seem to present the best results, due to the highest 
power generation, despite the high thrust results.  

Table 5 shows the ranking of the best performing airfoils 
in terms of power generation, for different maximum thickness 
to chord ratios. 

Figure 11 shows the flow angle (part a) and the angle of 
attack (part b) curves with the local radius, for HAWTs with 
GOE 413 airfoil, TSR equal to 6 and different tip sweep angles. 
Part b in Figure 11 shows that the angles of attack are in the 
range of XFoil convergence.  

According to Roy et al. (2021), airfoils with higher 
thickness ratios produce maximum lift to drag ratios, for 
angles of attack higher than 8°, which corresponds to the most 
part of the curves of part b in Figure 11. This explains the 
higher power generation and thrust results for airfoils with 
high maximum thickness to chord ratios, such as GOE 413, 
GOE 526, and GOE 479. 

Airfoil Maximum Chamber to Chord Ratios 

As in the airfoils maximum thickness to chord ratios cases, 
airfoils maximum camber to chord ratios were evaluated 
through the curves of power with TSR and thrust in blade 
element with local radius. The start sweep angle was kept at 
0°, from the blade root. The evaluated tip sweep angles were -
40°, 0°, and 40°. Figure 12, Figure 13, and Figure 14 show the 
curves of power with TSR and thrust in blade element with 
local radius for 𝑇𝑆𝑅 = 6, for HAWTs with airfoils with different 
maximum camber to chord ratios and similar maximum 
thickness to chord ratios, with tip sweep angles equal to -40°, 
0°, and 40°, respectively. 

Table 5. Best performing airfoils in terms of power generation, 
for different maximum thickness to chord ratios 
Airfoil Maximum thickness to chord ratio (𝒕/𝒄) 
GOE 413 16.4% at 30.0% chord 
GOE 526 12.3% at 29.7% chord 
GOE 479 11.6% at 30.0% chord 

 

 
Figure 11. Flow angle (a) and angle of attack (b) with local radius for HAWTs with GOE 413 airfoil, 𝑇𝑆𝑅 = 6 and different tip 
sweep angles (-40°, 0°, and 40°) (Source: Authors’ own elaboration) 
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In part a in Figure 12, Figure 13, and Figure 14, it is 
possible to observe that HAWTs with GOE 447 airfoil (𝑧/𝑐 =

8.0%), which has the highest maximum camber to chord ratio, 

produce the highest power for TSR under 4, for all blade tip 
sweep angles (-40°, 0°, and 40°). For TSR over 4, HAWTs with 
airfoils with intermediate maximum chamber to chord ratios 

 
Figure 12. Results for HAWTs with airfoils with different maximum camber to chord ratios, for tip sweep angle equal to -40°: (a) 
Power with TSR & (b) Thrust in blade element with local radius for a single blade and 𝑇𝑆𝑅 = 6 (Source: Authors’ own elaboration) 
 

 
Figure 13. Results for HAWTs with airfoils with different maximum camber to chord ratios, for tip sweep angle equal to 0°: (a) 
Power with TSR & (b) Thrust in blade element with local radius for a single blade and 𝑇𝑆𝑅 = 6 (Source: Authors’ own elaboration) 
 

 
Figure 14. Results for HAWTs with airfoils with different maximum camber to chord ratios, for tip sweep angle equal to 40°: (a) 
Power with TSR & (b) Thrust in blade element with local radius for a single blade and 𝑇𝑆𝑅 = 6 (Source: Authors’ own elaboration) 
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produced more power, as was the case of GOE 693 (𝑧/𝑐 =

3.6% ), GOE 480 ( 𝑧/𝑐 = 5.5% ), and GOE 446 ( 𝑧/𝑐 = 6.3% ) 
airfoils. Airfoils with low maximum camber to chord ratios, 
such as GOE 429 (𝑧/𝑐 = 0.2%) presented the lowest power 
generation for TSR under 6, for all tip sweep angles. These 
results lead to the conclusion that airfoils with moderate 
maximum camber to chord ratios produce more power for all 
TSR values. Using GOE 446 airfoil as an example, the 
comparison of its performance in part a in Figure 12, Figure 
13, and Figure 14 suggest that swept-bladed HAWTs avoid the 
power generation drop observed in straight-bladed HAWTs, 
for airfoils with intermediate and high maximum chamber to 
chord ratios at TSR over 6, which is one benefit. 

As a general result, for swept-bladed HAWTs, airfoils with 
intermediate maximum camber to chord ratios, such as GOE 
693, GOE 480, and GOE 446, show most consistent power 
generation results, for TSR between 3 and 8. The GOE 480 
airfoil has a similar maximum camber to chord ratio as GOE 
413 airfoil, which was considered the best airfoil in the 
maximum thickness to chord analysis. 

Once again, airfoils that showed the highest power 
generations also showed the highest thrust along the blade, as 
was the case of GOE 480 and GOE 446 (part b in Figure 12, part 
b in igure 13, and Figure 14,). In other words, the increase in 
power generation has a negative effect, which is the thrust rise, 
as it was observed in the airfoil maximum thickness to chord 
analysis. 

Table 6 shows the ranking of the best performing airfoils 
in terms of power generation, for different maximum chamber 
to chord ratios. 

According to Roy et al. (2021), airfoils with higher camber 
ratios increase lift and drag coefficients, as well as the lift to 
drag ratio. This explains the higher power generation and 
thrust results for airfoils with high and moderate maximum 
camber to chord ratios, such as GOE 446, GOE 480, and GOE 
693. 

In the study of Veloso et al. (2023), circular arc airfoils were 
applied to swept-bladed HAWTs. Those are airfoils with high 
cambers. According to their results, the thrust of swept blades 

with circular arc airfoils is not always less than the thrust of 
straight blades with the same airfoils, which seems to be due 
to the complex behavior of the boundary layer detachment on 
the airfoil at low Reynolds numbers. This can explain the low 
power generation and average to high thrust of the airfoil GOE 
447, which has the highest maximum camber to chord ratio 
between the airfoils applied on this study. 

Tip Sweep Angle for HAWTs With GOE 413 Airfoil 

In the analysis of the influence of airfoil maximum 
thickness to chord ratio over the power generation with TSR 
and thrust with local radius curves, GOE 413 airfoil presented 
the best results. In the analysis of the influence of airfoil 
maximum camber to chord ratio over the power generation 
with TSR and thrust with local radius curves, GOE 480 and GOE 
446 airfoils presented the best results for power generation. 
Since GOE 413 and GOE 480 have similar maximum camber to 
chord ratios (𝑧/𝑐 =  4.6% and 𝑧/𝑐 =  5.5%, respectively), GOE 
413 airfoil was selected for the study of the influence of the tip 
sweep angle over power and 𝐶𝑝 with TSR curves, and torque 
and thrust with local radius curves. 

Figure 15 shows the curves of power (part a) and 𝐶𝑝 (part 
b) with TSR, for HAWTs with GOE 413 airfoil, with tip sweep 
angles of -40°, 0°, and 40°. 

As it was observed before, the curves of Figure 15 suggest 
that swept-bladed HAWTs avoid the 𝐶𝑝 and power drop at high 
TSR values, in this case, for TSR values above 6. The 
straight-bladed HAWT (tip sweep angle of 0°) showed the 
highest power generation for TSR between 3 and 6. For TSR 
between 6 and 8, the swept-bladed HAWT with tip sweep angle 
of -40° showed the highest power generation. For TSR above 7, 
the swept-bladed HAWT with tip sweep angle of 40° produce 

Table 6. Best performing airfoils in terms of power generation, 
for different maximum chamber to chord ratios 
Airfoil Maximum chamber to chord ratio (𝒕/𝒄) 
GOE 446 6.3% at 39.7% chord 
GOE 480 5.5% at 40.0% chord 
GOE 693 3.6% at 40.0% chord 

 

 
Figure 15. Power (a) and 𝐶𝑝 (b) with TSR, for HAWTs with GOE 413 airfoil and different tip sweep angles (-40°, 0°, and 40°) 
(Source: Authors’ own elaboration) 
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more power than the straight-bladed HAWT. As a general 
result, the swept-bladed HAWT with -40° tip sweep angle 
presented the most consistent power generation results with 
TSR variation. 

Figure 16 shows the power generation with tip sweep 
angle between -40° and 40°, for HAWTs with GOE 413 airfoil, 
at TSR of 6 (part a) and 8 (part b). 

In part a in Figure 16, for HAWTs with GOE 413 airfoil and 
𝑇𝑆𝑅 = 6, the increase of the tip sweep angle above 20° reduced 
the power generation. At -20° tip sweep angle, the power 
generation was the highest, which may indicate a limit for the 
growth of power generation with the reduction of negative tip 
sweep angles. The power generation of -20° blade tip sweep 
angle was 9791.41 W, 1.79% higher than the power generation 
of 0° blade tip sweep angle (9619.01 W). 

In part b in Figure 16, for 𝑇𝑆𝑅 = 8, the power generation 
drops to a local minimum for tip sweep angle of 0° (10,050.24 
W) and increases with the increase of positive tip sweep angles 
and the reduction of negative tip sweep angles. These results 
can also be seen in part b in Figure 16. The maximum power 

generation of negative tip sweep angles was 10,624.30 W, for -
30° tip sweep angle, which is 5.71% higher than the power 
generation of 0° blade tip sweep angle. For positive tip sweep 
angles, the maximum power generation was 10,669.81 W, for 
40° tip sweep angles, which is 6.16% higher than the power 
generation of 0° blade tip sweep angle.  

As in previous analyses, the curves of part b in Figure 16 
also suggest that forward and backward blade tip sweep angles 
avoid the power generation drop for high TSR values, in this 
case, for TSR equal 8 or higher.  

Figure 17 shows the curves of thrust with local radius for 
HAWTs with GOE 413 airfoil, TSR of 6 and different tip sweep 
angles. Results suggest that swept-bladed HAWTs produce 
thrust alleviation over the blade, for 𝑇𝑆𝑅 = 6 , which can 
reduce mechanical loads over the blades and over the wind 
turbine structure. 

Figure 18 shows the curves of total thrust with tip sweep 
angle between -40° and 40°, for TSR equal to 6 (part a), and 
TSR equal to 8 (part b). 

Part a and part b in Figure 18 confirm that positive and 
negative tip sweep angles produce load alleviation over the 
blades, for TSR equal 6 and 8. For both TSR values, the thrusts 
reached the maximum values for tip sweep angle equal to 0°. 
The thrusts of HAWTs with 40° blade tip sweep angle were 
32.69% and 31.92% lower than the thrust of HAWTs with 0° 
blade tip sweep angle, for 𝑇𝑆𝑅 = 6 and 𝑇𝑆𝑅 = 8, respectively. 

The thrust is responsible for the distribution of loads along 
the blades. According to Otero and Ponta (2018), there are 
fluctuations on these loads, which generates fatigue in the 
blades structure. In future extremely large wind turbines, 
these loads could become determinant by limiting lifespan due 
to fatigue of structural and mechanical components or 
producing catastrophic failure after triggering resonance or 
unstable behavior at some particular frequency. 

Considering the results of part a in Figure 16 and Figure 
18, for HAWTs with GOE 413 airfoil, -20° tip sweep angle 
reached the best results of power generation and thrust for TSR 
equal 6 (9,791.41 W and 1,817.51 N, respectively). In part b in 
Figure 16 and Figure 18, for HAWTs with GOE 413 airfoil, 40° 
tip sweep angle reached the best results in terms of power 

 
Figure 16. Power generation with tip sweep angle, for HAWTs with GOE 413 airfoil: (a) 𝑇𝑆𝑅 = 6 & (b) 𝑇𝑆𝑅 = 8 (Source: Authors’ 
own elaboration) 

 
Figure 17. Thrust with local radius for HAWTs with GOE 413 
airfoil, 𝑇𝑆𝑅 = 6  and different tip sweep angles (Source: 
Authors’ own elaboration) 
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generation (10,669.81 W) and load alleviation (thrust equal to 
1,776.79 N), for TSR equal 8. 

Torque and Thrust Variation With Local Radius for 
HAWTs With GOE 413 Airfoil 

The selection of GOE 413 airfoil was kept for the torque 
with local radius analysis, as well as for further analysis of the 
thrust with local radius. Here, the goal was to evaluate, for 
different tip sweep angles, the contribution of different sectors 
of the blade for the torque generation. Also, the contribution 
of different sectors of the blade for the thrust generation was 
evaluated, for different tip sweep angles. 

The torque produced in a wind turbine is associated with 
its power generation, which is the total torque times the 
angular velocity of the blades. Figure 19 show the torque in 
blade element for a single blade with the local radius, for 
HAWTs with GOE 413 airfoil, 𝑇𝑆𝑅 = 6 and tip sweep angles of 
-40°, 0°, and 40°. The curves are divided according to different 
blade zones, measured along the blade length, 𝑅𝑏 : from the 
root to 20% 𝑅𝑏 (0.45 m to 1.26 m from the center of the hub), 
from 20% 𝑅𝑏 to 90% 𝑅𝑏 (1.26 m to 4.10 m from the center of 
the hub), and from 90% 𝑅𝑏 to the blade tip (4.10 m to 4.50 m 
from the center of the hub). The contribution of intermediate 
regions of blades tends to be the highest, since it does not 
suffer induced aerodynamic losses as in the root and tip of the 
blades (Canale et al., 2018). 

The results of Figure 19 are summarized in Table 7, Table 
8, and Table 9, which show the sums and contributions of each 
blade sector to total torque and power generation. The sums of 
torque in blades elements were obtained from the curves of 
Figure 19. The percentage contributions of blades sections 
were calculated through the torque values. After that, the same 

percentages were applied to the total power generation, 
resulting in the power generation at each blade section.  

For 𝑇𝑆𝑅 = 6, the highest power generation was achieved by 
the HAWT with -40° blade tip sweep angle (9,750.61 W), while 
the HAWT with 40° tip sweep angle showed the lowest power 
generation (9,028.35 W). As expected, most of the 
torque/power generation in swept-bladed and straight-bladed 
HAWTs occurred in the blade region located between 20% and 
90% of 𝑅𝑏. The percentual contribution of the mid-sections of 
the blades to torque/power generation were the highest for the 
swept-bladed HAWT with 40° tip sweep angle (88.32%), 

 
Figure 18. Total thrust with tip sweep angle, for HAWTs with GOE 413 airfoil: (a) 𝑇𝑆𝑅 = 6 & (b) 𝑇𝑆𝑅 = 8 (Source: Authors’ own 
elaboration) 

 
Figure 19. Torque with radius and contributions to torque of 
different blade zones of HAWTs with GOE 413 airfoil, 𝑇𝑆𝑅 = 6 
and different tip sweep angles (single blade) (Source: Authors’ 
own elaboration) 

Table 7. Sum of torque/power in blades elements, for the HAWT with GOE 413 airfoil, 𝑇𝑆𝑅 = 6 and -40° tip sweep angle 

Region of the blade Sum of torque in blades elements 
(𝑵. 𝒎) 

Sum of power in blades elements 
(W) Contribution to total torque/power 

0 to 20% 𝑅𝑏 30.18 361.75 3.71% 
20 to 90% 𝑅𝑏 711.85 8,,542.51 87.61% 
90 to 100% 𝑅𝑏 70.52 846.35 8.68% 
All blades 812.55 9,750.61 100% 
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followed by the HAWT with -40° blade tip sweep angle 
(87.61%) and by the straight-bladed HAWT (87.39%). 

Table 7, Table 8, and Table 9 show that the swept-bladed 
HAWT with -40° tip sweep angle produced more absolute 
power and torque at the tip region (846.35 W and 70.52 N.m, 
8.68% of total power/torque) together with the straight-bladed 
HAWT (841.67 W and 70.13 N.m, 8.75% of total power/torque), 
compared to the swept-bladed HAWT with 40° tip sweep angle 
(688.86 W and 57.38 N.m, 7.63% of total power/torque). This 
result suggests the tip region contributes more to the total 
torque in the case of -40o and 0o tip sweep angles than the 40o 
tip sweep angle. 

 

Despite small differences, as a general result, the 
contributions of each section of the blades to the power/torque 
were similar for the 3 HAWTs analyzed. 

Figure 20 shows the thrust distributions along the radius, 
for HAWTs with GOE 413 airfoil, 𝑇𝑆𝑅 = 6 and tip sweep angles 
of -40°, 0°, and 40°. 

Thrust curves were divided into the same blade sections as 
torque curves. They also show the sums and contributions of 
each blade sector to total thrust. Table 10, Table 11, and 
Table 12 show the sums of the thrust in each blade sector, as 
well as the total thrust over the blades, for HAWTs with GOE 
413 airfoil, TSR equal to 6 and tip sweep angles of -40°, 0°, and 
40°, respectively. 

In Figure 20, the curve for 0° tip sweep angle is less smooth 
than the curves of -40° and 40° tip sweep angles, which 
indicates that straight-bladed HAWTs may concentrate more 
loads than swept-bladed HAWTs. This can be seen through the 

thrust peak (21.06 N) around 90% 𝑅𝑏, in the curve of the HAWT 
with 0° tip sweep angle, that have dropped by more than 22% 
in swept-bladed HAWTs.  

The total thrust of the HAWT with 0° tip sweep angle 
(1,917.46 N) was the highest among the three HAWTs 
analyzed, due to the load alleviation effect of blade tip sweep 
angles different than 0°. The results show the lowest 
percentual contribution of the tip region for blades with 40° 

Table 8. Sum of torque/power in blades elements, for the HAWT with GOE 413 airfoil, 𝑇𝑆𝑅 = 6 and 0° tip sweep angle 

Region of the blade Sum of torque in blades elements 
(𝑵. 𝒎) 

Sum of power in blades elements 
(W) Contribution to total torque/power 

0 to 20% 𝑅𝑏 30.95 371.29 3.86% 
20 to 90% 𝑅𝑏 700.51 8406.05 87.39% 
90 to 100% 𝑅𝑏 70.13 841.67 8.75% 
All blades 801.59 9619.01 100% 

 

Table 9. Sum of torque/power in blades elements, for the HAWT with GOE 413 airfoil, 𝑇𝑆𝑅 = 6 and 40° tip sweep angle 

Region of the blade Sum of torque in blades elements 
(𝑵. 𝒎) 

Sum of power in blades elements 
(W) Contribution to total torque/power 

0 to 20% 𝑅𝑏 30.46 365.65 4.05% 
20 to 90% 𝑅𝑏 664.52 7,973.84 88.32% 
90 to 100% 𝑅𝑏 57.38 688.86 7.63% 
All blades 752.36 9,028.35 100% 

 

 
Figure 20. Thrust with radius and contributions to thrust of 
different blade zones of HAWTs with GOE 413 airfoil, 𝑇𝑆𝑅 = 6 
and different tip sweep angles (single blade) (Source: Authors’ 
own elaboration) 

Table 11. Sum of thrust in blades elements, for the HAWT with GOE 413 airfoil, 𝑇𝑆𝑅 = 6 and 0° tip sweep angle 
Region of the blade Sum of thrust in blades elements (𝑵) Contribution to total thrust 
0 to 20% 𝑅𝑏 85.16 4.44% 
20 to 90% 𝑅𝑏 1,600.37 83.46% 
90 to 100% 𝑅𝑏 231.93 12.10% 
All blades 1,917.46 100% 

 

Table 10. Sum of thrust in blades elements, for the HAWT with GOE 413 airfoil, 𝑇𝑆𝑅 = 6 and -40° tip sweep angle 
Region of the blade Sum of thrust in blades elements (𝑵) Contribution to total thrust 
0 to 20% 𝑅𝑏 82.56 5.25% 
20 to 90% 𝑅𝑏 1,362.47 86.57% 
90 to 100% 𝑅𝑏 128.81 8.18% 
All blades 1,573.84 100% 
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tip sweep angles in comparison with straight blades and blades 
with -40° tip sweep angles. 

The load alleviation effect over swept blades occurred at 
the mid-sections and at the tips of the blades, for the HAWTs 
with -40° and 40° tip sweep angles. 

CONCLUSIONS 

In this work, a modified BEM code for swept-bladed 
HAWTs was implemented in MATLAB, in order to simulate 
different concepts of HAWTs with Göttingen airfoils, with 
different blade tip sweep angles. The code was validated by 
comparison of results found in literature. 

The airfoil maximum thickness to chord analysis showed 
that airfoils with high maximum thickness to chord ratios 
produce more power for all tip sweep angles, at low TSR values 
(TSR less or equal 6). On the other hand, airfoils with low and 
moderate maximum thickness to chord ratios produce more 
power for all tip sweep angles, at high TSR values (TSR above 
6). 

The high power generation for low TSR values of airfoils 
with high maximum thickness to chord ratios produces a 
negative effect, which is the high thrust values along the 
blades, for HAWTs with -40°, 0°, and 40° tip sweep angles. 
However, thicker airfoils also result in more resistant blades, 
which makes airfoils with high maximum thickness to chord 
ratios a good choice for increasing power generation. 

The maximum camber to chord analysis showed that 
airfoils with moderate maximum camber to chord ratios can 
produce more power for TSR values above 4. However, they 
also produce more thrust along the blades. As a general result 
of the airfoil analysis, swept-bladed HAWTs with GOE 413 
airfoil and -40° blade tip sweep angle produced most 
consistent results, in terms of power generation. 

The tip sweep angles analysis showed that positive and 
negative tip sweep angles avoid the power generation drop at 
high TSR values. Also, for TSR equal 6 and 8, high positive and 
negative tip sweep angles produce load alleviation along the 
blades, which is good for the wind turbine structure. For 𝑇𝑆𝑅 =

6, the maximum power generation was 9,791.41 W, for -20° 
blade tip sweep angle, which is 1.79% higher than the power 
generation of 0° blade tip sweep angle (9,619.01 W). The 
corresponding thrust was 1817.51 N. For 𝑇𝑆𝑅 = 8 , the 
maximum power generation of negative tip sweep angles was 
10,624.30 W, for -30° tip sweep angles (5.71% higher than the 
power of 0° blade tip sweep angle), and the maximum power 
generation for positive tip sweep angles was 10,669.81 W, for 
40° tip sweep angle (6.16% higher than the power of 0° blade 
tip sweep angle). The corresponding thrusts were 1,817.51 N 
and 1,776.79 N, for -30° and 40° tip sweep angles, respectively. 
The thrust of HAWTs with 40° blade tip sweep angle were 

32.69% and 31.92% lower than the thrust of HAWTs with 0° 
blade tip sweep angle, for TSR equal 6 and 8, respectively. 

Results from the HAWTs torque and power analyses 
showed that the higher torque and power generation of 
HAWTs with -40° tip sweep angle and TSR equal 6 may be due 
to an increase in the torque/power generation at the 
mid-sections and at the blades tips. In the study of the thrust 
along the blades, results showed that the load alleviation effect 
caused by the -40° and 40° tip sweep angles occurred at the 
mid-sections and at the tips of the blades. 

The results of this work showed that swept-bladed HAWTs 
have a good potential for increase the power generation, 
compared to the correspondent straight-bladed HAWTs. Also, 
the tip sweeping angles may result in load alleviation, which is 
good for the wind turbine structure. 
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