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1. Introduction

The leading edge roughness of aerodynamic profiles has a direct
effect on the boundary layer flow, and thus effects the aerodynamic
performance [1]. Due to the long-term operation under harsh
conditions, wind turbine rotor blades suffer from soiling (build-up
of ice and contamination with dirt and insects) [2] as well as rain,
ice, sand or salt erosion [3e5] of the leading edge, which can cause
a premature laminar-turbulent transition of the boundary layer
flow [6,7]. Although the leading edge condition (LEC) has long been
known to have a significant effect on the aerodynamic properties of
airfoils and wind turbine performance [8e11], a measurement
method for the quantification of the boundary layer flow impact of
er), n.balaresque@windguard.
(N. Gaudern), d.gleichauf@

), andreas.fischer@bimaq.de
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the LEC in operation is missing.
Currently, there is no practical method to prevent the contam-

ination of a rotor blade. Even though there are ways to clean the
rotor blades, the common method to deal with contamination is to
wait for rain to avoid the costly downtime necessary for manual
cleaning [3]. In addition, research is being conducted in the aero-
space sector in to special surface coatings that reduce the adhesion
of dead insects [12], but these approaches are not available in the
wind industry so far. One well-established technique to combat
leading edge erosion is to install a leading edge protection tape
[13]; however, leading edge protection systems also wear over time
and the application of protection tapes influences the boundary
layer flow due to protuberances and steps [14].

Conventional flow measurement methods such as pressure
measurements [15], oil flow [16] or tuft [17] visualization are not
suitable for a quantification of the LEC on wind turbines in opera-
tion because they are invasive and impact the flow in the sameway
as erosion (holes for pressure taps) or contamination (oil accu-
mulation and tufts) would. As a quantification of the boundary
layer flow impact of the LEC on wind turbines in operation is not
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possible to date, estimates of the resulting impact on power per-
formance are based on simulations or model assumptions of the
leading edge condition and subsequently performed wind tunnel
measurements [1,18]. Typical industry practice to determine the
aerodynamic impact of a contaminated or eroded leading edge is to
conduct wind tunnel measurements with and without a tripped
boundary layer flow (achieved by applying zig-zag tape) or Xfoil
flow simulations with transition prescribed close to the leading
edge; however, these methods are idealized and only consider two
extreme conditions (binary solution). Furthermore, the actual
impact on the aerodynamic properties due to the LEC can be
significantly higher than due to tripping [7,11].

A non-invasive measurement method is required that enables a
quantification of the actual impact of the LEC on the boundary layer
flow. This would allow more realistic estimations of losses in
annual energy production (AEP) beyond the commonly used binary
statement.

A non-invasive measurement of the boundary layer flow state
can be performed by thermographic flow visualization. The ther-
mographic flow visualization relies on an initial temperature dif-
ference between the measured object and the fluid. The object
surface temperature depends on the local heat transfer coefficient
between the rotor blade and the incoming flow. The heat transfer
coefficient is a function of the surface friction in the different areas
of the boundary layer flow [19,20].

Thermographic measurements for flow visualization purposes
have been established in wind tunnel experiments for decades to
visualize the boundary layer state in ultra- and hypersonic as well
as in trans- and subsonic flows [21]. To increase the sensitivity, the
aerodynamic profile is usually heated [22,23] or the flow is cooled
[24,25]. By doing this, a measurable temperature difference of
several Kelvin - and thus a suitable signal-to-noise ratio (SNR) be-
tween different flow states - can be observed. In wind tunnel ex-
periments the position of the laminar-turbulent transition as well
as areas with laminar or turbulent flow separation can be visualized
[26,27]. A new focus is also on extended evaluation methods for
increasing sensitivity in challenging applications [28e31]. Outside
the wind tunnel, thermographic measurements for the localization
of the laminar-turbulent transition in flight experiments on aircraft
wings [32], helicopter rotors [33] and wind turbine rotor blades in
operation [34] are reported. A thermographic study on the influ-
ence of leading edge roughness has been carried out by Ehrmann
et al. in wind tunnel experiments; however, the evaluation was
performed visually, which resulted in uncertainties of 10% of the
chord length in the case of a transitionwith turbulence wedges due
to erosion or contamination of the leading edge [10]. Furthermore,
Traphan et al. recently published results for a remote surface
damage detection technique based on thermography [35]. A
quantitative investigation of the boundary layer flow impact of the
LEC on operating rotor blades is missing and the calculations of the
resulting losses in AEP are still based on the binary states of a clean
and fully tripped rotor blade.

The objectives of this work are firstly, the non-invasive deter-
mination of the extent of the boundary layer flow influenced by the
LEC with low measurement uncertainty, and secondly, to provide a
more realistic estimation of the AEP loss due to the LEC, as an
alternative to the current industrial standard.

The measurement approach to determine the extent of bound-
ary layer flow influenced by the LEC as well as the respective impact
on the AEP is presented in Sect. 2.1. The approach is demonstrated
by measurements on the rotor blades of a 1.5MW General Electric
(GE) horizontal axis wind turbine with a rotor diameter of 77m.
Both the experimental and the numerical setup are described in
Sect. 3, and the field measurement results with respect to the LEC
influence on the laminar flow region are presented in Sect. 4. The
2

results of the AEP calculation are reported in Sect. 5. The article
closes with conclusions and an outlook on ongoing research
questions in Sect. 6.

2. Measurement principle and measurement uncertainty

The measurement approach for the non-invasive determination
of the extent of the boundary layer flow influenced by the LEC is
based on the thermographic determination of the laminar-
turbulent transition location. The procedure for determining the
extent xtr of influenced boundary layer flow is described in Sect. 2.1.
The measurement results enable an estimation of the reduction of
the AEP based on a blade element momentum (BEM) simulation
model, which is explained in Sect. 2.2.

2.1. Measurement of the influenced laminar flow by the LEC

The LEC influences the boundary layer flow and thus the posi-
tion of the laminar-turbulent transition. This correlation is used to
introduce a non-invasive indication of the LEC in the form of the
extent xtr of laminar boundary layer flow influenced by erosion and
contamination. In order to quantify xtr, the positions Ptr;nat and
Ptr;act relative to the chord length of the non-influenced natural
transition and the LEC-influenced actual transition are compared:

xtr ¼ 1� Ptr;act
Ptr;nat

: (1)

xtr represents the difference between the natural and the actual
transition position normalized to the natural transition position.
Hence, a xtr close to 100 % indicates an almost completely tripped
(turbulent) boundary layer flow and a xtr of 0 % indicates an actual
transition position that matches the approximated position of the
natural transition. In contrast to a simple difference between the
two positions, which corresponds to the change in the amount of
laminar flow, the normalization of the difference to the natural
transition position allows a statement regarding the extent of
laminar flow influenced by erosion or contamination of the rotor
blade.

Thermographic flow visualization measurements at the wind
turbine in operation are performed, which is explained further in
Sect. 2.1.1. The signal processing for determining the relative actual
transition position ptr;act and the relative natural transition position
ptr;nat in the image plane is described in Sect. 2.1.2. Both positions
are assigned to the rotor blade geometry, resulting in the chord-
based transition positions Ptr;act and Ptr;nat, which is explained in
Sect. 2.1.3. Finally, a description of the procedure for specifying the
measurement uncertainty is provided in Sect. 2.1.4.

2.1.1. Thermographic flow visualization
In order to determine the spanwise actual and natural transition

positions, thermographic flow visualization measurements at the
wind turbine in operation are performed. Fig. 1 shows an example
of a thermographic image of a rotor blade section at the wind
turbine in operation. The image shows the suction side of the rotor
blade with the flow direction being upwards, as the image is taken
when the rotor blade is moving downwards. Due to the absorbed
solar radiation, the rotor blade surface is warmer than the flow. The
temperature difference between rotor blade and flow results in a
distinct temperature pattern due to varying local heat transfer co-
efficients that correlate with the boundary layer state. The surface
areas with a laminar boundary layer flow appear warmer than
surface areas with a turbulent boundary layer flow. The transition
from laminar to turbulent flow can be determined by a steep



Fig. 1. Thermographic image of a rotor blade section at a wind turbine in operation.
Both laminar and turbulent flow can be identified by different surface temperatures
due to the local heat transfer coefficients associated with the different flow regimes.
Roughness elements can cause a wedge-shaped premature laminar-turbulent transi-
tion. The dashed line at x ¼ 400 pixels indicates the measured chordwise temperature
profile shown in Fig. 3.

Fig. 3. Measured temperature profile TðyÞ from Fig. 1 at the position x ¼ 400 pixels as
well as the corresponding approximated temperature profile bT ðyÞ with a Gaussian
error function. The position ytr of the laminar-turbulent transition can be identified by
the sudden change in surface temperature at y ¼ 245 pixels.
change in temperature. Surface roughness elements due to erosion
or contamination cause local premature laminar-turbulent transi-
tions, which can be identified as turbulence wedges, cf. Fig. 1. The
spanwise transition location of the clean blade is considered to be
the natural transition position. In the following, the transition po-
sition including turbulence wedges is referred to as the actual
transition position.

The actual transition position can differ significantly under the
same conditions but with a different leading edge roughness. Fig. 2
shows two thermographic images of the suction side of a rotor
blade. The images were taken in a time interval of 60min and
clearly show the influence of the LEC on the boundary layer flow.
Fig. 2(a) shows the thermographic image of the rotor blade after
several days without precipitation. The contamination of the
leading edge of the rotor blade is very pronounced and especially in
the outer area of the rotor blade almost no laminar boundary layer
flow can be identified. The image in Fig. 2(b) was taken immedi-
ately after heavy rain, which washed away most of the contami-
nation. The remaining turbulence wedges are either due to
particularly persistent soiling or erosion of the rotor blade surface.

2.1.2. Signal processing
The localization of the spanwise laminar-turbulent transition in

the thermographic image is found by using an approximation of the
temperature profile in the flow direction with a Gaussian error
function. The temperature profile at the position x ¼ 400 pixels in
Fig. 1 and the result of the approximation with the Gaussian error
function are shown in Fig. 3. The model function for the approxi-
mation is:
Fig. 2. Thermographic images of an entire rotor blade, with no precipitation falling for
a long time period before the image in (a) was taken. The image in (b) was taken
directly after heavy rain with a time interval of 60min to the image in (a).
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bT ¼ ba erf
�
y� ytrffiffiffi

2
p bc

�
þ bd: (2)

The fit parameter ba stands for the temperature change in the
transition region, ytr is the position of inflexion of the Gaussian
error function and themeasure for the laminar-turbulent transition
position, bc is the standard deviation (transition width parameter)

and bd is the general temperature offset of the Gaussian error
function. The position of the inflexion ytr can be used for an auto-
mated evaluation of the thermographic image [26,32,34].

The evaluation of the temperature profile in flow direction en-
ables the localization of the relative actual transition position ptr;act
along the span in j ¼ 1;…; J columns of the thermographic image:

ptr;act ¼ 1
J

XJ
j¼1

ytr;j � yLE;j
yTE;j � yLE;j

¼ 1
J

XJ
j¼1

ptr;act;j; (3)

with yLE and yTE as the positions of the visible leading edge (LE) and
trailing edge (TE), also determined by the approximation of the
temperature gradient with the Gaussian error function. The actual
transition position ptr;act includes the laminar-turbulent transition
shift by turbulence wedges due to erosion or contamination of the
rotor blade surface. In order to gain information about the LEC, the
natural transition position ptr;nat is additionally determined by a
weighted linear least squares fit of the actual transition positions
ptr;act;j. Due to the weighting, the influence of the wedges is almost
completely suppressed and the transition position without turbu-
lencewedges can be approximated. An example for the result of the
image processing is shown in Fig. 4 based on the thermographic
image presented in Fig. 1.
2.1.3. Geometrical assignment
For the localization of the laminar-turbulent transition with

respect to the profile geometry of the rotor blade, a geometric
assignment of the two-dimensional image information to the
three-dimensional geometry is required. By taking into account the
position of the investigated rotor blade section in relation to the
camera, the visible surface area of the rotor blade section can be
assigned to its geometry. With the known distance and pitch angle,
a series of coordinate transformations is carried out to enable the
determination of the viewing angle. The consideration of the po-
sition of the transition in the image plane of the thermographic
image allows the determination of the position on the rotor blade
surface and subsequently the projection of this position onto the
rotor blade chord.



Fig. 4. Example result of the signal processing for the localization of the actual and the
natural transition position based on the thermographic image shown in Fig. 1.
For the geometric assignment of the laminar-turbulent transi-
tion position (or any other feature in the thermographic image) to
the chord, the profile geometry, the position of the profile - defined
by the position of the center of rotation and the blade angleQ of the
rotor blade section - as well as the position of the thermographic
camera are required. The blade angleQ follows from the pitch angle
w and the twist angle wt and can be written as

QðrÞ ¼ 1
2
pþ wþ wtðrÞ (4)

The angle of twist wt is a function of the radial position r on the
rotor radius. The position of the profile of the investigated rotor
blade section is now defined in a coordinate system relative to the
position of the thermographic camera with the coordinates

½Xc
i ;Y

c
i �T; therefore, the profile coordinates ½Xp

i ;Y
p
i �

T
are rotated by

the blade pitch angle Q and translated by the measuring distance

½DX;DY�T between the camera and the center of rotation of the
rotor blade section in X and Y direction using a homogeneous
transformation matrix [36]:24Xc

i
Yc
i
1

35 ¼
24 cosð �QÞ �sinð �QÞ DX
sinð �QÞ cosð �QÞ DY

0 0 1

35,
24Xp

i
Yp
i
1

35; (5)

with DX as the distance between the thermographic camera and
Fig. 5. Example illustration of the measurement situation for field measurements within th
hub height of DY ¼ 62 m. The thermographic camera is positioned luvwards and observes th
rotor blade angle Q ¼ 1

2pþ wþ wtðrÞ.
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the wind turbine tower base and DY as the hub height of the wind
turbine. This results in the position of the rotor blade profile
segment relative to the position of the thermographic camera. Fig. 5
shows the thermographic camera, the wind turbine and the profile
of the investigated rotor blade section in the camera coordinate
system.

Next, the Cartesian profile coordinates ½Xc
i ;Y

c
i �T within the

camera coordinate system are transformed into polar coordinates.
By that, each profile coordinate can be expressed by the distance

from the coordinate origin rci ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXc

i Þ2 þ ðYc
i Þ2

q
and an angle 4c

i ¼

arccos

 
Xc
i

rci

!
. The representation in polar coordinates enables the

identification of the two profile coordinates with the minimal and
the maximal polar angle 4c

min and 4c
max. These two coordinates are

the surface points that can barely be observed from the camera's
point of view and thus the chordwise edges of the visible surface
area in the thermographic image. The difference between these two
angles is therefore the part of the angle of aperture that results in
the imaging of the rotor blade surface in the thermographic image.

The image plane positions of the visible leading edge, the visible
trailing edge, and the laminar-turbulent transition are known from
the previously-executed evaluation of the thermographic image by
the presented signal processing (Sect. 2.1.2). The angle 4c

tr at which
the laminar-turbulent transition is visible can be determined using
the relative position of the transition in the image plane:

4c
tr ¼ ptr,

�
4c
max � 4c

min
�þ 4c

min
¼ 4c

min,ð1� ptrÞ þ ptr 4c
max:

(6)

Depending on whether the angle of the line of sight to the
visible leading edge or the angle to the visible trailing edge is larger,
ptr ¼ ptr or ptr ¼ ð1� ptrÞ has to be assumed, respectively.

The chord of the rotor blade profile is parallel to the Xp-axis
within the profile coordinate system, cf. Fig. 5. For this reason the
position of the laminar-turbulent transition with respect to the
chord can be expressed as the inverse transformed Xp-component

of the intercept ½Xc
S;Y

c
S�T of the line of sight to the transition at the

transition angle 4c
tr with the rotor blade surface. Generally, the

surface coordinates are only available in a discrete resolution;
therefore, the surface between the two coordinates whose angles
are closest to the transition angle 4c

tr is approximated by a linear
function. The polar distance rctr of the transition position on the
surface of the rotor blade section results in
e camera coordinate system with a distance of DX ¼ 169 m to the wind turbine with a
e suction side of the rotor blade segment at the position r of the radius R pitched by the



rctr ¼
n

sin
�
4c
tr
��m cos

�
4c
tr
�; (7)

wherem and n are the gradient and the offset of the linear function.
The coordinates of the intercept in the Cartesian camera coordinate
system can be expressed as:

�
Xc
S

Yc
S

�
¼
�
rctrcos

�
4c
tr
�

rctrsin
�
4c
tr
� � ¼

26664
n

sin
�
4c
tr
��m cos

�
4c
tr
� cos�4c

tr
�

n
sin
�
4c
tr
��m cos

�
4c
tr
� sin�4c

tr
�
37775:

(8)

The position Xtr of the laminar-turbulent transition is the in-

verse transformed Xp-component of the intercept ½Xp
S ;Y

p
S �

T
in the

profile coordinate system:24Xp
S

Yp
S
1

35 ¼
24 cosð �QÞ �sinð �QÞ DX
sinð �QÞ cosð �QÞ DY

0 0 1

35�124Xc
S

Yc
S
1

35 (9)

Finally, the relative position Ptr of the laminar-turbulent tran-
sition can be specified by the normalization to the profile chord
length c:

Ptr ¼
Xp
S
c

¼ Xtr

c
: (10)

2.1.4. Measurement uncertainty
At first, a Gaussian uncertainty propagation of the thermo-

graphic camera noise (uncertainty of the measured temperature Ti)
to the transition position ytr is performed. According to the model
approximation with respect to the model from Eq. (2), the covari-

ance matrix of the estimator bq bT ¼ ½ba; ytr;bc; bd� reads [37]:
Cov

�bq bT ; bq bT
�

¼
	
HT C�1 H


�1
; (11)

where the second element of the main diagonal yields the square of
the position measurement uncertainty sytr , H is the Jacobian matrix
of the model function with the partial derivatives of the model
function to all fit parameters at every operating point, and C is the
covariance matrix of the uncorrelated values of the temperature
profile. The covariance matrix C is a diagonal matrix whose main
diagonal is represented by the variance s2Ti of the temperature Ti.
The measurement uncertainty sTi of each individual temperature Ti
per pixel measured with a thermographic camera can be consid-
ered as the combination of detector noise and fixed pattern noise.
Both noise sources can be determined by a sequence of measure-
ments of a homogeneously tempered surface with a large sample
size L. The detector noise is the mean temporal noise of the tem-
perature measurements:

sTi;detector ¼
1

M,N

XM
y¼1

XN
x¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

L� 1

XL
l¼1

�
Tyx½l� � Tyx

�2vuut ; (12)

where Tyx ¼ 1
L
PL

l¼1Tyx½i� is the average temperature in the mea-
surement sequence Tyx½l�; l ¼ 1;…; L for each pixel ½y;x�, y ¼ 1;…;M
stands for the image row and x ¼ 1;…;N for the image column. The
fixed pattern noise due to a non-uniformity of the individual pixels
of the detector can be quantified by a temporal averaging of the
5

measurement sequence and a subsequent evaluation of the spatial
noise:

sTpattern ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
ðM,NÞ � 1

XM
y¼1

XN
x¼1

�
Tyx � T

�2vuut (13)

with the overall mean temperature T ¼ 1
M,N

PM
y¼1
PN

x¼1Tyx. The
temporal averaging reduces the detector noise of each individual
pixel by the factor 1ffiffi

L
p . An estimation of the temperature-dependent

photon shot noise has shown that the influence of photon shot
noise on the measurement uncertainty of temperature can be
neglected for small temperature differences [34]. This allows the
assumption sTi ¼ const for all measured temperature values Ti on
the rotor blade surface.

Validation measurements have shown, that the measurement
uncertainty is additionally influenced by flow induced temperature
fluctuations [34]. Therefore, the flow induced temperature fluctu-
ations are taken into account in terms of the local standard devi-
ation in the transition region, determined individually for each
measurement in the experiments.

The resulting measurement uncertainty sptr;act of the relative
position ptr;act of the actual laminar-turbulent transition in the
thermographic image according to Eq. (3) results in

sptr;act ¼
1ffiffi
J

p XJ
j¼1

sptr;act;j : (14)

Since there is no correlation between the positions of the visible
leading edge yLE, the visible trailing edge yTE and the laminar-
turbulent transition ytr, the individual uncertainties of the rela-
tive transition position ptr;act;j read

sptr;act;j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
vptr;act
vytr;j

!2

s2ytr;j þ
 
vptr;act
vyLE;j

!2

s2yLE;j þ
 
vptr;act
vyTE;j

!2

s2yTE;j

vuut :

(15)

In the case of the measurement uncertainty sptr;nat for the posi-
tion ptr;nat of the natural transition, a manual preselection of the
transition positions takes place prior to the calculation of the
standard uncertainty of the mean value and positions at turbulence
wedges were not considered.

According to Eqs. (3) and (5) to (10), the geometrical assignment
of the actual and the natural laminar-turbulent transition position
Ptr;act and Ptr;nat to the profile geometry is not only a function of the
transition position in the thermographic image but also of the
measurement distances DX and DY in X and Y direction between
the thermographic camera and the center of rotation of the rotor
blade profile and the rotor blade angle Q. The uncertainties sPtr;act
and sPtr;nat can be determined by Monte Carlo simulations taking
into account the uncertainties of the mentioned quantities.

The estimation of the measurement uncertainty sxtr of the
extent xtr of the influenced laminar boundary layer is also carried
out with Monte Carlo simulations. The functional relationship is
simulated within the uncertainties of ptr;act, ptr;nat, DX, DY , and Q:

xtr ¼ f
	
ptr;act;ptr;nat;DX;DY;Q



(16)

As the positions of the natural and the actual transition are
determined from the same temperature profile measurement data,
a correlation of the two position measurements can be assumed. In
the measurement uncertainty estimation for xtr, the correlation is



Fig. 6. Individual blade profile cuts of the rotor blade of the type LM 37.3p at the radial
positions ri ; i ¼ 1;…;5 measured by a laser distance sensors [40].

Fig. 7. Experimental setup for the field measurements at the wind turbine in opera-
tion. The measurement distance is 250m leeward of the GE 1.5 sl wind turbine tower
base. The rotor diameter of the wind turbine is 77m. In the foreground the thermo-
graphic camera, an optical trigger and the laptop for the acquisition and evaluation of
the images are shown.
not considered because the calculation is simplified and the esti-
mated uncertainty corresponds to a worst case scenario. In fact, the
correlation of the transition positions according to the calculation
of the difference in Eq. (1) results in a lower measurement uncer-
tainty sxtr in reality.

2.2. Estimation of the AEP

For the estimation of the AEP loss due to leading edge erosion
and contamination, blade element momentum simulations are
carried out. The BEM method is the current industry-standard
methodology for analyzing the aerodynamic performance of a
wind turbine rotor. Although it is a purely 2Dmethodology, various
correction factors are generally applied to account for the break-
down of the 2D assumptions at the root and tip of the rotor blade.
As the key area of interest in this study is not greatly affected by 3D
flow, the BEM methodology is suitable for the approach.

The BEM method uses lookup tables of the aerodynamic co-
efficients (typically measured wind tunnel polars) for a small,
discrete number of 2D profile cuts along the blade span and iterates
towards a solution based on the equations describing the conser-
vation of momentum in an idealized streamtube [38]. The resulting
solution includes the distribution of local angles of attack along the
blade, by which the distributions of aerodynamic force are deter-
mined. In this work, the aerodynamic coefficient lookup tables - in
the form of wind tunnel polars - are modified to include the impact
of the leading edge condition through the measured shift in the
laminar-turbulent transition positions from Ptr;nat to Ptr;act, which
typically results in a reduction of the lift coefficient cL and an in-
crease of the drag coefficient cD. The coefficient changes are
determined through analysis in Xfoil, which is a widely used 2D
flow simulation software for the estimation of the aerodynamic
force coefficients [39].

3. Experimental and numerical setup

In the following, the experimental setup for the thermographic
field measurement (Sect. 3.1) and the wind tunnel experiments
(Sect. 3.2) as well as the numerical setup for the BEM simulation
(Sect. 3.3) are presented.

3.1. Field measurements

The demonstration of the approach is based on the example of a
1.5MW General Electric (GE) horizontal axis wind turbine. The hub
height of the investigated wind turbine is 62m and the rotor
diameter is 77m. The specific model (GE 1.5 sl) is equipped with
rotor blades from the supplier LM Wind Power with a length of
37.3m. The rotor blade type LM 37.3p is also used on other wind
turbines manufactured for example byNordex, Repower, Fuhrl€ander,
Leitwind, Goldwind and others. In order to obtain the rotor blade
geometry, one rotor blade was dismantled and measured on the
groundwith several laser distance sensors, where the accuracy was
less than 1mm [40]. The results of the geometric measurement are
five radial profile cuts at r1 ¼ 10:45 m, r2 ¼ 17:05 m, r3 ¼ 23:55 m,
r4 ¼ 30:15 m, and r5 ¼ 36:75 m. Fig. 6 shows the two-dimensional
geometries of the five radial profile cuts. For the protection of the
internal knowledge of the rotor blademanufacturer, the geometries
in Fig. 6 are not to scale and slightly distorted.

The geometries are used for the manufacturing of wind tunnel
models in order to determine the aerodynamic properties and for
the geometric assignment of the two-dimensional thermographic
imaging data to the rotor blade geometry.

The measurement distance for the field measurements ranges
6

between 110 and 250m. Fig. 7 shows the measurement setup for
the field measurements at a distance of 250m leeward of the wind
turbine tower base on the pressure side of the rotor blades. The



field measurements were performed with a cooled thermographic
camera with a global shutter (snap-shot detector) from the
manufacturer InfraTec. The detector is an InSb focal plane array
with a format of 640� 512 pixels (model ImageIR 8300). Full-frame
resolution images can be acquired at up to 100Hz sampling fre-
quency. The camera is sensitive between 2 and 5 mm and the noise
equivalent temperature difference (NETD) is less than
25mK@ 30 +C. The dynamic range is 14 bit and the integration
time for the acquisition of an image can be set between 1 and
20,000 ms. The camera was calibrated by the manufacturer in a
standard calibration routine with measurements of a black body
radiator at different temperatures. For the presented measure-
ments a one point non-uniformity correction is performed before
each of the measurements. The pixel size in the sensor plane
amounts to 15 mm. A 200mm telephoto lens is used for the field
measurements. The lens has an angular aperture of 2:7+ � 2:2+ and
with the given detector size the instantaneous field of view (IFOV)
results in 0.08mrad. This corresponds to a spatial resolution of
8.8e20mm for the given measurement distances. The thermo-
graphic camera is triggered by an optical trigger for the measure-
ments with the wind turbine in operation to enable the acquisition
of an image every time one of the blades is passing the camera's
field of view. The images are acquired with the camera software
development kit (SDK) from the camera manufacturer. The subse-
quent processing of the images is done in Python.

In order to estimate the measurement uncertainty, according to
Sect. 2.1.4 and Eq. (16), the uncertainty contributions from the
experimental setup are determined. The detector and the fixed
Fig. 8. Visualization of the temporal noise and the spatial noise of the used infrared camera
noise sTi;detector ¼ 0:033 K. (b) shows the spatial noise, whereas the standard deviation of the

Fig. 9. Calculated measurement uncertainty sytr of the transition position for the approxima
function of the temperature difference DT between the laminar and the turbulent flow region
Fig. 9(b) the transition width is varied between 2 and 100 pixels and the temperature diffe
hexagons show the numerical results of Monte Carlo simulations (each with 10,000 runs)
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pattern noise of the used thermographic camera are determined by
a sequence of L ¼ 500 measurements of a homogeneously
tempered surface placed in a climate chamber at 293.15 K. Fig. 8(a)
shows the distribution of the measured temperatures Tyx½j�. The
experimental determined detector noise results in sTi;detector ¼ 0:033
K, cf. Eq. (12).

The fixed pattern noise measured after a non-uniformity
correction with the camera's firmware is sTpattern ¼ 0:009 K, cf. Eq.

(13). The distribution of the averagedmeasured temperatures Tyx in
the image is shown in Fig. 8(b). The combined measurement un-
certainty of the temperature results in

sTi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2Ti;detector þ s2Tpattern

q
¼ 0:034 K at a temperature of 293.15 K.

Based on sTi ¼ sT ¼ 0:034 K, the results of the measurement
uncertainty propagation for the localization of the laminar-
turbulent transition are shown as a function of the total tempera-
ture difference DT in Fig. 9(a) and as a function of the width 8bc of
the transition region in Fig. 9(b). In Fig. 9(a) the width of the
transition region is assumed to be 8bc ¼ 12 pixels and the temper-
ature difference DT is varied between 0.1 and 5 K. For Fig. 9(b) the
temperature difference is fixed to DT ¼ 1 K and the width 8bc of the
transition region is varied between 2 and 100 pixels.

The estimated measurement uncertainty for the approximation
of the temperature profile by the Gaussian error function shows the
dependencies sytr � 1

DT and sytr � lnbc. As the measurement uncer-
tainty sytr is additionally influenced by flow-induced temperature
fluctuations, sytr has to be determined individually for each mea-
surement before it is propagated to sptr and finally to sPtr and sxtr
. In (a) the temporal noise is shown. The standard deviation of the mean is the detector
mean value is the pattern noise sTpattern ¼ 0:009 K.

tion of the temperature profile with a Gaussian error function. Fig. 9(a) shows sytr as a
, which is varied between 0.1 and 5 K, whereas the transitionwidth is 8bc ¼ 12 pixels. In
rence is fixed to 1 K. The solid lines represent the analytical calculation and the white
for verification purposes.



taking into account the uncertainty contributions of DX, DY and Q.
The distance DX between the measuring position and the tower

base of the wind turbine is determined by measuring both posi-
tions using the Global Positioning System (GPS) and then calcu-
lating the distance. The GPS measurements are carried out with an
outdoor GPS device from the company Garmin. The device is
equipped with a receiver that enables position determination with
the European Geostationary Navigation Overlay Service (EGNOS)
system. To determine the position, the measurements are repeated
several times and averaged over the period of the measurement.
The EGNOS-compatible receiver allows a positioning uncertainty of
±3 m (extension factor¼ 2) [41]. A Gaussian uncertainty propaga-
tion for the determination of the distance between two in-plane
points results in a measurement uncertainty of sDX ¼ 3 m

2

ffiffiffi
2

p
.

The hub height DY of the investigated wind turbine is specified
as 62m. Assuming that the hub height is given to the nearest meter,
an uncertainty of sDY ¼ 0:5ffiffiffi

3
p m results for the height of the wind

turbine [42].
Considering the rotor blade angleQ, cf. Eq. (4), the pitch angle w

of the wind turbine blade influences the result of the geometric
assignment. For this reason, the measurements presented in this
work were performed on the wind turbine during operation
exclusively in the partial load range (before rated power is
reached). Thus, a constant blade pitch angle can be assumed
without control adjustments by the blade pitch mechanism. On the
basis of 10-min average values over 48 h, a blade pitch angle of 2+

could be determined for the partial load range up to 800 kW. For an
estimation of the uncertainty of the blade pitch angle, we refer to
the guideline for the certification of wind turbines published by GL.
Both in the version of the guideline valid at the time of installation
of the wind farm and in the latest version [43], a maximum devi-
ation of the blade angle of 0:3+ from the design angle is recom-
mended for load calculations. As no more precise information on
the uncertainty of the blade pitch angle is available, the rather
conservative assumption of the blade pitch angle of w ¼ 2+±0:3+ffiffiffi

3
p is

used in the following, which results in sQ ¼ 0:3+ffiffiffi
3

p , cf. Eq. (4).

3.2. Wind tunnel experiments

In order to determine the aerodynamic properties of the five
known radial profile cuts, wind tunnel measurements were con-
ducted. The experiments took place in the WindGuard's aero-
acoustic wind tunnel in Bremerhaven, Germany. The wind tunnel
is a closed-return type inwhich laminar flows (turbulence intensity
< 0:3 %) at wind speeds of up to 100m s�1 and chord Reynolds
numbers of up to 6:0� 106 can be achieved. Thewind tunnel can be
operated either with an open or a closed test section and is
designed for acoustic and aerodynamic research. The closed test
section allows testing of up to 0.9m chord models; therefore, wind
turbine airfoil segments as well as winglets can be tested at or close
to a 1:1 scale. Based on the measured geometries of the five radial
cuts of the rotor blade, fivewind tunnel models weremade of glass-
fiber reinforced plastic (GFRP) with a polyurethane top coat - as it is
typical for wind turbine rotor blades. In contrast to wind turbine
rotor blades the inner structure of the aerodynamic model consists
of a steel and aluminum frame. The models are scaled from the
original chord length to 800mm in order to fit into thewind tunnel.
The aerodynamic models are mounted vertically between two
turntables. The lift force is measured directly through force mea-
surements on the turntables and indirectly through pressure
measurements in the wind tunnel sidewalls. A combination of a 6
component force balance attached to the base turntable and a 2
component force balance attached to the upper turntable allows
8

the direct measurement of the total wind forces acting on the
models. Pressure measurements using independently connected
high range piezo pressure sensors for each port are performed. The
sensors measure in differential mode and the pressure range is
from 0 to ±500 mbar at an output voltage from 0.5 to 4.5 V. The
manufacturer specifies a total accuracy of ±0:5 % of the output span
±0:02 V b¼ ±5 mbar. The pressure sensors are connected to the 64
pressure taps in the wind tunnel walls. In addition, a wake rake
with 52 total pressure sensors and 11 static pressure sensors is
available for drag measurements in the wake of the profiles. During
the measurements, temperature, pressure and humidity are
measured at two locations in the wind tunnel system to determine
the fluid density. The wind speed is determined with a total of four
pitot tubes.

The five profile cuts from the rotor blade were tested in both
clean and leading edge tripped conditions using zig-zag tape. The
zig-zag tape is positioned at x=c ¼ 0:05 on the suction side and
x=c ¼ 0:10 on the pressure side. The zig-zag tape thickness is
0.205mm for the radial cuts r3 to r5 and 0.255mm for cut r2.
Additionally, 0.4mm thick zig-zag tape is positioned on the two
outer sections at x=c ¼ 0:50 pressure side, whereas it is 0.5mm
thick on the real rotor blade. Without the zig-zag tape, the
boundary layer flow may be fully laminar causing a tonal noise.
Fig. 10 shows the aerodynamic lift (a) and drag (b) polars of the five
profile cuts. Furthermore, a zig-zag tape applied to the surface of
the wind tunnel model is shown in Fig. 10(c).

Again, for the protection of the internal knowledge of the
manufacturer, the ordinate was not labeled to give only qualitative
information.
3.3. BEM simulation model

For the estimation of the AEP, a BEM model of the GE 1.5MW
wind turbine is constructed using the open-source code Qblade
(v0.96). In addition to using the Prandtl tip and root loss correc-
tions, a 3D polar correction by Snel et al. is applied [44]. The rotor
blade shape is defined by the previously measured five radial
profile cuts and the cylindrical root of the blade. Between the
known geometries, an interpolation takes place. The wind turbine
rotor rpmwas measured during the thermographic measurements
in field by the optical trigger system, which enabled the creation of
a wind speed vs. rpm curve for use in the BEM simulation. Baseline
BEM calculations are carried out using the clean condition wind
tunnel polars to obtain a power curve of a rotor without contami-
nation or erosion of the leading edge. The baseline BEM power
curve values are within 10 % of those seen in field test data for this
type of wind turbine and for the wind speeds used for the analysis
in this paper. As the aim is to calculate representative performance
deltas and not to create the most accurate wind turbine model,
these differences are considered acceptable for the purposes of the
study. In order to generate a power curve for heavy contamination
conditions, the BEM simulation is repeated replacing the outer
three clean airfoil polars, that represent roughly 50 % of the rotor
blade length and over 60 % of the swept surface, with the leading
edge tripped aerodynamic polars measured in the wind tunnel.

In addition to the aerodynamic wind tunnel data, the well-
known software Xfoil (v6.97) was used to determine the change
in lift and drag polars due to the presence of leading edge
contamination by fixing the transition position to the field mea-
surement results ptr;act and ptr;nat, respectively. The deltas are
applied to the clean condition wind tunnel polars and the BEM
simulation is run againwith these polars to obtain power curves for
the specific contamination conditions.

The AEP for all considered conditions was calculated within



Fig. 10. Aerodynamic measurements of the five known radial profile cuts measured in the Deutsche WindGuard's aero-acoustic wind tunnel in Bremerhaven, Germany, both in
clean and leading edge tripped conditions. Aerodynamic polar of (a) the lift coefficient cL and (b) the drag coefficient cD over the angle of attack a as well as (c) the applied zig-zag
tape used for the tripping.
Qblade using a Weibull k-factor of 2 and average wind speeds of
6m/s, 7.5m/s, 8m/s, and 9m/s. When the outer airfoils were fully
tripped the estimated AEP loss compared to the clean rotor blade
was between 6.1 % and 3.9 % for the analyzed wind speeds between
6m/s and 9m/s. The AEP loss is highest (6.1 %) when the site
average wind speed is lowest (6m/s) because the turbine spends
more time in the partial load region of operation where changes in
cL and cD directly impact power (unlike after rated power has been
reached where they no longer have an influence).

The described methodology is based on the assumption that the
contamination of the leading edge is not subject to a seasonal
fluctuation and that the erosion captured at the time of the mea-
surement does not progress. In fact, the contamination will vary
with the environmental conditions and precipitation frequency,
and erosion increases progressively; however, since the current
industrial standard is to use only clean and tripped aerodynamic
polars to evaluate the impact of erosion or contamination, the
Fig. 11. LEC measurements on the suction side of the rotor blade with a rotor radius of 38.5
distance of 180m with an exceptionally clean rotor blade (1st case). (b) Thermographic imag
leading edge contamination (2nd case). The results at the five radial sections ri ; i ¼ 1;…;5
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process can be greatly enhanced through the use of real field-
measured data.
4. Thermographic measurement of the LEC

Fig. 11 shows the thermographic measurement results of two
different LEC cases captured on different days with different
weather conditions. Both images are composed of instantaneous
single frames, with one thermographic image taken every rotation
of the rotor. In Fig. 11(a) a thermographic image of a relatively clean
rotor blade suction side is shown (1st case). The measurement
distance is 180m. In contrast, Fig. 11(b) shows a heavily contami-
nated suction side of the LM 37.3p rotor blade with a measurement
distance of 110m (2nd case). The different distances result in image
diagonals of (a) 12.4m and (b) 7.6m. The positions Ptr;act and Ptr;nat
of the actual and the natural transition determined by the image
processing presented in Sect. 2 are indicated by dashed and solid
m in two different conditions. (a) Thermographic measurement results from a working
e of the same rotor blade from a working distance of 110m with a significant degree of
are summarized for both cases in Table 1 and Table 3.



Table 2
Measurement uncertainty budget for the position Ptr;act of the actual transition on
the suction side of the rotor blade shown in Fig. 11(a) (1st case).

influence rotor blade section around radial profile

r1 r2 r3 r4 r5

sPtr;act ;ptr;act
0.000 0.000 0.000 0.001 0.001

sPtr;act ;DX 0.001 0.001 0.001 0.001 0.001
sPtr;act ;DY 0.000 0.000 0.000 0.000 0.000
sPtr;act ;Q 0.001 0.001 0.001 0.000 0.000

sPtr;act 0.001 0.001 0.001 0.001 0.001
lines, respectively. Especially in the first image, additional tem-
perature gradients can be identified apart from the laminar-
turbulent transition. These visible lines are caused by the inner
structure of the rotor blade (in this case the belt) and not by the
boundary layer flow. The image processing takes place for each
radial section in a region of ±1:5 m around the known radial profile
cuts. For the 1st case there has been an additional measurement of
the pressure side from a measurement distance of 250m with a
maximum of xtr ¼ 3:2 %. The measurement of the pressure side is
not shown, but considered in the following evaluation of the AEP.

The transition location measured in the 1st case is assumed to
correspond to the natural transition location. As it is unknown to
the authors if the surface roughness of this rotor blade has varied
since its manufacturing date, xtr is measured in relative terms. The
results for Ptr;act, Ptr;nat and xtr as well as the associated measure-
ment uncertainties for the 1st case are summarized in Table 1.

The measurement uncertainty of the relative position sptr;act in
the thermographic image is determined by Eq. (15), whereas the
measurement uncertainty estimation for sytr is presented in Sect.
2.1.2. Furthermore the flow induced temperature fluctuations are
considered in terms of a spatial noise. For the determination of sytr ,
the width of the transition region and the measured temperature
difference were determined manually for each column. In the case
of the measurement uncertainty for the position of the natural
transition sptr;nat a manual preselection of the transition positions
took place previously to calculate the standard uncertainty of the
mean; the transition positions at the site of turbulence wedges
were not considered. In contrast to the determination of the natural
transition using a weighted linear regression, this procedure is not
suitable for an automated evaluation approach; however, at this
point it enables a statement on the uncertainty of the natural
transition position and thus, a statement on the overall uncertainty
of xtr.

The measurement uncertainties for the relative positions Ptr;act
and Ptr;nat with respect to the chord length are determined by
Monte Carlo simulations with 10,000 runs for each uncertainty
influence. In addition to the uncertainty of the relative transition
positions ptr;act and ptr;nat in the thermographic image, other un-
certainty influences discussed previously in Sect. 2.1.3 and section 3
contribute to the measurement uncertainty budget. As an example,
the measurement uncertainty budget for Ptr;act is shown in Table 2.

The measurement uncertainty of the relative position (ptr;act or
ptr;nat) of the transition in the thermographic image increases to-
wards the tip of the rotor blade due to the smaller depth between
the visible leading and trailing edge and due to the increasing
number of turbulence wedges. The temperature gradient at the
wedges is significantly lower compared to transition positions
which can be assigned to the natural transition due to the shape as
well as due to the position shifted towards the leading edge.
Although the number of individual transition positions available for
averaging is smaller, the uncertainty of the position of the natural
transition is lower than the uncertainty of the position of the actual
Table 1
Extent xtr of boundary layer flow affected by erosion or contamination for the relatively cl
determined actual and the natural transition positions Ptr;act and Ptr;nat.

rotor blade section around radial profile

r1 r2

Ptr;act 0.338
±0:001

0.356
±0:001

Ptr;nat 0.346
±0:001

0.357
±0:001

xtr 2:3 %±0:0 % 0:1 %±0:1 %
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transition. This can be explained by the increased measurement
uncertainty at turbulence wedges.

Fig. 11(b) shows a rotor blade of the same type with a significant
degree of leading edge contamination in the outer half. The mea-
surement distance for this measurement is 110m. The evaluation of
xtr results in amaximum of 90.4 % at the radial section r4. Due to the
high number of turbulence wedges in the outer region of the rotor
blade, a determination of the natural transition position Ptr;nat is not
possible. Instead, the individual Ptr;nat of the 1st case around the
radial profiles ri; i ¼ 2;…;5 are used as a reference. This seems to be
applicable since the positions of the natural transition around
profile r1 are nearly the same in both cases.

Similar to the results of the relatively clean 1st case, Table 3
shows the results for the heavily contaminated 2nd case. Due to
the higher number of turbulence wedges and the corresponding
higher measurement uncertainty of the actual transition position
Ptr;act, themeasurement uncertainty of xtr is higher compared to the
1st case.

5. Calculation of the AEP

For the calculation of the AEP, shifts of the transition position on
both the suction and pressure side were considered in the 1st case
condition. In the 2nd case only the suction side was considered. This
is due to the available data and due to the fact that the pressure side
is tripped at 50 %, which reduces the possible impact of a pressure
side contamination. A contamination as well as a tripping leads to a
premature laminar-turbulent transition. Tripping at 0:5 x=c
accordingly reduces the influence of a possible contamination at
the leading edge of the rotor blade compared to a natural transition
further back on the chord.

Each radial aerodynamic profile's performance was analyzed at
its operational angle of attack (taken from the BEM results in the
constant pitch partial-load operating region) before manually
setting a transition location further forward by the amount deter-
mined through on-site thermography. This allows the calculation of
performance deltas that can be applied to the measured aero-
dynamic polars. Fig. 12 shows the aerodynamic polars of the radial
profile r5 for all four cases, clean and leading edge tripped condi-
tions as well as modified for the 1st and 2nd case leading edge
ean 1st case at the five radial positions ri; i ¼ 1;…;5 based on the comparison of the

r3 r4 r5

0.381
±0:001

0.384
±0:001

0.426
±0:001

0.393
±0:001

0.405
±0:001

0.442
±0:001

3:0 %±0:1 % 5:2 %±0:1 % 3:6 % ± 0:2 %



Table 3
Extent xtr of boundary layer flow affected by erosion or contamination for the highly contaminated 2nd case at the five radial positions ri; i ¼ 1;…;5 based on the comparison
of Ptr;act and Ptr;nat.

rotor blade section around radial profile

r1 r2 r3 r4 r5

Ptr;act 0.340
±0:000

0.154
±0:001

0.090
±0:002

0.039
±0:004

0.129
±0:009

Ptr;nat 0.340
±0:001

0.357
±0:001

0.393
±0:001

0.405
±0:001

0.442
±0:001

xtr 0:0 %±0:2 % 56:9 %±0:7 % 76:4 %±0:6 % 90:4 %±1:0 % 70:8 %±2:0 %

Fig. 12. Aerodynamic polars of the radial profile r5 in clean and leading edge tripped conditions as well as modified for the 1st and 2nd case leading edge contamination conditions.
(a) Lift coefficient cL , (b) drag coefficient cD and (c) cL=cD as a function of the angle of attack a.
contamination conditions.
The performance deltas calculated by Xfoil and applied to the

measured aerodynamic polars for each profile cut for the 1st case
and the 2nd case are shown in Table 4 and Table 5, respectively. For
the 1st case, the calculated performance deltas are very small due to
the marginal shift in transition position caused by contamination
and erosion. In contrast to the 1st case, the aerodynamic perfor-
mance losses for the 2nd case are significant.

The modified aerodynamic polars replace the corresponding
clean polars in the BEM simulation. The global wind turbine pa-
rameters are not changed in comparison to the baseline cases.
Fig. 13 shows the cL=cD vs. rotor blade radius r curve for all four
cases.

Due to the low leading edge contamination present in most
rotor blade root regions, the difficulty of measuring thick airfoil
sections in the wind tunnel and the associated uncertainty in
measured performance, it was decided not to include the inner two
airfoils (r � 17:05 m) in their tripped state. Obviously both leading
Table 4
1st case measured LEC and aerodynamic performance deltas evaluated with Xfoil.

profile SS xtr PS xtr DcL DcD

r1 2.3 % 0.0 % �1.0 % þ3.0 %
r2 0.3 % 0.0 % 0.0 % 0.0 %
r3 3.0 % 0.4 % �0.4 % þ4.0 %
r4 5.2 % 3.2 % �0.2 % þ4.0 %
r5 3.6 % 2.0 % �0.1 % þ2.0 %

Table 5
2nd case measured LEC and aerodynamic performance deltas evaluated with Xfoil.

profile SS xtr PS xtr DcL DcD

r1 0.0 % e �0.1 % þ0.2 %
r2 56.9 % e �2.0 % þ45.0 %
r3 76.4 % e �4.0 % þ75.0 %
r4 90.4 % e �9.0 % þ70.0 %
r5 70.8 % e �6.0 % þ45.0 %
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edge contamination cases reduce the rotor blade cL=cD. The rela-
tively clean 1st case only slightly reduces the cL=cD, whereas the
heavily contaminated 2nd case reduces cL=cD by similar degrees to
the fully tripped condition by the application of zig-zag tape.

The estimated AEP loss for the three other cases is compared
against the clean case in Table 6. The very small amount of leading
edge contamination measured by thermographic flow visualization
in the 1st case results in a marginal AEP loss of 0.2 %e0.1 % or
7MWh to 8MWh, respectively. In reality it would be difficult to
measure an AEP loss of this lowmagnitude because the deltawould
bewithin the uncertainty of the measurement. For the 2nd case, the
heavy leading edge contamination results in AEP losses between
4.7 % and 2.7 %, which corresponds to 143MWh to 171MWh for the
investigated average wind speeds between 6m/s and 9m/s. The
comparison with the tripped case indicates that the AEP loss of the
heavily contaminated case is still far below the leading edge tripped
case. This result reinforces the statement that this work can
enhance the current industry-standard practice of analyzing a bi-
nary clean/dirty state by allowing the assessment of the interme-
diate cases found in the real world.
6. Conclusions and outlook

In order to quantify the extent of the boundary layer flow
disturbed by contamination or erosion of the rotor blade leading
edge, thermographic flow visualization measurements were per-
formed. Themeasurement results were used to estimate the impact
of the LEC on the AEP. In contrast to the industry standard of using
both clean and tripped aerodynamic polars in simulations to
analyze two binary extreme operating conditions, the presented
approach enhances the methodology by including more repre-
sentative real world data.

Thermographic flow visualization measurements post-
processed using image processing algorithms enable a non-
invasive localization of the actual laminar-turbulent transition po-
sition influenced by the LEC and in most conditions the natural
transition position adjusted for turbulence wedges. The signal



Fig. 13. Lift over drag cL=cD as a function of the rotor blade radius r for all four conditions: clean, tripped, 1st and 2nd case leading edge contamination. For the tripped condition r1
and r2 are not considered due to the difficulties of measurements of thick airfoils in wind tunnel experiments.

Table 6
AEP loss for the 3 cases, 1st case leading edge contamination, 2nd case leading edge
contamination and tripped compared to the clean case. The results for the AEP loss
are given for average wind speeds of 6m/s, 7.5m/s, 8m/s and 9m/s.

condition AEP loss at
6m/s

AEP loss at
7.5m/s

AEP loss at
8m/s

AEP loss at
9m/s

in % inMWh in % inMWh in % inMWh in % inMWh

clean e e e e e e e e

1st case 0.2 7 0.2 8 0.2 8 0.1 8

2nd case 4.7 143 3.6 171 3.3 173 2.7 171

tripped 6.1 186 4.9 235 4.6 242 3.9 245
processing approach used permits the localization with a mea-
surement uncertainty in the subpixel range depending on the
available thermal contrast and the transition width. A geometric
assignment of the two-dimensional image data to the three-
dimensional geometry of the rotor blade by taking into account
additional knowledge about the measurement situation allows
chord-based location information to be given with a measurement
uncertainty of up to 0.1 % of the chord length.

A quantification of the extent of the boundary layer flow influ-
enced by a degraded leading edge due to contamination or erosion
can be achieved by comparing both the natural (clean) and the
actual (contaminated) transition position. The extent of affected
boundary layer flow xtr is defined as the difference between the
natural and the actual transition position Ptr;nat and Ptr;act normal-
ized by the natural transition position.

The positions of the actual and the natural laminar-turbulent
transition are used as an input for a simulation to estimate the
power performance change due to different leading edge condi-
tions. For this purpose, aerodynamic polar measurements were
modified using the field measurements on a multi-MW wind tur-
bine and Xfoil simulations. The modified polars were subsequently
used within a BEM simulation to estimate the AEP.

Both a relatively clean case and a heavily contaminated case of a
37.3m rotor blade from a 1.5MWwind turbine were analyzed. The
clean case shows an average boundary layer impact of 2.8 % and a
maximum of 5.2 % resulting in an AEP loss of less than 0.2 % for the
investigated average wind speeds between 6m/s and 9m/s. In
contrast to the clean case, the heavily contaminated case shows an
average boundary layer impact of 58.9% and a maximum of 90.4 %.
This results in a significant AEP loss between 4.7 % and 2.7 % for the
investigated average wind speeds, which is equivalent to an energy
loss of up to 245MWh.

The presented methodology can be used as the basis for an
automated method to assess the need for rotor blade cleaning or
12
repair based on the individual wind turbine's economic case.
Furthermore, based on a statistical evaluation, the method can be
used to obtain more reliable data on the AEP influence of seasonal
and progressing leading edge contamination. For this reason, future
work should be a long-term field measurement campaign to cap-
ture the measured seasonal impact of boundary layer flow distur-
bances due to contamination and to correlate this informationwith
the environmental conditions and performance data of the wind
turbine. This will provide a deeper understanding of the perfor-
mance losses due to the LEC.
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