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Abstract 

The present work illustrates numerical-experimental aeroacoustic investigations of single and twin co-rotating 
propeller configurations in hover flight. The activity was aimed at evaluating the effect of the inter-axis distance 
between the twin-propellers, the phase angle, and the sense of rotation of the secondary propeller, with respect 
to the main one, on the aeroacoustic properties of the examined configurations. Loads, PIV, and microphone 
measurements were jointly conducted by CIRA and Cusano University at CIRA. Specifically, aerodynamic and 
fluid dynamic measurements were performed in a laboratory environment, while acoustic measurements were 
conducted in a semi-anechoic chamber. The aerodynamic simulations were carried out by using solvers of 
different degrees of fidelity, from panel methods to URANS solvers, whereas the aeroacoustic analyses were 
all based on the Ffowcs Williams-Hawkings formulation. Both numerical and experimental results show that 
the loads acting on each propeller reduce passing from the single propeller to the twin-propeller configuration. 
This reduction decreases as the distance between the propellers increases. Negligible effects are produced 
on the loads by changing the phase angle and the sense of rotation of the secondary propeller. Conversely, 
the acoustics is more sensitive to these configurational changes: the noise produced by the twin propellers is 
higher than that of the single propeller, and the maximum is reached at the lower separation distance between 
the two propellers. De-phasing or changing the sense of rotation of the secondary propeller produces the 
highest increase in noise, with the maximum reached at the phase angle ∆𝜑 ൌ 60°. 

1. NOTATION1 

Symbols  

                                                            
1 Copyright Statement 

The authors confirm that they, and/or their company 
or organization, hold copyright on all of the original 
material included in this paper. The authors also con-
firm that they have obtained permission, from the cop-
yright holder of any third-party material included in 
this paper, to publish it as part of their paper. The 

𝑐 Blade chord, m 
𝐶𝑄  Propeller torque: 𝑄 𝜌𝑛ଶ𝐷ହ⁄  

authors confirm that they give permission, or have ob-
tained permission from the copyright holder of this pa-
per, for the publication and distribution of this paper 
as part of the ERF proceedings or as individual off-
prints from the proceedings and for inclusion in a 
freely accessible web-based repository. 



𝐶𝑇  Propeller thrust: 𝑇 𝜌𝑛ଶ𝐷ସ⁄  
𝐷  Propeller diameter, m 
𝑛  Propeller speed, 1/s 
𝑄  Propeller torque, Nm 
𝑅 Propeller radius, m 
𝑆𝑃𝐿  Sound Pressure Level, dB 
𝑇  Propeller thrust, N 
𝑇௛௞  Blade thickness, m 
𝑢, 𝑣,𝑤  Induced velocity components in the 

PIV planes, m/s 
𝑥,𝑦, 𝑧  Coordinates of the PIV planes, m 
𝑃௜  Induced power, kW 
𝛽  Blade pitch, deg 
Δ𝜑  Phase angle between the main 

blades of the two propellers, deg 
𝜌  Air density, kg/m3 
𝜎  Propeller solidity 
𝜓  Azimuth angle, deg 
ω,Ω Propeller speed, RPM 
  
Acronyms:  
BEM Boundary Element Method 
BPF Blade Passage Frequency 
eVTOL electric Vertical Take-off and Land-

ing 
FWH Ffowcs Williams-Hawkings 
PIV Particle Image Velocimetry 
UAM Urban Air Mobility 
URANS Unsteady Reynolds-Averaged Na-

vier Stokes 
 

2. INTRODUCTION 

The use of multirotor eVTOL aircraft is the key point 
for the successful implementation of UAM, an “air 
transportation system for passengers and cargo in 
and around urban environments” (EASA definition). 

However, the noise generated by these aircraft can 
have a highly detrimental impact on the sustainability 
and social acceptability of this novel system. In par-
ticular, surveys conducted by EASA on the societal 
acceptability of UAM in Europe, Ref.1, regard noise 
as the highest concern of respondents when UAM air-
craft are used for air taxi operations. For this reason, 
the aeroacoustics of multirotor configurations is a 
topic that is gaining ever increasing interest in the avi-
ation research community. 

The design of low-noise multirotor aircraft is a rela-
tively new topic of research which requires an in-
depth understanding of the physics related to noise 
sources, especially multiple interactions and near-
field sound propagation. Compared to conventional 
helicopters, the importance of the various noise 
sources and the influence of the noise scattering can 

be different. In addition, the ranges of the flow re-
gimes are substantially different: helicopters typically 
fly at Reynolds numbers O(106) whereas multirotor 
eVTOLs, which are equipped with blades of smaller 
sizes, fly at Reynolds numbers O(104 – 105). The 
main noise sources for conventional helicopters are 
well known, for example blade vortex interaction 
noise (BVI) in descent flight, but by using distributed 
single or co-axial rotors, the multiple interactions 
among rotors and the rotor-wake interactions may 
play an important role in the total noise signal. Ducts, 
wings or the fuselage may also shield or scatter the 
noise during its propagation. In addition, broadband 
noise may become a dominant noise source for rotors 
with low tip Mach number or disturbed rotor inflow. 

A basic understanding of the interactional aerody-
namics and acoustics of multirotor configurations can 
be made by considering a pair of rotors placed side-
by-side or in tandem configuration. Many experi-
mental and numerical investigations have been pub-
lished in recent years related to such simplified con-
figurations: 

Zhou et al., Ref.2, studied the impact produced by in-
teractions of side-by-side rotors on the aerodynamic 
and aeroacoustic performances of small UAVs using 
load cells, microphones, and the Particle Image Ve-
locimetry (PIV) experimental technique. They ex-
plored different distances between the rotors and ob-
served that, while the separation distance had a very 
limited effect on the thrust coefficient of the rotor (i.e., 
variation within 2% for all test cases), the thrust fluc-
tuations (i.e., thrust standard deviation) were found to 
increase dramatically as the separation distance be-
comes smaller. Similarly, a maximum noise enhance-
ment of ~3 dB was observed for the L = 0.05D case 
in comparison to that of the L = 1.0D case, which was 
the result of both tonal and broadband noise. 

Shukla and Komerath, Ref. 3, carried out high-speed 
(400 Hz) Stereo PIV and performance measurements 
for two counter-rotating rotors placed side-by-side at 
different distances. The interaction became promi-
nent for the closest configuration with a degradation 
of the aerodynamic performances. The instantaneous 
flow field measurements indicated high inter-rotor 
wake interactions for small axis shifts causing rotor 
wake features to distort, lose coherence and deviate 
from their typical trajectories. 

Ko et al., Ref. 4, performed numerical aeroacoustic 
simulations based on the free wake vortex lattice 
method and FWH solver for the identification of the 



wake interactional effects acting on the DJI F450 
quadcopter drone in hover and forward flight. They 
found that the spacing between the rotors in hovering 
flight significantly affected the aerodynamic and aer-
oacoustic characteristics where the unsteady loading 
of multirotor changed periodically and the loading 
fluctuation increased by decreasing the spacing. It 
also caused variations in the unsteady loading noise 
and noise directivity patterns. 

Bu et al., Ref. 5, conducted aerodynamic and acous-
tic tests of two coplanar small-scale propellers in an 
anechoic chamber. The experimental measurement 
showed that the interactional effects of the dual pro-
pellers have little influence on the mean thrust, and 
the tonal noise at the BPF and the OASPL are little 
impacted at the higher observation angles away from 
the wake region. Instead, it was observed that the 
tones at the high BPF harmonics are noticeably af-
fected, due to the sensitivity to the unsteady aerody-
namic loading on the blades. 

Stokkermans et al., Ref. 6, studied the wake interac-
tion of two propellers in two different orientations: 
side-by-side and one after another, with respect to the 
flow direction of the wind tunnel. They pointed out that 
the wake interaction strongly depends on the ar-
rangement of the rotors with penalties in power when 
compensating for the thrust loss. Similar observations 
were outlined by Zanotti et al., Ref. 7 , for two propel-
lers arranged in such a manner that their wakes over-
lap each other in wind tunnel tests. They argued that 
a partial overlap of propeller wakes determines 
acoustic drawbacks, as well as detrimental effects on 
aerodynamic performances. 

Zarri et al., Ref. 8, investigated tip-on-tip and tip-on-
strut interactions of a commercial drone in hover by 
applying a hybrid methodology combining URANS 
simulations with FWH aeroacoustics approach. They 
found that the tip-on-tip interaction, without fuselage, 
reduced the average thrust of each propeller by 7%, 
while increasing its fluctuations by 7% compared to 
the isolated case. The reason for this was attributed 
to the sudden breakdown of the coherent vortical 
structures that were instead observed to develop 
downstream of the propeller alone. The interaction 
with the supporting struts induced additional periodic 
loads on the blades at multiples of the blade passing 
frequency. The sound directivity maps in the near 
field were found to be relevantly altered, up to 30 dB 
differences, when comparing the sound emission in-
cluding or not the drone body. 

In the framework of the Rotorcraft (RC) Group of Re-
sponsables of the European GARTEUR initiative, 
Ref. 9, two action groups were launched to investi-
gate the rotor-rotor interactional aerodynamics, 
RC/AG-25 “Rotor - Rotor Wakes Interactions”, Ref. 
10; and the aeroacoustics of multi-rotor configura-
tions, RC/AG-26 “Noise Radiation and Propagation 
for Multirotor System Configurations”, Ref. 11. Nu-
merical and experimental investigations were carried 
out by the consortium of RC/AG-25 on a quadcopter 
model, without fuselage, to evaluate the effects of the 
layout (square, bearhug and breaststroke) and the 
mutual distance of the four propellers, mainly in terms 
of aerodynamic performance but the aeroacoustic be-
haviour was also studied. In particular, the aerody-
namic analyses, Ref. 12, indicated that the efficiency 
of a diamond configuration improves by 5% in com-
parison with isolated rotors for non-overlapping rotor 
spacings, while the interactions in square alignments 
are detrimental for all analysed test cases with the op-
timum at 0.04D blade overlap. The trend was found 
to be more pronounced for the backward rotor tilt with 
intensified interactions, for which the efficiency of the 
diamond configuration increased by 11% at 1.2D ro-
tor spacing. The aeroacoustic analyses, Ref. 13, indi-
cated that, even though noise levels increase with re-
ducing rotor separation, the choice of the rotor phas-
ing has a greater influence with orthogonal phasing at 
1.2D producing 6 dB less noise for the square config-
uration. The diamond configuration with 1.2D rotor 
spacing and tip-to-tip phasing was shown to be the 
most beneficial both aerodynamically and acousti-
cally for analysed observers. 

Concerning the RC/AG-26, CIRA and Univ. Cusano 
carried out an experimental activity in the semi-ane-
choic test chamber of CIRA for an isolated and twin-
propeller test rig in hover, at different speeds and mu-
tual radial distances. The outcomes of this activity, il-
lustrated in Ref. 14, indicated that the aerodynamic 
loads on each rotor in a side-by-side configuration ex-
hibited thrust and torque reductions in comparison to 
the single propeller. The interaction due to the propel-
ler vicinity reduced the thrust by about 5.5% and the 
torque by about 9.5%. In addition, an increment in the 
load fluctuations was observed by reducing the radial 
distance of the two propellers. The aeroacoustic 
measurements highlighted a higher level of noise of 
about 12% in the side-by-side configuration, particu-
larly in the inlet flow and side zones in the ranges 
[180°; 220°] and [310°; 350°]. 



Furthermore, a joint test program for aerodynamic 
and acoustic measurements was conducted by DLR 
and CIRA. The acoustics experiments were carried 
out in the DLR’s Acoustic Wind Tunnel Braunschweig 
(AWB), while the PIV measurements were conducted 
at CIRA. Configurations in isolated, tandem and co-
axial configurations were tested. Both aerodynamic 
and aeroacoustic simulations indicated that measure-
ment results in terms of rotor performance, flow field 
and acoustic signals for most cases were reproduci-
ble and the comparison of the simulations and the test 
gave satisfactory agreement by all computational 
methods, regardless of their fidelity level, Ref. 15. 

The present paper illustrates the outcomes of the nu-
merical comparisons carried out by the authors with 
the experimental database, produced by CIRA and 
the University Niccolò Cusano, on the isolated and 
twin propeller configurations described in Ref. 14. 

3. DESCRIPTION OF THE ACOUSTIC AND PIV 
SET-UP 

3.1. Rotor rig 

A specific setup was designed to characterize the 
acoustic signature of a multirotor drone. The tests 
were performed in a semi-anechoic chamber at the 
Italian Aerospace Research Centre (CIRA), Figure 1, 
to eliminate background noise interference. The 
chamber has dimensions of 5.65 𝑚 𝑥 4.45 𝑚 𝑥 4 𝑚 
and a cut-off frequency of 90 𝐻𝑧. The Univ. Cusano 
Rotor rig consists of two KDE-CF155-TP 115.5x5.3 
three-bladed propellers characterized by a diameter 
𝐷 ൌ 393.7 𝑚𝑚 and a medium chord 𝑐 ൌ 28.5 𝑚𝑚. 
The resulting rotor solidity value is equal to 𝜎 ൌ 0.138. 

 
Figure 1: Rotor rig set-up in the CIRA semi ane-

choic test chamber 

The propeller blade geometry is reported in Figure 2 
in terms of radial distributions of chord 𝑐, thickness 
𝑇௛௞, and blade pitch 𝛽. 

 
Figure 2: KDE-CF155-TP Propeller geometry 

The propellers were driven by two brushless motors 
type KDE4012XF-400 connected to a dedicated elec-
tronic speed controller (ESC) model KDEXF-UAS55. 
A custom system was implemented to control the pro-
pellers rotational speed using an NI PXI-1031 with 
motion controller NI-PXI-7350 and multifunction DAQ 
NI PXI-6259. 

The speed of the propellers and the relative position 
of the blades were measured by means of a Kubler 
05.2400 incremental encoder with 500 pulses per rev-
olution (PPR). The propellers, motors, and encoder 
were mounted on a specific vertical aluminium sup-
port structure. In order to investigate the effect of the 
phase control between the two propellers on the pres-
sure field, a synchrophaser was designed and imple-
mented in the LabVIEW programming environment. 
The relative phase angle 𝜓 between the two propel-
lers is defined in Figure 3. 

 

 

Figure 3: Definition of the sense of rotation and 
phase angle between the propellers. 

 



To measure the propeller aerodynamic loads, the Ku-
bler encoders were removed and the motors were 
fixed to the ATI Mini 40 balance. The measurements 
were carried out at a sampling frequency of 1000 Hz 
for a time of 20 seconds. Mean force and moments 
were evaluated together with the standard deviation. 
The resulting rotor rig configuration is shown in Figure 

4. Only the loads of the main rotor, rotor#1, were 
measured, the secondary rotor, rotor#2, was 
mounted on a dummy balance to preserve the sym-
metry of the rotor rig. Since the encoder was re-
moved, the rotational speed was measured using a 
single microphone positioned in close proximity to ro-
tor#1. 

 

Figure 4: Rotor rig equipped with 6 components load cells 

3.2. Acoustic set-up 

The far field acoustic measurements were carried out 
using a moving microphone circular array consisting 
of eight G.R.A.S. 40PK CCP microphones and span-
ning the entire circumference, with an angular resolu-
tion of 10°. A sketch of the setup employed is shown 
in Figure 5. 

 

 

Figure 5: Experimental setup inside the semi-ane-
choic chamber (top) and circumferential arrange-
ment of microphones with the polar angle Θ defi-

nition (bottom) 

The microphones were positioned at a distance of 5D 
from the midpoint between the two rotors. Each mi-
crophone is characterized by a frequency range from 

20 to 20000 Hz and a dynamic range from 26 to 145 
dB(A). The pressure time histories were acquired us-
ing a National Instruments NI cDAQ-9174 data acqui-
sition board with a sampling frequency of 12800 Hz 
and an acquisition time of 30 s. 

The experimental tests were performed at two rota-
tional speeds: Ωଵ ൌ 5200𝑅𝑃𝑀 and Ωଶ ൌ 3500𝑅𝑃𝑀 
considering three values for the rotors mutual dis-
tance: d=1.02D, d=1.1D, and d=1.2D, respectively. 
The effect of reversing the sense of rotation of the 
secondary propeller was tested in some cases. The 
phase angle between the propellers varied in the 
range of 𝜓 ൌ 0∘ െ 105∘. In addition to these test 
cases, two additional configurations for the phase 
shift were considered, referred to as "random", where 
the slave motor follows the master motor by oscillat-
ing around an equilibrium value with a sinusoidal law 
and a fixed maximum amplitude of 10°. 

3.3. PIV experimental layout 

The rotor downwash characteristics were measured 
by two-component Particle Image Velocimetry (2C-
PIV) measurement systems. The set-up was com-
posed of a CFR 400 dual-head Nd-Yag laser with a 
pulse energy of 180 mJ at a wavelength of 532 nm 
and a repetition rate of 10 Hz. A system of two 
sCMOS cameras was installed consisting of two 
ILA.PIV.sCMOS CLHS. The cameras were installed 
on a two-axis linear traversing system, to increase the 
measured region by horizontally shifting the cameras. 
The investigation of both the isolated propeller and 
the tandem configurations drove the installation of the 



two cameras side-by-side and vertically aligned to fol-
low the wake evolution along the axial direction down 
to more than one rotor diameter, Figure 6. For the iso-
lated propeller, the measured region of interest cov-
ered radially the wake in the range between 𝑥 ൌ
0.23 𝑅 to 𝑥 ൌ 1.17 𝑅 and vertically from 𝑧 ൌ 0.1 𝑅 to 
𝑧 ൌ െ2.05 𝑅, while for the tandem configuration, a 
larger region is recorded ranging between 𝑥 ൌ 0.5 𝑅 
and 𝑥 ൌ 1.75 𝑅 along the x-direction and in the range 
comprised from 𝑧 ൌ 0.09 𝑅 to 𝑧 ൌ െ2.06 𝑅 in the ver-
tical direction. As tracer particles, aerosolized dieth-
ylhexylsebacate (DEHS) oil with a size of less than 1 
μm was used. The PIV images were pre-processed 
by applying a background grey-level subtraction. Piv-
View v3.6.5 (by PivTech GmbH) was used to process 
the particle images. The particle image analysis con-
sisted of an iterative multigrid cross–correlation algo-
rithm. The results presented a vector step of 𝛥𝑥 ൌ
1.43 𝑚𝑚. Considering the current values for the opti-
cal resolution (11.21 px/mm) and the laser double–
pulse delay (45-60 μs), a velocity error εu of ~ 0.2 m/s 
to 0.15 m/s was estimated. A complete description of 
the measurement setup and a discussion of the pre-
liminary experimental results were given by De Gre-
gorio et al. in Ref. 16. 

 
Figure 6: Experimental Layouts: 2C-PIV  

4. DESCRIPTION OF THE METHODOLOGIES 
FOR THE NUMERICAL SIMULATIONS 

The numerical simulations were performed by the 
partner applying in-house-developed and commercial 
computational tools, of different degrees of fidelity, 
and validated through comparisons with the experi-
mental data produced during the AG-26 project. The 
list of the numerical solvers is summarized in Table 1 
and a detailed description is provided in the following. 

Table 1: Main Characteristics of the codes used by 
the partners 

Partner Code Description 

CIRA RAMSYS, 
ACO-suite 

Unsteady, inviscid 
and incompressible 
free-wake Boundary 
Element Method 
(BEM) + Ffowcs Wil-
liams-Hawkings 
(FWH) 

DLR UPM, 
APSIM 

Free Wake Panel 

method, FWH 

ONERA ProLB, KIM Lattice Boltzmann 
Method (LBM), FWH 

Politecnico  
Milano 

DUST Free Wake Panel 

method, FWH 

Roma Tre 
Univ. / CNR 

AERMOD, 
ACUMOD 

Unsteady, inviscid 
and incompressible 
free-wake BEM + 
FWH 

Univ.  
Stuttgart 

FLOWer, 
ACCO 

FLOWer: unsteady, 

compressible 
(URANS) 

CFD solver with 

Chimera technique, 

FWH Solver with 

source-time dominant 

algorithm 

Univ.  
Glasgow  

HMB3-
HFWH 

HM3 CFD solver, un-
steady, compressible 
(URANS), over-
set/chimera grids, 
FWH coupled with 
HMB3 

4.1. CIRA 

The CIRA aerodynamic simulations were carried out 
by using the medium-fidelity code RAMSYS, Ref. 17, 
which is an unsteady, inviscid and incompressible 
free-wake vortex lattice boundary element methodol-
ogy (BEM) solver for multi-rotor, multi-body configu-
rations developed at CIRA. It is based on Morino's 
boundary integral formulation, Ref. 18 for the solution 
of Laplace's equation for the velocity potential φ. The 
surface pressure distributions are evaluated by apply-
ing the unsteady version of Bernoulli equation, which 
is then integrated to provide the forces and moments 
on the configuration and the surrounding obstacles. A 
computational acceleration is obtained by applying 
the module for symmetrical flows and geometries 



implemented in the solver and the parallel execution 
via the OpenMP API. The pylons supporting the pro-
pellers were modelled as cylinders of square section. 

The ACO-FWH solver is used for computing the 
acoustic free-field generated by the rotor blades. It is 
based on the FWH formulation, Ref. 19, described in 
Refs. 20, 21 and 22. The advanced-time formulation 
of Farassat 1A, Ref. 23, is employed, and the linear 
terms (the so-called thickness and loading noise con-
tributions) are computed through integrals on the 
moving blades’ surface (impermeable/rigid surface 
formulation). The computational acceleration is ob-
tained by a parallel execution via the MPI API. The 
simulation of the aeroacoustic free-field was carried 
out by using the aerodynamic database evaluated by 
RAMSYS, and consisting of the rotor blade pressure 
distributions. 

4.2. DLR 

The free-wake panel method UPM, Refs. 24, 25, 26 
is based on a velocity-based, indirect potential formu-
lation using a combination of source and vortex distri-
bution on the solid surfaces and vortex panels in the 
wake. Compressibility effect of the flow are consid-
ered by applying the Prandtl-Glauert correction. An it-
erative pressure Kutta condition is implemented to 
subsequently ensure pressure equality at the trailing 
edge. This method is proved to be computationally ef-
ficient and robust with respect to the size of the cho-
sen time step and the number of panels on the blade. 
The pressure on the blade surface is calculated from 
the unsteady Bernoulli equation. The BVI is captured 
thanks to the free wake model used in UPM. The 
wake can also be represented in the form of vortex 
particles as UPM is linked to a particle solver. De-
pending on the configurations, all aerodynamic inter-
actions are considered. 

The Aeroacoustic Prediction System based on an In-
tegral Method, APSIM, Ref. 27, is designed to calcu-
late wave propagation over large distances in uniform 
flows. The methodology is based on FWH formula-
tion, Ref. 19, and only linear sound propagation is 
considered. In general, the aeroacoustic computation 
into the far field is split into two steps for current ap-
plications: In a first step the pressure data on the rotor 
is computed by aerodynamic codes and provided to 
APSIM; in a second step the sound propagation into 
the far field is calculated with APSIM. Validations of 
UPM and APSIM were intensively conducted during 
various projects. 

4.3. ONERA 

Simulations using the Lattice Boltzmann Method 
(LBM) are performed with the ProLB code, Ref. 28. 
The ProLB solver is developed in the framework of a 
French consortium composed of universities, and in-
dustries. For 3-D applications, the code is based on a 
19-velocity discretization (D3Q19 lattice) with no ad-
ditional equations or distribution functions. Conse-
quently, the version of the code used v2.8) is limited 
to isothermal or weakly compressible flows. In prac-
tice, the lattice Boltzmann equation is solved on non-
body fitted grids based on a hierarchy of embedded 
cartesian grids with a ratio of 2 between the grid spac-
ing of two successive refinement levels (Octree ap-
proach), combined with an unstructured topology. 
This strategy allows for an easy meshing of complex 
geometry but special care must be taken to ensure 
smooth transitions between refinement levels. To do 
so, the collision operator used in this study is the Hy-
brid Recursive Regularized (HRR) model presented 
in Jacob et al., Ref. 29, and the Direct Coupling ap-
proach proposed by Astoul et al., Ref. 30, is also con-
sidered. A turbulence model is adopted to avoid the 
prohibitive cost of direct numerical simulations. The 
shear improved Smagorinsky model of Leveque et 
al., Ref. 31, is chosen here. 

The longitudinal extension of the computational do-
main is equal to 30 times the radius of the propeller, 
combined with non-reflecting boundary conditions en-
sures the absence of aerodynamic or acoustic reflec-
tions. The total number of points is equal to 145 mil-
lion with one propeller and 261 million for the tandem 
configuration. An additional refinement has been 
added at propellers tips in order to allow small sepa-
ration distances. Even if the code uses a wall law, the 
smallest cell size on the propeller is set equal to 0.14 
mm (0.5% of tip chord) to ensure that y+ values are 
small enough on the blades (less than 60). Since the 
time scheme is explicit (CFL=1), it implies tiny time 
steps, in this case 0.24 μs. To ensure statistical con-
vergence the simulation is run over 16 revolutions 
over which the last 9 are used for acoustic post-pro-
cessing. 

The unsteady surface pressure distribution on the 
blades obtained with ProLB are used as input for the 
KIM code, Refs. 32 and 33, to determine the noise 
emission of the rotor thanks to a Ffowcs-Williams and 
Hawkings formulation implemented in a non-compact 
advanced time approach. 

Once the acoustic pressure signals are obtained a 



phase averaging is employed in order to decompose 
the signals into periodic (tonal noise) and non-deter-
ministic parts (broadband noise). It is then possible to 
determine the noise directivities at specific frequency 
tones. 

4.4. Politecnico di Milano (PoliMi) 

The single and twin propeller test cases were simu-
lated by the mid-fidelity DUST solver, Ref. 34. DUST 
is an open-source software developed by PoliMi to 
simulate the interactional aerodynamics of unconven-
tional rotorcraft configurations. The code, released as 
free software under the open-source MIT license, re-
lies on an integral boundary element formulation of 
the aerodynamic problem and a vortex particle model 
of the wakes. The propeller blades were modelled us-
ing surface panels elements, thus without using vis-
cosity corrections. In particular, a number of 240 sur-
face panels were used to model each blade, using a 
spanwise discretization of 15 panels and a chordwise 
discretisation of 8 panels. Simulations were per-
formed using a time-discretization of 5° azimuthal an-
gle for a total of 8 revolutions. The aerodynamic re-
sults obtained by are not trimmed. The aeroacoustic 
signature is computed by solving FWH equations, 
Ref. 19. The surface pressure field on the propeller 
computed with the two solvers is provided as input to 
the same acoustic module, Ref. 35. The support sys-
tem of the propellers was not modelled. 

4.5. Roma Tre University & CNR (RM3) 

Under the framework of GARTEUR AG-26, Roma Tre 
University (RM3) and the National Research Council 
of Italy (CNR) are collaborating to advance their col-
lective understanding of drone aeroacoustics. Aero-
dynamic and aeroacoustic solvers used by both re-
search units are based on tools developed over the 
past twenty years, which have been extensively vali-
dated on helicopter and tiltrotor configurations, Refs. 
36 and 37, marine/aeronautical configurations pow-
ered by rotating wings, Refs. 38, 39 and 40, and wind 
turbine applications, Ref. 41. For simplicity, all results 
presented in this paper are labelled as RM3. 

The aerodynamic module is based on the boundary 
integral formulation for the velocity potential pre-
sented in Ref. 42 suited for helicopter configurations 
where blade-vortex interaction (BVI) occurs. This for-
mulation is fully 3D, can be applied to bodies with ar-
bitrary shape and motion, and allows the calculation 
of both wake distortion and blade pressure field. It as-
sumes the potential field to be divided into an incident 

field, generated by doublets over the wake portion not 
in contact with the trailing edge (far wake), and a scat-
tered field, generated by sources and doublets over 
the body as well as doublets over the wake portion 
very close to the trailing edge (near wake). This pro-
cedure allows one to overcome the instabilities aris-
ing when the wake comes too close to or impinges on 
the body. Recalling the equivalence between the sur-
face distribution of doublets and vortices, the contri-
bution of the wake portion experiencing BVI (far 
wake) is expressed in terms of thick vortex (i.e., Ran-
kine vortices) distributions. The shape of the wake 
can be either assigned (prescribed-wake analysis) or 
obtained as a part of the solution (free-wake analysis) 
by a time- marching integration scheme in which the 
wake is moved accordingly to the velocity field com-
puted from the potential solution. Once the potential 
field is known, the Bernoulli theorem yields the pres-
sure distribution on the body that, in turn, is used both 
to determine the aerodynamic loads and as an input 
to the aeroacoustic solver to predict the radiated 
noise. The aeroacoustic analysis is performed by a 
prediction tool based on FWH equation, Ref. 19. The 
solution of the FWH equation is achieved through the 
boundary integral representation known as the 
Farassat Formulation 1A, Ref. 23. 

4.6. University of Glasgow (UoG) 

Helicopter Multi-Block (HMB3) code is employed in 
this study. The solver can accurately predict the aer-
odynamic performance and acoustics of rotors, and 
has been widely used in the investigation of rotorcraft 
flows, Ref. 43, and helicopter rotor aeroelasticity, Ref. 
44. Moreover, a good agreement when compared to 
experimental results in aerodynamics, acoustics and 
aeroelasticity of propellers, can be seen in a previous 
study, Ref. 45. Most recently, its ability to capture the 
interactions of multi-rotor flows and ducted propeller 
flows was documented by Qiao in Ref. 46 and Ref. 
47. HMB3 solves the Unsteady Reynolds Averaged 
Navier-Stokes equation in integral form using the Ar-
bitrary Lagrangian-Eulerian formulation for time-de-
pendent domains, including moving boundary layers. 
HMB3 uses a cell-centred finite volume approach to 
discrete Navier-Stokes equations on multi-block, 
structured grids. The 3rd-order MUSCL (Monotone 
Upstream-centred Schemes for Conservation Laws) 
approach is applied to provide high-order accuracy in 
space. In the present work, simulations are performed 
with the k−ω shear stress transport (SST), Ref. 48, 
turbulence model. 



The computational grids used for propellers have a 
typical C-H topology. The spacing distribution has 
been set to the condition 𝑦ା ൑  1, resulting in a first 
cell size normal to the surfaces of approximately 
1.0 ൈ 10ିହ𝑐 as tested a-posteriori. Adiabatic, non-
slip, wall boundary conditions were applied at propel-
lers. 

Regarding acoustics, the present work estimates the 
near-field information derived from pressure fields 
computed with the high-fidelity HMB3 tool. The sound 
pressure signal was obtained by subtracting the time-
averaged pressure from the time-dependent data. 
Near-field CFD grids are designed to have at least 20 
cells per target wavelength, which is calculated based 
on 20 times the Blade Passing Frequency (BPF = 260 
Hz), Refs. 15 and 49. 

The coupling of HMB3-HFWH tools was applied with 
the input of surface pressure fields computed by 
HMB3 to efficiently calculate the far-field acoustics. 
Current work focuses on the non-porous formulation 
with a completely anechoic condition. Extensive 
code-to-code comparisons of the current acoustic 
solver have been validated by Smith, Ref. 50. 

4.7. University of Stuttgart (IAG) 

For high-fidelity simulations, a framework consisting 
of FLOWer and ACCO was used at the Institute of 
Aerodynamics and Gas Dynamics (IAG) at the Uni-
versity of Stuttgart. CFD results are obtained with the 
block-structured code FLOWer, originally developed 
by DLR, Ref. 51, and continuously extended at the 
IAG for rotorcraft and multirotor applications, Ref. 52. 
Acoustic coupling was provided by IAG’s FWH solver 
ACCO, Ref. 53, which uses the transient flow data 
provided by FLOWer as an input. 

FLOWer solves the three-dimensional, compressible 
RANS equations and enables unsteady flow solutions 
(URANS). The discretization of time and space is ap-
plied separately by the method of lines. For temporal 
discretization a second-order dual time stepping is 
used, Ref. 54, with a time step of 0.5° to resolve 
acoustic waves, while for spatial discretization a 5th 
high-order weighted essentially non-oscillatory 
(WENO) scheme by Borges, Ref. 55, is used. Fur-
thermore, the Menter-SST turbulence model was ap-
plied to close the URANS equations. Using the Chi-
mera technique separate meshes were created for 
the background and rotor, utilizing hanging grid nodes 
to reduce the numerical expense. The spatial resolu-
tion of a single three-bladed rotor was achieved by 

3.1 million cells. The rotor surface was meshed with 
132 cells in radial and 40 cells in chordwise direction 
with a refinement towards the blade tip, leading edge 
and trailing edge with cell sizes of less than one thou-
sandth of the radius. In addition, a hub region was 
constructed to connect the three rotor blades. The ro-
tor mesh is extruded in wall normal direction with 56 
cells. The first surface cells satisfy y+ < 1 and an ex-
trusion up to cell sizes corresponding 10% of the 
chord length is applied. The spatial discretization in 
the background mesh was based on the resolution of 
the first harmonic wave length, with 15 cells discretiz-
ing the wave length of the BPF. 

The acoustic code ACCO is an in-house code of the 
IAG, which uses an acoustic integration surface for 
the generation of sound emissions. For the integra-
tion either the physical surfaces or a permeable sur-
face surrounding the object of interest can be used. 
For the performed simulations, the physical blade 
data of 5 full rotor revolutions are used and the inte-
gration is achieved through the physical surface of the 
rotor blade, which includes all tonal sound sources. 

5. TEST CASES SELECTED FOR THE NUMERI-
CAL SIMULATIONS 

The test cases selected for the numerical simulations, 
Table 2, deal with an isolated propeller rotating coun-
ter-clockwise at 5200 𝑅𝑃𝑀, and a set of twin counter-
clockwise co-rotating propellers, also rotating at 
5200 𝑅𝑃𝑀, installed at the same height and at three 
different inter-axis distances: 𝑑/𝐷 ൌ  1.02; 1.10 and 
1.20, where 𝐷 represents the propeller diameter. In 
addition, the effect of reversing the sense of rotation 
of the secondary propeller (CR) or de-phasing it with 
respect to the main one was also evaluated. 

 

Table 2: Test cases selected for the numerical simu-
lations 

Test Nr. d/D Δφ 

[°] 

Density 

[kg/m3] 

SoS 

[m/s] 

Hov01 (SP) - - 1.198 344.75 
Hov02 (TP) 1.02 0° 1.198 344.75 

Hov03 (TP) 1.02 30° 1.198 344.75 

Hov04 (TP) 1.02 90° 1.198 344.75 

Hov11 (TP) 1.02 60° 1.222 343.23 

Hov12 (TP) 1.10 0° 1.222 343.23 

Hov14 (TP) 1.20 0° 1.222 343.23 

Hov16 (TP) 1.02 CR 1.222 343.23 



6. RESULTS OF THE NUMERICAL SIMULA-
TIONS 

6.1. Aerodynamic performance 

Medium- and high-fidelity numerical simulations were 
carried out by using the discretization indicated in 
Table 3 and Table 4, respectively. 

Table 3: Space and time discretization for the medium
fidelity aerodynamic simulations 

Part-
ner 

Panels per 
Blade / Pylon 

 

Azimuth 
step [°] 

Revs / 
Wake 
spirals 

CIRA  1320 / 2808 2 10 / 10 

CNR  3400 / - 2 7 / 6 

DLR 1624 / - 2 10 / 10 

PoliMi 240 / - 5 8 / 8 

RM3 6000 / - 3 10 / 6 

 

Table 4: Space and time discretization for the CFD 
aerodynamic simulations 

Partner Grid cells  
Rotor / Total 

Azimuth 
step [°] 

Revs 
 

IAG 3.1M / up to 
18.7M 

1 / 0.5 31 

ONERA - / up to 
261M 

0.011 16 

UoG 7.5 / 38M 2 13 

The aerodynamic performance of the single and twin 
propeller configurations was evaluated in terms of: 

 Global loads, produced by each propeller. 
Namely, the time-averaged thrust and torque co-
efficients were measured and calculated; 

 Time histories of the numerical thrust coefficient, 
for the whole configurations expressed as the 
summation of the 𝐶𝑇𝑠 of the two propellers: 𝐶𝑇 ൌ
 𝐶𝑇ெ௔௜௡  ൅  𝐶𝑇ௌ௘௖௢௡ௗ௔௥௬. The 𝐶𝑇 of the single pro-

peller was multiplied by 2 and chosen as refer-
ence value in order to have a more direct com-
parison with the twin propellers. This representa-
tion was selected with the aim to highlight the un-
steadiness of the interactional aerodynamics of 
the single and twin-propellers in terms of 𝑛/𝑟𝑒𝑣 

frequency content and evaluate the effects on the 
propellers’ noise. 

 PIV measured and numerically simulated, to 
highlight the details of the flow field downstream 
of the propellers’ disks, mainly in terms of the z-
component of the induced velocity. 

The analysis of the numerical-experimental compari-
sons is described in the following. 

Time-averaged loads 

Figure 7 illustrates the time-averaged thrust coeffi-
cient of the secondary propeller rotor#2 at several in-
ter-axis distances between the twin propellers. All 
predictions show that this value is lower than the one 
produced by the single propeller, within 2.42% at 
𝑑/𝐷 ൌ  1.02, and that the closer the twin propellers 
are, the higher the reduction in thrust is. This behav-
iour is confirmed by the experiment, Ref. 14, which 
however shows a higher reduction, about 6% at 
𝑑/𝐷 ൌ  1.02. An explanation for this behaviour was 
identified by Shkula et al., Ref. 3, in the sudden break-
down of the coherent vortical structures that were in-
stead observed to develop downstream of the single 
propeller. Figure 8 illustrates the loss of coherence in 
the wake structure produced by the propeller-propel-
ler interactions. 

By increasing the distance between the propellers’ 
axes, the decrease in thrust reduces asymptotically. 
CIRA, PoliMi and RM3 show a lower reduction in 
thrust with respect to the single propeller, whereas 
the other simulations show a higher reduction with 
DLR and UoG results showing the highest value. 

 
Figure 7: Thrust coefficient of the secondary pro-
peller at several distances between the twin pro-

pellers  



  

Figure 8: Loss of coherence in the wake structure produced by the propeller-propeller interactions at 
𝑑/𝐷 ൌ  1.02, grey spheres, compared to the coherent structure of the isolated propeller wake – red 

spheres. RAMSYS simulations - XZ view (top) and XY view (bottom) 

 

The time-averaged thrust coefficient of the secondary 
propeller at several phase angles with respect to the 
main propeller is illustrated in Figure 9. Both CIRA 
and DLR simulations predict, despite in an opposite 
way, a slight increase in the 𝐶𝑇 as the phase angle of 
the secondary propeller increases up to ∆𝜑 ൌ 60°, fol-
lowed by a decrease at ∆𝜑 ൌ 90° where the calcu-
lated 𝐶𝑇 is lower than the case of the propellers in 
phase. IAG, PoliMi and RM3 results are almost insen-
sitive to the phase angle. 

 

Figure 9: Thrust coefficient of the secondary pro-
peller at several phase angles of the secondary 

propeller 

Figure 10 shows the time-averaged thrust coefficient 
of the secondary propeller at the two senses of rota-
tion of the secondary propeller, being the first one co-
rotating with the main propeller, and the second one 
contra-rotating. PoliMi results of the contra-rotating 
propellers are significantly lower than those of the co-
rotating propellers. Instead, all the other simulations 
predict almost no effect of the sense of rotation on the 
aerodynamic performance of the twin propellers. 

 

Figure 10: Thrust coefficient of the secondary pro-
peller at the two senses of rotation of the second-

ary propeller 

The analysis of the time-averaged torque diagram in 
Figure 11 shows an extremely low sensitivity of the 
numerical torque to the distance between the propel-
lers’ axes, with the only exception of RM3. As ex-
pected, the inviscid simulations produced significantly 
lower values of the torque. The higher fidelity solvers 
produced results closer to the experimental value but 
none of them was able to evaluate the reduction in 
torque passing from the single propeller to the twin 
propellers. 



 
Figure 11: Torque coefficient of the secondary 
propeller at several distances between the twin 

propellers 

Figure 12 and Figure 13 show the time-averaged 
torque diagrams at several phase angles of the sec-
ondary propeller and at the two senses of rotation of 
the secondary propeller, respectively. In both cases 
the predictions are almost insensitive to the different 
configurations. 

 
 

Figure 12: Torque coefficient of the secondary 
propeller at several phase angles of the second-

ary propeller 

Figure 13: Torque coefficient of the secondary 
propeller at the two senses of rotation of the sec-

ondary propeller 

Time-histories of the thrust coefficient  

The thrust coefficient time history of the single propel-
ler, Hov01, is illustrated in Figure 14. 

 

Figure 14: Thrust coefficient time histories for the 
single propeller - Hov01 

It exhibits an almost steady behaviour. The fluctua-
tions in CIRA results are likely produced by the inter-
action of the blade wakes with the support structure 
(pylon). 

The twin propellers time histories show marked 6/𝑟𝑒𝑣 
fluctuations in all simulations at 𝑑/𝐷 ൌ  1.02, Hov02, 
which are the result of strong interactional effects be-
tween the two propellers. The (relative) large azimuth 
step used by ONERA might result in an artificial un-
derestimation of those fluctuations. As the distance 
between the two propellers increases, these effects 
are progressively weaker. CIRA results exhibit a mi-
nor reduction in amplitude and prevailing 3/𝑟𝑒𝑣 oscil-
lations. IAG results still show a 6/rev behaviour but 
the amplitude is almost zeroed. PoliMi and UoG re-
sults show an extremely low unsteadiness. Unlike the 
other simulations, DLR results show an increase in 
amplitude at 𝑑/𝐷 ൌ  1.10, Hov12. 



Figure 15: Thrust coefficient time histories for the twin propellers in phase at several distances of the axes 
of rotation: 𝑑/𝐷 ൌ  1.02 - Hov02; 𝑑/𝐷 ൌ  1.10 - Hov12 and 𝑑/𝐷 ൌ  1.20 - Hov14 

Figure 16 illustrates the thrust coefficient time histo-
ries for the twin propellers at 𝑑/𝐷 ൌ 1.02, and several 
phase angles of the secondary propeller. Unlike the 
case with the twin propellers in phase, where 6/𝑟𝑒𝑣 

fluctuations are clearly observable, all simulations 
highlight that the three phase angles investigated pro-
duce 3/𝑟𝑒𝑣 fluctuations with higher amplitudes, par-
ticularly at ∆𝜑 ൌ 60°. 

Figure 16: Thrust coefficient time histories for the twin propellers at 𝑑/𝐷 ൌ 1.02, at several phase angles 
of the secondary propeller: ∆𝜑 ൌ 30° - Hov03; ∆𝜑 ൌ 60° - Hov11 - and ∆𝜑 ൌ 90° - Hov04 

Finally, Figure 17 shows the thrust coefficient time 
histories for the contra-rotating twin propellers at 
𝑑/𝐷 ൌ 1.02 - Hov16. As for the case with phase an-
gle ∆𝜑 ൌ 60°, high amplitude, 3/𝑟𝑒𝑣 fluctuations can 
be observed. This is because, for these two test con-
ditions only, there is a 3/𝑟𝑒𝑣 perfect alignment of the 
two propellers’ blades along the horizontal inter-axis 
line (ѱ ൌ  270° for the main propeller and ѱ ൌ  90° 
for the secondary propeller, according to Figure 3), 
which produces the maximum interactional effect. 
IAG results show much stronger fluctuations.  

Figure 17: Thrust coefficient time histories for the 
contra-rotating propellers twin propellers at 

𝑑/𝐷 ൌ 1.02 - Hov16 



PIV measurements  

PIV measurements were carried out by CIRA to eval-
uate the details of the propellers’ downwash in terms 
of the vertical component 𝑤 of the velocity induced by 
the wake system. These measurements enabled a 
more exhaustive validation of the numerical solvers 
but also represented the opportunity for CIRA to ex-
tend the PIV field of investigation downstream of the 
propeller disks, which in literature are usually limited 
to no more than one rotor radius. A detailed descrip-
tion of the investigation procedure, combined with a 
Гଶ vortex detection criterion, can be found in Ref. 56. 
The PIV measurements were elaborated both in in-
stantaneous and time-averaged maps. The latter one 
was used to extract the vertical component 𝑤 of the 
velocity induced at several distances below the pro-
pellers’ disks as shown in Figure 18. 

 

 

Figure 18: Time-averaged PIV measurements - 
Radial distributions of the vertical component of 

the induced velocity (top) at several heights below 
the propeller disks (bottom) 

Numerical vs experimental comparisons of the radial 
distribution of the 𝑤 component of the induced veloc-
ities are presented for all test cases. 

For the single propeller test case, Hov01, Figure 19, 
four main regions can be identified in the induced ve-
locity maps: the propeller hub region; the maximum 
acceleration below the disk; the shear layer boundary 
and slope; and the blade tip region.  

In the proximity of the propeller disk (𝑧/𝑅 ൌ  െ0.10 
and െ0.25) the slope of the experimental results at 
the hub is predicted in a different way by some meth-
odologies, mainly because the hub was not modelled 
by all partners and also because different blade root 
cut-outs were applied. Further downstream, the ex-
perimental slope is correctly predicted by all the sim-
ulations. 

The maximum acceleration down the propeller disk is 
estimated in a similar manner by all solvers up to the 
station at 𝑧/𝑅 ൌ  െ0.50. More downstream, all simu-
lations, with the exception of PoliMi at 𝑧/𝑅 ൌ  െ2.00, 
predict a higher velocity compared to the experi-
mental data, and CIRA results are particularly over-
estimating in the lowest regions (𝑧/𝑅 ൌ  െ1.50 and 
െ2.00). This occurrence gives an indication of the dif-
ferent dissipative nature of the solvers applied. 

Regarding the shear layer region, the differences with 
the experimental results are explained by the diffu-
sion produced by the viscous effects, which causes a 
marked thickening and reduced slope of the experi-
mental shear layer moving downstream from the rotor 
disk, and which is instead modelled in some solvers 
by using vortex core models. Their selection and fine 
tuning are a key point for a correct modelling of the 
wake shape and the viscous effects on the velocity 
field. Excepting PoliMi results, which are in a better 
agreement with the experiment, all the other solvers, 
regardless of the methodology, show a similar behav-
iour up to 𝑧/𝑅 ൌ  െ1.50, with the position slightly 
more inboard than the experimental data at the lower 
positions below the propeller disk. 𝐴𝑡 𝑧/𝑅 ൌ  െ2.00 
the predictions are extremely various.  

The region around the blade tip (r/R = 1) shows that 
the URANS simulations by UoG are generally in good 
agreement with the experiment. The other simula-
tions show a tendency to overestimate the upwash in 
the region between 𝑧/𝑅 ൌ  െ0.10 and െ1.00, 
whereas different behaviours among the solvers are 
shown in the lower regions. 

 



Figure 19: 2C-PIV: Numerical experimental comparisons – Single Propeller – Hov01  

The PIV measurements of the twin propellers were 
mainly focussed on the region between the two axes 
of revolution, whereas the simulations were extended 
more outboard on both sides. 

The analysis of the results shows similar numerical 
and experimental trends and behaviours for all the 
test cases investigated, Figure 20 to Figure 26. 

The best agreement is always observed in the zone 
closer to the propellers’ disks up to 𝑧/𝑅 ൌ െ0.50. In 
this zone, between the tips of the two propellers, all 
simulations, with the exception of PoliMi in some 
cases, produced an upwash or a lower downwash. 
Furthermore, the experimental results show a shift in 
the peak of the induced velocity that is not captured 

by any numerical result. Instead, the maximum value 
of the downwash is correctly evaluated by all the sim-
ulations. 

Further downstream, in the zone between 𝑧/𝑅 ൌ
െ1.00 and 𝑧/𝑅 ൌ െ2.00, the numerical-experimental 
comparison becomes more critical. With the excep-
tion of the RANS results by IAG, which show a gen-
eral better agreement with the experiment in all test 
cases, the other simulations exhibit discrepancies of 
different natures. In particular, and especially at 
𝑧/𝑅 ൌ െ1.50 and 𝑧/𝑅 ൌ െ2.00, CIRA predicts an ex-
cessive downwash, whereas the results of the other 
simulations have different behaviours depending on 
the test case.  



Figure 20: 2C-PIV: Numerical experimental comparisons – Twin propellers in phase, 𝑑/𝐷 ൌ  1.02 – Hov02 

Figure 21: 2C-PIV: Numerical experimental comparisons – Twin propellers in phase, 𝑑/𝐷 ൌ  1.10 – Hov12 



Figure 22: 2C-PIV: Numerical experimental comparisons – Twin propellers in phase, 𝑑/𝐷 ൌ  1.20 – Hov14 

Figure 23: 2C-PIV: Numerical experimental comparisons – Twin propellers, ∆𝜑 ൌ 30°, d/D = 1.02 – Hov03 



Figure 24: 2C-PIV: Numerical experimental comparisons –Twin propellers, ∆𝜑 ൌ 60°, d/D = 1.02 – Hov11 

Figure 25: 2C-PIV: Numerical experimental comparisons – Twin propellers, ∆𝜑 ൌ 90°, d/D = 1.02 – Hov04 



Figure 26: 2C-PIV: Numerical experimental comparisons – Twin Propellers contra-rotating, 𝑑/𝐷 ൌ  1 െ 02 
– Hov16 

 

6.2. Acoustic performance 

The analysis of the acoustic performance was carried 
out by investigating the first four BPFs of each test 
case. 

Twin propellers in phase. Effect of increasing the 
inter-axis distance 

These results are shown in Figure 27, Figure 28 and 
Figure 29. In general, good comparisons are ob-
served for BPF1, which is more related to the steady 
loading noise. At higher harmonics, the deviations in 
the comparison increases, thus indicating the differ-
ence in the unsteady aerodynamics predicted by the 
different solvers. For BPF1, almost all results indicate 
a minimum noise along the rotor axis (90° and 270°), 
except IAG. At 270°, the higher value shown in the 
experimental results is caused by the microphone 
self-noise due to the effect of the propeller downwash 
on microphone.  

The analysis of the first BPF (BPF1) shows that the 
increase in the distance between the two axes of ro-
tation does not produce any significant change in the 
experimental results and in the numerical data 

produced by IAG. With the exception of CIRA, the 
other numerical simulations predict two marked 
lobes, with respect to the plane orthogonal to the pro-
pellers’ plane, at the distances 𝑑/𝐷 ൌ  1.02 and 1.20. 
The fact that CIRA results do not show the same be-
haviour is explained by the pylon’s effect, not ac-
counted for in the other partners’ simulations, produc-
ing more aerodynamic unsteadiness mainly radiating 
in direction of the rotor axis. 

At the second BPF (BPF2), the experimental data 
show a reduction in the propellers’ plane when com-
pared to BPF1. There are no significant changes in 
the plane orthogonal to the propeller disks nor by in-
creasing the distance d/D. The numerical results 
show a reduction in SPL compared to BPF1, which 
becomes progressively more significant as the dis-
tance d/D increases as the higher harmonics are 
more affected by the unsteady loading. 

The results of the third BPF (BPF3), compared to 
those of BPF2, show a further reduction in the propel-
lers’ plane only for the experimental results, whereas 
an omnidirectional reduction, which further reduces 



by increasing the distance d/D, is observed in the nu-
merical results. 

The experimental data of the fourth BPF (BPF4) show 
an observable reduction with respect to BPF3 in the 
propellers’ plane and only a slight reduction in the 
plane orthogonal to the propellers. The numerical re-
sults are quantitatively similar to those of BPF3. 

Finally, it is worth mentioning the fact that, except at 
BPF1, all simulations tend to underestimate the ex-
perimental results, excluding UoG ones which, in 
some cases, show a qualitative and quantitative bet-
ter agreement. 

Effect of changing the phase of the secondary 
propeller (Twin propellers at d/D = 1.02). 

These results are shown in Figure 30, Figure 31 and 
Figure 32.  

The numerical and experimental SPLs at BPF1 show 
an increase in the plane orthogonal to the propellers 
with respect to the case with the two propellers in 
phase, Figure 27. The experimental results show a 
general dissymmetry in the propellers’ plane with a 
higher reduction at the azimuth angle 𝜓 ൌ 0°. The nu-
merical results show an opposite dissymmetry for the 
phase angles ∆𝜑 ൌ 30° and ∆𝜑 ൌ 90°, and no dis-
symmetry at ∆𝜑 ൌ 60°. This behaviour is explained by 
the fact that only at ∆𝜑 ൌ 60° there is a perfect sym-
metry of the two propellers, every 120°, with respect 
to the mid-plane between the two propeller hubs. Fur-
thermore, partners’ simulations predict the dissym-
metry in the opposite way. In particular, CIRA and Po-
liMi predict the same behaviour which is opposite to 
that of the other partners. 

At BPF2,the experimental results show an increase in 
SPL, with respect to the propellers in phase, Figure 
27, in the propellers’ plane with a slight increase in 
the dissymmetry, as for BPF1, but only at the phase 
angle ∆𝜑 ൌ 90°, Figure 32. The cases in phase, Fig-
ure 27, and at the phase angle ∆𝜑 ൌ 60°, Figure 31, 
produce SPL values in the plane orthogonal to the 
propellers that are similar but slightly greater than the 
cases with the phase angles ∆𝜑 ൌ 30° and ∆𝜑 ൌ 90°, 
Figure 30 and Figure 32, respectively. The numerical 
results show two marked lobes with respect to the 
propellers’ plane and a higher noise in the propellers’ 
plane with respect to the case in phase. The propel-
lers with the phase angle ∆𝜑 ൌ 60° show a marked 
increase in noise in the plane orthogonal to the pro-
pellers too. 

The experimental results of BPF3 do not show signif-
icant changes with respect to BPF2. The numerical 
predictions show an increase in the SPL in the plane 
orthogonal to the propellers with respect to the pro-
pellers in phase, Figure 27. This increase is even 
more evident for the propeller with phase angle ∆𝜑 ൌ
60°, Figure 31. Significant quantitative differences 
can be observed between IAG results and all the 
other ones. 

The same general considerations made for BPF3 
hold for BPF4 too. Furthermore, there are no relevant 
noise reductions at BPF4 with respect to BPF3. 

Effect of sense of rotation of the secondary pro-
peller (Twin propellers in phase at d/D = 1.02). 

The results for the contra-rotating propellers are 
shown in Figure 33 and are compared with those of 
the co-rotating propellers, Figure 27. 

Regarding BPF1, both numerical and experimental 
results of the contra-rotating, propellers show an om-
nidirectional increase in noise with respect to the case 
of the co-rotating propellers. 

At BPF2, both numerical and experimental results 
show a more uniform distribution of SPL around the 
contra-rotating propellers with respect to the co-rotat-
ing ones. No significant quantitative changes can be 
observed. 

The numerical results for BPF3 show an increase in 
the noise, with respect to the case of co-rotating pro-
pellers, which is more evident in the plane orthogonal 
to the propellers. In this case too, the azimuthal noise 
distribution is more uniform. 

At BPF4 there are no significant quantitative between 
the co-rotating and contra-rotating propellers. The az-
imuthal noise distribution is more uniform. 

In general, some qualitative similarities with the case 
at phase angle ∆𝜑 ൌ 60°, Figure 31, can be observed. 

Single propeller 

With the exception of BPF1, where the numerical pre-
diction and the experimental results differ only in the 
plane orthogonal to the propellers, the other BPFs 
show significant differences between the experiment 
and the simulations. In particular, by increasing the 
BPF, the experimental results show slight changes, 
more markedly only at BPF4. Conversely, the numer-
ical results show a significant and progressive reduc-
tion by increasing the BPF, Figure 34. A possible ex-
planation can be found in the presence of the pylons 



(also hypothesised by Zarri et al. in Ref. 8) only mod-
elled in CIRA simulations but not in the other ones. In 
general, the noise produced by the isolated propeller 

at higher BPFs is always lower than that produced by 
the twin propellers, regardless of the operative condi-
tion.  

   

   

   

   

Figure 27: BPF SPL (dB) - Twin 
propellers - d/D = 1.02 – Hov02 

Figure 28: BPF SPL (dB) - Twin 
propellers - d/D = 1.10 – Hov12 

Figure 29: BPF SPL (dB) - Twin 
propellers – d/D = 1.20 – Hov14 

  



   

   

   

   

Figure 30: BPF SPL (dB) - Twin 
propellers - d/D = 1.02 - Phase 

+30° – Hov03 

Figure 31: BPF SPL (dB) - Twin 
propellers - d/D = 1.02 – Phase 

+60° - Hov11 

Figure 32: BPF SPL (dB) - Twin 
propellers - d/D = 1.02 - Phase 

+90° – Hov04 

  



   

   
Figure 33: BPF SPL (dB) - Twin propellers – d/D = 1.02 Contra-rotating – 

Hov16 

 

   

   

Figure 34: BPF SPL (dB) - Single propeller - Hov01 

 

 



7. CONCLUSIONS 

The paper illustrated numerical-experimental investi-
gations carried out by the consortium of the GAR-
TEUR Action Group AG-26 “Noise Radiation and 
Propagation for Multirotor System Configurations” 
concerning the aerodynamics and acoustics of single 
and twin co-rotating propeller configurations in hover 
flight. The activity was aimed at evaluating the effect 
of: 1) the inter-axis distance between the twin-propel-
lers; 2) the phase angle of the secondary propeller 
with respect to the main one; 3) the sense of rotation 
of the secondary propeller with respect to the main 
one on the aeroacoustic properties of the examined 
configurations. Loads, PIV, and microphone meas-
urements were jointly conducted by CIRA and Cu-
sano University at CIRA, in a laboratory environment 
and in a semi-anechoic chamber. 

The main results obtained are summarized in the fol-
lowing. 

From the aerodynamic standpoint, it was generally 
observed that: 

 the thrust coefficient of each of the two twin-pro-
pellers reduces with respect to that of the single 
propeller. This behaviour was explained by the 
sudden breakdown of the coherent vortical struc-
tures that were instead observed to develop 
downstream of the single propeller. This reduc-
tion is higher when the two propellers are closer 
to each other, and decreases asymptotically by 
increasing the separation distance. This effect 
was correctly simulated by all numerical results, 
regardless of the methodology applied, but with a 
milder and different amount of reduction; 

 the experimental torque coefficient follows the 
same trend as the thrust. Conversely, all the sim-
ulations look almost insensitive to the effect of in-
creasing the distance between the axes of rota-
tion. As expected, the potential methodologies 
significantly underestimate the torque; 

 de-phasing or changing the sense of rotation of 
the secondary propeller produces almost negligi-
ble effects in both thrust and torque coefficients; 

 the analysis of the thrust coefficient time histories 
evaluated by all numerical solvers highlighted an 
almost steady behaviour for the single propeller, 
and a 6/rev behaviour for the twin propellers in 

phase with decreasing amplitude as the distance 
between the propellers increased. Instead, de-
pashing or changing the sense of rotation of the 
secondary propeller produced marked 3/rev fluc-
tuations with amplitude reaching its highest value 
at ∆φ=60° and for the contra-rotating propellers. 
This result was explained by considering that 
these two conditions are the only cases where the 
blades of the two propellers are perfectly aligned 
along the line joining the two hub centres, at each 
120°, thus minimizing the distance between the 
two blade tips; 

 the 𝑤 component of the velocity induced at sev-
eral vertical distances below the propellers’ disks 
was measured and numerically predicted to pro-
vide a deeper insight into the flow field produced 
by the configurations examined. The analysis 
highlighted a reasonable agreement between all 
solvers and the experiment up to a distance from 
the rotor disks of z/R = -0.50. Further down-
stream, overestimations in the velocity were ob-
served in almost all simulations, particularly in 
CIRA results. This behaviour can be justified by 
the different dissipative properties of the numeri-
cal methodologies applied. In the specific case of 
the twin propellers, the numerical results pro-
duced an upwash or a lower downwash in the re-
gion between the axes of revolution of the two 
propellers. On average, the URANS results pro-
duced by IAG produced a closer agreement with 
the experiment. 

Regarding the acoustic results, it was observed that: 

 the agreement between the experimental and all 
numerical results is globally reasonable at the 
BPF1, while some discrepancies can be detected 
at the BPF2. Regarding the last two BPFs inves-
tigated, all numerical results underestimate, with 
a different degree, the experiment. In particular, 
significant differences can be observed for the 
BPF2, 3 and 4 of the single propeller. The reason 
is likely due to the presence of the pylons, not 
modelled in all simulations. 

 the increasing distance between the two propel-
lers reduces the noise because the interactional 
effects decrease progressively; 

 de-phasing the secondary propeller is, in general, 
not beneficial for the noise as it produces an in-
crease in the amplitude of the load fluctuations; 



 in the particular cases of the phase angle ∆𝜑 ൌ
60° and contra-rotating propellers, the close prox-
imity of the blade tips along the line joining the 
two hub centres produces the maximum increase 
in the amplitude of the load fluctuations, which 
maximizes the noise. 
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