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Abstract  

This work determined the lift/ drag characteristics of a NACA 4415 with a 15% thickness to chord ratio was 

analyzed to determine airfoil favoured by many wind turbine manufacturers at low Reynolds number. NACA 

4415 was cast using thermo set material (fibre glass and polyester resin e.t.c). Wind tunnel experiments were 

performed to obtain the lift and drag forces. The size of the cast airfoil is such that it can be mounted in the test 

section of the wind tunnel. Using the wind speeds of 3.0 m/s to 7.0 m/s at intervals of 1 m/s, the lift and drag 

forces were measured at seventeen different angles of attack. The Reynolds number, Coefficient of Lift, and 

Coefficient of drag corresponding to each wind speed were obtained using the wind tunnel data management 

system. From the graphs it was observed that NACA 4415 have a stall angle at 16
0
 angle of attack with 

maximum   at 1.2
0 

angle of attack. As expected with low Reynolds number, the airfoil will generate 

lesser lift and encounter higher drag; this is due to the increase in velocity of the air as it flows over the model, 

increasing all aerodynamic forces in the wind tunnel. NACA 4415 airfoil test data was claims better 

performance compared to NACA 4412, 0015 as expected with low Reynolds number regime due to maximum 

camber, the drag experienced by the airfoils was high with the Reynolds number. This is more pronounced with 

the graph. 
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INTRODUCTION 

An airfoil is the cross sectional shape of a wing, 

blade (of a propeller, rotor, or turbine) or sail. An 

airfoil shape body moved through a fluid and 

produced an aerodynamic force. The component of 

this force perpendicular to the direction of motion is 

called lift. The component parallel to the direction of 

motion is called drag. Mateescu D., Abdo M. (2004)  

Determination of lift/drag characteristics at ultra-low 

Reynolds number is a large area of research. This 

review is directed towards the basic principle of the 

determination of lift/drag characteristics at ultra-low 

Reynolds number. The research in this paper has an 

impact on making available lift/drag data needed for 

wind turbine (and other aerial vehicles) aerodynamics 

research at these ultra-low Reynolds numbers for 

Nigerian wind speed Classes. Accurate measurements 

of low Reynolds number airfoil performance are keys 

to understanding and improving the efficiency of low 

Reynolds number systems. The study will be limited 

to NACA 4415, airfoil, being airfoil used by many 

wind turbine blade manufacturers and being those 

whose cross-sectional coordinates are readily 

available. Further, this study would be limited in 

scope to those wind speeds that fall within the 

Classes 1 and 2 and to two and three dimensional 

flows (Adamu, 2012). 

 

In the late 1800’s, the earliest work on the 

development of airfoil sections had been started. It 

was known that flat plates may produce lift at an 

angle of incidence (which is also named as angle of 

attack). However, some suspected that shapes with a 

curvature would produce more lift hence more 

efficient due to its shape resembled to the bird wings. 

In 1893, H.F. Philips constructed a large device 

(sustainers which is also known as airfoils) for the 

effective lift testing. According to Octave Chanute in 

1893, the success and failure of a flying machine will 

depend upon the sustaining effect between a plane 

and a curve surface to get a maximum lift. Vermeer, 

L, et al, (2003). 

 

Over the years, the use of such sections gradually 

decreased. In the early 1920’s, the National Advisory 

Committee of Aeronautics (NACA) had used the 

Clark Y and Gottingen 398 which are successful 

sections, as the basic for a family of sections tested. 

In 1933, NACA issued its monumental Technical 

Report No. 460, “The Characteristics of 78 Related 

Airfoil Sections from Tests in the Variable-Density 

Wind Tunnel.” This investigation of a large group of 

related airfoils was made at a large value of the 

Reynolds Number which was made to provide data 

that may be directly employed for a rational choice of 

the most suitable airfoil section for a given 

application. Thus, the NACA airfoils became widely 

used, for example, the NACA 2412 continued in use 

on some light aircrafts more than half a century later 

Ravindran, D (2010). In 1939, the first laminar flow 
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airfoil sections which had extremely low drag and 

achieved a lift drag ratio of about 300 had been 

designed and tested by Eastman Jacobs at NACA in 

Langley 

 

Nowadays, most of the airfoils are normally designed 

especially for their intended application, such as the 

wing of aircraft, shape for sail or blade of a propeller, 

rotor or turbine Ravindran, D. (2010) 

Airfoil Nomenclature 

 
Figure 2.1: Airfoils nomenclature  

Source: Mueller, T.J., Jansen, B. J. Jr. (1962) 

 

Airfoils have a characteristic shape with a rounded 

leading edge and then followed by a sharp trailing 

edge, often with asymmetric camber. In Figure 2.1, 

the mean camber line is the locus of points halfway 

between the upper and lower surface as measured 

perpendicular to the mean camber line itself.  

 

The leading and trailing edges are the most forward 

and rearward point of the mean camber line 

respectively. The straight line connecting the leading 

and trailing edges is the chord line of the airfoil. The 

precise distance from the leading to the trailing edge 

measured along the chord line is simply designated 

the chord, c, of the airfoil. The camber is the 

maximum distance between the mean camber line 

and the chord line, measured perpendicular to the 

chord line. The thickness is the distance between the 

upper and lower surfaces, also measured 

perpendicular to the chord line. The shape of all 

standard NACA airfoils are generated by specifying 

the shape of the mean camber line and then wrapping 

a specified symmetrical thickness distribution around 

the mean camber line. Sharma, M. S. & Poddar, K. 

(2010). 

 

The NACA identified different airfoil shapes with a 

logical numbering system. However, there are several 

families of NACA airfoils, such as “four-digit” 

series, “five-digit” series, “6-series”, “7-series” and 

“8-series”. The six, seven and even eight series were 

designed to highlight some aerodynamic 

characteristics. Selig, Michael S., et al. (1995) 

 

The first family of NACA airfoils which was 

developed in 1930s was the “4-digit” (NACA 

XXXX) series and it means that the first digit 

expresses the camber in percent chord, the second 

digit gives the location of the maximum camber point 

in tenths of chord and finally the last two digits give 

the thickness in percent chord. For example, 4412 has 

maximum of 4% of chord located at 40% chord back 

from the leading edge and is 12% thick while 0006 is 

a symmetrical section of 6% thickness. Sharma, M. S. 

& Poddar, K. (2010). 

 

The performance of airfoils at low Reynolds numbers 

has been of interest in connection with a wide range 

of applications, including the operation of aircraft at 

low speeds and the design of micro air vehicles, 

compressor blades, wind turbines, and inboard 

sections of helicopter rotors, Abdo M., Mateescu D. 

(2005) Several investigators have studied airfoil 

performance in the low Reynolds number region. 

Their findings indicated that serious aerodynamic 

problems occur below Reynolds number of about 

200,000. Specifically, the laminar boundary layer on 

the upper surface of the airfoil is subjected to an 

adverse pressure gradient, even at low angles of 

attack, Reuss, R. L., et al (1995).  This often results 

in laminar boundary-layer separation and formation 

of a shear layer. At lower Reynolds numbers, the 

separated shear layer does not reattach to the airfoil 

surface, and a large wake is formed. In contrast, at 

higher Reynolds numbers, the separated shear layer 

may reattach to the airfoil surface, resulting in the 

formation of a separation bubble. Marchman, J.F 

(1987). 

 

With decrease in Reynolds number, the non-

dimensional lift generated by an airfoil reduces, while 

the non-dimensional drag experienced by the airfoil 

increases. The combined effect reduces the 

aerodynamic efficiency drastically. It is clear that 

airfoil performance deteriorates rapidly as the 

Reynolds number decreases below.  There is a dearth 

of lift/drag data needed for wind turbine 

aerodynamics research at these ultra-low Reynolds 

number for Nigerian wind speed Classes. Adamu, A. 

A. (2012). 

 

In the design and research into commercially viable 

rotor blades for wind turbines and flying crafts, it is 

imperative that an accurate assessment is made of the 

aerodynamic characteristics of the airfoils employed 

in making the blades. The findings of this work will 

not only simplify the difficult problem in obtaining 

data of airfoils operating at ultra-low Reynolds 

number, but will also facilitate research into the 

design of rotor blades and wake analysis of wind 

machines for improved performance. Ravindran D. 

(2010). 
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Experimental Techniques at Low Reynolds 

Number 

The wind tunnel tests are crucial for investigations at 

low Reynolds numbers. In order to understand and 

improve the performance of low Reynolds number 

airfoils, accurate wind tunnel tests must be 

performed. Since the low Reynolds number airfoil 

performance is highly dependent of the laminar 

boundary layer. Reuss, R. L., et al (1995).  Low 

turbulence levels in the wind tunnel’s test section are 

necessary. Mateescu D., Abdo M. (2004).  If the 

laminar boundary layer becomes turbulent 

prematurely because of free stream disturbances, the 

phenomenon like laminar separation bubble may not 

be investigated and/or documented properly. In order 

to ensure low levels of free stream turbulence and 

good flow quality in test section of wind tunnel, 

turbulence screens and honeycombs may be 

employed. In order to determine the aerodynamic 

characteristics of an airfoil, wind tunnel test methods 

such as force and pressure measurements, velocity 

measurement by using a manometer and pitot static-

tube system, hot-wire system and laser doppler 

anemometry (LDA), laser doppler velocimetry 

(LDV), flow visualizations with oil, smoke wire may 

be employed.  

 

MATERIALS AND METHODS 

Airfoil Models 

The airfoil used was NACA 4415, which falls under 

the NACA Four-Digit Series. According to this 

specification the first digit specifies the maximum 

camber (m) in percentage of the chord (airfoil 

length), the second indicates the position of the 

maximum camber (p) in tenths of chord, and the last 

two numbers provide the maximum thickness (t) of 

the airfoil in percentage of chord. For example, the 

NACA 4415 airfoil has a maximum thickness of 15% 

with a camber of 4% located 40% back from the 

airfoil leading edge (or 0.4c). The airfoil models: - 

NACA 4415, was made of thermo set material, each 

airfoil has a chord length of 100mm and a span of 

150mm. Mateescu D., Abdo M. (2004). 

 

Table 1: Specifications of the Fabricated Airfoil 
NACA Airfoil Number 4415 

Chord (c) 100mm 

Length 150mm 

Maximum camber 4% 

Position of maximum camber on chord 0.4mm 

Maximum thickness 15 % 

Source: M.S. (2009). 

 

Materials  

The following materials were used in the production 

of the airfoil studied: 

1. Card board paper 

2. Masking tape 

3. Polyester resin (Type R10- 03) 

4. Cobalt 

5. Fibre glass 

6. Car body filler 

7. Durawax 

8. Sand paper 

9. Hardener 

 

The Production Process 

1. The original airfoil (NACA 4415,) was 

produced using cardboard paper as shown in 

plate 2, 3 and 4 in Appendix A. 

2. A fibre glass female mould was then taken 

from the original. The mould was in two 

halves. Durawax was applied to the mould 

to ensure that the item produced did not 

stick to the mould. This mould can be used a 

number of times. 

3. The two halves were then filled with 

chopped fibre glass mat mixed with resin. 

Hardener and cobalt (accelerator that speed 

the hardening process) were added to the 

resin to start the curing process, once it is 

added it must be worked quickly as the resin 

will solidify quickly. 

4. The two halves filled with the mix were then 

matched together and held firmly for some 

few minutes. After the material being 

solidified, the mould was carefully removed. 

5. The airfoil produced was then filled with 

good quality body filler for imperfection and 

sanded to get a smooth finish.  The produced 

NACA 4415, are shown in plate, 2, 3 and 4 

respectively (See Appendix A). 

 

Wind Tunnel 

Description 

A wind tunnel is specifically designed and protected 

space into which air is drawn or blown by mechanical 

means in order to achieve a specified speed and 

predetermined flow pattern at a given instant. The 

flow so achieved can be observed through transparent 

windows that enclose the test section and flow 

characteristics are measurable using specialized 

instruments. The wind tunnel used for this 

experiment was a subsonic open-circuit wind tunnel.  

It is open circuit because air is drawn directly from 

the surroundings into the wind tunnel and rejected 

back into the surroundings. It is also classified as 

subsonic because the Mach number is less than 1 

(M<1). The wind tunnel was constructed mainly with 

structural steel, and is supported by a tubular steel 

framework. The air entered the tunnel through a 

safety screen and flow straightened honeycomb. 

After passing the anti-turbulence screen, the air 

entered the contraction cone. The test section is of 

clear acrylic, giving full visibility. The test section 

has a cross section of 305mm (W) by 305mm (H) by 

610mm (L). It had a maximum air velocity of 45m/s 

and maximum power consumption of 10kW.  At the 

upstream end the test section is a static tapping, while 
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at the downstream end is a pitot static tube which 

may be traversed two dimensionally (2D). After the 

test section, air entered the diffuser and sucked by an 

axial flow fan before being discharged into the room. 

The air velocity was controlled by the controlling the 

speed of the fan motor. Plate 1 shows the wind 

tunnel. 

 
Plate 1: The Wind Tunnel 

 

The wind tunnel was also equipped with stand-

alone/computer interface HMI (Human Machine 

Interface) unit with LCD graphic display and keypad. 

LCD graphic display with key pad HMI (Human 

Machine Interface) was used for data acquisition. 

 

EXPERIMENTAL SET UP 

The FM02 Wind Tunnel utilizes a floor mount 3 

components balance with single strut system which 

has facility for changing the angle of attack.  The 

angle of attack can be changed by turning the rotary 

table under the balance.  The load cell system gives 

the direct reading of lift, drag and pitching moments, 

in N and Nm. 

 

The room thermometer, room barometer as well as 

the tunnel inclined manometer was utilized during the 

experiment. 

PROCEDURE 

1. Before starting the wind tunnel, the zeroing of 

the Digital Micro-manometer and zeroing of the 

3 balance outputs (lift, drag and pitching 

moment) were performed 

2. The wind tunnel was calibrated on installation 

and the k factor =0.1 

3. For each  model, the following were measured 

and inputted in the wind data management 

system: 

a. Airfoil span and 

b. Airfoil chord. 

4. The barometric pressure was recorded at 

approximately 1atm and inputted in the wind 

data management system   

5. The tunnel was turned on,  the speed was 

adjusted to the desired value(3m/s to 7m/s at 

intervals of 1m/s) 

 

For each configuration, the data were taken via the 

wind data system management at angles of attack 

from -5 to +20.5  at   2 increments. 

 

RESULTS AND DISCUSSION 

Results 
Table 2: shows the lift force L (N), drag force D  (N), 

coefficient of lift (CL ), coefficient of Drag, and the 

ratio at seventeen different angles of attack and 

Reynolds number of Re=10,612. Other results 

obtained from the test conducted are shown from the 

graph in fig.1. As the amount of lift varies with the 

angle of attack so does the drag. The lift curve 

reaches its maximum at 16
0
 angle of attack and then 

rapidly decreases. 16
0
 angle of attack is therefore the 

stalling angle. The lift to drag reaches its maximum at 

Cl/Cd at  1.2° angle of attack, meaning that at this 

angle we obtain the most lift and least amount of drag 

at Re=10,612 

 

Table 2: NACA 4415 at Re=10,612 

AoA L (N) D (N) 
   

-5.0 0.11 0.08 0.499 0.354 1.410 

-3.2 0.11 0.21 0.462 0.898 0.514 

-1.4 0.09 0.16 0.380 0.639 0.595 

0.2 0.17 0.03 0.777 0.137 5.672 

2.0 0.15 0.07 0.664 0.310 2.142 

3.6 0.17 0.09 0.696 0.377 1.846 

5.3 0.33 0.11 1.378 0.465 2.963 

6.9 0.52 0.18 2.070 0.714 2.899 

8.6 0.29 0.69 1.156 2.773 0.417 

10.1 0.33 0.15 1.451 0.642 2.260 

11.7 0.28 0.08 1.243 0.349 3.562 

13.2 0.29 0.20 1.182 0.812 1.456 

14.7 0.34 0.23 1.422 0.951 1.495 

16.2 1.46 0.04 6.227 0.179 34.788 

17.7 0.75 0.49 3.264 2.144 1.522 

19.1 0.52 0.37 2.195 1.585 1.385 

20.5 0.62 0.52 2.631 2.307 1.140 
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Figure 1: NACA 4415, Re=10,612 

 

DISCUSSION OF RESULTS 

The graphs shown represent data for the airfoil with 

different Reynolds number and produce different 

looking curves. These curves are obtained normally 

by experimental work using wind tunnel test.  

The lift and drag of an airfoil depend not only on the 

angle of attack but also upon 

 The shape of the airfoil 

 The plan area 

 The square of the velocity 

 The density of air 

 

Hence the lift and drag of an airfoil can be expressed. 

Genc, M.S., (2012) 

L= ρ .S/2                                                   (1) 

Where  

L-Lift             

 -Coefficient of lift 

ρ -Density 

V -Velocity 

S- Plan area 

D= ρ .S/2                                                (2) 

Where  

D-Drag            

 -Cooefficient of drag 

ρ -Density 

V- Velocity 

S -Plan area 

 

The symbols CL and CD represent the lift coefficient 

and drag coefficient respectively. This depends on the 

shape of the airfoil and is altered with changes in the 

angle of attack. 

 

The lift to drag ratio is used to express the relation 

between lift and drag and is obtained by dividing the 

lift coefficient by the drag coefficient, /  

Vermeer, L. J., (2003). 

 

The characteristics of any particular airfoil section 

can conveniently be represented by graphs showing 

the amount of lift and drag obtained at angle several 

of attack. 

 

As it is expected with low Reynolds number, airfoils 

usually generate lesser lift and encounter higher drag, 

bringing down the performance of the airfoil. 

 

For NACA 4415, from the graph in fig.1, as the 

amount of lift varies with the angle of attack so does 

the drag. The lift curve reaches its maximum at 16
0
 

angle of attack and then rapidly decreases. 16
0
 angle 

of attack is therefore the stalling angle. The lift to 

drag reaches its maximum Cl/Cd  at 1.2° angle of 

attack, meaning that at this angle we obtain the most 

lift and least amount of drag at Re=10,612 

 

CONCLUSION 

 NACA 4415 was cast using locally available  

materials. The lift and drag forces of this airfoil were 

obtained using the wind tunnel experiment. From the 

graphs it was observed that NACA 4415 have a stall 

angle at 16
0
 angle of attack with maximum   at 

1.2
0 

angle of attack. As expected with low Reynolds 

number, the airfoil will generate lesser lift and 

encounter higher drag. This is due to the increase in 

velocity of the air as it flows over the model, 

increasing all aerodynamic forces in the wind tunnel. 

The airfoil test NACA 4415 airfoil test data claims 

better performance due to its maximum camber. 
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APPENDIX A 

 
Plate 2: Side view of NACA 4415 

 

 
Plate 3: Top view of NACA 4415 

 

 
Plate 4: NACA 4415 


