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ABSTRACT

The effects of the erosion present on the leading edge of a wind turbine airfoil (DU 96-W-180) on its aerodynamic
performances have been investigated numerically in the framework of a SST k–ω turbulence model based on the
Reynolds Averaged Navier-Stokes equations (RANS). The results indicate that when sand-induced holes and
small pits are involved as leading edge wear features, they have a minimal influence on the lift and drag coeffi-
cients of the airfoil. However, if delamination occurs in the same airfoil region, it significantly impacts the lift and
resistance characteristics of the airfoil. Specifically, as the angle of attack grows, there is a significant decrease in
the lift coefficient accompanied by a sharp increase in the drag coefficient. As wear intensifies, these effects gra-
dually increase. Moreover, the leading edge wear can exacerbate flow separation near the trailing edge suction
surface of the airfoil and cause forward displacement of the separation point.
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1 Introduction

Wind turbines often operate in harsh natural environments, so the surfaces of their blades are inevitably
eroded by particles such as dust, acid rain, hail and arthropod erosion, especially on the leading edge [1].
Over time, the corrosion on the leading edge of the airfoil becomes increasingly serious and the surface
roughness increases gradually. Studies have shown that increasing the roughness of the leading edge
greatly decreases the aerodynamic characteristics of blade [2] by decreasing the lift coefficient and
increasing the drag coefficient [3]. This decrease in the aerodynamic performance has been shown to
decrease the output power of a wind turbine by up to 25% [4]. Castorrini et al. [5] used standardized
Euclidean distances to fuse the multi-feature parameters of an image grey-level covariance matrix (i.e.,
grey-level covariance matrix or GLCM) and constructed a degradation metric for evaluating and
screening defects in wind turbine blades. Sareen et al. [6] showed that leading edge erosion reduces lift
and increases drag, thus greatly affecting the aerodynamic performance of the airfoil. Gaudern et al. [7]
also conducted wind tunnel tests and simulated various erosion depths in order to study the effect on the
aerodynamic performance of the airfoils. Gharali et al. [8] performed numerical simulations to study the
leading-edge erosion of airfoil S809, and they found that erosion width had a greater effect on the lift
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coefficient than erosion depth. Zhang et al. [9] performed numerical simulations and studied how the surface
roughness of two-dimensional airfoils and three dimensional blades affects the aerodynamic performance of
a wind turbine. Their results show that the aerodynamic performance of the airfoil is greatly affected by the
surface roughness, especially at the leading edge. Ren et al. [10] performed numerical simulations using the
two-dimensional Navier–Stokes (N–S) equation and shear stress transport (SST) k–ω turbulence model and
studied the aerodynamic characteristics of the NACA63-430 airfoil. Their results showed that increasing the
roughness intensified the transition and flow separation of the turbulence layer in the flow direction. A
dynamic model of rain and a dynamic model of hail were constructed and numerically simulated in order
to study the effect of hail on the leading edge by Keegan et al. [11]. Zhang et al. [12] experimentally
investigated the factors affecting raindrop erosion and found that the relative velocity and frequency of
raindrops impacting the blade surface had the greatest effect on the erosion rate. Jiang [13] used
computational fluid dynamics (CFD) to analyze the effects of light ice and frost ice on the aerodynamic
performance of airfoils. Their results showed that, over a range of angles of attack, frost ice has little
effect on the lift coefficient, but slightly reduces the lift-to-drag ratio. Li et al. [14] found that surface
pollution reduces the aerodynamic characteristics of the blade, reducing the lift coefficient by up to 35%.
Overall, most studies on the effect of leading edge roughness on the aerodynamic performance of wind
turbines consider the roughness caused by blade surface icing, dust, and insect accumulation (i.e.,
material is added). However, little research has been done on the effects of wing leading edge erosion
(i.e., material is removed) [15,16]. At present, most tests of wind turbine blades have focused on studying
their mechanical properties, and research on the effects of erosion is still in the early stages [17,18]. Some
studies have used the loss of blade mass with different erosion times as an image marker and applied
neural networks to predict the effects of erosion [19–22].

The fatigue life of wind turbine blades directly determines the service life and energy conversion
efficiency of the entire system [23,24]. Under normal operating conditions, wind turbine blades are
subjected to complex loads of varying amplitudes due to the nonlinear superposition of centrifugal,
aerodynamic, and inertial forces [25,26]. In this study, a numerical analysis of a DU 96-W-180 airfoil
was carried out to investigate the effect of different stages of leading edge erosion on the aerodynamic
performance, including lift and drag characteristics, flow characteristics, and the flow field around the
airfoil [27–29].

2 Numerical Model

2.1 Study Object and Geometric Model of Leading Edge Erosion
The study object was a DU 96-W-180 airfoil designed by the University of Delft in the Netherlands. This

airfoil is often used to represent the sharp end of a wind turbine blade, and it has a relative thickness of 18%
[30]. For comparison with the literature, the airfoil chord length was set to 0.457 m to match the model used
in the wind tunnel tests.The geometry of the DU 96-W-180 wing was shown in Fig. 1.

Fig. 2 shows pictures of blades eroded after more than 1, 2, and 10 years of service in a wind farm in
Northern China (provided by the company 3M). After 1 year, holes appeared on the leading edge due to sand
particles. After 2 years, the holes had developed into larger and deeper pits. As the number of holes and pits
increased, material fell off the leading edge over large areas, which is called delamination. Delamination first

Figure 1: DU 96-W-180 airfoil geometry
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appeared at the leading edge and gradually expanded along the string line over time. The first and most
serious erosion occurred at the leading edge, after which parts near the leading edge wore down. After
10 years, the eroded area had expanded to the trailing edge of the blade.

According to Shin’s equivalent particle roughness height model [31], the icing process of a wind turbine
blade depends on convective heat transfer, which in turn is affected by surface roughness. If the model is
applied to the entire airfoil, the empirical formula can be revised as follows:
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Figure 2: Erosion of blades according to service life
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where (ks/c)base = 0.001177, ks is the surface roughness height,MVD is the median diameter of a water drop,
LWC is the liquid water content, Ts is the ambient temperature, and c is the airfoil chord length.

Based on the pictures of wind turbine blades at different erosion stages shown in Fig. 1, the erosion
morphology of the leading edge was defined as having three forms: pit, gouges, and delamination. The
dimensions of the pits, gouges, and delamination and their coverage on the leading edge of the airfoil
were shown in Table 1. Pits, gouges, and delamination were defined as having depths of 0.51, 2.54, and
3.81 mm, respectively, with pits and grooves having the same average diameter and depth. The coverage
area was defined as the chordal distribution range of erosion characteristics starting from the leading
edge. Erosion was classified into three types: (A) only pits; (B) pits and gouges; and (C) pits, gouges, and
delamination. Each erosion type was subdivided into three distinct erosion phases, each with twice as
many pits, gouges, and delamination cover as the previous phase. The number of holes and pits on the
pressure surface should be twice as large as on the suction surface because the degree of erosion and the
extent of erosion at the leading edge is greater than on the suction surface. Table 2 presents the details of
the erosion types and stages.

The airfoil pressure surfaces, the total number of pits and grooves on the suction surfaces, and the area
covered by delamination at each erosion stage are shown in Table 2. The degree of erosion is gradually
increasing, where the number represents the number of pits and gouges. For example, as shown in Fig. 3,
the C3 airfoil (i.e., Type C Stage 3) had one pit (1P) and one gouge (1G) on the suction surface of the
blade, two pits (2P) and two gouges (2G) on the pressure surface, and slight delamination (DL) on the
leading edge. All numerical simulations were performed at a Reynolds number of 1 × 106.

2.2 Computing Domain and Meshing
Fig. 4 shows the calculation domain. The distance between the semicircular inlet and the trailing edge

was 12.5 times the length of the string (c), and the distance between the trailing edge and exit was 15 times
the chord length. The computing domain adopted a C-shaped structure grid.

Table 1: Dimensions of erosion forms

Erosion form Depth/Diameter (mm) Leading edge coverage (mm)

Pits (P) 0.51 0–0.8

Gouges (G) 2.54 0–50.8

Delamination (DL) 3.81 0–4.57/9.14/18.29

Table 2: Characteristics of different erosion types and stages

Erosion
stage

Type A Type B Type C

Suction
surface

Pressure
surface

Suction
surface

Pressure
surface

Suction
surface

Pressure
surface

1 1P 2P – – – –

2 2P 4P 1P/1G 2P/2G – –

3 4P 8P 2P/2G 4P/4G 1P/1G/DL 2P/2G/DL

4 – – 4P/4G 8P/8G 2P/2G/DL+ 4P/4G/DL+

5 – – – – 4P/4G/DL++ 8P/8G/DL++
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In CFD-based numerical simulations, the distribution of mesh nodes affects the accuracy of the fluid
flow around the airfoil, and the gradient of the fluid velocity and pressure changes in the vicinity of the
airfoil is much larger than that in the far field. Therefore, the mesh on and around the airfoil surface was
appropriately encrypted with 913 nodes distributed in the circumferential direction of the airfoil. The
height of the first layer of the boundary layer was 0.02 mm. Increasing the mesh density greatly affected
the calculated grid displacement error of the lift coefficient Cl and drag coefficient Cd of the airfoil. The
results of the grid sensitivity analysis were presented in Table 3.

The time required for grid generation was much shorter than the simulation time, and the computational
overhead for grid encryption was almost negligible. However, the large change in the grid displacement error
highlighted the impact of grid encryption on the calculation accuracy.

2.3 Mathematical Model
Erosion damages the aerodynamic shape of an airfoil and increases its surface roughness. The change in

shape of the airfoil affects the nearby airflow. The application of the SST k-ω turbulence model can more

Figure 3: Model of erosion type C stage 3

Figure 4: Computing domain
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accurately capture the airflow state around the eroded region. Two-dimensional incompressible Reynolds-
averaged Navier–Stokes (RANS) equations were incorporated into the model to solve for turbulence and
to investigate the effect of leading edge erosion on the aerodynamic performance of the airfoil. The
viscous underflow near the wall was accurately captured by applying the SST k-ω turbulence model. The
sensitivity of the SST k-ω turbulence model to the incoming flow can be overcome by using the SST k-ω
turbulence model in the main flow region.

The unsteady and incompressible RANS equations including the turbulent pulsation kinetic energy and
dissipation rate equations are solved numerically. The mass and momentum equations as well as the
turbulence model are derived from the exact equations, but the dissipation rate equation is derived from
physical reasoning and mathematical simulations of similar prototype equations.

The balance equations for mass and momentum of turbulence model are as follows:
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where CV indicates the control volume; CS indicates the total area of the surface delimiting the control
volume; t is time; q is fluid density; vn is the velocity component along the direction perpendicular to the
external surface of the control volume; v! is flow speed; n! is the unit vector perpendicular to the
external boundary of the control volume; p is the pressure, s is the viscous stress tensor and sRe is
the Reynolds stress tensor.

The model assumes that the flow is completely turbulent and the effect of molecular viscosity is
negligible. Therefore, the equations of turbulent pulsation kinetic energy k and dissipation rate e of SST
K-ω turbulence model are as follows:
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where k is turbulent pulsation kinetic energy, m2/s2; e is the turbulent pulsation kinetic energy dissipation
rate, m2/s3; l is gas phase viscosity, Pa·s; lt is turbulence viscosity coefficient, Pa·s; Gk is the generation
term of turbulent pulsation kinetic energy caused by mean velocity gradient, kg/(m·s3); Gb is the
generation term of turbulent pulsation kinetic energy caused by buoyancy, kg/(m·s3); YM is the influence

Table 3: Grid sensitivity analysis

Maximum displacement
error

Maximum displacement
error

%

Last
iteration

5.004 First overall
encryption

5.294 −5.795

Initial grid 5.159 −3.098

Last second iteration 5.493 −9.772

2050 FDMP, 2024, vol.20, no.9



term of compressible turbulent pulsation expansion on the total dissipation rate, kg/(m·s3); rk is the turbulent
Prandtl number of turbulent pulsation kinetic energy k, usually 1.0; re is the turbulent Prandtl number of
turbulent pulsation kinetic energy dissipation rate, usually 1.3; C1e is the model constant, usually 1.44;
C2e is the model constant, usually 1.92; C3e is the model constant.

Turbulent pulsation kinetic energy is defined as

k ¼ 1

2
u0iu

0
i (8)

The kinetic energy dissipation rate of turbulent pulsation, that is, the rate at which the mechanical energy
of the isotropic small-scale vortices is converted into thermal energy, is defined as

e¼CD
k3=2

l
(9)

where CD is the empirical constant; l is the scale of turbulence length, m.

Turbulent viscosity is a function of spatial coordinates, dependent on the flow state rather than physical
parameters, and is calculated by

lt¼qCl
k2

e
(10)

where Cl is the model constant, usually 0.09.

2.4 Boundary Conditions
The inlet boundary condition was set by the velocity at the semicircular boundary ABC, as shown in

Fig. 4. The inlet air speed was determined from the effective wind speed and the running speed of the
wind turbine during the icing process. When the angle of attack was greater than zero, CD was the
entrance boundary; when the angle of attack was less than zero, AE was the entrance boundary; and
when the angle of attack was zero, the entrance boundary was at CD and AE. The inlet boundary was set
to a velocity of 23.084 m/s, with a Reynolds number of 1 × 106. The turbulence intensity was 0.05, and
the turbulence viscosity ratio was 10. The outlet boundary condition was set by the pressure at DE, as
shown in Fig. 4. The gouge pressure was zero. When the incoming flow had a positive angle of attack,
the outlet boundary was at AE; when the incoming flow had a negative angle of attack, the outlet
boundary was at CD. A solid wall with no slip was adopted for the wall boundary conditions.

3 Calculation Method and Reliability Verification

The CFD-based numerical simulation of the DU 96-W-180 airfoil employed a second-order upwind
scheme and used the SIMPLEC algorithm to couple pressure and velocity. The experimental values and
numerical simulation results of the variation of lift coefficient with angle of attack for the smooth DU 96-
W-180 airfoil were shown in Fig. 5. The experimental values were taken from Sareen et al. [6], who
performed tests in a low-turbulence subsonic wind tunnel at the University of Illinois at Urbana-
Champaign. This wind tunnel had a rectangular test section with dimensions of 0.853 m × 1.219 m and a
length of 2.438 m, and it was capable of achieving wind speeds of up to 71.53 m/s corresponding to
Reynolds numbers (Re) of 1 × 106 and 1.5 × 106. The lift and drag coefficients of the wing were
calculated by measuring the normal and axial forces on the airfoil (see literature [6] for the calculation
method). The lift and drag coefficients from the numerical simulations were in general agreement with
the experimental data. The maximum error of the lift coefficient was 7% for attack angles of −5.3° to
−10.3°. Therefore, the numerical model was concluded as reliable.
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4 Results and Analysis

4.1 Lift and Drag Characteristics
Fig. 6 compares the variation of lift, drag coefficient and lift-to-drag ratio for airfoils with different

degrees of erosion according to the variation of angle of attack. The blade wear was measured according
to GB/T 25384–2018 [32]. For the Type A airfoils (Fig. 6a), the lift force, drag coefficient, and lift–drag
ratio did not change with increasing number of pits, and the drag coefficient was slightly higher than that
of the smooth airfoil. At angles of attack of −5.3° to 0°, the lift coefficient and lift–drag ratio were almost
the same as those of the smooth airfoil. The lift and drag coefficients of the smooth airfoil decreased as
the angle of attack increased above 0°. At an angle of attack of 10.3°, the lift coefficient of the Type A
airfoils was about 2.7% less than that of the smooth airfoil.

For the Type B airfoils (Fig. 6b), the variations in the lift and drag coefficients showed similar trends as
the Type A airfoils, but the changes increased at larger angles of attack. The lift coefficient decreased and the
drag coefficient increased from the B1 airfoil to the B2 airfoil. At an angle of attack of 10.3°, the lift
coefficients of the Type B airfoils were approximately 5.8% less than that of the smooth airfoil, and the
lift–drag ratio decreased by approximately 10%.

As the angle of attack approaches 0°, for the C airfoil (Fig. 6c), the lift coefficient did not change much
compared to the smooth airfoil. As the angle of attack increased, the drag coefficient increased and the lift
coefficient decreased. When the angle of attack was greater than −2°, the decrease in the lift coefficient
became more obvious. The C2 airfoil showed a slightly lower lift coefficient and a more obvious increase
in the drag coefficient compared with the C1 airfoil. At an angle of attack is 10.3°, the lift coefficients of
the Type C airfoils were approximately 14.3% less than that of the smooth airfoil.

In summary, pits and small gouges had less of an effect on the aerodynamic performance of the airfoils.
However, delamination of the leading edge greatly decreased the lift coefficient, increased the drag
coefficient, and degraded the aerodynamic performance of the airfoil.

4.2 Flow Characteristics
Fig. 7 compares the flow diagrams of smooth and eroded airfoils at an angle of attack of 9.3°. Erosion of

the leading edge exacerbated airflow separation near the trailing edge of the suction surface, thus moved the

Figure 5: Comparison between experimental and numerical simulation results for the lift and drag
characteristics of a smooth airfoil according to the angle of attack
Note: Cl is the lift coefficient, Cd is the drag coefficient, α is the angle of attack.
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point of airflow separation forward. This increased the vortex region that formed after separation, which
decreased the lift and increased the drag of the airfoil.

When particles hit the leading edge of the wing, some of the surface material was abraded which
changed the geometry of the airfoil and affecting the surrounding airflow. Fig. 8 compares the leading
edge flow diagrams of smooth and eroded airfoils at an angle of attack of 9.3°. The airflows around the
Type A and Type B airfoils (Fig. 8b,c) were almost the same as that around the smooth airfoil (Fig. 8a),
because the aerodynamic performance was not affected by the small effect of the pits and gouges on the
boundary layer flow. The Type C airfoil (Fig. 8d) showed a clear step at the delamination boundary,
where the flow state near the leading edge was altered. Boundary layer flow separation occurred after the

Figure 6: Lift and drag characteristics of Types A, B, and C airfoils
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airflow bypassed the delamination step. The flow separation of the air flow through the suction surface of the
pressure surface and the step creates vortices in front of and behind the step. The airflow then separated and
re-adhered to the airfoil surface. These results, together with Fig. 7d, show that leading edge delamination
caused airflow to separate from the leading and trailing edges of the airfoil surface, thereby decreased the
lift force.

Figure 7: Flow diagrams of smooth and eroded airfoils for angle of attack of 9.3°

Figure 8: Leading edge flow diagrams of smooth and eroded airfoils at an angle of attack of 9.3°
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4.3 Flow Field Characteristics
The resultant force of friction stress and pressure on the airfoil surface causes lift and drag, and the

aerodynamic characteristics of the airfoil are affected by the pressure and velocity fields around the
airfoil. Therefore, the influence of leading edge erosion on the aerodynamic characteristics was analyzed
by comparing the pressure and velocity fields around the eroded and smooth airfoils. Figs. 9 and 10
compare the flow field characteristics around smooth and Type C airfoils at an angle of attack of 10°. For
the smooth airfoil (Figs. 9a and 10a), the airflow over the airfoil surface generated a stagnation point at
the leading edge where the pressure reached its maximum and the velocity reached its minimum. As the
airflow passed through this point, a shunt occurred: a portion of the flow passed through the leading edge
and flowed along the suction surface to the trailing edge, while another portion flowed downstream along
the pressure surface. The velocity of the airflow initially increased and then decreased, and it reached its
maximum at the leading edge of the airfoil. The pressure initially decreased and then increased, and it
reached its minimum at the leading edge. For the Type C airfoil (Figs. 9b and 10b), delamination greatly
changed the flow field around the airfoil, especially near the pressure surface. Steps appeared on the
surface of the airfoil, and the velocity and pressure of the airflow pulsed and accelerated at each step. As
the flow passed over a step, not only did the pressure decreasd dramatically, it increased the pressure
gradient and caused the boundary layer to separate. It also caused the separation point to move. The
pressure fields of the Type C airfoil and smooth airfoil show that leading edge delamination increased the
static pressure range of the suction surface, but the negative pressure on the pressure surface decreased
over most of the area except for a small portion behind the step, which reduced the wing lift and
increased drag.

Figure 9: Velocity flow field diagrams of smooth and eroded airfoils at an angle of attack of 9.3°

Figure 10: Pressure flow field diagrams of smooth and eroded airfoils at an angle of attack of 9.3°
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The above results show that erosion occurs first at the leading edge. With the gradual increase in the
degree of erosion, the aerodynamic performance also changes considerably, thus affecting the operation
and service life of the blade. Therefore, wind turbine blades should be designed to use more robust
materials at the leading edge, or a polyurethane protective film should be installed over blades with pits
and gouges to extend the service life.

5 Conclusion

In this study, the effect of leading edge erosion on the lift coefficient, drag coefficient and flow
characteristics of wind turbine blades was analyzed through CFD-based numerical simulations. The study
reached the following conclusions:

1) Eroded airfoils with pits and gouges had almost the same lift coefficient as smooth airfoils at angles of
attack less than 0°. As the angle of attack increased, the lift coefficient of the eroding airfoil decreased
slightly, the drag coefficient increased slightly, and the lift-to-drag ratio decreased slightly. At an angle of
attack of 10.3°, the lift–drag ratio of the eroded airfoils was approximately 10% less than that of the
smooth airfoil.

2) Delamination of the leading edge had major effects on the lift coefficient, drag coefficient, and lift–
drag ratio of the airfoils. Especially at large angles of attack, delamination caused a substantial decrease in the
lift coefficient, an increase in the drag coefficient, and a decrease in the lift–drag ratio. At an angle of attack of
10.3°, the lift–drag ratio decreased by up to 60% compared with that of the smooth airfoil. As the degree of
erosion was increased, the lift coefficient decreased, and the drag coefficient increased.

3) Erosion of the leading edge aggravated flow separation near the trailing edge of the suction surface of
the airfoil, which caused the separation point to move forward. Pits and gouges had little effect on leading-
edge airflow. However, delamination had a significant effect on airflow near the leading edge and results in a
stepped flow of air along the airfoil surface. The airflow separated around a step and then re-adhered to the
airfoil surface.
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