1. Introduction
The PhD thesis aims to bring to the fore once again the need to reduce air pollution, especially due to the marine propulsion engines.

The title of the paper named „Researches regarding sail propulsion of the merchant vessels - the influence of the non-conventional propulsion systems on the ship’s nautical characteristics” shows the main direction that the paper was based on, promoting and using unconventional propulsion systems in combination with the ship's main engine.

1.1 The study’s consideration, convenience and objectives

Consideration
The idea of using the combined system of sails - engine is quite old, but because of some constructive and conservative inconveniences, this system was not implemented. 

In the circumstances in which - the price of oil is increasing, the atmosphere is degraded due to emissions of NOx, SOx, CO, and the degree of pollution of our planet rises every day, non-conventional energy solutions began to arouse the interest of stakeholders. Unconventional propulsion systems, such as wind power or electricity for propulsion, are now back into attention after having been ignored for a long period of time. 
Convenience
Nowadays there are considered to be five major sources of maritime environment pollution: pollution from land based industrial activity, underwater work, waste discarding in the maritime environment, ships and the atmosphere.

Unfortunately, as stated before, the measures taken and which are still being taken into consideration, are not a true reflection of the workload efforts. Good results were indeed obtained in some areas, such as limiting SOx emissions in northern Europe and on North American coast, but still there are areas in the world where no precaution measures were taken into consideration.

Objectives

The three main objectives of this paper are:
- the possibility of using the kite as a ship’s traction mean;
- the way in which the traction force developed by the kite influences the ship’s course stability, it’s trim and list;
-  ship’s manoeuvrability in the case of combined engine-kite propulsion.
 2. The atmospheric pollution from main and auxiliary engines and solutions to reduce the degree of air pollution with NOx, SOx, CO
Primary methods of reducing NOx
a) Reducing the lead on injection.
b) The constructive particularities of the combustion room.
Secondary methods of reducing NOx

a) Re-running the exhaust gasses.
b) Direct water injection.
c) Lowering the air preheating temperature before injecting the fuel.
d) Selective Catalytic Reduction (SCR).
e) Non-Selective Catalytic Reduction (SNCR).
Reducing sulphurous oxide emissions (SOx)


a) Using fuels which are low on sulphur.



b) Removing sulphur from exhaust gasses. 
Reducing carbon oxide emissions (CO)



The quantity of carbon oxide CO cannot be reduced during the combustion process. For now, the most common solutions are reducing fuel consumption and using fuels with a low carbon/hydrogen ratio.  
3. Unconventional ship propulsion means
3.1. General considerations on unconventional propulsion means

We call unconventional any other mean which differs from the classic propulsion of commercial vessels, which doesn’t use internal combustion engines to produce the mechanical work needed to spin propeller shaft and therefore to move the ship.

3.2 The main unconventional propulsion methods and systems

a)  Vertical cylinders (The Flettner rotor).
b) The ship propelled by a sail lifted at a certain height – a “kite” – this propulsion mean leads to the reduction of fuel consumption and therefore to less polluting emissions. 

c) Ship’s propulsion using solar batteries and fixed or mobile sails: in this case the protection of the marine environment and of the atmosphere is almost total.
d) Electrical-powered ships: using electrical engines, together with the new hull shape, adopting the pod propellers, lead to both economical advantages and environment protection by lowering CO2 emissions.

Propelling the ship using rotating vertical cylinders (The Flettner rotor)

The system is based on the Magnus effect, applied to a vertical cylinder sitting in an air current. 

Figure 3.1 Magnus effect

The propulsion of ships using fixed/mobile sails covered with solar panels
- Solar energy: use of photo voltaic cells panels mounted on fixed/mobile sail, fitted on the main deck.
- Wind energy: used directly for propulsion by using sails mounted on the main deck, sails made from a composite material.
- Wave energy: this type of energy can be transformed into several kinds of energy by combining relative movements of the ship, of fins and of the waves.
- Energy from combustion batteries: almost 50% of the energy used for propulsion is generated by combustion batteries, based on the principle of the chemical reaction between oxygen and hydrogen, which generated energy in the propulsion systems and fins, and also for other consumers: drinking water generator and heating system.

Propelling ship using electrical engines
Although the concept of electrical propulsion is not new, the idea being revealed way back in the past, the possibility of controlling variable speed electrical engines in a large power pallet was developed quite late, only in the eight-ninth decade of the last century. 

3.3 Using aeolian energy through the kite

Using the kite, which is fitted in the fore part of the ship, does not affect the operational possibilities for the ship’s holds because the kite is hoisted on a special fore mast (there aren’t any classical masts on deck). 
Using the kite for propulsion

 

The kite, which is considered to be an aerodynamic surface found in an air current, is under the action of three main forces: the weight force (
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), the total aerodynamic force (
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) and the cable tension
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Figure 3.2 Forces on a kite

As shown in figure 3.2 the forces which act upon hydrodynamic or aerodynamic profiles give a resultant force 
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 (aerodynamic force) which decomposes by the direction of velocity in infinite and by a direction which is perpendicular on it.

The weight force 
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 always acts in the kite’s centre of gravity, “G”, and it’s oriented towards the centre of the earth. 

The total aerodynamic force 
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 is the resultant of two other forces: the lift force
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, which is perpendicular on the air flow’s direction (wind direction), and the drag force 
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 which acts in the direction of the air current. The two forces are applied in “P”, called the kite’s centre of pressure. 

The third force, the cable tension 
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is applied in the connexion point of the link cable with the kite’s stays, “C”. 

Using the kite to produce energy

The method is based on the kite’s ability to pull a cable connected to a power generator from below deck (figure 3.3 Under the influence of the air currents, the kite describes a series of up and down movements, which pull the cable or brings it back on the generator’s drum.  
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Figure 3.3 The simple scheme of kite energy generator

4. Ship propulsion using the kite. Presentation of the research stage

4.1 General considerations regarding wind effect on sails


Given that the propulsion using the kite is strongly related to the one using classical sails, and that often the two sails are compared, I considered that some general considerations on sail propulsion are necessary.

The resultant of the pressure forces 
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 (fig.4.1.a) acts in the centre of pressure of the surface, which can be considered most of the time its geometrical centre, and is oriented in the direction of the air flow and its size depends on the total surface of the sail, it’s form and the speed of the air current.

In order to do an exact calculation of the values of the forces 
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, respectively 
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, then, when the sail is oriented in different directions from the wind we use the diagram called “The sail’s polar” .
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               Fig.4.1a  Cross wind                               Fig.4.1b  Transverse wind

4.2 Present stage of research and practical accomplishments

 Using the principle of sails propulsion as a starting point, principle which is used in sports as well (kite-surfing), it was managed to propel a ship by using a kite with a certain surface and lifted at a height where the winds have almost constant speed and direction.  

The most notable accomplishments in the propulsion domain using the kite belong to the companies SkySails GmbH & Co. KG from Germany and KiteShip from the United States. Although they differ in size and shape of the kite, in the positioning of the “pod” and in the number of “pod”-kite connexion strings, the principle is the same.

4.3 The kite’s forces and moments

As presented in chapter 3.3.1. there are several forces acting upon the kite: lift force(
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), drag force (
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), weight force (
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), cable tension (
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Figure 4.2 Kite’s forces and moments

The total aerodynamic force,
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, is decomposed on the direction of the speed tending to infinity 
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 (drag force), and on a direction perpendicular on it  
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 (lift force).  The two forces are calculated using the formulas: 
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where:

· CD : drag coefficient,
· CL : lift coefficient,
· 
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 : air gravity,
· S   : the total surface of the kite. 

By calculating the values of 
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 and 
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 from (4.1), (4.2) we can determine the value of the total aerodynamic force using the formula:
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5. The calculation of the forces developed by the kite
5.1 Simplified calculation of the forces
The following values were taken into consideration for the calculations: 

Ak 
=  200 m2 (the total surface of the kite),
α 
=    15°,
CL
=  0.9250,
CD
=  0.2421,
ρ
=  1.2047 Kg/ m3 (air density at a temperature of 20°C),
w
=  10 m/s.
The kite’s dimensions: length 28.57 m, width 7 m, profile thickness 0.7 m.

By applying the formulas for the lift and drag for an attack angle of 15°, we obtain:
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  = 11519,830 N.
	α (° )
	5°
	8°
	12°
	14°
	15°

	ρ (kg/m3)
	1.2047
	1.2047
	1.2047
	1.2047
	1.2047

	w (m/s)
	10
	10
	10
	10
	10

	CD
	0.0565
	0.0804
	0.1400
	0.2172
	0.2421

	CL
	0.6605
	0.8780
	1.054
	0.9750
	0.9250

	L  (N)
	7957.043
	10577,265
	12697,602
	11745,824
	11143,474

	D  (N)
	680,768
	968,578
	1686,580
	2616,608
	2916,578

	Taf (N)
	7986,101
	10581,72
	12809,043
	12033,768
	11518,830


Figure 5.1 The values of the kite’s forces for different attack angles

From the results the following conclusions can be drawn:

- for the chosen profile, the optimum angle of incidence is about 12°, angle at which the high value of the lift raises the total aerodynamic force, although the drag is not large.

- it should be noticed the progressive grow of the forces up to α = 12°, after which the lift and the total aerodynamic force start to drop together with the drag. At angles of more than 15°-20°, once the swirls appear on the extrados, the lift value decreases a lot and the drag increases.

5.2 Using the Ansys-Fluent to determine the forces of the kite under different angles of incidence
In order to perform the modelling of the kite propulsion system, the Ansys – Fluent program was used.
FLUENT is a program based on numerical computation of finite volumes. The domain is shaded in a set of control volumes – cells. 
Through the program I made a simplified representation of the kite, as seen in fig. 5.2., by considering a constant profile thickness. 

The kite’s dimensions are the ones presented in the previous paragraph: length 28.57 m, width 7 m, profile thickness 0.7 m.

The program allows the monitoring of residues of certain parameters we consider to be essential (like the speeds on all three axis), with imposing some tolerances for the acceptable values. In this case we took a margin of error of 10-5.   
The two angles α and θ actually represent the attack angles of the wind on the exposed surface of the kite and they determine the rotation movements around xx’ and yy’ axis.  
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Figure 5.2 The kite used for calculation

In a first stage we considered the following values:

· wind speed,  w = 10 m/s;

· angle of incidence α: 0°, 30°, 45°,60°,90°;

· angle of incidence  θ: 0°, 5°, 10°, 20°, 30°;

· air pressure: 101325 Pa;

· air dynamic viscosity : 1.7894 x 10-5 Kg/ms;

· air kinematic viscosity: 0.0001460735 m2/s;

· the kite’s total surface : 200 m2.
Following the results from the calculation from all the situations the following conclusions can be drawn:

- The total aerodynamic force 
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 has the maximum value for α and θ equal to zero [case a) α=0°, θ=0°]. This is due to the fact that the drag force  
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 has the largest value, while the lift force 
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 participates very little.

- The lift force 
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 has the maximum value for an angle α equal to zero degrees and for an angle θ equal to 30 degrees.

In fig. 5.3 there are shown the representations of the drag’s values variation according to the kite’s two angles of rotation. 

The following experiment was done for the same parameters, but for a larger kite surface, the total surface being 450 m2.
The values of the forces we obtained are, as expected in the same ratio as the surfaces, 2,25. Small differences appear because of the numeric calculations errors. 
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Fig. 5.3 The variation of drag force for different 
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6. The influence of the kite on course stability and ship manoeuvrability 
6.1 Simulation of ship’s movement due to the kite’s action

In order to study the kite’s influence on the movement stability and ship’s maneuverability we used the navigation simulator TRANSAS NAVI-TRAINER 5000.
The basis for the mathematical model is represented by a set of non-linear equations allowing us to define the evolutionary parameters of the ship. For this purpose two coordinate systems will be used: one fixed axis system xGO yGzG and a mobile system, fixed on the ship XOYZ.
6.2 Theoretical considerations regarding the surface wind’s influence on the ship

The air flow around the ship’s hull is considered to be uniform and constant in speed and direction. The real wind’s speed is expressed according to Beaufort scale resulting as a mean value of the wind at 6 meters height above the sea surface. Wind’s relative speed (
[image: image43.wmf]A
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) is defined as the sum between the wind’s speed and the ship’s speed.
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Fig.6.1 Image on the simulator regarding the wind’s action 

In figure 6.1 the surface wind’s components are represented on a horizontal plan, superimposed on a simulator image. 
6.3 Theoretical considerations regarding the kite’s influence on the ship’s maneuverability and movement stability
Choosing the kite’s model for the supplementary propulsion of the ship, moreover choosing the aerodynamic profile, is a complex process because: 

- the kite works permanently in a dynamic process, moving all the time, mostly in an approximate eight-shaped way under the air current influence (fig.6.2),

-  when reported to the ship’s position it is not stationary, 

-  it works under different angles on the water’s plan and on the direction of the ship’s movement. 
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Fig.6.2 The kite’s eight shaped trajectory
6.4 The simulation of the kite’s action over the ship
To analyse the extra power given by the kite and the way this influences the manoeuvre capacity and course stability, I used the navigation simulator.   

For this I chose a commercial maritime ship, of medium size and capacity. The forces developed by the kite were projected on the water surface and applied to a maritime tug (fig.6.3)
The simulations were executed in conditions in which the wind from the sea surface has no influence on the ship (Annex I) and in conditions in which the wind from the sea surface has influence (Annex II). 
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Fig.6.3 The projection of the forces on the water plan

6.5 Conclusions
After the simulations made in different wind conditions and speed regimes, both of the ship and the tug to which kite’s traction force was applied, simulations presented in annexes I, II and III, a series of conclusions can be drawn on the behaviour of a ship powered by the mixed engine-kite system, conclusions which can be used as a starting point for research on unconventional propulsion using the kite. 
The initial conditions were also altered on the way to give a more complete picture on the ship’s manoeuvrability for different wind and speed regimes. 
7. Personal contributions and ways of research follow-up

7.1 Personal contributions

1. Original research method by using the navigation simulator Transas Navi Trainer 5000 and the Ansys Fluent simulator. 

2.  Synthesis of the forces which act on the ship propelled by kite.
3.  The numeric calculation of the kite’s forces al different angles in two plans and applying them in the towing cable at sea level. Elaborating the diagram of the lift and drag forces for the kite’s inclination in two plans.
4.  Study of the ship’s lateral deviation due to the irregular motion of the kite and the identification of means of reducing it.
5. Finding way to improve the ship’s course stability and it’s manoeuvrability in case of mixed engine-kite propulsion.
7.2 Directions for future research
Regarding the extra propulsion given by the kite, research can continue in order to cover issues concerning synchronising the kite’s movements in the flight hemisphere and the movement of the helm installation, so that the lateral deviation is reduced to a minimum. 
Research can also continue in the matter of producing electrical energy using the kite. In the ground based studies, on fixed platforms, it was demonstrated that it is possible to produce electrical energy using a kite moving up or down, or using a series of kites.  
Research can be extended, and these kites can be mounted on board ships, experimenting in a primary phase the way the ship moves at slow speed or is adrift and the energy produced by the auxiliary engines (current generators) is replaced by the energy supplied by the kites. 
8. Final conclusion 
The objectives set out in this paper were totally accomplished as follows:
a) The possibility of towing the ship using a kite: by calculating the forces developed by a kite of certain dimensions and aerodynamic shape, the total aerodynamic force which can move a freighter can be determined. Of course, it was taken into consideration the ship’s size. 

b) The way in which the traction force developed by the kite influences the ship’s course stability, its trim and list: one of the ship’s main nautical characteristics is course stability; this is defined by the way in which the ship is resistant to the exterior forces applied and maintains its preset course.

It can be observed from the simulations the great influence created by the kite on course stability.
c) Manoeuvrability of the ship in case of combined engine-kite propulsion: a ship proves manoeuvring qualities when the helm answers shortly to the commands given and the ship returns on the way.

It is observed that the ship manoeuvres well and returns quickly on route only when the main engine is used at a certain capacity enough to produce the needed speed for the helm effect.
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