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In this study, the effect of different blade shapes on the aerodynamic

performance of NACA series airfoils under a wide variety of working

conditions at Reynolds number Re = 700,000 was explored. The SST k-ω

turbulence model was used for the CFD method to investigate the effect of

leading edge erosion on the aerodynamic performance of NACA series airfoils.

The results indicated that an optimal thickness range of the blade exists

considering the leading edge erosion. If the airfoil was too thin or too thick,

the leading edge erosion increased, and the aerodynamic performance was

significantly reduced. However, the aerodynamic performance will not

decrease greatly when the thickness was moderate, even if the leading edge

erosion increased. For the same airfoil, the less the leading edge erosion, the

better its aerodynamic performance will be. When the erosion degree (depth) of

the leading edge airfoil was small, the variation of the erosion size would

significantly affect the aerodynamic performance of the airfoil. When the

erosion size of the leading edge increases to a certain extent, the

performance of the blade decreases greatly compared with the original

cases, but the sensitivity of the erosion blade performance to the change of

the leading edge erosion size decreases.
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1 Introduction

The burning of fossil fuels has caused considerable greenhouse gas (GHGs) emissions.

In 2016, the greenhouse gas emissions attributed to fossil fuels accounted for 73.2% of the

49.4 billion tons of CO2 equivalent greenhouse gas emissions worldwide (Ritchie and

Roser, 2017). Greenhouse gas emissions will further increase the greenhouse effect, thus

causing climate change disasters [e.g., global warming and extreme weather (Hussain

et al., 2020)]. From the global perspective, people are shifting their focus from fossil fuel-

based energy sources to cleaner sources [e.g., solar, wind, geothermal and biomass

(Eshiemogie et al., 2022)]. Compared with other energy sources (Chien et al., 2021),

wind energy is one of the most promising clean energy sources since it is sustainable and

cost-effective.
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In the actual installation environment, the working position of

wind turbines is often arranged in northwest wind resources (e.g.,

sandstorm and coastal typhoon frequency areas). The above areas

are characterized by dust caused by drought (Dong et al., 2019;

Wang et al., 2021), hailstones washed away by extreme weather

(Mishnaevsky et al., 2021), rain generated by Pacific current on the

sea surface, wave corrosion caused by lunar attraction (Elhadi

Ibrahim and Medraj, 2019; Doagou-Rad et al., 2020). All these

factors will cause irreversible erosion on the leading edge of the wind

turbine blade, thus seriously affecting the aerodynamic performance

of the blade and resulting in the increase of wind turbine power loss

(Wang et al., 2017; Cappugi et al., 2021; Manatbayev et al., 2021).

At present, many scholars worldwide have studied the effect of

the generation, development and erosion of the leading edge on the

aerodynamic performance of the wind turbine (Khalfallah and

Koliub, 2007). investigated the mechanism of dust and

accumulation of the wind turbine blades, and examined the

effect of the operation cycle of the wind turbine on the surface

roughness of the blades. By examining the power performance of the

leading edge of a 1.5 MW wind turbine blade to varying degrees of

pollution or erosion Vestas (Spruce, 2006) has suggested that high

levels of pollution and erosion are capable of reducing annual

electricity generation (AEP) by 10%–13% (Keegan et al., 2012;

Keegan et al., 2013). established the dynamic model of rain and

hail using the display dynamics module in ANSYS and then

simulated the hail on the airfoil leading impact process using

SPH method. The result has suggested that hailstones and

impacts on wind turbine blades are continuous and will cause

erosion and deformation on wind turbine blades during long-

term operation in rainy conditions (Han et al., 2018). has

suggested that the leaf lift and resistance coefficients decrease and

increase by 53% and 314%, depending on the severity of the

contamination and leading edge erosion conditions, respectively.

There are threemajor changes in the geometric characteristics of

the leading edge erosion of wind airfoil (Sareen et al., 2014). The

surface of the wind airfoil is erosion, and when the erosion depth

reaches 0.51 mm, a sand hole is generated. The sand hole continues

to expand into smaller pits of higher size. When the depth is

2.54 mm, it can be considered as a small pit. The small pit

develops into local peeling and becomes delamination, which can

be considered as delamination when the depth is 3.81 mm (Li et al.,

2017). modified the leading edge of DU 96-W-180 wind airfoil. The

leading edge of the erosion airfoil primarily comprises sand holes,

small pits, and grooves. When the angle of attack is 10.3°, the lift-

drag ratio of erosion airfoil of sand holes and small pits is reduced by

nearly 10% compared with the value of smooth airfoil, and the lift-

drag ratio of trench erosion airfoil decreases by nearly 60%

compared with the value of smooth airfoil (Papi et al., 2020).

built a 2-dimensional FFAW3-241 airfoil erosion model to

investigate different modeling stratification methods (stratification

depth and leaf head cover area), reducing the lift-drag ratio by

57.74% at Re = 1.85*106 with a stratification depth of 5 (Wang et al.,

2016). mainly studied the rectangular erosion at the leading edge of

S809 airfoil. The erosion depths of the airfoil with erosion thickness

of 12%t, 18%t and 25%t reached 1.0%c, 2.0%c, and 3.0%c,

respectively, and the corresponding relative reduction values of

lift-drag ratio were obtained as 48.08%, 64.56%, and 77.53%,

respectively. In this study, the effect of different leading edge

erosion degree on the maximum thickness of different blade

airfoil performance was investigated based on two leading edge

erosion forms using the CFDmethod, which can guide wind turbine

airfoil design and erosion blade performance evaluation.

FIGURE 1
Two erosion shape applied on airfoil leading edge. ((A): Semi-circleerosion; (B): Square erosion).

FIGURE 2
Fluid domain of the airfoil.
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2 Numerical method

2.1 Erosion model

In this study, the aerodynamic performance of NACA airfoil

was primarily explored at different erosion depths (Sapre, 2012).

highlighted that the chord depth of erosion is up to 13% of the

chord length. For the airfoil, three degree of erosion depth were

studied, with h1 of 0.3%c, 0.5%c, and 1%c, and erosion thickness

d1 = 2h1 (Gharali and Johnson, 2012). examined the amount of

wind turbine blade wear after years of operation and have

suggested that the maximum erosion thickness can account

for 23% of the maximum airfoil thickness when the entire

leading edge of the blade is largely eroded by erosion. In the

study by Sareen et al. (2014), as derived from the blade erosion

provided by 3 M, the deformation ratio of airfoil suction surface

and pressure surface is nearly 1:1.3. Accordingly, for the square

erosion setting on the leading edge of airfoil presented in

Figure 1B, the erosion depth h2 was 0.3%c, 0.5%c, 1%c, and

the erosion thickness d2 = 13%t (t is the maximum thickness of

airfoil, the erosion thickness on the suction and pressure surfaces

of the airfoil is 1: 1.3).

FIGURE 4
Lift-drag coefficient for different mesh quantities of the
NACA0021 airfoil.

FIGURE 5
Comparing NACA0021 simulation data and experimental
data.

FIGURE 3
Local mesh amplification of the leading edge of the airfoil. ((A): Semi-circle erosion; (B): Square erosion).
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2.2 Computing domain and grid division

The airfoil calculation domain is presented in Figure 3 as

an overall C shape, with a semi-circular inlet 15 times the

chord length from the leading edge as well as an exit 30 times

the chord length from the caudal edge of the blade. The

vertical distance of the upper and lower boundaries from the

blade was 15 times the chord length. The inlet was set as

velocity inlet, and the outlet was set as pressure outlet. As

depicted in Figures 2, 3, the calculation domain was filled

with structural grid and with the unstructured grid filled in

the erosion part. The grid near the airfoil surface was

encrypted to conform to the y+< 1 requirements in the

turbulence model. Furthermore, the Reynolds number was

taken as Re = 700,000.

2.3 Turbulence model

The selection of turbulence model significantly affects

the calculation, verification and evaluation of airfoil

performance. For the region close to the wall, the k-ε

model with low Reynolds numbers cannot be taken. Thus,

the k-ω model was built by combining considerable

FIGURE 6
NACA0021 aerodynamic characteristic curve comparison diagram of the original airfoil with the leading edge semi-circular erosion airfoil (h1 =
0.5%c). ((A): Lift and drag coefficient; (B): Lift-drag ratio coefficient).

FIGURE 7
NACA0018 aerodynamic characteristic comparison curve of the original airfoil and the leading edge semi-circular erosion airfoil (h1 = 0.5%c).
((A): Lift and drag coefficient; (B): Lift-drag ratio coefficient).
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experimental data and the calculation method of the

turbulence model. Moreover, based on Wilcox k-ω, the

standard k-ω model was built through optimization

calculation. To obtain a result with less error for the

calculation near the wall (Menter, 1994), revised the

model again after obtaining a large number of

experimental data, and also took the transport of

turbulent shear stress in the flow field into account.

Finally, the SST k-ω model was obtained. With high

calculation accuracy, this model has been used in the CFD

software frequently. Accordingly, the SST k-ω model was

used to simulate the airfoil aerodynamic performance in this

study.

2.4 Grid-independent validation and
model validation

To ensure the independence of the calculation grid, the number

of nodes on the airfoil surface was 201,238 and 286, respectively.

Three sets of grids with different number of grids were drawn, and

the calculation results are presented in Figure 4.When the number of

grids exceeded 270 thousand, the simulation results varied slightly,

while 130 thousand and 270 thousand grid amount showed a

significant gap in the rising resistance coefficient. Thus, the

following conclusion was drawn: 130 thousand mesh was too

large for the overall calculation error, so it cannot be used.

However, there was little difference in accuracy between

FIGURE 8
NACA0015 aerodynamic characteristic comparison curve of the original airfoil and the leading edge semi-circular erosion airfoil (h1 = 0.5%c).
((A): Lift and drag coefficient; (B): Lift-drag ratio coefficient).

FIGURE 9
NACA0012 aerodynamic characteristic comparison curve of the original airfoil with the leading edge semi-circular erosion airfoil (h1 = 0.5%c).
((A): Lift and drag coefficient; (B): Lift-drag ratio coefficient).
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FIGURE 10
Schematic diagram of the surface streamline and vorticity of the NACA0015 original and semi-circular leading edge erosion airfoil (h1 = 0.5%c).
((A): Original airfoil (i = 8°); (B): Semi-circular erosion airfoil (i = 8°); (C): Original airfoil (i = 16°); (D): Semicircular erosion airfoil (i = 16°).

FIGURE 11
Difference of lift-drag ratio between original airfoil with different thickness and semi-circular leading edge erosion airfoil (h1 = 0.5%c). ((A):
Absolute difference in the lift-drag ratio; (B): Relative difference in the lift-drag ratio).
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FIGURE 12
Schematic diagram of the surface streamline and vorticity of the NACA0021 primitive and semi-circular leading edge erosion airfoil (h1 = 0.5%c).
((A): Original airfoil (i = 12°); (B): Semi-circular erosion airfoil (i = 12°); (C): Original airfoil (i = 18°); (D): Semi-circular erosion airfoil (i = 18°)).

FIGURE 13
Schematic diagram of the surface streamline and vorticity of the NACA0012 original and semi-circular leading edge erosion airfoil (h1 = 0.5%c).
((A): Original airfoil (i = 18°); (B): Semi-circular erosion airfoil (i = 18°)).

Frontiers in Energy Research frontiersin.org07

Sun et al. 10.3389/fenrg.2022.1107524

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1107524


270 thousand and 390 thousand grids. For the consideration of the

accuracy of the calculation results and the rationality of the overall

computing resource allocation, 270 thousand grids were selected as

the grid for simulation calculation in this study.

When the 270 thousand grid amount was used, the

maximum lift coefficient was 1.08534, not significantly

different from the experimental data (Figure 5), but only 6%.

Moreover, close to the maximum lift coefficient and the

corresponding angle in existing research (Sun et al., 2020), the

data trend of the simulation was smooth without mutation, and it

was also close to the current simulation data. In conclusion, the

grid setting and numerical calculation method applied to the

simulation of low-speed airfoil NACA in wind turbines are

reliable, as verified by the data simulation calculation of

NACA0021 on the suitable SST k-ω turbulence model, thus

laying a good numerical calculation basis for the subsequent

simulation experiments to increase the airfoil leading edge

erosion and change the maximum thickness of the airfoil.

3 Results and analysis

3.1 Effect of airfoil thickness on
aerodynamic performance of erosion
airfoil

In this study, NACA0012, NACA0015, NACA0018 and

NACA0021 were selected as the research objects and modified

into two erosion forms (semi-circular/square) to explore the

effect of airfoil thickness on the aerodynamic performance of

FIGURE 14
Comparison of aerodynamic characteristic curves between the original airfoil of NACA0021 and the square erosion airfoil with leading edge
(h2 = 0.5%c). ((A): Lift and drag coefficient; (B): Lift-drag ratio coefficient).

FIGURE 15
Comparison of aerodynamic characteristics betweenNACA0018 original airfoil and square erosion leading edge airfoil (h2=0.5%c). ((A): Lift and
drag coefficient; (B): Lift-drag ratio coefficient).
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erosion airfoil. Two sets of simulations were performed on the

respective airfoil, i.e., airfoil with semi-circular erosion (erosion

depth ratio of 0.5%c), airfoil with square erosion (erosion depth

ratio of 0.5%c) and the original airfoil. The calculation results are

presented as follows:

According to the lift-drag coefficients of airfoils with

different thickness presented in Figure 6A, Figure 7A,

Figure 8A and Figure 9A, the lift coefficient increased first

and then decreased after reaching a maximum peak value.

Moreover, from 0° to 8° (Figures 10A, B), the lift coefficient of

the semicircle erosion airfoil was basically the same as that of

the original airfoil. On that basis, the vorticity remained

nearly unchanged, and the fitting degree of streamline was

basically the same. When it was higher than 8° (Figures 10C,

D), the lift coefficient of the original airfoil was significantly

higher than that of the erosion airfoil, and the vorticide of the

erosion airfoil was significantly higher than that of the

original airfoil. However, there was no detachment, the

fluid velocity in the upper part of the erosion airfoil was

significantly smaller, and the lift coefficient decreased. With

the increase of the angle of attack, the lift difference between

the erosion airfoil and the original airfoil tended to decrease.

The analysis reason is that with the increase of the angle of

attack, the flow field environment deteriorated significantly,

and the effect of the erosion part of the leading edge on the

overall airfoil decreased, such that the difference was

FIGURE 16
Comparison of aerodynamic characteristics between NACA0015 original airfoil and square-erosion leading edge airfoil (h2 = 0.5%c). ((A): Lift
and drag coefficient; (B): Lift-drag ratio coefficient).

FIGURE 17
Comparison of aerodynamic characteristics between NACA0012 original airfoil and square-erosion leading edge airfoil (h2 = 0.5%c). ((A): Lift
and drag coefficient; (B): Lift-drag ratio coefficient).
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reduced. However, the drag coefficient of the erosion airfoil

was higher than that of the prototype from 0° to 25°. As

depicted in Figure 6B, Figure 7B, Figure 8B and Figure 9B,

variation trend of lift-drag ratios of airfoils with different

thickness remained nearly unchanged, whereas the

maximum lift-drag ratios of the original airfoils of

NACA0012 and the erosion airfoils were 8°. The

maximum lift-drag ratios of the original airfoil of the

remaining three airfoils were 10°, and the maximum lift-

drag ratios of the erosion airfoils reached 8°.

As depicted in Figure 11A, the difference of lift-drag ratio

between the original airfoil and the erosion airfoil of

NACA0021 was the most significant among the four

thicknesses, and the absolute difference of lift-drag ratio

reached 18.6 at 12° angle of attack. However, as depicted in

Figure 11B, the relative difference of lift-drag ratio of

NACA0021 at 12° angle of attack was only 0.39, whereas the

maximum decrease was 63.1% at 18° angle of attack. Moreover, as

depicted in Figure 12, at 12°angle of attack, the size of vortex for

the original airfoil near blade trailing edge did not change

significantly compared to the erosion airfoil. However, at 18°

angle of attack, the size of vortex for the semi-circular erosion

airfoil is significantly increased compared to the original airfoil.

(R � r
Δr; R: Relative difference in the lift-drag ratio; r: Lift-drag

ratio of original airfoil; Δr: Absolute difference in the lift-drag

ratio).

FIGURE 18
Difference of lift-drag ratio between the original airfoil with different thickness and the square leading edge erosion airfoil (h2 = 0.5%c). ((A):
Absolute difference in the lift-drag ratio; (B): Relative difference in the lift-drag ratio).

FIGURE 19
Comparison of the Lift and drag coefficient between the original airfoil and the semi-circular/square leading edge erosion airfoil for NACA0015.
((A): Semi-circular erosion airfoil; (B): Square erosion airfoil).
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The second was the NACA0012 airfoil. At 18° angle of attack,

as presented in Figure 11, compared with the other three airfoils,

it showed the smallest reduction in the lift-drag ratio, whereas the

relative reduction in the lift-drag ratio accounted for 59.7%. The

vorticity diagram in Figure 13 indicates that the vorticity

increased significantly at 18° compared with The original. The

overall trend of the whole lift-drag ratio difference curve of

NACA0015 and NACA0018 was smaller than that of

NACA0012 and NACA0021 airfoils.

In addition, as depicted in Figure 11, the difference of lift-

drag ratio of the four blade thicknesses was relatively small at 0°

and 25° angles of attack, and the leading edge erosion slightly

affected the aerodynamic performance of airfoils with 0° angles of

attack and angles of attack greater than 25° (including 25°). At the

0° angle of attack, the flow was not separated, there was basically

no lift, and the leading edge erosion geometry was also symmetric

on the suction and pressure surfaces, such that the effect was

small. However, at 25° angle of attack, the flow separation

developed from the trailing edge to the leading edge of the

airfoil, and the lift to drag ratio of the original airfoil was

relatively small at this time. Besides, the effect of the

deterioration of aerodynamic performance caused by the

erosion of the leading edge was small.

For the leading edge erosion airfoil with square erosion

pattern, as depicted in Figure 14A, Figure 15A and

Figure 16A, at the angle of attack from 0° to 8°, the lift

coefficient values of the original airfoil and the leading edge

square erosion airfoil remained nearly unchanged, thus

indicating that there was little difference between the flow on

the suction surface and pressure surface of the leading edge

square erosion airfoil and the original airfoil at this time. At the

lift coefficient higher than 8°, the lift coefficient of the original

airfoil was significantly higher than that of the leading edge

square airfoil. Moreover, the angle of attack when the maximum

lift coefficient of the square erosion airfoil moved forward from

the original 16°–12° of the square erosion airfoil of the

leading edge.

The resistance curves of the original and square erosion airfoil

with different thickness remained nearly unchanged with the

exponential curve growth. The drag coefficient curve of the

leading edge square airfoil rose slowly before the angle of attack

from 0° to 12° and then increased after the angle of attack from 12°.

Notably, the drag coefficient value of the leading edge square airfoil

was always higher than that of the original airfoil (0°–25° angle of

attack).

As depicted in Figure 14B, Figure 15B and Figure 16B, the

maximum lift-to-drag ratio of the square erosion airfoil was at 8° angle

FIGURE 21
Comparison of the lift-drag ratio coefficient between the
original airfoil and the semi-circular/square leading edge erosion
airfoil for NACA0015.

FIGURE 20
Surface streamline and vorticity of the Semi-circular erosion on the leading edge of the NACA0015 airfoil at 22° angle of attack. ((A): h1 = 0.3%c;
(B): h1 = 1%c).
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of attack, nearly 2° forward compared with the 10° angle of attack

when the lift-to-drag ratio of the original airfoil reached itsmaximum.

The higher the lift-drag ratio, the better the aerodynamic performance

of the airfoil will be. As depicted in the figure, the maximum lift-drag

ratio of the original airfoil of NACA0021 was obtained as 50.6,

whereas the maximum lift-drag ratio of the square erosion airfoil was

27.6, and the reduction rangewas the largest among the four thickness

blades, up to 45.5%. The maximum difference of lift-drag ratio

between the original airfoil and leading edge deformation of

NACA0015 and NACA0018 airfoils was smaller than that of

NACA0021 airfoils, with a decrease of 33.9% and 33.1%, respectively.

As depicted in Figure 17, the maximum lift-drag ratio curve

of NACA0012 square erosion airfoil was obtained at 4° angle of

attack, nearly 4° ahead of the 8° angle of attack when the lift-drag

ratio of the original airfoil was at its maximum value. In addition,

there was a significant difference between the maximum lift-drag

ratio of the original airfoil and the square-erosion airfoil. The

maximum lift-drag ratio of the original airfoil was 46.7, and the

maximum lift-drag ratio of the square-erosion airfoil was

obtained as 29.2, marking a decrease of 37.5%.

Figure 18 presents the difference in the lift-drag ratio between

the square erosion airfoil with four thicknesses and the original

airfoil. The difference in the lift-drag ratio between the original and

erosion airfoil of NACA0012 was the largest among the four

thicknesses, followed by the NACA0021 airfoil. The absolute

difference of lift-drag ratio between NACA0012 airfoil and

erosion airfoil was obtained as 39.7, and the relative difference in

the lift-drag ratio was 90.5% at 12° angle of attack, and themaximum

decrease was 94.2% at 14° angle of attack. The difference of lift-drag

ratio between NACA0015 airfoil and NACA0018 airfoil and their

erosion airfoils is significantly smaller than that of NACA0012 and

NACA0021 airfoils between 0° and 16° angles of attack, and slightly

higher than that of NACA0012 and NACA0021 airfoils between 16°

and 25° angles of attack.

In brief, NACA0012 and NACA0021 were the two airfoils with

the largest thickness and the smallest thickness among the four airfoils

studied in this study. One of them was thinner, resulting in less

differential pressure and less lift; the other was thicker, causing easy

separation of the flow, interfering with the flow field, thus resulting in

a reduction in the lift coefficient and a rise in the drag coefficient. As a

FIGURE 22
Comparison of Lift and drag coefficients of NACA0015 original airfoil with semi-circle and square leading edge erosion airfoil. ((A): h1 = h2 =
0.3%c; (B): h1 = h2 = 0.5%c; (C): h1 = h2 = 1%c).
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result, the aerodynamic performancewill be reduced.NACA0015 and

NACA0018 were the two airfoil types with medium thickness among

the four blade types.

3.2 Effect of leading erosion on
aerodynamic performance of airfoil

In this study, airfoil NACA0015 was selected as the research

object to explore the effect of leading edge erosion degree on

aerodynamic performance of airfoil. Three groups of simulations

were performed to compare the two erosion (semi-circular and

square) airfoils, respectively, with the leading edge erosion depth

ratios of 0.3%c, 0.5%c, and 1%c.

As depicted in Figure 19A, the overall trend of lift-drag of airfoils

with three erosion degrees was to increase at small angles of attack.

At the angle of attack close to 12°, the lift-drag was peaked. At the

angle of attack close to the large angle of attack, the lift coefficient

decreased, whereas the drag coefficient continued to increase. The

higher the angle of attack, the more significant the change of Lift-

drag coefficient will be. The difference between lift coefficient and

drag coefficient of airfoil with three erosion degrees tended to

decrease to the same value after 20° angle of attack. As depicted

in Figure 20, this is because at high angle of attack, the drag

increment caused by the erosion part of the leading edge

accounted for a too small proportion for the overall airfoil after

large flow separation and slightly affected it when the flow field

environment was harsh, such that the coefficients tended to be the

same. As depicted in Figure 21, the lift-drag ratio of the erosion

airfoil with the leading edge erosion degree of 1% decreased themost

in the range of 0°–25° angle of attack, and the lift-drag ratio of the

erosion airfoil with the leading edge erosion degree of 0.5%

decreased by 26.3% at 8° angle of attack (at the maximum lift-

drag ratio of the airfoil). The lift-drag ratio of an airfoil with 0.3%

leading edge erosion decreased by only 3.5%. The above results

suggest that for the same airfoil, the smaller the leading edge erosion,

the better its aerodynamic performance will be.

As depicted in Figure 19B, the aerodynamic performance of the

airfoil was reduced significantly when the square erosion of the

airfoil leading edge increased. Even if the square erosion of the airfoil

leading edge was only 0.3% of the chord length of the airfoil, the lift

of the erosion airfoil decreased to 50.3% of the original airfoil, and

the drag increased by 263.6% at 16° angle of attack. However, the

increase of square erosion degree slightly affected the aerodynamic

changes of the airfoil. As depicted in Figure 21, the lift-drag ratio of

the square erosion airfoil with leading edge erosion depth of 0.3%c

FIGURE 23
Surface streamlines and vorticity of NACA0015 airfoil with different erosion patterns at 18° angle of attack. ((A): Semicircular erosion (h1 = 0.3%
c); (B): Square erosion (h2 = 0.3%c); (C): Semi-circular erosion (h1 = 1%c); (D): Square erosion (h2 = 1%c)).
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and 0.5%c was slightly higher than that of 1%c when the erosion

depth of the square erosion airfoil ranged from 0° to 8°, and the lift-

drag ratio of the three erosion degrees of the square airfoil at other

attack angles remained nearly unchanged.

3.3 Effect of different leading edge erosion
on the aerodynamic performance of the
airfoil

To explore the morphology of different leading edge erosion

(different depth and thickness), two groups of simulation were

performed on the airfoil NACA0015 under the same leading edge

erosion depth (h1 = h2) for comparison. The two sets of

simulations included the leading edge Semi-circular erosion

airfoil d1 = 2h1 (h1 = 0.3%c, 0.5%c, 1%c) and the leading edge

square erosion airfoil d2 = 13%t.

As depicted in Figure 21 and Figure 22, when the leading edge

erosion shape is semi-circle, the change of airfoil erosion thickness

significantly affected the aerodynamic performance of airfoil from

0.3%c to 1%c. For the square leading edge erosion shape, the

aerodynamic performance for the eroded airfoil little varied by

the erosion depth, but the lift coefficient can be much lower than

the semi-circle erosion airfoil at 0.3%c an 0.5%c erosion depth. As

depicted in Figures 23A, B, at the erosion depth of 0.3%, the vorticity

of the two erosion patterns was significantly different. However, with

the increase of the leading edge erosion degree, the difference between

the lift drag coefficient of the Semi-circular erosion airfoil and the

square erosion airfoil decreased. When the leading edge erosion

reached to 1%, the lift drag coefficient curves of the Semi-circular

erosion airfoil and the square erosion airfoil were basically the same.

Figures 23C,D shows that the vorticity generated by the two erosion

airfoil is the same. At this time, the aerodynamic performance of the

original NACA0015 airfoil changed to a similar extent by both. The

results indicated that the effect of the change of airfoil erosion

thickness on airfoil aerodynamic performance decreases, when the

leading edge erosion depth reached a certain level.

4 Conclusion

In this study, four NACA series airfoils were investigated and

the influence of blade maximum thickness on airfoil performance

under different leading edge erosion rates were studied by two

erosion forms through the CFD method. The main conclusions

are drawn as follows:

1) The result indicated that due to the thin or thick airfoil of

NACA0012 and NACA0021, the increase of leading edge

erosion resulted in a significantly reduced aerodynamic

performance compared with the medium thickness airfoil.

However, due to the moderate thickness of NACA0015 and

NACA0018, the variation range of aerodynamic performance

was small even with the increase of the leading edge erosion.

Among the four different thickness airfoils, the aerodynamic

performance of the NACA0015 and NACA0018 airfoils with

increased leading edge erosion was proved to be higher than

that of thicker or thinner airfoils.

2) For NACA0015, semi-circular erosion airfoil, at 8° angle of

attack (when the lift-drag ratio of airfoil was peaked), the lift-

drag ratio of airfoil with the leading edge erosion degree of 1%

decreased by 26.3%, followed by the airfoil with 0.5%leading

edge erosion, and the lift-drag ratio of airfoil with the leading

edge erosion degree of 0.3% decreased by only 3.5%. For

square erosion airfoil, the drop of lift-drag ratio of the erosion

airfoil with 1% leading edge erosion was also the largest. The

above results suggest that for the same airfoil, the smaller the

leading edge erosion, the better the aerodynamic performance

will be.

3) When the erosion degree (depth) of the leading edge airfoil

was small, the varation of the erosion size would significantly

affect the aerodynamic performance of the airfoil. When the

erosion size of the leading edge increases to a certain extent,

the performance of the blade decreases greatly compared with

the original cases, but the sensitivity of the erosion blade

performance to the change of the leading edge erosion size

decreases.
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