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Abstract 

In order to design wind turbines knowl-
edge of the flow field including the high 
frequency part and the boundary layer at 
the rotor blade is important. Due to the 
complexity of the experimental setup, only 
few results exist. For this reason two re-
search projects are conducted at the Uni-
versity of Applied Sciences in Kiel: 
The objective of the first project is the ex-
amination of onshore / offshore wind fields 
and the measurement of high frequency 
aerodynamic turbulence by a piezo electric 
transducer.  Onshore measurements show 
that time-averaged parameters like the 
turbulence intensity are comparable to 
those of cup anemometers and that there 
is no clear difference between the meas-
urements from sea- and landside. The de-
crease of the obtained power spectral den-
sity follows a power law with a comparable 
exponent as those of Kolmogrow. The off-
shore measurements will be realized at 
FINO3, a research measurement platform, 
which will start operating in summer 2010.  
By means of a so called aerodynamic 
glove the boundary layer at a wind turbine 
blade during rotation under normal work-
ing conditions is investigated. The purpose 
of this project is to develop and install the 
measuring setup, which consists of pres-
sure taps in circumferential direction and a 
hot-film to determine the state of the 
boundary layer: laminar or turbulent. The 
experimental results shall at first enlarge 
the experimental database. 
Both measurements are accompanied by 
CFD calculations of two-dimensional blade 
profiles and stability analysis of the 
boundary layer by a simplified e

N
-method. 

Initial calculations point up the influence of 

the N-factor on the results and the need of 
its accurate determination. 
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1 Introduction 

 
During the design process of wind turbines 
it is essential to consider many parameters 
and influencing variables for example wind 
velocity, rotational speed, engine perform-
ance as well as the resulting drag and lift. 
Especially the last three parameters are 
dependant on the surrounding flow field. 
The turbulence level of the wind field, in-
cluding the high frequency part, influence 
the transition of laminar to turbulent flows 
in the boundary layer. High frequency (> 
10 Hz) wind field measurements are diffi-
cult to perform and are therefore very rare. 
An exception is made by Sreenivasan et 
al. [1], who examined the transverse struc-
ture of atmospheric turbulence by acquir-
ing velocity data using hot wire probes 
mounted on a meteorological tower. 
As for the wind field only few results of 
boundary layer investigation exist under 
realistic conditions: in the field during rota-
tion. As the experimental set-up is rather 
complex, most research is conducted in 
wind tunnels. Due to the lack of detailed 
experimental results for the flow field in-
cluding the boundary layer, transition and 
the influence of high frequency turbulence, 
simplified and empirical methods are used 
for the performance prediction of wind tur-



bines. In order to obtain more data of the 
flow field and wind turbines aerodynamics 
two research projects are conducted at the 
University of Applied sciences Kiel:  
 
1. FINO3 to investigate the turbulence 
level of wind fields.  
 
2. The so called aerodynamic glove to de-
termine the boundary layer shear stress 
distribution of the rotor blade on a wind 
turbine during rotation.  
 
The long-term objective of these two pro-
jects is blade profile optimization by using 
measurement results and combining them 
with the CFD calculations. If it is possible 
to prolong the laminar inflow zone, drag on 
the blade can be reduced. 
The following chapter deals with the wind 
field measurement at an onshore test side, 
first results of the measurement and the 
planned measurements at the offshore 
research platform FINO3. In chapter 3 the 
measuring setup for the boundary layer 
investigation and the results of initial simu-
lation calculations are explained. 

2 Wind field measurement 

A major objective of the FINO3 project is 
the investigation and comparison of on-
shore and offshore wind fields by measur-
ing high frequency fluctuations of wind 
speed with a robust piezo sensor [2],[3]. 
Therefore onshore measurements are 
conducted at a test site in Kaiser-Wilhelm-
Koog, Germany. This test site is also used 
as test environment for the sensor under 
realistic conditions before installing it at 
the offshore research platform FINO3 (see 
Figure 1).  
 

 
 
Figure 1: Offshore measurement platform 
FINO3 
 

The platform is located 80 km west of the 
island of Sylt. The construction of the plat-
form was finished in summer 2009, so that 
in summer 2010 the offshore measure-
ment will start. 
The second aim is the study of the turbu-
lence energy spectrum and the resulting 
influence on transition of laminar to turbu-
lent flows at wind turbine blades. For this 
reason the measurement is accompanied 
by CFD calculations of two-dimensional 
blade profiles and stability analysis of the 
boundary layer by a simplified e

N
-method 

with FLOWer (DLR). The results of the 
measurement will be used to define input 
conditions of CFD calculations.  

2.1 Measuring setup and realiza-
tion 

The measurements are conducted using a 
piezo-electric sensor, which was tested 
against hot-wire in a wind tunnel at the 
University of Oldenburg, Germany. The 
sensor is able to determine high frequent 
pressure fluctuations which are for low 
frequency fluctuations directly related to 
velocity fluctuations. The applicability of 
this relation for high frequency fluctuations 
in the boundary layer has not yet been 
proven. Pressure changes force displace-
ments of a thin membrane. The displace-
ments cause a mechanical deformation of 
the piezo crystal, which results in an elec-
tric charge on the surface of the crystal. 
The measured voltage as the primary 
quantity is proportional to the pressure 
fluctuations [4]. The sensor is mounted at 
a pylon about 60 m above ground level 
onshore and 80 m above sea-level off-
shore. The onshore measurement is real-
ized for different averaged wind velocities: 
6, 12 and 16 m/s and for different wind 
directions: from seaside/ from landside. 
The above-mentioned measurement pa-
rameters are identified by additional 
measuring devices like cup anemometers. 
The measurement is started over a period 
of 100 seconds, when the parameters are 
in the desired range. 

2.2 Results 

The measured data, in this case the pres-
sure fluctuations, is evaluated by fre-
quency analysis with TISEAN, which was 
developed by MPI Institute of Physics for 
Complex Systems [5]. An example of ob-
tained power spectral density, PSD, is 
given in Figure 2 for different wind direc-
tions. There is no significant difference for 



spectra of wind fields from the land or 
seaside. The power spectral density de-
scribes how the energy content of the 
pressure fluctuations is distributed with the 
frequency. Low frequency fluctuations 
have the hiqhest energy content. The de-
crease of the energy spectrum with the 
frequency f follows a potential law with the 
exponant a: 
 

a
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Kolmogorov and Obukov [6] proposed dif-
ferent exponents -3.3 resp. -2.3 for the 
decrease and their results are also pre-
sented in Figure 2. The value of -3.3 is 
obtained by using the known factor of -5/3 
for velocity fluctuations from Kolmogorow 
and by adapting it by Bernoulli’s Law to 
pressure fluctuations. Assuming that the 
spectral power can bee converted using 
the ratio of velocity to pressure as defined 
in Bernoulli’s Law leads to an adaption as 
shown in equation (1)-(3). 
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 Both spectra show striking peaks at about 
300 Hz. Apart from the pressure fluctua-
tions the acceleration in two directions of 
the measuring tower is recorded. The 
analysis of this data leads to the assump-
tion that the peaks are caused by vibration 
of the tower. Furthermore it was found, 
that the piezoelectric-sensor is able to re-
solve fluctuations up to 3 kHz. This limit is 
in accordance with a general estimation of 
the frequency resolution for structural Ei-
gen frequencies. 
 It is possible to compare time averaged 
parameters like turbulence level and stan-
dard deviation to those of cup-anemome-
ters. As defined in equation (5) the turbu-
lence level Iv is the ratio of the standard 
deviation σv to the averaged wind veloc-
ity v . 

 

v

vσ
=vI  

(5) 
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Figure 2: Energy spectra for averaged 
wind velocities 6, 12, 16 m/s, from seaside 
(above) and from landside (below) 
 
The averaged wind velocity and the stan-
dard deviation can be calculated according 
to equation (6) and (7) from the measured 
velocity vi, the sampling time T, the num-
ber of measuring points N and the sam-
pling interval  ∆t. 
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Some modifications are necessary to 
compare the piezo electric measurements 
to cup anemometer measurements. The 
standard deviation is calculated with veloc-
ity fluctuations, obtained from pressure 
fluctuations. The estimation of the turbu-
lence level is carried out according to 
equation (5) using an averaged velocity, 
which is defined by cup anemometers. 
Figure 3 shows the estimated turbulence 
intensity as function of the averaged wind 
velocity from the piezo sensor (PS) and 
the cup anemometers (AN) for several 
measurements. As for the energy spectra 
there is no clear difference between the 
land and seaside. Except for the meas-



urement at a velocity of 16 m/s, landside 
turbulence intensities lie in the same range 
for the piezo sensor and the cup ane-
mometer. There is only a small depend-
ency of the wind velocity. For small veloci-
ties the values and the deviation of the 
values are the highest. This result is simi-
lar to common observations. Contrary to 
the results of the Risø National Labora-
tory, which deals with low frequency turbu-
lence measurements at an onshore and 
an offshore location, [7] there is for two 
reasons no clear difference in our results 
for landside and seaside wind. Firstly both 
measurements of the FH Kiel were con-
ducted at the same onshore location but 
with different wind directions. Secondly 
even the wind from the seaside is influ-
enced by the landscape because the test 
side is located about 2 km inland.  
In a preliminary analysis of the standard 
deviation as a function of the wind velocity 
is a slight difference in the shape of both 
curves for land- and seaside measure-
ment. 
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Figure 3: Turbulence intensity from piezo-
sensor (PS) and cup anemometer (AN) as 

function of the averaged wind velocity 

2.3 Further Investigation 

For further investigation a new sensor, a 
LCA (Laser Cantilever Anemometer) will 
be added to the equipment. This sensor 
was developed by the Hydrodynamic 
Group of the Carl von Ossietzky University 
of Oldenburg and is able to resolve higher 
frequency than the piezo-sensor. Figure 4 
gives an impression of the LCA layout. 
The microscopic cantilever bends when 
exposed to a flow. The cantilever dis-
placement is detected by a laser beam [8]. 
After calibration the velocity can be directly 
calculated. This sensor also will be tested 
onshore and after that will be installed at 
the research platform FINO3 in summer 
2010. A comparison of the onshore to off-
shore wind field will then be possible. 

 

 
Figure 4: Layout of the LCA (University of 
Oldenburg) 
 

3 Boundary layer investiga-
tion on a rotating blade 

The intention of the aerodynamic glove is 
the installation of measurement equip-
ment, allowing boundary characterization 
of a rotating blade. The measurement will 
be performed on a research wind turbine, 
an E 30 from Enercon under normal op-
eration conditions. The experimental set-
up is based on the work of Seitz [9] and is 
adapted to a wind turbine. Seitz investi-
gated the boundary layer of an air wing of 
a small airplane during flight. He was able 
to characterize the boundary layer and to 
detect and describe Tollmien-Schlichting 
waves, which induce transition. In addition 
he estimated wave parameters like the 
wave number and discovered a domina-
tion of the wave packet in the main flow 
direction. Comparable aerodynamic 
measurements are ongoing at Risø DTU 
National Laboratory for Sustainable En-
ergy, Denmark. There a rotor blade is in-
strumented with microphones in order to 
determine high frequency surface pres-
sure fluctuations [10]. 

3.1 Measurement setup 

The measurement equipment consist of 
two main components, which will be 
placed at midspan of the blade: Firstly 64 
pressure taps will be installed in circum-
ferential direction to measure the pressure 
distribution. Secondly a hot-film will be 
attached at the upper side of the blade. 
The measuring principle is similar to con-
stant hot-film anemometry. Only the sen-
sor is much smaller in order to not disturb 
to flow field. By measuring the wall shear 
stress it is possible to verify, if the bound-
ary layer is turbulent or laminar. Contrary 
to the work of Seitz it will not be possible 
to determine wave parameters. Because 
of the measurement under ordinary work-
ing conditions no stable conditions can be 



guaranteed for calibration. In Figure 5 the 
hot-film is shown. It has 24 sensors, which 
will be arranged in flow direction in order 
to monitor the propagation of the Tolmien-
Schlichting waves.  
 

 
 
Figure 5 Layout of the Hot-film 
 
As planned the measurement will start in 
summer 2010. Similar to the wind field 
investigation the measurement is accom-
panied by a CFD stability analysis of the 
boundary layer. In chapter 3.2 first results 
of this calculation are shown. 

3.2 Simulation 

In order to answer the question of exis-
tence and location of transition it is neces-
sary to consider perturbations of the in-
flow, the velocity profile in the boundary 
layer and the pressure gradient. Assuming 
that the perturbations of the inflow can be 
described in form of Tollmien Schlichting 
waves, the stability of the waves deter-
mines the stability of the boundary layer. 
In general the e

N
 method, based on linear 

stability theory, is used to predict the point 
of transition [11], [12]. e

N
 describes the 

fraction of the critical perturbation ampli-
tude to the inflow perturbation and charac-
terises the transition from laminar to turbu-
lent flow. Furthermore N, dependent on 
turbulence level, is often estimated using 
Mack’s correlation [13] according to equa-
tion (8), which was developed for flow 
conditions in wind tunnel tests and is lim-
ited for turbulence levels below 3 %. This 
correlation has not yet been validated or 
modified for atmospheric flow conditions. 
 

( )
v

IN ln4.24.8 −−=  (8) 
 

 
The research code FLOWer, developed by 
DLR, combines the solution of the Rey-
nold’s averaged Navier-Stokes equations 
including turbulence models with a simpli-

fied e
N
-method for two-dimensional, in-

compressible boundary layers [14], [15]. 
Instead of conducting the stability analysis 
for every cfd calculation, solutions for dif-
ferent velocity profiles and pressure gradi-
ents are stored in a database. For a given 
N-factor and velocity profile the point of 
transition can be calculated. 

3.3 Results 

The stability analysis is conducted for an 
Althaus 206 blade profile of the research 
turbine with a chord length of 0.95 m for 
angles of attack between 0 and 7 degrees. 
The boundary layer is resolved up to 1·10

-6
 

m and the grid consists of 30 000 cells. 
Results of the stability calculation for the 
chosen settings and boundary conditions, 
a Reynold’s number of 2.7·10

6
, the Spalart 

Almaras turbulence model and an angle of 
attack of five degrees are shown in Figure 
6. The N-factor is displayed as a function 
of the dimensionless chord length and dif-
ferent perturbation frequencies. The enve-
lope is the critical N-factor and determines 
the point of transition. For example an N-
factor of 4 leads to a point of transition of 
0.33 x/c. For this profile mainly perturba-
tions in a range between 1 and 5 kHz in-
duce transition for usual N-factors, which 
range between 5 and 8. As our measured 
turbulence intensities according to Figure 
3 range above 3 %, Mack’s correlation is 
not applicable. Limiting the energy range 
of the spectra to the range between 1 and 
5 kHz a lower turbulence level is received. 
This leads to a higher N-factor, which is 
dependant of the turbulence level. Figure 
6 shows that for an increasing N-factor the 
point of transition moves downstream, so 
that a larger range of laminar flow is ex-
pected at the rotor blade. 
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Figure 6: N-Factor as function of the di-
mensionless chord length for perturbations 
of different frequencies in the range be-
tween 427 and 4670 Hz  
 



In Table 1 the calculated points of transi-
tion are listed as a function of the angle of 
attack. The calculation is accomplished 
with a N-factor of 6. As expected the point 
of transitions at the upper side moves up-
stream with increasing angle of attack. 
 
Angle of attack 

[degree] 
0 3 5 7 

Point of transi-
tion [x/c] 

0.64 0.42 0.38 0.32 

 
Table 1: Point of transition as a function of 
the angle of attack 

4 Conclusions 

Concerning the FINO project an experi-
mental set-up to measure high-frequency 
wind-speed fluctuations is defined, in-
stalled and verified. The chosen piezo-
electric sensor is able to resolve fluctua-
tions up to 3 kHz and shows reasonable 
results for the onshore measurement: 
Time averaged parameters are compara-
ble to those of cup anemometers,  the 
characteristics of the spectral power den-
sity are as expected and there is no clear 
difference between the results of different 
wind directions. In order to determine fluc-
tuation higher than 3 kHz a laser cantilever 
anemometer will be developed and in-
stalled.  
The measuring setup for the aerodynamic 
glove is defined and will be installed in 
summer 2010. By means of a hot-film the 
boundary layer of an rotor blade during 
rotation will be investigated. A further ob-
jective is the analysis of the resulting influ-
ence of the turbulence level on the transi-
tion of laminar to turbulent flows. Results 
from measurement and CDF calculations 
will be combined for blade optimization. 
For this reason the analysis of the experi-
mental findings is accompanied by stability 
investigation which is able to identify rele-
vant frequencies for transition. In order to 
predict the point of transition more pre-
cisely the N-factor must be related to the 
inflow conditions. The applicability of 
Mack’s correlation for atmospheric flows 
has not yet been proven. Research is on-
going how to modify it for atmospheric 
wind flows. 
 

References  

[1] Dhruva, B., Tsuji, Y. and Sreeniva-
san K .P., Transverse structure 
functions in high-Reynolds-number 

turbulence. Physical Review  1997, 
Vol. 5: 4928-4930 
 

[2] 
 

Schaffraczyk, A. P., Schwab, D., 
Offshore aerodynamic turbulence 
and its relvance for blade design. 
Proceedings of the European Off-
shore Wind Energy Conference. 
Berlin, Germany, Dec. 4-6, 2007 
 

[3] 
 

Schwab, D., Schaffraczyk, A. S., 
Comparing on-and offshore aerody-
namic turbulence by measurement. 
Proceedings of the European Off-
shore Wind Energy Conference. 
Stockholm, Sweden, September 
2009 
 

[4] Tropea, C. et al. (Eds.)., Springer 
Handbook of Experimental Fluid 
Mechanics. Springer Verlag: Heidel-
berg, 2007; 598, ISBN 3-540-25141-
5 
 

[5] Hegger, R., Kantz, H. and Schrei-
ber, T., Practical implementation of 
nonlinear time series methods: 
TISEAN package. Max Planck Insti-
tute of Complex Systems, Dresden 
and Physics Department, University 
of Wuppertal, Germany, 1999.  
 

[6] 
 

Monin, A., Yaglom, A. M., Statistical 
Fluid Mechanics Volume 2: Mechan-
ics of Turbulence. Dover Publica-
tions Inc. edition: Dover Ed, 2007; 
355  and 375, ISBN 0-486-45891-1 
 

[7] Risø National Laboratory, Guide-
lines for design of wind turbines. Det 
Norske Veritas, Copenhagen and 
Wind Energy Departement, Risø  
National Laboratory 2002, Second 
Edition, 32-35, ISBN 87-550-2870-5 
 

[8] Barth, S., Schlüter, S., Lück, S. and 
Peinke, J., On a high-resolving LCA 
Laser Cantilever Anemometer. Ad-
vances in Turbulences IX, Proceed-
ings of the Ninth European Turbu-
lence Conference. Barcelona, 
Spain, 2002 
 

[9] Seitz, A., Freiflug-Experiment zum 
Übergang laminar-turbulent in einer 
Tragflügelgrenzschicht. Dissertation, 
Technische Universität Carolo-
Wilhelmina zu Braunschweig, Ger-
many, 2006  

[10] Madsen, H. Aa. Et. al., The DAN-



AERO MW experiments. Proceed-
ings of the 48th IAAA Aerospace 
Science Meeting, Olando, Florida, 
USA, Jan. 4-7, 2010 
 

[11] Cebeci, T., An engineering ap-
proach to the calculation of aerody-
namic flows. Horizons Publishing 
Inc., Long Beach, CA, USA, 1999, 
89, ISBN 0-966-84612-5 
 

[12] 
 

Arnal, D., Boundary layer transition: 
Prediction based on linear theory. 
AGARD-VKI Special Course on 
‘Progress in Transiton Modelling’; 
March-April, 1993 
 

[13] Mack, L. M. M., Transition and linear 
instability. Jet Propulsion Lab. Publi-
cation 77-15, Jet Propulsion Labora-
tory, California Institute of Technol-
ogy, Pasadena, California, USA, 
1977 
 

[14] 
 

Krumbein, A., Automatic transition 
prediction to 3D wing configurations; 
Proceedings of the 44th AIAA Aero-
space Sciences Meeting and Exhibi-
tion. Reno; Nevada, USA, 9.-12 Jan. 
2006 
 

[15] 
 

Stock, H. W., Degenhardt E., A sim-
plified e

N
-method for transition in 

two dimensional incompressible 
boundary layers, Z. Flugwiss. 
Weltraumforsch. 1989, Vol. 13: 16-
30 
 

 

 


