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ABSTRACT 

The aim of this research was to find out whether it is possible to obtain a new airfoil design for an ultra-light 

aircraft, geometrically in which the aerodynamic characteristics are intermediate between two known airfoils 

(NACA 652 -415 and NLF (1)-0215). For this purpose, a geometric design philosophy has been applied as a first 

step and here it’s described; Using CAD software (CATIA) reference airfoils (NACA 652 -415 and NLF (1)-

0215.) are drawn geometrically at the same coordinates, from the same starting point and at the same scale. In 

total, four new airfoils configurations were generated, by drawing the required coordinates of the new possible 

models between the coordinates of the two mentioned airfoils. CFD simulations were applied to new and reference 

airfoils using fluent to verify aerodynamic characteristic. The simulation will be done at the same conditions 

corresponding to angle of attack, velocity and Reynolds numbers. A comparison of the obtained characteristic of 

new airfoils also be done with the available data for the reference airfoils. The results obtained from this study 

will be tabulated and graph of the relationship between the Lift to the Angles of Attack will be plotted. The angle 

of attack as a variable varied from -14o to +14o. Results show a useful method that enables to create new airfoils, 

geometrically, and it also enables to control the aerodynamic characteristics of the aircraft, so that it can provide 

a large number of options among the reference airfoils. Here, the designer is able to choose the characteristics 

with high accuracy so that they could fit the purpose of the designed aircraft, based on the aerodynamic 

characteristics of known airfoils, because the characteristics of the new airfoils are intermediate between the 

references.  And whenever the geometric points of the new one is close to the points of the reference one, their 

characteristics approach these of the reference airfoil 
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INTRODUCTION 

In the last two decades, interest in the aerodynamics of low-speed air vehicles, especially Unmanned Aerial 

Vehicles (UAVs) and Micro Aerial Vehicles (MAVs) has increased. Such vehicles are used for reconnaissance 

purposes, so their demand and use has increased. These vehicles operate in the Reynolds number range of about 

104 to 105 [1]. The Aircraft Design Group Department of  Industrial Engineering (DII)  at the University of Naples 

is one of the active groups in this field during the past quarter century, with its experience in designing very light 

aircraft, as this group has designed and developed a large number of models [2]-[5]. They developed many 

numerical methodologies and experimental technologies (wind-tunnel tests and flight tests) at (Dipartimento di 

Progettazione Aeronautica DPA) during preliminary aircraft design have been developed and presented in [3]. In 

reference [4],[5] they has been designed low costs STOL ultralight aircraft characterized by application of 

composite materials and tested in wind tunnel.  

A number of researchers have numerically studied the flow around the airfoil under different conditions for the 

purpose of evaluating the flow  characteristics around the airfoil. Ali at. el. used numerical simulation technique 

of the flow around the low speed and high lift airfoil type AG-16 to study the flow characteristics, in which the 

angle of attack was varied from 0 to 15 and constant Reynolds number. The researchers concluded that the critical 

angle at which the maximum lift is 14o, and they concluded that when the angle of attack is reduced the lift rises 

rapidly, while the drag increases rapidly when the angle of attack is increased, the optimal angle of attack that 

provides a maximum aerodynamic ratio was 4 degrees [6]. Humam et. el. also carried out numerical simulations 

of turbulent flow around the symmetrical airfoil (NACA 0012) adjusted in tandem with circular cylinder, they 
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varied angle of attack between (5-20 o) with positive clockwise inclination setting the cylinder center in front of 

the leading-edge centroid using the realizable K-ɛ turbulent model in the ANSYS FLUENT, they conclude that 

when the tandem gap decrease causes more pressure drop in case with  cylinder has a diameter equal to leading 

edge diameter, and the pressure drop becomes more significant at a high angle of attack, they notice that the  drag 

coefficient  significantly  reduced in this case [7] 

The laminar boundary layer separates when it cannot complete its course because it cannot overcome the viscosity 

effect and adverse pressure gradients. Laminar Separation Bubble (LSB) is a form of turbulence which appear 

after separation at lower value of angle of attack [8]. At higher angle of attack the separation point go forward to 

the leading edge  and generate Laminar Separation Bubble (LSB). at certain angle of attack, the flow cannot 

reattach to the airfoil surface thereby leading to a phenomenon referred in the literature as bubble bursting [9]. All 

of these phenomena result in a different value of lift and drag coefficient, and the wing may reach a value of zero 

lift and stalling, for that reason the wing section (airfoil) is considered the solely responsible for generating 

pressure distribution on the upper and lower wing sides of the wing. This distribution ensures the generation of 

the required lift, at the same time the drag is generated. Therefore, the airfoil design must provide the highest 

aerodynamic efficiency (optimum lift with minimum drag). 

Every aircraft designer must be highly familiar with the aerodynamics and the basics of airfoils specifications and 

characteristic of the airfoil, because any beginning of aircraft design must start from airfoil selection. Ultra-light 

amphibious aircraft have witnessed successful and large developments in the past decades, and engineers are 

continuing to work on improving them and their new designs because of the high need for their use and because 

the desired purposes have increased in this period. The uses of this type of aircraft are numerous  ,Tourism, 

supervision (police and coastal army), assistance in controlling and extinguishing fires Therefore, the development 

of such ultra-lightweight composite aircraft began. Aircraft designers are always looking for optimum design, 

which represents a compromise between durability and lightness (optimal mass) and characteristics.  The current 

research has proposed and implemented a new geometric method for designing new airfoils, as well as studying 

the aerodynamic characteristics of these airfoils and comparing them with the known reference airfoils for ultra-

light aircraft. The results were that we obtained four new airfoils with appropriate aerodynamic specifications. 

METHODOLOGY AND PROCEDURE 

Airfoil designers must be carefully shaped the airfoil, because the shape of the airfoil greatly affects the 

performance of aircraft, aerodynamic and structural consideration must be taken into account. The lift is generated 

by the wing and the  airfoil is considered the most important responsible for determining the value of the lift 

generated by the wing, as well as the speed at which it can fly efficiently, and how much of pressure drag generated 

by the wing (which affects the required thrust of the aircraft). At the same time, the airfoil must be structurally 

withstood and must be able to operate under high load conditions. It must also be stable in the pitch axis and must 

not have an extremely negative swing moment. 

Generating airfoils by drawing 

Two types of airfoils (NACA 652 -415 and NLF (1)-0215) were chosen, the airfoils were chosen from the types 

used in very light aircraft. 

a) The selected airfoils were drawn using CATIA in the same plane and the same scale with a length of 1 

meter for each of them, so that the leading edges and the trailing edges coincide 

b) Vertical divisions were drawn on the axis of the airfoils to intersect with the upper and lower part of the 

airfoil, at a rate of 100 segments. 

c) Thus, we have obtained 200 segments connecting the two upper parts of the airfoils 

d) divided these sections into 4 equal divisions 

e) Then we connect the split points according to their level so that we get 4 new airfoils 
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Figure 1. Geometrical drawing for reference airfoils NACA652-415 and NLF(1)-215 

 

Figure 2. Geometrical distance between reference airfoils divided in 4 segments to generate points 

 

Figure 3. New generated points 

 

Figure 4. New generated airfoils 

THEORETICAL BACKGROUND 

Normal force to the airfoil is lift force, and the force affect in the parallel to the flow is drag force. when the air 

flow around airfoil the velocity above airfoil is increased and static pressure reduced, decelerating in velocity 

beneath the airfoil gives an increase in static pressure. lift force Fcosα and drag force Fsinα are component of total 

force F. Lift coefficient (CL) and drag coefficient (CD) is defined as mathematically by Eq. (1)  & Eq. (2) 
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𝐶𝐿 =
2𝐹𝐿

𝜌𝑉2𝐴
 (1) 

𝐶𝐷 =
2𝐹𝐷

𝜌𝑉2𝐴
 (2) 

  𝐴 = 𝐶 × 𝐿  

Where, 𝐹𝐿 = 𝑙𝑖𝑓𝑡 𝑓𝑜𝑟𝑐𝑒, 𝐹𝐿 = 𝑙𝑖𝑓𝑡 𝑓𝑜𝑟𝑐𝑒, ρ =density of air, V = velocity of the air, A area of the airfoil, C chord 

length and L span length  

The Reynolds number is dimensionless number which is defined as following- 

𝑅𝑒 =
𝜌𝑉𝐿

𝜇
 (3) 

First the simulation for the existing air foils were performed. Both of the selected airfoils   NACA 652-415 and 

NLF (1)-0215 are belong to the series of laminar air foils. Since the simulation of the airfoils were performed, a 

numerical model of airfoils was made in order to determine the correctness of the calculation. 

During the calculation the fundamental equations of fluid dynamics, continuity and momentum equations given 

below are being solved. The problem is treated as two-dimensional, and the flow considered steady and 

incompressible 

𝜕𝑢𝑗

𝜕𝑥𝑗

= 0 (4) 

𝑢𝑗

𝜕𝑢𝑗

𝜕𝑥𝑖

= −
1

𝜌

𝜕𝑝

𝜕𝑥𝑖

+ 𝜈∆𝑢𝑖 (5) 

𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖) =
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝑘

)
𝜕𝑘

𝜕𝑥𝑗

] + 𝜇𝐺 − 𝜌𝜀 (6) 

𝜕

𝜕𝑥𝑖

(𝜌𝜀𝑢𝑖) =
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝜀

)
𝜕𝜀

𝜕𝑥𝑗

] + 𝐶1𝜀𝜇𝐺
𝜀

𝑘
− 𝐶2𝜀𝜌

𝜀2

𝑘
 (7) 

In the listed equations, k is turbulent kinetic energy, ε - turbulent dissipation rate, C1ε, C2ε, Cμ, σk, σε - constants 

of turbulence models and G - turbulent generation rate, 𝐺 = 2𝑆𝑖𝑗𝑆𝑖𝑗
̅̅ ̅̅ ̅̅ ̅. 𝜈 kinematic viscosity and density are and 

𝜌 = 1.225
𝑘𝑔

𝑚3,. 

Second step calculation and simulation for new generated airfoils  

STANDARD AIR FOILS CHARACTERISTIC 

In the following figures (5a,5b,6a, and 6b), a curvature of the behavior of the standard  airfoils NACA 652-415 and 

NLF (1)-0215 that was chosen to be the reference for the new designed airfoils figure  a. shows the relation 

between angle of attack α and lift coefficient while b. shows the relationship between  angle of attack α  and drag 

coefficient [9],[10]. 

 

  
(a) (b) 

Figure 5. (a) CL vs AOA (b) CD vs AOA for NACA 652 -415 Reynolds number 5*105[13] 
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(a) (b) 

Figure 6. (a) CL vs AOA (b) CD vs AOA for NLF (1)-0215 Reynolds number 5*105 [14] 

RESULT AND DISCUSSION  

This CFD analysis was performed on created and reference airfoils with a chord length of 1 m and a flow velocity 

of 35 m/s, ambient temperature is 25°C, which gave us the density of air, ρ = 1.184 kg m-3 and kinematic viscosity, 

μ = 1.5111 x 10-5 kg m-1, and the Reynolds number is 3.2162 x 105. 

Result obtained from geometry  

The new design was implemented using CATIA, the result was four new airfoils MT1, MT2, MT3, MT4, as 

shown in the figures (7 to 10) and their coordinates in table 1  

 

Figure 7. New created airfoil MT1 

 

Figure 8. New created airfoil MT2 

 

Figure 9. New created airfoil MT3 
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Figure 10. New created airfoil MT1 

Table 1. x and y coordinate for new airfoils 

X_ 

coordinate 

[mm] 

Y_ Coordinate for 

MT1 airfoil [mm] 

Y_ Coordinate for 

MT2 airfoil [mm] 

Y_ Coordinate for 

MT3 airfoil [mm] 

Y_ Coordinate for 

MT4 airfoil [mm] 

upper lower upper lower upper lower upper lower 

0 0 0 0 0 0 0 0 0 

2 9.94 -5.161 9.54 -5.477 9.14 -5.793 8.744 -6.108 

4 12.98 -7.663 12.759 -7.908 12.534 -8.153 12.309 -8.398 

6 15.36 -9.491 15.333 -9.627 15.304 -9.762 15.276 -9.897 

10 19.217 -12.163 19.558 -12.068 19.899 -11.972 20.241 -11.876 

30 32.21 -19.591 33.585 -19.106 34.961 -18.622 36.337 -18.138 

50 41.838 -24.442 43.788 -23.575 45.737 -22.707 47.687 -21.84 

70 49.671 -28.311 52.025 -27.152 54.379 -25.992 56.732 -24.832 

90 56.416 -31.599 59.082 -30.177 61.747 -28.755 64.413 -27.333 

110 62.376 -34.384 65.27 -32.662 68.164 -30.94 71.057 -29.218 

120 65.089 -35.644 68.082 -33.791 71.075 -31.938 74.086 -30.085 

140 70.05 -37.934 73.222 -35.85 76.394 -33.767 79.567 -31.684 

160 74.488 -39.962 77.811 -37.674 81.133 -35.385 84.455 -33.096 

180 78.487 -41.749 81.928 -39.25 85.37 -36.751 88.811 -34.253 

200 82.086 -43.336 85.621 -40.648 89.156 -37.96 92.691 -35.271 

220 85.311 -44.734 88.922 -41.879 92.532 -39.025 96.142 -36.17 

240 88.184 -45.933 91.855 -42.929 95.526 -39.924 99.197 -36.919 

260 90.725 -46.989 94.442 -43.847 98.158 -40.705 101.875 -37.563 

280 92.95 -47.876 96.697 -44.612 100.445 -41.347 104.192 -38.083 

300 94.868 -48.61 98.633 -45.241 102.398 -41.872 106.163 -38.502 

320 96.489 -49.189 100.257 -45.732 104.026 -42.275 107.795 -38.818 

340 97.819 -49.613 101.577 -46.084 105.335 -42.555 109.093 -39.027 

360 98.861 -49.886 102.591 -46.301 106.321 -42.716 110.051 -39.13 

380 99.604 -49.992 103.288 -46.368 106.972 -42.745 110.656 -39.122 

400 100.03 -49.919 103.653 -46.28 107.276 -42.641 110.898 -39.002 

420 100.118 -49.645 103.669 -46.017 107.22 -42.389 110.771 -38.76 

440 99.852 -49.155 103.323 -45.565 106.794 -41.975 110.265 -38.385 

460 99.223 -48.44 102.604 -44.916 105.984 -41.392 109.365 -37.868 

480 98.226 -47.492 101.502 -44.061 104.779 -40.63 108.056 -37.2 

500 96.866 -46.305 100.024 -42.992 103.182 -39.679 106.341 -36.367 

520 95.156 -44.877 98.185 -41.704 101.214 -38.531 104.243 -35.358 

540 93.113 -43.22 96.009 -40.201 98.905 -37.181 101.801 -34.162 

560 90.69 -41.352 93.488 -38.489 96.285 -35.626 99.183 -32.762 

580 88.131 -39.288 90.782 -36.566 93.434 -33.844 96.086 -31.122 

600 85.255 -37.036 87.803 -34.411 90.351 -31.786 92.9 -29.162 

620 82.161 -34.567 84.619 -31.966 87.076 -29.364 89.534 -26.762 

640 78.864 -31.932 81.244 -29.264 83.625 -26.595 86.006 -23.926 
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660 75.372 -29.103 77.692 -26.286 80.011 -23.47 82.331 -20.654 

680 71.705 -26.143 73.978 -23.125 76.251 -20.107 78.523 -17.089 

700 67.886 -23.118 70.124 -19.879 72.362 -16.64 74.6 -13.401 

720 63.936 -20.093 66.148 -16.647 68.361 -13.201 70.573 -9.754 

740 59.859 -17.116 62.055 -13.503 64.25 -9.891 66.446 -6.278 

760 55.656 -14.23 57.844 -10.508 60.032 -6.786 62.22 -3.064 

780 51.337 -11.403 53.525 -7.635 55.713 -3.867 57.901 0 

800 46.927 -8.705 49.118 -4.958 51.308 -1.211 53.499 2.537 

820 42.446 -6.156 44.637 -2.495 46.827 1.167 49.018 4.828 

840 37.903 -3.812 40.086 -0.299 42.269 3.213 44.451 6.725 

860 33.301 -1.722 35.466 1.574 37.63 4.87 39.794 8.167 

880 28.653 0.093 30.937 3.093 32.91 6.093 35.038 9.093 

900 23.978 1.619 26.038 4.229 28.098 6.839 30.159 9.449 

920 19.295 2.773 21.237 4.904 23.179 7.036 25.12 9.168 

940 14.608 3.371 16.353 4.968 18.098 6.566 19.843 8.163 

960 9.854 3.197 11.243 4.247 12.632 5.296 14.022 6.346 

980 4.929 2.097 5.688 2.615 6.447 3.134 7.206 3.652 

1000 0 0 0 0 0 0 0 0 

Result obtained from simulation  

Simulations were conducted for the reference ailerons, which were considered as a basis for this research, and 

were adopted in the design and creation of new airfoil, in order to achieve reliability in our study, Fig. (11 to14) 

shows velocity and pressure distribution around the reference airfoils. Figure (15to 22) shows velocity and 

pressure distribution around for created airfoils.  

 

Figure 11. NACA 652 -415 velocity distribution 

 

Figure 12. NACA 652 -415 pressure distribution 
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Figure 1. NLF(1)-0215 velocity distribution 

 

Figure 14. NLF (1)-0215 pressure distribution 

 

Figure 15. New airfoil MT1 velocity 

 

Figure 16. New airfoil MT1 pressure 
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Figure 17. New airfoil MT2 velocity 

 

Figure 18. New airfoil MT2 pressure 

 

Figure 19. New airfoil MT3 velocity 

 

Figure 20. New airfoil MT3 pressure 
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Figure 21. New airfoil MT4 velocity 

 

Figure 22. New airfoil MT4 pressure 

Figure (23) shows the relationship between the lift coefficient and the angle of attack for the selected airfoil. The 

figure represents a comparison between the newly created airfoils with each other and their comparison with the 

reference ailerons. The following behavior can be observed from the mentioned figures: 

1. The relationship between the lift coefficient and the angle of attack behaves linearly for all airfoil with 

the low angles of attack between (-8 to +8) degree 

2. The linear relationship of the reference  airfoil ends at the angle -11 with respect to the (NACA 652 -415) 

airfoil, while the linear relationship approximately ends at the angle -8 with respect to the (NLF(1)-0215) 

airfoil  

3. Note for newly created airfoil that whenever they are geometrically close to the reference airfoil, the 

behavior is similar to that of that airfoil. 

4. At angles of attack ranging from about 8 to 12 degrees, the separation of the flow begins to occur from 

the upper surface of the wing and this is known as stall began to develop 

 

Figure 23. Lift coefficient vs AOA for new and reference airfoils 
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Figure (24) shows the relationship between the coefficient of drag and the angle of attack. It also represents a 

similar comparison made in the above paragraph. 

 From the figure 24, we can notice the following: 

1. The relationship between the drag coefficient and the angle of attack is a non-linear relationship in 

which the curves are almost identical for all airfoils at the positive angles of attack 

2. For negative angles, the congruence continues up to (-8 degree) angle of attack, after which a 

discrepancy appears in the behavior between the airfoils 

3. Minimum drag occurs in the range of angles of attack between (-8 to +8) for all airfoils, including 

reference airfoils. 

 

Figure 24. Drag coefficient vs AOA for new and reference airfoils 

CONCLUSION  

In this research, design, two-dimensional CFD analysis and simulation of 4 new created airfoils were done in 

addition analysis and simulation of 2 reference airfoil. The behaviors of these 6 airfoils at various of angle of 

attacks was studied and presented.  

From the simulation of airfoils (MT1) (MT2) (MT3) (MT4) and reference airfoils, we can deduce: 

1. The values of the lift coefficient of the new airfoils are confined between the lift coefficient values of the 

reference airfoils (NACA652-415) and (NLF (1)0215)  

2. The values of the lift coefficient of the new airfoils are proportional to the geometric distance (nearer or 

farther) from the reference airfoils, since the lift value at certain angle of attack of the new created airfoil 

(MT1) is closer to the lift value of the reference airfoil (NACA652-415) at the same AOA, as well as the 

separation of the stream from the upper surface of the two airfoils occurs at approximately the same 

AOA. While the lift value of the new airfoils (MT4) and the separation angle are closer to the reference 

airfoil (NLF (1)0215). We also note that the behavior of the airfoils (MT2) and (MT3) is intermediate 

between the two reference airfoils. 

3. The drag coefficient is almost identical for the new and reference airfoils for the angles between (-6ᴼ to 

+16 ᴼ) 

In this paper, we presented a new method, method of generating airfoil, based on the geometric dimension. This 

method allows aircraft designers to obtain a new airfoil with the required specifications in a simple way. If he 

wants to design an airfoil for an aircraft with aerodynamic specifications between the specifications of two known 

aircraft of the same type. 
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