ER]

Engineering Research Journal
Faculty of Engineering
Minoufiya University

INFLUENCE OF A TRAILING EDGE FLAP ON A VERTICAL
AXIS WIND TURBINE PERFORMANCE

G.A.Z.Mousa, A. Abd Elmotalip, GamaH. Moustafa
Faculty of Engineering, Suez Canal University

ABSTRACT

The present research was carried out to summémézeftect of an attached flap at the trailing edge

on a vertical axis wind turbine performance. Twodels were tested in a wide range of initial

flow velocity and blade pitch angles. The first mbHas two blades, and in the second model four

blades were used. The pitch angle was varied frohtdl 6. The torque and power coefficients

were measured. A comparison with data obtained tivi#ghmodel without flaps is given. It is found

that the torque and power coefficients increash itreasing the pitch angle up to °4fmd then

decrease at the a higher value of the pitch arfidie. attached flap reduces the flow separation,

enhances lift, captures more wind energy, incretigesotor speed and hence increases the torque

and power coefficients. The flap at a position {/©.75 for the rotor has a pitch angle of 45

gives an optimum value of the power and torquefamefts compared to the other values of L/C

. At these conditions, an improvement of 7.14 %dkieved (for the rotor has two blades), and of

12.7 % (for the rotor has four blades) compareithéorotor without flaps.
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1. INTRODUCTION types. Hence, further study of the vertical axisdvi
The power of wind has been used for a long time turbines is needed.
to generate electricity. Today, wind turbines péay In fact, the utilization of wind energy may be a

increasingly important role in meeting the eledtyic  attractive alternative in places where fuel is wally
needs. They currently produce over three billion expensive and wind regimes are particularly
kilowatt-hours of electricity annually which is favorable. These conditions are likely to occur in
enough to meet the needs of over one million peopleplaces which are geographically removed and have
Igbal (2003). The production of energy is one @& th week, autonomous power systems. Gavanidou et al.
most far-reaching of human activities in termstef i  (1992) studied a probabilistic method for predigtin
environmental impacts. Wind energy and other the performance of autonomous wind-diesel energy
renewable energy sources, such as solar andystems based on statistical data of the systeth loa
geothermal energy; offer the prospect of producing and the wind speed and obtained the optimum wind
large amounts of electricity with greatly reduced penetration to an already existing diesel system.
effects on the environment. Wind turbine operating experience has shown that
The vertical axis wind turbines are used widely CUrrent analysis techniques are inadequate wheh use
in small-scale applications of wind energy !0 predict peak power and loads on a fixed pitatdwi
conversion systems. This is due to the smaller turbine. Pitch controlled wind turbines regulateith
support structure, low cost, less noise, wind dioec ~ Peak power by reducing pitch angle, which reduces
independency, and good starting torque performancethe average aerodynamic loading (Butterfield et al.
(Fuisawa and Gotoh, 1994). However, the 1992).
aerodynamic performance is less efficient compared Many wind turbine sites have restrictions on
with the other types of wind turbine such as prigpel rotor diameter in one form or another. In thoseesas
the only way the power production which can be
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optimized at any specific wind velocity is through Yahya (1983). Two turbine rotors were designed and
maximizing the power coefficient of the wind tested at various blade pitch angles. The firsbrrot
turbine. To that end, flaps can be used, sinceethes has two blades, and in the second model four blades
can improve the power production without increasing were used, Fig.(2). The dimensions of radius and
the projected rotor area. The viscous flow and height of the rotor are 150 mm and 200 mm,
dynamic stall effects on vertical axis wind turline respectively. The pitch angle was chosen &s 3,
were studied by Allet and Paraschivoiu(1995). 45°, and 60. Flaps of the same Joukowski profile
Numerical predictions of wind turbine power and have a chord length of 20 mm were attached to the
aerodynamic loads for the horizontal axis wind trailing edge of the rotor blades. The flap wasted
turbine were studied by Duque, et. al. (2000). A at approximately 3 mm down of the trailing edge and
numerical method for performance predictions of made 8 from the blade axis in the clockwise
wind turbines immersed into stable, neutral or direction, Fig.(3). The blades and flaps were
unstable atmospheric boundary layer was describednanufactured on a milling machine with a fly cutter

by Alinot and Masson, (2002). Abd Elmotalip
(2005) studied the effect of an extended curvedvan
on the power coefficient of four-bladed verticaisax
wind turbine. An improvement in the maximum
power coefficient by about 9.2 % which occurs at a
blade pitch angle= 45is found. Gaunaa, and . .
Johansen (2007) showed that winglets could be usec — ; Wind Turbine
successfully to increase the power coefficient. The
positive effect of winglets on the power productisn
due to a reduction of tip losses. A straight bthde P~
vertical axis wind turbine (S-VAWT) with a directed C“ ) M - aiad
guide vane row was studied by Takao, et al. (2008). — WY

The power coefficient was approximately 1.5 times
higher than that of the S-VAWT without guide vanes. rsponets]

It is known that the mechanical power output of a
simple rotor depends on the wind speed and the i
effective area of the rotor. The power coefficiémt
simple wind rotors has a theoretical upper limit at
0.593, that is known as the Betz limit. Some design
of wind rotors have peak power coefficients close t  Fig 1 Schematic layout of experimental apparatus
0.5. However, the peak power coefficient of common
wind rotors is in the range of 0.2 to 0.4, Katz and
Plotkin (2006). The present study aims to describe
the effect of an attached flap to the trailing edge
the torque and power coefficients. The effect & th
blade pitch angle as well as the initial wind speaed
the captured energy is considered.
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|
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2. EXPERIMENTAL TEST RIG AND PROCEDURE

Experiments were done on the vertical axis wind

turbine, Fig.(1). An open jet type wind tunnel has
300 mmx 300 mm cross sectional area was used to
rotate the wind turbine. Two centrifugal air blower
were used to provide the required air flow ratee Th Lower disk
available maximum flow rate was 58min. An AC
Toshiba inverter was used to change the initialdwin
velocity, which ranges from 5 m/sec to 20m/sec.
Mesh wire screens were inserted at the tunneltexit -
keep the flow uniform and smooth. The center of the
turbine rotor was located at 1.5 m downstream from
the wind tunnel exit, Hayashi, et. al.(2007).

A set of airfoil blades has a chord length of 80mm
was designed according to Joukowski profile (553)
with a maximum thickness to chord length of 20%.,

4 Blades- rotor

Fig.2 The turbine rotor models
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The central shaft is made of torsion free steel andangular velocity of rotor. Also the torque coeféiot
has a diameter of 20 mm and length of 600 mm. It is Cy is given by:
held at the bottom by two ball bearings mounted _ 2
inside a cylindrical woodenblock 200 mm diameter C =Tg /(O.5,0AV rm)
and 159 mm h(_alght. The blades are §upported Wlth3' RESULTS AND DISCUSSION
two horizontal circular disks, 350 mm diameter made

of steel. The lower disk is fixed by welding withet Experimental data are presented in the form of
rotating shaft. The upper disk is free and fixethwi torque and power coefficients against the tip-speed
the top of blades by screws. ratio. Fig.(4) shows the torque coefficient vertus

The rotor axis is combined through couplings tip speed ratio f(_)r the two-blades turbine roto_mlnzio
with both the digital torque detector (ONO SOKKI, without flaps. It is obseryed that the rotor hagsitah
$S-002) and the induction motor which is controlled @ngle=48 gives an optimum value of the torque
by an inverter. As the measurement conditions, wind Coefficient as compared with other blade angles. In
speed was measured at the wind tunnel exit using dNiS case, the maximum torque coefficient is 34.1%
light tachometer. The obtained torque data wereWhich occurs at= 4. While the pitch angle of 15

corrected by adding the braking torque measureddives @ maximum torque coefficient = 27 9%6.a4.1.
when the axis from which all blades were removed FOr the case of pitch angle=3@he maximum torque
was rotated at the same rotational speed. coefficient is 27.8 % which obtainedat 4.2.

As the pitch angle increases to °6the

0.2

maximum torque coefficient decreases to 31.7 %
015 1 C _ Flap which obtained at= 3.8. Hence, one can say that the
0.1 - optimum value of the torque coefficient is a fuoati
0.05 L of the blade pitch angle.
0 T r . 0.4
0,05 0.4 0.6 0.8 112
’ L Cr p=15> @
0.1 4 \ = 20°
G 3y 2
20154  blade | =45
e =60° 4
. . 0I2-
Fig.3 The rotor blade with flap
2 blades
A set of experiment was carried out to establish 011
the effect of the flap position on the turbine
performance. Fig.(3) shows the rotor blade and the 0 A
attached flap. All experiments were carried out at ) ; ; ; 5

zero angle of attack.
2.1 Uncertainty Estimates

Estimates of the experimental uncertainty were
performed. The results are as follows:

* Upstream wind velocity, V. :+ 0.1 m/s

Fig.4 The torque coefficient Vs. tip speed ratio

0.25
* Rotor speed, 1J+0.2 m/s IS N
* Blade pitch angle, B :x1° Ce ) B=:1§E)C . ades
* Flap position, L/C £0.05 =45° X
2.2 Power and Torque Coefficients 0.15 « =60° 4
The power coefficient Cis a function of wind
turbine rotor characteristics and tip speed rdtigs 014
given by the following formula, Katz and Plotkin,
(1991).
3 0.05 4
C, =P, /(050AV?)
C, = Tow!(050AV?)=T A /(050 ) 0 - - - —
0 1 2 3 4

where R is the realizable power from the wind

turbine, T is the measured torque, ams is the Fig.5 The power coefficient Vs. tip speed ratio
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Figure 5 shows the variation of the power
coefficient with the tip-speed ratio for the twabes
wind turbine rotor without flaps. It is seen thaet
power coefficient increases with increasing thedéla
pitch angle up to 45and then decreases for higher
values of . For B =15, the maximum power
coefficient is 10.3% which occurs &t 4.1. Forp =
30°, the maximum power coefficient is 13.8 % that
occurs atA= 4.2. With increasing the pitch angle to
45°, the maximum power coefficient is 21 % which
occurs ati=4. While for p = 6C°, the maximum
power coefficient is 17.5 % that obtainedAat 3.4.
Therefore, the blade angle of °4% the also the
optimum angle which gives a higher power
coefficient.

Figure 6 shows the variation of torque
coefficient with the tip speed ratio for the folades
rotor without flaps, tested at different blade asglit
is seen that, fop = 15 the torque coefficient grows
from still to a peak value of 28 % which obtaindd a
A= 6.25. The increase in the blade pitch angle from
15° to 45 leads to an increase in the torque
coefficient. The pitch angle 45gives a maximum
torque coefficient and equals 40 %, which occurs at
A= 6.47. With increasing3 from 45 to 60, the
maximum torque coefficient decreases to = 38 %,
and obtained at= 6.37.

0.4
C;
0.3 1
0.2 1
p=15° @
=30 =
0.1+ —450 X
4 blades = 60° A
0 ‘ T T w — A
4.5 5 5.5 6 6.5 7

Fig.6 The torque coefficient Vs. tip speed r

0.3
c p=15> e
P =30° u
4 blades =45° X
=60° A
0.2 4
0.15
0.14
0.05 1
0 T T T T T 7
4.5 5 5.5 6 6.5 7

Fig.7 The power coefficient Vs. tip speed ratio
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Figure 7 shows the relation between the power
coefficient and the tip-speed ratio, for the folaees
wind turbine rotor without flaps. It is seen thaet
power coefficient increases with increasing thedéla
pitch angle from 15to 45 and then decreases for the
higher values of the pitch angl§ = 60. The
maximum power coefficient fop =15 is 12 9%,
obtained ak= 6.25. For} = 3C°, the maximum value
is 16 %, seen at=6.31. Forf = 45 the optimum
power coefficient is 25.1 % which occursat6.4.
While the maximum power coefficient is 22.6 % that
occurs at\= 6.27 andB = 60. Therefore, the blade
pitch angle of 4%5is also the optimum angle which
gives a higher power coefficient compared with othe
values of the pitch angle. Figure 8 represents the
comparison between the power coefficient for the
rotor has two and four blades ft= 45. It is noticed
that the generated power depends on the rotorrdesig
and rotor speed. The maximum power is evident with
the rotor has four blades when rotates at a higher
speed. For the case of two blades rotor, the marimu
generated power is obtained at a lower tip spetidl ra
compared to the four blades rotor.

0.3
_ —¢—2-blades rotor
Cr 1 |—m—4-blades rotor
0.24| p=45
0.15 4
0.1 4 | 4 blades |
2
0.05 4 | 2 blades |
0 T T T s

n

Fig. 8 A comparison between two and four blade
rotors

2 4 [

The power coefficient versus the tip speed ratio is
presented in Fig.(9) and Fig.(10) for turbine maedel
with flaps and p=45". The results for the rotor
without flaps are given for comparison. In Fig.(®),
is noticed that the attached flaps at the bladénya
edge leads to an evident increase in the power
coefficient compared to the model without flapseTh
peak value of gis 21.4 % for the flap set at L/E 1.

It increases to = 22.5 % for L 0.75, and then
decreases to = 20.7 % for L#CO0.5. It decreases
again to = 20.5 % for L/C= 0.25. This means that
the ratio L/G = 0.75 is the optimum value that gives
a higher power with an improvement, (f -
Cowithout I Cowithout ) €Quals 7.14 9%, when compared
with that of the model without flaps. This meanatth
the attached flap reduces the flow separation,
increases the lift, increases the captured eneayy f
the incoming wind and then increases the generated
power.
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cp 25 depends on the rotor design. Therefore, one can say
—e—without that the captured power is a function of the tipesp
0.2 d|—s—L/CE=0 25 ratio and rotor design.
oy /=05 Cp 3
0.15 4 | ==L/Cf=0.75 5
= L/CE1 v
0.1 2 blades 0.2 4
0.1 - —t 2-blades withot
0 T Y T T ™ =m=—2-blades with
0 1 2 3 4 5 0.05 - ——4-blades without
Fig.9 The power coefficient Vs. tip speed ratio for 0 =i d-blades with
two blades rotor with flaps ) . .
0 2 4 6 i 8
G 3 Fig.11 A comparison between two and four blade
0.25 ' rotors with two and four blade rotor
0.2 4 4. CONCLUSION
without A small-scale model vertical axis wind turbine
Ll 4 blades = was designed to study the effect of an additiop fla
=8-L/C0.25 surface to the trailing edge of the blade on thime
GG == /Cf=0.5 performance. The position of the flap was changed t
e L/CE=0.75 give a higher power coefficient. Turbine rotors &av
0.051 j—=L/ct=1 two and four blades were tested at different tipesp
0 ratios. Experiments were done at a wide range of

. i o g e 7 blade pitch angles from 15° to 60°. Using trailing
' ' ' edge flaps at an optimum position reduce the flow
Fig.10The power coefficient Vs. tip speed ratio for  separation, enhance lift, capture more wind energy,

four blades rotor with flaps increase the rotor speed and hence increase the
. turbine power. The power and torque coefficients
Figure 10 shows the same results for the rotorincrease with an increase of the blade pitch angle
has four blades an@=45". The maximum power o a value of 45° and then decrease with the higher

CoeffiCient fOI’ the rotor W|th0ut f|apS iS 25.1 % value the p|tch ang'e_ The Optimum position of the

which occurs ak= 6.4. For the rotor with flaps, fixed attached flap is found at at L/C= 0.75. The

at L/G=1, the maximum power coefficient increases jmprovement in the power coefficient is a functifn

to 26.5% with an improvement of 5.58 %. As the tip speed ratio which depends on the rotorgresi
changing the flap position, L/G 0.75, the maximum  The rotor has two blades gives an improvement
power coefficient increases to 28.3% which gives an equals 7.14% while this value increases to 12.7%

improvement of 12.7 %. For L{C= 0.5, the  when using the rotor has four blades, compared with
maximum power coefficient is 26 % and the tne rotor without flaps.

improvement in the power coefficient is 3.58 %.
When the flap moves to L{G 0.25, the maximum .
power coefficient is 25.5, with an improvement A :Areaswept by turbine
=1.59 %. Hence, it is also noticed that, usinglap C :Blade chord

the trailing edge gives an increase in the power ¢, : Flap chord
coefficient and the maximum improvement is 12.7 C - Power coefficient

9%, occurs at L/C= 0.75 ang3=45". L

Figure 11 shows a comparison between the two Cr .Torqug cogfﬂment
and four-blade rotors with and without flaps pt= D :Rotor tip diameter
45’ and L/G = 0.75. The attached flap increases the L : Distance of flap free from blade surface
turbine power. This |s_bec_ause the atta<_:hed flaps Px : Measured power =alX o
reduce the flow separation, increases the liftfuoap )
more wind energy, increase the rotor speed andehenc Te - Measured torque.
increase the turbine power. The maximum power Im :Rotor mean radius
occurs at different values of the tip speed ratio Ur : Turbine speed

Nomenclature
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