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ABSTRACT

This paper presents results of a study to investigate the effect of leading edge erosion on the aerodynamic performance

of a wind turbine airfoil. The tests were conducted on the DU 96-W-180 wind turbine airfoil at three Reynolds numbers

between 1 million and 1.85 million, and angles of attack spanning the nominal low drag range of the airfoil. The airfoil was

tested with simulated leading edge erosion by varying both the type and severity of the erosion to investigate the loss in

performance due to an eroded leading edge. Tests were also run with simulated bugs on the airfoil to assess the impact of

insect accretion on airfoil performance. The objective was to develop a baseline understanding of the aerodynamic effects

of varying levels of leading edge erosion and to quantify their relative impact on airfoil performance. Results show that

leading edge erosion can produce substantial airfoil performance degradation, yielding a large increase in drag coupled

with a significant loss in lift near the upper corner of the drag polar, which is key to maximizing wind turbine energy

production. Copyright © 2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Wind turbine blades are exposed to precipitation that occurs in a variety of forms and myriad abrasive airborne particles that

can, over time, erode their surfaces, particularly at the leading edge. These airborne particles can cause significant blade

erosion damage that reduces aerodynamic performance and hence, energy capture. Moreover in some environments, insect

debris and other airborne particles can accrete on the leading edges of wind turbine blades. Leading edge blade erosion

and debris accretion and contamination can dramatically reduce blade performance particularly in the high-speed rotor tip

region that is crucial to optimum blade performance and energy capture.

The erosion process on wind turbine blades typically starts with the formation of small pits near the leading edge, which

increase in density with time and combine to form gouges. If left to the forces of nature, the gouges then grow in size and

density, and combine to cause delamination near the leading edge. As an example, Figure 1 shows the extent of damage

that leading edge erosion can cause on wind turbine blades in service. Figure 1(a) shows a blade with pits and gouges near

the leading edge, whereas Figure 1(b) shows a much older blade with delamination over the entire leading edge.

Although the detrimental nature of leading edge erosion is well known across the industry, few efforts have been made

to quantify the effect of erosion on wind turbine performance. Previous studies1–7 have been focused on the accretion of

ice, dust, insect debris and leading edge roughness in general on wind turbine blades and not on blade erosion. Addition-

ally, a majority of these studies have been qualitative in nature with not much data presented on the effect of the accretion

on wind turbine performance. Nearly all previous studies8,9 dealing with erosion have used a roughness strip or a zigzag

tape applied near the leading edge of the airfoil to simulate surface contamination. Although this approach is widely used

because of its simplicity, it does not accurately model leading edge erosion on an actual wind turbine blade, where the

shape modification is actually ‘negative’, that is, eroded away.

The objective of this study was to test a wind turbine airfoil with shape modifications to simulate leading edge erosion

going through the evolutionary stages of development. The surface erosion was modeled by observing photographic records
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(a) (b)

Figure 1. Photographs of wind turbine blades affected by leading edge erosion with (a) pits and gouges, and (b) leading edge

delamination (courtesy of 3M).

of wind turbine blades in operation and eroded blades undergoing repair. The goal was to develop a baseline understanding

of the aerodynamic effects of various types and magnitudes of leading edge erosion and to quantify their relative impact on

airfoil performance. The ultimate aim of conducting the study was to examine the potential detrimental effects of leading

edge erosion and consequently, the need for continued development of erosion mitigation strategies.

2. APPROACH AND EXPERIMENTAL METHODS

2.1. Wind tunnel facility

Testing was conducted in the University of Illinois at Urbana-Champaign low-turbulence subsonic wind tunnel shown

schematically in Figure 2. The wind tunnel is an open-return type with a 7.5:1 contraction ratio. The rectangular test sec-

tion is 0.853�1.219 m (2.8�4.0 ft) in cross section and 2.438 m (8 ft) long. Over the length of the test section, the width

increases by approximately 1.27 cm (0:5 in) to account for boundary-layer growth along the wind tunnel side walls. Test-

section speeds are variable up to 71.53 m/s (160 mph) via a 93.25 kW (125 hp) alternating-current electric motor driving a

five-bladed fan. The tunnel settling chamber contains a 10.16 cm (4 in) thick honeycomb and four anti-turbulence screens.

The maximum Reynolds number that can be reached is 4.92 million/m (1.5 million/ft).

The airspeed and dynamic pressure in the test section were determined by static pressure measurements in the wind

tunnel contraction. Ambient pressure was measured with an absolute pressure transducer. Ambient temperature was mea-

sured with a thermocouple. The axial force, normal force and pitching moment of the airfoil were measured using a

three-component external force and moment balance mounted underneath the test section. The model was mounted with

the spanwise axis in the vertical direction.

Lift and drag were calculated from the normal and axial forces, but a more accurate drag value was determined from

wake rake measurements. The rake contained 59 total pressure probes over a total width of 24.77 cm (9:75 in). Seven

probes on each of the outer sides of the rake were spaced 6.86 mm (0:27 in) apart, and the remaining inner 45 probes were
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Inlet

Figure 2. Schematic of the University of Illinois at Urbana-Champaign low-turbulence subsonic wind tunnel.
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spaced 3.43 mm (0:135 in) apart. Eight spanwise wake profiles were measured for each angle of attack starting 10.16 cm

(4 in) above and ending 7.62 cm (3 in) below center span, and the resulting local drag values were averaged. Only wake

rake drag measurements are reported in this paper. All measurements were corrected for wind tunnel effects and validated

by comparing data taken for an S809 airfoil model with data taken at Delft and The Ohio State University.1

2.2. Erosion models and test plan

The first step in modeling erosion was to understand how erosion develops on wind turbine blades, for which photographs

of eroded blades provided by 3M were used. The photographic data set collected by 3M from wind power plant operators

covered a range of rotor blade sizes (up to and including megawatt-scale rotors) that had been in operation for 1 year to

10+ years. The photographs revealed that the erosion process starts with the formation of small pits near the leading edge

of the blade. As the density of the pits increases with time, they combine to form larger and deeper gouges. This process

continues until it ultimately results in delamination centered around the leading edge. The delamination, which starts at the

leading edge and grows in its chordwise extent with time, is the final stage of the erosion process. Two important obser-

vations were made from the photographs and available literature. Firstly, the density of pits and gouges is maximum near

the leading edge and decreases in the chordwise direction. Secondly, there is greater impingement (and therefore greater

erosion) on the lower surface because the local average angle of attack is positive for a wind turbine in operation.

Based on the above erosion process, the wind tunnel model was tested with three different types of erosion features:

pits, gouges and leading edge delamination. Tests were first run with pits (Type A), then with pits and gouges (Type B)

and finally with pits, gouges and leading edge delamination (Type C) to simulate the erosion process. The degree of each

type of erosion was also varied in stages, with each successive stage having approximately twice the number of pits and

gouges and twice the extent of delamination as the previous one. The size (depth and diameter) and chordwise extent of the

pits, gouges and leading edge delamination were based on scaled-down estimates obtained from the photographs of eroded

wind turbine blades provided by 3M (Table I). The depth of the pits, gouges and leading edge delamination was set to be

0.51 mm (0.02 in), 2.54 mm (0.10 in) and 3.81 mm (0.15 in), respectively. The average diameter of the pits and gouges was

set to be the same as the depth. To account for the differences in the magnitude and chordwise extent of the erosion features

on the upper as compared with the lower surface, a ratio of 1:1.3 was used. The ratio was chosen based on observations

from the photographic data. Based on this ratio, the chordwise extent of the pits and gouges was fixed for all cases at s=c �

10% on the upper surface and s=c � 13% on the lower surface, and the number of pits and gouges on the lower surface

was set to be 1.3 times that on the upper surface. Using the same ratio, the extent of the leading edge delamination was set

to s=c � 1%, 2% and 3% on the upper surface and s=c � 1.3%, 2.6% and 3.9% on the lower surface.

Table II shows the test matrix listing the number of pits and gouges (over the entire model span) and the degree of

leading edge delamination on the upper surface of the wind tunnel model for each case (type and stage) tested. As men-

tioned previously, the number of pits and gouges on the lower surface was 1.3 times those for the upper surface listed in

Table II. Moving left-to-right in the table progresses from one type of erosion to the next and moving down along a column

progresses from a lower to higher stage (higher degradation). The number of pits (P ), number of gouges (G) and extent

of delamination (DL) for each case is separated with a slash and listed in the aforementioned order. For example, the

Type C/Stage 3 (C3) erosion case had 400 pits and 200 gouges on the upper surface (520 pits and 260 gouges on the lower

surface) and light leading edge delamination. Similarly, the Type C/Stage 4 (C4) case had 800 pits and 400 gouges on the

upper surface (1040 pits and 520 gouges on the lower surface) and moderate leading edge delamination. Each configuration

Table I. Specifications of the nominal erosion features.

Feature Depth/Diameter Leading edge coverage

Pits (P) 0.51 mm (0.02 in) 0–50.8 mm (0–2 in)

Gouges (G) 2.54 mm (0.10 in) 0–50.8 mm (0–2 in)

Delamination (DL) 3.81 mm (0.15 in) 0–4.57/9.14/18.29 mm (0–0.18/0.36/0.72 in)

Table II. Test matrix with the approximate number of pits (P), number

of gouges (G), and magnitude of leading edge delamination (DL) on the

upper surface of the erosion model for each case tested.

Type A Type B Type C

Stage 1 100P — —

Stage 2 200P 200P/100G —

Stage 3 400P 400P/200G 400P/200G/DL

Stage 4 — 800P/400G 800P/400G/DLC

Stage 5 — — 1600P/800G/DL C C
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(type and stage) was tested at three Reynolds numbers: Re D 1,000,000, 1,500,000 and 1,850,000. All of the cases that

were tested were representative of actual observations and based on erosion data and photographs from 3M.

The airfoil used for the tests was the DU 96-W-180. The DU 96-W-180 is an 18% thick airfoil designed at Delft Uni-

versity, Netherlands.10 It was designed to be used at the 75% blade station. In addition to being used on wind turbines in

operation, it is actively used in wind energy research and found in literature.10–12 To fill the test matrix in Table II, two

wind tunnel models were used for the tests. The models had a span of 0.851 m (33:5 in) with a 0.457 m (18 in) chord.

Erosion was slowly applied to the models starting with Type A, and moving on to Type B and then Type C. After each

model was tested for a particular case, it was returned to the model shop, eroded to the next stage and re-tested. Using the

two wind tunnel models, the process continued until all the cases were covered.

The locations of the erosion features on the models were based on a Gaussian distribution with maximum impingement

near the leading edge of the airfoil. This distribution was similar to what would be observed on an eroded wind turbine

blade. An illustration showing the distribution of the pits, gouges and the extent of the leading edge delamination was gen-

erated for each model, which the model maker then used as a reference and mimicked the erosion distribution on the actual

airfoil. Figure 3 shows one such exemplar for the C3 erosion model, with the corresponding distribution of erosion features

on the upper and lower surfaces over an 80 mm (3.15 in) span from 0–13% s=c. The model maker was given drawings that
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Figure 3. Illustration showing the Type C/Stage 3 (C3) nominal erosion pattern with pits, gouges and leading edge delamination on

the (a) upper and (b) lower surface of the DU 96-W-180 erosion model over an 80 mm (3.15 in) span from 0–13% s=c.

Figure 4. Photograph of the DU 96-W-180 wind tunnel model with Type C/Stage 3 leading edge erosion.
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covered the entire span with a unique non-repeating distribution. Figure 4 shows an image of the actual C3 erosion model

corresponding to the case shown in Figure 3. Similar photographs were recorded for each erosion model.

In addition to the three types of erosion, the airfoil was also tested with simulated bug strikes by applying a special

0.0035 in (0.09 mm) thick 3M tape cut into small pieces and applied near the leading edge of the wind tunnel model.

Simulated bugs were added to the clean airfoil in two stages; the first stage having 35 discrete elements over the entire

33.5 in (0.851 m) span, and the second having 75. Simulated bugs were also added to the model with pits (A1 with 35 bugs

and A2 with 75 bugs) to assess the combined effects of both erosion and bugs.

3. RESULTS AND DISCUSSION

This section discusses results of the simulated leading edge erosion and bug tests on the DU 96-W-180 airfoil. Drag polars

and lift curves for the different cases along with the percentage increase in drag for each erosion case are shown.

3.1. Clean airfoil

Before testing the DU 96-W-180 airfoil with leading edge erosion, a baseline needed to be determined against which the

effect of the leading edge erosion would be compared. Figure 5 shows the performance of the clean DU 96-W-180 airfoil

0.00 0.005 0.01 0.015 0.02 0.025
−0.5

0.0

0.5

1.0

1.5

C
d

C
l

Re = 1,000,000

Re = 1,500,000

Re = 1,850,000

DU 96−W−180

Clean

−10 0 10 20
−0.5

0.0

0.5

1.0

1.5

2.0

α (deg)

C
l

C
m

0.1

0.0

−0.1

−0.2

−0.3

−0.4

Figure 5. Airfoil characteristics for the clean DU 96-W-180 at the three Reynolds numbers.
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Figure 6. Effect of Type A leading edge erosion on the performance of the DU 96-W-180 airfoil and the resulting percentage increase

in drag at Re D 1,000,000.
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at the three Reynolds numbers. This data set provided the baseline used to measure the effect of leading edge erosion on

the airfoil performance.

3.2. Leading edge erosion

After testing the clean airfoil to obtain the baseline, the erosion models were each tested based on the previously discussed

test matrix (Table II). Figures 6–8 show the drag polar, lift curve and quarter-chord pitching moment coefficient for ero-

sion models A1, A2 and A3 compared with the clean airfoil at the three Reynolds numbers. The figures also compare the

percentage increase in drag due to leading edge erosion for the three cases. The �Cd values were calculated by using the
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Figure 7. Effect of Type A leading edge erosion on the performance of the DU 96-W-180 airfoil and the resulting percentage increase

in drag at Re D 1,500,000.
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Figure 8. Effect of the Type A leading edge erosion on the performance of the DU 96-W-180 airfoil and the resulting percentage

increase in drag at Re D 1,850,000.
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clean airfoil as the baseline. The plots show that whereas the first stage of Type A erosion has little impact on the airfoil

drag, the detrimental effect of leading edge erosion grows rapidly as the erosion progresses on to Stages 2 and 3. In addition

to the increase in drag, the lift curves for these cases also show a significant decrement in lift coefficient at higher angles

of attack near .Cl =Cd /max when clean.

Figures 9–11 and 12–14 show the measurements for erosion cases B2, B3 and B4, and cases C3, C4 and C5, respectively.

The plots show similar trends as those for Type A erosion, with the magnitude of degradation in performance increasing

progressively as the number of pits, gouges and extent of leading edge delamination increases. The effect of bug strikes on
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Figure 9. Effect of Type B leading edge erosion on the performance of the DU 96-W-180 airfoil and the resulting percentage increase

in drag at Re D 1,000,000.
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Figure 10. Effect of Type B leading edge erosion on the performance of the DU 96-W-180 airfoil and the resulting percentage increase

in drag at Re D 1,500,000.
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Figure 11. Effect of Type B leading edge erosion on the performance of the DU 96-W-180 airfoil and the resulting percentage increase

in drag at Re D 1,850,000.
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Figure 12. Effect of Type C leading edge erosion on the performance of the DU 96-W-180 airfoil and the resulting percentage increase

in drag at Re D 1,000,000.

the airfoil performance can be seen in Figures 15 and 16. Figure 15 shows the drag polar and lift curve for an airfoil with

only bugs. Figure 16 shows the combined effects of both bugs and leading edge erosion on the airfoil. The measurements

show that bugs can also significantly degrade airfoil performance, both in terms of lift and drag.

3.3. Effects on wind turbine performance

Table III summarizes the detrimental effect of leading edge erosion on the performance of the DU 96-W-180 airfoil. The

table lists the percentage increase in drag and the decrement in lift coefficient due to erosion for all cases tested. These losses
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Figure 13. Effect of Type C leading edge erosion on the performance of the DU 96-W-180 airfoil and the resulting percentage increase

in drag at Re D 1,500,000.
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Figure 14. Effect of Type C leading edge erosion on the performance of the DU 96-W-180 airfoil and the resulting percentage increase

in drag at Re D 1,850,000.

correspond to a typical variable-speed wind turbine operating condition, that is, near the clean .Cl =Cd /max operating point.

The table also shows the predicted loss in annual energy production (AEP) for erosion models A2, B3 and C4. The data is

based on an analysis carried out to estimate the potential loss in performance for a wind turbine with similar leading edge

erosion on its blades. The design and analysis was carried out by using the wind turbine design code PROPID.13 The wind

turbine was modeled on a 2.5 MW class turbine and analysed in clean and rough (degraded) conditions to estimate the loss

in AEP due to erosion and soiling. Since the Reynolds numbers for a 2.5 MW wind turbine are significantly higher, the

analysis was carried out only to estimate the effect on power when assuming the same losses. For all cases, the controller

was active in the sense that rotor power reached the rated power of 2.5 MW, albeit at different wind speeds owing to varying
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Figure 15. Comparison of the drag polar and lift curve of the clean DU 96-W-180 airfoil and airfoil with bugs at Re D 1,500,000.

0.00 0.005 0.01 0.015 0.02 0.025
−0.5

0.0

0.5

1.0

1.5

C
d

C
l

Clean

Stage 1

Stage 2

Stage 1 + Bugs

Stage 2 + Bugs

DU 96−W−180

Erosion, Bugs Comparison (Type A)

Re=1,500,000

−10 0 10 20
−0.5

0.0

0.5

1.0

1.5

2.0

α (deg)

C
l

C
m

0.1

0.0

−0.1

−0.2

−0.3

−0.4

Figure 16. Comparison of the drag polar and lift curve of the clean DU 96-W-180 airfoil and erosion cases A1 and A2 with and without

bugs at Re D 1,500,000.

degrees of degradation. The degradation in airfoil performance was applied along the entire blade, but the majority of the

AEP loss shown in the the table primarily derives from the outer part of the blade. In the predictions, a Weibull wind speed

distribution (k D 2) was used.

The tabulated data shows that the measured loss in performance ranges from a 6-500% increase in drag going from light

to heavy erosion. The data also shows that the increase in drag is coupled with a significant loss in lift coefficient, which

was measured to be as high as 0.17 for the worst case (C5). The AEP loss estimates reveal that even a small amount of

leading edge erosion can result in an annual energy loss of approximately 3–5%. The annual energy losses for the heavy

erosion cases with pits, gouges and delamination can approach �25%, albeit somewhat less in actual application due to a

variable distribution of erosion along the blade from hub to tip.
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Table III. Effect of leading edge erosion on wind turbine blade performance as estimated

by PROPID.

Condition �Cd �Cl
Avg wind speed AEP loss AEP loss

m/s MWh/yr (%)

A1 C6% �0.07 — — —

A2 C80% �0.12

7.05 383 �4.85

7.93 392 �4.10

8.81 384 �3.49

A3 C150% �0.15 — — —

B2 C150% �0.16 — — —

B3 C200% �0.14

7.05 902 �11.42

7.93 930 �9.73

8.81 917 �8.33

B4 C400% �0.15 — — —

C3 C150% �0.16 — — –

C4 C400% �0.15

7.05 1,858 �23.53

7.93 1,948 �20.38

8.81 1,947 �17.68

C5 C500% �0.17 — — —

4. CONCLUSIONS

The DU 96-W-180 airfoil was tested with various types and magnitudes of leading edge erosion and simulated bug strikes.

Results revealed that leading edge erosion can be significantly detrimental to airfoil performance. Data from the tests

showed a drag increase of 6–500% due to leading edge erosion (light-to-heavy erosion cases). Erosion also caused a sub-

stantial reduction in lift coefficient, especially at the higher angles of attack that are experienced by wind turbines during

their operation. Similar to leading edge erosion, simulated bugs on the leading edge also resulted in a significant degrada-

tion in airfoil performance. Based on the analysis performed using PROPID, it was estimated that an 80% increase in drag,

which was caused by a relatively small degree of leading edge erosion, can result in �5% loss in annual energy production.

For an increase in drag of 400–500% coupled with the loss in lift, as observed for many of the moderate-to-heavy erosion

cases, this loss in annual energy production could be as high as �25%. These results shed light on the detrimental effect of

leading edge erosion and the need for erosion mitigation strategies. Methods that could reduce or eliminate leading edge

erosion would help prevent losses incurred due to the degradation in performance of wind turbine blades after just a few

years in operation.
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