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ABSTRACT
Installation effects of the lateral rotors for a compound helicopter were investigated by means of unsteady CFD sim-
ulations. The helicopter featured a box-wing design for additional lift in cruise and wingtip-mounted lateral rotors
in pusher configuration for additional thrust in cruise and counter-torque in hover. It was found that propeller per-
formance installation effects for a compound helicopter are highly beneficial in cruise, while some penalties exist in
extreme and specific cases in hover and autorotation. In cruise the main interaction was between the wing and lateral
rotors, resulting in a propulsive efficiency increase up to 10.6% due to wingtip vortex energy recovery. In hover the
main rotor slipstream resulted in a near perpendicular inflow to the lateral rotors, with a disturbance from the wings
due to the deflection of the main rotor slipstream. For higher than nominal lateral rotor thrust settings, this resulted in
a performance penalty. In autorotation a small power installation penalty was present due to inflow disturbances.

NOTATION

CD Drag coefficient
CL Lift coefficient
CP Power coefficient CP = P/ρ∞n3D5

p

Cp Pressure coefficient
CT Thrust coefficient CT = T/ρ∞n2D4

p

c Chord
Dp Propeller diameter
E Richardson extrapolation uncertainty
hhover Hover altitude
L CFD domain length
n Rotational speed
P Shaft power
q Dynamic pressure
R Radius
r Radial coordinate
T Thrust
V Velocity
Vd Downwash farfield velocity Vd =

√
2Tmr/ρ∞πR2

mr

y+ Dimensionless wall distance

Greek
α Angle of attack
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∆pt Total pressure difference w.r.t. freestream
δ f Flap deflection
ηp Propulsive efficiency ηp = TV∞/P

ϕ Blade phase angle

Subscripts
a Axial
inst Installed
iso Isolated
mr Main rotor
p Propeller
t Tangential
∞ Freestream

INTRODUCTION

A compound helicopter is a helicopter where the function of
the main rotor of providing lift and thrust is supported by
different means. Following Yeo and Johnson (Ref. 1) com-
pounding can be split in lift compounding by the addition of
wings to the fuselage and thrust compounding by the addition
of propulsive devices. Combined lift and thrust compound-
ing is often called full compounding. The goal is to expand
the flight envelope, especially improve the high speed capabil-
ity of the helicopter while maintaining a helicopters efficient
hover advantage over fixed wing aircraft.

As part of the Clean Sky 2 (CS2) research programme, the
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Fig. 1: Sketch of the Airbus RACER without tailplanes.

Airbus RACER (Rapid And Cost-Effective Rotorcraft) is be-
ing developed. This full compound helicopter design is opti-
mized for a cruise speed of 220 kts (Ref. 2). Figure 1 shows
a sketch of the helicopter with its tailplanes removed. Addi-
tional lift in the cruise condition is provided by a box-wing
design, while wingtip-mounted lateral rotors in pusher con-
figuration provide additional thrust in the cruise condition
and counter-torque in the hover condition. The box-wing de-
sign reduces the overall surface affected by the downwash
from the main rotor in hover while providing the required
lift in cruise. As part of the CS2 PROPTER project (Sup-
port to aerodynamic analysis and design of propellers of a
compound helicopter), this paper investigates the effects of
installation on the lateral rotor performance, focusing on the
aerodynamic interaction with the box-wings and main rotor
slipstream. For this research an extensive amount of unsteady
Reynolds-averaged Navier-Stokes (RANS) CFD simulations
have been performed. Comparison with simulation results of
the isolated propellers provides the necessary insight into the
propeller installation effects. For improved reading of the pa-
per the lateral rotors will be referred to as propellers.

In the cruise condition the aerodynamic interaction between
the main rotor and propellers is limited since their slipstreams
are separated, as sketched in Figure 2 (a). Orchard and New-
man (Ref. 3) underline that propellers are particularly advan-
tageous as propulsion device for compound helicopters con-
sidering their high efficiency at the moderate cruising speed.
An additional efficiency advantage for these propellers can be
expected because of the installation on the wingtip in pusher
configuration, potentially resulting in wingtip vortex energy
recovery by the propellers and wing induced drag reduction
(Refs. 4–6). The impact of the novel box-wings on these ef-
ficiency benefits is investigated in this paper, including the
effect of trailing edge flap deflection on all four wing halves.
These flaps allow a change in the ratio of wing lift to main
rotor lift in forward flight.

Although propellers may be beneficial in the cruise condition
where the main rotor slipstream generally passes over them,
the lack of shielding of the propellers may pose a problem at
low airspeed and particularly in the hover condition where the
main rotor slipstream impinges on the propellers as sketched

in Figure 2 (b). Bending moments of the propeller blades due
to this skewed inflow may be significant (Ref. 3). Further-
more, a propeller close to the main rotor may affect the rotor
flapping amplitude and bending moments due to its pressure
field, as is known from the extensive experimental investiga-
tion of Bain and Landgrebe (Ref. 7). Not only the propellers
but also the wings experience a large variation of angle of at-
tack in the flight envelope as shown by Lynn (Ref. 8). The
wings may cause an additional disturbance to the inflow of
the propellers. Because of these unknowns, the impact of this
complex interactional flow on the propeller performance and
unsteady aerodynamic loading is investigated. This will pro-
vide the necessary insight for mitigation of possible problems
by propeller blade shape optimisation.

(a) Interaction in the cruise condition.

T
mr

T
p

(b) Interaction in the hover condition.

Fig. 2: Main rotor and propeller aerodynamic interaction.

Furthermore, at low speed conditions the right propeller needs
to provide reverse thrust for counter-torque. Reverse propeller
thrust flow phenomena are not well described in literature,
apart from the experimental investigation by Roosenboom and
Schröder (Ref. 9). This paper provides some insight in reverse
thrust performance effects for compound helicopters.

COMPUTATIONAL SETUP

A perspective view of the simulated body is sketched in Figure
1. The helicopter fuselage with box-wings was simulated with
two fully resolved six-bladed tip-mounted propellers turning
inboard-up, all represented by no-slip walls. All four wing
halves were equipped with plain flaps over the majority of the
span. In the remainder of the paper this body without the pro-
peller blades is referred to as the airframe. The model was
simplified by removal of the tailplanes and the time-averaged
effect of the main rotor was introduced by an actuator disk
implementation that introduces radially and circumferentially
varying momentum and energy jump conditions based on pro-
vided blade loading distributions. The domain for the cruise
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and autorotation condition and the enlarged domain for the
hover condition are sketched in Figure 3. For the cruise and
autorotation condition the dimension in the freestream direc-
tion L was chosen larger than the other dimensions to dimin-
ish the effect of the boundary conditions on the flowfield near
the helicopter. Furthermore, on all boundaries, general free
stream boundary conditions were prescribed based on Rie-
mann invariants. For the hover condition a larger domain was
required to prevent unwanted recirculation and thus unwanted
influence of the boundary conditions on the flowfield near the
helicopter. The bottom boundary condition was placed at a
distance equal to the hover altitude hhover and modelled as a
slip wall. A very small freestream velocity was prescribed to
further reduce recirculation in the domain.

L/2

h
hover

L/2
L/4

2L

slip wall B.C.

L = 27R
mr

L

L/4

helicopter
position

V
∞

Fig. 3: Comparison of the domain for the cruise and autorota-
tion condition and enlarged domain for the hover condition.

Compressible RANS CFD simulations were performed on
the high-performance computing facility at the National
Aerospace Laboratory NLR, using the multiblock structured
solver ENFLOW (Refs. 10, 11). The equations were solved
2nd order accurate, were discretized in space by a cell-
centered finite-volume method using central differences and
artificial diffusion, and were integrated in time by an implicit
scheme, using the dual-time stepping method. A timestep
equivalent to 1◦ of propeller rotation was used as commonly
found in propeller research (Refs. 12, 13). An algebraic
Reynolds-stress turbulence model EARSM (Ref. 14) was se-
lected for most simulation cases, except for a number of the
cases in the hover condition, for which the k −ω SST tur-
bulence model (Ref. 15) was used to promote convergence.
These exceptions are highlighted in the paper and a compari-
son between the two turbulence models is also provided.

The multiblock structered grid consisted of about 153 million
cells in the cruise and autorotation condition and about 163
million cells in the hover condition. Due to the larger domain
and the need for a different first layer thickness, the grid size
of the hover condition was slightly larger. In order to comply
with the turbulence models, the dimensionless wall distance
y+ on all no-slip walls of the model was less than one.

PERIODICITY AND GRID CONVERGENCE

Solutions of the aerodynamic loading were expected to be in
general periodic with the propeller blade passage frequency.
In order to obtain such periodic solutions for the cruise and
autorotation condition, first a steady solution was obtained on
a coarse grid. This was then used as initial condition for time
dependent simulations on the coarse, medium refined and at
last the fine grid with a timestep equivalent to 1◦ of propeller
rotation, using the solution on one grid level down as initial
condition. The coarse and medium refined grids were ob-
tained by structured grid coarsening, reducing the number of
cells by a factor of 8. The hover condition required a differ-
ent recipe to avoid divergence in the solver and to reach pe-
riodic behaviour with the blade passage frequency. A steady
solution on the fine grid was obtained from steady solutions
on the medium refined and coarse grid. This was used as
initial condition for a time dependent simulation on the fine
grid, advancing quickly in time with a timestep equivalent to
10◦ of propeller rotation. It was found that to reach periodic
behaviour for this flight condition, many propeller rotations
were required. At last, a simulation on the fine grid with a
timestep equivalent to 1◦ of propeller rotation was used to ob-
tain the final solution.

In Figure 4 convergence of the most important aerodynamic
loading quantities is shown by taking the mean and amplitude
of the quantities for each blade passage, subtracted by their
values for the last blade passage. Only convergence of the part
of the simulation with a timestep equivalent to 1◦ is shown.
The selected quantities are the left propeller thrust coefficient
CT and power coefficient CP, and the airframe lift coefficient
CL and drag coefficient CD. For the cruise condition, shown in
Figure 4 (a), sufficient convergence to a periodic solution was
obtained after two propeller rotations or 12 blade passages on
the fine grid. Especially the airframe lift and drag required
some time to converge, due to modelling of the exhausts on
the fuselage without active flow, resulting in some flow sepa-
ration. In the hover condition, the flowfield is almost entirely
induced by the main rotor and the propellers, resulting in a
very large inflow angle to the wings, and large wakes below
the wings due to flow separation. Note that for this condition,
the lift and drag coefficient are defined with the theoretical
downwash velocity in the far field:

Vd =

√
2Tmr

ρ∞πR2
mr

(1)

In the convergence plots in Figure 4 (b) poor convergence with
the blade passage frequency is observed for the mean of the
airframe lift and to a lesser extent the drag. Instead, a fluctu-
ation with a much lower frequency is observed, likely related
to the time variation of the flow separation. However, the am-
plitude does show convergence. For the propeller coefficients
better convergence is obtained. In the autorotation condition
the mean propeller thrust was trimmed to zero and therefore
the mean of the propeller quantities are very small. The am-
plitude shows satisfactory convergence. The wing quantities
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(a) Convergence in the cruise condition.

(b) Convergence in the hover condition.

(c) Convergence in the autorotation condition.

Fig. 4: Convergence plots obtained by calculating mean and
amplitude for each blade passage, and subtracting last value.

required three more propeller rotations to converge compared
to the cruise condition due to the large angle of attack for this
condition.

Since the grid was refined in a structured manner and the
solver is 2nd order accurate, grid-dependent uncertainties
based on Richardson extrapolation could be calculated, us-
ing solutions on the medium refined and fine grid. These are
given in Table 1 for the mean over the last blade passage of
discussed aerodynamic loading quantities. In the cruise and
hover conditions the uncertainties estimated for the propeller
quantities are relatively small. For the airframe lift and drag,
somewhat larger uncertainties are estimated. In the cruise
condition, this is mainly due to the earlier mentioned flow
separation from the exhausts on the rear of the fuselage with-
out active flow. In the hover condition, the largely separated
flow on the wings due to the very large inflow angle is the
main cause of uncertainty. For the autorotation condition the

thrust coefficient uncertainty is given absolute since the thrust
is trimmed to zero for this condition. A small uncertainty in
CT is found. Also the power coefficient is relatively small
in this condition which explains the somewhat larger uncer-
tainty. The uncertainty in airframe lift is found to be larger
than in the cruise condition, likely due to the large inflow an-
gle in this condition.

Table 1: Grid-dependent uncertainty of selected quantities.

cruise hover autorotation

left propeller ECT 0.2% 0.4% 3.0 ·10−5 a

ECP 0.0% 0.5% 4.5%

airframe ECL 1.6% 2.3% 5.1%
ECD 6.2% 11.1% 0.8%

aAbsolute error given because of almost zero mean

RESULTS

Three conditions were investigated: cruise, hover and autoro-
tation. For each of these conditions multiple cases were con-
sidered. For the cruise condition, the effect of flap deflection
was of main importance. This directly changes the ratio of
wing lift to main rotor lift and indirectly affects propeller per-
formance. At zero angle of attack, three flap deflections were
studied, δ f =−3◦, 0◦ and 5◦. In the hover condition the pro-
pellers are not used for forward thrust but for counter-torque
and manoeuvring. Therefore a number of cases with different
thrust levels on the left and right propellers were investigated
for δ f = 0◦ in a hot and high condition. In the autorotation
condition the propeller power should be low. The installation
effects on the propeller power were investigated at zero pro-
peller thrust for a positive angle of attack and δ f =−5◦.

Cruise Condition

In the cruise condition the main rotor is slowed down and a
considerable portion of the lift comes from the box-wings.
Both propellers are utilized for forward thrust. As explained
in Figure 2 (a), in the cruise condition the main rotor slip-
stream does not directly interfere with the propellers, but the
main source of interference comes from the upstream wings.
In Figure 6 the left propeller thrust and power are plotted
over a blade passage starting from the orientation defined in
Figure 5. The thrust and power are plotted relative to the
time-averaged thrust and power for δ f = 0◦. For the three
flap deflections the blade pitch was adjusted to achieve the
same time-averaged thrust. A small peak-to-peak fluctuation
of 1.5% to 2.5% in thrust is present. This fluctuation increases
with increasing flap deflection. A clear effect of the wingtip
vortex energy recovery can be noticed in the propeller power
curves, as with increasing flap deflection the time-averaged
power reduces. Following the fluctuations in thrust, the fluc-
tuations in power also increase with increasing flap deflection
and are of similar magnitude.

Figure 7 highlights the wingtip vortex recovery effect, show-
ing the gain in propeller propulsive efficiency with respect to
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Fig. 5: Rear view of helicopter with blade phase angle defini-
tion for the left and right propeller.
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Fig. 6: Left propeller performance in the cruise condition rel-
ative to the time-averaged performance for δ f = 0◦. The zero
blade passage orientation is defined in Figure 5.

the isolated propeller efficiency at equal thrust. The propul-
sive efficiency ηp is defined as the ratio of useful work to
shaft power. This gain is plotted for the left and right pro-
peller against the lift coefficient of the corresponding wing-
half. The change in lift coefficient was achieved by flap de-
flection. Clearly, installation results in a considerable propul-
sive efficiency gain for both propellers, becoming larger with
increasing wing lift. Increasing the wing lift will allow further
unloading of the main rotor and therefore the ratio of wing lift
to main rotor lift has a large influence on the efficiency of the
propellers.

In order to investigate the source of the propeller installation
effects, the blade section thrust and efficiency are plotted in
Figure 8 for the left propeller during a complete revolution for
δ f = 0◦. These distributions can be correlated to the flowfield
just upstream of the propeller, given in contour plots in Figure
9. The axial and tangential velocity components are plotted
relative to the freestream airspeed and an approximate section
incidence angle is computed, defined as the angle between
the velocity vector formed by the axial and tangential velocity
component and the local section chordline. The tangential
velocity is defined around the propeller rotation axis and is
positive in the direction of rotation. The wake of the wings
are visible in the axial velocity plot and especially behind the
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Fig. 7: Propeller propulsive efficiency gain of installation ver-
sus the wing-half lift in the cruise condition.

flap gaps a velocity deficit is present. In the thrust contour
plot the effect of the wing wakes is clearly visible in a local
increase in thrust, resulting in a maximum coinciding with the
upper wing wake.

In the tangential velocity plot the rotation of the flow around
the nacelle is visible, induced by the loading on the wings. A
peak in negative tangential velocity is present on the inboard
side of the nacelle near the top. It is known from Patterson
and Bartlett (Ref. 4) that this tangential velocity component
is the main contributor to the increased efficiency of wingtip
mounted pusher propellers. This is confirmed by the current
calculation, since there is a clear correlation with the blade
section efficiency distribution. The distribution of tangential
velocity over the propeller disk can be used to design the pro-
peller to optimally make use of this effect in the cruise condi-
tion, producing thrust where the efficiency is highest.

The combined effect of the axial and tangential velocity com-
ponents can be observed in the blade section incidence angle.
An increase in axial velocity and a decrease in tangential ve-
locity results in an increase in incidence angle. While Figure
6 only showed a small variation in propeller thrust, the peak-
to-peak variation in blade thrust is much higher due to these
local variations in incidence angle and is in the order of 70%
of the mean. The resulting cyclic bending moments on the
blades need to be taken into account in their structural design.

In order to observe what happens to the flowfield when it
passes the propeller, Figure 10 gives an approximation of the
tangential velocity component and total pressure through the
streamtube of the left propeller. A comparison is made be-
tween the installed propeller and isolated propeller at equal
thrust. The streamtube was approximated by a cylinder with
a radius equal to the propeller radius and quantities were
time- and space-averaged over disks from 3Rp upstream to
3Rp downstream of the propeller. In case of the isolated pro-
peller only the nacelle was present. Upstream of the propeller,
the main difference between the installed and isolated flow-
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Fig. 8: Contour plots of propeller blade section thrust and efficiency distribution during one complete revolution for the left
propeller in the cruise condition for δ f = 0◦. The thrust distribution is plotted relative to the propeller blade thrust time-averaged
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(a) Left propeller flowfield. (b) Right propeller flowfield.

Fig. 12: The time-averaged flowfield is shown in vertical planes coincident with the propeller axes in hover.

field can be found in the growth in negative tangential veloc-
ity component towards the propeller as a result of the loading
on the wings and the associated static pressure difference be-
tween the pressure side of the lower wing and suction side of
the upper wing. The total pressure upstream of the propeller
reduces for the installed case due to boundary layer growth on
the wings. The differences upstream of the propeller impact
the slipstream of the propeller: The tangential velocity com-
ponent is considerably lower for the installed propeller down-
stream of the propeller. The total pressure is lower as well,
and this is directly related to the lower power consumption
and thus lower momentum change across the propeller plane.
The box-wings not only affect the propeller performance,
there is also a small upstream effect of the propellers on the
wing loading in the cruise condition. This upstream effect for
the left wing is highlighted in Figure 11 for δ f = 0◦. In Fig-
ure 11 (a) the time-averaged spanwise lift and drag distribu-
tion are plotted including the variation in time. This variation
in time is a direct result of the propeller blades passing by
and amounts to a peak-to-peak variation of 1.4% and 6.3%
in terms of integrated wing lift and drag respectively. In Fig-
ure 11 (b) the static pressure is plotted at an instance in time
on a plane cutting through the wings and one of the propeller
blades. The region of low pressure on the suction side of the
propeller blade extends to the upstream wings and has a vary-
ing impact on the pressure distribution of the wings, depen-
dent on the propeller orientation. There is likely also an effect
of the propeller on the time-averaged wing loading, but that
cannot be determined from the current set of simulations and
will be analysed in future work.

Hover Condition

In the hover condition the main rotor generates all of the lift.
The propellers are utilized for counter-torque and manoeu-
vring, with the right propeller producing reverse thrust. Pro-
peller interference in the hover condition differs entirely from

the cruise condition: The propellers and the box-wings are in
the slipstream of the main rotor as sketched in Figure 2 (b).
This induces a net download on the wings and introduces a
very non-uniform inflow to the propellers. This time-averaged
inflow to the left and right propeller is illustrated in Figure
12 (a) and (b) respectively by a velocity contour plot with
streamlines on a vertical plane coinciding with the propeller
axis. The inflow to the propellers is near perpendicular to the
propeller axes, only deviating because of the influence of the
wings and the induced velocity field of the propellers. While
the inflow to the left propeller is disturbed by the wings, for
the right propeller it is unobstructed. For the right propeller
the propeller induces mainly a reverse axial flow and thus re-
verse thrust near the tip of the blades. This is characteristic of
propellers in reverse thrust due to the twist distribution which
is not tailored to reverse thrust.

Similar to Figure 9 for the cruise condition, the time-averaged
inflow to the left propeller is shown in more detail in Fig-
ure 13 with a contour plot of the axial and tangential velocity
component. Maxima in axial velocity component can be ob-
served at the location of the wings due to their deflection of
the main rotor flow. This opposes the inflow in the cruise
condition, where the wing wake resulted in a locally reduced
axial inflow. The tangential velocity contour is dominated by
the inflow from the main rotor, resulting in a change in sign
between the inflow on the inboard and outboard side of the
propeller.

The corresponding propeller blade loading response can be
found in Figure 14. Results are shown for the two turbu-
lence models used in the hover condition. The results with the
EARSM model correspond to the discussed flowfield plots.
Both blade thrust and power vary sinusoidally as a result of
the tangential velocity component distribution in the inflow.
A small deviation from this sinusoidal behaviour is observed
between 90◦ and 180◦, caused by the increased axial inflow
from the wings. Although not quantified in Figure 14, the
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Fig. 13: Contours of time-averaged velocity components at a plane 0.18Rp upstream of the left propeller in hover.
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Fig. 14: Propeller blade performance in hover during one full
rotation relative to the time-averaged performance. The blade
phase angle is defined in Figure 5.

peak-to-peak variation in blade thrust and power is very sig-
nificant. The effect of the turbulence model on the blade thrust
and power response is relatively small and mainly noticeable
in the deviation from the sinusoidal behaviour. This points to
the effect of the wings on the inflow to the propeller, which
is very likely different due to the flow separation and large
wakes below the wings that are expected to be dependent on
turbulence modelling.

The previous results are for a condition of 50% higher than
nominal thrust for the left propeller and nominal thrust for
the right propeller. For the exploration of extreme trimming
cases in the hover condition, a range of thrust targets and cor-
responding blade pitch angles were considered, and the re-
sulting propeller performance is summarized in Figure 15 in
a power versus thrust plot. Isolated propeller performance in
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Fig. 15: The propeller performance of the left and right pro-
peller in installed and isolated condition, relative to the in-
stalled performance of the nominal hover case.

static condition is also plotted to show the installation effect
on the propeller performance. From the isolated propeller per-
formance a drawback of operating a propeller in reverse thrust
becomes clear: the maximum achievable thrust is much lower
since the non-optimal twist distribution of a propeller in re-
verse thrust results in early stall. The installation effect for this
right propeller is very small. However, for the left propeller a
clear reduction in propeller efficiency is found for higher than
nominal thrust. It is a consequence of the large variation in
blade loading over a rotation: In a part of the rotation the pro-
peller blade sections operate in the non-linear part of the lift
curve and may experience a stall-unstall phenomenon when
the thrust is even higher.

For a blade orientation close to the maximum in thrust for the
left propeller, ϕ = 230◦, Figure 16 shows a comparison of the
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Fig. 16: Radial thrust and power distribution comparison for
the nominal and maximum thrust hover cases, plotted w.r.t.
the time-averaged blade performance, at ϕ = 230◦ as defined
in Figure 5.

section thrust and power distribution over the radius. Results
for both the nominal as well as for the maximum thrust case
are plotted relative to the time-averaged blade thrust of that
case. The peak in thrust at the outboard portion of the blade
for the nominal case has disappeared for the maximum thrust
case due to stall at the blade tip and the blade is instead loaded
more inboard. As a consequence of the stall, the power as-
sociated with the outboard sections is also much higher than
for the nominal case. This results in the described installa-
tion penalty. Phenomena related to stall come with increased
uncertainty in RANS simulations and therefore investigation
into this stall-unstall phenomenon including experimental val-
idation is ongoing and these results are therefore not defini-
tive.

Autorotation Condition

In the autorotation condition the propeller power is the main
parameter of interest. It should be low enough for the heli-
copter to sustain the power balance during autorotation. An
evaluation was made of the installation effect on the propeller
power at zero propeller thrust in a dive with a positive angle
of attack and the flaps set at δ f = −5◦. In Figure 17 the left
propeller thrust coefficient and the propeller power relative to
the isolated propeller power is plotted for one blade passage.
The isolated propeller performance was established with na-
celle at zero angle of attack. The average propeller thrust was
trimmed to be close to zero by varying the blade pitch angle.
A small sinusoidal variation in propeller thrust is present. For
the propeller power an installation penalty is found over the
whole blade passage with an average of 14.4%. The propeller
power variation is similar to that of the thrust coefficient.

In order to investigate the source of this power installation
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Fig. 17: Left propeller performance in the autorotation condi-
tion. Power is given relative to the isolated propeller power at
equal thrust. The zero blade passage orientation is defined in
Figure 5.

penalty, in Figure 18 the section incidence angle in the in-
flow to the left propeller and corresponding the blade section
power are plotted over the propeller disk. The inflow has a
number of similarities to that of the cruise condition shown in
Figure 9. The wing wakes result in a local strong increase in
incidence angle. Furthermore, the wings induce a tangential
velocity field which increases the incidence angle and is es-
pecially present close to the nacelle. This positive incidence
angle results in forward thrust and in order to achieve zero
propeller thrust, the blade pitch angle was reduced such that
the outboard blade sections experience a negative incidence
angle and corresponding reverse thrust. As a result, the pro-
peller power is distributed highly non-uniform and the pro-
peller experiences the described installation penalty.

CONCLUSIONS

In the cruise condition, installation resulted in very efficient
propeller operation. The main aerodynamic interaction in this
condition was between the wings and propellers. A strong
positive correlation was found between wing lift and propeller
efficiency. While the propeller experienced only small varia-
tions in loading over time, the individual blade loading varied
with 70% of the mean during a rotation as a result of this in-
teraction. As a result of the propeller static pressure field, a
small variation in wing lift and drag was found of 1.4% and
6.3% respectively.

In the hover condition, a large variation in the propeller blade
loading was present, mainly as a result of the near perpendic-
ular inflow due to the main rotor slipstream. In the exploration
of extreme trimming cases it was found that for high propeller
thrust conditions the blade sections operated partially in the
non-linear part of the lift curve and may experience a stall-
unstall phenomenon for a non-optimised blade design, reduc-
ing time-averaged propeller efficiency. Phenomena related to
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Fig. 18: Contour plot of the blade section incidence angle 0.18Rp upstream of the left propeller and the corresponding section
power distribution relative to the time-averaged blade loading in the autorotation condition.

stall come with increased uncertainty in RANS simulations
and therefore investigation into this stall-unstall phenomenon
including experimental validation is ongoing and these results
are therefore not definitive.

Furthermore in the hover condition, the right propeller was in
reverse thrust to generate a counter-torque. The maximum
achievable thrust was therefore much lower since the non-
optimal twist distribution of a propeller in reverse thrust re-
sults in early stall at the blade tips.

In the autorotation condition, a small installation penalty in
terms of propeller power should be considered. This was
mainly attributable due to the large range of blade section
incidence angles over the propeller disk, resulting in locally
forward and reverse thrust.

In general, it can be concluded that propeller performance
installation effects for a compound helicopter with wingtip-
mounted pusher propellers are highly beneficial in cruise.
Drawbacks mainly appear in extreme and specific cases yet
these do not question the performance. The resulting dynamic
loads are taken into account in the design of the dynamic as-
semblies. Propeller blade optimisation in future work may
mitigate some of these drawbacks.
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