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ABSTRACT

The transition to renewable energy sources is increasingly urgent as fossilifuels remain a major
source of greenhouse gas emissions. Wind energy represents a promising option due to its low
cost, environmental benefits, and continuous technologicaldadvancements. Although several
high-potential locations have been identified in North Macedonia, wind resources remain
underutilized and studies on turbine designs adapted todecal conditions are limited. This study
investigates blade design for a selected site in North Macedonia, through a comparative
evaluation of several blade geometry analytical approaghes for\a horizontal-axis wind turbine,
together with an iterative refinement aimed at improving geometric feasibility, all based on the
Blade Element Momentum theory. Airfoil selection eonsidered both aerodynamic and structural
requirements along the blade span, using athicker DU-97 pfofile in the inboard region and FFA-
W3 airfoils toward the mid and outerblade sections. Nuimerical simulations were performed to
analyse aerodynamic performance, loading characteristics, and expected energy production,
providing insight into blade configurations suitable for site-specific wind conditions in North
Macedonia.
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INTRODUCTION

The global focus on renewable energy resources has increased significantly in recent years,
driven byrising environmental concerns, increasing energy demands and the depletion of fossil
fuel resourees'il]. The urgency to transition to cleaner energy systems is emphasized by the
growing,impaect of climate change and the need for sustainable development across all sectors
[2], [3]nAkey strategic framework guiding this transition is the Net Zero Emissions by 2050
Scenario (NZE Scenario), proposed by the International Energy Agency (IEA), which provides
a detailediroadmap and norms for the global energy sector to achieve net-zero CO- emissions
by the year 2050, requiring a transformation in the way energy is produced, distributed and
consumed [4]. According to the IEA, the global adoption of renewable fuels and technologies
must nearly double by 2030 to remain on track with the NZE pathway, demanding acceleration
in the deployment of renewable energy technologies. Different sources of renewable energy
include biomass, solar, geothermal, hydropower and wind [5]. The IEA forecasts that solar
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photovoltaics and wind power plants will account for approximately 95% of the total renewable
capacity additions through the end of this decade, mainly due to their improving cost
competitiveness and wide-scale adaptability across almost all countries [4]. Critical analysis of
their environmental impact can be found in literature works that may serve as a valuable
resource for developers, policymakers and decision-makers when planning future solar and
wind farms [6].

Focusing on the renewable energy technologies currently experiencing the most rapid
growth, wind energy stands out due to its high conversion efficiency and operational
advantages [7], [8]. The theoretical maximum energy conversion efficiency of a wind turbine
is defined by the Betz limit, which sets an upper bound of 59.3% for the amount of kinetic
energy that can be extracted from the wind flow. In practice, modern wind turbine designs can
achieve conversion efficiencies in the range of 40% to 50% under optimal conditiens [9]. In
contrast, commercial solar photovoltaic panels typically achieve conversion “efficiencies
between 15% and 22%, depending on the technology and environmental ¢onditions ‘{10].
Furthermore, wind energy is characterized by low operating and maintenanceeosts, and near-
zero greenhouse gas emissions during operation, making it one of the cleanest sources of large-
scale energy generation [11]. Unlike fossil fuel sources such as coal that tequire transportation
and treatment before processing, wind energy can be harnessed directly at suitable geographic
locations. Wind power has been established as a non-polluting and\rehewable energy source,
with growing attention directed toward its integration imte, medern, energy systems [12].
According to forecast by IEA in 2024, the growth trajectory of wind energy is set to accelerate
significantly. Onshore wind cumulative capacity is_expected to almost double between 2023
and 2030, reaching approximately 846 GW, duiven by poliey reforms and technological
improvements such as improved aerodynami€ roter designs, high-performance composite
blade materials, the integration of advanced,energysstorage solutions, etc. [4].

Despite this global momentum, RNMd#emains significantly behind in using its wind energy
potential. Currently, wind power contributes with only2.76% or 82.4 MW of the total installed
energy capacity in the country, with'this entire output coming from three wind power plants.
Recent study showed that the region has several locations with high wind speeds and strong
technical potential for wind_powergencration [13]. This underutilized potential presents a
critical gap and requires research and development efforts aimed at using North Macedonia’s
wind energy resources,

In response to thése requirements and advantages, significant research efforts have been
directed toward sadvaneing=wwind power generation technologies. Recent studies have
emphasized on increasing the efficiency of wind turbines, with particular focus on improving
the aerodynamiie and structural performance of their components, especially on the rotor blades
since they are a criticaldelement in overall turbine effectiveness [14]. They function as the
interface between the air kinetic energy and the turbine mechanical-electrical conversion
system and,are, responsible for capturing the wind and transferring the torque to the rotor hub
[15]. Theineffectiveness is governed by key geometrical and design parameters [16]. Studies
have shown that even minor blade design modifications can lead to substantial improvements
in turbine performance, particularly under non-ideal wind conditions [17]. For instance,
optimized airfoil geometries and variable pitch designs have been demonstrated to boost the
energy efficiency of wind turbines [18]. In parallel, advancements in materials science, such as
the use of reinforced composite materials, have contributed to lighter, stronger and more
durable blades, reducing fatigue and increasing lifespan without compromising aerodynamic
performance [19]. As noted by Schaffarczyk [20], the design of turbine blades is not just a
component-level optimization task, but a multidisciplinary challenge that integrates fluid
dynamics, structural mechanics and control systems.

However, despite the global progress in this area, there are currently no studies in RNM
that address blade design optimization. Existing research in the region has primarily focused
on other aspects of wind energy, such as power prediction [21], wind farm layout optimization
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[22], wind resource assessment [23], condition monitoring and fault detection [24], as well as
performance and sustainability evaluations [25].

To the authors’ knowledge, no prior research study has explored the aerodynamic and
structural optimization of wind turbine blades designed and evaluated for specific sites in RNM.
The contribution of this study is threefold. First, it provides a systematic comparative analysis
of several classical wind turbine blade geometry formulations under identical acrodynamic and
geometric assumptions representative of an IEC Class III turbine. Second, an iterative BEM-
based refinement is introduced to obtain a more realistic and manufacturable blade geometry
while maintaining comparable aecrodynamic efficiency. Third, by analysing both aerodynamic
performance and thrust loading characteristics, the study identifies the design approach that
offers the most balanced compromise between efficiency and structural loading fof turbines
operating in moderate wind regimes.

There are various types of wind turbines. All wind turbines consist of some basi¢ design
elements, such as the rotor, gearbox, generator, transformer, control system, yaw drive, tower
and the basement. Wind turbines can be categorized based on various critéria. Aceording to the
orientation of their axis, they are classified as horizontal-axis or vertical-axis wind turbines
[26]. Based on wind speed, they fall into three categories: low-speed wind turbines (Reynolds
number (Re) < 10?), medium-speed wind turbines (10* < Re,< 10°) and, high-speed wind
turbines (Re > 10°) [27].

In terms of their position relative to wind flow, wind turbines,areveither upwind-positioned
or downwind-positioned [28]. Based on the rotor size, thete are miero-scale wind turbines (0.1
m), small-scale wind turbines (0.1 m-1 m), mid-scale wind turbines (1 m-5 m) and large-scale
wind turbines (greater than 5m) [29]. Depending on “acrodynamic principles, they can be
classified as lift-type or drag-type. The numberof blades futther differentiates them into single-
bladed or multi-bladed wind turbines [30]. Einally, based on installation location, wind turbines
are either onshore or offshore [31].

Blade design consists of both aeredynamic andystructural components. The aerodynamic
component focuses on optimizing performance by first selecting an appropriate standardized
airfoil model and then definingdhe blade aetodynamic shape parameters. The airfoil design
focuses on selecting the best profile, whileéshape parameters determine how the blade is formed
along its length to maximize efficiency. The structural component ensures mechanical integrity
by choosing suitable blade materials and designing sectional configurations [32]. These steps
ensure the blade can withstand aerodynamic and mechanical loads while maintaining efficiency
and longevity.

Over the years, variusyairfoil families have been specifically developed for wind energy
applicationsg”@achyoffering distinct advantages based on operating conditions and design
objectives. Early windsturbine designs commonly utilize the traditional National Advisory
Committeeyfon, Aeronautics (NACA) airfoils known as NACA series [33]. To enhance wind
turbine  blade\performance, several specialized airfoil families have been developed. The
National Renewable Energy Laboratory (NREL) has made significant contributions to wind
turbine airfoil development through the S-series, which are specifically designed for
horizontal-axis wind turbines (HAWTs) [34]. The airfoils designed by the Swedish
Aeronautical Research Institute (FFA) are known as FFA-W series and offer high-lift
characteristics and improved performance in turbulent wind conditions [35], [36]. Similarly,
the Delft University of Technology created the airfoils known as DU series that have been
optimized for large wind turbines, offering high aerodynamic efficiency and structural
robustness [37]. The Risg National Laboratory in Denmark made the Risg series (A1, B1 etc.)
which are designed to minimize aerodynamic noise while maintaining high energy conversion
efficiency [38], [39]. The NPU-WA series of airfoils are one of the latest produced and they
are developed by Northwestern Polytechnical University. They are designed for megawatt-
class wind turbines, featuring high lift-to-drag ratios at elevated Reynolds numbers and high
design lift coefficients [40]. The University of Illinois at Urbana-Champaign in collaboration
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with NASA designed and tested SG (Selig-Gutmann) airfoil family for low Reynolds number
applications [41].

A comparative aerodynamic analysis of conventional NACA airfoils and other types of
airfoils highlights some key differences. Studies show that while the NACA 4412 airfoil
achieves a higher lift coefficient than the NREL S823, its lift decreases significantly beyond
an 8° angle of attack (AoA), whereas the NREL S823 maintains more stable lift characteristics.
Additionally, NACA airfoils generally exhibit lower drag coefficients across all AoA,
indicating higher aerodynamic efficiency but reduced stability compared to NREL airfoils [33].
A similar trend is observed in vertical-axis wind turbines (VAWTs). Traditional NACA airfoils,
such as NACA 0015 and NACA 0021, achieve higher power output at greater tip-speed ratios,
while NREL airfoils like S814 and S825 generate more torque at lower tip-speed ratios. This
makes NREL airfoils well-suited for self-starting Darrieus turbines, though they experience
greater efficiency losses at higher tip-speed ratios [42]. Comparative studieswon airfoil
geometries, including NACA 0012, NACA 2412 and SG6043, reveal ‘that the "AoA
significantly affects lift and drag. The maximum lift coefficient occuts atyl5S, while the
minimum drag coefficient is at 0°. The lift-to-drag ratio peaks at 5° for'SG6043 and 10° for
NACA 0012 and NACA 2412. Unlike the NACA airfoils, SG6043“exhibits’ asymmetric
velocity and turbulence, creating a stronger wake region [43]. Wind'tunnel tests compared the
FFA-W3-241, FFA-W3-301 and NACA 63-430 airfoils. Thedindings‘indicated that FFA-W3
airfoils are better suited for the inboard sections of wind turbineblades, both with and without
vortex generators. In contrast, the NACA 63-430 airfoil exhibited less favourable aerodynamic
characteristics under similar conditions [36].

The development of the airfoil series throughout the years is'given in Figure 1. The selection
of an optimal airfoil depends on various factoss, includingywind speed conditions, blade size,
manufacturing constraints and operational zequirements. Traditional NACA airfoils continue
to be widely utilized due to the abundancefef experimental data, performance charts and design
guides available, which can be benefieial when comiparing theoretical results with practical
wind tunnel tests [44], [45]. The NACA four-digit and five-digit series have straightforward
mathematical formulations, are rélatively simple to use, and their construction is based on clear
parameters such as camber, thickness’andwehord [46].
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Figure 1. Development of airfoil series throughout the years [2]

The application of computational tools with numerical methods has enabled more precise
and efficient blade optimization strategies, allowing designers to evaluate the aerodynamic
performance across a wide range of operating conditions. Over the years, several numerical
methods have been developed to simulate wind turbine aerodynamics, including vortex
methods, 3D viscous-inviscid interaction techniques, Computational Fluid Dynamics (CFD)
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and Blade Element Momentum (BEM) [47]. Among these, the BEM method has emerged as
the most practical and widely used technique in industrial wind turbine design due to its balance
between computational efficiency and accuracy in performance prediction under a variety of
operating conditions [48]. Compared to BEM, CFD has higher fidelity since it includes the
physics that is neglected by BEM [49], it provides the possibility of 3D modelling and
simulations, as well as the display of the entire flow field including the unsteady flow. Also,
the distribution of parameters such as pressure, density, temperature, can be taken into
consideration using CFD model. The key advantage of BEM over full CFD simulations, that
represents the reason for its application in this research, lies in its reduced computational cost
and rapid iteration capability, making it highly suitable for early-stage rotor design and
parametric studies. It allows for quick exploration of multiple design configurations, which can
later be validated through high-fidelity CFD or wind tunnel testing [50]. However,,BEM has
its limitations arising from the neglection of the interactions between the blade elements and
the three-dimensional flow field around the blade, as well as the error accumulation in‘iterative
calculations [51]. Also, the classical BEM calculation cannot predict wind turbineyperformance
at high wind speeds due to flow separation phenomenon [50].

Although more advanced blade optimization approaches have/beenwdexeloped in recent
years, including CFD-based methods and models incorporating, three=dimensional flow
corrections or stall-delay effects, classical BEM design formuilations temain widely used for
preliminary rotor design due to their transparency and low eomputational cost. These analytical
approaches provide clear relationships between aerodynamic assumptions and resulting blade
geometry, which makes them particularly suitable for comparative studies. Considering that
this is an early-stage analysis aiming to provide primary, information about the blade design
that does not require high precision simulations/withigreat ¢ost, the BEM method was selected
and used as an appropriate tool for the currentiresearchitequirements.

Table 1 presents a summary of the most.commonly used wind turbine simulation softwares
along with their key features.

Table 1. Most commonlyised wind tutbine simulation software and their key features

Soft  Developer/Organi Main Purpose Key Features Open
ware zation Source
QBla TU Bedin Blade design and Airfoil generation, rotor Yes

de aerodynamic design, BEM analysis,
simulation using visualization
BEM
Open  NREL (National Full wind turbine Modular, supports multi- Yes
FAST “Renewable Energy aeroelastic simulation physics, structural, control
Laboratory) systems
Blade DNV Industrial-grade Industry-standard, No
d turbine design and certified calculations,
certification supports floating turbines

Aero NREL (as a Aerodynamic Dynamic stall, yaw, tower  Yes (part

Dyn module in modeling (integrated shadow effects, BEM of
OpenFAST) with OpenFAST) integration OpenFAS
T
ANS ANSYS Inc. High-fidelity CFD 3D flow analysis, No
YS simulation turbulence modeling,
Fluen structural-fluid coupling
t
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XFlo Dassault Lattice-Boltzmann Mesh-free CFD, transient No
w SystA mes CFD for unsteady flow, ideal for complex
CFD aerodynamics geometries

In this study, QBlade was used as an open-source software for blade aerodynamics analysis.
It is developed by TU Berlin and it enables wind turbine design and aerodynamic analysis using
the BEM method, featuring a user-friendly interface and integration with XFOIL for airfoil
generation and polar data computation [52]. In QBlade, simulations are organized around a
modular hierarchy that reflects the core physical elements of a turbine system: aerodynamics,
elasticity and hydrodynamics.

Researchers have employed QBlade extensively for acrodynamic evaluation of$mall and
medium-scale turbines. For example, Kumar et al. used QBlade to analyze the acrodynamic
behaviour of a small HAWT operating in low-wind-speed environments, where,graphical
relationship between power, tip-speed ratio, velocity and coefficient of pressure alongiaerefoil
is shown [53]. Batu et al. applied QBlade to assess the aecrodynamic performance of wind
turbine blades made from natural fiber composites, investigating the material’s, mechanical
performance [54]. In another study, Husaru et al. tested the effect of'the value,of the yaw angle
on the global performances of HAWT [55]. Furthermore, Alaskasi etial. employed QBlade for
studying the effect of design parameters (twist angle and cherd length),on the behaviour and
performance of the wind turbine [56]. Moreover, for désignieptimization, platforms like
MATLAB are often employed due to their flexibility ‘and robust optimization toolboxes.
MATLAB can be coupled with simulation tools like QBlade or OpenFAST to create automated
design loops that vary geometric or aerodynamicéparameters and evaluate performance [57]—
[59].

Considering the limitations in NorthgMacedonia, tégarding research on site-specific
aerodynamic blade design, the primary objective of thisystudy is to develop and comparatively
evaluate alternative blade geometry formulations forfa horizontal-axis wind turbine operating
under the wind regime of a selected high-potential site in North Macedonia. Blade geometries
are derived using four classicalfanalytical methods (Ingram, Jamieson, Manwell et al., and
Betz), together with an additional iterativesBEM-based refinement aimed at obtaining a more
realistic and manufacturable chord distribution.

The site is charactenizedyby average wind speeds in the range from 6.0 to 7.5 m/s at an
altitude of 420 m, cofresponding to IEC Class III wind conditions. A HAWT with geometric
and operating parametersdepresentative of turbine suitable for such wind regimes was therefore
considered. Airfoil profiles were evaluated based on both aerodynamic efficiency and
structural requitements, and selected airfoils were used for the rotor blade design.

The resulting bladésgéometries, characterized by distinct chord and twist distributions, were
implemented 1 QBlade to evaluate their acrodynamic performance under identical operating
conditionSwThe analysis aims to identify the blade design approach that provides the most
favourableybalance between aerodynamic efficiency, loading characteristics, and geometric
feasibilityyforwind turbines operating in moderate wind regimes.

MATERIALS AND METHODS

The aerodynamic analysis and rotor design in this study are based on the BEM approach,
which combines momentum theory with blade element aerodynamics to estimate the
performance of horizontal-axis wind turbines. Using this framework, the rotor geometry was
determined through several blade design procedures based on airfoil aerodynamic
characteristics and optimal operating conditions. The following subsections describe the
theoretical background of the BEM method and the blade design procedure applied in this work.
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Blade Element Momentum Theory

Blade Element Momentum (BEM) Theory is a well-established method for calculating the
forces acting on a wind turbine blade, i.e. the thrust force and the torque. Thrust in a wind
turbine is the axial force exerted by the wind on the rotor blades and used for the turbine to
generate power. The rotor also experiences a torque in the direction of rotation that opposes
the torque that the generator exerts [60]. The BEM theory is based on a combination of a
momentum balance on successive annuli of the rotor disk with a blade element representation

of the sectional aerodynamics (Figure 2), i.e. the momentum theory and the blade element
theory [61].

Figure 2. Schematic representation for BEM: rotordisc ring generated by blade element [61]

The momentum theory applies the conservation®f linear and angular momentum to air flowing
through the rotor disk, calculating the force®and enetgy extracted from the wind. To allow
variation of both induced velocity components, the analysis is based on the use of an annular
stream tube of a rotor disc, with radius,7 and,thickness dr, resulting in a cross-sectional area
equal to 2zrdr. Considering that the wind flow agross the rotor is slowed down by the turbine,
the fractional decrease in the vele€ity ¥ at the rotor plane of a wind turbine relative to the free
stream velocity Us is defined byythe axiahinduction factor a.

The change in axial momentum of airas it passes through the rotor results in thrust force
N. Thus, the differential thrust_dM\ds obtained by applying the conservation of linear
momentum:

dN"=.pU22a (1 — a) 2rndr (1)

The blades rotate with an angular velocity £ about an axis normal to the rotor plane and
parallel to the wind'direction. The velocity at the rotor disc entrance does not have a rotational
componént unlike the flow behind the disc. The change in tangential velocity is expressed in
terms®f an“angular induction factor a’. Immediately downstream of the disc, the tangential
velocity ‘ef airis 2rQa’ and remains constant as air progresses down the wake, while in the
plane ofithedisc the air tangential velocity is rQa'.

The differential torque dQ imparted to the blades is found from the angular momentum
conservation:

dQ = pU, (1 —a)2Qa'r?2nrdr 2)

Thus, momentum theory results in two equations, (1) and (2), that define the thrust and
torque on an annular section of the rotor as a function of the flow conditions.

The blade element theory calculates aerodynamic forces at every blade section based on the
angle of attack, airfoil properties and local flow conditions. The lift L and drag D forces are
perpendicular and parallel, respectively, to the relative wind velocity # that acts at an angle &
to the plane of rotation. For a turbine with B blades, the differential thrust and differential
torque on the annular rotor section are expressed as:
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1 2 : (3)
dN = EBCPW (Cy, cos ¢+ Cp sin ¢)dr
1 200 i (4)
dQ = EBC’DW (C,sing— Cpcos @rdr

where Cr and Cp are lift and drag coefficient, respectively, at the blade section.
Thus, blade element theory results in two equations, (3) and (4), that define the thrust and
torque at a blade section as a function of blade geometryError! Reference source not found..

Wind turbine performance. The total power P from the rotor is calculated summing
contributions from each annulus by:

R R
P = f dPdr = f QdTdr ()

Th Th
where 7 1s the hub radius and R is the rotor radius.
The power coefficient C, is given by:
R
QdTdr
P — frh (6)

C. =
P Pwind %pv:”‘Rzn

Blade design

Airfoil shape. A wind turbine blade is a long, aecrodynamically shaped structure attached to
the rotor hub of a wind turbine. To maximise the wind turbine power output, it is necessary to
obtain a suitable solution to the BEM equations for afgiven operating mode, resulting in an
optimal blade design. An airfoil of a'given shape generates a lift force L and drag force D,
dependent on wind velocity, chord length ¢ and angle of attack @. The aerodynamic lift force
drives the turbine power production, making its maximization through appropriate design
crucial whereas friction generatesiadresisting drag force that opposes blade motion and should
be minimized.

The lift and drag ceefficient Cmand Cp depend on the Reynolds number and the angle of
attack (AoA). Reynolds numbes, which varies with wind speed, should be considered for
selection of airfoils that‘perform well across the expected operating range [62]. The design
angle of attack apis the angle between the chord line of the blade section and the relative wind
at which the airfoilshas highest glide ratio, i.e. lift-to-drag ratio. Thus, an airfoil with a high
glide ratio,should be sclected for rotor blade design to ensure aerodynamic efficiency:

Usually,\thesblade is designed using a thin airfoil for obtaining high glide ratio at the tip
while,the, rdetregion is designed using a thicker airfoil for structural support. This can be
achieved by, using different airfoils and appropriate chord and twist angle distribution along
the blade length.

Chord length distribution and twist angle distribution. To determine the cross-sectional shape
distribution on the blade, a number of design parameters are required to satisfy the requirements
of the BEM theory equation such as: tip-speed-ratio 4, desired number of blades B, the radius
of the blade R and airfoil for which its aerodynamic characteristics are known as a function of
AoA, i.e. CL, Cp=f(a).

The tip-speed ratio (TSR) is a dimensionless number that represents the ratio between the

speed of the blade tip and the speed of the incoming wind:

PR %)

Us
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The chord length c is a straight line connecting the leading and the trailing edge of the airfoil
section. Chord length distribution describes how this length changes from root to tip of the
turbine blade. Larger chord is required near the blade root to handle torque and bending loads.
Smaller chord is necessary toward the blade tip to reduce drag and weight.

The relative wind angle ¢ changes with radius, so the blade must be twisted to maintain a
near-optimal AoA [62]. The angle between the chord line of a blade section and the rotor plane
is called a twist angle #. The following relation can be derived:

b= 0+ a ®)

The twist angle distribution describes how this angle varies along the blade span, from root
to tip. A wind turbine blade is typically composed of multiple airfoil sections joinedstogether
with a varying twist angle, ending in a circular flange at the root. HAWTs often have a twist at
the tip close to zero.

Jamieson [63] offers an equation for the optimum chord distribution of a blade‘given an
airfoil with maximum glide ratio and lift coefficient at the correspondingdesigniAoA.:

2
c (r) _ 16mR 9)
9BC, A2t
Neglecting the drag force and the tip losses, Betz [64] presentsitheichord distribution by the
following expression:

16mR

(10)
, 4

For both Jamieson and Betz models, an optimal blade twist distribution is determined from
the inflow angle ¢:

c(r) =

2

r) =utans! (1n
() G

Ingram [65] gives a linear distfibution ofichord length and a twist angle distribution based
on an ideal rotor blade shape dérived with wake rotation, zero drag and zero tip losses:

)= 8nr sin ¢ (12)
3B1,

Durran [66], Maawell et al. [9] also give equations for chord length and twist angle
distribution of a turbine\bladexfor an ideal rotor that includes the effects of wake rotation but
ignores drag and tip lossesy, for a previously selected design AoA for which the airfoil glide
ratio is highést:

8nr(1 — cos ¢)
(= T 1)

For both Ingtam and Manwell models, the blade twist distribution is defined from the inflow
angle ¢:

o(r) = %tan‘1 (%T) (14

In addition to the classical analytical formulations, an iterative blade design approach based
on BEM theory was implemented. The iterative procedure determines the chord and twist
distributions through successive updates of the local aerodynamic conditions along the blade
span.

For each radial blade element, initial estimates of the axial induction factor a, and tangential
induction factor a’ are assumed. Using these values, the local inflow angle ¢ is calculated as:

B0 = tan~ () 13

1+ a)ar
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From the selected design angle of attack and the corresponding airfoil characteristics, the
lift and drag coefficients are obtained and used to calculate the normal and tangential force
coefficients. These values allow the local blade solidity and chord length to be determined. The
local solidity o is defined as:
_ bBe (16)

- 2mr
The induction factors a and a' are subsequently updated using the BEM momentum

equations, and the procedure is repeated until convergence is achieved. Once convergence is
reached for each radial station, the corresponding chord and twist distributions are obtained
along the blade span. A minimum tip chord constraint was applied to ensure geometric
feasibility and manufacturability of the blade.

MODEL PARAMETERS

This section presents the main parameters used for the wind turbine model censidered.¥The
operating conditions and principal geometric characteristics of the reference turbine are first
introduced. In addition, the airfoil families investigated for the blade.design are described.

Main operating and geometric parameters of the wind turbine

This research studies the aerodynamic performance of three alternativeswind turbine blade
designs, evaluated within the operational parameters offtheWVESTASyV110-2.0 MW wind
turbine. The observed location in North Macedonia is chatacterized,by a 420 m height above
sea level and wind speed range between 6 and 7.5 m/ssAccording to [67], the designated wind
speed range aligns with IEC Wind Class III, from'which'the VESTAS V110-2.0 MW turbine
was consequently selected for the analysis. The primary objective is to analyse and compare
the behaviour of different blade designs underidentical‘eperating conditions derived from the
V110-2.0 MW configuration. A tip-speed ratio TSR=74was selected in the design point.

The VESTAS V110 wind turbing featuresya rotor diameter of D=110 m, rotor radius of
R=55 m and operates with a hub radius of ry=1 m. Its rated power is 2.0 MW at a rated wind
speed of 11.5 m/s. The cut-in and cut-out speed are 3 m/s and 20 m/s, respectively. The main
dimensions of this HAWT aze,showft in Figure 3.

150m +——————— Total Maximum Height 150 Meters (432')

(Includes Tower, Rotor, and Foundation)

Rotor - 110 Meter Diameter (361")
125m
Blade Height 54 Meters (1777)
100m

’n\ T 5 i *— Nacelle
-
s

75m

50m Hub Height 95 Meters (312°)

Lowest Point of Blade
41 Meters (134.57)

25m

Typical Turbine Color - White
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Figure 3. HAWT main dimensions [67]

Investigated airfoils

In the 1980s and early 1990s, wind turbine blades were commonly designed using existing
aeronautical airfoils such as the NACA 44 and NACA 63 series, with increased thickness
obtained by geometric scaling. However, wind tunnel tests and calculations showed that thicker
NACA profiles suffered significant performance degradation (increased drag, and reduced
Clmax) due to premature transition and early separation. These limitations motivated the
development of dedicated wind-turbine airfoil families in the United States and Europe.

To improve performance across the thickness range required in wind turbine blades, the
FFA-W3 series was developed from the earlier FFA-W1 profiles with increased aft’loading
and adjusted camber. Designed specifically for pitch-regulated turbines, FFA-W3 family
includes airfoils with moderate to high thickness ratios (up to 36% thickness) provide,improved
lift and greater robustness under realistic operating conditions, with a modetate increase in
pitching moment [35]. Among other, FFA-W3 airfoils are used along the blade, span of the
DTU 10 MW reference wind turbine [68] and the IEA Wind 15-Megawatt,Offshore Reference
Wind Turbine [69]. In accordance with these characteristics, FFA4W3 profiles were selected
along the aerodynamically active portion of the blade span in this study.

Airfoils from the Delft University (DU) family have been widelyapplied in MW-scale wind
turbine blade design. For example, the NREL 5 MW referencesturbine employs DU-series
airfoils with thicknesses ranging from 21% to 40% in theyinboard*and mid-span regions [70].
During the second half of the 1990s, increased_understanding of wind turbine noise
mechanisms and rotational effects led to the development,of updated DU airfoils optimised for
specific radial positions. In this context, an 18% thick tip airfoil with relatively low maximum
lift (DU 95-W-180) and a 30% thick inboaxd aisfoih (DU 97-W-300) were developed as
baseline profiles for outer and inner bladeregions, respectively [37].

RESULTS AND DISUCSSION

This section presents the resitlts of'the airfoils aerodynamic analysis and the performance
simulations of the investigated ‘wifid turbine blade designs. The results are subsequently
discussed and compared i1 order tovassess the relative performance of the blade designs and
their potential practicald@applicability.

Airfoil evaluation"and selection

DU 97-W-300 was speeifically developed for inner blade regions (~40% span) of MW-
scale turbings, targeting a maximum lift coefficient of 1.5—-1.6 at high Reynolds numbers. The
30% thickness and, thick trailing edge provide structural suitability while maintaining
acceptable roughness performance. Accordingly, DU 97-W-300 was selected for the inboard
region (20-35%,radial span) of the present blade, where sufficient structural thickness, robust
roughness performance, and controlled stall characteristics are required.

The mid-span region of the blade contributes substantially to rotor torque and consequently
to overall‘power production, while also operating at high relative velocities, requiring an airfoil
that provides both structural stiffness and high aerodynamic efficiency. The FFA-W3-241
airfoil is employed in this region, extending from 35-75% of the radial position, as it maintains
a favourable lift-to-drag ratio within the operating range, while its 24% thickness ensures
sufficient structural stiffness.

FFA-W3-211 airfoil is widely used in the wind energy community as part of IEA reference
wind turbine designs, especially as a tip aifoil [71]. Thus, FFA-W3-211 was adopted in the
outboard blade region to prioritise aerodynamic efficiency and reduced tip-loss sensitivity. The
thinner section (21% thickness-to-chord ratio) lowers drag, and delays separation compared to
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thicker profiles, which is important in the high-velocity tip region. At the same time, it provides
sufficient lift and predictable stall behaviour for preventing sudden load variations [72].

The selected airfoils shapes are shown in Figure 4Figure 3.

()IS T T T T T T FFA-W3_211
0.1F | |[——FFA-W3-241
——DU97-W-300
0.05 -
s 0
B
T-0.05F
-0.1F
-0.15F

_(')‘2 | 1 1 1 1 1 1 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x/c
Figure 4. Shapes of selected airfoils for wind turbine blade design reptesented'by their upper and
lower contour

In practical large-scale wind turbine applications, Reynolds,number Vvaries along the blade
span, potentially modifying lift, drag, and stall charactefistics, compared to single Reynolds
number evaluations. Thus, preliminary testing and computatiofal simulations were performed
with the objective of determining the aerodynami@wecocfficients of the selected airfoils at
different wind conditions. Typical Reynolds numbers relevant'to flow around wind turbine
blades are of the order of 10° to 107 [61]. Accofdinglyairfoil aerodynamic characteristics were
evaluated at Reynolds numbers of 3-10°, 6¢10%and 9- 105, representing conditions within this
operational range. Figure 5, Figure 6, and Figure 7illustrate the variation of the lift coefficient
(C)) and drag coefficient (Cy) as functions of the;AoA for the DU-97-W-300, FFA-W3-241 and
FFA-W3-211.

|—Re=9M DU-97-W-300 ——Re=6M DU-97-W-300 ——Re=3M DU»974W»3(}O|
0.12

0.1F
0.08
1 3 0.06
0.04

0.02 1

Figure 5. Aerodynamic coefficients dependency of DU-97-W-300 on AoA at different Reynolds
numbers: a) lift and b) drag coefficient
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Figure 6. Aerodynamic coefficients dependency of FFA-W3-241 on AoAat diffezent,Reynolds
numbers: a) lift and b) drag coefficient
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Figure 7. Aerodynamiecoefficients, dependency of FFA-W3-211 on AoA at different Reynolds
numbers: a) lift and b) drag coefficient

Across the inyestigated,Reynolds-number range (3-10° - 9-10°), all three airfoils exhibit
limited sensifivity in the attached-flow region, as the lift coefficient curves largely coincide up
to approximately 10—$2° indicating stable lift behaviour within the normal operating range.
Differences, become more evident near stall. For all profiles, increasing Reynolds number
produces ‘amodesttise in Cr,nax and a slight delay in stall onset, while lower Reynolds numbers
lead tovearlier lift degradation and steeper drag growth beyond 12—14° due to earlier separation.
The,Reynolds sensitivity is most pronounced for the thinner FFA-W3-211, moderate for the
FFA-W3-241, and least for the thicker DU 97-W-300, reflecting the increased boundary-layer
robustness of thicker sections.

Overall, the results indicate that Reynolds-number effects are modest within the operational
angle-of-attack range but become increasingly relevant near stall. Since wind turbine blades
frequently operate under stalled conditions, the absence of reliable aerodynamic data at high
angles of attack can present a limitation. Thus, polar extrapolation at 360° angle was performed
using the Viterna method [73], a well-established empirical approach for extrapolating airfoil
lift and drag into deep stall, specifically developed for wind turbines, validated using measured
data and widely used in modern wind turbine aerodynamic models.

To account for the spanwise and operational variation in Reynolds number, a multi-polar
approach was used. Airfoil polars were generated at several Reynolds numbers in the range of
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1-10%-11-10° and interpolated during BEM simulations, ensuring that lift and drag
characteristics reflect the local flow conditions.

The airfoil design AoA selection in this study was primarily guided by aerodynamic
performance indicators under representative Reynolds number conditions. For further
assessment, the relationship between the glide ratio (C;/Cp) and the angle of attack (a) was
analysed for several Reynolds numbers. The airfoils exhibit their maximum glide ratio at
approximately a=7°, corresponding to a lift coefficient of about C;~1.2. Accordingly, these
values were adopted as the design angle of attack and design lift coefficient for the blade
design.

The blades were modelled using Qblade software for each of the methods. To design the
rotor blade based on BEM theory, the blade with length of 54 m (rotor radius R=55 m) was
divided into twenty elements and the calculated chord (¢) and twist angle () distributionsywere
inserted. The blade was twisted in such way that the angle of attack (a) remained*eonstant at
all sections. The distributions of the chord length and twist angle using (9)-(14) are ptesented
in Figure 8.

\—'—Manwell === Jamieson -~ Betz -+ lngram\

0.16 :
0.14 -
0121
0.1

C/R

0.08 [
0.06

0.04 |

0.02 1 1 1 - - 1 L 1 1
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

r/R r/R
a) b)

Figure 8. Distribution of blade geometry/parameters along the rotor span: a) chord length
distribution, showing the yariatiod in blade width from root to tip; (b) twist angle distribution,
illustrating the changeiin blade pitch’to maintain optimal angle of attack across the span

The chord and twist distributions obtained from the four design methods show the expected
variation along the™bladé spanwIn all cases, the chord is largest in the inboard region and
gradually decreases toward'the tip, while the twist angle decreases from higher values near the
root toward/valtues'close to zero at the blade tip in order to maintain an appropriate angle of
attack aleng'the blade."Among the considered formulations, the Ingram method produces the
largest,chord values'along most of the span, indicating the highest blade solidity, followed by
the Jamiesomimethod. The Betz method yields intermediate chord values, whereas the Manwell
methodvresults in the smallest chord distribution. With respect to the twist distribution, the
Jamieson and'the Betz formulation predict slightly higher twist angles in the inner blade region,
while allsmethods produce very similar twist trends along the blade span. In addition, a rotor
blade was designed with the application of an iterative blade BEM approach.

According to these distributions, the shapes of selected blades are given in Figure 9 where
their design specifications and characteristics are visually illustrated for comparison.
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Figure 9. HAWT blade design generated in Qblade software by applying the metheds for
calculating wind turbine blade geometry parameters of: a) Ingram; b) Manwell etial.; ¢) Iterative BEM

Performance simulation results

Cp-TSR curve. Figure 10 illustrates the aerodynamic performance of'the four distinct wind
turbine blade designs by plotting the power coefficient (&) asia functiofrof the tip-speed ratio
TSR. Each curve demonstrates the characteristic blade design, where the power coefficient
primarily increases with TSR, reaches a peak and theémdeclines as TSR continues to rise. This
trend appears due to the physical interaction between acrodynamic forces - at low TSR values,
blades rotate too slowly to effectively extragt wind ‘energy, while at high TSR values, drag
forces and flow separation begin to dominate."Reak C,‘identifies the optimal operating point
for each design, indicating the TSR at Which maximum energy extraction from the wind is
achieved.

Among the classical formulations, the Manwell method predicts the highest maximum
power coefficient of C,=0.476{at TSR=7. The Jamieson and Betz methods produce nearly
identical curves, reachinggpeaky#alues of approximately C,=0.47 at TSR=~6.9, which
corresponds to only about 1.3% lowerefficiency compared to Manwell. In contrast, the Ingram
formulation results ind slightly lower peak value of C,~0.46, representing a 3.4% reduction
relative to Manwell, and reachesiits maximum at a lower TSR of about 5.4.

0.5 ' ! 1 —— Manwell
----- Jamieson

0.4 ——Betz
----- Ingram

0.3

O%
0.2
0.1
0
2 4 6 8 10 12
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Figure 10. Power coefficient (C,) as a function of tip-speed ratio (TSR) for various rotor blade
designs, illustrating the aerodynamic efficiency of each blade across a range of TSR values
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The Manwell curve reaches its maximum power coefficient at the design tip-speed ratio
(TSR=7), indicating that the rotor performs optimally at the intended operating condition
defined during the design process. In contrast, the Ingram curve is shifted toward lower TSR
values, with the maximum C,, occurring around TSR~=5.4, which suggests that this formulation
predicts the optimal aerodynamic loading at a lower rotational speed relative to the design TSR.

Although the classical analytical methods predict very similar aerodynamic performance,
the resulting blade geometries exhibit relatively large chord values, compared to the maximum
chord value of the VESTAS blade. Moreover, large values in the root region increase blade
mass and consequently raise manufacturing cost and structural complexity. To obtain a more
realistic blade geometry, an iterative blade BEM approach was applied. Figure 11 shows the
power coefficient C, and thrust coefficient C; variation in terms of TSR for the bladé’ designs
obtained with the Ingram, Manwell and iterative BEM models.

|— Manwell — Ingram —— Iter-BEM|
1.4

1.2
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S
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0.4
0.2
L L L L L 0 L L L L L
2 4 6 8 10 12 2 4 6 8 10 12
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Figure 11. Power coefficient (C,) and thuist coefficient (C) as a function of tip-speed ratio (TSR)
for selected rorot blade'designs

The iterative design achieves asvery similar peak C, value of about 0.472 at TSR = 7.2-7.3,
representing a reduction of lessthan 1% telative to Manwell, while maintaining nearly identical
curve shape and operating regien.

More pronounced différences arewobserved in the thrust coefficient (C;) behaviour. For the
Manwell design, the thrust ¢oefficient increases steadily with TSR, reaching C; = 0.83 at
TSR=7. The Ingram fermaulation, produces consistently higher thrust coefficients across the
entire TSR range; reaching approximately C;=0.94 at TSR=7, which is about 13% higher than
Manwell. This indicates‘a substantially higher aerodynamic loading of the rotor. In contrast,
the iterative design vields the lowest thrust coefficients, with C=0.75 at TSR=7, corresponding
to a reduction of approximately 10% compared to Manwell and about 20% compared to the
Ingrafindesign. The.overall C;—TSR curve for the iterative blade therefore remains significantly
belowsthe, classical formulations throughout the operating range.

P-Vy curve. Power curves show the relationship between wind speed and turbine power
depictingthe wind turbine operating range. Figure 12 presents the power curve corresponding
to the blade designs compared to the original power curve of VESTAS.

The predicted power curves of the analytically designed rotors closely match the reference
curve of the Vestas V110-2 MW turbine. This agreement indicates that the selected
aerodynamic parameters and rotor design assumptions are consistent with industrial-scale
turbine performance. Minor deviations near the rated region are mainly associated with
simplified control modelling in the BEM simulations.
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Figure 12. HAWT power curves for the blade designs from Qblade and‘from the,reference
VESTAS turbine representing the turbine power output as a function of wind'speed to depict turbine
performance across its operational range

No power is produced when the wind speed is below the cut-in valuesfAs the wind speed
increases, the turbine enters the power-producing region@nd the power‘increases rapidly with
wind speed. This increase follows approximately a cubic trend; sincéithe available wind power
is proportional to ;5. In the region between roughly*4,and 9m/s, the turbine operates in the
aerodynamic control region where the rotor extracts,as mueh energy as possible from the wind.
At around 9 m/s (Qblade) and 11.5 m/s (origifial curve) the turbine reaches its rated power of
2 MW, after which the power remains censtantddespiteffurther increases in wind speed till
reaching the cut-out speed at which the turbine stops te'protect the blades in strong winds. The
rated power of 2 MW indicates the maximum power output maintained by the control system
under high wind conditions.

The reason the power curves of all blades designs are identical and presented as one power
curve obtained from Qbladeris,that'the rated power and control strategy are the same for all
designs. Even though the blade geometries differ slightly, their acrodynamic performance (as
seen in the C, —TSR elirves) 1§ veryasimilar, with almost the same maximum C,. As a result,
the differences between the blade designs do not appear clearly in the power curve, which is
why the curves overlap,almost completely.

Cp-Vw curve. Thecorrelation between the power coefficient and the wind speed for different
models iS'given in Figure 13.

It ‘€an bevobserved that Manwell and Iter-BEM designs achieve slightly higher C, values,
approachingabout 0.47—0.48, while the Ingram formulation yields slightly lower values around
045. This indicates a marginally higher aerodynamic efficiency for the blades of Manwell and
iterative BEM models under low wind conditions. Beyond the rated wind speed, the C, values
decreaserapidly for all designs as turbine power regulation becomes dominant. In this region
the curves converge and show nearly identical behaviour, indicating that differences between
the blade formulations primarily affect performance in the sub-rated operating regime, while
their high-wind behaviour remains similar. Notably, the wind speed range corresponding to the
IEC Class III regime considered in this study (6—7.5 m/s) lies within the region where the
turbine operates close to its maximum aerodynamic efficiency, indicating that the evaluated
blade designs are well suited for the local wind conditions.
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Figure 13. Power coefficient (C,) as a function of wind speed, showing wind#urbine aerodynamic
efficiency across its operating range

C4-TSR curve. Figure 14 is centred on torque ceefficient.Cy, as a function of the tip-speed
ratio for the three analysed designs.

The Ingram formulation produces the highest torque coefficient, reaching approximately
C4~0.095 at TSR~4-4.5, while the Manwelbdesign givesdntermediate values and the iterative
BEM refinement results in the lowest peak torque coefficient. This behaviour reflects the
higher blade solidity associated with thédngram design, which increases aerodynamic loading
and torque generation. In contrast,the iteratiye blade geometry produces slightly lower torque
values, indicating reduced agfodynamic loading while maintaining comparable power
performance.

0.1
0.09
0.08
0.07
0.06

< 0.05
0.04
0.03
0.02
0.01

0

Manwell

Ingram

Iter-BEM

0 2 4 6 8 10 12
TSR

Figure 14. Torque coefficient as a function of tip-speed ratio (TSR) for different rotor blade
designs showing how torque varies with rotor speed relative to wind speed

Therefore, although the Ingram formulation provides the highest torque generation, the Iter-
BEM and Manwell designs may offer more balanced operational characteristics with reduced
aerodynamic loading and improved geometric feasibility.
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Discussion

The C, curves show that all three designs maintain high aerodynamic efficiency over a
relatively broad TSR range, with the Manwell and Iter-BEM formulations reaching peak values
close to 0.47, while the Ingram design remains slightly lower. Since the dominant wind speeds
at the selected site (6—7.5 m/s) fall within the region of near-maximum efficiency, only minor
differences in Annual Energy Production (AEP) are expected among the examined blade
geometries. This also suggests that turbine performance is not highly sensitive to moderate
wind-speed variations within the typical operating range of the site. However, the C, and C;
curves reveal clearer differences in aerodynamic loading. The Ingram design produces the
highest torque and thrust coefficients, indicating increased loading and therefore potentially
higher structural demands on the blade, hub, and drivetrain. In contrast, the Iter-BEM design
maintains a C, value very close to that of the Manwell design while yielding lower"C,dnd C;
values, suggesting reduced mechanical loading.

Based on the site-specific wind-speed time series, the estimated Annual Energy Produétion
(AEP) is approximately 8.5 GWh/year. This value is somewhat higher than th&eAEP indicated
by the manufacturer’s reference curve (=6.7 GWh/year) for the same average wind speed of
6.5 m/s. The difference can be attributed to the use of measured 104minute, wind-speed data in
the present study, whereas the manufacturer curve is derivedy,from a reference Weibull
distribution based on generalized wind conditions. Consequefitly, the calculated value reflects
the actual wind-speed frequency distribution at the analyséd Site:

From a practical perspective, these results highlight animportant design trade-off between
marginal gains in aerodynamic performance and stsuctural ‘or manufacturing complexity. In
particular, designs predicting larger root chord dimensions, sueh as the Ingram formulation,
may introduce manufacturing challenges duedo increased\blade mass and thicker structural
laminates required in the inboard region. The smoétherand more moderate chord distribution
obtained with the Iter-BEM approach reduces excessivechord dimensions near the blade root,
which may simplify fabrication and limitymaterial requirements while maintaining comparable
energy capture. For wind resource conditions typieal of IEC Class Il sites such as the analysed
location in North Macedonia, this indieates that modest geometric refinements can preserve
aerodynamic efficiency while.improving geometric feasibility.

In practical implementations, bladesdof this size are typically manufactured using glass-
fibre reinforced polymen, (GERP),composites with multiaxial E-glass reinforcements and
sandwich core materials, whichyprovide a favourable stiffness-to-weight ratio and sufficient
fatigue resistancgftonwithstandyacrodynamic and cyclic loads in modern utility-scale wind
turbines [74]-[76].

Although the analysisiwas conducted for a specific high-potential site, the proposed blade
design methedology €an be applied to other wind locations by adapting the input wind
charagteristicsn such cases, the chord and twist distributions would be recalculated according
to the localswind regime and associated aerodynamic loading conditions. Consequently, the
presented methodology provides a practical framework for evaluating blade configurations
adapted toylocal wind conditions prior to more detailed structural or cost optimisation and may
supportemore informed turbine design decisions for future wind energy deployment in the
region.

CONCLUSIONS

In North Macedonia, only a part of the available wind energy is used, and there are regions
with significant potential. However, to the authors knowledge, no research studies exist that
investigate a rotor blade design for wind turbine blade for this site. In this regard, research was
conducted to increase the efficiency of a HAWT for one suitable location in the country for
wind farms construction.
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A numerical model was developed using Qblade software based on BEM theory. The model
configuration is based on the operating and fundamental geometric parameters of a
commercially available HAWT selected to correspond to the wind speed range found at the
specific site, the air density calculated for the site altitude and the desired installed capacity.
Multiple aerodynamic blade profiles were numerically analysed. Following the performance
evaluation of these airfoils, three were selected based on their aerodynamic efficiency and
structural performance to be used in the rotor blade design. Three rotor blade models were then
developed, with different chord length and twist angle distributions according to methods found
in literature, specifically the models of Jamieson, Ingram, Manwell et.al, and Betz. A numerical
simulation model of airflow over blades with different geometries was created to analyse their
influence on HAWT performance across a wide wind speed range. The simulationséprovided
performance indicators of the turbine among which power coefficient, thrust coefficient, and
torque coefficient.

The comparative analysis showed that the examined blade formulations provide ‘wery
similar aerodynamic efficiency, with peak power coefficients close to Cp=0.47, Howeyer, the
designs differ in their predicted aerodynamic loading and geometric characteristics. While the
Betz, Jamieson, and Manwell approaches lead to similar chord and twistydistributions, the
Ingram formulation produces larger chord values and higher loading, coefficients. In contrast,
the iterative BEM refinement yields a smoother and more m@derate chord distribution while
maintaining nearly the same aerodynamic performance.

The results indicate that iterative refinement of classical BEM formulations can support the
development of blade geometries that balance aerodynamic efficiency with improved
manufacturability and reduced mechanical loading. For'wind cenditions typical of IEC Class
III sites such as the analysed location, moderate refinements of the obtained chord and twist
distributions can preserve energy capture while improving/geometric feasibility.

Although the analysis was conducteddfor a single site, the proposed design procedure can
be applied to other wind locations bysadapting the'wind input data and operating conditions.
Therefore, the presented approach provides a useful preliminary framework for evaluating
blade configurations adapted to site-specific wind regimes.
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