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ABSTRACT 

In this study aerodynamics analysis of full scaled Vestas V47 wind turbine is carried out by the use of 
modified blade element momentum (BEM) theory and computational fluid dynamics (CFD). In order to 
determine accurate results BEM theory is programmed by considering drag coefficient, Glauert correction 
and Prandtle tip loss factor. CFD simulation is determined employing k-w sst turbulence model and periodic 
boundary condition. The investigation outcomes are compared with each other. To validate CFD and BEM 
results, the only available data is real field measurement that is done by Vestas Company and power is 
compared with these data. Finally, according to the accuracy of results and computational cost, it is obtained 
that BEM is more applicable in engineering estimations.   
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NOMENCLATURE ܽ critical axial induction factor ܸ axial flow velocity ܽ axial induction factor ܸ௧ otational flow velocity ܽᇱ tangential induction factor Greek letters ܥ moment coefficient α angle of attack ܥே normal force coefficient α୮୧୲ୡ୦ pitch angle ܥ lift coefficient φ inflow angle ܥ drag coefficient Ω rotational Speed ܨ Prandtle correction factor Subscripts 
r radius BEM Blade Element Momentum 
T torque CFD Computational Fluid Dynamic 

 
1. INTRODUCTION 

Renewable energy studies have been growing 
rapidly due to rising energy demand, finite fossil 
fuels and environmental concerns. Wind energy is 
one of the fastest growing forms of clean energy 
resources. Wind turbines play significant role in 
providing economic power to satisfy today’s huge 
demand of sustainable and clean forms of energy. 
Nowadays, a major concern of the wind turbine 
designers is their power efficiency and overall 
performance. 

The most popular methods to predict aerodynamic 
behaviour of wind turbine are BEM, CFD, vortex 
method, Dynamic stall model and experiment. 
Among these methods experimental analysis is 

more expensive and time consuming. These 
experiments are so expensive because of wind 
turbine size and required tunnel size. Therefore the 
experimental data are limited in few numbers of 
laboratories such as NASA Ames 24.4 m × 36.6 m 
wind tunnel and DNW. 

Due to the importance of aerodynamic behaviour of 
wind turbine to investigate performance and 
structural behaviour of the turbine, mathematical 
and numerical models have become significant. In 
the vortex method effects of wake rotation in 
downstream are considered by replacement of the 
real flow through the rotor by an inviscid fluid flow 
through an equivalent vortex system (Abedi, 2011). 
Due to the time dependency nature of flow around 
the wind turbine blade and operation of the blade 
near stall angle, dynamic stall models can be used 
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dimensional Momentum theory. In this method the 
wind turbine blades are divided into a certain 
numbers of independent elements along the length 
of blade. At each section, 2-D force equilibrium is 
developed considering produced torque and trust. At 
the same time momentum balance for annular 
element is applied. Finally a set of equations 
derived that can be solved for each blade section. 
This method is extensively explained in reference 
(Hansen 2008). The airfoil characteristics including 
lift and drag coefficients using in BEM code are 
determined by means of XFOIL in which viscous-
inviscid analysis methods have been integrated 
(Drela 2001). 

Because of the rotational flow, the angle of attack at 
each section of blade is determined as below:  α = α୮୧୲ୡ୦ − φ (1)

Where α୮୧୲ୡ୦ is pitch angle and φ is inflow angle of 
attack calculated as it follows below: 

φ = arctan VୟV୰୭୲ (2)VୟandV୰୭୲ are induced velocities in the rotor plane 
that are determined by means of axial and tangential 
induction factors as following: Vୟ = (1 − a)V (3) V୰୭୲ = (1 + aᇱ)Ωr (4) 

The normal and tangential force coefficients are 
determined by projecting lift and drag coefficients 
in corresponding directions. CN = CL cos(φ) + CD sin(φ) (5) CT = CL sin(φ) − CD cos(φ) (6) 

Finally axial and tangential induction factors are 
determined as: 

a = 1ସF ୱ୧୬మ CN + 1 (7)

aᇱ = 1ସF ୱ୧୬  ୡ୭ୱ CT − 1 (8)

Where σ is solidity and defined as the fraction of 
the annular area in the control volume is covered by 
the blade. Prandtl presented a correction factor F to 
axial and tangential induction factor to correct the 
assumption of an infinite number of blades (Hansen 
2008): 

F = 2π cosିଵ eି (12) 

And 

f = B(R − r)2r sin φ  (13) 

Moreover, Glauert correction is considered when 
the axial induction factor becomes large and 
momentum theory breaks down. The critical value 
for a is equal to 0.2 and for a > aୡ the following 
equation is used: a= 12 ቂ2 + ݇(1 − 2ܽ)− ඥ(݇(1 − 2ܽ) + 2)ଶ + 4(݇ܽଶ − 1)൧ (15) 

Where: ݇ = 4F sinଶ φσCN   (16) 

The following algorithm is applied independently to 
each section for calculating aerodynamic loadings: 

1. Initial guess for a and aᇱ 
2. Calculating inflow angle (Eq. 2) 
3. Calculating local angle of attack (Eq. 1) 
4. Reading lift and drag coefficient from 
XFOIL 
5. Calculating axial and tangential induction 
factor (Eqs. 7 and 8) 
6. If “a” is higher than critical value, update 
it using Eq. 15. 
7. If estimated error of “a” and “aᇱ”are more 
than considered tolerance, go to step 2 else go to 
next step 
8. Calculate aerodynamic forces 

Fig. 3 shows aerodynamics coefficients distribution 
along blade length. Due to the higher angle of 
attack and thicker airfoils close to the blade root 
than the other locations, drag coefficient is high and 
lift coefficient is low. 

 

Fig. 3. Distribution of aerodynamics coefficients 
along blade length. 

Fig. 4 shows comparison between output power was 
determined by the use of BEM and real field 
measurement data. An important condition for wind 
turbine is around rated speed. Real field 
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measurement reported 14m/s for rated speed that 
output power reached 660kw (rated power). Also 
BEM determined rated speed equal to the 13m/s 
that this error is acceptable. 
 

 
Fig. 4. Comparing BEM output power with 

control system with real field measurement data 

In Fig. 5 the power coefficient was determined by 
BEM is validated with real field measurement data. 
Power coefficient shows that converting the wind 
energy to the electrical power how efficient wind 
turbine is. As shown in Fig. 5, real field 
measurement data reported the efficiency of the 
turbine is largest at wind speed around 7.5 m/s 
equal to the 0.469. Also, BEM determined the 
highest power coefficient at wind speed around 8 
m/s, that equals to the 0.498. 
 

 
Fig. 5. Comparing BEM output power coefficient 
with control system with real field measurement. 

3.2 COMPUTATIONAL FLUID DYNAMICS 

(CFD) 

The CFD simulation of the blade is accomplished 
by considering one blade with periodic boundary 
conditions. This will be led to a considerable 
reduction in simulation. Since the free stream 
velocity is known, boundary condition at inlet is 
taken as velocity-inlet normal to the turbine. On the 
other hand, despite the inlet, pressure is known for 
outlet instead of velocity, which is the atmosphere 
condition. As a result, gauge pressure is set for 
outlet.  Fig. 6 shows the generated mesh around the 
blade. Generally it has two different types of mesh 
which are rotary and stationary parts and near the 
blade surface boundary layer mesh is utilized. The 
computations have been done with 4,500,000 
elements. The far filed distance in domain is chosen 
great enough (15 times characteristic length which 
is blade length), so that the simulation gives reliable 
results. 

 

 

 

 
Fig. 6. Generated mesh around wind turbine 

blade. 

Flow separation is a phenomena which is critical in 
wind turbine (Lanzafame 2013). So, k-omega Shear 
Stress Transport (SST) is applied as turbulence 
model. In this model a differential equation for 
specific rate of dissipation (ω) is solved except for 
dissipation rate of turbulent energy (ε). Menter 
introduced SST model for k-ω to integrate exact and 
strong k-ω equations near the wall region, with 
independent k-� equations in the far field (Menter 
1994). According to the boundary layer mesh on the 
blade, ݕାnumber is about 5 along blade length. 

To calculate the output power of the turbine, 
moment coefficient value should be used. Having 
angular velocity and moment about rotating axis of 
turbine power delivered by turbine can be defined. 
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The torque T can be calculated by the following 
equation: ܶ = ଵଶ .ߩ .ௌܣ ܷஶଶ . ܴ.                                   (10)ܥ

where ߩ and ܷஶ are density and velocity of free 
stream, respectively, ܥ (moment coefficient) is 
obtained directly through developed CFD code, ܣௌ 
is circle area swept by rotating blades and R is 
blade radius in SI units. Assuming standard 
condition we use the value of 1.225 ݇݃. ݉ିଷ for air 
density. 

A comparison between obtained results of BEM, 
CFD and experiment are presented in Table 2. 

 
Table 2 Verification of BEM by CFD 

Wind 
Speed 
(m/s) 

Power (kW) 

BEM CFD Exp. 

7 168 150 166 
10 477 400 450 
14 684 580 651 
17 701 630 660 

4. CONCLUSION 

The main objective of this study was aerodynamic 
analysis of a complex geometry wind turbine using 
two methods which are BEM and CFD. BEM 
theory, which is a well-known theory for 
aerodynamic analysis of a wind turbine, is 
implemented by considering two corrections and 
drag coefficients. Also CFD simulation was done to 
compare with BEM results. In the CFD analysis 
periodic boundary condition is used and k-ω SST 
turbulence model was chosen. As a result, it is 
observed that Compare to the real field 
measurement BEM result could predict output 
power with low computational cost. So, Du to the 
mentioned advantages of BEM, this theory is more 
willing to use to obtain aerodynamic loads for 
structural analysis such as aero elastic analysis. 
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