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This paper aims to investigate, by means of Lattice-Boltzmann simulations, the flow-field and far-field noise of 
two co-axial co-rotating rotors operating at 3000 rpm in hover conditions. The two co-rotating configurations 
are made by 2 × 2-bladed rotors with a fixed axial separation and two different azimuthal separations Δ𝜙 equal 
to 84◦ and 12◦. Isolated 2- and 4-bladed rotors, are also simulated at the same operating conditions and used as 
aerodynamic and aeroacoustic reference. For both Δ𝜙 = 84◦ and 12◦, the upper rotor tip vortices are accelerated 
downstream due to the induction from the lower rotor, avoiding blade vortex interaction (BVI). The lower rotor 
tip vortices convect into the wake with a lower velocity, causing BVI for Δ𝜙 = 12◦. The lower rotor shows a 
reduction of thrust, relative to the upper rotor, of 36% and 66% for Δ𝜙 = 84◦ and 12◦, respectively. For Δ𝜙 = 12◦, 
the lower blades act as a wing flap for the upper ones, increasing their thrust. The tonal noise emission for the 
co-rotating rotors is driven by the interference between the acoustic waves from upper and lower rotors. Because 
of destructive interference, the configuration Δ𝜙 = 84◦ shows a first harmonic up to 15 dB lower than Δ𝜙 = 12◦, 
but still 4.5 dB higher than the isolated 4-bladed rotor.
1. Introduction

In the past few years, the development of unmanned aerial vehicles 
(UAVs), with various applications across military and civilian fields, 
and personal aerial vehicles (PAVs), for rapid mobility of people, has 
seen rapid growth. The different concepts proposed so far have in com-

mon the type of propulsion system, constituted by isolated or distributed 
propellers, which offer the capabilities of vertical take-off, landing and 
hovering. Since these vehicles are expected to be operated in close prox-

imity to densely populated areas, including urban areas, their noise 
footprint will become a certification requirement [16].

To address both noise and aerodynamic requirements, unconven-

tional configurations like co-axial co-rotating rotors must be explored. 
They are characterized by two rotors, connected to the same shaft, ro-

tating in the same direction. They offer flexibility in adjusting the axial 
distance Δ𝑥 between the rotors and the azimuthal separation Δ𝜙 be-

tween the propeller blades (also known as the phase or index angle). 
This design flexibility plays a crucial role in optimizing aerodynamic 
efficiency and reducing noise emissions, potentially surpassing the per-

formance of isolated rotor configurations.

* Corresponding author.

Several authors investigated the effect of the azimuthal separa-

tion on aerodynamic performance and sound pressure levels. Jacobellis 
et al. [18] observed a total thrust decrease by 10% as the azimuthal 
separation reached 0o. Landgrebe and Bellinger [20] carried out exper-

iments with a small scale 2×3-bladed co-rotating rotor in hover and 
showed that, with azimuthal separations of 30o and 45o, improvements 
in thrust when compared to a co-planar configuration can be obtained. 
Rorke [27], by testing a full-scale co-rotating rotor in hover with 4 dif-

ferent azimuthal separations of 25.2o, 34.4o, 43.6o and 62.1o, measured 
4 dB noise reduction at the first BPF for the 43.6o configuration and 
6.1% thrust increase for 34.4o configuration. The latter was achieved by 
setting a differential collective pitch between the two rotors, with the 
upper rotor pitch angle being 1o higher than the lower one. Tinney and 
Valdez [30] performed experiments on a 2×2-bladed co-rotating rotor 
in hover at several rotational speeds and showed that the rotor thrust 
and sound pressure levels are more dependent on the azimuthal than 
on the axial separation. Interestingly, they also found that numerous 
rotor speed and phase angle combinations can produce the same ro-

tor thrust, but different sound pressure levels. In a follow-up campaign 
Valdez and Tinney [31] employed high-speed Schlieren and particle im-
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age velocimetry to study the wake on the same rotor configuration. 
The main finding is that the maximum thrust coefficient corresponds 
to the index angle where the tip vortex from the upper rotor is located 
above the suction side of the lower rotor. From the mentioned studies, 
it appears that the azimuthal separation corresponding to the maximum 
thrust and minimum noise depends on various factors such as the num-

ber of rotors, axial distance, blade design and rotational speed.

Landgrebe and Bellinger [20] and Tinney and Valdez [30] conducted 
also experiments with different axial separations and they found that, 
as the axial separation increases, the thrust increases. This is probably 
related to a lower induced velocity at the lower rotor and a change in 
the blade-vortex interaction mechanism. A similar trend is obtained by 
Bhagwat [2], Whiteside et al. [32] and Ramasamy [24]. On the other 
side, the increase in thrust values corresponds to an increase in noise 
levels, which is in part related to an increase in loading noise.

The present work investigates the flow mechanisms affecting the 
thrust generation and noise emissions of two co-rotating rotor config-

urations in hover, made by 2x2-bladed rotors having the same axial 
distance but different azimuthal separation Δ𝜙 = 84◦ and 12◦. Selected 
from Tinney’s research [30], these configurations exhibit about 12.5 
dB(A) difference in pressure level at the first rotor harmonic. Addition-

ally, they are compared against isolated 2-bladed and 4-bladed rotors 
operating at the same conditions. The isolated rotor cases represent two 
extremes for the co-rotating rotors: a co-rotating configuration with zero 
axial separation can be seen as a single 4-bladed rotor (which has the 
same solidity as the co-rotating configuration), while a configuration 
with infinite axial separation can be seen as two 2-bladed rotors (same 
solidity as the upper and lower rotors of the co-rotating configuration). 
High-fidelity simulations are used to analyze how the mutual induction 
between the upper and lower rotors of the co-rotating configurations 
changes the evolution of the blades tip vortices and the pressure distri-

bution on the blade surfaces with respect to the isolated rotors. This is 
linked to a significant difference in aerodynamic performances between 
upper and lower rotors. Finally, the acoustic waveforms and tonal noise 
emissions from the co-rotating rotors are analyzed and compared against 
the isolated rotor cases. The final goal is to understand if the co-rotating 
rotors can achieve, at the same time, higher thrust and lower tonal noise 
relative to the isolated (2 and 4-bladed) rotors.

The Lattice-Boltzmann/Very-Large Eddy Simulation (LB/VLES)

method is employed to simulate the flow around the co-rotating geome-

tries with Δ𝜙 = 84◦ and 12◦ and the single 2-bladed and 4-bladed rotors. 
The aerodynamic noise generation is estimated by using an acoustic 
analogy based on Farassat’s formulation 1A of the Ffowcs-Williams and 
Hawkings’ (FW-H) equation.

The paper is organized as follows. In Sec. 2 the computational 
methodology is introduced and the rotor geometry, operating condi-

tions and computational setup are described. In Sec. 3 the numerical 
results are validated against experimental results. In Sec. 4 the study 
of the flow field around the rotor, the aerodynamic performances and 
the noise emission are discussed. The main findings and future work are 
summarized in Sec. 5.

2. Computational methodology and setup

2.1. Flow and far-field noise solver

The CFD/CAA solver Simulia PowerFLOW 6-2021, based on the 
Lattice-Boltzmann method (LBM), is used in this work to compute the 
flow around the rotor and to predict the noise generated. This software 
has already been validated for aerodynamic and aeroacoustic studies on 
large and small scale rotors [1] [7] [23]. Furthermore, the works of Ro-

mani et. [25,26] and Casalino et al. [8] show the robustness of LBM for 
a small-scale rotor application.

The LBM method solves the discrete form of the Boltzmann equation 
2

for the particle distribution function, which represents the probability 
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of finding a particle at a spatial coordinate 𝐱 and time 𝑡, while hav-

ing a velocity 𝐯. The solution of the Boltzmann equation is discretized 
onto a Cartesian mesh, the lattice, with an explicit time integration and 
collision model:

𝑓𝑖
(
𝐱 + 𝐯𝐢Δ𝑡, 𝑡+Δ𝑡

)
− 𝑓𝑖 (𝐱, 𝑡) = 𝐶𝑖 (𝐱, 𝑡) (1)

where 𝑓𝑖 represents the particle distribution function along the i-th 
direction, 𝐯𝐢 is the discrete particle velocity vector at the time 𝑡 and 
position 𝐱, 𝑣𝑖Δ𝑡 and Δ𝑡 are the space and time velocity increments, 
respectively, and 𝐶𝑖 is the collision term, modeled with the Bhatnagar-

Gross-Krook (BKG) approximation [3]. The discretization used for this 
particular application consists of 19 discrete velocities in three dimen-

sions (D3Q19), with a second-order Hermite expansion of the equilib-

rium distribution function, as needed to correctly model the first-order 
term of the Chapman-Enskog expansion [11] of the second-order hydro-

dynamic moments, which account for momentum exchange between 
particles due to chaotic motion [28]. The Cartesian mesh, where the 
Boltzmann equation is solved, is made of cubic volumetric elements 
(voxels). The surface of solid bodies is discretized within each voxel 
intersecting the wall geometry using planar surface elements (surfels). 
In order to simulate a rotating geometry, a ground-fixed reference frame 
is used in combination with a body-fixed local reference frame (LRF). 
The LRF is characterized by a mesh that rigidly rotates with the rotat-

ing geometry so that no relative motion between the LRF grid and the 
enclosed geometry occurs.

A VLES model is implemented to take into account the effect of 
the sub-grid unresolved scales of turbulence. Following Yakhot and 
Orszag [34], a two-equations 𝑘 −𝜖 renormalization group is used to com-

pute a turbulent relaxation time that is added to the viscous relaxation 
time. To reduce the computational cost, a pressure-gradient-extended 
wall-model is used to approximate the no-slip boundary condition on 
solid walls [29,33]. The model is based on the extension of the gen-

eralized law-of-the-wall model [21] to take into account the effect of 
pressure gradient. These equations are iteratively solved from the first 
cell close to the wall in order to specify the boundary conditions of the 
turbulence model. For this purpose, a slip algorithm [12], obtained as a 
generalization of a bounce-back and specular reflection process, is used.

Far-field noise is computed by using the Ffowcs-Williams and Hawk-

ings (FW-H) acoustic analogy applied to a permeable surface encom-

passing the rotors. The FW-H solver is based on a forward-time so-

lution Casalino [6] of the formulation 1A of Farassat and Succi [14]

extended to a convective wave equation [5]. This approach consid-

ers surface distributions of acoustic monopoles and dipoles, which are 
known as thickness and loading terms, and neglects volume distribu-

tion of quadrupoles, which accounts for all the non-linear effects (such 
as shock waves and turbulence mixing) in the volume surrounding the 
integration surface. For propellers operating at low blade-tip Mach num-

ber the quadrupole term can be neglected since the dipole noise sources, 
related to the tonal loading noise and broadband trailing edge noise, are 
dominant.

2.2. Computational setup

Two co-rotating co-axial rotors configurations (Fig. 1, first row), 
made by 2x2-bladed rotors, with azimuthal separations Δ𝜙 = 84◦ and 
12◦ and a fixed axial separation Δ𝑥 = 2.8 cm (0.06 D) are investigated 
together with isolated 2-bladed and 4-bladed rotors (Fig. 1, second row). 
The two co-rotating configurations are selected from Tinney’s database 
[30] as they show a large difference in noise emission. All the rotors 
(co-rotating and single) have fixed-pitch APC 18x5.5 MR blades and a 
diameter D = 0.457 m. They operate in hover conditions with a rota-

tional velocity of 3000 rpm, as summarized in Table 1. The blade-tip 
Mach number and chord-based Reynolds number based on the chord 
length at 75% of the blade span (𝑐75 = 3.02 cm) are 𝑀𝑡 = 0.21 and Re 

= 1.1 × 105, respectively.
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Fig. 1. Co-rotating (first row) and single (second row) rotors geometries.
Table 1

Simulated rotor configurations and operating conditions.

N rotor type Δ𝜙 [◦] Δ𝑧 [cm] 𝑉∞ [m/s] 𝜔 [rpm]

1 co-rotating 84 2.8 0.0 3000

2 co-rotating 12 2.8 0.0 3000

3 single 4-bladed - - 0.0 3000

4 single 2-bladed - - 0.0 3000

The computational fluid domain, illustrated in Fig. 2a, is a spherical 
volume of 185D with the co-rotating geometry at the center. Free-stream 
static pressure and velocity and a turbulence intensity of 0.1% of the 
free-stream velocity are prescribed on its outer boundary. The free-

stream static pressure and velocity are set to 101.325 kPa and 0 m/sec, 
thus mimicking hover conditions. A total of 16 Variable Resolution (VR) 
regions are used to discretize the whole fluid domain, with the finest res-

olution regions placed around the blade leading edge and trailing edge. 
An additional mesh refinement is placed around the blade tips, due to 
their significance in capturing accurate flow physics in a rotor flow field. 
The smallest voxel size is 0.054 mm, resulting in 𝑦+ ≈ 15 on the blade 
surface. The resulting number of fine equivalent voxels for the current 
study is 55 million. As sketched in Fig. 2a, an acoustic sponge, defined 
by two concentric spheres of 18𝐷 and 70𝐷 radius, centered around the 
rotor, is used to dissipate the acoustic waves and minimize the reflec-

tions from the external boundaries.

The simulation time is 0.24 sec, which corresponds to a total of 12 
rotor rotations. After 2 transient rotations, results are sampled for 10 
rotations. The far-field aeroacoustic analysis is performed by using the 
permeable formulation of the FW-H analogy. Colin et al. [13] adopted 
the same approach for a similar case, finding that the permeable FWH 
closely matched experimental results. In this study a total of 3 cylindri-

cal surfaces (represented in red in Fig. 2a) surrounding the rotor flow 
field are used as permeable FWH surfaces. In order to remove spuri-
3

ous noise caused by the hydrodynamic fluctuations in the wake of the 
Table 2

Comparison between experimental and nu-

merical thrust coefficient.

Δ𝜙 [◦] 𝑐𝑇𝑃𝐹 𝑐𝑇𝑒𝑥𝑝 Δ𝑐𝑇

84 0.0915 0.104 -0.0125

12 0.0900 0.100 -0.0100

propeller, data are sampled on the three permeable surfaces and the 
pressure resulting from FWH integration over these surfaces is averaged 
(which is equivalent to averaging the noise signals corresponding to the 
three different integration surface). A similar approach is adopted by 
Mendez et al. [22], who also provide a mathematical expression to set 
the distance between the surfaces. Far-field noise is computed using the 
circular array of 36 microphones, sketched in Fig. 2b. The array has a 
radius of 3D and it is in a plane perpendicular to the rotor plane. Acous-

tic data are sampled at 85 kHz and pressure spectra are then calculated 
using a Hanning window of 50% overlap and a frequency resolution of 
10 Hz.

3. Validation against experimental results

The aerodynamic and aeroacoustic results are validated against the 
experimental data from Tinney and Valdez [30]. The thrust coefficient, 
defined as 𝑐𝑇 = 𝑇 ∕(𝜌𝑛2𝐷4) (where 𝑇 is the thrust in N, 𝜌 the air density 
in kg/m3, 𝑛 the propeller rotational frequency in Hz, 𝐷 the propeller 
diameter in m), is reported in Table 2 from both simulations (𝑐𝑇𝑃𝐹 ) 
and experiments (𝑐𝑇𝑒𝑥𝑝 ), together with the difference between the two 
(Δ𝑐𝑇 = 𝑐𝑇𝑃𝐹 − 𝑐𝑇𝑒𝑥𝑝 ). The simulations underpredict the thrust coefficient 
by 13.6% and 11% for Δ𝜙 = 84◦ and Δ𝜙 = 12◦, respectively. The dis-

crepancies are ascribed to the fact that the measurements were acquired 
during slow startup and shutdown cycles of the motor because of ther-

mal drift due to load cell’s heating from the electric motor. Moreover, 

the experimental uncertainty due to repeatability, found from the differ-
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Fig. 2. Illustration of the computational setup (a). Sketch of the microphone array used for the far-field noise computation (b). (For interpretation of the colors in 
the figure(s), the reader is referred to the web version of this article.)

Fig. 3. Comparison between experimental and numerical far-field noise spectra at 𝑥 = 0.443 m and 𝑦 = 0.372 m.
ence in repeated thrust measurements of the same co-rotating configu-

ration, is about 6% of the total thrust. From the numerical side, Casalino 
et al. [9] showed that the thrust increases with increasing mesh resolu-

tion for a small-scale rotor in hover at low-Reynolds numbers [15].

The far-field noise is plotted in Fig. 3 at a probe located at 𝑥= 0.443 
m and 𝑦 = 0.372 m. The frequency axis of each plot is normalized by 
the blade passing frequency BPF (100 Hz). To support the analysis of the 
numerical results, it is worth mentioning that the experimental spectra 
are affected by facility noise, responsible for the large broadband noise 
level at low-frequencies (𝐵𝑃𝐹 < 3), electric motor noise, causing high-

frequency tones (above BPF 10) and presence of harmonics of the shaft 
frequency (BPF 0.5, 1.5, 2.5, etc.). The PowerFLOW spectra at BPF 1 and 
2 compare reasonably well with the experimental ones, with a difference 
between 1.3 and 3.5 dB for both the co-rotating configurations. On the 
other side, the underestimation of broadband noise is expected. This is 
because, as shown by Romani et al. [25], a low intrusive zig-zag trip 
on the blade surface that guides the VLES turbulence model toward a 
scale resolving mode and triggers the formation of vortical structures is 
required for turbulent boundary layer trailing-edge noise computation. 
Alternatively, as shown by Casalino et al. [10], the usage of a VLES 
model with transitional capabilities can be made to promote the onset 
of turbulent fluctuation in the boundary layer (this approach would lead 
to an elevated computational cost, given the necessity of maintaining a 
y+ on the blade surface of approximately 10). Since the main focus of 
this work is on the effects of the azimuthal blade separation on forces 
4

and tonal noise (rather than broadband), a standard VLES model without 
trip is used, considering the additional effort required for a proper trip 
tuning.

4. Flow and acoustic analysis

This section analyzes the flow field surrounding the co-rotating ro-

tors by showing how the mutual induction between the upper and lower 
rotor influences the evolution of the blade tip vortices (Sec. 4.1) and sur-

face pressure (Sec. 4.2). The knowledge about the flow behavior is then 
linked to the aerodynamic performance (Sec. 4.3) and the tonal noise 
generation (Sec. 4.4).

4.1. Tip vortices interaction

Fig. 4 shows the iso-surfaces of 𝜆2, colored by velocity magnitude 
(in the range from 0 to 25 m/s), which highlight the trajectories of the 
blades tip vortices. For the co-rotating configurations, the possible inter-

actions between the tip vortices shed from the upper and lower blades 
and between the tip vortices and the blades themselves are investigated. 
For both Δ𝜙 = 84◦ and 12◦, the upper blades tip vortices are ingested 
deeper radially into the faster-moving region of rotor wake and, during 
one rotor revolution, they convect downward by about 25% of the rotor 
radius. Conversely, the lower blades tip vortices show a lower convec-

tion velocity into the wake with respect to the upper ones, as can be 
inferred from the slope of their trajectories in the direction of the rotor 

axis.
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Fig. 4. Iso-surfaces of 𝜆 for the co-rotating and single rotor configurations.
2

Fig. 5, representing the instantaneous out-of-plane vorticity 𝜔𝑧, high-

lights the exact position of the tip vortices cores from the blade surfaces. 
The higher convection velocity of the tip vortices shed from the upper 
rotors results in a miss distance, i.e. the x-distance between the blade 
and tip vortex core, of 0.15R and 0.2R for Δ𝜙 = 84◦ and 12◦, respec-

tively. Conversely, the tip vortices shed from the lower blades are in 
close proximity to the blade surface (see also the zoom boxes in Fig. 4). 
Specifically, for Δ𝜙 = 84◦, the lower rotor exhibits a miss distance of 
0.06R; for Δ𝜙 = 12◦, instead, the miss distance is zero, resulting in blade 
vortex interaction (BVI) occurring at 𝑦∕𝑅 = 0.85. The BVI observed 
with the co-rotating rotors differs from the conventional helicopter BVI, 
where blades periodically interact with the tip vortex generated by the 
preceding blade. The blade-to-blade distance in stacked rotors generates 
a potential upwash/downwash effect created by the tip vortex vicinity 
to respectively the outer and inner part of the blade. Despite not being 
cutting through the vortical velocity profile, we still refer to this phe-

nomenon to as BVI, following the work of Hong et al. [17]. Nonetheless, 
the interaction is also characterized by a periodic component. Fig. 6a 
shows, for both the co-rotating configurations, the surface pressure spec-

tra from a point located at the leading edge of the lower blades at the 
BVI location (𝑦∕𝑅 = 0.85), while Fig. 6b shows the total thrust evolu-

tion for 4 propeller rotations. The BVI for the configuration Δ𝜙 = 12◦
causes periodic surface pressure fluctuations, which translate into the 
harmonics visible in the left figure, and thrust fluctuations at 2/rev. On 
the other side, the case Δ𝜙 = 84◦ does not exhibit any substantial pe-

riodic fluctuation in both the surface pressure and thrust, due to the 
5

positive miss distance for the lower blades.
The behavior of the lower rotors is similar to the isolated rotor con-

figurations. In particular, the single 4-bladed rotor is affected by BVI, 
likewise the lower rotor of the Δ𝜙 = 12◦ configuration, while for the 
single 2-bladed rotor, the tip vortex travels in proximity to the blade 
surface with a miss distance of 0.05R, similar to the lower rotor of the 
Δ𝜙 = 84◦ configuration.

To summarize, concerning BVI, having two rotors in hover in a co-

rotating configuration is beneficial for the upper rotor. Indeed, due to 
the induction from the lower rotor, the tip vortices from the upper ro-

tor are accelerated downward, avoiding BVI with the upper/lower rotor 
blades. On the other hand, the lower rotor shows BVI when Δ𝜙 de-

creases, behaving similarly to a single 4-bladed rotor.

4.2. Surface pressure and sectional velocity

The interaction between the induction fields created by the upper 
and lower rotors of the co-rotating configurations changes the pressure 
distribution on the surface of the blades with respect to the single rotor 
configurations. Fig. 7 compares the surface pressure coefficient 𝑐𝑝 at the 
fixed radial station r/R = 0.6 for the upper (left side) and lower rotor 
(right side) against the single 2- and 4-bladed rotor cases. Solid and 
dashed lines represent the suction and pressure side, respectively. The 
𝑐𝑝 at a generic radial section is calculated as 𝑐𝑝 = (𝑝 − 𝑝∞)∕(0.5𝜌∞𝑉 2

𝑅∞
), 

where 𝑝 is the time-averaged surface static pressure, 𝑝∞ and 𝜌∞ are the 
free-stream air pressure and density, respectively and 𝑉𝑅∞

is the free-
stream velocity experienced by the rotor at that specific section, defined 
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Fig. 5. Contour plot of the instantaneous vorticity in xy-planes for both co-rotating (first and second row) and single rotors (third row).

Fig. 6. Surface pressure spectra from a point on the lower rotor, at r/R = 0.85, of the co-rotating configurations (a). Total thrust evolution for four rotations (b).
as 𝑉𝑅∞
=
√
𝑉 2
∞ + (𝜔𝑟)2, with 𝑉∞ being the free-stream flow velocity in 

m/s, 𝜔 the propeller rotational speed in rad/s and 𝑟 the radial position 
of the blade section in m. The 𝑐𝑝 figure is corroborated with a contour 
plot of the time-averaged velocity magnitude 𝑉𝑅 (Fig. 8) around the 
6

sections at 𝑟∕𝑅 = 0.6. Note that for Δ𝜙 = 84◦, the flow is visualized 
in two separate planes, one aligned with the upper blade and one with 
the lower blade. Conversely, for Δ𝜙 = 12◦ one unique plane aligned 
with the upper rotor and containing both the upper and lower blade 
sections, is used. The error in the in-plane velocity component due to the 

misalignment of the plane with respect to the lower rotor is negligible.
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Fig. 7. Comparison of surface pressure coefficient between the co-rotating and single rotors at r/R = 0.6. Solid and dashed lines represent suction and pressure side, 
respectively.

Fig. 8. Mean velocity field around the blade cross-sections at 𝑟∕𝑅 = 0.6 for both co-rotating (first row) and single rotor (second row) configurations.
For the upper rotor (Fig. 7 left), the 𝑐𝑝 for the co-rotating configura-

tion with Δ𝜙 = 12◦ is the highest one. In particular, the 𝑐𝑝 for Δ𝜙 = 12◦
shows a significant difference with respect to Δ𝜙 = 84◦ and the sin-

gle 4-bladed rotor (which appears to be the lowest one). On the other 
hand, the 𝑐𝑝 for Δ𝜙 = 84◦ is only higher than the single 4-bladed rotor. 
The analysis of the flow around the blade sections in Fig. 8 proves that 
for Δ𝜙 = 12◦ the lower blade, being in proximity of the upper one, be-
7

haves as a wing flap, increasing the suction (or decreasing the pressure) 
on the upper blade to values slightly higher than the single 2-bladed 
rotor.

The differences between the co-rotating and isolated cases are am-

plified at the lower rotor (Fig. 7 right), where both the single rotor cases 
show higher 𝑐𝑝 compared to the co-rotating ones. The configuration 
Δ𝜙 = 12◦ exhibits the lowest 𝑐𝑝 and hence poor aerodynamic perfor-

mances. Furthermore, the co-rotating rotors show a negative 𝑐𝑝 peak 

located at the pressure side (dashed line in the figure), which is asso-
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Fig. 9. Comparison of surface pressure coefficient for the upper (first row) and lower rotor (second row) at different radial stations between the co-rotating configu-

rations Δ𝜙 = 84◦ and 12◦. Solid and dashed lines represent suction and pressure side, respectively.

Fig. 10. Comparison of total thrust and torque between the two co-rotating configuration with Δ𝜙 = 84◦ and 12◦ and the single 4-bladed and 2-bladed rotors.
ciated with a negative angle of attack. This is due to the fact that the 
lower rotor, operating into the wake of the upper one, experiences a 
higher axial velocity that decreases the angle of attack. As expected, the 
flow analysis shows a reduced suction on the lower sections of the co-

rotating cases relative to the isolated rotors. In particular, for Δ𝜙 = 12◦, 
as a counterpart of the flap effect (mentioned above), the upper section 
produces a substantial decrease in velocity on the lower one (mainly at 
the leading edge).

Fig. 9 compares the surface pressure coefficient 𝑐𝑝 between the two 
co-rotating cases at different radial stations (ranging from 𝑟∕𝑅 = 0.4 
to 0.9). The first row of the figure shows that the 𝑐𝑝 of the upper rotor 
for the 12◦ configuration is higher at all the radial stations. At the lower 
rotor instead (second row of the figure), the 𝑐𝑝 exhibits the opposite 
trend, i.e. it is considerably lower for Δ𝜙 = 12◦ up to 𝑟∕𝑅 = 0.8. This 
is a direct consequence of the higher 𝑐𝑝 at the upper rotor. At the lower 
blade, the pressure plateau that follows the 𝑐𝑝 peak, visible until 𝑟∕𝑅
= 0.6 for Δ𝜙 = 12◦ and, to a minor extent, also for Δ𝜙 = 84◦, is linked 
to flow separation [35,4]. Finally, the vicinity of the tip vortex to the 
8

blade surface (discussed in Sect. 4.1) is responsible for the increase of 
𝑐𝑝 at 𝑟∕𝑅 = 0.9. Indeed, the tip vortex induces an upward velocity on 
the outboard part of the blade, increasing the local angle of attack.

4.3. Aerodynamic performance

The induction discussed above strongly affects the aerodynamic per-

formance of the co-rotating rotors. To assess this, the thrust 𝑐𝑇 and 
torque 𝑐𝑄 coefficients of the co-rotating configurations are calculated 
and compared against the isolated 2-bladed and 4-bladed rotors.

The 𝑐𝑇 for both co-rotating and single rotors is represented in the 
bar plot in Fig. 10 (left). Overall, the total 𝑐𝑇 (defined in Sect 3) for the 
configurations Δ𝜙 = 84◦ and 12◦ is, respectively, 2.8% and 1.5% higher 
than the single 4-bladed rotor. The analysis of the thrust produced by the 
upper and lower rotors, taken individually, shows that, for both Δ𝜙 =
84◦ and 12◦, the 𝑐𝑇 of the upper rotor is higher than the lower one. This 
thrust imbalance is a direct consequence of the 𝑐𝑝 distributions observed 
in Sect. 4.2. For Δ𝜙 = 12◦, because of the lower rotor behaving as a wing 
flap, the upper rotor generates 11.4% more thrust than the single 2-
bladed rotor. In this case, the increased upper rotor thrust induces more 
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Fig. 11. Comparison of spanwise distribution of thrust between the two co-rotating configuration with Δ𝜙= 84◦ and 12◦ and the single 4-bladed and 2-bladed rotors.
Table 3

Thrust variation between upper/lower ro-

tor of the co-rotating configurations and 
the single 2-bladed rotor.

Δ𝜙 [◦] Upper rotor Lower rotor

84 -13.0% -36.4%

12 +11.4% -63.0%

axial velocity at the lower rotor, thus decreasing the thrust of the latter 
to lower values with respect to Δ𝜙 = 84◦. The analysis of the torque 
coefficient, defined as 𝑐𝑄 = 𝑄∕(𝜌𝑛2𝐷5), where 𝑄 is the torque in Nm, 
indicates that the 𝑐𝑄 for the two co-rotating configurations is the same 
as to the single 4-bladed rotor. Additionally, in comparison to the single 
2-bladed rotor, the upper rotor for Δ𝜙 = 84◦ shows the same 𝑐𝑄, while 
for Δ𝜙 = 12◦, the 𝑐𝑄 is 10.7% higher. In contrast, the lower rotor, for 
both Δ𝜙, shows a reduced 𝑐𝑄 (with respect to the single 2-bladed case) 
due to their poor aerodynamic performances.

To dig more into the differences between the two configurations, 
the spanwise distribution of 𝑐𝑇 is plotted in Fig. 11. The figure shows 
that the rotor coupling strongly affects both the amplitude and shape 
of the radial distribution of 𝑐𝑇 . While the upper rotor exhibits a smooth 
thrust distribution, the lower rotor of both the co-rotating configurations 
shows a change in the thrust slope at about 𝑟∕𝑅 = 0.85, which is the 
radial position identified in Sect. 4.1 where the blade tip vortex core is 
located. The tip vortex causes downwash at the inner part of the blade 
and upwash at the outboard part, locally decreasing 𝛼 and consequently 
𝑐𝑇 over the former region and increasing 𝛼 and 𝑐𝑇 over the latter. This is 
in agreement with Hong et al. [17], who also show the higher induction 
velocity at the blade tip. The increase in thrust is higher for Δ𝜙 = 12◦
because the tip vortex is at the rotor plane. The comparison with the 
single rotors shows, for the 4-bladed one, lower 𝑐𝑇 values with respect 
to the upper rotor of both co-rotating configurations and a sharp thrust 
peak at 𝑟∕𝑅 = 0.95, which is associated with a stronger BVI effect. On 
the other hand, the 𝑐𝑇 of the single 2-bladed rotor is higher than the 
upper rotor for the 84◦ configuration and lower of the upper rotor for 
the 12◦ configuration because the lower rotor has a positive effect on 
the thrust of the upper rotor, as shown in Sect. 4.2.

The differences in thrust between upper and lower rotor and the 
single 2-bladed rotor are reported in Table 3.

The vicinity of the tip vortex core to lower blades surface, as a first 
approximation, can be considered negligible in the variation of total 
thrust. The velocity induced by the tip vortex on the blade surface scales 
linearly with the distance from the vortex core, hence this effect is nearly 
9

local (as shown in Fig. 11).
4.4. Far-field noise

By using the circular array of 36 microphones sketched in Fig. 2b, 
it is evaluated if the co-rotating configurations can reduce the tonal 
noise emission with respect to the single 2-bladed and 4-bladed rotors. 
The tonal noise directivity for the first BPF is calculated and plotted in 
Fig. 12, where the two co-rotating rotors are individually compared to 
the single 4- and 2-bladed rotors. Note that for the two co-rotating rotors 
the first BPF is equal to 100 Hz, as for the single 2-bladed rotor, instead 
for the single 4-bladed rotor the first BPF is 200 Hz. For a meaning-

ful comparison, the SPL of each single rotor is scaled with the thrust of 
the co-rotating configuration used as a comparison. The scaling is based 
on the assumption that the tonal noise is dominated by steady loading 
noise. Furthermore, the torque contribution to tonal noise is considered 
negligible. In light of this, the tonal noise is approximately proportional 
to the thrust 𝑇 as 𝑆𝑃𝐿 ∝ 20 log(𝑇 ∕𝑇𝑟𝑒𝑓 ) [19].

The comparison for Δ𝜙 = 84◦ (Fig. 12, left) reveals that this config-

uration is overall acoustically more efficient than the single 2-bladed 
rotor, being about 15 dB quieter, apart around 𝜃 = ±90◦ which are 
the directions perpendicular to the rotor plane. Instead, with respect 
to the single 4-bladed rotor, it generates overall more noise (+4.5 dB 
at 𝜃 = 0◦), apart around the upstream and downstream positions. On 
the other hand, the tonal noise emission for the configuration Δ𝜙 = 12◦
(Fig. 12, right) is overall significantly higher than the single 4-bladed 
rotor (+21.5 dB at 𝜃 = 0◦), and it is comparable to the single 2-bladed 
rotor, being 1.7 dB louder. The difference in noise emission between 
the two co-rotating configurations is due to constructive and destruc-

tive interference between the acoustic waves radiated by the upper and 
lower rotors. This is shown in Fig. 13 where the acoustic pressure signals 
from the upper and lower rotor at Mic 1 are plotted separately, for four 
propeller rotations. The resulting waveforms from the upper and lower 
rotor, if low-pass filtered, are similar to each other but time-shifted. The 
time-shift correlates to the azimuthal separation as Δ𝜙∕(𝑛 ⋅ 360), where 
𝑛 is the rotational speed in Hz. Consequently, for Δ𝜙 = 84◦ the acoustic 
waveforms are more out of phase compared to Δ𝜙 = 12◦, thus justi-

fying the different tonal noise components. Tinney at al. [30] demon-

strated that the total acoustic waveform from the co-rotating system 
can be estimated as a linear superposition of the contribution of the 
single rotors. The increased high-frequency pressure fluctuations visi-

ble at the upper rotor for Δ𝜙 = 84◦ are likely linked to the unsteadiness 
induced by the tip vortex shed from the upper rotor, which remains 
closer to the rotor disk. Specifically, in this case, the tip vortex travels 
above the lower rotor blades and becomes unstable at the passage of the 

lower blades.
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Fig. 12. Directivity of the 1𝑠𝑡 BPF for the co-rotating setup Δ𝜙 = 84◦ (left) and Δ𝜙 = 12◦ (right), compared to the single 4-bladed and 2-bladed rotors.

Fig. 13. Comparison between the acoustic pressure time series from the upper and lower rotors at mic 1.

Fig. 14. Comparison of far-field noise spectra at mic 1 (a) and mic 28 (b).
Fig. 14, shows a comparison of noise spectra for the two co-rotating 
configurations at the rotor plane (mic 1) and upstream of the rotor plane 
(mic 28). At mic 1 (in-plane), the configuration Δ𝜙 = 12◦ exhibits a 
first BPF tone 17 dB higher with respect to Δ𝜙 = 84◦ due to destruc-
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tive interference described above. At mic 28 (out-of-plane), the BPF 1 
tone has a level comparable to the broadband noise, with a substan-

tial decrease with respect to mic 1. This is expected from the loading 
noise directivity, which is more pronounced at the rotor plane. The 
difference at BPF 1 between the two configurations reduces to 13 dB. 

Interestingly, for Δ𝜙 = 12◦ there is a raise of high order harmonics 
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that is associated with unsteady pressure fluctuations caused by BVI 
(Sect. 4.1).

5. Conclusions

This paper presents a computational aeroacoustic study on two co-

rotating rotors in hover, formed by two identical 2-bladed APC 18x5.5 
MR propellers stacked on top of each other. By adopting two azimuthal 
separations Δ𝜙 = 84◦ and 12◦ between the upper and lower rotor blades 
and keeping the same axial separation, two different configurations are 
simulated and compared. In addition, isolated 2-bladed and 4-bladed 
rotors with the same type of blades as the co-rotating configurations 
are also simulated at the same conditions and used as aerodynamic and 
aeroacoustic reference. The lattice Boltzmann method implemented in 
the CFD/CAA solver Simulia PowerFLOW is used to obtain the flow solu-

tion around the rotors while the noise generation is computed by means 
of the Farassat’s formulation 1A of the FW-H equation.

The mutual induction between upper and lower rotor of the co-

rotating systems affects the evolution of the blades tip vortices and the 
distribution of surface pressure. For both azimuthal separations, the tip 
vortices from the upper rotor do not originate any BVI because it is in-

gested into the faster-moving region of the rotor wake and accelerated 
downstream. The lower blades tip vortices stagnate into a region close to 
the rotor plane and lead to BVI for Δ𝜙 = 12◦ at about 85% of the blade 
span, similarly to the isolated 4-bladed rotor. The surface pressure coef-

ficient 𝑐𝑝, hence the thrust, on the upper rotor of both configurations is 
significantly higher than the 𝑐𝑝 on the lower rotor since the latter, op-

erating into the wake of the upper one, experiences a reduced angle of 
attack. Furthermore, for Δ𝜙 = 12◦, the lower blades act as a wing flap 
for the upper ones, increasing the suction and consequently the thrust 
of the upper rotor.

Overall, the co-rotating configurations show a total thrust increase 
with respect to the single 4-bladed rotor of 2.8% and 1.4% for Δ𝜙 = 84◦
and 12◦, respectively. On the other side, the differences in thrust be-

tween upper and lower rotor and the single 2-bladed rotor (see Table 3) 
represent a quantification of the inflow interaction between upper and 
lower rotors. Interestingly the lower rotor for Δ𝜙 = 12◦ shows 63% of 
thrust reduction related to the single 2-bladed rotor.

The tonal noise emission is driven by the interference between the 
acoustic waveforms from the upper and lower rotor. Due to destructive 
interference, the configuration Δ𝜙 = 84◦ shows, at the rotor plane, a 
first BPF tone 15 dB lower than Δ𝜙 = 12◦, but 4.5 dB higher the single 
4-bladed rotor, which is the configuration that generates overall less 
tonal noise.

The main issue of a co-rotating configuration is constituted by the 
poor aerodynamic performance of the lower rotor (especially when the 
azimuthal separation is decreased). A possible strategy would be to dif-

ferentiate the geometry of upper and lower rotors, for instance using an 
upper rotor with a smaller radius than the lower one. In this way, only 
the inner part of the lower rotor is affected by the wake of the upper 
one and the outer part would work in a clean flow. However, the thrust 
reduction due to a smaller upper blade area must be considered. Fur-

thermore, a positive variation of the collective pitch angle of the lower 
rotor would increase the angle of attack, and consequently the produced 
thrust. An increase in thrust for the lower rotor would be also beneficial 
for tonal noise reduction of configurations with azimuthal separation 
close to 90◦. As seen in this study for Δ𝜙 = 84◦, a higher thrust would 
translate into a higher amplitude of the acoustic waveform from the 
lower rotor, thus in a more efficient destructive interference with the 
upper rotor waveform.
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