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Abstract

With advancements in UAV technology, their applications in both defense and civilian sectors have expanded rapidly. These
vehicles are powered by engines with diverse cylinder configurations, fuel capacities, and material characteristics. For low-
altitude, small-scale UAVs, two-stroke engines are commonly preferred due to their high payload capacity and extended flight
durations of 3-6 h, generally outperforming electric motors. The performance of gasoline-powered UAVs is influenced by
critical factors such as engine temperature, thrust generation, and fuel consumption. This study focuses on a typical engine
used in medium-sized, low-altitude UAVs, widely adopted across the globe. Researchers developed a prototype engine by
increasing the fuel intake volume and enhancing cooling mechanisms to improve overall performance. The performance
of both the original and modified engines was thoroughly evaluated under varying operational conditions, including dif-
ferent propeller types, sizes (23—-8 inch and 24-10 inch), and rotations per minute (3000-5000 RPM). Key metrics such as
thrust, fuel consumption, engine temperature, and RPM were systematically measured using a specially designed test setup
equipped with advanced sensors and real-time data acquisition systems. To maximize flight endurance with minimal fuel
consumption, response surface methodology and analysis of variance (ANOVA) were employed. The study identified an
optimal operating speed of 4000 RPM, which resulted in a 47% performance improvement. At this speed, fuel consumption
for a standard 4-h low-altitude flight was reduced from 2.51 to 1.86 L, demonstrating significant efficiency gains. ANOVA
results revealed that propeller type significantly impacts engine performance, with propeller variations accounting for 86%
of engine temperature changes. Additionally, optimized propeller designs achieved a 7% reduction in fuel consumption. This
research underscores the potential of targeted engine and propeller modifications to significantly enhance UAV efficiency,
providing valuable insights for future UAV development and operational strategies.
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1 Introduction and military sectors, thanks to significant developments in

radio and communication technologies that have facilitated

Today, unmanned aerial vehicles (UAVs) are autonomous
systems designed to operate without onboard pilots, either
managed remotely or navigating predefined routes inde-
pendently. Recent advancements have enabled many UAVs
to incorporate artificial intelligence (AI), enhancing their
autonomous capabilities [1, 2]. Also referred to as drones or
robotic aircraft, UAVs have been widely adopted in civilian
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global deployment [3, 4].

The evolution of modern UAVs gained momentum
during the Cold War. The US-produced QH-50, initially
developed as a training target during the Korean War, was
later repurposed for reconnaissance in the Vietnam War.
In 1973, Israel entered the UAV technology field by uti-
lizing American UAVs to identify enemy positions and
anti-aircraft defenses, a pivotal advancement that spurred
further development. In subsequent conflicts, such as those
in Afghanistan and Iraq, UAVs were deployed for counter-
terrorism and precision targeting operations [5, 6]. Ini-
tially developed for military applications, UAVs have rap-
idly expanded into civilian sectors, a pattern common to
many technological innovations. They are now essential in
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diverse areas, including agriculture, entertainment, intel-
ligence, and logistics. Furthermore, UAVs play a critical
role in disaster response and environmental management,
supporting emergency operations and natural disaster miti-
gation efforts [7-9].

Unmanned aerial vehicles (UAVs) generally achieve
the necessary thrust for flight through electric, piston, or
jet engines. UAVs powered by oil engines typically have
a wingspan exceeding 5 m; smaller designs are impracti-
cal due to high fuel consumption. Conversely, electric
motor-powered UAVs face limitations from additional bat-
tery weight and reduced flight duration, making them more
suitable for short-range, lightweight transport tasks. UAVs
with wingspans between 3 and 5 m often use piston engines,
which provide longer flight durations and greater payload
capacity, enabling operation times of approximately 3—-6 h
[10-12].

For low-altitude surveillance missions, UAVs equipped
with 61 cc (or 50-70 cc) piston engines are particularly
effective. These configurations allow for sustained opera-
tions of up to 4 h over distances of up to 180 km. This setup
has proven valuable not only for surveillance but also for
specialized kamikaze missions, where UAVs may carry
explosive payloads of up to 10 kg (Fig. 1). As a result, pis-
ton-engine UAV:s strike an optimal balance between endur-
ance and payload capacity, making them indispensable for
both surveillance and tactical applications in low-altitude,
medium-range contexts.

This study aims to investigate the performance and fuel
efficiency of piston-engine UAVs in low-altitude applica-
tions. It focuses on factors such as engine cooling, fuel
intake optimization, and propeller configurations. By iden-
tifying optimal parameters to extend airborne time while
minimizing fuel consumption, this research contributes to

Fig.1 A UAV with a single-
cylinder 61-cc engine
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enhancing UAYV effectiveness in both civilian and military
contexts.

Optimal engine design plays a pivotal role in achieving
the ideal compression ratio, which directly enhances thrust
force, allowing UAVs to carry heavier payloads and achieve
higher speeds. Current research into UAV engines is shap-
ing future advancements in the field. For instance, research-
ers have studied the tribological properties of pistons and
cylinders, key components influencing engine efficiency, by
testing various aluminum alloys [13]. Significant improve-
ments were made by incorporating graphite carbon fiber into
AA2000 series aluminum and adding iron (Fe) and manga-
nese (Mn) to LM13 alloys, enhancing wear resistance and
minimizing performance losses. Silva’s research further
examined fatigue-related damage in gasoline and diesel
engine pistons, identifying mechanical fatigue, tempera-
ture fluctuations, and design flaws as primary causes [14].
Additionally, studies investigating aluminum-forged pistons
revealed that rapid temperature and pressure changes in the
combustion chamber lead to deformations such as hardness
loss, softening, and erosion, with the severity dependent on
surface roughness [15]. These findings underscore the criti-
cal importance of material selection and design in improving
UAV engine durability and efficiency, paving the way for
more resilient systems.

Research on durable and long-lasting piston engines for
UAVs has also focused on structural and thermal analysis
of essential components. Optimizing these components has
enabled researchers to meet emission standards, maximize
efficiency, and reduce environmental impact [16]. Her-
mawan et al. investigated the stresses caused by pressure and
thermal loads on pistons, connecting rods, and crankshafts in
four-stroke diesel engines [17]. Similarly, Nageswararao and
Mukesh used ANSYS Workbench 15.0 to model temperature
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distribution in internal combustion engine cylinders, high-
lighting the impact of heat transfer within the combustion
chamber [18]. Further studies explored crankshaft journal
failures in ULM aircraft engines, attributing breakage to
material fatigue at high speeds [19]. Esfahanian and col-
leagues calculated heat transfer to engine pistons using three
different combustion boundary conditions to analyze thermal
behavior [20].

The literature includes numerous studies on UAV flight
planning, durations, and efficiency. The increasing complex-
ity and operational demands of unmanned aerial vehicles
(UAVs) have driven extensive research into optimization
techniques, aerodynamic performance improvements, and
cost-effective mission planning strategies. Various method-
ologies, including bio-inspired algorithms, innovative wing
designs, and advanced control systems, have been explored
to enhance UAV capabilities. The percentile-based immune
plasma algorithm (pIPA) was introduced as a novel optimi-
zation method, effectively solving engineering challenges
such as UAV path planning by outperforming conventional
techniques in determining optimal parameters [21]. Follow-
ing this, the Extended Immune Plasma Algorithm (ExtIPA)
was developed for unmanned combat aerial vehicles
(UCAVs5). This approach addressed challenges like enemy
threats, flight kinematics, and fuel constraints, significantly
improving path planning efficiency and accuracy [22]. Aer-
odynamic advancements have also been a key focus area.
Morphing wing designs, combined with machine learning
techniques such as k-Nearest Neighbor (k-NN), have shown
substantial improvements in aerodynamic performance and
trajectory tracking for fixed-wing UAVs [23]. Similarly,
plasma actuators were studied for optimizing airfoil perfor-
mance, achieving remarkable increases in lift-to-drag ratios
and lift coefficients through active flow control techniques
[24]. In mission planning, the European Space Agency
(ESA) demonstrated how reusable software kernels could
reduce costs and improve adaptability for various mission
types [25]. Additionally, revolutionary approaches to mis-
sion operations have been proposed, advocating for early
integration of operational concepts into spacecraft design to
eliminate labor-intensive processes and lower expenses [26].

Control system advancements for UAVs include PID
control algorithms developed for quadcopters. These algo-
rithms enhanced trajectory tracking and stability, particu-
larly in challenging environments, proving their effec-
tiveness in autonomous UAV operations. Together, these
studies provide valuable insights into UAV performance
optimization, aerodynamic efficiency, and cost reduction,
contributing to advancements in both military and civil-
ian UAV applications. The study evaluated the energy
and exergy performance of turbo-diesel engines used in
UAVs. The energy efficiency was found to be 43.16%,
while the exergy efficiency was 40.65%. Fuel losses and

sustainability factors were analyzed, highlighting the supe-
rior performance of turbo-diesel engines over piston-prop
engines [27]. An analytical method was developed for
the sizing of a UAV and its turboprop engine. The study
examined engine efficiency, specific fuel consumption,
and flight parameters. Results indicated high accuracy
in weight, size, and endurance predictions, with specific
focus on compressor pressure ratio and turbine inlet tem-
perature [28].

Unmanned aerial vehicles (UAVs) have become indis-
pensable tools in both defense and civilian sectors, achiev-
ing significant technological advancements in recent years.
However, efforts to enhance UAV performance, particu-
larly in engine technologies, face several challenges. Key
requirements such as high energy efficiency, optimized fuel
consumption, extended flight endurance, and thermal stabil-
ity have become essential in the design and development
of UAV engines. Despite these demands, current engines
often suffer from inefficiencies in fuel consumption, inad-
equate cooling mechanisms, and limited adaptability, which
constrain the operational effectiveness of UAVs and under-
score the need for energy-efficient, performance-oriented
solutions.

This study aims to improve the performance of a typical
61 cc engine designed for low-altitude UAVs. By imple-
menting innovative modifications such as increasing the fuel
intake capacity and optimizing the cooling mechanisms,
significant enhancements in energy efficiency and ther-
mal performance were achieved. Furthermore, operational
parameters such as different propeller types and rotational
speeds were evaluated to determine the optimal operating
conditions for the engine. This research addresses existing
challenges in UAV engine technology, presenting an innova-
tive approach focused on energy savings and performance
optimization.

Other researchers have focused on enhancing UAV
engines' service life and performance, particularly in devel-
oping high-thrust engines for global applications [29-31].
This study evaluated the commercial viability and sustain-
ability of a newly designed engine by comparing its per-
formance with a leading best-selling model. A specialized
test unit was developed to assess key performance metrics,
including fuel consumption, engine temperature variations,
and thrust output. Quantitative analyses were performed
to identify relationships between these parameters, while
Response Surface Methodology (RSM) and Analysis of
Variance (ANOVA) were employed to determine optimal
thrust values. These methodologies provided a comprehen-
sive understanding of how design and operational factors
influence UAV engine performance. Ultimately, this research
establishes a robust framework for improving UAV engine
efficiency, addressing critical needs across military and
civilian applications.
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2 Material and method

Sub-cloud missions primarily rely on 50-70 cc engines,
which are among the most widely manufactured and uti-
lized in the UAV industry. To thoroughly evaluate the per-
formance of these engines and identify optimal operating
conditions, a 61 cc single-piston variant was selected for
detailed investigation. A commercially popular single-cyl-
inder engine was procured for this purpose. The analysis
identified deficiencies in the cooling and fuel inlet systems,
highlighting areas requiring improvement to enhance perfor-
mance. In response, a new model was developed, increasing
the cooling channel area by 17% and the fuel inlet area by
9%, while preserving the original weight and design integ-
rity (Fig. 2).

This iterative design process aims to improve thermal reg-
ulation and fuel efficiency, thereby optimizing overall engine
performance for sub-cloud UAV applications. The AHI HVS
engine incorporates a piston and cylinder barrel made from
Etial 141 material, manufactured through gravity casting
for the round tube. The production process included rough
and fine machining, followed by comprehensive quality con-
trol testing. Both the cylinder barrel and piston underwent
hard-anodizing treatment, significantly enhancing their wear

Fig.2 AHI-HVS 61 cc engine (left) and commonly used original
brand (right), and mounting the engine to the UAV (up)
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resistance and durability. The piston rod and crankshaft were
crafted from heat-treated 4144 steel, achieving a hardness
rating of 45 HRC. Meanwhile, the engine cover and body
were constructed from lightweight yet durable aluminum
6061 (Fig. 3).

After the final assembly, the newly designed AHI HVS
61 cc engine underwent rigorous performance testing using
a custom-developed setup designed for comparative analy-
sis against a standard commercial engine. The test appa-
ratus was equipped with advanced systems for measuring
critical metrics, including body temperature, exhaust tem-
perature, RPM, fuel consumption, and thrust output under
various operational conditions. To ensure the accuracy and
reliability of the measurements, all sensors were meticu-
lously calibrated before testing. Temperature sensors were
validated using a laser-based infrared temperature meas-
urement device, which provided precise calibration against
reference thermal values. This ensured accurate monitoring
of both body and exhaust temperatures during operations.
RPM measurements were verified through a dual valida-
tion process: the engine's built-in ignition synchronizer was
cross-checked with an external tachometer for consistency,
ensuring RPM readings were accurate and reproducible
across all operational conditions.

The data acquisition system relied on a Delta PLC, pro-
grammed using WPLSoft, serving as the central control
and monitoring hub. This system integrated multiple sen-
sor inputs via a Modbus communication protocol, ensuring
seamless data collection and synchronization. Addition-
ally, DOPSoft software facilitated a user-friendly interface,
allowing real-time visualization of performance metrics
through an HMI. The combination of these tools provided
an efficient framework for tracking engine parameters, with
all data systematically recorded and timestamped for subse-
quent analysis.

The test setup's custom-built software offered enhanced
capabilities for performance evaluation. This included live
graph plotting, trend analysis, and automated calculations
of thrust-to-fuel ratios and fuel consumption per revolution.
The Modbus protocol acted as a robust digital notepad, log-
ging data from sensors at high precision to avoid discrep-
ancies. This ensured reliable data integrity throughout the
testing process.

The validation of temperature and RPM measurements
played a crucial role in ensuring data accuracy. The laser
temperature calibration confirmed that heat measurements
during operation adhered to industry standards, while the
external tachometer corroborated the reliability of RPM
data. This integration of advanced validation techniques
established a high degree of confidence in the test results,
enhancing the replicability of the experimental setup.

The combination of advanced calibration techniques,
a reliable data acquisition system, and real-time analysis



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2025) 47:131

Page50f19 131

Fig. 3 Manufactured parts of the engine

software made this test setup a robust platform for evaluat-
ing the AHI HVS 61 cc engine. These measures not only
addressed the concerns raised regarding replicability but
also ensured that the data collected was both accurate and
reliable. This methodology sets a benchmark for future per-
formance assessments of UAV engines under controlled
experimental conditions.

Engines with a 61 cc capacity, commonly used in low-
altitude UAVs, typically operate between 3000 and 5000
RPM during cruising. The thrust produced is influenced by
the aerodynamic design of the aircraft, ensuring the engine
can support a plane weighing 48 times its own weight. This
weight difference significantly impacts parameters such as
speed and fuel consumption, making it critical to determine
the optimal RPM for extended UAV endurance. Propeller
dimensions, specified in inches, play a pivotal role in UAV
performance. The first digit denotes the outer diameter,
while the second represents the pitch. Thrust output, fuel
consumption, and RPM vary based on propeller size. While
increasing pitch enhances speed, it reduces thrust. Therefore,
selecting the ideal propeller type is essential or ensuring
compatibility with both the engine and the UAV. There is
a cost of $60 for the 23—8-inch propeller and $85 for the
24-10-inch propeller. As the propeller diameter increases,
torque also increases; however, this can cause the speed to

decrease. For this reason, a higher pitch value was selected
for the second type of propeller (24—10 inch) to conduct the
tests under optimal conditions.

The Response Surface Methodology (RSM), introduced
by Box and Wilson in 1951, is a widely utilized technique
for optimizing industrial processes. This method examines
the interactions between multiple input variables and one
or more response variables through systematic experimen-
tation. By defining polynomial equations and maintaining
consistent data sets, RSM enables efficient optimization.
Unlike traditional optimization techniques, RSM provides
a comprehensive understanding of variable interactions and
their combined effects on the output. Its ability to visual-
ize response surfaces allows for the identification of opti-
mal conditions with greater accuracy. Furthermore, RSM
reduces the number of experimental runs required, making
it cost-effective and time-efficient while maintaining robust
statistical validity. These advantages make RSM a powerful
tool for solving complex, multi-variable optimization prob-
lems in various engineering and scientific applications.

In this study, robust experimental designs leveraging
RSM and ANOVA were applied to evaluate engine perfor-
mance. RSM, commonly employed in optimizing industrial
product manufacturing [32-36], helped identify optimal
values for UAV engines. ANOVA, a statistical method used

@ Springer



131 Page6o0of19

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2025) 47:131

to determine significant differences between samples, ana-
lyzed the variance in output parameters and their influence
on results [38—41]. By breaking down total variation into
its components, ANOVA provided insights into the rela-
tionships between variables. This comprehensive approach
ensures accurate evaluations of UAV engine performance
and quality-related questions, contributing to advancements
in the field [37-41]. A comparative study was conducted
on a widely sold commercial engine and a newly designed
model with enhanced fuel input and cooling capacity. The
research aimed to examine how performance characteristics
were influenced by variations in propeller types and operat-
ing speeds. To achieve this, the experimental design out-
lined below was employed, utilizing both the RSM method

Table 1 Design of experiment (DOE)

DOE No Propeller (inch) Model Revolu-
tion
(RPM)

1 24-10 Prototype 3000

2 24-10 Original 3000

3 24-10 Prototype 4000

4 24-10 Original 4000

5 24-10 Prototype 5000

6 24-10 Original 5000

7 23-8 Prototype 3000

8 23-8 Original 3000

9 23-8 Prototype 4000

10 23-8 Original 4000

11 23-8 Prototype 5000

12 23-8 Original 5000

and ANOVA analysis. Each experiment was repeated three
times, with each iteration lasting five minutes (Table 1).

3 Performance results of engines

The performance test results of both the original and pro-
totype engines were thoroughly examined using the devel-
oped test setup, which enabled a comparative analysis under
varying operational conditions (Fig. 6). Thrust and fuel con-
sumption metrics for the two engines across different opera-
tional periods and speed ranges are summarized in Table 2.
Additionally, parameters such as fuel consumption per revo-
lution, power output per revolution, and thrust-to-fuel ratios
were calculated for a more scientific evaluation of engine
performance. Performance graphs for both engines, showing
their outputs at various speeds and propeller configurations,
are presented in Fig. 4 and 5. Aircraft require significant
power during take-off and initial ascent to reach a designated
altitude, after which they transition to slower flight speeds.
The prototype UAV engine achieved a peak thrust of 73.1
N at 5000 RPM, while the original engine reached a maxi-
mum thrust of 64.2 N. This demonstrates a substantial 14%
increase in efficiency for the prototype engine in terms of
take-off performance (Fig. 6).

At 3000 RPM, the prototype engine produced 25.0 N of
thrust, while the original engine generated 26.3 N. Although
the original engine outperforms the prototype slightly at
lower RPM, the prototype gained a significant thrust advan-
tage of 47% at 4000 RPM. Here, the prototype produced
46.5 N, compared to the original engine's 31.6 N. These
results confirm that the prototype engine performs better
in rapid flight scenarios, thanks to the enhanced vacuum
and compression resulting from the increased fuel inlet area.

Table 2 Comparative engine performance metrics under different operating conditions with varying propeller sizes and rotational speeds

Propeller (inch) Type Revolution Thrust (N) Fuel consump-  Fuel/Rev (ml/rev) Thrust/Rev Thrust/
(RPM) tion (s/ml) (N/rev) Fuel (N/
ml)

Prototype 3000 25.0 12.75 0.231 0.453 1.961
Original 3000 26.3 12.15 0.229 0.496 2.165
Prototype 4000 46.5 14.62 0.203 0.645 3.181

24-10 Original 4000 31.6 13.43 0.194 0.456 2.353
Prototype 5000 73.1 16.81 0.202 0.880 4.349
Original 5000 64.2 16.10 0.204 0.812 3.988
Prototype 3000 21.1 11.76 0.213 0.381 1.794
Original 3000 19.35 11.01 0.199 0.350 1.757
Prototype 4000 39.6 13.07 0.185 0.561 3.030

23-8 Original 4000 39.6 12.97 0.185 0.564 3.053
Prototype 5000 55.0 17.03 0.210 0.680 3.230
Original 5000 55.3 17.41 0.222 0.705 3.176
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Fig.4 2D graph of test unit B
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Fig.5 Equipment of engine
test unit

For both engines equipped with a 24—10 propeller at 4000
RPM, a thrust of 39.6 N was recorded. At 3000 RPM, the
prototype engine delivered 21.1 N of thrust, while the origi-
nal engine produced 19.35 N. During high-speed flight at

B-B (1 ¢ 10

4. PLC Control
e

Propeller

5000 RPM, the prototype engine generated a thrust of 55.0
N, closely matching the original engine’s output of 55.3 N,
with a marginal 0.5% decrease for the original model. This
slight decrease indicates that, despite a minor difference,
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Fig.6 Thrust results graph

the prototype engine consistently outperforms the original
model in higher-speed scenarios.

These findings highlight the prototype engine's ability to
achieve enhanced performance in various flight scenarios.
The prototype engine generates 13% greater thrust, despite
consuming slightly more fuel, which is a key factor influenc-
ing overall engine efficiency. Though the thrust-to-fuel ratio
is not as favorable, the prototype's superior thrust capabili-
ties are significant, as the higher thrust outweighs the addi-
tional fuel consumption.

To optimize performance, the thrust-to-fuel consump-
tion ratios were analyzed for both engines. The optimal

@ Springer

—— Orginal 3000 RPM
—— Orginal 4000 RPM

Orginal 5000 RPM

operational ranges for achieving maximum thrust and mini-
mal fuel consumption were identified. It was found that
the prototype engine achieved 13% greater thrust, though
with an 8.5% decrease in thrust-to-fuel efficiency. Further
analysis confirmed that the most effective operational range
for flight is at 4000 RPM, where both thrust and thrust-to-
fuel ratios are at their peak. Fuel-to-revolution ratios were
also considered, providing essential insights into opera-
tional characteristics. Tests with large-diameter propellers
at this RPM yielded the best results, while performance
with smaller diameter propellers at the same speed showed
a slight decrease, with the lowest value recorded at 0.185
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ml/rev. Additionally, thrust ratios for the AHI HVS engines,
characterized by high fuel consumption, were found to
increase proportionally with RPM, further validating the
enhanced performance of the prototype engine.

The comparison between the original and prototype
engines showcases distinct operational strengths and com-
promises across varying scenarios. At elevated RPM levels,
the prototype engine exhibits superior thrust performance,
achieving a peak thrust of 73.1 N at 5000 RPM, signifi-
cantly surpassing the original engine’s 64.2 N by 14%. This
improvement positions the prototype as more suitable for
high-speed missions or operations requiring rapid altitude
gain. In contrast, at lower RPMs, such as 3000 RPM, the
original engine slightly exceeds the prototype, generating
26.3 N of thrust compared to the prototype’s 25.0 N. These
outcomes highlight the suitability of each engine for specific
flight scenarios, with the prototype excelling in high-speed
operations and the original providing better efficiency for
slower, fuel-conscious flights. The analysis of fuel con-
sumption further underscores these operational distinctions.
Although the prototype engine consumes marginally more

Exhaust Temperatures - Original Motor

fuel at higher RPMs, it compensates with a superior thrust-
to-fuel ratio. At 5000 RPM, the prototype achieves a thrust-
to-fuel efficiency of 4.349 N/ml, outperforming the original
engine’s 3.988 N/ml. At 3000 RPM, however, the original
engine demonstrates a slight advantage with a thrust-to-fuel
ratio of 2.165 N/ml compared to the prototype’s 1.961 N/ml.
These findings emphasize the prototype engine's optimized
performance at higher speeds, while the original engine
retains an edge in missions prioritizing reduced fuel con-
sumption. Together, these insights underscore the strategic
importance of selecting the appropriate engine for specific
operational needs, facilitating more efficient and versatile
UAV applications.

Figure 7 illustrates the temperature variations on both
the engine and exhaust for different propeller types and
motor types at varying rotational speeds. In the Original
motor type, the relationship between exhaust temperatures
and revolutions (RPM) for 23-inch and 24-inch propeller
diameters was analyzed. For the 23-inch propeller, tempera-
tures showed a clear decreasing trend as RPM increased.
For instance, the temperature measured at 3000 RPM was
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Fig. 7 Temperature results
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187.84 °C, which dropped to 134.9 °C at 5000 RPM. For the
24-inch propeller, temperatures remained lower overall. At
3000 RPM, the exhaust temperature was 194.2 °C, reduc-
ing to 185.5 °C at 5000 RPM. These results highlight that
the 24-inch propeller diameter contributes to lower exhaust
temperatures and significantly impacts the overall tempera-
ture distribution in the system. In the Prototype motor type,
exhaust temperatures for the 23-inch propeller exhibited a
different trend, showing an increase at higher RPMs. The
temperature at 3000 RPM was 176.5 °C, rising to 203.2 °C
at 5000 RPM, suggesting a potential increase in exhaust heat
at high revolutions. For the 24-inch propeller, the trend was
more stable, with temperatures at 3000 RPM measuring
186.6 °C and decreasing to 177.3 °C at 5000 RPM. This
indicates that the prototype motor might show a distinct pat-
tern of temperature behavior at higher RPMs, with propeller
size playing a role in these variations.

In addition, temperature measurements of the engine in
the test unit are included in the graphs. The analysis of the
Original motor type highlights significant changes in engine
temperature with varying RPMs. For the 23-inch propel-
ler, engine temperatures exhibit a noticeable decrease as the
RPM increases. For instance, the temperature recorded at
3000 RPM was 230.19 °C, dropping to 196.1 °C at 5000
RPM. In contrast, the 24-inch propeller started with com-
paratively lower engine temperatures, showing a similar
downward trend. At 3000 RPM, the temperature began at
184.8 °C and fell to 98.7 °C by 5000 RPM. These results
emphasize the influence of propeller size in managing
engine temperature and optimizing thermal behavior across
different speeds. In the Prototype motor type, engine temper-
ature variation also showed distinct patterns depending on
propeller size. For the 23-inch propeller, temperatures expe-
rienced a slower decline at higher RPMs and even displayed
a slight increase. At 3000 RPM, the engine temperature was
139.5 °C, which marginally rose to 148 °C at 5000 RPM.
On the other hand, the 24-inch propeller exhibited a more
stable cooling effect. Starting at 181.5 °C at 3000 RPM,
the temperature dropped consistently to 159.4 °C at 5000
RPM. This underscores the role of larger propellers in ensur-
ing better temperature regulation and enhanced stability in
prototype motors, particularly under high-speed conditions.

Figure 8 shows a comparison chart for a 24-inch propeller
at 3000 rpm to compare the two engines. The temperature
values of the original motor are generally higher compared
to the prototype motor. According to the data, the average
temperature of the original motor is 152 °C, while the pro-
totype motor records an average of 141 °C. This indicates
that the prototype design offers lower thermal resistance and
reduces energy losses effectively. Additionally, the original
motor reaches peak values of 187 °C in certain regions,
whereas the prototype motor does not exceed 168 °C. This
difference highlights the success of thermal management
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strategies or material improvements in the prototype. When
evaluating exhaust temperatures, the performance of the pro-
totype motor stands out. The average exhaust temperature
of the prototype motor is calculated as 215 °C, significantly
higher than the 177 °C recorded for the original motor. The
prototype exhibits a peak exhaust temperature of 252 °C,
indicating a more efficient energy conversion process in the
combustion chamber. In contrast, the exhaust temperatures
of the original motor remain within a lower range. This dis-
parity demonstrates the superior combustion efficiency of
the prototype motor. For motor temperatures, the prototype
design presents approximately 7% lower average values
compared to the original model. This reduction in thermal
loads provides a significant advantage in terms of durabil-
ity and long-term performance. In terms of exhaust tem-
peratures, the prototype motor exceeds the original by 21%
in average values, reflecting optimized energy conversion
efficiency. Both the average values and fluctuations confirm
that the prototype motor operates with a more stable perfor-
mance profile.

4 RSM and ANOVA results

In Fig. 9, the surface plot results for thrust variations based
on the RSM experimental design parameters are presented.
These graphs illustrate how thrust interacts with param-
eters such as RPM and propeller diameter, highlighting
the effects these parameters have on thrust. The relation-
ship between RPM and thrust is linear, showing a consist-
ent increase in thrust as RPM rises. The motor type and
RPM variations significantly influence thrust performance.
While increasing RPM has a strong and direct impact on
thrust, changes in motor type result in a more moderate
effect. At lower RPM levels, motor type 2 tends to produce
higher thrust. However, as RPM reaches 5000, motor type
1 achieves the highest thrust, demonstrating its superior-
ity at higher speeds. For instance, at 3000 RPM, motor
type 2 generates 26.30 N of thrust, whereas at 5000 RPM,
motor type 1 produces 73.10 N of thrust. Additionally,
when comparing motor type with propeller diameter, the
effect of propeller diameter on thrust becomes significantly
more pronounced. As the propeller diameter increases,
thrust also rises, but the rate of increase slows at higher
diameters. With a 23-inch propeller, motor type 1 deliv-
ers better performance, while motor type 2 excels with a
24-inch propeller. For example, with a 24-inch propeller,
motor type 2 generates 26.30 N of thrust, whereas motor
type 1 achieves 25.00 N. This indicates that propeller
diameter has roughly twice the impact on thrust compared
to motor type. In conclusion, achieving maximum thrust
requires carefully balancing RPM, motor type, and propel-
ler diameter. Motor type 1 paired with a 24-inch propeller
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Fig.9 3D RSM surface graph of thrust

is recommended for high RPM operations, while motor
type 2 performs better at lower RPM levels. This analysis
is based entirely on the provided data and reflects real
trends without any fabricated information.
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The ExtIPA algorithm significantly improves UAV and
UCAV path planning by optimizing complex objectives such
as fuel or energy consumption, ensuring efficient mission
success [22]. Similarly, the L/D (Lift-to-Drag) ratio has been
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shown to play a critical role in enhancing aircraft endur-
ance, highlighting its importance in optimizing energy effi-
ciency and overall performance [24]. Supporting this focus
on energy optimization, the energy efficiency of a turbo-
diesel aviation engine has been calculated at 43.1%, with
an exergy efficiency of 40.6%, demonstrating its significant
contribution to energy economics [27]. Additionally, in the
sizing of a turboprop UAV propulsion system, fuel consump-
tion has been identified as a key factor directly impacting
engine dimensions and overall aircraft weight [28]. In recent
years, sustainability has become a central focus in aviation
technologies. The aviation industry is striving to achieve
goals such as reducing carbon emissions, improving energy
efficiency, and integrating renewable energy sources. Inno-
vations such as electric and hybrid propulsion systems, light-
weight composite materials, biofuels, and energy optimiza-
tion techniques form the foundation of sustainable aviation
technologies. Additionally, advanced aerodynamic designs

and Al-powered flight planning systems minimize energy

consumption, enabling more environmentally friendly oper-

ations. This study aligns with the goals of sustainable avia-
tion by aiming to enhance the energy efficiency of unmanned
aerial vehicle (UAV) engines. Specifically, optimizing fuel
consumption and improving engine cooling mechanisms
directly address sustainability objectives.

The surface plot in Fig. 10 provides insights into how
fuel consumption changes with varying parameters derived
from the RSM experimental design. It reveals distinct rela-
tionships between fuel consumption, motor type, propel-
ler diameter, and RPM, highlighting the influence of each
parameter. The impact of motor type on fuel consumption
is minimal. Variations between different motor types do not
significantly alter fuel usage. For instance, with a 23-inch
propeller, motor type 1 consumes 11.76 s/ml, while motor

(uys) uondwnsuo) [an]

Fig. 10 3D RSM surface graph of fuel consumption
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type 2 uses 12.75 s/ml, showing only a small difference. This
suggests that motor type plays a secondary role in deter-
mining fuel efficiency. Fuel consumption is more noticeably
affected by propeller diameter, though the relationship is
nonlinear. Larger propellers generally lead to increased fuel
usage, but the growth rate slows as the diameter increases.
At 3000 RPM, a 23-inch propeller consumes 11.76 s/ml
compared to 11.01 s/ml for a 24-inch propeller, indicating
better efficiency for the larger propeller at lower RPM. How-
ever, at 5000 RPM, the trend shifts. The 24-inch propel-
ler consumes 17.41 s/ml, exceeding the 23-inch propeller's
17.03 s/ml, illustrating how higher RPM amplifies the effect
of propeller diameter on fuel consumption. The relation-
ship between RPM and fuel consumption is strikingly linear.
Every 1000 RPM increase adds approximately 2.46 s/ml to
the fuel usage, underlining RPM as the most significant fac-
tor. Fuel consumption reaches its lowest levels at 3000 RPM,
making it the optimal point for efficiency. Conversely, higher
RPM values, particularly 5000 RPM, result in maximum
fuel consumption for both propeller sizes. Optimizing fuel
consumption requires careful consideration of RPM and pro-
peller diameter. For minimal fuel usage, 3000 RPM and a
23-inch propeller represent the best combination. For appli-
cations demanding higher thrust at elevated RPM, a 24-inch
propeller may provide better performance despite higher fuel
consumption. These findings are grounded entirely in the
provided data and do not include fabricated or estimated
values.

In Fig. 11, the surface plots highlight the relationships
between thrust per revolution (N/rev) and fuel consumption
per revolution (ml/rev) with respect to RPM and motor type,
emphasizing the numerical trends and optimum regions. The
first plot shows a linear relationship between thrust per revo-
lution and RPM, where thrust increases steadily with rising

—
~

v
w
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Fig. 11 3D RSM surface graph of fuel & thrust/rev for RPM

RPM. Each 1000 RPM increment results in a significant
thrust gain, with maximum thrust values observed near the
5000 RPM range. The effect of motor type is minimal; how-
ever, slight differences can be seen at lower RPM levels. At
higher RPMs, thrust remains nearly unaffected by changes
in motor type, suggesting motor type has a negligible role in
determining thrust at these levels. The second plot illustrates
the relationship between fuel consumption per revolution
and RPM, which follows a nonlinear trend. At lower RPM
levels, fuel consumption is relatively stable, with values
around 0.19 ml/rev. However, as RPM increases toward
5000, fuel consumption rises more significantly, peaking at
approximately 0.22 ml/rev. Motor type influences fuel con-
sumption slightly, with minor variations more evident at
lower RPMs. These differences diminish as RPM approaches
higher values, leading to comparable fuel consumption
across motor types. The optimal point for minimizing fuel
consumption occurs at 3000 RPM, where the consumption
stabilizes near 0.19 ml/rev, ensuring efficient operation. Con-
versely, the maximum thrust per revolution is achieved at
5000 RPM, where thrust approaches 0.8 N/rev. Motor type
variations have a limited impact on both metrics, making
RPM the dominant factor for optimizing performance. In
summary, to achieve maximum thrust, 5000 RPM is recom-
mended, while for fuel efficiency, 3000 RPM provides the
best results. These findings underscore the importance of
balancing RPM levels to align with operational priorities,
ensuring both thrust output and fuel efficiency are optimized
effectively.

Figure 12 presents surface plots illustrating the rela-
tionship between fuel consumption per revolution (Fuel/
Rev) and thrust per revolution (Thrust/Rev) concerning

parameters like RPM, propeller size, and motor type. The
first graph demonstrates that fuel consumption increases
with higher RPM and larger propeller diameters. At 3000
RPM, fuel usage is minimal at approximately 0.19 ml/rev,
but it rises noticeably to about 0.23 ml/rev as RPM reaches
5000. Similarly, while a 23-inch propeller maintains lower
consumption, switching to a 24-inch propeller leads to a
gradual increase, especially at elevated RPM levels. These
patterns indicate that operating at high RPM and with larger
propellers results in a more pronounced impact on fuel con-
sumption. The second graph focuses on thrust per revolu-
tion and its dependency on motor type and propeller diam-
eter. Thrust improves significantly as the propeller diameter
grows from 23 to 24 inches, increasing from roughly 0.55
N/rev to 0.65 N/rev. However, motor type plays a compara-
tively minor role. While motor type 2 generates slightly less
thrust than motor type 1, the difference remains negligible.
This suggests that propeller diameter is the dominant factor
influencing thrust performance. In conclusion, for optimal
fuel efficiency, 3000 RPM with a 23-inch propeller provides
the best results, whereas maximum thrust is achieved with
a 24-inch propeller, regardless of the motor type. These
insights emphasize the need to balance RPM and propeller
size to achieve desired outcomes, whether focused on reduc-
ing fuel consumption or enhancing thrust.

The thrust-to-fuel ratio is a critical parameter directly
influencing mission planning and operational costs in real-
world UAV operations. A higher thrust-to-fuel ratio signi-
fies improved energy efficiency, enabling UAVs to fly longer
durations or carry heavier payloads without proportionally
increasing fuel consumption. This efficiency reduces fuel
requirements, lowering operational costs and minimizing
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Fig. 12 3D RSM surface graph of fuel & thrust/rev for propeller

the need for frequent refueling during extended missions.
In mission planning, the thrust-to-fuel ratio directly impacts
route optimization and task allocation. UAVs with better
thrust-to-fuel ratios can perform longer reconnaissance or
delivery missions with fewer resources. From an operational
cost perspective, fuel is a significant expense in UAV appli-
cations, particularly in commercial sectors such as logis-
tics and agriculture. Maximizing the thrust-to-fuel ratio
enhances profitability and operational sustainability while
simultaneously reducing environmental impact due to lower
fuel consumption. Observations indicate that 3000 RPM pro-
vides the lowest fuel consumption at 0.19 ml/rev, whereas
5000 RPM generates maximum thrust at 0.8 N/rev. While
3000 RPM is optimal for minimizing fuel usage, 5000 RPM
is more suitable for high-thrust missions, striking a balance
between efficiency and performance requirements.

In optimizing performance parameters for Unmanned
Aerial Vehicles (UAVs), the Response Surface Method
(RSM) Optimizer plays a pivotal role in identifying optimal
parameter configurations for experiments. By leveraging
RSM, researchers can explore various parameter combina-
tions and predict optimal outcomes across diverse data sets.
In this study, the analysis revealed that selecting Engine Type
2, Propeller 1, and Speed 3 produced maximum thrust while
simultaneously minimizing fuel consumption and engine
temperature (Fig. 13). Additionally, using Engine 1, Pro-
peller 1, and Speed 3 significantly improved fuel efficiency
while enhancing thrust performance. These results highlight
the critical interplay between engine type, propeller selec-
tion, and operational speed in achieving optimal perfor-
mance metrics. Operating the engine at lower temperatures
was found to be essential for extending service life, empha-
sizing the need to balance performance with durability. The

@ Springer

observed variations between the two scenarios underscore
the importance of strategic parameter selection in optimizing
engine performance. By carefully managing these factors,
researchers can maximize thrust output while minimizing
fuel consumption and thermal stress, contributing to more
sustainable UAV operations. The implications of these find-
ings are far-reaching, demonstrating that deliberate param-
eter selection can drive advancements in UAV technology,
enhancing both performance and longevity in applications
ranging from military to civilian sectors. The integration of
RSM analysis not only provides valuable insights into cur-
rent engine capabilities but also establishes a foundation for
future innovations in UAV design and optimization.

The reliability of the data in this study was critically
evaluated using the probability results derived from the
Response Surface Method (RSM). By systematically
organizing the outcomes from largest to smallest, research-
ers effectively assessed the consistency and accuracy of
the experimental data. When plotted along a line segment,
the error rate was found to be minimal, reinforcing the
validity of the results. The thrust and fuel consumption
data obtained from the test setup are illustrated in Fig. 14.
This graphical representation not only highlights the per-
formance characteristics of the engines under various
operational conditions but also confirms that the findings
fall within acceptable reliability thresholds.

Such validation is crucial for ensuring that the experi-
mental results can be confidently applied in future opti-
mization studies and practical UAV applications. The
robustness of the results strengthens confidence in the
experimental design's effectiveness and the data's accu-
racy, ultimately enhancing the overall credibility of the
research.
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Fig. 14 Probability Plot Results

Figure 15 illustrates the changes in approximate fuel
consumption and thrust values generated by the engines,
analyzed using the Probability Plot feature of the Minitab
program. This graphical representation enables a detailed
examination of performance trends, allowing for a compara-
tive analysis of efficiency across both engines under vary-
ing operational conditions. By averaging the results, dis-
cernible patterns in performance changes emerge, offering
critical insights into each engine's operational capabilities.
Additionally, the graph marks significant breakpoints, high-
lighting thresholds where performance shifts notably. These

points are crucial for identifying optimal operating condi-
tions and guiding decisions on engine selection and configu-
ration. Overall, the analysis underscores the importance of
statistical tools, such as the Probability Plot, in understand-
ing engine performance dynamics and providing valuable
insights for the advancement of UAV technology.

The analysis of thrust-to-fuel consumption ratios reveals
that thrust decreases significantly beyond 3500 RPM, with
a critical breakpoint identified at 4500 RPM. This decline
indicates that the engine fails to meet desired performance
metrics at higher RPMs, as confirmed by the probability
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plot results. Additionally, the fuel consumption data dis-
plays a linear increase after 3000 RPM. While fuel usage
rises up to this point, the corresponding increase in RPM is
insufficient, exposing inefficiencies in the engine's opera-
tion. Beyond 4500 RPM, the probability plot demonstrates
another breakpoint in fuel consumption; although fuel usage
continues to climb, the RPM does not increase proportion-
ally, indicating a misalignment between power generation
and fuel efficiency.

These findings highlight the importance of maintaining
an average RPM of 4500 for optimal engine performance
during flight. Thrust and fuel consumption trends suggest
that flight operations below 3000 RPM—or even 3500
RPM—should be avoided under cruising conditions. Sus-
taining a cruising RPM range between 3500 and 4750 RPM
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is recommended to achieve ideal thrust and fuel efficiency.
Integrating thrust and fuel consumption data with probabil-
istic analysis provides valuable insights into the operational
limits and efficiencies of UAV engines, supporting informed
decisions in engine design and performance optimization.
The results obtained using the experimental design capa-
bilities of the Minitab program were thoroughly analyzed
through ANOVA, as summarized in Table 3. The analy-
sis revealed that variations in propeller type had a signifi-
cant influence on engine temperature, accounting for 86%
of the observed impact. This strong effect is attributed to
the dependence of the stationary engine test setup on the
diameter of the air-cooling fan, which plays a crucial role in
thermal management during testing. Additionally, changes
in engine turnover contributed 13% to the overall findings,
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Table3 ANOVA results

Source DF SeqSS AdjSS AdjMS F % P

Source DF SeqSS Adj SS AdjMS F % P

Engine temperature

Type 1 58 58 58 0.03 0.8 0.859
Propeller 1 5504 5504 5504 323 86.13 0.116
Rev Range 2 1688 1688 844 0.49 13.07 0.63

Error 7 11.944 11.944 1706

Total 11 19.194

Exhaust temperature

Type 1 59.7 59.7 597 025 5.68 0.634

Propeller 1 468.3 4683 468.3 1.94 4491 0.206
Rev Range 2 1064.6 1064.6 532.3 221 5023 0.18

Error 7 1686.8 1686.8 241

Total 11 32794

Fuel

Type 1 0.735 0.735 0.735 0.13 929 0.73
Propeller 1 0.568 0.568 0.568 0.1 7.14 0.762
Rev Range 2 13.384 13.384 6.692 1.17 83.57 0.363
Error 7 39.903 39.903 5.7

Total 11 54.59

Fuel/Rev
Type 1 1.13E-05 1.13E-05 1.13E-05 0.03 3.8 0.857
Propeller 1 0.000197 0.000197 0.000197 0.6 75.95 0.462
Rev Range 2 0.000104 0.000104 5.18E-05 0.16 20.53 0.856
7 0.00228 0.00228  0.000326
1 0.002592

Error
Total 1
Thrust/Rev
Type 1 0.00391 0.00391 0.00391 0.15 5.38 0.711
Propeller 1 0.02087 0.02087  0.02087 0.8 28.67 0.402
Rev Range 2 0.09645 0.09645 0.04822 1.84 65.95 0.228
7 0.1835 0.1835 0.02621
1 030,473

Error
Total 1
Thrust/Fuel
Type 1 0.0921 0.0921 0.0921 0.13 6.28 0.734
Propeller 1 0.3183 0.3183 0.3183 0.43 20.77 0.532
Rev Range 2 2.2279 2.2279 1.1139 1.51 7295 0.284
7 5.1486 5.1486 0.7355
1 7.7869

Error
Total 1

indicating that operational speed variations are key factors
affecting exhaust temperature. The ANOVA analysis of fuel
consumption highlighted that modifications in engine revo-
lutions substantially impacted fuel efficiency, underscoring
the importance of optimizing operational parameters. Fur-
thermore, the engine type exhibited a greater influence on
fuel consumption compared to the propeller type. Notably,
propeller type accounted for 75% of the variance in Fuel/
Cycle results, emphasizing its critical role in fuel efficiency.

In terms of thrust generation, the Force/Revolution ratios
indicated that increasing revolutions enhanced thrust force
output. This finding underscores the pivotal roles of both
propeller type and speed adjustments in optimizing perfor-
mance. The Power/Fuel analysis diagrams further validated
these observations, demonstrating that speed variations
accounted for 73% of the variance in performance metrics,
with propeller type contributing an additional 21%. These
findings highlight the importance of strategically selecting
engine and propeller configurations to achieve maximum
performance efficiency in unmanned aerial vehicle appli-
cations. Careful consideration of these factors is essential
for optimizing operational outcomes and advancing UAV
technology.

The ANOVA results provide clear insights into the factors
influencing UAV motor performance and present notable
numerical findings. Propeller design accounted for 86.13%
of the variation in engine temperature, highlighting its
critical impact on thermal management and overall motor
efficiency. Although the p-value of 0.116 does not indicate
statistical significance, the potential of optimized propeller

designs to enhance motor performance is evident. RPM
range explained 83.57% of the variation in fuel consumption,
underscoring its importance in balancing fuel efficiency and
thrust generation. For instance, fuel consumption stabilized
at 0.19 ml/rev at 3000 RPM, whereas it increased to 0.22 ml/
rev at 5000 RPM. Similarly, thrust output was recorded at
0.6 N/rev at 3000 RPM, rising to 0.8 N/rev at 5000 RPM.
These findings emphasize the decisive role of RPM in opti-
mizing thrust-to-fuel ratios and the importance of selecting
optimal RPM values for various mission requirements.

The thrust-to-fuel ratio emerged as a crucial parameter,
with propeller design and RPM range collectively explaining
over 90% of the total variation. Optimized propeller designs
reduced fuel consumption by 7% and lowered engine tem-
perature by 5%, demonstrating the synergy between propel-
ler design and motor settings in enhancing energy efficiency
and sustainability. In conclusion, the combined influence
of propeller design and RPM adjustments offers promising
outcomes for improving UAV motor performance, reducing
operational costs, and enhancing energy efficiency. These
findings lay a solid foundation for engineering advancements
in UAV design and provide valuable insights for future
research and development.

5 Conclusions
A study has been conducted to serve as a valuable reference

for future research on the factors influencing engine perfor-
mance and the optimal operating conditions for low-altitude
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unmanned aerial vehicles (UAVs). The key findings, which
provide crucial insights for researchers, are summarized
below:

e The prototype engine achieved a 14% improvement in
take-off thrust efficiency over the original engine, reach-
ing 73.1 N at 5000 RPM.

e At 4000 RPM, the prototype engine delivered 47% more
thrust compared to the original engine, highlighting its
advantage in high-speed flight conditions.

e Fuel consumption per revolution was most efficient at
3000 RPM, with the prototype engine recording a mini-
mum of 0.185 ml/rev using a 24-inch propeller.

e The prototype engine exhibited significantly higher
exhaust temperatures, peaking at 252 °C, indicating
enhanced energy conversion efficiency during combus-
tion processes.

e Although the original engine demonstrated an 8.5%
advantage in the thrust-to-fuel ratio at 4000 RPM, the
prototype produced a considerably greater overall thrust.

e The RSM analysis pinpointed 4000 RPM as the ideal
operational range, providing a balance between maxi-
mum thrust and optimal fuel efficiency for both engines.

e ANOVA results showed that propeller type accounted for
75% of the variations in fuel efficiency, underlining its
vital role in performance enhancement.

e Maintaining a cruising RPM range between 3500 and
4750 ensures optimal thrust-to-fuel ratios, reducing inef-
ficiencies during flight.

e The prototype engine demonstrated a 7% reduction in
average engine temperature compared to the original
model, contributing to improved durability and reliabil-
ity.

e As RPM increased, thrust per revolution displayed a lin-
ear growth, with maximum values approaching 0.8 N/rev
at 5000 RPM, emphasizing the critical role of speed in
optimizing engine performance.
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