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Abstract

Despite increasing interest in toroidal propellers and their potential for noise reduction, comprehensive peer-reviewed studies assessing their acoustic performance remain scarce and limited in scope. To address this gap, this study presents a comprehensive evaluation of the acoustic and aerodynamic performance of a commercially available 5-inch two-loop toroidal quadcopter propeller at hover conditions. We conducted measurements both on a static test rig and during in-flight operation, comparing the toroidal propeller with two conventional propellers of identical diameter. Test rig experiments enabled precise control of operating conditions, acoustic characterization at multiple emission angles, and direct determination of aerodynamic efficiency. Our results show that the toroidal propeller produced the highest A-weighted sound pressure levels at all typical hover thrust levels and emission angles. In contrast, the high-pitch baseline propeller exhibited up to 10 dB lower SPL, albeit at the expense of aerodynamic efficiency. The low-pitch baseline propeller showed higher efficiency than the toroidal design and still exhibited up to 5 dB lower SPL, depending on the thrust level. These results indicate that, at hover conditions, the tested toroidal propeller provides no noise or efficiency advantage over conventional propeller blades.
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1 Introduction
With the growing commercial and public use of drones in recent years, concerns regarding increasing noise pollution have emerged [1]. However, comprehensive standards and guidelines for monitoring environmental noise emissions and their impact on humans and wildlife do not exist yet. Currently, regulations mainly address maximum sound power levels for unmanned aircraft systems (UAS) based on their weight-related class (Commission Delegated Regulation (EU) 2019/945 [2]), as well as standardized procedures for UAS noise measurements (e.g., EASA guidelines and ISO 5305:2024 [3, 4]). In numerous recent studies, strategies for reducing drone noise have been investigated. These can broadly be divided into approaches focusing on flight trajectory optimization and approaches targeting noise reduction at the source, i.e., the UAS itself. The latter category includes a wide range of measures, such as modifications of drone geometry to reduce aerodynamic interactions, the use of propeller shrouds or ducting, and the optimization of the propeller design for the drone sub-category multicopters, where the propellers are the main noise source. One such proposed noise reduction approach is the use of toroidal propellers, also known as “loop(ed) propeller”, “looprop”, or “donut propeller”, which were patented by researchers at MIT in 2017 [5]. Their goal was to increase blade stiffness and reduce radiated noise by shaping the blades as loops. Since then, a variety of studies have been published to examine the noise reduction potential of toroidal propellers [6–8]. Reported effects vary widely, ranging from slight increases in overall noise to reductions of up to 20 dB. These discrepancies can largely be attributed to substantial differences in experimental methodologies and scope among existing studies. They are either limited in frequency range [8], consider only a subset of relevant sound-generation mechanisms [6, 7], rely solely on simulations without experimental validation [6, 7], do not consider installation effects [6–8], or combine several of these limitations. In addition, these studies generally exhibit medium to low reproducibility. Other attempts to demonstrate the noise reduction potential of toroidal propellers have been presented in conference papers [9, 10], reporting noise reductions in the range of 2–10 dB. In addition, a wide variety of studies and opinions on the noise reduction potential of toroidal propellers exist in other publicly accessible media. Despite the three peer-reviewed journal papers and conference papers mentioned above, scientific literature without the aforementioned limitations does not exist at the time of publication.
To address this gap, we assess the noise reduction potential of a commercially available toroidal propeller while avoiding the limitations of previous studies by performing comprehensive experimental measurements instead of relying solely on simulations and by considering the total emitted noise over the full relevant frequency range and at different thrust levels. We therefore conduct measurements of single propellers on a static test rig, compare a commercially available two-loop toroidal propeller with two conventionally shaped propellers, and determine their aerodynamic efficiency. To account for installation effects, which are known to significantly influence emitted sound [11], and validate the results obtained by static measurements, we measured all propeller types in-flight, mounted on a quadcopter. Our focus is on the directivity of sound emission in directions relevant for ground-based observers. To better understand the large spread reported in the literature regarding the noise reduction potential of toroidal propellers, we additionally reassess previously published studies with respect to their measurement methodologies and inherent limitations.
In Section 2, we critically review previous scientific publications on the noise reduction potential of toroidal propellers. Section 3 describes our measurement methods. Section 4 presents the acoustic measurement results. In Section 5, we discuss these results in the context of earlier studies and describe the limitations of our measurements. Finally, Section 6 offers our conclusions.
2 Literature review
We classify previous studies on the noise-reduction potential of toroidal propellers into two categories. The first category comprises studies that use computational methods only. The second category includes studies that combine computational methods with acoustic measurements. We provide a summary of our findings in Tables 1 and 2.
Table 1. 
Overview of methodologies, noise modeling/measuring approaches, and frequency ranges in studies on toroidal propeller noise. Abbreviations: FW–H: Ffowcs Williams–Hawkings Analogy, BL: Boundary Layer Source Model, BEM: Boundary-Element Method, BB: Broadband.

Table 2. 
Extension of Table 1. Reported noise reduction potential, reproducibility (qualitative author assessment), and aerodynamic performance assessment of toroidal propellers. Abbreviations: OASPL: Overall A-weighted sound pressure level, BPF: Blade passing frequency, RANS: Reynolds-Averaged Navier–Stokes method, CFD: Computational Fluid Dynamics.

2.1 Simulation-based studies
Li et al. [7] used a combination of CFD simulations to optimize the propeller geometry of a two-loop toroidal propeller (206 mm diameter), combined with the Farassat 1A formulation [12] to calculate the propeller noise, and a steady RANS (Reynolds-Averaged Navier–Stokes) simulation to calculate the aerodynamic efficiency. The Farassat 1A formulation is an analytical solution for calculating thickness and loading noise. Within their optimization framework, they run the propeller at a constant thrust of 2.2 N and compared its noise signature against a baseline 2- and 4-bladed propeller (also optimized within their framework) with regard to aerodynamic efficiency and noise emission. Despite their finding of the toroidal propeller having the lowest aerodynamic efficiency, they calculated the toroidal propeller to have an up to 4 dB lower SPL than a conventional 2-bladed propeller, but shows an 18 dB higher SPL than a 4-bladed conventional propeller. Within a validation study of their noise calculations for a single propeller against measurement data, however, they found differences of at least 4 dB for the pure tone at blade passing frequency (BPF), and up to several tens of decibels for its harmonics. Whether their results for optimizing the propeller geometry via CFD also show large deviations compared to measurements, should be tested in a validation campaign. By using the Farassat 1A formulation, only tonal, but no broadband components are considered. However, broadband noise can contribute significantly to the total noise emission and even dominate at certain frequency ranges [13] and should be included.
Lee and Choi [6] compared various two-loop propellers (183 mm diameter) against conventional 2-bladed propellers via CFD-simulation in ANSYS Fluent. To calculate the noise emission, they used Proudman’s formula for isotropic turbulence [14] combined with a boundary layer source model. They thereby only consider broadband noise (self-noise, no interactions). They ran the propellers at a constant speed of 5500 revolutions per minute (RPM), which, according to their simulations, produces approximately 3 N of thrust throughout all types. They found that the toroidal propeller requires twice the input power of a conventional propeller and also shows a slightly higher SPL. However, since their study does not consider tonal components, which are often dominant in propeller noise (e.g. [15, 16]), it is difficult to put the results into perspective to other measurements that consider all noise mechanisms of propellers (tonal and broadband).
2.2 Measurement-based and -supported studies
Wei et al. [8] compared a two-loop toroidal propeller with a conventional two-bladed propeller (208 mm diameter). They computed thrust and torque using RANS and derived acoustic monopole and dipole sources via the Ffowcs Williams–Hawkings analogy (FW–H, acoustic analogy for sound generated by turbulent flows around solid bodies). Far-field sound was predicted by using the boundary-element method (BEM). For measurements, they installed a circular microphone arrangement for angle-dependent sound pressure measurements in an anechoic chamber. At the same rotational speed, they simulated a 200% thrust increase for the toroidal propeller compared to the baseline and up to 8% increased efficiency, and – at equal thrust (∼1.38 N) – a 5.2 dB noise reduction radially and 19.6 dB axially. Despite the strength of combining simulation and measurements, this study comprises several weaknesses. It omits key details on how thrust and torque were simulated, as they provide too little details on their simulation settings. More importantly, for the acoustic evaluation, their spectral comparisons of measurement versus simulation cover only up to 1 kHz (measurement) and 2 kHz (simulation) and show large discrepancies in tonal levels. Their claim that “high-frequency and small-scale vortices have minimal impact on overall noise performance” should be interpreted with caution, since high-frequency content significantly affects drone noise and varies with direction (see Sect. 4, and e.g., [17]). Without validation of thrust and torque calculation accuracy or comparison to measurements, their equal-thrust acoustic comparison might also be considerably shifted. Regarding the acoustic measurements, the axial microphone most probably was located in the propeller’s downwash, at 0.5 m distance, which was likely subject to strong wind-induced noise despite using a foam wind-shield. Additionally, they placed the propeller such that both the motor and base construction – a thin metal plate – were directly placed behind the propeller, so that either the air inflow or the downwash are directly affected by this construction.
In a conference paper, du Plessis and Bouferrouk [9] compared two conventional propellers (DJI 9450, APC 10 × 5E) with two toroidal propeller variants. Variant 1 has an in-plane (“toroidal-style”) loop and Variant 2 an out-of-plane loop. They kept the diameter (150 mm), airfoil geometry and twist the same for both variants. Experiments measured acoustics at 4000 RPM with a single axial microphone at 0.54 m in an anechoic chamber. Because they stated that motor sound dominated above 1.3 kHz, spectra were truncated to 50–1250 Hz. They found that Variant 1 exhibits a lower SPL than the conventional propellers, particularly above and below the rotor (with reductions of up to 10 dB SPL), whereas Variant 2 shows comparable or higher SPL than the conventional propellers. The looped propellers produce less thrust at the same RPM. Similarly to [8], their band-limited results provide limited insight in the overall noise characteristics of the measured propellers. Also similar to [8], we question if the close, axial microphone position is not affected by strong downwash and therefore wind-induced microphone noise.
In a conference paper, Shima et al. [10] evaluated several two- and three-bladed toroidal propellers both acoustically and regarding performance against a two-bladed baseline propeller, all at 267 mm diameter. The toroidal propellers were also tested with an additional Gurney flap1 for each specimen. Using a single-propeller test stand in an anechoic chamber, they measured noise at various rotational speeds and thrust/torque with a 6-axis load cell. Acoustic metrics were evaluated at a constant thrust of 4.5 N (approximate takeoff thrust), ensuring comparable flight conditions. Compared to the baseline, the three-loop toroidal propeller achieved up to 2.1 dB sound pressure level reduction and 13.9 dB reduction in tonal noise at BPF at about 10% lower figure of merit (propeller efficiency); the Gurney flap maintained thrust at 17% lower rotational speed. A psychoacoustic analysis also showed the lowest perceived annoyance for this three-looped design.
2.3 Summary
Tables 1 and 2 summarize all studies discussed above, their limitations, and their reported noise reduction potential. Only three peer-reviewed journal papers have been identified to date. The reviewed literature indicates that numerical noise simulations can deviate significantly from experimental results or capture only isolated aspects of the total sound emission. This is particularly critical for propellers, where sound generation mechanisms are complex and include tonal and broadband components as well as interaction effects. Consequently, substantial discrepancies between simulations and measurements are to be expected. In addition to numerical investigations of noise and aeroacoustic performance, Wei et al. [8], Du Plessis et al. [9], and Shima et al. [10] conducted corresponding experimental measurements. However, for the former two studies, the results are strongly band-limited, which limits conclusions regarding the overall noise emission and complicates direct comparison with our results. Furthermore, it remains unclear in both cases whether measurements in the axial direction were influenced by the propeller downwash. In our assessment, only the study by Shima et al. [10] provides a comprehensive evaluation of the total sound emission in combination with aerodynamic performance measurements, allowing for a more reliable assessment of the noise reduction potential of toroidal propellers.
3 Measurement description
The literature study in Section 2 showed that reliable acoustical measurement data of toroidal propellers is scarce. Therefore we performed a series of measurements on different propellers in the lab. First, to determine the sound emission characteristic of a single toroidal propeller against conventional two-bladed propellers (see Sect. 3.1), we measured their sound emissions individually on a test rig at static thrust conditions in an acoustic laboratory room. Secondly, we performed in-flight measurements with the same propellers installed on a quadcopter drone, since test rig measurements under static conditions may not fully capture real operating conditions, in particular the unsteady blade loading induced by propeller–airframe interactions and rotor-rotor interactions [11].
3.1 Propeller types
For practical reasons and reproducibility, we chose a commercially available toroidal propeller. The only toroidal propeller available on the market at the time of publication is the Foxeer Donut 5145 (P
Toroidal, mass: 4.3 g). It is a D = 5.1′′ 2-looped propeller with a 4.5′′ pitch (pitch = theoretical forward movement in air within one propeller rotation). To set the sound emission characteristics of the toroidal propeller into perspective, we compared it to conventional commercial propellers as reference. For comparability, the reference propellers also have diameter of D = 5.1′′, as it is known that increasing blade length increases the propeller’s efficiency [18]. Each baseline propeller has a different pitch and blade tip shape. One is the Gemfan 5152 Flash (mass: 3.9 g) with a high pitch of 5.2′′, designed for high-speed flights while reducing blade tip vortex by means of a pointy, inverse tip design (P
highPitch). The other one is the Gemfan 5126-2 Long Range (mass: 2.7 g) with a low pitch of 2.6′′ that should enable higher efficiency (P
lowPitch). The propellers are shown in Figure 1.
	[image: Thumbnail: Figure 1. Refer to the following caption and surrounding text.]	Figure 1. Measured propeller types. Left: Toroidal propeller (P
Toroidal). Center: Low-pitch propeller (P
lowPitch). Right: High-pitch propeller (P
highPitch).



3.2 Static single-propeller measurement
To determine the sound characteristics of each single propeller, we developed a rotor measurement platform (in the following “RMP”), which is specifically designed to operate various motor-propeller combinations in highly controlled conditions. Figure 2 shows the measurement setup schematically and how it is placed in the lab room. As propellers exhibit pronounced directivity patterns [19], multiple microphones are placed around the running propeller at fixed angles φ and distance r. To guarantee static flow conditions and prevent air re-circulation, the measurements were carried out in an acoustic laboratory room with a sufficiently large volume (12.7 × 5.8 × 2.9 m). It is a semi-anechoic room, and its half-free-field behavior was evaluated in accordance with ISO 3745 [20] by comparing the measured sound pressure level decay with the ideal free-field decay. The resulting deviation, ΔL, is shown in Figure 3 and indicates compliance with the ISO 3745 criteria above approximately 100 Hz. To reduce interference from ground reflections, the floor area between the source and microphones was fully covered with two layers of porous melamine foam absorbers with a total thickness of 200 mm. Impedance tube measurements of the absorber material complying with ISO 10534-2 [21] showed an absorption coefficient greater than 0.6 above 100 Hz and greater than 0.8 above 400 Hz. A comb-filter analysis assuming a porous absorber airflow resistivity of approximately 15 kPa ⋅ s/m2 indicated maximum amplification/reduction effects of approximately ±2 dB below 500 Hz and typically ±0.5–1 dB above 500 Hz.
	[image: Thumbnail: Figure 2. Refer to the following caption and surrounding text.]	Figure 2. Measurement setup in free-field conditions with the rotor measurement platform (RMP) including the installed propeller on the right and five measurement microphones at different positions.



	[image: Thumbnail: Figure 3. Refer to the following caption and surrounding text.]	Figure 3. Half-free-field qualification measurement according to ISO 3745 [20], evaluated at 1.4 m distance between source and receiver. ΔL is the deviation from free-field conditions.



The RMP is specifically designed to enable the mounting of a single rotor (propeller and motor) and precisely control its thrust and/or rotational speed. A schematic of the RMP is shown in Figure 4. The setup used in this study consists of the investigated propeller (see Sect. 3.1), driven by an iFlight XING2 2207 2755KV motor and controlled via a Hobbywing Skywalker 60A V2 electronic speed controller (ESC). The motor–propeller assembly is mounted on a 6-axis load cell (mini40 F/T Sensor, ATI Industrial Automation, Apex, NC 27539, USA), which is connected to a corresponding Net F/T sensor interface for force and torque measurements. Power is supplied by a laboratory power supply, while an Arduino microcontroller generates the pulse-width modulation (PWM) signal required to control the ESC.
	[image: Thumbnail: Figure 4. Refer to the following caption and surrounding text.]	Figure 4. Scheme of the rotor measurement platform (not to scale) and installed devices used for the measurements.



The base consists of a heavy metal ground plate to stabilize the construction, and the rotor is mounted on a metal pole with an adjustable revolute joint. For the presented work, it is set to 90° to operate the propeller horizontally. This, on the one hand, allows placing the microphones at different emission angles without space constraints and on the other hand, sends the downwash into the large rear section of the laboratory room to prevent air re-circulation and pressure build-up on the ground [22]. The overall lean design of the RMP minimizes reflections and the influence of the construction on the air flow.
We have previously shown that in forward flight, the propeller aerodynamics and therefore the sound characteristics can change significantly [23]. However, hover and slow cruise are common operating conditions, especially for surveillance tasks, aerial photography and scanning. In racing mode, i.e. for very fast flights with sharp turns, the noise emission is less relevant and is therefore not investigated further. The mass of drones with 5.1′′ propellers is usually in the range of 500–1500 g. In the case of a quadcopter, thrust forces between 1 and around 3.5 N per propeller are therefore relevant. For this study, we measured at thrust levels between 0.5 and 3.5 N in 0.5 N increments. For each propeller and thrust level, we simultaneously measured the electric power consumption, torque, rotational speed, and recorded the emitted sound for 30 s.
We captured the acoustic data with 1/2′′ free-field measurement microphones NTi M2230, feeding three two-channel Sound Devices 702T audio recorders. The calibration was conducted by using a Bruel & Kjær 4231 class 1 sound calibrator at 94 dB. We chose a 48 kHz sampling rate and bit depth of 24. The microphones were placed at propeller height, a distance of 1.4 m from the propeller center (see Fig. 2). To reduce wind-induced microphone noise from the downwash, we equipped the 80° microphone with a foam windshield.
3.3 In-flight measurements
As the sound from a flying drone compared to a single propeller differs due to installation effects and aerodynamic interactions (e.g., [11, 17]), we recorded a hovering quadcopter with propellers from each type. We chose the DJI Mini 3 Pro and let it hover at a constant distance of 1.25 m to the microphone, at a fixed vertical emission angle of φ = 60° (see Fig. 5). To mount the propellers, we used a 3D-printed adapter, as the measured propellers are not standard for this drone model. For each propeller type, we analyzed a 10 s recording in steady hover (constant thrust, no movement relative to microphone). The chosen drone type is particularly light, with a total mass of 250 g. We therefore expect a static thrust level for each propeller of 0.6 N to counterweight the drone’s weight. As the chosen drone type is small, we could fly it indoors without affecting the air-flow around it.
	[image: Thumbnail: Figure 5. Refer to the following caption and surrounding text.]	Figure 5. In-flight measurement situation, where we hovered a drone with each propeller type mounted indoors in free-field conditions (exemplary image of drone with toroidal propeller on the top left). We positioned it 1.25 m radial distance from the source at an emission angle of φ = 60°, facing towards the source. We attached a strap above the drone to keep its position exactly constant.



3.4 Measurement data evaluation
We split the measurement data evaluation into two parts. The first part is the performance evaluation, and the second part is the acoustic evaluation. Performance data including thrust and torque were measured only for the static measurements on the RMP. For the in-flight measurements, we assumed that the torque is similar to the single propeller measurement and the thrust is determined by compensating the total weight of the drone. We compare all collected acoustic data at equal thrust levels.
3.4.1 Aerodynamic performance evaluation
A common metric to quantify propeller efficiency in hover is the figure of merit (FM) [18], defined as
[image: Mathematical equation: $$ \begin{aligned} FM = \frac{P_{\mathrm{ideal} }}{P_{\mathrm{shaft} }}, \end{aligned} $$](1)

where P
ideal is the minimum theoretical power required to generate a given thrust in hover, and P
shaft is the mechanical power delivered at the propeller shaft. The ideal power can be expressed as

[image: Mathematical equation: $$ \begin{aligned} P_{\mathrm{ideal} } = \frac{F^{3/2}}{\sqrt{2 \rho A}}, \end{aligned} $$](2)

where F is the thrust, ρ the air density, and A the rotor disk area, defined as A = π
D
2/4, with D being the propeller diameter [18]. The shaft power is obtained from the measured torque T and rotational speed ω
rot as

[image: Mathematical equation: $$ \begin{aligned} P_{\mathrm{shaft} } = T \omega _{\mathrm{rot} }. \end{aligned} $$](3)
In this study, thrust F and torque T could be measured with the 6-axis load cell, while the rotational speed ω
rot is determined acoustically from evaluating the BPF. Including equations (2) and (3) in equation (1), the expression of FM yields

[image: Mathematical equation: $$ \begin{aligned} FM = \frac{F^{3/2}}{\sqrt{2 \rho A}\, T \omega _{\mathrm{rot} }}\cdot \end{aligned} $$](4)

To enable comparison between propellers of different sizes and operating conditions, FM is commonly evaluated as a function of the thrust coefficient C

T
, defined as

[image: Mathematical equation: $$ \begin{aligned} C_T = \frac{F}{\rho f_{\mathrm{rot} }^2 D^4}, \end{aligned} $$](5)

where C

T
 is a dimensionless parameter expressing the thrust produced by a propeller normalized by air density, rotational speed, and propeller diameter [18].
3.4.2 Acoustic evaluation
As propellers exhibit a pronounced directivity, sound pressure levels are evaluated in directions relevant for ground-based observers. We chose a downward angle of 60° as a reference angle for most shown results. To enable comparability with other studies, all sound pressure levels are referenced to a distance of r
0 = 1 m from the propeller center, by correcting the geometrical spreading with 20log(r/r
0). To estimate the power spectral densities (PSD), we used Welch’s method with a Hamming window of 4096 samples, 50% overlap, and an FFT length of 8192. The measured background noise levels remained at least 15 dB below the propeller sound pressure levels across the evaluated frequency range, ensuring a sufficient signal-to-noise ratio for all presented spectra. We therefore do not show it within the plots.
4 Results
Figure 6a shows the FM as a function of thrust for each of the measured propellers. Throughout the whole thrust range, PhighPitch shows the lowest hover efficiency, whereas PlowPitch shows the highest. The toroidal propeller lies between the two reference propellers. Up to thrust levels of 2–2.5 N, FM increases for all propellers. This is typical for low thrust values, as drag is relatively large compared to the shaft power. At higher thrust, this fraction decreases and the propellers are more efficient up to a certain saturation point.
	[image: Thumbnail: Figure 6. Refer to the following caption and surrounding text.]	Figure 6. Figure of merit for a single propeller at static thrust conditions as a function of thrust (left) and C

T
 (right), for all tested propeller types (P).



Figure 6b shows the FM as a function of the thrust coefficient C

T
. The linear growth of each FM over C

T
 indicates that all propellers are operated in the low-thrust regime [18]. P
lowPitch clearly exhibits the lowest C

T
 due to its low pitch. If a propeller shows a lower C

T
 at the same FM, it means the propeller reaches its best efficiency at a smaller blade loading, i.e., it is better optimized for low-thrust/hover conditions rather than for carrying high loads.
Figure 7 shows the A-weighted equivalent sound pressure level at a reference distance of 1 m to the propeller center (LAeq,1 m) as a function of thrust. It can be clearly seen that the toroidal propeller produces the highest sound pressure level overall. However, the sound pressure level appears to plateau at around 2 N thrust and increases only slowly beyond this point. The question arises if this trend persists beyond the thrust force level of 4 N. The results by Shima et al. [10] indicate a further sound emission level increase, and no plateau. PhighPitch exhibits the lowest SPL, being consistently around 5 dB lower than PlowPitch and up to 10 dB lower than the toroidal propeller.
	[image: Thumbnail: Figure 7. Refer to the following caption and surrounding text.]	Figure 7. A-weighted equivalent sound pressure level at 1 m distance LAeq,1 m for a single propeller at static thrust conditions as a function of thrust at φ = 60°, for all tested propeller types (P).



Figure 8 shows the A-weighted equivalent sound pressure level at a reference distance of 1 m to the propeller center at 2 N thrust (LAeq,1 m) for different emission angles, which indicates the directivity of each propeller. The toroidal and PlowPitch have a similar directivity pattern, with the former showing a higher SPL at all emission angles. They exhibit the lowest levels in the rotor plane, increasing towards the maximum at an emission angle of 60°. In comparison, PhighPitch propeller exhibits a less pronounced directivity pattern, with a maximum at 30°. At 60°, the toroidal propeller shows an increase in SPL of approximately 8 dB relative to PhighPitch.
	[image: Thumbnail: Figure 8. Refer to the following caption and surrounding text.]	Figure 8. LAeq,1 m over emission angles (positive downward angles) at 2 N thrust and 1 m distance, measured for a single propeller (P) at static thrust conditions.



Figure 9 presents the power spectral density (PSD) of all investigated propeller types at a fixed emission angle of 60° and a constant thrust of 2 N. Under these conditions, the toroidal propeller exhibits a comparatively high overall SPL (see Fig. 7). For all propeller types, the spectra are clearly dominated by tonal components, while the broadband contribution remains comparatively low. The pure tone at the rotational frequency frot is most pronounced for the toroidal propeller. The BPF tones of Ptoroidal and PhighPitch propellers show similar amplitudes and frequencies, whereas PlowPitch exhibits both a higher BPF amplitude and frequency, as its lower pitch requires higher rotational speed to generate the same thrust. Up to approximately 4 kHz, the amplitudes of the tonal components are of similar magnitude for all propellers. At higher frequencies, however, the toroidal propeller shows increased tonal levels, with a peak around 5 kHz reaching up to 5 dB higher than PlowPitch. Regarding broadband noise, PhighPitch exhibits the lowest levels, being up to 10 dB lower than the other propellers above 1 kHz. In contrast, the toroidal propeller shows elevated broadband noise levels above approximately 2 kHz, exceeding those of PlowPitch by up to 5 dB.
	[image: Thumbnail: Figure 9. Refer to the following caption and surrounding text.]	Figure 9. Power spectral density (PSD) of the investigated propellers at φ = 60°, a thrust of 2 N, and a distance of 1 m under static operating conditions.



Figure 10 shows the PSD of all measured propeller types from the hovering measurements at a fixed vertical emission angle of 60°, and the A-weighted equivalent sound pressure level LAeq. Based on the SPL shown in Figure 7 at this thrust level, PlowPitch was expected to exhibit similar SPL to the toroidal propeller, while PhighPitch was expected to exhibit lower sound pressure levels. The LAeq is equal for PlowPitch and PToroidal, and 2 dB lower for PhighPitch. This is confirmed by the measurement results in hover. In the mid frequency regime, the toroidal propeller exhibits also the highest tonal noise levels, and the highest broadband noise levels in the high-frequency regime. Compared to the single propeller PSD levels in Figure 9, the tonal components exhibit lower levels compared to the broadband components. This is expected, as during hover the propellers’ rotational speeds vary, leading to spectral smearing of tones – compared to the controlled RMP measurements. During hover, the toroidal propeller also shows the highest pure tone peaks.
	[image: Thumbnail: Figure 10. Refer to the following caption and surrounding text.]	Figure 10. Power spectral density (PSD) of the propellers (P) installed on a hovering DJI Mini 3 Pro (mass: 250 g) at φ = 60° and a distance of 1.25 m.



5 Discussion
5.1 Interpretation of results
The static test rig measurements have shown that the investigated toroidal propeller shows the highest SPL among all tested propellers. The hovering measurements confirm the static test rig measurements at low thrust, where we expected similar L
Aeq for P
Toroidal and P
lowPitch and a lower L
Aeq for P
highPitch. These results qualitatively support the trends observed in the test rig measurements. While similar L
Aeq values to those measured on the test rig are expected for heavier drones operating at higher thrust levels, larger differences are likely to occur, with the toroidal propeller exhibiting particularly high SPL. At the static measurements, we could show via C

T
 analysis that the propellers are operated in the low-thrust regime. Even though P
highPitch is the least efficient propeller in this thrust regime, it clearly shows the lowest SPL. Its figure of merit, however, shows that it is also somewhat less efficient than the other two. In this case, noise reduction comes at the cost of an efficiency decrease. This indicates that a propeller’s efficiency does not necessarily correlate with sound emission levels and may even show the opposite trend. However, P
lowPitch demonstrates that conventional propellers can exhibit lower SPL while maintaining higher aerodynamic efficiency than toroidal propellers.
The directivity patterns shown in Figure 8, together with the calculated power spectral density in Figure 9, indicate that especially broadband and tonal components between 2 and 8 kHz are responsible for the noise level differences. According to [16], the increased broadband components of the toroidal propeller are either caused by high induced turbulences or by vortex noise, generated at the trailing edge or the tip of the blade. Due to the toroidal propeller’s lower efficiency combined with its higher noise emission level at typical thrust values, the higher broadband noise levels may indicate increased turbulent flow structures and unsteady aerodynamic interactions. According to [7], it produces even stronger and wider tip vortices than conventional propellers, which reduces the local blade loading and therefore aerodynamic efficiency. This increased turbulence may arise near the loop’s leading edge and subsequently affect the rear section of the loop. This finding is also supported by the investigations of Nakaniida et al. [24].
Compared to the findings of Shima et al. [10], the investigated commercial two-loop toroidal propeller did not exhibit reduced tonal or overall sound pressure levels relative to the conventional reference propellers. However, we found important similarities in their spectral characteristics. While Shima et al. reported strong reductions of tonal blade-passing-frequency components for an optimized three-loop toroidal propeller, they also observed increased broadband noise levels above approximately 4 kHz, which they attributed to turbulence and flow separation near the looped tip geometry. This interpretation is qualitatively consistent with the increased high-frequency broadband noise observed in the present study. In addition, Shima et al. reported an approximately 10% lower figure of merit compared to a conventional two-bladed baseline propeller, which is also consistent with the reduced efficiency observed here. The differing acoustic behavior between both studies is likely related to substantial differences in blade count, loop arrangement, and the use of a Gurney flap for aeroacoustic optimization. In particular, the tonal noise reduction reported for the three-loop propeller may partially result from distributing the aerodynamic loading over a larger effective blade area, thereby reducing loading fluctuations per blade passage, rather than from the toroidal geometry alone. Although optimized toroidal geometries may achieve lower SPL than the investigated commercial design, the optimized three-loop propeller investigated by Shima et al. reduced the OASPL by only approximately 2.1 dB relative to their conventional baseline. Applying a comparable reduction to the investigated toroidal propeller in the present study would still result in SPL values comparable to or higher than those of the conventional reference propellers for most investigated thrust conditions.
The investigated toroidal propeller may effectively be regarded as a four-bladed configuration with uneven blade spacing and closed-loop blade tips, whereas the baseline propellers are conventional two-bladed designs. Previous studies have shown that increasing blade count can reduce emitted noise levels, particularly broadband noise components [25]. Consequently, considering blade count alone, the investigated toroidal propeller could be expected to exhibit lower noise emissions than the two-bladed reference propellers. However, the toroidal propeller additionally differs in its closed-loop geometry, asymmetric blade distribution, and altered aerodynamic loading characteristics, which may introduce additional unsteady aerodynamic interactions that counteract potential acoustic benefits associated with increased blade count.
5.2 Limitations and future work
The present study is limited to the investigation of three specific propeller geometries. Future studies including a broader range of toroidal and conventional propeller designs would improve the generalization of the observed aerodynamic, acoustic, and psychoacoustic trends.
The present comparison does not constitute a fully isolated concept-to-concept comparison, as the investigated toroidal propeller rather represents a four-bladed configuration, whereas the reference propellers are conventional two-bladed designs. Future investigations should therefore compare toroidal and conventional propellers with systematically matched blade count and aerodynamic loading to better isolate the acoustic effects of the toroidal geometry itself.
Beyond its focus on a single, commercially available toroidal propeller type, the study is further limited to operating conditions corresponding to hover. However, prior work suggests that additional effects may arise under different operating regimes. A study by Meister et al. [23] has shown that, under cruise conditions, blade–vortex interactions can increase the emitted sound by several decibels. In addition, the computational study by Li et al. [7] revealed that for toroidal propellers, “a stronger and wider tip vortex is shed from the connection region in comparison to conventional rotors.” Based on these findings, toroidal propellers may exhibit even higher SPL under forward-flight conditions.
6 Conclusion
In this study, we compared a commercially available 5-inch toroidal propeller with two conventional two-bladed propellers of the same diameter (baseline) regarding sound emission and efficiency at hover conditions. Measurements were conducted both on a static test rig and in flight using a hovering quadcopter.
The results show that the investigated toroidal propeller does not provide an acoustic or aerodynamic advantage over the conventional designs. Instead, it exhibits similar or up to 10 dB higher SPL, depending on the thrust level, and shows the highest SPL at all observer-relevant emission angles. Spectral analyses further reveal that the increased A-weighted noise levels are particularly pronounced at frequencies above 3–4 kHz. In terms of efficiency, the toroidal propeller shows no benefit compared to the conventional propellers and lies between the two baseline designs.
The high-pitch baseline propeller exhibited the lowest noise levels, although it was slightly less efficient, whereas the low-pitch baseline achieved the highest efficiency while showing lower SPL than the toroidal design. Previous studies on toroidal propellers have reported mixed results, ranging from substantial noise reductions to slight noise increases. However, many of these investigations were limited in terms of frequency range, modeled noise components, or experimental reproducibility. The present results, together with a review of recent studies, indicate that currently available off-the-shelf toroidal propellers do not outperform well-designed conventional blades under hover conditions. It should be noted that this study considered only a single two-loop toroidal geometry at hover conditions. Future work should therefore include more toroidal and baseline propeller geometries to enhance generalization and extend the investigation to cruise conditions, where looped designs may interact differently with tip vortices and the surrounding flow field.
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      Overview of methodologies, noise modeling/measuring approaches, and frequency ranges in studies on toroidal propeller noise. Abbreviations: FW–H: Ffowcs Williams–Hawkings Analogy, BL: Boundary Layer Source Model, BEM: Boundary-Element Method, BB: Broadband.

      
        


	First author (year)
	Method1

	Noise model/measurement
	Noise components2

	Frequency range
	...





	Li (2024), [7]
	Simulation
	Farassat 1A (FW–H)
	Tonal only
	–
	...



	Lee (2025), [6]
	Simulation
	Proudman + BL model
	BB only
	–
	...



	Wei (2024), [8]
	Hybrid
	FW–H + BEM/mic ring
	Tonal + partial BB
	0–2 kHz
	...



	du Plessis (2024), [9]
	Experiment
	Single microphone
	Tonal + BB
	50–1250 Hz
	...



	Shima (2024), [10]
	Experiment
	Multi-microphone setup
	Tonal + BB
	Full band
	...





      

      
1Simulation = purely numerical study; Experiment = measurement-based study; Hybrid = combination of simulation and experiment. 2“Tonal” refers to blade-passing frequency components and harmonics; “BB” (broadband) refers to turbulence-induced noise without tonal components.
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	...
	Noise reduction potential1

	Reproducibility2

	Aeroacoustic performance3

	Peer-reviewed journal paper?





	...
	−4 to +18 dB
	Medium
	RANS (simulated)
	Yes



	...
	Slight increase
	Low
	CFD (simulated)
	Yes



	...
	Up to −19.6 dB (axial)
	Low
	RANS (simulated)
	Yes



	...
	Up to −10 dB (axial)
	Low
	Thrust rig (measured)
	No



	...
	−2.1 dB OASPL, −13.9 dB @BPF
	High
	Load cell (measured)
	No





      

      
1Maximum noise difference between toroidal and conventional propellers as reported by the authors. Metrics vary between studies (e.g., SPL, OASPL, tonal levels). 2Qualitative assessment based on the availability of experimental setup details, operating conditions, and model descriptions. 3Method used to determine thrust and torque for performance evaluation.
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        Measurement setup in free-field conditions with the rotor measurement platform (RMP) including the installed propeller on the right and five measurement microphones at different positions.
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        Half-free-field qualification measurement according to ISO 3745 [20], evaluated at 1.4 m distance between source and receiver. ΔL is the deviation from free-field conditions.
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        In-flight measurement situation, where we hovered a drone with each propeller type mounted indoors in free-field conditions (exemplary image of drone with toroidal propeller on the top left). We positioned it 1.25 m radial distance from the source at an emission angle of φ = 60°, facing towards the source. We attached a strap above the drone to keep its position exactly constant.
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        Figure of merit for a single propeller at static thrust conditions as a function of thrust (left) and C
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 (right), for all tested propeller types (P).
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        A-weighted equivalent sound pressure level at 1 m distance LAeq,1 m for a single propeller at static thrust conditions as a function of thrust at φ = 60°, for all tested propeller types (P).
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        LAeq,1 m over emission angles (positive downward angles) at 2 N thrust and 1 m distance, measured for a single propeller (P) at static thrust conditions.
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        Power spectral density (PSD) of the investigated propellers at φ = 60°, a thrust of 2 N, and a distance of 1 m under static operating conditions.
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        Power spectral density (PSD) of the propellers (P) installed on a hovering DJI Mini 3 Pro (mass: 250 g) at φ = 60° and a distance of 1.25 m.
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