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The effects of acoustic and aerodynamic installations on the noise properties of phase-controlled small rotor-
rotor configurations are studied using a common test conducted by Unicusano and DLR and numerical tools 
developed by DLR. The test data for the phase-controlled rotor used in the study were obtained in the DLR 
low-speed acoustic wind tunnel (AWB) in Braunschweig, as part of the common test conducted by DLR and 
Unicusano in the context of the GARTEUR Action Group HC/AG-26. For the simulations, a numerical ap-
proach combining a free wake panel method and a Ffowcs Williams–Hawking formulation was used to con-
sider the aerodynamic installation and provide the incident sound field to a boundary element method, in 
which the acoustic installation effect was simulated. Comparisons indicate that considering only the aerody-
namic installation does not match the test results. Acoustic scattering leading to a noticeable amplification of 
noise levels is clearly demonstrated. The scattered field must be considered when defining appropriate 
phase offsets between rotor pairs to create destructive interference of sound waves. 
 

1. NOTATION1 

D Rotor diameter, m 
𝜓 Phase delay, deg 
𝜃 Rotor azimuth, deg 
d Distance between two rotor-hub, m 
RPM Rotor speed of rotation, rad/s 
  
Acronyms:  
AIO Aerodynamic Installation Only 
AAI Aerodynamic + Acoustic Installation 
UPM DLR free wake unsteady panel code 
APSIM DLR FW-H code 
FMCAS DLR Fast Multipole Boundary Element 

code 
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2. INTRODUCTION  

Although phase synchronization in a rotor-rotor con-
figuration can minimize rotor noise in specific direc-
tions (Ref.1, 2), installing a rotor system on an air-
frame can produce different results depending on 
the configuration and characteristics of the acoustic 
sources. Acoustic installation effects have been 
shown to be crucial, as they can substantially modify 
sound directivity, with amplification of up to 30 dB 
(Ref. 3). However, the effects depend very much on 
how the rotors and propellers are installed, and ex-
tensive research is still needed to further understand 
the mechanisms, especially for a small-scale rotor-
rotor configuration, such as a drone. Considering the 
influence of the airframe, installing a rotor-rotor sys-
tem on an airframe introduces two effects: an aero-
dynamic one and an acoustic one. Aerodynamic 
installation refers to the effects that cause the rotor 
to operate in a non-uniform flow field produced by 
rotor-rotor interaction, rotor-airframe interaction, 
rotor-pylon interaction, and so on. The aeroacoustic 
installation denotes the effects resulting from the 
rotor sound field interacting with the airframe, such 
as a wing, pylon or fuselage leading to scattering 
and shielding of noise. In this paper, a three-blade 
phase-controlled rotor-rotor configuration is studied 
using both a test data from the common experiment 



conducted by Unicusano and DLR (Ref. 4) as well 
as numerical tools developed by DLR. The test was 
conducted in DLR’s low-speed Acoustic Wind tunnel 
in Braunschweig (AWB). The common experiment 
aims to use the dedicated capabilities of the part-
ners' wind tunnels to improve the validation data-
base for simulations. It was carried out in the GAR-
TEUR Action Group HC/AG-26 (Ref. 5). HC/AG26 
aims to investigate, both numerically and experimen-
tally, the noise radiation and propagation of multi-
rotor system configurations, in light of the growing 
interest in developing urban air mobility (UAM) solu-
tions (Ref. 6, 7, 8). 

This paper will focus on the numerical evaluation of 
the installation effect of phase-controlled small rotor-
rotor configurations, using wind tunnel results for 
isolated and rotor/rotor configurations. The paper 
includes the following contents: 

1. The experimental approach used in the acoustic 
test, including the rotor model, rotor phase control 
techniques, acoustic instrumentation, data reduction 
and analysis. 

2.DLR methodologies applied in numerical simula-
tion will be described. 

3. The aerodynamic and acoustic installation effects 
will then be analysed using both numerical and test 
results for different configurations,  

4. Evaluations of the installation effect will also in-
clude different flight conditions and rotor phase con-
trol angles. 

3. THE EXPERIMENTAL SETUP AND PHASE 
CONTROL STRATEGY  

DLR and Unicusano carried out common test cam-
paigns involving acoustic measurement for phase-
controlled rotors. 

3.1. Acoustic test setup and measurement in 
DLR AWB  

Experimental investigations into the phased control 
rotor-rotor configuration were conducted in the 
Acoustic Wind Tunnel Braunschweig (AWB).  This is 
DLR's small-dimension, high-quality anechoic testing 
facility. This open-jet, Göttingen-type wind tunnel is 
capable of running at speeds of up to 65 m/s and is 
optimised for noise measurements at frequencies 
above 150 Hz. The nozzle is 1.2 m high and 0.8 m 
wide. A specific setup was designed to characterise 
a two-rotor configuration, as shown in Figure 1 (top). 
Isolated rotors and two-rotor arrangements with 
various parametric combinations were tested, includ-

ing rotor-hub separation, phase angle and flight 
speed. Of all the investigated rotor configurations, 
however, only the results pertaining to the isolated 
rotors and the two-rotor configuration with a fixed 
rotor-hub distance are reported herein. 

The noise signals were measured using 37 micro-
phones located on four non-equidistant linear arrays. 
Of these four arrays, only array 1 (above the rotor) 
was used for this analysis, as shown in in Figure 1 
(low) for a two-rotor configuration. This array is on a 
straight line of y=0 and is numbered from 1 to 12. 
Microphone 6 is located in the rotational plane. In 
the isolated case, the rotor axis coincides with the x-
axis. 

 

 
Figure 1: (Top) A two-rotor setup in the DLR AWB’s 

test section. (Low) Microphone array layout for 2 
from 4 arrays) 

3.2. Phase control strategy 

The selected phase offsets between rotor pairs were 
investigated for the two-rotor configuration. To con-



trol the phase between the rotors, Unicusano im-
plemented a custom-made synchroniser. This ena-
bled control of the phase delay 𝜓(𝑡) = 𝜃₂ − 𝜃₁, be-
tween the two co-rotating rotors, operating at a rota-
tional speed RPM(𝑡). Figure 2 illustrates the conven-
tion referenced by the synchronizer (Ref. 4). To 
measure the rotational speed and angular position of 
the rotors, incremental encoders with a resolution of 
500 pulses per revolution were used. By acquiring 
the azimuthal position of both the master and the 
slave via the encoders, the controller calculates the 
error with respect to a reference value (𝜓*) and cor-
rects the position of the slave motor. Given that the 
rotors take 11 ms to rotate at 5200 RPM, the control-
ler’s update time was set to 5 ms to ensure effec-

tiveness.  

 

Figure 2:Graphical representation of the phase shift 
between rotors, ψ, defined as the sum of the abso-
lute positions θ1(t) for the master rotor and θ2(t) for 

the slave rotor. 

The standard deviation of the phase delay, shown 
as a horizontal error bar in Figure 3, is very small, 
indicating the good controller's stability. Also shown 
in the same figure are the standard deviations of the 
rotational speed of the two rotors, represented as 
vertical error bars. It is worth noting that only minor 
variations in rotational speed are required to main-
tain a stable phase shift between the two rotors. This 
suggests that the test cases can be considered as 
operating at a constant rotational speed. 

 

Figure 3: the mean values obtained for the phase 
angle and rotational speed, with the error bars indi-

cating the respective standard deviations 

3.3. Rotor and Pylon 

 
Figure 4: Blade characteristics, right: blade profile 

shapes 

 
Figure 5: Pylon planform, the form of the section 

profiles  



The rotor is a commercially available three-bladed 
15.5" × 6.3 TRIPLE-EDN propeller (KDE, USA). 
characterized by a diameter 𝐷 = 393.7 𝑚𝑚 and a 
medium chord 𝑐 = 28.5 𝑚𝑚. The resulting rotor so-
lidity value is equal to 𝜎= 0.138. Figure 4 shows the 
rotor blade planform, the section profile shapes and 
the blade characteristics. The blade characteristics 
are represented as follows: the chord-to-radius ratio 
c/R represented by the red line, the relative thick-
ness Thk/c, indicated by the blue dash-dot line, and 
the blade pitch angle b, highlighted by the green 
dashed line. The rotor is fixed to a special rig (Pylon, 
as shown in Figure 5, adapted from a previous test 
(Ref. 9) as shown in Figure 1 (top) for a rotor-rotor 
configuration. The profile for the pylon was built from 
a Joukowski wing. The distance between the trailing 
edge of the blade tip and the leading edge of the 
pylon is approximately 23.9mm. Technical data of 
the rotor is summarized in Table 1. 

Table 1 Rotor Data 
Property Rotor 
no. of blades 3 
diameter 0.3937 m 
medium chord 0.0285 m 
solidity 0.138 
precone 0° 
pretwist 0°/R 
tip Mach number 
(ISA) at 5200 RPM 

0.32 

shaft tilt forward 90° (propel-
ler mode) 

 

3.4. Rotor performance measurement  

 

Figure 6: Schematic representation of the test rig 
used to measure thrust and drag of the rotor 

 

Figure 7: Measured thrust and torque for the rotor 
master as function of RPM and rotor-rotor hub sepa-

rations 

Thrust and torque were measured simultaneously in 
the Unicusano laboratory using a Futek MBA 500 bi-
axial load cell, with rated capacities of 222 N and 5.7 
Nm, respectively. The sensor exhibits a nonlinearity 
and hysteresis of up to 0.2% of the rated output. The 
load cell output was conditioned via a Futek IAA100 
signal amplifier, which offers a total measurement 
error of approximately 0.01% of the full-scale output. 
The entire assembly-propeller, motor, encoder, and 
load cell-was mounted on a custom 3D-printed sup-
port structure, as illustrated in Figure 6. 

Figure 7 shows the measured thrust and torque 
curves for the rotor master in hover as a function of 
rotor RPM. It is evident that the isolated propeller 
generates higher thrust and torque, followed by the 
tandem configurations, which are slightly lower. As 
the rotational speed increases, the standard devia-
tion of each measurement also rises corresponding-
ly. This phenomenon is more strongly associated 
with motor vibrations during operation leading to less 
precise readings from the load cell than with actual 
fluctuations in thrust and torque during testing. 

4. DLR METHODOLOGIES APPLIED IN NUMER-
ICAL SIMULATIONS 

To compute the aerodynamic and the acoustic in-
stallation effect, the unsteady blade surface pres-
sure is first computed using DLR unsteady free 



wake 3-D panel code UPM (Ref.10,11) and then 
applied to evaluate the acoustics using the DLR FW-
H (Ffowcs Williams-Hawkings) code APSIM (Ref. 
12,13). The acoustic value at the microphone posi-
tions used in the test can be used to evaluate the 
aerodynamic installation effects on the acoustics. In 
addition, the acoustic values at the source surface 
provides the incident sound field for a Fast Multipole 
Boundary Element Method (FMCAS) code 
(Ref.14,15) to compute the acoustic installation ef-
fect on the acoustic value at the microphone posi-
tions used in the test. 

4.1. Aerodynamics 

The UPM free-wake panel method is based on a 
velocity-based, indirect potential formulation, using a 
combination of sources and vortices on solid surfac-
es and in the wake. A short zero-thickness elonga-
tion of the trailing edge along its bisector, known as 
the Kutta panel, ensures the flow tangency condition 
at the trailing edge and defines the total strength of 
the circulation at the blade section. An iterative 
pressure Kutta condition is then implemented to 
ensure pressure equality at the trailing edge. This 
method has been proven to be computationally effi-
cient 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 calcu-
lated using the unsteady Bernoulli equation. The 
compressibility effects of the flow are considered by 
applying the Prandtl–Glauert correction. The free 
wake is represented as connected vortex filaments 
that are released from the downstream edge of the 
Kutta panel. The wake can also be represented as 
vortex particles, since UPM is linked to a particle 
solver. Blade vortex interaction (BVI) is captured 
thanks to the free wake model used in UPM. Alt-
hough UPM is a potential-flow code, the displace-
ment effect of the boundary layer on lifting surfaces 
can be modelled using a viscous-inviscid coupling 
scheme. The boundary layer parameters, especially 
the displacement thickness, were derived using an 
approximate boundary layer (BL) Analysis (Ref.16). 
The current paper does not include a viscous-
inviscid coupling. Additionally, a Rankine vortex 
model with a linear core-radius dissipation model 
was applied to both the full and tip vortices in Figure 
8 presents the numerical model for a two-rotor con-
figuration, where the separation between two rotor-
hub is defined as d. 

 

Figure 8: The numerical model for a two-rotor con-
figuration 

The numerical discretization used in the simulations 
is summarized in Table 2 

Table 2 : UPM numerical discretization for rotor 
blade and pylon 

Panels per airfoil section per blade 57 
Radial number of panels per blade 30 
Total number of blade panels 1624 
Number of pylon panels  1392 
Time step blade 2 degree 
Number of revolutions 
Hover 
Forward flight 

 
10 
7 

 
4.2. Acoustic in free field 

APSIM (the Aeroacoustic Prediction System based 
on an integral method) is designed to calculate wave 
propagation in the free field over large distances in 
uniform flows. The methodology is based on the 
Ffowcs-Williams and Hawkings formulation for per-
meable and non- permeable surface, such as blade 
surfaces, and only linear sound propagation is con-
sidered. The FW-H equations are an analytical for-
mulation of the Navier–Stokes equations which uti-
lize different Green's functions. This results in three 
source terms: monopole, dipole, and quadrupole. As 
quadrupole noise has little effect in subsonic flow but 
its computation requires volume integration, quadru-
pole noise contributions are typically ignored as it is 
also done in this study. In general, aeroacoustic 
computations in the free field are split into two steps 
in current applications: First, the pressure data on 
the rotor is computed by aerodynamic codes and 
provided to APSIM. Second, the sound propagation 
into the free field is calculated with APSIM. 

4.3. Acoustic installation (scattering) 



In case there are obstacles in the sound propagation 
path, the sound field received by an observer can be 
decomposed into incident or direct and scattered 
components from obstacles, such as the pylon as 
studied here. As described in section 4.1 and 4.2, 
the incident acoustic field can be determined 
through a combined aerodynamics-aeroacoustics 
analysis. The scattering field is solved using the 
FMCAS code, which is based on the Boundary Ele-
ment Method (BEM). The FMCAS code solves the 
exterior Helmholtz problem for the scattered pres-
sure field. This BEM method employs the Fast Mul-
tipole Method (FMM) for triangulated surfaces. The 
FMBEM code uses an iterative solver from the 
PETSc library, as well as OpenMP/MPI parallelisa-
tion for the fast evaluation of matrix-vector products, 
meaning that no storage of the matrix is required. 
Additionally, the Burton-Miller approach is employed 
to guarantee the uniqueness of the solution. Based 
on the assumption of a low Mach number and poten-
tial flow, the convected wave equation is trans-
formed into the Helmholtz equation to consider 
mean flow effects. 

 

Figure 9: Source surface (grey) for incident field for 
acoustic scattering from the pylons 

To account for the scattering effect using BEM, the 
incident field towards the obstacle is required as 
input to the BEM solver. When the incident field is 
created by a distributed, rotating and moving source 
(e.g. a rotor noise source), the BEM must be run for 
each individual incident field generated by each 
discretized source position, and then the intensities 
(spectra) are summed. Therefore, the surface 
source method was used (Ref. 15). In this method, 
the noise source is first propagated to a simplified, 
fixed source surface that encloses the original, com-
plex source (e.g. the rotors). In the current paper, 
the source surface is a cylinder with two caps.  This 
closed cylinder has a radius of Rs = 0.4462 m and a 

thickness of Ls = 0.1 m, as illustrated in Figure 9. 
The end cap closest to the pylon is located 6.4mm 
from the leading edge of the pylon, between the 
rotor and the pylon. The grid resolution is approxi-
mately 0.01 m, ensuring 15 points per wavelength 
for the frequency up to 9xBPF. 

The incident field on the source surface is calculated 
for one rotor revolution. The pressure time histories 
are then transformed from the time domain into the 
frequency domain using a Fourier transform, and the 
real and imaginary parts are expressed for each 
considered frequency. 

The positions, sizes and grid resolutions of the 
source surfaces chosen for the study can be verified 
by comparing them directly with the free field results, 
which are calculated using blade pressure and 
source surface data. The BPF1 contours are calcu-
lated on a plane above the rotor, at the position of 
array 1 of the ceiling microphones. Figure 10 (left) 
and (middle) (left and middle) shows the results 
calculated by APSIM and the BEM code, respective-
ly, using blade pressure data and the source surface 
input. Figure 10 (right) shows the difference between 
the two predictions. The two predictions agree well 
in terms of noise directivity and levels, with only a 
small discrepancy in the maximum noise area. How-
ever, the large difference in the area with the lowest 
noise levels increases due to a slight shift in the 
noise directivity. Comparing the two incident fields 
confirms the parameter choice for the source sur-
face with satisfactory accuracy. 

 

Figure 10 Total noise contour levels from isolated 
rotor in hover using different noise source model 

5. RESULTS AND DISCUSSION  

5.1. Isolated rotor/pylon configuration in hover 
and forward flight at RPM 5200 

For the isolated rotor case, the rotor master setup 
shown in Figure 8 is used, with the rotor hub located 
at the centre of the wind tunnel. 

5.1.1. Aerodynamics 



 

Figure 11: The time averaged rotor thrust and torque 
(Mz) for the isolated configuration at 5200 RPM 

Figure 11 shows a comparison of the measured and 
simulated time-averaged rotor thrust and torque as a 
function of flight speed V. In forward flight, the rotor 
operates in propeller mode, with its axis aligned with 
the direction of flight. The freestream velocity com-
ponent leads to a decrease in the local angle of at-
tack for the blade section, and at 20 m/s, the thrust 
is reversed due to the negative angle of attack. This 
results in a reduction in rotor thrust with an increase 
in flight speed. Figure 11 shows that the numerical 
simulation accurately captures the thrust during 
hovering. The underprediction of torque in hover is 
due to the current simulation ignoring viscosity ef-
fects.  

The aerodynamic installation effect caused by the 
pylon can be seen in the development of the normal 
force coefficient CNM2, as shown in in Figure 12 for 
the final revolution of the simulation. A distinct peak 
in blade force development occurs during rotation 
around the 180° reference angle on the upward 
sweep, caused by rotor/pylon interaction, as indicat-
ed by the dashed line. The characteristics of the 
interaction in hover differ from those in forward flight. 
In hover, there is a reduction in loads when the rotor 
blade approaches and passes over the pylon, which 
shows the opposite trend to that observed in forward 
flight. 

 

Figure 12 The time history of CNM2 at the two tip 
regions for different flight speed 

5.1.2. Acoustics in hover 

The following acoustic scattering analysis uses the 
DLR BEM code to examine the effect of the pylon on 
the sound field generated by the rotor. First, the 
acoustic incident field for BEM is analysed. The 
acoustic results are presented for a plane covering 
the test microphone array 1 (ceiling microphones), 
enabling direct comparison with the test. The con-
tour plane is located 1.24 m above the rotor hub. 
The results will be presented in terms of sound 
pressure level directivities at two BPF (blade pass-
ing frequency) harmonics. 

Acoustic incident field on source surface 

Figure 13 shows contour plots of the acoustic source 
field on the surface of the source, as defined in Fig-
ure 9 for BPF1 (260Hz) and BPF2 (520Hz). The blue 
dashed line in the plot represents the projected out-
line of the pylon. The real and imaginary parts of the 
incident field exhibit multiple lobe patterns of positive 
and negative local peaks. These lobes represent the 
rotor's rotation mode. The number of lobes can be 
defined as 2*(number of blades) *(number of BPFs); 
therefore, as the number of BPFs increases, so 
does the number of lobes. For BPF1 and BPF2, the 
number of lobes is 6 and 12, respectively. As the 
noise frequency increases, the maximum amplitude 
of the source pressure decreases. The amplitude 
exhibits a circular pattern with a nearly constant 
value, except in the area close to the pylon where 



large pressure variations occur. This pressure varia-
tion is caused by interaction with the pylon, as indi-
cated by the normal force coefficient shown in Fig-
ure 12. 

 

Figure 13: The acoustic incident field on the cap 
closest to the pylon in the real, imaginary and ampli-

tude 

Noise scattering by the pylon 

Figure 14 shows the contours of the sound level for 
BPF1 and BPF2 on a plane above the rotor, where 
the position of the ceiling microphones (array 1), 
marked by a dashed line, is located. The contour 
plots consider different levels of physics: 

• Total sound level (right): the sum of the incident 
and scattering fields, considering both the aero-
dynamic and acoustic installation; 

• Incident sound level (left): only aerodynamic 
installation is included, without considering 
acoustic scattering; 

• Scattering level (middle): acoustic installation 
represents the field caused by the pure acoustic 
field from the rotor interacting with the pylon. 

 

Figure 14 Left: sound level without scattering; mid-
dle: scattering level; right: sound level including scat-

tering; at two BPF tone from an isolated rotor 

 

Figure 15: The comparison with the test results from 
ceiling microphones 

The strong scattering field level indicates that the 
effects of the acoustic installation due to scattering 
on the pylon are crucial, as they substantially modify 
the sound directivity. Amplification of up to 8 dB is 
observed at the maximum level. The scattering field 
also causes destructive interference effects (reduc-
tion in level), for example around x=1.0 m.  

A comparison with the test results is given in Figure 
15. These comparisons show that considering only 
the aerodynamic installation (incident field, dashed 
line AIO) does not match the test results. A general 
agreement in terms of the trend and harmonic con-
tributions can be obtained when both the aerody-
namic and acoustic installation effects are consid-
ered (solid line, AAI). The large increase in noise 
levels under the influence of the acoustic installation 
is also clearly demonstrated. Both the tests and 
simulations demonstrate a higher level of BPF2 tone 
in the negative x direction, but the test results show 
a clear, sharp drop in value when the microphone 
moves towards the wind tunnel nozzle in the nega-
tive x direction.  



 

Figure 16: The comparison of the scattering level at 
different rotor-pylon separation distances 

Figure 16 illustrates how the level of scattering in the 
field at the positions of the ceiling microphones is 
affected by the separation distance between the 
trailing edge of the blade tip and the leading edge of 
the pylon. s0(=0.0239m) corresponds to the separa-
tion distance in current configuration. In general, 
increasing the separation causes a decrease in scat-
tering strength. The scattering level shows a uni-
modal distribution curve for all studied separation 
distances, with a maximum beneath the pylon indi-
cating monopole-type scattering sources. This max-
imum is much higher than the incident field (Inc), 
especially in the negative x direction. A slightly high-
er decreasing rate towards the positive x direction is 
observed, which is the opposite of the incident level 
(Inc). It should be noted that acoustic interference 
between the scattering and incident fields can only 
play a role in reducing the noise level when both 
fields are at a comparable level. In the current con-
figuration, this type of acoustic interference effect is 
very limited due to the much higher scattering levels. 

5.1.3. Acoustics in forward flight in propeller 
mode 

Acoustic incident field on source surface 

 

Figure 17 The acoustic incident field on the cap 
closest to the pylon in the real, imaginary and 

amplitude 

In forward flight, the acoustic incident field on the 
source surface exhibits patterns that are similar to 
those observed during hovering. In general, the 
source strength is much weaker than in the hovering 
case, as the onset flow reduces the angle of attack 
and therefore the strength of the loading noise.  

Noise scattering by the pylon 

 

Figure 18: Left: sound level without scattering; mid-
dle: scattering level; right: sound level including scat-

tering; at two BPF tone from an isolated rotor 

The scattering field for BPF1 and BPF2, as shown in 
Figure 16 (middle), still plays an important role in the 
construction of the total acoustic field. However, a 
relatively weaker scattering field is observed, which 
is mainly caused by the reduction in blade-loading 
noise during forward flight. Due to the comparable 
levels of the incident and scattering fields, the 
acoustic interference effect becomes stronger, re-
sulting in a more destructive interference field than 
in hover mode. A comparison with the test results is 
given in Figure 19. The large amplification for the 
upstream microphone and the destruction down-
stream are also clearly demonstrated. 

Figure 20 shows the SPL for microphone 6 at two 
BPFs, with variations in the inflow velocity. The pre-
dicted tendency is similar to the test results. In gen-



eral, the level for BPF2 is higher, except in the case 
of 20 m/s. 

 

Figure 19: The comparison with the test results from 
ceiling microphones 

 

Figure 20 The comparison with the test results from 
ceiling microphones for Mic 6 at different inflow 

speed 

5.2. Acoustic installation for a two-rotor/pylon 
configuration in hover 

For the two-rotor/pylon configuration, two co-rotating 
rotors, operating at same rotational speed, as shown 
in Figure 2 and Figure 8, are chosen. Selecting dif-
ferent phase offsets between the rotors can reduce 
the sound pressure level (SPL) at the blade passage 
frequencies (BPFs). The following analysis uses a 
fixed rotor-hub distance of d/D = 1.02 and a fixed 

RPM of 5200. The results for the phase delay 𝜓 of 
0°, 45° and 75° between the rotors are presented.  

5.2.1. Aerodynamics 

 
Figure 21 The time history of CNM2 at rotor tip 

regions for different phase shift between the ro-
tor-mast and-slave 

Figure 21 plots the development of the normal force 
coefficient CNM2 at the rotor tip various values of the 
slave rotor phase shift 𝜓. A number of interaction 
effects notably impact the blade force during rota-
tion. Two distinct peaks in blade force development 
occur during rotation. The first peak for the rotor-
master occurs at approximately 180° during the up-
ward sweep and passing over the pylon. This is 
caused by rotor/pylon interaction, as indicated in 
isolated cases. The second peak is caused by rotor–
rotor interaction and is located at approximately 270° 
for rotor–master, which is the position at which the 
blade points towards the roof of the wind tunnel. In 
general, higher rotor loads are observed for 𝜓=75°, 
while the strength of the interactions is slightly lower 
for 𝜓 = 45° than for 𝜓 = 0°. The comparison of the 
time-averaged rotor thrust given in Table 2 reflects 
these similar characteristics. In general, variations in 
the rotor-slave phase angle cause variations in the 
amplitude and azimuth positions of the peaks, as 
well as changes in the relative positions of the rotor 
blades and the complete rotor wake systems. This 
affects the induced inflow velocity for each rotor. 

 



 

Table 3. Time averaged master-rotor/slave-rotor 
thrust (N) at d/D=1.02 

Phase 
delay 
(Slave) 

Test 
(Master) 

Test 
(Slave) 

Num 
(Master) 

Num 
(Slave) 

0 20.8  20.1 20.2 
45°   20.0 20.1 
75°   20.6 20.4 

 

5.2.2. Acoustics 

Acoustic incident field on source surface 

 

Figure 22 The acoustic incident field on the cap 
closest to the pylon in the real, imaginary and ampli-

tude 

Figure 22 shows contour plots of the acoustic source 
field under the influence of the slave rotor phase 
angle. The deviation from a circular pattern demon-
strates the influence of rotor-pylon and rotor-rotor 
interactions. 

Noise scattering by the pylon 

 

Figure 23: Left: sound level without scattering; mid-
dle: scattering level; right: sound level including scat-
tering; at two BPF tone from two rotor configuration 

Figure 23 shows acoustic pressure field contours for 
BPF1 at 𝜓=0°,45° and 75°, respectively. In general, 
the results can be summarized as followings: 

• As indicated in the isolated rotor cases, the scat-
tering field level (middle) for the two rotor con-
figurations still plays a dominant role in all three 
phases, which is a typical characteristic of cur-
rent configurations;  

• The highest and weakest scattering fields are 
observed for 𝜓=75° and 45°, respectively; 

• There are generally very weak coherent sound 
effects as the amplitude of the sound sources 
between the incident and scattering is imbal-
anced; 

• In order to exploit the potential of phase syn-
chronisation and use coherent sound sources to 
reduce the noise level, the scattering field needs 
to be considered when defining parameters such 
as the phase angle for coherent sound sources. 

Figure 24 shows a comparison with the test results 
for the two-rotor/pylon setup. Similar amplification 
behaviour due to the acoustic installation effect is 
also observed for the two rotor/pylon cases. General 
agreement in terms of trend and harmonic contribu-
tions can only be obtained when both aerodynamic 
and acoustic installation effects are considered (sol-
id line, AAI).  

 



 
Figure 24: The comparison with test results from 

ceiling microphones at 𝜓=0°,45° and 75° 

6. Conclusion 

This paper introduces the wind tunnel tests and nu-

merical activities conducted on the DLR/Cusano 
configurations in the GARTEUR AG26. The aerody-
namic and acoustic characteristics of two-rotor con-
figurations with various rotor phase delays were 
simulated and compared with test data. 

Both the aerodynamic and aeroacoustic simulations 
indicate that the measurement results in terms of 
rotor performance and acoustic characteristics under 
the influence of the pylon are reproducible, and the 
comparison of the simulations and the tests shows 
satisfactory agreement. 

These comparisons suggest that aerodynamic in-
stallation alone cannot account for the test results. 
The scattering field must be considered when defin-
ing the appropriate phase offsets between rotor 
pairs to create destructive interference of sound 
waves and reduce noise. 
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