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Abstract

Introduction: The purpose of this paper is to present an analysis on the energy
balance of the hybrid energy system and the mooring scheme for a container ship,

as well as the energy balance of the electricity generating systems, from unconven-
tional sources. The methods applied to achieve the main objective consist of analyti-
cal calculations and simulations in the ANSYS Fluent program for various positions of
the analyzed system, as follows: a) technical characteristics of the container ship; b)
elements of the hybrid energy system, which uses unconventional energy; c) energy
balance of electricity generating systems from unconventional sources; d) connecting
conventional and unconventional power sources to the ship’s main power bar.

Romania
Results: Finally of researches, the results obtained are: a) the volume, mass and

ascending force of the FLETTNER balloon with helium, assimilated with an airship; b)
positioning scheme of large vertical wind turbines installed in the bow of the container
ship and in the stern of the container ship; ¢) the energy balance of electricity generat-
ing systems from unconventional sources; d) schemes for connecting conventional
and unconventional energy sources to the ship.

Conclusions: The calculation of the energy balance of the two types of wind energy
capture systems depending on the speed of the ship, in ideal wind conditions and
depending on the number of vertical wind turbines running, which use wind energy.
Of course, it will never be necessary to turn on all wind power equipment at full capac-
ity. The FLETTNER balloon can generate more power and for this reason, we must to
present the number and diameter of cables needed to transmit electricity. Through this
research, following the installation of the elements of the hybrid diesel-electric power
system with energy from conventional (fossil fuels) and unconventional energy sources
(a FLETTNER balloon with helium and four large vertical wind turbines) placed on a
ship container portability, both the manoeuvrability and the stability of the ship, do not
change fundamentally.

Keywords: Energy, Hybrid, Ship, FLETTNER balloon, Wind, Turbine

Introduction

Capturing and using wind energy, which is much more suitable for modernizing existing
ships. The equipment used is reliable, cheap and does not require the installation of new
propulsion machines. But in the future, based on accessibility and lower prices of new
technologies, we are convinced that it is possible to use other types of unconventional
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energies efficiently. The use of wind energy, as a global energy surplus and the discharge
of power of a conventional propulsion system, leads to a number of definite advantages:

+ Reducing pollution as a result of the replacement of conventional energy, with
unconventional energy captured from the marine environment, green energy.

+ Unconventional energy captured from the ship’s marine environment, solar or wind,
saves some of the fossil fuels and lubricants consumed on board ships.

«+ Stimulating research and development of technologies for the capture of renewable,
green, ecological energy, both for the sea and for land.

+ Increasing operational safety through the existence of two relatively independent
electricity generator systems, one in relation to the other.

+ Reduction of pollution, noise and vibration caused by the diesel engine.

+ Complying easily with the recently introduced requirements of international legisla-
tion regarding the amount of exhaust emissions into the atmosphere, in line with the
strategic energy targets set worldwide.

20-25 years ago, at various conferences and congresses in the field of shipping, certain
methods of propulsion were presented, different to those based on internal or nuclear
combustion engines. These methods of generating electricity using unconventional
energy sources, energy green, were considered as mere opinions, aberrations, or opin-
ions about what a ship might look like in the distant future.

In 1999, the Green Ship concept was introduced. This work is part of the Green Ship
concept, which analyses alternative methods of ship propulsion, along with shipbuilding
(modified ship hull shapes, use of silicone-based paints), ship equipment (high-perfor-
mance and less polluting equipment), engines propulsion and fuels (silent engines and
bio fuels), unconventional energy sources.

This paper focuses on the effect of the FLETTNER balloon (raised to a certain height
and connected to the container ship) and the large vertical wind turbines installed on the
deck of the container ship. The system is hybrid because it can switch from a conven-
tional power source to an unconventional, green power generator.

In the recent years, the interest in propelling ships by alternative and combined meth-
ods has grown significantly (Figs. 1, 2) (Grosan 2011).

Systems such as the Magnus effect-based FLETTNER rotor, studied over 40 years ago,
were installed today on board merchant ships. The sails, used for hundreds of years for
propulsion, have already been tested in combination with solar cell panels, the techno-
logical methods being the latest.

This research is considered timely and appropriate, given the alarming increase in
ship-source pollution and the international maritime community’s interest in finding
alternative propulsion solutions.

The purpose of this paper is to present the overall energy balance of the hybrid system
and the mooring scheme on a container ship. The main construction features of the ship,
the elements of the hybrid system, the location of the FLETTNER balloon on a container
ship as an alternative power source, with the calculations related to the anchoring ele-
ments, the minimum lift force, the minimum volume of the FLETTNER balloon—if full

helium, or the minimum lift force required for the balloon to stay in the air when it is full
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Fig. 2 Pollutant emissions from naval engines (Grosan 2011)

of hydrogen, electricity generators from the proposed unconventional sources. Also will
be presented following points of interest:

+ -positioning scheme and the necessary area for the positioning of the 4 large vertical
wind turbines installed in the bow of the container ship;

« the technical characteristics of the large vertical wind turbine for a container ship.
The ANSYS FLUENT 12.0 program was also used to simulate the velocity and force
distributions on the FLETTNER balloon and on the studied wind turbines.

The components of a hybrid system used for power generation using
unconventional sources

Ship particular information

For the study is used container ship with the following characteristics:

« Ship length (L); L=168.56 m;
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« Ship width (I); |=29.4 m;

+ Container ship capacity (TEU-twenty-foot equivalent unit); Capacity = 1638 TEU;
+ Gross tonnage (GT); GT=19,795 t;

« Displacement (D); D = 39449 t;

+ 4 Diesel Generators, P =2000 kW/for each.

Operational data before and after the studied cases
Technical operational data in Fig. 3 (Vasilescu and Dinu 2020):

Environmental policies to reduce the emissions are forcing the shipbuilding indus-
try to decrease the consumption of fossil fuel by increasing the efficiency in maritime
transport and for equipping the ships with renewable energy sources (Vasilescu 2019a;
Ammar et al. 2021; Gabriela 2020; Milan 2018; Bergeson and Kent 1985; Craft et al.
2012).

Wind energy is a source of renewable energy, generated from wind power (Vasilescu
2019b; Adaramolo 2014; Bergeson and Kent 1985; Craft et al. 2012). It is free, plentiful
and with high potential at sea (Ben-Hakoun et al. 2016). Wind power is the use of air
flow through turbines to provide mechanical power, which has the role of rotating some
generators and creating electricity.

The energy balance of the system is made for a ship speed of 15 knots (or 7.71 m/s) and
a true wind speed of 5 m/s, for all true winds with angular values between 0° and 360°.
As the true wind speed increases by 5 m/s, 10 m/s, 15 m/s, 20 m/s, the output power
generated by the vertical wind turbines increases.

Vertical wind turbines are one of the various equipments needed to capture and har-
ness wind energy (Adaramolo 2014).

A wind turbine is an equipment that transforms the kinetic energy of the wind into

mechanical energy which is further transformed into electrical energy. In this paper
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Fig. 3 Operational container ship data (Vasilescu and Dinu 2020)
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Fig. 4 Balloon density distribution in the XOY plane-wind speed 10 m/s and wind direction 0° (ANSYS Fluent
12.0 2009; Vasilescu and Dinu 2020)

—— 5 T"

Fig. 5 Balloon density distribution in the XOZ plane-wind speed 10 m/s and wind direction 0° (ANSYS Fluent
12.0 2009; Vasilescu and Dinu 2020)

the geometry and the mesh of a large vertical wind turbine and the FLETTNER bal-
loon were achieved with the help of the ANSYS FLUENT program. In addition we
used the variation of the density distribution of the respective object on the plane
along the flow direction, for two different planes: a horizontal plane parallel to the
XQOY and a vertical XOZ plane, for a wind speed of 10 m/s and a wind blowing in one
direction (Figs. 4, 5) (ANSYS Fluent 12.0 2009; Vasilescu and Dinu 2020).

The wind turbine has a rotor with blades oriented on a vertical axis, which driven
by the power of the wind drives an electric generator. The wind moves the turbine
blades that drives the electric generator. The mechanical system also includes a
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Fig. 6 Vertical wind turbine positioned on the main shaft of the ship (Vasilescu and Dinu 2020)
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Fig. 7 Vertical wind turbine positioned on the main shaft of the ship (image projected in ANSYS Fluids, in the
XY plane) (Vasilescu and Dinu 2020)

speed multiplier that directly drives the central axis of the electric generator (Fig. 6)
(Vasilescu and Dinu 2020).

The main components of large vertical wind turbines are (Fig. 7) (Vasilescu and Dinu
2020):

+ A control panel, which gives the commander full control over the operation and per-
formance of the wind turbine (Fig. 8) (Vasilescu 2020);

+ A fully automatic control system, which optimizes the feed force of the turbines;

+ One current generator for each turbine.
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Fig. 8 Control equipment (Vasilescu 2020)
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Fig.9 FLETTNER balloon components (Vasilescu and Dinu 2020)

The FLETTNER balloon is a device that generates electricity at high altitude. It rotates
around a horizontal axis in response to wind, efficiently generating clean, renewable
electricity at a lower cost than all competing systems (Fig. 9) (Vasilescu and Dinu 2020).

The conclusion of the research is that the FLETTNER balloon, positioned at 300 m
altitude can generate about 1000 kWh. Using the FLETTNER balloon, full of helium,
we can capture winds from 183 to 305 m altitude, generating up to 1000 kWh. The
FLETTNER balloon can generate electricity both at low wind speeds of 3 m/s but also at
high speeds of 28 m/s.
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The purpose of the study is to use two engines: one diesel from MAN and one elec-
tric (Vasilescu 2020; Milan 2018; Demadi et al. 2010).

The high-power diesel engine will be able to operate during the use of diesel gen-
erators. Also, a large vertical wind turbine, the FLETTNER balloon, and the electric
motor will have as main source of unconventional power generators, respectively
FLETTNER rotors installed on the ship’s deck, the FLETTNER balloon and diesel
generators as a secondary source.

The two engines will not work at the same time; their operation will be done in
shifts by using an automatic system with the role of switching the propulsion from the
diesel engine to the electric one.

The diesel generator system, the large vertical wind turbines and the FLETTNER
balloon, will be controlled by an automatic computerized system. During crossings
when unconventional energy sources are turned on, we will use the electric motor.
The main electricity generators will be: the large wind turbines and the FLETTNER
balloon. In case the energy produced by the latter is not enough, diesel generators will
enter the shift, at minimum power, to cover the energy deficit existing. By using diesel
generators when needed at minimum power, we reduce fuel consumption to a mini-
mum, thus reducing pollution and costs. In Fig. 10 (Vasilescu 2020) we noted with
G1, G2, G3, G4 the diesel generators, with B—the FLETTNER balloon and with RF1,
RF2, RF3, RF4 the large vertical wind turbines.

The hybrid system will provide the necessary energy without polluting (Vasilescu
2020; Adaramolo 2014; Ben-Hakoun et al. 2016).

automasc
switching
system

AR

Fig. 10 Hybrid propulsion system-connection diagram to an automatic computerized generator control
system (Vasilescu 2020)



Mariana et al. Journal of Shipping and Trade (2022) 7:15 Page 9 of 20

Energy balance of the hybrid energy system and mooring scheme

for a container vessel

Elements of the hybrid energy system, which uses unconventional energy

On the container-container with the above characteristics, we will consider two direc-
tions of study:

» direction 1-a FLETTNER rotor with helium (Adaramolo 2014);
+ direction2—two-four large vertical wind turbines on the main deck of the ship
(Vasilescu and Dinu 2020).

The placement of the FLETTNER balloon with helium on a container ship as an alternative
power source
The FLETTNER helium balloon, positioned at an altitude of 300 m above the container
ship, will generate approximately 1000 kWh (Vasilescu 2019b).

To calculate the volume, the mass and the ascending force of the FLETTNER helium
balloon, we tide it to an airship.

The technical characteristics of the balloon are (Vasilescu 2020):

Lp = 245 m; V}, = 200000 m3; m1;, = 5000 kg = 5¢; pa = 1.29 kg/m? g = 9.8 m/s%;
P =1000kW;U =690V = 0.9 kV.

The forces were calculated in the ANSYS FLUENT 12.0 program and we obtained the
values of different directions and speeds of wind (Fig. 11) (Vasilescu 2020):

F, = paVpg = 1.29 x 200000 x 9.8 = 2528400 N = 2528.4 kN; (1)

where Lg=length of balloon; V, =volume of balloon; m, =weight of balloon; p4=den-
sity of air; g=gravitational acceleration; P =rotor power; U =the voltage of the gener-
ated electric current; F, =the rising force of the balloon.

Fig. 11 Balloon force distribution in the XOZ plane for 10 m/s and direction 30°
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+ Calculation of the intensity of the electric current through the power cable

P = /3UI cos ¢ (2)
where cos ¢ = 1,,

P 1000 kW

I = =
V3U /3 x0.69 kW

=837.7A (3)

Using the tables of the electric cable manufacturers (Demadi et al. 2010), it results that
for an current of 838 A, are necessary two three-phase cable systems, with a minimum
section of 300. For safety will consider 6 single-phase CYY (-F) cables with an upper
section of 1 x 400. This type of cable has an outer diameter of 38 mm, a copper mass of
4000 kg/km and a total mass of 4030 kg/km.

For a cable length of 300 m=0.3 km the total mass of a cable is.

m, = 4030 x 0.3 = 1209 kg = 1.209¢.

The total mass of electrical cables that the FLETTNER helium balloon must support is.

Mg =6 X m, =6 x 1.209t = 7.254¢.

+ Technical data for anchoring system of the FLETTNER balloon with helium

4 anchor ropes, made of polypropylene fiber and polyester, are needed to anchor the
balloon. From the practical applications (Adaramolo 2014; Craft et al. 2012) the follow-
ing dimensions are chosen according to the needs of the study for the anchoring param-
eters: d = 80 mm; m, = 0.31 m/kg; Fr = 1225 kN = 1225000 N, where d-diameter at
the rope; m,,: rope weight; Fr: strength of the rope.

The advantages of melting polypropylene and polyester fiber ropes are:

+ do not absorb water;

« have high heat resistance;

+ have great flexibility over time;
« are easy to handle.

Calculation of the mass of a rope of 300 m:

Mp300 = 300 m X m, = 300 m x 0.31 m/kg = 93 kg (4)
Calculation of the mass of the 4 ropes:

My = Mp300 X 4 = 93 kg x 4 =372 kg = 0.372¢ (5)
Calculation of the resistance forces of the 4 ropes:

Frr =4 x Fp = 4 x 1225 kN = 4900 kN 6)

Comparison of the ascending force F, with the total resistance force of the Fy ropes:

F, = 2528.4 kN; Fpr = 4900 kN.
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It can be seen thatFj;>F, so the ropes resist in the process of anchoring the balloon.
From the previous calculations it can be seen that the FLETTNER rotor with helium must
support a mass of 12,626 t.

M = Mgy + My +my = 7.254 +0.372 + 5 = 12.626 ¢ 7)

Calculation of the minimum lift force F,, required for the balloon to be suspended in the
air (Fig. 12) (Vasilescu 2019b):

> Fy=F,— Gn.— Gg — G (8)

where Gy helium weight force; Gg balloon weight force; G, weight force for cables and
ropes.
If

> B =0 ©)

0= F,; — Gye — G — Ggp (10)
F‘; = Gpe + G + G¢p = mpeg + mpg + Mmepg (11)
mpe = prHe Ve = 0.179 x 200000 = 35800 kg (12)

F, = 35800 x 9.8 + 5000 x 9.8 + 7626 x 9.8 = 474.574.8 N = 474.5748 kN

From the above calculations we can see that the minimum ascending force required
F) = 474.5748 kN, it is much lower than the ascending force, F, = 2528.4kN, which the
balloon can lift (Fig. 13) (Vasilescu 2020).

Calculation of the minimum volume of the FLETTNER balloon: if it is full of helium:

F), = 35800 x 9.8 + 5000 x 9.8 + 7626 x 9.8 = 474574.8 N = 474.5748 kN

Fig. 12 The forces that appear and influence the rise of the rotor (Vasilescu 2019b)

Page 11 of 20
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Fig. 13 Distribution of force in the XOY plane of a wind speed of 10 m/s and a wind direction of 30°
(Vasilescu 2020)

Fy = paVpg (13)
F, = paVBHeg (14)
474574.8 = 1.29 x Vg, x 9.8 (15)

474574.8 474574.8

= = = 37539.5349 m> = 37540 m°.
9.8 x .29  12.642

VBHe

The minimum volume of the balloon full of helium is 37540 m? for the FLETTNER bal-
loon to be buoyant.
Calculation of the minimum lift force F, required for the balloon to stay in the air when it

is full of hydrogen:
Y Fy=F]—Gy—Gg—Gqp (16)

where Gy hydrogen weight; Gy balloon weight; G, weight cables and ropes.

If
ZFy =0 (17)
0= F;/ — Gy — G — ch (18)
Fz/z/ = Gu + G+ Gop = mug + mpg + mepg (19)

F) = mpg + mpg + mepg (20)
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mpy = py Ve = 0.0899 x 200000 = 17980 kg (21)

F/ = 17980 x 9.8 + 5000 x 9.8 + 7626 x 9.8 = 299938.8 N = 299.9388 kN

From the above calculations we can see that the minimum required ascending force of
the balloon full of hydrogen F/, is much lower than the ascending force F,.
Calculation of the minimum volume of the FLETTNER Balloon: if it is full of hydrogen:

F) =299.9388 kN = 299938.8 N

Fy = paVpg (22)
F] = paVaug (23)
299938.8 = 1.29 x Vpy x 9.8 (24)

299938.8  299938.8

= = = 237255814 m® = 23726 m>
1.29 x 9.8 12.642

VBr

The minimum volume of the balloon full of hydrogen is 23726 m® for the FLETTNER
balloon to be buoyant.
Calculation of the dimensions of the FLETTNER flask if it is full of helium or hydrogen

from the initial volume:

Vg = 200000 m>; Vjp, = 37540 m>; Vi = 23726 m>;

Vg 200000
= =5327=5
VBHe 37540
Vs 200000 N
— = =8429=8
1%:33¢ 23726
Lp = 245 m;

nD*  3.14 x 25?

= 490.625 m?; (25)
4 4

Ag =

245

Vre = 37540 = 40000 m>;

490.625
ABHe = - = 98.125 m?;

Page 13 of 20
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4A 4 x 98.125
Dgpe = \/ 71:”‘3 - \/ X3 = 1118 m; (26)

245 ~ ~ 3
Lpy = 3 - 30.625 = 31 m; Vpy = 23726 = 25000 m”;

490.625
Apy = = 61.328 m?;
4A 4 x 61.328
Dpyt = \/ BH _ \/ x = 8.83 m. (27)
T 3.14

Placement of four large vertical wind turbines on a container ship as an alternative power
source

For the placement of large vertical wind turbines on a container ship we will have to
sacrifice two bays, more precisely, two turbines will be placed in the first bay of the bow,
port/starboard, and two other turbines at the stern of the ship port/starboard.

The foundation of each turbine has a diameter of 4 m. Taking into consideration that
around the foundation has to be an access path and a space for connection and sub-
sequent maintenance, we will consider that the area needed to place a foundation is
Sp=25 m? (where Sy-the area required for the foundation of a turbine). It will be build a
10 m high metal foundation to benefit from stronger winds, with an area of 25 on which
the 24 m high turbine will be positioned (Fig. 14) (Vasilescu 2020).

From the above diagram it can be seen that the 2 turbines located in the bow of the
ship, will occupy the spaces of 2 containers each, a 45-foot container with dimensions
L=13.76 m; |=2.5 m and H=2.58 m. The space between the 2 turbines located at the
bow of the ship, on its width, will be left free, for good wind circulation:

S; =194 x 5=97 m>.

The space behind the rotors to the stern of the ship will also be left free (Fig. 15)
(Vasilescu 2020):

Sy = (14 —5) x 29.4 = 9 x 29.4 = 264.6 m>.

The turbine is made of fibreglass reinforced plastic/carbon fibre reinforced polymer
(Table 1) (Craft et al. 2012; Demadi et al. 2010). This material is light and durable mate-
rial. The weight of a rotor together with the foundation is about 40 t.

From the table above (Table 2) (Vasilescu 2019b), it can be seen that at a ship speed of
19 Nod and a wind of 10 m/s, a single large vertical wind turbine can generate 500 kWh,
and for a wind of 22 m/s, it can generates 2000 kWh.

Following the installation of the 4 turbines, at a ship speed of 19 Nod and a wind of
10 m/s it will be possible to generate approximately 2000 kWh, and for a wind of 22 m/s,
approximately 8000 kWh.
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Fig. 14 Positioning scheme of 2 of the 4 large vertical wind turbines installed in the bow of the container

ship (Vasilescu 2020)
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Fig. 15 Positioning scheme of 2 of the 4 large vertical wind turbines in the stern of the container ship

(Vasilescu 2020)
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Table 1 Technical data sheet of the large vertical wind turbine adapted for a container ship (Craft

etal. 2012; Demadi et al. 2010)

Model Dimensions
Vertical wind turbine
Height x diameter (m) 24 x4

Material

Rotor speed (rpm)

Structure

Tower

Foundation height (m)

Rotor and foundation weight (t)
Components

Electric motor

Environmental conditions
Operating Temperature (°C)
Wind speed required for operation (m/s)
Resistance to wind force (m/s)

Fibreglass reinforced plastic/
carbon fibre reinforced
polymer

0-225; variable

Cylindrical-steel
10
40

90 kW, 50/60 Hz IE4,IP55
(+50)... (—30)

0-25
70

Table 2 Energy generated by the large vertical wind turbine (Vasilescu 2020)

Ship speed: 19 Nod Ship speed: 19 Nod Ship speed: 19 Nod
Real wind power (m/s) True wind direction(®) Generated energy (kWh)
10 60-130; 230-300 500

22 105-135; 225-255 2000

Table 3 Energy performance E (kWh) of electricity generator systems from unconventional sources
(Vasilescu 2020)

Device Energy performance E (kWh) Wind Energy performance
speed: 10 m/s E (kWh) Wind speed:
22 m/s
FLETTNER helium balloon 1000
4 Large vertical wind turbines 2000 8000

Energy balance of electricity generator systems from unconventional sources

The energy balance of electricity generator systems from unconventional sources
(Vasilescu and Dinu 2020; Vasilescu 2020; Adaramolo 2014; Ammar et al. 2021) is
presented in Table 3 (Vasilescu 2019b):

The two systems (Fig. 16) can generate together an energy between E=2000
kWh and E’=8000 kWh. During the voyages, the ship uses only one generator, of
E=2000 kWh.

Due to the international law, the ship will use fossil fuel propulsion near ports
(Ben-Hakoun et al. 2016).
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Fig. 16 Scheme for connecting the hybrid energy system to a container ship (Bergeson and Kent 1985; Craft
etal. 2012)

Discussions and evaluation of the results
The connection of conventional and unconventional power sources to the main power
bar of the ship will be realized as follows:

On the port side it will be installed:

+ Generator 1 (G1—CA450V 3 PH 60 Hz 2000 KVA)

» Generator 2 (G2—CA450V 3 PH 60 Hz 2612.5 KVA)

+ FLETTNER balloon (B—CA450V 3 PH 60 Hz 1000 KVA)

» Vertical wind turbine 1 (FR1—CA450V 3 PH 60 Hz 2000 KVA)

» Vertical wind turbine 2 (FR2—CA450V 3 PH 60 Hz 2000 KVA)
On the starboard side it will be installed:

» Generator 3 (G3—CA450V 3 PH 60 Hz 2612.5 KVA)
» Generator 4 (G4—CA450V 3 PH 60 Hz 2612.5 KVA)
» Vertical wind turbine 3 (FR3—CA450V 3 PH 60 Hz 2000 KVA)
» Vertical wind turbine 4 (FR4—CA450V 3 PH 60 Hz 2000 KVA).

The four vertical wind turbines installed on the main deck of the ship and the
FLETTNER balloon with helium, generate a direct current. In order to be able to con-
nect these unconventional power sources, the current is brought to the main power
bar of the ship at 450 V AC and 60 Hz. For this, 5 current inverters were used: one of
690/450 V 1500kVA for the FLETTNER balloon and four of 690/450 V 2500 kVA for
each of the four turbines vertical windmills.

If the FLETTNER helium balloon is installed on the ship and the wind blows across
the ship, port or starboard, it will slow the ship by 0.12% of the ship’s towing power.
Being of such low value, it can be considered negligible in relation to the traction
force of the ship.

The wind speed and the force of friction of the air with the FLETTNER balloon with
helium, coupled, do not influence the manoeuvre of the ship.
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If the wind blows perpendicular to the length of the FLETTNER balloon with helium
that means from the stern or bow of the ship it does not affect the manoeuvrability of
the ship, because the rotor will rotate faster, will generate more electricity, but will not
move the balloon. The stabilizers will help the balloon maintain its position.

Factors that may affect the safety of the ship during the march, as a result of the instal-
lation of vertical wind turbines:

« increasing the moment of inclination due to lateral forces;
+ increasing the running period;
+ possible occurrence of strong vibrations.

The Simulation (Vasilescu 2020) has shown that the static angle of inclination of the
container ship with large vertical wind turbines installed on its deck does not exceed the
normal roll angle of the ship and can be considered negligible being smaller of 1%. This
means that the installation of large vertical wind turbines on the deck of a container ship
will not affect the manoeuvrability of the ship.

Conclusions

Through this research, following the installation of the elements of the hybrid diesel-
electric power system with energy from conventional (fossil fuels) and unconventional
energy sources (a FLETTNER balloon with helium and 4 large vertical wind turbines) on
a ship container, the manoeuvrability and the stability of the ship do not change funda-
mentally. In terms of stability, cross-sectional stability has diminished (4, 3184 < 4, 3200
). The longitudinal stability of the ship, due to the location of unconventional energy
sources, has improved (27,281 < 227,518).

There are no major differences in the manoeuvrability of the ship compared to the ship
without the hybrid power system installed.

From the above calculations, it results that unconventional energy systems can be used
to cover the minimum energy requirement, E=2000 kWh, decreasing pollution and fuel
consumption. Due to international law, the ship will use fossil fuel propulsion near ports
(Ben-Hakoun et al. 2016).

It is considered that the installation of this hybrid energy system on a container ship is
beneficial in terms of reducing fossil fuel consumption, reducing greenhouse gas emis-
sions and is safe in terms of safe navigation.

This research paper paves the way for future research and development perspectives
in the related field, green energy sources, hybrid power supply systems, from unconven-
tional sources (wind energy) and conventional sources (fossil fuels).

It is considered that the research presented in this paper can be continued in terms of
increasing the storage capacity of electricity produced by the FLETTNER balloon and
vertical wind turbines.

The extension of the research can be done in terms of electricity production with the
help of the FLETTNER balloon at altitudes higher than 300 m.

Studies may also be extended to the design and construction of ships specially
equipped with a mixed propulsion system, in particular the shape of the hull, the shape
of the ship’s bulb and the friction reduction systems of the ship with water.
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Another research possibility can be the installation of FLETTNER rotors that use the
Magnus effect on the main deck of the ship, instead of the large vertical wind turbines.

The operation of on-board wind turbines involves research and finding optimal solu-
tions for the practical application of the results obtained in order to reduce fuel con-
sumption, the amount of gas emitted by ship engines and finally to reduce the degree of
air pollution..

The shape of the FLETTNER balloon, but also of the ship, is an interesting research
topic, CFD studies will be validated on models (with the passage of results in nature

through similarity) or on prototypes.

Abbreviations

B The FLETTNER balloon

D Displacement

d Diameter at the rope

Fa The rising force of the balloon

F The minimum lift force

FR Strength of the rope

FRT The total resistance force

g Gravitational acceleration

G1,G2,G3, G4 The diesel generators
GT Gross tonnage

GHe Helium weight force

GB Balloon weight force

Gep Weight force for cables and ropes
GH Hydrogen weight

GB Balloon weight

Gep Weight cables and ropes

I Ship width

L Ship lengt

Ly Length of balloon

my The mass/weight of FLETTNER Ballon
me The total mass of a cable

M The total mass of electrical cables
My Rope weight

NOx Oxides of nitrogen

P Total power

RF1, RF2, RF3, RF4 The large vertical wind turbines
Se The area needed to place a foundation of a turbine
TEU Twenty-foot equivalent unit

U The voltage of the generated electric current
Ve The volume of FLETTNER Ballon

0, Density of air
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