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Abstract The first notable megawatt class wind turbine,

which was the pioneer of improvement in the blade per-

formance in large wind turbines, appeared in Vermont.

Nowadays, modern wind turbines are using blades with

multi-airfoils at different sections. In this study, in order to

indicate the best airfoil profile for the optimum perfor-

mance in different sections of a blade, five popular airfoils,

including S8xx, FFA and AH series, were studied. On the

large-scale profile, shear stress transport K–x model was

applied for the simulation of horizontal axis wind turbines

for different wind speeds. The aerodynamic simulation was

accomplished using computational fluid dynamic method,

which in turn is based on the finite volume method, and

semi-implicit method for pressure-linked equations algo-

rithm is used for pressure–velocity coupling. The govern-

ing equations applied in this simulation are the unsteady

Reynolds-averaged Navier–Stokes equations. The aerody-

namic coefficients of lift and drag were calculated at dif-

ferent angle of attacks and different wind speeds. The

results were validated by EPPLER code, XFOIL and

experimental data of the US National Renewable Energy

Laboratory. The results showed that S818 profile is the best

profile in terms of gaining the highest lift coefficient with

the lowest angle of attack at the root of the blades. The

findings also indicated that the selected model can predict

the exact geometry with a high precision.

Keywords Wind turbine � Computational fluid dynamic �
Unsteady aerodynamic simulation � National Renewable
Energy Laboratory

Introduction

The first wind turbines were used in Persia (present-day

Iran) in the seventh century. They were vertical axis

windmills which had long vertical drive shafts with rect-

angular blades. However, the first notable contemporary

research was conducted in 1941, when the first megawatt

class wind turbine was synchronized to a utility grid in

Vermont, in 1941. It was concluded that to improve the

blade performance in large wind turbines, their aerody-

namics must be enhanced. For many years, researchers

have studied the performance of large wind turbines in

order to increase their power. The new generation as well

as large scale wind turbines with the approximate power

output of 1.5–10 MW have the optimum performance at

the speed range of 10–15 m/s. The best power coefficient

depends on the design of the rotor blade (i.e., for this study,

a comparison was conducted among several main groups of

airfoil for large-scale wind turbines). The modern hori-

zontal axis wind turbine (HAWT) blades are designed

using combinations of airfoil families (Hansen and But-

terfield 1993) where the blade tip is designed using a thin

airfoil for high lift to drag ratio and the root utilizes a thick

version of the same airfoil for structural support. Generally,

in the 1970s and early 1980s, wind turbine designers felt

that minor differences in airfoil performance characteristics

were far less important than optimizing blade twist. Sayed

and Kandil worked on a 2D model by computational fluid

dynamic Reynolds-averaged Navier–Stokes (CFD-RANS)

for the S series wind turbine blade profiles at low Reynolds
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numbers. Moreover, a two-dimensional computation uti-

lizing the CFD-RANS equations have been imple-

mented at low Reynolds numbers for the wind turbine

blade profiles of S809 and S826 by Sayed et al. Further-

more, Mohammad and Kandil worked on an aerodynamic

analysis of different wind turbine profiles using RANS at

different angle of attacks (AOAs) for each blade profile

(Sayed et al. 2012). Le Pape and Lecanu used ONERA’s

code Elsa, a structured multi-block solver, to model the

NREL Unsteady Aerodynamics Experiment in an upwind

zero yaw configuration. Finally, at the end of 1989, a

300-kW wind turbine with a 30 m rotor diameter was

considered too large, whereas by early 2004, 4- to 5-MW

wind turbines became available (Ackermann 2005).

Additionally, aerodynamic design and performance

attempts to simulate laminar flow on a blade were per-

formed by Bumsuk.

This article focused on the load and dynamic stability

of a wind power generation system (Kim et al. 2011).

Farrugia worked on the aerodynamic performance of a

model of offshore floating wind turbine, specifically on

the effects of wave-induced motions on the rotor aero-

dynamic variables (Farrugia et al. 2014). On the other

hand, dynamics modeling for the offshore floating vertical

axis wind turbine models were done by Borg. High-

lighting the fundamental theory while providing a general

review of the latest works, and for authority in this area,

providing comprehensive researches (Borg et al. 2014).

Previously, Cheng had investigated of a high-performance

offshore wind turbine. The present investigation studied

aerodynamic analysis, and its results can form a basis for

evaluating aerodynamic performance of large-scale off-

shore wind turbine rotors (Cheng et al. 2010). In this

field, outstanding research on the implementations of

these systems has been done by Manwell. In this research,

the focus was on a comparison between onshore and

offshore wind turbines, specifically considering offshore

wind energy technology trends, challenges and risks

(Manwell 2012).

The literature clearly shows that a wide range of

researchers have focused on high speeds and there is no

comprehensive research on the low-speed range specifi-

cally using unsteady Reynolds-averaged Navier–Stokes

(URANS) equations (Sayed and Morgan 2011) on high-

capacity wind turbine airfoils. In line with this objective,

the main goal of this study was to investigate the main

types of wind turbines and to develop 2D analysis of

HAWT by CFD methods.

The designs encompass a wide range of AOA and

velocities to increase the efficiency of the wind turbine for

maximum power. In this study, the power is determined by

analyzing the flow around a section of the blade. The wind

turbine blade profiles are selected from the profiles

developed by the National Renewable Energy Laboratory

(NREL) and AH and FFA (Björk 1996).

On the point of other researches, the effect of acceler-

ated flow over moving airfoil in unsteady aerodynamics

conditions was done by Esfahani. This model accurately

predicts the unsteady aerodynamic of S809, and numerical

models have been utilized to estimate the dynamic stall and

predict the aerodynamic behavior (Karbasian et al. 2014).

A new special airfoil shape (DU93-W-210) has been

developed and optimized for wind turbine using genetic

algorithm (GA). This article has been written by Yixiong

Liu. The optimum airfoil is obtained with CFD method by

solving the RANS equations for improving the perfor-

mance and efficiency of the optimization algorithm (Liu

et al. 2015). The experimental analysis of onshore wind

turbine airfoil NACA2415 was done by Driss. This

investigation has been developed for experimental stimu-

lation to estimate the velocity and torque variation for

different Reynolds numbers and AOAs. All the numerical

results were validated with CFD method (Driss et al. 2015).

In recent years, many researchers have done work to

predict the behavior of the flow with active stall control.

Three airfoil families with respect to adaptive pitch control

for variable speed were developed, Risø-A1, Risø-P and

Risø-B1, by Fuglsang. The obtained numerical results have

been adapted with CFD code Ellipsys2D for prediction of

airfoil pressure coefficient distribution. Different tech-

niques were studied as well as ways to predictions of airfoil

roughness sensitivity (Fuglsang and Bak 2004). A new

investigation for unsteady aerodynamic large scale wind

turbine has been made by Radmanesh. This article

emphasizes the importance of including the effect of

unsteady aerodynamics conditions and meshes quality on

the role of high fidelity in stall and post-stall condition

(Radmanesh 2014, 2015a, b).

Design approach

For this study, three main groups of airfoil geometry were

used. The following airfoil series will be discussed:

1. FFA-W-xxx, Flygtekniska Forsoks Anstalten (The

Aeronautical Research Institute of Sweden) (van Rooij

and Timmer 2003).

2. S8xx design from D. Somers (xx is serial number) (van

Rooij and Timmer 2003).

3. AH xx-W-xxx, D. Althaus from Institute for Aerody-

namics and Gas dynamics of the University of

Stuttgart, Germany (van Rooij and Timmer 2003).

By comparing different airfoils, aerodynamic coeffi-

cients for each profile are determined at different AOAs

(Sayed and Morgan 2011). Air flow over an airfoil
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produces a distribution of forces over the airfoil surface.

The flow velocity over airfoil increases over the convex

surface resulting in lower average pressure on the suction

side of the airfoil compared with the concave or pressure

side of the airfoil. As shown in Fig. 1, the resultant of all of

these pressure and friction forces are usually resolved into

two forces and a moment that act along the chord at a

distance of c/4 from the leading edge.

Lift force perpendicular to the direction of the oncoming

airflow is a consequence of the unequal pressures on the

upper and lower airfoil surfaces.

CL ¼ L
1
2
qV2A

¼ Lift Force

Dynamic Force
ð1Þ

Drag force parallel to the direction of the oncoming

airflow is due to both the viscous friction forces at the

surface of the airfoil and the two unequal pressures on the

airfoil surfaces facing toward and away from the incoming

flow (Manwell et al. 2009).

CD ¼ D
1
2
qV2A

¼ Drag Force

Dynamic Force
ð2Þ

The most important non-dimensional parameter for

defining the characteristics of fluid flow conditions is the

Reynolds number. The Reynolds number (Re) is defined by

(Manwell et al. 2009):

Re ¼ UX

t
¼ qUX

l
¼ Inertial Force

Viscos Force
ð3Þ

Other dimensionless coefficients that are important for

the analysis and design of wind turbines include the

pressure coefficient and the sliding ratio (Manwell et al.

2009):

Cp ¼
P� P1
1
2
qU2

¼ Static Pressure

Dynamic Pressure
ð4Þ

e ¼ CL

CD

¼ L

D
ð5Þ

Materials and methods

The aerodynamic simulations of unsteady flow at low

speed over 2D wind turbine blade profiles are solved by

using CFD technique based on the finite volume method.

A finite volume solver based on forms of unsteady Rey-

nolds-averaged Navier–Stokes (URANS) equations was

used in the present study. The governing equations used

in the simulation are the URANS equations (Gatski and

Bonnet 2009; Hirsch 1990; Wilcox 2006). The new

generations of horizontal axis wind turbines (HAWTs) are

using thin airfoils for the high sliding ratio, and root

region is designed using a thick airfoils (Sayed et al.

2012). Airfoils have a greater thickness resulting in

greater blade stiffness and tower clearance. The turbu-

lence model of shear stress transport (SST K–x) is

available (Menter 1994; Wilcox 2006) and is known to

accurately predict the size of a vortex and the location of

the separation point caused by adverse pressure gradient.

Thus, the SST model is one of the best turbulence models

for this study. The governing equation is integrated in a

structured mesh with approximately 35,000 elements. The

computational domain dependency tests were applied to

optimize the domain size and find the trustable optimum

domain size for reducing the number of meshes and

obtain the optimum grid size for minimum grid (Mark

and Dimitri 2009). Consequently, the platform model

detailed and optimized the computational domain in order

to get an optimum domain size. Independent solution and

the high-resolution domain size are represented in Fig. 2.

Moreover, the optimized domain based on the number of

grids and the grid shape on this simulation is shown in

Fig. 2.

In order to reduce the numerical solution errors and the

fast convergence for other components, the upwind

scheme method has been chosen. Velocity gradient occurs

near the wall; therefore, it needs a boundary layer and

elements with high aspect ratio. The boundary condition

around the airfoil has been set to no-slip solid wall

boundary. In this study, all five cases are solved at multiple

wind speeds that make their results comparable with each

other and the numbers of the points are increased for more

accuracy. In order to optimize stopping criteria, the con-

vergence in different process levels are evaluated when the

number of iterations and AOA are different. In addition,

iterative convergence error depends on the stopping crite-

ria, and by increasing AOA, the behavior of the conver-

gence is changed and, in some cases, leads to divergence.

In addition, having a near-wall modeling approach will

possess the resolution of the standard two-layer approach

for fine near-wall meshes and, simultaneously, will not

significantly reduce precision for wall-function meshes. It

Fig. 1 Forces on an airfoil section
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is worth mentioning that ANSYS FLUENT software pro-

vides us with the two-layer model with increased wall

functions (ANSYS 2014).

The blade profiles used in the simulation are represented

in Fig. 3. The simulation included a range of angle of

attacks (AOAs) from -5� to 20�, because it is a normal

condition of the wind turbine to obtain a maximum effi-

ciency. The objective of the simulation was to find the

optimum operating AOA that produces the maximum

power from the wind turbine blades based on the maximum

lift to drag forces (Langtry et al. 2006).

Turbulence modeling relation

Menter’s SST turbulence model is a widely used and robust

two-equation eddy-viscosity turbulence model used in

CFD. The K–x turbulence model and K–e turbulence

model is combined such that the K–x is employed in the

internal area of the boundary layer and changes to the K–e
in the free shear flow (Menter 1994).

All forms of the model appointed in this paper are linear

eddy-viscosity models. Linear models use the Boussinesq

assumption:

Fig. 2 Computational domain and final mesh

Fig. 3 Airfoil shapes
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sij ¼ 2lt Sij þ
1

3

ouk

oxk
dij

� �
� 2

3
qkdij ð6Þ

‘‘Standard’’ Menter SST two-equation model (SST)

(Menter 1994)

o qkð Þ
ot

þ
o qujk
� �
oxj

¼ P� b�qxk þ o

oxj
lþ rkltð Þ ok

oxj

� �

ð7Þ

o qxð Þ
ot

þ
o qujx
� �
oxj

¼ c
tt
P� b�qx2 þ o

oxj
lþ rxltð Þ ox

oxj

� �

þ 2 1� F1ð Þ qrx2
x

ok

oxj

ox
oxj

ð8Þ

In this paper, the Lagrangian derivative was used

P ¼ sij
ouj

oxj
ð9Þ

sij ¼ lt Sij þ
2

3

ouk

oxk
dij

� �
� 2

3
qkdij ð10Þ

Sij ¼
1

2

oui

oxj
þ ouj

oxi

� �
ð11Þ

And the turbulent eddy viscosity is computed from:

lt ¼
qa1k

max a1x;XF1ð Þ ð12Þ

Results and discussion

The performance of the S818, S827, S828, FFA-W3-301

and AH-94-W301 at different wind speeds and the com-

parison of the measured CL and CD curves compared with

XFOIL and EPPLER code calculations (Gonzalez and

Munduate 2007; Tangler 1982) are demonstrated in Fig. 4.

As shown in Fig. 4, lift coefficient airfoils are conducted

for the whole range of wind speeds and AOAs. In sum-

mary, the measurement results illustrate good agreement

between measurements and the XFOIL and EPPLER cal-

culations in low AOA. At higher AOA in the stall and in

the post-stall region, calculations have overestimated the

maximum CL for S818 and FFA-W3-301. For this mod-

eling, S818, FFA-W3-301 and AH-W3-301 have thick

airfoils and the rest have thin airfoils, since the first group

consists of the root airfoils and the second group contains

the primary and tip airfoils. As shown in Fig. 5, as the

sliding ratio increases, greater maximum power is obtained

at the same range of AOA at different wind speeds

(Langtry et al. 2006). Results indicate the best operating

condition for each profile with respect to the variation in

AOA and wind speed. For the FFA-W3-301and S818

profiles, which represented in Fig. 5a, b, the best operating

AOA is at 5� and 10�, because their maximum thickness

occurs between X/C = 40–50 % of the chord (locations of

the maximum relative thickness). The S818 airfoil has a

maximum camber of 3.3 % at 74.2 % chord (0.742 chords)

from the leading edge with a maximum thickness of 24 %

at 30.9 % chord (Buhl 2012). As a general rule to obtain

good stall characteristics, effects of relative thickness on

airfoil performance should be considered, because the

thickness of the airfoil has a major impact on how sepa-

ration develops on the airfoil. Moreover, in thick airfoil the

separation appears in trailing edge and move forward by

increasing AOA (Ma et al. 2015). Meanwhile, according to

above information in order to obtain the highest possible

airfoil performance, the location of the maximum relative

thickness should be closer to the trailing edge, and con-

sequently, the value of maximum relative thickness should

be the minimum possible value (Gudmundsson 2014). The

other S827 and S828 profiles operate best at AOAs

between 0� and 5�, because the maximum thickness occurs

between X/C = 20–40 % of the chord (Yelmule and

EswaraRao Anjuri 2013).

The lift coefficient increased for all of the profiles when

the wind speed was amplified. Also, the lift coefficient

increased with the increase in the AOA between 5� and 15�
and then began to decrease in AOAs greater than 15� at

constant wind speed. Comparisons of the theoretical and

experimental results, as well as the EPPLER Airfoil Design

and Analysis Code, generally showed a good agreement

with the exception of maximum lift, which was signifi-

cantly underestimated (Gonzalez and Munduate 2007;

Somers 2005). The lift coefficient curves provided in

Fig. 4f are for 3.3 % camber at 0.742 chords. Compared to

performance at higher Reynolds numbers (V = 30 m/s,

Re = 1.4 9 105), the study demonstrates in post-stall

region at the AOA = 15, where the maximum error occurs,

and the maximum deviation between EPPLER code at

Re = 1.44 9 105 and ANSYS commercial code at

V = 30 m/s is approximately less than ±11.9 %. However,

both analyses indicate similar reductions in the lift curve

slope and equivalent increases in drag, and after

AOA = 17, the maximum deviation is reduced, approxi-

mately less than ±9.6 %. Besides, results fairly match the

XFOIL and EPPLER calculations in low AOA. It should be

noted that the experimental results have done by the

Aeronautical Research Institute of Sweden and endorsed by

US National Renewable Energy Laboratory (NREL).

NREL’s R&D experimental result is available just for

FFA-W3-301 (Bjorck 1990).

The velocity and pressure distribution around the S818,

S827 and S828 airfoils are shown in Fig. 6a–l. They

indicate that the airfoil has two major components, which

includes the upper surface as a convex wall and the lower

surface as a concave wall that are connected at leading and

trailing edges. The velocity on the upper surface is higher

Int. J. Environ. Sci. Technol. (2016) 13:1525–1540 1529
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(A) (B)

(C) (D)

(E) (F)

Fig. 4 Lift and drag performance. a The drag performance for AH

94-W-301, b the lift performance for AH 94-W-301, c the drag

performance for FFA-W3-301, d the lift performance for FFA-W3-

301, e the drag performance for S818, f the lift performance for S818,

g the drag performance for S827, h the lift performance for S827, i the
drag performance for S828 and j the lift performance for S828
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than velocity on the lower surface; according to the Ber-

noulli’s equation, the pressure on the lower surface (under

the leading edge) of the airfoil is higher than the pressure

over the upper surface (Slooff 2015). Moreover, the pres-

sure on the lower surface of the airfoil close to the trailing

edge depends on form and thickness of the airfoil. As

shown in Fig. 6a–d, which represent thick airfoil, the

pressure here is dramatically increased up to maximum

value at the leading edge (stagnation point) due to

increasing flow velocity in the area of the leading edge on

the suction surface where the velocity and AOA rises

steeply (Kroo 2010). As shown in Fig. 6c, the pressure on

the lower surface is always higher than the pressure on the

upper surface. Furthermore, at the trailing edge, the flow on

the upper surface decelerates and merges with the flow

from the lower surface. Also, it is evident that the increased

strength of the opposing pressure caused the forward

movement of the separation point on the airfoil as well as

the earlier separation of flow at higher AOA (Sørensen and

Kock 1995).

The pressure distribution over four different airfoils S818,

S827, S828 and FFA-W3-301 at different wind speeds and at

different AOAs is demonstrated in Figs. 7, 8, 9 and 10. When

the AOA is increased, the suction peak gradually builds up

until AOA = 16� (±16). As a rule for higher angles of

attack, the airfoil stalls and lift coefficient decreases.

According to Figs. 9e and 10e at X/C = 0.3, where the

airfoil thickness is maximum, the pressure difference is

large for S828 and FFA-W3-301. The process of pres-

sure variation increase by the tip vane does not change.

The effect of a pressure surface on the tip vane is small and

on the suction surface is not yet large, especially at the

blade tip. By shifting to trailing edge, the effect of pressure

differences increases and the tip vane decreases. It is

(G) (H)

(I) (J)

Fig. 4 continued
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obvious that the greater effect by the tip vane and the

greater pressure difference increase occur at the blade tip.

For this simulation, S818 and FFA-W3-301 were thick

airfoils and other airfoils are thin because S818 and FFA-

W3-301 are used in the root and others are primary tip

ones. Figure 7f shows a Cp curve at a = 20� showing

minimum and maximum values. The standard deviation

was small on the pressure side and slightly increased at

the suction side. The variation of the pressure distribu-

tions on pressure side has good results in the measure-

ment in region close to the stagnation point. A closer look

at Fig. 7f reveals that the CFD predictions show a leading

edge separation for the V = 30 m/s at this section,

whereas computations preserve a sharp suction peak. By

comparison, lower surface area clearly shows that Cp

curves are markedly declining before X/C = 0.3.

However, for other models, this reduction in values

occurs after X/C = 0.3, which is represented in Fig. 9f.

As shown in Fig. 7d, the transition point occurs at X/

C = 0.3. It was observed that the transition occurs when

there is an increase in the pressure in the boundary layer,

which is clearly shown in the pressure coefficient dia-

gram. In the low-speed area, an adverse pressure gradient

in the leading edge flow causes separation in laminar

boundary layer and led to developing a free shear layer

which for slightly higher-speed area. As a rule, when the

boundary layer moves enough to an adverse pressure

gradient, flow separation occurs, and therefore, speeds of

the boundary layer dependent on the airfoil drop almost to

zero. As expected, Figs. 7e and 9f show a fully attached

flow at high angles of attack. Attached flow is the flow

which has not been separated from the body. In an airfoil

(A) (B)

(C) (D)

Fig. 5 Sliding ratio for some selected profiles at different wind speeds. a The sliding ratio for FFA-W3-301, b the sliding ratio for S818, c the
sliding ratio for S827 and d the sliding ratio for S828
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Fig. 6 Pressure and velocity contour. a pressure contour for S818,

AOA = 10, V = 30, b velocity contour for S818, AOA = 10,

V = 30, c pressure contour for S818, AOA = 20, V = 30, d velocity

contour for S818, AOA = 20, V = 30, e pressure contour for S827,

AOA = 10, V = 30, f velocity contour for S827, AOA = 10,

V = 30, g pressure contour for S827, AOA = 20, V = 30, h velocity

contour for S827, AOA = 20, V = 30, i pressure contour for S828,

AOA = 10, V = 30, j pressure contour for S828, AOA = 10,

V = 30, k pressure contour for S828, AOA = 20, V = 30 and

l pressure contour for S828, AOA = 20, V = 30
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at low angles of attack, the flow is attached to surface.

But when the AOA increases, the flow tends to ‘‘sepa-

rate’’ as the fluid does not have enough momentum to

stick to the surface. To obtain effect of fully turbulent

flow, especially at these angles of attack, the calculations

must apply an Euler calculation. This opinion is recom-

mended by Wolfe (Walter et al. 1997) for S809 airfoils.

The results are shown in Fig. 7b. The flow is separated on

upper surface and lower surface at approximately X/

C = 0.3, which is shown in Fig. 7d.

Fig. 6 continued
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(A) (B)

(c) (D)

(E) (F)

Fig. 7 S818 Pressure distributions. a a = 0�, b a = 5�, c a = - 5�, d a = 10�, e a = 15� and f a = 20�
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(A) (B)

(C) (D)

(E) (F)

Fig. 8 S827 Pressure distributions. a a = 0�, b a = 5�, c a = - 5�, d a = 10�, e a = 15� and f a = 20�
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(A) (B)

(C) (D)

(E) (F)

Fig. 9 S828 Pressure distributions. a a = 0�, b a = 5�, c a = - 5�, d a = 10�, e a = 15� and f a = 20�
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(A) (B)

(C) (D)

(E) (F)

Fig. 10 FFA-W3-301 Pressure distributions. a a = 0�, b a = 5�, c a = - 5�, d a = 10�, e a = 15� and f a = 20�
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S827 is similar to S809, especially on leading edge,

because both of them have sharp leading edges. At low

AOA (a = ±5�), the lower surface stagnation point is

displaced approximately behind the leading edge. In

Fig. 10b, the transition location on upper and lower surface

occurs at X/C = 0.2, approximately at the position of

maximum thickness. For higher AOA Fig. 7f, the upper

surface transition point changed position and moved for-

ward to the leading edge in X/C = 0.3, and as shown in

Fig. 8e, f, it occurred at X/C = 0.4. At a = 20�, the flow is

separated over upper surface after X/C = 0.5 (Fig. 8f).

Conclusion

The performance and the aerodynamic behavior of the

S818, S827, S828, AH-94-W301 and FFA-W3-301 airfoils

were investigated in this research. Results showed that an

airfoil with high sliding ratio has higher efficiency. Mean-

while, it is deduced that the AOA does have a dominant

effect on determining the optimum profile, while the wind

speed does not. The optimum operating AOA should be

between 0� and 10� for maximizing the sliding ratio and the

power extracted from the wind. It is also noted that as the

AOA increases above the optimum range, the sliding ratio

decreases and the difference in the sliding ratios between all

profiles becomes minimal. In this study, the pressure dis-

tribution and turbulence measurements were also taken at

different velocities and AOAs on the airfoil section. More-

over, measurements of the pressure distribution in the flow

field around the sections with different AOAs were studied.

It should be noted that, as horizontal axis wind turbines

routinely operate in the post-stall regime, accurate predi-

cations in this area are important. To understand where

exactly post-stall was occurring and by considering that

stall typically occurs at large angles of attack, depending on

the airfoil design, the numerical results for unsteady flow

were compared in the normal working range of operation;

besides, attempts should be made to provide this concept in

dynamic environment. The other important point is that

where separation happens. In aerodynamics measurements,

separation can make a significant contribution to increasing

pressure drag over the upper surface and reducing lift,

pressure drag which representing the pressure differential

between the front and behind surfaces of the object. This

condition is considered for wind turbines because it can be

utilized to control the maximum power output to prevent

unintentional generator overload and excessive forces in the

blades during extreme wind speeds. The K–x models are

higher than K–e ones because the K–e models are not

adequate for exact aerodynamic predictions at different

AOAs in the post-stall region.
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List of symbols

Re Reynolds number

CD Drag coefficient

Cp Pressure coefficient

CL Lift coefficient

P Local static pressure on the airfoil

p? Free stream pressure

q Air density

L Lift force

D Drag force

V Velocity

t Kinematic viscosity

A Area of the blade

a Angle of attack

C Airfoil chord

U Wind speed

l Fluid viscosity

X Length scale

sij Shear stress transport

lt Turbulent eddy viscosity

dij Kronecker delta

rk Turbulent diffusion coefficients

Sij Rate of strain tensor

tt Turbulent kinematic viscosity

x Specific dissipation rate

X Absolute value of the vorticity

K Von Karman constant

c Coefficient in the production of dissipation

i, j, k Indices
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