III. Design Issues for Single Point Surface Buoy Moorings with Power and Data Connection

The current experience with single point buoy moorings does not include hard-wired linkage between a seafloor sensor and the surface buoy.  The difficulty in developing this technology arises from the need to remotely connect and disconnect power and data cables at a seafloor junction box with an ROV.  

B. Compliance Approaches

A buoy mooring must have sufficient length to deal with excursions due to ocean currents, winds, and the heave and surge motions of its surface buoy due to waves.  There are two design principles that can be used to obtain this length: geometric compliance and material compliance.  A third method, the traditional chain catenary mooring used in shallow water depth is not suitable because the chain motions and friction with the seafloor will damage conductors in contact with the chain

Geometric Compliance: By combining cable floats near the seafloor with the heavier than seawater mooring cables and a positive scope (i.e. a mooring length typically 10 to 20 percent longer than the water depth), the mooring is forming an inverse catenary in the water column.  When the buoy is riding a wave crest the needed extra cable length is obtained by straightening out of the inverse catenary geometry.  When the buoy is in a wave trough, the extra mooring length is forming the inverse catenary configuration again.  The inverse catenary is stretched out under high current drag loads as well, putting high stresses on the mooring when heavy sea states are present at the same time.  The surface float must be pulled against the ocean current closer to its anchoring point in order for the buoy to be able to rise to wave crests passing by.  

Material Compliance: If a mooring cable has a high enough axial stretch under load, then it can, with sufficient water depth, provide the needed heave and surge excursions of the surface buoy by stretch similar to a rubber band effect.  The amount of length increase through stretch required grows exponentially with decreased water depth. In shallow water, rubber moorings with 100 percent and more axial elastic elongation are used to provide the needed stretch that allows the surface buoy to stay at the sea surface.  In deep-sea moorings, cables with considerably less elastic stretch can provide sufficient compliance.  As an example, double braided nylon rope with 6.7 percent elongation at maximum working load could in theory be used in ~200 m of water up to wave heights of about 13 m without exceeding the working load limit of the line.  A 10 m long high stretch rubber hose with 100% stretch at maximum working load could be used in 14 m of water with wave heights up to about 7 m. [Note that stretch hoses do not stretch near their ends, thus a 10 m hose stretched 100% is only about 17 m long.]   

Copper and Optical Fiber Stretch Limits: Electro-Mechanical (EM) and Electro-Optical Mechanical (EOM) cable designs have to accommodate copper conductors and fiber optical light guides, which may have less stretch than the mechanical strength members, see Figure 1.  This puts severe design constraints on mooring cables.  The designs have to keep the copper conductor strain at or below the 0.5 percent level while in almost all cases the cable strength members are stretching considerably more.  One way to achieve this result is to spiral the conductors with sufficiently high wrapping angles around a cable core.  The high wrapping angles allow the conductors’ geometry to change to provide the needed stretch without straining the copper and fiber optical elements, see Figure 2.  In addition the optical fibers must maintain a minimum radius of curvature of about 2.5 cm and must not be subjected to point pressure loads to avoid high attenuation of the optical signals.    
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Figure 1: Load elongation behavior of cable components.  [Attribution?]
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Figure 2: Spiraled conductor over strength member designed for near zero conductor stretch.
C. Bending Relief

 Low Tension Bend Relief 

Low mooring tensions occur when the surface buoy is descending rapidly from a wave peak to a wave trough before the geometric compliance can reestablish itself.  The significant tangential and normal cable drag associated with the rapid down movement of the mooring allows the cable to form bends until the surface buoy will start to straighten the cable link out while rising to the next wave peak.  Sharper bends were found to be destructive in particular for center conductor cable (CCC) designs with a Kevlar strength member. The strength member on the inside of the cable bend is compressed and forms a series of small folds or kink-bends which weaken the Kevlar strength member by up to 70 percent (Riewald et al, 1986).  The kink-bend formations develop more severely where external cable floats are attached to a CCC cable design.  The cable float is an area of increased normal and tangential drag and of significant upward buoyancy force. A substantial drop in strength due to kink-bend deformations led to a Kevlar reinforced cable failure in a recent buoy mooring with geometric compliance after only 11 days at sea during a storm at fairly low tension levels (Hamilton, 2004).   

High Tension Bend Relief 

Cable bends can happen at the surface float attachment point at high tensions due to sea state interaction. Cable bends can also occur in the cable section immediately above the anchor as the cable is pulled over by current drag.  Molded plastic boots, serving as bend stiffeners and arranged over the cable next to its termination, are one method of minimizing bending of the cable at these points.  Other design options include a flexible rubber hose section between the surface buoy and the top of the cable (Paul et al, 1994; Hamilton et al. 2003).  An alternative is a molded chain section contained in a rubber hose where the conductors are wrapped around the tubing and covered by a second rubber hose serving as bend limiters both under the surface buoy and above the anchor (Kemp, 2004).   

D. Strength Member Material Considerations
There is a wide choice of materials suitable to support the mooring tensions.  They range from metallic (galvanized steel wires) to high modulus and lower modulus synthetic fibers to nylon tire cords embedded in rubber hoses. The elastic modulus can vary from 107 psi for steel armored cables to 250 psi for rubber tethers, with the synthetic fiber reinforced cables covering a range of 40,000 to 106 psi. 

Galvanized Steel Wires  

Counter-helically arranged layers of galvanized steel wires form the strength members of traditional electro-mechanical and electro-optical mechanical cables.  For steel armor wires extra improved plow steel is used which ranges in breaking stress from 270 to 330 ksi (American Iron and Steel Institute 1975).  For buoy moorings steel armored CCC cables are used in the upper 1000 to 2000 meter to protect the conductor core from fishbite attacks.  The counter-helical wire layers in the cable have to be carefully torque balanced to avoid kink formations when the cable load is suddenly reduced.  The high weight of these cables adds significant static load at the buoy termination (A 5,000 meter long suspended 3x19 oceanographic wire rope has a weight load at its upper termination of 80 percent of its working load limit, assuming a 3 to 1 safety factor).

High Performance Synthetic Fibers
Fibers in this group are defined as having a tenacity of at least 15 gram/denier (Cordage Institute 1999), their strength is similar to that of steel wires, and their elongation at break is 3 to 4 percent.

Kevlar 

Kevlar fiber was the first high performance fiber with a strength close to steel, introduced in 1970 by Dupont.  Its stretch at break is about 4 percent; its specific gravity is 1.44.  The fiber has very low creep but is easily damaged by self abrasion and by kink-bend deformation when bent over a small radius.  The kink-bend formations make it a poor choice for mooring cables for surface buoys.  

Vectran

Vectran is a Liquid Crystal Polymer (LCP) fiber introduced in the mid eighties by Celanese. It has 10 to 15 percent higher strength than Kevlar and much less tendency to form kink-bends.  Under sustained loads there is no creep.  Vectran is well suited for strength members in cables and ropes for surface moorings. Its specific gravity is 1.40.  

Spectra and Dynema
These two fibers are spun from Ultra-High Molecular Weight Poly-Ethylene with a specific gravity of 0.98.  Spectra fiber was developed by Allied Chemical, now Honeywell; Dynema was introduced by DSM, the Dutch State Mines.  These fibers have high strength and high resistance to abrasion.  Their disadvantage is that they creep under sustained tension.  These permanent length increases make these otherwise excellent fibers unsuitable for EM and EOM cables since they will eventually overstretch the conductors.  

Zylon (PBO)
This fiber was developed by Dow Chemical in 1990 under the trade name PBO and is now manufactured and marketed as Zylon by a Japanese company.  It is about 50 percent stronger than Kevlar and Vectran and it is the strongest fiber known. Its specific gravity is ~1.53.  Due to high pricing its use has so far been limited to very small cables for aerospace applications.

Industrial Fibers 

Industrial fibers have 40 to 50 percent lower strength and higher elongation compared to high tenacity synthetic fibers.  They are considerably cheaper and widely used in many applications.   

Nylon
Nylon was the first synthetic fiber developed in the thirties by Dupont.  It is the highest stretching fiber with an elongation at break between 15 and 28 % depending on processing. The high elongation makes it the prime candidate for taut mooring cables; these cables have a stretch at maximum working load of up to 10 percent depending on the cable design.  Due to its high stretch, the incorporation of conductors is a special challenge.  Its specific gravity is 1,14, which is beneficial for moorings in deep water because it minimizes the static load due to mooring cable weight in seawater.

Polyester
Polyester, introduced in the fifties, has a similar strength as nylon, but stretches 12 to 18 percent at break depending on processing.  Its stretch at maximum work load is only 3 to 5 percent after initial stretch has been removed by load cycling.  Its specific gravity is 1.38, the heaviest of all industrial synthetic fibers. 

Polypropylene
Polypropylene was introduced in the fifties and has become widely used in marine applications.  It floats in seawater (specific gravity = 0.91) but has a slight tendency to creep.  Its stretch behavior is similar to polyester.  Due to its creep, polypropylene is less suitable than nylon or polyester for EOM cables.  However polyester ropes without conductors are frequently used in buoy moorings above the anchor to provide geometric compliance.  

Tire Cord Reinforced Rubber Hose
An alternative class of compliant mooring elements has been developed by one of the authors (Paul) using reinforced rubber stretch hoses with embedded conductors.  Hoses of this type are connected to the bottom of the surface buoy to lower sea state generated shock and flex motions of the mooring.  For conductor linkage, either an internal coil cord is used, or conductors are spiraled at a stretch neutral wrap angle inside the hose wall during fabrication.

The rubber hoses with molded in couplings are a rugged and flexible design.  Their main load carrying support is through two or more counter-helical layers of nylon sandwiched in the hose wall between a rubber inner liner and an outer rubber cover.  A Kevlar cord layer is sometimes added as fish bite protection.  Through changes of the nylon tire cord’s wrap angle and the rubber hose’s wall thickness the load elongation behavior is modified within a given hose size.  Stretch levels at maximum work load can be varied between 30 and 150 percent compared to at most 10 percent for EM and EOM compliant cables.  Stretch hose sections with conductors are manufactured in lengths of 15 m (maximum).  

E Cable Design Options

Center Conductor Core (CCC) Design
The traditional method used to build steel wire armored cables is to arrange the conductors as the cable core and counter-helically spiral layers of strength member around the core.  An outer extruded jacket protects the cable strength member from corrosion.  When building lightweight EOM cables, we see from Figure 1, that all strength members stretch considerably more than the copper conductors with their 0.5 percent stretch limit.  In order to make such cable designs work, excess amount of the strength member material has to be used so that its stretch under load stays below 0.5 percent.  This rarely works well since a significant amount of initial and permanent stretch is experienced when any cable is first loaded.  Only low stretching, high modulus fibers come close to keeping the conductor and cable stretch at around 0.5 percent at maximum working load. To do this they require safety factors of 10 or more, where a considerably smaller safety factor (3 to 5) would be sufficient for long term survivability.  Lower modulus strength members (nylon and polyester) will always overstretch the electrical and optical conductors in a CCC.  

Center Strength Member (CSM) Design

In this design a torque free braided strength member is selected as the cable core and the conductors are spiraled in a single layer or in several layers around the center strength member. With experimentally determined Poisson ratio (diameter contraction versus axial stretch), the proper wrap angle for the conductor layer can be calculated (Paul 1995).  The conductor layer will be embedded in a plastic bedding layer to avoid geometry changes while handling the cable.  Either a plastic outer jacket or a textile braid cover is applied over the conductor layer to complete the cable design and protect the conductors from external abrasion during handling.  This design allows the combination of high stretching strength members with low stretch conductor elements. 

F. Other Issues

Fishbite Protection
Fishbite is encountered in the upper 1,000 to 2,000 meter water depths in the warmer portions of the world’s oceans. (Berteaux and Prindle 1987).  In buoy moorings, either a steel armored upper portion of the mooring has to be selected, or a protective stainless steel wire braid has to be applied over the upper mooring length. 
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