4.0 Design and Implementation of Two Single-Point EOM Mooring Prototypes

Currently, two single-point oceanographic EOM mooring design prototypes are being pursued by WHOI and MBARI.  These systems differ in approach, with the WHOI system testing a low-modulus center strength member (CSM) design and the MBARI system testing a more conventional high-modulus center-conductor (CCC) design.  The MBARI system was deployed in April 2004 in Monterey Bay.  The WHOI system incorporating a low-modulus CSM cable will also be deployed in Monterey Bay in December 2004.  This section presents the designs of the two EOM cables and the characteristics of the prototype moorings including the expected performance of each system based upon numerical modeling.

4.1 Cable Designs

The high-modulus cable used in the MBARI system is a Vectran EOM cable that uses a center conductor construction (CCC).  This cable consists of a small interior plastic core around which are wrapped six electrical conductors and four single-mode optical fibers (two pairs each encased in stainless-steel tubes).  This conductor package is covered with an extruded polyethylene jacket. Four layers of Vectran fibers are helixed around the outside and serve as the strength member. The layers are laid in alternate directions for torque balancing. An extruded polyethylene jacket also covers the Vectran strength members. The resulting cable (Figure 4) has a diameter of 28 mm and a breaking strength of 55,000 lbs. The portion of the cable that is located in the upper 700 m of the mooring has an additional outer cover made from an extruded polyethylene sheath with an embedded stainless steel braid for fishbite protection, this increases the diameter to 34.5 mm. This cable is a second generation cable, the design of which is based upon experience with a Kevlar cable of similar construction that failed in an initial deployment of this system in 2002.  The failure of the first cable was found to be due to low-tension bending where flotation was attached to the cable system.  Testing has shown this second generation cable to have superior characteristics in this failure mode.  The mooring system itself was also re-designed as discussed below to minimize these bending effects in the system.

The design for the low-modulus EOM cable used in the system being developed by WHOI is based on a center-strength-member (CSM) construction with the core composed of 25-mm diameter double-braided nylon rope. A cross-section of the low-modulus EOM cable currently under test is shown in Figure 5. Numerical models of cable mechanics (Paul, 1995) show that a CSM design with conductors spiraled around it provides long-term conductor durability by keeping the conductor stretch near zero and thereby providing “conductor comfort” for long service life. The double-braided construction has the favorable property of a fairly high contraction of the diameter with increased stretch and tension. This helps to lesson the point pressure on the optical fibers, which can lead to signal attenuation.

Wrapped around the outside of the rope are eight electrical conductors and four Kevlar-reinforced, single-mode optical fibers (encasing the fibers in stainless-steel tubes is still an option). An extruded polyurethane covering and an outer jacket of braided polyester are used to cover the conductors and fibers and increase the ease of handling. The resulting cable has a diameter of 39 mm and a breaking strength of 30,000 pounds. The upper 700 m will have fish bite protection in the form of stainless steel wires braided over the outer polyester covering, which will gradually be removed at the bottom end to minimize any bending strain concentration. 

The estimated properties of the proposed Vectran CCC and Nylon CSM cables (with and without fishbite protection) are listed in Table 1.  Also included are the material properties of the snubber hose that is used with the high-modulus Vectran CCC cable.

	Cable Properties
	Nylon CSM Cable
	Nylon CSM Cable w/ Fishbite
	Vectran CCC Cable
	Vectran CCC Cable w/ Fishbite
	Snubber Hose

	Elastic Stiffness EA (N)
	3.7 ( 105
	3.7 ( 105
	7.6 ( 106
	7.6 ( 106
	~3 ( 104

	Mass/length (kg/m)
	0.97
	1.33
	0.70
	1.15
	17.00

	Wet-weight/length (N/m)
	0.95
	3.28
	0.64
	2.06
	21.96

	Diameter (m)
	0.039
	0.039
	0.028
	0.034
	0.1334

	Normal Drag Coef.
	1.5
	1.5
	1.5
	1.5
	1.5

	Tang. Drag Coef.
	0.01
	0.01
	0.01
	0.01
	0.01

	Breaking Strength (N)
	133,500
	133,500
	244,000
	244,000
	85,000


Table 1. Material properties of the different EOM mooring cables and the snubber hose, which is used in combination with the Vectran EOM cable. Weights and breaking strength are given in Newtons (1 N = 0.225 lbs.)
4.2Mooring Prototype Design Specifics

MBARI MOOS Mooring with High-Modulus Center Conductor Cable


The high-modulus EOM cable mooring was deployed in a water depth of 1500 m. It incorporates a 24-meter snubber section below the buoy, a single 28 meter long floatation section, and has an overall scope of 1.25.  In order to accommodate the optical and electrical conductors in the snubber section, a “coil-cord” arrangement similar in geometry to a telephone cord is used inside the hose sections of the snubber.  The flotation section is made of interlocking syntactic foam elements that act as a bend restrictor with a lock-up radius of approximately 1.3 m.  These floats are secured to the cable with one central clamp and the ends of the flotation section are fitted with bending strain relief boots to prevent violating the minimum bend radius of the cable at this point.  This mooring supports a connection to a subsea network of instrumentation through an ROV mateable electrical and fiber-optic connector.  
WHOI Mooring with Low-Modulus Center Strength Member Cable

The low-modulus EOM cable mooring being developed by WHOI will be deployed in a water depth of about 3000 m and have a scope of 1.2. Beneath the surface buoy a universal joint will be installed through which electrical and optical cables are passed to a 6 m molded chain assembly (made with 19-mm chain with an inner rubber hose that acts as a mandrel for the conductors and an outer rubber hose that protects the assembly). The bottom of the molded chain is connected directly to the top of the EOM cable with the electrical connections protected within the molded chain assembly. Syntactic floats are attached to the cable about 300 m above the bottom end to reduce the chance that the cable will interact with the bottom,. These floats will provide about 220 lbs. of buoyancy. Their shape and the specifics of how they will be tied to the cable are not completely defined at this time.  At the bottom of the EOM cable, the conductors are connected to a molded chain similar to the one at the top of the mooring. The lower molded chain will have a syntactic float with about  110 lbs. of net buoyancy at the upper end to keep the chain from interacting with the bottom in slack currents.  

4.3 Mooring Performance

For the numerical simulations, we used a water-depth of 3000 m and a scope of 1.2 for both moorings. For the MBARI mooring, this was achieved by increasing the length of the EOM cable above the long floatation section, which was located in-line about 400 m above the sea bottom.  Because of the greater depth, we were also able to reduce the length of the snubber to 16 m and achieve better results than with a 24 m long hose.
Figures 6-7 show the results of static and dynamic analysis of the high-modulus Vectran EOM cable mooring and the low-modulus nylon EOM cable mooring. The static and dynamic response of the mooring configurations was obtained using WHOI Cable, a general-purpose numerical code for calculating the static and dynamic response of moored and towed oceanographic systems (Gobat and Grosenbaugh, 2000). For this application the code was used in two dimensions to analyze the statics due to wind and currents and the dynamics due to the passage of ocean waves. The wave calculations assume that the vertical displacement of the surface buoy follows the wave elevation, which is described by the Modified Pierson-Moskowitz spectrum. For the analysis and comparison, a hypothetical mooring site in the North Pacific Ocean near the Juan de Fuca mid-oceanic ridge was chosen.  The 25 year return period storm with wind speed of 26 m/s and a storm current profile that decreases from 1 m/s at the surface to 0.5 m/s at 200 m was used for these results. From 200 m to 3000 m, the current decreases from 0.5 m/s to 0.1 m/s. The dynamic analysis was performed using a random sea state with a significant wave height of 14.0 m and a peak period of 21 s. 

The static results indicate that the horizontal offset depends on the elastic stiffness, EA, of the EOM cable. The elastic stiffness of the EOM cable determines how much the mooring scope will increase due to stretch of the mooring line. The largest horizontal offset corresponded to the low-modulus EOM cable while the smallest offset corresponded to the mooring with the Vectran EOM cable. This is because the nylon mooring line stretches 184 m under these forcing conditions, while the Vectran/snubber system only stretches 22 m. Over half of the stretch in the Vectran/snubber mooring is taken up by the snubber, which itself stretches over 50% of its length (12.7 m of stretch). The static tensions (Figure 6), which depend on just the wind and current (no waves), are a function of the wet-weight, elastic stiffness, and the diameter of the mooring cable. The tensions are similar for the two moorings. The static anchor tension of the high-modulus Vectran/snubber mooring is slightly higher while the static tension at the surface buoy is slightly lower than the low-modulus nylon mooring.
The dynamic response in a severe sea state shows the low pass filter characteristics of moorings constructed with nylon EOM cable compared to a mooring constructed with Vectran EOM cable and a snubber hose (Figure 7, top). The dynamic tension at the anchor of the nylon moorings is significantly reduced from that at the surface buoy (Table 2). The dynamic response at the anchor of the Vectran mooring is actually increased compared to the dynamic tension at the surface buoy.  While the snubber accommodates the wave motion and helps lower dynamic tension at the buoy, it is not successful as a low pass filter because of its short length. The nylon mooring has the lowest dynamic (Table 2) and maximum total tensions (Table 3) at both the anchor and the surface buoy. Much of the tension in the high-modulus Vectran mooring under these extreme conditions comes from the hardening of the snubber hose, which has a maximum stretch of just over 60%. Still, the maximum stretch of the Vectran EOM cable under these conditions is 0.5%. In contrast, the maximum stretch in the nylon EOM cable is 7.3%. 

	
	Nylon EOM 

Cable Mooring
	Vectran EOM Cable + Snubber 

	Surface Buoy
	2050 N
	5590 N

	Anchor
	550 N
	6260 N


Table 2. Standard deviation of the tension at anchor and surface buoy for moorings using different EOM cables.

	
	Nylon EOM 

Cable Mooring
	Vectran EOM Cable + Snubber 

	Surface Buoy
	30,200 N
	44,500 N

	Anchor
	20,500 N
	45,600 N


Table 3. Maximum total tension at anchor and surface buoy for moorings using different EOM cables. Maximum total tension is defined as the mean tension (including the effects of waves) plus 4*standard deviation.
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Figure 6. Static tension along the mooring line for moorings using different types of EOM cable. Anchor is located at 0 m and surface buoy is located at about 3600 m.
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Total tensions at surface buoy and anchor of a cabled observatory mooring made up of a nylon EOM cable (top) and a Vectran EOM cable plus snubber hose (bottom). The input is a random sea with significant wave height of 14 m and peak period of 21 s.
