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Analysis of Directional Stability of A Quadcopter for Different
Propeller Designs Using Experimental and Computational Fluid
Dynamics Applications

Highlights
Four new propeller designs were designed and tested for a quadcopter.
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CFD analysis was done to verify designs before 3D printing and real-world testing.
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All new propellers showed excellent directional stability in flight tests.
NACA4412 and NLF0115 propellers demonstrated the best overall performance.
This study emphasizes the potential of custom propeller designs for improving quadcopter performance.
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Graphical Abstract

This study designed and tested four new propeller types for quadcopters, aiming to improve stability. Both
computational and experiments showed good performance across all designs, with NACA4412 and NLF0115
propellers showing superior results. The research demonstrates the significant potential of custom propellers in
enhancing quadcopter performance.

New propeller design Quadcoptertest Experimentalresults
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Figure. Graphical abstract of the study

Aim
Design and test new propeller types for quadcopter drones to improve directional stability.
Design & Methodology

Four propellers were designed and then analyzed using CFD, manufactured with 3D printing, and evaluated
through comprehensive flight testing.

Originality
Focus on designing new propellers specifically for quadcopters, rather than analyzing commercial ones.
Findings

All designs showed good stability. NACA4412 and NLF0115 propellers performed the best, with improved power
consumption.

Conclusion

Custom propeller designs can optimize quadcopter performance. Both CFD and experimental analysis are crucial
in the design process.

Declaration of Ethical Standards
The author(s) of this article declare that the materials and methods used in this study do not require ethical committee
permission and/or legal-special permission.
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Analysis of Directional Stability of A Quadcopter for
Different Propeller Designs Using Experimental and
Computational Fluid Dynamics Applications
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ABSTRACT

In recent years, unmanned aerial vehicles (UAVSs), popularly referred to as drones, have been widely adopted across various
industries. Among these, quadcopter is the most popular type of UAV characterized by its four propellers. This study focuses on
enhancing quadcopter directional stability through the design and testing of four novel propeller types based on DAE51, MH42,
NACA4412, and NLFO0115 airfoils. ANSY'S Fluent simulations were performed to evaluate the accuracy of propeller performance
predictions. Methodology verification conducted using an APC 10x7 propeller demonstrated error rates below 5.2% for thrust
coefficients. Experimental analyses were performed in outdoor environment to account for realistic wind effects on propeller
performance. The custom-designed propellers were compared to baseline quadcopter propeller. Results indicated no significant
discrepancies between desired and observed values for pitch, roll, yaw angles, altitude, or vibration levels. Power consumption
tests revealed that NACA4412 and NLF0115 propellers used 7% and 3.6% less power than original propellers, while DAE51 and
MH42 propellers consumed 6.7% and 20% more power, respectively. NACA4412 and NLF0115 designs demonstrated particularly
favorable performance characteristics, offering improved power efficiency while maintaining excellent directional stability.

Keywords: Directional stability, drone, uav, propeller, quadcopter.

Bir Quadcopter’in Yon Kararliliginin Farkli Pervane
Tasarimlar1 Kullanarak Deneysel ve Hesaplamali
Akiskanlar Dinamigi Ile Analizi

0z

Giiniimiizde, yaygin olarak drone olarak bilinen insansiz hava araglari (IHA) gesitli sektorlerde genis ¢apta benimsenmistir. Bunlar
arasinda, dort pervanesi olan dortucar, en popiiler IHA tiiriidiir. Bu ¢alisma, DAES1, MH42, NACA4412 ve NLF0115 kanat
profillerinden dort yeni pervane tipinin tasarimi ve test edilmesi ile dortucarin yon kararliligini gelistirmeye odaklanmaktadir.
Pervane performans tahminlerinin dogrulugunu degerlendirmek i¢cin ANSY'S Fluent simiilasyonlari gergeklestirilmistir. Metodoloji
dogrulamas: i¢cin APC 10x7 pervane kullanilmis ve itme katsayisi sapma orani %5,2'nin altinda elde edilmistir. Pervanelerin
performansi iizerinde olusan riizgar etkilerini hesaba katmak i¢in deneysel analizler agik havada gergeklestirilmigtir. Tasarim
pervaneler, orijinal dortugar pervanesi ile karsilagtirilmistir. Testler sonucunda elde edilen veriler, yunuslama, yuvarlanma, sapma
acilari, irtifa veya titresim seviyeleri igin istenen ve gozlenen degerler arasinda onemli bir fark olmadigini gostermistir. Gli¢
titketimi testleri, NACA4412 ve NLF0115 pervanelerinin orijinal pervaneden %7 ve %3,6 daha az gii¢ kullandigini, DAES1 ve
MH42 pervanelerinin ise sirastyla %6,7 ve %20 daha fazla giic tiikettigini ortaya koymustur. NACA4412 ve NLF0115 tasarimlart,
daha iyi yon kararliligini gosterirken, ayn1 zamanda yiiksek verimlilik sunarak {istiin performans gostermistir.

Anahtar Kelimeler: Dogrultu kararhiligi, drone, iha, pervane, dortucar.

1. INTRODUCTION

Throughout history, societies valued humans primarily as
labor sources until the industrial revolution transformed

(UAV), unmanned space vehicles, unmanned underwater
vehicles, and unmanned surface vehicles [1].

Technological progress and reduced electronic

this paradigm. Technological advancement has enhanced
system efficiency while reducing manual labor
requirements, removing humans from hazardous
environments and enabling algorithm-based control
systems. Modern unmanned vehicles work without direct
human control and fall into different groups such as
unmanned ground vehicles, unmanned aerial vehicles

*Sorumlu Yazar (Corresponding Author)
e-posta : yahya.celebi@outlook.com

equipment costs have contributed to the growth of the
UAYV sector [2], and the market now offers humerous
open-source and commercial UAV options. Commercial
equipment typically restricts software and hardware
modifications, but open-source alternatives provide
researchers and developers greater freedom. Open-
source equipment remains affordable and flexible, so it
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has become popular among researchers and hobbyists
[3]. Today, UAVs are used in various areas including
intelligence gathering, border control, enemy detection,
ammunition transport in military services, fault detection
and gas measurement in power generation, as well as in
agriculture, mapping, geological field detection, and
disaster management. Furthermore, ongoing research and
development efforts are exploring the usage of UAVs on
numerous areas such as first aid (search and rescue) and
traffic control [4-6].

UAVs are classified into three categories that are fixed-
wing, rotary-wing, and hybrid [7]. Fixed-wing UAVs
utilize aerodynamic lift generated by their wings during
forward motion. These UAVs are powered by either
internal combustion engines or electric motors, offering
excellent fuel efficiency due to their single motor design.
While fixed-wing UAVs excel in flight range and
endurance, they cannot perform vertical takeoff and
landing, requiring substantial space for ground
operations, which represents their primary limitation.
Rotary-wing UAVs generate lift through continuously
rotating propellers. This design enables a stationary
frame that allows precise hovering capabilities, and
vertical takeoff and landing in restricted spaces.
However, rotary-wing UAVs have higher production
costs than fixed-wing UAVs due to their complex design
requiring multiple motors, electronic controllers, and
propellers. Hybrid UAVs aim to combine the advantages
of both fixed-wing and rotary-wing of UAVSs. But their
development is progressing slowly [8,9].

Rodrigues et al. [10] studied package delivery effects on
quadcopter power consumption, altitude, payload and
ground speed using a DJI Matrice 100 during 11 hours of
flight tests, analyzing results through Euler angles and
altitude measurements. Su et al. [11] improved UAV
stability by combining barometer and accelerometer
sensors, achieving 3.67% displacement between sensors
and demonstrating more accurate movement when both
sensors operated together. Azizan and Sapit [12]
designed multiple propellers with varying angles
(constant vs. twisted) and used Ansys Fluent CFD
analysis to determine the third design with twisted blades
generated highest thrust at 6000 rpm. Sanchez [13]
designed six propellers using different airfoils (AH 79-
100 A, GM15, FX 63-120, GOE 358, SA7026), 3D-
printed them, used XFOIL to determine lift-to-drag
ratios, and found SA7026 airfoil propellers produced
lowest noise. Dim et al. [14] built a drone with F450
frame using Ardupilot and Pixhawk control boards,
programmed autonomous routes, and determined
Pixhawk 4 controllers provided superior flight stability
performance. Ghaffari [15] conducted numerical studies
on a 25kg-payload octocopter using 3D scanning to
assess propeller dimensions, with CFD analysis revealing
0.65 axial separation maximized propeller efficiency and
flight time. Alabas and Nacakli [16] performed CFD
analysis on commercial APC 10x6 four-blade propellers
using Multiple Reference modeling with 6x8D stationary

domain and 1.06x0.8D rotating region, achieving results
within 2.97% of experimental data.

While extensive research exists on UAVs and
commercial propellers, there remains a significant gap in
the literature regarding custom propeller designs
specifically optimized for quadcopters. Most studies
focus on analyzing existing commercial propellers rather
than developing new designs. This study addresses this
gap by designing and testing four novel propeller types
based on DAE51, MH42, NACA4412, and NLF0115
airfoils, which were selected for their reported efficiency
at low Reynolds numbers (Re < 100,000). The research
employs a comprehensive methodology combining
theoretical calculations, computational fluid dynamics
(CFD) analysis, and real-world flight testing to evaluate
directional stability, power consumption, and overall
performance. This integrated approach not only validates
the effectiveness of custom propeller designs for
quadcopters but also establishes a systematic framework
for propeller development that can significantly enhance
UAYV performance while reducing development costs and
time. By focusing on both computational validation and
experimental verification, this study provides valuable
insights for researchers and manufacturers seeking to
optimize quadcopter propulsion systems.

2. MATERIAL and METHOD

To define propeller performance, three key parameters
are utilized which are thrust coefficient (Cr), torque
coefficient (Cg), and efficiency (1)) are defined in Egs. (1-
3) [17]. In these equations, Q (N/m) is torque, n (rps) is
the rotational speed of the propeller and D (m) is the
diameter of the propeller. These parameters provide
standardized metrics for evaluating and comparing
different propeller designs under various operating
conditions. The relative percentage error of the Cy and
Cq can be calculated by the Equations (4-5) [18].

__Q
Q pnz DS
@
C = %
pn°D
)
CT
n=—1
CP
©)
C -C
AC, (%) = 222223100
Q,Exp.
(4)
C -
AC, (%) = TCFD—CTEXF’ x100
LExp.
©)



ANALYSIS OF DIRECTIONAL STABILITY OF A QUADCOPTER FOR DIFFERENT...

Politeknik Dergisi, 2026; 29(1):290110 : 1-12

2.1. Quadcopter and Propeller Calculations

The designer can choose the battery, motors, and
propellers when designing a quadcopter for collecting
purposes. However, the choice of motor and propeller
should be made in consideration of the other components.
The total mass of the quadcopter components including
frame, propeller, motor, esc, battery, GPS, flight
controller, anemometer and interconnects was weighed
as 1.432 kg.

The number of battery cell determines the maximum
thrust force for the UAV. All propellers produce an equal
amount of thrust during takeoff and landing. Because the
angles of roll, pitch and yaw are zero [19]. The
specifications of the components used for thrust
calculations of the UAV are provided in Table 1.

Table 1. Values of the components used for the thrust

calculation.
Specification Value
Nominal battery voltage 111V
Kv value of motor 380 Ky
Reference propeller (diameter x pitch) | 10x45 in

In order to calculate the values for quadcopter, the peak
thrust force must be determined for each motor at full
power. Researchers often consider this ratio to be 1.5 or
1.75 [20]. For this study, a thrust-to-weight ratio of 1.5 is
selected for thrust calculation which is deemed sufficient
for this UAV. The thrust force is calculated using the
equation below [20].

T |K m g
! (6)
Where T is the thrust force, Ik is the thrust-to-weight
ratio, m is the mass of the UAV, g is gravity and i is the

number of rotors. Minimum thrust force required for the
UAV is determined by Equation (7).
2

_15x 1.432 kg x 9.81 kg/ms 59679 N

4 ©
As propeller design has not been carried out at this stage,
the surface area of a reference propeller (DJI 1045)
proposed for the engine and frame combination was used
for calculations. The surface area of the DJI 10x45 is
measured as 0.010664 m2. When the air density (where
p=1.225 kg/m?®) along with thrust force and the surface
area of the reference propeller are put into the equation,

theoretical velocity of the UAV can be derived as
follows.

T

V= T :\/ 52679 =8.0112m/s
2pA 2x1.225x 7 x0.010664 (8)

The airfoils selected for this research included DAE51,
NLF0115, NACA4412 and MHA42. Researchers have
noted that these airfoils exhibit high efficiency at low

Reynolds numbers (Re < 100,000) [21-24]. The
appearance of these airfoils is depicted in Figure 1.

Airfoils
DAES51 MH42
0.5 0.5
0.25 0.25
o o
s 0 BN
-0.25 -0.25
-0.5 -0.5
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
xlc xlc
NACA4412 NLFO0115
0.5 0.5
0.25 0.25
o o
LY <t N e ——
-0.25 -0.25
05 05
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
xlc xlc

Figure 1. Appearance of airfoils.

In the design process, high lift coefficient (C.), low drag
coefficient (Cp), and the optimal aerodynamic efficiency
(CL/Cp) dependent on these two parameters [25]. The
JBLADE software was employed to calculate the C./Cp
ratios corresponding to the angle of attack. The X and Y
coordinates of the airfoils were inputted into the software
prior to its usage. Once the profile coordinates and
ambient conditions have been uploaded into the software,
a graph representing Cp, o and C./Cp ratios was
generated for Re=10°. C. and Cp values were obtained in
the range of —10° and +20° of angle of attack. In Figure
2, CL/Cp ratios corresponding to the angle of attack are
provided for each profile at Re=105.

CI_ICD ratios of Airfoils
70 T T

T
DAES51
R MH42
coneesnen: NACA4412
— ——-NLFO115

@Re=100.000

60 [

50

40 -

30

clc,

20

8 6 4 -2 0 2 4 6 8 10 12 14 16 18
Angle of attack [a]

Figure 2. CL/Cp ratios versus the angle of attack of the
airfoils.

This software utilizes mathematical calculations to
determine the angle of attack based on C./Cp ratios. The
propeller performance data for the DAE51, NLF0115,
NACA4412 and MH42 profiles are presented in
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Table 2.
Table 2. Comparison of performance calculation of the airfoils.
DAES51 NLF0115 NACA4412 MH42
o CL CD CL/CD 03 C|_ CD CL/CD CL CD CL/CD o C|_ CD CL/CD
7.00 1.20 | 0.020 | 62.52 |7.00|0.88|0.020|43.33 | 6.75 | 1.14 | 0.019 57.41 6.00 0.82 | 0.020 | 49.51

The preliminary design conditions for the propeller
included a propeller diameter, an air density, a blade
number, and rotational speeds. Specifically, the
NACA4412 and NLFO115 profiles were designed for
operation at 6000 rpm, while the DAE51 and MHA42
profiles were designed for operation at 5500 rpm
rotational speed. It is important to note that when
determining the thrust force, the rotational speed and
chord length have an inverse relationship.

The values of the chord and twist distribution along the
blade length were obtained using QMIL software,
developed by Mark Drela from Massachusetts
University. QMIL software is primarily used for
propeller design based on predetermined preliminary
design parameters [26]. The software provided values for
the element length, radial length of the element, angle of
twist, and chord length for each airfoil. The calculated
design parameters obtained from QMIL for all the airfoils
are presented in

Table 3. Using these design calculations, the solid models
of the propellers can be generated.

Table 3. Calculations of the design parameters for the airfoils.

Element number 1 2 3 4 5 6 7 8 9 10 11
r (mm) 187 | 30.1 | 415 | 529 | 643 | 75.7 | 87.1 | 985 | 109.9 | 121.3 | 127

c(mm) | 66.2 | 432 | 319 | 252 | 208 | 176 | 152 | 13 10.5 6.5 3.9
DAE51

B () 365 | 259 | 205 | 17.3 | 152 | 13.7 | 126 | 11.7 11 10.4 10.2

c(mm) | 56.2 | 51.6 | 434 | 364 | 30.7 | 26.1 | 22.1 | 18.3 14.1 8.2 4.6
MH42

B(®) 505 | 37.2 | 293 | 242 | 20.7 | 18.2 | 16.3 | 149 | 137 127 | 123

c(mm) | 435 | 419 | 36.2 | 30.7 26 22.1 | 18.7 | 153 11.7 6.7 3.7
NACA4412

B(®) 59.8 | 46.3 | 37.9 | 325 | 28.6 | 259 | 23.7 | 221 | 20.7 196 | 19.2

c(mm) | 53.2 | 48.8 41 344 | 29.1 | 24.7 | 209 | 17.3 133 7.7 4.3
NLF0115

B 55 416 | 33.7 | 28.7 | 25.2 | 22.7 | 20.8 | 19.3 18.1 17.1 16.7

Ultimaker CURA is a software program used for slicing
solid models designed for 3D printing [27]. Initially, the
propellers were sliced using this software and then 3D
printed with the assistance of a memory card. A visual
representation of the printed propellers is presented in
Figure 3, with 3a displaying the final assembled propeller
and 3b showing the raw printed propeller.

:*—
——.mm

Figure 3. View of the printed propellers.

2.2. Experimental Setup

The quadcopter used in the tests was assembled with the
following components: Pixhawk 4 flight controller, GPS,
F450 frame, DJI 10x45 propellers, Emax XA2212
brushless motors, HobbyWing XRotor 40A electronic
speed controllers, TE MS4525D0O digital anemometer,
Turnigy Graphane 3S Lipo battery, Frsky Taranis Q X7
remote controller, Frsky R9M radio transmitter module,
and Pixhawk 4 power module. Prior to the flight tests,
several preparations were made, including balancing the
propellers and battery, and calibrating the ESC,
accelerometer, and compass. Experimental setup
diagram used in the study is presented in Figure 4.

Pixhawk determines the position, acceleration, and
orientation of the quadcopter using an extended Kalman
filter, which processes data from various sensors
including the gyroscope, barometer, accelerometer, GPS,
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anemometer, and compass, as described on their website.
The control board records flight data such as roll, pitch,
and yaw angles, collects altitude information, and
monitors vibration levels. Power consumption is
measured using a digital power meter, while wind speed
is recorded by an external anemometer that mounted on
the quadcopter.

Autonomous flight plans were created and uploaded to
the vehicle using Mission Planner software. Then,
outdoor flight experiments were conducted for each
propeller. The results of the outdoor flight tests were
recorded on the SD card via the flight controller. The
flight started with takeoff to 10m, continued with ascent
to 20m for hovering, and ended with direct landing.

Pixhawk

Figure 4. Experimental setup diagram.

3. COMPUTATIONAL SETUP
3.1. CFD Independence

Before conducting CFD calculations on a propeller
model, it is essential to verify and validate the method.
This involves assessing the suitability of the mesh, the
rotating fluid region, and the chosen turbulent model.
Validation is typically performed by comparing the CFD
results with existing sets of experimental or CFD results.
The ANSYS Fluent software was utilized for the CFD
calculations. To validate the CFD model, experimental
performance results from the literature were used to
create a model, and then comparisons were made.
Subsequently, the test propellers were analyzed under the
same conditions using CFD.

For the verification and validation process, a small-scale
propeller called APC 10x7 Slow Flyer was employed.
This propeller has a 10-inch diameter and 7-inch pitch
and is documented in the literature with experimental
results under various test conditions. The verification and
validation of the propeller were carried out at a rotational
speed of 3008 rpm. The CFD results for the torque
coefficient, pressure coefficient, and efficiency of the
APC 10x7 Slow Flyer were compared with the
experimental data, and the error rate was determined. A
visual representation of the APC 10x7 Slow Flyer is
presented in Figure 5.

Figure 5. View of APC 10x7 Slow Flyer.

The Multiple Reference Frame (MRF) model approach
was applied to predict the flow around the propeller. The
flow model was developed using ANSYS Design
Modeller, where two distinct domains were established,
with the propeller positioned at the center. The outer
cylinder serves as the stationary reference frame, with
dimensions equivalent to a diameter and length of 17
times the propeller's diameter (17 D). The inner cylinder
functions as the moving reference frame, with a diameter
equal to 1.5 times the propeller's diameter and a length of
1.15 times the propeller's diameter (1.5 D x 1.15 D). The
flow schematic illustrating both the inner and outer
domains is depicted in Figure 6.

The mesh generation process was carried out using
ANSYS Fluent Meshing, and a poly-hexcore meshing
type was employed. The choice of poly-hexcore meshing
offers the advantage of requiring fewer elements, thereby
facilitating faster solution convergence [28]. The mesh
size gradually increased from the propeller surface

outward into the outer domain. The mesh distribution on
the propeller surface is illustrated in Figure 7.

Inlet velocity

S
1150
¥

Vi

Qutlet pressure

€— 17D ——»

Figure 6. Fluid domain.
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Figure 7. View of the mesh distribution on the propeller surface.

The first layer thickness is calculated with the equation
below. In the equation, y is the first layer thickness (mm),
y+ is the number of layers and x is the dynamic viscosity
(Pa.s) [16];

_yn
pu,

y

Table 4. Boundary conditions for validation.

and the hub was described as no slip wall condition. The
selection of an appropriate turbulence model is crucial for
ensuring both experimental validation and solution
accuracy [29]. SST k- turbulence model was used for
this study because it shows very close results to the
experimental data. The parameters of the boundary
conditions are given in Table 4.

3.2. Independence Analysis
Independence analysis is a crucial step in numerical

Property Value analysis. It verifies that the simulation results remain
Turbulence model SST ko consistent even as the number of gle_m_ents mcreases._Thls
- - process is essential for optimizing computational
Fluid Alr resources and avoiding excessive element usage. To
The density of fluid (kg/m3) | 1.225 conduct independence analysis, the initial model was
- created with a relatively low number of elements. The

Inlet velocity (m/s) 8.0112 . .
number of elements was then systematically increased
Outlet pressure (Pa) 0 until the results exhibited no significant changes. Mesh
Propeller domain “None Slip Wall’ condition independence analysis was performed at a specific

Using the aforementioned equation with a growth rate of
1.2 and a total of 5 layers, the first layer thickness is
calculated to be 0.1798 mm. The domain of the propeller

rotational speed of 3008 rpm and an advance coefficient
of 0.628. The quality of the mesh and numerical data for
the mesh of APC 10x7 Slow Flyer, relevant to the mesh
independence study, is provided in Table 5

Table 5. Mesh quality and numerical data for validation at J=0.628.

Error (%)
Mesh Cells Faces Nodes Skewness | Orthogonal quality

CT CQ n
Fine 4,786,422 | 20,656,050 | 11,552,972 | 0.76 0.17 0.034 | 5.157 | —-4.878
Coarse 3,141,866 | 13,621,624 | 7,671,163 | 0.72 0.21 0.168 | 5.348 | —4.923
Standard | 1,955,128 | 8,496,191 | 4,811,612 | 0.68 0.34 0.727 | 6.035 | -5.011

The analysis was conducted at an advance coefficient of
0.628 to assess mesh independence. Based on the data
obtained from the mesh independence analysis, there is a
slight change of thrust and torque forces with the number
of elements when the mesh is increased.

In order to ensure a comprehensive comparison using the
standard meshing parameters, the performance results
obtained from CFD simulations for the APC 10x7 Slow

Flyer were validated against experimental results at
advance coefficients of 0.282, 0.423, and 0.799 as well.
Figure 8 presents a comparison between numerical and
experimental results of Ct, Co and n as functions of
advance coefficients. The figure illustrates a close
alignment between the CFD and experimental results,
with only minor differences observed. These findings
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suggest that the standard meshing approach employed is

adequate for accurately predicting Cr, Cq and 1.

Comparison of the numerical and experimental of CT, CQ and g

012 107
-10.65
0.1
106
10.55
0.08
o 10.5
15}
=)
2 006 {045 =
o
—%— C Experimental 104
0.04
— = -C; Numerical H0.35
—o— C, Experimental
0.02 |- |— ©~ - Cq Numerical 103
—8—  Experimental 1025
= |- -5 Numerical
[ — 2 Jo2

0.3 0.4 0.5 0.6 0.7 0.8
J

Figure 8. Comparison of the CFD and experimental data of
APC 10x7.

4. RESULTS and DISCUSSION
4.1. CFD Analysis

Mesh generation plays a crucial role in influencing CFD
performance, the rate of convergence, and computational
analysis time. In this study, cell sizes within the mesh
were initially set to default values and then systematically
reduced until the results achieved the desired level of
accuracy. A refined mesh was specifically applied to the
surface of the propeller. For the validation model, the
mesh settings were customized, necessitating manual
adjustments to enhance mesh quality.

Figure 9. Mesh generation on the propeller surfaces.

Table 6. The mesh properties for the designed propellers.

Property Cells Faces Nodes Skewne | Orthogon
[Propeller ss al quality
DAES1 2,607,80 14,315,3 10,159,1 0.69 0.30
4 97 02

MH42 2,997,78 16,222,6 11,987,0 0.75 0.24
1 89 05

NACA44 | 2,578,44 | 14,0404 9,894,97 0.75 0.24
12 5 33 4

NLF0115 2,894,96 15,688,0 11,021,8 0.79 0.20
8 78 57

Figure 9 illustrates the mesh generation on the propeller
surfaces. The surface meshes are shown for DAE51
(Figure 9a), MH42 (Figure 9b), NACA4412 (Figure 9c),
and NLF0115 (Figure 9d) propeller designs. For a high-

quality mesh structure, the skewness value should be
close to 0, while the orthogonal quality should be close
to 1 [30]. The mesh properties for the designed propellers
are given Table 6.

The calculation of the thrust force for the quadcopter was
derived using a theoretical method. During this
theoretical calculation, the minimum thrust force
required for the quadcopter to overcome aerodynamic
loads was determined. It is important to note that thrust
force has a significant impact on the stability and flight
characteristics of the UAV.

Table 7 presents the disparities between the theoretical
and CFD methods for calculating thrust coefficient in the
designed propellers. The differences between the
theoretical and CFD calculations of the required thrust
for the DAE5S1, MH42, NACA4412, and NLFO0115
propellers are —3.935%, —5.11%, —5.80%, and —6.73%,
respectively. These results indicate that the thrust force



Yahya CELEBI, Hiiseyin AYDIN / POLITEKNIK DERGISI

Politeknik Dergisi, 2026; 29(1):290110 : 1-12

generated by the designed propellers for the UAV will be
very close to the calculated values, with only minor
differences.

Table 7. The comparison of the theoretical and CFD data for
the designed propeller.

Property/Propeller DAE51 MH42 NACA4412  NLF0115
Theoretical 0.1487 0.1487 0.1033 0.1033
CFD 0.1428 0.1411 0.0973 0.0963

Error % Cr -3.935% -5.11% -5.80% —6.73%

4.2. Flight Results
4.2.1. Base propeller

Figure 10 depicts the variation of the desired and
recorded Euler angle for the base propeller. The graphs
in the figure illustrated that there is only a slight
difference between the desired and recorded angles of
pitch, roll, and yaw. In simpler terms, it indicates that the
UAV closely followed the intended flight path during the
flight. During the landing phase, a noticeable
displacement occurred in both the pitch and roll angles.
The most significant deviation observed was 8.15° for the
roll angle and 2.14° for the pitch angle. In contrast, the
yaw angle remained relatively stable and closely
followed the intended route, with the highest deviation in
yaw angle recorded at 14.07°
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Figure 10. Change of Euler angle for the base propeller during
the flight.

Figure 11 presents the variation in desired and recorded
altitude over time for the base propeller. This graph is
crucial for assessing the stability of the UAV and how
well it adhered to its intended flight path. The graph
demonstrates that the UAV maintained position stability
effectively while changing direction and altitude.
Notably, the highest altitude deviation observed during

the flight was approximately 0.24 meters, with an overall
altitude deviation of just 0.1 meters.
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Figure 11. Change of altitude of the base propeller during the
flight.

Vibration is a critical parameter used to assess the
directional stability of an aircraft. The accelerometer
mounted on the UAV is highly sensitive to vibrations.
The UAV's position is determined by the accelerometer
in conjunction with GPS and barometer sensors.
Excessive vibration can disrupt the accurate
determination of the UAV's position, leading to
unfavorable flight conditions and potentially resulting in
a crash.

Figure 12 displays the wind velocity experienced by the
UAYV during its flight. The wind speed was measured
using the anemometer mounted on the UAV. Throughout
the flight, the wind speed remained below 6 meters per
second, indicating that there were no adverse effects of
the wind on the UAV.

—_ T
& 10| Baseline
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0 10 20 30 40 50 60 70 80 a0
Time [s]

Figure 12. Wind velocity of the base propeller during the flight.

The variation in raw acceleration along the X, Y, and Z
axes over time for the base propeller is depicted in Figure
13. Pixhawk specifies that the raw acceleration values
should fall within the range of —3 to +3 for roll and pitch,
and between +15 and —15 for yaw [31]. It is evident from
the figure that the raw acceleration values for pitch, roll,
and yaw remained within the desired range. Based on
these results, it can be concluded that the wind did not
have a detrimental impact on the UAV.

Additionally, the power consumption for the flight of the
base propeller was recorded as 16.33 Wh.
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Figure 13. Change of raw acceleration of X, Y and Z for the
base propeller during the flight.
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4.2.2. Analysis of the test propellers

The changes in the desired and recorded Euler angles for
DAES51 propellers are depicted in

Figure 14. While a deviation occurred in the angles of
roll, pitch, and yaw for the DAES1 propeller, it remained
relatively low but persisted throughout the entire flight.
The deviation observed for the DAES1 propeller is higher
than that for the NACA4412 and NLF0115 propellers.
The maximum deviation for the DAE51 propeller was
recorded as 1.75° for roll angle, 2.20° for pitch angle, and
22.17° for yaw angle.
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Figure 14. Change of the desired and recorded Euler angle for
DAES51 during the flight.

The changes in the desired and recorded Euler angles for
the MH42 propeller are illustrated in Figure 15. In the
case of the MH42 propeller, the deviation between the
desired and recorded Euler angles was nearly the same,
with only minor differences. However, the deviations in
the roll angle were particularly noticeable, especially at
the beginning of take-off and during landing. At take-off,
the deviation reached up to 1°, and it increased to 3°
during landing. The MH42 propeller exhibited the most
significant deviations in the angles of roll, pitch, and yaw.

The maximum deviations were recorded as 2.4° for roll,
2.8° for pitch, and 11.18° for yaw.
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Figure 15. Change of the desired and recorded Euler angle for
MHA42 during the flight.

The changes in the desired and recorded Euler angles for
the NACA4412 propeller are illustrated in Figure 16. It
can be observed that the UAV faced difficulties in
maintaining its movement at the beginning of take-off
and the end of landing. However, the UAV exhibited
good hovering capability and maintained its position
effectively during other phases of flight. Deviations in
any of the Euler angles can disrupt the stability of the
UAV and affect its other orientations. Similarly, the
figure reveals that there were deviations in the angles of
roll, pitch, and yaw at the beginning of take-off and the
end of landing. The maximum recorded deviations were
4.1° for the roll angle, 2.3° for the pitch angle, and 18.19°
for the yaw angle.
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Figure 16. Change of the desired and recorded Euler angle for
NACA4412 during the flight.
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The changes in the desired and recorded Euler angles for
the NLFO115 propeller are illustrated in Figure 17.
Significant deviations in the roll angle were observed at
the beginning of take-off, during some portions of hover,
and at the end of landing when using the NLF0115
propeller. The figure shows that the deviation in the roll
angle reached up to 5° during landing. Additionally, a
similar pattern of deviation was observed for the pitch
angle. The maximum recorded deviation for the
NLF0115 propeller was 5.13°. Similarly, there was a
disturbance in the yaw angle with a pattern similar to that
of roll and pitch angles, indicating poor directional
stability during landing. The maximum recorded
deviations were 1.53° for pitch and 13.53° for yaw.
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Figure 17. Change of the desired and recorded Euler angle for
NLF0115 during the flight.
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The altitude profiles for the designed propellers are
depicted in Figure 18. Notably, DAE51 displayed
minimal altitude deviation with a peak of 0.4 m and an
overall deviation of 0.072 m, albeit higher than other
propellers. In the case of MH42, deviations in Euler
angles were observed, particularly during take-off,
resulting in a peak altitude deviation of 0.57 m and an
overall deviation of 0.019 m. NACA4412 demonstrated
altitude data that closely aligned with expectations
throughout the flight, with negligible deviations, peaking
at 0.47 m and averaging around 0.031 m. Similarly,
NLF0115's altitude closely matched expectations,
displaying a peak deviation of 0.38 m and an overall
deviation of 0.022 m, with minor differences observed.

Figure 19 presents the wind velocities experienced by the
UAV during flight with the test propellers. An onboard
digital anemometer allowed for real-time measurement
of wind speeds impacting the UAV. This capability was
crucial for distinguishing between wind-induced and
propeller-induced effects on the UAV's movement. The
wind speeds remained stable throughout the flight for the
designed propellers. Although there were occasional
instantaneous increases in wind speed, the overall impact
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on the UAV was minimal, with no significant adverse
effects observed.
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Figure 18. Change of the desired and recorded altitude for the
test propellers during the flight.
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Figure 19. Wind velocity during the flight of the test propeller
during the flight.

Figure 20 displays the changes in raw acceleration along
the X, Y, and Z axes over time for the designed
propellers. The raw acceleration values for all four
propellers, DAE51, MH42, NACA4412, and NLF0115,
remained within the acceptable range. This indicates that
there was no significant vibration originating from either
the propeller or the UAV, ensuring stable flight
conditions.

Table 8 presents the power consumption data for the
designed propellers during the flight tests. The power
consumption for DAE51 was measured at 16.90 Wh,
while MH42, NACA4412, and NLF0115 consumed
18.33 Wh, 15.18 Wh, and 15.75 Wh, respectively.
Notably, MH42 exhibited the highest power
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consumption, whereas NACA4412 had the lowest power
consumption among the tested propellers.
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Figure 20. Change of raw acceleration of X, Y and Z for the
test propellers during the flight.

Table 8. Energy consumptions of the test propellers during the

flight.
Propeller Baselin | DAE5 | MH4 | NACA44 | NLFO011
e 1 2 12 5
Energy 16.33 16.9 18.33 15.18 15.75
consumpti
on (Wh)

5. CONCLUSIONS

This study focused on designing and testing new
propeller types to enhance quadcopter directional
stability. Four propeller designs based on DAES51,
MH42, NACA4412, and NLF0115 airfoils were
developed, analyzed using CFD, and tested in real-world
conditions.

The difference between the analytical and CFD
calculations of thrust coefficient was found to be
relatively low, with discrepancies of —3.93% for DAE51,
-5.11% for MH42, -5.80% for NACA4412, and —6.73%
for NLFO115. These results were considered acceptable,
suggesting that the designed propellers were capable of
generating the required thrust.

Experimental flight tests revealed favorable directional
stability across all designs, with altitude deviations
ranging from 0.019 m to 0.072 m. Energy consumption
analysis provided critical insights into efficiency, with
NACA4412 consuming the least power (7% less) than
the base propeller. NLF0115 consumed slightly more
power (3.6% less than base), while DAE51 and MH42
consumed 6.7% and 20% more power than the base
propeller, respectively.

Based on comprehensive evaluation of all performance
parameters, the NACA4412 propeller design
demonstrated the best overall performance, offering the
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lowest power consumption, excellent directional stability
with minimal altitude deviations (0.031 m), and
acceptable Euler angle variations. The result was
followed by The NLF0115 design, with slightly higher
power consumption but comparable stability
characteristics. While DAE51 and MH42 designs
maintained acceptable directional stability. However,
they consumed higher energy that makes them less
suitable for applications where flight duration is a
priority.

These findings highlight the potential of custom propeller
designs, particularly those based on NACA4412 and
NLFO115 airfoils, for optimizing quadcopter
performance in terms of both stability and energy
efficiency.
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