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Gulf-Stream-Based, Ocean-Thermal Power Plants
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This paper presents the results of an ongoing analytical study at the Univ. of Mass. for the design of major
components and a total power system for Gulf-Stream-based ocean-thermal power of 400 Megawatts electrical
net power output. On the basis of these studies, the ultimate power potential of a 15 mile wide by 550 miles long
length of the Gulf-Stream extending from south of Miami, Fla. to Charleston, S.C. is estimated to be ap-
proximately 2 trillion kilowatt hours per year which could be transmitted to shore by undersea cables. Critical
subsystems and components (such as heat exchangers, ocean-based hulls, and cold water inlet pipe) are iden-
tified, and the technical basis for their configuration and design is discussed. 90/10 copper-nickel alloy plate-fin
heat exchangers, with propane flowing upward (evaporators) or downward (condensers) through small passages
in the plates and sea water flowing horizontally between the plates, have been selected. The latest power system
(Mark II) is based on a submerged, twin catamaran concrete hull configuration with hulls approximately 80 ft in
diameter by 800 ft long. The evaporators are staggered serially in height in 6 tiers placed above the twin hulls
which contain the condensers, turbines, pump, and other power cycle components. A coid-water inlet pipe of
elliptical cross section (1500 ft long and with a hydraulic diameter of 87 ft) is hinged between the hulls with a
gun-buckler type joint. Technical problems facing the deployment of such plants are summarized, and the latest
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cost estimates predict busbar power costs of approximately 15 mills per kilowatt hour.

Introduction

ECENT events involving the United States’ supply of
nergy have instigated a series of long range energy policy
studies, such as the Project Independence Study completed
under the Federal Energy Administration.! As pointed out by
the Solar Energy task force group of this study,? Ocean Ther-
mal Energy Conversion (OTEC) has the long range potential
to supply a significant amount of our nation’s future energy
needs. Such OTEC power plants, specifically designed to
produce power for the Eastern coast, have been under in-
vestigation at the Univ. of Mass. This study supported by the
National Science Foundation RANN Directorate, with the ob-
jective of determining the technical feasibility of the concept,
and identifying those subsystems and components critical to
the concept.?® Such work defined a first total-system concept,
the Mark I, shown in Fig. 1. More recent work has been con-
centrated on the definition and design of major subsystems
and components for offshore power plants up to 400
Megawatts electrical net situated in the Gulf-Stream off the
Eastern U.S. coast. In this paper the design of such systems,
conceived as a float, semisubmerged, anchored, and as close

as 15 miles to land, is discussed in detail.

Siting of ocean thermal power plants is by no means
limited, however, to use of the Gulf Stream resource. Other
studies supported by NSF7? have and are considering many
other sites, such as those in the tropical oceans. The tropical
high seas will require considerably smaller and less expensive
power plants per unit of productivity than will those in the
Gulf Stream off the U.S. southeast coast. However such siting
will also require seaborne transport of some ‘“Transportable’’
energy product other than electricity or pipeline gas. The key
reason for our concentration on Gulf Stream sites is the con-
viction that those near-shore waters have a large potential for
practice of this natural solar driven process. This resource size
may be approximated!? by assuming an average Gulf-Stream
flow rate of 33 x 106 cubic meters per second and an overall
1°F reduction in temperature along a 550-mile length (Fig. 2).
This yields an available heat energy input to the power system
of 690 trillion kilowatt hour per year. Using a realistic assum-
ption of an average 1.5% overall energy conversion efficiency
(including load factor) converts this resource to useful work at
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a rate of 10 trillion kilowatt hour per year. One estimate!! of
predicted U.S. electrical generation places the total at 3
trillion kilowatt hours per year in 1980. Siting studies suggest
that as many as 550 power plants rated at 400 megawatts elec-
trical each with an expected annual plant factor of 0.93, could
be placed *“in line’” along this Stream. Such a line would con-
vert 1.8 trillion kilowatt hours per year. There is a width of
about 15 miles in which such lines of power plants could be
located. Therefore it appears quite possible that the entire
available 10 trillion kilowatt hours per hour could be ex-
tracted from this one rather small deployment site. Fur-
thermore, oceanographic data indicate that this supply is
reasonably constant. This eliminates the need for large energy
storage subsystems common to the vast majority of other
solar energy conversion systems which stop producing power
when the sun sets. Thus, OTEC plants are able to serve easily
as base load plants. Further work 12 underway, at the Univ. of
Mass., detailing the exact size and yearly output potential of
the Gulf Stream may change these estimates. The 10 trillion
kilowatt hours per year is thought to be a good starting point
for further discussion.

Other potential advantages to the siting of OTEC plants in
the Gulf Stream are:

1) This resource is close to the U.S. coast, and, at any point
along the proposed deployment area, electrical power can be
transmitted to land via conventional undersea power cables.
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Fig.1 Schematic of Mark I Gulf-Stream OTEC plant.
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Fig.2 Suggested Gulf-Stream sites.

There is also the possibility of completing an in-sea-bed
pipeline hydrogen energy link to the entire Eastern seaboard.
Although the planned deployment area is in international
waters, rights to the resource are clearly established by
existing U.S. policy regarding sovereignty over resources in
and over our continental shelf and slope, to the extent that
they can be exploited.

2) The Gulf Stream flows in this area with natural velocities
up to 6.5 fps, and that velocity can be used to advantage. It
has been shown that biofouling reaches a near-zero minimum
in ocean water moving in excess of 2.5 fps. The flowing water
could also be used as a natural pumping system on the
evaporator side of the cycle. Another advantage is that the
continued replenishment of the hot and cold water resource to
a Gulf Stream plant allows the plant to be stationary.

3) There is a considerable body of scientific data pertaining
to the characteristics of the Gulf Stream in this region, which
can be used to advantage to specifically design the proposed
systems.

On the other hand, a Gulf Stream site has some disad-
vantages, foremost of which is that, compared to sites nearer
the Equator, the lower available temperature difference places
some important thermal design disadvantages on the system.
For example, a key parameter in this system is the size of the
heat exchangers. Table 1 shows that a change in site AT from
32° to 45°F causes over a fourfold reduction in heat ex-

Table 1 Effect of site conditions on heat exchanger material volume
requirements for 400 MWe plant

Site AT Heat exchanger

(°F) material requirements
(ft)

Gulf Stream

(T =71°F, T.=45°F) 32 81,000

Tropical

(Ty =82°F, T, =45°F) 37 48,3000

Tropical

(Ty =85°F, T, =40°F) 45 24,9000
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Fig.3 Rankine power cycle.

changer material volume. The 32°F site temperature dif-
ference is representative of the present design Site No. 1, (Fig.
2) which is 15 miles east of Miami.

Thermal Power System

The favored closed Rankine cycle is shown schematically in
Fig. 3. It includes an evaporator recirculation pump sub-
system to reduce evaporator size for a given output, and to
facilitate off-design cycle control. The cycle working fluid
now under consideration for the Gulf-Stream-based system is
propane. It should be noted that ammonia is a superior
working fluid on the basis of thermodynamic and heat-
transfer properties, requiring smaller working fluid flow rates
(and inventory), heat exchangers, and turbines. However,
propane has been chosen chiefly on the basis of its com-
patibility with all the candidate materials for heat exchangers,
including the selected 90/10 copper-nickel alloy. Propane also
does not need the complex working-fluid-clean-up system that
an ammonia system would require.

Because of the small thermodynamic driving potentials in-
volved with a Rankine power cycle operating in the Gulf
Stream, the analytical details of a complete system (especially
the heat exchangers) become fairly involved, and require
detailed mathematical models.*® Although it is beyond the
scope of this paper to consider the details of these analytical
models, Table 2 summarizes the effects, for a typical cycle
design, of various losses on an important design parameter,
total heat exchanger size. Furthermore, the large number of
variable cycle and component design parameters require a
comprehensive parametric or optimization study before the
physical size of a complete power package can be made. Such
studies have been carried out and form the basis of the designs
proposed in this paper.

As previously mentioned, the heat exchangers form a most
important part of the thermal power cycle. Although the first
system design (Mark I) featured banks of staggered tubes for

Table 2 Effect of cycle losses on heat exchanger size

Cycle configuration A/A 4o (cumulative)
1) ideal Ranine cycle (1°FATon

each exchanger)

1
2) Add 90% turbine 1.12
3) Add 85% cycle pump 1.13
4) Add 5% pressure drop in evaporator 1.43
5) Add 5% pressure drop in condenser 2.09
6) Add 10% cold side pumping work 2.38
7) Add 10% hot side pumping work 2.79
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Fig. 5 Evaporator limitations of naturally-pumped
system.

the evaporator and conventional shell-and-tube heat ex-
changers for the condensers, the latest designs are based on
the use of plate-fin type heat exchangers, as shown in Fig. 4.
The primary mode of heat-transfer on the working fluid side
is forced convection (evaporation or condensation), and the
working fluid flows upward in the evaporator and downward
in the condenser. Due to the heat-transfer characteristics of
the working fluid (even with small working fluid side spacing
as low as ¥ in. and internal fins for area augmentation) this
side dominates the overall heat-transfer coefficient. Thus, the
ocean side does not require fin augmentation and relatively
large flow openings (with approximately 4-in. spacing) can
be used on the ocean side. Obviously a few spacers will be
needed on this side for mechanical assembly, but, in general,
the ocean flow side on both the evaporators and condensers
should be easy to clean, if necessary.

One major design option involves the choice between
naturally pumped evaporators, using the kinetic energy of the
Gulf Stream, and forced pumped evaporators. Based on the
results of an analytical study modeling the flowfield of the
Gulf Stream!3 the latest design feature banks of evaporators
fitted with sea water pumps. Figure 5 shows that a major
reason for this choice was the power plant size limitations im-
posed by natural pumping, restricted to only one “‘row’ of
evaporators across the flow.

The size of the working fluid passage involves another
major design choice. Figure 6 shows that smaller passages are
desirable from a heat exchanger materials requirement
viewpoint (because of thinner wall requirements for pressure-
proof exchangers and improved heat-transfer characteristics).

Fig. 7 Effect of fouling on heat exchanger size.

It is also desirable to use smaller passages giving lower height
evaporators (heights over 100 ft are undesirable because of
higher temperature variations in the Gulf Stream and are also
awkward to arrange) and minimum volume condensers
(requiring smaller containment hulls). However, the smaller
size passages (and wall thicknesses) will require more in-
novative manufacturing processes than would be the case with
larger passages.

As previously mentioned, the desire to keep 90/10 copper-
nickel, alloy an active candidate heat exchanger material,
prompted the choice of propane as a working fluid. This alloy
is expected to be inherently fouling-free in this application.
The potential effects of ocean water fouling on both of the ex-
changers is shown in Fig. 7; fouling could easily require a
25% increase in heat exchanger size. In our OTEC plant
design, provision has also been made for either trickle or
batch treatment with chlorine to avoid fouling. The turbines
and auxiliary fluid systems, also have been investigated in
some detail. %! Turbine size optimization has been the key
factor in the power module sizing. Both the Mark I and Mark
11 baseline configurations have been based on the use of six-
teen 25-megawatt electrical net power packages (32.5
megawatt electrical gross power per package).

Power Plant Configuration

The latest configuration, the Mark II design, is shown in
model form in Fig. 8. This arrangement evolved from the
earlier Mark I design, and is a 400 megawatt electrical-net-
power-output power plant comprised of 16 identical 25-
megawatt electrical-net power packages. A turbine and con-
denser are provided for each power package inside the hulls: a
total of 18 evaporator modules (2 spares) are ‘‘shared’’ by the
turbines.
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Fig. 8 Model of Mark II system.

The catamaran hull design uses reinforced-concrete,
horizontal cylinders capped by hemispherical heads, and sub-
divided by flat bulkheads. The latest internal layout studies
yielded an internal diameter of 80 ft. The naval architecture of
the system must satisfy both submarine and normal surface
ship requirements, and capabilities. Major submarine
capabilities include the possession of submerged neutral
buoyancy, and adequate main ballast system that will permit
change from a surfaced condition to the neutrally buoyant
submerged condition, and an adequate variable ballast system
that will adjust to changes in the variable force vectors.
Evaluation of the Gulf Stream data at Site 1 shows that daily
variations in current induced drag are on the same order of
magnitude as seasonal variations. Based on this information,
the variable ballast system is able to compensate for current
variations of up to 20% (corresponding to drag variations of
about 40%). The depth of submergence of the power plant
(nominally 220 ft below the sea surface) will be tuned to sur-
face sea conditions, with considerable added depth available
when hurricanes are predicted.

There have been 3 major internal layout variations of the
Mark II design, each involving different circulating cold
water paths. These in turn have influenced the shape and
nature of the pressure hulls, the external shape of the power
plant hull, and the type of connection between the hull and the
cold water inlet pipe (CWP). In all of these arrangements 3 fu
ental requirements have been met:

1) There are two ‘‘skins”’ or closures between the cir-
culating water and the machinery compartments.

2) There is internal subdivision with bulkheads capable of
holding to pressure hull collapse depth.

3) Any condenser core can be removed from an isolated
condenser box, and a replacement core can be moved the
length of the hull into the compartment in which required.
(This requirement has the strongest influence on the diameter
of the pressure hulls.)

A model of the second internal variation is depicted in Fig.
9. In this design the CWP was split about 100 ft forward of
the hulls, and half of the circulating water was led up into the
front of each hull via a gun-buckler-type swing joint. The
flow was then directed outward into conical circulating water
feed sponsons on each side of a hull, tapering away from the
bow to the stern. Each condenser box took its circulating
water from the sponsons via pressure-proof circular cross-
section supply ducts. The cold water passed through each con-
denser box and then overboard through discharge ducts slant-
ing down through the bottom of the cylindrical hull. The
total of turns in the flow path starting from the bottom of the
inlet pipes equaled 285°, giving a significant reduction in
hydraulic losses from the initial inline flow path of the Mark I
configuration. However, the circulating water supply and
discharge ducts within the cylindrical pressure hulls con-
stituted a doubling up of pressure-proof boundary at con-
siderable expense that would not improve water-tight in-
tegrity, or damage control capability of the system.

J. HYDRONAUTICS

Fig; 9 Internal hull system (Mark I1-Mod. 2).

The third internal arrangement scheme, presently most
favored, places the CWP between the pressure hulls, ter-
minating at the hulls with a gun-buckler-type swing joint
which allows the circulating water to flow axially into the
space between the hulls. From this pressure balanced flow
space, circulating cold water enters each condenser box. The
total of the turns in any one flow path is reduced to 225°, plus
whatever discharge vector angle is used for the discharge from
the hull. With this arrangement, studies suggest that a
pressure hull i.d. of 80 ft, and a compartment length of 100 ft
will be required. It also appears that there should be a
pressure-proof bulkhead between each 2 power packages in
line, and that (as shown in Fig. 9) the turbines and diffusers
should be arranged to overlap so the most favorable turbine
diffuser geometry can be obtained. Rather large diffusers
have been specified because it is expected that they will add as
much as 2% to turbine efficiency.

As shown in Figs. 8 and 10, the evaporators are tiered on
the pressure hulls. Each evaporator module is divided into
units with one hot-water pump taking a suction from the
almost square discharge face of that unit. Each evaporator is
built into its own structural framework, capable of holding it
in place on the hull before submergence. Once the evaporators
are fully immersed, each evaporator can be treated as a
separate, neutrally buoyant, structurally independent unit,
connected by valves and piping to both the liquid working
fluid distribution mains, and the vapor collection headers.
Any one unit can be isolated, broken free, surfaced, and
towed away for repairs. It will also be possible to accomplish
on-site evaporator repairs by surfacing the power plant to ex-
pose the bottom of the tier in which the faulty unit is located.
The latter method may cause undue loss in power plant
operating time if fault lies in the lower tiers. The support
structure (concrete-encased steel) between the tops of the
pressure hulls and the undersides of the evaporator units is
rather massive because of its need to carry all of the in-air
weight of the evaporators during construction, and prior to
being dived on site.

Because gross fouling cannot be tolerated, the following
control methods have been given consideration;

a) Use of sea water velocities in excess of 2.5 fps.

b) Use of inherently fouling-free material (90/10 copper-
nickel alloy) on sea water sides.

¢) Trickle-dose chlorination using some of the produced
electricity to generate chlorine from sea water. The power
drain to do this is appreciable but acceptable (assuming that
1/10 ppm dosage will suffice).

d) Soaking type chlorination.

€) Soaking with near-boiling sea water, prepared at the ex-
pense of some product electricity.

f) Mechanical brushing.

g) Any combination of 2 or more of the above.

The production-line biofouling control system will probably
be chosen as a result of full-scale heat exchanger trials in situ.

Before mentioning the mechanical design aspects of the
cold water pipe, it is important to note that this component,
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because of its effects on the cold water parasitic pumping
losses, can exert a sizable influence on the thermal cycle com-
ponent requirements. This point is illustrated in Fig. 11,
which shows relative heat exchanger requirements for a Mark
IT design plant (with a 1500-ft long CWP) as a function of
CWP hydraulic diameter and internal sea water velocity. A
small reduction in heat exchanger size is achieved once the in-
ternal hydraulic diameter exceeds about 80 ft. A hydraulic
diameter of 86.5 ft (elliptical cross section with 95-ft major
and 80-ft minor diameters) is presently used with a specified
cold water flow velocity of 9 fps. This limiting value of in-
ternal velocity has been selected, based on the use of
aluminum for the cold tube construction material.

The space between the cylindrical hulls in the third con-
figuration version becomes a combination of circulating water
delivery passage, main ballast tank, and free flooding void.
Some consideration has been given to a design that would
house the CWP inside this space for the journey to the
operating site, then slide it out the front when on site. At the
same time the gun buckler joint is being pulled and locked in
the essential structure required to transmit mooring loadings.
This might be possible for a 1000 ft long cold water pipe,
though it might eliminate much of the main ballast tank struc-
ture that could be carried therein. It would certainly be
possible for “‘telescoped’’ cold water inlet pipes.

Within each of the machinery spaces, on decks arranged in
the upper compartments outboard of the turbine diffuser,
there is ample room for the electrical equipment needed for
either a dc electricity-in-cable umbilical, or for a complete
hydrogen umbilical, using conventional electrolyzer com-
ponents. In both cases, the turbines turn rotating ac machines
and all of the power is rectified to dc . A 3-bus arrangement of
electrical conductors has been used, and start-up/emergency
diesel generators have been provided. If the power plant is to
use the dc electricity umbilical, the rectifiers may be con-
centrated at the forward ends of the pressure hulls, so that the
cable may go down the CWP. From here it is led down the
tether to the anchor, and then the ashore cable. With a dc um-
bilical, sea return is placed, and the ‘‘electrode” re-
quired at the hull has been designed as a vertically

suspended bare cable about 200 ft in length. For distances
from shore less than 15-18 miles, it may be more economical
to transmit the power directly as ac, with a 3-cable system.
This eliminates the need for ac-dc, and dc-ac rectification.

Conclusions

Our work on the design of Gulf-Stream-based ocean ther-
mal power plants is continuing and it is expected that future
designs will reflect subsystem, component, and total system
improvements. Obviously, economics dictate an important
part in any power system study, and as Table 3 illustrates, we
believe that the cost of such plants based on our current
designs, would be no higher than $800/per kilowatt energy
vielding a power generation cost of 15 mills/kilowatt hour.
Furthermore, we believe'¢ that such systems are economically
competitive with conventional and nuclear-fueled power
plants.

There are 2 key problem areas which must be totally over-
come or the concept, regardless of ocean site, will fail. These
are:

1) Corrosion: these power plants must survive in an ocean
environment. They must exhibit longer maintenance free life

COLD SEA-WATER
VELOCITY (ft/sec)

) - | | 1
60 80 100 120

COLD-WATER PIPE HYDRAULIC
DIAMETER , FT

Fig. 11 Effects of cold water pipe diameter flow velocity for 400
Megawatts electrical plant.
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Table 3 Estimated cost for Gulf Stream plant in
dollars per kilowatt electrical

Component description Cost ($/kWe)
Huil and concrete components 39
Cold water inlet pipe 63
Machinery 179
Heat exchangers 340
Electrical and transmission 82
Command and control 1
Auxiliary/life support 5
Outfit and furnishings 3
Sub-total 712
Present value of construction
with interest and escalation 7972

2At a fixed charge rate of 15.5% and a plant factor of 0.93, busbar
power cost would be of the order of 15 mills per kilowatt hour.

than have most ocean systems in the past, and this must be
achieved at a reasonable cost. If materials, such as aluminum,
are used, some corrosion may be acceptable, but the reduced
capital costs of such material must offset the increase in main-
tenance costs. Under no circumstance, however, can
situations involving dissimilar metals coupled in seawater be
tolerated.

2) Biofouling: the warm waters of the Guif Stream contain
populations of fouling creatures; the cold water from near the
sea bed will probably be relatively free from such populations.
In both cases, the heat exchanger surfaces simply cannot
tolerate biofouling encrustation; such growth will effectively
stop the power plant. Nor can the hull or other exposed parts
of the power plant accomodate excessive marine growth.
Fouling must always be controllable and controlled.

We believe that the designs we have proposed for Gulf
Stream sited plants can effectively overcome these problems.
However, experimental work in the second of those areas is

very much needed: those biofouling populations must be

known and be quantified. Furthermore, our work has pointed
out the following problem areas in which improved technical
solutions must be sought:

1) While the necessary heat exchanger design theory has
been developed, a breakthrough in working fluid side heat-
transfer augmentation would give the economics of the
process a significant boost. Also, low-cost fabrication
techniques for the large heat exchangers must be demon-
strated.

2) The turbines should achieve efficiencies of at least 90%.
Our analytical studies indicate this is possible, particularly if
power module size is dictated by optimum turbine size.

3) The supply of both hot and cold water at a site without
disruption of the natural thermal layering of the ocean at that
site must be achieved. Our analytical studies indicate that,
with proper system design, this is possible for the Gulf Stream
site.

4) The cold water pipe and connecting duct system required
to convey the huge quantities of cold water and, at the same
time, induce a minimum of hydraulic losses in the process, ap-
pears to be a major structural problem. Many, widely varying
solutions have been suggested and need study.

5) The mooring and anchor system for a power plant
located in the swift waters of the Gulf Stream will be larger
and heavier than any ever used before. The probable motions
and acceleration of these power plants in the ocean excited by
wind-waves (including hurricanes) and currents must be un-
derstood in advance of hull design, and in advance of
mooring system design.

6) These power plants offer an opportunity for large-scale
use of steel reinforced concrete in the ocean, particularly for
the submerged pressure hulls.

7) The energy umbilicals, whether for electricity or gaseous
hydrogen will be large and expensive.

Practical, economic Ocean Thermal Power Plants can be
designed and developed for the Gulf Stream site from the
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baseline created during the past 2% yr. No breakthroughs are
required. If some practical method of augmenting heat-
transfer on the working fluid side can be demonstrated, it
could make these power plants even more competitive, and
would be a tremendous addition to the technology. But such a
breakthrough is not mandatory to proceeding with develop-
ment of this concept.

The sola ergy resource available to the contiguous 48 states
via cable or pipeline using the ocean thermal differences
process is huge. These power plants built by the hundreds and
deployed in the Gulf Stream starting in as few as 6 yr could be
the single most effective action this country could take to set
right our energy industry, which is the key to all our industry.
The idea of betting on systems with overall thermal ef-
ficiencies as low as 1.5 to 2%, is anathema to many of our
power industry engineers. They must change their minds and
join this effort. Our energy salvation lies only in our ability to
put solar energy to work for us as soon as we can. We believe
the Gulf Stream is the place to start, followed directly thereaf-
ter by tropical high-seas fleets. Steady, imaginative, shrewd
engineering, step-by-step development, testing, rialing are all
that need. A large-scale national program should be started at

onge.
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