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Abstract: Wind-assisted propulsion (WASP) is one of the most promising ship propulsion alternatives
that radically reduce greenhouse gas emissions and are available today. Using the example of a
RoPax ferry, this study presents the performance potential of WASP systems under realistic weather
conditions. Different design alternatives and system layouts are discussed. Further, uncertainties in
the performance prediction of WASP systems are analyzed. Included in the analysis are the sail forces
as well as the aero- and hydrodynamic interaction effects, i.e., the sail-sail and sail-deck interaction as
well as the drift and yaw of the ship. As a result, this study provides guidelines on the most important
parameters when designing and modeling a WASP ship. Finally, the study presents an analysis of the
expected accuracy of the employed empirical/analytical performance prediction model ShipCLEAN.

Keywords: energy systems model; Flettner rotor; performance prediction; ship design; wind-
assisted propulsion

1. Introduction

Today, about 90% of the world’s freight transport is performed by ships. While the
world’s transportation needs are forecasted to double the current level by the year 2050,
shipping needs to reduce its contribution to greenhouse gas emissions to 50% of the levels
in 2008 [1].

To be able to reduce the fuel consumption and emissions of ships, it is crucial to be able
to accurately predict the fuel consumption of existing and new ships, as well as the impact
of operational and retrofitting measures, e.g., energy-saving devices, design changes or
alternative propulsion. To achieve this and to reduce the risk for ship owners and operators
when investing in new technology, sophisticated models are necessary that model each
part and the interactions of the parts of a ship’s energy system. During the last decade,
several of such models with different approaches became available.

The modeling of the performance of wind-assisted propulsion (WASP) especially
requires sophisticated models that not only respect the forward thrust of the sails and
propulsion devices but also model aero- and hydrodynamic interaction effects [2-6]. Apart
from the lift and drag forces of the sails, such models must predict the sail-sail interaction,
the sail-hull interaction and the added resistances from the rudder and the drift of the hull
due to the large side forces and yaw moments introduced from the sails. Early models
employed maneuvering equations to model the drift and yaw moments of a ship hull,
which later proved to be inaccurate, as shown in [5]. CFD computations, on the other hand,
might be accurate but require more resources, time and detailed information about the ship
hull and are therefore not always applicable and perhaps not always necessary. Thus, it is
crucial to identify the parameters with the most considerable influence on the accuracy of
the prediction.

The empirical/analytical performance prediction model ShipCLEAN presented by [7]
is developed as a coupled model for performance prediction of ships with and without
sails, respecting 4 degrees of freedom and the interaction of a ship’s energy system, e.g., the
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propeller—engine interaction. Its capability and accuracy in ship performance predictions
have been validated for commercial ships with and without wind-assisted ship propulsion
(WASP) devices. Models such as ShipCLEAN are of practical and academic value, as they
can easily be used to compare WASP technologies for any commercial ship type, sailing
route and ship sailing conditions determined by the analyst [7,8]. The ShipCLEAN model
is used in this study to propose a design of a retrofitted RoPax vessel with Flettner rotors
and showcase to what extent the ship’s energy consumption is reduced and what effect
design changes or different WASP options have on the power savings. The study also
includes a study of uncertainties introduced from modeling the important parameters of
the aero- and hydrodynamics of a wind-assisted propelled ship, including the sail forces,
drift forces and aerodynamic interaction effects. Additionally, a randomized variation is
performed to estimate the achievable accuracy with a generic model such as ShipCLEAN,
i.e., without using time-consuming CFD methods.

2. The Case Study Vessel and Operational Conditions

This study uses a RoPax ferry operating on a Baltic Sea route as an example. The main
dimensions of the vessel are presented in Table 1, and a sketch of the vessel including its
currently installed Flettner Rotor (5 x 30 m) is presented in Figure 1. The results of the
ShipCLEAN power prediction without sails are presented in Figure 2.

Table 1. Main dimensions of the RoPax ferry.

Loa 156.45 m
B 248 m

T 5.5m

A 11,996 t
Service speed, vg 16 kn

— Ty

Figure 1. Sketch of the example ferry with one Flettner rotor.
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Figure 2. Results of the power prediction using ShipCLEAN.

The ferry operates on a 23 nm long route between Rostock (Germany) and Gedser
(Denmark) with a course over ground of 165 deg (towards Rostock) and 345 deg (towards
Gedser). The operational speed of the vessel is about 16 kn.
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The objective is to accurately predict long-term savings and the impact of design
changes on these savings. Thus, hindcast weather data for the actual area of operation are
used to perform a long-term prediction using a statistical approach as described in [5,9]. In
this approach, probability distribution functions of the wind strength and wind direction
are used to build up weighting functions for the single points evaluated in a polar plot. In
that way, the weighted sum of a low number of structured computations can represent the
conditions in real operation with high accuracy, as shown in [5].

For this study, wind statistics along the route for three years (2016-2018) are used to
construct the probability functions. The wind statistics are summarized in a wind scatter
plot in Figure 3. It shows that there are two dominating true wind directions, between
190 and 210 deg (southwest) and between 10 and 30 deg (northeast).

Figure 3. Wind scatter plot based on statistics from 2016 to 2018.

3. Performance Modeling—ShipCLEAN

ShipCLEAN is a performance prediction model based purely on empirical and an-
alytical methods, thus offering predictions with short computational time. During the
development of ShipCLEAN, the focus was on reducing the number of required input pa-
rameters and reducing uncertainties, i.e., achieving the highest possible prediction accuracy
with only the main properties of the ship as an input. The accuracy of the model without
wind-assisted propulsion is assessed in [10]. Since ShipCLEAN can be used for ships with
and without wind-assisted propulsion as well as purely wind-propelled ships, in real-life
conditions, the model includes methods to estimate the added resistances from waves,
wind, ice and currents and includes a 4 degrees of freedom solver to respect the influences
from the side forces and yaw moments of sails and to include the added resistances from
the rudder and from drifting. Aerodynamic interactions are respected by modeling the
induced speeds due to the circulation around the sails using a simplified Navier—Stokes
equation. For ships with multiple sails, the induced velocities from each sail will influence
the apparent wind angle and speed of each of the other sails. Further, the influence of the
ship’s deck on the wind angle is modeled. More details about the model and the wind
propulsion component are presented in [4,5] and discussed in Section 5. An overview of
the parts of ShipCLEAN is presented in Figure 4.
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Figure 4. Overview of the ShipCLEAN model.

A

4. Design and Performance

This section presents a performance analysis of the ship with one Flettner rotor as
it is currently installed, as well as an analysis of design alterations to study possible
design improvements.

4.1. Performance of the Installed WASP

One 5 x 30 m Flettner rotor is currently installed at about midship on the ship. The
Flettner rotor is 30 m heigh and 5 m in diameter with a 7.5 m disk at the top and can achieve
a maximal rotational speed of 180 rpm. The weight of the whole installation, including
foundation, is about 17 t [11]. Compared to the ship’s displacement of almost 12,000 t, the
sail weight is thus neglectable. Achievable propulsion power reductions in two different
wind speeds (10 and 20 kn TWS) for a range of 0 to 180 deg TWA and a ship speed of 16 kn
are presented in Figure 5. In Figure 5, the relative propulsion power reduction is presented,
i.e., the propulsion power, Pp, of the ship with Flettner rotor over the power without. Fuel
savings are difficult to predict for this ship due to a complicated hybrid propulsion system.
In 10 kn TWS, the single Flettner rotor can save up to 10% of propulsion power, and in
20 kn TWS, this value increases to up to 40%. A small increase in propulsion power of less
than 1% can be seen for head wind, which is due to the wind resistance of the rotor rotating
at idle speed.

0
1.1

0.9
0.8
0.7
0.6
0.5

—10 kn TWS
—20 kn TWS

180

Figure 5. Relative propulsion power over the true wind angle (TWA) for the RoPax ferry, ship
speed =16 kn.

A long-term analysis using the weather statistics introduced above shows that
the propulsion power is reduced by 13% on average when the ship is operating on its
current route.



Energies 2023, 16, 673

50f13

4.2. Design Variation

As a second step in the analysis of the performance of WASP systems in the case study
ship, the design of the WASP system is altered.

First, an additional 5 x 30 m Flettner rotor could be installed on the ship. The rotors
are assumed to be positioned at 0.25 Lpp and 0.75 Lpp from FP. A polar plot like Figure 5
but for the ship with two rotors is presented in Figure 6. In 10 kn TWS, the maximum
propulsion power reduction is increased to almost 30%, and in 20 kn TWS, a reduction
of up to 70% seems possible. At 100 TWA, which was the optimum ang]le for the ship
with one rotor, the power reduction is about 20% in 10 kn TWS. The long-term savings
using two rotors are about doubled compared to the ship with one rotor and become about
27%. In total, the two-rotor ship is slightly more efficient than the one-rotor ship, i.e., the
propulsion power is slightly more than twice as high. This effect is mainly due to the
increased trimming possibilities, i.e., by varying the rpm of the sails, the optimal rudder
angle can be achieved more often. With one rotor only, the total sail force can be controlled
but not the longitudinal center of this sail force, as is the case for the ship with two rotors.
It is noticeable in Figure 6 that the performance in head wind conditions is increased.

60 /

0.
0 ——10 kn TWS
—20 kn TWS

180

Figure 6. Relative propeller thrust over the true wind angle (TWA) for the case study ship with two
Flettner rotors, ship speed = 16 kn.

If an increase in the sail area (i.e., the number of sails) is not an option, one might
research the longitudinal position of the sail. Figure 7 presents the long-term average
propeller thrust reduction of the RoPax ferry with the rotor placed at different positions
along the ship. An optimal position would be at around 60% Lpp from FP for this ship.

Apart from increasing the sail area and optimizing the sail position, different sail types
could be installed and should be compared as well. However, different sail types have
significantly different performance properties, making it difficult to compare them to each
other. Figure 8 presents a comparison of the lift and drag coefficients for wing sails and
Flettner rotors. According to this, the Flettner rotor can deliver up to 10 times higher lift
coefficients. With typical operational values, i.e., a spin ratio of 2-3, the lift coefficient is
about 8 times higher than the maximum lift coefficient of the wing sail; however, the drag
coefficient of the Flettner rotor is about 20 times higher compared to the wing sail. This
means the Flettner rotor can create high lift and thrust forces at low sail areas but also
creates much higher side forces than the wing sails.
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Figure 7. Influence of the longitudinal position on the power savings.
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Figure 8. Lift and drag coefficient for a wing sail (left) and a Flettner rotor (right).

Since sail properties are as different as shown in Figure 8, a comparison of different
sail types must be performed using other measures than only the thrust figures or power
savings for one single sail configuration. One example of comparison is presented in
Figure 9. Three different sail types, a 150 m? Flettner rotor, a 150 m? Suction wing and a
300 m? Suction wing, are installed on the example ship with different arrangements. The
suction wing is a type of wing sail where the circulation is increased by active boundary
layer suction at the suction side. The lift and drag curves follow a shape like the wing
sail’s, but the sails deliver a higher lift coefficient, with only slightly worse lift-to-drag
relations. Thus, the suction wing is somewhere between the wing sail and the Flettner rotor
discussed above. Figure 9 presents the difficulty of comparing sail types. If comparing the
arrangement with only one sail, the 300 m? Suction wing is the best. However, increasing
the number of sails of the other sail types naturally increases their performance. Thus,
a comparison of one 300 m? suction sail and two 150 m? Flettner rotors will lead to the
conclusion that the Flettner rotor is better. It must thus be concluded that the choice of sail
type must be based on: (1) space and height limitations, (2) properties and route of the
vessel and (3) costs, i.e., the return on investment time. One interesting effect in Figure 9
must be noted. The propeller thrust reduction delivered by the Flettner rotors does not
significantly increase when increasing the number of sails beyond four. Comparing an
installation of six 150 m? Flettner rotors and six 150 m? Suction wings shows that thrust
saving from the Flettner rotors is only slightly higher for this arrangement, while it is
much higher for an arrangement of three sails for each type. This shows that, for large
sail areas, i.e., highly wind-assisted or purely wind-powered ships, sail types with a high
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lift-to-drag relation are more suitable than those with high lift coefficients but a worse
lift-to-drag relation.

_.70 - . ' '
= # Flettner rotor, 150 m?
c 607 # suction wing, 150 m? |
2 50 Suction wing, 300 m? i
s . * 7
S
C 40t 1
g %
230t '
o & 5
S 20t 1
R
2 10 I
2
oo D i i I 1

1 2 3 4 5 6

Number of sails, [-]

Figure 9. Achievable propeller thrust savings with different numbers of installed Flettner rotors and
Suction wings.

5. Uncertainties

When predicting power savings from alternative propulsion and when modeling the
performance of ships at sea, it is crucial to know the achievable accuracy and to know
the main factors influencing the accuracy or the uncertainty, as it is referred to in this
study. Uncertainties arise from serval sources that are not modeled accurately and do
not represent real physics. A generic model, such as ShipCLEAN, relies on fast models
and can be used with very little input. This has many advantages but also drawbacks.
Quick, often empirical, methods do not represent real physics but often rely on statistics,
thus increasing the uncertainties. A lack of detailed input often prohibits the use of more
sophisticated methods and again increases the uncertainties, since the ship itself is not
modeled entirely as it is in real life. For conventionally propelled ships, uncertainties are
limited to the resistance, propeller efficiency and propulsive efficiency and are discussed
in detail in [10]. However, for wind-assisted propelled ships, more factors must be re-
spected and analyzed due to the side forces and yaw moments introduced by the sails.
Three groups of additional parameters must be modeled for a wind-assisted propelled
or wind-propelled ship compared to a conventional propelled ship: (1) parameters of the
hydrodynamic response of the ship to the side forces and yaw moments, i.e., lift and drag
of the ship hull and rudder forces, (2) parameters to evaluate the sail performance and (3)
parameters describing the aerodynamic interactions, i.e., the sail-sail and the sail-deck
interaction. All parameters are summarized in Table 2 and further discussed in Section 5.1
through Section 5.3.

Additionally, the sail trim significantly influences the performance of wind-assisted
or wind-propeller ships. However, in this study it is assumed that the sails are always
trimmed to the optimum, as is ensured in ShipCLEAN through a holistic trim optimization
respecting the 4 degrees of freedom solution.
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Table 2. Parameters for the performance prediction of WASP.
CLR Center of lateral resistance of the hull
E CD_hull Drag coefficient of the drifting hull
CL_hull Lift coefficient of the drifting hull
o CD_sail Drag coefficient of the sail
& CL_sail Lift coefficient of the sail
g Delta AWA_deck Change in wind direction due to deck—sail interaction
= Induced speeds Induced speeds due to sail-sail interaction

5.1. Hydrodynamic Response of the Ship

In response to the side forces of wind-assisted propulsion, the ship starts to drift to
create an equivalent side force with its hull and rudder. Much like a wing (although with
very small aspect ratio), the hull will create a lift and a drag force. In ShipCLEAN, the lift
and drag force coefficients are estimated using a modified wing theory for small-aspect-
ratio wings [9,12-14]. The method in ShipCLEAN does not respect hull design details,
such as the form of the bow or the bilge radius, since it was not possible to include such
details at the time of the development of the model [9]. However, it is shown in [3] that
the lift, drag and center of the force are highly dependent on those design details. Thus, it
must be assumed that uncertainties are comparably high, as is also discussed in [9], where
the method is compared to results from model tests. Since the center of the side force
(CLR) is not estimated in the wing theory for small-aspect-ratio wings, the side force and
yaw moment estimated using maneuvering equations [15] are used. Uncertainties in the
estimation of rudder forces are neglectable compared to those in the estimation of lift and
drag forces of the hull.

5.2. Sail Forces

This study only researches the uncertainties when modeling Flettner rotors. In Ship-
CLEAN, the lift and drag coefficients for the Flettner rotors are derived from full-scale
measurements [5,16] and validated against results from CFD and model tests [2,17,18]. The
results show very good agreement; thus, uncertainties are small for the sail forces.

5.3. Aerodynamic Interactions

Aerodynamic interactions arise from two sources, the induced speeds from sails on a
ship and the ship’s deck and superstructure. The superstructure itself mainly influences
the flow downwind, which only affects the sails on a narrow band of wind angles and is
thus neglected. The ship deck mainly causes a deviation of the wind, i.e., changing the
apparent wind angle of the sails. This is modeled using a sinusoidal curve, like the results
presented in [19]. In head wind (0 deg TWA), beam wind (90 deg TWA) and wind from the
stern (180 deg TWA), it is assumed that the deck does not influence the wind angle. The
peaks of the sinusoidal curve are, as a standard, assumed to be 8 deg, i.e., the wind angle is
shifted by a maximum of 8 deg towards more beam wind, as presented in Figure 10.

The induced speeds from sails on the ship are modeled using a simplified Navier-
Stokes equation, as illustrated in [20]. In [9], this method is verified against model test
results presented in [17] and shows good agreement.
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A Delta AWA

0 gég 98 deg 180 deg
TWA

Figure 10. Change in AWA due to deck-sail interaction, over TWA.

5.4. Sensitivity Study

A variation of each of the parameters summarized in Table 2 will result in a variation
of the performance prediction result. To point out which of the parameters must be
modeled with the highest accuracy, a sensitivity study is performed. During that study,
the parameters are one by one modified to 90% and 110% of their baseline value and the
effect of the propulsion power reduction is studied. During the study, the performance
in 10 true wind angles (0 to 180 deg in steps of 20 deg) and 2 wind speeds (10 and 20 kn)
was evaluated, and the variations of the average power reductions are presented in Table 3.
The presented values represent the percentual difference between the propulsion power
reduction with the modified values and the power reduction with the baseline values.
Results from a similar study using the ferry with two rotors are presented in Table 4.
For easier interpretation of the table, the rows are color-coded with green for the lowest
influence and red for the highest influence. It must be kept in mind that this study does
not respect the achievable accuracy when modeling the parameters but modifies each
parameter similarly. While the lift coefficients are probably predicted with much higher
accuracy than 10%, the lift forces of the hull might deviate even more than that.

Table 3. Results of the sensitivity study for the ship with one Flettner rotor.

Difference in Average Propulsion Power Reduction
Compared to the Baseline

—10% from Baseline Value +10% from Baseline Value

CLR 0.01% —0.01%
E CD_hull 3.4% —2.0%

CL,_hull —1.4% 0.4%
o CD_sail 0.4% —1.4%
& CL_sail —15% 16%
g Delta AWA _deck —3.7% 1.5%
S Induced speeds 0% 0%

The results show that the sail forces, the apparent wind angle, and the drag forces due
to drift are the most important parameters, i.e., the parameters with the highest impact on
the result.
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Table 4. Results of the sensitivity study for the ship with two Flettner rotors.

Difference in Average Propulsion Power Reduction
Compared to the Baseline

—10% from Baseline Value +10% from Baseline Value

CLR —0.01% 0.7%
E CD_hull 2.3% —1.2%

€L hul —2.2% 1.7%
« D, sail 4.2% —0.6%
& L sail ~11.8% 14.1%
g Delta AWA_deck —2.3% 1.2%
S Induced speeds 0.2% —0.3%

5.5. Randomized Uncertainty Study

To evaluate the achievable accuracy of the model for a ship in real-life conditions,
a randomized variation using a SOBOL algorithm with 200 variants was performed for
the case study vessel. In contrast to a Monte Carlo simulation, a randomized study does
not require probabilistic distributions, which would be impossible to define due to the
lack of data for most parameters. Instead, the SOBOL algorithm distributes the variables
as evenly as possible in the design space, i.e., the probability of each variable is constant
within its boundaries. The boundaries are defined using results from [9] and presented
in Table 5. Note that the lift-to-drag ratio was studied in [9] and is thus also used here.
The sail-deck interaction, i.e., the change in AWA over the deck, was not discussed in the
above-mentioned study, and the boundaries are thus defined as a best guess, mainly using
the values defined in ShipCLEAN and the results presented in [19].

Table 5. Upper and lower bounds for the variation study.

Lower Bound Upper Bound

CLR 0.99 1.06

;E( CL_hull/€D_hull 0.85 1.1
CL_hull 0.92 13

o CD_sail 0.99 1.01

.c(ng CL_sail 0.98 1.02

g Delta AWA_deck 0.95 1.2

S Induced speeds 0.9 1.1

The results are presented as histograms in Figures 11 and 12, for the one-rotor and
the two-rotor ship, respectively. As in above sections, the differences in propulsion power
savings are presented, i.e., a value of 1% stands for a 1% difference and equals about 0.2%
power saving for the one-rotor ship.

For the one-rotor ship, the mean value is found at about 1.1% difference and the
standard deviation is found to be 2.5% difference. For the two-rotor ship, these values are
1.4% (mean value) and 3.9% (standard deviation). Hence, the standard deviation in terms
of absolute power reduction is less than 1% for both setups. The two-rotor ship shows
higher standard deviations due to the increased drift from large sail forces and thus higher
importance of the lift and drag of the drifting hull, which unfortunately are modeled with
a high uncertainty.
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Figure 11. Results of the variation study for the one-rotor ship.

Number of occurence
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Figure 12. Results of the variation study with the two-rotor ship.

6. Conclusions

This study presented and discussed the potential performance and design variations
of WASP systems on a ferry operating in the Baltic Sea. Uncertainties in the prediction and
modeling were discussed and quantified.

During design variations, the longitudinal position of the WASP systems showed to
be important, with the power reductions varying between 10% (least favorable position)
and 14% (best position). A comparison of different sail areas, i.e., number of sails, showed
that the power reduction does not increase linearly with the number of sails or the sail
area. This is mainly found to be due to non-linearly increasing drift and rudder forces,
increased trim possibilities for ships with multiple sails and constraints on the maximum
rudder angles. A comparison of different sail types showed that similar performance can
be achieved by adjusting the areas of the different sail types. However, the non-linear drag
from drifting and the limits on the rudder forces showed to be important for high sail areas.
It was shown that a high lift-to-drag ratio is favorable for highly wind-assisted or purely
wind-powered ships. It must be concluded that a comparison of different sail types is only
possible considering the running costs and installation requirements/ constraints.

A sensitivity study with seven parameters and a variation study using ShipCLEAN
were presented.

During the sensitivity study, the lift coefficient of the sails, the drag coefficient of the
drifting hull and the apparent wind angle showed to be the most important factors for
accurate performance prediction. It was shown that the lift and drag of the drifting hull
especially become more important when the sail area is increased.

The randomized variations study showed that, despite the high uncertainties in
predicting the drift forces of the hull, ShipCLEAN can predict the propulsion power
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reduction with a standard deviation of less than 1% power reduction. Respecting the
increasing importance of the lift and drag of the drifting hull and the high uncertainties
when predicting these parameters, it must be concluded that more sophisticated methods
must be used or developed for ships with large sail area or purely wind-propelled ships.
However, for WASP installations as seen currently, generic models such as ShipCLEAN
are sufficient.
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