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          Preface 





On a workshop on low-head hydropower, mr. Fraenkel of I.T. Power argued that when looking for economically viable hydropower opportunities, one should not forget the sea. At sea, there are no useable height differences and normal hydropower technology is no option. But energy can be extracted from the speed of tidal currents by a kind of sub-marine turbines that resemble Horizontal Axis wind turbines. Because there are very large masses of water involved with tidal currrents, they represent a huge energy potential (FRAENKEL, 1997). 





Inspired by mr. Fraenkels contribution, I started to think about a more elegant way to generate power from marine currents, with the `Swingcat Tidal Turbine’ concept as a result. It resembles a sheer-ferry: An old type of ferry boat for use at rivers that is driven by the river current itself. With a long cable, it is anchored to a point upstream. By steering the ferry such that its keel makes an angle with the river current, lift force on the keel pushes the sheer-ferry towards the other shore. The swingcat tidal turbine uses the same principle, but then geared towards power generation:


The keels are quite long so that they take up very high lift forces from the current. To maintain stability, the vessel is built as a wide catamaran.


Underneath the swingcat vessel, there is a Horizontal Axis turbine that converts the power generated by the keels into electricity. The vessel sails at a speed typically 5 times the velocity of the tidal current driving it and this makes that this turbine can be small compared to the vessel itself. 





As of now, it seems that the swingcat tidal turbine could be competitive compared to other forms of renewable energy. To prove that it is a viable concept, it should first be developed further. I can not do this on my own: I don’t have the money, time and technical expertise that would be needed for this. I have tried to find a company interested in investing in it, but haven’t found any within the Netherlands. NUON - Renewable Energy was planning a project to cover the electricity demand of of the island of Vlieland purely with renewables. To select the best technology for the tidal current component of this project, they intended to have a `technology comparison’ study and the swingcat concept would be included in this. But funding for their Vlieland plan were postponed several times and as far as I know, the technology comparison study has not yet been started. MARIN (a well-known maritime research institute) definitely is interested in a research project on the swingcat concept. MARIN could very well do part of the research, but is not in the position to invest large amounts of money in developing it for own account. By then, I saw no possibilities to make a living out of it and got myself a regular job. 





I do want to continue with it. Or maybe: The swingcat idea will not let go of me. It will continue to puzzle me until I either find out why this was not a feasible concept after all, or get it to the point that it will get off the ground for real. As a start, I want to publish the results I got so far so that many more people can learn about it and think about it. If it is considered worthwhile, I hope it will lead to critical reactions, new contacts and new opportunities. For instance, students of technical universities could do their graduating research on subjects relevant to the swingcat concept.





After learning about NUON’s Vlieland project, I worked on a swingcat tidal turbine with characteristics geared to the Vlieland site and power demand. I wrote a report that was meant to serve as a base for the `technology comparison’ study planned by NUON. This report is an updated version of it and that is why it quite theoretical. People who are not interested in theoretical backgrounds could read e.g. the article of ir. Eize de Vries in `Energietechniek’ of May ‘99’ (in Dutch).





It proved quite difficult to choose a name for this new concept and as a result, some older names are still around. Initially, I named it `seasnake’, then `sheer-ferry’ or `gierpont’ in Dutch and mr. M.X. van Rijsbergen, MARIN, chose `Getijden catamaran’ (or `Tidal catamaran’ in English). These names all refer to the same concept.





Then I would like to thank some people. Ir. G.K. Kapsenberg of MARIN, Wageningen has given very valuable information on the 3-D approach to calculating forces on keels, and on friction for the hulls. In an early stage, he made a spreadsheet of swingcat characteristics. This has stimulated me to continue working on this concept, and showed me the usefullness of spreadsheets to investigate characteristics further.





Dr. ir. Jacob van Berkel found an error in a formula for mass flow in a previous paper on the swingcat concept. Thanks to his attentiveness, I found out that for the swingcat, mass flow is quite different than for H.A. turbines and I could repair this error. Many more people have helped by providing technical information, critical comments or moral support.
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�
Principal features of swingcat tidal turbine


Adapting the sheer-ferry principle to power generation.


A sheer-ferry is a ferry for rivers that uses current in the river itself to cross it. Like a sailboat, it has a keel that can extract lift force from the water. Instead of a sail, there is a long cable to a point upstream. Now the sheer-ferry can be steered in such a way that the combination of lift force on the keel and pulling force from the cable produces a net force in the desired direction.





The principle of operation of a sheer-ferry can be developed in such a way that it extracts massive amounts of power from a marine current. For this, it must be adapted in the following ways:


Several keels can be fitted under one ship. 


The keels should be very long and placed wide apart so that each of them experiences an undisturbed tidal current.


The ship should sail as fast as feasible, so that more water flows past the keels and more power can be extracted from it.





Logically, such a swingcat turbine will resemble a catamaran, see drawing on front cover. Then the two hulls can be placed wide apart so that it won’t capsize in spite of high lift forces on the long keels. To allow a high sailing speed with moderate friction losses, the hulls of the catamaran should be well-streamlined.


Two hydrodynamic stages


The power extracted from the tidal current comes free as a propulsing force on the ship. To convert this into useable electricity, 1 or more small H.A. turbines with generator can be fitted underneath the ship (see also drawing on front cover). The electricity can be conveyed through a power cable along with the anchoring cable to the anchoring point, and from there to the shore. So power taken up from the tidal current is converted in two hydrodynamic stages into mechanical power that drives a generator:


The first stage consists of the vessel itself. Its keels act like wind turbine blades. A velocity triangle can be drawn that gives the velocity Vr of water relative to the keel, see fig. 1. By definition, lift force Fl makes a right angle with Vr. Breaking down Fl into a components gives a large component that is directed in line with the anchor cable so it is annihilated by the pulling force from this cable. The other, much smaller component is in line with the sailing speed of the vessel relative to earth: The propulsive force on the swingcat. 


The second stage consists of the propellors fitted underneath the vessel that are driven by the water flow passing the vessel. The axial force (or thrust, in marine terms) on these propellor is directed against the the sailing speed so they tend to slow down the vessel and counteract the propulsive force.
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Figure � REEKS Figuur \* ARABISCH �1�: Velocities and forces on a keel





The second stage is used as a kind of hydrodynamic transmission. A mechanical transmission would also be possible, e.g. by means of a cable running over a winch on the vessel, with its ends fixed at two points on the sea floor. Such a mechanical transmission could have a higher efficiency, but would become too costly and require much more maintenance.





Having two hydrodynamic stages is inattractive from an efficiency point of view as both stages introduce losses. For the second stage, it makes little sense to calculate efficiency similar to that of a wind turbine, so as `generated mechanical power divided by hydraulical power flowing through a limited swept area’. It is not the swept area of the propellors that is limiting, but their axial force. If this axial force exceeds the propulsive force generated by the first stage, the vessel will decellerate to a sailing speed below its optimal speed and power output will drop. So it makes more sense to calculate efficiency of this second stage as `generated mechanical power divided by propulsive power coming from the first stage’.





A dominant factor in this efficiency is the wake loss. Suppose the swingcat vessel sails at 6 m/s and produces a propulsive force of 100 kN (so generating 600 kW in propulsive power). The `Betz’ optimum for H.A. wind turbines prescribes that velocity in the wake of the propellor should be 1/3, and velocity through the propellor plane 2/3 of undisturbed velocity, so 4 and 2 m/s resp. This would mean that the propellor can never generate more than 100 kN * 4 m/s = 400 kW. So with a propellor designed as a standard H.A. turbine, wake loss alone would lead to an efficiency of the second stage of only 2/3.





This efficiency can be improved considerably if the swept area is chosen larger than that of a H.A. turbine of the same power output at the same velocity. Then the (limited) axial force on the propellor is divided over a larger area. This makes that velocity in the wake of the propellor is only slightly lower than undisturbed velocity, and wake losses are limited. This approach resembles efficiency calculation for ship propellors, but with power flowing in the other direction.


Concentration factor


Now the first stage of the swingcat tidal concept can be seen as a concentrator mechanism: Instead of placing a H.A. turbine on the seabottom so that it is driven directly by the tidal current, a H.A. turbine (the propellor) is placed underneath the ship. Since the sailing speed of the swingcat ship is several times the velocity of the tidal current driving it, the swept area of this turbine can be much smaller than that of a stationary turbine. This in spite of the fact that the swept area is chosen a bit larger to reduce wake losses. In itself, the smaller rotor diameter already makes this rotor run at a substantially higher speed. On top of that, it is driven by the (high) sailing speed instead of the (low) tidal current, and this makes it run even faster.





The question remains whether this swingcat concentrator mechanism is economically attractive. So: Whether the savings due to reduced rotor diameter and increased speed, outweigh the costs of the swingcat. I think this could be the case for sites with such a low tidal current that stationary H.A. turbines are not feasible anyway. There, a swingcat ship could achieve a high concentration factor while sailing speed remains moderate, so drag losses for the hulls remain acceptable. Scale effects also play a role, as there are minimum dimensions for a swingcat: To keep hull friction low, the hulls should be long and streamlined. And the above-water parts should be out of reach of moderately strong waves that might slow down the ship.


Comparison with submarine H.A. turbines


With respect to technology development, the swingcat tidal turbine lags way behind H.A. turbines adapted to submarine use. Only if there is a good chance that the swingcat concept might be substantially better than H.A. turbines, it makes sense to invest in developing this new concept. If not, it is just wise to rely on the well-known H.A. turbine that has proven its worth in wind energy.





When comparing the swingcat with H.A. turbines, I think one should have a critical look at the prospects for submarine H.A. turbines too. FRAENKEL, 1998, argues that even though tidal current velocities are way lower than wind velocities, a submarine turbine can still generate considerably more power per m( of swept rotor area than a wind turbine because the density of seawater is some 820 times larger than that of air. “Therefore, although offshore engineering is relatively costly (a high price per m( of rotor), this is compensated by the much smaller size of marine current turbine needed for a given power, compared, for example, with a wind turbine...”, according to mr. Fraenkel. I think that this is only one side of the picture:


Mr. Fraenkels argument applies to the tidal current sites he considers worthwhile: With a peak current of mean tidal cycle in the range of 2 to 3 m/s. For the Vlieland site (peak current = 1.6 m/s), the power generated per m( of swept area would be roughly the same as for a wind turbine). Tidal energy is attractive for two other reasons: 


Annual energy production for the marine turbine will be ca. twice that of a wind turbine of the same capacity because the tidal cylce is always there while wind turbines suffer from calm days. 


Power output from a tidal current turbine can be accurately predicted so it can be relied upon in planning power production capacity.


Clearly these advantages apply to the swingcat turbine just as well.


The rotor blades of a submarine turbine are subject to a much higher axial force than that of a wind turbine with the same capacity. Suppose a turbine extracts 1 MW from the wind with velocity through the rotor plane being 10 m/s (corresponding with an undisturbed wind speed of some 15 m/s). Clearly axial force on this rotor must be ca. 1000 000 / 10 = 100 kN. For a submarine turbine extracting 1 MW at only 1 m/s velocity through the rotor plane, axial force will be ca. 1000 kN, so 10 times as high!


This means that a submarine turbine must be built much stronger than a comparable wind turbine. Also rotors with a high specific speed (= tip speed of blade / tidal current) are out of the question as the slim blades needed for this could never be made strong enough.


The low velocity of tidal current itself makes that the rotor of a submarine H.A. turbine will run at a much lower speed than a comparable wind turbine. So the torque produced by the rotor is much higher and a much heavier gearbox will be needed. This is where the concentration factor of the swingcat turbine can make a difference: Propellor speed will be so high that a low-speed `direct drive’ generator can be used and a gearbox is not needed.





I do not want to shed doubts on the technical and economical feasibility of the tidal turbine projects mr Fraenkel is promoting. But I do object if he suggests that it is a piece of cake to adapt the well-proven H.A. wind turbine into a submarine turbine. And for sites with a lower tidal current than the values he considered worthwhile, I think the swingcat could become a very serious competitor. That is: If it would be developed so far that its economic potential can be assessed properly.








Some practical aspects


In developing a useable swingcat design, there are two major considerations:


A disadvantage of the swingcat concept is that power production can not be continuous. Downstream of the anchor point, the vessel makes swinging movements so at the end of each swing, it has to slow down, turn and accelerate again. During this, power production will drop to zero or might even become negative if one would choose to use some power from the grid to speed up the turning manouvre. This makes that the swingcat fits less well into power production plans of utilities. Also, it means average power production is slightly less than production during a swing. To reduce or eliminate this effect, there are the following options:


Design the vessel in such a way that it can turn fast.


Use a series of vessels that turn at different moments, see below.


Use an energy storage system.


The most important force is the component of the lift force in line with the anchor cable. So the construction must be optimalised to deal with this force in an efficient way. This could be done by:


Regulating keel angles so fast that lift force can be kept close to its maximum allowable value while preventing that this value will be surpassed.


Avoiding that this force is conveyed through major construction parts as a stresses changing from positive to negative and back. Stresses changing from zero to positive (or negative) and back mean only half the fatigue load on such parts.


Keeping the point at which the lift force acts on a keel, as close as possible to the surface.





Now different versions are possible:


A catamaran-like vessel with keels and hulls that can rotate with respect to the cross-beam. To generate more power without having to make keels even longer, a third keel is mounted underneath the middle of the crossbeam, see drawing on front cover. With only one vessel, an energy storage system is needed to cover energy needs during turning. This option was chosen for the Vlieland site, as it seems the most straight-forward and cheapest solution for the rather low power demand and since energy storage was already included in the Vlieland project.


Capacity of one vessel could be expanded by making the cross-beam longer and fitting more keels under it. This option is unattractive due to the high loads on the crossbeam caused by the weight of extra keels and the crossbeam itself. An alternative solution is to use 5 keels and 3 hulls. The crossbeam could hinge in the vertical plane above the middle hull so that the 3 hulls can follow waves independently. To keep the middle hull and its keel in upright position, it could be connected to both parts of the crossbeam by a diamond-shaped beam construction or by hydraulic cylinders 


Several vessels can be fitted to one long anchoring cable. These vessels could turn just after one another, so that total power production is more even. To reduce the space occupied by this string of swingcat vessels, both ends of the cable could be fixed to anchoring points at the sea floor.


Instead of a cross-beam well above water level, one could think of a lattice structure with the lower beam below water level. Now the keels and hulls can not rotate with respect to this lattice structure, so turning will be slower and other ways must be found to limit lift force on the keels, e.g.:


Making the trailing end of the keel profile into a moveable rudder (like the rudders of airplanes).


Making only the part of the keels below the lower lattice beam moveable.


Fitting a large shock absorber in the anchor cable.








Nuon’s Vlieland project


NUON (a Dutch electricity, gas and water distribution company) has developed a plan to supply the island of Vlieland purely with renewable energy by the year 2007. This plan assumes a contribution of 3000 MWh per year from tidal current turbine(s) located in the seastrait between Vlieland and Terschelling. Some key figures of how large a swingcat turbine should be in order to reach this of 3000 MWh per year:


The vessel will have 3 keels that reach 9 m below sea level.


Pulling force in the cable is limited to 800 kN.


Generator capacity is limited to 750 kW.


The anchor cable is 2 km long and the swinging movements are 1 km wide.





I think conditions at the Vlieland site favour a swingcat tidal turbine above an array of H.A. turbines:


Tidal current is rather low: Peak velocity of a mean tidal cycle is only 1.61 m/s. FRAENKEL, 1997 mentiones that only sites with 2.0 to 3.0 m/s mean peak velocity are worthwhile for tidal current turbines. He only discusses Horizontal Axis turbines so according to this article, tidal current at the Vlieland site is too low for this type of turbine to be economic.


At that site, the sea is only some 30 m deep. This limits rotor size of H.A. turbines to 9 m and its capacity to 100 kW (HOLLATZ, 1997: The rotor should never reach the surface and the lower half of the depth is unusable due to too low current velocity). FRAENKEL, 1997 however, mentiones that for first generation turbines, a size of 200 to 800 kW will be the most cost-effective.


The sea floor consists of sand. The wake of stationary turbines might disturb the balance between erosion and siltation, leading to the streambed displacing itself. With a swingcat tidal turbine, the wake is spread over a much wider area and wake effects are minimal. Maybe foundation costs for H.A. turbines will also end up higher in sand than in rock.





A disadvantage for the swingcat turbine is that it needs a much larger work area and consequently, will form more of an obstacle to ships. But there is still plenty of room for even the largest ships to pass the seastrait, see par. 6.6.3.








Theoretical aspects


Difference with H.A. turbines


For the energy extraction by the keels of a swingcat tidal turbine, the actuator disk approach of Betz (see e.g. SMULDERS, 1994) is not that useful. This approach assumes a disk (the swept area) that exerts a force against the direction of flow through this disk. Due to this force, velocity through the disk will be less than undisturbed velocity, so the mass flow from which power is extracted, will be less also. Now a compromise must be found between a large force and a large mass flow. Then the famous Betz-maximum predicts an optimum efficiency when velocity in the wake is 1/3 of undisturbed velocity. Then velocity through the swept area is 2/3, impuls uptake is 8/9 and optimum theoretical efficiency is 16/27. 





Translating the actuator disk approach to the swingcat situation would mean that swept area is extremely large: Depth of keels times width of swing movements. So hydraulic power of the water flowing through this area is very large and efficiency becomes extremely low. Quite understandable if one realizes that the swingcat vessel can never extract power from one end of this swept area when it is at the other end and will need some 3 minutes to come back to this end again. 





For the swingcat, it makes more sense to take as swept area: A hypothetical area A around a keel, with the water flowing through this area coming `within reach’ of the keel, see the left-hand drawing in fig. 2. This has the following consequences:


Velocity through this swept area is the sailing speed Vr relative to the keel. This velocity Vr is defined almost exclusively by the sailing speed Vx of the vessel relative to earth.


Mass flow M (in kg/s) equals this sailing speed Vr times the size of swept area A in m( times specific density ( of seawater. This means that by sailing a bit faster, mass flow can be increased and thus power extracted from the tidal current will end up higher. Now power losses like hull friction also increase strongly with sailing speed so there is an optimum. Still it means that at low tidal current, the swingcat can reach a remarkably high power output by sailing rather fast.


The force exerted by a keel on the water flowing past it, makes a right angle with the velocity of this water with respect to the keel. So increasing the lift force generated by this keel does not lead to a reduction in mass flow as is the case with H.A. turbines. This makes the Betz-maximum is not applicable here:  In principle, the swingcat can take up so much lift force that in its wake, it leaves behind water with zero velocity. Then all hydraulical power from the tidal current has been extracted by the keel and theoretical efficiency is 1. In practice, a somewhat lower lift force will be optimal because some losses increase with lift force.





Maybe the difference between the two types of turbines and the corresponding approaches to calculate forces, can be clarified by comparing them with aircrafts:


The H.A. turbine is comparable with a helicopter hanging at one spot in the air. Here mass flow through rotor swept area and lift force exerted by the rotor blades are linked: One can not increase mass flow without increasing lift force so that air is pulled through the swept area at a greater velocity.


The swingcat is comparable with a fixed-wing aircraft: Now mass flow (calculated as air flowing through a circle circumscribing the wing tips) can be increased by flying faster. This is independent of lift force, which can be regulated separately by letting the aircraft climb steeper or less steep. With an aircraft, increasing mass flow is advantageous because it means that this mass flow gets a lower downward velocity and `induced drag’ losses are reduced. With the swingcat, it means that there is more water to extract power extracted from. 


Mass flow calculation: One or two tip vortices


The remaining question is the size and shape of area A that defines which water comes `within reach’ of a keel. For fixed-wing aircrafts, such mass flow calculations are available and obviously they must be very reliable. But the aircraft approach can not be translated directly to the swingcat situation because of the vicinity of the water surface.
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Figure � REEKS Figuur \* ARABISCH �2�: Size and shape of area A for 1, and for 2 tip vortices





For a thorough analysis, one has to analyse for each point in the vicinity of the keel, whether water is pushed sideways (so contributes fully to lift force on the keel), or can partially escape by flowing around the tip of a keel. This leads to hydrodynamic calculations that are too complex for fast simulation of sheer-ferry behaviour. So simplifying assumptions are made:


Instead of adding up for how much each point in the vicinity of the keel contributes to lift force, one could draw a sharp line that defines area A, see fig. 2. This assumes that points within this area contribute fully, while points outside do not contribute at all. 


It is assumed that keels have a constant chord so a rectangular shape. Then lift force and drag force can be calculated easily using formulas in with lift coefficient Cl and drag coefficient Cd are corrected for the `slenderness’ Ae of the keels (the socalled `3-D approach’). From engineering point of view, a tapered shape is more attractive so this shape will be chosen for a real sheer-ferry. There must be 3-D approach formulas for Cl and Cd for tapered aircraft wings but I haven’t found them yet. In a later stage, forces on keels will have to be recalculated for a tapered shape.


It is assumed that each keel leaves behind two tip vortices: One at the bottom tip of the keel and one at the water surface. This assumption is questionable, but it is a worst case assumption, see below.


Like with aircrafts, the shape of area A is taken as a circle circumscribing the keel (see VOS & VRIES, 1997, page 71).





Following the `two tip vortices assumption’ means that the left-hand drawing in fig. 2 is assumed to be correct. Then area A equals ¼ * ( * b², with b being the length of the keel from lower tip to surface. The point of application of lift force on the keel would be the centre of gravity of this surface, so at half the length of the keel. 





Tip vortices are related to the mass flow calculations dicussed above. They describe how water can avoid being pushed sideways by a keel by escaping in vertical direction. Now the bottom tip will leave behind a normal tip vortex, but at the surface the situation is more complex:


The keel can induce vertical velocities, but once the water surface deviates from its normal horizontal plane, gravity forces will counteract these. Now the question is whether gravity will noticeably slow down vertical velocities induced by the keel. A rough calculation shows that it will not: By the time the water surface is deformed maximally, the keel has moved way further. This would mean that vertical velocities are not reduced by gravity and the power content from the upper tip vortex is turned into extra waves being generated by the keels.


Part of the upper vortex goes through air, a medium with much lower density. So in principle, water could escape even easier near the surface because it does not have to push aside heavy water, but only light air. From this point of view, the upper vortex might have an even larger effect on keel performance than the lower one. 


The two side keels have hulls at the surface end. These hulls act as an end stop that reduce the upper tip vortex. According to KAPSENBERG, 1997b, in sailing vessels this effect is so large that there is no noticeable tip vortex left at the surface. Therefor, he recommended to neglect the upper vortex for the sheer ferry as well. I think this approach would be too optimistic because:


The middle keel has no hull.


Compared to a sailing vessel with similar hull length, the swingcat keels are much longer.


The keels of sailing ships tend to have a low slenderness Ae (so: large chord compared with its span). Therefor the lower tip vortex will have a large effect on its performance and a small upper tip vortex might be negligible compared to this large lower one. The sheer-ferry keels have a higher slenderness, so a smaller lower tip vortex and now a small upper tip vortex might not be negligible compared to the lower one.





Following the recommendation of Kapsenberg to neglect the upper tip vortex (see with point 3 above), area A would get the shape of a semi-circle with a radius equal to keel length, see the right-hand drawing in fig. 2. Then for the same keel length, area A would end up twice as large as under the `two tip vortices’ assumption. Also the point where the lift force acts is at only 4/3( = 0.424 times keel length below the surface (see POLYTECHNISCH ZAKBOEKJE, 1997, page C1/14). So the `single tip vortice’ assumption leads to much more attractive results: For the same area A, only 1/(2 of keel length is needed and lift force would act at a depth of only 0,60 times the depth with the two-vortices situation. Probably, the situation will be somewhere in between these two extremes.





The conservative assumption of 2 tip vortices is used in this report. If it would turn out that the upper tip vortex is considerably less strong than the lower one, the swingcat ship needs less long keels for a given power production and will be cheaper. In principle, it is possible to reduce the upper tip vortex by fitting horizontal wings to the keels just below the surface. Such wings could reduce the vertical velocities associated with this vortex and turn part of their power content into propulsive power. They have not been considered in this report because their effects can not be calculated yet.


Hydrodynamic forces: 2-D and 3-D approach


Then a note on different approaches for calculating lift and drag forces on keels:


3-D approach: The third dimension stands for velocities in line with the length axis of the wing or keel, so velocities associated with tip vortices. It works by including a correction factor for the length / chord ratio or slenderness Ae of the wings or keels. With this approach, it is possible to calculate lift and drag forces directly from the angle of attack ( and velocity Vr: There is no need to know the mass flow affected by the keels. Whether the 2-tip-vortices or 3-tip-vortices assumption is used, comes back in which slenderness Ae is filled in: 


Single tip vortice: Ae = 2 * keel length / keel chord. So Ae is given as if a keel compares to one wing of an aircraft and wing span is twice keel length.


Two tip vortices: Ae = keel length / keel chord. Now Ae is taken as if keel length compares with full wing span of an aircraft.


The 3-D approach gives no information about how much tidal current is slowed down near the keels, so velocity triangle for the keels can not be determined. 


2-D approach: This approach assumes an infinitely long aerodynamic profile (or keel) so it neglect tip vortices. Then for a keel with finite length, forces can be calculated by finding iteratively at which local velocity, lift force on the keel equals the force needed to change undisturbed velocity into this local velocity. For this approach, mass flow M must be known. This approach allows calculations on several aerodynamic profiles influencing the same mass flow.





In the spreadsheet discussed in the next chapter, both approaches are used at different points.








Simulation of swingcat tidal turbine characteristics


Structure of the spreadsheet


A spreadsheet file `gierpon4’ has been written in `Excel’ that simulates forces, generated power, power losses etc of a swingcat tidal turbine. It proved quite useful in several ways:


To learn more about characteristics of the swingcat concept in general.


To come up with some key dimensions and other parameters for swingcat tidal turbine adapted to the requirements of the Vlieland project.


Filling in the spreadsheet is like designing a `virtual swingcat tidal turbine’. Along the way, one finds out what aspects have not yet been thought out properly, which assumptions must be made as a basis for calculations, what vital parts still have to be designed etc.





This chapter deals mainly with the way the swingcat turbine is assumed to function and results obtained from the simulations. The spreadsheet itself is discussed only briefly, for readers interested in it: Just let me know and I’ll send a copy.





The spreadsheet works as a simulation programme with time as basic variable. Starting with the values found in the previous cycle for T = t, it calculates by how much sailing speed Vx of the vessel will have increased or decreased by the time T = t + (t. Meanwhile, keel angle is adapted to the changing situation. Each time the `calculate’ (= `F9’) command is given, the calculation loop is executed a given number of times. Once acceleration ax approaches 0, a stable Vx is reached for this value of tidal current Vt. Then in page `pow2’, those variables that are of interest, can be copied into a table. To avoid that those values change with every new calculation, the `values only’ option of `paste special’ can be used. Later, these tables can be used to calculate yearly production, graphs made etc. See fig. 3 for an overview of how the main calculations are performed. See fig. 1 for the coordinate system used.





Besides calculating steady-state situations, the spreadsheet can also be used to see how variables move towards a steady-state from given starting values. It was used to estimate how fast the vessel accelerates after turning (see comments in cells H45 - H53 in page `keel’), but in hindsight, the assumptions this calculations was based upon are questionable.
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Figure � REEKS Figuur \* ARABISCH �3�: Main calculations.  Crossing lines mean no connection. Keel force stands for the component of lift- and drag force perpendicular to keel chord, it is practically equal to lift force.


In fig. 3, the most important calculations in the spreadsheet are outlined. In this figure, the way propellor speed is regulated, is not included. Propellor speed is assumed constant as long as ship speed Vx is above a `knee-speed’. At low values for tidal current Vt, ship speed Vx drops below this knee speed and propellor speed decreases lineairly with ship speed.


Numerical problems


The spreadsheet calculates in a circle: It uses the results of the last calculating cycle for ship speed Vx and keel angle ak as inputs to the next calculating cycle (see the dashed lines in fig. 3). Normally, Excel gives an error warning when it is set to calculate in a circle, so when the value in a cell has to be calculated based on cells that in turn refer to this cell itself. To circumvent this, Excel must be set to allow iterative calculation (in menu `Extra’ - `Options’ - `Calculations’). There also the maximum number of iterations for each `calculate’ command (= `F9’) must be specified, I always used `50’.





If values end up out of range or move away from a steady state rather move towards it, it could be due to:


An unrealistic value for tidal current Vt is used. This happens quite easily as the spreadsheet accepts the value of the active cell as input for tidal current.  


The integration interval (t is chosen too large. 


There is an error value in any of the cells within the iterative circle. 


Parameter values describing the swingcat tidal turbine itself are chosen such that this swingcat would indeed become instable. For instance if a `gain’ parameter describing a PI controller is chosen too large, that controller will introduce instability.





If an out-of-range value is found in one cell, by the next calculating cycle this error value appears in every other cell involved in the iteration loop. To repair this, the spreadsheet can be reset by filling in `0’ in cell keel-B5 so that it uses standard starting values instead of the values derived in the previous cycle.


Keel angle regulation


As stated in chapter 3, keel angle should be regulated so fast that lift force on keels is kept just below a safe value. In the spreadsheet, a PI controller is used to regulate keel angle ak. Its characteristics were chosen using the controller recepy of Ziegler and Nichols (POLYTECHNISCH ZAKBOEKJE, 1997, page B2/43). Keel angle regulation is slightly more complex than shown in fig. 3: If the ship sails rather fast, a small change in keel angle would result in a much larger change in lift force than at low ship speed. This would mean that the PI controller isn’t adjusted optimally any more once ship speed changes noticeably. To avoid this, input signal to the PI controller (= difference between actual- and desired keel force) is first corrected for the square of flow velocity around the keel. Depending on operating conditions, keel angle regulation works in different ways:


At low tidal current Vt, keel angle is regulated towards maximum power uptake: From tidal current Vt and mass flow M, the impulse-flow (= impulse per second, so with dimension `force’) is calculated. This is multiplied with the optimal impulse uptake fraction Ifo to find optimal keel force Fko. At low tidal current, Fko is smaller than Fkm so the Fko goes as desired keel force to the PI controller.


Usually Ifo was chosen at 0.85, meaning that in the wake of the swingcat ship, tidal current is reduced to 15 % of its original value. Then 98 % (= 1 - 0.15() of the kinetic energy in this mass flow is taken up by the swingcat turbine.


At a higher values for tidal current, optimal keel force Fko becomes larger than maximum keel force Fkm that is considered safe for the swingcat construction. Then Fkm goes as desired keel force to the PI controller.


At still higher values for tidal current, electrical power Pe reaches maximum generator power Pe,max. When this happens, generator load factor fgen is reduced and with this, desired keel force. So then keel angle is regulated towards keeping electrical power Pe at maximum generator power Pe,max. Generator load factor is the output of another PI controller (not shown in fig. 3) that reacts slow compared to the one controlling keel angle.


Propellor calculations


Propellor calculations are simplfied by assuming there is one blade with constant chord and blade angle that does not rotate, but moves straight ahead with a speed equal to the speed at 0.7 times the radius of the real propellor. Swept area of this simplified propellor and the real propellor is kept the same, so mass flow is the same. 





Input to these calculations is the velocity Vp of water flowing past the keels, which is nearly equal to ship speed Vx. Forces on a propellor blade can be found by equating impulse uptake from the flow (=  thrust Fa) with the component of lift force Fl perpendicular to the propellor plane. Using the actuator disk approach described in par. 4.1, impulse uptake Fa can be calculated from the swept area, undisturbed velocity Vp past the keels and local velocity Vpp through the propellor plane. This local velocity Vpp also influences the angle of attack of flow around the propellor blade and with that: Lift force Fl. Solving Vpp algebraically from the above-mentioned equation is difficult and therefor, the solution is approached iteratively.





Once Vpp is known, propellor thrust Fa is known. Electrical power Pe can be calculated by multiplying the forward velocity of the blade with the component of lift force Fl in line with this velocity and allowing for a number of losses, see next par.





Propellor speed is controlled as follows (not shown in fig. 3): 


When velocity Vp is above a knee velocity Vpk, propellor speed is assumed to be constant at nominal speed of the generator. In physical terms, this means that when Vp is above Vpk, the synchronous generator will be coupled directly to the grid. Like some modern wind turbines, a direct-drive, low-speed generator could be used so that no gearbox is needed.


When Vp drops below Vpk, propellor speed decreases lineairly with Vp. Then the generator will be coupled to the grid via a rectifier and inverter.





The propellor itself is described by its diameter, and its chord and blade angle at 0.7 of its radius. The difference between undisturbed velocity Vp and velocity through the propellor plane Vpp represent wake loss,  see par. 1.2. Clearly, propellor diameter should be chosen so large that this power loss is acceptable.





A larger diameter propellor will be more expensive, but can capture some more power because wake losses are reduced (see par. 1.2). Generator costs increase with its capacity Pe,max and decrease with its nominal speed. This means that generator costs can be lower if the propellor is designed for a rather high speed, so with a limited diameter, and small chord and blade angle at 0.7 of its radius. 





Propellor characteristics influence the relation between ship speed Vx and propellor thrust Fa. So indirectly, parameters describing the propellor influence the ship speed Vx the swingcat will accelerate towards at a given tidal current Vt. By changing propellor parameters, the swingcat can be fine-tuned such that power production is optimal over a wide range of tidal current values. Since the propellor is small compared to the swingcat ship, varying propellor parameters has little influence on total building costs and there is no need to include building costs calculations in this.


Assumed efficiencies


The swingcat tidal turbine has two hydrodynamic stages in series (see par. 1.2) and the ship itself moves at considerable speed. This makes that power losses will occur at different points and in different ways. So performance of a swingcat turbine depends strongly on the parameters for efficiencies that describe those power losses.





Hull friction Fh is not calculated, but merely derived by interpolation from data supplied by KAPSENBERG, 1997a for 22 m long hulls with a water displacement of 30 tons each. Likely, these data are obtained in tests under ideal conditions. In practical conditions, hull friction might end up a higher, see par. 6.1.1.





Other efficiency parameters that are included in calculating electrical power Pe are:


Drag coefficient for keels: Cd = 0.0067 + allowance for induced drag according to 3-D approach (data from KAPSENBERG, 1997a).


Drag coefficient for propellor blade: Cd = 0.0067, drag losses are calculated according to 2-D approach.


Allowance for propellor tip losses: ( = 0.95


Generator efficiency (a direct drive generator is assumed, so there is no gearbox) : ( = 0.90


The swingcat sails in arcs around its anchor point. Only the component of tidal current Vt that is perpendicular to ship speed Vx, contributes to propulsing the ship. Averaged over time, this is slightly less than tidal current Vt itself, hence these swing angle losses: ( = 0.98


Loss of production during turning at end of each swinging movement: ( = 0.95





In calculating annual energy production, the following losses are included as well:


Loss of production time due to maintenance and repair: ( = 0.99


Loss of production time due to too high waves: ( = 0.96


Power consumption of tidal turbine itself: 2 kW continuously.


Results


Parameter values


Simulation results presented in this chapter are based on a swingcat tidal turbine with the following characteristics:


Three keels of 9 m long, as measured from water surface.


Keel chord is 2.25 m. The spreadsheet assumes a constant chord, so a rectangular keels (for a real swingcat turbine tapered keels are preferable).


Maximum keel force Fkm is 800 kN, so 267 kN per keel.


Generator capacity Pe,max is 750 kW.


Two propellors of 3.9 m diameter.


Nominal speed is 116 RPM. Below a sailing speed of 5.5 m/s, propellor speed decreases lineairly to 0 RPM at 0 m/s, see par. 5.4.


At 0.7 of its radius, propellor blade angle is 9.7( (this applies to a symmetrical profile, for an asymmetrical profile, blade angle should be measured until the angle at which Cl is 0).


At 0.7 of its radius, total chord for the number of blades is 0.57 m (so for a 3 bladed propellor, chord will be 0.57/3). 


Efficiencies as described in the previous paragraph.





These parameters were derived by trial and error in a  search for a suitable swingcat design for the Vlieland project. With a systematic optimalisation based on well-thought out design criteria,  probably a better set of parameters could be found.


Power curve, losses and production at Vlieland site


Figure 4 shows the power curve (in black) for this swingcat turbine. It also illustrates how the swingcat turbine is controlled: 


�


Figure � REEKS Figuur \* ARABISCH �4�: Electrical power and losses. `Miscellaneous efficiencies' includes propellor tip losses, generator efficiency, swing angle and turning losses. 


At a tidal current of 0.95 m/s, keel force reaches its maximum value Fkm, see par. 5.3. Since keel force is limited by keel angle control,  keel angle increases quite fast from that point onwards.


At a tidal current of 1.1 m/s and a sailing speed of 5.5 m/s, sailing speed Vx bends off somewhat. This is because of propellor speed regulation, see par. 5.4. Beyond this point, propellor speed is kept constant and axial force Fa on the propellor increases more strongly with sailing speed Vx. This causes sailing speed Vx to increase less fast with tidal current


�


Figure � REEKS Figuur \* ARABISCH �5�: Swingcat power curve and other key variables


At a tidal current of 1.8 m/s, electrical power reaches its maximum, see par. 5.3. This maximum is lower than the parameter Pe,max because swing angle losses and turning losses (see par. 5.5) are included in electrical power Pe while in the input signal Pe used for keel angle controll, these efficiencies were not included. Since electrical power is limited by keel angle controll, from that point onwards keel angle increases even faster and keel force decreases.





Fig. 5 shows the power losses. The `miscellaneous losses’ are the largest. It includes a series of losses that are all a fixed percentage: Propellor tip vortex (5%), generator (10%), swing angle (2%) and turning losses (6%), see par. 5.5.





All losses together add up to ca. 80% of electrical power so it is very important that estimates for losses are accurate, see also par. 6.1. Especially hull friction should be investigated further, as in practice it might be higher than the data used in the spreadsheed.





Of these losses, only keel drag- and generator losses have an equivalent in a submarine H.A. turbine: Rotor drag losses and generator / transmission losses respectively. So the swingcat turbine has a lot more power losses that a H.A. turbine. This is a price one has to pay for the advantages of the swingcat. 





�


Figure � REEKS Figuur \* ARABISCH �6�: Tidal current Vt and electrical power Pe over a tidal cycle for the Vlieland site.


Table � REEKS Tabel \* ARABISCH �1�: Mean tidal current Vt and mean electrical power Pe over a tidal cyclus for the Vlieland site. Column `mean over year' is calculated as the mean of dead, mean and high tide with mean tide counting double.


�
dead tide�
mean tide�
high tide�
mean over year�
�
mean tidal current Vt, m/s�
0,963�
1,134�
1,299�
1,132�
�
mean electrical power Pe, kW�
268,0�
355,8�
439,6�
354,8�
�
Fig. 6 shows how tidal current Vt and electrical power Pe vary over a tidal cycle for the Vlieland site (the tidal current data are from HOLLATZ, 1997). The tide itself varies with a cycle of 12 hours and 25 minutes, but its amplitude also varies with a cycle linked to the lunar cyle. This is why data are given for high tide, mean tide and dead tide.





Using the data from fig. 6, mean values can be calculated, see table 1.  Taking the mean value over the year for electrical power and multiplying this by the number of hours in a year gives a gross annual production of 3108 MWh per year. Substracting power consumption of the swingcat itself (2 kW, see par. 5.5) and including idle losses due to maintenance and repair (( = 0.99) and too high waves (( = 0.96), a net annual production of 2937 MWh remains. For the moment, this seems close enough to the annual production of 3000 MWh that NUON expected from tidal current in their Vlieland project. 


Maximum keel force and its effect on the power curve 


When comparing the power curve of fig. 4 with that of a wind turbine, the usual 3rd power shape is suspiciously absent. In the tidal current range around 1.2 m/s that contains most energy, electrical power increases practically lineair with tidal current (see fig. 6 and 4). The obvious reason for this that keel force becomes limited already at a very low tidal current value.





Seen from a wind turbine background, this swingcat turbine seems poorly adjusted to the tidal current regime at this site. It would seem that a more optimal design could be made by choosing a much higher maximum keel force Fkm while reducing the dimensions so much so that building costs remain the same. Then at low tidal current, power production would be lower (due to reduced dimensions) but this could be more than compensated by the higher power output at moderately high tidal current.





For the Vlieland site, it was assumed that a kWh produced at low tidal current would be worth more that a kWh produced at peak tidal current. The island of Vlieland is not connected to the national grid and surplus electricity can only be stored in batteries and H2 at considerable costs in terms of power losses, wear of batteries and capital investment. So parameter values for this swingcat turbine were chosen such that power production at low tidal current was maximized, even if this might mean that annual production would be a little lower. For a swingcat connected to a large grid, price per kWh would be constant and annual production would be more important. Then a higher maximum keel force and less long keels might be better. 





As said in par. 5.4, optimizing propellor parameters could be done without calculating building costs because their influence on building costs is small. Keel length and maximum keel force will have a large influence on building costs. As of now, no building costs calculations are available so these parameters can not be optimized properly. 





Anyway it seems that the standard wind energy approach would not lead to an optimal swingcat turbine design:


With a H.A. turbine, building costs are strongly related to its rotor diameter. So its swept area is limited and, with that, the mass flow it extracts power from. Costs are not related that strongly with the maximum axial force this H.A. turbine can sustain. Suppose one would choose to double its maximum axial force, then building costs would not increase by a factor 2, but much less.


With a swingcat turbine, building costs are strongly related to the maximum keel force it can handle. Suppose one wants to double its maximum keel force, then all major components would probably end up almost twice as heavy and expensive. Then larger hulls will be needed so that  hull friction will be higher and power production at low tidal current will be reduced somewhat.





I think it is an advantage that mass flow of the swingcat can be made very large without building costs rising skyhigh. Then one has to accept that at high tidal current values, it can not extract all available power from this large mass flow. Trying to avoid this by building the swingcat much heavier, would mean that its advantage is not utilized.








Loose ends


Aspects related to power production


Hull friction


The hull friction data used in  the spreadsheet might be valid only under ideal conditions, see par. 5.5. Then in practice, hull friction could end up higher due to:


Waves.


The fact that hulls make an angle with the flow around them.


Algae growth making their surface less smooth.


Due to side force on the keels and pulling force in the cable, one hull is pushed deeper into the water while the other is lifted up.


The swingcat might end up heavier than the 30 tonnes per hull that Kapsenberg’s based is hull friction data on.





Hull friction is a major power loss so any unexpected increase causes a noticeable decrease in net power production of the swingcat turbine. Hull friction can be reduced a bit by lowering ship speed slightly. This means that mass flow is reduced and with that, power production. To compensate for this, either the keels must be made longer or maximum keel force Fkm must be chosen higher. Both adaptations would mean that major parts will have to be made stronger so that total weight and costs will go up.





Hull friction can be subdivided into 2 major components:


Viscous friction of water flowing along the hull surface. This component of friction force depends on:


The underwater area of the hull.


Hull shape: Turbulence due to poor streamlined shape leads to extra friction.


Square of ship speed. So friction power losses go up with the cube of ship speed.


Friction due to waves generated by the hull. This component of friction force depends on:


Hull shape: A slim, well-streamlined hull generates less waves.


Shape of induced wave around the hull. At the bow, there is a wave top and along the side there is a wave throught, a subsequent wave  top etc. As ship speed increases, wavelength as measured along the hull increases. Once the subsequent wave top ends up behind the stern, it is as if the ship has to climb up the wave it is generating. This makes that hulls have a critical speed above which losses increase sharply. Critical speed is given by: ((9.8 * hull length  / (2 * () ) so for the 22 m long swingcat hulls, it lies at 5.86 m/s.





For the swingcat turbine, this critical speed issue has the following consequences: 


There is a minimum hull size for the swingcat to be attractive. Below this size, either ship speed will be so low so that the concentration factor mentioned in par. 1.3, becomes too low to be worthwhile, or hull friction losses will be excessively high.


As this critical speed sets a limit to ship speed, it means that when tidal current increases, the swingcat can not just sail faster as well. This means that concentration factor decreases as tidal current increases. So at sites with a high tidal current, the swingcat could not achieve such a high concentration factor as at the Vlieland site. The H.A. turbine does not have this limitation and for the moment, these seem more suitable for high tidal current sites. 


To design a swingcat tidal turbine for high tidal current sites, careful choices have to be made between conflicting demands:


To achieve a high concentration factor, ship speed should be high as possible.


To increase critical speed, hull length can be increases. This means a longer crossbeam is needed or the middle keel must be left out. 


To keep hull losses limited, ship speed should remain at or below critical speed, so rather low. 


If it can not be avoided that ship speed ends up above critical speed, the hulls should be slim, so water displacement will be low and total weight must be low.


To stand the high loads at such a high tidal current, either the swingcat ship will become very heavy (so requiring wider hulls) or keel length must be reduced.


With less long keels and a heavy crossbeam construction, the swingcat will capsize if both hulls will ever be in line with the crossbeam. 


Other efficiencies


There are some other possible power losses that have not been included in the spreadsheet:





Friction loss of cable being dragged through the water: Most people with experience in marine shipping, assumed that such a long anchor cable must hang in the water. Then when the cable would be pulled sideways through the water, drag losses would become excessively high.


Modern, high performace cables are so light and strong that they sag very little when pulled tight. A fast calculation learned that the cable has to be supported at only two points to keep the 1500 m cable nearest to the swingcat vessel, well above sea level. So along the cable, there should be two small boats that serve as supports. Friction losses of these boats are rather low because both their size and speed is much lower.





Friction loss of above-surface parts in the air. I underestimated this: Even when there is no wind, this loss will be some 10 - 20 kW and it increases considerably when the swingcat sails against the wind. The crossbeam catches most wind so this loss could be reduced if the crossbeam is shaped more aerodynamically.





For the losses that were included in the spreadsheet (see par. 5.5), the estimates used might have been too optimistic. Especially the figures for idle losses and power consumption of the swingcat itself were only guesses. See also par. 6.2 and 6.5. 





Finally, the data on tidal velocity given by HOLLATZ might slightly overestimate the tidal current as available to the swingcat turbine:


HOLLATZ data came from tidal current maps published by the Dutch navy. Probably, tidal current was measured at the surface. Actual tidal current velocity will decrease with increasing depth so the lower portion of the keels might experience a slightly lower tidal current. FRAENKEL, 1997, states that almost all extracteable power can be found in the upper half of the dept. With its 9 m keels in a 30 m deep sea strait, the swingcat remains well within this upper half, but still tidal current at the tip of the keels will be somewhat lower than at the surface.


Also HOLLATZ data were taken from one measuring point that gave the highest tidal current. For the swingcat turbine, mean tidal current over its work area is more relevant and this will be lower than the maximum found only in a rather small area. 


Hydrodynamic calculations


For strength reasons, tapered keels are more advantageous than rectangular ones. Until now, the spreadsheet works with rectangular ones because the hydrodynamic calculations for these are simpler. Probably, there are simple 3-D approach formulas for tapered keels. If mass flow could be calculated for conicial keels, the spreadsheet could be modified to accept tapered keels. Probably, integrals over keel length will come out, which will require more calculating time





By far the most interesting questions have to do with the mass flow the swing cat extracts power from, see par. 4.2:


What is mass flow for the current design. In investigating this, ideally the following effect should be taken into account:


Tapered keels.


Hulls at the two side keels.


Interaction between the keels, as they are not that far apart.


If the pessimistic assumption of two tip vortices (see par. mass flow) turns out to be right, the following question becomes very relevant:


Could mass flow be increased substantially by fitting wings just under water surface that counteract the upper tip vortex.





Hydrodynamic calculations in the spreadsheet were based on the pessimistic assumption of two tip vortices. The answers to these questions might point towards the optimistic assumption of only 1 tip vortex. Then a swingcat turbine with these dimensions could extract twice as much power! Keel side force will be double also, but the point of application moves up to a depth of only 4/3( = 0.424 times keel length (instead of ½ times keel length). Or to generate the same power, keel lenght could be reduced by a factor 1/(2, causing the swingcat vessel to be lighter and cheaper. 


Waves and other aspects of operating in a marine environment


Waves have their effect on the swingcat in a number of ways:


Once wave tops reach the crossbeam, this will cause excessive friction losses and the swingcat could better be shut down. This leads to a loss of production time that should be included in the idle losses, see par. 5.5. So if the crossbeam is built higher above water level, idle losses will be lower. But having the crossbeam high above water level agravates constructive problems: Bending moment due to keel force is higher and the vessel becomes more top-heavy so it is more likely to capsize if ever the hulls are aligned with the crossbeam.


With the present design, the lower end of the crossbeam is 3 m above water level. This does not guarantee that the swingcat can operate until waves become 3 m high. When sailing over a rough sea, waves can make the ship oscillate in vertical direction so that it moves up and down by more than just wave height. So when both hulls are in a wave through, this oscillation can make that the hulls are pushed deeper into the water.


For the Vlieland site, idle losses due to too high waves will not cause a large financial loss because when there are such high waves, usually there is a lot of wind too so the wind turbines can easily supply the whole island.


Waves not only make water move up and down, but also in horizontal direction. This horizontal component comes on top of tidal current so it works out as if near the surface, tidal current varies strongly. The resulting variations in keel force cause an additional dynamic load on keels and crossbeam. Also, they might interfere with the keel angle controll system.


A wave hitting the bow of a hull from the side, causes a large moment around the slewing bearing with which this hull is connected to the crossbeam. This causes an extra load to the mechanims that controlls keel angle.


When sailing under rough conditions, the swingcat vessel will move up and down with the waves. The accelerations in vertical direction mean that there is an additional, dynamic load to the crossbeam due to the weight of the middle keel and the crossbeam itself.





The salt in seawater accelerates corrosion and all exterior parts must be protected very well. The above-water parts will become wet often due to water splashing around and the ship should be completely sealed to prevent this water from coming in. Then at one point, there could be an air inlet with a filter and a small pump that maintains a slight overpressure inside the ship. This will help keeping water from entering throught the seals. Also, it makes it possible to detect cracks developing in the crossbeam by measuring the pressure difference between inside and outside: If there is no pressure difference while the pump is working, air must be leaking out somewhere.





Loose fishing nets could get entangled in the keels and the propellor. Even if this would not lead to damage to the turbine, it still means extra idle losses and costs for removing entangled nets. Collisions with heavier floating objects might damage the swingcat vessel.





People with experience in marine engineering might mention other problems I haven’t thought about yet. Such people will also know how to find the answers to a lot of these problems. Commercial ships are built `under classification’, meaning that a specialised inspection bureau checks the design, materials used and the construction of a ship. The swingcat turbine could be designed according to the quality standards used by such bureaus. 


Constructive aspects


First a note on cavitation problems that might occur at the propellor blades. Assuming:


Blade profile is very thin, so pressure difference over the blade depends only on the coefficient Cl and the velocity Vr of water relative to the blade.


Cavitation will not occur as long as pressure difference over the blade is 2 bar or less. Then at one side, there will be 1 bar overpressure and 1 bar underpressure at the other side. This 1 bar underpressure is compensated by atmospheric pressure. Then there is still an absolute pressure of 0.3 bar left created by the 3 m water height above the propellor and this should be enough to prevent vapour bubbles to be created.


This assumption is questionable as with an ordinary aerodynamic profile, underpressure will vary over chord length. It is only valid if blade profile is designed such that local underpressure is kept as constant as possible. 


Lift coefficient Cl is 0.5 .


Then cavitation would limit velocity Vr to 28 m/s. With the parameters used in the spreadsheet, Vr will be 24.4 m/s or less, so just below this limit.





Comparing this to ship propellors, I think the above calculation must give a too low cavitation limit. STEYVERS VAN ORSSELEN, 1999, mentioned that the 5 m diameter propellor of a navy fregate is driven up to 240 RPM, so up to a speed at its tip of 63 m/s! By then, this propellor needs 22 MW to drive it and the fregate sails at some 16 m/s. So there must be ways to design propellors such that cavitation is avoided up to such very high speeds, or that it occurs in such a way that the propellor is not damaged by it.





For performance of the swingcat are relevant:


Total weight, as this influences hull friction.


Stability when hulls are aligned with the crossbeam. This depends on hull shape and the height (or depth) of the centre of gravity above sea level.


Height of crossbeam above water level, as this gives the maximum wave height up to which the swingcat can operate.





From a construction point of view, the largest, most heavily loaded and most expensive components are:


The cable.


The keels.


The crossbeam.





For the cable, maybe a standard `high performance’ cable with the following characteristics could be used:


Breaking strength: 2600 kN. So compared to the normal load of 800 kN, there is a safety factor of 3.25


Weight: 2.75 kg/m


Crude cost estimate for 2 km length: DFL 500,000.-


These figures refer only to the anchor cable, there will be an electrical cable running along it and this will add to weight and costs. When used at a safety factor of 2.5, the supplier estimated that life span would be `a number of years’. 





For the keels and crossbeam, fatigue load will be decisive in strength calculations so the expected number of load cycles must be calculated. Every time the swingcat turns, the keels are rotated half a turn so seen from the keel, tidal current comes from the other side and lift force comes from the other side. So for the keels, load alternates between a positive and negative value. Sailing both ways and turning twice counts as one load cycle. The crossbeam always remains pointed towards the anchor point so main moment exerted by the keels to the crossbeam varies between a maximum and zero. For the crossbeam, sailing one way and turning once counts as one load cycle. 





To the crossbeam, the moment excerted by the middle keel causes a much lower load than the ones excerted by the side keels. Above the middle keel, there are two crossbeam ends going in opposite directions. So the moment exerted by the middle keel on the crossbeam divides itself into two equal parts that are each taken up by one end of the crossbeam. Therefor it seems attractive to make the middle keel so much longer than the side keels that its moment is twice that of the side keels and the crossbeam will be more evenly loaded. This has not been done because the weight of the middle keel and crossbeam cause an extra load in the middle of the crossbeam when sailing over waves (see point 4 of par 6.2). To accomodate this extra load, the load caused by the middle keel must be reduced. 





Weakest points in both keels and crossbeam are the welds so for strength calculations, literature on welded joints can be used. The Dutch standard NEN 2063, 1988 proved quite useful.


 


A second spreadsheet has been written on dimensions, strengths, weights etc. of the swingcat turbine. This spreadsheet is not checked properly yet and results depend heavily on a number of assumptions about dimensions of major parts that might prove unrealistic. Still some results are interesting:





Assumptions and parameter values: 


Design life span: 40 years.


Fatigue load calculations according to NEN 2063, 1988


For long portions of the crossbeam and keels, `class K 70’ welds will be used (high quality weldings between plates that are in line, grinded flat after welding). This means that before making a more complex joint that needs welds with a lower class, thicker strips must be welded to such thin plates.


Safety factor on top of fatigue calculations: Minimally 1.5


Dimensions, forces and parameter values from the first spreadsheet are used wherever applicable. The most important ones are keel length = 9 m and maximum keel side force Fkm = 800 kN.


Lower end of the crossbeam is 3 m above water level. Near the hulls, waves will not reach that high and crossbeam inclines downward, see the drawing at the front cover.


Keel thickness ratio (= width / chord of aerodynamic profile used for keels): ca 0.25





With these assumptions and many others, total ship weight ends up at some 70 ton. This is already 10 ton more than the assumed water displacement for hull friction calculations. This should be seen as a minimum estimate, as chances are that when this spreadsheet would be refined, some extra loads are found meaning that components must be designed stronger, or weight of some minor components was heavily underestimated. As maximum estimate, a 50 % margin could be added to this 70 tons, so some 105 tons.





Once weights are known, also the centre of gravity can be calculated: 0.3 m below water surface. This should be enough to make the swingcat sufficiently stable even with the hulls are in line with the crossbeam.





To reduce ship weight, more favourable parameters must be chosen. Parameters with a large effect on ship weight are: Maximum keel side force Fkm, safety factor, height of crossbeam above water level and length of keels. If hydrodynamic research would reveal that the upper tip vortex is insignificant or can be reduced by fitting wings, less long keels are needed for the same power output and point of application of keel side force moves up considerably (see par. 4.2). This would reduce loads to keels and crossbeam considerably. Ship weight could also be reduced by using aluminum or fibre-reinforced epoxy for the crossbeam and the hulls instead of steel, but this will lead to increased costs.





Point of application for lift force on keels is at 4.5 m below water level (= ½ of keel length) while the anchor cable is fitted say 4  m above water level. So these forces create a moment that must be balanced by a difference in buoyancy forces for both hulls. The hull at the end where the cable is fitted will be pushed into the water with a force of 270 kN while the other one is lifted up by the same force, so:


With a ship weight of 70 tons, the hull opposite the cable will be nearly lifted out of the water: There is just a buoyancy force of 35 - 27 = 7 tons left. So maximum keel side force Fkm could hardly be chosen higher unless other parameters would be chosen more favourable. Also if ship weight would end up lower than 70 tons, there would be a problem.


The design for hulls should be adapted to these extra forces (not shown in the drawing at the front cover). The one at the cable end must be made wider and deeper so that it can carry this extra 27 tons. Also the height at which the hulls are connected to their side keels must be adapted so that when working, the swingcat vessel will just lie level in the water.


Building costs


As of now, no reliable estimate for building costs is available. A rough estimate for costs of the vessel itself could be made by multiplying estimated vessel weight (ca. 70 tons) with a price per kg that is considered typical for this kind of constructions. For large steel constructions like a wind turbine tower, a price of ƒ 5 per kg seems normal (mr. Wim Stigter, personal communication). For the swingcat crossbeam and keels, price per kg will probably end up higher because of the high quality welds required, the better corrosion protection needed and the more complicated shape of keels and crossbeam. Assuming a price of ƒ 10 per kg, the major structural parts of the swingcat would cost ƒ 700,000.- The anchor cable will cost another ƒ 500,000.- (see previous par), making costs for those major components some ƒ 1.2 million (=  Euro 540,000.-).





Please mind that many components are not included in this price estimate, e.g.:


Hulls will probably cost even more than ƒ 10 / kg because of their complicated shape.


The anchor point.


The propellors and the made-to-order, slow speed generators.


The electrical cable along the anchor cable and the cable from the anchor point to the shore.


The slewing bearings between crossbeam and keels, seals and a driving mechanism to steer keel angle.


All controll equipment.





It is easier to calculate how much the swingcat may cost for it to be just economically feasible at the Vlieland site: ƒ 14 million (=  Euro 6.3 million). This is based on the following data:


Yearly production: 3000 MWh/year.


Price per kWh: ƒ 0.30  This is the present costs/kWh for electricity generation at Vlieland since it it is not connected to the national grid. It is about twice the usual rate for renewable energy sold to the national grid.


Operation, maintenance and repair costs: ƒ 200,000 per year (mind that after `a number of years’, the anchor cable must be replaced).


Life span: 40 years.


Interest rate: 4% (corrected for inflation, lower than market rate due to `Regeling Groen Beleggen’). 





So the crude price estimate for the most important structural components adds up to less than 10 % of what the swingcat may cost. This leaves a very high margin for all components that were not included and for possible higher costs of those parts that were included.


Controlling the swingcat


How the swingcat should be controlled depends on what it is supposed to do:


Normal operation during power production: This is described in the spreadsheet already. 


Turning movement at the end of each swing: Objective is to get the swingcat sailing in the opposite direction with the anchor cable pulled tight as soon as possible.


Sailing to the other end of the working area when the tide changes. In doing this, the swingcat and the anchor cable with the boats supporting it, should not leave the working area. Also, the swingcat should not sail over its anchor cable.


Reaction to extreme conditions and calamities, e.g. very high waves or strong winds, ice floating at the sea, a ship entering the working area, 


Reaction to a detected failure of major components or to inconsistant (or missing) input signals.


The swingcat should be doing these things fully automatic. When there is an emergency, an operator must be warned who can take appropriate action.





Input signals to the controll system could be:


With regards to its own functioning:


Keel side forces, tensile force in anchor cable, actual keel angles.


Ship speed, output power and  speed. for each propellor, angle of crossbeam with anchor cable By comparing these signals, reduced performance due to an entangled fishing net can be detected. 


Many signals meant to detect failures of components, e.g. oil pressure of hydraulic system, temperature of motor driving it. 


With regards to the swingcat’s position:


GPS (Global Positioning System), also from the two boats supporting the cable.


Radar, this also shows other ships in the neighbourhood.


As a backup, the angle of the anchor cable with `North’ direction could be measured. When pulled tight, this gives the position with respect to the anchor point.


With respect to environment:


Wave height and the direction from where they come in. Waves hitting the crossbeam can be detected by measuring vibrations at that spot. Acceleration sensors give information on how much the ship moves up and down due to waves. These sensors will also react to a collision with a floating object. It might even be possible to tell which part collided with it and the chance of serious damage.


Wind speed and direction.


Weather forecast.


Actual tidal current.





Output signals from the controll system could be:


To the hydraulic system controlling keel angles: Speed at which keel angle should increase or decrease.


Whether the generators are switched directly to the grid or via the inverter (see par. prop speed regulation).


Power flow through the inverter. At low tidal current, ship speed is regulated this way. During turning, sailing to the other end of working area or calamities, power flow could be reversed and the propellors will drive the swingcat using power from the grid.


Devices to warn ships coming too close: A siren, flashing lights, radio communication.


A way to warn the operator on duty who can take over by remote controll. To assist the operator, there should be a camera and searchlight on the ship.


Starting a generator for emergency power supply. This will be needed if the anchor cable would break, if the electrical cable going with it is damaged or if the grid fails.





Apart from inputs and outputs, there must be a controll strategy. It would go too far to discuss this here.





If the controll strategy could be designed such that always at least one hull will make an angle of say 30( or more with the crossbeam, it is not necessary that the swingcat is stable even when both hulls are in line with the crossbeam. This could be an advantage if:


The single tip vortex assumption turns out to be true (see par. 4.2) so that shorter and lighter keels will do.


The crossbeam must be even higher above the water than 3 m in order to reduce idle losses due to too high waves. 


For the case this fails, the swingcat should be made such that it can float at its side without sinking or getting damaged.


Effects on other uses and functions of the occupied area


Introduction


Weighing the value of producing affordable renewable energy against possible negative consequences for other uses and functions of the sea is very much site-specific. What is seen as a serious disadvantage for the swingcat on for instance the Vlieland site, might be an irrelevant side effect on another site. It is difficult to say something sensible about possible negative consequences in general. So in the following paragraphs are written with the Vlieland site in mind.





Fig. 7 shows the swingcat working area drawn into a depth map of the channel between Vlieland and Terschelling. Clearly, the swingcat tidal turbine needs a lot of space. So possible effects of the swingcat on other uses and fuchtions of that area needs to be investigated carefully.


Environmental effects
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Figure � REEKS Figuur \* ARABISCH �7�: Swingcat tidal turbine at the Vlieland site


When discussing environmental effects, different people will look at it from different sides:


From a pure `environment’ side. Then the enviromental effects of a well-functioning swingcat turbine will almost always be positive: It will generate lots of renewable energy and this way, emmissions of greenhouse gasses and other pollutions of fossil fuels are avoided. Compared to this, pollution due to building the swingcat, operating it (e.g. oil leakage and anti-algae paint) and dismantling it afterwards, will be small. Looked at it this way, the environmental effects translate to benefits to people all over the earth. Still the environmental effects are quantifiable and valuable, as a safe and healthy environment is essential for all humans.


From a `nature’ side. Then the environmental effects of anything new built in a relatively unspoiled area can only be negative. Then any animal that might be killed or disturbed by the swingcat, or a possible disturbance of a balance in nature, is a serious argument against it. Tons of carbon dioxide emissions avoided are much less visible. 


Maybe the swingcat could pose a danger to seals: If they hear mainly surface water splashing against the hulls like an ordinary boat, they will probably dive, but maybe not deep enough to avoid the keels and propellor. In that case, the swingcat should be equipped with acoustic devices that for deflecting seals.





From both points of view, a disturbance of delicate balances in the `Waddenzee’ would be a serious problem. The only way I can imagine for the swingcat to cause disturbances over such a large area


would be by seriously disturbing the sedimentation - erosion balance. This aspect will be discussed in par. 6.4.4.





An issue that is looked upon roughly similar as the `nature’ view is `landscape pollution’. People enjoy seeing the kind of landscape they like and expect, and some people will object fiercely against anything disturbing it. 


Effects on navigation


The Vlieland site lies in the channel that forms part of the navigational route from the North Sea to the harbours of Harlingen, Oost Vlieland and West-Terschelling. Over a width of ca. 2 km, this channel is more than 10 m deep. The swingcat working area lies more or less in the middle of it and must be closed for all ships. This leaves an off where the channel is deeper than 10 m. 





Cargo ships, fishing boats and the ferry to West-Terschelling can easily navigate around the swingcat area (closer to Harlingen, there is a dredged gully that is just 100 m wide or even less). But there is a  serious danger of collisions with recreational ships. Likely, they will have a less experienced person steering it who might underestimate the strength of tidal current just at that site. Also, there might be less sophisticated navigation equipment, less propulsive power and a higher chance that it fails in critical situations.





When a ship accidentally enters the working area, the swingcat can manouvre such that chances of a collision with the anchor cable or the ship. Likely, such a ship will drift with the tide so it will enter the working area at the upstream end while the swingcat makes its swings at the downstream end. This leaves a margin of at least 15 minutes to detect the ship, spot its course to see at which side it will pass the anchor point and pull the anchor cable away from it. This strategy will only work for boats that appear on a radar screen. Very small boats or surfers without radar reflector will easily be overlooked. 





A ship that just sails into the working area is more difficult to avoid as it might change course suddenly. Then a collision can be avoided by warning the person steering this ship via the appropriate radio channel and with flashing lights on the swingcat and on the boats supporting the cable.


Sea-defence aspects


The swingcat influences tidal current so it might influence the erosion - sedimentation balance in the channel. At first sight, one would expect a reduced tidal current in the wake of the swingcat, so increased sedimentation. Then in the long run, depth in this part of the channel would become less so even less water will flow through it. Then besides the working area, more water must pass, tidal current will increase and here, erosion will be dominant. This way, the the channel might displace itself towards one of the islands and it might erode the beach and dunes that protect the island against the sea.





I think the above scenario is too pessimistic:


Because of its wide working area, the swingcat has little effect on mean tidal current. When it has just passed by, tidal current will be reduced quite drastically, but only for a short while and it takes minutes before it passes again.


For the erosion - sedimentation balance, the most relevant situation is when tidal current is very high. Then erosion goes very fast so the water is loaded with sand and this makes that also sedimentation will go fast. When tidal current is very high, the swingcat just is not strong enough to influence it, see the graph for keel force Fk in fig. 4.


The swingcat might cause a small increase of erosion in its wake, so the opposite effect. The lower tip vortices left behind by the keels will mix fast-flowing water from near the surface with water flowing slowly just above the sea floor. So tidal current just above the sea floor could increase rather than decrease, and erosion with it. 


If the net result would be that erosion is slightly higher and the working area becomes a bit deeper, this would mean that the channel is stabilised and that is a far smaller problem than the channel becoming instable.
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