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a b s t r a c t

Vertical axis wind turbines like the Darrieus turbine appear to be promising for the conditions of low

wind speed, but suffer from a low efficiency compared to horizontal axis turbines. A fully detailed nu-

merical analysis is introduced in this work to improve the global performance of this wind turbine. A

comparison between ANSYS Workbench and Gambit meshing tools for the numerical modeling is per-

formed to summarize a final numerical sequence for the Darrieus rotor performance. Then, this model

sequence is applied for different blade airfoils to obtain the best performance. Unsteady simulations

performed for different speed ratios and based on URANS turbulent calculations using sliding mesh

approach. Results show that the accuracy of ANSYS Workbench meshing is improved by using SST K-

omega model but it is not recommended for other turbulence models. Moreover, this CFD procedure is

used in this paper to assess the turbine performance with different airfoil shapes (25 airfoils). The results

introduced new shapes for this turbine with higher efficiency than the regular airfoils by 10%. In addition,

blade pitch angle has been studied and the results indicated that the zero pitch angle gives best

performance.

Copyright © 2014, Karabuk University. Production and hosting by Elsevier B.V. All rights reserved.

1. Introduction

Development of wind turbine technologies allowed wind en-

ergy to perform a relevant step forward and the local production of

clean electric power. It renewed the interest of vertical axis wind

turbines (VAWTs) for small scale power generation [1,2]. In fact, a

VAWT can operate using wind coming from any direction. More-

over, the maintenance of this type of wind generators appears to be

less expansive with respect to classical turbines [3]. This paper

focuses on a CFD analysis of a three-bladed Darrieus rotor using

different airfoils. S1046 airfoil improved the performance of the

Darriues turbine by 9%, therefore, it has been recommended by

Mohamed [4]. In this work, other efficient airfoils have been

introduced. Numerical analysis accuracy is very important aspect in

the prediction of Darrieus turbine. The key player in the simulation

is the meshing using different tools. Meshing quality and turbu-

lence model affect the solution accuracy. Numerical analysis has

been performed through a full campaign of simulations based on

RANS unsteady calculations for variable values of rotor speed ratio.

Speed ratio is defined as:

l ¼ Ru

V∞
(1)

Numerical sequence selection is very important to get accurate

results from the CFD simulation. Themain problem in the CFDwork

is the selection of the meshing accuracy, physical model and tur-

bulence model. A lot of conflicts and confused results were ob-

tained by the CFD worker due to misunderstanding of these

selections. Therefore, the purpose of the present work is to obtain

the best selection of the CFD parameters including the meshing

accuracy, physical models and the turbulence models to get accu-

rate results from the CFD simulation of Darrieus turbine.

2. State of art of numerical investigations

Most complex phenomena in the field of Computational Fluid

Dynamics (CFD) are associated with the simulation of the flow past

rotating blades. In addition, the aerodynamics of the Darrieus tur-

bine is deeply influenced by the phenomenon of dynamic stall [5].

Mohamed [4] improved the design performance of H-rotor Dar-

rieus turbine for wind energy conversion. For this purpose, 20

different symmetric and non-symmetric airfoils have been inves-

tigated by two-dimensional Computational Fluid Dynamics.

Moreover, Mohamed [4] proved that the optimal configuration of

H-rotor Darrieus turbine involving S-1046 appears to be very

promising for wind energy generation, in particular in urban areas.
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Ferreira et al. [6] focused on the numerical simulation of a single-

bladed VAWT through the comparison with experimental mea-

surements and PIV data. This demonstrated the DES model which

was able to provide a good representation of the development of

dynamic stall. Wang and Tao [7] also performed a two-dimensional

numerical investigation of the phenomenon of deep dynamic stall

for a low Reynolds number flow over a NACA 0012. They compared

k-u SST model with low Reynolds number correction and the v2-f

model. They found that the RANS approach was good for fast

design or research of low Reynolds number airfoils. Kumar et al. [8]

suggested a low Reynolds number VAWT design and optimization

procedure based on both CFD and BEM (The Boundary Element

Method) calculations. Castelli et al. [9,10] presented a model for the

evaluation of rotor performance and aerodynamic forces on a single-

bladed helical VAWT. Moreover, they also introduced a validation

study for a CFD code for a Darrieus micro-VAWT. Castelli and Benini

[11] presented again a two dimensional CFD analysis of the effect of

airfoil thickness on a straight-bladed Darrieus-type VAWT. They

performed complete simulations based on full RANS unsteady cal-

culations on a three-bladed rotor for two different blade profiles;

NACA 0012 and NACA 0021.

Mohamed [13] improved the self-starting capability of an H-

rotor Darrieus turbine for wind energy conversion. The effect of

using the hybrid system between the drag and lift types of VAWTs

was investigated numerically and experimentally. Hybrid system

was studied to check the self-starting capability and the results

indicated that the hybrid system improved the self-starting capa-

bility of Darrieus turbine. The aero-acoustics from the Darrieus

rotor have evaluated also by Mohamed [14].

Guerri et al. (2007) [15] and Chen and Zhou (2009) [16] analyzed

the flow around a rotating VAWT using Reynolds Averaged Navier

Stokes (RANS) solver in 2-D simulation. PISO discretization scheme

with SST K-omega model was utilized to obtain the flow details

near the wall of the blades. Sliding mesh technique was used to

make a moving mesh. NACA 0018 airfoil type was chosen in both

studies. Guerri et al. (2007) [15] calculated the horizontal and

vertical component of the forces acting on the airfoil to determine

the value of the total torque generated by VAWT. Whereas, Chen

and Zhou (2009) [16] reported the moment coefficient.

Howell et al. (2009) [17] and Claessens (2006) [18] performed

experimental and computational studies on 2-D and 3-D Darruies

turbine models at different Reynolds numbers. They obtained 3-D

computational results in a good agreement with the experiments.

Effect of surface roughness was also taken into consideration.

Claessens (2006) [18] studied the effect of Reynolds number, airfoil

thickness and speed ratio with different airfoil shapes; NACA 0012,

NACA 0015, NACA 0018, and NACA 0021. Sabaeifard et al. [19] tried

to determine the VAWTs optimal configuration through CFD sim-

ulations. They studied DUW airfoil effects on H-Darrieus wind

turbine efficiency comparing with a classical airfoil (NACA 0018).

Ponta et al. [20] usedmore complex designwhere the blades follow

oval-trajectory at variable setting-angles. This new design didn't

show any performance improvements relative to classical circular-

trajectory Darrieus.

All the discussed research projects in the present review have

tried to understand and improve the performance as well as self-

starting of Darrieus turbine, considering either the conventional

geometry or slight modifications.

It can be finally concluded that:

� There is a renewed interest for Darrieus turbines in the recent

year;

� Many small modifications and improvements have been ach-

ieved in the literature for the efficiency or some specific char-

acteristics (e.g., self-starting capability);

� Nevertheless, an accurate CFD modeling of this system has not

been realized up to now. Therefore, it would be very interesting

in the present study to include CFD accuracy check and study of

new airfoil shapes as well as pitch angle effect.

3. CFD domain characteristics

The numerical investigation is used for the aerodynamic

behavior of a three-bladed Darreius vertical axis wind turbine

characterized. This turbine consists of S1046 airfoil (as started

airfoil) with solidity (s ¼ Nc/2R) equals 0.1. Wind speed at

computational domain entrance has been kept constant and equals

to 5 m/s. The angular velocity of the turbine (rotating zone) is

varied to evaluate the turbine performance. Table 1 shows the

geometrical and kinematic features of the tested rotor, while in

Table 2, the main flow field characteristics are illustrated.

3.1. Description of the numerical flow field

Darrieus turbine operates in open field conditions, so it is

necessary to consider a large domain, to avoid solid blockage. Fig. 1

displays the main geometrical features of the computational

domain. The appropriate size of the computational domain has

been investigated to eliminate the effect of the domain size on the

results. A computational domain is a square domain of size 2L � 2L,

it has been considered in the CFD computation. Mohamed et al. [12]

indicated that the smaller domains are associated with a large

variation of the rotor coefficient. This demonstrates that the

computational domain should extend at least over 20 times the

rotor radius in each direction. In a smaller domain, the boundary

conditions influence the results in an inappropriate manner.

Therefore, the domain (25 D) as shown in Fig. 1 has been retained

for all further computations in this paper.

Inlet has been set as a velocity inlet, with a constant wind ve-

locity profile of 5 m/s, while, outlet has been set as a pressure outlet

with atmospheric pressure value. Two symmetry boundary con-

ditions have been used for the two side boundaries. To ensure the

continuity of the flow field, the circumference around the turbine

rotational axis was set as an interface. The inner zone of the flow

field is named as turbine zone and also is set as interface to ensure

mesh linkage between domain and turbine. Turbine zone is char-

acterized by a moving mesh and it is revolving at the same angular

velocity of the rotor. Fig. 2 shows the main dimensions and the

boundary conditions of the rotating zone (turbine). All the blade

profiles inside the rotating zone rotate in circle of 2000 mm

diameter while the rotating zone is 1.25 times the diameter.

3.2. Domain meshing

A paved (Quad Dominant) mesh has been chosen for the whole

computational domain in both ANSYS (Fig. 3) and GAMBIT (Fig. 4)

meshing tools. This type of mesh is selected in order to reduce the

Table 1

Main geometrical features of the analyzed rotor.

Denomination Value

Rotor diameter (D) [mm] 2000

Rotating zone diameter 1.25D

Rotor height (H) [m] 1

Blade section S1046

Blade chord (c) [mm] 70

Number of blades (n) [-] 3

Turbine solidity (s) [-] 0.1
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computational time and increasing the accuracy in spite of

increasing the preparation time of the CFD simulations. The mesh

on both sides of the interface (domain and turbine) has approxi-

mately the same characteristics cell size to obtain faster

convergence.

Being the area close to the blade profiles, great attention where

the computational grids have been constructed from lower topol-

ogies to higher ones and adopting appropriate size. Clustering grid

points near the leading edge and the trailing edge of the blade

profile is to capture the physics and improves the CFD code capa-

bility. Figs. 5 and 6 represent the mesh near wall using ANSYS and

GAMBIT, respectively.

4. Numerical solution

A finite volume CFD solver ANSYS FLUENT is used in this work,

that implements Reynolds averaged NaviereStokes equations. The

Table 2

Main Characteristics of the simulated flow field.

Denomination Value

Pressure [Pa] 101325

Density (r) [kg/m3] 1.225

Inlet velocity (V
∞
) [m/s] 5

Fig. 1. Geometrical features and main dimensions of the computational domain.

Fig. 2. Scheme of rotating zone area.
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fluid has been assumed to be incompressible since the inlet velocity

equals 5 m/s. The hypothesis of incompressible flow is consistent

taking into account the relative speed to the blade. It does not

exceed 45 m/s and it is acceptable (Ma < 0.15). By studying the

effect of time step size on torque coefficient using 0.001, 0.002,

0.004 and 0.005 s time step size, it is observed that is the change in

torque coefficient doesn't exceed 5%. In addition, same study per-

formed for the maximum number of iteration as the the calculation

performed using 50, 70, 80 and 90 maximum number of iteration;

the change in torque coefficient doesn't exceed 1%.

The time step size is set to be 0.005 by performing the com-

putations on 7 revolutions with 70 maximum number of iteration.

As a global convergence criterion, each simulation has been run

until instantaneous torque coefficient is less than 1% compared

with the relative values of the previous period. Residuals conver-

gence criterion for each physical time step has been set to 10�5.

Furthermore, Courant number can be calculated for 0.005 time step

size to ensure that is within the acceptable range. As the minimum

cell size is 7.07 � 10�3 ms, Courant number will be about 3.5 which

is acceptable for such cases. The selected solver is pressure based,

well suited to compute an incompressible flow field. Two turbu-

lencemodels have been checked in this step of work, Realizable keε

and the SST keu. These two models are recommended by the CFD

worker for the rotating zones. The power coefficient shown in the

figures is an average over an entire revolution.

The Realizable keε model has been adopted for viscous com-

putations. This model differs from the Standard keε in two points;

1) it contains a new formulation for the turbulent viscosity and 2) a

new transport equation for the dissipation rate ε has been derived

from an exact equation for the transport of the mean-square

vorticity fluctuations. One of the benefits of the Realizable keε

model is that it provides superior performances for flows involving

rotation, boundary layers under strong adverse pressure gradients,

separation and recirculation.

SST keu turbulence model is a two-equation eddy-viscosity

model which has become very popular. Usage of a keu formulation

in the inner parts of the boundary layer makes the model directly

usable all the way down to the wall through the viscous sub-layer.

Hence, the SST keu model can be used as a low-Re turbulence

model without any extra damping functions. SST formulation also

switches to a keε behavior in the free-stream to avoid the common

Fig. 3. ANSYS mesh for a three-bladed VAWT.

Fig. 4. GAMBIT mesh for a three-bladed VAWT.

Fig. 5. Grid at airfoil section using ANSYS.
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keu problem. SST model is too sensitive to the inlet free-stream

turbulence properties. So, firstly the computations are taken place

using Realizable keε for both models meshed by ANSYS and

GAMBIT and compare it with SST keu results. The computations

use SST keu for ANSYSmodel by keeping the a fine near-wall mesh

capable of resolving the viscous sub-layer (yþ < 5) and compare it

with the GAMBIT model performed by Realizable keε.

5. Mathematical methodology

ANSYS FLUENT can handle both steady-state and transient an-

alyses, and has several different options for modeling turbulence.

Conservation of bothmass andmomentum is solved in all fluid flow

cases, and in compressible flow or heat transfer cases. Consider a

control volumewhich encloses a specifiedmass of fluid in a steady-

state flow field. Also consider a control surface around this volume,

through which a certain mass of fluid enters and exits over a spe-

cific interval of time. If the flow is steady-state, these quantities are

equal; therefore, there is no change in mass of the volume. This is

the principle of continuity.

The continuity equation for unsteady, compressible flow is.

vðrvxÞ
vx

þ v
�

rvy
�

vy
þ vðrvzÞ

vz
þ vr

vt
¼ 0 (2)

where vx, vy, and vz are the fluid velocities in the x, y, and z di-

rections, respectively, and r is the density of the fluid. This equation

states that the time rate at which mass increases within the control

volume is equal to the net influx of mass across the control surface.

Conservation of momentum can be written as

v

vt
ðr v
!Þ þ V$ðr v

!
v
!Þ ¼ �Vpþ V$ð t!Þ þ r g

!þ F
!

(3)

wherer g
!

and F
!

are the gravitational and body forces, the stress

tensor, t is.

t ¼ m

�

�

V v
!þ V v

!T
�

� 2

3
V$ v

!I

�

(4)

Fluid behavior can be characterized in terms of the fluid prop-

erties velocity vector u (with components u, v, andw in the x, y, and

z directions), pressure p, density r, viscosity m, heat conductivity k,

and temperature T. Changes in these fluid properties can occur over

space and time. Using CFD, these changes are calculated for small

elements of the fluid, following the conservation laws of physics

listed above. The changes are due to fluid flowing across the

boundaries of the fluid element and can also be due to sources

within the element producing changes in fluid properties.

Since it would be computationally prohibitive to model very

small scale and high frequency fluctuations in fluid velocity seen in

turbulent flow in production environments, time averaged

methods of simulating turbulence effects have been derived. In

these models, terms are introduced to simulate the average tur-

bulent flow field, so that the small scale turbulent behavior does

not have to be calculated explicitly by the Navier Stokes equations.

Instead, transport equations are solved in order to bring the model

to closure and model the full range of turbulent flow scales. These

are called Reynolds-average Navier Stokes (RANS) turbulence

models which significantly reduce the processing power required

and make turbulence modeling practical for a wide range of tur-

bulent flow problems. In turbulence models that involve Reynolds

averaging, the exact Navier stokes flow solution is broken down

into its varying and time averaged components. The general form of

any scalar flow property can be given as

f ¼ fþ f0
; (5)

where f is the mean property value, and f0 is the varying value. If

the time averaged values of the flow variables are substituted into

the standard Navier Stokes equations, the Reynolds-averaged

NaviereStokes equations can be obtained:

v

vt
ðruiÞ þ

v

vxj

�

ruiruj
�

¼ �vp

vxi
þ v

vxj

"

m

 

vui
vxj

þ
vuj
vxi

� 2

3
dij
vul
vxl

!#

þ v

vxj

�

� ru0
i
u0
j

	

(6)

Two-equation RANS turbulence models use the Boussinesq hy-

pothesis which states that the transfer of momentum generated by

turbulent eddies can be modeled by an eddy viscosity, mt . The

theory states that the Reynolds stress tensor, tij is proportional to

the rate of strain tensorSij, defined as

Sij ¼
1

2

 

vui
vxj

þ
vuj
vxi

!

: (7)

They can be combined as

tij ¼ 2mt2Sij �
2

3
kdij: (8)

This can also be written as

�ru0
i
u0
j
¼ mt

 

vui
vxj

þ
vuj
vxi

!

� 2

3

�

rkþ mt
vuk
vxk

	

dij: (9)

Boussinesq assumption provides a method of calculating the

turbulent viscosity at a low computational cost. However, its main

disadvantage that the Reynolds stress tensor is proportional to the

strain rate tensor. This is not strictly true and is in fact invalid for a

range of flows including those with strong accelerations or high

curvature. Models have been developed which attempt to address

this shortcoming, such as the Realizable keepsilon and SST

keomega models which are described below.

5.1. Realizable keepsilon turbulence model

A member of the keε family of turbulence models, keε Realiz-

able, was used for rotating zones. Advantages of the keε Realizable

turbulence model over the standard keε turbulence model include

improved performance in flows with recirculation, strong pressure

gradients, flow separation, and the non-reliance on an assumed

Fig. 6. Grid at airfoil section using GAMBIT.
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relationship between the Reynolds stress tensor and the strain rate

tensor.

The transport equations for k and ε in the Realizable keε model

are given as.

v

vt
ðrkÞþ v

vxj

�

rkuj
�

¼ v

vxj

"

�

mþ mt

sk

	

vk

vxj

#

þGkþGb�rε�YM þSk

(10)

and

v

vt
ðrεÞ þ v

vxj

�

rεuj
�

¼ v

vxj

"

�

mþ mt

sε

	

vε

vxj

#

þ rC1Sε� rC2
ε
2

kþ ffiffiffiffiffi

vε

p

þ C1ε
ε

k
C3Gb þ Sε

(11)

where

C1 ¼ max

�

0:43;

h

hþ 5

�

; h ¼ S
k

ε

and S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

2SijSij

q

Major difference in the form of the Realizable keε model versus

that of the standard keε model is that in the determination of Cm is

not a constant. It is instead calculated from.

Cm ¼ 1

A0 þ AS
kU*

ε

(12)

where

U* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SijSij þ ~Uij
~Uij

q

(13)

and

~Uij ¼ Uij � 2εijkuk

Uij ¼ Uij � εijkuk:

(14)

5.2. SST keomega turbulence model

Shear-stress transport (SST) keomega turbulence model is a

type of hybrid model, combining two models in order to calculate

flow in the near-wall region. It was designed in response to the

problem of the keepsilon model's unsatisfactory near-wall perfor-

mance for boundary layers with adverse pressure gradients. It uses

a standard keε model to obtain flow properties in the free-stream

(turbulent) flow region far from the wall, while using a modified

keε model near the wall using the turbulence frequency u as a

second variable instead of turbulent kinetic energy dissipation

term ε. It is expected that the boundary layer flow has a strong

Fig. 7. a. ANSYS meshed model by using Realizable keε turbulence model b. GAMBIT meshed model by using Realizable keε turbulence model.
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influence on the results, and properly modeling this near-wall flow

could be important for accuracy of the calculations. Therefore, SST

keomega turbulence model has also been chosen for CFD simula-

tions in this project. This SST keomega model is similar to the keε

turbulence model, but instead of ε as the second variable, it uses a

turbulence frequency variable omega, which is expressed as u¼ ε/k

[s�1]. SST k-omega model calculates Reynolds stresses in the same

way as in the keepsilon model.

The transport equation for turbulent kinetic energy k for the k-u

model is:

vðrkÞ
vt

þ v

vxi
ðrUikÞ ¼

v

vxi

��

mþ mt

sk

	

gradðkÞ
�

þ Pk � b*rku

ðIÞ ðIIÞ ðIIIÞ ðIVÞ ðVÞ
(15)

where Pk ¼
 

2mt
vUi

vxj
$

vUi

vxj
� 2

3
rk

vUi

vxj
dij

!

The terms (I)e(V) in Equation (15), can be defined as the

following:

The transport equation for turbulent frequency u for the keu

model is:

where su;1, g2, b2, and su;2 are constants.

The general description for each of the terms in Equation 15(I) to

(V) are the usual terms for accumulation, convection, diffusion,

production, and dissipation of u. Last term (VI) is called a ‘cross-

diffusion’ term, an additional source term, and has a role in the

transition of the modeling from ε to u.

6. Results and discussion

Torque coefficient and power coefficient are used to assess the

mesh quality and stability of used turbulence model. These co-

efficients are represented by the following:

Cm ¼ T
.�

½r·A·V2
∞

·R
�

(17)

Fig. 8. ANSYS meshed model by using SST keu turbulence model.

(I) Transient term Accumulation of k (rate of change of k)

(II) Convective transport Transport of k by convection

(III) Diffusive transport Turbulent diffusion transport of k

(IV) Production term Rate of production of k

(V) Dissipation Rate of dissipation of k

sk and b* are equation constants.

vru

vt
þ v

vxi
ðrUiuÞ ¼

v

vxi

��

mþ mt

su;1

	

gradðuÞ
�

þ g2

 

2r
vUi

vxj
,

vUi

vxj
� 2

3
ru

vUi

vxj
dij

!

� b2ru
2 þ 2

r

su;2u

vk

vxk

vu

vxk

ðIÞ ðIIÞ ðIIIÞ ðIVÞ ðVÞ ðVIÞ
(16)

Fig. 9. Absolute velocity contours [m/s] around the airfoil for ANSYS meshed model by

using SST keu turbulence model.
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Cp ¼ P
.�

½r·A·V3
∞

�

(18)

As a function of speed ratio for a given blade section (S1046), it

clearly appears in Fig. 7a that using Realizable keε as the turbulence

model for the model meshed by ANSYS gives unstable solution over

a wide range of number of nodes. The solution is grid dependent in

spite of reaching a great number of nodes up to 202426 nodes. By

using the Realizable keε as the turbulence model for the model

meshed by GAMBIT, Fig. 7b shows that it gives as stable solution

over a wide range of number of nodes and it can use much less

number of nodes and save the computational cost. The solution is

Fig. 12. Power coefficient as a function of tip speed ratio for the 25 considered blade sections.
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Fig. 13. Power coefficient as a function of tip speed ratio for the best five Blade's

sections.

Fig. 10. Absolute velocity contours [m/s] around the airfoil for ANSYS meshed model

by using Realizable keε turbulence model.
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Fig. 11. Validation of computational model using NACA 0021 airfoil, compared to a

published experimental and CFD results for a Darrieus turbine [21].
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grid independent and the small variation is due to numerical error

with maximum variation in solution of approximately 3%.

By enhancement themeshwall function, so it suitable to use SST

keu as the turbulence model for the model meshed by ANSYS

which doesn't give reliable solution using Realizable keε as the

turbulence model. Fig. 8 shows that using SST keu gives stable

solution over wide range of number of nodes with maximum so-

lution variation about 5%. Knowing that if will works on much

greater number of nodes than used in GAMBIT where SST keu

model needs intensive mesh near walls to keep yþ < 5. So it needs

higher computational cost than in GAMBIT as we reached yþ ¼ 3.7.

Figs. 9 and 10 compare the absolute velocity contours for the

considered rotor blade sections, for models meshed using ANSYS

and modeled using SST keu turbulence model and Realizable keε

turbulencemodel, respectively. A larger recirculation zone is clearly

visible at the trailing edge of the Realizable keε turbulence model.

This is determining a decreased lift to drag ratio and a consequent

loss of energy. This means that the SST keu turbulence model is

better than Realizable keε turbulence model especially near the

walls. Therefore, the SST keu turbulence model will be retained in

the rest of simulations to obtain the Darrieus rotor performance.

6.1. Turbulence model validation

Numerical turbulence model (SST keu turbulence model) has

been validated by comparison with published experimental results

and CFD for an H-rotor Darrieus turbine [11,21]. The results have

been obtained by the turbulence model are shown in Fig. 11. These

results give an acceptable agreement obtained between experi-

ments and better than the CFD results of the same authors. The

present CFD and the published data (Experimental and CFD, [21])

for the target function CP are using the same rotor characteristics

which selected by the authors. These results prove that present CFD

procedure is more suitable for Darrieus turbine than the numerical

results introduced by the authors in [21].

6.2. Darrieus turbine performance investigation

There are several factors that performance of the wind turbine

depends on, such as lift to drag ratio which is affected by airfoil

shape, pitch angle, solidity, speed ratio and wind velocity. This

section mainly deals the results obtained from a proper assessment

of an airfoil shape and pitch angle are to maximize the power

output. Torque coefficient Cm and power coefficient Cp are calcu-

lated on base of Equations (17) and (18) to evaluate turbine per-

formance for different configurations including the changing in

blade section and pitch angle.

6.2.1. Airfoil shape effect

In this section, results from the numerical study will be pre-

sented for each airfoil shape in order to obtain better performance

for H-rotor Darrieus turbine. The study performed based on 25

airfoil section from different families. The names of these airfoils

are NACA 63-215, NACA 63-415, NACA 63-218, NACA 63-418, NACA

63-221, NACA 63-421, NACA 64-415, NACA 65-415, NACA 65-421,

NACA 0015, NACA 0018, NACA 0021, FFA-W3-211, FFA-W3-241, FFA-

W3-301, A-Airfoil, DU91-W2-250, DU93-W-210, LS(1)-0413, LS(1)-

0417, FX66-S196-V1, S809, S814, S104 and S1223. Most of these

airfoils is recommended to use in horizontal axis wind turbines

a) LS(1)-0413

Best Power coefficient
b) NACA  63-415

Best operating range

Fig. 14. Best airfoils form the performance point of view; a) best power coefficient, and

b) best operating range.

Fig. 15. Instantaneous torque coefficients for the best in class airfoils at l ¼ 4.

Fig. 16. Pitch angle and incidence angle definition.
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where they give great lift to drag ratio but never used before in the

vertical axis wind turbines. So the performance of such airfoil

sections is investigated to show if it is suitable for vertical axis wind

turbines or not. The rest of airfoils are traditional sections for

comparing it with the new sections. The geometric parameters that

affect the aerodynamic performance of an airfoil include leading

edge radius, mean camber line, maximum thickness, thickness

distribution of the profile and the trailing edge angle.

Present work considers a typical operating range (speed ratio

range) varying between 2 and 9. Due to an extremely small power

output, there is no practical interest for the operating range above

9, (l > 9). Operation below speed ratio 2 (l < 2)means the turbine is

working beyond stall conditions especially for high solidities,

where the efficiency and power output rapidly decrease. Many

publications recommended the range between 2 and 9 [21] and this

range has been retained as well in the present study.

From the results (see Fig. 12), it is found that the best perfor-

mance of Darrieus turbine is obtaind when using one of five airfoils

LS(1)-0413, NACA 63-215, NACA 63-415, NACA 64-415 or NACA

0015. These airfoils perform themaximum turbine efficiencies with

wide operating range over all other used airfoils Fig. 13. The in-

vestigations will completed using LS(1)-0413 as a sample from the

best of class airfoils which its peak efficiency is not much lower

than the one which perform maximum peak efficiency (NACA 63-

215) and it performs wider operating range (speed ratio range) for

the turbine, this means that the stall can be delayed by using LS(1)-

0413 airfoils without losing too much efficiency. Also it was found

that NACA 63-415 perform the wider operating range over the all

best in class airfoil and the power coefficient relatively constant

over wider range after reaching the peak which makes it preferred

for some designer where it makes the control on speed ratio that

perform high efficiency more easy. Also NACA 64-415 and NACA

0015 is better than LS(1)-0413 where their operating range is wider

and the power coefficient relatively constant over wider range, the

power coefficient is higher at speed ratio more than 5 and less than

8 but NACA 63-415 still preferred from this side of view. NACA 63-

Fig. 17. Power and torque coefficient as a function of tip speed ratio for the negative pitch angles compared to zero pitch.
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415 gives a good performance in high speed ratio; this means that

the airfoil has a high lift to drag ratio on the small angle of attacks

and this reason of the usage of this airfoil on the horizontal axis

wind turbine. So, in general NACA 63-415 and NACA 64-415 show

the best performance over the all considered airfoils (Fig. 14). Fig.15

shows the instantaneous torque coefficient of the five airfoils at

every angle during a complete revolution.

6.2.2. Pitch angle effect

In this section the effect of pitch angle variation (b) will be

discussed on the turbine performance. Fig. 16 introduces a defini-

tion to the pitch angle and its relation with angle of attack and

incident angle. Pitch angle affects the air incidence angle on airfoil

during the rotation. Incidence angel (g) is the sum of pitch angle

and angle of attack.

To maximize the turbine efficiency using LS(1)-0413 airfoil

section, an investigation is conducted in order to get the best pitch

angle. This investigation covers a wide range of pitch angle,

from �100 to þ100. Figs. 17 and 18 show the effect of variation of

pitch angle from zero to �100 and from zero to 100, respectively. It

is found that either increase or decrease the pitch angle from zero

reduces the power coefficient and narrows the operating range.

This reduction in performance reaches the case of rotation in

reverse direction at �10� and 10� over all the operating range

where the dynamic stall increased.

Figs. 19 and 20 indicate that by varying pitch angle from zero,

the average torque coefficient of the three blades decreases at every

location during rotation. So, the average torque coefficient over the

revolution decreases until reaching negative torque at any angle.

This confirms that the best pitch configuration is at pitch angle

equals to zero. Fig. 21 shows velocity distribution contours for

100, �100 and zero pitch angle cases, while Fig. 22 is the corre-

sponding pressure contours. Either increasing or decreasing the

pitch angle other than zero pitch shows a dramatic change in the

pressure distribution plot. It can be seen that there is a very large

low pressure region on top of the blade in case of 100 pitch angle

and the stagnation point has been moved to the bottom of the

airfoil. Inversely in case of �10� the large low pressure region ap-

pears on the bottomwhile the stagnation point is moved to the top.

As the stagnation point displaced, at the trailing edge there are two

Fig. 18. Power and torque coefficient as a function of tip speed ratio for the positive pitch angles compared to zero pitch.
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streams traveling at different velocities. This causes a starting

vortex at the trailing edge and grows as stagnation point moves

either on suction or on pressure side.

7. Conclusions

Numerical procedure relying on the Realizable keε turbulence

and SST keu models can be employed for a quantitative analysis of

the performance of H-Darriues turbine, provided a sufficiently fine

grid and sufficiently large computational domain are used. The

behavior of CFD simulation based on H-rotor Darrieus turbine is

affected by the meshing tool. If the domain is meshed using ANSYS,

it is recommended to intense mesh near wall and use SST keu to

give reliable solution. It needs much more computational cost as

well as it should be checked the viscous sub-layer (yþ). Moreover, if

the model has been installed and meshed by GAMBIT tool,

Fig. 20. Instantaneous torque coefficients for different positive and zero pitch angle at l ¼ 4.

Fig. 21. Velocity contours for LS(1)-0413 profile; a) zero pitch, b) �100 pitch and c) 100 pitch angle at l ¼ 4.

Fig. 19. Instantaneous torque coefficients for different negative and zero pitch angle at l ¼ 4.
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Realizable keε should be used as the turbulence model which

doesn't need wall treatment so less computational cost. 25 airfoils

based Darrieus rotor has been investigated for several values of

speed ratio in order to obtain the best possible performance. LS(1)-

0413 airfoil cross section gives power coefficient equals 0.415 with

an increase around 10% compared to NACA 0018. However, NACA

63-415 introduces wider operating range compare to all the airfoils.

The effect of pitch angle variation is investigated from�100 toþ100

using one of the best airfoils. It is concluded that by increasing or

decreasing pitch angle from zero the performance start to decay

until reaching to rotation in reverse direction over the entire

operating range at pitch angle �100 and 100.
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