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ABSTRACT

The application of rotor sails as a solution for ship
efficiency improvement has become a reality aiming at fuel
consumption reduction, as less emissions. The
performance of these devices installed into a vessel is
different when compared to the standalone condition,
motivating the development of a specific methodology to
predict the benefits considering the operational profile (i.e:
wind conditions during navigation, interaction among the
several devices and vessel structures, draught variation
along the route, induced drift etc). This study presents a
case study considering a very large ore carrier (VLOC)
sailing in the route between Brazil and China in laden and
ballast conditions. The performance of the rotor sails was
studied applying Computational Fluid Dynamics (CFD),
which provides the forces generated by each device, as well
as the required torque to keep the rotation, which is used to
calculate the energy balance considering the wind
conditions during the route, extracted from global hindcast
wind models, providing a statistical database of the
performance during the vessel life cycle. A simulation tool
was developed to combine the performance of rotor sails
configuration with the wind conditions encountered along
the navigation conditions considering the vessel speed and
heading, which changes the relative wind condition, as the
sailing drift under ballast and laden conditions.
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1 INTRODUCTION

The installation of energy-saving devices to improve ship
efficiency has been applied in several different ships in
recent years. The application of rotor sails to large ore
carriers is already performed since the vessel has a large
deck area  available, less interference  with
loading/unloading equipment and less impact into the
cargo capacity. The prediction of the expected performance
along the route during the vessel lifespan is important to
verify the economic feasibility of the technology and the
capacity to comply with the new IMO regulations.

The numerical simulation in the design stage has been
largely applied to verify several different variables, e.g:
number and dimensions of the rotor sails, configuration,
vessel route, effect of the freeboard effect into the incident
inflow wind as well as the interaction among rotor sails etc.
In this context the evaluation of alternative arrangements is
performed for a large ore carrier in the route between Brazil
and China, as the wind modelling strategy to obtain the
forces induced by the devices and the losses generated by
the induced drift and energy consumed to keep the devices
working, as the effect of the wind profile into the forces
generated along the rotor sails height.

2 METHODOLOGY
The prediction of the rotor sails performance was
performed following the steps:

1. A navigation route is selected based on the
latitude/longitude/heading obtained using AIS
data during a round trip.

2. The raw AIS data is converted from the irregular
discretization to a regular one based on the sailed
distance (route nodes).

3. The absolute wind conditions along the route are
extracted from global hindcast models through
interpolation to voyage route nodes, providing the
Vax (east component in global reference frame)
and Vay (north component in global reference
frame).

4. The joint density probability function of the
absolute wind condition p(x, Vs Voo Vay) are
obtained for each node of the voyage route.

5. The relative wind speed is computed for each
node of the route according to the established
vessel speed over ground (SOG) and heading for
each node, providing the relative wind condition.

6. The thrust generated by the devices are computed
for the different relative wind conditions, as the
resistance torque. The resistance torque is applied
to obtain the power required to keep the devices
rotating using equation ( 1 ), where 7 is the



resistance torque for device k at rotation w, and

N, 1s  the total system  efficiency
(mechanical+electrical).
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7. The optima rotations for each relative wind
condition are computed based on the reduction of
the ship resistance generated by the devices
propulsion thrust including the required energy to
keep the system working. The generated thrust
and torque are calculated using detailed CFD
(Computational Fluid Dynamics) simulations
considering the devices setup (position in the
vessel, dimensions, rotation etc) and the vessel
characteristics (voyage draft, freeboard, deck
structures etc) to capture the interactions among
the incident wind flow, ship structures and
devices, as explained in the next section. The
optima rotations for each specific relative wind
condition are computed by solving the
maximization problem shown in equation ( 2 ),
where RT(Hi,Vsi,I{lx,I/;ly,wk) is the calculated
using equation ( 3 ), where V; and 6; are the
vessel speed and heading at node i of the route,
the operator RT(Bl-, Vsis Vasxer Vay, wk) includes the
draft along the route and Ry,,;; (V;) is the reference
ship resistance considering the submerged part of
the hull. If w, = 0 and the devices are removed
from the CFD simulations, the reference wind
resistance of the vessel prior to the retrofit is
obtained, which is used to compute the relative
saving.
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8. The long-term average saving along the route due
to the installation of the rotor sails is calculated
using equation ( 4 ), where T is the total sailing
time during a round trip, As;.is the sailed distance
between node i-1 and i and N is the total number
of nodes along the discretized route.
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The proposed methodology is summarized in Figure 1,
where the ship route (AIS data) was obtained thorugh an
electronic spreadsheet, the wind conditions were obtained
based on ERAS hindcast database, the vessel with the
devices are modelled using Rhinoceros 8, the CFD
simulations are performed using StarCCM+® solver and
the optimization problem was solved using Matlab®

routines.
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Figure 1: Methodology applied to compute the average
saving.

3 CASE STUDY

The methodology was applied considering the operation of
a large ore carrier operating in the route between Brazil and
China with 3 different configurations of rotor sails. An
additional investigation regarding the wind profile adopted
in the simulations were also performed, as the effect of the
drift angle induced by the rotor sails.

3.1 Design Vessel

The studied vessel is a Very Large Ore Carrier (VLOC)
adopted in the studied trading route with the main
dimensions summarized in Table 1. It shall be noted that
the freeboard in the ballast condition is almost twice the
laden one, which will affect the incident wind condition.

The vessel was 3D modelled in the details from the lines
plan, general arrangement, deck equipment etc to provide
the submerged and emerged part of the ship, as illustrated
in Figure 2.

Table 1: Vessel properties.

Property Value Unit
LOA 340.0 m
Lpp 333.1 m
Beam 62.0 m
Depth 29.5 m
Draft laden 214 m
Freeboard 8.1 m
laden
Draft
ballast 13.0 m
Freeboard
ballast 16.5 m
Deadweight 325,000 ton
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Figure 2: 3D model of the VLOC.

The 3 alternatives studied have 5 rotor sails with 35m
height and 5m diameter (main cylinder) and a top disc with
9.0m diameter. The configurations adopted are illustrated
in Figure 3:

1. All devices in the portside
2. All devices in the centerline
3. Devices alternating from portside to starboard
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Figure 3: Studied configurations.

Some small structures (e.g: bollards, winches, fairleads,
guardrails etc) were removed from the model to improve
the CFD convergence since the contribution for the total
force was less than 0.1% and the interference with the rotor
sails was negligible.

3.2 Computational Fluid Dynamics

The case study was modelled using StarCCM+ solver
using a finite volume approach, using RANSE solver and
k-w SST turbulence model. The geometry was imported
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Figure 4: Boundary Conditions.

into the software where a domain with 2200m x 1200m x
90m (LxBxH) was generated. The boundary conditions
assumed in the simulations are illustrated in Figure 4, with
a non-slip condition applied to the vessel’ surfaces, a
tangential velocity condition being employed for each rotor
sail using a local reference frame. For the simulations, the
vessel is rotated in the center of the domain to generate the
different relative wind conditions, all other conditions kept
the same. The inlet wind condition was modelled following
two different approaches, the first one considering a
constant wind profile and a second one using a power law,
as shown in equation ( 5 ), where Vw is the reference wind
at 10m height above mean sea level, z,.. is the value of z-
coordinate 10m above sea level and « is power coefficient,
assumed as 1/7 in the present study.

(5)

Vw(z, t) =Vw(z) = VW( z )
Zref

Some examples of the undisturbed wind speed for different
heights can be seen in Figure 5 together with the rotor base
and top under ballast (13.0m) and laden (21.4m) conditions
to verify the difference in terms of wind speed. For
instance, 10 knots reference wind speed reaches ~11knots
in the rotor base in ballast condition and 12.5 knots in the
top, which will contribute for the pressure distribution
variation along the rotor sail height.
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Figure 5: Comparison of the wind velocity for different
reference values at 10m height.

The generated meshes have between 20M — 22.1M cells
considering the different drafts and relative wind direction.
Several levels of refinement were generated using blocks
around the hull, superstructure and the devices for
optimizing computational resources. As mentioned before,
the mesh size was simplified by removing some small
items of the deck’s structure and keeping only the
deckhouse, forecastle and hatch covers, as studied in
Sampaio, et.al (2024). A local vessel coordinate system
was also included to provide the thrust and transversal
forces generated by each device during the simulations, as
the yaw moment.
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Figure 6: Convention adopted for relative wind incidence.

The relative incidence angle is based on the OCIMF (2018)
convention, presented in Figure 6. The simulations were
performed considering the following conditions:

e Relative wind speed of 2, 8, 14 and 20 m/s

e Relative wind direction of 0 to 330° with 30°
increment (with exception for the central
configuration where symmetric relations are
applied)
Ballast (13.0m) and laden (21.4m) conditions
3 configurations: portside, centerline
alternate

e 2 wind profiles: constant and power law

3.3 Route

The round-trip route from Brazil to China has a total sailing
distance of around 25,000 nm, as illustrated by the red dots
in Figure 7. The voyage from Brazil to China is performed
in laden condition, carrying the iron ore, while the return
voyage is performed in ballast condition.

and

Figure 7: Studied route.

3.4 Absolute wind conditions along the route

The absolute wind conditions along the route were
extracted from the global hindcast model provided by
ERAS database, where the values from 1979 to 2019 are
obtained considering the east and north components at 10m
height. The probability density function of the absolute
wind condition in the ballast part of the route can be seen
in Figure 8 considering all nodes of the discretized route.

3.5 Relative wind condition

The vessel speed over ground (SOG) changes the relative
wind condition appreciably in the studied route considering
typical sailing speeds range (10 to 15 knots), as illustrated
in Figure 9 for the ballast condition under 14 knots.
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Figure 8: Joint probability of absolute wind between
China->Brazil.
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Figure 9: Joint probability of relative wind between
China->Brazil for sailing speed of 14 knots.

4 RESULTS

The results of the several simulations performed were
evaluated first considering the impact of the wind profile
into the generated thrust and after the impact into the vessel
performance considering these different approaches, as the
effect into the drift angles.

4.1 Comparison of thrust components for each rotor
sail

The effect of the wind profiles adopted in the simulations
were investigated considering the forces generated into the
rotor sails along the height. The pressure field in the rotor
sails were exported, interpolated to a regular grid and
converted to a cylinder coordinate system, as illustrated in
Figure 10, where the black markers indicate the exported
points (in cylinder coordinates) from the grid in the CFD
simulation, applied to obtain the interpolated surface.
Based on that the contribution of each section of the rotor
sail was computed according to equation ( 6 ).

21
dF,i(z) = — ﬂ; p; (6,2)nx;(6,z)d6 (6)
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Figure 10: Pressure field converted to a cylinder coordinate
system and interpolated.

The analysis of the simulation results considering the 90
and 270° incidences (maximum generated thrust forces) for
20m/s wind speed for the portside configuration can be
seen in Figure 11, where the ballast and laden forces are
presented for each rotor sail considering the two wind
profiles, as the individual contribution of each device to the
total thrust force in the upper part of the graph. The graphs
are generated for each device labeled from 1 to 5 (stern to
fore) and the forces are plotted along the height of the
device. The force values are normalized by the total force
at each device, where the positive thrust force contribution
is in the right of the dashed black lines and the negative one
on the left one. It could be verified that the interferences
among the rotor sails for these wind incidences is reduced,
as expected, since the total thrust force generated by the
devices is almost 20% per appendage. However, the force
along the rotor sails height changes appreciably according
to the wind profile and loading condition, with a general
trend of additional forces generated in the base and top of
the devices (first and last 10m), but in the case of the
constant wind profile in ballast condition for 90° wind
incidence, where in some cases the contribution of the
forces are negative, which means although the total force
is positive, this specific part of the device is generating
Constant

90°

270°

A%IS along rotor height - Vw = 20 m/s - Incidence = 90°
Roac, Rotor, T2230% clor,, [+ 150% Rokr_H1Z0%
ma21.7% Rotor E o 8.5

Rotor,

35

Rotor Height (m)
n n
o (5]

-
w0

Ad% ional ibution along rotor height - Vw = 20 m/s - Incidence = 270°
: R, [ ko, [0, [T 5%

o

Rotory™>19.3% Roter, ™

n
a

——Batast (const)
| |=—Laden (const)
Batast (og)
- = ~Laden Gog)

Rotor Height (m)
s 8

3

L
R3
Rotor

Figure 11: Non-dimensional thrust force generated by each
rotor sail along the height of the devices.

negative contribution to the thrust. The same pattern could
not be verified for the 270° incidence. The streamlines for
these cases can be seen in Figure 12, where it can be
verified that in the 90° condition the flow separation is
larger in the deck prior to reaching the devices when
compared to the 270° one, where the flow “climbs” the
large freeboard and reach the devices directly. A similar
pattern could be verified for intermediate angles. The top
disc contribution into the total generated force could be

Log

Figure 12: Streamlines considering the 90 and 270° incidence angles with wind speed of 20m/s.



verified for all studied cases.

An example of the total thrust force breakdown for the 150°
and 210° incidences at 20 m/s wind speed for laden
condition can be seen in Figure 13, where each bar
indicates one component above the deck and the bars
identified with C are the constant wind profile results,
while the L indicates the non-constant one. A general trend
of smaller total forces generated in the constant wind
profile was verified, as less interference among the rotor
sails and other deck structures.
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4.2 Impact of the wind profile into the long-term savings
The long-term expected savings were computed for
different sailing speeds to provide a sensitivity of this
parameter into the overall results, since the relative wind
speed and incidence angle was particularly impacted by
this parameter. Three different approaches were adopted in
the simulations:

e Alternative 1: Forces produced by the rotors in the
forward direction calculated using CFD with a
constant wind profile and using the global model
winds directly in the probability calculations;

e Alternative 2: Forces produced by the rotors in the
forward direction calculated using CFD with a
constant wind profile and using the global model
winds corrected to half the rotor height using the
logarithmic profile as correction;

e Alternative 3: Forces produced by the rotors in the

forward direction calculated using CFD with a
logarithmic wind profile and using the global
model winds directly in the probability
calculations;

The comparison of the results in terms of average power
reduction can be seen in Table 2 for the ballast and loaded
conditions of the vessel at speeds between 10 and 16 knots.
It can be observed that the calculations performed using
alternative 1 tend to significantly underestimate the
benefits produced by the rotors, a fact mainly associated
with the lower incident wind on the rotors, which reduces
their efficiency, since the vessel’s freeboard is high, even
in loaded condition. The adoption of constant coefficients,
while correcting the global model wind to half the rotor
height, showed values closer to those obtained with the
logarithmic model, making it an alternative to consider if
only the force values for constant coefficients are available.
The differences between the results with alternatives 2 and
3 can be seen in the last columns of the table, where a
smaller difference is noted when compared to alternative 1
and the others, supporting the applicability of model 2 in
an initial approach.
Table 2: Comparison of the results in terms of required

power reduction considering the 3 calculation alternatives
for ballast and loaded conditions.

* Wind adjusted from 10m to half rotor height above waterline

4.3 Transversal forces induced by rotor sails

In order to compute the required drift angle during
navigation to balance the transversal forces induced by the
rotor sails, the simulations were post-processed to obtain
these values considering the 3 studied configurations,
which are compared to the condition without the devices.
The generated forces are very dependent on wind direction
and in some cases increases the transversal forces
appreciably while in other cases reduces the value, as
illustrated in Figure 14, where the bars indicates: “N” —
without rotor sails, “P” portside configuration, “C” center
line alternative and “A” alternate configuration. It can be
seen that for the 30° in ballast condition the transversal
forces are reduced by 50% due to the presence of the rotor
sails regardless of the configuration, while in the 120°
condition the forces are increase ~30%. Since the relative
wind incidence is established according to the ship route



and the sailing speed, the overall balance of the impact into
the drift angles can only be established in a probabilistic
way.
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Figure 14: Breakdown of the transversal forces generated by
the rotor sails and the structures in the deck for the 30° and
120° incidences in ballast condition at 14m/s wind speed.

4.3 Additional ship resistance due to the drift angles
induced by the rotor sails installation

Since the calculation of the drift angle requires the
calculation of the transversal forces generated by the
submerged hull, additional CFD simulations were
performed with different drift angles and vessel speeds.
The first step was to validate the ship resistance without
drift angles in loaded condition, as illustrated in Figure 15,
where the red dots are the numerical simulations and the
blue ones the experimental data. A reasonable agreement
could be verified with errors of less than 1%.
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Figure 15: Comparison of non-dimensional ship resistance
calculated by CFD and experimental test results.

The numerical simulations were performed for loaded and
ballast conditions with drift angles of 0, 2 and 4° for
different ship speeds, as presented in Figure 16, in which
the large transversal forces are verified, primarily in the
loaded condition.
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Figure 16: Non-dimensional transversal forces
generated by the submerged hull for drift angles of 0, 2
and 4° in ballast and loaded conditions.

The comparisons between the power reductions obtained
for the ballast and loaded conditions, with and without the
inclusion of the drift angles, for both the constant and
logarithmic profiles can be seen in Table 3 for the portside
configuration, where it is noted that the effects of drift on
forward resistance and, consequently, on effective power
reduction are quite small, especially in the loaded
condition, where the transversal forces generated by the
hull are higher, thus reducing the susceptibility of the
vessel to the transversal forces induced by the wind,
regardless of the condition. The average drift angles along
the simulated route are also presented for each scenario.
The portside configuration was chosen due to the better
performance considering the constraints regarding
interference with loading/unloading equipment at port.
Table 3: Comparison of the reduced power using rotating
sails in simulations with and without drift angle for the
constant and logarithmic wind profiles.

Adjusted Constant Wind Profile* Logaritm Wind Profile

A% Ballast Laden Ballast Laden

(kn) | Avg w/o | w/ Ave w/o | w/ Ave w/o | w/ Ave

D(Z;ﬁ drift | drift D(f,;ft drift | drift D(Z;“ drift | drift D(.r‘;ﬁ

w/o | w/
drift | drift

10 10.274

14.7%

14.6%

0.071

10.5%

10.5%

0.083

13.5%

13.4%

0.011

9.2%

9.2%

11 10.228

12.1%

11.9%

0.057

8.9%

8.9%

0.068

11.3%

11.1%

0.009

8.0%

8.0%

12 10.195

11.0%

10.8%

0.048

8.3%

8.3%

0.057

10.4%

10.1%

0.008

7.6%

7.5%

13 [0.169

10.6%

10.3%

0.038

8.2%

8.2%

0.049

9.8%

9.6%

0.006

7.5%

7.5%

14 10.148

10.5%

10.2%

0.028

8.4%

8.4%

0.043

9.7%

9.4%

0.005

7.6%

7.6%

151 0.131

10.6%

10.3%

0.022

8.7%

8.7%

0.038

9.8%

9.4%

0.003

7.9%

7.9%

16 [0.131

9.4%

9.1%

0.022

7.9%

7.9%

0.038

8.7%

8.4%

0.003

7.2%

7.2%

* Wind adjusted from 10m to half rotor height above waterline




5 CONCLUSIONS

This paper presented a methodology to simulate the
performance of rotor sails considering the particularities of
the ship and the route under a probabilistic approach, where
CFD simulations are applied to predict the thrust and
transversal forces acting in the vessel.

The CFD simulations were applied to obtain the
performance of the rotor sails considering the several
interactions among rotors and other structures of the ship
(deckhouse, hatch covers, etc.). This procedure
demonstrated that the rotors performance is not
homogeneous in most conditions due to the complex flow
interactions.

The study employed AIS data from similar vessels
combined with wind hindcast models to obtain the actual
navigation conditions on the route, which were converted
into probability density functions. A large dispersion was
verified in the wind intensity, which motivated an
investigation of the overall benefit of rotor sails installation
over the several years to predict the overall benefit.

A probabilistic approach was applied integrating the
statistics of the wind conditions along the route with the
CFD database to provide the total effective power
reduction. The study investigated two approaches for the
inflow wind condition considering a constant and
logarithmic wind profile. The analysis demonstrated that
the forces produced along the rotor sails are more intense
in the base and top-disc in most cases. Three alternatives
for inclusion of the wind conditions into the calculations
were tested considering vessel speeds between 10 and 16
knots, where it could be observed that the results from
alternative 1 (constant wind speed profile without any
correction) tend to significantly underestimate the benefits
produced by the devices, a fact mainly associated with the
lower incident wind on the rotors when compared to the
other approaches, reducing the total efficiency appreciably
if this option is applied. The differences between the results
with alternatives 2 (constant wind profile with correction
factor to account for the rotor sail height) and 3 (logarithm
profile) were smaller when compared to alternative 1,
supporting the applicability of model 2 in an initial

approach, if only this dataset is available.

The average savings reached more than 13% for the 10
knots speed in ballast condition and more than 9% during
the laden voyage. In this context, the general trend of
smaller savings reductions in the laden condition compared
to the ballast one is explained by the additional wetted area
of the vessel and reduced draft effect (freeboard) on the
rotor sails performance. The effects of the transversal
forces induced by the devices and the resultant drift angle
were also investigated considering the different wind
profile and vessel speeds, where it could be verified that
the impact of the rotor sails in the drift angle is small for
the studied vessel class, with variations of less than 0.3%
for the ballast condition and 0.1% for the laden one,
therefore this effect may also be neglected in initial phases
of the studies, where the available data is more limited.
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