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Abstract

The study of rotor blade aerodynamic performances of wind tur-

bine has been presented in this thesis. This study was focused on aero-

dynamic effects changed by blade surface distribution as well as grid

solution along the airfoil. The details of numerical calculation from

Fluent were described to help predict accurate blade performance for

comparison and discussion with available data.

The direct surface curvature distribution blade design method for

two-dimensional airfoil sections for wind turbine rotors have been dis-

cussed with the attentions to Euler equation, velocity diagram and the

factors which affect wind turbine performance and applied to design a

blade geometry close to an existing wind turbine blade, Eppler387, in

order to argue that the blade surface drawn by direct surface curvature

distribution blade design method contributes aerodynamic efficiency.

The FLUENT calculation of NACA63-215V showed that the aero-

dynamic characteristics agreed well with the available experimental

data at lower angles of attack although it was discontinuities in the

surface curvature distributions between 0.7 and 0.8 in x/c. The dis-

continuities were so small that the blade performance could not be

affected.

The design of Eppler 387 blade performed to reduce drag force. The

discontinuities of surface distribution matched the curve of the pressure

coefficients. It was found in the curvature distribution that the leading

edge pressure side had difficulties to connect to Bezier curve and also

the trailing edge circle was never be tangent to the lines of trailing edge

pressure and suction sides due to programming difficulties.
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1 Introduction

1.1 Background

The reason why wind energy is concerned is when environmental issues such

as climate change, acid rain and imbalance of natural resources have been

developed all over the world by using a great number of coal, oil and gas

as fuel in power generation. The primary fuels occupy about 90% of energy

demand last two decades in the UK [1] as shown in Figure 1. Energy demand

is increased by the rise in population. When people request to improve their

lifestyle and material, it leads to accelerate the use of such energy. Hence it

is important to create new energy and keep it as long in the appropriate level

of emission as possible.

Figure 1: UK consumption (%) of primary fuels 1970-2008, data from [2]

The shape of wind turbine blade is just like the wings of an airplane and

uses the airfoil shape to create life and maximize efficiency. The blade shape

is so important that it influences blade efficiency and overall performance. In

order to target high efficiency of the wind turbine performance, it is essential

to optimise blade shape, number of blades, tower high and control system.
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1.2 Wind Resources and Wind Energy

Wind is created as the circulation of the atmosphere due to uneven heating

causes atmospheric pressure to move from high to low. This is because the

distribution of solar energy radiated to the earths surface is different amount

at the equator and the poles and this phenomenon causes the flow of air to rise

at the equator and sink at the poles within the layer of troposphere. Hence

this atmospheric flow makes the direction of pressure force in horizontal, which

results in the same direction of the wind blow. At the same time, in addition to

the pressure gradient force, inertia of the air, the earths rotation, gravitational

force and friction with the earths surface, affect the atmospheric winds.

Wind energy has been controlled as power to ship and to power windmills

which directly use the mechanical energy. Wind turbine however converts

the mechanical energy to electricity. Wind is very friendly to economics and

environment and has benefits of being clean, abundant and free.

The uses of small- and medium-size wind turbines has been growing and

been in operation worldwide, especially in Denmark, Germany and the Nether-

lands. The capacity of wind turbine energy gradually grew from 10 kilowatts

(kW) to 15 kW, then 30 kW since 1970s. This success encourages the wind

energy industry to build wind turbines from 500 kW to 1.5 megawatts. Today

those modern wind turbines in small and medium sizes are capable of meeting

the residential needs of hundreds of homes. The global wind power installed

in 2003 was over 8,000 MW bringing the total global wind power generating

capacity to nearly 40,000 MW [3]. It is expected that the global market for

wind power could reach 150,000 MW by 2012 [3]. Moreover the supplement of

10-12% of global electricity demand will be the target by 2020, which equals

the 20% reduction of CO2 emissions by 1.5 billion tonnes per year, defined by

Global Energy Wind Council (GWEC) [4]. Figure 2 and Figure 3 show the

amounts of electricity generated from wind and wave energy, and the compar-
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ison to the total renewable energy during the period of 1990-2008. Figure 4

and Figure 5 show the contribution to wind power in different countries and

regions. It can be seen from Figure 4 and Figure 5 that Europe was the world

leading regional market and in fact that Germany is the number one market

in wind power followed by the US [4].

Figure 2: Electricity generated from renewable sources in the UK 1990-

2008 [2]

Figure 3: Electricity generated from wind and wave renewable sources in the

UK 1990-2008 [2]

Wind is intermittent. This results in the main problem of wind power as

wind power generation needs regular and strong in air flow. It must be either

offshore or on mountain where is far away from the cities where the energy

11



Figure 4: (a) Total installed capacity and (b) New capacity in 2008 [4]

Figure 5: Annual installed capacity by regions between 2003 and 2008 [4]

is most needed. This makes however also some arguments against ruin of the

natural landscape and threat to the birds.

It is important to determine the distribution of wind speeds because of the

distributions considerable influence on wind potential. It is the annual mean

wind speed at the site that is one of the main parameters in determining the

economic viability of the wind project. In wind turbine manufacturers it is

possible to calculate the amount of energy that the machine should capture

annually with consideration of the performance characteristics of a specific

wind turbine and the wind speed characteristics at the sites.

Wind speed depends on location, local topographical and round cover vari-

ations. Figure 6 shows the difference in wind speed, where two sites are very

close but wind speed is significantly different.
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Figure 6: Time series of monthly wind speeds for Glasgow, Montana Interna-

tional Airport and Air force Base (AFB) [5]

1.3 Characteristics of Wind

As mentioned earlier in this report, the solar energy does not pour the same

amount of radiation at the earths surface, greater at the equator and less at

the poles. The difference of energy absorption presents uneven heat and in

turn pressure difference, which makes the circulation of the atmosphere such

as from the region of higher pressure to that of lower pressure. This is the

wind.

In this section, the aspects that are considered in choosing and setting up

a wind turbine at a location are listed and discussed.

1.3.1 Wind Speed Distribution

It is very important in wind energy to assess the statistical properties of

the wind for prediction of wind energy output or speed and behaviour of a

wind turbine. The most important property of the wind characteristics is

wind speed distribution. This not only helps structural and environmental

design and analysis but also assessment of the potential wind energy and the

performance of wind energy system.

Direct and statistical methods are used for evaluation of wind resource and

wind power production. Direct method is a way to calculate some useful

13



parameters such as average wind speed, average wind power density, average

wind machine power and energy from a wind machine, from actual data of

a given wind turbine at a given site where wind speed information is avail-

able in time series format. Statistical method however is used to determine

the wind energy potential and the wind energy output at a given site. The

requirement for probability distribution in statistical method is time series

data at the desired location and height. In wind energy engineering, wind

speed distribution is modeled using Weibull Distribution [5], which is based

on two parameters, a shape factor and a scale factor and tells how often winds

at different speed will be seen at a location with a certain mean wind speed.

Rayleigh distribution is one of two probability distributions in wind data anal-

ysis using a parameter, the mean wind speed. Archer et al [6] describes their

own methodology called he Least Square methodology that is focus on sound

of flowing wind and surface of ground at locations to estimate the global wind

power potential for identification of ideal sites for wind turbine operations.

Figure 7 and Figure 8 show Weibull distribution as examples. Figure 7 is

a Weibull probability density function for various values of k and Figure 8

is typical wind speed probability and power curve of the Vestas V47-660kW.

Appendix 5.1 includes the wind energy characteristics for Weibull distribution

and all of the wind turbine characteristics [7].

1.3.2 Wind Variation in Time

Atmospheric motions vary in both time and space. It sometimes occurs in

daily time scale large variation in wind speed due to differential heating of the

earths surface during the daily radiation cycle. Daily solar radiation controls

diurnal wind variation in temperate latitude over relatively flat land areas [5].

And it is said that the diurnal variation in wind speed may vary with location

and altitude above sea level as the diurnal pattern may be different at altitude.
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Figure 7: Example of Weibull distribution for the mean wind speed of 8

m/s [5]

Figure 8: The performance curve of the Vestas V47-660kW turbine and typ-

ical wind speed probability in January and August in Taiwan [7]

Above all, for wind power application, it is required to quantify turbulent

fluctuation in the flow in short-term wind speed variation over time intervals

of 10 minutes or less. Turbulent flow encourages consideration for turbine

blade design based on maximum load and fatigue prediction, control, system

operation and power quality etc.

1.3.3 Wind Energy Power

Now the next step after analysis of wind data and wind characteristics is to

determine wind turbine power production from wind data. The more detail

of wind power is described in Chapter 2 in the text. Wind energy power
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available is the power that flows at speed V (m/s) through wind turbine

blade of sweep area A (m2) in the air density of p (kg/m3).

P =
1

2
ρA V 3 (1)

As it can be seen from the formula above that when the wind speed doubles,

the power available increases by a factor of 8. This means hence that there is

very little power available in low winds. In another words, wind energy power

is proportional to swept area and the cubic of its velocity, it is important to

consider stability in the property of wind speed. The wind power density is

the wind power per unit area which is sometime called Weibull probability

density and is used to determine locations with constantly high wind speeds.

It can be expressed as follows.

P

A
=

1

2
ρV 3 (2)

Here is an example to see the relation between wind speed and wind power

density below. Figure 9 shows the average wind power for each hour for 3 days

at a typical location. The average wind power density, P
A
, based on hourly

average, V̄ , is evaluated in quantitative magnitude of wind resource as poor

in less than 100 W/m2, good around 400 W/m2 and great in more than 700

W/m2 [5]. Hence it can be seen from Figure 9 that from hour 9 to hour 18 is

appropriate for power production for this wind turbine at the location in the

time duration. The data is included in Appendix 5.2.

1.4 Review of Current Small and Large Wind Turbines

There are a wide range of wind power turbine technologies available, from

micro-scale to large commercial wind turbines. Small-scaled wind turbines

are generally located where the power is required and such locations produce

16



Figure 9: The average power density from hourlu agevage wind speed [8]

winds in short period and instability. On the other hand, commercial wind

turbines are where the wind is most favourable. Wind turbines are also classed

by the orientation of the axis of rotation to the direction of the wind. There

exits two types: horizontal axis wind turbine (HAWT) and vertical axis wind

turbine (VAWT). Majority of turbines in wind firms are horizontal-axis wind

turbine (HAWT) and only 3% vertical-axis wind turbine (VAWT) [9].

1.4.1 Small Wind Turbines and Issues

The domestic small-scale wind turbines have been monitored in different area

of 57 sites in the UK since 2007. These small wind turbines installed in or-

dinary peoples house generated as approximately 3,459GWh as UK hydro

plants [10]. Especially free standing pole mounted turbines developed good

records of performance across UK. This report from BWEA results in a poten-

tial UK renewable energy technology for development of small wind turbine

system.

One of the issues on small wind turbines is low capacity factor in power. The

wind in such circumstances under buildings and other adjacent obstructions

for small turbines is normally weak, unstable and turbulent in wind speed

and direction. Thus design of small turbine has to be improved to capture

low wind speeds and to response quickly to turbulent wind resource areas.
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1.4.2 Large Wind Turbines and Issues

The wind turbine capacity has increased from 100kW to 5MW by 2009 in

commercial wind turbine. Turbines ranging from 1MW to 3MW are com-

monly used in industrial sites and on-shore wind firms. The reason behind

the increasing capacity is the greater efficiency of the system and the improved

economies of scale. A wind energy company, Multibrid Gmbh in Gerany, [11]

succeeded in installation of 5MW wind turbine. Figure 10 shows how the

scaled available wind turbines have increased over the past two decades.

Figure 10: Growth in power and diameter in 2 decades [12]

For large-scaled wind turbine, it is a big challenge that the environmental

impact of wind turbine should be minimized as most wind farms are required

to consider all environmental aspects of wind energy projects. The common

aspects are effects on wind power regularity, landscape, wildlife and sound

generation. The installment of large-scale wind turbines has issues of the per-

ceived intermittency of winds and the identification of good wind locations [6].

It is thought that the layout of wind farms does not disturb natural landscape

although it has been improved to tubular tower and slender and refined na-

celle shapes. The sound issue on wind turbine is generated by aerodynamic

from the blades and mechanical from the rotating machinery. Ice accretion

18



is also concerned in cold climate conditions. In ice condition, it is discovered

that lift decreases and drag increases as glaze is accumulated on the blade

profile, which causes a negative torque and the stop of wind turbine [13]. The

icing makes many other problems such as excessive turbine vibration, load

imbalance, high fatigue load and increase of bending moment of blades. It

is also true that larger rotor sizes restrict design margins for blade materials

and structure to control the weight reduction. In fact, the increase in rotor

size has not been accompanied by a cubic increase in blade weight [14].

1.4.3 Types of Wind Turbines

HAWT are made three-bladed and pointed into the wind to have high tip

speed, high efficiency and low torque ripple for reliability. VAWT has on the

other hand variety types of wind turbine; savonius, darrieus, giro mill and

cycloturbine. These are foundations of modern type of VAWT and turby,

quiet revolution and aerotecture are advanced to reduce torque issue by using

the helical twist of the blades. VAWT are not pointed into the wind and the

main rotor shaft runs vertically. HAWT and VAWT have several advantages

and disadvantages as shown in Table 1.

1.4.4 Wind Turbine Industries

Table 2 shows the main wind turbine manufacturers worldwide which installed

wind turbines in size of megawatts in 2007 [16]. The lists of size specification

of common industrial wind turbines are in Appendix 5.3. Advertised wind

turbines are rated by based of peak output power in high winds which are

relatively rare.

19



Table 1: Advantages and disadvantages of HAWT

Advantages

Access to higher wind speed due to tall tower and hub used

Less ground space due to tubular tower

Great control due to adjustment of angle of attack

High efficiency since the blades face perpendicularly to the wind

Disadvantages

Difficulty in installation for tall HAWT

Difficulty in transportation, 20% of equipment costs [15]

Sound generation from blade tips and gearbox

Massive tower construction to support the heavy blades, generator and gearbox

Requirement of law control system to turn the blades to the wind

Table 2: Worldwide installed wind turbines in MW in 2007

Company Country Size of wind turbine (MW)

Vestas Denmark 4500

GE Energy United States 3300

Gamesa Spain 3050

Enercon Germany 2700

Suzlon India 2000

Siemens Denmark/Germany 1400

Acciona Spain 870

Goldwind China - PRC 830

Nordex Germany 670

Sinovel China - PRC 670

The worlds largest wind turbine is 6MW in height of 198m and diameter of

126m, manufactured by German company, Enercon (Enercon E-126) [17].
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1.5 Scope of This Thesis

This project is the one that expands the project conducted by Professor.

Alexanders PhD student, I.A.Hamakhan, in Queen Mary, University of Lon-

don. It also expands on work previously done by MEng group, Rahman et

al [83], with supervision of Professor. Alexander. The goal of my research is

to identify the aerodynamic characteristics of blade over air flow and to find

a geometry that maximize flow requirements. The main research was Com-

putational Fluid Dynamics (CFD) review of the blade designed in Matlab by

Professor Alexander and his PhD student.
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2 Literature Review

2.1 Wind Turbine Design Procedures

This chapter presents a design procedure using aerodynamic characteristics

for the rotor of a HAWT. The disc theory or actuator theory is widely used

in the feature of the flow around the rotor or disc. After the assessment

of aerodynamic calculation, the influence of the number of blades including

solidity is considered on aerodynamic performance in numerical and experi-

mental methods as well as advantages and disadvantages. It will show how

unpopular wind turbines such as fewer blades and multi-blades are able to

extract energy as much as wind turbines commonly used in wind turbine in-

dustry. Then the ideal performance is concerned by taking tip speed ratio

into account, whose factor related to the rotor performance.

In order to see the variation of aerodynamic parameters along the blade,

velocity vector diagram is introduced which displays the forces and velocities

on the blade. The understanding of velocity diagram leads to the usage of

Euler equation.

2.1.1 Disc theory

It is actuator disc approach that helps understand the power production pro-

cess of the turbine, described in wind characteristics in Chapter 1. This

approach was used to work on the flow through propeller by Glauert (1959)

and windmill by Betz (1926) [3]. His contributions to wind turbine will be

shown later on. This method helps understand the relation of the angles to a

blade and chord length by deciding TSR, swept area, angle of attack and CL.

As shown in Figure 11 below, the rotor of the horizontal axis wind turbine

(HAWT) in the flow model is replaced by an actuator disc.
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Figure 11: Actuator disc and boundary stream tube model [3]

As the flow approaches the actuator disc, the streamlines are diverted and

its velocity is decelerated by a resistance of the disc to the air flow. There will

be then a corresponding increase in pressure. On the other hand, the flow

passing through the disc shows a sudden drop in pressure below the ambient

pressure, which results in pressure discontinuity at the disc although there is

a gradual recovery of the pressure to the ambient level in the downstream of

the disc.

Now it is defined that axial velocities of the flow are as follows:

Far upstream, Cx1: x1 → −∞

At the disc, Cx2: x2 = 0

Far downstream, Cx3: x3 → ∞

Also as simple assumptions concerning the flow, it is uniform and steady

velocity upstream of the disc and at the disc, the flow around the disc is mixed

both upstream and downstream by boundary stream tube, no flow rotation

produced by the disc and it is incompressible flow.
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From the continuity equation the mass flow at the disc is

ṁx2 = ρAx2 Cx2 (3)

Where ρ is air density and A2 is area of disc.

The axial force acting on the disc is

X = ṁx2 (Cx3 − Cx1) (4)

The corresponding power extracted by the turbine or actuator disc is

P = X Cx2 = ṁx2 (Cx3 − Cx1)Cx2 (5)

Now using the conservation of mass,

mx1 = mx2 = mx3 (6)

The power output from the upstream and downstream winds is

Pw =
1

2
ṁx (C2

x3
− C2

x1
)

Pw =
1

2
ṁx (Cx3 − Cx1)(Cx3 + Cx1) (7)

When Cx1 = Cx3 , then no power output is extracted. When Cx3 ≈ 0, then

no power output is made as the mass flow rate is almost zero. Therefore Cx3

exists in order to obtain the maximum power output between 0 and Cx1. This

is done by knowing the value of Cx2 at the disc.

When assuming that there is no energy loss, the power gained by the turbine

or actuator should be equal to the power lost by the wind. Then

P = Pw (8)
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Comparing (8) with (5), the velocity at the disc can be obtained as follows.

Cx2 =
1

2
(Cx1 + Cx3) (9)

This tells that the flow velocity at the actuator disc is the mean of the

velocities far upstream and far downstream of the disc.

The following equation is obtained by inserting the mass flow rate at the

disc and the velocity at the disc into the power output equation.

P =
1

2
ρAx2 C3

x1

[

1

2

(

1 +
Cx3

Cx1

)

(

1 −

(

Cx3

Cx1

)2
)]

(10)

P =
1

2
ρAx2 C3

x1
Cp (11)

A power coefficient, CP , is defined as

Cp =
1

2

(

1 +
Cx3

Cx1

)

[

1 −
(

Cx3

Cx1

)2
]

(12)

and also

CP =
Power Output

Power Available
(13)

Where the kinetic power available in the unperturbed wind at the disc is

P0 =
1

2
ρAx2 C3

x1
(14)

The maximum value of CP under theoretical ideal conditions is 0.593, which

is referred to as the Betz limit. It is possible to obtain a value of CP from

0.3 to 0.35 for most machines of good design [3]. Johansen et al [18] obtained

maximum aerodynamic efficiency in a certain operational condition by using

actuator disc model. Figure 12 shows the gap of wind power output between
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theoretical calculation and experimental data. The data is of Vestas V90-3.0

MW in Appendix 5.4. The results bring the values of CP from 0.05 at 25 m/s

to 0.5 at 5 m/s.

Figure 12: Example of power curve [19]

It is thought that the reductions of drag generated on the blade geometry

and of pressure difference at the tip of the blade between suction side and

pressure side moderate low efficiency of the blade performance [1].

The idealized power curve for a wind turbine is shown in Figure 13 The curve

in the graph derives from the power available equation, where is between the

cut-in wind speed and the rated wind speed. Where the cut-in wind speed is

the speed at which the turbine starts to generate power and the rated wind

speed is the speed at which the maximum power is first reach. Once the power

output reaches the maximum point at the rated wind speed, it stays constant

beyond the wind speeds and then the rotor brakes to rest at the cut-out wind

speed which is the maximum permitted wind speed.
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Figure 13: Idealized power curve for a wind turbine [3]

2.1.2 The effect of the number of blades

Since Betz limit was introduced in wind turbine energy, which provides the

maximum power coefficient is about 59%, many designs in HAWT and also

VAWT have been examined and improved that they hardly reached the Betz

limit.

Effect of the number of blades is considered in aerodynamic performance

on wind turbine such as tip-speed ratio and power coefficient as well as other

factors such as weight, cost, fatigue life and structural dynamics. Also it

is indicated by Tangler [20] that the choice of blade number supports the

consideration of rotor noise. In wind turbine industry, three-bladed rotor in

upwind is more preferable than two-bladed rotor in terms of better balance

among blade stiffness, aerodynamic efficiency, vibration and noise even though

fewer-bladed wind turbine design saved the cost of rotor blade and its weight.

However in terms of efficiency, it was examined by Duquette and Visse [21]

that 12-bladed rotor makes 44% efficiency.

Figure 14 shows performance comparison of power coefficient versus tip

speed ratio (TSR) for wind turbine designs obtained by Johnson [22]. The

more detail of TSR is described later in the next section. It can been seen

from Figure 14 that two-blade turbine hits the highest power coefficient in
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the range of 4 to 7 in tip speed ratio, which is closer to the Betz limit.

Figure 14: Typical performances on five different turbine machines [22]

Figure 15 is another graph to show increase in aerodynamic efficiency in

y axis with increased blade number, 1 to 4 blades and tip speed ratio in x

axis. It is discovered that the blade number from one to three results in

approximately 9% increase in aerodynamic efficiency. Further blade number

however makes imbalance in stiffness which causing to minimize increase in

aerodynamic efficiency.

The interaction between wind and blades are complicated but the solidity of

a given rotor tends to reduce the incoming wind speed to wind turbine blades

and then sacrifice the use of wind energy. In turn the wind speed determines

the blade configuration.
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Figure 15: Aerodynamic efficiency vs tip speed ratio as increase of blade

number [20]

Two and three-blade turbines

As shown earlier in this chapter, the majority of wind turbines today are three

blades. One of the reasons behind the fact is higher fatigue loads and noise

problems in the past years of wind turbine history. To overcome this issue

in two-blade turbine, it is necessary to increase blade chord, which brings

thickness to chord ratio for the structural requirements of the blade. The

focus is on keeping the total area of active surface in aerodynamics to achieve

a specific wind braking effect. As the blade thickness increases the blade

chord increases. Hence the thicker blade increases strength, relatively remains

lighter and cheaper without additional structural materials. It is expected as

a result of longer blade chord and stronger blade that the blade tip speed

which is hence rotational speed will be obtained larger values. Figure 16

shows yearly energy production in two-bladed turbine, comparing with three-

bladed turbine, surveyed in wind turbine company, Nordic Windpower [23].

It is noted that the difference between them is 2-3% of energy production in
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year. This concludes that todays two-bladed wind turbines are designed to

produce as much tip speeds and energy as three-bladed wind turbines which

leads less sound generation than before.

Figure 16: Yearly energy production from two- and three-bladed wind tur-

bines [23]

Two-bladed wind turbine has an advantage in erection procedure as well

as less cost and weight as the blades could be mounted to the nacelle on the

ground. On a three-bladed turbine, on the other hand, the nacelle and blades

have to be lifted separately to mount them at top of the tower.

It is harder to design asymmetrical two-bladed turbine than symmetrical

three-bladed turbine. Two-bladed turbine concept requires a teetering hub to

minimize heavy shocks to the turbine when a rotor passes the tower and an

additional shock absorber to the main shaft to prevent the rotor from hitting

the tower.

Multi-bladed turbine

Clarkson University found the results that in small size of HAWT aerody-

namic performance is directly related to solidity and blade number [5]. The
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results from his experiment tell that the more blade number and solidity, the

greater power coefficient and both of factors contribute to the added torque

that improves cut-in wind speed. Figure 17 displays that 12 blade rotor (B

= 12) can make more significant power extraction than 3 bladed rotor (B =

3) which is commonly use in wind turbine industry. At solidity of 0.27 (σ =

0.27) the power coefficient of 12 blade rotor is 30% higher than that of 3 blade

rotor. This result obtained numerically with the Expanding Wake Method

(EWM) and lifting line theory by Gould and Fiddes [24]. However the wind

tunnel experiments did not show the same results as the numerical results

regarding increased blade number but solidity.

Figure 17: Characteristics of the effect of blade number and solidity in nu-

merical results of EWM [24]

2.1.3 Tip Speed Ratio (TSR)

TSR is the ratio between the rotational speed of the tip of the blade and the

actual velocity of the wind and described as lambda, λ. TSR is a factor that

directly affects the energy generated from the turbine. The relation between

TSR and power coefficient for different types of wind turbines are shown in

Figure 14 and 15.
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TSR determines how fast the wind turbine will rotate and generally depends

on the particular wind turbine design used, the rotor airfoil profile used and

the number of blades used. For example, TSR in three blade turbines ideally

drops between 6 and 8. Although the higher TSR is the better, the turbine

will generate noise and mechanical stress at some point in TSR range. Little

power extraction will be made in slow rotation of the rotor since the wind

pass through the gaps between the blades without distribution. Also little

power extraction will be made in fast rotation of the rotor due to solidity

causing the wind flow to be obstructed. It is therefore important for wind

turbine designers to make wind turbines operate in the range of their optimal

TSR by considering the relation of angular velocity and wind speed in order

to extract as much power as possible from the wind stream.

TSR =
Rotational speed of the tip of the blade

Actual velocity of the wind
(15)

λ =
ω r

Cx

(16)

Where ω is angular velocity, 2πf , (rad/s), r is rotor radius (m), Cx is wind

speed (m/s) and f is frequency of rotation (Hz, rpm, 1/s).

Now the optimal TSR is a tip speed ratio when maximum power is extracted

from the wind, which can be described as the time taken for the disturbed

wind to re-established itself, tw equals to the time taken for a rotor blade of

rotational frequency to move into the position occupied by its predecessor, ts.

Hence for an n blade rotor,

tw = ts (17)

S

Cx

=
2π

nω
(18)
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Where S is length of disturbed wind (m), Cx is wind speed (m/s) and n is

number of blade. Now if tw < ts , some wind is unaffected and if tw = ts,

some wind is not allowed to flow through the rotor.

Hence the optimal angular velocity of the rotor is obtained from the equa-

tion above as

ωopt =
2π Cx

nS
(19)

The optimal TSR is

TSRopt =
ωopt r

Cx

(20)

λopt =
2π r

nS
(21)

It was empirically observed in the wind energy industry that the length of

disturbed wind, S, is approximately half a rotor radius, r, which gives the

optimal TSR as follows.

λopt =
4π

n
(22)

For two bladed rotor,

λopt,2 = 6.283 (23)

For three bladed rotor,

λopt,2 = 4.189 (24)

Table 3 shows how wind speed, blade rotation per minute and blade size

can affect TSR. For a given rpm, TSR increases as rotors speed increase or
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as the length of the blade increase. It can be seen from the table below, in

the case of unfixed rpm, that on PVC Geared Turbine, three different wind

speeds have several TSRs which are all under optimal number of TSR for

3 blade rotor. The small size of rotor such as BWC Excel which has three

blades obtained very high TSR which is about twice of the optimal TSR for

three bladed rotors.

Table 3: TSR measurements in several wind turbines in different size and

blade number, [25]

Wind turbines Diameter Blade number Wind speed rpm TSR

(m) (m/s)

4.4 750 3.9

PVC Geared Turbine 0.432 3 3.8 520 3.1

2.9 380 3.0

BWC Excel 7 3 14 310 8.2

Vestas V47 47 3 15 26 4.3

Bonus 1MW/54 54 3 15 22 4.1

Monopteros 50 56 1 11 43 11.0
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2.1.4 Euler equation and velocity diagram

Euler equation is well-known to govern inviscid flow in fluid dynamics and is

widely applicable in compressible and incompressible flows. This is a different

way from the disc theory to describe power output from wind turbine blades in

that work transfer from the fluid through the rotor are considered to produce

change in enthalpy by taking three components of force acting to a disc. The

following process and Figure 18 show how Euler equation is derived from

energy transfer.

Figure 18: Flow through a disc [26]

In Figure 18 , absolute velocity is C , relative velocity is W , radius at which

the flow enters the rotor is r, torque is Tq and angular velocity is ω. The

subscripts 1 and 2 are inlet and outlet respectively.

The torque on rotor through incoming and outgoing flows is

Tq = ṁ (r1 Cu,1 − r2 Cu,2) (25)
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Now using energy (E) is equal to torque times angle (in radians),

E = ṁ (r1 Cu,1 − r2 Cu,2)ω (26)

and rotor speed (u) is referred as angular velocity times the distance at

which the flow enters the rotor, u = ω r.

Ẇ = ṁ (u2 Cu,2 − u1 Cu,1) (27)

Where Ẇ is power per second (W/s), ṁ is mass flow rate (kg/s), u is rotor

velocity (m.rad/s) and C with subscript u is tangential component velocity

(m/s). Since the tangential component velocity at inlet of a wind turbine

blade is zero,

Ẇ = ṁ u2 Cu,2 (28)

The rotor velocity, u, is ω r, ω is angular velocity (rad/s) and r is distance

from the centre of rotor to the point the flow enters (m) and the work output

is referred as below.

Ẇ = ṁω r Cu,2 (29)

Velocity diagram is a vector diagram that shows the velocities and fluid flow

through blade rows. Velocity diagram can graphically display the velocities

at the rotor inlet and outlet in the turbine, which relate to Euler equation.

Examples of velocity diagram for axial-turbine and three blades HAWT are

shown as follows.

In the velocity diagram in Figure 19 , C is absolute velocity; subscripts

2 and 1 describe the flow velocity into and out of the nozzle respectively.

W is relative velocity; subscripts 1and 2 are into the rotor and out of the
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Figure 19: Axial-turbine stage blade rows and velocity diagram [26]

rotor respectively. Subscript u represents the tangential velocity component;

corresponding flow angle ; the axial flow through the stage Cx; and the rotor

velocity for the stage u. For a given rotor speed, the corresponding work

output Ẇ is obtained by finding a tangential velocity, Cu,2, in the velocity

diagram.

Figure 20: Velocity vector diagram of a moving rotor blade of a HAWT [27]

The velocity diagram of Figure 20 shows: the angular velocity Ω , the angle

of attack α, the blade pitch angle β, the relative wind angle or flow angle φ, the

relative wind velocity W , the wind velocity at the rotor V1, the undisturbed

wind velocity upstream of the rotor V0 and the axial interference factor a that

takes account of the wind being slowed down as a result of power extraction.

Since the rotor speed is equal to the angular velocity of the rotor times the
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local radius, the relative wind angle or flow angle varies at the local radius

along the length of the blade. It can be seen in Figure 21 below that the flow

angle φ increases as the rotor speed u decreases.

Figure 21: Changes of flow angle φ along the blade span of HAWT [27]

2.2 Wind Turbine Blade Design

2.2.1 Direct surface curvature distribution blade design method

In the design of blade, the minimum flow separation on blade surface is re-

quired since flow separation shows blade performance in the forms of pressure

and velocity distributions of the blade surface as published, for example, by

E.A.Mayda [28]. The flow separation occurs at the point of discontinuity on

the blade surface and therefore blade surface distribution is concerned for cur-

vature continuity. In order to obtain well-smooth surface curvature, a series

of parameters of blade geometry is defined in a geometric description package

and the performance of pressure distribution is analyzed through successive

iterations in an analysis code such as ANSYS. This is called direct method for

design of blade surface curvature distribution. The direct method is good in

display of curvature shape but is handful of control in geometric parameters.
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The surface curvature distribution is analyzed in smoothness by continu-

ity in the curvature of the blade surface and the slope of curvature. This is

because Korakianitis [29] reasoned from his works in the past years that a

little change of the slope of the curvature of the blades affects the blade aero-

dynamic performance. He concluded that the concept of surface curvature

distribution results in improvement of blade design and aerodynamic perfor-

mance with prevention of flow separation and with smooth Mach number and

pressure distributions.

The derivation of curvature distribution is from the Navier-Stokes equations

of cylindrical coordinates in compressible flow. It shows the domination of

local pressure and velocity on the curvature as well as on the slope of the

curvature as explained in Equations (1), (2), (3) and (4) of Korakianitis [30].

Pressure and velocity distributions have an important role on the turbine

blade design as the boundary layer close to the blade is dependent on the slope

of the velocity distribution, which demands the blade performance. Smooth

curvature distribution for velocity distribution therefore requires continuous

curvature and the slope of the curvature along the blade surface for y = f(x).

C =
1

R
=

y
′′

[1 + (y′)2]
3

2

(30)

C
′

=
dC

dx
=

y
′′′

[1 + (y
′

)2] − 3 y
′

(y
′′

)2

[1 + (y′)2]
5

2

(31)

Where C is curvature and R is local radius of curvature.

As it can be seen from the equations above that y = f(x) is a third-order

polynomial and has continuous first, second and third derivatives, which com-

putes the curvatures of the trailing edge region of the suction and pressure

sides.

The discontinuity in the slope of curvature causes unnecessary loading along
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the blade and flow separation. It is very difficult to see any discontinuities in

the designed curvature shape but the fluctuations in pressure coefficient and

Mach number on the blade surface is visible in the form of spike as published

in Sharma et al [31]. The availability of direct curvature method is reliable

as observed by Korakianitis [30]. Korakianitis tested turbine blades in calcu-

lations of direct curvature distribution using computer program UNSFLO by

Gile and compared them with the results of Euler computation and hodograph

solution by Hobson.

Hamakhan and Korakianitis [32] designed blades consisted of three parts;

trailing edge segment, main part and leading edge segments, which they con-

cluded no flow discontinuities due to surface curvature discontinuities. The

blade segment and structure which were arranged by [32] are shown in Fig-

ure 22. An airfoil consists of 6 segments: trailing edge suction side (TESS),

main Bezier suction side (MBSS), leading edge suction side (LESS), trailing

edge pressure side (TEPS), main Bezier pressure side (MZPS) and leading

edge pressure side (LEPS). The trailing edge circle (TEC) and leading edge

circle (LEC) are designed within the parts of TESS and LESS respectively.

In the study of this project, the blade design programme was given to input

main parameters of a blade as shown in Figure 23 and 24.

Figure 22: Airfoil segments [33]

The trailing edge part is structured by considering a circle at the edge and

thickness distribution of the blade from the trailing edge to the main part [34].

The latter depends on the size of the radius of the circle. The equation of

y = f(x) used in the trailing edge segment which is from the trailing edge

circle to the joint point (Ps2) to the main part is an analytic polynomial as
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Figure 23: Illustration of 2D blade design method [34]

follows.
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Figure 24: Airfoil structure [35]

y (x) = a0 + a1 x + a2 x2 + a3 x3 + a4 k1 [x− x (Ps2)] + a5 k2 [x− x (Ps2)] (32)

Where a is a parameter, k is exponential function and Ps2 is blade surface

point in suction side.

The main part is specified by its curvature distribution called Bezier curve

which consists of five segments controlled by six points C1s−C6s. The Bezier

equation is on the plane of (C, y) which derives from the plane of (x, y) and

is shown as follows.

xC = t3 xC1s + 3 t2 (1 − t)xC2s + 3 t (1 − t)2 xC3s

+(1 − t)3 xC4s + (1 − t)4 xC5s + (1 − t)5 xC6s (33)

y C = t3 y C1s + 3 t2 (1 − t) y C2s + 3 t (1 − t)2 y C3s

+(1 − t)3 y C4s + (1 − t)4 y C5s + (1 − t)5 y C6s (34)

This part is connected the trailing edge segment and leading edge segment

of the blade. Figure 25 shows an example of curvature distribution on the

suction side of the blade.

The leading edge has significant conditions on flow separation, pressure

and Mach number distribution and hence a parabolic construction line and
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Figure 25: Example of curvature distribution on the suction side [32]

thickness distribution is inserted as well as a circle at the leading edge. The

parabolic construction line passes through the leading edge from the centre

of the leading edge circle and is specified by the angle of the construction line

at the origin and of a point on the construction line.

y (x) = A x2 + B x + C (35)

Where A, B and C are constant.

The thickness distribution is added perpendicularly to the parabolic con-

struction line and has continuous slope of curvature, C
′

, which means first,

second and third derivative in the following equation, at the tangent points

of the circle and the main part of the blade.

y (x) = a0 + a1 x + a2 x2 + a3 x3 + a4 k1 [x − x (Ps1)]

+ a5 k2 [x − x (Psk)] + a6 k3 [x − x (Ps1)] + a7 k4 [x − x (Psk)] (36)
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Where a is a parameter, k is exponential polynomial function, Ps1 is joint

point with the leading edge circle and Psk is joint point with the main part

of the blade.

2.2.2 Other design methods

It is true that most of the wind turbine blades have been designed in tradi-

tional inverse methods due to the extended computational possibilities [36].

The inverse method is defined as the blade geometry found in a prescribed

pressure distribution at specified operational conditions while the direct de-

sign method is opposite to this approach as shown in Figure 26 and Figure 27.

Therefore it is more dependent on direct interaction with the blade pressure

distribution and less computational effort while direct methods relies heav-

ily on the experience of the designer in the achievement of a target pressure

distribution.

Figure 26: Direct design method to airfoil [47]

Direct design method includes momentum theory (BEM) and vortex wake

method which require airfoil data in turbulent flow and geometry specifi-

cations such as blade spanwise chord distribution to calculate aerodynamic

loads. Ameku [37] and Vitale [38] showed a potential way of analysis of

blade performance and stability by using blade element and momentum the-

ory (BEM) which allows to control seven arcs over a blade and to input desired
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Figure 27: Inverse design method to airfoil [47]

aerodynamic values for wind turbines into the software called Zeus Disenador

which designs horizontal-axis wind turbine blades with an iterative algorithm

respectively.

There are mainly three types of solutions of inverse deign problem: pure in-

verse formulation methods, iterative use of analysis codes, optimization tech-

niques. The pure inverse design methods determines directly the blade geom-

etry of the blade section that achieves the specified desired flow conditions

by input of the parameters of the desired flow conditions in a problem formu-

lation as described earlier. The iterative use of analysis method is a geome-

try modification algorithm and solves numerically the time dependent Euler

equation or Navier-Stokes equation to obtain a prescribed pressure distribu-

tion until reaching convergence. It determines the mean tangential velocity

along the chord and thickness distributions as design variables. Henriques

et al. [39] applied the inverse design method to design a high-loaded small

wind turbine blades by considering the pressure difference between both sides

of the blade section which is derived from the tangential velocity distribu-

tion which is directly related with the blade load. Pascoa et al. [40] show

the improvement of the convergence rate and the robustness of the method

by introducing a new blade thickness distribution term. De Vito et al. [41]

developed iterative approach in viscous flow that the 2D-design of turbine

blades with inverse method at transonic and supersonic flows can be used to
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a large range of applications such as both turbomachinery blade and wings,

following by Leonard et al. [42] and Demeulenaere et al. [43], who devised an

inverse method in invscid flow based on Euler solver which solves a prescribed

pressure distribution on the whole blade surface from the 3D-geometry defi-

nition. The optimization technique is different from the iterative use of direct

approach by [41], [42] and [43] in usage of static pressure distribution but

similar to iterative approach in specification of the mass-averaged tangential

velocity and the thickness distribution. Tiow et al. [44] show that the in-

verse design method coupled with optimization technique can directly control

the blade pressure loading which leads to limit shock losses in transonic and

supersonic flows but not directly control the specific work.

Battisti [45] examined rotor arbitrarily radial load distribution, the wake

rotation and expansion using inverse design method with vortex flow distri-

bution and energy and momentum conservation, to apply a flow analysis of

axial turbomachines with the assumptions that the applications to vortex dis-

tribution and boundary condition is equal to that to velocity distribution. It

was concluded that the approach obtained a target design by controlling the

spanwise mass distribution and the loads on the blade and hence was reliable

and produced a realistic bade layout. Kamoun [46] presented optimisation of

wind turbine blade geometry for a prescribed distribution of bound vortices

using an inverse design procedure. This was done by accepting thickness and

loading distributions of the blade section. The success of optimal circulation

of bound vortex was assessed by the lifting strip theory.

Performance analysis of wind turbine is critical to design of a blade, which

is concluded from the past experiences of wind turbine designers who thought

that a small difference in aerodynamic performance of a blade does not affect

the performance of wind turbine and they made more effort on optimisation

in blade twist and taper. Therefore it was shortage of research on airfoil

selection. Since then, airfoil has been aware of and designed to meet a target
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performance in aerodynamics.

2.2.3 Design method in airfoil series

HAWT blades have been designed using airfoil families. NASA LS(1), NACA

44xx and NACA 63xx were common use in HAWT. However they suffer per-

formance degradation from roughness effects resulting from leading edge con-

tamination [39] [48]. The NACA airfoil series in 4 digits was geometrically

designed using analytical equations that describe the camber (curvature) of

the mean-line (geometric centerline) of the airfoil section as well as the sec-

tions thickness distribution along the length of the airfoil. It is believed that

the 6-digit airfoil series designs are more theoretical than geometrical and

more complicated by modifying to add some variables. Figure 28 shows the

geometrical construction of NACA airfoil.

Figure 28: NACA airfoil geometrical construction [49]

The National Renewable Energy Laboratory (NREL) has overcome the en-

ergy losses when NREL started working to provide several series of airfoil

for wind turbines in the 1980s with an effort of Tangler and Somers [48].

It exits nine airfoil families designed for various sizes of rotor using the Ep-

pler airfoil design and analysis code. The requirement of the airfoil families

performance is to maximize life coefficient which is relatively insensitive to

roughness effects. It is reported in [48] that the NREL airfoil families have

made improvement in annual energy production in several types of wind tur-

bine blades.
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RISO has developed the design of three airfoil families, Riso-A1, Riso-P and

Riso-B1, for rotor size from 600 kW to MW in the middle 1990s. RISO-A

series is designed by a direct method of a numerical optimization algorithm

of a B-spline representation of the airfoil shape [36] [50]. This method showed

insensitiveness to leading edge roughness in RISO airfoil series.

2.3 Aerodynamic Calculations and its Methodologies

The blade-element theory, originally developed for aircraft propellers by Froude

in 1878 and Taylor in 1893, assume that the forces on the blade elements

can be determined from the local flow conditions which are estimated by ei-

ther momentum or vortex, or both, and the corresponding two-dimensional

wind-section data. The blade-element theory can be applied to wind turbine.

Then this approach was modified by several researchers such as Glauert in

1935 [51] [52] and Wilson and Lissaman in 1974 [53].

Ye et al. [54] applied strip theory based on blade element theory and the

momentum theory to calculate the wind turbine performance and complex

method which is one of the direct methods to solve the constrained optimiza-

tion problems.

The panel theory for rotor systems was developed for helicopters and ship

propellers by Foley in 1976 [55] and van Gent in 1975 [56]. The usage of this

theory for wind turbines has begun by Sucie et al. in 1977 [57] and Preuss

in 1980 [58] for example. The method discretizes the rotor blade and vortex

sheet by a large number of surface elements with a singularity distribution on

the surface or inside the blade volume.

Viterna [59] was the first person that suggested stall performance in HAWTs

was critically important to understand and developed the prediction of peak

power by considering blade aspect ratio as well as spanwise flow and pres-

sure gradients in performance model because poor prediction of peak power,
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included in aerodynamic loads, in high wind speed caused stall-controlled

HAWTs to generate some errors and damages due to high stresses on turbine

blades, which will shorten machine service life. In order to increase rotor

performance without producing the large amount of lift coefficient in tip re-

gion of stall-controlled blade for control of peak power, Jackson [60] modified

the blade optimization approach by introducing additional variables. On the

other hand, Thumthae et al [61] investigated the relation between maximum

performance in turbine blade without twist and angle of attack in several

wind speeds and found that optimal angles of attack were obtained near the

maximum lift point and that the angle sare larger as the wind speeds are

higher. Then Garrad, Morgan and Hill [62] [63] showed the benefits of lower

CL,max from the root region to the tip region for constant power stall charac-

teristics in high winds. Robinson et al. [64] described the details of dynamic

stall with vortex structure on HAWT blades due to the complex unsteadiness,

separation and rotational influences.

Tangler [65] mentioned the lifting surface/prescribed wake performance pre-

diction method (LSWT) to establish aerodynamics such as CL, CD and angle

of attack and to model blade geometry and trailing vorticity distribution of

the wake. It is argued that LSWT advances the ability to account for the

induced effects of trailing vorticity and its influence on the angle of attack

distribution, which elementary blade element/momentum theory is not.

Schreck et al. [66] [67] tested aerodynamic load enhancement due to rota-

tional influences by obtaining aerodynamics forces and surface pressure dis-

tributions and believed that this helps better understand the fluid dynamic

mechanisms responsible for aerodynamic load enhancement under rotational,

three-dimensional conditions.

Filippone [68] presented his work of the design optimization of turbine

blades and aerodynamic performance by inverse design method with viscous-
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inviscid techniques, which concluded that CL,max accuracy, rotating effects

and three-dimensional investigation needed to be verified for the reliability of

the results.

Liu et al. [69] designed optimum model for wind turbine blades required tar-

gets power output in a specific wind site using the extended compact genetic

algorithm (ECGA) which is faster and more accurate than the simple ge-

netic algorithm such as direct method and complex method and found better

aerodynamic performance.

Maalawi et al. [70] studied aerodynamic characteristics on HAWTs with

direct method and an exact trigonometric function method in Glauerts ap-

proach which determined the optimum chord and twist distributions using

analytical closed form equations, and concluded that the solutions were well

convergent and unique due to the continuity of the angle of attack along blade

span and it is more computationally efficient than other iterative procedures.

Chattot [71] proposed to maximize the torque under the constraint of the

thrust force exerted by to rotor for a given tip speed ratio, taking into account

viscous effect using helicoidal vortex model, Goldstein model [53]. It was

concluded that the effect of viscosity correction is small on the optimum

geometry but is significant on decrease in the efficiency of the turbine.

Maheri et al. [72] managed to reduce evaluation time in software simulation

by decoupling the interaction between aerodynamics and structure which is so

called bend-twist adaptive blades (BTABs). This can replace a finite element

analysis (FEA) coupled with aerodynamics and structure (CAS) simulation

in aerodynamic objective evaluation by a non FEA CAS simulation. This

method gained potential benefits in order to improve the performance of wind

turbines.

Habali et al. [73] discussed optimal aerodynamic efficiency by mixing sine

different airfoils at the outer third of the span for small wind turbines and
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found that turbine blades up to 5m long demonstrated good strength and

aerodynamic characteristics.

Sicot et al [74] studied flow separation on an airfoil that related to the

standard deviation of pressure in turbulent flow. The flow separation point

showed some fluctuations whose length increased when the flow separation

point moves towards the leading edge without the effect of Reynolds number

or turbulence level on the Karman vortex shedding frequency. it is concluded

that the results agreed with the study from the spectral analysis of aerody-

namic loads. He also discovered that turbulence level has no significant effect

on wind turbine torque and thrust since the distribution of the effect of tur-

bulence level at lower angles of attack did not show large changes between

4% and 9% of turbulent levels [75]. These studies extended the stall mech-

anisms in rotation and turbulence effects on a horizontal axis wind turbine

blade, which concluded that the stall phenomenon was less effect in lift in-

crease because the pressure distribution in rotating blade did not influence

the separation point position in turbulent flow [76].
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3 Applications of Wind Turbine Technology

This report studied two wind turbine blades which are used for commercial

wind turbines: Eppler387 and NACA63-215V. After reviews of both airfoil

geometries in Section 3.2, the Eppler387 airfoils are re-designed in Section 3.4

by using a programme of direct surface curvature distribution blade design

method developed by Hamakhan and Korakianitis [32] as discussed in section

2.2, chapter 2 and then a designed airfoil is analysed to assess aerodynamics by

available data from National Renewable Energy Laboratory (NREL) [77] and

from the report by a MEng student at Queen Mary in 2008. For the study of

NACA63-215V, its aerodynamic calculations are also compared with available

data obtained from Riso National Laboratory, Denmark [78] in Section 3.3.

Also other existing airfoils in wind turbines, which are S814 and NAA63-221

are reviewed on aerodynamic calculation which have been done by a MSc

student in Queen Mary and an internship student in 2009.

Section 3.1 reviews the characteristics that are important in analysis of

aerodynamic calculation in Computational Fluid Dynamics (CFD) software,

Gambit and Fluent. In section 3.2, the review of blade geometry describes

in the form of curvature distribution, which is discussed in Section 2.2.1,

Chapter 2. The predictions of the Eppler387 parameters from the turbine

blade codes in a specific condition are shown by following the mechanism

of velocity diagram mentioned in Section 2.1.4, Chapter 2. The detail of the

rotational per minute calculations for Eppler 387 airfoil that has been studied

is attached in Appendix 5.5.5.

3.1 Characteristics in CFD

As commercial computational fluid dynamics programmes have been devel-

oped, it is possible to predict airfoil performance in short time and re-design
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for better performance based on those predictions. Fluent, a commercial fluid

dynamics solver, allows wind turbine engineers to calculate the performance

of those airfoils in a typical environment of a working wind turbine. Fluent

uses non-linear solver and employs the Finite-Volume Method. The results of

Fluent simulation will be compared with experimental data in this chapter.

It is important to note that a great role in aerodynamic calculation depends

on some characteristics in CFD software, Gambit and Fluent for this study.

The former includes grid scheme, grid quality and boundary layer while the

latter viscous model, operating and boundary conditions and dimensionless

wall distance. In addition to them, curvature distribution for geometry anal-

ysis should be taken into account. These factors help understand the fluid

mechanism over an airfoil, control the domain and reduce the time consuming

in the calculation.

3.1.1 Grid

The mesh construction is needed for an accurate analysis of fluid mechanics

along an airfoil. The computational result and calculation period heavily

depend on mesh characteristics. The mesh quality is judged by the quantity,

position and type of mesh which is determined from the shape of the object

face. Firstly the number of nodes should be positioned along an airfoil to draw

shape as close as the original geometry. This is because the node density could

change the original shape in especially non-straight lines. This affects the total

result of a study. It can be prevented from by considering nodes grading.

Secondary the mesh type and element are specified as map for creation of a

regular, structured grid of quadrilateral or quadrilateral and triangle mesh

elements in this study. For the case of turbulent flow, the feature of grid can

be classified by no dimensional wall distance (y+) which is discussed later in

this chapter.
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3.1.2 Boundary layer and Reynolds number

Boundary layer is a thin layer of air and appears on the surface of objects in

viscous flow because the fluid seems to stick to the surface. The boundary

layer effect depends on the flow pattern which is related to the Reynolds

number. At low Reynolds numbers, it is low skin friction, shear stress which

describes laminar flow. The instabilities of the flow develop and the flow

transition changes into turbulent motion as the fluid is sheared across the

surface of the object. This causes to thicken the boundary layer with higher

Reynolds numbers. As shown below, Reynolds number is a function of fluid

velocity.

Re =
ρV C

µ
(37)

Where ρ is the fluid density, V is the mean velocity of the fluid, C is a chord

length and µ is the dynamic viscosity of the fluid.

Figure 29 shows the relation between Reynolds number and fluid pattern.

In this study, Reynolds numbers were used 1×105 for Eppler387 and 1.1×106

for NACA63-215V which are turbulent flow for the both case as seen from the

figure. However Eppler 387 operates in inviscid flow which has no viscosity

and no drag will be produced. Therefore there is no boundary layer over the

airfoil of Eppler387.

54



Figure 29: Moody diagram for analysis of fluid pattern and Reynolds num-

ber [79]

3.1.3 Mesh quality

Examination of mesh is to check the quality of mesh in a domain. Good

mesh means good quality and leads good result and aerodynamic calculation

in much short period of time. In this study, EquiAngle Skew was used to

check skewness of the mesh, which is defined as

QEAS = max

(

θmax − θeq

180 − θeq

,
θeq − θmin

θeq

)

(38)

Where θmax and θmin are the maximum and minimum angles in degree

between the edges of the element and θeq is the characteristic angle corre-

sponding to an equilateral cell of similar form. When quadrilateral mesh is

used, then θeq is 90. When triangle mesh is used, then θeq is 60. It is de-

fined that EquiAngle Skew is between 0 and 1 which describes a completely
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degenerate element. Mesh quality shows excellent by 0.25 and good by 0.5.

3.1.4 Viscous model

Viscous models used in this study were inviscid for Eppler 387 and k-omega

SST turbulence for NACA63-215V.

The k − ω SST turbulence model is based on the standard k-omega model

which is a model of transport equations for the turbulent kinetic energy, k,

and its specific dissipation rate, ω, and is taken account for the shear stress

transport in turbulence (SST). The k − ω SST is considered more accurate

and reliable for a wide range of flow such as airfoils and transonic shock waves

by effectively combining the formulation of the k − ω model in the near-wall

region with the free-stream independence of the k-epsilon model in the far

field.

3.1.5 Boundary condition and operating condition

The operating condition of wind turbine blade is considered at sea level.

Table 4 shows the parameters in the condition for each case of the blades.

3.1.6 Dimensionless wall distance (y+)

y+ is a mesh-dependent dimensionless distance that qualifies to what degree

the wall layer is resolved because turbulent flows are significantly affected by

the presence of walls. In other words, successful prediction of turbulent flows

is determined by accurate presentation of the flow in the near-wall region.

The value of y+ in the wall-adjacent cells dictates how fine a mesh is for a

particular flow or how wall shear stress is calculated. y+ of the wall-adjacent

cells is better small to the order of y+ = 1 when the transitional flows option is

enabled in the viscous model. In the case of near-wall modelling, the viscous
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Table 4: Parameters in the operating conditions

Property Eppler387 NACA63-215V

Level Sea level Sea level

Temperature (degree) 15 15

Density (kg/m3) 1.225 1.225

Viscosity (kg/m.s) 1.7894E-05 1.7894E-05

Atmospheric pressure (Pa) 102325 102325

Reynolds number 1.0×105 1.1×106

Air velocity (m/s) 13 16.07

Turbulent intensity (%) 0 3.13

Turbulent viscosity ratio 0 1

sublayer is y+ ≤ 5, 5 < y+ < 30 for buffer region and 30 < y+ for fully

turbulent region. Solutions with y+ values in the buffer region are generally

less accurate than the others. For the case in non-transitional flows option

which is wall functions, 30 < y+ < 300 is called log-law layer in which each

wall adjacent cells centroid is located and y+ = 30 is most desirable. In this

study, it is k − ω SST viscous model with near-wall modelling.

y+ =
ρuτ yp

µ
(39)

Where ρ is the fluid density, uτ is the friction velocity,
√

τω

ρω

, yp is the distance

from point P to the wall and µ is the fluid viscosity at point P.

Accurate result is explained when a turbulence model is coupled with a

appropriate near-wall treatment approach. Salim et al [80] describes that

accuracy increases in the sufficient resolution of the near-wall mesh for the

k − ω model which is designed to be applied throughout the boundary layer.

In other words, for the case of k − ω model, the smaller cell sizes the more

accurate result. This is because more details is captured during computation.
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3.1.7 Curvature distribution

Geometry of original airfoil blade can be analysed by computing curvature,

C = 1

r
, from coordinates. This is the same principle as a circle from 3 points

in 2D. The technique for determining the characteristics of a circle given three

points on a plane is described in Figure 30.

Figure 30: A circle from 3 points in 2D [81]

The equation of two lines, a and b is

ya = ma (x − x1) + y1 or yb = mb (x − x2) + y2 (40)

Where m is the slope of the line given by

ma =
y2 − y1

x2 − x1

andmb =
y3 − y2

x3 − x2

(41)

The slope of a line in perpendicular to the line of P1P2 and P2P3 is −
1

m
.

With this, the intersection that passes through the centre is

x =
ma mb (y3 − y1) −mb (x1 + x2) + ma (x2 + x3)

2 (ma − mb)
(42)
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The y value of the centre can be calculated by substituting the x value.

Hence the radius of the circle is obtained as the coordinates of the centre of

the circle is (xc , yc).

r =
√

(xc − x1)2 + (yc − y1)2 (43)

The curvature, C = 1

r
, is computed.

3.2 Blade Geometry

3.2.1 Eppler387

Eppler387 airfoil is used in a wide range of wind turbine application and

vehicle application such as military and civil in low Reynolds number with

emphasis on providing better performance. Reynolds numbers below 500,000

are identified as being in this classification. Eppler387 is relatively thin airfoil

as shown in Figure 31.

Figure 31: Eppler 387 geometry, data from [82]

Figure 32 shows the curvature of the airfoil, the log values of R. The curva-

ture describes the smoothness on blade surface which causes flow separation

at the point of discontinuity over the blade and leads to poor performance of

wind turbine. This is discussed in Section 2.2.1, Chapter 2. R is a radius of

a circle made from 3 points on and along the blade of the value of 1 to -1.

It can be seen from the figure that there are some spikes in the both sides of
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the airfoil and especially the curve making the leading edge has a big break.

The tail part of the trailing edge on both sides, suction and pressure sides

shows also spikes between 0.7 and 1 in x/c distance from the leading edge. It

is a visible peak around 0.3 in x/c from the leading edge on the pressure side

of Eppler387. Those spikes tell discontinuities at the points due to lack of

continuous curvature and the slope of the curvature along the blade. And the

discontinuity will be disturbing the velocity and pressure of the flow around

the airfoil.

Figure 32: Curvature (C) of Eppler 387. Data from [82]

Table 5 shows property parameters at three section, hub, mean and tip

section of the blade in the condition of working wind turbine. The rotor

diameter is 1.75m [82] and 13m/s (Re = 1 × 105) for the operating wind

speeds. It can be seen from the tables that the power of the Eppler blade

calculated using the velocity diagram are 1.75kW. The TSR of Eppler387 at

13m/s is 6.46 which is an ideal figure for three-blade as discussed in Chapter

2.
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Table 5: Power calculation of Eppler387 using velocity diagram

Radius Mass flow rate Tangential velocity Power

(r) (ṁ) at outlet (Cu,2) (W)

Hub 0.292 2.3 3.1 360

Mean 0.584 12.8 1.5 1080

Tip 0.875 21.2 1.0 1745

3.2.2 NACA63-215V

NACA63-215V is one of the NACA wing section families and is used on wind

turbines. The three digits indicate the design lift coefficient for the first

digit and the thickness for the last 2 digits. The letter V refers to VELUX

measurements in wind tunnel test. Hence the experimental data of NACA63-

215V is measured in the VELUX wind tunnel, which has an open test section.

The study focuses on the analysis of the NACA63-215V aerodynamic cal-

culation by using commercial software, Fluent which is a non-linear solver

and employs the Finite-Volume Method. The results obtained from the Flu-

ent simulation are compared to the data from numerical simulations with the

2D incompressible Navier-Stokes solver, EllipSys2D, with the data from the

XFOIL code which is a linear equation solver based on a panel method com-

bined with a viscous boundary layer formulation and experimental test. The

numerical data and experimental data are found from Riso National Labora-

tory, Denmark [78].

Figure 33 and Figure 34 show the geometry and the blade surface distri-

bution of the airfoil. It can be seen from the curvature distribution that

NACA63-215V has problems around the leading edge, between 0.7 and 0.8

and around trailing edge on the both sides of the blade.
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Figure 33: NACA63-215V geometry, data from [78]

Figure 34: Curvature of NACA63-215V, data from [78]

3.3 Aerodynamic Calculations

This chapter discusses four wind turbine blades: Eppler387, NACA63-215V,

S814 and NACA62-221. They are different shapes and hence corresponding

aerodynamics are different. Figure 35 shows the geometries of the airfoils.

Figure 35: Comparison of airfoil geometry, data from [82] [78]
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3.3.1 Eppler387

Rahman [83] studied the Eppler387 airfoil geometry which might cause a noise

production in wind turbines in the condition of Reynolds number 1×105 which

produces a flow speed of 13 m/s. This study was organised with inviscid flow

and without any incident of the flow. He discovered that the discontinuities

of the surface of Eppler387 in the curvature profile agreed to the pressure

fluctuations at the same points due to flow disturbance that the pressure of

sound signal occurred at the same position as that of curvature and pressure

coefficient. He hence concluded that the pressure fluctuations cause sound

generation. This is shown in figure 6.6, figure 6.8 and figure 6.12 in [83].

3.3.2 NACA63-215V

The NACA63-215V airfoil was created in a C-mesh with quadrilateral mesh

element of 7500 mesh faces on each side of the airfoil. The mesh quality of

the whole domain was high, of which the pressure side of the airfoil remained

by 0.19 of skewness whose figure is still a good result.

Figure 36: Full view of mesh over NACA63-215V

In this study of NACA63-215V, the flow is turbulent and in viscous model.
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Figure 37: Mesh along NACA63-215V

The boundary layer was created unlike the previous case of Eppler387. Table 6

shows the details of the boundary layer over the NACA63-215V in Gambit.

The aerodynamic calculations for three cases were run and compared in

the range of angle of attack between 5.741 and 15.578 degrees. Mesh 3 and

Mesh 5 have the different characteristics of mesh nodes and boundary layers

hence individual mesh quality as shown in Table 6. The Case (a) and (b)

were different in the boundary layer feature to see corresponding wall y+ by

change in first row and the number of rows of the boundary layer. Case (b)

was produced finer mesh in boundary layer than Case (a).

The feature of the mesh was produced and might differ on each of the faces

over the airfoil: suction side (upper face) and pressure side (lower face), due

to non-symmetrical shape. In the table below, suction side represents SS and

pressure side PS.
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Table 6: Mesh and boundary layer characteristics on NACA63-215V

Mesh 3(a) Mesh 3(b) Mesh 5(a) Mesh 5(b)

Nodes

(each side of airfoil)
150 150 200 200

Mesh faces

(along airfoil)
7,500 10,500 14,000 16,000

Bell Shaped BS BS BS
Node grading

(BS)

Node ratio

(SS, PS)
0.7, 6.9 0.7, 6.9 0.7, 0.7 0.7, 0.7

Quadrilateral Q Q Q
Mesh element

(Q)

Mesh type Map Map Map Map

Mesh quality

(EquiAngle Skew, > 0.1)
5.35% 5.19% 4.51% 5.71%

First row 1.5E-04 1.0E-04 1.0E-04 5.0E-05

Growth factor 1.2 1.2 1.2 1.2

Number of rows 20 30 20 40

It can be seen from the figures of wall y+, Figure 38 that Case (b) of

Mesh 3 and Mesh 5 in the range of angle of attacks have y+ characteristics

laying in the viscous sublayer, between 1 and 5 which is desirable for near-wall

modelling. The mesh configurations hence tend to increase more accuracy of

prediction of turbulent flows. The y+ values of Mesh 3(a) and Mesh 5(a)

around the leading edge and trailing edge however are almost the same due

to the lack of clustered mesh near wall region and expected less precision

in aerodynamic calculations since much of part of suction side between the

leading edge and the main body, in smaller angle of attacks, is stepped in

buffer region.

On comparison of these cases to the data of experiment in lift and drag
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coefficients in Figure 39, the results obtained from Fluent calculations agrees

with experimental data in regard of drag coefficient at lower angle of attacks,

up to 12 degrees. It can be said that the Fluent solution in turbulent flow

achieves good agreement over the angle of attacks As angle of attack increases,

the results of Mesh 3(a) and Mesh 5 (a) are closer to the experimental data

than Mesh 5(b) which is expected to show more accurate prediction of flow

over airfoil. However the results of Mesh 3(a) and Mesh 5(a) could be less

accurate as their wall − y+ figures are out of desirable region at especially

leading edge.

The lift and drag coefficients of Mesh 5(a) and 5(b) are compared to the

data from Riso National Laboratory, Denmark [78] in Figure 40 with the con-

sideration of accuracy of flow behaviour prediction by the wall y+ results and

in spite of output of slightly larger gap to experimental data than the other

cases . The results, shown in the figures below, indicate very good agreement

with experimental data despite the increase in difference at higher angle of

attacks where stall starts appearing. Here the difference between the results

from EllipSys2D and Fluent has to be marked that the both calculations are

run in turbulent flow but EllipSys2D shows less sensitive to the conditions

such as background turbulence level and roughness of the airfoil surface. It

is reported in [78] that EllipSys2D code makes bigger discrepancies in the

airfoil that is thick and has a sharp leading edge suction peak region and a

low pressure gradient on the suction side of the airfoil. In fact, the thickness

and the leading edge curvature of NACA63-215V is 15% and 37 at maximum

respectively while those of NACA63-211 and S814 of which aerodynamic cal-

culations are obtained by [33] and [35] are 21% and 23.2, and 24% and 21.8

respectively.
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Figure 38: Wall y+ distribution (NACA63-215V)
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Figure 39: Lift and drag coefficient in various mesh cases (NACA63-215V)

Figure 40: Lift and drag coefficient distributions (NACA63-215V)

68



Also the agreement between Fluent and the others can be seen on pressure

coefficient at angle of attacks as shown in Figure 41. The spikes at the lead-

ing edge on pressure side can be seen in XFOIL code in the all cases while

EllipSys2D draws no fluctuations. The Fluent results on the other hand are

very similar to ones from EllipSys2D but obtained small changes in pressure

coefficient on leading edge at the lower angle of attacks of 5.741 degrees to

10.238 degrees. The spikes at the leading edge on pressure coefficient are seen

over the same positions in the NACE63-215V curvature, Figure 34, which

concludes that the points where the surface of the airfoil has a high curvature

are where the pressure of the flow over the airfoil is disturbed. Comparing

these three methods with experiment on pressure coefficient in the range of

angle of attacks, the agreements with experimental data decrease at higher

angle of attacks.

3.3.3 S814

The S814 airfoil has been designed at National Renewable Energy Laboratory

(NREL) in the United States. It is a 24% thick wind turbine blade while

NACA63-215V is 15% and NACA63-221 which is discussed in the next section

is 21%.

The round shape of leading edge such as S814 has an issue of surface rough-

ness on the leading edge caused by insects and rain at the higher lift coefficient.

Somers [84] reported that the big issue on the S814 airfoil is the roughness of

the airfoil surface which affects largely the lift coefficient. The maximum lift

coefficient decreases 1.51 by 0.05 for the case of Reynolds number of 1.5×106

and this effect is thought to be severe than one caused by the usual manufac-

turing irregularities or deterioration in services.

The study of S814 was done in the similar process to the previous model,

NACA63-215V, by Vlieghe [35] for angle of attack ranging from 4 to 12 de-
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Figure 41: Pressure coefficient distributions (NACA63-215V)

grees, with comparison to the data from Riso National Laboratory, Den-

mark [78]. Reynolds number on this study is 1.0 × 106, equal to 14.6 m/s of

free stream of the flow. The turbulent intensity is 2.85% and a fully turbulent

flow solution was used in Fluent, where k − ω SST model was used for the

turbulent viscosity. The curvature distribution showed discontinuous curve

at around 0.25 on the both sides, 0.5 on the suction side and between 0.9
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and 0.95 on the pressure side. However those spikes were not seen in the

pressure distribution over the S814 airfoil. Vlieghe [35] concluded that the

results obtained from Fluent calculations agreed very well with experimental

data and numerical data in regard to lift, drag and pressure coefficients.

3.3.4 NACA63-221

The NACA63-221 airfoil which is thicker and curvy shape over the leading

edge as mentioned earlier was studied by Rahman [83]. Reynolds number for

this case is Re = 3.0×106 and win speed is 10 m/s. In the Fluent calculation,

k − ω SST was used for turbulent viscosity. He found that pressure distri-

bution on the suction side of the airfoil was disturbed as the angle of attack

increased but there were no flow separations at lower angle of attacks. The

pressure disturbance on the suction side was removed by designing the airfoil

surface curvature to smooth using the programme of direct surface curvature

distribution blade design method developed by Hamakhan and Korakiani-

tis [32]. The flow separation instead occurred at lower angle of attacks and

fully developed at higher ones. He concluded that smooth surface-curvature

is necessary to minimise flow separation.

3.4 Potential for improvement on Eppler387

The Eppler387 airfoils in section 3.4 are re-designed by using a programme

of direct surface curvature distribution blade design method developed by

Hamakhan and Korakianitis [32] in order to maximise the aerodynamic ef-

ficiency. The parameters used in the programme are shown in Appendix

5.6. The Eppler387 airfoil problems in surface curvature discontinuities were

shown in the surface pressure distribution in [83].

Figure 42 show the difference in geometry of Eppler387 from a similar ge-

ometry Eppler387 created using direct curvature blade design method. To
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keep the blade chord as x = [0, 1], the leading edge is a slender shape and the

foremost point on the designed Eppler387 is at (x, y) = (0, 0). The trailing

edge on the other hand is designed slightly thicker due to the effect of the

trailing edge circle in the design programme and the aft point is at (x, y) =

(0, 0.000128).

Figure 42: Comparison of blade geometry of Epper387

It can be seen from Figure 43 and Figure 44 showing the surface curvature

of the airfoils that the curvature drawn in the direct blade design programme

is smooth without edges or spikes along the main body but has very sharp

turns around the leading and trailing edges. This is shown in the curvature

calculated from the airfoil coordinates. In addition to those discontinuities of

surface, some fluctuations towards the leading edge from 0.3 on the pressure

side and at 0.5 on the suction side are seen. The sharp peak at 0.3 on the
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pressure side is thought at the point of Ppm where is the junction between

the trailing edge pressure side and the main Bezier pressure side as shown

in section 2.2.1, chapter 2. It was reported by [33] and [35] that the blade

design of the pressure side, especially at Ppm, failed to find an airfoil shape,

hence could not obtain a smooth curvature. Those effects are shown in Figure

5.8 and 5.9 in [33], and Figure 5.2 (a) and (b) in [35].

Figure 43: Curvature distribution of designed Eppler 387 in blade design

programme

Figure 44: Curvature distribution of designed Eppler 387 from coordinates
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Figure 45: Trailing edge of designed Eppler387

It can be seen from the shape of the trailing edge of designed Eppler387

drawn by Gambit in Figure 45 that the curvature of the part is discontinuous

with the slopes connected to the suction and pressure sides of the main body

to the trailing edge circle. The discontinuities are clearly seen in the curvature

diagram that the trailing edge on the both suction and pressure sides creates

edges and draws sharp curvatures. Hence the equation of the trailing edge

region which was discussed in Section 2.2.1 in Chapter 2 does not have equal

second and third derivatives with the trailing edge circle at the points Ps2

and Pp2, x = x(Ps2) and x = x(Pp2). This discontinuity will be able to be

smoothed by decrease in the diameter of the trailing edge circle or/and change

in angle of slope between Ps2 and Psm, bmr in the design programme. This

causes a problem in grid design in Gambit that Gambit cannot accept the

geometry and automatically modifies the trailing edge shape unless the edges

are split at the points.

Computational mesh was done in Fluents mesh tool Gambit. The mesh

consists of 30,100 quadrilateral and triangular mesh faces, of which 330 is

on the airfoil. The mesh quality can be discussed by the examination of

characteristics of mesh such as skewness. For this study, EquiAngle Skew was

tested between 0 and 0.5 whose range is considered as good mesh in quality
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and was 165 elements which are equal to 0.55% of the whole mesh beyond the

range. It is discovered that those meshes are along the trailing edge circle.

Table 7 is the summary of mesh characteristic used in Gambit and Figure 46

shows mesh outlook and quantity over the blade in the C-mesh domain.

Table 7: Mesh characteristics on designed Eppler387

Nodes along airfoil 160 (suction and pressure sides)

Successive, 0.71(suction side),
Node grading and ratio

Successive, 0.755 (pressure side)

Mesh element Quadrilateral and Triangular

Mesh type Map

Mesh quality

(EquiAngle Skew, > 0.5)
165 elements (0.55%)

Reynolds number for the simulations is Re = 1× 105 in turbulent flow and

Mach number is 0.038 (subsonic) with 13 m/s of the wind velocity. A inviscid

flow model was used in Fluent.

It can be seen from the pressure distribution over the designed airfoil in

Figure 47 that small spikes are discovered around the leading edge and on the

pressure side trailing edge. These fluctuations agree with the problems on

the curvature distribution of designed Eppler blade. Similarly the main body

of the airfoil did not illustrate spikes or dips as the curvature distribution

has drawn smooth line. Hence it can be stated that the total pressure is

significantly constant unlike the study of original Eppler387 by Rahman [83]

despite the production of visible dip and fluctuation at leading and trailing

edges. He concluded that original Eppler387 created a boundary layer near

to the wall due to viscosity.

Comparing to the data predicted by the Eppler airfoil design and anal-

ysis code, PROFIL00, which is a code combined with a conformal-mapping
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Figure 46: Mesh around designed Eppler387

method, a panel method and an integral boundary-layer method, from NREL [77],

the designed Eppler387 has a problem that the surface curvature distribution

at LE is noticeable on Cp graph at both angle of attack. The dip decreases

in higher angle of attacks on pressure side while it increases in lower angle of

attacks on suction side shown in Figure 48.
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Figure 47: Pressure distribution of designed Eppler387, a = 0 to 6

Figure 48: Pressure distributions for Eppler387 airfoils at a = 0 degree (inside)

and 4 degrees (outside) [77]

The lift and drag coefficients from Fluent on the designed Eppler387 are

compared at various angles of attack between 0 and 6 degrees with ones on

original blade. The figures in Figure 49 show that the results are much lower

than theoretical values which are 7.81E-03 for lift coefficient and 9.727E-04

for drag coefficient at zero angle of attack [83]. It can also be said that

the lift is not sensitive to small changes in surface pressure as the designed
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Eppler387 has stable lift coefficient over the angle of attacks and the lift-curve

slope sustains the same value as one of the original Eppler387 obtained from

XFOIL. This indicates that the thicker blade does not affect surface condition

to keep the lift coefficient predicted for the original Eppler387. The results

could converge up to 6.5 degree of angle of attack.

Figure 49: Lift and drag coefficients of designed Eppler387 with Fluent
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4 Conclusions

The study of rotor blade aerodynamic performances of wind turbine has

been presented in this thesis. This study was focused on aerodynamic ef-

fects changed by blade surface distribution as well as grid solution along the

airfoil. The details of numerical calculation from Fluent were described to

help predict accurate blade performance for comparison and discussion with

available data.

The direct surface curvature distribution blade design method for two-

dimensional airfoil sections for wind turbine rotors have been discussed with

the attentions to Euler equation, velocity diagram and the factors which af-

fect wind turbine performance and applied to design a blade geometry close

to an existing wind turbine blade, Eppler387, in order to argue that the blade

surface drawn by direct surface curvature distribution blade design method

contributes aerodynamic efficiency.

The pressure distribution of NACA63-215V did not show the spikes that was

seen in the surface curvature distribution. The aerodynamic characteristics

agreed well with experimental data at lower angles of attack in this study. It

can be said therefore that the discontinuities around between 0.7 and 0.8 in

x/c on both sides of the airfoil are so small that the blade performance cannot

be affected to decrease the aerodynamic characteristics by the accurate control

on boundary layer.

Eppler 387 has been designed using direct surface curvature distribution

blade design method. The surface distribution of the designed Eppler matched

the curve of the pressure coefficients. Despite of geometrical issue at some

point over the new airfoil, it was successful in reduction of drag effect and in

keep lift coefficient. From the experimental point of view, there always hap-

pened some issue on the leading edge pressure side, which was also mentioned

by [33] and [35]. The LEPS curvature turned away from an expected line
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or shape at the last point of Bezier curve, which might be caused by the con-

nection between the coordinates of the construction line at LEPS and of the

main Bezier pressure side. It was seen that the trailing edge shape was not

ideal in terms of continuity of the connection between a circle and the trailing

edge pressure side and suction side. This discontinuity occurred in various

size of trailing edge circle and various angle of Psm and Ppm, which angle

the trailing edge suction side and pressure side. It can be concluded that the

fluctuation and spikes of pressure distribution along the designed Eppler will

be minimised by accomplishing those issued mentioned. It will improve the

capability of converged solution at higher angles of attack and provide better

control for aerodynamic characteristics as well as blade desgin.
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5 Appendices

5.1 Mathematical formulation for Weibull distribution

of wind speed [7]

The methods to determine a shape factor, k, and a scale factor, c are shown

in [5].
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5.2 Sample time series data for the average wind power

density with density of 1.225 kg/m3 [8]

82



5.3 Size of specification of common industrial wind tur-

bine [85]
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5.4 Vestas V90-3.0MW

the following date is from [19]
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5.5 Eppler 387

5.5.1 The curvature calculations
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5.5.2 Calculation of Pmech and Cx

The following table shows the calculation of mechanical power and the corre-

sponding the wind speed and rotational speed by expanding the data from [82],

which is very narrow information in the small range of wind speed. The re-

lation between electrical power and mechanical power is as mentioned by

Bak [82] that electrical power is 85% of mechanical power.

Figure 50 shows the slope of mechanical power generated at wind speeds,

obtained from the table above. This graph determines the maximum power

generation of the blade at the operating wind speeds.
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Figure 50: Mechanical power of Eppler387 generated at wind speeds
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5.6 Designed Eppler387

5.6.1 Parameters of designed Eppler387 used in the programme of

direct surface curvature distribution blade design method
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