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Summary
In the present report, the work carried out within the EffShip project work package 6 is
presented. The work is focused on the possibility to use wind energy to propel a ship,
but also solar and wave energy is considered. For kites, rotors and fixed sails
simulations using the SSPA in house SEMAN code have been performed.
From this study the first conclusion to be made is that none of the wind propulsors
affects the ships performance significantly except that all propulsors gives a possible
high reduction in engine power if there is relatively high wind speeds. A significant
reduction in engine power can also be found at low wind speeds if the ship speed is
low. Ship and rudder motions created by the wind propulsors are small and are not
expected to give any problems.
The second conclusion that can be made is that kites can give a very high reduction in
engine power but only for beam wind directions and up to following winds. Often
following winds are best, but if the ship speed increases the apparent wind decreases
and the kite cannot fly if the wind speed is too low. In this case the beam wind can be
better.
Rotors and sails can operate from wind directions from about 20-30 degrees for sails
and 30-40 degrees for rotors and up to tail wind. The best wind directions are around
beam wind. The sails can also present better engine power reduction, but the area of
the sails are 7 times higher than the rotor. Also the forces and moments acting on the
deck is much higher, but not necessarily a problem. The area, however, can be a
problem regarding the sight forward.
A simple calculation of possible savings during a lifetime indicates that a pay back time
for the kite and the rotors could be in the order of 5 years, while the sails could be
somewhat less, all with today’s fuel prices. To determine the true saving one has to
look at a certain route, then probably much shorter pay back time can be found. Of
course the pay back time will also be shortened if the fuel price will increase. A
scenario that fuel prices should be doubled within the following decade will of course
reduce the pacy back time to the half of these given.
In the simulations it is assumed that the engine is not derated and can work
continuously at 20 % load. At high wind speeds and low ship speeds this can easily be
the case. Then the speed will become higher than intended. In the case of the roro
ship one engine can instead be turned off which is a very good solution for a partly
wind propelled ship.
The possible savings for the roro is much less than for the panamax, but still
interesting. The roro, due to its high speeds cannot benefit from the kite, but both
rotors and sails shows a rather similar contribution and presents savings up to 40 % for
some conditions.
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1

Introduction
WP 6 in the EffShip project is dealing with the possibility to use different
energy sources to help to propel a ship. The main alternative source is the
wind, but also wave and solar energy are considered. Regarding solar energy
only solar cells (voltaic) are studied. Three different wind propulsors are
studied in detail: Flettner rotors, kites and fixed sails.
The aim with the study is to show how different systems will affect a ships
behaviour. Primarily the possible reduction of using conventional fuel will be
studied, but also the general influence of the ships behaviour will be
illuminated when using different energy sources.
A 72 000 DWT tanker is chosen as a main case for the study. Also some results
for a conventional ro-ro ship are presented.
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Waves
Today there are no existing means to use wave energy to propel a ship. Some
experiments have been carried out for small crafts, but nothing has led to any
serious proposals for larger ships.
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3

Photovoltaic Solar Energy
The use of solar energy are growing. There are two ways of absorbing the solar
energy: by solar panels and photovoltaic. The latter is the only interesting way
onboard since there is already enough heat from machinery to take care of in
the first place.
There are some fundamental facts regarding solar energy:
•
The maximum effect that can be achieved from the sun is approx. 1000
2
W/m . Depending on latitude and clouds this value varies a lot.
•
A normal efficiency of solar cells is today 10-15% giving 100-150 W/m2. In
some studies an efficiency of 42 % has been reached. A visionary approach
could be that a value of 50 % could be realistic in commercial use.
Taking into account that a ship is sailing around the world day and night a
possible net effect on a solar cell could be set to 25 to 250 W/m 2 as a medium
value. 250 is the visionary figure.
One of the recent ships equipped with solar cells is the M/V Auriga Leader from
Nippon Yusen KK. It is a 60 000 GT, length about 230 m. Stating that they will
get 40 kW from their system with 328 solar cells one can assume that they then
assume that they can get about 150 W/m2 , but probably only in the very best
conditions. A mean value over the year could be 50 W/m2 , still probably
optimistic.
A ship of this size needs approximately 15MW in total power to obtain its
design speed. This would need a surface about 50 times its deck area to
achieve this effect. If we should assume a visionary concept, however, reducing
the speed to a minimum and assuming a higher efficiency of the solar cells, the
needed area could be reduced to only twice the deck area. For both cases it is,
however, obvious that solar cells will not be the only energy source for ships.
The question is perhaps when solar cells can be a complement. This depend on
if it will be practical to have solar cells onboard and if the investment cost will
be reasonable.
For the M/V Auriga Leader it is told that the investment costs are around 1 400
000 USD (some sources says 1 800 000 USD). This then correspond to 35 000
USD per kW. This includes of course the whole system. Another figure often
heard is 10 000 EUR per kW, corresponding to about 14 000 USD per kW. This
is probably a more realistic figure. If you buy a solar cell in the yacht shop today
you pay about 7 USD per W for just the panel. If we should use a more
optimistic figure for the large system we could assume 5 000 EUR per kW. This
should then be compared with the cost of installing a diesel machinery that is
in the order of 200-300 EUR per kW, i.e. 20 times less expensive.
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To use fuel to create the 40 kW that you get for free cost you some 5 EUR
today, but the investment cost is then at least 200 000 EUR.
The conclusion must be that it is difficult to foresee that solar cells will have
any significant influence on the energy consumption on ships. Nevertheless
one should of course try to use solar energy as much as possible since it is a
clean energy source. Experts in solar cell technology claim that the most
efficient way to use solar energy for ships is to produce hydrogen on big shore
based plants to be used for fuel cells on board.
For the selected tanker in our study we have a total deck area of approx. 5000
m2. If we assume that it would be possible to cover 50% of this area with solar
cells we could perhaps get a mean solar power of 62 kW. This is less than 1 %
of the needed power at 16 knots.
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Rotors
Flettner rotors has been studied for 100 years. There are numerous of papers
and other literature describing rotors both in model and full scale. However,
still there are a number of questions to be answered. One of them is to
understand the magnitude of lift and drag coefficients (CL and CD ) in relation
to the speed ratio alfa. Alfa is the relation between apparent wind speed and
peripheral speed of the rotor, and determines totally the lift and drag force of
the rotor. The first task in EffShip WP6 was to find a relevant function CL-CDalfa for a full scale rotor. Values available from the literature is only valid for
model scale. Institutions having access to full scale data is very reluctant to
share any information. One original idea within WP6 was to carry out large
scale wind tunnel tests. However, from different reasons this was not possible
to accomplish. Instead extensive CFD (Computational Fluid Dynamic)
calculations were carried out at SSPA using FLUENT code.

4.1

Validation of CFD with experiment data at model scale
Before moving onto more realistic cases, CFD results were first validated
against available experimental data. The most extensive wind tunnel tests were
those made by Reid (1924), where a 0.1143 m diameter cylinder was tested at
various spin ratios α in a wind tunnel with a cross section size of 1.523 m X
1.523 m. The maximum Reynolds number (based on inflow speed) was about
5x104. The computational domain is constructed so that it has exactly the same
cross section area, the same size of cylinder and the same loading condition as
in Reid’s experiment. Steady RANS solver (FLUENT) together with SST k-
turbulence model is employed. Figure 1 depicts the surface mesh on the
boundary of the computational domain. No-slip boundary conditions are
specified on the rotor surface and the tunnel walls. Second order QUICK
scheme are used for convection terms and central difference scheme are used
for diffusion terms in all the transport equations.

Figure 1 Surface mesh on the computational domain for validation with Reid’s
experiment
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The predicted results are compared with those measured by Reid for this
configuration in Figure 2 for the lift coefficient CL, and in Figure 3 for the drag
coefficient CD. The bold black lines in these two figures represent a regression
of CL (and CD) from mainly the 2D experiment data made by Knif. The CFD
results are also compared with these two regression lines. It can be seen that
there is a fairly good agreement between the predicted and the measured C L
for α in the range 1< α<4. Discrepancy between CFD and data starts to grow
for α>4. An interesting trend for both the computed and measured CL is that
the variation of CL with respect to spin ratio α resembles much like the
variation of lift as a function of angle-of-attack for an airfoil. Namely, at 0< α 4,
CL increases almost linearly with the increase of α, and then it flattens out at
higher α. On the other hand, the difference in CD between the prediction and
the data is somewhat larger. This is more or less expected, as is well known
that the drag prediction for bluff bodies with flow separation is more difficult
than lift prediction. The overall agreement is however considered acceptable
and encouraging.
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Figure 2 Comparison of CL between CFD and Reid’s tunnel test data
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Figure 3 Comparison of CD between CFD and Reid’s tunnel test data

4.2

Full scale performance
A more realistic Flettner rotor configuration is investigated after the preceding
validation studies. The rotor has a 3-meter diameter and a spanwise height of
18 meter, giving an aspect ratio (AR) of 6. One end of the rotor is standing on a
ground floor (deck) and the other end connected with a circular end disc having
a diameter twice of the rotor diameter. The wind speed is assumed to be 15
knots, and this gives a Reynolds number Re=1.6x106 (based on the wind speed
and rotor diameter). Figure 4 shows the computational domain and the
location of the rotor relative to the Inlet and Outlet boundaries of the domain.
The boundary conditions (BC) are defined as follows:
Inlet:
Outlet:
side walls:
Floor and rotor:

constant velocity inlet, Vo=7.716 m/s
pressure outlet BC
symmetry BC
No-slip wall BC
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Symmetry

Outlet

Inlet

Floor

Figure 4 The computational domain

Figure 5 Surface mesh for the computational domain and the Flettner rotor
The surface mesh on the domain and the rotor boundaries are shown in Figure
5. The simplicity of geometry made it possible to generate high quality
hexahedral meshes for the computational domain. The mesh is well refined in
the direction perpendicular to body surfaces to ensure a y+1. (Here y+ is the
non-dimensional wall distance between the first grid layer and the body
surface).
The lift coefficients CL as a function of spin ratio α for four different aspect ratio
(AR=3, 6, 9, 12) are plotted in Figure 6. Also plotted in the figure are Reid’s
experiment data serving as a reference for comparison with the model scale
performance. As is seen in Figure 6, except the lowest aspect ratio (AR=3), CL at
all the other AR for our Flettner rotor is higher than Reid’s data, despite the
fact that Reid’s cylinder has the highest aspect ratio (AR=13.3) within this
comparison group. The primary reason for CL at AR=6, 9 and 12 being higher
than the CL data by Reid is the action of end disc for the present configuration.
Another likely reason might be the scale effect of different Reynolds numbers.
The influence of these parameters will be discussed in the following sections.
The drag coefficients CD as a function spin ratio α for different ARs are plotted
in Figure 7. The trend of the decrease of CD with increase of AR is clearly seen,
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reflecting the correct influence of finite span and induced drag. On the other
hand, the CD for the present Flettner rotor seems to be higher than what Reid's
data would suggest (comparing CD for AR=12 with Reid's data at AR=13.3). It is
generally acknowledged that the drag of bluff bodies is more difficult to predict
than the lift. The flow for the present case is further complicated by the
presence of a rotating disc. At present, lack of equivalent full scale data makes
it difficult to evaluate the accuracy level of drag prediction with the present
RANS method. Some grid sensitivity studies would have been useful to exclude
any grid dependent results.
The moment acting on the cylinder, expressed in a non-dimensional form as
Cm, is displayed in Figure 8. Since the power needed to spin the rotor is
proportional to the moment, Cm becomes a measure of the needed power to
operate the Flettner rotor.
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Figure 6 CL vs. Spin ratio at four different aspect ratios, full-scale Flettner rotor
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Figure 7 CD vs. Spin ratio at four different aspect ratios, full-scale Flettner rotor
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Figure 8 Cm vs. Spin ratio at four different aspect ratios, full-scale Flettner rotor

4.3

Influence of aspect ratio (AR)
Similar to the role of AR for an airfoil, the AR of Flettner rotor has a meaningful
impact on the lift and drag force. The CL increases with the increase of AR,
whereas CD decreases with the increase of AR, as can be seen in Figure 6 and
Figure 7. Just like an airfoil, a rotor with a higher AR will tend to have more 2Dlike characters, e.g. a lower induced drag and a higher effective angle of attack,
thus having a higher CL and a lower CD. The variation of CL with respect to
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aspect ratio AR at three spin ratios is shown clearly in Figure 9. From the figure
we see also that CL will always reach a plateau on which the CL no longer
increases with AR. In practice a trade-off value for AR may be chosen in the
range AR=[6~8].

Figure 9 CL vs. aspect ratio for three velocity ratio

4.4

Influence of end-disc diameter
So far, only two variants of end disc diameter are studied. They have a disc-torotor diameter ratio of De/D=2 and De/D=4 respectively, and both are
connected with a rotor of AR=6. Table 1 shows a comparison of the timeaveraged CL, CD and Cm at α=5 for the two end discs. Cm is the torque coefficient
about the axis of rotor. As seen in the table when the end disc diameter is
doubled, CL is slightly decreased while CD is substantially decreased. A
tremendous increase of Cm is noted at De/D=4, the magnitude of which is
about 18 times greater than the Cm at De/D=2. A larger Cm implies the need of a
higher power to rotate the rotor. It seems that there is an upper limit for De/D,
above which there will not be any meaningful benefit for performance but
increased need of power to spin the Flettner rotor.
De/D

CL

CD

Cm

1 (no-disc)

7.227

3.586

0.054

2

10.552

4.466

0.139

4

10.204

2.919

2.769

Table 1 Load coefficients at two different end disc diameter sizes
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Though the numerical results so far are non-conclusive, the observed influence
of end disc on CL and Cm seems to be consistent with the results obtained by
others. With the increase of De/D, CL is in general increased. Cm does not vary
very much for small to moderate De/D-values, but above certain threshold (ca
De/D>2.5), Cm starts to increase drastically. The response of CD to the size of
end disc is more complicated and is spin ratio dependent. Further
investigations are needed.
What if the end-disc is NOT rotating with the cylinder? A computation for the
case of AR=3 and α=4 with a non-rotating end disc leads to a decrease of CL by
38%, CD by 46% and a decrease of Cm by 77% as compared with the respective
values when the end disc is rotating. This study confirms the generally accepted
practice that the end disc has to rotate with the cylinder in order to achieve
high performance.

4.5

Instability of forces and wake

(1)
(2)
(3)
(4)

For typical 2D flows around a spinning cylinder, it has been reported in a
number of numerical and experiment studies that the operational region of
spin ratio is composed by two unsteady regimes involving vortex shedding (in
two different shedding modes), and two stable regimes where no vortex is
shed and the wake flow is in quasi-steady state. For example, the work by
Akoury (2008) and Balcarov (2010) reported the instability region as:
Regime 1, 0 ≤ α ≤ 2, Shedding Mode I
Regime 2, 2 ≤ α ≤ 4.8, stable region
Regime 3, 4.8 ≤ α ≤ 5.1, Shedding Mode II
Regime 4, α ≥ 5.2, stable region
The difference between the two shedding modes is that a pair of vortices is
shed alternatively from the upper and lower cylinder surface in Shedding Mode
I, whereas only one single vortex is shed in Shedding Mode II. Figure 10 is a
graph made by Balcarov (2010) to give an idea of the stability bifurcation
region of rotating cylinders. Note however that these findings are associated
with flows of mainly 2D nature at very low Reynolds numbers (Re=60~500).
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Figure 10
Balcarov (2010)

Stability bifurcation diagram of rotating cylinders at low Re,

In our present high Reynolds numbers 3D computations, except for the regime
with 0 ≤ α ≤ 2, no evident vortex shedding could be found in other regimes. We
do observe the instability of forces and wake flow in regime with α < 2 and α 3.
The identified regimes are,
(1) Regime 1, 0 ≤ α < 2, Shedding Mode I
In this regime, bound vortices are shed alternately from the upper and the
lower side of the rotor surface, as visualized in Figure 11 by means of an isosurface of the second invariant of velocity gradient tensor. (This variable is
supposed to be able to give more reliable definition of vortex core than the
vorticity or helicity.) Moreover, the oscillation of CL is very periodic and the
percentage variation of its normalized amplitude is large for α < 2, see Figure
12. A dominant Strouhal number (St) is readily recognized. Obviously, the
shedding of bound vortices is the reason for periodic lift and drag on the rotor.
(2) Regime 2, 2 ≤ α ≤ 3, Quasi-steady
The flow and the forces/moments are fairly stable, no vortex shedding is found.
(3) Regime 3, α > 3, Unsteady with little or no shedding
Lift and drag forces are fluctuating with time. The percentage variation of the
normalized amplitude of CL is more irregular and less periodic, see Figure 13.
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The extent of oscillation is however less than that in Regime 1 (ca 3% vs. 8%).
No shedding, or at most very little shedding of bound vortex, could be
observed. Strouhal number St is either a small number or becomes totally undetermined. On the other hand, two persistent tip vortices are found trailed
downstream. One comes from the juncture of the rotor and the floor and the
other develops from edge of the end disc. These two vortices are relatively
unstable and fluctuating slightly in the spanwise direction for this regime. See
Figure 14 for an example. It is suspected that the instability of the tip vortices is
the causes of unsteady forces.

Figure 11 Shedding of bound vortices from rotor
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Figure 12 Oscillation in [%] of the normalized amplitudes of CL for α=[0.25~3]
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Figure 13 Oscillation in [%] of the normalized amplitudes of CL for α=[1~8]

Figure 14 Tip vortices formed at two ends of Flettner rotor for AR=6 at α=5.

SSPA SWEDEN AB – YOUR MARITIME SOLUTION PARTNER
20 (60)

SSPA Report No.: RE40095426-01-00-A

4.6

Summary of observed characteristics








4.7

AR has a significant influence on the lift and drag force. Analogous to an airfoil,
the higher the AR is, the higher the CL and the lower the CD are.
The diameter of the end-disc has an impact on the CL and CD up to a certain
spin ratio. Its influence at higher spin ratios are however less pronounced.
The instability bifurcation regime is somewhat different from other studies.
Vortex shedding is limited to a regime with α ≤ 2; The flow and forces become
quasi-steady in regime with 2 ≤ α ≤ 3; For regime with α > 3, the flow and
forces become unstable again, but the extent of oscillation is less than that in
Regime 1. The wake is featured by the presence of a pair of unstable tip
vortices.
Practical range of AR = [6~8]
Spin ratio, α=[3~ 5].
The end disc to rotor diameter ratio De/D= [2~3].

Presumptions for the EffShip tanker studies.
As mentioned above numerous studies have been carried out regarding
Flettner rotors. In the EffShip project the goal is to understand how Flettner
rotors can best be used onboard ships to reduce the fuel consumption. The
goal is not to sail only, but to use the wind as a complementary power.
Therefore this study will focus on the behavior of the ship when using such a
wind power devise. However, to know what kind of thrust that can be obtained
a mathematical model for the Flettner rotor must be determined for the study.
In many papers lift and drag coefficients have been presented, normally
obtained from tests in wind tunnels with relatively small models and low
Reynolds numbers. Even if there have existed full scale ships with Flettner
rotors, and still do, the scale effects of the Flettner rotor is not very well
known. In the next chapter this is more described. Below the presumptions in
this study are presented.
The Flettner rotor can easily be described as a cylinder with the diameter D and
height H that rotates giving a relation between the peripheral velocity and the
inflow velocity called α. In this study it is equipped with an end plate with the
diameter 2D, this to reduce losses due to vortices. The lift and drag coefficients
given are for a two dimensional cylinder, but in this study an aspect ratio of 6,
i.e. H/D=6, is chosen. This ratio 6 is often in the literature presented as the
most practical and efficient ratio. However, there are reasons to believe that
even with an end plate this aspect ratio will influence the lift coefficient. Not
before going up to aspect ratios of 10-11 one can assume that the three
dimensional lift coefficient is comparable with the two dimensional. Therefore
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a factor for the reduction of lift has to be set. Liljenberg and Williams
presented a value of about 0,74 for aspect ratio 6. However, from the in the
CFD calculations (full scale condition) one can see that we can expect
somewhat higher values. In this study a value of the correction factor for
aspect ratio kAR = 0,8 is set.
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Fig 15. reduction of lift force due to aspect ratio according to Liljenberg and
Williams and to Fluent calculations.
The other important parameters to determine is then the lift and drag
coefficients (Cl and Cd). These are totally depending on the factor α. When α is
zero, the lift coefficient is of course also zero. When α increases Cl increases
relatively fast up to a value around α=3, then the increase in Cl drops a bit.
From practical reasons one would like to have α as low as possible, but to get
high wind propulsion force α-values between 3 and 4 are desirable. In this
study α=4 will be the maximum value used, probably to high concerning the
practical aspects that will follow. For a Flettner rotor with D= 4 m and 15 m/s
wind speed will give a peripheral speed of 60 m/s and consequently a
revolution of the rotor of almost 5 rps.
As mentioned above, numerous papers have been presented during the years
regarding Flettner rotors. In a Master Thesis presented in 2009 by Joel Knif
reasonable levels for Cl and and Cd are presented taken from the literature.
When performing CFD calculations for full scale conditions there is a very good
agreement between the results from model tests and the full scale calculations.
However, for the drag coefficient there is a big difference for high α-values. If
these high drag coefficients are true, one could think that this could be a big
draw back for the rotor, but not necessarily.
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Fig 16. Lift and drag coefficients according to Knif and Fluent calculations
For a Flettner rotor on a ship the wind speed will of course be the sum of the
environmental wind and the speed of the ship. If the wind is coming some
degrees from behind ( say stern quartering) at a certain ship speed, the
resulting wind direction referring to the ships coordinates can be 90 degrees,
i.e. the resulting wind is coming in midship. This is a very favorite wind
direction. If there is no rotation on the rotor there will be only a drag force
acting towards 270 degrees. When the α-value increases there will be a lift
force pointing in the ships direction, but the resulting force will of course be
somewhere between 270 degrees and the bow. If the Cl and Cd are equal (can
happen at very low α), the resulting force will be in the bow quartering
direction.

T

F
FL

FD

V

Fig. 17. Lift (FL) and drag (FD) forces and wind thrust (T) from wind
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In this case if α is high, the low drag will of course be beneficial, the resulting
force will then point more forward. This is also the case for all winds coming in
fore of midship. If the resulting wind direction instead is aft midship, say stern
quartering, a high drag will be beneficial.
Until it is fully understood which level the full scale drag represents, and within
this study, both levels of drag will be considered. The level of lift coefficient will
be in this study taken as the mean value of the two lines. For low speeds, the
drag coefficient is like for all cylinders very dependent on the Reynolds
number. The value used in this study is of less importance, but for low speeds it
can be assumed to be 0,67. Therefore the Cl and Cd are assumed to be:
α

Cl
0,0
1,0
2,0
3,0
4,0

0
2,22
5,54
8,43
10,00

Cdhigh
Cdlow
0,67
0,67
0,59
0,67
1,52
0,76
2,69
0,97
3,55
1,26

Where
α = πnD/V
n= rotor revs
Cl=FL/(½ ρ D H V2)
Cd=FD/(½ ρ D H V2)
FL is the lift force (N)
FD is the drag force (N)
Ρ is the density of air (kg/m3)
D is the rotor diameter (m)
H is the rotor height (m)
V is the resulting wind velocity (m/s)
Also the power needed to rotate the cylinder has been studied. There is an
aeronautic friction and a mechanical friction. The aeronautical friction
coefficient is assumed to be:
Cm = 0,0057α2 - 0,0021α + 0,0089
based on CFD-calculations. This is also close to what is presented by Liljenberg
and Williams. The moment can then be calculated from
M=½ ρ H D2 V2 Cm
and the power
P= 2 M V α / ( η D)
where
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η is the mechanical losses (mechanical friction, efficiency of engine etc.). This
value is very much dependent on the bearings but can be approximated to 0,85
– 0,90. In this study the value 0,90 is chosen.
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5

Kite mathematical model
A simplified kite model is built in SSPA’s indoor seakeeping and manoeuvring
software – SEAMAN II. With this kite model, SEAMAN could carry out auxiliary
kite propulsion simulations. The tension force in kite traction line, kite thrust in
different weather conditions and kite-ship interactions could be studied by
analysing simulation results.

5.1

Initial condition and assumptions
In order to provide a simplified model for kite manoeuvring, the following
assumptions are set for the simulation.

5.2



Traction line is always straight. It is not elastic and has no extension.



The flying track is predefined in a butterfly shape by given coordinates
of nineteen points along the track.



The kite mass is negligible in the simulation.



The built-in kite angle of attack is set to 4 degrees. This has been
verified against full scale data provided by a kite manufacturing
company.



The engine will stop when kite thrust exceeds required thrust at certain
speed. The propeller will stay still. It will not rotate in the opposite
direction to reduce ship speed.

Kite coordinate system
A ship-based spherical coordinate system is selected as the kite coordinate
system. There is one important assumption, which influences the selection of
this coordinate system. The hypothesis is that the traction line connecting the
kite and the ship is assumed to be straight with no extension. Followed by this
statement, the kite motion is restrained to a quarter-spherical surface, the
flying envelope, with constant radius. The radius of the sphere is the length of
the traction line. The center of the sphere is the connection point at ship bow.
Shown in Figure 1, the coordinate of the kite is represented by φ – azimuth angle,
θ – elevation angle, and R – length of traction line.
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Figure 18 Kite coordinate system.

5.3

Force analysis
The aerodynamic forces acting on the kite establish force equilibrium with
tension force in the traction line. The aerodynamic forces are contributed from
both relative onset velocity on the flying track and apparent wind velocity in
radial direction. The onset velocity is pre-calculated by a Microsoft Excel based
static kite calculator. The apparent wind velocity is derived by composition of
ship velocity over ground and wind velocity at kite.
The kite is assumed to fly in a butterfly-shaped track as indicated in Figure .
Before each simulation, three parameters are computed by the static kite
calculator and introduced to SEAMAN as input parameters. They are the
azimuth angle of the track center – φ0, the elevation angle of the track center –
θ0, and the mean kite velocity.

(φ0, θ0, R)

Figure 19 Kite flying pattern, butterfly shape.

Knowing φ0, θ0, the mean kite velocity, flying pattern, flying direction, and
present time, the transient coordinates of the kite could be computed. The
transient coordinates (φ, θ, R) is used for calculating apparent wind velocity at
the kite.
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Wind profile power law is applied when calculating wind velocity at kite1.
( )

Therefore,
(

)

Where,

The ship speed over ground and the true wind velocity at kite are decomposed
to north and east directions for summation.

Wind blows in the horizontal plane. The apparent wind velocity could be
decomposed into radial and tangential direction, as shown in Figure .

The tangential component of the apparent wind velocity contributes to the
onset velocity. The radial component of apparent wind velocity contributes
directly to the tension force in the traction line.

1

Heier, Siegfried (2005). Grid Integration of Wind Energy Conversion Systems. Chichester: John Wiley &
Sons. pp. 45. ISBN 0470868996.
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Figure 20 Apparent wind velocity decomposition at kite.

With lift coefficient derived by known built-in kite angle of attack, the lift force
can be determined using the following equation:

The radial component of apparent wind velocity produces wind resistance.

Decompose wind resistance force to radial direction and add to lift force, will
derive tension force in the traction line, as illustrated in Figure .
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Figure 21 Tension force composition.

The tension force is decomposed to three axial directions in ship based
coordinate system. The roll, pitch and yaw moments are calculated
respectively.
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6

Fixed sail

Within EffShip a new type of fixed sail has been developed by ScandiNAOS. The main
idea is that they should be robust and easy to handle. Therefore the wing section is
symmetric around its mid cord, so that the wind can enter from any side. To get
reasonable good lift coefficient the wing must have a certain camber. The sail itself will
be telescopic, and to get a practical design the thickness of the profile is set to 30 % of
the cord length.
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Figure 22. Shape of ScandiNaos EffShip sail
Both the suction and the pressure side is represented by a second degree polynomial,
and the edges have a radii of
From a number of calculations it was seen that a proper camber of the profile is 2/3 of
the maximum thickness. In the diagram below the variation of lift and drag coefficient
can be seen as function of angle of attack. Observe that these curves represent a 2-D
wing.
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Figure 23. Lift and drag coefficients versus incidence for different camber f.
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As can be seen the lift coefficient is somewhat better for a higher camber even if the
drag coefficient also increases. In the figure below it can, however, be seen that the
relation lift-drag is not worse.
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Figure 24. Drag coefficient versus lift coefficient for different wing profiles
Here also a comparison is made with a typical Naca profile and a very good main sail.
As can be seen, for lift coefficient in the order of 1.0 – 1.2, the lift-drag relation for the
ScandiNAOS sail is acceptable. This can be compared with the maximum lift coefficient
for a very good (racing) main sail of about 1.6.
The idea with this sail is also that it can be directed towards the wind in the most
favorable angle. Therefore one can assume that a lift coefficient of 1.2 can be achieved
in general. For this angle a drag coefficient of 0.03 can be set. Again, this is for the 2D
case.
For a 3D wing profile one has to take into account the aspect ratio. 3D calculations
have been carried out for an aspect ratio of about 4, i.e. that height of the sail is 4
times the width. Due to vortices around the tip the lift coefficient decreases
significantly and the drag coefficient increases by 300 %. Still, this is not a big problem.
The wind thrust in head wind will of course be lower, but instead the drag is beneficial
in tail winds.
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Figure 25. Comparison 2 and 3-dimensional lift and drag coefficients.
The relation lift-drag coefficient is now more linear, see figure below.
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Figure 26. Lift versus drag coefficient for EffShip sail.
A good approximation is now to use a value of 1.0 as lift coefficient and 0.1 as drag
coefficient. In the figure below the wind thrust coefficient is presented as function of
apparent wind angle. As comparison the lift coefficient for an ideal wing profile is
given. For tail winds this sail can be positioned transverse the wind. Assuming a drag
coefficient of 1.17 (flat plate drag coefficient), the thrust coefficient is also given in the
figure. As can be seen at 140 degrees it is more favorable to set the sail in this position.
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Figure 27. Wind thrust coefficient for EffShip sail.
With this sail setting the resulting thrust coefficient (in the ships longitudinal direction)
and the coefficient for heel (transverse to the ships direction) can be presented as
below.
1,4
1,2
1
0,8
0,6
C

0,4

CT

0,2

Cheel

0
-0,2 0

30

60

90

120

150

180

-0,4
-0,6
-0,8

apparent wind angle (deg.)

Figure 28. Assumed wind thrust and heel coefficient for EffShip sail.
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7

Simulations of ship behavior

7.1

General description of panamax tanker

Product tanker for crude oil and refined oil products. Double hull corrugated tank
bulkheads built at Dalian Shipyard 2004‐2005.
Main Particulars:
LOA 228.6 m
Lpp 219 m
Beam, moulded 32.2 m
Depth moulded 20.6 m
Design draft 12.5 m
Scantling draft 14.4 m
Trading Area
World Wide.
Capacities and DW
• Deadweight at scantling draft 72 750 tons
• 12 cargo tanks, 3 segregations plus 2 slop tanks, all coated
• Stainless steel piping, steam tank heating in all tanks
• Combined flue gas generator for inert gas
• Vapour return lines
• 2 fixed cleaning guns in each tank
Cargo and ballast pumps
• Steam driven cargo pumps 3 x 2,000 m3/h
• Electrically driven ballast pumps 2 x 1,100 m3/h
Machinery
• Engine MAN ‐B&W 6S60 MC 12,240 kW
• Propeller Fixed pitch diameter 6.86 m
• Cruising range 17,000 nm
• Aux. engines 3 x 750 kW
• Fuel fired boilers 2 x 20 tons/h
• Exhaust gas economizer 1.5 tons/h
Fuel
Alternative A, HFO 380 cst
Alternative B, Methanol

Speed
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16 knots Ballast 80% MCR incl 15% sea margin
15.5 knots Design 80% MCR incl 15% sea margin
Class and class notation
• Det Norske Veritas
• Class notation DNV+A1 Tanker for oil ESP NAUT ICUS E0 COAT ‐2 VCS‐2

Fig. 29 General arrangement for panamax tanker

7.2

General description of a 3 deck 3200 lm roro ship

The ship is a roro carrier, intended for roro handling of non‐unitised cargos, unitised
cargo,
cargo on wheels, road vehicles etc.
The ship is equipped with a single screw of CP type, single spade rudder, soft nose and
bulbous bow and moderate pram stern with skeg.
The engine and accommodation are located forward.
Access to the cargo areas is arranged via a full width stern ramp/door to deck 2 and via
internal ramps to deck 3 and 1.
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The basic version has 3 cargo decks. The design to be such that a 4th cargo deck can be
added
either during the construction phase or as retrofit.
An optional 4th cargo deck will be reached via an internal ramp.
Main Particulars
LOA 205.0 m
Lpp 196.6m
Beam, moulded 26.7 m
Deck. Denomination height above BL
Deck 1 Lower hold 4.0 m
Deck 2 Main deck 10.05 m
Deck 3 Weather deck 16.25 m
Trading Area
World Wide.
Capacities and DW
Cargo areas and capacities
Deck free height clear width lane m
Deck 1 5.1 m 22.0 m abt. 700 m
Deck 2 5.1m 24.2 m abt. 1.100 m
Deck 3 7.1/10.0 m* 24.2 m abt. 1.400 m
abt. 3.200 m
*under the mooring deck aft 7.1m, under the superstructure = 10.0m
Draught & DW
Design draught 8.2 m
DW design 14 200 ton
Trailer draught 6.9m
DW trailer 8 900 ton
Permissible scantling draught to be calculated
Tank Capacities (indicative)
Machinery
MCR about 18.000 kW
Alternative 1, 1 x Wärtsilä 8RT‐flex60C direct driven on CP propeller
Alternative 2, 2 x 8L46F with reduction gear and 1 CP propeller
Generators

2x 1.600 kW diesel generators with MGO or methanol operation.
1x 2.200 kW de‐clutchable shaft generator with stable frequency within the operable
rpm
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range.
Fuel
Alternative A, HFO 380 cst
Alternative B, Methanol
Speed
Speed Draught Sea margin Main engine condition
18 knots 8.2 m 15% SFOC optimised engine rating
22 knots 6.9 m 15% 90% SMCR
Class, Nationality, Rules and Regulations
The vessel is designed for UK flag rules and with Swedish/Finnish Ice Class 1A.
The Class notations will be:
DNV: *1A1 General Cargo Carrier/RoRo Container ICE‐1A, E0, NAUT‐AW TMON Clean,
COMF‐V(2)BIS
or
Corresponding notations in Lloyds Register, LR
Upcoming rules to be incorporated such as:
• Exhaust gas emissions according to Tier III
• Ballast water treatment
• Harmonised rules for damaged Stability
• Fire fighting

7.3

Simulations of panamax as built
The panamax ship was simulated using SEMAN for 4 different wind speeds: 6,
9, 12 and 15 m/s at three different speeds: 12, 14 and 16 knots. The calculated
delivered power are shown in the figure below.
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Figure 30. Delivered power for the panamax ship as built. Speeds are intended
speeds. At 15 m/s and head winds the speed will only reach around 13,5 knots.
Wind direction means true wind direction, i.e. a wind direction of 90 degrees
gives an apparent wind direction less than 90 degrees, how much less is
depending on the ship speed. It is also assumed that wind and waves always
have the same direction. For all simulated conditions the motions and
accelerations are low, including rudder motions.

7.4

Simulations of panamax tanker using kite
The kite simulations were carried out with a 640 m2 kite. The kite was attached
on deck level in centerline 97 m forward of L/2. The ship was allowed to drift,
but the drift angles were very small and the wind and waves came in from four
different angles: 90, 120, 150 and 180 degrees (180=tail wind). The main
purpose was to decide the reduction of needed power using the kite in
different ship and wind speeds. The ship speeds simulated was 12, 14 and 16
knots at the wind speeds 6, 9, 12 and 15 m/s. Also the general behavior of the
ship using kites was studied, especially the rudder motions. In general the
difference in motions with and without kite is very small, probably within the
accuracy of the simulations. However, the effect on the power reduction is
significant. In the diagram below only wind speeds from 9 m/s and up are
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shown since 6 m/s wind is too little for the ships speed 12 knots and up. The
reduction is defined as delivered propulsion power with kite divided with
delivered propulsion power without kite. One problem is, however, that the
lower limit for continues rating for this engine, if it is not derated, is about 2500
kW. This means that at 12 knots one has to allow the ship to increase in speed
or the kite can be operated so that it will produce less thrust. If the engine is
derated it can probably run at a power outtake around 1250 kW.
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Figure 31. Delivered power using kite at different ship and wind speeds and
wind directions. Speeds are intended speeds. For the 12 knots case the speed
varies from 12 knots at 90 degrees wind direction to 14 knots at 180 degrees
wind direction.
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Figure 32. Power reduction due to use of kite at different ship and wind speeds
and wind directions. Speeds are intended speeds. Like above the speed at 12
knot case is higher than 12 knots at tail winds.
The reason why the saving is higher for 14 knots and 15 m/s compared to 12
knots and 15 m/s is because the power needed for 12 knots is only in the
region 3200-3800 kW why the kite only has to provide some 700-1300 kW to
reach 12 knots, while for 14 knots the figures are much higher and therefore
the saving can be higher. But of course the figures are misleading in that sense
that the speed is not 12 knots, it is between 12 and 14 knots! This also show
how complicated it is to judge how much the actual saving is. If the ship should
stay at 12 knots then the kite flight pattern can be changed to reduce thrust
and the figures are true. If you allow the ship to sail at 14 knots then you will
sooner reach the port and you will save fuel.

7.5

Simulations of a panamax tanker using rotors
The panamax tanker was equipped with 4 rotors with a diameter of 4,7 m and
height of 28,2 m. They were positioned in a zig-zag pattern at the following
coordinates:
x (m)

y (m)

z (m)

No. 1

-51

11

-20,6

No. 2

-8

-11

-20,6
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No. 3

34

11

-20,6

No. 4

76

-11

-20,6

where x is the distance from midship, y from centerline and z from keel. The
weight of each rotor was estimated to 25 400 kg.
In the diagram below the calculated total power for the different ship speed
and wind speed conditions are shown as well as the power reduction. This is
defined as total power (delivered power plus power to rotate the rotors) dived
by delivered power for ship as built. Like for the kite the minimum allowed
power outtake is set to about 2500 kW. Therefore the intended speeds are
excessed by up to two knots in high wind speeds at 12 knots. Like for the kite
the needed power is less than the lower limit for the engine. To keep the
engine at the minimum load the rotor revs can be lowered, but preferable the
wind thrust is used and a higher speed than 12 knots will be achieved.
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Figure 33. Delivered power using rotors at 120 rpm at different ship and wind
speeds and wind directions. Speeds are intended speeds.
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Total power for panamax using rotors 150 rpm
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Figure 34. Delivered power using rotors at 150 rpm at different ship and wind
speeds and wind directions. Speeds are intended speeds.
Also like for the kite the reduction in needed power can be shown. Here the
total power is the sum of the delivered power for the propeller plus the power
needed to rotate the rotors. The reduction factor is then total power for the
rotor ship divided by delivered power for the ship ‘as built’.
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Figure 35. Reduction in power using rotors at 120 rpm.
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Reduction in power for panamax using rotors 150 rpm
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Figure 36. Reduction in power using rotors at 120 rpm.
The difference between 120 and 150 rpm’s are not that big.

7.6

Simulations of panamax tanker using sails
For the simulations of sails the same position was chosen as for the rotors.
Each sail was 52 m high and a cord of 17 m. The weight of each sail was
estimated to 50 000 kg. The sails are expected to be rotatable so that an angle
of attack are set to about 10 degrees. In following winds the sails are set
transvers to the apparent wind direction if this is more favorable than the 10
degree incidence.
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Figure 37. Delivered power using sails at different ship and wind speeds and
wind directions. Speeds are intended speeds.

Reduction in power for panamax using sails
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Figure 38. Reduction in power using sails.
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Comparison kite, rotor and sails for panamax
To get a true picture of the possible savings for a ship using wind propulsion
demands a study of a certain route. For the panamax tanker this will be carried
out within WP8 of EffShip. Below a much simpler view of the possible fuel
savings for the studied wind propulsors are carried out and compared to each
other.
A first step is to compare the reduction in power at different conditions. In the
figure below the most extreme conditions are shown.

Comparing reduction in power for panamax
12 kn, 15 m/s, kite

12 kn, 15 m/s, sail

12 kn, 15 m/s, rotor 120 rpm

12 kn, 15 m/s, rotor 150 rpm

14 kn, 15 m/s, kite

14 kn, 15 m/s, sail

14 kn, 15 m/s, rotor 150 rpm

16 kn, 6 m/s, sail

16 kn, 6 m/s, rotor 120 rpm

16 kn, 6 m/s, rotor 150 rpm
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Figure 39. Comparing different wind propulsors.
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The three curves at the top represents the conditions where the wind
propulsors are not very efficient. Here the ship speed is too high and the wind
speed to low. At this condition a maximum saving is about 10-15 % for sails and
rotors, kites cannot fly at this condition. The most favorable condition is beam
winds for sails and rotors at low ship speed and high wind speed. Here the
reduction in power is about 60 %. The same figure can be found for kites at
medium ship speed 14 knots and high wind speed. The reason why the saving
is less for 12 knots is described above and can be somewhat misleading. In
practice the actual saving in fuel is the same or better.
For each wind propulsor a mean value of the possible saving during a lifetime is
calculated by assuming that the ship will spend equally amount of time in the
different wind sectors (true wind direction) 0-30 degrees, 30-60 degrees and so
on up to 150-180 degrees. For the kite at 14 knots and 9 m/s wind it will look
like:
Sector

Saving
0-30

0

30-60

0

60-90

0,010613

90-120

0,03457

120-150

0,048083

150-180

0,024127

The sum of these factors then represent the saving at this condition. In this
case we will have a figure of 0,12. For the kite the result is presented in the
diagram below.
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Lifetime saving using kite for panamax
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Figure 40. Lifetime saving using kite.
The reason why the 12 knots curve stop at 9 m/s is simply because since the
engine is delivering 2500 kW the ship speed goes up and the apparent wind
speed goes down so the simulations show a saving less than at 14 knots. As
explained above, in practice the saving will be like for the 14 knots case or
somewhat higher.
It is obvious that the fuel saving is very much dependent on the ship speed and
wind speed. An estimated cost for a 640 m2 kite is 1,5 MEUR in installation and
0,1 MEUR in service costs annually. A rough calculation assuming that the
panamax consumes 12 000 ton per year at a cost of 6 300 000 EUR would
demand a saving of 28 % to get a pay back time of 1 year at an interest rate of
6 %. A pay back time of 5 years demands an 8 % saving. According to above 1
year pay back time demands a mean wind speed of about 15 m/s at 12-14
knots speed. 8 % saving and 5 years pay back time sounds more realistic having
in mind that the mean wind speed at the North Atlantic is around 8 m/s.
The situation for the rotors is similar. The savings following the same method
are shown in the figure below.
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Lifetime saving using rotor 120 rpm for panamax
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Figure 41. Lifetime saving using rotor at 120 rpm.
The possible savings are somewhat higher, in the order of 1-4 per cent units,
but the cost for installing 4 rotors are probably higher, estimates has indicated
figures in the order of 2 MEUR.
For the sails the figures looks better, compared to the rotor the sail gives some
3 per cent unit higher savings at 9 m/s wind. However, one has to have in mind
that the power to rotate the sails to always have the proper angle of attack is
not included in the calculations. Therefore the given values for the sails are
somewhat optimistic. The corresponding figures for the savings (8 and 28 % for
kite) is for the sails 4 and 19 % because of the lower installation cost assumed.
A rough estimate of the installation costs for the sails indicate that these could
be less costly than the rotors, maybe in the order of 50-60 % of the costs. With
the higher possible saving this could indicate a pay back time of half of the case
for rotors and kites. Again, to have a true economic analyses a certain route
has to be studied.
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Lifetime saving using sail for panamax
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Figure 42. Lifetime saving using sails.
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Simulations of roro using rotors and sails.
The roro was equipped with either two sails or two rotors with the same size as
for the panamax. They were located at the aft deck and on top of the
superstructure. The position of the wind propulsors were:
Aft

x=-98,3, y=0, z=-24

Forward

x=66,7, y=0, z=-33,4

This means that the forward wind propulsor is placed on top of the
superstructure. The top of the propulsor will then reach a height of more than
50 m above waterline. The simulations are carried out for the same wind
speeds as for the panama: 6, 9 12 and 15 m/s, but at somewhat higher speeds:
12, 16 and 20 knots. The power needed for the three cases: as built, with two
sails and with two rotors at 120 rpm are shown below. It is here assumed that
two engines of 9 MW each are used. As soon as the needed power decreases 8
MW on engine is stopped. This because that there is a minimum lower limit for
the engines to operate at set to 20 % of maximum power. If this is not done it
will not be possible to go as slow as 12 knots. For the ship ‘as built’ normally
only one engine is used for 12 and 16 knots, but two engines for 20 knots.

18000

Delivered power for roro

Delivered power Pd (kW)

16000

12 kn, 6 m/s
12kn, 9 m/s

14000

12 kn, 12 m/s
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4000
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0
0
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Figure 43. Delivered power for roro ‘as built’.
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Figure 44. Total power for roro using rotors 120 rpm.

Delivered power for roro using sails
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Figure 45. Delivered power for roro using sails.
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Sudden steps in power is because the shift between one or two engines. As for
the panamax the reduction in power can be plotted, see figures below.
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Reduction in power for roro using rotors 120 rpm
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Figure 46. Reduction in power using rotors

Reduction in power for roro using sails
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Figure 47. Reduction in power using sails.
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The savings using rotors or sails are rather similar. The biggest savings occurs
when the ship needs two engines normally, but can reach the speed with only
on engine using sails or rotors. This happens e.g. for 20 knots at high beam
winds, then the saving is around 40 %.
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Conclusions for panamax
From this study the first conclusion to be made is that none of the wind
propulsors affects the ships performance significantly except that all propulsors
gives a possible high reduction in engine power if there is relatively high wind
speeds. A significant reduction in engine power can also be found at low wind
speeds if the ship speed is low. Ship and rudder motions created by the wind
propulsors are small and are not expected to give any problems.
The second conclusion that can be made is that kites can give a very high
reduction in engine power but only for beam wind directions and up to
following winds. Often following winds are best, but if the ship speed increases
the apparent wind decreases and the kite cannot fly if the wind speed is to low.
In this case the beam wind can be better.
Rotors and sails can operate from wind directions from about 20-30 degrees
for sails and 30-40 degrees for rotors and up to tail wind. The best wind
directions are around beam wind. The sails can also present better engine
power reduction, but the area of the sails are 7 times higher than the rotor.
Also the forces and moments acting on the deck is much higher, but not
necessarily a problem. The area, however, can be a problem regarding the sight
forward.
A simple calculation of possible savings during a lifetime indicates that a pay
back time for the kite and the rotors could be in the order of 5 years, while the
sails could be somewhat less, all with today’s fuel prices. To determine the true
saving one has to look at a certain route, then probably much shorter pay back
time can be found. Of course the pay back time will also be shortened if the
fuel price will increase. A scenario that fuel prices should be doubled within
the following decade will of course reduce the pay back time to the half of
these given.
In the simulations it is assumed that the engine is not derated and can work
continuously at 20 % load. At high wind speeds and low ship speeds this can
easily be the case. Then the speed will become higher than intended. In the
case of the roro ship one engine can instead be turned off which is a very good
solution for a partly wind propelled ship.
In this report focus has been on the technical performance of the three
different wind propulsors. Another aspect is of course safety in operation. It
can be mentioned that within the maritime community there are some
concerns. For kites there are worries that the kite can drop and cause
problems. For rotors it has been recognized that there is a certain risk that
vibrations can occur (see Li, D-Q., Leer-Andersen M., Allenström, B.
’Performance and vortex formation of Flettner Rotors at high Reynolds
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numbers’). Finally for big sails the sight forward can be a problem. The latter is
probably the least problem, and can of course be solved by placing the bridge
in the forward part of the ship.
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Conclusions for roro
The possible savings for the roro is much less than for the panamax, but still
interesting. The roro, due to its high speeds cannot benefit from the kite, but
both rotors and sails shows a rather similar contribution and presents savings
up to 40 % for some conditions.
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Symbols and abbreviations

AR
CFD
Cd
Cl
Cm
CT
D
De
DWT
f
FL
FD
H
HFO
kAR
lm
LOA
Lpp
M
MCR
MGO
n
P
Pd

aspect ratio, relation between hight and cord length or diameter
Computational Fluid Dynamic
drag coefficient =FD/(½ ρ D H V2) (-)
lift coefficient =FL/(½ ρ D H V2) (-)
aeronautical friction coefficient (-)
wind thrust coefficient = T/(½ ρ D H V2) (-)
diameter (m)
end plate diameter (m)
dead weight
camber (-)
lift force (N)
drag force (N)
height (m)
heavy fuel oil
reduction factor due to aspect ratio
lane meters
length over all
length between perpendiculars
moment =½ ρ H D2 V2 Cm (Nm)
maximum continues rating
marine gas oil
rotor revs (1/s)
rotational power = 2 M V α / ( η D)
delivered power (W)

R
RANS
PCTC
Re
T
V
α

length of traction line (m)
Reynolds Average Navier-Stokes
Pure Car/Truck Carrier
Reynolds number
wind thrust (N)
resulting (apparent) wind velocity (m/s)
spin ratio = πnD/V (-)

θ
η

elevation angle (degr.)
mechanical losses (-)

φ

azimuth angle (degr.)
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ρ

density of air (kg/m3)
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