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Abstract. This paper describes a benchmark of four airfoils in the Poul la Cour Tunnel
(PLCT). The wind tunnel, the corrections used and the method of making adapters for
the airfoils are also described. Very good agreement was in general observed between the
measurements in PLCT and in other high quality wind tunnels. Some deviations were seen,
but they were mainly attributed to the differences in separation on the airfoil. Apart from
the benchmarking, this paper also highlights the challenges in testing airfoils in general such
as obtaining 2D flow on thick airfoils that inherently shows separated flow and how to make
adapters for airfoils tested in other wind tunnels.

1. Introduction
Design of wind turbine blades needs a family of airfoils to cover the entire range of relative
thicknesses from root to tip. Such airfoils have been designed using prediction tools such as
Computational Fluid Dynamics or panel codes. These tools are relatively trustworthy, but
important aerodynamic characteristics of the airfoils such as the drag and the maximum lift are
often slightly uncertain. In addition to this, prediction of the effect of leading edge roughness,
soiling and aerodynamic add-ons such as vortex generators, Gurney flaps and serrations is more
uncertain than that of the baseline airfoil. Therefore, to ensure higher confidence of the airfoil
characteristics, wind tunnel tests are often carried out. In the project AeroLoop funded by
the Danish Energy Agency including the partners DTU Wind Energy, Vestas, Siemens Gamesa
Renewable Energy, LM Wind Power and Suzlon benchmark tests of airfoils in the Poul la Cour
Tunnel (PLCT) have been carried out. Some of the airfoils were manufactured for PLCT whereas
others were manufactured for and tested in other wind tunnels and adapters were made to make
them fit to PLCT.

In this paper the aerodynamic airfoil characteristics for four airfoils measured in PLCT will
be presented and compared to measurements in other wind tunnels. Also, a method of how
to make adapters to facilitate tests of airfoil sections designed for wind tunnels with smaller
spanlength will be presented.
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2. Method
2.1. Description of the Poul la Cour Tunnel and the measurement setup
The Poul la Cour Tunnel (PLCT) is a closed return wind tunnel with a closed test section. Two
configurations of the wind tunnel exist: The aerodynamic configuration and the aeroacoustic
configuration. However, in this paper only tests from the aerodynamic configuration are
analysed. The test section has the dimensions width * height * length = 3.000m * 2.000m
* 9.000m, the maximum flow speed is Umax=105 m/s and the turbulence intensity is TI < 0.1.
The wind tunnel has turntables in floor and ceiling with a diameter of 1.3m and the possibility
to pitch with around 20 degrees per second. The upper turntable allows for mounting through
a lid of models up to 1.25m in chord and 0.5m in thickness. The angle of attack is measured
at the diameter of the turntable. A wake rake with 90 pitot tubes positioned around 2.7m
downstream of the turntable centre measures the velocity deficit in the airfoil wake. In this way
the drag is determined. The wake rake is able to traverse both horizontally and vertically. Six
ScaniValve pressure scanners with each 64 pressure measurements samples the pressure at the
airfoil surface, at the test section walls and in the wake rake at 100Hz. In the default setup 128
pressures are measured from the airfoil surface, 128 from the walls and 96 in the wake rake.

2.2. Correction methods when testing 2D airfoils
The applied corrections are the standard corrections described in [2] with a second order
correction for the solid blockage from [3]. The corrections are necessary as the tunnel walls
confines the flow and changes the flow around the model compared to the situation in open air.
Generally, the corrections adjusts the dynamic pressure used for normalizing the coefficients
from a value corresponding to the empty tunnel to the actual value in the test section. This
apparent value is higher than the empty tunnel value due to the speed-up of the flow caused by
the blockage from both the model and the wake. The corrections are based on two dimensional
potential flow theory, see [2] for details. In addition to the blockage effects, the interaction
between the flow and the tunnel walls introduces a streamline curvature effect that changes the
lift and moment measured in the tunnel and the apparent angle of attack (AoA).

Generally, the corrections increases AoA, decreases the lift (i.e. resulting in a lower slope for
the lift coefficient curve) and drag coefficients. Depending on the sign of the lift, the moment
coefficient is either decreased or increased. Thus, lift, drag and moment coefficients and the
corresponding AoA will be corrected.

2.3. Adapter design for existing airfoils
All the existing models that had been tested in other wind tunnels and were used in the AeroLoop
project had a smaller span than the height of the test section in PLCT. Hence, in order to adopt
the models for PLCT they had to be extended. The airfoil model extension should consist of
a load carrying structural beam that could be reused for the same type of model and an outer
shell with the shape of the individual airfoil model.

Several processes and different techniques were tested such as bending of metal plates or
stacking of slabs in either wood or hard plastic to manufacture a cheap and accurate airfoil shape
extender. The best results were achieved with a laminate technique where slabs were stacked.
Manufacturing of the airfoil shape extension in one single part was also tested. However, simple
manufacturing methods should be used to keep the costs down, and because the precision when
manufacturing an extension in one piece was a challenge, the result was not satisfying in terms
of the geometrical shape.

Figure 1 shows the assembly of an airfoil model, the structural beam and a standard insert
for PLCT. To the left the shell of the extension has been hidden in order to have visible access
to the inner structure of the extension and to the right the final airfoil model with extensions is
seen.
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Figure 1. Airfoil extension. Left: Connection of beam to the airfoil side. Right: The final
airfoil model with extensions, i.e. with slabs mounted on the beam

To mount the beam correctly at the airfoil sides and afterwards stack the slabs to fit the
extension to the existing airfoil surface, high precision is needed. Thus, measurement of the
reference points at the sides of an airfoil model to establish a position of the beam is challenging,
because it is challenging to establish a measurement reference on the airfoil surface and thereby
how the slabs are positioned on the beam. Therefore, CAD drawings with the exact location
helped to increase the accuracy of the match between the extension surface and the model
surface. It also helped to decrease the price of the extension, because parts machined according
to dimensions measured at the model often required adjustments. Additionally, the actual airfoil
surface geometry usually differs from the specified theoretical surface geometry. If the adapter
were designed after the theoretical geometry there were steps at the transition. If the model
owner had access to a CAD file or to detailed measurements of the model, this helped to decrease
the size of the steps between the extensions and the original airfoil model.

The best solution we found was to use laminates made of Sika Block M1000. This is a
material that was developed for negative molds. It has low internal tensions and is relatively
soft. Therefore it is ideal for milling shapes with tight geometrical tolerances. The material is
available in laminate thicknesses of 50 mm, 75mm or 100 mm. Due to the high thickness it was
possible to reduce the number of laminates. Once the laminates were lined up on the adapter,
no surface polishing was required. Aluminum tape was used to seal and smoothen the gaps
between the original airfoil model and the adapters.

2.4. The airfoils tested
It is required that the airfoils to be tested in the wind tunnel have a span of 1.999m because
the height of the test section is 2.000m and that a gap of at least 0.5mm is required. All airfoils
have been tested in other wind tunnels and some of the airfoils have been tested in other wind
tunnels using other models. Therefore, for some of the airfoils the results are compared to many
measurements. An example of an airfoil model that has been tested in another wind tunnel,
where adapters are mounted to fit into the test section in PLCT is seen in Figure 2.

The airfoils tested in PLCT are shown in Table 1. One purpose of the tests is to benchmark
PLCT against other wind tunnels. Another purpose is also to investigate how well the
performance of airfoils of different relative thicknesses can be measured and how well different
wind tunnels can reproduce the results. It is expected that there is good agreement between the
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Figure 2. An airfoil with adapters mounted in the test section of the Poul la Cour Tunnel

Table 1. Airfoils tested and compared to tests in other wind tunnels
Airfoil Rel. thickness, t/c [%] Chord, c [m] Org. span, s [m]
NACA 633-418 18 1.000 1.999
DU00-W-212 21 0.900 1.350
DU97-W-300 30 0.600 1.250
Risø-C2-42 42 0.500 1.250

performance of thinner airfoils between different wind tunnels, whereas it is more challenging to
find good agreement between thicker airfoils tested in different wind tunnels.

The characteristics of the other wind tunnels where airfoil measurements were carried out are
listed in Table 2. The turbulence intensity is given as stated on the homepage of the facilities.
However, for the DNW-HDG Wind Tunnel and the LM Wind Power Wind Tunnel the numbers
are found in [7].

For the Stuttgart, Delft, HDG and LM tunnels two turbulence intensities are shown, reflecting
that the turbulence intensity is increasing with increasing flow speed. Thus, it is clear that we
in general should expect a variation in turbulence intensity that is likely increasing with flow
speed. However, it is not clear from all wind tunnels at which flow speed the turbulence intensity
is measured.

3. Results
In this section the results from the tests of the four airfoils are presented. An overview of the lift
coefficient, cl, as a function of the drag coefficient, cd, and the lift coefficient, cl, as a function
of angle of attack, AoA, are presented together with details about the performance around the
maximum lift coefficient, cl,max, and minimum drag coefficient, cd,min. For each comparison also
two parameters are given: the aspect ratio of the airfoil (span width relative to chord length)
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Table 2. Characteristics of wind tunnels
Wind tunnel W [m] H [m] Turb. int. [%]
Langley LTPT (NASA) 0.91 2.29 -
Stuttgart Laminar Wind Tunnel (Stuttgart) 0.73 2.73 0.02 to 0.05
TU Delft LSLT Wind Tunnel (Delft) 1.25 1.80 0.015 (20m/s) to 0.07 (75m/s)
Deutsche WindGuard Wind Tunnel (DWG) 1.25 2.75 0.05
DNW-HDG Wind Tunnel (HDG) 0.60 0.60 0.1 (M=0.08) to 0.2 (M=0.03)
LM Wind Power Wind Tunnel (LM) 1.35 2.70 0.05 (50m/s) to 0.1 (100m/s)
Poul la Cour Tunnel (PLCT) 2.00 3.00 <0.1 (50m/s)

Table 3. Normalized dimensions of airfoils: NACA 633-418
Wind tunnel Chord [m] Aspect ratio [-] Height-chord ratio [-]
NASA 0.61 1.49 3.75
Stuttgart 0.60 1.22 4.55
Delft 0.60 2.08 3.00
PLCT 1.00 2.00 3.00

and the height-chord ratio (the height of the test section in the direction orthogonal to the
chord when AoA = 0 deg. relative to the chord length). Corrections to the angle of attack and
lift and drag coefficients are carried out according to the description in section 2.2, and even
though wind tunnels often use the same corrections, the implementation of the corrections will
in general not be identical.

3.1. NACA 633-418
Five different tests of the NACA 633-418 airfoil are compared as listed in Table 3. In Figure 3
and 4 cl as a function of AoA and cl as a function of cd are shown.
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Figure 3. Aerodynamic performance of the NACA 633-418. Re=3 million.

The data is compared to data from NASA ([4]), from Delft ([5]), and from Stuttgart ([6]). It
is seen that the agreement of cl in the linear part of the lift curve is good from all wind tunnels.
Small variations in the slope are observed together with small differences in AoA at cl = 0.
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Figure 4. Aerodynamic performance of the NACA 633-418. Re=3 million. Focus on cd,min

and cl,max

Table 4. Normalized dimensions of airfoils: DU00-W-212
Wind tunnel Chord [m] Aspect ratio [-] Height-chord ratio [-]
LM 0.90 1.50 3.00
HDG 0.15 4.00 4.00
PLCT 0.90 2.22 3.33

These differences can be due to differences in the airfoil model geometry and the precision of
the measured AoA. Also, some variation is seen at cl,max. This is also seen in Figure 4 that has
focus on cl,max. Here, it is clear that cl,max varies between 1.30 (Delft) and 1.39 (Stuttgart),
where cl,max at PLCT is measured to 1.37. This variation between the wind tunnels is likely
attributed to, e.g. the measurement technique, where cl measured at the walls (Stuttgart,
NASA and PLCT) shows higher cl,max than cl measured at the airfoil surface (Delft). This is
also discussed in [1]. The model tested in Stuttgart and Delft is the same, but the others are
manufactured specifically for each wind tunnel. Therefore, in total three different models have
been manufactured to obtain the four polars shown in Figure 3 and in general there will be a
small variation in precision of the geometry and in the surface quality. This could also affect
cl,max and the performance in general. Given the differences in measurement technique, the
measurements with the highest aspect ratio (Delft and PLCT) show the lowest cl,max and the
lowest aspect ratio show the highest cl,max, which however could be a coincidence. Furthermore,
it seems that cl,max is increasing for increasing height-chord ratio.

It is reflected from the plot showing cl as a function of cd that there is a small variation in cd
and that the agreement between all wind tunnels is good. This is also shown in Figure 4 where
the focus is on cd,min. Here, cd,min is varying between 0.0060 (NASA) and 0.0062 (Delft), where
cd,min at PLCT is measured to 0.0061.

3.2. DU00-W-212
Three different tests of the DU00-W-212 airfoil are compared as listed in Table 4. The airfoil
tested in PLCT had originally a span width of 1.35m and had been tested in the LM Wind
Power Wind Tunnel so adapters were made to span the remaining 0.65m. In Figure 5 and 6 cl
as a function of AoA and cl as a function of cd are shown.
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Figure 5. Aerodynamic performance of the DU00-W-212. Re=3 million.
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Figure 6. Aerodynamic performance of the DU00-W-212. Re=3 million. Focus on cd,min and
cl,max

The data is compared to data from the LM Wind Power Wind Tunnel (LM)[7] and from the
DNW-HDG Wind Tunnel (HDG) [7]. It is seen that cl as a function of AoA compares well in the
linear part of the lift curve where especially data from LM compares well to data from PLCT.
Even cl,max for all wind tunnel tests are in good agreement. This can also be seen in Figure
6, where it is reflected that cl,max is varying between 1.28 (LM and HDG) and 1.29 (PLCT).
However, PLCT and LM show fairly good agreement in deep stall where HDG shows slightly
higher cl. Relating cl,max to the aspect ratio, PLCT show cl,max values that are slightly higher
than measured in LM and HDG that has both lower and higher aspect ratios. Therefore, it is
difficult to observe a trend in the relation. For the height-chord ratio in relation to cl,max it is
also difficult to observe a trend. Furthermore, even though PLCT and LM show a fair agreement
in stall at negative cl values, cl,min is not in agreement for any wind tunnels.

It is reflected from the plot showing cl as a function of cd that there are marginal differences
in cd and that the agreement between all wind tunnels are good. From Figure 6 it is clear
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Table 5. Normalized dimensions of airfoils: DU97-W-300
Wind tunnel Chord [m] Aspect ratio [-] Height-chord ratio [-]
Delft 0.60 2.08 3.00
Delft (SGRE) 0.60 2.08 3.00
PLCT 0.60 3.33 5.00

that cd,min is varying between 0.0069 and 0.0070 with the measurements from PLCT at 0.0069.
However, for a cl > 0.5 a cd about 0.0002 greater than for the other wind tunnels are observed.
The reason for this slightly higher cd can be the position of the wake rake.

3.3. DU97-W-300
Three different tests of the DU97-W-300 airfoil are compared as listed in Table 5. The airfoil
tested in PLCT had originally a span width of 1.25m so adapters were made to span the
remaining 0.75m. In Figure 7 and 8 cl as a function of AoA and cl as a function of cd are
shown.
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Figure 7. Aerodynamic performance of the DU97-W-300. Re=3 million.

cd from PLCT is measured only with the wake rake. The data is compared to data obtained
by TU Delft (Delft) ([9]) and by Siemens Gamesa (Delft (SGRE)) from two different airfoil
models, but both measured in the Low Speed Low Turbulence Wind Tunnel at TU Delft. Thus,
the two models represent the same airfoil shape, but one is made by Delft and the other is made
by SGRE. It is seen that cl as a function of AoA compares well in the linear part of the lift
curve, where cl,max is slightly lower in PLCT and the values in stall compare well. This is also
seen in Figure 8, where we can see that cl,max is between 1.54 (PLCT) and 1.57 (Delft (SGRE)).
With a finer resolution in AoA of the PLCT data, an even better comparison of cl,max could be
expected. Relating cl,max to the aspect ratio, Delft and Delft (SGRE) that have tested airfoils
with the same aspect ratio, show almost the same cl,max. These cl,max values are slightly higher
than measured in PLCT that has a higher aspect ratio. For this airfoil cl,max is decreasing
slightly for increasing height-chord ratio. In stall at negative cl the agreement is bad. However,
measurements by both Delft and Delft (SGRE) show the same trend with a numerically greater
cl,min than from PLCT. A reason for this can be the difference in aspect ratio, but it could also
be due to treatment of boundary layers close to the floor and ceiling, where vortex generators
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Table 6. Normalized dimensions of airfoils: Risø-C2-42
Wind tunnel Chord [m] Aspect ratio [-] Height-chord ratio [-]
Delft (AeroLoop partner) 0.50 2.50 3.60
DWG (AeroLoop partner) 0.50 2.50 5.50
PLCT 0.50 4.00 6.00

energize the boundary layers. The exact position of those are not clear neither on suction side
nor pressure side.

Even though the intended airfoil shape of the two models in the Delft wind tunnel should
be identical the manufacturing of the models inevitable will be slightly different. However,
despite of the small differences it seems that the airfoils in the Delft wind tunnel show the same
characteristics. This is in contrast to PLCT where the aspect ratio is higher.

It is reflected from the plot showing cl as a function of cd that the comparison overall is good.
For cl > 0.5 the comparison is very good. For cl < 0.5, cd measured by Delft (SGRE) and PLCT
are slightly higher and the agreement is not as good. For cl < -0.2 cd was not measured with the
wake rake in PLCT. From Figure 8 it is seen that cd,min from the different tests varied between
0.0103 (Delft) and 0.0109 (PLCT).

3.4. Risø-C2-42
Three different tests of the Risø-C2-42 airfoil are compared as listed in Table 6. In all wind
tunnels the same airfoil model is tested by one of the AeroLoop partners with a span width
of 1.25m. Therefore, for test in PLCT, adapters were made to span the remaining 0.75m. In
Figure 9 cl as a function of AoA and cl as a function of cd are shown.

cd from PLCT is measured only with the wake rake. The data is compared to data from
the Low Speed Low Turbulence Wind Tunnel at TU Delft (Delft) and Deutsche WindGuard
Wind Tunnel (DWG). It is seen that cl as a function of AoA compares well in the linear part
of the lift curve. At AoA=10 deg. or cl=1.3 the data starts to disagree. Relating cl,max to
the aspect ratio, tests in Delft show a higher cl,max than from tests in PLCT, where the airfoil
had a greater aspect ratio. The disagreement could to some extent also be due to treatment of
boundary layers close to the floor and ceiling, where vortex generators energize the boundary
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Figure 9. Aerodynamic performance of the Risø-C2-42. Re=2.5 million.

layers. The exact position of those are not clear. Tests in DWG are not considered because
cl,max is not clear. Concerning the relation between cl,max and the height-chord ratio, cl,max is
decreasing for increasing height-chord ratio.

Inspecting measurement of cd it is clear that the separation is significant, but that cl is
increasing until AoA around 25 deg. even though a significant separation starts already at
AoA=10 deg. The disagreement for AoA > 10 deg. is likely due to 3D flow and the differences
in aspect ratio as seen in Table 6. cl,max is varying between 1.81 (PLCT) and 2.03 (Delft). Here,
cl,max from DWG is not considered because it is not measured at high AoA.

It is reflected from the plot showing cl as a function of cd that the comparison between PLCT
and Delft overall is good. However, the comparison between PLCT and DWG is less good,
where cd from DWG is higher than in PLCT. It is seen that cd,min is between 0.0142 (Delft)
and 0.0145 (PLCT)

4. Discussions
The comparisons of the tests from the three thinner airfoils NACA633-418, DU00-W-212 and
DU97-W-300 with a relative thickness of 18%, 21% and 30%, respectively, showed in general
very good agreement. Some deviations between the tests were observed. These deviations could
be due to:

• differences in the way cl was measured, where measurements of cl at the wall often results
in slightly higher cl,max - see also [1].

• the way cd is measured, where the wake rake can either traverse or be fixed. Investigating
cd as function of spanwise position can often show varying cd. Thus, determining cd by
integrating the deficit measured with a wake rake in a fixed position or with a traversing
wake rake will in general depend on the position of the wake rake and result in slightly
different values of cd.

• differences in the way the wake deficit is integrated. Here, e.g. the decision of whether the
deficit takes place if the velocity is below 0.99 or 0.95 of the free stream velocity. In PLCT
it is defined as 0.99, why cd naturally will be higher than if it is 0.95.

• the use of boundary layer blowing where the airfoil model is connected to the test section.
It has been observed that the thicker the airfoil is the more sensitive it is to the boundary
layers at the end walls. Blowing to energize the boundary layers could be carried out, but
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this could delay the separation close to the blowing and thereby delay the stall too much. In
PLCT no blowing is carried out. To the knowledge of the authors, boundary layer blowing
in the measurements shown in this paper, is used by Stuttgart.

• differences in aspect ratio that is the ratio between the span length and the chord. The
aspect ratio is crucial to how stall cells will form when the airfoil is stalling. Depending on
the aspect ratio the stall will be initiated either from the center of the airfoil or at the end
walls. As an example: With an aspect ratio of 2 it has been observed in PLCT that stall is
initiated at the center.

• variation in cl,max in relation to the aspect ratio. A trend is observed that cl,max is decreasing
for increasing aspect ratio. This trend is however not seen clearly for the DU00-W-212 airfoil
and therefore the position of possible stall cells and the position of the pressure ports in
the airfoil surface must be investigated further.

• differences in turbulence level. The higher the turbulence intensity the closer the transition
will appear to the leading edge and the higher cd will become. A trend in many wind
tunnels is that the turbulence intensity is increasing with increasing flow speed, which
for many wind tunnels correspond to increasing Reynolds numbers. However, if laminar
separation bubbles exist they will likely disappear if the turbulence intensity increases and
thereby cd will decrease with increasing turbulence intensity.

In the benchmark of the airfoils the height-chord ratio was investigated, but a clear trend in
how cl,max varied could not be seen.

The deviations between the measurements in PLCT and other wind tunnels are in general
very small. The agreement between the measurements is very good for the airfoils with 18%
and 21% relative thickness. There is a good agreement in the slope of cl in the linear part of
the curve and the differences in AoA at cl = 0 are small. The difference in cl,max is around 0.01
if the same measurement technique is used and the difference in cd,min is between 0.0001 and
0.0003.

For the airfoils with 30% and 42% relative thickness the good agreement between the wind
tunnels are seen as long as a 2D flow can be established. However, the difference in performance
in proximity of stall is clear, where stall around cl,min for the 30% airfoil is slightly different.
However, stall around cl,max for the 42% airfoil are very different in PLCT compared to the
Delft wind tunnel. The higher aspect ratio in PLCT is likely the reason for the numerically
smaller cl,min and cl,max for the 30% and 42% airfoils, respectively, because the influence from
the model-wall junction interference is reduced.

Before the benchmarking campaigns were carried out, it was uncertain how adapters for
the existing airfoil should be made and if wind tunnel tests would be successful. From the
campaigns we learned how to make adapters and that wind tunnel tests with such adapters can
be successful.

5. Conclusions
Four airfoils were tested in the Poul la Cour Tunnel (PLCT) and compared to tests in other
wind tunnels. Very good agreement was in general observed. However, some deviations were
seen, but were mainly attributed to the performance when the flow over the airfoils separated.
Thus, the aspect ratio of airfoils is known to affect the way airfoils are stalling. Even though the
trend was not very clear, the measurements indicated in several cases that cl,max decreases with
increasing aspect ratio. Apart from benchmarking of PLCT, the AeroLoop project highlighted
the challenges when testing airfoils. Thus, a method of designing and manufacturing adapters
for existing airfoils was established to fit them into the test section of PLCT. Also, a challenge
is to obtain 2D flow on thick airfoils that inherently show separated flow.



The Science of Making Torque from Wind (TORQUE 2022)
Journal of Physics: Conference Series 2265 (2022) 022097

IOP Publishing
doi:10.1088/1742-6596/2265/2/022097

12

In the future further benchmarking will be carried out at higher Reynolds numbers and with
focus on aeroacoustics.
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