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Abstract

The present paper describes the experimental activity carried out at Politecnico di Milano large wind
tunnel in the frame of CleanSky programme to assess the effectiveness of the CFD-based air-intake
duct shape optimisation of the European platform tiltrotor ERICA. The tests were carried out on a
1/2.5 scaled model including the nacelle, the external portion of the wing and two interchangeable
internal ducts reproducing the baseline and optimised shape. In addition, the model presented the
rotor hub equipped with rotating blade stubs. A comprehensive experimental campaign was carried
out including model configurations reproducing different forward flight conditions of the aircraft. The
assessment of the optimised shape performance was evaluated by comparison of directional probes
measurements performed at the Aerodynamic Interface Plane (AIP). Moreover, pressure measurements
were also carried out on the duct internal surface. The experimental results confirmed an improved
performance of the optimised duct with respect to the baseline configuration not only in cruise,
representing the design flight condition considered for the CFD optimisation, but also for conversion
condition. Moreover, the present experimental investigation also highlighted that the choice of the
blade stubs length is very critical for air-intake performance tests.
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Nomenclature

AIP Aerodynamic Interface Plane

ERICA
Enhanced Rotorcraft Competitive
Effective Concept Achievement

GRC Green RotorCraft

GVPM
Politecnico di Milano large wind
tunnel

Ma Mach number
POLIMI Politecnico di Milano
P∞ free-stream pressure [Pa]
Pt total pressure [Pa]
Pt∞ free-stream total pressure [Pa]
QAIP volumetric flow rate at AIP [m3/s]

QBY
volumetric flow rate at by-pass duct
[m3/s]

SAIP
Aerodynamic Interface Plane sur-
face [m2]

TN Test number

U∞

wind tunnel free-stream velocity
[m/s]

Vb bulk velocity [m/s] = QAIP

SAIP

δn nacelle angle of attack [deg]
δw wing angle of attack [deg]
θ AIP azimuth angle [deg]
ρ∞ freestream air density [kg/m3]
ω rotor hub rotational speed [rpm]

CPt
total pressure coefficient = Pt−Pt∞
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1 Introduction

The present work describes the experimental ac-
tivity carried out to evaluate the effectiveness of
the optimised air-intake of the European plat-
form tiltrotor ERICA [1]. The shape optimisa-
tion of the air-intake internal S-duct was the ob-
ject of TILTOp research project carried out by the
Green Rotorcraft GRC2 consortium in the frame
of CleanSky European Programme. In particular,
the baseline configuration of the ERICA tiltro-
tor intake and exhaust system was optimised by
means of advanced multi-objective genetic algo-
rithms coupled with CFD Navier-Stokes solvers
[2].

The wind tunnel campaign was the object of
TETRA (Test of Tilt-Rotor Air intakes) project in
the frame of CleanSky GRC2 Programme and was
carried out in the large wind tunnel (GVPM) of
Politecnico di Milano (POLIMI). This facility was
used in the past years to assess the aerodynamic

performance of the ERICA tiltrotor complete air-
craft carried out in the frame of NICETRIP Euro-
pean project [3], while, more recently, a compre-
hensive experimental campaign was performed in
the frame of CleanSky ROD project to assess the
effectiveness of the CFD optimisation of different
helicopter components for drag reduction [4].

A 1/2.5 scaled model was specifically designed
and manufactured for this project. The model re-
produced the aircraft nacelle and the outer portion
of the wing. The tests were carried out with the
model equipped with the baseline and the opti-
mised ducts for comparison. A complete mapping
of the vector velocity field at AIP was performed
by means of 5 directional probes which are fixed
on a rotating frame to sweep the entire AIP area.
Moreover, pressure measurements were also car-
ried out over more than a hundred points of the
duct internal surface to evaluate the pressure dis-
tribution along the air-intake.

The comprehensive wind tunnel campaign in-
cluded tests with different regulations of the flow
rate at AIP and of the by-pass duct and different
flight conditions. In fact, one of the goal of the
activity was to assess the performance of the duct
shape optimisation also out of cruise, considered
the design target for CFD optimisation.

2 Experimental Set up

The large wind tunnel (GVPM) of POLIMI has a
closed test section 4 m × wide and 3.84 m high.
The maximum wind velocity is 55 m/s and the
turbulence intensity is less than 0.1%. The GVPM
closed test section is equipped with a turning table
to adjust the model attitude.

2.1 The air-intake model

The general layout of the 1/2.5 scaled model is
shown in Fig. 1. The nacelle model was flanged
by means of a steel tube to the wind tunnel test
section turning table, which allows to set the na-
celle angle of attack. A wing trunk was mounted
over the supporting steel shaft and could be set in-
dependently with respect to the nacelle incidence
in order to reproduce different flight conditions of
the aircraft (i.e. cruise, conversion).

The rotor hub was made in aluminium and in-
cluded four blade stubs (with 0.425 m radius) also
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Figure 1: Layout of the ERICA air-intake model.

manufactured in aluminium. The nose cone was
manufactured in resin by rhapid prototyping tech-
nique. The nose cone was equipped with four cov-
ers for the stubs passage holes to tests the clean
configuration model without the stubs. The ro-
tating hub was driven by a hydraulic motor. The
transmission shaft made in steel was housed in a
bearing case also manufactured in steel and was
connected to the motor by a torsionally flexible
coupling (see the particular in Fig. 2). A Hall-
effect sensor provided the feedback control for the
hub rotational speed.

Figure 2: Rotor hub driving system.

The ERICA aircraft air-intake is characterised
by a single-scoop inlet with the air entrance lo-
cated in the lower part of the nacelle. The geom-
etry of the internal duct presents a S-shape due
to the vertical offset between the air entrance and
the engine face aligned with the trasmisssion shaft
of the turboprop located within the second bend
of the S-duct [5, 6]. Consequently, the AIP has an
anular area. The internal duct design presents a
bifurcation in the first bend of the S-shape leading
to a straight by-pass duct working as particle sep-

arator to prevent heavy particles for entering the
AIP. The model could be equipped with two inter-
changeable internal ducts reproducing the baseline
and the optimised geometry. A particular of the
baseline internal duct mounted on the model is
shown in Fig. 3a. As can be observed in Fig.
3b, the main differences between the optimised
and baseline geometries are a smoother curvature
of the optimised duct central line, tending to re-
duce the slope of the S-duct and a more gradual
transversal section area variation along the duct
central line.

(a)

Baseline
Optimised

(b)

Figure 3: a) Particular of the baseline internal
duct model; b) comparison of the internal ducts
longitudinal central lines.

The flow rate at AIP and by-pass ducts was
provided by air-movers. In particular, as can be
seen in Fig. 4, a single air-mover provide the flow
rate in the S-shaped duct while three smaller air-
movers were used to provide the flow rate of the
by-pass duct. The use of the air-movers enabled to
preserve a clean design of the nacelle, particularly
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Figure 4: Particular of the air-movers mounting
at the air-intake model exhaust.

suitable for forward flight tests characterised by a
high wind tunnel freestream velocity. The regu-
lation of the flow-rate inside the intake duct was
controlled from velocity measurements carried out
by means of an appropriate set of total pressure
probes and wall pressure taps placed both in the
by-pass duct and in the AIP connection pipe. This
flow-rate measurement system was previously cal-
ibrated by means of a custom-made Venturi tube
that could be directly coupled to the intake inlet
section.

All the air-suction system piping and oil piping
for the hydraulic motor as well as the signal and
power cabling were passing through a supporting
steel tube in order to obtain a very good aerody-
namic cleanness of the model.

2.2 Directional probes and surface

pressure measurements

The AIP was instrumented with three 5-hole
probes and two 3-hole probes arranged on dif-
ferent radial positions, as shown in the layout of
Fig. 5a. The probes were mounted on a rotat-
ing frame driven by a stepper motor to sweep the
entire AIP area. The pressure data from the direc-
tional probes were acquired for 10 s with an angu-
lar step θ = 22.5◦. The probes rake mounting in-
side the air-intake model is shown in Fig. 5b. The
directional probes were preliminary calibrated at
the Aerodynamics Laboratories of POLIMI. The
calibration tests were performed under monitored
conditions in a wind tunnel with 150×200 mm test
section and a maximum speed of 100 m/s. The an-

gular range of the calibration was ±25◦ for both
pitch and yaw angle [7].

(a)

(b)

Figure 5: Layout of the directional probes mount-
ing at AIP.

Moreover pressure measurements over more
than a hundred points were carried out on the in-
ternal surface of both the baseline and optimised
intake ducts. The pressure measurements from
both the directional probes and the surface ports
were carried out by means of five 32 ports pressure
scanners embedded in the model.

3 Results

Some selected results of the comprehensive exper-
imental campaign are discussed in the present sec-
tion. The main parameters of the discussed tests
are presented in Tab. 1. All the test runs were
carried out with a wind tunnel free-stream veloc-
ity U∞ = 50 m/s (Ma = 0.15). The flow rate at
AIP was evaluated by the surface integral of the
axial velocity measured by the directional probes.
The discussed tests included cruise and conversion
flight conditions with and without rotating stubs.
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TN Stubs ω δn δw QAIP QBY

1 0 0◦ 0◦ 0.33 0.06
2 0 30◦ 0◦ 0.45 0.08
3 × 1065 0◦ 0◦ 0.37 0.06
4 × 1065 30◦ 0◦ 0.48 0.09

Table 1: Parameters of the discussed wind tunnel
tests.

Figures 6 and 7 show the pictures of the model
installed in the POLIMI large wind tunnel test
section for the discussed test conditions.

(a) Cruise - stubs off - TN1

(b) Conversion - stubs off - TN2

Figure 6: The ERICA air-intake model in clean
configuration.

The comparison of the contours of the total
pressure coefficient measured at AIP for stubs-off
and stubs-on tests are shown respectively in Figs.
8 and 9.

The CPt
contours represention obtained for the

clean model configuration in cruise (TN1), shows
an highly distorted flow in the upper region of the
AIP for the baseline duct (see Fig. 8a). This

feature is related to the flow separation due to
the high slope of the baseline S-shaped duct. A
smaller extent of this distorted flow region can be
observed for the optimised duct case (see Fig. 8b).

(a) Cruise - stubs on - TN3

(b) Conversion - stubs on - TN4

Figure 7: The ERICA air-intake model with ro-
tating stubs.

Consequently, the optimised duct produced a
more uniform total pressure distribution over the
AIP surface. Moreover, in the lower region of
the AIP two symmetrical small separated flow re-
gions can be observed as, in correspondence of this
duct section, the flow is not completely reattached
downstream the second bend of the S-shaped duct.

In particular, for the optimised duct these sep-
arated flow regions present a slight smaller extent
and a different azimuthal location with respect to
the baseline geometry results. Taking into account
the average results on the AIP surface, a remark-
able reduction of the total pressure losses was ob-
tained with the optimised geometry in cruise. In-
deed, a reduction of about 13% of the baseline
duct average total pressure drop was found with
the optimised geometry for the stubs-off model in
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(a) TN1 - Baseline - Cruise - stubs off (b) TN1 - Optimised - Cruise - stubs off

(c) TN2 - Baseline - Conversion - stubs off (d) TN2 - Optimised - Conversion - stubs off

Figure 8: Comparison of the contours of the total pressure coefficient measured at AIP for stubs-off
configuration.

cruise.

A similar behaviour of the flow fields was ob-
tained for the clean model in conversion (TN2),
even if the nacelle has a high angle of attack
δn = 30◦. Indeed, as highlighted by the CPt

con-
tours shown in Figs. 8c and 8d, the optimised ge-
ometry produces a less extended distorted flow re-
gion in the upper part of the AIP and an apparent
reduction of the symmetrical separated flow region
in the lower part of the AIP surface. Thus, due to
a more uniform total pressure distribution over the
AIP surface, an overall reduction of about 13% of
the baseline duct average total pressure drop was

found for the optimised geometry in conversion,
analogously to the value obtained in cruise. This
similar gain in performance indicates the effective-
ness of the optimised duct geometry also out of the
design flight condition.

The results of the tests performed with the ro-
tating stubs indicates that the presence of the ro-
tating hub alters significantly the flow at AIP, par-
ticularly for cuise condition (TN3). Indeed, the
CPt

contours representation evaluated with the ro-
tating stubs in cruise shows a flow field behaviour
characterised by a high swirl for both the baseline
and optimised ducts, differently from the ones ob-
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(a) TN3 - Baseline - Cruise - stubs on (b) TN3 - Optimised - Cruise - stubs on

(c) TN4 - Baseline - Conversion - stubs on (d) TN4 - Optimised - Conversion - stubs on

Figure 9: Comparison of the contours of the total pressure coefficient measured at AIP for stubs-on
configuration.

served in the same condition for the clean model
configuration (see Figs. 9a and 9b). In fact, as
can be clearly deduced from Fig. 7a, the rotor hub
wake and in particular vortical structures released
from the stubs root or tip could be ingested in
the duct inlet, thus introducing a high amount of
swirl in the internal flow. This feature jeopardises
the gain in terms of total pressure loss reduction
observed with the optimised duct for the stubs-off
configuration in cruise. Indeed, an increase of 6%
of the baseline duct average total pressure drop at
AIP was found with the optimised duct. On the
other hand, it must be considered that the effect of

the real rotor of the aircraft on internal duct flow
would be different from the one reproduced by ro-
tating blade stubs. Nevertheless, for wind tunnel
tests the use of a model motorised with a complete
rotor is often not feasible. Thus, the present tests
results indicated that the design of the model ro-
tor hub, particularly of the blade stubs length, is
a very critical aspect for the evaluation of turbo-
props air-intake performance.

The previous considerations are confirmed by
the tests results obtained in conversion with ro-
tating stubs (TN4). In particular, the CPt

con-
tours representation at AIP shown in Figs. 9c and
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9d indicates that in conversion condition the ro-
tating hub produces a remarkable lower effect on
the internal duct flow field with respect to cruise.
In fact, as can be clearly deduced from Fig. 7b,
due to the conspicuous angle of attack of the na-
celle (δn = 30◦), the rotor hub wake is apparently
less interacting with the duct inlet. Consequently,
for this model condition the test results confirmed
that the optimised duct geometry produces the
same gain of performance observed for the clean
model configuration. Indeed, an overall reduction
of about 12% of the baseline duct average total
pressure drop at AIP was found for the optimised
duct.

4 Conclusions

A comprehensive experimental activity was per-
formed in the POLIMI large wind tunnel to assess
the effectiveness of the CFD-based optimisation
of the ERICA tiltrotor air-intake carried out by
GRC2 in the frame of a previous project. The
tests included different aircraft flight conditions as
cruise and conversion. The comparison between
the measurements carried out at AIP with direc-
tional probes for the baseline and optimised duct
model configurations confirmed the effectiveness
of the optimised geometry in terms of reduction
of the average total pressure drop at AIP. This
benefit was found both for cruise and for conver-
sion conditions, thus indicating the suitability of
the geometry optimisation also out of the design
flight condition.

Moreover, the test results obtained with rotat-
ing stubs in cruise highlighted that a very critical
aspect for air-intake performance tests is the de-
sign of the stubs, particularly of their lenght. In-
deed, the real performance of the internal duct
could be altered by the disturbance of vortical
structures released from the stubs root of tip in-
gested in the duct inlet.

The experimental data base collected in this ac-
tivity will be useful to provide the guidelines for
the design of the NextGen tiltrotor air-intake that
will be developed by GRC2 in the frame of Clean-
Sky 2 programme.
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