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Abstract
The compound helicopter configuration has gained renewed interest as a low-range, high-speed rotorcraft. Given the
proximity of main rotor and propellers, this configuration is characterised by the aerodynamic interaction between these
elements. To investigate the extent of these interactions, a wind-tunnel test campaign was carried out on a model rotor
equipped with two lateral propellers, and numerous flight conditions were tested, including low-speed forward flight and
crosswind, to study the impact on the aerodynamic performances of the rotors. Numerical simulations with a mid-fidelity
code were also performed to further examine the interactional behaviour. The results show an important influence of the
main rotor on the propellers, causing a general increase in the generated thrust and in the efficiency, directly related to the
main rotor’s downwash. A singular occurrence of thrust decrease highlights the complexity of the aerodynamic interactions
and their dependence on the flight conditions.

1 NOTATION

a speed of sound [m/s]
c chord [m]
CFD computational fluid dynamics

CnM2 sectional normal force coefficient, CnM2 =
Fn

1
2 ρa2c

CQ,MR main rotor torque coefficient, CQ,MR =
QMR

πρΩ2R5

CQ,RP propeller torque coefficient, CQ,RP =
QRP

ρn2D5

CT,MR main rotor thrust coefficient, CT,MR =
TMR

πρΩ2
MRR4

MR

CT,RP propeller thrust coefficient, CT,RP =
TRP

ρn2D4

D propeller diameter [m]
EJ flexural rigidity [Nm2]
EMS emergency medical services

FM main rotor figure of merit, FM =
C3/2

T,MR√
2CQ,MR

Fn normal force [N]
GJ torsional rigidity [Nm2/rad]
LP left propeller
m blade mass per unit length [kg/m]
Matip blade tip Mach number
MR main rotor
n propeller revolutions per second n = Ω

2π
[1/s]

Q torque [Nm]
Qcrit Q-criterion
R radius [m]
r blade span-wise coordinate [m]
RP right propeller
SAR search and rescue
T thrust [N]
Uave average of velocity magnitude [m/s]
Urms root mean square of velocity magnitude [m/s]
V∞ free-stream speed [m/s]
Vtip blade tip velocity [m/s]
VTOL vertical take-off and landing

ηRP propeller efficiency, ηRP =
CT,RP

CQ,RP
ϑ0 main rotor collective pitch angle [deg]

µ advance ratio, µ =
Vtip, MR

V∞

ρ air density [kg/m3]
ϕ blade azimuth angle [deg]
ψ angle of free-stream direction [deg]
Ω rotational speed [rad/s]

Subscripts:
LP left propeller
MR main rotor
RP right propeller

2 INTRODUCTION

In the quest for vertical flight, the compound helicopter is
certainly not a newcomer, as the first examples of this de-
sign appeared around the middle of the last century. In
broad terms, a compound helicopter features a main rotor
with the addition of one or more propellers, and/or supple-
mental lifting surfaces, acting as wings. The main purpose
of this augmentation is to tackle the principal limitation of
the traditional helicopter, namely the relatively low maxi-
mum speed attainable in forward flight. The well-known rea-
sons for this shortcoming are purely aerodynamic in kind,
and related to the composition of the air velocity due to for-
ward motion and the velocity due to the rotational motion,
as seen by the blades. On the advancing side of the rotor,
the critical Mach number is soon reached, with the ensu-
ing compressibility effects limiting the generation of lift by
the blade; on the retreating side, the low resultant speed
imposes a high pitching angle for the blade, and the insur-
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gence of stall similarly restrict the obtainable lift. This speed
limitation of conventional helicopters is particularly unfortu-
nate, as many applications requiring Vertical Take-off and
Landing (VTOL) capabilities, for example Emergency Med-
ical Services (EMS) and Search and Rescue (SAR) opera-
tions, would greatly benefit from increased cruise velocities.

The idea behind the compound helicopter is to unload
the main rotor, relieving it of a portion of the thrust (through
the propellers) and lift (through the wings) forces necessary
for the forward flight, so that lower rotational speeds as well
as lower pitch angles can be employed, effectively postpon-
ing the aforementioned aerodynamic limits to higher flight
speeds and extending the flight envelope. As mentioned
above, the research on compound helicopters begun in the
1950s, but, despite successful aircraft such as the Fairey
Rotodyne and the Lockheed AH-56 Cheyenne, the con-
cept was soon essentially abandoned in favour of tilt-rotor
and tilt-wing configurations [1, 2]. In recent years, however,
there as been a resurgence in the interest in compound ro-
torcraft [3, 4, 5, 6], as a mobility gap for short-range trans-
port has been identified, which could be efficiently filled by
this design; among the aircraft recently developed are the
Piasecki X-49, the Eurocopter X3, the Sikorsky–Boeing SB-
1 Defiant, and the Airbus RACER.

Naturally, the presence of the additional components
result in an increased complexity of the whole aircraft,
which provides new challenges in the design and oper-
ating phases. From the point of view of aerodynamics,
in particular, one of the main points of interest is repre-
sented by the interactions between the main rotor, pro-
pellers, and wings, especially considering their wakes, and
the effect they have on the aerodynamic performances, vi-
bratory loads, and noise production. Because of the hiatus
in the research on compound configurations, the available
literature on this topic is scarce, and mainly features com-
putational fluid dynamics (CFD) studies: a comprehensive
investigation of a complete compound aircraft, composed of
a main rotor, two lateral propellers, and wings is reported in
[7, 8, 9, 10, 11], considering various flight conditions; hover-
ing flight CFD simulations of a configuration with main rotor
and twin propellers are presented also in [12, 13]. Recently,
in the framework of the GARTEUR Programme, the Action
Group AG-25 was specifically focused on rotor-rotor and
rotor-wake interactions [14]; among the activities involved
in this collaboration, which also include the present work,
the research by [15] provides an experimental study of the
aerodynamic interactions of a main rotor and a single lateral
propeller in different advanced flight regimes, followed by a
computational study of the same tests. It is interesting to
notice that the aforementioned studies agrees on the over-
all effects of the aerodynamic interactions on the rotors’ per-
formances, namely reporting an increased propeller thrust
induced by the main rotor, while the reciprocal effect of the
propeller on main rotor thrust is very small, if any.

The aim of the work described in the present paper was
to conduct a wind-tunnel test campaign on a simplified com-
pound helicopter model, to further study from an experimen-

tal point of view the effects of rotor-rotor and rotor-wake
interactions on the aerodynamic performances. A test rig
composed of a main rotor, two lateral propellers and wing
stubs was developed, and various flight conditions were
tested, including hovering, low-advance ratio forward flight
and different wind directions, representing lateral gust or lat-
eral flight. Finally, the mid-fidelity coupled aeroelastic code
DUST+MBDyn [16, 17], was used to numerically reproduce
the tested conditions and gain a better insight on the in-
volved phenomena.

3 DISCUSSION

3.1 Test campaign

The tests were performed in the Large Wind Tunnel at Po-
litecnico di Milano, a closed-circuit system with a maximum
speed of 55 m/s and a test section of 4 m by 3.84 m, which
was configured with the open-jet layout for the campaign
(Figure 1).

Figure 1: Test rig setup in the wind tunnel; the flow is from
left to right in the image.

The chosen compound helicopter configuration features
a main rotor and two lateral pusher propellers. The wind-
tunnel test rig (Figure 2) was composed of a five-bladed,
fully-articulated rotor head mounted on a whirl tower assem-
bly, courtesy of Leonardo Helicopters. The tower’s pylon
can be rotated and tilted, to achieve different rotor attitudes
in terms of mast inclination and yaw angle, or, equivalently,
wind direction. The rotor is driven by an electrical motor
with a maximum power of 160 kW and a maximum torque
of 500 Nm. A custom six-component, strain-gage balance
is housed in the pylon, measuring the loads acting on the
rotor; in particular, a maximum static thrust of 3200 N is ad-
missible, with a maximum error of 0.4 %. A separate sen-
sor measured the rotor’s torque, while Hall-effect magnetic
sensors installed in correspondence with the blades’ hinges
allow the acquisition of the pitch, flap and lag angles. Rela-
tively simple rectangular, untwisted blades were employed,
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made of carbon fibre, with NACA 0012 airfoil section and
a chord of 0.06 m, for a total rotor radius of 0.858 m. The
main rotor was operated at 2200 RPM, corresponding to a
tip Mach number of around Matip = 0.58. The main rotor
characteristics are summarised in Table 1.

Radius RMR 0.858 m
Chord cMR 0.06 m
Root cut-out - 0.256 m
Airfoil - NACA 0012
Rotational speed ΩMR 2200 RPM

Table 1: Main rotor characteristics.

The five-bladed propellers were based on off-the-shelf
hub and blades from VarioProp, for a propeller diameter of
0.3 m. Both right- and left-handed blades are available, and
the pitch of the blades can be manually adjusted. More
details about the blades, including chord and twist distribu-
tion and aerodynamic sections, are available in [18, 19]. A
5.3 kW Scorpion brushless electrical motor powered each
propeller, and bi-axial Futek load cells were employed to
measure thrust and torque, up to a maximum of 223 N and
5.7 Nm, respectively, with a non-linearity of ±0.25% RO.
The motor and load cell were housed in a nacelle cowl-
ing and the propellers’ assemblies were mounted on a steel
structure, attached to the rotor pylon. The propellers’ cen-
tres were positioned 0.285 m below the main rotor’s disk,
and 0.362 m behind and 0.525 m on either side of the pylon
axis; a picture of the assembly is shown in Figure 2. Fair-
ings were added to the support structure, using a NACA
0018 airfoil shape; while the presence of the fairings could
be taken to represent wings, as common in this kind of
compound configuration, no specific measurement was ac-
quired on them, nor their influence was explicitly studied,
the focus being on the interaction between the rotors. As al-
ready mentioned, the propellers were mounted in a pusher
configuration, but, given the low advance ratios involved, it
was deemed more realistic to have the propellers achiev-
ing an anti-torque effect with respect to the main rotor; the
left propeller, therefore, was set to generate reverse thrust.
Both propellers spun at a nominal speed of 8300 RPM in an
inboard-up direction; no synchronisation between the main
rotor and the propellers was sought.

Figure 2: Close-up of the upper portion of the test rig, in-
cluding the main rotor and the lateral propellers; view from
behind.

Different flight conditions were tested, in terms of wind
speed and direction, corresponding to hovering, forward
flight, and crosswind conditions. Only low advance ratios
were considered, as the rotor-wake interactions are less
prominent for higher flight speed, as the wakes are con-
vected away from the aircraft. The different test conditions
were realized by varying the wind-tunnel speed V∞ and ad-
justing the yaw of the rotor pylon, resulting in an equivalent
wind direction ψ: a summary of these conditions is reported
in Table 2, where µ is the advance ratio µ =V∞/ΩR, with Ω

and R being the main rotor rotational speed and radius, re-
spectively.

Figure 3: Schematics of the test rig, view from above; the
main rotor (MR), right propeller (RP) and left propeller (LP)
are indicated, as well as the wind directions ψ considered
in the tests.

µ ψ

0 0◦

0.025 −30◦, 0◦, 30◦, 60◦, 90◦

0.05 −30◦, 0◦, 30◦, 60◦, 90◦

0.1 0◦

Table 2: Summary of test conditions as a combination of
advance ratio µ and wind direction ψ.
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To determine the installation effects, that is, the varia-
tions due to the interactions between main rotor and pro-
pellers, each test was performed with only the main rotor
active (MR), with only the propellers active (RP+LP), and
with both propellers and main rotor active (MR+RP+LP).
Moreover, conditions considering only the main rotor and
the right propeller were also tested (RP and MR+RP), in or-
der to investigate the interactions between the two lateral
propellers; in this latter configuration, the influence of the
propeller’s rotational speed was studied by performing a se-
ries of test with a propeller’s rotational velocity of 9300 RPM.
Further information on the influence of other variables, e.g.
the direction of rotation, can be found in [20].

Ahead of the main test phase, the main rotor behaviour
was characterised by measurements in hovering flight at dif-
ferent collective pitch angles ϑ0. The interaction tests were
conducted by fixing ϑ0 = 7◦ and zero-flapping trim condi-
tions for the cyclic pitch; for the case with µ = 0.1, the col-
lective pitch was lowered to ϑ0 = 6◦ to keep the thrust value
similar to the other cases. Finally, the propellers’ pitch was
adjusted to achieve a nominal value of 23◦ at the section
placed at the 75 % of the radius, although after the manual
adjustment the pitch value of the left propeller was mea-
sured to be 22◦.

3.2 Experimental results

The interactional effects were evaluated by considering the
thrust CT and torque CQ coefficients of main rotor and pro-
pellers, defined as follows: for the main rotor,

(1) CT,MR =
TMR

πρΩ2
MRR4

MR
and CQ,MR =

QMR

πρΩ2R5
MR
,

and for the propellers,

(2) CT,RP =
TRP

ρn2D4
RP

and CQ,RP =
QRP

ρn2D5
RP

;

in the formulae above, T is the generated thrust, Q the re-
quired torque, Ω the rotational speed, n the number of rev-
olutions per second, R the rotor radius, D the propeller di-
ameter, ρ the air density, and the subscript specifies the
component to which the quantity is referred.

From the two coefficients, an indication of the efficiency
is obtained by computing the figure of merit FM for the main
rotor and a simplified efficiency η for the propellers, given
by

(3) FM =
C3/2

T,MR√
2CQ,MR

and ηRP =
CT,RP

CQ,RP
,

respectively.
Finally, for the main rotor and propellers the sectional

normal force coefficient CnM2 was defined as

(4) CnM2 =
Fn

1
2 ρa2c

,

where Fn is the normal force, a the speed of sound and c
the local blade chord.

3.2.1 Main rotor

The experimental results concerning the installation effects
on main rotor thrust coefficient CT are shown, as a func-
tion of the yaw angle ψ, in Figure 4 and 5 for the two ad-
vance ratios µ = 0.025 and µ = 0.05, respectively, while
Figure 6 shows the results for forward flight (ψ = 0◦) at dif-
ferent advance ratios. It can be seen that for µ = 0.025 the
installation effects amount to an increase in the thrust of
about 2.8 % for ψ = 30◦ and 5.6 % for ψ = 90◦, while the
increase is almost negligible for the other two wind direc-
tions. The effect is reduced for µ = 0.05, where the highest
increase is of about 1.5 %. A negative installation effect is
recorded for purely forward flight at high advance ratio, as
shown also in Figure 6. These results are comparable to
the findings reported in literature, where they have been re-
lated to a blockage effect of the propellers’ wakes on the
main rotor inflow [15].

The dependence on the wind direction and speed could
be explained by the fact that, for lateral wind and low ad-
vance ratio, the propellers’ wakes remain closer and directly
below the main rotor’s disk in a larger region, especially for
what concerns the right propeller. The torque of the main
rotor is found to slightly increase for all test cases, leading
to the trend in the installation effect on the figure of merit
shown in Figure 7, where ∆FM represents the variation
in the figure of merit between the complete configuration
and the main rotor, emphasising the positive influence of
the wind direction.
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Figure 4: Main rotor’s thrust as a function of wind direction
for µ = 0.025, comparison between the isolated main rotor
(MR) and the complete configuration (MR+RP+LP).
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Figure 5: Main rotor’s thrust as a function of wind direction
for µ = 0.05, comparison between the isolated main rotor
(MR) and the complete configuration (MR+RP+LP).
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Figure 6: Main rotor’s thrust as a function of advance ra-
tio for ψ = 0◦, comparison between the isolated main rotor
(MR) and the complete configuration (MR+RP+LP).
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Figure 7: Installation effect on the main rotor’s figure of merit
for crosswind conditions.

3.2.2 Right propeller

The effects of the presence of the main rotor on the pro-
pellers are more noticeable. For the right propeller, as can
be seen in Figure 8, a consistent thrust increase above 8 %
is recorded for µ = 0.025, reaching a maximum of 15 % for
ψ = 90◦. The increase is similar for the conditions with
µ = 0.05, up to a maximum of 17 % (Figure 9), although
an immediately noticeable exception is represented by the
condition µ = 0.05,ψ = 30◦, for which the thrust decreases
by 1 % with respect to the case with the isolated propellers.
A positive effect is observed also for forward flight, except at
the highest advance ratio (Figure 10), and in general, an in-
crease in the propeller’s efficiency was measured, as seen
in Figure 11, which reports the difference in efficiency ∆η

between the complete configuration and the isolated pro-
pellers case.

The increase in thrust can be explained by considering
that, for all the conditions tested, the propeller is, at least
partially, immersed in the main rotor’s downwash, which has
two main effects. Firstly, it induces an edgewise velocity
component on the propeller’s disk: this downward tangen-
tial component acts to increase the velocity seen by the up-
stroking blade, i.e. on the inboard side, and to decrease
the velocity seen by the downstroking blade; the propeller
load distribution is thus characterised by a lateral asymme-
try, which also produces an out-of-plane moment. Secondly,
the main rotor’s downwash displaces the propeller’s wake
downward, therefore tending to reduce its induced inflow
on the upper part of the propeller’s disk, while increasing
it in the lower region. These conditions in which the pro-
peller operates are analogous to those experienced by a
helicopter rotor in forward flight, and result in a net increase
in the thrust generated by the propeller, as had already been
known for some time [21, 22, 23]. The main difference with
respect to a rotor in forward motion is that the downwash
insisting on the propeller is not uniform, but varies radially
depending on the load distribution of the main rotor above.
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Moreover, the fact that the thrust increase due to the inter-
action is shown to be greater for the higher values of ψ, and
of µ, is consistent with the fact that, in these cases, the main
rotor’s wake is mainly convected leftward, so that the up-
stroking region of the right propeller’s disk is favourably af-
fected by the downwash, while the down-stroking portion is
partially outside the downwash area, which would decrease
its thrust.

Another fundamental difference with a rotor in forward
flight is that the main rotor’s wake is characterised by the
presence of vortical structures, particularly of the tip vor-
tices. The peculiar drop in the generated thrust observed
for µ = 0.05,ψ = 30◦ could be explained as a blade-vortex
interaction (BVI) event, which have been shown to influence
the performance of the blade and also trigger flow separa-
tion [24, 25, 26, 27]. This hypothesis needs further inves-
tigation, but it would explain the occurrence only for these
specific wind conditions, as BVI is a local event and in other
conditions the tip vortices would not interact with the pro-
peller’s blade, or would interact differently and not induce
any deterioration of the performances.
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Figure 8: Right propeller’s thrust as a function of wind
direction for µ = 0.025, comparison between the iso-
lated propellers (RP+LP) and the complete configuration
(MR+RP+LP).
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Figure 9: Right propeller’s thrust as a function of wind
direction for µ = 0.05, comparison between the iso-
lated propellers (RP+LP) and the complete configuration
(MR+RP+LP).
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Figure 10: Right propeller’s thrust as a function of advance
ratio for ψ= 0◦, comparison between the isolated propellers
(RP+LP) and the complete configuration (MR+RP+LP).
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Figure 11: Installation effect on the right propeller’s effi-
ciency for crosswind conditions.

3.2.3 Left propeller

Similar considerations to the above ones can be also ap-
plied to the analysis of the left propeller thrust values,
seen in Figures 12, 13, and 14: the general increase is
even greater than for the right propeller, up to 26.7 % for
µ = 0.025 and 35.4 % for µ = 0.05. This larger effect could
be expected since the left propeller is essentially operating
in reverse thrust conditions, forcing its wake to stay closer
to the propeller itself, in a vortex ring state; the convection
of the wake by the main rotor downwash, therefore, would
have a beneficial effect on the propeller performances. Cor-
respondingly, a large increment of the propeller’s efficiency
is measured for all cases Figure 15. In applying the rea-
soning about the main rotor’s downwash influence from the
previous section, however, it should be taken into account
the fact that for the higher values of ψ the left propeller could
be partially shadowed by the other parts of the test rig, par-
ticularly the pylon.

Interestingly, no particular condition for which the pro-
peller thrust decreases, or does not increase as much, can
be observed. This fact supports the interpretation given
above about the interaction of the right propeller with the
main rotor tip vortices, which would not happen to the left
propeller given its upwind position with respect to the main
rotor blade tips for the wind directions tested, except for
ψ =−30◦.
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Figure 12: Left propeller’s thrust as a function of wind
direction for µ = 0.025, comparison between the iso-
lated propellers (RP+LP) and the complete configuration
(MR+RP+LP).
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Figure 13: Left propeller’s thrust as a function of wind
direction for µ = 0.05, comparison between the iso-
lated propellers (RP+LP) and the complete configuration
(MR+RP+LP).
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Figure 14: Left propeller’s thrust as a function of advance
ratio for ψ= 0◦, comparison between the isolated propellers
(RP+LP) and the complete configuration (MR+RP+LP).
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Figure 15: Installation effect on the left propeller’s efficiency
for crosswind conditions.

3.2.4 Right propeller only

Concerning the tests with only the main rotor and the right
propeller, Figure 16 shows the effects of the interaction on
the thrust of the right propeller, for µ = 0.05: by comparing
to Figure 9, it can be seen how the trend is similar, with a
general increase in thrust, and also featuring the drop be-
low the isolated value for ψ= 30◦. The lower increase mea-
sured for ψ = 0◦, compared to the configuration with both
right and left propeller, could hint at an influence of the left
propeller, which is reduced at the higher ψ as its wake is
convected away from the right propeller by the free-stream
flow.

Finally, Figure 17 compares the thrust generated by the
right propeller during the interaction with the main rotor,
considering two different rotational speeds, showing that no

significant difference in the behaviour can be observed be-
tween these cases.
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Figure 16: Right propeller’s thrust as a function of wind di-
rection for µ = 0.05, comparison between the isolated right
propeller (RP) and the configuration with main rotor and
right propeller active (MR+RP).
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Figure 17: Right propeller’s thrust as a function of wind
direction for µ = 0.05, comparison between the configura-
tions with main rotor and right propeller spinning at different
speeds.

3.3 Numerical simulations

Given the complexity of the test configuration, featuring
three five-bladed rotors spinning at very different speeds,
and the large number of conditions to be considered, the
mid-fidelity vortex-particle aerodynamic code DUST was
chosen for the numerical simulations, given its ability to eas-
ily model multiple rotors and their wakes, describing inter-
actional aerodynamics at a relatively low time cost.
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3.3.1 Numerical model

As a first modelisation of the test rig, main rotor and pro-
peller were described using lifting line elements, with a
spanwise discretization of 20 and 30 panels, respectively.
Aerodynamic data for the propeller’s blade sections were
computed employing XFOIL [28]. The propellers’ nacelles
were included, but the fairings and the rotor pylon were ex-
cluded.

Firstly, to validate the model, the main rotor alone in
hovering flight was simulated and compared to experimen-
tal measurements from the test campaign; the results, re-
ported in Figure 18, show an agreement between DUST
and the experimental data only for the lowest collective pitch
angles, while an underestimation of the thrust is evident at
the higher collectives.
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Figure 18: Main rotor’s thrust coefficient variation with col-
lective pitch angle ϑ0 in hovering flight, comparison be-
tween the experimental measurements and the results from
DUST simulations.

Given the worsening of the discrepancy at the higher
collective pitch angles, and thus with the higher rotor loads,
the effect was attributed to a torsional deformation of the
blades. In order to evaluate this hypothesis, static tests,
both non-destructive and destructive, were performed on
the blades to measure the relevant structural quantities, in
particular the torsional rigidity and the chordwise position
of the elastic axis and the centre of mass of the blade sec-
tions; the results are reported in Table 3, and show a plausi-
ble increase of the blade incidence due to torsion, given the
position of the elastic axis behind the aerodynamic centre.

In order to include in the simulations the torsional and
bending behaviours of the blades, the aeroelastic suite fea-
turing the coupling of DUST with MBDyn, a multibody dy-
namic solver, was employed [17]. The model was updated
with the structural data of the blades, and the main rotor de-
scription by lifting lines was changed to use non-linear vor-
tex lattice element [29], with a chordwise discretisation of 30

panels, which allows accurately modelling the distribution of
the aerodynamic load. The results from this updated model
show a remarkably better agreement with the experimental
data (Figure 19), indicating that blade torsion could be an
effective explanation.

Mass per unit length m 0.221 kg/m
Flexural rigidity EI 33.2 Nm2

Torsional rigidity GJ 15.4 Nm2/rad
Centre of mass chordwise position - 40 % cMR
Elastic axis chordwise position - 29 % cMR

Table 3: Measured structural data of the main rotor’s blades.

For numerical stability reasons, however, the coupled
simulations showed issues for the forward flight test con-
ditions, which diverged before reaching a suitable time
span to investigate the interactional effects. The approach
was then chosen to perform purely aerodynamic simula-
tions with DUST, using lifting line elements, but including
an equivalent twist distribution of the blades to represent
the torsion, which was extrapolated from the aeroelastic
simulations by time averaging the torsional distribution of
the blade. This would naturally impair the accuracy of the
model, also given that the twist distribution is constant in
time, instead of the cyclically varying torsional deformation.
However, the resulting model was deemed sufficient to in-
vestigate the general behaviour of the flow-field and the rel-
evant interactions between the rotors, and to obtain at least
a qualitative description of the phenomena involved (Fig-
ure 19). Following this reasoning, it was also decided to ex-
clude the left propeller from the numerical model, in order to
reduce the computational complexity. This choice was justi-
fied by the fact that the chief interest involved the right pro-
peller, given the test conditions and the effects measured
in the wind tunnel campaign, and by the observation made
above that the qualitative behaviour of the interactions on
the right propeller was not influenced by the presence of
the left propeller.

With this final choice of model, a total of 32 propeller
revolutions, corresponding to 8 main rotor revolutions, were
simulated for each test condition, and separate simulations
were performed on the isolated components, to allow com-
puting the installation effects. Each simulation took about 2
hours on a workstation-level computer.
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Figure 19: Main rotor’s thrust coefficient variation with col-
lective pitch angle ϑ0 in hovering flight, comparison be-
tween the experimental measurements, the results from
DUST simulations, DUST+MBDyn aeroelastic simulations
and DUST simulations considering an equivalent twist dis-
tribution for the blades.

3.3.2 Numerical results

The results of simulations on the test conditions with lateral
wind are reported in Figure 20 for what concerns the right
propeller thrust. Despite an underestimation of the loads,
which can also be attributed to the wings not being mod-
elled, the increase in thrust with respect to the isolated pro-
peller is well-captured, except for the singular thrust loss
noticed in the experimental measurements.
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Figure 20: Installation effects on the right propeller’s thrust
for some test conditions, considering the isolated right pro-
peller (RP) and the configuration with main rotor and right
propeller active (MR+RP); comparison between the experi-
mental data and results from the DUST simulations.

To examine more in detail the mechanism producing this
increase, the load distribution over the propeller’s disk is re-
ported in Figure 21, which shows the difference in sectional
normal force coefficient between the case with main rotor
and propeller active and the case with only the propeller ac-
tive, for the condition µ = 0.025,ψ = 30◦: the asymmetry in
the load distribution is clearly visible, with the left side, cor-
responding to the upstroking blade, presenting an increase
in load, while the right side, the downstroking blade, pro-
duces a decrease in the loading with respect to the isolated
propeller. This is in accordance with the analysis reported
above of the effects of the main rotor’s downwash. The
load distribution for µ= 0.05,ψ= 90◦ is visible in Figure 22,
where it is evident that only a smaller portion of the down-
stroking side of the propeller contributes negatively to the
thrust increase due to the interaction. As mentioned above,
this effect is attributed to the behaviour of the main rotor’s
wake as it is convected by the free-stream flow, impacting
on different portions of the propeller’s disk. This is more
clearly visible comparing the load distributions presented
above with Figures 23 and 24, which show contours of the
average velocity field in the proximity of the propeller, on a
plane parallel to the propeller’s disk and 0.03 m in front of it.
The edge of the rotor’s wake can be seen to pass just over
the right edge of the propeller in Figure 23, corresponding
to a condition in which the whole propeller is immersed in
the main rotor’s downwash, while in Figure 24 the rotor’s
wake, being more strongly convected to the left, insists on
only about half of the propeller’s disk, the upstroking region.

Figure 21: Difference in the sectional load distribution on
the right propeller’s disk between the configuration with
main rotor and right propeller active and the isolated right
propeller, for the condition µ = 0.025 and ψ = 30◦. Results
averaged over six propeller revolutions. The azimuth ϕ= 0◦

corresponds to the blade on top. (Reproduced with permis-
sion from [20])

Page 10 of 15



Figure 22: Difference in the sectional load distribution on
the right propeller’s disk between the configuration with
main rotor and right propeller active and the isolated right
propeller, for the condition µ = 0.05 and ψ = 90◦. Results
averaged over six propeller revolutions. The azimuth ϕ= 0◦

corresponds to the blade on top. (Reproduced with permis-
sion from [20])
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Figure 23: Contours of the velocity magnitude averaged
over six propeller’s revolutions, for the configuration with
main rotor and right propeller active with µ = 0.025 and
ψ = 30◦; view from behind.
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Figure 24: Contours of the velocity magnitude averaged
over six propeller’s revolutions, for the configuration with
main rotor and right propeller active with µ = 0.05 and
ψ = 90◦; view from behind.

The peculiar drop in thrust measured for µ = 0.05,ψ =
30◦ was not reproduced by the numerical simulation. This
could be attributed to the difficulty of the mid-fidelity method
in describing complex local phenomena in which viscosity
effects and boundary layer behaviour play a fundamental
role. Better insight, however, can be gained by compar-
ing the contours of Q-criterion, identifying the main vorti-
cal structures, in the region close to the propeller’s disk, as
shown in Figure 25. The tip vortices released by the main
rotor blades are clearly visible, and their trajectories reveal
qualitatively different patterns, depending on wind speed
and direction. In particular, for ψ = 30◦ and µ = 0.025, it
can be seen how the tip vortices are convected inboard and
intersect the propeller’s disk only marginally at its rightmost
edge. As they pass near the tip of the clockwise-rotating
propeller’s blades, they are not directly cut through, but they
experience an upward displacement, which produces vor-
tex pairing and results in the formation of clusters of vortical
structures. A similar pattern, but more complex, is visible for
the case ψ= 30◦ and µ= 0.05, shown in Figure 26: this be-
haviour could support the hypothesis of the thrust loss oc-
curring in these condition being determined by a BVI effect.
In contrast, for ψ = 90◦ and µ = 0.5, as shown in Figure 27,
the main rotor tip vortices are more strongly displaced in-
board, and they intersect the propeller’s disk almost dia-
metrically, being disrupted by the passing blades and the
nacelle, as can be seen by their reduced intensity. It is to be
noticed that the contours described above represent only
instantaneous snapshots of the interaction, and that a com-
plete description should also take into account the whole
three-dimensional description of the vortical structures.
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Figure 25: Contours of Q-criterion for the configuration with
main rotor and right propeller active with µ = 0.025 and
ψ = 30◦; view from behind.
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Figure 26: Contours of Q-criterion for the configuration with
main rotor and right propeller active with µ = 0.05 and
ψ = 30◦; view from behind.
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Figure 27: Contours of Q-criterion for the configuration with
main rotor and right propeller active with µ = 0.05 and
ψ = 90◦; view from behind.

The different behaviours in the tip vortices trajectories

can be evinced also from the contours of the root-mean-
square of the velocity, shown in Figures 28, 29, and 30,
which identify the region characterised by the permanence
of vortical clusters next to the propeller’s disk for the three
conditions mentioned above.
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Figure 28: Contours of the root mean square of the velocity
magnitude over six propeller’s revolutions, for the configura-
tion with main rotor and right propeller active with µ = 0.025
and ψ = 30◦; view from behind.
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Figure 29: Contours of the root mean square of the velocity
magnitude over six propeller’s revolutions, for the configura-
tion with main rotor and right propeller active with µ = 0.05
and ψ = 30◦; view from behind.

Page 12 of 15



−1.5 −1 −0.5 0 0.5 1 1.5 2

−1.5

−1

−0.5

0

0.5

1

1.5

y/RRP

z
/R

R
P

MR+RP µ = 0.05, ψ = 90◦

0

0.01

0.02

0.03

0.04

0.05

Urms

Vtip

Figure 30: Contours of the root mean square of the velocity
magnitude over six propeller’s revolutions, for the configura-
tion with main rotor and right propeller active with µ = 0.05
and ψ = 90◦; view from behind.

Finally, Figure 31 shows the installation effect on the
main rotor’s load distribution, as the difference in the sec-
tional load coefficient between the configuration with the
main rotor and right propeller active and the isolated main
rotor: a region of increased loading is visible immediately
downwind of the propeller’s position, indicating the block-
age effect of the propeller’s slipstream. Weak variations in
the tip portion of the rotor’s disk can also be seen, which
are probably due to differences in tip vortex interactions, as
suggested by [15].

Figure 31: Difference in the sectional load distribution on
the main rotor’s disk between the configuration with main
rotor and right propeller and the isolated main rotor, for the
condition µ = 0.05 and ψ = 30◦. Results averaged over
four rotor revolutions. The azimuth ϕ = 0◦ corresponds to
the blade on the rear, and the black segment indicates the
position of the propeller’s disk.

4 CONCLUSIONS

The present work described the results of a wind-tunnel test
campaign on a compound helicopter configuration in differ-
ent flight conditions, in order to study the effects of the aero-
dynamic interference between main rotor and lateral pro-
pellers. It was found that in general the influence on the
main rotor loads is limited, resulting in a slight increase in
the generated thrust attributed to the presence of the pro-
pellers. On the other hand, the effect of the main rotor’s
downwash on the propeller is much more marked, with a
general increase in the thrust up to 17 % and 35 % for the
right and left propeller, respectively. These findings are in
agreement with the literature on similar configurations, and
can be explained by the additional velocity component in-
troduced by the main rotor’s downwash impinging on the
propellers. For one test condition, however, a negative in-
stallation effect, with a decrease in the propeller’s thrust,
was measured, which was attributed to a local BVI event
related to the interaction with the main rotor tip vortices.

The analysis of the experimental results was comple-
mented by mid-fidelity numerical simulations performed with
DUST. A relevant torsional effect of the blade was correctly
described by the coupled aeroelastic version of the code,
while purely aerodynamic simulations, despite not in full
agreement with the measured values, correctly captured the
effect of the main rotor on the propellers. Moreover, the
load distributions extracted from the numerical results and
the flowfield descriptions supported the interpretation of the
mechanisms of interaction with the main rotor’s downwash
and tip vortices.

In conclusion, an important increase in the thrust gener-
ated by the lateral propeller of a compound helicopter was
measured, as a result of the aerodynamic interaction with
the main rotor. This effect needs to be accounted for in
the design phase of the aircraft, as it can have a relevant
impact on the performances and the controllability of the
machine. Moreover, the occurrence of an anomalous thrust
reduction in some conditions highlights the complexity of the
flow and stresses the importance of a complete description
of the wake dynamics in response to the flight conditions.
To this purpose, a vorticity-based mid-fidelity aerodynamic
code proved useful in analysing the interaction mechanisms
efficiently, although not all the flow features were captured.
Wind-tunnel testing thus maintains a critical role in evaluat-
ing the effects of the aerodynamic interactions, as well as
high-fidelity CFD. The above considerations are not limited
to the configuration examined here, but can be applied to
any aircraft in which rotors can be found operating in the
slipstream of other rotors.
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