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Abstract

Renewable energy is expected to be the main source of power by 2050, bringing an
end to the use of fossil fuels; this is the only way to achieve Net Zero. Wind turbines
which majorly contribute to this agenda, not only help to reduce C0O, emission, they
are also environmentally friendly and form a cost-effective solution. The aerodynamic
study and design of a wind turbine blade is essential as it is directly linked to the
performance of the wind turbine. The maximum power generating wind turbine
currently operating is the Haliade-X (GE) turbine, which has set a trademark at
producing 14 MW, 13 MW or 12 MW . However, a need for higher power generating

wind turbines is present to be able to reach the Net Zero target.

By upscaling the “DTU 10 MW Reference Wind Turbine” this research has achieved
an aerodynamically stable 20 MW offshore wind turbine blade design. Variable
rotation speed and variable pitch angle configurations have been considered to
achieve an ideal power curve. The aerodynamic performance has been evaluated
using CFD and quantified for a length optimized blade design. To ensure structural
stability, chord and twist optimizations have also been performed.

The chord and twist of the designed blade have been optimized through the
momentum theory and the blade element theory. 2D numerical simulations on FFA-
W3 aerofoils used in the design of the wind turbine blade have been carried out initially

to determine the angle of attack at minimum CD/CL ratios, which further helps to

calculate the chord and twist of the blade. From the calculated value, a new design
variant has been proposed and the aerodynamic performance has been evaluated
using CFD.
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Introduction

Since medieval times around 5000 years ago, wind has been used as the
source of energy for carrying out various actions. There is a history of wind
turbines being used for agriculture, and household purposes such as milling.
Sailboats also used wind energy to navigate through the seas. Dating back to
200 B.C. people from China and Persia used wooden wind powered water mills
for pumping and grain grinding. Wind energy has also been used as the source
of energy for irrigation, water pumping in the olden days. However, in the recent
era, as the electricity production developed, electric lines started encroaching
every field, confining wind powered works to rural areas and causing the first
phase of decline for wind use. Later, during the 19" century there was a shift

from coal to petroleum.

Numerous scientists and researchers considered the damaging impacts
of fossil fuels, petroleum, and nuclear, and saw the wind energy and natural
gases as the potential future power generating. Wind power, as an alternative
to fossil fuels, petroleum and nuclear power is available in abundancy, it is also

renewable and environmentally friendly.

Wind is described as the flow of gases in large scale, which is often
referred by the strength and direction of the flow. According to the metrology
science, short bursts of air are termed ‘gust’, and strong winds which have an
intermediate duration are termed ‘squalls.” The long duration high strength wind
is called by various terminologies depending on the strength and duration as
‘gale’, ‘storm’ and ‘hurricane.” The main cause for atmospheric wind generation
is atmospheric pressure difference due to which air moves from the higher-
pressure region to the lower pressure region, ultimately resulting in the
formation of wind streams of various speeds. Also, the temperature gradients
form a factor causing the generation of wind. Land and sea have their own
significant temperature characteristics. Since wind is also generated due to

changes in temperature generally, more wind is available in the sea regions.



A wind turbine is a mechanical device which uses wind as the feed and
converts the kinetic energy in it to electrical energy using various intermediate
devices like gearbox (low-speed, High-speed variants), and shaft. Rotor blade,
nacelle, tower, and generator are commonly found components in a wind

turbine.

For the last decades wind energy has been very important due to the green
energy revolution, and research and development have been carried out.
Offshore wind turbines show an increasing impact towards reaching Net-Zero
by 2050. It is now crucial to consider improving wind turbines further and
improve their design and efficiency at lower cost [1].

There are many ways to improve the wind energy. A simple way would be
to improve the efficiency of existing wind turbines by attaching a winglet at the
tip of their blade, however, the improvement would be minimal [2]. A second
option would be to extend any wind farm by placing additional wind turbines of
same efficiency to generate additional power. A third option would be to design
a large-scale wind turbine which would produce a large amount of power. There
are many aspects while designing a large-scale wind turbine, mainly related to
the structural and aerodynamic performance. An efficient structural design
would reduce the material and maintenance costs of the turbine, and would

improve its aerodynamic efficiency, generating a higher amount of power [3].

The current research aims to produce a 20 MW horizontal axis wind
turbine blade design, which is the highest power reached to date worldwide.
Increasing the power beyond 20 MW would increase the size of the overall
turbine which would be unfeasible due to issues like weight and corresponding
loads. Large scale offshore wind turbines have a significant impact on the
growing economy, the wind being a source of renewable energy. The use of
such resources does not highly affect the environment, they are also known to
be eco-friendly. Designing a large-scale wind turbine which can produce 20 MW
power, will help for the daily commercial utilization of power. The conversion of
kinetic energy into mechanical energy has been studied and improved for
decades and maximizing the utilization of the kinetic energy of the wind is/was

one of the objectives of this work.



Due to its wide availability, commercially available technology, low cost, and
significant contribution to €0, reduction, wind energy plays a critical role in the
development of sustainable energy. In both onshore and offshore wind projects,
wind turbines account for most of the costs. As a result, wind turbine
aerodynamics is the backbone of the wind energy industry because its

performance is directly tied to it [4].

Blade Element Momentum theory (BEMT) has been traditionally used to
develop the rotor blades of wind turbines and assess their performance
behaviour [5]. Many studies have been carried out on small scale horizontal
axis wind turbines using BEMT, Computational Fluid Dynamics (CFD) and
experimental methods [5][6][7]. Fewer studies have been performed on
commercial large scale offshore wind turbines, where further research and
development is required, due to their capacity to produce a high amount of

electricity/power.

A wide range of studies have been performed on rotor blades aerofoils
[8][9]. The higher the thickness the better the structural properties, but this also
affects blades' aerodynamic efficiency. Hence the blade thickness is limited to
21%-27%. Flygtekniska Forsoksanstalten Airfoils (FFA) developed by the
Aeronautical Research Institute of Sweden and Delft University (DU) are the
preferred aerofoils because of the thickness and lift to drag ratio they can

achieve [10].

The research on vortex reduction (or wake effect) and turbulence level
showed that designing and optimizing the winglet does not contribute much to
the power coefficient. Varying the pitch and flap design for a large wind turbine
makes the design complex and expensive, and manufacturers require a simple

design for ease of fabrication.

A “5 MW Reference Wind Turbine” was designed to overcome all these
issues in 2009 [11]. Later, in 2011 [3] and 2013 [12], a “20 MW Reference Wind
Turbine” was designed. The classical similarity rules were used to up-scale the

rotor blades.



One key parameter used to up-scale a wind turbine blade is the blade
diameter. However, increasing the diameter has an adverse effect on the mass.
A large wind turbine means a large nacelle, and thus the added weight makes
the size of the tower to increase. Hence, it is essential to design large, cost-
effective, and reliable offshore wind turbines, which produce a large amount of
power. This can be achieved by varying parameters such as the length, chord,
thickness, twist, RPM, and pitch of the wind turbine blades, the increase of
aerodynamic performance of the blades, producing highly efficient wind
turbines. To achieve the expected results, a domain/geometry and pitch
sensitivity study must be carried out.

In the present research, a better performing large scale offshore wind
turbine has been designed through varying critical aerodynamic parameters
using CFD. CFD offers flexibility in terms of design changes, since it can be
modified as per the needs several times finally arriving at an optimal design, it
is cost effective, and it further allows the user to visualize forces acting on even
the smallest part of the design which is advantageous. Simulations have been
carried out for different cases. The main aim of the research is to obtain efficient
eco-friendly renewable energy through a maximum utilization of the Kinetic

Energy present in the free-stream wind.

To achieve the desired aim of the research, the thesis is divided into six
chapters, with a brief overview of each of them provided below.

Chapter 1 - Introduction: Subject and importance of the research are
explained briefly along with the research gap. Current problems faced due to
fossil-fuel and solutions are described. Contribution to knowledge through this

research work is presented and discussed.

The aim and objectives of the PhD research project are also provided in this

chapter, and the methods used to achieve the aim are explained.

Chapter 2 - Literature Review: A literature survey is carried out on large scale
offshore wind turbines and the associated design parameters. The survey helps
to understand current and future requirements for operators to install and

design offshore wind turbines and be able to efficiently harvest energy from the
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1.1

wind. Current wind turbine blade designs are discussed, numerical and
experimental methods used for the design of offshore wind turbines are also
critically discussed. This chapter also includes principles of wind energy, rotor

aerodynamics, horizontal axis wind turbine blade design.

Chapter 3 - Methodology: A baseline model and its performance parameter
are explained. In this section 2D and 3D CFD methodologies that were
employed in this study are discussed. The purpose of this research is to find
the best CFD approach and methodologies for a large-scale offshore wind
turbine. Grid independence study, boundary condition (BC) interactions and BC
placement sensitivity analysis are explained along with BC type, solver settings
and domain sizes. A pitch sensitivity study is also explained. Results obtained
through the current research (CFD), QBlade and EllipSys3D (tool used by DTU)
are compared.

Chapter 4 - Results / Findings: A novel design variants methodology is
explained. Simulation results of the baseline design and new design variants
for an offshore wind turbine blade are compared and discussed. Flow physics

is shown at different sections of the blade.

Chapter 5 - Conclusions and Future work: The outcomes of the PhD work
are summarised in this chapter. This chapter also provides suggestions for

further research and development in the field.

Roadmap

Figure 1.1 shows the roadmap followed to successfully achieve the desired
aim and objectives of the research. Through textbooks, theory, and principles,
wind turbines were studied. The current problems faced by industries to
improve the power efficiency were discussed. Through a literature review, by
referring to journal papers, conference proceedings and current up to date
development news, the research gap was defined. The “DTU 10 MW Reference
Wind Turbine” was selected as the baseline model since its geometry is freely

available from the literature. The required geometrical parameters and



aerodynamic results were also collected from the literature. The baseline model
is an upwind rotor blade with a radius of 89.166 m.

A 2D CFD study was carried out to understand the flow around the aerofoils
and its behaviour. A 3D baseline model was designed, and a domain and pitch
sensitivity studies were carried out. The current CFD results were compared
with existing results from the literature and with QBlade results. Along with
these two above-mentioned studies, a grid independence study was carried out
for both 2D and 3D models.

The aerodynamic parameters of the baseline model were then changed,
based on Betz’ formulation, and new design variants were obtained. The design
variants were then modelled, and the mesh was generated. A detailed study
was carried out to finalise the results. Finally, a 20 MW offshore wind turbine

blade was generated.
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1.2

Aim and Objectives

Large scale offshore wind turbines have mainly three key designs: 1)
Aerodynamic design, 2) Structural design, 3) Aero-Servo-Elastic Design. Figure
1.2 shows the framework for the study of large-scale offshore wind turbines.
The aerodynamic design consists of aerofoil selection, rotor design, and
aerodynamic performance. The structural design is dedicated to analysing the
material, load acting, buckling and strength of the blade and tower. Finally, the
task of the aero-servo-elastic design is to describe the characteristic of the
components like nacelle, hub, and tower and drivetrain properties and its aero-

elastic stability.

Aerodynamic
Design

Large Scale Off-shore
Wind Turbine

Aero-Servo-
Elastic Design

Structural
Design

Figure 1.2: Study framework of large-scale offshore wind turbines

The present research involves the study of the aerodynamic design. The
aim is to design and analyse an offshore wind turbine and improve its
aerodynamic performance under 'design’ and ‘'off-design’ conditions, using
CFD. This research will build a foundation to carry out further research on
structural and aero-servo-elastic design. The aerodynamic design involves two
main sections 1) 2D aerofoil study, and 2) 3D blade design. Initially, according
to the design requirements, a set of aerofoils will be selected, and their

characteristics will be analysed to build the 3D blade geometry.



To have a better performing rotor blade, the following objectives are defined:

1.

To assimilate the principles and techniques that influence the
aerodynamic performance of a wind turbine through a literature
review.

To select a suitable baseline offshore wind turbine and its operating
conditions.

To obtain the aerodynamic performance of a baseline offshore wind
turbine.

To investigate the effects of different wind turbine parameters on the
aerodynamic performance.

To achieve a 20 MW large scale offshore wind turbine.

1.3 Methods and Methodology

The methods and methodology of the research are listed below:

>

A literature review on aerodynamic design and performance of
offshore wind turbines was carried out by referring to Journal papers,
conference proceedings, and current up to date development news.
The “DTU 10 MW reference wind turbine” has been selected as the
baseline model. The data files have been collected from the DTU
designers.

The geometrical model of the “DTU 10 MW reference wind turbine”
was built using SOLIDWORKS and a CFD analysis was carried out
using ANSYS FLUENT after performing a grid independence study.
The design and off-design performances of the “DTU 10 MW
reference wind turbine” was carried out and the results of EllipSys3D
(tool used by DTU), were compared with the results of the CFD
simulation.

The blade was redesigned for the 20 MW power by varying the length
of the blade. A similarity rule was applied to achieve the required blade

length.



The optimum RPM was achieved for each individual velocity between
5m/s and 25 m/s by running a set of simulations.

The chord to thickness ratio and the twist angle of the aerofoil were
modified with respect to the new length to generate a new design
variant using Betz’ optimum rotor design.

Operational parameters in particularly pitch must be varied to achieve
the optimised results.

Geometric modelling and CFD simulations were carried out for each
of the design variants using SOLIWORKS and ANSYS FLUENT,
respectively.

The performances of different wind turbine design variants were
compared in terms of power coefficient and thrust coefficient against
wind speed.

The design of a 20 MWW large scale offshore wind turbine was based

on improved aerodynamic performance and operational parameters.



Literature Review

2.1

Background Theory

For hundreds of years, wind has been utilised to generate power, but
historical designs (windmills) were inefficient, massive, and heavy. Windmills
were replaced by fossil fuel engines in the early nineteenth century. In the
second part of the twentieth century, a great understanding of aerodynamic and
advanced material study helped to return the wind energy extraction which

produced electricity well knows as wind turbines [13].

The limitation of fossil fuel resources and the environmental, safety hazard
of nuclear power, gave a push to the expansion of renewable resources. Wind
turbines are promising solutions to many countries worldwide as they do not
produce C0O, emission nor any environmental hazards. However, wind turbines
do produce noise, and this has a negative impact on wildlife. To eliminate the
negative impact on sites, wind farm setup locations should be selected carefully
[14].

To reduce the price and to make energy more competitive, along with the
design optimization of rotor blades, wind turbine manufacturers are working on
the cost reduction of the wind turbine itself. The production cost of the electrical
energy generated includes cost of land, availability of wind at a particular site
and interest rates. The production cost is a sum of invested capital and the
discounted maintenance capital divided by the discounted production in kWh
for a duration of 20 years [15]. However, these production costs can be

recovered over a period of 6 to 12 months with a large-scale wind turbine [16].

Many devices convert the kinetic energy which is available in the free
stream air into mechanical work which led to researchers proposing
unconventional concepts which were not practical and did not reach
expectations [17]. A large number of studies took place to increase the power
production which returned with few numbers of rewards because of the design
limitations and practical effectiveness [4][18][19]. The design limitation is
subjected to wind rotor, but it is not the only component that contributes to
energy production. A typical wind turbine includes gearbox, control system,

10



variety of auxiliary units and generator etc, which play a major part in the overall
electricity production [13].

The first classification is based on axis of rotation and shaft orientation as
shown in Figure 2.1.1. The shaft of horizontal axis wind turbines (HAWT) is
horizontally parallel to the ground whereas, shafts normal to the ground are

called as vertical axis wind turbines (VAWT) [20].

m Hind
irection

¢

HAWT

Figure 2.1.1: Shaft and rotor orientation configurations [18]

Factors such as low tip speed ratio, fluctuating RPM and incapability of self-
starting of VAWT reduced the focus on its further development [21]. However,
tower loads have been reduced by placing the large generator on the ground
and is not in need of additional apparatus to face the wind, which gave the boost
to undertake further development. VAWT concept has yet to be tested on a
megawatt scale, and it will take several years to develop before it can be
deemed competitive. The success of the HAWT can be linked to enhanced rotor
control through pitch and yaw control, in addition to the challenges associated
with other designs. This has caused the current leading large scale wind turbine
manufacturers and industrialists to be more inclined to the development of
HAWT [18].
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2.2

221

Principles of Wind Energy Conversion

The main component of a wind turbine is an energy converter that
transforms kinetic energy in the free stream wind into mechanical energy.
Between 1922-25 Albert Betz published a manuscript where this is explained,
based on application of elementary physical law. The author explained that only
a certain portion of the wind energy can be extracted in the form of mechanical
energy when the wind flows through a cross-sectional area [13]. Betz also
concluded that the optimal power can be extracted only at a certain velocity
ratio between the flow velocities upstream and downstream of the energy

convertor.

BetzZ momentum theory (BMT) is a study of a one-dimensional plane
turbine model with an incompressible, uniformly distributed flow having a linear
velocity. When the velocity is linear the rotational flow will not have wake
rotation produced by the high lift to drag ratio from the selected aerofoils, tip
losses and low tip speed ratio [22,23]. These assumptions will give a rough idea
in practical engineering applications, for the calculation of efficiency. From the

BMT the maximum efficiency achieved is limited to 59.3%. For wind turbines,
the efficiency is termed as power coefficient Cp and is indicated as Cp, = 0.593

[24]. This overestimated efficiency will have an overestimated turbine torque
and power. But in real scenarios the turbine blades will face tip losses and wake

effects hence, the maximum theoretical efficiency will not be achieved [25].

The Betz Elementary Momentum Theory

The kinetic energy E is defined as

E=rhv,? 2.1)
Where,
m : mass flow rate of the air (kg/s)
121 : free stream velocity (m/s)

The free stream velocity v; flowing through cross-sectional area A (m?) of the

rotor for a fixed time unit is known as ‘volume flow’ V (m3/s) .
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V=v4 (2.2)
The mass flow rate m (kg/s) accounts for the air density p (kg/m3) and is

defined as

m=pv, A (2.3)
Therefore, the power P (W) can be calculated as

p:%pW?A (2.4)

A 100% energy extraction out of the free stream airflow is not possible.
According to Betz’ law the wind turbine is at an idealized condition hence there
are no losses included in the theoretical calculations. As the power is extracted
at an active plane of the wind turbine. The mass flow rate is constant fore and
aft the energy converter or the wind turbine blade. But the velocity aft the
converter is retarded. To maintain the mass flow rate as constant, the cross-

sectional area must be increased [13].

_—
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Figure 2.2.1: Free stream air flow according to Betz wind turbine [18]

Figure 2.2.1 shows a disk-shaped converter inside a divergent tube with a

free stream air and the mass flow fore and aft the converter. The homogeneous
air flow v4 is in-front of the converter which is then decelerated to v, aft the

converter and the power Equation (2.4) is expressed as

13
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P=-pd, vy — 5P Az vi = SP (A vi — A, v3) (2.5)
Maintaining constant the mass flow rate and using continuity equation

pAL vy = pAy v, (2.6)

When the flow is incompressible, the density p remain constant and the

extracted power is the difference between upstream and downstream energy

values, i.e.
P= % m (v — v3) (2.7)

From the formula to achieve the maximum power, the exit velocity, or the
downstream velocity v, must be zero. This means that the converter should get

the velocity behind it to zero which is physically impossible. It is impossible to

achieve zero exit velocity unless the inlet velocity is zero. This means that there

is no flow through the converter. If v; = v, then there is no power extraction.

So, to achieve the maximum efficiency there must be a value between v, = 0
and v1 = vy. To determine this value, the velocity v’ should be at a known

location, and this is at the converter. Hence the power can be written as P =

F v'. Where, F = m(v; — v,) and by equating power equations
1 . . !
S m Wi — v3) = Mm@ —v)v (2.8)
Therefore,
v =W, +vy) /2 (2.9)

Thus, the mechanical power output is,
P = —1pA(v2—v2)(v + v,) (2.10)
2 1 2) (U1 2 :

The power of the wind P, without power extraction from the converter through

the cross-sectional area A is expressed as
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P,= = pv3A (2.11)

The ratio between the converter extracted power and the power of wind is
known as the power coefficient Cp
U2

Cp = P%z ! [1 - (—)2] [1 + :—j 2.12)

U1

Figure 2.2.2 shows the velocity ratio and the Cp fore and aft the converter. From

the plot the maximum ideal power coefficient C, = 0.593 is achieved at Z—i =
1

3 0r ~0.33. By substituting the :—2 = % into Equation (2.12) and recalculating
1

the Cp would results in

Cp = % = 0.593 (2.13)

However, these equations were first derived by Betz and the result is known as

the “Betz factor.”

J—y
(=)

=
oo

=
o

deal power coefficient cp

~

N

02 S

=
-

0 02 04 0.6 10

08
Velocity ratio vp/vq

Figure 2.2.2: Cp versus Z—z where v, is the downstream velocity and v, is the
1

upstream velocity [13]
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Figure 2.2.3 shows the detailed flow physics of a wind energy converter
along with velocity and static pressure variation fore and aft the disk-shaped
converter. The velocity before the converter slowly reduces and is further
reduced as it moves behind the converter. The velocity then increases as it
reaches the outlet to the maximum diameter. Meanwhile, the static pressure will
accelerate till it reaches the converter and will suddenly drop to a low value.
The static pressure aft the converter will gradually accelerate back to ambient

pressure because of pressure equalisation.
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Figure 2.2.3: Ideal disk-shaped energy converter depicting flow conditions while

maximum power is being extracted [13]

2.2.2 Power Calculation Using Aerodynamic Lift or Drag

From the Betz momentum theory, the maximum mechanical power was
calculated from the free stream velocity at ideal conditions. However, Betz did
not consider the effects due to the design of the converter, and it was assumed
that the converter was a disk-shaped device; its design and performance
characteristics did not contribute to the mechanical power extraction. But it is
understood that for real engineering cases, this scenario is not correct. The
power extraction from the complete system is dependent of the characteristics
of the blade design.
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The free stream velocity passes through the entire wind turbine. Hence, the
blade produces aerodynamic forces such as lift and drag. The darg force acts
in the flow direction whereas, the lift force acts perpendicular to the flow. The

power coefficient will purely depend on which aerodynamic force (lift or drag) is

being used to calculate the Cp [13].

Rotors Using Aerodynamic Lift

A higher efficiency can be achieved using the aerodynamic lift force. The
pressure difference in the aerofoils of the rotor blade help to increase Cp in a
HAWT. Figure 2.2.4 is a pictorial representation illustrating the pressure
distribution and aerodynamic forces acting on an aerofoil. In the modern era most
wind turbines rotor blades are designed using lift configuration. Many theories
put forth have been studied to find how lift force is generated. The free stream
velocity over an aerofoil will generate the skin friction and pressure difference
which in return will produce the aerodynamic forces [26]. These forces are then
resolved to get lift and drag and its direction. Further resolving the lift force, lift
torque and lift thrust can be achieved. The lift torque will be acting on the plane
of rotation which is responsible for the rotation of the blade and the lift thrust will

be acting perpendicular to it and will produce the rotor blade thrust [13].

| lift

low pressure

free-stream
velocity

high pressure

Figure 2.2.4: Aerodynamic forces on an aerofoil [13]
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Rotors Using Aerodynamic Drag

Comparing to the lift, the drag force easily converts the wind energy. The

mechanical power P can be calculated using the aerodynamic drag D and the
velocity v,. The drag force D is produced when a velocity v, is passing over an

area A as shown in Figure 2.2.5.

Using the drag coefficient Cp and the relative velocity v,..,; = v; — vV, the drag

equation can be written as,
— P 2
D — CDE(vl - 172) A (215)
Hence the resultant power from Equation (2.14) can be expressed as

P = CD g (v1 - 172)2 A vz (216)

Figure 2.2.5: Representation of drag device experiencing aerodynamic forces
and flow condition [13]

From Figure 2.2.2 in Section 2.2.1, the maximum efficiency is achieved at

velocity ratio of Z—z = § . By resubstituting Equation (2.16) into Equation (2.12)

1

the maximum power coefficient will be
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Crmax =
And the maximum C, for a concave surface designed wind turbine is 1.3 [13].

Hence,

Comax = 0.2 (2.18)

2.2.3 Comparison of Rotors Using Aerodynamic Lift and Drag

To confirm the maximum power coefficient produced by two types of

converters after a thorough investigation, Smeaton (1759) for Dutch smock

mills a Cppar = 0.28, realized that the power coefficient could be increased

t0 Cpimax = 0.50 using modern high lift devices [23].

(a)

Figure 2.2.6: Comparison between (a) drag and (b) lift driven rotor [23]

Drag and lift equations in terms of relative velocity is represented as

D= 20,525 Cp (2.19)

L=tv.%5C, (2.20)
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The fundamental difference between the drag and lift driven rotor is due to the
relative velocity, as shown in Figure 2.2.6. In a drag driven wind turbine the

relative velocity, v,..; is calculated as

Vrey =V — Vp =v,(1— 1) (2.21)
Where,
_n
A= o (2.22)

In case of drag driven rotor the relative velocity v,..; is always less than free

stream velocity v, because of v; — v,.

Whereas, in a lift driven wind turbine

Vyop = V12 + 1,2 = 13 V1 + A2 (2.23)

From Equation (2.23) the relative velocity v,.,; of the lift driven rotor is always

higher than free stream velocity v .

Where,

(2] . free stream velocity (m/s)
2 : angular velocity (m/s)

A : tip speed ratio

Blade tip speed

A= (2.24)

wind speed

For a drag driven wind turbine A < 1 and for a lift driven wind turbine A =

1 to 15. Therefore, the tip speed ratio value will determine the multiple of free

stream velocity i.e., relative velocity.

When both lift and drag driven wind turbines have the same swept area s, the
lift driven rotor’'s aerodynamic force magnitude is directly proportional to the
relative velocity squared, hence the force attained by the lift force driven rotor

is a multiple of the force attained by the drag force driven rotors [23]. The “active
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rotor plane” obtained by the drag driven wind turbine is very small as compared
to the Betz efficiency. However, 59.3% of Betz efficiency cannot be achieved

even in lift driven wind turbine because of the losses that has been neglected

in Betz efficiency principle [27].

2.2.4 Aerofoil Theory

Betz’ theory is based on a disk-shaped converter to extract the power.
However, currently, an aerofoil structured rotor blade is implemented in place
of a converter to extract the power and thrust. Aerodynamic forces produced by
the aerofoils will give additional efficiency. A symmetrical aerofoil in a free
stream velocity v; at angle of attack (AOA) & = 0° with no lift (L), but with
drag (D). So, the symmetrical aerofoils need to have some AOA to produce lift

and drag as shown in Figure 2.2.7.

4 Lift
V1 [l et » Drag
Angle of attack T S

Figure 2.2.7: Diagram illustrating lift, drag, and angle of attack on NACA 0012

The aerodynamic forces are expressed as
L=-pun?CC (2.25)
And,

D=2pv2CC (2.26)
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2.25

Where,
C : chord length (m)

C., Cp . lift and drag coefficient respectively

The Reynolds number (R,) is the ratio of “inertia force acting on a unit
volume of the fluid”. Viscous force (u) is indirectly proportional to (R, ), hence if

the viscous force is higher the Reynolds number will be lower and vice versa.

R, =P ”1C/H (2.27)

For a NACA 0012, the lift coefficient C, linearly increases up to AOA
10° which is C; 4, and above this AOA the flow separates, and stall occurs

at a Reynolds number of 50,000. Meanwhile, Cp, increases with the AOA. The

difference in pressure between the upper and lower surfaces of an aerofoll
determines the lift. Hence using a cambered aerofoil will be beneficial because
it produces more than zero lift coefficient at AOA zero. However, when
considering a horizontal large-scale wind turbine, both aerodynamic and
structural characteristics need to be considered [28]. When considering the
inner part of the rotor blade, the aerofoils need to be thick enough to support

the blade structurally, and the outer part of the blade is responsible for the
aerodynamic efficiency L/D' To achieve a better wind turbine performance lift

to drag ratio need to be as high as possible [9].

Velocity Triangles

In an upwind turbine, the incoming wind of velocity v; will pass through the

pressure surface of the rotor blade, this velocity v; will drive the turbine to rotate

and the rotating turbine will produce an induced or relative velocity v,..;. When

a blade rotates with an angular speed (2 a local circumferential speed v, = Qr

will be present in the axis of rotational plane. As shown in Figure 2.2.8, the
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angle of relative wind ¢ is a sum of the pitch angle 8 and the angle of attack «,

ie.
=0+« (2.28)

Introducing the tip speed ratio A,- at cut radius.

v, = 0r (2.29)
_ b2 _ 01
A = el (2.30)

The direction of ¢ with reference to the rotor plane is

(-0 _ (-

tangp = (2.31)

or (1+a")  (1+a)i,

Blade rotation plane

Figure 2.2.8: Velocity triangle of wind turbine aerofoil cut section [7]

From the Figure 2.2.8, substituting a = § and a' =0

_ v1(1—-a) 21
rel —

(2.32)

sing o 3sing
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2.2.6

Therefore,

tan @ = 3% (2.33)
_ 2
@ = tan™?! (E) (2.34)

From Equation (2.34), the angle of relative velocity ¢ at each radial cut r can

be calculated.

Wwind
Understanding basic concepts of wind is vital before designing a wind
turbine. The amount of energy from wind is proportional to wind speed. This
means that a wind farm must be selected very carefully to meet the required
efficiency. The distinct characteristic of the wind is variable both temporally and
geographically. Even though it is possible to predict the seasonal variation of
the wind, still on a shorter timescale there will always be a large variation [29].
Turbulence caused by thermals, land features and weather will vary the
wind every second. Due to the surface friction the flows are stronger above the

ground level than closer to the ground as shown in the Figure 2.2.9.

Geostrophic wind

Little turbulence

Boundary layer

close to ground

-

7

Z 7
Ground

h turbulence

Figure 2.2.9: Atmospheric boundary layer [23]

This results in variable loads being acted on the blades of the wind turbines
when rotating, hence the design of the blade must withstand environmental

conditions, which are rarely constant.
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2.3

2.3.1

While extracting power, the turbine has a mutual impact on the wind itself.
When the wind reaches a blade, its velocity reduces. Further reduction in wind
speed is seen when the wind is in contact with the blade, hence, forming an
imaginary circle around the blade’s tips, that is called the swept area. This
ultimately reduces the available power. Some of the wind heading towards a
blade gets diverted due to the slow-moving air in its vicinity which results in the
turbine not being able to capture optimal power. To avoid all these issues, it is
better to reduce the upwind speed by one third to reduce the wind speed,
allowing maximum energy capture, which is 59% of the wind power (Betz’ law).
However, the maximum energy being captured through current designs is about
40 to 50% [30].

Rotor Aerodynamics

The rotor is the primary functional component of a wind turbine. The entire
system is under the influence of the rotor properties, such as aerodynamic,
dynamic, and overall cost standpoint. The rotor blades transform the wind
energy into useful mechanical energy, and the efficiency of energy conversion
determines the effectiveness of wind turbine. Wind flowing through the swept
area of a rotor is a fluctuating power input which is then converted to uniform
torque with the aid of aerodynamic and dynamic properties induced in the rotor

in addition to reducing the unavoidable dynamic loads.

Maximum efficiency can be achieved with an upwind rotor and three blades.
Few of the two bladed wind turbines are designed for a downwind rotor. An
efficiency increment of 3% can be achieved with a three bladed design when
compared to a two bladed design. However, only 0.5% efficiency increase is
obtained with three to four rotor blade designs. Hence, a three rotor blade is
preferred [19].

Blade Element Momentum Theory

According to Betz’'s momentum theory [13] a 2D flow over actuator disc and

the streamlines are in one plane. Whereas the rotor will further transmit
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rotational motion which generates the rotor wake. The angular momentum is
preserved when the spin within the wake is inversely corresponding to the rotor
torque. Due to rotating wake produced by extended momentum theory the
turbine blade power coefficient will always be less than Betz value. Therefore,
the power coefficient is dependent on the ratio of translational and rotating

motion of the air stream and is known as tip speed ratio A.

The blade element or strip theory is an interaction between the rotor blade
aerodynamic characteristics and its shape [31]. According to the blade element
theory, the aerodynamic force and upwind condition act at a distance r from the
axis of rotation, assuming zero interface in aerodynamic forces. An aerofoil at
distance r is placed with a pitch angle 6 with reference to axis of rotation as

shown in Figure 2.3.1.

direction of
rotation

0 : blade pitch angle
a : angle of attack

wind speed

Figure 2.3.1: Aerofoil cross section of a blade element experiencing dynamic
forces and velocities [13]

2.3.2 Rotor Power Characteristics

Wind rotor's power characteristics are predominantly influenced by
fluctuation of its power with changing wind velocity. Torque and thrust
characteristics are also significant. The rotor thrust, and torque characteristics
are also critical. A rotor's power characteristics can be represented

dimensionless and it is function of the rotor power coefficient of the tip-speed
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ratio [13]. These quantities determine the shape and size of rotor blade and

wind turbine component’s assembly.

Power and Torque Characteristics

As a result of the simple momentum theory, “the order of magnitude of the
mechanical power output of the rotor” can be determined. The aerodynamic
rotor theory describes how a rotor configuration's geometrical shape is
interrelated to its power characteristics. A rotor power coefficient Cpg is used to

calculate the rotor power Py, based on the velocity.

Pp = Cppovis (2.35)
Where,
s : Swept area (m?)
12 : Velocity of the wind (m/s)
Cpr : Power coefficient of the rotor
p : Density of the air (kg/m?3)

According to the strip theory, the power coefficient Cpy is calculated for a
given rotor speed to wind speed ratio, or a given tip speed ratio (TSR) [13].
Variation of power coefficient with TSR can be obtained by repeating strip

theory for various tip speed ratios [13].

Power coefficient of rotor can be calculated either at fixed rotor speed for
various wind speed or vice versa [32]. Power coefficient curves for every
individual pitch angle of blade utilized in operation must be determined when

the rotor has a blade pitch control (Figure 2.3.2).
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Figure 2.3.2: Power characteristics of experimental WKA-60 wind turbine
rotor [13]

The torque M (Nm) is the other important defining parameter. The torque

coefficient Cyg, is used to calculate the rotor torque
M = CypZvj s R (2.36)

R is the radius of the rotor, and the rotor torque M is the ratio of power by

rotational speed. Therefore, power and torque coefficient can be related as:

CPR = A CMR (237)

Aerodynamic Power Control

The power captured by the rotor at high wind speeds is immensely higher
than the boundaries imposed by the rotor structural stability. The safety margin
of strength limit of large wind turbine is narrowed as the rotor size increases.
However, the maximum power capacity of a generator is also a factor limiting

power output of a rotor blade.

Speed limitation on a rotor blade is vital due to several reasons. For
example, when there is a power outage, the generator loses torque abruptly
which will further cause the rotor speed to increase rapidly. If there were no
aerodynamically effective countermeasure in place which would react

immediately, the turbine could end up being destroyed.
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Changing the aerodynamic angle of attack or the reduction in projected
swept area of the rotor, or varying the effective free-stream velocity at the rotor
blade, will influence the reduction of driving aerodynamic forces [13]. However,
the effective free-stream velocity at rotor blades only changes with rotor speed
because wind speed cannot be controlled [13]. In a variable-speed operating
wind turbine, the power control can be achieved through the implementation of
the rotor speed as a corrective or limiting variable [13]. Altering the rotor speed
can be considered a last backup option due to its contribution to power range
being very small. Only very small rotors can reduce the aerodynamically
effective swept area of rotors by turning it out of the wind (furling) [13][33].

Power Output Prediction

A wind turbine's output changes with free stream velocity, and each
individual velocity will have its own power performance curve as shown in
Figure 2.3.3. The energy produced by a wind turbine can be estimated using a
power performance curve neglecting the technical characteristics of its many
components [34]. Power curves describe outputs of “electrical power as a
function of hub height wind speed”.

Three points on the wind turbine performance curves are as follows: the least
wind speed at which the machine can generate sufficient power is called as
“cut-in speed”. The wind speed at which maximum power output is obtained is
known as “rated wind speed” and the highest wind speed at which a turbine can

generate power is termed as “ cut-out speed” [34].

Cut-out

Power, kW
o)}
o
o
l L

Cut-in

1 I | I 1 I I 1
-+ 6 8 10 12 14 16 18 20 22

Wind speed, m/s

Figure 2.3.3: Wind turbine power curve [34]
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2.3.6 Power Control by Rotor Blade Pitching

Mechanically altering the rotor blade pitch angle is an efficient technique for
modifying the aerodynamic angle of attack, and consequently the power input.
The rotor blade is generally twisted along its longitudinal direction with help from
actively controlled actuators for this purpose [35]. There have also been
attempts to use the influence of centrifugal forces to obtain passive pitch
control. As shown in Figure 2.3.4, and in theory, there are two ways to adjust
power by modifying the rotor's aerodynamic angle of attack. To reduce power
input, the traditional solution is to lower the angle of attack of the blade. The
angle of attack of a blade is directly proportional to the power input hence
increasing the angle of attack will increase the power input. Increasing the blade
pitch angle until it reaches "critical aerodynamic angle of attack" is an alternative
method, when the flow separates at the rotor blade surface, further restricting
the aerodynamic power input, which is called “stall”. Benefits from following this
procedure as such that it requires a lower turning angle to effectively pitch the
blade [8].

plane of
rotation
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Figure 2.3.4: Feather or stall pitching to control the rotor input power [13]
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Aerodynamic Characteristics of an Aerofoil

The aerodynamic characteristics of the aerofoils are utilised to influence the
efficiency of rapidly rotating wind rotors to a significant extent. Choosing the
most appropriate aerofoil and obtaining a smooth rotor blade surface are indeed
crucial to rotor blade performance and manufacturing. This discovery, which is
well-known in aviation, has recently obtained recognition in wind turbine
technology. Along with rotor performance, control and operating behaviours are
also influenced by aerofoil characteristics. As the aerofoil crosses the critical
angle of attack the stall occurs due to a sudden drop in lift curve. This nature
of the aerofoil is also important due to the rotor blade being subject to different

angle of attack when operating [36].

The lift to drag ratio L/ pis one of the most important aerodynamic properties
of an aerofoil. The lift is 200 times greater than the drag for contemporary
aerofoils [13]. Hence lift driven wind turbines which has higher L/D aerofoils will

have superior performance.
C
L/CD =E (2.38)

Lower lift to drag ratio will lead to reduced power coefficient hence the

design tip speed ratio A will also be reduced. Cpy is influenced by L/D and A.
The Cpr has very little impact due to number of rotor blades when L/D and A

are high, otherwise if L/D and A are low, the number of blades becomes

important. Hence, a low-speed rotor needs multiple blades, although the
aerofoil characteristics of these blades are not important. However, high speed
rotors perform well with fewer blades, but the aerodynamic characteristics of

the aerofoils used in these blades determines the power generated [18].

Boundary Layer

A slow-moving fluid will have a thin boundary layer near the body surface
where the viscous force is predominant, therefore the flow separates at higher

Reynolds number.
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From the stagnation point, the boundary layer starts to grow in thickness.
Till the distance [ from the stagnation point the boundary layer of the fluid is

smooth and called ‘laminar’ flow. After distance [ the Reynolds number is called

‘critical Reynolds number’ R, .. = pvll/# and then the ‘turbulent’ flow starts
(Figure 2.3.5). Due to turbulence, the fast-moving fluid will mix with the

boundary layer which then delays the point of separation [22].
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Figure 2.3.5: Laminar and turbulent boundary layers [22]

Blade Design for HAWT

HAWT is a popular option in the wind turbine industry due to its enhanced
performance. The wind turbine will have impacts if the blade design and its
profile changes. Hence, an extensive study is required to understand the

parameters of blade profile that influences the performance of a wind turbine.

Tip Speed Ratio (TSR)

The TSR (1) is the ratio of rotor speed to relative wind speed. All other rotor
dimensions can be derived from this design parameter. When selecting the
TSR, several parameters such as torque, efficiency, noise, mechanical stress,
and aerodynamics are taken into consideration, these parameters having a
direct impact when a change of TSR occurs. For Instance, when the TSR
increases, the efficiency of the wind turbine drastically increases [23]. However,
when considering the impacts of increased centrifugal stress, aerodynamic
stress, and high noise levels the increase in efficiency is not significant.
Increase in TSR causes reduction in blade chord widths further leading to

narrow blade profiles. Although, for narrow blades material usage for
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manufacturing would be less further reducing production cost. The higher tip
speeds are related with increased centrifugal and aerodynamic forces. This
increased force makes it difficult for the structural stability to be preserved and

prevent blade failure. The tip speed ratio design consideration and its impacts

are shown in Table 2.4.1.

Table 2.4.1: Tip speed ratio design implications [18]

Tip Speed
P p Low High
Ratio
Tip speeds of one to two are Tip Speeds higher than 10

Value considered low are considered high

traditional windmills and Mainly single or two bladed
Utilisation water pumps prototypes
Torque Increases Decreases

Decreases significantly — .

) Insignificant increases after
Efficiency below five due to rotational sight
wake created by high torque

Centrifugal Decreases Increases as a square of
Stress rotational velocity
Aerodynamic Decreases Increases proportionally with
Stress rotational velocity

Increases, multiple 20+
Area of p Decreases significantly
Solidity blades required
Blade Profile Large Significantly Narrow
Aerodynamics Simple Cntical
Noise Increases to the 6th power approximately

When the TSR is increased, the aerodynamics of the blade becomes

growingly important. The blade design for higher relative wind speed will
develop less torque at low velocity, which will lead to high cut-in speed with
demanding self-starting [37]. The level of noise rises to around the sixth power.
[23][38]. Maximum energy is achieved in modern wind turbines when the
TSR for a three-rotor blade is six to nine, and for two-rotor blade it is nine to

ten.
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2.4.2 Shape and Quantity of Blade Plans

BEM is used to achieve an ideal blade shape, this is done by calculating
chord length in accordance with Betz’' limit, lift generated by the aerofoil and
local air velocities. There are different theories to calculate the ideal chord
length however they range in complexity [13][23][37][39]. Theoretical
foundations are estimated by Betz' optimization Equation (2.37), and good
approximation can be derived using aerofoil cross-section with tip losses and
minimum drag for rotor blades with TSR of six to nine [3]. In case of low tip
speeds this method is considered inaccurate while using an aerofoil with high
drag and blade section near the hub. Drag losses and wake should be
considered for such instances [23][39]. Using Betz’ method a wind turbine basic
shape can be defined, but more complex optimization methods are frequently
employed in practise. Figure 2.4.1 shows the regional classification of a wind

turbine blade.

(2.39)

Where,

Vyer = A/ V2 + 1,2 (2.40)

Copt - Optimum chord length (m)

T : radius (m)

B : number of blades

vy . local relative velocity (m/s)
C, . coefficient of lift

2 : free stream velocity (m/s)
v, : angular velocity (m/s)

A - local tip speed ratio

v,q . design wind speed (m/s)
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i Chord C, ¢

H » Radius (1)
‘«— Root - Mid span

Figure 2.4.1: Blade form representation with regional classification [18]

To identify the optimum chord length using Equation (2.39), the number of
blades is considered negligible in connection with efficiency. Nonetheless, in
reality considering blade losses, a 3% loss occurs for a 2 bladed design and
7%-13% blade loss occurs for a single bladed design in comparison with three
bladed designs [22]. The efficiency offered by a four bladed design is minor
hence it does not justify the additional cost incurred for manufacturing and
material used for the extra blade. The dynamic load will increase with the
number of blades used [40] when deciding a suitable number of blades, the
tower load should also be taken into consideration [22]. The three blade wind
turbines are not just aesthetically pleasing they do tend to have smoother blade
rotation and are visibly well ordered in stationary position, when compared to

one or two bladed design which tends to have an obvious jerky motion [13].

Configuration

The use of fewer blades, results in a significant decrease in manufacturing
costs and weight of the rotor nacelle. Polar asymmetrical rotor will have obvious
balancing difficulties and dynamic structural complications [40]. One and two
bladed rotors are also associated with greater wear, poor aesthetic features,
and bird conservation issues [41][42]. Environmental, commercial, and
economic requirements are well achieved by a three-bladed wind turbine
design; hence, it is the most efficient configuration, which is widely used in the
current large-scale industries. Figure 2.4.2 shows the modern large scale wind

turbine configuration
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- 7. High-speed shaft

1. Rotor 8. Generator

2. Pitch drive 9. Heat exchanger
3. Nacelle 10. Controller

4. Break 11. Anemometer

5. Low-speed shaft 12. Wind vane

6. Gear box 13. Yaw drive

14. Tower

Figure 2.4.2: Modern large-scale wind turbine configuration [18]

2.4.4 Aerodynamics

For an effective wind turbine blade design, characteristics of aerodynamic
performance are essential. [43]. The lift force is accountable for the generation
of the turbine's power; hence itis crucial to increase the lift force by an improved
design of the blade. A resistive drag force is generated due to friction, which

will resist the motion of the blade, and therefore should be reduced. The choice
of an aerofoil section with a high L/D, generally higher than 30 [43], should be

chosen.

While openly available software, such as XFOIL [44] model results
accurately excluding high angles of attack, aerofoil thickness and post stall
circumstances, lift and drag coefficients of aerofoils are difficult to predict
numerically. At various Reynolds numbers and angles of attack, the
experimental validation of typical aerofoils is correlated using lift and drag
tables.

To design wind turbine blade aerofoils, aircraft technology has been used

traditionally, including similar cross-section thicknesses and Reynolds
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numbers, which is appropriate for blade tip conditions. While arriving at a final
design for a wind turbine blade, additional attention needs to be given to aerofoil
profiles as this will directly impact the mechanical loads and operating
conditions [45].

Wind turbine blades have structural limitations that need the usage of high
thickness to chord ratio aerofoils near the hub. Within the aircraft sector, these
aerofoils are considered ineffective. Lift-to-drag ratio of thick aerofoil sections
will be often lower. Since thick aerofoils are used in wind turbines for their
structural stability, a special interest arises to increase the lift of such aerofoils
to make their usage efficient [45][46]. RISO [47], LS, SERI-NRE, FFA [22], and
Delft University [45], are the aerofoils which are specially designed for wind
turbines and are available to meet the demands of the wind turbine industry.

It would be inefficient to use a single aerofoil throughout the span of the
blade [43]. Structural needs and relative velocities vary from hub to tip of the
blade; hence, aerofoils must be selected according to the corresponding design
point. The blade sections at the root will be carrying the maximum load of the
blade, hence, an aerofoil with thick profile must be selected. However, the
aerodynamic performance of this aerofoil must satisfy the basic requirements.
Crucial aerodynamic performance with less load and faster linear velocity is
faced closer to the tip of the blade as aerofoils gets narrower. The aerofoil
thickness to chord ratio needs to be greater than 27% at the root, 27 — 21% at

mid span and 21 — 15% at the tip of the blade.

Angle of Twist

The lift generated on an aerofoil is mainly due to the angle at which the
aerofoil cross-section is inclined with respect to the freestream air. This angle
is called angle of attack. At a given radius, the RPM and wind velocity establish

the air stream inflow angle.

The required angle of twist is established, based on the angle of attack and
TSR. The wind turbine blade tends to have high wind speed to radial velocity
ratio, which is the main reason for the orientation of the aerofoil of the blade at
the hub to be more inclined towards the wind flow (inwards) and the tip of the

blade remains mostly normal to the flow.
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Blade twist angle can be further reduced, to lower the manufacturing cost
of the wind turbine. This might cause the aerofoil to operate in lower optimum
angle of attack, further causing lower lift to drag ratio. An adequate justification
needs to be provided for these changes as they also result in low turbine

performance.

Blade Thickness

When selecting the thickness of a rotor blade, there will always be a trade-
off between “aerodynamic efficiency and rotor blade stiffness and strength
requirements”. From an aerodynamic point of view, a wind turbine blade needs
to be as thin as possible, so that high-performance aerofoils can be used. The
load-bearing components, on the other hand, must have an appropriate thick
cross-section to meet structural specifications. Spar height will determine the
maximum thickness and is a critical parameter for satisfying stiffness
requirements while maintaining structural weight minimal. Such two criteria,
appropriate rigidity, and efficient aerodynamics are mutually exclusive. The only
viable solution is to balance the structural weight penalty in contrary to the
variations in power obtained. As a result, aerodynamic designer's responsibility
is limited to demonstrating the impact of the power output and thickness-to-

chord ratio on rotor efficiency [13].

Off-Design Conditions and Power Regulation

In olden days, wind turbine blades were designed to rotate at fixed
rotational speed due to the gearbox technology and generator in place, which
led to an inefficient result at different tip speed ratio. However, at the rated wind
speed the required results were obtained. [13]. This is no longer true for the
current larger turbines, and the gearbox might become unnecessary in future
turbines [36]. Fixed-speed turbines are now only used in smaller designs, and
so the corresponding issues faced because of the off-design can be ignored.

To obtain optimum dimensions for a wind turbine from the design wind
speed, the actual wind measurements from the installation site is used. But wind
conditions vary with location, and the turbine must work in off-design situations,

for instance for higher-than-rated wind speeds. To avoid massive loading of the
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hub, blade, generator, and gearbox, a means of controlling rotational speed
must be adopted. The turbine must also retain a high performance even when
the wind velocity is well below the rated wind velocity.

Since the angle of incidence of the resulting airflow upon the blade is
directly affected by the approaching wind velocity, the pitch angle of the blade
should be adjusted correspondingly which is referred as pitching because it
keeps the aerofoil section's lift force constant. To change the blade angle, the
entire blade span is mechanically rotated from the hub. This approach is useful
for improving lift in situations where the velocity is below the rated velocity and
for preventing rotor overspeed, which can result in severe blade failure at high
loads, or generator overload [13].

At high wind speeds, the lift force can be minimised by pitching the blade in
two different ways which affects rotor's rotational velocity. First, the angle of
attack can be decreased by reducing the angle of pitch, hence, a lower lift is
produced. This technique is termed as Feathering. Or a stall condition can be
achieved at maximum angle of attack at its critical limit by increasing the pitch
angle and decreasing the lift, as a substitution. When pitching the blade, the
feathering needs the highest number of mechanical movements. Stalling, on
the other hand, might result in high dynamic loads, though it is still preferred.
Around the blade, the uncertain transition from “attached to detached airflow”
results in excessive dynamic loads which further leads to unwanted fluttering
[13].

A rotor blade can be designed for a limiting wind speed using the stall
condition which is called “passive stall control”. At high wind speed and rotor
speed, an angle generated which results in stall, reducing rotor speed
automatically. In fact, guaranteeing that stall happens correctly is challenging,
hence a safety margin is frequently used. Because of a safety margin utilization,
the performance of the blade is well below the designed operational conditions,
hence this methodology can only be used in small scale wind turbines [48].

Recent wind turbine industries employ feathered pitching to the span of the
blade at hub. Performance, flexibility, and ability to pitch the blades completely
to a resting position by implementing the feathered pitching. According to
reports, manufacturers use collective pitch [49], which means that all the blades
are pitched at the same degree. Pitching blades separately, on the other hand,
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can result in even more load reductions [50]. Most designs do not require an

additional mechanism, and it is predicted to be extensively used [48][50].

Smart Blade Design

"Smart Blades" is a new blade design concept being studied in the current
research, where the shape of the blade is changed based on wind conditions.
Various techniques, such as smart actuator materials or aerodynamic control
surfaces are included in this area of blade design. Barlas [32] has given a
detailed review about this topic. The goal of this study is to reduce fatigue loads
and ultimate (extreme) loads while simultaneously enhancing the extraction of
dynamic energy. Numerous wind energy research institutes are investigating

the subject, which is mostly inspired by principles of helicopter control.

Series of aerofoils are used to build an efficient wind turbine rotor blade that
are combined and twisted together and end in a circular flange [23][51] as
shown in Figure 2.4.3. Loss reducing tip geometries can be included. Various
optimizations could be made to make production easier:

»  Decreasing the twist angle.

»  Linearizing the chord width.

»  Reducing the number of different aerofoil profiles.

All manufacturing simplifications are unfavourable for an efficient rotor
blade and are better to avoid unless necessary. Development of modern
moulding materials and techniques have enabled the production of increasingly
complicated blade designs. But any ultimate geometry is dictated by the costs
of manufacturing and the difficulties of the design analysis. Major optimisation
elements, like twist angle, variable chord length, and numerous aerofoil

designs, are now included in major wind turbine providers' products.
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Figure 2.4.3: A current HAWT blade featuring an increased linear chord

length, various aerofoil shapes, and twist angle [18]

2.4.9 Control Methods

Control methods or techniques employed in wind turbine control systems
are vital as they do not just reduce maintenance cost and ensure efficient
performance, they can also be used to ensure safe operation, structural
stability/life span of the wind turbine and to obtain optimized power output. This
is ultimately controlled by two factors:

»  Rotational speed of the wind turbine

»  Generator capacity or speed

The power can be limited to or optimized by use of control methods. The
wind turbine can be controlled by generator speed, rotation of the wind turbine

and blade angle adjustment.
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Figure 2.4.4: Pitch (left), yaw (right) adjustment [52]

The blade angle adjustment is termed as pitch control and the rotation of
the whole wind turbine is termed as yaw control as shown in Figure 2.4.4.
Certain rotor speeds and power output can be achieved by using pitch control.
This adjustment can be made to make the blade experience stall and furl. Stall
is a condition where the blade flat side further faces into the wind which in-turn
increases the angle of attack. Furling will cause the edge of the blade to face
the wind also causing a decrease in angle of attack. In a wind turbine operating
at high wind speeds, pitch control is considered to be a very efficient and
effective method to limit power output as it changes the aerodynamic force
acting around the blade [52].

The blade gets aligned to the wind flow direction when a yaw control
method is in use. This does not just increase the wind turbine’s majority of rotor
area being exposed to the oncoming wind, this also reduces power losses due
to wind flow directional changes. The turbine, if static without yaw control,

might not be facing the direction of wind flow, this will result in power losses.
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AP power losses can be estimated by
AP = a cos(¢) (2.41)
Where, ¢ is the yaw error angle.

The final type of control system is the one that makes use of electrical sub-
systems in the wind turbine. The generators are normally coupled with power
electronics namely electronic convertors. Stator and rotor present in the
generators are the two types of generator control systems. The stator being the
stationary part and the rotor is the moving part at certain time. If one of them is
disconnected from the grid a change in synchronous speed of the generator
can be observed, this change is independent of frequency or voltage of the grid.
Hence, this control method can be concluded as one of the most effective

methods at low wind speeds.

2.4.10 Control Strategies

Pitch and generator control method are the most effective methods to
optimize the power output of a wind turbine. “Fixed-speed fixed-pitch, fixed-
speed variable-pitch, variable-speed fixed-pitch, and variable-speed variable-
pitch” are developed based on the pitch and generator control method to have
a control over the turbine functions in all parts of the power curve, variable-
speed variable-pitch being the ideal curve [52]. Figure 2.4.5 shows the power
curves for all four strategies developed.

Fixed Speed - Fixed Pitch (FS-FP): In this control strategy both speed and pitch
are fixed throughout the power curve. The performance of the turbine cannot
be improved with this configuration, the generator speed locks the power line
frequency hence causing the rotational speed to be fixed as well. This strategy
is not ideal because the power output drops at higher wind speeds (after rated
wind speed is reached). To not exceed the rated power output, the ratio of the

gearbox becomes an important selection factor.
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Figure 2.4.5: power curves for various control strategies (VS-VP, being the

ideal curve) [52]

Fixed Speed - Variable Pitch (FS-VP): In this control strategy a maximum power
output is obtained at a fixed speed, however varying pitch ensures to extract
the maximum power at any wind speeds, further assuring no power output
losses. Also, the wind turbine will have a fixed pitch below the rated speed and
variable pitch after the rated speed. Although the power output remains
constant after the rated speed is reached.

To limit the power output, feathering and stalling can be employed with this
configuration. For feathering to take place huge amount of control design
factors are consumed meanwhile the stall will produce additional thrust which
would in-turn damage the tower. Hence the pitch must be varied carefully to

avoid the unwanted losses.

Variable Speed — Fixed Pitch (VS-FP): In this control strategy the generator
electronically controls the synchronous speed which in-turn varies the rotational
speed of the rotor based on the wind speed that the wind turbine is subjected
to. The generator’s rotor and the drive train are independent of the grid and are
free to rotate. Hence the generator drives the rotations of the rotor blade. This
concludes the generator being independent of the grid frequency. A fixed pitch
completely depends on the blade designed to limit the power, through no more
generation of lift when the wind speed increases, which is termed as passive

stalling.
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Variable Speed - Variable Pitch (VS-VP): This strategy is the combination of
VS-FP and FS-VP to bring out the best out of the two existing configurations.
Hence below the rated speed VS-FP occurs to maximize the power out,
ensuring efficient operation and quality. Above the rated wind speeds FS-VP
configuration is utilized to achieve the maximum power output without any
losses until the operation reaches the cut-out speed. In conclusion VS-VP is the

only ideal power curve that is theoretically achieved.

Critical Review of Literature

The first large wind turbine was manufactured in 1941 which produced
1.25 MW electricity. An offshore wind farm was first built in 1991 in Denmark.
The water depth of the offshore wind farms was between two to five meters.
Eleven wind turbines were placed on this farm and could power around 2200
households and after 25 years the wind turbines were dismantled. In 2013 the
first floating offshore wind turbines were invented, producing 20 kW, based on
a concrete-composite floating platform at a depth of 45 meters or more [13].
The present work is carried out to build a large offshore wind turbine blade

which can produce higher power, is cost-effective, and reliable.

The specifications of the aerofoil were determined using the blade element
method and the computational fluid dynamics at 3 stall regions of the wind
turbine. Either method could be used for the stall correction. The first step for
this method is to find the local angle of attack followed by the local twist angle
and rotational speed, where the local flow angle has been considered to be
zero. The axial velocity plot is used to determine the axial induction factor. The
EllipSys3D code has been used for the rotor design simulation, it is a
representation of incompressible, Reynolds average Navier-strokes (RANS)

equations [53].

The k-w SST turbulence model is used to perform steady and unsteady
simulations. The Blade Element momentum code uses an empirical formula for
high axial induction factors. The tip effect has been corrected using the Prandtl’s

tip losses factor with no stall delay condition. The Tellus [54] and Nordtank [55]
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wind turbines have been considered for a local time-stepping algorithm and a
fully turbulent flow was considered with the simple traditional model. The
mechanical power plot showed a good agreement between CFD and BEM
results with the assumption without using empirical stall conditions as shown in
Figure 2.6.1 [56].
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Figure 2.6.1: Mechanical Power versus Wind speed curves for (i) Tells
and (i) Nordtank [56]

CFD-based results have an acceptable agreement compared to BEM’s
ones near the mid-span and having small variation at the root and the tip region
of the rotor, which concludes that the results from CFD can be utilised to
calibrate induction modelling for BEM tools. Flow separation and yawed
conditions cannot be studied in the BEM theory because this approach is 1D.

However, CFD can account for them [57].
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Rahimi [58] used several methods such as inverse BEM, Average
azimuthal technique, the Three-Point, Shen, and the Ferreira-Micallef methods,
to calculate the different angles of attack and the induced velocity. Results from
each method vary due to the input conditions such as the monitoring point
location, and the turbulence wake correction. The chord is a good monitoring
point location since it varies from root to tip. At mid-span, a good agreement
was shown between all the selected methods in terms of axial induction factor,
but there was a small variable at the root and tip of the WT blade. This variation
is due to the assumption of circulation along the span, the 3-D effects are
dominant at the root and tip of the rotor blade with an influence of the induced

velocity and can be fully captured through a 3-D CFD study.

This study also gives a clear idea about the circulation along the span and
the flow separation at the hub due to radial flow. In the axial direction the
faraway monitoring point location will not have the same upstream and
downstream this is also a reason for the variation of the results at the root and
tip of the rotor blade [59].

The thickness of the aerofoils varying from 15% to 40% of the chord, has
been studied using XFOIL versions. A modified version of XFOIL, RFOIL, was
used to improve the aerodynamic parameters [60]. In the current era, the DU
aerofoils are being used globally for different rotor diameter varying from 29 m
to 100 m, with a maximum power up to 3.5 MW. A study was conducted to
compare results of XFOIL, RFOIL and wind tunnel-based C; results of DU

aerofoils. The results showed a very good agreement, although there was a
slight variation at high angles of attack (at C;, ;45 ), due to the turbulence model
considered. RFOIL had convergence problems, even though its result almost

matched the C; .4, results of the wind tunnel [45].

Research states that the outboard aerofoil must not leave a large difference
between designs C; and Cj .4 to avoid the loads in case of gust and the

difference must not be too small to avoid the stalling of the rotor while the

controller is too slow. A maximum difference of 0.2 is sufficient in such design

cases. A high C} .4, becomes desirable in the case of stall-controlled turbine
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as it results in smaller chords and reduced loads. However, high Cj ;4 design

generally encounters an abrupt stall [45]. The inboard aerofoil must have a
significant thickness. A high thickness at the root is required to withstand the
structural load of the blade, the expected thickness of the aerofoil is expected
to be between 30% and 40% of the chord, and the inboard aerofoil needs to
have higher C, to achieve sufficient torque, even though a lower wind-speed is

present at the root [61].

Large offshore wind turbine blades need to sustain high loads, these loads
are balanced by the aerofoil structures. One of the aims is to design an aerofoil
from the family of aerofoils to withstand the loads at high Reynolds number,
which could also produce or maintain the power output. The inviscid panel code
XFOIL was selected to study the aerodynamics and structural performance of
the selected aerofoils. The relative thickness of the aerofoils were varied
(18%, 21%, and 25%) and the comparison was carried out through CFD, wind
tunnel tests, and Wind Multi Block (WMB) methods [62].
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Figure 2.6.2: Lift coefficient for an aerofoil with 18% thickness, at R, = 9 *
106 [62]

The redesign of these aerofoils was made by considering the structural
design and reduction of load. The aerofoil shape was described using Bezier
curves (fourth and fifth curves) [63]. The aerofoil with 18%,21% and 25%
thickness were placed at tip mid-span and at the root respectively to achieve

better efficiency and lift to drag ratio. The characteristic of each aerofoil was
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studied and compared with CFD and WMB. Only the 18% thickness aerofoll
was manufactured for wind tunnel testing. The WMB and XFOIL results were
validated against experimental results obtained from wind tunnel testing, see
Figure 2.6.2 [62].

From an aerodynamic point of view, a thin aerofoil with a high lift to drag
ratio is preferred, structural points need a thick aerofoil which have high elastic
strength, while manufacturers need a non-varying aerofoil. However, the focus
in this PhD work, is on the aerodynamic design. It is important to achieve a high
lift to drag ratio at the blade tip, hence the aerofoil must be thin. At the root, the
blade must be structurally strong hence a thick aerofoil is selected [64].

Two new aerofoil designs for 10 — 20 MW offshore WT were investigated
to get a lightweight rotor; they have also been demonstrated to be suitable
regarding a structural point of view. The aerofoil near the hub (rotor root) needs
to be thick to give a structural stability. However, the aerodynamic performance
at this section will not affect the overall aerodynamic performance of the blade.
Hence, to improve the structural characteristics, a thick and blunt trailing edge

aerofoil has been designed using XFOIL [65].

Clean and contaminated conditions were considered to investigate the
turbulence effect on the aerodynamic torque. The aimed results of the structural
and aerodynamic behaviour have been checked with the Blade Element
Momentum theory. The aerodynamic efficiency is improved when the aerofoll
has a high lift coefficient and a low drag coefficient, but decreasing the drag is
quite difficult because the shape of the blade is blunt. Hence, the lift coefficient
of the rotor blade must be improved, keeping the point of structural requirement.
In the first design, the thickness of the aerofoil was 50% and the lift coefficient
was increased by 56%. However, the drag coefficient was high, and the overall
aerodynamic efficiency was dropped by 30%. The second design was for 40%
thickness. In this case, the lift coefficient was increased by 21% whereas, 60%

of the overall performance was reduced [66].

The maximum power efficiency C, = 0.593 can be achieved from the Betz
limit, and a constant linear velocity profile has been assumed in this theory. The

tip losses reduce the efficiency due to wake rotation or turbulence. The low tip
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speed increases the wake rotation which in-turn reduces the efficiency. At high
tip speeds, high lift to drag ratio aerofoil, and special tip geometries can help to
improve the efficiency [67]. Betz momentum theory yields an acceptable
estimation for three blades wind turbines in the modern horizontal axis wind
turbine (HAWT), which utilizes 6 to 9 tip speed ratios with negligible drag.
Assumptions made are that the lift coefficient to be maintained, the principal
design of a blade should be dependent of the number of blades and tip speed,

which reduce the usage of material hence, provide cost reduction [68].

Increasing the number of blades increases the efficiency but does not
provide a rationale for the manufacturing cost of an extra blade. This additional
load on the tower also is an added extra cost. Hence three-bladed design with
yaw and pitch are accepted across the globe. The aerodynamic parameters
such as width, thickness and twist angle are key to obtain a better efficiency. In
the present era manufacturers are looking for cost-effective blade design
through increasing the rotor size rather than a minimal increase in efficiency.
This motivates researchers to design large wind turbines with higher efficiency
[69].

Hossein [70] has simulated the accuracy of the NREL Phase VI wind turbine
through CFD Modelling. A large 2 MW WT has been selected and the scaled-
down model has been numerically simulated. The ‘scale factor’ has been used
for the variable properties of the WT. The scale factor states that criteria such
as number of blades, blade profile, and tip speed ratio, have to be achieved to
have a scaled-down model for the numerical analysis [71]. For large and small
WTs, the flow conditions must be the same considering the relative velocity
angle obtained from the velocity triangle.

The results (Figure 2.6.3) of the simulation have shown a good agreement
with a 15% error at 7m/s, this is due to the real-time flow pattern and the
turbulence model of the scaled-down WT. The Reynolds number at the rotor
blade root for a small and large wind turbine is different because of the turbulent

flow.
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Figure 2.6.3: Thrust versus wind speed result comparison [70]

The tip effects caused by downwind velocity have been reduced by the
attachment of winglets. As compared to upwind winglets, downwind winglets
are more efficient, according to Cp optimization studies [72]. The shorter
downwind winglet (> 2%) produces less power than the increased radius of
the rotor blade. Wind tunnel results showed a 27% increase in power coefficient
(Cp = 0.45) at a tip speed ratio four as compared to the WT without winglet.
But when the tip speed ratio is increased to eight the results were dropped.
Hence, a horizontal axis WT with a winglet cannot achieve better aerodynamic
efficiency at higher tip speed ratio [72].

The reduction in axial velocity due to the circulation at the tip of the WT
blade in the axial direction is negative and the radial flow is positive due to mass
conservation, henceforth the power produced by the downwind winglet is
negative. An upwind winglet produces positive power in the main rotor blade by
reducing the axial velocity. However, the winglet does not produce additional
thrust which will affect the loading at the blade tip [2].

The momentum theory provoked a mismatch with the CFD code results,
and the downwind winglet was better in comparison to the upwind winglet
regarding power augmentation. This mismatch was because of the neglected
effect of tangential induction momentum theory; hence the coefficient of thrust

was higher for an upwind winglet which increased the power coefficient.
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However, in the CFD code EllipSys3D study, the power coefficient showed a
downwind winglet as efficient as compared to upwind ones [73].

Various studies [74][75][76] have shown the improved aerodynamic
performance of winglets on a nonrotating wing. Farhan [77] studied the
combined effects of winglets and aerofoils on a rotating horizontal axis WT.
Numerical tests and optimizations were carried out by using different winglet
designs like “heights, cant angle (upward angle of the winglet), planforms and
aerofoils.” The NREL phase VI WT was selected as the baseline, elliptical and
rectangular winglet planforms were attached to the baseline WT to compare the
CFD results with S809 and PSU 94-097 aerofoil profiles. Figure 2.6.4 shows
the results of design variants.
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Figure 2.6.4: Calculated power versus wind speed comparison for

different winglet design [77]

The NREL phase VI [78] is a two twisted and tapered blade upwind
horizontal WT and is built with S809 aerofoils. Wind tunnel results were
compared against CFD-based obtained with the k-w SST, and Spalart-Allmaras
turbulence models. The Spalart-Allmaras’ based simulation provided power
results that were over-predicted due to the stall at 11 to 25 m/s. However,
numerical results from both Spalart-Allmaras and k-w SST models agreed well
with the wind tunnel results. Only a small discrepancy in the results was present
around 9 to 11 m/s, due to the transition flow which takes place at this speed.

Hence further studies were carried out using Spalart-Allmaras and k-w SST
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models. Four configurations were studied with the baseline WT, Rectangular
winglet with S809 and PSU 94-097 and elliptical winglet with S809 and PSU
94-097 with cant angle 45° [79]. The results showed that a rectangular winglet
with S809 aerofoil has a 9% increase of power at 10 m/s but has a 1% reduction

of power at 20 m/s because it is in a stall regime compared to the baseline.

Zahle [80] also studied three different winglet designs along with the chord,
twist, and blade length parameters. A surrogated rotor model was created and
studied in CFD and numerically winglet designs were optimized concerning
different geometry and loads. The results showed an increment in power
production by 2.6% with winglets and only 0.76% increment when the length of
the rotor blade was extended conventionally. The “I[EA-10.0-198 10 MW
Reference Wind Turbine” [81] was selected as the baseline and the blade tip
was redesigned using 3D CFD. Overall, 12 winglet designs were created by
taking account of span wise splines for chord and twist, winglet curvature,
winglet offset, and winglet height at velocity of 6,8, and 10 m/s. The research
concluded that the power produced by a winglet design is equivalent to the tip
extension of the blade length by 10 % to 15%. The winglet does influence the
increment in the coefficient of power however it has a limitation on load
constraints. A simple curvature at the blade tip is an added advantage to

improve the power by reduced vortex at the tip.

To prevent the tip vortex, a scale-down model was selected according to
the laboratory size, different type and shape of winglets were studied to choose
the optimum design. The mechanical power was measured for different
winglets by exposing to turbulence. These turbulence levels reduced the vortex
and the wake formation. The wake and free stream were mixed to reduce the
tip losses. The HAWT blade was used to study the interaction among the tip
vortex and the free-stream turbulence, where the “Torque Matched
Aerodynamic Shape Optimization” (TMASO) method was implemented to
design the scale-down model. TMASO can also be used to scale up the blade
with approximate error-free results [82].

However, the reduction of tip vortex might increase the Cp but it is not the

only reason, there might be other possible reasons for the increment because
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of the turbulence intensity level [83]. The energy developed due to the
turbulence intensity setting at the inlet might also be a reason for the increment
in the Cp , which produces the eddy frequencies in the y/D direction of the blade.
The introduction of turbulence level does reduce the tip vortex hence a
reduction of tip losses, which in-turn, helps in fast recovery of the wake region
by mixing the free stream. The eddy frequency also energizes the wake and
reduces adverse pressure effects. Hence, the additional power gained is not
only because of the additional winglet but also due to the free-stream turbulence

effects.

The "NREL offshore 5 MW baseline wind turbine” was designed by
Jonkman [84]. It is an upwind three-blade wind turbine with "variable speed
variable blade-pitch-to-feather-controller". The rotor radius of the 5 MW wind
turbine is 63 m. To create this model various published documents were
collected from the literature. The selected baseline model was the REpower 5M
machine [85]. Few of the unavailable data were collected from windPACT [86],
RECOFF [87], and DOWEC [88] projects. The main intention of the "NREL
offshore 5 MW baseline wind turbine" project was to make the model available
for all the industrial and organization researchers’ world-wide to use them as

the baseline.

Lars [3] designed a “10 MW Offshore Wind Turbine Rotor”. The rotor blade
was designed aerodynamically as well as structurally. The design wind speed
was used to establish the blade diameter. 13.25 m/s was the selected design
wind speed, and the obtained rotor diameter was 141 m using aero-elastic
simulations. The speed at the tip was predicted to be 90 m/s. The rotor blade
was designed using BEM and 47.9% of power coefficient was achieved. Further
to the aerodynamic design, the structural design was carried out. It is indeed

very important to balance aerodynamics with structural designs.

Bak [12], designed a “10 MW reference wind turbine". A detailed study was
carried out on the aero-servo-elastic design, aerodynamic rotor design, and
structural design. The blade was designed based on a trial-and-error method.
The cube of the rotor radius was directly proportional to the mass of the turbine.

The diameter of the rotor is important because of its weight and associated
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2.7

costs. Hence, the blade was designed by considering the 5 MW wind turbine
rotor blade. The blade length was up scaled to 86.37 m. The remaining

parameters were up-scaled using classical similarity rules [89].

FFA, DU and Riso aerofoils are the few existing aerofoils that can be used
for the rotor blade. However, all the aerofoils’ coordinates are not open access,
hence, FFA aerofoils [90] were selected for the design. The HAWTOpt2 [91]
design tool was used to aerodynamically optimize the blade. Increasing the
thickness do reduce the aerodynamic efficiency hence, relative thickness on
the blade’s outer part was not increased more than 24.1%.80 m/s was chosen
as the maximum tip speed. The structural and aero-servo-elastic design was

also carried out.

Summary of literature review

For the last decades wind energy has been considered to be very important
due to green energy being continuously developed. Wind turbine rotor blades
were designed using the BEM theory. On small scale horizontal axis wind
turbines, a large amount of research has been carried out using BEM, CFD
code and experimental methods. Commercial large scale offshore wind
turbines now need additional development to improve their capacity to produce
a high amount of electricity.

A wide range of studies have been carried out on the aerofoils of rotor
blades. The higher the thickness, the better the structural properties, but it does
affect the aerodynamic efficiency. Hence, the thickness of the blade is limited
to 15% — 21% at blade tip, 21% — 27% at mid span and 27% at the blade root.
FFA aerofoils [10] and DU aerofoils are the most preferred aerofoils because of
their thickness and lift to drag ratio [28][44][45][46].

The research on reduction of vortex or wake effect and turbulence level
showed that designing and optimizing the winglet does not contribute much to
the power coefficient. Varying the pitch and flap design of a large wind turbine
make the design complex and thus increase the costs. Manufacturers however

require a simple design to reduce costs.
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A “5 MW Reference Wind Turbine” was designed to overcome all these
issues in 2009. Later in 2011 and 2012 a “10 MW Reference Wind Turbine” was
designed. The classical similarity rules have been used to up-scale the rotor
blades. The key parameter to up-scale the wind turbine is the rotor blade
diameter but increasing the diameter will have a negative impact on the mass.
A large wind turbine requires a large nacelle, and the added load increases the
size of the tower. Hence, the importance of a large offshore wind turbine design
is crucial as it must be cost-effective, reliable and it should produce a large

amount of power.
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Methodology

3.1

Introduction

Fossil fuels are used world-wide as the main source of energy. Air pollution,
climate change and environmental challenges are caused due to utilization of
fossil fuel and they are serious hazard for humans [92][93]. An established
alternative for the negative consequences due to the use of fossil fuels, is
through the production of clean energy, by saving energy, through improved
efficiency, and by using renewable energy instead. Lot of attention is being
received for the installation of wide range of renewable energy extraction units
[94].

The two most common kinds of wind turbines are horizontal axis wind
turbines (HAWTS) and vertical axis wind turbines (VAWTs). HAWTs can
produce large amount of power and has been typically considered. Latest
evidence has shown that improved VAWTSs can also produce equivalent results
along with additional benefits, depending upon the cases [95][4].

Air that flows through the wind turbine has a complex pattern and
behaviour. Firstly, the atmospheric air is turbulent in nature, the flow field
around a wind turbine is highly unstable [96]. Due to the supporting tower, there
will be vortex shedding in a large-scale wind turbine. However, near the
attached boundary layer, it is produced in finest scales [97]. Secondly, HAWTs
which have pitch-regulation will undergo dynamic stall [98]. The dynamic stall
is much more complicated than a static stall. Static stall takes place at a critical
angle of attack of a stationary blade. However, on the blade suction surface, a
large flow is separated due to delay in the flow and vortex shedding, this is
known as dynamic stall and is most severe at HAWT blade’s inboard region
[99][100].
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3.2

3.21

Turbulent Flow Modelling for Wind Turbines

The Navier-Stokes equations are derived for conservation of momentum
which when merged with the continuity equation can determine the flow physics
of a Newtonian fluid and an incompressible flow in three dimensions [101]. From
the conservation law of energy, an equation for compressible flow can be

derived by including the density p.

Power output and aerodynamic loads can be estimated through the
aerodynamics of the wind turbine. Various degrees of complexity and accuracy
of the wind turbine model can be determined by aerodynamics loads [4]. Using
the BEM methodology two-dimensional (2D) data of an aerofoil can be obtained
for the design phase [102]. To reduces the computational cost, the flow physics
of a wind turbine can be studied through three dimensional (3D) inviscid vortex
approaches. Navier-Stokes equations are neglected when considering the
results of these two approaches. Computational fluid dynamics (CFD) is used
to resolve the next stage of the model. The most widely used turbulence models

in CFD are Reynolds-averaged Navier-Stokes (RANS) based models.

Reynolds-averaged Navier-Stokes equations for CFD

Uniform and accurate flow physics around a wind turbine can be
numerically determined in CFD using Navier-Stokes equations as compared to
BEM and vortex methods. Large Eddy Simulation (LES), RANS equations, and
Hybrid RANS-LES methods (HRLM) are the three main CFD methodologies
[103][104]. To calculate the Reynolds stresses in the RANS equations, these
CFD methodologies use turbulence models. RANS techniques at various levels
of complexity are “one-equation Spalart-Allmaras (SA) model, two-equation
models such as k-¢ based models, k-w models, k-w_SST model, and the
complex Reynolds stress model (RSM)” [105]. The energy containing large
eddies are solved using LES methods, but it is only possible to run simulations
for sub-grid scale motion. As compared to RANS methods, the results obtained
from LES is more accurate although it is very time consuming in terms of

computational resources [106].
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3.2.2

3.2.3

The Spalart-Allmaras model

To make aerofoil predictions the Boeing company created a one-equation
Spalart-Allmaras (SA) closure model, which is also the baseline and low
Reynolds number model for the first application of the detached eddy simulation
(DES) approach [107][108]. This model resolves the viscosity-affected region
at the boundary layer. However, the SA model will not capture flow separation,
but it is a very stable model, and it will give better convergence. At low intake
wind speed up to 7 m/s, the fully turbulent SA model provided acceptable high
performance over the blade span due to very less boundary layer separation.
At wind speed starting at 10 m/s the SA model could not recreate the flow
separation at stall conditions and a mismatch is observed with “surface
pressure distribution and low speed shaft torques™. y — R, transition model

was added to SA model where y stands for intermittency and R, is the local

transition onset momentum thickness. This newly developed y —R,,, —
SA model provided the same results for the blade operating in both low and high
wind speeds. This model can capture laminar flow separation on the blade
surface, making it a better performing model at medium intake wind speeds

[109].

The k- model

For a turbulent flow with a high Reynolds number, the k-¢ model is very
often used by CFD researchers and industries because it gives better
convergence along with low memory consumption. The k-¢ model is a two
equation model where, k is kinetic energy and ¢ (epsilon) is the rate of
dissipation [110].

Standard k- model: Two independent transport equation are solved by the k-¢
model to calculate the turbulent length and time scale. In ANSYS FLUENT, the
standard k-¢ model is classified under k-« model and is one of the most used
models to calculate the real time engineering flow physics [111]. Assumptions
made when deriving the k-¢ model is that the flow is completely turbulent, and
the molecular viscosity effects are neglected. As a result, the standard k<€

model is only applicable for completely turbulent flows. From the known pros
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3.24

and cons of the standard k-¢ model, its performance has been improved with

the RNG k-¢ model [112] and the realizable k-¢ model [113] implementation.

RNG k-¢ model: Using renormalization group theory (statistical approach), the
RNG k-¢ model was developed. Standard k-« and RNG k-¢ models are alike,

but the latter has few additional improvements:

»  The ¢ equation has an extra component which enhances the rapidly
strained flows accurately.

»  The swirling flow accuracy is improved.

»  An analytical equation can be obtained using the RNG theory for
turbulent Prandtl numbers, whereas a user-specified (constant value)
is considered in standard k-¢ model.

»  Low Reynolds number effects are considered.

Therefore, compared to the standard k-¢ model, the accurate and efficient RNG

k-¢ model is preferable for great variety of flows [114].

Realizable k-¢ model: Two additional equations are implemented in the

realizable k- model, compared to the standard k-¢ model:

»  For turbulent viscosity and

»  For mean-square vorticity fluctuation

The word realizable refers to the model’s ability to satisfy specific mathematical
limits on Reynolds stresses that are suitable with turbulent flow physics. These
abilities are not feasible neither by the standard k-¢ model nor by the RNG k-¢

model.

The k-w SST model

The most popular two equation eddy-viscosity model, the k-w SST (Shear-
Stress-Transport), has been developed by Menter [115][116]. The k-w SST
model is an integration of the standard k-¢ and the k-w models, in the free
stream and near the wall, respectively. Hence the combination of these models
will modify/adjust the flow separation. For unfavourable pressure difference
[115] which leads to flow separation a better estimation of the turbulent shear

stress can be accounted by the k-w SST model. By a given KE the boundary
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layer within it can be constrained to turbulent shear stress due to modification
of eddy viscosity by the k-w SST model. Therefore, an unfavourable pressure
difference of a high Reynolds number flow is well captured by the k-w SST

turbulence model [117].

3.3 Wall Function for a Turbulent Model

The highly complex turbulent flow behaviour near the wall has various
zones hence, the idea of y* was developed. The dimensionless unit y*is a
distance which is measured from the wall of the model with respect to viscous
lengths [118].

y y
" Free-stream T

flow region

Log-law region

1008 u(y)

—" Buffer layer

_’i/ ~"Viscous sublayer

Figure 3.3.1: Regional classification of near wall turbulence flow [119]

From Figure 3.3.1 the four zones near the wall of a turbulent flow are as follows:

1. Atthe wall: Where the fluid velocity is zero

2. Viscous sublayer: The distance from the wall to thin layer where the
flow velocity is linear and shear stress is dominant which is also known
as laminar sublayer

3. Buffer layer: Above the viscous sublayer turbulence stresses will
dominate the viscous force.

4. Log-law region: In this zone the flow will be fully turbulent, and the
average velocity of the flow can be calculated using logarithmic variant

of the distance from the wall.

After the log-low zone the flow reaches to the free-stream zone. § is
distance from the wall to buffer layer which is a thin zone as compared to log-

law zone. The log-law region extends to about 1006 from the wall [119].
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3.4

Mesh Generation Strategy

The discretisation is one of the most important steps to be able to perform
computational studies on any structure/body. The fluid domain is split into
several smaller sub-domains which are called elements or cells. Each of these
sub-domains are then subjected to governing equations based on the type of
study being carried out. Meshing is often considered to be the most crucial part
in any numerical study as there are many factors that needs to be considered
before generating the final mesh. For instance, the availability of computational
resources, reliability, and accuracy of the results which are then evaluated
based on the essential grid independence study. As CFD results must be
independent of the grid size, the ideal grid size is usually assessed by plotting
results obtained with various grid sizes for the individual model. Even though a
fine mesh might converge to a solution, there is a limitation for further mesh
refinement as this will have an impact on the computational resources being

utilised to run the simulation.

To obtain accurate and consistent results, it is important to have a high-
quality mesh, which in-turn reduces the computational cost and time by
improving the time required to attain convergence [110]. Structured and
unstructured mesh are well handled by the current computational programmes.
The primary interest of mesh generation is to eliminate the non-orthogonality
and skewness of the mesh. To capture the flow physics around the aerofoil it is
crucial to implement O-grid or C-grid. However, beyond this region, the
remaining part of the domain can be filled by Cartesian blocks [120][121].
Cartesian blocks are the simplest type of structure grid with high quality and are

quicker to generate [110].
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3.5

3.51

3.5.2

Two-Dimensional CFD

Introduction

At the initial stage of the research two-dimensional studies of the aerofoils
used in the “DTU 10 MW reference wind turbine” (RWT) [12] were carried out.
In this section of the chapter the key findings, and methodology used to validate

the 2D simulations are presented.

FFA_W3 has experimental results for 30.1% and 36% thick aerofoils at
Reynolds number, R, = 1.6 = 10°. But in the current study the Reynolds number
varies from R, = 6 * 10° to R, = 12 = 10°, therefore the studies were carried out

using CFD to determine the aerodynamic characteristics of these aerofoils.

The primary interest of this study is to compare the results of CFD, QBlade
with those from the baseline model [12], and to understand the flow physics
around the aerofoils. These comparisons will give a better understanding of the

percentage of error and the reason behind it.
The steps considered to determine the CFD results are as follows:

Create the aerofoil geometry
Determine the flow domain
Generation of the grid in ICEM-CFD

Apply boundary conditions and solver settings

a k~ w0 N RE

Perform flow simulations

Aerofoil Geometry

The “DTU 10 MW RWT” has a relatively light weight rotor which has
aerofoils with relative high thickness which increase the structural stiffness.
Openly available aerofoils like FFA-W3 series are used. These series of
aerofoils are most often selected for the modern large-scale offshore wind
turbine designs. The relative thickness of FFA aerofoils varies from 21.1 —
36.0%. In the current studies the aerofoils with relative thickness 24.1%, 30.1%,
and 36% were selected as shown in Figure 3.5.1. To have a smooth

interpolation between the cylindrical shape at the blade root and the 36% thick
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aerofoil, a 48% and 60% thick aerofoils were designed by multiplying the

coordinates of the 36% thick aerofoils [12].

0.4
0.3
0.2
0.1

-0.1
—FFA_W3_241
-0.2 FFA_W3_301
—FFA_W3_360
-0.3 ——FFA_W3_480
04 ——FFA_W3_600

X/c
Figure 3.5.1: FFA-W3 series aerofoils used for the 2D studies

3.5.3 Flow Domain Modelling

Around the 2D aerofoils the flow domain was created by extending the
boundaries in four directions. A C-shaped pressure-far-field domain was
generated as shown in Figure 3.5.2. Various angles of attack can be considered
with this domain. To avoid the external flow influence on the aerofoil the
downstream side of the domain was placed far away giving sufficient distance
to allow the pressure to reach the atmospheric pressure. The distance from the
aerofoil to the upstream, above, and below are at 20 chords. The downstream
was placed at distance of 40 chord lengths from the aerofoil. The design part of

the aerofoils and domain were created in ICEM-CFD.
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Aerofoil (wall)

Domain: Pressure-far-field

).

Figure 3.5.2: 2D fluid domain

3.5.4 Grid Generation using ICEM-CFD

A structured Hexa-mesh was generated around the aerofoil using a
blocking topology. To obtain the smooth curved mesh around the leading edge
of the aerofoil, an O-grid technique was used. Around the aerofoil, a fine mesh
was created with a y* = 1 to achieve a high-quality mesh. The aerofoil and the
domain are a single body and the total number of elements generated is 80,540.
Mesh quality is essential to capture the flow physics around the blade and to
understand the technical reasons behind the flow behaviour. Figure 3.5.3
shows the mesh around the aerofoil and in the domain. The pre-mesh is then

converted to an unstructured mesh to generate the output-mesh.

ANSYS

““ill I'L\| l i

.

" it
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Figure 3.5.3: Mesh generated in the domain and around the aerofoil
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3.5.5 Boundary Conditions and Solver Settings

The imposed boundary condition controls the given flow in the fluid domain.
Table 3.5.1 shows the FLUENT solver settings. The fluid flow should flow
around the aerofoils hence the boundary of the aerofoil is selected as ‘wall’
therefore no flow is penetrating the aerofoil. A steady state, incompressible 2D
simulations was carried out for the current case. The domain is set as pressure-
far-field because each FFA-W3 series aerofoils are studied at different
Reynolds number. Setting the domain as pressure-far-field will allow to set the
Mach number (M) which is calculated from the given Reynolds number.

pv.C

R, =2

(3.1)

From the Reynolds number definition (R, =6+10° to R, = 12 = 10°%), the
velocity v; (m/s) can be calculated. At sea level density is p = 1.225 kg/m3,
the dynamic viscosity is u = 1.78406 * 1075 kg/ (m.s) and the chord length is
C=1m.

From the calculated velocity v; and known speed of sound c (m/s), the Mach

number can be calculated.
M="/, (3.2)

Table 3.5.1: FLUENT solver settings

Solver Pressured based
Velocity formulation Absolute
Viscous model Standard k-& model
Material Fluid (air)
Boundary condition Pressure-far-field
Pressure -velocity coupling Coupled
Pressure Second order
c
e Density .
S Second order upwind
= Momentum
3 Turbulence kinetic energy _ _
&) I First order upwind
Turbulence dissipation rate
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3.5.6 Grid Sensitivity Study

The grid sensitivity study was carried out to make sure that the results were
independent of the size of the grid. Grid/mesh used to discretize the space
around the aerofoil will ensure the accuracy of the CFD results. Poorly
constructed meshes or an insufficient mesh resolution will lead to grid
dependent results. Henceforth, it is important to find the right size of mesh to
obtain results that do not depend on the grid density. The grid sensitivity study
is therefore a crucial step in a CFD study.

The mesh near the aerofoil is very fine and it becomes gradually coarser
away from the aerofoil. This method is also cost-effective. Four different grid
sizes were created, made in increments of 1.8 times, starting with 43,360
elements up to 247,844 elements. The lift coefficient and moment coefficient
results for all four grid sizes were plotted to choose the optimum one. From
Figure 3.5.4, a mesh size between, 80,540 and 134,184 can be selected for
further studies because the results of these grid sizes are close to each other.
For further studies, the grid size of 80,540 was however selected to reduce the

computational time.

0.289
0.288

0.288

Lift coefficient

0.287

0.287
0 0.05 0.1 0.15 0.2 0.25 0.3
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Figure 3.5.4: Comparison of lift coefficient and moment coefficient

variation with grid size of FFA-W3-241 aerofoil

Figure 3.5.5 and Figure 3.5.6 shows the pressure contour and pressure
coefficient plots of FFA-W3-241 thick aerofoil for 4 different grid size. The plots

show negligible difference between each grid size.

Ansys Ansys
2021 R2 2021 R2

Pressure
Contour 1

2.047e+04
1.806e+04
1.566e+04
1.325e+04
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8.447e+03
6.043e+03
3.639e+03
1.236e+03
-1.168e+03
-3.572e+03
-5.975e+03
-8.379e+03 A A
-1.078e+04
-1.319e+04
-1.559e+04
-1.799e+04
-2.040e+04
-2.280e+04
-2.521e+04

[Pa]

Figure 3.5.5: Pressure contour for grid size (a) 43,360 (b) 80,540 (c) 134,184
and (d) 247,844
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Figure 3.5.6: Pressure coefficient for different grid size

3.5.7 Comparison and Discussion

Lift coefficient vs angle of attack plots of various FFA-W3 serious are plotted
in Figure 3.5.7 at different Reynolds numbers as shown in Table 3.5.2.

Table 3.5.2: Reynolds numbers used for respective aerofoils

o0
o

Lift coefficient

1.0
0.5

Aerofoils Reynolds number Aerofoils Reynolds number
FFA-W3-241 12 = 10° FFA-W3-480 10 * 10°
FFA-W3-301 10 * 10° FFA-W3-600 6 * 10°
FFA-W3-360 10 * 10°

FFA-W3-241-R, = 12 * 10°
2.5
= CFD
2.0 DTU-10MW
1.5 —— QBlade

-2.0
Angle of attack (deg)

180
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2.5

2.0

Lift coefficient

-2.0
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2.0
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e CFD
e DTU-10MW
——— QBlade

Drag coefficient

e CFD
e DTU-10MW
- QBlade

-180 -120 -60 0
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60 120

180
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FFA-W3-360-R, = 10 * 10°
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FFA-W3-480-R, = 10 * 10°

2.5
CFD
2.0 DTU-10 MW
—— QBlade
1.5 Q
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Angle of attacl (deg)
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= QBlade

0:
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0 0
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Figure 3.5.7: Lift coefficient vs angle of attack plots for various FFA-W3 series

QBlade results are based on inviscid flow, hence does not match well with
the CFD and DTU results. Plots of FFA-W3-360 and FFA-W3-480, there are
noticeable differences between the three different software results. This
difference is due to the gurney flap which was installed in “DTU 10 MW
reference wind turbine [12]” at 36.0%,48.0% and 60.0% thick aerofoils. The
gurney flap will reduce the flow separation at the trailing edge and will
compensate the losses due to high relative thickness. In the current study the
gurney flap was eliminated to reduce the complexity of the 3D model and to
achieve the required power with a simple aerodynamic design. This
simplification will also help in cost effective manufacturing and structural

stability. From these aerofoils a 3D blade geometry was designed for baseline
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3.6

study and the minimum CD/CLwere selected to calculate the chord length and

twist angle.

Three-Dimensional CFD

This section of the thesis involves parametric studies of the baseline wind
turbine blade geometry and its performance characteristics. “DTU 10 MW
Reference Wind Turbine (RWT)” [12] was selected as the baseline wind turbine,
the required results were collected from DTU. The baseline blade and the flow
domains were designed in SolidWorks. Then the geometry was exported to
ICEM CFD. The required boundary conditions were then implemented, the 3D
flow analysis was generated and results post-processed in ANSYS FLUENT.
The obtained results were compared with the “DTU 10 MW RWT” to validate
the CFD simulation procedure. These studies were simultaneously performed
in QBlade, to compare results of CFD, DTU and QBlade. After the numerical
modelling, the baseline model was redesigned to obtain the 20 MW wind turbine
blade. To do this, the QBlade software was used as a basic design point and to
check the power generation from the new designs. This process will provide
results in a short time, with reduced computational cost. However, it is worth
noting that the results from QBlade cannot be reliable because the code
provides a non-viscous solution. Current research proves that CFD simulations
are important over QBlade for large scale offshore wind turbines. However,
before the comparison of these results, the baseline model grid independence
study was carried out to make the solution to be independent of the grid size by
running the CFD simulation. Aerodynamics parameters of wind turbine blade
like length, chord, twist, RPM, and the pitch were varied to generate a new
design model. The geometric models were created for length optimization and
chord-twist optimization and CFD simulation were carried out for all the design
variants (including RPM and pitch). For each design variant, the interpretations

of the solutions are discussed.
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3.6.1 DTU 10 MW RWT Design Specification

The “DTU 10 MW RWT” was designed for offshore location and is a three
bladed upwind wind turbine. While designing this wind turbine the offshore wind
climate was considered to avoid any major issues. This 10 MW wind turbine is
an upscaled model of “NREL 5 MW RWT?”, but several parameters have been
modified, including wind climate, hub height, and the inclusion of prebend
blades to ensure tower clearance. Table 3.6.1 shows the design specification
of “DTU 10 MW RWT”.

Table 3.6.1: Baseline wind turbine blade design specification [12]

Parameter DTU 10 MW RWT

Rotor orientation Clockwise rotation - Upwind
Control Variablle spged

Collective pitch
Cut in Wind Speed (m/s) 4
Cut out Wind Speed (m/s) 25
Rated wind speed (m/s) 11.4
Rated power (MW) 10
Number of blades 3
Rotor diameter (m) 178.3
Hub diameter (m) 5.6
Rotor speed (rpm) 6109
Maximum tip speed (m/s) 90

3.6.2 Wind Turbine Blade Geometry

The baseline wind turbine blade was selected from the open source [12].

Figure 3.6.1 and Table 3.6.2 give the detailed geometrical information.

Note: The twist of the blade varies from tip to root, the defined twist is positive

nose up.
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Figure 3.6.1: Baseline wind turbine blade geometry

Table 3.6.2: Baseline wind turbine blade geometry details [12]

Radial Chord Twist Thread Axis Aerofoil
Position Length [m] | [degree] | in [% chord] Name
[m]
0.00 5.38 0.00 0.50 . .
2.80 538| -14.50 050| Cireularfoil
16.87 5.87 -12.55 0.44 | FFA-W3-600
20.88 6.11 -9.96 0.40 | FFA-W3-480
27.49 6.18 -7.42 0.37 | FFA-W3-360
34.66 5.89 -5.92 0.35| FFA-W3-301
61.05 3.79 -0.72 0.35
71.97 2.91 1.11 0.35
83.86 2.02 2.80 0.35| FFA-W3-241
88.45 1.18 3.36 0.35
89.17 0.60 3.43 0.35

From the existing coordinates of FFA-W3 series aerofoils, the required
chord length and the calculated twist were added, keeping the thread axis
between 0.5 —0.35% of the chord using the QBlade software. The total
diameter of the hub is 5.6 m and the blade is placed in such a way that the root
of the blade (circular foil) completely immerses into the hub as shown in Figure

3.6.2. For the simplification of the study, a single blade was selected.
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Figure 3.6.2: Blade geometry for CFD simulation

Hup center

3.6.3 Flow Domain Modelling and Sensitivity Study

Around the wind turbine blade the flow domain was created by extending
the domain upstream and downstream to a fixed distance using Workbench
design modular. Considering a steady flow around the blades that are placed
symmetrically at an angle of 120 degree, periodic boundary condition can be
imposed in the other two direction. Hence a single blade simulation can be
carried out for the research work. When using a moving refence frame with a
wind turbine blade geometry in CFD, it is recommended to connect the fluid
interface, which is an effective and accurate method. The blade was placed
inside two domains (main and sub-domain) in-order to create the moving
reference frame mode. This reference frame will simulate the flow around the
blade.

Two different shaped domains were created to understand the domain
sensitivity and to determine the domain size and flow influence. Regardless of
the turbulence model, the size of the domain must be large enough to minimize
the interference caused by boundaries. This interference will affect the
aerodynamic forces of the wind turbine blade. The distance between the inlet
and the blade must be long enough to develop the wake flow. It is important to

keep in mind that any unnecessary increase of the domain size will adversely
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affect the computational cost. Henceforth the domain size (computational cost)
and accuracy of the results (aerodynamic force) are contradictory topics, and a
wise decision must be taken. One of the solutions to this is to consider periodic

boundary conditions.

ANSYS

R19.1

Academic

Rotational Periodicity

Periodic zone

Velocity inlet

ANSYS

2019 R2

Pressure outlet

| Rotating Subdomain |

Periodic Zone

°
¥
X

Figure 3.6.3: Conical and cylindrical shaped domain
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Figure 3.6.4: Dimensions of CFD cylindrical domain - (a) Side view - (b) front

view, D-diameter, and R-radius of the blade

A detailed study of the domain size and shape was carried out. A conical
and cylindrical domain shape were studied, as shown in Figure 3.6.3. Figure
3.6.4 shows the side and front view of the domain with dimensions. The
cylindrical domain was selected based on the results obtained and the flow
physics near the outlet of the domain. Table 3.6.3 gives the details of the
dimensions used to determine the effective size of the domain and the
turbulence model to be used to obtain the cost-effective accurate results
(Appendix 7.1).
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Table 3.6.3: Boundary condition interaction and placement sensitivity

Boundary
o Cases Selected
Conditions
Domain Shape Conical, and Cylindrical Cylindrical
No’ of blade 1 blade, 3 blade 1 blade

Inlet Boundary

(velocity inlet)

3D, and 6D upstream

3D upstream

Vertical surface of
computational

domain (Symmetry)

4D, 7.5D, and 12D

4D

Outlet Boundary

7D, 10D, 15D 20D

15D downstream

transition k-kl-omega, and
DES

(pressure outlet) downstream

Subdomain 1.5R, and 2.5R 1.5R

Time Steady, and Transient Steady
Laminar, Spalart-Allmaras, k-
epsilon (standard and

Models realizable), k-omega SST, K-omega SST

Rotating domain

Outer and subdomain,

subdomain only

Subdomain only

3.6.4 Grid Generation

Both the outer and the subdomain were generated in Workbench design
modular and the .iges files were imported into the ICEM CFD meshing software.
These two domains were meshed separately and saved as .msh files.
Meanwhile the blade was divided into two parts as bottom and top, with chord
lengths of 0.6 m and 5.38 m at the tip of the blade and at the root, respectively.
The total element size for the model is 8.3 million which are divided as follows;
outer domain — 3.8 million, inner domain — 1.5 million, bottom blade — 2.3 million

and top blade — 0.5 million. Different boundary conditions, velocity inlet,




pressure outlet, symmetry (vertical surface of the computational domain),
stationary wall (blade and hub), periodic plane, outer domain and sub domain
as interface were set. Due to numerical diffusion, computational costs, and time
taken to generate the grid; it is crucial to select the type of grid to be used. A
grid can either be structured or unstructured. Generating a structured grid on a
complex geometry is more time-consuming than an unstructured grid. However,
on a blade, a structural grid can be generated, hence avoiding the false
numerical diffusion which depends on the grid alignments. In the current
research, to have a Hexa mesh, a blocking topology was performed on the outer
and subdomain using an O-grid technique which generates a circular mesh, as

shown in Figure 3.6.5.
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Figure 3.6.5: Mesh on (a) subdomain and (b) outer cylindrical flow domain



3.6.5

ANSYS

R19.1

Figure 3.6.6: Blade mesh and mesh around blade aerofoil at an intermediate
section (80% span)

A Hexahedral grid can be easily re-meshed, which provides projection-
based grid generation environments. This methodology will project the edges,
vertices and faces to the nearest surface of the new CAD geometry and by
reassociating the projected mesh with the new geometry, a mesh can be
generated. Later this premesh is converted into a single unstructured mesh,
which will merge all the common nodes on the block interface. Hence a
hexahedral grid was created around the blade as shown in Figure 3.6.6.

Solver Setting and Boundary Condition

ANSYS FLUENT is a CFD tool designed specifically for fluid flow simulation
and heat transfer. This software also includes wide range of modelling
applications for academics and industries like multiphase flows, turbulence
flow, combustion, and reaction flows. Variety of simulations like compressible,
incompressible steady, and transient cases can be studied. ANSYS FLUENT
simulations are fast, accurate and cost effective, hence a better decision can
be made regarding the design. The FLUENT settings are classified into four

major groups.
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1 Model settings

2 Material properties
3. Boundary conditions
4

Solver controls
Model settings

The model settings help to define the flow characteristics, such as steady
or transient mode, number of equations (laminar or turbulent), compressible or
incompressible flow, etc. In the current research steady state time independent
analysis was carried out. The tip speed is 90 m/s at 9.6 rpm and the blade
operates at a high Reynolds number, hence the flow is turbulent. The calculated
Mach number from the highest tip speed is less than 0.3 which makes the flow
as incompressible flow. Simulations such as direct numerical simulation (DNS),
or large eddy simulation (LES) could be used to resolve the current wind turbine
blade model, but it is not suitable for most practical applications because of their
high computational cost. The velocity in the turbulent flow is unpredictable and
is random hence Reynolds-Averaged Navier- Stokes equations are used, which
would help to determine the statistical properties of the flow. This commonly
used procedure produces a cost-effective computation. The k-w SST model

was considered in the present work.
Material properties

Wind turbine blades convert the kinetic energy of the wind into electrical
energy; hence, air is considered as the fluid. As discussed, the flow is assumed
incompressible therefore the properties of the air were treated as constant.

Defined air properties are at sea level are:
Density = 1.225kg/m3

Viscosity = 1.7894 % 1075 kg/m.s
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Boundary Conditions

Using a cell zone condition in FLUENT, the frame motion was enabled, and
the subdomain and blade fluids were set to be rotational flow in the axis of
rotation (—y). The rotational velocity was set according to the velocities,

whereas in the outer domain the flow was stationary.
The following boundary conditions were considered:

> Inlet: Velocity-inlet boundary condition was given, and the Y-velocity
was defined.

»  Outlet: Pressure-outlet, and the gauge pressure was zero pascal
whereas operating pressure is 101325 pascals.

»  Blade and hub: Stationary wall with no slip.

»  The vertical surface of computational domain was symmetry.

»  The domain bottom was periodic in both inner and outer domain

In the interface setup tool, the faces of the subdomain (rotational) and the
inner domain of the outer domain (as shown in Figures 3.6.3 and 3.6.4) are
interfaced. All the required faces of the blades were interfaced with a matching
interface option. The periodic bottoms of the domains were interfaced with a

rotational type with an offset of 120 degree.
Solver Controls

The pressure-based solver and the density-based solver are the two types
of solvers available in FLUENT. In these two solvers the governing flow
equations are discretized by using the finite-volume discretization scheme. The
Equation of State in the density-based solver will determine the pressure field.
But the pressured-based solver will determine the pressure field by resolving a
pressure or pressure correction equation. This pressure field is obtained by
adjusting the continuity and momentum equations which must satisfy the
continuity equation by correcting the pressure equation of the velocity field. The
governing equations of both algorithms are non-linear and coupled. Energy,
continuity, and momentum equations are solved by the density-based solver,

this is not the case for the pressure-based approach. In the present simulation,
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the pressure-based solver was used to calculate the pressure field since an

incompressible flow is considered. To derive the face values of the scalar

variables, the first-order upwind discretization approach was used to discretize

the convection components in the governing conservation equation. Pressure

and velocity are stored at cell centres in FLUENT’s collocated approach. The

STANDARD pressure interpolation technique was used to acquire the pressure

values at the faces. The STANDARD scheme in FLUENT uses momentum

equation coefficients to interpolate the pressure values at the faces. The

SIMPLE approach, which is FLUENT's default methodology and is an iterative

solution method, was used to obtain the pressure adjustment equation. Table

3.6.4 shows the solver parameter settings used in FLUENT.

Table 3.6.4: Solver parameter settings used in FLUENT

Solver Pressured based
Velocity formulation Absolute
Time setting Steady state
Viscous model k-omega SST
Material Fluid (air)
Inlet Velocity-inlet
> C
S S | Outlet Pressure-outlet
% -g Blade Stationary wall — no slip
m © .
Vertical surface Symmetry
Pressure -velocity coupling SIMPLE

Gradient Least squares cell based
Pressure STANDARD
Momentum Second order upwind

Turbulence kinetic energy

Discretization

Turbulence dissipation rate

First order upwind

Residual values of 10¢ were set to achieve the convergence, however

these solutions did not reach this criterion. Hence, simulation cases were

assumed to be converged when:
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e All the residuals reached a reasonable steady state value, below 107%.

e The solution did not alter with further iterations or all discrete
conservation equations (momentum, xyz-velocity, k, omega) has been
obeyed in all cells within a certain tolerance.

¢ Residual plots have been used to monitor the convergence.

e Along with residuals, thrust, torque, C;, and C,; have been monitored to

confirm convergence. Figure 3.6.7 shows the convergence plots.

Ansys
1e+02 2022 R2
Residuals
continuity
1e+00 —= x-velocity
T y-velocity
z-velocity
1e-02 —= k
T omega
1e-04 —
1e-06 \
1e-08 R/
bl
=T N\ o oA e g PP g NS N s g Py
1e-10 — T T T T T T ,
0 5000 10000 15000 20000 25000 30000 35000 40000
Iterations
Ansys
2021 R2
1.00e+06 —_\f
1.00e+04 —f (\
Static 1 - o I S i P S
Pressure _
[Pa]
1.00e+02 — torque
1 thrust
e €
cd
1.00e+00 r T T r - . - .
0 5e+03 1e+04 1.5e+04 2e+04 25e+04 2e+04 35e+04 4e+04
Position [m]

Figure 3.6.7: Convergence plots

3.6.6 Grid Independence Study

Similarly, to the 2D grid sensitivity study discussed in Section 3.5.6, a 3D

grid independence study was conducted. A domain sensitivity study was carried
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out, as mentioned in Section 3.6.3 to finalise the optimum domain size and
boundary conditions. On the finalized domain, grid independence studies were

performed.
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Figure 3.6.8: Thrust and power coefficient results comparison with grid size at

a wind speed 11 m/s

Four different grid sizes (2.57, 4.64, 8.31, 14.99 million elements) were
studied to finalize the number of elements that can be utilized to conduct further
studies. For the four grids, a consistent agreement in power coefficient and
thrust coefficient were obtained, with the increased grid size. Figure 3.6.8
shows the thrust and power coefficient results against the grid size. The study
was carried out at a rated wind speed of 11 m/s, with a zero pitch of the blade.
From the plot it can be concluded that the minimum grid size required to achieve
the solution independent of the grid size is above 4.64 million cells. Henceforth,
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in the current research, grid sizes considered were between 4.7 and 8.5 million
cells.

Pressure
Contour 1 (| |)
4.874e+02 (1
3'851e+02
2.8286+02
- 1'8056+02
L 7.8266+01
- 2.402e+01
i
r=2. et
- 55006402 "N N
[ 8 3%aer0s
r=J. e+
L 85776402 ‘ ‘
L 7.200e+02
- _8.4236+02
- 9'4466+02

-1.047e+03
11
:1 :3542:03 0 :mng (m) 1—- 0 3.000 (m) 1;-

-1.456e+03 T T
[Pa]

(a)
Pressure
Contour 1 (|) (”)
1.568e+03
1.317e+03
1.067e+03
r 8.163e+02
r 5.658e+02
r 3.153e+02
e —
r=1. e+
r-4.362e+02
- -6.867e+02 - e
r-9.372e+02
-1.188e+03
r -1.438e+03
r -1.689e+03
r -1.939e+03

JiEy
-2. e+
5.6916+03 . - L. . 2o (o Le
12:941e+03 — —
'5'192e+03

[Pal (b)

Figure 3.6.9: Comparision of pressure contours for (a) 30% span and (b) 60%

span of the blade for grids of (1) 2.57 million and (I) 4.64 million cells

Figure 3.6.9 and Figure 3.6.10 shows the variation of pressure on the 30%
and 60% of the blade span. A fine grid captures better flow physics which in-
turn results in a higher accuracy of the results. The flow physics are captured
for two different grid size of 2.57 million (I) and 4.64 million (I1) cells.
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3.6.7 Baseline Wind Turbine Blade Performance

Numerous factors need to be considered to establish limitations in the blade
design stage. The “NREL 5 MW Reference Wind Turbine (RWT)” [11] was
upscaled and modified by Technical University of Denmark as “DTU 10 MW
RWT” [12]. In this model the radius of the blade was 89.166 m and the minimum
relative thickness was 24.1%. However, to overcome the structural stiffness

issues of a large-scale offshore wind turbine the thickness was increased by

89



challenging the aerodynamic performances. The “DTU 10 MW RWT” was
selected as a baseline model and the required aerodynamic parameters and

results were collected from the researchers involved in its design.

The maximum power coefficient was achieved at tip speed ratio (TSR) of
7.5. The TSR value will contribute to the shaft torque and power efficiency,

noise, and structural stiffness [12]. The figure 3.6.11 shows the Cp vs TSR of

the baseline model at a velocity of 11 m/s.
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Figure 3.6.11: Cp, vs TSR at wind speed of 11 m/s (QBlade)

The baseline model was designed and meshed as explained in previous
sections. This meshed geometry was imported in FLUENT, with boundary
conditions reported in Table 3.6.4. Design and off-design conditions were
studied, and the aerodynamic results were captured. In the current research
fully turbulent CFD simulations were conducted. Table 3.6.5 shows the wind

speed, pitch, and RPM considered in this study.
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Table 3.6.5: Operational parameters for the baseline blade geometry, (pitch-

nose down) [12]

Velocity Rotational Pitch angle
(m/s) speed (RPM) (degree)
5 6 1.966
6 6 0.896
8 6.423 0
9 7.225 0
10 8.029 0
11 8.837 0
12 9.6 4.502
16 9.6 12.499
20 9.6 17.618
25 9.6 22.975

To achieve accurate results, a pitch sensitivity study was carried for the

pitched blade velocities. The pitch was reduced between 1 — 1.5degree

accordingly to obtain the required results in the CFD study. Table 3.6.6 shows

the studies carried out on the pitched blade. An optimized pitch was then

selected, and the results were compared. The pitch of the blade will be different

due the domain sensitivity and the boundary condition.

In QBlade, the same pitch as mentioned in Table 3.6.5 was used to get the

results, and no corrections were applied. For the CFD study, however, a pitch

correction was applied to minimise the percentage of error.

Table 3.6.6: Optimized pitch in current study (CFD)

Reduction Optimized Original Optimized
Velocities in Pitch Reduction in Pitch Pitch
(m/s) angle Pitch angle angle angle

(degree) (degree) (degree) (degree)

5 1,1.25 1 1.966 0.966

12 1 1 4.502 3.502

16 1 1 12.499 11.499

20 1,1.25 1.25 17.618 16.368

25 L 125, 1.35 22.975 21.625

1.35,15
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Only velocities of 20 m/s and 25 m/s in pitch sensitivity studies are shown
in detail to give a clear picture of thrust and power variation. However, velocities
of 5,12, and 16 m/s (Appendix 7.2) are studied as well, and the optimized
results are considered to plot and compare the results for each off-design

conditions.

The blade angle is determined from the collective measure of angle of pitch,
twist, and angle of attack, this is also known as the angle of relative wind. The

twist of the blade is fixed, where the CD/CLis minimal so that C, is almost equal
to zero. This allows to achieve a maximum power output, according to Betz’
limit. Hence the angle of attack is also fixed because the selected CD/CL is ata

particular angle of attack. Therefore, the only angle that can be varied to reduce
the angle of relative wind, is the angle of pitch. This will allow and distribute the
inlet flow parallel to the blade surface, reducing the stall effects and flow

separations.

For the 20 m/s velocity, a detailed performance study was carried out.
Figure 3.6.12 and Table 3.6.7 show the variation of thrust and power with
respect to the pitch. Thrust and power increase as the pitch is reduced, this is
due the reduction in stall. As reported in Table 3.6.6, three different pitch angles
were studied for 20 m/s (17.618,16.618,16.368 degree).
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Figure 3.6.12: Thrust and power variation with different pitch angle at velocity
20m/s

A pitch angle of 16.368 degree was selected according to the minimum
percentage of error between the current CFD results and the results of “DTU
10 MW RWT”. The percentage of error was 2% for the thrust and was 1.31%

for the power.

Table 3.6.7: Percentage of error for thrust and power at velocity 20 m/s

Pitch sensitivity DTU 10 MW RWT % of error
study
Pitch Thrust Power Thrust | Power | Thrust | Power
(degree) (MN) (MW) (MN) (MW)
17.618 0.494 6.973 -28.10 | -34.70
16.618 0.660 10.137 | 0.6877 | 10.6785 -3.98 | -5.07
16.368 0.701 10.818 2.00 1.31

For the 25 m/s velocity, five different pitch angles were studied, and the
given pitch angle was 22.975 degree. The angle of pitch was reduced from
1 degree to 1.5 degree as shown in Table 3.6.6. The required thrust and power
were achieved with a 1.35 degree reduction i.e., 21.625 degree. The optimum

pitch angle was selected according to the minimum percentage of error. Thrust
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and power increased as the pitch angle was decreased, as shown in Figure
3.6.13 and Table 3.6.8.

The pressure difference on the blade surface produces the thrust, which is
an integrated normal force on the blade surface. The required thrust was
achieved at a pitch angle of 21.625 degree with a percentage of error of 1.7%.
Further reduction in the pitch angle beyond 21.625 degree will increase the
thrust. In an upwind wind turbine, the produced thrust will push the blade
towards the tower. If the thrust is increased, then the blade will collide with the
tower which will damage both blade and tower. To avoid these issues, the thrust

must be accurate.

Similarly, the tangential force will generate the torque from which power is
calculated. The accurate power was generated at a pitch angle of
21.625 degree with a percentage of error of 0.68%. At a higher velocity, the
blade is pitched towards feathering, so that the angle of attack of the blade is
influenced. This will reduce the lift of the blade and will control the power. A
further increase in pitch angle will stop the wind turbine blade from producing
lift and the turbine will stop rotating. Or increasing the angle of attack of the
blade to a critical value causing stall intentionally, which is known as active stall
above designed wind speed. Therefore, increasing the drag will slow down the

blade rotation.
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Figure 3.6.13: Thrust and power variation with different pitch angle at velocity
25m/s

Table 3.6.8: Percentage of error for thrust and power at velocity 25 m/s

Pitch sensitivity DTU 10 MW Percentage of
study RWT error (%)
Pitch Thrust | Power | Thrust | Power Thrust | Power
(degree) (MN) (MW) (MN) (MW)
22.975| 0.327 4.434 43.31 | 56.50
21.975 | 0.505 8.760 12.59 | 14.06
21.725 | 0.552 9.858 | 0.577 | 10.193 4.33 3.29
21.625 | 0.568 10.262 1.70 | -0.68
21.475 | 0.600 11.030 -3.96 | -8.21

3.6.8 Comparison and Discussion

The geometrical and aerodynamic performance parameters of “DTU 10MW
RWT” was used to design a blade in QBlade and the simulations were carried
out. Similarly, the same case was also studied in ANSYS CFD. A grid
independence study, domain sensitivity study along with placement of the
geometry and different turbulence models were performed. CFD study showed
that the pitch angle of the blade at higher velocities from 12 m/s to 25 m/s need
to be reduced to achieve the expected results. These results are then compared
to check the percentage of error (Table 3.6.9) between the three software. This
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comparison concludes that the QBlade and CFD results for further design

variants will be accurate and acceptable.

Table 3.6.9: Percentage of error between three software

Percentage of error
(DTU vs CFD) | (CFD vs Qblade) | (DTU vs Qblade)
e le e e | o || o

5| 5.74| -10.10 3.50 -5.19 -2.04 5.44
6| 508| -1.22 1.62 3.28 -3.37 4.46
8| -1.13 0.61 -5.51 -1.21 -4.32 -1.83
9| -1.07 0.77 -5.07 -0.65 -3.94 -1.42
10| -1.24 0.62 -5.12 -0.59 -3.82 -1.21
11| -0.81 1.14 -4.42 0.12 -3.57 -1.01
12| 5.07 2.93 -2.77 -3.36 -7.97 -6.38
16| 1.18 0.00 | -13.34 -9.20 | -14.68 -9.20
20| 242 2.21 411 -1.21 1.79 -3.45
25| -0.99| -0.09 0.68 -16.38 1.67 -16.28

Figure 3.6.12 shows the optimized thrust coefficient and the power
coefficient obtained in CFD (current study), from the literature (“DTU 10 MW
RWT” - EllipSys3D) and from QBlade. As mentioned previously, the QBlade
software is an open source designed to calculate the wind turbine
aerodynamics. An aerofoil can be designed and customized using this software
because it is an integration functionality of the XFOIL/XFLRS5. It will allow to
design the required wind turbine blade and to study the aerodynamic
performances. This software was used to design the additional case studies of
the research; hence the baseline design was also compared with the QBlade

results.
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Results and Discussion

4.1

4.2

Introduction

Across Europe, 5 to 6 MW wind turbines have been widely installed
offshore, generating up to 500 MW power in a wind farm. The ‘Up Wind
Research Project’ [122] supported by EU further considers the challenges that
may arise to design a higher power generating wind turbine. For instance, a
20 MW wind turbine would require a very large rotor with an approximate

diameter of 250 m and a tower height exceeding 150 m [122].

These large wind turbines will give rise to weight and load complications which
are not desired and will need intense attention and further investigation while
designing. Offshore wind farms with a typical size of 500 MW range employ 5 —
6 MW wind turbines, such wind farms are already operating across Europe [122].
Future trends envision the need for higher power generating wind turbines, at-
least 20 MW wind turbines, to be able to obtain annual energy production of 105
GWh [16].

Considering maintenance and operational costs due to very large amount
of power being generated, any increase in size can be justified. The goal is
however to design and manufacture fully functional wind turbines that are also

cost effective.

Upscaling of Wind Turbines

When considering an upscaling approach to define the characteristics of an
intended large scale offshore wind turbine, similarities are usually assumed with
geometry and aerodynamic concepts of wind turbines, at constant tip speed
between the baseline and the upscaled design. Through this approach
structural properties and vital operations are established, this also helps

determine the technological difficulties when upscaling.

When similarities with geometry are considered, weight and power

scaling is done in accordance with m ~ sf3 and P ~ sf2. Here sf is the scaling
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factor. Table 4.2.1 lists the properties of the IEA 5 MW wind turbine as a base
model using a simple scaling approach [122] and it includes hub height, blade

diameter and tip speed for 5 to 20 MW wind turbines.

Table 4.2.1: Properties for 5 to 20 MW wind turbine using simple scaling

approach [122]

Power _Blade H_ub Tip
(MW) diameter height speed
(m) (m) (m/s)
5 126 90 80
10 178 116 80
15 218 136 80
20 252 153 80

In the current research, the “DTU 10 MW reference wind turbine” has been
upscaled to obtain a 20 MW wind turbine. Classical similarity rules have been
applied to establish the final design, and the rotor area has been doubled to
obtain twice the amount of power. Assuming similarities in geometry the

following can be written for mass and power:

Mass m is scaled by:

m~sf3 (4.1)
Power P is scaled by:
P ~sf? (4.2)
with sf the geometric scaling factor:
f _ Expected power after upscaling Q
S| = Power of existing upscalable model T 410
(4.3)
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4.3

4.4

Upscaling Methodology for Length Optimization

The baseline wind turbine blade has been upscaled to achieve 20 MW
power using the above-described methodologies. Wind turbine blades with a
larger span will produce more energy. The wind captured by the blades enables
the blade to rotate; larger blades provide a wider area for the airflow to pass
across, resulting in higher rotational power and force. However, the overall
contribution made by increasing the blade span length as compared to other
components, makes a real difference. Both the blade size and the velocity of
the wind will determine the aerodynamic performance of the blade, this can be
achieved using power/energy formulas. At a given swept area of the blade and

velocity, the level of energy available in the airflow can be determined as:
1 .
E = > * mass flow rate * velocity? (4.4)

Assuming a sea-level density of 1.23 kg/m3, the mass flow rate can be

determined as

mass flow rate = density (p) * velocity (v) * area of the blade (mr?)
(4.5)

From the expression of mass flow rate (Equation 4.5), it is clear that the mass
flow rate is directly proportional to the radius squared (r2). Hence the longer
the span the higher the mass flow rate, and therefore the higher the

power/energy production.

For a large blade, a large nacelle is required, which therefore requires a large
tower. Hence, blade length must be selected carefully to produce maximum

power output and remain cost effective.

Upscaling the Blade Length Using QBlade

The blade was upscaled from the “DTU 10 MW RWT” to the 20 MW
offshore wind turbine. In the current research the scope is given to the
aerodynamic design only, even though structural design and aero-servo-elastic
design are also important. The aerodynamic design is however key to improve
the power output. The upscaled parameters for the 10 MW and 20 MW turbines
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are listed in Table 4.4.1. The rotor diameter and hub height were upscaled using
simple scaling approach. Rated wind speed is where the maximum power
output is achieved. The minimum and maximum rpm are selected according to

the results obtained from QBlade which uses BEM theory.

Table 4.4.1: Basic key parameters of 10 MW and 20 MW WT

Key parameters of wind turbines
Parameters DTU 10 MW RWT 20 MW WT
Rated power (MW) 10 20
Number of blades 3 3
Rotor placement Upwind Upwind
Rotor diameter (m) 178.3 252
Hub diameter (m) 5.6 8
Hub height (m) 119 167.9
Blade Length (m) 86.4 122
Rated wind speed (m/s) 11.4 12
Minimum rotor Speed (rpm) 6 4.4
Rated rotor speed (rpm) 9.6 9.2
Optimal TSR 7.5 9

4.4.1 Upscaled Blade Geometry

Using the geometrical parameters in Table 4.4.2, the blade geometry
(Figure 4.4.1) has been redesigned in QBlade. The length of the blade is
increased to 122 m with a hub radius of 4 m. The blade is placed at the centre
of the hub, henceforth the radius of the blade is 126 m. At this stage of the work,
the chord length, twist, and thread axis of the blade are not modified, and they
remain identical to the baseline model. The location of the aerofoils along the
span has been placed according to the /R values. Where R = 126 m and r is
the radial stations. The optimization procedure will highlight the effects of

extending the blade length.
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Figure 4.4.1: Blade geometry for upscaled blade

Table 4.4.2: upscaled wind turbine blade geometry parameters

. . Thread
Aerofoils Rf?n'ﬂ'u)s r'R C?rg)rd (d-;vé”rséte) AXxis in [%
chord]
Cylinder 0.00 0.00 5.38 0.00 0.50
3.91 0.03 5.38 14.50 0.50
15.50 0.12 5.45 14.43 0.44
FRA-W3-600 23.81 0.19 5.87 12.54 0.40
FEA-W3-480 29.48 0.23 6.11 9.96 0.37
36.67 0.29 6.20 7.83 0.35
FFA-W3-360 43.22 0.34 6.09 6.72 0.35
FFA-W3-301 51.28 0.41 5.79 5.62 0.35
71.19 0.57 4.70 2.89 0.35
84.92 0.67 3.87 0.90 0.35
FEA-W3-241 101.93 0.81 2.90 -1.14 0.35
119.95 0.95 1.90 -2.95 0.35
126.00 1.00 0.60 -3.43 0.35

The maximum C, of 0.467 for the current blade was obtained at a tip speed
ratio of 9 and a pitch angle of 0 degree, as shown in Figure 4.4.2. As mentioned
previously, 100% extraction of energy from the wind is not possible as the
energy is extracted from the wind by slowing it down and removing part of its
kinetic energy. As the wind is slowed down, the air behind the blade will be
slower. If further kinetic energy is extracted, the downstream air will block the
next intake of air which will hit a wall of stalled air.
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Figure 4.4.2: Power coefficient vs tip speed ratio for a upscaled blade
4.4.2 Results

The upscaled blade was simulated for different rotational speeds and pitch
angles. The simulation parameters used to calculate the power and thrust are
p = 1.225kg/m3,u = 1.784  10~°kg/(m.s). The velocity range between 5 m/s
and 25 m/s, where the rated power output was achieved at 12 m/s. Velocities
selected to perform the simulations and to study the flow physics are marked
with a * symbol in Table 4.4.3. These velocities* are selected due to their
corresponding rotational speed being unique, and to reduce the computational
resources used in the research. These results are then compared with the
results obtained with CFD in FLUENT.

The rotational speed was varied between 4 and 10 rpm and the optimized
rotational speed was selected at a fixed pitch angle of zero. However, at high
wind speeds, between 12 to 25 m/s, the pitch angle zero did not provide the
required power and thrust results, hence, a pitch angle optimization was carried
out. To understand the problem better, for a pitch angle of 0 degree and a
velocity of 12m/s, a 20 MW power was achieved at a rotational speed of
5.4 rpm. This scenario is however not plausible because the wind flowing
through the blades rotates them, and at a speed of 11 m/s, the rotational speed
is 8 rpom. Hence, for a wind speed of 12 m/s the rotational speed should be

higher than 8 rpm.
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To achieve the optimum power and thrust results the pitch angle was varied

between 0 and 20 degree. The rotational speed and pitch angle were varied,

and the optimum rotation speed and pitch angle were selected to achieve

20 MW power. Table 4.3.3 provides the detailed aerodynamic results and the

operational parameters, based on QBlade, at different velocities.

Table 4.4.3: Operational parameters and aerodynamic results at different

velocities (the * symbols indicate the velocities to be simulated in CFD)

Velocity R(;tggggal aprlltglre]z Power C Thrust C
P t
(m/s) (RPM) (degree) (MW) (MN)

5* 4.4 0.00 1.59| 0.416 0.690 | 0.903
6* 5.0 0.00 290 | 0.439 0.989 | 0.899
7 5.0 0.00 4.80| 0.458 1.170 | 0.782
8* 5.4 0.00 7.29 | 0.466 1.520 | 0.777
o* 6.4 0.00 10.40 | 0.467 1.920 | 0.776
10* 7.0 0.00 14.27 | 0.467 2.390 | 0.782
11* 8.0 0.00 19.00 | 0.467 2.920 | 0.790
12* 9.2 3.96 20.20 | 0.383 2.500 | 0.568
13 9.2 6.00 20.20 | 0.301 2.200 | 0.426
14 9.2 7.50 20.20 | 0.241 1.980 | 0.331
15 9.2 8.80 20.20 | 0.196 1.800 | 0.262
16* 9.2 9.90 20.20 | 0.161 1.695 | 0.217
17 9.2 11.00 20.20 | 0.135 1.600 | 0.181
18 9.2 12.05 20.20 | 0.113 1.510 | 0.153
19 9.2 13.00 20.20 | 0.096 1.480 | 0.134
20* 9.2 13.91 20.20 | 0.083 1.405| 0.115
21 9.2 14.82 20.20 | 0.071 1.390 | 0.103
22 9.2 15.70 20.20 | 0.062 1.320 | 0.089
23 9.2 16.55 20.20 | 0.054 1.290 | 0.080
24 9.2 17.39 20.20 | 0.048 1.260 | 0.072
25* 9.2 18.18 20.20 | 0.042 1.240 | 0.065

These aerodynamic results are compared with those from the “DTU 10 MW

RWT” to check both the pattern and agreement. Figure 4.4.3 shows the power

and thrust versus the velocity. As can be seen, the trends of both the Power
and thrust curves obtained for 20 MW with QBlade agree well with the 10 MW/

wind turbine blade-based baseline results obtained using EllipSys3D. Till the

rated velocity of 12 m/s, the power increases linearly and remains constant

afterwards until it reaches the cut-out velocity. In the region between rated and
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cut-out velocity, a constant power of 20.2 MW is achieved for the ‘new’ wind

turbine. Henceforth, the ideal power curve is achieved from both the variable

rotational speed and the variable pitch angle configuration used in this research.
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Figure 4.4.3: Power and thrust versus velocity plot
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Figure 4.4.4: Power coefficient and thrust coefficient versus velocity plot

The maximum thrust of 2.92 MN in Figure 4.4.3 was achieved for the ‘new’
design at a velocity of 11 m/s. The thrust increased from 1.56 MN for the 10 MW
turbine to 2.92 MN for the 20 MW turbine at this velocity, and the corresponding
power increased from 11.1 MW to 20.2 MW at 12 m/s. This shows a 87.78%
increase in thrust and 80.83% increase in power with the ‘new’ design
compared to the “DTU 10 MW RWT”.

The geometrical design and operational conditions obtained from QBlade
are then taken into the ANSYS CFD software for further studies and comparison

of the aerodynamic results.
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4.5 Upscaled Blade Length Study Using CFD

The geometrical details described in the previous section are exported from
QBlade to build a design model in ICEM CFD. Figure 4.5.1 shows the 3 bladed
upwind upscaled geometry. Note that a single blade is selected for the flow
simulations, this will reduce computational resources being used, and therefore

the computational cost and time.

Figure 4.5.1: Upscaled blade geometry

4.5.1 Meshing

A hexa O-grid mesh was generated around the blade and in the domain
immediately surrounding the blade. The outer domain size built for this case
was 3D upwind, 5D downwind, and 4D long on the top of the blade, with D =
252 m being the diameter of the blade. The inner domain was 1.5R long upwind,
downwind and on the top surface, with R being the radius of the blade. The
domain was created and meshed similarly to the baseline study described
previously in Chapter 3, Figure 3.6.3. The mesh on the single blade, for a
section of the blade, and around the aerofoil section are shown in Figure 4.5.2.

The blade and domain mesh were then imported to the flow solver ANSYS

FLUENT to start the flow simulation. Note that the finalized boundary conditions
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considered, the domain sensitivity and placement of the blade carried out
previously for the baseline study and described in Chapter 3 are considered

valid and used here without modifying any of the parameters reported from

Table 3.6.4.
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Figure 4.5.2: Mesh on blade geometry
4.5.2 Results

The optimized rotational speed was taken from QBlade, and no variation
was made in FLUENT. However, the pitch angle was reduced to achieve the
rated power output. Table 4.5.1 shows the pitch angle reduction carried out to

achieve the rated power of 20 MW/
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The angle of the pitch was reduced for the highest velocities, between
12 m/s and 25 m/s . For the length optimization case study, the pitch angle for
the lowest velocities was zero and the results agreed well with the QBlade
results. However, because of the pitch angle sensitivity study, the results of

velocity with a pitched blade did not match well with QBlade.

Table 4.5.1: Pitch angle optimization for higher velocities

. Original Reduced pitch Optl_mlzed Optimized
Velocity . pitch :
Pitch angle angle by pitch angle
(m’s) (degree) degree angle by (degree)
degree

12 3.96 1 1 2.96
16 9.9 1,1.25 1.25 8.65
20 13.91 1.25, 1.35 1.35 12.56
25 18.18 1.25,1.35,1.5 1.5 16.68

The first simulation was carried out for the reduced pitch angle itself. From
the baseline study it was concluded that the minimum reduction in pitch angle
required for operating at a velocity of 12 m/s was 1 degree, hence for higher
velocities, the pitch angle reduction was simulated progressively from the
previously optimized pitch angle reduction degree. For instance, in the baseline
study for 20m/s velocity, the optimized pitch angle reduction was of
1.25 degree, hence the first simulation of the length optimization was carried
out from a 1.25degree reduction. In this section velocities 16 m/s and

25 m/s are shown and remaining velocities results are in Appendix 7.3

Table 4.5.2 shows the aerodynamic results for a velocity of 16 m/s at
different pitch angles. The optimized pitch angle for 16 m/s is 8.65 degree at a
reduction of 1.25 degree with an error —0.79% and —3.19% against QBlade
results for the thrust and power, respectively. These percentage of error are
acceptable at this stage of the study because further improvement of these

results will be carried out in next design varianti.e., chord and twist optimization.
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Table 4.5.2: Pitch angle sensitivity study for velocity 16 m/s

Pitch angle Percentage of
sensitivity study QBlade results errorg
(CFD)

anale Thrust Power | Thrust| Power Thrust | Power
( deggree) MN) | (Mw) | (MN) | (Mw)

8.90 1.574 18.123 -7.12 | -10.28

8.65 1.681 19.554 1.695 20.20 -0.79 | -3.19
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Figure 4.5.3: Pressure contour plots for pitch angle (1) 8.9° and (II) 8.65° at (a)
30% and (b) 60% of the span

The pressure contour plots and pressure coefficient Cp plots are shown in
Figures 4.5.3 and 4.5.4, respectively. These plots have been taken at 30% and
60% of the blade span for both pitch angles at a velocity of 16 m/s. There is no

much difference between the pitch angle reduction in terms of contour plots, but
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the slight difference seen for Cp produces an error between 6% and 7% with

respect to thrust and power.

10

o (——
©
5 4 -3 3
o
o
N
>
7}
0]
L
o
—38.90
—8.65
-20
X (m)
(a)
30
=
[0}
S
‘©
o
o
v -4 2
=}
)]
2]
g
[a R
—8.9
—8.65

x (m)

(b)

Figure 4.5.4: Pressure coefficient plots for pitch angle 8.9 and 8.65 at (a) 30%

and (b) 60% of the span

Table 4.5.3 provides the detailed aerodynamic results obtained from the

pitch angle reduction for 25m/s. From the optimized pitch angle i.e.,

16.68 degree (1.5 degree reduction), the errors for thrust and power are

—10.98% and —5.82%, respectively. From those results it can be concluded that
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the required thrust and power are not obtained. However, these results can be
improved by carrying out a chord and twist optimization procedure, this will be

the next stage of the study.

Table 4.5.3: Pitch angle sensitivity study for velocity 25 m/s

Pitch angle Percentage of
sensitivity study QBlade results errorg
(CED)
aPrISIZ Thrust Power | Thrust| Power Thrust | Power
(degree) (MN) (MW) (MN) (MW)
16.93 0.997 16.294 -19.62 | -19.33
16.83 1.046 17.557 1.24 20.2 -15.64 | -13.08
16.68 1.104 19.023 -10.98 -5.82

Figures 4.5.5 and 4.5.6 show the pressure contour plots and pressure
coefficient Cp for a velocity of 25 m/s at different pitch angles. Similarly, to the
16 m/s velocity, the plots are taken at 30% and 60% span of the blade. The
thrust and power were increased by 8.64% and 13.51% compared to the pitch

angles of 16.93 degree and 16.68 degree.
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Figure 4.5.5: Pressure coefficient C, and pressure contour plots for velocity

25 m/s for different pitch angle (a) 16.93 degree (b) 16.83 degree (c)
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Figure 4.5.6: Pressure coefficient C, and pressure contour plots for velocity
25 m/s for different pitch angle (a) 16.93 degree (b) 16.83 degree (C)
16.68 degree at span 60%

The results of the CFD study regarding the length optimization are shown
in Figure 4.5.7, and Table 4.5.4. Similarly, to QBlade results, the CFD results
also follow the ideal power and thrust curves. A maximum power of 19.55 MW
is achived at 16 m/s whereas a maximum thrust of 2.79 MN is achieved at
11 m/s. In the power curve, the rated power is achieved from the rated velocity

of 12 m/s to the cut-out velocity of 25 m/s.
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Table 4.5.4: Aerodynamic results from CFD for length optimization

Velocity Rostsgggal apétgcjzlg Thrust C Power C
t P
(m’s) (RPM) (degree) (MN) (MW)
5 4.4 0.00 0.653 | 0.855 1.50 0.39
6 5.0 0.00 0.908 | 0.825 2.74 0.42
8 54 0.00 1.376 | 0.704 6.85 0.44
9 6.4 0.00 1.829 | 0.739 9.91 0.45
10 7.0 0.00 2.235| 0.732 13.65 0.45
11 8.0 0.00 2.798 | 0.757 18.30 0.45
12 9.2 2.96 2528 | 0.575 19.36 0.37
16 9.2 8.65 1.681| 0.215 19.55 0.16
20 9.2 12.56 1.343| 0.110| 19.42 0.08
25 9.2 16.68 1.104 | 0.058 19.02 0.04
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Figure 4.5.7: Aerodynamic results from CFD study
4.5.3 Discussion

In the current case, the span of the blade was upscaled from 89.166 m to
126 m. The aim of this case study was to increase the power from 10 MW to
20 MW . The geometry of the blade was designed in QBlade to obtain 20 MW
power output with variable rotation speed and variable pitch angle. The
optimized power and thrust results were then compared with the baseline
results. The power was increased by 80.84% and the thrust was increased by
88.67% at a rated velocity of 12 m/s. From these comparisons it could be
concluded that the blade geometry parameters and aerodynamic performance

parameters were suitable for further CFD investigations.

The blade geometry was then re-designed and meshed in ICEM CFD, and

flow simulations carried out in FLUENT. Results at high velocity with a pitch
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angle did not agree well with the QBlade results due to the flow sensitivity.
Hence the pitch angle of the highest velocities from 12 m/s to 25 m/s were
reduced to obtain the required results. This optimization increased the power
by 73.32% and the thrust was increase by 90.79% when compared to the

baseline study.

Table 4.5.5: Percentage of error between QBlade and CFD results

Percentage of error
Velocity (P Cp

5 -5.39 -5.95
6 -8.22 -5.41
8 -9.50 -6.05
9 -4.76 -4.67
10 -6.49 -4.36
11 -4.17 -3.71
12 1.12 -4.17
16 -0.80 -3.20
20 -4.40 -3.85
25 -10.98 -5.83

The percentage of error between QBlade and CFD results are summarised
in Table 4.5.5. The percentages of errors have been compared in terms of
power and thrust coefficients. The maximum errors of thrust and power
coefficients were —10.98 % and —6.05%, respectively. Therefore, it can be
concluded that the CFD simulations are underpredicting the results when
compared to QBlade. These errors are due to the turbulence model used in the
CFD approach, and due to viscosity effects. QBlade simulations are indeed
non-viscous simulations and are based on the blade element momentum theory
(BEM) whereas CFD simulations are Reynolds-averaged Navier—Stokes
equations (RANS) based with the k-w SST turbulence model. It is thus expected
that CFD-based results provide a slightly better accuracy than QBlade-based

results.

Figure 4.5.8 shows the comparison between the baseline, QBlade and CFD
results. The pattern of the results matches well with each other and the results

of QBlade and CFD agrees well with each other.
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Figure 4.5.8: Aerodynamic results comparison between baseline (“DTU 10
MW RWT”), QBlade, and CFD

Upscaling Methodology for Chord Length and Twist Angle

Optimization

A wind turbine blade is a combination of & number of aerofoils, which
produce lift and drag at an angle of attack. Hence the aerodynamic results of
the wind turbine can also be calculated in terms of lift and drag along with power
and thrust. The blade element theory concept will help to calculate the required
chord and twist of the wind turbine blade design. To simplify the calculation
some assumptions are made. Firstly, the aerodynamic interactions between the
aerofoils are neglected. Secondly, all aerodynamic results for these aerofoils

are calculated in terms of lift and drag.

The lift acts perpendicular and the drag acts parallel to the free stream
velocity of an aerofoil. In 2D, the free stream velocity hits the aerofoil’s leading
edge and produces aerodynamic results, depending on the angle of attack. But
in 3D, the relative velocity hits the leading edge of the blade and as a result the
power and thrust at different pitch angles are obtained, this is determined by

the velocity triangle as shown in Figure 4.6.1.

The relative wind velocity v,.,; is a vector sum of the wind velocity v, at the

wind turbine blade and the angular velocity 2 at the rotor distance r i.e.,
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Vyel = \/(vlz + ('Qr)z) (4.6)
Note that the angular velocity {2 must be in revolutions per second

Here, a is the angle of attack, & is the angle of twist, 6, , is the blade pitch
angle at the tip, ¢ is the angle of relative velocity. The angles between the plane
of the blade rotation and the chord line are the section pitch angle 8,. The
incremental forces are: dF; - tangential force, dFy — normal force, dF, - drag

force, and dF;, - lift force. The torque is produced by the tangential force.

The blade twist can be calculated with the help of the blade pitch angle and

the section pitch angle i.e.,
HT == Qp - Hp’() (47)
Similarly, the angle of relative velocity ¢ can be calculated as,

p=0,+a (4.8)

chord, < ;
Jiné

)
o
71 = Free stream velocity at blade

Vpgp = Relative valocity
8,= Section pitch angle
o = Angle of attack

@ =Angle of relative velocity

8y,0= Blade pitch angle

8+ = Section twist angle

Figure 4.6.1: Aerodynamic forces, velocities, and angles at blade tip [123]
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The shape of the blade and its performance can be determined with the
blade element theory and the momentum theory. If the axial induction factors a
and tangential induction factor a’ are accounted for, the free stream velocity v,
will be v; (1 — a) and the angular velocity 2r will be 2r (1 + a"). Therefore, the

angle of relative velocity can be calculated as

_ri(1—a)
tang = /.Qr (1+a) (4.9)
Similarly,
vi(l—a
Uper = 1( )/Sin (1) (4-10)

Few assumptions are made to simplify the blade element theory and the

momentum theory, and a realistic shape of the blade can be achieved. The
assumption would be the axial induction factor a to be 1/3, and the wake

rotation being neglected, hence, a’ is zero, and there are no losses.

Now rewriting Equation 4.9 with known variables as:

tang= "0 1/3)/ or (1+0) (4.11)

Therefore,

¢ =tan"' (2/q /17‘) (4.12)
Here,

A, = A% (4.13)
Where,
r : Radius at a distance along the span of the blade
R : Blade radius

121



4.7

and Equation 4.10 can be rewritten as:

2 (1—1/3)/

Vyel = sin @ (4.14)

Therefore,
2v
The chord C of the blade can now be calculated from the BEM theory
C,BC .

L /4m, = tan ¢ sin @ (4.16)
Rearranging Equation 4.16

C=8nrsing0/ (4.17)

3BC; A, '

Upscaling Blade Chord Length and Twist Angle Using QBlade

To continue with the calculation, some parameters need be known

beforehand for the current design, they are:

o tip speed ratio (1) =75
o number of blades (B) =3 and
o radius (R) =126m

The lift coefficients €, and the drag coefficient C, of the current blade’s
aerofoils have been studied in this research in Chapter 3, Section 3.5, hence
C,, Cp, at different angle of attack (a) are known. To obtain the chord and twist

of the blade which can produce the power within the Betz limit, one must know

the minimum drag coefficient to lift coefficient ratio (CD/CL)'

From Equations 4.7 and 4.17, the twist and chord for the current design have

been calculated as provided in Table 4.7.1.
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Table 4.7.1: Calculated chord and twist of the current design

Aerofoils r (m) r'R C?rg)rd (d-LVg\;”rséte)
Cylinder 0 0.000 7.61 0.00
3.906 0.031 7.61 14.50

15.498 0.123 7.72 14.43

FFA-W3-600 23.814 0.189 8.30 12.54
FFA-W3-480 29.484 0.234 8.64 9.96
36.666 0.291 8.77 7.83

FFA-W3-360 43.218 0.343 8.62 6.72
FFA-W3-301 51.282 0.407 8.19 5.62
71.19 0.565 6.64 2.89

84.924 0.674 5.46 0.90

FFA-W3-241 101.93 0.809 4.10 -1.14
119.95 0.952 2.69 -2.95

126 1.000 1.19 -3.43

The blade shape has been compared with “NREL 5 MW RWT [11], DTU 10
MW RWT [12], and 10 MW WT [3]” as shown in Figure 4.7.1. This comparison
has been made to ensure that the force that generates the torque will be
distributed uniformly on the designed blade and to follow the similar blade
profiles. The “DTU 10 MW RWT” and the current blade designs show a good
agreement. The maximum chord has been increased from 6.2 m to 8.77 m but
the twist angle is identical to “DTU 10 MW RWT”.

The twist angle adjustment method will result in a high maximum power
coefficient Cp,,4, and uniformly distributed aerodynamic forces throughout the
blade, but it does not ensure optimal performance [3]. To obtain the optimal
performance a variable pitch and variable rotational speed wind turbine blade

must be designed which is included in the current PhD research.
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Figure 4.7.1: Comparison of chord length and shape of the blade

4.7.1 Upscaled Blade Geometry

Parameters from Table 4.7.1 have been imported into QBlade to generated
blade geometry (Figure 4.7.2). The blade’s thread axis in [% chord] are identical
to those used for the length optimization (c.f. Table 4.4.2). All key parameters
in Table 4.4.1 remain the same apart from the tip speed ratio and the rated wind

speed.

The tip speed ratio has changed from 9 to 7.5 and the rated wind speed has
changed from 12 m/s to 11 m/s. When the chord of the blade is increased the
tip speed ratio will decrease which in turn reduces the noise. Because the noise
is approximately proportional to the sixth power of the TSR. Increasing the
chord will provide extra room for ensuring structural stability. Increasing the
chord length will lead to improved power coefficient and thrust coefficient.
Hence forth increasing the extraction of KE from the free stream wind.
Increasing the length of the blade increases the power due to its large swept
area. Whereas increasing the chord will increase the efficiency of the wind
turbine through an improved power coefficient. These increments will lead to
reduction in TSR.
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Figure 4.7.2: Blade geometry for chord and twist optimization
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Figure 4.7.3: Power coefficient vs tip speed ratio for chord and twist

optimization

The maximum Cp of 0.516 for the current blade was obtained at a tip speed

ratio of 7.5 and a pitch angle of 0 degree, as shown in Figure 4.7.3. Note that
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4.7.2

Cp vs TSR is a single curve for any shape or configuration of the blade, and it

does not change with wind speed.

Results

Similarly, to the previous design case, the current blade was also simulated
for different rotational speeds and pitch angles. The simulation parameters
used to calculate the power and thrust will also remain the same (p =
1.225kg/m3,u = 1.784 * 10~°kg/(m.s)). The velocity ranges between 5m/s

and 25 m/s, and the rated power output was achieved at 11 m/s.

Optimized rotational speeds were selected in between 4 and 10 rpm with
respect to the velocity, keeping the blade at zero pitch angle. To achieve
20 MW, the pitch angle of higher velocity was varied between 0 and 30 degree.
The maximum obtained pitch angle was 21.92 degree. For the length
optimization, the pitch angle was zero for velocities from 5m/s to 11 m/s, but
in here, the pitch angle is zero from 6 m/s to 11 m/s. The pitch angle at 5m/s
was optimized to be 1.22 degree to increase the power from 1.49 MW to 7.6 MW
and to decrease the thrust from 0.835 MN to 0.76 MN. Note that the defined
pitch angles are positive for the nose down. Table 4.7.2 provides the detailed
aerodynamic results from this study, and the operational parameters based on
QBlade for different velocities.

Those results have been compared with the “DTU 10 MW RWT” based
results to establish whether the power curve follows the ideal curve. Figure
4.7.4 shows the power and thrust versus velocity curves. Both plots patterns
match well, and the power has increased compared to the DTU-based one.
Figure 4.7.5 shows the non-dimensional power coefficient and thrust coefficient
plots. The maximum rated power of 21 MW was achieved at 11 m/s and was
constant till the cut-out speed. Similarly, the maximum thrust of 3.42 MN was

achieved at 11 m/s.
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Table 4.7.2: Operational parameter and aerodynamic results at different

velocities
Velocity Rc;tsgggal aprlltglg Power C Thrust c
P t
(m/s) (RPM) (degree) (MW) (MN)
5 4.1 1.22 1.7 | 0.432 0.76 | 0.995
6 4.1 0 3.1| 0.468 1.08| 0.978
7 4.5 0 5.1| 0.487 1.41| 0.942
8 5 0 7.8 | 0.495 1.82| 0.931
9 5.6 0 11.1| 0.498 2.30 | 0.929
10 6.2 0 156 | 0.511 2.84 | 0.930
11 6.8 0 21.0| 0.516 3.42 | 0.925
12 7.2 6 21.4| 0.405 2.48 | 0.564
13 7.2 8 21.5| 0.320 2.13 | 0.413
14 7.2 9.65 21.5| 0.256 1.95| 0.326
15 7.2 11.06 21.5| 0.209 1.80| 0.262
16 7.2 12.42 215| 0.172 1.68| 0.215
17 7.2 13.65 21.5| 0.143 1.61| 0.182
18 7.2 14.84 215| 0.121 152 | 0.154
19 7.2 15.92 21.5| 0.103 1.47 | 0.133
20 7.2 16.97 21.5| 0.088 1.42 | 0.116
21 7.2 18.06 21.5| 0.076 1.37| 0.102
22 7.2 19.04 21.5| 0.066 1.34| 0.091
23 7.2 20.05 21.5| 0.058 1.30| 0.080
24 7.2 21.03 21.5| 0.051 1.26| 0.071
25 7.2 21.92 21.5| 0.045 1.24 | 0.065
25
20
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Figure 4.7.4: Power and thrust versus velocity comparison

The power coefficient and thrust coefficient obtained with QBlade agree
well with the “DTU 10 MW RWT” results. The thrust coefficient has slightly
increased below the rated velocity. However, after the rated velocity, the thrust
matches well the baseline results. A CFD study has been carried out for a few
velocities only, and results compared with those from QBlade and DTU, this is

detailed in the next section
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Figure 4.7.5: Power coefficient and thrust coefficient versus velocity

comparison

Upscaled Blade Chord Length and Twist Angle Study Using CFD

All the geometrical parameters have been imported into ICEM CFD to build
the optimized blade. The geometry was meshed, and the meshed file imported
into FLUENT for the flow analysis and to calculate the aerodynamic results.
Figure 4.8.1 shows the final optimized blade geometry in terms of length, chord,
and twist.

Figure 4.8.1: Final blade geometry

129



4.8.1 Meshing

A hexa-mesh was created on the new blade design. The domain size was
scaled up according to size of the blade. An increase of the size of the domain
with an increase of the geometry size will avoid any flow interaction between
the domain boundaries and the geometry. As the flow is a rotational flow, the
domains must be large enough so that the flow leaves the domain outlet without
any flow reversal, i.e., the flow must reach atmospheric pressure before it
reaches the outlet. Figure 4.8.2 shows the mesh on the blade and at cut

sections.

Figure 4.8.2: Mesh on the blade, at a section, and at a cross section
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4.8.2 Results

The meshes are imported in FLUENT, and the same boundary conditions
as for previous cases are implemented. The rotational speed and pitch angle
are changed according to the current QBlade aerodynamic performance
parameters. The pitched blades did not give expected results because of the
pitch angle sensitivity. Hence, a pitch angle optimization has been carried out
for a pitched blade at higher velocities. Table 4.8.1 shows the reduction in pitch
angles studied.

Table 4.8.1: Pitch angle sensitivity study

. Original : Optimized | Optimized
Velo/C|ty Pitchgangle Retljugeddpltch pitl?:h angle pith):h angle
(m/s) (degree) angie by degree by degree (degree)

5 1.22 0,1 0 1.22
12 6.00 1 1 5.00
16 12.42 1,1.25 1.25 11.17
20 16.97 | 1.25,1.35,1.4,1.5 1.5 15.47
25 21.92 1.35,1.5,1.65 1.65 20.27

The pitch angle is sensitive at high velocities, hence, the pitch angle at
5 m/s increased the thrust by 8% and the power was reduced by 8% when the
pitch angle was reduced by 1 degree. Increasing the thrust will increase the
bending of the blade, which will then hit the tower and damage the blade and
tower. Decreasing the power by 8% will lead to overall losses in the long term.

Hence the pitch angle for 5 m/s was not changed to obtain the maximum power
output.

For higher velocities, from 12 m/s to 25 m/s the pitch angle was reduced
from the optimum pitch angle reduction obtained in the baseline study as
explained previously for the length optimization. In this section, pitch angle
sensitivity studies for 20 m/s and 25 m/s will be detailed. The results of the

remaining pitch angles are reported in the appendix section 7.4.
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Table 4.8.2 Pitch angle optimization carried out for 20 m/s

Pitch angle Percentage of
sensitivity study | QBlade results errorg
(CED)
;tgg Thrust Power Thrus | Power Thrust Power
(degree) (MN) (MW) t (MN) (MW)
15.72 1.27 19.37 -10.62 -9.90
15.62 1.31 20.06 -8.09 -6.69
1.42 215

15.57 1.32 20.40 -6.71 -5.11
15.47 1.37 21.17 -3.80 -1.53

For velocity 20 m/s, four pitch angles have been considered to obtain the
optimized aerodynamic results. The optimized pitch angle was selected, based
on the percentage of error. A minimum error of —3.80% and -1.53% were
obtained for the thrust and power, respectively, at a pitch angle of 15.47 degree.
Further reduction was not carried out as the obtained errors were deemed
acceptable. The blade was designed to achieve 20 MW but from the current
design and aerodynamic performance parameter, the expected power has
been increased by 5.85%. This increment would make sure that the expected
power of 20 MW will be achieved even if there is a reduction in power with
respect to structural or manufacturing defects. Wind turbines tend to reduce the
power output down the line by 5% to 20 % due to erosion on the leading edge
and corrosion occurring in a wind farm. Such erosion could be due to rough
weather at sea, droplets/pellets impact due to heavy rain conditions, and

corrosion due to salted water from the sea leading to cracks [124].

Figures 4.8.3 and 4.8.4 show the pressure coefficient Cp, and the pressure
contour plots for 20 m/s at different pitch angles. As previously, the plots are
generated at 30% and 60% of the span of the blade. Thrust and power were
increased by 6.82% and 8.37%, respectively, when applying a pitch angle from
15.72 degree to 15.47 degree.
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Figure 4.8.3: Pressure coefficient C, and pressure contour plots for velocity
20 m/s for different pitch angle (a) 15.72 degree (b) 15.62 degree (C)
15.57 degree (d) 15.47 degree at span 30%
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Table 4.8.3 Pitch angle optimization carried out for 25 m/s

Pitch angle Percentage of
sensitivity QBlade results errorg
study (CFD)
;)rlltglg Thrust | Power | Thrust Power Thrust Power
(degree) (MN) (MW) (MN) (MW)

20.57 1.03 18.01 -16.54 -16.22

20.42 1.09 19.54 1.24 215| -11.70 -9.14

20.27 1.15| 20.89 -7.00 -2.84

Similarly, studies have been carried out for 25 m/s. Table 4.8.3 shows the
pitch angle optimization for this velocity. The required power output was
achieved at a pitch angle of 20.27 degree with an error of —7% and —2.84% for
the thrust and power, respectively. Further reduction in pitch angle was not
carried out as the excepted power was increased by 4.45 %. All the pitch angles
were reduced to achieve 20 MWW of power output in the CFD study, but when
designing the blade geometry in QBlade, the aerodynamic performance
parameters were selected in such a way that the power was 5% to 7.5% higher
than the required power. This was performed to avoid redoing a domain and
boundary condition sensitivity study. When doing the pitch angle sensitivity
analysis, the pitch angle was reduced such that the power output reached the

desired power output.

Figures 4.8.5 and 4.8.6 show the pressure coefficient Cp, and the pressure
contour plots for 25 m/s and different pitch angles at 30% and 60% of the blade
span. The thrust and power were increased by 9.54% and 13.38%, respectively,

and the pitch angle changed from 20.57 degree to 20.27 degree.
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Figure 4.8.5: Pressure coefficient C, and pressure contour plots for velocity
25 m/s for different pitch angle (a) 20.57 degree (b) 20.42 degree (c)
20.27 degree at span 30%
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Figure 4.8.6: Pressure coefficient C, and pressure contour plots for velocity
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Table 4.8.4 and Figure 4.8.7 show the chord and twist optimization results.

137



Table 4.8.4: Aerodynamic results from CFD for chord length and twist

angle optimization

Velocity Roststelé)(;]al aprlltglre]z Thrust C Power
t
(m/s) (RPM) (degree) (MN) (MW)
5 4.1 1.22 0.73 0.95| 1563 | 0.409
6 4.1 0 1.05 0.96| 3.157| 0.478
8 5 0 1.76 0.90| 7.794 | 0.498
9 5.6 0 2.24 0.91|11.235| 0.504
10 6.2 0 2.75 0.90 | 15.366 | 0.503
11 6.8 0 3.34 0.90 | 20.572 | 0.506
12 7.2 5 2.41 0.55 | 20.455 | 0.387
16 7.2 11.17 1.66 0.21| 20.719| 0.166
20 7.2 15.47 1.37 0.11 | 21.401 | 0.083
25 7.2 20.27 1.15 0.06 | 20.889 | 0.044
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Figure 4.8.7: Chord and twist optimization results

4.8.3 Discussion

For the current case study, the new chord and twist were established for a
126 m long blade. The calculations were based on the blade element theory,
the momentum theory and Betz’ equations. Few assumptions were made to
simplify chord Equation 4.17. From the length optimization study, although the
required power of 20 MW was already achieved, both the chord and twist were
optimized also; this was performed as the blade will be facing bending effects
due the pressure on its surface. Such continuous bending will lead to fatigue

and potential structural damage before the expected lifespan.

This problem can however be resolved with a better structural stability.

Increasing the chord will give sufficient space for the structural design to resist
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the bending moment. The second reason was to increase the thrust and power

at low velocity i.e., below the rated velocity.

A new blade design was generated from the calculated chord and twist in
QBlade. The aerodynamic performance parameters were selected for this
blade, the design has a variable rotational speed and a variable pitch angle.
The QBlade results were then compared with the “DTU 10 MW RWT” based
ones to check if the results follow the ideal curve pattern. Compared to the “DTU
10 MW RWT” based results, the thrust was increased by 119.9 % and the
power was increased by 108.2 % at a rated velocity of 11 m/s. Similarly, the
thrust was increased by 17.1 % and the power was increased by 10.5 % at a
rated velocity of 11 m/s when compared to the results obtained in the length
optimization (c.f. Table 4.5.4). To check those initial results, CFD simulations

were performed.

The blade was redesigned and meshed and exported to the flow solver.
Similarly, to the baseline and length optimization, a pitch angle sensitivity study
was carried out at higher velocities. From this sensitivity study, the power and
thrust were increased by 103.92 % and 114.56 %, respectively, compared to the
baseline “DTU 10 MW RWT” case.

Table 4.8.5: Percentage of error between QBlade and CFD results

C, Cp
456 | -5.27
2.26| 2.33
-3.05| 0.57
243 1.21
-3.00| -1.50
244 | -2.04
2.63| -4.41
-1.49 | -3.63
-3.80| -1.53
-7.00| -2.84

Table 4.8.5 shows the percentage of error obtained in terms of thrust
coefficient and power coefficient between QBlade and CFD. A maximum error
of =7 % and —5.27 % was obtained for the thrust and power coefficients,

respectively. Such percentage of error were deemed acceptable because the

140



differences are inherent to turbulence and viscosity effects, which are not
accounted for in QBlade. The overall study shows that the final blade design
and the aerodynamic performance parameters will produce 20 MW power

output.

Figure 4.8.8 shows the aerodynamic results comparison between the
baseline (DTU), QBlade and the CFD studies. These results follow the ideal

curve pattern, and QBlade and CFD results agrees well with each other.
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Figure 4.8.8: Aerodynamic results comparison of chord length and twist angle

optimization

Comparison

The design variants in the current research i.e., length, chord and twist
optimized design were studied for the aerodynamic performance parameters
including variable rotational speed and pitch angles. The variation in thrust and
power was compared with respect to velocities which is illustrated in Figure
4.9.1. The results are compared between the baseline case (‘DTU 10 MW
RWT?”), the length optimized, and the chord-twist optimized design. Compared
to the baseline, the thrust and power were increased in the new design variants.
From the length optimization and the chord-twist optimization, the thrust was

improved below the rated velocity of 11 m/s. The power of both design variants
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remained almost the same even if there is a slight increase in overall power in

the final optimized design.
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Figure 4.9.1: Thrust and power versus velocity curve for design variants

The validation is an important stage of the research to prove that the
research carried-out is acceptable and accurate. Usually, numerical results are
validated against experimental data. However, in the current research, due to
unavailability of experimental results (impossible to generate for such a large
design), a verification has been done by comparing the obtained power curve
from the final wind turbine blade design with different lower power generating
wind turbines. Such wind turbine results are widely accepted, are published in
the literature, and have been used as baseline for various studies [12][11][125].

SWT-6.0-154 is an offshore wind turbine with rotor diameter of 154 m and rotor
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speed between 5 to 11 rpm. This wind turbine’s manufactured by Siemens
[126]. The published power curve of SWT-6.0-154 is used to validate the current

power curve.

Compared to all the wind turbine results shown in Figure 4.9.2, the power
curve of the current design agrees with the pattern, hence, this design most

certainly describes a valid 20 MW offshore wind turbine blade design.

25
o0 | T#SMW- FAST
—#—9 MW - FAST
g —&—10 MW - DTU
S 15 —@— 15 MW- FAST
ET) =@ 20 MW - QBlade
% 10 | —@=20mw-cFD =
o —e—SWT-6.0-154
5
0
0 5 10 15 20 25

Velocity (m/s)

Figure 4.9.2: Power curve comparison of different wind turbine models.
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5.

Conclusions and Future work

5.1 Conclusions

The research presented in this thesis, a 20 MW offshore wind turbine has
been designed and the aerodynamic performance has been outlined. A
thorough literature review has been carried out on large scale offshore wind
turbines. The existing current largest off-shore wind turbine is the Haliade-X
(GE) which has set a trademark at producing 14 MW, 13 MW or 12 MW with a
rotor diameter of 220 m. Vesta is also expecting to install a V236-15 MW
prototype wind turbine in 2022. Based on the literature survey and existing

information, a research gap has been identified for this PhD.

Increasing the annual energy production (AEP) has been the main motive
for this research. The annual energy production can be improved by two
different methods. Firstly, an upgrade of the existing wind turbines could be
carried out by installing vortex generator, winglets or by waxing blade surfaces
to remove the erosion at the leading edge. Secondly a new generation of wind
turbines could be designed and installed, which would produce higher power.
Hence in this study, the second approach has been considered, and a 20 MWW

offshore wind turbine has been designed with a rotor diameter of 252 m.

The baseline model has been studied for boundary condition (BC)
interactions and BC placement sensitivity. This study has highlighted that a
cylindrical domain with one blade only forms a more efficient model, due to a
significant gain in simulation time and resources when compared to the whole
3-bladed model. Simulations for an inlet boundary placed 3D and 6D upstream
of the wind turbine have been carried out, and the 3D upstream case showed
satisfactory results. This model has thus been selected to reduce further
computing time and resources. The outlet has been tested at 7D, 10D, 15D,
and 20D downstream positions from turbine. Results, flow interactions, and
turbulence intensity have been shown to work well when considering the outlet
located 15D far from the turbine. The top surface of the domain has been set
as a symmetry condition (4D high). A rotating cylindrical subdomain was

designed at a radius of 1.5R (radius) around the blade. Pressure based steady-
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state and transient simulations were carried out with different viscous models
including laminar, Spalart-Allmaras, k-epsilon (standard and realizable), k-
omega SST, transition k-kl-omega, and DES. The k-omega SST turbulence

model was finally selected for the research.

The rotor blade was rotated to a given pitch angle at high velocity, between
12m/s and 25m/s. A pitch angle sensitivity study was carried out to obtain
accurate results, which were then compared against both QBlade and

EllipSys3D based results.

Using similarity rules, the blade length was modified to achieve a power of
20 MW. The new design was meshed, and the simulations were carried out
under design and off-design conditions. As the blade length was increased, the
rotational speed and pitch angle of the blade were also changed. Hence,
simulations were carried out for different rotational speeds and pitch angles,
and the optimum rotational speed and pitch angle were selected for further

design variants.

These results were compared with the baseline results and the power and
thrust was increased by 80.84% and 88.67% at a rated wind velocity of 12 m/s.
Although promising, this numerical study could not be finalised as the chord
length along the span had to be increased to provide a better structural stability

and to increase the thrust.

2D simulations were carried out on FFA-W3-241, FFA-W3-301, FFA-W3-
360, and FFA-W3-480 aerofoils located along the blade length of the new

optimised design. The corresponding CFD results were compared with QBlade
based results. The angle of attack a at which CD/CL IS minimum was selected.

This angle of attack was used to calculate the chord length and the twist of the

aerofoils.

To get an optimum rotor, a tip speed ratio 4 = 7.5 was determined, this
value corresponding to the maximum Cp achieved. Aerofoils along the span of
the blade provided the normalized radius. From these normalized values, the

angle of relative velocity, chord length and twist angles were calculated,

146



The calculated chord length and twist angle of the aerofoils were used to

generate a new blade design and CFD simulation were performed. For the new

design, simulations were carried out by varying the rotational speed and the

pitch angle. In this case, the power and thrust generated were increased by

103.92 % and 114.56 %, respectively, compared to the baseline case.

The results of the final design variant were compared with 5 MW,
9 MW,10 MW and 15 MW offshore wind turbines in terms of power and wind

speed, to obtain a numerical check of the results, as field or experimental data

are not available yet for such a large turbine.

The important novel aspects of the research carried out in this PhD project can

be summarised as follows:

>

Model settings including boundary conditions (BC): The BC
sensitivity study was a major part of the research. BC interactions, BC
placement sensitivity analysis, BC type, model, and solver settings
had been defined well to obtain accurate results. These parameters
were analysed, and a perfect setup was achieved. This setup can be
used in any CFD study for small-scale or large-scale offshore wind

turbines.

Pitch angle sensitivity study: This study is another major part of any
large-scale wind turbine blade aerodynamic performance. The simple
blade element momentum theory’s pitch angle is not as reliable as
CFD, due to viscosity and turbulence effects not accounted for. It has
been shown that the pitch angle must be reduced between 1 and
1.65 degree, depending on velocity. The current research proved that
the velocities in the range of 12m/sto 16 m/s need a pitch angle
reduction between 1 and 1.25 degree whereas velocities ranging from
20 m/s to 25 m/s need a pitch angle reduction from 1.5 to 1.65 degree

to achieve results close to expectations.
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5.2

» Length optimization: Using similarity rules, the blade length was
modified to achieve a power of 20 MW. It has been shown that the

wind power of a blade mainly depends on the blade length.

» Rotational speed and Pitch optimization: Different rotational speed
simulations were carried out for each velocity, and optimum rotational
speed and pitch angle values were identified. If any of the
aerodynamic parameters is varied, then the rotational speed and pitch

angle of the rotor blade will vary.

»  Chord to thickness ratio optimization: From Betz' optimum rotor, a
new chord length was established. The thickness of the blade

increases as the chord length increases in the ratio of 1:1.

»  Twist optimization: The twist angle of the blade must decrease
closer to the blade tip. Since the blade tip has a thin aerofoil, the L/D
ratio is higher than at the base. Optimized chord length, thickness and
twist angle values were quantified, and a new design was obtained.
CFD simulations were carried out to establish the difference in power

and thrust.

Recommendations for Future Work

The focus of this research was on the aerodynamic design optimization of
a large-scale offshore wind turbine. Further studies should be carried out on the
structural design optimization and the aero-servo-elastic design optimization
aspects. The blades investigated in this work were assumed to be rigid, the
study should be extended to blades with a prebend and flexible structure.

Although optimized high performing aerofoils were selected to obtain a
20 MW wind turbine in the current research, experiments might show
differences when using different aerofoils, and the aerodynamic performance
parameters might be affected. Although impractical for large turbines,

experiments should be performed on small scale wind turbines using the current
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designed blades, and numerical results should be compared to experimental
data.

To improve further the performance of the blades and wind turbines, and to
improve the life span of the blade, vortex generators could be installed. Winglets

could also be installed to this blade; this would result in additional power output.

Finally, additional work could be performed to understand how efficient the
designed blades operate under the harsh conditions encountered offshore.
Wind turbines might face strong winds, ice formation, erosion, etc. This could

be studied numerically and experimentally.
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Appendix

7.1

Boundary Condition Interaction and Placement Sensitivity for

Baseline Geometry

Different turbulence models and time settings were studied initially at
25 m/s, and the results are shown in Table 7.1. The k-omega SST model shows
a significant improvement under steady state conditions, when compared with
those from DTU and when compared with other turbulence models tested. As
can be seen, the error is lower than 1% with this turbulence models while the

error obtained with the other models are all above ~20% up to ~85%.

Table 7.1: Different turbulence models and time setting cases at velocity
25m/s

Percentage of
CFD | DTU | CFD | DTU

error
Models C; C; Cp Cp C, Cp Time
Laminar | 0.027 0.06 | 0.034 | 0.043 | -54.71| -19.79 | Steady
Spalart-
0.017 0.06 | 0.003 | 0.043 | -72.22 | -93.52 | Steady
Allmaras
k-epsilon
0.024 0.06 | 0.006 | 0.043 | -59.66 | -84.91 | Steady
(standard)
k-epsilon
. 0.031 0.06 | 0.017 | 0.043 | -48.55| -61.08 | Steady
(realizable)
k-omega
0.059 0.06 | 0.043 | 0.043 | -0.993 | -0.087 | Steady
SST
transition k-
0.032 0.06 | 0.019 | 0.043 | -46.33 | -56.45| Steady
kl-omega
DES 0.044 0.06 | 0.026 | 0.043 | -26.67 | -39.54 | Transient
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7.2 Pitch Sensitivity Study for Baseline Geometry

Three different pitch angles were studied for a velocity of 5m/s. The
required thrust and power were achieved at pitch angle of 0.966 degree, where

a low percentage of error (less than ~10%) was obtained.

Table 7.2: Percentage of error for thrust and power at velocity 5 m/s

Pitch angle
o DTU 10 MW
sensitivity study Percentage of error
RWT
(CFD)
Pitch
Thrust Power | Thrust | Power
angle Thrust Power
(MN) (MW) (MN) (MW)
(degree)
1.966 0.405 0.642 13.703| -20.676
0.966 0.376 0.728| 0.356| 0.809 5.628 | -10.192
0.716 0.385 0.718 8.058| -11.434

Two different pitch angles were studied at 12 m/s. A low error on thrust

and power were achieved with a pitch angle of 3.50 degree (error less than

~5%).

Table 7.3: Percentage of error for thrust and power at velocity 12 m/s

Pitch angle
o DTU 10 MW
sensitivity study Percentage of error
RWT
(CFD)
Pitch
Thrust Power | Thrust | Power
angle Thrust Power
(MN) (MW) (MN) | (MW)
(degree)
4.50 1.206 9.485 -8.986 | -15.082
1.325| 11.170
3.50 1.392 11.501 5.076 2.962
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7.3

For 16 m/s, two different pitch angles were considered. A low percentage

of error of 1.125% and 0.178% were obtained for the required thrust and power

respectively at a pitch angle of 11.50 degree.

Table 7.4: Percentage of error for thrust and power at velocity 16 m/s

Pitch angle
o DTU 10 MW
sensitivity study Percentage of error
RWT
(CFD)
Pitch
Thrust Power | Thrust | Power
angle Thrust Power
(MN) (MW) (MN) | (MW)
(degree)
12.50 0.702 8.629 -17.740| -20.662
0.854| 10.876
11.50 0.863 10.895 1.125 0.178

Pitch Sensitivity Study for Length Optimization

Table 7.5 and Table 7.6 show the pitch angle sensitivity study for the length

optimization. The first simulation was carried out for the reduced pitch angle

itself.

Table 7.5: Percentage of error for thrust and power at velocity 12 m/s

Pitch angle
o Percentage of
sensitivity study QBlade
error
(CFD)
Pitch
Thrust Power | Thrust | Power
angle Thrust Power
(MN) (MW) (MN) | (MW)
(degree)
2.96 2.528 19.357 | 2.500 | 20.200 1.124 -4.174
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Table 7.6: Percentage of error for thrust and power at velocity 20 m/s

Pitch angle
o Percentage of
sensitivity study QBlade

(CFD)

error

Pitch

Thrust Power Thrust | Power
angle Thrust Power
(MN) (MW) (MN) (MW)

(degree)
12.66 1.212 18.466 -13.76 -8.586
1.405 | 20.200
12.56 1.343 19.423 -4.400 -3.859

7.4 Pitch Sensitivity Study for Chord Length and Twist Angle

Optimization

Table 7.7 to Table 7.9 show the pitch angle sensitivity study for a velocity
of 5m/s, 12m/s and 16 m/s.

Table 7.7: Percentage of error for thrust and power at velocity 5 m/s

Pitch angle
o Percentage of
sensitivity study QBlade

(CFD)

error

Pitch

Thrust Power | Thrust | Power
angle Thrust Power
(MN) (MW) (MN) | (MW)
(degree)

0.22 0.79 1.44 0.76 1.70 3.408 -15.423
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Table 7.8: Percentage of error for thrust and power at velocity 12 m/s

Pitch angle
sensitivity study QBlade Percentage of error
(CFD)
Pitch
Thrust Power | Thrust | Power
angle Thrust Power
(MN) (MW) (MN) (MW)
(degree)
5 2.415 20.455 2.480| 21.400 -2.626 -4.415

Table 7.9: Percentage of error for thrust and power at velocity 16 m/s

Pitch angle
sensitivity study QBlade Percentage of error
(CFD)
Pitch
Thrust Power | Thrust | Power
angle Thrust Power
(MN) (MW) (MN) (MW)
(degree)
11.42 1.558 19.410 -7.281 -90.721
1.680| 21.500
11.17 1.655 20.719 -1.487 -3.630
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