
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  

 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 

   

 

Downloaded from orbit.dtu.dk on: Dec 19, 2017

Wind turbine airfoil catalogue

Bertagnolio, Franck; Sørensen, Niels N.; Johansen, Jeppe; Fuglsang, P.

Publication date:
2001

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Bertagnolio, F., Sørensen, N. N., Johansen, J., & Fuglsang, P. (2001). Wind turbine airfoil catalogue.  (Denmark.
Forskningscenter Risoe. Risoe-R; No. 1280(EN)).

http://orbit.dtu.dk/en/publications/wind-turbine-airfoil-catalogue(2102849f-cadd-4a7b-9c1b-a2a71aa0e318).html


Ris�{R{1280(EN)

Wind Turbine
Airfoil Catalogue

Franck Bertagnolio, Niels S�rensen, Jeppe Johansen
and Peter Fuglsang

Ris� National Laboratory, Roskilde, Denmark
August 2001



Abstract The aim of this work is two-sided. Firstly, experimental results ob-

tained for numerous sets of airfoil measurements (mainly intended for wind turbine

applications) are collected and compared with computational results from the 2D

Navier-Stokes solver EllipSys2D, as well as results from the panel method code

XFOIL. Secondly, we are interested in validating the code EllipSys2D and �nding

out for which airfoils it does not perform well compared to the experiments, as

well as why, when it does so. The airfoils are classi�ed according to the agree-

ment between the numerical results and experimental data. A study correlating

the available data and this classi�cation is performed. It is found that transition

modelling is to a large extent responsible for the poor quality of the computational

results for most of the considered airfoils. The transition model mechanism that

leads to these discrepancies is identi�ed. Some advices are given for elaborating

future airfoil design processes that would involve the numerical code EllipSys2D in

particular, and transition modelling in general.
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1 Introduction

The aim of this report is to provide a catalogue of results for a wide range of

wind turbine airfoils. These results are obtained from numerical simulations with

the 2D incompressible Navier-Stokes solver EllipSys2D (see [18, 19, 22] for a de-

tailed description of the numerical code). They are compared with experimental

data, when these are available. The results are also compared with the XFOIL

code, which is based on a panel method combined with a viscous boundary layer

formulation [9].

This work has several objectives. Firstly, it will permit to qualitatively evaluate

the computational code EllipSys2D and its performances. Secondly, by comparing

the results obtained for the wide range of airfoils, on one hand it will be possible

to give a better idea of the diÆculties that can be faced when simulating certain

types of airfoil, and on the other hand to identify the airfoil types that can be

correctly simulated by the numerical model. Finally, it will provide a database of

airfoil characteristics, that can be used in wind turbine design.

In each of the sections where experimental and computational results are re-

ported, there is a short introductory text describing the experimental facilities, as

well as some relevant informations about the computations.

Several airfoils can be included in the same section if they were experimen-

tally measured during the same campaign. Measurements for some of the NACA

wing sections were obtained in the VELUX wind tunnel [11], whereas others were

collected from the book by Abbott and von Doenho� [1]. In the present report,

the former ones are distinguished from the latter by adding (V) at the end of

their respective airfoil names whenever necessary (e.g. NACA 63-215 was obtained

from [1], and NACA 63-215(V) was measured in the VELUX wind tunnel).

The meshes that were used for computations are not drawn for every single

airfoil. However, the one used for the NACA 63-215 in section 2 is depicted. The

general aspect of all the meshes used herein is very similar, the only di�erence in

the mesh generation being the airfoil shape. All meshes were generated with the

grid generator HypGrid2D [23].

The XFOIL code is used in its standard version with 120 panels distributed on

the airfoil surface. The viscous boundary layer and wake options are activated. The

Reynolds number is set to the same value as in the Navier-Stokes computations.

An Orr-Sommerfeld transition criterion is used to simulate free transition. How-

ever, for cases where the experiment has been performed with a device triggering

transition, �xed transition is enforced at the same chordwise location.

The report is organized as follows. In sections 2 to 11, the experimental and

computational data are reported for the numerous airfoils. In section 12, the results

are analysed by classifying the airfoils according to agreements or discrepancies

between experiments and computations. Then, conclusions are drawn regarding

the performances of the numerical code EllipSys2D. The main conclusions of this

work are reported in the last section 13. Additional airfoils will progressively be

included in the appendices in future releases of this report.

Ris�{R{1280(EN) 5



2 NACA Wing Sections

This section is dedicated to the computation of several airfoils of the NACA wing

section family. The computational data obtained with EllipSys2D will be compared

to the measurements performed at NASA in a low-turbulence pressure tunnel [26].

These measurements are reported in the book by Abbott and von Doenho� [1].

Three sub-families of NACA wing sections are investigated: NACA 63, NACA 64

and NACA 65. They di�er from each other by the chordwise position of minimum

pressure. Then, a third digit indicates the design lift coeÆcient. The airfoils can �-

nally be distinguished by their thickness, which is given by the last 2 digits. Among

the numerous possibilities in the di�erent families, only the following airfoils are

considered:

{ NACA 63-215, NACA 63-218, NACA 63-221

{ NACA 63-415, NACA 63-418, NACA 63-421

{ NACA 64-415, NACA 64-421

{ NACA 65-415, NACA 65-421

It must be noted that most of these airfoils are used on wind turbines.

For all the cases that are presented in this section, the Reynolds number of the

experiment (and the computations) was Re = 3:0� 106.

2.1 Method

C-meshes were used for all the computations with 384 cells in the direction along

the airfoil, 256 of them being on the airfoil, and 64 cells in the direction away

from the airfoil. The non-dimensional height of the cell at the airfoil was 1�10�5.

Further re�nements of the grid didn't signi�cantly improve the results.

The mesh used for the NACA 63-215 airfoil, and details of regions of interest,

are displayed on Figures 1-2-3-4. As it can be seen, the mesh lines were extended

in the wake of the trailing edge in order to stabilize the computations.

The computations were performed with the SUDS-scheme for convective terms.

The k � ! SST turbulence model by Menter was used for the turbulent visco-

sity [16]. The transition model by Michel [17] was used for simulating the free

transition, together with the empirical function given by Chen and Thyson [8]

for modelling the turbulence intermittency. Numerical results were obtained with

stationary computations.

2.2 Results

Results are presented as lift, drag and pitching moment coeÆcients as function of

angle of attack, and also pressure and skin friction distributions at various angles

are shown.

There was an overall good agreement between the experimental data and the

computational results. However, for some of the airfoils, there exists a shift in

the angle of attack between experiments and computations in the linear region,

where simulations were expected to perform well. This shift can be observed on the

lift curve for the following airfoils: NACA 63-215, NACA 63-221, NACA 63-418,

NACA 65-415, NACA 65-421, on Figures 6-18-30-54-60, respectively. Moreover,

similar results were found using the panel method XFOIL. In order to assess that

the numerical code was not responsible for these discrepancies, an experiment that

was performed with the same airfoil as NACA 63-215 in another wind tunnel was

considered in section 3.
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Figure 1. Mesh around the NACA 63-215 airfoil - Full view

Figure 2. Mesh around the NACA 63-215 airfoil - Closer view of the airfoil
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Figure 3. Mesh around the NACA 63-215 airfoil - Closer view of the leading edge

Figure 4. Mesh around the NACA 63-215 airfoil - Closer view of the trailing edge
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NACA 63-215
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Figure 5. NACA 63-215 Airfoil
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Figure 6. Lift CoeÆcient Curve (NACA 63-215, Experiment [1])
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Figure 7. Drag CoeÆcient Curve (NACA 63-215, Experiment [1])
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Figure 8. Pitching Moment CoeÆcient Curve (NACA 63-215, Experiment [1])
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Figure 9. Pressure CoeÆcient Distributions (NACA 63-215)
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Figure 10. Skin Friction CoeÆcient Distributions (NACA 63-215)
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NACA 63-218
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Figure 11. NACA 63-218 Airfoil
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Figure 12. Lift CoeÆcient Curve (NACA 63-218, Experiment [1])
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Figure 13. Drag CoeÆcient Curve (NACA 63-218, Experiment [1])
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Figure 14. Pitching Moment CoeÆcient Curve (NACA 63-218, Experiment [1])
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Figure 15. Pressure CoeÆcient Distributions (NACA 63-218)
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Figure 16. Skin Friction CoeÆcient Distributions (NACA 63-218)
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NACA 63-221
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Figure 17. NACA 63-221 Airfoil
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Figure 18. Lift CoeÆcient Curve (NACA 63-221, Experiment [1])
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Figure 19. Drag CoeÆcient Curve (NACA 63-221, Experiment [1])
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Figure 20. Pitching Moment CoeÆcient Curve (NACA 63-221, Experiment [1])
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Figure 21. Pressure CoeÆcient Distributions (NACA 63-221)
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Figure 22. Skin Friction CoeÆcient Distributions (NACA 63-221)
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NACA 63-415
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Figure 23. NACA 63-415 Airfoil
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Figure 24. Lift CoeÆcient Curve (NACA 63-415, Experiment [1])
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Figure 25. Drag CoeÆcient Curve (NACA 63-415, Experiment [1])
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Figure 26. Pitching Moment CoeÆcient Curve (NACA 63-415, Experiment [1])
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Figure 27. Pressure CoeÆcient Distributions (NACA 63-415)
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Figure 28. Skin Friction CoeÆcient Distributions (NACA 63-415)
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NACA 63-418
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Figure 29. NACA 63-418 Airfoil
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Figure 30. Lift CoeÆcient Curve (NACA 63-418, Experiment [1])
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Figure 31. Drag CoeÆcient Curve (NACA 63-418, Experiment [1])
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Figure 32. Pitching Moment CoeÆcient Curve (NACA 63-418, Experiment [1])
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Figure 33. Pressure CoeÆcient Distributions (NACA 63-418)
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Figure 34. Skin Friction CoeÆcient Distributions (NACA 63-418)
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NACA 63-421

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

y/
C

ho
rd

x/Chord

Figure 35. NACA 63-421 Airfoil
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Figure 36. Lift CoeÆcient Curve (NACA 63-421, Experiment [1])
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Figure 37. Drag CoeÆcient Curve (NACA 63-421, Experiment [1])
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Figure 38. Pitching Moment CoeÆcient Curve (NACA 63-421, Experiment [1])
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Figure 39. Pressure CoeÆcient Distributions (NACA 63-421)
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Figure 40. Skin Friction CoeÆcient Distributions (NACA 63-421)
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NACA 64-415
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Figure 41. NACA 64-415 Airfoil
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Figure 42. Lift CoeÆcient Curve (NACA 64-415, Experiment [1])
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Figure 43. Drag CoeÆcient Curve (NACA 64-415, Experiment [1])
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Figure 44. Pitching Moment CoeÆcient Curve (NACA 64-415, Experiment [1])
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Figure 45. Pressure CoeÆcient Distributions (NACA 64-415)
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Figure 46. Skin Friction CoeÆcient Distributions (NACA 64-415)
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NACA 64-421
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Figure 47. NACA 64-421 Airfoil
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Figure 48. Lift CoeÆcient Curve (NACA 64-421, Experiment [1])
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Figure 49. Drag CoeÆcient Curve (NACA 64-421, Experiment [1])
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Figure 50. Pitching Moment CoeÆcient Curve (NACA 64-421, Experiment [1])
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Figure 51. Pressure CoeÆcient Distributions (NACA 64-421)
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Figure 52. Skin Friction CoeÆcient Distributions (NACA 64-421)
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NACA 65-415
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Figure 53. NACA 65-415 Airfoil
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Figure 54. Lift CoeÆcient Curve (NACA 65-415, Experiment [1])

Ris�{R{1280(EN) 41



0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0 5 10 15 20

D
ra

g 
C

oe
ffi

ci
en

t

Angle of Attack (deg.)

Experiment
EllipSys2D

XFOIL

Figure 55. Drag CoeÆcient Curve (NACA 65-415, Experiment [1])
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Figure 56. Pitching Moment CoeÆcient Curve (NACA 65-415, Experiment [1])

42 Ris�{R{1280(EN)



-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D
XFOIL

(a) � = 6o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D
XFOIL

(b) � = 10o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D
XFOIL

(c) � = 12o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D
XFOIL

(d) � = 14o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D
XFOIL

(e) � = 16o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D
XFOIL

(f) � = 18o

Figure 57. Pressure CoeÆcient Distributions (NACA 65-415)
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Figure 58. Skin Friction CoeÆcient Distributions (NACA 65-415)
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NACA 65-421
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Figure 59. NACA 65-421 Airfoil
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Figure 60. Lift CoeÆcient Curve (NACA 65-421, Experiment [1])
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Figure 61. Drag CoeÆcient Curve (NACA 65-421, Experiment [1])
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Figure 62. Pitching Moment CoeÆcient Curve (NACA 65-421, Experiment [1])
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Figure 63. Pressure CoeÆcient Distributions (NACA 65-421)
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Figure 64. Skin Friction CoeÆcient Distributions (NACA 65-421)
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3 NACA63-215 and NACA63-415
Airfoils (VELUX Measurements)

These airfoils belong to the NACA wing section family. They were measured in the

VELUX wind tunnel [11], which has an open test section. The testing facility is

described in detail by Fuglsang et al [11]. The Reynolds number of the experiment

(and for the computations) was equal to 1:1 � 106 for the NACA 63-215 airfoil,

and 1:6� 106 for the NACA 63-415. Note that these are the free-stream Reynolds

numbers that have been measured in the wind tunnel.

3.1 Method

The C-meshes used for the computations had 384 cells in the direction along the

airfoil, 256 of them being on the airfoil, and 64 cells in the direction away from

the airfoil. The non-dimensional height of the cell at the airfoil was 1� 10�5.

The computations were performed with the SUDS-scheme for the convective

terms. The k � ! SST turbulence model by Menter was used for the turbulent

viscosity [16]. As the turbulence level was relatively high in the wind tunnel, it was

expected that a fully turbulent computation might give better results. Therefore,

both fully turbulent simulations and computations with the Michel transition

model [17], together with the empirical function given by Chen and Thyson [8] for

modelling the turbulence intermittency, were conducted. Numerical results were

obtained with stationary computations.

It must be noted that for the �rst airfoil, due to large oscillations of the results

for high angles of attack in steady state computations with transition model, the

simulations for these large angles were performed in an unsteady mode in order to

enhance the numerical stability of the method (with a non-dimensional time step

equal to 10�2). The inuence can clearly be seen on the pressure coeÆcient on

Figs.69(d-e-f) and the skin friction coeÆcient (Figs.70(d-e-f)). The same problem

was encountered for the second airfoil only for the highest angle of attack (� =

21:3o) for which pressure and skin friction coeÆcients are not presented.

3.2 Results

As for the NACA 63-215 airfoil, the computational results and experimental data

were in good agreement, except for after stall. As it can be seen on Figs.66-

67-68, the simulations were quite insensitive to the transition modelling in the

linear region. It must be noted that the experiment and simulations were in good

agreement in this region, when it was not the case with the very same airfoil

measured in another wind tunnel (see section 2).

As for the NACA 63-415 airfoil, experiment and simulations were in rather good

agreement in the linear region, but computations predicted a higher maximum lift.
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NACA 63-215(V)
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Figure 65. NACA 63-215 Airfoil
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Figure 66. Lift CoeÆcient Curve (NACA 63-215(V), Experiment [11])
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Figure 67. Drag CoeÆcient Curve (NACA 63-215(V), Experiment [11])
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Figure 68. Pitching Moment CoeÆcient Curve (NACA 63-215(V), Experi-

ment [11])
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Figure 69. Pressure CoeÆcient Distributions (NACA 63-215(V), Experiment [11])
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Figure 70. Skin Friction CoeÆcient Distributions (NACA 63-215(V))
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Figure 71. NACA 63-415 Airfoil
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Figure 72. Lift CoeÆcient Curve (NACA 63-415(V), Experiment [11])
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Figure 73. Drag CoeÆcient Curve (NACA 63-415(V), Experiment [11])
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Figure 74. Pitching Moment CoeÆcient Curve (NACA 63-415(V), Experi-

ment [11])
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Figure 75. Pressure CoeÆcient Distributions (NACA 63-415(V), Experiment [11])
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Figure 76. Skin Friction CoeÆcient Distributions (NACA 63-415(V))
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4 NACA 63-430 Airfoil (VELUX
Measurements)

This airfoil belongs to the NACA wing section family. It has been measured in the

VELUX wind tunnel [10], which has an open test section. The testing facility is

described in detail by Fuglsang et al [11]. The Reynolds number of the experiment

(and for the computations) was equal to 1:5� 106.

4.1 Method

The C-mesh used for the computation had 384 cells in the direction along the

airfoil, 256 of them being on the airfoil, and 64 cells in the direction away from

the airfoil. The non-dimensional height of the cell at the airfoil was 1� 10�5.

The computations were performed with the SUDS-scheme for the convective

terms. The k � ! SST turbulence model by Menter was used for the turbulent

viscosity [16]. As the turbulence level was relatively high in the wind tunnel, it was

expected that a fully turbulent computation might give better results. Therefore,

both fully turbulent simulations and computations with the Michel transition

model [17], together with the empirical function given by Chen and Thyson [8] for

modelling the turbulence intermittency, were conducted. Numerical results were

obtained with stationary computations.

4.2 Results

Neither the fully turbulent computations, nor the simulations with transition

model, were able to correctly estimate the experimental data. Moreover, the dis-

crepancies are quite large.
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Figure 77. NACA 63-430 Airfoil
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Figure 78. Lift CoeÆcient Curve (NACA 63-430(V), Experiment [10])
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Figure 79. Drag CoeÆcient Curve (NACA 63-430(V), Experiment [10])
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Figure 80. Pitching Moment CoeÆcient Curve (NACA 63-430(V), Experi-

ment [10])
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Figure 81. Pressure CoeÆcient Distributions (NACA 63-430(V), Experiment [10])
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Figure 82. Skin Friction CoeÆcient Distributions (NACA 63-430(V))
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5 RIS�-A1 Family Airfoils

In this section, three airfoils of the RIS�-A1 family were tested. These airfoils

were developed and optimized at Ris� National Laboratory for use on wind tur-

bines [12]. The airfoils were tested in the VELUX wind tunnel, which has an open

test section with a background turbulence level of 1%. It is described in detail

by Fuglsang et al [11]. All tests were carried out at the highest possible Reynolds

number Re = 1:6� 106 (see [13] for more details about the measurements).

The following three airfoils were studied:

{ RIS�-A1-18

{ RIS�-A1-21

{ RIS�-A1-24

5.1 Method

Although these airfoils have a blunt trailing edge, C-meshes were used for all the

computations. Therefore, the airfoils were slightly sharpened at the trailing edge.

The meshes had 384 cells in the direction along the airfoil, 256 of them being on

the airfoil, and 64 cells in the direction away from the airfoil. The non-dimensional

height of the cell at the airfoil was 1� 10�5.

The SUDS-scheme was used for the convective terms in all computations. Tur-

bulence was simulated by the k � ! SST model by Menter [16]. Both fully tur-

bulent computations and computations with the transition model by Michel [17],

together with the empirical function given by Chen and Thyson [8] for modelling

the turbulence intermittency, were performed. The reason for this was that the

fully turbulent computations were expected to give rather good results as the

background turbulence level in the wind tunnel was relatively high. This might

trigger an early transition to turbulence in the airfoil boundary layer. Numerical

results were obtained with stationary computations.

5.2 Results

The computational results showed relative good agreement with the experiments

for the three airfoils. In the linear region, the simulations with transition model

were closer to the experimental data, whereas the fully turbulent computations

were closer in the stalled region. Simulations with transition model predicted stall

at a higher angle of attack than the experiment and overestimated the maximum

lift.
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Figure 83. RIS�-A1-18 Airfoil
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Figure 84. Lift CoeÆcient Curve (RIS�-A1-18, Experiment [13])
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Figure 85. Drag CoeÆcient Curve (RIS�-A1-18, Experiment [13])
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Figure 86. Pitching Moment CoeÆcient Curve (RIS�-A1-18, Experiment [13])
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Figure 87. Pressure CoeÆcient Distributions (RIS�-A1-18, Experiment [13])
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Figure 88. Skin Friction CoeÆcient Distributions (RIS�-A1-18)
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Figure 89. RIS�-A1-21 Airfoil
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Figure 90. Lift CoeÆcient Curve (RIS�-A1-21, Experiment [13])
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Figure 91. Drag CoeÆcient Curve (RIS�-A1-21, Experiment [13])
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Figure 92. Pitching Moment CoeÆcient Curve (RIS�-A1-21, Experiment [13])

Ris�{R{1280(EN) 69



-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(a) � = 5:12o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(b) � = 8:29o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(c) � = 10:22o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(d) � = 12:31o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(e) � = 15:11o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(f) � = 17:88o

Figure 93. Pressure CoeÆcient Distributions (RIS�-A1-21, Experiment [13])
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Figure 94. Skin Friction CoeÆcient Distributions (RIS�-A1-21)

Ris�{R{1280(EN) 71
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Figure 95. RIS�-A1-24 Airfoil
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Figure 96. Lift CoeÆcient Curve (RIS�-A1-24, Experiment [13])
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Figure 97. Drag CoeÆcient Curve (RIS�-A1-24, Experiment [13])
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Figure 98. Pitching Moment CoeÆcient Curve (RIS�-A1-24, Experiment [13])

Ris�{R{1280(EN) 73



-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(a) � = 5:97o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(b) � = 8:81o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(c) � = 10:37o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(d) � = 13:45o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(e) � = 15:39o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(f) � = 19:34o

Figure 99. Pressure CoeÆcient Distributions (RIS�-A1-24, Experiment [13])
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Figure 100. Skin Friction CoeÆcient Distributions (RIS�-A1-24)
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6 FFA-W3-211 Airfoil

The FFA-W3-211 airfoil manufactured and equipped at FFA (The Aeronautical

Research Institute of Sweden) was investigated. It is a 21% thickness airfoil. It was

tested in the low speed wind tunnel L2000 (located at KTH, Royal Institute of

Technology, Stockholm) with a turbulence intensity of 0.15% [6, 7]. The Reynolds

number of the experiment was Re = 1:8 � 106. Two sets of measurements were

used herein. The �rst was obtained with an adhesive tape at the airfoil upper and

lower side at x=Chord = 5%, in order to trigger boundary layer transition at these

locations. Transition was let free for the second one.

6.1 Method

A C-mesh was used to compute the ow around this airfoil with 384 cells in the

direction along the airfoil, 256 of them being on the airfoil, and 64 cells in the

direction away from the airfoil. The non-dimensional height of the cell at the

airfoil was 1� 10�5.

The computations were performed with the SUDS-scheme for the convective

terms, together with the k � ! SST turbulence model by Menter [16] for the

turbulent viscosity. The transition was �xed at x=Chord = 5% on both sides of

the airfoil when comparing with the �rst set of measurements. The transition

model by Michel [17], together with the empirical function given by Chen and

Thyson [8] for modelling the turbulence intermittency, was used when comparing

with free-transition measurements. Numerical results were obtained with station-

ary computations.

6.2 Results

For both cases (�xed and free transition), the computational results matched the

experimental data in the linear region, but stall was predicted at a too high angle

of attack, and a greater maximum lift was computed. However, results were in

slightly better agreement for the case with free transition.
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FFA-W3-211, Fixed Transition
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Figure 101. FFA-W3-211 Airfoil
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Figure 102. Lift CoeÆcient Curve (FFA-W3-211, Fixed Transition, Experi-

ment [7])
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Figure 103. Drag CoeÆcient Curve (FFA-W3-211, Fixed Transition, Experi-

ment [7])
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Figure 104. Pitching Moment CoeÆcient Curve (FFA-W3-211, Fixed Transition,

Experiment [7])
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Figure 105. Pressure CoeÆcient Distributions (FFA-W3-211, Fixed Transition,

Experiment [7])

Ris�{R{1280(EN) 79



-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
ki

n 
F

ric
tio

n 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D
XFOIL

(a) � = 5:1o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
ki

n 
F

ric
tio

n 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D
XFOIL

(b) � = 7:99o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
ki

n 
F

ric
tio

n 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D
XFOIL

(c) � = 10:47o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
ki

n 
F

ric
tio

n 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D
XFOIL

(d) � = 14:98o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
ki

n 
F

ric
tio

n 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D
XFOIL

(e) � = 17:0o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
ki

n 
F

ric
tio

n 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D
XFOIL

(f) � = 20:33o

Figure 106. Skin Friction CoeÆcient Distributions (FFA-W3-211, Fixed Transi-

tion)
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FFA-W3-211, Free Transition
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Figure 107. FFA-W3-211 Airfoil
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Figure 108. Lift CoeÆcient Curve (FFA-W3-211, Free Transition, Experiment [7])
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Figure 109. Drag CoeÆcient Curve (FFA-W3-211, Free Transition, Experi-

ment [7])
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Figure 110. Pitching Moment CoeÆcient Curve (FFA-W3-211, Free Transition,

Experiment [7])
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Figure 111. Pressure CoeÆcient Distributions (FFA-W3-211, Free Transition)
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Figure 112. Skin Friction CoeÆcient Distributions (FFA-W3-211, Free Transi-

tion)
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7 FFA-W3-241 and FFA-W3-301
Airfoils

These two airfoils have been designed at FFA (The Aeronautical Research Institute

of Sweden) by Bj�ork [5]. They are relatively thick and have been used on the

inboard part of di�erent Danish wind turbine blades.

Measurements were carried out in the VELUX wind tunnel [10], which has an

open test section. The testing facility is described in detail by Fuglsang et al [11].

The Reynolds number was equal to 1:5� 106 for both airfoils measurement cam-

paigns.

7.1 Method

The C-meshes used for the computation had 384 cells in the direction along the

airfoil, 256 of them being on the airfoil, and 64 cells in the direction away from

the airfoil. The non-dimensional height of the cell at the airfoil was 1� 10�5.

The computations were performed with the SUDS-scheme for the convective

terms. As the turbulence level was relatively high in the wind tunnel, it was

expected that a fully turbulent computation might give better results. Therefore,

both fully turbulent simulations and computations with the Michel transition

model [17], together with the empirical function given by Chen and Thyson [8] for

modelling the turbulence intermittency, were conducted. The k�! SST turbulence

model by Menter [16] was used for the turbulent viscosity. Numerical results were

obtained with stationary computations.

7.2 Results

For both airfoils, the computational results and experimental data were in rather

good agreement in the linear region. However, the fully turbulent computations

predicted stall at a correct angle of attack, contrary to the simulations with free

transition that predicted stall at a much higher angle of attack.
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Figure 113. FFA-W3-241 Airfoil
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Figure 114. Lift CoeÆcient Curve (FFA-W3-241, Experiment [10])
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Figure 115. Drag CoeÆcient Curve (FFA-W3-241, Experiment [10])
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Figure 116. Pitching Moment CoeÆcient Curve (FFA-W3-241, Experiment [10])

Ris�{R{1280(EN) 87



-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(a) � = 6:661o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(b) � = 9:869o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(c) � = 13:339o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(d) � = 15:405o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(e) � = 17:888o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

ss
ur

e 
C

oe
ffi

ci
en

t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(f) � = 21:388o

Figure 117. Pressure CoeÆcient Distributions (FFA-W3-241, Experiment [10])

88 Ris�{R{1280(EN)



-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
ki

n 
F

ric
tio

n 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D - Fully turbulent
EllipSys2D - Transition model

XFOIL

(a) � = 6:661o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
ki

n 
F

ric
tio

n 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D - Fully turbulent
EllipSys2D - Transition model

XFOIL

(b) � = 9:869o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
ki

n 
F

ric
tio

n 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D - Fully turbulent
EllipSys2D - Transition model

XFOIL

(c) � = 13:339o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
ki

n 
F

ric
tio

n 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D - Fully turbulent
EllipSys2D - Transition model

XFOIL

(d) � = 15:405o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
ki

n 
F

ric
tio

n 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D - Fully turbulent
EllipSys2D - Transition model

XFOIL

(e) � = 17:888o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
ki

n 
F

ric
tio

n 
C

oe
ffi

ci
en

t

x/Chord

EllipSys2D - Fully turbulent
EllipSys2D - Transition model

XFOIL

(f) � = 21:388o

Figure 118. Skin Friction CoeÆcient Distributions (FFA-W3-241)
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FFA-W3-301
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Figure 119. FFA-W3-301 Airfoil
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Figure 120. Lift CoeÆcient Curve (FFA-W3-301, Experiment [10])
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Figure 121. Drag CoeÆcient Curve (FFA-W3-301, Experiment [10])
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Figure 122. Pitching Moment CoeÆcient Curve (FFA-W3-301, Experiment [10])
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Figure 123. Pressure CoeÆcient Distributions (FFA-W3-301, Experiment [10])
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Figure 124. Skin Friction CoeÆcient Distributions (FFA-W3-301)
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8 S809 and S814 Airfoils

The S809 airfoil is a 21% thick wind turbine airfoil that has been designed at

National Renewable Energy Laboratory (NREL), Colorado, USA, by Somers [20].

The two primary design criteria were restrained maximum lift, insensitive to sur-

face roughness, and low pro�le drag.

The S814 airfoil is a 24% thick wind turbine airfoil that has been designed at

National Renewable Energy Laboratory (NREL), Colorado, USA, by Somers [21].

The �rst objective was to achieve a maximum lift coeÆcient of at least 1.30 for a

Reynolds number of 1:5�106. The second objective was to obtain low pro�le drag

coeÆcients over the range of lift coeÆcients from 0.6 to 1.2 for the same Reynolds

number.

The experiments were carried out at the low-turbulence wind tunnel at Delft

University of Technology, The Netherlands. The Reynolds number of the exper-

iments was Re = 1:0 � 106, and the experimental results exposed herein were

obtained with free transition. Numerical results were obtained with stationary

computations.

8.1 Method

The C-mesh used for the computations had 384 cells in the direction along the

airfoil, 256 of them being on the airfoil, and 64 cells in the direction away from

the airfoil. The non-dimensional height of the cell at the airfoil was 1� 10�5.

The computations were performed with the SUDS-scheme for the convective

terms, the k�! SST turbulence model by Menter [16] for the turbulent viscosity,

and the transition model by Michel [17], together with the empirical function given

by Chen and Thyson [8] for modelling the turbulence intermittency.

8.2 Results

There was a good agreement between experimental data and computational results

in the linear region. A higher maximum lift was computed in the stalled region.
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Figure 125. S809 Airfoil
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Figure 126. Lift CoeÆcient Curve (S809, Experiment Delft University of Techno-

logy)

Ris�{R{1280(EN) 95



0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 5 10 15 20

D
ra

g 
C

oe
ffi

ci
en

t

Angle of Attack (deg.)

Experiment
EllipSys2D

XFOIL

Figure 127. Drag CoeÆcient Curve (S809, Experiment Delft University of Tech-

nology)
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Figure 128. Pitching Moment CoeÆcient Curve (S809, Experiment Delft Univer-

sity of Technology)
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Figure 129. Pressure CoeÆcient Distributions (S809)
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Figure 130. Skin Friction CoeÆcient Distributions (S809)
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Figure 131. S814 Airfoil
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Figure 132. Lift CoeÆcient Curve (S814, Experiment Delft University of Techno-

logy)
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Figure 133. Drag CoeÆcient Curve (S814, Experiment Delft University of Tech-

nology)
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Figure 134. Pitching Moment CoeÆcient Curve (S814, Experiment Delft Univer-

sity of Technology)
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Figure 135. Pressure CoeÆcient Distributions (S814)
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Figure 136. Skin Friction CoeÆcient Distributions (S814)
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9 FX66-S196-V1 Airfoil

The FX66-S196-V1 airfoil is a 19% thick airfoil designed by Althaus and Wort-

mann [2]. It is a typical laminar airfoil where transitional e�ects are large since

laminar ow is present over the majority of the airfoil surface. The Reynolds

number of the experiment was 1:5� 106.

The experiment was carried out in the Laminar Wind Tunnel at the Institut

for Aerodynamics and Gasdynamics in Stuttgart [2].

9.1 Method

The C-mesh used for the computation had 384 cells in the direction along the

airfoil, 256 of them being on the airfoil, and 64 cells in the direction away from

the airfoil. The non-dimensional height of the cell at the airfoil was 1� 10�5.

The computations were performed with the SUDS-scheme for the convective

terms, the k�! SST turbulence model by Menter [16] for the turbulent viscosity,

and the transition model by Michel [17], together with the empirical function given

by Chen and Thyson [8] for modelling the turbulence intermittency. Numerical

results were obtained with stationary computations.

9.2 Results

There was a very good agreement between the experiment and the computations

concerning the lift. The drag was slightly overestimated by the computations.
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Figure 137. FX66-S196-V1 Airfoil
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Figure 138. Lift CoeÆcient Curve (FX66-S196-V1, Experiment [2])
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Figure 139. Drag CoeÆcient Curve (FX66-S196-V1, Experiment [2])
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Figure 140. Pitching Moment CoeÆcient Curve (FX66-S196-V1)
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Figure 141. Pressure CoeÆcient Distributions (FX66-S196-V1)
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Figure 142. Skin Friction CoeÆcient Distributions (FX66-S196-V1)
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10 DU 91-W2-250 and DU 93-W-210
Airfoils

The 25% thick wind turbine airfoil DU 91-W2-250 was designed by Timmer [24].

Its design goals for the laminar case were a peak lift coeÆcient of about 1.5,

relatively smooth stall and insensivity to roughness.

The measurements were performed in the low-speed low-turbulence wind tun-

nel of the Faculty of Aerospace Engineering of Delft University [25]. The results

presented herein were obtained at a Reynolds number of 1:0� 106 with a smooth

airfoil surface.

The 21% thick wind turbine airfoil DU 93-W-210 was designed by Timmer

and wind tunnel tested in the same low speed wind tunnel at Delft University of

Technology.

10.1 Method

The C-mesh used for the computation had 384 cells in the direction along the

airfoil, 256 of them being on the airfoil, and 64 cells in the direction away from

the airfoil. The non-dimensional height of the cell at the airfoil was 1� 10�5.

The computations were performed with the SUDS-scheme for the convective

terms, the k�! SST turbulence model by Menter [16] for the turbulent viscosity,

and the transition model by Michel [17], together with the empirical function given

by Chen and Thyson [8] for modelling the turbulence intermittency. Numerical

results were obtained with stationary computations.

10.2 Results

There was a rather good agreement between experiments and computations in the

linear region, but the lift was overpredicted by the computations in deep stall.
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Figure 143. DU 91-W2-250 Airfoil
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Figure 144. Lift CoeÆcient Curve (DU 91-W2-250, Experiment [25])
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Figure 145. Drag CoeÆcient Curve (DU 91-W2-250, Experiment [25])
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Figure 146. Pitching Moment CoeÆcient Curve (DU 91-W2-250, Experiment [25])
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Figure 147. Pressure CoeÆcient Distributions (DU 91-W-250, Experiment [25])
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Figure 148. Skin Friction CoeÆcient Distributions (DU 91-W-250)
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Figure 149. DU 93-W-210 Airfoil
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Figure 150. Lift CoeÆcient Curve (DU 93-W-210, Experiment Delft University of

Technology)
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Figure 151. Drag CoeÆcient Curve (DU 93-W-210, Experiment Delft University

of Technology)
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Figure 152. Pitching Moment CoeÆcient Curve (DU 93-W-210, Experiment Delft

University of Technology)
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Figure 153. Pressure CoeÆcient Distributions (DU 93-W-210)
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Figure 154. Skin Friction CoeÆcient Distributions (DU 93-W-210)
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11 A-Airfoil

The A-Airfoil was chosen as a test case for validating several numerical codes

by the partners of the ECARP project [14]. Experiments were carried out in

the F1 and F2 wind tunnels at ONERA/FAUGA. The Reynolds number of the

experiment was Re = 2:1� 106.

11.1 Method

The C-mesh used for the computation had 384 cells in the direction along the

airfoil, 256 of them being on the airfoil, and 64 cells in the direction away from

the airfoil. The non-dimensional height of the cell at the airfoil was 1� 10�5.

The computations were performed with the SUDS-scheme for the convective

terms, and the k � ! SST turbulence model by Menter [16] for the turbulent

viscosity.

The analysis of the measurements shows that the transition on the upper side of

the airfoil occured at a �xed location x=Chord = 0:12. Therefore, the transition

was also �xed in the computations. On the lower side, the transition was �xed

both in the experiment and the computations at x=Chord = 0:3.

11.2 Results

There was a good agreement between the experiment and the computations in the

linear region. Higher maximum lift was predicted by the computations. XFOIL

exhibits a strange and unexplainable behavior for a small range of angles of attack

before stall.
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Figure 156. Lift CoeÆcient Curve (A-Airfoil, Experiment [14])
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Figure 157. Drag CoeÆcient Curve (A-Airfoil, Experiment [14])
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Figure 158. Pitching Moment CoeÆcient Curve (A-Airfoil)
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Figure 159. Pressure CoeÆcient Distributions (A-Airfoil, Experiment [14])
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Figure 160. Skin Friction CoeÆcient Distributions (A-Airfoil, Experiment [14])
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12 Analysis of the Collected Re-
sults

In this section, an analysis of the data that have been collected for the numerous

airfoils is attempted. The main objective is to be able to evaluate a priori how

good the numerical code EllipSys2D will perform for a given airfoil.

Firstly, quantitative values assessing the agreement between experimental data

and computational results from EllipSys2D are calculated. Secondly, airfoils for

which the numerical code can be considered as performing well and those for

which it performs poorly are sorted with the help of those values. Finally, some

conclusions can be drawn concerning the ability of the numerical code EllipSys2D

to simulate the ow around certain types of airfoils. These conclusions can give

some hints for the design of future airfoils, as far as the numerical code EllipSys2D

may be involved as a tool in the design process; but also to a greater extent as

they can reveal characteristic facts about the actual ow.

12.1 Quantitative criteria

Quantitative values measuring the discrepancies between experimental data and

computational results for each airfoil are gathered in Table 1, p.127. For each

airfoil, the following four criterion-values are computed:

1. The di�erence of lift between experiment and computations averaged over the

linear region, expressed in percentage relatively to the maximum experimental

lift coeÆcient, is calculated.

2. The angle of attack for which stall occurs is considered. The angle for which

a maximum of lift coeÆcient is �rst reached is reported. Then, the di�erence

between the experimental and the computational values is evaluated in per-

centage relatively to the corresponding experimental angle (Note that in this

case, the maximum lift location is searched close after the linear region, even

if the lift coeÆcient grows again after stall, as it can be the case for some

experiments).

3. The di�erence of maximum lift at the previously detected two points is eval-

uated in percentage relatively to the experimental maximum lift.

4. The maximum di�erence of lift (at a given angle of attack) in the stalled

region is expressed in percentage relatively to the maximum experimental

lift.

It should be noted that, when both fully turbulent computations and simulations

with transition model were available, the latter ones were used for calculating

these four values.

12.2 Classifying the airfoils

In this second step of the analysis, the airfoils for which the results obtained with

EllipSys2D are in good agreement with the experimental data are �rst collected.

Then the airfoils for which results are in large disagreement with the experiments

are collected.

To select the airfoils that perform well, the three following conditions using the

previously computed criterion-values are evaluated:

� The �rst criterion-value is below 5%
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� The second criterion-value is below 12%

� The third or fourth criterion-value is below 20%

The airfoils that ful�l all these criteria are considered to be the ones that perform

well. Note that the �rst condition is assumed to be satis�ed for all the NACA

airfoils in section 2 (see the comments in section 2.2). The limiting percentages

have been chosen in order to make a clear distinction between the airfoils. At the

same time, the limits are considered to be sensible as for the respective importance

of the several criteria. These airfoils can be roughly classi�ed from the best one

to the worst one as:

1) FX66-S196-V1

2) NACA 63-215

3) NACA 63-415

4) NACA 63-215(V)

5) NACA 63-415(V)

6) NACA 63-218

7) NACA 63-418

8) NACA FFA-W3-241

9) S814

They are depicted in Fig.161. Note that the NACA 64-415 and NACA 65-415

airfoils have not been included even though they ful�l the above criteria. It was

considered that they would not signi�cantly improve the amount of data involved

with airfoils from the NACA wing section family that have been already selected

for the next step of the analysis.

The airfoils that perform poorly are selected next. They are de�ned to be the

ones for which strictly more than two of the following conditions are satis�ed:

� The �rst criterion-value is over 5%

� The second criterion-value is over 12%

� The third criterion-value is over 20%

� The fourth criterion-value is over 20%

These airfoils can be roughly classi�ed from the worst one to the best one as:

1) NACA 63-430(V)

2) FFA-W3-211 (Fixed Tr.)

3) RIS�-A1-21

4) NACA 65-421

5) NACA 64-421

6) NACA 63-221

They are depicted in Fig.162.

12.3 Interpretation of the selected airfoils data

It is now attempted to correlate some characteristics of the previously selected

airfoils with the quality of the results.

It would be interesting to relate the performance of the code to purely geometri-

cal characteristics of the airfoils. Therefore, both the maximum relative thickness

and the maximum curvature near the leading edge of the selected airfoils are

reported in Table 2, p.127. The curvatures of the airfoils surfaces in the vicin-

ity of the leading edge are plotted on Figs.163(a) and 163(b). It can be concluded

that poorly-performing airfoils are somewhat thicker than well-performing airfoils,

whereas the latter ones have a rather more curved leading edge. However, these

conclusions highlight a general tendency, but these are not clearly decisive factors.
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Some others factors which are related to the ow�eld itself are then reported: the

pressure center location (Figs.164 and 165), the transition point location (Fig.166),

and the trailing edge separation point location (Fig.167). Once again, there is no

very clear di�erence between the well- and poorly-performing airfoils that can lead

to conclusive results. Nevertheless, as it can be seen by comparing the experimental

results of Fig.165(a) to those of Fig. 165(b), it is quite clear that the poorly-

performing airfoils have a tendency to stall earlier (approximately around an angle

of attack of 10o) than the well-performing ones (which stall around 15o).

Moreover, two important features of the poorly-performing airfoils can be brought

out by having an overview of the collected results of the previous sections. Firstly,

stall is often numerically predicted at higher angles of attack than in the exper-

iments. Secondly, the predicted lift in the post-stall region is always higher than

the experimental lift. In other respects, it is well know that transition is a decisive

factor for stall occurence, as well as lift prediction. This issue is then investigated

further in the following section.

12.4 Study of the transition and stall behaviors

In this section, except otherwise speci�ed, numerical results obtained with transi-

tion modelling are considered only. Remind that the transition model by Michel [17]

was used throughout this report, whenever a transition model was used.

At �rst, a noticeable feature for some of the poorly-performing airfoils is the

evolution of the skin friction coeÆcient on the suction side of the airfoil shortly

after the leading edge. As it can be seen for the numerical results obtained with

the NACA 63-430(V) airfoil (see Fig.82, p.62), the transition occurs quite far

downstream from the leading edge. Even if no direct experimental evidence about

the transition point location is available, it could be deduced that the transition

actually arises very early after the leading edge [10]. Indeed, the experimental

pressure coeÆcient distributions (Fig.81, p.61) exhibit an irregular pattern in this

area which indicates that transition may actually occur at this place. This assertion

is reinforced by the fact that fully turbulent simulations exhibit pressure coeÆcient

distributions in closer agreement with the experimental data.

Even more characteristic is the behavior of the skin friction coeÆcient on the

suction side of the RIS�-A1-21 airfoil on Fig.94(d), p.71. As it can be seen, after

the sharp leading edge peak followed further downstream by a slowly increasing

phase, the skin friction starts to slowly decrease again before transition occurs,

consequently triggering a second more abrupt increasing phase. Once again, it is

believed that transition occurs in the experiment just after the leading edge.

It must be reminded that a sharp leading edge suction peak is commonly used

in airfoil design in order to trigger transition close to the leading edge of the airfoil.

Indeed, the subsequent pressure increase thickens rapidly the laminar boundary

layer which becomes unstable, thereby triggering transition towards a turbulent

boundary layer. A closer study of the transition model behavior in this region has

shown that this leading edge suction peak was not enough to trigger transition in

the computation.

Let us remind as well that the Michel transition model is based on the laminar

boundary layer thickness development. Transition is predicted when this thickness

reaches a critical level which is empirically de�ned beforehand. Note that it is

tuned to �t experimental results obtained with a at plate without any streamwise

pressure gradient.

Moreover, further downstream this suction peak, the numerical solution method

predicts a relatively slow growth of the laminar boundary layer. As a consequence,

the transition model fails to predict the correct transition point location. Tran-

sition is delayed far downstream on the suction side. The reason could also be
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that the empirical critical value is not well tuned for that experimental airfoil

con�guration. But a more likely explanation for this phenomenon is to be found

again in the pressure distribution. For all the poorly-performing airfoils (see for

example Fig.93(d), p.70), a rather at (or completely at) pressure plateau can be

observed downstream the sharp suction peak on the suction side. This contributes

to generate an adverse pressure gradient e�ect that is unfavourable for laminar

boundary layer thickness growth, consequently delaying transition in the model

as explained earlier.

These conclusions are assessed by performing the following test. In order to

arti�cially accelerate the growth of the laminar boundary layer perceived by the

transition model, the critical value of the boundary layer thickness triggering tran-

sition was multiplicated by a factor of 0:8. This factor was chosen in order to

locate the transition point at an approximately correct location for one of the

poorly-performing airfoils (namely the RIS�-A1-21 airfoil). This scale factor was

then kept the same for all other computations presented herein. In the remaining

of this section, the computational results obtained with this 'scaled' transition

model are compared with the original ones, both for poorly- and well-performing

airfoils.

(a) Poorly-performing airfoils

First, results obtained with poorly performing airfoils are presented. Three air-

foils are considered: NACA 63-430(V), RIS�-A1-21 and NACA 63-221. The other

ones are not considered for the following reasons. The FFA-W3-211 airfoil with

�xed transition does obviously not involve the transition model (However, the

poor agreement in this case can be explained by the fact that, in the experiment,

transition is triggered by rough tapes attached on the airfoil. As a consequence,

it can have side-e�ects that cannot be predict by simply switching on the turbu-

lence model at this very location in the computation. More precisely, these tapes

generate a relatively high level of turbulence). The NACA 64-421 and NACA 65-

421 present a continual growth of the lift even after stall that is originating from

another physical phenomenon than transition, that cannot be explained with the

present experimental data. For the sake of simplicity when interpretating the re-

sults, they are not included here.

The results obtained for the NACA 63-430(V) are presented on Fig.168. As it

can be seen, the scaled transition model exhibits pressure coeÆcient distributions,

as well as lift and drag coeÆcients, closer to the experimental values. On the

skin friction coeÆcient distributions, it is clear that transition arises earlier with

the scaled model. However, it appears on the experimental pressure coeÆcient

distributions that transition occurs even earlier. This explains why the new results

do not perfectly match the experimental ones.

The results for the RIS�-A1-21 airfoil are presented next on Fig.169. Conclu-

sions that can be drawn are the same as previously, except that the transition

location is now even better predicted with the scaled transition model, yielding to

even better agreement with the experimental data (The scaled model was indeed

calibrated to this airfoil).

Finally, the lift and drag coeÆcients obtained for the NACA 63-221 airfoil are

depicted on Fig.170. The inuence of the transition model is quite small in this

case, however, the results are slightly improved in the region close to stall. More-

over, it can be noted that the maximum lift peak at stall which is observed with

the original transition model is smoothed out with the scaled model.

(b) Well-performing airfoils

Results obtained with some of the well-performing airfoils are now presented. It

must be noted that the FX66-S196-V1 airfoil is not considered. Indeed, it is a
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so-called laminar airfoil that has been designed such that the ow�eld remains

laminar on a large part of the suction side before transition to turbulence occurs.

It might be the reason why the results obtained with the original Michel transition

model are so close to experimental results. In other words, the adverse pressure gra-

dient e�ect is delaying transition both in the experiment and in the computations.

The following airfoils are considered instead: NACA 63-415, NACA 63-415(V) and

FFA-W3-241.

The lift and drag coeÆcients obtained for the NACA 63-415 and NACA 63-

415(V) are presented on Figs.171 and 172, respectively. As it can be seen, there

is almost no di�erence between the original and the scaled transition models.

However, both are in good agreement with the experimental data. This good

agreement also means that the transition model has a minor inuence for those

airfoils.

The results obtained with the FFA-W3-241 airfoil are depicted on Fig.173. In

this case, even if the airfoil was originally considered as performing well, the results

are further improved with the scaled transition model. Again, it is due to a better

prediction of the transition location by the numerical model, as it can be seen by

looking at the pressure coeÆcient and the skin friction distributions.

12.5 Conclusions regarding the numerical code
performances and airfoil design

It has been shown above that the transition model can have a great impact when

simulating the ow�eld around some of the considered airfoils, namely those that

are sensitive to the transition point location.

This suggests at �rst that the experimental conditions that can inuence the

transition point location, such as background turbulence level or roughness of the

airfoil surface, should be taken into account when performing these simulations.

However, it would require much more sophisticated transition models that would

need some input data describing more precisely the experimental conditions. As a

result, those models would be less general, and probably very diÆcult to develop

with a sensible theory based on the physics of the transition.

In order to keep the transition models that already exist, and which are per-

forming well in a wide range of cases, any airfoil design process that uses these

models should be such that it remains within this favourable range of cases. As

a consequence, the design algorithm should include requirements preventing from

deviating from the conditions where the model that is used is performing well. As

it has been shown previously (as far as the Michel transition model is concerned),

if the airfoil is designed such that transition should be triggered by a sharp leading

edge suction peak, which the numerical model might not be able to capture, the

subsequent boundary layer should be allowed to grow relatively fast on the suction

side of the airfoil downstream the leading edge suction peak, so that transition

will not be arti�cially delayed. In other words, relatively at pressure plateaux

should be avoided in this area.
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Average Lift

Di�erence in Maximum Lift Maximum Lift Maximum Lift

Airfoil Name Linear Region Location Di�erence Di�erence Di�erence in Stall

NACA 63-215 6.4 % 5.9 % 5.0 % 6.4 %

NACA 63-218 3.8 % 13.3 % 12.2 % 19.8 %

NACA 63-221 3.5 % 25.3 % 22.6 % 23.5 %

NACA 63-415 0.0 % 6.0 % 5.2 % 9.1 %

NACA 63-418 5.1 % 6.6 % 16.2 % 17.6 %

NACA 63-421 2.3 % 17.8 % 15.0 % 19.5 %

NACA 64-415 2.0 % 5.5 % 4.1 % 4.0 %

NACA 64-421 2.5 % 27.9 % 23.3 % 23.3 %

NACA 65-415 7.0 % 4.1 % 4.9 % 10.5 %

NACA 65-421 9.1 % 109.5 % 37.4 % 19.2 %

NACA 63-215(V) 0.7 % 11.2 % 1.5 % 11.0 %

NACA 63-415(V) 2.3 % 7.8 % 10.7 % 11.4 %

NACA 63-430(V) 21.5 % 3.7 % 27.5 % 40.6 %

RISO-A1-18 2.1 % 18.8 % 14.2 % 24.1 %

RISO-A1-21 0.0 % 20.5 % 21.4 % 40.0 %

RISO-A1-24 1.6 % 34.4 % 18.5 % 38.5 %

FFA-W3-211 (Fixed Tr.) 0.0 % 43.5 % 24.8 % 32.0 %

FFA-W3-211 (Free Tr.) 1.3 % 18.9 % 9.5 % 16.2 %

FFA-W3-241 0.0 % 0.0 % 12.4 % 24.8 %

FFA-W3-301 4.8 % 86.2 % 63.5 % 86.5 %

S809 0.0 % 29.9 % 10.5 % 12.9 %

S814 2.1 % 11.8 % 15.3 % 27.8 %

FX66-S196-V1 1.2 % 3.0 % 1.8 % 3.6 %

DU 91-W2-250 2.5 % 16.7 % 7.6 % 21.5 %

DU 93-W-210 2.6 % 35.7 % 3.9 % 17.0 %

A-Airfoil 0.0 % 20.0 % 8.1 % 8.8 %

Table 1. Criteria for Evaluating Agreements and Discrepancies between Experi-

ments and Computations

Airfoil Maximum Thickness Leading Edge Maximum Curvature

Well-performing airfoils

FX66-S196-V1 19 % 50.0

NACA 63-215 15 % 37.1

NACA 63-415 15 % 41.8

NACA 63-218 18 % 28.8

NACA 63-418 18 % 32.4

FFA-W3-241 24 % 16.5

S814 24 % 21.8

Poorly-performing airfoils

NACA 63-430 30 % 11.2

FFA-W3-211 21 % 24.7

RISO-A1-21 24 % 31.8

NACA 65-421 21 % 27.1

NACA 64-421 21 % 24.1

NACA 63-221 21 % 23.2

Table 2. Selected Airfoils Geometrical Parameters
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(a) FX66-S196-V1 Airfoil
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(b) NACA 63-215 Airfoil
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(c) NACA 63-415 Airfoil
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(d) NACA 63-218 Airfoil
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Figure 161. Airfoils With Good Experiment/Computation Agreement
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Figure 162. Airfoils With Large Experiment/Computation Disagreement
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Figure 163. Surface Curvature Near Leading Edge for the Selected Airfoils
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Figure 164. Pressure Center Location for the Selected Airfoils
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Figure 166. Transition Point Location for the Selected Airfoils
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Figure 168. Comparison of Original and Scaled Michel Transition Model

(NACA 63-430(V), Experiment [10])
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Figure 169. Comparison of Original and Scaled Michel Transition Model

(RIS�-A1-21, Experiment [13])
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Figure 170. Comparison of Original and Scaled Michel Transition Model

(NACA 63-221, Experiment [1])
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Figure 171. Comparison of Original and Scaled Michel Transition Model

(NACA 63-415, Experiment [1])
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Figure 172. Comparison of Original and Scaled Michel Transition Model

(NACA 63-415(V), Experiment [11])
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Figure 173. Comparison of Original and Scaled Michel Transition Model (FFA-

W3-241, Experiment [10])
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13 Conclusion

A wide range of airfoils has been simulated with the computational code EllipSys2D.

Computational results have been compared with available experimental data and

the panel method based code XFOIL.

The collected results have been analysed with the aim of de�ning some criteria

characterizing the ability of the numerical code to match the experimental data.

It seems more diÆcult to simulate relatively thick airfoils. However, transition

modelling has been found to have a great impact on the results for certain types of

airfoils. The causes of the discrepancies between computational and experimental

results that originate from the Michel transition model have been identi�ed. The

discrepancies result from the combination of two factors. Firstly, the transition

model usually fails to predict transition in the sharp leading edge suction peak

region as it happens in the experiments for airfoils that have been designed in that

way. Secondly, the subsequent zero or low pressure gradient on the suction side

of the airfoil worsens the situation by delaying transition predicted by the model

even further.

Some advices have then been given on how to elaborate an airfoil design process

using these computational models such that these discrepancies can be avoided.

In order to control the transition point location, the sharp leading edge suction

peak seems necessary. However airfoils could be designed such that, if transition is

not detected by the model in the suction peak, the laminar boundary layer would

anyway continue to grow downstream in order to rapidly trigger transition.
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A LS(1)-0413 and LS(1)-0417 Air-
foils

The LS(1)-0413 and LS(1)-0417 airfoils were developped at NASA for general

aviation applications [15]. They were equipped and measured in the Laminar

Wind Tunnel at the Institut f�ur Aerodynamik und Gasdynamik of the Stuttgart

University [3]. The Reynold number of the experiments that are considered was

Re = 1:5� 106.

A.1 Method

The C-meshes used for the computations had 384 cells in the direction along the

airfoil, 256 of them being on the airfoil, and 64 cells in the direction away from

the airfoil. The non-dimensional height of the cell at the airfoil was 1� 10�5.

The computations were performed with the SUDS-scheme for the convective

terms, the k�! SST turbulence model by Menter [16] for the turbulent viscosity,

and the transition model by Michel [17], together with the empirical function given

by Chen and Thyson [8] for modelling the turbulence intermittency. Numerical

results were obtained with stationary computations.

A.2 Results

Experimental and computational results were in better agreement for the LS(1)-0413

airfoil. Moreover, for this airfoil, it seems that the transitional e�ects are less sen-

sitive. Indeed, the experiments with smooth or rough airfoils gave roughly similar

results, even after stall. Similarly, computations with transition model and fully

turbulent computations gave also close results.

As for the LS(1)-0417 airfoil, computations predicted a higher lift than in the

experiments in the linear region. Moreover these discrepancies increase as stall

approaches.
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Figure 174. LS(1)-0413 Airfoil
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Figure 175. Lift CoeÆcient Curve (LS(1)-0413, Experiment [3])
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Figure 176. Drag CoeÆcient Curve (LS(1)-0413, Experiment [3])
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Figure 177. Pitching Moment CoeÆcient Curve (LS(1)-0413, Experiment [3])
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Figure 178. Pressure CoeÆcient Distributions (LS(1)-0413)
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Figure 179. Skin Friction CoeÆcient Distributions (LS(1)-0413)
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Figure 181. Lift CoeÆcient Curve (LS(1)-0417, Experiment [3])
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Figure 182. Drag CoeÆcient Curve (LS(1)-0417, Experiment [3])

0.04

0.06

0.08

0.1

0.12

0.14

0 5 10 15 20

P
itc

hi
ng

 M
om

en
t C

oe
ffi

ci
en

t

Angle of Attack (deg.)

Experiment - Smooth airfoil
EllipSys2D - Transition model

EllipSys2D - Fully turbulent
XFOIL

Figure 183. Pitching Moment CoeÆcient Curve (LS(1)-0417, Experiment [3])
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Figure 184. Pressure CoeÆcient Distributions (LS(1)-0417)
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Figure 185. Skin Friction CoeÆcient Distributions (LS(1)-0417)
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