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Abstract9

This computational study delves into the potential of the Fibonacci Sequence10

and the Golden Ratio in enhancing the aerodynamic efficiency of symmetri-11

cal airfoils. The NACA 0012 airfoil—a well-known symmetrical profile—is used12

as the baseline for creating two novel airfoil geometries; one for each math-13

ematical transformation. These transformations were scripted in Python and14

ANSYS Workbench with SPEOS is used for performing 2D CFD simulations15

on the baseline and modified airfoils. The k − ω SST (Shear Stress Trans-16

port) turbulence model is used in ANSYS to achieve airflow simulation at a17

Reynolds number of 7.4 million. The lift-to-drag ratio values of these airfoils are18

calculated at angles of attack ranging from 0 to 15 degrees and compared to19

determine efficiency improvements. The results showed efficiency improvement20

of both modified airfoils at certain angles of attack.21
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Computational Fluid Dynamics, ANSYS23
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1 Nomenclature24

Table 1 Nomenclature

Symbol = Description

α = Angle of attack
L = Lift Force
CL = Lift Coefficient
D = Drag Force
CD = Drag Coefficient
L/D = Lift-to-drag ratio
ν = Kinematic Viscosity
U∞ = Free-stream velocity
ρ = Air Density
k = Turbulent Kinetic Energy
ω = Specific Dissipation Rate
Pk = Production of Turbulence
Re = Reynold’s Number (7.4× 106)
CFD = Computational Fluid Dynamics
∅ = Golden ratio (∅ = 1.618)
NACA = National Advisory Committee for Aeronautics

2 Introduction25

Humans have often taken inspiration from natural processes to solve engineering prob-26

lems. This phenomenon is called biomimicry [1, 2]. The Fibonacci Sequence and the27

Golden Ratio are mathematical concepts frequently appearing in natural processes;28

hence biomimicry is a term usually paired with them [3–6]. Although the signifi-29

cance of these concepts in nature is exaggerated [7, 8], researchers have been able30

to, in a few successful cases, incorporate these principles to engineer efficient solu-31

tions [1, 9–11]. These bio-inspired principles have been successfully implemented in32

the following engineering endeavors: designing high-aspect ratio aircraft wings [12],33

enhancing microfluidics and micro-channel designs [13, 14], micro-power energy har-34

vesting [15], RFID antenna designs [16], improving Helmholtz resonators for noise35

control [17], photonics and plasmonics [18–21], and robotic systems [22].36

The Fibonacci sequence is simply a chain of numbers, where each number is the37

sum of the previous two numbers. This sequence can be found in the arrangement38

of pineapple fruitlets, cauliflower heads, pinecone heads, and in flower petals. As the39

chain of numbers in the Fibonacci Sequence progresses, the ratio between consecutive40

terms approaches an irrational number of 1.618. This irrational number is the Golden41

Ratio, denoted by ∅. The Golden Ratio can be observed in the inner and outer surfaces42

of seashells, and even in the spirals of galaxies [18, 20, 21, 23–25].43
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Researchers have been successful in increasing the aerodynamic efficiency of differ-44

ent bodies using the Fibonacci Sequence and the Golden Ratio. A study by Damota45

et al. achieves a 14% increase in power generation of a vertical axis wind turbine46

(VAWT), by relying on a Fibonacci-Spiral based blade profile instead of a Savonius47

type [26]. Similarly, Patil et al. created a novel horizontal axis wind turbine (HAWT)48

based on the Fibonacci-spiral which displays higher resistance to wind turbulence [27].49

Another study by Maldonado develops an efficient and quiet novel axial fan using the50

Fibonacci Spiral, which reduces average noise by 3.4% and can achieve higher RPM51

at low torque consumption [28]. Herraprastanti et al. used the Fibonacci Series to cre-52

ate a novel wind turbine called the Archimedes Wind Turbine [29]. This novel wind53

turbine shows potential of improved structural stability and a higher energy capture,54

however, unstable values in the simulation requires further research. Su et al. combined55

the Golden Ratio and the Kutta-Zhukovsky transformation to modify a traditional56

Clark-Y airfoil [30]. This design demonstrates lower stalling speed and better climbing57

performance.58

The above examples show the potential of these biomimetic mathematical prin-59

ciples in aerodynamics. The current study utilizes a symmetrical NACA 0012 airfoil60

to develop two novel airfoils: one using the Fibonacci Sequence and the other apply-61

ing the Golden Ratio. In contrast to existing studies, this research paper purposefully62

avoids introducing camber or other asymmetric features to the airfoil and focuses on63

analyzing the effect of each mathematical principle to a symmetrical airfoil. The pri-64

mary objective is to explain from a fluid perspective how the minor transformations65

of the baseline airfoil surfaces lead to enhanced aerodynamic efficiency for the specific66

Reynolds number and angles of attack tested.67

3 Methodology68

The Fibonacci Sequence is a recursive numerical sequence discovered by and named69

after the Italian mathematician Leonardo Fibonacci [31]. Fibonacci published his find-70

ings in a book titled ”Liber Abaci” in 1202. In this sequence, the numbers progress71

continuously, where the current number is the sum of the two numbers following it.72

Using this definition, the sequence is represented mathematically as follows:73

Fn = Fn−1 + Fn−2 (1)

Using the above formula for the Fibonacci Sequence, the numerical sequence will74

unfold as follows: 1, 1, 2, 3, 5, 8, 13, 21, . . .75

The above sequence goes on infinitely and as the variable increases, the ratio76

between successive terms approaches an irrational number equal to 1.618. The77

mathematical representation of this irrational number is as follows:78

∅ =
Fn+1

Fn
=

1 +
√
5

2
= 1.618033989 . . . ≈ 1.618 (2)

This irrational number that approaches 1.618 is called the Golden Ratio and is79

denoted by the symbol ’∅’. Both these mathematical principles are found in nature,80

e.g., the growth pattern of leaves and the arrangement of seeds in sunflowers.81
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To perform the geometrical transformation, two separate Python scripts for each82

principle were written. The Python script for the Fibonacci Sequence transformation83

is named ’fibonacci builder’, while the code for the Golden Ratio transformation is84

named ’golden ratio builder’ included in this article as an appendix. The codes are85

user-friendly and can be used on any symmetrical airfoil as described. The user inputs86

an appropriate .DAT file consisting of x-y coordinates of the desired symmetrical airfoil87

into the Python code. The Python code is written to work only on the two-dimensional88

coordinates of the airfoil and will not accept three-dimensional coordinates. For this89

study, the .DAT file for the coordinates of the NACA 0012 are acquired from a trusted90

and widely used source [32]. Upon reading the .DAT file, the Python code transforms91

the baseline symmetrical airfoil by modifying the vertical coordinate, y of the airfoil92

surface according to the desired mathematical principle. In the output, the code pro-93

vides a new .DAT file with the modified airfoil geometry and provides a graphical94

comparison plot between the baseline and modified airfoil.95

For this study, the number of coordinates of the input baseline NACA 0012 air-96

foil is 130. Both codes also consist of interpolation functions which sets the number of97

coordinates of the modified airfoil to 1000. Using a large coordinate set provides a reli-98

able transformed airfoil model. The modified Fibonacci airfoil converges at all angles99

of attack. The modified Golden Ratio airfoil, however, is unable to converge at all100

angles of attack. This indicates that the larger coordinate set of the modified Golden101

Ratio airfoil introduces complexities during the ANSYS simulation. The interpola-102

tion function in the ’golden ratio builder’ is removed to fix this issue, which enables103

convergence at all angles of attack.104

3.1 Fibonacci Sequence (Python Code ’fibonacci builder’)105

Fig. 1 2D plot of airfoils on Python using .DAT coordinates—FIBONACCI AIRFOIL (orange out-
line) VS NACA 0012 (blue outline)
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The ’fibonacci builder’ is the Python code developed for this study to transform106

any symmetrical airfoil using the Fibonacci Sequence. The code analyzes the x-y coor-107

dinates provided in the .DAT file and modifies the vertical coordinate y of the airfoil108

surface by using a polynomial-based equation depicting the Fibonacci spiral pattern109

as follows:110

ynew = yoriginal + (A · xn · (1− x)) (3)

In the above formula, A is the scaling factor which controls the amplitude of111

the transformation, and ’n’ is the power exponent controlling the curvature of the112

transformation. This code allows the user to use any desired scale and power exponent113

according to the airfoil or study requirements.114

In this study, a scale of -0.085 and a power exponent of 3 is chosen to ensure that115

the thickness of the modified airfoil is close to the thickness of the baseline airfoil. This116

enables the removal of any bias for this study so the baseline and modified airfoils can117

be compared fairly. The scaling factor and power exponent used in the study ensures118

that the modification blends seamlessly by blending the leading and trailing edges119

smoothly to avoid discontinuities. To perform numerical operations, plotting, and120

interpolation—numpy, matplotlib.pyplot, and scipy.interpolate libraries are imported121

into the code.122

3.2 Golden Ratio (Python Code ’golden ratio builder’)123

Fig. 2 2D plot of airfoils on Python using .DAT coordinates—GOLDEN RATIO AIRFOIL (orange
outline) VS NACA 0012 (blue outline)

The ’golden ratio builder’ is the Python Code developed for this study to trans-124

form any symmetrical airfoil using the Golden Ratio. The vertical coordinate y of the125

baseline airfoil is modified using a sinusoidal function influenced by the Golden Ratio126

below:127
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ynew = yoriginal + (∅factor · sin (πx) · (∅− x) · x) (4)

In the above equation, ∅ is the Golden Ratio ≈ 0.618, and the ∅factor is a con-128

stant controlling the transformation strength. This equation transforms the upper129

surface of the baseline airfoil and then mirrors the upper surface to maintain per-130

fect symmetry. In this study, a ∅factor of 0.03 is used to ensure that the thickness131

of the modified airfoil is close to the thickness of the baseline airfoil. This code also132

uses numpy, matplotlib.pyplot, and scipy.interpolate libraries to perform numerical133

operations, plotting, and interpolation.134

3.3 Settings for ANSYS Workbench with SPEOS135

After successfully modifying the baseline airfoil using the desired mathematical136

principles, the aerodynamic characteristics and efficiency changes are observed by per-137

forming 2D CFD simulations in a software called ANSYS Workbench with SPEOS138

[33]. Initially, a 2D rectangular flow domain with 15 upstream chords, 25 downstream139

chords, and 20 vertical chords are created. This flow domain is centered around the140

airfoil that needs to be observed. For the meshing process, a triangular mesh structure141

is generated. To capture boundary layer effects, inflation layers are added to the trian-142

gular mesh near the airfoil surface. The final mesh consists of roughly 220,000 elements143

with a value of average element quality above 0.9. To ensure appropriate resolution144

for turbulence modeling, the first cell height is chosen to maintain the constraint of145

y+ = 1.8.146

To accurately observe and compare aerodynamic efficiencies between the modified147

airfoil and the baseline airfoil, capturing near-wall and observing free-stream flow148

behavior is essential. To meet these conditions, the k−ω SST (Shear Stress Transport)149

turbulence model is used for all simulations. The equations used in the simulations150

are as follows:151

Continuity Equation152

∂ρ

∂t
+∇ · (ρ−→υ ) = 0 (5)

Momentum Equation153

∂(ρυ⃗)

∂t
+∇ · (ρυ⃗υ⃗) = −∇p+∇ · (τ) + ρg⃗ (6)

Turbulent Transport Equations (k and ω)154

∂k

∂t
+ (−→υ · ∇k) = Pk − β∗kω +∇ · [(ν + σkνt)∇k] (7)

∂ω

∂t
+ (−→υ · ∇ω) = α

ω

k
Pk − βω2 +∇ · [(ν + σωνt)∇ω] + 2(1− F1)

σω2

ω
∇k · ∇ω (8)

The flow is simulated at a Reynolds number of 7.4 million, density of 1.229 kg/m3,155

temperature of 288.16 K, free stream velocity of 52.08 m/s and a viscosity of 8.68e-06156

kg/ms. The aerodynamic coefficients of the airfoils are computed at angles of attack,157
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Fig. 3 Flow Domain Meshing using NACA 0012 as the subject airfoil.

from 0° to 15° in 2° increments. For spatial discretization, second-order upwind schemes158

are employed, and SIMPLE algorithm Is used for pressure-velocity coupling. The con-159

vergence of the calculation is dependent on a residual criterion of 10−6 and by the160

stabilization of lift and drag coefficients over 500 iterations.161

The turbulence modeling resource for NACA 0012 airfoils by Langley Research162

Center has been used to source the above values [34]. An initial ANSYS set up is163

created for the NACA 0012 airfoil and is calibrated using the turbulence modeling164

resource. This set up is calibrated until the simulations provide the lift and drag165

coefficients within ± 1% of the accepted published values. Upon calibration, this same166

procedure is utilized to compute the 2D CFD calculations of both modified airfoils.167

The lift-to-drag ratio values of the modified airfoils are calculated at a range of angles168

of attack and are compared with the baseline NACA 0012 airfoil to observe changes to169

the coefficients. Using this consistent set up provides relevant aerodynamic predictions170

for comparison and reduces calculation errors.171

Fig. 4 Flow domain meshing using (left) Fibonacci modified airfoil and (right) Golden Ratio mod-
ified airfoil as the subject airfoils.
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4 Results and Discussion172

The baseline and modified airfoil data from the CFD simulations is tabulated in Table173

2 from angles of attack, α = 0◦ to 15◦. This data is then plotted in Figures 5, 6, 7,174

and discussed in the following subsections. The pressure contour, velocity contour, the175

velocity vector, and the turbulent kinetic energy contour of the NACA 0012 airfoil are176

plotted at α = 8◦ in Figures 8 and 9 to compare efficiency changes in the modified177

airfoils.178

Fig. 5 Line graph of L/D vs Angle of Attack (α) for each airfoil plotted using L/D values from
Table 2.
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Fig. 6 Line graph of Cl vs Angle of Attack (α) for each airfoil plotted using Cl from Table 2.

Fig. 7 Line graph of Cl vs Cd for each airfoil plotted using Cl and Cd values from Table 2.
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Fig. 8 Velocity vector (top), velocity contour (middle), and pressure contour (bottom) of the NACA
0012 at α = 8◦ plotted using ANSYS Workbench with SPEOS 2024.

Fig. 9 Turbulent kinetic energy contours of the NACA 0012 at α = 8◦ plotted using ANSYS
Workbench with SPEOS 2024.
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4.1 Fibonacci Airfoil179

The Fibonacci airfoil with 1,000 coordinates converges at all angles of attack and180

demonstrates minimally increased L/D values at a majority of angles of attack. The181

calculated 2D CFD results of this airfoil are compared with the calculated 2D CFD182

results of the baseline airfoil. There is a 1% - 2% increase in L/D between angles of183

attack of 1° to 7°. The L/D value peaks at an angle of 8°, showing a 3.68% increase.184

An increase below 1% in L/D values is calculated from 9° to 11° followed by a small185

percentage decrease in L/D, at higher angles of attack (12° to 15°).186

In order to decouple the effects of CL and CD from the L/D plot, CL is plotted187

as a function of angle of attack in Figure 6. It can be observed that the Fibonacci188

airfoil produces very minimally higher values of CL beyond the stall angle of attack189

at α = 10◦, while the golden ratio produces considerably less lift in the stall region190

up to α = 15◦. This sharper drop in CL with the golden ratio airfoil appears to be191

characteristic of leading edge stall, which occurs with thinner airfoils or those with a192

smaller leading edge radius. Relative to baseline NACA 0012 airfoil, the golden ratio193

airfoil satisfies this description while Fibonacci and baseline airfoil appear to have194

about the same leading edge geometry. The departure in drag between the transformed195

airfoils and the baseline becomes noticeable at α = 8◦. There appears to be a small196

increase in CD for the baseline airfoil, which explains the dip in the L/D curve at this197

angle of attack. The minimal improvement in L/D of the Fibonacci airfoil corresponds198

to moderate angles of attack where airfoils operate under most conditions such as199

cruise. However, worse performance occurs in the stall and post-stall regime. Further200

analysis is required for both the angles α = 8◦ and 15◦ in order to understand how201

the behavior of velocity and pressure may affect the aerodynamics of the airfoil.202
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Fig. 10 Velocity vector (top), velocity contour (middle), and pressure contour (bottom) of the
modified Fibonacci airfoil at α = 8◦ (best performing case), plotted using ANSYS Workbench with
SPEOS 2024.
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Fig. 11 Velocity vector (top), velocity contour (middle), and pressure contour (bottom) of the
modified Fibonacci airfoil at α = 15◦ (worst case scenario), plotted using ANSYS Workbench with
SPEOS 2024.

Fig. 12 Turbulent kinetic energy contours of the modified Fibonacci airfoil at α = 8◦ (best case
scenario), plotted using ANSYS Workbench with SPEOS 2024.
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4.2 Golden Ratio Airfoil (ANSYS Results)203

It is observed that the Golden Ratio airfoil with 1000 number of coordinates does not204

converge at any angle of attack. This suggests that a larger coordinate set introduces205

complexities during calculation. To fix this issue, the interpolation features from the206

Python code are removed.207

The Golden Ratio airfoil with a smaller coordinate set converges at all angles of208

attack. The calculated 2D CFD results of this airfoil are compared with the calculated209

2D CFD results of the baseline NACA 0012 airfoil. High L/D values at a 1° angle210

of attack (3.34% increase) and at a 8° angle of attack (2.04% increase) are observed.211

Angles of attack from 2° to 6° have a comparatively lower percentage increase in212

L/D values. All other angles of attack lead to a percentage decrease in L/D values.213

The hypothesis used to explain the improvements in the Fibonacci airfoil can also214

be used for the case of the Golden Ratio airfoil. However, the Golden Ratio airfoil215

does not show any persistent aerodynamic improvements in contrast to the Fibonacci216

airfoil. The Golden Ratio function may be introducing an unstable surface geometry217

by introducing sharp, uneven or thick surface contours. It can be hypothesized that218

the Golden Ratio function in this case introduces a geometry that can promote earlier219

flow separation. A thick or uneven surface contour can lead to an increased local220

flow acceleration which can negatively impact flow attachment and pressure drag.221

Modifying the Python code to further smoothen the surface of the Golden Ratio airfoil222

can be a possible solution for this issue.223
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Fig. 13 Velocity vector (top), velocity contour (middle), and pressure contour (bottom) of the
modified Golden Ratio airfoil at α = 8◦ (best performing case), plotted using ANSYS Workbench
with SPEOS 2024.
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Fig. 14 Velocity vector (top), velocity contour (middle), and pressure contour (bottom) of the
modified Golden Ratio airfoil at α = 15◦ (worst case scenario), plotted using ANSYS Workbench
with SPEOS 2024.

Fig. 15 Turbulent kinetic energy contours of the modified Golden Ratio airfoil at α = 8◦ (best case
scenario), plotted using ANSYS Workbench with SPEOS 2024.
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5 Concluding Remarks224

This study focuses on the development of two novel symmetrical airfoils inspired by225

two mathematical principles—The Fibonacci Sequence and the Golden Ratio. These226

airfoils are designed by using the coordinates from a well-established symmetrical227

airfoil - NACA 0012. These transformations are performed using Python code and228

focus on applying the above-mentioned mathematical functions on the coordinates229

from a .DAT file of any baseline symmetrical airfoil. To calculate and observe the230

differences in aerodynamic values, ANSYS Workbench with SPEOS (Student Version231

2024) is used to perform 2D CFD calculations on the modified and baseline airfoils.232

The aerodynamic performance of these airfoils is assessed by running the 2D CFD233

simulations at 0◦ ≤ α ≤ 15◦ and Re = 7.4× 106.234

A higher performance of the Fibonacci airfoil is observed when compared to the235

Golden Ratio airfoil and the baseline airfoil (NACA 0012). This performance is mea-236

sured by calculating the percentage differences in the L/D ratio values at angles of237

attack from 0° to 15°. The Fibonacci airfoil with a larger set of coordinates can con-238

verge at all desired angles of attack, however, this is not the case for the Golden Ratio239

airfoil with larger set of coordinates. The Golden Ratio airfoil with a smaller set of240

coordinates is used by removing the interpolation function from the Python code to241

meet convergence requirements and enable a successful CFD simulation.242

The Fibonacci airfoil shows the highest improvement in L/D (increase by 3.68%)243

at α = 8◦ when compared to NACA 0012. A moderate to low improvement in L/D244

(increase by 0.3-2%) at 1◦ ≤ α ≤ 11◦, and the gradual decline at α < 11◦ is noticed in245

the CFD calculation. These observations portray the Fibonacci airfoil’s capabilities to246

reduce drag and delay flow separation at low angles of attack. Considering the improve-247

ments in aerodynamic capabilities at lower angles, the Fibonacci airfoil can be used for248

maneuvering low-speed aircraft with increased efficiency (e.g. UAVs: Unmanned Aerial249

Vehicles, and VTOL: Vertical Take-off and landing aircraft. Although the increase in250

L/D for Fibonacci airfoils is mostly moderate, these small improvements can increase251

fuel efficiency and enable long range flights in the context of a low-speed aircraft.252

The Golden Ratio airfoil revealed its complex structure during the design phase.253

Reducing the coordinate complexity of the airfoil allowed the convergence of the model254

during the 2D CFD phase. The Golden Ratio airfoil underperformed significantly at255

all angles except at α = 1◦ (3.34% increase in L/D) and at α = 8◦ (2.04% in L/D). The256

Golden Ratio airfoil can be beneficial only when used under certain flow conditions257

and thus can be used in very limited environments. Smoothening the Golden Ratio258

airfoil surface might lead to some improvements at lower angles of attack. Creating259

a hybrid airfoil using the positive factors of a Fibonacci airfoil and a Golden Ratio260

airfoil seems highly beneficial in the context of a low-speed aircraft. Further research261

needs to be done to fully harness the capabilities of these bio-inspired airfoils. This262

study can also be applied to automotive and renewable energy fields.263
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Appendix A Python Code Script (fibonacci builder)383

import numpy as np384

import matp lo t l i b . pyplot as p l t385

from s c ipy . i n t e r p o l a t e import i n te rp1d386

387

def f i b o n a c c i c u r v e (x , s c a l e =−0.085 , power=3) :388

return s c a l e ∗ ( x ∗∗ power ) ∗ (1 − x )389

390

def smooth step (x , edge0 =0, edge1=1) :391

x = np . c l i p ( ( x − edge0 ) / ( edge1 − edge0 ) , 0 . 0 , 1 . 0 )392

return x ∗ x ∗ (3 − 2 ∗ x )393

394

def m o d i f y a i r f o i l ( i n p u t f i l e , o u t p u t f i l e , chord l ength =1000 ,395

m o d i f i c a t i o n e x t e n t =1) :396

coords = np . l oadtx t ( i n p u t f i l e , d e l i m i t e r=’ , ’ )397

l e i n d e x = np . argmin ( coords [ : , 0 ] )398

uppe r su r f a c e = coords [ : l e i n d e x +1 ] [ : : −1 ]399

l o w e r s u r f a c e = coords [ l e i n d e x : ]400

401

upper in t e rp = interp1d ( uppe r su r f a c e [ : , 0 ] , uppe r su r f a c e [ : ,402

1 ] , kind=’ cubic ’ )403

l o w e r i n t e r p = interp1d ( l o w e r s u r f a c e [ : , 0 ] , l o w e r s u r f a c e [ : ,404

1 ] , kind=’ cubic ’ )405

406

x mod = np . l i n s p a c e (0 , 1 , 501)407

f ib mod = f i b o n a c c i c u r v e ( x mod )408

t r a n s i t i o n = smooth step (x mod , edge0=mod i f i c a t i on ex t en t −0.3 ,409

edge1=m o d i f i c a t i o n e x t e n t )410

411

upper mod = upper in t e rp ( x mod ) + fib mod ∗ (1 − t r a n s i t i o n )412

lower mod = l o w e r i n t e r p ( x mod ) − f ib mod ∗ (1 − t r a n s i t i o n )413
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414

t r a i l i n g b l e n d = smooth step (x mod , edge0 =0.9 , edge1 =1.0)415

upper mod = upper mod ∗ (1 − t r a i l i n g b l e n d ) + upper in t e rp (416

x mod ) ∗ t r a i l i n g b l e n d417

lower mod = lower mod ∗ (1 − t r a i l i n g b l e n d ) + l o w e r i n t e r p (418

x mod ) ∗ t r a i l i n g b l e n d419

420

modi f i ed coords = np . vstack ( (421

np . column stack ( ( x mod , upper mod ) ) [ : : − 1 ] ,422

np . column stack ( ( x mod , lower mod ) ) [ 1 : ]423

) )424

425

np . savetxt ( o u t p u t f i l e , modi f i ed coords , d e l i m i t e r=’ , ’ , fmt=’426

%.8 f ’ )427

return modi f i ed coords ∗ chord l ength428

429

def p l o t a i r f o i l s ( o r i g i n a l , modif ied , save path=None ) :430

p l t . f i g u r e ( f i g s i z e =(12 , 6) )431

p l t . p l o t ( o r i g i n a l [ : , 0 ] , o r i g i n a l [ : , 1 ] , l a b e l=’ Or i g i na l ’ ,432

l i n ew id th =2)433

p l t . p l o t ( modi f i ed [ : , 0 ] , modi f i ed [ : , 1 ] , l a b e l=’ Modif ied ’ ,434

l i n ew id th =2, l i n e s t y l e=’−− ’ )435

p l t . t i t l e ( ’ A i r f o i l  Comparison ’ )436

p l t . x l a b e l ( ’X ’ )437

p l t . y l a b e l ( ’Y ’ )438

p l t . l egend ( )439

p l t . a x i s ( ’ equal ’ )440

p l t . g r i d ( True )441

i f save path :442

p l t . s a v e f i g ( save path , dpi =300 , bbox inches=’ t i g h t ’ )443

p l t . show ( )444

445

i f name == ” main ” :446

i n p u t f i l e = r ” Provide  path  o f  d e s i r e d  l o c a t i o n  f o r  sav ing ”447

o u t p u t f i l e = r ” Provide  path  o f  d e s i r e d  l o c a t i o n  f o r  sav ing ”448

i m a g e f i l e = r ” Provide  path  o f  d e s i r e d  l o c a t i o n  f o r  sav ing ”449

chord l ength = 1000450

451

o r i g i n a l c o o r d s = np . l oadtx t ( i n p u t f i l e , d e l i m i t e r=’ , ’ ) ∗452

chord l ength453

modi f i ed coords = m o d i f y a i r f o i l ( i n p u t f i l e , o u t p u t f i l e ,454

chord l ength )455

p l o t a i r f o i l s ( o r i g i n a l c o o r d s , modi f i ed coords , save path=456

i m a g e f i l e )457

458

print ( f ” Modif ied  a i r f o i l  c oo rd ina t e s  have  been  saved  to  {459

o u t p u t f i l e }” )460

print ( f ”Comparison  p l o t  has  been  saved  to  { i m a g e f i l e }” )461
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Appendix B Python Code Script462

(golden ratio builder)463

import numpy as np464

import matp lo t l i b . pyplot as p l t465

from s c ipy . i n t e r p o l a t e import i n te rp1d466

467

x , y = [ ] , [ ]468

with open( r ”Path  to  .DAT f i l e  o f  b a s e l i n e  a i r f o i l ” , ” r ” ) as f :469

for l i n e in f . r e a d l i n e s ( ) [ 1 : ] :470

va lue s = l i n e . s t r i p ( ) . s p l i t ( ’ , ’ )471

x . append ( f loat ( va lue s [ 0 ] ) )472

y . append ( f loat ( va lue s [ 1 ] ) )473

474

x , y = np . array ( x ) , np . array ( y )475

h a l f l e n g t h = len ( x ) // 2476

t h i c k n e s s = y [ : h a l f l e n g t h ] − y [ h a l f l e n g t h : ] [ : : − 1 ]477

max thickness = np .max( t h i c k n e s s )478

max th ickness index = np . argmax ( t h i c k n e s s )479

x max th ickness = x [ max th ickness index ]480

481

print ( f ”True  maximum  t h i c k n e s s :  {max thickness : . 6 f }” )482

print ( f ” Locat ion  o f  maximum  t h i c k n e s s :  x/c  = { x max th ickness : . 6 f }”483

)484

485

uppe r su r f a c e = np . column stack ( ( x [ : h a l f l e n g t h ] , y [ : h a l f l e n g t h ] ) )486

l o w e r s u r f a c e = np . column stack ( ( x [ h a l f l e n g t h : ] , y [ h a l f l e n g t h : ] ) )487

488

upper in t e rp = interp1d ( uppe r su r f a c e [ : , 0 ] , uppe r su r f a c e [ : , 1 ] ,489

kind=’ cubic ’ , bounds er ror=False , f i l l v a l u e=” e x t r a p o l a t e ” )490

l o w e r i n t e r p = interp1d ( l o w e r s u r f a c e [ : , 0 ] , l o w e r s u r f a c e [ : , 1 ] ,491

kind=’ cubic ’ , bounds er ror=False , f i l l v a l u e=” e x t r a p o l a t e ” )492

493

x mod = np . l i n s p a c e (0 , np .max( x ) − 1e −6, 500)494

upper y mod = upper in t e rp ( x mod )495

lower y mod = l o w e r i n t e r p ( x mod )496

497

def g o l d e n r a t i o t r a n s f o r m (x , y , t rue max th ickness ,498

r e d u c t i o n f a c t o r =0.48 , p h i f a c t o r =0.03) :499

phi = (1 + np . s q r t (5 ) ) / 2500

y trans formed = y + p h i f a c t o r ∗ np . s i n (np . p i ∗ x ) ∗ ( phi − x )501

∗ x502

max trans formed th ickness = np .max( y trans formed ) − np .min(503

y trans formed )504

t a r g e t t h i c k n e s s = true max th i cknes s ∗ r e d u c t i o n f a c t o r505

s c a l e f a c t o r = t a r g e t t h i c k n e s s / max trans formed th ickness506

y trans formed ∗= s c a l e f a c t o r507

return y trans formed508

509

24



upper y mod transformed = g o l d e n r a t i o t r a n s f o r m (x mod , upper y mod510

, max thickness )511

lower y mod transformed = −upper y mod transformed512

513

x combined = np . concatenate ( ( x mod , x mod [ : : − 1 ] ) )514

y combined = np . concatenate ( ( upper y mod transformed ,515

lower y mod transformed [ : : − 1 ] ) )516

x combined [ −1] = x combined [ 0 ]517

y combined [ −1] = y combined [ 0 ]518

519

with open( r ”Path  to  d e s i r e d  ” , ”w” ) as f :520

f . wr i t e ( ” Modif ied  NACA 0012  with  Golden  Ratio\n” )521

for xi , y i in zip ( x combined , y combined ) :522

f . wr i t e ( f ”{ x i : . 6 f } ,{ y i : . 6 f }\n” )523

524

p l t . f i g u r e ( f i g s i z e =(10 , 5) )525

p l t . p l o t (x , y , l a b e l=’ Or i g i na l  NACA 0012 ’ , l i n ew id th =2)526

p l t . p l o t ( x combined , y combined , l a b e l=’ Modif ied  A i r f o i l ’ ,527

l i n ew id th =2)528

p l t . t i t l e ( ’ Comparison  o f  Or i g i na l  and  Modif ied  A i r f o i l s  ( Golden  529

Ratio ) ’ )530

p l t . x l a b e l ( ’ x/c ’ )531

p l t . y l a b e l ( ’ y/c ’ )532

p l t . l egend ( )533

p l t . a x i s ( ’ equal ’ )534

p l t . g r i d ( True )535

p l t . s a v e f i g ( r ” Provide  path  o f  d e s i r e d  l o c a t i o n  f o r  sav ing ” , dpi536

=300 , bbox inches=’ t i g h t ’ )537

p l t . show ( )538

539

print ( ” Modif ied  a i r f o i l  DAT f i l e  and  comparison  p l o t  have  been  540

saved . ” )541
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