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Abstract

Aerodynamic interaction between wing and rotors of a tiltrotor aircraft can produce negative effects on
its flight performance, both in helicopter mode and aircraft mode flight. A numerical and experimental
research activity about the aerodynamic interference between rotor and wing in tiltrotor aircraft was
started at Politecnico of Milano. At the beginning of the activity, the aircraft geometry was defined
following the tilting wing concept, and numerical simulations have been used to help the design of the
experimental test rig. The aerodynamic design of the blade shape is carried out by a multi–objective
optimization based on a controlled elitist genetic algorithm and rotor performance and efficiency curves
are reported. Numerical simulations based on the solver ROSITA are performed to estimate the wing
download due to the interaction with the rotor wake in hover condition. Several wing configurations for
different span–wise locations of the tilt section are tested and aerodynamic loads for the experimental
test rig design are evaluated.
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1 Introduction

Aerodynamic interaction between wing and rotors
of a titlrotor aircraft can produce negative effects
mainly on the helicopter mode flight performance.
For example, when a tiltrotor aircraft takes off and
lands vertically the rotor wake strikes the upper
surface of the wing creating a download that is, in
hover condition, in the order of 10% − 15% of the
rotor thrust (see Ref. [1], [2]). Wing–rotor aero-
dynamic interaction can also affect negatively the
aircraft mode flight performance and the conver-
sion phase of a tiltrotor. It is clear that, in or-
der to optimize the performance of a tiltrotor air-
craft operating in helicopter mode, it is necessary
to minimize the download reducing the interference
between wing and rotors. In the same manner,
to improve the performance in aircraft mode, the
efficiency of the propeller can be increased reduc-
ing its diameter. However, in order to have ac-
ceptable hover performance, actual tiltrotors (V–22
Ospray and BA609) have large rotors that develop
high wing–rotor interference and prevent the take–
off and landing in aircraft mode.

Since 10 years ago the ERICA (Enhanced Ro-
torcraft Innovative Concept Achievement) concept
(see Ref. [3]) has been the subject of several re-
search projects founded by European Community
to overcome existing tiltrotor limitations and to im-
prove their performance. The peculiarities of the
ERICA design are the relatively small size of the
rotors diameter and the cabability to tilt external
parts of the wing. The reduced rotor diameter im-
plies an increment of the power required to hover
however is necessary to allow for horizontal take–
off and landing. Consequently the tilting wing is
necessary to allow for helicopter mode flight with
such small rotors (with an estimated download of
about 1%). This kind of solution has other ad-
vantages as it improves the performance in aircraft
mode and positively affects the width of the con-
version corridor. In last years, ERICA concept has
been widely studied under several points of view
but many aspects of this non conventional tiltrotor,
as same quite basic aspect of the aerodynamics of
wing–rotor interaction, could be investigated more
deeply for possible future evolutions and other fu-
ture applications of the ERICA concept.

For these reasons, a research activity about the
aerodynamic interference between rotor and wing in
tiltrotor aircrafts has been started at Politecnico of
Milano. Such problem is approached making use of
both numerical and experimental modeling. A pre-
liminary aircraft geometry has been developed in–
house based on the tiltwing concept but not strictly
reproducing the ERICA geometry because the aim
of the study is more general. Numerical simulations

have been used to get a first insight in the main
phenomena associated with aerodynamic interfer-
ence between wing and rotor, and numerical results
have also been used to help the design of the ex-
perimental test rig. All the studies of this research
make use of an half–model configuration where just
one half–wing and one rotor are reproduced. In the
first part of this paper the geometry of full–scale
aircraft is taken into account. The aerodynamic
design of the shape of the blades is presented and
rotor performance and efficiency curves are also re-
ported. In the second part, computational fluid dy-
namics (CFD) simulations are used to estimate the
wing download caused by the interaction with the
rotor wake in hover condition. Several wing con-
figurations have been tested for different span–wise
locations of the tilt section. As result a wing is
defined to give the maximum aerodynamic perfor-
mance in terms of download in hover. In the last
part of the paper, experimental test rig for hover
tests is briefly described.

2 Aircraft sizing

In order to specify the model geometry and flight
conditions to be tested, same general data of the
whole aircraft has been assumed, defining an air-
craft in the same class of ERICA [3]. Consequently,
a typical mission profile for this kind of aircraft has
been identified on the point to point service (that
is the connection between two urban areas, two oil
rigs, ect.) taken from and to vertports. Operational
requirements and design goals for the full–scale air-
craft have been then defined within this framework
and are listed in Tab. 1. Aircraft design weights
have been estimated by mean of statistical approach
[4] and [5] and are reported in Tab. 2.

The wing has a span of 15 m and it is defined
as the distance between the rotor axles. All the
tests (numerical and experimental) of this research
make use of an half–model configuration were just
one half–wing and one rotor with the nacelle are re-
produced. The fuselage is not included so that the
wing root lies on the aircraft symmetry plane. The
wing is a trapezoidal untwisted wing, with NACA
64A221 section. The chord c varies linearly from
3 m at root to 2 m at tip (i.e. at the nominal ex-
tremity of the wing, ideally prolonged up to the ro-
tor axle, as shown by the Fig. 1). The nacelle has a
maximum diameter of 1 m and a lenght of 4.535 m.
The rotor has 4 non linearly tapered twisted blades
with a radius of 3.7 m. The blade shape is the re-
sult of a multi–objective optimization based on the
algorithm NSGA–II [6].
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H/C mode A/C mode
Passengers 20 22
Crew 2 pilots 2 pilots
Cruise altitude – 7500 m
Cruise speed 140 m/s 170 m/s
Climb speed 10 m/s –
Rotor speed 560 rpm 430 rpm
Range 1200 km 1500 km

Table 1: Aircraft Operational requirements.

VTO STO
Empty weight 7100 kg 7100 kg
Payload 2000 kg 2200 kg
Crew 200 kg 300 kg
Fuel 1600 kg 2000 kg
Gross wieght 10900 kg 11600 kg

Table 2: Aircraft design weights.

Figure 1: Aircraft model layout.

3 Blade project

The rotor blade aerodynamic design is a very criti-
cal task inside the project of a tiltrotor aircraft. For
an aircraft of this class, the same propulsive system
must be used both in helicopter and aircraft mode
flight. Moreover, the required thrust for helycopter
mode flight, that is more or less equal to half the
weight of the aircraft in hover, is about five times
the required thrust for aircraft mode flight, that cor-
responds to half the drag of the aircraft in forward
flight. Nevertheless, a tiltrotor blade has to give
good performance both in hover (and vertical climb)
and forward flight. If the tiltrotor has a non con-
ventional design, as in the case of ERICA, because
it has the capability to take–off and land horizon-
tally like an airplane, the rotor diameter has to be
smaller than conventional ones (like V–22 Ospary
and BA–609). All these requirements strongly in-

fluence the rotor design process and they have to be
taken into account during the aerodynamic blade
design. In general, this kind of problem can be seen
like a shape optimization problem that can be effi-
ciently approached by a genetic algorithm. In chap-
ter 2 an aircraft in the same class of ERICA has
been defined to study the aerodynamic interference
between wing and rotor in a tiltrotor aircraft. The
selected geometry does not exactly reproduce the
ERICA one, thus only the main goals of the ERICA
rotor system optimization have been considered to
design a rotor blade able to fulfil the design require-
ments, neglecting for example the noise reduction
problem.

3.1 Optimization problem definition

According to the main goals of the ERICA rotor
system optimization and fixed the rotor radius (that
is 3.7 m), the design points for the blade shape op-
timization have been chosen as follows:

- Objective 1: Maximization of the hover Figure
of Merit (FM);

- Objective 2: Maximization of the Propulsive
Efficiency (ηclimb) in vertical climb;

- Objective 3: Maximization of the Propulsive
Efficiency (ηcruise) in cruise at high speed.

The FM is calculated using the simple momentum
theory (see Ref. [7] and [8]) and is defined as the
ratio between the ideal power required to hover and
the actual power required, that is:

FM =
Ideal power required to hover

Actual shaft power required
< 1, (1)

where the ideal power is equal to C
3/2
T /

√
2 (mo-

mentum theory). Concerning the propulsive effi-
ciency, Leishman and Rosen (see Ref. [8]) suggest
for a tiltrotor aircraft the same definition adopted
for conventional propellers, thus:

η =
Ideal propulsive power

Actual shaft power required
, (2)

where the ideal propulsive power is TV∞.
The previous points represent the objectives of

the optimization process and they are supplied to
the solver by a fitness function. Consequently the
optimization process has been carried out on 3 dif-
ferent flight conditions related to the design points.
Two different conditions were taken into account for
the helicopter mode while only one for the aircraft
mode (Tab. 3). To reduce the complexity of the op-
timization problem, it has been decided to choose
the design rotor speed of each condition by compar-
ison with rotor speeds of similar tiltrotors (XV-15,
see ref. [9], V-22, see ref. [1], ERICA, see ref. [3]).
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Condition 1
Rotor speed 560 rpm
Altitude 0 m

Required thrust
PV TO

MTOW

2

Condition 2
Rotor speed 560 rpm
Altitude 0 m
Climb speed 10 m/s
Drag coefficient 1.5 [4]
Wing surface 35 m2

Required thrust
PV TO

MTOW

2
+

Dwb

2
Condition 3

Rotor speed 430 rpm
Altitude 7500 m
Cruise speed 170 m/s
Drag coefficient 0.08 [4]
Wing surface 35 m2

Required thrust Dwb

2

Table 3: Flight conditions considered during the
optimization process.

Since a tiltrotor blade has to work in very differ-
ent flight conditions and it has to satisfy very dif-
ferent requirements, the blade shape optimization
problem can be efficiently approached by the multi–
objective optimization with a genetic algorithm.
The blade shape is the result of a multi–variable,
multi–objective constrained optimization based on
a controlled elitist genetic algorithm founded on
nondominated sorting genetic algorithm II (NSGA–
II) [6], [10], that finds minima of multicomponent
objective function using genetic algorithm. Nine
positions along the blade radius have been chosen as
optimization sections. For each station, design vari-
ables are the chord length (c), the twist angle (θ)
and the airfoil shape (AS), thus the multi–objective
optimization has been performed on a total number
of 27 variables. The design variables array can be
written as follows:

x = (c1, . . . , c9, θ1, . . . , θ9, AS1, . . . , AS9) . (3)

The objective function f(x) is an array composed
by 3 different scalar objectives (f1(x), f2(x), f3(x))
that are related to different flight conditions. The
optimization problem may be written as follows:

Minimize:

f (x) = (fk (x))
T
, k=1,2,3 (4)

subject to:

cLB
n ≤ cn ≤ cUB

n , n = 1,. . . ,9

θLB
n ≤ θn ≤ θUB

n , n = 1,. . . ,9

ASLB
n ≤ ASn ≤ ASUB

n , n = 1,. . . ,9

Aleqθn,mθn ≤ 0, m = 1,. . . ,8

Aleqθn,mθn ≤ bθm, m = 1,. . . ,8

Aleqcn,mcn ≤ 0, m = 1,. . . ,8

Aleqcn,mcn ≤ bcm, m = 1,. . . ,8

Aeqcn,mcn = 0, m = 1,. . . ,8

φtrim,k (x) = B (x,RC∞

k ) k = 1,2,3

In Eq. 4, constraints divide the search solution
space into feasible and infeasible regions. Design
variables are limited by a set of prescribed lower and
upper bounds, so that a local Pareto set is found in
the range xLB ≤ x ≤ xUB . Linear inequality con-
straints limit the maximum twist angle variations
and chord rate of change between one section and
the following, while chord values of some sections
are subject to linear equality constraints. FM in
hovering flight and ηclimb and ηcruise in axial flight
are computed by an aerodynamic solver, based on
the blade element momentum theory (BEMT) [7].
Aerodynamic characteristics of airfoil sections have
been previously stored in tables for a wide range
of angles of attack, Reynolds and Mach numbers.
The aerodynamic solver extracts interpolated val-
ues of lift coefficient (Cl), drag coefficient (Cd) and
pitching moment coefficient (Cm), for every speci-
fied values of angle of attack, Reynolds and Mach
number inside the stored range. The aerodynamic
solver includes wake swirl effects [11] and Prandtl’s
tip–loss function [12] to compute aerodynamic loads
of each blade section. For each flight condition, the
aerodynamic solver yields the estimated thrust (T )
and power (P ) given by the selected blade. To com-
pute the performance of the blade operating in one
flight condition, it is necessary first to calculate the
corresponding trim condition of the rotor (in terms
of pitch blade angle φtrim, see Ref. [7]). Fixed the
blade shape and the flight condition (from which
the reference conditions can be extracted, RC∞

k ,
k = 1, 2, 3,), the trim condition can be computed
with the BEMT operator (B). Since the calcula-
tion of the trim condition can be fundamental to
the evaluation of the blade performance for a given
flight condition, trim pitch angle is computed by the
BEMT operator (B) in order to satisfy the thrust
required constraint (Tr).

In order to have good results in relatively short
computational time, it has been decided to use a
population size of 70 individuals per generation.
At each iteration, the solver combines the previ-
ous population with an offspring population that is
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the result of binary tournament selection, recombi-
nation and mutation operators. The resultant pop-
ulation is then sorted according to a fast nondom-
ination procedure and members of new population
are selected with a fast crowded distance estima-
tion procedure that uses the crowded–comparison
operator (see Ref. [6]). To start the optimization
procedure an initial population is required. Poles,
Fu and Rigoni (see Ref. [13]) have shown that, if ge-
netic information present in the initial population is
not enough, the genetic algorithm can converge pre-
maturely to a local optimal solution. Such problem
can be fixed making use of a well–distributed initial
population. Deb (see Ref. [10]) suggests to include
in the initial population some feasible individuals
already known. For these reasons, before starting
the multi–objective optimization, single objective
constrained optimizations have been carried out for
each objectives defined before in the paper. There-
fore, the initial population for the multi–objective
optimization has been created selecting individu-
als form each final populations of single objective
optimizations. The optimization procedure ended
when the NSGA–II reached the convergence near
the Pareto–optimal front.

3.2 Optimization results

Single objective optimizations gave individuals that
show very good performance in their optimization
condition. At the same time, these individuals
showed very poor performance in other flight con-
ditions. For example, single objective optimization
yelded for hovering rotor (condition 1) an optimum
individual characterized by a FM of 0.706, while
in cruise flight (condition 3) the same individual
showed an ηcruise of 0.379. In the same way, op-
timum individual for flight condition 3, that had
ηcruise of 0.824, showed a FM of 0.635.

The multi–objective optimization, that had the
initial population composed by individuals of final
populations of single objective optimizations, ended
in 122 iterations (8610 individuals have been eval-
uated) and the algorithm gives a Pareto–optimal
set composed by 25 optimal individuals, fig. 2. To
chose the best blade from the Pareto–optimal front,
some considerations have been done. First of all,
individuals that had high values in terms of ηcruise
showed low capabilities in hovering and climbing
flight, while individuals characterized by high val-
ues of FM showed low values of ηcruise. It has been
also observed that individuals with very high values
of FM had usually a span–wise twist distribution
that limits the propulsive efficiencies in high–speed
cruise flight. Hence, the resulting blade is a com-
promise solution between all the solutions of the
Pareto–optimal set. Geometrical characteristics of

the blade are shown in tab. 4 and its planform has
been reported in fig. 3. In tab. 4, the twist angle θ
along the span of the blade is defined as the angle
between the hub plane and the section chord (posi-
tive nose up) with null collective pitch. Each section
has been rotated around an axix passing through
0.25% of local chord. Since in high speed cruise
flight, the larger part of the blade operates at higher
subsonic and transonic Mach numbers, the leading
edge of the blade has been sweeped to reduce power
losses due to onset of compressibility losses. A pro-
gressive sweep angle has been designed adopting the
incident Mach number criterion (see. [7] and [8]).
The resulting longitudinal positions (∆x/R) of sec-
tions are reported in tab. 4.

Sec c/R θ (deg) ∆x/R Airfoil
1 0.131 9.061 0.000 NACA 0030
2 0.133 8.351 0.000 NACA 0020
3 0.144 8.324 0.000 NACA 23014
4 0.168 5.217 0.003 VR–5
5 0.179 -0.005 0.017 OA–213
6 0.155 -2.265 0.025 VR–7
7 0.154 -2.849 -0.003 VR–5
8 0.131 -3.540 -0.046 RC–510
9 0.108 -4.759 -0.077 RC–510

Table 4: Geometric characteristics of the blade.

Figure 2: Pareto–optimal front.

Fig. 4 shows the variation of the FM versus
the blade loading coefficient (Ct/σ). Increasing the
blade loading coefficient, the rotor operates at in-
creasing value of FM. The higher value of FM is
reached at Ct/σ = 0.115. For higher values of blade
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Figure 3: Optimized blade planform.
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Figure 4: Prediction of FM as function of Ct/σ:
comparison between BEMT and CFD calculation.

loading coefficient, the FM decreases by the occur-
rence of local flow separation on the blade (onset
of stall, green squares). In fig. 4 CFD results (blu
squares, see chapter 4) for hovering rotor are also
showed. Comparison between BEMT and CFD re-
sults shows a good agreement in terms of FM versus
blade loading coefficient, even though small under-
predictions of BEMT calculations should be noted.
Figures from 5 to 7 show the variation of thrust,
power and propulsive efficiency versus tip speed ra-
tion for increasing values of blade pitch angle in
cruise flight condition. It can be observed that,
ones the the pitch angle is fixed, when the air-
speed decreases the blade is stalled and it requires
a significant amount of power to get low values of
thrust. Instead increasing the airspeed the required
power decrease because the flow separation on the
blade diminishes, hence ηcruise tends to increase.
As noted by Leishman and Rosen [8], for high val-
ues of airspeed the blade operates in high transonic
flow and the progressive growing of compressibility
effects give flow separation at the blade tip behind

a shockwave. The BEMT is based on section char-
acteristics, thus the predicted blade stall, especially
at high local Mach number, may be different from
reality. It follows that CFD analyses and experi-
mental mesurements are needed to characterize the
blade in these regimes.
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Figure 5: Prediction of thrust as function of tip
speed ration for various pitch angles.
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Figure 6: Prediction of power as function of tip
speed ration for various pitch angles.

4 Numerical simulation

In the present work, numerical simulations have
been used to verify the BEMT calculation during
the blade design (see fig. 4). CFD calculations
have been carried out also on the whole aircraft to
estimate the aerodynamic loads for the experimen-
tal test rig design. At the same time, parametric
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Figure 7: Prediction of propulsive efficiency as func-
tion of tip speed ration for various pitch angles.

study has been performed to investigate the phe-
nomena related to wing–rotor aerodynamic interac-
tion in tiltrotor aircraft. In particular, the effects
of the span position of the tilt wing section on the
tiltrotor performance have been studied. Numerical
simulation have been performed with the CFD code
ROSITA (ROtorcraft Software ITAly) developed at
Politecnico of Milano [14] and [15], based on the
solution of the Reynolds Averaged Navier-Stokes
(RANS) equations coupled with the one-equation
turbulence model of Spalart-Allmaras.

4.1 Description of the CFD code

The CFD code ROSITA [16] numerically inte-
grates the unsteady RANS equations, coupled with
the one- equation turbulence model of Spalart–
Allmaras [17] and formulated in terms of absolute
velocity in overset systems of moving multi–block
structured grids. The equations are discretized in
space by means of a cell–centred finite–volume im-
plementation of the Roe’s scheme [18]. Second or-
der accuracy is obtained through the use of MUSCL
extrapolation supplemented with a modified version
of the Van Albada limiter introduced by Venkatakr-
ishnan [19]. The viscous terms are computed by the
application of the Gauss theorem and using a cell–
centred discretization scheme. Time advancement
is carried out with a dual–time formulation [20],
employing a 2nd order backward differentiation for-
mula to approximate the time derivative and a fully
unfactored implicit scheme in pseudo–time. The
generalized conjugate gradient (GCG), in conjunc-
tion with a block incomplete lower–upper precondi-
tioner, is used to solve the resulting linear system.

The connectivity between the (possibly mov-

ing) component grids is computed by means of
the Chimera technique. The approach adopted in
ROSITA is derived from that originally proposed by
Chesshire and Henshaw [21], 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 algorithm
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
ADT (alternating digital tree) data structures are
employed.

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

4.2 Numerical results

The numerical simulations for the isolated blade are
performed for all the three flight conditions consid-
ered during blade optimization (see 3). The com-
putational mesh is composed of 2 structured multi–
block grids, for a total of 9 blocks and 6.27M cells
(see tab. 5 for details). Calculations have been
carried out with a periodic O–H farfield mesh (the
external grid), with the outer boundaries located
4R away from the blade tip in the span–wise di-
rection, 8R above and 18R below the rotor plane
in vertical direction. The blade mesh (inner grid)
has the outer boundary located 1.5R from the tip
in the span–wise direction and extends vertically by
2, having similar spatial resolution to the first one.
Efficient computations for hovering flight condition
can be carried out using Froude boundary condi-
tions [15]. Comparisons between CFD calculations
and BEMT predictions for the hovering rotor are
showed in fig. 4 (see paragraph 3.2). In fig. 8 and 9
the q-criterion visualization for the isolated blade in
hovering and cruise flight conditions are reported.
While in the hovering condition the tip vortex of the
preceding blade interact with the considered blade,
in cruise flight there are no significant effects due
to this kind of interaction. Small overpredictions of
CFD calculations in the FM of hovering rotor (fig.
4), especially for low Ct/σ values, can be due to
BVI effects, that are completely neglected in BEMT
computations.

The CFD simulations for the whole aircraft have
been performed to investigate the phenomena re-
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Grid No. Blocks No. Nodes (×106)
Blade 8 4.06
Farfield 1 2.21
Total 9 6.27

Table 5: Computational mesh details for isolated
blade calculations.

Figure 8: Q-criterion visualization for the isolated
blade in hovering flight: φtrim = 14◦, Ct/σ =
0.1138, FM = 0.7188.

Figure 9: Q-criterion visualization for the isolated
blade in cruise flight: φtrim = 58◦, Ct/σ = 0.0837,
Cp/σ = 0.1056, ηcruise = 0.8093.

lated to wing–rotor aerodynamic interaction in
tiltrotor aircraft. At this point of the research ac-
tivity, effects of the span position of the tilt wing
section on the tiltrotor performance have been stud-
ied and wing download caused by the interaction
with the rotor wake in hover and climb conditions

have been estimated. In order to define a wing
that gives the maximum aerodynamic performance
in terms of download in hover, CFD calculations are
used to test different wing configurations in terms
of span–wise locations of the tilt section. As just
mentioned in chapter 2, a half–model configuration
(fig. 1) reproducing one half–wing and one rotor
with the nacelle have been taken into account. To
test 5 different wing configurations (see fig. 10),
different grids have been achieved for the 2 wings
but the total number of cells was kept constant. In
general, the computational mesh is composed by 6
structured multi–block grids, for a total of 48 blocks
and 13.35M cells (see tab. 6 for details on config-
uration 2). With the aim to limit the total num-
ber of cells, the background grid is composed by
2 different grids, one fine (the inner grid, farfield
1) and one coarse (the outer grid, farfield 2). All
the other grids are contained inside the finest back-
ground grid, having similar spatial resolution. In
fig. 12 multi–block oversetting grids of wings, na-
celle and actuator disk are represented. In fig. 13
and 14 some details of the resultant grid are shown.
The grids of wings and nacelle are C grid, with the
outer boundaries located 0.4R away from the bodies
except in the wake direction where the boundaries
are located 1.6R from the trailing edge. Since the
root of the fixed wing (wing 1) lies on the aircraft
symmetry plane, a symmetry condition has been
applied to that plane, whereas both wings and the
nacelle have been modelled through no-slip bound-
ary conditions. Because of need of many differ-
ent simulations, in this phase of the activity it has
been decided to save computational time perform-
ing steady simulations and reproducing the effects
of the rotor with an actuator disk. The actuator
disk model embedded in ROSITA follows the Mo-
mentum Theory without simulationg the swirl ef-
fect due to the blade rotation. Anyway, this kind of
approximation can be accepted at this stage. The
actuator disk grid, that is an O–H grid, models a
disk without thickness in which a jump of pressure
is given. The pressure distribution on the disk, for
both hovering and climbing flight conditions, has
been computed from knowledge of the axial load
distribution on the blade (CFD calculations).

Results for 5 different wing configurations, plus
the non–realistic configuration with both wings
tilted, for hovering and climbing flight conditions
are shown in the following. In reference to fig. 10,
in fig. 11 download estimations for every tested
configuration are displayed. From fig. 11 it is quite
clear that configurations 1 and 2 give better results
than other configurations in both fligh modes. In
these 2 configurations, the rotor wake strikes only
on tilted wing surface without any significat inter-
action with the fixed wing. Also configuration 3
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Figure 10: Different tilt wing configurations.

gives good results in terms of download in hover,
but some interactions between rotor wake and wings
arise near the tilt section. Configurations 4 and 5, in
which the tilt wing span is significant smaller than
the rotor radius, interaction between wing and rotor
becomes more relevant giving higher download val-
ues for both hovering and climbing flight conditions.
Examples of flow fields in terms of Mach number
distribution in a plane parallel to the thrust direc-
tion in each configuration are given in fig. from 15
to 20. From CFD analyses configuration 2 seems to
give the best compromise in terms of aerodynamic
interaction between rotor and wing, hence configu-
ration 2 has been selected for the test rig design.

Grid No. Blocks No. Nodes (×106)
Wing 1 7 2.13
Wing 2 9 2.93
Nacelle 25 5.21
Actuator Disk 1 0.29
Farfield 1 1 1.95
Farfield 2 5 0.84
Total 48 13.35

Table 6: Computational mesh details for half–
aircraft calculations (configuration 2).
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Figure 11: Download distribution as function of tilt
wing span for hovering and climbing flight.

Figure 12: An example of oversetting grids for hov-
ering and climbing flight for CFD calculation.

Figure 13: An example of grids system for hovering
and climbing flight for CFD calculation.

Figure 14: An example of grids system for hovering
and climbing flight for CFD calculation.
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Figure 15: Mach distribution, configuration 0.

Figure 16: Mach distribution, configuration 1.

Figure 17: Mach distribution, configuration 2.

Figure 18: Mach distribution, configuration 3.

Figure 19: Mach distribution, configuration 4.

Figure 20: Mach distribution, configuration 5.
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5 Conclusions

Aerodynamic interaction between wing and rotors
of a tiltrotor aircraft can produce negative effects on
its flight performance. Furthermore there are some
quite basic aspects of the aerodynamics of wing–
rotor interaction that could be studied more deeply
for future evolutions. A research activity about the
aerodynamic wing–rotor interference was started at
Politecnico of Milano. In the first part of the activ-
ity, the blade geometry has been designed making
use of multi–objective optimization and CFD calcu-
lations have been performed to validate optimiza-
tion results. CFD simulations are also used to esti-
mate the wing download caused by the interaction
with the rotor wake in hover and climb flight condi-
tions. Five wing configurations have been tested for
different span–wise locations of the tilt section and
the configuration which gives the maximum aerody-
namic performance in terms of download has been
selected. Numerical simulations have also been used
to estimate the aerodynamic loads on the wings and
to help the design of an experimental test rig. A
first release of the model (see fig. 21) has been re-
alized making wide use of pre-existing components
some of which will be refined in the course of the
activity. In the starting phase of the activity the
tests will be limited to the hovering flight condi-
tion. In the future, a further evolution of this rig
will allow for wind tunnel tests of both helicopter
mode forward flight and aircraft mode flight.

Figure 21: Experimental model for hovering tests.
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