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Abstract
Development of a high-fidelity simulation environment, suitable for Helicopter-Ship Dynamic Interface
testing has shown numerous advantages with respect to at-sea test campaigns. To correctly replicate the
workload of the pilot, it is crucial to model the unsteady loads caused by complex aerodynamic interaction
between airwake of the ship and inflow of the rotor. This paper aims to investigate the behaviour of the
unsteady aerodynamic loads on a scaled-helicopter operating in the airwake of a generic frigate model.
A series of wind tunnel tests have been conducted to characterise the unsteady loading for a wide range
of wind speeds, directions and positions of the helicopter over the deck. A stern landing trajectory was
simulated by trimming the rotor at different positions along an oblique path towards the landing spot.
The unsteady measurements have been used to evaluate a numerical model developed by integrating
the time-accurate CFD airwake of the isolated ship into the simulation environment. The numerical and
experimental results show similar behaviour, as moving towards the landing spot the unsteadiness is
increased. However, the numerical model underestimates the unsteadiness in most of the test points and
the difference becomes more significant when testing with a 60◦ wind-angle. Furthermore, a fully dynamic
landing maneuver was tested in the wind tunnel to evaluate the effect of the approach velocity of the
helicopter on the unsteady loads. In comparison to the measurements at fixed positions, the effect of
approach velocity was found to be more significant when testing with the wind from the port side compare
to the headwind condition.
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1. INTRODUCTION

Rotorcraft shipboard operations are often charac-
terized by an increased workload for the pilots
due to the aerodynamic interaction of the heli-
copter wake with the flow perturbations caused
by the superstructure of the ship. To enhance the
safety of such demanding tasks, a series of flight
tests are performed to identify the Ship-Helicopter
Operational Limitation (SHOL) which defines the
boundaries of safe operation for a particular ship-
helicopter combination in terms ofmaximum allow-
able wind speed and direction relative to the ship1.
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To reduce the number of at-sea trials and improve
the pilot training, development of Dynamic Interface
Simulation is a promising solution that could be fur-
ther used to expand the SHOL envelopes and im-
prove the design of future platforms2,3.
For the purpose of SHOL testing, high levels of fi-

delity are required for DI simulationwhich is decom-
posed into the models and subsystems and further
decomposed into the individual elements. Then, the
overall fidelity is measured from a quantitative de-
scription of fidelity for each constituent element4,5.
In this regard, airwake modeling is recognized as
a crucial element which strongly impacts the over-
all fidelity. With the majority of the airwake energy
concentrated in the bandwidth of 0.2-2 Hz6, the un-
steadiness of the flow field directly affects the han-
dling qualities and pilot closed-loop response which
is characterized by a cross-over frequency lower
than 1.6 Hz7. Also, it has been demonstrated that
the correct representation of the time-accurate dis-
turbances are important in replicating the workload
experienced by the pilots8,9.
One of the main challenges involved in the air-

wake modeling is the interaction of the ship air-
wake with rotor inflow or other aerodynamic sur-
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faces of the helicopter. Although themost represen-
tative approach is development of a fully-coupled
simulation in which the aerodynamic solver and
flight dynamics code should be run simultaneously
with the communication between two codes, due
to the excessive computational cost, currently this
approach cannot support the real-time DI simula-
tions10,11,12,13. Another approach to analyse the un-
steadiness involved in this mutual interaction is to
perform the scaled experiments with the helicopter
model operating in the airwake of the ship, while the
wind speed anddirection canbe set according to the
SHOL diagram.
Towards this aim, few experimental setups are

developed at sub-scale to evaluate the unsteady
loading in different phases of the landing maneu-
ver andwith respect to variouswind conditions. One
of the first experimental investigations was done by
Zan at Aerodynamic Laboratory, National Research
Council of Canada14. The initial experiments were
conducted with an isolated powered rotormounted
on a sting capable of moving over the deck of a 1:50
scale model of the Canadian Patrol Frigate (CPF).
With a fixed incidence setting on the blades, time-
averaged thrust was measured on a dynamic bal-
ance. This study has demonstrated that the reduced
inflow to the rotor, due to the ship airwake, can sig-
nificantly decrease rotor thrust up to 15%. Following
this campaign, another setup was developed aimed
at evaluation of the unsteady side-force, yawingmo-
ment and drag force applied on a rotor-less Sea
King fuselage immersed in the turbulent airwake
of CPF15. To quantify the unsteady loading, Power
Spectral Densities (PSD) were calculated from the
time histories of the measured aerodynamic loads
and the square-root of the integral over the band-
width of 0.2 to 2 Hz was taken as the measure of
unsteadiness. Across this frequency range, themag-
nitude of the spectrum represents a portion of the
pilot workload associated with response to the air-
wake turbulence. Consequently, a reasonable cor-
relation was found between RMS loading and pilot
workload obtained from flight test. The setup was
further modified by adding a 1:50 scale rotor of Sea
King to account for the effect of rotor downwash on
the fuselage loading16. It was shown that in most
cases the unsteady loading increased with the pres-
ence of the rotor downwash. Also, the level of un-
steadiness at different positions over the deck and
in different wind speeds was changed compared
with the rotor-less case.
Another setup was designed and developed by

Wang et al. tomeasure the unsteady forces andmo-
ments imposed by the airwake of a generic ship on
a 1:54 scale model of Merlin AW-101 helicopter17.
The setup, specially designed for testing in a wa-

ter tunnel, was used to simulate two WOD condi-
tions, including headwind and wind coming with a
direction of 45◦ from the starboard side, conven-
tionally indicated as Green45, and the measure-
ments were conducted at fixed positions along the
flight path of a landing maneuver18. Time-averaged
measurements identified a region of thrust-deficit
in headwind and a pressure-wall in the 45◦ wind
angle. The unsteady loading was also compared in
terms of severity and showed higher RMS loading in
Green45 and particularly through the lateral trans-
lation phase. The setup has been used also to inves-
tigate the potential benefits of aerodynamic modi-
fications to the ship geometry19. Various modifica-
tionswere proposed andmanywere found effective
in reducing the RMS forces and moments. In partic-
ular, the promising design concepts were a side-flap
and notch modification which both showed consis-
tent improvements of 25-50% in unsteady loading.
More recently, a setup was developed to study

the aerodynamic interaction between a 1:13 scaled-
helicopter model and Simple Frigate Shape 1, as a
generic ship geometry20. Initially, a series of wind
tunnel tests were performed to characterise the air-
wake of the isolated ship in different WOD condi-
tions by means of Particle Image Velocimetry (PIV)
technique. Then, the time-averaged aerodynamic
loads of the rotor were measured, while the heli-
copter was placed in a series of points representa-
tive of a stern landing trajectory and a vertical de-
scent over the landing spot. Load measurements
were performed in two WOD conditions, including
headwind and Red30, where red indicates a wind
coming from the port side, in addition to a no-
wind test. Variation of the mean aerodynamic loads
showed a strong ground effect while moving to-
wards the deck. Furthermore, a significant reduc-
tion of the pitch moment was identified due to the
interaction between the downwash produced by
the recirculation zone and the inflow of the rotor.
Towards the development of DI simulation, the

focus of this paper is analysis of the unsteady aero-
dynamic loads of a helicopter model operating in-
side the airwake of the ship. The setup introduced
in20 has been substantially improved so that a land-
ing trajectory can be simulated while trimming the
rotor to obtain a specific set of aerodynamic loads.
Taking advantage of this new setup, a series of wind
tunnel tests have been conducted in order to inves-
tigate the effect of wind speed and direction on the
unsteady rotor loads. The new setup was also ex-
ploited to simulate a "Dynamic Landing" by setting a
constant approach velocity for the helicopter to per-
form the landing maneuver. Furthermore, to per-
form the unsteady simulation, a multibody model
of the rotor has been developed and coupled with
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the time-accurate CFD airwake of the isolated ship
based on one-way couplingmethod. In the following
sections, after introducing the experimental setup
and test plan, the numerical model and airwake in-
tegration will be described. Finally, the experimen-
tal and numerical results will be presented and dis-
cussed.

2. EXPERIMENTAL SETUP

The experiments were conducted in the large test
chamber of the GVPM (Galleria del Vento Politec-
nico di Milano) with 13.84 m wide, 3.84 m high and
length of 35 m. Figure 1 shows the complete setup
mounted inside the test chamber. The setup con-
sists of a 4-bladed helicopter and a simplified ship
model. The helicopter model was held by a horizon-
tal strut connected to a system of two motorised
orthogonal sliding guides which is able to change
the relative position of the helicopter in both vertical
and longitudinal directions. A fixed reference frame
is defined to introduce the test points, representing
the position of the rotor hub center with respect to
the ship. The XZ plane of the reference frame, as
represented in Fig. 2, is aligned with the longitudi-
nal symmetry plane of the deck. All the setup was
mounted on the large turning table of the test sec-
tion with a diameter of 13 m, so that the effect of
wind direction could be tested as well.

Figure 1: Test setup mounted inside the test cham-
ber of GVPM.

2.1. Ship Model

The ship model is a 1:12.5 scale model of Simple
Frigate Shape 1 which is a highly simplified but rep-
resentative ship geometry, developed as a part of
an international collaboration inwhich Canada, Aus-
tralia, New Zealand, UK and USA evaluated the abil-
ity of CFD codes to simulate complex airwakes21.
The SFS1 model consists of a rectangular prism

with a step on its rear and another prism on top

Figure 2: Geometry and dimensions of the 1:12.5-
scale model of SFS1.

which is acting as a ship superstructure, as rep-
resented in Fig. 2, reporting the main dimensions
of the model. The landing point of the helicopter
model was placed on the center of the turning ta-
ble, thus the ship can be rotated to both sides, while
the landing point remains fixed with respect to the
boundaries of the test section.
The flight deck and hangar wall were equipped

with 77 and 35 pressure taps, respectively. The pres-
sure measurements were performed using four
low-range 32-ports pressure scanners embedded
inside the ship model. The declared accuracy of the
pressure scanners led to an estimated uncertainty
for the pressure coefficient of approximately 0.15.
A Pitot probe was mounted on top of the super-

structure, 180 mm above and 90 mm upstream of
the mast, as the reference point for free stream ve-
locity. In each test, the Pitot probe was adjusted in
order to have the static port aligned with the wind
direction.

2.2. Helicopter Model

The helicoptermodel consists of a fuselage and a ro-
tor which has four untwisted and untapered rectan-
gular blades, made of carbon-fiber composite ma-
terials with NACA0012 airfoil. The rotor, with a di-
ameter of 970 mm, includes a complete swashplate
mechanism so that collective and cyclic commands
can be applied to the blades to trim the rotor while
approaching the flight deck. A polycarbonate fuse-
lagewasmanufacturedwith Fused DepositionMod-
elling (FDM) technique to be representative of a 1:10
scaled-model of Bo105 as a generic medium-size
helicopter. The fuselage is mounted on an internal
metallic structure housing a six-components strain
gauge balance (Koris F6D-80e-60) and the driving
motor system for the rotor. A brushless motor, with
3.3 kW continuous power was connected directly to
the rotor shaft by means of a joint coupling. The ro-
tor rotational speed was maintained in all tests by
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means of an Electronic Speed Controller (ESC) con-
nected to the motor and recorded with the same
sampling frequency as the balance loads, so that the
load coefficients can be calculated based on the in-
stantaneous RPM of the rotor.

Figure 3: Dimension and layout of the helicopter
model.

2.3. Scaling Parameters

The main scaling parameter applied to this investi-
gation is tomaintain the Strouhal number of the full-
scalemodel. Thismatching requires the correct scal-
ing of three parameters, including frequency, geom-
etry, and free stream velocity. Considering Bo-105
as a generic medium size helicopter, the geomet-
ric scale, based on rotor radius, is fixed at 1:10.1.
The rotational speed of the rotor was selected high
enough to increase the Reynolds and Mach num-
bers, while retaining the wind speed, as required by
Strouhal similarity, within the limits of free stream
velocity of the test section. Consequently, a fre-
quency scale of 4.75:1 was fixed which leads to the
velocity scale of 1:2.1. This velocity scale gives the
ship-based Reynolds number in the range of 3.5e5
to 6.1e5 while testing in different wind speeds,
which satisfies the minimum Reynolds number of
11000 for wind tunnel testing of sharp-edged bod-
ies, like SFS1, to be insensitive to Reynolds num-
ber22. Some preliminary tests were performed in
order to select a thrust level that could be main-
tained in all test conditions, while avoiding exces-
sive operating temperature and power extraction
from the electricmotor. Consequently, the resultant
thrust coefficient is 60%of the full-scale value. Table
1 presents all parameters of the model compared
with Bo-105.

3. TEST PLAN

A typical stern landing trajectory was defined includ-
ing five points (P1 to P5) along an oblique path with
the slope angle of 15◦ towards the landing point.
Furthermore, three additional points (P6 to P8) were

Table 1: Parameters of the experimental model and
Bo105.

Characteristic Scaled Model Bo105
Number of Blades 4 4
Rotor Radius (m) 0.485 4.91
Angular Speed (rad/s) 211 44.4
Blade Chord (m) 0.042 0.27
Free Stream Velocity (m/s) 4.8-8.4 10.3-18
Advance Ratio 0.047-0.082 0.047-0.082
Tip Mach Number 0.3 0.63
Tip Reynolds Number 2.9e5 3.9e6
Thrust Coefficient 0.0028 0.0046

Table 2: Coordinate of the test points in ship refer-
ence frame.

Test Point X [mm] Y [mm] Z [mm]
P1 1940 0 1450
P2 970 0 1190
P3 0 0 930
P4 -500 0 800
P5 -1000 0 660
P6 -1000 0 930
P7 -1000 0 1060
P8 -1000 0 1190

selected which are representative of a vertical de-
scent over the deck. Figure 4 shows all the test
points with the positions listed in Table 2. The coor-
dinates are in the same reference frame introduced
in Fig. 2.
To simulate the landing maneuver, the rotor was

positioned at each point. Applying collective and
cyclic commands, the rotor was trimmed to obtain a
specific level of thrust and zero in-plane moments.
Then, trim commands were fixed and the acqui-
sition of the loads was performed for 30 seconds
with the sampling frequency of 100Hz and repeated
twice for each point.
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Figure 4: Side-view of the test points. Circles and
crosses represent the position of the rotor center
in stern landing and vertical descent, respectively.

As required by SHOL analysis, the test conditions
were selected based on different wind speeds and
directions. Five wind conditions were tested, includ-
ing two velocities in Head Wind (HW), two velocities
in Red Wind from 30◦ (R30) and one velocity in Red
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Wind from 60◦ (R60). Figure 5 shows the selected
test conditions in full-scale values.
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Figure 5: Test points (red dots) imposed on a typical
SHOL diagram in full-scale (velocities in knot).

A second approach, called "Dynamic Landing"
was tested for three wind conditions. In this ap-
proach, helicopter is moving towards the landing
point with a constant velocity, while the trim con-
trols, obtained during the static tests for each point,
are applied to the rotor. The predefined trajectory,
starts with 5 seconds initial hover at P2, after de-
scending towards P5 with a constant velocity of
0.1m/s , it ends with 5 seconds hover at P5. Regard-
ing the scaling parameters of the test, the selected
approach velocity corresponds to a velocity of 1m/s
with respect to the ship deck in full scale, which is
well representative of the final phase of a landing
maneuver that is a low speed forward flight near the
deck. Figure 6 shows the time history of the longi-
tudinal and vertical position of the rotor during 30
seconds of dynamic maneuver.

0 10 20 30

Time [sec]

-1.5

-1

-0.5

0

0.5

1

1.5

X
 P

o
s
it
io

n
 [
m

]

0 10 20 30

Time [sec]

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

A
lt
it
u
d
e
 [
m

]

Figure 6: Timehistory of the longitudinal and vertical
position of the rotor in dynamic landing test.

4. NUMERICAL MODEL

A multi-body model of the experimental rotor
has been developed using MBDyn, a free general-
purpose multi-body dynamics analysis software de-
veloped at Politecnico di Milano23. MBDyn features

the integrated multidisciplinary simulation of multi-
body systems, including nonlinear mechanics of
rigid and flexible bodies subjected to kinematic con-
straints, along with smart materials, electric and hy-
draulic networks, active control and essential ele-
ments of rotorcraft aerodynamics24.
The multibody model developed for this study

consists of a hingeless, stiff-in-plane rotor with four
elastic blades connected to the hub through a rev-
olute hinge, which allows the rotation about the
feathering axis of the blade. This degree of freedom,
along with a rigid pitch link connected to the swash-
plate, allows pitch control.
Each blade is modeled by three finite volume

beam elements composed of three nodes25, so
that constitutive properties of each section can be
defined separately. To introduce the aerodynamic
model, Aerodynamic Beam element is implemented
which relies on the structural beam element to
compute the configuration of the aerodynamic sur-
face at each integration point. Aerodynamic loads
are computed based on Blade Element/Momentum
Theory, using c81 aerodynamic table of NACA0012
defined as the airfoil of the blades. The inflow of
the rotor is represented by Pitt-Peters dynamic in-
flow model26 with three states, including uniform
and linear perturbations of thewake-induced down-
wash at the rotor disk.

4.1. Ship-Airwake Integration

In order to integrate the airwake of the ship into
the numerical model of the rotor, one-way coupling
approach is implemented. In this approach, the air-
wake of the isolated ship is pre-calculated using a
steady or unsteady CFD simulation and will be in-
corporated into the flight dynamics code via look-up
tables.
Here, the results of time-accurate CFD simula-

tions performed for the full-scale SFS2 geometry are
implemented in the multibody simulation, provid-
ing a three-dimensional time-varying velocity field
over a region of interest around the deck. The time-
varying airwake velocities were stored at every 0.05
seconds for a total time of 30 seconds of time his-
tory. Since the flow field can be considered inde-
pendent with respect to the Reynolds number, the
simulations were performed with an inlet velocity
of 40 knot and can be scaled for other speeds. De-
tails of the computational approach and validation
method can be found in27. It should be mentioned
that to implement the database in the multibody
simulation, the size of the domain and the airwake
velocities are scaled using the geometry and velocity
scales of the test, introduced in Section 2.3.
To apply the effect of airwake velocity on the aero-
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dynamic elements of the rotor, a 3-dimensional in-
terpolation is performed at every time step and for
each aerodynamic integration point. So, depend-
ing on the position, each aerodynamic element will
experience a different local velocity interpolated
within the airwake database. Figure 7 shows the
contours of time-averaged normalized velocity at
the rotor height while placed in the last point of
the landing trajectory (P5), with the wind blowing
from three different directions, including HW, R30
and R60.
It is clear that in all wind conditions, the fore part

of the rotor is inside the recirculation zone, gener-
ated immediately behind the hangar wall. However,
in headwind condition, a lateral symmetry can be
observed which is completely lost when the wind is
blowing from the port side.
In order to run the simulation with the unsteady

airwake applied to the rotor, a feedback controller
is designed in the Simulink environment28 which is
communicating simultaneously with the multibody
model, changing the collective and cyclic pitch con-
trols in order to obtain the desired aerodynamic
loads, same as the experimental rotor.

5. RESULTS AND DISCUSSION

Here, first the time-averaged loads obtained in the
experiment are shown and then the unsteady load-
ing will be presented and compared with the results
from the numerical simulations. Finally, the results
of the dynamic test, in terms of unsteadiness, will be
presented and compared with the measurements
at fixed positions.

5.1. Trim Results

As explained in the Section 3, the rotor was trimmed
in all points of the landing trajectory to obtain a
thrust coefficient of 0.0028 and zero in-plane mo-
ments, which could be achieved by applying collec-
tive and cyclic controls through the swashplate. Fig-
ure 8 compares the average thrust coefficient over
30 seconds of acquisition and two repetitions for
each point. Having an average of 0.0028 between all
test points and a coefficient of variability of 5%, de-
fined as the ratio of the standard deviation to the
mean value, confirms that the desired thrust was
achieved within an acceptable tolerance. The coef-
ficients of roll and pitch moments are compared
in Fig.9(a) and 9(b), respectively. It should be noted
that the objective of the trimming procedure was to
set to zero the aerodynamic moments of the rotor.
Practically, it was considered acceptable to bring the
moments within the range ±0.7N/m, to efficiently
use the wind tunnel time and avoid over-running

the electric motor. As shown in Fig.9, these lim-
its, which corresponds to a moment coefficient of
±1.55× 10−4, are fairly respected in all test points.

5.2. Unsteady Load Analysis

To quantify the unsteady aerodynamic loading of
the rotor, themethod proposed by Lee and Zan15,16

is implemented. In this approach, first the PSD is
calculated from the measured time-histories of the
loads. Then, the square-root of the integral in the
bandwidth of interest is considered as a measure
of unsteadiness, so-called "RMS loading". As ex-
plained in the introduction, the low-frequency con-
tent of the airwake, in the bandwidth of 0.2-2 Hz,
directly impacts the workload of the pilot. There-
fore, the integral should be calculated over the full-
scale bandwidth of 0.2-2 Hz, which needs to be cor-
rectly mapped into the frequency scale of the test.
Figure 10 shows an example of a PSD calculated in
both full and test frequency scale. Regarding the
frequency scale of 1:4.75, the bandwidth of inter-
est will map into the range of 0.95-9.5 Hz. Here,
all the PSD calculations are performed using non-
dimensional load coefficients, so the RMS quanti-
ties are non-dimensional as well. To convert the
recorded time-histories to the frequency domain,
Welch’s algorithm, also called periodogrammethod,
has been implemented. Welch’s method computes
an estimate of the power spectral density by divid-
ing the data into overlapping segments, computing
a modified periodogram for each segment and av-
eraging theperiodograms29. Thewindowing of each
individual segment results in reducing the noise in
the spectral density estimate, at the expense of fre-
quency resolution.
Power Spectral Density of the thrust coefficient

calculated from the time-history of the measured
loads and those obtained from the simulation are
compared in Figures 11, 12 and 13, referring to
headwind, Red30 and Red60, respectively. It should
be mentioned that since the first two points of the
trajectory (P1 and P2) were outside of the domain of
CFD solution, the simulation at these points results
in a steady response in terms of rotor loads. This is
the reason why these two points are excluded from
the unsteady analysis.
Figure 11 shows that in all test points, the simula-

tion can capture the same trend as the experiment
with a relatively constant power up to 2 Hz and then
decreasing towards the higher frequencies, up to
10 Hz. However, clearly in all points, the spectrum
obtained from the simulation is below the one of
the test, meaning that the unsteadiness has been
underestimated by the simulation. The same be-
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Figure 7: Contours of time-averaged non-dimensional airwake velocity (|Ū|/U∞) at height of P5.
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Figure 8: Comparison of time-averaged thrust coef-
ficient for all test points.

haviour can be observed in Red30, however, for the
last three points (P6, P7, and P8), the low-frequency
part of the spectrum obtained from the simulation
has higher energy with respect to the experiment.
Figure 13 compares the PSDs in Red60 test condi-

tion. It is clear that in all test points, the simulation
is underestimating the unsteadiness and the differ-
ence ismore significant along the vertical trajectory.
Overall, it can be seen that the one-way coupling ap-
proach shows a better agreement with the exper-
iment in headwind compared to the tests at non-
zero wind angles.
As mentioned before, to quantify the unsteadi-

ness of the aerodynamic loads, the "RMS loading"
can be computed from the above PSDs, defined as
the following equation:

σx =

√∫ f 2
f 1

S̄xx(f )df
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Figure 9: Comparison of moment coefficients for all
test points.

This parameter has been calculated for all test
points and the results are compared in the follow-
ing bar charts. It should be mentioned that the ex-
perimental value is the average of two repetitions
performed at each point.
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Figure 10: Illustration of the RMS loading calculation
in full and test frequency scaling.
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Figure 11: PSD of thrust coefficient derived from
measurements and simulation in HW-20kt.

As represented in Fig.14, the numerical simula-
tion follows the trend of the experimental data, as
it has the maximum unsteadiness at the landing
spot (P5). However, an average error of 25% exists
within the eight test points. The same comparison
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Figure 12: PSD of thrust coefficient derived from
measurements and simulation in R30-20kt.

is shown in Fig. 15 for R30 wind condition. As ex-
pected from PSDs, the simulation in the last 3 points
shows higher unsteadiness compare to the experi-
ment. Here, it can be seen that the error is notable
for the last two points, being 60% and 35% higher
than the expected values from the test. While the
difference remains less than 15% in the first four
points.
Figure 16 compares the unsteadiness in Red60

condition in which the rotor experiences a higher
lateral wind from the port side compare to the lon-
gitudinal component. Clearly, in this condition the
simulation is not able to replicate the unsteadiness,
however, the desired trim loads were achieved in all
test points.
Comparing the last three figures, a similar trend

can be observed in all test conditions, in which
the unsteadiness is increasing towards the landing
point and reaches amaximum value when the rotor
is completely immersed in the airwake of the ship.
At this point, the unsteady airwake causes severe
fluctuations in the aerodynamic response of the ro-
tor. Regarding the low-frequency range of the un-
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Figure 13: PSD of thrust coefficient derived from
measurements and simulation in R60-20kt.

steadiness, it can be concluded that the pilot will ex-
perience the highest level of workload while hover-
ing at low-altitude over the landing spot. It is also
notable that the Red30wind condition shows higher
unsteadiness with respect to the other wind condi-
tions which is confirmed by both experiment and
simulation results.
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Figure 14: RMS of thrust coefficient derived from
measurements and simulation in HW-20kt.
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Figure 15: RMS of thrust coefficient derived from
measurements and simulation in R30-20kt.
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Figure 16: RMS of thrust coefficient derived from
measurements and simulation in R60-20kt.

5.3. Dynamic Testing

Asmentioned before, dynamic approach consists of
5 seconds initial hover at P2, moving with a constant
velocity of 0.1m/s towards the landing point, fol-
lowed by 5 seconds hover at P5. The total acquisi-
tion of 30 seconds is used to calculate the PSD of
the measured loads, so that the RMS loading can be
compared with the previous measurements at each
point.
Figure 19 shows the RMS loading of the dynamic

approach in comparison with the other 4 points of
the trajectory. A weighted average of the unsteadi-
ness obtained at each point has been calculated
based on the fractions of total time spent between
these four points. To have a better comparison with
the dynamic test, this mean value is also presented
in the fifth column. It can be seen that in both head-
wind tests, the weighted average of the unsteady
thrust represents a very good correlation with the
dynamic approach, as the difference in each test
is only 2%. However, in Red30 test condition, the
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weighted average is 15% less than the unsteadiness
measured in the dynamic approach. This compari-
son suggests that neglecting the approach velocity
and performing the quasi-static simulationsmay re-
sult in underestimation of the unsteady response
and workload of the pilot. However, additional tests
with different velocities and other directions should
be performed to confirm this observation.

P2 P3 P4 P5 mean(Pi) Dynamic
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1.2

1.6
10
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HW-20kt

RW-20kt

HW-35kt

Figure 17: RMS of thrust coefficient derived from
static measurements and dynamic approach.

Also, the simulation has been performed with the
same approach velocity, so that the unsteady load-
ing obtained from the dynamic approach can be
compared with the experiment. As shown in Fig. 18,
the overall trend is better captured when testing in
lower wind speed (20 knot). While, with the wind
speed of 35 knot, it can be seen that the numer-
ical spectrum is reduced in the range of frequen-
cies above 2 Hz. Figure 19 compares the RMS values
obtained from the spectrums and shows the differ-
ence of 15% in test with the wind speed of 35 knot.
Since the initial part of the trajectory is outside the
region of interest for the CFD solution, it can be ex-
pected to improve the numerical results by enlarg-
ing this domain.

6. CONCLUSIONS

A series of wind tunnel tests have been conducted
in order to investigate the unsteady aerodynamic
loading of a scaled-helicopter in the airwake of a
generic frigate model. Time-averaged and unsteady
rotor loads were measured for a range of wind
speed, direction and positions over the deck. The
rotor was placed at a sequence of points, repre-
sentative of a stern landing trajectory and trimmed
for a constant level of thrust and zero in-plane mo-
ments by means of collective and cyclic pitch con-
trols applied through the swashplate mechanism
implemented in the model.
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Figure 18: PSD of thrust coefficient in dynamic ap-
proach derived from measurement and simulation.
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Figure 19: RMS of thrust coefficient in dynamic ap-
proach - comparison of simulation and experiment.

Furthermore, a multi-body model of the exper-
imental rotor has been developed to perform the
simulation in the same conditions as the wind tun-
nel tests. To add the effect of ship airwake, a time-
accurate CFD database of the velocity field around
the deck of the isolated frigate model has been
integrated into the simulation based on the one-
way couplingmethod. The unsteady thrust obtained
from the coupled simulationwas comparedwith the
measurements, over the frequency range of inter-
est.
The experimental results showed that in all test

conditions, the unsteadiness is increased by mov-
ing towards the landing spot and the highest un-
steadiness is experienced by the rotor at the low-
est altitude and closest position to the hangar wall.
The same trend could be observed in the simulation
results, however, the unsteadiness was underesti-
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mated in most of the test points. Deficiency of the
one-way coupling approach became more evident
when testing with the wind from 60◦.
Moreover, the effect of approach velocity on the

unsteady thrust was examined by performing a dy-
namic landing maneuver. Comparing the unsteadi-
ness obtained from dynamic tests with the mea-
surements at fixed-positions, confirmed a reason-
able correlation in unsteady thrust for the tests in
headwind condition. However, in Red30 the static
approach results in a lower unsteadiness, if com-
pared with dynamic testing. These results suggest
that taking into account the dynamics of the ap-
proach could be important while implementing the
unsteady loads which are measured or computed
using a fully-coupled environment. However, to bet-
ter quantify the effect of this parameter, additional
experiments would be required in other wind con-
ditions, in terms of both wind speed and direction.
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