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Abstract

This paper investigates the impact of tubed propeller design on the energy efficiency and
acoustic emissions of sub-250 g quadcopters. This study was motivated by the growing
popularity of ultralight UAVs and the lack of experimental data addressing the trade-offs
between noise, efficiency, and mass. Ten drone configurations with varying tube geome-
tries and tip clearances were constructed using 3D-printed PLA+ frames and identical
propulsion components. Experimental tests were conducted in a reverberation room to
measure sound pressure levels and onboard energy consumption during hover. The results
show that tubed configurations are 3–6.5 dB louder than untubed ones, with a noticeable
shift toward higher frequencies. While tubes increased total power demand by 18–37%
compared to the lightest design, they also reduced it by 3–17% relative to untubed drones
of the same mass. The findings demonstrate that tubing improves aerodynamic efficiency
only under same mass constraints and is most beneficial when mechanical protection is
prioritized over noise and endurance.

Keywords: drones; quadcopter; energy consumption; noise emission

1. Introduction
Unmanned aerial vehicles (UAVs) are becoming increasingly popular, including those

for personal use. As their numbers in the airspace grow, new challenges arise in terms of
safety, efficiency, and environmental impact. Parameters such as noise level, range, flight
time, and energy efficiency are particularly important, as they determine the practical
usefulness of a given platform. In this study, the term tubes is used to describe simplified,
lightweight tubular enclosures with rounded inlets, which differ from aerodynamically
optimized ducted propulsion systems commonly discussed in the literature.

The use of new lightweight materials and manufacturing methods, such as 3D printing
and advanced polymers, has also improved UAV performance characteristics by enhancing
stiffness-to-weight ratios and vibration resistance [1]. Recent research also emphasizes the
importance of modal analysis in understanding the dynamic properties of UAV structures
made from advanced composites. Such studies enable better prediction of vibration modes,
fatigue behavior, and overall structural integrity, which are crucial for ensuring reliability
and optimizing lightweight designs [2]. In urban environments, total energy consumption
and the weight of additional components, which affect operating costs, mission reliability,
and noise emissions, are also key factors. Legal regulations that categorize drones according
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to takeoff weight further reinforce the importance of the ultralight class. In the European
Union, the most lenient regulations apply to UAVs weighing less than 250 g. It is in this
group that quadcopter designs dominate, combining simplicity of control with stability
while remaining within the demanding weight restrictions.

In recent years, acoustic challenges have gained increasing attention [3,4]. Although
these studies concern mechanical and hydraulic systems, the underlying phenomena of
pulsating pressure waves and resonance coupling remain relevant to the noise generation
mechanisms in small UAV propulsion systems. The noise generated by rotors becomes
particularly bothersome in urban environments, where it can negatively affect the comfort
of residents and lead to additional regulatory restrictions [5]. One of the technical solutions
that may allow both for reducing noise emissions and improving propeller efficiency are
tubes surrounding the rotor. They also serve a protective function, protecting the rotors
from damage and reducing the risk of contact with obstacles or users. Such protective
enclosures are commonly employed in indoor flight operations and in cluttered or confined
environments, where the risk of collision is significantly increased.

The aim of this study is to evaluate the practical impact of introducing lightweight
ducted enclosures into a standard ultralight quadcopter platform. The tubes investigated
in this work are simplified, duct-inspired enclosures rather than fully optimized ducted-fan
systems. This study focuses on evaluating whether the addition of such simplified tubes to a
conventional quadcopter configuration leads to measurable changes in energy consumption
and noise emission beyond the well-known protective function. The investigated approach
reflects realistic implementation scenarios, where tubes are added to existing designs
under strict mass and geometric constraints. This study therefore emphasizes system-level
behavior of a complete flying platform, providing application-oriented insight into the
actual benefits and limitations of tubed solutions in the sub-250 g UAV class.

2. Related Work and Background
Quadcopters are by far the most popular type of unmanned aerial vehicle in com-

mercial applications due to their versatility and ease of control. With the popularization
of these platforms, requirements are growing not only in terms of range and flight time,
but also in terms of their impact on the environment—primarily noise emissions and total
energy consumption. In urban environments, acoustic issues are particularly important:
sound levels and spectrum determine the acceptability of operations, regulatory restrictions,
and public perception [6]. Research shows that components in the 100–600 Hz range and
tonal frequencies associated with the blade number (blade passage frequency, BPF) are
particularly annoying to the human ear and are perceived as irritating [7,8]. Other studies
have shown that drones are rated as more acoustically annoying than traditional traffic at
similar sound pressure levels, which is associated with their characteristic spectrum and
pulse repetition [9].

An alternative to noise reduction at the blade geometry level are toroidal propeller
concepts, which have shown lower acoustic emissions in laboratory tests compared to
conventional designs [10]. However, this solution is associated with problems in precise
control resulting from greater mass and aerodynamic drag [11]. In addition, due to the
need to use delicate and difficult to manufacture blades, propellers of this type have not
yet found widespread commercial application.

A more common method of improving acoustic and aerodynamic properties is using
ducts. In addition to their potential impact on noise emissions, they also serve a protective
function—they reduce the risk of mechanical damage to the rotor and increase the safety
of operations in urban environments [12]. The duct can further reduce noise emissions by
partially shielding the rotor and disturbed airflow from the environment [13], and in some

https://doi.org/10.3390/aerospace13020182

https://doi.org/10.3390/aerospace13020182


Aerospace 2026, 13, 182 3 of 16

conditions also increase thrust, which translates into energy efficiency [14]. However, this
effect occurs mainly at higher rotational speeds, which limits its practical significance in
small drones [15].

Research shows that properly designed tubed propellers can suppress specific tonal
components (e.g., BPF) and increase efficiency in selected operating ranges, but this effec-
tiveness depends on parameters such as inlet geometry, tip clearance, and tube length [16].
Practical implementation in ultralight platforms poses a major challenge—the weight of
additional components forces the use of simplified geometry, which offers only partial
benefits. Most of the available work focuses on laboratory designs aimed at maximizing a
single selected feature (e.g., thrust or noise reduction), rarely taking into account the weight
or geometric constraints that determine real-world usability [17,18].

An additional aspect is the propulsion configuration. The use of a pusher rotor system
instead of a tractor system can improve the efficiency of the propulsion system [19]. The
stream of accelerated air then bypasses the arms, which reduces their resistance and can
reduce energy consumption [20]. On the other hand, this configuration increases the rotor’s
exposure to disturbed flow conditions, which leads to increased noise emissions and drag
at higher speeds. The literature comparing pusher and tractor configurations in multi-rotor
aircraft is very limited; most studies refer to propeller-driven models in unmanned air-
planes [21,22]. In the case of multi-rotor drones, the main practical problem remains limited
ground clearance, which complicates the installation of rotors in a pusher configuration.

Aeroacoustic testing of drones is often conducted in laboratory conditions, using
test benches or dynamometers, which allows for precise control of propeller operating
parameters and measurements [23]. Although this approach facilitates the analysis of the
impact of individual variables (e.g., propeller diameter, rotational speed, or tube geometry),
it does not fully reflect real-world conditions. During flight, additional installation effects
occur—flow disturbances caused by the presence of arms, fuselage, and sensors, variable
angles of attack, and interactions with neighboring rotors, as well as additional movement
required to maintain position. Field studies, [24], show that the acoustic spectrum recorded
in flight differs from that in stationary conditions, especially in terms of tonal components,
which is important in assessing nuisance.

Measurements taken in anechoic chambers or on a dynamometer allow for repeata-
bility and eliminate the influence of environmental conditions, but at the same time often
overestimate the estimated efficiency of the drive and underestimate the noise emission
level. The differences between in-flight and static measurements can reach up to several
decibels in the dominant frequencies [25]. This highlights the need to supplement labora-
tory tests with in-flight experiments, especially if the goal is to assess acoustic perception in
an urban environment.

Although previous studies have investigated the aerodynamic and acoustic benefits
of using tubes, they often focus on isolated propeller assemblies or larger unmanned aerial
vehicle platforms, without considering the practical limitations imposed by ultralight
unmanned aerial vehicles. Furthermore, most analyses optimize tube geometry under ideal
conditions, while relatively few studies undertake experimental validation on actual drones
with strict weight and size constraints. The aim of this study is to fill this gap by directly
evaluating the impact of lightweight tubes on acoustic emissions and energy consumption
in a practical multi-rotor configuration.

3. Methods
3.1. Choosing Research Criteria

To enable a reliable comparison of the results, it was assumed that all designs should
meet the following criteria:
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• Similar total weight, below 250 g;
• Quadcopter;
• Unchanging electronic components;
• Unchanging power source;
• High-efficiency drive train—BLDC motor + propeller.

Given the above assumptions and identical test conditions, any differences in the
measurement results can only be attributed to the configuration of the tubes, and not
to differences in weight or type of components. Ultimately, a UAV equipped with the
following components was built for testing:

• Happymodel EX1404 3500 kv BLDC motors (Quzhou city, China) with Gemfan 4024
propellers (Ningbo City, China) (4 inch or 102 mm diameter);

• Speedybee f405 AIO flight controller (Shenzen, China);
• Matek 3901-L0X optical flow sensor (Shanghai, China);
• Redox 3 s 1500 mAh battery (Shenzen, China);
• Radiomaster ELRS control equipment (Shenzen, China);
• INAV 8.0.1 software.

All tested configurations employed identical, commercially available propellers in both
tubed and untubed setups. This choice was intentional and reflects the practical scope of this
study, which focuses on typical sub-250 g quadcopters rather than fully optimized tubed
propulsion systems. At this scale, propellers specifically designed for tubed operation are
rarely available and are not commonly used in multirotor UAVs. Even if custom-designed
tube-optimized propellers were employed, they would necessarily be tailored to different
motor characteristics—rotational speed, torque, and power range—introducing additional
variables and preventing a controlled comparison. In such a case, it would no longer
be possible to isolate the influence of the tube itself, which was the central objective of
this study.

In practical applications, the weight of full-size tubes proves to be a problem. Their
implementation in ultralight structures would lead to a significant increase in weight,
which directly translates into a reduction in flight time—and thus a reduction in one of
the key parameters that the tubes were supposed to improve, namely energy efficiency.
Therefore, in this work, it was decided to use tubes reduced to the absolute minimum. The
choice of a pusher configuration also made it possible to reduce the dimensions of the tube,
as the geometry of the inlet is crucial for aerodynamic efficiency [26], while the outlet can be
optimized to minimize weight as in Figure 1. In this configuration, the engine itself, located
at the tube inlet, will move the propeller away from the inlet to the appropriate distance.

Figure 1. Comparison of pusher (left) and tractor (right) configurations.

Although both tractor and pusher configurations are discussed in the literature, this
study intentionally focuses on a pusher arrangement for all tubed configurations. The
choice was driven by strict mass and size constraints characteristic of ultralight UAVs. The
pusher configuration enables a more compact tube geometry by placing the motor at the
inlet, effectively shifting the propeller plane downstream without extending the tube length.
This approach minimizes total structural mass while maintaining acceptable aerodynamic
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performance. Consequently, tractor configurations were not experimentally evaluated, as
the objective was not to compare propulsion layouts, but to assess the practical impact of
adding lightweight tubes to a conventional sub-250 g quadcopter.

3.2. Tested Configurations

In order to prepare the structure, a detailed 3D model was created in CAD software
(OnShape), as shown in Figure 2, which was then used to manufacture the components
using FDM 3D printing on Anycubic Kobra S1. All structural components of the drone
were made of PLA+ material, which allowed for a favorable compromise between stiffness
and weight. Ultimately, the platform with tubes reached dimensions of 235 × 235 mm
while achieving a weight of approximately 240 ± 2 g for each configuration, while the
structure without tubes and additional weight weighed 200 g, which means a difference of
about 20% in weight.

Figure 2. Completed 3D CAD model of the tested quadcopter.

Ten UAV configurations with identical frames and components were tested. The
configurations differed only in the presence of propeller tubes and, in one case, in total
mass. Among the nine configurations with a take-off weight of 240 g, one had no tubes,
while eight featured tubed propellers with various geometric parameters. An additional
reference configuration without tubes, weighing 200 g, was also tested for comparison. The
detailed configurations are listed in Table 1.
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Table 1. UAV configurations tested.

No. Tubes Weight [g] Designation

1 No 240 no tubes—240 g

2

Yes 240

1 × 1 × 1—240 g
3 1 × 2 × 2—240 g
4 1 × 3 × 3—240 g
5 1 × 3 × 8—240 g

6

Yes 240

1.5 × 1 × 1—240 g
7 1.5 × 2 × 2—240 g
8 1.5 × 3 × 3—240 g
9 1.5 × 3 × 8—240 g

10 No 200 no tubes—200 g

The tube designs were selected so that the first parameter indicates the tip clearance,
the second parameter defines the radial distance between the propeller tip path and the
internal tube wall, i.e., the additional radial offset that determines the maximum internal
inlet diameter of the tube, and the third parameter defines the axial extent of the inlet
rounding, i.e., the distance between the lower rounded edge and the upper edge, as shown
in Figure 3. The propeller rotation plane was located 20 mm downstream from the tube
inlet in all configurations, corresponding to 39.4% of the propeller radius, while the tube
outlet was positioned 4 mm downstream of the propeller plane, corresponding to 7.9% of
the propeller radius. A simplified geometry of the roundings was chosen, especially in
the outlet section, due to space and mass limitations; no significant differences resulting
from different shapes of the roundings in the inlets were found in similar studies. The
design of the tested tubes considered the key geometric parameters commonly identified
in tubed-rotor research, namely tip clearance, tube area ratio, and inlet geometry. Tip
clearance was treated as an explicit experimental variable and investigated at two values of
1.0 mm and 1.5 mm, corresponding to approximately 2% and 3% of the propeller radius.
Smaller clearances were experimentally excluded due to mechanical interference between
the propeller and the tube, making them impractical for reliable operation at this scale.

The tube area ratio was maintained within a comparable range across all tested
configurations, varying from approximately 104% to 112% relative to the propeller disk
area. The area ratio was defined as the ratio of the effective tube inlet area to the propeller
disk area, accounting for the propeller radius, tip clearance, and inlet wall thickness. This
approach allowed the influence of local geometric features, such as inlet rounding and
axial extent, to be investigated while avoiding additional mass penalties associated with
increasing the overall tube diameter, which is a critical constraint in sub-250 g UAV designs.

The inlet geometry was intentionally simplified and implemented as rounded edges
rather than analytically optimized airfoil profiles. At the scale considered in this study,
low Reynolds numbers, surface roughness, and manufacturing tolerances inherent to FDM
3D printing significantly limit the practical benefits of highly optimized inlet geometries.
Moreover, the primary objective of this work was not to develop an aerodynamically
optimal tube, but to evaluate whether the addition of lightweight, minimally sized tubes to
a conventional sub-250 g quadcopter—using standard propulsion components—provides
measurable energetic or acoustic benefits beyond the protective function. The adopted inlet
geometry therefore represents a realistic and application-oriented compromise while still
preserving the dominant flow features relevant to the investigated phenomena.
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Figure 3. Definition of tube markings on 1 × 3 × 8 tube.

3.3. Test Conditions

The experiments were conducted in the reverberation room at the Wrocław University
of Science and Technology, designed to minimize background noise and control reflec-
tions. This chamber allows for repeatable measurements of airborne noise with minimal
external interference. Based on ANSI S1.21-1972 [27], the chamber provides stable and
repeatable conditions suitable for comparative studies. Measurement points were deter-
mined by a team of acoustic experts who assessed the chamber’s suitability for airborne
noise experiments.

Four microphones were positioned at specifically designated points in the diffuse
field of the chamber (Figure 4). Three of them were arranged in a line approximately 1 m
from the hovering drone, which was maintained at a height of ~1 m above the ground to
reduce in ground effect, but low enough to still use optical flow positioning. The fourth
microphone was placed 1 m behind the central microphone along the same line. This
configuration allows for averaging over the diffuse field, reducing the influence of the
quadcopter’s directional radiation pattern on the measured sound power, in line with the
approach discussed by Zamponi et al. [28]. The UAV was oriented with its front facing the
reference microphone, and all measurements were averaged across the four microphones.

Sound measurements lasted 10 s, during which the drone maintained a stable position
with the assistance of an optical flow sensor, reducing drift and orientation changes that
could affect the acoustic results Signals were sampled at 131 kS/s, exceeding the Nyquist
requirement by more than a factor of 10 to ensure accurate amplitude spectra across the full
frequency range. Although measurements were performed for the full audible spectrum
(10–20,000 Hz), further acoustic analysis was conducted in octave bands between 125 and
8000 Hz. In reverberant conditions, narrowband tonal components are blurred due to
reflections; thus, the use of one-third and octave bands provides a reliable representation
of overall sound energy. Additionally, the sound power calibrations were performed in
these bands, ensuring repeatable and comparable results for different UAV configurations.
Prior to the measurement series, the equipment was calibrated using a pistonphone (see
instrument data in Figure 4).
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Figure 4. Reverberation room (RR) configuration. OB—test object (drone), MC—condenser mi-
crophones with preamplifiers, B&K Type 4165 + 2639, DAQ—data acquisition system, B&K Type
3050-A-040, CAL—acoustic calibrator (pistonphone), B&K Type 4220, PC—Personal Computer.

Energy consumption measurements were performed directly on the drone—the device
recorded the current and voltage values via a blackbox, and the data was later read using
Blackbox Decoder software (Blackbox tools 0.4.3). The power consumption measurement
also lasted 10 s, with simultaneous recording of the acoustics. A power consumption graph
was created from the collected data, from which the average energy consumption of the
drone was calculated. Thanks to simultaneous measurements, it is possible to directly
compare noise levels and energy consumption under the same operating conditions.

4. Experimental Results
4.1. Sound Level and Frequency

The recorded acoustic data were used to determine the sound power levels in the
range of 125–8000 Hz for each tested configuration (Figure 5). Analysis of the results
indicates that for configurations with tubes (at the same take-off weight of 240 g), there is
an increase in the overall sound power level.

Further examination of the octave-band acoustic pressure levels (Figures 6 and 7)
shows that the 240 g UAV without tubes exhibits a dominant contribution in the 500 Hz
octave. It should be noted that octave-band spectra do not resolve narrowband tonal
components; therefore, this analysis focuses on comparing the total energy within each
octave band rather than individual tones. All tubed configurations, however, result in a
significant increase in high-frequency noise (4000 Hz and 8000 Hz octaves), corresponding
to aeroacoustic noise, which strongly influences the overall sound power level.

https://doi.org/10.3390/aerospace13020182
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Figure 5. Sound power levels of the UAV within the 125 Hz–8 kHz frequency range for the tested
configurations.

Figure 6. Octave-band spectrum of the UAV’s acoustic pressure for the tested configurations—bar
plot representations.

Due to 200 g UAV without tubes lower mass and, consequently, reduced rotor speed,
it exhibits a dominant contribution in the 250 Hz octave rather than the 500 Hz octave
observed for the 240 g configuration. Low-frequency components (250 Hz and 500 Hz
octaves) are particularly annoying to the human ear and are perceived as irritating. Addi-
tionally, the lower mass of this configuration (20% lighter) results in a markedly the lowest
overall sound power level. This approach is appropriate for evaluating the overall acoustic
impact of the different UAV configurations.

https://doi.org/10.3390/aerospace13020182
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Figure 7. Octave-band spectrum of the UAV’s acoustic pressure for the tested configurations—step
plot representations.

4.2. Power Efficiency

During the tests, power consumption during flight was determined by recording the
average power over 10-s periods of stable operation (Figure 8). The drone without tubes
and without additional weight (200 g) showed power consumption of 25.5 W (Figure 9). In
contrast, the variant with increased weight (240 g, also without tubes) consumed an average
of 36 W, which is an increase of approximately 42% compared to the lighter configuration
(no tubes—200 g) (Figure 10). In the case of drones with tubes, the lowest average power
consumption was observed in both tested tip clearances in the #×3 × 3 configuration
(corresponding to the 3 × 3 lip geometry). Compared to the 200 g drone, this value was
about 18% higher (despite a 20% increase in weight), while compared to the 240 g drone
without tubes, it was about 17% lower. The highest energy consumption was recorded in the
3 × 8 and 1 × 1 lip geometries (for both tip clearances), suggesting that an excessively long,
narrowing channel does not improve efficiency compared to a non-extended narrowing,
and that minimal rounding provides only a limited improvement. In addition, tubes with a
1 mm gap from the propeller performed significantly worse, suggesting the appearance of
minimal friction, or due to the scale of the tubes, losses resulting from fluid viscosity. The
results are summarized in Figure 9.
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Figure 8. Power consumption of all UAV configurations during a 10-s hover.

Figure 9. Mean power consumption for all drone types.
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Figure 10. Mean power consumption difference for all drone types relative to the 240 g no-tube
configuration.

5. Discussion
The experiments clearly demonstrated the practical implications of using tubed pro-

pellers in ultralight quadcopters from both energetic and acoustic perspectives. The com-
parison of sound power level and electrical power consumption for all tested configu-
rations is presented side by side in Figure 11. Compared to the untubed, lighter (200 g)
baseline configuration, the installation of tubes resulted in an increase in sound pressure
level of approximately 5–6.5 dB. When compared to an untubed configuration with the
same total mass as the tubed variants, the noise increase remained noticeable at around
3–4.5 dB (Figure 5). The noise spectrum also shifted significantly towards higher frequen-
cies (Figures 6 and 7). Tubed configurations exhibited higher dominant frequencies, which
is particularly relevant for human perception and noise annoyance in urban environments.
This increase is not only due to the higher thrust required to carry the additional tube
mass but also to edge-related aerodynamic phenomena around the tube, which shift the
tonal content upward. This effect could likely be mitigated through surface smoothing or
post-processing of 3D-printed tubes to reduce boundary irregularities.

The results obtained in this study are consistent with prior findings indicating that
propeller–tube interaction strongly depends on geometric compatibility [29]. In contrast to
studies focused on fully optimized tubed propulsion systems, the present work intention-
ally evaluates standard open-rotor propellers operating inside lightweight tubes, reflecting
realistic ultralight UAV implementations rather than idealized configurations. From an
energetic standpoint, the results show that tubed configurations increased average in-flight
power consumption by 18–37% compared to the lightest untubed (200 g) variant. However,
when compared to an untubed configuration of the same total mass (240 g), the tubes pro-
vided energy savings in the range of 3–17% (Figure 10), which aligns with trends reported
in the literature. Many previous studies do not account for the mass of the tubes themselves,
leading to the simplified conclusion that tubes inherently improve efficiency. In practice,
this additional mass often negates the potential energy benefit, which explains why fully
tubed drones are rare in commercial applications. Manufacturers typically prioritize flight
time, simplicity, and low mass, as a result, the benefits of tubing appear primarily when
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propeller protection or operation in cluttered environments is required, and when there is
sufficient mass budget available.

Figure 11. Comparison of sound power level and mean power consumption for the tested UAV
configurations.

The results for different tube geometries revealed clear design-dependent trends. The
1 × 3 × 3 and 1.5 × 3 × 3 configurations achieved the best energy–acoustic trade-off, with
the smallest noise increase and the most favorable power balance. In contrast, tubes with
longer narrowing channels (3 × 8) or minimal inlet rounding (1 × 1) performed the worst,
suggesting that excessive length or overly tight curvature increases aerodynamic losses
and unfavorable acoustic effects. In practical terms, short, moderately rounded tubes offer
the best compromise.

The inferior performance of 1 mm tip clearance compared to 1.5 mm can be explained
by several flow mechanisms near the blade tip. A very narrow gap increases viscous losses,
leading to higher friction and local energy dissipation, which become significant at small
scales and low Reynolds numbers. Moreover, a minimal clearance increases the risk of
blade–tube contact or near-contact during deformation and vibration, adding further losses.
Tight gaps can also amplify tip leakage vortices and induce flow separation near the blade
tip, which reduces effective lift. For these reasons, a slightly larger clearance is preferable
in practical designs, offering a better balance between reduced leakage and minimized
viscous and mechanical losses.

From an application perspective, tubed configurations are only advantageous when a
mass budget is available and the primary design goal involves mechanical or operational
protection, rather than pure endurance. If maximum energy efficiency is the sole criterion
under strict mass constraints, adding tubes is typically not worthwhile.

6. Conclusions
This work provides one of the first physical experimental comparisons between tubed

and untubed drones in the sub-250 g UAV class. Unlike most previous studies, which
rely primarily on numerical simulations or static thrust stand measurements, this paper
evaluates real flying prototypes, assessing both energy consumption and acoustic emissions
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under comparable flight conditions. The experiments reveal several key insights into the
applicability of tubed configuration for ultralight multirotors. Two main conclusions can
be drawn from the presented results:

1. Noise: Tubed configurations are consistently louder than their untubed counterparts,
regardless of whether the comparison is made against a lighter platform or one
with the same overall mass. The tubes not only increase the overall sound pressure
level by approximately 3–6.5 dB but also shift the frequency spectrum toward higher
frequencies, which is particularly relevant for urban noise perception.

2. Energy consumption: Tubes can improve overall system efficiency in hover, but this
effect is only observed when comparing configurations of equal total mass. When
the tubed UAV is compared to a lighter, untubed version, the additional weight of
the tubes leads to a significant increase in power consumption—in some cases, by as
much as 18–37%. This highlights the importance of including the mass penalty of
the tubes in any meaningful performance evaluation. Tests limited to static thrust
measurements can therefore be misleading, as they ignore the additional power
required to sustain flight with the extra weight.

Overall, the use of tubes in ultralight UAVs is generally not beneficial if the primary
design goals are minimizing noise and energy consumption. Their use may be justified
mainly when mechanical protection or operation in constrained environments is prioritized
over endurance and acoustic performance. For future work, it is recommended to:

• Investigate aerodynamically optimized but ultra-lightweight tube designs, since the
most efficient aerodynamic geometries are typically large and heavy, making them
impractical for UAVs.

• Focus on minimizing tube size and weight rather than maximizing aerodynamic
performance alone.

• Evaluate tubes within specific application scenarios, where their protective benefits
may outweigh the efficiency losses.

• Explore alternative control strategies and more advanced flight conditions to further
understand their impact on real-world performance.
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