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Abstract

The basic principle of wind turbine converting wind energy into electricity comes from the lift produced by the air flowing
through the rotor. The shape of rotor blade plays an important role in determining the overall aerodynamic performance of a
horizontal axis wind turbine. In this work, blade is designed for a SKW horizontal axis wind turbine which is already in market.
For designing blade, blade element momentum theory (BEMT) is used and a computer program is developed to automate the
complete procedure. Two NACA airfoils are taken for the comparative calculation of elemental power coefficient and other
parameters such as chord, thickness and twist distribution. The airfoil taken for designing the blade is same from root to tip.
Stresses are maximum at the blade root. In this work, the blade root is thickest portion of the blade and twist is maintained such
that the angle of attack will be maximum at every station of the blade. In the designed blade, the elemental power coefficient is
maximum in transition segment. The present method is useful for predicting the performance of wind turbine blade.
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1. Introduction

The power efficiency of wind energy systems has a high impact in the economic analysis of this kind of renewable energies. The
efficiency in these systems depends on many subsystems: blades, gearbox, electric generator and control. Some factors involved in
blade efficiency are the wind features, like its probabilistic distribution, the mechanical interaction of blade with the electric
generator, and the strategies dealing with pitch and rotational speed control. It is a complex problem involving many factors,
relations and constraints. The increasing awareness of the general public to climate change and global warming has provided
opportunities for wind turbine applications in the UK. The UK claims 40% of the wind energy resources of Europe. Study of
Ackermann, (2002) shows Europe leads the world with 70.3% (23GW peak) of the total operational wind power capacity world
wide. As well as large wind turbines operating in open areas on- and off-shore, more small-scale wind turbines are being installed
and operated by homeowners and small enterprises.

One of the differences between large- and small-scale wind turbines is that small-scale wind turbines are generally located where
the power is required, often within a built environment, rather than where the wind is most favorable. In such location, the wind is
normally weak, turbulent and unstable in terms of direction and speed, because of the presence of buildings and other adjacent
obstructions. To yield a reasonable power output from a small-scale wind turbine located in this turbulent environment, and to
justify such an installation economically, the turbines have to improve their energy capture, particularly at low wind speeds and be
responsive to changes in wind direction. This means that small-scale turbines need to be specifically designed to work effectively
in low and turbulent wind resource areas.

According to Spera, (1994) the Glauert and Wilson methods were mostly used for blade design. The objectives of these methods
were to obtain the maximum power coefficient of each blade section at the design wind speed. Because the time variation
characteristics of wind speed are not taken into account, blades designed by these methods cannot achieve the maximum annual
energy output. Furthermore, design results from these methods must be substantially amended to get smooth chord length and twist
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distributions. Because the amended results already deviate from the design points, effectively controlling design results pose
problems.

A resent study by Maalawi et al, (2001) has indicated that the theoretical optimum distribution of the inflow angle can be
adequately determined from an exact trigonometric function method, which is based on Glauert’s, (1935) optimum condition. The
developed approach eliminated much of the numerical efforts as required by the other iterative procedures, and a unique relation in
the angle of attack was developed, ensuing convergence of the attained solutions. A prototype 3 kW horizontal upwind type wind
turbine generator of 4 m in diameter has been designed by Nagai et al. (2009) and examined under real wind conditions. The
machine was designed based on the concept that even small wind turbines should have a variable pitch control system just as large
wind turbines, especially in Japan where typhoons occur at least once a year. A characteristic of the machine is the use of a worm
and gear system with a stepping motor installed in the center of the hub, and the rotational main shaft. The machine is constructed
with no mechanical breaking system so as to avoid damage from strong wind. In a storm, the wind turbine is slowed down by
adjusting the pitch angle and the maximum electrical load. Usually, the machine is controlled at several stages depending on the
rotational speed of the blades. Two control methods have been applied: the variable pitch angle, and regulation of the generator
field current. The characteristics of the generator under each rotational speed and field current are first investigated in the
laboratory. This paper describes the performances of the wind turbine in terms of the functions of wind turbine rotational speed,
generated outputs, and its stability for wind speed changes. The expected performances of the machine have been confirmed under
real wind conditions and compared with numerical simulation results. The wind turbine showed a power coefficient of 0.257 under
the average wind speed of 7.3 m/s.

An optimization model presented by Liu et al. (2007) for horizontal axis wind turbine. The model refers to the wind speed
distribution function on the specific wind site, with an objective to satisfy the maximum annual energy output. To speedup the
research process and guarantee a global optimal result, the extended compact genetic algorithm (ECGA) is used to carry out the
search process. Compared with simple genetic algorithm, ECGA runs much faster and can get more accurate results with a much
smaller population size and fewer function evaluations. Using the developed optimization program, blades of 1.3 MW stall
regulated wind turbine are designed. Compared with the existing blades, the designed blades have obviously better acrodynamic
performance. The design and selection procedure of airfoil sections for small wind turbine blades is discussed and implemented by
Habali, (1995). It is found that for blades up to 5 m. long, two different airfoils mixed at the outer third of the span will be
sufficient and have demonstrated good strength and aerodynamic characteristics.

A mathematical model for fluid dynamics wind turbine design by Lanzafame et al., (2007) (based on blade element momentum
theory) has been implemented and improved. The mathematical simulations have been compared with experimental data found in
literature. The simulation was performed for the whole wind velocity range, in on-design and off-design conditions. Several
simulations were performed in order to maximize the agreement between the simulated and experimental data. Particular attention
was paid to the tangential induction factor and to the models for the representation of the lift and drag coefficients.

Several researchers have contributed to the insight into rotor design. Snel (1998, 2003) describe wind turbine aerodynamics in
general and gives an overview of the available methods to compute the aerodynamic rotor performance. Fuglsang, (2002)
describes the methods needed in the rotor design process in terms of a guideline and Tangler, (2000) gives a short historical
overview of the rotor design investigations. Also, aerodynamic optimization of rotors is described by Fuglsang, (1999) Giguere,
(2000) Nygaard, (1999) respectively. Details in rotor design to increase the power efficiency have been investigated by several
researchers; Johansen and Madsen (2007) investigated especially the root part of rotors and found that a new root design of the
rotors did not increase the power performance significantly. However, the interaction between different parameters in the rotor
design, such as Tip- Speed-Ratio, Reynolds number etc. still needs to be investigated simultaneously when addressing design of
rotors with maximum power performance.

This paper focuses on performance investigation of wind turbine blade for a SKW HAWT. This work is carried out on a
commercial available wind turbine manufactured by Qingdao Sea.Silkroad Int'l Co.Ltd. all through this work, the lift coefficient is
taken as 1.1 which is constant throughout the blade . The lift and drag coefficients are taken from Abbott, (1958). These values are
taken for Reynolds number 3 X 10°. Under this investigation, two airfoils are taken, namely, the four digits and the five digit
airfoil. The blade is divided into ten elements and power coefficient is calculated for each element with the help of a computer
program. Chord and thickness of the blade is maximum at the root because of stresses and the twist is maximum near the root.
Figure 1 shows the complete process of the work.

2. Specification and Airfoil Properties
2.1 Specifications

Table 1: The specification of wind turbine taken, are made by Qingdao Sea.Silkroad Int'l Co.Ltd.
The capacity of this turbine is SKW.

Model HY-5KW

Rated power(kw) 5

Maximum power(kw) 5.4
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Table 1 (cont’d): The specification of wind turbine taken, are made by Qingdao Sea.Silkroad Int'l Co.Ltd.
The capacity of this turbine is SKW.

Rotor Diameter 5.6

Rated voltage(V) DC240V/AC220

Rated wind speed(m/s) 11

Starting Wind speed(m/s) 3

Working wind speed(m/s) 4-25

Survived wind speed(m/s) 50

Blades materials Fiberglass-reinforced plastics
Rated rotate speed(r/min) 240

Speed regulation method Yawing & Electromagnetic brake
Generator style 3-phase AC PM

Tower height(m) 6

Stop method By hand

main machine weight(kg) 340

Guyed tower weight(kg) 350

Free standing tower weight(kg) 360
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2.2 Airfoil Properties

In this work, two airfoils are taken, one of them is four digit and the other is five digit airfoil. Theory of wing section by Abbott,
(1958) is used for taking the properties of airfoils. The selection of airfoil is very important point in designing an efficient rotor.
Grifith, (1977) showed that the output power is greatly affected by the airfoil lift-to-drag ratio, while Hassanein, (2000)
recommended that the airfoil be selected according to its location along the blade to ensure its highest contribution to the overall
performance. The numbering system for NACA wing sections of the four-digit series is based on the section geometry. The first
integer indicates the maximum value of the mean-line ordinate y. in per cent of the chord. The second integer indicates the
distance from the leading edge to the location of the maximum camber in tenths of the chord. The last two integers indicate the
section thickness in per cent of the chord. Thus the NACA 4412 wing section has 4 per cent camber at 0.4 of the chord from the
leading edge and is 12 per cent thick. The numbering system for wing sections of the NACA five-digit (64;-218) series is based on
a combination of theoretical aerodynamic characteristics and geometric characteristics. The first integer indicates the amount of
camber in terms of the relative magnitude of the design lift coefficient; the design lift coefficient in tenths is thus three-halves of
the first integer. The second and third integers together indicate the distance from the leading edge to the location of the maximum
camber; this distance in per cent of the chord is one-half the number represented by these integers. The last two integers indicate
the section thickness in per cent of the chord.

3. The Blade Element — Momentum (BEM) Theory

The basic assumption in blade element momentum theory is that the force of the blade element is solely responsible for the
change of momentum in the air which passes through the annulus swept by the blade element. It is therefore to be assumed that
there is no radial interaction between the flows through contiguous annuli — a condition that is strictly only true if the axial flow
induction factor does not vary radially. In practice, the axial flow induction factor is seldom uniform but experimental examination
of flow through propeller disk by lock (1924) shows that the assumption of the radial independence is acceptable. The component
of aerodynamic force on N blade elements resolved in the axial direction is

. 1 .
5Lcos¢+§Dsm¢=5,0W2NC(CLcos¢+Cd sin @)or )]
The rate of change of axial momentum of the air passing through the swept annulus is
pV,(1-a)2zrér2aV, = 4zpV,a(l-a)rsr (2)
The drop in wake pressure caused by wake rotation is equal to the increase in dynamic head, which is
1
5P (2aQr)?

Therefore, the additional axial force on the annulus is

%p(2a'Qr)227ﬂ5r

Thus,
1 .
E'DW *Nc(C, cos ¢+ C, sing)or = 4mp[VSa(l—a)+(a'Qr)’ror
Simplifying,
W? ¢ . L
V3 N E(C' cosg+C,sing)=8x(a(l-a)+(a'Au)" )u 3)
0
The element of axial rotor torque caused by aerodynamic forces on the blade elements is
. 1 .
(oLsing—oDcosg)r = E,DWZNC(CI sing—C, cos@)ror 4)
The rate of change of angular momentum of the air passing through the annulus is
pV,(1-2)Qr2a'r2zrsr = 4zpV,(Qr)a'(1-a)yr’sr (5)
Equating the two moments
1 .
E'OW *Nc(C, sing—C, cos@)ror = 4zpV,(Qrya'(l1-a)r’sr (6)

Simplifying,
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2
\\’/LZ N %(c, sin ¢ —C, cos @) =87 a'(1-a) (7)
0

Where the parameter
r
H==
R
It is convenient to put
C, =C, cos¢g+C,sing
And
C, =C,;sing-C, cos¢

Solving Eqns. (3) and (7) to obtain values for the flow induction factors & and &' using two-dimensional aerofoil
characteristics requires an iterative process. The following equations, derived from Eqs. (3) and (7), are convenient in which the
right-hand sides are evaluated using existing values of the flow induction factors yielding simple equations for the next iteration of
the flow induction factors.

a o, o
2 __ % % ¢ 8
1-a 4sin2¢{ * 4sin’ ¢ y} ®)
a' 0,C,

. (9)

1+a' 4singcosg
Blade solidity O is defined as total blade area divided by the rotor disc area and is a primary parameter in determining rotor
performance. Chord solidity O, is defined as the total blade chord length at a given radius divided by the circumferential length at

that radius.
o, = - e (10)
2zr  2muR

It is argued by Wilson and Lissaman (1974) that the drag coefficient should not be included in Egs. (8) and (9) because the
velocity deficit caused by drag is confined to the narrow wake which flows from the trailing edge of the aerofoil. Furthermore,
Wilson and Lissaman reason, the drag-based velocity deficit is only a feature of the wake and does not contribute to the velocity
deficit upstream of the rotor disc. The basis of the argument for excluding drag in the determination of the flow induction factors is
that, for attached flow, drag is caused only by skin friction and does not affect the pressure drop across the rotor. Clearly, in stalled
flow the drag is overwhelmingly caused by pressure. In attached flow it has been shown by Young and Squire (1938) that the
modification to the inviscid pressure distribution around an aerofoil caused by the boundary layer has an affect both on lift and
drag. The ratio of pressure drag to total drag at zero angle of attack is approximately the same as the thickness to chord ratio of the
aerofoil and increases as the angle of attack increases.

One last point about the BEM theory: the theory is strictly only applicable if the blades have uniform circulation, i.e., if a is
uniform. For non-uniform circulation there is a radial interaction and exchange of momentum between flows through adjacent
elemental annular rings. It cannot be stated that the only axial force acting on the flow through a given annular ring is that due to
the pressure drop across the disc. However, in practice, it appears that the error involved in relaxing the above constraint is small
for tip speed ratios greater than 3.

The complete procedure can be written as:

(i) Guess @and a'(a=a'=0 is acceptable to start Hau (2006));
(i) Calculate ¢ form

R 1-a
taw:(RJ[HaJ

(iii) Calculate ¢ from o =@ — [ ;

(iv) Calculate C, and C, from graph and table;
(v) Calculate CX and Cy from
C,=C,cosg+C,sing
C, =C,;sing—-C, cosg
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(vi) Calculate afrom
a _ (o (o 2
1-a 4sin2¢{ X_4sin2¢ y}
(vii)Calculate @'from
a' O'rCy

I1+a' - 4sin ¢cos @

(viii)  Calculate Cpfrom
_ 2
C,=4a(l-a)
(ix) Go to step (ii)

These equations are solved iteratively because of the dependency between a,a',C,,C, ,4ando .

4, Results and Discussion

In this work, the blade is divided into ten elements and all parameters such as chord, thickness, twist and power coefficient are
calculated on these elements.

4.1 Chord and Thickness Distribution

A chord direction is perpendicular to the span direction and lies in the plane extending through the leading edge and the trailing
edge. A shoulder is the point where chord is maximum and it is minimum at the tip of the blade. Stresses are maximum at the
blade root so that the blade root is the thickest portion of the blade. The thickness distribution is calculated in terms of the chord
where the total thickness of the blade at any station will be a percentage of the chord length at that station. Figure 2 shows the
chord distribution for four and five digit airfoils. Figure 3 and Figure 4 show the thickness distribution. Both chord and thickness
are reducing from root to tip. The chord is calculated on the concept used by Ryu (2004).
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Figure 2: Chord distribution for four (NACA 4412) and five digit (NACA64;-218) airfoil
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Figure 3: Thickness distribution for four digit (NACA 4412) airfoil
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Figure 4: Thickness distribution for four digit (NACA 4412) airfoil

4.2 Twist Distribution

The twist of a wind turbine blade is defined in terms of the chord line. It is a synonym for the pitch angle. However, the twist
defines the pitch settings at each station along the blade according to the local flow conditions. The pitch angle (B) is large near the
root (where local speeds are low), and small at the tip (where local speeds are high). The apparent wind angle changes along the
blade due to the increase in blade speed with increasing distance outboard. Hence, to maintain optimum angle of attack of the
blade section to the wind, it must be twisted along its length. In this work, the twist distribution is maintained such that the lift
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coefficient will be maximum at every station Hau (2006). Figure 5 and Figure 6 give the twist distribution for four and five digit
airfoils. The twist distributions are calculated for different tip speed ratios.
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Figure 5: Twist distribution for four digit (NACA 4412) airfoil
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Figure 6: Twist distribution for five (NACA645-218) digit airfoil
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4.3 Power Coefficient

In this paper, elemental power coefficient is calculated at elements of the blade based on blade element momentum theory. The
lift coefficient is constant throughout the blade for both airfoils. The ratio of C,/C, is 108.91 for four digit airfoil and 71.9 for five
digit airfoil respectively. The Figure 7 and Figure 8 show the elemental power coefficient for four and five digit airfoils
respectively at four different tip speed ratios based on blade element momentum theory given in Hau, (2006).
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Figure 7: Elemental power coefficient for four digit (NACA 4412) airfoil
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Figure 8: Elemental power coefficient for five digit (NACA645-218) airfoil
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5. Conclusion

This paper presents the investigation of blade performance for a 5 KW horizontal axis wind turbine based on blade element
momentum theory. The most difficult issues for the BEM theory are: mathematical representation of the correct lift and drag
coefficient values and correct evaluation of the axial and tangential induction factors. The blades having constant lift to drag ratio
corresponding to all elements are investigated. Two NACA airfoils are taken in this work (the four digit one and the five digit
one). For the selected airfoils and the blade number, the chord, thickness and twist decrease as we move from root to tip. At the
blade root, chord and thickness attain their maximum values. Twist is maintained in such a manner that the angle of attack gives
the maximum lift coefficient. Chord distribution is same for both airfoils at all tip speed ratios. Twist distribution is different in
both airfoils at different tip speed ratios. The value of elemental power coefficient is maximum for elements where 1/R varies from
0.3 to 0.6. The nature of the flow pattern around an aerofoil is determined by the Reynolds number and this significantly affects
the values of the lift and drag coefficients. The power coefficient of a rotor varies with the tip speed ratio (the ratio of rotor tip
speed to free wind speed) and is only a maximum for a unique tip speed ratio. The maximum power coefficient that can be
achieved in the presence of drag is significantly less than the Betz limit at all tip speed ratios. Drag reduces the power coefficient at
high tip speed ratios. Structural and CFD analysis of the designed blade can also be done.

Nomenclature

Axial interference factor

Rotational interference factor

Number of blades

Chord

Radius of blade element or point on blade

Blade tip radius

Wind velocity relative to a point on rotating blade
Section lift coefficient

D QD

O=Sxu-~ °w

0

Section drag coefficient

@)

=

Coefficient of sectional blade element force normal to the rotor plane

@)

<

Coefficient of sectional blade element force parallel to the rotor plane

@)

©

Power coefficient

Air density

Rotor solidity

Rotational speed of rotor

Tip speed ratio

Blade segment angle of attack

Angle of blade chord with rotor plane
Angle of relative wind from rotor plane
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