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Auxiliary lift and/or thrust on a compound helicopter can introduce complex aerodynamic interactions
between the auxiliary lift and thrust components and the main rotor. In this study high-fidelity
computational fluid dynamics analyses were performed to capture the various aerodynamic interactions
which are occurring for the Airbus RACER compound helicopter, featuring a box-wing design for auxiliary
lift in cruise and wingtip-mounted lateral rotors in pusher configuration for auxiliary thrust in cruise
and counter-torque in hover. Although the study was limited to a specific geometry, the effects and
phenomena are expected to be to some extent applicable in general for compound helicopters and
wingtip-mounted rotors in pusher configuration. A quantitative indication of the aerodynamic interaction
effects could be established by leaving away different airframe components in the simulations. The
downwash of the main rotor was found to cause a small negative angle of attack in cruise for the
wings and lateral rotors and impinged directly on the lateral rotors in hover, resulting in moderate to
very significant sinusoidally varying blade loading. The wing increased lateral rotor propulsive efficiency
in cruise through its wingtip rotational flowfield and to a lesser extent through its wake. An upstream
effect of the lateral rotors on the wing loading was also found. In hover the wing caused a net increase
in left lateral rotor thrust as the deflection of the main rotor flow towards the rotor resulted in a local
thrust decrease and the low momentum inflow to the rotor from the wake of the wing resulted in a local
thrust increase. A small thrust decrease for the right lateral rotor was found due to the wing disturbing
its slipstream as this rotor produced reversed thrust. In general, very significant aerodynamic interaction
effects can be expected when a main rotor, lateral rotors and wing are in proximity to each other.
© 2020 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

There is a growing need for aircraft with vertical take-off and
landing capability that can go fast and far [1]. While helicopters are
excellent for vertical take-off and landing, they only have a limited
maximum speed: The asymmetric flow condition of the main rotor
at high speed causes compressibility effects on the advancing blade
side and stall on the retreating blade side of the main rotor that
limit its lifting and propulsive capability [2,3]. A compound heli-
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copter overcomes the main rotor limitation at high speed by aux-
iliary lift and thrust devices [1,2]. An example of such a compound
helicopter concept is the Airbus RACER (Rapid And Cost-Effective
Rotorcraft) [4,5], optimized for a high cruise speed of 220 kts. In
Fig. 1 a sketch is shown of the helicopter, without main rotor and
tailplanes. Supporting the main rotor, auxiliary lift in the cruise
condition is provided by a box-wing, while wingtip-mounted lat-
eral rotors in pusher configuration generate a major portion of the
required thrust. Furthermore, these lateral rotors provide counter-
torque in the hover condition to balance the main rotor torque.
In the cruise condition, the vertical fins (not shown) produce all
the counter-torque. They are also fitted with flaps in order to ad-
just the counter-torque as function of e.g. airspeed, air density and
main rotor torque. For brevity, from this point on, lateral rotors will
be referred to as propellers. Compared to a single wing design, the
box-wing design reduces the overall surface affected by the down-
wash of the main rotor in hover, while delivering the required lift

1270-9638/© 2020 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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right propeller
(reverse thrust

. in hover)
left upper wing . .
right upper wing

right lower wing

left lower wing

left propeller

Isometric view

Rear view

Fig. 1. Sketches of the Airbus RACER without main rotor and tailplanes. Propeller blade phase angle ¢ and axial and tangential velocity components V, and V; are indicated.

in cruise. It can also improve lift-over-drag ratio compared to a
planar wing design [6].

Because of the close proximity of the box-wing and main rotor,
the propellers experience various aerodynamic interactions. These
interactions significantly differ for each flight condition. The pro-
peller installation effects for this compound helicopter have been
described by Stokkermans et al. [7] and to some extent by Wen-
trup et al. [8]. Furthermore, the interaction of a wingtip-mounted
pusher-propeller with the upstream wing has been studied for pla-
nar wings by Refs. [9-12]. The extensive experimental study of
Bain and Landgrebe [13] covers main rotor-wing aerodynamic in-
teraction and main rotor-propeller aerodynamic interaction for a
compound helicopter, treating both cases separately. The focus of
that study was on the blade moments which the main rotor and
propeller experience. Main rotor-wing interaction was also inves-
tigated by Lynn [14] and specifically for the RACER, the design of
the box-wings with main rotor interaction is covered by Wentrup
et al. [8].

In the review of lessons learned from the compound helicopter
studies done by NASA and the US Army by Yeo [1], the need is
stressed for high-fidelity computational fluid dynamics analyses to
capture the various aerodynamic interactions which are occurring
for compound helicopters. According to Yeo [1], these aerodynamic
characteristics could then be used for calibration of lower order
models, and layout and shape refinement. In line with this need,
as part of the Clean Sky 2 PROPTER project (Support to aerody-
namic analysis and design of propellers of a compound helicopter),
in this article a high fidelity breakdown is presented of the var-
ious aerodynamic interaction effects between the propellers, the
box-wings and the main rotor downwash. These effects include lo-
cal changes in dynamic pressure and angle of attack from vortices,
boundary layers and rotor momentum sources. The focus of this
article is on the resulting changes in loading and efficiency of the
propellers and lift and drag of the box-wing.

2. Computational setup

The aerodynamic interaction effects were investigated through
a series of Reynolds-averaged Navier-Stokes (RANS) CFD simula-
tions. In Fig. 2 the various simulated configurations are depicted.
By leaving away different airframe components in the simulations,
a quantitative indication of the aerodynamic interaction effects
could be established. The model was simplified by removal of the
tail unit and the time-averaged effect of the main rotor was intro-
duced by an actuator disk implementation, similar to e.g. Batrakov
et al. [15], which consists of radially and circumferentially varying
momentum and energy jump conditions based on provided blade
loading distributions. Note that rotor and rotor-head wake interac-
tions with the tail unit and resulting design optimisation of the tail

1. PNWFR .
3.PNR 4. PNWF 5. PN

Fig. 2. The five different simulated configurations including labels (P: propeller; N:
nacelle; W: wing; F: fuselage; R: rotor).

unit have been studied separately by Lienard et al. [5] and Salah el
Din et al. [16] respectively.

Adaptive mesh refinement techniques such as described by
Ohrle et al. [17] would enable the full simulation of the main ro-
tor with reduced computational cost, but for this project a large
quantity of simulations were needed to study the interactions in
the various configurations and operating conditions, necessitat-
ing the more computational cost effective actuator disk approach.
Of course, one should consider that this setup neglects any of
the transient effects that the main rotor blade tip vortices and
wakes have on the propeller loading as e.g. described by Thiemeier
et al. [18]. Furthermore, no interaction effect of the propeller on
the main rotor loading is present as the actuator-disk loading is
prescribed. As is known from the extensive experimental investiga-
tion of Bain and Landgrebe [13], a propeller close to the main rotor
may affect the rotor flapping amplitude and bending moments due
to its pressure field, and as such the main rotor loading. However,
the actuator-disk loading includes the asymmetry occurring in the
loading on the main rotor in forward flight between the advanc-
ing and retreating blade side and the radial non-uniformity present
in the loading on rotors and as such represents the time-averaged
effect of the main rotor on the flowfield accurately.

2.1. Flow solver, domain and boundary conditions

The flow solver used for these simulations was ENFLOW, a
multiblock structured solver by NLR [19-22]. The RANS equations
were discretized in space by a second-order cell-centred finite-
volume method, using central differences and artificial diffusion.
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Fig. 3. Comparison of the computational domain for the cruise condition and en-
larged domain for the hover condition.

The steady flow equations were solved by a multi-grid scheme,
using as relaxation operator a Runge-Kutta scheme. For tran-
sient solutions, the flow equations were integrated in time by
a second-order implicit scheme, using the dual-time stepping
method. A timestep equivalent to 1 deg of propeller rotation was
used for the final results as commonly found in propeller research
[23,24]. To model turbulence in the cruise condition, an explicit
algebraic Reynolds-stress was selected for the Reynolds-stress ten-
sor (EARSM), combined with the TNT k — @ model to determine
the relevant turbulent time and length scales [25]. For the hover
condition the k — @ SST model was used to promote convergence
of this complex flowfield [26]. For the PN configuration, transient
simulations were performed whenever the propeller was at an-
gle of attack. For zero angle of attack, a single blade passage was
modelled in a steady simulation with cyclic periodic boundary con-
ditions to reduce computational cost.

For the PNWFR, PNR and PNWF configurations, transient simu-
lations were performed, while the NWFR configuration was simu-
lated steady to reduce computational cost. The domain dimensions
for these simulations are depicted in Fig. 3. For the cruise con-
dition, the dimension in the freestream direction L was chosen
larger than the other dimensions to diminish the effect of the
boundary conditions on the flowfield near the helicopter. Further-
more, on all boundaries, general free stream boundary conditions
were prescribed based on Riemann invariants. The freestream air-
speed in the cruise condition was set to 220 kt (113.2 m/s) with
a static temperature of 276.3 K and density of 1.024 kg/m>. For
the hover condition, a larger domain was required to prevent un-
wanted recirculation and thus unwanted influence of the bound-
ary conditions on the flowfield near the helicopter. The bottom
boundary condition was placed at a distance equal to the hover al-
titude hpover and modelled as a slip wall. A very small freestream
velocity was prescribed to further reduce recirculation in the do-
main and the static temperature was set to 306.2 K and density to
1.112 kg/m3.

Transient solutions were sought after which were periodic with
the propeller blade passage frequency. The procedure to obtain this
periodic solution differed for each flight condition. For the cruise
condition the following procedure was applied over three grid lev-
els (coarse, medium and fine):

1. Steady coarse grid simulation for 1,000 iterations.

2. Continue with transient coarse grid simulation for 4 propeller
rotations.

3. Continue with transient medium grid simulation for 3 pro-
peller rotations.

4, Continue with transient fine grid simulation for 2 propeller
rotations.

The hover configuration required a different recipe to avoid di-
vergence in the solver and to reach periodic behaviour with the
blade passage frequency. It was found that to reach periodic be-
haviour for this flight condition, many propeller rotations were
required as the flowfield is induced by the main rotor actuator disk
and propellers. A larger timestep equivalent to 10 deg of propeller
rotation was used to reach the periodic behaviour with a relatively
low computational cost. Eventually a small time step equivalent to
1 deg of propeller rotation was again used to obtain the desired
temporal resolution:

1. Steady coarse grid simulation for 10,000 iterations.

2. Continue with steady medium grid simulation for 4,000 itera-
tions.

3. Continue with steady fine grid simulation for 2,000 iterations.

4, Continue with transient fine grid simulation for 30 propeller
rotations with 10 deg equivalent timestep.

5. Continue with transient fine grid simulation for 4 propeller
rotations with 1 deg equivalent timestep.

To obtain time-averaged results, a final blade-passage (60 deg
of propeller rotation) was simulated, over which all quantities of
interest were averaged. The computational cost of a PNWFR con-
figuration simulation was approximately 180 hr on 240 cores of a
modern HPC cluster for the cruise condition and the double for the
hover condition.

2.2. Grid and grid dependency study

Block structured grids were constructed and the propellers and
spinner were in a separate domain from the rest of the airframe
to allow propeller motion with a sliding mesh interface. A slid-
ing mesh interface was also present around the propeller blade to
allow change of propeller blade pitch without redefinition of the
structured grid. The fine grid contained about 153 million cells for
the cruise condition and 163 million cells for the hover condition.
The grid size of the hover condition was slightly different as a re-
sult of the enlarged domain and the need for a different first layer
thickness. In order to comply with the turbulence models, the di-
mensionless wall distance y™ on all no-slip walls of the model was
less than one.

In order to assess the dependency of the results on the grid, the
grid convergence index (GCI) was evaluated. The procedure from
Celik et al. [27] was followed. For a quantity of interest, ¢ is its
value on the fine grid, ¢, on the medium grid and ¢3 on the coarse
grid. The medium and coarse grid were obtained by structured grid
coarsening. The apparent order of the scheme p based on the so-
lution of the quantity of interest on the three grids is given by:

- $3 =2

In(r21) b2 — 1
where 31 is the grid refinement ratio from the medium to the
fine grid, 2 in this case. Note that this procedure only works if
the ratio of €33/€21 is positive. Negative values indicate oscillatory
convergence. The fine-grid convergence index with a 1.25 safety
factor is given by:

p [In(e32/€21)] with &32/€21 = (1)

1.25¢21 . 1— ¢

AR L.y @
ra1— 1 $1

with egl the approximate relative error. Since the grid is refined
in a structured manner and the solver is second order accurate,
also an error based on Richardson extrapolation can be calculated,
where p =2 in the previous equations. The fine grid relative error
based on Richardson extrapolation is [28]:

GCI
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Table 1
Grid convergence study results in the cruise condition based GCI and
Richardson extrapolation.

left propeller right propeller airframe

thrust  power  thrust power lift  drag
£32/821 9.2 304 79 124 52 43
p 3.2 4.9 3.0 3.6 24 21
Geigl, (%) 01 0.0 0.2 0.0 14 69
E1 (%) 0.2 0.0 0.4 0.1 16 62
Table 2

Grid convergence study results in the hover condition based GCI and
Richardson extrapolation.

left propeller right propeller airframe

thrust  power  thrust power lift drag

£€32/€21 3.0 6.6 8.3 79 -14 1.9

p 1.6 2.7 31 3.0 0.5 1.0

Gzl (%) 07 03 0.1 0.2 442

E1 (%) 0.4 0.5 0.1 0.4 23 111
* oscillatory convergence.

21
e
E1 = (3)

22 -1

The advantage of this later uncertainty estimate is that it does not
depend on the coarse grid, which might be out of the asymptotic
range.

A summary of the grid-dependent uncertainties is given in Ta-
bles 1 and 2 for the cruise and hover condition respectively. Note
that the airframe is composed of the fuselage, box-wings and na-
celles. In the cruise and hover conditions the uncertainties esti-
mated for the time-averaged propeller performance quantities are
relatively small. For the airframe lift and drag somewhat larger un-
certainties are estimated. In the cruise condition, this is mainly
due to flow separation from the exhausts on the rear of the fuse-
lage, since no active flow was simulated through the exhausts. In
the hover condition, the largely separated flow from the leading
and trailing edges of the wings, due to the very large inflow an-
gle by the main rotor downwash, is the main cause of uncertainty.
This flow separation is later discussed in Section 3.2. Note that the
large GCI uncertainty for the airframe drag in the hover condition
is a result of the very low apparent order of 1.0, which may be
caused by the coarse grid being outside of the asymptotic range.
The Richardson extrapolation uncertainty estimate Eq is signifi-
cantly lower for this quantity. Overall, as the focus of this study
is on the propeller performance, the uncertainties were deemed
acceptable.

3. Results

Since the interactions are significantly different, the results for
the cruise condition and hover condition are treated separately in
the next two sections.

3.1. Cruise condition

In the cruise condition, the propellers experience the rotational
flowfield at the wingtip and are close to the main rotor slip-
stream. In this condition, the main rotor and propellers operate
at an advance ratio (defined as V. /(wR) with w in rad/s) above
0.5. In Fig. 4 this situation is sketched schematically and in Fig. 5
the flowfield through the left propeller is visualised by means of
streamtraces with velocity contours. The respective influence of the
wings and main rotor on the propeller performance is treated in
this section. As well, the upstream influence of the propellers on
the wings is discussed. Mainly results for the left propeller are

mr . .
main rotor slipstream

propeller slipstream
wingtip flowfield

Fig. 4. Sketch of main rotor, box-wing and propeller aerodynamic interaction in
cruise, indicating the direction of the main rotor thrust Trm; and propeller thrust T.

A. hub vortex V=V V,

B. flow acceleration
through box-wing

Fig. 5. For the PNWFR configuration in cruise, the flowfield is visualised through
the left propeller, with velocity contours on streamtraces and on a plane 0.18R;,
upstream of the propeller. Only the left box-wing, nacelle and propeller are shown,
marked with contours of the pressure coefficient Cp = (p — Poo) /Goo-

Table 3

Time-averaged left propeller per-
formance for the PNR and PNWFR
configurations relative to the PN
configuration in cruise.

PNR PNWEFR
AT +2.9% +0.7%
AP +2.2% —7.8%

Any  +1.0%

given, since the results in this flight condition are qualitatively
similar for both propellers. All results are at zero angle of attack
and sideslip unless stated otherwise.

In Table 3 the left propeller performance is given for the PNR
and PNWFR configuration relative to the performance at zero an-
gle of attack for the PN configuration. For the PN configuration, the
blade pitch was trimmed to a specific cruise thrust target. For the
PNR configuration, this blade pitch angle was maintained to see di-
rectly the effect of the main rotor slipstream on the propeller per-
formance. However, for the PNWFR configuration the blade pitch
angle was trimmed by a series of simulations at a reduced grid,
in order to arrive at a thrust close to the initial target. The rea-
son for trimming is that the interaction with the wing increases
the propeller thrust drastically, as will be explained later. The ro-
tational speed and freestream velocity were maintained for both
configurations. From the PNR configuration results, conclusions can
be drawn on the effect of the main rotor on the propeller perfor-
mance. In this configuration the propeller thrust T and shaft power
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Fig. 6. The blade section thrust relative to the time-averaged blade thrust is plotted
for each circumferential position of the left propeller in cruise. The effect of the
wings is shown by means of comparison of the PNR and PNWFR configuration.

NWEFR

PNWFR

Va— Vi) ! Ve
-0.3 —-0.2 -0.1 0.0 0.1

Fig. 7. Time-averaged axial velocity component is plotted on the plane visualised in
Fig. 5, upstream of the left propeller in cruise. The effect of the propeller is shown
by means of comparison of the NWFR and PNWEFR configuration. Annotation A. and
B. indicate the effect of the upper and lower wing flap edge gap.

P is increased as the propeller experiences a non-zero angle of at-
tack from the potential effect of the main rotor and its slipstream.
However, note that no main rotor slipstream impingement on the
propeller disk occurs. The propulsive efficiency np = TV /P is
slightly increased as well by the same mechanism. This main rotor
effect is slightly reduced for the right propeller, since it experi-
ences a reduced downwash on the retreating blade side of this
clockwise turning main rotor, confirming the findings by Wentrup
et al. [8].

For the PNWFR configuration, a reduction in blade pitch angle
was required to approximately maintain the thrust target as set
for the PN configuration. The propulsive efficiency is significantly
increased by 7% as a result of installation. As it was shown that
for the PNR configuration the propulsive efficiency was slightly in-
creased as well, part of this 7% increase is a result of the angle of
attack induced by the main rotor.

To investigate where the differences in propeller performance
for the PNR and PNWEFR configuration originate, in Fig. 6 contour
plots of the blade section thrust are shown for the left propeller.
The white outline of the upstream box-wing enables correlation of
the thrust variation with the wing location. In the PNR configura-
tion the propeller blades experience a sinusoidal thrust variation
in time, which is typical for a propeller at angle of attack. The
maximum blade thrust is experienced when the blade moves up,
because then the angle of attack effect of the main rotor down-

PNWFR

£, 67
ays’

Blade section efficiency
0.1

Fig. 8. The blade section efficiency T’V /P’ is plotted for each circumferential po-
sition of the left propeller in cruise. The effect of the wings is shown by means of
comparison of the PNR and PNWFR configuration.

,I/A
Cé =

Fig. 9. Time-averaged tangential velocity component is plotted on the plane visu-
alised in Fig. 5, upstream of the left propeller in cruise. The effect of the propeller
is shown by means of comparison of the NWFR and PNWFR configuration.

wash results in the largest blade section angle of attack. This con-
firms the observation by Wentrup et al. [8] for the same compound
helicopter configuration. For the PNWFR configuration, additional
non-uniformities are present. A maximum in blade section thrust
is found around blade phase angle ¢ = 180 deg as defined in Fig. 1.
This maximum occurs when the propeller blade is downstream of
the upper wing. A sudden increase in thrust is also noticeable in
the proximity of the lower wing. Both effects are explained below.

The axial velocity component V, upstream of the propeller is
plotted in Fig. 7 as defined in Fig. 1. It is plotted on the plane
that was visualised in Fig. 5. Contour plots for the NWFR and PN-
WEFR configuration are given, so without and with the propeller
present. At the location of the peaks in thrust due to the box-
wing in Fig. 6, a clear velocity deficit of the wake of the wings
can be distinguished in the axial velocity field. Especially notice-
able are the deficits at the location of the flap edge gaps indicated
by annotations A. and B. The axial velocity deficit results in a lo-
cal advance ratio reduction and thus thrust increase. Comparing
the contour plots for the NWFR and PNWFR configuration, the up-
stream acceleration of the flow induced by the propeller loading
is clearly visible, resulting in strong flow acceleration between the
wings as annotated by label B in Fig. 5.

Pusher-propellers mounted at the tip of planar wings are as-
sociated with beneficial interaction effects in terms of propulsive
efficiency, as is known from i.e. Refs. [9-12]. To show where the
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0.15 propeller plane
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Fig. 10. For three configurations, PNWFR, PN and NWFR, the radially and circumfer-
entially averaged axial and tangential velocity distribution through the left propeller
approximate streamtube is plotted in cruise. The streamtube was approximated by
a cylinder of radius equal to the propeller radius from 3 radii upstream to 3 radii
downstream of the propeller.

propulsive efficiency increase is coming from between the PNR and
PNWER configuration, in Fig. 8 a comparison of the blade section
efficiency over the propeller disk is given. This is defined as the
ratio of blade section contribution to thrust T’ and blade section
contribution to power P’, multiplied by the freestream velocity
magnitude V. Although over the entire disk the blade section
efficiency is raised for the PNWFR configuration compared to the
PNR configuration, especially on the inboard side of the propeller
disk and for blade sections at low radii a large increase can be no-
ticed, as explained below.

The distribution of efficiency increase corresponds directly to
the negative tangential velocity field shown in Fig. 9, as defined
in Fig. 1 with the tangential component positive in the direction
of propeller rotation. This negative tangential velocity is result-
ing from the pressure difference between the pressure side of the
lower wing and suction side of the upper wing. The negative tan-
gential velocity component increases the propeller blade section
angle of attack and tilts the section lift more in the direction of
the thrust and less in the tangential direction, reducing the contri-
bution to the torque or shaft power. Comparing the contour plots
for the NWFR and PNWFR configuration, a small upstream effect
of the propeller can be noticed by an increase of the negative
tangential velocity. Since a propeller does not induce an upstream
tangential velocity field, this change in tangential velocity is likely
a result from a change in wing loading and its induced tangential
velocity field.

To qualitatively show how the aerodynamic interactions change
the flowfield through the propeller, in Fig. 10 velocity components
through the approximated streamtube of the left propeller are
plotted for the PNWFR, PN and NWFR configuration. The stream-
tube is approximated by a cylinder with a radius equal to the
propeller radius and quantities are time- and space-averaged over
disks from 3R, upstream to 3R, downstream of the propeller. For
the PNWFR and NWFR configuration, a large peak in axial velocity

PNWEFR, upper wing
— — — NWEFR, upper wing
————— PNWEFR, lower wing
---------- NWEFR, lower wing

0.0ZI

CdC

L / —. s s v
o e L

i
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!

i

|

L Yo
¥\._.7 \)

B. &3
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= \Y
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Y/ R,

Fig. 11. Time-averaged wing loading comparison between PNWFR and NWFR con-
figuration for the left wing in cruise, with coordinate y, as defined in Fig. 1 and ¢
the wing chord. Shaded area indicates time-variation. Annotation A. and B. indicate
the effect of the upper and lower wing flap edge gap.

can be noticed upstream of the propeller, which is a result of the
acceleration of the flow around the wings, since the streamtube
intersects part of the wings. This acceleration is also visible in the
velocity contours on the streamtraces in Fig. 5 and in the reduced
pressure coefficient on the wing and nacelle surface, especially in
between the upper and lower wing as indicated by annotation B.
The axial velocity increase is slightly higher for the PNWFR con-
figuration because of the induced axial velocity by the propeller.
Comparing the PNWFR and PN configuration, the axial velocity
component just upstream of the propeller is lower on average for
the installed case, likely due to the wake of the wings and change
in flow direction to more tangential flow. The differences upstream
of the propeller impact the slipstream of the propeller: The axial
velocity component levels off to a slightly lower value.

Looking at the tangential velocity plot, a growth in negative
tangential velocity component towards the propeller is present for
the PNWFR and NWFR configuration, induced by the wing. Com-
paring the PNWFR and PN configuration results downstream of the
propeller, the tangential velocity component is considerably lower
for the installed case. Comparing the NWFR and PNWFR configu-
ration results, the tangential velocity field around the wingtip has
changed direction due to the propeller. As the tangential velocity
magnitude is lower, the tangential kinetic energy in the slipstream
has been reduced by the interaction.

From Figs. 7 through 10 it is clear that part of the wing experi-
ences a different flowfield as a result of the propellers, in particular
in axial velocity. Therefore, it can be expected that the wing load-
ing may also change. As there is a finite number of propeller blades
and the propellers rotate, they also introduce time-dependent vari-
ations in wing loading. To identify changes in wing lift and drag by
the propellers, in Fig. 11 the time-averaged spanwise wing loading
is plotted for the left wing half. Note that the right wing half expe-
riences higher wing lift due to the reduced main rotor downwash
on that side [8], but the interaction phenomena are similar. Results
for the NWFR and PNWEFR configurations are shown, including the
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Fig. 12. Left propeller thrust T and propulsive efficiency np = (TV cosa) /P are
plotted against angle of attack « at constant blade pitch angle for V., =220 kt
(113.2 m/s). A comparison is shown between the PNWF and PN configuration and
quantities are with respect to PN configuration quantities at zero angle of attack.

time-dependent variation indicated by the shaded areas. The pro-
pellers introduce locally a slight reduction in upper wing lift and
larger increase in lower wing lift, as well as a time-dependent
variation. Wing drag is increased locally for the upper and lower
wing, resulting in a net reduction of lift-over-drag ratio. At span-
wise locations away from the propeller, the effect of the propeller
reduces.

Because of the strong aerodynamic interaction between the
propellers and the box-wings, an investigation of the interaction
for off-design conditions is essential to understand the flight per-
formance and dynamics of this vehicle. The effects of angle of
attack and sideslip were studied with the PNWF and PN config-
urations, leaving the main rotor effect out for this study. In Fig. 12
the left propeller performance is plotted as function of angle of
attack. Results are made relative with the performance at zero an-
gle of attack for the PN configuration. For the PN configuration,
the thrust and propulsive efficiency increase with angle of attack,
symmetrically around zero angle of attack. For the PNWF configu-
ration, the wing introduces an increase in thrust and efficiency at
zero angle of attack due to the tangential velocity field and wing
wakes. Since the strength of the tangential velocity field is cor-
related to wing lift and wing lift increases with angle of attack,
an increase in angle of attack increases thrust and efficiency more
than for the isolated propeller. The symmetry around zero angle of
attack is therefore also lost as a result of the aerodynamic interac-
tion with the wing.

To show the effects of sideslip, the right propeller was studied
with a positive sideslip angle to avoid significant fuselage inter-
action. In Fig. 13 the right propeller performance as function of
sideslip is plotted for a reduced manoeuvring cruise speed. Again,
at zero sideslip the thrust and efficiency are higher for the PNWF
configuration compared to the PN configuration due to the effect
of the wing. The difference in thrust and efficiency between the
PNWF and PN configuration result gradually reduces with increas-
ing sideslip as the wing lift reduces and thus the effect of the
wing on the propeller reduces for the PNWF result. Note that the
propeller is operating at a different advance ratio, such that with
increasing angle of attack the efficiency for the PN configuration
reduces already for small angles, opposite to the results of Fig. 12.

3.2. Hover condition

The main rotor plays only a minor role in the aerodynamic in-
teractions experienced by the propellers in the cruise condition.

T/Ton =00 BN
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Fig. 13. Right propeller thrust T and propulsive efficiency 1, = (TV cos ) /P are
plotted against sideslip B at constant blade pitch angle for a reduced cruise speed
for manoeuvring of Vo, = 140 kt (72.0 m/s). A comparison is shown between the
PNWF and PN configuration and quantities are with respect to PN configuration

quantities at zero sideslip.
Tmr
propeller slipstream

main rotor slipstream /

Fig. 14. Sketch of main rotor and propeller aerodynamic interaction in hover, indi-
cating the direction of the main rotor thrust Tr, and propeller thrust Tp.

However, the lack of shielding of the propellers allows for a sig-
nificant main rotor interaction at low airspeed and particularly in
the hover condition where the main rotor downwash impinges on
the propellers, as sketched in Fig. 14. The flowfield through the
left and right propeller is visualised in Fig. 15 for the PNWFR con-
figuration by streamtraces with velocity contours and this figure
indicates the large angle of attack experienced by the propellers.
The velocity is made dimensionless with V4, the theoretic farfield
downwash velocity of the main rotor based on momentum the-

ory Va=,/- ;;"Igrzn . [29]. Note that, in order to counter the torque

of the main rotor, the right propeller blade pitch angle is set to
produce a reverse thrust in the hover condition. Not only the pro-
pellers but also the wings experience the very large negative an-
gle of attack due to the main rotor downwash, resulting in a net
download, as was also shown by Lynn [14]. This resulted in the
choice of a box-wing design for the Airbus RACER, in order to re-
duce the overall surface affected by the downwash. It can be seen
that the wings introduce additional disturbances to the inflow of
especially the left propeller with unknown impact on the propeller
loading. Since the right propeller is producing reverse thrust, the
wings are in its slipstream, and the effect of the wings on this pro-
peller are likely different. Because of these unknowns, the impact
of this complex interactional flow on the propeller performance
and unsteady aerodynamic loading was investigated.

To further illustrate the flowfield experienced by the left pro-
peller, in Fig. 16 the velocity magnitude is plotted with streamlines
on a plane through the propeller for the NWFR configuration, so
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24
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0.8
0.4
0.0

right propeller flowfield

left propeller flowfield

Fig. 15. For the PNWFR configuration in hover, the flow through the propellers is visualised, with velocity contours on streamtraces and on a plane 0.18R, upstream of
the left propeller. The fuselage is not shown. Annotation A. indicates the wake of the wings and nacelle, B. main rotor downwash deflected by upper wing and C. the area

undisturbed by the wings.

Fig. 16. The velocity field in a plane through the left propeller in hover is shown for
the NWFR configuration, so without propeller present.

without propellers present. The propeller will experience a non-
uniform distribution of downwash by the main rotor. Furthermore,
an area of reduced velocity on the lower side of the nacelle can be
distinguished. This wake is formed because the nacelle is shield-
ing this area from the main rotor downwash. Considering that the
wake is more pronounced on the inboard side of the nacelle, the
shielding of the main rotor downwash by the wings likely also
plays a role in the development of this wake. The flowfield in this
plane at the location of the right propeller is very similar, since
the main rotor loading is equal on both sides in the hover con-
dition. The main difference is the out-of-plane swirl component
introduced by the main rotor, which cannot be observed in this
figure.

To establish a quantitative indication of the aerodynamic in-
teraction effects, simulations were performed with the propeller-
nacelle-main rotor configuration PNR and nacelle-wing-fuselage-

— PNR
— — — PNWFR

left propeller

1.0

Relative blade thrust

0 90 180 270 360
Propeller phase angle ¢ (deg)

Fig. 17. Blade thrust is plotted relative to the time-averaged blade thrust during
a full rotation in hover for the PNR and PNWFR configuration. Phase angle ¢ is
defined in Fig. 1 and the quantities are plotted divided through the PNWFR time-
averaged value. Annotation A. indicates the effect of the wake of the wings and
nacelle and B. the effect of main rotor downwash deflected by the upper wing.

main rotor configuration NWFR and were compared to results of
the complete configuration PNWFR. Differences in integral pro-
peller loading were found: Although the blade pitch angle and all
other operating conditions were kept constant between the PNR
and PNWEFR configuration, for the left propeller the thrust in the
PNWER configuration was found to be 10.5% higher. This difference
is therefore likely a result of the role the wings play in the inter-
action. The thrust-over-power ratio T/P for the left propeller in
the PNWEFR configuration was slightly reduced, although this could
be directly a result of the increased thrust. Contrary, for the right
propeller the thrust was 1.5% reduced in the PNWFR configura-
tion and the thrust-over-power ratio did not significantly change
between the two configurations.

In order to investigate the differences between the propeller
blade loading for the PNR and PNWEFR configuration, in Fig. 17 the
blade thrust evolution over a complete rotation is plotted for the
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Fig. 18. The blade section thrust relative to the time-averaged blade thrust is plotted
for each circumferential position of the left propeller in hover. The effect of the
wings is shown by means of comparison of the PNR and PNWFR configuration at
equal blade pitch angle.

left and right propeller, both relative to the time-averaged blade
loading for the PNWFR configuration. Although not quantified in
the figure, the peak-to-peak variation in blade thrust is very signif-
icant. For the left propeller the peak-to-peak variation is approx-
imately equal to 60% of the maximum required thrust in hover
for counter-torque (left propeller 100% thrust, right propeller 0%
thrust), but note that this plotted case is not the maximum thrust
requiring case. In general, the loading evolution is approximately
sinusoidal for both propellers in both configurations. The phase
and amplitudes of the PNR and PNWFR result are very similar
for both propellers. Note that although for the PNR configuration
no wings and fuselage are present, the blade loading evolution is
not perfectly sinusoidal for either propeller, which is normally ex-
pected for a propeller at angle of attack. This is likely related to the
non-uniformity in the main rotor downwash that was illustrated in
Fig. 16. When the wings are present, for the left propeller a signif-
icantly increased thrust is noticeable in between ¢ =90 deg and
160 deg, indicated by annotation A., after which a relative reduc-
tion of thrust occurs indicated by annotation B.

For the right propeller the differences between the PNR and
PNWEFR configuration results are very small. This is thought to be,
because the wings are in the slipstream of the propeller and do not
significantly disturb the inflow to the propeller. However, a small
thrust decrease is noticeable between ¢ = 130 deg and 270 deg,
when the blade moves behind and above the wings. A small local
angle of attack reduction induced by the wings could have caused
this thrust reduction.

For the left propeller the differences between the PNR and
PNWEFR configuration are larger than for the right propeller and
therefore require further investigation. Fig. 18 allows correlation
of the thrust variation with the wing location for the left pro-
peller through contour plots of the blade section thrust for the
PNR and PNWEFR configuration. This figure should be viewed along-
side Figs. 19 and 20, which show a comparison of the axial and
tangential velocity distribution for the NWFR and PNWFR configu-
ration, so without and with propeller respectively. These contours
are plotted on the plane visualised in Fig. 15 (right) just upstream
of the left propeller, when seen from behind. Note that in this fig-
ure also a front view sketch is made of the propeller disk and a
division is made in three zones annotated A., B. and C. An explana-
tion of the propeller loading for each zone is given in the following
paragraphs.

In zone A. the propeller in the PNWFR configuration draws air
from the wake of the nacelle and wings that was made visible in
Fig. 16. In Fig. 19 indeed an almost zero axial velocity component

NWFR

0.0 0.4 0.8 1.2 1.6 2.0

Fig. 19. Time-averaged axial velocity component is plotted on the plane visualised
in Fig. 15, upstream of the left propeller in hover. The effect of the propeller is
shown by means of comparison of the NWFR and PNWFR configuration.

NWFR PNWFR

a 2
R

-1.5 —0.5 0.5 1.5

Fig. 20. Time-averaged tangential velocity component is plotted corresponding to
Fig. 19.

can be observed in this area when the propeller is not present in
the NWFR configuration. The almost static inflow condition results
in a large angle of attack for the propeller blade sections and thus
high thrust, explaining the sudden thrust increase from ¢ = 90 deg
to 160 deg compared to the PNR configuration. In Fig. 19 a peak
in axial velocity for the PNWFR configuration is visible in this area,
induced by the propeller as a result of the high thrust. Note that
also a large negative tangential velocity component is induced by
the propeller in this area, shown in Fig. 20. Typical of a propeller
operating at static condition is that air is drawn to it from its wider
surroundings and this is also clearly visible in Fig. 15, where a
spanwise flow is visible in between the wings from inboard to-
wards the propeller at its outboard location. The formation of the
negative tangential velocity component upstream of the propeller
may be a result of the lower wing guiding the propeller induced
flow in that tangential direction.

In zone B. an area of positive axial velocity can be noticed in
the NWER result of Fig. 19, which is a result of the deflection of the
main rotor downwash by the upper wing towards the propeller.
This deflection can also be observed by the streamtraces in Fig. 15.
This effect of the upper wing on the axial velocity is noticeable in
the thrust distribution plot in Fig. 18 by a local reduction in thrust,
as also previously identified in the blade loading evolution from
¢ = 160 deg onwards. The axial velocity inflow reduces the angle
of attack of the propeller blade sections and thus reduces thrust.
Therefore, in the PNWFR result of Fig. 19, although an additional
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increase in axial velocity by the propeller is seen in this area, it is
of lower magnitude than in zone A.

In zone C. no large differences between the PNWFR and PNR
configuration in terms of propeller thrust are noticeable. The in-
flow to the propeller is free of objects for both configurations
and operates in a way typical of a propeller at angle of attack.
The increased integrated propeller thrust of 10.5% in the PNWFR
configuration, which was mentioned earlier, should therefore be
explained by the effects in zone A. and B. Apparently, the thrust
increasing effect of the wake is stronger than the thrust decreas-
ing effect by the deflection of the main rotor downwash by the
upper wing, resulting in a net thrust increase due to the presence
of the wings.

4. Conclusions

As part of the Clean Sky 2 (CS2) research programme, aero-
dynamic interactions occurring for the Airbus RACER (Rapid And
Cost-Effective Rotorcraft) were investigated in a cruise and hover
condition. A breakdown was presented of the aerodynamic inter-
actions between the lateral rotors or propellers, the box-wings and
the main rotor, focussing mainly at the effects on the propeller
loading.

Since the propellers of this compound helicopter are situated
below the main rotor and the main rotor slipstream passes over
propellers in the cruise condition, the effect which the main ro-
tor has on the propellers is limited to an angle of attack effect.
A small negative angle of attack is induced to the inflow of the
propellers, resulting in a sinusoidally varying propeller blade load-
ing. Contrary, in the hover condition the direct impingement of the
main rotor downwash on the propellers results in a very signifi-
cant sinusoidally varying blade loading due to the inflow at almost
perpendicular angle to the propeller axis. Any such compound he-
licopter layout where a propeller is situated below the main rotor
would experience a similar interaction, if no other aerodynamic
surfaces would be shielding it.

Since the propellers of this compound helicopter are located
behind the wing at the wingtip, they ingest the rotational veloc-
ity field formed by the pressure difference between the upper and
lower wing surfaces. Considering that the rotation direction of the
propellers is against the rotation of the flow around the wingtip,
an increase in thrust occurs. Furthermore, the low axial velocity of
the wing wake is ingested, also resulting in a local propeller thrust
increase. Comparison with the isolated propeller performance has
led to the conclusion that installation increases propeller propul-
sive efficiency by 7% if the blade pitch is reduced to maintain equal
thrust. The majority of this gain can likely be ascribed to the rota-
tional flowfield. Due to the close proximity of the propeller to the
wing, an upstream effect on the wing can however be expected.
For this helicopter, the propellers increase wing lift, through a lift
increase of the lower wing and a smaller lift decrease of the upper
wing. The propellers increase drag of the upper and lower wings,
thereby decreasing the wing lift-over-drag ratio.

This close coupling of propeller and wing loading has conse-
quences for incidence angle effects, for instance during manoeu-
vres. For this helicopter, there is a strong positive correlation be-
tween wing lift and propeller thrust and efficiency in the cruise
condition. This significantly changes angle of attack and sideslip
angle effects compared to those of an isolated propeller.

Since in the hover condition the propellers on the Airbus RACER
are used to counter the torque of the main rotor, an asymmetry
arises between the left and right propeller. For the left propeller,
the wing introduces disturbances to the inflow. This causes local
changes in the sinusoidal propeller blade loading induced by the
main rotor. The left upper wing deflects the main rotor downwash
towards the left propeller, resulting in an axial velocity component

which decreases locally the thrust. The wake formed by the nacelle
and wings in the main rotor downwash causes the left propeller to
locally operate similar to in static condition, drawing low momen-
tum flow from the wake. This increases the thrust. Overall, the
wings increase the left propeller thrust by 10.5% with slightly re-
duced thrust-over-power ratio for equal blade pitch. For the right
propeller, the wings are in its slipstream. They lead to a decrease
of right propeller reverse thrust by 1.5% with constant thrust-over-
power ratio for equal blade pitch.

Although the presented results are very specific to the Airbus
RACER geometry, in general very significant aerodynamic interac-
tion effects can be expected when a main rotor, propellers and
wing are in proximity to each other. A breakdown of aerodynamic
interaction effects by leaving away parts of the geometry, as pre-
sented here, can provide the necessary insight into these effects.
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