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Abstract: The harvesting of wind energy and its transformation into a thrust force for ship propulsion
are gaining in popularity due to the expected benefit in fuel consumption and emission reductions.
To exploit these benefits, a proper matching between the conventional diesel engine-screw propeller
propulsion plant and the wind-assisted plant is key. This paper aims to present a method and a code
for the preliminary sizing of a ship propulsion plant based on a diesel engine, a controllable pitch
propeller, and one or more Flettner rotors. A mathematical model describing the behaviour of the
rotor in terms of propulsive thrust and power is proposed. The rotor model has been integrated into
an existing diesel propulsion model in order to evaluate the ship’s fuel consumption. The ship’s
propulsion model is written in a parametric form with respect to the following design parameters:
ship dimensions and resistance-speed curve, propeller diameter, engine power, rotor geometry, and
true wind conditions. The methodology helps in evaluating the engine–propeller working points
and eventually the total ship propulsive power, including the power required to spin the rotor. It
provides a way to compare wind-assisted propulsive solutions in terms of fuel consumption and CO2

emissions. A 3000-ton Ro-Ro/Pax ferry has been selected as a case study. Results on the parametric
analysis of rotor dimensions and propeller pitch optimization are presented.

Keywords: wind-assisted ship propulsion; Flettner rotor; energy efficiency; fuel consumption

1. Introduction

The Fourth IMO GHG STUDY 2020 evaluated the share of shipping emissions in
global anthropogenic emissions to 2.89% in 2018. The same study reported a reduction of
the carbon intensity for international shipping between 2012 and 2018; however, the pace of
carbon intensity reduction has slowed since 2015, with average annual percentage changes
ranging from 1 to 2%. The projection to 2050 indicated a 90–130% of 2008 emissions, far
away with respect to United Nations emission reduction goals.

Despite the increasing environmental concern worldwide and some selected proac-
tive initiatives in the shipping sector, generally, the environmental aspect has not been
considered a sufficient drive for innovation in emission reduction technologies.

From January 2023, the IMO (International Maritime Organisation) indexes, intro-
duced by the Marine Environment Protection Committee (MEPC 76) in June 2021 as
amendments to the International Convention for the Prevention of Pollution from Ships
(MARPOL) Annex VI [1], has come into effect. Ships are required to further reduce their
carbon intensity and greenhouse gas (GHG) emissions by improving their energy efficiency
through the calculation of the Energy Efficiency index for existing ships, EEXI, and thresh-
old values to achieve. Furthermore, the Carbon Intensity Index, CII, has been introduced in
order to drive a progressive CO2 emissions reduction of existing ships in the years to come.

The regulatory framework is pushing the marine sector towards the right path of
decarbonisation; consequently, greener technologies and solutions, capable of reducing
ships’ carbon footprint, become increasingly more important.
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Energy efficiency and Carbon Intensity indexes are evaluated in terms of the ratio
between the ship CO2 emissions with respect to the performance output (i.e., transport
work). Because CO2 is proportional to fuel consumption, a way to improve the ship’s
efficiency is to adopt propulsion technologies able to reduce the installed engine power and
to lower the fuel consumption for the same transport work. This way of thinking is also
economically viable because it reduces the ship’s running costs (fuel bill) with a moderate
CAPEX increase.

For a new ship design, multiple technologies can be considered to improve ship energy
efficiency: wind-assisted propulsion, air bubble lubrication, hull forms, appendages, and
new fuels. On the contrary, for existing ships, the range of possibilities is reduced and fuel
consumption reduction has to be achieved by properly integrating the existing plant with
new technologies. Among others, one of the best solutions for retrofitting, as well as for
new ships, is the installation onboard of some kind of renewable energy source, and in this
study, Flettner rotor wind-assisted propulsion has been addressed.

Wind-assisted ship propulsion (WASP) embraces a number of technologies that use
wind force to produce thrust for the ship propulsion; this is not a new idea, since sails have
been used for thousands of years. The actual interest in wind power is in assistance to a
conventional propulsion plant. Multiple WASP technologies are proposed for ships, such
as traditional sails, wing sails, kites, and Flettner rotors. The latter is the one chosen in this
study because it is a lightweight solution, compact in size, and easy to operate.

Flettner rotors are rotating cylinders (usually spun by an electric motor) that generate
aerodynamic lift and drag when immersed in a fluid stream; the working principle belongs
to the so-called Magnus effect [2]. In the case of wind-assisted ship propulsion, the fluid
considered is air; however, there are also ship applications of the Magnus effect in water;
an example is reported in [3], where a rotating cylinder acts as a bow steering system that
improves vessel manoeuvrability, turning, and course keeping ability. The experimental
setup and the measurements of the hydrodynamic forces generated on the rotating cylinder
(rotor) under uniform water flow, including the free surface effect, have been presented
in [4]. Another application has been studied in [5], where the Magnus effect is applied to a
anti-rolling device; the study addresses the rotor hydrodynamic performance to enhance
ship seakeeping strategies at zero and low speeds.

Most of the literature deals with the Flettner rotor physics in air. In [6], the rotor
aerodynamics has been analysed by means of numerical simulations to create a tool for the
preliminary design. Some parameters, such as spin ratio, aspect ratio, and rotor dimensions,
have been systematically varied to evaluate their impact on the lift and drag coefficients,
and these data were validated. The simulation results were used for the development of a
model of lift and drag coefficients useful for the preliminary design of the Flettner rotor;
these formulae are used in this paper, Section 2.2.

In [7], a series of experiments were conducted to better understand the influence of
Reynolds number on rotors; the large amount of data collected showed that the Reynolds
number does not influence the power consumption of the rotor and that it allowed us to
derive an analytical function for its calculation, as reported in this paper, Section 2.4; the
authors also suggest to take into proper consideration the rotor mechanical systems when
computing the actual power consumption. The rotor’s power consumption is also analysed
in [8] alongside power developed.

The integration aspects onboard a ship are addressed from the stability point of view.
In [9], the rotor impact on ship stability is addressed, and the outcome of the study shows a
moderate or insignificant impact. Ref. [10] addresses the relationship between the rotor and
the ship’s roll motion: the rotor thrust force is observed to decrease in roll motion because
of the reduction of the rotor projected area with increasing heel angles. Furthermore, it has
been observed that the maximum heel angle is increased in the roll motion of the non-rotor
ship case.

Several studies exist on the analysis of the system performance onboard. According
to [11], there are six kites, two suction wings, three rigid sails, and nine Flettner rotor
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installations onboard different ship types. Articles and press releases [12] report important
benefits. Some of the more recent studies show a significant fuel consumption reduction with
the use of the rotor as an auxiliary propulsion device; in particular, ref. [11] reports a list of
measured fuel saving values in the range 1–50%, ref. [13] reports up to 22% savings of the
annual ship fuel consumption, with a pay-back time of six years. Similar results of up to 20%
savings are reported by [14] and by [15], where both a rotor and a kite are investigated.

In [16], different wind-assisted technologies (rotor, wing sail and DynaRig) are com-
pared, and the most significant fuel savings have been provided by the Flettner rotor, with
an average value of 9%. On the contrary, Ref. [17] shows quite low benefits of under
1% when using the rotor on a DWT 4000-ton container ship. Ref. [18] presented a ship
performance model set up to evaluate the best way of using a pair of Flettner rotors for
a small Ro/Lo vessel. The study analysed the performance of this propulsion system
in consideration of weather and sea conditions, evaluating the related reduction in fuel
consumption. They showed by a techno-economic analysis that, operating in calm and
closed seas such as the Mediterranean with a required speed of 14 knots, the return on
investment ranges between 7 and 12 years depending on the aspect ratio; however, the
method to quantify fuel consumption is not fully reported in the paper.

Despite that the focus of the studies are the same, i.e., the environmental benefits, the
metrics used to quantify those benefits are different (i.e., propulsion power, fuel consump-
tion, power, and costs) and are sometimes not easy to compare. In [10,19], the thrust ratio
has been used. In [20,21], lift has been used. In [16], fuel consumption has been used.

The aim of this paper is to describe a procedure able to quantify the fuel consumption
of a combined propulsion system consisting of a diesel engine and a controllable pitch
propeller assisted with one or more Flettner rotors. The procedure is based on a ship’s
propulsion model written in parametric form with respect to the following design param-
eters: ship resistance curve, propeller diameter, engine power, rotor geometry, and true
wind conditions. The evaluation of the engine–propeller working points and eventually
fuel consumption follow the standard marine engineering matching procedure, given the
rotor thrust.

The innovation consists in the possibility to study the performance of the integrated
propulsion system in a parametric way, with the aim to find optimal solutions during ship
design. One example is downsizing the diesel MCR in relation to the rotor geometry, or
the propeller pitch optimization for different wind conditions, to achieve the least possible
fuel consumption.

This paper is organised as follows: Section 2 describes the mathematical model,
Section 3 shows numerical results with reference to a case study, while the discussion and
conclusions are reported in Section 4.

2. Materials and Methods

The aim of this study is to evaluate the ship fuel consumption of a wind-assisted
propulsion technology in a comfortable way for naval architects/marine engineers. The
proposed methodology integrates the Flettner rotor into the well-known engine–propeller
matching procedure. This study is the continuation of the works [22,23], where the rotor
forces were addressed.

2.1. Wind Assisted Ship Propulsion Modelling

In analogy with the conventional engine–propeller matching, the following data are
supposed available:

• Ship dimensions and hull resistance at different speeds;
• Propeller characteristics, in terms of dimensionless thrust and torque by means of the

coefficients KT and KQ;
• Engines load diagram in terms of power—engine speed and specific fuel consumption

curves;
• Efficiencies (shaft line, gear box, etc.) and hydrodynamic coefficients;



J. Mar. Sci. Eng. 2023, 11, 1072 4 of 18

• Ship electric load balance;
• wind conditions;
• Flettner rotor geometric dimensions.

The methodology can be summarised by the following steps:

1. Evaluation of the rotor forces.
2. Evaluation of the rotor thrust (TFR) and effective net resistance (RN) that the propeller

has to balance.
3. Evaluation of the propeller working point by imposing the equilibrium between the

propeller thrust and the ship net resistance (TP = RN) at a specific ship speed (V).
4. Matching in terms of power PB between the propeller and the engine working points,

by using the engine load diagram.
5. Evaluation of the engine fuel consumption by using the Specific Fuel Oil Consumption

(SFOC) map.
6. Estimate of ship emissions.

Figure 1 shows a flow chart of the method. The rotor forces calculation is presented
in Section 2.2, the ship resistance evaluation is presented in Section 2.3, the propeller and
engine working points calculation (power and revolutions) are presented in Section 2.4,
and fuel consumption and emissions are presented in Section 2.5.

Figure 1. Wind-assisted ship propulsion modelling flow chart.

The methodology has been coded, and the developed tool is available for download [24].

2.2. Rotor Forces

The evaluation of the rotor forces is one of the key aspects of the method. Two reference
frames are used: the hull-fixed bi (Ωb, b1, b2, b3) and the apparent wind f

i
(Of, f

1
, f

2
, f

3
).

In the hull-fixed frame, b1 is pointing forward, b2 towards starboard and b3 down-
wards, according to [25]; the origin Ωb coincides with the centre of the base of the rotor, as
shown in Figure 2.

In the apparent wind frame, the axis f
1

is parallel to the apparent wind, with the
same direction, f

2
is perpendicular to the apparent wind, and f

3
is pointing downwards.

The angle αapp represents the direction of the apparent wind. The apparent wind (Vapp)
is computed by the vector sum between true wind and ship speed. The true wind (VTrue)
represents the wind characteristics over a sea area and is an input of the procedure. Figure 2
shows the forces generated by the rotor in operation.
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Figure 2. Rotor forces.

The rotor lift and drag can be computed using Equation (1):

L = 0.5 · CL · ρair ·V2
app · Srotor

D = 0.5 · CD · ρair ·V2
app · Srotor

(1)

where CL and CD are the lift and drag coefficients of the rotor reported in Equation (2).
The coefficients aijk and bijk have been evaluated according to [6], SR is the rotor spin ratio
( ω·d

2·Vapp
), AR is the rotor aspect ratio (Hrotor/d), d is the rotor diameter, and de is the end

plate diameter.

CL = ∑4
i=1 ∑4

j=1 ∑3
k=1 aijk · SRi · ARj ·

(
de
d

)k

CD = ∑4
i=1 ∑4

j=1 ∑3
k=1 bijk · SRi · ARj ·

(
de
d

)k (2)

The total force F developed by the rotor is the composition of the rotor’s aerodynamic
lift (L) and drag (D): F = L f

2
+ D f

1
. The useful propulsive force TFR is the thrust produced

by the rotor in the forward direction. The sideways force FS is the sway force, the projection
of F on the transverse axis.

Given that F can be expressed in both reference frames as follows: L f
2
+ D f

1
= F =

TFRb1 + Fsb2, the rotor’s trust (TFR) and sway force (FS) can be calculated as:{
TFRb1 = Lb1 + Db1

FSb2 = Lb2 + Db2
=⇒

{
TFR = L · sin αapp − D · cos αapp

FS = −L · cos αapp − D · sin αapp
(3)

TFR is positive when pointing forward and FS when pointing to starboard.
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2.3. Ship Resistance

In this paper, the ship net resistance RN is defined as the part of the ship resistance RH
that is not overcome by the rotors’ forward forces TFR at speed V. The net resistance has to
be counterbalanced solely by the propeller thrust TP. The net resistance evaluation is an
essential step used to determine the propeller working point when the rotors are operating
since the propulsion equilibrium condition along the ship longitudinal axis b1 is reached
when TP = RN .

Equation (4) shows the different contributions to net resistance, where RH is the hull
resistance in calm condition (no air, no wind, no waves), RW is the added resistance due
to air friction on the whole ship (ship superstructure and rotors), and ∑ TFR is the thrust
generated by all the rotors in the forward direction (positive).

RN = RH + RW −∑ TFR (4)

The force RH is known due to the hypotheses in Section 2.1, while each TFR is calcu-
lated using Equation (3). The air- and wind-added resistance RW accounts for the effects of
the air friction and of the wind on the ship’s projected area above the waterline [26,27]:

RW = ∑ RWrotorOFF + 0.5 · CX · ρair ·V2
app · ST · cos αapp (5)

where CX is the drag factor assumed equal to 0.6 [26], ρair is the density of air (1.225 kg/m3),
Vapp is the apparent wind velocity, ST is the transverse ship projected area above waterline,
and αapp is the direction of incoming apparent wind. The effect of the Reynolds number is
considered negligible [26]. ∑ RWrotorOFF is added because the added wind resistance due to
the presence of rotors as appendices must be considered: when one of the rotors installed
onboard is switched-off, it is considered as an additional superstructure:

RWrotorOFF = 0.5 · K · ρair ·V2
app · Srotor · cos αapp (6)

where the drag factor K is a function of the rotor aspect ratio, and it was assumed to be
0.8 [28]. The effect of the Reynolds number was not considered since [27] proved that the
rotor aerodynamic coefficients are almost constant for Re = 1.0 · 106 or are greater. The
rotor projected area Srotor is the product between the height and diameter.

When the rotors are all in function, Equation (6) = 0, and Equations (2) and (3) apply.

2.4. Power

The propeller working points can be easily calculated by the standard matching
procedure by using the net resistance RN , as described in [29]. The propeller revolution np
is calculated by solving the forward equilibrium equation written in terms of the auxiliary
variable KT/J2:

KT

J2 −
RN

ρ ·V2
A · (1− t) · D2

p
= 0 (7)

where J is the advance coefficient VA/(np·Dp); ρ is the water density; VA = V · (1 − w);
V is the ship’s speed, w is the wake coefficient, t is the thrust deduction factor, and Dp
is the propeller diameter. The first term in Equation (7) represents the propeller KT/J2

characteristic, while the second term represents the hull demand. From Equation (7), the
advance coefficient is computed, and then, the propeller revolution at equilibrium np is
found [30].

The required propeller power PO and the required engine power PB, to achieve the
ship’s speed, is then evaluated by Equation (8):

PB =
PO

ηrηsηg
=

2πρ · KQ · D5 · n3
p

ηrηsηg
[W] (8)
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where PO is the open-water propeller power, ηr is the relative rotative efficiency, ηs is the shaft
line efficiency, ηg is the gear efficiency, and KQ is the non-dimensional propeller torque.

Further details and applications can be found in [31].
In the case of fixed pitch propeller (FPP), by repeating the procedure for several ship

speeds, the propeller curve of PB = f(V) is obtained. In the case of a controllable pitch
propeller (CPP), the above procedure needs to be repeated also for several P/D, and the
result is the propeller surface PB = f(V, P/D).

The total ship propulsive power PTOTrotors is given by the sum of the engine’s me-
chanical power (PBengine = PB) and the mechanical power to spin the rotors (∑ PBrotor ). The
power to spin each rotor is evaluated by Equation (9), where the numerator represents the
mechanical power required to spin the Flettner rotor [7], and the denominator represents
the transmission efficiency ηmr and accounts for the losses in the transmission gears.

PBrotor =
1/2 · C f · rhoair ·U3

tan · AreaS

ηmr
(9)

The power to spin the rotor (PBrotor ) is computed considering the coefficient of friction
C f is equal to 0.007, the flow tangential velocity Utan = SR ·Vapp, and the lateral surface of
the rotor AreaS = Srotor · π.

In ship propulsion, the required power represents a key value to minimise in the
design phase. The first key parameter indicator (KPI) used in this study is the power saving
using the FR, according to the following formulation:

KPI1 =
PTOT − PTOTRotors

PTOT
· 100 (10)

where PTOTrotors is the required power when the rotor is in operation, and PTOT is the
required power when there is no rotor. This KPI1 expresses the power saving achieved
when the rotors are in use. If the KPI1 is positive, the effect of the rotors is beneficial for the
propulsion; if it is negative, they require more than they can provide.

2.5. Fuel Consumption

The marine diesel engine is modelled starting from very few input data (power and
speed at 100% MCR and fuel flow rate at 80% MCR using the semi-empirical formula [32,33])
and has been calibrated using manufacturer data [34]. The model provides the specific fuel
oil consumption map SFOC(PBengine , n) (g/kWh) and the hourly fuel consumption map
qh(PBengine , n) (kg/h) (i.e., for each point (PBengine , n) inside the engine load diagram). In
order to increase the accuracy, the actual engine maps can be used in the code, if provided
by the manufacturer.

The engine–propeller working points are evaluated by matching the propeller load
diagram PB(n) with the engine load diagram [29]. The matching considers as a variable the
gear ratio and a 15% engine margin.

The fuel flow rate is then computed at each working point by Equation (11).

qhengine
= SFOC(PBengine , n) · PB(n) (11)

where SFOC(PBengine , n) is the specific fuel consumption at the engine working point iden-
tified by (PBengine , n), and PB(n) is the propeller’s required power at the working point.
In case an FPP is studied, the qhengine

(n) relationship is a curve. In case a CPP is studied,
the qhengine

(n,P/D) relationship is a surface, where each ship speed can be achieved with
different P/D values that correspond to different engine power and fuel consumption. The
P/D value that corresponds to the minimum qh value is selected, given that the working
point lies within the load diagram [35,36].

The total ship fuel consumption qhrotors is given by the sum of the propulsion con-
sumption qhengine

and the fuel consumption to spin the rotors. Lastly, the CO2 emissions are
evaluated following the Guidelines to MARPOL Annex VI [37].
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The simulator can compare up to three engines at the same time.
The second KPI chosen in this study is the fuel consumption saving achieved when

the rotors are in use, according to Equation (12):

KPI2 =
qh − qhRotors

qh
· 100 (12)

where qhrotor is the fuel consumption when the rotors are in operation, and qh is the fuel
consumption when there are no rotors onboard.

The KPI2 is helpful in ship design to determine the best engine among available
alternatives since different propulsion plants and power generation configurations can be
modelled. The KPI2 can also be used in ship operations to estimate fuel consumption with
the weather forecast [38,39], using, as qh, fuel consumption with rotors installed onboard
but switched off.

2.6. Modelling Assumptions and Limitations

The main limitations of the proposed approach are discussed with reference to the
steps presented in Section 2.1. The rotor forces do not account for the interaction between
the rotor and other rotors or ship superstructures; further, no ship motions are considered
for the force evaluation.

The ship resistance does not account for the transverse component of the rotor force.
Instead, the ship resistance accounts for the effect of waves, however, in a simplified way. The
problem is addressed by using the ‘sea margin’ approach, a design method considering an
additional value to still water resistance (sea margin). From an operational perspective, this
method is less useful, and other wave resistance models should be used. However, this tool
requires a resistance curve as input, irrespective of the method used to compute the curve.

As far as fuel consumption is concerned, the SFOC map modelling can be replaced by
the actual engine SFOC map, if provided by the engine manufacturer. The gain in accuracy
may be significant, however, only in the low power working conditions.

3. Results
3.1. Case Study

To showcase the potential of the methodology, a case study has been selected. The
case study does not exactly represent an existing ship; however, it has been inspired by
the small ro-ro/pax ferries operating in the Mediterranean connecting islands with the
mainland. The propulsion system consists of a diesel engine driving a CPP in a twin-shaft
configuration. The main case study’s data are reported in Table 1.

The ship resistance curve has been computed by a semi-empirical method, and the
propeller characteristics rely on the Wageningen B-type published data, as commonly
performed in the preliminary ship design.

A number of two identical Flettner rotors (FR) were considered suitable for this
application. Table 2 shows the initial rotor characteristics.

Table 1. Case study main characteristics.

Ship Engine Propeller

LOA B Vcruise Power N DCPP
95 m 18 m 14 kn 2 × 2.04 MW 1000 rpm 2.8 m

The rotor’s initial dimensions were selected according to a survey of the market
availability for vessels similar to the case study.
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Table 2. Flettner rotor main characteristics.

Flettner Rotor

Hrotor drotor Aspect Ratio (AR) Spin Ratio (SR)
12.5 m 2.62 m 4.76 3

Aspects related to the rotors’ position such as structural aspects, visibility from the
bridge, cargo operations, etc., were not considered in this study. The complete set of
data and the code to compute the case study are available for download in the public
repository [24].

3.2. Parametric Study of the Rotor Geometric Dimensions

Starting from the initial guess, the influence of the rotor geometric dimensions, incom-
ing wind direction, and speed on the rotor thrust TFR and on the air resistance, RW has
been investigated. Two different rotor highs and three different diameters were tested at a
constant slip ratio (SR) with the aim to identify the best rotor geometry from the point of
view of the propulsion performance.

Figure 3a summarises the parametric investigation on rotor geometry. The rotor thrust
over total ship resistance ratio ( TFR

RH+RW
) with respect to the ship speed is presented for

different rotor geometries. The wind condition is kept constant at 15 m/s and 110° direction
(downwind sailing).
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Figure 3. Influence on rotor thrust–ship resistance ratio TFR
RH+RW

of the rotor’s geometric dimensions

and true wind speed. (a) Influence of rotor’s geometric dimensions on TFR
RH+RW

for SR = 3 and wind

15 m/s. (b) Influence of true wind speed on TFR
RH+RW

.

The positive effect of the rotor reduces as the ship speed increases, for all rotor sizes.
At the ship speed of 10 knots, promising thrust generated by the rotor between 15 to 30% of the
total ship resistance is found, while at 14 knots (design speed), the rotor can contribute between
10 and 20% of the ship resistance. The rotor’s diameter significantly increases the thrust.

In Figure 3b, the influence of the true wind speed on the rotor presented in Table 2 is
reported. The thrust–resistance ratio decreases very rapidly with the ship’s speed. However,
stronger winds are beneficial: a stronger wind increases rotor thrust but also ship resistance;
this graph clearly shows that the thrust increase is prevailing. The latter is only referred to a
true wind coming from 80° (lateral wind). A more complete analysis of the wind direction
influence is discussed in Section 3.3, and other results of the parametric investigation are
reported in [22,23], where the analysis of wind and ship speed variation is extensively reported.

On the basis of parametric studies, a first guess of the rotor dimension is achieved.
For the selected case study, a 12.5 m rotor with a diameter of 2.62 m is considered a good
compromise between performance and installation onboard. The results in the following
sections refer to these rotor dimensions.



J. Mar. Sci. Eng. 2023, 11, 1072 10 of 18

3.3. Numerical Results for KPI1

To better evaluate the influence of wind conditions on the rotor thrust and eventually
power savings, some polar plots are presented. The rotor dimensions are those selected in
the previous section, and the ship speed is kept constant at 14 knots, corresponding to the
design speed.

In Figures 4 and 5, the influence of true wind speed and direction is reported. The
angle of the polar plot represents the direction of the incoming wind with respect to the
bow: 0° is the fore wind, 180° is the aft wind, and 90° is wind from the starboard. The true
wind speed is a parameter, where each line on the graphs represent a true wind: 7 knots is
red, 15 knots is green, and 30 knots is blue.
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Figure 4. Influence of true wind speed and direction on FR thrust.
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Figure 5. KPI1: power savings percentage due to the use of rotors.

Figure 4 shows the rotor thrust (TFR) in kN; as expected, the magnitude increases with
wind speed; however, negative values are also possible. The sign is meaningful: according to
the definition of the bi base, negative thrust represents additional resistance. The figure points
out that the rotor, at the selected SR = 3, does not contribute positively to the propulsion in
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headwind conditions; for this ship’s speed (14 knots), a true wind is beneficial when it blows
from 50° to 310° and when the intensity is greater than 7 knots. Instead, the FR operation with
a true headwind (from 310° to 50°) would result in additional resistance.

A more intuitive representation of whether the rotor contributes positively or not
is made using the KPI1 introduced in Section 2.4 and is represented in Figure 5. The
figure shows the percentage of savings in terms of propulsive power as calculated by
Equation (10) at a constant speed of 14 knots and SR = 3. Positive values (in the range 0%,
+25%) represent a positive contribution to the propulsion; instead, the negative values (in
the range 0%, −55%) represent an additional power request. The figure highlights that the
range of suitable winds (positive power savings) increases with the wind speed. In terms
of power, for a 15-knot wind, the power saving is about 5%, while for a wind of 30 knots,
from 110°, the power saving can increase up to 23%.

Mediterranean conditions normally present light or moderate winds with no prevail-
ing direction. From the above presented analysis, it can be argued that gains due to wind,
at ship design conditions, would lay in the range of 5% to 10% in the best scenario.

To better exploit wind potential, KPI1 has been analysed with different combinations of
design variables and environmental conditions. Results are summarised in the following tables.

Table 3 shows KPI 1 versus ship speeds, at constant wind angle (100°) and SR = 3. The
values of this table show that KPI 1 decreases very rapidly with the increase in ship speed;
furthermore, a stronger wind is overall beneficial. This may seem to be an obvious result,
but it is not. A stronger wind increases both rotors’ thrust and ship resistance, but this table
clearly shows that the effect on the rotors is prevailing.

Table 3. KPI1 (%) at different ship speeds.

Vship = 15 kn 14 kn 12 kn 10 kn 6 kn 4 kn

VTrueWind = 7 kn −1.02 −0.72 0.03 1.10 6.01 14.25
VTrueWind = 15 kn 4.40 5.24 7.52 11.04 27.85 49.52
VTrueWind = 30 kn 21.04 23.80 30.98 40.94 71.71 75.00

The results suggest adapting the ship speed to the wind conditions, an operational
mode in contrast with the usual ferry operation. The values reported in the second row
(VTrueWind = 15 kn) of Table 3 are shown in Figure 6 as a function of the ship speed.
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Figure 6. KPI1 for different ship speeds and VTrueWind = 15 kn from 100°, SR = 3.

In Figure 6, the values of KPI1 are always positive and greater than 4%; thus, in this
wind condition (15 knots from 100°), the rotors are beneficial for all considered ship speeds.
In particular, looking at 14 knots (design speed), the rotors are capable of ensuring more
than 5% of power savings.
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Table 4 shows KPI1 versus SR and wind speed, at a constant wind angle (100°) and
ship speed of 14 knots. The values show that the SR selection is a crucial parameter used to
keep a positive rotor contribution, mainly with light winds. The SR can also be considered
an operational variable by using variable speed motors to drive the rotors.

Table 4. KPI1 (%) for different values of rotors’ spin ratio (SR).

SR = 3 SR = 2 SR = 1

VTrueWind = 7 kn −0.72 0.72 0.05
VTrueWind = 15 kn 5.24 4.95 1.76
VTrueWind = 30 kn 22.52 17.59 7.08

A key design aspect focused on in this work is the propeller. The propeller efficiency
accounts for a significant part of the overall propulsion efficiency and ship fuel consumption.
The propeller design is centred on the delivered thrust, a parameter that is far from easily
predictable in wind-assisted propulsion because it is dependent on the true wind. Table 5
compares the CPP and FPP performance using KPI1 as a metric. The propeller performance
calculations are based on the MARIN B-type systematic series [40].

Table 5. KPI1 (%) for CPP or at different values of P/D in case of FPP.

CPP FPP P/D = 0.8 FPP P/D = 1.0 FPP P/D = 1.1 FPP P/D = 1.2 FPP P/D = 1.3

VTrueWind = 7 kn −0.72 −0.67 −0.71 −0.72 −0.73 −0.73
VTrueWind = 15 kn 5.24 4.78 5.09 5.20 5.30 5.39
VTrueWind = 30 kn 22.52 20.85 22.02 22.44 22.81 23.14

In Table 5, the KPI1 values are reported for four different FPP propellers and one CPP,
for a ship speed of 14 knots, SR = 3 and a wind coming from 100°. In the case of fixed pitch
propeller (FPP), analysing different P/D helps to select the best P/D design value. In the case
of a controllable pitch propeller (CPP), the values in Table 5 correspond to the optimum P/D
value. The optimum has been selected to minimise the fuel consumption according to [35], in
the range from P/D = 0.4 to P/D = 1.4, step 0.05, with and without rotors.

Results show that if the propeller is designed for the full thrust (no WASP) and the
rotor SR is fixed at 3, it is possible to save power only with a wind speed greater than
7 knots.

3.4. Numerical Results for KPI 2

One of the most important metrics for propulsion selection is related to fuel consump-
tion, and in this paper, it is represented by KPI2. The fuel consumption evaluation requires
the selection of the main engine and its characterisation by the specific fuel consumption
map. Although the simulator can handle three engines at the same time, only one model is
reported in this case study to simplify the discussion.

In Figure 7, the superimposition of the selected engine load diagram (blue line) with
the brake power required by the CPP propeller (PB, n, P/D) in the two main scenarios
(rotors in green and without rotors in red) is shown. The true wind is kept constant at
30 knots from 100°, and the rotor spin ratio is 3.

In Figure 7, the engine speed (rpm) is presented on the x-axis and the engine brake
power (kW) on the y-axis. This graph is obtained by computing Equations (7) and (8) for
all the ship speeds and propeller P/D; it shows the CPP working points in two cases: when
the rotors are in use (green solid lines) and when there is no rotor installed onboard (red
dashed lines). The quasi-horizontal lines represent the power (PB, n, P/D) at constant ship
speed; each sub-vertical line represents PB at constant P/D and increasing ship speed.
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Figure 7. Engine–propellers matching.

As shown in the figure, in the presented case, the selected engine is matched to the
propeller without rotors (80% MCR Power, 95% MCR revolutions @14 knots); however,
a detailed analysis of the expected wind profile could be used to select a derated engine,
with positive outcomes in terms of CAPEX.

From all the above information, it is possible to identify the minimum power required
for achieving each ship’s speed. Eventually, the fuel consumption for each speed can
be computed, and the savings gained by installing rotors, represented by KPI2, can be
quantified. The two bolder lines (one solid in green for the rotors in use and one dashed in
red for the no rotors condition) represent, for each ship speed, the optimum P/D setting for
the CPP (i.e., the P/D corresponding to the minimum fuel consumption).

In Figure 8, the values of KPI2 are represented for a true wind of 15 knots. Each point
of the line corresponds to a specific set (Vship, n, [P/D]opt, qh). The figure highlights the
significant gains in fuel consumption that could be achieved by selecting the proper P/D
(i.e., [P/D]opt) in the different scenarios.

In Table 6, the KPI2 values for the case study are reported in tabular format, for a wind
speed of 30 knots. Due to the stronger wind, the achievable gains are even better than those
reported in Figure 8.

To present the variability of KPI2 with wind speed and direction, Figure 9 is reported.
Ship speed is kept constant at 14 knots (design speed), while a number of three true wind
speeds (namely: 7, 15, 30 kn) have been considered. Positive KPI2 in the range from 0%
to +30% represents a fuel savings, while negative KPI2 in the range from 0% to −30%
represents a fuel increase. In analogy with KPI1, stronger winds accentuate the benefits of
using rotors, while headwinds are detrimental to fuel consumption. The results showed
that positive effects on fuel consumption can be achieved only for wind speeds greater
than 7 knots. For side winds, a fuel savings of up to 25% is possible with a wind speed of
30 knots.
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Figure 8. KPI2 for different ship speeds and VTrueWind = 15 kn from 100°, SR = 3.

Table 6. KPI2 (%) and values of P/D, total consumption (qh) and total power (PB) for the ship at
different ship speeds and constant VTrueWind = 30 kn from 100°.

Vship = 15 kn 14 kn 12 kn 10 kn 8 kn 6 kn

KPI2 = 24% 27% 35% 48% 66% 88%

Rotors in use
qh (kg/h) 912 730 436 228 86 18

P/D 1.15 1.20 1.20 1.25 1.40 0.90
PB (kW) 2820 2254 1340 700 260 60

No rotors
qh (kg/h) 1196 1000 674 434 258 146

P/D 1.15 1.10 1.10 1.05 1.05 1.00
PB (kW) 3700 3080 2080 1340 800 460
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Figure 9. KPI 2: fuel savings percentage due to the use of rotors.

Table 7 shows values of optimum P/D for each ship speed and three wind speeds
with and without rotors; the optimum value can be different in the two conditions, and it
varies with ship speed and wind speed, thus the importance of using a CPP. To highlight
this concept, in Table 8, the total values for the ship of power (PB), fuel consumption (qh) and
emissions (CO2) at 14 knots are reported for a fixed wind condition of 30 kn from 100° for
5 FPP of various P/D and the CPP with the optimum values that guarantee the minimum
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fuel consumption. It can be noted that with a P/D = 0.8, the ship speed at 14 knots cannot be
achieved both with or without rotors (observable also in Figure 7). The use of rotors allows for
a higher value of P/D (i.e., P/D = 1) to be considered due to the reduction in power required.

Table 7. Values of optimum P/D for each ship speed at constant VTrueWind from 100°.

Vship = 15 kn 14 kn 12 kn 10 kn 8 kn 6 kn

Rotors in use
VTrueWind = 7 kn 1.15 1.15 1.15 1.10 1.10 1.10
VTrueWind = 15 kn 1.15 1.15 1.15 1.15 1.15 1.15
VTrueWind = 30 kn 1.15 1.20 1.20 1.25 1.40 0.90

No rotors
VTrueWind = 7 kn 1.15 1.15 1.15 1.15 1.10 1.10
VTrueWind = 15 kn 1.15 1.15 1.10 1.10 1.10 1.05
VTrueWind = 30 kn 1.15 1.10 1.10 1.05 1.05 1.00

Table 8. Values of total CO2 emissions, fuel consumption (qh) and power (PB) for CPP or FPP at
different P/D and constant Vship = 14 kn and VTrueWind = 30 kn from 100°.

CPP FPP FPP FPP FPP FPP

P/Drotors = 1.2,
P/Dno = 1.1 P/D = 0.8 P/D = 1 P/D = 1.1 P/D = 1.2 P/D = 1.3

Rotors in use
PB (Kw) 2254 - 2280 2260 2254 2260

qh (kg/h) 730 - 740 732 730 732
CO2 (kg/h) 2270 - 2300 2276 2270 2276

No rotors
PB (Kw) 3080 - - 3080 3100 3120

qh (kg/h) 1000 - - 1000 1002 1010
CO2 (kg/h) 3110 - - 3110 3116 3140

3.5. Comparison of Fuel Consumption Reduction Results with Other Studies

As said, KPI2 represents achievable fuel consumption reduction due to the use of
rotors. All described results highlight that KPI2 is significantly influenced by ship speed,
wind speed and wind direction. In this paper, the results are presented for each specific
condition, while in previous studies, the estimations were made for a typical voyage or for
a specific operational profile. As a consequence, a direct comparison could be meaningful.
However, if we assume for the case study a typical speed of 14 knots and the average wind
with a median value of 15 knots from 90°, the value of the mean KPI2 is around 6%.

This result can be compared to some values reported in the literature; firstly, [11]
reports a list of measured fuel saving values in the range 1–50%, totally comparable to the
ones reported in this paper; then, the value of 6% is very similar to the 9% result of [16], and
the return on investment ranging between 7 and 12 years stated by [18] for a ship operating
at 14 knots in calm and closed seas seems reasonable.

A more pessimistic result is reported by [17] (below 1%), while some better results
can be found in studies of ships subjected to stronger oceanic winds, such as in [13], which
reports up to 22% savings of annual ship fuel consumption with a pay-back time of six
years, and in [14,15], with similar results of 20% savings.

4. Conclusions

A numerical model able to evaluate the ship’s propulsive power and fuel consumption
due to the use of a Flettner rotor as an auxiliary wind propulsion device has been pro-
posed and discussed. The model is based on the consolidated engine–propeller matching
procedure, modified to accommodate the rotor effects.

In the design stage, this tool can be used to select the proper combination of the rotor,
propeller and main engine to be installed onboard, assuming wind conditions. In operation,
on the contrary, it can be used to set the propulsion plant parameters (SR and P/D) and
eventually to select the best wind scenario using a weather routing optimization process.

The procedure has been applied to the case study representing a small Ro-Ro/Pax ferry
similar to those operated in the Mediterranean Sea. The influences of rotor dimensions, ship
speed, propeller characteristics, and wind conditions have been investigated. Two KPIs have
been introduced to quantify the benefits with respect to power and to fuel consumption.
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The sensitivity analysis showed, as expected, the relevant influence of wind conditions
in achieving a tangible benefit, a parameter heavily dependent on the vessel’s intended
operational area. From the ship design perspective, the paper showed the importance of
the proper selection of the propeller and in particular on the controllable pitch propellers.
The possibility of computing the best P/D setting for each operational scenario greatly
increases the chance of having significant gains from this technology.

The case study in the Mediterranean conditions with moderate winds showed that
gains due to WASP, at ship design conditions, would lie in the range from 5% to 10% for
the power savings and from 4% to 6% for fuel consumption. If lower operational speeds
would be accepted (i.e., 10–12 knots), the combination of rotors and CPP could reduce fuel
consumption up to 15%.
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Abbreviations
The following abbreviations are used in this manuscript.

B Ship’s Beam
CAPEX CAPital EXpenditure
CII Carbon Intensity Index
CO2 Carbon Dioxide
CPP Controllable Pitch Propeller
d Flettner Rotor Diameter
EEOI Energy Efficiency Operational Index
EEXI Energy Efficiency Index for Existing Ships
DWT Deadweight Tonnage
FPP Fixed Pitch Propeller
GHG Greenhouse Gases
Hrotor Flettner Rotor High
IMO International Maritime Organisation
J Propeller Advance Coefficient
Kn Knot
KPI Key Performance Indicator
KT, KQ Propeller Thrust and Torque Coefficients
LOA Ship’s Length OverAll
MARPOL International Convention on Marine Pollution
MCR Engine Maximum Continuous Rating
MEPC Marine Environment Protection Committee
PB Brake Power (Engine or Propeller)
P/D Pitch/Diameter Ratio of a Propeller
rpm Revolution per Minute
SFOC Specific Fuel Oil Consumption
SR Flettener rotor spin ratio
UN United Nations
Vcruise Ship cruising speed
WASP Wind Assisted Ship Propulsion
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