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Abstract

In the present work, the aerodynamic interaction between the rotor wake and the wing on a high—performance tiltwing
aircraft operating in hover has been investigated. Both experimental and numerical approaches have been used to give
a detailed description of the main physical phenomena related to this problem. The performance of the aircraft and the
flow field between the wing and its rotor have been analysed making use of force and PIV (Particle Image Velocimetry)
measurement techniques. High accuracy numerical simulations have been carried out by means of an in-house CFD
(Computational Fluid Dynamics) code and both steady and time accurate calculations have been performed on the
aircraft titled wing configuration. Numerical predictions have been validated by comparing the simulation results with
experimental data and have been used to help the description of the flow field around the aircraft.
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Nomenclature

A = Rotor disk area, mR?

153 = Blade flap angle

o = Blade chord

c? = Wing chord

Cp = Power coefficient, P/(pAQ3R?)
Cr = Thrust coefficient, T/(pAQ%R?)
FM = Figure of merit, C;/Q/(Cp\/i)
EY = Wing x—force component

Y = Wing z—force component

F7 = Rotor z—force component

h® = Wing rotation axis and rotor disk distance
Mr;, = Blade tip Mach number

n = Rotor rotational speed

Ny = Rotor number of blades

Q = Rotor angular speed

P = Rotor power

0 Azimuthal angle position

R = Rotor radius

o = Rotor solidity, ¢’ N, /(7R)

U, = Z-velocity component

U, = X-velocity component

T = Rotor thrust

T = Wing tilt angle

0 = Collective pitch angle

p = Air density

¢ = Blade led-lag angle

1 Introduction

After about 50 years of research, tiltrotor aircraft are to-
day a reality in the modern rotorcraft scenario combin-
ing together the advantages and the peculiarities of heli-
copters with modern propeller aircraft and representing
a concrete possibility to overcome the main limitations
of both of them [I]. Thanks to their high versatility,
tiltrotor aircraft represent nowadays a very attractive
compromise for the civil industry [2]. However, some
important limitations are still present in conventional
tiltrotor design. For instance, in helicopter mode the
aerodynamic interaction that occurs between the wing
and the rotors is responsible for loss of rotor performance
[B] and negatively affects the hovering performance and
the lifting capability of the aircraft. With the aim of
overpassing these limitations, non—conventional tiltrotor
configurations have been investigated during last years.
An interesting and promising solution, the tiltwing con-
cept, has been proposed in the frame of the project ER-
ICA (Enhanced Rotorcraft Innovative Concept Achieve-
ment [4]) founded by the European Community at the
beginning of 2000s. As known, a tiltwing aircraft has
the possibility to tilt the external part of the wing with
the rotor minimising the wing surface on which the ro-
tor wake strikes and preserving good hover performance
[, [6]. Even if the ERICA tiltrotor was the subject of
several experimental and numerical studies during the

last 14 years [7], [8], [9] many aspects of this configu-
ration, have to be further analysed for possible future
evolutions and applications.

In the present work, the aerodynamic interaction be-
tween wing and rotor on a high—performance tiltwing
aircraft in hover has been investigated. For this purpose,
both experimental and numerical approaches have been
used to give a detailed description of the main physical
phenomena related to the interaction between wing and
rotor in this kind of aircraft. A tiltwing aircraft in the
same class of ERICA has been used for this study. The
reference full-scale aircraft geometry was characterised
by a wing span of 15 m and two rotor with a radius of
3.7 m (for further details on the reference configuration
see [B]). In order to study the hovering flight condition
and the first part of the conversion corridor, a 1/4 scaled
wind tunnel half-model [6] has been designed and man-
ufactured at POLIMI (Politecnico di Milano).

The performance of the aircraft and the flow field be-
tween the wing and its rotor have been analysed mak-
ing use of different experimental techniques. Since force
measurements may give only partial information about
the phenomena related to the aerodynamic interaction
between wing and rotor, PIV (Particle Image Velocime-
try) measurements have been carried out on some inter-
esting planes around the model [I0]. Since in hover the
interaction between the rotor and the wing is very com-
plex, numerical simulations have been used to help the
description of the flow field around the aircraft. In this
regards, high accuracy calculations have been carried
out by means of an in—house CFD (Computational Fluid
Dynamics) code. Once numerical predictions have been
validated by comparing the simulation results with ex-
perimental data, numerical calculations have been used
to get a detailed insight in the main phenomena asso-
ciated with aerodynamic interference between wing and
rotor.

2 Experimental test rig

An experimental test rig representing one half-wing to-
gether with the corresponding rotor and nacelle has
been designed for hovering tests and has been realised
in the DSTA (Dipartimento di Scienze e Tecnologie
Aerospaziali) Aerodynamics Laboratory of POLIMI. In
the present section, the 0.25 scaled tiltwing half-model
is presented and a detailed description of the measure-
ment system is given.

2.1 Tiltwing half-model

In order to design the wind tunnel model [T1] a geomet-
rical scale of 1/4 with respect to the full-scale aircraft
was selected. The experimental test rig consisted of two
main independent subsystems: the rotor system and the
half-wing with an image plane. These two main sys-
tems were not linked in any parts in order to measure
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Figure 1: Schematic view of the experimental test rig and model reference system.

the rotor and the wing loads separately and to test both
the isolated rotor and the aircraft half-model configura-
tions. The test rig components and the model reference
system are shown in Figure [[l The origin of the model
reference system is located on the rotor hub, at the in-
tersection point between the rotor axis and the rotor
disk. The z axis lies on the rotor axis and points up-
ward, the y axis is parallel to the wing axis and goes
from the aircraft symmetry plane to the rotor, and the
x axis is defined following the right hand side rule.

The rotor was powered by a hydraulic motor (maxi-
mum power 16 kW at 3000 rpm) located inside a swiv-
elling basement which is placed on an aluminium base.
The rotor hub was mounted on a rigid pylon composed
by three main parts and located over the hydraulic mo-
tor. The first part of the rotor pylon is directly fixed
on the motor and the transmission shaft passes through
it. Inside the second portion of the pylon, a 24—channel
slip ring is located over the transmission shaft (with a
diameter of 35 mm) for the transmission of electrical
power and signals from and to the rotating part of the
rotor hub. A Hall Effect Sensor positioned on the same
shaft was employed to measure the rotational speed of
the rotor. The rotor hub is located in the third part of
the rotor pylon that includes instruments to measure the
loads acting on the system. The rotor had four blades
designed in—house by means of a multi-objective genetic

optimisation procedure (for further details see [12]). The
experimental rotor model had a radius of R = 0.925 m
and it was placed at a height of 5 R from the ground.
During the experimental tests, the nominal rotational
speed of the rotor, which rotates in the anti—clockwise
direction, was n = 1120 rpm. The tip Mach number was
0.32 which correspond to 1/2 the tip Mach number of
full-scale aircraft at design point in hover. The thrust
given by the rotor has been measured by a holed six—
component strain gauge balance located under the ro-
tor hub. The torque has been measured by an in—house
instrumented holed shaft which passed through the bal-
ance and it was directly linked to the rotor hub shaft by
a motoring coupling. Under the instrumented shaft, a
flexible joint was employed to avoid the transfer of axial
force to the lower part of the transmission shaft pro-
viding also compensation for axial, angular and radial
misalignments [II]. The carbon fibre nacelle, manufac-
tured in—house, had an external maximum diameter of
0.27 R and it was not weighted because it was mounted
on the lower part of the rotor pylon. Since the nacelle
air intake was not taken into account in this study it
was not present on the nacelle model. A picture of the
test ring in the open test section of the POLIMI wind
tunnel is shown in Figure

The collective, longitudinal and lateral pitch controls
were provided to the blades by means of three indepen-
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Figure 2: The test rig in the POLIMI Wind Tunnel.

dent electric actuators acting on the swashplate. Each
blade was attached to the rotor hub through the flap,
led—lag and pitch hinges located in different positions.
The led—lag hinge was located beyond the flap hinge
while the feathering bearing was placed further out-
board. In the present case, no dampers were fitted on
the led—lag hinge of the rotor model. In details, the flap
hinge had an offset of ey = 3.2 % of the rotor radius
while the lag hinge had an offset of ¢;; = 5.4 %. In or-
der to change the position of the blade, the blade cuff
could be rotated around the feathering axis by means
of the pitch horn that was attached to the blade cuff
outboard of the pitch bearing. The connection between
the pitch horn and the pitch link laid on the flap hinge
axis assuring no pitch—flap coupling. Each blade hinge
was instrumented with a high accuracy Hall effect sen-
sor and Alnico magnet to directly measure the pitch (6,
positive nose up), led-lag (£, negative ahead) and flap
(8, positive upwards) angles on the rotor hinges.

The half-wing model had a span of 1.90 R and it has
to be intended as the distance from the aircraft sym-
metry plane (wing root, ¢ = 0.810 R) to the nacelle
junction (wing tip, ¢ = 0.562 R). The internal struc-
ture of both wing portions was composed by Styrofoam
(extruded polystyrene foam) while aluminium formers
were placed at the extremities of each part. The exter-
nal skin of the wing was made by a 2—layers carbon fibre
skin. The tilt section was (¢* = 0.676 R) located 1.01 R
from the symmetry plane and the external part of the
wing could rotate from 7 = 0° (untilted configuration)

to 7 = 90° (tilted configuration). The wing was linearly
tapered, untwisted and all sections were aligned with
respect to 25 % of the local chord. The design distance
between the wing rotation axis and the rotor disk was
h* = 0.465 R. All the wing sections employed a NACA
64A221 [13], [14]. The wing was mounted on an inde-
pendent traversing system and was not connected to the
nacelle and rotor in order to have a more accurate evalu-
ation of the effects due to the impingement of the rotor
wake on the airframe model. Forces and moments on
the wing were measured by a seven—component strain
gauge balance located at the wing root. In order to re-
store the symmetry condition on the symmetry plane of
the model, an image plane was placed at the fixed wing
root ad was fixed on the support of the wing traversing
system. The image plane was 2.2 R high and 2.2 R wide

[15], [16].

2.2 PIV set up

The flow physics of the phenomena related to the aero-
dynamic interaction between the rotor wake and the
wing in a tiltwing aircraft is complex and completely
unsteady. Due to this, the PIV technique has been in-
volved to get an in-depth examination of the rotor wake
behaviour. An extensive 2C PIV campaign has been car-
ried out for both the isolated rotor and the half-model
with the tilted wing. The PIV setup [I7] was composed
by a Nd:YAG double pulsed laser with 200 mJ out-
put energy and a wavelength of 532 nm and a double



shutter CCD camera with a 12 bit, 1952 x 1112 pixel
array. The laser was alternatively mounted below the
rotor disk and in front of the tilted wing to light respec-
tively a plane at x—constant and a plane at y—constant.
The plane at z—constant considered for the tiltwing half—
model configuration was shifted by x = —0.079 R (see
Figure[3(b)b) with respect to the isolated rotor test case
(see Figure ) in order to avoid the interference of
the light sheet with the tilted wing. The camera was lo-
cated on a single axis traversing system to move the
measurement window in vertical direction. The PIV
measurement area on the z-constant plane was 0.38 R
wide and 0.90 R high for the isolated rotor while it was
0.38 R wide and 0.63 R high for the half-model con-
figuration. The outer edge of the measurement area
is aligned with the tilt-wing section while the upper
edge is located at z = 0.15 R. y-constant planes at
y/R = —0.69 and y/R = —0.79 were surveyed only
for the half-model configuration to evaluate the swirl in
the rotor wake flow over the leading edge of the tilted
wing. For this test case, the PIV measurement area was
0.27 R wide and 0.30 R high. In order to achieve bet-
ter resolution of the image pairs, the measurement area
was composed by four adjacent windows for the isolated
rotor case while it was composed by three adjacent win-
dows for both z-constant and y-constant planes for the
half-model configuration. The adjacent windows had
small overlapping band between them. Phase-locked
PIV measurements were carried out by synchronising
the laser pulses with a prescribed azimuthal position of
a selected rotor blade. The synchronisation of the PIV
instrumentation was controlled by a 6 channels pulse
generator while a particle generator with Laskin atom-
iser nozzles was used for the seeding. The image pairs
were post—processed by using the PIVview 2C software
[18] developed by PIVTEC. Multigrid technique [19] was
employed to correlate the image pairs, up to an interro-
gation window of 32 x 32 pixels.

3 Nwumerical calculations

The study of the aerodynamic interaction on a tiltwing
aircraft operating in hover was the main objective of the
experimental campaigns carried out in the DSTA Aero-
dynamics Laboratory. Due to the high complexity of
the problem, a numerical activity was done in parallel
to the experimental tests in order to get more infor-
mation about the physics of the phenomena due to the
aerodynamic interaction between the wing and the rotor
wake.

3.1 Flow solver ROSITA

The CFD code ROSITA (ROtorcraft Software ITAly)
[20] numerically integrates the unsteady Reynolds Aver-
aged Navier—Stokes Equations (RANS) equations, cou-
pled with the one-equation turbulence model of Spalart—

x-constant plane

(a) Isolated rotor

y-constant planes

x-constant plane

(b) Tiltwing half-model

Figure 3: Schematic view of the PIV measurement
planes.

Allmaras [2I]. Multiple moving multi-block grids can
be used to form an overset grid system by means of the
Chimera technique, as described in the following. To
simplify the solution of the flow field in overset grid
systems, the Navier-Stokes equations are formulated
in terms of the absolute velocity, expressed in a rela-
tive frame of reference linked to each component grid.
The equations are discretised in space by means of a
cell-centred finite—volume implementation of the Roe’s
scheme [22]. Second order accuracy is obtained through
the use of MUSCL extrapolation supplemented with a
modified version of the Van Albada limiter introduced
by Venkatakrishnan [23]. The viscous terms are com-
puted by the application of the Gauss theorem and us-
ing a cell-centred discretisation scheme. Time advance-
ment is carried out with a dual-time formulation [24],
employing a 2"¢ order backward differentiation formula
to approximate the time derivative and a fully unfac-
tored implicit scheme in pseudo—time. The equation
for the state vector in pseudo-time is non-linear and is
solved by sub—iterations [25]. In the dual-time method,
there is no stability limit with respect to the size of the
physical time step At and this approach can lead to a
large reduction in CPU time compared to a fully im-
plicit method in physical time. The physical time step
At is here only limited by solution accuracy require-
ments. However, there is a stability condition on the



pseudo-time step, as shown by Hirsch [26] for viscous
flow calculations. The generalised conjugate gradient
(GCG), in conjunction with a block incomplete lower—
upper preconditioner, is used to solve the resulting linear
system.

The connectivity between the (possibly moving) com-
ponent grids is computed by means of the Chimera tech-
nique. The approach adopted in ROSITA is derived
from that originally proposed by Chesshire and Henshaw
[27], with modifications to further improve robustness
and performance. The domain boundaries with solid
wall conditions are firstly identified and all points in
overlapping grids that fall close to these boundaries are
marked as holes (seed points). Then, an iterative algo-
rithm identifies the donor and fringe points and lets the
hole points grow from the seeds until they entirely fill
the regions outside the computational domain. To speed
up the search of donor points, oct-tree and alternating
digital tree (ADT) data structures are employed.

The ROSITA solver is fully capable of running in par-
allel on computing clusters. The parallel algorithm is
based on the message passing programming paradigm
and the parallelisation strategy consists in distributing
the grid blocks among the available processors. Each
grid block can be automatically subdivided into smaller
blocks by the solver to attain an optimal load balancing.

Numerical computations have been carried out al-
ternatively on two different clusters. The first one is
the Lagrange cluster at CINECA, made up of 208 bi-
processor Intel® Xeon QuadCore 3.166 G H z nodes in-
terconnected by an Infiniband 4X Double Data Rate
with capacity of 20 Gb/s. The second one is the Eu-
rora cluster at CINECA, made up of 32 bi—processor
eight—core Intel® Xeon® CPU E5-2658 at 2.10 GHz
with 16 GB RAM and 32 bi-processor eight—core
Intel® Xeon® CPU E5-2687 at 3.10 GHz with 16 GB
RAM interconnected by a Qlogic QDR Infiniband high—
performance network with capacity of 40 Gb/s. Numeri-
cal activities on the latter cluster has been carried out in
the frame of the project ISCRA named IscrC_ASTRO.

3.2 Numerical models

Numerical calculations with the CFD code ROSITA
were run following two different approach with increas-
ing complexity to model the rotor. The only flight con-
dition considered in the numerical activity is the hover
condition with the wing placed at the design distance
from the rotor disk (A" = 0.465 R) and with the exter-
nal part of it tilted (7 = 90°). A steady-state approach
was used in order to get information about the mean
aerodynamic loads acting on the wing, while a time ac-
curate approach was employed to investigate both the
rotor and wing loads variation in time. In the first case,
and actuator disk model was used to represent the ro-
tor loads instead of simulating the flow around rotat-
ing blades. Since the steady—state assumption gives a

strong reduction of computational times with respect to
the unsteady approach, steady calculations were used
to numerically evaluate the effects of the rotor wake on
the wing at several Cr/o corresponding to some exper-

Trim condition Cr/o 6 [deg]
TC1 0.007 2
TC2 0.018 4
TC3 0.031 6
TC4 0.061 8
TC5 0.076 10
TC6 0.096 12
TC7 0.113 14

Table 1: Rotor trim conditions for steady calculations.
Data taken from steady isolated rotor simulations in

hover (see [11]).

T

Nacelle

| Chimera interpolation region | {

Figure 4: Details of grids system for CFD calculations.
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Grids No. Blocks No. Cells (x10°) No. Blocks No. Cells (x10°)
Farfield 1 5 0.629 5 0.629
Farfield 2 6 1.451 6 1.451
Nacelle 6 2.803 6 2.803
Nacelle inter. 4 3.113 4 3.113
Wing 1 6 1.816 6 1.816
Wing 2 9 2.185 9 2.185
Actuator Disk 1 0.290

Blade 8 (x4) 1.813 (x4)
Total 37 12.287 68 19.249

Table 2: Computational mesh details for half-aircraft calculations.

imental tests conditions, as reported in Table [l How-
ever, since the flow field in which the wing is immersed is
completely unsteady, steady computations allow to re-
solve only the mean loads developing on the wing giving
no information on the loads time dependency. More-
over, steady simulations cannot take into account the
effects that the wing has on the rotor loads. For these
reasons, a time accurate simulation was carried out for
the trim condition TC6 of the rotor (this condition is the
same used for the PIV surveys) to analyse the phenom-
ena related to the unsteady nature of the rotor/wing
aerodynamic interaction.

Due to the high complexity of the problem geome-
try, cartesian multi-block grids were used to represent
the flow field around bodies and the Chimera method
was employed to simplify the mesh generation process.
Moreover, the Chimera method allows to build a set of
grids that can be used to run alternatively steady and
unsteady simulations by changing only the actuator disk
grid with four equal grids describing the rotating blades.
Since unsteady calculations are much more time con-
suming than steady ones, the grids were designed to ob-
tain a final computational mesh with a certain amount
of elements which represents a good compromise be-
tween the quality of the mesh and the computational
cost of each run. With the aim to limit the total num-
ber of cells, the background mesh was composed by 2
different cartesian multi-block grids, one fine (the inner
grid, Farfield 1) and one coarse (the outer grid, Farfield
2). All the other grids were contained inside the finest
background grid, having similar spatial resolution at the
outer edges, as shown in Figure Both wings were
meshed in a C—H topology while the nacelle was meshed
in a O topology. In general, the bodies’ grids were gen-
erated to have high mesh quality close to the bodies’
surfaces and limited spatial extension around them. A
critical feature of the grid generation process was rep-
resented by the gaps involved between the two wings
and between the outer wing and the nacelle. Since in
the experimental model both gaps were in the order of
0.001 m, to guarantee a sufficient overlap region for the
Chimera tagging procedure, the bodies’ grids have been
modelled with particular care in those regions. A detail

of the gap between the tilted wing and the nacelle is
shown in Figure The wings had the outer bound-
aries located 0.2 R away from their surfaces except in
the wake direction where the boundaries were located
1.4 R from the trailing edge. The outer boundary of the
nacelle grid was located 0.2 R away from its surface in
all directions. The nacelle grid and the outer wing grid
were contained inside an intermediate cylindrical grid
(with a radius of 1.3 R) that was generated to better
capture the rotor wake given by the actuator disk or by
the rotating blades. The details of each grid are reported
in Table[2l Since the root of the fixed wing (wing 1) lied
on the aircraft symmetry plane, a symmetry condition
has been applied to that plane, whereas both wings and
the nacelle surfaces have been modelled through no—slip
boundary conditions.

In the steady—state approach, simulations have been
carried out by reproducing the effects of the rotor with
an actuator disk. The actuator disk model embedded
in ROSITA approximates the forces applied by the ro-
tor blades to the air flow over a disk having the same
diameter of the rotor. The actuator disk grid models
a disk without thickness in a single layer of cells of a
cylindrical O-H grid in which a non uniform source dis-
tribution is given to reproduce the desired force (per
unit area) distribution [28]. A view of the grid system
employed for the steady computations is reported in Fig-
ure[6l The disk without thickness has been placed on the
tip path plane of the rotor. Since this plane is defined by
the rotor trim condition, the spatial location of the disk
changed for every C'ro analysed. The force distribution
on the disk has been computed from knowledge of the
load distributions on the blades (two examples of loads
distributions are shown in Figure [ [6], [LI]).

The time accurate simulation has been carried out on
a final grid with a total number of cells higher than the
one adopted for the steady calculations (see Table[2]). As
previously mentioned, the computational mesh for the
unsteady simulation has been obtained by replacing the
actuator disk grid with four identical grids. Each grid
was composed by 1.813 x 106 cells and contained one
blade. A C-O grid meshing topology has been used to
ensure a very good nodes distribution and orthogonality
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Figure 5: Example of load distributions on a single blade
for TC4 and TC6.

in the proximity of the blade surface. A view of the
grid system used for the unsteady simulation is reported
in Figure [[ The blade has been fairly well discretised
in terms of nodes distribution along the chord and the
normal surface directions (a hyperbolic law has been
adopted in both directions), but also in the span—wise
direction, especially near the blade root and tip sections.
The outer boundaries of the grid were located at 0.9 R
from the blade surfaces except in the span—wise direction
where they were at 0.5 R from the blade tip and in the
wake direction where they were located 1.2 R from the
trailing edge.

4 Results and comparisons

Figure®show the comparison between experimental and
numerical results for the non-dimensional vertical and
longitudinal loads acting on the wing as function of
Cr/o. For the sake of clarity, both figures have been
reported without the measurement uncertainty. The
maximum values of the standard deviation of the non—
dimensional vertical and longitudinal wing loads are re-
spectively equal to 4 x 107% and 2 x 1072, The evalu-
ation of the standard deviation has been carried out by
taking into account the accuracy of the instruments as
well as the measurement repeatability. The latter source
of uncertainty has been evaluated over 40 measurement
points acquired for the trim condition at § = 12°. As
expected, the vertical force/thrust ratio being less than
1 % for all the Cr /o tested. However, for Cr /o greater
than 0.058 the F*/T is slightly positive (upload). The
agreement between numerical calculations and experi-
mental data is rather good in both cases demonstrating
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Figure 8: Comparison between experimental data and
CFD calculations: a) F/T and b) F/T as function
of Cr/o, for Mr;, = 0.32.

that the CFD code ROSITA is capable to predict the
global loads of the whole aircraft. However, for Cp /o
higher than 0.06, the values of the vertical force compo-
nent I’ predicted by the CFD code are slightly lower
with respect to the experimental data. An upload effect
is still present but the predicted force/thrust ratio is less
than 0.3 %.

The unsteady simulation has been carried out for the
trim condition TC6 of the rotor (6 = 12°, 8 = 2.5°) on
a total of 10 rotor revolutions [29]. Every time step the
blades and their grids were rotated of 2°. The master
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blade (blade number 1) was considered in the blade ref-
erence position when its non—feathering axis is aligned
with the wing rotational axis in the negative direction
of the y—axis. The blade phase angle ¢ (around the
z—axis) was kept equal to 0° when the master blade
is in the blade reference position. The same conven-
tion was used for PIV measurements. To start the un-
steady simulation, an impulsive start has been used at
the first time step and the rotor forces became nearly
periodic after the fourth revolution, as shown in Fig-

10

ure where the rotor thrust time history is reported.
However, since the free stream velocity is zero in hover-
ing, the rotor wake system needed more than four rev-
olutions to reach a fully developed state. After 6 rotor
revolutions the wing was fully immersed in the rotor
wake and also wing forces became nearly periodic. Af-
ter 8 revolutions the rotor wake has been convected suf-
ficiently far downstream from the wing system and both
the rotor and the wing loads reached a converged state,
demonstrating however a dependence on the blade az-
imuthal position. Figure illustrates the behaviour
of wing vertical F}’ and longitudinal F}’ loads during
the 10 revolutions. This result is confirmed by looking
at the behaviour of the forces induced by the rotor wake
system on the rotor itself and on the wing surfaces dur-
ing the tenth revolution. In particular, the time history
of the wing vertical and longitudinal loads in the last
revolution are shown in Figure and are expressed
in terms of azimuthal blade angle . In this picture,
contributions given by each single part of the wing are
compared with the global airloads acting on the wing
system. The predicted behaviour of the forces on the
wing surfaces exhibited the characteristic frequency of
4 cycles per revolution, typical of a four-bladed rotor.
The wing global loads predicted by the unsteady cal-
culation have been shown as function of Cr/o in Fig-
ure [§] where they are also compared with experimental
results and steady calculations. The values of F* /T and
F¥ /T reported in these figures are the mean values of
the corresponding force components calculated over the
last rotor revolution. As shown in Figure B wing loads
are well predicted by the unsteady CFD simulation. In
the first case, the agreement between the present result
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Figure 12: Rotor thrust (last rotor revolution).

and the experimental data is rather good and slightly
better than in the steady case. On the other hand, the
longitudinal force value F2/T is almost equal to the
steady results.

A rather good agreement with experimental data has
been found also for rotor loads. The rotor hover per-

formance are shown in Figure [L1(a)| and [11(b)] detail-

ing respectively the F'M and power coefficient trends
with thrust coefficient. In this case, the discrepan-
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cies between the numerical calculation and experimen-
tal data are mostly due to the fact that the rotor thrust
and power are slightly overpredicted by ROSITA. Apart
from that, the rather good agreement between experi-
mental data and steady and unsteady CFD simulations
confirm that ROSITA is capable to well predict the air-
craft performance in hover in terms of global effects. In
order to evaluate the effects of the wing system on the
rotor performance, results for the half-model have been
compared with the experimental results for the isolated
rotor, as shown in Figure and In the lat-
ter configuration, the maximum value of the rotor F'M
achieved during the tests is 0.71 and it was obtained for
Cr = 0.0178 and for C'p = 0.0023. Figure and
demonstrate that minimising the wing surface on
which the rotor wake strikes the rotor performance are
very similar to the performance of the isolated hovering
rotor. The influence of the wing on the rotor perfor-
mance become substantially negligible if the portion of
the wing immersed in the rotor wake system is rotated
(7 = 90°). More details about the effects of the wing
configuration can be found in [I0].

Even though the tilted wing is immersed in the rotor
wake system, the load variations on the wing are more
regular than the loads variation on the rotor blades, as
demonstrated by comparing Figure and Figure
This behaviour could be justified by looking at Figure[I3]
and [[4] where the isolines of the vorticity vector mod-
ulus are plotted in correspondence of a plane passing
through to the rotor axis and containing the wing rota-
tional axis for two different blade phases (respectively
¥ = 45° and ¢ = 90°). These figures suggest that
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Figure 14: Unsteady vorticity magnitude contours for the tilted wing configuration at v = 90°, Mp;, = 0.32.

the wing system, and in particular the tilted wing por-
tion, is subject to the forcing of rotor wake system that
is almost periodic. Indeed, blade tip vortices are con-
vected downstream from the rotor blades and strike on
the leading edge of the tilted wing with a frequency of
4 cycles per revolution, as shown in Figure On the
other hand, the interaction which occur between a given
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blade and the tip vortex of the preceding one seems to be
higher in the region above the wing with respect to other
azimuthal blade positions. This phenomenon can be di-
rectly observed in Figure [[2] where each blade vertical
force F component is shown as function of the blade
angle 1. Each blade vertical load component exhibits a
behaviour that is still periodic, but with a frequency of
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8 cycles per revolution.

In hovering the interaction between the rotor blade
tip vortex structures and the tilted wing located below is
responsible for the growth of unsteady phenomena that
could have negative effects on the aircraft structure and
dynamics. In order to describe how the wing modifies
the rotor wake geometry, PIV surveys were carried out
both on the isolated rotor and the half model with the
external wing tilted (7 = 90°). Figures from to
show the phase-locked vorticity contours evalu-
ated by PIV surveys in the wake flow below the isolated
rotor for three different blade phases (¢ = 15°,45°,75°)
in the x—constant plane shown in Figure The evo-
lution of the flow field in the rotor slipstream for further
blade phases can be clearly observed, as well as the ra-
dial position of the tip vortex which moves progressively
from the blade tip toward the rotor axis. The displace-
ments of the blade tip vortex in the rotor wake, that are
the regions where peaks of vorticity are present, were
reported in Figure The maximum contraction of
the isolated rotor wake, which is 0.78 R, is reached at
an axial distance from the rotor disk of z/R = —0.4.
When the wing was placed below the rotor, the rotor
wake system changed as confirmed by the PIV surveys
on the half-model. Figures from to [15(f)[ show
the phase-locked vorticity contours measured in the z—
constant plane shifted by x = —0.079 R with respect to
the isolated case. In Figure [If] the tip vortex displace-
ments of the rotor wake in the half-model configuration
were also reported. In the half-model case it is appar-
ent that when the rotor wake is approaching the tilted
wing, the presence of the wing in the flow field prevents
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the natural wake contraction which assumes a minimum
value of 0.85 R at z/R = —0.14.

PIV results for the half-model in the tilted wing con-
figuration can be directly compared with the unsteady
CFD simulation. Figures from to show the
vorticity contours in the same plane of the PIV surveys
for the same blade azimuthal positions. Even though
the predicted location of the blade tip vortex is rather
similar to the measured one, as shown also in Figure [16],
its intensity is lower and decreases as the distance from
the rotor disk increases. This effect is probably due to
the high diffusion related to the grid elements dimen-
sion in that region. A much more intuitive comparison
between numerical and experimental data is reported in
Figure [[7 where a three dimensional view of the iso—
surfaces of the Q criteria around the half-model is given
for the same blade phases of Figure also shown
in the figure. Despite the diffusion effects are present in
the numerical simulation, Figure [[7 demonstrates that
the blade tip vortex path in the flow field region be-
tween the rotor disk and the wing leading edge is well
predicted by ROSITA.

As already shown in Figure[ the hovering aircraft in
the tilted configuration experiences on the wing a very
low vertical force together with a non—negligible longi-
tudinal force. In this operating condition, the airloads
which develop on the wing could be explained by the
fact that the flow field below the rotor is characterised
by a non negligible swirl component. PIV surveys in
two y—constant planes (y/R = —0.79 and —0.69) near
the wake rim were carried out to evaluate the x—velocity
component U, in the rotor wake over the leading edge
of the tilted wing. Figure and Figure show
the U, velocity contours and the streamlines in the two
measurement planes that were obtained by averaging
acquired images for several blade phases. The stream-
lines within the rotor wake demonstrate that the flow
strikes on the leading edge of the wing with a positive
angle of attack with respect to the wing. Figure [18(b)
and Figure illustrate the same quantities in the
same y—constant planes which were predicted by the un-
steady CFD calculation. These images where obtained
by averaging the flow field extracted in the last rotor
revolution. Even though the comparison between CFD
results and PIV data is rather good, in both planes the
predicted flow field region near the upper part of leading
edge of the sections shows higher positive values of U,
with respect to PIV. Figure 2Ol illustrates the U, and U,
velocity profiles extracted in the vertical direction over
the leading edge of the airfoil sections. Both CFD and
PIV results prove the existence of a non—negligible swirl
component in the rotor wake system.

5 Conclusions

This work deals with the investigation of the problem
of the aerodynamic interaction between the rotor wake
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Figure 17: CFD visualisation of the Q criteria wake iso—surfaces (Q = 3 x 1073, non—dimensional) and comparison
with vorticity in the x—constant PIV plane at ¢ = 45°.
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Figure 18: U, velocity component contours [m/s] and in—plane streamlines in a plane at y/R = —0.79: a) PIV data
and b) unsteady CFD calculation.
and the wing on a high-performance tiltwing aircraft the wing located below is responsible for the growth of
which flies in hover. The interaction between the tip unsteady phenomena that could have negative effects
vortex structures generated from the rotor blade and on the aircraft performance. With the aim to give a
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Figure 20: Comparison between PIV data and unsteady CFD calculation, U, and U, velocity components: plane at

a) y/R = —0.79 and b) y/R = —0.69.

detailed description of the main physical phenomena re-
lated to the wing-rotor interaction problem, a tiltwing
aircraft has been analysed by means of both experimen-
tal and a numerical approaches. An experimental test
rig representing one half of the aircraft has been manu-
factured at DAST Aerodynamic Laboratory of POLIMI
and force and PIV measurement techniques has been
adopted to study the aircraft performance and the flow
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field between the rotor and the wing. CFD simulations
has been carried out making use of the in—house RANS
code ROSITA. Several steady and one time accurate
simulations have been carried out on the aircraft in the
tilted wing configuration, showing a rather good agree-
ment between numerical predictions and force and PIV
data. Both experimental and numerical results demon-
strated that rotor performance in the aircraft tilted wing



configuration were similar to the isolated rotor perfor-
mance. Moreover, the capability to rotate the external
part of the wing led in hover to an important reduction
of the vertical force/thrust ratio that grows on the wing
(less than 1 %). However, in the same flight condition
the longitudinal force acting on the wing became non—
negligible. Both PIV measurements and CFD calcula-
tions showed that the wing below the rotor significantly
modified the flow field between the rotor disk and the
tilted wing leading edge.
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