[bookmark: _GoBack]Heave cone design
Over the course of the 2010’s, MBARI has deployed its wave energy device numerous times, improving the design of the system year after year. The heave-resisting element that hangs 30 m below the buoy went through several radical design changes. Its first iteration consisted of a 18’x10’ rectangular plate made of 12” wide steel slats, with 10” gaps between the slats. A four-leg bridle was used to connect it to the tether. This design was inexpensive, very robust, but problematic. When pulled vertically through the water, the plate tended to move sideways, like a falling leaf or a kite, causing snap loading of the tether and wear on the bridle. The loads on the tether became extreme during large wave events (we estimated them at 15000 lb, far exceeding the load cell’s capacity). After losing the plate several times during storms, it became obvious that the heave element needed to change shape during large wave events to prevent extreme loads. We designed a new heave-resisting element consisting of spring-loaded slats, which deflected under load (figure 2). This design proved effective in reducing extreme loads and improving stability, however it was much more expensive (the torsion springs had to be made of heat-treated titanium) and it reduced the WEC’s power production in small waves significantly.
A recent upgrade of the power-take-off device and a new electro-mechanical tether allowed the installation of electrical power and communications in the heave-resisting element. This allowed us to design a new device (figure 3, 4), referred to as the ‘heave cone’ that can change its shape actively, when commanded. As the name implies, it has a conical shape for greater stability and it includes a door at the bottom of the cone that can be opened by a motor, in order to decrease the drag and the added mass whenever necessary. The size of the heave cone was determined carefully after computing the drag, the added mass and the damping (details in paragraph xxx).
The heave cone is made of welded steel tubes and plates and weighs 1850 lb. Lead weights are bolted to the bottom to lower the center of mass while, while the attachment point for the tether is at the top of a tall stem on the central axis, giving it stability. During testing in MBARI’s test tank, we observed that the heave cone moved vertically through the water, either when falling or when being pulled up. The negative effect that we had observed on the flat plate were absent.
The door consists of three steel plates welded to a central ring, in a trefoil shape that can rotate around the central axis. Opening the trefoil reduces the heave cone’s drag and the added mass significantly (figure 5) (details in following chapter). The trefoil is mounted on a large slewing ring, coupled to a gear motor by a spur gear ring. There is a small gap (1/4”) between the trefoil and the supporting frame to avoid any friction. Thanks to low friction bearings in the slewing ring, a small motor is capable of rotating the trefoil, thereby saving energy. The structural design is simplified by the fact that forces on the trefoil can only be large in one direction: when the heave cone is falling down, the only load is the heave cone’s own weight. When it’s being pulled up by a large wave, loads can be much larger. Then, water pushes down on the trefoil which bends down slightly to rest on the supporting frame. If this happens when the trefoil is rotating, it will cause it to stall briefly because the friction suddenly increases greatly. The rotation resumes has soon at the forces decrease. This allows the trefoil to be rotated in any sea state. A battery stores enough energy to open the trefoil in case the electrical communication with the buoy is lost.






Figure 1: The first heave resisting element was simple and effective but generated extreme loads on the tether during large wave events.
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Figure 2: MBARI’s ‘compliant plate’ has 4 fiberglass slats that deflect under load.
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Figure 3: The heave cone shown in the open position
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Figure 4: The heave cone was tested in MBARI's seawater tank.
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Figure 5: Heave cone projected areas
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Figure 6: the trefoil-shaped door rotates on a slewing ring and is actuated by a gear motor
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Closed position: Open position:
Projected area = 6.56 m? Projected area = 5.14 m?
Added mass = 10000 kg Added mass = 3000 kg
Cd=1.45 Cd=1.2
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