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Table 1 Aspects to be considered before the APM development 

Question Answer 

What is the objective of the tool? The estimation of aerodynamic performance 
considering surface status. APM is intended to be 
able to estimate airfoils not considered within the 
database. 

What kind of airfoils 
 are going to be estimated? 

Thin and thick airfoils employed in wind turbine 
blades. 

How is the roughness modelled? How will it be 
defined? What range of roughness will be covered 
on the model training? 

To be answered after specific study, Section 2. 

How is the erosion modelled? How will it be 
defined? What range of erosion severity will be 
covered on the model training? 

To be answered after specific study, Section 3.3. 

In addition of surface condition, what other 
parameters will be considered? 

Geometric parameters, Reynolds number and 
angles of attack 
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Figure 3 Comparison of the drag coefficient between two CFD models and experimental data for the NACA 63-418 airfoil in clean 

status. 

2.1.1.2 Rough condition comparison 

Figure 2 and Figure 3 showed deviations close to the stall region. Figure 4 presents the lift coefficient 
obtained for the rough case described at the beginning of this section: NACA63-418 airfoil at Reynolds 3 
million with 200 micron distributed roughness over the 3% of the upper side and 15% on lower side. 
Experimental values are depicted in blue dots. Two CFD results are also shown in the figure. Pink dots 
represent the values obtained by IWES considering the flow as fully turbulent. The difference with 
regard to the experimental values is reduced when roughness is considered, and good agreement is now 
obtained even at the stall region. If the flow is transitional, green dots, the difference between 
experimental and simulation results are also reduced.  

 
Figure 4 Lift coefficient comparison between experimental data (blue), fully turbulent flow (IWES) and transitional flow (CENER). The 

NACA 63-418 airfoil has been analysed in rough condition. 

Nevertheless, a better agreement is obtained when fully turbulent flow is considered. Therefore, it is not 
justified the increase in computational cost of the transitional model if more accurate results are 
obtained considering the flow fully turbulent. This is also the case of the drag coefficient, Figure 5. The 
transitional approach overestimates the drag at all the angles of attack considered while the fully 
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3 Blade damage during service life 

3.1 OREC blade inspections 
The Offshore Renewable Energy (ORE) Catapult, as part of the AIRE 3.3 project, has been tasked with 
providing representative changes in Annual Energy Production (AEP) for their reference experimental 
wind turbine when blade damage is reported. This assessment can be conducted both theoretically, 
using estimates, and experimentally, through the analysis of SCADA data and power curves. This report 
aims to evaluate the accuracy of both methods, detail their uncertainties, and discuss the practical 
implications of estimating AEP losses. 

Located off the Fife coast in Scotland, ORE Catapult’s Levenmouth Demonstration Turbine (LDT) is the 
world’s most advanced, open-access offshore wind turbine dedicated to R&D, shown in Figure 1. Unique 
among offshore wind testing facilities, the towering 7MW machine plays host to some of the industry’s 
most exciting innovations for testing and validation. 

 
Figure 9. ORE Catapult’s ’ 7MW offshore wind turbine at Levenmouth. 

Since 2021, LDT has been the focus of various leading-edge protection (LEP) studies. This has included 
characterisation of LEP’s in the rain erosion test (RET) rig and further assessment of in-situ performance 
over the years of installation on LDT using drone inspections. Figure 10 provides an example of a drone 
image showing the leading edge with instances of erosion. Such high-detail imagery allows for zooming 
in on points of interest, supporting the assessment of the erosion stage (category) and position, which 
are crucial inputs for modelling and comparison with RET results. 

 
Figure 10. Example image of LDT blade with erosion 
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Through these initiatives, ORE Catapult aims to advance understanding and improve methodologies for 
estimating and mitigating AEP losses due to blade damage, thereby enhancing the reliability and 
efficiency of wind energy production. 

3.1.1 Methodology for Evaluating Erosion Power Performance Losses 
This study will compare and evaluate the effectiveness of estimated power loss from leading edge 
erosion (LEE) or generally leading-edge roughness (LER), against actual power loss. DTU’s aerodynamic 
tool, SALT, is used to predict LER losses, using defect characterisation from drone inspection as inputs. 
SCADA data from LDT will reveal actual losses from LER and a discussion will explore the validity of this 
method. 

3.1.1.1 SALT Tool 

As described by DTU: SALT is a fast BEM-based tool to predict the loss in annual energy production for a 
wind turbine, due to aerodynamic deterioration of different spanwise sections of its blades. It relies on a 
simplified BEM model to compute the aerodynamic performance of the rotor and perturbs the sectional lift 
coefficient and lift-to-drag ratio to assess the losses. 

This calculation tool is initially made to predict the annual aerodynamic energy loss relative to the starting 
point. 

The motivation to formulate this model is that wind turbine owners neither have much information about the 
wind turbine nor information about the real surface conditions of the blades - apart from photos from 
inspections. 

Therefore, this tool only requires a few parameters: Rated power, rotor radius, air density, Weibull parameters 
A and k and categories describing the surface conditions of each blade. The remaining parameters required to 
describe the rotor operation is assumed. 

Figure 11, a screen grab from the SALT tool displays operational and environmental inputs for the LDT 
study. Environmental inputs include the Weibull parameter (c) of 6.67 m/s, which is obtained from LDT’s 
anemometers, and the Weibull coefficient (k) remains at the standard value of 2. Operational inputs 
consist of the rated power of 7 MW, blade radius of 85.6 m, constant air density of 1.223 kg/m^3, 
maximum tip speed of 95 m/s derived from turbine rpm data and radius, a standard drive train efficiency 
of 0.94, and standard aerofoil cl/cd values. 

 

 

 

 

 

 

 

 

 

 

 
Figure 11. Operational and environmental 

inputs into SALT to compute theoretical clean 
power performance and theoretical LER 

power performance (screen grab from SALT) 
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Figure 14. Blade A-C erosion states along the LEP length of 62m to 85.6m at the tip (screen grab from SALT) 

3.1.1.2 Power Curve generation from LDT SCADA 

The methodology for deriving the power curve based on real LDT SCADA data has followed the IEC 
61400-12-1 standard. However, due to the nature of LDT, its use as a demonstrator turbine and the 
significant period of curtailment, hours out of operation and operation in experimental states, there is a 
significant amount of further data filtering required, to obtain a power curve that represents LDT at 
optimal performance. Figure 15 displays the original, unfiltered data for the dates of the analysed erosion 
damage and when the turbine was expected to be free of erosion close to its installation in 2017. 
Specifically, LER true data was collected from 01/07/23 to 01/11/23, and clean true data was collected 
close to the installation of LDT from 01/04/17 to 01/08/17. These dates were chosen because the turbine 
experienced significant downtime after 08/17, so the same time of year could not be used. 

As anticipated, the data reveals significant data points below the power curve, rendering the calculated 
power curve unusable. Wind speeds are recorded from a hub height anemometer at the onsite met mast, 
the uncertainty of which will be discussed in the results section, and power is obtained from the LDT 
SCADA system. 
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an erosion front from tip to root, the newer coatings trialled on LDT demonstrate defect-driven erosion. 
This means that small inconsistencies in the material or application procedures lead to erosion that does 
not follow the typical pattern. Instead of growing towards the root, the individual defects grow into the 
blade composite. 

 Figure 17. Maximum AEP loss during LER derived by SALT tool 

Power Curve Comparison and Analysis 

The theoretically derived power curves for LER and clean states using the SALT tool were compared 
against the actual power curves derived from LDT SCADA data for the same states. The results are 
shown in Figure 18. 

Comparison of SALT Tool Curves: 

The SALT tool's results indicate minimal differences between the LER and clean states. The LER power 
curve slightly trails behind the clean power curve, suggesting a minor impact of leading-edge roughness 
on the turbine's aerodynamic performance in the theoretical model. This minimal lag indicates that, 
under the idealised conditions simulated by the SALT tool, the presence of LER causes only a slight 
decrease in power output. 

Comparison of True Data Curves: 

In contrast, the true data curves derived from SCADA data exhibit an unexpected pattern: the LER state 
appears to generate more power than the clean state. This is contrary to aerodynamic principles and 
literature, as LER typically increases drag and reduces lift, leading to lower power output. This 
discrepancy highlights potential uncertainties in the data, likely due to the sensitivity of the SCADA-
based power curve generation methodology to small uncertainties and errors in measurement. 

Accuracy and Limitations of Anemometers: 

According to IEC 61400-12-1 standards, anemometers are deemed sufficient for wind speed 
measurement. However, they lack the necessary fidelity to accurately assess small AEP losses, such as 
the 1.24% reduction attributed to LER. The precision required to detect such minor losses is beyond the 
capability of traditional anemometer-based measurements, necessitating the exploration of more 
accurate methods such as lidar data, which offers higher resolution and accuracy in wind speed and 
direction measurements. 

Impact of Vortex Generators: 

During the period when LER data was collected, LDT conducted trials with vortex generators. These 
devices are designed to improve aerodynamic performance by delaying flow separation on the blade 
surfaces, thereby enhancing lift and reducing drag. The expected gain in AEP from using vortex 
generators is approximately 1-3%. This potential increase could explain why the LER power curve is 
observed to be higher than the clean power curve in the true data, as the benefits of the vortex generators 
might be masking the negative effects of LER. 
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Figure 18. Results: SALT results plotted with in-situ results 

3.1.3 Conclusion 
It is concluded that small AEP losses due to blade erosion cannot be accurately monitored using SCADA-
based power curve analysis, given the uncertainty in power measurements. The discrepancies between 
the SALT tool and SCADA-derived power curves can be attributed to the idealised conditions assumed 
by the SALT tool, which generally align with the outermost data points of the true data. 

Despite the limitations of SCADA data in erosion monitoring, the SALT tool remains valuable for 
operational and maintenance (O&M) teams. If inspection images can be labelled for erosion defects and 
automatically integrated into the SALT tool, it can provide estimations of AEP losses due to LER. 
Tracking changes in these values over multiple inspections can guide decision-making based on tangible 
monetary losses rather than only drone inspection images. It is vitally important that the categorisation 
of LER remains constant throughout this process. 

Future work should focus on integrating higher fidelity measurement tools, such as lidar, into the power 
curve analysis process to improve accuracy in detecting small performance losses. Additionally, further 
validation of the SALT tool with real-world data and more modern LEPs under various operational 
conditions will help refine its predictive accuracy and enhance its utility for O&M decision-making. 
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At angles lower than 3 the influence of the considered erosions is negligible on the lift coefficient. 
However, differences arise at higher angles of attack and close to the stall region. Table 1 presents the 
parameters most influenced by the erosion. It can be seen that the maximum lift is reduced up to a 34.4% 
from the clean condition on case 6. This reduction, together with the increase of the drag coefficient 
provoke the reduction of the efficiency. Again, case 6 is the most affected by the erosion resulting in a 
43.6% decrease of the efficiency. The erosion also provokes a shift on the angle of attack at where the 
maximum efficiency is obtained as shown in Figure 28. 
Table 7 Influence of the erosion on maximum lift, stall angle, maximum efficiency and the angle at which occurs. 

Case Clean 1 
(reference) 

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 

Maximum lift 1.187 -15.6 % -11.2 % -27.9 % -27.7 % -29.2 % -34.4 % 

AoA of stall 10 9 9 7 8 8 8 

Maximum efficiency 78.06 -14.5 % -13.2 % -24.7 % -30.9 % -29.9 % -43.6 % 

AoA of max. efficiency 7 6 6 4 4 4 4 

Figure 27 Comparison of the lift curves at Reynolds 6 million with different levels of erosion. 

Figure 28 Comparison of the efficiency curves at Reynolds 6 million with different levels of erosion. 
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Figure 30 Reynolds number distribution over the blade span of the NREL 5MW research wind turbine. 
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of 10000 iterations is reached. The following restrictions are considered: 
a. First and last control points of each curve are coincident with the initial and final points 

of the original curve. 
b. To ensure a smooth trailing edge, the second control point is forced to be on the vertical 

direction of the first one. 
4. Each one of the control points are defined by its longitudinal and vertical positions. 

The main reason to consider this parametrization is that a similar parametrization is implemented in 
CENER’s arifoilDT. This would facilitate the coupling between both tools allowing to employ the APM as 
the aerodynamic module responsible for the performance evaluation.  

To determine the appropriate degree of the Bezier curves, a comparison between two approaches has 
been made. The first one employs a 3rd degree fitting of the camber curve and a 4th degree of the thickness 
one. The other employs a 5th degree fitting of both curves. Both approaches were compared with 
NACA63-418 and CA00121 airfoils.  

Figure 33 shows the parametrization of the camber (upper figure) and thickness (lower figure) for the 
NACA63-418 airfoil. This airfoil has simple camber and thickness curves with no inflexion points and no 
abrupt changes of curvature. The results from the first approach are depicted on pink, using a 3rd degree 
Bezier curve for camber and 4th for thickness. On green, the results from second approaches using a 5th 
degree curve for both curves are plotted on green. Solid blue line represents the original curves and solid 
pink, and green lines represent the fitted curve with approaches 1 and 2 respectively. The dotted lines 
with circles represent the control points of the respective Bezier curves. Because the simplicity of the 
original curves, both approaches result in a satisfactory fit of the original curve. This is not the case of 
CA00121 airfoil. 

Figure 33 Parametrization of the NACA63-418 airfoil with Bezier curves. Two approaches are compared, approach 1 employs 4 control 
points while approach 2 employs 6. 

The CA00121 airfoil was designed by CENER aiming to obtain an increased efficiency with no abrupt 
decrease of the efficiency close to the design angle of attack. This resulted in more complex camber and 
thickness curves with changes of curvature of the curves. Figure 34 compares the resulting 
parametrizations. Lines are depicted as in Figure 33. While both approaches are able to represent 
adequately the thickness curve, a 4th degree curve is able to represent the two inflection points, the 
approach 1 catastrophically fails to represent the camber curve. As can be seen in the upper plot of Figure 
34, the obtained second and third control points result in a miss-representation of the camber curve.  
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on Figure 37 have a maximum value of 33% meaning that all clean simulations are converged even 
though only 63 clean simulations are computed by airfoil. 

It can be seen on Figure 26 that the airfoils with lower convergence are: AG25, BQM34, LWK-80-100, 
OAF139 and WORTMANN-FX082. These five airfoils have a thickness lower than 14%. The average 
percentage of convergence per Reynolds are 29.75%, 30.2% and 30.8 % for Reynolds 6, 9 and 12 million. A 
similar rate of convergence is obtained for all three Reynolds numbers. 

As stated in Section 3.3, the computational grids of the eroded conditions are complex to obtain. 
Therefore, a thorough quality verification of the grids is made. Airfoils AH94-W-301, ARAD20, BQM34, 
LWK-80-100, PW75 and S828 present a geometry that did not allowed to model the erosion adequately 
and therefore this condition was not simulated resulting in a zero-convergence percentage on Figure 
37. A 32.2% (maximum is 33.33%) of the clean simulations are converged while only a 25% of the eroded 
ones achieved convergence. This behaviour was expected as the flow becomes more complex and 
unsteady. The convergence of roughness simulations is 31%. This means that a 96.6 %, a 93% and a 75% 
of the angles of attack are converged of the clean, rough and eroded conditions. 

The simulated angles of attack have been grouped in 4 ranges with a step size of 5 degrees. It must be 
noted that this results in a maximum value of convergence per range of 25%. As expected, higher angles 
of attack which are closer to or into the stall region present the lower rate of convergence, 18%. Again, 
the lower convergence is achieved on airfoils AG25, BQM34, LWK-80-100, OAF139 and WORTMANN-
FX082. Their convergence at higher angles of attack is lower of 2.5%. The other three ranges present 
adequate convergence rates of 23.8 %, 24.8% and 23.6%.  

Figure 36 Percentage of converged simulations grouped by Reynolds number. 
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