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Abstract: The evaluation of propulsion systems used in UAVs is of paramount importance to enhance
the flight endurance, increase the flight control performance, and minimize the power consumption.
This evaluation, however, is typically performed experimentally after the preliminary hardware
design of the UAV is completed, which tends to be expensive and time-consuming. In this paper, a
comprehensive theoretical UAV propulsion system assessment is proposed to assess both static and
dynamic performance characteristics via an integrated simulation model. The approach encompasses
the electromechanical dynamics of both the motor and its controller. The proposed analytical model
estimates the propeller and motor combination performance with the overarching goal of enhancing
the overall efficiency of the aircraft propulsion system before expensive costs are incurred. The
model embraces an advanced blade element momentum theory underpinned by the development of
a novel mechanism to predict the propeller performance under low Reynolds number conditions.
The propeller model utilizes XFOIL and various factors, including post-stall effects, 3D correction,
Reynolds number fluctuations, and tip loss corrections to predict the corresponding aerodynamic
loads. Computational fluid dynamics are used to corroborate the dynamic formulations followed by
extensive experimental tests to validate the proposed estimation methodology.

Keywords: UAV; electrical propulsion; blade element; brushless DC motor

1. Introduction

In recent years small-scale, battery-powered, and fixed-wing unmanned aerial vehicles
(UAVs) have garnered substantial attention [1,2]. Their compact size, reduced weight, and
low operational cost render them eminently suitable for a diverse array of applications
including surveillance and the delivery of goods. However, the constrained endurance-to-
weight ratio of electrically propeller-driven UAVs, particularly vertical takeoff and landing
(VTOL) aircraft, presents a formidable challenge in achieving optimal performance across
various flight regimes, particularly in long-endurance steady-level flight [3]. Given the
limitations imposed by current battery technology, the enhancement of propulsion system
efficiency emerges as a practical and needed avenue to extend the flight endurance of
electric VTOL and fixed-wing UAVs. A typical electric UAV’s propulsion system comprises
a battery pack, electronic speed controllers (ESC), brushless direct-current (BLDC) motors,
and a set of propellers [4]. From such elements, the motor and propeller basic building block
combination occupies a preeminent position in determining the efficiency of the propulsion
system [5]. Importantly, it should be acknowledged that the efficiency of a motor–propeller
system varies based on the flight operating conditions, propeller characteristics, and motor
parameters, all of which can change over time. Consequently, the overall propulsion
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system’s efficiency changes due to the varying suboptimal operational conditions imposed
by the interaction of the different subcomponents under time-varying flight aerodynamic
conditions. Given the profusion of commercial motor and propeller offerings, the quest for
an optimal combination to meet specific design requirements often necessitates extensive
trial-and-error experimentation. Consequently, there is a pressing demand for a systematic
method to expedite the identification of the most suitable propulsion system, thereby
reducing the developmental time and costs associated with identifying the best motor–
propeller pairing for a given UAV. This paper proposes an effective propeller and motor
modeling framework coupled with a motor–propeller selection process that provides
computational efficiency during the development of new electric UAV systems [6]. The
proposed framework utilizes previously developed advanced system sub-models utilizing
enhanced blade element theory [7,8]. The remainder of this paper is organized as follows:
Section 2 presents the structural framework underpinning the code of the proposed model.
Section 3 provides the mathematical sub-models, encompassing a detailed analysis of
the propeller geometry and aerodynamics. Subsequently, Section 4, provides a detailed
description of a custom experimental setup used to validate the methodology. Section 5,
describes the computational fluid dynamics (CFD) formulation employed to analyze the
propeller’s aerodynamics, and Section 6 provides the simulation and experimental results.

2. Overall Process

The proposed process to select the motor and propeller combination is illustrated
in Figure 1. The primary objective of this process is to estimate the flight endurance of
the aircraft of interest. To achieve this, the process begins with modeling the candidate
propeller, focusing on estimating the thrust and torque. Subsequently, the motor is modeled
to calculate the drawn current based on the propeller’s performance. Finally, by modeling
the battery, the flight endurance of the aircraft can be accurately estimated. A set of initial
guesses for the candidate propeller is determined based on the required thrust and the
geometric limitations. As illustrated in Figure 1, the proposed process is iterative in nature.

Figure 1. Flow chart of the developed model.
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It involves analyzing a sequence of propeller–motor combinations, which guides
the selection of the optimal configuration. To estimate the flight time endurance of the
UAV propeller performance in both static and dynamic operating conditions, we use
an enhanced blade element momentum theory (EBEMT) model. The input parameters
for this step are the propeller’s geometric data, including the segment’s blade (twist
angle distributions (β), chord length (C), number of blades (B), propeller radius (R),
and airfoil parameters).The operating condition parameters used in the analysis are
the air density (ρ), the propeller angular speed (ω), and its free-stream axial velocity
(Vax). With the set of parameters, the inflow factors (a, b) are initialized, the tip loss
factor (F) is calculated, and the effective angle of attack (α) is computed. Then, the input
parameters, as well as the angle of attack, are provided to the XFOIL [9] to estimate
the aerodynamic coefficient at each element of the blade. The next step is to check
whether the induction factors converge to a certain tolerance. Finally, the localized loads
acting upon the blade elements are computed. This computational process facilitates the
comprehensive determination of the aggregated parameters, encompassing the thrust,
torque, power output, and overall efficiency within the context of the brushless direct
current (BLDC) motor model. Concurrently, the electrical attributes of the BLDC motor,
the current (Im) and voltage (Vm), are derived based on the propeller’s mechanical
power and RPM. This intricate interplay culminates in the evaluation of the motor’s
efficiency. Additionally, a temporal analysis is conducted to ascertain the endurance
duration applicable to the analyzed motor–propeller combination for the given battery
parameters, while judiciously considering the pertinent operational circumstances.

3. UAV Propulsion System
3.1. Propeller Modeling

Due to the large number of airfoil profiles that can be selected for a specific aircraft
design, it is extremely hard to select what could be considered the optimal propeller.
Although a new propeller could be designed for the specific aircraft, such work is time-
consuming; thus, propeller selection is preferred. However, in order to select a propeller,
it is necessary to know several requirements including the propeller diameter, the flight
speed, the propeller rotational speed, the number of propeller blades, the required thrust,
and the necessary aerodynamic parameters, e.g., drag, air density, etc.

3.1.1. The Propeller Geometrical Data

To facilitate the evaluation of the propulsion system, the geometrical shape of the
airfoil cross sections along the span of the blade is used via discrete data points. This
mechanism enables the assessment of the aerodynamic performance at each section, and
as a result, a complex propeller profile can be analyzed. The discretization process of the
propeller, illustrated in Figure 2, encompasses a total of “n” radial stations where “n” can
be defined by the user based on the needed accuracy. As an example, if one is using a
12X6E propeller, and n = 25, then it is possible to analyze the blade cross sections every
6.1 mm to identify the airfoils. The chord length C and the twist angle β, along the radial
location r/R, affect the propeller’s lift and drag characteristics, the angle of attack, the
Reynolds number Re, and the Mach number M, as shown in Figure 3.
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Figure 2. 12X6E propeller blade divided into 25 sections.

Figure 3. 12X6E propeller twist and chord distributions along the blade span.

With these parameters, the propeller’s aerodynamic performance is computed in
Sections 3.1.2 and 3.1.3.

3.1.2. Propeller Aerodynamic Coefficients

In this paper, the local Reynolds number Rej is calculated at each blade section having
the chord Cj and local velocity Vlj

[10], as per Equation (1)

Rej =
ρVlj

Cj

µ
, (1)

where j is the number of element sections, µ is the dynamic viscosity, ρ is the air density
obtained from the International Standard Atmosphere (ISA) model [11], and Vl is the local
velocity computed based on Equation (2).

Vlj
=

√
V2

axj
+ (ωRi)

2 (2)

The propeller angular velocity ω is calculated according to Equation (3).

ω =
2 · π · RPM

60
(3)

The computed Rej and the propeller NACA airfoil at each section for the given pro-
peller are provided to XFOIL, which estimates the following 2D aerodynamic coefficients:
(i) the airfoil lift coefficient Cl and (ii) the drag coefficient Cd, where XFOIL considers
the compressibility and friction effects within the angle of attack α range from −20 to 25
[Deg]. To compute Cl and Cd beyond this range, an empirical approach is used to extrapolate
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post-stall sectional airfoil performance. This approach is grounded in the flat-plate methodology
developed in [12], where a lookup table is used for the segments’ aerodynamic characteristics.
Figures 4 and 5 display an illustration of the sectional lift coefficient and drag coefficient plotted
against the angle of attack including a linear, nonlinear, and post-stall zone.

Figure 4. NACA4412 lift coefficient at different angles of attack.

Figure 5. NACA4412 drag coefficient at different angles of attack.

3.1.3. Blade Element Momentum Theory (BEMT)

The propeller thrust and moment characteristics are calculated by modeling the axial
and circumferential airflow, where the propeller blade is divided into k annular elementary
segments, where k is determined based on the available geometrical data as described in [13].
The aerodynamic characteristics of each element comprising the given propeller, considered
an infinite wing, are predicted using the local chord angle of attack. The aerodynamic
interaction between the various blades comprising the propeller is neglected [14]. The local
velocity vector, Vl , for each segment comprises the tangential airflow velocity Vθ and the
axial velocity Vax. This local velocity Vl generates the angle of attack α with the airfoil
chord, where each segment of the given propeller is defined at a given geometric incidence
angle θ as represented in Figure 6. The angle between the lift vector ∆Lj and thrust vector
∆Tj is defined as the relative inflow angle ϕ computed based on Equation (4).

φj = tan(−1)(Vaχj /Vθj)

αj = θj − φj
(4)

Then, it is possible to compute the elemental thrust ∆Tj and circumferential force ∆Fθj ,
as per Equation (5).

∆Tj = ∆Lj × cosφj − ∆Dj × sinφj

∆Fθj = ∆Dj × cosφj + ∆Lj × sinφj
(5)
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The torque required to turn the element of the blade is calculated, as per Equation (6),
while the lift and drag forces (∆Lj , ∆Dj) for each element are computed based on Equation (7).

∆Qj = rj × ∆Fθj (6)

∆Lj = 0.5Clj
ρV2 × Cj × dr

∆Dj = 0.5Cdj
ρV2 × Cj × dr

(7)

Consequently, the thrust and torque per element are computed per Equation (8).

∆Tj = 0.5ρVj
2 × (Clj

× cosφj − Cdj
× sinφj)B × Cj × dr

∆Qj = 0.5ρVj
2 × (Clj

× sinφj + Cdj
× cosφj)B × Cj × dr × rj

(8)

The total thrust and total torque of the propeller can then be calculated using Equation (9).

T = ∑k
1 ∆Tj

Q = ∑k
1 ∆Qj

(9)

With the set of the parameters computed via Equations (2)–(4) (i.e., Vj, Clj
, Cdj

, αj,
and ϕj), it is possible to compute the propeller’s total thrust and torque. However, the
classical blade element theory is unable to find a relation from where such parameters can
be estimated. Therefore, we developed a way to predict the required inflow factors.

Figure 6. Forces acting on a blade section.

Furthermore, to compute the required thrust and torque coefficients, the needed
parameters are computed via an iterative process outlined for each element in Equation (10),
which comprises the propeller of interest from where the total thrust and torque are
obtained via Equation (9).

∆Tj = 4πrjρV2
◦
(
1 + aj

)
aj · dr

∆Qj = 4πrj
3ρV◦ω

(
1 + aj

)
bj · dr

(10)

Then, the resultant velocity Wj is calculated considering the induction factors per
Equation (11).

Wj =
√(

ω · rj
(
1 − bj

))2
+

(
V◦ ·

(
1 + aj

))2 (11)

The original BEMT theory does not take into account the influence of free vortices
that flow at the tip of the propeller from the lower to the upper surface, as shown in
Figure 7. These tip vortices create helical formations in the wake, which significantly
affect the induced velocity distribution and the angle of attack α along the propeller span.
Fortunately, Prandtl described an approximate loss factor F, which includes these propeller
tip losses, per Equation (12), which provides the required information.
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Fj =
2
π

· cos−1
(

e− f
)

f j =
B
2
·

R − rj

rj · sinφj

(12)

Thus, modifying Equation (10), via Equation (12), to each propeller blade element, as
shown in Equation (13), we can approximate the required quantities.

∆Tj = 4πrjρV2
◦
(
1 + aj

)
aj · Fj · dr

∆Qj = 4πrj
3ρV◦ω

(
1 + aj

)
bj · Fj · dr

(13)

For tip Mach numbers up to 0.6, the velocity will undergo a rise in the gradient of the
lift curve 2D airfoil. This change is estimated using Glauert’s Mach correction factor, per
Equation (14), which provides the required value.

Cl =
Cl→M=0√

1 − M2
(14)

Figure 7. Blade tip airflow direction.

The total thrust and total torque are determined using Equation (9), which account
for both the inflow factor and the Mach number. The BLDC plays a pivotal role in this
setup, as it is responsible for driving the propeller. The mechanical power output from the
propeller serves as the input to the BLDC motor model, enabling a comprehensive analysis
of the motor’s performance and efficiency under various operating conditions.

3.2. BLDC Motor Modeling

With the aspects obtained from the BEMT analysis, the BLDC motor model can now
be formulated to predict the required motor voltage Vm and current Im and, subsequently,
calculate the motor efficiency. In this respect, the BLDC motor model is coupled from
the propeller model to enable easily acquiring the mechanical power Pmech; for this, we
formulate a motor model using the propeller torque Qm and the propeller angular velocity
ω as inputs and the motor parameters. The BLDC motors are thus modeled as a traditional
DC motor, as illustrated in Figure 8, where Rm is the motor resistance, EMF is the back
electromotive force, and I0 is the motor idle current. The motor parameters [I0,Rm,Kv] can
be obtained by the manufacturers or be measured with the proposed experimental setup
in Section 4. Based on the power balance concept, the total electrical power transferred to
the motor can be computed using Equation (15), where PElect is the total electrical power
and Pcopper and Piron are the copper and iron losses of power, respectively, calculated via
Equation (16).

PElect = Pcopper + Piron + Pmech (15)
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Pcopper = I2
mRm

Piron = Vm I0 − I2
0 Rm

(16)

The motor efficiency ηmotor can be obtained via Equation (17).

ηmotor =
Pmech
PElect

, (17)

and with the motor’s current, the rest of the interested parameters can be obtained.
Consistent with the motor current, Im is calculated based on Equations (18)–(20).

KE =
V0 − I0Rm

KVVm0
, (18)

where KE is the EMF constant.

KT =
30
π

KE, (19)

where KT is the motor torque constant. The motor current Im and voltage Vm are defined
via (20):

Im =
Q
KT

+ I0

Vm = KEn + ImRm.
(20)

Figure 8. BLDC equivalent circuit model.

3.3. Modeling of the Electronic Speed Controller

The electronic speed controller (ESC) is a typical device used to drive BLDC motors,
typically used in electrically powered drones. The ESC can be modeled as a device that
transfers a certain percentage of the input voltage to the motor based on the throttle
command. This throttle command is translated into the ESC’s duty cycle, per Equation (21).

VESC = Duty Cycle × Vb

Vm = VESC − ImRESC,
(21)

where RESC is the resistance value from the input to the output of the ESC when the path
is activated; according to this study [15], the RESC range is 9 to 45 mΩ. Consequently, the
ESC current is calculated through Equation (22).

IESC = Duty Cycle × Im (22)

In this research, the efficiency of the ESC is assumed to be 100%, due to the high
efficiency of the ESC model used. When selecting ESCs, the maximum rated amperage is
the primary parameter. It is crucial to choose an ESC with a maximum rated amperage
that is significantly higher than the required drive current per motor. This ensures that
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the field-effect transistors (FETs) within the ESC do not overheat and fail due to excessive
current demands, providing an ESC with a sufficient current rating,

3.4. Battery Modeling

The primary objective of battery modeling is to accurately calculate the flight en-
durance of a system and ensure that the battery can sustain the maximum current required.
This simplified model facilitates easier analysis and calculation of the battery’s behavior
during the discharge process. It is important to note that this research does not specifically
study the impact of temperature on battery performance. Temperature is a significant
factor that can affect a battery’s behavior, including its capacity, internal resistance, and
overall performance. Undoubtedly, one of the most crucial parameters in battery selection
is the battery capacity Cb, which represents the amount of energy the battery can store. The
capacity directly affects the endurance time TEndurance of a system powered by the battery,
per Equation (23).

TEndurance =
Cb − Cmin

Ib
· 60

1000
[min], (23)

where Cmin is the battery minimum capacity, and Ib is the battery current. Additionally, the
discharge rate CDis is another significant parameter to consider. It refers to the maximum
current that the battery can deliver continuously without significantly affecting its perfor-
mance or causing damage. Choosing a battery with a discharge rate that meets or exceeds
the maximum current requirements of the system is essential to ensure proper operation
and prevent issues such as voltage drop or overheating.

4. Experimental Setup

This section focuses on the complete description of the experiment, which was used
to measure the aerodynamic properties of the propellers to validate the high-fidelity CFD
models, BEMT in static conditions, and the BLDC motor model. The main objective of the
experiment is to measure the thrust of the propeller under static conditions, as a counterpart
to the propeller RPM, voltage, and current. As a consequence, a special test stand was
designed as illustrated in Figure 9. To use the full potential of the experimental equipment
and to perform static tests, the sensors were placed in the measuring head illustrated in
Figure 10, which consisted of the selected propeller, the BLDC, the Hall effect encoder, and
the load cell. An effort was made to decrease the test rig complexity and the measurement
disruptions by fixing the load cell, according to the propeller’s expected thrust, using a 3D
printing design, by measuring the bending distortion.

Figure 9. Experimental setup for propeller modeling.
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Figure 10. Thrust and RPM measuring head block diagram.

4.1. Thrust Measurement

TAL220 load cell (HT Sensor Technology, Straight Bar, 10 kg of full scale) was used to
measure the propellers’ thrust. This load cell has a maximum capacity of 10 Kg connected
to a 24-bit ADC and signal conditioning module based on an HX711chip to amplify the load
cell output, in addition to converting to digital form and then sending the reading to the
microcontroller using the serial communication. Before using the load cell assembly for any
tests, load cell calibration took place, where the axial load that represented the propeller
thrust on the load cell was created using calibrated weights {1, 2, 3} Kg. The thrust and
voltage were found to be linearly related by varying a known force applied to the load cell
with ±2 g of tolerance per kilogram after calibration. The thrust–speed curve in Figure 11
shows the experimental result of the static thrust exhibiting a parabolic variation with the
RPM, as affirmed in other studies [2,16].

4.2. Propeller Rotation Speed Measurement

An MY-775 two-channel Hall effect encoder was utilized to detect the rotation of a
magnetic disc mounted on the motor’s back shaft, as depicted in Figure 10. The encoder
provides seven TTL pulses per mechanical revolution of the motor shaft. The propeller
rotational speed was obtained by counting the number of pulses the shaft made in a
fixed time interval using a microcontroller; after calculating the number of pulses per
second, the RPM was estimated easily by multiplying it by 60. The output voltages and
response time of the encoder proved to be enough for precise rotation speed measurements
because the tested propeller’s rotational speed never surpassed 10,000 [RPM]. The pulses
that were counted by the microcontroller were also measured using an oscilloscope for a
confident result.

4.3. BLCD Electrical Power Measurement

The BLDC (ECO 2826C) is energized using a three-cell battery and ESC to control the
motor speed to calculate the motor efficiency, and the power consumption was measured.
In this regard, the battery voltage was measured using a digital multimeter, and the Current
Sensor ACS712 was used to measure the current, which was validated with a clamp-on
ammeter. All the measured data were sent to the microcontroller synchronized with head
block sensors. Eventually, the microcontroller sent the recorded measurement to the PC, as
shown in Figure 12. The current–speed curve and the BLDC motor efficiency in Figure 11
illustrate the experimental result of the measured electrical and mechanical power of the
motor represented by the best polynomial fitting.
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Figure 11. Experimental static thrust, current−speed curve, and motor efficiency.

Figure 12. BLDC power measurement block diagram.

5. Computational Fluid Dynamics Analysis

Computational fluid dynamics, or CFD, is a powerful tool for studying aerodynamics
in a variety of applications, including the modeling of small-scale rotating propellers. The
literature contains several studies that examine and validate the aerodynamic character-
istics of quad-rotor UAV propellers using computational fluid dynamics [17–20]. The
purpose of the CFD analysis in this study is to determine the aerodynamic performance
and parameters to set the propeller mathematical model. Specifically, a fixed zone and
rotating zone portions made up the computational domain. Incompressible and turbulent
flow assumptions were applied when using the offset mesh approach. A k-Omega SST
turbulence model with curvature correction was used in the analyses, which were carried
out using a Navier–Stokes solver (Ansys CFXv19). A variety of tasks may be accomplished
with the use of propeller CFD models, such as improving the propeller design, studying
the impacts of various blade shapes, determining how operational circumstances affect
the performance, and determining how the propeller interacts with the surrounding flow
field. Without the need for costly experimental testing or physical prototypes, engineers
may obtain a better knowledge of the aerodynamic properties of propellers by running
CFD simulations. This makes design iterations quicker and more affordable, enhances the
overall effectiveness and performance of a propeller-driven item, and helps to implement
the propulsion system mathematical model.

5.1. Computational Fluid Dynamics Model

The electric propeller was an APC 12 × 6 Thin. The pultrusion technology used in
the production of APC propellers enables a greater fiber (60%)-to-resin (nylon binder)
density. Compared to glass-filled nylon, this offers noticeably more strength and stiffness.
Controlling vibration resonance response is easier with the extra rigidity. Because of the
increased strength, smaller cross sections may be used, which is advantageous for weight
and aerodynamic efficiency. The computer-optimized design of these props results in a
quieter appearance. For increased production and longer life, the lightweight molded nylon
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structure lowers the spinning mass. Using reinforcing fibers helps provide a consistent
accurate pitch at any RPM. It has a 305 mm outer diameter and a 20 mm hub diameter. The
CAD model of the propeller is shown in Figure 2.

5.2. Computational Fluid Dynamics Domain

The CFD domain consisted of two parts: the rotor (rotating frame of reference) and
the surrounding atmosphere (fixed frame of reference). The CFD domain dimensions and
all boundary types are represented in Figure 13.

Figure 13. CFD Domain for the given propeller: (a) isometric view, (b) projected view.

5.3. Computational Fluid Dynamics Mesh

The CFD domains were meshed using an unstructured grid with three different sizes:
coarse, medium, and fine grid, as shown in Figure 14. After performing a mesh sensitivity
analysis, the medium grid showed that the propeller performance was independent of the
grid size.

Figure 14. CFD mesh for the propeller.
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5.4. Computational Fluid Dynamics Results and Validation

Regarding validating the CFD simulation, a comparison between the experimental
data and CFD results was performed, as shown in Figure 15. This comparison showed
a good agreement between both results. Therefore, the CFD model estimated the static
torque and the figure of merit, FOM; furthermore, in Figure 16, we provide the dynamic
coefficients for the thrust, torque, power, and propeller efficiency. These results were used
to validate the BEMT model.

Figure 15. 12 × 6E propeller CFD static performance results.

Figure 16. 12 × 6E propeller CFD dynamic performance coefficients, and efficiency.

6. Results

This section presents the comparative analysis and validation of outcomes acquired
through the utilization of the proposed sub-system mathematical models, especially the
propeller BEMT. These results are juxtaposed with experimental data and CFD to establish
a balance between the computational accuracy and the computational complexity.

6.1. Static Performance Validation

The propulsion system was statically validated by comparing the simulated static
thrust and torque for the propeller and motor voltage and current versus its rotational
speed [RPM] against the CFD and experimental results. As depicted in Figure 17, it is
clear that when the RPM increases, the thrust, torque, and motor electrical power increase.
It is worth noting that the comparative evaluation of the motor electrical power and the
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estimated thrust and torque values derived from the blade element momentum theory
(BEMT), in contrast to the experimental and CFD-derived data, manifests an impressive
degree of concurrence. This convergence underscores the BEMT’s adeptness in effectively
appraising the static performance across the the RPM range under scrutiny.

Figure 17. 12 × 6E propeller and (ECO 2826C) motor static test performance evaluation.

6.2. Dynamic Propeller Performance at Different Advance Ratios

In light of the preceding insights into the static performance, the optimal rotational
velocity for the propeller was identified as 7000 RPM, aligning with the experimental
observations. This particular rotational velocity of 7000 RPM was selected as the focal
point for subsequent investigations. Figure 18 shows the variation in the propeller thrust
and torque (Ct, Cp, CQ ) coefficients and the propeller efficiency versus a range of the
advance ratio J, where the overall trend for the estimated BEMT and the high fidelity CFD
showed a good agreement. This elucidates that the produced thrust and torque influenced
the forward velocity to the extent that these forces decreased to zero at an advance ratio
around J = 0.7. The figure illustrates that the BEMT succeeded in estimating the thrust
and torque; however, the torque was overestimated with a negligible value in the range
of J = 0.3 and J = 0.6. Moreover, Figure 18 shows the variation in the propeller’s efficiency
η versus the advance ratio J. It is clear that the curves of the η obtained from the BEMT
were underestimated and influenced by the torque trend; however, it remained generally
consistent. The efficiency peak was obtained from both methods, the BEMT at J = 0.53 and
the CFD at J = 0.51 (i.e., freestream velocityVax = 17.5 m/s).

Figure 18. 12 × 6E dynamic propeller performance evaluation.
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6.3. Propulsion System Efficiency

The effectiveness of the propulsion system as a whole is largely contingent upon the
agreeable pairing of the motor and propeller components. The total specific thrust was
computed to assess the total efficiency of the motor and propeller.

Total Specific Thrust =
Propeller Thrust[g]

Motor Electrical Power[W]

given that both the thrust of the propeller and the efficiency of the motor are not constant
with different operating conditions. Typically, motor manufacturers provide information
regarding the overall specific thrust. These data are a valuable resource for understanding
the performance characteristics of a given motor. However, the manufacturer furnishes
motor performance data concerning the recommended propellers at a few operating speeds
under static conditions. Conversely, the proposed model introduces an expansive range of
performance data, encompassing static and dynamic assessments, for diverse propellers
across varying altitudes. Illustratively, in the case of a motor, the overall specific thrust
across diverse states is depicted in Tables 1 and 2. This helps the designers select motor–
propeller combinations that align with their specific requisites. A higher total specific thrust
indicates a more efficient propulsion system, signifying that the system can generate greater
thrust per unit of power consumed. By optimizing the motor and propeller combination to
achieve the highest possible total specific thrust, designers can design propulsion systems
that are simultaneously potent and energy-efficient. Consequently, this optimization
extends the system’s endurance, allowing for operation on the same battery capacity.
For illustration, a case study is presented using two distinct motors, namely the ECO
2826C–1080Kv and ECO 2212C–830 Kv.

Table 1. Propulsion system model results for the ECO 2212C -830 Kv BLDC motor and the 12 × 6E
and 13 × 6.5E propellers.

Battery Voltage Propeller RPM Current
(A)

Elec. Power
(W)

Mech. Power
(W)

Thrust
(N)

Total
Specific Thrust

(g/w)

Endurance
(min)

11.1V(3 S)
5200 mAh

12 × 6E

3000 2.27 25.18 18.41 2.3 9.34 116.92

4000 5.31 58.93 42.96 4.23 7.32 49.95

5000 10.5 116.6 82.92 6.71 5.87 25.25

6000 18.59 206.39 142.05 9.77 4.83 14.26

7000 30.4 337.44 224.1 13.38 4.05 8.72

8000 46.83 519.82 332.8 17.57 3.45 5.66

9000 68.88 764.57 471.91 22.32 2.98 3.85

13 × 6.5E

3000 2.46 27.28 19.83 2.96 11.09 107.92

4000 5.84 64.83 46.64 5.46 8.59 45.41

5000 11.69 129.72 90.49 8.69 6.83 22.69

6000 20.86 231.58 155.58 12.66 5.58 12.71

7000 34.35 381.27 246.08 17.37 4.65 7.72

8000 53.23 590.81 366.19 22.82 3.94 4.98

9000 78.69 873.4 520.08 29.01 3.39 3.37
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Table 2. Propulsion system model results for the ECO 2826C -1080 Kv BLDC motor and the 12 × 6E
and 13 × 6.5E propellers.

Battery Voltage Propeller RPM Current
(A)

Elec. Power
(W)

Mech. Power
(W)

Thrust
(N)

Total
Specific Thrust

(g/w)

Endurance
(min)

11.1V(3 S)
5200 mAh

12 × 6E

3000 2.47 27.42 18.41 2.3 8.57 107.36

4000 5.13 56.93 42.96 4.23 7.57 51.71

5000 9.38 104.12 82.92 6.71 6.58 28.27

6000 15.67 173.92 142.05 9.77 5.73 16.93

7000 24.45 271.42 224.1 13.38 5.03 10.85

8000 36.22 402 332.8 17.57 4.46 7.32

9000 51.46 571.26 471.91 22.32 3.99 5.15

13 × 6.5E

3000 2.62 29.06 19.83 2.96 10.41 101.32

4000 5.52 61.25 46.64 5.46 9.09 48.06

5000 10.2 113.25 90.49 8.69 7.83 25.99

6000 17.17 190.62 155.58 12.66 6.77 15.44

7000 26.96 299.26 246.08 17.37 5.92 9.84

8000 40.12 445.36 366.19 22.82 5.23 6.61

9000 57.24 635.4 520.08 29.01 4.66 4.63

7. Conclusions

This paper proposed a practical method to help designers quickly determine the
optimal propulsion system to maximize the efficiency of the propulsion system under
the desired flight condition. The parameters that may affect the endurance of fixed-wing
UAVs were studied based on a theoretical analysis, which may help designers optimize the
parameters for a more efficient design, in the sense that it decomposes the propulsion model
into sub-models, with the performance testing and modeling of a motor, electronic speed
controller, and propeller. The methodology used for the motor and propeller hardware
testing was presented. This research successfully demonstrated the following:

• A comprehensive range of Cl and Cd aerodynamic coefficients in the post-stall zone
for the propeller was obtained by integrating XFOIL6.94 software with the flat-plate
method. This approach successfully accounted for variations in the Reynolds and
Mach numbers, enhancing the accuracy of the aerodynamic predictions.

• The proposed propeller sub-model effectively analyzes static and dynamic perfor-
mance, as well as airflow properties, under the international standard atmosphere
(ISA) model. This provides a reliable framework for predicting propeller behavior in
various flight conditions.

• A test rig was established to validate the CFD and the BEMT model regarding the static
performance. Additionally, this setup can be employed for more dynamic performance
investigations based on wind tunnels.

• CFD was successfully employed to evaluate the dynamic performance of the proposed
low-computational-power model, confirming its effectiveness for real-time applications.

• An extensive analysis of BLDC motor performance was conducted across a wide
range of RPMs, offering insights into load versus electrical power cases not typically
supported by manufacturers. This analysis fills a critical gap in the existing knowledge,
aiding in more accurate motor selection.

• The proposed model takes into account both the maximum discharge current of the
battery and the maximum current of the electronic speed controller (ESC), considering
the practical constraints and requirements.



Drones 2024, 8, 424 17 of 18

• The compatibility between the motor and the propeller significantly influences the
endurance; in this regard, the proposed model computes the total specific thrust as a
means to assess the overall propulsion system efficiency.
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