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 This paper presents a fast and efficient aerodynamic optimization method for megawatt class wind 
turbines. For this purpose WP_Baseline 1.5 MW wind turbine is used as a test case. Modified particle 
swarm optimization (PSO) algorithm is used in this study. PSO parameteric studies are conducted, to 
increase both efficiency and speed of optimization cycle. Since in aerodynamic optimization, it is very 
desirable to limit the number of the variables, in this study geometric class/shape function 
transformation technique (CST) is used for blade geometry parameterization and the appropriate order 
of shape function polynomial is proposed for S818, S825 and S826 airfoils. Improved Blade Element 
Momentum (IBEM) theory is implemented for wind turbine power output estimation, and validated 
with experimental and Computational Fluid Dynamic (CFD) data of AOC wind turbine. The 
aerodynamic data needed for IBEM is provided by XFoil software. XFoil output data for pressure 
coefficient and wall shear stress which are validated against experimental and CFD data, are applied as 
the aerodynamic input data for IBEM method. 
The twist, the chord and 3 types of airfoil for all sections of the turbine blade are optimized using IBEM 
method. Optimization is performed with realistic constraints to produce feasible geometry. The 
performance of the final optimized geometry is simulated via 3D steady incompressible Navier–Stokes 
equations coupled with Transition SST Model CFD simulation to predict the performance improvement. 
The results show about 6 percent power enhancement for WP_Baseline wind turbine. 
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9. Blade Element Momentum (BEM) 
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Fig. 1 CST variables for a typical airfoil 
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Fig. 2 Optimization flowchart and implemented methods 
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Fig. 3 Airfoil S825 shape functions and the 6th order fitted polynomials 
for suction surface (up) and pressure surface (down) 
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Fig. 4 Regenerated airfoils compared to S825 
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Fig. 5 WP_Baseline wind turbine regenerated chord compared to 
original one 

 5 -
  

  
Fig. 6 WP_Baseline wind turbine regenerated twist angle compared to 
original one 
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Fig. 7 C-mesh for S825 airfoil with 5 face zones (right), near airfoil 
mesh (left) 
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Fig. 8 S818 airfoil lift coefficient vs. Number of Elements (NoE) in 8 
(deg) angle of attack and 1.5e6 Reynolds number 

 8 -818  
8 1.5   

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
95

.1
6.

11
.1

7.
0 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
9-

21
 ]

 

                             5 / 11

https://dorl.net/dor/20.1001.1.10275940.1395.16.11.17.0
https://mme.modares.ac.ir/article-15-3554-fa.html


    

       

  

6  13951611  

 2              
      -  

Table 2 Errors of implementing CST method for geometrical airfoil 
modeling and using XFoil in WP_Baseline turbine power estimation 
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Fig. 9 Pressure coefficient comparison between experiment, CFD and 
XFoil data for S826 
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Fig. 10 AOC 15/50 one blade domain mesh for CFD calculation (left), 
the blade sub-domain mesh (right) 
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Fig. 11 AOC wind turbine power output (kW) vs. Number of elements 
(NoE) in 12 (m/s) wind velocity 
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Fig. 12 AOC 15/50 y+ contour on suction side (left) and pressure side 
(right) 
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Fig. 13 AOC 15/50 iso-vortex surfaces with Q-Criteria = 56 (s^-2) 
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Fig. 14 IBEM and CFD method power output data in 
comparison with experimental data AOC 15/50 
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Table 3 Cognitive constant and inertia weight amounts 
proposed in different references 
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Fig. 15 Number of birds (NoB) effect on objective function 
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Fig. 16 Number of birds (NoB) effect on convergence time 
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Fig. 17 Effects of cognitive constant (CC) and minimum inertia weight 
on convergence time  
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Fig. 18 Effect of velocity clamping factor (VCF) on convergence time 
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Fig. 19 Original and optimized twist angle in different band width 
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Fig. 21 Original and optimized S818 airfoil pressure coefficient 
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Fig. 22 WP_Baseline wind turbine power output (kW) vs. Number of 
elements (NoE) in 12 (m/s) wind velocity 
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Fig. 23 WP_Baseline iso-vortex surfaces with Q-Criteria = 8.6 (s^-2) 

 23 8.6 ) 

 
Fig. 24 Pressure contour (Pa) for original (left) and optimized (right) 
rotor pressure side 
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Fig. 25 WP_Baseline power output (kW) vs. wind speed (m/s) 

 25         ( )  - 
)   

     
   12    20    

 98   96   .  

 6          -
  

Table 6 WP_Baseline original and Optimized Power output 
comparison with IBEM and CFD 

 
 

 

) ) ) ) 
  

) 
24 26 23 24 3 
59 62 55 58 4 

116 123 109 115 5 
204 216 195 207 6 
328 348 315 334 7 
496 525 488 518 8 
714 756 683 724 9 
989 1048 947 1005 10 
1329 1409 1269 1346 11 
1607 1703 1651 1749 12 
1607 1703 1651 1749 25 

-6   
            

       
          
   -    

  .         
       .  

               
-818 -825  -826      

  6-7  .
   6        

   .    
         

     .
     

     -- 

  
  . 

   
  

     
 -      

     =)7(    =)10(    
 =)0.7(    =)2(    =)2 (  

 =)10-3 (  .      
  .       -818 -825  

-826   .  
 

   6    .
   

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
95

.1
6.

11
.1

7.
0 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
9-

21
 ]

 

                            10 / 11

https://dorl.net/dor/20.1001.1.10275940.1395.16.11.17.0
https://mme.modares.ac.ir/article-15-3554-fa.html


    

       

13951611  11  

 . 
   

 ( ) 
  

     
    

 
  

7 -   
[1] M. Hoeven, Technology Roadmaps: Wind energy (2013 edition), pp. 9-11, 

Paris: IEA, 2013.  
[2] J. Mur-Amada, Á. Bayod-Rújula, Variability of wind and wind power, pp. 

296-297: Rijeka, Croatia: NTECH Open Access Publisher, 2010.  
[3] J. F. Manwell, J. G. McGowan, A. L. Rogers, Wind Energy Applications, pp. 

94, New York: John Wiley & Sons, 2009.  
[4] S. Sawyer, Global Wind Energy Outlook | 2014, pp. 13-14, Brussels, 2014.  
[5] S. S. Rodrigues, Aeroacoustic Optimization of Wind Turbine Blades, MSc 

Thesis, Instituto Superior Tecnico, Lisboa, 2012.  
 [6] T. Mueller, Low Reynolds Number Aerodynamics, pp. 1-12, Berlin: Springer, 

1989. 
[7] F. C. Jaime, C. M. Andre, Aero-Acoustic Optimization of Airfoils for Wind 

Turbines, Proceedings of The 54th AIAA/ASME/ASCE/AHS/ASC Structures, 
Structural Dynamics, and Materials Conference, Boston, Apr 8, 2013.  

[8] D. Perfilev, Methodology for Wind Turbine Blade Geometry Optimization, 
PhD Thesis, Lappeenranta University of Technology, Lappeenranta, 2013.  

[9] S. H. Jongsma, One method for simulation-based wind turbine blade design, 
PhD Thesis, University of Twente, Netherlands, 2014.  

[10] A.-A. Ö. Ali, Ertunç; Florian, Beyer; Antonio, Delgado, Torque-Matched 
Aerodynamic Shape Optimization of HAWT Rotor, Journal of Physics: 
Conference Series, Vol. 555, No. 1, pp. 012003, 2014.  

[11] P.  Y.  Mishra,  D.  P.  Kumar sharma,  P.  k.  Barasker,  Optimal and Simulation 
of HAWT Blade S809, IOSR Journal of Mechanical and Civil Engineering, 
Vol. 11, No. 5, pp. 83-88, 2014.  

[12] T. Ashuri, M. B. Zaaijer, J. R. Martins, G. J. Van Bussel, G. A. Van Kuik, 
Multidisciplinary design optimization of offshore wind turbines for minimum 
levelized cost of energy, Renewable Energy, Vol. 68, pp. 893-905, 2014.  

[13] H. Morad Tabrizi, A. Nejat, Aerodynamic Design and Optimization of a 
Megawatt Wind Turbine Blade Based on Blade Element Momentum Theory, 
Modares Mechanical Engineering, Vol. 15, No. 10, pp. 279-290, 2015. (in 
Persian ) 

[14] J. F. Manwell, J. G. McGowan, A. L. Rogers, Wind Energy Applications, pp. 
117-120, New York: John Wiley & Sons, 2009.  

[15] G. Xu, L. Sankar, Application of a viscous flow methodology to the NREL 
Phase VI rotor, Proceedings of The ASME Wind Energy Symposium, Nevada, 
USA, January 14-17, 2002.  

[16] M. L. Buhl, A new empirical relationship between thrust coefficient and 
induction factor for the turbulent windmill state: National Renewable Energy 
Laboratory, Colorado, U.S.A., pp 6-11, 2005.  

[17] C. Bak, H. A. Madsen, J. Johansen, Influence from Blade-Tower Interaction 

on Fatigue Loads and Dynamics, Proceedings of the first European wind 
energy conference and exhibition, Copenhagen, Denmark, Jul 2-6, 2001.  

[18] J. G. Leishman, Principles of Helicopter Aerodynamics, pp. 378-412, 
Cambridge: Cambridge university press, 2006.  

[19] K. Brenda, Recent Extensions and Applications of the "CST" Universal 
Parametric Geometry Representation Method, Proceedings of the 7th 
Aviation Technology, Integration, and Operations, Belfast, Northern Ireland, 
September 18–20, 2007.  

[20]  F.  R.  Menter,  R.  B.  Langtry,  S.  R.  Likki,  Y.  B.  Suzen,  P.  G.  Huang,  S.  
Völker, A Correlation-Based Transition Model Using Local Variables—Part 
I: Model Formulation, Journal of Turbomachinery, Vol. 128, No. 3, pp. 413-
422, 2004.  

[21] S. Yuhui, R. Eberhart, A modified particle swarm optimizer, Proceedingsof 
the Evolutionary Computation, Anchorage, Alaska, May 4-9, 1998.  

[22] D. Somers, The S816, S817, and S818 Airfoils, National Renewable Energy 
Laboratory, Colorado, USA, pp 13-47, 2004.  

[23] D. M. Somers, The S825 and S826 airfoils, National Renewable Energy 
Laboratory, Colorado, USA, pp 15-36, 2005.  

[24] R. Jacobson, E. Meadors, H. Link, Power performance test report for the 
AOC 15/50 wind turbine, National Renewable Energy Laboratory, Colorado, 
USA, pp. 6-145, 2003.  

[25] H. Link, R. Santos, International Energy Agency Wind Turbine Round-Robin 
Test Task, National Renewable Energy Laboratory, Colorado, USA, pp. 23, 
2004.  

[26] U. NOAA, U. A. Force, US standard atmosphere, pp. 52, Washington: 
NOAA-S/T, 1976.  

[27] J. C. R. W. Hunt, A. A.; Moin, P., Eddies, Stream and Convergence Zones in 
Turbulent Flows, Center for Turbulence Research, pp. 193-208, 1988.  

[28] D. Wood, A three-dimensional analysis of stall-delay on a horizontal-axis 
wind turbine, Journal of Wind Engineering and Industrial Aerodynamics, 
Vol. 37, No. 1, pp. 1-14, 1991.  

[29] J. Tamura, Calculation method of losses and efficiency of wind generators in 
Wind Energy Conversion Systems, pp. 25-51, New York: Springer, 2012.  

[30] J. E. Kennedy, R.C.; Shi, Y., Swarm intelligence, San Francisco: Morgan 
Kaufmann Publishers, pp. 328-357, 2001.  

[31] P. J. Angeline, Evolutionary optimization versus particle swarm 
optimization: Philosophy and performance differences, Proceedings of the 
7’th Conference on Evolutionary Programming, California, USA, May 26-27, 
1998.  

[32] M. Clerc, J. Kennedy, The particle swarm - explosion, stability, and 
convergence in a multidimensional complex space, IEEE Transactions on 
Evolutionary Computation, Vol. 6, No. 1, pp. 58-73, 2002.  

[33] Y. Shi, R. C. Eberhart, Parameter selection in particle swarm optimization, 
Proceedings of the 7’th Evolutionary programming Conference, California, 
USA, March 25-27, 1998.  

[34] S. Yuhui, R. C. Eberhart, Empirical study of particle swarm optimization, 
Proceedings of the 1999 Congress on Evolutionary Computation, 
Washington, USA, July 6-9, 1999.  

[35] I. C. Trelea, The particle swarm optimization algorithm: convergence 
analysis and parameter selection, Information Processing Letters, Vol. 85, 
No. 6, pp. 317-325, 2003.  

[36] D. J. Malcolm, WindPACT turbine rotor design, specific rating study, 
National Renewable Energy Laboratory, Colorado, USA, pp 11-75, 2006.  

[37] R. Poore, T. Lettenmaier, Alternative Design Study Report: WindPACT 
Advanced Wind Turbine Drive Train Designs Study; National Renewable 
Energy Laboratory, Colorado, USA, pp 31-511, 2003.  

[38] International Electrotechnical Commission, Wind turbines-Part 1: Design 
requirements, Geneva, Switzerland, pp 22-31 ,2012.  

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
95

.1
6.

11
.1

7.
0 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
9-

21
 ]

 

Powered by TCPDF (www.tcpdf.org)

                            11 / 11

https://dorl.net/dor/20.1001.1.10275940.1395.16.11.17.0
https://mme.modares.ac.ir/article-15-3554-fa.html
http://www.tcpdf.org

