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Methods:

In this project, the goal was to optimize an airfoil such that it achieves the highest
aerodynamic performance when looking at lift-to-drag ratios and stall angle with minimum
volume. The geometries considered are the even numbered airfoils from NACA 0006 to NACA
0026 airfoils. The airfoils chosen to compare are symmetric; having no camber. In the project
setup, the iterated value is the ratio of the thickness to chord length - from 8% to 26% - thus
correlating to the NACA 0008 to 0026 airfoils in this analysis. This ratio is directly correlated to
the area of the airfoil. Due to the fact that we are analyzing the effects of volume on airfoil
characteristics, this varying thickness to chord length ratio will provide the necessary values
needed for discussion and optimization of the airfoil selection as volume of the airfoil is the area
of the cross section per unit span.

The tool we used to find the airfoil performance data is XFLRS. This computational
analysis program allows for analysis of lift and drag coefficients at varying angles of attack. It
also allows for comparison between different airfoils to understand what a different chord length,
thickness, and cambered ratio have on an airfoil's performance characteristics. The airfoils
analyzed - NACA 0006 to NACA 0026 - were run on XFLRS with 150 panels, at a Reynolds
number of 3e6 and a Mach of 0, taking into account viscous flow as well.

For the analysis and to differentiate the airfoils, a python code was created and is
referenced in appendix B. The code sorts through the results of XFLRS and determines the stall
angle, maximum lift to drag values and average lift to drag for each of the airfoils analyzed.
These values were correlated with respect to the area since volume is the cross sectional area per
unit span, thus both are directly correlated. To find the area, a function for plotting symmetric
4-series NACA airfoils is used. [1]
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Where Y, is the ‘height’ of the airfoil, t is the max thickness as a fraction of the chord, and x is

the percentage of the position along the chord of the airfoil from 0 to 1. A midpoint Riemann
sum is then used to approximate the area under the curve.
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The width of each iteration was Ax = 0.001 over the domain of x € [0, 1]. This value is
multiplied by two since the function for plotting an airfoil only produces its top half.



When analyzing the lift to drag values, the XFLRS results produces a value per angle of
attack iteration for each airfoil. A mean value of the lift-to-drag for each airfoil was then taken,
which is equivalent to its overall performance. This is done in order to make the sets equivalent
in size to take a two variable correlation. A correlation coefficient for lift to drag vs NACA area
using the mean of each of the NACA airfoil’s lift to drag was then created. Ultimately the
correlation for lift to drag vs area mean was created from the individual mean values.

Results:

Lift to drag vs alpha and the coefficient of lift to alpha was obtained for NACA series
00XX airfoils from NACA 0006 to the NACA 0026 airfoils. Values were obtained from an alpha
value of -5 to angle of attack of 25.

The data obtained is given in the following table.

NACA Areas Stall Angles L/D Mean L/D Max
NACAQ006 0.04110249 8.5 6.29617863 74.31784
NACADDDS 0.05480332 15 27.84546629 90.08781
NACAD010 0.06850416 17.5  33.00460869 96.3696
NACAD012 0.08220499 185 40.3946709 100.2697
NACA0014 0.09590582 19  40.08009981 101.1387
NACAD016 0.10960665 19 41.39124239 100.9734
NACADD18 0.12330748 20 4181412644 100.9667
NACA0020 0.13700831 19.5  39.07064529 100.753
NACADD22 0.15070914 19 3751713181 98.0125
NACAD024 0.16440997 20 3545243885 93.04664
NACAD026 0.1781108 20 31.70901564 86.36459

Table 1: NACA airfoils with Area, Stall Angle, L/D Mean and L/D Max values

These values were tabulated and correlation curves were created and plotted below in
figures 1 and 2. The max lift to drag vs alpha was obtained and values were tabulated in figure 3.
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Figure 2: Lift to Drag ratio vs Airfoil Area
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Figure 3: Max Lift to Drag ratio vs Airfoil Area

=

3

e

Airfoil Area

- 0.06

20

151:3

£_:,

-.,Eﬁn

10 14

20 12 H?‘-‘“c’
L/D 40 g

Figure 4: Lift to Drag ratio vs Airfoil Area vs Stall Angle



Discussion:

When analyzing the values obtained we can see that acrodynamic performance and stall
angle both have a positive correlation to airfoil area. Both graphs seemed to follow a second
degree polynomial curve. In Figure 4, stall angle has a correlation coefficient of 0.7504, while
the aerodynamic performance has a correlation coefficient of 0.5017. We saw the largest stall
angle with the NACA 0018 airfoil. The NACA 0024 and NACA 0026 foils had similar stall
angles, but they are much thicker and have lower overall aerodynamic performance and as such
can be ruled out for the optimal airfoil in this analysis. When looking at the Max Lift to Drag
ratio vs airfoil area as is shown in figure 3 it is clearly evident that the NACA 0012 to the NACA
0020 airfoils have the highest values all above 100. The NACA 0014 has the highest value at
101.1 giving it the largest overall value. The max L/D value shows minimum drag and maximum
glide speed, which is shown by the NACA 0014. Looking at the average aerodynamic
performance values, we can see that the NACA 0018 is the top performer again. So one could
say that the NACA 0018 airfoil is the optimal configuration out of the batch. However, the
NACA 0012 has a very similar average aecrodynamic performance, with less than a 4%
difference. When we look at the NACA 0012’s stall angle it is less than 2 degrees smaller than
the NACA 0018. This is about a 10% decrease. While the NACA 0018 does have a slight edge in
performance, it is roughly 1.5 times larger in area than the NACA 0012. For this reason, one
could argue that the NACA 0012 airfoil does a better job at maximizing stall angle and
aerodynamic performance, while minimizing the airfoil area. The NACA 0012 should be chosen
over the NACA 0018 if the desired goal is to minimize the overall aircraft weight. Both airfoils
show promising data, but ultimately it comes down to which metric is valued most over the
other; maximum performance, or minimum area.

References:
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Appendices:

Appendix A: Aerodynamic performance results from XFLR5 for

NACAO0006 to NACA00026

-Table 1: NACA 00XX Re3e06 Cl vsAlpha
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-0.1 -0.1
687 693
396 -15 434 -15
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Appendix B: Python Code for Analysis

Performance to airfoil area

Figure 4: NACA 00XX Airfoil Analysis Code
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import pandas as pd

import numpy as np

import matplotlib.pyplot as plt
from mpl_toolkits import mplot3d

data1 = pd.read_csv('C:/Users/Lucas/Desktop/School/EAS3810/NACA00XX Re3e6 Cl v alpha.csv')
data1.replace(", np.nan)
data_array1 = data1.values

stallAngles = np.zeros((1,0), dtype = float, order = 'C')

rows, columns = np.shape(data_array1)

columns = columns -2

for i in range(0, columns):

if(i%2 == 1):
for j in range(0, rows):
if(data_array1[j,i] > data_array1[j+1,i]):

stallAngles = np.append(stallAngles, data_array1[j,i-1])
break

NACA_thickness = [6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26]
NACA_area = np.zeros((0,0), dtype = float, order = 'C")
length = len(NACA_thickness)
for i in range(0, length):
x_i=0;
x_f=1;
delx = 0.001;
num_steps = (x_f - x_i)/delx;
area = 0;
for j in range(1, int(num_steps)):
x_1=x_i+ (j-1)*delx;
X_2 =x_i+ (j)*delx;
y_1=5*(NACA_thickness[i]/100)*((0.2969*np.sqrt(x_1))-(0.1260*x_1)-(0.3516*x_1**2)+(0.2843*x_1**3)-(0.1015*x_1**4));
y_2 = 5*(NACA_thickness][i]/100)*((0.2969*np.sqrt(x_2))-(0.1260*x_2)-(0.3516*x_2**2)+(0.2843*x_2**3)-(0.1015*x_2**4));
y_mp = (y_1+y_2)
area = area + y_mp*delx
NACA_area = np.append(NACA_area, area)

r_stallAngles_ NACAAreas = np.corrcoef(stallAngles, NACA_area)

fig = plt.figure

plt.plot(NACA_area, stallAngles, "xb")
plt.xlabel('Airfoil Area')

plt.ylabel('Stall Angle")

data2 = pd.read_csv('C:/Users/Lucas/Desktop/School/EAS3810/NACAO0XX Re3e6 CI-Cd v alpha.csv')
data2.replace(", np.nan)
data_array2 = data2.values

L_D_Airfoils = np.zeros((1,0), dtype = float, order ='C')
rows, columns = np.shape(data_array2)
for i in range(0, columns-2):
if(i%2 == 1):
placeholder = 0;
for j in range(0, rows):
if(np.isnan(data_arrayZ2[j, i])):
continue
placeholder = placeholder + data_array2]j, i]
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mean_L_D = placeholder/rows
L_D_Airfoils = np.append(L_D_Airfoils, mean_L_D)

r_LD_NACAAreas = np.corrcoef(L_D_Airfoils, NACA_area)

fig = plt.figure()

plt.plot(NACA_area, L_D_Airfoils, "xb")
plt.xlabel('Airfoil Area')

plt.ylabel('L/D')

fig = plt.figure()

ax = plt.axes(projection = '3d')
ax.plot3D(L_D_Airfoils, stallAngles, NACA_area)
ax.set_xlabel('L/D")

ax.set_ylabel('Stall Angles')

ax.set_zlabel('Airfoil Area')
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