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Abstract- Improving the aerodynamic performance of wind turbine blade is considered one of the most significant factors to
maximize the efficiency. This research aims to improve the aerodynamic performance for various ranges of operation wind
speed using trailing-edge flap. An optimum blade shape was taken to construct the turbine geometry. The computational model
was constructed by ANSYS FLUENT and the k- SST turbulence model was used. The computational domain was solved for
optimum blade shape with and without trailing edge flap. A various flap deflections were studied for different wind speed and
constant rotational speed. The results show that at certain wind speed the turbine performance characteristics were
enhancement with increasing the deflection angle (8) of flap until reach to the maximum improvement and then start to slightly
drop. The optimum flap deflection angle changes according to the wind speed values and the optimum values are 5, 10 and 15
degrees at wind speed of 4, 7 and 10m/s respectively. The percentage improvement in lift force is about of 9%, 17.06%,
42.25% and in lift-to-drag ratio is about of 3%, 5%, 23.7% and in power coefficient of about 4.5% %, 17.5%, 17.7% for each
wind speed respectively. This is mainly due to improving the stall characteristics over the blade especially near the tip region.

Keywords Horizontal wind turbine, Wind turbine aerodynamic performance, CFD, Wind turbine power enhancement,
Trailing-Edge Flap (TEF).

NOMENCLATURE D Drag force (N)
L/D Lift-to-Drag ratio
Abbreviations o Pitch angle (Degree)
HAWT Horizontal-Axis Wind Turbine Or Twist Angle (Degree)
TEF Trailing-edge flap o Attack Angle (Degree)
CFD computational fluid dynamic Ty Thrust force (N)
MPPT Maximum Power Point Tracking To Torque (N.m)
BEM Blade Element Momentum Re Reynolds number
MRS Multi-Rotor System Q Rotational speed (rad/s)
FEA Finite Element Analysis R Turbine rotor radius (m)
T Local rotor radius (m)
Symbols \Y% Speed of wind (m/s)
CL Lift coefficient Viel The relative speed of wind (m/s)
Cob Drag coefficient Cave. Average chord length (m)
Cp Power Coefficient p The air density (kg/m?)
L Lift force (N) A Tip Speed Ratio
1) Flap deflection angle (Degree)
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1. Introduction

The technology of power generation from wind has been
greatly developed in the recent past decades. Improvement
the turbine aerodynamic performance is considered one of
the most important aspects to increase the turbine efficiency
of transforming the energy available in wind into mechanical
and to electric energy [1]. In the recent years, a great
development and modifications have been made in turbine
blade aerodynamic design and the modified HAWT design
can be achieve a relatively high-power coefficient compared
to the conventional type. However most existing horizontal
turbine were designed with a rated power at definite speed of
wind [2, 3]. Beyond this range of wind speed, the rotor
blades performance faces dangerous phenomena of early
separation and then the efficiency of turbine can fall
significantly. The problem of early separations is appeared at
the inner part of turbine blade especially towards the root of
blade, where the air attack angles are raised because of the
constraints of structural, like limited of twist angles, blade
chord length. The development is the target of study in large
turbines aims to reducing the kWh cost. However, a large-
scale wind turbine can inevitably cause increasing in turbine
blade size and quality [4]. But the next problems must be
solved:

e The large-scale turbines have a high inertia, and the
single variable-pitch control can hardly cope with
quickly change in the loads of aerodynamic under
the conditions of turbulent wind [5].

e Use the control system of variable-pitch can cause
failure in the pitch-control devices due to fatigue [6].

e Large-scale turbines have a large impeller and high
tower; thus, tower shadow and the wind shear can
employ huge negative effects on the turbine
operation [7].

The stated problems can be alleviated using turbine
blades with trailing-edge flap (TEF). The turbine blade with
(TEF) can efficiently enhance the lift coefficient and lift-to-
drag ratio of turbine rotor. A movable (TEF) offers an
important advantage for enhancing the load distribution over
the blade length, thus decreasing the mechanical loads and
fluctuations of power caused by wind shear, tower shadow,
and turbulent flow. After pioneering works of Liebeck, many
study research have been steered to clarify the induced
phenomena by this device [6]. Recently, more research
objects were concentrated on the airfoil section attached
several flap profiles, such as Gurney Flap [8, 9], Triangular
Flap [10], Trailing-Edge Flaps [11, 12], and deformable
Trailing-Edge Flap [13, 14]. The computational simulations
were used to investigate the aerodynamic behaviours of
(TEF) designed using S809 airfoil section at attack angle
range from -5° to 12.5°, the obtained results explain that the
lift coefficient and the ratio of lift-to-drag of (TEF) are
markedly higher than the conventional flap type and the
(TEF) can effectively enhance the stall characteristics at
trailing edge of blade [15]. The aerodynamic characteristics
of airfoil S809 model with (TEF) with chord length about
10% was investigated numerically for different deflection
angles of flap, the results illustrate that the gap between
airfoil body and (TEF) has slight effect on air flow

characteristics, but the flap deflection has excessive effect on
aerodynamic characteristics of airfoil and the greatest lift-to-
drag occurs at angle of flap about 14° [16]. The experimental
and numerical validation of an offshore turbine airfoils
section equipped with an active flap at aft portion of airfoils
investigated using CFD and wind tunnel test. This work was
performed within a frame of Induflap2-project which
partially funded from Danish-funding-board EUDP [17]. The
Gurney Flaps effect was predicted using experimental test in
Universitat Berlin wind tunnel, the tested blade contains two
flaps of 1% and 0.5% in heights from chord length, the
Gurney Flaps are fixed at trailing-edge and perpendicular to
pressure side of blade, the obtained results conclude that,
these configurations led to enhancement the turbine
performance, attack angles and coefficients of lift due to the
certation of wake velocities in axial direction [18]. A
comparison of the aeroelastic analysis based on BEM theory
against different models such as Free-Wake Lifting Line,
higher fidelity, and CFD models were accomplished on
oscillating (TEF) of turbine rotor blades to highlight
limitations of each model and assesses the main differences
between each tools have the same fidelity levels [19]. The
effectiveness of Microtabs and trailing-edge flaps have
investigation numerically using WTSim, the effects of these
control devices of various lengths at several locations on the
air flow characteristics of turbine rotor blade are predicted
and the power control and enhancement are calculated to
ensure where these added devices can be used, it is
concluded that the blades combined with (TEF) can rise the
turbine power and decrease the turbine blade loading but
using the Microtabs has fewer effective in the turbine power
production and control [20]. The aerodynamic effects of
Gurney flaps combined with vortex generators was study
using experimental test in Universitét Berlin wind tunnel, the
performance of blade was simulated for two cases of flow
control devices (without and with the add-ons) and compared
between them, it is concluded that the efficiency of
aerodynamic is partly improved and the stall is delayed
leading to enhancement the turbine power characteristic
curve [21]. The comparasion of several researches and
studies of the hybrid systems and MPPT methods of the
renewable energy resources are explained and review [22].
The conversion systems of wind energy was assessined
based on the developed emulator wind wurbine [23]. The
benefit and technical solution for the renewable energy
resources integration was investigated using the operation
concept of the smart grid [24]. The power curve is modelled
to monitoring the wind turbine behaviour and operation
characteristics [25]. The several researches of conversion
systems of wind energy resources and the advantages of
using these resources in the smart grids are described and
review [26, 27].The aerodynamic performance characteristics
of the three MRS wind turbines configurations are calculated
and studied using BEM code and the obtained results are
compared with the NREL SMW wind turbine [28].

In the view of above discussion, this work aims to
examine the aerodynamic characteristics of (HAWT)
equipped with (TEF) to predict the potential benefits of this
modification systems on turbine power improvement and to
discover the possibility of expending these systems as a
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controlling device for power augmentation and load
regulation. In this paper, a various flap deflections were
studied for different wind speed and constant rotational
speed. The effect of (TEF) on turbine rotor blade
characteristics were investigated. The turbine rotor power
coefficient (Cp), lift (L), drag (D), lift-to-drag ratio (L/D),
velocity and pressure contours were predicted. The
percentage improvement in power coefficient (Cp), lift (L),
drag (D), lift-to-drag ratio (L/D) were determined and
discussed, and the stall behaviour were monitored.

2. Numerical Modelling

The process of experimental testing is surely costed and
quite laborious. Recently the computational simulations have
become a significant tool for optimizing, developing, and
validating procedures. In this work, an optimum (OPT) blade
shape was taken to generate the turbine geometry of the case
study. The turbine blade has three blades of radius about
0.36m with rated power of 50W. The blade shape was
designed from NACA-4418 airfoil sections, and the flap at
blade trailing-edge is installed from blade middle radius to
turbine tip. The flap length about 40% of radius with chord
of about 30% from blade chord length. The computational
model was constructed by using ANSYS FLUENT and the
turbulence were modelled using k-0 SST model of
turbulence. The computational simulation was done on three
stages as presented in Fig.1 [29]. Firstly, the domain
geometry and grid were generated by design modular (DM)
of ANSYS program in pre-processing stage. Secondly, the
computational domain was solved using ANSYS FLUENT
software. The aerodynamic parameters of HAWT blade
without and with flap were examined in post-processing
stage. The power coefficient (Cp), lift (L), drag (D), lift-to-
drag ratio (L/D), contours of pressure, velocity, 3D
streamlines, and velocity vectors were illustrated.

Pre-processing (.::::::s::::;n Post-Processing
FLUENT - Lift CoefTicient
- Grid Check - Drag Coefficient
DM ANSYS - Parameter Definition - Moment CoefTicient

- Pressure Coefficient
- Mach no. Contours
- Veloeity Vectors

- Pressure Contours

JL

Mesh |:_! - Solver Selection |:
ANSYS ‘\f— Simulation

Fig. 1. The three stages of the current CFD modelling [29].
2.1. Blade Shape Geometry and Operation Condition

In this research, an optimum (OPT) blade shape of
horizontal-axis turbine without trailing-edge flap (TEF) was
selected. This blade has been investigated using both
numerically and experimentally for three different
geometries of blade with 0.72 m in diameter and NACA-
4418 profile [30]. Also, this optimum (OPT) shape of turbine
blade, obtained using enhanced (BEM) theory for
verifications with the CFD solution. The three blades rotor
have a rated power of 50W, and the blade shape was twisted
and tapered. The radius, cord, and twist angle of ten sections
against the radial direction of turbine blade are summarized
and plotted as shown in Table 1. and Fig.2 respectively. The
blade twist angles and the chord distribution against the
radial direction are plotted in Fig.2a and Fig.2b. Where R: is

the total blade radius, r: is the local radius at different section
along the blade length, and c: is the local chord at different
section along the blade length. All parameters of design
which used to calculate the shape of optimal blade by the
enhanced (BEM) theory are brief in Table 2. [30].

All forces and angles acting on turbine airfoil section are
presented in Fig.3. From this figure, it is easy to get the
variation of relative wind angles (¢) as function of pitch (6p),
twist (B7) and attack (o)) angles at any airfoil blade sections
by using theory of BEM [1, 29, and 30]. Both thrust (Tx) and
torque (Tq) were created by drag (D) and lift (L) forces. Drag
and lift forces were obtained using attack angle, Reynolds
number (Re), and speed ratio at tip. The (Re) and ratio of tip
speed were defined using the following relation as shown in
Eq. (1) and Eq. (2):

A=(@*R)/V (1)

Re= (p * Vil * Cavr) / H (2)

Where (®): defined the turbine rotor speed of rotational;
(R): defined the radius of turbine; (V): is wind speed; (Cayg.):
defined the mean length of chord for each blade sections; (p):
defined the density of air; (n): defined the viscosity of air,
and (Ve ): defined the speed of relative wind. The coefficient
of power (Cp) of turbine blade was defined using Eq. (3):
Cp=Pou/(05pV:nR)=(Toxw)/(05pV:nRY) (3)

Table 1. Twist and Chord angle distribution of the OPT
shape of blade, [30].

r/R r(m) ¢ (m) angl:s‘)v(lcslteg.)
0.17 0.0612 0.096 25.92
0.26 0.0936 0.085 17.56
0.35 0.126 0.072 12.2
0.44 0.1584 0.061 8.61
0.54 0.1944 0.053 6.08
0.63 0.2268 0.046 421
0.72 0.2592 0.041 2.78
0.81 0.2916 0.036 1.65
0.91 0.3276 0.033 0.75
1 0.36 0.03 0

Table 2. Parameters of design for OPT shape of blade, [30].

Turbine Parameters Value
Rated-Power 50W
Rated-Speed 10m/s

Tip-Speed ratio 5
Turbine blade number 3
Attack angle in (deg.) 5.5

Airfoil section type NACA-4418

2.2. Computational Domain

A reasonable approximation for HAWT blade model is
in avoid the tower, ground, and the rotor hub form the
computational solution domain. All computational domain
details and dimensions are presented in Fig.4. For simplify
the computational solution and time saving, also exploiting
the 120° periodicity for the three-blades, a computational
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domain has been taken as a sector of cylindrical shape as
shown in Fig.4b. A computational domain inlet and outlet
have a radius approximately of five and ten times from the
turbine blade radius (5R, 10R) respectively measured from
the axial centre as shown in Fig.4a. The boundary at inlet has
been located at distance equal to five times from the turbine
blade radius (5R) upstream of the rotor plane, and the outlet
boundary has been located at distance equal to ten times from
the turbine blade radius (10R) downstream of rotor plane as
shown in Fig.4a.

wos

Twist angle in degree
Chord length (C) in m
2 =

=
=
Y
=
&

(a) Top View for shown twist
angle distribution b

(b) OPT blade with radius R

Fig. 2. Parameters of design for OPT shape of a HAWT.

Fig. 3. Diagram of forces and angles acting a section of
turbine blade.

[%]
;'-IEI

(a) Basic dimensions of computational domain

(b) Full Computational domain.

Fig. 4. Main geometry of computational domain of solution.
2.3. Boundary Conditions

A numerical model of NACA-4418 turbine blades were
solved using FLUENT ANSYS. A flow field, temperature,

pressure, velocity, and all aerodynamic characteristics were
predicted using the following boundary conditions as
presented in Fig.5. The boundary of inlet and the upper face
of cylinder are assumed to a uniform flow with a speed of
about 10m/s and the attack angle of 5.5 degree. The two side
walls are assumed as a periodic boundary (Rotational type).
The blade faces are assumed as a wall with condition of no-
slip, and finally the face outlet assumed as a pressure outlet.
The temperature of free stream is the environmental
temperature of a value about 288.16 K. The main property of
air flow such as density, pressure, and viscosity at the given
temperature are 1.225kg/m?, 101325Pa and 1.7894x10-°kg/m
respectively. The interiors of computational domain were
rotated in the negative y-direction with same speed of
rotational of rotor blades ().

I 3 } QOutlet face
\ = (Pressure outlet)

Upper face of cylinder
(Velocity inlet) [

Two side walls
—

Fig. 5. The operation boundary conditions of the
Computational domain.

2.4. Mesh Generation

To obtain accurately results, the grids near the rotor
blade walls was dense enough and computed domain was
large enough as possible to balance the accuracy versus
solution time of calculation. However, excessive grids and
field dimensions will be cost too much calculating and
slowing the computing speed. Also using unstructured
tetrahedral grid mesh for overall domain increasing the
number of cells in solution domain, it is required
supercomputer and extra time to solve. Several studies
developed different methods and tools to vanish these
described problems in this research. [32] presented several
methods of grid generation to create high quality multi-block
grid structure that used for complex shape. In this work, the
multi-block grid method was used to improve grids near
rotor blade volume with creating sphere near the blade
volume and making body inflation. It is created face inflation
and face sizing in 3D blade volume faces which reduce the
computational time and obtain accurate aerodynamic
characteristics of the turbine rotor. The mesh was generated
and adapted using ANSYS FLUENT MESH as presented in
Fig.6. To adapt a little grid size of boundary layers at blade
walls, the method of body sizing was used for a sphere near
the blade volume also the certain growth rate was increased
to a maximum the grid size far away the main boundary. The
applied body sizing has minimum size of element of about
2.9827x10m at blade walls and its procedures a growth rate
of 1.05 and a maximum size of element of about 0.2m. The
used type of grid is tetrahedral-hybrid unstructured grids
with quality of domain meshing of 0.23371 average
skewness which a good value for quality of mesh. Finally,
the total cells number is about 2500000 cells.
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2.5. Grid dependency check

Study the independency of grids were performed to
reduce the grid cells number without failing accuracy.
Generally, the computational simulation becomes extra
accurate for used additional cells, but using extra cells
increases the needed time and computer memory. The
suitable number of nodes are determined using growing the
cells number up to the grid is sufficiently refine so,
additional refinement does not affect the results. To
determine the independence of results to cells number,
twelve types of grid mesh were generated. Fig.7 shows grid
cells number effect on the power coefficient of turbine at
wind velocity inlet 10 m/s with optimum attack angle of 5.5
degree and speed of rotational 136.67 rad/sec at design ratio
of the tip speed is 4.92. All results were done using an intel
computer of core-i7 with 16GB RAM and convergence
criteria was setting to decrease the solution residual scale
(the absolute error value between each iteration and the next
one) under value of about 107, For reducing the time of
solution without failing accuracy, the mesh that has 2500000
cells was taken as presented in Fig.(7).

©

@

®)

Fig. 6. Meshing of Computational domain of 3D blade
volume (a) Section view shown inflation around blade (b)
Lower view for Computational domain (c) Blade Meshing

surface (d) Isometric of Computational domain.

0,45

1 2 3 4
Number of Elements (Milion cell)

Fig. 7. Power coefficient against grid cells number at wind
velocity 10 m/s.

2.6. Numerical Model Verification

To validate the computational solution of the OPT
turbine blade with NACA-4418 sections, the numerical
model of the case study was compared with an experiment,
numerical and BEM theory model which studied with same
operation conditions [31]. From previous CFD of turbine
research, the model of k-o SST was used for turbulence [2,
10, 16, 30, and 31]. The parameters of simulation of the case
study been adjusted with the same operation conditions of

compared cases. The computational results illustrate a good
match of the coefficient of power with the consistent values
of experimental, numerical, and BEM theory [30], with a
maximum error of about 0.1% from experimental
measurements as presented in Fig.8.

— % — Numerical, [30] ¢ Experimental, [30]

BEM theory, [30] —®— Numerical work

e o
« o

e
s

Power Coefficient (C)
o I
N w

e
=

o

1 25 4 5.5 7 8.5
Tip Speed Ratio
Fig.
8. Turbine power coefficient against tip-speed ratio.

3. Turbine Blade with Flap (TEF)

Enhancing aerodynamic characteristics of wind turbine
rotor is considered a significant factor to increase the
converting efficiency of kinetic energy available from wind
to mechanical and then to electrical. In this research, effect of
(TEF) deflection (8) on HAWT aerodynamic characteristics
were examined at varies wind velocity. An optimum blade
shape (OPT) turbine rotor was taken to build the turbine
geometry of the case study. The turbine rotor has three
blades of radius about 0.36 m with power rated of about
50W. The shape of blade was designed from NACA-4418
airfoil blade sections. The trailing-edge flap is installed from
blade middle radius to tip. The length of flap is 40% of blade
radius with length of chord 30% from the length of blade
chord. The main geometry parameters of turbine rotor with
(TEF) were illustrated in Fig.9. To examine the trailing-edge
flap effect on the improvement of turbine performance, the
constructed computational domain was solved using ANSYS
FLUENT for (OPT) turbine blade without and with flap. The
mesh was generated using ANSYS FLUENT MESH as
presented in Fig.10. The type of grid is tetrahedral-hybrid
unstructured grid with quality of domain meshing of 0.23371
average skewness which a good value for quality of mesh.
Finally, the overall number on cells in domain is about
2500000 cells. A different flap deflection was studied at
various speed of wind and constant rotational speed of about
136.67 rad/sec. The speed of wind is 4, 7, and 10m/s with a
ratio of tip speed (A) about 12.3, 7.03 and 4.92. The flap
deflections were studied at four deflection angles (5) of 5, 10,

15 and 20 degrees.

T
\{

Fig. 9. Turbine blade with TEF parameters.
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Fig. 10. OPT blade meshing with varies deflection angles.

4. Result and Discussions

To investigate the flap effect on enhancement of turbine
performance, the solution domain was solved using ANSYS
FLUENT for (OPT) turbine blade without and with flap. A
various flap deflections were studied at various operation
speed for constant rotational speed of about 136.67 rad/sec.
The speed of wind is 4, 7, and 10m/s with the ratio of tip
speed (A) of about 12.3, 7.03 and 4.92. The deflection of flap
was examined at deflection angles (8) of 5, 10, 15 and 20
degrees. The pressure contours, velocity contours, lift (L),
drag (D), lift-to-drag ratio (L/D), and coefficient of power
(Cp) were predicted for (OPT) turbine blade without and with
flap and then compared between them to calculate the
percentage improvement.

4.1. Turbine Rotor Blade Without Trailing-Edge Flap (TEF)

4.1.1.  Velocity Vector and Velocity Contours

The velocity vectors of (OPT) blades without TEF at
operation speed of about 10m/s and design ratio of the tip
speed of about 4.92 are presented in Fig.11. The velocity
contours of (OPT) blades without TEF for various radial
sections along turbine blade length were predicted at
operation speed of about 10m/s and design ratio of the tip
speed of 4.92 as shown in Fig.12. These radial sections are
[(/R = 0.5, 0.75, 0.93, 0.95, 0.97 and 0.99]. From figure it is
noted that, velocity of upper surface is greater than lower
surface for all radial sections along the turbine radius. The
different in velocity magnitude between upper and lower
surface increase from root to tip sections. The separations of
flow near the trailing edge of blade were decreased from root
to tip sections, that’s indicated maximum lift force and
minimum drag force.

H 70000 |
‘ |
1 52,500 /
35.000
|
H 17.500 > 4

0.000
[m s*1)

Fig. 11. Velocity vectors around (OPT) turbine rotor blades.

+ 62,500 — g o~

—
e
17.500
0,000 - . —
[m 1]

Fig. 12. The velocity contours distributions at various radial
sections of (OPT) blades without TEF, at V=10(m/s) and
A=4.92 (Flap deflection angle = 0 degree).

4.1.2.  Pressure Contours

The static pressure contours of (OPT) blades without
TEF for various radial sections along turbine blade length
were predicted at operation speed of about 10m/s and design
ratio of the tip speed 4.92 as shown in Fig.13. These radial
sections are [r/R = 0.5, 0.75, 0.93, 0.95, 0.97 and 0.99]. From
figure it is noted that, static pressure of lower surface is
greater than upper surface for all radial sections along the
turbine radius. The difference in static pressure between
lower and upper surface increase from root to tip sections.
The tangential forces and lift increase from root to tip, this
leads to rise the turbine power generation.

H 11317
-37.58
l
! -1188.36
«2339.12
[Pa]

Fig. 13. The distributions of static pressure contours at
various radial sections for (OPT) blade sections without TEF,
at V=10(m/s) and A=4.92 (Flap deflection angle = 0 degree).

4.2. Turbine Rotor Blade with Trailing-Edge Flap (TEF)

4.2.1.  Velocity contours

The velocity contours of (OPT) blades with TEF for
different radial sections along the turbine radius were
predicted at operation speed of about 10m/s and design ratio
of the tip speed of about 4.92 as present in Fig.14. These
radial sections are [r/R = 0.5, 0.75, 0.93, 0.95, 0.97 and 0.99]
and the presented flap deflection angles are 10, 15 and 20
degrees. The calculated results are compared with the
corresponding results of (OPT) blades without TEF (zero
flap deflection, Fig.12). In general, it is noticing the
deflection of flap increase the flow velocity on entire upper
surface of turbine blade sections also decrease the velocity of
flow close to the airfoil trailing edge of lower surface. All
velocity contours for flap deflection of 10 degree are
presented in Fig.14a. From figure it can note that, the
velocity in lower surface decreases (blue area increasing) and
the velocity in upper surface increases (red area increasing)
than the blade without TEF that’s indicated growth in the
turbine rotor lift force. The velocity contours for flap
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deflection of 15 degree are presented in Fig.14b. The
velocity in lower surface is still decrease and the velocity in
upper surface is still increase that’s indicated growth in
turbine rotor lift force. The velocity contours for flap
deflection of 20 degree are presented in Fig.14c. The velocity
in lower surface is still decrease (blue area increasing than
flap deflections of 10 and 15 degree on lower surface) but the
velocity in upper surface is decreasing than other cases of the
turbine flap deflection (red area decreasing than flap
deflections of 10 and 15 degree on lower surface). These
flow behaviour leads to decrease in lift and increase in drag
forces. At certain wind velocity, it is noting as the deflection
of flap increases, the turbine aerodynamic characteristics
improves until certain flap deflection angle and then the
turbine characteristics declines. Finally, it can accomplish
that, the variation in flow pressure due to flap defections
leads to growth in the turbine rotor lift force and improve the
turbine characteristics and then increase the power of turbine.
This is mainly due to enhancement in the characteristics of
stall at the turbine blade trailing-edge.

! 70.00
g T — T
46.67
| 091K
I 23.33
' o T o —~
0.00
[m s*-1]
[ (a) Flap deflection of 10 degree]
' 70.00
S -2 —
4667 - e
| T
2333
| - -
000
[m s*-1]
[ () Flap deflection of 15 degree]
l 70.00
—— el e
_— - -
46.67
R oo
|} 2333
i - — .
0.00
[m s*1]
097K 099K

[ ©) Flap deflection 20 degree |

Fig. 14. The velocity contours distributions at various radial
sections for (OPT) blade sections with TEF, for V=10(m/s),
A=4.92, different flap deflections of 10, 15, and 20 degrees.

4.2.2.  Pressure contours

The contours of static pressure of OPT turbine blades
with TEF for various radial sections along the turbine blade
length were predicted at operation speed of 10m/s and design
ratio of the tip speed 4.92 as displayed in Fig.15. These
radial sections are [r/R = 0.5, 0.75, 0.93, 0.95, 0.97 and 0.99]

and the presented flap deflection angles are 10, 15 and 20
degrees. The calculated results and the corresponding results
of OPT turbine blades without TEF (zero flap deflection,
Fig.13) are compared with each other. In general, it is note
that the deflection of flap decreases the pressure on the entire
upper suction surface of blade airfoil and raises the pressure
on a lower airfoil surface nearby the blade trailing-edge of
turbine. The variation of pressure contours for flap deflection
of 10 degree are presented in Fig.15a. From figure it can
show that, the lower surface pressure was increases (red area
increasing) and the upper surface pressure was decreases
(blue area increasing) than the turbine blade without TEF
that’s indicated increase in the turbine rotor lift force. The
pressure contours for flap deflection of 15 degree are
presented in Fig.15b. The lower surface pressure is still
increases and the pressure of upper surface is still reducing
that’s indicated growth in the turbine rotor lift force. The
pressure contours for flap deflection of 20 degree are
presented in Fig.15c. The lower surface pressure is still
increase (red area increasing than flap deflections of 10 and
15degree on lower surface) but the upper surface pressure is
increase than other cases of flap deflection (blue area
decreasing than flap deflections of 10 and 15 degree on lower
surface). These flow behaviour leads to decrease the turbine
rotor lift force also increase the drag force. At certain wind
velocity, it is noting as the flap deflection increases, the
turbine aerodynamic characteristics improves until certain
flap deflection angle and then the turbine characteristics
declines. Finally, it can note, the variation in flow pressure
due to flap defections leads to increase the turbine rotor lift
force and improve the turbine characteristics and then
increase the power of turbine. This is mainly because of
enhancement the stall characteristics of the turbine blade
trailing-edge.

4.2.3.  The turbine rotor Lift and Drag Forces

The rotor lift of (OPT) turbine blades with TEF for
different flap deflection angles and different wind speed are
investigated at constant speed of rotational 136.67 rad/sec as
illustrated in Fig.16. The studied deflection angles of flap are
5, 10, 15 and 20 degrees for speed of wind 4, 7 and 10m/s
with the ratio of tip-speed (A) of about 12.3, 7.03 and 4.92.
The calculated results and the corresponding results of OPT
turbine blades without TEF (zero flap deflection) are
compared with each other. From Fig.16 in general for all
operation wind speed it is note, the rotor lift force increasing
with increasing flap deflection angle until reach to optimum
value and then decreases. Also, from result we can note that
the optimum value of lift force and corresponding flap
deflection angle change related to the operation wind speed
value. At speed of (v=4m/s), the optimum flap deflection
angle is about 5 degrees with improving in lift force by about
9% from zero flap deflection. At speed (v=7m/s), the
optimum flap deflection angle is about 10 degrees with
improving in lift force by about of 17.06% from zero flap
deflection. For speed v=10 m/s, the optimum flap deflection
angle is about 15 degrees with improving in lift force by
about 42.25% from zero flap deflection. The lift force was
enhanced because improving in the turbine stall
characteristics. The dash red line in Fig.16 was illustrate the
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maximum value of lift force against the optimum value of
flap deflection angle for different operation wind speed. The
drag force of (OPT) turbine blades with TEF for different
flap deflection angles and various operation speed were
investigated at constant speed of rotational 136.67 rad/sec as
presented in Fig.17. From this figure it is note, in general the
drag force increasing with increasing flap deflection angle
for all operation wind speed of turbine rotor.
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Fig. 15. The static pressure contours distributions at various

radial sections for OPT blades with TEF, for V=10(m/s), A=4.92,

different flap deflections of 10, 15, and 20 degrees.
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Fig. 16. The lift force for OPT blade against flap deflection
angle at various operation speed.

—h -v=10m/s "v=7Tm/s" v=4m/s"
1.7

"
ke

=
wm

.—.____*A_.-

"
\.
S

Drag force (N)
2 =
~1 o L

&
th

0 5 10 15 20 25
Flap deflection angle (8) (deg.)

Fig. 17. The drag force for OPT blade against flap deflection
angle at various operation speed.

4.2.4.  The Ratio of Lift to Drag (L/D)

The ratio lift coefficient to drag coefficient (C/Cp) of
OPT blades with TEF for different flap deflection angles and
different operation speed were investigated at constant speed
of rotational 136.67 rad/sec as presented in Fig.18. From this
figure it is noting, the ratio of lift-to-drag has been increasing
with increasing flap deflection angle until reach to optimum
value and then decreases. Also, from result we can note the
optimum quantity of the ratio of lift related to drag and
corresponding flap deflection angle change related to the
operation speed value. The coefficient of (C./Cp) was
improving from zero deflection of flap by about of 3%, 5%,
and 23.7% for wind speed v=4m/s, v=Tm/s, v=10m/s
respectively. This improving in (C./Cp) have great effect in
efficiency of the turbine, [1, 24].
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Fig. 18. The (L/D) ratio for OPT blade against flap deflection
angle at various operation speed.

4.2.5.  Power coefficient (Cp)

The coefficient of power (Cp) of (OPT) turbine blades
with TEF for different flap deflection angles and various
operation speed were investigated at constant speed of
rotational 136.67 rad/sec as presented in Fig.19. From this
figure it is noting, the coefficient of power (Cp) increasing
with increasing flap deflection angle until reach to optimum
value and then this ratio decreasing. Also, from result we can
see that the optimum value of the coefficient of turbine
power (Cp) and corresponding flap deflection angle change
according to wind speed value. The coefficient of turbine
power was improving from zero deflection of flap by about
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4.5%, 17.7%, and 17.5% for wind speed v=4m/s, v=7m/s,
v=10m/s respectively.
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Fig. 19. The coefficient of power (Cp) for OPT blade with
TEF deflection angle at various operation speed.

4.2.6.  Effect of the flap angle of deflection on flow

behaviours

For understanding the effect of flap deflection angle on
turbine characteristics, the streamline flow distribution over
three sections along the turbine blade length are predicted at
various flap angles as presented in Fig.20, Fig.21, Fig.22,
and Fig.23 respectively. In general, these figures show the
dangerous effect of vortex on turbine performance. Also, the

vortex strength increases at plane section of (1/R) = 75%
especially at flap deflection angels of 20° and 25° as seen in
Fig.22¢, and Fig.23c respectively. In contrast, the strength of
vortex does not appear at flap deflection angels of 10° and
15° at plane section of (1/R) = 50% and (r/R) = 75% and start
to grow at flap deflection angels of 20° and 25° as presented
in Fig.22a, Fig.22b, and Fig.23a, Fig.23b respectively.
Finally, the high strength of flow vortex dose appears at flap
deflection angels of 20° and 25° at plane of (1/R) = 75% as
presented in Fig.22, and Fig.23 respectively.

4.2.7.  Effect of the flap angle of deflection on the
distributions of pressure coefficient

To understanding the angle of deflection effect on the
turbine performance, the distribution of coefficient of
pressure along dimensionless (x/c) cord ratio are studied over
three sections along the blade length at various flap angles as
presented in Fig.24, Fig.25, and Fig.26 respectively. In
general, these figure shows that an improvement in
coefficient of pressure because of the deflection of flap. At
plane of (r/R)=50% the enhancement in pressure coefficient
distribution has little value for all flap deflection value as
presented in Fig.24. At plane of (t/R)=75% and (1/R)=97%
the improvement ratio in pressure coefficient distribution
value is increased for all value of flap deflection as presented
in Fig.25 and Fig.26 respectively. This improvement because
installed the flap at the outer portion of turbine rotor length.

(a) Plane of (/R = 50%)

" (b) Plane of (/R =

75%) (c) Plane of (r/R = 97%)

Fig. 20. Streamlines behaviours of flow at various radial sections for flap angle of 10 degrees.

(a) Plane of (r/R =50%)

(b) Plane of (r/R =

75%) (¢) Plane of (r/R =97%)

Fig. 21. Streamlines behaviours of flow at various radial sections for flap angle of 15 degrees.

(a) Plane of (r/R = 50%

(b) Plane of (r/R =

75%) ( Plane of (r/R =97%)

Fig. 22. Streamlines behaviours of flow at various radial sections for flap angle of 20 degrees.

(a) Plane of (r/R =50%)

(b) Plane of (r/R =

(c) Plane of (r/R =97%)
Fig. 23. Streamlines behaviours of flow at various radial sections for flap angle of 25 degrees.

75%)
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Plane - (1/R)=50%

X/C
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Fig. 24. Pressure coefficient variation at radial sections of (r/R=50%) for different flap angles.
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Fig. 25. Pressure coefficient variation at radial sections of (r/R=75%) for different flap angles.
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Fig. 26. Pressure coefficient variation at radial sections of (/R=97%) for different flap angles.
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5. Conclusion

In this work, an optimum wind turbine blade shape
(OPT) was taken to construct the turbine geometry of the
case under consideration. A trailing-edge flap is installed
from blade middle radius to tip. The computational solution
domain was solved using ANSYS FLUENT for (OPT)
turbine blade shape without and with trailing-edge flap, and
the model (k- SST) was used for turbulence. The validation
results show good agreement by a maximum error of about
0.1%. A various flap deflections were studied at different
speed of wind and constant rotational speed of about 136.67
rad/sec. The operation speed of wind is 4, 7, and 10m/s with
the ratio of tip speed (A) of about 12.3, 7.03 and 4.92
respectively. The flap deflections were studied at deflection
angles (8) of 5, 10, 15 and 20 degrees. In general, the
obtained results show that at certain operation speed the wind
turbine characteristics were enhancement with increasing the
deflection angle of flap (8) until reach to the maximum
improvement at optimum angle and then start to slightly drop
and the optimum flap deflection angle varies related to the
operation speed value. From the obtained results noting that
the optimum flap deflection angle (8) are 5, 10 and 15
degrees at operation speed of 4, 7 and 10m/s respectively.
The percentage enhancement in the turbine rotor lift force,
lift-to-drag ratio and power coefficient are about 9%, 3%,
4.5% and 17.06%, 5%, 17.5% and 42.25%, 23.7%, 17.7% at
operation speed value of 4, 7, and 10m/s respectively. These
improvement in the rotor performance characteristics mainly
due to improving the stall characteristics over the turbine
rotor blade especially near the blade tip. Finally, we can
conclude that control the flap deflection angle to optimum
value will be offer improvement in the wind turbine
characteristics and then enhance the generated turbine power
on a large range of operation speed of wind.
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