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FOREWORD

Lockheed Ocean Systems is performing the Preliminary Design for OTEC
Stationkeeping Subsystems (SKSS) study contract NA-79-SAC-00635 for NOAA,
Office of Ocean Engineering, in support of the Department of Energy, Ocean
Thermal Energy Conversion (QOTEC) program. Particiﬁating with Lockheed are
IMODCO on design and analysis of mboring systems for the spar, Simplex Wire
and Cable Company on SKSS interface with the Electrical Transmission System
riser cable, and Eager & Associates on reliability aésessment, The results of

other tasks in this study were reported as follows:

o Task I, Design Requirements, LMSC-D673832v-
o Task II, Conceptual Design, LMSC-D676379
o Task IV, Development and Testing Recommendations, LMSC-D677783

The results of Task III, Preliminary Designs, Task V, Cost and Schedule, and
“Task VI Commercial Plant SKSS Recommendations are presented in this final
report. The tension anchor leg (TAL) SKSS for the spar, Section 3, was
prepared by IMODCO, and the multiple anchor leg/active tensioning (MAL) SKSS,
for che‘bafgé,lsectién 2, was'prep@red,by Lockheed. The SKSS designs were1'
also presented in Rockville, Maryland, in % design review for NOAA, DOE, and

the OTEC communicy.
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Section 1

INTRODUCTION

Lockheed Ocean Systems with IMODCO prepared these preliminary designs for OTEC
Stationkeeping Subsystems (SKSS) under contract to NOAA in support of the
Department of Energy OTEC program. The results of Tasks III, V, and VI are
presented in this design report. The report consists of five sections:
introduction, preliminary designs for the multiple anchor leg (MAL) and
tension anchor leg (TAL), costs and schedule, and conclusions. Extensive
appendixes provide detailed descriptions of design methodology and include

backup calculations 'and data to support the results contained in this report.
1.1 SCOPE OF TASK

The objective of this effort is to complete the preliminary designs for the
barge-MAL and Spar-TAL SKS8S. A set of drawings is provided for each which
show arrangements, configuration, component details, engineefing description,
and deployment plan. Loads analysis, performance assessment, and sensitivity
to requirements are presented, together with the methodology employed to
analyze the systems and to derive the results presented. ﬁife cycle costs and
schedule are prepared and compared on a common basis. Finally,
recommendations for the Commercial Plant SKSS are presented for both platform

types.
1.2 SKSS CONCEPT SELECTION

In Task II, Conceptual Design, a total of eight SKSS concepts were developed
and evaluated to identify the most promising candidates for further design
development. NOAA selected the MAL with active tensioning for the barge, and
the TAL for the spar. This selection provides designs for comparison with
MALs for ship and spar prepared by a second contractor. The active tensioning

feature is selected to assess the extent of anchor leg tension and barge

1-1
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heading control. The TAL offers an opportunity for SKSS cost reduction by

incorporating the cold water pipe (CWP) in the anchor leg.
1.3 REQUIREMENTS

The design rgqui;ements defined in the Task I report are modified:in some
areas to reflect both concept development in Task II aﬂd NOAA_diFection. Sea
state wave height, wind, and current are increased to réflecc.fhe DOE séandard
environmental conditions (Section 1.4). The water depth is reduced from 4,000
to 3,280 ft for the TAL to take advantage of the‘CWP fixity realizable with
this SKSS. ‘

A CWP design is provided by NOAA for purposes of the TAL design development.
One objective is to determine if the CWP can function as a tension member in

mooring the spar. Platform characteristics are summarized in Table 1l-1.

The MAL active tensioning SKSS is to control barge heading, if possible, and
to equalize loading, thereby improving the efficiency of a MAL not equipped
with active tensioning. Full barge rotation, as may occur with a turret moor,
is not required in part because a swivel for the electrical riser cable is not
undergoing a parallel development. Barge rotation is rgstricted to less than

90 deg. Anchor leg disconnect is not allowable.
1.4 ENVIRONMENT

The environmental conditions summarized in Table 1-2 are revised to reflect
the hurricane prediction of Bretschneider (Ref. 1-1). Relatiomships which
yield magnitude of wind, wave, and current for a specified average return
period were derived to parameterize the enviromental loading on the barge and

SKSS. The formulae are given in Appendix A, Subroutine "SITE."

1-2
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Table 1-1- BARGE AND SPAR CHARACTERISTICS

Characteristics Barg§ ~ Spar
Loa (ft) : 381.5
LWL (ft) | 378 35
Beam (ft), maximum , | 121 200
Draft (ft), excluding discharge pipe 65 - 215
Depth (ft) 89 © 290
Displacement (ft) 67,901 54,300
CWP Diameter (ft) 30 .32
CWP Length (ft) ‘ 2,935 - 2,825

The wind, wave, and current are assumed to . be coplanar for estimation of
environmental forces on the barge. The probability of this event is equal to
the product of the probabilitie§ of wiﬁd, wave, and current acting in the
specified heading range. Utilizing the expression derived in Ref. 1-2, the
following results are obtained for selected direction ranges. The wave crest
is assumed to travel in the direction of wind. This assumptionjis supported
by ship weather observations for seas up to 20-ft significant wave height.
The results indicate a highest probability of 23 percent for coplanar wind,
wave, and current in the range of 30 to 100 deg, i.e., proPagation from the

East North East.

Wind, Wave, and Current Compass Prébability of
‘Direction (deg) » Heading Occurrence (%)
65 + 35 " ENE 23.0
65 + 10 © 3.0
90 + 35 E - 4.0
90 + 10 - - 0.4
135 + 10 SE - 0.02-
1-3
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Table 1~2 SUMMARY OF ENVIRONMENTAL CONDITIONS, PUNTA TUNA

Pfoperty

Condition
Climale Marine Tropical
Latitude 17° 57' N .
Longitude 65° 52" W
Approximate Depth (ft) 4,000(8)
Distance to Shore (miles) 3
Distance along Shore (miles) +5
Return Period of Design Opefational Sea State (years) 3
Return Period of Design Extreme Sea State (years) 100
Surface Curreul (kuots) 1.8 to 2.4

Bottom Quality

Bottom Slope (deg)

Operational Sea State:
Maximum Wave Height (ft)
Significant Wave Height (ft)
Period of Maximum Energy (sec¢)
Wind (knots)
Surface Current (knots)
Seafloor Current (knots)
Current Profile
Astronomical Tide (Diurnal Range) (ft)
Astonomical Tide (Annual Max. Range) (ft)

Extreme Sea State:
Maximum Wave Height (ft)
‘Significant Wave Height (ft)
Period of Maximum Energy (sec)
Wind (knots)
Surface Current (knots)
Seafloor Current (knots)
Current Profile .
Astronomical Tide-Storm Surge (ft)

Silt, Clay, Mud,
underlain by dense
sand '

10 to 18

36.2
20.1

- 10.3
46.5
1.8
0.18
(b)
1.0
1.8

64.6
35.9
13.1
85.0
2.4
0.24
(b)
5.5

(a) Depth for TAL is 3,280 ft
(b) See Fig. 2-2, Ref. 1-1

1-4
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In the case of a harricane, the wind direction is assumed to act along the
hurricane track, which is generally Easterly (Ref. 1-1). The predicted storm
center radius of maximum wind (10 nm) and forward speed (10 knots) indicates
that the storm acts as a poxnt disturbance traveling slower than the
progressive waves generated by the center. In this case the longer waves
encountered by the moored plant have a direction of approach equal to the
hurricane track. Spectral eata measured in the Gulf of Mexico during
hurricane Eloise ‘indicate that "long period wave energy- propagation direction
varies only slightly during the storm even though the azimuth of the storm
center with respect to the station varies considerably" (Ref. 1-3). These
results indicate extensive spreading of wave energy, with low period wa&es
generally propagating in the direction of the local wind velocity, with the
latter at 90 deg or more to the direction of travel of the long pefiod‘waves.
Thus, assumptions of unidirectional wave spectra and coincident yiﬁd and wave
are evidently not supported by these observations. Wihd and wave-spectra
directionality based on data collected during hurricane Frederick in the
Caribbean and near Puertu Rico will, if available, assist in idenLifyidg
appropriaté design conditions. The effect of -directionality is further

discussed in Section 2.2.1.

1.5 REFERENCES

1-1 U. of Hawaii Look Laboratory, Hurricane Design Winds and Waves and
Current Criteria for Potential OTEC Sites, by C. L. Bretschneider, Report

No. 45, Apr 1979

1-2 Lockheed Missiles & Space Company, Inc., Preliminarvaesién'for biéc'
SKSS, Task I Final Report, LMSC-D673832, Sunnyvale, Calif., -1-Jun 1979

1-3 '"Hurricane Eloise Directional Wave Energy Spectra," by J. L. Black,

Offshore Technology Conference Paper No. 3594, May 1979
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Operational Sea State Spectrum

Fig. 1-1
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FREQUENCY, f, (sec™')
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Fig. 1-2 Extreme Sea State Spectrum (Ref. 1-1)
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Section 2

PRELIMINARY DESIGN OF MULTIPLE ANCHOR LEG SKSS FOR OTEC BARGE

The preliminary design of the multiple anchor leg SKSS with active tensioning
for the OTEC barge is presented in this section. An engineering description
of the system is followed by system loads analysis, performance evaluation,
design development, and sizing. Following the subsection on installation are
discussions of inspection, interfaces, requirements sensitivity, and

Commercial Plant SKSS. System cost and schedule are presented in Section 4.
2.1 WMAL ACTIVE TENSIONING - DESCRIPTION OF THE SKSS

The barge Stationkeeping' Subsystem (SKSS) is a catenary multiple anchor leg
(MAL) system with active tensioming. The active tensioning feature provides
the capability to vary the anchor leg geometry by lengtﬁening or shortening
anchor legs and transferring load from each ieg to an actached pendant. The
1a£ter provides for barge heading control. A description of the MAL is
presented, including general arrangement, deck machinery, anchor leg and

ground tackle characteristics, and design features.
2.1.1 General Arrangement

The MAL is comprised of eight catenary anchor legs arranged in pairs at each
corner of the barge. One leg of each pair lies in a vertical plane at 45 deg
to the barge centerline, and the second at 15 deg from the beam, providing
fore and aft symmetry with respect to included angle. A general arrangement.
showing the anchor leg configuration is given in Fig. 2-1, and arrangement
characteristics including bearing, range, and water depth are listed in

Table 2-1.

" The first four anchor legs are oriented seaward, while legs 5 through 8 are

landward. Anchors on the longer seaward legs have a 1,000-ft greater range

2-1
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Table 2-1 ARRANGEMENT QHARACTERISTI@S OF MAL

Bearing Range to Water ; Attachment
Anchor Relative , Outer Depth Angle Off
Leg To Bow Anchor At Anchor Vertical
(deg) (ft) (£t) (deg)
1 45 - 6,277 5,640 20.0
2 /5 6,206 5,680 19.9
3 105 6,206 5,440 | 20.6
4 135 6,277 4,920 - 22.8
5 225 5,278 3,458 ' 27.6
6 255 ‘ 5,206 . 3,122 ¢ . 30.2
/ 285 4,990 1,206 29.4
8 315 ' 5,278 3,710 25.9

and are set at a depth 2,400 ft greater than that on the landward legs. This
asymmetry 1is a direct result of the sloped sea floor at the site. The seaward
anchors and chain rest on the sea floor sloping down from the leg; conversely,

the landward anchors and chain restL uu the up slope.

Each anchor leg consists of chain, wire rope, and a pgir of drag embedment
anchors. The upper segment chafing chain ‘passes undef a fairlead on the barge
side to a wildcat on a deck-mounted windlass and downrto a chain locker below
the main deck. A chain pendant is attached to the anchor leg at the
chafing-chain/wire~rope connection and secured at theibarge keel. The
scantlings of each leg are identical, while wire rope and lower chain segment

lengths vary between legs (see Fig. 2-1).

2.1.2 MAL Components

Anchor leg component details are shown in Fig. 2-2, inciuding a parts list of
wire rope, chain, shackle, socket, swivel, and anchor. A complete list of

components is given in Table 2-2. A brief description of each component

follows.
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Table 2-2 MAL LIST OF COMPONENTS

_OQuantity
Component . Size Per Leg ' Total
Drag Embedment Anchor 60,000 1b 2 16
Anchor Shackle 4-7/8 in, 2 16
Swivel | 4-7/8 in. 5 40
Enlarged Link 4-7/8 in, 5 40
Stud Link Chain (Gr. 4) ] 4-7/8 in. 5,400 ft (typ.) 48,976 ft
Joining Shackle 4-7/8 in. 2 16
Socket : 5-3/4 in. 2 16
Joining Shackle - 4-7/8 in. 3 24
Wire Rope (6 x 97 IWRC) | 5-3/4 in. 3,000 ft (typ.) 23,680 ft
Anchor Windlass ; 4-7/8 in. 1 8
Chain Stopper - 4-7/8 in. 1 8
Fairleader ; | 4-7/8 in. 1 8
Power Uni; 455 hp ~ 4
Control Unit - 1 8
Central Control Unit - - 1
Chain Locker 24x10x10 ft 1 8
Windlass Platform 33x34 ft - 4
Windlass Deckhouse’ i3x33x34 ft - 4
Padeye ' 4-7/8 in. 2 16

Anchor Segment. A pair of drag embedment-type anchors is attached to each

anchor leg in series. Fitted to the bottom of the first anchor is a padeye to
accept the 100-ft, 4-7/8-in.-diam chain leading from the trailing anchor.
Anchor weight is 60,000 1b each with fluke angle dependent on as-measured soil
conditions at the site (TBD). Anchor efficiency, holding—power—co;weight
ratio, is assumed to be:ZO in sand with a penetration angle of 34 deg, a
minimum depth of 7 ft, and a scope angle of zero. Anchor length is 19.3 ft,
width of 22.6 ft, depth of 5.8 ft, and fluke height of 11.7 ft. The shank on

the first anchor is sized to carry the bending moment resulting from the

2=7
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trailing anchor in the deployed, set condition.’ An anchor shackle, end link,
swivel, and enlarged link are utilized to attach each anchor to the chain.
Stock length is sufficient to maintain roll stability of the first anchor.

These components are compatible with 4-7/8-in. diam chain, Grade 4.

Anchor.Chain. The anchor chain is stud link chain, 4-7/8-in. diam, Grade 4.
Proof test load is 2,052,000 1lb, and break test load is 2,932,000 1lb. The -
latter is assumed tn be the chain breaking stvengtli. The dry weight is

229 1b/ft. The segment consists of a single, continuous length of common
links. The total length of each segment varies from 5,900 ft on the seaward
legs to 3,300 ft on the landward legs. Ultrasonic testing is recommended to

ensure satisfactory service life-of 30 years.

Chemical composition of the cast alloy steel is typically as follows:

Element - Percent
c . A 0.07
Si 0.23
Mn . 1.89
P 0.015
0.006
‘Cr 1.82
Ti 0.16
v 0.06
Al . 0.04

Typical mechanical properties of the chain steel are (minimum value)

Tensile étrength (psi) 128 to 135,000
Elongation (%) 15
Reduction (%) . 40

Wire Rope. The anchor chain segment below and the chafing chain segment above
are connected by the wire rope segménc. The length of each wire rope segment
varies from 2,800 to 3,100-ft depending upon anchor leg location, while the

diameter is constant for all legs at 5-3/4 in. The wire rope construction is

. 2-8
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six strands, right hand regular lay, each strand consisting of 97 steel wires
(6 x 97). At the center is an independent wire:rope core (IWRC). Wire rope
material is extra improved plow steel. Preloading of the wire rope is

recommended to extend -fatigue life.

Wire rope weight is 65 lb/ft. The designed breaking strength is 3,000,000 ib.
The apparent modulus of elasticity is 12,780,000 psi, with a steel area of

61 percent'of the enclosed area. The wire is zinc galvanized and blocked with
a petrolatum-based grease or syanthetic infill to retard the onset of
corrosion. Wire rope terminations are the open socket, Crosley-type, filled
with zinc or, alternatively, a resin potting compound if appropriate as

determined from development testing.

Sheathing of the wire rope can increase wire rope resistance to corrosion.
Although not specified in this design, the addition of a l/4-in.-thick
sheathing of polyvinylchloride to the wire rope exterior surface may provide
extended service life. To limit sheathing distortion during handling and
deployment, compression load may not exceed 2,000 psi. This requirement,
however, is not compatible with the linear winch used in deployment as the
compressive load on the cable in the linear winch is well in excess of this

limit.

Chafing Chain. The upper segment of each anchor lag consists of a 700-ft

continuous leangth of 4-7/8-in.-diam stud link chain. The chain is identical
to the anchor chain at the lower position of the leg. The wire rope socket is
connected to the chain via an end link, joining shackle and a second-end.

link. The upper end of the chain is terminated in the chain locker below the
main deck of the barge by a joining shackle to a padeye on the side of the
chain locker. Nominally, 300 ft of chafing chain is located on the anchor leg

and 400 fr is stowed in the chain locker.

The deck machinery on the barge dedicated to the MAL consists of a fairleader,

windlass, and chain locker for each of eight anchor legs. 1In addition, a

2-9
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power unit and control panel for each windlass pair and a central control unit

is required (Fig. 2-3).:

Fa%g}egﬂf The fairlead is a large fabricated and cast assembly. The sheave,
supported on a horizontal bearing, is a five-whelp wildcat, of 8.7-ft diam,
designed for the 4-7/8-in.-diam stud link chain. A vertical axis pivot allows
rotation of the fairlead and chain to accomodate relative motion between
anchor leg and barge. Allowable rotation is + 90 deg and +60/~30 deg for the
corner and side fairleader, respectively. Fairlead overall dimensions &are
11.5 £t (L) x & fr (W) x 13 ft (H), and approximate weight is 45,000 1b each.

The sheave centerline is located 12.2 ft above the waterline.

Windlass Module. Directly above the fairlead is a windlass module consisting
of two anchor windlasses, power unit, and control box mounted on a platform

which extends 10 ft beyond the hull.

The windlass wildcat is 'a standard fiQe-whelp design similar to that on the
fairlead. Braking holding power is 1,500,000 1b and delivered minimum
horsepower 1s a55, providing a chain speed of 10 fpm at 1,500,000 1b tension.
A chain stopper with minimum capacity of 3,000,000 1b is integral with the

windlass frame.

A tension-sensing<flexu:e is mounted in the chain stopper with the signal
cabled to the local and central control units. The latter unit is capable of
remote control of each windlass module and is located on the bridge. The
electrié-hydraulic power unit provides for operation of each single drive
windlass, one at.a time.. A control panel provides for local operation of the
windlasses. The entire hodule is enclosed in a 'deckhouse to prevent water and
salt spray on the windlasses, thereby extending service life and reducing

frequency of maintenance.

Approximate overall dimensions of each windlass are 18 ft (L), 10 ft (W),
11 ft (H4), with a weight of 150,000 lb. The windlass is sandblasted and
painted with an organic zinc coating, followed by a urethane coating. This

finish may have up to a 20-year life.
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The windlass platform consists of an extension of the deck supported by a
faceplate and flange brackets below. Two chain pull through holes are
provided in the deck above the fairleader and abbve the chain locker. This
platform is located 24 ft above the waterline. Interference is noted with the

deckhouse envelope in the aft portion of the barge.

Chain Locker. A chain locker is provided for stowage and termination of the

chafing chain on each anchor leg. The volume required for each leg is

1,300 ft3 minimum. The locker extends between the 65 ft and 89 fﬁ elevation
on the barge; and is typically 10 ft square in plaﬁ; providing well in excess
of the minimum volume. A padeye and foundation are located on a bulkhead in
each locker for chain termination. A portion of space required for these

lockers is allocated to storage and shop space of the barge.

Pendants. A pendant is attached to each anchor leg, at the chafing chain to
wire rope connection. The other end of the pendant is connected to a padeye
on the platform keel below the adjacent anchor leg fairlead. These 4-53/8 in.
chain pendants provide plaﬁform heading control capability for transferring

anchor leg load to another point on the platform.
2.2 LOADS ANALYSIS
2.2.1 Barge Loading

Environmental loading on the barge is based on the éuasi—static force and
moment analys{s presented in Ref. 2-1. The foilowing results, revised to
reflect chanéés in the sea state definition, indicate the‘resultant
horizontal-plane force and yaw moments on the bargg; assuming coﬁlanar wind,
wave, and c;rrent. The components induced by wind, current, and wave,
respectively, are presented in Appendix A for both barge and spar, toéether
with the computer program listing developed for both spar and barge loading.
The force is shown to increase approximately 50 percent as the loading rotates
from head to beam (Fig. 2-4). The force in the Extreme Sea State is

130 percent greater than that in the Operational Sea State. The barge

orientation is East-West. e e—e o
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The probability of a storm from the South resulting in a beam condition is

extremely low (Section 1.4), at least for nonhurricane sea states.

The yaw moment on the barge is sensitive to relative heading between barge and
storm (Fig. 2-5). The yaw moment, maximum at 10 deg off the bow, is a

restoring moment for headings from 0 to 45 deg.

Noncoincident wind, wave, and current force is found to be lower than the
maximum force in beam conditions (see Appendix A). The assumption of coplanar
forces is therefore conservative with respect to environmental loads on the
platform constrained by the multiple anchor leg SKSS. In the operational sea
state, the wind and mean wave drift forces are comparable, whereas in the
extreme sea state the wave force exceeds the cufrent force and is 50 percent
of the total load (see Table 2-3). ‘

_ The ‘application of the mean wave drift force as a quasi-static load on the
platform and superimposed with wind and current forces to determine platform
excursion and anchor leg tension is the most common approach to anchor leg
design (Ref. 2-2). Although not capable of treating the time-dependent
excitations nor4the dynamic response of the SKSS, this is an approach
particularly appropriate to preliminary design. Several techniques for‘
dynamlc simulation are under development (Refs. 2-2, 2-3, 2-4), with contxnued
research required in frequency differencing, viscous damping, simulation time,
and application of time histories in design. Some results of the dynamic
simulation indicate that high peaks in the slowly varying wave drift forces do
not neceésarily produce high peaks in the liné tension, although the dynamic
method does give about 25 percent higher line tension than the quasi-static
method. The significance of an underestimated wave force on line tension
using the quasi~static method in this preliminary design is discussed in

Section 2.9.

Directionality of Environmental Loading. The directional properties of the

high sea states, particularly the Extreme Sea State resulting from a hurricane

in the Caribbean, are examined to assess the assumptions of unidirectional
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Table 2-3 SUMMARY OF ENVIRONMENTAL LOADS ON BARGE

. Operational Extreme

Item Sea State Sea State
Storm Return Period (yr) 3 3 100 100
Heading (deg) S e 90 o 90
Wind Force (105 16) | -0.05  0.08 | 0.17 0.26
Current Force (10® 16)" | 0.21 - 0.30 0.37 . 0.53
Wave Force (10° 1b) ' 0.12 0.31 0.44 0.81
Net Force (10% 1b) 0.3  0.69 | 0.98 - '1.60 .
Net Moment (10° £e-1b) 042 -0.98 | 1.4 A

(a) Coplanar Wind, Wave, Current (0 deg Easterly)

seaway and coplanar wind, wave, and current. Storm directionality is also
relevant to the barge heading control requirement of the SKSS; if the seaway
is directional and if it can be forecasted, then the barge heading control to

maintain head seas is a realistic expectation for the SKSS.

Hurricane seaway direction is illustrated for two cases:of a track passing
South and;North<of the OTEC barge (see Fig. 2-6). As the hurricane_.eye -
travels West in'the Caribbean, most probable for hurricanes passiﬁngithin

50 miles of Puerto Rico, long waves are generated and propagate outward from
the disturbance. These waves of period 10 to 15 éec or greater travel faster
than the speed of the disturbance,.reaqhing'thé barge ahead of thed
disturbance. The local wind, at’right angles to these waves, generates waves
of lower period which travel downwind. The seaway is therefore short crested,
bidirectional and bi-modal at this stage. As the hurricane eye proceeds West
and passes South of the barge, the sea spectrum becomes narrower and single
peaked. The wind is Westerly following the counterclockwise flow of the air
mass in the hurricane eye, and in the direction of the dominant waves. In the
case of the track to the North of the barge, the shorter waves approaching

from the North are fetch-limited by Puerto Rico.
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A similar set of conditions exists for the eye travelxng North and passing to

the East or West of the barge, respectively (Ref. 1- 3)

The éssumption‘of a unidirectional seaway for the computation of wave drift
force and barge motions is inconsistent with wind and sea direction in the’
initial position. ‘The forces and motions are therefore likely to be lower
than the predicted values. Waves of approximately 10 sec result in a drift
force of greater magnitude than waves of higher or lower period. Instead of a
drift force acting in a single direction it is expected that drift forces.are
spread over a 90-deg arc, the quadrant dependipg on the relative positioqs of
barge and hurricane track. Forces and platfdrm motions in a short-crested
seaway are generally lower than the wave—lnduced force and motion 1n a.

long—cresLed seaway, so that this aSSumptlon is also conservat1ve.

The aSSumptioﬂ of a unidirectional, nartow Band spectrum and coplanar wind and
waves more closely models the conditions when the eye passes tﬁe platform. A
preferred heading with respect to the waves is more readily identified
therefore as the eye passes the platform than in the earlier stages.of the

hurricane.

The wind, assumed coplanar with the waves, is. in the wave direction of the
locally generated waves; and at right anglesﬁfé the long period waves. The
current consists of the geostrophic current with components of wind- and
wave-driven surface currents. It is difficult to assess the directionality of
the current although the probability of all current components being coplanar

would appear to be low.

Barge Kinematics. The MAL induces net moments on the barge which result in’

trim about the transverse axis, heel about the longitudinal axis, and yaw o
about the vertical axis. The magnitude of these angular changes are examined
for the Extreme Sea State, - ' ,
In the case of heel tlie maximum heeling moment occurs in the beam condition
and is 270 x 106 ft-1b. This moment causcs the ‘barge to heel into the

oncoming wind, waves, and current, thereby reducing the freeboard on the
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weather side. For a displacement of 67,000 LT and GMT of 12.34 ft, the heel

" angle is found as follows:

6« oinl ( 270 x 10° )
cH

8.4 deg

Thie i1esultant loss in freeboard on the weather side is 8.9 ft, leaving a mnet
freeboard of 15.1 ft. The reduced freeboard may result in increased deck
wetting and reduced transverse static atability and thcrcfore is an

unfavorable impact on the barge.

Barge trim, based on a moment to,cﬁange_ttim by 1 in. of 6.45 x 108 fe-1b,
is estimated to be 0.7 ft at the bow, for a 45 deg heading. Trim changes of

this magnitude are considered to be insignificant to barge stationkeeping.

The MAL proQiaes a restoring moment about the barge vertical axis, or yaw
moment, which is balanced by the applied sea state momecnts The magnicide of

yaw moment and the extent of yaw offset is presented in th1s sectlon.

Static analySLs of the MAL 1is, based on force equilibrium w1th the barge fixed
in yaw, while moment equ111br1um is not sat1sf1ed. The moment induced by the
MAL due to barge excursion, shown in Fig. 2-7,,1ncrea$es with sea state
heading to a maximum of -61 x 10% fe-1b at 45 deg in the Extreme Sea State.
The effect of excursion and yaw on moment is shown in Fig. 2-8. The barge
yaws until the MAL restoring moment is equal and opposite to the sea
state-induced moment: ‘

6

M = - (a+7.4 Bl) x 10° ft-1b

y
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Fig. 2-7 Yaw Moment Induced by SKSS Due to Barge Excursion :
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where

My = restoring moment in yaw, ft-1b

By = barge yaw, deg
The intercept, a, is dependent on sea state heading: 12 for zero heading, 62
for 45 deg heading. The yaw offset for quartering seas is -9 deg; the barge
rotates into the sea state so that the resultant sea-state heading is 36 deg.

2,2.2 Static Loads Analysis

Objectives of This Analysis. The principal objective of this section is to

present methodology and results of static-loads calculations for the MAL SKS$
in a variety of environmental conditions, including platform storm loads for
return periods of of 3- and 100-year with various angular orientations to the

platform.

Actual mooring site anchoring depths and approximate bottom slopes are used in
developing“thé mboring leg configufations. Depths are shown in Fig. 2-9.

Calculation techniques are developed in some detail in Appendix D.

The analysis detailed in Appendix D differs from those previously conducted in
that it includes the effects of varying depths and bottom slopes. Depths are
tabulated and the average slopes from the center out to the anchor 1ocations‘
calculated. Anchor locations are specified in a coordinate system centered at
the platform neutral position, with the x-axis parallel to eastern
geographical di;eétion. The anchors>p1aced in deeper water in the +z
direction are all at a nominal 6,000-ft range from the platform. Inshore
anchors are at a range of 5,000 ft. Anchor placement information is contained
in Table 2-4, v

The platform orientation, coordinate system, and mooring line configuration
are shown in Fig. 2-10. Attachment points for the 45-deg mooring legs are at

the platform corners x = + 189 ft, z = + 60.5 ft. The four additional lines
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Table 2-4 ANCHOR COORDINATES, DEPTHS, BOTTOM SLOPES

Anchor Location Depth Bottom Slope
No. (ft) (fe) (fe) (deg)
1o 4432 4303 -5640 -13.0°
2 1729 5856 -5680 -13.3
3 ~1729 5856 ~5440 -11.1
4 ~4432 4303. -4920 | -6.3
5 -3725 -3597 -3458 9.1
6 ~1470 -4890 -3122 12.8
7 1470 | -4890 -3206 C11.9
8 3725 -3597 -3710 6.3

are 15 deg from the:beam fore and aft as shown. Attachment poinfs for these

lines are x = + 176 ft, 2z = + 60.5 ft.

The mooring lines. are in two secfionsfcdnsisting of a St3/4-iﬂ; steel-wire
rope for the upper 'section with a weighﬁ of 56.5 1lb/ft in the waéer. A
section of 4-7/8-in. chain with a wet ‘weight of 199 1b/ft gonﬁects the wire
rope to the anchor.‘ Lengths of wire and chain for each of the 8 mooring legs.
are listed in Table 2-5. - Length of each section of chain is se;Aét 200 fc
greater than the water depth of that particu@ar apchor for maintenance

considerations.

The length of each section of wire rope is detérmined by providing ‘an equal.
horizontal tension component at the platform for each of the mooring legs.
This ensures that the equilibrium position of the platform is at the
prescribed center of the chosen site. The horizontal tension components of
the undisturbed mooring are set at 300,000 1lb to achieve a slightly greater
than necessary stiffness for the static deflections. This mooring system
deflection stiffness is shown in Fig. 2-11 for a 3-year load at an incidence

angle of 45 deg.
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Table 2-5 COMPOSITE MOORING LEG LENGTHS (FEET)

Leg No. Chain Length | Wire Rope Length Total Length
1 5840 : 3170 9010
2 5880 3155 9035
3 5640 3255 - 8895
4 5120 3465 | ; 8585
5 3658 3210 6868
6 3322 3330 6652
7 3406 3305 6711
8 3910 | 3110 7020

(Horizontal temsions at the platform are uniform at 300,000 1b)

mA
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Fig. 2-11 vVariation of Mooring Deflection with Initial Horizontal .Tension
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Comparison of Constant Depth, Flat Bottom Calculations to Sloping Bottoms. A

practical measure of mooring system performance is the horizontal restoring
force developed with increasing range from the anchor location. The sloping
bottom causes a change in the range required to develop a particular restoring
force. Figure 2-12 presents the variation of restoring force with range from
the anchor for three different bottom slopes + 15 deg and zerb; depth and
cable characteristics are held constant. A difference of 1,000 ft exists for
slopes from +15 ta =15 deg iﬁ_the region of 250,000 1b of ;estoring force for
this composite line. This difference is the principal reason that the range
té the inshore, positive slope anchors is reduced to 5,000 ft from the

6,000-ft range of the deep water anchors.

kEffects of varying depth are also chown.in Fig. 2-12.. Mooring line
characteristics are again held constant as is the bottom slope at +15 deg. A

change in depth of 1,000 ft shifts the restoring force range increment

approximately 700 ft.

Influence of Line Lengths and Initial Tensions on Maximum System Tension Under
Loaded Conditions. The chain length of each of the 8 mooring legs is

determined by the ¢orresponding anchor depth. Steel wire rope length is a
function of the initial horizontal tension. Lengths of wire rope
corresponding to various inétial hovizontal tensions are shown in Fig. 2-13
for each anchor leg. These data are divided into two distinct groups by the
slope of the curves., One group comprises all of the deep-water lines and the
other contains all af the insﬁore mooting legs. Vertical tensions for the
same grouping are displayed in Fig. 2-14. These curves provide an indication
of the tension relief realized by relaxing and tensioning individual legs of

the mooring array.

Maximum system tension under load depends partially on the mooring system
deflection characteristics. Load sharing between adjacent lines is promoted

by allowing greater platform deflections,
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Figure 2-15 indicates the change in maximum system tension with initial
horizontal tension for a 3-year storm at 45 deg. Decreasing the initial
horizontal tension allows greater mooring system deflection as shown in
Fig. 2-11.

The process of lowering maximum system tension by changing the deflection
characteristics of the entire mooring system is most effective at Lhe lower
tension values associated with 3-year storm loads. An examination of maximum
system line tensioﬁ plotted against platform load in Fig. 2-16 shows that the
change in maximum tension at 1.5 x 109 1b of platform load is less than 1/2

of the value at 0.6 X 108 1b.

Decreasing maximum system tension is mandatory in the case of storm loads near
45 deg at lOO-year storm levels. This SKSS design has the capability of
tensioning or relaxing individual mooring legs. Changing tension levels and

lengths of a single mooring leg alters the distribution in tension for all the

PLATFORM LOAD 600,000 LB @ 45 DEG

e
=
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e
w
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‘Fig. 2-15 Variation of Maximum Tension with Initial Horizontal Tension
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Fig. 2-16 Variation of Maximum Tension With Platform Load

legs. This particular interaction is difficult to solve without knowledge of
the magnitudes of the cross coupling effects. The mechanism of load sharing
in the mooring is illustrated by exahining the ﬁorizontal tension vector
components acting at the platform. The horizontal tension distribution in a
deflected mooring system illuétrates the restoring force. Figure 2-17 shows
the load distribption in thé mooring when the imposed load is 1.5 x 106 1b

acting at 45 deg.

The effect of increasing line length 500 to 700 ft for all mooring legs is
shown in Fig. 2-17(b). A decrease in horizontal tension for lines &4 to 7 is
the most notable feature. The next step in Fig. 2-17(c) is ‘to deérease the
length of lines 3 and 4 by appfoximately 900 ft. This brought about an
unacceptable increase in tension for liﬁe 3, but promoted ldad shéring between
lines 1 and 8 for thé x~-component of the platform load. The final change in
Fig. 2-17(d). is tensioning line 2 by taking in 200-ft of lirde and relaxing

t
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line 3 by the same amount. :Maximum total tension in this final configuration
is 1.33 x 106, within the prescribed safety factor of 2 for the 3.0 x

10° lb breaking strength line under survival conditions.

Tension changes due to line:length increases or decreases of 2 to 3 percent of
total mooring leg length can be estimated from the data in Figs. 2-13 and
2-14. Changes indicated in;Fig. 2-17 (c¢) and 2-17 (d) involve an increase of
200 ft in the length of leg 3 and a similar decrease in the length of leg 2.
Corresponding horizontal and vertical tension changes are 200,000 to

300,000 1b. Utilizing the starting horizontal tension as the first puint on
Fig. 2-13 indicates éhe magnitude of the tension change for a 200-ft change in
line length. The change in:horizontal‘tension associated with the 200-ft
length change is plotted in;Fig. 2-18 énd compared with the tension change
estimated from Fig. 2-13. Figure 2-19 repeats the same relationship for
vertical tension. The esti&ates of change in tension are reasonably accurate

for small changes in line length.

An application of this technique shows that an inciease in length of 100-ft
for line 1 in a 3-year storm at 45 deg decreases the tension in that line to
1.0 x 106 1b. This is an estimated decrease of 0.14 x 108 1b, without

increasing the platform displacement more than 50 ft.
These studies indicate thatfmanipulation of the mooring line lengths can
control the maximum tensions in the system while maintaining the platform

displacement within preseribed boundaries.

Influence of Load Direction’'on the Mooring. Mooring displacement is very

dependent on the platform load direction. The -mooring lines are arranged to
provide greater stiffness for beam loads, because platform force is greater at
thi§ orientation for a giveh storm level. The displacement of the platform as
a function of load direction is shown in Fig. 2-20. Peak displacement occurs
at angles of 20 to 30 deg. Maximum system tension variation with load

direction is also shown. Tension is maximum where the load is directed down
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leg number 1 at a 45-deé angle relative to the platform. Solid lines in both
portions of the figure indicate results for the original mooring leg lengths.
The dashed linesAshow what is expected for the system with controlled length
lines. These line length changes described in the previous section also

increase the platform displacement greatly. The displacement increases from

700 to 1,157 ft in a ldO-year storm with an incidence angle of 45 deg.

Active line tensioning capability is an excellent method of controlling

maximum tensions in under survival conditions in a 100-year storm.

Loading in Replacement Operation. The tension in the anchor chain is examined

for the operation of lifting the wire rope-chain connection to the surface for
wire rope replacement. Chain length is adequate to maintain horizontal pull

on the anchor, while the minimum safety factor is two.

The shallow leg on the land side and the deep leg seaward are examined for
naximum tension in a current of 1.8 knots. It is assumed that changeout will
be ¢onducted iu calm seas with low winching speed to minimize dynamic
loading. The deeper leg, more critical due to greater chain length, has an
adequate safety factor to allow for a dynamic load equal to 30 percent of

static and for stremgth reduction due to wear and corrosion.

Landward Seaward
Leg Leg

Chaén Breaking Strength (Grade 4)
(10~ 1b) 2.93 2.93
Linear Density (wet, lb/ft) 197 197
Water Depth (ft) 2,736 5,695
Chain Length (ft) 2,800 5,800
B.S./Tension 5.3 2.6
Horiz. Force at Surface (1b) . 16,000 27,000
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2.2.3 Dynamic Loads Analysis

A study conducted to determine the capability of the mooring lines to
' withstand the dynamic loads associated with extreme conditions and long term
cyclic fatigue loading is presented in this section. An assessment of MAL

system dynamics is first presented.

Dynamic Characteristics of MAL. The natural frequencies of the MAL in surge

and sway as well as the sources and extent of damping are examined to assess

the potential for resonant response in a seaway.

The MAL is assumed to behave as a linear spring mass system in response to

external excitation, in this cace a slowly varying wave drift force. The

natural frcquency is

Hertz

A

!
f = 57 V&

where

=
i}

aggregate surge Or sway spring constant (slug/secz)

m = sum of barge displaced mass (4.72 x 106 slugs) and added mass

The added mass coefficient for low frequency oscillation is 0.7 in sway or
surge, while the spring constant of the MAL is 2,800 lb/ft -in sway and
1,400 1b/ft in surge under Extreme Sea State loading.

Natural
Motion Frequency 22:2:21
(Hz) v (rad/sec) (sec)
Surge 0.002 0.014 458
Sway 0.003 .0.0188 334

Wave groups in the seaway with period in the range of 250 to 500 sec cam be

expected to result in dynamic amplification of anchor leg temsion. The
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existence of such wave groups in a hurricane-induced seaway is a subject for

further investigation.

In the event that resonance occurs, the system is shown to be sufficiently
damped to preclude oscillatory motion. Sources of damping afe barge motions
as well as barge and anchor leg viscous drag. Assuming a barge damping
coefficient of 0.1, the wave damping is 2.4 x lO5 lb-sec/ft. The barge drag
is a source of nonlinear damping and is found to be 54,000 1b for 50-ft-surge
amplitude and a drag coefficient of 1.0. The equivalent linear damping 1is
9.4 x 10% V lb-sec/ft where V is surge velocity. Damping due to drag on the
anchor legs is 2.42 x 10“ V lb-sec/ft for a drag coeffieient of 1.2. The
total damping, assuming 50-ft surge amplitude, is then 3.23 x

105 lb-sec/ft. 1In comparison, the‘criticalldamping is

. z\/ﬁ—

2.1 x 105 lb-sec/ft

>
]

so that the ratio of total to critical damping is 1.54, indicating that MAL

damping is large and motion will decay in less than one cycle of surge.

Dynamic Tension. The dynamic tensions are presented for short term sea state

conditions in Fig, 2-21. Significant tension amplitudes are shown versus
depth for line 1 with the barge in a beam sea condition. The significant
tensions are expressed in terms of actual loading (kips) and also percent of

breaking-Strength.

The tension-fatigue study shows that there is more than adequate fatigue life
for the wire rope because the cyclic tension amplitudes that occur are well
below the endurance limit associated with the cycles to failure. The analysis

assumes that wire corrosion does not occur.

In determining the significant tension and fatigue life, data for the

environment, static configuration, barge response characteristics and mooring
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Fig. 2-21 Significant Tension Versus Depth for Anchor Leg No. 1,
Beam Seas in Extreme Sea State
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line fatigue properties are utilized by computer programs to compute anchor
leg tension response and to determine both the fatigue life in all sea states
and significant tensions for the Extreme Sea State. The method of ‘analysis,

together with intermediate results, are presented in Appendix F.

Short-Term Dynamics. Dynamic tensions in the No. 1 anchor leg induced by

barge motion are obtained for the maximum operating and survival conditions in
both beam and head seas. Twenty points along the cable are monitored; the

largest significant dynamic tensions are presented in Table 2-6.

Table 2-6 ANCHOR LEG DYWAMIC TENSIONS

. . Max. Dynamic Max. Total

Sea Condition Heading Sign. Tension (1b) Tension (1b)
Operational Sea State Beam 47,966 1,048,000
Operational Sea State Head 74,454 1,100,000
Extreme Sea State Beam 158,967 1,255,130
Extreme Sea State Head 151,352 . 1,463,500

From these daté, we see that, for the two cases investigated, the largest
dynamic tension occurs during the survival condition in a beam sea. It is
assumed that the anchor line dynamic tension does not exceed 1.86 x 158,967 =
295,678 1b for 1,000 waves (Ref. 2-5). The maximum dynamic tension is then
added to the static tension value given in Section 2.2.2 to provide the total
maximum tension. Maximum total tension occurs near the top of the anchor leg,

while maximum dynamic tension occurs near the bottom.

Intermediate results for the survival condition with a beam sea heéﬁing are
shown in Table 2-7. There are 20 frequencies ranging from 0.208 to

1.234 fad/sec used to define the Bretschneider spectrum with a significant
height of 35.9 ft. The wave-amplitude squarea values corresponding Eo the
frequencies show a peak at a period of 14.82 sec. The tension squafed
distribution also peaks at this frequency and the distribution for Ehé third
cable point up from the bottom shows a narrow banded highly peakad shape

indicative of a Rayleigh distribution. As discussed previously, the teasion

2-43
LOCKHEED OCEAN SYSTEMS



LMSC-D678771

squared distributions are integrated with respect to frequency to obtain the
areas under the curves for each-of 20 points on the anchor leg. The

significant tensions are then obtained with the following formulae: (Ref. 2-3)

For i-th point
. ' ]
. 2
A. = T, (w) dw
1 L -
. 5

and

where A; is the area under the curve and T, _. 1is 'the significant

(=4

dynamic tension.

Long-Term Dynamics - Fatigue. The fatigue life of the anchor legs are shown

" to be essentially unlimited if not subjected to corrosion, salt water,
bending, or physical damage. The fatigue analysis shows the life of anchor
" leg No. 1 is 130,945 years. This is the worst value of all the cases run and

osgurs when rhe barge is continuously oriented in a beam sea direction.

Vortex shedding, not included in the analysis, is not expected.to
significantly reduce fatigue life, assuming that the oscillatory tension

" levels are an order of magnitude lower than those experienced by the barge .

| motion induced excitation. Since the tension levels induced by the barge
motion are under the endurance limit for the great majority of the wave
induced tensile vibrations, then vortex shedding would also be under this
limit.. The endufance limit is defined as the oscillétory tension level below

_which the number of cycles -to failure approaches infinity.

To illustrate how fatigue life is gen2rated, intermediate results for the beam
s€a case are presented in a discussion of fatigue analysis methodology in
Appendix F. The assumptions and conclusions.of this analvsis are also

included in this apprendix.’

2-44
LOCKHFEED QOCEAN SYSTEMS



SWALSAS NVEOO QTHADOT

sH=-2

Table 2-7 .TENSION SPECTRAL DENSITY AND SIGNIFICANT TENSIONS FOR ANCHOR LEG NO. 1 IN EXTREME SEA STATE
(POINT 1 IS AT THE LEG BOTTOM) -

HEAD OR BEAM_eee@

BEAM SEA

X.Y.Z LOCAYION OF SHEAVE REL TO CENTER

190.750

WAVE AMPLITUDE SQUARED SPECTRAL DENSITY FUNCTION

FREQUENCIES (RAD/SEC)

.208000
.748000

.262000
.802000

.316000
.856000

WAVE AMPLITUDE SQUARED (FTs»2)
.308647-04 4.11550

97.3585

70.8908

145.585

52.3338

TENSION SPECTRAL DENSITY FOR 20.CA8Lé

CABLE POINY
95.2239
-738411+08

CABLE POINT
97.3466
-750823+08

CABLE POINT
98.3596
.750086+08

CABLE POINT
98.3208
-709790+08

CABLE POINT
97.4030

.660132+08°

CABLE POINT
95.48296
.6132573+08

CABLE POINT
93.8203
.644077+08

CABLE POINT

T 91.5%638
.693278+08

CABLE POINT
89.2115
.766592+08

CABLE POINT
86.¢6818
.850490+08

CABLE POINT
86.5772
.996941+08

CABLE POINT
86 .3861
.113093+09

CABLE POINT
85.5163
.108262+09

CABLE POINTY
84.4487

1
.876249+07
.330381+08

2
.899204+07
.336176+08

3
.910425+07
.332394+08
. 4
.909613+07
.321445+08

5
.898245+07

.317872+08

6
.878790+07
.337397+08

7
.853944+07
-384639+08

8
.826166+07
.451645+08

9
.797505+07
.525781+08

10
-769601+07
.598515+08

1t
.755598+07
.726287+08

12
.740234+07
.837026+08

13
.719676+07
.804151+08

14
.697814+07

.173125+09
.144073+08

.178150+09
.144138+08

.180467+09
.143903+08

.179813+09
.147358+08

.176478+09
.163398+08

.171088+09
.198843+08

.164374+09
.251666+08

.157025+09
.312460+08

.149613+09
.371524408

. 142590409
.424734+08

.136898+09
1515130408

.130582+09
.586739+08

.124078+09

.557697+08

.117534+09

.370000
.910000

436.999
39.1749
POINTS

.685669+08
- .582632+4+07

.702816+08
.5656514+07

.708534+08
.582597+07

.701668+08
.672417+07

.683797+08
.884820+07

.653181+08
.123763+08

.623625+08
.163442+08

.593721+408
.214212408

.571524+08
.254726+08

.549522+08
.285994+408

.512527+08
.342324+08

.472713+08
.377845+08

.453593+08

.349959+08

.436[30+08

60.5C00

.424000
.964000

544.867
29.7213

.480036+11
. 192958407

.S501277+11
. 178341407

.51003C+1 1
.1969368+07

.502622+11
.274396+07

.479645+11
.431564+07

.444741+11

. .663652+07

-402746+1 1
.930546+07

.358204+11

.118108+08 .-

.314599+11

.138585+408.

.274208+11
155033408

.234888+11
.176957+08

.198702+1 %
.186066+08

.165883+11
.163720+08

.135520+1 1

-59.0000

.478000
1.01800

480.719
22.8394

.365033+10
584218.

.381029+10
534700.

.386052+10
608855.

.376722+10
893758.

©.354005+10

. 143972407

.321859+10
.219899+07

.285187+10
.301876407

.248246+10
.373884+07

.213933+10
.428999+07

.183792+10
.471463+07

.150244+10
.518463+07

.120334+10
.514013+07

.968676+09
.412802+07

.759527409

SIGNIFICANT HEIGHT = 35.9 FT

.532000
1.07200

368.151
17:7619

.172718+10
213082.

.180360+10
204639.

.181961410
218032.

+175605+10
271659.

162159410
376032.

.144342+10
519682.

.125265+10
670755.

.107355+10
799046 .

.919676+09

893560.

.795298+09
963915.

.654915+409
.104066+07

.539795+09
984592.

.440932+09
701781.

.356725+09

.586000
1.12600

266.714
13.9679

.793297+09
72451 .1

.823899+09
71531.9

.825927+409
72530.1

.791434+09
78978.6.

.727411+409
93798.0

.689795+09
115679.

.574748+09
139408.

.512889+09
159896.

.468117+09
174953.

.439556+09
185639.

+409007+09
201988.

.379455+09
188714,

.327838+09
124147.

»284727+09

.640000
1.18000

189.958
11.0987

.352588+09
18954.6

.365130+09
18930.4

.364055+09
18677.7

.346058+09
18845.5

.315859+09
20255.4

.282434+09
22977.6

.253869+09
26303.5

.2344034+09
29379.9

.224446+09
31664.9

.2223014+09
33t124.8

.220239+09
36763.0

.2170044+09
34813.2

.193933+09
2287t .8

.176791409

.694000
1.23400

135.368.
8.90392

. 162468409
2818.81

.167843+09
2829.86

.166527+09
2742.15

157222409
2639.53

. 143239409 °

2664.59

. 129969409
2866.08

. 121554409
3180.25

.119320+09
3498.92

.122318+409
3730.44

.128818+09
3847.86°

.139873+09
4331.96

.150143+09
4173.04

.140344+09
2858.57

- 134548409
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av-t

.106025+09
CABLE POINT
83.1852
-107362+09
CABLE POINT
81.7336
-113030+09
CABLE POINT
80.1034.
.123408+09
CABLE POINT
78.3026
138521409

-CABLE POINT

76.3347
.158178+09

CABLE POINT
74.1972
.182138+09

SIGNIFICANT TENSIONS

116324.
39355.6

MAX EXPECTED TOTAL TENSIONS (LBS

854785,
+124937+07

Table 2-7 (Cont.)

.787323+08 .537948+08 .326991+408 - .143835+08 .324428+407 477604. 80702.4 16550.4 2368.93

15
.674693+07 .110954+09 .420183+08 .107845+11 .577481+09 .208914409 - .252113+09 .167184+09 .134054+09
.793314+08 .531813+08 .311491+408 .127655+08 .252985+07 322954. 61118.9 16420.0 2772.85

16 :
.650399+07 .104349409 .405306+408 .831601+10 .424916+09 .239693+09 .2321684+09 .166679+09 .139987+09
.826U62+08 .542071+08 .305006+08 .115908+08 .200688+07 242482. . 66172.1 22559.2 4069.76

17 _
.625002+07 .977114+08 .391005408 .617517+10 .303983+09 .210a830+09 .226472+0% .176330403 .153010+09
889891408 .569611+08 .307937+08 .108756+08 .167786+07 235173, 95107.2 34713.3 6218.07

18 .
.598506+07 .910117+08. .375835+08 .438150+10 .216014+09 .203228+09 .235599+09 .196486+09  .173278+09
.982054+08 .613961+08 .319921+08 .105999+08 .153397+07 2974C2, 146673. 52565.5 9174.70

19
.570821+07 .841871408 .358177+08 .294071+10 .161432+409 .217031+09 .253111409 .226837+09 .200554+09
.110193+09 .674167+08 .340392+08 .107362+08 .156507+07 426005. 220008. 75938.2 12920.2

20
.541748+07 .771455+08 .335907+408 .184282+410 .140192+409 .252285+09 .295946+03 .266637409 .234413+09
.124821+09 .749567+08 .369026+08 .112694+08 .176637+07 620183. 315124. 104886. 17468.2

154326. 157678, 158967. 157651 . 153801 . 147906. 140621 . 132594.

107846, 99438.4 90975:6 82458.6 73967.3 65649.7 57714.3 50442.8 - 44185.1
882896. 915853. $51440. 988579. .102707+407 .106718+07 .110934+07 .115390+407 586525.
.124899+407 .124859+07 .124B16+07 .124786+07 .124796+07 ,124B83+07 .125101407 .125513407 625572.

124360.

TLL8L90~DSH1



IMSC-D678771

2.3 PERFORMANCE

MAL performance is summarized and evaluated in this section with respect to
design criteria and SKSS requirements. Operation of the active tensioning and

heading control features of the MAL are described.
2.3.1 Operational Sea State

The MAL is required to eonstrain the barge within a watch circle of 400-ft
radius in sea states up to and including the Operational Sea State of 3-year
return period. -The MAL satifies this requirement as indicated by the results
in Table 2-8. fhis design is actually stiffer than requiréd, as the maximum
excursion of 340 ft is 60 ft less than the allowable. Accounting for barge
sway and surge, which are additive to these static excursions, the MAL

stiffness may be reduced at least‘IS percent.

Table 2-8 MAL RESPONSE TN OPERATIONAL SEA STATE

Seaway Seaway Longitudinal Lateral Excursion Leg No. 1 safet
Heading Force Excursion Excursion Tension y
(deg) 6 (£) (£6) (fe) 6 Factor
& (10°1b) (10° 1b)
0 0.38 -291 3 : 291 1.04 2.9
45 0.60 =314 -132 340 1.14 2.6
90 - 0.69 2 -249 249 1.07 2.8

_An anchor leg tension safety factor of 3 is required in this nominal excursion
range. A reduction in tension on the most highly loaded leg as well as an
increase in excursion is realized by a length increase in this leg. Further
iterations in pre-tension and leg length are required to balance stiffness.and
leg tension. The active tenmsioning feature is adequate to adjust leg length

to raise the safety factor to 3 with a reduction in stiffness.
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The locus of barge excursion, shown for the second quadrant in Fig. 2-22, is a
maximum of 340 ft at 23 deg with the sea state at 45 deg. MAL stiffness is
greéter in the longitudinal than transverse directions. Asymmetry is also
expected, although not shown in this figure, in the lateral direction arising
from the 1,000-ft difference in anchor leg length between the landward and
seaward legs. The MAL configuration in this sea state is shown in elevation

in Fig. 2-1.
2.3.2 Extreme Sea State

MAL performance in the Extreme Sea State, as in the Operational Sea State, is
dependent on sea s;éte heading (see Fig. 2-23). The tension safety factor for
beam and head loading exceeds the criteria by 20 percent, allowing for dynamic
tension component due to leg oscillations and dynamic amplification of drift
response. On the intermediate headings, however, the safety factor is less
than the minimum of 2. The lengths are increased on the most highly loaded
legs (see Fig. 2-1), realizable by the'active tensioning capability, résulting
in a safety factor of 2.2 (see Table 2-9). Although platform excursiom is

greatly increased from 704 to 1,157 ft, there is adequate depth below the CWP
inlet to ensure clearance with the seafloor.

"In the high excursion of the Extreme Sea State and with active tensioning the
unloaded, 'down-wind" legs are slack (see Fig. 2=1;, leg 5). The vertical
portion of this leg poses potential interference problems at the chafing chain
on the hull side and with the wire rope segment on the iOWer portion of the
CWP. Horizontal deflection of the CWP in this sea state is required to

evaluate the potential for interference between the CWP and anchor leg.

2.3.3 Survivability

Survivability in the Extreme Sea State as measured by SKSS redundancy is

examined in the highest loading condition of a 45-deg sea state heading. In
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Fig. 2-22 Barge Excursion in Operational Sea State
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Fig. 2-23 Barge Excursion in Extreme Sea State
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Table 2-9 MAL RESPONSE IN EXTREME SEA STATE
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D678771

Seayay Seaway Longituc_linal La tera.l_ Excursion Max Minimum
Heading Force Excursion Excursion (f) Tension Safety
(deg) (1061b) (ft) ,(ft) (106 1b) Factor
0 0.97 -656 17 656 1.34 2.2
30 1.33 -714 -182 737 1.64 1.8
45 1.50 -635 -304 704 1.69 1.8
45 1.50 -1,075 427 1,157 1.34 2.2(a)

90 1.61 6.7 =514 514 1.38 2.2

(a) Active Tensioming

this case the anchor leg lengths are altered, by the active tensioning system

to equalize the load distribution.

The highly loaded leg No. 1 is then

assumed lost and response of the resulting seven-leg MAL is determined.

Active tensioning capability after the loss is assumed to be unavailable.

As summarized in Table 2-10, platform excursion increases by 50 percent and

the minimum safety factor drops 14 percent. The dgsigh criteria for the

survival condition, safety factor greater than unity, is satisfied by the

MAL.

the bottom chain of 944,000 1b.
at least for this configufation

the plane of sea state force is

single leg loss.

with retention of stationkeeping capacity is not determined.

Anchor holding power safety factor is 2 on leg No. 1, with tension in
‘Thus, sufficient redundancy is demonstrated,
of loading and leg loss. Loss of this leg in

assumed to be the most severe condition for a

The number of leg failures’®that can be sustained by the MAL

2.3.4 Heading Control

Platform heading is controllable to a limited extent by the active tensioning

feature of the MAL.

upper segment of each anchor leg, the leg 1eﬁgchs are variable by

approximately + 300 ft (landward legs) and +400/-200 ft (seaward legs).
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Table 2-10 MAL RESPONSE WITH LOSS OF ANCHOR LEG NO.

1MSC-D678771

. -Longitudinal | Lateral Excursion Max. Min
Condition Excursion | Excursion c?fi;on- Tension Safety
(ft) -(Et) (106 1h) Factor
MAL -1,075 =427 1,157 1.34 2.2
Loss of -1,454 ~550 1,555 1.62 1.9
Leg No. | ' ~

The active tensioning operation of paying out and reeling in anchor legs is

effective in reduc¢ing leg ctension.:

However, as shown below, this operation 1is

ineffective in adjusting barge heading. The applied yaw moment in the Extreme

_ Sea State at 45 deg-is .76.4 x 106 ft-1b, with a resultant §5w offset of

10 deg (see Fig. 2-8). Thus the barge rotates away from the seaway, with a

55-deg relative heading between barge and seaway.

In this case active

tensioning results in turning the barge more '"beam-to'" than "bow-to' the

seaway.

Given the high anchor leg tensions, the active tensioning sYstém cannot be

effectively utilized to adjust tension and héading simultaneously in the

' Extreme Sea State.

Heading control is achieved by the transfer-of ‘anchor leg

load to a pendant connected to the anchor leg and to a distant point on the

barge.

‘The heading control system facilitates a zero to ninety deg change of heading

of the platform.

The change is effected by sharing or completely transferring

the anchor leg tension from the anchor leg to a pendant. - One end of the

pendant is permanently attached to the end link at the wire tope to chafing

chain connection.

The other end is connected to a padeye on the platform keel

below the adjacent anchor leg.

Load transfer is accomplished by paying out

the chafing chain on each leg until the pendant is taut and the chafing chain

is slack, This arrangement permits turning the bow seaward from the initial
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Easterly heading in increments to a South Easterly heading as required. This
is compatible with hurricane tracks passing to the South of the moored OTEC
plant. A counterclockwise rotation is effected by hauling-in on the anchor
legs, disconnecting the pendant lines, and reattaching lines on the opposite
'side of each anchor leg. This change necessitates altering some of the
lengths of pendants. The pendant’ arrangement is shown in Fig. 2-2. Pendants
may be supported in midlength on the keel to minimize the catenary swing and

potential interference.
2.3.5 Anchoring

The . load on the first anchor is assumed to be equal to the tension in the
chain at the chain touchdown point on the seafloor. These tensions are
summarized for the worst case condition in Table 2-11 for the Extreme Sea

State, 45 deg heading, with and without active tensioning (see Fig. 2-1).

Active tensioning reduces the maximum tension from 944,000 1b on leg No. 1 to
680,000 1b on leg No. 3, with 1,341 ft of chain on the seafloor between the
touchdown point and the first anchor., The holding power which this length of
chain provides is'ignored, as is the force component of chain weight along the
seafloor, so that the anchor load anchor is conservatively assumed to be
680,000 1b. Chain length is sufficient to prevent chain lift up at the -

anchor. Anchor holding power safety factor is

60,000 1b x 20 (1 + 0.7)
680,000 1b

where the efficiency of the second anchor is assumed to be 70 percent of the
first anchor's efficiency. If the seafloor is composed of clay instead of
sand, then the safety factor is 1.5, The anchors therefore provide sufficient

holding power to prevent slippage in the Extreme Sea State,
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BOTTOM CHAIN LOADS IN EXTREME SEA STATE (45-DEG HEADING) -
Tensxog At Touchdown Length of Chain
Anchor Leg (10° 1b) on Seafloor (ft)

No Act. Act. Tens. No Act. Act. Tens.
Tens. Tens.

1 0.97 0.65 810 . 2,333

2 0.69 . 0.57 1,627 2,372

3 0.40 - 0.68 2,500 1,341

4 0.23 0.37 2,990 1,994

5 0.12 0.07 2,285 2,569 -

6 0.17 0.14 1,940 2,122

7 0.27 0.31 1,487 1,348

8 0.44 0.67 " 959 179

2.3.6 Active Tensioning

The MAL is equipped with the capability to alter the anchor leg lengths and

thereby the leg tension. This capability is useful in the following areas:

o Equalize anchor leg tension to reduce maximum tension and fatigue

loading

Q

O © o o

Equalize anchor loading

Reposition chain on sheave

Alter heading of barge in the seaway

vComéensate for anchor slippage

Inspection of upper segment of anchor leg

The first two areas are illustrated in the preceding sections, for the Extreme

Sea State, wherein the required safety factors are obtained by length changes

in selected legs.

The control of heading is then shown to be feasible by

pendants which are loaded by paying out all anchor legs, effectively

transferring the anchor leg loads to a distant point on the barge, thereby

turning the barge within the MAL array.
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Operation of the MAL active tensioning SKSS is controlled from the bridge by a
central control unit. Active tensioning is initiated when monitoring of the '
anchor leg tepsion shows that mean tensions are rising and approaching or -
exceeding the safety factor for the existing sea state. A prescribed sequence
of pay out and reel in steps are followed until the tensions are adjusted.

The operation is initiated by starting the windlass, taking the load on the
windlass, releasing the chain stopper and powering the windlass for pay out or
reel in, A length change of 100 ft is made in 10 minutes, while the sequence
of changes is expected to be 1 hour or more in duration. Control stations at
each corner of the barge provide for local operation of the windlass pair at
the corner. If heading adjustment is required, then all windlasses are
activated to pay out the necessary length of chain to achieve the desired
rotation. Barge heading is adjusted as required if for example the wave
direction shifts during a storm. These operations are expected to be routine

in sea states up to and including the Operational Sea State.

Active tensioning and heading control in the Extreme Sea State requires
adequate furecasting of the approaching hurricané. As noted in Section 2.1,
the long waves progressing from the hurricane eye reach the barge well before
the storm itself. Barge heading is adjusted as required to place the barge
"head-to" these oncoming waves. If the barge is not abandoned and if the eye
passes the barge, the MAL active tensioning system may be engaged to readjust
the barge heading as required. Note however that the seaway is then likely to
be a multidirectional, confused sea, so that desireable barge heading is less
clearcut., 1If the barge is abandoned, then the system is left in the most '
favorable condition of heading and leg tension distribution. 1In trading the
benefits of heading and leg tension adjustment, the seaworthiness of the barge
and particularly the necessity of maintaining a head seas orientation are
compared with the stationkeeping ability of the MAL in the hurricane. Total
loss of one leg is shown to be noncatastrophic in this sea state. Anchor

slippage is compensated to some extent by reeling in cheain.
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2.4 MAL DESIGN DEVELOPMENT
2.4.1 Anchor Leg Selection

The selection of anchor leg configuration and scantlings is based on the
results of trade studies conducted in the performance of the preliminary
design Task III. Consideration is given to acquisition cost,
state-of-practice in component manufacturing and deployment operations, and

SKSS performance requirements.

Number of Anchor Legs. 1In the first trade study, four wire and chain sizes

are examined to establish the variation of size with number of anchor legs.
Assumed conditions include a zero-sloped seafloor, equal included angle
between legs, constant length of wire rope (3,600 ft) and chain (4,500 ft),
coplanar beam sea forces in plane of first anchor leg, and a 4,000-ft depth.
Performance requirements include 400 ft maximum excursion in 3 year storm,
safety factor greater than 2, and zero angle of pull at anchor. Results,
summarized in Table 2-12, indicate thét more than 14 legs are required for
3.5~in. wire rope, more than 10 legs are required for 4.5-in. wire, 8 legs are
required for S-in. wire, and 6 legs for 7-in. Qire. The number of legs for
the first two cases, based on extrapolation of computed tensions, is 17 and

11, respectively, and these greater number of legs are used in the cost study.

A cost analysis of these designs indicates the relative cost of MAL components
as well as a trend of cost with number of anchor legs. The most costly
component is the windlass, followed by chain, wire rope, anchor and chain
locker. Other components such as fairleaders, connecting links, and chain
stoppers are not included and are-not'expected to affect the conclusions. The
results are illustrated in Fig. 2-24, the calculations are included in
Appendix B. Costs shown are the cost of each component summed for the number
of legs indicated. Wire rope and chain costs are a decreasing function of
number of anchor legs, and conversely, an increasing function of wire and
chain diameter. Windlass costs, assumed.to be proportional to the anchor leg

breaking strength, has a local maximum at 11 legs and decrease for MALs with
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Table 2-12 FOUR MAL SKSS DESIGNS

Wire Rope Chain No. Wire B.S. Excursion
Case Piam B6S. D%am B6S' L:és Tens ion (£e)
(in.) (107 1b)|(in.) |(10° 1b) (3 yr) | (100 yr) | (3 yr) A(lOO yr)
1 3.5 | 1.1 2.9 1.3 14 (17)] = 1.81 - 631
2 4.5 1.9 3.6 1.9 . [10 (11) 2.8 1.95 271 657
3 | 6.0 | 3.0 | 5.1 3.3 |8 3.6 | 2.45 327 | 635
4 7.0 4.2 | 6.0 4.3 6 3.8 2.51 364 717

fewer legs. 1Installation cost is. derived based on relative totalygpchor leg
weight .and length, utilizing the estimate for deployment obtained in Task II
for a 10-leg MAL. This cost is generally a decreasing function of number of
anchor legs. Although the sum of component cost has a local maximum at 10
legs and no apparent minimum in the range studied, the sum of component and
deployment cost indicates lower cost as the number of legs is decreased and
component size is increased. On the basis of this stuéy a. six-leg MAL is
lower cost and therefore favored over an eight-leg MAL. However, the~?-in.
wire rope is twice the diameter of the largest wire rope mooring system in use
today and is therefore considered to be too great an extension of
state-of-practice. Furthermore, a six-leg MAL is not readily arfanged on the
deck for optimum load distribution, Therefore, the eight-leg MAL with smaller
wire rope size and greater arrangement flexibility is selected for further

development.

Angular Separation of Anchor Legs. The arrangement of the eight-leg MAL is

investigated to identify the most advantageous included angle between adjacent
legs. The symmetric, 45-deg included angle arrangement seths as a baseline

for this study.

As shown in Table 2~13, the azimuth of each pair of legs located at each
corner of the barge is varied, as is the angle between legs in each pair.

Symmetry is maintained at each corner of the barge. Environmental
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Table 2-13 VARIATION OF ANGULAR SEPARATION OF ANCHOR LEGS

1 ) Maximum Tension
(deg) (deg) _ (106 1b)
Head Beam
o | 45 - 1.29
30 45 0.99 1.27
30 | 30 0.94 | 1.18
Y 30 0.97 1.12

loading on the barge is both head and beam, coplanar wind, wave, and current
in the Extreme Sea State of 100 year return period (1.6 x 10% 1b). The

15/30 combination reduces the maximum tension in the highest loaded anchor leg
by 13 percent in comparison with the symmetrically arranged legér This

configuration is therefore selected for further analysis on a sloped 'seafloor. .

Since the sea heading is predominantly Easterly, it is possible to consider
adding forward anchor legs and removing aft legs, resulting in an asymmetric
configuration. However, in a Westerly storm (an event with low probability of
occurrence) the aft legs will not provide adequate holding power. Therefore,

the configuration with fore and aft symmetry is selected.
2.4.2 Deck Machinery

Deck machinery is required 'to provide the active tensioning feature of the MAL
SKSS. Several configurations are presented in this section which illustrate

the iterations examined in the design development.

The primary function of the deck machinery is to shorten or lengthen each
anchor leg for the purpose of effecting heading change, load distribution,
etc. The first two configurations accomodate chafing chain in the upper
portion of each anchor leg (see Figs. 2-25 and 2-26). A combination of

dedicated windlass and winch, located in mid-deck or at deck edge, is capable

2-59
LOCKHEED OCEAN SYSTEMS



SWALSAS NVA20 QITMINOT

09-2

ir

CHAIN CHAIN

_ STOPPER  WINDLASS WINCH -
| SHEAVE ol ~(OPTIONAL)

‘‘‘‘‘ -

WIRE ROPE
- (OPTIONAL)

CHAIN
SHEAVE

(1) OPTIONAL WIRE-ROPE-AND-
{ CHAIN-TYPE SHEAVE
(2) OPTIONAL WIRE-ROPE-AND-
. CHAIN-TYFE STOPPER
(3) WINCH WITH SPOOL DRUM

FAIRLEAD :
(CHAIN SHEAVE) ¥

TOV
CHAIN LOCKER

ACTIVE TENSIONING ARRANGEMENT

(OPTION T0 PAY—OUT SEVERAL HUNDRED
FEET OF WIRE ROPE TO FACILITATE
CHANGE OF BARCE HEADING)

Fig., 2-25 Deck Ma'chinei'y Configuration No. 1

T1L48L90-0SW1



SWALSAS NV3IDO0 GIIHADO0T.

S 19-T

WINDLASS

WINCH ,
CHAIN (OPTIONAL) o
STOPPER NG
\\\// '
\ VIRE ROPE
\,/.(CPTIONAL)
~~ W.R./
\ CHAIN (1) OPTIONAL WIRE-ROPE-AND-

FAIRLEAD

(CHAIN SHEAVE)

~_" SHEAVE CHAIN-TYPE SHEAVE

(OPTIONAL) (2 OPTIONAL WIRE-ROPE -AND-
CHAIN-TYPE STOPPER
(3) WINCH WITH SPOOL DRUM
TO CHAIN
LOCKER

- ACTIVE TENSIONING'ARRANCEMENT.

(OPTION TO PAY OUT SEVERAL HUNDRED
- FEET OF WIRE ROPE TO FACILITATE
" ‘CHANGE OF BARGE HEADING)

Fig. 2-26 Deck Machinery Configuration No. 2

1£L8£9Q-OSWT



IMSC-D678771

of hauling in or paying out ﬁhe chain. - The winch located behind the windlass
provide§ for wire rope handling in the event that required anchor leg length
change is greater than chain length. 1In this event the chain-wire connection
is opened after lowering all chain into the chain lockef, the wire-wire
connection completed, and wire hauled in on the winch. This configuration
provides chain-wire capability at relatively high cost and undesirable

disconnect.

The third configuration, consisting of a winch and a set of three fairleaders,
provideé for paying out wire rope to lengthen the anchor leg or optionally for
load transfer to a secondary pendant chain leading to a fixed point on an
adjacent corner of the platform (see Fig. 2-27). In shortening the anchor
leg, the chafing chain 1s hung below decks and disconnected from the-wire at
both ends, followed by wire-wire connection and haul in on the winch. This

design reduces cost by elimination of the windlass but requires a disconnect

for haul in.

The selected configuration, shown in Fig. 2-27, consists of a single
fairleader and windlass located on an overhanging platform at the deck edge.
A chain locker below decks provides storage for 700 ft of chain. This chain
is the upper segment of the anchor leg and is long enough so that wire rope
handling capability is not required for haul-in during anchor leg length
reduction, Wire or chain disconnect is not required and cost is reduced by
replacement of the winch by the windlass. Since a disconnect is not
required, the active tensioning operation is more reliable and safer,

particularly in higher sea states.

An electric-hydraulic drive is selected over an electrically driven windlass.
Although single units are selected to provide independence between anchor
legs, pairing of two windlasses through a common drive may lead to a reduction
in deck machinery cost. A possible alternate to the windlass is a continuous
pulling machine for chain. This concept appears to be feasible and may

provide a significant reduction in cost. Further investigation is recommended.
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'2.4.3 Wire Rope

Wire rope is selected for the middle segment of the anchor leg. The
considerations leading to this selection including strength, weight,
coustruction, service life, cost, and precedent application are discussed in

this section.

The evaluatien of number of legs versus wire strength indicates that a
configuration of few legs of high strength is desirable from overall system
cost. The strength requipement, determined from the maximum tension in the
Extreme Sea State, is 3.0 x 109 1 for an eight-leg MAL. Wire ¥ope '
manufacturing is limited to 100 tons for a single length ot six~strand rope,
and 60 tons for spiral strand. The resulting length limit is 3,360 ft for
continuous, six-strand rope of 6-in. diameter.- A wire rope socket is
necessary if a longer segment is required. "By limiting the wire diameter this
constraint is accomodated in the design. Small wire diameter leads to smaller
sheave and drum diameters. However, the long service life requirement is more
readily achieved with larger diameter wire rope due to corrosion protection

provided by the larger cross sectiom.

Wire rope corrosion life is less significant than bending fatigue and
flexibility in some applications. This conclusion is based on a survey of
operational life of large diameter (3-in.) wire rope in oceén anchoring of
exploratory drillships and pipe-laying barges. Typical wire rope life in the
anchoring of exploration platforms in the North Sea is 2.5 years. These MALs
are deployed and redeployed several times a year for relatively short duration
operations (24 to 42 days). The wire rope often receives mechanical damage
during handling in the rough conditions of the North Sea. Service life in
legss severe conditions is 3 years. Wiré rope lengths running over fairleaders
are often replaced in 12 to 14 months due to broken wires, wear, abrasion, and
fatiguing. Pipe laying barges deploy and retrieve wire rope anchor legs at
high speeds in "walking'" the barge forward. This wire rope, bright

(ungalvanized) and heavily greased, is overheated on the winch drum leading

2-64
LOCKHEED OCEAN SYSTEMS



LMSC-D678771

to reduced fatigue life, A service life of 0.3 to 2 years is typical in this
applicaiion. Wire rope in these applicatidns is therefore fatigue limited,
not corrosion limited, with service life significantly lower than that
required for the OTEC SKSS. Examination of a 3.5-in.-diameter galvanized
steel wire rope utilized in the North Sea for 8 years as a mooring leg
revealed extensive corrosion of outer wires and core. Tensile tests for
residual load indicate a 5 percent redﬁction in original strength. Wire ropes
tested under static load in depths to 6,000 ft retain original breaking
strength if the area deasity of the zinc’galvanizing is adequate,

1.50 .oz/ft2 for a 3-year immersion (Ref.'2-6f:

To avoid the bending fatigue loads and wire hardening over sheaves and winch
drum, as well as high- corrosion and potential of mechanical damage above and
near the splash zone, the wire segment termination to ¢hain on the bargé is
located . at a depph of 100 ft or greater., This approach is more likely to lead
to realization of full service life of the wire rope than leading wire over

sheaves to a winch on the barge.

Alternative constructions to the six-strand wire are the spiral and
locked-spiral strand ropes. These ropes provide a smaller diameter for a
given breaking strength, albeit at a cost of 2 to 3 times six~strand rope.

The locked spiral does not unravel from a broken wire, provides sealing of the
inner wires and therefore greater corrosion resistance, requires a

24-fr-diame ter sheéve for a 5.5~in.~diameter Qire, and 'is limited to 60 tons
for production of a single, continuous segmenc; The six-stranded wire is
selected because of lower cost, smaller diameter sheave required for

deployment, and availability of a single, continuous segment.

Corrosion protection is provided in the six-strand rope by galvanizing of the
bright, extra improved plow steel. This material is selected over stainless
steel; the latter is approximately four times as costly and experiences stress
corrosion in seawater. An extra coating of zinc is optional in post-

construction finishing to cover wires abraded during construction. This
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option, an alternative to lubricating the rope with grease, requires further °
investigation. A second option is to attach sacrificial anodes to the wire’
during deployment. Anode mass and spacing are sized to prolong the wire rope

life through reduction of wire corrosion (Ref. 2-7). .

Further corrosion prﬁtection may be provided by sheathing of the wire rope
with a polyethylene jacket. At the present time, maximum sheathing diameter
is 5 in., although an increase in capacity is planned. The sheathing seals
the wire rope from seawater unless 1t is damaged during handling, in which
case corrosion will occur in the wire adjacent to the damaged sheathing. A
comparison. of the cost of unsheathed versus sheathed wire indicates that
sheathing is cost effective if it provides a service life greater than

13.5 years in comparisonvto 10 &ears for the expected service life of
unsheathed wire. The potential for extended wire rope service life, possibly
to the 30-year SKSS design life, warrants further investigation of sﬁeathing,
particularly in the effects of the gripper type deployment winch on sheathing

and prevention of and detection of sheathing damage. :

2.4.4 MAL Without Active Tensioning

To assess the cost effectiveness of the active tensioning portion of the MAL,
the wire rope and .chain diameter are increased to provide adequate strength in

the Extréme Sea State, assuming no active anchor leg :length adjustment.

The loading direction which results in maximum tension is ‘45 deg. This

condition results in a maximum tension of 1.72 x 10% 1b in leg No. 1.

Condition: Extreme Sea State, 45 deg off
. Starboard Bow
Wire: ‘ 6.25 in.
Chain: a 5.38 in.
Wire Tension Safety Factor: 2.0
Chain Tension Safety Factor: - 2.24
2-66
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The estimated savings in aqquisitibn cost of this design is 15 percent (~$3M)
of the design with active tensioning; half of the savings arising from
deleting the windlasses is lost to increases in wire rope and chain
scantlings. While the redﬁced maintenance cost may be added to this savings,
additional costs will arisé from service such as resetting of anchors after
slippage, reduced fatigue life of wire rope, and loss in production due to
OTEC plant shutdown duringfperiods of excessive roll motion. With a rate of
50 mills/kWh and a 75-percent availability, the value of electrical production
is $1,500/hr, leading to a loss of $3M.for 84 days of shutdown beyond the
assumed availabiflty. Note that this shutdown period is 0.0003 percent of the
30-year service life. The ‘electrical riser cables are torque loaded by barge
yaw, a rotation which may ﬁe reduced by active tensioning in the lower sea
states if this loading is more significant in terms of ‘availability, than 1is
maintenance of head sea orientation. Although difficult to assess, it 1is

certainly feasible that such costs may exceed the savings in acquisition cost.
2.5 MAL COMPONENT SIZING AND SELECTION

The loads analysis of Section 2.2 and the design requirements of Task I
establish the criteria for the selection and sizing of MAL components. The
maximum line tension of 133.5 kips in the Extreme Sea State with a dynamic
loading of at least 10 percent and a safety factor of 2 yields the design load:
of 3000 kips. The maximum design operating load is 2,510 kips. The sizing
and selection of the MAL components using the above criteria are presented as

follows.

Anchor. The maximum pull at the anchor for a 100-year storm is 664 kips. The
required anchor holding power including dynamic loading, with a safety factor
of 2.0, is 1,460 kips This value satisfies the requirement of being one half
of the line breaking strength. Two 60,000 pound anchors in tandem provide a
maximum holding ﬁower of 2,040 kips with the anchors embedded in sand and a
minimum of 918 kips in mud. Subsequent seafloor sediment sampling and shear

strength testing is required for final selection and design of the anchors.
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The tandem arrangement is selected to provide redundancy aﬁd reliability to
the system. Under ideal conditions, one anchor alone can provide a maximum
holding power of 1,200 kips which is nearly twice the anticipated stati¢ pull
on the anchor fo; a 100 year storm. Furthermore, considergtion of the

selection included the fact that a 60,000-1b anchor is presently manufactured.

Chain. .The maximum-static chain tension anticipatéd during a 100 year storm
is 1,119 kips. The 4-7/8 in. diameter, Grade 4 chain has a breaking stremgth
of 2,932 kips. This results in a factor of safety of 2.0. The length of

- chain is established by the depth of the anchof. The wire rope change—oué
operation requires raising the end of the chain above the water surface to
facilitate replacement of wire rope. Lifting Lhe chain above the dcepeat ‘
anchor imposes a load of 1,130 kips. The maximum load on the chain is

1,234 kips when the two 60,000 pound .anchors are being deployed at maximum

depth. This constitutes a factor of safety of 2.4 excluding dynamic loading.
Wire Rope. The 5-3/4 in. diameter wire rope breaking strength of 3,000 kips
is at least twice the maximum 100 year storm static tension of 133.5 kips. A

corrosion rate of three to six mils a year at depths below 200 ft is assumed.

Chafing and Pendant Chain. The design load on each of these chains is

3,000 kips. The same as the wire rope. The physical dimensions of the chain
are identical to the anchor chain; however, the breaking strength is increased
from 2,930 to 3,000 kips by modification.téfthe steel alloy. The length of
each of the chains is selected to provide the optimum pay out and haul in to
provide the active tensioning and change of heading operation where the barge
is rotated as much as 90 deg. For a 100 year storm with the weather ‘at 45 deg
from the starboard bow or stern the loads on anchor legs one and two or three
and féur become excessive. Therefore, in anticipation of thé 100 .year storm,
two anchor legs are payed out as much as 503 and.303 ft and two legs are
hauled in as much as 400 and 200 ft. Detailed configurations and loads on the

anchor legs are as shown in Fig. 2-1l.
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Chafing Chain Fairlead. The fairlead design is based on a 1,500 kips chafing

chain tension at a maximum of 45 deg from the horizontal. The resultant force
on the sheave assembly is 1,148 kips., Material selected for the assembly is
A36 steel with a yield strength of 36,000 psi. Allowable stress levels are 60
percent of yield for tensile stresses, 75 percent for compressive and 40
percent for shear. The five whelp wildcat design with a 67-5/8-in. critical
pitch diameter is required to preclude chain bending. Details of the design

aré as shown in Fig. 2-3.

Windlass. The windlass, requires a small extension to the state-of-the-art;
however, the responses from the manufacturers indicated that they are equipped
to custom design and/or modify their standard equipment for this particular

application. The basic specification for the windlass is as follows:

Chain size - 4-7/8 in. diameter

Wildcat - five-whelp design

Wildcat brake holding power - 3,000 kips

Chain stopper (integral to frame) - 3,000 kips
Horsepower = 455

Two~speed gearbox - 10 and 20 fpm

Haul-in characteristics:

Low speed - 10 fpm at 1,500 kips
High speed - 20 fpm at 750 kips

Lock pawls release at 3,000 kips controls:

- Complete control from local stand
Complete control from remote station
Emergency release from remote station

Continuous static and dynamic tension readout (recorded) and speed
indicators

All controls are electrohydraulic for high reliability

Chain Locker. The volume of chain locker space to store 600 ft of chain is a

function of the stowage factor. Stowage factor is defined as the ratio of the
volume remaining over the total volume available when the stowed material

occupies a most compacted volume within the available space: 600 ft of chain
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occupies approximately 440 cubic ft when neatly arranged. A stowage factor of
80 percent results in a chain locker space of 2,200 cubic ft. This is five

times the compacted volume. The chain locker volume is 10 ft x 10 ft x 24 f¢t.

Deployment Windlass. The requirements for the anchor lowering windlass on the

workbarge are identical to that of the platform windlass., The anchor lowering

load is 1,234 kips. The design load for the windlass is 1,500 kips.

Deployment Linear Winch, The continuous pulling machine for wire rope on the

deployment workbarge requires minor extension to the state-of-practice. The
Lucker Manufacturing Company has developed numerous models of continuous wire
rope pulling machines. The largest machine tov date is capable of pulling a
5-in,-diameter wire rope at 1,000 kips at 10 ft per minute. Increasing the
wire rope diameter to 5+3/4 in. and line pull to 1,400 kips at 10 ft per
minute requires a slight modification to an existing design. The continuous
pull machine pulls the rope with a continuous, steady motion., There is no
limit to rope length which can be pulled in this manner because the machine
can be adapted to pass coupled ends through the grips. The force of pull and
speed are adju;table in ranges from zero to the machine's maximum. A load
gauge on the control panel displays the actual pounds beinglpulled on the rope
at all times. At any time during a pull, the rope can be stopped under load
and held staciohary. With a push of a button the pulling operation can be
restarted and continued. The machine can also be stopped and reversed to feed

out wire rope and relieve tension.

Storage Reels on the Workbarge. Two 10 horsepower storage reels facilitate

pay-out and reel-in of 3,400 ft maximum of 5-3/4~in.-diameter wire rope. The

physical characteristics of the storage reel are as follows:

Drum diameter -88 1in.

Drum length _ 152 in.

Line speed : " 10 and 20 fpm

Line tension 33,000 1b at 10 fpm
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Line tension ' 16,500 1b at 20 fpm
Brake capacity : 50,000 1b
Horsepower ' 10

Workbarge Thrusters. Three workbarge thrusters are capable of maintaining a

bollard pull of 226 kips during the deployment of a seaward anchor leg with a
range of 6,000 ft between the platform and the deployment workbarge. Two of
the thrusters are mounted aft, each capable of 85,000 lb thrust. The thivd is
mounted forward for heading control and contributes 60,000 lb of thrust while
operating 45 deg off the line of pull port or starboard. Each thruster is
rated at 3,400 horsepower. Speed is variable between O and 180 rpm. A fourth

thruster is added to provide redundancy and additional thrust underway.

WOrkbarge Diesel Generator. Power to the workbarge deployment equipment 1is

‘provided by the 8 megawatt, 440 volt, three-phase diesel generator. The
maximum generated output during deployment includes windlass and winch
operations, one of the storage reels in operation and the running of the three
thrusters. The diesel generator rated at 8 meéawatts provides 95 percent of
the rated output for the above operations simultaneously. The deployment

equipment on the workbarge is rated as follows:

Thrusters (3) 3,400 hp
Linear winch : 455 hp
Windlass 455 hp
Supply storage reel 10 hp
Auxiliary storage reel 10 hp
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2.6 ANCHOR LEG DEPLOYMENT AND RETRIEVAL

The equipment and procedure for deployment of the anchor legs and subsequent

retrieval at the end of the service life are presented in this section.
2.6.1 Deployment Workbarge

The workbargé characteristics, deck equipment, and arratigement are showu iu
Fig. 2-28, The system meets the requirements to pay out the wire rope segment
and to lowér thé anchors and chailn while waiutaiuing a bollard pull of

226 kips. The distance of the anchor drop from the platform is 5,000 ft
landward and 6,000 ft seaward. The maximufm anchor depth is 5,680 ft. The
combined static and dynamic design load on the 500-hp windlass is 1,375 kips.
There is a 2.4~deg change of trim when the full chain length and two anchors
are supported by the windlass. Two fixed thrusters are mounted aft and two
rotatable thrusters are mounted forward for propulsion and heading control.
Each thruster is rated at 3,400 hp for 85,000 1b bollard thrust, The
continuous pulling machine (Lucker Winch) for wire rope facilitates
restraining maximum line tension of 1,400 kips while paying out wire rope at
10 fpm. The machine is reversible, allowing wire rope haul in at the same
load and speed. Two 10-hp wire rope reels provide stowage for the anchor leg
wire rope and auxiliary wire rope. The latter provides the length to span the
range from the platform to anchorvlocation. A 15-ton crawler crane
facilitates faking the chain on deck during loading operations and during

controlled lowering of anchors and chain.
2.6.2 Deployment Procedure

Loading. The workbarge is moored dockside for loading of'a single anchor leg
and deployment support material. The loading operation sequence outlined

below is repeated after deployment of the first anchor leg and sequentially
until the eight legs are deployed..

o Use of dockside crane and 15-ton crawler crane to load and fake the

anchor chain (5,880 ft, max) on the workbarge deck.
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LMSC-D678771

o Threading the leading end of chain under the wire rope and chain

combination sheave and over the windlass wildcat.

o Loading of two 60,000-1b anchors and the 100 ft of connecting chain.

o Transfer of wire rope from dockside supply reel to workbarge storage

reel.

o Transfer of auxiliary wire rope from dockside supply reel to workBarge

auxiliary wire rope storage reel (one time only).

o Loading of 170-ft load transférring wire rope (one time only).

o Loading of 5,000 gal of diesel fuel.

Deployment Sequence. The order in which the eight anchor legs are deployed is

dependent
first leg
platform.

resultant

on the resultant wind, wave, and current force on the platform. The
selected is in line with the resultant vector, directed toward the
Accordingly, the second leg deployed is next closest in line to the

vector. The third and fourth legs are opposite to the first and

second, respectively. The remaining four legs are then deployed and set.

Deployment- Procedure. Deployment consists of workbarge loading at dockside,

transit to and from the deployment -site, anchor leg lowering, and anchor

setting.

The anchor 1owering operation is estimated to require 15 hours and

is completed in déylight. The pfocedu}e to deploy the first anchor leg is as

follows:

1.

2.

The loaded workbarge is moored alongside the platform oucboard of
the anchor leg fairlead. | .
The two anchors with the 100-ft connecting chain is lifted by the’
platform pedestal crane and hung overboard by the anchor chain on
the windlass.

A 170-ft length of wire rope is connected to the chain from the
platform windlass. The rope is placed in the grips of the linear
winch for pay out from the workbarge.

Mooring lines are released. Thé workbarge is headed out to sea
under the anchor dfop pdint while the 170-ft wire rope is payed

out. Tugs assist moving the platform and barge.
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11.
12.

l4.

15.

16.

17.
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Anchor lowering via the windlass commences as soon as the workbarge
is headed out to sea.

Connection is made between the 170-ft wire rope and the wire on the
storage reel with-an end link befween the wire rope sockets. Pay
out of wire rope commences from Lhe storage reel.

Pay out of'wire rope through the linear winch continues until the
storage reel is emptied. The wire rope is then secured while the
workbarge is acoustically pecitioned tnr anchor luwering:

Final acoustic positioning is established before anchors are lowered
fo the seafloor. '

Monitoring the load sensor on the windlass, the anchors are landed

in sequence while paying out chain and moving toward the platform.,

The anchors are sét siibsequeul to landing and befare entire chain

length is on seafloor.

The chain stopper is engaged when the wire-rope-to-chain connecting

link is above the stopper.

The wire-rope-to-chain connection is made, operating the linear

winch as necessary to facilitate the connection,

The load on the lineat winch is relieved and the grips of the winch

are reversed for passing wire rope in the opposite direction.

~ The load is transferred from the chain stopper and the windlass to

the linear winch.

The workbarge is powered toward the platform with‘the winch and
‘thrusters until the wire rope socket-to-socket joint with the 170-ft
wire rope is just below the windlass wildcat. The wire rope is then
secured by the linear winch and the wire rope stoppér.

The workbarge is moored alongside the platform, and the slack chain
is disconnected from the wire rope.

The chain is payed out from the piatform windlass along the
workbarge deck and connec ted fo the end link between the wire rope
sockets outboard of the windlass.

The wire rope stopper is opened. The wire rope is payed out with

the linear winch to transfer the load from the wire rope to chain.
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18. The chain is hauled in while the workbarge is moved inboard and to
port of the anchor leg. When tﬁe'chain lifts off from the workbarge
deck, the chain is hauled in as required to facilitate disconnecting

the 170-ft wire rope from the end link.

Deployment of the second up to the eighth leg is identical to the above
procedure except for the insertion of the auxiliary wire rope between the
170-ft and the storage reel wire rope segments. This alﬁers the procedural
steps between 6 and 7. After each leg is deployed, the workbarge returns to
port for dockside loading of the next leg to be deployed. The line tensions
in the equilibrium (no environmental load on platform) conditiom as shown on
Fig. 2-1 provide the leg tensions that are realized for proper anchor set.
Platform station is maintained by tugs until MAL installation progress is
sufficient to permit removal of the tugs. A standby tug is provided
throughout the deployment sequence to provide emergency bollard pull in the

event of power loss on the workbarge.

Error in Anchor Deployment. This error is dependent on the accuracies of the

anchor lowering operation and the predicted anchor setting distance. The
error in anchor deployment is determined and minimized through conduct of the
development test program recommended in Task IV, Following the test program,
the expected tolerance of locating the anchor touchdown point and the maximum
predicted anchor set distance are added to determine how much the anchor leg
is shortened. The anchor leg is then shbrtened by 80 percent of this amount.
This allows the system to be compensated by taking in 20 percent of the
maximum error or paying out 80 percent of the maximum error. The addition of
chain is prefe:ablé to the shortening of wire rope once the anchor leg is
deployed. If the allowable set distance or touchdown location is not
achieved, or if the anchors do not set as indicated By low leg tension, then
the anchor leg is'red;ployed.' The deployment operation is reversed with the
auxiliary wire rope inserted. The procedure is similar to changeout of wire

rope except in addition the anchors are lifted off‘tpenseafloor and replanted.
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2.6.3 Retrieval Operation

The MAL SKSS is to be removed from the seafloor at completion of thé 30-year
service life. The anchor leg retrieval procedure is a modified version of the
changeout procedure combined with a modified reversal of~the initial
depioyment procedure. The workbargeé is arranged as for deployment but with,

the supply storage reel empty.

After the wofkbarge is over the anchor, the procedure to haul in the anchors,
chain, and wire rope is the reverse of the deployment procedure except for
breaking out of the anchors. Acoustic positioning.is not required in this

procedure. The procedure is as follows:

1. The workbarge is moored to the platform in the vicinity of the leg
scheduled for retrieval.

2. The platform windlass hauls in on the chafing chain of the leg until .
the connection bétween the chafing chain and the anchor wire is
clear of the water and above deck'height of the workbarge..

3. The workbarge is then maneuvered un&er the connection and the
connection is lowered to the deck alongside the windlass.

4. While paying out 150 ft of chain, the barge is moved bucboard in.
line with the anchor leg. The barge is securely moored to the
platform in this orientation.

5. The 170-ft of load transfer wire rope (stored on the wdrkbarge) is
then layed in the linear winch, gripped, threaded under -the sheave,
hung over the wildcat and connected to the end link of the wire rope
and chain connection.

6. With .the workbarge moored to the platform, the anchor leg .chain is
payed out to transfgr the load to the linear winch. Using the
linear winch, the wire fope is hauled in until the connection is
outboard of the windlass. The chain is.disconnédted and hauled in
to facilitate reconnection at the other end of the 170-ft wire
rope. The chain is reconnected to the wire rope and the slack taken

up. Mooring lines are gradually relieved.
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The anchor leg is hauled in until the wire-rope-to-wire-rope
connection is inboard of the forward heavy duty cable grip. The
forward and aft heavy duty cable grips ‘are engaged. The linear
winch is then unloaded and the 170-ft wire disconnected at the
forward cable grip. '

The grips on the linear winch are reversed to pay out wire rope from
the after end. The auxiliary wire rope from the storage reel is
connected to the 170-ft wire, The load is then transferred from the
aft cable grip to the linear winch.

The workbarge procee&s to a point over the anchor as the auxiliary
wire rope is passed through the linear winch.

When “the end of the auxiliary wire is reached, the wire is connected
to the wire rbpe stopped at the forward heavy duty cable gripf

Slack is taken up. '

The workbarge proceeds toward a point over the anchor as the wire is
pulled through the linear winch. '

Thruster power is increased as the workbarge approaches the anchor
point.‘

When the connection between the cable and anchor chain is inboard of
the chain scopper‘on deck, the load is transferred to the chain
stopper on deck and the windlass. '

The aft cable grip is engaged on the wire rope.

The wire rope is disconnected from the chain and attached to the
supply reel drum to facilitate haul in.

The chain is hauled in b& the windlass and faked on deck, assisted
by the crawler crane. The anchors are left hanging over the side
until they are hoisted onboard with the platform crane.

The wire rope is hauled in and wound on the supply reel. This is
done concurrently with Step 16.

When the wire rope end is hauled in, the auxiliary wire.rope is
disconnected from it and wound on the auxiliary wire rope reel.

The workbarge moves toward the platform with the winch and thrusters

until the wire rope socket-to-chain connection is just upstream of
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the wire rope sheave. The wire rope is then secured by the grips of
the winch and the wire rope stopper.
20. The workbarge is moored to the platform, the chain is slackened and

disconnected from the wire rope. Anchors are lifted onboard.
Retrieval of the second leg up to the seventh lég is identical to the above
procedure. The eighth leg does not require the use of the auxiliary wire
rope. After each leg is retrieved, the workbarge returns ra part for dockside
unloading of wire rope and chain.
2.7 INSPECTION, MAINTENANCE, AND REPAIR

2.7.1 1Inspection

Above the Waterline. Inspection of elements of the stationkeeping subsystem

which are installed on the platform or are situated above the waterline permit
simple periodic visual examination of the anchor windlass equipment and the
mooring cable running to the watefline. Such inspections are the
responsibility of the platform crew and are carried out by the assigned anchor
watch and anchor detail. The anchor watch is a continuous watch rotating
every 4 hours over a 24-hour period. The waéch.stander is required to sight
and log load cell load readings on each of the eight anchor legs every hour.
These readings are displayed on the bridge. 1If any reading exceeds redlined
limits, the anchor detail mans their stations for adjustment of anchor leg
tensions. Functional inspection of the anchor windlass equipment is made once
each day during the forenoon. Tﬁis'inspection is made by the anchor detail
during the morning watch period. The inspection consists of providing power
to the anchor windlass of each anchor leg. The wildcat on each leg is loaded
sufficiently~to take the load from the chain stopper; the load is then
returned to the stopper. Once each week the functional inspection
additionally requires taking the load successivély on each wildcat, tripping
the chain stoppers, and walking out each chain a distance of 50 ft. The
chains are then returned to their prescribed position and the load is again

1

. transferred to the chain stoppers. ] !
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Below the Waterline. Inspéction of the elements below the waterline is

accomplished by.divers, or by manned or remotely controlled submersibles. The
primary tool for deep underwater inspection is a remotely controlled
submersible. A limited diver capability is part of the crew structure in
order to accomplish inspection of the underwater portion of the platform.

This capability is also used for shallow water inspection of each anchor

leg with hand held TV cameras to assist in visualizationm.

Visual inspection to depths of 6,000 ft by submersibles now in the ocean
industries inventory is feasible. Examples of two vehicles with deep odean
capability are the manned Arms Bell (3,000 ft) and the remote controlled
MS-6000 (6,000 ft). Although the Arms Bell is currently limited to 3,000-ft
depths, it does providé for direct visual inspection (and parallel TV
inspection) of the anchor legs to sufficient depth to provide for inspection
of representative segments and thus, by extrapolation, a means for evaluating
the condition of the entire leg. The MS~6000 provides for remote TV viewing
and even some limited work to dépths of 6,000 ft.. Both of these tools are
owned and operated by Oceaneering International, Inc., of Santa Barbara,
California. A third tool of particular note is a magnetic inductance vehicle
with the capability of providing for an NDT-type inspection. This tool gives
an indication of wire strand failures in the wire portion of the legs, not
detectable by the human eye or TV viewing, thereby providing warning of wire
degradation. The tool.can readily be attached to the anchor cable and by use
of a simple control line it is lowered down the leg and retrieved while
providing readouts of- the wire's condition. This tool is under development by

Noranda of South Yorkshire, England.

The capability to conduct the foregoing inspection is provided outside of the
: g g % P
platform crew structure. Contractural arrangements are established on a

routine and on a call basis. The recommended schedule for such services is:

a. Immediate post deployment inspection: This provides:
o Conpinuatibn of compliance with the mooring plan

o Signature or base informdtion for subsequent inspections
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o Initial training and determination of adequacy of the inspection
plan
b. Two years after initial deployment
c¢. Five years after initial deployment
d. Eight years after initial deployment
e. Interim inspections may be required if the SKSS ié subjected to

unusual stress such as heavy storms.

2.7.2 Maintenance

Above the Waterline. SKSS equipment installed on the platform is maintained

in the manner prescribed by the manufacturer. The schedule for auch
maintenance is also in accordance with the manufacturer's instructions. The
machinery controlling each anchor leg is, except for the exceptionally high
load requirements, common to the marine industry and thus introduces no new or

extraordinary maintenance tasks.

The elements of the anchor legs above the waterline are blasted and recoated
every 6 months to arrest corrosion. Portions of the chain that are
immediately below the waterline and subject to air exposure due to heave
receive similar treatment. These latter portions are made accessible during
the period of funétional inspection checks requiring movement of the anchor
chafing chain. Care is élso taken ‘to ensure that the point of contact between
the chafing chain and the platform is changed during the weekly functional
inspections. Color coding contact points will facilitate this operation.

These tasks are within the scope of shipboard maintenance.

Below the Waterline. Except for stress relief and the maintenance prescribed

for portions of the chafing chain below the waterline no other maintenance is
applied to the legs. Design provides for a life cycle of 30 years for anchor‘
chain and 10 years for the wire portion, Replacement of this latter element
is discussed under the heading of Repair. Wear and abrasion observed on the

chafing chain provides an indication of the condition of the anchor chain.
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2.7.3 Repair

Above the Waterline. As in the case of maintenance requirements, machinery

repair procedures are in accordance with the manufacturer's instructioms.
Minor repairs are effected by the platform crew with major repairs being
accomplished by base support personnel, Repairs to the chafing chain may be
required by virtue of its constant action on the fairleader and windlass.

Worn sections can readily be replaced by the platform crew,

Below the Waterline. Because of the depths.involved it is impractical to

consider that any effective repairs can be made to an anchor leg other than
replacement of the failed or degraded element. Because the wire portion of
the anchor leg is the only element which does not meet the 30-year life cy;le
requirement, this element requires 'repair by replacement' prior to the
expiration of is designed 10-year life cycle. The procedure to accomplish

this task follows.

Replacing the Wire Component of the Mooring lLeg. When replacement of the wire
component of the mooring leg becomes necessary, the work barge used for
deployment of the legs is used in a modified reversal of the initial

deployment procedure as follows:

When replacement of the wire component of the anchor leg becomes necessary,
the workbarge used for deployment of the legs is used in a modified reversal
of the initial deployment procedure. The workbarge modification includes an
additional heavy duty cable grip at the after end and the relocation of the
aft wire rope reel to the after end of the linear winch. This reel is for
storage of the replacement wire rope. After this reel is payed out, it is
returned to its original position to haul in the auxiliary rope. The other
reel is used to store the auxiliary wire rope-and to haul in the "old" wire
rope after it is payed out. The modification is shown in Fig. 2-29. The

procedure for wire rope change-out is as follows:

1. ,The workbarge is moored to the platform in the vicinity of the leg

scheduled for replacement
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The platform anchor windlass hauls in on-the chafing chain of the
leg until the connection between the chafing chain and the anchor
wire is clear of the water and above deck height of the workbarge.
The workbarge is then maneuvered under the connection and the
connection is lowered to the deck alongside the windlass.

While paying'out 150 ft of chain, the barge is moved outboard in
line with the anchor. The barge is securely moored to the platform
in this orientation.

The 170 ft of load transfer wire rope (stored on the workbarge) is
then layed in the grips of the linear winch, gripped, threaded under
the sheave, hung over the wildcat, and connected to the end link of
the wire rope and chain connection.

With the workbarge moored to the platform, the anchor leg chain is
payed out to transfer the load to the linear winch. Using the
linear winch, the wire rope is hauled in until the connection is
oﬁtboard of the windlass. The chain is disconnected and hauled'in
to facilitate reconnection af the other end of the 170-ft wire

rope. The chain is. reconnected to the wire rope and the slack taken
up. Mooring lines are gradually relieved.

The anchor leg is-hauled in with the linear winch until the
wire-rope-to-wire-rope connection is inboard of the forward heavy
duty cable grip. both of the forward and aft heavy duty cable grips

are engaged. The linear winch is then unloaded and the 1707ff wire

_disconnected at the forward cable grip.

The grips on the linear winch are reversed to pay 0ut'wire rope from
the after end. The auxiliary wire rope from the storage reel is
connected to the 170-ft wire, The load is then transferred from the
aft cable grip to the linear winch.

The workbarge moves toward the anchor location while the auxiliary
wire rope is payed out through the linear winch.

When the end of the auxiliary wire is reached, the wire is then
connected to the '"old" wire rope stoppered at the forward heavy duty
cable grip slack is taken up.
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The workbarge continues moving toward the anchor location as the
"old" wire is pulled through the linear winch.

Thruster power is increased as required as the workbarge approaches
the anchor location. ’ A

When‘the connection between the ''0ld" cable and anchor chain is .
inboard of the chain stopper on deck, the load is-transferred to the
chain stopper and the windlass. ,

The aft heavy duty cable grip is engaged on the "old" wire rope and
thé.linear winch is relieved.

After the grips are reversed on the winch, the replacement cable
from the storage reel is placed in the grips and contected to the

anchor chain. The anchor chain load is transferred from the

- .windlass and chain stopper to the linear winch.
16.

The replacement cable is then payed out. When the end of the wire
rope is reached, the forward heavy duty cable grip is engaged, after
which the winch is relieved and the cable set aside.

The grips of the linear winch are reversed. and the "old" wire rope
is layed in the grips.

The "old" wire is hauled in and wound on the auxiliary wire rope
reel.

The empty storage reel is moved from its forward prsition to aft im.
front of the auxiliary wire rope reel.

When the end of ‘the "old" wire rope is reached, the auxiliary wire
rope is hauled in and wound on the storage reel in front of the
auxiliary reel. .

The procedure to complete the wire.rOpe changeout is identical‘tb

the deployment procedural, Steps 14 through 18.

.Changeout of the remaining legs is identical to the procedure described for

leg No.

After each wire rope 'segment 'is replaced, the workbarge returns . to

port for unloading of "old" wire and loading of replacement wire rope. The

auxiliary wire rope is reused. Setting of the anchors is established with the

use of the windlasses and load cells.
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2.8 INTERFACES

SKSS interfaces with other OTEC systems are presented in this section
primarily to identify the potential interference between the SKSS and the

platform, CWP, and riser. cable.
2.8.1 Platform

The windlasses require platforms which extend the main deck 9 ft at each
corner of the barge. These windlass platforms interfere with the deckhouse in
the aft portion by as much as 9 ft. Platform structural scantlings below the
platforms must be increased to support the weight and mooring loads. The

large fairleaders on the barge sides require adequate foundation structure as
well. '

Below deck the chain lockers interfere with certain spaces between the main
deck (El. 89) and the second deck (El. 65). Aft on both sides the chain
lockers interfere with electrical and engineering workshops (El. 65) and
future electrical spaces (El. 77). The chain lockers forward interfere with

platform equipment and thruster access spaces port and starboard.

2.8.2 CwP

The anchor legs are generally well clear of the CWP in all but the Extreme Sea
State. In this comndition the active tensioning required to reduce leg tension
causes leg No. 5 to be "slack' (see Fig. 2-1). This leg is '"down current" and
is 275 ft from the CWP inlet. The leg and CWP will touch if the CWP deflects
in the current and or the dynamic oscillations of CWP and MAL are of

sufficient magnitude and phasing to result in relative motion of 275 ft. 'This .
leg is essentially vertical at the platform so that the chafing chain is

likely to contact the barge side plating.
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2.8.3 Riser Cables

The watch circle of the barge is restricted by the éllowable bend radius and
tensions in the fiser cable., Several riser cable concepts are presented in
the Task II report which are compatible with the MAL. The direct descent
catenary cables attached to the barge on the landward port side and descending
to the seafloor between anchor legs A and 7 provide the least poteutial fur
intérfefence between the MAL and ETS. The distance bétween the anchors on
these legs is 2,800 ft, which would appear to be adequate to locate four riser
cables connected to submarine cables on the seafloor, approximately 2 miles to
shore, Tﬁe touchdown point of the anchor legs is 1,700 ft to seawagdAof the ~

riser cable touchdown point, minimizing cable-anchor leg interference.
2.9 SENSITIVITY TO REQUIREMENTS

The sensitivity of the MAL to design requirements is discussed, particularly

in the area of environmental forces, depth and watch circle variation.

2.9.1 Forces

MAL sensitivity to errors in environmental load magnitude is examined by
assuming that the wave drift force is exceeded by 25 perceul of theé design
mean wave drift force in the Extremé Sea State. In this sea state the
resultant force increase is 160,000 lb, thch, added to the total force of
1.61 x 106 1b, causes an increase in leg tension of 160,000 1b. The
resultant safety factor is 2 with active tensioning applied to increase anchor
leg length, and 1.6 without active tensioning. This level of sensitivity
highlights the importance of adequately predicting wave drift force. 1In
addition, other loads of lesser magnitude such as vortex-induced loads on the
anchor leg require further investigation in establishing anchor leg fatigue
life. While the MAL has sufficient strength for loads higher than the design
loads, the design safety factor is not realized for loads in error by more

than 25 percent of wave drift force, or 10 percent of total sea state force.
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2.9.2 Water Depth

The effect on the MAL of increasing water depth is to increase the required
length of anchor leg. The longer the anchor leg, ﬁhe greater the vertical
component of tension at the barge. This penalizes the MAL since a éreaCer
fraction of the wire and chain breaking strength are requlred to Support self
weight. The 11m1t1ng depth is the depth at which the chain can Just Support
ite weight. This depth is approximately 7,000 ft during wire rope replacement

with an adequate safety factor.

In the case of a bottom slope of 15 deg, an increase in water depth from 5,140
to 6,140 ft results in a decrease in range to the anchor of 700 ft (5,§OO to
4,300 ft) for constant horizontal resﬁoring force (Section 2.2.2).

Considering that the longest chain is 5,880 ft in this design with a mean
water depth of 4,000, it is estimated that the limiting mean depth for the MAL
is approximately 5,100 ft. This depth is greater if the sea floor is not
sloped. ' . o

' 2.9.3 Watch Circle

The MAL is designed to constrain barge excursion to less than 400 ft in the

* Operational Sea State. Maximum excursion is 340 ft with a horizontal tension
component of 300,000 lb; If the watch circle requirement is made lessl
restrictive, this tension can be reduced with an equivalent redﬁctidn in
anchor leg scantlings. ForAexample, doupling the allowable excursion to

800 ft, or 20 percent of water depth, reduces the horizontal tension to
100,000 1b, or a 67-percent reduction of the design value. This leads to a
23-percent reduction in maximum tension if wire rope and chain size are
unchanged. A reduction in the vertical tension component is achieved by
reducing the cross-section of wire and chain. Although some reduction may be
realized, the requirement to provide an adequate safety factor in the Extreme
Sea State remains. Cltlng the example of the alternate MAL design '
(Section 2.4), there is relatlvely lxtcle sensitivity of MAL size and cost to

allowing greater watch circle.
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2.10 COMMERCIAL PLANT SKSS

The applicability of the MAL Active Tensioning SKSS to the AOO-Mw(e)
Commercial Plant is addressed in this section. An estimate of environmental
loads for the specified commercial ship concept is obtained and the required

extrapolation of the MAL is indicated.
2.10.1 Euavironmental Loads

The principal characteristics of the Commercial ship concept specified for the
study are given in Table 2-14 and a profile sketch is given in Appendix C,
together with details of the loads analysis. The sea states and site are
assumed to.be identical to the specifications for the smaller OTEC barge. A
summary of the environmental loads on the ship is presented in Table 2-15. -

The applied force is approximately three times that on the smaller barge.

Table 2~14 PRINCIPAL CHARACTERISTICS OF THE 400-MW (NET)
SHIP OTEC PLATFORM o

Length ' 620 fr (189m)
Beam 300 fr (91lm)
Depth : ‘ >85 fr (25.9m)
Draft 45 fr (13.7m)
Operating Displacement 310,000 L.T. (314,900 metric tons)
Principal Hull ‘Material Mild Steel
Cold Water Pipe System '
- Inside Diameter ©7 100 ft (30.5m)
Material Mild Steel
Connection Pinned (zero rotational stiffness)
2-90
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Table 2-15 COMPARISON OF COMMERCIAL PLANT VS. PILOT PLANT LOADS

Sea State Force Yaw Moment

Heading Return Period (106 1b) (106 ft-1b)
(years)
Pilot Commercial Pilot Commercial

Head 3 0.38 o 1.22 - 1.1
Head 100 0.97 3.06 ) T 3.8
Beam 3 0.69 ' 1.86 -1.0 -1.9
Beam 100 1.61 4.75 1.3 -2.7

2.10.2 Application of the MAL Active Tensioning SKSS

The MAL design has adequate stfength and holding power to hold the Commercial
Plant in sea states of return period of 3 years and less, with watch circle
excursion of approximately 704 ft or 18 percent of depth. In higher sea
states the greater loads on the Commercial Plant result in both overstressing

the anchor legs and anchor slippage.

The MAL is capable of mpdification required for satisfactory performance as a
Commercial Plant SKSS. One option is to increase the diameter of anchor leg
components to provide the required breaking strength. The estimated anchor
leg tension in the MAL under the Commercial Plant load in the Extreme Sea
State is in excess-of 3 x 10% 1b (Fig. 2-30). The required anchor leg
breaking strength is therefore in excess of 6 x 106 1b. Anchor chain is
available in continuous length with a diameter up to and including 6-3/4 in.,
and strength of approximately 6 x 106 1b, Wire rope is available at least

to 11 in. in diam with a strength of approximately 10 x 10% 1b with a

maximum continuous length of 1,100 ft.

Design and fabrication of a windlass which has a pulling capacity of 3 x
106 1b, twice the pull of one of the larger existing windlasses, would
represent a significant stép forward in the state -of practice. Significant

handling requirements are imposed on the deployment barge deck machinery. The
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wire rope linear winch pull capacity of approximately 3 x 106 1b is a
threefold increase in present capacity. This approach leads to anchor leg
components that are at the limit of'existing production capability, and to
deck machinery pulling capacity which is significantly beyond existing

capacity.

A second design approach to the Commercial Plant MAL is to increase the number
of legs from eight to a number that is sufficient to carry the loads without
increasing the breaking strength of each leg. A first estimate of the number
of legs for the Commercial Plant MAL is 24, or an increase of 16 legs.
Although this approach requires minimal extension of manufacturing capability,
it does impose a requirement for operation and maintenance of 24 windlasses.
This requirement is reduced to less than 24 windlasses if anchor leg strength
is increased by selecting larger scantlings. The deck machinery is not

required if the active tensioning feature of the MAL is not necessary for the

Commercial Plant.

The MAL with active tensioning is applicable to the Commercial Plant SK$8S by
increasing the number of anchor legs. The resultant large quantity of
windlasses on the Commercial Plant is excessive and an altermative aproach to
active tensioning is needed. To effectively develop the SKSS, the
requirements of the Commercial Plant SKSS, assumed here to be that of the
smaller pilot plant SKSS, must be determined. In particular, the need for
active tensioning requires consideration and comparison with potential
benefits., The large beam of the Commercial Plant, significantly greater than
that of existing platforms of comparable length, affects response in a seavay,
so that motions in a beam sea, for example, must.be compared to head sea

response to assess the heading most favorable to motions and accelerations.
2.10.3 Development Program

A hardware development program for the Commercial Plant MAL is not recommended

at this time, Definition of SKSS performance and operation requirements is
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necessary before component sizing and development needs can be identified
assist in assessing the requirement for active tensioning. A scale model test
program is recommended. The objective of conducting these tests is to
determine the importance of plant heading on seaway response. In the event
that these tests indicate responses are relatively iasensitive teo heading, the
requirement for heading control and for the extensive deck machinery is

reduced or entirely removed. "’
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Section 3
PRELIMINARY DESIGN OF TENSION ANCHOR LEG SKSS FOR OTEC SPAR

3.1 BACKGROUND

The mooring system design is based on a tension anchor leg (TAL) system
composed of spar and cold water pipe (CWP) previously designed in other

studies,

These are outlined as follows:

1. SPAR. A spar vessel designed by Gibbs & Cox was assumed in the
design. A simplifie& geometrical model is shown in Fig. 3-1.

2. gﬂg; A Brown and Root CWP design waé assumed for the mooring system
design. There were originally five sections in the CWP and a tension
leg between the inlet and the mooring baée. Each section is made of
a stiffened Cylindrical shell. The éections‘are cénpected by
universal- joints of an unspecified design. The CWP sections are of

varying length with the longest sections closer to the bottom.

The following informatiom on the CWP was provided in the early stages of the

preliminary design:

CWP structural weight 15,000 kips
CWP and CWP buoy net buoyancy 6,000 kips
CWP buoyancy tank weight ' 2,400 kips

CWP buoyancy tanks 8 x 15 ft diam x 200 ft long

Since the water depth for the preliminary design is reduced from 4,000 ft to
3,280 ft, the lengths of the CWP sections had to be reduced. The lengths of
each section were proportioned using a procedure developed at LMSC. The

assumed CWP geometry and characteristics are shown in Fig., 3-2.
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3.2 SPAR TAL GENERAL DESCRIPTION

The spar véssel, shown in Fig. 3-3, consists of a main body (containing the
power plant) and eight vertical modules (containing the four evaporators and
four condensers). The discharge pipes attached below the modules may be
fabricated of fiexible materials. An eieVafed platforﬁ structure is held
above the water surface by a 35-ft-dlameter cyliuder pf&jecting from the main

body of the spar.

A hinge under the spar connects it to the top of the CWP. Net positive
buoyaney in the spar maintains a constant tension in the hinge during

still=water cunditions..

The cold water pipe sections consist of a steel cylindrical shell with

vertical and transverse stiffeners on the outside of the CWP shell. The
stiffeners consist of bulb flat, angle, or wide flange sections. In the
design it was considered that the shell would be 30 ft in diameter with -

external stiffeners that would increase the effective diameter to 32.4 ft.

The bottom section of the CWP extends down to the mooring base universal
joint. The CWP inlet is located within this section oﬁ pipe. Due to the
short distances between the inlet and the base (280 ft) it was nut counsidered
economical to place an extra universal joint under the inlet. The extra cost
of such a universal joint would have had to have been offset by a reduced cost
in the tension member of the lowest CWP section, Since bending moments are
less critical near the bottom, little stress reduction in either member would

have resulted from adding an extra universal joint.

The universal joint at the base allows angular motion between the CWP and the

base, while transmitting the tension between the CWP and the base.

The mooring base consists of a steel shell and frame, filled with cement
grout. Mooring loads are carried by the weight of the base and by frictiom
between the base bottom and the soil. The TAL is shown in elevation in

Fig. 3-4 and in isometric in Fig. 3-5.
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3.3 SYSTEM LOAD ANALYSIS
3.3.1 General Description

External loads on the spar and CWP are caused primafily by wind, waves, -and

current,
3.3.2 Spar-uWe Modals

The spar vessel, shown in Fig. 3-1, is simulated by a simplified model as
shown 1n Fig. 3-6. 1In this model, the volumes and lengths are the same as for
the actual spar. The vertically projected areas are also the same. Thus

buoyancy and wave inertial forces will be similar.

It is assumed that the spar is a rigid body with no water flow across its
boundaries. - In reality, however, the discharge pipes may be flexible and
'give" during wave action, -which would reduce the loads.  The flow in the
~d;scharge pipes could also affect the vertical wave forces. For example, if
the discharge pipes were left open at the top and bottom, thé wave forces on
the projectea areas at the top and bottom would act to accelefate_the water in
the discharge pipes rather than act upon the spar étructure. Allowing the
enclosed. water to move in the storm wave would reduce the vertical loads in
the spar. But since the pumps, condenser modules, and evaporator modules will
'restrict the vertical flow, the entrapped water is treated as being part of
the spar. This water will add to both the buoyancy and the weight of the
spar. The buoyancy will be probortional to. the volume of the spar modple,'and,'
the weight will be assumed to be whatever value is‘required to provide the net

buoyancy of the spar.
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The change in geometry affects the projected areas of the spar as seen from
~the front or side. This can be ‘accounted for analytically by using a lérge:

coefficient of drag, as seen in Table 3-1.

The CWP model, shown in Fig. 3-2, also models equivalent volumes. The
diameter of the CWP is 32.4 ft, which includes 30 ft for the sheli plus an

‘ additienal diamarer fur the external stiffeners. These stiffeners will act to

entrap the water énd to increase the added mass value of the CWP and the

: projeéted areas for drag.

The mass of water in the CWP is assumed not to act with the CWP when
caléulaling vertical motions. For horizontal motious it contrihntes to the

mass, buoyancy, and weight of the CWP.

If the mass of the water in the CWP were to. accelerate vertically with the
spar, it would cause higher pipe stresses. If the spar moves ginusoidally
with a 5-ft amplitude and an 8-sec period, for example, the maximum vertical

acceleration would be 0.1 g.

To accelerate the 4,300 kslugs .of water enclosed in the CWP to this value,
assuming that water is an incompressible £luid, a force of 13,244 kips would
be required, resulting ih a water pressure change of 130 psi at the top of the .
CWP, Since the ambient water pressure at éhe upper pivot is 96 psi, an.upward
acceleration of the spar could cause vaporizatiom of the water in the CWP. A
downward acceleration will cause a houp streoo of approximately 30 ksi in the
CWP shell. Therefore it could be an advantage'to unseal the CWP at its upper
end to decouple the water inside from the spar motions duriﬁg the 100~-year

storm. This was assumed for the analysis herein.

This assumption could be self-fulfilling in that if the mass of the water were
included, it would reduce the spar motions to a degree that these effects
would not occur. A more detailed analysis would take this into -account,

treating the water as a compressible fluid.
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Table 3-1 OTEC SPAR WAVE LOAD MODEL

CYL | DIAM {LENGTH| STILL HORIZONTAL | VER"I“ICAL
NO FT WATER

_ (}ngxsf) Cm Cp Cyy Cp
| 0 30|l o |—|.6]|—1]—
2 |35 | 90 |war|2 {.6 |12]to
3 |80 | 50 |oes| 2 |15 |12 |0
4 liza |135 [ioa340] 2 105|112 |10
s teo 1115 31654 2 | &8 |12 |10

TOTAL DISPLACEMENT + 153900 KIPS AT DWL*

TOTAL WEIGHT = 152900 KIPS IN-AIR*

NET BUQOYANCY = 1000 KIPS AT DWO

CG AT 20 FT ABOVE CWP PIVOT

* INCLUDES WATER IN DISCHARGE PIPES,
AND IN THE TOP 115' OF THE CWP.
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3.3.3 Wave Drift Forces

The wave drift forces on floating objects are the least known of the
hydrodynamic forces., These forces are caused by the reflection and refraction
of waves by the body, and by higher order wave motioné such as the'drift.h
velocity. Much work has been done on predicting these forces, both
theoretical and model testing. ‘ There is usually a great deal of discrepanny
Lelween the veSults ot different methods. This scatter occurs even in model
test based predictions because, although the wave surface effects are modeled
correctly, the second order drift effects are usually left to chance. In
other words, the water circulation patterns in different test basins can cause

different wave drift forces.

In general most wave drift equations are for barge or ship shapes. Several of
these equations were used to predict the drift forces on the spar. The
results are shown in Table 3-2. Another method was used to predict the wave
drift force on the spar, using a procedure described in Ref. 3-1, and
described in Section 3.3.5 of this report. The spar has a displacement
equivalent to that of a 55,000 DWT oil tanker when completely loaded. The
spar and tanker were assumed to have equivalent wave drift forces. Although
the spar has a greater projeated area than an oquivalent displaceweul tanker,
this may be balanced by the fact that the majority of the spar dicplacement is
located under the region of intense wave activity. A second prediction based
on empirical formulae for circular eylinders yields a comparable force. Model
tests are the most reliable method for deriving wave forces and are required

to verify the given assumptions.

From model test graphs of significant wave energy versus tanker size and wave
height, it was determined that a 35.1-ft significant wave will impart a
significant wave energy of 10,100 kips-ft to the spar. A significant
horizontal force must be found to absorb this energy with the spar buoyancy.
Given a net buoyancy of 2,000 k, the horizontal stiffness of the spar CWP

system is approximately 2.6 kips per foot of horizontal displacement. If
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Table 3-2 WAVE DRIFT FORCES

Method Drift o

: . Comments

Reference Force
Oceanographical 358 kips Neglects Fluid -
Engineering ' ‘Viscosity
Wiegel, p. 273
OTC Report 625 kips ‘'For Ship Shapes
No. 1741
Task II Report 648 kips For Bérge Shapes
LMSC-D676379
p. 2-4
Task III Report 430 kips' API Formulae for Cylinders
LMSC-D678771 :
Po A-6

N ‘o
. - i § : i
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linearity is assumed for the horizontal force, the horizontal force required

to absorb an energy of 10,110 kips-ft is Fy = 230 kips.

The wave drift force on the spar is assumed to be 250 kips during the 100-year

storm. This is a significant value rather than an average value.

3.3.4 Wind and Current Forces

Wind forces are usually calculated using the 1 minute average of the maximum
wind occurring during the 100-year storm. In this report, a sustained maximum
value was used. The maximum current is based on the superimposed tidal,

storm, and wind-driven currents occurring during the 100-year storm.

The drag term of the Morison equation is used to calculate both wind and

current forces.

PV AC

m
n
o fr—

The projected area of the portion of the spar which is above the water is
4,800 f£t3

The maximum velocity is:

79.1 knots
79.1 knots x 1.689 ft/sec/knot = 133.6 ft/sec

The coefficient of drag was given in the Task 1 Report as 0.8. The maximum

force on the spar due to the wind is 81,451.7 1b.

The force on the spar caused by the current is calculated using the procedure

used for the wind force, with a CD of 0.6, Total projected area is found

for each different section.
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Average Velocity Area Force

(ft/sec) (£t°) (1b)
4.0536 105 10,400
3.969 3,050 28,800
3.88 20,520 185,800
3.7156 12,121 100,400
3.5469 4,539 34,300
TOTAL 360,000

Current forces are calculated using the average current over each segment of

the cold water pipe.

Length " Area Average Velocity Force
(ft) - (ft2) (ft/sec) (1b)
279 9,765 2.36 54,387
544 19,040 " 1.52 43,990
609 21,315 - 1.01 21,743
673 23,555 0.69 , 11,214
740 25,900 0.17 748
TOTAL 132.1 kips

The sum of the wind and current forces over the entire structure is 573,000 1b.
3.3.5 Horizontal Load Analysis

Moment Balance - CWP as a Rigid Body. The watch circle can be calculated by

balancing the moments around the bottom universal joint caused by the current,
wind, wave drift, buoyancy, and weight. ‘The angle at which the sum of the
moments caused by these maximum forces equals zero is the maximum average

angle the system will obtain. There will be some fluctuation about this
position due to the waves passing by. The flexible cold water pipe and- spar

are modeled as a rigid body. It is assumed that this rigid model approximates

3-15-
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the deflected shape of the flexible pipe when exposed to storm conditionms.

The small variations encountered will not change significantly the magnitude
of the forces. Because the buoyancy of the spar is. not fixed at this stage of
the design, it is best to draw a curve of the watch circle that will result
for a range of buoyancies. The influence of the buoyancy on the watch circle
can then be studied and an optimum buoyancy calculated. Summing the moments
around the bottom universal joint gives the equation relating the buoyancy of

the spar to the angle.
Buoyancy = 122,000/tan § + 9,410,000

The total in=-air weight of the cold water pipe is 18,400 kips. The weight in
water is 15,989 kips. Therefore the net buoyancy of the spar and cold water
pipe buoy must be at least 16,000 kips to kéep the pipe in tension. As can be
seen by the graph of net buoyancy vé. anéle (Fig. 3-7); any increase in
buoyancy above 23,000 kips does not add much stability.. The increase in
tension due to an increase of buoyancy over 23,000 kips is not justified by
the small increase in stability. A satisfactory amount of net buoyancy is the
minimum amount that will keep the cold water pipe in tension under all
conditions. The maximum average angle the system will tilt at a buoyancy of
23,000 kips is 5 deg. This equals a horizontal displacement at the water
surface of 287 ft, and a watch circle of 8.75 percent,

The preceding analysis is based on a net drift force. 1In reality a random
oscillation will occur about the mean angle; this is calculated in the

- following sections.

Energy Procedure for the Determination of Horizontal Loads and Motions. To

design the components of the Spar-TAL a reliable set of design loads must be
calculated, Design loads for single point moorings are usually derived by a
procedure that combines empirical and analytical methods. The mooring system

of a specific project can be model tested prior to a final design.
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The preliminary design loads for the SKSS were derived using a procedure

similar

i.

to that described in Réf. 3-1. This procedure is outlined as follows:

A "significaﬁt"‘eﬁergy imparted to a tanker by the waves is found
from model-tesf;geneéated curves, (The significant energy is related
to significant wave height, which is defined as the average of the
one-third highest waves in a spectrum.)

The wind and current static force on the tanker is calculated.

The static force-deflection curve nf the meoring io found.

The horizontal force is found at which the significant energy is

..absorbed by the system (referred to as the significant horizontal

force).

A ratio of maximum force to significant force is estimated. This is
based .on the éxpected duration of the storm and the desired
probability of exceedeﬁtgé '

The significant horizontal force and the wind and current force are
added, and the sum is multiplied by the above ratio.

Design loads and deflections are those occurring at the disﬁlacement
position at which the‘horizontal force is equal to.the force from
Sfep 6. 'Maximum system éxcursions and. maximum loads are all.derived
from this position. (Vertical loads are an exception for the.

Spar-TAL, and dre derived in a later section.)

The above method is a static simulation of a dynamic system, and the results

have been verified by model tests. The method is applicable to a wide range

of mooring systems (Rel. 3-1).

The steps of the procedure are described in greater detail as follows:

1.

Wave Significant Energy. ‘This variable is found from graphs ‘as a
function of tanker size, significant wave height, and the tanker

ballast condition (20 or 100 percent loaded). In. general, the energy

" goes up with the square root of the tanker tonnage, and with the -

square of the wave height; These gfaphs have not been published

extensively. .As an approximation, a significant energy value can be

. derived from Fig. 9 of Ref. 3-1, using Froude séaling to corvect for

tanker size.
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2. Maximum to Significant Force Ratio. " The ratio of maximum to

significant force is based on past model test experience for any
mooring configuration being studied. Values usually range between
1.8 and 2.5, depending on the water depth and the degree of
confidence desired. The ratios are hiéher in shdllow water, where
the motions of the vessel, such as pitch or roll, can h;ve a greater
affect on the loads. 1In deeper water, the mooring system‘is more
flexible and motions do not cause sighifiﬁantly higher tensions. For

the OTEC Spar-TAL, a ratio of 1.8 is co@sidered to be a likely value.

Maximum Horizontal Force. The energy procedure is used in this section to

determine the maximum horizontal force in the 100-year storm.

The following forces act on the spar during the 100-year storm:

Wave Drift © 250 kips
Wind 81 kips
Currcnt - 360 kips

TOTAL . 691 kips

A ratio of maximum forcé to significant force of 1.8 is assumed. Thergfore,
‘the spar maximum deflected position is that which occurs when a horizontal
force of 1.8 (691) = 1,244 kips acts on the spar. This is in comparison to
the value of 926 kips computed independently using other techniques (p. A-6);

the higher value is used.

The horizontal base load is 1,244 kips plus the horizontal current forces on

the CWP sections, 132 kips, for a total of 1,376 kips.

3.3.6 CWP Static Deflected Position

Methodology. Under pure tension, the CWP sections will be colinear, but with
a side load on each CWP section the CWP will assume a curved or deflected

shape. The distributed weight of the CWP sections also affects the deflected
shape.
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1f the deflections are small, then the current forces on the pipe sections

will remain constant and the deflected position is simple to calculate. The
methodology used for this computation is demonstrated in Fig. 3-8. The angle
of each CWP segment is determined so that the moment about the lower piQot is
zero, determined in part by the sum of all the vertical and horizontallforces

above the upper pivot.

Maximum Watch Circle Position. Given a horizontal Epar force of 1,244 kips,

and a distributed current loading, the spar CWP maximum deflected pusitiou is
derived in Table 3-3.

For a net buoyancy of 2,000 kips in the spar and CWP, the watch circle is

18 percent, and for a net buoyancy of 6,000 kips the watch circle is

11 percent. The original requirement was that the watch circle be less than
10 percent in the operational conditions. The 6,000-kips net buoyancy nearly

meets this requirement in the 100-year storm.

The static heave of the spar is also significant for either case. For the
2,000 k net buoyancy, the spar is pulled 67.4 ft under the water by the static
loads. This would require an elevation of over 100 ft of the raised platform
to prevent submergence. For the 6,000-kips net buoyancy, the submergence is
24.6 ft, requiring a platform height of approximately 70 ft to prevent
submergence. For this reason a net buoyancy of 6,000:kipé seems more

appropriate, and is used except where otherWise noted as in Figs. 3-12
through 16. ' '

These deflected positions are assumed as valid even though dynamic heave
affects the CWP angles. This is approximately correct because the maximum
heave is associated with the maximum wave, which does not occur at the same
time as the maximum displacement. If it did, the energy imparted to the spar

would force it over even more.
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1

2 Fj + Ry
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Fig. 3-8 CWP Static Deflection Methodology
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' Table 3-3 WATCH CIRCLE DEFLECTION - EXTREME SEA STATE

Bver = 2000 KIPS'
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cwhP|, . . . |LENM- ] . '
oee | Ve ¢ |oTH Rv Rw [8c fax: DY
I |-12840 792 1474 [10c0 [1244 | 9.5° 8.5 |¢g.aa
2 | 2329 (357 |[S44 |I3¢40)i322 | 6.03 [ §7.15 | 3.0
3 [2607 /6-,‘/. €049 (11511 [135¢ 7.6° | 0.5 §.35%
4 |29l |10 |€73 | ®ao4| 374 | 10.5 | 123 1.3
5 (4040 | 4 740 | 6023 11394 | 19.] "7_42 40.7
1€ o WATCH CIRCLE g4’ | €7.4°
EveT 6000  kiPs
I |-16540(782 | 4791000 |1244) 7.76 | €4.7 4 4
212329 [35.7 | 5441740 | 1322 4.6 43.6 1.
2| 2607 |16.4 |coa |55 {izgel 5.5 | sp4l 2.9
412281 | 1o |673 |12904 | 1374 .06 | €04 | 4.9
S| 4040 | 4 740 | 10023 | 13€4| 9.8 126 10.¢
17 o6 WATCH C/RCLE’ 373 .29"6
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3.3,7 Vertical Load Analysis

The vertical loads in the CWP are of great importance because of their effect
on the gravity base and universal joint designs. The basic idea behind the
TAL is that the CWP can be used for ﬁooring as well as transmitting cold
water. It is hoped that the mooring system would not increase the CWP costs.
The tension loads determine whether this will be the case., The tensions are

also required for the base and universal joint stresses.

In the analysis of the vertical loads, determined largely by the heave of the
spar, it is assumed that the heave motion and response are independent of the

other directions.

The heave of the spar is determined mostly by the mass of the spar, the
vertical loads on it, the spring stiffnesses of the CWP, and the damping

present in the system.

The stiffness of the CWP is highly nonlinear. If the spar moves in the upward
direction, it elongates the CWP shell and the universa} joints, If the spar
moves in the downward direction, the CWP segments will fold at the universal
joints and move out of the way, due to the number of universal joints
distributed along the CWP. The stiffness in the downward direction will be as
great as that in the upward direction only if all of the joints are in a .
perfectly straight line and do not buckle under a load, which is a very
unstable situation. This nonlinear CWP stiffness is demonstrated in Fig. 3-9
which models the CWP as a spring with two stiffnesées. This simplified model

is used in the heave dynamic analysis.

The upﬁard heave stiffness is determined by the cross-sectional area of the
CWP shell and vertical stiffemers. In addition, the CWP joints also

. contribute to the CWP total axial stiffness. It is assumed that éhe stiffness
of the joints is the same as the stiffness of the CWP shell and stiffeners.
Thus the total stiffness is the CWP cross-sectional area stiffness divided by

two.
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Fig. 3-9 Spar Heave Resistance
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The downward heave stiffness could be approximated as zero without much affect
on the heave dynamics. A small equivalent stiffness, however, is present
which causes a variation of vertical base load with downward spar motion.
This occurs because the CWP is lowered onto the seafloor, releasing its weight
from the spar and adding it to the Base. This is similar to an upward
compressive force on the spar. This spring constant is approximated by
dividing the underwater weight of the CWP by its length. The coupled pitch
and sway response of each CWP sectiomn which is expected during spar motion in

a seaway are considered in this simplified analysis through the damping force.

Simplified Model. The simplified dynamic model of the Spar-TAL, used to

estimate heave motions, is shown in'Fig. 3~10. This is a single mass, single
degree of freedom system with two springs, each of which can only resist
compressive forces. The two springs are the values discussed previously and

provide the nonlinear force reactions.

The mass calculated in Fig. 3-10 consists of the spar mass, including the
water contained in the discharge pipes; the CWP, not includiﬁg the mass of the
water in the CWP; the CWP inlet; thé.CWP buoyancy tanks; and added
hydrodynamic mass corresponding to 20 percent of the spar mass. The greatest
uncertainty in the total mass is the effect of the mass of the water inside
the CWP and the added mass effects outside the CWP. The mass of the water
inside the CWP is nearly as great as that of the spar itself. The fluid flow
path of the power system may force the water to accelerate with the spar,
which will increase its apparent mass and probably reduce the motions and the
resulting loads. Thus the above mass is a low estimate and is probably

conservative.

A damping force proportional to the square of velocity is incorporated into
the simplified model., The damping constant has a great effect on the heave

motions.
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Fig., 3-10 Spar-TAL Dynamic Model
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Two forces are considered as acting on the spring-mass system. One is a
constant vertical force corresponding to the net Buoyancy of the Spar-CWP
system above the base universal joint. The other is a timé varying force
consisting of a sum of a series of sine waves each with its own amplitude,
period, and'phase shift. Thus the forcing function provided by an irregular

sea can be modeled.

Method of Solution ~ Program OTSPAR. The nonlinear damping term complicates

the solution of Lhe dynamic motions of the simpiified model. A time domain
solution, generated by a computer program, OTSPAR, was.employed to find the
motions. .Although not an efficient method, the simplicity of the model

resulted in minimizing the amount of computer time required.

A time domain solution is characterized by a transient phase in which
transient motions generated by the assumed initial conditions are damped out,
followed by a steady state phase in which the motions are repeatable. The
decay of the transient mations depends on the damping conctraint, so that for
low values of damping the initial conditions can have some affect on the
system response. In addition, the solutions diverge when a low net buoyancy
is selected. This occurs because the mass spénds most of its time in the
region of low spring constant with an occasional impact on the stiffer spring
required to balance the small vertical net load. This type of system requires

a long time to reach equilibrium,

Vertical Loads. The vertical loads on the Spar-TAL are caused by the change

in buoyancy of the column during the passage of waves, and by the wave loads

on the spar.

The vertical wave forces are calculated by integrating the water pressure over
the vertically projecting surfaces of the spar, as shown in Table 3-4 for the
maximum wave treated as a regular wave. The net maximum vertical force,
including a coefficient of mass of 1.2, is 13,500 kips, which alternately acts
in the upward and downward directions as a sine wave. This value is much

larger than the net buoyancy of the Spar-CWP.
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Table 3-4 OTEC SPAR VERTICAL WAVE LOADS - METHOD 1

REGULAER WAVE H =632 FT
: ‘T= I3 SE&C
Az 290 FT
WAVE PRESSURE .
- cosH(KRh+K2
P= ,OAfj ( ) cos (wt) - polw,
cosH (KAL) J
MuXIP2UM B cos(w+) =1
VDYNAMIC EFFECTED FORCE
DEPTH cosrH() | PRESSURE!l AREA QREE
CosA() | K/gr2 (FT2) (k1Ps)
30 el .65 4064 6706
4
g 564 I.16 7050 ¢I17¢
215" .22 447 7050 | -13i5)
330" | .oa7 119 4202 | -500
sEE
Fle 11233 I NET  MAXIMUM
VERTICAL FORcE
Assume Cm= 1.2
NET FORcg = 1,2(11232) = X |3500 KIPs

(can acr ue or Down)
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An irregular wave forcing function can be found in two ways. The first

me thod, used in Table 3-5, distributes the forces at each frequency to the
same proportion as the wave amplitude, in such a way that the sum of the
individual components adds up to the same value as the maximum vertical force
calculated previously for the 100-year storm wave when treated as a regular
wave, This method is only approximate, since it ignores the effects of
frequency on the decay of wave motion.with depth. The values of wave spectral
energy are obtained from the Task I Répoft. The phase angles for each

frequency component are randomly eselescted.

The second method for creating a wave forcing function is more theoretically
precise. The wave spectrum is first broken up into eight frequency components
in Table 3-6. The pressure from each)component is integrated over the four
spar surfaces and provides a net force value at each frequency. Tﬁus the RAO
of force with frequency is taken into account. The maximum force predicted by
this method is 17 percent lower than that predicted by the first method. A
comparison of rhe two methods is shown in Fig. 3-11. The result is that an

irregular sea state is modeled as the sum of 2ight superimposed sine waves,

The buoyancy change due to wave elevation at the spar is a maximum of about
2,000 kips, much less than the wave forces. The buoyancy force acts to reduce
the wave force, as can be seen in the wave crest, where the extra buoyancy
acts upward while the downward acceleration of the water particles causes a

downward force.

The buoyancy forces were neglected for much of the analysis, which results in

a 20-percent overestimation of the forces.

Damping. The damping coefficient has a great effect on the heave of the spar,

and is the least determinant portion of the analysis.

The most important mode of damping is caused by horizontal translation of the
CWP sections. This is calculated in Tables 3-7 and 3-8. In these tables the

static deflection position of the CWP under a distributed horizontal load and
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net buoyancy is calculatedffor.séveral combinations, What is desired is to
know how much the CWP sections move horizontally for a given vertical
displacement in the spar. The vertical and horizontal velocities can then be
related. A veftical damping constant is found that provides the same energy
dissipation by the spar as 'if it acted alone, as is dissipated by the CWP

sections translating through the water.

FH is the horizontal force on the spar and ‘B, is the net buoyancy of the
Spar-CWP. The reference point occurs at By = 6,000 kips aud Fy =

630 kRips, two values consiée;ed likely to occur. Another combination, FH =
400 kips and BN = 2,000 kips, is found so that the horizontal position of ‘
the spar is the same as for the first combination. The positions of the CWP

section midpoints can be compared for the two cases.

It is readily apparent from Table 3-8 that a small change in spar elevation
causes a large horizontal motion of the CWP sections. For the example given,
a 1-ft change in spar elevation causes a 21-ft horizontal displacement of the

" lowest CWP secliun, and a 13-ft displacement of the upper CWP segment.

When these,displacemént changes are converted to drag forces with CD = 0.6,
based on the projected area of the CWP sections, a heave damping constant of

233,000 k/(fps)2 is calculated for the case presented.

This value provides only the relative importance of this mode of damping. It
is obvious from the preceding calculations that transvérse CWP induced dampiﬁg
is geometry dependent, varying with the horizontal and vertical displacements
of the spar, and with the buoyancy and current forces on the spar and CWP. In
addition, each CWP section:has its own mass, and accelerations which will
cause it to move and dissiﬁate energy in a different way than the simple
§tatic method described. But it is shown that a great deal of dawmping is

possible from CWP oscillatioans.
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A second form of damping is vertical drag resistance of the spar vessel. The
v2 damping constant for this mode is approximately 15 k/(fps)z, very much

less than for CWP damping.

A third form of dampxng is provxded by frxctlon in the CWP universal JOlﬂtS.»
If the universal joints are made of self-lubricated aluminum bronze, with a
coefficient of friction of 0.1, the large tensions in the OWP will result in
energy dissipacidn when the joint is deflected through any.angle. The
magnitude of this effect is calculated in Table 3-9, in which the changes in

angles from Table 3-8 are used to calculate the energy diseipetioh;

It is importanmt to note that this type of frictiom is Coulombxan frietion, and
is independent of the velocity. It is also geometry dependent and therefore
cannot be solved exactly. If this mode of friction is converted 'to an

2

approximate V damping term, the drag constant is 87 k/(fp.s)2 which is

still much smaller than the CWP transverse damping (Table 3-9).

Another type of damping is wave making caused by heave of{the~5par. Due to

the small projected area of the spar column, and its eenstanf‘cress section,
this affect is ignored. The longitudinal drag on the CWP is also relatively
unimpertant. ’ '

In cehelusiuu, the damping of the Spar-TAL cannot be determined accurately for
the simplified model used herein. Instead, the affects of a range ot damping
values are studied. ’ ‘

One method of estimating a damping value is to compute:a value of damping that
will provide a desired spar orbit diameter. This concepc is used in the graph
in Fig., 3~12, Spar heave of 5 ft in amplltude in: the maximum storm wave is
assumed. Program OTSPAR was run with .zero values of spring stxffness and with
a sinusoidal force correSpondxng to the maximum storm wave force, and the
values of dampxng constant were varied. The net buoyancy is treated as zero
so that the spar would not drift, The orbit d1ameter as a funccxon of dampzng
constant is shown in Fig. 3-12 for two ‘values of ° spar mass. The lighter spar

mass does no: lnclude the water mass lnsxde the dxschatge pxpes.
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Table 3-9 CWP BUSHING DAMPING
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The damping constant corresponding to an orbit diameter of 10 ft is
2,000 k/(fps)z. This value, smaller than the value previously calculated,

is used throughout the load analysis.

Strictly speaking, the sinusoidalyforce used in Fig. 3-12 should be different
for the two masses. The orbit diameter at zero damping should be more equal
for each mass. The curve for M = 6,300 is probably the more accurate
representation, A damping value of over 10,000 k/(fps)2 is selected for

design load analysis.

Snapping Loads. The spar can respond in heave in two ways. If the net

Buoyancy is much greater than the wave load amplitude, the CWP will never go
into compression and the spar acts like a simple spring mass system. If the
wave load amplitude is greater than the net buoyancy, then the downward wave
load can cause the CWP to become slack. The spar is then allowed to build up
kinetic energy in the longitudinal direction of the CWP. When the spar moves
back in the upward directiom, it pulls on the CWP, and the kinetic energy of
the spar is absorbed by elongation in the (WP. Ihis snap load is thevefore

studied.

In model testing of single anchor leg moorings, for example, if sufficient
buoyancy is lost in the waves to cause the chain to become slack, the
subsequent retightening of the chain usually causes a load beyond the breaking
strength of the ehain. The low energy absorbtion of steel results in rather

high stresses.

In plotting wave-induced tension versus net buoyancy, one would expect to see
a peak in the lower buoyancies caused by snap loads. To study this
phenomenon, several OTSPAR runs were made using a sinusoidal force equal to
the significant value in the maximum storm wave. The maximum CWP tension (at
the base) versus net buoyancy is shown in Fig. 3-13. As can be seen there is
a peak in the lower buoyancies for D = 2,000 but it is not as pronounced 4as

-expected, For the highest value of damping no peak at all is observed. For a
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lower value of damping, the peak shifts toward higher net buoyancies, since

the CWP goes.slack at these higher buoyancies with low damping.

Two conclusions are reached from Fig. 3-13. The first is that the CWP_{S
sufficiently long and flexible that significant snap loads do not occur. The
second is that the values of damping present in the system can greatly reduce
any snapping that would occur., Snap loads do not seem to be a problem for the
Spar-TAL based on the damping values examined. The validity of this

conclusion needs tn be verified in model tests.

The minimum negative spar displacement versus net buoyancy is plotted in
Fig. 3-14 for D = 2;000. This shows that the net buoyancy at which the CWP no

longer goes slack (BN = 8,000) corresponds .to the net buoyancy to the right
of the peak in Fig. 3-13.

Resonance. A spring mass system has a natural period of

T = 27 Vkl

K
For the Spar-CWP system in heave, the natural period is

T = 2nm %‘%gg . = 7.6 sec
H

This period is effective if the CWP dées not become slack, or if the CWP can

g0 into compression.

If the CWP becomes slack this period is greatly changed. The situation is

analogous to a rubber ball bouncing on a flat surface. If the ball is élued
to the surface, it will have a small natural period. If the ball is allowed
to bounce, its period not only greatly increases but is also dependent upon

.the height of the bounce.
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The same will be true of the Spar-CWPAspring mass system. Several OTSPAR runs

were made to study this phenomenon. The following were held constant:

o Net buoyancy = 2,000 k

o Damping constant = 2,000 k/(fps)2

o Upper spring constant = 4,360 kips/ft

o Forcing function F = 6,800 sin (2w t/T)

The maximum CWP tension is found as a function of exciting period, T, for two
values of the lower spring constaut. Iu Lhe [{irsL case, the lower spring
constant is set equal to the upper spring constani, KL = 4,360 kips/fﬁ. This
models the Spar~CWP as a simple spring-mass system with a linear spring, so-
that the CWP can carry compression. The tension résponse for this case peaked
at around 8 sec, and behaves like a typical harmonic oscillator with damping,

as shown in Fig. 3-15.

In the second case, the lower spring was given a constant of 4.3 k/ft, similar
to the real CWP vesponse. The tension versus wave period, shqﬁn in Fig. 3-15,
demonstrates a behavior very different from the first éase. The'peak at 8 sec
has disappeared and the true peak appears to be greater than 30 sec. This
compares well with the bouncing ball analogy. This peak is outside the
frequency range of the 100-year storm speétrum. It can be concluded that

folding of the CWP sections may reduce the problem of heave resonance.

Irregular Wave Cases. Finally, several OTSPAR runs were made using the

irregular force spectrum of the 100-year storm wave. The maximum tension is
plotted as a function of net buoyancy in Fig. 3-16, for several values of

damping. The minimum downward displacement versus net buoyancy is plottea for
D = 2,000.

The maximum value for each case is the maximum that occurs in a 20-miritite run,

with the same forcing function for each case,
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3.3.8 OTEC Simulation Computer Programs

~Program Desériptiqn; Two frequency domain computer programs have been written

to determine the coupled CWPfSpai/ba:ge response and stressess

1. The Paulling Program, written by J. Randolph Paulling of University
of California, Berkeley '
2. The NOAA/DOE program

These prbgrams were originally written to analyze CWP systems suspended from -
freeffloatiﬁg OTEC plants. They were later modified to.handle tension leg
systems. It is beyond the scope of this report to describe the-théory amd
methodology of the programs. The NOAA/DOE program was not ready in time to

provide results for this design effort.

Program Applicability. - For the follbwing reasons the applicability of the

frequency domain computer programs may be limited when applied to the Spar~TAL.

1. Frequency domain.analysis is based on linear superposition of
response. This assumes linearity of response to wave height at each
frequency, Due to the nonlineadr stiffness-in heave, shown in
Fig. 3-9, the heave is not a linear function of wave height. TheA
response in heave for small waves is ‘linear until the wave height is -
sufficient to cause the CWP to become,siack, Not only will the '
larger waves have a different response, but the frequency response
characteristics will shift with heave amplitude as demonstrated in
Fig. 3-15. Thus the .theoretical -basis of the progréms-is open to
question with regard to the heave of the spar, the most {ﬁﬁortant

- mode of fesponse for the Spar-TAL. A . ' _

2. The CWP motions-are based on small amplitudes of deflections in the
CWP. Thus' the transverse CWP damping is unlikely to be transferred
into heave damping of the spar. Therefore the poteptia11y<most. '
important mode of damping will not occur in the frequency domdin

| : analysis, and the heave motions will be overestimated.
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Program Results. A Paulling Program run was performed for IMODCO by Giannotti

and Associates through Gibbs and Cox. The existing Gibbs and Cox 'spar model
was used, with a total system net buoyancy of 2,000 kips. The CWP properties.
were the same as from Fig. 3-3. The 100-year storm conditions were run. No

damping was added at the universal joints.

The program predicts a peak heave response at around 7 sec, which indicates
that it treated the spar response as a simple harmonic oscillator. The rms
value of CWP teunsion is 32,400 k, which results in an approximate maximum CWP

tension of

T = 2,000 + (2)(32,400)(1.86)

T = 122,500 kips
which is considerably more than the design values chosen.
It is anticipated that the reason for these high loads is the unrealistic
heave resonance at 7 sec combined with an uunderestimation of the true heave

damping.

OTSPAR/Paullinngrggram Comparison. An OTSPAR run was conducted in an attempt

to match the assumptions and results of the Paulling program. The following

was modeled to simulate the characteristics of the Paulling programs

o Spar mass - 6,300 kslugs .
o Damping constant - includes spar drag effects only - 25 k/(fps)2
o Irregular wave forcing function from Method 2

o Lower spring constant of 4,360 k/ft, equal to the upper spring constant

In this run a marked heave resonance occurred with.a period of approximately
!
8 sec. The maximum vertical tension was 240,000 kips, about double that. !

predicted by the Paulling program.

This result demonstrates two concepts. The first is that if the CWP stretch

nonlinearity and the CWP transverse damping are not taken into account,
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exceedingly high loads can be predicted. The second is that the wave-making

damping, computed by the Paulling program but not by OTSPAR, 18 as significant
as the spar drag, since OTSPAR overpredicted the Paullxng program results by a
factor of two. 1If wave-making drag were included in OTSPAR, the results could

match more closely.
3.3.9 Design Loads

Selecting the design loads requires some engineering judgment and seleétion of
a value for net buoyancy. The results of Fig. 3-16 show that a high value of
net buoyancy is not required to reduce the loads. The watch circle places a

limitation on buoyancy. Any net buoyancy greater than 1,900 kips will prevent

a negative buoyancy in the storm wave trough.

1f a net buoyancy of 6,000 k and a damping coefficient of sliéh;ly more than
10,000 are selected, the maximum load should be less than 12,000 kips. The

following mooring base loads were selected for further componeﬁt design:

Vertical Base Load 12,000 kips
Horizontal Base Load 1,500 kips

It could be argued that a lower value of vertical load could be selected
because the heave damping will be greater than 10,U0U K/(fps)z. 1[ tle
surge motion of the spar were included in the analysis, however, it might be
found that the surge eneréy would also cause tightening of the CWP, which in
conjunction with the storm wave could then allow the vertical wave load to be

transmitted directly to the base. The vertical tension would then be

T = 6,000 + 11,197 = 17,200 kips

Any design tension significantly below this value could be contradicted by

model tests.

The maximum tension in the CWP will be 13,000 kipé higher than the vertical -

base load, sincé'éhe pivot below the buoyahcy section must carry the suspended
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weight of the CWP, This tension will be appfoximatély 25,006 kips, a value
that may be too high for tbé,assumed CWP design.

The load analysis included heréin is not intendedlas'a final set of results.
The purpose is to study the concepts involved and to derive a preliminéry
design to determine the relative feasibility of the Spar-TAL. 1If the concept
proves to be viable, model tests will be required in order to determine an

exact set of design loads.
3.4 MOORING BASE
3.4.1 Description

The mooring base for the tension anchor leg OTEC spar ;s the gravity type.
The weight of the B;se is designed to counteract the greatest expected
vertical force with a specified safety fa;for. The soil conditions and
materials are considered in the calculations of the feqﬁired ninimum
dimensions of the base and the required anti-skid foundation of the Lase (se¢e
Fig. 3-17). '

Vertical forces are transmitted through eight bulkheads to the base
structure. These bulkheads divide the circular base structure into eight

separate compartments into which the grouting material is poured.

3.4.2 Design Criteria

The loads used for the design of the base are the maximum expected loads. On
a gravity base, the safety factors are 1.5 and 2.0 for the vertical and

horizontal loads, respectively.

The controlling factor in the diameter of the base is the bearing stress the

soil can withstand without failure. Since this stress is undetermined at the
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time of this writing, an expected Vélue is assumed. The factor of safety used

-for the failure of foundation is 3.

The structure of the base is.designéd using the ABS rules for allowable stress

lgvals. Theecc arcs

o’ 60 percent of yield strengtﬁ for tensilé.stresses

o 60 percent of either the local buckling or yield strength, whichever
{s less, tor compression stfesses

o 57 percent of either -the buékling or yield strength, whichever is
less, for compression stresses '

o 40 percent of tensile yield istrength for shear

The base is to be fabricated of ASTﬁ:A36 steel. The ABS rules for the

selection of plate thickness and section modulus of stiffeners are:

t = v sh_ + 0.1

460
- where. .
t = plate thickness in inches
= stiffener spacing in inches
h = maximum design water head above plate in feet

Section modulus = 0.0041 * h * s ° 12 in.3

where
1 =  unsupported length of ;tiffener in feet
s = ;tiffener spacing in féet
h = water head to center of 1 in feet

The base is designed to meet the ABS grades for the different thicknesses.

L
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Complete soil analyses are needed in order to calculate the bearing stress and
angle of internal friction of the soil. These values in turn are needed to
calculate the shear skirts on the bottom on the base and the soil stability
when the base is set down on the soil., These values were estimated -in the
design of the base for .this réport. It is recommended that soil samples be

taken and analyzed before a base design is finalized.
3.4.3 Design Method

Base Size. The base must be capable of holding the spar and cold water pipe
at the position it was installed under the largest predicted loads the system
will carfy. Because of the uncertainty of the ocean environment and the
statistical nature of the forces that can be prediéted, factors of safety must

also be used in the development of a design.

The forces acting on the base are reaction forces which are created by the

environmental forces acting on the spar and cold water pipe, and- the total net

bub&ancy of the system, as calculatéd previously. The design loads are a
horizontal:load of 1,500 kips and aivertical load of 12,000 kips acting on the

base.

Based on the static balance formula,

2 F
h
Wo= 1SF o+ —
Qhere
FH” =  horizomntal load
.FV = vertical load -
w = weight of base

M = coe fficient of friction of soil
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the weight needed depends on the coefficient of f:ictibn between the base and
thé soil, The bottom quality is ‘given in-the Task I Report, but the depths of
the soilllayers and their angle of internal frictions are not given. It is
assumed that the base can be designed to make the best use of the soil given
any type of stratification. Angle of internal friction is calculated from the
table (Ref. 3-2 page 107) which lists values for some types of soils. The
assumed angle of internal friction provides a base/soil coefficient of
frietion of 0,3. Subsriruting theoe values inlu the above -equation, a base

- weight requived ie 30,000 kips underwater weight.

There are any number of different dLameters and heights that can pLUVLdE chis

weight, The general equation would be:

where
D = diameter-of base (ft)

H = height of base (ft)

=
1]

weight of grout (1b/ft3)

The grout is assumed to weigh theé maximum that can be ‘supplied, 150 1b/£e3
(underwater weight 86 1b/ft3).

The minimum dimensions to prevent overturning are
0z 3,600 H - (30,000 k - 18,096) D/2
2 8
The bearing stress on the soil caused by the base alone is checked first., A

sand layer is used for the calculations. The general formula for the bearing

capacity from Ref. 3-3 is
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qdr = 1.2¢ N+  7vD, Ny + 0.67. Ny
where
N. = |bearing capacity factor for cohesion
Nq =  bearing capaéity for factor for surcharge
N = bgaring capacity fof factor for soil weight
c =  cohesion

Y =  weight of soil

D. = depth of foundation in soil

r = radius of foundation

LMSC-D678771

Sand can be assumed to be cohesionless, the first term will equal zero. The

foundation rests on top of the soil, so Df equals zero and the second term

equals zero. The bearing capacity factor for soil weight is estimated from a

‘graph of the bearing capacity factors vs., angle of internal friction. This

factor is estimated to he 4.2, The weight for sand is 120 1b/fe3,

The weight per unit area of the base is calculated

30,000,000 (4) _ 38,197,186
rp? I p?

The weight per foot is increased by the safety factor to:

y = 114,600,000
)

This is the maximum bearing capacity the goil must support.
Equating expressions yields

114,600,000 _ 0‘6yr N

2

4r Y

r = §0 ft
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In the above equation, the slope of the bottom (12 deg) is taken into account

"by multiplying the bearing factor N by a correction factor 0.44 (Ref. 3-3).

For the base with the above radius and the soil conditions assumed, there will

be a safety factor of 3 ‘against soil failure for the static case:

The bearing preSSure when the base is under the maximum loads ‘must also be
.checked. The net Vertxcal bear1ng stress on the so11 due to the welght of the
base-is superimposed on the stress caused by the moment resultlng from the .

horizontal load.

Q

il
>io

W
H‘IZ
o)

where
P = net vertical.load
A = area of base
M = moment
I = - moment of inertia of -the base‘drea

o] = base radius

"The, loads are added to find the maximum stress and subtracted to find the

minimum.

At the minimum sidé,-the stress .should not be less than zero to avoid upliff
leading to soil in stability.' Using. the 60-fc radius. calculated above, the
height of the base to meet " the welght requxrement is found to be 30.8 ft.-
Assuming the horizontal force 'is applled 40 ft above the bottom,:tbe minimum .
stress will be 1.24 kips/ft2, ' |

At the maximum. stress side, the stress should not be greater :han the bearing

capacity divided by the safety factor.
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The maximum stress is calculated to be 1.95 kips/ft2, The maximum allowéble
is -

1
. ) -—

L
]

2.67 kips/Et2

L
[}

There fore, the diameter of the base of 120 ft and a height of the base of

" 30 ft will meet all of the requirements and is acceptable.

In the early stages of the design, a universal joint elevation of 20 ft was

assumed. This has been shown to be too low a value.

Base Structure. The base has eight bulkheads which distribute the loads

throughout the structure. The loads are transmitted to the bulkheads from a
large circular tube. The vertical force causes the center of the base to be
pulled up while the weight of the base holds it down. This combination of
forces creates a bending moment in the bulkhead with maximum compression and
tension at the center of the base. The 12 ft cylinder requiresAinternal
stiffeners to withstand these high compressive and teﬁsion‘forces so the
bulkheads meet at a pipe in the center. The pipe facilitates welding the

bulkheads into a common center. The weight of base structure is 2,000 k.

The bottom plating thickness is varied to save weight and cost. . The bending
stresses decrease away from the center so less steel is needed at the outer

sections of the base.

Thé bulkheads have vertical stiffeners to decrease the length of the (
unsupported plate and therefore eliminate the chance of plate buckling,,:These
stiffeners also give the plate. added stiffness in the- event that the
compartments fill unevenly. A beam stiffener alongAthe top of the bulkheads

support against buckling in the two conditions mentioned above.
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The bottom platipg between the bulkheads must be able to support the weight of
the grout on an uneven seafloor. One large stiffener is used in each
compartment. This stiffener is‘designed to carry the total load in the
compartment. Smaller stiffeners are used to give the rest of the plate
suppbrt. The walls of the base are sciffened'usiné the same criteria, The
stiffeners are continuous through the bottom radial stiffemers to provide
moment continuity. All connections between stiffeners are continuous to allow
stresses to flow evenly from ¢ne area to another with a minimum ofi '’

concentrations. This results in a stiff, stable structure.

Shear skirts project from the bottom of the base into the sand layer. The
sand layer is assumed to have the highest internal angle of friction of those
soils listed in the Task I Repart (Tahle 2-1). The shcar skirts are arvauged

in a matrix pattern.

Not shown in the base drawing is the guide tube for the installation of the
CWP and universal joint. This is an arched square cylinder with large radii

for direct contact with the cable. No pulleys are used.

3.4.4 Fabrication Procedure

The fabrication of the TAL-SPAR mooring base is carried out in the
conventional method for offshore structures. All welds are full penetration
welds and ultrasonically tested. All steel is ABS grade mild steel; grade B
tor thickness from 3/4 up to 1 in., grade D for thickness from 1 to 2 in.,
grade E for thicknesses over 2 in. . All steel plate 2-1/4 in. thick and over
is tested and accepted according to ASTM A 435 prior to welding. Any access
holes needed in the fabrication are cut, then welded closed when no longer

needed.
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- Fabrication site is selected with the installation method in mind. Passage of
the ‘base through any waterways and past obstructions and;bridges must be
considered. Since the base is floated out to the installation site, the base
must be either lifted from the yard and put into the water, lowered down ways

into the water, or built in a drydock and floated out after completion.
3.5 BASE UNIVERSAL JOINT
3.5.1 General Description

"~ The base universal joint connects the lower end of the CWP. tube to the center
of the gravity base. It allows two angular degrees of f;eedom between the CWP
and the base. It is designed to pitch at least 30 deg in any direction,

10 deg of which is required for the sloping seabed. If the seabed slopes more
than 10 'deg at the site, the universal joint design will be unaffected,
providing the central tube in the mooring base 1is tilted‘inCQ the vertical
direcﬁion. ‘'he struclure is designed to carry the design load in any

azimuthal direction (see Fig. 3-18).

The pedestals of the universal joints are fabricated from steelfplate, and are
provided with press-fitted, self-lubricated bushings to transfef radial and
thrust loads. These bushings are gquivalenc to those manufactured by
Merriman. Journal surfaces in contact with the bushings are protected against
corrosion by a weld deposited overlay of Monel, and are finished to a maximum
surface roughness of 1.6 microns. The pivot pins are'of.forged‘steel. All
pedestal/bushing and bushing/pivot-pin contact surfaces ére parallel to assure
" maximuh load-carrying contact. '

Suitable inspection and testing procedures are maintained to ensure that all
forgings, bearings, bushings, castings, and other items used in the
fabrication of the universal joints are free of defects. Prior to delivery,
the completed universal joint is tested to assure free rotation within the

desired envelope.
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The material of the universal joint components is mild steel, such a§ ABS
Grade E with a yield strength of 34 ksi. This will ease the welding of the
large plate thicknesses of up to 8 in. The location of the universal joint at
the bottom of the CWP eliminates the need for weight reduction in the
universal joint, since this weight actually reduces the vertical load on the
base. Standard industry practice for the fabrication of large universal
joints for tension énchor leg mooring systems is to use mild steel, even if
the wéight nf the universal joint is supported hy a-bunyancy tank. An example
of this is the Hondo field SALM, where the universal joints are made of mild
steel "equivalent to A36, and weigh A0 tons each, for a vertical luad of
approximately 1,000 kips. The weight of the OTEC base universal joint is
approximately 300 tons, for a.vertical load of 12,000 kips.

A mechanical connection is provided for securing the bottom of the universal
joint -to the mooring base. This connector is similar to those manufactured by
FMC or Vetco for offshore use as pile connectors. A specially designed unit

is required for OTEC due to the large dimensions and loads.

The connector operates by means of a segmented sawtooth ring, which is wedged
into matching sawtooth grooves on the inside cylinder. These rings are forced
into place by actuator screws accessible from the outside. The actuator
screws can act to elther install or remove the lockring, so that the unit can
be'easily discounected after use, ' A setscrew 1is used to lock the actuator
screw into position. High-strength materials are used for the connector

unic, The ¢onnector unit 1s welded at either end to the universal joint tube
and to the base center tube. Désign of a connector to ensure disconnection
after 30 years is feasible. Since the connector will not be re-used, damage

may be allowed during the disconnection operation.

The lower portion of the universal joint has a stab-in tapered guide which,
when coupled with guidewire equipment, allows for more positive positioning
and securing into the ﬁooring base during the installation sequence. This
design also allows the universal joint to be detached from the base and

reinstalled to permit the removal of the CWP if necessary, for overhaul and
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repairs, even after prolonged submergence. The universal joint is designed to
operate in seawater with minimum maintenance requirements. Based on SALM

experience, expected bearing life is 20 years.

The bearing pedestals are continuous with a horizontal beam welded through to
a cylindrical shell. Two of these pedestal structures are required, one for
attachment of the CWP and the other for attachment to the base mechanical

connector. The four bushings are press fit into the four bearing pedestals.

A coupler structure connects the two bearing pedestal structures. The pin
centerlines of the coupler are vertically offset by 6 ft. The pins fit
through the central coupler with metal-to-metal bearing contact rather than
through Lubrite bushings. The pins are keyed to the coupler to prevent
relative rotation and to ensure that sliding occurs on the bushing surfaces in

the bearing pedestals. The coupler plates have a maximum thickness of 8 in.

The pins are of forged material, of a thickness to resist the shear and

bending loads in the pins. They are keyed to the coupler.

The top pedestal structure is connected to the CWP extension by a conical
shell, of a wall thickness varying from 2 to 3/4 in. Lateral stiffeners are
required at the ends of the cone to carry hoop stresses. Additional
stiffeners may be required. The conical structure weighs approximately

90 kips. Conical transition zones are commonly used .in offshore tension

anchor leg moorings, such as the Hondo field SALM.

The stab cone underneath the inner ring of the mechanical connection is used
to guide the universal joint into the base. A padeye inside the cone, welded
to the baseplate of the universal joint, provides an attachment for the
installation guidewire. This guidewire cannot be detached from the universal
joiﬁf after it is installed, but instead is left in place as a short leader
section. The guide cone makes positive contact with the baseplate prior to

installation of the actuator screws.
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3.5.2 Universal Joint Design Criteria

The universal joint is designed in accordance to ABS rules for the design of
single point moorings. The major deviapion is that Section S.S.i wés used for
storm loads instead of Section 5.5.2, which means that the one-~third allowable
stress increase for the maximum storm was not used. Thus the universal joint
design is considered conservative with reqpprr tn ABS rulas. w;ch the
possibility of resonance and fatigue in the structure, however, 1t is felt

that a lower design stress is the more applicable value.

A detailed fatigue analysis.of the stress concentration would probably verify

~

this reduction.

The following are allowable design stresses:

Tension 0.6 Fy
Bending 0.6 Fy
Shear 0.4 Fy

The design loads are as follows:

Tension 12 000 kips
Side Load 1,500 kips (any dlrectxon)

5.3 Design Methoda

The universal joint is designed using standard industry practice. Simplified
cuts are taken through various sections of the structure and the stresses are
calculated using beam theory, assuming that plane sections remain planar after

bending. The important sections are listed below:

1. Tearout shear on the circular padeyes
2. Bending in the pedestals

3. Shear in the pedestal webs

4, Bending in the pedestal cross beam

5. Bending in the central tube

=646 .
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6. Tearout shear in the coupler pin holes

7. Tension in the conical CWP transition

This method of design has been previously verified for universal joints of
ten51on anchor leg moorings by comparlson with the results of finite‘eleﬁeht

computer analyses.

It is possible that the universal joint cost could be reduced by - us1ng higher

. , s S AR
strength steel, which would reduce the weld volume requ1red
3.5.4 Fabrication Procedure

The welding procedures for the 8-in. and 4-in. plates must be carefully
defined. Extensive preheating of the structure is required. 1In addition,

stress relieving in an oven may be required.

Access holes are provided into the structure so that the majority of the welds
can be two-sided full-penetration welds. Welds accessible from only one‘side
have backup bars to contain the weld. Access holes are welded closed after
inspection. The machining is performed only after the weldlng, stress

rellev1ng, and monel overlaylng are complete.
3.6 INSTALLATION
3.6.1 Installation Procedure

For the mooring system installation it is assumed that the'Spar—CWP system is
prev1ously placed in a vertlcal orientation with the CWP hanging from the

spar. The basic procedure, outlined as follows, is lllus;rated in Fig. 3- 19.

1. The gravity base is floated under its own buoy;ney and towed to the

' site by a tug. ‘ ‘

2. The gravity base is .lowered to the seafloor by‘a.crane. A series of
slings are required, with each sling of a leng;hgequal to the
vertical elevation lifting caéacity of the crane barge. The base is

lowered in a series of steps, with each step equal to the length of a
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| TAL
INSTALLATION ;
SCENARIO

ACOUSTIC INSTRUMENTATION 1S PLACED
‘FOR ACCURATE BASE LOCATION. .

THE BASE IS FLOATED |
AND TOWED TQ SITE

A WIRE CABLE SLING IS

CONNECTED FROM THE
BASE TO A CRANE. THE
BASE IS FLOODED AND
LOWERED BY THE CRANE.

4 :

i

¢

- WHEN THE BASE IS LOWERED
TO THE ENO OF THE SLING, A
PIPE ON THE SLING IS PLACED
ONTO A HOOK STRUCTURE
WELDED TO THE BARGE. THIS -
SUPPORTS THE BASE UNTIL THE
NEXT SLING CAN BE PLACED,
THE-GROUT HUSES AND
INSTALLATION CABLES ARE
PAIO OUT.

Fig. 3-19 1Installation Procedure
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THE BASE IS LIFTED OFF
THE HOOK STRUCTURE
AND LOWERED UNTIL
THE TOP OF THE NEXT
SLING CAN BE PLACED

ON THE HOOK STRUCTURE.

FINAL POSITIONING
OF BASE IS ACCOMPLISHED
WITH THE AID OF ACCUSTIC
INSTRUMENTATION.

THE LOWERING IS
COMBINED 8Y
ADOING MORE
SLINGS UNTIL THE
BASE IS NEARLY "
ON THE BOTTOM.

THE SLINGS ARE
OISCONNECTED FROM
THE BASE AND RAISED i
TO THE SURFACE

GROUT IS PUMPED
INTO THE BASE.

A SHUTTLE FROM
SHORE SUPPLIES
THE CEMENT.

THE HOSES ARE
REMOVED AFTER
FILLING THE BASE.

i

Fig. 3-19 ' (Cont.)
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10

THE OTEC STRUCTURE WITH INSTALLATION
CABLE ATTACHED TO THE U-JOINT
(ATTACHMENT IS MADE PRIOR TO THE
UPRIGHTING OF THE OTEC STRUCTURE).

THE OTEC STRUCTURE IS TOWED TO THE
INSTALLATION SITE’

11

S ——— - N

12

THE OTEC STRUCTURE INSTALLATION
CABLE 1S APLICED TQ THE BASE CASLE.

2

=P

. THE SPLICED CABLE IS LOWERED AND
PULLED THROUGH THE BASE UNDER
TENSION TO AVOID KINKING.

Fig. 3-19 (Cont.) i
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13

THE OTEC STRUCTURE IS POSITIONED
OVER BASE. THE INSTALLATION CABLE
"ISREELED IN AT THE BARGE.

THE STRUCTURE 1S SLOWLY FLOODED
ANO THE U-JOINT STAB-IN GUIDED
INTO THE BASE AND LOCATED.

15

THE INSTALLATION CABLE IS REMOVED.
THE STRUCTURE IS BALLASTED UNTIL
PROPER BUOYANCY IS REACHED.

16

THE ETC IS INSTALLED.

Fig. 3-19

(Cont.)
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sling. The top beam of each sling is supported on a structure
projecting from the side of the barge, while cafrying the base
weight, in order that the next sling can be positioned.

When the base is nearly lowered to the seafloor, transponders on the
base are used to position the barge until the base is over the
desired location. The base is lowered the remaining distance until
it rests on the seabed.

The slings and cables arée raised onto the crane barge. The sling is
hooked to the base in such a way that when tension in the sling is
removed the sling slides off the base lifting pads. Thus divers or
machines are not required to remove the base sling.

The gravity base is filled with cement grout., Eight 3-in..ID grout
hoses are lowered with the gravity base. These hoses are connected
to a piping system in the base that distributes the grout evenly
within the base. Grout is pumped from a grout mixer on board an
installation barge. Since a large volume of grout is required, a
workboat shuttle from a nearby land-based cement plant or a storage
facility is required. These workboats carry grout sacks which are to
be continuously offloaded onto the installation barge. The grout

mixture is formulated so that it can be mixed with seawater.

The grout is pumped into each of the eight base compartments one at a
time. The setting time is regulated so that the compartment can be
filled -before the grout begins to harden., Television cameras lowered
from the surface are used to monitor the grout instéllation; and to
determine when the compartments are filled. This procedure is

similar to that used in large concrete structures in the North Sea.

The grout hoses are disconnected from the base by either breaking a
weak link in the hoses, or by removaﬁ-by either a mechanical
manipulator or a diver in a pressurized diving suit.

The CWP and spar are maneuvered over the base and connected to a
guidewire passing through the base socket. The spar is ballasted
with water :until the universal joi?thmechanical connector is pulled

into place in the base. A mechani¢al manipulator or a diver in a

t

/
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'

pressure suit is then used to secure the mechanical connector by
wedging the rams of the connector with actuator screws used for that
purpose.

7. The guidewire is then removed from the base, with a leader left in

the guide tube for future CWP removal.
3.6.2 Equipment Availability

The crane that lowers the base must have a lift capacity of 2,000 kips at the
horizontal reach required to lift directly over the center of the base, or
approximately 60 ft plus the width of the barge overhang. If a crane of this
capacity is not available during the installation, buoyancy tanks can be
placed in the base strucﬁure. The largest crane barge presently in use has a
maximum lift capacity of 3,000 tons. After the base is lowered below the
barge keel and suspended from the barge rail, these tanks are flooded. The
crane capacity is greater at this shorter reach and the base can be lowered to

the seafloor as previously described.

It is unlikely that sufficient grout hose will be readily available for this
installation. Thus the grout hose must be purchased specially for this
project, increasing the installation costs.

Standard depth measurement techniques generally provide accuracy of 1 percent;
or 33 ft at this site. To obtain the accuracy required for TAL installation,
0.3 percent, salinity and temperature measurements are required.

3.6.3 Installation Aids:

Pressurized Diving Suits. Pressurized diving suits, such as the JIM suit, are

rated to 3,000 ft of watér depth. This system offers the advantage of direct
eye contact with the underwater work, increasing the reliability of the
installation. Although presently rated to a depth of 3,000 ft, it is possible
that this depth could be extended by the time of installation of the OTEC/SKSS.
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Underwater Manipulation RCV. Manned and unmanned underwater manipulators are

available which can perform a variety of underwater tasks, such as tightening
bolts with impact wrenches, lifting objects, and making conmnections and

disconnections.

Manned underwater submersibles such as the General Electric Diver Equivalent
Manipulator System (DEMS) are depth limited to approximately 3,000 ft,
requiring little additional depth for the OTEC base installation. The major

limitation will be the 65-1b lifting capacity of the manipulator arm.

The depth limitation of the unmanned manipulator submersible is less stringent
than for the manned submersible. These units are operated from the surface by

television cameras.
3.6.4 Universal Joint to Base Connector

This connector is similar to units used as structural pipe cqnnehto:s in the
offshore industry. Steel rams :are forced into place by threaded actuator
screws with setscrews. These threaded parts are turned by an impact wrench

during installation, operated from an RCV or a pressurized diving suit.
3.6.5 Retrieval Procedure

Retrieval 'of the Spar/CWP requires no guidewires. The spar is ballasted until
it submefges sufficiently to indicate that the uplift on the base is removed.
The mechanical connector is unfastened by an RCQ, and the sﬁar is floated free
with the universal joint attached. Complete retrievaltof the TAL is not
satisfied as removal of the base plate from the seafloor is not feasible (see
Fig. 3-20). '
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TANKS ARE OIVER OR

BALLASTED MANIPULATOR
UNTIL SPAR ; LOOSENS
SINKS ABOUT ! i CONNECTOR
20 FEET 1 i SET SCREWS
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3
SPAR IS A MARKER
ODEBALLASTED BUOY IS
UNTILIT ATTACHED TO
SEPARATES THE BASE. THE
o FROM THE BASE CANNOT
. BASE BE REMOVED
B OR REPOSITIONED
!
i
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SCENARIO
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Fig. 3-20 Retrieval Procedure
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3.7 SPAR-TAL PHYSICAL LIMITATIONS
3.7.1 Watch Circle Limitations‘

As.previoqsly described, placing the ‘buoyancy required~to.support the CWP at
the top of the CWP results in a large uprighting moment that helps keep the

spar within a 20<percent watch ciitcle during the 100-year storm,

If the CWP weighﬁ is increased to handle higher tensions, this uprighting
moment will also increaée. Watch circle radius:is not a severe problem for
the TAL system. The CWP also has no tendency to make contact with the: bottom.

'

3.7.2 Depth and Position Errors

The spar vertical elevation should be fixed within 10 ft (plus or minus) to
prevent submergence of the elevated platform in the wave crests,<énd to .
prevent the power modules from being exposed in the s;ofm wave troughs. Ten
feet represents an error of 0.3 percent (plus or minus) which is an extremely

accurate value in these water depths.

Depths are difficult-to;éstablish accurateiy-in'deep water because the water .
temperature gradient must be known in order to compensate<theﬁhydroacoustic
devices. In short, great care must be exercised in locating the gravity base,
because once it is in place ‘it cannot be removed. It is not cercain whether

. this adcuracy has been attainéd. The elongationAin the CWP must also be

considered when placing ‘the base.

At a slope of 10 deg, the base must be plaCed within plus or minus 57 ft ‘along
the direction of slope of the seabed to maintain plus or minus 10 ft-of
vertical accuracy. Along the bottom contour lines, the allowable error canm be

much greater.
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3.7.3 Water Depth

Increase to 5,000 Ft. If the water depth is increased, the longer CWP will.be

more flexible. The natural period of the spring-mass system for low
oscillations will increase into the range of periods of the waves. It seems
unlikely, however, that this will greatly increase the vertical or horizontal
loads, since the CWP nonlinearity shifts the natural periods above the wave
periods. The major requirement is that the spar buoyancy must be greaté; to

support the heavier CWP.

The greatest problem at a 5,000-ft depth is the installation procedure: Five
thousand feet exceeds the depth limit of pressurized diving suits and of most

underwater RCVs.,

Limiting Depth. Depth limitations are impoééd by installation difficulties
and costs. Present state of the art for installation of this type of
structure probably is limited to 3,000 ft. With no great effort this could be
intreased tuv 3,280 [t by the time of instrallation of the 40~-MW(e) OTEC plant.
It is not certain whether 5,000 ft could be attained by that time. Any
further depth will require an increase in the capabilities of the private
offshore industry. In short, any depth could be attained with the expenditure

of sufficient resources over a period of time.

Another effect caused by aldeeper system is that the CWP deflections are
greater, causing the spar to be more deeply submerged in the offset position.
This requires a longer column to elevate the raised platform above the wave-

crests.
4

3.7.4 Effects on Platform Design

Ballast must be added to the spar so that the net buoyancy (of the spar alone)
is the desired value, which is 1,000 kips for the preliminary design. If the
buoyancy is insufficient, the spar volume must be increased. The spar

structure near the CWP pivot must be strengthened to carry the large tension
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loads. The spar raised platform must be at least 70 ft above the still
waterline to prevent wave crest impact, with a total net buoyancy of

6,000 kips (spar and CWP tanks).
3.7.5 Limiting Environmental Conditions

The Spar-TAL could be designed for more severe wind, wave, and current

criteria if necessary. The following components would require modification:

o Spar platform would be raised

o Power modules would require lowering to prevent their being exposed
during wave troughs

o CWP tension capacity would need to be increased

o Gravity base size would become larger

o Universal joints would carry higher tensions and would increase in size
3.8 ELECTRICAL POWER CABLE
3.8.1 Design Concept

The Spar-TAL offers versatility in the ETC design in that either the vertical
descent, catenaried direct descent, or the standoff buoy arrangements can be
used. The recommended arrangement for the Spar-TAL is the vertical descent
method, in which the electrical cable is attached directly to the CWP, with
flexible loops around the CWP joints. At tﬁe base universal joint, a catenary
loop of cable can extend from the CWP to the edge of the base. Bending
restrictors at each end of the suspended loop can reduce bending in the cable

at the rigid attachment.

The minimum bend radius of the cable is 15 ft, according to Simplex. An

arrangement to scale is shown in Fig. 3-21 that meets this requirement.
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Fig. 3-21 Electrical Cable Base Layout
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3.8.2 ETC Installation

The ETC can be installed on the CWP and base in two ways. The first is to
pull it through a series of guides from the seabed to the surface. The second

method is to clamp it to the CWP and base by using an RCV or diver. -
3.9 OTEC COMMERCIAL PLANT APPLICABILITY

The commercial spar has an approximate displacement of 250,000 tons and a CWP
diameter of 100 ft. This displacement is more than three times that of the
40-MW(e) plant. The wave forces are approximately three times higher and the
gravity base is therefore three times as large, neglecting resonance in the
CWP. But since the CWP has three times the diameter and somewhat more than
three times the axial stiffness, while the spar mass also increase; by a
factor of 3, the frequency response in heave (proportional to Y X/M) is not '
drasticélly altered. Thus, the size of the gravity base and universal joint

can be linearly proportioned to the displacement of the spar.

If the gravity base steel weight were tripled to 6,000 kips, it would exceed
the lifting capacity of large offshore cranes, which presently can lift

3,000 toné. Steps could be taken to allow lowering of a 6,000-ton base, such
as the placement of buoyancy tanks in the structure, or the use of
high-strength steels. The commercial OTEC plant presents technological

difficulties for the TAL design concept.
3.10 MAINTENANCE
3.10.1 Required Maintenance

The steel in:the base and universal joint should not corrode excessively in
the oxygen-poor waters present at a depth of 3,280 ft. The corrosion
allowance.is sufficient to maintain design strength over the life of the

OTEC/SKSS. In addition, the base design is largely determined by installation
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loads, which. are nonrelevant after the grout is cured. In short, no painting

of the base or universal joint is required after installation.

The Lubrite bushings are designed for long life. There is a remote ‘
possibility they could wear more quickly Ehan expected and_require replacement
during the life of the SKSS. This would necessitate removal of the spar and
CWP with the universal joint;attached. The pivots in the CWP could also be

maintained at this time.
3.10.2 Inspection

Inspection by RCVs and television cameras is recommended at periodic intervals

with the following items carefully observed:

o Search for cracks on all exposed steel surfaces, especially near welds
and joints »

o Inspect the Lubrite bushings for wear; a feeler gauge can be inserted
between the pin and the bushing to measure the wear

o Inspect the ETC elements, and the CWP flexible bellows

o Inspect the soil around the base for eQidence of scour - rather
unlikely-at these depths '

o Inspect the setscrews of the mechanical connector to check fdf‘

loosening
3.10.3 Replacement

Scheduled replacement of parts is not required for the Spar-TAL mooring

system. Repair will be required only as dictated by the regular inspections.
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3.11 RELIABILITY AND PERFORMANCE

The precise reliability of the Spar-TAL is difficult to determine
statistically, since none has ever been built. Some general statements can be

made about the system:

o The constant tension in the tension member will amplify the
significance of any structural defects in the tension system.

o Fatigue and corrosion fatigue require attentidn.i

o The mode of failure of the mooring éystem could be dangerous. 1If a
2,000-kips net buoyancy is present and the mooring systém fails; the
spar will suddenly rise over 310 ft, exposing the "evaporator modules.:
.This occurs because static equilibrium requires the Spar/CWP to float
-higher in the water if not held down by a universal joint. Once the
system fails, there is no backup to prevenﬁ the Spar-TAL from drifting

ashore and thereby suffering great damage.
3.12 CONCLUSIONS AND SUMMARY

The Spar-TAL system loads have proven to be higher than previously expected.
An exact load analysis is ra;hef complex, and simplifying assumptions are made-
to derive a set of design loads. The uncertaintyfof the effects - 'of damping

requires model tests for verification of the final!designAloads;

The mooring base and universal joint are shown to be feasible structures,

utilizing state of the art technology.

The installation of the base and Spar~-TAL is possible within present state of

the art techniques.

The -Spar-TAL concept is shown to be a feasible configuration for mooring an

OTEC power planﬁ and warrants con;iﬁued design development.'

3-80
LOCKHEED OCEAN SYSTEMS



LMSC-D678771

3.13 REFERENCES

3.13.1_ Citgd References

3-1 N. Maddox, "An Energy Basis for the Design of Open-Ocean Single-Point

3-2 K. Terzaghi’ahd R. Peck, Soil Mechanics in Engineering Practice, John'

Moorings,'" OTC paper 1536, 1972, Vol. 1

Wiley and Sons, 2nd edition, i967

3-3 H. Winterkorn, and H. Fang, editors, Foundation Engineering Handbook,

Van Nostrand Reinhold Company, 1975

3.13.2 Uncited References

(o}

M. McCormick, Ocean Engineering Wave Mechanics, John Wiley and Sons, 1973

R. Wiegel,'Oceanographical Engineering, Prentice-Hall, Inc., 1964

Lockheed Missiles & Space Company, Inc. Preliminary Designs for Ocean

Thermal Energy Conversion (OTEC) Stationkeeping Subsystems (SKSS), Task

I: Design Requirements, LMSC~D673832, Sunnyvale, Calif., Jun 1979

————— , Preliminary Designs for Ocean Thermal Energy Conversion (OTEC)
Stationkeeping Subsystems (SKSS), LMSC-D676379, Sunnyvale, Calif., 27 Jul
1979 ' ‘ -

J. R. Paulling,."Analysis and Design of the Cold Water Pipe (CWP) for the

OTEC System with Application to OTEC-1," Presented to Northern California .
Section of SNAME, 11 Jan 1979 _ o
Science Applications, Inc., Hydrodynamic Design Loads for the OTEC Cold

Water Pipe, by D. Hove, W. Shih, and E. Albano, Report SAI-79-559-1A,
prepared for NOAA, Sep 1978 _
J. Paulling, "A Linearized Dynamic Analysis of the Coupled OTEC Cold
Water Pipe and HMB-I Barge System," prepared for Morris Guralnick
_Associates, Inc., Aug 1977

- -

Giannotti & Buck Associates, Inc., Simulation of Platform Wave Induced

Motions and Loads for the OTEC 10-MW(e) Modular Applications Spar

‘Platform, Report No. 78-020-009, prepared for Gibbs & Cox, Inc., Dec 1978

3-81
LOCKHEED OCEAN SYSTEMS



LMSC-D678771

General Electric Brochure, Diver Equivalént Manipulator System (DEMS).

G. Remery4aqd G. Van dortmerssén, "The Mean w5ve, Wihd_and Cﬁrrent Forces
on foshore'Struéturés and Théir_Role in ‘the Design of Mooring Systeﬁs," ‘
OTC paper 1741, 1973, Vol. ‘1 o o

 3-82
LOCKHEED OCEAN SYSTEMS



LMSC-D678771

Section 4 :
COSTS AND SCHEDULES

This section considers, in separate subsections, the capital costs associated
with the two SKSS designs presented in Sections 2 and 3; the overall life
cycle costs implied by these capital costs; and the scheduling of activities

required for construction, deployment, and operation of the SKSSs.
4.1 CAPITAL COSTS

Tables 4-1 and 4-2 bresent capital cost estimates for the ship-MAL and the
Spar-TAL SKSS design concepts, respectively;:late 1979 dollars are used
throughout. It is noted that the two cost estimates are not comparable on a
line by line basis, as the design concepts they are respectively associated
with are radically different from one another, as arc the cost estimating and
cost_allocation philosphies behind the two estimates. The total cabital costs
indicated, however, can be compared to each other with a reasonable degree of
confidence. In particular, allowances for coptingency, homé office,
engineering and fees are included within the émounts given for each component
of the TAL system, while they are calculated Separately, as a global figure,
for the MAL design. The overall capital cost: of the ship-MAL system is
roughly 30 percent Higher than that of the Spar-TAL. The two éummary cost

tables are discussed separately in some detail.

All individual component estimates shown for the MAL SKSS are direct from the
actual or potential manufacturers; for those components not currently
available, such as the windlasses, the costs shown represent the
manufacturer's best ROM estimate on the basis' of past experience. These
manﬁfacturers include: for windlasses, Western Gear Corporation, Lucker
Manufacturing Company, Houston Systems Manufacturing Company, and Mitsubishi;

for wire rope, British Ropes Limited, Fatzer AG, U.S. Steel Corporation,

'
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~Table 4-1 MAL BARGE ACTIVE TENSIONING SKSS CAPITAL COSTS

1879 ($K)
MOORING SYSTEM COMPONENTS R
Swivel 150, I
Chain 5,885
Chain Stoppers o S 180
Fa}fléaders ‘ - ' (1,520
Wire Rope 7,085
Anchors : 470
Windlasses ‘ i 6,720
Miscellaneous : - 170
Total Component Cost 17,180
Contingency, Home Office, Engineering, and Fees 7,730
Subtotal 24,910
MOORING SYSTEM DEPLOYMENT
Installation Labor and Support Equipmeﬂt 310
Deployment Barge Lease 875
Mobilization/Demobilization 575
Total Deployment Cost o : ‘1,560
Contingency, Home Office, Engineerihg'ahd‘fees - 700
Subtotal 2,260
OVERALL MOORING SYSTEM TOTAL 27,170

Elken Spigerverket, and Thyssen; and for chéin, Hamanaka Lntern5tional, inc.,'
and Ramnas. Windlass and chain costs each account for over one—third of total
component costs, while fairleaders and wire rope are also important cost
components, each account for roughly 10 percent of component éosts. As 1is
seen later, yire rope costs ére of greater importance to life cycle costs
because wi;e rope is assumed télrequire replacement at least twice over the
life of the OTEC planf. .
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Table 4-2 SPAR TAL SKSS CAPITAL COSTS

1979 ($K)

MOORING SYSTEM COMPONENTS
Universal Joint : 8,315
Pile Conrector 1,700
Gravity Base ' ' : 6,950
Total Componeut Cost -
" Contingency, Home Office, Engineering, and Fees (Included Above)
Subtotal C : 16,965
MOORING SYSTEM DEPLOYMENT
Installation Labor, Support Equipment, and
Mobilization/Demobilization 4,165
Total Deployment Cost -
Contingency, Home Office, Engineering, and Fees (Included Above)
Subtotal ' 4,265
OVERALL MOORING SYSTEM TOTAL 21,230

' Tﬁe last entry in the component cost sector of the table covers a miscellany
of special purpose links, shackles, and sockets. Mooring system deployment is
costed on the basis of the deploymeﬁt procedure discussed in Section 2.6; this
procedure requires a specially equipped barge which is assumed to be available
for lease at a rate of $73,000/day. Should this barge have to be built to
order for the specifi¢ purpose of OTEC SKSS deployments, its cost is estimated
at approximately $15,000,000. Labor costs are included in the deployment cost
estimate at a rate of $50/hr, and .support craft (6ther than the deployment

barge) are expected to cost roughly $8,000/day.

To arrive at an overall estimate of SKSS capital costs, allowances are added
to basic component'and labor cost to cover costs associated with
administrative and engineering acﬁivities, estimated at roughly 10 percent of
basic costs, to prévide for fees of approximately 10 percent, and to inc}ude"a
contingency buffer of some 20 percent of basic costs; it might be noted thﬁt

transportation from the Gulf Coast to the operating site is included within

4=3
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this contingency, as compohent costs are given FOB Gulf Coast. -Combining
these three allowances multiplicatively, an overall combined allowance of some
45 percent is arrived at, and this is reflected in the allowances shown for
these items in Table 4-1. 1Ideally, different allowances should be applied to
each cost component for .each of the factors mentioned above, in particular,
contingency allowances should perhaps be higher for deployment costs than for
component costs, given their respective degree of definition. However, the
additional estimating effort required is not justified by the somewhat
spurious improvement in accuracy that would result, and consequently this
approach is not followed. The overall cost estimate arrived at by applying a
uniform allowance across the board to all cost components is as accurate an
estimate of SKSS costs as can be formulated at this stage of the design

process.

The TAL capital cost estimates include the following items:

Item 1. Universal Joint

o Universal Joint Fabrication

o Bushings

o Miscellaneous IMODCO Supply

o Freight (West Coast to East Coast, Maryland)

Item 2. Pile_Connector

o Pile Connector Fabrication
o Pile Connector Half Weld to Item 1
o Freight (West Coast to East Coast, Maryland)

Item 3. Gravity Base

o Gravity Base Fabrication
o Pile Counector Half Weld .to Item 3
o bMiscellaneous iMODCO Supply

| o Installation Rigging Equipment

4~4
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Item 4.

Installation - Gravity Base

Equipment Mobilization/Demobilization

Gravity Base Tow to Site

"Installation Prerigging

\

'Gravity Base Installation

Ballast of Base by Concrete (50 x 10% 1)

i

The following items are excluded from the cost estimates:

Item 1.

(o}

Item 2.

[o]

o O

0O © o o

Item 3.

0O O O o

(o]

- The dominant cost elements in the costs
are the universal joint and the gravity

90 percent of total component costs and

costs.

and plate thickness and, in the case of

use of monel and lubrite.

The high cost of these items is

Universal Joint

Installation to OTEC Machine

Gravity Base
Floating BAL/DEBAL Installation Tanks

Location Positioning Equipment

Location Positioning Marker Floats
Location Position Triggering Transponders
Seabed Leveling Grout

Sub-Base Location Template

Towing from East Coast to Pt. Tuna

Installation - Gravity Base

Weather Downtime

Fuel Cost

OTEC Machine Stab-In into Gravity Base

Seabed Preparation

RCV Underwateyr Vehicles and Suppor; Equipment
Seabed Cleanup
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estimated for the TAL SKSS (Table 4-2)
base, which }ogether account for some
70 percent of total installed system
due largely to their very large ;iie
the universal joint, to the extensive

Deployment costs for the TAL system, wherein the
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cold water pipe,and'sparlare assumed'to be on site, are estimated to be
roughly twice as high'as those. for the MAL,SKSS,design; howgve;,~as already
note&, the overall installed cost of the SparéTAL ié some 30 percent lower
than that of the ship-MAL. The costs associated with modification of the cold

water pipe required to accommodate the’mooring loads are not include.
4.2 1UFE LYULE LOSTS

The life cycle costs (LCCs) associated with both SKSS designs are estimated
using the LCC model described in the Task II Conceptual Design Final Report
(LMSC;D676379),_with some minorzmodificatiéns.' For the sake of éompleteness,
"a brief descriptioh 6f the model is included below, incorporating the

modifications mentioned above.

The first step in calculation of LCCs is to gene:até a cash disbursement
schedule spanning the entire life of the SKSS. The program operates on the

capital cost data in Tables 4-1 and 4-2, éccording to the following rules:

o The OTEC platform and SKSS are to start'operatioﬁ at -the beginning of
© 1985 and have a 30-year operational life, thus ending operation at the
end of 2014. '

° Capitglféost expenditures take place at an even rate over the period
from order placement terquipment.delivéfy; thus, Ehey are time-phased
following the schedules presehted in the next subsection.

o Scrappinig or disposal costs are assumed to be one-half of deployment
costs, and to occur in 2015, the year following the end of operations.

o Yeérly local tax and marine inéqrance charges are expected to be’
roughly 3.5 percent of initial capital cost.

o The yearly cost of inspection and routine maintenance of the plgtform
is estimated at approximately 1 percent of initial capitai cost,

o All costs escalate at a yearly-rate of 7 percent except for tax and
xnsurance charges which remain flxed as a proportlon of original

(accountxng) cost.

46
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Once the disbursement schedule has been generated, each -year's cash flows are
totaled and their present value in 1979 is then obtained following the.
end-of-year financial analysis convention and.a l0-percent discount .rate; the
.result of this operation is the overall LCC of each system for a given cost
scenario. It might be noted that the values as given above for escalation and
discount rates are those suggested for use in the recently completed Power

System Development-II Study.

Table 4-3 shows the disbursement schedule and life cycle cost for'the ship-MAL
SKSS concept. The overall LCC is approximately $45,000,000, some two-thirds
higher than capital costs. This reflects the inclusion in LCCs of  the costs
of maintenance and eventual scrapping of the SKSS, taxes and insurance charges
on it, and the cost of two replacements of the wire ropes, which are assumed
to have a 10-year service life. The present cost of these two replacements is
slightly over 10 percent of the total LCC. This high proportion of wire rope
replacement costs in LCC is due partly to assuming that the cost of the
nperations involved in retrieving and disposing of old wire ropes, and
replac1ng them with new ones, is approximately the same as the cost of the new
ropes themselves. Tbls assumed operational cost is almost certainly too high,
‘as it is roughly equal to the cost of the original deployment operation;.this
high estimate was retained to introduce some conservativeness into the LCC
estimate, thus compensatlng for the perhaps optimistically long assumed wire
rope service life. To test the sen51t1v1ty of LCC to this parameter, a
separate calculation is carried out for a 5-year wire rope life, resulting in
a LCC increase of romghly one-quarter, to approximately $57,000, 060. By
contrast, assumption of a 10-day delay in deployment and scrapplng operations,
at a weather downtime rate of $100, 000/day (in 1979 dollars), only increases
the total LCC by about 5 percent.

Table 4-4 shows the disborsement schedule and total life cycle cost for the
Spar-TAL SKSS. The overall ICC is approximately $31,000,000, roughly one-half
higher than the capital cost estimate. It might be noted that no actual

maintenance is planned for this system. The amounts shown under this heading
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in the computer printout ére intended to cover the cost of periodic submarine
inspection. It is noticed that consideration of overall LCCs increases the
apparent relative cost advantage of this concept over the ship-MAL SKSS as the
latter's LCC (Table 4~3) exceeds that for the Spar-TAL SKSS by some 50
percent. This increased advantage is primarily due't5 the lack of components
requiring periodic replacement in the Spar—TAL concept; .all items in this
design are expected to last out the 30-year operational life of the OTEC
plant. 1In closing, it might be noted that TAL LCC costs are somewhat more
sensitive to weather downtime than those of the previous system. A 10-day
weather delay, costed now at the (appropriate) higher rate of $250,000/day,

results in an increase of over 20 percent on overall LCC.
4.3 SCHEDULES

Figures 4-1 and 4~2 depict, for the MAL and TAL SKSS designs, respéctively,
schedules for component order placement, SKSS integration and deployment,
operations and recurring‘replacements, and eventual scrapping of the SKSS at

the end of its useful life.

It is assumed in both cases that deployment is planned to take place in the
lasf quarter of 1984, followed by operations beg%nning in early 1985. It is
Aemphasized that this schedule is primarily for thé purpose of LCC analysis and
consequently does not take into account weather window considerations. Should
such considerations’dictate a preference for a.differené'seasoﬁal period for
deployment operations, the entire schedule can be shifted in either direction
by the appropriate number of months. The impact on LCCs of such sﬁifting is

relatively small, on the order of one or two percentage points.

The longest lead items in the MAL SKSS concept are the chain, with a 24-month
order lead time, followed by windlasses, which should be drdergd some

18 months prior to need. The balance of components for this SKSS design can
be ordered 3 to 6 months prior to need. Mobilization, system integration and
installation, and demobilization, lasting somewhere between 1! and 2 months,

are assumed to take place within the last quarter of 1984, as discussed

4=11 ‘
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earlier. Routine maintenance in the course of operations takes place on a
continuous basis over the 30-year life of the SKSS. In addition, major
maintenance operafions occur at l0-year intervals to replace worn wire ropes.
Finally, removal and scrappihg of the SKSS are planned to occur in the first

quarter of 2015, the year following termination of operations.

In the case of.the TAL SKSS, ordérs'for the universal joint and the éravity
base must be placed 24 anq 13 monthé, fespgg;iveiy, in advance of need; and
the pile connector must be ordered 9 months in advance. Again, deployment is
assumed to take place in the last quarter of 1984, and the system is assumed

to be scrapped in the first quarter of 2015,

The installation of the lower univetsai.joint into the gravity base should
form part of the total installation sequence in which' the OTEC spar.is

connected to the CWP séctions in a vertical orientation.

1f connecting the base universal joint to the mooring base is priced out

separately, the costs excluding divers and remote control vehicles, are as

follows: )
Mobilization/Demobilization $ 50,000
1 Tug, 5 days 40,000 plus fuel
1 Materials Barge, 5 days o 25,000 |
Miscellaneous Equipmeﬁt a 5,000
TOTAL © $120,000

b=14
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Section 5.

CONCLUSIONS AND RECOMMENDATIONS

Preliminary designs are completed for two OTEC Stationkeeping Subsystems; the
MAL w1th actxve tensxonxng for the barge and the spar TAL. Engineering
descrlptlon at the level of detail requlred for preliminary design are
prnv1ded and supported by extensive discussions of design development and

methodology.

The statiounkeeping performance requirements for the barge are satisfied by the
MAL active tensioning SKSS. The MAL maintains station in the Extreme Sea
State under conservatlve design loads and w1th loss of the windward leg. The
system provides suff1c1ent holding power to malntaln station with the requ1red
excursion, is capable of altering leg lengths to effectively distribute 1oads,
provides heading control of up to 90 deg, and is éuitable for extrapolation to
the commercial plant SKSS. MAL SKSS cspitai cost coctimate is $27.2 M, and
life cycle cost is $45 M. The MAL requlres approx1mate1y two years from order

of hardware to installation.

A development and testing program presented in the separate Task IV report, is
recommended to provide confirmation.of design assumptions and hardware
development necessary for successful iastallation of the MAL in 1985. The MAL

design is based on existing or minor extensions of manufactured components.

Active tensioning is shown to be an effective technique for reducing leg
tension. The barge heading is controllable by lengthening all legs, thereby
transferring tension to pendant lines. The extent of heading change,
proportional to the extent of load sharing between pendant and chafing chains,
is limited to 90 deg clockwise rotation. MAL cost sensitivity to watch circle
is small as the Extreme Sea State requirement limits reduction in anchor leg

scantlings.

5-1
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A detailed deploymenﬁ plan defines the steps and equipment required to install
the MAL in the great depths at the Puerto Rico site. Procedures for |
inspection, maintenance and repair indicate the extensive operation réquired
for wire rope replacement. Interfacing the MAL with: the barge is shown. to be
noncritical, although large beunding éﬁd heel moments are induced in the barge
by the SKSS. The potential interference between the CWP and a slack anchor.
leg in the Extreme Sea S;atp; and between auchor legs. and rigﬁx uablgé,

requirés further investigation to assess criticélity,

The TAL is shown to potentially satisfy the SKSS design requirements for the
spar platform. The design, based on extrapolation of existing SALMB, is sized
to reacl loads which are'signifiéantly larger than the lvads detéermined in
conceptual design, Hence, the universalfjoiﬁt and grayity'base structure are
heavier and more costly than both the earlier coﬁcept and existing SAIMs.. The
required service life is ‘10 years longer than present Aesign reﬁuirements. ’
The loads on the CWP, acting as an integral compoment of the SKSS, are
determined. A CWP design iteration is required to assess the impact on the
CWP, particularly in the area of tension carrying capacity of the pipe
joints. Eitension of analytical models is required to -adequately predict TAL
performance in a seaway. The capital cost is $21.2 M and life cycle cost is
$31 M.

TAL installation involves lowering the gravity base and grouting in place,
followed hy stab—in of tLhe U=-joint attached to the bottom of the CWP. This
procedure, critically dependent on accurate measurement of water depth, is

considered to be within the state-of-the-art in offshore engineering.

In comparing the MAL with the TAL, consider that the TAL is not appropriate to
the ship while the MAL ﬁich-modification’isAéppropriaté to the spar. A

relative comparison is made in consideration of the choice of a SKSS for the

spar.
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" Installation
Electrical Riser

Failure

CWP Interface
Platform Interface

'Life Cycle Cost

Water Depth

Risk-Criticality

Schedule Risk

Deployment
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SKSS

. MAL is closer to SOA than TAL, considering depth-

and service life,

'TAL provides more direct interface; less
- interference than MAL.

MAL has graceful mode of failure; TAL does not.

MAL requires minimal interface with CWP; TAL major

interface with (WP.

TAL has minimal inteiface with platform; MAL has

- . - .
: si1gnificant interface.

TAL has potential for lower life cycle cost.

. TAL allows shallower site, thereby potentially
~lower costs.

- MAL is found to have less risk than the TAL.'

MAL has lower delivery risk because of fewer

" special fabrication items.

"TAL has lower economic risk as the high cost work

barge needed for MAL deployment is not required for
the TAL.

Design and analysis effort is recommended to further develop the two SKSS

designs. Areas which may iead to cost reductions and which require

development include:

o For the MAL: wire rope sheathing and other corrosion inhibiting

techniques, continuous pulling machines for chain, high efficiency

drag embedment anchors for tandem configuration, fore and aft

asymmetry of anchor legs, shorter chain segment, verification of

fatigue loading predictions and development of empirical S-N curves

for wire rope. .

o For the TAL, lower cost alternatives to the U-joint, analytical model

for prediction of épar-TAL response in a seaway, and CWP design

iteration for TAL application.
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MAL and TAL'aesign refinement is recommended to reduce design costs and to
conduct trades of SKSS requirements with other OTEC suBS);st:ems to assess t';he_
cost effectiveness of the prescribed performance requirements. Potential cost
reductions may be found in reducing water deptﬁ, increasing watch circle, and
in develoément of environmental criteria supported by anélysis of the sea

state induced by Hutricane-Fre&eriék,which recently passed nearby the Puerto
Rico site.
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Appendix A
ENVIRONMENTAL LOADS COMPUTER LISTINGS
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FRITS = FRZ + FRCIS + FYWIS

FYITZ = F¥S + FYCIZ + FYWIs

WREITE €13109) FUTsFYTaFRIToFYITsRMT +FHXITSFYITS

C: YECTOR 3=LIM.

FRT = SORTCFHITee2 + FYITesa)

FEZT = ZORTIFXITZeez + FYITSeez

WRITEL1s1103FRTSFET
100 FORMAT (.7 « 13X s "PLATFORM ENYIRONMEMTAL STATIC LORDS™
~c 111 FORMAT (- o "SIGMIFICANT WAYE HEIGHTC(FT = “+F4.10
432 132 FORMATC"WIND ZPEEDCKT = “sFS5.12
43 103 FORMATC "SURFRCE CURREMTCET = "+FS.13
45 1049 FORMAT S s "FPLETFORM cwssooBARBE cveeoreennnoraanes easane

e BHe" L ... IFAR .. LT
R N FORMATC11H s "FRvLED FeLED Ful =T HOFT~LES
Fi1 FPT" e :

[ R U (O T
DI I OO Y I ) I e BT IR T X

(X
T

v
M
F s
F

=
r
1
-
]
3
=

U e e aB L e D e 1)

GRS TR SR D 1

S LD
o

A-3

CALL l“FPEHT<BETHlvBETH3-VI~F CAFY L sFHCI o FYCT s RMC o FCIEsF YIS
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TR R AT A ISR A I R SR,
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10 FORMAT " WIND" 38 o3 C1H o FS 00 oF1 0 0201 sFR 000
1oy FORMATC"CURRENT " 030 1= «FS 00 oF1 . 0a2 01 sF2, 000
i FORMATC " WRYE s ZM o3 1K oFS 0 o FL10 . OsSCLEFS 000
103 FORMAT " TOTARL" s&H o3 01 o F I 00 «sF1D 0201 sF3 .00
i1 FORMATC"WELCTOR ZUM" s FHsF I3 0 aZnEsF3 .00
111 FORMATC"MODARL WARYE PERIODCIEC . )="+FS.12

0 7O 10

EMT ' _ .
TUEFDHTIHE IIMDIBETRL sBETAE sl s F = o F V' o F 5T oFYW I s RN o FHE sFYE 2
D2 IMD HPHE RMD ZWRY FORCE AMD YRW MOMEMT OM BRRGE «ZFAR.
I8TAR R~ 2 x-P, "FIE NS s BH-22318- 2 BP 2005 .~
IATAR AZE. ~t ZRCALETS .S
F1 H'H311194
W= Wl e 1 5829
o= Pls 150,
ODARATA RL-3V1 .- RHO-0. HLE
DRTAR C1-2 ?34U“°1/~l -

Cd.-3. ISE =0 eSS -

[l ,."-.1

A
» :n9:059E—10f
1

lu&-

1420

TRTH D1-4  194538R43E-02- D271 L2217V RETFE-N2 - 2 D3-=1 L0205 028E-0d.7 o
4.1 J2RD1ITRBE-D7 2 DS~ 3, 139143 32E~-1 0~
E12 = BETAZ - BETAL1
Coo= ZIGHUMCBLIE X

IFCBIZ EQ.O0C0=1

T =sREZCBLE

T2 Thie TW
T3 TWE & T

Tm4 T3 & Ti}
TWS Thid & TiJ
Thie TS & Thi
FLOL = D1 + D2eTW + DZIeTLE + DIeTWI + NSeTlig
ALPHRA = C1 + CE2eTh + C3eTHE + CHeTR + CSeThd
+ C5eTWS + C7FeTha

RLPHR = Q12 & ALPHA

T = Tl &oC
Z:DIZPLRY RLFHARLOL
LIS Wi e Wl

T TW & =
ALFHARC = RLFHR &
T ETHCTWIC
ITWE = ZTW o STW
CTW = COSCTWC
CTME = CTid & CTH
CATW = COSCALPHAC ~ TWCH
Fli = CIII «0.5 oRHO & YiiZeo SezTHZ + EBFeCTWEY ~ CHTM
CeDIZPLAY FU
Z:BARGE FRAME COMPOMEMTS.
Fi = =FlWeZOZ{RLPHRAC)
Fv¥ = = FlJeIINCALFHACY
s IMERTIAL FRAME COMPONEMTS.
BETAIC = BETH1 &
EMA = RALPHRAC + BETHIC
Xl = —=Fli & COSCEMAD
FWI = —=Fi4 & ZINCBMA)
T YARW MOMEMT.
FEHW = - FYeCOZC(RLPHAC»eRL o (0.5 - RLOLY
C: TPAR WIMD DRAGCSIDE FORCE ANT MOMEMNT SFRE JEROY.
FZW = 3.5 o RHO® Y2 «CRSZel. + TACeN .35 .
BETRZZ = BETRZ « L
Far - F=Zl «Z0ZCBETRECS
EYZ = = FIW & TIMCBETRZCH
RETUEM
END ' A-4



i ZUEROUTINE CURREMHTCEBETAL sBETRZ oW oF K o F W sFET o F YV I aRHC o PRI s FY IR

102 CICURREMT ZURGE »ZWAY AMD %Sl MOMEMT OM EARGE HND SFAR.

103 DARTH D087 s AL 24770 o BL - TEESS 2 RHO-1 .25 oPT- 3. 14159

104 DRTA RL-271 07 o AF-22040 o /L asa.,.s

105 DHTH D1f4.14'~” 2o e D21 FEFE-DOZ o D=1 L0205 028E- 03
ZES1ITA 3 13RIARIE~1 O

TR EED0

1 Ne
107
102
1o W !
110 TC = aBFTHB - BETHR1:
111 TCS = TL * T
112 TCZ = TCoe T
11z T4 = TCZ & T
114 FLOL = D1 + DZeTC + [2eTC2 + L4eTC3 + DSeTCY
115 T2 = T2 &
11& F=~-0CD 0.5 ¢ RHO & W2
117 o2 CICOZCTCD 0
112 e CEZIMCTCC Y
113 (e PHPGE FREAME COMPONEMTEZ-HISLL .
1&n0 FrH = F » EC » o2
C:DIZPLAY "FxH= " sFxH
FYH == F & RC & Z2
CiDIE PLHH "FhH= " aFYH
FZ = ZRRTIFHoeZ + FVHeeZ:
CIDIZFLAY "FLC = "aFC
FLHNE = ATAMHZ ~FYHy=FxH>»
:DISFLAY "FLAMEB=" sRLAME
BNL = BETR! & I + RLAME
iRl MOMENT
FMZ = ~FYHeRL #00.5 ~ RLOL»*COZCRLAME .
I DIZFLAY “"FosRLsRLOL sFLAME=" sFC +PL sRLOL »FLAME
CeDRIZCHARGE PIFPES.
FCF = — F & AF & 1,3ee2
CIDIZRLAY “"FOR="FCF
BETRIC RETARZ L
EETRIC = BETHL + C
EiMl = BEETRHIC - EBETALLC
Cs ZOLD WATER FIFE LDRAG.
123 COCWeE = D,.0Re e WD ee [, 135
140 FOWF = 0.5 eRHO © SCWFP & WoZ e CDCWE
141 CeDIZPLAYFCMP=" oFCWP
142 Fx¥P = = o FCF + FCWP » e Z0Z¢ EBEZM10
143 E¥vE = = ¢ FCP + FCWFR 2 & TIMHCEIMLD
144 FisH + FxEF
145 FvH + FYP
146 HERTIRL FERME COMFPOMEMTE.
147 COFC + FOP 4+ FOWF > & CO34 EBML
143 - ¢ FC + FCP + FCWF e SIM ¢ BMLY
143 PHE LUFFEHT DORAIS. :
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Pt ma bbbk ek feh e b gt peh ph pad s

Mo MMo T
[ 1}

D= SefHOSIDeRZCDe0 .S oWVCE

151 GDCMF‘ = n NS leiCeen 123

152 FCWFC = CeRMOe TR S eRTLFS o”r‘
:C + ElMFl
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Fz o=
s Falz =
S5 Fyls =
) FRETIREM
57 EMD

“FZ e TIN¢BETHEC
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ZUEROUTINE HH“E!BETHI!‘ETH4~ 5-TD-F<-P|~r T sF' s FHM~
F YEAFRIZFYIED

CIZLIRSE o ZWMRY AMD YR HDMEHT ard BRRIGE DUE TO WAVWE DRIFT.

IRTA PI-2,1315332-D3-200,.

T = TO-1 .08

FE = Hz ~ 25,

FHERL = 4135232, eFReez 17

FEERM = FF7TEL.e Reel 54

CiDIZPLAY "FHERD="sFHERD

CeDIZPLAY "FREAM=" «sFEERM

- o= FPI ~» 130,

EETA1Z = BETHL & C

EETR4C = EETHY o

HC = BETR4Z - BETARILC

CAHZ = 203 CRC D

THE, = ZIMSRO)

IHC: ZHIZ e CHIC

TR TR e TAC

rl O L ACRCE)

Fa 2. ® ZACSS0L JFSRCEY

Fh Fl" « FHERD + FZeFERERM

CEDISPLAY " FIAYECSHIRIS" oF1)

Fu. = — Fld & CRHC
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0
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ENEN IR VIR I I TN I R NS 90 (s s o

- Fl) & THC
COZC BETHAL o

ZIM o BETR4C »

- Fit o CE

- FW & ZE

[ MOMENT .,

- 1.23SE+0Ee [Ree) STre ZIM CIeRl:
“'E DRIFT FORCE ON ZFRAR.

SO HISTIS oo » NiTee

FII'Z & ExFPo—=Ci2eFP - TONeeZ e, <22 ,170
- FIDZe B )
- FI: e 3E

:'
£

-E =

— -t
nun

10 0 0 00 A0

F3

P S I N = T e el il el

NORY Y]

DIy IR B TN P SN (NI o e BN W X M TR Y a'll] FORETY I £ =S Y B JER )

oo

FIS =
Frlz =
RETURM
eHh
TUEBROUTIHE ZITECRT sHZ s TOSBETARE +EETAI sBETAD o\l oW 50
C: &T. TUNAR. FUERTO RICO EMWIROMMENTAL COMDITICHE
i CEFEREMLCE s LNIC—DHTSEEE. FEN . 11 Ly
CDRTH O YHE. l.E“-FI ‘2.1415
=2l = Fl-2.
HZ = 3.51 & 0G5 37.33eRT2
IFCHE.GT.21250 TO 10

o

o

i g

W0

1
1
1
13
1
1
1

E

Wil = 10,3 e LOGISZ.STeRTY
TO = CExPC0. . SOTeLOFCS  eHZ
W= 1.8

YO = 0.018n Wiy

50 1O 20
10 COMTIMNUE
o HURRICANE.
70 ExFe 0.412L0G0 14 S1eHT s
Wil 10,38 & LOGCZI.STeRTD
W OOOtas o W
210 ZOMTIMUE
Wi IRRTOYOees + 1. 4140”DOVH~ + WHIeeZ
Cf COMPRZE DIRECTIDME FROM uwHICH WIMDO23 s CURREMT S0 s
AHD WAYECY Y ARE TRAVELING.
ES = @0 - EBETAZ
Bz 30~ BETH2
B4 = 3 — EETR4
CeDISPLAY "FROECLONCEICI0N = 0.5 BE3= " EX
RETLIRH A-6
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T N: s e
Lonlien JLY U S NI BN 3



s

FLRATFCEM EMWIROMMENTRL ZTATIC LCRDE
RETLURN FERIOD OF STORMCYRS»>= 100
FLATFORM HERDIMG=0
DES..0 IZ ERETHWIND FROM 0
DES . CURRENT FROM 0
DEG.WAYE FROM ... 0
DEG.
SIGHIFICANT WAYE HEIGHTC(FT»= 35.3
MODAL WAYE FERIDDCIEC.)= .13.1
WIMD ZFEEDCKT»=  25.0
TURFRCZE CURFENTCKT 3= .3

FLATFORM  vu.... BAFGE....... A 1= S
FiLBY  FY(LE) XI . FYI  M(FT-LE> FRI - FYI

WIMD ~168
CURRENT -3
WAVE -
TOTAL ~AFSTE

WECTOR ZlM o RTSTAD. a2STE

FLATFCRM EMYIROMMENTAL STATIC LOALDS

FPLATFCREM B 0 .

TJURM RERIOD OF ETORMOYEZ»= 140
FLATFORM HeESLIMG=30
DEG.C0 1% ZRET2WIND FROM 0
DES.CURRENT FROM 0
DES . WeYE FROM 0
DER.
TIGHIFICANT WAVE HEIGHTOCFTI»= 35.3
MOLAL WAYE FERIODCEZEC .= 13.1
W IMD ZFEEDCKTY=  25.0
TURFACZE CURREMTCKT )= 2.4

FadLED F'voLE> Fil Fvl

1M ~-F4Es
CURREMT -2130%
WRYE -5 0S7¢
TOTAHL =330

o

[ KV Y]

L e

VECTOR UM 1322514,




FLATFORM EMYIFOMMENTRL ITARTIC LOARDS
FLTUAN FERIDOD OF STOSMOYRS )= 10D
FLATFCORM HERDING=45
DEF.CD I3 ERSTHIMD FROM ]
DES SURRENT FROM 0
DES.WUAVE FROM 1]
IES,
ZIGHMIFICANT WAYE RMEIGHT(FTY= 39,
MODAL WAVE FPERIODLSEC Jo= 19,14
WIMD ZFEEDCKT»= 35.0
INRFACE CURREMT(KT )= 2.4

PLATFORM O 1 sve.ZFAR. ..
FHCLBY FYCLE> Fxl - FYI MCFT~-LBY F¥ Fvl

MIMD
CURRENT -
WAWE -
TATAL

j».j [OORA 3 Y]

e

o — I |_| )

YELTOR M 1505332, Feorel

FLATFORM EMWIROMMENTAL ZTRTIC LOADS
TOTURM PERIGD OF ETCRMOYRZ = 104
: _ATFORM SERLIMS=A0
LEG,. D0 1% ERETHIMIMEG FROM 0
DESJCURREMT FeOM 1
DEG .. WAYE FROM 0
nEn.,
FIGHIFTCANT WAYWE HEIGHT(FT»= 5.8
MALSL WAWE PERIGOCZEC (o= 132
WIMD SFEEDCRT e 2SS, 0
THRFALE CUFREMT(KT»= 2.4

FLATFORM . ..... BARGE ot eene Ceeeen cedeeona cesenaee vee s SFAR ...
FeiLEx  FY¥CLE»  FHI FWl  MOFT-LED Fl Fyl

WINT
CIRREEMT =1




PLHTFDRM ENVIROMMENTAL ZTRTIC LORDS
FETURN FERIDD OF ETORMCYRS)= 100
PLATFORM HERDIM>=30

DE3.C0 IT EAST>WIND FrROM o
DEG .CURRENT FROM 0

DEG.WAYE FROM ‘ o

DES.

SIGNIFICANT WAYE HEIGHT(FTO>= 35.3
MODAL WAYE FERIODCIEC.»= 13.1
WIMD ZFEED(KT>= 25.0

ZURFACE CURRENT(KT)= 2.4

FLATFORM ceees e BARBE st s it eiciviresssrssnsreancan cee s SPAR ...

FXCLBY  FY(LB>  FXI FYL  MCFT-LB>  FXI Fvl
WIND 17751, 263162, -283162,  177S2. -14931. -33396,

CURRENT -. 524097, -S34037, . . —40SE3L.

WAYE . BOS0Z3. -30E023. 0. -1366352. -423994,

TOTAL 17751, 1803222, -1503282. 17752, -1331838. -325721.
WECTOR UM 1803330, | o agsTel.

FLATFGRM ENVIROMMEMTAL STATIC LDHDé
JTURMN FERIOD OF =TORMCYREX= 100
FLATFORM HESDIMG=0

DEG.C0 IE ERSTHWIND FROM =0
DEG.CLURFENT FROM U

DEG.WAYE FROM 20

DER.

SIGMIFICANT WARAYE HEIGHTCFT»= 25.2
MODs_ WAVE FPERIODCIEC . »= 12.1
WIMD ZFEEDCKTI= 235.0

TIRFACE CURREMTCKT Y= 2.4

ATFORM RS -1 =] thesesaneeceneanen ... IFRR...
FuCLE> FYyYeLED Fil Fyl N.FT~LE> Fixl Fv1
WIMD ~F42E0, -SSSTTE. ~T4280, -2SSTFe. 4738954, -Fyas2.
CURREMT -287306. 0. =3E7TI06. 0. N, -405321. ..
WSE ~A0STRL., -349713. -50S7F21. -349713. -1365852. -3783585. -21
TOTAL -1047207 ., =-60S4%6, -1047207. -505456, 3370102, -3SA056%

VYECTOR UM 1209723, 334283,



FPLATFORM ENYIROMMENTAL

FETURMN FERIOD OF STOSMC(YRSI= 100
FLATFNRM HERDING=0

pES.CN 1% ERSTIWIND FROM 0
CDESJCURREMT FROM 1]

[EG .WAYE FROM 290

hEG.

TIGHIFICAMT WRYE HEIGHT(FT)= 25.3
maoAL WAYE FPERIODCEIEC.)= 13.1
WIND SFEEDCKT>= 25.0

SURFACE CURRENT(KT?= 2.4

PLATFORM saee e s BARGE et vt tetrsrcsasanssesensvasne
FACLED F'iLB> Fil Frl MCFT-LED
WIND ~185565. -215%7. —1538555. -2197.
CURREMT -227308. 0, -2587206, 0.
e . —EQNRO23. . ~205023.  126R352
aTHL -9I9371.  -214320. -535371.  -3514220. . 273

YECTOR SN

AT4737T.

STATIC LORDS

0.
o.
4.
-4293%4
2.



FLATFORM EMVIROMMEMTRL STRTIC LORDS
FETURN PERIOD OF STORMCYRS>= 100
PLATFORM HERDIM3=7S

DEG.C0 IS ERSTOIWIND FROM 0
DEG.CURRENT FROM 0 -

DES JWRYE FROM 0

DEG.

,IbHIFIFHHT WAYE HEIGHTC(FT>»= 25.8
MODAL WHAVE FERIODCSEC.»= 13.1
WIMD ZFEEDCKT = 35.0

ZURFACE LCURRENT(KT>= 2.4

eLATFORM S 11— e JIPAR ...

FXC(LBY  FY(LBY FXI FYl  M(FT-LB> CFHI F7I.
WIND ~13674, 262221. -2T56385. 59559, -7E294, -3I2I6. 0.
CURRENT  ~95086., S15392, -S512402., 92657. -105942, -40S33t. 0.
WAYE -215673., 304925, -233320. 0. —%EES511, -429334, i
TOTAL ~324420. 1583045. -1505547. 147347, -1144747. -225721.
VECTOR UM 15192582, 32S7E1 .
FPLATFORM EMYIRDOMMENTAL ZTATIC LOADS
RETURM FERIOD OF zTORMCYRIM= =
FLATFORM HERDIMG=0 A
DEG.<0 1% ERSTIWMIND FROM h)
DEG ..CURRENT FROM 0
DES WAYE FROM i
DES. :
TIGMIFICAMT WRYE HEIGHT(FT = 20.0
MODAL WRYE PERIODCZEC.)= 10,3
WIMD SFEEDIKTY= 4£.5
SURFRACE CURRENTCKTY=s 1.8
F.LHTFDRM IIIIICBHR'-:E;CI.-....l.l.......'......l-... .I'.:SF‘HE:'II.
FXCLBY  FYCLBY . FXI FYl  M(FT-LE) FxlI FYI
WIMD -S0S61, -245%. -50S61. -845%., 417212, -26964. 0.
CURREMT -207719. 0. -—207719. 0. N, -230977. 0.
WAYE  -123967. 0. -1233%67. 0. 0., ~152422. a.
TOTHL 352247, ~245%. -382247. -2459., 417812. -410369,
YECTOR ZUM 2322355, o ' 4103265,



PLATFORM ENVIRONMENTAL STATIC LORDS
RETURH FPERIOD OF STORMCYRS)= 3
PLATFORM HEADING=30

DES.C0 I3 EASTIWIND FROM 0
DEG,CURFREMT FROM 0

DES .WARAYE FROM 0

LEG.

TISMIFICANT WRYE HWEIGHTC(FT»= 20.0
MODARL WAYE FERIODC(SEC.)= 10.3
WIND SFEEDCKT>= 48.95 :

TURFACE CURRENT(KT)>= 1.8

F’LHTFUPM --o---EF‘RGE-.-u.-.-‘.-..ibl_ldl-------o&au o---uPHR-.|
FXC(LEBD FYC(LB> FXI Fv¥1 M{FT-LB> FXI Fvl
WIMD - —-22280. 76719, -SVBSS. 55300, ?1480831. -289c4 . 0.
CURRENT -173390. 13512804. -202114. 125993, -224323031. -230977. n.
WARYE -129240. 115031, -2300&82. n. 230098, ~1358428. : 0.
TATAL -401410, 343354, -9435831. 131292, -2688376. -41D359,
VEDTGQ UM ST, : 4102389,

PLATFORM EMYIROMMENTAL STATIC LOADS
RETURM FERIGD OF :TORMC(YRS)= 3
PLATFORM HEADIMG=E0

pzs.on IE ERTSTIWIMD FROM 0
OOES CURRENT FROM

UER JJAYE FROM Y

TEG. '

TIGMIFICANT WAVE HEIGHTC(FT»= 20.0
MODARL WRWE FERIODCIEC.>= 10.3
WIMD ZPEEDCKTY= 48,5

SURFRCE CURRENTCKTY= 1.8

pLHTFDRm .Illn'BHQ'SEI‘..l.Illlitlil.lll'll.l!i-ll.l' '...SF‘HRI..

© FX(LB> FY(LB> FXI FYI  N<FT-LB) FXI FYI
WIND -12760.  7SS89. -71842. 26744, -206954. -263€4. 0.
CURREMT -103360. 62932, -270174., 96367. -360376. -230977. 0.
WHYE -157442. 272697. -314883. 0. -. -152423. 0.
TOTAL -274062. 611218, -£56398.  123011. -S67830. -4103€9.

P .:;'I s ' : . :

VECTOR 3UM £68317. o 410365

A-12



PLATFORM ENYIROMMEMTRL TARTIC LORDS
RETIURMN FERIOD OF STORMCYRSED= 3
PLATFORM HERDIMS=7FS

DEG.CO [S EARSTAWIND FROM g
DEG.CURRENT FROM 0

DIES.WAVE FROM 0

LEG.

ZIGNIFICANMT WAYE HEIGHTC(FT>= 20.0
MODAL WARVE PERIODCSEC.>= 10.3
WIMD ZFEEDCKT»= 46.3

ZURFACE CURREMT(KT»= 1.3

FLATFORM v vvvs EARIBE o o s e e eeseneeeannnnnnsnannan .. . IFRR...
FHCLEY - FYCLRY Fxl ; eyl

WIMD 2. =TTOES. 0

CURREMT 12, -2994523, .

WFAAE 1. -314352. 0.

TOTHAL SS7. -&EZE08S. I

VECTOR SUM BEI4D4 ., ' 410389,

FLATFORM EMYIROMMENTAL STATIC LOADS .

FETURM FERICD OF ITORMCYRS)I= 3

"ELATFORM HERDING=30

DES.CN IS ERZTHWIND FROM i

DEG.CURRENT FROM 0

DEG WAYE FROM 0

TEG.

FIGHIFICAMT WAWE HEISHTCFT:= 20.0

MODAL WAYE PERIODDCIEC.»= 10.3

WIMD ZEEEDCKTIY= 45,5

SURFACE CURREMTCET»= 1.2

FLATFORM O L= LS WEFAR, ..

: FXeLB>  FYCLE) Fxl . F¥1 MiFT-LE) Ful’ Fv'l
WIMD ‘ S32S. 4434, -2& i,
CURRENT . . -230 0.
WAWE n., =-2200%8. -1S2 0.
TOTSHL S35, - -324550. :
VECTOR UM EISOTE. : 410TES,



PLATFORM EMYIROMMEMTAL STARTIC LOARDS

FETURN. FERIDD OF STORMCYRS)>= 100
FLATFORM HEADIM>=1{ :
nEE.eh I3 EMSTnInD FRAM : 0
DEECURRENT FRGM - 0 : .
IEE  WAVE FFUM . g : : ¥
DeEs., ’ g
TIGHIFICANT WIWVE HthHTfFT‘- 35.3
MODRL. WAYE FERIODCE SEC. 0= 13.1 %
MIMD ZFEEDCKTI=  =2S,.0 o i
SURFACE CURRCMTCKT b= 2:4 .
FLATFGRM ceens EARGE .. ... Peeesve e “essesrnaecsn e e TFHR L.

F%(LE) Fy<LB»  F¥I FvI " HOFT-LEBEX Fsl Fvl
WIMND - 142122, .w4=4. -17 1413. a,
CIIRRENT -Z2817 \_‘:-- e 35 ST i i
WRYE Q.
TOTAL . 0
VYECTCGR =M , 10z3ed0, . . FZEVEL.

FLATFCRM MY IROMMENTRL ITATIC LOARDET
FETLRM FERICD OF =STORMCYRIZI=s 100
=LATFO=M WEADING=ZO0 :
DES. YO IS ERZTMIND FROM e
OS5 .TIHERENT FrRONM ] :
DES JwAYe FROM 0
LES. .
TIGHIFICANT WAYE HEIGHTOFT»= 35 .80
MAODAL WAVE FERIDDEIED .= 13.1
WIMD ZFEEDVKTI= 25,0
ZURFRCE CLRFENT(KT»= 2.4

FLATEDRM v e es dBARITE e e e s oeveens e IFAR. ..
FicLBY  FY¢LEY  FI F¥1  MOFT-LE> Fil Fyl

WIND -103zee.

CURRENT -345155. .
WEWE < =K 0.
aTAL  -34T1I. o
YECTOR T 1176575 % CECTESH



PO EVRV R MM HT AL STATIC LoD
FETLREH FERIOD OF STORMIYRESI= 3 :
FLATFORM HEADIMG=16 -
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UPDATE OF COST TRADE STUDY

‘Latest Cost Estimates

Wire (in.)
Cost ($/fc)

Chain (in.)
Cost ($/ft)

Anchor

Windlass

-Case

Number Legs

Wire Diam. (in.)

Total Wire Length (ft)
Total Wire Cost ($M)
Chain Diam. (in.)

Total Chain Length (ft)
Total Chain Cost ($M)
Total Anchor Weight (106 1b)
Total Anchor Cost ($M)
Total Number of Windlass
Unit Cost ($M)

Total Windlass Cost ($M)

1. Sum of Majot Component
Costs ($M)
2. - Chain Locker Cost ($M)

3. Deployment Cosc(3) ($M)
Subtotal ($M) (1+2+3)

3.5 4.5 6
30 45 107

2.8 3.6 5.1

53 84 160

$0.60/1b

$800,000/unit

1 2

17 11
3.5 4.5
61,200 39,600
1.83 1.78
2.8 3.6
76,500 49,500
4.06 4.16
0.62 0.48
0.38 0.29
17 11
0.53 0.93
9.01 10.23
15.28 16 .46
0.16 0.17
7.8 . 5.0
23.2 21.6
B-3
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- 160

6.0
220

28,800
3.08
5.1
36,000
5.76
0.42
0.25

0.80
6.4

15.49
0.21

5.1
20.8
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21,600
3.46
6.0
27,000
5.94
0.58
0.35

0.93
5.6

15.35
0.20

4,1
19.65



Windlass
Pull 1 x 106 1b 1.5
Cost $680,000 $800, 000
Assume Pull = 1/2 B.S. of Wire
$0.68/1b 50.53/1b
Anchor R
Anchor weight 2 holding power/30 = 2 x chain tggsxon @ anchor
Tension (106 1b) 0.59 0.66 0.79
Holding Power (106 1b) 1.3 1.45 1.58
Anchor Weight (1b) 44,928 © 48,400 53,000

Chain Locker
Assume storage for 700 ft of chain on barge (per leg).

Case 1 2 3

Volume Required/100 Fathoms

(££3) . 400 650 1,150

£e3/ft 0.667 1.080 1.917
Total Length of Chain (ft) 11,900 7,700 5,600
Volume Required (ft3) 7,937 8,316 10,735

Estimate of cost of 1 £t3 of APL barge volume.

40-MW(e) Spar (G & C) platform $71 M constr. + deployment
weight = 22,691 LT (= 0.79 x 106 f£e3 .gw)

Fully submerged .. cost ($/££3) = 89.4

APL barge platform system $33 M (1978).
X = 378 x 121 x 89 = 4.07 x 106 £¢3

Assume half is flooded; cost ($/£t3) = 16,2 assume 20
A = 67,000 LT (= 2,35 x 106 £¢3)
B-4
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1.45

2.9
97,000

1,430
2.383
4,200
10,009



Cost of Volume ($M) 0.16 0.17

Deglozgent

Assume $5 M for 10-leg MAL (contractor‘ROM not available)

1. Cost proportional to total weight deployed.

Case : . _ 1 2

Wire (1b/ft) 22 36

Total Wire wt (106 1b) 1.35 1.43
Chain (1b/ft) 80 123
Total Chain wt (106 1b) 6.79 6.09
Total Anchor wt (106 1b) 0.62  0.48
Total Leg wt (106 1b) 8.09 8.00
Totallwt/Total wt, 1.01 1.0

Coot ($M) o 5.1, 5.0

Cost proportional to total leg length deployed.

‘Total Leg Length (106 ft) 0.137 0.089
Length/Length2 ' 1.54 1.0
* Cost 7.7 5.0

Cost proportional to weight and length deployed.

Cost ($M) .. 7.8 5.0

)

Inspection, Maintenance, Repair .

ROM not available.

Assume fixed cost/leg.

Bf5
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0.21

65

1.86
247.6
8.91
0.42
11.19

1.4
7.0

0.065

0.73
307

5.1

1.5

0.20

90
1.94
343
9.26
0.58
11.78

7.5

0.049
0.55

- 2.8

4.1
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COST COMPARISON OF MAL WITH AND WITHOUT ACTIVE TENSIONING

Active Tens. No Active Tens.
. Total . Total
Component Size Unit Cost Cost Size Unit Cost Cost
' ($M) ($M)
Wire Rope 5=3/4 in. $88/f¢ 2.29  6-1/4 in. §115/ft  3.16
Chain .. 4=7/8 in. . .$135/f¢ 4,96  5-3/8 in. $160/ft  5.88
Windlass 1.5 x 106 1b  $800,000 6.4 - - 0
Anchor - 60,000 1b $ 36,000 0.58 68,000 1b 40,800 0.66
Chain Locker 0.21 Lo 0.22
Deployment , 5.1 ; 6.3
Kenter Shackle 0.8 : 1.0
Sum (partial) 20.34 o 17.22
i
20.34 - 17.22 '
A 2034 x 100 15%
If only change is windlass,
6.4
A= 2035 X 100 = 31.5%
B-6
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COMMERCIAL PLANT LOADS
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D.1 CHARACTERISTICS OF SLACK MOORING LEGS

A typical configuration of a slack mooring leg consists of an anchor at rest
on the sea bottom, with a length of chain attached, followed by a mooring line
‘secured to a moored platform. That portion of the anchor chain adjacent to .
the anchor, is resting on the sea bottom in the slack mooring condition. Tﬁ;s
configuration is illustrated in Fig, D-1.

Forces due to wind and wave action tend to move the moored platform away from
the mooring line anchor resulting in a countering horizontal force in the
mooring system. This horizontal restoring force is partially generated by the
change in angle of the mooring line toward the horizontal., Additional ,
restoring force is due to an increase in tension when a greater length of

chain is lifted from the ocean floor, as is depicted in Fig. D-1.

Slack Mooring Legs on Sloping Bottoms

Discussion of the sloping bottom will be simplified to some extent by defining
the slope as positive when the depth decreases traveling away from the
platform toward the anchor, as in Fig.-D-2. This illustration also shows a
particular effect of various sloping bottoms on both the length of line .
required, .and the range to the anchor, when generating a constant amount of
restoring force at the upper end. A positive slope causes the chain to hahg
in a catenary with its lowest point below both the anchor location and the

point of first contact with the bottom.

The mooring leg configurations in Fig. D-2 are developed by application of

catenary equations. This analysis is presented in the following section of

this report.

D-3
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D.2 METHOD OF SOLUTION

The characteristics of composite mooring lines on a sloping bottom and without.
an imposed current are considered in the remaining sections. A catenary
analysis was necessary for general knowledge of the problem. These catenary
generated configurations are used also as a startihg point for.subéequent

numerical integratiom.,

- Two simplifications are made in the following analysis:

o The platform orientation to the storm load is held fixed during each
calculation, Platform rotation to relieve the mooring-system~induced
moments i§ fot counsidcred.

o Bottom slope for each anchor is constant in the plane of the mooring

line.

D.2.1 Calculation of an Unloaded Single Mooring-Leg Configuration using
Catenary Equations

The approximate configuration of an unloaded, two-component, single mooring
leg is determined by applying a set of catenary equations to the known
boundary conditionms. '

Values for several environmental variables must be available before this
solution can proceed. The necessary parameters are depth of the anchor,
bottom slope of the region adjacent to the anchor, and horizontal range from
the platform mooring line attachment point to the anchor. Necessary
mooring-leg characteristics are the length, and wet weight per foot of the

chain attached to the anchor plus the wire rope length, and weight in water.

Two distinct categbries based on the sign of the bottom slope contain all

practical solutions: negative zero slope, 4ud pusitive slope.

D-6
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D.2.1.1 Negative or Zero Slopes. Solution of the configuration illustrated ,

in Fig.

D-3 is reached by applying an appropriate set of equations over

restricted regions of consistent characteristics.

(o)

Several

Region I comprises the section of chain lying on the bottom slope
adjacent to the anchor. ' '

Region II is the next section of chain suspended off the bottom slope
and attached at the upper end to the wire rope mooring line.

Region III is the wire rope mooring line attached to the chain at ome

end and to the surface platform at the other end.

characteristics of this mooring leg must be known to provide results

at the end of the calculation procedure:

0O 0O © O o O

Weight of chain per foot .in water’ Wc 1b/ft
Weight of wire per foot in water W, 1b/ft
Length of chain Sc ft .

Angle of bottom slope ©deg

Fraction of chain on bottom cho ratio s 1

Horizontal tension at anchor H 1b

Subscripts refer to regiohs for lengths or point number for tensions.

The horizontal tension is constant in a catenary and can be regarded in this

instance as platform restoring force. This restoring force acts to pull the

platform toward the anchor, and is used as a variable in the calculation. to

provide

.a particular anchor range or wire rope. length. Fraction of chain on

the bottom is also used as a calculation variable but has a nominal value of

0.5.

Region I Equations. (Chain lying on the bottom)

o Horizontal and vertical distances

x1 = Kc sc cos ©

dl o Kc S, 8in ©

D-7
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o Length of chain on bottom

S - Ke Sc
€1

o Tension components at péint 1
V, = -Htan © vertical tension

'1‘1 = H/cos O total tension

Region II Equations. (Chain suspended in catenary curve)
o Length of chain suspended
s, = Q- Kc.) Se
2 :
o Tensions at point é

V2 = Scz Wc + V1

T, = a2 + vg
o Horizontal and vertical distances

x, = B/W [1nl(12 +Vy) = 1n (1) + V)]

d, = (T, = T))/W_

Region III Equations. (Wire rope to the surface)

o Distance to surface
dg = dy+d) = d,

o Tension compoments at point 3, surface attachment point
T3 = d3W,+ Ty

2 .2

V3 ?3 H

D-9
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o Length of wire to reach the surface
S5 = (V5 = V)/W,

o Horizontal distance
B
x5 " g [1n (T, ¢ v;) - 1a (1, + v))]

o Total range to tho anchor
RA bl X1+X2+X3
o Total length of mooring leé

sT - sc M s3

. De2.1.2 Positive Slope. The positive siope configuration shown in Fig. D-3

is similar in many respects to that configuration resulting from a negative
slope. Differences from the preceding development exist only in the first two
regions. '

o Region I. Includes, as before, the section of chain lying on the
bottom slope adjacent to the anchor. Depth in this region increases
in contrast to the previous Region I.

o Region II. This section of chain reverses the bottom slope, and is
calculated as a full symmetric catenary.

o Region III. Same as the previous Region II. ' This last chain section
starts at the antiSymmetrié slope angle.

o Region IV. The wire rope section that reaches the surface, and is the

same as the previous Region III.

Nomenclature used here is similar to that in the previous section, with the

addition of a subscript 4.

Region I Equations. (Chain lying on bottom)

o0 Length of chain on bottoﬁ

sC - KC sc
;o

D-10 A
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o Horizontal and vertical distance.
xl = K, S, cos®
t:l1 = Kc Sc sin ©

o Tension components at point 1
V1 = H tan © (vertical tension

T, = H/cos © (total temsion)

Region II quq:iopS- (Chain suspended in symmetric catenary)

o Tension components by symmetry at point 2
Vo, = V; = Htan®
T, = T, = H/cos®
o Horizontal Distance
2H

X, = W_[in (v;+ 1) - 10 w)]

o Length of chain section
2V3

s 0 cm—
2 wc-

Region III Equations. (Final chain section)

o Length of chain. section

o Tension components at point 3 upper end of chain

V3 = V2 + Sc3 Wc

D-11" .
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o Horizontal and vertical.dis;ances

dy = (T4 - T/,

Region IV Equations. (Wire rope to the surface) -
o Distance to the surface
dy = dy+d) - d;-dy
o Tension components at pointi4, surface attachment point

T,

1)

Ty +.d, Wy

oy 2 2
V4 = 'I4 H

o Length of wire to reach the surface
84 = (V4 - V3)/Ww
o Horizontal distance
x, = B/, [In (1, + V) - In (T4 + V3)]
o Total range to the anchor
By = XX+ X ey,
o Total length of the mooring leg

ST = Sc + sh

D.2.2 Applications of Equations

These two sets of equations are solved iteratively for different combinations
of anchor range and wire rope mooring line léngth by varying the horizontal
tension H and the fractiomn K, of ch?in resting on the bottom.

The configuration differences resulting from slope variations (+10 deg and
zero) with constant anchor depth, hbrizontal tension and chain fractiom is
shown in Fig. D-2. '

" Dp-12
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This catenary solution technique is used to provide unloaded equilibrium
mooring leg configurations as an initial-stafting point for the full mooring

array solution.

D.3 SOLVING CABLE VECTOR EQUATIONS BY NUMERICAL INTEGRATION

A simple static cable configuration can be splﬁed By integrating the governing
differential equations along the length of the cable when the tension vector
at the starting point is known. These diffe?ential equations répresent-the

cable, at rest, and in equilibrium with the forces acting on it.

Figure D-4 shows (1) the forces acting on a small section of cable, and (2)

the associated nomenclature used in the vector differential equatioms.

The differential equations for a flexible inextensible cable are:

e (1) + F o+ Fy + W. = 0 : : (1)
S ®=xT = o (2)
s ‘

The hydrodynamic normal and tangential forces appearing in Eq. (1) are

expressed as:

_ ' 2 A : :
Fy = 1/2 cD D;CN cN’ (3)

) ; /27, A S
F, = 12 c¢,D[-0.035c |+ 0.083 (c.o© ]Ct £ ()

These loading functions representing the normal and tangential components of

hydrodynamic force are due to Whicker (1957).
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The Axis System

* y
N
N = T
\\ C
\\\s
N\
- N
R
|
= X
N - /
\\ ///' liw 7/
~ I 7
N\
N [ //
N |
Soi
________ v
z
NOMENCLATURE
R three-component position vector
? three-component tension vector
c three-component current vector
W weight vector acting in the -Y direction
2 unit vector in the direction of tension T
A . . . '
CN unit vector in the direct of the normal current component
Ct'c tangential and normal components of current with respect
N to cable direction
Ch cable normal drag coefficient
Ft hydrodynamic tangetial force vector acting on a cable element
Fn hydrodynamic normal force vector acting on a cable element
S distance measured along cable in feet
D cable diameter in feet.

Fig. D-4 Vector Equations and Nomenclature for the Cable

. D-14
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The normal coefficient of current Cy is:

¢ « (¢x0) . (ex0)
[ 3 . A
and its direction C. is
(? x C) x 2
C =
N 1/2

([ x> x8] . [T =t

The tangential component of current Ct is found by taking the projection
of the current on the cable direction t. '

.

. A
C =
t R ) t .

—

c
. . . A

and the direction 18 t.

The weight vector has just a y componeunt.
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Equation (1) yields expressions for the X, ¥y, 2 components of dT/ds,
Equation (2) asserts that the cable direction is always the same as the local
tension vector, such that JE/ds = t current is described as a vector

-t .
quantity C which can have any prescribed spatial variationm,

: . . - i

The above equations are then integrated by the Runge-Kutta technique,
providing a three-component tension vector and 'a three-component position
vector for each‘integration step along the length of the cable.

Stretch has been incorporated in the calculation procedure by allowing the
integration step size Ag, diameter, and weight to vary as a function of the

total tension along a particular cable element.

" The digital computer subroutine, coded to perform the preceding calculations,

uses as ihput the following information:

o Coordinates of the starting point
o Initial temsion vector '
o Cable characteristics

- Diameter

- Weight/ft

- Drag coefficient

- Length of section

= Stretch characteristics

o Current vector

Variables R and T are integrated as functions of unstretched distance
dlong the cable. The subroutine terminates when the total length of that
particular cable section is reached. At this point the cable characteristics
can be changed and another section calculated starting at the end point of the
last section. Composite mooring lines consisting of alternating sections of

chain and wire rope are handled in this fashion.

D-16
LOCKHEED OCEAN SYSTEMS



1MSC-D678771

D.3.1 Calculatxon of a Single Moorxng Line Configuration from the Anchor to
the ‘Surface

The mooring line under consideration is a composite Qith a length of chain

ad jacent to the anchor followed by a wire rope from the chain to the surface.
This slack mooring line condition will allow at least some length of the chain
section to rest on the ocean floor. '

The geometry of the chain section in contact with the bottom is a matter of
some speculation. This analysis assumes that the chain follows a straight

line defined by the bottom slope and the horizontal temsion components.

Coordinates of the point of chain lift off are calculated as.

. K. .S, : (5)

where

X, ‘represents the x, y, z coordinates of the anchor location,

t the unit vector in direction of tension at anchor,

K. the fraction of chain on the bottom, and

§. the total length of ‘chain
The vertical tension'component at the chain lift-off point is always adjusted

to a value which ensures the tangency condition with the bottom slope.

Equations (1) and (2) are integratéd numerically from the chain lift-off poiqé
described by Eq. (5) to the end of the chain section, a distance pf (1 - K)
Sc.ft. At this point, the cable properties are changed to reflect the wire
rope and. the integration continues to the end. The end of the wire rope,
however, may not be sufficiently close to the depth of the atéachment point at
this stage of the circulation. Variations in the value of the constant K.,

which represents the fraction of chain resting on the sloping bottom, will

D-17
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bring the platform end of the mooring line to the correct depth. Control of
this procedure rests in a first guess of K. = 0.5 followed by 8 series of
perturbations determined by linear extrapolation. This process is illustrated
in Fig. D-5 and

and the sequence of terms AKC; - 0.

D.3.2 Calculation of a Single Mooring Line Configuration to a Specified Point
on the Surface

The preceding section discussed a techniqué used to solve for a configuration
with the upper end at some attachment point depth without regard for the
horizontal coordinates of that end point. Changing the horizontal tension
components at the starting orlqnchor end will move the upper end of the cable
to a new position in the horizontal plane., Systematic choice of horizontal
tension increments will achieve any specific point in the range of that

mooring line. This effective position adjustment is illustrated in Fig. D-6.

Choice of tension increments at the anchor depends upon idealizing the mooring

line response to these increments as a linear process, in the following manner:

cl‘l ATx+ Ci2 T, = Ax o)
6

C21 ATy +Cy2 T, = 4,

-~

The linear influence coefficients Cjj can be evaluated by applying the

differential operators 3 /3 Ty and 8 / 8 T, to both equations.

D-18
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SURFACE

ANCHOR

Fig. D-5 Influence of Bottom Chain Length on
Anchor Leg Catenary Configuration

A
-y

A

A

Fig. D-6 Influence of Horizontal Tension Component
on Anchor Leg Catenary Configuration
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Theﬁ

c = 24ax . c . = dax
11 ATy ’ 12 - 3AT,
(7)
c = 940z ; c = .04z

21 0AT 22 BATZ

1aT.

Evaluating these constants involves solving for a cable configuration with.

several different starting tension vectors:

. o The basic case yields a set of differences from the desired final

location of the platform end of the mooring line in this fashion -

T y T cable x
x z
, 0 0 .

subroutine

o Next the x component of starting tension is perturbed and

[Txo + AT* , TZO] cable [A_x1 ’ Azll

subroutine

o The z component then receives similar treatment:

{Tx s Tz + ATz} cable {sz , Azz}
0 0 . .
subroutine
So ¢ = BAx Axy - Ax)
11 3AT ~ AT
b4 X
¢ - 2ax 8% - 4%
12 aAT = AT
' "z z
D-20
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d ) 3Az o Azo— Az1
21 oAT AT
X x
. ) 9Az . Azo - Az2
22 BATzv ~ AT

Each of these evaluations assumes that the vertical attachment dépth criterion
has been met. Now'the set of Eq., (6) can be solved for the set of Ty

values necessary to move the cable to the required positiom. This solution is:

The new solution should .yield errors smaller than the original basic case
errors. Repeated application of the influence coefficient invergse matrix

[Cij]—l to the error vector o

Ax

Az

should bring the mooring line to the required point withiﬁ a ver§ few cycles,

This solution process is not guaranteed to converge because of the system

nonlinearities. When the sequence of additive 'AT; act to greatly
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decrease the total line tension, each succeeding iteration might be farther
from the required solution, since the line motion becomes more semsitive to
lateral force increments. Increasing total line tension slows down

convergénce somewhat, but will not introduce divergent. behavior.

Control of the divergent behavior is exercised by rejecting Axj,
Az,' which are too nonlinear, and then reducing the ATy, AT, values

to achieve desired results.

D.3.3 Multiple Anchor Leg Configurations

The previous section details an iterative solution to thc problem of
calculating the configuration of a composite mooring line from an anchor,
embedded on a sloping bottom, to a specified surface attachment point.
Additional difficulties are introduced when the surface attachment point is a
floating platform tethered by a number of such mooring lines, as illustrated
in Fig. D-7. "

Deflection of mooring lines under the platform load is an unknowh quantity and
a satisfactory solution requires matching horizontal-force components as well

as the position coordinates.

Generalizing the set of linear Eq. (6)'which appear in the preceding section’
offers a method of solving these relationships if a set of similar force

balance equations is added.
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D.3.4 Linear Influence Coefficients

The equations take the following form:

2n .
z Cij ATj = Ax; vhere i =1, 2 ..o 2n-2
=l

plus the force balance equations
2n

Z cij .ATj - AFk
j=1
where.
i = 2n-2 + k
k = 1

n = the number of mooring legs

The quantities x; are differences between the horizontal coordinates of

the upper ends of all mooring legs referenced to leg number 1.

Axgji.] = X1 - Xi+1 ’ i=1, .. ,n-1
Axapi | 21 T Zi+)

Force balance betwcen mooring system and platform is provided by the

in Eq. (9) above:

n
AF) = ¥ Txl"Fx PLATFORM
i=l
n .
AF, = 3 T, *F, prarromu
i=l
D-24
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where the FpLATFORM are forces external to the mooring system.

The linear influeuce coefficient matrix [Cij] consists of terms like those
explained in the preceding section. '

ani i = 1, 2’ eve Zn - 2
Cij = aATx j - 1’ 2, s 2n
j

with the force balance coefficient

8AFk i=2n-1, 2n
C.. [ J—.. A, .
1] aA’rx j=1, 2, ¢¢eey 2n
J

Actual values for the coefficients given are calculated by finite difference

methods. Perturbing the tensions by ATx to obtain coordinate changes Ay

and force changes AFk J 1

D.3.5 Formation of the Influence Coefficient Matrix —
The cable integration subroutine is given a starting tension vector To for

each mooring leg 1.

The coordinates and tensions {'x'o l ’{Tr.o ] at the upper end of each cable
i i

are stored after the integration is completed.

This process is repeated after the tensions are perturbed in the X coordinate

as [-'fo + Tr.l ] resulting in 3(.1 ]and {71"1 } . The same for the z
i i i i

coordinate direction: {71'.0 + 71‘.2 l produces{-fz ] ,.[ ?2 }
i i i i
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The effects of these perturbations are then evaluated by calculating and

¢ . . 3 L3 .
storing two sets of numerical partial derivatives for each of the mooring legs.

e . xok - X.k i=1], 2, x, 2 vector components
ijk AT j=1, 2, x, z, perturbations
jk

k=1, 2, ... n mooring leg number

Calculating force balance coefficients in the same fashion:

with the same index range as Qjjx

These indexed collections of quantities are 2n, 2 x 2, matrices containing all
of the necessary information required to form the influence coefficient
matrix. The final task remaining is to place the coefficients in the proper
order to satisfy the relations expressed in Eqs. (8) and (9).

Definitions of the Ax; show that each double row of the matrix (i.e., 1,
2, or 3, 4, etc.) involves just two ‘mooring legs, and only four of the
perturbing tension increments. Each set of twu rows involve mooring leg 1
plus the leg number éntering the coordinate difference calculation on the

other side of the equationm.

The first two rows concern only legs 1 Qnd 2. Essentially the Qijk

matrices are all formulated in the same fashion. Therefore, forcing the ends .
of the cables together requires that the matrices be of opposite sign,
generating motion in opposite directions.
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Now the Qjjx and Pjjx can be used to load the influence coefficient

~matrix Cjyp .: This can be représented pictorially in the following fashion:

| Qijl Q2 0 | 0 o]
Q51 o Q43 o 0
-1 %51 , o £ 0 -Q; 54 : )
le)a] = | | L (11)
51 0 0 0 ~Q; in
L"in Pija. Pi;3 Pij4 PijnJ

where O, Py and Qg are all 2 x 2 matrices.

The influence coefficient matrix is complete and the first of several

iterative cycles will be illustrated.

o

This linear system will be written in matrix form as:

[c,.] aT =<Ax> (12)
L AF/] :

The Ax has been defined previously, as:.
3

AXpip = X=Xy i=1,2...0-1

szi = zl - 2

and the AT is again -
Bl " 3 Tui* Py pLaTroRy
F2 ° 2 i * ¥z pratrory
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Solving the Eq. (12) : §

AT = [ci.]'1 axy : a3
] AF

. f . . - —
The next set of coordinate distance errors AX and force errors AF are

generated by repeating the cable computations with a‘ﬁéw set of tcnoions,
T .
k+1

|

Tk+1 = T, + AT ' k is just the .iteration index
in this equation.

Equation (13) is utilized after every complete integration cycle of the n’

mooring legs. The iterative procedure continues until all of the horizontal
coordinate errors are within some preset tolerance.
Vertical coordinate errors are minimized before each mooring leg integration '

is accepted.

The influence coefficient matrix need not be recalculated for most
configurations, although nonlinear wuuring leg response will invalidate some
of the Cjj coefficient values frequently. Other methods of maintaining a

linear response will be discussed subsequently. f

The preceding technique would result in all the cablés converging at a single
point when the errors were reduced. This is8 not a necessary consequence,
however, since coordinates of attachment peints can be subtracted from the end
coordinates of the mooring legs. Introducing the coordinates of the
attachment points causes convergence at the origin of the platform coordinate

system, usually the center.
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D.3.6 Nonlinear Mooring Leg%ReSponse

Local cable angular orientaCione are the same as the locai'tension)vector
directions. This method uti}izes incremental change5~in‘the tension vector at
the anchor end of the mooring leg‘to achieve convergence at the'platform end.
When these ifdcremental censlon values act to decrease the total ten51on vector

greatly, then much larget dxrectlon changes occur._

Normally this type of line behavior is evident on the do&nstreem side of the

plgtforﬁ where the mooring legs. have a tendency to go slack.

The opposing condition of increased ‘total line tension also leede to nonlinear
behavior because here the directional changes or increments are much 1e33‘then
expected. . T
These two examples pose a different problem to the iterative solution,
however. Decreased tension- leads to overcorrectlon and at the extreme
divergent behavior, which renders this svlution impossible. Increased tensxon

"will provide an undercorrection and slow convergence but not prevent it.

Several methods are examined to correct the above defects in this procedure.
All attempts were based on the goal‘bf decreasing the linear tension

increments to the more sensitive lines on. the .slack side of the mooring system.

The method selected has two advantages over those brevioqsly tried:

o The method is automatically applied and altered when necessary.
* Increased tension 1n'the lines is treated by 1ncreasxng the ten51on

1ncrements.

D.3.7 Iteration Control Technique

¢
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The matrix Qjjyx contains the necessary elements to predict the linear line

response Axp, Azp to a ﬁartiéular set of tension increments, AT_ ,

ATz , for a typical mooring leg k.
k .

That is,

Axoe = Qe ATy * Qi ATy

Az = Qi ATyp + Qpp ATy

The inooring leg end pointL coordinateo are calculated in the normal.fashion by
integrating the cable equations after the ténsion incremeuts ATXQ;

AT, are added to the startimg tensions.

A change ‘in end point coordinates Ax,, Azy are then compared with the
linear predictions. '

If the result is in the range

2 2 \l/2 2 2\}/2 2 2 \M/2
0.5 (Axpk + Azpk) < (Ax.k + Azk) < 1.5 (Axpk + Azpk) (14)

then the integration is accepted. If the result is such that

' 1/2
(Axi + Azi) > 1.5 (Axik + Azik)

then the tension increments are halved: AT,y is replaced by 1/2

ATy, AT, is replaced by 1/2 AT,k, and the calculations are
repeated until inequality, Eq. (14), is satisfied.
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If the result is-s;_uch“that

< 0.5 (sz + Az2

)1/2
pk’ pk

(axd + a2l

Then the. ten_sion_.i'n'cr‘ementé are increased by a factor of 1.75

N

AT:':I’{- is replaced by 1.75 A'rxk )
and

ATzk 'xi.s‘ i;e,pl"acec.l by 1.75 AT,
This system has the capab_ility'o‘f brining some very slack lines into
convergence within a reasonable number of iterationms. A

D.3.8 Mooring Leg Induced Moments Acting on.the Surface Platform

Storm loads on the surface platform. are selected on the basis of severity ‘and’
angular orientation of wind and wave. Comp:ut:at:'ions are then performed with

platform orie-r\ttation held comstant. Rét:ationél’ moments, exerted on the .
platform by the directional tensions in the mooring lines, ‘are not compensated

‘

by a corresponding platform rotation.

These platform rotational moments are calculated about all three axes, to aid

in estimating the actual impéct on platform heading.

Mooring line attachment points are specified in the surface platform

- - ) .
coordinate system, R; for the ith attachment point.
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-
Line tension is calculated in the platform coordinate system as T; for the

ith mooring line. The total torque on the platform is:
M = :E: R, x T,
is}

Specifically for the rotational moment about the vertical axis, this becomes:

n
M = R T. -R_T
y Z 2 0% X zx)
i=]
D-32
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Appendix E
MAL CALCULATIONS
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Append1x F . .
DYNAMIC LOADS ANALYSIS METHODOLOGY

. F.1 METHOD OF ANALYSIS .

The methods for- determlnlng mooring line dynamic tension extremes and fatxgue‘
life use a linearized frequency—domaln approach. The' ‘computer programs
utilized are "STORM" for analyzing the, extreme dynamic tensxon condxtzons and
"FATIGUE" for performing ‘the -fatigue 1ife study.’ Figure: F-l shows” the total
dynamic study block diagram. and . 111ustrates the common - areas used in both
MSTORM" and "FATIGUE."

F.2 COMMON AREAS

The barge transfer functions or unit-response amplitude operators .and- their

corresponding phase augles are frqm.Glostenfs report (Ref. Frl)‘forfgne.OTEC

pilot plané shius.; The sheaves or. fairleads are, located'on'the'abrnér of ché'f1

barge. -Unit RAOs for the three orthogonal translatxonal motxons -of the ‘corna -
.point are”computed by: comblnlng the- translaC1ona1 and rotatlonal RAOs of: the '
barge center with the pos1tlon vector.to the barge ‘corner point. Thxs method

is described in Ref. F-2.

Results from- the statlc analysxs (Sectxon 2.2, 2) are used as 1nput to the -
dynam1c programs for computxng the line tens1on RAOs due to unit excxcatxons

at ‘the top in.two separate directions (horizontal ‘and- vert1cal) A two-'ﬂ"

'dxmensxonal cable dynamic frequency domaxn program, "FREQCABLE," is: used as ‘a.

-subroutine. in this process (Ref F-3). . Small perturbatlons about the stat1c
‘equ111br1um posxt1on are assumed.  .The cable Ls d1v1ded 1nto 20 segments,

,boundary conditions -of unit harmon1c translatxon at’ the t0p and plnned at the."
'bottom, are. applied. Transfer matrices are generated progre331ve1y along the

‘cable, and solutxon of the cable- tension amplitudes and phase angles are .

{ LOCKHEED OCEAN- SYSTEMS



SWILSAS NVIOO QHIHADOT

-4

STORM PROGRAM

COMPUTE WAVE SPECTRAL
DENSITY FUNCTION

COMMON AREAS

FATIGUE PROGRAM

CDMPUTE WAVE
HISTOGRAM

BARGE INPUT TRANSFER
(RAO) FUNCTIONS

COMPUTE. TENSION
SPECTRAL DENSITY
FUNCTION, TSDF

!

COMPUTE SHEAVE POINT
TRANSLATIONAL RAOS

{

"INTEGRATE TSDF
COMPUTE SIGNIFICANT
TENSIONS ALONG CABLE
AND OUTPUT RESULTS-

JJINPUT ANCHOR LINE STATIC
| TENSION AND POSITION
VECTORS AND PHYSICAL
PROPERTIES

COMPUTE TENSION
HISTOGRAM (NUMBER
OF CYCLES VS PERIOD
AND AMPLITUDE FOR

1 YEAR DURATION)

1

1

COMPUTE ANCHOR LINE
TENSION RAO'S

INPUT AND COMPUTE
FATIGUE TENSION

VS NUMBER OF CYCLES
TO FAILURE DATA

!

COMBINE SHEAVE AND
LINE RAQ'S '

l

S

Fig. F-1 Dynamic Analysis Block Diagram

L |

COMPUTE FATIGUE -,
LIFE ALONG CABLE

AND OUTPUT RESULTS
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obtained. This technique has limitations because the two dimensional cable

" solution only'considers motion iq the vertical plane of the cable and the
hydrodynamic déﬁping is dependeht only on current, and is independent of
motion amplitdde. Concerning the vertical pléne limitation, some motiop does
occur normal to the vertical plane of the cable. This analysis con;ervatively
. assumes that the horizontal resultant motion of the .

sheave point is applied in the cable plane. There is no problem with the.

corner heave motion.

The tension RAOs and sheave translational RAO for two orthogonal motions; are
converted to complex numbers and the products obtained to.establish line
tension amplitude RAO for all 20 points along.the cable. The two sets of line
tension RAQ top vertical and horizomntal motion are added togéther in complex
form to obtain the total tension amplitude. RAQ, 1b of tension/ft -of wave

height versus frequency or period.
F.3 STORM COMPUTATIONS

. The storm.conditions for evaluating the.cable tensions during the 3-year and
100-year .storms- are represented bf a wave spectrum of significant wave heights
and'period (see Section 1.4). ( The tension amplitude RAO distributioms are
-squared and multiplied by the Bretschneider wave amplitude squared function to
obtain tension amplitu&e squared specttal density distributions (1b2/RAD)
vérsus frequency. . The areas under these. distributions for_all 20 points along
the cablé are computed and the significant tension amplitudes obtained for:

these points, for both '"head" and -'"beam' seas.
F.4 FATIGUE ANALYSIS

Figures F-2 and F-3 illustrate the lggicallprogéss involved in the fatigue-
life computations for the mooring lines. . The first diagram illustrates the
data manipulation used in theAfinal‘caléh}ations. 'Thé BARGE and'ANCHOR LINE
sections are addressed in the discuésion on COMMON AREAS. The ENVIROMMENT '

section begins with a wave:héight.frequency distribution table (Ref..F=4)

F-3 A
LOCKHEED OCEAN. SYSTEMS
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ENVIRONMENT

BARCE’

ANCHOR LINES

FATIGUE DATA

'CURRENT, WAVES
SEA HISTORY "

TRANSFER FUNCTIONS
RAO'S CF BARGE CENTER
BEAM, HEAD, &S5 DEG

ANCHOR LINE STATIC
TENSION AND -
POSITION VECTORS.®

!

T

!

WAVE HEIGHT
FREQUENCY
DISTRIBUTION .

¥

COMPUTE TRANSLATIONAL

RAO'S AND PHASE ANGLES *

OF BARGEZ CORNER SHEAVE
LOCATION

‘| COMPUTE ANCHOR LINE TENSION

DISTRIBUTION UNIT RAC'S AND -
PHASE ANGLES USING 2D
CABLE/BODY PROGRAM

PERCENT ROPE BREAKING .
LDAD VS NUMBER OF CYCLES
TO FAILURE FOR VARIOUS
TENSION AMPLITUDES

' i

JOINT PROBABILITY
DISTRIBUTION OF
WAVES FOR RANGES
IN RELATIVE.HEIGHTS
AND PERIODS :

!

'COMPUTE NUMBER' OF

WAVES VS HEIGHT AND
PERIOD FOR DURATIO

‘OF ONE YEAR - :

TO
FATIGUE
LIFE
PROGRAM

COMPUTE EQUATION COEFFICIENT
FOR STRAICHT. LINE SEMILOG
PLOTS OF PERCENT BREAKING
STATIC LOAD VS NUMBER OF
CYCLES TO FAILURE -

'

PRODUCE PLOT OF SEMILOG
COEFFICIENTS VS TENSION -
AMPLITUDES AND DETERMINE
"STRAIGHT LINE COEFFICIENTS'

!

DETERMINE EQUATION FOR
NUMBER OF CYCLES TO
FAJLURE AS FUNCTION OF
MEAN AND OSCILLATORY®
TENSIONS

Fig, F-2 Fatigue Analysis Flow Diagram‘.'

i
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CYCLE THROUGH WAVE PERIODS

IMSC-D678771

FATIGUE
LIFE

PROGRAM

SELECT HEADING

v

SELECT ANCHOR LINE |e-

!

CYCLE THROUGH WAVE HEIGHTS
CYCLE THROUGH DIRECTIONS

SELECT WAYE PERIOD

SELECT WAVE HEIGHT

!

—® SELECT TRAN‘SLATIONAL DIRECTION OF SHEAVE

A L

'| COMPUTE PRODUCT OF WAVE AMPLITUDE, SHEAVE
RAQO & ANCHOR LINE TENSION RAO ALONG TOTAL

LINE LENGTH

COMPUTE NUMBER OF CYCLES TO FAILURE
- AT MEAN AND OSCILLATORY TENSIONS

T

COMPUTE PERCENT OF LIFE USED FOR ONE

. WAVE CYCLE AND MULTIPLY BY NUMBER OF
.WAVES FOR ONE YEAR DURATION AT THAT
PERIOD AND AMPLITUDE

CYCLE THROUGH LINES

¥

SUM PERCENT OF LIFE USED
FOR ONE YEAR PERIOD

b 4

‘ 'DE,TERRAINE FATIGUE LIFE OF ANCHOR
LINE ANDOUTPUT RESULTS
. < :

Y\

CYCLE THROUGH BARGE HEADINGS

Fig. F-3 Fatigue Life Progrgm 
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which is a sea history of observations for one year (Table F-1). The table
shows the hours-per-month specific ranges of significént wave heights occur
over the 12 month peribd.‘ The .totals at the bottom indicate tﬁe percent of
total time these ranges occur. Table F~2 (Ref. F-5) shows the number of waves
versus relative modai period, and relaﬁivé significant héight; for a total of
1,000 waves. - The module period, To,.ig approximated as 0.93 times the
significant period, T  or T = 0.93 T, for a Rayleigh distribution. The
significant period, T, sec, is approximately related to significant wave
height, Hs,.ft, by

TS = VHS/O.ZZZ

Therefore

To = 0.93 \/HS/O.ZZZ

- This converts the relative period ratio to

1/(0.93 \[H_/0.222)

so that the hiétogram of wave frequency of occurrence is related to ome

variable, Hs.

Combining Tables F-1 and F-2, and converting the number of wavés to relafive"
duration of occurrénce,‘Iable F-3 is generated. ‘This is a purely numerical
procedure which does not account for the fact that some of these waves break,
"since the height to length ratio of 1/7 is exceeded. ' A more reasonable time
histogram was then considered wherein the times alloéated to. the breaking
waves are moved to heights where breaking waves occur. This modified
histogram is shown in Table F-4. This time~histogram converted back to number

of wave occurrences versus height, and period for one year, is shown in
Table F=5.

F-6
LOCKHEED OCEAN SYSTEMS
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Table F-1 WAVE HEIGHT FREQUENCY DISTRIBUTION

(Hours/Month)

H, /3(f") {1 12] 34 56| 7 [ .89 [wn] 12 [1316]17-18] 2022

January a0 | 0] 20| 151] 74| 28] of 2| 2| o o

February 27 1570 296| 112] 4ael 22 al 2 2 ol o
| | March 33 246| 283( 118 47] 10| 4 1 3 0 0

April s0 | 230 277| 18] 40| 9] s| of 2| o o

May ] 23 217} 219| 131| 472} 8| 6 2 2 o] o

June 10 ws| 310 62| s7| 23| 10| 2 2 of o

4

July | 8 97{ 263| 212| 1ws| 38| 12 1 2 0 1

Augus—lW— _—1;3“ ) 118 ) 320 177 7“3_ 20 13 1 5 0 0

S(;f;l;;bcr 51| 225 269 | 142| 51| 25 7 2 0 ol o
[ October 61 | 226| 203| 121| 30| 1 2 1 0 0 0
| November | 60 | 198 25| 120] as| 1| e| 2| 2| 1| o
| Deconber a3 210{ 262| 10| 78| 16 7 1 o] o 0
 Aeead | 412 2,225 3,373.N1A,7os 61| 227] 81| 23| 24 1 1
[ Cumutaive | 412 2,637(6,010 7,716 | 8,397 | 8.624 | 8,711 | 8,734 | 8,758 {8,759 | 8,760

TLL8L90~08W1
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Table F-2

.JOINT PROBABILITY DISTRIBUTION OF WAVE HEIGHT AND PERIOD (FOR. ZERO CORRELATION) (ALIG. 1978)
NUMBER OF WAVES PER 1000 CONSECUTIVE WAVES FOR RANGES 1N RELATIVE HEIGHTS-AND PERIODS

- tive

 Range In RANGES IN RE LATIVE: PER 100 t=WT, ,
‘Height |.0-  0.1- 0.3- 0.5- 0.7- 0.9- 1.1- 1.3- 18 1.7- 1.9-| ¢ | Cunula-
nsH/H, | 0.1 0.3 05 0.7 0.9 11 13 15 w3 L9 2.0 tive
0-0-0.2 | .01 0.46 3.06 9.15 17.21 21.36 16.61 7.30 .88 .14 0 76.88 76.88
0.2-0.4 | .02 1.18 7.83 23.44 44.09 54.73 42.56 18.71 4.05 .36 .01 |196.98 | 273.86
0.4-0.6 | .02 1.43 9.51 28.49 53.58 66.51 51.73 22.74 4.92 .44 .02 |239.40 | 513.26
0.6-0.8 | .02 1.25 829 - 24.84 46.72 .57.99 45.10 19.82 4.29 .39 .01 |208.72 | 721.98
0.8-1.0 | .01- 0.85 5.67 .16.98. 31.94 39.65 30.84- 13.55 2.93 .26 .D1 |142.69 | 864.67

1.0-1.2 | .0v 0.47 315 . 9.42 17.73 22.00 17.02. 7.52 1.63 5 - | 79.21 | 943.88
1.2-7.4 | - 0.2 .44 4.32 8.2 10.08 7.84 3.45 .75 .07 - 36.29 | 980.17
1.4-1.6 | - -'0.08 0.5 1.65 3.0 3.85 3.00 1.32 .28 .03 - | 13.86 | 994.03

©1.6-1.8 | - 0.03 0.18 .53 .99 1.23° .9% .42 .09 .01 ° - 4.40 | 998.47
1.82.6 | - 000 ‘005 .4 .27 .33 .26 .M. .03 - - 1.20 | 999.67
2.0-2.2 | - - 0.0/ .03 .06 .08 ..06 .03 .00 - - 0.28 | 999.95
2.2.2.8 | - - - ) B ) B IR ) I S 0.04 | 999.99
Sum | .09 598" 39.74 119.00 223,83 277.83 216.09 94.97 20.56 .1.85 .05 | 999.99
Cumula- ¥ 09 - 6.07 45.81 164.81 388.64 666.47 882.56 977.53998.09 999.94 999.99

1418L90-DSWI
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RILATIVE TiMES WiTH BREAKING WAVES

MGT /222 1
1 01,52

3 2.i6

5 1.3t

7  .234

9 .1484

1 .211~01
3 .201-02
S L.EHV-0a.
17 .2235-C4
19 .:23-05
2y .222-05
2 .i75-03
25 .¢Co
27 .225-C6
29 .C00 - .

Table F-3 WAVE DISTRIBUTION - HEIGHT AND PERIOD

.. 3 s 7
178. - 169. -20.0 -
i373. 82g8. -  279.
G4T ) 70v. . 343.
20.8 . 43, 123.

12.7 ge.2 '} 110,
2.42 29.9 26.8
.530 5.02
.185 1.27
.€91-01 .G33
.121-01 .114
.121-01 .1e3
L4TC-02 .8430-01
.€53-03 .257-02" ,181-01
©..537-¢3..222-01 .694-01
$254-03 .123-01 +.310-01

BREAKING WAVE REGION

13
.000
.210-0¢
. 365,
755
.157

.862

.804
.109.
.539
.793<0¢
.298
.190
.000"
.819~09
.438-01

15
.000 .
.000. -
.116-01
L1EI-01
.136-01

172-01

.234-01
.729-02

C L 159-01
.635-02
.9879-02

.927-02
.000

.460-02
.267-02

17
.000
.000
.450-03
+426-03
.116-02
.853-03
.111-02
.733-03

.103-02

.650-03
.403-03

.GEE-0T"

.000

.358-03 -
.245-03 -

21
.000
.000
.000
.000
.000
.000
.00
.000
.000
.00

_.000

.0090
.000
.000
.000

23
.000
.000
.000
.000
.000
.000
.000
.000

- 000

.000
.000
.000
.€CO"
.000
.0c0

27

000

.000 _
.000
.000
.000
.000
.000
.000
.000 -
.000
.000
.000
.000"
.000 -
.000

29
.000.

"« 000.

.0Co
.0Co
.0o0
.000

".000

.000
. 000
. 000
.000
. 000
.000-

- +000 .
000

1LL8L90-0SHI.
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01-4

RELATIVE TINES WITHOUT SREAKING WAVES.

H

- -

WO W =0

T/PER

5.41
.029
.G20
-.000
.GCO
.CCO
-CJ2
.CCo
.C20
.CCO
.0290
.GC0
-G20
.C00
.033

178.
520.
.GCO
.80
. G20
.0C0

. .68

.000
.CCo
. 000
.Cco
.030
.0C0
.0G0
.C00

169.

833.
701.
2835,
. 000
.060
. 090
.000
.06
.009
.C00
-C50
. 060
. 060
.G0oOo

20.0
279.
243,
129.
110.
25.8
19.9
.00
.000
.000
.000
.000
.000
.000
.000

.383
26.4
€n.4
23.9
35.3
1e.9
7.384
2.69
1.97
1.47

Table F-4 WAVE DISTRIBUTION -

HEIGHT

13
.000
.210-01
.355
.755
157
.BE2
.B04
.109
.529
.793-01
.2%8
.190
.000
.819-01
.428-01

AND PERIOD WITHOUT BREAKING WAVES

15
.000
.000
.116-01
.184-01
.136-01
.172-01
.234-01
.722-02
.159-01
.635-02
.972-02

©.227-02

.000
.4G0-02
.267-02

17

. 000

.Go00

. 450-03
.426-03
.116-02
.€53-03
L111-02
.733-03
.103-02
.650-03
.403-03
.666-03
. 000

.358-03
.245-03

19
000
~000
+000
.000
.357-04
L0000 -
346404
.370-04
.172-04
.125-04
.172-04
.165-04
.000
.000
.000

23

.000
. 000
000
.C00
. 000

25

..000

.000
.000
.000
.C00
000
.000
.000
.009
.000
.000
.c00
.000
.000
.000

27
.000
.000
.000
.000
.009
.000
.000
.000
.000
.000
.000
.C00

.000 .

.000
.Q00

29
. 000
.000
.0C0
. 000
.CCo
. 0G0
.0C0
. 060
.0CO
.0co
. 000
. 000

.0Co -
.000 -

.000

TLL8L90-~0SKH1
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3
.L37+06
.163407
.020
.00
.Go0
.Q20
.0C0
L0390
.0C0
.0CO
.0C90
. 00D
. 200
.GCO
.CG00

Table F-5 WAVE HEIGHT AND PERLOD ANNUAL OCCURRENCE DISTRIBUTION

NUTZER OF WAVES FOR VARIGUS

S
.278+06
.123+C7
.115+07

..435+06
.00C
.CCo
-C20
.CGo
.C00

nf\o

.CCO
.C00
.0C0
. 0300
.00

7
.236+05
.328+06
.403+08
.152+C6
. 129403
.315+05
.2264+03
.0CO
020
.000
.C0D
.C00
.C00
.000
.000

9

350.

.333+05
.4G14+95
.3556+05
.332405
.173405
.713+04
.2435+04
.120+04
.134+C43
.C00

.000

.D00

.0%0
'.000

11.
.000
.141404
.350+04
.329+04
.340+04
.242+404
. 255404
922,

. 102404
1583.
420.
210.
5.53
79.5
3e.8

PERIODS & HEIGHTS FOR.1 YEAR

13

.000
13.3
232.
a78.
29.6
546.
509.
69.3
341,
50.2
189,
120.
.000
51.9
27.7

17

.000
.000
.218
.207
. 561
.413
.537
.355
.493
.315
. 195
.322

. 0G0 .

.174
.119

19
.000
.000
.000
.000
.155-01
.000
.149-01
.1G0~01
.745-02
.602-02
.745-02
.802-02
.G00
.000
.000

21

.000
.000
.000
.00C
.000
.000
.000
.000
.000
.00
.000
.0CO
.CCO
.C00
.000

23

.000
. 000
. 000

L 000

. 0G0
.000
.0co
.000
.000
.000
.0c0
-.C00
.0co
.000
.000

25

.000
.000

©.000

.000
.000
.0C0
.000
.cocC

".000

.000
.0Co
,000
.000
.000

.000 -

27
".000

.000
.000
.000
.C00
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

29
.000
.000
. 000
+ 000
.0Co
.000
.020
.0Co
.000
.0CO
.0co
. 000
.C00
.0Co
.000
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The rope tension fatigue data, supplied by British Rope, is contained in

Fig. F-4. These data show straight line semi-log plots for various tension
amplitudes of oscillation in terms of percent of minimum breaking load. The
ordinate_is linear and consists of mean load expressed in terms of percent of
breaking load. The ordinate is linear, and consists of mean load expressed as
a percent of breaking load; the abscissa is a logarithmic sc;le showing the
fatigue life or cycles to failure. The equation for each of the straight
lines on the plot is Mean Load (Percent Breaking Load) = A + B log,, (N
cycles to failure). The coefficients A & B are determined for each of the
straight line oscillatory amplitude family of curves and are given in

Table F-6. The coefficients are plotted in Fig. F-5 versus oscillatory
amplitude and are formed to approach a straight line. The equations which
parameterize A & B as a func¢tion of percentage of breaking load, P, are also
given in the plot. The equation for number of cycles to failure, N, is then
derived and given as a function of mean load, ML, and oscillatory load, also

in the figure.

The fatigue life program illustrated in Fig. F-3 is self-explanatory and
illustrates five nested loops. Results from both the extreme condition

"STORM" and fatigue life "FATIGUE" programs are discussed in Section 2.2.3.

The ship RAOs are shown in Fig. F-6 for beam seas and Fig. F-7 for head seas
(Ref. F-1). The sheave joint translational RAOs and phase angles, generated
using the method of conversion described in Ref. F-2, are shown in Figs. F-8

and F-9 for beam and head seas, respectively.

The transfer functions for all 20 poihts (pt. 1 is at the leg bottom) along
the cable for 15 separate unit horizontal top motions with periods of (1, 3,
5, ... 27, 29 sec) are shown in Table F-7. These results are generated with
the "FREQCABLE" method described in Ref. F-3. The transfer functions together
with the corresponding phase angles, expressed in complex form and coupled
with the sheave point RAOs (Figs. F-8 and F-9) are then used to generate
tension unit response amplitude operators (1b/ft wave ampl.). This is shown

in Table F-5 for all 20 points along the cable and 15 wave periods. The

F-12
LOCKHEED OCEAN SYSTEMS



MEAN LOAD (% ROPE BREAKING LOAD)

80

SIX STRAND ROPE CHARACTERISTICS:

TENSION FATIGUE

IMSC-D678771

AMPLITUDE

(3 OF ROPE M.B.L.)

10 10 10
"FATICUE LIFE (CYCLES)

Fig. F-4 Fatigue Life Versus Mean Loads
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Table F-6 COEFFICIENTS A & B FOR SIX STRAND ROPE TENSION FATIGUE

CURVES - MEAN LOAD

Ocoillatory Amplitude
(% of Rope Minimum A ‘B

Breaking Load)(a)
+4 174 -16.83
+5 185 -20.33
+ 6 202 -24.5
+ 7 215.5 -28.0
+8 232 -32.0

(a) Percent Breaking Load

= (A + B) log;q (N cycles to failure)

F-14
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(ML - A)
N=1io '

[(ML - 113.75 - w.szsp)]
10

N = ~0.875 - 3.812

240

230

220

-40— 210

200

=30 190

180

-20F 170

160

10k 150 | | 1 J |
B A 4 s 6 7 8 9 10
OSCILLATORY * PERCENT BREAKING LOAD, P

Fig. F-5 Plot of Coefficients A & B Used in Fatigue Cirves
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Fig. F-6 Beam Sea RAOs and Phases - OTEC Pilot Plant Ship
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FREQUENCY
(RAD/SEC)

.208000
.262000
.316000
.370000
.424000
.478000
".532000 .
.5R86000
.640000
.694000
.748000
.B02000
.B56000
.910000
.964000
1.01800
1.07200
1.12600
1.18000
1.23400

X

.000000.

.000000
.000000
.000000
.000000
.000000
. 000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
. 000000

AMPLITUDES

Y 4
(FT/FT) (FT/FT)
.824361 1.01605
. 706280 1.03805
.525500 . 1.08708
. 145351 1.2€675
4.77235 6.51161
1.29172 1.83708
.951584 2.02921
.760595 1.40276.
.621576 .631017
.510269 .301355
.413536 - .17€257
.328318 .121063
.253873 .908617-01
.190202 .690605-01
.136821 °©  .511680-01
.937881-01 .360632-01
.604710-01 .232021-01
.357984-01 . 145380-01
.185071-01 .770109-02
'.715482-02 ,305906-02

PHASE ANGLES

%
. 000000
. 000000
. 000000
. 000000
. 000000
. 000000
. 000000
. 000000
. 000000
. 0000600
. 000000
. 000000
. 000000
. 000000
. 000000
.000000
. 000000
. 000000
. 000000

.000000

Yy
(DEG)

90.0871

90.0753
90.6143
106.249

-151.007
93.1711
91.1388
90.4859
90.3198
90.3455
90.4605
90.4849
90.4153
90.3801
90.3764

90,2439
90.1694
90.0676

89.8932

89.7913

Fig. F-8 Beam Sea Sheave Point RAOs

Yz.
(DEG)
-175.442

=172.411

-167.384
-155.282

- =153.469

135.969
121.832
78.1675
60.3952
66.4600
B1.6096
98.4898
110.153
118.594
124.751
129.193
£32.617
135.053
137.051
139.055

1418190-0SW1
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0z-4.

FREQUENCY - X -
(RAD/SEC) (FTJ/FT)
.208000 .920870
.262000 - .863889
- .316000 .734111
.370000 .336153"
.424000 .542153
..478000 .424869
.532000 .687821
.586000 .882110
.640000 . .576052
.694000 - .317455
.748000 .152744
.802000 .353833-C1
. .856000 .114460
.910000 .145791
.964000 .105518
1.01800 .683818-01
1.07200 .371796~01
1.12600 .481537-01
1.18000 .553362-21
.608391-01

. 1.23400

AMPLITUDES

Y (

. 000000
.000000
.000000
©,000000
.000000
.000000
.000000
.000000
.000000
.000000 -
.000000
.000000
.000000.
" .000000
.000000
.000000
..000000
.000000
.000000
.000000

-2
FT/FT)

1.03479 -
1.08367
1.17047
1.31383

. 1.54642

1.9€506
2.57404
1.70194
.603527
.192578
.438396-01
.135925-01
. 103927-01
.147196-01

.224797-01"

.221720-01
.145629-01
.563740-02
.522283-02
.732213-02

- Px
(DEG)

92.3261

' 92.7299

93.7087
99.4016
102.247
125.086
151,420
121.258
102.369
94,5945
170.826
-65.1899

-76.3946 .

-87.7386
~90.7522
-94.0364
-101.488

-153.589

156.806
104.032

PHASE ANGLES

®
Y

. 030000
. 000000
. 000000
. 000020

. 300000

.QoooDC

. G00000
.G00000

.600000
.000Q00
.900€00
.000G00
. 000600
. 000000

.200000 .

. .D00000
* .000000

.000000
.000000 .

.'000000

'Fig,ny9 Head Sea Sheave Point RAOs

Yz

(BEG) |

-166.213
-159.210
-152 4031
-145.799
-142.581
~145.€92
-170.215
139.2688
119.850
121.472
14421
-142.356
-40:0125
43.5059
71.3385
85.4338
-100.399
13€.078
-127.901

-99.4465

14£8£9Q-0SH1
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LADLEE

Table F-7 TENSION AMPLITUDE TRANSFER FUNCTIONS FOR ALL CABLE POINTS AND FREQUENCIES
(UNIT HORIZONTAL MOTION AT TOP)

FoI»THSL/PER 1

- b b
N2O0ODONOAWVMDHWND -

13
14
15
16
17
18
19
20

.220+07
.211407
.1C5+07
. 339+07
.299+07
.175+406
.278+07
.350+407
.139+07
.{EA+07
.378+07
.175+07
.142+07
.345+07
.270+07
.242+406
.297+07
.332+07
.Gu2+03
.214+07

3
.228+04
.223+Ca
.226+04
.227+04
.236+04
,.242+04
.256+04
.282+04
.292+04
.259+¢4
.315+C4
.30S5+04
.292+04
217404
.217404
.251+04
-.308+04
.377+04
.452+04
.530+04

S
.203+924
.202+04
.203+04
.212+04
.231404
.256+04
.282+04
.302+04
.216+04
.325+04
.339+04
.326+04
.256+04
.219+04
.123+04
.200+04
.237+04
.292+04
. 355404
.424+04

7
.181404
.177404
.183+04
205404
242404
.2385+04
.324+04
.353+404
.375+03
.382+04
.404+04
.323+404
.334+404
.2774043
.230+04
.202+04
.199+04
.222+04
.263+04
.315+04

]
.169+04
.161404
.173+04
.210+404
.269+04
.333+04
.392+04
.436+04
.467404
.45C+01
.513404
.511404
.4C0404

-.410+04
.364+04
.327+04
.301+04
.289+04
.292+04
.309+04

11

.125+04

.178+04
.187+04
.221+404
.279+04
.347+04
.412+404
.364+04
.503+04
.532+04
.568+04
.583+04
.549+04
.516+04
.488+04
.467+03
.455+04
.451+04
.455+04
.466+04

13
.2024+04
.193+04
.202+04

.217+404.

.249+04
.295+04
.345+04
.399+04
L425+049
.452404
.,492+04
51E+04
.500+403
.435+04
.475404
.872¢09
.47G+04
.466+04
.502+04
.523+04

is
.206+04
.206+04
.205+04
.208+04
.216+04
.241+04
.2714+04
.303+04
.336+04
.352+04
.389+04
,416+04
.407+404
.401+04
.400+04
.405+04
.417+04
.434+04
.456+04
.431+04

17
.207+04
.209+04
.2085+04
.204+04
.202+04
.208+04
.222+04
.230+404
.254%+04
.277+04
.305+04
.328+04

".323+04
.321+04
.3232+04
.331404
.345+04
.363+04
.386+04
.411+404

19
.210404
.213+404q
.212+4035
.205+0%
.193+404
.193+04
.194+04
.201404
211464
.222+G4
.241+04
.257+04
.253+404
.251+404
.2544+04
.262+403
.275+03
.292+04
.313+04
.337+404

21
.214404
.219+04
.217+04

.212+04

.200404
. 120404
.183+04
.180+404
.162+04
.186+04
.193+04
.201404
.195+04
.192+04
.124+04
.199404
.210404
.225+04
.243+04
.264104

23
.218+04
.222+04
.222+04
.216+04
.205+04
.193+04
. 182404
.173404
. 168404
. 166+04
. 162404
.160+04
. 152404
. 146404
.144404
. 146404
.152+04
.163+04
.178+04
. 195404

25
.219+404
.223+404
.223+04
.218+404
.209+04
.197+04
.185+043
,173404
.164+04
.157404
146404
.136+04
.125+04
.116+04
.109+04
.105+04
.106+04
,111+4043
.120+04
.133404

27
.215+404
.219+04
.220+04
.216+404
.209+403
.198+04
.186+04
.174+404
.163+04
.154+404
.141+04
.127+404
.1154049
.103+04
9:8.
826.
761.
735.
753.
814.

29

.2C6+04
.210+404
.212404
.209+04
-.203+04
. 195404
.183+04
.173+404
. 163404
.153+04
. 141404
. 128404
.116+04
.104404

917,
800.
689.
591,
5135,
475.

1,.8L90-0SW1
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horizontal and vertical RAOs of the sheave for a specific frequency are

represented by

i ¢

%y
Horizontal: AH e

i¢

‘ Vartical: A, e v

where A 1is amplitude and ¢ are phase angles. The tension transfer

function for a specific point on the c¢able at a specific frequency is

i¢H
Horizontal: TH e

i¢v
Vertical: Tv e

where T 1is tension amplitude and Y are phase angles.

Multiplying and adding, we get the tension RAO or the amplitude of temsion
that occurs at that point on the cable when a wave of unit amplitude at the

specified frequency passes by.

iy i (P +4) i (D +y)
_ - n vt
Trao © A Tye *tA Ty e

With the histogram of number of waves versus wave heights and periods,

Table F-5 and the tension RAOs, Table F-8, the number of cycles to failure for
a single point on the cable at a specific wave period and height is
determined. The tension amplitude is:

Tamp =

Trap ¥ Byave/2

F=22
LOCKHEED OCEAN SYSTEMS



Table F-8 TENSION AMPLITUDE RAOs (LB/FT OF WAVE AMPLITUDE)

PR AR
(e e

SWELSXS NVID0 QITHNO01

3 .
JE Y LGEH/PER 1

S 9 1 13 15 17 19 21 23 25 27 29 |
1 .154405 23.1 35.0 367. 833. .150+04 .262+04 .902+04 390. 92¢t. .129404 .150+04 ,162+404 ,168+04 ,169+04
2  .437+04 23.1 34.7 3G60. 796. . 145404 .257+404 .902+04 392. 936. 131404 .153404 .166¢04 .171+04 .172+04
3 .215+04 22.9 35.0 371, a51. «151+04 .251404 .9014049 391, 930. .131404 .152404 167404 .172404 .174+04
4 .143+05 23.0 36.5 415, 103404 .174+04 .282+404 .912+04 J9%. 802. .127404 ,.14804+04 .163+04 .169+04 .171+04
S .736+04 23.0 © 239.8 409. .132+04 .213+04 .324+404 .260+04 405. 868. .120404 .140+04 .155+04 ,162:04 .16G+04
6 .337+04 25.4 44.2 976. 163104 .260+04 .362¢04 .105+05 44). 053. 113404 .131401 ,145404 ,154+04 .159+04
7 .112+05 27.2 48.5 655. 191404 .304+04 .444+04 .118+05 501%. 871. .109404 .122+04 .135+04 .143+¢04 .150+04
8 .101+C5 28.7 51.9 715. .213+04 .341404 .500+#04 131405 566. 918. .107404 .115+04 .125+04 ,133404 .141+04
9 .5G1+04 29.8 54.3 756. .228+403 .3GY104 .545+04 ,142+05 627. 980. .109404 . 111404 117404 123404 .131+04
10 .552¢34 30.5 59.9 785. .2329+04 .390+34 .500+03 .152+05 678. 104404 112404 . 109404 ,110+403 115409 ,123+04
11 125405 32.% 53.4 815. .250404 .416+04 .632+404 ,166+05 779. 2116404 113404 .107404 101404 ,103+04 .111+04
12 .521+04 31.3 56.4 792. .24€+404 .423+04 .663+04 .176+05 864. .127+404 . 125404 .107+04 937. 908. 995,
- 13 .358+04 25.3 45.7 659. «222404 .392+404 .633+404 .1704+05 B852. .127+04 .125+04 ..104+404 @866. 812. 898.
U 14 122405 21.6 36.9 §82. 197403 .363+04 .605+04 .166+05 838. 127404 . 125404 .102+404 809. 722. 800.
tg 15 .6.5¢04 21.5 32.1 455. .175404 .337404 .583+04 ,163+05 527. .128404 ,1264+04 .102+404 779, 644 . 703.
16 .304404 25.2 33.3 326. 157404 .318+04 ,570+04 .164+05 822, .131+404 ,130+04 .104+04 760. 575. 609.
17 .121+405 31.2 40.0 392. .145+404 .205404 .565+04 .167+05 824. .136+04 ,137+04 .110+404 700. 533. 520.
18 .792404 38.4 49.6 442, .1414+04 .301404 ,£69+04 .173+05 836. .142+404 ,145+03 .118+04 @g31. 525. 44,
19 .72.6+04 46.2 60.8 528. .144+404 .304+04 ,582+04 .180+05 660. 151404 ,156+04 .128+04 911, 553. 390.
20 .169¢05 543.3 72.8 636. <154+404 .314+04 .602+04 .190+05 837. 161404 ,168+404 . 140404 101404 615.

349.

1LL8L90-0SWI
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The percent of breaking strength is then obtained.

P = T,.p/B.S. x 100

The mean tension,

T =

MEAN TeTaTic

is converted to percent of breaking load,

Substituting these values into the equation shown in PFig. F-4. The number- of

cycles to failure is obtained as:

L - 113.75 - 14.625P)
(-0.875 - 3.812P)

N = 10 . exp [(M

This process is performed for all the heigh:s'and periods for each cable
point, a sample of which is shown in Table F-9. Since the exponent in the
above equation becomes very large for small P values, a cut off of 15 was
selected for the maximum exponent which explains why most of the values in
Table F~9 are 1 x 1015. Applying the Palmgren~Miner cumulative damage

theory (Re.s, F-6 and F-7), the number of loading cycles for | year histogram,
Table F-5 is divided by the number of cycles to failure, Table F-9, and then
sumned for all periods and wave heights to obtain the fraction of life
consumed in one year for the cable point in question. The inverse of this
value gives the life expectancy (years) of that cable point. Table .F-10 lists
the fractions of life consumed for all 20 cable points for a beam sea

condition and the minimum life expectancy.

F-24
LOCKHEED OCEAN SYSTEMS
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§z-d

HGT/PER 1
1 :100+16
3 .693+13
5. .275+10
7 .739+08
9 .107+08

11 .290+07

13 .117+07

15 .596+06

17 .356+06

19 .236+06

21 .170+05

23 .3129+06

25 .102+06

27 .838+05

29 .706+05

3 .

.100+16
.100+16
.100+16
.100+16
.100+16
.100+16
.100+16
.100+16
.100+16
.100+16
.100+16
.100+16
.100+16
.100+16
.100+16

Table F-9 NUMBER OF CYCLES TO

s 7 9 1 - 13.
.100+16 .100+16 .100+16 .100+16 .100+16
J100+16° . 100416 .100+16 .100+16 .100+16
.100+16 .100+16 .100+16 .100+16 .100+16
.109+16 ,100+1G6 .100+16 .100+16 .100+16
~100+16 .100+16 .100+16 .100+16 .100+16
.100+16 .100+16 .100+16 .100+16 .100+16
.100+16 .100+16 .100+16 .100416 .100+16
.100+16 .100+16 .100+16 .1CO+16 .100+16
.100+16 .100+16 .100+16 .100+16 .100+3i5
.100+16 ,i00+1G6 .100+16 .100+16 .501+15
.100416 .100+16 .100+16 .100+16 .585+14
.100+16 .100+16 .100+16 .100+18 .953+13
.100+16 .100+15 .1C0+16 .651+15 .205+13
.100+18 .100+16 .100+16 .119+15 .540+12
.100+416 .100+16 .100+16 .274+14 ,169+12

FAILURE FOR SINGLE CABLE POINT

15 17 19 21 23 25 27 29
.100+16 .100+16 .100+16 .100+16..100+16 .100+16 .100+16 .100+16
.100+16 .100+16 .100+16 .100+16 .100+16 .100+16 .100+16 .100+16
.100+16 .100+16 .10C+!5 .1C0+16 .100+16 .100+16 .100+16 .100+16
.100+16 .100+18 .10C+16 .100+16 .100+16 .100+16 .100+16 .100+16
100416 .100+16 -.100+16 .100+16 .100+16 .100+16 .100+16 .100+16
.100+16 .100+1€ .100+16 .100+t6 .100+16 .100+16 .100+416 .100+16
.100+16 .100+16 .100+16 .100+16 .100+16 .100+16 .100+16 .100+16
100416 .100+416 .100+16 .100+16 .100+16 .100+16 .100+16 .100+16
.100+16 .100+16 .100+16 .100+16 .100+16 .100+16 .100+16 .100+16

.100416 .100+16 .100+16 .100+16 .1C0+16 .100+16 .100+16 .100+16 .

.100+16 .100+16 .100+16 .100+18 .1CO+16 -.100+16 .100+416 .100+16
.654415 .100+16 .100+!'6 .100+16 .100+16 .100+16 .100+16 .100+16
.106+15 .100+16 .100+16 .100+16 .100+16 .100+16 .100+16 .100+16
.220+14 .100+16 .100+16 .100+16 .100+16 .100+16 .100+416 .100+16
.555+13 .475+15 .100+16 .100+16 .100+16 .100+16 .100+16 .100+16

1£48L9G-DSWT -
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Table F-10 FRACTION OF LIFE CONSUMED IN ONE YEAR ALCONG CABLE

.650281-08 .650331-08 .650425-08 .E50683-0B .651622-08 .655744-08 .675231-08 .759910-D8
-530350~07 .759159-07 .527281-07 .330558-07 .296163-07 .254856-07 .245009-07 .263945-07
MINIMUM LIFE OF ANCHORR LES .131725+08

.106561-07
.682371-08

.716500-08
.677806-08

1L£8L90-0SW1
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The long fatigue life is a result, in part, of small amplitude tension
oscillations. The data presented in Fig. F-4 are extrapolated from tests in
air. The manufacturer recommends that these data be used until data for
fatigue life of wire rope in seawater is obtained. There are, however, many
references which show a great reduction in fatigue strength of steels in salt
water. One program involving axial fatigue testing of bright wire rope under
accelerated loading provides data which indicates a significant reduction in
cycles to failure in water as compared to in-air conditions (Ref. F-8). The
high frequency of loading, relatively high load range, and ungalvanized
conditinn bring im questiun the applicability of these results to SKSS fatigue
aﬁalysis. Fatigue tests of large diameter wire rope in seawater are

recommended in the Task IV report.

The assumptions and limitations of this analysis are summarized as follows:

o Line dynamics do not affect short term barge response to waves
0 Small perturbation theory for mooring line response is valid

Salt water immersion does not affect wire rope cyclic fatigue strength

o&

o

Straight line, semi~-log extrapolation of fatigue data is valid

o Linearization applies

o Vortex shedding effects not included

0 Mooring line dynamic program has only two dimensional capability
o Waves are all in same direction

0 Orientation of barge remains constant throughout fatigue life duration
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