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ABSTRACT 

The design optimization of airfoils has been carried out to enhance aerodynamic performance of rotors using the Response 

Surface Method (RSM) and a Navier-Stokes equation solver. A multiple RSM has been developed for easy and simultaneous 

handling of various constraints, originated from the design requirement of airfoils for those applications to the rotorcraft. In 

addition to the description of aerodynamic shape for airfoils by using the Hicks-Henne functions, the mean camber line is 

parameterized to improve the design sensitivity to the aerodynamic pitching moment of airfoils. The aerodynamic performance 

is predicted using the KFLOW, a Navier-Stokes equation solver with shear stress transport turbulence modeling. Aerodynamic 

performance measures of designed airfoils are compared to those of initial airfoils to show the flexibility in handling 

constraints and the improvement of aerodynamic performance of airfoils with the proposed method. 

 

1. Introduction 
The airfoil design for its application to the rotor blade is not 

an easy task mainly due to complex aerodynamic 

environments around the rotor. To cope with large and 

unsteady variation in Mach number and the angle of attack 

along the span-wise location of the blade, more than three 

different airfoils are designed and distributed along the radial 

position of a blade with different design requirements for each 

airfoil [1]. An airfoil for inboard section should have high 

maximum lift coefficient to retard unfavourable stall effect at 

low Mach number. On the other hand, an airfoil for tip region 

should have high drag divergence Mach number [2]. Also, the 

airfoil thickness should be considered to improve the 

manufacturability of blades.  

In this study five shape functions based on the Hicks-Henne 

functions to are adopted to describe the surface geometry of 

airfoil. In addition four shape functions are used in order to 

allow the camber change. An airfoil design tool is required to 

have high flexibility and accuracy in handling complex design 

requirements. For this purpose, a multiple Response Surface 

Method (RSM) is proposed in this study. The response surfaces 

are generated for each performance measure of the airfoil [3]. 

After conforming the required accuracy of each response 

surface, it is used for airfoil design optimization [4]. 

 The random optimization method is adopted in this study to 

find the optimum design point. Two different cases of design 

parameterization with or without camber variation are applied 

and compared to show the effectiveness of the shape function 

which allows the camber variation.  

 

2. Numerical Method 
2.1 Airfoil Design Requirements 

Airfoil aerodynamic design requirements for its rotorcraft 

application should reflect complex operating conditions of 

blades and are mainly determined from previous experience 

and knowhow. Main design goal of airfoils is to improve both 

the hover Figure of Merit, FM, and the equivalent lift-to-drag 

ratio, (L/D)e , of the rotor at high forward speed when airfoils 

are distributed along radial position of the rotor blade. Airfoil 

aerodynamic design requirements can be defined by translating 



the above mentioned aerodynamic performance measures of 

the rotor into the those for the individual airfoils such as lift 

(CL), drag(CD), and pitching moment coefficients (CM) as a 

function of Mach number and angle of attack. To improve the 

hover FM airfoils should have high lift-to-drag ratio (L/D) [5, 

6]. The enhancement of (L/D)e at high forward speed can be 

achieved by retarding the drag divergence Mach number 

(MDD) especially at the advancing side of blade tip region and 

by delaying the airfoil stall at inboard section. Also the 

pitching moment should be as low as possible in order to 

minimize the strength requirements of mechanical control 

system including pitch link rods.   
 

Table. 1 Airfoil Design Requirements and the Baseline Airfoils 
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This paper follows the airfoil design requirements similar to 

those defined through the Aerospatiale’s experience [7] as 

shown in Table. 1. Three airfoils are assigned to inboard 

section (section 1), mid section (section 2), and tip section 

(section 3), respectively. The CM is lower than 0.01 for all 

airfoils [7] and airfoils for the inboard portion of rotor are 

thicker than that of tip section to enhance stall character and 

improve manufacturability. The favourable range of MDD, L/D, 

and maximum lift coefficient (CL)max are allocated for each 

airfoil.   

Numerical optimization problem for airfoil design requires 

careful selection for objective and constraint functions in order 

to meet all design requirements shown in Table 1. The airfoil 

for section 1 is designed by defining (CL)max as the objective 

function. The previous design experiences show the 

simultaneous achievement of both (CL)max and high MDD is not 

easy. For the airfoil of Section 2, the drag coefficient is 

minimized with the fixed MDD of 0.85. The design requirement 

for the CM, L/D, and (CL) max are treated as the constraints. The 

airfoil for tip section is designed by minimizing the CD at 

Mach number of 0.91.  

 

2.2 Airfoil Shape Functions and Design Variables 

The Hicks-Henne functions are well known for its smooth 

surface generation of airfoils with relatively small number of 

parameters and widely used in various airfoil design studies. In 

this study five shape functions are adopted to generate upper 

and lower surfaces of each airfoil. In addition the mean 

chamber is expressed with four additional shape functions in 

order to enhance design sensitivity of chamber change to the 

CM. Therefore, 14 design variables per airfoil are used in 

design optimization. The Hicks-Henne functions used for 

airfoil surface generation are expressed in Eqs (1)~(3) [8] and 

shape functions for the chamber distribution are defined as in 

Eqs (4)-(5).  
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Fig. 1 Diagram of shape functions for mean camber line 
 

Fig. 1 shows shape functions for camber distribution. The 

upper surface Uy and lower surface Ly of an airfoil can be 

parameterized as 
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where 0000 ,,, CUCL yyyy  represent coordinates for upper 

and lower surfaces and camber distribution for the initial 

airfoil. Therefore, an airfoil can be design by determining 

the following design variables   
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2.3 Multiple Response Surface Method 

The RSM is widely used in optimization problem with large 

number of design variables since the influence of each variable 

on the objective and constraint functions can be easily reflected 

without complex manipulation. The RSM approximates 

numerical or experimental database with minimum error in the 

least square sense [4]. Fig. 2 shows the design process using 

the multiple RSM. With an initial baseline airfoil, the design 

variables are all zeros (d=0). In this study 200-points of design 

variable vector (dk, k=1,············,200) are used to generate  

Response surfaces (RS). Each component dj (j=1,············,14) of 

design vector dk (k=1,············,200) is generated using the random 

number generator,. If the maximum thickness variation with a 

design variable vector dk is greater than 10% of initial 

thickness, the corresponding vector dk is discarded and 

regenerated. 

After defining all required 200 points of design variable 

vectors, the flow solver, KFLOW, computes aerodynamic 

characteristics defined in Table. 1 for all airfoil configurations 

defined by dk, (k=1,············,200) to build the aerodynamic database 

for the current design variable set dk. 

The RSs for each of MDD, (CL)max, L/D and CM0 are 

generated. In this study the quadratic function of the design 

variable vector is used to build each RS. To reserve the 

required accuracy of the response surface, the errors between 

data points in data base and the approximated values using the 

response surface are compared. Whenever the error of any RS 

is greater than the given tolerance, 10% among the design 

variable vectors are discarded and replaced with new vectors. 

This process is continued until all errors of each RS is less than 

the tolerance. 

The airfoil design is started with the RS functions. There are 

2 different approaches to design optimization. One is to use the 

general nonlinear programming (NLP) solver and the other is 

to use the random optimization method. This study uses the 

later method to avoid the numerical difficulties with NLP 

solvers. For this purpose one design variable vector is 

generated using the random number generator. In case this 

vector violates one of design constraints or it generates poor 

airfoil performance than that with the previous best selection of 

the design variable vector. This process is continued until the 

improvement in objective function value is less that the given 

tolerance. This process guarantees the automatic satisfaction of 

all design constraints. 
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Fig. 2 Diagram of design process 

 

2.4 Flow Solver 

The aerodynamic coefficients of airfoils are predicted 

using the KFLOW which resolve the 2-D compressible 

Navier-Stokes equations with the ω−k  Shear Stress 

Transport (SST) turbulence model. The viscosity coefficient 

predicted using the SST turbulent model can consider the 

major transfer characteristics of turbulence shear stress, related 

to flows with adverse pressure gradient. The Roe’s FDS (Flux 

Difference Splitting) and 2nd order unwind MUSCL schemes 

are used for spatial discretization and the diagonalized ADI 

scheme is applied to get an accelerated steady-state solution [9]. 

The C-type computational grid with the 321x65 points is 

generated and modified whenever a new airfoil shape is 

defined. In this research the spring analogy concept is applied 

to regenerate computational grid during shape design process 



[10]. This approach provides an efficient generation of new 

grid with equal level of smoothness and orthogonality as those 

of the original grid system.  

 

3. Applications to Airfoil Design 
In this study two different cases of design parameterization 

are applied and compared the design results of each airfoil for 

section 1~ section 3. Two cases are classified depending on 

whether the shape function for camber is included or not. In 

case the shape function for camber is not included, the results 

in figures are marked with P.M. which represents the general 

method of previous researchers.  

 

3.1 Airfoil Design for Section 1 

Fig.3 shows the comparison of the shape of the baseline 

airfoil and those of the designed airfoils. KU 112 represents the 

design result with camber change. The results, KU 112-P.M. , 

without camber change has nearly the same chamber 

distribution as that of the baseline airfoil, which denotes the 

Hicks-Henne functions defined in Eqs (1)~(3) hardly change 

camber distribution. Fig.4 compares the lift coefficients. The 

designed airfoils has (CL)max greater than that of design 

requirements of (CL)max =1.7. The lift curve slope is nearly the 

same as that of the baseline airfoil. In this design case, the 

design requirement for L/D is not applied since this constraint 

can restrict the increase in (CL)max.  

Fig. 5 depicts the ratio L/D of the airfoil sections plotted 

against the angle of attack. The maximum L/D is achieved 

around the angle of attack of 3 degrees. The result of KU 112 

is similar to the baseline airfoil while KU 112_P.M. shows the 

ratio L/D decrease as the angle of attack is further increased. 

This result represents difficulty in simultaneous improvement 

of both the ratio L/D and (CL)max. Fig. 6 shows the variation of 

drag and moment coefficients with varying Mach number. KU 

112 airfoil has the lower CD and the higher MDD (defined 

as 1.0/ =∂∂ MCd
) compared to those of the baseline and KU 

112_P.M. airfoil. Furthermore KU 112 airfoil has better 

moment characteristic than that of the baseline airfoil. All of 

the designed airfoils satisfy the design requirements for MDD 

and CM.  

The designed airfoil with camber change shows better 

performance compared to that without camber change in that it 

shows higher MDD and lower CM. 

3.2 Design optimization of Section 2  

Fig. 7 shows the airfoil shape change after design 

optimization. The plot for KU 109 airfoil represents the 

camber variation from that of the baseline airfoil. 

Fig. 8 compares the lift coefficients. The designed airfoils 

has greater (CL)max satisfying the design constraints of CL)max 

=1.2. The lift curve slope is nearly the same as that of the 

baseline airfoil. Fig. 9 shows the ratio L/D of the airfoil 

sections plotted against the angle of attack. The maximum L/D 

is achieved around the angle of attack of 4 degrees.  

Fig. 10 represents the variation of drag and moment 

coefficients with varying Mach number. The CD of KU 109 

airfoil show gradual increase at Mach number of 0.8, while the 

CD of KU 109_P.M. airfoil has increased rapidly. The CM of 

KU 109 airfoil is close to zero over the Mach number range to 

MDD. All of the designed airfoils satisfy the design 

requirements of MDD > 0.85 and │CM│< 0.01. 
 

3.3 Design optimization of Section 3 

Fig. 11 shows the comparison of the shape of the baseline 

airfoil and those of the designed airfoils. KU 107 and KU 

107_P.M. airfoils show significant change in the surfaces 

compared to the baseline airfoil,. 

The objective function is minimum the CD at Mach number 

of 0.91. Both KU 107 and KU 107_P.M. airfoils violates MDD 

constraint as shown in Fig. 14. Mach number of 0.91 is quite 

challenging value compared to that of the baseline airfoil. The 

CM of designed airfoils fully satisfies the design requirement, 

but improvements are much lower than the results of Section 

3.2.  

 

4. Conclusion  
The design optimization of airfoil for the application has 

been carried out for its applications to rotorcraft using multiple 

RSM and the flow solver of Navier-Stokes equation. The shape 

functions which allow camber change are proposed to enhance 

design sensitivity of camber. By adding these functions, the 

airfoils with better performance can be designed. The results of 

this study show a multiple response surface method can be 

effectively applicable for the aerodynamic design of airfoils. 
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Fig. 3 Comparison of the Baseline Airfoil and Designed Airfoils 
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Fig. 4 Lift curve slope of the Baseline Airfoil and Designed Airfoils,  
M = 0.4, Re =3.2×106. 
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Fig. 5 Lift to drag ratio of the Baseline Airfoil and Designed Airfoils,  
M = 0.6, Re =4.8×106. 
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Fig. 6 Computed drag and moment characteristics of the Baseline Airfoil and 
Designed Airfoils, Re = M×8 ×106. 
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Fig. 7 Comparison of the Baseline Airfoil and Designed Airfoils 
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Fig. 8 Lift curve slope of the Baseline Airfoil and Designed Airfoils,  

M = 0.4, Re =3.2×106. 
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Fig. 9 Lift to drag ratio of the Baseline Airfoil and Designed Airfoils,  
M = 0.6, Re =4.8×106. 
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Fig. 10 Computed drag and moment characteristics of the Baseline Airfoil and 
Designed Airfoils, Re =M×8×106. 
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Fig. 11 Comparison of the Baseline Airfoil and Designed Airfoils 

AoA

C
l

-5 0 5 10 15 20

-0.5

0

0.5

1

1.5

Baseline Airfoil
KU 107
KU 107_P.M.

Clmax > 1.1

 

Fig. 12 Lift curve slope of the Baseline Airfoil and Designed Airfoils,  
M = 0.4, Re =3.2×106. 
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Fig. 13 Lift to drag ratio of the Baseline Airfoil and Designed Airfoils, M = 0.6, 
Re = 4.8 ×106. 
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Fig. 14 Computed drag and moment characteristics of the Baseline Airfoil and 
Designed Airfoils, Re = M×8×106. 
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