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Abstract:

This work is based on theoretical mathematical model of aerodynamic forces
acting on the blades of horizontal axis wind turbine and influence of different
parameters on power efficiency and energy production has been investigated. It has
been chosen an profile airfoil type NACA 2410 with different parameters (number of
turbine blades (2-5), tip speed ratio (4-20) and ratio of coefficient forces (25-100)).
Evaluation these parameters by using iterative solution and obtained a good results for
turbine efficiency (0.45-0.51) when the number of blade is (3) and local tip speed ratio
(5-7) with coefficient force (100) for chosen profile airfoil.
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Nomenclatur:

Symbols Definition

G Power coefficient of wind turbine rotor

P Power output from wind turbine rotor (W)
Vo Free stream velocity of wind (m/sec)

Vil Relative wind velocity (m/sec)

A Area of wind turbine rotor (mz)

R Radius of wind turbine rotor (m)

r Radial coordinate at rotor plane

T Rotor thrust (N)

Q Rotor torque (N.m)

D Drag force on an annular blade element (N)
L Lift force on an annular blade element (N)
Co Drag coefficient of an airfoil
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Lift coefficient of an airfoil

Number of blade of a rotor

Number of blade element

Axial induction factor at rotor plane

Rotational or tangential induction factor

(TSR) Tip-speed ratio of rotor

Angular velocity of wind turbine rotor (rad/sec)
Angle of attack (degree)
Pitch angle (degree)

Angle of relative wind velocity with rotor plane (degree)
Solidity ratio
Constant ratio

Air density (Kg/m®)p
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Introduction

A wind turbine is a device for extracting kinetic energy from the wind. By removing
some of its kinetic energy the wind must slow down but only that mass of air which passes
through the rotor disc is affected. Assuming that the affected mass of air remains separate
from the air which does not pass through the rotor disc and does not slow down a boundary
surface can be drawn containing the affected air mass and this boundary can be extended
upstream as well as downstream forming a long stream-tube of circular cross section. No air
flows across the boundary and so the mass flow rate of the air flowing along the stream-tube
will be the same for all stream-wise positions along the stream-tube. Because the air within
the stream-tube slows down, but does not become compressed, the cross-sectional area of the
stream-tube must expand to accommodate the slower moving air (Figure 1.1).

Figure 1.1 The Energy Extracting Stream-tube of a Wind Turbine

Although kinetic energy is extracted from the airflow, a sudden step change in velocity
is neither possible nor desirable because of the enormous accelerations and forces this would
require. Pressure energy can be extracted in a step-like manner, however, and all wind
turbines, whatever their design, operate in this way. The presence of the turbine causes the
approaching air, upstream, gradually to slow down such that when the air arrives at the rotor
disc its velocity is already lower than the free-stream wind speed. The stream-tube expands as
a result of the slowing down and, because no work has yet been done on, or by, the air its
static pressure rises to absorb the decrease in kinetic energy. As the air passes through the
rotor disc, by design, there is a drop in static pressure such that, on leaving, the air is below
the atmospheric pressure level. The air then proceeds downstream with reduced speed and
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static pressure — this region [1,2]

of the flow is called the wake. Eventually, far downstream, the static pressure in the wake
must return to the atmospheric level for equilibrium to be achieved. The rise in static pressure
is at the expense of the kinetic energy and so causes a further slowing down of the wind.
Thus, between the far upstream and far wake conditions, no change in static pressure exists
but there is a reduction in kinetic energy.

Several researchers have contributed to the insight into rotor design. Snel [1] describes
wind turbine aerodynamics in general and gives an overview of the available methods to
compute the aerodynamic rotor performance. Fuglsang [2] describes the methods needed in
the rotor design process in terms of a guideline. Also, aerodynamic optimization of rotors are
described by Fuglsang and Madsen [3].

In Fig.(1.2). The wind passes over both surfaces of the airfoil shaped are produced by air
flow rapidly over the longer (upper) side of the airfoil, creating a lower- pressure area above
the airfoil. The pressure different between top and bottom surfaces results in a force, called
aerodynamic lift. In an aircraft wing, this forces causes the airfoil to "rise", lifting the aircraft
off the ground. Since the blades of a wind turbine are constrained to move in a plane with the
hub as its center, the lift force causes rotation about the hub. In addition to lift force, a "drag"
force perpendicular to the lift force impedes rotor rotation. A prime objective in wind turbine
design is for the blade to have a relatively high lift-to drag ratio. Lift based designs can
usually output much more power more efficiently. This ratio can be varied along the length of
the blade to optimize the turbine’s energy output at various wind speeds[5,6].

faster airflow,
low pressure
angle of e

stack — _:i:ff#’ e P, T

i — i T it e ,_:_ ‘-\_"‘-\-‘_I_‘_“__"‘-ll-
& e S - .

relative wind e ey

T - —— e R 5

velocity . —— e e
— B . S B )
v B e
— B —
slower airflow, it =W
high pressure

Figure (1.2) The air moving over the aerofoil [4].

Aerodynamic forces analyzing method:

Many similarities exist between wind rotor aerodynamics, and aero plane wing
aerodynamics. In fact, the same two-dimensional air foil theory is applied to both, except that
the rotational effects of the flow accounted for when considering a wind rotor. This section
illustrates two of the fundamental concepts in rotor aerodynamics-one-dimensional
momentum theory and blade element momentum theory this theories has wide application in
wind turbine design [6,7].

Wind turbine aerodynamic analysis is mainly concerned with the prediction of rotor loads
and power output. This analysis is one of the first and most critical steps in designing rotors
and has, consequently, received a great deal of attention from a number of researchers.



Method of analyzing the behavior of blades due to their motion through air shown in Fig.
(2.1), for this analysis , it is assumed that the blade is divided into S sections or elements and
aerodynamic force acting on each blade element can be estimated as the force on suitable
airfoil characteristics of the same cross-section adopted for the blade elements. Finally
assuming that the behavior of each element is not affected by the adjacent elements of the
same blade, the force on the whole blade can be derived by adding the contributions of all the
elements along the blade [8,9].

Figure (2.1) Schematic of blade elements.

A diagram showing the developed blade element at radius r and the velocities and
forces acting on this element is given in Fig. (2.2) . The relative wind velocity V. is the
vector sum of the wind velocity at the rotor V,, (1-a) (the vector sum of the free-stream wind
velocity, V., and the induced axial velocity (-aV, ) and the wind velocity due to rotation of
the blade. And this rotational component is the vector sum of the blade section velocity, Qr
and the induced angular velocity aQr. Hence the relative wind velocity will be as shown on
the velocity diagram in Fig.2.2. The minus sign in the term V(1-a) is due to the
retardation of flow while the air approaching the rotor and the plus sign in the term Qr (1+4)
as shown in Fig.2.2 is due to the flow of the air in the reverse direction of the blade rotation
after air particles hit the blades and so give torque.

In the mean time let the existence of the axial and tangential induction factors assumed,
their evaluation will be given in the subsequent section.

Blade rotation plane

Chord line

Figure (2.2) Blade Geometry for analysis of a HAW.

Blade element method relies on two key assumptions:
- There is no aerodynamic interaction between different blade elements
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- The forces on the blade elements are solely determined by the lift and drag

coefficients

In Figure (2,2) the airfoil profile at a cross-section of a wind turbine blade is displayed Vi is
the wind speed relative to the airfoil at a flow angle ¢ .Using the above Figure, it is possible
to derive an expression for Vi for substitution into equations (2.3) and (2.4) .

V,(-a)
) @D

In Figure (2.2) it is possible to note the relation between the induced velocity and the
components of the wind speed. V, is the relative velocity seen by the airfoil. This is a
combination of the axial velocity and tangential velocity. The equation to estimate the
flow angle is derived directly from Figure (2.2)

V,(I-a)  (1-a)

= ; (2.2)
Qr(l+a’) (+a'")A

tan (@)=

Lifting force L is perpendicular to V. and the drag force D is parallel. With the orientation
and magnitude of the oncoming wind vector know, the coefficients of lift C; and drag Cp can
be calculated according to standard two-dimensional aerodynamic theory.

1

D=C,> o, Cdr (2.3)
1

L=C, > pV, Cdr (2.4)

The lift and drag forces are projected onto the normal and tangential directions of the rotor
plan to construct the normal and tangential components of the resultant aerodynamic forces

dT = Lcos@p+ Dsing (2.5
dL=Lsin@p—Dcos¢p (2.6)

If the rotor has N number of blades, the total normal and tangential force on the element at
a distance (r) by rearranging equation and with the use of equation 2.5 and 2.6 with the use of
equation 2.1,2.3,2.4;

dT:N% V.. > (C, cosp+C,, sinp)Cdr (2.7)

1

dL :NE,DV,_G,2 (C,sinp—-C,, cos@)Cdr (2.8)

The elemental torque due to the tangential forces, (dL) operating at a distance (r) from the
center is given by; [10].

dQ=rdL (2.9)



Hence the elemental torque by inserting equation 2.8 into equations 3.9.
a’Q=N%er€,2 (C,sinp—C,, cose)Crdr (2.10)

And by defining solidity ratio, Z, [8] as following;

7 NC
211 r

2.11)

And inserting equations (2.11 & 2.12) into (2.7 & 2.10) the general form of elemental
thrust and torque equations become;

v, (1-a) .
dT =711 p—————(C, cosp—C sin ) rdr (2.12)
sin” @
2 2
1—
a’Q=ZHpM(CL sing —C, cos@) r’dr (2.13)
sin” @

Thus, from blade element method, two equations (2.12 , 2.13) have been obtained.

They define the normal force (thrust) and the tangential force (torque) on an annular rotor
section as a function of the flow angles at the blades and aerofoil characteristics , the solution
of these equations depends on practical measures the lift and drag forces of blades in wind
tunnel under non-rotating conditions with wind speed changes [13], so the determine the
complete performance characteristic of rotor, the manner in which the power coefficient
varies over a wind range of tip speed ratio , requires the iterative solution .

Power Output

The elemental power from each element was defined in equation
dP=QdQ (3.1)

And the total power from the rotor is;
R R
P=_[dP=_[QdQ (3.2)
0 0

The ratio between power from rotor (Poor) and power from wind (Pying) called Power
coefficient C,

R
. [odo
=7 =T
—pV.>4 —pV. TIR?
PV PV

(3.3)



The rotor power coefficient is very important design factor, the maximum theoretical
power that can extracted from the wind according to Beltz, only 59% of the wind power [9].

Calculation power coefficient depends on measures the lift and drag behaviors of aerofoil
in wind tunnel under non-rotating conditions [13], so, the maximum achievable power
coefficient for turbines with an optimum blade shape with finit number of blade and
aerodynamic drag is given by an empirical formula [14,15] developed from experimental,
data as follows:
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Where;
G =25-100
Cp
N=1-5
A =%=4—2OTSR=
V,
The total power output:
P=0.5pV,’ IIR’C, (3.5)

The calculation of power coefficient and power for wind turbine developed by a rotor
requires a knowledge of the flow induction factors. The solution is usually carried out
iteratively because the two-dimensional airfoil characteristics are non-linear functions of the
angle of attack. To calculation the performance characteristic of a rotor, the manner in which
the power coefficient varies over a wide range of tip speed ratio, requires the iterative
solution. The iterative procedure is to assume (a) and ( a’ ) to be zero initially, determining ¢
, Cp on that basis, and from characteristic airfoil NACA 2410 the lift force coefficient =0.8 at
angle of attack= 6deg.,and then to calculate new values of the flow factors. The iteration is
repeated until convergence is achieved. The equation (3.4) also is used to determining Cp
with different parameters.

Results and Discussion :

- Figure(4-1) shows the effect of the ratio lifting /drag coefficients forces on turbine
efficiency with different tip speed ratio at blade number =3, the first point mention is that the
maximum value of Cp is 0.51 achieved at the tip speed ratio of 6.5 while Cp /Cp =100 . And
another side the maximum value of Cp is 0.42 achieved at the tip speed ratio =5 while Ci,
/Cp= 25, which is much less than the Betz limit 0.593. The decreasing is caused, in this cause,
by drag and tip losses but the stall also reduces the Cp at low values of tip speed ratio. Also in
this figure it mention is that the local speed ratio should be between 5 and 7 for air foil NACA
2410 with maximum Cp /Cp between 25 and 100, respectively, to obtain maximum local Cp



- In figure (4.2) shows the effect of different number of blade 2,3,5 on turbine coefficient Cp
and showed that with the assumption of constant maximum C;/Cp =100 alone the entire blade
, the point mention is that the maximum value of Cp is between 0.47 - 0.52 depending on the
number of blade turbine . this figure mention is that the maximum value of Cp for the
different number of blade approximately convergence, so for a design the wind turbine with
three blade is a suitable for a good stability and a little noise at working.

- The investigation of Power from rotors the figure (4.3, 4.4) showed that with assumption
of constant blade number is 3, tip speed ratio is 7 and turbine coefficient Cp with different
radius rotor of turbine between Im to 30m and wind velocity varied from 3m/s to 15m/s. The
obtained results of power from rotors varied from 0.015Kw to 174.629Kw at Cp=0.30, while
at Cp=0.55 the power from rotor is 0.028Kw to 3201.538Kw. Different range results
depending on the airfoil performance and wind velocity.

- In figure (4.5, 4.6) showed that the generator speed and generator torque increasing
Linearly and exponential respectively at designing tip speed ratio 6 and Cp=0.5. The
principal use of this curve is for torque assessment purposes when the rotor is connected to a
gear box and generator. For modern high-speed turbines for electricity generation as low a
torque as possible is desirable in order to reduce gearbox costs.

Conclusion:

- In this work the influence of aerodynamic performance for airfoil NACA 2410 on the
important design factor for power efficiency, Cp, The work was divided into an analysis of
2D airfoils/blade sections and of entire rotors. In the analysis of the 2D airfoils it was seen
that there was a maximum of the local Cp for airfoils with CL/Cp values. The local speed
ratio should be between 5 and 7 for airfoils with CL/Cp between 25 and 100, respectively, to
obtain maximum local Cp.

- The investigation of Cp for rotors was made with three blades and showed that with the
assumption of constant maximum C;/Cp along the entire blade, the good design tip speed
ratio changed from 5 to =7 for C{/Cp = 25,100, respectively, with corresponding values of
Cp=0.46 and Cp=0.525. It also showed that the design tip speed ratio and Cp are very
dependent on airfoil performance and rotor size.

- Wind turbine must thus be designed to operate at their optimal wind tip speed ratio in
order to extract as much power as possible from the wind and also, if the tip speed ratio is too
high, the turbine will rotate very fast through turbulent air, and the power will not be only
optimally extracted from the wind, but the turbine will be highly stressed at the risk of
catastrophic failure.

Recommendations

From this work we can recommend to develop the better profile airfoil for turbine blade
by using application nanotechnology to increasing power coefficient.



Table (4.1) Power Coefficient — Tip Speed Ratio Performance by using empirical formula Eq.(3.4)

TSR Cp Cp Cp
Tip at C/Cp=25 | at C/Cp=100 at C./Cp=100
speed N=3 N=3 N=5
ratio
3 0.420 0.470 0.4%90
5 0.415 0.500 0.510
10 0.325 0.490 0.500
15 0.220 0.480 0.490
20 0.120 0.440 0.450

Table (4.2) output power (watt) with different wind velocity and radius of blade at C,=0.3
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Table (4.3) output power (watt) with different wind velocity and radius of blade at C,=0.55

Tip speed ratio

V Y (<] ' Yo
R m/s m/s m/s m/s
) YA, €Y YYY,ANT YOV, 9AY Yoov,YV1
Y Yo,V YYAS,A GEAT, YT ¥Y.«Vo,Y)
[ YYy,o) yyav,vi Yivo.,\Y AANAYY,V
A\l Y/\io,/\ H‘\\/D,T \hoihn,v T’OO\/""\yi
Y. YVYTAY,Y OYVeo,Y YY),V Y¢YYd.0,4
Yo Youyy,y YYAoVo,¢ AEAT YA Y« YOTFA, A
0.6
B at N=3
05 c,
- ---=100
B c.
§ 0.4:—
T osF
8 :
§ 0.2; c,
B =25
B <
01
B 1 . . 1 .
5 10 15 20 25




Figure (4.1) Effect of lift/drag ratio on coefficient performance of an Optimum three-bladed wind
turbine.
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Figure (4.2) Effect number of blades on coefficient performance at constant Lift/drag ratio coefficient.
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Figure (4.3) Effect radius rotor of blades on power performance with coefficient ower= 0.3.
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Figure (4.4) Effect radius rotor of blades on power performance with coefficient power =0.55.
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