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NOTICE: The project that is the subject of this report was approved
by the Governing Board of the National Research Council, whose members
are drawn from the cou :11s of the National Academy of Sciences, the
National Academy of Engineering, and the Institute of Medicine. The
members of the panel rasponsible for the report were chosen fer their
spacial competences and with regard for appropriate balance.

This report has been reviewed by a group other than the authors
according to procedures approved by a Report Review Committee

consisting of members of the National Academy of Sciences, the
National Academy of Engineering, and the Institute of Medicine.

The National Regearch Council was established by the National Academy
of Sciences in 1916 to associate the broad community of science and
technology with the Academy's purposes of furthering knowledge and of
advieing the federal government. The Council operates in accordance
with general policies determined by the Academy under the authority of
its congressional charter of 1863, which astablishes the Academy a= a
private, nonprofit, self-governing membership corporation. The
Council has become the principal operating agency of both the National
Academy of Sciences and the National Academy of Engineering in the
conduct of their services to the government, the public, and the
gscientific and engineering communities. It is administered jointly by
both Academies and the Institute of Medicine. The National Academy of
Engineerirg and the Institute of Medicine were established in 1964 and
1970, respectively, under the charter of the National Academy of
Sciences.

This report represents work supported by contract No. NA-81-QA~C~159
tween the Department of Commerce, National Oceanic and Atmospheric
Administration, and the National Academy of Sciences.

Limited coples are available from

Marine Board

Cormission on Engineering and Technical Systems
National Research Council

2101 Constitution Avenue, N.W.

washington, D.C. 20418
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PREFACE

Origin of the Study

Occan Thermal Energy Conversion (OTEC) is a technology for extracting
ene~gy from tne stable and inexhaustible supply of solar heat stcred o .
in :he surface waters of the ocean. When commercially developed, OTEC ,—"-.-=~-l'r
technology will use the temperature difference between warm surface
and cold deep ocean water to powar turbines via a heat engine. The
turbines will power generators to produce electricity, for

manufacturing at sea, or for transmission to shore. The development R
of OTEC technology is one of several solar enerJyy research and Tl
development programs of the Department of Energy. i

In response to a request from the National Ocean and Atmospheric
Rdministration (NOAA) and the Department of Energy, the Assembly of
Engineering of the National Research Council convened a Fanel on OTEC
Ocean Engineering under the auspices of the Marine Board.* Members . s
were selected for their experience in design and construction of large poo e'
ocean structures, naval architecture, environmental phenomena and
environmental lcading, marine geotechnical engineering, mooring
systems, exploratory engineering, marine operations, and engineering
systems integration. The principle guiding the constitution of the PR
committee and its work, consistent with the policy of the National T -
Research Council, was not to exclude the bias that might accompany the .

-

expertise vital to the study, but to seek balance and falr treatment. !_‘ "\
In particular, care was taken to ensure that panel members nad not AT
directly conducted OTEC research or development projects. BT
Scope of Study . ,'-—'_;-..

, The charge to the panel was to assess the state of ocean ,
engineering knowledge, technology, and practice necessary to design, S
construct, and operate OTEC plants, especially in the areas of: Lt
P @

*In a recorganization of the National Research Council in the ;:;.’j
Spring of 1982, the Assembly of Engineering was subsumed into the Tt
newly created Commission on Engineering and Technical Systems. .3f.; R
Voo
- T
| 4 L
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0 Platforms, moorings and foundations, including floating
(grazing or moored) platforms, and fixed systems (on dry land
or mounted on the continental shelf).

¢ 'The sea water system and its interface with the OTEC plant,
including pipeline configurations and floating or moored
systems.

© Product transmission systems, especially the submarine
electric power transmission cables and their interface with

the OTEC plant.*

The panel was alsc asked to identify the additional ocean engineering
research and development necessary to meet the objectives of the
Department of Energy's OTEC program, and to make recommendations
regarding the content and dircction of ocean engineering R&D in the
OrEC program. However, the panel stopped short of developing specific
R&D programs. The panel wags not asked to address the issues of power
plant design and engineering, whether OTEC is a viable national eneray
option, or institutional and management arrangements in the
development and implementcation of the OTEC program, especially the
appropriate roles of government and industry in the development of

OTEC.

The panel focused its assessment of feasibility on a 40-megawatt
electric (MWe) OTEC plant because, in the main, the technical
information provided the panel for assessment addressed tials size
plant. It considered the scaling of OTEC ocean engineering
technologies up to larger sizes and the feasibility of constructing
and deploying larger plants. It also considered the technical
advantages of smaller OTEC plants.

An important area of assessment for the panel was the adequacy of
environmental design criteria, which are specific values of
environmental parameters that describe the severity of natural
events., Adequate environmental design criteria are important because
they are used to determine the design forces and required support
conditions for of fshore structures.

To assist the panel, the NOAA prepared & compendium that set
forth, through extracts and summaries of research reports, the
technical status of the OTEC ocean engineering program, including the
ocean engineering, related research and its findings, unresolved

*The panel subsequently narroved its assessment of product
transmission systems to submarine electric cakles because the
technical base for assessment is better developed than that of other
product transmission system concepts {see subseguent description of
the technical baseline (page 8-12).

-yl

q
o

i

i
-4

"‘

- J»—....;

. @&

€

i

g

road

1
1
.L_'._L._'._'_._'J

e . .
[ PRI P I U Y R TP S P

A taat L tata ity Aiia metat e

PRVEPIA

RIS PN S B S Y

AT §

aoale.aal

s 4 % 4 .u



engineering issues, and research still raequired.* The numerous
tachnical research reports that provided the basis of the NOAA staff
report (and the baseline for the panel) are enumerated in the
biblicgraphy (pages 51-65). The scope and coverage of tiie NOAA
compendium, and therefore the technical baseline of the panel's study,

are described in the subsequent chapter titled "(OTEC Ocean Engineering
Development" (pages 7-12).

The panel, in carrxying out its charge, vsed the technical
information in the NOAA staff report, together with the research
reports cited in it, as its technical baseline. It then validated the
technical information (in the sense of confirming the evidence
presanted and conclusions drawn), conducted an assessment through
meetings and a workshop, and rendered expert opinions based on the
review, and the experience of panel members.

Study Organization

At the outget, the panel reviewed the NOAA compendium, and
invited other experts to rxeview it. The reviewers are listed in
Appendix A. The reviews were used by the panel in developing written

critigues of the NOAA compendium that identified outstanding tecnnical
issue ;: in OTEC ocean engineering.

Ths panel then convened a workshop with invited experts to
identify omissions, deficlencies, and aiscrepancies in the technical
information; deascribe major technological problems and issues;
identify needed research: and establish the technological priority and
timing of remaining ocean engineering development. Participants in
the workshop are listed in Appendix B.

The panel's report, and conclusions and recommendations are based
on its review of the NOAA compendium together with the research
reports listed in the bikliography, on the technical assessment of the

current state of OTEC ocean engineering conducted at a workshop, and
or the professional experience cf pansl members

€ CL PRIlS. MSHoeIlsS.

*The NOAA compendium is available on request from the Marine
Board, National Research Council, 2101 Constitution Ave., N.W..,
Washington, D.C. 20418.
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Ocean Thermal Enerqgy Conversion (OTEC)/is ons of sevaeral solar energy
programs of the Department of Energy.—”The Panel on OTEC Ocean Engi-
neering of the National Research Council was formed to assess the
state of ocean engineering lnowledge, technology, and practice neces-~
sary to design, construct, and operate OTEC plants. The pansl concen-
trated its study on platforms, moorings, and foundations; the cold
water pipe; and submarine cables for slectric power transmission. The
panel did not address the design and engineering of power plants;
institutional and management issues or the commercial feasibility of
OTEC; o> its environmental impacts. The panel focused ingtead on
determining the state of development of several of the ocean engineer-
ing technologies naeded to design and construct a 40-MWe OTEC plant;
it also examined the technical feasibility and advantages of larger

and gmaller plants,

A

Assessment of the State of Practice of OTEC Ocean Engineering¥*

The design, conetruction, and installation of land-based and
shelf-mounted OTEC plants producing up to 40 Mie is technically feasi-
ble from the stangpoint of ocean engineering. The necessary ocean
engineering research and developmenf has been identified and can be

completed in a reasonable time period to support OTEC system
development.

For a 40-MWe floating plant, the submarine electric gable system
raquires the most development. For all OTEC configurations, major
questions arise about the ability to construct plants largex than
approximately 40 MWe. The extent to which the cold water pipe and the
submarine alectric cable systems can be enlarged beyvond the size
needed in a 40-MWe plant needs to be demonstrated; upper limits on
their size ars not established. For floating plants, the difficulty

“The term "state of practice” means that no additional ocean

engineering research is nacessarys the igsue is confined to a design
problem.
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LY

of engineering development required for submerire elactric cable eys-
tems could preclude commercial feasibility of providing powar by cable
to land for many yvears. Thuy, technical considerations indicate that,

for floating plants, smailer sizes (up to 40 MWe; may be more feasible.

RECOMMENDATION: The advantages of constructing and operating smaller
OTEC plants (up to 40 MWe) should be established, and possible appli-~
cations pursued.

Systems Integration

Many of the remesining engineering issues for OTEC depsnd on the
aengineering necessary to integrate the system components that have

been separately engineered. These components include power plants,
platforms, moorings, foundations, sea water systems, and submarine
electric cable systems. Encineering studies have not adequately
addressed the design of critical interfaces between system components,
and such interfaces' constructieon, installation, inspection, main-
tenance, and repair. These interfaces, and procedures relating to
them, require further examination. Site specific design and develop-
ment studies of total systems are also important for systems
integration.

RECOMMENDATION: The Department of Energy should strengthen the tech-
nical coordination between its ocean engineering development for CTEC
and the other elements of its OTEC program.

Needed Research and Development

Additional research and development in ccean engineering is
necessary fcxr the advancing of OTEC technologies. The specific work
needed on platforms, moorings, foundations, the cold water pipe, and
the submarine electric cable, i3 summarized in Table 1.

RECOMMENDATION: Should the development of OTEC technologies be cor-
tinued, necessary ocean englueering research and development should be
undertaken. The content &nd timing of research programs should be
coordinated with other OTEC system dovelopment with gpecial regard o
the definition of design requirements, selection of OTEC plant sites,
and integration of OrEC systoms.
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OTEC Program Content and Direction

Spacific design requirements of the government's OTEC program
(performance, reliability, and maintainability objectives for the
design, construction, and operation of OTZC systems) need to be
adegquately and completely defined. The lack of clearly defined design

requirements complicates the identification and solution of needed
ccean engineering developmant.

RECOMMENDATION: The design requirements of the OTEC program should be
made clear by the Department of Energy in a statement that is updated

periodically and made available to researchers, contractora, and
vaendors.

Catalog of Applicable Resaarch Results

Important end broadly applicable sngineering research has been
conducted in the OTEC ocean engineeri.g program. While virtually all

of this information is in the public domain, it is not readily
available.

RECOMMENDATION: Regardless of the future of tha OTEC program, the
rasults of the OrEC ocean engineering develorment program should be
surmarized, indexed, and catalogued so that they will be accessible to

other users. This docuamentation should include infrrmation about
discarded concepts.
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Table 1 Importance and Difficulty of Needed Ocean Engineering

* : . 3
Research and Development RUTRET
R
LT

Specific Area of Interest Applicability** Importance*** pifficulty*»* B
Platforms, Moorings, and AN
Foundations F '.1

1. Integrate industrial
process design R
requirements with Land/Shelf/ S
ocean engineering Moored/Grazing H L

2. Determine the impact
of the submarine
electric cable on
system mooring
requirements Moored R L

3. Evaluate foundation
installation on steep
slopes, especially in
deep water; evaluate

. s LT T
PRI LIRS

-
AN NS
- e
. i '
U €
lacalalola adh . Ams gl et T

slope stability*® %% Laud/shelf/ P;H
Moored M H :
» -

4. Ara2lyze and verify
hydrodynamic motion

response of prototype
designs Moored/Grazing M M

o

5. Determine the effect
of high voltage
transmission on platform
materials and corrosicn ghelf /Moored/

devices Grazing M M ) v;":;n

L

* Importance refers to the relative importance of the ocean
engineering issue for the further development of OTEC.
Difficulty refers to the severity of the ocean engineering issue jﬁfif.w
In terms of the time and cost required to resolve it. L

“ -—_.ﬁ-{\n
*h Lan”?, shelf, moored, or grazing OTEC. See pages 12~-21 for an :
explanation of these various deusiyn concepts., L
HENER ’ «
w¥*  High, Medium, Low. o '

¥*%* Tmportarce and difficulty are site specific.
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Table 1 Importance and Difficulty of Neseded Ocean Engineering Research
and Development (Continued)

Specific Area of Interest Applicability Imporxtance* Difficulty*

L

Sea Water Systems
l. Gimbal design:
working life, maintain-
P ability, and dynamics Moured/Grazing H M

i 2. Isolate pipe water
fa masg dyramics from
the platform Moored/Grazing H M

3. Design vortex-induced

i
-
: vibration suppression ghelf /Moored/
‘ devices Grazing H M
|

: 4. Fiberglass-reinforced

Lo plastic: determine

i' long~term material

C properties, maintain- Land/Shelf

ability Moored/Grazing H M

"L

P 5. Calibrate analytical
D tocla for predicting
dynamic behavior Moored/Grazing H L

6. Plpe deployment: develop
Do procedures, constraints
| on design, site specific Land/Shelf
considerations Moored/Grazing M L

7. Develop procedures
: for inaspection, mainten- Land/Shelf
L8 ance, and rapalr Moored/Grazing M L

Submarine Cable System

1. Develop cable design
specifying materixl,
fatigue, torque,
weight, slippage,
corrogion characteristics Shelf/Moored H H

2. Develop gimbal design
regarding both structure
and installation Moored H H

*511 gh, _b!adiu.m, Low
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i
f '!3 Table 1 Importance and Difficulty of Needed Ocean Engineevring Research
; ' and Development (Continued)
f Specific Area of Interest Applicability Importance* Difficulty*
: Electric Cable (cont'd.)
! ﬁ 3. Develop inspectiorn,
' maintenance, and
repair concepts and
‘ eqgaipment (including
- field splice capa-
. ‘ bility) Shelf/Moored H H
P 4. Make prototype validations  Shelf/Moored H M
[
- 5. BAnalyze deployment
T and recovery sheif/Moored M L
. ! €. Calibrate analytical
tools for analysis
of cable designs Shelf/Moored M L
| 7. Dasign and test devices
'-"! to suppress vortex-
indi ced vibration Shelf/Moored M L
i-fﬂk 8. Develop armoring
T or burial cable proteztion  Shelf/Moored M .4
B ‘:.d

C “High, Medium, Low.




OTEC OCEAN ENGINEERING TECHNOLOGY DEVELOPMENT

Federal support for OTEC development began with the Nationesl Scieace
Foundation in 197Z. The OTEC program was transferred tc the Enexrgy
Research and Development Administraton in 1975, and to the Department
of Energy (DOE) in 1977. Within the Department of Energy, the OTEC
Program is housed in the Office of Solar Techrology.

The DOE/NCAA OTEC Technology Development Program

Since 1977, the National (zeanic and Atmospheric Administration
(NOAR) has provided technical, engineering, and management assistance
to DOE in developing ocean engineering technology for OTEC applica-
tions. The major elements of NOAA's work have been the development of
concepts for OrEC platforms or vessels; seawater transfer systems,
including the large cold water pipe; and mooring and foundation sys-
tems. The development of the submarine electric power tranemission
cable system has been managed separately by the Department of Energy
as a high voltage cable design task. It has not to data been managed
as a critical ocean engineering item requiring ocean engineering
research and development

The OTEC ocean engineering tschnology development effort, which
is managed by a program managemant office within the NOAA Office of
Ocean Technology and Engineering Services, is intendad to demonstrate
the technical and economic feasibility first of a pliot plant of about
40 MWs, leading to plants of 100 mMwe or larger.

The OTEC ocean engineering technology development program has
been directed at the development of viable platforms or vessels; sea
water tranefer syetems, including the large cold water pipe: and moor-
ing and foundation systems. The work undertaken has included analy-
gia, laboratory tests, at~sea tests and evaluations, and some studies
of systemna. Analyses have been conducted of the entire system as well
as of the individual components. Analytical computer codes have been
generated to validate the motion response and structural integrity of
the platform, power system, and cold water pipe designs.
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Laboratory research has been done on the properties of
lightweight concrete and fiberglass-reinforced plastic. The
laboratories have also conducted small-gscale model tests of the
platform, ccld water pipe, and mooring systems arrangements to provide
data on response to at-sea conditions. Theoretical projections of
these systems are to be experimentally verified by at-sea model tests
on a scale of one-third to cne-fourth of that projected for the 40-Mwe
plant.

In 1982, the DOE funded the first phase of a cost-shared program
for the design, construction, and operation of a 40-MWe OTEC pilot
plant to demonstrate the commercial viability of OTEC. Twec conceptual
designs, one for a land-based plant, the second a shelf-mounted plant,
are currently being developed. Both designs have facilities to
generate electric power and cold water pipes that extend along the
continental slope in a pipeline confiqu- ration down to deep water.

Technical Baseline for the Study
To support the work of the panel and tc provide the technical

baseline for the study, NOAA prepared a compendium of the OTEC ocean
engineering recearch and development that has been undertaken by the

e U R T A
governmenl program in the last scversl years. The compendium covere

the following major topics:

o Top level requirements on ocean engineering technology

o Platforms

o Sea water systemse, including cold water pipe

0 Moorings and cables

o Electric cable and product delivery
Eech of the five sections in the compendium summarizes, excerpts, and
references the many research studies, preliminary designs, and labora-
tory and field tests that have been undertaken. and presents a tech-
nical assessment in accordance with the following general outline:

o Present technology (state of practice/research undertaken)

o Major findings

o Remalning technical issues/problemy

o Regsearch neaded

.

g
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Five appendices, three additional papers, and an extensive bib- N
liography are included in the compendium to supplement the material o
presented in the technical summary/background papers. These include: ERVREAS
Appendices r RN '

A. OTEC Ocean lLngineering Technology Development [Paper] i}ﬂA s
B. Environmental Data for OTEC Sites [Report]

C. 40-MwWe Baseline Design for Moored Floating Plant [Report]
D. 40-MWe Bageline Design for Grazing Floating Plant [Report]
E. 40-MWe Baseline Design for Shelf-Mounted Plant [Report]

Supplementary Reading (Papers)

o Design and Analysis of OTEC's Cold Water Pipe

o  OTEC Mooring System Development

Annn~ -h 2

Assossment of Bxisting Analytical Tools for Predicting Cold
Water Pipe Stresses

Q

Top Level Reguirements Section

This secticn covers the physical background and history of OTEC e L
system development and summarizes recent U.S. systom and major sub- LY
systen davelopment projects. The compendium clearly indicates that
while 100 to 400-MWe plants are considered appropriate for commercial
appl ication within the continental United States, cuxrent goals are to
desjgn, build and operate "pilot" or "proof of concept" plants of 10
0 40-MWe genarating capacity. ¥Further, the maijcr cmphasis has been
on plants of 40-Mve capacity. Such plants could well sexve in a
commercial capacity for many island installations.

bDesign goals and constraints guiding OTEC technology development
include:

o Power Output 40-MWe pilot or proof of concept plant.

o Operability full power operation in seas up to state 6
(i.e. significant wave height about 6 meters).

o Avallability 90%, e.g. as more than 10% downtime for environ-
mantal factors, maintenance and repair.
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o Survivability 100 year storm at operating site without
leaving mooring.

¢ Life 30 years for commercial systems.

The compe'.dium describes how five locations initially were con-
sidered especially appropriate for OTEC plants: Keahole Point,
Hawaii; Punta Yeguas, Puerto Rico; New Orleans, Louisiana; the West
Coast of Florida; and an area in the South Atlantic off the Coast of
Brazil. Other sites noted include the island of Guam, and an area off
the northweat coast of St. Croix, Virgin Islands. The compendium
notes that emphasis has been placed on the Hawaiian, Puerto Rican, and
South Atlantic sites. It also describes that, whilc¢ operational tests
have been conducted 14 miles northwest of Keahole Point, studies now
are concentrating on sites on or close to Kahe Point, Oahu, Hawaii
because of favorable environmental conditions, and proximity to lcad
centers of adequate size to accept the output of a pilot plant without
serious disruption should outages occur.

Platforms Section

The "platforms" section of the compendium describes studies by
three contractors who considerad six generic huill forms: ship (or
barge), cylinder (or disc), sphere, spar, submersible, and semi-sub-
mersible. Each contractor further developed two of its preferred
designs and finally selected a preferrei concept. This exercise
resulted in two ship (or barge) and one spar concept being proposed
for further consideraticn for floating plants.

In each design the cold water pipe was supported by and suspended
beneath the platform. Only cursory consideration was given to separ-
ately supported cold water pipes which could be largely de=coupled
from platform motions
nection includsd sphe

rigid connections.

Power plant sizes ranged from 50 to 500-MWe capacity in initial
studies, then narrowed to 40-MWe capacity in later phases of the NOAA
platform studies program. Parallel studies were made of 10- to 40-MWe
capacity land-based plants located at Keahole Point, Hawaii and Punta
Tuna, Puerto Rico.

Seawater Systems Section

The sea water systems section describes the various system design
studies, material testing programs, laboratory and at-sea model test
programs, as well as the development of computer-aided tools for
design and analysis of cold water pipes 10 to 30 meters in dia-

g s
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meter. Suspended pipes would be up to 1000 meters long, while pires
installed along the ocean floor for land-based or shelf-mounted rlants
could be up to €000 meters long. Suspendad pipe designs include
rigid, flexible, articulated joint, multiple pipe, and tension leg
moored pipes. Shelf-~mounted pipe designs include a variaty of
foundation design and installation technigues.

Pipe materials considered included steel, concrete, elastomers,
and fiberglass or fabric reinforced plastics. Studies addressed
structural design and response, material properties, corvosion,
susceptibility to fouling, fabrication, and cost.

Other sea water systems studies that are summarized in the com-
pendium include the quantification of hydrodynamic and platform
induced loads, which include vortex shedding and shedding suppressor
designs, and also the development of a hydraulic/dynamic model of
seawater systems; platform attachments and pipe joints; pumps;
fabrication, deployment, recovery and surviv.l techniques; and
inspection, maintenance and repair procedures.

Moorings and Foundations Section

The meorings and foundalion studies described in the compendium
consider three basic concepts: catenary leg concepts, tension leg
concepts, and bottom-mounted platform coancepts. Catenary and tension
leg concepts included both single and multiple anchor leg moore. Four
categories of anchors were considered: drag embedment, dead weight or
gravity, pile, and plate. Chain, wire rope, synthetic rope, and steel
tubing we=e considered as potential mooring cable materials.

Studies address the availability of analytical tools for moor-
ing and foundation design including the determination of environmen-

tal loading, response, xreiiability, and failure analysis.

Manufacturing. deployment and handling considerationa, aund inspection,

maintenance and repair techniques also are addressed.
Electric Cable and Product Delivery Section

Studies summarized in the compendium address power tzsnsmission
cable systems as two subsystems: a transition or riser cable syuvtew
linking the platform to a sea floor-mounted junction box, and a huucon
cable system from the junction box to a shore grid. Problems &ddres-
gsed include: cable strength member fatigue, cable terminztion at the
platform to decouple cable and platform motions, electrical core pzo-
tection, deploymert, dielectric service life, cubsystem interfaces;
and cable system modeling.
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Although economic studies of the production of energy-intensive
products offshore from an OTEC plant ship are summarized, only the
most cursory attention is given in the NOAA compendium to technical
problems assoclated with the design, construction, installation and
cperation of such production plants on floating platforms. These
plants, as well as the basic OTEC plant (evaporators, turbines,
gondensers, generators,; and assoclated auxiliaries) have not been
addressed by NCAR as embodying "ocean engineering" technical
problemns. Consequently they are not discussed in the compendium, and
are not considered tco be a part of the charge to the Panel on OTEC
C¢ean Engineering.

The compendium was distributed to all panel members and to an
excenaive list of other experts in relevant technical fields for
veview, validation (*o confirm fxom their own knowledge and experience
the soundness of conclusions drawm from the evidence presented), and
agszasment of the aviilakility of the required ocean engineering
technical touls and data necessary to design, build, install and
avexate with reascnable technical xrisk a pilot OTEC plant of up to
46 -MWe generating capacity.

The invited reviews resulted in a#n additional body of information
whicen also was used by the panel in its deliberations and in prepara-
tiou of ite final report,

The compendium on OTEC Ocean Engineering is available on regquest
from the Marins Board.
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PLATFORMS, MOORINGS, AND FOUNDATIONS

Desgign Choices

Platforms

There are a number of platform coptions for basing OTEC plants. These
include ahore-based structuras, platforms mounted on the continental
shelf, and floating platforms. Floating platform configurations might
include ship or barge-type hulls, semisubmersible hulls, or spars.
Each of these may be moored or untethered. The cold water pipe may
attach directly to the platform, or it may form a separate structure
incorporating the mooring system and attach to the platform by a flex-
ible bridging system. Each of the possible platforms offers the
system dasigner certain advantages and disadvantages for meecing
site~gpacific environmental requiraments and for accommodating all of
the major elements of an OTEC system: the industrial (powex) plant,
the cold and warm water intake and dischirce piping and circulation
pumps, and the energy use or transmission system (see Figure 1).

Land-Based Plants A land-based plant (Figure 2) can utilize conven-
tional industrial plant structure to house its power plant elements,
or a barge-mounted configuration, similar to that designed for off-
shore nuclear power plantas, which can be floated into a prepared land
site and back~filled in place. Both offer the power plant designer
relativaly unrestricted options for arrangement and uncomplicated
construction. Both also allow easy access to power plant elements for
routine inspection, maintenance, and repalr during the operating liie
of the system. The electric power they generate can be fed directly
to a grid using conventional tower-mounted high voltage lines. Or,
energy intensgive industrial operations can be sited asar ths power
plant.

Ocean enginearing problems for these systcms are confined to the
seawater supply and discharge systems. The major design problem
arises from the length and diameter required of the cold water pips.
For pipes running to about 200 water depth, designers can draw from
state of practice sewar outfall and tunnel techniques to solve
surf-zone and shelf-zone design and construction problems, provided
sites are chosen that have adequately stable slopes. The installation
of outfalls and tunnels o'. slopes in water depths of 200 to 1000 will
require advances in the state of practice. Further, the cost of
inetalling such a pipe or tunnel would certainly be high.
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Figure 2 Land~based OTEC plant

SOURCE: Final Environmental Impact Statement for Commercial Ocean
Thermal Energy Conversion (OTEC) Licensing, Office of Ucean Minerals
and Energy, National Oceanic and Atmospheric Administration,

U.S. Department of Ccmmerce, Washington, D.C., 1981, p. 1-11.

oW
[ RN

'» -——-;:—4".

- ——
[ —



g

It should be noted that heat exchangers (evaporators and conden-
sers) must be located below sea level to avoid hydrostatic power
losses associated with lifting above sea level the enormous quantities
of sea water required for an OT:ZC plant. In recognition of the above,
a feagibllity design study of land-based OTEC plants shows the heat
exchangers located in deep excavations with their tops just at sea
level.

Shelf-Mounted Platforms A shelf-mounted platform requires a structure

comparable to oil-field drilling and production platforms, with a few
key differences. Designs for these platforms have been developed by
the of fshore o0il and gas industry. Related structural design and
engineering practices and tools are established. The deepest water in
which steel jacket platforms can be used for OTEC is believed to be
about 350. Articulated structures such as tension-leg platforms,
which are being introduced in the offshore oil fields, may allow the
emplacement of a shelf-mounted OTEC plant in deeper waters.

Typical offshore platforms have major blocks of superstructure
placed well above the waves. In fixed offshcre platforms for OTEC,
the large power plant housings will have to be located in the water
column to reduce hydrostatic power losses. This will create a new
situation relative to hydrodvnamic loads, but techniques are available
tc evaluate and desien for such loads and stresses. Placing the heat
exchangers just below sea level would put them directly in the surface
zone where wave and current forces are greatest.

Consequently it may be preferable to place the heat exchangers
well below the surface, an arrangement that will make installation and
maintenance more difficult as discussed below.

The shelf-mounted design approach eliminates problems resulting
from the relative motion of platform anéd cold water pipe, and platform
and submarine electric cables, but it presents formidable problems to
the power plant designer. If all power system elements are to be
close-coupled to maximize the efficiency of the heat ergine system,
there will be increased demands on structural designers to develop
dry housing for the turbo-generator. If all plant elements requiring
dry atmosphere are located on the superstructure, long vapor and con-
densate leads will be required from the submerged heat exchangers,
with consequent losses in efficiency. The tolerability of such losses
can be established only through careful system design of the power
plant. Whether all or only some of the power system elements are
located below water, their installation and subsequent periodic
removal for inspection, maintenance, and repair will require the
development of complex mechanical devices te permit remote isolation
of gas passages, disengagement of pipe joints, and removal, reinstall-
ation, and purging of equipment prior toc resuming operation. Alterna-
tively, divers would be required virtually full time to operate less
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complex closure and isolaticn systems. In designs that call for sub-
merged dry spaces, hazards to operating persounnel from leaks of
ammonia or other hea* excnanger fluid will be greater.

Compliant Structures Recent advances in tension-leg mooring concepts
and articulated towers offer the potential for adopting such concepts
in a combined cold water pipe and mooring system geparate from the
platform {(Figure 3). While the s:ze of pipes needed to carry colc
water over to the platform will demand significant engineering
development for the rotary joints or hinge-point flexural elements (or
both) required to decouple the motions of the platform from that of
the head of the cold water pipe/mooring system, the benefits of such
development could be significant. Such development might rely in part
on the very large mooring/cargo transfer yokes already designed and

bullt for single-leg mooring systems to accommodate offshore tanker
loading.

Floating Structures Conventional ship or barge-type hulls offer a
simple configuration for floating platforms. They can be built of
steel or reinforced concrete and outfitted with OTEC power plants in
existing shipyard facilities on either coast or in the Hawaiian
Islands. Thelr form offers the simplest problems of plant arrangement
for the power plant desimer. Ready access can oe provided for the
installation of all power plant elements and their removal for insp o=
tion, maintenance, and repair. Hazards to operating personnel from
working fluid leaks can be minimized. The motions of conven._.onal
hull forms will be more severe than those of other floating forms, but
these motions do not pose insurmountable problems. In some sit -
tions, a separate single-point mooring/celd water pipe system wh.ch
permits weather-vaning could reduce the motion response of the

platform as well as permit decoupling of platform motion from that of
the cold water pipe.

Semisubmersible piatforms offer significantly reduced motion
characteristics compared with ship-like forms. They too can be con-
gtructed in exicsting shipysrd facilitiss using steel as a structural R ™
material. The configuration of these platform3 presents more diffi- N £
cult problems of arrangement to the power plant designer than does a L
ship~like form, but ballasting arrangements could be made that would Lo
permit dry access to all power plant components for inspection, main-
tenance, and repair. Because of the small water plane areas that make
szuch platforms relatively unrasponsive to elevated sea states, these R
platforms are also quite sensitive to weight changes and require very v
careful weight control procedures. The hazards to operating personnel et
from working fluids on these platforms would be comparable to those of -
ship-like plants.
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Spar confiqurations offer the least motion response, but at sig-
nificant cost in other features. Their construction would require
spacial sites and facilities not readily available in the
United States. Arrangemant of powar plant components will be even
more spaceand weight-limited than on semisubmersibles, and access for
ingpection, maintenance, and repzir will be restricted. Modular
units, designed to permit attachment of heat exchanger elemants at
sea, would ease cverall construction and emplacement problems, but
would offer formidable ocean engineering problems for the unitu'
transport, installation, and subsequent removal for inspection, main-
tenance, and repair. The very small water-plane area of this configu-
ration would make it extremely sensitive to weight changes, thus
creating a critical weight control problem. Because of the small
reserve buoyancy in the design, such configurations are mors vulner-
able to loss from collision damage. As with other designs that call
for submerged dry spaces, potential hazards to operating personnel
from hsat exchanger fluld leaks will be accentuated.

Most development effcrt for floating plant concepts has corcen-
trated on cold water pipes directly connected to the platform. Only
curgory studies hava been made of separately supported cold water

pipes that have bridging systems tc carry the water from the top of
the pipe to the platform. as in Figure 3.

Foundations and Moorings

For each of the OTEC design configurations, one of several moor-
ing and foundation designs may be used. Mooring systems may rely on
drag embedment, gravity anchors, or piles. Foundetions may employ a
gravity deslign, or ba pile-supported. In general, the optlons of the

OTEC designer are simllar to those avalilable or planned for offshore
petroleum structures.

The design of mooring and foundation systems is site dependent
because of differing environmental conditions and seafloor topo-
graphy. For installing a cold water pipe on the seabed as a pipe-
line, gravity or pile-~supported foundations may be used.

Assessment of Technical Issuaes

Power Availability and Plant Sarvice Life

While a 40-MWe prototype OTEC systeii can likely be designed for a
30-year service life, the producticn of power at least 70 v —rant of
the time (that an adequate ocean thermal resource exists) wiii be very
difficult to achieve. The electric utility industry now has power
available 50 to 70 percent of the time from most of its nuclear and
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fossil fuel units. Assuming the OTEC power turbines and generators
can provide 70 to 80 percent avajlability, the rest of the gystem-~the
physical structure and ita mooring or foundation, the sea water sys-
tem, the heat exchangers, and the submarine electric cable systems~-
must achieve an availability which exceeds 90 percent if the overall
system is to have power available 50 to 70 percent of the time. Con-
sequently, the OTEC system elements must be desiyned, constructed, and
operated go that they are highly reliable and easily maintained. Even
then, the design goal of 70 parcent plant availability may be very
optimistic.

Mooring System Service Life

Elemants of the mooring system will be subjected to severe cor-
rosion, erosion, and fatigue, and will require periocdic replacement to
achieve a 30-year system service life. Inspection, maintenance and
repair inspection, maintenance, and repailr procedures need to be
developed in the initial design. These procedures must take account
of fatigue, corrosion, and erosion characteristics of the best avail-
able materials for the service intended. Inspection, maintenance, and
repair procedures will need to be refined and amended as operating
experience is obtained.

Hydrodynamic Motions and Environmental Forces

Control of pitch, roll, and heave responses to environmental
forces can be achleved through conventicnal platform design. Rotating
machinery and other power system components can be designed to toler-
ate expected platform motions with normal marine engineering prac-
tices. Such motions should have no adverse effect on the ability of
personnel to perform assigned tasks. Nevertheless, to gquide designers
of power plants and other major subsystem components designers (for
example, moorings, water intake and diescharge pipes, and electrical
power transmissicn subsystems), achievable motion responses need to be
determined early in the design process.

The environmental forces that will affect system motion and
generate regponse loads are highly site specific. Consequently, they
must be determined accurately prior to the initiation of system design.

Analytical techniques have been developed that can predict the
dynamic response of the various elements of an OTEC system, ths
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interaction of those elements with each other, and the rssulting
structural loads that must be accommodated in the design. Although
the anzlytical techniques have been validated to some degree by mrodal

tests, as a gpecific OTEC system design is develcped, additional model
tests will be needed to corrcborate the predicted interactive

renponsés and resulting internal and interface loadings of the proto-

type platform and i1ts mworing, water intake and discharge piping, and
electrical trangmission subsystems.

Geutechnical CDnaiderations

The selection and design of foundations and moorings depend upon
the environmental and seafloor conditions. Designs and installations
in stable sediment.s and rocks have been demonstrated by the offshore
industry, but not at the maximum depths caliled for in OTEC desigus and
for shorter anticipated lifetimes. Gravity systems, drag embedment,
and driven pile systems are within the state of practice, except as
noted below.

If a slope is unstable, gravity and drag embedment anchors will
perform poorly. However, anchors and pile foundation elemants founded

below unstable zones can usually be designed to resist the lateral
loads of unstable sediment layers. Technology of pile anchors for

tension leg platforms should be directly applicable.

As the bottom slope increases, it may be necessary to prepare the

site prior to driving piles. Under some ccnditions, prefabricated
templates will be required.

In deep water, 8oil conditions could be encountered that differ
from those previously experienced to the point that the validity of
exleting design tools could be questioned. Special studies in thesa
cacses neaded to confirm the validity of existing design tools or to
develop new ones.

The Installation, Operatioa, and Maintenance of Sulmerged Power Systems

The design of configurations in which the power systam is
installed below the sea surface must attend especlially to the accessi-
bility of power system components requiring inspection, maintenance,
repair, or replacement. The development of deslign solutions for such
requirements are state of practice.

Major System Connections

The OTEC plant design muat allow for the plauned interruption of
cparations in severe environmental conditiona. If system design is to
parwit gseparation of major elemente (e.g., platform from cold water
pipe or mooring) new design approaches will be nesded. Extensive
design, analysis, and engineering duveloprent will be required,
egpecially to scale up to a 40-MWe prototype OTEC aystem.
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Availability of Platform and Subsystem Materials

Materials for platforms, mcoring, and foundation components are
generally availsble. There is significant precedent for conventional
steel fabrication of platforms with a 30-year service life at sea.

! Concrete is also & possible construction material, but the U.S. marine
community does not have as much experience in the design and fabri-
cation of large concrete structures for marine uses.

Site Specificity of Design

The effective conceptual design of a prototype system ig not
possible without thoroughly understanding the oceanographic, meteoro-~
logical, and geotechnical conditions that prevail at the selected

site. Relatively long lead times are necessary to obtain the required
data. Wwhere there is general geolojic inetability in the site area,

seismotectonic activity must be predicted to accommodate them in the
design.

Slope stability is a major site-apecific concern. If unstable
conditions are known, they may be avoided altogether or allowed foxr in
the design, though possibly at great cost. Should a particular
be gite-limited, then the cost of a foundatlicon to surmount an unstable
condition may become a controlling factor, WNew devices that more
accurately measure aslope stability and sediment transport
characteristics would permit more accurate assessment of marginal
sites. These devices also could ke used to correlate field perfor-
mance with sediment properties and recordings of high resolution geo-
. physical data.

Effect of High~Voltage Transmission on Platform Materials
ang Corrosion bevices

The transuissicn of elactric power will croate a variety of cow-
plex ground and fault circuits. It is possible that these will
adversely affect the platform and other system components by aggrava-
ting active galvanic corrosion and other electrochemical processes.
In addition to aggravating corrosicn, a high voltage on the structure
could diminish material ductility (bacause of hydrogen embrittlement)
and increase brittle crack growth rate. This problem will require

special attention during the design, construction, and cperation
phases of a prototype OTEC plant.
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System Selection

The following comments on system selection are presented in order

of increasing engineering risk.

(o]

Shcre-Based Configurations The land-based OTEC plant differs
from conventional construction only by the difficulties it pre-
sents for installing and maintaining intake and discharge
piping., It offers least rigk but ig limited in application to a
few sites. Research on the platform structure is not required.

cheli-Based Configuratjions Offshore oil industry experience
indicates that current technology is sufficlent for constructing
platforms on tha continental shelf. The mass and surface area of
those elements of the power genarating equipment that will be
balow the water surface need to be carefully considered in site
selection and in subsequent design. Little additional research
18 required for platform and foundation design. Problems of
slope stability deserve special attention.

Floating Configurations

o Grazing Configurations Grazing plant-ships may be strongly
congtrained by product manufacturing syetems. Consideration
must be given to wmotion limitations, variable loads, and the
transfer of raw materials and products.

There is adequate technology to design the preduct plants,
but Ffurther development of specific components will be
necessary. Further research is not warranted until design

requirements of candidate industrial procesges have been
defined.

o Floating-Moored Configurations In general, there is tech-
nology to design and construct suitable piatforms and mooring
systems. The construction and installation of complex con-=

figurations such as a spar would be more difficult than the
construction of more conventional ship-shape and
semigubmersible hull forms.

The attachments and interfacings of the platform with the intake
and discharge pipes, the submarine electric cable system, and
moorings naad to be ocean engineered. Preliminary studies have
been made of approaches that decouple the heave and motion of the
platform, the cold water pipe, and the submarine electric cable
system. A considerable advantace could result from such design
features.
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Computer programs and model testing procedures have been deve-
loped to reduce the enginuering risk in designiag prototype hard-
ware. PFurther work may be required for tha design of a prototype
floating platform.
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SEAWATER SYSTEMS

Design Choices

OTEC seawatar systems include the machinery, pipes, and hardware usad
to pump and circulate largs volumes of cold and warm water throuch tiue
powsr generatling plant heat exchangers. To move the massiva quanti-
ties of water, rolated plant subsystems and ~uzponents must »» larga:
the largest component needed is the cold water pipe, which ie ths
focus of this analysis.

For a flo&ting 40-MWe plant, the cold water pips would ba approx-
imately 1,000 m long and 10 m in dlametsr. A pips from a l.nd-based
or fixed facility would be instalied along tha ocean €loor like a
pipeline. Pipesg installed along the ocean floor might encountex
slopes of up to 40 dagrees, ba as long as 1,000 to 5,000 m; and (for a
40-Mwe plant) have a diareter of 10 m. A pipe of thig magnitude han
never been fabricated for marine use nor installed in ths occan. Thea
largest analogous pipelinen, sewage outfalls, ars typically lests than
a metar in diameter. The largest sewage outfall, off Los Anaelsz iax
about 4 meters in diameter, and extends more than 5 miles offshore to
a depth of about 60 meters.

The warm water intake pipe will be shorter, about 106 m. The
submerged pipes for the seawater dlscharge system must be sited to
avoid reingestion at the cold and warm water intakes. Thus, the
locaticn, depth, length, and design of the discharges system pipe may
ba as important a2z that of ths cold water pips. analysis of local
heat transfer and diffusion in the vicinity of the OTEC platform will
be crucial in specifying these components.

Recognizing the complexity of seawatoer system design, the panel
jdentified areas in which seawater system Jdesign criteria are needad,
and their range. The panel also identifiel tachnical issues i: the
development of seawater systems and their status. It did each of
these tasks separately for shelf-mounted seawater systems and suspen-
ded or floating (in the water column) seawater systems. This material
is presented in Tables 2-5. These tables should be considered aa
preliminary specifications which require further analyeis and develop-
ment.
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Table 2 Areas in which Design Criteria are Needed and the Range of Pcssible
Criteria for Shelf-Mounted Seawater Systems

AREAS IN WHICH
DESIGN CRITERIA ARE NEEDED

RANGE OF POSSIBLE CRITERIA

1. Near-Shore*
a) Sea Surface Penetration
b) Geotechnical Conditions

¢) Topography
d) Tidal and Current Conditions

2. Offshore%*
a) Distance or Pipe Length
b) Depths - Topography

<) Weather and Waves
i) Deployment Window

ii) opersation-Maintenance

Site specific; shore environment
considered to be unproblematic
provided an adequate weather window
exists for pipe-laying operations.

Site sgpecific

2 to 8 kn

Top of Pipe: O to 100 m

Bottom of Pipe: 500 to 1,000 m
Slopes: 252 to 45°

Spans: Common peaks in topography of
50 to 150 m or typical topographic
trough maximums.

Depending on the complexity of the
operation, extended periods of gond
weather are required for deployment.

Accurate weather forecasts required for
surface operations during maintenance.
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Table 2 Areas in which Design Criteria are Needed and the Range of Possible
Criteria for Shelf-Mounted Seawater Systems (Continued)

AREAS IN WHICH
DESIGN CRITERIA ARE NEEDED

RANGE OF POSSIBLE CRITERIA

iii) survival

d) Current Profile
e) Geotechnics

£f) Blology

3. Scale for a 40-Mwe Plant

4. Interface with Subsea
Connection

5. Discharge System

6. Installation

7. Maintenance and Repair

8. Availability

To be defineqd.

1/2 to 1 kt along seafloor
Important Unknown for most sites; a
year or more lead time required for
acquisition of technical data.
Impact on screen designs.

3 to 5 m3/sec/MWe flow (nominal)
10~m diameter pipe or equivalent
hydraulic radius (nominal)

Needs to be defined; repair and
installation are critical; the deaign
must isolate the riser section from the
down-sivpe section of the pipe to
accommodate thexmal and seismic loads.

May have to compete for bottom
locations with cold water pipes.

May have to accept “second best" site.
Thermater effects may requirn long
discharge line.

Needs to be defined. Some data

available for smaller components on
flattery glonea and in ghallow water

-l A L4 Vs a sl W

depths.
Needs to be defined.

To support a system life expectancy of
30 years.,

Continuous vperatio. : on the order of
95 percent availability are required to
achieve 70 percent system availability.

*/Near-shore environment covers the area at or near the shelf-mounted platform

and shoreward.,

**/0ffshore assumed to be on the slope and seaward beyond the connection

with the shelf-mounted platform.
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Table 3 Areas in Which Design Criteria are Needed and the Range of Possible o !
Criteria for Suspended or Floating Seawater Systems '.:§
=
- S
AFEAS IN WHICH Lol
DESIGN CRITERIA ARE NEEDED RANGE OF POSS1BLE CRITERIA roTe
n
l. Near-shore Does not apply. ’:;
2. Of fshore o ;j
a. Pipe Depth 700 to 1,000 m .
b. Depth Site specific. Assume water depth is rore
50 m greater than pipe inlet depth RS
within '-ij
l-km radius circle for sand ingestion e
considerations. e
c. Weather and Wave Conditicns R
i. Deployment Window Requires lto 2-~year lead time for data rooe
acquisition; site specific. I

ii. Operation-Maintenance Critical crijteria, requires considera- R

tion of frequency sensitivity of piat- .
form and cold water vipe. .

Mand domned i N ' N
Criteria needed for deployment,

iii. Suivival
disconnect., reconnect. of cold water
pipe and survival with and without cold

water pipe attached to platform.

d. Current Profile 1 to 3 kt maximum surface current; site
specific; exponential decay, planar .
profile is a conservative assumption, -,

- coplanar with waves. :

e. Geotechnical Conditicns i or more years lead time may be
required for acquisition of data.

3. Scale for & 40 Mwe Plant 3 to 5 m3/sec/Mde flow
10-m diameter pipe or equivalent
hydraulic radius.

4. Interface with Platform

a. Non-detachable Survival conditions required. S

b. Detachable Maximum operating conditions needed LA
plus detachment and reattachment condi- U

tions., ]

5. Discharge System Since cold water pipes will be located L A
at the point of "least action," oL

discharge pipas will be located at a ”

less favorable point which translates
into a more severe motion environment
than for the cold water pipe.

.2 2 a_a
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AREAS IN WHICH
DESIGN CRITERIA ARE NEEDED

RANGE OF POSSIBLE CRITERIA

6. Installation

7. Ingpection, Maintenance,
and Repair

8. Availability

Critical design consideration;

cons iderable experience in deploying
similar gtructures of smaller size and
shorter length. Need to determine
whether special vessel will be required
for installation.

Needs to be developed.

Avajilability must ke high in ordexr to

sapport a system availabllity of
70 percent over 30 years.
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Assessment of Tachnical Iasues

Tables 4 and 5 outline the status of issues concerning
development of OTEC seawater systems.

The majority of the technical issues listed in Tables 4 and 5
involve the development of technology and damonstration of engineering
feasibility. Nevertheless, some engineering unknowns require
long-term data acquisition or additional ocean engineering research
for their resolutica. Ocean engineering unknowns for shelf-mounted
seawater system concepts are:

o Site~-specific oceanographic and geotechnical data to establish
design requirements.

o Techniques to install foundations and pipes on slopes and in deep
water. There is relatively little experience in installing and
malntaining foundations for cold water pipes on slopes of 10 to
40 degrees down to depths of 1,000 m with the attendant
requirement for long-term stability over 30 years., Installing
and maintaining foundations and cold water pipes on such slopes,
especially in deep water, may require spacial handling equipment
and techniques. Techniques for measuring slope stability under
these conditions need to be developed.

Ocean engineering unknowns in suspended or floating seawater
system concepts are:

o Site-specific oceanographic and geotechnical data to establish
design requirements.

o Design of the interface between pipe and platform. The design
choices for this interface are to separate the pipe and platform,
connecting them with a yoke (see preceeding section on plat-
forms): or, to suspend **~ cold water pipe from the platform,
employing a heave-compensated gimbal.

o Analysis of constraints imposed by pipe installation procedures.
The float cut-flip up design is sansitive to operating pro-
cedures, while vertical assembly requires long weather windows.
The float out-flip up design deploys faster ard would therefore
be more suitable where weather windows are shorter.
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TABLE 4 Technical Iseues in the Design of Shelf-Mounted Seawater Systems

TECHNICAL ISSUE

STATUC

1.

4.

Connection to Condenser

Pipe Configuration

a. Straight

b. Buoyant Suspended

c. Contour PFollowing,
Articulated

d. Tunnel

Pipe Connections

a. Fusad (grouted, glued,
welded, potted)

b+ Mechanical
ii. Flexible

Pipe Material

a. Steel

b. Reiaforced Concrete

¢+ Fiberglass-Reinforced
Plastic

d. Polyethylene or PVC

Concepts defined: no detailed design
effort bequn; isolation required in

design to reduce dynamic motions
between pipa and platform due to
thermal and seismic loading.

Sensitive to topography (SOP).*/
Sensitive to curraent loads.

Concepts dafined, no detailed design
effort begun.

Sensitive to geotechnical conditions.

Depends on material and method of
deployment.

Dapends on material and method of
deployment.

Critical element.

S0P.

SOP.

SOP i8 3-m dliameter. Requires
impact strangth davelopment.
SOP is 3-m diameter.
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TECHNICAL ISSUE STATUS

5. Seawatar Discharge System Must compete for location with the cold
water and warm water intakos.

O Installation Sensitive to environmental condit.ions
(currents, weathexr); needs step-biy-step
operational analysis.

7. Foundation Specifications require gectechnical
data.
8. Loads Criterla Needs environmental data, Fatigue life

critical for f£iberglassg reinforced
plastic configurations.

Computer design aid ROTECF**/ needs
experimental validation to translate
into a shelf-mounted pipe analysis.
tour.dation stability critical.

9. Ingpection, Maintenance, Fallure mode effects analysis reguired.
and Repair
a. In Place New maintenance techniques required

below 200 m.
riberglass-~reinforced plastic repair
techniques need to be developed for all
depths.

b. Recovery and Replacement Procedures need definition.

*/The term "state of practice"” (SOP) means that no additional engineering
4 ~

research 18 necessaryj the issus 1z confined tc a design problem.

**/A frequency domain computer program for computing platform motions for
floacing structures.
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TABLE 5 Technical Issues in the Design of Suspended or Floating Seawater

Systeaems

-------

TECENICAL ISSUE

STATUS

1. Connection to Floaiing Platform

2. Pipe Configquration
a. Continuous, Rigid Joints

b. Articulated

3. Pipe Connections
a. Fuged/Bonded

b. Rigid, Mechanical
c. Articulated

4. Pipe Material
a. Steel

b. Reinforced Concrete

c. Fiberglass Reinforced Plastic

5. Seawater Discharge System

6. Foundation

7. Installation
a. Float Out Flip Up
1. Construction/Transport
ii. Placement and

Connection

Critical element.

Requirements for detachment need to be
establishad inciuding those for the
design of rigid and flexible connec=-

tiona, and those that account for
fouling and local buckling.

SOP ir steel.

SOP for fiberglass reianforced plastic
is 3m diameter pip=s.

Dynamic loads make application of
concrete questionable.

Joint maintenance critical.

SOP for steel welds; steel needs to be
strass-relieved. SOI for fiberglass
reinforced plastic is manufacturing
ability for 3m diameter pipe.

Likely to be critical fatigue area.

Joint reliability.

S0P, heavy, has marine experience,
requires corrosion protection.

Heavy, inappropriate in dynamics, needs

articulation, narrow stress range, and
low strain range.

Requires development, long-term fatigue
and impact resistance not established.

Mugi compete with the cold water pipe
and warm water intake.

Applies only tc tension leg cold water
pipes and affects dynamic stresses.

S0P except for diameter size.

Critical satres: on pipe.
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10.

b. Sequential Vertical Assembly
i. Construction/Transport

ii. Placement

Loads Criteria
a. Hydrcdynamic Loads

b. Dynamic Loads (ship/
wave Induced)

c. Handling and Instailation
TeAo
d. Motion Effects on Seawater
System

Inspection, Maintence, and
Repair
a. In Place

b. Recovery and Replacement

Instrumentation

a. Stress

b. Motions

c. Flows and Pressuves
d. Fouling Rates

S0P .

SOF, except weather-sensitive for
physical parameters of cold water pipe
responge that change during pipe
erection cycle and field joint makeup,
and effects on platform configuration.
Weather windows must be determined and
requirements specified for larger
handling equipment and platforms.

Vortex-shedding critical fatigque
problem, suppression devices need
careful study.

ROTECF* has been adequately validated,
althougt: without vortex input.

SOP, care in selecting the range of
force frequencies.

May be critical failure mode.

Seawater system analysis needs
validation.
More critical for warm water loop.

Analysis required of fallure mode and
possible effects.,

SOP to 200 m.

New maintenance techniques reguired
below 200 m.

Fiberglagss-reinforced repair techniques
need to be developad for all depths.
Procedures need definition.

SOP.
SOP. R
s0P. _‘; BERE ‘
SOP‘ ‘-~ T -

Y

*/ h frequency domain computer program for computing platform motions for
floating sturctures.
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Regquirements for suppressing vortex-induced vibration, and
development. of suppression devices. Moderate currents could lead
tc extreme vibrations of the pipe unless suppreesion devices are

installed. These devices will increase drag, however this
trade-~off needs furt¢her study.

Techniques for detaching, jettisoning, or recovering suspended

cold water pipes require atudy in order to create proper system sur-
vivability characteristics and platform maintenance procedures in
conjunction with ccld water pipe operating stresses.

To identify and resolve seawater system engineering development

items, there iz a need to prepare integrated OTEC system desigms.
Design analyszier and validation plans are also necessary. Data baseg
in the following areas need to be developed as an element of overall
system design and integration:

o]

Long-term material properties of fiberglass-reinforced plastic
under the operating conditions of OTEC structures.

Inspection, maintenance, and repair procedures for alternative
seawater designs (e.g. FRP pipe).

While most of the technical issues in developing discharge pipes

ara like those in developing the Intake pipe, some are unique to the

discharge system. Diascharge pipes must compete with both the cold and e
warm water intakes for the best site (from a geotechnical standpoint 2t

if in the form of a pipeline, and with regard to minimum motion if S

floating). The deaigner may have to choose between the separate dis-

charge of warm and cold seawater or their mixed discharge. Separate I .
discharge means more pipes competing for favorable locations. In a ?“ L
mixed discharge system, the discharge pipe must be large to reduce

plant lossaes, or 1f losses are acceptable, the discharge velocity must

ke high. Higher discharge velocities result in hydraulic reactions at
the discharge end of the pipe.

Seawater system concepts are applicable to sizes larger than 49IMwWe >  oF
pilot-scale; however, their upper limits have not been establighed. T T T
Engineering uncertainties are fewer for shelf-mounted systemws than for o
suspended or floating pipes.




SUBMADNINE ELECTRIC CABLE SYSTEM

Design Choices

While CTEC plants may proeduce a variety of industrial productapz'5

the focus of this chapter is the design and operation of a system to
supply baseload electricity to a regional electric power grid. The
submarine electric cable system includes the design, construction,
ingtallation, maintenance and repair of multiple high voltage bhottom
and riger cables (see Figure 4), and their terminations, attachments,
protection, and interfaces. The electric cable system of a land-~based
OTEC plant will have no ocean engineering requirements. Bottom-rest-
ing plants require only bottom cables that are semi-rigid and extend
along the bottom from plant to shore. Such bottom cables would likely
be embedded 2 to 3 m in the seabed from the shore to the 160-m con-~
tour, and rest on the seafloor for the remaininy distance. However,
even in this configuration, the cable will hanc in a catenary to
accomplish the transition from sea floor to platform.

Moored plantas require riser electric cables in addition to bottom
cables. The riser cables link moored OTEC plants to the bottom cable
on the seaflocr. Riger cables must withstand stresses from weight,
current. drag, strumning, platform motions, corrosion, biofouling and

abrasion.

A grazing platform with a fixed electric power cable connected to
a shore site is not considered a viable concept.

In both the bottom-resting and floating-moored configurationsa,
cable installation, and inspection, maintenance, and ropsir may dic-
tate design and construction requirements; for exampla, the weight xnd
dimensions of the 100-!fWe cable the Department of Energy is now
dasigning are such that the installation of the cable in water much
over 1,000 m depth excaads the existing handling capability of any of
the current fleet of cable laying vessels. Thus it will be necegsary
to modify or bulld a cable installation vessel for the specific

purpcse of installing the OTEC cables.

The assessment ¢f the OTEC submarine electric cable system that
follows focuses on a floating, moored platform concept located close
{2 to 3 miles) to a suitable shore connection point.

-36~

d

S TR

W

i

P VAP RISAL T

: MR ‘. J". 0T ".'.
[ s . i v v,
l“ - .'.',’. PR
e et D ST,
e el e i bt NSO,

I :

PR

-1
I
.' ‘i“_""- seens

<
ERNE X UG PPIAIY I

-
Y

*
o PR
Q T

w1l leialale



v

-37-

Electrical Power Transmission System s“‘*@
For A Floating Moored CTEC Plant ~

SHORE
STATIOM

2LOGISTIC e
SUPPORT BUOYS e

PO
«F

S

WITH MOORING ot
_ _ LINES - . OTEC L

— MAINTENANCE AND - PLATFORM
.7 CABLE REPAIRSHIP § [ . T
o ~1\\”\<pROTECT|0N ' ~- - . ' _‘
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Figure 4 Submarine Electrical Cable System for a Floating OTEC Plant
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Assassment of Technlcal Issues

System Design Requirements

The potential for thbe submarine 2lectric cable system to meet
general OTEC design requirements is as follows:

o Operahillity With the exception of installatlon, which will

= s v tand

require periods of fair weather, the requirement of opera-
bility in seas up to sea state 6 can be expected to be met.

o Availability <Conkinucus operations on the order of 95 percent
availability are reguired to achieve 70 percent system availa-~
bility. (Alac sce "Life" below).

0 Survivability With proper regard fer the integration and
careful placement of all OPEC cemponente (particularly those
items within the water column suszh as moorings, cold water
pipe, and electric cableg), thig requiremer® should be met.

ife A viser cable attacred to a flosting, moored power plant
13 be subjected teo cyciic stresses. Inowledge of the
fatlgue performance of majoy cablzs cowmponante is inzufficient
to predict a 30-year cable life. Under these conditions of
stregs, the 30-vear life gosl 3s deemed unrealigtic. EBven a
l0~year life for the riscer cable will be difficult te

achieve. If well protected, the bottum cable may achieve a
30-year life. The installation of both the rlssr cables and
bottom cables (especially trenching where necegeary) alzo will
be formidable tasks--in most installations te date of high
voltage submarine electric cakles, the life ot the cable has
beenr lessened during cable ianstallation.¥®

% jg

N

Research and dsvelopment £or the CTEC submarline eleatric cable
gystem have addressed the satizfaction of a limited set of compon-
ent-level requirements. The svsitem has not been defined in terms of
its functions and interfaces reistive to other elements of OTEC
plants. A total submarine electric cable systes definition must be
prepared and the research and development specified for each component
that is not carvently avalilable. Flgure 5 pregente a schematic of the
submarine electric cable systen; and shows interfsces of the gystem
elements. Complaete systen defiinition wonld provide the basis for
identifying, defining. and evaluating alternativs conbinatinvs of
equipment, facilitiles, and procedures.

*willard F. Searle August 25, 1982. Searle Congortium, Ltd.
Parsonal communication.
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Qj Environmental Dasign Criteria

Establishment of environmental design criteria is a necessary
element of system design. Every major attribute of the submarine
electric cable gsystem, with the exception of its current=carrying
capacity, is significantly affected by environmental characteristics
of the site. Such attributes include not only the mechanical design
of the cable, terminations, and restraints, but also procedures for
installation, inspection, maintenance, and repair.

Narrowing the choice of sites and conducting preliminary environ-
- mental site surveys would allow the establishment of far narrower
. ﬂ! requirements. In turn, the more specific requirements would allow
i ) submarine electric cable system development to be better focused, and
: would reduce dead-~end research or overdesign. Overdesign of the
dimensions and weight of the cable would have very significant impacts
on the cost and feasibility of installation.

The major design concern is the riser portion of the submarine
electric cable system. While a fixed or supported cable may well
achieve a 30-year life, this goal is unrealistic for a riser cable

) connected to a floating OTEC plant. A riser cable attached to a
-@ floating, moored power plant will undergo simultaneous exposure to
- cyclically varying tensile stresses, torquing, bending, and electrical
stresses. No submarine electric cables to date have been subjected to
such an application; they are usually fixed on the seaflcor. Knowing
the fatique parformance of major ceble components (armor wire, lead
hermetic sheath, insulation, and electrical core) is not sufficient to

predict a 30-year cable life corfidently. BEven a 10~year life is
- unlikely.

| d Adequacy of Riser Cable Design Effort
o
|

8
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The riger cable to a fixsd platform will be static, eliminating
fatique as a major area of concern. While some problems guch as the
effects of a long vertical drop on cable integrity, may remain for
design of the riser cable in this application, they are considered
less severe than those noted above. A 30~-year life for a riser cable
to a fixed plant may thus be possible.

For floating configurations, cable replacement at intervals,
perhaps every 10 years, must be considered. Fatigue characteristics
of the cabla and its components require systematic study. For fixed
platforms, research is required on the effects of long vertical drops
on cable performance and lifetime (analogous situations may be found
in mine shafts or tunnels associated with hydroelectric plants).

Priorities and schedules for cable system development cannot be
developed or reviewed until equipment specifications and site condi-
tiong are better defined. The development required for cable install-
ation needs 2 to 4 years; for inspection, maintenance, and repair, 3
to 5 years. If cable design and validation by testing will require
development of massive equipment, 6 to 8 years lead time will be
necessary-.

Adequacy of Overall Submarine Electric Cable System Development

Life-cycle reguirements for the submarine electric cable system
under development by the Department of Energy have not been adequately
defined or ccnsidered for functicns such as installation: inspection,
maintenance, and repair; point and distributed loads for support and
anchoring; and interfaces such as terminations or connections onshore,
between the bottom cable and riser cable segmants, and between the
rigser cables and the OTEC platform. Similarly, trade-offs between the
number of cables, the weight and dimensions of cables, and the
availability, capacity and cost of cable installation vessels have yet
to be fully addressed. The submarine electric cable system life-cy=sle
requirements require further definition of mission objectives, system
elementa and their operational scenarios and functions, design
criteria, and operational need dates.

Cabhle Size

The cable designs bkeing developed under contract to the Department of
Energy would carry 10C MWe at 138 kilovolts. These cables may be
overdesigned for a 40~MWe plant. Their weight would exacerbate the
already difficult problems of their installation and inspection,
maintenance, and repair. The 100-MWe cakle may also be unnecessarily
expensive for use with a 40-MWe plant.
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Still the weight and cost advantages of spacial 40-MWe riser
cables need to be investigated. Such special cables could signifi-
cantly reduce cable and installation costs and electric power losses
over the system lifetime. Two concepts for a 40-MWe riser cable
system are likely: a system of approxima‘-ely four single-conductorx
cables; or a system of one or two thiee-conductor cables.

Metal Fatigue Properties

The Department of Energy is conducting research on cyclic load-
ing, corrosion, corrcsion fatigue, the fatigue propexties of the lead
hermetic sheath, and the effects of combined mechanical and electrical
stress on the aging of dielectric materials. These investigations may
lead to significant advances in cable materials technoloqy. However,
these investigations have not yet demonstrated that riser cables
attached to floating platforms can suitably perform in the OTFEC
environment over extended periods of time; that specifications for a
cable with a 30-year life can confidently be prepared; nor that the
cable design that has been developed can be manufactured in the U.S.
or abroad. Additional research in each of these areas is needed for
the data base development of he submarine electric cable system.

Slippage

Slippage of the electrical core of a paper-insulated, oil-filled
cable within the external armor held in a long vertical suspension is
a problem that may require an advance in cable technology.

"Clamping™ of the core by radial compressive forces from armor
wires and from hydrostatic pressure needs investigation to determine
its value as a technique for resisting slippage. The exten% to which
the slippage problem will be aggravated in oil-filled cables also
needs to ke determined, as should the potential of highly viscous
impregnating oils (in mass-impregnated cables) to alleviate slippage.

Field Connecticn

Should the riser segment of the cable system fail, then either it
alone or the entire cable run from platform to shore will need to be
replaced. The re-lay to repair procedure, if technology exists for
initial installation, would not require additional technologv develop-
ment (but would certainly be very costly). Riser cable replacement,
however, demands an interconnection point with the bottom cable or the
development of field repair and splice techniques. No bottom-founded
interconnection or field repair technology exists at present for high
voltage, high current submarine cables.® The technologies for cable
repair and replacement and the life costs of alternate repair and
replacement strategies need to be specified.
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System—~wide Corrosion

Many metale exhibit good short-term corrosion characteristics,
but constant contact with the seawater environment can alter material
properties. Stresses and strains induced in the metallic armor also
may cause some changes in their alloy metals, thereby accelerating the
effects of corrosion. These long-term effects require more accurate
asgessment.

There is probably no valid test of the effects of corrosion that
uses accelerated time testing methods and that takes into account all
necessary factors. The present tests and studies of submarine elec-
tric cable armor tend to examine shortor long-term corrosion without
considering the effects of bending and other stresses.

Electrostatic or galvanic corrosion, which is enhanced by the
electric fields of currents in the cable, also requires investigation,
as does the effect of the electric field from the high-voltage cable
on both the passiveand impressed-current cathodic protection systems
for the steel platform members. Alsc requiring study is the possi-
bility of additional corrosion from the electric¢ and magnetic fields
the cable generates when energized.

Hazards From Large Animals

Large marine animals present a potentjial hazard to a cable
carrying electric current from the plant to the seafloor. There is a
significant body of evidence to show that sharks and large fish are
attracted to, and will damage by biting, cables rated at much lower
voltage than those OTEC requires. Little is known about the suscepti-
bility of high voltage submarine cables to animal attack. Large
sharks are known to be able to apply sufficient tooth pressure to
deform or penetrate the armoxr wires and breach the watertight integ-
rity of the lead gheath of sulmarine telaecommmicarion cables rasgsult—
ing in the complete failure of the cable. The behavior of large

marine predators toward alternating and direct current high voltage
subrarine cables needs to be established.

Cable Desiyn Analysis and Validation

The design of the cables heavily depends on computer models that
require validation through testing. The riser cable has a very
complicated loading pattern that varies both with time and with dis-
tance along the cable. Computer modeling is the only practical method
to study stress distribution along the cable length. Such computer
models involve advanced techniques of analysis and have received only
limited validation from mechanical testing of sections of prototype
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cables. The unvalidated or insufficiently validated elements of the
analytical tools need to be identified. Laboratory-~instrumented
mechanical tests should be executed to validate these models or to
provide calibrating coefficients. Full-scale, at-sea tests of
complete riser cables should be used as a design verification tool,

Gimbal Design

The mode of termination and system of strain relief required to
decouple the platform loads from the riser cable requires special
attention because both mechanical and electrical constraints are
involved.

The termination of the riser cable at a floating platform pre-
aents a wide range of conflicting design requirements for a gimbal
device, one that is not available with current technology. Available
gimbal devices, for example, do naot allow for constant motion under
high stress loads while carrying high voltage and current. In addi-
tion, the gimbal must reliably operate for extended periods.

Further design complications arise from: cable chafing and
stress at attachment points; loss of efficiency in strain relief
systems over time; threat of failure at cable terminations; necessity
of providing for some maintenance and repair, such as bearing replace-
nent, without power interruption; and safe decoupling, if called for
in the design.

A conceptual design and verification of the critical elemente of
the gimbal is needed. Based upon the results of this effort, a deci-
sion may be made about the necessity for an advanced gimbal develop=-
menrt program.

Installation

Great portance muat he gi J hla'a installation. For
the cables under development by the Department of Energy, a cable _ - .
laying machine capacity of just over 100,000 1b would be required to T o
install the cables at 1200 m depth; about 150,000 1b capacity would be - . o
required to install the cables at 1800 meters depth.* At least one
existing cable installation vessel, the Skaggerak, is equipped with a
laying machine that has about 100,000 1b tension capacity, and thus R ..
could install the OTEC cables at depths approaching 1200 m. Other R -
factors enter the picture, however:; cables designed for deep water e
installation are torque-balanced and cannot be coiled. The Skaggerak MR
is the only cable installation vessel with turntable facilties for .

Great imnortance muat hae 'Iven to the cahle

* James Scden, Simplex Wire and Cable Company, personal communication,
August 19, 1982,
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gtoring and handling torque-balanced cables. The overboarding sheave
and cable machine capstan dlameter of cabla installation vessels is
alsa a concern; the Skaggarak is currently fitted with a sheave and
capstan adequate for installing the OTEC cables. Since the capabili-
ties of existing cable installation vessels d2 not completaly match
OTEC requirements, and since the few existing vesgsels are scheduled
years in advance, it will be necessary to modify an existing cable
installation vessel, or to construct a purpose-bullt OTEC cable

installation vessel in order to install OTEC cables at depths ¢reater
than about 1000 m.

For bottom cables, maintaining cable separation, perrorming site
surveys, and controlling cable location do noct zppear to present any
problems outside of the realm of the available technology, assuming
that suitable cable handling equipment is available; however, avail-
able instrumentation for this might require some modification.

A step-by-step analysis is required to identify the procedures
for cable installation and to define further the support equipment
recessary to do the installation. In turn, the type of OTEC platform,
fixed versus floating, and the details of the cable installation for
each, will have major impact on cable design. Cable system installa-
tion requirements would bz different and possibly less for fixad plat-
forms , which would nor have a riser cable.

Cable Protection

Some submarine electric cables are buried to protect them from
damage that might result from bottom dragging equipment of trawlers or
from the chafing action of current-induced motions. For some OTEC
sites, cable runs in arsas of steep and rocky slopes may pose addi-
tional hazards. Sloped sites may have inadequate materiai for burial,
or may be unastable over the long term. Protection mnay be applied by
coverage with overburden (a common practice of dunping rocks or gravel
onto cablee tha% creoae recky areas). Howsver, esxisting methods for
cable burial may not provide sufficient protection four the submarine
electric cable system in the unstable areas. Further investigaticn of
cable burial coverage by overburden systems iz necessary.

A review should be made of available cceanographic and geotech-
nical data from potential sites, followed by a aystems study of cable
protection requirements including an acsessment of existing mathods
and egquipment, and identification of needed modifications to cuvren*
derigns and of new design concepts.
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Inspection, Maintenance, and Repair

Systems for inspection, maintenance, and repair of the cable in
both shallow and deep water are critical. Sernsors of the cable's
condition, and the means to apply them, need to be developed. Repair
and maintenance protocols should ke establighed, and the necessary
suvpporting equipmert identified. Should a cable have to be retrieved
or repaired, it will be necessavy to have available specially designed
platforms and equipment; this needs to he addressed during the design
of the sgystem.

Ingpectiorn Shallow water inspection can be accomplished with present
technology. Ingpection in deeper waters can be accomplished with
remotely operated vehicles, but these vehicles can identify the
cable's condition and provlem locations only if the cable isg visible.

Existing methods for locating nonvisible faults in cables rely on
knowing the cable's electrical characterieticg and using state-of-
the-art instrumentation to measure cable impedance to the fault. It
also may be possible to use the faulted cable section as a radiating
antenrna for determining the fault locations. These methods of leoca=
ting faults are in current use.

Fathla $wmomnn~ 4 4+

4 -
Cable inspecticn cguipment ac

an extension of available technology. It would be desirable, but not
necessaxily practical, to monitor the cable strain and bendiug stress
egpecially in the riser section of the cable. To withstand environ-
mental forzaes and conditions imposed on the cable, and to achieve its

desired life, advances in ingpection technologies are needed.

Cable Repair Requirements for the repair of submarine electric cables
Aiffer in several ways from cable installation. A cable installation
vessel must be capable of ztcring a cable length and be equipped with
machinery to pay the cable ocut and lay it in the ocean, or on {or

In preparing for the layince operation it is
possible to makwe muany preparations in advance. Where installation
involves only lowaring the cable, repair may require both raising and
lowering. Cable splicing onboard a repair vessel can be time-consum-
ing -+ an extended period of fair weather may be necessary. During
the pericd in which a cakle ig raised for repair, the cable armor will
be sulbject to cyclic loading and fatigue may be a problem.

beneath) the geafloor.

When faults in cablus are detected after ingtallation, a decision
must be made as o the economlcs and reliability of repair or replace-
ment. Should repair be indicated, one of three strategies may be
employed.7 A problem at a finite point can possibly be corrected by
cutting through the cable at the defective point, then splizing the
ends. Sin:e this procedure shortens the cable slightly, it increases
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the tension of the aystem. A second strateagy fcr uses when a section AR -
of cable must be removed is tc splice in a new section. This )
procediure requires two splices. Tha new cable length will be longer
than the piece removed. When the spliced cable is reinstalled, the
extra length will form a loop on the seafloor. This loop or
"dutchman™ cannot be installed under tension (as the rest of the cable <
is), and it may not rest as securely or the seafloor as the original T
cable; thus the "dutchman® may be mcre vulnerable than the rest of the D
cable to subsequent damage. A third appresch to repair is to retrieve

the damaged cable fiom the point of damage to the shore, to splice in

a replacement length, and then teo re-lay the repaired cable. A field

connection or splice for underwater cables ig integral to each of o
these strategies, and thereforc is necessary as an economic S
alternative to replacing the cable. : -

The maintenance and repair requirements for riser cables will
require technology develcpment and need tc be established. A
step-by-step analysis is necded to identify the reguired procedures L
and to define requirements for related support equipment. Since the P
panel commenced work, an OfEC inspection, maintenance, and repair o -
studyshas been initiated that may resolve many of these difficul-
ties.
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INTERACTION BETWEEN THE TECHNOLOGY BASE AND SYSTEM SELECTION

1%
. B

. To proceed with the desidqn and ocean engineering development of a 10 E‘,"'
qﬂ to 40~MWe OTEC planit, several key unknowns need to be resgolved:

‘ ) c Determine the location and type of plant (e.g., floating,
shelf-mounted, or land-kased).
Establish environmental design criteria.
i o Establish plant capacity based on realistic estimates of energy

demand, available technology, and site-gpecific environmental
criteria.

: Sysiens inteoration is necessary for continued development of
OTEC plants. Systems integration describes the process of melding
gseparate technologies into a unified system to achieve gtated objec-
tives. Choices are made in systems integration between altexrnatives; ) :
for example, among candidate sites, platform types, construction BRI
materials and facilitles, and installation technigques. In systems i
integration, it is necessary to specify locations for OTEC plants in : 4
order to begin acquiring environmental exposure data and establishing : A
design criteria. It is also necessary to consider the interfaces L
between OTEC components, their uesign requirements, and interactions. e
These interactions include the cold water pipe and the platform, the g
elactric cable and the platform, the industrial plant and the cceanic S
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structure which supports it, and the dynamic interactions of the OTEC RIS
plant with the physical environment. Initial installation, and sub- e
sequent inspection, maintenance and repair considerations are control- o
ling elements of systems integration.

while many of the needed developments identified in the previous
sections will be resolved through the normal engineering processes of
systems integraticn and design, some OTEC systems need additional
engineering development. The culd wacer pipe and electric cabie
systems especially require attention:

ey —y
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Tachniques for manufacturing, installing, inspecting and repair-
ing the large diameter cold water pipe and the bottom and riser
electric cables need to be tested. Material properties under
long=-term ocean conditions need to be determined. Techniques for
field maintenance need to be developed.

The pctantial for vortex shedding and vibrations of the cold
water pipe need to be studied and suppression devices testsd
which will reduce flow vibrations need to be tested. On the cold
water pipe, vortex suppression devices cculd increase drag sig-
nificantly. The effect of the added drag on the pipe connection
to the platform and on mooring loads needs to be assessed.

Mathematical modsls for the combined motions of the platform and

the cold water pipe need to be calibrated through laboratory or
of fsliore tests on prototype designs.

Fatigue of electric cable materials subject to long-term ocean
exposure needs ocean engineering research.

Impact of power transmissicn on system corrosion needs to be
studied.

Methode for inaspection, maintenance, and repair of riser cables
need to be developed.
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