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ABSTRACT

To drastically reduce the fuel oil consumption of a large merchant vessel, the utilization of ocean wind
power should be considered as an option for the main propulsion power of the vessel. The new concept
of sailing ship assisted by motor named “Wind Challenger” is proposed as an excellent eco-ship towards
a low-carbon society. The vessel is fitted with huge rigid sails (height: 50m, breadth: 20m, area:
1,000m?) on the upper deck as a main propulsion, which is made by GFRP composite. The rigid sail has
a crescent wing section, and also has a vertically telescopic reefing mechanism and self-rotating
mechanism to meet the various wind direction and velocity. The four pieces of rigid sails (total sail area
4,000m?) are expected to generate forward thrust enough to drive 84,000DW Bulk Carrier on 14 knots, in
case of wind velocity of 25 knots from a beam. The aerodynamic interaction of the 4 wing row sail
system is carried out with a full scale CFD simulation. Furthermore, a case study on the performance in
the real sea was carried out and about 30% of propulsion energy is acquired from the ocean wind power

in average.

1. INTRODUCTION

In order to move toward the era of a low-carbon
society, it is necessary to drastically reduce CO2
emissions from large ocean-going merchant
vessels that are burning fossil oil. However, it may
be impossible to reduce fossil fuel use by more
than 50% in the case of same speed and
deadweight. Thus, a change of energy source for
ship propulsion is absolutely needed for the next
generation of merchant vessels. The candidates
would be driven by wind, nuclear energy, fuel
cells, battery, bio-fuel, CCS (carbon-dioxide
capture and storage), etc. From the viewpoint of
sustainability and free energy costs, it is clear that
ocean wind power is the best solution to drive
slow-speed vehicles, such as a very large merchant
vessel. For reducing the fuel oil consumption of a
ship, it is recommendable and important to make
use of wind power at sea. We should take into
account the sailing ship, whose concept is not only
suitable for a low-carbon society but for
punctuality which also meets the requirements of

current global logistic requirement, when
developing the ship.
Following the demise of traditional sailing

merchant ships in the beginning of 20th century,
very few modern sailing ships have come to

replace them. The Shin-Aitoku Maru shown in Fig.
1, which has cambered rigid sails made of metallic
board, was developed by JAMDA Japan in the
1970s as one of the great challenges for a new
concept sailing vessel [1].

Fig.1 Shin-Aitoku Maru

Fig. 2 shows Beluga Sky Sail, which is a kind of
kite developed in Germany last year. [2] Both
technologies seem to be categorized as a “Motor
Ship Assisted by Sail”, and the reduction of fuel
oil consumption is less than 10% in mean value
during a year. As to the “Sailing Ship assisted by
Motor”, the luxurious sailing boat “Maltese
Falcon” which has 2,400m? soft sails of Dyna Rig
concept shown in Fig.3 was delivered in 2006 [3].



Fig.3 Maltese Falcon

2. RIGID WING SAIL

As a drastic energy saving merchant vessel, Wind
Challenger which is the sailing ship assisted by
motor, needs to have a thrust enough to drive the
vessel at a specified speed, in the condition of
proper ocean wind velocity of 20~25 knot. So
that an area of the sail should be extra-ordinary
large compared with the motor ship assisted by
sails listed above. However, large sails have many
difficulties for reefing operation which is
fundamental function of the sailing ship in the
mode such as rough sea voyage, manoeuvring in
port and loading/unloading operation on berth.
And it is also very important to reduce the sail area
reduction ratio between full sail and reef sail, for
avoiding harmful influences of wind at the reef
mode. In order to resolve the above Issue, we
propose enclosed type rigid wing sail which can be
retracted telescopically as shown in Fig.4, Fig.6
and Fig.7 [4]. The inner telescopic spars are made
by steel and the outer wing panels are made by
GFRP composite, and the spars can be rotated
360° to meet the wind direction and retracted

telescopically by a mechanical devices inside of
the spar together with the panels. Fig.5 shows the
stress contour of sail panels calculated with FEM
at the condition of right angle wind to the face side
panels. The maximum stress is found at the root
part of the spar. [6], [7]
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Fig.5 Stress Contour of Sail Panels

3. GENERAL ARRANGEMENT AND
PRINCIPAL PARTICULARS

Fig .6 shows an outline image of the 84,000DW
Bulk Carrier fitted with four rigid wing sails. Each
sail is arranged on the centre line between the each
hatch and the wheel house is arranged on the
forecastle deck to secure the front view.

Fig.7 shows the ship at reef sail condition in the
port. Reefed sails are stowed on hatch end spaces
and the height of sails shrink to the level almost
same as the accommodation house. The principal
particulars of the ship are shown in Table 1.
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Fig. 6 Wind Challenger at Full Sail Mode
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Fig.7 Wind Challenger at Reef Sail Mode

Table 1 Principal Particulars

Length (OA) : 228.50m

Breadth . 36.50m

Depth 0 19.89m

draft : 13.90m

Dead Weight : 83,600ton

Cargo Capacity : 102,600m?

Cargo Space . 5Holds, 5Hatches
Sail Area (H * B=50m * 20m x 4Sails) : 4,000m2

Main Engine (B&W 5S60MC-C, MCR)  : 9,965kW x 94.0rpm
Propeller : 6.6m Dia. X 1 set
Service Speed Average 143kt
Complement : 25 Persons

Kind of Vessel : Post Panamax Bulker

4. PERFORMANCE

The relation between a wind and a sail force is
shown in Fig. 8, schematically. The forward thrust
generated by the wing sail shown in Fig.8 is
expressed as follows,

T=05-pa-Va’:A-Cx (1)

Where,

Forward Thrust : T (kgf), Density of the Air : pa
(kg-s/m*) , Apparent Wind Speed : Va (knot) ,
Attack angle to generate maximum Thrust : a,
Area of Wing Sail : A (m?) , Thrust Coefficient :
Cx (Variable Parameter according to the Apparent
Wind Angle (6) shown in Fig.8. For example, the
approximate value of the Cx is shown in the polar
diagram of Shin-Aitoku Maru’s rigid cambered
sail on Fig.9.)
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Fig.8 Apparent Wind and Thrust
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Fig.9 Cx /6 Polar Curve

In case of the 8,400DW Bulker shown in Tablel,
following parameters are used for the performance
estimation;

pa = 0.125 (kg-s/m*
A =4,000m? (1,000m? x 4 pieces)



Cx = 0.7 ~1.8 (in case of apparent wind angle 0
about 315°— 0°—45°shown in Fig.9)

According to the equation (1), Table 2 shows the
total thrust of four sails (T) acting on the vessel,
and also shows the Effective Horsepower (EHP) ,
Brake Horsepower (BHP), the vessel’s speed (Vs)
and Froude Number (Fn) corresponding to the total
thrust, considering general propulsion
performances of the typical 8,400DW Bulker in
the current shipbuilding market. In this estimation,
the wave making resistance is not considered
because of quite small Froude Number (Fn) and
the propulsive efficiency (EHP/BHP) is assumed
as 0.72. From this estimation, it is known that
abeam wind (6=75~120°) of about 25knot can
drive the vessel at the speed of more than 14knot
without engine.

Table 2 Relation among Wind velocity,
Thrust, Power and Ship Speed

~—Va T ERp | BRP | Fn Vs

kt ton-f KW KW |Vs/4 Lg kt
5.0 28 40 55 0.03 2.9

10.0 11.3 328 456 0.07 5.8

15.0 25.2] 1.097] 1523 0.10 8.6

20.0 45.1 2,625 3,646 0.14 1 1:5
25.0 70.2 5.097 7,079 0.17 14.4
30.0 101.4 8,859| 12,304 0.21 17.3

In the modern transportation industry keeping the
schedule of voyage times is very important
mission recently, therefore, assistance of engine
power for the propulsion is necessary considering
the variability of the wind condition, and
furthermore, the vessel is obliged to use the engine
instead of the sails in the port and narrow channel
to keep delicate maneuverability for the safety.
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Fig.10 Hybrid propulsion System

So that the Wind Challenger has to be fitted with
another propulsion means of main engine and
propeller. This hybrid system of sail, engine and
propeller shown in Fig.10 has to be managed
properly in each voyage mode such as harbor,
narrow channel, and the ocean of calm, windy and
extreme condition for the sake of engine power
saving and also safety.

As to the strength of the connection part of the sail
and the deck, the moment of 2,000tonf-m is
considered to withstand average wind velocity of
about 36knot which give the aerodynamic force
average 30tonf to the full sail area of 1,000m?2.
This value of moment is the same as the rotating
root of the ordinary marine deck crane fitted on so
called handy bulker. In case of stronger wind
velocity of 36knot, the retractable sail to be
shortened properly by Electric-hydraulic cylinder
set inside the spar automatically.

5. CFD ANALYSIS

The objectives of the performance study is to find
optimum attack angle generating the maximum
thrust (Cx) in every apparent wind angle. In case
of the 84,000DW bulker having four sails shown
in Table 1, the interference among four sails and
influence of ship’s hull should be considered to
obtain precise propulsion performance of the total
ship. So that, the full scale CFD simulation is
carried out around the four sails system including
the ship’s hull. The CFD code of Fine/Marine
(NUMECA) is used for the study [5]. Fig.11 is the
four sails model used in this numerical simulation.
Fig.12 shows the maximum Cx value of total four
sails system in various apparent wind angle (6).
The maximum value of thrust appear in the
apparent wind angle of 90° <6 < 120°. Fig.13
shows the ratio of Cx value between 4 sails system
and single alone sails. It is known that the
interference effect among four sails system is very
little in the apparent wind angle of 52.5° <6 <<150°,
but there are significant decrease efficiency at the
cases of upwind and follow wind . Fig.14 shows
average attack angle (a) of four sails system in
case of the maximum Cx value in various apparent
wind angle (0) in Fig.12. It is known that the lift is
useful in apparent wind angle of 30°—120°, but

the drag is useful in 120°—180°.
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Typical flow lines and pressure contour at the
horizontal plane at 35m above the sea surface are
shown in Figl5, The flow field of upwind, abeam,
and follow (AWA : 30°,75°,120°,150°) is clearly
indicated.

Fig.11 Four Sails Model for CFD Analysis
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Fig.12 Maximum Cx value of Total Four Sails
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Using the above Cx data, the energy saving ratio in
various true wind angle (TWA) and true wind
Speed (TWS) at ship speed 14.3 knot (with 15%
sea margin) is calculated as shown in Fig. 16. The
zigzag line shows change of reefing sail mode step
by step for matching the sail area to the wind
speed. If the frequency of the true wind angle
(TWA) is even from all 360°, the energy saving
ratio is expressed as the area of inverted triangle
made by each true wind speed (TWS) line divided
by the rectangular area indicated by red line in
Fig.16.
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Fig.16 Power Saving Ratio in TWA and TWS

6. VOYAGE SIMULATION

In order to estimate the reduction of fuel oil
consumption on the Wind Challenger in the real
sea, the simulation of wind power acquisition
using actual data of wind velocity and direction
(Six hours average data during the year of 2004)
was carried out in case of the voyage of Yokohama
to Seattle [8]. Two kinds of voyage strategies were
investigated, one was Great Circle Route and the
other was Optimum Route using the isochrones
method. Fig.17 shows a sample of both route. The
simulation voyages of average speed 13knot was
carried out every six hours throughout the year, so
that total about 2,800 voyage simulation data were
collected on both Eastbound and Westbound, and
both Full Load and Ballast Condition.

Great Cjrcle

Fig.17 Simulation of the Real Sea Voyage

From these big data during the year of 2011, an
average wind velocity and an average energy
saving ratio of the voyages are showed in Fig,18
and Fig.19 in case of Great Circle vs Optimum,
Eastbound vs Westbound and Full Load vs Ballast
respectively, It is known that the wind is strong in
case of optimum route and Eastbound voyage, and
average wind velocity is nearly 18.5 knot. The
bigger average energy saving ratio using wind
power is achieved in Eastbound voyage, Optimum
route and ballast condition, and the value of energy
saving ratio is about 30 % of the ship without sails.
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Fig.18 Average True Wind Speed
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Fig.19 Average Energy Saving Ratio
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7. CONCLUSION

The Wind Challenger Project which is aiming to
utilize the maximum ocean wind power proposes
new concept hybrid propulsion system, “Sailing
Ship Assisted by Motor”. So far, the followings
are concluding remarks.

+ The extra-ordinal large rigid wing sail which is
rotating and retracting telescopically is
developed and confirmed its feasibility.

+ From the study of an example ship 84,000 DW
Bulk Carrier who has 4 sails (total 4,000m? sail
area), almost 100% of the engine power is saved
in the condition of cross wind speed 25kt, at the
ship speed 14kt.

+ The energy saving simulation in the actual
voyage (Yokohama/Seattle ) was carried out and
it is found that the fuel oil saving by 30% is
very possible.

« After the survey of land based endurance testing
of the 1/2.5 scale prototype, the full scale rigid
wing sail should be planned to install on the first
real Wind Challenger near future.
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