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

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

appliations) are olleted and ompared with omputational results from the 2D

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

XFOIL. Seondly, we are interested in validating the ode EllipSys2D and �nding

out for whih airfoils it does not perform well ompared to the experiments, as

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

ment between the numerial results and experimental data. A study orrelating

the available data and this lassi�ation is performed. It is found that transition

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

results for most of the onsidered airfoils. The transition model mehanism that

leads to these disrepanies is identi�ed. Some advies are given for elaborating

future airfoil design proesses that would involve the numerial ode EllipSys2D in

partiular, and transition modelling in general.
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1 Introdution

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

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

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

tailed desription of the numerial ode). They are ompared with experimental

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

ode, whih is based on a panel method ombined with a visous boundary layer

formulation [9℄.

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

the omputational ode EllipSys2D and its performanes. Seondly, by omparing

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

to give a better idea of the diÆulties that an be faed when simulating ertain

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

orretly simulated by the numerial model. Finally, it will provide a database of

airfoil harateristis, that an be used in wind turbine design.

In eah of the setions where experimental and omputational results are re-

ported, there is a short introdutory text desribing the experimental failities, as

well as some relevant informations about the omputations.

Several airfoils an be inluded in the same setion if they were experimen-

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

wing setions were obtained in the VELUX wind tunnel [11℄, whereas others were

olleted 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 respetive airfoil names whenever neessary (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 omputations are not drawn for every single

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

general aspet of all the meshes used herein is very similar, the only di�erene in

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

grid generator HypGrid2D [23℄.

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

the airfoil surfae. The visous boundary layer and wake options are ativated. The

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

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

ever, for ases where the experiment has been performed with a devie triggering

transition, �xed transition is enfored at the same hordwise loation.

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

omputational data are reported for the numerous airfoils. In setion 12, the results

are analysed by lassifying the airfoils aording to agreements or disrepanies

between experiments and omputations. Then, onlusions are drawn regarding

the performanes of the numerial ode EllipSys2D. The main onlusions of this

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

inluded in the appendies in future releases of this report.
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2 NACA Wing Setions

This setion is dediated to the omputation of several airfoils of the NACA wing

setion family. The omputational data obtained with EllipSys2D will be ompared

to the measurements performed at NASA in a low-turbulene pressure tunnel [26℄.

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

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

and NACA 65. They di�er from eah other by the hordwise position of minimum

pressure. Then, a third digit indiates the design lift oeÆient. The airfoils an �-

nally be distinguished by their thikness, whih is given by the last 2 digits. Among

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

onsidered:

{ 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 ases that are presented in this setion, the Reynolds number of the

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

2.1 Method

C-meshes were used for all the omputations with 384 ells in the diretion along

the airfoil, 256 of them being on the airfoil, and 64 ells in the diretion away

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

Further re�nements of the grid didn't signi�antly 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 an be seen, the mesh lines were extended

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

The omputations were performed with the SUDS-sheme for onvetive terms.

The k � ! SST turbulene model by Menter was used for the turbulent viso-

sity [16℄. The transition model by Mihel [17℄ was used for simulating the free

transition, together with the empirial funtion given by Chen and Thyson [8℄

for modelling the turbulene intermitteny. Numerial results were obtained with

stationary omputations.

2.2 Results

Results are presented as lift, drag and pithing moment oeÆients as funtion of

angle of attak, and also pressure and skin frition distributions at various angles

are shown.

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

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

the angle of attak between experiments and omputations in the linear region,

where simulations were expeted to perform well. This shift an be observed on the

lift urve 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, respetively. Moreover,

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

the numerial ode was not responsible for these disrepanies, an experiment that

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

onsidered in setion 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 CoeÆient Curve (NACA 63-215, Experiment [1℄)
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Figure 7. Drag CoeÆient Curve (NACA 63-215, Experiment [1℄)
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Figure 8. Pithing Moment CoeÆient Curve (NACA 63-215, Experiment [1℄)

10 Ris�{R{1280(EN)



-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

s
s
u
re

 C
o
e
ff
ic

ie
n
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

s
s
u
re

 C
o
e
ff
ic

ie
n
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

s
s
u
re

 C
o
e
ff
ic

ie
n
t

x/Chord

EllipSys2D
XFOIL

() � = 12o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

s
s
u
re

 C
o
e
ff
ic

ie
n
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

s
s
u

re
 C

o
e

ff
ic

ie
n

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

s
s
u

re
 C

o
e

ff
ic

ie
n

t

x/Chord

EllipSys2D
XFOIL

(f) � = 18o

Figure 9. Pressure CoeÆient Distributions (NACA 63-215)
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Figure 10. Skin Frition CoeÆient 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 CoeÆient Curve (NACA 63-218, Experiment [1℄)
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Figure 13. Drag CoeÆient Curve (NACA 63-218, Experiment [1℄)
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Figure 14. Pithing Moment CoeÆient Curve (NACA 63-218, Experiment [1℄)
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Figure 15. Pressure CoeÆient Distributions (NACA 63-218)
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Figure 16. Skin Frition CoeÆient 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 CoeÆient Curve (NACA 63-221, Experiment [1℄)
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Figure 19. Drag CoeÆient Curve (NACA 63-221, Experiment [1℄)
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Figure 20. Pithing Moment CoeÆient Curve (NACA 63-221, Experiment [1℄)
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Figure 21. Pressure CoeÆient Distributions (NACA 63-221)
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Figure 22. Skin Frition CoeÆient 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 CoeÆient Curve (NACA 63-415, Experiment [1℄)
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Figure 25. Drag CoeÆient Curve (NACA 63-415, Experiment [1℄)
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Figure 26. Pithing Moment CoeÆient Curve (NACA 63-415, Experiment [1℄)
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Figure 27. Pressure CoeÆient Distributions (NACA 63-415)
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Figure 28. Skin Frition CoeÆient 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 CoeÆient Curve (NACA 63-418, Experiment [1℄)
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Figure 31. Drag CoeÆient Curve (NACA 63-418, Experiment [1℄)
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Figure 32. Pithing Moment CoeÆient Curve (NACA 63-418, Experiment [1℄)
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Figure 33. Pressure CoeÆient Distributions (NACA 63-418)

Ris�{R{1280(EN) 27



-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
k
in

 F
ri
c
ti
o
n
 C

o
e
ff
ic

ie
n
t

x/Chord

EllipSys2D
XFOIL

(a) � = 6o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
k
in

 F
ri
c
ti
o
n
 C

o
e
ff
ic

ie
n
t

x/Chord

EllipSys2D
XFOIL

(b) � = 10o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
k
in

 F
ri
c
ti
o
n
 C

o
e
ff
ic

ie
n
t

x/Chord

EllipSys2D
XFOIL

() � = 12o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
k
in

 F
ri
c
ti
o
n
 C

o
e
ff
ic

ie
n
t

x/Chord

EllipSys2D
XFOIL

(d) � = 14o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
k
in

 F
ri
c
ti
o
n
 C

o
e
ff
ic

ie
n
t

x/Chord

EllipSys2D
XFOIL

(e) � = 16o

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0 0.2 0.4 0.6 0.8 1

S
k
in

 F
ri
c
ti
o
n
 C

o
e
ff
ic

ie
n
t

x/Chord

EllipSys2D
XFOIL

(f) � = 18o

Figure 34. Skin Frition CoeÆient Distributions (NACA 63-418)
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NACA 63-421
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Figure 35. NACA 63-421 Airfoil
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Figure 36. Lift CoeÆient Curve (NACA 63-421, Experiment [1℄)
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Figure 37. Drag CoeÆient Curve (NACA 63-421, Experiment [1℄)
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Figure 38. Pithing Moment CoeÆient Curve (NACA 63-421, Experiment [1℄)
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Figure 39. Pressure CoeÆient Distributions (NACA 63-421)
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Figure 40. Skin Frition CoeÆient Distributions (NACA 63-421)
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NACA 64-415
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Figure 41. NACA 64-415 Airfoil

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 5 10 15 20

L
if
t 
C

o
e
ff
ic

ie
n
t

Angle of Attack (deg.)

Experiment
EllipSys2D

XFOIL

Figure 42. Lift CoeÆient Curve (NACA 64-415, Experiment [1℄)
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Figure 43. Drag CoeÆient Curve (NACA 64-415, Experiment [1℄)
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Figure 44. Pithing Moment CoeÆient Curve (NACA 64-415, Experiment [1℄)
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Figure 45. Pressure CoeÆient Distributions (NACA 64-415)
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Figure 46. Skin Frition CoeÆient 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 CoeÆient Curve (NACA 64-421, Experiment [1℄)
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Figure 49. Drag CoeÆient Curve (NACA 64-421, Experiment [1℄)
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Figure 50. Pithing Moment CoeÆient Curve (NACA 64-421, Experiment [1℄)
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Figure 51. Pressure CoeÆient Distributions (NACA 64-421)
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Figure 52. Skin Frition CoeÆient 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 CoeÆient Curve (NACA 65-415, Experiment [1℄)
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Figure 55. Drag CoeÆient Curve (NACA 65-415, Experiment [1℄)
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Figure 56. Pithing Moment CoeÆient Curve (NACA 65-415, Experiment [1℄)
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Figure 57. Pressure CoeÆient Distributions (NACA 65-415)
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Figure 58. Skin Frition CoeÆient 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 CoeÆient Curve (NACA 65-421, Experiment [1℄)
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Figure 61. Drag CoeÆient Curve (NACA 65-421, Experiment [1℄)
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Figure 62. Pithing Moment CoeÆient Curve (NACA 65-421, Experiment [1℄)
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Figure 63. Pressure CoeÆient Distributions (NACA 65-421)
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Figure 64. Skin Frition CoeÆient Distributions (NACA 65-421)
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3 NACA63-215 and NACA63-415
Airfoils (VELUX Measurements)

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

VELUX wind tunnel [11℄, whih has an open test setion. The testing faility is

desribed in detail by Fuglsang et al [11℄. The Reynolds number of the experiment

(and for the omputations) 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 omputations had 384 ells in the diretion along the

airfoil, 256 of them being on the airfoil, and 64 ells in the diretion away from

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

The omputations were performed with the SUDS-sheme for the onvetive

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

visosity [16℄. As the turbulene level was relatively high in the wind tunnel, it was

expeted that a fully turbulent omputation might give better results. Therefore,

both fully turbulent simulations and omputations with the Mihel transition

model [17℄, together with the empirial funtion given by Chen and Thyson [8℄ for

modelling the turbulene intermitteny, were onduted. Numerial results were

obtained with stationary omputations.

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

for high angles of attak in steady state omputations with transition model, the

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

enhane the numerial stability of the method (with a non-dimensional time step

equal to 10�2). The inuene an learly be seen on the pressure oeÆient on

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

was enountered for the seond airfoil only for the highest angle of attak (� =

21:3o) for whih pressure and skin frition oeÆients are not presented.

3.2 Results

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

were in good agreement, exept for after stall. As it an 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 ase with the very same airfoil

measured in another wind tunnel (see setion 2).

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

agreement in the linear region, but omputations predited 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 CoeÆient Curve (NACA 63-215(V), Experiment [11℄)
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Figure 67. Drag CoeÆient Curve (NACA 63-215(V), Experiment [11℄)

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0 5 10 15 20

M
o
m

e
n
t 
C

o
e
ff
ic

ie
n
t

Angle of Attack (deg.)

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

Figure 68. Pithing Moment CoeÆient Curve (NACA 63-215(V), Experi-

ment [11℄)
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Figure 69. Pressure CoeÆient Distributions (NACA 63-215(V), Experiment [11℄)
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Figure 70. Skin Frition CoeÆient Distributions (NACA 63-215(V))
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Figure 71. NACA 63-415 Airfoil
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Figure 72. Lift CoeÆient Curve (NACA 63-415(V), Experiment [11℄)
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Figure 73. Drag CoeÆient Curve (NACA 63-415(V), Experiment [11℄)
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Figure 74. Pithing Moment CoeÆient Curve (NACA 63-415(V), Experi-

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

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

VELUX wind tunnel [10℄, whih has an open test setion. The testing faility is

desribed in detail by Fuglsang et al [11℄. The Reynolds number of the experiment

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

4.1 Method

The C-mesh used for the omputation had 384 ells in the diretion along the

airfoil, 256 of them being on the airfoil, and 64 ells in the diretion away from

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

The omputations were performed with the SUDS-sheme for the onvetive

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

visosity [16℄. As the turbulene level was relatively high in the wind tunnel, it was

expeted that a fully turbulent omputation might give better results. Therefore,

both fully turbulent simulations and omputations with the Mihel transition

model [17℄, together with the empirial funtion given by Chen and Thyson [8℄ for

modelling the turbulene intermitteny, were onduted. Numerial results were

obtained with stationary omputations.

4.2 Results

Neither the fully turbulent omputations, nor the simulations with transition

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

repanies are quite large.
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Figure 77. NACA 63-430 Airfoil
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Figure 78. Lift CoeÆient Curve (NACA 63-430(V), Experiment [10℄)
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Figure 79. Drag CoeÆient Curve (NACA 63-430(V), Experiment [10℄)
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Figure 80. Pithing Moment CoeÆient Curve (NACA 63-430(V), Experi-

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

In this setion, 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, whih has an open

test setion with a bakground turbulene level of 1%. It is desribed in detail

by Fuglsang et al [11℄. All tests were arried 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

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

The meshes had 384 ells in the diretion along the airfoil, 256 of them being on

the airfoil, and 64 ells in the diretion away from the airfoil. The non-dimensional

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

The SUDS-sheme was used for the onvetive terms in all omputations. Tur-

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

bulent omputations and omputations with the transition model by Mihel [17℄,

together with the empirial funtion given by Chen and Thyson [8℄ for modelling

the turbulene intermitteny, were performed. The reason for this was that the

fully turbulent omputations were expeted to give rather good results as the

bakground turbulene level in the wind tunnel was relatively high. This might

trigger an early transition to turbulene in the airfoil boundary layer. Numerial

results were obtained with stationary omputations.

5.2 Results

The omputational results showed relative good agreement with the experiments

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

were loser to the experimental data, whereas the fully turbulent omputations

were loser in the stalled region. Simulations with transition model predited stall

at a higher angle of attak 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 CoeÆient Curve (RIS�-A1-18, Experiment [13℄)
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Figure 85. Drag CoeÆient Curve (RIS�-A1-18, Experiment [13℄)
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Figure 86. Pithing Moment CoeÆient Curve (RIS�-A1-18, Experiment [13℄)

Ris�{R{1280(EN) 65



-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

s
s
u
re

 C
o
e
ff
ic

ie
n
t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(a) � = 5:37o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

s
s
u
re

 C
o
e
ff
ic

ie
n
t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(b) � = 7:69o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

s
s
u
re

 C
o
e
ff
ic

ie
n
t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

() � = 10:74o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

s
s
u
re

 C
o
e
ff
ic

ie
n
t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(d) � = 13:70o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

s
s
u
re

 C
o
e
ff
ic

ie
n
t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(e) � = 15:46o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

s
s
u
re

 C
o
e
ff
ic

ie
n
t

x/Chord

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

(f) � = 18:93o

Figure 87. Pressure CoeÆient Distributions (RIS�-A1-18, Experiment [13℄)
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Figure 88. Skin Frition CoeÆient Distributions (RIS�-A1-18)
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RIS�-A1-21
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Figure 89. RIS�-A1-21 Airfoil
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Figure 90. Lift CoeÆient Curve (RIS�-A1-21, Experiment [13℄)
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Figure 91. Drag CoeÆient Curve (RIS�-A1-21, Experiment [13℄)
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Figure 92. Pithing Moment CoeÆient Curve (RIS�-A1-21, Experiment [13℄)
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Figure 93. Pressure CoeÆient Distributions (RIS�-A1-21, Experiment [13℄)
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Figure 94. Skin Frition CoeÆient Distributions (RIS�-A1-21)
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RIS�-A1-24
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Figure 95. RIS�-A1-24 Airfoil
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Figure 96. Lift CoeÆient Curve (RIS�-A1-24, Experiment [13℄)
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Figure 97. Drag CoeÆient Curve (RIS�-A1-24, Experiment [13℄)

0.08

0.09

0.1

0.11

0.12

0.13

0.14

0.15

0.16

0 5 10 15 20

M
o
m

e
n
t 
C

o
e
ff
ic

ie
n
t

Angle of Attack (deg.)

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

Figure 98. Pithing Moment CoeÆient Curve (RIS�-A1-24, Experiment [13℄)
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Figure 99. Pressure CoeÆient Distributions (RIS�-A1-24, Experiment [13℄)
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Figure 100. Skin Frition CoeÆient Distributions (RIS�-A1-24)
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6 FFA-W3-211 Airfoil

The FFA-W3-211 airfoil manufatured and equipped at FFA (The Aeronautial

Researh Institute of Sweden) was investigated. It is a 21% thikness airfoil. It was

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

Tehnology, Stokholm) with a turbulene 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

loations. Transition was let free for the seond one.

6.1 Method

A C-mesh was used to ompute the ow around this airfoil with 384 ells in the

diretion along the airfoil, 256 of them being on the airfoil, and 64 ells in the

diretion away from the airfoil. The non-dimensional height of the ell at the

airfoil was 1� 10�5.

The omputations were performed with the SUDS-sheme for the onvetive

terms, together with the k � ! SST turbulene model by Menter [16℄ for the

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

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

model by Mihel [17℄, together with the empirial funtion given by Chen and

Thyson [8℄ for modelling the turbulene intermitteny, was used when omparing

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

ary omputations.

6.2 Results

For both ases (�xed and free transition), the omputational results mathed the

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

of attak, and a greater maximum lift was omputed. However, results were in

slightly better agreement for the ase 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 CoeÆient Curve (FFA-W3-211, Fixed Transition, Experi-

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

ment [7℄)
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Figure 104. Pithing Moment CoeÆient Curve (FFA-W3-211, Fixed Transition,

Experiment [7℄)

78 Ris�{R{1280(EN)



-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

s
s
u
re

 C
o
e
ff
ic

ie
n
t

x/Chord

EllipSys2D
XFOIL

(a) � = 5:1o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

s
s
u
re

 C
o
e
ff
ic

ie
n
t

x/Chord

Experiment
EllipSys2D

XFOIL

(b) � = 7:99o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

s
s
u
re

 C
o
e
ff
ic

ie
n
t

x/Chord

Experiment
EllipSys2D

XFOIL

() � = 10:47o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

s
s
u
re

 C
o
e
ff
ic

ie
n
t

x/Chord

Experiment
EllipSys2D

XFOIL

(d) � = 14:98o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

s
s
u
re

 C
o
e
ff
ic

ie
n
t

x/Chord

EllipSys2D
XFOIL

(e) � = 17:0o

-1

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1

P
re

s
s
u
re

 C
o
e
ff
ic

ie
n
t

x/Chord

Experiment
EllipSys2D

XFOIL

(f) � = 20:33o

Figure 105. Pressure CoeÆient Distributions (FFA-W3-211, Fixed Transition,

Experiment [7℄)
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Figure 106. Skin Frition CoeÆient 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 CoeÆient Curve (FFA-W3-211, Free Transition, Experiment [7℄)
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Figure 109. Drag CoeÆient Curve (FFA-W3-211, Free Transition, Experi-

ment [7℄)
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Figure 110. Pithing Moment CoeÆient Curve (FFA-W3-211, Free Transition,

Experiment [7℄)
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Figure 111. Pressure CoeÆient Distributions (FFA-W3-211, Free Transition)
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Figure 112. Skin Frition CoeÆient Distributions (FFA-W3-211, Free Transi-

tion)

84 Ris�{R{1280(EN)



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

These two airfoils have been designed at FFA (The Aeronautial Researh Institute

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

inboard part of di�erent Danish wind turbine blades.

Measurements were arried out in the VELUX wind tunnel [10℄, whih has an

open test setion. The testing faility is desribed in detail by Fuglsang et al [11℄.

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

paigns.

7.1 Method

The C-meshes used for the omputation had 384 ells in the diretion along the

airfoil, 256 of them being on the airfoil, and 64 ells in the diretion away from

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

The omputations were performed with the SUDS-sheme for the onvetive

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

expeted that a fully turbulent omputation might give better results. Therefore,

both fully turbulent simulations and omputations with the Mihel transition

model [17℄, together with the empirial funtion given by Chen and Thyson [8℄ for

modelling the turbulene intermitteny, were onduted. The k�! SST turbulene

model by Menter [16℄ was used for the turbulent visosity. Numerial results were

obtained with stationary omputations.

7.2 Results

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

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

predited stall at a orret angle of attak, ontrary to the simulations with free

transition that predited stall at a muh higher angle of attak.
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Figure 113. FFA-W3-241 Airfoil
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Figure 114. Lift CoeÆient Curve (FFA-W3-241, Experiment [10℄)
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Figure 115. Drag CoeÆient Curve (FFA-W3-241, Experiment [10℄)
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Figure 116. Pithing Moment CoeÆient Curve (FFA-W3-241, Experiment [10℄)
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Figure 117. Pressure CoeÆient Distributions (FFA-W3-241, Experiment [10℄)
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Figure 118. Skin Frition CoeÆient Distributions (FFA-W3-241)
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FFA-W3-301
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Figure 119. FFA-W3-301 Airfoil

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 5 10 15 20

L
if
t 
C

o
e
ff
ic

ie
n
t

Angle of Attack (deg.)

Experiment
EllipSys2D - Fully turbulent

EllipSys2D - Transition model
XFOIL

Figure 120. Lift CoeÆient Curve (FFA-W3-301, Experiment [10℄)
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Figure 121. Drag CoeÆient Curve (FFA-W3-301, Experiment [10℄)
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Figure 122. Pithing Moment CoeÆient Curve (FFA-W3-301, Experiment [10℄)
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Figure 123. Pressure CoeÆient Distributions (FFA-W3-301, Experiment [10℄)
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Figure 124. Skin Frition CoeÆient Distributions (FFA-W3-301)
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8 S809 and S814 Airfoils

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

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

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

fae roughness, and low pro�le drag.

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

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

The �rst objetive was to ahieve a maximum lift oeÆient of at least 1.30 for a

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

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

number.

The experiments were arried out at the low-turbulene wind tunnel at Delft

University of Tehnology, 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. Numerial results were obtained with stationary

omputations.

8.1 Method

The C-mesh used for the omputations had 384 ells in the diretion along the

airfoil, 256 of them being on the airfoil, and 64 ells in the diretion away from

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

The omputations were performed with the SUDS-sheme for the onvetive

terms, the k�! SST turbulene model by Menter [16℄ for the turbulent visosity,

and the transition model by Mihel [17℄, together with the empirial funtion given

by Chen and Thyson [8℄ for modelling the turbulene intermitteny.

8.2 Results

There was a good agreement between experimental data and omputational results

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

logy)
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Figure 127. Drag CoeÆient Curve (S809, Experiment Delft University of Teh-

nology)

0

0.02

0.04

0.06

0.08

0.1

0 5 10 15 20

M
o
m

e
n
t 
C

o
e
ff
ic

ie
n
t

Angle of Attack (deg.)

Experiment
EllipSys2D

XFOIL

Figure 128. Pithing Moment CoeÆient Curve (S809, Experiment Delft Univer-

sity of Tehnology)
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Figure 129. Pressure CoeÆient Distributions (S809)
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Figure 130. Skin Frition CoeÆient Distributions (S809)
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Figure 131. S814 Airfoil

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 5 10 15 20

L
if
t 
C

o
e
ff
ic

ie
n
t

Angle of Attack (deg.)

Experiment
EllipSys2D

XFOIL

Figure 132. Lift CoeÆient Curve (S814, Experiment Delft University of Tehno-

logy)

Ris�{R{1280(EN) 99



0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 5 10 15 20

D
ra

g
  
C

o
e
ff
ic

ie
n
t

Angle of Attack (deg.)

Experiment
EllipSys2D

XFOIL

Figure 133. Drag CoeÆient Curve (S814, Experiment Delft University of Teh-

nology)
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Figure 134. Pithing Moment CoeÆient Curve (S814, Experiment Delft Univer-

sity of Tehnology)
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Figure 135. Pressure CoeÆient Distributions (S814)
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Figure 136. Skin Frition CoeÆient Distributions (S814)
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9 FX66-S196-V1 Airfoil

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

mann [2℄. It is a typial laminar airfoil where transitional e�ets are large sine

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

number of the experiment was 1:5� 106.

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

for Aerodynamis and Gasdynamis in Stuttgart [2℄.

9.1 Method

The C-mesh used for the omputation had 384 ells in the diretion along the

airfoil, 256 of them being on the airfoil, and 64 ells in the diretion away from

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

The omputations were performed with the SUDS-sheme for the onvetive

terms, the k�! SST turbulene model by Menter [16℄ for the turbulent visosity,

and the transition model by Mihel [17℄, together with the empirial funtion given

by Chen and Thyson [8℄ for modelling the turbulene intermitteny. Numerial

results were obtained with stationary omputations.

9.2 Results

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

onerning the lift. The drag was slightly overestimated by the omputations.
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Figure 137. FX66-S196-V1 Airfoil
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Figure 138. Lift CoeÆient Curve (FX66-S196-V1, Experiment [2℄)
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Figure 139. Drag CoeÆient Curve (FX66-S196-V1, Experiment [2℄)
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Figure 140. Pithing Moment CoeÆient Curve (FX66-S196-V1)
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Figure 141. Pressure CoeÆient Distributions (FX66-S196-V1)
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Figure 142. Skin Frition CoeÆient Distributions (FX66-S196-V1)
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10 DU 91-W2-250 and DU 93-W-210
Airfoils

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

Its design goals for the laminar ase were a peak lift oeÆient of about 1.5,

relatively smooth stall and insensivity to roughness.

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

nel of the Faulty of Aerospae Engineering of Delft University [25℄. The results

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

airfoil surfae.

The 21% thik 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

Tehnology.

10.1 Method

The C-mesh used for the omputation had 384 ells in the diretion along the

airfoil, 256 of them being on the airfoil, and 64 ells in the diretion away from

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

The omputations were performed with the SUDS-sheme for the onvetive

terms, the k�! SST turbulene model by Menter [16℄ for the turbulent visosity,

and the transition model by Mihel [17℄, together with the empirial funtion given

by Chen and Thyson [8℄ for modelling the turbulene intermitteny. Numerial

results were obtained with stationary omputations.

10.2 Results

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

linear region, but the lift was overpredited by the omputations in deep stall.
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Figure 143. DU 91-W2-250 Airfoil
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Figure 144. Lift CoeÆient Curve (DU 91-W2-250, Experiment [25℄)
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Figure 145. Drag CoeÆient Curve (DU 91-W2-250, Experiment [25℄)
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Figure 146. Pithing Moment CoeÆient Curve (DU 91-W2-250, Experiment [25℄)
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Figure 147. Pressure CoeÆient Distributions (DU 91-W-250, Experiment [25℄)
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Figure 148. Skin Frition CoeÆient Distributions (DU 91-W-250)
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DU 93-W-210
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Figure 149. DU 93-W-210 Airfoil
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Figure 150. Lift CoeÆient Curve (DU 93-W-210, Experiment Delft University of

Tehnology)
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Figure 151. Drag CoeÆient Curve (DU 93-W-210, Experiment Delft University
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Figure 152. Pithing Moment CoeÆient Curve (DU 93-W-210, Experiment Delft

University of Tehnology)
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Figure 153. Pressure CoeÆient Distributions (DU 93-W-210)
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Figure 154. Skin Frition CoeÆient Distributions (DU 93-W-210)
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11 A-Airfoil

The A-Airfoil was hosen as a test ase for validating several numerial odes

by the partners of the ECARP projet [14℄. Experiments were arried 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 omputation had 384 ells in the diretion along the

airfoil, 256 of them being on the airfoil, and 64 ells in the diretion away from

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

The omputations were performed with the SUDS-sheme for the onvetive

terms, and the k � ! SST turbulene model by Menter [16℄ for the turbulent

visosity.

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

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

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

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

11.2 Results

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

linear region. Higher maximum lift was predited by the omputations. XFOIL

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

before stall.
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Figure 156. Lift CoeÆient Curve (A-Airfoil, Experiment [14℄)
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Figure 157. Drag CoeÆient Curve (A-Airfoil, Experiment [14℄)
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Figure 158. Pithing Moment CoeÆient Curve (A-Airfoil)
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Figure 159. Pressure CoeÆient Distributions (A-Airfoil, Experiment [14℄)
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Figure 160. Skin Frition CoeÆient Distributions (A-Airfoil, Experiment [14℄)
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12 Analysis of the Colleted Re-
sults

In this setion, an analysis of the data that have been olleted for the numerous

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

good the numerial ode EllipSys2D will perform for a given airfoil.

Firstly, quantitative values assessing the agreement between experimental data

and omputational results from EllipSys2D are alulated. Seondly, airfoils for

whih the numerial ode an be onsidered as performing well and those for

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

onlusions an be drawn onerning the ability of the numerial ode EllipSys2D

to simulate the ow around ertain types of airfoils. These onlusions an give

some hints for the design of future airfoils, as far as the numerial ode EllipSys2D

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

they an reveal harateristi fats about the atual ow.

12.1 Quantitative riteria

Quantitative values measuring the disrepanies between experimental data and

omputational results for eah airfoil are gathered in Table 1, p.127. For eah

airfoil, the following four riterion-values are omputed:

1. The di�erene of lift between experiment and omputations averaged over the

linear region, expressed in perentage relatively to the maximum experimental

lift oeÆient, is alulated.

2. The angle of attak for whih stall ours is onsidered. The angle for whih

a maximum of lift oeÆient is �rst reahed is reported. Then, the di�erene

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

entage relatively to the orresponding experimental angle (Note that in this

ase, the maximum lift loation is searhed lose after the linear region, even

if the lift oeÆient grows again after stall, as it an be the ase for some

experiments).

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

uated in perentage relatively to the experimental maximum lift.

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

region is expressed in perentage relatively to the maximum experimental

lift.

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

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

these four values.

12.2 Classifying the airfoils

In this seond step of the analysis, the airfoils for whih the results obtained with

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

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

are olleted.

To selet the airfoils that perform well, the three following onditions using the

previously omputed riterion-values are evaluated:

� The �rst riterion-value is below 5%

122 Ris�{R{1280(EN)



� The seond riterion-value is below 12%

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

The airfoils that ful�l all these riteria are onsidered to be the ones that perform

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

airfoils in setion 2 (see the omments in setion 2.2). The limiting perentages

have been hosen in order to make a lear distintion between the airfoils. At the

same time, the limits are onsidered to be sensible as for the respetive importane

of the several riteria. These airfoils an be roughly lassi�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 depited in Fig.161. Note that the NACA 64-415 and NACA 65-415

airfoils have not been inluded even though they ful�l the above riteria. It was

onsidered that they would not signi�antly improve the amount of data involved

with airfoils from the NACA wing setion family that have been already seleted

for the next step of the analysis.

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

ones for whih stritly more than two of the following onditions are satis�ed:

� The �rst riterion-value is over 5%

� The seond riterion-value is over 12%

� The third riterion-value is over 20%

� The fourth riterion-value is over 20%

These airfoils an be roughly lassi�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 depited in Fig.162.

12.3 Interpretation of the seleted airfoils data

It is now attempted to orrelate some harateristis of the previously seleted

airfoils with the quality of the results.

It would be interesting to relate the performane of the ode to purely geometri-

al harateristis of the airfoils. Therefore, both the maximum relative thikness

and the maximum urvature near the leading edge of the seleted airfoils are

reported in Table 2, p.127. The urvatures of the airfoils surfaes in the viin-

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

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

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

onlusions highlight a general tendeny, but these are not learly deisive fators.
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Some others fators whih are related to the ow�eld itself are then reported: the

pressure enter loation (Figs.164 and 165), the transition point loation (Fig.166),

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

very lear di�erene between the well- and poorly-performing airfoils that an lead

to onlusive results. Nevertheless, as it an be seen by omparing the experimental

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

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

of attak of 10o) than the well-performing ones (whih stall around 15o).

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

out by having an overview of the olleted results of the previous setions. Firstly,

stall is often numerially predited at higher angles of attak than in the exper-

iments. Seondly, the predited lift in the post-stall region is always higher than

the experimental lift. In other respets, it is well know that transition is a deisive

fator for stall ourene, as well as lift predition. This issue is then investigated

further in the following setion.

12.4 Study of the transition and stall behaviors

In this setion, exept otherwise spei�ed, numerial results obtained with transi-

tion modelling are onsidered only. Remind that the transition model by Mihel [17℄

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

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

evolution of the skin frition oeÆient on the sution side of the airfoil shortly

after the leading edge. As it an be seen for the numerial results obtained with

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

downstream from the leading edge. Even if no diret experimental evidene about

the transition point loation is available, it ould be dedued that the transition

atually arises very early after the leading edge [10℄. Indeed, the experimental

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

area whih indiates that transition may atually our at this plae. This assertion

is reinfored by the fat that fully turbulent simulations exhibit pressure oeÆient

distributions in loser agreement with the experimental data.

Even more harateristi is the behavior of the skin frition oeÆient on the

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

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

phase, the skin frition starts to slowly derease again before transition ours,

onsequently triggering a seond more abrupt inreasing phase. One again, it is

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

It must be reminded that a sharp leading edge sution peak is ommonly used

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

Indeed, the subsequent pressure inrease thikens rapidly the laminar boundary

layer whih beomes unstable, thereby triggering transition towards a turbulent

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

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

the omputation.

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

boundary layer thikness development. Transition is predited when this thikness

reahes a ritial level whih is empirially 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 sution peak, the numerial solution method

predits a relatively slow growth of the laminar boundary layer. As a onsequene,

the transition model fails to predit the orret transition point loation. Tran-

sition is delayed far downstream on the sution side. The reason ould also be
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that the empirial ritial value is not well tuned for that experimental airfoil

on�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 ompletely at) pressure plateau an be

observed downstream the sharp sution peak on the sution side. This ontributes

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

boundary layer thikness growth, onsequently delaying transition in the model

as explained earlier.

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

arti�ially aelerate the growth of the laminar boundary layer pereived by the

transition model, the ritial value of the boundary layer thikness triggering tran-

sition was multipliated by a fator of 0:8. This fator was hosen in order to

loate the transition point at an approximately orret loation for one of the

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

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

of this setion, the omputational results obtained with this 'saled' transition

model are ompared 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 onsidered: NACA 63-430(V), RIS�-A1-21 and NACA 63-221. The other

ones are not onsidered 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 ase an be explained by the fat that, in the experiment,

transition is triggered by rough tapes attahed on the airfoil. As a onsequene,

it an have side-e�ets that annot be predit by simply swithing on the turbu-

lene model at this very loation in the omputation. More preisely, these tapes

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

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

another physial phenomenon than transition, that annot be explained with the

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

sults, they are not inluded here.

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

an be seen, the saled transition model exhibits pressure oeÆient distributions,

as well as lift and drag oeÆients, loser to the experimental values. On the

skin frition oeÆient distributions, it is lear that transition arises earlier with

the saled model. However, it appears on the experimental pressure oeÆient

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

do not perfetly math the experimental ones.

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

sions that an be drawn are the same as previously, exept that the transition

loation is now even better predited with the saled transition model, yielding to

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

alibrated to this airfoil).

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

depited on Fig.170. The inuene of the transition model is quite small in this

ase, however, the results are slightly improved in the region lose to stall. More-

over, it an be noted that the maximum lift peak at stall whih is observed with

the original transition model is smoothed out with the saled 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 onsidered. Indeed, it is a
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so-alled laminar airfoil that has been designed suh that the ow�eld remains

laminar on a large part of the sution side before transition to turbulene ours.

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

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

dient e�et is delaying transition both in the experiment and in the omputations.

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

FFA-W3-241.

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

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

is almost no di�erene between the original and the saled transition models.

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

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

airfoils.

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

this ase, even if the airfoil was originally onsidered as performing well, the results

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

predition of the transition loation by the numerial model, as it an be seen by

looking at the pressure oeÆient and the skin frition distributions.

12.5 Conlusions regarding the numerial ode
performanes and airfoil design

It has been shown above that the transition model an have a great impat when

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

are sensitive to the transition point loation.

This suggests at �rst that the experimental onditions that an inuene the

transition point loation, suh as bakground turbulene level or roughness of the

airfoil surfae, should be taken into aount when performing these simulations.

However, it would require muh more sophistiated transition models that would

need some input data desribing more preisely the experimental onditions. As a

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

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

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

forming well in a wide range of ases, any airfoil design proess that uses these

models should be suh that it remains within this favourable range of ases. As

a onsequene, the design algorithm should inlude requirements preventing from

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

it has been shown previously (as far as the Mihel transition model is onerned),

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

edge sution peak, whih the numerial model might not be able to apture, the

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

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

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

should be avoided in this area.

126 Ris�{R{1280(EN)



Average Lift

Di�erene in Maximum Lift Maximum Lift Maximum Lift

Airfoil Name Linear Region Loation Di�erene Di�erene Di�erene 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 Disrepanies between Experi-

ments and Computations

Airfoil Maximum Thikness 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. Seleted Airfoils Geometrial Parameters
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(g) S814 Airfoil

Figure 161. Airfoils With Good Experiment/Computation Agreement
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(a) NACA 63-430 Airfoil
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(f) NACA 63-221 Airfoil

Figure 162. Airfoils With Large Experiment/Computation Disagreement
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Figure 163. Surfae Curvature Near Leading Edge for the Seleted Airfoils
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Figure 168. Comparison of Original and Saled Mihel Transition Model

(NACA 63-430(V), Experiment [10℄)
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Figure 169. Comparison of Original and Saled Mihel Transition Model

(RIS�-A1-21, Experiment [13℄)
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Figure 170. Comparison of Original and Saled Mihel Transition Model

(NACA 63-221, Experiment [1℄)
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Figure 171. Comparison of Original and Saled Mihel Transition Model

(NACA 63-415, Experiment [1℄)
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Figure 172. Comparison of Original and Saled Mihel Transition Model

(NACA 63-415(V), Experiment [11℄)
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Figure 173. Comparison of Original and Saled Mihel Transition Model (FFA-

W3-241, Experiment [10℄)
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13 Conlusion

A wide range of airfoils has been simulated with the omputational ode EllipSys2D.

Computational results have been ompared with available experimental data and

the panel method based ode XFOIL.

The olleted results have been analysed with the aim of de�ning some riteria

haraterizing the ability of the numerial ode to math the experimental data.

It seems more diÆult to simulate relatively thik airfoils. However, transition

modelling has been found to have a great impat on the results for ertain types of

airfoils. The auses of the disrepanies between omputational and experimental

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

disrepanies result from the ombination of two fators. Firstly, the transition

model usually fails to predit transition in the sharp leading edge sution peak

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

way. Seondly, the subsequent zero or low pressure gradient on the sution side

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

even further.

Some advies have then been given on how to elaborate an airfoil design proess

using these omputational models suh that these disrepanies an be avoided.

In order to ontrol the transition point loation, the sharp leading edge sution

peak seems neessary. However airfoils ould be designed suh that, if transition is

not deteted by the model in the sution peak, the laminar boundary layer would

anyway ontinue 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 appliations [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 onsidered was

Re = 1:5� 106.

A.1 Method

The C-meshes used for the omputations had 384 ells in the diretion along the

airfoil, 256 of them being on the airfoil, and 64 ells in the diretion away from

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

The omputations were performed with the SUDS-sheme for the onvetive

terms, the k�! SST turbulene model by Menter [16℄ for the turbulent visosity,

and the transition model by Mihel [17℄, together with the empirial funtion given

by Chen and Thyson [8℄ for modelling the turbulene intermitteny. Numerial

results were obtained with stationary omputations.

A.2 Results

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

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

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

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

turbulent omputations gave also lose results.

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

experiments in the linear region. Moreover these disrepanies inrease as stall

approahes.
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Figure 174. LS(1)-0413 Airfoil
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Figure 175. Lift CoeÆient Curve (LS(1)-0413, Experiment [3℄)
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Figure 176. Drag CoeÆient Curve (LS(1)-0413, Experiment [3℄)
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Figure 177. Pithing Moment CoeÆient Curve (LS(1)-0413, Experiment [3℄)
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Figure 178. Pressure CoeÆient Distributions (LS(1)-0413)
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Figure 179. Skin Frition CoeÆient Distributions (LS(1)-0413)
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Figure 180. LS(1)-0417 Airfoil
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Figure 181. Lift CoeÆient Curve (LS(1)-0417, Experiment [3℄)
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Figure 182. Drag CoeÆient Curve (LS(1)-0417, Experiment [3℄)
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Figure 183. Pithing Moment CoeÆient Curve (LS(1)-0417, Experiment [3℄)
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Figure 184. Pressure CoeÆient Distributions (LS(1)-0417)
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Figure 185. Skin Frition CoeÆient Distributions (LS(1)-0417)
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