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Abstract. In this paper, the class-shape function transform (CST) parametric method is used to parameterize the airfoil
configuration, and a new airfoil is randomly generated within a limited range. The 2D Reynolds-Averaged Navier-Stokes
(RANS) computational fluid dynamics (CFD) solver is used to compute the quantities such as lift-to-drag ratio. The multi-
objective genetic algorithm performs multi-objective optimization design on the airfoil plane shape to achieve high lift-to-
drag ratio with low drag in operating ranges of angle of attack, and finally obtains the Pareto optimal solution set. The mixed
function of index method is used to increase the thickness of the trailing edge of the airfoil. From the multi-objective
solutions and blunt trailing edge solutions which represent the best trade-offs between the design objectives, one can select a
set of airfoil shapes with a low relative drag force and with improved aerodynamic performance. Eaking a typical airfoil
NACA4418 as an exam_gi;cj The results show that the optimized airfoil has a better pressure distribution than the original

airfoil, effectively increasing the lift coefficient and reducing the drag coefficient. After thickening the trailing edge of the
optimized airfoil, the results show that the lift coefficient is improved at all angles of attack and the stall is delayed. And the
blunt trailing edge airfoil has better lift-to-drag characteristics than the original airfoil and the optimized airfoil.
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1 Introduction

The aerodynamic performance of the airfoil directly affects the power generation capacity of the wind turbine. At present,
the airfoil optimization design method can be roughly divided into an inverse design method and an optimized design
method (Ma et al., 2010). The inverse design method uses a mathematical method to inversely derive an airfoil that satisfies
the target pressure distribution by using a velocity or pressure distribution corresponding to the target airfoil through
geometric and flow control equations. The optimization design method is a global search optimization method. It directly
uses the airfoil aerodynamic parameters such as the lift-to-drag ratio as the objective function, and through the correction of
the airfoil geometry and the numerical optimization program to search the extremum of the objective function to complete
the optimization design (Yan, 1999). Based on Eppler theory and inverse design method, Tangler and Somers designed 35
NREL-S airfoils which has good lift-to-drag ratio characteristics for various working conditions (Tangler and Somers, 1995).
Based on CFD technology and numerical optimization method, the Ris¢ National Laboratory of Denmark has designed a
series of wind turbine airfoils suitable for different operating conditions and different control modes with the maximum lift-
to-drag ratio as the optimization target (Fuglsang and Bak, 2004). James Ferguson (Ferguson, 1964), Hicks Henne (Hicks
and Henne, 1978), Sobieczky (Sobieczky, 1999) and Kulfan (Kulfan and Bussoletti, 2006) have proposed different airfoil
shape representation methods. These parameterization methods combined with optimization methods such as Genetic
Algorithm, Simulate Anneal Arithmetic and Complex Method greatly promote the efficiency of airfoil optimization.

In recent years, with the increasing capacity of wind turbines, and in view of the dual considerations of performance and
structure, most of the blade airfoil types are blunt tailing edge airfoil (van Rooij and Timmer, 2003). Compared with the
same maximum thickness of the trailing edge airfoil, the blunt trailing edge airfoil has a larger cross-sectional area and /fiﬂq_u(
higher bending and torsion resistance, which has a higher maximum lift coefficient, a larger stall angle of attack and a lower
surface roughness sensitivity in aerodynamic performance (Jackson et al., 2005). The blunt tailing edge airfoil thickening
methods mainly include direct truncation method (Law and Gregorek, 1987), symmetric thickening method (Standish and
van Dam, 2003), asymmetric thickening method (Zhang, 2009) and aitfoil rigid rotation method (Deng et al., 2011).

This paper combines airfoil optimization with passive control technology. Taking the NACA4418 airfoil as the original
airfoil, the multi-objective genetic algorithm is coupled with the class shape transformation (CST) method to optimize the
wind turbine airfoil. And then the Mixed function of index method is used to asymmetrically thicken the optimized airfoil

O‘[Ocﬂcﬁ passie conl]
e

trailing edge to maximize the aerodynamic performance of the airfoil.

What

Figure 1 is the flow chart of the optimization design method of this paper. In the first step, the parameterized airfoil is

2 Optimization Design Method

generated by the CST method, and the grid division and numerical calculation are performed by calling the ICEM and
FLUENT software through the scripts. In the second step, the genetic algorithm obtains the aerodynamic performance data

and evaluates the fitness.
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Figure 1: The flow chart of the optimization design method.

When the fitness function converges, an optimization result is obtained. Conversely, a new parametric airfoil is
regenerated and the calculation is repeated until a series of pareto optimal solution sets are obtained. In the third step, the
airfoil with good performance is used to passivate the trailing edge to further improve the aerodynamic performance of the

————
airfoil.

2.1 CST Parameterization

Class Shape Transformation (CST) method has been proposed by Professor Kulfan (Kulfan and Bussoletti, 2006). This
method was implemented in a tool that combined all aspects of the aerodynamic design process: parameterization,
aerodynamic analysis, and optimization. The two-dimensional geometry by the product of the class function C(x),
representing a specific class of shapes, and a shape function S(x), which defined the deviation from the class function, plus a

term that characterizes the trailing edge thickness:

z(x) = C(x) - S(x) + (%) - Azpe {' { (D
The class function is given in generic form by: G € 4 (‘\/ ¢ y
(ré
CO)= (M1 -2 for0<x< 1, v (2)

The exponents N1 and N2 range from O to 1 define the type of geometry to be/represented. For an airfoil with a round
leading edge and sharp trailing edge, the N1 and N2 are equal to 0.5 and 1.0, sepafately. By using Bernstein polynomial, the
shape function can be used to generate arbitrary airfoil shape (Farouki, 2000). The definition of the shape function is:

S(x) = Zolbi - Kin - (- (1 —x)™]
i D)
The leading edge radius of the airfoil, the boat-tail angle and the ordinate of the trailing edge point have the following

relationship at the extremes of the interval [0,1].
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where b; (i = 0,1-:-) is the weight factors, represent the design parameters. The value of b; can be obtained as follows:

So(xg) Si(xp) - Sn(x0) ¥ (%)

So (xi) S (x1) n(xl) b1 =, Y(xﬂ 5)

o) S (xn) - Salte) y(xn)

with $;(x) = C(x;) - K - (0)'QA =)™, x, € (0,1), i =0,1 -

3 Knowing the geometric shape of the control point (x;, v(x;)), the uniqueness of the CST parameterization method can be
verified according to equation (5). In addition, the small fluctuations of the parameterized matrix M and the column vector Y

cause a large change in the weight factor, and vice versa.

e residuals10°

Figure 2: Residuals comparison of different Bernstein polynomial orders (BPO).

10 In order to verify the accuracy of the parameterization method, Figure 2 shows the residual comparison of different
Bernstein polynomial orders (BPO). It can be seen that BPOS, BPO10 and BPO12 have higher accuracy, however the higher
polynomial order will occupy more computation resources. Therefore, BPO8 is chosen to fit the original airfoil. Figure 3
shows a comparison of the BPO8 parametric airfoil with the initial airfoil. It can be seen that the two airfoils are substantially

coincident.
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Figure 3: Comparison of the shape of the BPOS airfoil and the pristine airfoil.
2.2 Mixed function of index method

Using the method proposed by Standish K J (Standish and van Dam, 2003) to increase the thickness without changing the
5 maximum thickness and the chord of the airfoil, the power function distribution is used to increase the thickness of the
trailing edge of the airfoil to ensure the geometric continuity of the thickened airfoil (Jin et al., 2015).

—

Assuming the coordinates of the original airfoil are (xg, ¥o), the coordinates of the thickened airfoil are (x, y):

X=Xy = Yo O=sx<x)
X =XoYu=Yo + 61(:_;:)“ (It Lt C) .

X=X i = Yo~ 52(::;?“ (x <x<c)

(6)

Where x, is the position of the maximum relative thickness of the airfoil, m; &, is the thickness of the trailing edge
10 of the upper airfoil, m; &, is the thickness of the trailing edge of the lower airfoil, m; c is chord length, m; n is the

power exponent, taking into account the shape continuity and aerodynamics, n = 2.

2.3 Numerical methods and mesh division

Figure 4 is a two-dimensional airfoil grid structure and a partial enlargement diagram. The airfoil is meshed using ICEM
software. The left calculation domain is set to a semicircle with a radius of 10 times the chord length, and the calculation
15 domain on the right side is set to a rectangle with a length of 20 times the chord length. A C-shaped structured grid is used

d local encryption processingiis performed on the mesh around the airfoil.

what?
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Figure 4: Overall grid diagram and grid partial enlargement diagram of NACA4418 airfoil. / ’i"L\ t { 5

In this paper, using the S-A model numerical calculation, discrete equations choose the finite volume method| The

diffusion term uses a central difference format, and the convection term adopts second order upwind. The solution method
adopts SIMPLE algorithm, and the boundary conditions are set as speed inlet and pressure outlet. The design wind speed is
29.21m/s and the Reynolds number is 2 x 10°.

Jram wma (/-

3 Multi-Objective Genetic Algorithm Optimization
3.1 Optimization obhject

For the wind turbine airfoil, the lifi-to-drag ratio is the most important performance index, which has a great impact on
improving the operating efficiency of the wind turbine and the performance of the whole unit. In addition, ensuring the high
lift starting characteristics and the gentle stalling characteristics of the airfoil are also important aspects in the operation of
the wind turbine.

In this paper, the multi-objective genetic algorithm is used to select the maximum lift-to-drag ratioc when operating at 6°
angle of attack, the maximum lift coefficient at 2 angle of attack, and the mim‘mum drag coefficient at 17° near stall
angle of attack. The airfoil multi-objective optimization problem can be expressed as: / é ?

Objective function: Il rf a },()(7 " ‘f’D‘LW 10 ulenc
7

f=min(—Cp, —Cis/Ch6,Ca17) (7)

Constraints: €, = C?, C? is the lift coefficient of the original airfoil at 6° angle of attack, equals to 0.97.
Optimization variable: For CST method, by, b1, bay, b3y (upper surface weight factors), and by, by 1, bz, by (lower

surface weight factors) are chosen as the optimization variables. Their upper and lower limits are up and down 20% of the

7
6 [/\OugL\btgﬁj .
W Ao ) olx k 4

what ﬁ%‘(wzcﬁ’w

original airfoil weight factors. And Table 1 lists the disturbance range of the optimization variables.
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variable lower boundary upper boundary
b 0.243 0.365
" ,5 AJ? bt/
by 0.294 0.441 |
by, 0.238 0.357 —{» C‘)
o ,
b3, 0.308 0.462 P .
by, -0.244 -0.163 ‘f/
by, -0.134 -0.089 {f@ C/L
by -0.104 -0.070
b3, -0.119 -0.079

Table 1: Disturbance range of optimization variables for CST method.
3.2 Results and discussion

Airfoils that satisfy the pareto optimal solution are further numerically calculated at an angle of attack of 0-17°. The main
parameters of the optimized airfoils are listed in Table 2. The final optimized airfoil shape comparison is shown in Figure 5,
On the upper surface, the optimized airfoil differs very little from the original airfoil structure. The main change is that the

leading edge radius is reduced, the airfoil is thinned, the upper surface is convex, and the lower surface is concave.

variable by .y by y byy bay by, by, by, b, =y ;
A Veselry),
Optl 0.35516 0.32819 0.29766 0.38823 -0.16455 -0.09329 -0.07023 -0.07903 Jd
Opt2 0.34922 0.32802 0.29481 0.39348 -0.16450 -0.09329 -0.07017 -0.08375 WH 4 +_
Opt3 0.33782 0.32819 0.29362 0.41967 -0.16450 -0.09382 -0.07277 -0.07915 M % !/ av C

Table 2: The main parameters of the optimized airfoil.

Figure 6 is a comparison of pressure coefficient. It can be seen that the pressure coefficient in the front section of the
upper surface is decreased, the rear section is basically consistent with the original airfoil, and the pressure coefficient on the
lower surface is increased. In general. the difference in pressure between the upper and lower surfaces of the airfoil increases,
resulting in an increase in the airfoil lift coefficient.

Figure 7 is a comparison of lift-to-drag ratio and Figure 8 is a comparison of lift coefficient. It can be seen that both the
design and non-design conditions, the lift-to-drag ratio and lift coefficient of the airfoil are improved. Especially at 2° angle
of attack, the lift coefficient and lift-to-drag ratio increased by 12.36% and 12.20%, respectively. In addition, the drag
coefficient at the large angle of attack decreased by 6.21%, and the lift-to-drag ratio coefficient under other operating
conditions also increased to varying degrees. This shows that the optimized airfoil has sensitive high lift start characteristics,

good operating efficiency, and gentle stall performance.
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Figure 6: Comparison of pressure coefficients between optimized airfoils and the initial airfoil.
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Figure 8: Comparison of lift coefficient between optimized airfoil and the initial airfoil.
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For the above analysis, the trailing edge of the Opt3 airfoil is thickened by the method shown in the formula (6). The

4 Blunt Trailing Edge Optimization

optimization function is shown as equation (7). Taking the thickness of the trailing edge as the optimization variable with the

constraint of not exceeding 0.05c. [The orthogonal test method is used to establish the variable optimization space because of

5 the small number of variables. The lift coefticient and Iifi-to-drag ratio of the airfoil at 0-17° angle of attack are investigated.

m—analysis of 16 m&erent thickness airfoil calculation results, it can be found that the airfoil thickness increases,

the lift coefficient increases, but the drag coefficient also increases greatly, so that the lift-to-drag ratio of the airfoil will be
reduced to different extents.

The contrast between the blunt trailing airfoil and the Opt3 airfoil is shown in Figure 9. The front half of the airfoil has no

10 change, the rear half of the airfoil has a gentle transition, the upper surface of the trailing edge is increased by 0.01c, and the

lower surface is increased by 0.005¢.
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Figure 9: Comparison of the shape of optimized airfoils and the initial airfoil.

Figure 10 is a comparison of pressure coefficient. After the trailing edge is thickened, the pressure coefficient of the upper

15 and lower surfaces is basically the same as that of the Opt3 airfoil. The pressure coefficient of the upper surface of the airfoil

is smaller near the trailing edge, and the pressure coefficient of the lower surface is larger. As the pressure difference
increases, the lift coefficient further increases.

Figure 11 is a comparison of lift-to-drag ratio and Figure 12 is a comparison of lift coefficient. It can be seen that the blunt

trailing-edge airfoil is better than the Opt3 airfoil under all operating conditions. Compared with the original airfoil, the lift

20 coefficient and lift-to-drag ratio are increased by 23.55% and 19.01% at 2° angle of attack, respectively, and the drag

10
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Figure 10: Comparison of pressure coefficients between optimized airfoil and initial airfoil.
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Figure 11: Comparison of lift-to-drag ratio coefficient between optimized airfoil and the initial airfoil.

11



hitps://doi.org/10.5194/wes-2019-47 < & WIND

Preprint. Discussion started: 8 August 2019 5

© Author(s) 2019. CC BY 4.0 License. 5 ENERGY
&

PRy

ReeERE S

¥ o

el # 14 11

SR NOSRE i

83 |
a Opt3 002004

Figure 12: Comparison of lift coefficient between optimized airfoil and the initial airfoil.

Figure 13 is the comparison of three airfoil streamlines for different angles of attack. At an angle of attack of 14°, the
vortex position of the blunt trailing-edge airfoil is behind that of the original airfoil and the Opt3 airfoil, and the airfoil's

5 transition point is shifted back by 11.4% compared with the original airfoil. The vortex structure is also reduced. The 17°
angle of attack is the near stall angle of attack. Compared with the 14° angle of attack, the vortex position and the transition
point move forward. At this time, the flow condition is more complicated, the flow separation phenomenon is more obvious,

and the risk of airfoil stall is increased.

10 a. 14° of Original airfoil b. 17° of Original airfoil

12
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Figure 13: Comparison of three airfoil streamlines for different angles of attack.

Compared with the original airfoil, after the airfoil is optimized and thickened, the transition point and the vortex position
are shifted back by 13.7% and 3.4%, respectively. The variation trend of the airfoil lift coefficient is explained from the flow

level. The separation of the boundary layer of the pristine airfoil is delayed and the flow condition of the airfoil is improved.

5 Conclusions

The combination of the airfoil genetic algorithm and the trailing edge thickening technique achieves a blunt tailing edge
airfoil with a large improvement in aerodynamic performance. Contributions of this research are summarized as follows:
1. Apply multi-objective genetic algorithm to the performance optimization of wind turbines, and call the corresponding

software through script to realize wind turbine airfoil modelling, mesh division, numerical calculation, and performance

13
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comparison automatically. It can save the airfoil optimization design time, and has great practical significance for the airfoil
optimization design and the wind turbine blade design.

2. The lift coefficient of the blunt trailing edge airfoil is generally higher than that of the sharp tailing edge airfoil under
the same working conditions, but the drag coefficient will also increase to a certain extent. Especially at high angles of attack,
the lift-to-drag ratio may be less than the original airfoil.

3. After the airfoil is optimized by algorithm and thickened by the blunt trailing edge, the transition point and the vortex
position are shifted back, and the vortex structure is reduced to different extents, which improves the flow condition of the

airfoil surface and delays the separation of the boundary layer.
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