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It is shown how the single wingsail leads to low fuel saving, and therefore to
a little reduction of emissions. The second configuration, providing greater
propulsive power, slightly increases the saving. However, it involves the use
of more material, leading to higher costs and loads, and a greater heeling
force, leading to greater stresses on the vessel. Since both configurations
provide a fuel saving less than 3%, further evaluations in structural and
economic terms must be carried out in order to evaluate the actual
convenience of the installation. One way to increase savings could be the
installation of a greater number of wingsails, subject to availability of space
on board. Placing 𝑁 wingsails far enough to avoid aerodynamic interference,
would allow 𝑁 times greater savings, but also 𝑁 times greater heeling force.

Wingsails don't always bring an advantage. They must be retracted under
two conditions:

• Total absence of wind, because cruising speed alone would produce a
driving force in the direction opposite to the ship's motion.

• Wind blowing with 𝛽 ≡ 𝛽′ = 180° , 𝛽 ≡ 𝛽′ = 0° with 𝑣𝑤𝑖𝑛𝑑 < 𝑣𝑠𝑎𝑖𝑙 . The
consequence would be a driving force opposite to motion.

Fig.6 - Polar diagram of the propulsive power [𝑘𝑊] as a function of 𝛽 [deg] . The results refer
to the four average wind intensities derived from Weibull distributions, corresponding to
four different Reynolds number values for each configuration. For the single wingsail, for
increasing velocities: 𝑅𝑒1 = 3.3𝑥106, 𝑅𝑒2 = 4.1𝑥106, 𝑅𝑒3 = 4.9𝑥106, 𝑅𝑒4 = 5.8𝑥106. For parallel
wingsails: 𝑅𝑒1 = 2.7𝑥106, 𝑅𝑒2 = 3.3𝑥106, 𝑅𝑒3 = 4.0𝑥106, 𝑅𝑒4 = 4.6𝑥106.

Fig.8 - Polar diagram of the heeling force [𝑘𝑁] as a function of 𝛽 [deg].
The results refer to the same considerations reported in Fig.6.

Fig.5 - Definition of velocities and forces involved. In light blue
we report the velocity triangle which shows the relative velocity
that hits the wingsail as a composition of the true wind and
cruising speed. The absolute and relative wind form the 𝛽 and
𝛽’ angles with the ship's axis, respectively. Lift and drag forces
produced by the relative wind on the airfoil are shown in green.
The driving and heeling forces deriving from the decomposition
along the axes of lift and drag are shown in red.

• Making the comparison between the two configurations
under the same generated propulsive power, and therefore
the same fuel saving, the parallel wingsails are expected
to allow a further reduction of the chord and then a
reduction of the materials, costs and loads the ship is
subjected to. The reduced chord allows more space
available for containers on the merchant ship.

• The configuration with parallel wingsails requires further
analysis with 3D grids and more accurate numerical
methods, such as LES.

• Up to now, all ongoing projects conceive wingsails without
flaps, which, in naval world, only exist in competition
sailing boats [6], and not in merchant vessels. Flaps could
be a future way to improve the generated propulsive
power by wingsails, as they are in sailing competitions.

Transient 2D URANS simulations have been performed on the ANSYS-Fluent software, using a 𝑘 − 𝜔 SST
model and implementing two multi-block structured grids generated within ANSYS-Icem software. The
model has been validated by comparing the angle of attack that maximizes aerodynamic efficiency

𝑐𝑙/𝑐𝑑 with experimental values obtained in [3,4] for a range of Reynolds number consistent with the

expected velocity field in the considered shipping route. A statistical approach based on the probabilistic
Weibull distribution has been adopted in order to evaluate the wind resource. Assuming a cruising speed
of 8.3 𝑚/𝑠 and exploring all wind directions for the considered velocity fields, the apparent wind has been
obtained. The values of the lift and drag coefficients, relating to these velocities, have been calculated in
Microsoft Excel by interpolation of the previously obtained values. Once the lift and drag forces were
obtained, the driving force and therefore the propulsive power and the heeling force have been derived.
Lastly, fuel saving has been evaluated based on the best wind conditions, referring to the wind direction
that maximizes the annual energy productivity.

Table 1 - Traditional propulsion systems installed on the RoPax Ciudad de Mahon [5]: specifications and annual hours of operation. The systems use two types of fuel:
HFO - Heavy Fuel Oil - is used in normal operating conditions for its economy, while MDO - Marine Diesel Oil - in port conditions. The evaluation of the HFO savings is
based on the hypothesis of a consumption of MDO equal to 10% of the annual operating hours.

Fig.7 - Fuel saving [%] in the best wind conditions, referring to the wind direction
that maximizes the annual energy productivity. For the single wingsail, for
increasing average velocities, the optimal wind conditions are: 𝛽1 = 135°, 𝛽2 = 150°,

𝛽3 = 135°, 𝛽4 = 135°; for parallel wingsails: 𝛽1 = 135°, 𝛽2 = 150°, 𝛽3 = 135°, 𝛽4 = 135°.

Today the issue of decarbonisation has assumed significant importance: limiting carbon dioxide
emissions is the main objective of a sustainable perspective. Since merchant shipping accounts for about
3% of CO2 emissions [2], it is essential to reduce fuel consumption with alternative systems. The case
study aims to evaluate the fuel savings on the transmediterranean merchant ship RoPax Ciudad de
Mahón using foldable rigid wingsails with NACA0015 airfoil free to rotate 360 degrees around a pivot
through automatic control. The evaluation is developed by comparing, under the same swept area, a
single wingsail of 12 𝑚 chord and two parallel wingsails of 9.98 𝑚 chord, rigidly rotating around the same
pivot. Both configurations feature a height of 35 𝑚. Fig.2 - Wingsails on the merchant ship [1]

Fig.1 - Wingsails on the merchant ship [1]

Fig.3 - Lift to drag ratio as a function of the angle of attack for the two
different configurations for 𝑅𝑒 = 3𝑥106. According to [3,4] the maximum
aerodynamic efficiency is obtained around 6 degrees for both
configurations. However, the values obtained are underestimated
compared to the experimental data due to the model used.
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Fig.4 - Weibull curves obtained for four different scale factors with a fixed
shape factor. The scale factor provides an idea of the windiness of the
site and, being uniquely linked to the average velocity, it has been
chosen in order to be consistent with the average velocities for the
shipping route. The average velocities related to the chosen scale factors
are 4, 5, 6, 7 𝑚/𝑠, respectively. The choice of the shape factor is consistent
with a regular sea wind.
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