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Chapter 77
Design and Experimental Validation of Thick 
Airfoils for Large Wind Turbines
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and Rolf Hansen

Abstract  In this chapter, two new airfoils with thickness to chord ratios of 30 and 
36 % are presented, which were designed with an objective of good aerodynamic 
and structural features. Airfoil design is based on a direct method using shape per-
turbation function. The optimization algorithm is coupled with the viscous/inviscid 
flow solver XFOIL.

Wind tunnel tests for both airfoils were performed in the LM Wind Power low 
speed wind tunnel at Reynolds numbers of 1.5–6 million and various surface condi-
tions. The results from the experiment confirm that the optimization algorithm is 
suited for airfoil design and the designed airfoils have top performance.
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77.1 � Introduction

The growing demand for power requires larger wind turbines. The latest installed 
turbine prototype has an 80 m long blade that weighs around 35 t [1]. These sizes 
present a challenge for the structural integrity of the blade. To deal with the in-
creased weight, designers are using thick airfoils on larger parts of the blade, such 
as the inboard and the middle sections.

There are several airfoil families specially designed for modern wind turbines  
[2, 3]. However, thick airfoils from these series are designed to be used only at the 
inboard section of the blade where the structural performance is more important 
than the aerodynamic performance. Since the aerodynamic performance of thick 
airfoils is becoming important, the airfoils need to be improved to provide more 
power and to satisfy growing structural demands. Moreover, turbines operate in 
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environments filled with particles that either damage the blade surface or accu-
mulate on the surface and change the flow conditions. This degradation causes a 
significant drop in annual energy production [4]. Therefore, airfoils need to be op-
timized to be less sensitive to roughness.

Using a direct method based on a shape perturbation function [5], we designed 
two new airfoils with thickness to chord ratios of 30 and 36 %. The objective was 
to create thick airfoils with good aerodynamic features and low roughness sensitiv-
ity. The optimization algorithm was coupled with a viscous/inviscid flow solver 
XFOIL.

A wind tunnel experiment was performed in the LM Wind Power low speed 
wind tunnel. The results from the experiment for DTU-230 and DTU-236 are dis-
cussed in the chapter.

77.2 � Airfoil Design

Inverse design methods have been used in airfoil design since 1980 [6]. They are 
used when a desired airfoil surface pressure distribution at a given operating con-
dition is prescribed, which is then translated into the corresponding geometrical 
shape. Since the surface flow is taken only at a single design point, this method has 
limitations regarding multiple design points.

Alternatively, direct design methods are more flexible and allow multidisci-
plinary optimization with multiple constraints. A numerical optimization algorithm 
can be coupled with a general flow solver where the response parameters can be 
directly used as design objectives. In this study, a commercial gradient-based con-
strained optimization algorithm [7] was coupled with the XFOIL code [8].

77.2.1 � Design Method

The new airfoil shapes were created by modifying an existing airfoil using a shape 
perturbation function. This method is based on adding smooth perturbations to an 
initial airfoil. The smooth perturbations ∆y are a linear combination of base func-
tions Pk  as

Base functions can be chosen to be any set of smooth functions [9]. This study 
is based on the work of [5]. The airfoil is split to an upper and a lower side with 
leading edge and trailing edge points fixed at 0=x  and 1=x , and the corresponding 
perturbation functions can be written for the upper surface as
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and for the lower surface as

The shape functions for the upper and lower surface along the x-coordinate are

and

The subscripts u  and l  symbolize the upper and lower surface of the airfoil, k  is the 
index of the shape modes and i  is the index of x and y  coordinates. Variable g  cor-
responds to the location of maximum of the base function. This variable is defined 
by the designer and gives him more influence on the decision-making process.

77.2.2 � Optimization

The optimization objective was to maximize lift coefficient and lift-to-drag ratio. 
The objective function was expressed as

The coefficients CL  and L D/  were weighted for clean and rough conditions with 
more emphasis on the rough case.

The objective function was identified as a smooth non-linear constrained func-
tion so “fmincon” from the MATLAB optimization toolbox was chosen as the ap-
propriate solver. The solver algorithm was set to “SQP”.

As previously mentioned, the optimization algorithm was coupled with a flow 
solver XFOIL [8]. The Reynolds number was set to 3 × 106 and the accounted angles 
of attack varied between 0° and 10°. This set of angles of attack was chosen to keep 
the lift coefficient in the linear region, which made the calculations more reliable. 
Free transition was modelled eN with the envelope method with N = 9 as the default 
value. Transition was forced by fixing the upper and the lower transition points at 
5 %, and 10 % chords from the leading edge.

In this study, the initial airfoil for the design method was DTU-LN221. This is 
an airfoil previously developed at DTU and was chosen as a good starting point. 
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The DTU-LN221 has a favourable after stall behaviour, and assures that the created 
airfoil will belong to the new airfoil family.

Response parameters from XFOIL were used either directly as design objectives 
(lift coefficient and lift/drag ratio) or they were bounded in a constraint function 
(boundary layer thickness or lift coefficient degradation in the forced case). Other 
constraints imposed came from structural requirements such as position of maxi-
mum thickness, skewness of the airfoil, trailing edge thickness, etc.

The weighting coefficients or amplitudes kuδ  and klδ  from the shape functions 
were the design variables, and with the two additional power factors of ,ξ η  the total 
number of design points was 2 N + 2[5].

The objective of this study was to create high performing, low noise wind tur-
bine airfoils that can accommodate a more demanding internal structure. Structural 
integrity was indirectly expressed through a concept of effective thickness to chord 
ratio. This is defined by the value of moment of inertia of a spar cap on the actual 
blade compared to the one which is uniform over the same width at the maximum 
relative thickness [10].

77.2.3 � Optimization Results

The resulting DTU-230 and DTU-236 airfoils are shown in Fig. 77.1 together with 
three other airfoils in the same new family of airfoils DTU-LN2xx. It can be noted 
that the new thick airfoils have a very good shape compatibility with the middle 
thickness airfoils.

In order to see the performance of the DTU-230 airfoil, comparisons with two 
commonly used wind turbine airfoils—NACA 63-430 and FFA-W3-301 are car-
ried out. Figure 77.2 shows the lift coefficients and lift-to-drag ratio of the three 
airfoils versus angle of attack for both clean and rough case. The coefficients have 
been computed with XFOIL for an angle of attack range of 0°–20° with a step 0.5°, 
Re =  61.47 10× , N = 9. Rough surface cases were simulated with a fixed transition of 

Fig. 77.1   New airfoil family DTU-LN2xx
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5 % chord on the suction side and 10 % on the pressure side. Results are compared 
with experimental data for FFA-W3-301 measured in clean case at Re =  61.47 10× [3].

As can be noted, DTU-230 has higher maximum lift coefficient in both rough 
and clean cases. The difference between the maximum lift coefficients in the rough 
and the clean case, that is, roughness sensitivity is also quite good for DTU-230. 
The least roughness sensitive airfoil is FFA-W3-301; however, this merit was paid 
by a rather low lift. Comparison of lift-to-drag ratio over a set of angles of attack 
demonstrates that DTU-230 is the highest performing airfoil (Fig. 77.2, right).

77.3 � The Experiment

77.3.1 � The Wind Tunnel

The wind tunnel at LM Wind Power is a closed circuit, variable fan speed tunnel, 
with a cooling system to ensure constant flow temperature. The flow quality is very 
high with turbulence intensity levels around 0.1 %. The tunnel has a contraction of 
10–1 and is equipped with specially designed corner vanes, a honeycomb structure 
and three fine mesh screens. The width of the test section is 1.35 m and the height 
is 2.7 m. The model chord length of 0.9 m at the maximum wind speed of 105 m/s 
gives a chord Reynolds number of 6 × 106 and a Mach number of M = 0.3.

Fig. 77.2   Comparison of performance of airfoils NACA 63-430, FFA-W3-301 and DTU-230. Left: 
lift coefficients versus angle of attack; Right: lift to drag ratio versus angle of attack. The coeffi-
cients were computed with XFOIL for angle of attack range 0–20° with a step 0.5°, Re =  61.47 10×  
with free and fixed transition ( 5 % suction, 10 % pressure side). The experimental data are for 
airfoil FFA-W3-301, clean surface, Re =  61.47 10×
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77.3.2 � The Measurement Campaigns

The DTU-230 and DTU-236 airfoils were tested at several Reynolds numbers and 
in different surface configurations with different devices (such as vortex generators 
and Gurney flaps). The tested Reynolds numbers were Re = 1.5, 3, 4, 5 and 6 × 106. 
The airfoil performance in rough conditions was investigated using a standard zig-
zag tape and bump tape. Data presented in this chapter are the measurements with 
zigzag tape of 0.4 mm thickness placed at 5 % chord on the suction side and 10 % 
chord on the pressure side.

77.4 � Results and Discussions

77.4.1 � DTU-230

Figure 77.3 shows a comparison of expected lift coefficients calculated with XFOIL 
and measured ones. The most noticeable result is that XFOIL over predicts lift and 
does not capture stall effects. The XFOIL was developed primarily for thin airfoils 
so this behaviour was expected. In the linear region, the difference is not that big 
but as soon as stall approaches, the difference between the calculated and measured 
data is greater. Therefore, the decision to limit the angle of attack to 10° in the 
optimization proves to be valid. The same effect can be observed when the zigzag 
tape is applied to the test model surface; only in this case, the difference is more 
pronounced already at lower angles of attack. The airfoil with “tripped” boundary 
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Fig. 77.3   DTU-230–Comparison of lift coefficients versus angles of attack computed with 
XFOIL and experimental data from LM wind tunnel at Reynolds numbers = 3 and 6 million. Left: 
free transition in XFOIL and clean surface of the test model; Right: forced transition in XFOIL 
and applied zigzag tape at 5 % chord on the suction side and 10 % chord on the pressure side of 
the test model
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layer stalls at around 8° so the range of angles of attack in optimization could have 
been even more conservative. The power coefficient in the objective function was 
a blended function of both the clean and the rough cases. Since the ranges of attack 
should be different for those cases, the power coefficient should have been also 
adjusted to that.

The obvious change of zero lift angles between “clean” and “tripped” airfoils 
was expected and is similar to that in cases with other thick airfoils [3].

When looking into drag coefficients (Fig. 77.4) the opposite can be observed: 
XFOIL is under predicting. Although drag coefficients were obtained from pressure 
taps on the airfoils, load cells and a wake rake, only the data from the wake rake are 
shown here. To protect the wake rake in stall conditions, it was removed from the 
wake just before the stall point.

The effect of increasing Reynolds number can be seen in both lift and drag coef-
ficients—the lift increases and the drag decreases.

The overall properties of the DTU-230 are quite good. The aerodynamic char-
acteristics are satisfactory and its geometrical simplicity and compatibility with the 
whole DTU-2xx family is an advantage for manufacturability and reliability. This 
ensures that the performance of the blade built with this airfoil will match the de-
signed performance.

77.4.2 � DTU-236

The DTU-236 airfoil was quite challenging to measure due to the large relative 
thickness and a high aspect ratio of the test model (aspect ratio = 1.5). To alleviate 
the problem of returning flow stall cells forming on the side edges of the airfoil, the 
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Fig. 77.4   DTU-230–Comparison of drag coefficients versus angles of attack computed with 
XFOIL and experimental data from LM Wind tunnel at Reynolds numbers = 3 and 6 million. Left: 
free transition in XFOIL and clean surface of the test model; Right: forced transition in XFOIL 
and applied zigzag tape at 5 % chord on the suction side and 10 % chord on the pressure side of 
the test model
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wall boundary layers were energized using a blowing system built in the sidewalls 
of the test section. The results shown in Fig. 77.5 are only for the highest measured 
Reynolds number (6 million). As was the case with the DTU-230, the angle of at-
tack was limited to 10° in the optimization. Given that the airfoil is stalled around 
9° in the clean case, this limit should have been set to a lower angle. Only wake 
rake drag measurements are included in the lift-to-drag ratio plots. Since the airfoil 
stalled at around 9° and 6° in clean and tripped surface conditions, the data range 
is rather small.

Figure 77.5 also shows an even greater discrepancy in calculated and measured 
lift coefficients than with the DTU-230. This clearly proves XFOIL was not de-
signed to handle such thick airfoils and should be used with precaution. Results 
for “tripped” calculations and data obtained while a zigzag tape was applied to the 
model surface indicate neither of the results should be trusted: XFOIL because it 
was not made for such cases and the experimental data should be verified in a tunnel 
with less blockage or with a smaller model. One possibility for this particular wind 
tunnel would be to use a model with a shorter chord line, for example choosing a 
length of 0.6 m. A smaller absolute thickness and larger aspect ratio would reduce 
the tunnel blockage but the maximum achievable Reynolds number in that case 
would be around 4 million. That is a compromise worth investigating.

Numerical flow solvers should receive more attention since neither the existing 
panel codes nor the computational fluid dynamics (CFD) codes have the ability to 
accurately capture stall and post stall behaviour of very thick airfoils compared to 
wind tunnel tests, even though the CFD performs a bit better as is shown in [11].
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Fig. 77.5   DTU-236–Comparison of lift coefficients and lift-to-drag ratio versus angles of attack 
computed with XFOIL and experimental data from LM Wind tunnel at Reynolds number = 6 mil-
lion; test model surface condition—clean and with applied zigzag tape at 5 % chord on the suction 
side and 10 % chord on the pressure side, corresponding free and forced ( trip) boundary layer 
transitions in XFOIL. Only drag coefficients measured with a wake rake are included in the lift-
to-drag ratio plot
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Given the high relative thickness and a small camber, the DTU-236 airfoil per-
forms quite well. Rotational effects were not included in this analysis, but are as-
sumed to lessen the roughness sensitivity [2].

77.5 � Conclusion

The introduced design method is an effective tool to develop thick high performing 
wind turbine airfoils. The shape perturbation function was integrated in a numeri-
cal constrained optimization algorithm coupled with XFOIL. The results from the 
wind tunnel confirmed that using XFOIL in the linear region for DTU-230 was 
reasonable. However, for the very thick airfoils, using a CFD may have been a 
better option and should be considered in the future even though it is much more 
time-consuming.

Since the optimization process is rather fast, the design could be further im-
proved with constraints that are more elaborate without significantly influencing 
the optimization performance.
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