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Abstract

The low speed aerodynamic characteristics for a modified sonic arc airfoil which is designed by using the nose shape function 

of sonic arc, the shape function of NACA four-digit wing sections, and Maple are experimentally investigated. The small rotor 

blades of a modified sonic arc and NACA0012 airfoil are precisely  fabricated with a commercially available light aluminum(Al 

6061-T6) and are spin tested over a  low speed range (3000rpm-5000rpm). In a consuming power comparison, the consuming 

powers of NACA0012 are higher than that of modified sonic arcs at each pitch angle. The measured rotor thrust for each pitch 

angle is used to estimate the rotor thrust coefficient according to momentum theory in the hover state. The value of thrust 

coefficients for both two airfoils at each pitch angle show almost constant values over the low Mach number range. However, 

the rotor thrust coefficient of NACA0012 is higher than that of the modified sonic arc at each pitch angle. In conclusion, the 

aerodynamic performance of NACA0012 is better than that of modified sonic arcs in the low speed regime. This test model will 

provide a convenient platform for improving the aerodynamic performance of small scale airfoils and for performing design 

optimization studies.
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1. Introduction

During the last half century, much research investigating 

new airfoil design or modification of existing airfoils have 

been conducted. Especially, transonic small disturbance 

(TSD) theory may be applied in the aerodynamic design of 

wings of civil transport airplane and military fighters and in 

the design of helicopter blades, compressors, and turbines. 

Many algorithms for Euler solutions or Navier-Stokes 

equations for transonic flows demonstrate the difficulties in 

understanding the aerodynamic characteristics of the flows 

and its complex nonlinear nature as the geometry, the angle 

of attack, and the speed are changed [1]. However, theoretical 

approaches to transonic flow which can clarify its nature will 

provide a useful tool for aerodynamic analysis and the design 

of airfoils and wings in such conditions [2]. 

To improve the aerodynamic performance of civil airplane 

and fighter wings in transonic flows, Whitcomb et al. [3] 

suggest the supercritical airfoil which consists of a flat upper 

surface and cambered lower surface in the trailing edge. Such 

a flat upper surface creates a shock wave delay in which shock 

waves may appear beyond the critical Mach number. This 

delay results in the reduction of drag around airfoils. Also the 

cambered lower surface in a trailing edge compensates for 

lift loss around the wings due to a flat upper surface. Spaid et 

al. [4] modify the supercritical airfoil of Whitcomb a little and 

measure the surface pressure and drag around the modified 

airfoil over the range of the far field Mach number, 0.6 < M∞ < 

0.8.  It is then compared and analyzed with the aerodynamic 

performance of the NACA0012 airfoil. Harris [5] also develops 

the SC(1, 2)-0174 airfoils which is the modified supercritical 

airfoil. It is a 14% thick airfoil designed for a lift coefficient 

of 0.7. This airfoil is tested not only at transonic speeds but 

also at low speeds in the Langley wind tunnel. In particular, 

the effects of varying Mach number from 0.10 to 0.32 at a 

Reynolds number of 6.0 x 106 are included in the wind-tunnel 
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test results [5]. McGhee et al. [6] developed new NASA low- 

and mid- speed airfoils from the initial low-speed family 

airfoils. The thickness ratio of the initial airfoils designed for 

a sectional lift coefficient of 0.4 is changed from 9% to 21%. 

The new NASA airfoils are developed to increase the cruise 

Mach number of low-speed airfoils while retaining good 

high-lift and low speed characteristics. For example, the new 

NASA airfoils are designed for Cl =0.3 at M∞ =0.15.

Rusak et al. [7] investigate the improvement of the 

aerodynamic efficiency of small-scale airfoils by using 

a temperature differential between the upper and lower 

surface and the heat transfer effect with numerical 

simulations, asymptotic analysis, and experimental work. 

In the experimental work, the microrotor blades with 6-in 

(15.24-cm) diameters are spin tested at several blade pitch 

angle settings ranging from 9 to 15 deg. The microrotor 

blades are fabricated by using a commercial thermoelectric 

alloy material that exhibits the Peltier effect which occurs 

when any two members of the thermoelectric series are 

connected to form a junction. The application of a control 

voltage across the thickness of the airfoil results in a 

temperature differential between the upper and lower 

airfoil surfaces. This temperature differential influences the 

rotor aerodynamic performance, and this is measured and 

compared with the computational results. 

As stated above, the supercritical airfoil to enhance the 

aerodynamic performance of civil airplane wings flying 

in a transonic regime is developed and its aerodynamic 

characteristics are tested for both transonic speed and 

low speed. The results are compared with aerodynamic 

characteristics of NACA0012 airfoil. 

In the present study, the experimental investigations 

of the aerodynamic characteristics for modified sonic arc 

airfoils in low speed regimes are conducted as the continuing 

work of references [8, 9] which are numerical studies for this 

airfoil in both transonic flow and low speed flow. This airfoil 

is designed by using the nose shape function of sonic arcs 

proposed by Rusak [10], the shape function of NACA four-

digit wing sections, and the commercial program Maple.

2. Airfoil Design

 The special modified airfoil with a higher critical free 

stream Mach number and with lower pressure drag at 

transonic speeds can be constructed by using TSD theory. 

We call it a “modified sonic arc airfoil”. This airfoil is 

characterized by arcs which are close to the sonic arc along 

the forward part of the airfoil up to the maximum thickness 

point and which connect to a sharp tail. It has a nose shape 

given by equation (4) and a tail angle of NACA four-digit 

airfoil family (a sharp tail is used for practical aerodynamic 

reasons to minimize the boundary layer separation near the 

trail edge). This newly-designed airfoil is described by the 

formula  where  and . Here  is the 

thickness ratio of airfoil, c is the airfoil chord, and  is 

the surface function of modified sonic arc airfoil. The surface 

function  can be obtained as follows. 

Using the TSD theory, Schwendenman et al. [11] show 

that the asymptotic shape of sonic arc  is given 

by the parametric representation:

(1)

(2)

where  and  is the Gamma function. The 

arc becomes sonic at a Mach number determined by the 

relation: 

(3)

This is the highest critical Mach number which can be 

achieved for any airfoil with a given thickness ratio   at zero 

angle of attack. Equation (1)-(3) describe a sonic arc at a zero 

angle of attack. The flow around the sonic arc was studied 

in detail by Rusak [10]. He suggests that the arc shape at 

the nose of the asymptotic shape (as  or as ) 

changes like;

(4)

The  nose shape is exactly the nose of the sonic 

slender semi-infinite body. This special nose shape results in 

minimal pressure drag contribution among all the power law 

shapes  with 2/5≤n≤1. The nose shape of equation 

(4) may contribute to the design of improved airfoils with a 

higher critical Mach number or with reduced drag.  

The thickness distribution for NACA four-digit wing 

sections [12] is given by the formula;

(5)

Now, we can construct the modified sonic arc airfoil 
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with a nose shape of the body given by equation (4) and a 

tail angle of NACA four-digit wing sections. Experience with 

computations shows that the maximum thickness of this 

airfoil should be located at =0.415 for the highest critical 

free stream Mach number. The modified airfoil shape 

 is given by the formula;  

(6)

where c=1, h2=0.8469, a1=-0.2645, a2=1.3018, a3=-3.6896 and 

a4=1.8054. The sonic arc and the modified shape with =0.12 

are shown in Fig.1. 

3. Experimental Study 

To investigate the aerodynamic performance of the 

modified sonic arc airfoil, the small rotor blades of the 

modified sonic arc and NACA0012 airfoil are spin tested 

like in reference [7]. First, the rotor blades of the modified 

sonic arc and NACA0012 airfoil are designed with CATIA 

which is a commercial drawing program, and then the 

rotor blades are accurately fabricated with a commercially 

available light aluminum(Al 6061-T6) using the 5-axis high 

speed manufacturing machine called  CAM (computer-

aided manufacturing) machine. Fig. 2 shows the rotor 

blades with pitch angles where the diameter of the rotor 

blade is 18cm and the diameter of the hub is 2.2cm. The 

experimental apparatus consists of a highly sensitive load 

cell for measuring rotor thrust, a laser light source coupled to 

a frequency counter to measure rotor speed, and a coreless-

dc motor with associated fixtures which connect the rotor 

blades to the motor output spindle. Fig. 3 shows the test 

apparatuses mounted on two columns (50cm height and 

50cm distance). The rotor blades are tested from 3000rpm to 

5000rpm in room temperature (293.15K) in a low-humidity 

environment. The platform is rectangular (no taper or 

sweep), the aspect ratio is 4.5 [9cm radius and 2cm chord], 

camber is 0%, and the blades are untwisted. The test data for 

the hovering rotor is collected by the commercial program 

LabView. The rotor blades are tested at several blade pitch 

settings ranging from 3 to 12 degree. In order to obtain 

accurate data, the load cell is fitted on the zero adjustment 

first. Motor speed is increased by a control lever and we 

keep the rotor rotating up to the steady state at a fixed rpm.  

Then ten data per second are collected for ninety seconds by 

Labview. The mean value of the collected data is calculated 

and this mean value is regarded as the thrust at a given rpm.

The measured consuming powers for NACA0012 and 

modified sonic arc airfoils at a given pitch angle are shown 

in Fig.4 ~ Fig.6. The curve fitting lines analogized by the 

least-square regression method are added in all the figures. 

The consuming powers are increasing as rotor blade speeds 

are increased in all the figures. Moreover, the consuming 

powers of NACA0012 are higher than that of the modified 

sonic arc at each pitch angle. As the pitch angle is increased, 

the consuming power for both two airfoils is also increased. 

For example, at a 3 deg. pitch angle, the estimated values 

of consuming power are 0.52[watt] for NACA0012 and 

Fig.1. Geometry of Modified Sonic Arc Airfoil =0.12, Sonic Arc Airfoil 

=0.12, and NACA0012 Airfoil

Fig. 2. Rotor Blades with Pitch Angle

Fig. 3. Experimental Apparatus
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0.13[watt] for the modified sonic arc at about 4500[rpm]. 

At a 6 deg. pitch angle, it is 0.62[watt] for NACA0012 and 

0.35[watt] for the modified sonic arc at about 4500[rpm]. 

At a 12 deg. pitch angle, it is 1.45[watt] for NACA0012 and 

1.30[watt] for the modified sonic arc at about 4500[rpm]. 

The experimental data of thrust for each pitch angle are 

listed in Table 1~Table 3. These measured rotor thrusts 

for each pitch angle are used to estimate the rotor thrust 

coefficients according to momentum theory in the hover 

state [13]. The rotor thrust coefficient is defined on the 

basis of the rotor disk area A and the tip speed Vtip=ΩR by 

CT=T(1/2ρA(ΩR)2) which is the equation (2.31) in reference 

[13]. Here T is the rotor thrust, Ω is angular velocity, and        

A=ΩR2 (9cm radius). Fig.7 ~ Fig.9 shows the rotor thrust 

coefficient. The corresponding Mach number range for the 

rotor blade speeds (3000rpm-5000rpm) is between 0.082 

and 0.137. In Fig.7, the average of the rotor thrust coefficient 

is 0.000192 for NACA0012 and 0.000128 for the modified 

sonic arc. The average thrust coefficient of NACA0012 is 50 

% higher than that for the modified sonic arc at a 3 deg. pitch 

angle. In Fig.8, it is 0.000485 for NACA0012 and 0.000398 

for the modified sonic arc. The average thrust coefficient of 

NACA0012 is 22% higher than that for the modified sonic arc 

at a 6 deg. pitch angle. In Fig.9, it is 0.00126 for NACA0012 

and 0.00103 for the modified sonic arc. The average thrust 

coefficient of NACA0012 is 22% higher than that for the 

modified sonic arc at a 12 deg. pitch angle. In all the figures, 

the rotor thrust coefficient of NACA0012 is higher than the 

Fig.4. Measured consuming power vs Rotor speeds with a 3 deg. 
pitch angle

Fig.5. Measured consuming power vs Rotor speeds with a 6 deg. 
pitch angle

Fig.6. Measured consuming power vs Rotor speeds with a 12 deg. 
pitch angle

Table 1. Thrust[gf] Measurement for a 3 deg. pitch angle

 

Table 2. Thrust[gf] Measurement for a 6 deg. pitch angle

Table 3. Thrust[gf] Measurement for a 12 deg. pitch angle
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rotor thrust coefficient of the modified sonic arc at a given 

pitch angle. When the pitch angle is doubled, the rotor thrust 

coefficient of NACA0012 is increased by two and a half times 

and that of the modified sonic arc is increased by two and a 

half or three times. Therefore, the aerodynamic performance 

of NACA0012 is better than that of the modified sonic arc in 

the low speed regime (3000rpm-5000rpm). 

4. Conclusion

The low speed aerodynamic characteristics of the 

modified sonic arc airfoil which is designed by using the nose 

shape function of the sonic arc, the shape function of NACA 

four-digit wing sections, and the Maple are experimentally 

investigated. The small rotor blades of the modified sonic 

arc and NACA0012 airfoil are precisely fabricated with a 

commercially available light aluminum(Al 6061-T6) using a 

5-axis high speed manufacturing machine and then they are 

spin tested over the low speed range (3000rpm-5000rpm). In 

the consuming power comparison, the consuming powers of 

NACA0012 is higher than that of the modified sonic arc at 

the given pitch angle. The measured rotor thrust is used to 

estimate the rotor thrust coefficient. The value of the rotor 

thrust coefficient at each pitch angle shows to be almost 

consistently over the low Mach number range. For example, 

the average thrust coefficient for NACA0012 is 0.000198 and 

that for the modified sonic arc is 0.000128 at a 3 deg. pitch 

angle. In conclusion, the aerodynamic performance of 

NACA0012 is better than that of the modified sonic arc in the 

low speed regime. This test model will provide a convenient 

platform for improving the aerodynamic performance of 

small scale airfoils and for performing design optimization 

studies.

Acknowledgement

This work was supported by a grant from 2011 Research 

Fund of ACE(Advancement of College Education).

References

[1] Nixon, D., Unsteady Transonic Aerodynamics, Progress 

in Astronautics and Aeronautics, AIAA, Washington DC, 

USA,1988. 

[2] Cole, J. D. and Cook, L. P., Transonic Aerodynamics, 

North-Holland, New York, USA, 1986.

[3] Whitcomb, R. T. and Clark, L. R., “An Airfoil Shape for 

Efficient Flight at Supercritical Mach Numbers”, NASA TM 

X-1109, 1965. 

[4] Spaid, F. W., Dahlin, J. A., Roos, F. W., and Stivers, L. 

S., Jr., “An Experimental Study of Transonic Flow about a 

Fig.7. Rotor thrust coefficient vs Mach number with a 3 deg. pitch 
angle

Fig.8. Rotor thrust coefficient vs Mach number with a 6 deg. pitch 
angle

Fig.9. Rotor thrust coefficient vs Mach number with a 12 deg. pitch 
angle



DOI:10.5139/IJASS.2012.13.3.317 322

Int’l J. of Aeronautical & Space Sci. 13(3), 317–322 (2012)

Supercritical Airfoil. Static Pressure and Drag data Obtained 

from Tests of a Supercritical Airfoil and an NACA0012 Airfoil 

at Transonic Speeds, Supplement”, NASA-TM-81336- SUPPL, 

1983.

[5] Harris, D. C., McGhee, R. J., and Allison, D. O., “Low-

Speed Aerodynamic Characteristics of a 14-percent-Thick 

NASA Phase 2 Supercritical Airfoil Designed for a Lift 

Coefficient of 0.7”, NASA TM 81912, 1980.

[6]McGhee R. T., Beasley W.D., and Whitcomb R. T., 

“NASA Low- and Medium-Speed Airfoil Development”, 

NASA Technical Memorandum 78709, 1979.

[7] Kim, J.M., Rusak. Z., and Koratkar, N., “Small-Scale 

Airfoil Aerodynamic Efficiency Improvement by Surface 

Temperature and Heat Transfer”, AIAA Journal, Vol.41, 

No.11, 2003, pp. 2105-2113.

[8] Lee, J.C., “Aerodynamic performance of Modified 

Sonic Arc Airfoil”, Journal of Korean Society for Aeronautical 

and Space Sciences, Vol. 35, No. 7, 2007, pp. 581-585.

[9] Lee, J.C., “Low Speed Aerodynamic Characteristic 

of Modified Sonic Arc Airfoil”, Journal of Korean Society for 

Aeronautical and Space Sciences, Vol.40, No.2, 2012, pp. 139-

145.

[10] Rusak, Z., “Transonic Flow around Optimum Critical 

Airfoils”, SIAM Journal of Applied Mathematics, Vol.55, No.5, 

1995, pp.1455-1467.

[11] Schwendenman, D. W., Kropinski, M.C.A., and Cole, 

J.D., “On the Construction and Calculation of Optimal 

Nonlifiting Critical Airfoils”, ZAMP Journal of Applied 

Mathematics and Physics, Vol. 44, 1993, pp. 556-571. 

[12] Abbott, I.H. and von Doenhoff, A.E., Theory of Wing 

Sections, Dover Publications Inc., New York, 1959.

[13] Leishman, J.G., Principles of Helicopter Aerodynamics, 

Cambridge Univ. Press, Cambridge, UK, 2000.


