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Abstract  Keywords 

Drones have a major drawback which prevents them from being used 
extensively - the excessive noise they produce. This article presents an 
optimization process of aerodynamic noise reduction for a novel design called 
the Toroidal Propeller, which consists of two blades looping joined in a manner 
where the end of one blade arches back into the other, has been designed by 
the Aerospace Propulsion Systems (APSs) research team at School of 
Mechanical Engineering, Hanoi University of Science and Technology. In 
addition, four toroidal propellers with different curved shapes (pitch) and 
Number of Blades (NOB) are considered. The goal of this research is to 
evaluate the effects of modifying the geometry design of the Toroidal 
Propeller on the intensity of blade tip vortex and aerodynamic flow 
characteristics passing through the blade. The ultimate goal is to decrease 
blade tip vortex and turbulence produced by the blade, which can help 
estimate the sound pressure level and minimize it without causing significant 
performance losses. Based on the outcome results, the models of the four 
geometry studies are compared in terms of Acoustic Power Level (APL), 
Surface Acoustic Power Level (SAPL), Thrust, Torque, and Power. In general, 
the propeller model with NOB of 3 provides the most optimal efficiency in 
terms of both Thrust and APL. At the output cross-section, the APL dropped 
from nearly 139 dB to 121 dB, while thrust increased from almost 6.2N to 8.7N 
compared to the first version of the Toroidal Propeller model. 
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1. Introduction 

Unmanned aerial vehicles (UAVs) have become 
increasingly useful in both military and civil applications 

over the past few years. Among the various vehicle 
power configurations, rotary-wing vehicles with vertical 
take-off and landing abilities remain popular, while 
propellers are the most commonly used. The propeller is 
a key component of a rotorcraft, providing the necessary 
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propulsion to enable aircraft movement (Dantsker, O.D., 
2022). Drones are small, remote-controlled aircraft used 
for services like package delivery, aerial photography, 
and more. They’re cost-effective, eco-friendly, and can 
navigate tight spaces where humans can’t go. In 2017, the 
psychoacoustic experiments were conducted by NASA 
Langley Research Center, the findings indicate that 
humans are more responsive to the noise generated by 
small multirotor drones than to noise from other forms 
of traffic (Krishnamurthy, S., 2021). This finding suggests 
that the use of quieter propellers could potentially 
accelerate the public’s acceptance and commercial 
adoption of drones. Since drones are often heard before 
they are seen, it is important to reduce their sound 
footprint to make them less detectable. The engine and 
propeller of the UAVs contribute the most to the noise 
and reducing the noise of propellers is a challenging task 
as the designs that produce less noise can have reduced 
efficiency. Designing quiet propellers is an area of active 
research. Some studies have explored ways to decrease 
propeller noise (Gur and Rosen, 2009; Wu et al., 2019; 
Chirico et al., 2018; Wisniewski et al., 2015; Wisniewski et 
al., 2015; Demoret and Wisniewski, 2019; Wisniewski and 
Van Treuren, 2022; Axel Schulz, 2023). 

Gur and Rosen (2009) focused on utilizing a silent 
propeller on a mini-UAV using electrical power. The 
study conducted by the researchers provided valuable 
insights into the factors affecting the performance and 
noise generated by the propeller. By analyzing blade 
shape, cone angle, diameter, speed, and NOB, they 
discovered that increasing NOB significantly makes the 
propeller quieter. 

Wu et al. (2019) conducted a study on propeller noise and 
it was found that the loudest noise is produced at the 
blade tip. They employed numerical techniques to 
explore how propeller geometry and rotational speed 
can help the development of design a quieter propeller. 
The study revealed that the noise generated by a 
propeller is made up of a low-frequency sound that 
remains constant and high-frequency sounds that occur 
at specific points throughout the operation of the 
propeller. With increasing revolutions per minute, the 
high-frequency sounds become more prominent. To 
reduce the noise, the researchers altered the blade 
geometry along the spanwise direction while the blade 
width was expanded in a radial direction. According to a 
study by Chirico et al. (2018), the application of 
computational fluid dynamics (CFD) can be instrumental 
in the estimation of APL and noise spectra for different 
blade shapes and hub geometries. According to the 
research findings, designing a blade that operates at 
slow speed rotation and features inboard migration of 
spanwise loading is deemed to be extremely quiet and 
isn’t causing notable disadvantages.  

The efficacy of various combinations of radius, pitch, and 

NOB on aerodynamic efficiency and APL have been 
studied by Wisniewski et al. (2015) through experimental 
investigations. They identified the ideal pitch in which 
the APL is minimized. The results also revealed that the 
noise generated was heavily dependent on the 
propeller’s rotational speed. The research also by 
Wisniewski and colleagues (2015) conducted a study to 
investigate how propeller performance and noise are 
affected by aerofoil shape and tip configuration. The 
study included four airfoils, with the GM15 airfoil 
emerging as the top performer for two-bladed 
propellers. The study also found that propellers with 
Oval tips outperformed those with round, tapered, or flat 
tips. Based on these findings, a hybrid propeller was 
developed to achieve optimal performance by combining 
the GM15 airfoil with an Oval tip. According to a study by 
Demoret and Wisniewski (2019), the principal cause of 
propeller noise is blade-tip vortices. To mitigate this 
issue, they suggested that the blade-tip rotational speed 
or vortex strength be decreased. Recently, research 
conducted by Wisniewski and Van Treuren (2022) 
explored new designs of propellers that have less thrust-
load at the blade-tip. This can be attributed to the 
reduction in the vortex strength of the blade-tip, which 
resulted in a decrease in the level of sound pressure and 
the necessary power. 

Axel Schulz (2023) has studied the impact of modifying 
the trailing edge of a drone propeller manufactured by 
APC Propellers. The results from the simulations show 
that a modification can reduce the tonal noise caused by 
the vortex feedback mechanism between leading edge 
(LE) and trailing edge (TE) as well as the overall sound 
level in the broadband component of the noise. 
However, a modification where the material is removed 
results in a reduction of propeller lift force. The place of 
the modification seems to play a big role in the overall 
sound characteristic of the propeller. The best-
performing propeller had a sinusoidal cutaway along the 
entire TE. 

The objective of this project is to analyze the impact of 
modifying the blade shape and wing-tip configurations 
to decrease the intensity of wing-tip vortices, minimize 
turbulence in the flow across the blade and, as a result, 
reduce the noise generated by the propeller. This article 
is also mainly focused on examining computational 
methods for predicting propeller performance and 
acoustic power levels. During the simulations, the 
propeller’s rotational speed is tested at varying minimum 
to maximum speeds. The data collected from these 
simulations are used to compare the thrust and torque 
produced. The propellers are set to rotate at a consistent 
and unchanging rate of speed in the second simulation, 
and the corresponding APL and SAPL values are 
estimated from the collected data.  

The recent research conducted by MIT University 
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Cambridge on the toroidal propeller is certainly an 
interesting development for the drone industry. The 
researchers claim that these propellers produce less 
high pitch noise compared to traditional propellers, 
without any loss in efficiency (MIT Lincoln Laboratory, 
2022; Sebastian, T. and Strem, C., 2020). If proven 
successful, the use of toroidal propellers could 
revolutionize the drone industry. For decades, 
researchers and companies have been studying and 
developing the concept of Ring Wings, which involves 
rotating an airfoil in a toroidal shape. This idea eventually 
led to the development of various propellers used today. 
This concept was found to reduce noise and increase 
efficiency, and many researchers and marine companies 
continued to build on it. This design was patented in the 
1980s without much discussion, but recent MIT 
experiments have renewed interest in its propeller 
design, opening up new possibilities for its utilization. 

The MIT toroidal propeller design features a pair of 
interlocking blades. Specifically, the two blades cleverly 
intertwine in a manner whereby the tip of one curve 
back into the other, reducing drag from swirling air 
tunnels (vortices) at their tips and improves the overall 
stiffness of the propeller, which helps to reduce the 
noise. The propeller’s toroidal shape helps minimize 
blade-tip vortex by constraining the flow and controlling 
spillover of the edges. The number of blades and pitch 
also affect noise and vibration. Due to the blade’s curved 
shape and the non-linear relationship between blade 
angle and performance, establishing the pitch in toroidal 
propellers is a complex process. The key features of this 
Toroidal propeller have been outlined by MIT which 
include: lowers the signals in the frequency range that 
humans are most sensitive to; without the need for 
additional components, it reduces noise and avoids 
adding weight or consuming power; reduces the 
chances of the rotating propeller will coming into 
contact with objects or surfaces in the drone’s trajectory, 
minimizing the risk of cutting, catching, or clipping; 
Reliably manufacture this using additive techniques to 
produce thrust similar to a multirotor drone propeller, 
which enables the customization of the propeller for 
different models and types of multirotor. Tests 
conducted on commercial quadcopters using toroidal 
propellers have shown in Fig.1 that they can produce 
thrust levels comparable to conventional propellers at 
similar power levels. These propellers produce reduced 
noise levels, allowing drones to operate without harming 
human hearing at half the distance. 

The article is structured in the following way: firstly, it 
reviews the methods used for aero-acoustic modeling. 
Secondly, it describes the test cases, followed by an 
explanation of the computational grids, the flow solver, 
and the computational setup. Thirdly, it presents the 
results and discusses them. Lastly, the article provides 

concluding remarks. 

2. Aerodynamic Characteristics of Propellers 

The traditional design of propellers typically comprises 
radiating blades and rotating hub. The blades are angled 
at a specific pitch to create a helical shape and rotate 
around the hub. The propeller causes forward motion by 
using its blades to push against air, powered by the 
engine or motor (Gerr, D., 1989). Nevertheless, the 
amount of the thrust produced by a propeller is not 
always constant and depends on factors such as the 
propeller’s rotational and incoming flow velocities. 
Hence, tests conducted on propellers often involve 
examining their performance under a variety of 
operating conditions (Vargas Loureiro, E. et al., 2021). To 
optimize rotorcraft performance and energy efficiency, 
consider propeller variations and aerodynamic 
parameters. The propeller’s performance is evaluated 
based on normalized coefficients such as efficiency (η), 
power coefficient (CP), and the thrust coefficient (CT), 
which can be calculated using equations (1) from Ref. 
(Seddon, J. and Newman, S., 2011): 

𝐶𝑇 =
𝑇

𝜌𝑛2𝐷4 , 𝐶𝑃 =
𝑃

𝜌𝑛3𝐷5 , 𝜂 =
𝑇𝑉

𝑃
  (1) 

where P and T represent power (W) and the thrust (N), 
respectively. D, n, ρ, and V represent propeller diameter 
(m), rotational velocity (rev/s), air density (kg/m3), and 
the forward speed of a vehicle propelled by a propeller 
(m/s), respectively. As velocity (V) approaches zero, 
propeller efficiency (η) also approaches zero, and 
propeller thrust becomes the static thrust (T). 

3. Aero-Acoustic Modeling Methods 

The propeller noise is comprised of two main 
components: vortex (broadband) and rotational (tones) 
noise. Broadband noise, commonly known as vortex 
noise, is generated due to the presence of blade-tip and 
LE vortices, free-stream turbulence, and separated 
flows. 

 

Fig. 1. The toroidal propeller (b) used on DJI’s quadrotors 
in comparison to the conventional propellers (a) 
shows a noteworthy decrease in noise produced 
by the toroidal propeller. 
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Rotating blades induce a velocity gradient from the hub 
to the tip, resulting in a broad range of shedding 
frequencies associated with vortex shedding. The 
strength of shedding vortices is directly proportional to 
the vortex noise, and the noise is mainly caused by the 
tip frequency, as it is related to the velocity of the section 
to the sixth power. 

All sounds that are related to the harmonics of the blade 
passage frequency are referred to as rotational noise. As 
the harmonic order increases, the sound pressure level 
decreases. Any irregularities in the blade geometry 
and/or the blade spacing in the azimuthal direction can 
result in additional sub-harmonics in the noise spectrum 
(Chirico et al., 2018). Chirico et al. (2018), state that 
subsonic wing-tip rotation produces two types of noise: 
monopole due to blade thickness and dipole due to 
aerodynamic load variations on the blade. When blade-
tip Mach numbers range from approximately 0.6 to 0.7, 
the loading noise predominates. However, as Mach 
numbers increase, the thickness noise becomes more 
prominent. The propeller thrust and torque create 
rotational noise, which increases with larger diameter or 
fewer blade numbers. The source of the noise diminishes 
as the distance from it increases in a manner that varies 
inversely with the square of the distance (Roskam, J. and 
Lan, C., 1997). 

Methods for estimating propeller rotational and vortex 
noise were introduced by Made and Kurtz in their study 
(Marte, J.E. and Kurtz, D.W., 1970). When it comes to 
conventional propellers with moderate forward 
velocities and tip speeds, the estimation of rotational 
noise can be achieved by: 

𝑝𝑟𝑚𝑠 =
169.3·𝑚·𝐵·𝑅·𝑀𝑡

𝑆·𝐴
[

0.76· 𝑃ℎ

𝑀𝑡
2−𝑇·cos 𝜃

] · 𝐽𝑚𝑏(𝑥) (2) 

where: 

𝑝𝑟𝑚𝑠   = rms APL in dynes/cm2    

S = distance from propeller hub to observer, ft 

Ph = absorbed power, horsepower  

X = The Bessel function’s argument, 0.8MtmB sinθ   

Θ = angle from forward propeller axis to observer 

B = NOB 

M = harmonic’s orders 

R = propeller radius, ft 

A = propeller disc area, ft2 

Mt = tip Mach number 

T = thrust, lb 

This formula shows that the amount of noise rises as the 
absorbed power and diameter increase, the number of 
blades decreases, particularly when the tip speed is 

increased. The APL of the noise’s vortex produced by 
traditional propellers can be approximated by this 
formula: 

𝑆𝑃𝐿 = 10 · 𝑙𝑜𝑔
𝑘· 𝐴𝑏·(𝑉0.7)6

10−16   (3) 

where:  

k =the proportionality constant; 

V0.7 = velocity at 0.7 radius 

Ab = the area of blade, ft2 

The equation demonstrates that the noise caused by the 
vortex is heavily dependent on the speed of the blade. 
Increasing the blade velocity by two times results in an 
18 dB increase in SPL. It’s important to note that 
decreasing the blade velocity will affect the propeller’s 
performance. An alternative solution is to decrease the 
vortex strength represented by CL, the lift coefficient, in 
the equation below. 

𝑆𝑃𝐿 = 10 · 𝑙𝑜𝑔
6.1·10−27·𝐴𝑏·(𝑉0.7)6

10−16 + 20 · 𝑙𝑜𝑔
𝐶𝐿

0.4
    (4) 

One way to decrease propeller vortex noise is by 
lessening the intensity of the tip vortex. This can be 
achieved by decreasing lift production near the tips of 
the propeller. 

4. Description of Numerical Methods 

CFD models are utilized to replicate 3D flows that are 
time-dependent, incompressible, and viscous by 
applying the Navier-Stokes equations of momentum and 
mass conservation through discrete techniques 
(Stokkermans et al., 2019; Klimchenko and Baeder, 2020; 
Stuermer, 2008).  

In this study, commercially available software called 
ANSYS-FLUENT 2019 R1 is used to conduct RANS-based 
simulations.  

 

                           (a)           (b) 

Fig. 2. 3D Toroidal Propeller models (a) Bi-loop Toroidal 
Propeller version 1-2-3 (b) Tri-loop Toroidal 
Propeller 

https://doi.org/10.23890/IJAST.vm05is01.0102


Vu et al., IJAST, Volume 5, Issue 1, 2024, DOI: 10.23890/IJAST.vm05is01.0102 

24 

In the beginning, the model geometry of the Bi-loop 
Toroidal Propeller is created in Fusion 360 by using the 
MIT Toroidal Propeller as a citation, the geometric 
framework of the Tri-loop Toroidal Propeller also 
created, are shown in Fig. 2, which is then imported to 
ANSYS. This part provides further details about how to 
develop the CFD model. It covers aspects such as 
defining the computational region, conditions at its 
boundaries, creating the mesh, and assessing its quality, 
as well as configuring the solver parameters. 

4.1 Boundary Conditions and Computational 
Domain  

Fig.3 displays a diagram outlining the numerical region 
and conditions at its boundaries. In order to implement 
the multiple reference frame (MRF) model, the division 
of the computational domain results in two distinct 
zones: an internal rotating fluid zone (Rotation-Domain) 
and an external stationary fluid zone (Fluid-Domain). 
The cylindrical shape of a stationary fluid zone is 
employed to mimic a significant portion of the 
surrounding air to create a realistic simulation. This 
setup is in line with several previous research 
(Stokkermans et al., 2020; Kim, D. et al., 2021; Li, Y. et al., 
2023). It is possible to select a domain that is sufficiently 
extensive to avoid affecting the results. The stationary 
fluid zone has a length of 22D and a diameter of 11D. It 
represents the area where the fluid remains still. The 
flow field near the propeller is depicted by a cylindrical 
rotating fluid zone that has a length of 0.4D and a 
diameter of 1.1D. The geometric center of the rotating 
region is positioned at 25mm from the inlet side and 
20mm from the outlet side. The propeller model is 
situated within the rotating fluid zone, which moves with 
the same rotor rotational speed. There are two 
interfaces present at the interface where the stationary 
and rotating fluid zones meet. The interface in the 
rotating fluid zone is referred to as Interface 1, while the 
other is called Interface 2 (Liu, X. et al., 2022; Gómez-
Iradi, S., 2009). 

About the boundary conditions, the inlet face of the 
region of fluid that remains stationary is specified as a 
pressure inlet. However, no information has been 
provided on the turbulence intensity and viscosity ratio 
of the test case.  

 

Fig. 3. Computational domain 

According to the FLUENT user manual (2019), a 
turbulence intensity of 5% and a viscosity ratio of 10 have 
been selected. This selection has been made because the 
case is an open flow.  

The working fluid has a constant density of 1.225 kg/m3 
and viscosity of 1.7894e-05 kg/m.s. The pressure outlet 
with a static pressure of 0 Pa is defined as the outlet 
boundary condition. The pressure difference is set to 
zero as the outlet flows into a continuous free-stream. 
The four remaining faces are defined as free-slip walls, 
while the no-slip wall, that surrounds the rotating fluid 
zone is set as the rotor surface. To prevent any flow 
through the wall and create a boundary layer, the 
propeller is subjected to a wall boundary condition, 
which is set to a no-slip wall. Since the roughness is 
unknown, the constant is set to 0.5. The objective of 
these configurations is to simulate a conventional 
operation environment. The stationary and rotating 
regions’ geometric boundaries are simulated based on 
several prior CFD analyses (Vargas Loureiro, E. et al., 
2021; Garofano-Soldado, A., 2022; Céspedes M., J.F. and 
Lopez M., O.D., 2019). The sides of the domain have a 
symmetry boundary condition since the flow is uniform 
in this area. Since the symmetry boundary condition is 
far away from the propeller, it should remain unaffected 
by it and maintain its free-stream properties. 

4.2 Mesh Generation and Evaluation 

Since the computational domain is partitioned into two 
zones: the Fluid-Domain and the Rotation-Domain, two 
meshing methods are applied to two different zones. The 
Fluid-Domain mesh is generated by using ICEM CFD 
with blocking technique, a high-quality mesh is created 
through this method, with the individual mesh elements 
generated in the form of hexahedral elements. The area 
of the stationary fluid zone where the rotating fluid zone 
is situated has a refined mesh near both the distance 
along the axis and the distance radially from the center. 
The Fluid-Domain mesh has approximately 1.3 million 
nodes and elements. Fig. 4a shows the meshing process 
of the external stationary fluid zone. 

The ANSYS meshing tool is used to generate the meshes 
for the Rotation-Domain - an internal rotating fluid 
zone. Using this tool is advantageous since it allows for 
complex geometries to be meshed (Goh, S.C. and 
Schlüter, J.U., 2016). The Rotation-Domain is segmented 
into unstructured meshes containing tetrahedral-
shaped elements, as shown in Fig. 4 ((b)-(e)). The rotating 
fluid zone has meshed that become more refined as they 
get closer to the rotor surface. To capture small flow 
structures in close proximity to solid walls, the inflation 
option is employed. The boundary layer is discretized 
into prism elements, with a growth rate of 1.2 and a 
maximum of 12 layers, based on similar previous 
research (Céspedes M., J.F. and Lopez M., O.D., 2019).  
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(a) 

Fig. 4. (a) Middle Z cut plane of The Fluid-Domain mesh 
is generated by using ICEM CFD; The internal 
rotating fluid zone mesh and boundary layers 
section view of the (b) Bi-loop Toroidal Propeller 
V1 (c) Bi-loop Toroidal Propeller V2 (d) Bi-loop 
Toroidal Propeller V3 (e) Tri-loop Toroidal 
Propeller 

For a rotational velocity of 20,000 RPM and a chord 
length equal to 3/4 of the radius position of the 
propeller, the initial layer thickness is established at 
0.005 mm, which corresponds to an average y+ = 3.5. This 
ensures that the first grid cell falls within a reasonable 
range of 1 < y+ < 5 (Veríssimo, R., 2016; Ewing, P., 2015). 
Body meshes are also used in the stationary fluid zone to 
capture most of the simulation’s details, along with 
surface meshes. 

To ensure dependable and precise outcomes while 
optimizing computational resources, a mesh-
independence study is conducted to assess the static 
performance of the propeller. The study evaluated four 
sets of mesh refinement for four models. The third and 
fourth Mesh have approximately 4.1 and 5.0 million 
elements, respectively, on the finer grid side as shown in 
Fig. 5 for Bi-loop Toroidal V1; 4.6 and 5.7 million elements 
for V2; 4.1 and 5.3 million elements for V3; 5.1 and 6.4 
million elements for Tri-loop Toroidal Propeller. After 
comparing the results, we have concluded that Mesh 3 is 
the optimal choice for further calculations. The reason 
for this choice is that the Thrust values obtained from 
Mesh 3 are very close to those obtained from Mesh 4, 
with differences ranging from 0.27% to 1.65%. By opting 
for Mesh 3 instead of the fourth Mesh, we significantly 
reduce computational resources while maintaining the 
accuracy of the results. 

4.3  Solver Settings 

The ANSYS-FLUENT is used to perform numerical 
simulations, employing a shear stress transport (SST) k-
ω turbulence model that includes the best features of k-
ε and k-ω models. It provides the k-ε model’s free-flow 
liberation away from the wall, and the k-ω model’s 
accurate expression near the wall boundary layer (Pérez 
G., A.M., 2017). 

 

(b) 

 

(c) 

 

(d) 

 

(e) 
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(b) 

 

 

Fig. 5. The comparison between thrust and the number 
of elements for different types of mesh in the 
mesh independence evaluation (a) Bi-loop 
Toroidal Propeller V1-2-3 (b) Tri-loop Toroidal 
Propeller 

Based on initial tests with one foil, the Coupled scheme 
appears to be a suitable option when dealing with a poor 
mesh that requires the preservation of coupling between 
velocity and pressure. The sliding mesh interfaces can 
cause the mesh to become uncoupled, even though the 
mesh itself is not problematic. To ensure better accuracy 
compared to the first order, Second Order Upwind is 
chosen for the pressure and momentum discretization. 
According to the FLUENT user manual (2019), second 
order accuracy is recommended when the flow is not 
aligned with the mesh. In the case of Toroidal Propeller, 
the mesh is always rotating, thus it is generally 
misaligned. The First Order Upwind scheme is selected 
to discretize the turbulent behaviors in RANS 
simulations, as shown in Table 1. As these behaviors 
quickly dissipate, they will not travel through many 
misaligned cells. In the theory section, it is shown how 
the local behavior of turbulent properties is contained by 

applying significant damping to their production. 

When setting up the acoustic model, a Broadband Noise 
Source (BNS) Model is used. In Computational 
Aeroacoustics (CAA), there are various methods to study 
the acoustical properties of a system. One such method 
involves applying a BNS model to a steady-state 
Reynolds-Averaged Navier-Stokes (RANS) 
Computational Fluid Dynamics (CFD) to learn about the 
BNS (Wagner, C. et al., 2007). Insight into the source of 
broadband noise in BNS models can be gained through 
the use of statistical turbulence quantities obtained from 
RANS results, semi-empirical correlations, and Lighthill’s 
acoustic analogy. These source terms can help locate 
and compare noise sources, indicating that BNS models 
are effective in identifying the primary regions 
generating noise in a flow domain. Additionally, they 
provide a way to compare different design variations, 
allowing for the screening of noisier options and 
identification of primary noise sources (Wagner, C. et al., 
2007; Stanko, T.S. et al., 2008). BNS model parameters 
are shown in Table 2. 

Simulation conducted on a computer with a CPU of 
Intel(R) Core(TM) i7-9700 processor featuring 8 cores 
and 8 processors and took a total of 256 hours for 32 
cases. Each case took about 8 hours to complete, 
including 12 mesh independence evaluation cases and 20 
optimization simulation cases. 

5. Results and Discussions 

5.1  Propeller Performance at Different RPM 

Predictions of the propeller’s performance in 
simulations that vary in RPM are shown in the initial 
findings. Specifically, four models of the Toroidal 
Propeller were simulated with an RPM-sweep motion, 
whereby the RPM varies from 10,000 to 20,000. During 
each timestep, Fluent extracts thrust, velocity, and 
torque data for each of these models. These parameters, 
combined with theoretical calculations, yield rotational 
velocity (𝜔), power (P), and Power Coefficient (Cp).  

The blade geometry changes in the Bi-loop Toroidal 
Propeller have increased the propeller thrust, with the 
highest thrust generated by the V3 model at 10,000 rpm. 
As the rotation speed increases, the difference in thrust 
between the three Bi-loop models becomes more 
pronounced, ranging from 1 N to 1.5 N at 20,000 rpm. 
This is due to the increase in rotor chord length, 
resulting in a larger aerodynamic area in contact with 
the air and increasing the camber of the propeller. The 
Tri-loop Toroidal Propeller generates more thrust than 
the Bi-loop Toroidal Propeller due to more number of 
blades, with a significant difference in thrust of about 2.5 
N to 4 N. 

 

(a) 
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Table 1. Solver Settings 

Parameters Solution Methods Model 
Solver Pressure-Base, Steady, Velocity Formulation - Absolute  

Viscous Model k – ω SST 
k: Second Order Upwind 
ω: First Order Upwind 

Pressure velocity – coupling Coupled  
Momentum  Second Order Upwind 
Pressure  Second Order 
Turbulent Kinetic Energy  First Order Upwind 
Specific Dissipation Rate  First Order Upwind 
Gradient  Least squares cell based 

Fig. 6 shows that the Bi-loop Toroidal Propeller wing has 
a wider maximum width in its later version, resulting in 
an invisible increase in torque.  

Table 2.BNS Model Parameters 

Far-Field Density (kg/m3) 1.225 
Far-Field Sound Speed (m/s) 340 
Reference Acoustic Power (W) 1e-12 
Number of Realizations 200 
Number of Fourier Modes 50 

The Tri-loop Toroidal Propeller wing performs best at 
15,000 - 18,000 rpm and a large difference in torque is 
observed at 20,000 rpm. Also in Fig. 6, we see a gradual 
increase in torque and power due to the change in wing 
geometry in the later version. This change also reduces 

the power coefficient as the rotation speed increases. 
Additionally, the Tri-loop Toroidal Propeller shows an 
optimal power coefficient between 15,000 rpm and 
18,000 rpm due to the power coefficient formula (1) 
where Cp is directly proportional to P and inversely 
proportional to n3 rotation speed. 

5.2. Aerodynamic Characteristic Of The Toroidal 
Propeller 

Fig. 7 shows the pressure distribution on the surface of 
four Toroidal Propeller models that the difference in 
surface pressure between the body and the edge of the 
blade creates lift on the wing. A larger pressure 
difference results in a greater lift force. The three Bi-
loop Toroidal models all show that the pressure near the 
wing tip is larger than the wing hub.  

 

(a) 
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(b) 

Fig. 6. (a) Thrust (column) versus Torque (line), (b) Power (column) versus Power Coefficient Cp (line) of four 
Toroidal Propeller models which the RPM changes from 10,000 to 20,000. 

 

Fig. 7. Distributed application on upper surfaces (Right) and lower surfaces (Left) of (a) Bi-loop Toroidal V1 (b) Bi-
loop Toroidal V2 (c) Bi-loop Toroidal V3 (d) Tri-loop Toroidal. 

Bi-loop Toroidal Propeller V1 shows that the differential 
pressure distribution is mainly concentrated near the 
wing tip, whereas Bi-loop Toroidal Propeller V2 and V3 
have a more evenly distributed pressure differential over 
the entire span wing. This partly explains why Bi-loop 
Toroidal Propeller V2 and V3 give better results in terms 
of thrust. As for the Tri-loop Toroidal Propeller, due to 
the uniform wing cross-sections, the pressure 
concentrated at the tip is not as obvious as the Bi-loop 
Toroidal Propeller, but the pressure is spread quite 
evenly over the entire wing surface. 

As shown in Fig. 8, the Toroidal Propeller V1 illustrates 
the presence of a vortex in the flow outside the blade 

rotation area, at the hub, and at the wing-tip. This 
phenomenon occurs due to the high intensity of the 
vortex at the tip of the blade, which influences the outlet 
stream. Bi-Loop Toroidal Propeller V2 only generates 
vortex at the wing-tip, but the intensity is insufficient to 
impact the outflow, unlike V1. Bi-Loop Toroidal Propeller 
V3, like V2, only generates a vortex at the wing-tip, which 
is also insufficient to impact outflow too. Through Fig. 8 
the flow lines passing through the cross-sections of the 
four models, we can see that the Bi-loop Toroidal 
Propeller V1 had vortex losses in the output stream, 
however V2 and later versions have corrected this. 
Comparing between V2 and V3, we can see that the flow 
path coming out of the propeller of Bi-loop V3 is wider 
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and larger than that of V2, this explains the thrust 
generated by the V3 blade is much larger than the two 
versions. previous model. The streamline passing 
through the Tri-loop Toroidal Propeller is not 
symmetrical about the x-axis, unlike the previous three 
Bi-loop Toroidal models. This is because the Tri-loop 
model has three blades, resulting in an asymmetrical 
streamline passing through the cross-section of the 
propeller. The wing-tip vortices of the three Bi-loop 
Toroidal models have visibly decreased with each 
improvement. The first model, Bi-loop Toroidal V1, had 
severe wing-tip vortices that caused damage to the 
rotor’s outer rotation area. This is due, in part, to the 
thicker loop shape of the wing-tip section. However, V2 
and V3 have overcome this problem by having a thinner 
loop shape that allows for better aerodynamic flow. The 
Tri-loop Toroidal model has also significantly reduced 
vortex intensity due to its geometric design since the 
Tri-loop Toroidal does not really have wing tips, the 

structural sections of the wings are made even and 
looped. together, so that the vortex appears at the 
leading edge and spreads evenly over the surface of the 
wing. 

The wing-tip vortices of the three Bi-loop Toroidal 
models have visibly decreased with each improvement. 
The first model, Bi-loop Toroidal V1, had severe wing-tip 
vortices that caused damage to the rotor’s outer rotation 
area. This is due, in part, to the thicker loop shape of the 
wing-tip section. However, V2 and V3 have overcome 
this problem by having a thinner loop shape that allows 
for better aerodynamic flow. The Tri-loop Toroidal 
model has also significantly reduced vortex intensity due 
to its geometric design since the Tri-loop Toroidal does 
not really have wing tips, the structural sections of the 
wings are made even and looped. together, so that the 
vortex appears at the leading edge and spreads evenly 
over the surface of the wing.

 

Fig. 8. Section of Streamline through (a) Bi-loop Toroidal Propeller V1 (b) Bi-loop Toroidal Propeller V2 (c) Bi-loop 
Toroidal Propeller V3 (d) Tri-loop Toroidal Propeller 
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5.3  Acoustic Characteristic of the Toroidal 

Propeller 

5.3.1   Qualitative results of Surface Acoustic Power 
Level (dB) and Acoustic Power Level (dB) 

According to previous theoretical predictions, Fig. 9 
shows that the noise generated by the propeller around 
the hub region is relatively small and gradually increases 
towards the wing-tip, reaching its maximum there. 
However, the peak surface acoustic power level shows 
signs of gradually increasing from Bi-loop V1 to V3 
models. This can be simply explained by the fact that the 

acoustic power level on the surface of the blade is greatly 
influenced by the blade geometry. 

As the torque increases, the blade experiences greater 
friction with the air flow, which leads to the gradual 
increase in the acoustic power level on the surface of the 
blade. Fig. 10 illustrates the Acoustic Power Level (APL) 
power distribution directly related to the propeller 
output flow. For the Bi-loop Toroidal V1 model, the APL 
distribution is uneven and concentrated around the 
wing-tip due to the significant vortices created by the 
propeller, which cause flow disturbance. However, with 
the improvements made in the Bi-loop Toroidal V2 
model, the APL at the wing-tip has significantly 
decreased.  

 

Fig. 9. Surface Acoustic Power Level (dB) (Upper surface) of (a) Bi-loop Toroidal V1 (b) Bi-loop Toroidal V2 (c) Bi-
loop Toroidal V3 (d) Tri-loop Toroidal 

 

Fig. 10. Acoustic Power Level (dB) on outflow of (a) Bi-loop Toroidal V1 (b) Bi-loop Toroidal V2 (c) Bi-loop Toroidal 
V3 (d) Tri-loop Toroidal
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Fig. 11. Peak Acoustic Power Level (dB) versus Thrust 
(N) 

5.3.2 Quantitative Results of Acoustic Power Level 
(Db) 

In Fig. 11, the APL peak has decreased from 139 dB to 114 
dB, indicating an 18% reduction in aerodynamic noise 
compared to the previous model. Similarly, the Bi-loop 
Toroidal V3 model has also shown improved noise 
performance, although there is a slight increase of 116 dB 
compared to 114 dB of V2 (an increase of 1.7%). In return, 
it offers more optimal propeller thrust performance, 
which has increased by 9.13%. As for the Tri-loop 
Toroidal model, although it generates a slightly larger 
APL peak than the two Bi-loop Toroidal models V3 and 
V2 (up 4.13% compared to V3 and up 5.79% compared to 
V2), its thrust created is the most optimal among all four 
models. This is due to the increased number of blades, 
resulting in better thrust performance. 

6. Conclusions 

In this study, four different designs of Toroidal 
propellers are considered. These designs included a Bi-
loop and a Tri-loop Toroidal propellers with different 
geometric shapes. Two distinct numerical 
configurations are utilized to evaluate the propeller 
aerodynamic and acoustic properties. The analysis of 
performance metrics is based on rotational speed 
sweeps, while APL data are obtained by using the BNS 
model, with the propellers spinning at constant RPMs. 
The results are compared between the four models, and 
it is shown that the Tri-loop Toroidal propeller provided 
the most optimal efficiency in terms of both thrust and 
APL. Among the Bi-loop models, Bi-loop Toroidal V3 
produced the most optimal results compared to the two 
previous Bi-loop Toroidal mockups. This study also 
confirmed that varying the Toroidal geometries through 
four versions with different cross-sectional shapes and 
wing-tips, helped reduce the tip vortices. This stabilized 
the air flow through the propeller and optimized the 

thrust and APL generated. Moreover, the numbers in this 
paper are purely simulation results of Toroidal propeller 
due to experimental data. Future work will involve 
experimental studies on the Toroidal propeller model to 
compare simulation results, optimize the design, and 
practice different numerical acoustic approaches like 
the Ffowcs Williams-Hawkings for transient flow 
solution. 
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Nomenclature 

Cp : Power coefficient 

CT : Thrust coefficient 

D : Propeller diameter (m) 

n : Rotational velocity (rev.s-1) 

P : Power (W) 

T : Thrust (N) 

V : Forward speed (m.s-1) 

η : Efficiency 

ρ : Air density (kg.m-3) 

Abbreviations 

APL : Acoustic Power Level 

CFD : Computational Fluid Dynamic 

NOB : Number of Blade 

RANS : Reynolds Average Navier-Stokes 

SAPL : Surface Acoustic Power Level 
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