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Abstract—Aerodynamic force that generated on 2D section of
a blade is important for measuring the blade performance.
Therefore in this current work Computational Fluid Dynamics
(CFD) analysis was performed on 2D S809 airfoil. S809 airfoil
was designed by National Renewable Energy Laboratory
(NREL). Experimental analysis of this airfoil was done and
available for the validation purpose. Aerodynamic forces like
lift and drag coefficients were measured by using CFD in this
work. Pressure coefficients around the airfoil were also
generated to compare with experimental results. A wide range
of angle of attack cases with a fixed Reynolds number of 2106
were considered which helped to analyze all stall and post stall
flow conditions. It is clear that capturing all practical
phenomena of 2D airfoil through CFD simulations are difficult.
Over predictions of lift-coefficient and under-prediction of drag
coefficient from the simulations as compared to experimental
data were observed. Five different model equations were used to
find the accuracy of various turbulence models in CFD
calculation. The main emphasis of the result was on the
variation at stall and post stall region. It has found that SST
gamma-theta model is more accurate in predicting the effect of
flow transition and separation than the other equations used in
this work.

Index Terms—Wind energy, wind blade, S809, airfoil, k-g,
k-, SST.

I. INTRODUCTION

Wind has been considered as a source of energy for more
than 100 years. Wind turbine is a device that helps to extract
the wind energy in an environment friendly way. One of the
important components of a wind turbine is the blades.
Considerable amount of research has been performed on the
performance of the blade. Blade performance highly depends
on the sectional aerodynamic force distribution. The clear
understanding of a blade section and its effect under various
wind speed cases is important in calculating the efficiency.
Therefore, this work focuses on aerodynamic characteristics
of 2D S809 airfoil as shown in Fig. 1 which is used for
National Renewable Energy Laboratory (NREL) Phase VI
blade [1], [2]. Lift and drag force coefficients along with
pressure distribution were calculated under various wind
speed cases. Several research works were conducted on blade
airfoil by using CFD [3]-[10]. These works tried to capture
the effect of 2D S809 aerofoil by using several CFD codes.
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The effect of stall and post stall on a 2D airfoil is not clearly
described and captured in most of the works. Walter & Stuart
[9] in their work used S809 airfoil and performed CFD
simulation on it. They varied the angle of attack from zero to
20 degree. The lift and drag coefficients were generated.
With the increase of angle of attack, the simulation results of
lift coefficient failed to agree well with experimental results.
Angles more than 20 degree were not taken into
consideration in their work. Guerri, Bouhadef and Harhad
[10] also used the same airfoil. They analyzed turbulent flow
simulation of the airfoil using CFD code. Their range also
varied from 0 and 20 degree angles of attack. Both research
used SST k-g¢ and RNG k- models for calculation. These
model equations are good in predicting the turbulent flow
condition but sometimes they over predicts the effect of
turbulence under turbulent and transition condition. In the
current research, CFD simulations were done on S809 airfoil.
A wide range of angles of attack were considered. Several
models were implemented in calculating the turbulence and
separation/transition effect of S809 airfoil. Reynolds number
was taken as 2x10° which corresponds to wind velocity of
27.4 m/s. The simulation was performed with Ansys CFX
solver. Lift and drag coefficients along with Cp distribution
were generated. The results of five different models are
compared with NREL S809 airfoil experimental result to see
the performance and the accuracy of different models. The
main concentrations were in stall, separation, and post stall
regions. The results helped to predict the best model for CFD
simulation. The separation and transitional effect of 2D
airfoil were also provided. Various models were also
considered to look at the accurate prediction of the flow
behavior. The results of different models were compared with
NREL experimental results to find the accuracy of the CFD
simulation.
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Fig. 1. Experimental S809 airfoil of NREL [1], [2].
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Il. METHODOLOGY

The coordinates of S809 airfoil were collected from NREL
website and imported in the design modeler of Ansys to draw
the shape of the airfoil. The computational fluid domain is 3m
X 4m with an additional 2m radius semicircular section at the
inlet as shown in Fig. 2. Fine unstructured grids were
generated, keeping the minimum value of the mesh as
0.003m. Around 0.2 million nodes were generated. An
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inflation tool was used to satisfy the near wall Y+ value of
less than one. Fig. 3 shows the near wall grids around the
airfoil.
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Fig. 2. Computational fluid domain.
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Fig. 4. Experimental lift and drag co-efficient result of S809 airfoil and the
definition of stall at different angle of attack [1], [2].

Inlet velocities are defined by the velocity components to
create the effect of varying AoA. Flow simulations were
performed for AoA varying from -2.1°to 34< Reynolds
number of 2x10° was used and was defined as the inlet wind
speed for all the cases. The semicircular boundary was
defined as the inlet and its opposite side as the outlet. The
various turbulence models used are k-& k-w, SST, SST
turbulence and SST gamma theta for the simulations.
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A. k-£Model

The standard k-&model is a semi-empirical model based on
model transport equations for the turbulent kinetic energy, k,
and its dissipation rate, & e-equation is only solved in the
outer part of the boundary layer, whereas the inner portion of
the logarithmic layer and the viscous sub layers are treated by
a mixing length formulation [11].

B. k-wModels

An alternative to ¢ equation is the o equation in the form
developed by WIcox (1993). Instead of the equation for the
turbulent dissipation rate, & an equation for the turbulent
frequency, @, of the large scales is used. The w-equation has
significant advantages near the surface and accurately
predicts the turbulent length scale in adverse pressure
gradient flows, leading to improved wall shear stress and heat
transfer predictions. One of the main advantages of the k-
model is its robustness even for complex applications, and
the reduced resolution demands for integration to the wall. It
was shown by Menter [11] that the main deficiency of the
standard k- model is the strong sensitivity of the solution to
free stream values for o outside the boundary layer.

C. SST, SST Turbulence and SST Gamma Theta Models

In order to overcome the problem related to k-¢ and k-
models, a combination of the effects of near wall and away
from the wall has been proposed which is named as shear
stress transport (SST) model. The SST also has the
capabilities of solving the near wall separation effect.
Although this model predicts both near-wall and larger-scale
boundary effects, it is inaccurate for the viscous-sub-layer
formulation and transitional flow and it sometimes also
bypasses the transitional effect. This transitional prediction
has two modelling concepts. The first is the use of
low-Reynolds number turbulence models, where the wall
damping functions of the underlying turbulence model
trigger the transition onset. This concept is attractive, as it is
based on transport equations and can therefore be
implemented without much effort. However this concept fails
to predict various flow effects like transition, flow stream
turbulence and separation.

In order to correct the problem another approach is
developed which correlates the turbulence intensity, z, in the
free-stream to the momentum-thickness Reynolds number,
Re, at transition onset. The full model is based on two
transport equations, one for the intermittency and one for the
transition onset criteria in terms of momentum thickness
Reynolds number. It is called the ‘Gamma Theta Model’ and
is the recommended transition model for general-purpose
applications. It uses a new empirical correlation [11]-[13]
that has been developed to cover standard bypass transition as
well as flows in low free-stream turbulence environments.

TURBULENCE MODELS

IV. RESULTS

Experimental result of lift and drag coefficients of 2D
NREL S809 airfoil is shown in Fig. 4 [1], [2]. Results of four
different Reynolds numbers are reported. The figure also
shows 2D stall definition of the airfoil at various AOA. It is
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found that up to 9 degree AoA, lift coefficient (C,) increases
linearly. This is the attached flow region. After that it starts to
deviate. The highest value of C_ is at 15 degree AoA which is
considered as stall angle. From 15 degree to higher angles of
attack is considered as post stall region. Flow gets completely
separated when AoA becomes 20 degree which is considered
as the onset of separation. Since the flow gets completely
separated at 20 degree AoA and higher it is called the deep
stall region. Region between 15 to 20 degree, where the flow
starts to separate but not completely separated is the dynamic
stall region. This stall definition is helpful for further
explanation of results.

Different turbulence equations have been used to calculate
the lift and drag coefficients (C_ &Cp) at different AoA of
airfoil. In Fig. 5, C_ of the different models are shown and
compared with NREL S809 airfoil experimental result. C,_ of
all models follows almost the similar trend as the
experimental data but is over predicted. However the
deviation of result is high after 7 degree AoA. At 15 degree
A0A all models show the highest value of C, because of the
stall effect. After 15 degree AoA C, starts to drop. The
variation of C_ is found to be relatively higher for k-m and k-
models. Results from SST model also deviates from
experimental result but the deviation is lower than k-g and
k-o models. There is fluctuation effect in SST, SST
turbulence and SST gamma theta equation from 15 degree to
30 degree AoA. Compared to the three different SST based
models, SST gamma theta model agrees better with NREL
experimental results in dynamic stall region. In dynamic stall
region the effect is almost similar with each other for all other
models which deviate highly from experimental results. The
predicted C_ values become closer to experimental value
after 30 degree angle of attack.

Except k-¢, all other model equations show fluctuation
after certain AoA of dynamic stall region. The value of C_in
those cases considered as the average of fluctuating values.
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Fig. 5. Lift co-efficient result of current simulation by using different model
equations and its comparison with NREL results.
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Comparison of Cp, of different model equation at different
AOA is shown in Fig. 6. It shows compared to C, of different
model equations Cp has less variation of result from
experimental values. The deviation starts mainly after around
17 degree AoA when high fluctuation takes place. Cp from
SST gamma theta model shows the best comparison
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compared with experimental data than other models. k-&
shows the highest deviation of Cp with other results. k-o
under predicts the experimental values. This high deviation is
because the two models cannot capture effect of separation
accurately.
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Fig. 6. Drag co-efficient result of current simulation by using different model
equations and its comparison with NREL results.
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Fig. 8. Comparison of Cp distribution of different model equations at 15.2
degree angle of attack.

C_ is almost similar for all model equations up to 7 degree
AoA. This is the attached flow region. C_ over predicts the
NREL results for larger than 7 degree AoA. This deviation is
high for k-& and k- models. All the SST based models
predicts almost similar C, from 9 to 15 degree AoA.

CL & Cp of a 2D aerofoil is the result of pressure
co-efficient (Cp) distribution around it. Cp distributions of a
2D airfoil are shown in Fig. 7 to Fig. 10. It is found that at 10
degree AoA, Cp of all models have almost similar value as
shown in Fig. 7. However all of them predict higher value of
Cp than experimental values. This is the reason why C, is
also high for all models. In Fig. 8, Cp distribution at stall
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Ao0A of 15 degree is shown. At this AoA pressure co-efficient
distribution around the airfoil of all model equations differs
from experimental value. k-¢ and k- predicts higher value
than any other cases at the leading edge. Compared to that,
SST and SST turbulence models predict better Cp values. C.
of the k-& and k- is also higher due to the same reason.
With the increase of AoA flow separation increases in
dynamic stall region. Cp distribution of 20 degree AoA is
shown in Fig. 9 which is under dynamic stall region. All the
models show high value of Cp at the leading edge except SST
and SST gamma theta model. SST gamma theta shows lower
prediction at this point. There is a high fluctuation with every
model. SST, SST turbulence and SST Gamma theta models
are capable in predicting the transition and turbulent effect
accurately. That is why it shows the fluctuation. k-¢ fails to
predict near wall effects and cannot capture flow turbulence.
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Fig. 9. Comparison of Cp distribution of different model equations at 20.2
degree angle of attack.

AOA 34 degree: NREL

AOA 34 degree
AoOA 34 degree:

: k-epsilon
SST

@ @ AOA 34 degree: SST Turbulence

= == AOA 34 degree:SST Gamma theta

Cp
T VR SV NI S

-0.2

1
2

Fig. 10. Comparison of Cp distribution of different model equations at 34
degree angle of attack.

Deep stall region starts after 20 degree AoA. Every model
predicts higher Cp at the leading edge as described in Fig. 10
which shows Cp at 34 degree AOA. That is why C_are found
to be higher than experimental value. There is high
fluctuating effect still in SST gamma theta model equation.
This is because SST gamma theta predicts the effect of
transition and turbulence more accurately. It can also predict
the effect near airfoil surface when flow gets separated.

V. CONCLUSION

This work presents CFD calculation of S809 airfoil under
various angle of attack conditions. The main purpose is to see
the effect of stall and post stall of 2D airfoil on aerodynamic
forces like lift and drag co-efficient. It compares the result of
five different turbulence models in predicting the transition
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and separation flow condition. The results were validated by
comparing with NREL experimental results.

High deviation of lift and drag coefficient results were
observed in stall and post stall region. The deviation starts
mainly after 9 degree AoA when flow transition starts and it
become higher at stall angle of 15 degree. It has been found
that predicting the effect of high AoA of a 2D airfoil by using
CFD is a challenging area.

While comparing different turbulence models, the highest
deviation is found at k-& and k- model. Though SST and
SST turbulence models are better compared to previous two,
but they have a tendency to over predict the turbulence effect
since they neglect the effect of transition.

Comparing all the turbulence models the prediction
capability of SST Gamma theta equation at higher AoA is
better because of its capability in computing the effect of
onset of stall and flow transition. Therefore, this SST Gamma
theta model is highly recommended in calculating the airfoil
aerodynamics for future works.
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