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Preface
Wind energy, a renewable energy with great potential, has been receiving more and
more attention worldwide. One of the most important parts of a wind turbine is the
blade, whose value amounts to 20% of the whole turbine. Good design, reliable quality
and excellent performance are key factors for the stable operation of wind turbines.
However, the core technology for wind turbine blades (such as the development of wind
turbine airfoils and designing an aerodynamic blade shape, etc.) mainly originates
from outside China. Therefore, research on optimization theories for wind turbine
airfoils and blades plays an important role in improving wind turbine technologies in
China.

Books specifically on the design of wind turbine airfoils and blades are rare. Most
of the previous books on wind turbines focus on wind turbine aerodynamics, including
computational fluid dynamics, blade element momentum theory and wind tunnel
experiments, etc. This book, however, comprehensively introduces modern design
methods for wind turbine airfoils and blades. In addition, relevant topics related to
aerodynamic airfoil performance, aerodynamic shape characteristics of blades and
aeroelastic structural characteristics, etc. will also be introduced.

This book is divided into eleven chapters. Chapter 1 introduces relevant research on
wind turbine airfoils and blades; Chapter 2 introduces the foundations of aerodynamic
theory for wind turbine airfoils and the aerodynamic performance prediction method;
Chapter 3 introduces integrated expression theory for wind turbine airfoils in detail;
Chapter 4 illustrates the theory of parametric optimization for wind turbine airfoils;
Chapter 5 introduces the design and manufacture of an airfoil model, experiments on
the wind turbine airfoil and data analysis; Chapter 6 illustrates the aerodynamics of
wind turbine rotors and tip-loss corrections; Chapter 7 introduces integrated repre-
sentations for wind turbine blade shapes; Chapter 8 introduces shape optimization
of wind turbine blades; Chapter 9 illustrates the structural optimization of composite
wind turbine blades; Chapter 10 introduces the analysis of aeroelastic coupling of
the wind turbine blades; Chapter 11 introduces the aeroelastic stability analysis of
two-dimensional airfoil sections for wind turbine blades.

Based on the aerodynamic theory of wind turbine airfoils and blades, this book
creatively introduces a conformal transformation and proposes parametric optimiza-
tion design methods for different airfoil series with the maximum thickness of 12–40%.
The aerodynamic performance of the newly-designed airfoils was validated by wind
tunnel experiments. The mathematical model with the optimization objectives of high
COE of the wind turbine was established, based on modified BEM theory. Furthermore,
the evaluation of optimization result was illustrated. The newly-designed wind turbine
airfoil series was adopted for the whole blade span. The optimization model for the
wind turbine blade based on performance and light weight was established. Then the
performance of the initial and the optimized blade was compared. The initial layup
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vi | Preface

design for the 2MW wind turbine blade was based on elastics mechanics theory, while
the inner structure layer design under the aerodynamic load was constructed with the
use of a particle swarm algorithm and finite element method. Finally, the coupling
mechanism between the vibration of the wind turbine blade and its aerodynamics were
discussed, which includes the influence of blade vibration speed on blade load, the
redistribution of loads on the 2D airfoil section, the flutter analysis of the 2D airfoil
section and dynamic stall aeroelastic analysis of the wind turbine blade.

This book has been accomplished collectively. Chapters 1 and 2 were written by Jin
Chen and Quan Wang; Chapter 3 was written by Xudong Wang and Shiqiang Zhang;
Chapter 4 was written by Xudong Wang, Shiqiang Zhang, Jiangtao Cheng and Quan
Wang; Chapter 5 was written by Jin Chen and Shiqiang Zhang; Chapter 6 and 7 were
written by Xudong Wang and Shiqiang Zhang; Chapter 8 was written by Xudong Wang
and QuanWan; Chapters 9 to 11 were written by QuanWan and XudongWang. All chap-
ters were compiled by Jin Chen. The book was initially written in Chinese. Chapters 2
and 3 were translated by Quan Wang and Haoyu Wang. The translation of the Preface,
Chapter 1 and Chapters 4 to 11 was undertaken by Zhenye Sun who also corrected
several mistakes.

The authors acknowledge the support of the National Natural Science Founda-
tion (51175526, 50775227), 863 Plan (2012AA051301), Key Project of Chongqing Natural
Science Foundation, etc. Without the support of these projects, our research on wind
turbine airfoil and blade optimization design could not have been carried out. Addition-
ally, we are deeply grateful to Professor Wen Zhong Shen of the Technical University of
Denmark, researcher Peter Eecen fromNetherlands’ Nation energy Research Center and
Professor Ning Qin of the University of Sheffield. Thanks to the research platforms and
data resources provided, our research could be successfully completed (Dr. Xudong
Wang, Shiqiang Zhang, Jiangtao Cheng, and others spent one-year research visits
working on wind turbines at the above institutes). What is more, we would like to thank
Zhihong Zou, Mingfeng Liang and Le Tong for their help on process diagrams.

In spite of our best efforts, there might still be mistakes and flaws in this book, so
please do not hesitate to contact and correct us.

Jin Chen
30th September, 2016
Chongqing University
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1 Introduction

1.1 Introduction

As a kind of clean and renewable energy, wind energy is inexhaustible and is attracting
increasing attention from all over the world. Of the global wind energy reserves, 2 ×
107 MW are available from the whole 2.74 × 109 MW, which is 10 times more than can
be extracted from exploitable water resources. Wind energy is abundant in China, with
the energy on land amounting to 2.53 × 105 MW.

With innovations in wind turbine theories, the application of new materials and
the development of manufacturing technologies, wind power technology is contin-
uously improving, with unit capacity increasing from the 10-kilowatt scale to the
multi-megawatt (MW) scale. The average unit capacity of wind turbines has increased
to twenty times that of twenty years ago. Before 2008, large-scale wind turbine manu-
facturing produced only few products. German Repower manufactured the first 5MW
prototype in 2004. German Enercon has recently developed the second generation
of 6MW direct-drive wind turbines whose diameter is increased to 127m from 112m
(4.5MW). In recent years, more and more companies have started to design and de-
velop large-scale wind turbines. Danish Vestas is developing the 4MW-Micon offshore
wind turbine. Spanish Gamesa has developed a 4.5–5MWmodel. German BARD has
developed a 5MW wind turbine series and three have been installed on land and
offshore. In 2009, BARD announced that it would start developing 6.5MW wind tur-
bines. Siemens has completed testing a 3.6MW direct-drive conception wind turbine.
Dutch Darwind is developing a 5MW direct-drive wind turbine. American Clipper is
going to cooperate with Britain to develop 7.5MW and 10MW units. AMSC, which is
cooperating with the US Department of Energy, plans to manufacture a 10MW unit
with superconducting generators. So the large-scale wind turbine is becoming the
mainstream of future market development and applications. Meanwhile, prompted by
the large-scale developments in international wind industries, Chinese wind energy
companies have also become involved in the fierce competition among large-scale wind
turbines. In 2009, Chinamade a breakthrough in research andmanufacturingMW-scale
wind turbines. For example, a 3MWwind power unit developed by Shenyang Industrial
University has been successfully manufactured. 2.5MW and 3MWwind turbine units
developed by Goldwind have been put into trial operation in a wind farm [2, 3]. The
6MW offshore wind turbine unit developed by Sinovel in 2011 has been successfully
manufactured. And the 6MW offshore wind turbine developed by National Power has
also finished development and tests. In addition, Goldwind, DEC, Haizhuang, XEMC
and so others are developing or have developed wind turbines whose capacity exceeds
5MW, indicating that research andmanufacturing of large-scale wind turbines in China
has stepped into a new era.

DOI 10.1515/9783110344387-002
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2 | 1 Introduction

Although the development of the global wind industry has, to some extent, been
affected by the global economic crisis in recent years, newly installed capacity is still on
the increase. According to statistics from the Global Wind Energy Council (GWEC), after
the slower rate of increase of wind power in 2010, in 2011 the newly installed capacity
globally amounted to 40 564MW, which represented annual growth of more than 20%
[2]. Compared with capacity installed in 2010 of 18.94GW, the annual capacity installed
in China decreased in 2011 by 6.9% to 17.63GW. After rapid growth, the Chinese wind
power market is entering a period of steady development. By the end of 2011, the
Chinese wind market, with 45 894 wind turbines installed annually and capacity of
62.36GW, continues to be the largest worldwide. The capacity installed annually in
China since 2001 is shown in Fig. 1.1.
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Fig. 1.1: Development of wind power in China.

During the years 2005–2010, many companies from abroad with great strength sought
potential partners in China. For example, American GE and Danish Vestas have set
up factories or cooperated with Chinese enterprises. Although Chinese enterprises
have achieved initial successes. improved technologies and produced many wind
power products, the core technologies of wind power are almost all controlled by large
international companies. The blade is one of the most crucial parts of a wind turbine
and its value amounts to 20% of that of the whole wind turbine. Good design, reliable
quality and superior performance are the decisive factors to ensure normal and stable
operation of wind turbines.
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1.2 The research in China and worldwide

The design theories for wind turbine airfoils and aerodynamic blade shapes are the
decisive factors in wind turbine power performance and aerodynamic load charac-
teristics. Structural design of composite blades is the crucial factor affecting stiffness
characteristics of blades. Blade aeroelastic complex multidisciplinary coupling and
collaborative method are used to investigate the aerodynamic performance and struc-
tural stiffness characteristics. At present, the analysis, design and optimization of the
blade’s shape and structure are mainly based on specific geometric contours.

1.2.1 Research on wind turbine airfoils

The development of wind turbine airfoils started with the application of low-speed
aviation airfoils, such as glider airfoils, FX-77 airfoil and NASA LS airfoil, etc. In order
to adapt to the requirements of wind turbine operating conditions, companies abroad
started to develop wind turbine airfoils from the mid-1980s and by now have developed
several series of airfoils, such as American NREL-S series, Danish Risø series, Dutch DU
series and Swedish FFA-W series. Tangler and Somers [3] from the National Renewable
Energy Laboratory (NREL) designed 35 kinds of NREL-S airfoils which have great lift-to-
drag ratio under different conditions, based on Eppler theory and the inverse design
method. Delft University, Energy research Center of the Netherlands (ECN) andNational
Aerospace Laboratory of the Netherlands (NLR) have designed the DU airfoil series
with relative thickness of 15–40% based on the hybrid design method. The geometric
compatibility and deep stall characteristicswere considered during the design of the air-
foils. By limiting the thickness of the upper surface and having the S-type trailing edge
[4, 5], the lift coefficient of the airfoil has been increased. Compared with traditional
aviation airfoils, these airfoils have much better aerodynamic characteristics. Danish
Risø National Laboratory, using the direct designmethod and coupling XFOIL software,
has developed wind turbine airfoils [6, 7] for various operating conditions and control
modes. It is hard to determine the proper target pressure and velocity distribution in
inverse design. Different to the traditional inverse design method, Risø serial airfoils
adopted a B-spline curve to control the airfoil profile. Based on CFD technology and
optimization methods, the airfoils were optimized directly with the maximum lift-to-
drag ratio as the objective, which remedies the shortcomings of inverse designmethods
and makes multidisciplinary design possible. In addition, Sobieczky [8] and Hájek
[9] had proposed PARSEC and improved PARSEC design methods by which the airfoil
shape had been researched by controlling the airfoil geometric parameters. What is
more, Bjork [10], Soemarwoto [11], Habali [12], Nielsen [13], Baker [14] and Bermudez
[15] have also contributed to the design of wind turbine airfoils. In China, research
on airfoil design started quite late. He Dexin [16] from China Aerodynamics Research
and Development Center applied the improved ideal Stratford pressure distribution
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4 | 1 Introduction

on the recovery area of the suction surface and designed a new kind of airfoil series
for low Reynolds number using the theory of Weber. The experiments finished at a
Reynolds number of 5.6 × 105 . Qiao Zhide, SongWenping, et al. [17] fromNorthwestern
Polytechnical University developed the NPU-WA airfoil series under a high Reynolds
number, with high lift aerodynamic performance, for MW-scale wind turbines. Wind
tunnel experiments were conducted and analyzed to illustrate the excellent aerody-
namic performance of this airfoil series. Additionally, many scholars in China have
also reported valuable research which is worthy of attention [18–22].

1.2.2 Research on aerodynamic shape and performance of wind turbine blades

For the optimization of aerodynamic blade shape, local improvements and modifica-
tions of the blade’s shape are commonly made based on initial blade shape parameters
in order to achieve high performance. Fuglsang [23] from Danish Risø laboratory opti-
mized blades for a 1.5MWwind turbine, taking cost of energy (COE) as the objective
function and considering extreme loads and fatigue strength. It has been proved that
the COE is decreased by 3.5%. The Turkish scholar Varola [24] proposed installing a
steering plate on the blade to increase the rotor speed and thus increase the output
power. The Tunisian scholar Badreddine [25] conducted an optimization of the blade
with output power as the objective function. Rajakumar et al. [26] proposed an iterative
method to optimize angle of attack, twist and chord in order to improve the power
coefficient of the rotor. Liu et al. [27] proved a new method to optimize the change
rate of chord and twist, which linearizes the chord and twist of the blade. It not only
improves the performance of the rotor, but also improves blademanufacture. Maki et al.
[28] reported in 2012 on systematically designing and optimization of rotors utilizing
a multi-objective method and analyzed the results, including consideration of COE
and power production. In China, Liu Xiong from Shantou University [29] designed a
1.3MW wind turbine blade considering the actual probability distribution of wind in a
wind farm, with the objective function of annual average power output and the use
of a genetic algorithm. Han Zhonghe [30] from North China Electric Power University
has proposed a method of setting the initial value of induction factor through opti-
mization. Then the optimization for a blade of a 1.5MWwind turbine was performed,
with the objective of maximum power output and annual power production. Wang
Tongguang [31] from Nanjing University of Aeronautics and Astronautics executed a
multi-objective optimization for the blade of a 5MWwind turbine utilizing an improved
genetic algorithm and gave the Pareto optimal solution set.
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1.2.3 Research on structural design of composite wind turbine blades

The main research objectives for structural design and optimization of composite wind
turbine blades consist of internal structural parameters (skin thickness, web thickness,
width, location, etc.), aerodynamic characteristics, stability, strength, stiffness and
fatigue. Fuglsang [32, 33] fromDanishRisøNational Laboratory adoptedXFOIL software
andnumerical analysis in the optimized design of the Risø-A1, Risø-P andRisø-B1 airfoil
series. For the Risø-A1 airfoils for application with stall wind turbines, the weight of the
airfoil was reduced by 4% through increasing the thickness-to-chord ratio. The fatigue
loads of the blade were decreased and the annual power generation was increased
by 15%. For Risø-P airfoils, which can be applied to variable pitch wind turbines,
the optimization should be started from the leading edge of the blade. Additionally,
experiments on the performance of those airfoils were conducted and the effectiveness
of the theoretical optimization was validated. Jureczko [34] from Poland researched
the variation of blade natural frequency with respect to structural parameters and
material properties. An optimization and analysis of the blade’s dynamic performance
were made. Structural analyses for the blade of a 750 kW wind turbine under various
load and fatigue conditions were conducted by Kong et al. [35] and compared with
experimental data. Israeli scholar Shokrieh [36] studied and simulated the fatigue
failure of a wind turbine blade of 23m, and predicted the order of blade laminate
damage. British scholars Maherii et al. [37, 38] studied the distribution of shell along
chord and span and optimized the blade by analysis of loads. Jensen et al. [39] carried
out structure tests and numerical simulations on a composite material blade of 34m
and got the accurate location of failure. Paluch et al. [40] adopted the finite element
method and genetic algorithms to optimize composite material structure and applied
the method to a simplified blade model to reduce weight. Johansen et al. [41] optimized
the failure performance of geometric linear/nonlinear composite material structure.
They carried out finite element analysis and compared the results with experimental
data, which validated the nonlinear characteristics ofwind turbine blades. Barroso et al.
[42] studied the failuremechanism of blades of a 300 kWwind turbine, including initial
failure position, separation of laminates and the final failure condition. Ping et al. [43]
analyzed the performance of blades under extreme conditions of ice-load. Lund [44]
from Aalborg University performed topology optimization for shell structures made of
compositematerials and carried out topology optimization for a simplifiedwind turbine
blade model. Overgaard et al. [45] performed static load tests and simulations for the
single ply model and the laminate model respectively. The failure results were analyzed
and assessed. Egyptian scholars Maalawia et al. [46] studied the modes and loading
responses for different blades under different load conditions. Then optimization of
the blade was performed from a dynamics point of view. In China, Li Deyuan [47]
from Shantou University analyzed the vibration modes of the blade considering blade
rotation. Chen Yuyue et al. [48] from Shanghai FRP Research Institute discussed several
problems in the design of large-scale wind turbine blades, including the aerodynamic
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design, the blade root and sectiondesign, load conditions, strength and fatigue analysis,
bulking analysis, evaluation of the dynamic characteristics of the blades. Liao et al.
[49] from the Chinese Academy of Sciences had optimized the layout of the blade by a
combination of FAST software and improved PSO. Then the effectiveness of this method
was validated with FOCUS5 software. Additionally, many scholars had contributed to
the research [50–70].

1.2.4 Research on aeroelastic performance of wind turbine blades

Aircraft wing aeroelastic theories provide references for aeroelastic research on wind
turbine blades. In 1999, Greek scholar Chaviaropoulos [71] studied the section flap-
wise/edgewise coupled aeroelastic stability and applied the eigenvalue method to
analyze the stability of a two-dimensional (2D) airfoil section of a wind turbine blade.
And in 2003, Chaviaropoulos et al. [72] studied the nonlinear stability of a 2D airfoil
section and applied NS equations to stability analysis of classical flutter and dynamic
stall flutter. In 2004, Hansen [73] from Denmark Risø Laboratory combined the finite
element method and blade element theory to develop the stability analysis software of
HAWCSTAB and carried out eigenvalue analysis on a blade of a 600 kW wind turbine.
The predicted aerodynamic damping matched the experimental result well. In 2006,
Hansen et al. [74] summarized research onwind turbine aerodynamics and aeroelastics
and presented the future direction for aeroelastic research. Hoogedoorn et al. [75] ana-
lyzed the aeroelastic mechanism at wind change condition and studied the influences
of the airfoil thickness, camber and pitch angle and other parameters on the elastic
stiffness. Baxevanou et al. [76] proposed a new numerical model solving the aeroelas-
tic characteristics of a wind turbine blade under typical flutter conditions. Jacques
et al. [77] proposed an efficient calculation model of blade aerodynamic performance
and structure load based on the vortex method, which adopted implicit structural
and aerodynamic coupling equations. Aeroelastic properties of a flexible blade can
be accurately calculated with yaw angle below 30°. Alireza et al. [78] presented an
aerodynamic structural coupling analysis method based on the finite element method.
Calculations for a flexible prebending and re-twisted blade were performed and the
calculation time, compared with the traditional finite element analysis method, was
shortened, and the error was restricted below 1%. Sarkar et al. [79] studied nonlinear
aeroelastic behavior of a 2D symmetrical blade at dynamic stall condition and found
the existence of superharmonic vibration and quasi-harmonic vibration of the blade
under flapwise and edgewise vibration conditions. Additionally, many scholars abroad
have conducted much research on aerodynamic and aeroelastic performance [80–87].
In China, Cao Renjing et al. [88] built amathematical model for aeroelastic stability and
sensitivity analysis for blades and synthetically considered the impacts of aerodynamic
and structural parameters on aeroelastic stability. Jin Yan et al. [89] developed a fluid-
solid coupling numerical method and studied the self-excited oscillation aeroelastic

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



1.2 The research in China and worldwide | 7

problems of airfoils. In addition, they analyzed the vibration reduction technology on
the back of airfoil with injection. Ren Yongsheng et al. [90, 91] studied the dynamic
stall-inducted flutter of a blade using a time-domain numerical integration method
and researched nonlinear aeroelastic stability of a composite material blade. The
research above illustrates the aeroelastic analysis of wind turbine blades and airfoils
from different perspectives. However, a breakthrough has not been achieved since the
coupling effects of airfoil profile design, aerodynamic shape design and inner structural
design were not considered.

In conclusion, the designs of airfoil, blade shape and blade structure were nor-
mally independent of each other in most of the designs. First of all, the design and
optimization of the airfoil profile were completed. Then the blade’s aerodynamic shape
was designed to have high performance. Finally, the design and optimization of blade
structures were carried out to obtain a wind turbine blade of high performance. How-
ever, most of the studies have not implemented a complete integrated design system
for wind turbine airfoils, and the aerodynamic shape and structure of the blade.

Therefore, studies on design and optimizationmethods for airfoils and blades from
a more integrated perspective are needed. Studies have been conducted on the innova-
tive integrated expression of airfoils. Using series theory in the integrated expression
of airfoils, airfoils of arbitrary shape can theoretically be represented by this theory.
And in the optimization process, the performance of the airfoils is not restricted by
the initial airfoil. The multidisciplinary coupling effects between aerodynamic char-
acteristics, power characteristics of the wind turbine, noise characteristics, etc. were
discussed. Based on the new airfoil design method using integrated expression, the
new airfoil series with multidisciplinary advantages was obtained after optimization.
The integrated representation of the 3D blade surface was established and described.
And aerodynamic shape optimization of wind turbine blades was performed adopting
the new airfoils obtained from optimization using integrated expression. Based on the
integrated representation of blade surface and ANSYS, a parametric model for compos-
ite blade structure optimization was established. Optimization design has been carried
out on parameters like ply thickness, order, and direction of composite material blade.
A preliminary analysis of blade aeroelastic characteristics has been made. Problems
such as aeroelastic integrated optimization of wind turbine aerodynamic shape and
composite structure have become the final frontierof blade design which need to be
urgently solved. And further research is needed. Researching these problems is of vital
importance to form a complete theory system for wind turbine airfoil, aerodynamic
shape and structural design and then to design wind turbine airfoils and blades of
good aerodynamic performance, structural strength, and aeroelastic stability. It is
also of great importance to industriythat airfoils and blades with high aerodynamic
performance, high structural strength and good aeroelastic stability be designed.
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2 Aerodynamic characteristics
of wind turbine airfoils

2.1 Introduction

The current urgent issue is how to improve the efficiency ofwind turbines and reduce the
cost of wind power. The efficiency of a wind turbine is mainly determined by the blade,
and the aerodynamic performance of the airfoil directly influences the aerodynamic
performance of the wind turbine blade.

Compared with traditional aviation airfoils, wind turbine airfoils have different
operating conditions and performance requirements. Here are some examples: wind
turbine blades usually run at a relatively high Reynolds number (usually in the order of
106–1010), which can cause the characteristics of the airfoil boundary layer to change;
the deep stall characteristics of airfoils are very important because wind turbine blades
run at a large inflow angle; when the yawing movements of an operating wind turbine
make the inflow angle of each cross section of the blade change cyclically, the dynamic
stall characteristics of the airfoils must be considered; if the wind turbine operates
in an atmosphere close to ground, then dust, gravel, rain and oil will increase the
surface roughness, affecting the aerodynamic performance of the wind turbine airfoil;
considering the structural strength and rigidity, the relative thickness of wind turbine
airfoils is greater than that of traditional aviation airfoils and can reach about 30%
near the blade root. Therefore, it is important to understand changes in the flow field
around the wind turbine blade and the aerodynamic parameters of wind turbines in
the process of airfoil design [92].

2.2 Basic theory of wind turbine airfoils

The geometric parameters of wind turbine airfoils are firstly introduced in this section.
The concepts of Reynolds number, Mach number and the boundary layer which are
associated with wind turbine airfoils are discussed. The boundary layer flow equations
are given. The parameterized solved model for the aerodynamics of airfoils is further
derived using numerical methods.

2.2.1 Geometric parameters of airfoils

Fig. 2.1 shows the geometric shape and parameters of a wind turbine airfoil.
Mean line: the connection of the inscribed circle center around the airfoil.
Leading edge: the forward point of the mean line for the airfoil.
Leading edge radius: the radius of inscribed circle for the airfoil leading edge.

DOI 10.1515/9783110344387-003
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Trailing edge: the last point of the mean line for the airfoil.
Trailing edge angle: the angle between the upper surface and lower surface of the

trailing edge.
Trailing edge thickness: the thickness for the airfoil trailing edge.
Chord: the connection between the leading edge and the trailing edge.
Thickness: the diameter of the inscribed circle for an airfoil.
Camber: the maximum vertical distance between the mean line and the chord line.

Leading edge radius

Leading edge
Chord

Trailing edge

Thickness

Camberx

y
Camber line 

Fig. 2.1: Geometric parameters of an airfoil.

2.2.2 Reynolds number

The most important fluid factor for low-speed airfoil aerodynamic performance is the
fluid viscosity. The viscosity generates lift force indirectly, generates drag force directly,
and causes fluid separation. This effect is expressed by the Reynolds number. When
a fluid flows, the ratio of inertial forces Fg to viscous forces (internal friction) Fm is
called the Reynolds number [93], symbolized by Re. Re is a dimensionless quantity:

Re =
Fg
Fm
=
ρV0l
μ . (2.1)

In most cases, viscosity is expressed as ν = μ/ρ and called kinematic viscosity.

Re = V0l
ν , (2.2)

where
V0 : average velocity of the flow
l: characteristic length of the flow
ν: kinematic viscosity
μ: dynamic viscosity
ρ: density of the fluid
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From equation (2.2), the Reynolds number Re depends on three parameters, namely the
fluid velocity, the characteristic length and the viscosity. When Re is large, the viscous
effects are low. Otherwise, when Re is small, the viscous effects are high. So Reynolds
number Re is a basic parameter to describe the state of fluid motion, which is divided
into two major categories: laminar flow and turbulent flow. Laminar flow occurs at low
Reynolds number, and the fluid flows in parallel layers, with no disruption between
the layers, so the velocity field and the stress field experience a gradual and continuous
change with time and space. Turbulent flow occurs at high Reynolds number, and is
a flow regime characterized by chaotic property changes including low momentum
diffusion, high momentum convection, and rapid variation of flow field in space and
time [94].

Because the power can range from 0.7 × 106 up to 10 × 106 , wind turbine airfoils
work over a large range of Reynolds numbers. Over this range, the performance of
airfoils will be changed by variations of jet turbulence, the vibration of the airfoil or the
roughness of the airfoil’s surface. The Reynolds number has an important influence on
airfoil lift-to-drag force characteristics. For instance, as the Reynolds number increases,
the slope of the lift curve increases, the maximum of the lift coefficient increases, the
stall angle of attack (AOA) increases, and the minimum drag coefficient decreases [95].
But some airfoils have the opposite properties, i.e., as the Reynolds number increases,
the slope of the lift curve decreases, the maximum lift coefficient decreases, and the
minimum drag coefficient increases.

2.2.3 Mach number

The ratio of flow velocity (υ) to the local speed of sound (υc ) is called the Mach number
[94–96], Ma:

Ma = υυc
. (2.3)

Because wind turbines work in the air, their Mach number depends on the ratio of
wind velocity to the speed of sound in air. Therefore, when ambient temperature and
the speed of sound are constant, the greater the wind velocity, the greater the Mach
number; when the wind velocity is constant, the ambient temperature and the speed
of sound change, and the Mach number changes. So the Mach number is a local value
and reflects a gaseous state like the speed of sound. But it reflects dynamic flow, and
has more practical value than the speed of sound which reflects the size of static
gas compressibility. In operating conditions, the Mach number around the airfoil is
generally less than 0.3, and the air flow can be treated as an incompressible flowwithin
this range [97].
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2.2.4 Boundary layer

The reason for separated flow at higher Reynolds numbers is the existence of a thin
boundary layer of slow moving fluid, close to the body surface, within which viscous
forces predominate. Outside this layer the flow behaves almost inviscidly. The drag on
the body caused directly by viscosity is quite small, but the effect on the flow pattern is
profound.

2.2.4.1 Boundary layer separation
Referring to Fig. 2.2 (a), the inviscid flow pressure distribution around a cylinder has
the following characteristics: fore and aft the cylinder, the pressure is high; above and
below the cylinder, the pressure is low. The fluid on the downstream side is slowing
down against an adverse pressure gradient and, at the wall boundary, it slows down
exactly to a standstill at the rear stagnation point. In real flow the boundary layer, which
has already been slowed down by viscosity, comes to a halt well before the stagnation
point is reached and the flow begins to reverse under the action of the adverse pressure.
At this point, where the pressure is still low, the boundary layer separates from the
body surface forming a wake of stagnant, low-pressure fluid (Fig. 2.3), and the resulting
pressure distribution is thereby dramatically altered as shown in Fig. 2.2 (b). The high
pressure acting at and around the forward stagnation point is no longer balanced by
the high pressure at the rear and so a drag-wise pressure force is exerted.

(a) Inviscid (b) Viscid

Fig. 2.2: Pressure distribution around a cylinder.
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Increasing pressure

Dividing
streamline Wake: low velocity, 

low pressure

Point of separation where the normal
velocity gradient becomes zero

Boundary layer
outer edge

Fig. 2.3: Separation of a boundary layer.

2.2.4.2 Laminar and turbulent boundary layers
A boundary layer grows in thickness from the forward stagnation point, or leading edge.
Initially, the flow in the layer is ordered and smooth but, at a critical distance l from
the stagnation point, characterized by the critical Reynolds number Recrit = ρul/μ,
the flow begins to become turbulent (Fig. 2.4). This turbulence causes mixing of the
boundary layer with faster moving fluid outside, resulting in enhanced energy and
delaying of the point of separation. The result is to reduce the pressure drag, because
the low pressure stagnant rear area is reduced; to increase the viscous drag, because the
velocity gradient at the surface is increased; and increase the boundary layer thickness.

The drag coefficient, therefore, varies with Re in a complex fashion (Fig. 2.5). The
critical Re is never reached for small bodies at low speed and so separation takes place
early. For large bodies, or high speed, turbulence develops quickly and separation is
delayed.

Turbulence can be artificially triggered by roughening the body surface or simply
by using a “trip wire”. General flow turbulence tends to produce turbulent boundary
layers at Reynolds numbers ostensibly below the critical value and this certainly seems
to happen in the case of wind turbine blades.

l

Fig. 2.4: Laminar and turbulent boundary layers.
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Fig. 2.5: The drag coefficient as a function of Reynolds number.

2.2.4.3 Boundary layer flow equation
In physics, the NS (Navier–Stokes) equations describe the motion of viscous fluid
substances. Because the boundary layer’s thickness (δ) is far smaller than the char-
acteristic length of the airfoil, and the velocity component in the x-direction changes
along with the normal direction are greater than that with the tangential direction,
the NS equations can be significantly simplified to give the Prandtl boundary layer
equations, which are the basic equations for the processing of boundary layer flow.
The schematic diagram of an airfoil’s boundary layer is shown in Fig. 2.6.

y

x

U1

u(x, y)

δ(x)

Fig. 2.6: Schematic diagram of an airfoil’s boundary layer.

For boundary layer flow at high Reynolds number, the thickness of the boundary layer
is much smaller than the characteristic length of the object. In other words, δ/L (the
relative thickness of the boundary layer) is very small. Viscous forces and inertial forces
are of the same order within the boundary layer.
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For a wind turbine airfoil, the Prandtl boundary layer equations can be obtained
by analyzing magnitude orders [95]:

∂u
∂x
+
∂υ
∂y
= 0, (2.4)

∂u
∂t
+ u ∂u

∂x
+ υ ∂u

∂y
=
∂U1
∂t
+ U1

∂U1
∂x
+
1
ρ
∂τ
∂x

. (2.5)

By formally integrating equation (2.5) across the boundary layer (u = υ = 0, τ = τw
at y = 0 and u = U1 , y = τ = 0, at y = ∞), the well-known von Karman momentum
integral equation results [96]:

x
θ
dθ
dx =

x
θ
Cf
2 − (H + 2 −Ma

2)
x
U1

dU1
dx , (2.6)

where u is the flow’s tangential velocity within the boundary layer, υ is the flow’s
normal velocity within the boundary layer, U1 is inflow velocity, τ is skin friction, t
is time, Cf is skin friction coefficient, H = δ∗/θ is a shape parameter of the boundary
layer, δ∗ is the displacement thickness of the boundary layer, θ is the momentum
thickness of the boundary layer.

If equation (2.6) is first multiplied through by local velocity u and then integrated,
the momentum and kinetic energy equations can be written as

x
H∗

dH∗

dx =
x
θ
2CD
H∗ −

x
θ
Cf
2 − (

2H∗∗

H∗ + 1 − H)
x
U1

dU1
dx , (2.7)

where H∗ = θ∗/θ, H∗∗ = δ∗∗/θ are also shape parameters, θ∗ is the kinetic energy
thickness, δ∗∗ is the density thickness, CD is dissipation coefficient.

The momentum and shape parameter equations (2.6) and (2.7) are valid for both
laminar and turbulent boundary layers, as well as for free wakes. The fundamental
difficultywith them is the value of the three shape parameters (H,H∗,H∗∗), dissipation
coefficient CD , and skin friction coefficient Cf . Here, due to lack of space, we will not
derive the boundary layer parameters in detail.

2.2.5 Potential flow solving method for an arbitrary airfoil

Wind turbine airfoils work at low Mach numbers (Ma < 0.3), which means the flow is
without separation in a certain angle of attack (AOA) range, so the viscosity has little
influence on the pressure distribution, lift and moment, and a reasonable solution can
be obtained approximately by inviscid flow theory. But when thickness or AOA is large,
the theory is no longer applicable. In this section, a viscous flow numerical solution
method – the panel method – will be introduced and is applicable to both thick and
thin airfoils [98, 99].

The airfoil’s surface is divided into infinitesimal pieces, called panels; each panel
is a surface vortex or point source with unknown intensity; then a point (often referred
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to as control point) will be selected from each panel, at which the panel cannot be
penetrated; then linear equations with the unknown strength are obtained. These
equations determine intensity, and calculate the pressure, and the lift and torque
characteristics.

The airfoil contour and wake trajectory are discretized into flat panels, originating
from the lower wing surface in anticlockwise direction, with N panel nodes on the
airfoil. Each airfoil panel has a linear vortices distribution defined by the node values γj
( j = 1, . . . , n). Each airfoil andwakepanel also has control points Pi(xi , yi), i = 1, . . . , n,
as shown in Fig. 2.7.

Y

X
Pi

Fig. 2.7: The numerical method of obtaining airfoil surface vortices’ values.

The stream function at the point i on the panel j is specified in the form

dφij = −
γj
2π ∫

sj

θij dsj , (2.8)

where
θij = arctan

xi − yj
xi − xj

,

so the stream function is also written as

φi = −
n
∑
i=1

γj
2π ∫

sj

θij dsj . (2.9)

The flow normal velocity components have to be

(υ�n)i =
∂φi
∂ni
= −

n
∑
j=1

γj
2π ∫

sj

∂θij
∂ni

dsij . (2.10)

Then, the boundary conditions at the control point i

υ∞ cos βi −
n
∑
j=1

∂θij
∂ni

dsj = 0, (2.11)

where βi is the angle between the stream and the outer normal of panel i .
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To meet the conditions of the trailing edge, the first control point on the lower
surface and the last n-th control point on the upper surface should be close to the
trailing edge, in the other words, the distance between these two surfaces vortices is
very short. Trailing edge conditions can be approximately written as

γ1 = −γn . (2.12)

By equations (2.11) and (2.12), the value γj can be obtained. The tangential velocity and
the pressure coefficient of each control point are then determined, respectively,

υsi = υ∞ sin βi +
γi
2 − ∑j=1

j ̸=i

γi
2π ∫

sj

∂θij
∂ni

dsj , (2.13)

Cpi = 1 − (
υsi
υ∞
)
2
. (2.14)

This numerical method includes the combined effects of AOA, camber and thickness.
As long as the value of n is large enough, the numerical solutions are in good agreement
with the experimental results. For instance, as Fig. 2.8 shows, for the wind turbine
airfoil S809 [100], the numerical solutions of the pressure coefficient distribution is in
good agreement with the exact potential flow theoretical results.

For the above calculation, the flow is treated as incompressible flow. In the case
of high flow velocity, by using the Karman–Tsien model, the compressible pressure
and the velocity coefficient on the airfoil surface can be approximated by the value of

–1.5

–1

Panel method 
Exact solution

–0.5

C p

0

0.5

1
0 0.1 0.2 0.3 0.4 0.5

x/c
0.6 0.7 0.8 0.9 1

Fig. 2.8: Comparison between exact solution and panel method.
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incompressible flow [99]

Cp =
Cp,inc

√1 −Ma + Ma2

1+√1−Ma2
⋅ Cp,inc2

, (2.15)

where Cp,inc is the pressure coefficient of incompressible flow, Ma is the Mach number.

2.3 Aerodynamic characteristic of airfoils

2.3.1 Pressure coefficient of the airfoil

The reacting force is generated by the wind interacting with the upper and lower airfoil.
There are two kinds of surface force, one is the normal force, i.e., pressure; the other is
the tangential force, i.e., friction. Usually, the component of the force perpendicular to
the direction of motion is called lift. The component parallel to the direction of motion
is called drag.

Changes in pressure along the airfoil surface are often expressed as the pressure
coefficient Cp for the chord curve (Fig. 2.8). The pressure coefficient is defined as

Cp =
p − p0
1
2ρV

2
0
, (2.16)

where p is the pressure to be evaluated, p0 is the pressure in the freestream (i.e., remote
from any disturbance).

When the flow hits the airfoil surface, there is a stagnation point at the leading
edge. The stagnation point is a point where the local velocity of the fluid is zero, and
where the pressure is at its maximum value, in the other words, the pressure coefficient
Cp = +1.0. The flow over the stagnation line, starting from the stagnation point, first
travels a short distance, then bypasses the leading edge, and goes along the upper
surface to the trailing edge. The flow will reach a high local velocity at the leading
edge. The larger the AOA is, the more rearward the stagnation point is, and the higher
the local velocity that the flow reaches at the leading edge. The minimum pressure
corresponding to the peak velocity could reach a high negative value. Meanwhile, for
the same airfoil, the greater the AOA is, the more forward the lowest pressure point is.
Therefore, the flow velocity accelerates around the leading edge, beginning with the
stagnation point, and completes acceleration in a very short distance, thus leading to
the deceleration segment, adverse pressure gradient segment, being lengthened. In
the deceleration segment, in the first part of about 10% of the chord length, there will
be a very fast deceleration phase, and the negative value of Cp will reduce by half; in
the second part of about 90% of chord length, Cp will reach a small positive value at
the trailing edge. So, if the AOA is too large, and peak velocity is very high, then the
first part of the airfoil will have a serious adverse pressure gradient, which will destroy
the laminar boundary layer, resulting in flow separation, and decreasing the lift.
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2.3.2 Lift coefficient

Airfoil lift characteristics usually mean the curve of lift coefficient variation vs AOA.
The lift coefficient Cl is defined as

Cl =
L

1
2ρV

2
0c

, (2.17)

where L is the lift, ρ is the density of the flow, V0 is wind speed, and c is the length of
the airfoil chord, often simply called the chord.

Lift is composed of the pressure force from local elements of the upper and lower
surfaces of the airfoil, in the direction perpendicular to the flow. Thus, the lift coefficient
can also be expressed as

Cl =
1

∫
0

(Cp,l − Cp,u) cos α d ̄x, (2.18)

where Cp,u is the pressure distribution coefficient for the upper surface of the airfoil,
Cp,l is the pressure distribution coefficient for the lower surface of the airfoil, and
̄x = x cos α + y sin α . In the same chord location, the distance between the upper and
lower surface of the pressure distribution represents its effective pressure difference
which generates lift at this point.

y

x

Pu

Pl

U∞

l

u
α

Fig. 2.9: Schematic drawing for airfoil aerodynamic calculation.

In Fig. 2.9, u is the upper surface, l is the lower surface.
Lift characteristic related to the flow around the airfoil can generally be divided

into the attached flow area, stall area and deep stall area according to the AOA. In the
attached flow area, the range of the AOA is about from −10° to 10°; in the stall area the
range is about from 10° to 30°; in the deep stall area the range is about from 30° to
90°. When the AOA increases to about 10°, flow separation is initiated, because with
increasing AOA the lift coefficient first slowly increases and then gradually decreases
[97]. Fig. 2.10 shows the lift characteristic of the NACA 64418 airfoil in the smooth
working conditions (boundary layer: Re = 6.0 × 106 , Ma = 0.15, α ∈ [−5°, 20°]).
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Fig. 2.10: Lift coefficient for the NACA 64418 airfoil.

2.3.3 Drag coefficient

Airfoil drag characteristics usually mean the curve of drag coefficient Cd variation vs
AOA, but can also refer to the curve of drag coefficient vs lift coefficient. Drag coefficient
is defined as

Cd =
D

1
2ρV

2
0c

, (2.19)

where D is the drag, ρ is the density of the flow, V0 is wind speed, and c is the length
of the airfoil.

Airfoil drag comprises two fluid dynamic drags: skin friction and pressure drag. In
the attachedflowarea, thedrag ismainly skin friction, and thedrag coefficient increases
slowly with increasing AOA; in the airflow separation area, the main resistance is
pressure drag, and the drag coefficient will increase rapidly with increasing AOA.

Obtaining the pressure distribution of the airfoil surface by a numericalmethod,we
use the Squire–Young equation to calculate the drag coefficient Cd , which is available
for the wake (non-trailing edge):

Cd = 2θi = 2θ (
u
U1
)
(H+2)/2

, (2.20)

where θ is the momentum thickness, θi is the momentum thickness at infinity, u is
flow velocity at the end of the trail edge, H is shape parameter, and U1 is flow velocity.

The drag calculated from the Squire–Young equation (2.20) is the total viscous drag
of the airfoil, including skin friction Cd,f and pressure drag Cd,p , which are expressed as

Cd,f = ∫ Cf d ̄x, (2.21)

Cd,p = Cd − Cd,f, (2.22)
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where Cd,f is skin friction coefficient under free dynamic pressure, Cd,p is the pressure
drag coefficient. Cd,p is deduced from the drag coefficient Cd and the skin friction
coefficient Cd,f , rather than by calculating the integral of the surface pressure, because
pressure drag magnitude is very small in the main work area of the AOA, and it is
susceptible to variable transmission deviation in the calculating process.

Fig. 2.11 shows the drag characteristics for the NACA 64418 airfoil in smooth work-
ing conditions (boundary conditions: Re = 6.0 × 106 , Ma = 0.15, α ∈ [−5°, 20°]).
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Fig. 2.11: The drag characteristics for the NACA 64418 airfoil.

2.3.4 Pitching moment coefficient

In theoretical mechanics, a plane force system is a synthesis of a force and a torque at
a specified point. Pressure distributing on the airfoil surface also can be a synthesis
of a force and a torque at a specified point. This torque is called the pitching moment.
This point is called the acting point of force in aerodynamic studies, as the airfoil
aerodynamic center is incremental at the point of lift, i.e., the torque at this point does
not change with AOA. Similar to the lift and drag coefficients, the pitching moment
coefficient is defined as follows

Cm =
M

1
2ρV

2
0c2

. (2.23)

Airfoil pitching moment characteristics usually means the curve of pitching moment
coefficient Cm vs AOA. In the attached flow area, this curve varies linearly, and the
pitching moment coefficient remains unchanged around the aerodynamic center.

In practice, the reference center of the pitching moment is generally at 1
4 chord

away from the leading edge. The pitching moment coefficient-AOA curve is nearly a
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straight line before a stall. After a stall, flow separation occurs, and the curve is no
longer straight. The pitching moment characteristics curve can be calculated after
pressure distribution has been obtained:

Cm = ∫−Cp[(x − xref)dx + (y − yref)dy], (2.24)

where (xref, yref) are the pitching moment reference center coordinates.
Fig. 2.12 shows the pitchingmoment coefficient for theNACA64418 airfoil in smooth

working conditions (boundary conditions: Re = 6.0 × 106 , Ma = 0.15, α ∈ [−5°, 20°]).
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Fig. 2.12: The pitching moment coefficient for the NACA 64418 airfoil.

2.4 Stall on airfoils

Stall properties of airfoils refer to their performance around Cl,max . Due to the fluid
viscoitys, the boundary layer near the edge exists even though the AOA is small. But
the separation has little impact on the aerodynamic performance of the airfoils. Not
only is the pressure distribution on the entire airfoil basically the same as that value
in inviscid theory, but also the pressure distribution near the trailing edge shows no
obvious discrepancy. But the airflow over the upper surface separates considerably
around Cl,max . The separation zone spreads from the trailing edge to the leading edge,
and can extend up to the front half of the airfoil surface. Originally, the lift coefficient
gradually increases with increasing AOA, and circulation around the airfoil will also
increase according to Kuta–Joukowsky theory. With the growth of the circulation, the
front stagnation point on the lower surface will move backwards. If the front stagnation
point is far away from the leading edge, the flow velocity of the airflow from the leading
edge to the upper surface is greater. In other words, with increasing AOA, not only
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does the suction of whole airfoil strengthen, but also the suction peak near the leading
edge rises more quickly than elsewhere. Passing by the peak point, the flow slows
down, which is against the adverse pressure gradient. The greater the peak is, the
greater the adverse pressure gradient is, and the more difficult it is for the flow to
decelerate. It not only leads to turbulent flow in the boundary layer, but also the flow
is separated because of the declining speed which is unable to withstand the averse
pressure when the AOA increases to a certain extent. Then, the flow is divided into two
parts: the interior and outside of the flow separation zone. At the separation boundary,
the static pressure will be the same everywhere. The main stream of the flow is no
longer slowed down and experiences pressurization after separation. In the separation
region, because of the main stream on the free border constantly taking away mass by
viscous action, it will cause the airflow from the back to fill the central portion, and
form the reflux of the central portion. So a separation zone is basically a dead zone.
However, it is not absolutely without flow, and it still has some reflux. As we know, the
main stream on the upper surface is decelerated with the pressure increased from the
lowest pressure point towards the trailing edge. The pressure in the flow separation
zone is virtually equal to the main stream pressure at the point of separation. The
more powerful the separation is, the further forward the separation point is, and the
lower the pressure in the separation zone is. Since the pressure on the rear section
of the upper airfoil surface is extremely low, and the AOA is large, there will be a big
pressure drag. In other words, with larger AOA, the drag coefficient increases very fast
around the stall AOA. In addition, for low velocity flow, the separation affects not only
half of the airfoil but the entire flow field. In this case, the main stream is equal to a
noncollapsible trailing edge airfoil. Circulation is smaller than before separation. Both
the suction in front and the peak value are reduced. Therefore, the lift coefficient will
be reduced after separation.

Once airfoil boundary layer separation causes airfoil stall, even if the stall AOA
immediately goes back to the former state, the airfoil boundary layer will not immedi-
ately be restored to its state before the separation. This phenomenon is known as flow
hysteresis. In Fig. 2.13, if the AOA α exceeds the critical angle, Cl is suddenly down.
Later, with increasing AOA, Cl is continuously changing. When the AOA is reduced
down from the stall AOA, Cl corresponds to a significant increase, shown in Fig. 2.13 as
line BC. But the lift coefficient is still different to the original. If after reaching point C
the AOA α continues to reduce, the curve Cl will jump to the original curve. The flow
has changed from separation to attached bubbles at this time. If the AOA increases at
this time, the curve will follow the line DA.

2.5 Roughness properties of airfoils

Due to erosion by dust, oil and raindrops, the surface of awind turbine blade, especially
the leading edge, becomes rough. Airfoil surface roughness has an important impact
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Fig. 2.13: Curve of flow hysteresis.

on the airfoil’s aerodynamic characteristics. Surface roughness moves the boundary
layer transition point forward, increases the boundary layer thickness, and reduces the
airfoil camber, therefore reducing the maximum lift coefficient. In addition, surface
roughness can change the laminar boundary layer into a turbulent boundary layer. As
a result, the friction will be increased. In theoretical calculations and tests, in order to
simulate airfoil surface roughness, generally a fixed position on the upper and lower
surfaces of the airfoil will be selected to make the laminar flow transition. Normally,
the position is at 5% chord from the leading edge on the upper surface, 10% from the
leading edge on the lower surface [101].

Pollution and destruction are inevitable, and have an important influence on wind
turbine power loss. Pollution at the leading edge causesmultiple stalls of wind turbines.
As a result, it reduces the rated output power and themaximumoutput power. The value
of actual power loss depends on the design parameters of the rotor blades, the airfoil
spanwise distribution and optimum tip speed ratio of the rotor and so on. According to
tests, if the leading edge of the middle section (0.42 < r/R < 0.57) and the proximal
section (0.2 < r/R < 0.42) for wind turbine blades is pullulated, the power loss will
reach up to 8% when the tip speed ratio is up to 8.
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2.6 Influence of geometric parameters on aerodynamic
characteristics

Airfoil geometry has a direct impact on the airfoil’s aerodynamic characteristics. For
wind turbine airfoils, the main geometric parameters affecting airfoil aerodynamic
characteristics are leading edge radius, relative thickness and the string position of the
maximum thickness, the trailing edge, and so on.

2.6.1 Influence of the leading edge radius of an airfoil

The leading edge radius (i.e., the leading edge bluntness) has an important influence
on the maximum lift coefficient for the airfoil. Usually, the difference between the
y-coordinate value at 6% and the y-coordinate value at 0.15% of the chord on the
upper surface represents the blunt part of the airfoil’s leading edge. When the other
geometric parameters of the airfoil remain unchanged, the maximum lift coefficient
increases due to the leading edge radius increasing. When the leading edge radius
is small, the airfoil pressure gradient along the suction side is large. With increasing
AOA, the flow pressure will quickly reach a negative peak near the leading edge. The
transition from laminar flow to turbulent flowwill occur near the leading edge under the
adverse pressure gradient effect. At the same time, it is easy to produce flow separation,
which will reduce the maximum lift coefficient [92].

2.6.2 Influence of the maximum relative thickness and its position

The maximum relative thickness of an airfoil and its chordwise position have a great
influences on the aerodynamic performance of the airfoil. If the maximum relative
thickness is too large or small, themaximum lift coefficient will be limited. For instance,
with the NASA LS series airfoil, when the maximum relative thickness is at around
15% of the chord, the airfoil has a maximum lift coefficient; for the NACA series airfoil,
with a maximum relative the thickness at around 13%, the airfoil has a maximum
lift coefficient. On one side, if the position of the maximum relative thickness is close
to the leading edge, the maximum lift coefficient will be large; on the other side, it
would cause flow transition, and the drag coefficient would increase. In the same airfoil
series, when the relative thickness increases, the minimum drag coefficient increases.
In addition, when the position of maximum relative thickness is further back, the
minimum drag coefficient will be reduced. The relative thickness has little effect on the
pitching moment coefficient [92].
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2.6.3 Influence of the maximum camber and its position

Under normal circumstances, if the camber is increased, the maximum lift coefficient
will be increased, particularly if the leading edge radius is small or the airfoil is thin.
However, with increasing camber, the increase in the lift coefficient becomes slow, and
the drag coefficient increases at the same time. And the increments of drag coefficients
are different with different airfoils. Further, when the position of maximum camber is
further forward, the maximum lift coefficient becomes large [92].

2.7 Influence of Reynolds number on aerodynamic characteristics

Changes in the Reynolds number reflect changes in the state of the boundary layer and
affect flow separation, whichwill change the aerodynamic characteristics especially for
the maximum lift coefficient. When the Reynolds number is small due to the existence,
the development and collapse of the leading edge separation bubble, the maximum
lift coefficient is very sensitive to the Reynolds number. When the Reynolds number is
large, the stall AOA of the airfoil increases with the Reynolds number. Therefore, the
maximum lift coefficient of the airfoil will also increase. When the Reynolds number is
greater than 6.0 × 106 , the variation of airfoil stall AOA and maximum lift coefficient
with Reynolds number will be flatter. As well as being related to Reynolds number, the
maximum lift coefficient also affects the minimum drag coefficient. When the AOA is
small, airfoil drag depends on friction, and its value is associated with the location of
the turning point. When the Reynolds number increases, it can postpone the laminar
flow separating, and reduce friction. In addition, when the AOA is small, the pressure
drag is reduced with increasing Reynolds number. Thus, the minimum drag coefficient
decreases correspondingly [92]. It should be noted that the influence of the Reynolds
number on the airfoil aerodynamic characteristics is related to its geometric properties,
surface roughness, flow turbulence and so on.

2.8 Method of predicting aerodynamic performance of airfoils

The airfoil’s aerodynamic characteristics are directly related to the performance of
the blades. Currently, the methods of obtaining airfoil data are mainly the viscous-
inviscid iterative method, which considers the potential flow and viscous boundary
layer equations, CFD methods, wind tunnel experiments and so on.
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2.8.1 Introduction to XFOIL and RFOIL

TheXFOIL programdeveloped by theAmerican scholar Dr. Drela is used to calculate the
airfoil’s aerodynamic performance. For a given airfoil, if the AOA and Reynolds number
are given, XFOIL can calculate the pressure distribution coefficient Cp , lift coefficient
Cl and drag coefficient Cd . In addition, XFOIL can also simulate the transition and
separation of the boundary layer [99].

RFOIL has been co-developed by ECN (Energy research Centre of the Netherlands),
DUT (Delft University of Technology) and NLR (National Aerospace Laboratory of the
Netherlands) and is commercial software dedicated to the design of wind turbine
airfoils and the analysis of their aerodynamic characteristics. Compared with XFOIL,
the main advantage of RFOIL is improved computing stability and accuracy of airfoil
aerodynamic performance in the stall region; its calculation process is similar to XFOIL,
and the software interface is shown in Fig. 2.14. It prompts the user to enter the boundary
conditions to calculate the aerodynamic characteristics at the software interface.

Fig. 2.14: Interface of RFOIL software.

2.8.2 Airfoil aerodynamic performance calculation cases

Compared with other fluid calculation software, these two software programs have
some advantages, such as simple interface, easy to operate, fast convergence and short
runtime in the calculation of viscous and non-viscous fluids. In particular, when the
AOA is large, it is easier to achieve convergence than with other procedures. Therefore,
XFOIL and RFOIL are widely used in airfoil design and analysis.

Using XFOIL and RFOIL, the aerodynamic performance of the famous Dutch DU
91-W2-250 airfoil was calculated and analyzed, and was compared with experimental
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data. The results show that the maximum relative thickness of airfoil is 0.25, i.e., the
ratio of absolute thickness to chord length of the airfoil is 25%.

In the free transition working conditions, Re = 1.0 × 106 , the aerodynamic charac-
teristics for the DU 91-W2-250 airfoil (the airfoil profile was shown in Fig. 2.15) compared
with test results is shown in Fig. 2.16–2.18. In Fig. 2.16 and 2.17, compared with ex-
perimental values, the results calculated by XFOIL and RFOIL show lift and drag
coefficients in the linear phase are very consistent. The deviation of the maximum
lift coefficient corresponding to AOA is relatively small. Compared with XFOIL, the
results also show that RFOIL can better simulate the airfoil stall condition. When the
DU 91-W2-250 airfoil is stalled (α > 9.5°), flow instability and separation have a great
impact on airfoil aerodynamic characteristics. Currently, it is difficult to accurately and
completely simulate the stall process with numerical methods, especially for three-
dimensional unsteady flow after stall. So the calculated values deviate from the test,
but converge to the trend after stall.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

–0.1
–0.05

0
0.05

0.1

x/c

y/
c

Fig. 2.15: Profile of the DU 91-W2-250 airfoil.
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Fig. 2.16: Comparison of lift coefficients obtained from theoretical calculations and test results.
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Fig. 2.17: Comparison of drag coefficients obtained from theoretical calculations and test results.

As shown in Fig. 2.18, the reason for a larger difference around the maximum lift-to-
drag ratio is that the value of the denominator (drag coefficient) is small, so a small
difference in the denominator can lead to a large change in the lift-to-drag ratio. In
other words, the lift-to-drag ratio is more sensitive to the drag coefficient.

Fig. 2.19 shows the pressure distribution obtained from test results, XFOIL calcu-
lated data and RFOIL results for the DU 91-W2-250 airfoil in freedom transition condition
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Fig. 2.18: Comparison of lift-to-drag ratio obtained from theoretical calculations and test results.
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Fig. 2.19: Comparison of pressure distribution at maximum lift-to-drag ratio (α = 9.74°).

of the main AOA at Reynolds number Re = 1.0 × 106 . Comparing the pressure distribu-
tion characteristics at the maximum lift-to-drag ratio conditions when AOA = 9.74°,
the theoretical result is in good agreement with the experimental test which validates
the XFOIL and RFOIL theoretical models. The above calculation and analysis compared
with the experimental data provide a theoretical calculation method and the feasibility
of further development for aerodynamic performance analysis and optimization of
new airfoils.

2.9 Chapter conclusions

This chapter discussed the basic concepts of Reynolds number and Mach number
for wind turbine airfoils. The flow characteristics of boundary layer separation were
analyzed. The integral equation for laminar boundary layer and the turbulent boundary
layer for awind turbine airfoil surfacewas derived. The variationpattern of the flowfield
around the wind turbine airfoils was analyzed. The airfoil’s aerodynamic parameters,
such as pressure distribution coefficient, lift coefficient, drag coefficient, and pitching
moment coefficient were calculated theoretically based on the panel method and
potential flow theory. This chapter explores the effect of airfoil geometry and aero-
dynamic parameters on the aerodynamic performance of airfoils. Then two software
programs (XFOIL and RFOIL) were introduced. The accuracy of the two programs was
verified with experimental data through computing the aerodynamic performance of
an airfoil. The two programs are suitable for direct design methods for airfoils and
provide aerodynamic tools for the design of wind turbine airfoils.
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3 Integrated expressions of wind turbine airfoils

3.1 Introduction

The section shape of a wind turbine blade is called the wind turbine airfoil and it has
great influence on the performance of the wind turbine. There are two main kinds of
wind turbine airfoils. One is aircraft airfoils such as NACA 230, NACA 44, NACA 632,
NACA LS and FX airfoil series, to name a few. Since then, some airfoils specially tailored
for wind turbines have been introduced, such as the NRELS airfoil series designed
by the Americans, the DU airfoil series designed by the Dutch, the Risø airfoil series
designed by the Danish and the FFA-W airfoil series designed by the Swedes.

The important key element for the power characteristics and the load features of a
wind turbine is the design theory for the wind turbine airfoils, which is why interna-
tional scholars are studying it. The expressions for current airfoil are implemented by
discrete points, not by a specific function. The design of new airfoils is also based on the
original airfoil coordinates. The local airfoil profiles are adjusted to obtain a new airfoil
with better aerodynamic performance. Therefore, some subjects for the design of wind
turbine airfoils must be studied, such as the functional characteristics of the airfoil
profile, the mathematical expression of the function, the aerodynamic characteristics
of the geometric curve for the mathematical expression, the shape optimization of the
geometric curve and so on.

3.2 Transformation theory of airfoils

In order to study the aerodynamic performance of airfoils, it is essential to understand
the flow around the airfoil surface. Because the shape expression of the airfoil is
complex, if the flow is solved using the analytical method, it is difficult to get an
accurate analytical answer. Conformal mapping can transform a complex boundary
curve into a simple boundary. The simple boundary flow can be easily obtained, then
according to the transform relationship, the original flow field with complex boundary
can be calculated by reversing.

3.2.1 Conformal transformation [93]

It is assumed that there is a ζ -plane outside of the z-plane, which is also a complex
variable:

ζ = ξ + iη. (3.1)
There is a certain relationship between them:

ζ = f(z). (3.2)

DOI 10.1515/9783110344387-004
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Thus, a corresponding relationship is established for the points on the two planes.
When there is a shape on the z-plane, there also must be a shape on the ζ -plane which
is transformed. In general, the angle between two segments of the corresponding
shapes equals the angle in the original shape, so it is called conformal mapping [94].

Suppose there is a triangle PQR on the z-plane, it can be transformed into another
triangle P�Q�R� on the ζ -plane by the transform relation, as shown in Fig. 3.1. The
corresponding points of P, Q and R are P� , Q� and R� .
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Fig. 3.1: Conformal mapping.

Starting from point P on the z-plane, a microsegment along the direction of PQ and
PR is made respectively. Correspondingly, a microsegment along the direction of P�Q�

and P�R� are made respectively from point P� on the ζ -plane. The relation between
them is:

dζ
dz = f

�(z). (3.3)

This derivative is also a complex function, which can be expressed by aeiα , that is,

dζ = aeiα dz. (3.4)

It is can be found from equation (3.4) that the module of dζ and dz differs by amultiple
a, and the argument differs by an angle α:

|dζ| = a|dz|,
arg dζ = arg dz + α.

} (3.5)

Derivative f �(z) is only a function of points. After taking a given point P, for all the
corresponding segments that start from point P and are transformed into plane ζ ,
the module will be a times larger, and the argument will increase by α . So the angle
between PA and PB always equals the angle between P�A� and P�B� on the ζ -plane.
Since there is a straight angle at the straight line in the original graphic, the curve after
transformation is also bound to be a continuous curve.
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3.2.2 Joukowsky transformation of airfoils [93]

The complex function flowing around the circle on the z-plane can be expressed as

w(z) = υ0 (z +
a2

z ) . (3.6)

Here, taking the Joukowsky transformation,

ζ = z + a
2

z . (3.7)

After transforming the flow field in equation (3.6) of the z-plane by equation (3.7), on
the ζ -plane it becomes

w(ζ) = υ0ζ. (3.8)

This is a straight uniform flow field which is parallel to the horizontal axis and has a
flow velocity of υ0 .

If the radius of the circle is enlarged a little bit, and only treated with the trans-
formation equation once, the center of the circle will still be located on the x-axis, as
shown in Fig. 3.2. Then a symmetrical airfoil with thickness on the ζ -plane is obtained,
namely the so-called Joukowsky symmetrical airfoil.

As shown in Fig. 3.2, assuming the radius of the original circle is d, where d =
a(1 + ε), and the circle’s center is located at (−εa, 0), there are relationships between
the coordinates of any point P on the circle z = reiθ and the radius of circle, as given
below:

d2 = r2 + a2ε2 + 2aεr cos θ. (3.9)

iγ, iη

x, ξM εα O

P

r

α
θ

Fig. 3.2: Joukowsky transformation of an airfoil.
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Crossing out ε2 and solving r, we obtain

r = a[1 + ε(1 − cos θ)]. (3.10)

Taking equation (3.10) into equation (3.7) yields:

ξ = (r + a
2

r )
cos θ = 2a cos θ,

η = (r − a
2

r ) sin θ = 2aε(1 − cos θ) sin θ.

}}}}
}}}}
}

(3.11)

The chord length of this airfoil is 4a, maximum thickness locates at θ = arccos(−1/2),
namely the location of ξ = −a, and the maximum thickness is

2ηmax = 3√3aε. (3.12)

When the attack angle α = 0°, the fluid field that passes this airfoil on the z-plane can
be expressed as

w(z) = υ0 [(z + εa) +
a2(1 + ε)2

(z + εa) ] . (3.13)

In addition, moving up the center of original circle a little bit, the transformed graphic
will be a generic Joukowsky airfoil with thickness and camber.

3.2.3 Theodorsen method [93]

Although the Joukowsky airfoil looks almost like a real airfoil by appearance, strictly
speaking its coordinate relations are incorrect, so it is not applied in practice. In the
1930s, Theodorsen proposed a method which can calculate real airfoils. Then Fourier
series can be used to transform it into a perfect circle. The number of terms in the series
can be set to any number, a higher accuracy can be achieved with more terms.

Put a given airfoil on the ζ -plane, connect a trailing edge point and a point near the
leading edge (it can be the midpoint of the leading edge curvature center and leading
edge point) as a line, and put this line on the ζ -axis, then take the midpoint of the
connection as the original point, as shown in Fig. 3.3 (a). One-quarter of the length of
the connection line is set as the value of a in the Joukowsky transformation. Use the
transformation equation

ζ = z + a
2

z . (3.14)

Transforming the given airfoil onto the z� -plane, a near circle is obtained, shown in
Fig. 3.3 (b). This graphic can be expressed by

z� = aeφ+iθ , (3.15)
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tγ′

X′θ

Ζ′ = ± ζ2 – 4a2(ζ )1
2

(b)
Ζ = aeλ+iψ

ψ

tγ

X

(c)

ζ plane

ξ

(a)

2a 2a

i η 

Fig. 3.3: Schematic drawing of airfoil transformation.

where θ is amplitude, aeφ is the radius vector length of this near circle, it is close to a
constant and varies in the vicinity of this constant. So the index φ of e is a function
of θ: φ = φ(θ), φ and θ can be seen as coordinates on the z� -plane. The relationship
between φ, θ and the original airfoil is

ζ = aeφ+iθ + ae−φ−iθ = a(eφ + e−φ) cos θ + ia(eφ − e−φ) sin θ = ξ + iη. (3.16)

Then the near circle on the z� -plane is transformed into a circle on the z-plane, as
shown in Fig. 3.3 (c). Assuming the radius of this circle is aeλ , the z-coordinate can be
expressed as

z = aeλ+iψ , (3.17)

where ψ is the argument on the z-plane. Defining the transformation relation between
the z� -plane and the z-plane as

z� = z exp(
∞

∑
0

Cn
zn ) , (3.18)

where Cn is plurality, Cn = An + iBn , then,

z�

z = exp(
∞

∑
0

Cn
zn ) . (3.19)

It is also known that
z�

z =
eφ+iθ

eλ+iψ
= eφ−λ+i(θ−ψ). (3.20)
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Based on equations (3.19) and (3.20), the relationship on the z-plane can be derived:

φ − λ + i(θ − ψ) =
∞

∑
1
(An + iBn)

1
rn (cos nψ − i sin nψ), (3.21)

where z = reiψ , r = aeλ . These are two Fourier series:

φ − λ =
∞

∑
1
(
An
rn cos nψ + Bnrn sin nψ) ,

θ − ψ =
∞

∑
1
(
Bn
rn cos nψ − Anrn sin nψ) .

}}}}}
}}}}}
}

(3.22)

These two functions are conjugate. Then each coefficient can be solved by the method
of Fourier series determinate coefficients.

3.3 Integrated expression of airfoil profiles

In order to facilitate the calculation of the airfoil’s aerodynamic performance, the
Theodorsen method first used two conformal mappings to transform an arbitrary
airfoil into a near circle. And then it uses Fourier series to obtain a perfect circle.
However, in the second transformation step, the solving process of Fourier series
coefficients is too long, which costs too much computation time. Therefore, a new kind
of integrated expression for airfoil profile is proposed to omit the second transformation
step in the Theodorsen method. The trigonometric series or Taylor series is used to
express near circularity directly. This makes the airfoil expression more concise, and
reduces the computation time significantly, which also provides the possibility for
global optimization of the airfoil.

From the previous section it is known that a circle on the z-plane can be trans-
formed into an airfoil on the ζ -plane by changing the position of the circle’s center
and using the Joukowsky airfoil transformation:

ζ = f(z) = z + a2/z. (3.23)

Meanwhile, the circle needs to pass the point x = a in order to ensure the existence of
a sharp airfoil trailing edge, where a is 1

4 of the airfoil’s chord length. This actually
transforms the airfoil with a complex shape into a simple typical flow pattern.

Airfoil coordinates on the ζ -plane can be expressed as

{
x = (r + a2/r) cos θ,
y = (r − a2/r) sin θ.

(3.24)

where r is the radius vector of the airfoil, θ is the argument.
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3.3.1 The trigonometric series representation of airfoil shape function

From the airfoil geometric theory presented above it can be shown that the airfoil can
be expressed by conformal mapping. But a real airfoil cannot be obtained by the simple
transformation. Here, the shape is expressed by

z = a exp(φ(θ) + iθ). (3.25)

If φ(θ) is defined as a constant, the expression above is a circle, the transformed result
is a symmetrical airfoil without camber and thickness. If φ(θ) is a changeable unknown
function, infinitely many airfoils with camber and thickness can be obtained by taking
different φ(θ). r = a exp(φ(θ)) is the radius vector of the curve.

Trigonometry is used in this expression:

φ(θ) = a1(1 − cos θ) + b1 sin θ + a2(1 − cos θ)2 + b2 sin2 θ + ⋅ ⋅ ⋅
+ ak(1 − cos θ)k + bk sink θ + ⋅ ⋅ ⋅ , k = 1, 2, . . . , n. (3.26)

This expression satisfies the condition of φ(0) = 0, which ensures the sharp trailing
edge property of the airfoil. The z-curve expression can be obtained by combining
expressions (3.26) and (3.25).

3.3.2 The Taylor series representation of airfoil shape function

Although the Joukowsky airfoil and the Carmen–Terry Fuzi airfoil, which is based on
the Joukowsky airfoil, are close to a practical airfoil, their coordinate relationship still
cannot be expressed. Theodorsen solved this problem [102]. The idea is that, since
using the Joukowsky transformation, the airfoil that was transformed from a circle is
almost like a low speed airfoil; conversely, using the same transformation equation to
transform the existing practical airfoil back, the resulting graphic cannot be a perfect
circle, but it will not be too far off, shown in Fig. 3.4.

2a 2a

(b)(a)

Ζ 

X

iγ 

θ

ζζ = f (zc) = zc + a2/zc

zc = aρ(θ)exp(i θ)

Fig. 3.4: Transformation of generic airfoil.
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Based on Theodorsen method, a simple and universal expression is proposed here:

zc = aρ(θ) exp(iθ), (3.27)

where θ is the argument, ρ(θ) is the radius vector of a near circle, which is close to a
constant and varies in the vicinity of this constant. By choosing different ρ(θ), infinitely
many kinds of airfoil with different thickness, chamber, leading edge radius and trailing
edge angle can be achieved by transformation.

Combining equations (3.27) and (3.24),

{{{
{{{
{

x = a (ρ + 1ρ) cos(θ),

y = a (ρ − 1ρ) sin(θ).
(3.28)

Under the condition of knowing the shape and coordinates of an airfoil, solving the
relationship between shape function ρ and argument θ:

ρ + 1ρ =
x

a cos(θ) , (3.29)

ρ − 1ρ =
y

a sin(θ) . (3.30)

Solving equations (3.29) and (3.30), we get:

sin2 θ = 12(
h + √h2 + y

2

a2
), (3.31)

ρ = 1
2a (

x
cos θ +

y
sin θ) , (3.32)

where
h = −x

2 − y2 + 4a2

4a2
.

Then the corresponding airfoil coordinates of shape function ρ and argument θ can be
derived by equations (3.31) and (3.32).

According to Taylor series and other thoughts [103], an arbitrary mathematical
expression of a function curve can be expanded into a series, whose geometric and
analytic properties can be controlled by adjusting and optimizing the coefficients of
the series. Through the integration of research on a large number of airfoils it can be
found that ρ(θ) can be expressed by a simple high order polynomial. Here the airfoil
shape function is named

ρ(θ) = C0 + C1θ + C2θ2 + C3θ3 + ⋅ ⋅ ⋅ + Ckθk + ⋅ ⋅ ⋅ , (3.33)

where Ck is the coefficient of the polynomial.
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3.4 Airfoil profile analysis using integrated expressions

For the airfoil shape function expressed by trigonometry (equation (3.26)), the normal-
ized value of airfoil chord length is taken to be 1. Different coefficients are used to verify
that the expression has airfoil properties.

3.4.1 Type I airfoil profile

Taking a1 = 0.1, b1 = 0.05, k = 1 and with other coefficients defined as 0, then we
obtain that

φ(θ) = 0.1 × (1 − cos θ) + 0.05 × sin θ. (3.34)

By equations (3.34), (3.24) and (3.25) we can get:

{{{{{{
{{{{{{
{

x = a × (exp(0.1 × (1 − cos θ) + 0.05 × sin θ)
+ exp(−0.1 × (1 − cos θ) − 0.05 × sin θ)) × cos θ,

y = a × (exp(0.1 × (1 − cos θ) + 0.05 × sin θ)
− exp(−0.1 × (1 − cos θ) − 0.05 × sin θ)) × sin θ.

(3.35)

As we can see in Fig. 3.5, this curve has airfoil properties.
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Fig. 3.5: Type I airfoil.
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3.4.2 Type II airfoil profile

Taking a2 = 0.05, b2 = 0.05, k = 2 and with other coefficients defined as 0, then

φ(θ) = 0.05 × (1 − cos θ)2 + 0.05 × sin2 θ. (3.36)

By equations (3.36), (3.24) and (3.25) we can get:

{{{{{{
{{{{{{
{

x = a × (exp(0.05 × (1 − cos θ)2 + 0.05 × sin2 θ)
+ exp(−0.05 × (1 − cos θ)2 − 0.05 × sin2 θ)) × cos θ,

y = a × (exp(0.05 × (1 − cos θ)2 + 0.05 × sin2 θ)
− exp(−0.05 × (1 − cos θ)2 − 0.05 × sin2 θ)) × sin θ.

(3.37)

As we can see in Fig. 3.6, this curve also has airfoil properties.
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Fig. 3.6: Type II airfoil.

3.4.3 Type III airfoil profile

Taking a3 = 0.03, b3 = 0.05, k = 3 and with other coefficients defined as 0, then:

φ(θ) = 0.03 × (1 − cos θ)3 + 0.05 × sin3 θ. (3.38)
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By equations (3.38), (3.24) and (3.25) we can get:

{{{{{{
{{{{{{
{

x = a × (exp(0.03 × (1 − cos θ)3 + 0.05 × sin3 θ)
+ exp(−0.03 × (1 − cos θ)3 − 0.05 × sin3 θ)) × cos θ,

y = a × (exp(0.03 × (1 − cos θ)3 + 0.05 × sin3 θ)
− exp(−0.03 × (1 − cos θ)3 − 0.05 × sin3 θ)) × sin θ.

(3.39)

As shown in Fig. 3.7, this curve also has airfoil properties.
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Fig. 3.7: Type III airfoil.

3.5 Versatility properties for integrated expression of airfoils

For the airfoil shape function expressed by trigonometry (equation (3.26)), the expres-
sion of existing airfoils is achieved by discrete points, i.e. no specific form of expression
function is proposed. The airfoil datas in the airfoil plane can be expressed by [104, 105]

ζ = x + yi, (3.40)

where x is the horizontal axis, y is the vertical axis.
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It is known from equations (3.25) and (3.40):

coshφ = x
2a cos θ

,

sinhφ = y
2a sin θ ,

2 sin2 θ = p + √p2 + ( ya)
2
, (3.41)

where
p = 1 − ( x2a)

2
− (

y
2a)

2
.

From equation (3.41) it can be seen that once the airfoil coordinate values are known,
based on the number of terms in the series and some selected discrete points, integrated
equation coefficients can be achieved by taking the coordinate points into equations
(3.41), (3.24) and (3.25), thus implementing the integrated expression of an airfoil.
Therefore, this integrated equation is suitable for the theoretical expression of any
airfoil.

For a better demonstration, two kinds of airfoils (NACA 64418 and S809) which
are commonly used in wind turbines were selected. The coefficients of the integrated
equation were determined by reverse solving, which validated the versatility of the
integrated equation and also provided references for optimizing the airfoils.

3.5.1 First-order fitting

Firstly, the two airfoils are expressed by a first-order term. The obtained coefficients
are shown in Tab. 3.1.

Tab. 3.1: First-order fitting coefficients.

NACA 64418 S809

a1 0.11349 0.15554
b1 0.04482 0.02791

Fig. 3.8 and 3.9 were obtained respectively by putting the coefficients into the integrated
equation. The line represents the integrated expression, and the boxes represent the
real airfoils. It can be seen from the figure that first-order fitting cannot well express
the existing airfoils.
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Fig. 3.8: First-order fitting of NACA 64418 airfoil.
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Fig. 3.9: First-order fitting of S809 airfoil.
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Fig. 3.10: Second-order fitting of NACA 64418 airfoil.
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Fig. 3.11: Second-order fitting of S809 airfoil.
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3.5.2 Second-order fitting

The second-order term was used. The coefficients obtained are shown in Tab. 3.2.

Tab. 3.2: Second-order fitting coefficients.

NACA 64418 S809

a1 0.54913 0.47162
b1 0.04321 0.00282
a2 −0.23045 −0.20091
b2 −0.16144 −0.08267

Fig. 3.10 and 3.11 were obtained respectively by putting the coefficients into the inte-
grated equation. Now it can be seen that the airfoil is approaching the actual airfoil,
and the difference is decreasing.

3.5.3 Third-order fitting

And then the third-order term is used. The obtained coefficients are shown in Tab. 3.3.

Tab. 3.3: Third-order fitting coefficients.

NACA 64418 S809

a1 0.89482 1.47486
b1 0.04960 0.04733
a2 −0.35665 −0.55641
b2 −0.35445 −0.65773
a3 −0.02444 −0.07436
b3 −0.01001 −0.05212

Fig. 3.12 and 3.13 were obtained respectively by putting the coefficients into the inte-
grated equation. Now it can be seen that the airfoil is almost identical with the existing
airfoils.

By the integrated expressions shown above, the versatility of the integrated equa-
tion has been well demonstrated. It also proves that airfoil profiles can be changed
and controlled by controlling the order of the series. This provides references for the
optimization of an airfoil.
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Fig. 3.12: Third-order fitting of NACA 64418 airfoil.
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Fig. 3.13: Third-order fitting of S809 airfoil.
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3.6 Control equation of shape function

Considering the shape function of an airfoil, which is expressed by a Taylor series,
the geometric characteristics of this airfoil expression are studied, including airfoil
sharp trailing edge characteristics, horizontal offset characteristics, vertical offset
characteristics, and design space, etc.

3.6.1 Characteristics of airfoil sharp trailing edge

Based on the Joukowsky airfoil transformation it is known that the near circle in the
z-plane has to pass a transformation singularity (a, 0) to ensure that the airfoil has a
sharp trailing edge. This also ensures the closure property of the transformed shape.
Taking the corresponding angle θ into equation (3.33), and then taking it into (3.27):

{
aρ(0) = a,
aρ(2π) = a.

(3.42)

The second control equation of shape control can be obtained:

{{{
{{{
{

C0 = 1,
n
∑
k=1

2kπkCk = 0.
(3.43)

3.6.2 Horizontal offset characteristics

The transformed shape is determined not only by the specific transformation equation,
but also by the position of the original shape in the z-plane. To make sure that the
profile has airfoil characteristics, the original shape must be biased in the direction of
the x-axis. Assuming the near circle to offset εa in the negative direction of x, taking
the values of θ and horizontal offset into equation (3.33), and then taking it into (3.27):

aρ(π) = a (1 + ε). (3.44)

The second control equation of shape control can be obtained:

n
∑
k=0

πkCk = 1 + ε. (3.45)
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3.6.3 Vertical offset characteristics

When the original shape is only offset in the x-direction, the transformed shape will
still be a symmetric airfoil. If an asymmetric airfoil is wanted (a camber airfoil), the
original shape also needs to be offset by a microvalue in the direction of the y-axis.
Assuming the near circle to offset ∆a in the positive direction of y, the values of θ and
vertical offset are taken into equation (3.33), and then into (3.27):

aρ (π2 )
= aρ (3π2 )

. + ∆a (3.46)

The third control equation of shape control can be obtained:

n
∑
k=0
(
π
2 )

k
Ck =

n
∑
k=0
(
3π
2 )

k
Ck + ∆. (3.47)

Combining equations (3.43), (3.45) and (3.47), the control equations of shape function
for airfoil design are derived:

{{{{{{{{{{{{{{
{{{{{{{{{{{{{{
{

C0 = 1,
n
∑
k=1

2kπkCk = 0,

n
∑
k=1

πkCk = ε,

n
∑
k=0

(3k − 1)πk

2k
Ck = −∆.

(3.48)

3.6.4 Design space

By changing the coefficients of shape function, the offset of x- and y-axis and the shape
of the near circle can be changed. Furthermore, the thickness, camber, radius of the
leading edge and angle of the trailing edge of the airfoil can also be changed. Hence,
airfoil profiles with different shapes and properties can be designed.

Fig. 3.14 shows the changes to airfoils generated by controlling the different offset
values of the near circle. In Fig. 3.14 (a), the vertical offset value is fixed as constant
∆ = 0.0, while the horizontal offset ε varies from 0.02 to 2.0. Correspondingly, the
transformed airfoils are symmetric and change from flat to circle. In Fig. 3.14 (b), the
horizontal offset value is fixed as constant, namely ε = 0.1, while the vertical offset ∆
varies from 0.0 to 0.6. Then the corresponding airfoils change from a symmetric airfoil
with thickness of 0.1 to a big camber airfoil with a camber of 0.13. What can be obtained
from the figure is that the airfoil designed by this method can completely cover a nearly
circular space. In other words, all the airfoil profiles in this space can be expressed. In
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Fig. 3.14: Design space of an airfoil.

Fig. 3.14, c represents the chord length, i.e., the distance between leading edge and
trailing edge, x/c represents the ratio of horizontal coordinate and chord length, y/c
represents the ratio of vertical coordinate and chord length.

3.7 Convergence analysis of integrated expression of airfoils

Based on the research on the shape function control equation (Section 3.6), 30 kinds of
popular airfoil data were used in a parametric integration study. These airfoils include
NACA 4-digit airfoil, NACA 63, 64, 65 series airfoil family, FFA-W3 airfoil family, FX
airfoil family and DU airfoil family [7, 11, 106].

Fig. 3.15 shows the integrated expression of several typical airfoils which are ex-
pressed by the parametric method, where OP (the Order of Polynomial) represents the
order of polynomial. It was shown that this method has good integration property for
different kinds of airfoils.

The study of integration convergence characteristics of the parameterized airfoil
profile includes two aspects: the first one is geometric convergence property, and the
second one is aerodynamic property. Here, we take the FX 66-S196-V1 airfoil as an
example to study the convergence characteristics of the parameterized integrated
expression. Using the least squares method to fit the airfoil shape function, we study
the geometric convergence of 13 airfoils and aerodynamic convergence with OP ranging
from 3 to 15.
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Fig. 3.15: Parametric integration for several kinds of airfoils.

3.7.1 Convergence characteristic of airfoil shape

Fig. 3.16 shows the airfoil profile and shape function curve of FX 66-S196-V1. This airfoil
is a laminar flow airfoil with thickness of 19 designed by Althauls and Wortmann. This
characteristic of the airfoil is that the maximum velocity positions on both upper and
lower airfoil surface are very rearward within the vicinity of designed attack angle
so that it has a low drag coefficient and high lift-to-drag ratio (the maximum value
reaches 157) in working condition. So it is widely used in wind turbine blades.
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Fig. 3.16: The airfoil profile and shape function of FX 66-S196-V1.
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Geometric convergence analysis includes residual analysis and standard deviation
analysis between different orders’ fitted shape functions curve and original shape
function curve; residual analysis and standard deviation analysis between fitted airfoil
profiles with original airfoil profile.

(a) OP = 4

(b) OP = 8

(c) OP = 11

1.35
Original shape function 
OP = 4

Original shape function 
OP = 8

Residual error 
Standard deviation

Residual error 
Standard deviation

Original shape function 
OP = 11

Residual error 
Standard deviation

1.30

1.25

1.20

1.15

1.10

1.05

1.00

0.95
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

θ/rad
0.0

–0.10
–0.08
–0.06
–0.04
–0.02

0.00
0.02
0.04
0.06
0.08
0.10

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
θ/rad

ε

1.35

1.30

1.25

1.20

1.15

1.10

1.05

1.00

0.95
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

θ/rad
0.0

–0.020

–0.015

–0.010

–0.005

0.000

0.005

0.010

0.015

0.020

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
θ/rad

ρ
ρ

ρ

ε

1.35

1.30

1.25

1.20

1.15

1.10

1.05

1.00

0.95
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

θ/rad
0.0

–0.010
–0.008
–0.006
–0.004
–0.002

0.000
0.002
0.004
0.006

0.010
0.008

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
θ/rad

ε

Fig. 3.17: Convergence characteristics of shape function of FX 66-S196-V1.
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Fig. 3.17 shows the comparison between fitted airfoils of different orders and the original
airfoil. The comparison of residuals and standard deviation are also shown in Fig. 3.17.
With the increasing fitting order, the fitting function gradually approaches the original
function.

Tab. 3.4 shows the standard deviation of shape functions of several different airfoils
which were integrated in different order. The standard deviation reflects the quality of
the fitting in different orders (convergence property). The airfoils are ranked according
to the convergence property from top to bottom. Among them, the NACA 0006 airfoil
belongs to the symmetric airfoils, and has the best convergence property. The S809
airfoil has the worst convergence property, when OP = 15, the corresponding shape
function’s standard deviation is 1.51 × 10−3 .

Tab. 3.4: Standard deviation of shape functions (× 10−3).

Airfoil Order of polynomial (OP)

4 5 6 7 8 9

NACA 0006  1.070  1.070  0.624  0.624  0.313
DU 93-W-210 15.700 15.400 11.800 11.800  3.810 3.350
FX 66-S196-V1 29.900 28.100 14.100 13.800  4.480 4.470
FFA-W3-301 21.900 18.800 14.900 14.900  8.090 6.630
NACA 63215 12.800 12.400  6.310  5.870  2.510 2.220
NACA 4412 12.800  5.3900  5.360  4.350  3.860 3.820
LS(1)-0413 16.000 12.700 11.900  5.850  5.750 5.740
S809 38.000 37.300 22.300 22.20 10.600 9.010

10 11 12 13 14 15

NACA 0006 0.305 0.305 0.223 0.223 0.192 0.192
DU 93-W-210 1.350 1.280 1.250 1.230 1.020 1.000
FX 66-S196-V1 1.970 1.610 1.550 1.540 1.36 1.350
FFA-W3-301 3.410 2.690 1.310 1.280 0.829 0.786
NACA 63215 2.080 1.780 1.770 1.600 1.540 1.380
NACA 4412 3.670 2.610 1.770 1.700 1.600 1.470
LS(1)-0413 5.320 2.670 2.570 2.570 2.560 1.330
S809 5.980 4.500 2.600 2.230 1.830 1.510

The study found that, for the FX 66-S196-V1 airfoil, the fitted airfoil was relatively
consistent with the original airfoil when OP = 8, and almost completely coincided with
the original airfoil when OP = 11. The standard deviation of the upper airfoil surface is
4.044 × 10−4 , while that for the lower airfoil surface is 2.874 × 10−4 . The comparison
of coordinates, residuals, and standard deviation are shown in Fig. 3.18.
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Fig. 3.18: Convergence characteristics of airfoil shape of FX 66-S196-V1.
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3.7.2 Convergence characteristic of airfoil aerodynamic performance

To test the aerodynamic properties of the fitted airfoil, the aerodynamic performance
of the airfoil is analyzed and studied using RFOIL software in different conditions
[4, 5, 109–112].

In this section, RFOIL software is applied to analyze the target airfoil and fitted
airfoil with different orders. Fig. 3.19 shows the lift coefficients (CL ) anddrag coefficients
(CD ) in the attack of angle (α). The calculation results and experimental results [106] are
compared in the same conditions. It can be seen fromFig. 3.19 that, for the FX66-S196-V1
airfoil, the results calculated by RFOIL are identical with test values for lift coefficients
and the linear stage of drag coefficients. And the results also show that RFOIL can
simulate airfoil stall conditions well, which means that stall conditions have good
convergence. Since entering the stall condition, instability and separation conditions
of the gas flow will greatly influence the characteristics of airfoil aerodynamics. It
is difficult to accurately simulate the process of airfoil stall with the currently used
numerical calculation methods. So, after entering the stall area, the calculated value
deviates from the test value, but the two trends converge. In Fig. 3.19, with increasing
fitting order, the aerodynamic calculation results of the fitted airfoil approach the target
airfoil. The lift characteristics and drag characteristics of the 11 order fitted airfoil agree
well with the target airfoil calculation results.

For the FX 66-S196-V1 airfoil, the pressure distribution under different angles of
attack was calculated with variations in the order of fitted airfoil from 4 to 15. In the
calculation process, aerodynamic conditions are maintained completely in accord with
the target airfoil. The pressure distributions at the angles of attack −2°, 2°, 5° and 9°,
calculated with OP = 4, OP = 8 and OP = 11 are given in Fig. 3.20.

For OP = 4, the difference in the upper surface pressure distribution between fitted
airfoil and target airfoil is large. However, the difference is relatively small on the lower
surface. The pressure distribution variation trend is in accordancewith the target airfoil.
For OP = 8, the difference in pressure distribution on the upper surface is reduced.
And the difference is very close to that of the target airfoil on the lower surface. For
OP = 11, the pressure distribution agrees quite well with the target airfoil at the attack
angles of −2°, 2° and 5°. But there are some slight differences at 9° attack angle when
entering the stall condition.

The study found that, for most of the commonly used wind turbine airfoils, the 11
order approximation of the airfoil was in good agreement with the target airfoil in terms
of aerodynamic performance. And the differences in lift and drag characteristics are
very small in the same working conditions. Hence, the target airfoil can be substituted
with an 11 order approximation for the design and analysis of wind turbines.
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(a) The comparison of lift coefficient (b) The comparison of drag coefficient
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Fig. 3.19: Comparison of aerodynamic performance between calculation and test.
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Fig. 3.20: Comparison of pressure distribution of integrated airfoil.
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3.8 Chapter conclusions

In this chapter, on the basis of research on wind turbine airfoil geometry, an airfoil
general integrated expression equation is proposed based on conformal mapping
and series theory. Then the airfoils with different shapes can be obtained by varying
the coefficients of the control equation. For the airfoils expressed by a trigonometric
function, three kinds of typical airfoil profiles were achieved by solving the equation
coefficients. Hence the feasibility of this method was verified. Finally, the versatility of
the integrated expression was studied theoretically by the expression and comparison
of two kinds of commonly used airfoils. According to the Taylor series representation of
the airfoil shape function, the coverage property in airfoil design space was discussed.
It was shown that the airfoil profile designed by this new method can be completely
covered with a circular space. Then, all airfoil profiles in that space can be expressed.
Furthermore, the geometric and aerodynamic properties for the wind turbine airfoil
parametric integrated expression method were studied, and the results show that
the geometry and aerodynamic characteristics of the airfoil will gradually approach
the target airfoil with increasing the airfoil fitting order. Therefore, the two kinds of
airfoil integrated equations proposed have broken the limit of inherent characteristics
of the original airfoil. This is not for the improvement of design and modification of
the mathematical model of airfoil profiles, but to start from the root of fundamental
element of airfoil profile property, airfoil profile shape function, to study and find an
airfoil mathematical model with good properties. This broadens the ideas of wind
turbine airfoil design. It is also highly significant theoretically and very important for
industrial applications.
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4 Theory of parametric optimization
for wind turbine airfoils

4.1 Introduction

It is necessary to accurately predict the energy capture of wind turbines and this is
influenced by the aerodynamic design of the wind turbine’s airfoils and blades. One
important key element in the aerodynamic design of the wind turbine blade is the
use of specially designed airfoils to improve the power coefficient and to reduce the
cost of energy. It is well known that the aerodynamic design of wind turbine blades is
mainly concerned with airfoil design. Hence, this chapter focuses on establishing a
mathematical model and a design method for optimizing wind turbine airfoils with
high aerodynamic performance.

Since the 1980s, many wind turbine airfoils have been designed. In the mid-1980s,
Tangler and Somers from the National Renewable Energy Laboratory proposed the
NREL airfoil series [113–116]. The DU airfoil series [5] with thickness from 15 to 40%
was designed by the Wind Energy Research Institute of Delft University, in association
with the Energy research Centre of the Netherlands (ECN) and the National Aerospace
Laboratory of the Netherlands (NLR) using the mixed inverse design method. The
structural and geometric compatibility and deep stall features were considered in the
design process for the DU airfoil series. Compared with traditional airfoils, the DU
airfoil families exhibited better aerodynamic characteristics. From the mid-1990s, four
airfoil families (Risø-A1, Risø-P, Risø-B1 and Risø-C1) were designed by Risø National
Laboratory in Denmark [33]. These airfoils can be adapted to different power sizes,
operating conditions and control modes for wind turbines. Furthermore, the Swedish
scholar Bjork proposed the FFA airfoil series [10]. These wind turbine airfoils not only
improve the efficiency of wind energy, but can also be adapted to different operating
conditions.

Most wind turbine airfoils have been designed by using traditional inversemethods
where the airfoil surface flow was prescribed at specified operational conditions, and a
shapewas achievedwhich could generate these surface conditions. This designmethod
is indirect and time consuming and it makes it more difficult to obtain an airfoil with
optimal performance from a variety of possible airfoils [106, 117, 118]. Therefore, it is
necessary to find a more direct and efficient design method to design wind turbine air-
foils that is based on the general parametric representation function (Shape Function).
The general characteristics of airfoils are studied in this chapter. Finally, by controlling
the coefficients of the Shape Function, different airfoils with different characteristics
are designed.

DOI 10.1515/9783110344387-005
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4.2 Design requirements of wind turbine airfoils

The design of wind turbine airfoils is the primary task of rotor design. Airfoils with high
lift coefficient and high lift-to-drag ratio can improve the power coefficient of the rotor
and reduce the cost of energy for the wind turbine. However, with extensive application
of wind energy, the noise emitted by wind turbines will affect the environment and
people nearby. Therefore, the design of high performance wind turbine airfoils with a
low noise level has become more and more important.

The design of wind turbine airfoils should meet aerodynamic and structural re-
quirements. However, the two requirements have many contradictions, such as high
lift-to-drag ratio and large thickness of airfoil, high maximum lift and low leading
edge roughness sensitivity, high lift and low noise etc. [119]. Therefore, the design pro-
cess of airfoils means finding a good balance between these conflicting requirements.
Additional requirements, such as the power range, control and spanwise position on
blade, should also be considered in airfoil design. For small wind turbines, generally
thinner airfoils with a bigger chord are adopted. For large wind turbines, thicker airfoils
are favored to reduce rotor weight and cost. For fixed-pitch stall wind turbines, the
maximum lift coefficient of the airfoil at the blade tip needs to be limited to ensure
reliable stall control. For modern wind turbines, which usually adopt variable pitch
control, the airfoils should have larger lift-to-drag ratio, especially before stall, to let
the rotor reach its maximum power coefficient at all wind speeds. The requirements
of airfoils at different spanwise locations are summarized in Tab. 4.1 [6]. Airfoils have
higher lift-to-drag ratio at the tip and most of the noise is emitted there, which means
that the airfoils must be controlled at low noise level. The thick airfoils adopted at the
blade root can increase the structural stiffness and reduce the weight of the blade. For
airfoils which are to be applied in the main power production area (near the 75% blade
span), high lift-to-drag ratio, low roughness sensitivity, smooth transition to stall and
a larger lift at stall are required.

Tab. 4.1: Requirements of airfoils at different spanwise locations.

Blade root Middle span Blade tip

Maximum relative thickness δ > 27 27–21 21–15
Structural property S Very important Important Less important
Geometrical compatibility G Important Important Important
Roughness sensitivity R — — Very important
Design lift coefficient CL — Less important Very important
Maximum CL,max and deep stall performance — Less important Very important
Low noise N (dB) — — Very important
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4.2.1 Structural and geometric compatibility

The maximum relative thickness of the airfoil is the most important structural pa-
rameter. In addition, the chordwise position of the maximum relative thickness and
the shape of the airfoil are also important factors. The forward or backward shift of
chordwise position of the maximum relative thickness can have a great influence on
the structural characteristics of the airfoil. When it moves forward (towards the leading
edge), the airfoil shear center and gravity center move towards the aerodynamic center,
thus easing aeroelastic instabilities. However, the distance to the trailing edge becomes
larger, resulting in a larger maximum stress. In addition, the shape and position of the
cap bearing the load can exert N important influence on the shape of the airfoil near
the maximum relative thickness [120].

The geometric compatibility of airfoils within the same airfoil series is of great
importance. a smooth transition of airfoil thickness can ensure the smoothness of the
blade profile so as tominimize the influence of the 3D effects. Moreover, good geometric
compatibility also requires that the radius of curvature (at the airfoil leading edge area
and the trailing edge area of pressure surface) is smooth and continuous.

4.2.2 Insensitivity of the maximum lift coefficient to leading edge roughness

Dust, insect debris, manufacturing error, blade corrosion and other factors can usually
lead to increased roughness of the blade’s leading edge. This can cause an earlier
transition from laminar turbulence in the advancing airfoil boundary layer, an increase
in boundary layer thickness and an increase in an adverse pressure gradient near the
trailing edge. Then early airflow separation will happen in this region leading to a
decline in the maximum lift coefficient. The early transition also leads to increased
drag, a decreased lift-to-drag ratio and finally a decreased power coefficient.

In order to make the maximum lift coefficient insensitive to the roughness of the
leading edge, a rational leading edge shape should be designed to ensure that the
transition point on the suction surface is as close to the leading edge as possible when
the critical angle of attack is reached. This will make sure that the flow on the leading
edge is either in the transition state or in turbulence state, which means the variation
in the lift coefficient is small. But this will also limit the maximum lift coefficient [120].

4.2.3 Design lift coefficient

The choice of the design lift coefficient is closely related to blade solidity, the design
point of the wind turbine and the requirements of off-design conditions. Althoughwind
turbines often work in off-design conditions such as stall, yaw, and extreme turbulence,
the performance of wind turbines during the off-design conditions is more relevant to
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the control strategies. In most cases, the design lift coefficient is expected to reach the
maximum lift coefficient so as to ensure a large lift-to-drag ratio [120].

4.2.4 The maximum lift coefficient and deep stall characteristics

For the blade root, the airfoil with larger maximum lift coefficient is expected so as
to reduce the solidity of the blade. As the power contribution of the blade root is very
limited, so the higher lift coefficient cannot be obtained at the expense of reducing the
structural strength of the blade root. A vortex generator can be used to improve the lift
coefficient, if possible, with the combination of Gurney flaps in applications [120].

For airfoils used at blade tip, the maximum lift coefficient is influenced by the
structure and load requirements, power control strategy and deep stall characteristics.
Generally speaking, it is not easy to obtain desired values. If a smaller COE of a wind
turbine is expected, it has been shown that the airfoil at tip should have a higher
maximum lift coefficient as long as the deep stall characteristics changes smoothly
[119]. For the traditional stall control mode, the deep stall characteristics may increase
the risk of stall induced vibration, which will lead to higher dynamic load. For a
conventional pitch regulated wind turbine, running in stall condition is to be strictly
avoided and a higher maximum lift coefficient is also reasonable.

4.2.5 Low noise

The noise of wind turbine mainly comes from the wide band noise when the turbulent
flow is passing the trailing edge of the airfoil. This type of noise mainly depends on
the wind speed and on the thickness and shape of the boundary layer of the trailing
edge region. Inflow velocity is the main factor which is determined by the rotor speed.
However, the trailing edge boundary layer thickness is closely related to airfoil shape.
So airfoil design should reduce the boundary layer thickness as much as possible to
reduce the noise [120].

4.3 Single object optimization of wind turbine airfoils

4.3.1 Objective function

The lift-to-drag ratio is the most important performance index for wind turbine airfoils,
which can greatly affect the efficiency of the rotor and the performance of the whole
wind turbine. For airfoil design, it is generally expected that lift is large and drag is
very small. So the lift-to-drag ratio of the airfoil is adopted as the objective function,
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thus the optimization object is established

f(x) = max(Cl/Cd), (4.1)

where Cl is the lift coefficient of the airfoil, and Cd is the drag coefficient of the airfoil.

4.3.2 Design variables

According to the common characteristics of the airfoil profile, the general function
φ(θ) based on the trigonometric series was described in Chapter 3:

φ(θ) = a1(1 − cos θ) + b1 sin θ + a2(1 − cos θ)2 + b2 sin2 θ + ⋅ ⋅ ⋅
+ ak(1 − cos θ)k + bk sink θ + ⋅ ⋅ ⋅ , k = 1, 2, . . . ,∞. (4.2)

The first 6 coefficients of the shape function φ(θ) are selected as the design variables.

X = (x1, x2, x3, x4, x5, x6). (4.3)

The variation ranges of the variables are determined according to the shape of the
airfoil.

4.3.3 Design constraints

In the process of optimization, when the value of each variable exceeds a certain range,
the representation will no longer have the shape characteristics of the airfoil, so the
scope of the variable is bound

Xmin ≤ X ≤ Xmax. (4.4)

The layout of the wind turbine airfoil along the spanwise direction of the blade is an
important part of the aerodynamic design of wind turbine blades. Near the blade root,
the high strength and stiffness of the airfoil are the main requirements which lead to
the selection of a thicker airfoil, followed by the inferior requirement on aerodynamic
performance. The main power production region of the blade is located around 75%
along the blade radius, where airfoils with maximum relative thickness of around
18% are usually adopted. High lift-to-drag ratio and low sensitivity to roughness are
required. Therefore, three kinds of airfoil with maximum relative thicknesses of 15%,
18% and 21% in the first half of the blade were selected in this optimization. In the
optimization of the airfoil, the constraints are applied respectively

t/c = 15%, 18%, 21%, (4.5)

where t is the maximum thickness of airfoil, c is the airfoil chord.
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For the requirements concerning the structure and strength characteristics of
the airfoil, in addition to the maximum relative thickness, the chordwise lactation of
maximum thickness should be considered. Generally, the aerodynamic center locates
at about 1

4 of the chord. Therefore, the maximum camber airfoil position is controlled
at

0.2 ≤ x/c ≤ 0.3. (4.6)

4.3.4 Optimization method with MATLAB

The optimization objective is selected of high lift-to-drag ratio so as to improve the
efficiency ofwind turbine. It is a typical nonlinear single objective optimization problem
with multiple constraints.

min
x

f(x) such that

{{{{{{{{{
{{{{{{{{{
{

C(x) ≤ 0,
Ceq(x) = 0,
A ⋅ x ≤ b,
Aeq ⋅ x = beq,
lb ≤ x ≤ ub,

(4.7)

where x, b, beq, lb, ub are vectors, A, Aeq are matrices, C(x), Ceq(x) are the functions
of the return vector, f(x) is the objective function. The function fmincon in MATLAB
can be used

x = fmincon(fun, x0, A, b, Aeq, beq, lb, ub, nonlcon, options, ) (4.8)

where fun is the objective function, x0 is the initial value. The role of nonlcon is to
calculate thenonlinear inequality constraint C(x) ≤0 andequality constraint Ceq(x) =0
using the vector x.

Based on the above mentioned optimization model, the shape function equations
of the airfoil shape were solved. The aerodynamic characteristics of the airfoil were
calculated with the XFOIL software, which is fast and widely used. In order to save
time and directly control the lift and drag characteristics and the shape parameters of
the airfoil, shape function equations are coupled with XFOIL solver.

4.3.5 Optimized results

Three airfoils were obtained through optimization. They are CQU-DTU-A15, CQU-DTU-
A18 and CQU-DTU-A21 with relative thicknesses of 15%, 18% and 21% respectively.
The main aerodynamic parameters of the airfoils are listed in Tab. 4.2.
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Tab. 4.2: Aerodynamic parameters of the airfoils.

Maximum
relative
thickness

Chordwise
location of
maximum
camber

Reynolds
number Re × 106

Maximum lift
coefficient Cl

Maximum
lift-to-drag ratio
(Cl/Cd)

0.15 0.25 1.6 1.86 143.92
0.18 0.25 1.6 1.87 150.09
0.21 0.23 1.6 1.96 130.10
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Fig. 4.1: The optimized airfoil with maximum thickness of 15%.
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Fig. 4.2: The optimized airfoil with maximum thickness of 18%.
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Fig. 4.3: The optimized airfoil with maximum thickness of 21%.

The shape of CQU-DTU-A15, CQU-DTU-A18 and CQU-DTU-A21 airfoils are respectively
shown in Fig. 4.1–4.3. The maximum thicknesses of CQU-DTU-A15 and CQU-DTU-A18
are both at 25% of chord. When the Reynolds number Re = 1.6 × 106 , the maximum
lift coefficient of 1.86 is achieved at AOA of 18° and the maximum lift-to-drag ratio
reaches 143.92 at AOA of 6.5° for the CQU-DTU-A15 airfoil. When the Reynolds number
Re = 1.6 × 106 , the maximum lift coefficient of CQU-DTU-A15 is also achieved at AOA
of 18° with a value of 1.87 and the maximum lift-to-drag ratio of 150.09 is reached at
AOA of 5.5°. However, the maximum thickness of the CQU-DTU-A21 airfoil is located at
23% of chord. When the Reynolds number is Re = 1.6 × 106 , the airfoil has maximum
lift coefficient of 1.96 (at AOA of 18°) and maximum lift-to-drag ratio of 130.10 (at AOA
of 6°).

4.3.6 Roughness sensitivity of the optimized airfoils

The surface roughness of the airfoil can exert an important influence on the aerody-
namic characteristics of the airfoil. The boundary layer transition position will move
towards the leading edge under the roughness condition. It will cause the increase of
boundary layer thickness, the increase of an adverse pressure gradient near the trailing
edge, the decrease of effective camber and the decrease of maximum lift coefficient. In
addition, surface roughness can convert the laminar boundary layer into a turbulent
boundary layer which leads to an increase in drag. Therefore, for blade design, it is
necessary to select the airfoil with low roughness sensitivity to ensure the output power
of the rotor.

To simulate the surface roughness of an airfoil in XFOIL with Reynolds number of
Re = 1.6 × 106 , the fixed transition point was set at 5% chord on the upper surface of
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the airfoil and the at 10% chord on the upper surface. The comparison of lift coefficient
and drag coefficient under smooth and rough conditions for CQU-DTU-A15 are shown in
Fig. 4.4. It can be seen that the lift coefficient of the rough airfoil only decreases slightly
compared to the smooth airfoil and the drag coefficient increased a little, which means
that the roughness sensitivity of the airfoil is low. The comparison of lift coefficient
and drag coefficient for CQU-DTU-A18 is shown in Fig. 4.5. When compared to the
smooth surface of the airfoil, the decrease in the lift coefficient and the increase in
the drag coefficient are larger in the AOA range from 5° to 15°, which means that the
roughness sensitivity of the CQU-DTU-A18 airfoil is higher than that of CQU-DTU-A15.
The comparison of lift coefficient and drag coefficient for CQU-DTU-A21 is shown in
Fig. 4.6. The decrease in the lift coefficient and the increase in the drag coefficient are
obvious at all AOA. Compared with CQU-DTU-A15 and CQU-DTU-A18, the CQU-DTU-
A21 airfoil is the most sensitive to roughness, which is because the thickness of the
CQU-DTU-A21 airfoil is the largest and is more likely to cause flow separation.
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Fig. 4.4: The lift and drag characteristics of the CQU-DTU-A15 airfoil.
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Fig. 4.5: The lift and drag characteristics of the CQU-DTU-A18 airfoil.
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Fig. 4.6: The lift and drag characteristics of the CQU-DTU-A21 airfoil.

The aerodynamic characteristics of the three airfoils with Reynolds number Re = 6.0 ×
106 are shown in Fig. 4.7–4.9. As can be seen from Fig. 4.7, the stall performance of
the smooth CQU-DTU-A15 airfoil is particularly good with increasing lift coefficient
until AOA of 20°. Compared with the smooth airfoil, the maximum lift-to-drag ratio
of the rough CQU-DTU-A15 airfoil decreased from 161.13 to 119.18. Similar to the CQU-
DTU-A15 airfoil, the stall performance of CQU-DTU-A18 and CQU-DTU-A21 airfoils are
good too. It can be seen from Fig. 4.8 and Fig. 4.9 that the maximum lift-to-drag ratio of
CQU-DTU-A18 and CQU-DTU-A21 are reduced from 181.41 and 101.12 to 165.85 and 93.54
respectively under leading edge roughness.

The aerodynamic performance under turbulent flow is also an important factor to
consider. Under Reynolds number Re = 1.6 × 106 , the comparison of lift coefficient
and lift-to-drag ratio under laminar and turbulent conditions for CQU-DTU-A15, CQU-
DTU-A18 and CQU-DTU-A21 airfoils are shown in Fig. 4.10–4.12 respectively. The lift
coefficients of airfoil CQU-DTU-A15 in laminar and turbulent flow conditions almost
remain unchanged, as shown in Fig. 4.10. However, the lift-to-drag ratio in turbulence
is reduced from 143.92 to 116.76, because the turbulence will increase the drag of the
airfoil. According to the Fig. 4.11, the lift coefficient of the CQU-DTU-A18 airfoil begins
to decrease from AOA of 5° with the maximum lift coefficient slightly decreased from
1.87 to 1.82. Meanwhile, the lift-to-drag ratio drops to 12.767 from 150.09. Similarly, as
shown in Fig. 4.12, the difference in the lift coefficient of airfoil CQU-DTU-A21 between
laminar and turbulent flow conditions is not obvious. However, the lift-to-drag ratio
drops to 113.10 from 130.10. In general, the aerodynamic performance of this airfoil
series is good in the condition of turbulent flow.
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Fig. 4.7: Aerodynamic characteristics of CQU-DTU-A15 airfoil at Re = 6.0 × 106 .
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Fig. 4.8: Aerodynamic characteristics of CQU-DTU-A18 airfoil at Re = 6.0 × 106 .
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Fig. 4.9: Aerodynamic characteristics of CQU-DTU-A21 airfoil at Re = 6.0 × 106 .
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Fig. 4.10: Comparison of performance of CQU-DTU-A15 airfoil under turbulent and laminar flow.
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Fig. 4.11: Comparison of performance of CQU-DTU-A18 airfoil under turbulent and laminar flow.
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Fig. 4.12: Comparison of performance of CQU-DTU-A21 airfoil under turbulent and laminar flow.
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4.3.7 Comparative analysis of the performance of optimized airfoils

In order to illustrate further the aerodynamic performance of the optimized airfoil
series, the airfoils were compared with the commonly used Risø, DU, NACA and FFA
airfoil series [121, 122]. Under Reynolds number of Re = 1.6 × 106 , the comparison
of lift coefficient and drag coefficient for CQU-DTU-A15 and NACA 63215 airfoils are
shown in Fig. 4.13. The maximum relative thickness of the two airfoils are both 15%.
Compared with the NACA 63215 airfoil, the lift coefficient of the CQU-DTU-A15 airfoil
is higher and continues to increase until AOA reaches 18°. However, stall will occur
at AOA of 16° for the NACA 63215 airfoil. Moreover, the minimum drag coefficient of
the two airfoils is similar. However, the drag coefficient of the NACA 63215 airfoil has a
sudden jump which will lead to the lift-to-drag ratio decreasing rapidly. It is sure that
the CQU-DTU-A15 airfoil must have a higher lift-to-drag ratio.
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Fig. 4.13: Comparison of performance of CQU-DTU-A15 and NACA 63215 airfoils.

Under Reynolds number of Re = 1.6 × 106 , the comparison of lift coefficient and
drag coefficient for CQU-DTU-A18 and NACA 64418 airfoils is shown in Fig. 4.14. The
maximum relative thickness of the two airfoils are both 18%. The variation trend of lift
coefficients of the two airfoils is consistent. However, in the whole range of AOA, the
lift coefficient of the CQU-DTU-A18 airfoil is larger than that of the NACA 64418 airfoil
by about 0.5. Under the same Reynolds number, the comparison of lift coefficient and
drag coefficient for CQU-DTU-A18 and Risø-A1-18 airfoils is shown in Fig. 4.15. Of course,
the maximum relative thickness of the two airfoils are both 18%. It can be seen that the
minimum drag coefficient of the two airfoils are similar, but the CQU-DTU-A18 airfoil
has a higher lift coefficient.
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Fig. 4.14: Comparison of performance of CQU-DTU-A18 and NACA 64418 airfoils.
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Fig. 4.15: Comparison of performance of CQU-DTU-A18 and Risø-A1-18 airfoils.

With Reynolds number of Re = 1.6 × 106 , the comparison of lift coefficient and drag
coefficient for CQU-DTU-A21 and Risø-A1-21 airfoils are shown in Fig. 4.16. The com-
parison of lift coefficient and drag coefficient under the same Reynolds number for
CQU-DTU-A21 and DU 93-W-210 airfoils are shown in Fig. 4.17. With Reynolds number of
Re = 1.8 × 106 , the comparison for CQU-DTU-A21 and FFA-W3-211 airfoils are shown in
Fig. 4.18. As can be seen from these figures, the lift characteristic of the CQU-DTU-A21
airfoil is obviously improved compared with those of the commonly used airfoils. And
the lift-to-drag ratio is also increased.
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Fig. 4.16: Comparison of performance of CQU-DTU-A21 and Risø-A1-21 airfoils.
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Fig. 4.17: Comparison of performance of CQU-DTU-A21 and DU 93-W-210 airfoils.
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Fig. 4.18: Comparison of performance of CQU-DTU-A21 and FFA-W3-211 airfoils.
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4.4 Multiobjective optimization of the wind turbine airfoils

4.4.1 Design variables

Based on the common characteristics of the airfoil profile, Chapter 3 gives the shape
function equation ρ(θ) of the airfoil based on the Taylor series theory

ρ(θ) = C0 + C1θ + C2θ2 + C3θ3 + ⋅ ⋅ ⋅ + Ckθk + ⋅ ⋅ ⋅ . (4.9)

Meanwhile, the governing equation of shape function is:

{{{{{{{{{{{{{{
{{{{{{{{{{{{{{
{

C0 = 1,
n
∑
k=1

2kπkCk = 0,

n
∑
k=1

πkCk = ε,

n
∑
k=0

(3k − 1)πk

2k
Ck = −∆.

(4.10)

When the shape function takes the format of first-order polynomial ρ(θ) = C0 + C1θ,
taking ρ(θ) into the shape function, the following parameters are obtained: C0 = 1,
C1 = 0.

The offset of the quasi-circle along the x- and y-directions is 0 in the governing
equations of shape function, that is, ε = 0s . Putting C0 = 1, C1 = 0 into the shape
function (4.9) and carrying out the conformal transformation, flat shapes graphics are
obtained (as shown in Fig. 4.19).
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Fig. 4.19: The first-order transformation of an airfoil.
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When the shape function takes the format of a second-order polynomial ρ(θ) = C0 +
C1θ + C2θ2 , taking ρ(θ) into the shape function, the following parameters are obtained:

C0 = 1, C1 =
2ε
π
, C2 = −

ε
π2

.

The offset of the quasi-circle along the y-direction is 0 in the governing equations of
shape function, that is ∆ = 0. Arbitrary values of C2 and C1 were selected to meet the
above requirements. Putting

C1 =
2
5π , C2 = −

1
5π2

,

into the shape function (4.9) and carrying out the conformal transformation, the shapes
obtained are those of symmetric airfoils (shown in Fig. 4.20).
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Fig. 4.20: The second-order transformation of an airfoil.

When the shape function takes the format of a third-order polynomial ρ(θ) = C0 +
C1θ + C2θ2 + C3θ3 , taking ρ(θ) into the shape function, the following parameters are
obtained:

C1 =
16∆/3 + 4ε

2π , C2 = −
ε + 4∆
π2

, C3 =
4∆
3π3

.

Arbitrary values of C1 , C2 and C3 were selected tomeet the above requirements. Taking

C1 =
5
6π , C2 = −

19
20π2

, C3 =
4

15π3
,

into the shape function (4.9) and carrying out the conformal transformation, the shapes
obtained are those of nonsymmetric ordinary airfoils (Fig. 4.21).
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Fig. 4.21: The third-order transformation of an airfoil.

When the shape function is in polynomial of order larger than 3, symmetrical or asym-
metrical airfoils can be designed according to the design requirements. Based on the
analysis of general shape functions, considering the design space coverage character-
istics and the degree of freedom for the profile, the second to ninth coefficients of the
shape function are selected as optimization design variables:

X = (x1, x2, x3, x4, x5, x6, x7, x8) = (C1, C2, C3, C4, C5, C6, C7, C8). (4.11)

4.4.2 Objective function

The main design goal is to get the maximum power coefficient with other factors such
as the lift coefficient and the structural and acoustic requirements taken as design
constraints. Under the corresponding Reynolds number and Maher number of normal
operating conditions, the maximum lift-to-drag ratio at the design AOA and under
smooth airfoil condition is taken as one of the objective functions

f1(X) = max(cl/cd), (4.12)

where cl, cd are the lift coefficient and drag coefficient of the airfoil in smooth surface
condition. The free transition is set to simulate the smooth surface condition.

Meanwhile, the influence of surface roughness on wind turbine performance
should be reduced as far as possible. The maximum lift-to-drag ratio of an airfoil
at design AOA and under the rough condition is taken as the second objective function

f2(X) = max(c�l/c
�
d), (4.13)

where c�l , c
�
d are lift coefficient and drag coefficient under rough conditions. The fixed

transition was set to simulate the worst rough conditions, with the suction surface fixed
transition at 1% chord location, the pressure surface fixed transition at 10% chord
location [4, 6, 110].
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The system level (total) objective function is set as:

f(X) = λ1 ⋅ f1(X) + λ2 ⋅ f2(X), (4.14)

where λ1, λ2 are the weight factors for lift-to-drag ratio under free transition conditions
and fixed transition conditions, λ1, λ2 ∈ [0, 1] and λ1 + λ2 = 1.

In terms of the free transition condition, the Orr–Sommerfeld equation (i.e.,
e9 method) is adopted to predict the transition position [96]. The basic idea of this
method is as follows. Whether the transition occurs was judged through calculating the
disturbance degree of boundary layer flow. The comprehensive disturbance amplitude
ratio was calculated though integrating parameters along the surface downstream of a
point. When the ratio is above e9 (approximately 8100), it is decided that transition
occurs at this point [46].

The typical amplitude coefficient is calculated as

ln(A/A0) = ̃n =
d ̃n
dReθ
(H)[Reθ − Recrit(H)], (4.15)

where the slope of the amplitude ratio and the critical Reynolds number Recrit are

d ̃n
dReθ
= 0.01{(2.4H − 3.7 + 2.5 tanh[1.5(H − 3.1)]) + 0.25}1/2, (4.16)

lgRecrit = (
1.45
H − 1 − 0.489) tanh(

20
H − 1 − 12.9) +

3.295
H − 1 + 0.44, (4.17)

where Reθ is the local Reynolds number.
For similar flow, the boundary layer shape parameter H is constant and local

Reynolds number Reθ is determined directly by airfoil coordinates x . For nonsimilar
flow, local Reynolds number Reθ needs a series of empirical formula in order to realize
the transformation between x and Reθ . So the relationship between amplitude ratio
and the airfoil coordinates is obtained:

d ̃n
dx =

d ̃n
dReθ

dReθ
dx =

d ̃n
dReθ

1
2 (

x
U1

dU1
dx + 1)

ρU1θ2

U1x
1
θ . (4.18)

Empirical correction:

ρU1θ2

U1x
= l(H) = (6.54H − 14.07)

H2 , (4.19)

x
U1

dU1
dx = m(H) = (0.058

(H − 4)2

H − 1 − 0.068)
1
l(H) . (4.20)

Taking the correction equations (4.19) and (4.20) into (4.18), the relation between the
amplitude ratio, the boundary layer shape parameter H and the momentum thickness
θ [96] is obtained:

d ̃n
dx (H, θ) =

d ̃n
dReθ
(H)m(H) + 12 l(H)1θ . (4.21)
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When the amplitude coefficient reaches ̃n = 9, transition starts. The laminar boundary
layer integral equation will be used before the transition point. The turbulent boundary
layer integral equation will be used after the transition point.

At the transition location, the continuity of boundary layer flow should be con-
sidered. A weight factor was used to consider the laminar and turbulent regimes
characteristic of the dynamic shape parameters which will make the boundary layer
equations show continuity along the whole airfoil surface [96].

H∗ = (1 − γtr)H∗laminar + γtrH
∗
turbulent, (4.22)

where the weight factor is

γtr =
{{{{
{{{{
{

0 i < itr,
̃ni − 9
(d ̃n/dx)i

1
xi − xi−1

i = itr,

1 i > itr,

(4.23)

where itr is the transition point on the airfoil surface, namely the point of ̃n = 9.

4.4.3 Design constraints

Based on the parametric representation research on 30 kinds of commonly used airfoils
[106] and ensuring that the design space of the airfoil profile covers an approximate
circular space, the boundary constraints of variables were established as

Xmin ≤ X ≤ Xmax. (4.24)

In order to ensure that the shape of the generated airfoil has the characteristics of
rounded leading edge, sharp trailing edge, smooth profile and narrow shape at trailing
edge, the design variables must satisfy the constraints of the shape function equation:

{{{{{{{{{{{{{{
{{{{{{{{{{{{{{
{

C0 = 1,
8
∑
k=1

2kπkCk = 0,

8
∑
k=1

πkCk = ε,

8
∑
k=0

(3k − 1)πk

2k
Ck = −∆,

(4.25)

where ε, ∆ are the offsets of the quasi-circle which will be used to generate an asym-
metric and cambered airfoil.

In order to ensure the design of an airfoil with a relatively high lift coefficient [5],
the lift coefficient under design AOA of the airfoil is restricted

cl ≥ cl,min, (4.26)

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



4.4 Multiobjective optimization of the wind turbine airfoils | 77

where cl,min represents the minimum lift coefficient required under design AOA and
free transition condition.

The roughness sensitivity constraint of the airfoil is also needed. Even if the leading
edge of the airfoil is subjected to external contamination or has certain manufacturing
errors, the airfoil would still show good aerodynamic performance. At the design AOA,
the difference of lift coefficient under free transition and fixed transition conditions
should be in a certain range ∆cl . And the size of ∆cl changes according to the different
design requirements:

cl − c�l ≤ ∆cl. (4.27)

The airfoil thickness is the most important structural requirement. The main power
production area of the wind turbine blade is the outer part (generally at 70–90% span
location). For most of the wind turbine blade, the airfoils have the maximum relative
thickness of 0.12–0.20 in this area. So the relative thickness constraint of the airfoil is
set as

th
c = t ∈ [0.12, 0.20]. (4.28)

Another important structural parameter is the chordwise location of the maximum
thickness Lmax . Considering the torque characteristics and airfoil compatibility [11]
with other airfoils, the constraints for chordwise location of the maximum thickness is

0.24 ≤ Lmax ≤ 0.35. (4.29)

The rotor blade tip is themain area producing the aerodynamic noise. In order to control
the noise, the blade tip airfoil should have sharp trailing edge characteristics [5]:

yu,0.99 − yl,0.99 ≤ 0.01, (4.30)

where yu,0.99, yl,0.99 represent the y-coordinate values of the upper and lower airfoil
when x-coordinate is 0.99.

4.4.4 Multiobjective genetic algorithm

Genetic algorithm (GA) is a kind of searching method that imitates biological evolution
based on stochastic theory. In recent years, the GA method has been widely used
in various fields of science. It demonstrates strong ability in solving some complex
optimization problems [123–133]. A multiobjective optimization problem can be trans-
formed into a single object problem through adding the objective function fi(X) with
the weight factor [133], which can be expressed as

f(X) =
n
∑
i=1
λi ⋅ fi(X), (4.31)

where λi is the weight factor of corresponding fi(X), which represents the importance
of each object and should follow the condition of ∑ni=1 λi = 1.
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Then the genetic algorithm for single-objective optimizations can be used to solve
this multiobjective optimization problem. An improved genetic algorithm was adopted
to solve the optimization problem. The combination of numerical optimization and
flow solver RFOIL software are shown in Fig. 4.22. The GA parameters are as follows:
the population size is 30, the maximum generation number is 200, the initial crossover
probability is 0.7 and the mutation probability is 0.1.

Determine the objective
function, variables and 
constraints

Initialize the
population

Constrains of
shape function

Update the
population

Calculate the
fitness value

Selection, cross
and mutation

N

Y
Optimized

airfoil

RFOIL solver

Objective function:
F(X) = max{ μ1F1(X)+
(1-μ1)[–F2(X)/ratio]}

Satisfy the
end criterion

Constrains of
acoustics and
structure

Get the shape function, then
obtain the airfoils using
conformal transformation

Fig. 4.22: Flow chart for airfoil optimization.

4.4.5 WT series wind turbine airfoils of high performance

According to the actual requirements of most wind farms, the high performance airfoil
series (high lift-to-drag ratio, high lift coefficient, low leading edge roughness sensitiv-
ity) were designed. The relative thicknesses of 0.15, 0.17, 0.18 and 0.20 were selected
as constraints for optimization design. The weight factors of free transition condition
and fixed transition condition are set as: λ1 ∈ [0.4, 0.6], λ2 = 1 − λ1 . The optimization
objective at system level is: f(X) = λ1 ⋅ f1(X) + λ2 ⋅ f2(X). Four kinds of wind turbine
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airfoils were generated:WT150,WT170,WT180 andWT201, inwhichWT (Wind Turbine)
represents the wind turbine dedicated airfoils and the following number is 1000 times
the relative thickness of airfoil. Tab. 4.3 presents the coefficients of the shape function
of these airfoils. Results show that this algorithm has fast convergence speed and has
good global optimization ability. The application of the improved genetic algorithm
can push the whole population to noninferior solutions simultaneously. Thus the
corresponding global optimal solution in the entire design space was figured out.

Tab. 4.3: Airfoil shape function coefficients.

Name Coefficients

C1 C2 C3 C4

WT150 0.131796 −0.060058 −0.150282 0.154312
WT170 0.101061 −0.0626973 −0.159258 0.166905
WT180 0.135179 0.169777 −0.650805 0.526446
WT201 0.136947 0.168366 −0.680133 0.555068

C5 C6 C7 C8

WT150 0.0149111 −0.066557 −0.00167887 7.47892e−5
WT170 −0.0697439 0.0148122 −0.00157114 6.59562e−5
WT180 −0.199565 0.0399258 −0.00407183 0.000166823
WT201 −0.210776 0.0421114 −0.00428201 0.000174758

4.4.5.1 WT180 airfoil
Selecting the third line of optimization results in Tab. 4.3 and putting the coefficients
into the airfoil shape function, the shape and coordinates of the WT180 airfoil (shown
in Fig. 4.23) can be obtained through the conformal transformation.

The WT180 airfoil has good structural characteristics. The maximum thickness is
t = 0.179998 and the chordwise position of the maximum thickness is x/c = 0.294,
which is compatible with other wind turbine airfoils. The maximum camber is cam/c =
0.030005 and its chordwise position is x/c = 0.4688. The airfoil has a closed trailing
edge which is helpful to reduce the aerodynamic noise of the wind turbine.

0
–0.1

0

0.1

0.1 0.2 0.3 0.4 0.5
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y/
c
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Fig. 4.23:WT180 airfoil profile.

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



80 | 4 Theory of parametric optimization for wind turbine airfoils

0 5 10 15 20–5 0

(b) Lift to drag ratio(a) Lift coefficient

5 10 15 20–5
–40

–20

0

20

40

60

80

100

120

140

160

–0.2

0

0.2

0.4

0.6

0.8cl cl
/c

d1

1.2

1.4

1.6

1.8

NACA-63-418: Free transition
NACA-63-418: Fixed transition
WT180: Free transition
WT180: Fixed transition

NACA-63-418: Free transition
NACA-63-418: Fixed transition
WT180: Free transition
WT180: Fixed transition

α/(°) α/(°)

Fig. 4.24: Comparison of aerodynamic characteristics between WT180 and NACA 63418.
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Fig. 4.25: Comparison of aerodynamic characteristics between WT180 and S810.

Tab. 4.4: Comparison of aerodynamic parameters of airfoils with relative thickness 18%.

Airfoil name Free transition Fixed transition
Xtr,s = 0.01; Xtr,p = 0.1

cl,max L/Dmax cl,max L/Dmax

NACA 63418 1.3521 140.302 1.3211 77.3897
S810 1.1871 126.674 1.1736 60.9084
WT180 1.6341 151.556 1.5647 91.4793
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The comparison of aerodynamic performance under the same conditions (Re = 3.0 ×
106 , Ma = 0.2) for WT180, NACA 63418 and S810 [7] airfoils is shown in Fig. 4.24
and 4.25 respectively. The maximum lift-to-drag ratio of 151.556 is reached under free
transition conditions at the AOA of α = 4.5°. The maximum lift-to-drag ratio of 91.4793
is reached under fixed transition conditions at the AOA of α = 6.5°. The new airfoil has
higher lift coefficient and lift-to-drag ratio (free transition and fixed transition) in the
main AOA range and has better characteristics during design and off-design operating
conditions.

The comparison of lift coefficient and lift-to-drag ratio under the same conditions
for these three airfoils is shown in Tab. 4.4. Compared with NACA 632-418 airfoil, the
maximum lift-to-drag ratio of WT180 under free transition and fixed transition in-
creased by 8% and 18.2% respectively. Compared with S810 airfoil, the maximum
lift-to-drag ratio of WT180 under free transition and fixed transition increased by 19.6%
and 50.2% respectively. The new airfoil shows better performance compared with the
other two airfoils, which validates this optimization model.

4.4.5.2 WT150 airfoil
Selecting the first line of optimization results in Tab. 4.3 and putting the coefficients
into the airfoil shape function, the shape and coordinates of WT150 airfoil (shown in
Fig. 4.26) can be obtained through the conformal transformation.

The maximum thickness of the WT150 airfoil is t = 0.15 and the chordwise position
of themaximum thickness is x/c = 0.254, which is compatible with other wind turbine
airfoils. The maximum camber is cam/c = 0.037385 and its chordwise position is
x/c = 0.443. The airfoil has a closed trailing edge which is helpful to reduce the
aerodynamic noise of the wind turbine.

The RFOIL software was used to analyze the aerodynamic performance of the
WT150 airfoil and the results are shown in Fig. 4.27. It can be seen that the sensitivity to
roughness of the WT150 airfoil is low. It has higher lift coefficient and lift-to-drag ratio
and has good characteristics during off-design operating conditions. The maximum lift
coefficients of WT150 under free transition and fixed transition are 1.7748 and 1.6504
respectively. The maximum lift-to-drag ratios of WT150 under free transition and fixed
transition are 158.079 and 97.6994 respectively.
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Fig. 4.26:WT150 airfoil profile.
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Fig. 4.27: Comparison of aerodynamic characteristics of WT150.

The comparison of aerodynamic performance under the same conditions for WT150
and NACA 64415 airfoils is shown in Fig. 4.28. The new airfoil has higher lift coefficient
and lift-to-drag ratio (free transition and fixed transition) in the main AOA range and
has better characteristics during design and off-design operating conditions.

Tab. 4.5: Comparison of aerodynamic parameters of airfoils with relative thickness 15%.

Airfoil name Free transition Fixed transition
Xtr,s = 0.01; Xtr,p = 0.1

cl,max L/Dmax cl,max L/Dmax

NACA 64415 1.4054 133.934 1.3883 86.476
WT150 1.7748 158.079 1.6504 97.6994

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



4.4 Multiobjective optimization of the wind turbine airfoils | 83

0 5 10 15 20–5 0

(b) Lift to drag ratio(a) Lift coefficient

5 10 15 20–5
–40

–20

0

20

40

60

80

100

120

140

160

–0.2

0

0.2

0.4

0.6

0.8cl cl
/c

d1

1.2

1.4

1.6

1.8

NACA-64-415: Free transition
NACA-64-415: Fixed transition
WT150: Free transition
WT150: Fixed transition

NACA-64-415: Free transition
NACA-64-415: Fixed transition
WT150: Free transition
WT150: Fixed transition

α/(°) α/(°)

Fig. 4.28: Comparison of aerodynamic characteristics between WT150 and NACA 64415.

The comparison of lift coefficient and lift-to-drag ratio under the same conditions
for these two airfoils is shown in Tab. 4.5. Compared with the NACA 64415 airfoil,
the maximum lift-to-drag ratio of WT150 under free transition and fixed transition
increased by 18% and 12.9% respectively. The new airfoil shows better performance
compared with the other two airfoils, which validates this optimization model.

4.4.5.3 WT170 airfoil
Selecting the second line of optimization results in Tab. 4.3 and putting the coefficients
into the airfoil shape function, the shape and coordinates of the WT170 airfoil (shown
in Fig. 4.29) can be obtained through the conformal transformation.
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Fig. 4.29:WT170 airfoil profile.

The maximum thickness of the WT170 airfoil is t = 0.17 and the chordwise position of
the maximum thickness is x/c = 0.289, which is compatible with other wind turbine
airfoils. The maximum camber is cam/c = 0.029445 and its chordwise position is
x/c = 0.460. The airfoil has a closed trailing edge which is helpful to reduce the
aerodynamic noise of the wind turbine.
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The RFOIL software was used to analyze the aerodynamic performance of the
WT170 airfoil and the results are shown in Fig. 4.30. It can be seen that the sensitivity to
roughness of the WT170 airfoil is low. It has higher lift coefficient and lift-to-drag ratio
and has good characteristics during off-design operating conditions. The maximum lift
coefficients of WT170 under free transition and fixed transition are 1.5817 and 1.4887
respectively. The maximum lift-to-drag ratios of WT170 under free transition and fixed
transition are 147.829 and 88.4434 respectively.
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Fig. 4.30: Comparison of aerodynamic characteristics of WT170.

The comparison of lift coefficient and lift-to-drag ratio under the same conditions
for these two airfoils is shown in Tab. 4.6. Compared with the NACA 63417 airfoil, the
maximum lift-to-drag ratio ofWT170under free transition andfixed transition increased
by 8.5% and 7.0% respectively as shown in Fig. 4.31. The new airfoil shows better
performance compared with the other two airfoils, which validates this optimization
model.
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Tab. 4.6: Comparison of aerodynamic parameters of airfoils with relative thickness 17%.

Airfoil name Free transition Fixed transition
Xtr,s = 0.01; Xtr,p = 0.1

cl,max L/Dmax cl,max L/Dmax

NACA 63417 1.3763 136.704 1.3501 79.8299
WT170 1.5438 148.287 1.4292 85.3645
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Fig. 4.31: Comparison of aerodynamic characteristics between WT170 and NACA 63417.

4.4.5.4 WT201 airfoil
Selecting the fourth line of optimization results in Tab. 4.3 and putting the coefficients
into the airfoil shape function, the shape and coordinates of WT201 airfoil (shown in
Fig. 4.32 can be obtained through the conformal transformation.

Themaximum thickness of theWT210 airfoil is t = 0.21 and the chordwise position
of themaximum thickness is x/c = 0.294. Themaximum camber is cam/c = 0.030005
and its chordwise position is x/c = 0.688.
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Fig. 4.32:WT201 airfoil profile.
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Fig. 4.33: Comparison of aerodynamic characteristics of WT201.

The RFOIL software was used to analyze the aerodynamic performance of the WT201
airfoil and the results are shown in Fig. 4.33. It can be seen that the sensitivity to
roughness of the WT201 airfoil is low. It has higher lift coefficient and lift-to-drag ratio
and has good characteristics during off-design operating conditions. The maximum lift
coefficients of WT201 under free transition and fixed transition are 1.5689 and 1.4211
respectively. The maximum lift-to-drag ratios of WT170 under free transition and fixed
transition are 152.65 and 83.0673 respectively.

The comparison of lift coefficient and lift-to-drag ratio under the same conditions
for these two airfoils is shown in Tab. 4.7. Compared with the NACA 63421 airfoil, the
maximum lift-to-drag ratio ofWT201under free transition andfixed transition increased
by 5.2% and 32.7% respectively as shown in Fig. 4.34. The new airfoil shows better
performance compared with the other two airfoils, which validates this optimization
model.
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Tab. 4.7: Comparison of aerodynamic parameters of airfoils with relative thickness 20%.

Airfoil name Free transition Fixed transition
Xtr,s = 0.01; Xtr,p = 0.1

cl,max L/Dmax cl,max L/Dmax

NACA 63421 1.2668 144.971 1.2088 62.5668
WT201 1.5689 152.65 1.4211 83.0673
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Fig. 4.34: Comparison of aerodynamic characteristics between WT201 and NACA 63421.

4.4.6 WTH series wind turbine airfoils with high lift-to-drag ratio

For the wind farm environment where the wind resources are stable and blades are
not exposed to pollution (such as specially surface-treated blades on offshore wind tur-
bines), airfoils with high lift-to-drag ratio under free transition conditions are required.
Then the expectation of high lift-to-drag under the fixed transition conditions is lower.
Thus the design of an airfoil series with high lift-to-drag ratio and high lift coefficient
under free transition condition was completed. Relative thickness of 0.12–0.19 was
selected as constraint for optimization design. The weight factors of free transition
condition and fixed transition condition are set as: λ1 ∈ [0.8, 1.0], λ2 = 1 − λ1 . Three
kinds of wind turbine airfoils were generated: WTH122, WTH150 andWTH188, in which
WTH (Wind Turbine High L/D) represents the wind turbine dedicated airfoils of high lift-
to-drag ratio and the following number is 1000 times the relative thickness of the airfoil.
Randomly taking the WTH122 airfoil for analysis, the airfoil profile is shown in Fig. 4.35.

The maximum thickness of the WTH122 airfoil is t = 0.122 and the chordwise
position of the maximum thickness is x/c = 0.343, which is compatible with other
wind turbine airfoils. The maximum camber is cam/c = 0.0776 and its chordwise
position is x/c = 0.487. The airfoil has a closed trailing edge which is helpful to reduce
the aerodynamic noise of the wind turbine.
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Fig. 4.36: Comparison of aerodynamic characteristics between WTH122 and traditional airfoils.

The comparison of aerodynamic performance under the same conditions (Re = 3.0 ×
106 , Ma = 0.25) for WTH122, LS1-0413 and NACA 4412 [7] airfoils is shown in Fig. 4.36.
The maximum lift coefficient is 1.5582. The maximum lift-to-drag ratio of 239.01 is
reached under the fixed transition condition at AOA of α = 4°.

Tab. 4.8: Comparison of aerodynamic parameters of airfoils with relative thickness 12%.

Airfoil name cl,max L/Dmax

LS1-0413 1.6917 111.726
NACA 4412 1.5977 147.054
WTH122 1.5582 239.01

The comparison of lift coefficient and lift-to-drag ratio under the same conditions for
these three airfoils is shown in Tab. 4.8. The maximum lift-to-drag ratio of WTH122
increased respectively by 114% (compared with LS1-0413) and 62.6% (compared with
NACA 4412). The new airfoil shows better performance compared with the other two
airfoils, which validates this optimization model.
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Tab. 4.9: Aerodynamic parameters of WTH airfoil series.

Airfoil name Cl,max L/Dmax at α = Max. thickness at x = Max. camber at x =

WTH122 1.5582 239.01 4° 0.1223189 0.343 0.077643 0.487
WTH150 1.6709 190.883 4.5° 0.149264 0.313 0.078728 0.488
WTH188 1.8004 159.645 6.5° 0.187542 0.288 0.075425 0.427

The main aerodynamic and structural parameters of this airfoil series, with relative
thickness ranging from0.12 to 0.19, are shown in Tab. 4.9. Comparedwith the traditional
airfoils, the maximum lift-to-drag ratio of the WTH airfoil series has been greatly
improved.

4.4.7 WTI series wind turbine airfoils with low roughness sensitivities

For the wind farm environment where the air contains significant amounts of dust,
dirt and staining elements, the wind turbine blade can be easily polluted and becomes
rough. So airfoils with high lift-to-drag ratio under fixed transition conditions are
required. Then the expectation of high lift-to-drag under free transition conditions
is lower. Thus the design of an airfoil series with low roughness sensitivities was
completed. Relative thickness of 0.15–0.20 was selected as constraint for optimization
design. Theweight factors of free transition condition and fixed transition condition are
set as: λ1 ∈ [0, 0.2], λ2 = 1 − λ1 . Seven kinds of wind turbine airfoils were generated:
WTI150, WTI151, WTI154, WTI180, WTI181, WTI181-2 and WTI197, in which WHI (Wind
Turbine Insensitive) represents the wind turbine dedicated airfoils of low roughness
sensitivities and the following number is 1000 times the relative thickness of airfoil.
WTI181-2 means that there are many airfoils with the same relative thickness, and “-2”
means the second airfoil among them. Randomly taking the WTI180 airfoil for analysis,
the airfoil profile is shown in Fig. 4.37.
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Fig. 4.37:WTI180 airfoil profile.
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Tab. 4.10: Comparison of aerodynamic parameters of airfoils with relative thickness 18%.

Airfoil name Free transition Fixed transition
Xtr,s = 0.01; Xtr,p = 0.1

cl,max L/Dmax cl,max L/Dmax

NACA 63418 1.3521 140.302 1.3211 77.3897
WTI180 1.6339 110.223 1.6076 91.8991

The maximum thickness of theWTI180 airfoil is t = 0.18 and the chordwise position of
the maximum thickness is x/c = 0.320. The maximum camber is cam/c = 0.023274
and its chordwise position is x/c = 0.821.

The comparison of lift coefficient and lift-to-drag ratio under the same conditions
for two airfoils is shown in Tab. 4.10. Compared with the NACA 63418 airfoil, the max-
imum lift-to-drag ratio of WTI180 increased by 18.7%. The new airfoil shows better
performance compared with the other two airfoils, which validates this optimization
model. The WTI180 airfoil is insensitive to roughness conditions, with the maximum
lift coefficient decreasing from 1.6339 to 1.6075 (drop of 1.6%) and with the maximum
lift-to-drag ratio decreasing from 110.223 to 91.8991 (drop of 16%).

The main aerodynamic and structural parameters of this airfoil series, with rela-
tive thickness ranging from 0.15 to 0.20, are shown in Tab. 4.11. Under free transition
condition, the lift coefficient varies from 1.63 to 1.83, the maximum lift-to-drag ratio
varies from 102 to 137. Under fixed transition condition, the lift coefficient varies from
1.61 to 1.79, the maximum lift-to-drag ratio varies from 89 to 101. This airfoil series
is insensitive to roughness conditions, with the maximum decrease of lift coefficient
smaller than 4.7%.
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Tab. 4.11: Aerodynamic parameters of WHI airfoil series.

Airfoil name Free transition Fixed transition
Xtr,s = 0.01; Xtr,p = 0.1

Max.
thickness

at x = Max.
camber

at x =

cl,max L/Dmax cl,max L/Dmax

WHI150 1.8235 136.868 1.7873 100.839 0.150320 0.262 0.036038 0.644
WHI151 1.7791 136.148 1.7438 100.35 0.150700 0.262 0.025100 0.583
WHI154 1.8455 129.851 1.7913 100.551 0.154419 0.250 0.025067 0.675
WHI180 1.6339 110.223 1.6076  91.8991 0.180240 0.320 0.023569 0.821
WHI181 1.8268 107.558 1.7787  90.853 0.181089 0.266 0.039666 0.800
WHI181-2 1.715 102.421 1.6913  92.6011 0.181197 0.294 0.020421 0.866
WHI197 1.6914 115.083 1.611  88.9914 0.197497 0.280 0.027016 0.812
NACA 64415 1.4589 131.52 1.4439  89.5692 0.149934 0.344 0.020522 0.531
NACA 63418 1.3893 139.676 1.3617  80.0824 0.180002 0.340 0.020254 0.550
NACA 63421 1.2935 144.466 1.2298  66.3805 0.210212 0.340 0.019905 0.550

4.5 Design of airfoils with medium relative thickness

With increasing rotor blade radius, the design of thicker airfoils is necessary. For an
MW-level wind turbine, the maximum Reynolds number on the rotor can reach up to
8.0–10.0 × 106 and it generally appears in the middle span of the blade [110, 134].
When the rotor is rotating, the pressure gradient, centrifugal force and Coriolis force on
the blade surface will impact airfoil aerodynamic performance [109]. Especially for air-
foils of medium thickness, the difference between two-dimensional (2D) aerodynamic
characteristics and actual performance is large. So, three-dimensional (3D) rotational
effects must be considered when designing airfoils with medium thickness.

4.5.1 Geometric characteristics analysis of medium thickness airfoils

Several representative wind turbine airfoils [106] with relative thickness of about 24%,
which are widely used in the design of large wind turbine blades, were selected for
geometric characteristics analysis. The shapes of these airfoils are shown in Fig. 4.39.
(1) The FFA-W3-W241 airfoil is awind turbine airfoil developed by the Swedish Institute

of Aeronautics.
(2) DU 91-W2-250 is a wind turbine airfoil developed by Delft University of the Nether-

lands.
(3) The NACA 63425 airfoil is an aircraft airfoil developed by the National Advisory

Committee for Aeronautics (NACA).
(4) The S814 airfoil is a wind turbine airfoil developed by D. Somers from the National

Renewable Energy Laboratory (NREL).
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Fig. 4.39: Four airfoils with relative thickness from 23.8% to 25%.

The airfoil with the lowest thickness is FFA-W3-W241 (t/c = 0.238), the airfoil with
the highest thickness is NACA 63425 (t/c = 0.250). The differences between NACA
63425 (a traditional aviation airfoil) and the other three dedicated wind turbine airfoils
are large. The NACA 63425 airfoil has the maximum upper surface thickness and the
minimum lower surface thickness among the four airfoils. The thickness of the trailing
edge of NACA 63425 is greater than those of the other airfoils. The three dedicated wind
turbine airfoils are similar in shape. They all have smaller upper surface thickness
and large lower surface thickness, with the S814 airfoil having the minimum upper
surface thickness and the maximum lower surface thickness. The chordwise position
of maximum thickness of the three airfoils is closer to the leading edge compared to the
NACA airfoil, and that (x/c = 0.262) of the S814 airfoil is the closest to the aerodynamic
center. The pressure surfaces of the three airfoils are all S-shaped, which can not only
increase the lift but also prevent flow separation under small inflow angle. The detailed
parameters are shown in Tab. 4.12.

Tab. 4.12: Geometric characteristics of the four airfoils.

Airfoil name Maximum
thickness

Chordwise
position

Maximum
camber

Chordwise
position

FFA-W3-W241 0.237775 0.297 0.020294 0.749
DU 91-W2-250 0.248434 0.326 0.026918 0.780
NACA 63425 0.250038 0.353 0.018236 0.577
S814 0.241664 0.262 0.030868 0.737
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4.5.2 Aerodynamic characteristics of airfoils with medium thickness

In order to calculate the aerodynamic characteristics under smooth and rough condi-
tions, free transition was adopted to simulate smooth airfoil condition under viscous
condition. The fixed transition was set to simulate the worst rough conditions, with the
suction surface fixed transition at 1% chord location (Xtr,s = 0.01), the pressure surface
fixed transition at 10% chord (Xtr,p = 0.1) [4, 6, 110]. Considering the actual working
conditions of large wind turbines, the Reynolds number was set as Re = 3 × 106 , Mach
number as Ma = 0.16.
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Fig. 4.40: Aerodynamic performance of airfoils under free transition condition.

As shown in Fig. 4.40, the aerodynamic performance of the four airfoils varies little
under free transition conditions. The maximum lift coefficient of the FFA-W3-W241
airfoil is 1.6, which is larger than those of the other three airfoils. The slope of the lift
coefficient curve of the four airfoils is close before stall. The variation in lift-to-drag
ratio for NACA 63425 and DU 91-W2-250 is very close, with the maximum lift-to-drag
ratio of 146 and 143 respectively. The maximum lift-to-drag ratio of FFA-W3-W241 is
lower by 11 than that of DU 91-W2-250. The maximum lift-to-drag ratio of S814 is the
lowest, reaching 121. Among the four airfoils, the performance of FFA under the airfoil
design condition is the best. According to Fig. 4.41 (b), the airfoil has high lift-to-drag
ratio in a large AOA range, which ensures that the wind turbine rotor can maintain a
high power coefficient over a wide range of wind speeds.

As shown in Fig. 4.41, the roughness sensitivity of the NACA 63425 airfoil is worse
than that of the other three airfoils, because the initial design objective of NACA airfoils
is not for wind turbines. The separation emerges on the airfoil trailing edge at an AOA
of 5° and gradually moves towards the leading edge, resulting in increased lift and
sharply declining drag. In the whole AOA range, the lift-to-drag ratio is very low with
the maximum value of 39. The other three wind turbine airfoils have low leading edge
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Fig. 4.41: Aerodynamic performance of airfoils under fixed transition condition.

roughness sensitivity. Under fixed transition condition, the maximum lift coefficient is
in the range of 1.21–1.30 and the maximum lift-to-drag ratio is in the range of 65.1–69.8.
The change in aerodynamic performance between smooth and rough conditions of S814
is the smallest among the three wind turbine airfoils. And the maximum lift coefficient
decreases by 0.04 (∆cl,max = 0.04) and the maximum lift-to-drag ratio decreases by 53
(∆L/Dmax = 53). Detailed aerodynamic parameters are shown in Tab. 4.13.

Tab. 4.13: Aerodynamic characteristics of the four airfoils.

Airfoil name Smooth condition Rough condition

cl,max L/Dmax cl,max L/Dmax

FFA-W3-241 1.6019 134.747 1.2512 69.7508
DU 91-W2-250 1.3509 146.112 1.2096 65.0962
NACA 63425 1.2605 143.162 1.1286 38.8079
S814 1.3409 121.304 1.2966 67.8684

4.5.3 The design of a new airfoil with medium thickness

4.5.3.1 The design requirements
For the airfoils used at the middle span of the blade, the aerodynamic and structural
properties must be comprehensively considered. An airfoil with relative thickness of
about 24% is generally arranged at spanwise range of 40–60% (r/R = 0.4–0.6). The
design guidelines should synthesize the requirements from the inner part and outer
part of blade [5, 6], which should meet the following requirements:
(1) Relatively higher (considering the 3D rotational effects) maximum lift coefficient is

needed so as to reduce chord and, thereby, the blade load.
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(2) In order to ensure maximum energy capture, a good performance under nonde-
sign conditions is needed, which means higher lift-to-drag ratio in a large AOA
(considering 3D rotational effects).

(3) The chordwise position of maximum thickness should be controlled between 24
and 35% to ensure compatibility with other airfoils.

(4) A lower roughness sensitivity (considering 3D rotational effects) is needed. In other
words, the maximum lift-to-drag ratio and the maximum lift coefficient are slightly
affected by the rough condition. Even if the leading edge of the airfoil is polluted or
under certain conditions of manufacturing error, good aerodynamic performance
can still be guaranteed.

4.5.3.2 The optimum model
Relative thickness of 0.24–0.25 was selected as constraint for optimization design.
Removing the constraint for noise, the rest of the constraints are the same as above.
In addition, the 3D rotational effects are considered (c/r = 0.2). The weight factors
of free transition condition and fixed transition condition are set as: λ1 ∈ [0.4, 0.6],
λ2 = 1 − λ1 . The optimization objective at system level is: f(X) = λ1 ⋅ f1(X) + λ2 ⋅ f2(X).
The wind turbine airfoil generated was the WT247.

4.5.3.3 Performance of the WT247 airfoil
The coefficients of the shape function of the WT247 airfoil are listed in Tab. 4.14.

Taking the coefficients in Tab. 4.12 into the airfoil shape function and after confor-
mal transformation, the airfoil shape and coordinates can be obtained as shown in
Fig. 4.42.

As shown in Fig. 4.42, the relative thickness of the WT247 airfoil is 24.7%. The
chordwise position of maximum thickness is 27.0% (x/c = 0.270), which is closer to
the aerodynamic center compared with FFA-W3-241. The new airfoil has larger upper
surface thickness, larger camber and larger leading edge radius. Meanwhile, the lower
surface at the trailing edge of the new airfoil is S-shaped, which is beneficial for a larger
lift coefficient.

Tab. 4.14: Coefficients of shape function of airfoil WT247.

Coefficient

C1 C2 C3 C4

WT247 −0.024044 0.685269 −1.20551 0.782323

C5 C6 C7 C8

WT247 −0.257323 0.0461754 −0.00431411 0.00016443
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Fig. 4.43: Comparison of aerodynamic characteristics.

The airfoil aerodynamic characteristics under conditions of Re = 3.0 × 106 , Ma = 0.16
and with AOA range from −5° to 20° are shown in Fig. 4.43. In the whole AOA range, the
lift coefficients of new airfoil under free and fixed transition conditions are higher than
those of FFA-W3-241. Under free transition conditions, the maximum lift coefficient
and the maximum lift-to-drag ratio reach 1.80 and 145 respectively; under the fixed
transition conditions, the maximum lift coefficient and the maximum lift-to-drag ratio
are 1.36 and 74 respectively. The new airfoil has high lift-to-drag ratio over a wide range
of AOA so that the rotor can maintain a high power coefficient over a wide range of
wind speeds. Tab. 4.15 presents the main geometric and aerodynamic parameters of
the new airfoil.

The pressure distribution of the airfoil under three AOAs (with the maximum lift
coefficient, maximum drag coefficient and maximum lift-to-drag ratio) and under
conditions of Re = 3.0 × 106 , Ma = 0.16 are shown in Fig. 4.44. The maximum lift-to-
drag ratio reaches 145.037 at AOA of 6.1°, which is very close to the design AOA. The
maximum lift coefficient reaches 1.7977 at AOA of 12.1°. At this time, the transition point
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Tab. 4.15: The geometric and aerodynamic parameters of the new airfoil.

Maximum
thickness

Chordwise location
of maximum thickness

Maximum
camber

Chordwise location
of maximum camber

0.247415 0.270 0.038052 0.725

Smooth condition Rough condition

cl,max L/Dmax cl,max L/Dmax

1.7977 145.037 1.365 73.9405
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Fig. 4.44: Pressure distribution at three specific AOA.

is located at the leading edge which results in a low roughness sensitivity. In the deep
stall region, the pressure on the pressure side of the airfoil was almost unchanged and
the pressure on the suction side is obviously different. It is apparent that separation
occurs on the suction side, which leads to a decrease in the lift coefficient.

4.5.4 The effects of turbulence, Reynolds number and blade rotation

The Reynolds number, turbulence intensity and rotational effects will affect the air-
foil boundary layer condition and flow separation, which will then change the blade
aerodynamic characteristics. Therefore, it is necessary to study the performance of the
airfoil in these conditions.
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4.5.4.1 The influence of Reynolds number
For MW-level wind turbines, the maximum Reynolds number on the rotor can reach up
to 8.0–10.0 × 106 and it generally appears in the middle span of the blade [110, 134].
The variation in the maximum lift coefficient and the maximum lift-to-drag ratio of
WT247 and FFA-W3-241, with the Reynolds number in the range of 1.0–8.0 × 106 , is
shown in Fig. 4.45. The maximum lift coefficients and the maximum lift-to-drag ratios
of the two airfoils increase with increasing Reynolds number. Under free transition
conditions, the maximum lift coefficient of the WT247 airfoil increases from 1.6434
(Re = 1.0 × 106 ) to 1.8982 (Re = 8.0 × 106 ). The change in the maximum lift coefficient
is larger (∆cl,max = 0.1541) when the Reynolds number is in the range of 1.0–3.0 ×
106 compared to when the Reynolds number is in the range 3.0 × 106 to 8.0 × 106

(∆cl,max = 0.1007). Similarly, the change of maximum lift-to-drag ratio is larger in the
Reynolds range of 1.0–3.0 × 106 .

As shown in Fig. 4.45, with increasing Reynolds number, the roughness sensitivity
of the airfoil gradually decreases. Under the fixed transition condition, the rate of
decrease of the maximum lift coefficient of the FFA airfoil is 28.5% (∆cl,max = 0.4266)
at Re = 1.0 × 106 , and it decreases to 14.4% (∆cl,max = 0.2408) at Re = 8.0 × 106 . The
rate of decrease of the maximum lift coefficient of WT247 drops from 28.5% (∆cl,max =
0.4777) at Re = 1.0 × 106 to 18.9% (∆cl,max = 0.3581) at Re = 8.0 × 106 . In the
Reynolds number range of Re = 1.0–3.0 × 106 , the roughness sensitivities for the
maximum lift coefficients of WT247 and FFA-W3-241 are close. In the Reynolds number
range of Re= 3.0–8.0×106 , the roughness sensitivities for themaximum lift coefficient
of FFA-W3-241 is slightly better than that of WT247. Within the whole Reynolds number
range, the maximum lift coefficient and the maximum lift-to-drag ratio of WT247 are
larger than those of FFA-W3-241, both under free transition and the fixed transition
condition, which shows the superior characteristics of WT247.
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Fig. 4.45: Influence of Reynolds numbers on airfoil performance.
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4.5.4.2 Turbulent flow conditions
Under the operating conditions for wind turbine blades, the inflow turbulence level
will influence the aerodynamic performance of the airfoil. In RFOIL software, the
degree of inflow turbulence is specified through the parameter Ncrit . The range of Ncrit
parameters [99] in typical cases are shown below.
– Glider: Ncrit = 11–14;
– Wind tunnel with lower turbulence level: Ncrit = 10–12;
– Ordinary wind tunnel: Ncrit = 9;
– Wind tunnel with higher turbulence level: Ncrit = 4–8.

Ncrit = 4 was selected here to calculate the aerodynamic performance with higher
turbulence conditions, as shown in Fig. 4.46. Themaximum lift coefficient declines from
1.7977 to 1.6978 (∆cl,max = 0.0999), the maximum lift-to-drag force reduces from 14.5 to
124.5 (∆L/Dmax = 20.5). Thus, the new airfoil is not sensitive to turbulent conditions
which satisfies the working requirements of wind turbine airfoils.
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Fig. 4.46: Aerodynamic performance under free transition and turbulent flow.

4.5.4.3 Three-dimensional rotational effects
The influences of 3D rotational effects on airfoil aerodynamic performance (free transi-
tion and the transition condition c/r = 0.2) are shown in Fig. 4.47. The boundary layer
thickness becomes thinner with the rotation effects, so that boundary layer stability is
enhanced. Themaximum lift coefficient of the airfoil under the free transition condition
increases by 0.18. Under the fixed transition condition, the maximum lift coefficient at
AOA of 20° increases by a large margin of 0.58.

With 3D rotational effects and the fixed transition condition, the lift coefficient
maintained a continuous increase in an AOA range from −5° to 20°, which reduces the
gap to that of the free transition condition. The roughness sensitivity of the airfoil is
reduced by rotational effects. According to [4, 5], rotational effects can basically elimi-
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Fig. 4.47: Aerodynamic performance with and without 3D rotational effects.

nate the roughness sensitivity of the airfoils located near the blade root. Meanwhile,
compared with two-dimensional airfoil aerodynamic results, the lift-to-drag ratio is
greatly improved in the AOA range of 5° to 20°.

4.6 Design of airfoils based on noise

4.6.1 Acoustic theory for wind turbines

The noise generated from wind turbines can be divided into three groups according to
the mechanism of aerodynamic noise: low frequency noise, inflow turbulence noise
and noise generated by airfoils.

Low frequency noise originates from the pressure pulses caused by interaction
between inflow variations (due to tower shadow, wind shear, wake effects, etc.) and
rotating blades. It is periodic and discrete noise with frequency of an integral multiple
of blade passing frequency [92].

Inflow turbulence noise is broadband noise caused by the vortices originating from
the interaction between blade and inflow turbulence. It is related to rotor speed, the
profile of the airfoil section and the turbulence intensity of inflow.

The noise generated by the airfoil is mainly broadband noise, and it also includes
tonal noise. Airfoil-generated noise is divided into the following groups [135]:
(1) Trailing edge noise. This is formed by the interaction between the turbulent bound-

ary layer and the blade trailing edge, has the frequency range of 750–2000Hz and
is the main high frequency noise produced by the wind turbine.

(2) Blade tip noise. This is produced by 3D blade tip effects and is one of the main
noise sources of wind turbines. In addition, the vortex generator at the blade tip
and the sudden movement of the blade surface will also cause the impulse noise.
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(3) Noise caused by separation. The unsteady flow on blade surface when the blade is
at stall, makes the radiation of broadband noise increase.

(4) Blunt trailing edge noise. This is produced by the vortex caused by blade trailing
edge thickness, and is a kind of tonal noise.

(5) Laminar vortex noise. This is also a kind of tonal noise, which is caused by the
laminar vortex formed by the holes and gaps on the blade surface.

4.6.2 The measurement of noise

Noise can be objectively measured by SPL (sound pressure level), sound intensity
(sound intensity level), acoustic power (sound power level) and frequency (spectrum)
etc. It can be also subjectively felt by sound loudness, tone and timbre.

4.6.2.1 Sound pressure
The sound pressure p indicates the sound intensity, which is the difference between
the local air pressure caused by sound waves and the average atmospheric pressure
(the unit is Pa). The sound pressure level (SPL) Lp can be expressed as

Lp = 10 lg(
p
p0
)
2
, (4.32)

where p is sound pressure, p0 is reference sound pressure (p0 = 2 × 10−5 Pa). The
reference pressure is the sound pressure at noise frequency of 1000Hz (the limit value
that can be heard by normal human ears). Therefore, it is also known as the threshold
pressure. The unit of sound pressure level Lp is dB.

When considering the change of sound pressure with time at a certain point in the
sound field, the root mean square value is adopted, which is also called the equivalent
sound pressure peq expressed as

peq = √
1
T

T

∫
0

p2 dt, (4.33)

where p is the instantaneous sound pressure, T is the measuring time (generally as
long as 30–180 s).

Then, the equivalent sound pressure level can be expressed as

Leq = 10 lg(
1
T

T

∫
0

p2

p20
dt) . (4.34)
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4.6.2.2 Sound intensity
Sound intensity I is defined as the sound energy per unit time and per unit area
(perpendicular to the wave propagation direction), with the unit of W/m2. Sound
intensity level LI can be expressed as

LI = 10 lg
I
I0
, (4.35)

where I is the sound intensity, I0 is the reference sound intensity, I0 = 10−12 W/m2.
The reference sound intensity corresponds to the reference pressure and, therefore, is
also known as threshold sound intensity. The unit of sound intensity level LI is dB.

When the sound is transmitted through a spherical soundwave, the sound intensity
on the spherical surface (the distance to the sound source is r) is

I = W
4πr2

. (4.36)

When the sound wave propagates only in a half space, the sound intensity on the
spherical surface (the distance to the sound source is r) is

I = W
2πr2

. (4.37)

4.6.2.3 Sound power
Sound power W is the sound energy (emitted, reflected, transmitted or received) per
unit time, and the unit is W. The sound power level LW can be expressed as

LW = 10 lg
W
W0

, (4.38)

where W is the sound power, W0 is reference sound power, W0 = 10−12 W. The refer-
ence sound power corresponds to the sound pressure reference, which is also called
the threshold power. The unit of sound power level LW is dB.

4.6.2.4 Weighted sound pressure level
The sensitivity of the human ear to sound is not only related to sound pressure, but
also to frequency. Sounds with the same sound pressure level and different frequencies
may sound different. Therefore, the weighted pressure level is adopted to carry out the
subjective assessment of noise. The equivalent A-weighted sound pressure level LA,eq
can be expressed as

LA,eq = 10 lg(
1
T

T

∫
0

p2A
p20

dt) , (4.39)

where pA is A-weighted instantaneous sound pressure, p0 is the reference sound
pressure, p0 = 2 × 10−5 Pa. The unit of equivalent A-weighted sound pressure level is
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Tab. 4.16:Weighted relative response values of different frequencies.

1/3 octave center
frequency (Hz)

A-weighted
response value (dB)

 200 −10.9
 250  −8.6
 315  −6.6
 400  −4.8
 500  −3.2
 630  −1.9
 800  −0.8
1000  0
1250  0.6
1600  1.0
2000  1.2
2500  1.3
3150  1.2
4000  1.0
5000  0.5

dB (A). For different frequencies, the A-weighted relative response value (partial) is
shown in Tab. 4.16.

In addition, the weighted sound power level is adopted to carry out subjective
noise assessments. The calculation method is similar to the A-weighted sound pressure
level.

4.6.2.5 Frequency spectrum
The noise spectrum is adopted to describe the characteristics of noise, that is, the noise
signal is divided into frequency bands and then accumulated in the frequency band.
The analysis of the noise spectrum can provide a basis for noise control.

The sound frequency range that the human ear can hear is roughly from 20Hz
to 20 kHz. Usually the 1Hz bandwidth is not adopted, instead, the octave bandwidth
or the 1/3 octave bandwidth are utilized. Octave refers to bandwidth in which the
upper frequency limit is twice that of the lower frequency limit. So the ratio of the two
frequencies is 2 : 1. One-third octave bandwidth is obtained through dividing the octave
bandwidth into three sections. The upper frequency limit of each section is 3√2 times
that of the lower frequency limit.

4.6.3 The acoustics model of the airfoil

Brooks, Pope and Marcolini from NREL proposed a semi-empirical formula for noise
calculation for wind turbine airfoils, which is obtained by summarizing the experimen-
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tal data of the NACA 0012 airfoil. However, airfoil shapes and the inflow conditions on
the wind turbine blade vary with blade spanwise locations which lead to certain errors
when predicting the boundary layer parameters according to the empirical formula
[136–138]. The formula has many intrinsic limitations for the calculation of airfoil
noise. Therefore, the formula is to be improved so as to be suitable for different airfoils
under various conditions. In the following, the BPM (Brooks, Pope and Marcolini)
semi-empirical formula for noise calculation of the NACA 0012 airfoil will be discussed.

4.6.3.1 Trailing edge noise of the turbulent boundary layer (TBL-TE)
When the turbulent boundary layer, attached to the blade surface, flows through the
trailing edge, TBL-TE can be generated. This is one of the main noise sources of large
wind turbines. Under certain AOA and Reynolds number, transition will happen at
some point, turning the laminar flow into turbulent flow. Turbulent flowon the pressure
side and the suction surfside of the trailing edge will cause fluctuating pressure which
will then produce noise. Under a small AOA, the pressure and suction side are the main
noise sources [139–141]. As shown in Fig. 4.48, the influence of trailing edge shape on
noise is relatively large.

Turbulent 
boundary layer Trailing edge Wake

Airfoil Fig. 4.48: Trailing edge noise of the turbu-
lent boundary layer.

The TBL-TE is composed of the noise SPLp generated by the turbulent boundary layer
on the pressure side, and the noise SPLs generated on the suction side [135]:

SPLTBLTE = 10 lg{10SPLs/10 + 10SPLp/10}, (4.40)

SPLs = 10 lg(
δ∗sM5∆lD̄h

r2
) + A ( StsSt1

) + (W1 − 3), (4.41)

SPLp = 10 lg(
δ∗pM5∆lD̄h

r2
) + A (

Stp
St1
) + (W1 − 3) + ∆W1, (4.42)

where δ∗p is the relative thickness of the boundary layer on the pressure side of the
airfoil and δ∗s is the relative thickness of the boundary layer on the suction side of the
airfoil, both are associated with AOA and Reynolds number Re of the airfoil; M is the
inflow Mach number, which is the ratio of relative inflow speed U and sound speedc0 ;
St is the Strouhal number; D̄h is the direction function of high frequency sound; r is
the distance from the sound source to observers; A is the frequency spectrum shape
function; W1 is amplitude function; ∆W1 is sound pressure level correction function;
∆l is the spanwise length of airfoil section.
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4.6.3.2 Noise caused by separation (SEP)
With increasing AOA, the boundary layer will separate and the turbulent vortex on
the suction surface of the airfoil is larger than that under low AOA. When the vortex
moves into the wake, separation noise is produced. When the AOA increases to a
certain value, large-scale separation of boundary layer (deep stall) occurs and the
whole suction surface is under unsteady flow [142, 143], which is shown in Fig. 4.49.
Under this condition, SEP is the main noise.

Airfoil

Airfoil

Boundary-layer 
separation

Large-scale separation 
(deep stall)

Fig. 4.49: Separation noise.

The calculation equation of separation noise is as follows [135]:

SPLSEP = 10 lg(
δ∗sM5∆lD̄h

r2
) + B ( StsSt2

) +W2, (4.43)

where B is the frequency spectrum shape function; W2 is the amplitude function.
In order to facilitate the analysis, the TBL-TE and SEP are generally considered

together. When the AOA satisfies α ≤ 12.5°, the equations (4.40)–(4.43) are adopted
to calculate the noise. When the AOA satisfies α > 12.5°, the following equations are
used:

SPLp = −∞, (4.44)
SPLs = −∞, (4.45)

SPLSEP = 10 lg(
δ∗sM5∆lD̄h

r2
) + A� ( StsSt2

) +W2. (4.46)

In equation (4.46), D̄h is the direction function of high frequency; A and A� are the
frequency spectrum shape function, which is related to the Reynolds number Rc (based
on chord) and is three times its actual value.

The equations for calculating the Strouhal number on the pressure and the suction
side surfaces are respectively:

Stp =
fδ∗p
U , (4.47)

Sts =
fδ∗s
U , (4.48)
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where δ∗p = δ∗p(α, Rc) and δ∗s = δ∗s (α, Rc) represent the boundary layer displacement
thickness on the pressure side and the suction side of the airfoil, which are related to
the AOA and Reynolds number Rc ; U is the inflow velocity; f is 1/3 octave band.

The equations of St1 and St2 are:

St1 = 0.02M−0.6; (4.49)

St2 = St1 ×
{{{{
{{{{
{

1 (α < 1.33°),
100.0054(α−1.33)2 (1.33° ≤ α ≤ 12.5°),
4.72 (12.5° < α).

(4.50)

The frequency spectrum shape functions A and B are as follows:

A(a) = Amin(a) + AR(a0)[Amax(a) − Amin(a)], (4.51)
B(b) = Bmin(b) + BR(b0)[Bmax(b) − Bmin(b)], (4.52)

where the curves Amax(a) and Amin(a) are defined as

Amin(a) =

{{{{{{
{{{{{{
{

√67.552 − 886.788a2 − 8.219 (a < 0.204),
−32.665a + 3.981 (0.204 ≤ a ≤ 0.244),
−142.795a3 + 103.656a2

− 57.757a + 6.006
(0.244 < a);

(4.53)

Amax(a) =

{{{{{{
{{{{{{
{

√67.552 − 886.788a2 − 8.219 (a < 0.13),
−15.901a + 1.098 (0.13 ≤ a ≤ 0.244),
−4.669a3 + 3.491a2

− 16.699a + 1.149
(0.244 < a);

(4.54)

where a represents the ratio of the Strouhal number

a = |log(St/Stpeak)|, (4.55)

where St = Stp or Sts , Stpeak = St1 , St2 or (St1 + St2)/2.
AR(a0) is an interpolation coefficient, which is defined as

AR(a0) =
−20 − Amin(a0)

Amax(a0) − Amin(a0)
; (4.56)

a0(Rc) is a function related to Reynolds number

a0(Rc) =

{{{{{{
{{{{{{
{

0.57 (Rc < 9.52 × 104),
(−9.57 × 10−13)
× (Rc − 8.57 × 105)2 + 1.13

(9.52 × 104 ≤ Rc ≤ 8.57 × 105),

1.13 (8.57 × 105 < Rc).

(4.57)
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Similarly, the equation for frequency spectrum shape function B is

Bmin(b) =

{{{{{{
{{{{{{
{

√16.888 − 886.788b2 − 4.109 (b < 0.13),
−83.607b + 8.138 (0.13 ≤ b ≤ 0.145),
−817.81b3 + 355.21b2

− 135.024b + 10.619
(0.145 < b);

(4.58)

Bmax(b) =

{{{{{{
{{{{{{
{

√16.888 − 886.788b2 − 4.109 (b < 0.1),
−31.33b + 1.854 (0.1 ≤ b ≤ 0.145),
−80.541b3 + 44.174b2

− 39.381b + 2.344
(0.145 < b);

(4.59)

where b represents the ratio of Strouhal numbers:

b =
!!!!!!!!
log( StsSt2

)
!!!!!!!!
; (4.60)

BR(b0) is the interpolation coefficient, which is defined as

BR(b0) =
−20 − Bmin(b0)

Bmax(b0) − Bmin(b0)
; (4.61)

b0(Rc) is a function related to the Reynolds number

b0(Rc) =

{{{{{{
{{{{{{
{

0.30 (Rc < 9.52 × 104),
(−4.48 × 10−13)
× (Rc − 8.57 × 105) + 0.56

(9.52 × 104 ≤ Rc ≤ 8.57 × 105),

0.56 (8.57 × 105 < Rc).

(4.62)

The amplitude functions W1 and W2 are defined as

W1 =

{{{{
{{{{
{

−4.31 log(Rc) + 156.3 (Rc < 2.47 × 105),
−9.01 log(Rc) + 181.6 (2.47 × 105 ≤ Rc ≤ 8.0 × 105),
128.5 (8.0 × 105 < Rc);

(4.63)

W2 = W1 +

{{{{
{{{{
{

−1000 (α < γ0 − γ),
√β2 − (β/γ)2(α − γ0)2 + β0 (γ0 − γ ≤ α ≤ γ0 + γ),
−12 (γ0 + γ < α).

(4.64)

The coefficients in equation (4.64) are defined as

{{{{{{
{{{{{{
{

γ = 27.094M + 3.31,
γ0 = 23.43M + 4.651,
β = 72.65M + 10.74,
β0 = −34.19M − 13.82,

(4.65)
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where M is Mach number, M = U/c0 ; ∆W1 is the sound pressure level correction
function for the pressure side of the airfoil which is shown below

∆W1 =
{
{
{

α[1.43 log(Rδ∗p ) − 5.29] (Rδ∗p ≤ 5000),
0 (5000 < Rδ∗p ),

(4.66)

where Rδ∗p is the Reynolds number based on the displacement thickness of the pressure
surface.

4.6.3.3 Laminar vortex noise (LBL-VS)
As shown in Fig. 4.50, vortex noise is mainly caused by the vortex shedding from the
trailing edge and the unsteady flow originating from the upstream laminar boundary
layer. When the vortex is shedding from the trailing edge, the inducted pressure will
spread upstream which leads to fluctuation in the boundary layer; when the unstable
boundary layer reaches the trailing edge, the vortex will shed. Therefore, laminar
boundary layer vortex shedding noise is generated through this periodic process [144–
146]. Laminar vortex noise is a kind of discrete noise, which can be ignored for large
wind turbines.

Laminar 
boundary layer

Vortex 
shedding

Instability waves

Airfoil

Fig. 4.50: Laminar vortex noise.

The noise prediction equation is [135]:

SPLLBLVS = 10 lg(
δpM5∆lD̄h

r2
) + G1(

St�

St�peak
) + G2 (

Re
Re0
) + G3(α), (4.67)

where δp represents the boundary layer thickness on the pressure side of the airfoil; G1 ,
G2 and G3 are the empirical functions based on Strouhal number, Reynolds number
and angle of attack, respectively. In fact, they are generally neglected according to the
design condition of the airfoil.

The Strouhal number St� can be expressed as

St� =
fδp
U ; (4.68)

St�peak is the maximum Strouhal number

St�peak = St
� × 10−0.04α , (4.69)
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where St�peak is defined as

St� =
{{{{
{{{{
{

0.18 (Rc ≤ 1.3 × 105),
0.001756R0.3931c (1.3 × 105 ≤ Rc ≤ 4.0 × 105),
0.28 (4.0 × 105 < Rc).

(4.70)

Function G1 defines the shape of the spectrum:

G1(e) =

{{{{{{{{{
{{{{{{{{{
{

39.8 log(e) − 11.12 (e ≤ 0.5974),
98.409 log(e) + 2.0 (0.5974 < e ≤ 0.8545),
−5.076 + √2.484 − 506.25[log(e)]2 (0.8545 < e ≤ 1.17),
−98.409 log(e) + 2.0 (1.17 < e ≤ 1.674),
−39.8 log(e) − 11.12 (1.674 < e),

(4.71)

where e = St�/St�peak .
The peak of the spectrum is determined by the function G2

G2(d) =

{{{{{{{{{
{{{{{{{{{
{

77.852 log(d) + 15.328 (d ≤ 0.3237),
65.188 log(d) + 9.125 (0.3237 < d ≤ 0.5689),
−114.052[log(d)]2 (0.5689 < d ≤ 1.7579),
−65.188 log(d) + 9.125 (1.7579 < d ≤ 3.0889),
−77.852 log(d) + 15.328 (3.0889 < d),

(4.72)

where d = Rc/(Rc)0

(Rc)0 =
{
{
{

100.215α+4.978 (α ≤ 3.0),
100.120α+5.263 (3.0 < α);

(4.73)

G3 is the function of angle of attack:

G3 = 171.04 − 3.03α. (4.74)

4.6.3.4 Blade tip noise (TIP)
Because of 3D flow effects, a tip vortex will be formed at the blade tip. Interaction
between the tip vortex and the trailing edge at the tip can cause noise. The generation
mechanism for this tip noise is similar to that for the previous described trailing edge
noise. What is more, if tip flow is separated, additional noise will occur [147, 148]. As
shown in Fig. 4.51, tip vortex noise is closely related to the geometry of the blade tip.
The tip shape of an old wind turbine blade is square and thick, so the noise is loud.
Currently, this noise can be reduced through good design.
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Tip vortex

Airfoil blade tip

Fig. 4.51: Blade tip noise.

The calculation equations for the vortex noise [135] are as follows:

SPLTIP = 10 lg(
M3

maxM2l2tipD̄h

r2
) − 30.5(lg St�� + 0.3)2 + 126; (4.75)

ltip is the spanwise length of the blade tip. For a round blade tip, it is

ltip = 0.008αtipc. (4.76)

For a flat tip, it is

ltip/c =
{
{
{

0.0230 + 0.0169α�tip (0° ≤ α
�
tip ≤ 2°),

0.0378 + 0.0095α�tip (2° < α
�
tip),

(4.77)

where αtip is the geometry AOA at tip; α�tip is the modified AOA at tip, which is based on
tip load characteristics (mainly according to the ideal conditions with large spanwise
length, free bending and torsion, constant flow [135])

α�tip = [(
∂L�/∂y
(∂L�/∂y)ref

)
y→tip
] αtip, (4.78)

where L� is the lift force per unit span at spanwise positon of y .
The Strouhal number St�� is

St�� = fl
Umax

, (4.79)

where Umax = c0Mmax , Mmax is the maximum velocity of fluid in the trailing edge stall
region.

Mmax/M ≈ (1 + 0.036αtip), (4.80)

where M is the inflow speed in the tip region.

4.6.3.5 Blunt trailing edge noise (TEB-VS)
As shown in Fig. 4.52, when the trailing edge thickness increases to a certain value,
vortices will shed from the blade trailing edge which leads to the Karman vortex street.
The periodic loads will appear on both the top and bottom of the blade trailing edge.
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Blunt trailing edge

Vortex shedding

Airfoil

Fig. 4.52: Blunt trailing edge noise.

Then, discrete blunt trailing edge noise is generated which depends on the shape,
thickness and local Reynolds number on the blade’s trailing edge [140]. This kind of
noise can be reduced by decreasing the thickness of the trailing edge.

The equation of blunt trailing edge noise [135] is as follows:

SPLTEBVS = 10 lg(
hM5.5∆lD̄h

r2
) + G4 (

h
δ∗avg

, Ψ) + G5(
h
δ∗avg

, Ψ, St���

St���peak
) , (4.81)

where h is the thickness of the blunt trailing edge; Ψ is the dullness angle of the trailing
edge; δ∗avg represents the average relative thickness of the boundary layer; G4 and G5
are the frequency spectrum shape function.

The Strouhal number is
St�� = fhU ; (4.82)

St��peak is the maximum Strouhal number

St��peak =
{{
{{
{

0.212 − 0.0045Ψ
1 + 0.235(h/δ∗avg)−1 − 0.0132(h/δ∗avg)−2

(0.2 ≤ h/δ∗avg),

0.1(h/δ∗avg) + 0.095 − 0.00243Ψ (h/δ∗avg < 0.2),
(4.83)

where δ∗avg is the average displacement thickness of the boundary layer

δ∗avg =
δ∗p + δ∗s

2 . (4.84)

The peak value of sound pressure spectrum shape for blunt trailing edge noise is
defined by the function G4

G4(h/δ∗avg, Ψ) =
{
{
{

17.5 log(h/δ∗avg) + 157.5 − 1.114Ψ (h/δ∗avg ≤ 5),
169.7 − 1.114Ψ (5 < h/δ∗avg).

(4.85)

The shape of the frequency spectrum shape function is defined by G5 , which includes
the interpolation calculation from Ψ = 0° to Ψ = 14°

G5(
h
δ∗avg

, Ψ, St���

St���peak
) = (G5)Ψ=0° + 0.0714Ψ[(G5)Ψ=14° − (G5)Ψ=0°]. (4.86)

Here (G5)Ψ=14° is defined as

(G5)Ψ=14° =

{{{{{{{
{{{{{{{
{

mη + k (η < η0),

2.5√1 − (η/μ)2 − 2.5 (η0 ≤ η < 0),
√1.5625 − 1194.99η2 − 1.25 (0 ≤ η < 0.03616),
−155.543η + 4.375 (0.03616 ≤ η),

(4.87)
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where

η = log(St���/St���peak); (4.88)

μ =

{{{{{{
{{{{{{
{

0.1221 (h/δ∗avg < 0.25),
−0.2175(h/δ∗avg) + 0.1755 (0.25 ≤ h/δ∗avg < 0.62),
−0.0308(h/δ∗avg) + 0.0596 (0.62 ≤ h/δ∗avg < 1.15),
0.0242 (1.15 ≤ h/δ∗avg);

(4.89)

m =

{{{{{{{{{{{{
{{{{{{{{{{{{
{

0 (h/δ∗avg ≤ 0.02),
68.724(h/δ∗avg) − 1.35 (0.02 < h/δ∗avg ≤ 0.5),
308.475(h/δ∗avg) − 121.23 (0.5 < h/δ∗avg ≤ 0.62),
224.811(h/δ∗avg) − 69.35 (0.62 < h/δ∗avg ≤ 1.15),
1583.28(h/δ∗avg) − 1631.59 (1.15 < h/δ∗avg ≤ 1.2);
268.344 (1.2 < h/δ∗avg)

(4.90)

η0 = −√
m2μ4

6.25 + m2μ2
; (4.91)

k = 2.5√1 − (η0μ )
2
− 2.5 − mη0. (4.92)

The term (G5)Ψ=0° can be obtained through substituting h/δ∗avg in equation (4.90) as
(h/δ∗avg)� , which is shown as

(h/δ∗avg)� = 6.724(h/δ∗avg)2 − 4.019(h/δ∗avg) + 1.107. (4.93)

From the equations for the five kinds of noise, it is found that the trailing edge noise
of the turbulent boundary layer, noise of separation, and blunt trailing edge noise
are associated with the airfoil boundary layer parameters. What is more, they are the
main types of airfoil noise. In the BPMmodel, the airfoil boundary layer parameters
are based on experimental data obtained from the NACA 0012 airfoil [135]. In order to
obtain noise characteristics under different conditions, the calculation method for the
airfoil boundary layer parameters had been improved.

The previouslymentionedXFOIL software can solve the coupledflowandboundary
layer equations. With the transition prediction method based on the laminar flow
stability eN theory, XFOIL can deal with free transition and fixed transition flow and
can solve aerodynamic parameters (including the parameters of airfoil boundary layer)
at various flow conditions. The calculation results are accurate and reliable. XFOIL was
used to solve the boundary layer parameters instead of using the empirical equations in
the BPM model, thus broadening the scope of the original noise model and improving
the accuracy of the calculation. The airfoil boundary layer parameters can be expressed
as a function of Reynolds number, AOA, and turbulence intensity:

δ = δ(Re, α, tur). (4.94)
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Entering the corresponding parameters of Reynolds number Re, angle of attack α
and turbulence intensity tur into XFOIL, the airfoil boundary parameter files can be
obtained. Then through reading the boundary layer parameters, the noise value can be
calculated with the noise model above.

4.6.3.6 The direction function of noise
In the 3D coordinate system (shown in Fig. 4.53), the thin flat plate represents the
airfoil plane which is moving with speed U along the x-direction and the observer is
stationary.

Plate moves at
velocity U 

Stationary
observerze

xe

ye
θe

Ψe

Fig. 4.53: The direction of sound.

For high frequency noise, the direction function is

D̄h(Θe,Φe) ≈
2 sin2(0.5Θe) sin2(Φe)

(1 +M cosΘe)[1 + (M −Mc) cosΘe]2,
(4.95)

where M represents the velocity of an airfoil; Mc represents the fluid velocity at the
trailing edge; Θe and Φe represent the direction angle as shown in Fig. 4.53.

For low frequency noise, the direction function is

D̄l(Θe,Φe) ≈
sin2(Θe) sin2(Φe)
(1 +M cosΘe)2

. (4.96)

4.6.4 Comparison of noise calculations

In order to validate the established calculation model, computations for the S809
and FFA-W3-241 airfoils were carried out and compared with NAFNoise software from
NREL [149]. As the self-generated noise of the airfoil mainly comes from trailing edge
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noise and separation noise [136–138], only these two kinds of noise were considered.
The initial calculation conditions of the two models are the same and the detailed
parameters are as below.
Sound speed: c0 = 340m/s;
Spanwise length: d = 1m;
Viscous coefficient: μ = 1.5 × 10−5 ;
Chord: C = 0.4m;
Air density: ρ = 1.225 kg/m3;
AOA: α = 6°;
Inflow velocity: V0 = 70m/s;
Bluntness of trailing edge: 0.0002m;
Observation distance: r = 1.2m;
Angle of bluntness: Ψ = 12.5°;
Viewing angle: θ = 90°.

The calculation results of the airfoil noise in 1/3 octave frequency spectrumare shown in
Fig. 4.54 and4.55. As space in the twofigures is limited, trailing edgenoise is abbreviated
to TEN.

There is a certain gap in the noise prediction on the pressure side at the trailing
edge between the new model and NAFNoise. Especially for the FFA-W3-241 airfoil,
the results from the new model are mainly in the middle and high frequency region
(200–800Hz) and the results from NAFNoise are mainly in the high frequency region
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Fig. 4.54: Noise curve of S809.
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Fig. 4.55: Noise curve of FFA-W3-241.

(1200–4000Hz). The prediction of suction surface noise with the two methods is close.
For separation noise, the main band area of the predicted noise is close (concentrated
in the high frequency region of 200–800Hz), but there is a deviation between the noise
values. The differences may be caused by the different calculation methods for the
trailing edge boundary layer thickness. Generally, the two calculation methods are
basically consistent which indicates validation of this new model.

4.6.5 Influence of geometric parameters of airfoils on noise

In Section 2.6, the influences of airfoil geometric parameters on aerodynamic perfor-
mancewere discussed. Referring to designmethods for other airfoils, the corresponding
constraints can be given according to the design objects. However, the influence of these
geometric parameters on noise is not very clear. In order to design a low noise airfoil,
the influence of these parameters should be studied. Based on the constraints normally
used in airfoil design, the chordwise location of the maximum relative thickness, the
maximum camber and the chordwise location of the maximum camber location were
selected to study their relationships.

All the conditions for dynamic and acoustic calculations are consistent with the
AOA at 7°, the Reynolds number Re = 2.0 × 106 and wind speed of 70m/s. The calcu-
lation cases are divided into free transition and fixed transition conditions. The noise
is shown using the A-weighted sound power level.

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



116 | 4 Theory of parametric optimization for wind turbine airfoils

4.6.5.1 The influence of the chordwise position of maximum thickness
Based on the previously established noise prediction model, four airfoils (NACA 63415,
NACA 64415, NACA 65415 and NACA 66415) with relative thickness of 15%were selected
to study the influences of chordwise location of maximum thickness on noise.

The four airfoils have the same maximum camber and maximum camber location,
with the maximum thickness position gradually shifting towards the trailing edge
direction. As shown in Tab. 4.17, with the chordwise location of the maximum thickness
moving towards the trailing edge, the maximum lift coefficient gradually decreases;
the differences between the maximum lift coefficients under free transition and fixed
transition is decreasing, implying the roughness sensitivity is getting lower; the max-
imum lift-to-drag ratio under the free transition condition is increasing, the trend is
opposite to that under the fixed transition condition; the noise value increases under
both free and fixed transition conditions and the increment increases gradually.

Tab. 4.17: The impact of chordwise position of maximum thickness on noise.

Airfoil name Maximum
thickness
location

Maximum
camber

Maximum
camber
location

Maximum
lift
coefficient

Maximum
lift-to-drag
ratio

Noise (dB)

NACA 63415 0.344 0.02 0.53 1.62(1.61) 131.3(81.8) 90.9(95.9)
NACA 64415 0.374 0.02 0.53 1.59(1.59) 133.7(80.3) 91.5(96.2)
NACA 65415 0.405 0.02 0.53 1.53(1.53) 134.1(75) 92.5(97.1)
NACA 66415 0.457 0.02 0.53 1.51(1.51) 143(67.2) 96.0(99.3)

Note: the value under fixed transition conditions is in parentheses.

4.6.5.2 The influence of maximum camber
In order to study the influence of chordwise location of maximum thickness on airfoil
noise, several airfoils (NACA 63415, NACA 64415, NACA 65415 and NACA 66415, divided
into two groups) with relative thickness of 15% were selected for analysis.

The airfoils in each group have the same maximum relative thickness location and
maximum camber location, with the maximum camber increasing gradually. As shown
in Tab. 4.18, as the maximum camber increases, the maximum lift coefficient gradually
increases both under free and fixed transition conditions; the difference between the
maximum lift coefficients under free transition and fixed transition increases, which
implies that roughness sensitivity is increasing; the maximum lift-to-drag ratio under
both free and fixed transition conditions is increasing; the noise value increases under
both free and fixed transition conditions and the increment is almost the same and
can be ignored
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Tab. 4.18: The impact of maximum camber on noise.

Airfoil name Maximum
thickness
location

Maximum
camber

Maximum
camber
location

Maximum
lift
coefficient

Maximum
lift-to-drag
ratio

Noise (dB)

NACA 63215 0.36 0.01 0.52 1.50(1.50) 104.8(77.0) 93.1(96.6)
NACA 63415 0.36 0.02 0.52 1.57(1.56) 130.8(80.7) 93.5(97.1)
NACA 63615 0.36 0.03 0.52 1.68(1.67) 153.9(83.3) 93.8(97.8)
NACA 64215 0.36 0.01 0.52 1.44(1.43) 106.5(76.5) 93.3(96.5)
NACA 64415 0.36 0.02 0.52 1.54(1.53) 132.3(80.7) 93.7(97.1)
NACA 64615 0.36 0.03 0.52 1.64(1.63) 153.6(83.6) 94.1(97.8)

Note: the value under fixed transition conditions is in parentheses.

4.6.5.3 The influence of the location of maximum curvature
In order to study the influence of chordwise location of maximum camber on airfoil
noise, several airfoils (NACA 63415, NACA 64415, NACA 65415 and NACA 66415) with
relative thickness of 15% were selected for analysis.

The airfoils have the same maximum relative thickness location and maximum
camber, with the location of maximum camber gradually moving towards the trailing
edge. As shown in Tab. 4.19, with increasing maximum camber, the maximum lift
coefficient firstly decreases to the minimum value (when the chordwise location of
maximum camber is 0.4) and then increases; the differences between the maximum
lift coefficients under free transition and fixed transition (representing roughness
sensitivity) follow the same trend as that of the lift coefficient; the varying trend of the
maximum lift-to-drag ratio is opposite to that of the lift coefficient; the varying trend
of noise under the free transition condition is the same as that of the lift coefficient,
however, the trend under the fixed transition condition is always increasing with
increasing position of the maximum chord.

Tab. 4.19: The impact of maximum camber location on airfoil noise.

Airfoil name Maximum
thickness
location

Maximum
camber

Maximum
camber
location

Maximum
lift
coefficient

Maximum
lift-to-drag
ratio

Noise (dB)

NACA 4115 0.3 0.04 0.1 1.97(1.67)  92.8(76.5) 92.4(97.0)
NACA 4215 0.3 0.04 0.2 1.88(1.67) 130.5(79.3) 91.3(97.0)
NACA 4315 0.3 0.04 0.3 1.75(1.66) 147.9(79.8) 90.6(97.1)
NACA 4415 0.3 0.04 0.4 1.74(1.69) 151.0(78.6) 90.8(97.5)
NACA 4515 0.3 0.04 0.5 1.79(1.75) 149.3(77.3) 91.6(98.0)
NACA 4615 0.3 0.04 0.6 1.84(1.81) 129.4(76.3) 92.6(98.4)

Note: the value under fixed transition conditions is in parentheses.
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4.6.6 Design of wind turbine airfoils with high efficiency and low noise

The design of wind turbine airfoils is a basic but important task for designing optimal
wind turbine rotors. Employing efficient airfoils with high lift coefficient and high
lift-to-drag ratio can reduce the cost of wind turbine blades and therefore reduce the
cost of energy. On the other hand, noise from wind turbines can give annoyance to
people living nearby, which becomes a barrier for the further development of (at least
onshore) wind energy. Therefore, designing highly efficient wind turbines and at the
same time reducing their noise emission are the design goals of future wind turbine
rotors. Through the analysis in the above section, it is known that airfoil noise is closely
related to the thickness of the trailing edge boundary layer on the upper and lower
sides of the airfoil. Airfoil noise can be controlled through controlling the boundary
layer thickness.

4.6.6.1 Objective function
However, the design characteristics of wind turbine airfoils are a trade-off between
several possible conflicting requirements such as high lift, high lift-to-drag ratio and
low noise emission; therefore, the choice of an objective function which can weight
desirable features of an airfoil is very important in the design procedure. As discussed
above, designing wind turbines of high efficiency and low noise is a design goal of
future wind turbine rotors. So, the lift-to-drag ratio and the noise value are taken into
the optimization objective function using the following equations:

f(x) = max(RLD/SPL), (4.97)

RLD = 1
m − n + 1

m
∑
i=n
Cl(i)/Cd(i), (4.98)

SPL = 1
m − n + 1

m
∑
i=n
(SPLTBLTE(i) + SPLSEP(i)), (4.99)

where Cl represents the lift coefficient of the airfoil, Cd represents the drag coefficient,
RLD represents the average lift-to-drag ratio in the design AOA range, SPL represents
the average noise value of the airfoil in the design range of AOA range, (n,m) represents
the design AOA range. Here the airfoil design AOA range of 5–10° is selected.

4.6.6.2 Design variables and constraints
For the integrated expression of an airfoil, the first six coefficients of equation (3.26)
are selected as design variables:

X = (x1, x2, x3, x4, x5, x6). (4.100)

The range of the design variables is determined according to the shape of the airfoil.
If the value of a variable exceeds a certain range, the integrated representation will
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no longer have the shape characteristics of the airfoil. So the scope of the variable is
constrained:

Xmin ≤ X ≤ Xmax. (4.101)

In addition to requirements for the shape, the other constraints are mainly aimed
at the structure of the airfoil. Normally, the airfoil thickness is the most important
requirement on structural characteristics. The main power production zone of a wind
turbine blade is the outer part (generally within 70–90% span). The maximum relative
thickness of airfoil in the region is generally between 0.15 and 0.21. Relative thickness
of 0.21 is selected as the design constraint:

t/c = 0.21, (4.102)

where t is the maximum thickness of the airfoil, c is the chord of airfoil.
Another important structural parameter of the airfoil is the chordwise position of

the maximum relative thickness which is constrained as

0.25 ≤ x/c ≤ 0.35. (4.103)

The constraint for the maximum camber of the airfoil is

0.3 ≤ cam/c ≤ 0.4. (4.104)

The constraint for the chordwise position of maximum camber is

0.4 ≤ cam/c ≤ 0.6. (4.105)

In addition, in the practical engineering application, considering the manufacturing
process and the structural strength of the blade, the thickness of the trailing edge of the
airfoil is usually thickened. In view of the fact that the trailing edge processing of an
airfoil after completion of the design will have a certain influence on the aerodynamic
performance, the trailing edge thickness is constrained during the optimization process.
Considering the airfoil thickness and leaf expansion to the location, the constraint
conditions for the airfoil trailing edge thickness is

te/c = 0.005. (4.106)

4.6.6.3 Optimization results
Based on the integrated expression and noise predictionmethod, for the establishment
of the above optimization model, the following parameters were selected as the initial
conditions: Reynolds number of Re = 2.0 × 106 , relative inflow speed of V0 = 70m/s,
distance between noise source and observer of r = 1m, observation angle of 90°,
airfoil chord of c = 1m, span length of 1m, maximum relative thickness of 0.21. After
optimization, the new wind turbine airfoil CQU-DTU-T21 is obtained, which is shown
in Fig. 4.56.
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Fig. 4.56: Profile of CQU-DTU-T21 airfoil.

In order to verify the performance of the airfoil, the noise and aerodynamic character-
istics of the new airfoil were calculated and compared with the commonly used 21%
wind turbine airfoils (DU 93-W-210 and FFA-W3-211). The geometric properties of the
three airfoils are shown in Tab. 4.20.

Tab. 4.20: The geometric characteristics of three airfoils.

Airfoil name Maximum
thickness

Chordwise location
of maximum
relative thickness

Maximum
camber

Chordwise location
of maximum camber

FFA-W3-W211 0.21 0.324 0.0217 0.714
DU 93-W-210 0.207 0.341 0.0274 0.711
CQU-DTU-T21 0.21 0.288 0.0391 0.517

The variation of noise and the ratio of RLD (average lift-to-drag ratio) to SPL (average
noise value) with Reynolds number of Re = 2.0 × 106 and the AOA range of −10° to 20°
are shown in Fig. 4.57 and 4.58 respectively. As shown in Fig. 4.57, the noise of the new
airfoil is quieter than that of FFA-W3-211 with AOA in the range of 0–10° (the maximum
reduction is 1 dB at AOA of 0°) and is slightly larger than that of FFA-W3-211 with AOA
in the range of 11–20° (the maximum increment is 0.7 dB at AOA of 12°). Over the whole
AOA range, the performance of FFA-W3-211 is close to the new airfoil. Compared with
the DU 93-W-210, the noise of the new airfoil is quieter with AOA in the range of 0–14°
(the maximum reduction is 4.5 dB at AOA of 10°). From the comparison with the two
dedicated wind turbine airfoils, the new airfoil has good noise performance. Fig. 4.58
shows the RLD/SPL of the three airfoils. The new airfoil has higher RLD/SPL over
almost the whole AOA range. This demonstrates that the new type not only has low
noise characteristics, but also has higher lift-to-drag ratio.

The lift coefficient and lift-to-drag ratio (RLD) of three airfoils with Reynolds num-
ber of Re = 2.0 × 106 andAOA in the range of −10° to 20° are shown in Fig. 4.59 and 4.60
respectively. Over the whole range of AOA, the new airfoil has a higher lift coefficient
and lift-to-drag ratio. For the new airfoil, the maximum lift coefficient is 1.89 and
the maximum lift-to-drag ratio is 145.8, which is higher than those of DU 93-W-210
(the maximum lift coefficient is 1.38 and the maximum lift-to-drag ratio is 140.2) and
FFA-W3-211 (the maximum lift coefficient is 1.53 and the maximum lift-to-drag ratio
is 140.5).
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4.7 Airfoil design based on a 2D power coefficient

Higher power efficiency, Cp , is the one of the main goals of wind turbine blade design.
In blade element theory, the blade is divided into a number of segments along the span,
which are called blade elements. According to this theory, the power coefficient of each
blade element can be expressed as

Cp =
dFdrivingrω
1
2ρV

3
0dA

, (4.107)

where dFdriving represents the local tangential force, r is the radius position of the
blade element, ω is the rotor speed, ρ is the air density, and V0 is the wind speed far
upstream, dA = 2πr dr is the rotor areas corresponding to each element.

The power coefficient of the blade can be obtained by integrating the power coeffi-
cient of each blade element along the blade span. If the power coefficient of each blade
element reaches the largest value, then the power coefficient of the blade is the largest.

Usually, equation (4.107) is expressed as

Cp = [(1 − a)2 + x2(1 + a�)2]xcxσ, (4.108)

where a is the axial induction factor, a� is the tangential inducing factor, σ is blade
solidity, cx is the tangential force coefficient and cy is the normal force coefficient.
They are expressed by equations (4.109)–(4.113) respectively. x is the local tip speed
ratio at blade element x = X × r/R, in which X is the tip speed ratio, and R is the rotor
radius:

a = 1
4 sin2 φF
σcy
+ 1

, (4.109)

a� = 1
4 sinφ cosφF

σcy
− 1

, (4.110)

σ = 2 sin
2 φF
cy

, (4.111)

cx = cl (sinφ −
1

cl/cd
cosφ) , (4.112)

cy = cl (cosφ +
1

cl/cd sinφ
) , (4.113)

where F is the tip-loss correction factor, φ is the local inflow angle at the blade element
which can be expressed as

φ = arctan( 1 − a
x(1 + a�)) . (4.114)
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Combining the equations (4.108)–(4.114), the axial induction factor a and the tan-
gential inducing factor a� can be obtained through iterations so as to calculate the
maximum power coefficient under different lift-to-drag ratios. Results show that the
axial induction factor with themaximumpower coefficient is a = 1

3 , which is consistent
with the results fromactuator disc theory. The variation of power coefficientwith respect
to lift-to-drag ratio is shown in Fig. 4.61.
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Fig. 4.61: Variations of power coefficient Cp with respect to RLD and x .

As shown in Fig. 4.61, the power efficiency increases with increasing lift-to-drag ratio.
When the airfoil RLD increases from 50 to 100, 100 to 150 and 150 to 200, the increment
of airfoil power coefficient decreases gradually. Selecting the local speed ratio as the
power coefficient increases from 0.5127 to 0.5486 (by 7%) when the RLD increases from
50 to 100; the power coefficient increases from 0.5486 to 0.5605 (by 2.1%) when the
RLD increases from 100 to 150; the power coefficient increases from 0.5605 to 0.5665
(by 1.07%) when the RLD increases from 150 to 200.

In addition, the local inflow angle of the blade element φ and the solidity σ can
be obtained. According to the design AOA of the airfoil, the local torsion angle can
be obtained. It has also been found that when the local ratio is fixed, the term σcl
(product of the solidity and the lift coefficient) is a fixed value. All the above parameters
determine the blade’s aerodynamic shape. If the airfoil is regarded as a 2D airfoil
section and taking the Reynolds number, AOA and the spanwise location of the airfoil
as design variables, the airfoil design is transformed into the blade design through
obtaining the 2D power coefficient.
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4.7.1 The optimization model

Airfoils with relative thickness between 15% and 24% located on the main power
production spanwise zone of the blade (70–90%), were optimized and obtained. The
previously mentioned XFOIL software was adopted in optimization since it can deal
with free transition and fixed transition based on the laminar flow stability eN theory
[99]. It was also utilized in the design of the DU airfoil series and the Risø airfoil series.
Through coupling the airfoil integrated equation and XFOIL solver, the aerodynamic
characteristics (such as lift, drag and boundary layer thickness on pressure side and
the suction side of the airfoil) can be obtained directly, which are regarded as the input
variables for optimization. Given the local tip speed ratio x at each blade element, the
airfoil power coefficient, noise value and other related parameters can be calculated.

4.7.1.1 Objective function
As discussed in the Section 4.6, the design of wind turbine airfoils is a trade-off between
several possible conflicting requirements such as aerodynamic performance, structural
requirements and low noise emission, etc. With the long-term accumulation of dust,
dirt and staining elements, the wind turbine blade can become polluted and rough.
And increasing leading edge roughness can directly lead to a substantial decline in the
performance of the wind turbine, with a maximum reduction of 30% shown by some
research [150]. The leading edge roughness sensitivity was taken as the main design
goal in the design of the Risø airfoil series and the DU airfoil series [5, 6].

Assume that the design life of a wind turbine is N years and in the first Mth years
it operates under smooth conditions. The power coefficient of the wind turbine during
its whole life span can be established:

f(x) = max(μ1Cp1 + μ2Cp2), (4.115)

where μ1, μ2 are weight coefficients for smooth conditions and rough conditions re-
spectively and with the relationship of μ1 + μ2 = 1; Cp1 , Cp2 are the weighted power
coefficients (shown in equations (4.117) and (4.118)) for smooth and rough conditions
respectively.

The occurrence of strong winds or turbulence conditions will change the boundary
layer flow which will cause the airfoil to operate in off-design conditions. What is more,
the impacts of aerodynamic force, inertial force and elastic force on the bladesmay also
lead to off-design conditions. It is required that the wind turbine can achieve a good
wind power coefficient under various working conditions within a wide AOA range.
Meanwhile, the design lift coefficient should be as close as possible to the maximum
lift to ensure smaller solidity which will reduce blade weight and cost. Based on the
above considerations, an AOA range of 5–14° is selected in optimization. In addition,
the power coefficient has different weight coefficients under different AOAs, with a
larger weight coefficient under larger AOA so as to ensure a good stall performance.
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The weighted power coefficients Cp1 and Cp2 are expressed as:

Cp1 =
14
∑
i=5
λiCip1, (4.116)

Cp2 =
14
∑
i=5
λiCip2. (4.117)

In equations (4.116) and (4.117), the relationship ∑14i=5 λi = 1 should be satisfied. The
weight factor λi is related to the respective AOA. Cip1 , C

i
p2 are the power coefficients

under each AOA in smooth and rough conditions respectively, which can be obtained
from the equations (4.108) and (4.115)–(4.117).

4.7.1.2 Design variables
According to the airfoil integrated expression equation mentioned in Chapter 3, the
coefficients of equation (3.26) are selected as design variables. In order to ensure that
the expression can describe profiles with the airfoil characteristics, the scope of the
variables are constrained:

Xmin ≤ X ≤ Xmax. (4.118)

Through analysis of the influences of integrated expression coefficients on the broad-
ness of design space, degree of freedom of profile and convergence time of optimization,
the first six coefficients of equation (3.26) were selected as design variables, namely
X = [a1, b1, a2, b2, a3, b3].

4.7.1.3 Design constraints
Asmentioned above, the geometric compatibility of airfoils used on the same blade is of
great importance. A smooth transition in airfoil thickness can ensure the smoothness
of the blade profile so as to minimize the influence of the 3D effects. For the CQU-
DTU-B airfoil series, the geometric compatibility is ensured through constraining the
chordwise position of maximum thickness in the range of 20–40%, the maximum
camber around 0.04c, the chordwise position of maximum camber within the range
of 50–60%.

In addition, with increasing rotor size, the noise of the wind turbine attracts more
and more attention. Britain, Germany, Denmark and other countries have proposed
relevant requirements for the noise of wind turbines [92, 136]. Considering the noise
of an airfoil mainly comes from the trailing edge noise and separation noise [151],
based on the previously proposed noise calculation method, these two noises were
constrained:

SPL < N (dB). (4.119)
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The weighted sound power level SPL was adopted in the measurement of noise. The
following parameters were selected as design conditions: relative inflow speed of
V0 = 70m/s, distance between noise source and observer of r = 1m, observation angle
of 90°, airfoil chord of c = 1m, span length of 1.3m, and the trailing edge noise and
separation noise were calculated at an AOA of 6°. The constraint value N is related to
the thickness of the airfoil and is determined through comparing it with that of other
wind turbine airfoils.

Finally, considering the actual manufacturing of the blade, a blunt trailing edge
should be adopted. Normally, a blunt trailing edge is obtained by cutting the trailing
edge directly, which will change the airfoil chord, the corresponding parameters (such
as maximum relative thickness and its chordwise location, the maximum camber and
its chordwise location) and thus the airfoil’s aerodynamic performance. However, the
method here for achieving a blunt trailing edge can almost keep the same chord as
shown in Fig. 4.62. The pressure surface of the airfoil rotates in a certain clockwise
angle without changing the airfoil suction surface and the flow on the suction surface.
The rotation of the pressure side of the airfoil has a similar influence as the installation
of flap on the original airfoil, which will increase the actual lift and drag of the airfoil.
Although the noise also increases, the magnitude is small. Generally speaking, the
influence of this method on airfoil performance is small. It also provides references
for the design of other airfoils. The trailing edge thicknesses of different airfoils with
different relative thickness are different. For the CQU-DTU-B airfoil series, the trailing
edge thickness is about 0.5%c . The thickness of the blunt trailing edge is relative small
compared to the chord, thus it will not produce a nonvertical trailing edge line of airfoil,
which will not affect the manufacturing process.

Rotation angleLeading edge point

Fig. 4.62: The trailing edge design.

4.7.2 The optimization flow chart

In order to calculate the aerodynamic characteristics under smooth and rough condi-
tions, free transition was adopted to simulate the smooth airfoil condition under the
viscous condition. The fixed transition was set to simulate the worst rough conditions,
with the fixed transition at 1% chordwise location on the suction surface and at 10%
chordwise location on the pressure surface (Xtr,p = 0.1) [6, 110]. The optimization flow
chart is shown in Fig. 4.63.
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Fig. 4.63: The optimization flow chart

4.7.3 CQU-DTU-B airfoil series

Based on above optimization model, four wind turbine airfoils (CQU-DTU-B15, CQU-
DTU-B18, CQU-DTU-B21 and CQU-DTU-B24) with relative thickness of 15%, 18% and
21%, 24% were obtained, as shown in Fig. 4.64.
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Fig. 4.64: CQU-DTU-B airfoil series.
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In the names of airfoil series, CQU-DTU represents Chongqing University and the
Technical University of Denmark, B represents the low noise airfoils, which differ
from A (the high lift-to-drag ratio airfoils), the following number represents 100 times
the relative thickness of the airfoil. It can be seen from the Fig. 4.64 that the profiles
of the airfoils change gradually, which can ensure a smooth and continuous blade
surface. The main geometric and aerodynamic parameters of the airfoils are listed in
Tab. 4.21.

Tab. 4.21: Geometric and aerodynamic parameters of the CQU-DTU-B airfoil series.

Chordwise location
of maximum
relative thickness

Thickness of
trailing edge

Design
AOA

Maximum lift
coefficient

Maximum
lift-to-drag
ratio

CQU-DTU-B15 0.252 0.003 6.0°°° 2.12 164
CQU-DTU-B18 0.254 0.003 7.0° 2.15 171
CQU-DTU-B21 0.288 0.005 6.0° 1.95 174
CQU-DTU-B24 0.290 0.007 6.0° 1.99 178

With increasing maximum thickness, the chordwise position of maximum thickness
increases gradually. It could help to distribute the gravity center linearly, thus ensuring
themass is distributed linearly. In addition, themaximum lift coefficient andmaximum
lift-to-drag ratio are large. And the maximum lift coefficients of the four airfoils are
also relatively close, which is beneficial to the uniform distribution of aerodynamic
forces on the blade surface.

The lift coefficient and lift-to-drag ratio of the CQU-DTU-B15 airfoil under free
transition and the fixed transition conditions are shown in Fig. 4.65. The lift coefficient
in the rough condition is almost the same as that in the smooth condition. However,
the drag coefficient is increased to some extent with the maximum lift-to-drag ratio
reduced from 164 to 113. Generally, this airfoil has low rough sensitivity.

The lift coefficient and lift-to-drag ratio of the CQU-DTU-B18 airfoil under free
transition and fixed transition conditions are shown in Fig. 4.66. The lift coefficient
of the rough condition is smaller than that of the smooth condition with AOA in the
range of 15.0–20.0°, but the lift coefficient is still large. Meanwhile, the drag coefficient
increases while the maximum lift-to-drag ratio declined from 171 to 107. The airfoil’s
roughness sensitivity is higher than that of CQU-DTU-A15.

The lift coefficient and lift-to-drag ratio of the CQU-DTU-B21 airfoil under free
transition and fixed transition conditions are shown in Fig. 4.67. The lift coefficient
under the rough condition is smaller than that under the smooth condition with AOA
in the range of 10.0–20.0°. Meanwhile, the drag coefficient increases strongly and the
maximum lift-to-drag ratio declined from 174 to 96. The airfoil’s roughness sensitivity
is higher than that of CQU-DTU-A15 and CQU-DTU-A18.
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Fig. 4.65: Lift and lift-to-drag ratio of CQU-DTU-B15 at Reynolds number of 6.0 × 106 .
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Fig. 4.66: Lift and lift-to-drag ratio of CQU-DTU-B18 at Reynolds number of 6.0 × 106 .
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Fig. 4.67: Lift and lift-to-drag ratio of CQU-DTU-B21 at Reynolds number of 6.0 × 106 .
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Fig. 4.68: Lift and lift-to-drag ratio of CQU-DTU-B24 at Reynolds number of 6.0 × 106 .

The lift coefficient and lift-to-drag ratio of the CQU-DTU-B24 airfoil under free transition
and fixed transition conditions are shown in Fig. 4.68. The lift coefficient under the
rough condition decreases largely while the maximum lift-to-drag ratio declined from
178 to 86. The airfoil’s roughness sensitivity is the worst compared with CQU-DTU-A15,
CQU-DTU-A18, CQU-DTU-A21 and CQU-DTU-A24. The predicted noise of CQU-DTU-B
is listed in Tab. 4.22. With increasing relative thickness, the noise of the airfoil also
increases. The airfoil noise in fixed transition conditions increases more strongly than
in free transition conditions.

Tab. 4.22: Noise of CQU-DTU-B airfoil series at Reynolds number of 6.0 × 106 .

Wind speed Spanwise
length (m)

Chord AOA SPL
(m/s) (m) (°) (dB)

CQU-DTU-B15 70 1 1.3 6 92.6(94.7)
CQU-DTU-B18 70 1 1.3 6 92.7(95.4)
CQU-DTU-B21 70 1 1.3 6 93.0(96.7)
CQU-DTU-B24 70 1 1.3 6 94.1(98.5)

Note: the value under fixed transition conditions is in parentheses.

The CQU-DTU-B airfoil series has a higher lift coefficient, which will reduce blade
solidity and blade cost. Meanwhile, it has larger maximum lift-to-drag ratio and wider
operating AOA range, which can help to capture more wind energy and reduce the cost
of energy.

In order to further demonstrate the aerodynamic performance of the optimized air-
foil series, CQU-DTU-B18 and CQU-DTU-B21 airfoils were selected to make comparisons
with NACA 63418, FFA-W3-211 and DU 93-W-210 airfoils.
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The lift coefficient and lift-to-drag ratio of the CQU-DTU-B18 airfoil under free transition
and fixed transition conditions are compared with those of the NACA 63418 airfoil,
as shown in Fig. 4.69 with Reynolds number of Re = 2.0 × 106 . The lift coefficient
and lift-to-drag ratio are higher than those of NACA 63418, both under smooth and
rough conditions in an AOA range of 15.0–20.0°, with their respective maximum values
of 1.92 and 149.9 under the free transition condition and the respective maximum
values of 1.81 and 86.9 under the free transition condition. The lift-to-drag ratio of
CQU-DTU-B18 in fixed transition conditions at AOA of 9° is even greater than that of
NACA 63418 under free transition conditions as shown in Fig. 4.69 (b). The aerodynamic
characteristics, noise and weighted power coefficient (within the AOA range of 5–14°)
are listed in Tab. 4.23. The weighted power coefficient of CQU-DTU-B18 is 0.541, which
increases by 2.1% compared with 0.53 of NACA 63418. CQU-DTU-B18 has lower noise
no matter whether under free transition condition or fixed transition condition, as
shown in Fig. 4.70 and 4.71. As space in the two figures is limited, trailing edge noise is
abbreviated to TEN. The maximum noise of CQU-DTU-B18 is smaller than that of NACA
63418, under the same conditions, with a reduction of 3.1 dB.
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Fig. 4.69: Lift and lift-to-drag ratio of CQU-DTU-B18 and NACA 63418 at Re = 2.0 × 106 .

Tab. 4.23: Aerodynamic performance of CQU-DTU-B18 and NACA 63418 at Re = 2.0 × 106 .

Maximum
lift coefficient

Design
AOA

Design
lift coefficient

Maximum
lift-to-drag ratio

Noise Power
coefficient

NACA 64318 1.55(1.55) 7 1.01 136.2(70.1) 97.9 0.53
CQU-DTU-B18 1.92(1.81) 7 1.38 149.9(86.9) 94.8 0.541

Note: the value under fixed transition conditions is in parentheses.
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Fig. 4.70: Noise of NACA 63418 at Re = 2.0 × 106 ; left: free transition condition; right: fixed transition
condition; TEN: trailing edge noise.
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Fig. 4.71: Noise of CQU-DTU-B18 at Re = 2.0 × 106 ; left: free transition condition; right: fixed transition
condition; TEN: trailing edge noise.
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Fig. 4.72: Lift and lift-to-drag ratio of CQU-DTU-B18 and NACA 63418 at Re = 6.0 × 106 .

Tab. 4.24: Aerodynamic performance of CQU-DTU-B18 and NACA 63418 at Re = 6.0 × 106 .

Maximum
lift coefficient

Design
AOA

Design
lift coefficient

Maximum
lift-to-drag ratio

Noise Power
coefficient

NACA 64318 1.72(1.71) 7 1.20 148(93) 98.8 0.543
CQU-DTU-B18 2.15(2.07) 7 1.46 171(107) 95.4 0.553

Note: the value under fixed transition conditions is in parentheses.

The lift coefficient and lift-to-drag ratio of CQU-DTU-B18 and NACA 63418 at Reynolds
number of Re = 6.0 × 106 , under free transition and fixed transition conditions, are
shown in Fig. 4.72. The main aerodynamic characteristics, noise and weighted power
coefficient (within the AOA range of 5–14°) are listed in Tab. 4.24. The results are similar
to those obtained at Re = 2.0 × 106 . The maximum lift coefficient and maximum lift-
to-drag ratio are 2.15 and 171 (under the free transition condition) and 2.07 and 107
(under the fixed transition condition), respectively. The weighted power coefficient
of CQU-DTU-B18 increases by 1.55% compared with that of NACA 63418. The noise of
CQU-DTU-B18 is quieter than that of NACA 63418, with a reduction of 3.1 dB (shown in
Fig. 4.73 and 4.74).

The lift coefficient and lift-to-drag ratio of CQU-DTU-B21 and the other two com-
monly used airfoils were compared at the Reynolds number of Re = 2.0 × 106 . The
results under free transition and fixed transition conditions are shown in Fig. 4.75
and 4.76 respectively. The lift coefficient of CQU-DTU-B21 is higher than those of the
other two airfoils both under free transition and fixed transition conditions. The lift-to-
drag ratio of CQU-DTU-B21 is almost the same as that of DU 93-W-210 when the AOA is
smaller than 6.0° and the lift-to-drag ratio of the former airfoil is higher than that of
the latter airfoil, implying a smaller drag coefficient of CQU-DTU-B21.
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Fig. 4.73: Noise of NACA 63418 at Re = 6.0 × 106 ; left: free transition condition; right: fixed transition
condition; TEN: trailing edge noise.
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Fig. 4.74: Noise of CQU-DTU-B18 at Re= 6.0× 106 ; left: free transition condition; right: fixed transition
condition; TEN: trailing edge noise.
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Fig. 4.75: Lift and lift-to-drag ratio of three airfoils at Re = 2.0 × 106 (free transition).
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Fig. 4.76: Lift and lift-to-drag ratio of three airfoils at Re = 2.0 × 106 (fixed transition).

Compared with FFA-W3-211, the lift coefficient of CQU-DTU-B21 is higher in almost
the whole AOA range under the free transition condition. Under the fixed transition
condition, the lift-to-drag ratio of CQU-DTU-B21 is higher than that of FFA-W3-211 (when
AOA is smaller than 7.5°) and smaller than that of FFA-W3-211 (when AOA is larger
than 7.5°).

The comparison of aerodynamic performance between the three airfoils at the
Reynolds number of Re = 6.0 × 106 is shown in Fig. 4.77 and 4.78. The results are
similar to those at Re = 2.0 × 106 .
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Fig. 4.77: Lift and lift-to-drag ratio of three airfoils at Re = 6.0 × 106 (free transition).
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Fig. 4.78: Lift and lift-to-drag ratio of three airfoils at Re = 6.0 × 106 (fixed transition).

The noise characteristics of the three airfoils at Reynolds number of Re = 2.0 × 106 and
Re = 6.0 × 106 are listed in Tab. 4.25 and 4.26 respectively. It can be seen that the noise
of CQU-DTU-B21 is the almost same as that of FFA-W3-211. And the noise performance of
these two airfoils is better than that of DU 93-W-210 at Re = 2.0 × 106and Re = 6.0 × 106

(both under free and fixed transition conditions). Through comparing the results under
two Reynolds numbers, it is found that the influence of the chord is not obvious.

In conclusion, the CQU-DTU-B21 airfoil has good aerodynamic performance (high
lift coefficient and lift-to-drag ratio) and the emitted noise is similar or lower than other
dedicated wind turbine airfoils.
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Tab. 4.25: Noise of the three airfoils at Re = 2.0 × 106 under free and fixed transition conditions.

Wind speed Spanwise
length (m)

Chord AOA Noise
(m/s) (m) (°) (dB)

FFA-W3-211 70 1 0.3 6 94.4(97.6)
DU 93-W-210 70 1 0.3 6 95.9(99.7)
CQU-DTU-B21 70 1 0.3 6 94.1(98.2)

Note: the value under fixed transition conditions is in parentheses.

Tab. 4.26: Noise of the three airfoils at Re = 6.0 × 106 under free and fixed transition conditions.

Wind speed Spanwise
length (m)

Chord AOA Noise
(m/s) (m) (°) (dB)

FFA-W3-211 70 1 1 6 93.3(96.4)
DU 93-W-210 70 1 1 6 96.0(98.3)
CQU-DTU-B21 70 1 1 6 93.0(96.7)

4.7.4 Influence of airfoil trailing edge on the performance of the airfoil

Normally, the original airfoil trailing edge shape and trailing edge thickness cannot
meet the requirements of blade manufacturing. In fact, the sharp trailing edge does
not exist in real manufacturing. The design method of blunt trailing edge for the CQU-
DTU-B airfoil has been briefly introduced above. The CQU-DTU-B21 was selected here
to further study the influence of a blunt trailing edge. The aerodynamic performance
of three airfoils with trailing edge thickness of 0, 0.5%c and 1%c (c is the chord) were
compared. In Fig. 4.79, TE-I, II and III respectively represent the airfoil with a sharp
trailing edge, with a blunt trailing edge thickness of 0.5%c, and with a blunt trailing
edge thickness of 1%c . TE-II was obtained through clockwise rotating the lower airfoil
surface by 0.275°. TE-III was obtained by clockwise rotating the lower airfoil surface by
0.572°. The gap at the trailing edge was closed by a circle with the same diameter as
the trailing edge thickness.

The airfoil aerodynamic performance of the three airfoils was calculated using
the software EllipSys2D [152, 153]. Combining the Reynolds-averaged Naiver–Stokes
equations and the k-ωSST turbulent model, the lift coefficient and lift-to-drag ratio
of airfoils at Reynolds number of Re = 3 × 106 were obtained. The same kind of mesh
configurations were adopted for the three cases. The transition model of eN criterion
(here N is 9) was adopted. The CFD results are shown in Fig. 4.80 and 4.81.
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Fig. 4.81: Lift-to-drag ratio of airfoils with three trailing edge thicknesses.

As can be seen from Fig. 4.80, the lift coefficients of airfoils with three kinds of trail-
ing edge thickness are similar in the linear region of the curve. And TE-III (with the
maximum trailing edge thickness) stalls at relative smaller AOA compared to the other
two airfoils. The variations in the lift-to-drag ratios of the three airfoils are shown in
Fig. 4.81. It can be seen that the TE-II has the maximum lift-to-drag ratio over the whole
AOA range. As can be seen from the variation in lift coefficient and lift-to-drag ratio, the
thickness of the airfoil trailing edge has little influence on the lift coefficient and lift-
to-drag ratio. For the CQU-DTU-B21 airfoil with relative thickness of 21%, the trailing
edge thickness of 0.5%c is appropriate. A round blunt trailing edge can produce a
higher lift coefficient compared with the sharp trailing edge. Thus the design method
of blunt trailing edge adopted in the optimization of the CQU-DTU-B airfoil series has
been validated.

4.8 Improved design of airfoils using smooth curvature technique

We found that the geometric scale factor a was not absolutely equal to 0.25 but close
to it in the general integral equation. The geometric scale factor a was determined
by experience in previous research, where its value was dependent on the airfoil,
that is to say, for different airfoils, there will be different values for geometric scale
factor a . Consequently, it takes a long time and requires skillful experience to correct
the geometric scale factor a when fitting different airfoils.
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Therefore, in this section a new method is presented to efficiently correct the
geometric scale factor a based on curvature smooth continuity theory. By using this
approach, the geometric scale factors a of twelve typical airfoils are calculated accu-
rately. The curvature and curvature variation of the profiles for the integration shape
function have better smooth continuity compared with the original airfoil. Then, the
relationship between the curvature and the flow condition for the airfoil surface is
discussed in detail. It is shown that the curvature plays a very important role in the
pressure distribution of the airfoil surface. Finally, based on the proposed analysis,
the DU 93-W-210 airfoil is improved and optimized using GA method, leading to a new
airfoil. The new airfoil exhibits higher lift-to-drag ratio, higher lift coefficient and lower
roughness sensitivity for both smooth surface flow and rough surface flow, compared
with the original DU 93-W-210 airfoil.
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Fig. 4.82: Fitting results of the profiles of NACA 64418 airfoil when a = 0.25.

By solving equations (3.31), (3.32) and (3.33) for the known coordinate point of the
airfoil, the coefficients of the shape function can be calculated. However, for actual
wind turbine airfoils, the geometric scale factor a is not exactly equal to 0.25, but close
to 0.25 in the general and integral equations. If the geometric scale factor a is 0.25,
the fitting results of the profiles for both shape function and airfoil do not correspond
well with the original airfoil. Fig. 4.82 shows the fitting results of for the NACA 64418
airfoil when the polynomial order of shape function is eleven. Since the shape function
profile is not smooth and continuous, the fitting results are very poor, especially at
the locations where the argument θ is zero, π and 2π correspond to the leading edge
and trailing edge of the airfoil. So it is essential to correct the geometric scale factor a .
Hence an improvement must be made to correct the geometric scale factor a based on
curvature smooth continuity.
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4.8.1 Smooth continuity of the profile for airfoil shape function

A smooth airfoil shape is important for the optimization results. Most airfoils meet the
requirement of curvature smooth continuity. Since the curvature smooth continuity of
the profile for an airfoil is required, the profile of the airfoil shape function must also
meet that demand. Usually the curvature is expressed as the reciprocal of the curvature
radius, as shown in equation (4.120). Equation (4.121) is the curvature variation:

C = 1/R = y��

[1 + y�2]3/2
, (4.120)

C� = y
���[1 + y�2] − 3y�y��2

[1 + y�2]5/2
. (4.121)

The geometric scale factor a is included in equations (4.120) and (4.121). In order to cal-
culate the factor a, an iterative program of curvature for the profile of the airfoil shape
function was written. The smaller the curvature is, the better the smooth continuity it
exhibits. This is the main reason why the curvature is introduced to compute the factor
a . In other words, if the curvature becomes a minimum after the iterative calculation
for the profile of the airfoil shape function, the profile exhibits good smooth continuity,
meanwhile the factor a is determined. Based on this principle and assuming a range
for the geometric scale factor a of [0.24, 0.26], which is close to 0.25, the minimum
curvature (which is the objective function in this case) of the profile for the airfoil shape
function can be obtained from the iterative solution and then the corrected factor a
can be found. The specific steps are as follows:
(1) the parameter a lies within the range [0.24, 0.26] with a size step of 0.00001;
(2) choose a type of airfoil;
(3) solve equations (3.31)–(3.33), where both ρ and θ can be determined;
(4) according to equations (4.121) and (4.122), the curvature and curvature variation

can be calculated for each iteration step;
(5) the corrected parameter a corresponding to the minimum curvature will then be

found.

Now twelve typical wind turbine airfoils are fitted with an 11th-order function. The
number of geometry points of the profiles for the twelve shape functions has the same
value of 201. The number of geometry points of the profiles for the twelve airfoils
is 160. Even though a smoother curvature can be obtained by using more geometry
points, it was proven that the number of geometry points is sufficient to calculate the
aerodynamics of wind turbine airfoils. The corrected geometric scale factors a are
shown in Tab. 4.27. It turns out that the corrected geometric scale factors a are not 0.25,
but less than 0.25 in the integral equation.

In order to compare the results of the profiles for airfoil shape functions between
the fitted airfoils and the original airfoils, three airfoils (NACA 64418, S809 and DU
93-W-210 airfoils) were selected for investigation.
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Tab. 4.27: Results of corrected geometric scale factor a for different airfoils.

Airfoil name Parameter a Airfoil name Parameter a

NACA 63415 0.24817 S814 0.24726
NACA 63418 0.24751 FFA-W3-211 0.24756
NACA 63421 0.24693 FFA-W3-241 0.24582
NACA 64418 0.24737 FX 66-S196-V1 0.24875
NACA 64421 0.24694 DU 91-W2-250 0.24592
S809 0.24882 DU 93-W-210 0.24410
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Fig. 4.83: Comparison of the fitting results and NACA 64418 airfoil results.
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Fig. 4.84: Comparison of curvature and curvature variation for the profiles of the NACA 64418 airfoil
shape function and fitted airfoil shape function.
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Fig. 4.85: Comparison of the fitting results and S809 airfoil results.
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Fig. 4.86: Comparison of curvature and curvature variation for profiles of S809 airfoil shape function
and fitted airfoil shape function.

Comparing Fig. 4.82 and 4.83, it can be seen that the profile of the fitting airfoil shape
function tends to be more smooth and does not display sharp points after correcting
the geometric scale factor a, especially when the argument θ is π . Fig. 4.85 and 4.87
show the fitting results for S809 and DU 93-W-210 airfoil respectively. The results are
similar to those in Fig. 4.83. It is beneficial to accurately determine the coefficients of
the shape function.

Investigations of the curvatures of the profiles of shape functions for three typical
airfoils (NACA 64418, S809 and DU 93-W-210 airfoils) were also conducted in detail.
The curvature distribution and curvature variation of the profiles for the three airfoil
shape functions are plotted in Fig. 4.84, 4.86 and 4.88. Fig. 4.84 shows the comparison
of curvature distribution and curvature variation of the profiles of the fitted shape
function and NACA 63418 airfoil shape function. The curvature of the profiles for the
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NACA 63418 airfoil shape function changes abruptly, and the location of the leading
edge where the argument θ equals π has a very sharp point. This means that the
original airfoil exhibits poor smooth continuity. Based on the integral theory of airfoil
profiles, different kinds of airfoil can be well expressed. Moreover, compared with the
profile of the original airfoil shape function, the curvature distribution and curvature
variation exhibit a smooth continuity, particularly at the location of the leading edge
where the sharp points become smoother. Fig. 4.86 and 4.88 are also similar to Fig. 4.84,
but there is a small difference at the location of the trailing edge where the value of
argument θ is zero and 2π . At these particular points, the curvature distribution and
curvature variation of the profile of the fitted shape function and the original shape
function both have sharp points. The main reason is that the camber of the airfoil at the
trailing edge is greater (S-shaped tail) which could cause the larger curvature change.
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Fig. 4.87: Comparison of the fitting results and the DU 93-W-210 airfoil.
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Fig. 4.88: Comparison of curvature and curvature variation for profiles of DU 93-W-210 airfoil shape
function and fitted airfoil shape function.
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4.8.2 Curvature of profile for airfoil shape function

To illustrate the advantages and the importance of curvature for the profiles of airfoils,
the curvature for the profiles of typical airfoils and the fitted airfoils are studied in
detail. The comparison of curvature and curvature variation for the profiles of the NACA
64418 airfoil and its fitted airfoil are shown in Fig. 4.89. The curvature for the profiles
of the fitted airfoil is smoother than the original NACA 64418 airfoil, especially near the
location of x/c = 0.4 where the curvature of the profile for NACA 64418 airfoil exhibits
no smooth continuity. The pressure coefficients distribution of the NACA 64418 airfoil
and its fitted airfoil (Re = 3.0 × 106 ,Ma = 0.15, α = 6°) are plotted in Fig. 4.90 to study
the relationship between curvature and the pressure distribution of the airfoil surface.
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As shown in Fig. 4.90, both the NACA 41-418 airfoil and its fitted airfoil exhibit smooth
continuity in the free transition and fixed transition cases, except at the position of
x/c = 0.4 for the NACA 64418 airfoil. It means that there is unexpected flow acceleration
or deceleration for the NACA 64418 airfoil surface at this location (about x/c = 0.4) due
to sudden changes of surface curvature (as shown in Fig. 4.89 at the same position).
In addition, Fig. 4.91 shows the comparison of curvature and curvature variation for
the profiles of the DU 93-W-210 airfoil and its fitted airfoil. The curvature of the fitted
airfoil is as smooth as the curvature of the DU 93-W-210 airfoil. Therefore, the pressure
distribution of the two airfoils displays smooth continuity (as shown in Fig. 4.92). From
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Fig. 4.91: Comparison of curvature and curvature variation for profiles of DU 93-W-210 airfoil and fitted
airfoil.
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Fig. 4.92: Pressure coefficients distribution of DU 93-W-210 and fitted airfoil (Re = 3.0 × 106 ,
Ma = 0.15, α = 6°).
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the above comparison analysis, it can be seen that the curvature of airfoils plays a
very important role under the flow conditions for the airfoil’s surface. The profiles
of the fitted airfoils obtained by the method presented here show curvature smooth
continuity. As a result, the pressure distribution of the fitted airfoils also displays
smooth continuity.

4.8.3 Improvement and optimization of the airfoil

There aremany factors affecting airfoil performance, including structural, aerodynamic
and other interdisciplinary factors. Based on Blade Element Momentum theory (BEM),
the energy coefficient of blades is related directly to the lift-to-drag ratio of the airfoil. In
addition, roughness sensitivity in the airfoil’s leading edge region is also an important
factor and cannot be ignored. Roughness in the airfoil leading edge region is formed by
accumulation of dust, dirt and bugs. Blade erosion and manufacturing imperfections
may also have an influence on roughness. Meanwhile, a moderately high maximum lift
coefficient is necessary to restrict the blade chord and to reduce the blade area so as
to decrease the aerodynamic load. Based on the analysis described in the following
sections, the DU 93-W-210 wind turbine airfoil is improved and optimized. Our aim is
to make a new airfoil, exhibiting a higher lift-to-drag ratio, lift coefficient, and lower
roughness sensitivity than the original one.

4.8.3.1 Objective function
In order to maximize the energy efficiency of the wind turbine at a given condition of
corresponding Reynolds number and Mach number, the objective function is proposed
to maximize the lift-to-drag ratio of both smooth and rough surface working conditions
at a certain angle of attack:

f(x) = max(μ1 ⋅ cl/cd + μ2 ⋅ c�l/c
�
d), (4.122)

where μ1, μ2 are theweighting factors, μ1, μ2 ∈ [0, 1], μ1 + μ2 = 1; cl/cd , c�l/c
�
d are the

lift-to-drag ratio for smooth surface flow and rough surface flow, respectively. The free
transition model is used to simulate the smooth surface flow, while the fixed transition
model is used to simulate the rough surface flow (the transition points for the suction
and pressure sides are fixed at the chord of 1% and 10%, respectively) [4, 5].

4.8.3.2 Design variables
Based on the corrected geometric scale factor a in the integral equation, the control
coefficients of airfoil shape function ρ are to be determined. Thus, the second to tenth
coefficients of airfoil shape function ρ are chosen as the design variables:

X = (C1, C2, C3, C4, C5, C6, C7, C8, C9, C10)T . (4.123)
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4.8.3.3 Design constraints
Based on the 11-order fitting control coefficients of the DU 93-W-210 airfoil shape func-
tion, the upper and lower limits are imposed on the design variables:

Xmin ≤ X ≤ Xmax. (4.124)

To make sure that a relatively high lift coefficient for the optimized airfoil can be
achieved, the lift coefficient is restricted to be higher than 0.8 at flow conditions Re =
3.0 × 106 , Ma = 0.15, α = 6°:

cl ≥ 1.0. (4.125)

The airfoil leading edge radius should not be too small in the optimization process to
avoid a sharp leading edge. If the leading edge radius is small, it may not convergence
when RFOIL is used to calculate the aerodynamic results. In addition, the larger the
airfoil leading edge radius is, the higher the maximum lift coefficient will be. This
restriction can be satisfied by controlling the thickness from the upper point to the
lower point at the 10% chord location:

t|x=0.1 ≥ 0.08. (4.126)

Considering that the aim of the optimization is to improve the performance of the
DU 93-W-210 airfoil which has a maximum thickness to chord ratio of about 0.21, it is
essential to restrict the maximum thickness of the improved airfoil:

th
c = t ∈ [0.208, 0.21]. (4.127)

Geometric compatibility is important for airfoil families of a wind turbine blade. Since
the maximum thickness of the DU 93-W-210 airfoil is located at 33.6% chord length,
the location of maximum thickness is set between 25% and 35% chord length:

0.24 ≤ Lmax ≤ 0.36. (4.128)

4.8.4 Optimization results

The multiobjective GA optimization method is used to optimize the original airfoil.
RFOIL software is used to calculate the aerodynamic performance of the airfoil. Some
GA parameters are: maximum number of generations is 300, crossover probability
and mutation probability are taken as 0.01 and 0.7, and population size has a value
of 50. In order to keep high CL , and insensitive to roughness, the weight coefficients
of free transition and fixed transition are taken as λ1 ∈ [0.25, 0.5] and λ2 = 1 − λ1
respectively. Then the DU 93-W-210 airfoil is improved and optimized by using the GA
method based on the integral theory of airfoil profiles. After optimizing the airfoil, it
is found that the new airfoil has better aerodynamic performance when the weight
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Tab. 4.28: Coefficients of the airfoil shape functions.

Airfoil name Coefficients

C1 C2 C3 C4 C5

DU 93-W-210 0.174971 −0.085675 −0.039083 0.277646 −0.274520
CQU210 −0.046712 0.987714 −1.894472 1.4574131 −2.744097

C6 C7 C8 C9 C10

DU 93-W-210 0.122929 −0.0297182 0.003998 −2.80288e−4 7.92848e−6
CQU210 0.177919 −0.051443 0.007869 −6.26506e−4 2.04977e−5

coefficients λ1 is set to 0.40 and λ2 to 0.60. The new airfoil is named CQU210. Tab. 4.28
shows the control coefficients of the shape functions for the DU 93-W-210 airfoil and
the CQU210 airfoil.

Fig. 4.93 shows the CQU210 airfoil and the DU 93-W-210 airfoil profiles. Tab. 4.29
shows the comparison of geometric characteristics for the two airfoils. The maximum
thickness of the CQU210 airfoil is th/c = 0.20994 at the location of 0.314 chord length
from the leading edge. Themaximum camber of the CQU210 airfoil is cam/c = 0.02158
at x/c = 0.797. Compared with the DU 93-W-210 airfoil, the maximum thickness of the
new airfoil is a bit thicker.

To demonstrate the performance of the optimized airfoil, a comparison is made
between the new airfoil and the DU 93-W-210 airfoil. Fig. 4.94 shows the aerodynamic
performance of the new airfoil and the DU 93-W-210 airfoil in the same working condi-
tions (Re = 6.0 × 106 , Ma = 0.15). The maximum lift-to-drag ratio of the new airfoil is

Tab. 4.29: Comparison of geometric characteristic of airfoils.

Airfoil name Max. thickness at x = Max. camber at x =

DU 93-W-210 0.20689 0.336 0.02735 0.715
CQU210 0.20994 0.314 0.02158 0.797
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Fig. 4.93: CQU210 and DU 93-W-210 airfoil profiles.
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Fig. 4.94: Aerodynamic performance of the CQU210 airfoil and the DU 93-W-210 airfoil.

up to 156.113 in the working conditions of smooth surface flow, at the angle of attack
α = 7°. The new airfoil is insensitive to leading edge roughness and exhibits good
stall characteristics. Within the main angle of attack, the new airfoil shows higher lift
and lift-to-drag ratio than the DU 93-W-210 airfoil in the working condition of fixed
transition. Conversely, in the condition of free transition, the lift-to-drag ratio of the new
airfoil is a little lower than the DU 93-W-210 airfoil at the angle of attacks approximately
from α = 0° to 6°. This can be explained by the drag coefficients of the new airfoil being
greater than those of the DU 93-W-210 airfoil within those angles of attack. Nevertheless,
themaximum lift coefficients of the new airfoil are still higher than those of the UU93-W-
210 airfoil before stall. When the angle of attack is greater than 12°, the airfoil is in the
state of stall. In this situation, the aerodynamic performance of the airfoil can hardly be
predicted accurately; the drag coefficient is dramatically increased. This is the reason
why the lift-to-drag ratio for the CQU210 airfoil is lower than the DU 93-W-210 airfoil at
the angle of attack greater than 13°.

Tab. 4.30 shows the main aerodynamic parameters of the DU 93-W-210 airfoil and
the CQU210 airfoil. Compared with the DU 93-W-210 airfoil, the maximum CL/CD of
the CQU210 airfoil increased by 3.4% and 14.7% in the working conditions of free
transition and fixed transition respectively. The maximum CL of the CQU210 airfoil
also increased by 18.9% and 22.8% in the working conditions of free transition and
fixed transition, respectively.

Tab. 4.30: Aerodynamic performance of airfoils.

Airfoil name Free transition Fixed transition

cl,max L/Dmax cl,max L/Dmax

DU 93-W-210 1.409 150.910 1.289 74.410
CQU210 1.676 156.113 1.583 85.326
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Consequently, the new improved CQU210 airfoil is found to havemuch better on-design
and off-design operational condition characteristics, and it shows higher lift coefficient
and larger lift-to-drag ratio in fixed transition conditions in the main angles of attack of
working range. The results show that the new method is feasible for optimizing wind
turbine airfoils.

4.9 Design of wind turbine airfoils with high performance

Equations (3.24), (3.25) and (3.26) were adopted to express the airfoil shape in the
optimization of the relatively thinner airfoils. Various airfoils could be obtained by
controlling the coefficient of the function which has good integration and versatility
properties. However, it was found that the airfoil trailing edge generated by thismethod
was relatively smooth. Especially for the medium-thickness and high-thickness airfoil,
the curves of the trailing edge (on both pressure and suction side) were close to a
straight line with small camber. Due to the increase in the number of control variables,
it was hard to determine the range of the variables, which made the optimization very
difficult. For the optimization of thinner airfoils, the number of control variables was
increased from 6 to 12 and the improved particle swarm optimization algorithm was
used.

4.9.1 Objective function

Under smooth and rough conditions, with Reynolds number Re = 6.0 × 106 and Mach
number Ma = 0.15, the maximum lift-to-drag ratio was taken as objective function at
AOA of 6°.

f(x) = max(μ1 ⋅ cl/cd + μ2 ⋅ c�l/c
�
d), (4.129)

where μ1, μ2 are the weight factors under the smooth and rough conditions respec-
tively (μ1, μ2 ∈ [0, 1] and μ1 + μ2 = 1); the linear weighting factor method was used
(μ1 = [0.10:0.05:0.90]); cl/cd and c�l/c

�
d are the lift-to-drag ratios of the airfoil under

smooth and rough conditions respectively. The free transition conditions were used to
simulate smooth conditions; the fixed transition conditionswere used to simulate rough
conditions. The transition point was fixed at the chordwise location of 1% on suction
surface and 10% chord on pressure surface to simulate the worst airfoil roughness
conditions [4, 5].

4.9.2 Design variables

The shape control could be better if the number of design variables was as high as
possible. However, the increasing the number of variables makes it more difficult to
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define the ranges of variables. Therefore, the first to twelfth coefficients in the integrated
expression function φ(θ) were chosen as design variables to control the airfoil shape
(especially the shape of the airfoil trailing edge). And the design variables were as
follows:

X = (a1, b1, a2, b2, a3, b3, a4, b4, a5, b5, a6, b6)T . (4.130)

4.9.3 Design constraints

In the optimization of wind turbine airfoils, the shape function would no longer have
the airfoil shape feature if the control variables exceeded a certain range. And the
boundary conditions of variables were set as follows:

Xmin ≤ X ≤ Xmax. (4.131)

The range of design variables are shown in Tab. 4.31.

Tab. 4.31: Constraint boundaries of optimization variables.

a1 b1 a2 b2 a3 b3 a4 b4 a5 b5 a6 b6

Maximum 0.4 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Minimum 0.0 −0.1 −0.1 −0.1 −0.1 −0.1 −0.1 −0.1 −0.08 −0.08 −0.08 −0.08

Airfoils withmaximum relative thickness of 18%are commonly used in themain power-
generating zone of the wind turbine blade, which requires higher lift-to-drag ratio and
lower roughness sensitivity. Therefore, the improved particle swarm algorithm was
used in the design of three airfoils with maximum relative thickness of 15%, 18%, 21%.
The thickness constraints were set as follows:

th
c = t ∈ [0.15, 0.21]. (4.132)

Besides the thickness constraints of airfoils, the chordwise position of the maximum
relative thickness was also constrained:

0.24 ≤ Lmax ≤ 0.35. (4.133)

Normally, the radius of the leading edge of a wind turbine airfoil should not be too
small. This requirement is satisfied through controlling the distance between the point
(10% chordwise) on the pressure side and the point (10% chordwise) on the suction
side:

t|x/c=0.1 ≥ 0.08. (4.134)
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4.9.4 Optimization results and analysis of thin airfoil series

The improved particle swarm algorithm [154–157] was coupled with the software RFOIL
[5] in optimization. The basic parameters of the algorithm are as follows: the inertia
weight is 0.85; the learning factors C1, C2 are 0.5; the variable dimension is 12; the
population size is 30 and the maximum iteration number is 400. The optimization
flow chart is shown in Fig. 4.95. Three kinds of airfoils with good performance were
obtained after optimization, which were called CQU-A150, CQU-A180 and CQU-A210.
In the names of this airfoil series, CQU represents Chongqing University, A represents
high performance airfoils, and the number represents 100 times the maximum relative
thickness of the airfoil. The geometric characteristics and aerodynamic performance of
the airfoils with different thickness are compared with traditional airfoils as follows.

Determine the
objective function,
design variables and
constraints

Initialize the particle swarm

Calculate the fitness value

Meet the termination
criterion

Output new airfoil

Calculate the aerodynamic
performance using
RFOIL software

Adaptive
adjustment

Yes

No

Yes

No

The objective function
f(X) = λ1 ‧ f1(X)+λ2 ‧ f2(X)

Update the pbest- gbes and
the location of the particle
swarm according to the
fitness value

Whether they are
airfoils or not

Import the variables into the
airfoil integrated and B-
spline curve theory

Fig. 4.95: Flow chart of improved particle swarm optimization.
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4.9.4.1 CQU-A150 airfoil
Fig. 4.96 presents the shapes of CQU-A150 and NACA 64415. Due to the increased
number of control variables, the shape of the airfoil can be better controlled. Based on
theTab. 4.32, themaximumrelative thickness of thenewairfoil has decreased compared
with the NACA 64415 airfoil, with chordwise location of themaximum relative thickness
closer to the airfoil leading edge. This will help to improve the maximum lift coefficient
of the airfoil. And the maximum camber is larger than that of NACA 64415, which is
conducive to improving the maximum lift-to-drag ratio of the airfoil.

NACA-64-415
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Fig. 4.96: Shapes of airfoils.

Tab. 4.32: Comparison of geometric characteristics of airfoils.

Airfoil name Maximum
relative
thickness

Chordwise location
of maximum
relative thickness

Maximum
camber

Chordwise location
of maximum camber

NACA 64415 0.14998 0.374 0.02047 0.531
CQU-A150 0.14717 0.248 0.04095 0.435

The aerodynamic performance of CQU-A150 and NACA 64415 (with same relative thick-
ness) under the same conditions (Re = 6.0 × 106 , Ma = 0.15) are shown in Fig. 4.97.
In the main AOA range, the lift coefficient and lift-to-drag ratio of the new airfoil are
higher both under rough condition or smooth condition compared with those of NACA
64415. The aerodynamic performance of the new airfoil has been greatly improved.

Thenoise performance of CQU-A150 andNACA64415under free andfixed transition
conditions are shown in Fig. 4.98. The noise of the new airfoil is lower than that of
NACA 64415 before stall.
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Fig. 4.97: Aerodynamic characteristics of CQU-A150 and NACA 64415.
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Fig. 4.98: Noise characteristics of CQU-A150 and NACA 64415.

The key aerodynamic parameters are listed in Tab. 4.33. Under the free transition condi-
tion, the maximum lift coefficient of the new airfoil is 1.889 (at AOA of 14°) which is an
improvement of 21.448%; themaximum lift-to-drag ratio is 173.373 (at AOA of 6°) which
is an improvement of 30.655%. Under fixed transition, the maximum lift coefficient
is 1.849 (at AOA of 14°), which is an improvement of 20.403%; the maximum lift-to-
drag ratio is 112.287 (at AOA of 9°), which is an improvement of 10.204%. In addition,
the new airfoil has lower roughness sensitivity and lower noise. Compared with the
commonly used wind turbine airfoil, the performance has been significantly improved.
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Tab. 4.33: Comparison of aerodynamic parameters of airfoils.

Airfoil name Free transition Fixed transition
Xtr,s = 0.01; Xtr,p = 0.1

Roughness
sensitivity

Noise
(dB)

cl,max L/Dmax cl,max L/Dmax

NACA 64415 1.5548(15°) 132.6957(2°) 1.5360(15°) 100.9748(8°) 1.2% 95.8
CQU-A150 1.8889(14°) 173.3733(6°) 1.8494(14°) 112.2868(9°) 2.1% 95.5

21.488% 30.655% 20.403% 11.203%

Note: The data in parentheses represent the AOA with the maximum lift coefficient and maximum
lift-to-drag ratio; the noise is calculated at the AOA with the maximum lift-to-drag ratio and under the
fixed transition condition.

4.9.4.2 CQU-A180 airfoil
The aerodynamic performance of the CQU-A180 airfoil was compared with that of the
selected DF180 airfoil with equal thickness (used on 2.5MW wind turbine of Dongfang
Steam Turbine Company). Fig. 4.99 presents the shapes of CQU-A180 and DF180. As
shown in Fig. 4.99, due to the increased number of control variables, the shape of
the airfoil can be better controlled. The shape of the airfoil trailing edge has larger
curvature and shows an “s”-style, which is conducive to improving the aerodynamic
performance of the airfoil. Based on Tab. 4.34, the chordwise position of the maximum
relative thickness is closer to the airfoil leading edge compared with DF180, which is
beneficial to improving the maximum lift coefficient. And the maximum camber is
larger, which is conducive to improving the maximum lift-to-drag ratio of the airfoil.
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Fig. 4.99: Shapes of airfoils.

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



158 | 4 Theory of parametric optimization for wind turbine airfoils

Tab. 4.34: Comparison of geometric characteristics of airfoils.

Airfoil name Maximum
relative
thickness

Chordwise location
of maximum
relative thickness

Maximum
camber

Chordwise location
of maximum camber

DF180 0.17988 0.360 0.03029 0.550
CQU-A180 0.18064 0.344 0.03602 0.644
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Fig. 4.100: Aerodynamic characteristics of CQU-A180 and DF180.

Fig. 4.100 presents the aerodynamic performance of airfoils CQU-A180 and DF180
under the same conditions (Re = 6.0 × 106 , Ma = 0.15). In the main range of the AOA,
compared with DF-180 airfoil, the lift coefficient and lift-to-drag ratio of the new airfoil
are higher under rough and smooth conditions. And the aerodynamic performance has
been obviously improved.

The variation of noise with respect to AOA under the free transition condition and
fixed transition are shown in Fig. 4.101. The noise of the new airfoil is lower than that of
the DF180 airfoil before the stall. After the stall, it’s very difficult to accurately predict
the aerodynamic performance of the airfoil, which will cause a large error in the noise
calculation.

Tab. 4.35 presents the key aerodynamic parameters obtained. Under free transition
condition, the maximum lift coefficient of the new airfoil is 1.780 (at AOA of 12°), which
is an improvement of 18.277%; the maximum lift-to-drag ratio is 201.358 (at AOA of
5°), which is an improvement of 12.545%. Under fixed transition, the maximum lift
coefficient is 1.758 (at AOA of 12°), which is an improvement of 19.435%; the maximum
lift-to-drag ratio is 107.968 (at AOA of 7°), which is an improvement of 14.614%. What
is more, the new airfoil has lower roughness sensitivity and lower noise. Compared
with the commonly used wind turbine airfoils, performance has been significantly
improved.
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Fig. 4.101: Noise characteristics of CQU-A180 and DF180.

Tab. 4.35: Comparison of aerodynamic parameters of airfoils.

Airfoil name Free transition Fixed transition
Xtr,s = 0.01; Xtr,p = 0.1

Roughness
sensitivity

Noise
(dB)

cl,max L/Dmax cl,max L/Dmax

DF180 1.5046(13°) 178.9134(4°) 1.4721(13°)  94.2013(7°) 2.2% 96.1
CQU-A180 1.7796(12°) 201.3575(5°) 1.7582(12°) 107.9677(7°) 1.2% 94.8

18.277% 12.545% 19.435% 14.614%

Note: The data in parentheses represent the AOA with the maximum lift coefficient and maximum
lift-to-drag ratio; the noise is calculated at the AOA with the maximum lift-to-drag ratio and under fixed
transition condition.

4.9.4.3 CQU-A210 airfoil
The CQU-A210 airfoil was compared with the selected DF210 airfoil with the same
relative thickness (used on 2.5MWwind turbine of Dongfang Steam Turbine Company).
Fig. 4.102 presents the shapes of CQU-A210 and DF210. Due to the increased number
of control variables, the shape of airfoil (especially the trailing edge) can be better
controlled. The shape of the airfoil trailing edge has larger curvature and shows an
“s”-style, which is conducive to improving the aerodynamic performance of the airfoil.
It is known from Tab. 4.36 that the chordwise position of the maximum relative thick-
ness is closer to the airfoil leading edge compared with DF210, which is beneficial to
improving the maximum lift coefficient. And the maximum camber is larger, which is
conducive to improving the maximum lift-to-drag ratio of the airfoil.
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Fig. 4.102: Shapes of airfoils.

Tab. 4.36: Comparison of geometric characteristics of airfoils.

Airfoil name Maximum
relative
thickness

Chordwise location
of maximum
relative thickness

Maximum
camber

Chordwise location
of maximum camber

DF210 0.21036 0.360 0.02531 0.700
CQU-A210 0.21019 0.320 0.02741 0.731

Fig. 4.103 presents the aerodynamic performance contrast of CQU-A210 and DF210
under the same conditions (Re = 6.0 × 106 , Ma = 0.15). As is shown in the figure, in
the main range of the AOA, the lift coefficient and lift-to-drag ratio of the new airfoil are
higher under rough or smooth conditions compared with DF-210. And the aerodynamic
performance has been largely improved.

The change in noise with respect to AOA under the free transition condition and
fixed transition is shown in Fig. 4.104. As is shown in the figure, the noise of the new
airfoil is lower than that of the DF210 airfoil before the stall with reducing impacts on
the surrounding environment.

Tab. 4.37 presents the key aerodynamic parameters of the two airfoils. Under free
transition condition, the maximum lift coefficient of the new airfoil is 1.731 (at AOA
of 11°), which is an improvement of 11.823%; the maximum lift-to-drag ratio is 187.384
(at AOA of 6°), which is an improvement of 10.489%. Under fixed transition, the maxi-
mum lift coefficient is 1.660 (at AOA of 12°), which is an improvement of 12.976%; the
maximum lift-to-drag ratio is 99.231 (at AOA of 7°), which is an improvement of 8.032%.
In addition, the new airfoil has lower roughness sensitivity and lower noise. Compared
with the DF210 airfoil, performance has been significantly improved.
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Fig. 4.103: Aerodynamic characteristics of CQU-A210 and DF210.
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Fig. 4.104: Noise characteristics of CQU-A210 and DF210.

Tab. 4.37: Comparison of aerodynamic parameters of airfoils.

Airfoil name Free transition Fixed transition
Xtr,s = 0.01; Xtr,p = 0.1

Roughness
sensitivity

Noise
(dB)

cl,max L/Dmax cl,max L/Dmax

DF210 1.5478(12°) 169.5953(4°) 1.4689(12°) 91.853(7°) 5.1% 95.5
CQU-A210 1.7308(11°) 187.3842(6°) 1.6595(12°) 99.2308(7°) 4.1% 94.6

11.823% 10.489% 12.976% 8.032%

Note: The data in parentheses represent the AOA with the maximum lift coefficient and maximum
lift-to-drag ratio; the noise is calculated at the AOA with the maximum lift-to-drag ratio and under fixed
transition condition.
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4.9.5 A new direct design method for medium thickness wind turbine airfoils

However, it is hard to adjust the coefficients of the integral function for the medium
thickness airfoil. B-spline curve has the advantage of local adjustment, which makes it
easier to effectively control the airfoil profiles at the trailing edge. And some improve-
ment can be obtained just by increasing the number of control variables. Therefore,
a new direct design method for the medium thickness wind turbine airfoil based on
airfoil integral expression and B-spline curve is presented in this section.

Airfoil integral theory method is used at the whole upper edge of the airfoil and at
the location from the airfoil leading edge to 0.4c (c is the airfoil chord) of the airfoil
lower edge, and the B-spline curve is introduced to control the points at the location
from 0.4c to the airfoil trailing edge at the lower surface, which is shown in Fig. 4.105.
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Fig. 4.105: Combined airfoil integral and B-spline theory method.

The coordinates of an airfoil shape using integral theory can be expressed by equations
(3.24)–(3.26). The coordinates of the remaining part of the airfoil can be expressed by
B-spline curve as follows:

p(u) =
n
∑
i=0
diNi , k(u), (4.135)

where di , i = 0, 1, 2, . . . , n are control points; Ni , k(u), i = 0, 1, 2, . . . , n is a k times
based function, u is the node vector.
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The cubic B-spline curve in matrix form represents the coordinate at the position
from 0.4c to the trailing edge of the airfoil lower surface:

P0,3(t) =
1
6 [1 t t2 t3]

[[[[

[

1 4 1 0
−3 0 3 0
3 −6 3 0
−1 3 −3 1

]]]]

]

[[[[

[

P0
P1
P2
P3

]]]]

]

, t ∈ [0, 1], (4.136)

where P0, P1, P2, P3 are the four controlled points.
The new wind turbine airfoil design method is performed by applying equations

(3.24)–(3.26), (4.137) and (4.138). In order to obtain smooth and continuous airfoil
profiles at the position of 0.4c at the lower surface, the controlled points P0,3(t) are
two given fixed points, where P0,3(0) is the point at the trailing edge of 0.4c at the
airfoil lower surface, and P0,3(1) is the fixed point at (1, 0). So knowing the two points,
the other two points can be deducted from equation (4.138). In fact, the controlled
parameter variables are the two points P1 and P2 .

4.9.6 Optimal model of thick airfoil series

4.9.6.1 Design variables
In the combination of integrated expression and B-spline curve method, the first to
eighth coefficients φ(θ) of the integrated shape expression and the control parameters
P1 and P2 of the B-spline curve were taken as the design variables:

X = (a1, b1, a2, b2, a3, b3, a4, b4, P1, P2). (4.137)

4.9.6.2 Design objects
To improve the energy efficiency of the wind turbine, which is related to the lift-to-drag
ratio, the objective function is introduced to maximize the lift/drag of both smooth and
rough surfaces inworking conditions at a certain angle of attack and for a corresponding
Reynolds number and Mach number (Re = 3.0 × 106 , Ma = 0.15, α = 6°)

f(x) = max(μ1 ⋅ cl/cd + μ2 ⋅ c�l/c
�
d), (4.138)

where μ1, μ2 are the weighting factors at the condition of smooth surface and rough
surface, respectively, μ1, μ2 ∈ [0, 1], μ1 + μ2 = 1, and using a linear weighting fac-
tor while setting μ1 = [0.10:0.05:0.90]. cl/cd , c�l/c

�
d are the lift-to-drag ratio for the

smooth surface flow and rough surface flow, respectively. The free transition model is
used to simulate the smooth surface flow, while the fixed transitionmodel is introduced
to simulate the rough surface flow (the transition points for the suction and pressure
sides are fixed to 1% and 10% respectively) [4, 5].
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4.9.6.3 Design constraints
The control function φ(θ) in the airfoil integral theory is a high-order trigonometric
polynomial. And it is known that the more coefficients there are, the higher the order
is. This is favorable for controlling the airfoil profiles. As a result, an airfoil with good
performance will be designed in the range of the design space. Nevertheless, it is
more difficult to decide the range of the design variables when the number of control
variables is increased. Thus, in order to control the airfoil profiles easily, especially for
the trailing edge at the lower surface, the coefficients of the function φ(θ) from 1 to
12 and the parameters P1 and P2 of the B-spline curve were selected as optimization
design variables.

Once the values of the design variables exceed a certain range of the control vari-
ables, the airfoil profiles would no longer have airfoil shape characteristics. So the
variable boundary conditions are as follows:

Xmin ≤ X ≤ Xmax. (4.139)

The task is to optimize the medium thickness airfoil, which is generally located at the
middle of the blade spanwise location. So, not only high aerodynamic performance is
needed, but also a certain structural strength. Therefore, it is essential to restrict the
maximum relative thickness for the design airfoil:

th
c = t ∈ [0.25, 0.40]. (4.140)

Geometric compatibility is important in airfoil families for a wind turbine blade. The
location of maximum relative thickness is between 25% and 35% chord:

0.24 ≤ Lmax ≤ 0.35. (4.141)

4.9.7 Optimization results

In this optimization, the improved PSO algorithm is used to optimize wind turbine air-
foils. RFOIL software is chosen to calculate the aerodynamic performance of the airfoil.
The basic parameters of the improved algorithm are the same as those in Chapter 3. The
flow chart of the new airfoil optimization design that combines numerical optimization
with the tools for aerodynamic calculations is shown in Fig. 4.95. Four new airfoils with
four different thicknesses were designed based on the new design method, named as
CQU-A250, CQU-A300, CQU-A350, CQU-A400 airfoils. In the following, the comparison
of the aerodynamic performance of these four airfoils with those of representative
airfoils is presented.
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4.9.7.1 CQU-A250 airfoil
The CQU-A250 airfoil was compared with the selected DF250 airfoil with the same
relative thickness (used on 2.5MWwind turbine of Dongfang Steam Turbine Company).
Fig. 4.106 presents the shapes of CQU-A250 andDF250. Themaximum relative thickness
of the new airfoil is t/c = 0.24945 with the chordwise position at x/c = 0.301, and
the maximum relative camber is cam/c = 0.02972 with the chordwise position at
x/c = 0.750 (which are shown in Tab. 4.38). In terms of its geometric characteristics, the
airfoil has good structural characteristics and excellent compatibility with other wind
turbine airfoils. Considering the manufacturing process and the structural strength of
the blade, the airfoil has a blunt trailing edge.
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Fig. 4.106: Shapes of airfoils.

Tab. 4.38: Comparison of geometric characteristics of airfoils.

Airfoil name Maximum
relative
thickness

Chordwise location
of maximum
relative thickness

Maximum
camber

Chordwise location
of maximum camber

DF250 0.25049 0.330 0.02671 0.800
CQU-A250 0.24945 0.301 0.02972 0.750

The comparison of aerodynamic characteristics between the newly-designed airfoil
and the DF250 airfoil is shown in Fig. 4.107. The comparison was made under the same
conditions (Re = 6.0 × 106 , Ma = 0.15). As is shown in the figure, the lift coefficient
(smooth condition) of the CQU-A250 airfoil is 1.813 at the AOA of 13°; the maximum
lift-to-drag ratio (smooth condition) is 168.558 at the AOA of 7°; the lift coefficient
(rough condition) of the new airfoil is 1.688 at AOA of 12°; the maximum lift-to-drag
ratio (rough condition) is 93.554 at the AOA of 8°.
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Fig. 4.107: Aerodynamic characteristics of CQU-A250 and DF250.

Fig. 4.108 presents the variation of noise with respect to AOA under the free transition
condition and fixed transition. The noise of the new airfoil is lower than that of the
DF250 airfoil before the stall. The newly-designed airfoil has lower noise before stall,
thus reducing the impact on the surrounding environment.
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Fig. 4.108: Noise characteristics of CQU-A250 and DF250.

Tab. 4.39 presents the comparison of aerodynamic characteristics of these two airfoils.
Compared with the DF250 airfoil, the maximum lift coefficient (smooth condition)
of CQU-A250 has increased by 17.939% and the maximum lift-to-drag ratio (smooth
condition) has increased by 10% under the smooth condition. And the maximum lift
coefficient (rough condition) of the CQU-A250 airfoil has been increased by 15.364%
and the maximum lift-to-drag ratio (smooth condition) has been increased by 8.474%.
Results show that the aerodynamic performance of the newly-designed airfoil has been
greatly improved in the main AOA range under both smooth and rough conditions.
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Tab. 4.39: Comparison of aerodynamic parameters of airfoils.

Airfoil name Free transition Fixed transition
Xtr,s = 0.01; Xtr,p = 0.1

Roughness
sensitivity

Noise
(dB)

cl,max L/Dmax cl,max L/Dmax

DF250 1.5369(12°) 153.2345(5°) 1.4632(12°) 86.2459(8°) 4.8% 96.3
CQU-A250 1.8126(13°) 168.5582(7°) 1.6880(12°) 93.5541(8°) 6.9% 96.3

17.939% 10.000% 15.364% 8.474%

Note: The data in parentheses represent the AOA with the maximum lift coefficient and maximum
lift-to-drag ratio; the noise is calculated at the AOA with the maximum lift-to-drag ratio and under fixed
transition condition.

4.9.7.2 CQU-A300 airfoil
For the wind turbine airfoil with maximum relative thickness of 30%, which is gen-
erally arranged at 40% spanwise location, high aerodynamic performance as well as
structural strength are required. Fig. 4.109 presents the shapes of the newly-designed
CQU-A300 airfoil and the well-known DU 97-W-300 airfoil. The comparison of geometric
characteristics of the two airfoils is listed in Tab. 4.40. Compared with the DU 97-W-
300 airfoil, the thickness of the suction surface of the newly-designed airfoil has been
increased in order to get themaximum lift coefficient. Meanwhile, roughness sensitivity
has increased as well.

The comparison of aerodynamic characteristics between the newly-designed airfoil
and the DU 9-W-300 airfoil under the same conditions (Re = 6.0 × 106 , Ma = 0.15)
is made and shown in Fig. 4.110. Tab. 4.41 presents the comparisons of aerodynamic
characteristics of these two airfoils. Under smooth condition, the lift coefficient of the
CQU-A300 airfoil is 1.813 at the AOA of 11°; the maximum lift-to-drag ratio is 146.103
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Fig. 4.109: Shapes of airfoils.
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Tab. 4.40: Comparison of geometric characteristics of airfoils.

Airfoil name Maximum
relative
thickness

Chordwise location
of maximum
relative thickness

Maximum
camber

Chordwise location
of maximum camber

DU 97-W-300 0.30000 0.292 0.02105 0.804
CQU-A300 0.29821 0.296 0.03132 0.784

0 5 10 15 20–5 0 5 10 15 20–10–10 –5

–50

100

50

0

150

–1

–0.5

0

0.5Cl

Cl
/C

d

1

1.5

2

α/(°) α/(°)

DU97-W-300: Free transition
DU97-W-300: Fixed transition
CQU-A300: Free transition
CQU-A300: Fixed transition

DU97-W-300: Free transition
DU97-W-300: Fixed transition
CQU-A300: Free transition
CQU-A300: Fixed transition

(b) Lift to drag ratio(a) Lift coefficient

Fig. 4.110: Aerodynamic characteristics of CQU-A300 and DU 97-W-300.

Tab. 4.41: Comparison of aerodynamic parameters of airfoils.

Airfoil name Smooth condition Rough condition

cl,max L/Dmax cl,max L/Dmax

DU 97-W-300 1.6256(11°) 122.6380(9°) 1.2683(11°) 61.8889(7°)
CQU-A300 1.8046(11°) 146.1030(9°) 1.2579(9°) 61.3650(5°)

at the AOA of 9°. Compared with the DU 97-W-300 airfoil, the new airfoil has better
aerodynamic performance under the smooth condition. Under the rough condition, the
lift coefficient of the new airfoil is 1.2579 at AOA of 9° and themaximum lift-to-drag ratio
is 61.365 at the AOA of 5°. Although the aerodynamic performance of the new airfoil
is as good as that of the DU 97-W-300 airfoil under the rough condition, the transition
will start at a smaller AOA for CQU-A300. The reason is that the increasing thickness of
the suction surface will lead to earlier separation. What is more, CQU-A300 has better
aerodynamic characteristics and structural compatibility.
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4.9.7.3 CQU-A350 airfoil
For airfoils with larger relative thickness (the maximum relative thickness reaches
35% or larger), which is generally arranged in the vicinity of the blade root, enough
strength is required. Except the trailing edge, the upper and lower surfaces of airfoils
are similar to some degree. With increasing thickness, the position of the maximum
relative thickness moves toward the airfoil trailing edge along the chord. Fig. 4.111
presents the shape of the newly-designed CQU-A350 airfoil and the well-known DU
00-W2-350 airfoil. Tab. 4.42 presents the comparison of geometric characteristics of the
airfoils. The biggest difference in geometric shape between the newly-designed airfoil
and the DU 00-W2-350 airfoil lies in the upper and lower surface of the leading edge,
with the leading edge thickness of the upper surface decreasing slightly and that of the
lower surface increasing slightly.
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Fig. 4.111: Shapes of airfoils.

Tab. 4.42: Comparison of geometric characteristics of airfoils.

Airfoil name Maximum
relative
thickness

Chordwise location
of maximum
relative thickness

Maximum
camber

Chordwise location
of maximum camber

DU 00-W2-350 0.34568 0.321 0.01944 0.831
CQU-A350 0.34889 0.319 0.02732 0.801

Research shows that the results of RFOIL software predictions and wind tunnel tests
will be quite different for airfoils with larger relative thickness, but the overall trend of
variation of lift coefficient is consistent [15]. Therefore, RFOIL was still used to get the
aerodynamic performance of airfoils with larger relative thickness.
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The comparison of aerodynamic performance between CQU-A350 and DU 97-W2-
350 under the same conditions (Re = 6.0 × 106 , Ma = 0.15) is shown in Fig. 4.112. The
lift coefficient and lift-to-drag ratio of CQU-A350 are higher than those of DU 00-W2-350
in the main AOA range (under smooth condition). According to the aerodynamic and
structural characteristics of other airfoils with larger thickness, CQU-A350 has better
aerodynamic characteristics and structural compatibility.
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Fig. 4.112: Aerodynamic characteristics of CQU-A350 and DU 00-W2-350.

4.9.7.4 CQU-A400 airfoil
For airfoils with larger relative thickness (the maximum relative thickness reaches
40% or larger), which is generally arranged near the blade root, enough strength is
required. With the increase in the relative thickness, the position of the maximum rela-
tive thickness moves toward the airfoil trailing edge. The shape of the CQU-A350 airfoil
and the well-known DU 00-W2-350 airfoil are shown in Fig. 4.113. Tab. 4.43 presents
the comparison of geometric characteristics of the two airfoils. As has been shown in
Fig. 4.113, the chordwise position of the maximum relative thickness of the CQU-A400
is closer to the trailing edge compared with that of DU 00-W2-401, which makes the
gravity center move toward the trailing edge and ensures the uniform distribution of
mass in the blade root zone.

Tab. 4.43: Comparison of geometric characteristics of airfoils.

Airfoil name Maximum
relative
thickness

Chordwise location
of maximum
relative thickness

Maximum
camber

Chordwise location
of maximum camber

DU 00-W2-401 0.39555 0.315 0.01859 0.827
CQU-A400 0.40401 0.327 0.02620 0.797
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Fig. 4.113: Shapes of airfoils.

The comparison of aerodynamic performance of CQU-A400 and DU 00-W2-401 under
the same conditions (Re = 6.0 × 106 , Ma = 0.15) is depicted in Fig. 4.114. The lift
coefficient and lift-to-drag ratio of the CQU-A400 airfoil are higher than those of the DU
00-W2-401 airfoil under smooth condition. It can be seen that the CQU-A400 airfoil has
better structural compatibility and larger relative thickness, which meets the structural
requirements.

DU00-W2-401: Free transition
DU00-W2-401: Fixed transition
CQU-A400: Free transition
CQU-A400: Fixed transition

DU00-W2-401: Free transition
DU00-W2-401: Fixed transition
CQU-A400: Free transition
CQU-A400: Fixed transition

0 5 10 15 20–5

(a) Lift coefficient (b) Lift to drag ratio

–10
–1

–0.5

0

0.5

Cl

1

1.5

α/(°) α/(°)
0 5 10 15 20–5–10

–40

–20

20

0

40

Cl
/C

d

60

80

Fig. 4.114: Aerodynamic characteristics of CQU-A400 and DU 00-W2-401.
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4.10 Chapter conclusions

Based on the integrated expression of airfoils (combining Joukowsky transformation
theory and series theory), optimization models for wind turbine airfoils were estab-
lished. With the thorough consideration of multidisciplinary constraints (aerodynamic,
structural, acoustic, etc.), several optimization models for wind turbine airfoils were
proposed: the optimization model with the single objective of maximum lift-to-drag
ratio; the multiple-objective optimization model with the objectives of maximum lift-
to-drag ratio under rough and smooth conditions; and the optimization model with
the objective of high RLD to SPL ratio. The aerodynamic characteristics were obtained
through combining the integrated expression and XFOIL or RFOIL. CQU-DTU-A se-
ries airfoils, WT series airfoils, CQU-DTU-B series airfoils and CQU-A series airfoils
were obtained after optimizations. The excellent aerodynamic performance of the
optimized airfoils was verified through comparison with the aerodynamic performance
of commonly used airfoils in the wind energy industry.

Secondly, after presenting many different airfoils with the integrated expression
theory and thorough analysis, it was found that the geometric scale factor a is not
absolutely equal to 0.25 but close to it in the integrated expression. Based on curvature
smooth continuity theory, a new method was presented to correct the geometric scale
factor a in the integrated expression for various kinds of airfoils. As a result, the
curvature smooth continuity of the fitting profile had been greatly improved, compared
with that of the original profile. Based on this new method, the DU 93-W-210 airfoil
was improved with the corrected geometric scale factor a and the genetic algorithm
(GA) by controlling the coefficients of the shape function, leading to a new airfoil.
Comparatively, the aerodynamic performance of the new airfoil, such as maximum
lift coefficient, maximum lift-to-drag ratio, roughness insensitivity and so forth, are
better than those of the original DU 93-W-210 airfoil. The achieved results show that
this novel method is feasible to optimize wind turbine airfoils.

The integrated expression of airfoil profiles based on Joukowsky conformal trans-
form theory could be used to optimize the profiles for the thin thickness airfoil. However,
it is hard to adjust the coefficient to the integral function for the medium thickness
airfoil. B-spline curve has the advantage of local adjustment, which makes it easier
to effectively control the airfoil profiles at the trailing edge. Therefore, a new direct
design method for the medium thickness wind turbine airfoil based on airfoil integral
expression and B-spline curve was proposed. Adopting the improved particle swarm
algorithm, the optimization model was built to get airfoils with medium and large
thickness. Four new airfoils (CQU-A250, CQU-A300, CQU-A350 and CQU-A400) were
obtained. Compared with the commonly used wind turbine airfoils, the CQU-A airfoil
series exhibits good aerodynamic and structural performance and satisfies the require-
ments for wind turbine airfoils, thus validating the feasibility and superiority of this
method.
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The design and optimization of airfoil series for wind turbine blades has been
described in this chapter. Different airfoil series were designed considering different
methods and theories. The aerodynamic performance and structural characteristics of
the new airfoils were verified, which broadened the methods for design of and research
on wind turbine airfoils. Furthermore, it also provides good foundations for the design
of wind turbine blades.
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5 Experiments on the wind turbine airfoil
and data analysis

5.1 Introduction

The airfoil, as a basic element of blade, has a direct impact on the aerodynamic charac-
teristics of the blade. To verify the general design theory and methodology for the wind
turbine blade airfoil that has been proposed in this book, the high performance wind
turbine airfoil WT180 (relative thickness is 18%) introduced in Chapter 4 was chosen
for wind tunnel experiments. The design theory has been verified through comparing
the results with those from theoretical computations.

The experiment was carried out in the NF-3 wind tunnel at the airfoil research
center of Northwestern Polytechnical University. The experimental Reynolds numbers
are 2.0 × 106 , 3.0 × 106 , 4.0 × 106 . The angle of attack (AOA) ranges from −10° to 25°.
The tests were conducted under free and fixed transition conditions, with various
Reynolds numbers and angles of attack, in order to study the airfoil’s aerodynamic
characteristics.

5.2 Design and manufacture of the airfoil model

Limited by the size of the experimental section in the wind tunnel, the model was
designed to have a chord of 800mmand span of 1595mm [159]. The steel inner structure,
which is drawn in Fig. 5.1, is equipped inside the model so that the model can bear
strong winds. The photo of the real steel inner structure is shown in Fig. 5.2.

The exterior surface was made of red pine from northeastern China since it has
low air-dried density and shrinkage rate [160]. As shown in Fig. 5.1, the hollow cylinder,
through which the piezometric tubes pass, is located at the axis. There are holes in
the steel holder to facilitate assembly of the model. At the initial stage of model manu-
facture, the battens are stuck onto the periphery of the steel holder to form the outer
workblank of the airfoil model (as shown in Fig. 5.3). Then the outer batten model was
planed gradually to approach the target airfoil profile. Six sample plates along the
span were selected for examination and polished to a high quality surface (normally
the process is repeated at least seven times). The sample plates, shown in Fig. 5.4, are
manufactured by the line cutting method which strictly follows the airfoil coordinates.
After the process, the curvature should be examined. To meet the smooth surface
requirement for the airfoil, the model was spray painted. The final experimental airfoil
model is shown in Fig. 5.5.

DOI 10.1515/9783110344387-006
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1

5
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Fig. 5.1: Schematic diagram of the airfoil model.

Fig. 5.2: Photo of steel inner structure of the airfoil model.
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Fig. 5.3:Workblank of the airfoil model.

Sample plate

Fig. 5.4: Sample plate of the airfoil and finishing.

Tomeasure the static and total pressure, pitot-tubes were installed at different locations
in the test section, shown in Fig. 5.6. The airfoil is equipped with 92 pressure taps (46 on
the suction side, 46 on the pressure side, 1 on the leading edge and 1 on the trailing
edge). The pressure taps are carefully distributed in a manner to facilitate adequate
resolution of the expected pressure gradients. It should be noted that on the upper and
lower surfaces, the tap spacing is dense in 5% of the leading edge region. And the taps
at the other locations are distributed uniformly. The diameter of the tap holes is 0.8mm
and the axis of the hole is perpendicular to the airfoil surface. The inner surface of the
hole should be smooth, with no burr and chamfer. The distribution of pressure hole is
shown is Fig. 5.7.
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Fig. 5.5: Final airfoil model.
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Fig. 5.6: Distribution of pressure taps.

Pressure taps

Fig. 5.7: Distribution of pressure taps in the airfoil model.
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After drilling the pressure taps, an appropriate rectangular hole was created in the
nonmiddle section of the span. Copper wires with diameter 1.2mm were inserted into
the pressure holes from inside to outside. After filling the rectangular space, the section
of the wire protruding above the surface was cut back to be flush with the model’s
surface. The copper wires were led from the inside of the model along a spindle to
outside the wind tunnel and then connected to the sensor of a PSI 9816 system by the
plastic tubes with external diameter is 2mm. The tubes were checked for tightness to
prevent blocking or leakage of flow.

Copper 
tube

Pressure 
tap

Rectangle 
space

Fig. 5.8: Position of pressure taps on the airfoil section.

Fig. 5.9: The copper tubes.
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5.3 Apparatus, method and data processing of the experiment

5.3.1 Wind tunnel

The experiment was carried out in the two-dimensional (2D) testing section of the large-
scale low-velocity wind tunnel named NF-3 at Northwestern Polytechnical University.
TheNF-3wind tunnel is comprises anechoic chamber, intake section, static flow section,
contraction section, experimental section, the first diffusion section, transition section,
the second diffusion section, dynamic section, the third diffusion section, deflector
and muffler tower. The whole length of the tunnel is 80m. The tunnel is made mainly
of steel and is equipped with a direct current motor with power of 1120 kW. The layout
of the wind tunnel [158] is shown in Fig. 5.10.

1 32 4 6 87 10 11

16 15 14 13 12

5 9

1. Intake section
2. Static flow section
3. Contraction section
4. Two-dimensional section
5. Three-dimensional section
6. Rail
7. Transition section
8. The second diffusion section

9. Dynamic section
10. The third diffusion section
11. Muffler tower
12. Transformer substation
13. Partition curtain
14. Propeller testing section
15. Damping net
16. Cellular devices

Fig. 5.10: The overall layout of wind tunnel NF-3.

The main parameters of the 2D section of the wind tunnel are listed as below.
(1) The size of the 2D section is 1.6m (height) × 3m (length) × 8m (depth).
(2) The maximum wind velocity Vmax = 130m/s.
(3) The shrinkage ratio is 20.
(4) The turbulence intensity is less than 4.5‰.
(5) The maximum Reynolds number 7 × 106 .
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5.3.2 Installation of the model

The top and bottom of the model were fixed to the roof and floor of the wind tunnel
section to ensure two-dimensional flow over the model. The model was fixed to the
rotating disc of the wind tunnel so that the AOA can be accurately controlled. The wake
rake is equipped with as many as 187 total-pressure tubes and 9 static-pressure tubes.
The wake rake is fixed 1.3 airfoil chords (1.04m) away from the airfoil trailing edge,
with its center approximately at the height of the trailing edge with zero incident angles
and behind the center line of the airfoil section. The installation of the airfoil model in
the wind tunnel is shown in Fig. 5.11 and 5.12.

5.3.3 Test apparatus

The data obtained from the measurements are inflow velocity, temperature, static
pressure, the pressure distribution at the pressure taps on the blade surface and
AOA, and the pressure distribution at the wake rake. Inflow velocity is measured
with an anemograph, temperature is measured with a thermometer, the air pressure is
measured with a barometer and the AOA can be obtained from the scale on the rotating
disc. The AOA for the airfoil model is controlled by the control system of the NF-3 wind
tunnel. The interface of the AOA control system is shown in Fig. 5.13.

The main components of the AOA measuring system [158], which follows a closed-
cycle control strategy, are FANUC motor, servo power, angle transducer, STD/8088
controller and computers. The transmission system for the two-dimensional section is
depicted in Fig. 5.14.

Fig. 5.11: The installation of the model in the wind tunnel (free transition).
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Fig. 5.12: The installation of the model in the wind tunnel (fixed transition).

Fig. 5.13: The interface of the AOA control system.

A synchronous sensor is installed on the axis of the rotating disc to ensure that the
rotation control error remains within the limit ±30″. Both the top and bottom discs
rotate simultaneously. There is an annular sealing tape which can be controlled by
a magnetic valve to release air so as to reduce the resistance of rotation when AOA
is changing. When the required AOA is reached, the high pressure gas is inflated to
prevent air leakage.
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Wall Sealing tape Dial door Doorframe

Optical pulse generator Worm Worm gear

Synchronization sensor

FANUC motor

Harmonic gear

Fig. 5.14: The transmission system for the 2D section.

The wake rake, shown in Fig. 5.15, is equipped with as many as 187 total-pressure tubes
and 9 static pressure tubes. The wake rake is fixed 1.3 airfoil chords (1.04m) away from
the airfoil trailing edge, with its center approximately at the height of the trailing edge
with zero incident angles and behind the center line of the airfoil section.

8x200( = 1600)

11
5

40
85

186x10( = 1860)

2000

205
70

Fig. 5.15: Schematic diagram of the distribution of the wake rake.

The American PSI 9816 pressure data collection system, shown in Fig. 5.16, was used to
collect the pressure at the airfoil surface and wake rake. This system, with measure-
ment range of 105 Kpa, is composed of 32 sensor units and each unit is equipped with
16 channels which permit simultaneous measurements for 512 points. The measure-
ments of 94 pressure taps were conducted simultaneously with the collection speed of
100 times/s for every channel and measure accuracy better than 0.05% FS.
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Fig. 5.16: The PSI 9816 pressure data collection system.

The interface of the pressure measuring system is shown in Fig. 5.17. The pressure
distribution of the airfoil can be gathered and displayed on a computer. The flow chart
of the pressure measuring system is shown in Fig. 5.18. The control and monitoring of
airfoil wind tunnel experiments are shown in Fig. 5.19.

Fig. 5.17: The interface of the pressure measuring system.
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Contol computer
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PSI9816
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Fig. 5.18: The flow chart of the pressure measuring system.

Fig. 5.19: Controlling and monitoring experiments.

5.3.4 The experiments and data processing

Three Reynolds numbers of 2.0 × 106 , 3.0 × 106 and 4.0 × 106 were chosen during
the tests. The tests were conducted under free and fixed transition conditions and
various Reynolds numbers to study the aerodynamic characteristics of the airfoil. The
detailed parameters of the WT180 airfoil experiments are listed in Tab. 5.1.
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Tab. 5.1: Parameters of WT180 airfoil experiments.

No. Transition Condition Data Remarks

1 Free Changing α, Re = 2.0 × 106 Pressure T = 12.5; V = 37.38
2 Free Changing α, Re = 3.0 × 106 Pressure T = 12.5; V = 55.90
3 Free Changing α, Re = 4.0 × 106 Pressure T = 12.5; V = 74.83
4 Fixed Changing α, Re = 2.0 × 106 Pressure T = 13.2; V = 37.51
5 Fixed Changing α, Re = 3.0 × 106 Pressure T = 13.1; V = 56.21
6 Fixed Changing α, Re = 4.0 × 106 Pressure T = 13.6; V = 74.89

Note: T is the temperature inside the wind tunnel (°C), V is the inflow velocity (m/s).

The pressure distribution of an airfoil can be obtained by interpolating the measured
data. Then the lift coefficient and drag coefficient can be calculated. The pressure
coefficient is defined as

Cp =
p − p∞
1
2ρU

2
∞

, (5.1)

where U∞ is the inflow velocity, P∞ is the inflow static pressure, ρ is the air density.
The lift coefficient and drag coefficient after stall can be calculated through the

formulas (5.2) and (5.3):

CL = cos α
1

∫
0

(cp,l − cp,u)d(
x
c) − sin α

t
2

∫

− t2

(cp,f − cp,r)d(
y
c) , (5.2)

CD = sin α
1

∫
0

(cp,l − cp,u)d(
x
c) + cos α

t
2

∫

− t2

(cp,f − cp,r)d(
y
c) , (5.3)

where c is the chord of the model, t is the maximum thickness, α is the angle of attack,
‘u’ represents the upper surface, ‘l’ represents the lower surface, ‘f’ represents the
leading edge, ‘r’ represents the trailing edge.

Since much error will arise when the drag is calculated with the airfoil surface
pressure distribution before stall, the airfoil drag coefficient is usually calculated by
measuring the wake pressure distribution measured by the wake rake:

CD = 2∫
w

√Cp,o1,i + ∆Cp,l (1 − √Cp,o2,i + ∆Cp2)d ̄z. (5.4)

In equation (5.4), the parameters are defined as Cp,o2,i = (Po,i − p∞)/q∞ , Cp,o2,i =
(Po,i − p∞)/q∞ , ∆Cp1 = 1 − C̄p,o1 , ∆Cp2 = 1 − C̄p,o2 , q∞ = μ ⋅ (P1 − P2). Cp,o1,i repre-
sents the total pressure coefficient with respect to the average static pressure of wake.
Cp,o2,i represents the total pressure coefficient with respect to the static pressure of the
reference point (at entrance). C̄p,o1 is the average total pressure coefficient in the wake
rake region, C̄p,o2 is the average total pressure coefficient for far down stream.

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



5.4 Results of the experiments | 187

Tab. 5.2: Accuracy of the experiment and the national standard.

Data source Cy Cx mz

Experiment 0.0023 0.0004 0.0003
National standard 0.0040 0.0005 0.0012

5.4 Results of the experiments

Three Reynolds numbers, 2.0 × 106 , 3.0 × 106 and 4.0 × 106 [163, 164] were chosen
for the tests, which were conducted under both free and fixed transition conditions
with varying Reynolds numbers.
(1) The range of AOA

Smooth surface: α = −10 ∼ 10°, ∆α = 2°; α = 11 ∼ 21°, ∆α = 1°,
α = 23 ∼ 25°, ∆α = 2°.

(2) Reynolds number and wind velocity
Reynolds number: 2.0 × 106 , 3.0 × 106 and 4.0 × 106 .
Wind velocity: calculated from the local conditions.

(3) Experimental conditions
Fixed transition: Zigzag tape with thickness 0.35mm (80# emery) is put at 5%

chordwise position on both the upper and lower surfaces.

5.4.1 Free transition conditions

The data from the pressure taps and wake rake were processed and converted to a
pressure distribution under each AOA form which the aerodynamic characteristics can
be obtained. Due to space limitations, only the main aerodynamic characteristics are
shown in the following, such as lift coefficient (CL ), drag coefficient (CD ), moment
coefficient (CM ), lift-to-drag ratio (CL/CD ) and pressure distributions at selected AOAs.

As shown in Fig. 5.20, the lift coefficients of three Reynolds numbers before stall
are nearly the same when AOA is smaller than 5°. At regions just before stall, lift
coefficients increase with increasing Reynolds number. The maximum lift coefficient
are 1.58 (Re = 2.0× 106 ), 1.69 (Re = 3.0× 106 ), 1.76 (Re = 4.0× 106 ). The lift coefficients
of the three Reynolds numbers are close to each other after stall starts (α = 13°).
However, the lift coefficient at Reynolds number of 4.0 × 106 is larger than the other
two cases when AOA surpasses 20°. As shown in Fig. 5.21, the drag coefficients of the
three Reynolds numbers are almost the same over most of the AOA range. However,
the drag coefficient at Reynolds number 4.0 × 106 is obviously larger than the other
two cases when AOA is larger than 17°. The minimum drag coefficient decreases with
increasing Reynolds number, decreasing from drag coefficient of 0.0064 at 2.0 × 106

to 0.0059 at 4.0 × 106 . The conclusions can be drawn that the maximum lift coefficient
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Fig. 5.20: Lift coefficients of airfoil WT180 (free transition).
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Fig. 5.21: Drag coefficients of airfoil WT180 (free transition).

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



5.4 Results of the experiments | 189

–10 –5 0 5 10 15 20 25

C M

Re = 2.0×106

Re = 3.0×106

Re = 4.0×106

α/°

–0.2

–0.18

–0.16

–0.14

–0.12

–0.1

–0.08

–0.06

–0.04

–0.02

0

Fig. 5.22:Moment coefficients of airfoil WT180 (free transition).
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Fig. 5.23: Lift-to-drag ratios of airfoil WT180 (free transition).
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Fig. 5.24: Distribution of pressure coefficients at Re = 3.0 × 106 (free transition).

of the WT180 airfoil increases with increasing Reynolds numbers and that the drag
coefficient decreases over most of the AOA range at free transition, which corresponds
to the basic effects of the Reynolds number.

The moment coefficients of airfoil WT180 under the free transition condition are
shown with respect to AOA in Fig. 5.22. The lift-to-drag ratio at three Reynolds numbers
(free transitions) are shown in Fig. 5.23. It can be seen that stall starts at AOA of about
12–13° and the maximum lift-to-drag ratios are 124.73 (Re = 2.0 × 106 ), 117.30 (Re =
3.0 × 106 ) and 114.96 (Re = 4.0 × 106 ).

The distribution of pressure coefficients at Re = 3.0 × 106 and free transition
condition are depicted in Fig. 5.24. The pressure distributions illustrated are obtained at
the AOA with the minimum drag (CD = 0.0059), maximum lift-to-drag ratio (L/Dmax =
117.3) and maximum lift coefficient (CL,max = 1.69). The maximum lift coefficient is
obtained at AOA of 12.17° at which the transition point on the suction surface is located
near the leading edge ensuring that the airfoil has low roughness sensitivity.

5.4.2 Fixed transition conditions

To simulate the flow on a rough airfoil that may occur in real wind turbine operating
conditions, the fixed transition condition was set utilizing zigzag tape with width 3mm
and granular height 0.35mm. The zigzag tape is attached at 5% chordwise position on
both the upper and lower surfaces.
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Fig. 5.25: Lift coefficients of airfoil WT180 (fixed transition).
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Fig. 5.26: Drag coefficients of airfoil WT180 (fixed transition).
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As shown in Fig. 5.25 and 5.26, the maximum lift coefficient increases with increasing
Reynoldsnumber from1.54 (Re=2.0×106 ) to 1.61 (Re=4.0×106 ). Thedrag coefficient
decreases with increasing Reynolds numbers when AOA is less than 20°. Contrarily,
when AOA is larger than 20°, the drag coefficients will increase with the Reynolds
number.

Themoment coefficients of airfoil WT180 under free transition condition are shown
with respect to AOA in Fig. 5.27. The variations in lift-to-drag ratio with respect to AOA
at three Reynolds numbers (fixed transitions) are shown in Fig. 5.28. It can be seen
that stall initiates at AOA of about 12° and the maximum lift-to-drag ratios are 79.50
(Re = 2.0 × 106 ), 83.06 (Re = 3.0 × 106 ), 82.96 (Re = 4.0 × 106 ). The differences in the
lift-to-drag ratios between the three Reynolds numbers are small, which implies that
the roughness sensitivity of the airfoil is low.
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Fig. 5.27:Moment coefficients of airfoil WT180 (fixed transition).

The distribution of pressure coefficients at Re = 3.0 × 106 and fixed transition condi-
tion are depicted in Fig. 5.29. Compared with putting the zigzag tape on the suction
surface of the airfoil, sticking it on the pressure surface has a greater influence on
aerodynamic characteristics. The pressure distributions shown are obtained at AOA
with the minimum drag (CD = 0.0099), maximum lift-to-drag ratio (L/Dmax = 83.06)
and maximum lift coefficient (CL,max = 1.56). The maximum lift coefficient is obtained
at AOA of 11.15°.
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Fig. 5.28: Lift-to-drag ratios of airfoil WT180 (free transition).
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Fig. 5.29: Distribution of pressure coefficients at Re = 3.0 × 106 (fixed transition).
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5.4.3 Comparison of the results from experiments and RFOIL

The experimental results obtained under Reynolds number of 3.0 × 106 were compared
with those from RFOIL calculations and the aerodynamic characteristics of both results
were analyzed. The transition point is fixed at 1% of chord on the suction surface
and 5% of chord on the pressure surface to simulate the fixed transition condition
of the experiment. The Reynolds numbers for the RFOIL calculation are the same as
those of the experiment, which are Ma = 55.90/340 = 0.164 for free transition and
Ma = 56.21/340 = 0.165 for fixed transition. There is a difference between the design
Reynolds numbers and experiment Reynolds numbers, which has little influence on
the airfoil’s aerodynamic characteristics.

As can be seen from Fig. 5.30 and 5.31, the measured lift and drag coefficients of
the WT180 airfoil under smooth condition (free transition) were compared with results
from RFOIL. The difference of the maximum CL between the measured value (1.6902)
and the predicted value (1.717) is within 2% for smooth flow. The shape of CL versus
AOA is linear before reaching the maximum CL . The minimum CD was measured as
0.0059, which is in agreement with the predicted value of 0.00592. The values of the
measured lift and drag coefficients are different for the calculation in the post-stall
region. The reason is that it is hard to accurately predict the aerodynamic performance
using the flow solver RFOIL in deep stall.

The deviation between experiment and computation is large near the zone with
maximum CL/CD as shown in Fig. 5.32. This is because that CL/CD are sensitive to the
slight change of CD which is the denominator of CL/CD . In the wind tunnel experiment,
the height of the wake rake is consistent with that of pressure taps whose arrangement
will have an impact on the wake resistance. And the accuracy of the wake rake will
influence the test data.

–5 0 5 10 15 20
–0.2

0
0.2
0.4
0.6
0.8C L

α/°

1
1.2
1.4
1.6
1.8

RFOIL
Wind tunnel, 
smooth

Fig. 5.30: Comparison of lift coefficients.
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Fig. 5.32: Comparison of lift-to-drag ratios.

The measured and RFOIL predicted pressure distributions at the AOA of the mini-
mum drag (AOA = 2.04°), maximum lift-to-drag ratio (AOA = 6.09°) and maximum
lift coefficient (AOA = 12.17°) are shown in Fig. 5.33–5.35. The Reynolds number is
Re = 3.0 × 106 . The measurement and the numerical predictions showed desirable
agreement.
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The measured CL and CD of the WT180 airfoil under fixed transition were compared
with RFOIL predictions, shown in Fig. 5.36 and 5.37. The difference of the maximum CL
between the measured value (1.56) and the predicted value (1.62) is 0.06. The shape of
CL and CD versus AOA (before the maximum CL ) match well with the prediction. In
RFOIL calculations, transition is initiated on the 1% chord on the suction surface and
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Fig. 5.35: Pressure distribution (α = 12.17°).

5% chord on the pressure surface. However, there must be some differences between
the transition computations in RFOIL and the real transition on zigzag tape which
leads to the CD from RFOIL being slightly smaller than that from the experiment. And
the slopes of the CL curve, the maximum CL and the CL/CD are slightly larger than
those from the experiment.
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Fig. 5.36: Comparison of lift coefficients.
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Fig. 5.38: Comparison of lift-to-drag ratios.

The measured and RFOIL predicted pressure distributions of airfoil WT180 (Re = 3.0 ×
106 ) at AOA of the minimum drag (α = −6.10°), maximum lift-to-drag ratio (α =
8.11°) and maximum lift coefficient (α = 11.15°) are shown in Fig. 5.39–5.41. The
measurement and the numerical prediction showed desirable agreement. This gives
more validation to the performance of RFOIL.
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Fig. 5.39: Pressure distribution (α = −6.10°).
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Fig. 5.40: Pressure distribution (α = 8.11°).
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Fig. 5.41: Pressure distribution (α = 11.15°).

5.4.4 Comparing different experimental cases

To demonstrate the aerodynamic performance of the designed airfoils, comparisons
weremade between the newWT180 airfoil and thewell-knownwind turbine airfoil Risø-
A1-18 [106]. Two free transition conditions (nearly the same) were chosen, with WT180
at Reynolds number of 1.6 × 106 and Risø-A1-18 at Reynolds number of Re = 1.6 × 106 .
The comparison of the results are shown in Fig. 5.42–5.44.

The lift coefficients of the WT180 airfoil are larger than those of the Risø-A1-18
airfoil at all AOA as shown in Fig. 5.42. The maximum CL of the WT180 airfoil is 1.5813
and that of Risø-A1-18 is 1.433. The drag coefficients of WT180 are smaller than those
of Risø-A1-18 over the main AOA range (α < 20°) as shown in Fig. 5.43. The lift-to-drag
ratio of WT180 is larger than that of Risø-A1-18 in the AOA range of −5° < α < 20°. In
conclusion, the WT180 airfoil shows higher lift coefficient and lift-to-drag ratio than
the Risø-A1-18 airfoil for both on-design and off-design operation conditions over the
main range of AOA. The detailed comparison of aerodynamic data is listed in Tab. 5.3.
In Tab. 5.3, α1 is the AOA with the maximum lift coefficient, α2 is the AOA with the
minimum drag coefficient, α3 is the AOA with the maximum lift-to-drag ratio.

Tab. 5.3: Comparison of aerodynamic data.

Airfoil name CL,max α1 CD,min α2 L/Dmax α3

Risø-A1-18 1.433 10.74 0.0095 4.44 106.154 7.69
WT180 1.5813 11.15 0.0064 −2.04 124.73 6.09
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5.5 Chapter conclusions

Wind tunnel experiments on the WT180 airfoil were carried out for both smooth and
rough surface conditions in the 3.0 × 1.6m low-speed wind tunnel, and three Reynolds
numbers (2.0 × 106 , 3.0 × 106 , and 4.0 × 106 ) were chosen during the tests. Results
show that the new airfoil has high lift coefficient and lift-to-drag ratio at both free and
fixed transition conditions. It has good characteristics in on-design and off-design op-
eration conditions, whichmake it suitable for wind turbine applications. A comparison
of the RFOIL prediction and experimental results generally showed good agreement,
which validates the airfoil boundary layer flow theory used in RFOIL. A comparison
wasmade between the newWT180 airfoil and the well-knownwind turbine airfoil Risø-
A1-18. Results show that theWT180 airfoil has higher lift coefficient and lift-to-drag ratio
than the Risø-A1-18 airfoil. The new airfoil also shows better off-design performance.
But the airfoil was found to be a little sensitive to leading edge roughness. Therefore,
new airfoils with higher aerodynamic performance and lower roughness sensitivity
will be designed in future work.

In conclusion, the novel design theory and methodology for wind turbine airfoils
proposed in this book has been verified by the wind tunnel experiments. This approach
has shown one way for the development of new wind turbine airfoils and blades.
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6 Aerodynamics of wind turbine rotors
and tip-loss corrections

6.1 Introduction

Wind turbine blades extract kinetic energy from wind and then transform it into me-
chanical energy of the rotor. The mechanical energy is then transformed into electrical
energy through the transmission system. It can be seen that the aerodynamic research
on wind turbines mainly focuses on the rotor.

When the wind is passing through the wind turbine, its velocity cannot change
abruptly. Due to energy extraction by the rotor, the wind speed just before it reaches
the rotor gradually decreases to a lower level than that of far upstream. The radial
velocity before the rotor is not zero because of flow expansion. There will be a suddenly
pressure drop across the rotor plane which is explained by basic momentum theory
[165–167].

Based on momentum theory and blade element theory, the basic aerodynamic
model of a wind turbine rotor is established considering the tip-loss effects. Both
theoretical and experimental analyses were conducted to study the aerodynamic char-
acteristics of the wind turbine rotor.

6.2 Aerodynamics of the wind turbine rotor

6.2.1 The momentum theory [92]

The actuator disc (AD)momentum theory, in short,momentum theory forwind turbines,
describes the momentum balance on a rotating annular stream tube. The ADmodel is a
simplified model for representing a wind turbine rotor with a circular disc, ignoring the
friction. A stream tube with a circular cross section is created that extends from the disc
upstream and downstream along the stream lines. A control volume is formed by the
cylindrical surface of this stream tube and two cross sections at both ends. Four axial
locations are important in the momentum analysis of this stream tube: free stream
region or far upstream, just before the rotor, just after the rotor and far wake region
or far downstream. The wind flows into the control volume with an axial velocity V0
and a free stream pressure P0 . Then, it flows across the disc with axial velocity V and
pressure drop ∆p as shown in Fig. 6.1. Finally, it leaves the control volume with an
axial velocity P1 and a far wake pressure P0 .

The rotor disc is divided into several annuli along the radial direction and it is
assumed that every annulus is independent of other annuli. Applying the axial mo-
mentum theory for the annulus control volume, the axial force equals the rate of axial

DOI 10.1515/9783110344387-007
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Fig. 6.1: Sketch of flow field.

momentum change of the flow:

dT = dm(V0 − V1) = ρV(V0 − V1)dA, (6.1)

where dm is the mass flow rate of the circular control volume, ρ is the density of air,
A is the area of the rotor disc.

According to momentum theory, the thrust on the rotor can also be expressed as

dT = ∆p dA. (6.2)

For incompressible steady flows, Bernoulli’s constant can be applied separately to a
stream line both before and after the disc. Due to energy extraction by the rotor, the
total pressure or Bernoulli constant after the disc remains constant but at a lower level
than that of far upstream.

p0 + 1
2ρV

2
0 = p + 1

2ρV
2, (6.3)

p − ∆p + 1
2ρV

2 = p0 + 1
2ρV

2
1 . (6.4)

From equations (6.3) and (6.4), we obtain

∆p = 1
2ρ(V

2
0 − V

2
1). (6.5)
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Combining equations (6.1), (6.2) and (6.5), we obtain that

V = V0 + V1
2

. (6.6)

The axial induction factor is defined using the following equations

{
V = V0 (1 − a),
V1 = V0 (1 − 2a).

(6.7)

Taking equation (6.7) into equation (6.1), the thrust on the circular area with radius
increment dr can be expressed as

dT = 4πρV2
0a(1 − a)r dr. (6.8)

When applying the moment of momentum theory on a single AD annulus, the torque
is obtained

dM = dm(ωr)r = 2πρVωr3 dr, (6.9)

where ω is the tangential induction angular velocity at radius r . Then the tangential
induction factor is defined as

b = ω
2Ω , (6.10)

where Ω is the rotational rotor speed.
Combining equations (6.7), (6.9) and (6.10), the torque on a single AD annulus is

dM = 4πρΩV0b(1 − a)r3 dr. (6.11)

6.2.2 The blade element theory [92]

Similarly to the assumption above, the blade is also divided into several independent
segments, which are called the blade elements. The inflow velocity and force on a
blade element are shown in Fig. 6.2.

L

dFn

dFt VY

Φ

θ
α

VX
VrelV0

D

Fig. 6.2: The inflow velocity and force
on a blade element.
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According to momentum theory and considering the rotation of the wake after the rotor,
we obtain

{
Vx = V0(1 − a),
Vy = Ωr(1 + b),

(6.12)

where Vx , Vy is the component of inflow velocity along x- and y-direction respectively.
The resultant inflow velocity Vrel at a blade element can be expressed as

Vrel = √V2
x + V2

y = √(1 − a)2V2
0 + (1 + b)2(Ωr)2. (6.13)

The inflow angle and angle of attack at a blade element are shown below:

φ = arctan (1 − a)V0
(1 + b)Ωr , (6.14)

α = φ − θ, (6.15)

where θ is the twist angle of the blade element.
The aerodynamic force on the blade element with the relative inflow velocity Vrel

can be expressed as
{{{
{{{
{

dFn =
1
2ρcV

2
relCn dr,

dFt =
1
2ρcV

2
relCt dr,

(6.16)

where c is the chord; Cn , Ct are the normal force coefficient and tangential force
coefficient, respectively.

With blade element theory applied on a blade segment, the thrust and torque are
derived:

dT = 1
2BρcV

2
relCn dr, (6.17)

dM = 1
2BρcV

2
relCtr dr, (6.18)

where B is the number of blades.

6.2.3 The blade element momentum theory [92]

The blade element momentum (BEM) theory, consisting of actuator disc momentum
theory and blade element theory, is widely used in aerodynamic design and power
prediction for wind turbine rotors. Firstly, the solidity of the rotor is defined as follows

σ = Bc2πr . (6.19)

Combining equations (6.8) and (6.17) above, it is derived that

a
1 − a =

σCn
4 sin2 φ

. (6.20)
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Similarly, combining equations (6.11) and (6.18) above, it is derived that

b
1 + b
=

σCt
4 sinφ cosφ

. (6.21)

The simplest way to get the solution of the BEM equations (6.14), (6.10) and (6.21) is
to use the fixed point iterative method. To start the iterative method, initial values of
the unknown parameters are guessed. After the initial solution is given, iterations are
processed until convergence is achieved under a given precision.

6.3 The tip-loss correction model

There must be some differences between the physics of an actuator disc with an infinite
number of blades and an actual wind turbine with a finite number of blades, so Prandtl
[168] introduced the concept of tip loss:

F = 2π arccos [exp(−B2 ×
R − r
r sinφ)] . (6.22)

6.3.1 The tip-loss correction model of Glauert [169]

In the tip-loss correction model of Glauert, the axial and tangential induction factors
are corrected as follows:

a = 1
4F sin2 φ/(σCn) + 1

, (6.23)

b = 1
4F sinφ cosφ/(σCt) − 1

. (6.24)

6.3.2 The tip-loss correction model of Wilson and Lissaman [170]

In the tip-loss correctionmodel ofWilson and Lissaman, the tangential induction factor
is the same as that of the Glauert tip-loss correction model. For the axial induction
factor, however, the mass flux is corrected:

(1 − aF)aF
(1 − a)2

=
σCl cosφ
4 sin2 φ

, (6.25)

bF
1 + b =

σCl
4 cosφ . (6.26)
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6.3.3 The tip-loss correction model of De Vries [171]

De Vries thought that the induced velocity and the relative velocity at the blade element
in Wilson and Lissaman’s model do not satisfy the orthogonality [172]. So the axial
induction factor is then modified as

(1 − aF)aF
(1 − a)2

=
σCl cosφ
4 sin2 φ

, (6.27)

bF(1 − aF)
(1 + b)(1 − a) =

σCl
4 cosφ . (6.28)

6.3.4 The tip-loss correction model of Shen [172]

Based on the above mentioned models, Shen made a modification to the induction
factors through introducing corrections to the normal and tangential force coefficients.
This correction factor [172] is

F1 =
2
π cos−1 [exp(−g B(R − r)2r sinφ )]

, (6.29)

where R is the radius of the rotor, g = exp[−0.125(Bλ − 21)] + 0.1 is a coefficient
determined from experimental data [172], λ = ΩR/V0 is the tip speed ratio. Then, the
normal and tangential force coefficients after correction are

{
Cn,correction = F1Cn,
Ct,correction = F1Ct.

(6.30)

The other definitions are the same as De Vries’s correction model.

6.4 The BEM model with Shen’s tip-loss correction [172]

When applying the momentum theory on a single AD annulus and considering the
tip-loss correction, thrust and torque on a rotor annulus are

dT = 4πρV2
0aF(1 − aF)r dr, (6.31)

dM = 4πρΩV0bF(1 − aF)r3 dr. (6.32)

With the blade element theory and Shen’s tip-loss correction, the thrust and torque on
a blade segment can also be expressed as

dT = 12BρcV
2
relF1Cn dr, (6.33)

dM = 12BρcV
2
relF1Ctr dr. (6.34)
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Combining the equations (6.29)–(6.32), the axial and tangential induction factor can
be obtained as

a =
2 + Y1 − √4Y1(1 − F) + Y21

2(1 + FY1)
, (6.35)

b = 1
(1 − aF)Y2/(1 − a) − 1

, (6.36)

where Y1 = 4F sin2 φ/(σCnF1) and Y2 = 4F sinφ cosφ/(σCtF1).
When axial induction factor a is larger than a critical value of ac , the wind turbine

enters into a turbulent wake state and the axial momentum theory equation (6.31) is
invalid. The empirical correction relationship between the axial induction factor and
thrust should be utilized instead:

dT = 4πρV2
0[a

2
cF2 + (1 − 2acF)aF]r dr, (6.37)

and the corrected axial and tangential induction factor is

a =
2 + (1 − 2acF)Y1 − √(1 − 2acF)2Y21 + 4Y1(1 − 2acF + a

2
cF)

2 , (6.38)

b = 1
(1 − aF)Y2/(1 − a) − 1

, (6.39)

where ac = 1
3 .

The BEM equations (6.14), (6.38) and (6.39) can be solved using the fixed point
iterative method. To start the iterative method, initial values of the unknown induction
factors a and b are guessed. Normally, they are set to be 0. Then the inflow angle can
be calculated:

φ = arctan (1 − a)V0
(1 + b)Ωr . (6.40)

Then the angle of attack can be obtained:

α = φ − θ. (6.41)

The lift and drag coefficients can be obtained through looking at aerodynamics tables
of airfoils. So the normal and tangential force coefficients of a blade element are

{
Cn = Cl cosφ + Cd sinφ,
Ct = Cl sinφ − Cd cosφ.

(6.42)

Taking the newly computed Cn , Ct and φ into equations (6.35) and (6.35) again, the
newest value of induction factors a and b are obtained. Iterations are processed until
convergence is achieved under a given precision. Here the iterations errors limit for
induction factors a and b are set to be 0.001.
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6.5 Experimental validation

The aerodynamic model is validated against the wind tunnel measurements obtained
from the MEXICO (Model Experiment in Controlled Conditions) Project [173–177]. In
this European Commission sponsored project, a three-bladed wind turbine rotor with
a diameter of 4.5m has been tested in the Large Scale Low Speed Facility (LLF) of the
German-Dutch Wind Tunnel Organization (DNW) with a test section of 9.5 × 9.5m2.

The designed tip speed of the rotor was set to 100m/s, corresponding to an angular
speed of 424.5 rpm. The rotor was designed for an optimal tip speed ratio of 6.7, which
is obtained at a tunnel wind speed of 15m/s. The blades consist of three airfoils: DU
91-W2–250 (from 20 to 45% span), Risø-A2-21 (from 55 to 65% span) and NACA 64418
(from 70 to 100% span). The experimental pressure data points are obtained at 25%,
35%, 60%, 82% and 92% blade span. The parameters of blade shape are listed in
Tab. 6.1.

Tab. 6.1: Shape parameters of MEXICO blades.

Rotor
radius (m)

Chord
(m)

Twist
(°)

Relative
thickness (%)

0.225 0.100  0 25
0.45 0.240 16.4 25
0.675 0.207 12.1 25
0.9 0.178  8.3 25
1.125 0.150  7.0 23
1.35 0.142  4.8 21
1.575 0.125  3.8 19
1.8 0.116  2.6 18
2.205 0.088  0.5 18
2.25 0.084  0 18

For the sake of comparing with the experimental data, the lift of the airfoil is corrected
for 3D effects. When the blade is rotating, there will be radial flow on the suction side of
blade. And due to the Coriolis force, there will be a chordwise pressure gradient which
leads to decreasing thickness of the boundary layer, the postponement of separating
position and stall. The 3D corrections model of Snel was utilized here:

(Cl)3D = (Cl)2D + 3(c/r)2[(Cl)p − (Cl)2D], (6.43)

where (Cl)p = 2π(α − α0), α0 is the angle of attack when lift is zero, c is the chord, r is
the spanwise position.

Utilizing the aerodynamic model of Section 6.4 with the pitch angle of blade at 0.7°
and the tower height at 6.5m, the aerodynamic performance of the MEXICO rotor under
an inflow velocity of 15m/s is shown in Fig. 6.3–6.6.
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From the pressure distributions on the five cross sections (at 25%, 35%, 60%, 82%
and 95% span), the normal force coefficient C�n and the tangential force coefficient C�t
related to the airfoil chord can be calculated. Then the axial force coefficient Cn and
the tangential force coefficient Ct are computed from the equations below:

{
Cn = C�n cos θ� − C�t sin θ�,
Ct = C�n sin θ� + C�t cos θ�,

(6.44)

where the angle θ� = θ + θpitch is the sum of pitch and local twist angles. As the normal
force coefficient Cn and tangential force coefficient Ct have already been obtained,
the normal force and tangential force are easily obtained through equations (6.31)
and (6.32).

The axial and the tangential forces are plotted for the flow past the MEXICO ro-
tor at a wind speed of 10m/s and pitch angles of −2.3°. A comparison of the results
from computations with Shen and Glauert tip-loss correction models are shown in
Fig. 6.7 (a). The results show that Shen’s tip-loss correction model predicts the force
(near the blade tip) better than the traditional tip-loss correction model of Glauert.
Similar to the situation above, the comparison at a wind speed of 10m/s and pitch
angles of 0.7° is shown in Fig. 6.7 (b). The comparison at a wind speed of 15m/s (tip
speed ratio of 6.7) and pitch angles of −2.3° and 0.7° are shown in Fig. 6.8 (a) and (b)
respectively. Results show that Shen’s tip-loss correctionmodel agrees somewhat better
with the experimental data than the traditional tip-loss correction model of Glauert.
Comparisons at a wind speed of 24m/s (tip speed ratio of 4.2) and pitch angles of −2.3°
and 0.7° are shown in Fig. 6.9 (a) and (b) respectively. Although the difference between
computed and experimental data is larger, Shen’s tip-loss correction model performs
better than the correction model of Glauert.
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6.6 Chapter conclusions

The one-dimensional blade element momentum theory of wind turbines was described.
Brief comparisons and descriptions of tip-loss correction models by Glauert, Wilson
and Lissaman, De Vries, and Shen were made. The traditional BEM theory and tip-loss
correction of Shen were used to calculate the aerodynamic performance of the MEXICO
rotor. The axial induction factor, tangential induction factor, normal force coefficient,
tangential force coefficient and power output were obtained. The comparison of BEM
with Shen’s tip-loss correction and BEM with Glauert’s tip-loss correction were made
under some design cases in the MEXICO experiment. Shen’s tip-loss correction model
showhigher ability simulating the blade force, the advantage ismore obvious especially
near the blade tip. The material in this chapter also provides a foundation for the shape
optimization and aeroelastic analysis of wind turbine blades.
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7 Integrated representations for wind turbine blade
shapes

7.1 Introduction

Traditionally, airfoils were expressed by coordinates and blades were expressed by
many airfoil sections discretely distributed along the blade spanwith the corresponding
chord and twist. Optimizations for the blade were made on the basis of these discrete
parameters. Considering the requirements of structure strength, stiffness and stability
of wind turbine blades as well as the manufacturing process and costs, the shape
of the optimized wind turbine blade still needs to be adjusted properly, such as the
linearization treatment of chord distribution and twist distribution along the blade span
[12, 34, 148, 178]. Normally, the wind turbine airfoil design, design of blade spanwise
distribution, and the internal structural design of the blades are completed one by one,
which is called serial design, without considering the coupling relationships between
these steps.

Based on functional analysis methods, a versatile integrated representation (shape
function) for 3D blade surface has been established by analyzing the distribution
characteristics of chord and twist along the blade span and the 3D characterizations of
various kinds of blades. The geometry of any kindof blade canbe expressed through this
shape function, such as the distribution of airfoil, the distribution of chord and twist
of blade. The integrated representation has provided the foundations for parametric
finite element modeling and the parallel design of wind turbine blades.

7.2 The integrated representations of 3D blade surface

Based on the integration and optimization of 2D wind turbine airfoils, versatile expres-
sions for the curved shape of 3D blades were proposed. For a curved face, the points
P(x, y, z) on the surface should satisfy the function of a surface. In other words, the
surface can be represented by the coordinates (x, y, z) [179]:

F(x, y, z) = 0. (7.1)

Due to the imperfection of traditional expressions of airfoils, the versatile integrated
expressions for the shapes of airfoils and blades cannot be fulfilled. Based on the
integrated expressions of airfoils, which was inspired by the Joukowsky transformation
and series theory, the integrated representations for 3D profiles of wind turbine blades
were studied.

DOI 10.1515/9783110344387-008
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7.2.1 Integrated expressions for 3D flat blades

The integrated expression ρ(θ) = C0 + C1θ + C2θ2 + C3θ3 + ⋅ ⋅ ⋅ + Ckθk + ⋅ ⋅ ⋅ (shape
function) of airfoils has been described in equation (3.33). Then the coordinates of a 2D
airfoil in the Cartesian coordinate systemwere obtained after conformal transformation:

{{{
{{{
{

x = a (ρ + 1ρ) cos(θ),

y = a (ρ − 1ρ)
sin(θ).

In addition to representing the curved surface by a three-variable equation F(x, y, z) = 0,
a parametric equation system can also be used with two variables, s and t [179]:

{{{
{{{
{

x = x(s, t),
y = y(s, t),
z = z(s, t),

s ∈ I1, t ∈ I2. (7.2)

The parametric equation system was used to fulfill the integrated representations of
wind turbine blades. In the blade coordinate system (as shown in Fig. 7.1), the relative
spanwise location is defined with u (u = r/R). For a blade section with spanwise
location of u0 , the coordinates of the airfoil section are

{{{{{{
{{{{{{
{

x = a (ρ(θ) + 1
ρ(θ))

cos(θ),

y = a (ρ(θ) − 1
ρ(θ)) sin(θ),

z = u0R.

MZB
MXB

MYB

FXB

FZB

FYB
Z

XX
Y

Fig. 7.1: Schematic drawing of blade coordinates.
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If the blade section is extended spanwise (stretched along the z-axis), a flat blade can
be formed with the same chord at all sections and without twist:

{{{{{{
{{{{{{
{

x = a (ρ(θ) + 1
ρ(θ)) cos(θ),

y = a (ρ(θ) − 1
ρ(θ))

sin(θ),

z = u ⋅ R.

(7.3)

Selecting the same airfoil (ρ = ρ0 ) along the blade span and setting the radius of
the blade as 10m, the length of chord as c0 = 0.15R = 1.5m and the blade span as
u ∈ [0, 1], the profile of blade is obtained as shown in Fig. 7.2.
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Fig. 7.2: 3D flat blade represented by shape function.

7.2.2 Integrated expressions on 3D blade with chord variation

Fig. 7.3 shows the variation of chord with respect to local tip speed ratio under ideal
conditions. It can be seen from the figure that the chord is gradually decreasing from
blade root to blade tip. Considering the manufacturing factors, many blades were de-
signed with linear spanwise distribution of chord, such as the blade of the ART-600 kW
wind turbine from NREL and the Tjæreborg 2MW wind turbine. And some blades were
designed with nonlinear distribution of chord to enhance efficiency, like blade of the
MEXICO 25kw rotor and the E101 wind turbine from ENERCO. Based on the research

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



218 | 7 Integrated representations for wind turbine blade shapes

0.8

0.6

0.4

0.2

0
0 1 2

Local speed ratio

Bl
ad

e 
ge

om
et

ry
 p

ar
am

et
er

3 4 5 6 7 8 9 10

1

Fig. 7.3: Variation of chord with respect to local tip speed ratio under ideal conditions.

on chord distributions of various wind turbine blades and series theory, an easy and
general chord distribution function is proposed:

c(u) =
n
∑
0
ai(1 − u)i , (7.4)

where n is the order of the polynomial. Taking equation (7.4) into equations (7.3), the
integrated expressions of a blade with varying chord along the span can be derived:

{{{{{{
{{{{{{
{

x = a (ρ(θ) + 1
ρ(θ)) cos(θ) ⋅ c(u),

y = a (ρ(θ) − 1
ρ(θ))

sin(θ) ⋅ c(u),

z = u ⋅ R.

(7.5)
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Fig. 7.4: 3D blade with varying chord represented by shape function.

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



7.2 The integrated representations of 3D blade surface | 219

Selecting the same airfoil (ρ = ρ0 ) along the blade span and setting the radius of blade
as 10m, the variation of chord as c = c(u) and the blade span as u ∈ [0, 1], the profile
of blade is obtained as shown in Fig. 7.4.

7.2.3 Integrated expressions on 3D blade with chord and twist variations

Fig. 7.5 shows the variation of inflow angle with respect to local tip speed ratio under
ideal conditions. It can be seen that the inflow angle is large at the blade root which
may cause stall. If the design angle of attack at each airfoil section is known, the twist
of the blade can be easily obtained through β = φ − α .
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Fig. 7.5: Variation of inflow angle with respect to local tip speed ratio under ideal conditions.

Similar to the variation of chord, the twist also decreases gradually from blade root to
blade tip. An easy and general twist distribution function is proposed:

β(u) =
n
∑
i=0
bi(1 − u)i , (7.6)

where n is the order of the polynomial. The blade is twisted about the axis passing
the aerodynamic center of each blade section (the aerodynamic center locates at 1/4
chord position). Taking equation (7.6) into equations (7.5), the integrated expressions
of a blade with varying chord and twist along the span can be obtained

{{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{{
{

x = {[a (ρ(θ) + 1
ρ(θ)) cos θ − XM] cos β(u)

+ a (ρ(θ) − 1
ρ(θ)) sin θ sin β(u)}c(u),

y = {[−a (ρ(θ) + 1
ρ(θ)) cos θ − XM] sin β(u)

+ a (ρ(θ) − 1
ρ(θ)) sin θ cos β(u)}c(u),

z = u ⋅ R,

(7.7)
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where ρ(θ) is the shape function of the airfoil; XM is the chordwise position of the
aerodynamic center, normally adopted as XM = 0.25; c(u) is the chord distribution
function; β(u) is the twist distribution function.

The equation system (7.7) is the integrated expression of blade shape and is called
the shape function of blades. The geometry (distribution of chord, twist and airfoils) of
an arbitrary blade can be represented by this shape function. Fig. 7.6 shows a typical
blade with varying chord and twist represented by shape function.
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Fig. 7.6: 3D blade with varying chord and twist represented by shape function.

7.3 Integrated representations for blades of an ART-2B rotor

ART-2B [180, 181] (Advanced Research Turbines) from NREL was chosen as the object
in this integrated expression research. ART series rotors are research rotors which are
designed on the foundation of the Westinghouse WWG-0600 rotor. The ART-2B rotor
was basically designed for 3D aerodynamics performance tests of the full-sized rotor.

The rated power of the ART-2B rotor is 667kw. Three airfoils from the NREL S
airfoil series are used on the blade: s818, s825 and s826. The relative thickness of s818
(distributed at 15–25% of blade span) is 24%. The relative thickness of s825 (distributed
at 45–75% of blade span) is 17%. And the relative thickness of s826 (distributed at
80–100% of blade span) is 14%. Fig. 7.7 shows the shapes of the three airfoils with x/c
and y/c representing the relative position with respect to chord.
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Fig. 7.7: Shapes of airfoils used on ART-2B blades.

The integrated expression for one airfoil used on the ART-2B blade can be achieved by
using the 11th order polynomial, and the coefficients of the shape function are shown
in Tab. 7.1.

Tab. 7.1: Coefficients of the shape function.

Coefficients

C0 C1 C2 C3 C4 C5

ρ1 1.004 −8.718e−2 1.647 −3.412 3.243 −1.536
ρ2 1.001 6.707e−2 6.475e−1 −1.057 4.277e−1 3.744e−1
ρ3 0.9994 1.434e−1 1.877e−1 −1.31e−1 −4.333e−1 7.755e−1

C6 C7 C8 C9 C10 C11

ρ1 3.017e−1 2.893e−2 −2.689e−2 5.525e−3 −5.12e−4 1.851e−5
ρ2 −4.83e−1 2.294e−4 −5.865e−2 8.521e−3 −6.631e−4 2.15e−5
ρ3 −5.62e−1 2.227e−1 −5.195e−2 7.127e−3 −5.326e−4 1.674e−5

Linear distribution of chord was applied in the ART-2B blade and two variables can be
used to fit the chord distribution. Combined with the least squares method, the twist
distribution was obtained using the 4th order polynomial. The integrated representa-
tion result of the ART-2B blade is shown in Fig. 7.8. The standard deviation between
the integrated representation and the original blade shape is 0.0331. The integrated
equations of blade chord and twist are expressed as follows:

c = 2.004(1 − u) + 0.543,

β = 41.5931(1 − u)4 − 24.773(1 − u)3 + 7.3645(1 − u)2

+ 0.7698(1 − u) − 0.4621.

(7.8)
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Fig. 7.8: ART-2B rotor represented by shape function.

After further derivation, the uniform shape functions of the blade were obtained.

{{{{{{
{{{{{{
{

x = {[a (ρi +
1
ρi
) cos θ − XM] cos β(u) + a (ρi −

1
ρi
) sin θ sin β(u)} c(u),

y = {[−a (ρi +
1
ρi
) cos θ − XM] sin β(u) + a (ρi −

1
ρi
) sin θ cos β(u)} c(u),

z = u ⋅ R,

where

ρi =
{{{{
{{{{
{

ρ1 μ ∈ [0.15, 0.35],
ρ2 μ ∈ [0.45, 0.75],
ρ3 μ ∈ [0.8, 1].

In order to compare the aerodynamic performance between the new represented blade
and the original blade, the traditional BEM (Blade Element Momentum) theory and
Shen tip-loss correction model were utilized. According to [172], the tip-loss correction
model of Shen (Technical University of Denmark) fits the experimental results better
than the Glauert tip-loss correction model. The power characteristics of the original
blades and the new representation under variable speed control and fixed speed control
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Fig. 7.9: Power performance of the two blades.

are shown in Fig. 7.9. The maximum error of power is 0.5% smaller (0.35% for variable
speed control and 0.44% for fixed speed control), which shows that the shape function
can represent the blade shape perfectly.

7.4 Chapter conclusions

Based on the integrated expression for airfoils, a versatile integrated representation for
a 3D blade was established by analyzing the spanwise distribution characteristics of
chord and twist and the 3D characterizations of various kinds of blades. This method
can represent the geometry of any kind of blade, such as the distribution of airfoil, the
distribution of chord and twist. The integrated representation has been applied on
the ART-2B blade and the results show the high ability of this method. The integrated
method in this chapter provides the foundation for the blade optimization conducted in
the rest of the book andprovides references for the representation of other sophisticated
3D surfaces.
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8 Shape optimization of wind turbine blades

8.1 Introduction

With increasing rotor diameter of a wind turbine, it becomes more important to ac-
curately predict the energy output and aerodynamic load characteristics of the rotor.
The design of a wind turbine is a comprehensive engineering project which includes
aerodynamic design, structural design and control system design, etc. The design tasks
are independent but correlated with each other. Aerodynamic design focuses on the
geometric shape of the wind turbine blade and the spanwise distribution of chord,
twist angle and relative thickness to ensure a high power coefficient of the rotor [92].
When working on the aerodynamic design of a wind turbine, the relevant technical
parameters, such as blade number, rotor diameter, rated wind speed and tip speed
ratio, etc. should be set.

Blade element momentum theory is frequently used in the design of the aerody-
namic shape of the blades. Appropriate adjustment to the shape of the wind turbine
blades is needed after optimization, considering structural strength, rigidity and sta-
bility requirements, manufacturing process and cost. The tip-loss correction model
of Shen was adopted when calculating the normal force and tangential force in the
optimization design of the wind turbine. The new calculation model of Shen for axial
and tangential induction factors of a wind turbine is briefly introduced. Firstly, the
key parameters that have a great influence on the performance of the wind turbine are
illustrated, like tip speed ratio, rotor diameter, Reynolds number, airfoil aerodynamic
characteristics and blade root load. In addition, the relationship between the cost of
the wind turbine and the energy output is discussed and a mathematical model for
the cost of energy is established. An optimization model with the target of decreasing
the cost of energy and the variables of chord, twist, and relative thickness of blade
is proposed. Within the whole span of the blade, the newly-designed wind turbine
airfoil group was adopted. The reduction in blade mass can lead to an increase in
fatigue life and a decrease in the cost of wind turbine blades. However, wind turbine
blades are made of composite materials so that their density changes along with the
sophisticated curve surface. So it is relatively hard to establish the mass calculation
mathematical model using traditional composite laminate theory. Therefore, when
other conditions are consistent (thickness of blade composite shell and density, etc.),
transferring mass calculation to area calculation of a curved surface is proposed. In
order tominimize themass, the area of the curved surface should beminimized. For the
design of blades for a pitch-regulated wind turbine, the newly-designed CQU-A airfoil
series was adopted. In addition, the multiobjective optimization model with targets
for maximum power coefficient and minimal blade area is proposed. Taking chord
and twist as the design parameters and fully considering the constraints of blade root
load, a 2MWwind turbine blade was designed and optimized with the use of improved
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particle swarm algorithm. Comparative analysis between the optimization result and
the initial blades as well as the EU Tjæreborg experimental blades was conducted in
order to verify the feasibility of this optimization design.

8.2 Influences of key parameters on the performance of rotors

Based on the aerodynamic model for wind turbine rotors in Chapter 6, the thrust and
torque on blades can be calculated so that power and annual energy production (AEP)
under different tip speed ratios can be obtained. Variable-speed constant-frequency
generators are adopted in most pitch-regulated multi-megawatt level (MW-level) wind
turbines. In order to study the influence of key parameters such as Reynolds number,
lift-to-drag ratio, tip speed ratio and rotor radius on power characteristics of pitch-
regulated wind turbines, two cases will be discussed. The first case is wind turbine
blades with three kinds of rotor radius and the same airfoil group. The second is wind
turbine blades with the same rotor radius and different airfoil groups.

8.2.1 Three rotors with different power

Rotor diameter directly determines the power of a wind turbine. The longer the blades
are, the larger the power is and the higher the AEP will be. Wind turbine blades are
gradually becoming longer and the diameter of MW-level wind turbine rotors has
already reached as long as 130m. Additionally, Reynolds number on the blades will
change along with the size of the wind turbine. The largest Reynolds number of a
traditional 5MW wind turbine blade may reach above 8.0 × 106 . Fig. 8.1 and 8.2
respectively show how the Reynolds numbers of traditional 2MW and 5MW wind
turbine blades change with the rotor speed along the blade span. With increasing
rotor speed, the Reynolds number will increase. Additionally, the maximum Reynolds
numbers under different rotor speeds usually appear at 70% spanwise location on
blades. With traditional 2MWwind turbine blades, the rotor speed generally changes
from 20 rpm to 25 rpm and the maximum Reynolds number varies from 3.0 × 106 and
6.0 × 106 . The maximum Reynolds number of traditional 5MWwind turbine blades
generally changes from 7.0 × 106 to 1.0 × 106 when the rotor speed changes from
10 rpm to 15 rpm.

The change of Reynolds number will directly influence the aerodynamic perfor-
mance of wind turbine airfoil sections. The variations in maximum lift-to-drag ratio
of the newly-designed wind turbine CQU-A airfoil series with respect to Reynolds
numbers are shown in Fig. 8.3. This airfoils group contains seven airfoils with relative
thickness from 15% to 40%. The maximum lift-to-drag ratios of four relative thinner
airfoils, which have a greater influence on the aerodynamic performance of blades,
were compared. From Fig. 8.3 it can be seen that themaximum lift-to-drag ratio of these
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Fig. 8.3: Variation of maximum lift-to-drag ratio of rough and smooth airfoils.

airfoils increases with the Reynolds number under smooth and rough conditions. The
change in the maximum lift-to-drag ratio is much larger with Reynolds numbers in the
range of 1.0 × 106 to 3.0 × 106 , which indicates that the maximum lift-to-drag ratio is
more sensitive to Reynolds number within this scope.

In conclusion, the length of the blade has a great influence on the Reynolds number
and the latter will directly influence the aerodynamic performance of the airfoil. In
order to understand more about the relationships among these parameters, three wind
turbines (660 kW, 2MW and 5MW) are selected in this section. In order to get rid of
the influence from using different airfoils, the same strategy for airfoil distribution is
adopted. NACA 644 airfoil series are distributed at spanwise location between 85%
and 100%; DU airfoil series are distributed at spanwise location between 15% and
75%. In total, seven standard airfoils with different thickness were adopted and the
transitional airfoils were obtained through interpolation. The relevant aerodynamic
characteristics of the above three airfoils were treated as follows. Firstly, the selections
of Reynolds numbers are shown. For blades of the 660 kW (small and medium sized)
wind turbine, the Reynolds number does not change greatly and is set at 2.0 × 106

of the whole blade; for blades of the 2MW wind turbine, the rotor speed of 20 rpm
was selected. The Reynolds number is set to be 2.0 × 106 , 3.0 × 106 , 3.5 × 106 and
2.5 × 106 at four spanwise regions (from 15% to 25%, from 25% to 45%, from 45% to
85% and from 85% to 100%). For blades of the 5MWwind turbine, the rotor speed of
12 rpmwas selected. The Reynolds number is set to be 2.0 × 106 , 5.0 × 106 , 7.0 × 106 ,
8.5 × 106 and 6.5 × 106 at four spanwise regions (from 15% to 25%, from 25% to
45%, from 45% to 60%, from 60% to 90% and from 90% to 100%). Secondly, the
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selections of Mach number are shown. As Mach number has little influence on the
aerodynamic performance of blades, we select the Mach number of 0.15. Thirdly, all the
aerodynamic characteristics of airfoils are calculated by RFOIL software and then they
are extended to angles of attack within ±180° through extrapolation. The aerodynamic
characteristics of the airfoil after extrapolation are shown in Fig. 8.4.
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Fig. 8.4: Aerodynamic coefficients of CQU-A210 airfoil.

The variations in rotor power coefficients for the three wind turbines with respect to tip
speed ratio are shown in Fig. 8.5 (under smooth conditions) and Fig. 8.6 (under rough
conditions), respectively. The maximum power coefficients of the three rotors and
the corresponding optimal tip speed ratios are listed in Tab. 8.1. It can found that the
maximumpower coefficient and theoptimal tip speed ratiowill increasewith increasing
rotor diameter both under smooth or rough conditions. The phenomenon mainly rests
on the increase of the rotor diameter which leads to an increase in the Reynolds number
(i.e., Fig. 8.1 and 8.2) and the improvement in aerodynamic performance of the airfoil
(the lift-to-drag ratio of the airfoil directly correlates with the power coefficient).

8.2.2 Two rotors with the same power and different airfoil series

Two blades from different airfoil series, but with the same chord, twist and relative
thickness distribution, were compared to study the influence of using different airfoil
series on the aerodynamics characteristics of rotors. The original airfoils on the Tjære-
borg 2MW rotor were replaced with newly-designed airfoils (the maximum relative
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Tab. 8.1: Performance of three wind turbines.

NREL Tjæreborg NREL
660 kW 2MW 5MW

Rotor diameter 43.0m 62.0m 126.0m

Smooth condition Maximum power coefficient 0.47152 0.47658 0.4931
Optimal tip speed ratio 7.0 7.5 8.0

Rough condition Maximum power coefficient 0.43302 0.45385 0.45545
Optimal tip speed ratio 7.0 7.5 8.0

thickness varies from 15% to 40%) which are shown in Fig. 8.7 and 8.8. The new blade
is named CQU-A. A comparison of the aerodynamic characteristics of the new and
original rotors was made. The variations in power coefficients with respect to tip speed
ratio and the distribution of annual energy production with respect to wind speed are
shown in Fig. 8.9 and 8.10 respectively. The detailed performance of the two rotors is
listed in Tab. 8.2. According to the table, the maximum power coefficient of the rotor,
distribution of annual energy production and AEP have been improved both under
smooth and rough conditions. However, the bending moment at that root is larger than
that of the original rotor. The increase in the bending moment at the root means higher
requirements for strength and fatigue life of the blades. It is necessary to optimize the
chord and twist distribution of the CQU-A blade to increase the power coefficient with
the reduction of the root loads.
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Fig. 8.7: Thinner airfoils of CQU-A series.
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Tab. 8.2: Detailed performance of the two rotors.

Rotor type Optimal tip
speed ratio

Maximum
power coefficient

AEP (kWh) Bending moment
at root (kNm)

Smooth
condition

Tjæreborg 2MW 7.5 0.47658 4.224 × 106 4755

CQU-A 2MW 7.0 0.48866 4.321 × 106 5443

Rough
condition

Tjæreborg 2MW 7.5 0.45385 4.071 × 106 4541

CQU-A 2MW 7.0 0.45758 4.116 × 106 5178
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8.3 Optimization model of wind turbine blades based on COE

Wind turbine blades will deform under inertial force, wind loads and gravities which
directly affect their aerodynamic performance. Meanwhile, changing the aerodynamic
properties of the blades can cause variations in the output power of a wind turbine. So
the process optimization of blades should consider these effects that actually happen
on real blades. The optimizationmodel ofwind turbine bladeswas established coupling
the dynamics model and the wind turbine blade aerodynamics model.

8.3.1 Optimization objective function

A cost model for wind turbine optimization normally includes the capital costs of
foundation, tower, rotor blades, gearbox and generator, plus the costs of operation and
maintenance. Estimating the cost of a wind turbine is an important and difficult task,
but also crucial for the success of an optimization. The total cost of a wind turbine can
be expressed as

C =
N
∑
i=1
Ci =

N
∑
i=1
Ri (bi + (1 − bi)wi), (8.1)

where Ci is the cost of the i-th component of the wind turbine and N is the number of
main components, Ri is the initial cost of the i-th component determined from a refer-
ence rotor, bi is the fixed part of the i-th component that accounts for manufacturing
and transport, (1 − bi) is the variable part of the i-th component, and wi is the weight
parameter of the i-th component.
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As the costs for operation and maintenance often can be considered a small per-
centage of the capital cost, reducing the capital cost becomes an essential task for
designing wind turbines. Moreover, a well-designed wind turbine with a low energy
cost always has an aerodynamically efficient rotor. Therefore, the rotor design plays an
important role for the whole design procedure of a wind turbine. Here, we restrict our
objective to the cost of the rotor. Thus, the objective function is defined as

f(x) = COE = CrotorAEP , (8.2)

where COE is the cost of energy produced by a wind turbine rotor and Crotor is the total
cost for producing, transporting and erecting a wind turbine rotor. The fixed part of
the cost of a wind turbine rotor brotor is chosen to be 0.1. Therefore, the total cost of a
rotor Crotor is a relative value defined as

Crotor = brotor + (1 − brotor)wrotor, (8.3)

where wrotor is the weight parameter of the rotor. The weight parameter is calculated
from the chord and mass distributions of the blades. Supposing that a blade can be
divided into n cross sections, wrotor is estimated as

wrotor =
n
∑
i=1

mi × ci,opt
Mtot × ci,or

, (8.4)

where mi is the mass of the i-th cross section of the blade; ci,opt is the averaged chord
of the i-th cross section of the optimized blade; ci,or is the averaged chord of the i-th
cross section of the original blade; Mtot is the total mass of the blade.

The power curve is determined with the BEMmethod. In order to compute the AEP,
it is necessary to combine the power curve with the probability density of wind (i.e.,
the Weibull distribution). The function defining the probability density can be written
in the following form:

f(Vi < V < Vi+1) = exp(−(
Vi
A )

k
) − exp(−(Vi+1A )

k
) , (8.5)

where A is the scale parameter, k is the shape factor and V is the wind speed. The
shape factor is chosen to be k = 2, corresponding to the Rayleigh distribution.

The output power of a wind turbine has a relationship to wind speed, as shown
in Fig. 8.11. If a wind turbine operates for about 8700 hours per year, its AEP can be
evaluated as

AEP =
N−1
∑
i=1

1
2 (P(Vi+1) + P(Vi)) × f(Vi < V < Vi+1) × 8700. (8.6)

The P(Vi) is the power at wind speed Vi which can be calculated through

P(Vi) = CP(λ, β)PVi =
1
2ρV

3ASCPi (λ, β) (8.7)

where ρ is the air density, AS is the area of rotor plane, CP is the power coefficient and
β is the pitch angle.
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8.3.2 Design variables and constraints

To obtain a reliable optimization of a wind turbine blade, the geometry of the blade
needs to be represented as far as possible. This requires a great number of design
variables. On the other hand, the selection of more design variables in the optimization
procedure requires more calculation time. The design variables are often chosen to be
the parameters controlling rotor shape and airfoil characteristics, as well as regulating
rotor speed and pitch angle. The rotor shape is controlled by the rotor diameter, chord,
twist, relative thickness and shell thickness.

To illustrate our optimization model, we focus on two different rotors: one 2MW
rotor and one 5MW virtual rotor. The optimization is based on the original rotors. The
rotor diameter and the rotor speed are chosen to be the same. As a consequence of the
choice, chord, twist angle, relative thickness and tip pitch angle are chosen as design
variables. The distributions of chord, twist angle and relative thickness are very impor-
tant for the aerodynamic performance of a rotor. Based on a general chord distribution,
a cubic polynomial is used to control the chord distribution. Because of the multiple
distribution characteristics, a spline function is used to control the distributions of
twist angle and relative thickness. The constraints of the design variables are

Xi,min ≤ Xi ≤ Xi,max, i = 1, 2, 3. (8.8)

Since the cost of a rotor depends on the lifetime of the blades, which is influenced by
the maximum load and the fatigue load; the maximum output power, the maximum
shaft torque and the maximum thrust need to be restricted. These three variables are
also constrained in the optimization process. The axial and tangential loads on the
blades are calculated from the lift and drag forces as

{
Fn = Fl cosφ + Fd sinφ,
Ft = Fl sinφ − Fd cosφ,

(8.9)
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where Fl is the lift force, Fd is the drag force and φ is the flow angle. The total thrust
of the rotor is obtained from the axial force and is constrained as

T ≤ Tmax, (8.10)

where Tmax is the maximum thrust that is taken to be the maximum thrust of the
original rotor. A similar constraint for the shaft torque is also imposed. The tangential
force Ft contributes mostly to the shaft torque and the output power. A bigger shaft
torque will increase the load of the transmission system and reduce the lifetime of the
gearbox. Therefore, the shaft torque distribution on the blades is constrained as

M ≤ Mmax, (8.11)

where Mmax is the maximum shaft torque that is taken to be the maximum thrust of
the original rotor.

8.3.3 Optimization program and method

The aerodynamic model discussed in Section 6.4 was utilized in this optimization. As
is a common procedure for optimization problems, we have one objective function and
multiple constraints. To achieve the optimization, the fmincon function in MATLAB is
used. The optimization process is shown in Fig. 8.12.

Design
variables (x)

Design
constraints (g)

Objective
function (f(x))

Optimization results
and analysis

Optimizations

Aerodynamics Costs (C)

Fig. 8.12: Optimization process.

Here, only the cost of the rotor is taken into account in relation to the annual energy
production. To demonstrate the capabilities and the reliability of the optimization
method, optimizations for two wind turbine rotors with different sizes will be carried
out consecutively in the following, and the performance of the optimized rotors will be
compared in detail with the original rotors for the same design load cases.
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8.3.4 Optimization results

8.3.4.1 Optimization results for the 2MW rotor
One 2MW rotor is chosen as the first test case of the optimizationmodel. The turbine is a
three-bladed rotor of radius 30.56m. The shape parameters and structural parameters
of the blades are listed in Tab. 8.3 and 8.4 respectively. In the BEM computations,
20 uniformly distributed blade elements are used. The optimization design is performed
from a radial position at a radius of 6.46m to the tip of the blade. In the optimization
process, the lower limits for chord, twist angle and relative thickness are 0m, 0° and
12.2%, respectively, and the upper limits are 3.3m, 8° and 100%, respectively. As before,
the maximum values of the design variables for the optimized rotor are chosen to be
the same as the original rotor. To reduce computational time, four points along the
blade are used to control the shape of the blade. The rotor diameter, the rotor speed

Tab. 8.3: The shape parameters of the blades.

Rotor
radius (m)

Chord
(m)

Twist
(°)

Relative
thickness (%)

 1.46 2.00 0 100
 2.96 2.00 0 100
 6.46 3.30 8  30.58
 9.46 3.00 7  24.10
12.46 2.70 6  21.13
15.46 2.40 5  18.70
18.46 2.10 4  16.81
21.46 1.80 3  15.46
24.46 1.50 2  14.38
27.46 1.20 1  13.30
30.56 0.02 0  12.20

Tab. 8.4: The structural parameters of the blades.

r (m) EI1 (MNm2) EI2 (MNm2) m (kg/m)

 1.46 14480.00 14480.00 3460.00
 2.96  1901.60  1963.60  442.64
 6.46   566.57  1400.30  337.19
 9.46   235.68   851.64  275.64
12.46   119.16   525.11  229.02
15.46    59.83   329.37  191.40
18.46    29.76   207.20  166.92
21.46    13.80   120.99  159.47
24.46     5.39    59.94   84.52
27.46     1.51    24.54   47.88
30.56     0.16     7.22   19.99

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



238 | 8 Shape optimization of wind turbine blades

and the airfoil shapes remain unchanged. Note from our optimizations that the final
solution is more or less independent of the choice of spline function.

In the optimization, chord, twist angle and relative thickness are forced to de-
crease from the starting point to the blade tip. With these constraints, the optimization
converges after about 30 iterations. In order to save optimization time, four control
points were chosen for interpolating for the chord, twist and relative thickness distri-
butions.
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The chord and twist distributions of the original and the optimized rotor are shown in
Fig. 8.13 and 8.14 respectively. From Fig. 8.13 it can be seen that the optimized blade
attains a remarkable reduction in chord length in the region between 10 and 23m, as
compared to the original rotor. The optimized blade still has a linear chord distribution.
At a radius of 15m, the chord reduction reaches a maximum value of about 16%. From
a position at a radius of 23m to a position at a radius of 28m, the optimized chord
has almost the same value as the original distribution. This is because the original
chord was already almost optimal in this region. The twist angle (Fig. 8.14) is a little bit
smaller than the original distribution.

8.3.4.2 Optimization results for the 5MW rotor
One 5MW rotor is chosen as the first test case of the optimization model. The turbine is
a three-bladed rotor of radius 30.56m. The shape parameters and structural parameters
of the blades are listed in Tab. 8.5 and 8.6 respectively. The rotor is equipped with three
blades of 63m. In the BEM computations, 40 uniformly distributed blade elements are
used. The optimization design is performed from a position at a radius of 15m to the
tip of the blade. In the optimization process, lower limits for chord, twist angle and
relative thickness are 0m, 0° and 18%, respectively, and the upper limits are 5m, 15°
and 100%, respectively. For the same reason as for the previous rotor, the maximum
values of the design variables for the optimized rotor are chosen to be the same as
the original rotor. The rotor diameter, the rotor speed and the airfoil shapes remain
unchanged in the optimization.

To reduce computational time, four points along the blade are used to control
the shape of the blade. Using the same ideas as for the 2MW rotor, the optimization
converges after about 36 iterations. The chord and twist angle distributions of the
original and the optimized rotor are shown in Fig. 8.15 and 8.16 respectively. From
Fig. 8.15 it can be seen that the original rotor attains an almost linear chord distribution,
whereas the optimized blade has a sharp decrease after 30m. In the region between 30
and 48m, the optimized rotor has a smaller chord than the original rotor. The chord
reduction reaches a maximum value of about 8.2% at a radius of 40m. Between 48 and
60m on the blade, the optimized rotor has a slightly smaller chord than the original
rotor. From Fig. 8.16 it can be seen that the twist angle is reduced significantly in the
region between 25 and 35m, whereas it is almost the same on the rest of the blade.
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Tab. 8.5: The shape parameters of a 5MW blade.

Rotor
radius (m)

Chord
(m)

Twist
angle (°)

Relative
thickness (%)

 2.87 3.542 13.308 40
 5.60 3.854 13.308 40
 8.33 4.167 13.308 40
11.75 4.557 13.308 40
15.85 4.652 11.48 35
19.95 4.458 10.162 35
24.05 4.249  9.011 30
28.15 4.007  7.795 25
32.25 3.748  6.544 25
36.35 3.502  5.361 21
40.45 3.256  4.188 21
44.55 3.010  3.125 18
48.65 2.764  2.319 18
52.75 2.510  1.526 18
56.17 2.313  0.863 18
58.90 2.086  0.37 18
63 0.5  0 18

Tab. 8.6: The structural parameters of the blades.

r (m) EI1 (MNm2) EI2 (MNm2) m (kg/m)

 2.87 1.90967e10 1.95485e10 767.89
 5.60 1.12329e10 1.53515e10 607.25
 8.33 5.81482e9 8.45976e9 409.23
11.75 4.65455e9 7.17288e9 425.85
15.85 2.54191e9 5.03389e9 352.32
19.95 2.02233e9 4.46923e9 338.17
24.05 1.54902e9 3.95249e9 320.56
28.15 1.0514e9 3.37782e9 293.02
32.25 6.40991e8 2.68491e9 260.56
36.35 3.78233e8 2.16981e9 234.83
40.45 2.15099e8 1.48632e9 192.46
44.55 1.18041e8 1.11418e9 160.55
48.65 8.39593e7 7.55915e8 134.48
52.75 5.49758e7 4.84947e8 102.81
56.17 3.71712e7 3.75799e8  86.87
58.90 2.5448e7 2.73536e8  67.77
63.00 170000 5.01e6  10.32
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of chord distributions.
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8.3.5 Comparison of rotor performance

8.3.5.1 Performance of original 2MW rotor and optimized rotor
The power output of the original 2MW and the optimized rotor are listed in Tab. 8.7. It
can be seen that the optimized power output is slightly smaller than that of the original
rotor while the cost of the optimized rotor is reduced. At a rated wind speed of 14m/s,
the output power of the optimized rotor is reduced by about 2.6% compared with the
original rotor. The AEP of the optimized rotor is reduced by about 4%, whereas the
cost of the optimized rotor has been reduced by about 7.1%. Thus, the cost of energy
produced by the rotor is reduced by about 3.4%.
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Tab. 8.7: Power output of original and optimized rotor.

Inflow
velocity (m/s)

Power of
original rotor (MW)

Power of
optimized rotor (MW)

 5 0.057 0.048
 7 0.27 0.26
 9 0.61 0.60
10 0.82 0.83
11 1.07 1.06
12 1.34 1.32
13 1.62 1.63
14 1.91 1.86
15 2 2
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Fig. 8.17: Axial induction factors.
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Fig. 8.18: Tangential induction factors.
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In order to investigate why the optimized rotor with a smaller chord in the middle
part of the blade produces almost the same power as the original rotor, the axial and
tangential induction factors of the two rotors at wind speed of 10m/s are shown in
Fig. 8.17 and 8.18 respectively. In Fig. 8.17, the axial induction factor of the optimized
rotor is about 0.3 in the region from 10 to 22m, whereas the original rotor has a value
around 1

3 . As is known, the maximum power coefficient (Betz limit) occurs at an axial
induction factor of 1

3 . Hence, the original rotor has almost reached themaximumpower
coefficient. However, since the optimized rotor has an important chord reduction in
this region and a slightly smaller power coefficient (a slightly smaller tangential force),
the optimized rotor is economically more efficient. In the area close to 25m, the axial
induction factor reaches almost 1

3 , and therefore, the optimized rotor has locally the
highest power coefficient. The tangential induction factor is almost the same for both
rotors which is shown in Fig. 8.18. The angle of attack is plotted in Fig. 8.19. It can be
seen from Fig. 8.19 that the angle of attack on most of the blade, from a radial position
of 10m to the blade tip, is between 5° and 10° for both rotors. Moreover, the angle of
attack of the optimized rotor is higher than that of the original rotor, especially in the
region with a smaller chord.
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Fig. 8.19: AOA at inflow speed of 10m/s.

The structural performance of the original and the optimized rotor is investigated at a
wind speed of 14m/s. The flapwise and edgewise deflections of the blade on the two
rotors are plotted in Fig. 8.20 and 8.21 respectively. From the figure, we can see that
the deflections of the optimized rotor are slightly smaller along the whole blade in
both the flapwise and the edgewise directions than those of the original rotor. The
comparison of axial force and tangential force between the original and the optimized
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rotor is shown in Fig. 8.22 and 8.23. The axial forces and the tangential forces of the
optimized rotor are reduced significantly in a region from 10 to 23m radius. The total
thrusts of the two rotors are listed in Tab. 8.8. From the table, it can be seen that the
thrust has been reduced for all wind speeds below rated power, and that the maximum
reduction in thrust (about 5%) is reached at a wind speed of 14m/s. Small deflections
and reduced forces increase the lifetime of the rotor and thus further reduce the cost of
the rotor.
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Fig. 8.20: Flapwise deflections.
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Fig. 8.21: Edgewise deflections.
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Fig. 8.22: Axial force.
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Fig. 8.23: Tangential force.

8.3.5.2 Performance of original 5MW rotor and optimized rotor
The power output of the original 5MW and the optimized rotor are listed in Tab. 8.9.
From the table, it can be seen that the power of the optimized rotor is almost the same
as the original rotor, while the cost of the optimized rotor is reduced. The AEP of the
optimized rotor is only reduced by about 0.1%, whereas the cost of the optimized
rotor has been reduced by about 2.7%. Thus, the cost of energy for the original rotor is
reduced by about 2.6%.
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Tab. 8.8: Total thrusts of the two rotors.

Inflow
velocity (m/s)

Thrust of
original rotor (kN)

Thrust of
optimized rotor (kN)

 5  54.54  54.25
 7  84.91  83.75
 9 123.62 120.89
10 143.24 139.66
11 162.14 157.11
12 179.33 173.22
13 195.62 187.78
14 209.99 200.45
15 200.27 205.15
16 184.00 179.82
17 166.66 164.38
18 158.76 157.09
19 149.45 149.37
20 141.57 141.78

Tab. 8.9: Power output of original and optimized rotor.

Inflow
velocity (m/s)

Power of
original rotor (MW)

Power of
optimized rotor (MW)

 5 0.23 0.22
 7 0.87 0.91
 9 2.44 2.45
10 3.43 3.42
11 4.56 4.54
11.5 5 5
12 5 5
13 5 5
15 5 5

In order to investigate why the optimized rotor with a smaller chord produces almost
the same power as the original rotor, the axial and tangential induction factors of the
two rotors at wind speed of 9m/s are shown in Fig. 8.24 and 8.25 respectively. From
Fig. 8.24, the axial-induced velocity interference factor of the new rotor is found to
be about 1

3 in the region from 30 to 50m, whereas the original rotor has a linearly
changing value from 0.3 to 0.4. As it is known that the maximum power coefficient
(Betz limit) occurs at an axial induction factor of 1

3 , the optimized rotor has almost
reached the maximum power coefficient and is expected to be more optimal. On the
other hand, since the optimized rotor has an important chord reduction in this region,
the optimized rotor is economically more efficient. The almost same tangential force for
the optimized rotor is achieved with a smaller twist angle at a radial position between
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20 and 40m and with a smaller axial induction factor (a bigger angle of attack) at
a radial position between 40 and 60m. The tangential induction factor (Fig. 8.25) is
almost the same for both rotors. The angle of attack is plotted in Fig. 8.26. From the
figure, the angle of attack on most of the blade from 20 to 58m is below 5° for both
rotors. However, the angle of attack of the optimized rotor is higher than that of the
original rotor. Thus, the optimized rotor produced a higher lift coefficient and it needs
only a smaller chord to produce the same tangential force.
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Fig. 8.24: Axial induction factors.
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Fig. 8.25: Tangential induction factors.
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Fig. 8.26: AOA at inflow speed of 10m/s.

The comparison of axial force and tangential force at a wind speed of 11.5m/s between
the original and the optimized rotor is shown in Fig. 8.27 and 8.28. The axial forces and
the tangential forces of the optimized rotor are reduced especially in a region from 35
to 55m radius. The flapwise and edgewise deflections of the blade on the two rotors (at
a wind speed of 11.5m/s) are plotted in Fig. 8.29 and 8.30 respectively. It can be see that
the deflections in both directions of the optimized rotor are smaller on the outer part
of the blade than those of the original rotor. The flapwise deflection at tip decreased
from 3.6m to 3.3m with a reduction of 8.3%. Similarly, the edgewise deflection at tip
decreased from 0.22m to 0.2m with a reduction of 10%.

Tab. 8.10: Total thrusts of the two rotors.

Inflow
velocity (m/s)

Thrust of
original rotor (kN)

Thrust of
optimized rotor (kN)

 5 214.669 213.315
 7 355.819 350.076
 9 505.221 496.675
10 593.156 582.410
11 680.006 666.377
11.5 713.128 697.407
12 596.238 584.729
13 517.300 509.187
15 451.105 446.771
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Fig. 8.27: Axial force.
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Fig. 8.28: Tangential force.

The total thrusts of the two rotors are listed in Tab. 8.10. From the table, it can be seen
that the thrust has been reduced for the optimized rotor with the same pitch setting.
At the rated wind speed of 11.5m/s, the maximum total thrust of the rotor has been
reduced by 2.3%. Smaller deflections and thrust forces can increase the lifetime of the
rotor and at the same time reduce the cost of the rotor.
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Fig. 8.30: Edgewise deflections.

Tab. 8.11: Basic parameters in blade design.

Rated
power

Rated
wind speed

Number
of blades

Rotor rotation
direction

Rotor
radius

Designed
tip speed ratio

2MW 12.5m/s 3 clockwise 31m 6–8
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8.4 Optimization of blades for 2MWwind turbines

8.4.1 Design of new wind turbine blades

The airfoil series CQU-A, shown in Fig. 8.7 and 8.8, has been used for optimization. The
CQU-A series, with varying maximum relative thickness between 15% and 40%, has
high lift coefficient and lift-to-drag ratio. The basic parameters of the designed initial
wind turbine blades are shown in Tab. 8.11. The spanwise distribution of airfoils refers to
a 2MWwind turbine. Reynolds number and Mach number are determined according to
the position of the airfoils under rated operating conditions. The distribution of airfoil
and boundary layer condition along the span are shown in Tab. 8.12. The transitional
airfoil between twoneighboring standard airfoils canbe obtained through interpolation.
As the rotor speed has great influence on Reynolds number, as has been shown in
Fig. 8.1, Tab. 8.12 demonstrates several Reynolds numbers at some key blade sections
when the rotor speed reaches 20 rpm. The change in Reynolds number will directly
influence the change in lift-to-drag ratio of the airfoil. Fig. 8.3 shows that the Reynolds
number has the greatest influence on themaximum lift-to-drag ratio when it is between
1.0 × 106 and 3.0 × 106 under the smooth condition, which is basically consistent
with the variation in maximum lift-to-drag ratio with Reynolds number in the literature
[6]. Since Mach number has little influence on the aerodynamic characteristics, we
take the Mach number of the whole blade as 0.15.

Tab. 8.12: Distribution of airfoil and boundary layer condition along blade span.

μ = r/R Relative thickness Airfoil name Boundary layer conditions

0.04–0.08 100% Circle Re = 1.0 × 106,Ma = 0.15
0.10–0.20 100–40% Transitional airfoil 1 Re = 1.0 × 106,Ma = 0.15
0.20–0.25 40% CQU-A400 Re = 1.5 × 106,Ma = 0.15
0.25–0.30 40–35% Transitional airfoil 2 Re = 1.5 × 106,Ma = 0.15
0.30–0.35 35% CQU-A350 Re = 2.5 × 106,Ma = 0.15
0.35–0.40 35–30% Transitional airfoil 3 Re = 2.5 × 106,Ma = 0.15
0.40–0.45 30% CQU-A300 Re = 2.5 × 106,Ma = 0.15
0.45–0.50 30–25% Transitional airfoil 4 Re = 2.5 × 106,Ma = 0.15
0.50–0.60 25% CQU-A250 Re = 3.0 × 106,Ma = 0.15
0.60–0.65 25–21% Transitional airfoil 5 Re = 3.0 × 106,Ma = 0.15
0.65–0.70 21% CQU-A210 Re = 3.0 × 106,Ma = 0.15
0.70–0.75 21–18% Transitional airfoil 6 Re = 3.0 × 106,Ma = 0.15
0.75–0.80 18% CQU-A180 Re = 2.5 × 106,Ma = 0.15
0.80–0.85 18–15% Transitional airfoil 7 Re = 2.5 × 106,Ma = 0.15
0.85–1.00 15% CQU-A150 Re = 2.5 × 106,Ma = 0.15
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8.4.2 Establishing the multiple-objects optimization model

8.4.2.1 Objective function
As for pitch-regulated wind turbines, the rotor speed can be continuously adjusted so
as to make the wind turbine run at the optimization point Cp,max . Therefore, in this
section, the maximum power coefficient of the wind turbine is chosen as the objective
of the optimization:

F1(X) = max(CP). (8.12)

The definition of the power coefficient of the wind turbine can be written as

Cp =
P

ρV3A/2
. (8.13)

Another equation for the power coefficient is obtained through a series of transforma-
tions based on BEM theory

Cp =
8λ2

R4

R

∫
0

a�(1 − a)r3 dr. (8.14)

Wind turbine blades are made of composite materials whose blade density changes
alongwith the sophisticated curve surface. So it is hard to establish themass calculation
mathematical model with the use of traditional composite laminate theory. Therefore,
when other conditions are consistent (blade layer thickness and density, etc.), the
strategy of transferring the mass calculation to area calculation of curved surface was
adopted. Fig. 8.31 shows the schematic diagram for the blade area calculation model.
The minimization of blade curve area is an optimization objective:

F2(X) = min(Ablade), (8.15)

Ablade = B
R

∫
0

f(x, y)dr, (8.16)

where f(x, y) is the circumference of the airfoil section located at r spanwise location.

dr

f(x,y)

f(x,y)

r
Rdr

Fig. 8.31: Schematic diagram of blade area calculation model.
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This function is expressed as follows

f(x, y) =
m
∑
i=1
√(xi+1 − xi)2 + (yi+1 − yi)2, (8.17)

where xi , yi are the coordinates of the airfoil section on the twisted blade. If there were
enough points, f(x, y) would be close to the curve length. The coordinate relationship
between the airfoil section on the twisted blade and the original airfoil is

{
xi = c(x0,i cos β + y0,i sin β),
yi = c(x0,i sin β + y0,i cos β),

(8.18)

where x0,i and y0,i are coordinates of the airfoil with unit chord length before putting
a twist on the blade; c is the blade’s chord at spanwise location r; and β is the twist at
spanwise location r . Combining equations (8.16)–(8.18), the area of the whole blade
can be calculated.

From the two target functions above, this optimization process is substantially a
nonlinear bi-object optimization mathematical model. For convenience of solution, the
multiple-objects optimization is converted into a single-object optimization function
by setting weight coefficient

F(X) = max{μ1F1(X) + (1 − μ1)[−F2(X)/ratio]}, (8.19)

where μ1 is the weight coefficient (μ1 ∈ [0, 1]). In order to set the two target functions
in the same order of magnitude, we give a scale factor “ratio”. The maximum power
coefficient is generally close to 0.5, so F2(X)/ratio should also be in the same order of
magnitude.

8.4.2.2 Design variables and constraints
The chord, twist and relative thickness directly determine the shape of the blades. The
radius of a rotor is set to be 31m. The thickness distribution of the blade can be obtained
through interpolation from Tab. 8.12. Therefore, the chord and twist of the blade were
chosen as optimization variables. The distributions of chord and twist of the EU 2MW
Tjæreborg blade were chosen to design the initial blade for this optimization

In order to ensure good aerodynamic characteristics and continual surface smooth-
ness of the blade, eight control points were chosen at the exact spanwise locations of
standard airfoils to control the chord distribution. The same strategy is used for twist
distribution. The constraint boundaries of the design variables are shown in Tab. 8.13.

Xi,min ≤ Xi ≤ Ximax, i = 1, 2. (8.20)

Furthermore, the loads on the blade, which can obtained through BEM theory, should
also be constrained in optimization design. Based on the aerodynamics of the wind
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Tab. 8.13: Constraint boundaries of the design variables.

Chord c (m) Twist θ (°) Relative thickness δ (%)

Maximum 3.2 12.0 40
Minimum 0.1  −0.1 15

turbine, the normal force coefficient Cn and the tangential force coefficient Ct of a
blade section can be expressed as follows:

{
Cn = L cosφ + D sinφ,
Ct = L sinφ − D cosφ,

(8.21)

where L is the lift coefficient of the airfoil, D is the drag coefficient of the airfoil.
When the rotor isworking, the bendingmoment at the blade root is huge,whichwill

directly influence strength and the fatigue life of the blade. And the bendingmoments at
the blade root are mainly flapwise bending moments and edgewise bending moments.
The former are caused by thrust and the latter are caused by the in-plane tangential
force distribution. The flapwise bending moment is mainly influenced by aerodynamic
loads [183, 184], which should be controlled below the limit value

Mflap =
1
2ρB

R

∫
0

V2
0(1 − a)2

sin2 φ
cCnr dr ≤ Mflap,max. (8.22)

Furthermore, the torque of the rotor is formed due to the tangential force on the blade.
However, over-sized torque is harmful to the mechanical transmission system. There-
fore, the torque of a wind turbine should be controlled and restricted:

MT =
1
2ρB

R

∫
0

V0(1 − a)wr(1 + a�)
sinφ cosφ cCtr dr ≤ MT,max. (8.23)

8.4.3 Optimization result

Based on the aerodynamic model for wind turbine rotors in Chapter 6, the thrust and
torque on blades and the power coefficient of the rotor can be calculated. Improved
multiple-objects particle swarm algorithmwas used in the optimization. For some basic
parameters in the particle swarm algorithm, we take 0.9 as the inertia weight w, 0.5
and 0.5 as the learning factors C1 and C2, 16 as the variable dimensions, 50 as the size of
population and 200 as the maximum number of iteration, 0.25 as the weight coefficient
μ1 and 500 as the scale factor “ratio”. The flow chart of optimization is shown in
Fig. 8.32. Fitness value is calculated based on BEM theory and surface area. The particle
swarm parameters are updated according to fitness value. The optimized value can be
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Fig. 8.32: Flow chart of blade optimization.

output if the fitness value meets the iteration termination condition. Otherwise, the
iteration will continue until the criterion is satisfied. The aerodynamic characteristics
of airfoils are calculated with RFOIL software and then they are extended to angles of
attack within ±180° through extrapolation.

Fig. 8.33 and 8.34 show the comparison of the distributions of chord and twist of
the blade before and after optimization. From Fig. 8.33 it can be seen that the spanwise
distribution of chord of the newly-designed blade is nonlinear. The chord of the opti-
mized blade is smaller than that of the initial blade, which is especially evident in the
middle part of the blade. This is because the minimization of the blade area is taken
as the target function. Therefore the algorithm will tend to reduce the area and mass
of the blade. From Fig. 8.34 it can be seen that the twist of the newly-designed blade
is also distributed in a nonlinear way. The twist in the blade root is evidently larger
than that of the initial blade while the difference at the blade tip is not as evident as
that at the root. Moreover, increasing twist of the blade will decrease the load at the
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blade root, which is beneficial to blade life and the cost of blade will be reduced. The
newly-designed blade after optimization is shown in Fig. 8.35. It can be seen that the
blade chord is distributed in a smooth and continuous way.

The variation in the power coefficients with respect to tip speed ratio for the Tjære-
borg blade, original blade and optimized blade are shown in Fig. 8.36. The power
coefficient of the initial blade under design tip speed ratio (2–7.5) is evidently larger
than that of the EU Tjæreborg experimental blade, which is caused by the different
aerodynamic performance of different airfoil series. The power coefficient of the newly-
designed blade under the design tip speed ratio (6–12) is evidently larger than that of
the initial blade, which is mainly caused by different shape parameters of the blade.
The variations in the distribution of annual energy production and power coefficients
of the three rotors with respect to wind speed are shown in Fig. 8.37 and 8.38. The
improved distribution of annual energy production and power of the newly-designed
rotor is obvious at the rated wind speed (V ≤ 12.5m/s). When the wind speed arrives
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Fig. 8.35: The shape of the optimized blade.

at the rated value, the distribution of annual energy production and power will remain
unchanged by keeping power at 2MW by using the pitch-regulated system.

The comparison of the performance of the Tjæreborg rotor, the initial rotor and
the optimized rotor is shown in Tab. 8.14. In terms of maximum power coefficient and
AEP, the initial blade is better than that of the Tjæreborg rotor. However, in terms of
the root load and rotor torque, the initial blade is worse than that of the Tjæreborg
rotor. The maximum power coefficient of the optimized rotor is 0.50830 (increased by
4.019% compared with the initial rotor), and AEP is 4.406 × 106 kWh (increased by
1.967% compared with the initial rotor), and the newly-designed rotor area (from 0.2R
to 1.0R) is 278.906m2 (decreased by 19.005% compared with the initial rotor). The
mass of the rotor is greatly decreased, blade fatigue life span is increased and the cost
is accordingly decreased. The new high-performance wind turbine airfoils adopted in
the initial blade lead to an increase in blade root loads. After optimization, both the
bending moment and torque at the blade root decrease. The reduction in the bending
moment is more obvious, which indicates that this design can control the blade root
load effectively.
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Tab. 8.14: Comparison of the performance of the three rotors.

Rotor name λ Cp,max AEP (kWh) Sweep area
of rotor (m2)

Root bending
moment (kNm)

Rotor torque
(kNm)

Tjæreborg 7.0 0.47658 4.224 × 106 357.847 4755 560
Initial 7.0 0.48866 4.321 × 106 344.348 5311 584
Optimized 7.0 0.50830 4.406 × 106 278.906 4542 580

Note: Cp,max is the maximum power coefficient, λ is the tip speed ratio.

8.5 Chapter conclusions

In the design of blades, key parameters like tip speed ratio, rotor diameter, Reynolds
number, aerodynamic performance of airfoil and blade root load, etc. have a great influ-
ence on the performance of a wind turbine. The mutual influences between Reynolds
number and airfoil aerodynamic performance were thoroughly analyzed for pitch-
regulated wind turbines based on wind turbine aerodynamics. The influence of the key
parameters (like rotor diameter, Reynolds number, lift-to-drag ratio and tip speed ratio)
on wind turbine performance has been studied for three rotors with the same airfoil
group and with different diameters. For blades of two rotors with the same diameter,
the influence of different airfoils on rotor performance has also been studied. The
results indicates that airfoils with higher performance will definitely raise the power
coefficient and AEP of the rotor, as well as the root load.
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The optimization mathematical model, taking chord, twist, and relative thickness
as design variables and COE as the objectives, was established. Optimizations of blades
for 2MW and 5MW rotors have been carried out and the comparative analyses of the
shape parameters, structural characteristics and aerodynamic characteristics have
been made for initial and optimized rotors. The COE of 2MW and 5MW rotors have
been successfully reduced by 3.45% and 2.6% respectively. Meanwhile, the blade load
and vibration deformation has been decreased to extend the service life of the blades.

A multiple-objects optimization model was proposed to solve the problem that the
loads at the root will increase with the aerodynamic force. Based on modified wind
turbine aerodynamics theory, a new type ofwind turbine blade design and optimization
modelwas established. Themaximization of the power coefficient and theminimization
of the blade area were taken as the objectives; chord and twist were taken as design
variables. The airfoil series CQU-A has been adapted to the blade during optimization.
The improved multiple-objects particle swarm algorithm was utilized. A comparative
analysis has been made between optimized blade, original blade, and Tjæreborg blade.
The optimized result shows that the newly-designed 2MW blade has been improved,
compared with original blade and the Tjæreborg blade, in terms of maximum power
coefficient and AEP. The service life of the blade has been extended and the mass
and cost of the blade have been decreased. Meanwhile, the root load is reduced.
This research provides references for designing blades of wind turbines with high
performance and low cost.
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9 Structural optimization of composite
wind turbine blades

9.1 Introduction

The blade is one of the most important components of a wind turbine. As rotor size
has increased, blades are now increasingly made of composite materials. Composite
materials have properties such as lower weight and higher stiffness, which can help
the blade to endure larger loads. The structural characteristics of composite blades are
the focus of many scholars worldwide [41–46, 49, 185–188].

Firstly, the basics of the mechanics of composite materials was introduced in this
chapter. The geometric modeling and initial layup have been designed for the newly-
designed 2MW blade introduced in Chapter 8. A faithful parametric finite element
model of composite wind turbine blades has been established. Based on the modi-
fied Blade Element Momentum theory in Chapter 6, a new one-way fluid-structure
interaction method is introduced. Then the pressure coefficients for each airfoil can
be acquired by RFOIL. Then, the pressure distribution for each blade section can be
expressed by a high order polynomial which can be applied to the finite element model.
Finally, a procedure combining finite element analysis and particle swarm algorithm
to optimize composite structures of the wind turbine blade is developed. The thick-
nesses of unidirectional laminate, biaxial laminate, triaxial laminate, etc. are taken
as design variables. Two optimization schemes are proposed and their optimization
results analyzed.

9.2 Basics of the mechanics of composite materials

Composite materials refer to multidirectional materials (macroscale) which are com-
posed of two or more kinds of materials with different properties [41–46, 49, 185–188].
Furthermore, composite materials are mainly composed of two parts: one part is the
reinforcement (fiber, particle or sheet, etc.), which bear the various loads of the struc-
ture; the other part is the matrix (organic polymer, metal, porcelain and carbon, etc.)
which can bond the reinforcements, pass along the stress and reinforce the toughness
of the composite material. Compared with metal materials and the products made from
metal materials, composite materials and the products made from composite materials
can greatly reduce the material consumption and assembly workload. They can also
greatly simplify the production cycle, enhance the performance of products and extend
their service life, etc. Due to the advantages listed above, composite materials have
already been widely utilized in the structural design of wind turbine blades.

DOI 10.1515/9783110344387-010
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9.2.1 Classification of fiber reinforcement composite materials

Composite blades are normally made of glass fiber reinforced epoxy resin or carbon
fiber reinforced epoxy resin which belong to the fiber reinforced composite materials.
The classification and characteristics of fiber reinforced composite materials will be
introduced in this section.

Fiber materials can mainly be classified as glass fiber, boron fiber, carbon fiber,
aramid fiber, etc. Their fundamental characteristics are shown in Tab. 9.1.

Tab. 9.1: Fundamental characteristics of various fiber materials.

Materials Diameter Relative
density

Tensile
strength

Elastic
modulus

Specific
strength

Specific
modulus

(μm) (MPa) (GPa) (MPa) (GPa)

E glass fiber  10 2.55 3500  74 1370  29
Boron fiber  10 2.65 3500 410 1320 155
Carbon fiber 100 1.75 3500–7000 350–580 2000–4000 129–130
Aramid fiber   6 1.47 2830 134 1930  91

Matrix materials are mainly classified into thermosetting resin and thermoplastic resin.
The common thermosetting resins are epoxy resin, phenolic resin and polyester resin.
The main characteristic of epoxy resin is the strong adhesiveness, good wettability into
fiber reinforcement, small shrinkage rate of cured resin and higher heat resistance.
The commonly used thermoplastic resins are polyethylene resin, polystyrene resin,
polypropylene resin, etc. The characteristics of common matrix resins are shown in
Tab. 9.2.

Tab. 9.2: Characteristics of common matrix resins.

Name Relative
density

Tensile
strength

Modulus Tensile
strength

Bending
strength

(GPa) (MPa) (MPa)

Epoxy 1.1–1.3 60–95 3–4 90–110 100
Phenolic 1.3 42–64 3.2 88–110  78–120
Polyester 1.1–1.4 42–71 2.1–4.5 92–190  60–120
Polyethylene 1.1 23 8.4 20–25  25–29
Polystyrene 0.9 35–40 1.4 56  42–56
Polypropylene 1.2 59 2.8 98  77
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9.2.2 Characteristics of composite materials

Compared with traditional materials, composite materials are composed of reinforce-
ments and matrix. Thus they have unique structural characteristics [190].
(1) Heterogeneity, anisotropy and randomness of mechanics performance. Due to the

anisotropy of composite materials, the mechanics performance along the fiber
direction and perpendicular to the fiber direction are mainly determined by the
performance of the matrix material and the bonding capacity between matrix and
fibers.

(2) High specific strength and specific modulus. The strength and modulus per unit
mass are called specific strength and specific modulus, which are performance
indexes to measure the load bearing capacity and rigidity of a material on the
premise of equal mass. The specific strength and specific modulus are important
indexes for aerospace, aviation and wind turbine applications. Structures made of
composite materials can have better performance and lighter mass.

(3) Designability of material. Designers cannot casually alter the performance indexes
of metal materials. However, the integral performance of composite materials is
not only determined by the characteristics of fibers andmatrix but also determined
by the fiber content, layup pattern, layup order, etc. This brings great superiorities
to the design.

(4) Anti-fatigue performance. Although cracks in composite materials expand and
reach the critical dimension faster than in metal materials, there is a process
before a fracture appears in composite materials. Therefore, sudden destruction of
composite materials because of fatigue will not happen, which makes the fatigue
resistance of composite materials better than that of metal materials.

(5) Simple manufacturing process and low cost. Compared with components made of
traditional metal materials, less complicated machining equipment and processes
are needed in the fabrication of composite components. Additionally, composite
materials can be made into thin structures with less material consumed and fewer
working hours.

(6) Good thermal stability. Carbon fiber and aramid fiber both have a negative thermal
expansion coefficient. Therefore, if combined with matrix materials with a positive
thermal expansion coefficient, composite materials with small thermal expansion
coefficient can be made. When environmental conditions change, the thermal
stress and thermal strain are small.

Furthermore, composite materials also have other excellent characteristics like shock
resistance, conductivity, heat resistance, corrosion resistance, etc.
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9.2.3 Basic structures of composite materials and analysis methods

The elementary configurations of composite materials are mainly divided into plies
and laminates.

9.2.3.1 Plies
The commonly used plies are unidirectional plies and fabric plies. The fibers in unidi-
rectional plies are all aligned in one direction and the fibers in fabric plies are aligned
in two directions perpendicular to each other.

The direction of the fiber is usually called the longitudinal direction, which is
represented by “1”; the direction perpendicular to the direction of the fiber is called
the transverse direction, which is represented by “2”; the direction along the thickness
of plies is marked with “3”. The axes numbered by 1, 2 and 3 are called the main axes.
Plies are inhomogeneous and anisotropic due to the direction of fiber arrangement,
though fibers and matrix may be isotropic.

1

2 2

3

(a) Unidirectional plies (b) Fabric plies

3

1

Fig. 9.1: The commonly used plies.

9.2.3.2 Laminates
A laminate is made by stacking a number of plies with different main directions, as
shown in Fig. 9.2. Usually, plies of a laminate are bonded together usingmatrixmaterial
which is the same as thematrixmaterial used in each ply. Themajor purpose of stacking
plies is to design a material of the required strength and stiffness (which are related
to the main material directions of each ply) to meet the load bearing requirements of
the structure. The main material direction of each ply can be determined respectively
according to the requirements. The heterogeneity and anisotropy characteristics of
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x

y

Fig. 9.2: Different plies in a laminate.

laminates are far more complex than those of each ply. So the mechanics analysis and
computation of laminates are far more complex than those of each ply.

The methods for analyzing the mechanics of composite materials mainly include
micromechanics, macromechanics and structural mechanics, which will be illustrated
in the following.
(1) Micromechanics of composite materials: Micromechanics studies the mechanics

performance of composite materials through analyzing the interactions between
constituents. The fibers and matrix are considered as the basic components in
micromechanics of composite materials and are regarded as isotropic and homo-
geneous materials. The micromechanical performance of composite materials is
mainly analyzed based on the geometric shape and layout of fibers, the mechanics
performance of fibers and matrix as well as the interactions between fibers and
matrix. Although this method is precise, its mathematical derivations are very
complex and it is only appropriate to analyze the basic mechanics performance of
a ply under a simple stress state.

(2) Macromechanics of composite materials: Composite macromechanics study the
average performance of composites in a macro manner with the assumption that
the material is uniform. In macromechanics, each ply is regarded as an anisotropic
and homogeneous material without considering the inner interactions between
fibers and matrix. The stiffness and strength characteristics of a ply are expressed
by its average mechanics performance. The mechanics performance of a laminate
can be easily analyzed using this method, and the results are of relative high
accuracy.
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(3) Structural mechanics of composite materials: Through analyzing the average me-
chanics performance (in a macro manner) of a laminate with the analysis methods
for structure mechanics of isotropic and homogeneous materials, a mechanics
analysis of the composite structure’s components (i.e., laminates, shell, etc.) of
various shapes can be made. The structural mechanics of composite materials can
be conveniently used to solve the problems of bending, buckling, vibration, fatigue,
crack, damage or strength of opening, etc. of laminates and shell structures.

9.2.4 Anisotropy mechanics theory of composite materials

Different to elastic materials in elasticity theory, composite materials are heteroge-
neous and anisotropic. Composite materials can be regarded as homogeneous when
analyzing them from the macroperspective. As the differences between the mechanics
performance of fiber and matrix are large, fiber reinforced composite materials should
be regarded as anisotropic even from the macroperspective. Therefore, fiber reinforced
composite materials can be viewed as homogeneous and anisotropic bodies. So, the
equilibrium equations and geometric equations from elastic mechanics can still work
in the mechanics of composite materials, but the constitutive equations should be
established anew.
(1) Differential equations of motion (or equilibrium):

∂σx
∂x +

∂τxy
∂y +

∂τxz
∂z + fx = 0(ρ

∂2u
∂t2
)

∂τyx
∂x +

∂σy
∂y +

∂τyz
∂z + fy = 0(ρ

∂2υ
∂t2
)

∂τzx
∂x +

∂σzy
∂y +

∂σz
∂z + fz = 0(ρ

∂2w
∂t2
)

}}}}}}}}}
}}}}}}}}}
}

; (9.1)

(2) Geometric equations show the relationship between strain and displacement on
minor deformation and rotation. Based on elastic mechanics, the equations are
shown as follows:

εx =
∂u
∂x , γxy =

∂υ
∂x +

∂u
∂y

εy =
∂u
∂y , γyz =

∂w
∂y +

∂υ
∂z

εz =
∂w
∂z , γzx =

∂w
∂x +

∂u
∂z

}}}}}}}}
}}}}}}}}
}

; (9.2)

(3) Constitutive relations: For linear elastic and anisotropic materials, the linear re-
lationships between stress and strain can be obtained through the generalized
stress-strain relations (Hooke’s law)
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}}}}}}}}}
}}}}}}}}}
}

, (9.3)

where
{σx σy σz τyz τzx τxy}

T

is the stress vector;
{εx εy εz γyz γzx γxy}

T

is the strain vector;

[[[[[[[[[

[

C11 C12 C13 C14 C15 C16
C21 C22 C23 C24 C25 C26
C31 C32 C33 C34 C35 C36
C41 C42 C43 C44 C45 C46
C51 C52 C53 C54 C55 C56
C61 C62 C63 C64 C65 C66

]]]]]]]]]

]

is the stiffness matrix, Cij ( i, j = 1, 3, . . . , 6) is the element in the stiffness matrix
called the stiffness coefficient. As fiber reinforced composite materials have been
viewed as a homogeneous material in a macroperspective, the stiffness coefficients
are constant.

The numbers 1, 2 and 3 are used to represent axes x, y and z respectively. And the
stress and strain component symbols are expressed briefly as follows:

{σx σy σz τyz τzx τxy}
T
→ {σ1 σ2 σ3 τ4 τ5 τ6}

T ,

{εx εy εz γyz γzx γxy}
T
→ {ε1 ε2 ε3 γ4 γ5 γ6}

T .

Among homogeneous and anisotropic materials, orthotropic materials are commonly
studied in engineering. Materials with three symmetry planes for mechanics perfor-
mance that are orthotropic to each other are called orthotropic materials. Due to the
special performance of orthotropic materials, the number of stiffness coefficients for
orthotropic materials is only 9, which is less than that of ordinary anisotropic materials.
The stiffness matrix of orthotropic materials is a symmetric matrix. Thus the stress-
strain relations for an orthotropic material can be written as

{{{{{{{{{
{{{{{{{{{
{

σ1
σ2
σ3
σ4
σ5
σ6

}}}}}}}}}
}}}}}}}}}
}

=

[[[[[[[[[

[

C11 C12 C13 0 0 0
C21 C22 C23 0 0 0
C31 C32 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66

]]]]]]]]]

]

{{{{{{{{{
{{{{{{{{{
{

ε1
ε2
ε3
ε4
ε5
ε6

}}}}}}}}}
}}}}}}}}}
}

. (9.4)
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The strain component can be expressed with the stress component, and then we obtain

{{{{{{{{{
{{{{{{{{{
{

ε1
ε2
ε3
ε4
ε5
ε6

}}}}}}}}}
}}}}}}}}}
}

=

[[[[[[[[[

[
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S31 S32 S33 0 0 0
0 0 0 S44 0 0
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0 0 0 0 0 S66

]]]]]]]]]

]

{{{{{{{{{
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{

σ1
σ2
σ3
σ4
σ5
σ6

}}}}}}}}}
}}}}}}}}}
}

. (9.5)

It can be seen from equation (9.5) that the normal stresses only cause linear strain rather
than shear strain, and shear stresses only cause shear strain rather than linear strain.
Furthermore, shear stresses in one plane do not cause shear strains in another, in other
words, there is no coupling effect between shear stresses and strains of different planes.

The stiffness coefficients in equation (9.4) and the flexibility coefficients in equa-
tion (9.5) are the inherent characteristics of a material and can be obtained through
experiments. The Young’s modulus E and Poisson ratio ν of a material along one main
direction can be obtained through uniaxial tension tests along that direction. The shear
modulus G can be obtained through standard shear tests. And the flexibility matrix of
an orthotropic material can be expressed by these engineering constants as follows:

[S] =

[[[[[[[[[[[[

[

1
E1 −

ν21
E2 −

ν31
E3 0 0 0

− ν12E1
1
E2 −

ν32
E3 0 0 0

− ν13E1 −
ν23
E2 −

1
E3 0 0 0

0 0 0 1
G23

0 0
0 0 0 0 1

G31
0

0 0 0 0 0 1
G12

]]]]]]]]]]]]

]

. (9.6)

The stiffness matrix of an orthotropic material can be obtained through the inverse of
[S] in equation (9.6).

9.2.5 Strength criteria of unidirectional plies

Strength of a material refers to the material’s capability to withstand destruction when
bearing loads. Isotropic materials have the same strength on each direction, in other
words, strength is not related to direction. Normally, a material’s strength can be repre-
sented by ultimate stress. The strength of a composite material is related to direction.
For orthotropic materials, there are three main directions, and the strengths on each
main direction are different. For fiber reinforced unidirectional plies, the strength
along the fiber direction is usually dozens of times that of the strength in the direction
transverse to the fiber. Therefore, compared with isotropic materials, the strength of
orthotropic materials has the following features.
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(1) For isotropic materials, the maximum stress and linear strain in many strength
theories are referred to as the principal stress and the principal strain, respectively.
But for anisotropic materials, the maximum stress does not necessarily correspond
to the dangerous state of thematerial. So the strength state of anisotropic materials
cannot be judged without proper comparison with the actual stress field.

(2) There are three basic strength values for an orthotropic plywhen its tensile strength
and compressive strength are the same (see in Fig. 9.3).
X: strength along the direction of the fiber (along themain direction 1 of material);
Y : strength perpendicular to the direction of the fiber (along the main direction 2

of material);
S: shear strength within planes 1–2.

2

Y

S

X 1

Fig. 9.3: Basic strength values of a fiber reinforced
unidirectional ply.

Supposing the basic strengths within planes 1 and 2 of a unidirectional ply are as
follows:

X = 1500MPa, Y = 50MPa, S = 70MPa.

The strength along direction 1 is far higher than that on direction 2. Assuming
the stresses caused by loads are σ1 = 800MPa, σ2 = 60MPa, τ12 = 40MPa;
σ1 = 800MPa, σ2 = 60MPa are the stresses along material direction 1 and 2
respectively. They are not the first principal stress and the second principal normal
stresses. Although σ1 < X and τ12 < S shows no danger, σ2 > Y is satisfied which
will lead to the destruction of the ply according to some strength theories. The
strength of an anisotropic material is a function of the stress direction. However,
the strength of an isotropic material is unrelated to the stress direction.
There are five basic strength values for an orthotropic ply when its tensile strength
and compressive strength are different (for most composite materials), which is
shown as follows
Xt : tensile strength along the fiber direction;
Xc : compressive strength along the fiber direction;
Yt : tensile strength perpendicular to the fiber direction;
Yc : compressive strength perpendicular to the fiber direction;
S: shear strength within planes 1–2.
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(3) For orthotropic materials, although the tensile strength and the compressive
strength in the main directions of the material are different, the shear strength in
the main directions of the material remains unchanged regardless of whether the
shear stress is positive or negative (we call it direction change here). As is shown
in Fig. 9.4, positive shear stress and negative shear stress in the main direction
of the material have no influence on the in-plane shear strength. However, if a
directional change of shear is not along the main direction of the material, the
shear strength will change. As shown in Fig. 9.5, the positive shear stress along
the 45° direction (with respect to the main direction of the material) will cause
tensile stress along the fiber direction and compressive stress perpendicular to the
fiber direction. Negative shear stress will cause compressive stress along the fiber
direction and tensile stress perpendicular to the fiber direction. In conclusion, the
direction change of shear stress along the 45° direction will let the material reflect
different strengths.

2
τ12>C

1

2
τ12<0

1

Fig. 9.4: Shear stresses in the main directions.

2 τxy>0 1 2 τxy<0 1

y

x

Fig. 9.5: Shear stresses along the 45° direction.

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



9.2 Basics of the mechanics of composite materials | 271

The destruction of laminated composite materials may have the following reasons: mis-
takes or errors in production; factors not considered (or ignored) in design; irrationality
of structural design. Therefore, it is necessary to analyze the strength of laminates. The
strength analysis of laminates ismore complex than that of the unidirectional plies. The
destruction of unidirectional plies mainly has the following two forms: damage to the
fiber; damage at the interface of matrix and fiber along the fiber direction. Laminates
are made up of unidirectional plies with different directions. The stress on each ply
should be analyzed and the state of each ply determined according to the chosen
strength criterion. Normally, laminates become ineffective under the external load one
ply at a time. In conclusion, the stress analysis of a single ply should be made and the
strength of laminates can be predicted by the strength of single ply. Several strength
criteria of unidirectional plies will be illustrated next.
(1) Maximum stress criterion: According to the maximum stress criterion, the material

will be destroyed when one of the stress components along the main directions of
the material reaches the corresponding strength value.
For tensile stress,

σ1 = Xt,
σ2 = Yt,
|τ12| = S.

}}}
}}}
}

(9.7)

For compressive stress, the first two equations above are modified as follows:

σ1 = Xc,
σ2 = Yc,

} (9.8)

where σ1 , σ2 , τ12 are three stress components along the main directions of the
material, which are normally unknown in practical problems. Commonly, the
stress components along the non-main directions σx , σy , τxy of the material are
known. So stress components in the main directions of material can be calculated
by coordinates transformation.

(2) Maximum strain criterion: According to the maximum strain criterion, the material
will be destroyed if one (ormore) of the stress components along themaindirections
of the material reaches the corresponding strain value.
For tensile strain,

ε1 = εXt ,
ε2 = εYt ,
|γ12| = εS .

}}}
}}}
}

(9.9)

The first two equations above will be revised as follows for compressive strain

|ε1| = εXc ,
|ε2| = εYc ,

} (9.10)
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where
εXt =

Xt
E1

, εXc =
Xc
E1

,

εYt =
Yt
E2

, εYc =
Yc
E2

,

εS =
S
G12

.

}}}}}}}}
}}}}}}}}
}

(9.11)

(3) Tsai–Hill strength criterion: The Tsai–Hill strength criterion for orthotropic unidi-
rectional ply is as follows

σ21
X2
−
σ1σ2
X2
+
σ22
Y2
+
τ212
S2
= 1, (9.12)

where X and Y respectively represent the strengths in the two main directions
of the material, and S represents the shear strength in the main direction of the
material. The material will be ineffective if the left-hand side of equation (9.12) is
not less than 1.

(4) Hoffman strength criterion: The Tsai–Hill strength criterion is only applicable to
unidirectional plies with equal tensile strength and compressive strength (Xt =
Xc = X , Yt = Yc = Y ) along the main directions of the material. Hoffman revised
the Tsai–Hill strength criterion for material (Xt ̸= Xc , Yt ̸= Yc ) and proposed the
Hoffman strength criterion.

σ21 − σ1σ2
XtXc

+
σ22
YtYc
+
Xc − Xt
XtXc

σ1 +
Yc − Yt
YtYc

σ2 +
τ212
S2
= 1. (9.13)

In expression (9.13), when Xt = Xc , Yt = Yc , it turns into the Tsai–Hill strength
criterion.

(5) Tsai–Wu strength criterion: The Tsai–Wu failure criterion was proposed based on
tensor theory and considering that composites have different strengths in tension
and compression:

Fiσi + Fijσiσj + Fijkσiσjσk + ⋅ ⋅ ⋅ = 1. (9.14)

As for unidirectional plies (plane stress state), i, j, k, . . . = 1, 2, . . . , 6; Fi , Fij ,
Fijk , . . . are the strength parameters of the material, which can be determined
with basic strength Xt , Xc , Yt , Yc through tests. The first two items in the above
equation are usually used in engineering design and the strength criterion turns
into

Fiσi + Fijσiσj = 1. (9.15)

And it can be simplified as follows

F1σ1 + F2σ2 + F11σ21 + F22σ
2
2 + F66σ

2
6 + 2F12σ1σ2 = 1. (9.16)

In expression (9.16), the first five strength parameters F1 , F12 , F11 , F22 , F66 can
be obtained through the uniaxial tension (or compression) tests and pure shear
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test in the main direction of the material.

F1 =
1
Xt
−

1
Xc

, F11 =
1
XtXc

,

F2 =
1
Yt
−

1
Yc

, F22 =
1
YtYc

,

F66 =
1
S2

,

F12 =
1
2σ20
[1 − ( 1Xt

−
1
Xc
+

1
Yt
−

1
Yc
) σ0 − (

1
XtXc
+

1
YtYc
) σ20] .

}}}}}}}}}}}}
}}}}}}}}}}}}
}

(9.17)

9.2.6 Strength analysis of laminates

Laminates are inhomogeneous in the direction of thickness, therefore even under the
in-plane loads, the stress state of each ply is different. As a result, damage should
firstly start from the ply which firstly reaches the ultimate stress. However, the damage
of one ply will not cause the final failure of the whole laminate but the reduction
of the laminate’s stiffness, which is called stiffness reduction. Following damage to
another ply, the stiffness of the laminate further reduces until all the plies have been
destroyed, which means the final destruction of a laminate. Therefore, there are two
strength indexes of laminates: the strength of first-time ply destruction and the ultimate
strength. Due to the complexity of strength analysis of laminates, only ultimate loads
are determined in engineering calculations. Strength analysis of laminates is basically
carried out in following steps:
(1) setting the ratio between each load;
(2) calculating the stiffness of initial laminate with performance of each ply;
(3) getting the relationship between stress of each ply and external loads;
(4) choosing strength criterion and judging which ply becomes ineffective first and

getting the strength of the first destruction of ply;
(5) removing the destroyed ply and calculating the stiffness;
(6) checking whether other plies can continue to bear loads;
(7) applying the loads and repeating steps (3)–(7) until all the plies become ineffective

and the limit strength is obtained. Due to the complexity of the strength analysis
of laminates, a computer should be utilized.

9.2.7 Structural design principles of composite materials

Unlike metal materials, the designability of composite materials brings great advan-
tages to structural design. The structural design of composite materials is a repetitive
process in which various designs (i.e., laminates design, typical structural design and
connection design) are integrated. The performance of constituents and the microstruc-
tures of compositematerials are simultaneously taken into consideration so as to obtain
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the anticipated characteristics for materials and structures. A number of optimization
variables and multilevel design are involved in this work, which is different from the
design of traditional materials. The major factors that should be considered in design
are design conditions, structure weight, manufacturing process, cost of development
and quality control, etc.

Generally, structural design of composite materials includes material design and
structural design with each part closely related to the craft plan. The basic steps for
the structural design of composite materials are shown in Fig. 9.6.

Performance requirements
Load cases
Environment conditions
Shape constraints

Basic materials
Reinforcing materials
Geometric shape

Molding process
Craft process
Optimization design

Investigation on the
performance of plies

Laminates
design

Typical structure
design

Structure
design

Stress analysis
Deformation analysis

Strength analysis
Strength criterion
Destruction mechanism
Destruction process

Fig. 9.6: Design steps for structures made of composite materials.

However, material design usually refers to the process in which several components
are selected to manufacture composite materials with anticipatory performance. The
plies are the basic elements of laminate structures of wind turbine blades. The design
of laminates and shells is classified into structural design.
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The task of laminate design is to determine the direction of each ply, the number
and order of plies. As the mechanics behavior of laminates is complicated, laminates
are normally designed into symmetric laminates (with symmetric stacking sequences
of plies) with balanced directions of plies. Additionally, due to the complexity brought
by numerous directions of plies, the direction of plies is usually limited to 0°, 90° and
±45°. The stacking sequence of plies can be determined according to the following
principles:
(1) The direction of each ply should be distributed evenly along the thickness direction

of the laminate. The number of ply groups in a laminate should be as high as
possible or the number of plies in each group should be as lowas possible (normally
smaller than 4). In this way, the possibility two kinds of ply groups separating can
be reduced.

(2) ±45° plies are usually stacked in pairs so as to decrease the shear stress between
±45° plies and 0° or 90° plies. Furthermore, ±45° plies should be layered on the
external surface of laminates so as to improve the compression stability and impact
resistance of laminates and the strength of the connection hole.

(3) If a variable thickness laminate is to be designed, plies on the external surface of
the laminate should remain the same when altering the internal plies. To avoid
shear failure between plies, the width of each stage should be the same and should
be no less than 2.5mm. In order to prevent the ply edge stripping from the stage,
one ply is covered on the stage.

9.3 Structural design of wind turbine blades
made of composite materials

9.3.1 The geometric shape of the new blade

A new type of wind turbine blade with high performance and light mass has been
designed using the improved particle swarm algorithmmentioned in Chapter 8. Further
description of the geometric shape of the bladewill bemade in this section. The detailed
layout of the blade’s geometry is shown in Tab. 9.3, including the relative locations, the
distribution of chords and twists of 25 sections and the airfoils used on each section.
The largest chord of this new blade is 3.219m at spanwise location of 0.20R, where the
largest twist of 12.079° is located. The newly-designed wind turbine airfoils adopted on
the blade are depicted in Fig. 9.7–9.9. Compared to traditional airfoils, the aerodynamic
performance of this new airfoil series had been verified (refer to Chapter 4 for more
details). It can be seen that seven standard airfoils and eight transitional airfoils were
utilized on this new blade.
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Tab. 9.3: Detailed layout of the blade’s geometry.

Sections Spanwise
location (μ = r/R)

Chord (m) Twist (°) Airfoil

1 0.00 2.115  0.000 Circle
2 0.075 2.115  0.000 Circle
3 0.115 2.326  4.052 Transitional airfoil
4 0.155 2.704  8.013 Transitional airfoil
5 0.20 3.219 12.079 CQU-A400
6 0.24 2.975 10.265 Transitional airfoil
7 0.28 2.756  8.976 CQU-A350
8 0.32 2.557  8.053 CQU-A350
9 0.36 2.376  7.336 Transitional airfoil
10 0.40 2.210  6.709 CQU-A300
11 0.44 2.056  6.131 CQU-A300
12 0.48 1.916  5.575 Transitional airfoil
13 0.52 1.786  5.033 CQU-A250
14 0.56 1.668  4.509 CQU-A250
15 0.60 1.561  4.006 Transitional airfoil
16 0.64 1.462  3.527 CQU-A210
17 0.68 1.375  3.070 CQU-A210
18 0.72 1.299  2.631 Transitional airfoil
19 0.76 1.235  2.207 CQU-A180
20 0.80 1.180  1.796 CQU-A180
21 0.84 1.118  1.397 CQU-A180
22 0.88 1.035  1.012 Transitional airfoil
23 0.92 0.914  0.640 CQU-A150
24 0.96 0.741  0.283 CQU-A150
25 1.00 0.512  0.000 CQU-A150

In order to get a smooth and continuous transition zone at the blade root, appropriate
modifications are needed at the root region (geometric curve interpolation). The posi-
tion of the modified chord, twist and relative thickness along the span of the blade are
displayed in Fig. 9.10–9.12.

The three-dimensional coordinates of each blade section (blade element) can be
calculated based on the above geometric data of the blade. The three-dimensional
model of the blade’s surface can be established by 3D modeling software (i.e., Pro/E),
which is shown in Fig. 9.13–9.15.
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Fig. 9.7: Shapes of the newly-designed airfoils.
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Fig. 9.8: Shapes of the newly-designed airfoils.
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Fig. 9.9: Shapes of the newly-designed airfoils.

9.3.2 Design of internal structure of the blade

Two webs are adopted in a typical 2MWwind turbine blade made of glass fiber rein-
forced epoxy resin, shown in Fig. 9.16. The internal space of the blade is divided by
webs into three parts called leading edge, cap and trailing edge. The two webs that
connect the cap are made of sandwich-style materials, as shown in Fig. 9.17. A typical
internal structure of the blade section is shown in Fig. 9.18. The outer surface of the
blade is a skin made of gel cloth and biaxial laminates. Gel cloth can provide a smooth
external surface and reduce the roughness caused by manufacturing. The cap is the
main load bearing component of the blade that bears the flapwise loads.

During the initial design of the webs, the web near the leading edge is usually
located at the chordwise position with the maximum relative thickness of each blade
section while the other web is located near the trailing edge. The width and thickness
of the cap decrease gradually along the span (from root to tip). In this way, the cap
and webs constitute the so called box-beam structure with cross sections varying along
the blade span. The thicknesses of the laminates should change slowly from cap to
the airfoil plane (along the circumferential direction), in case of any suddenly drop
in thickness. The cap structure mainly influences the flapwise stiffness of the blade.
Reinforcement materials are mixed in the leading edge and trailing edge to enhance the
edgewise stiffness. The thickness of the leading edge laminates and the trailing edge
laminates gradually decrease along the blade span (from root to tip). Additionally, the
suction surface and pressure surface of the blade section (including the leading edge,
cap, airfoil plane and trailing edge of the airfoil section) are made up of laminates with
symmetric stacking sequence of plies.
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Fig. 9.13: Suction side of blade. Fig. 9.14: Pressure side of blade.

Fig. 9.15: View of wind turbine rotor.
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Fig. 9.16: Schematic layup of blade cap.
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Fig. 9.17: Schematic layup of blade web.
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Fig. 9.19: Schematic drawing of blade section material.
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The key structural parameters and materials of the blade section are shown in Fig. 9.19.
The fillingmaterial used in the panel is organic foam. The leading edge and trailing edge
of the airfoil are composed of reinforced laminates without filling materials. The cap
is composed of thicker reinforced laminates which are mainly made of unidirectional
laminates with good anti-tensile and anti-compressive performance. The cap bears
most of the flapwise bending loads. The gel cloth with thickness of 0.6mm should
be pasted on the external surface to ensure a smooth and continuous blade surface.
What is more, the short fiber material with thickness of 0.4mm and the bidirectional
laminates with thickness of 1.2mm should be pasted on both the external and internal
surface.

In this chapter, glass fiber reinforced epoxy resin laminates are chosen. Three types
of glass fiber/epoxy composites were used: unidirectional laminates, biaxial laminates
and triaxial laminates (shown in Fig. 9.20). The main mechanics properties of the three
laminates chosen in this design are listed Tab. 9.4 [13]. E-LT-5500 is chosen for the
unidirectional laminate, and glass fiber reinforced material (EP-3) is chosen for the
biaxial laminate. Properties of the triaxial laminate (denoted as SNL Triax in Tab. 9.4),
are determined by averaging the test-derived data for the unidirectional and biaxial
laminates. Based on the volume fractions (denoted as VF in Tab. 9.4) indicated in
Tab. 9.4, the mass density of the E-LT-5500 unidirectional laminates is 1920 kg/m3, the
mass density of biaxial laminates is 1780 kg/m3, the mass density of triaxial laminates
is 1850 kg/m3.

(a) Undirectional laminate

45°

0°

45°

0°

45°

0°

(b) Biax laminate (c) Triax laminate

Fig. 9.20: Three types of glass fiber/epoxy composite.

Tab. 9.4:Mechanics properties of laminates.

Materials VF (%) E1 (GPa) E2 (GPa) Poisson ratio GXY (GPa)

E-LT-5500 [0]2 54 41.8 14.0 0.28  2.63
EP-3 [±45]4 44 13.6 13.3 0.51 11.8
SNL Triax [±45]2[0]2 — 27.7 13.65 0.39  7.2
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Tab. 9.5:Mechanics properties of other materials.

Materials E1(GPa) E2 (GPa) Poisson ratio GXY (GPa) Density (kg/m3)

Gel cloth 3.44 3.44 0.3 1.38 1235
Reinforcement material 3.5 3.5 0.3 1.4 1100
Foam filling 0.256 0.256 0.3 0.022  200

In addition to the mechanics properties of laminates in Tab. 9.4, the structural charac-
teristics of some other materials are also relevant. Tab. 9.5 lists additional materials
used in this design, including coating material, extra reinforced material and foam
core material.

To facilitate the initial layout design for the composite wind turbine blade, the
laminate materials are named as followed:
(A) unidirectional laminate [0]2, with a thickness of 1.2mm;
(B) biaxial laminate [±45]4, with a thickness of 2.4mm;
(C) triaxial laminate [±45]2[0]2, with a thickness of 1.8mm;
(D) gel-cloth material, with a thickness of 0.6mm;
(E) reinforcement material [0]2, with a thickness of 1.2mm;
(F) foam filling material, the maximum thickness is 30mm for the leading edge panel

and the trailing edge panel of the blade. The maximum thickness is 35mm for the
two webs. The thickness drop along the blade span (from root to tip) is to 1.2mm.

The thicknesses of laminates at 27 sections along the blade span are given in Tab. 9.6.
In the table, the thicknesses of the blade root and four major parts (cap, reinforcement
of trailing edge, leading edge panel and trailing edge panel) on each section have also
been defined.

Due to the lack of key layout data, based on some literature [192–195] and an
equivalent design method often used in composite structural design, the initial layout
design for the composite wind turbine blade is determined and listed in Tab. 9.7. The
initial layout for the blade design is described below:
(1) The root part of the blade is composed of material C. The maximum thickness of

the root part is 96.8mm, and the thickness gradually reduces along the blade span.
(2) The spar cap ismainlymade up ofmaterial A. The thickness of the spar cap increase

first from the blade root and then decreases to a minimum value at the blade tip.
The maximum thickness of the spar cap is 58mm at the spanwise location of 24%.

(3) The leading panel and trailing panel of the blade mainly consist of laminate A and
foammaterial F. In order to avoid a discontinuous connection with the spar cap,
the thickness of these parts should not have a great thickness drop.

(4) The leading edge and the trailing edge of the blade are composed of laminate A and
extra reinforcement E. The thickness of these parts is thinner than the leading panel
and trailing panel, and the maximum thickness is about 20mm at the location
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close to blade root. Moreover, the filling material F will be added at the trailing
edge of the blade to avoid great deformation caused by aerodynamic loads.

(5) The two webs, which begin at spanwise location of 1m and terminate at 31m, are
mainly composed of laminate B and foammaterial F. In the initial design, these
two webs (one near to the leading edge and the other near to the trailing edge)
are positioned at 24% of chord (as measured from leading edge to trailing edge)
and 54% of chord respectively. The maximum thickness of the two webs is 35mm,
which appears near the blade root. The thickness gradually decreases along the
blade span.

Tab. 9.6: Thickness of laminates along blade.

No. Span
location r/R

Root Cap LE reinforcement TE reinforcement LE panel TE panel
(mm) (mm) (mm) (mm) (mm) (mm)

1 0.00 98.6 — — — — —
2 0.025 62.6 — — — — —
3 0.05 42.6 — — — — —
4 0.075 22.6 18  4.8  4.8 10 10
5 0.115 — 24  7.2  7.2 15 15
6 0.155 — 36 12.0 12.0 15 15
7 0.20 — 48 18.0 18.0 20 20
8 0.24 — 54 18.0 18.0 30 30
9 0.28 — 48 12.0 12.0 30 30
10 0.32 — 42 12.0 12.0 28 28
11 0.36 — 36  9.6  9.6 25 25
12 0.40 — 30  6.0  6.0 20 20
13 0.44 — 30  6.0  6.0 20 20
14 0.48 — 30  6.0  6.0 20 20
15 0.52 — 27  4.8  4.8 18 18
16 0.56 — 27  4.8  4.8 18 18
17 0.60 — 27  4.8  4.8 18 18
18 0.64 — 27  4.8  4.8 18 18
19 0.68 — 24  4.8  4.8 14 14
20 0.72 — 18  4.8  4.8 12 12
21 0.76 — 18  3.6  3.6 10 10
22 0.80 — 15  3.6  3.6  8  8
23 0.84 — 12  3.6  3.6  6  6
24 0.88 —  7.2  2.4  2.4  4  4
25 0.92 —  6.0  2.4  2.4  2  2
26 0.96 —  2.4  1.2  1.2  2  2
27 1.00 —  1.2  1.2  1.2  1.2  1.2

Note: In the table, LE is short for leading edge, TE is short for trailing edge.
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286 | 9 Structural optimization of composite wind turbine blades

In addition, the entire internal and external blade surfaces have triaxial material with
thickness of 1.2mm. Extra reinforcement material with thickness of 1.2mm is also
pasted onto the internal blade surface. The external surface is covered by 0.6mm of
gel coat. The extra reinforcement and gel coat are included to produce a more realistic
blade design weight. After finishing the initial layout, the thickness distribution of all
parts of the blade is shown in Fig. 9.21. Generally, the thickness of the blade is declining
along the blade spanwise.
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Fig. 9.21: Thickness distribution of each part of the blade.

Mass and stiffness of the blade are two important parameters in structural design. In
order to verify the rationality of the two parameters in the initial blade structure, the
stiffness and mass of the blade sections were calculated using the software PreComp
developed by American Renewable Resources Lab. Fig. 9.22–9.24 respectively show the
distribution of blade flapwise stiffness, edgewise stiffness and torsional stiffness along
blade span. It is found that the edgewise stiffness (Fig. 9.23) reaches its maximum value
at the spanwise position of 0.2R, which is away from the root of the blade. The flapwise
and torsional stiffness reach their maximum values at the root of the blade. Generally,
the stiffness declines along the blade span from root to tip. The mass distribution along
the blade span is shown in Fig. 9.25, with the trend of decreasing from blade root to tip.
One reason for the large mass and stiffness at the blade root is that it bears the largest
bending moment. The second reason is that the effective bearing area of the root has
been decreased due to the connection between the blade root and the hub, which calls
for thicker laminates to improve stiffness and strength.
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Fig. 9.23: Distribution of edgewise stiffness.
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9.4 Parametric finite element modeling of composite
wind turbine blades

For the traditional method to build the finite element model of a wind turbine blade,
a geometrical model was created based on cross section profiles of shell and spar
using CAD software. Then the wire framemodel, which is the fundamental geometrical
model, was transferred to finite element software such as ANSYS, ABAQUS and so
on [196–198]. However, the pre-processing operations of this method for building a
blade finite element model are very complicated and time consuming. Moreover, it is
inconvenient for post-processing and optimization using ANSYS software. Therefore,
based on the parametric geometric representations of wind turbine blade shapes illus-
trated in Chapter 7 and the initial structural design of a composite wind turbine blade
in Section 9.3, the parametric finite element modeling of a composite material wind
turbine blade has been studied. A program for building a parametric finite element
model of a wind turbine blade that combined MATLAB and APDL language of ANSYS
software is developed. Based on this study, a more complete blade finite element
model can be quickly obtained and even the airfoil and blade aerodynamic-structural
integrated design can be achieved, which make the parallel design and analysis of
composite wind turbine blades possible.

9.4.1 The integrated representation of three-dimensional blade shapes

Through fitting the airfoil series with different relative thickness, chord and twist
distribution along the blade span, the three-dimensional blade shape parametric
representation model was obtained. Based on the 3D integrated expression proposed
in Chapter 7, the coordinates of blade shape can be obtained

{{{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{{{
{

x = {[a (ρ(θ) + 1
ρ(θ))

cos θ − XM] cos β(u)

+ a (ρ(θ) − 1
ρ(θ)) sin θ sin β(u)}c(u),

y = {[−a (ρ(θ) + 1
ρ(θ)) cos θ − XM] sin β(u)

+ a (ρ(θ) − 1
ρ(θ)) sin θ cos β(u)}c(u),

z = u ⋅ R,

(9.18)

where a is the 1
4 airfoil chord; XM is the chordwise position of airfoil aerodynamic

center, usually XM = 0.25; u is the spanwise position, u ∈ [0, 1]; c(u) is the chord
distribution function; β(u) is the twist distribution function; ρ(θ) is the airfoil shape
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290 | 9 Structural optimization of composite wind turbine blades

function (integrated expression), ρ(θ) = C0 + C1θ + C2θ2 + ⋅ ⋅ ⋅ + Ckθk + ⋅ ⋅ ⋅. Different
airfoils can be obtained through controlling the coefficients of the airfoil shape function.

The integrated expression of a three-dimensional curved blade surface shown in
equation (9.18) can be used to represent any kind of geometric blade shapes.

9.4.2 Parametric representation of chord and twist of wind turbine blades

Based on the data for geometric shape such as airfoil contour, and chord and twist
distribution shown in Tab. 9.3, the distribution of chord and twist can be obtained by
fitting. Since the curvature of the transition zone (from root to the 0.2R of the blade) is
large, the fitting of the whole blade is not proper. Therefore, the segmented function
is used to make the fitting expression. The distributions of blade chord and twist are
shown as follows:

c(u) =

{{{{{{{{{
{{{{{{{{{
{

2.215 (0 ≤ r/R ≤ 0.075),

0.81205 + 54.29161u − 779.37204u2

+ 4782.26405u3 − 9706.73532u4 (0.075 ≤ r/R ≤ 0.20),

7.25536 − 33.45450u + 100.42422u2 − 173.711u3

+ 153.7301u4 − 53.74936u5 (0.20 ≤ r/R ≤ 1.0);

(9.19)

β(u) =

{{{{{{{{{
{{{{{{{{{
{

0.0 (0 ≤ r/R ≤ 0.075),

3.0679 − 140.0002u + 1604.1728u2

− 2161.65501u3 − 6266.86334u4 (0.075 ≤ r/R ≤ 0.20),

42.5896 − 259.14597u + 769.7534u2 − 1178.56972u3

+ 883.57322u4 − 258.32742u5 (0.20 ≤ r/R ≤ 1.0).

(9.20)

Fig. 9.26 and 9.27 are the fitting curve for chord and twist of the blade, respectively.
Using a segmented function, we can perfectly fit the local area with high curvature.
Thus, the geometric parameters of the blade in equation (9.18) can all be expressed by
the shape functions. Given the airfoil series, the three-dimensional coordinate data
can be calculated.

9.4.3 Parametric finite element modeling of wind turbine blades

In the traditional modeling method, a three-dimensional model is established utilizing
CAD software and then the model is imported into the finite element software ANSYS
for pre-processing. However, this is time consuming and also inconvenient for post-
processing and optimization. Combining MATLAB and APDL language, without the aid
of any three-dimensional modeling software, finite element modeling can be directly
established in software like ANSYS. The basic process is as follows. Based on the
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Fig. 9.26: Fitting curve of blade chord.

12.0

Tw
is

t d
is

tri
bu

tio
n 

(°
)

10.0

8.0

6.0

4.0

2.0

0.0
0.0 5.0 10.0

Spanwise location (m)

Discret point 
Fitting curve

15.0 20.0 25.0 30.0

Fig. 9.27: Fitting curve of blade twist.

integrated expression for the 3D shape of the blade, coordinate data of the blade
surface was calculated and saved in a specific output format through MATLAB. Then
a data transfer interface was set up using APDL language macro files with MATLAB.
Then APDL language is used to build a parametric model. The specific processes in
ANSYS finite element software are as follows:
(1) Writing macro file for data input: Write a macro file, named bladedata.mac, using

*create of APDL language. The macro file can transfer the 3D geometric data of
the blade calculated by MATLAB into ANSYS software. The command to build the
macro file is
*create ,bladedata ,mac

Finish

/clear

*dim , star , , 140*27 , 3

*vread , star(1,1), bladeout , dat , , jik , 3, 140*27

(f10.6, f12.7, f10.3)

*end
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(2) Establishing complex 3D shape of the blade: B-splines of airfoil sections of the
whole blade were established in finite element software ANSYS using the BSPLIN
command and *DO loop sentence (APDL language). Since most of the blade is
hollow, the curve model should be built with the use of the ASKIN command, as
shown in Fig. 9.28–9.30.

(3) Establishing webs and trailing edge filling of the blade: As for large and medium-
sized wind turbine blades, the cap should be used to bear most of the bending load.
The cap adopts the rectangular beam structure [199], with its chordwise position
shown in Fig. 9.31. For initial configuration on every blade section, the two webs
locate at 0.24 and 0.54 chordwise positions respectively.
The location of the cap can be taken as an optimization variable so as to improve
the structural properties. Therefore, the chordwise location of the cap was also
taken as a design variable. The method is as follows: since the airfoil coordinates
of each section are known, the maximum and minimum values of key points on
each section were recorded by the *get command; the chord of each section was
calculated; the key points of the cap on each section were built to generate a plane.
Boolean operators are used to get the box-like beam of each blade cross section
and the 3D shape of the blade was obtained finally, which is shown in Fig. 9.32.

Lines

Cqublade

x
y
z

Fig. 9.28: Shape expression of the blade.
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Lines

Cqublade Fig. 9.29: B-spline curve of the blade.

Fig. 9.30: Blade surface.

0.24C

0.54C

C

Fig. 9.31: Initial position of the cap.
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Structure of cap and web
at blade tip

Structure of cap and web
at blade root

Fig. 9.32: Schematic drawing of cap and webs.

(4) Attributing material properties: According to the material attributes of the wind
turbine blade and the laminate data in Section 9.3, shell181 cell was used on the sur-
face blade to obtain the aerodynamic shape. The airfoil trailing edge was simulated
with ssolid185 cell. Then the web and airfoil rib were added. The finite element
model of a wind turbine blade made of composite materials was generated as long
as the material, thickness and layering angle had been defined. As the composite
structure of a wind turbine blade is complex, the variation in the thickness of the
laminates along the blade span is in a stepped distribution, as shown in Fig. 9.21.
Themore sections it is divided into, themore continuous the thickness of laminates
along the span will be. The finite element model of the whole wind turbine blade
is shown in Fig. 9.33. The detailed structure of a typical blade section is shown in
Fig. 9.34. In order to illustrate the laminate in detail, one part of the blade is chosen
and the stacking sequence is displayed. As shown in Fig. 9.35–9.37, the laminate is
composed of more than 100 plies.
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Fig. 9.33: Finite element model of the blade.

the spar cap

fill material

cqublade

Fig. 9.34: Details of typical blade section.

In order to understand the internal laminates of the blade, some typical blade sections
are chosen for demonstration. As shown in Fig. 9.38–9.42, the laminate is getting thinner
along the span. And the blade section gradually changes from a circle to an airfoil with
large relative thickness and then to an airfoil with small relative thickness.
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Fig. 9.35: Plies of one part of blade (1–20).
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Fig. 9.38: Blade section at the blade root.
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Elements
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Fig. 9.39: Blade section at 3.5m span location.
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Fig. 9.40: Blade section at 7.5m span location.
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Fig. 9.41: Blade section at 15.5m span location.
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Fig. 9.42: Blade section at 26.5m span location.
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9.5 A new fluid-structure interaction method for blade design

The finite element parametric model for the blade design is established based on the 3D
parametric representation of blade shape. Due to the coupling between the structure
and aerodynamic load, the blade will deflect and vibrate, which will have a significant
effect on the structural properties of the wind turbine blade. Based on the modified
Blade Element Momentum theory (refer to Chapter 6), a new one-way fluid-structure
interaction method is introduced, which is depicted in Fig. 9.43. The force of each blade
element is not applied to the finite element model as concentrated force. Instead, a
program specific for interpolating the pressure distribution on the composite material
blade was designed.

Parametric representation
of blade

Pressure
coefficient

Wind condition

Satisfy end
criterion

Output blade

N

Y

Interpolating the
pressure for the
FEM model

3D coordinates of
points on blade

Known data
of airfoil and
blade shape

Layup of laminates
and position of cap

Parametric finite element
model of composite
material blade

AOA and relative inflow
velocity of every section

Fig. 9.43: The flowchart of the fluid-structure interaction method.

9.5.1 The operating conditions of wind turbines

The wind turbine’s operating conditions must first be defined in order to calculate the
force on each blade section. Based on data from a typical 2MW wind turbine under
normal operating conditions, the rated wind speed is set as 12.5m/s, the rotor reaches
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a maximum speed of 20 rpm and the cut-out wind speed is set as 25m/s. Therefore,
the aerodynamic load of the blade for the newly-designed 2MW rotor was calculated
considering the rated operating conditions in this section.

9.5.2 The local angle of attack and pressure distribution

After determining the operating conditions of the wind turbine, the local angle of attack
for each blade section is computed by the modified BEM theory, which considers the
axial and tangential induction factor, tip-loss factor, and blade shape parameters. The
aerodynamic performance (such as lift coefficient and drag coefficient) of an airfoil can
be obtained by wind tunnel experimental prediction methods when the initial condi-
tions are determined (such as Reynolds number, Mach number, and angle of attack).
The aerodynamic performance before stall of an airfoil can be predicted accurately
by RFOIL software. Therefore, RFOIL software is chosen to calculate the aerodynamic
characteristics for airfoils for different angles of attack. Although the three-dimensional
rate effects cannot be considered by using this method, compared with the traditional
fluid calculation method (such as using FLUENT software), it can save calculation time
greatly, which is essential to optimize the structure of the wind turbine blade.
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Fig. 9.44: The local angle of attack.
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The aerodynamic characteristics of the airfoil were calculated by RFOIL and then
taken into a modified BEM method. Then the tangential and axial induction factors
were obtained through iterations. The local AOA of each airfoil section was obtained
according to the shape parameters of the blade. The spanwise variation of AOA for the
newly-designed 2MW rotor is shown in Fig. 9.44.
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Fig. 9.45: Pressure distribution at r/R = 0.20.
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Fig. 9.46: Pressure distribution at r/R = 0.40.
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Fig. 9.47: Pressure distribution at r/R = 0.56.
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Fig. 9.48: Pressure distribution at r/R = 0.80.

Since the local AOA is known, the pressure distribution of each airfoil section can be
obtained under the design condition. The pressure coefficients on four typical airfoil
sections are depicted in Fig. 9.45–9.48 with Reynolds number of Re = 3.0 × 106 and
Mach number of Ma = 0.15.
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9.5.3 The interpolation of aerodynamic forces

However, aerodynamic load on the blade surface is not the pressure coefficient calcu-
lated by RFOIL but the pressure. According to the definition of the pressure coefficient
as shown in equation (9.21), the pressure p can be computed through equation (9.22):

Cp =
p − p∞
1
2ρU2

, (9.21)

p = 1
2ρU

2Cp + p∞, (9.22)

where ρ is the air density of 1.205 kg/m3; Cp is the pressure coefficient; p∞ is the
standard atmospheric pressure; U is the relative velocity which is the synthesis speed
of the blade rate speed and the wind speed, and it must be calculated. The relative
velocity, shown in Fig. 9.49, can be calculated based on the modified BEM theory as
mentioned before. As can be seen from Fig. 9.49, the relative velocity varies linearly
along the span and reaches the maximum value of 66.021m/s, which shows that the
loads at the blade tip are larger than those at the blade root.
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Fig. 9.49: The distribution of relative velocity.

In order to simplify the calculation, the entire wind turbine blade is divided into 24 sec-
tions. A varying aerodynamic load will be imposed on the corresponding sections.
ANSYS software can apply the pressure load in the form of a function on the finite
element model. Therefore, the pressure distribution for each blade section can be trans-
lated into a function with a high order polynomial to be applied to the finite element
model. The pressure distribution of the upper and lower surfaces is fitted respectively
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because of the large curvature of the pressure distribution for the upper and lower
surfaces. The pressure of the blade section can be fitted by a 10-order fitting function.
The compared results between the fitting pressure distribution and the discrete pressure
distribution of four typical cross sections are shown in Fig. 9.50–9.53. It can be seen
that the pressure with the high order polynomial fitting can substitute the discrete
pressure.
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Fig. 9.50: Pressure distribution at r/R = 0.20.
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Fig. 9.51: Pressure distribution at r/R = 0.40.

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



9.5 A new fluid-structure interaction method for blade design | 305

2000.0

0.0

–4000.0

–2000.0

–3000.0

–1000.0

1000.0

–0.4 –0.2 0.2 0.4 0.60.0
Blade cross-section x coordinate (m)

Pr
es

su
re

 (P
a)

1.2

Discrete points of pressure
Polynomial fitting curves

0.8 1.0

Fig. 9.52: Pressure distribution at r/R = 0.56.
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Fig. 9.53: Pressure distribution at r/R = 0.80.

Anaerodynamic interpolation procedure that applied the pressure load to the structural
finite elementmodelwas developed. The pressure at a certain point on the blade surface
was interpolated using the pressure data on these 24 sections. The typical cross section
of the finite element model which needs to be interpolated is depicted in Fig. 9.54. And
the pressure distribution on the whole blade after interpolating the aerodynamic load
is show in Fig. 9.55 and 9.56.
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Fig. 9.54: Typical cross section of the finite element model.
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Fig. 9.55: Pressure on the pressure side.

In this way, a program that interpolated the aerodynamic load on the composite wind
turbine blade is achieved. This program has two advantages. First, compared with
the pressure computed by the CFD method, the aerodynamic pressure loading in
this method can shorten the calculation time. Second, the highly coupled aeroelastic
problem of the structural and aerodynamic models can be solved.
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Fig. 9.56: Pressure on the suction side.

9.6 Study of the structural optimization of the wind turbine blade
made of composite materials

The finite element method has been widely used in many complicated applications. So,
based on the finite element method and parametric modeling method, a relatively com-
plete model was established for the wind turbine blade made of composite materials.
The inner structure of a blade section usually consists of the airfoil leading edge, airfoil
panel, the spar cap, the trailing edge and the shear webs. A procedure combining finite
element analysis and particle swarm algorithm to optimize composite structures of the
wind turbine blade is developed, with the optimization goal of minimizing the weight.
The design variables are thickness of the laminates and the location of the blade spar.
The Tasi–Wu failure criterion and the maximum deflection of blade tip are selected as
constraints for this optimization.

Building the parametric finite element model of the wind turbine blade with the
combination of MATLAB and APDL language of ANSYS, optimization for the newly-
designed 2MW composite wind turbine blade is performed. The comparison between
the optimization result and the original blade is shown.

9.6.1 The optimization model

9.6.1.1 Objective function
Generally speaking, the cost of the materials for the blade will fall as the mass of the
blade is reduced without considering the manufacturing costs of the blade. Moreover,
the lighter mass can also be beneficial to improving the fatigue life of the blade on the
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premise of the requirements for strength and stiffness of the blade beingmet. Therefore,
the minimummass for the wind turbine blade is taken as the objective function:

F(X) = min(massblade). (9.23)

9.6.1.2 Design variables
In light of the complexity of the structure of the wind turbine blade in which the
maximum number of the layouts reaches more than 100 layers, it is difficult to proceed
to an optimization design for the blade if the thickness of every layout of each blade
section is considered as a design variable. Thus, the thickness of laminates as described
before (refer to Section 9.4.2) is taken as the design variables, such as the thickness of
unidirectional laminate, the thickness of biaxial laminate, and the thickness of triaxial
laminate. Considering the true blade, the thickness of the blade panel, the thickness
of the webs and the reduction factor can also be taken as design variables. In addition,
in our second design scheme, the position of the spar cap of the blade section is also
taken into account. Therefore, two design schemes are presented in this section. In the
first one the position of the spar cap is fixed. In the second, the position of the spar cap
is varied. The variables of the two design schemes are defined as follows:

X1 = [x1 x2 x3 x4 x5 x6 x7]
T , (9.24)

X2 = [x1 x2 x3 x4 x5 x6 x7 x8 x9]
T . (9.25)

According to the initial structural design of the wind turbine blade, the constraints of
the design variables are shown in Tab. 9.8 (c is the chord length of each blade section).

Tab. 9.8: Design variables constraint range.

Design variables (mm) Minimum Maximum

Thickness of unidirectional laminate x1  1.0  1.4
Thickness of biaxial laminate x2  0.5  0.8
Thickness of triaxial laminate x3  0.5  0.8
Thickness of coating x4  1.0  1.4
Thickness of panel x5 18.0 24.0
Thickness of two webs x6 30.0 40.0
Thickness of reduced factor of sandwich x7  1.0  1.4
Location of the leading edge web x8 0.15c 0.25c
Location of the trailing edge web x9 0.50c 0.60c
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9.6.1.3 Design constraints
In the process of optimizing the design of the blade, it is not only necessary to meet
the requirements for structural strength, but also to prevent the collision of the blade
tip with the tower. Because the blade is made of composite materials that exhibit
anisotropy, the strength constraint of maximum stress is not appropriate. The Tasi–Wu
failure criterion is selected in this case to perform failure verification. For the outer
plies of the blade surface, when all elements are free from the likelihood of failure, the
optimized analysis procedure is completed. In addition, the tilt angle of the rotor is
generally 6 on the condition of normal operation. The maximum allowable distance
between the blade tip and tower is set to 3.22m:

dtipmax ≤ 3.2. (9.26)

W Tsai–Wu failure criterion:

F1σ1 + F2σ2 + F11σ21 + F22σ
2
2 + F66σ

2
6 + 2F12σ1σ2, ≤ 1 (9.27)

where σ1 , σ2 and σ6 are the three in-plane stress components in the local orthotropic
ply axis; and F1 , F2 , F11 , F22 , F66 are the strength parameters of the composite mate-
rial. The stress components in this inequality are then computed by the FE program.

Finally, the weight load is imposed, and boundary conditions consisting of fixing
all six degrees of freedom of nodes are placed at the root.

9.6.2 Optimization algorithm combined with finite element method

For the utilization of intelligence algorithm in composite structural design, a genetic
algorithm is widely used [200–204] in the simple composite plate and shell structures.
The application of a particle swarm optimization algorithm (PSO) in some studies in
recent years [205–208] has also achieved good results. However, the shape of the wind
turbine blade and the thickness of composite laminates vary along spanwise locations.
What is more, the internal structure is more complex than those of simple composite
plate and shell structures, which brings great difficulties to optimizations. This is the
reason why the particle swarm algorithm is rarely used, together with the finite element
method, in the optimization of composite wind turbine blades. In view of this, the PSO
algorithm is chosen as the structural optimal algorithm of the wind turbine blade. A
method combining the PSO algorithm and a finite element program to optimize the
composite structure of the wind turbine blade with variable thickness is presented.
The optimized design flow chart is shown in Fig. 9.57. This flow chart mainly comprises
three parts: the parametric modeling of the blade, the PSO algorithm and aerodynamic
loading applied to the blade element.
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Fig. 9.57: The optimization flowchart combining PSO algorithm with finite element method.
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9.7 Optimization results

Based on the two optimized design schemes, a procedure combining finite element
analysis and PSO algorithm to optimize composite structures of wind turbine blades is
developed. The basic parameters of the improved PSO algorithm are: learning factor
C1 = C2 = 0.5, variable dimension n = 7 (the position of the spar cap is fixed) or
n = 9 (the position of the spar cap is varied), population size of 30, the maximum
number of generations is set as 120, and the inertia factor is taken as 0.85. Under the
condition of the requirements of the failure criterion and the displacement constraint,
the generation result of the two optimal schemes is shown in Fig. 9.58 and 9.59. It can be
seen that the optimal results converge when the number of iteration step reaches 120.
Themanufacturing factors of composite laminate are taken into account; the optimized
results of the design variables have been rounded up (as shown in Tab. 9.9).

The partial comparison results for the structural parameters between the two
optimization schemes and the original blade are shown in Fig. 9.60–9.63. Tab. 9.10
shows the comparison results for mass and displacement and so on. From the figures
and Tab. 9.10, the mass of the original blade is 6.859 t, which is closed to the weight of a
typical 2MWwind turbine blade (the mass of a typical 2MW blade is about 6.528 t [194].
This can be taken as proof of the rationality of the model. After optimization, the mass
of the two design schemes is 6.305 t and 6.096 t, respectively. This means that the mass
of the blade can be reduced greatly by the two design schemes. The mass reduction
of scheme II is particularly evident with a value of about 11.518%. And the blade tip
deflection is smaller thanwith scheme I. Themain reason is that the location of the spar
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Fig. 9.58: The iterative course of optimization scheme I.
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Tab. 9.9: Results for the design variables.

Design variables (mm) Initial Scheme I Scheme II

Thickness of unidirectional laminate x1  1.2  1.06  1.06
Thickness of biaxial laminate x2  0.6  0.62  0.51
Thickness of triaxial laminate x3  0.6  0.56  0.50
Thickness of coating x4  0.6  0.47  0.52
Thickness of panel x5 20 20.72 16.08
Thickness of two webs x6 30.0 31.87 31.83
Thickness of reduced factor of sandwich x7  1.0  1.15  1.06
Location of the leading edge web x8 0.24c 0.24c 0.196c
Location of the trailing edge web x9 0.54c 0.54c 0.524c

Tab. 9.10: Optimization results comparison.

Initial
blade

Optimization
scheme I

Optimization
scheme II

Mass (t) 6.859 6.305 6.069
Tip displacement (m) 2.896 3.214 3.167
Maximum tensile strain 0.00301 0.00332 0.00328
Maximum compressive strain 0.00320 0.00352 0.00347
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cap is taken as a variable for scheme II (changed from 0.24–0.54c to 0.196–0.524c). As a
result, the spar cap becomes wider, which is beneficial to controlling tip displacement.
In addition, the thickness of the spar cap and the panel are both more or less reduced,
which can contribute to a mass saving for the wind turbine blade.
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Fig. 9.60: The blade spar thickness.
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Fig. 9.61: The leading edge and trailing edge thickness.
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Fig. 9.62: The blade panel thickness.
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Fig. 9.63: The shear web thickness.
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Fig. 9.64: The deflection of the blade.
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Fig. 9.65:Maximum tensile strain of the blade.
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Fig. 9.66:Maximum compressive strain of the blade.

Furthermore, the strain of the blade is analyzed. The results of the strain analysis for
scheme II under normal conditions are shown in Fig. 9.64–9.66. It is concluded that the
main bending strain of the blade is located from 40% to 80% of the spar cap, but not
near to the root. There are two reasons to explain this. One reason is that the normal
operation of the wind turbine rated operating condition, which has less impact on the
strength of the root than the limit wind load condition, is considered. The other reason
is that the application of the aerodynamic load on the blade elements is different. The
general approach of loading is to translate the pressure into concentrated load and
then apply it on the finite element model. However, the pressure is directly applied
on the blade finite elements in this study. Compared with the general method, the
approach to aerodynamic load taken in this study is more accurate. Therefore, the
results of the strain analysis on the rated operating condition are credible.

9.8 Chapter conclusions

After the basics of composite materials were introduced briefly, the initial laminate
plies for a 2MW wind turbine blade were designed based on the equivalent design
method. A parametric element model of the composite wind turbine blade was built.
Based on the modified BEM theory, a novel method of fluid-structure interaction was
presented, which is the key issue for loading the aerodynamic pressure of the structural
optimization. An optimized model of the wind turbine blade was established. Coupling
an FE program and a PSO algorithm leads to a powerful tool suitable for compositewind
turbine optimization. The procedure proposed not only allows thickness variation, but
also permits the spar cap location to vary over the structure (scheme II). Results ob-
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tained in the two optimization schemes reported in this paper show that this procedure
leads to significant weight savings. The mass reduction of scheme II is largest, with a
value of about 11.518%, which showed the superiority of scheme II. Then the strain of
the blade was analyzed, and the location of the main bending strain was identified.
There is still more work to do in the future. For example, the power coefficient should
be considered if the chord lengths and twist angles are changed when optimizing the
minimummass and COE (cost of energy). In addition, with increasing power of wind
turbines, the length of the blade becomes longer. As a result, it is a great challenge to
the structural strength of the blade. Some new composite materials must be selected
to replace the original materials. Therefore, another step will focus on the influence of
materials selection on the structural properties of the wind turbine blade.
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10 Analysis of the aeroelastic coupling of wind
turbine blades

10.1 Introduction

The wind turbine blades are fundamental parts of a wind turbine, which is a rigid-
flexible couplingmultibody system. The aeroelastic stability analysis of blades is of vital
importance to this multibody system. The vibration stability of the wind turbine system
is determined by the coupled vibrations between the edgewise vibrations of blades and
the transmission system, between the flapwise vibrations of the wind turbine blades
and the tower, between the vibrations of the wind turbine blades and the pitching
system, etc. If the rigidity of the tower and drive train are considered to be large enough,
the dynamic characteristics of the wind turbine system can be basically reflected by
those of the blades.

As the rated power of the wind turbine increases, the tower’s height and the rotor
diameter also increase. Consequently, the blades’ rigidity become increasingly weaker
and the flexibility become increasingly larger. The alternating loads on blades, includ-
ing wind loads, inertia force and elastic force, would incur deformation and vibration
of the blades. In turn, deformation and vibration will affect the incoming flow. In order
to estimate the load and power characteristics more accurately when designing a wind
turbine, it is of vital importance to consider the blades’ vibrations in the loads.

Based on principles from structural dynamics and aerodynamics, the dynamic
equations for wind turbine blades are established in this chapter. The characteristics of
the blades’ first mode flapwise vibrations, first mode edgewise vibrations and second
mode flapwise vibrations are considered. The displacement, velocity and acceleration
of the blades caused by the above-mentioned vibrations are studied, as well as their
influence on the inflow velocity and the blade loads.

10.2 The structural kinetic model of wind turbine blades

According to the Hamilton principle for the holonomic-nonconservative dynamical
systems, there exists

t2

∫
t1

(δU − δT − δW)dt = 0, (10.1)

where U stands for system elastic energy; T for system kinetic energy; W for the sum
of virtual work done by the generalized external force.
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Fig. 10.1: Schematic diagram of the wind turbine’s
degrees of freedom.

Conducting variational operation on the above formula and according to the virtual
work principle, the kinetic equation for the wind turbine blades is established:

M ̈x + C ̇x + Kx = Fg, (10.2)

where M stands for mass matrix; C for damping matrix; K for stiffness matrix; Fg
for generalized force associated with external loads; x for a number of unknowns
associated with the DOF. For simplicity, 11 DOF in total are used to describe a three-
bladed wind turbine, as shown in Fig. 10.1. For each wind turbine blade, the first three
eigenmodes (the first and second flapwise and the first edgewise modes) are counted.
The other two unknowns are the displacement in the axial direction of the rotor root
and the azimuth displacement of one blade. In summary, the unknowns can be written
as

x = (w, φ, x1f1 , x1e1 , x2f1 , x1f2 , x1e2 , x2f2 , x1f3 , x1e3 , x2f3 ), (10.3)
where w is the axial displacement of the whole rotor; φ is the azimuth displacement of
the blades; and xji is the deflection coefficient of the j-th mode on the i-th blade. After
knowing the loads and the deformations, the vibration velocities and accelerations of
each mode are calculated from equation (10.2).

Since only the first three eigenmodes are considered, the total deformation of a
blade is calculated from a linear combination of the three major modes [184]:

u⃗ = x1f ⋅ u⃗1f (x) + x1e ⋅ u⃗1e(x) + x2f ⋅ u⃗2f (x). (10.4)

Once the displacement is known, the velocity and the acceleration of the blade are
found as follows:

̇u⃗ = ̇x1f ⋅ u⃗1f (x) + ̇x1e ⋅ u⃗1e(x) + ̇x2f ⋅ u⃗2f (x), (10.5)
̈u⃗ = ̈x1f ⋅ u⃗1f (x) + ̈x1e ⋅ u⃗1e(x) + ̈x2f ⋅ u⃗2f (x). (10.6)
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The velocity ̇u⃗ is the vibration velocity of the blade and will contribute to the relative
velocity as

V⃗rel = V⃗0 − V⃗rot + W⃗ − ̇u⃗, (10.7)
where V⃗0 is the wind speed, V⃗rot is the rotational speed and W⃗ is the induced velocity.
In equation (10.7), V⃗rot + ̇u⃗ is the blade velocity, corresponding to the relative wind
speed because to the blade motion has a negative sign.

10.3 The coordinate transformation

Fig. 10.2 is the coordinate system for the dynamic analysis of wind turbine blades. In
this figure, coordinate system R0(x0, y0, z0) is the inertial system, Rt(xt, yt, zt) is the
tower coordinate system, Rc(xc, yc, zc) is the nacelle coordinate system, Rr(xr, yr, zr)
is the rotor coordinate system, Rf(xf, yf, zf) is the flapwise vibration coordinate system,
Re(xe, ye, ze) is the edgewise vibration coordinate system.

Here, the transition from nacelle coordinate system to tower coordinate system is

[[

[

xt
yt
zt

]]

]

= [[

[

cos β sin β 0
− sin β cos β 0

0 0 1

]]

]

[[

[

xc
yc
zc

]]

]

, (10.8)

where β is the yaw angle. The nacelle coordinate system and the rotor coordinate
system are transformed through

[[

[

xc
yc
zc

]]

]

= [[

[

1 0 0
0 cosψ sinψ
0 − sinψ cosψ

]]

]

[[

[

xr
yr
zr

]]

]

, (10.9)

where ψ is the azimuth angle of the blade.
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Fig. 10.2: Coordinate system of the wind turbine.
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10.4 The wind load model

The wind model is indispensable when calculating the load on a wind turbine. Wind
can be classified with the normal wind model or the extreme wind model.

10.4.1 The normal wind model

Normal wind comes from the average statistical nature of natural wind. When calculat-
ing the loads of wind, the wind profile model can be used:

V̄(z)
V̄(zs)
= (

z
zs
)
a
, (10.10)

where V̄(z) is the average wind velocity at height Z (relative to the ground); V̄(zs) is
the average wind velocity at zs (relative to the ground and usually refers to the hub
height); a is the wind profile index (usually the constant a takes the value 2). So
the unperturbed inflow velocity distribution at one point on the rotor plane can be
expressed as

V(r, ψ) = Vh (1 +
r cosψ
Hh
)
a
, (10.11)

where r is the radial distance between the point to the hub center; ψ is the azimuth
angle of the point on the rotor plane; Vh is the inflow velocity at hub height Hh .

10.4.2 The extreme wind model

The wind turbine should also be designed to withstand extreme wind, such as various
extreme gusts. Extreme conditions can happen when the wind turbine is working, shut
down or parked. Only a brief introduction is given here. Extreme wind speed can be
classified into the following models:
(1) Extreme wind speed model (EWM). This extreme wind speed occurs every

1–50 years.
(2) Extreme operating gust (EOG). The wind speed first drops to the smallest value

from the beginning and then rises abruptly until it reaches the maximum value.
After that it drops abruptly to the smallest value and finally rises up to the initial
value. The gust’s amplitude and duration change along with the repetition period.

(3) Extreme direction change (EDC). The continuous change of wind direction follows
the shape of the cosine curve with its amplitude and duration changing along with
the repetition period.

(4) Extreme turbulence model (ETM). The extreme turbulence model uses the normal
wind profilemodel and turbulencewith its amplitude and duration changing along
with the repetition period.
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(5) Extreme coherent gust with direction change (ECD). The wind speed and direction
all change instantly, just like in the EDC and the ETMmodels.

(6) Extremewind shear (EWS). Both the transient (positive and negative) vertical shear
and the transient horizontal shear can be considered.

10.5 Results validation

In order to validate the implementation of the structural model, the code is validated
against the aeroelastic software FLEX which is used by most wind turbine companies
[209]. FLEX is the wind turbine load calculation software developed by the Department
of Wind Energy, Technical University of Denmark. It is applicable for constant or
variable speed controlled, pitch or stall controlled wind turbines and can be used to
calculate the nonlinear loads and responses considering multiple degrees of freedom
of the blades.

The validation was conducted on a three blades of a 2MWwind turbine, with blade
length of 30.56m. The shape parameters of the blades are provided in Tab. 10.1. In
order to run two codes at identical conditions, only 11 DOF are activated in the FLEX
code, and the classic Glauert tip-loss correction is used in both codes. The input to the
aeroelastic computations, the mass and stiffness distributions of the 2MW blades are
listed in Tab. 10.2. The results obtained from the two codes are plotted in Fig. 10.3. The
comparison of the rotor torque is shown in Fig. 10.4. As seen from these two figures, the
total thrust and the shaft torque have almost the same amplitude and variation period.
For the first flapwise deflection (Fig. 10.5), the new code predicts the same dominant
frequency but with smaller amplitude, which means that the blade would deflect less
in the flapwise direction. For the first edgewise deflection (Fig. 10.6), the frequency and
the amplitude predicted by the new code are very similar to those from the FLEX code,
but the mean edgewise positions are different. Since the eigenmodes in the FLEX code
are defined on the plane passing through the blade tip, whereas the new code defines
the eigenmodes depending locally on the airfoil cross section, small differences are
expected. From the comparison, we can conclude that the newly-developed aeroelastic
code is capable of correctly predicting the structural response of a wind turbine.

10.6 Case analysis

Based on the above aeroelastic model, a structural dynamics analysis was conducted
on the blades of the 2MW wind turbine in Section 10.5. The input wind speed is at
14m/s (rated wind speed), the tip speed ratio is 5 and the rotational speed of rotor is
2.3 rad/s. Then the flapwise and edgewise displacement, velocity and acceleration of
the blade can be obtained.
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Tab. 10.1: Shape parameters of the 2MW rotor blades.

Rotor
radius (m)

Chord
(m)

Twist
(°)

Relative
thickness (%)

 1.46 2.0 0 100
 2.96 2.0 0 100
 6.46 3.3 8.0  30.58
 9.46 3.0 7.0  24.10
12.46 2.7 6.0  21.13
15.46 2.4 5.0  18.70
18.46 2.1 4.0  16.81
21.46 1.8 3.0  15.46
24.46 1.5 2.0  14.38
27.46 1.2 1.0  13.30
30.56 0.02 0.0  12.2

Tab. 10.2: Structural parameters of the 2MW rotor blades.

r (m) EI1 (MNm2) EI2 (MNm2) m (kg/m)

1.46 14480.00 14480.00 3460.00
2.75 1901.60 1963.60 442.64
6.46 566.57 1400.30 337.19
9.46 235.68 851.64 275.64

12.46 119.16 525.11 229.02
15.46 59.83 329.37 191.40
18.46 29.76 207.20 166.92
21.46 13.80 120.99 159.47
24.46 5.39 59.94 84.52
27.46 1.51 24.54 47.88
30.56 0.16 7.22 19.99
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Fig. 10.3: Comparison of thrust on the rotor.
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at the tip.

The first mode vibration flapwise and edgewise displacement of the blade tip are shown
in Fig. 10.7. It can be seen that when the blades are working at their rated wind speed,
the average flapwise deformation at the blade tip reaches about 1.2m, but the edgewise
deformation is smaller. The first mode flapwise and edgewise vibration velocity of the
blade tip are shown in Fig. 10.8. It could be found that when the blades start working,
the vibration speed is relatively higher. The flapwise vibration speed then turns into
periodical change with the maximum speed reaching 1m/s. It can be seen that the
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influence of blade vibration on relative inflow velocity is quite obvious. However, the
edgewise vibration speed is relatively smaller. The first mode flapwise and edgewise
vibration accelerated velocity of the blade tip is shown in Fig. 10.9 and is relatively
stable.

2.5

2

1.5

1

Ti
p 

de
fle

ct
io

n/
(m

)

0.5

0

–0.5
0 2

Time/(s)
64 8 10

Flapwise
Edgewise

Fig. 10.7: The first mode vibration
displacement.

Flapwise
Edgewise

10

5

0

Ti
p 

sp
ee

d/
(m

/s
)

–5

–10
0 2

Time/(s)
64 8 10

Fig. 10.8: The first mode vibration velocity.

100

50

Flapwise
Edgewise

0

Ti
p 

ac
ce

le
ra

tio
n/

(m
/s

2 )

–50

–100
0 2

Time/(s)
64 8 10 Fig. 10.9: The first mode vibration

accelerated velocity.

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



10.6 Case analysis | 327

5000

4000

3000

2000

1000

0
0 5 10 15

Blade 1: Tangential force
Blade 2: Tangential force
Blade 3: Tangential force
Blade 1: Normal force
Blade 2: Normal force
Blade 3: Normal force

Rotor radius/m

Lo
ad

 d
is

tri
bu

tio
n/

N/
m

20 25 30
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The load and the deformation at different blade span locations are different. Fig. 10.10
is the normal force and tangential force on each blade at a certain time. The normal
force and tangential force in the zone with radial position from 15m to 25m is relatively
larger. Such sections are the main part contributing to the power output. Fig. 10.11 is
the deformation of each blade at the same time. It could be found that the deformation
of the blades increases gradually along the blade span with the maximum flapwise
deformation reaching 1.25m at the tip. The edgewise deformation is much smaller
because of the weaker edgewise loads and the larger edgewise stiffness.
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The power characteristics of the wind turbine are provided in Fig. 10.12. It can be seen
that the rotor reaches its maximum power at rated wind speed 14m/s. When the wind
speed exceeds 14m/s, the pitch control could maintain the output power of 2MW. The
relationship between the wind turbine’s power coefficient and wind speed are depicted
in Fig. 10.13. It can be seen that, during the normal working wind speed 7–14m/s, the
power coefficient of the rotor is relatively high and reaches the maximum value 0.463
at wind speed of 9m/s.
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10.7 Chapter conclusions

Based on principles from structural dynamics, coupling the vibration of blades into the
wind turbine blade aerodynamic model, the dynamic equations for the wind turbine
blades were established in this chapter. The first mode flapwise vibrations, first mode
edgewise vibrations and second mode flapwise vibrations of blades were studied. The
displacement, velocity and acceleration of the blades caused by the above-mentioned
vibrationswere studied. A comparisonbetween thismodel and thewidely used commer-
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cial software FLEX was conducted and the reliability of this new model was validated.
Finally, calculations and analysis were done on a 2MWwind turbine and the distribu-
tion of loads along the blade span and the power characteristics of the wind turbine
were shown.
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11 Aeroelastic stability analysis of two-dimensional
airfoil sections for wind turbine blades

11.1 Introduction

The static aeroelastic basic equations suitable for the 2D airfoil sections of a wind
turbine blade can be used to analyze the interactions between elastic deformation
and aerodynamic force [210], such as torsional divergence and load redistribution.
With increasing rated power of wind turbines, the rotor diameter has exceeded a
magnitude of 100m. The stiffness of the blade is becoming increasingly weaker and
the flexibility of blade greater. The aerodynamic, gravitational and inertial forces on
a wind turbine blade will cause deformation or vibration, which will seriously affect
the normal operation of the wind turbine. Therefore, the static aeroelastic stability
must be considered when designing the wind turbine blade [92]. J. C. Newman and
P. A. Newman [211] adopted the finite element method to study the nonlinear static
aeroelastic problem of aircraft wings. Joseph P. Hepp [212], from Duke University, uti-
lized fluid-solid coupling method to study the static aeroelastic performance of the
wing on ARW-2 (the Second Aeroelastic ResearchWing) aircraft. A comparison between
the calculated pressure distribution and experimental data was made and the reasons
for the errors were analyzed. Martin Puterbaughd [213], on the basis of the theory of
elasticity, simplified the 2D airfoil section into a beam element. Then the deformation
and load redistribution of the typical airfoil were studied. The relationship between
the elastic modulus and thickness of the airfoil was derived. Hoogedoorn Eelco et al.
[214], by combining XFOIL and MATLAB, studied the elastic deformation of a 2D airfoil
section for awind turbine blade anddrew the conclusion that the elasticity of a 2Dairfoil
section can increase the lift coefficient and lift-to-drag ratio. Li Deyuan [215] used the
improved B–L (Beddoes–Leishman) dynamic stall model when analyzing the unsteady
aerodynamic characteristics of an airfoil section. His results show that this model can
successfully simulate the dynamic characteristics of wind turbine airfoils. The studies
above mostly focused on the long straight wing of aircraft. However, the wind turbine
blade airfoil differs from the wing airfoil in terms of airfoil camber and thickness, which
makes the model more complex.

Therefore, the coupling mechanism between lift of airfoil and elastic torsional de-
formation is studied in this chapter. An aeroelastic feedbackmodel for an airfoil section
of a wind turbine blade is established. The critical condition of torsional divergence
and the iteration model for redistributing aerodynamic force are derived. The effects
of torsion stiffness, distance from stiffness center to aerodynamic center and different
airfoils on the divergence speed, additional elastic angle and lift force are determined.
Based on the classical airfoil section aeroelastic model, the quasi-steady and steady
aerodynamic and structural coupling models are established. Then the flutter stability

DOI 10.1515/9783110344387-012

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



332 | 11 Aeroelastic stability analysis of wind turbine blade sections

of airfoil sections from a 5MWwind turbine blade is analyzed. The influences of the
chordwise position of elastic center and gravity center on the flutter speed are analyzed
thoroughly. The influence of different aerodynamic models on the flutter speed is also
studied. Secondly, adopting the improved B–L dynamic stall aerodynamic model [216],
the nonlinear aeroelastic stability analysis of a 2D airfoil section with three degrees
of freedom is studied. Comparisons are made between the performance of linear and
nonlinear aerodynamic models. The influence of airfoil camber on blade aeroelastic
limit cycle oscillation is analyzed. The influence of structural damping on the nonlinear
aeroelastic system response is investigated.

11.2 Static aeroelastic stability analysis of 2D airfoil section
for wind turbine blades

11.2.1 Static aeroelastic model of wind turbine airfoil section

The wind turbine blade 2D airfoil section is shown in Fig. 11.1, with an initial angle of
α0 and inflow speed V . The airfoil section will reach equilibrium at the new angle of
attack α under the action of aerodynamic force and elastic force.

L
e

M
E

Aerodynamic
center

Stiffness
center

A

V
α

α0

Kθ

θ

C

Fig. 11.1: Typical wind turbine blade 2D airfoil section.

The aerodynamic force on the airfoil can be divided into the lift force L and themoment
M around the stiffness center (denoted by E) [217, 218]:

L = CLqS, (11.1)
M = MA + Le = CMAqSc + Le, (11.2)

where
CL = CL,0 +

∂CL
∂α (α0 + θ)
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is the lift coefficient; CL,0 is the lift coefficient when the angle of attack is zero; ∂CL/∂α
is the airfoil section lifting line slope rate; q = 1

2ρV
2 is the dynamic pressure; ρ is

air density; S = C × 1 is the section area of unit length; M is the moment around the
stiffness center; MA is the moment around the aerodynamic center (positive with the
rising of leading edge); CMA is the moment coefficient around the aerodynamic center;
e is the distance from aeroelastic center to rigid center (positive pointing trailing edge).

Normally, for wind turbine airfoils, CMA and ∂CL/∂α are both functions of airfoil
shape, and CL,0 , MA are not zero. The aerodynamic moment around stiffness center is

M = CMAqSc + [CL,0 +
∂CL
∂α (α0 + θ)] eqS. (11.3)

According to the equilibrium condition of the aerodynamic moment and the elastic
moment, we obtain that

Kθθ = CMAqSc + [CL,0 +
∂CL
∂α (α0 + θ)] eqS, (11.4)

where Kθ is the torsional spring constant. Equation (11.4) can be written as:

(Kθ − eqS
∂CL
∂α ) θ = (CL,0 +

∂CL
∂α α0) eqS + CMAqSc. (11.5)

Through the equation (11.5), the relationship between the lift coefficients, aerodynamic
center, dynamic pressure and airfoil torsional angle can be obtained:

θ =
eqS ( ∂CL∂α α0 + CL,0) + qScCMA

Kθ − ∂CL∂α eqS
. (11.6)

From equation (11.6), it can be seen that the denominator can be 0 when the dynamic
pressure q reaches a certain value. The elastic torsion angle θ tends to infinity at this
condition. This phenomenon is known as torsional divergence. It is clear that the spring
has been destroyed before θ reaches infinity. Thus, the divergence condition of an
airfoil section is

Kθ −
∂CL
∂α eqS = 0. (11.7)

Thus the dynamic pressure at divergence is:

qD =
Kθ

∂CL
∂α eS

. (11.8)

With the dynamic pressure q = 1
2ρV

2 , the divergence speed of the airfoil section can
be obtained:

VD = √
2Kθ
ρ ∂CL∂α eS

. (11.9)

From equation (11.8), it can be found that when the e is negative (the stiffness center is
on the left of the aerodynamic center) the divergence pressure qD is negative, which has
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no physical meaning. It implies that the 2D airfoil section is aeroelastic stable under
any dynamic pressure. In the case of supersonic inflow, as the aerodynamic center
moves towards the trialing edge, the risk of torsional divergence is greatly reduced. It
can also be seen from equation (11.8) that the divergence dynamic pressure qD has no
relationship to the initial angle of attack α0 . This phenomenon can also be analyzed
through letting the right part (right of the equal sign) in equation (11.5) equal zero.
When α0 = 0, we can obtain through the equations (11.1)–(11.5) that

(Kθ −
∂CL
∂α eqS) θ = 0. (11.10)

This is a homogeneous equation with the elastic torsion angle θ as the variable. In
addition to one solution of θ = 0, this equation can also have any nonzero solutions if
the coefficient of θ is zero. So we obtain

Kθ −
∂CL
∂α eqS = 0. (11.11)

Through equation (11.11), the dynamic pressure q can be solved which is the divergent
dynamic pressure represented in equation (11.8). Taking the elastic torsion angle θ in
(11.6) into the expression of lift L (11.1), the coupling relationship between the lift and
the elastic torsion angle can be obtained:

L = CLqS =
{
{
{
CL,0 +

∂CL
∂α
[

[
α0 +

eqS ( ∂CL∂α α0 + CL,0) + qScCMA
Kθ − ∂CL∂α eqS

]

]

}
}
}
qS. (11.12)

Equation (11.12) is the iterative model for the aerodynamic load redistribution. When
the divergence condition in equation (11.7) is established, the lift force tends to infinity.
And when the dynamic pressure q is less than the divergence dynamic pressure qD , the
denominator of equation (11.12) will be greater than zero. The lift will have a definite
value and will change with dynamic pressure q and the angle of attack α0 .

11.2.2 Analysis of the aeroelastic feedback system for a typical airfoil

According to the above mentioned model, the aeroelastic feedback system of three
typical airfoils NACA 0018, NACA 64418 and Risø-A1-18 [106] was analyzed. The lift
coefficient and lift moment coefficient of the three airfoils (with the angle of attack
range from 0 to 20 degrees) are shown in Fig. 11.2 and 11.3.

Because the relationship between lift and torsional angle is derived from the linear
elastic theory, the angle of attack range from 0 to 6 degrees was chosen to get CL,0 ,
∂CL/∂α using XFOIL software. And the lifting moment coefficient CMA at an angle of
attack of 6° was calculated. The calculation results are shown in Tab. 11.1.
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Tab. 11.1: The parameters of three airfoils.

Airfoil name CL,0 ∂CL/∂α CMA

NACA 0018 0 6.2660 0.0049
NACA 64418 0.3289 6.5929 −0.0839
Risø-A1-18 0.4314 6.8166 0.09
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The other related parameters are as follows: chord length c = 1m, air density ρ =
1.225 kg/m2, inflow velocity 25m/s. For the sake of simplicity, the aerodynamic center
is taken to be 0.25c, stiffness center is 0.35c . So the distance from the aerodynamic
center to the stiffness center is about 0.1c [219]. The influence of torsional rigidity on the
airfoil is shown in Fig. 11.4–11.6, with torsional stiffness varying from 104 to 105 Nm2. It
canbe seen that the torsional stiffness has a great effect on the static elastic performance
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Fig. 11.4: Effect of torsion stiffness on divergence speed.
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of the airfoil section.With increasing torsional stiffness, the divergence speed increases
rapidly, the elastic torsion angle decreases sharply and the lift distribution tends to be
stable.

The effects of e (distance from the stiffness center to the aerodynamic center) on
the airfoil are shown in Fig. 11.7–11.9. It can be seen that with decreasing distance,
the divergence speed increases rapidly, the elastic torsion angle decreases and the lift
distribution tends to be stable. Therefore, increasing the distance e can also provide
lower divergence speeds.

With the torsional stiffness fixed at 104 Nm2, the aeroelastic performance of dif-
ferent airfoils was studied. According to Fig. 11.10, the elastic torsion angle changes
linearly with angle of attack. Risø-A1-18 has the largest elastic torsion angle. When
the angle of attack is 0, the additional angle of attack is about 0.28 degrees which can
increase the lift coefficient and lift-to-drag ratio. The NACA 0018 airfoil has the second
largest additional angle. However, the elastic torsion angle of the NACA 64418 airfoil is
negative, which reduces the aerodynamic performance of the wind airfoils. Due to the
influence of the elastic torsion angle, the lift force distribution has the same trend, as
shown in Fig. 11.11. Therefore, when the torsional stiffness is smaller, different airfoils
have different static aeroelastic sensitivity. So it is of vital importance to design suitable
airfoils for large wind turbine blades.

With the torsional stiffness fixed at 105 Nm2, the aeroelastic performance of dif-
ferent airfoils was studied. As can be seen from Fig. 11.12 and 11.13, the airfoils have
relative smaller elastic torsion angles when stiffness is large. The change of aeroelastic
lift distribution is smaller compared with stiffness of 105 Nm2, which shows that the
torsional stiffness has a great influence on the static aeroelastic characteristics of an
airfoil section.
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Fig. 11.10: Additional torsion angle of different airfoils (twist stiffness is 104 Nm2).
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11.3 Classic flutter problem

11.3.1 Structural dynamic model

The mechanical model for an airfoil section of unit length is shown in the Fig. 11.14. It
has two degrees of freedom, one is the vertical displacement of the rigidity center h
and the other is the rotational angle of airfoil section θ . The airfoil section is supported
by a tension spring and a torsion spring with respective stiffness of Kh and Kθ . xf is the
chordwise position of rigidity center; xc is the chordwise position of the center of mass.
The hypothesis is adopted that the airfoil sections are rigid without deformation and
the elastic, aerodynamic, mass centers of the blade sections are located in the same

L

θ
Κα

Κh

h

ḣ + ( c–xf)ȧ

W0
xf

xc

Inflow

3
4

Rotor plane

C

Fig. 11.14: Airfoil model of two degrees of freedom.
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line. As it is difficult to predict the structural damping, the structure damping term is
not considered here.

The Lagrange equation is used to derive the vibration equation of the elastic blade
[210]:

[
m S
S Iα
]{
̈h
̈θ
} + (

Kh 0
0 Kh
){

h
θ
} = {

Qh
Qθ
} , (11.13)

where m = ∫c0 ρ̄ dx is the blade mass per unit length; ρ̄ is the chordwise density of
the airfoil section; S = m(xc − xf) is the inertia about the Yf axis (the origin of Yf
is the rigidity center, the direction of Yf is perpendicular to chord) per unit length;
Iα = ∫

c
0 ρ̄(x − xf)

2 dx is mass moment of inertia about the Yf axis per unit length;
Qh is the aerodynamic force caused by the vibration of the airfoil section; Qθ is the
aerodynamic moment caused by the vibration of the airfoil section.

11.3.2 The aerodynamic model

Quasi-steady aerodynamic force and unsteady aerodynamic force were analyzed in
the aerodynamic elasticity studies here, in other words, the flutter analysis. The flutter
speed of the airfoil under these loadswas calculated and the differenceswere compared.
The effects of the chordwise position of the elastic center and gravity center on the
flutter speed were studied.

11.3.2.1 The quasi-steady aerodynamic force
The quasi-steady aerodynamic was proposed by Grossman. According to the theory of
thin airfoil, the quasi-steady assumption was introduced. The free vortex shed from
the trailing edge of the airfoil can be neglected. The attached vorticity distribution
on the thin airfoil can keep the flow attached and satisfy the Kutta condition. Due
to the linearization hypothesis, flutter is only related to the additional aerodynamic
force caused by vibration. The aerodynamic force of the wind turbine blade is approxi-
mately expressed by the aerodynamic force on the 2D plane. The airfoil lift force [92] is
expressed as

L = 1
2ρcW

2CL(α), (11.14)

where ρ is the air density, W is relative velocity, α is the angle of attack, CL is the
lift coefficient of airfoil (approximately equal to 2πα). The relationship between the
relative velocity, angle of attack and the twist angle is as follows:

W = √W2
0 + ḣ2 (11.15)

and

α = arctan(
W0 sin θ + ḣ + (34 c − xf) α̇

W0 cos θ
) , (11.16)
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where W0 is the steady relative inflow velocity. Through taking the equation (11.15) into
equation (11.14) and making linear treatment θ = ḣ = ̇θ = 0, the expression for airfoil
quasi-steady aerodynamic force was obtained:

L = ρW2
0cπ(θ +

ḣ
W0
+ (

3
4
c − xf)

̇θ
W0
) . (11.17)

Then the aerodynamic moment about rigidity center is obtained:

M = ρW2
0ec

2π(θ + ḣ
W0
+ (

3
4 c − xf)

̇θ
W0
) −

1
16ρW0c3π ̇θ, (11.18)

where E is the distance between the elastic center and the aerodynamic center.

11.3.2.2 The unsteady aerodynamics
Due to the relative low wind speed for wind turbines operating conditions, the
Theodorsen unsteady aerodynamic model for incompressible viscous flow was
introduced. The model considers the effect of free vortex in the airfoil wake. Due
to the complex derivation, the final expression of lift was directly given. When an
airfoil section is fluttering harmonically with frequency w, the aerodynamic lift L and
moment Mx,f around rigidity center per unit length are

L = ρπb2W0θ + πρW0cC(k) [W0θ + ḣ + (
3
4 c − xf)

̇θ]

+ ρπb2 [ ̈h − (xf −
c
2)
̈θ] , (11.19)

Mx,f = − (
3
4 c − xf)

ρπb2W0 ̇θ + πρW0ec2C(k) [W0θ + ḣ + (
3
4 c − xf)

̇θ]

+ (xf −
c
2)
ρπb2 [ ̈h − (xf −

c
2)
̈θ] − ρπb

4

8
̈θ, (11.20)

where C(k) is the Theodorsen function, k = ωb/W0 is the equivalent frequency (ω
is the frequency), b is half of the chord length. For convenience, the approximate
expression of the Theodorsen function is given here [218]:

C(k) = 1 − 0.165
1 − 0.0455

k j
−

0.335
1 − 0.3

k j
, (11.21)

C(k) = 1 − 0.165
1 − 0.041

k j
−

0.335
1 − 0.32

k j
. (11.22)

Equation (11.21) is more appropriate when k ≤ 0.5 and equation (11.22) is more appro-
priate when the k > 0.5.
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11.3.3 The aerodynamic-structural coupling calculation model

11.3.3.1 The quasi-steady aerodynamic-structural coupling model
Taking equations (11.17) and (11.18) into equation (11.13), we obtain that

[
m S
S Iθ
]{
̈h
̈θ
} + ρW0cπ [

1 (34 c − xf) +
c
4

−ec ( c2 − xf)
2 + (34 c − xf)

c
4
]{

ḣ
̇θ
} + [

Kh 0
0 Kθ
]{

h
θ
}

+ ρW2
0cπ [

0 1
0 −ec

]{
h
θ
} = {

0
0
} . (11.23)

Equation (11.23) can also be written as

A ̈q + (B + ρW0cπC)q̇ + (D + ρW2
0cπE)q = 0. (11.24)

According to vibration theory, differential equations of motion (11.24) can be trans-
formed into the state equation:

̇z = Qz, (11.25)

where

Q = [−A
−1(B + ρW0cπC) −A−1(D + ρW2

0cπE)
I 0

] ,

z = [ ̇x x]
T ,

x = [h θ]
T ,

A = [m S
S Iθ
] ,

B = [0 0
0 0
] ,

C = [
1 (34 c − xf) +

c
4

−ec ( c2 − xf)
2 + (34 c − xf)

c
4
] ,

D = [Kh 0
0 Kθ
] ,

E = [0 1
0 −ec

] .

11.3.3.2 The unsteady aerodynamic and structural coupling model
When the wind turbine blade is under a simple harmonic vibration, the displacement
and rotation of vibration can be expressed as

{
h = h0ejwt ,
θ = θ0ejwt .

(11.26)
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Taking equation (11.26) into the equations (11.19) and (11.20) and after simplification,
we obtain

L = {ρπb2W0jwθ0 + πρW0cC(k) (W0θ0 + jwh0 + (
3
4
c − xf) jwθ0)

+ ρπb2 (−w2h0 + (xf −
c
2)
w2θ0)}ejwt , (11.27)

Mx,f = {−(
3
4 c − xf)

ρπb2W0 jwθ0

+ πρW0ec2C(k) (W0θ0 + jwh0 + (
3
4 c − xf)

jwθ0)

+ (xf −
c
2)
ρπb2 (−w2h0 + (xf −

c
2)
w2θ0) +

ρπb4

8 w2θ0}ejwt . (11.28)

Taking the equations (11.27) and (11.28) into equation (11.13), the matrix form equation
can be obtained:

[[[[[[[[[[[[

[

Kh − w2m + πρW0cC(k)jw
− w2ρπb2

−w2S + ρπb2W0jw
+ ρπb2 (xf − c2 )w

2

+ πρW0cC(k) (U + (34 c − xf) jw)

−w2S − πρW0ec2C(k)jw
+ (xf − c2 ) ρπb

2w2
Kθ − w2Iθ + (34 c − xf) ρπb

2W0jw
− πρW0ec2C(k) (W0 + (34 c − xf) jw)
− (xf − c2 )

2 ρπb2w2 − ρπb
4

8 w2

]]]]]]]]]]]]

]

{
h0
θ0
} = 0.

(11.29)
Equation (11.29) is the aerodynamic and structural coupling model with the vibrating
determinant

D =

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

Kh − w2m + πρW0cC(k)jw
− w2ρπb2

−w2S + ρπb2W0jw
+ ρπb2 (xf − c2 )w

2

+ πρW0cC(k) (W0 + (34 c − xf) jw)

−w2S − πρW0ec2C(k)jw
+ (xf − c2 ) ρπb

2w2
Kθ − w2Iθ + (34 c − xf) ρπb

2W0jw
− πρW0ec2C(k) (W0 + (34 c − xf) jw)
− (xf − c2 )

2 ρπb2w2 − ρπb
4

8 w2

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

. (11.30)

11.3.4 Aeroelastic analysis of a wind turbine airfoil section

11.3.4.1 The stability analysis of quasi-steady aerodynamic-structural coupling
Combining Z = Z0eλt and equation (11.25), the problem turns into solving for the
eigenvalue value:

(λE − Q)Z0eλt = 0. (11.31)
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The main parameters are determined according to the sixteenth airfoil section data
of National Renewable Energy Laboratory (NREL) 5MWwind turbine blade [220]. The
mass per unit length is 68.772 kgwith chord of 2.086m. As the positions of elastic center
and gravity center have a large influence on the flutter speed, the chordwise position
of elastic center (xf ) is set initially as 0.35c and that of gravity center xc is 0.40c [219].
For blades of a multi-megawatt level wind turbine, the aeroelastic instability generally
occurs in the coupling of the second-order flap and first-order torsion coupling. Nor-
mally, the second-order flapwise natural frequency is over 2.0Hz and the first-order
torsion natural frequency is about 6.0Hz [74]. The rotational radius relative to the mass
center is 0.25c [221]. The main parameters are listed in Tab. 11.2.

Tab. 11.2: Parameters for an airfoil section of a multi-megawatt level wind turbine.

Mass per unit length m (kg) 68.772
Air densityρ (kg/m3) 1.225
Chord c (m) 2.086
Chordwise position of elastic center xf (m) 0.35c
Chordwise position of gravity center xc (m) 0.40c
Bending natural frequency fh (Hz) 2.0
Torsional natural frequency fθ (Hz) 6.0
Radius relative to the mass center rcg (m) 0.25c
Distance between elastic and aerodynamic center e e = xf/c − 1

4

The eigenvalues can be calculated through taking the parameters of Tab. 11.2 into
equation (11.31) and setting the initial relative velocity. The natural frequency is ωn = |λ|
and the damping ratio is ξ = Re(λ)/ωn .

As can be observed from Fig. 11.15 and 11.16, although the varying trend of natural
frequencies of bending and torsion is different (one is a decreasing, the other one is
slightly increasing), they are getting closer with increasing relative velocity W0 . The
damping ratio of bending is declining and that of torsion decreases slightly to a negative
value at first and then increased above zero. When the damping ratio reaches zero,
the unstable phenomenon (flutter) occurs. The relative inflow speed when damping
equals zero is 85m/s. It is called the flutter speed, with a flutter frequency at that time
of 4.084Hz.

In order to analyze the displacement and torsion of an airfoil section before and
after the flutter, the fourth-order Runge–Kuttamethod is utilized to solve the differential
equation (11.23). The variation of displacement and torsional angle at relative velocity
of 82m/s, 84.85m/s and 84.85m/s are shown in Fig. 11.17–11.19. When the relative
velocity is 82m/s, the amplitude is decreasing gradually, which means that the system
is stable. When the relative velocity is 84.85m/s, the displacement and torsion are
in simple harmonic vibrations meaning that the system is in a critical state. When
the relative velocity is 86m/s, the values are divergent and the system is in dynamic
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instability. What is more, the relative velocity at harmonic vibration (84.85m/s) is
consistent with the above obtained flutter critical value (85m/s).

The Routh–Hurwitz theory is used to determine the stability of an airfoil section
and the influence of chordwise position of elastic and gravity center on the flutter
speed. The eigenvalues matrix |λE − Q| = 0 of equation (11.25) can be transformed into
a polynomial of λ:

a4λ4 + a3λ3 + a2λ2 + a1λ + a0. (11.32)
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Fig. 11.17: Displacement and torsion when W0 = 82m/s.
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The Routh–Hurwitz theory judges whether the system is stable based on the relation-
ship between the coefficients of the above equation.
(1) If any of the polynomial coefficients ai is negative or zero and there is at least one

positive number among the other coefficients, the system is unstable.
(2) If at least one of the elements in the first column of matrix H changes its sign, the

system is unstable. In which,

H =(

a4 a2 a0
a3 a1 0
b1 b2 0
c1 0 0
d1 0 0

) ,

b1 = (a3a2 − a4a1)/a3,
b2 = (a3a0 − a4 × 0)/a3 = a0,
c1 = (b1a1 − b2a3)/b1,
d1 = (c1b2 − b1 × 0)/c1 = b2 = a0.

The divergence speed andflutter speed of the airfoil section can be directly obtained
from the matrix H .

(3) When a < 0, the conditions for static divergence are obtained Kθ < ρW2
0ec2π .

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



350 | 11 Aeroelastic stability analysis of wind turbine blade sections

When c1 = 0 or a3a2a1 − a4a21 − a0a
2
3 = 0, by solving this equation, the relative

velocity W0 is obtained. Two of the results for equation (11.32) are 0 and the other two
are the flutter speed.

As can be seen from Fig. 11.20, the chordwise position of the elastic center has a
large influence on the flutter speed and divergence speed. With the elastic axis moving
gradually towards the airfoil trailing edge, the divergence speed decreases gradually
and the flutter speed increases. When the elastic center is on the right of the gravity
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Fig. 11.20: The influence of chordwise position of elastic center on flutter speed.
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Fig. 11.21: The influence of chordwise position of gravity center on flutter speed.
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center, the flutter phenomenon will not occur. The chordwise position of the gravity
center also has a large influence on the flutter speed and divergence speed. With the
center of gravity moves toward the trailing edge, the flutter speed decreases gradually.
So increasing the flutter speed of the blade can be achieved throughmoving the gravity
center towards the leading edge. Combining the Fig. 11.20 and 11.21, with the elastic
center located at 0.35c and the gravity center located at 0.40c, the flutter speed can
be calculated respectively as 83.56m/s and 84.36m/s. They are basically consistent
with the analysis discussed above. So improving the flutter velocity of the blade for
megawatt composite wind turbines or avoiding the occurrence of flutter can be done
through reasonable design of the internal structure.

11.3.4.2 The stability analysis of unsteady aerodynamic and structural coupling
When the equation (11.30) has a solution, the flutter determinant D equals zero, which
means that Re(D) = 0 and Im(D) = 0. So the system of nonlinear equations about w
and W0 are obtained. Adopting Newton iteration method with an appropriate initial
value, the flutter speed can be calculated. The variation of flutter speed and divergence
speed with respect to the variation of the chordwise position of the elastic center is
shown in Fig. 11.22. If the position of the gravity center is fixed, with the chordwise
position of the elastic center varying from0.1 to 0.7, the flutter speed increases gradually
and divergence speed decreases. When the chordwise position of the elastic center
is larger than that of the gravity center (0.4c), the flutter speed is larger than the
divergence speed, meaning flutter no longer occurs. The variation of flutter speed
and divergence speed with respect to the variation of the chordwise position of the
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Fig. 11.22: The influence of chordwise position of the elastic center on flutter speed (unsteady).
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Fig. 11.23: The influence of chordwise position of the gravity center on flutter speed (unsteady).

gravity center is shown in Fig. 11.23. If the position of the elastic center is fixed, with
the chordwise position of the gravity center varying from 0.35 to 0.7, the flutter speed
decreases. The trend of flutter speed with respect to gravity center position is opposite
to the circumstance of elastic center position, which is similar to the quasi-steady
aerodynamic and structural coupling model.

The differences between the numerical results of the quasi-steady and unsteady
models were compared. In flutter calculations, the commonly used methods are V–g
method and p–k method [222]. As the values of the p–k method can be compared with
the results of blade flutter tests (although there is no relation to the blade flutter test),
the p–k method is chosen to calculate the flutter velocity of a blade for a wind turbine
of multi-megawatt level. If we consider the blade to move arbitrarily, the hypothesis of
aerodynamic force is more complex. What is more, it is the critical flutter state, with a
simple harmonic motion, that was often the concern and study focus of researchers.
Therefore, when calculating the unsteady aerodynamic force using Theodorsen theory,
assuming the left part in equations (11.13) to be

{
h = h0ept ,
θ = θ0ept ,

i.e. d
dt = p. (11.33)

Combining equations (11.33), (11.13), (11.19) and (11.20), we obtain that

(p2Ms + Ks − 1
2ρW

2
0Q(jk)) q = 0, (11.34)

where

q = [h θ]
T ,
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Q =

[[[[[[[[[

[

−4πC(k)jk −2πcC(k) − 2πbjk
− 4πC(k) (34 c − xf) jk + 2πb

2k2

4πecC(k)jk
− 2π (xf − c2 ) k

2
2πec2C(k) − 2 (34 c − xf) πbjk
+ 2πecC(k) (34 c − xf) jk
+ 2π (xf − c2 )

2 k2 + π b24 k
2

]]]]]]]]]

]

.

The equation (11.34) is calculated iteratively using the p–k method whose process is
shown in Fig. 11.24.
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speed and the air 
density ρ

Selecting degree of freedom (i = 1 for 
deformation h, i = 2 for rotation θ)
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initial natural 
frequency ωi
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Ranking (small to large) 
corroding to the value of 
imaginary part of eigenvalue p

Setting new ωi equal to 
the imaginary part of 
the i-th eigenvalue p

|ωi+1–ωi|<ε

Saving the 
eigenvalue data 
when i = 1

Saving the 
eigenvalue data 
when i = 2

End

Y

N

Fig. 11.24: Flowchart of the p–k method.
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A comparison of this method with the aeroelastic module in NASTRAN software was
made as shown in Fig. 11.25 and 11.26. When the relative velocity is about 94m/s, flutter
occurs. The calculated flutter speeds of these two methods are similar, with relative
error of only 2.174%. The flutter frequency calculated by this method is 3.648Hz and
that by NASTRAN is 4.222Hz. Although there is a certain gap between the two results,
the trend is basically the same. What is more, the results were also compared with the
quasi-steady coupling model and listed in Tab. 11.3. It can be seen that the flutter speed
of the quasi-steady model is smaller than that of the unsteady model. The main reason
is that the unsteadymodel considers the influence of the trailing edge free vortex whose
induction can increase the flutter speed. Therefore, the results from the quasi-steady
model tends to be conservative.

Tab. 11.3: Comparison of different models.

Quasi-steady model Unsteady model NASTRAN

Flutter speed (m/s) 84 94 92
Flutter speed (Hz) 4.084 3.648 4.222
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Fig. 11.25: The relationship between W0 and ξ .
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11.4 The dynamic stall and aeroelastic analysis
of the wind turbine blade

The improved Beddoes–Leishman dynamic stall model was utilized to study nonlin-
ear aeroelastic performance of a wind turbine airfoil section with three degrees of
freedom. The influences of linear and nonlinear aerodynamic force models on blade
vibration response were compared. The effects of airfoil camber on aeroelastic limit-
cycle-oscillationwere deeply studied. The effects of structural damping on the response
of a nonlinear aeroelastic system are discussed.

11.4.1 The structural kinematics model

The model of an airfoil section with three degrees of freedom is shown in Fig. 11.27. The
degrees of freedom are the vertical displacement of the rigidity center y, the horizontal
displacement of airfoil section x, and rotation angle around rigidity center α . The
stiffness of the airfoil section is simulated with two tension springs (Kx and Ky ) and
a torsion spring (Kα ). xf is the chordwise position of the rigidity center and xc is
the chordwise position of the mass center. The hypothesis is adopted that the airfoil
sections are rigid without deformation and the elastic, aerodynamic, mass centers of
the blade sections are located in the same line.
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Fig. 11.27:Model of airfoil section with three degrees of freedom.

Under the action of gravity, drag, elastic force and aerodynamic force, the differential
equation of motion of the structure with three degrees of freedom is as follows [223]:

m ̈x − Sα sin(α) ̈α + cx ̇x + Kxx = Daed, (11.35)
m ̈y − Sα cos(α) ̈α + cy ̇x + Kyx = Laed, (11.36)

−Sα sin(α) ̈x − Sdα cos(α) ̈y + Iα ̈α + cα α̇ + Kαα = Maed, (11.37)

where m = ∫c0 ρ̄ dx is the blade mass per unit length; ρ̄ is the chordwise density of
the airfoil section; S = m(xc − xf) is the inertia about the Yf axis (the origin of Yf
is the rigidity center, the direction of Yf is perpendicular to chord) per unit length;
Iα = ∫

c
0 ρ̄(x − xf)

2 dx is mass moment of inertia about the Yf axis per unit length; rcg
is the rotational radius with respect to the gravity center; cdof = 2εdofwdofm is the
structural damping coefficient of each degree of freedom (εdof is the damping ratio of
each degree of freedom, wdof is the frequency of each degree of freedom); Daed , Laed ,
Maed are lift, drag and moment of an airfoil respectively.

11.4.2 The aerodynamic model

The improved Beddoes–Leishman dynamic stall model, a semi-empirical model, was
utilized. The aerodynamic model was simplified by Hansen et al. [216] and was used
to perform the stability analysis for a multi-megawatt wind turbine during the linear
elastic range. However, they did not take the nonlinear effects of the aerodynamic force
into account. The nonlinear aerodynamicmodel is considered in this section to analyze
the stability characteristics of an airfoil section through three degrees of freedom.

 EBSCOhost - printed on 2/13/2023 5:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



11.4 The dynamic stall and aeroelastic analysis of the wind turbine blade | 357

11.4.2.1 Lift force
The lift force on the airfoil can be divided into a cyclic component and a noncyclic
component. The noncyclic component is related to the instantaneous motion of the
airfoil, but not affected by the disturbed flow. The cyclic component is mainly caused
by the vortex shed from the airfoil’s trailing edge. In the present model, the effective
angle of attack is introduced to take account of this cyclic component. Expressions for
noncyclic lift and cyclic lift are shown in equation (11.39) and (11.40).

Laed = Lnc + Lcirc, (11.38)
Lnc = ρb2π(V0 − ̇x)α̇ − ρb2π ̈y − ρb3πξea ̈α, (11.39)
Lcirc = (∂Cl/∂α)ρh(V0 − ̇x)2(αeff − αlift,0), (11.40)

where ρ is air density; b is half of the chord; V0 is inflow velocity which is equal to
inflow velocity subtracted from vibration velocity along the x direction V0 − ̇x; ξea
is the ratio of chordwise position of the elastic center to b which is xf/b; ∂Cl/∂α is
the slope of the lift coefficient with respect to angle of attack, αlift,0 is the angle of
attack when the lift coefficient equals zero. αeff is the effective angle of attack which is
expressed as follows:

αeff = a3/4(1 −
3
∑
i=1
Ai) +

3
∑
i=1
zi , (11.41)

̇zi = −(
V0 − ̇x
b bi −

̈x
V0 − ̇x
) zi +

V0 − ̇x
b biAiα3/4, (11.42)

α3/4 = α −
̇y

V0 − ̇x
+
0.5 − ξea
V0 − ̇x

α̇. (11.43)

The coefficients Ai and Bi are the response parameters of the airfoil, which can be
obtained through experiment. The coefficients of the Risø B1-18 airfoil are listed in
Tab. 11.4. Zi is the additional variable responsible for the time delay due to flow dis-
turbances and its first-order differential equation is shown in equation (11.42). α3/4 is
the “quasi-steady” angle of attack obtained at the three-fourths position on the chord
which is shown in equation (11.43).

Tab. 11.4: Coefficients from experimental data of Risø B1-18.

Risø B1-18 airfoil A1 A2 A3 b1 b2 b3

0.0821 0.1429 0.3939 0.0199 0.7817 0.1453
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11.4.2.2 Drag force
The drag force on the airfoil is composed of static drag and induced drag. Static re-
sistance can be obtained from the static resistance curve. The induced drag is mainly
caused by the x-direction component of the cyclic lift:

Daed = Dstatic + ∆Dinduced, (11.44)
Dstatic = ρb(V0 − ̇x)Cd,(αeff), (11.45)

∆Dinduced = Lcirc(α − αeff), (11.46)

where Cd,(αeff) is the curve of the drag coefficient at the effective angle of attack.

11.4.2.3 The moment
The aerodynamic moment is also composed of noncyclic component and a cyclic
component. The noncyclic component acts on the elastic axis and the cyclic component
is generated by the cyclic lift and drag force which act on the aerodynamic center of the
airfoil. Moreover, considering the effect of camber, the static moment Cm,(αeff) under
the effective angle is also included in equation (11.49).

Maed = Mnc +Mcric, (11.47)
Mnc = − ρπb3(V0 − ̇x)(0.5 − ξea)α̇ − ρπb3ξeaα ̈x − ρπb3ξea ̈y
− ρπb4(1/8 + ξea) ̈α, (11.48)

Mcirc = (ξea + 0.5) cos(α)Lcirc + (ξea + 0.5) sin(α)Daed + ρb2(V0 − ̇x)Cm,(αeff). (11.49)

11.4.3 The aeroelastic coupling system

The aeroelastic response of the airfoil canbe simulated through coupling the differential
equations of flowand structuremotion. Combining the equations (11.35)–(11.38), (11.44)
and (11.47), the aeroelastic coupling system is obtained as shown in equation (11.50):

{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{
{

m ̈x − Sa sin α ̈α = − Cx ̇x − Kxx + Dstatic + ∆Dinduced(m + ρπb2) ̈y
− (Sa cos α − ρπb3ξea) ̈α
= − Cyy − Kyy + ρπb2(V0 − ̇x)α̇
+ Lcirc(Sa sin α − ρπb3ξeaα) ̈x
+ (Sa cos α − ρπb3ξea) ̈y
− [Iea + ρπb4 (18 + ξea)] ̈α

= [Cα + ρπb3(V0 − ̇x)(0.5 − ξea)]α̇ + Kαα −Mcirc.

(11.50)

In order to solve second-order differential equations, usually they are transformed into
first-order differential equations, which can be written in the form of a matrix:

Mnl ̇x = Anlx + fnl, (11.51)
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where x is the variable and can be written as follows

x = {x, y, α, ̇x, ̇y, α̇, z1, z2, z3}T . (11.52)

Asmatrix Mnl , matrix Anl and force vector fnl are also functions of the system variables,
the system is nonlinear. The traditional eigenvalue method is no longer applicable
for solving the aeroelastic equations of the nonlinear system. The numerical integra-
tion method in the time domain is usually adopted. The fourth-order Runge–Kutta
numerical integral method is utilized here to solve the flapwise, edgewise and tor-
sional vibration responses. The initial value of the variable x is zero. The order of
equation (11.50) is reduced, which simplifies the calculation. And it is not compulsory
to transform equation (11.50) into equation (11.51) and can be solved as follows

{{{
{{{
{

A11 ̈x − A12 ̈α = A13,
A21 ̈y − A22 ̈α = A23,

A31 ̈x + A32 ̈y − A33 ̈α = A34.
(11.53)

Equation (11.53) is simplified into

{{{{{{{{{
{{{{{{{{{
{

̈x = A13(A22A32 − A21A33) + A12(A21A34 − A23A32)A11(A32A22 − A21A33) + A12A21A31
,

̈y = A22(A11A34 − A13A31) + A23(A12A31 − A11A33)A21(A12A31 − A11A33) + A11A22A32
,

̈α = A11(A21A34 − A23A32) − A13A21A31A11(A22A32 − A21A33) + A12A21A31
,

(11.54)

where
A11 = m;
A12 = Sa sin α;
A13 = −Cx ̇x − Kxx + Dstatic + ∆Dinduced;
A21 = m + ρπb2;
A22 = Sa cos α − ρπb3ξea;
A23 = −Cyy − Kyy + ρπb2(V0 − ̇x)α̇ + Lcirc;
A31 = Sa sin α − ρπb3ξeaα;
A32 = Sa cos α − ρπb3ξea;
A33 = Iea + ρπb4 (18 + ξea) ;

A34 = [Cα + ρπb3(V0 − ̇x)(0.5 − ξea)]α̇ + Kαα −Mcirc.

Combining equations (11.54) and (11.42) and adopting the fourth-order Runge–Kutta
numerical integral method, the flapwise, edgewise and torsional vibration responses
can be obtained.
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The Risø B1-18 airfoil is selected and its related parameters are listed in Tab. 11.5 [106].
Considering the effect of airfoil camber, the aerodynamic coefficients are listed in
Tab. 11.6.What ismore, the static lift coefficient, drag coefficient andmoment coefficient
under the effective angle of attack also need to be calculated. The lift coefficient, drag
coefficient, and torque coefficient are taken from reference [224]. The aerodynamic
characteristic curve was fitted using the 8th-order polynomial as shown in Fig. 11.28.
The standard deviations are respectively 0.016256, 0.007067 and 0.002209.

Tab. 11.5: The parameters of Risø B1-18.

Mass per unit length m (kg) 40
Chord c (m) 1
Chordwise position of elastic center xf (m) 0.3
Chordwise position of gravity center xc (m) 0.35
Flapwise natural frequency fx (Hz) 1
Edgewise natural frequency fy(Hz) 2
Torsional natural frequency fα (Hz) 10
Radius with respect to mass center rcg (m) 0.2

Tab. 11.6: The aerodynamic parameters of Risø B1-18.

Angle of attack with zero lift αlift,0 (°) −3.512 
Drag coefficient when angle of attack is 0°Cd0 0.0074
Moment coefficient when angle of attack is 0°Cm0 −0.112 

11.4.4 The numerical results

In order to compare the results from the nonlinear aerodynamic numerical calculations
and the linear calculations, the equation (11.51) needs linearization treatment using a
first-order Taylor series expression. The detailed simplification process can be found
in reference [223]. Without considering the viscous damping, the numerical integral
method in time domain is used to solve the control equation. The calculated flutter
speed is 137.2m/s and that described in the literature [223] is 142.3m/s. The relative error
of only 3.584% shows the feasibility of this method. Without considering the airfoil
camber and using the same method to solve equation (11.51), the calculation results
were compared with those from the linear system. The variation of displacement with
respect to time along each degree of freedom is shown in Fig. 11.29. It can be seen that
the differences between the nonlinear and the linear systems are large. The vibration
follows simple harmonic motion at critical flutter speed in the linear system. However,
the nonlinear system turns into a stable state at relative speed of 117.5m/s and did not
reach the critical flutter speed of 137.2m/s calculated from the linear system.
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Fig. 11.29: Vibrations from the linear and nonlinear systems.

The effect of camber on the aeroelastic stability will be studied next. The static aerody-
namic force coefficients are shown in Tab. 11.6. The coefficients not listed in Tab. 11.6
remain unchanged. The calculation resultswere comparedwith those from calculations
without considering camber effects, as shown in Fig. 11.30. The flapwise, edgewise
and torsional limit-cycle-oscillation considering camber effects of the airfoil come
into a stable state earlier (with relative inflow speed of 118m/s) than those without
considering camber effects (with relative inflow speed of 117.5m/s). The flapwise dis-
placement is about 1.5m when the vibration reaches stable state compared with 0m
from computations without considering camber. The lift coefficient of airfoils with
camber is higher than that of a symmetric airfoil in the main angle of attack zone.
When the angle of attack is zero, the lift coefficient of an airfoil with camber is greater
than zero and that of a symmetric airfoil is zero. Therefore, the flapwise stable state is
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Fig. 11.30: Vibrations of an airfoil with and without camber.

achieved when the blade is away from the initial position. The variations of flapwise,
edgewise and torsional speed with respect to their respective displacement of an airfoil
with camber are given Fig. 11.31–11.33. The limit-cycle-oscillation will appear when the
vibration is in stable state due to the nonlinear aerodynamic force, which is shown as
the tracks with high density in these figures.

The effect of structural damping on the aeroelastic stability will be studied next.
Assuming the same damping ratio of 0.08% along the directions of the three degrees
of freedom, the structural damping coefficients of three directions (cx , cy and cα ) can
be obtained, which are 0.8, 0.4 and 4 respectively. The calculation results were com-
pared with those from calculations without considering damping effects, as shown in
Fig. 11.34. The flapwise and torsional oscillations considering damping come into stable
state finally, which implies that the existence of structural damping can effectively
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Fig. 11.31: Edgewise speed displacement relationships at relative speed of 118m/s.
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Fig. 11.32: Flapwise speed displacement relationships at relative speed of 118m/s.
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Fig. 11.33: Torsional speed angle relationships at relative speed of 118m/s.

improve the stability of the wind turbine blade. The vibrations along the directions
of the three degrees of freedom with relative inflow speed of 130m/s are shown in
Fig. 11.35. It can be seen that vibrations become more complex when the relative inflow
speed is large (close to the linear flutter speed). The main reason is that the airfoil
gradually goes into dynamic stall state and it becomes difficult to accurately predict the
lift, drag and moment coefficients, which leads to the complexities of vibrations. The
variations of flapwise, edgewise and torsional speed with respect to their respective
displacement damping are given Fig. 11.36–11.38. It can be seen from these figures that
chaotic motions appear.

11.5 Chapter conclusions

Based on aeroelastic theory, an aeroelastic feedback model for wind turbine blade
airfoils was established. The critical condition of torsional divergence and the iterative
model calculating the redistribution of aeroelastic load for a 2D airfoil section was
obtained using the coupling relationship between lift coefficient, aerodynamic cen-
ter, dynamic pressure and the additional torsional angle. The relevant aerodynamic
parameters were obtained using XFOIL software in the angle of attack range from
0 to 6 degrees. The effects of torsion stiffness and distance from stiffness center to
aerodynamic center on the divergence speed, additional elastic angle and lift force
were analyzed. The influences of different airfoils on additional elastic angle and lift
force were analyzed intensely. It was found that airfoil shape has some influence on
the aeroelastic response system.
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Fig. 11.34: Vibrations of an airfoil with and without damping at relative speed of 118m/s.

Secondly, the quasi-steady and unsteady aerodynamic-structural coupling models
of a 2D airfoil section were established. The aeroelastic stability analysis of a certain
section on the NREL 5MW wind turbine blade was conducted. Comparisons were
made between results from the two coupling models. The results from the unsteady
aerodynamic-structural couplingmodel were compared with those from the aeroelastic
module of NASTRAN and the accuracy of the unsteady model was validated. With
regard to the structural characteristics, it was found that the chordwise position of the
elastic center and the gravity center will have a great influence on the flutter speed of
wind turbine blades.
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Fig. 11.35: Vibrations of an airfoil with and without damping at relative speed of 130m/s.

Finally, the nonlinear aerodynamic-structural coupling model of a 2D airfoil section
with three degrees of freedom was established using the improved Beddoes–Leishman
dynamic stall model. The different vibration responses between linear and nonlinear
models were compared. And large differences between nonlinear and linear systems
can be found. The vibration follows simple harmonic motion at critical flutter speed in
the linear system. However, the nonlinear system turns into stable state at a relative
speed of 117.5m/s before reaching the critical flutter speed of 137.2m/s calculated from
the linear system. The effects of airfoil camber on aeroelastic limit-cycle-oscillation
were deeply studied. When the camber effects of an airfoil are considered, the flapwise,
edgewise and torsional limit-cycle-oscillation come into stable state earlier than when
camber effects are not considered. The flapwise displacement when the vibration
reaches stable state is larger than that without considering camber. The lift coefficient
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Fig. 11.38: Torsional speed angle relationships at relative speed of 118m/s.

of airfoils with camber is higher than that of symmetric airfoils in the main angle of
attack zone. The effects of structural damping on the response of a nonlinear aeroelastic
system were discussed. When the relative inflow velocity is 118m/s, the existence of
structural damping can effectively improve the stability of the wind turbine blade.
When the relative inflow speed is large (close to the linear flutter speed), vibrations
become more complex. This is mainly because the airfoil gradually goes into dynamic
stall state and it becomes difficult to accurately predict the lift, drag and moment
coefficients. So the vibration responses of an elastic coupling system become more
complicated with chaotic motions appearing.
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