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In the process of airfoil optimization, it is required to represent an airfoil with parameters, and the goal is 
to represent arbitrary airfoils with less parameters. In this paper, a new airfoil parameterization method 
is proposed, called the IGP method, which realized camber-thickness decoupling so that camber and 
thickness could be constructed respectively with fewer parameters compared to the previous methods. 
Also the IGP method is featured with clear physical meaning and consecution of parameter domain. The 
mathematical model is introduced. With this camber-thickness decoupling method, the definition and the 
domain of the control parameters was determined. To validate the feasibility, the most used airfoils were 
fitted and reconstructed by this method. Then according to the results of geometric and aerodynamic 
comparative analysis between original airfoils and fitted airfoils, the precision of the IGP method could 
meet the requirement of airfoil optimization.

© 2018 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC 
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the design process of an aircraft, aerodynamic optimization 
is throughout the conceptual design and the detailed design. Airfoil 
parameterization methods, namely expressing an airfoil by several 
parameters, is fundamental for aerodynamic optimization. The rea-
sons are twofold: on one hand, airfoil parameterization methods 
determine whether the design space (the search range of opti-
mal design) could cover the alternative airfoil library; on the other 
hand, airfoil parameterization methods also have an important in-
fluence on the nonlinearity and continuity of the optimization 
problem in mathematics aspect.

Airfoil parameterization methods can be categorized as either 
constructive or deformative: deformative methods take an existing 
airfoil then deform it to create the new shape; constructive meth-
ods represent an airfoil shape based purely on a series of param-
eters specified [1]. For a particular shape of the airfoil, the defor-
mative method could obtain more precise fitting effect compared 
with the constructive method [2,3]. However, when the alterna-
tive airfoil library is large, the constructive method can use fewer 
control parameters to describe more airfoils. As an airfoil parame-
terization method applied in an initial aircraft shape optimization 
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of the conceptual design phase, constructive method clearly has a 
greater advantage.

In the past, there are many classic constructive methods during 
the airfoil construction. Among them, The PARSEC method uses 11 
physical parameters to describe the airfoil [4]; The orthogonal ba-
sis function method (OBF method)uses orthogonal polynomial to 
describe the upper and lower surfaces of the airfoil, and the air-
foil shape is determined by the five coefficients of the upper and 
lower surfaces of the airfoil [5]; Class-Shape function Transforma-
tion method (CST method) is defined by Bernstein polynomials and 
generally uses 11 component shape parameters to determine the 
shape of the airfoil [6–9].

There are three issues to be aware of in the optimization pro-
cess of the airfoil by using the constructive method.

1) In the optimization process, the amount of computation in-
creases exponentially, due to the growth of the number of 
variables. Under the premise that the design space could cover 
the alternative airfoil library, the less the number of variables, 
the higher the computational efficiency of the optimization 
process.

2) In the optimization process, the continuity of the design space 
should be ensured. For a curve defined by the polynomial 
function, the degenerate state may appear at specific parame-
ter combinations. In this case, the degenerate state means that 
the curve generated by the function cannot be used as an air-
foil.

https://doi.org/10.1016/j.ast.2018.04.025
1270-9638/© 2018 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.ast.2018.04.025
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/aescte
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:luxiaoqiang@buaa.edu.cn
mailto:junh@china.com
mailto:songlei@buaa.edu.cn
mailto:imwoshibing@163.com
https://doi.org/10.1016/j.ast.2018.04.025
http://creativecommons.org/licenses/by-nc-nd/4.0/


JID:AESCTE AID:4530 /SCO [m5G; v1.235; Prn:20/04/2018; 14:50] P.2 (1-7)

2 X. Lu et al. / Aerospace Science and Technology ••• (••••) •••–•••

1 67

2 68

3 69

4 70

5 71

6 72

7 73

8 74

9 75

10 76

11 77

12 78

13 79

14 80

15 81

16 82

17 83

18 84

19 85

20 86

21 87

22 88

23 89

24 90

25 91

26 92

27 93

28 94

29 95

30 96

31 97

32 98

33 99

34 100

35 101

36 102

37 103

38 104

39 105

40 106

41 107

42 108

43 109

44 110

45 111

46 112

47 113

48 114

49 115

50 116

51 117

52 118

53 119

54 120

55 121

56 122

57 123

58 124

59 125

60 126

61 127

62 128

63 129

64 130

65 131

66 132

Nomenclature

bXC camber line curvature on the location of maximum 
camber

C maximum camber
c1, c2 coefficients of camber-line-abscissa parameter equa-

tion
c3, c4 coefficients of camber-line-ordinate parameter equa-

tion
cov covariance
k control parameter of camber-line parameter equations
kC k value on the location of maximum camber
P a new reference value for plotting (instead of R2)
R2 fitting correlation coefficient
T maximum thickness
t thickness
t1, ..., t5 coefficients of thickness equation
XC chordwise location of maximum camber
XT chordwise location of maximum thickness

x abscissa (chord location)
xC camber line abscissa
xl lower surface abscissa
xu upper surface abscissa
yC camber line ordinate
yl lower surface ordinate
yu upper surface ordinate
yori original airfoil ordinate
y f it fitted airfoil ordinate
αT E angle between camber line and chord line on trailing 

edge
βT E trailing edge boat-tail angle
βT E relative quantity of βT E

ρ0 leading edge radius
ρ0 relative quantity of ρ0

σ variance

3) During the computation on the basis of thin airfoil theory, the 
camber of airfoil is the only one to be considered. If the appro-
priate airfoil parameterization method is applied to generate 
the camber and the thickness distribution functions of the air-
foil respectively, only the camber is needed to be optimized 
in the design process, which could reduce the computational 
complexity and speed up the method optimization process.

Therefore, an improved geometric parameter airfoil parameteri-
zation method (the IGP method) is presented. The IGP method, as 
a constructive method, requires no need for the basic airfoil. In the 
IGP method, the camber is expressed based on the Bézier polyno-
mial, and the thickness is expressed by the polynomial basis func-
tion. Besides the decoupling of the camber and the thickness, the 
IGP method is also featured with clear physical meaning and fewer 
control parameters compared with other methods. In addition, the 
control parameters of the IGP method could also be directly related 
to the corresponding airfoil shape parameters which are commonly 
used in the general aerodynamic theory.

In this paper, the part of method establishment, as the be-
ginning part, defined the curve function parameters, geometric 
parameters, control parameters and the relations between them. 
Then by geometry fitting validation and aerodynamic validation of 
the 2199 airfoils in the airfoil library, the domain of the 8 con-
trol parameters was determined and the continuity of the domain 
above were validated to ensure the feasibility of the IGP method. 
In the end, the fitting of some typical airfoil was analyzed, and the 
applicable scope of the method was discussed.

2. Method establishment

In the conceptual design phase, during aerodynamic analysis 
based on the potential flow theory, it is possible to use the thin 
airfoil theory to simplify the calculation. The thin airfoil theory as-
sumes that for the ideal incompressible flow of the airfoil, if the 
angle of attack, thickness and camber are small, then the effect 
of the three can be considered separately. The lift characteristic 
of small-thickness airfoil is determined by its camber, rather than 
its thickness [10]. Under the premise above, the IGP method, by 
decoupling the camber and the thickness, could split the aerody-
namic optimization problem into two independent problem: the 
camber optimization and the thickness optimization. Even if the 
number of control parameters did not change, the IGP method 
could also help reduce the design space, simplify the optimization 

problem and speed up the optimization process. Based on that, the 
IGP method reduces the number of control parameters in order to 
further increase the computational efficiency in the process of op-
timization.

2.1. Parameterization expression of airfoil curves

In order to consider the camber and the thickness separately, it 
is necessary to determine the basis functions of both the camber 
and the thickness.

To avoid the appearance of the airfoil degenerate state, based 
on the fitting study of airfoil by various basis functions, the Bézier 
curve is selected to describe the camber line.{

xC = 3c1k(1 − k)2 + 3c2(1 − k)k2 + k3

yC = 3c3k(1 − k)2 + 3c4(1 − k)k2 (1)

Among Eqn. (1), c1, c2 are the horizontal coordinates of the two 
control points of the cubic Bézier curves, and c3, c4 are the vertical 
coordinates of the two control points of the cubic Bézier curves. 
k is an independent parameter, whose range is [0, 1].

Then, enlightened from the basis function of the thickness 
curve NACA “four-digit” airfoil series, the thickness expression is 
determined.

t = t1x0.5 + t2x + t3x2 + t4x3 + t5x4 (2)

Based on Eqn. (1) and Eqn. (2), the airfoil expression is deter-
mined as Eqn. (3) and Eqn. (4) below.

The upper surface of an airfoil:

{
xu = xc

yu = yC + 1
2 t(xc)

(3)

The lower surface of an airfoil:{
xl = xc

yl = yC − 1
2 t(xc)

(4)

In summary, according to Eqns. (1)–(4), 9 curve function pa-
rameters are needed to describe and construct an airfoil. As for 
the standard airfoil considered in this paper, trailing edge thick-
ness is 0, then

t(1) = 0 (5)
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