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Abstract 

This paper describes wind tunnel 
measurements carried out within the 
collaborative, three year DAN-AERO MW 
research project between Risø DTU and 
the industrial partners LM Wind Power, 
Siemens Wind Power, Vestas Wind 
Systems and the utility company DONG 
Energy from 2007 to 2009.  One of the 
issues in the project was to explore the 
differences between airfoil characteristics 
measured in different wind tunnels. When 
designing a rotor and predicting the overall 
wind turbine performance using e.g. 
aeroelastic codes, the airfoil 
characteristics are crucial. Thus, in this 
work measurements on the NACA 633-418 
and the Risø-B1-18 airfoils carried out in 
the VELUX wind tunnel (DK), the LM Wind 
Power Low Speed Wind Tunnel (DK) and 
the Delft Low Speed Low Turbulence wind 
tunnel (NL) were compared. The tunnels 
are different with respect to configuration 
and turbulence level. 

The comparisons between the 
measurements showed that the best 
agreement between results was seen for 
Reynolds number of 3.0x10

6
 because the 

LM and Delft tunnels were designed to 
work optimally around this Reynolds 
number. 
 
Turbulence intensity of ~1% caused high 
drag coefficients at all angles of attack 
compared to turbulence intensities from 
0.1% and below. Furthermore, turbulence 
intensities from 0.1% and below did not 
correlate with minimum drag. However, 

the turbulence intensity had an influence 
on the transition point location. Thus, the 
lower the turbulence intensity, the higher 
the lift value at which the transition point 
moves towards the leading edge. 
  
Several deviations between the wind 
tunnel data were observed, but most of the 
differences between the measurements 
were ascribed to differences in airfoil 
model shapes, methods for analyzing the 
data and calibrations. 
 
A comparison of the measurements to 
XFOIL revealed the necessity to be aware 
of the turbulence intensity. It also revealed 
the limitations in XFOIL, where the drag 
coefficient in general was under predicted 
and maximum lift as well as the lift under 
separated conditions was significantly over 
predicted. 
 
Keywords: Airfoils, airfoil characteristics, 
wind tunnel 

1 Introduction 

Designing wind turbine rotors require 
detailed knowledge of aerodynamic and 
structural airfoil characteristics. The 
aerodynamic airfoil characteristics are 
commonly revealed either by two-
dimensional computations or by 
measurements in wind tunnels. Even 
though the computational methods have 
matured to the point where they can be 
used with high confidence, wind tunnel 
measurements are very important 
because some parameters such as 
maximum lift, stall characteristics and the 



level of drag seems to deviate somewhat 
from computations.  

Furthermore, the derivation of 3D airfoil 
characteristics from 2D wind tunnel 
characteristics still introduces uncertainty 
and conservatism in the rotor design 
process although different empirical 
correction methods have been developed 
[1,2,3,4,5]. 

However, even though correction is 
needed also more confidence of airfoil 
characteristics from wind tunnels is 
needed. Thus, in the process of designing 
a rotor and an entire wind turbine, entities 
such as maximum lift, lift-drag ratio, zero-
lift-angle-of-attack and the slope of the lift 
curve are important. 

Several types of wind tunnels exist, which 
roughly can be distinguished by the 
following elements: 

 Return/open circuit wind tunnels, 
where the air is either recirculated or 
new air is entering the tunnel all the 
time, respectively. 

 Open/closed test sections, where the 
flow in the test section either is 
confined or is entering the test 
sections as a jet, respectively. 

 Boundary layer e.g. flow quality and 
turbulence level 

Furthermore, parameters such as the 
contraction ratio, which is the ratio 
between the area of the cross sections at 
the low speed part of the tunnel and the 
area of the high speed part just upstream 
of the test section, diffuser angle 
downstream of the test section, aspect 
ratio of the cross section in the test section 
and the chord-to-test-section-height are 
important. Because of the interaction 
between the lift and drag forces and the 
flow, all airfoil measurements in wind 
tunnels need correction. The correction is 
more significant in open test sections than 
in closed test sections. 

In this work comparisons are carried out 
between the commonly used NACA 633-
418 airfoil [6] and the wind turbine 
dedicated high lift airfoil Risø-B1-18 [7] 
measured in the three different wind 
tunnels: 

 The VELUX wind tunnel (DK) 

 The LM Wind Power Low Speed Wind 
Tunnel (LSWT) (DK) 

 The Delft Low Speed Low Turbulence 
(LSLT) tunnel (NL) 

For the NACA 633-418 airfoil additionally 
available data from the Stuttgart LWK 
(GER) and the Langley LTPT (USA) were 
shown in the comparison of the data. 

Key values for the different wind tunnel 
layouts are related to the test results. 

2 Experimental setup and 
approach 

Two different airfoil designs were tested: 
The commonly used NACA 633-418 airfoil 
designed for airplanes and the wind 
turbine dedicated high lift airfoil Risø-B1-
18. One NACA 633-418 airfoil model and 
one Risø-B1-18 airfoil model with chord 
length 0.600m were used in both the 
VELUX tunnel and the Delft tunnel. For the 
LM Wind Power tunnel new models were 
manufactured with a chord length of 
0.900m. 

Tests were carried out at Re=1.5x10
6
 and 

1.6x10
6
. For the Delft and LM tunnel 

Re=3x10
6
 was also tested. Different 

configurations were tested such as clean 
surface and leading edge roughness in 
terms of zigzag tape at the leading edge.  

2.1 The airfoils 

NACA 633-418 
The NACA 633-418 airfoil is described by 
Abbott and Doenhoff [6] and is designed 
for use on airplanes. However, it has been 
extensively used in the wind turbine 
industry for a few decades, because of the 
relatively smooth stall characteristics, the 
relatively high insensitivity of maximum lift 
to leading edge roughness, the quite good 
aerodynamic performance and the good 
structural characteristics. The intended 
use for airplanes causes the maximum lift-
drag ratio to appear at a rather low lift 
coefficient (cl~0.9) and with a medium 
maximum lift coefficient (cl,max~1.3 for 
Reynolds numbers between 1.5 and 
3x10

6
). 

 
Risø-B1-18 
The Risø-B1-18 airfoil is described by 
Fuglsang and Bak [7] and is designed for 
wind turbines and specifically for those 
with Pitch Regulation and Variable rotor 
Speed (PRVS). For this type of regulation, 
stall is to a great extent avoided and the 
stall characteristics require less 
consideration. The airfoil is designed to be 



insensitive of maximum lift to leading edge 
roughness, to have high maximum lift 
(cl,max~1.6) and to show maximum lift-drag 
ratio at a quite high lift coefficient (cl~1.3 
for Reynolds numbers between 1.5 and 
3x10

6
). The two airfoil contours are shown 

in Figure 1. 

 
Figure 1: The NACA 633-418 and the 
Risø-B1-18 airfoil contours. 

2.2 The leading edge roughness 

With the requirement of 20 years wind 
turbine operation it is unavoidable that the 
blades surface condition will vary 
especially at the leading edge. The 
surface will change either because of 
contamination caused by dust and bugs 
sticking to the surface or by erosion. Thus, 
apart from testing airfoils with a clean 
surface, also leading edge roughness 
(LER) should be simulated in wind tunnel 
tests. However, there is still no consensus 
of how to do it. In this work four different 
types of roughness were used: 
1. Zigzag tape mounted at x/c=0.05 at 

the suction side and at x/c=0.10 at the 
pressure side with a tape thickness of 
0.4mm, a tape width of 3mm and a 
tape pattern of 90°. 

2. Zigzag tape mounted at x/c=0.02 at 
the suction side with a tape thickness 
of 0.4mm, a tape width of 3mm and a 
tape pattern of 90°. 

3. Zigzag tape mounted at x/c=0.05 at 
the suction side and at x/c=0.10 at the 
pressure side with a tape thickness of 
0.4mm, a tape width of 3mm and a 
tape pattern of 60°. 

4. Sandpaper 3M Safety-Walk of width 
0.15m (6inch) wrapped around the 
leading edge covering the entire airfoil 
from the leading edge to x/c=0.08 on 
both pressure and suction side. 

 
Only the first type of simulation was used 
in all the tunnels, whereas the second was 
used only in the LM LSWT and the third 
and fourth were used in the Delft tunnel. In 
this paper only the results from the first 
roughness simulation type will be 
compared. With a constant thickness of 
the zigzag tape in all the tunnels, the 
relative thickness in the LM tunnel was 

t/c=4.4x10-4 and 50% higher in the LM 
and Delft tunnels, t/c=6.7x10-4 

2.3 The tunnels 

Below the three wind tunnels are 
described. However, also the Stuttgart 
LWK and the NASA Langley LTPT are 
described because measured 
characteristics for the NACA 633-418 airfoil 
from these tunnels are also shown here. In 
all wind tunnels the drag was measured 
using a wake rake (an arrangement of 
parallel total pressure tubes in the wake of 
the airfoil). Thus, the pressure distribution 
(or the pressure/velocity deficit) in the 
wake of the airfoil is measured and 
converted to a drag coefficient. 
 
VELUX wind tunnel 
This wind tunnel is situated in Østbirk, 
Denmark, is owned by the roof top window 
manufacturer VELUX and is of the closed 
return type. The test section is open and 
the turbulence intensity is relatively high, 
TI=1%. The airfoil forces are measured 
using pressure taps in the airfoil surface 
and the drag is measured using a fixed 
wake rake. The distributed pressure 
measurements are integrated to lift, drag 
and moment coefficients. The forces are 
corrected with respect to down wash and 
stream line curvature, see Ref. [8]. The 
test stand is mobile and owned by Risø 
DTU, so the measurements are carried out 
in campaigns over three to four days. The 
tunnel has been used by Risø DTU since 
the start of the 1990‟ies. The dimensions 
of the tunnel are seen in Table 1. 
 
LM Wind Power LSWT 
This wind tunnel is situated in Lunderskov, 
Denmark, is owned by LM Wind Power 
and is of the closed return type. The test 
section is closed and the turbulence 
intensity is relatively low, TI=0.1%. The 
airfoil forces are measured using airfoil 
surface pressure taps and the drag is 
measured using a traversing wake rake. 
The distributed pressure measurements 
are integrated to lift, drag and moment 
coefficients and corrected according to 
Fuglsang and Bove [9]. The tunnel has 
been active since 2006. The dimensions of 
the tunnel are seen in Table 1.  
 
The Delft LSLT 
This Low Speed Low Turbulence (LSLT) 
wind tunnel is situated in Delft, The 
Netherlands, at Delft University of 
Technology. It is of the closed return type 



and the test section is closed. The 
turbulence intensity is very low, TI=0.02%. 
The airfoil forces are measured using the 
same principles as in the LM tunnel and 
lift, drag and moment coefficients are 
integrated and corrected according to the 
method described by Timmer [10]. The 
dimensions of the tunnel are seen in Table 
1. 
 
The Stuttgart LWK 
This Stuttgart Laminar Windkanal (LWK) 
was not part of the general comparisons, 
but was used because one of the two 
airfoils was measured in the tunnel. It is 
situated in Stuttgart, Germany, at Stuttgart 
University and is of the open type and the 
test section is closed. The turbulence 
intensity is extremely low, TI=0.0002%. 
The airfoil forces are measured using 
pressure taps on the wind tunnel walls and 
the drag is measured using a traversing 
wake rake. The distributed pressure 
measurements are integrated to lift and 
drag coefficients and corrected, see 
Althaus [11].  The dimensions of the tunnel 
are seen in Table 1. 
 
The NASA Langley LTPT 
As for the Stuttgart wind tunnel, this tunnel 
was not part of the general comparisons, 
but was used because one of the airfoils 
was measured at one Reynolds number. It 
is situated in Hampton, Virginia, USA, at 
the NASA Langley Research Center and is 
a Low Turbulence Pressure Tunnel 
(LTPT). It is of the closed return type and 
the test section is closed. The turbulence 
intensity is unknown, but is probably 
similar to the turbulence level in the Delft 
tunnel, because of the similarities in 
contraction ratio. The airfoil forces are 
measured using pressure taps on the wind 
tunnel walls and the drag is measured 
using a wake rake. The dimensions of the 
tunnel are seen in Table 1. A further 
feature of this tunnel is the possibility of 
increasing the pressure from 1 atm to 10 
atm increasing the density and thereby 
increasing the Reynolds number. The 
tunnel has been used for test of a huge 
number of e.g. NACA airfoils, which are 
reported by e.g. Abbott and Doenhoff [6]. 
 
 
 

Summary of the wind tunnels 
In Table 1 a summary of the tunnels is 
seen in terms of key parameters. The 
knowledge of these parameters is 
important for interpretation of the results, 
because the boundary and initial 
conditions for the tunnel flow affect the 
airfoil performance. The question is how 
the following parameters influence the 
performance: 

 The turbulence intensity: A high 
turbulence intensity will move the 
transition from laminar to turbulent 
flow towards the leading edge. 
However, energy spectra of the 
turbulence are unspecified. 

 The wind tunnel blockage: The ratio 
between the height of the test section 
and the chord length is a measure of 
how the walls/jet boundary will interact 
with the airfoil forces. 

 The aspect ratio: The ratio between 
the chord length and the span width of 
the airfoil model gives an indication of 
the degree of two-dimensionality of the 
flow. 

 Fixed or traversing wake rake: The 
wake rake can either be fixed to 
measure the velocity deficit in one 
plane or the wake rake can be 
traversed to integrate possible 
changes along the airfoil span. 

 
The above list of parameters is not ment to 
be complete, but shows some of the very 
important factors that can contribute to 
deviations in measurements between wind 
tunnels. 
 
Finally, from the limited list of wind 
tunnels, Table 1, there is a relation 
between contraction ratio, cr, and 
turbulence intensity, TI, that follows the 
function: cr[-] = 4(TI[%])

-0.38
. However, 

according to the theory, Barlow et al. [12], 
the relation should for the longitudinal 
direction be cr[-]~TI(U)[%]

-0.5
 and for the 

lateral direction cr[-]~TI(V)[%]
-2

, which do 
not agree with the observation. As stated 
by Barlow et al., there does not appear to 
be a good method of predicting the effects 
of contraction ratios in turbulence 
reduction. Thus, to support the validity of 
the above observed relation significantly 
more wind tunnels have to be analyzed. 

 
 
 
 



Table 1: Key parameters describing the dimensions and setup of the wind tunnels. 
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VELUX Closed Open 7.50 3.40 1.90 1.0 0.60 5.7 3.2 3.11 40 Airfoil Fix 

LM Closed Closed 7.00 2.70 1.35 0.1 0.90 3.0 1.5 10 105 Airfoil Trav 

Delft Closed Closed 2.60 1.80 1.25 0.02 0.60 3.0 2.1 17.8 120 Airfoil Trav 

Stuttgart Open Closed 3.15 2.73 0.73 0.0002 0.60 4.55 1.2 100 90 Wall Trav 

Langley Closed Closed 2.29 2.29 0.91 - 0.60 3.81 1.5 17.6 130 Wall - 
 

3 Results 

The airfoils were tested in the three 
tunnels at Re=1.6x10

6
 in Delft [13] and 

VELUX [14] and at Re=1.5x10
6
 in LM 

[15,16]. Also, the airfoils were tested at 
Re=3.0x10

6
 in Delft and at LM, but not in 

the VELUX wind tunnel. Furthermore, the 
NACA 633-418 airfoil was tested at 
Re=1.5x10

6
 and 3x10

6
 in the Stuttgart 

LWK and at Re=3x10
6
 in the Langley 

LTPT.Key parameters extracted from the 
wind tunnel measurements are seen for 
Re=1.5/1.6x10

6
 and 3.0x10

6
 for the NACA 

633-418 airfoil in Table 2 and for the Risø-
B1-18 airfoil in Table 3. 

The measurements at Re=3x10
6
 in clean 

configurations are compared to XFOIL, 
Drela [17]. XFOIL is a panel code with 
inviscid/viscous interaction and for a given 
angle of attack, AoA, and Re, it provides 
the cp-distribution and lift and drag 
coefficients. Transition from laminar to 
turbulent flow was modeled by the e

n
 

method with n = 9 corresponding to 
TI=0.07%. Investigations carried out by 
Bertagnolio et al. [18] showed that XFOIL 
for thin airfoils in many cases over predicts 
and delayed maximum lift slightly 
compared to EllipSys2D [19,20,21]. Later, 
Bertagnolio et al. [22] investigated 3D 
airfoil computations using different 
turbulence models, which showed 
significant differences in the prediction of 
maximum lift. However, at low angles of 
attack both XFOIL and EllipSys predicted 
the airfoil performance quite well. 

 

3.1 NACA 633-418 

Reynolds number 1.5x10
6
 

Figure 2 shows results for the clean 
configuration. Here, also data from the 
Stuttgart tunnel is included for comparison. 
It is seen that there is no exact agreement 
between the data from the different 
tunnels. There are several deviations 
between the measurements. 

The determination of the zero-lift-angle-of-
attack, AoA0, from the different tunnels is 
measured within the range of 1.3 degrees. 
This can be due to uncertainties in 
measuring the geometric AoA, shape 
deviations in the airfoil contour and 
corrections of the measured lift. 
 
The slopes of the linear part of the lift 
curve agree fairly well between 0.111 and 

0.116 per degree (between 2 +0.077rad
-1

 

and 2 +0.363rad
-1

) with a somewhat 
higher slope in the Delft tunnel and lower 
slope in the VELUX tunnel. The slope 
seems not to correlate with the wind tunnel 
layout parameters shown in Table 1. 
 
The maximum lift coefficients, cl,max, agree 
fairly well between 1.23 and 1.33. It is 
noted that the AoA, at which cl,max 
appears, AoAclmax, increases with 
increasing ratio of H/c. This means that a 
reduction in blockage could be the reason 
for an increase in cl,max. However, several 
other parameters determine the level of 
cl,max such as TI [23], the aspect ratio and 
whether the lift measurement is carried out 
on the tunnel walls or on airfoil surface. 
Also, the quality of the models determines 
the level. However, to the extent that these 
parameters are known they do not 
correlate with the variations in cl,max. 

 



Table 2: Key values describing the aerodynamic performance of the NACA 633-418 in clean 
surface configuration 

 Rex106 AoA0 cl,max AoAclmax cd,min Max(cl/cd) AoAMax(cl/cd) cl,Max(cl/cd) 

Delft 1.6 -2.5 1.23 11.3 0.0064 119.5 6.1 1.00 

LM 1.5 -3.5 1.31 11.1 0.0083 101.1 5.1 0.94 
Stuttgart 1.5 -3.3 1.32 12.3 0.0072 110.9 5.7 1.02 

VELUX 1.6 -2.2 1.33 16.3 0.0093 73.0 5.0 0.80 

Delft 3.0 -2.5 1.30 12.8 0.0062 121.1 5.2 0.91 

LM 3.0 -3.2 1.35 11.7 0.0054 134.8 5.1 0.93 

Stuttgart 3.0 -3.0 1.30 10.9 0.0062 114.7 4.4 0.86 

Langley 3.0 -2.8 1.38 13.3 0.0060 121.6 6.1 1.01 

Table 3: Key values describing the aerodynamic performance of the Risø-B1-18 in clean 
surface configuration 

 Rex106 AoA0 cl,max AoAclmax cd,min Max(cl/cd) AoAMax(cl/cd) cl,Max(cl/cd) 

Delft 1.6 -3.6 1.55 11.8 0.0080 122.6 8.2 1.36 
LM 1.5 -4.3 1.50 11.4 0.0074 125.3 7.1 1.21 

VELUX 1.6 -3.3 1.64 13.5 0.0090 100.2 6.5 1.16 

Delft 3.0 -3.5 1.68 12.3 0.0072 135.8 7.2 1.30 

LM 3.0 -3.9 1.66 12.9 0.0067 129.7 6.1 1.15 
 
The drag coefficient, cd, differs somewhat 
and especially in the VELUX tunnel which 
has a rather high TI compared to the other 
tunnels. Because the Delft tunnel shows 
the lowest minimum drag values, cd,min, 
there seems however not to be a clear 
correlation between TI and cd,min, since the 
Stuttgart tunnel has lower TI than the Delft 
tunnel. However, parameters such as the 
degree of two-dimensionality of the flow 
and the method of measuring the wake 
deficit can also affect the prediction of cd. 
Somewhat fluctuating cd from the LM 
tunnel seems to appear, which probably is 
caused by less sensitivity of the 
measurement equipment, because it is 
calibrated for Reynolds numbers between 
Re=3x10

6
 and 6x10

6
. 

  
Figure 3 shows data for the LER 
configuration (zigzag tape mounted on 
suction side at x/c=0.05 from the leading 
edge and on pressure side at x/c=0.10 
from the leading edge). Here, only data 
from Delft and VELUX is available with the 
prescribed zigzag tape. Also, 
measurements from Stuttgart [11] are 
shown with a somewhat different way of 
simulating the leading edge roughness. 
The data from Delft and VELUX agrees 
very well, however with somewhat higher 
cd in the VELUX tunnel. The data from 
Stuttgart is not based on the same LER 
simulation and cannot be directly 
compared. However, it shows the same 
trends in the decrease in cl,max and 
increase in cd. 
 

Reynolds number 3.0x10
6
 

Figure 4 shows results for the clean 
configuration. Here, the VELUX tunnel is 
not part of the comparisons, because this 

Reynolds number is above the range of 
this tunnel. However, data from the 
Stuttgart and the Langley tunnels are 
included for comparison. 

It is seen that the agreement between the 
data in the different tunnels are much 
better than at Re=1.6x10

6
 for the clean 

configuration. However, there are still 
some deviations between the 
measurements. 
 
The determination of AoA0 from the 
different tunnels is measured within the 
range of 0.7 degree. As for the lower 
Reynolds number this can be due to 
uncertainties in measuring the geometric 
AoA, shape deviations in the airfoil contour 
and corrections of the measured lift. 
 
The slopes of the linear part of the lift 
curve agree fairly well between 0.112 and 

0.120 per degree (between 2 +0.114rad
-1

 

and 2 +0.592rad
-1

) with a somewhat 
higher slope in the Delft tunnel and lower 
slope in the Langley tunnel. As was the 
case for the lower Reynolds number, the 
slope seems not to correlate with the wind 
tunnel layout parameters shown in Table 
1. 
 
Agreement of cl,max is fairly good between 
1.30 and 1.38. No correlations between 
the AoAclmax and the four parameters 1) 
the ratio H/c, 2) TI, 3) the ratio W/c and 4) 
whether the pressure is measured on the 
airfoil surface or on the walls have been 
detected as was the case at the lower 
Reynolds number. 
 



Figure 2: Polars for NACA633-418 airfoil at Re=1.5x10
6
 to 1.6x10

6
 in clean configuration. 

 
Figure 3: Polars for NACA633-418 airfoil at Re=1.6x10

6
 in LER configuration. 

 
Figure 4: Polars for NACA633-418 airfoil at Re=3.0x10

6
 in clean configuration. 

 

Agreements of cd are quite well at all lift 
coefficients with cd,min between 0.0055 in 
the LM tunnel and 0.0062 in the Stuttgart 
tunnel. Because the LM tunnel with the 
highest TI (which is quite low) shows the 
lowest cd and the Stuttgart tunnel with 
lowest TI shows the highest cd, an 
expected reduction in cd with a reduction in 
TI is not observed.  
 
Since cd depend on more parameters than 
TI such as the airfoil surface quality, the 
resolution of the pressure tubes in the 
wake rake measuring the pressure in the 
airfoil wake, the method used to detect the 
wake and the Mach number, no 

conclusions regarding correlation of the 
drag measurements to the wind tunnel 
configuration can be drawn. 
 

Finally, the results with clean configuration 
are compared to XFOIL computations. It is 
seen that XFOIL predicts the aerodynamic 
performance well at low AoA, however 
with somewhat under predictions of cd. At 
high AoA XFOIL seems to over predict 
cl,max and cl for separated flows 
significantly. 
 
 



3.2 Risø-B1-18 

Reynolds number 1.5x10
6
 

The Risø-B1-18 airfoil was like the NACA 
633-418 airfoil tested in the three tunnels 
at Re=1.6x10

6
 at Delft and VELUX and at 

Re=1.5x10
6
 at LM. Figure 5 shows data 

for the clean configuration and Figure 6 
shows data for the LER configuration at 
Re=1.5/1.6x10

6
. 

As for the NACA 633-418 airfoil at 
Re=1.6x10

6
 it is seen that there is no 

exact agreement between the data in the 
different tunnels for the clean 
configuration. The results deviated from 
each other in several ways. 

The determination of AOA0 from the 
different tunnels is within 1.0 degree. As 
for the NACA 633-418 airfoil this can be 
due to uncertainties in measuring the 
geometric AoA, shape deviations in the 
airfoil contour and corrections of the 
measured lift. 

The slopes of the linear part of the lift 
curve differ somewhat between 0.106 and 

0.122 per degree (between 2 -0.21rad
-1 

and 2 +0.71rad
-1

), again with somewhat 
higher slope in the Delft tunnel and lower 
slope in the LM tunnel. However, the slope 
seems not to correlate with the wind tunnel 
layout parameters shown in Table 1. 

Significant differences are seen for cl,max 
and the stall characteristics, between 1.48 
and 1.64. Since the VELUX tunnel shows 
the highest cl,max there might be a 
correlation between on one hand the ratio 
H/c, the ratio W/c or whether the test 
section is open or closed and on the other 
hand cl,max. However, other parameters 
such as TI might influence the 
measurements significantly. Thus, there is 
no clear correlation between cl,max and the 
wind tunnel layout. 

Some differences are seen for cd and 
especially in the VELUX tunnel as was the 
case for the NACA 633-418 airfoil. Thus, 
the measurements show that high TI 
affects cd, but that TI below a certain level 
does not affect the determination of cd,min. 
However, comparing the cl vs cd plot, 
Figure 5, a “knee” in the curve is seen for 
both LM and Delft data. The knees appear 
at cl~1.3 for the LM data and at cl~1.4 for 
the Delft data. The knees indicate the lift 
levels at which the transition from laminar 
to turbulent flow moves towards the 
leading edge. Thus, it seems that the 
somewhat higher TI or the given energy 

spectra of the turbulence in the LM tunnel 
affects the transition from laminar to 
turbulent flow in an earlier stage than the 
Delft tunnel. 

For the LER configuration cl from Delft and 
VELUX agrees very well, however with 
somewhat higher cd in the VELUX tunnel 
and more abrupt stall in the Delft tunnel. 

Reynolds number 3.0x10
6
 

The Risø-B1-18 airfoil was tested in only 
two tunnels, Delft and LM, at Re=3.0x10

6
. 

Figure 7 shows results for the clean 
configuration and Figure 8 shows data for 
the LER configuration at Re=3.0x10

6
. 

It is seen that there is very good 
agreement between the data in the two 
tunnels for the clean configuration. 
However, the results deviated from each 
other in a few ways. 

The determination of AoA0 from the 
different tunnels is within 0.4 degree. No 
other reasons for this than those 
mentioned for the test at the lower 
Reynolds number are known. 

The slopes of the linear part of the lift 
curve differ somewhat between 0.115 and 

0.123 per degree (between 2 +0.31rad
-1 

and 2 +0.76rad
-1

), again with somewhat 
higher slope in the Delft tunnel and lower 
slope in the LM tunnel. 

Very similar values of cl,max is seen, 
between 1.66 and 1.68, and also the stall 
characteristics are very similar. 

Also, the cd values are very similar. 
However, as was the case at Re=1.6x10

6
, 

the knee of the cl vs cd plot appears at 
different cl for the two tunnels. In the Delft 
tunnel the knee appears at higher cl, 
indicating lower TI, which is in good 
agreement with the specifications for the 
tunnels. Thus, as long as TI is fairly low 
(≤0.1%) it seems that it does not affect cd 
very much. However, it seems to affect the 
dynamics of the transition point location. 

For the LER configuration cl from Delft and 
LM agrees very well, but with some 
difference in cl,max, between 1.62 and 1.72. 

The determination of AoA0 is within 0.5 
degrees in this case. Also, differences are 
seen in cd, with higher cd in the Delft 
tunnel. Thus, some deviations in 
aerodynamic performance are observed 
for the Risø-B1-18 airfoil when comparing 
the clean configuration with the LER 
configuration.  



 
Figure 5: Polars for Risø-B1-18 airfoil at Re=1.5x10

6
 to 1.6x10

6
 in clean configuration. 

 
Figure 6: Polars for Risø-B1-18 airfoil at Re =1.5x10

6
 to 1.6x10

6
 in LER configuration. 

 
Figure 7: Polars for Risø-B1-18 airfoil at Re =3.0x10

6
 in clean configuration. 

 

Figure 8: Polars for Risø-B1-18 airfoil at Re =3.0x10
6
 in LER configuration. 

 
 



This can however be due to small 
differences in the geometry of the zigzag 
tape and the relatively thicker zigzag tape 
as stated in section 2.2, or the way the 
zigzag tape was mounted on the airfoil 
surface. 

Finally, the data with clean configuration is 
compared to XFOIL computations using 
the e to the n

th
 method with n=9. It is seen 

that XFOIL predicts the aerodynamic 
performance well at low AoA, however 
with somewhat under predictions of cd. 
Especially the knee at the cl vs cd plot is 
quite well predicted. At high AoA, the 
measurements do not agree very well with 
the predictions and XFOIL over predicts 
cl,max and cl for the separating airfoil 
significantly. 

4 Conclusions 

This paper showed polars measured in the 
LM Wind Power LSWT, the Delft LSLT 
tunnel and the VELUX tunnel carried out in 
the DAN-AERO MW project. Comparing 
the polars revealed differences in zero-lift-
angle-of-attack, the slope of the linear part 
of the lift curve, maximum lift, the stall 
characteristics and the drag. Here, also a 
few measurements carried out in the 
Stuttgart LWK and the Langley LTPT were 
used for the comparisons. Even though 
the wind tunnel tests deviated in several 
ways, only the general conclusions will be 
emphasized here. 
 

The best agreement between results was 
seen for Reynolds number of 3.0x10

6
. The 

results for Reynolds numbers of 1.6x10
6
 

deviated somewhat from each other. This 
was probably due to the (lack of) 
sensitivity of the measurement equipment 
and the calibration of the wind tunnels, 
because the tunnels are designed to work 
at different Reynolds numbers. 
 

With the rather high turbulence intensity of 
1% in the VELUX tunnel all comparisons 
of polars showed significantly higher drag 
values in the VELUX tunnel. However, for 
the rest of the wind tunnels it seems that 
the minimum drag was not influenced by 
the turbulence intensity. Thus, with a 
turbulence intensity below a certain value, 
which is minimum TI=0.1%, minimum drag 
seems to be unaffected by the turbulence 
level. However, the transition point 
location seems to be affected by the 
turbulence intensity, so that differences in 
the airfoil performance will be seen clearly, 

if fast changes appear in the transition 
point location. 
 

No clear correlation between on one side 
the maximum lift, the stall, the zero-lift 
angle-of-attack and the slope of the linear 
part of the lift curve and on the other side 
the wind tunnel layout could be identified. 
However, this might be due to 
counteracting mechanisms such as 
extremely low turbulence intensity, which 
could tend to reduce maximum lift, 
combined with a relatively high ratio 
between test section height and chord 
length, which might increase the maximum 
lift. 
 

Thus, most of the differences between the 
measurements are ascribed to differences 
in airfoil model shapes, methods for 
analyzing the data and calibrations. 
 

In addition, the measurements were 
compared to XFOIL computations. This 
comparison revealed the necessity to be 
aware of e.g. the turbulence intensity 
when using airfoil characteristics for wind 
turbine design. It also revealed the 
limitations in XFOIL, where the drag 
coefficient in general was under predicted 
and maximum lift and the lift on the 
separating airfoil was significantly over 
predicted. Furthermore, the comparisons 
between measurements and the 
predictions by XFOIL stress the necessity 
to carry out wind tunnel measurements to 
validate the flow simulations. 
 

When validating the airfoil performance in 
a wind tunnel, this work revealed the 
importance of specifying the turbulence 
intensity. It is however not known for the 
time being, which turbulence intensity that 
represents atmospheric flow on wind 
turbine blades. This is under investigation 
in the DANAERO MW II project using 
transition measurements on a 2.3MW rotor 
compared with transition characteristics in 
the LM LSWT. The DANAERO MW II 
project is carried out in the period 2010 to 
2011 in collaboration between Risø DTU, 
LM Wind Power, Vestas Wind Systems 
and Siemens Wind Power.  
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