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Abstract

ain types of wind-assisted ship propulsion
gid wind sails, rotor sails, kites and suction
sails. Rigid wind sails have an airfoil, which generates lift
and drag forces due to pressure differences. By controlling
the angle of attack (AoA), thrust force is maximized to assist
e propulsion system and reduce the load on the engine,

1. Introduction

The International Maritime
regulations to deal with increasing C
net-zero emissions by 2050 in shi
innovations and ideas are being produc
emissions. Bouman et al. [2] listed dec

the maritime industry and categoriz i which leads to fuel savings. Since wind can come from
propulsion systems, alternati i any direction, symmetrical National Advisory Committee
other energy sources, and g i i . for Aeronautics (NACA) airfoils, multi-element wings and

Serra and Fancello [3] ¢
alternative solutions

crescent-like airfoils were proposed to be used in wind
sailing systems. Kramer and Steen [4] used NACAOO15
airfoils and calculated fuel savings for different operational
and design conditions. von Klemperer et al. [S] proposed an
articulating sailing system based on NACAQ0020 airfoil and
found that articulating airfoils can generate 30% larger lift
forces compared to the fixed airfoil. Zhu et al. [6] proposed a
ems use sailing systems as crescent-like airfoil for rigid wind sails and compared it to a
reduce the required power by classical NACAOQO1S5 airfoil. It was found that crescent-like
¢ to fuel savings and reducing CO, airfoils can generate larger thrust than classical NACA0015
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airfoils. Then, Guzelbulut et al. [7] proposed a parametric
crescent airfoil and optimized the shape of the crescent
airfoil. The optimal crescent airfoil improved the efficiency
of the sailing systems up to 22% depending on the wind
direction. Unlike rigid wind sails, rotor sails are active
devices which require steady power input. Rotor sails are
cylinder-like structures and generate lift and drag forces due
to pressure difference caused by rotational movement along
their vertical axis. Tillig and Ringsberg [8] investigated
the effectiveness of different Flettner rotor arrangements
using a 4-degree-of-freedom model. To understand how
the design and operational parameters of a single rotor sail
affect the aerodynamics, Kwon et al. [9] conducted 3D fluid
dynamics simulations considering aspect ratio, diameter
ratio, and spin ratio. Guzelbulut et al. [10] considered
different control strategies for the sailing system and the
ship dynamics of a ship equipped with four rotor sails and
concluded that integrating the ship dynamics controller and
the sail controller can lead to further fuel savings. Since
wind speed at higher altitudes is significantly stronger, static
and dynamic kites were proposed, to harness this increased
wind potential. Goksu and Erginer [11] investigated the
canopy curvature of a kite on aerodynamic characteristics
and towing force for wind-assisted ships. Dadd et al. [12]
conducted an optimization study to find the pptimal design

When using multiple sailing systems
between sails play a significant role.

neural networks to mode
DynaRig configurati

the interaction between
ether using different sailing

Phes using a surrogate model fitted by 3D
fluid dynamics simulation.

In the present study, we first generated samples based
on Latin Hypercube sampling (LHS) and conducted 3D
computational fluid dynamics (CFD) simulations to create a
database of aerodynamic and operational parameters.

The interaction between sailing systems was estimated using
an ordinary Kriging surrogate model. Finally, we conducted
a case study to understand the effect of interactions between
sailing systems. We examined how a controller, integrating
an interaction surrogate model, can lead to further
improvements to reduce propeller power.

2. Methodology

In the present study, we first conducte
understand how the aerodynamics of sat
the AoA of the rigid wind sails, soig

apparent wind direction. A
created following CFD si
determined by LHS, to
sailing systems. Finally, the ™
systems and the
investigated
(MMG) mod

Nulations were conducted to
. ics of interacting sails. The
meters of interest are the lift and drag
th sailing systems, ¢, and c,, and the
for rotor sails, c,, which were defined as
ns 1-3, where L and D are the lift and drag
forces, P 1s the power required to rotate the rotor sail, p
is the density of air (1.225 kg/m’), V, is the apparent wind
speed, and A is the projected area of the sails. The rotor sail
used in the study has a diameter of 5 m and a height of 30 m,
esulting in a projected area, A, of 150 m?. When it comes to
a rigid wind sail, it has a chord length of 14 m and height of
50 m and results in a projected area, A, of 700 m?.
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While the aerodynamics of rigid wind sails depends on AoA,
that of rotor sail is characterized by spin ratio, which is the
ratio of tangential speed to apparent wind speed, as given in
Equation 4. @ and R are the angular speed and the radius of
rotor sails, respectively. The radius of the rotor sail is 2.5 m.
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The computational domain used in CFD simulations is three-
dimensional having the following arrangement, positioning
and boundary conditions:

e The distance between rotor sail and rigid wind sail is set
to be 100 m

e The mid-point of sailing system is set to be 200 m away
from the inlet

e I defines the apparent wind direction
e The size of the computational domain is 600x300x100 m?
e Inlet fluid speed is set to be 10 m/s

e Slip boundary condition was defined on bottom surface on
Xy plane

e Wall (no-slip) boundary conditions were defined on the
outer surfaces of both sailing systems

e The remaining surfaces were set to be an outlet boundary
conditions as shown in Figures 1 and 2.

CFD simulations were performed on Altair Hypermesh
CFD 2023 and AcuSolve 2023 based on a steady-solution
of the Reynolds-Averaged Navier-Stokes equations with
Shear Stress Transport (SST) k-o turbulent modeling. The
properties of the fluid are given in Table 1.

The following mesh refinements around rotor sail and rigid
wind sail were assigned to computational vojume to capture
the acting forces.

e The maximum length of edges ar
and rotor sail is 0.1 m.

e The number of prism elements aroun
with a growth rate of 1.3. The thick
layer around the rotor sails is 0.000Lm.

e The number of prism elements around the rigid wind sail is
10, with a growth rate of 1.3. The thickness of the first edge
layer around the rotor sails is 0.005 m.

e The element size of surface elements on rigid wind sails
and rotor sails is 0.3 m.

e The maximum global volume mesh size is with a

growth rate of 1.2.

2.2. Sampling of CFD Database
To establish a surrogate model of interac

a set of data is required. Therggage various

1.225 kg/m’
1.781x10° kg/ms

ipling points for each input parameter

Sampling points

Angle of attack -90, -75, -50, -40, -30, -25, -20, -15, -10, -5,
(deg) 0,5, 10, 15, 20, 25, 30, 40, 50, 75, 90

-5,-3,-2,-1,0,1,2,3,5

Spin ratio (-)

Apparent wind

direction (deg) 0, 30, 60, 90, 120, 150, 180

Outlet

Figure 1. Boundary conditions and computational volume of the problem
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600

Figure 2. The dimensions of computational volume and the definitions of the parame}

CFD: Computational fluid dynamics, SR: Spin ratio, AoA: Angle of attack

establish an

The airfoil used in the present study is a crescent-like airfoil
obtained by previous study conducted by Zhu et al. [6], and
has a maximum lift around AoA of 20 deg. Therefore, data
points were concentrated within the range ofyl 0-30 degrees.

yRI1ging surrogate model, covariance
derstand the proximity of the sampling
Equation 6, where o7 is the variance, and
orrelation function. In the present study,
correlation function, as given in Equation 7,
the behavior of rotor sails for the s i was used, where d is the number of parameters and @ is the
which justifies the spin ratio rang SN sign hyperparameter vector of the model to be tuned.
of the spin ratio implies whether the
clockwise or counterclockwise directi

oV (Z(x(i)),Z(x(”)) = 02R(x®, x0) (6)

R(x®,x0) = exp <_Zek (xk —xlf)2> (7

In each prediction, a covariance vector, r, is calculated as
given in Equation 8, where n is the number of sampling
points.

sample

r=[R(x,x®) R(xx)) R(x,x(sampie))]” 3

The predicted output value of new parameters is estimated by

Equation 9, where y is the output vector with size ”mmp[gXL
and f'is the vector of ones with by the size n_  XI.
sample
gate models are interpolation-based 9=p+r Ry f) 9)

surrogats approach the real function as given
in Equation ere ¥ is predicted response, and Z(x) are For any given 0, y* and ¢* are found using Equations 10 and 11.
mean and deviation terms, and x is the parameters vector. In
ordinary kriging surrogate models, the mean term is a zero-
order polynomial function.

a=("Rf) x (f'R™'y) 10)

0t = —— (&~ fRy - £) (1
sample

9=+ 2(x) 5)
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To find the best @ vector, the maximum likelihood estimator
was used, as given in Equation 12, and genetic algorithm was
adopted to pick the optimal 6.

mgx(—%m(ﬁ) - %ln(ldet(R)I)) (12)

2.4. Ship Dynamics Model

To analyze how sailing systems affect propeller power in
response to environmental conditions, a ship dynamics
model, namely MMG model [16,17], was used. The equation
of the motion of a ship based on the MMG model is given
in Equation 13. Here, m, m, m, I ., and J_are the mass,
added mass, inertia, and added 1nert1a terms; u and v, are the
surge and sway speeds; r is the yaw rate; x,, is the posmon
of the center of gravity with respect to midship; X, Y, and
N are the acting force and moment in the direction of surge,
sway, and yaw. The subscripts H, P, R, Sail, and HullWind
indicate hull hydrodynamic forces, propeller forces, rudder
forces, sail forces, and hull-wind interaction forces. Further
details regarding the formulation of the model can be found
in previous studies [18,19]. Target ship in the present study
is KVLCC2 [20], whose length between perpendiculars is
320 m, breadth is 58 m, draft is 20.8 m, and block coefficient
is 0.81.

(m+ my)v'm + (m 4+ myur + xomr =Y, +Yp 4
(g + x2m + J)7 + xgmv, + ur) = Ny + Np

To evaluate the performance of sa
integrated into the MMG model to fi

ensure the same conditions ¢
evaluation are conduct

or sails highly
as the AoA and
! M sails is neglected,
d have their own controller to

owever, it is inevitable that interaction
multiple sailing systems. In this case,
the optlmal operational conditions would change depending
on the environment. To investigate how much interaction
plays a role and how an integrated controller would improve
the overall performance, a case study was conducted as
given in Table 3. In Case 1, the physical interaction effects
are neglected, and sails are operated at their own individual

optimal points. In Case 2, the physical interaction effects
are included in the model, but sails operate at their own
optimal points to identify how much interaction plays a role.
In Case 3, the controller logic is adjusted to find the mutual
optimal points, using the knowledge of the surrogate model
of interaction, to measure the extent to which th
control approach improves the overall performanc

3. Results

First, the performance of the surroga
in this study was presented in Fig

absolute error
. In addition to
and MAE to the

hcients (RMSE/
dicate that the

in terms of RMSE/c_ and MAE/c
lift coefficient prediction, respectively.
be concluded that the surrogate model

After obtaining the surrogate model behavior, three different
models corresponding to the cases given in Table 3 were
created. Then, the required propeller power for each case

Table 3. Sampling points for each input parameter

Rotor sail Rigid wind sail Interaction
Cases
control control effect
SR to maximize | AoA to maximize sail Not
Case 1 .
net power thrust included
Case 2 SR to maximize | AoA to maximize sail Included
net power thrust
Surrogate model of interaction is
Case 3 | integrated to maximize total net power to Included
determine SR and AoA.
SR: Spin ratio, AoA: Angle of attack
Table 4. Error analysis of surrogate model
D,rigid CL,rigid CD,mtor CL,rntor CP,rotor
RMSE 0.0420 | 0.0921 | 0.1983 | 0.8026 | 0.0163
MAE 0.0347 | 0.0671 | 0.1491 | 0.5850 | 0.0123
RMSEe,. | 315 | 691 | 661 | 806 1.01
(%)
MAE/c_ (%) 2.61 5.03 4.97 5.88 0.76
RMSE: Root mean square error, MAE: Mean absolute error
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was compared to the propeller power of the ship without any
sailing system. As given in Figure 4, the percent propeller
power reduction was calculated for the true wind speed of 10
m/s and the different true wind angles. It was found that Case
1 revealed a higher power reduction compared to other cases
because the interaction effects were ignored. In the condition
of true wind angles between 30 and 90 degrees, the surrogate
model-informed controller in Case 3 found better operating
conditions, leading to higher power reduction characteristics.

To clarify how such an integrated controlling approach
achieves higher power reduction, optimal operating
conditions assigned by the controller were investigated, as
shown in Figure 5. Since Case 1 and Case 2 have the same

controlling strategy, which neglects the interaction model,
spin ratios and angles of attack were found to be almost the
same. On the other hand, the integrated control approach
in Case 3 leads to having different optimal spin ratios and
angles of attack.

It is also important to reveal how much thrust i
by each sailing system depending on controlle
interaction model. Figure 6 shows how much
generated considering different mogalli
based on different cases. It was foun
overestimates the thrust generated
between sailing systems is

integrated control action e erall thrust
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Figure 3. The performance of the develop
HS: Hard sail, CD: Drag coefficient,

150°

180°

Test Output

Test Output

C, estimation compared to CFD-computed C, and C,

330°
300°
Case 1
270° Case 2
Case 3
240°
210°

Figure 4. The amount of propeller power against the wind direction in each case
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Spin Ratio
00
30° 5 330°
4
60° 3 300°
2
,\ ]
90° 0 270°
120° \ 240°
150° 210°
180°
‘ Case 1 Case 2 Case 3 ‘
@
Figure 5. The optimal (a) spin ratio and (b) angle of attack depending on the true wirl
RS - Thrust
0°
30° 330°
10x10*

wind as a free energy source. Although their implementation
in vessels increases continuously, there are some challenges
that need to be investigated. When wind-assist systems
are integrated into ships, the additional thrust can be used
without changing the operating point of the propeller. In this
case, resistance will also increase as the ship speed increases.
Thus, the efficiency of sailing systems drops. To avoid

Angle of Attack

OQ
30° 330°
80
80° 60
40
20
90° (o
120° K\
150°
180°
®)

330°
300°
270°
240°
210°

such a situation, propeller revolution should be controlled
to maintain ship speed, thus leading to reduced propeller
power and fuel consumption. In addition, the bridge, other
superstructures on deck, and other sailing systems affect the
actual flow speed and direction near the sail of interest. In
this case, extensive CFD simulation results or experimental/
operational data should be incorporated into controllers to
find the optimal operating point of sailing systems. In the
present study, the interaction effects of different sailing
systems on the force generation characteristics of sails and
the effect of CFD simulation data on the performance of
sails were investigated.
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The fluid interaction between the same type of sailing
systems was investigated previously. Since the interaction
problem is complex and dependent on many factors, some
studies used simpler models, such as potential theory, to
generate data. To increase the accuracy of fluid dynamics,
the steady incompressible Reynolds-Averaged Navier-
Stokes equations with the SST k-o turbulence model
were employed. Since the computational cost increases, a
surrogate model of interaction is required. Among various
methods, the kriging surrogate model with LHS was selected
due to its performance with fewer sampling points. As shown
in Figure 3 and Table 4, the surrogate model developed in
this study demonstrates generally high prediction accuracy
with a maximum 8% relative RMSE and 5.8% relative MAE.
Kriging surrogate models can be considered as a suitable
method to investigate the interactions of multiple sailing
systems based on performance metrics, the computational
cost of building a database, and requiring fewer data
points. By employing such a surrogate model, the number
of required simulations can be reduced significantly. On
the other hand, it was observed that the performance of
the surrogate model decreases when the wind direction is
between 0° and 30° or 150° and 180° relative to the heading
direction. This is likely due to the complex flow interactions
occurring between the rigid wind sail and
these regions, where aerodynamic i
significant. The complexity of the
zone is considered difficult to accu
Kriging model.

In this study, two key findings were

sails leads 0 oetter performance compared to independent
operation. As shown in Figure 4 and Figure 6, Case 3—
where the rigid wind sail and rotor sail are optimally
operated integratively—achieves higher thrust than Case 2,
where the two sails are controlled independently. In Figure
6, this advantage of integrated control is particularly evident
when the wind direction is between 60° and 90°. Referring

to Figure 5, which shows the AoA and spin ratio for the
same wind directions, it can be observed that both AoA
and spin ratio varied in Case 3. These results suggest that
the integrated control strategy seeks to minimize the flow
interference caused by the rotor sail, thereby allowing the
rigid wind sail to generate maximum thrust. As
total thrust output is effectively maximized.

energy savings achieved through integra
evaluated. It was confirmed thatg
in an average reduction of
across all wind direction

5. Study L
Thj Is

increased maintenance and operational
ince the initial and running costs of
d rotor sails include many confidential
nsiderations were excluded from this study.
The secC imitation relates to the impact on ship balance
caused by the installation of sails. The addition of rigid wind
sails and rotor sails may alter the center of gravity, and the
rotation of the rotor sails can generate moments that may
educe the ship’s stability. In actual ship operations, safety is
a critical parameter, and thorough analysis will be essential
for future applications.

While the multi-sail system developed in this study has
demonstrated its potential to contribute to greenhouse gas
reduction, it is expected that even greater performance
gains can be achieved. To achieve further improvements,
surrogate models that consider design parameters in addition
to operational parameters may be utilized to find the optimal
layouts of multiple sailing systems. Another important
point is that multiple sailing systems generate significantly
larger thrust and affect the operating point of the engine
and propeller. To evaluate the extent of reduction in fuel
consumption achieved using many sailing systems, a main
engine model is required. These issues remain for future
investigation and development.

6. Conclusion

In this study, we developed an integrated operational model
that combines multiple types of wind-assisted devices,
specifically, a rigid wind sail and a rotor sail to overcome
the limitations of existing devices. For the development
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of the model, the aerodynamic effects arising from the
operation of multiple types of sails were analyzed using CFD
simulations. Based on the CFD results, a kriging surrogate
model was constructed to efficiently represent aerodynamic
behavior. Using the surrogate model integrated into an
MMG model, researchers investigated the interaction effect
and the interaction-informed controller approach. It was
confirmed that when interaction model is not considered, the
reduction in propeller power tends to be overestimated This
discrepancy is caused by aerodynamic interference between
the sails, which disturbs the flow and results in actual wind
conditions deviating from the assumed input. Next, the effect
of interaction-informed control was investigated. It was
confirmed that integrated operation yields greater thrust and
reduces fuel consumption more effectively, with particularly
significant differences observed when the wind direction is
between 60° and 90°. This suggests that the integrated control
strategy minimizes aerodynamic interference between the
sails, allowing each sail to operate as if the other were not
present.
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