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Abstract

Over the last decades, there have been major developments in Unmanned Aerial Vehicles (UAVs)
and, nowadays, they are used for a wide range of commercial applications such as traffic and weather
monitoring, deliveries and forest fire detection. This study presents and compares different low-fidelity
and high-fidelity aerodynamic numerical models that predict the performance of a UAV propeller
for a wide range of flight conditions, such as hovering and vertical climbing. First, the thrust and
torque of two commercial propellers are obtained recurring to JavaProp, a software based on the
Blade Element Theory. Then, computational fluid dynamics analysis is carried out in the commercial
software ANSYS® Fluent®, which includes the construction of the CAD model of the propellers and
the flow domain modeling. Furthermore, turbulence model and mesh studies were conducted and the
propeller thrust and torque were determined for different flight configurations and flow conditions.
Finally, experimental testing to evaluate the aerodynamic performance of one propeller was conducted
and the results were validated with computational simulations. The findings of this study suggest that
high-fidelity computational models provide results more consistent with experimental testing, whereas
the accuracy of results derived from the low-fidelity Blade Element Theory decreases with increasing
the propeller angular velocity. Nevertheless, both methods are shown to be suitable for forecasting

propeller performance in various flow and flight scenarios.
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1. Introduction

Unmanned Aerial Vehicles (UAVs) are types of air-
craft that can be remotely controlled or fly au-
tonomously by software-controlled flight plans in
their embedded systems. The first developments
occurred in the mid-1990s and came through the
United States Army, as these devices were used for
vigilance and survey missions. The use of UAVs for
civil and commercial applications came later due to
their high costs and the complexity of missions. Due
to their exorbitant expenses and intricate assign-
ments, UAVs were once exclusively reserved for mil-
itary use. Nevertheless, in recent times, UAVs have
garnered attention for their diverse commercial ap-
plications, such as weather and traffic monitoring
and forest fire detection. As battery life improves
and flight components such as sensors and proces-
sors advance, there has been a relevant growth in
the areas where UAVs are employed.

A UAV’s primary component is the propeller,
which is composed of a series of airfoils connected
to form a wing and typically has at least two
blades. Propellers are identified by their diame-

ter and pitch, with size measured in inches. For
instance, a 14”x13” propeller has a diameter of 14
inches and a pitch of 13 inches. Figure 1 provides a
detailed view of these elements, including the hub
which attaches the propeller blades to the power
source, the leading edge which is the first point of
contact with the fluid flow line, and the trailing edge
which is the element that ultimately interacts with
the fluid flow line. Additionally, the pitch angle 3
is the angle at which each station of the blade is ro-
tated relative to the propeller disk plane. The diam-
eter of the disk is defined by the rotating propeller,
and the chord length, c, is the distance between the
leading and trailing edges.
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(a) Propeller blade cross sections.



(b) Propeller geometry.

Figure 1: Propeller blade cross sections and geom-
etry. [1]

As a result of the increase in the use of UAVs,
there have been numerous advancements made in
propeller design for air vehicles. As such, ongo-
ing studies continue to explore the aerodynamic,
performance, and structural aspects of propellers.
In their experimental study, J. B. Brandt and M.
S. Selig [2] made thrust and torque measurements
of 79 commercial propellers that are used on small
UAVs. The experiments were carried out in a sub-
sonic wind tunnel with a rectangular cross-section
of 0.853 x 1.219 meters and length equal to 2.438
meters at the University of Illinois at Urbana-
Champaign (UIUC). The data on the 79 commercial
propellers can be found in [3].

Numerical methods have been documented to
predict the performance of propellers, primarily in
the marine industry, alongside experimental test-
ing. One example is E. Benini’s comparison of two
analysis methods in [4]. The combined Blade Mo-
mentum Element Theory’s results were validated
against experimental data, and then compared to
the results of a 3D CFD analysis conducted in
ANSYS® Fluent®. Although both methods were
reliable, the CFD analysis was found to be more
accurate compared to the first method. A similar
analysis comparison was conducted by J. Carroll
[5]. Moreover, D. Wilhelm [6] presented an overview
of steady-state and unsteady CFD simulations for
many rotating flow systems, using OpenFOAM®
software. In this paper, a comparison between
BEMT and steady-state and unsteady CFD sim-
ulations models for a small low-Reynolds propeller
is presented.

Other CFD simulations have been reported, but
they often focus on hovering scenarios with zero
free stream velocity. H. Kutty and P. Rajendran
[7] conducted an advancing flow analysis using an
unstructured mesh and a moving reference frame to
simulate the rotation of the APC 10”x7” Slow Flyer
commercial propeller.

2. Propeller Analysis Models

Different numerical methods have been developed
in the last century to predict the performance of
a rotary-wing propeller. More straightforward ap-
proaches like the Blade Element Theory are not so
accurate for low values of the Reynolds number. On

the other hand, CFD simulations are able to rep-
resent suitably the flow field around the propeller
and, therefore, to predict its performance. Hence,
in this work, these numerical methods can be clas-
sified into two groups based on their level of com-
plexity: low-fidelity and high-fidelity.

2.1. Blade Element Theory

The Blade Element Theory was developed by
Drzwieck [8] and each blade is divided into sections
perpendicular to the radial axis. Figure 2 provides
a visual representation of the blade element and the
velocities that affect it. At each section, the flow is
analyzed as bidimensional and a force balance is ap-
plied to determine the lift, drag, thrust, and torque
distributions. A final integration over the entire
blade gives the performance characteristics of the
blade.
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Figure 2: Blade element. [9]

The contribution of each blade element to thrust
and torque is given, respectively, by

dT = dLcos(¢ + «;) —dDsin(¢p + ;) (1)

and

dQ = r[dLsin(¢ + ;) + dDcos(¢ + )],  (2)
where dL and dD are the section element lift and
drag forces, respectively. From bidimensional aero-
dynamics,

1
dL = ~pVAcCydr

; 3)

1
dD = §pV§chdr. (4)

The lift coefficient C; can be found from
Cr=a(f—¢—a). (5)

The thrust, power and torque of a propeller are
usually expressed in its coefficient form, respectively

T

Cr= on2Dh (6)
P

Cp (7)
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where n is the rotational speed in revolutions per
second and D is the propeller diameter.
Finally, J is a quantity called advance ratio and

is defined by
v

J= ok (9)
2.2. Reynolds-Averaged Navier-Stokes (RANS)
The first problems handled by CFD were rela-
tively straightforward, 2D, incompressible, steady-
state situations that usually were limited to laminar
flows. It was not until 1967 that the first 3D CFD
simulation was completed [10]. Over the years,
progress has become much faster as both compu-
tational power and modeling approaches advanced.
CFD models employ partial differential equations
of conservation of mass and momentum through
discrete methods. These equations, known as the
Navier-Stokes equations, are formulated as follows
for compressible Newtonian flows:
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where v; denotes a velocity component ¥ =
[v1,v2,v3]T and z; is a coordinate direction.

A key development was the incorporation of tur-
bulence modeling into the CFD solutions. The con-
cept of "eddy viscosity” was introduced in the first
approaches and it reflects an apparent increase in
viscosity caused by small-scale chaotic fluid mo-
tions. In this study, RANS-based turbulence mod-
els, such as k-¢ and k-w, are used to investigate the
fluid properties around a rotating propeller. The
Reynolds-Averaging methodology involves breaking
down flow variables into mean and fluctuating com-
ponents:

0 0 1o}
ot = (pE) + 6acj (PUjH) = ij(vﬂij)

vi =0 +v;  pi = Pi + P (13)
This means that the Navier-Stokes equations are
solved for their mean values.

3. CFD Modelling

Before conducting a high-fidelity numerical analysis
of the flow around a rotating propeller, three stages
must be completed. The initial stage involves con-
structing a CAD geometry. Next, a model is built
to simulate the flow around the propeller and assign
the necessary boundary conditions. The final step
involves generating the mesh of the model.

3.1. First stage: Propeller Geometry

In order to build a good representation of the APC
14”x13” Sport and APC 10”x8” Sport propellers,
the next procedure was followed:

1. Pictures of the top and front views of the pro-
peller in the study were taken. Both images
should be aligned horizontally and have equal
diameters.

2. The chord and twist distributions along the
blades’ radius were obtained from Propeller-
Scanner, a software developed by Martin Hep-
perly [11]. Several studies have evaluated the
accuracy of this software, including Daniel Uh-
lig’s research [12] that compared the values
of chord and pitch distributions after slicing
a propeller. The results were highly satisfac-
tory, with the chord distributions in agreement
and the pitch distributions having only errors
between 1° and 2°. PropellerScanner software
provides a quick estimate of propeller geome-
try.

3. The image-processing software ImageJ [13] was
used to obtain the coordinates of both the lead-
ing and trailing edges of the propellers’ blades.
Knowing that both analyzed propellers have
distributions of Clark-Y airfoils, the distribu-
tion of the centers of rotation could be deter-
mined.

4. Recurring to Matlab® and SolidWorks® it
was possible to create a precise depiction of the
actual propellers, as shown in Figures 3 and 4.
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(a) Front view of the real pro- (b) Front view of the CAD
peller. (3] model.
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(¢) Top view of the real pro- (d) Top view of the CAD
peller. [3] model .

Figure 3: Real vs CAD model APC 14”x13” Sport.

(a) Front view of the real pro- (b) Front view of the CAD
peller. (3] model.
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(c) Top view of the real pro- (d) Top view of the CAD
peller. (3] model.

Figure 4: Real vs CAD model APC 10”x8” Sport.



3.2. Second stage:
Conditions

The second pre-processing stage deals with setting
up the CFD environment for analyzing the pro-
peller. The flow domain, shown in Figure 5 com-
prises two regions - a stationary one that will be
solved in a steady reference plane and a rotating
one that encloses the propeller and will be solved on
a rotating reference frame moving with it. The sta-
tionary domain’s height and length are eight times
the propeller’s diameter. Meanwhile, the cylinder
diameter of the rotating region is 0,4D, and its
height is 1,1D. The choice of geometric boundary
for both fluid regions is consistent with previous
studies ([7, 14, 15]).

Flow Domain and Boundary
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(a) Different fluid regions. (b) Dimensions of the fluid
regions.

Figure 5: Flow domain around the rotating pro-
peller.

The APC 14”x13” Sport and APC 10”x8” Sport
propellers are designed with two blades, enabling
rotational periodicity. As illustrated in Figure 6,
only half of the flow domain was calculated, decreas-
ing the number of cells and computational cost.

Before simulating, boundary conditions must be
assigned for two types of conditions: hovering flight
and vertical climb flight. In hovering flight, only
the propeller’s rotational speed is set and the free
stream velocity is zero. In vertical climb, both the
propeller’s rotational speed and free stream velocity
are set. The boundary conditions assigned for each
flight condition are presented in Tables 1 and 2.

Table 1: Boundary conditions for vertical climb
flight simulations.

Boundary Boundary condition Turbulence boundary condition
Infet Velocity-inlel V' = Viropatream 0.1% Turbulence intensity
Qutlet Pressure-outlel p — pain 0.1% Turbulence intensity
Propeller Na-slip wall -

Periodic outer walls MNo-slip wall =

Table 2: Boundary conditions for hovering flight
simulations.

Boundary Boundary condition Turbulence boundary condition
Inlel Prassure-inlet p = p,:0 0.1% Turbulence intensity
Cutlel Pressure-oullet p = pa. 0.1% Turbulence intensity
Propeller No-slip wall -

Pariodic ouler walls No-slip wall

Velocity-inlet or
g pressure-inlet

LS

Periodic boundaries

«
Periodic boundaries

Figure 6: Boundary conditions.

3.3. Third stage: Mesh Generation

In order to effectively simulate and predict perfor-
mance, it is imperative to acquire a mesh of the
domain that meets high standards of quality. This
will yield dependable results that closely resemble
those generated by experimental testing within a
wind tunnel. The quality of the mesh is a deter-
mining factor in the rate of convergence, simulation
duration, and overall performance.

ANSYS® Meshing™ was used to generate the
mesh.  For the present investigation, a non-
structured mesh comprising tetrahedral elements
was opted for both the stationary and rotating fluid
domains. Prism elements were used for crafting
the boundary layer encircling the propeller walls.
By leveraging an unstructured mesh, the complex
geometry mandated minimal intervention from the
user. Figure 7 provides a closer view of the unstruc-
tured mesh generated in both fluid regions.

Figure 7: Mesh generation.

For the boundary layer enveloping the propeller
walls, prism elements were employed. Figure 8
shows the boundary layer mesh at 75% of the blade
radius.
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Figure 8: Boundary layer mesh at 75% of the blade
radius.

4. Simulated Propeller Performance

The performance results of the APC 14”x13” Sport
and APC 10”x8” Sport commercial propellers were
obtained through a low-fidelity numerical analysis
based on the Blade Element Theory and through
a high-fidelity numerical analysis carried out in
ANSYS® Fluent®. Moreover, these results were
compared with the experimental testing conducted
at UIUC, [3].

4.1. Low-Fidelity vs High-Fidelity Analyses

The performance results based on the Blade Ele-
ment Theory were obtained using JavaProp soft-
ware. JavaProp [16] is a tool used for the design and
analysis of propellers and wind turbines. The imple-
mented classical blade element design and analysis
methods are based on coupling momentum consid-
erations with 2D airfoil characteristics. It is, there-
fore, possible to consider different airfoil sections
and the impact of their characteristics on the rotor
performance.

4.2. Propeller 1: APC 14”x13” Sport

As previously mentioned, this propeller boasts a 14-
inch diameter and 13-inch pitch. To conduct a suc-
cessful CFD analysis, it is essential to have a thor-
ough understanding of the system’s physics and a
detailed description of its geometry. In order to
build the model that represents the best flow con-
ditions and to obtain the most accurate possible re-
sults regarding each propeller’s performance, some
studies on the mesh, turbulence model and rotating
region were made.

4.2.1. Mesh Refinement Analysis

A mesh independence study for the APC 14”x13”
propeller was carried out for the following condi-
tions:

e Propeller angular velocity: Q = 3003 RPM;
e Advanced ratio: J =0, 581.

The solutions of the thrust and torque were ob-
tained for eight different cell element sizes and are
illustrated in Figure 9.
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Figure 9: Mesh refinement. APC 14”x13” Sport.

Based on the data presented, it is clear that im-
plementing mesh refinement enhances the solution.
Interestingly, the number of mesh cells does not
seem to have any significant impact on the out-
come as long as the element size is lower than 0.015
meters. Consequently, to ensure optimal outcomes
while minimizing solution time, a thorough perfor-
mance analysis was carried out using a model fea-
turing a mesh element size equal to 0.01 meters.

4.2.2. Turbulence Model Analysis

The turbulence model study for the APC 147x13”
propeller was carried out for a rotational velocity
of 2998 RPM. Table 3 presents the results obtained
for Standard k£ — € and SST k — w models.

Table 3: Turbulence model study. APC 14”x13”
Sport.
L, O e sandard mordel. K- ST mockel
J %) &t (%) £09 (%) &a (%) =
0.206 | 1,07 3.9 -5,79 3.85
031 27 6,32 0,04 1,87
0.381 -3.79 4,59 -B.37 -5,87
0412 a8 347 784 6,3
0.485 -4,19 2,26 -840 -B.14
Q277 -1,58 5,84 -B.28 0,36
0.553 -0.68 1.41 -B16 -B.72

U..ﬁ.1.7 | 1 ,.25. .1 ,T.f! —ﬁ,.T..E —B..-'iﬁ

It can be seen that both models have a tendency
to underpredict the thrust when compared to exper-
imental results. However, the Standard k — ¢ model
tends to overpredict the torque, whereas the SST
k —w model tends to underpredict it. In conclusion,
both models accurately depict the flow conditions
around the rotating propeller. However, the Stan-
dard k — € model produces more accurate results.
Therefore, the remaining performance analyses will
be conducted using the Standard k — e turbulence

model.

4.2.3. Performance at 2003 RPM

Vertical climb flight simulations were carried out
using a mesh with around 3 200 000 cells and using
the Standard k& — € turbulence model.
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Figure 10: Performance. Q = 2003 RPM. APC
14”x13” Sport.

In Figure 10, a comparison is shown between the
results obtained from using JavaProp, ANSYS®
Fluent® and experimental testing. The RANS-
based approach resulted in an overestimation of
both thrust and torque, with an average error of
15,5% for the thrust coefficient and 7,89% for the
torque coefficient. In contrast, the results from
JavaProp, which uses Blade Element Theory, were
found to be more accurate, with an average error
of only 5,29% for the thrust coefficient and 8,65%
for the torque coefficient when compared to exper-
imental data.

4.2.4. Performance at 2508 RPM
Figure 11 shows the comparisons of the results ob-
tained through JavaProp and ANSYS® Fluent®

and the experimental testing for a rotational pro-
peller velocity of 2508 RPM.
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(b) Torque coefficient.
Figure 11: Performance. ©Q = 2508 RPM. APC
14”x13” Sport.

The high-fidelity analysis provided more accurate
results when compared to the low-fidelity. In the
first mentioned method, the maximum error was
14,66% for the thrust coefficient and 9,91% for the
torque coefficient at an advanced ratio of 0,699.
Compared to the results at a rotational speed of
2003 RPM, the solution now provides a more ac-
curate representation of the actual flow. The low-
fidelity analysis continued to provide accurate re-
sults; the highest deviation is -10,48% for the thrust
coefficient and 11,71% for the torque coefficient.
Furthermore, both analyses display a sudden in-
crease in error when the free stream velocity and
advance ratio reach their peak points.

4.2.5. Performance at 2998 RPM

Figure 12 shows the comparisons of the results ob-
tained through JavaProp and ANSYS® Fluent®
and the experimental testing for a rotational pro-
peller velocity equal to 2998 RPM.
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Figure 12: Performance. Q = 2998 RPM. APC

14”x13” Sport.



It can be seen that ANSYS® Fluent® accurately
predicted the flow properties of the rotating pro-
peller for the referred conditions, with the thrust
and torque coefficients showing results similar to
those obtained through experimental testing. The
maximum level of inconsistency was -4,19% for the
thrust coefficient and 6,3% for the torque coeffi-
cient. In contrast, the low-fidelity analysis signifi-
cantly underestimated the thrust and overestimated
the torque, with an average error of -10,70% for the
thrust coefficient and 4,46% for the torque coeffi-
cient.

4.2.6. Performance at 3508 RPM

Figure 13 shows the comparisons of the results ob-
tained through JavaProp and ANSYS® Fluent®
and the experimental testing for a rotational pro-
peller velocity of 3508 RPM.
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(b) Torque coefficient.
Figure 13: Performance. Q = 3508 RPM. APC
14”x13” Sport.

Based on the presented data, the high-fidelity
analysis solution underestimated the thrust and
overestimated the torque. In fact, the maximum er-
ror for the thrust coefficient was -7,04%, while the
torque coefficient has a maximum error of 7,13%.
However, it’s worth noting that the accuracy of the
torque results improved as the advance ratio in-
creased. Alternatively, the results from JavaProp
software demonstrated a significant underestima-
tion of thrust and an overestimation of torque. The
thrust coefficient had a maximum inconsistency of -
14,44%, while the torque coefficient had a maximum
inconsistency of 7,84%. Nevertheless, as with the
high-fidelity analysis solution, the accuracy of both

thrust and torque solutions improved with higher
advance ratios.

Analyzing the overall performance of the APC
147x13” Sport propeller, it becomes apparent that
the accuracy of CFD simulations is consistently
high, with the exception of instances when the ro-
tational velocity is at its lowest. In such cases, the
accuracy of the simulations experiences a notable
decrease. In contrast, as the rotational velocity of
the propeller increases, Blade Element Theory is
proven to be less accurate. This is due to flow dis-
ruptions that cannot be predicted by the theory,
caused by an increase in the Reynolds number of
the flow around the propeller.

4.3. Propeller 2: APC 10”x8” Sport

The second propeller analyzed is characterized by a
10-inch diameter and 8-inch pitch. Similar studies
to the ones conducted with the APC 14”x13” Sport
model were also conducted for the APC 10”x8”
Sport propeller.

4.3.1. Mesh Refinement Analysis

Instead of analyzing the convergence of the torque
and thrust, an analysis of the accuracy of these pa-
rameters was carried out. Hence, three different
meshes, summarized in Table 4, were generated and
investigated.

Table 4: Mesh refinement study. APC 107x8”
Sport.

Mesh Cell element size (m) Number of cells
Coarse 0,055 629 411
Standard 0,04 1 085 187
Fine 0,0275 1994 231

The thrust and torque coefficients obtained are
summarized in Table 5.

Table 5: Mesh refinement results. APC 10”x8”
Sport.
Mesh Cr  (%)ea Co (%)€cq
Coarse 0,1054 -3,24 0,01235 10,89
Standard 0,1080 -0,85 0,01170 4,98
Fine 0,1091 0,17  0,01097 -1,57

It is evident that the finer grid yields the most
precise outcomes in comparison to the experimental
testing. Thus, to evaluate the performance of the
APC 107x8” Sport propeller, the simulations were
carried out using a model with a mesh element size
equal to 0,0275 meters.

4.3.2. Turbulence Model Analysis
The turbulence study for the APC 10”x8” propeller
was carried out for a rotational propeller velocity



equal to 3900 RPM. Table 6 presents the results
obtained for the different turbulence models.

Table 6: Turbulence model study. APC 107x8”
Sport.
Turbulence model Cr % )est Co (%) €cq
Standard k — ¢ 0,1176 8,01 0,0111 -0,56
Realizable k — e 0,1240 13,90 00105  -581
SST k —w 0,1091 0,17  0,01097 -1,57
Standard k — w 0,1030 -546 00,0125 11,87

The predictions made by both k — ¢ models re-
garding the thrust are higher than the experimental
testing, with the Realizable model having an error
over 10%. On the other hand, the Standard k — w
model overestimates the torque. The SST k — w
model provides the most accurate results, making
it the preferred option for the remaining simula-
tions and a precise representation of the real flow
conditions.

It should be noted that the APC 14”x13” Sport
propeller’s turbulence model with the best results
was the Standard k& — e. This highlights the fact
that there is no universal turbulence model as each
model has its own advantages and disadvantages,
and the accuracy of the model depends on the flow
conditions.

4.3.3. Performance at Hovering Conditions
Hovering flight simulations (J=0, i.e., free stream
velocity equal to zero) were carried out using a mesh
of around 2 million cells and using the SST k£ — w
turbulence model.

Figure 14 shows the results for thrust and torque,
respectively, obtained through JavaProp, ANSYS®
Fluent® and the experimental testing ([3]) when
J=0.
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Figure 14: Performance. APC 10”x8” Sport.

Based on the CFD simulations’ results, the max-
imum error observed was -4,89% for the thrust co-
efficient and -2,84% for the torque coefficient. On
average, the error was found to be 0,22% for the
thrust coefficient and -0,84% for the torque coef-
ficient. For low angular velocities, the thrust and
torque are overpredicted. Once the angular velocity
of the propeller is increased, it is possible to visu-
alize a tendency to underpredict both thrust and
torque. Overall, the analysis has demonstrated its
ability to accurately predict flow properties across
all configurations. In contrast, when using low-
fidelity numerical analysis, the maximum error for
the thrust coefficient is -7,12% and for the torque
coefficient it is 7,80%. Additionally, the average er-
ror for the thrust coefficient is -1,29% and for the
torque coefficient it is 2,02%. While the accuracy of
these results is not as high as those obtained with
ANSYS® Fluent®, the Blade Element Theory is
still an effective method for predicting the perfor-
mance of a rotating propeller.

5. Experimental Testing and Validation

5.1. Experimental Setup

This Section addresses the experimental aerody-
namic performance measurements of the APC 10”7 x
8” Sport propeller conducted using a force balance,
shown in Figure 15, as designed and employed in
a study authored by M. Borges [17]. The experi-
mental testing was carried out at Instituto Supe-
rior Técnico. To obtain the required data on the
propeller’s performance, the structure was equipped
with a load cell, voltage and current sensors, and a
RPM sensor.

Additionally, an Electronic Speed Control (ESC)
was implemented to regulate and manage the mo-
tor’s velocity. This device enables speed con-
trol through a PMW signal (Pulse Width Modu-
lation). The control process was executed using the



Figure 15: Force balance at Instituto Superior

Técnico.

LabView® Interface software.

5.2. Static Tests

As explained earlier, propeller performance analysis
involves evaluating two configurations: static and
dynamic conditions. Static conditions refer to sit-
uations where there is no income flow on the pro-
peller. In this study, only static tests were con-
ducted. Hence, the propeller APC 10” x 8” Sport
was mounted in combination with a brushless motor
replicating hovering flight conditions.

The throttle of the motor level ranged from 15%
and 60% in small increments (5 to 10 seconds at
each level), leading to some uncertainty. In the
experimental tests, different parameters were an-
alyzed:

e Thrust;
e Electrical power.

In Figure 16, it is possible to visualize the graph-
ics with the data acquired on the experiments
changing the throttle of the motor level (associated
with the change in angular velocity).
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Figure 16: Experimental performance. APC
107x8” Sport.
As motor power and propeller speed are in-

creased, the precision and accuracy of data collected
at IST may decrease due to calibration challenges
and environmental conditions. Factors such as tem-
perature and pressure can significantly impact the
recorded data, potentially causing inconsistencies in
the values obtained. However, despite these difficul-
ties, the experimental data collected at IST remains
valuable and can be validated as it demonstrates
similar trends to results obtained from UIUC test-
ing and CFD simulations.

6. Conclusions

This study delves into the various techniques uti-
lized for predicting the aerodynamic performance of
a drone propeller. These methods can be classified
into two groups based on their level of complexity:
low-fidelity and high-fidelity numerical analyses.

The study involved two commercial propellers,
the APC 14”x13” Sport and APC 10”x8” Sport, un-
der a variety of flight configurations, such as hover-
ing and vertical climb. To obtain thrust and torque,
ANSYS® Fluent® and JavaProp software were em-
ployed. To ensure the accuracy of the findings, the
thrust and torque measurements were compared to
the experimental testing conducted at the Univer-
sity of Illinois Urbana-Champaign [3].

A comprehensive computational study was con-
ducted to determine the optimal turbulence model
for analyzing propeller performance. The k—e Stan-
dard model was found to provide more accurate re-
sults for the APC 14”x13” Sport propeller, while
the k—w SST model was more effective for the APC
10”x8” Sport propeller. Selecting the most appro-
priate model depends on the specific flight condi-
tions being analyzed.

Vertical climb flight simulations were performed
for APC 14”x13” Sport propeller at different rota-
tional and free stream velocities. Based on obser-
vations, the CFD simulations yielded consistently



accurate results for all flight configurations, except
when the rotational propeller velocity decreased, re-
sulting in significant errors. Using the Blade Ele-
ment Theory in JavaProp software led to the con-
clusion that the accuracy decreases as the propeller
angular velocity increases. Hovering flight (no in-
coming free stream) simulations were conducted for
the APC 10”x8” Sport propeller at different rota-
tional velocities ranging from 1759 RPM to 6218
RPM. The CFD simulations showed a maximum
discrepancy of -4,89% for the thrust coefficient and
-2,84% for the torque coefficient. Meanwhile, the
Blade Element Theory approach had a maximum
error of -7,12% for thrust and 7,80% for torque.

A series of static experimental tests were con-
ducted using a force balance built and calibrated
at Instituto Superior Técnico. The tests aimed to
evaluate the performance of the APC 10”x8” Sport
propeller. The testing results showed a high corre-
lation between the CFD simulations and the exper-
iments carried out at the University of Illinois at
Urbana-Champaign (UIUC).

Based on the results obtained, both the low-
fidelity and high-fidelity methods have demon-
strated a reliable ability to forecast propeller effi-
ciency in various flow and flight scenarios. These
findings suggest that either method may be suit-
able for use in various applications requiring accu-
rate propeller efficiency predictions.
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