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PREFACE

The mission of the Ocean Energy Technology (OET) program of the U.S.
Department of Energy (DOE) is to

develop ocean energy technology to a point where the
commercial sector can make competent assessments of whether
applications of the technology are viable energy conversion
alternatives, or supplements, to systems presently in use (U.S.
DOE 1985).

Toward this mission, the program is aimed to advance the technology over
the next several years. To address research and developmental issues, focus
is placed on resolving the technical uncertainties related to near-shore
ocean thermal energy conversion (OTEC) systems with capacities ranging
from 2 to 5 MW,. Efforts will include

e Emphasizing power conversion research by improving heat- and mass-
transfer process, reducing component size and water flow requirements,
and using less costly materials and components

e Increasing experimental verification and testing activities needed to
confirm the feasibility and performance boundaries of critical
components.

In 1987, a cooperative effort by DOE, the State of Hawaii, and the Pacific
International Center for High Technology Research (PICHTR) upgraded the
seawater supply system at the Seacoast Test Facility (STF) at the Natural
Energy Laboratory of Hawaii (NELH). This upgrade expands the OET
program's capability to experimentally investigate critical components and
precommercial OTEC systems. '

The recent tests of heat exchangers.at the Heat- and Mass-Transfer
Scoping Test Apparatus (HMTSTA) have confirmed their performance
projections using seawater. Research has led to the conceptual design of
the Heat- and Mass-Transfer Experimental Apparatus and the Net Power-
Producing Experiment (HMTEA/NPPE), which extend the testing capability
sixfold from HMTSTA and provide for full system tests to be carried out.
The design was pursued cooperatively by the Argonne National Laboratory
(ANL), PICHTR, and the Solar Energy Research Institute (SERI).

This design, based on an extensive array of analytical tools and

experimental data, permits the OET program to proceed with confidence in
development and operation of the HMTEA/NPPE.
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The HMTEA/NPPE system is built around a single, vertical-axis, mixed-flow turbine
rotor 2.9 m (9.5 ft) in diameter, as is illustrated on the opposite page. The rotor is
supported by a vacuum vessel 7.3 m (24 ft) in diameter and 7.6 m (25 ft) high which is the
structural backbone of the system. The electrical generator is an air-cooled, salient-
pole, synchronous generator located above the turbine assembly and outside the vacuum
enclosure.

Steam is produced in an annular flash evaporator at the periphery of the vacuum vessel,
which consists of 12 vertical spouts, each 0.24 m (10 in.) in diameter. The steam flows
up from the evaporator, through a mist eliminator located at the turbine inlet flange, and
enters the turbine radially inward. The steam exits the turbine axially in the center of
the vessel. A conical exhaust diffuser with center body is used to recover most of the
kinetic energy of the steam discharged from the turbine. The diffuser is 3.65 m (12 ft)
long and provides an annular entry to the first condenser stage.

The condenser is a direct-contact, structured-packing condenser composed of two coaxial
stages. The first stage fills the outer annular space of the condenser assembly, between
the diameters of 4.11 m (13.5 ft) and 2.43 m (8 ft), and it receives steam from the
turbine diffuser. It operates in cocurrent flow, with seawater and steam flowing
vertically downward through 0.61-m- (2-ft)-high packing material. The second stage is in
the center of the condenser assembly and operates in countercurrent flow to condense
the steam left over from the first stage, so that less pumping is required of the vacuum
vent system. The countercurrent stage contains the same packing material as the first
stage. It is smaller and longer, with an overall packing height of 0.91 m (3 ft). Cold
seawater is supplied from below the condenser through a pipe that rises above the
condensers at the center of the structure and that delivers all the seawater for both
stages. The distribution manifold provides cold seawater to both stages through a drip
tray for the countercurrent stage and a series of radial pipes for the cocurrent stage.

The noncondensable gases liberated from the seawater streams and a small amount of
uncondensed steam are compressed and exhausted using a vacuum vent system.

A surface condenser outside the vacuum enclosure condenses 10% of the steam flow in
order to produce desalinated water as a by-product of power generation.

At the end of the conceptual design, the components have been specified in sufficient
detail that overall system performance may be predicted. Analysis projects a gross
power of 213 kW, and a net power of 84 kW, for the system at the baseline design
condition. The sensitivity of system performance to uncertainties in key variables
results in a standard deviation of 5 kW_ for the net power. Considering these
uncertainties, a minimum net power from the NPPE is projected to be no less than
67 kW, at design.

The small fraction of gross power available as net for the NPPE makes design and
implementation of the system challenging. Replacement of existing onshore seawater
supply lines is required. Less-than-projected performance by the offshore pipes, vacuum
system, and seawater disposal trench under development can result in a net power of
around 50 kW _,. However, at this stage of the design, projections indicate that the goal
of the project will be met.

Project cost is estimated at $15 million over the next three fiscal years for the design

and development. The HMTEA will be operational in mid-1991 and the NPPE in mid-
1992.
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CHAPTER 1.0
INTRODUCTION

Ocean thermal energy conversion (OTEC) technology is based on the principle that
energy can be extracted from two reservoirs if they are different temperatures. A
temperature difference of about 20°C can be exploited effectively to produce usable
energy. Temperature differences of this magnitude exist between ocean waters at the
surface and at depths up to 1000 m in many areas of the world, in tropical latitudes
between 24 deg north and south of the equator. Here, surface water temperatures typi-
cally range from 24°C to 29°C, and temperatures at a depth of 1000 m typically range
from 4°C to 6°C. This constitutes a vast, renewable resource for baseload power gener-
ation.

The U.S. Department of Energy (DOE) has concentrated on two OTEC power cycles for
converting this thermal energy to electrical energy, namely, closed cycle and open
cycle. In a closed-cycle system, warm seawater is used to vaporize a working fluid, such
as ammonia, flowing through an evaporator. The vapor expands at moderate pressures
and turns a turbine. The vapor is condensed in a condenser using cold seawater pumped
from the ocean's depth through a cold-water pipe. The condensed working fluid is recir-
culated to the evaporator to repeat the cycle.

In an open-cycle system, steam generated from the warm seawater is the working fluid.
A small portion of the warm seawater is flash-evaporated in a vacuum chamber at an
absolute pressure of about 2.4 kPa (0.34 psia) to produce steam. The steam expands
through a low-pressure turbine coupled to a generator to produce electricity. The steam
exiting the turbine is condensed using the cold seawater in a direct-contact condenser.
[f a surface condenser is used, the condensed steam provides desalinated water as well.

Open-cycle research is based on the projected advantages of water production and of
completely or partially eliminating conventional heat exchangers in the cycle and the
penalties of performance and cost associated with them. Whether the full potential for
this approach can be realized depends on achieving acceptable levels of power-conversion
efficiency and on reducing parasitic losses in the highly coupled process in systems of
sufficiently large scale.

Analytical efforts coupled with experimental verification on components have indicated
that open-cycle systems appear promising. These results lead to experimentally investi-
gating the feasibility of this to validate the analytical projections on a system level.
Combining experimental efforts for the open-cycle heat exchangers with those of the
turbine subsystem will result in a validated technical data base for the open-cycle power
system. System-level experiments will be carried out through design, construction, and
operation of the Heat- and Mass-Transfer Experimental Apparatus (HMTEA) and the net
power-producing experiment (NPPE).

The purpose of the present investigation is to determine the interaction among the
various components, to determine the net-to-gross power output, and to validate and
refine analytical models. Practical experience gained in these experiments will provide a
basis for substantiating and modifying the assumptions used in the analyses. A second
outcome of the research will be the verification of the technical feasibility of the open-
- cycle (OC) OTEC process, over an extended period of time, at a precommercial scale.
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1.1 Background on Open-Cycle Development

In 1979, Westinghouse Corporation, with DOE funding, completed design studies for a
100-MW_ OC-OTEC plant (Westinghouse 1979). A design was developed for a floating
system that used a large vertical-axis turbine, a channel flash evaporator, and a surface
condenser enclosed in a reinforced concrete vacuum vessel. This design described a cast-
concrete containment structure that combined multiple structural functions with an
axisymmetric layout for the major system components. The study concluded that an
open-cycle plant could be a cost-effective alternative to the closed-cycle designs. It
identified flash evaporation, direct-contact condensation, and use of innovative materials
for the turbine and structural elements as ways to further reduce costs significantly.

A study in 1985 completed by a team from the Florida Solar Energy Center (FSEC) and
Creare R&D, Inc., explored the economic and technical viability of OC-OTEC for
producing electricity and desalinated water based on hardware reflecting the current
state of the art (Block and Valenzuela 1985). FSEC and Creare concluded that such"

plants could deliver desalinated water and electricity at a competitive cost to many

island markets, with plant sizes of less than 20 MW, and, in many cases, with plants in
the 2-10 MW, size range.

The FY 1985-1989 federal Ocean Energy Technology (OET) Multiyear Program Plan
(issued in December 1985) defined the long-range mission for the program as follows:

to develop ocean energy technology to a point where the commercial sector
can make competent assessments of whether applications of the technology
are viable energy conversion alternatives, or supplements, to systems
presently in use (U.S. DOE 1985).

This mission would be accomplished by researching components and modeling systems.

A fresh-water direct-contact heat- and mass-transfer laboratory was designed and built
at the Solar Energy Research Institute (SERI) to study and improve methods for transfer-
ring heat and mass under small driving forces at low operating pressures. A number of
evaporator geometries were tested in this facility. These tests led to the definition and
experimental evaluation of a vertical-spout evaporator, which has a thermal effective-
ness ranging from 90% to 97% with a spout head loss of approximately 0.7 m (Bharathan
and Penney 1983).

Extensive experiments were carried out on various configurations of contacting media
suitable for condensing steam at the low pressures applicable for OC-OTEC. These
experiments identified condensers using structured packing to yield an effectiveness in
the 86% to 90% range with minimal vapor pressure loss and a water head loss of less than
2.0 m (Bharathan, Parsons, and Althof 1988).

The data from these experiments were used to validate detailed analytical models de-
scribing the performance of the direct-contact condensers (Bharathan, Parsons, and
Althof 1988). The development of this analytical capability and the definition of hard-
ware concepts that achieve the performance potential inherent in the direct-contact
processes were significant steps in the OET program.

Most recent research efforts in the OET program were to scale up the experimental
apparatus to a thermal capacity of over 1 MW_ using seawater as the process fluid. This
apparatus, called the Heat- and Mass-Transfer Scoping Test Apparatus (HMTSTA), was
designed and built cooperatively by the Argonne National Laboratory (ANL) and SERI and
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is installed at the Seacoast Test Facility (STF) at the Natural Energy Laboratory of
Hawaii (NELH) (Parsons et al. 1989).

Tests in the HMTSTA confirmed the heat- and mass-transfer performance of spout
evaporators and structured packing condensers observed in fresh-water experiments and
predicted by analytical models (Zangrando et al. 1989). Data on the performance of
surface condensers and on seawater deaeration also were obtained in HMTSTA experi-
ments.

Over the past decade, sufficient data and operational experience have been gathered to
permit the OET program to undertake the next step with confidence, namely, designing a
larger system, the HMTEA/NPPE.

A parallel set of activities toward developing a suitable turbine for the NPPE began in
October 1987 with a workshop held at the Pacific International Center for High Technol-
ogy Research (PICHTR). The outcome of the workshop led to two approaches, namely,
using existing hardware and pursuing existing technology to develop the turbine. PICHTR
investigated a variety of existing rotor stages for their potential use. In March 1988
SERI released a Request for Proposal to turbine manufacturers for developing a turbine.
Preliminary designs were pursued using both approaches; they were evaluated in July
1989. The evaluations led to the choice of a newly designed turbine, primarily to mini-
mize the technical risk. The early start of these activities in turbine development re-
sulted in the most complete design to date of any of the major components for the NPPE.

1.1.1 Background on the Seawater Systems

In 1987, the warm and cold resource seawater at the STF at the NELH became more
available. In a joint effort by DOE, the State of Hawaii, and PICHTR, a state-of-the-art
cold-water pipe was installed. This polyethylene pipe is 1 m in diameter and 2060 m long
and is deployed to a water depth of 675 m, with the deeper section in an inverted buoyant
catenary configuration (Lewis, Van Ryzin, and Vega 1988). Along with an upgraded
warm-seawater intake system, the facility gan now deliver volume flows of cold and
warm seawater 3of 0.41 m”/s and 0.6l m”/s, respectively, to the OTEC facilities.
Another 0.43 m~/s of cold water is delivered to other NELH experiments, primarily in
mariculture3 A cooperative agreement between DOE and the State of Hawaii stipulates
that 0.41 m~/s of the total cold water will be available to the continuing research activi-
ties in the OET program.

1.1.2 Summary

The sequence of steps followed over the past decade in developing the OC-OTEC tech-
nology and installing a seawater system at the NELH has led to the conceptual design of
the HMTEA/NPPE described in the remainder of this report. This design, based on an
extensive array of analytical tools and experimental data, permits the OET program to
proceed with confidence to a net-power-generating system for performance studies and
verification.

1.2 HMTEA/NPPE Overview

1.2.1 Summary

The design of the HMTEA/NPPE builds on performance data obtained on heat exchangers
using seawater at the HMTSTA (Zangrando et al. 1989), turbine design studies (Mechan-
ical Technology Inc. 1989; Fong, Masutani, and Neill 1989), and HMTEA design studies by
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industry teams (Dillingham 1987a; PICHTR 1988). The apparatus will be designed and
built in phases. The HMTEA will permit a sixfold scale-up from the HMTSTA of heat-
and mass-transfer hardware to validate predictive codes at a scale consistent with
resource water availability., The HMTEA will also provide data that will facilitate effec-
tive operation of the NPPE with minimum technical risk for producing net power. The
NPPE will be complete when a turbine/generator unit is integrated into the HMTEA.

The experimental testing of this system will meet the OET program goals when net
power is produced at a design goal of 40 kW _. The data gathered with the HMTEA/NPPE
will augment the technical data base to vehdate system performance predictive codes
and to understand the system component interactions and stability and control character-
istics of a power-producing system. The operational experience will generate insights
into the dynamic stability; transient response; and the long-term reliability, availability,
performance, and maintainability of the system.

1.2.2 Task Areas

The design of the HMTEA/NPPE is organized into five major techmcal areas for
managing the design effort:

e Systems integration
e Turbine/structures
e Seawater systems
e Heat exchangers

o Ancillary systems.

The systems integration task provides overall guidance to the HMTEA/NPPE develop-
ment. Setting directions and goals, planning, and managing all aspects of the develop-
ment fall under this task.

The turbine/structures task carries forward the designs for the turbine and structures
within the general framework established by the design team. Development of all
support facilities is included in this task.

The seawater systems task addresses issues related to the supply and discharge of the
seawater to and from the facility. Other areas under this task include safety, permits,
and environmental issues.

The heat exchanger task addresses the design and development of the direct-contact and
surface heat exchangers. Other areas included under this task are predeaeration and
activities related to heat- and mass-transfer tests.

The ancillary systems task addresses issues related to the development of all remaining
components and systems. Specifically these areas include the development of the
vacuum system, electrical systems, miscellaneous cooling systems, instrumentation and
control, and data-acquisition systems.

For the conceptual design, the systems integration analysis treats the other four tasks
representing the major subsystems as "black boxes" with a projected practical perfor-
mance. This analysis defines the design and operating parameters to achieve the
required system performance and establishes the design interfaces among the compo-
nents. The detalls of the analyses, designs, and specifications that describe the systems
integration effort and each of the major subsystems are presented in subsequent chapters
of this report. The system analysis and physical integration design presented in
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Chapter 2.0 establishes the design parameters for each of the components and is a
necessary precursor to the detailed design work. Descriptions of the design effort
carried out in the other four task areas follow in the subsequent chapters.

1.2.3 Technical Approach

The technical approach to developing the HMTEA/NPPE is to complete a three-phase
design--conceptual, preliminary, and engineering--before constructing the experiment.
In each phase of the design, all aspects of the system should be addressed, with increas-
ing detail as the design progresses. The products of all phases of the design will be in the
form of drawings and specifications, performance analyses and projections, cost esti-
mates, schedules, and status reports of progress.

The following defines the differences in the products for each of these cycles.

Conceptual Design. The purpose of the conceptual design is to identify and evaluate an
experimental concept that can most effectively meet the research goal for the project.
In the conceptual design, investigators must emphasize the performance analysis using
the best tools available to identify the mix and arrangement of subsystems and compo-
nents that can best achieve the stated goal. The drawings developed are engineering
sketches to define the overall configuration and arrangement of key components and
subassemblies. Cost estimates will be provided to assess that the experiment can be
completed within the overall program budget. At this time these costs must be con-
sidered rough-order-of-magnitude estimates.

At the end of the conceptual design, the type, specifications, and arrangement of the
.major subassemblies to achieve the experimental objectives will be established.

Preliminary Design. The purpose of the preliminary design is to establish the engineering
and economic feasibility of the experimental concept (established earlier) by identifying
the engineering design and reconfirming the performance projections of the concept.

The mix between the drawings and analysis shifts toward design and cost activities; the
level of analytical efforts increases in an attempt to reduce the technical and cost
uncertainties to less than 25%. This implies that the analytical models and assumptions
need to be rigorously justified, and the drawings need to provide sufficient details that
engineering realities are reflected in the cost and performance projections.

At the end of the preliminary design, the system design and detailed subassembly specifi-
cations will be established.

Engineering Design. The purpose of the final engineering design is to produce the design
and documentation necessary to build and install the experiment. Thus, the emphasis
shifts almost entirely to the design of subassemblies and components. The only analysis
required is to evaluate such changes in subsystem performance arising out of detailed
engineering design and to develop the detailed test program.

1.3 Management Approach

1.3.1 Organizational Roles and Responsibilities

The management approach for the HMTEA/NPPE project is built around implementing a
cooperative team effort involving SERI, ANL, and PICHTR working under DOE
direction. The management process was initiated in a planning session involving the first
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working group of the three participating organizations on February 22-23, 1989 (Presen-
tation Packages [989). In this session and the plan that resulted from it, five task teams
were formed that included members from each laboratory and a representative from
DOE. A task leader was identified for each area. SERI was given the lead role for
HMTEA/NPPE system development in the conceptual design; ANL and PICHTR were
given supporting roles. All organizations will participate in the design and implementa-
tion. PICHTR will assume lead responsibility in the later design stages and implementa-
tion.

1.3.2 Planning

The first working group reviewed and clarified the HMTEA/NPPE plans that were devel-
oped, established teams for completing the project, defined operational and review
procedures, and established a baseline configuration for the HMTEA/NPPE that would
form the point of departure for all future design work. Out of this planning activity, a
system development management plan (First Working Group [989) was developed on the
basis that s

e The NPPE would be ready for testing in the first quarter of 1993.

® The needed resources in terms of labor and dollars were available.

¢ The defined "baseline" configuration would remain the concept from which further
variations would occur.

The management plan organizes the project according to the system skeleton work
breakdown structure shown in Figure 1-1. This structure follows a detailed structure
developed specifically for OTEC systems (Value Engineering 1979).

The HMTEA/NPPE project is scheduled in the time frame indicated on the OET'program
activities chart shown in Figure 1-2,

A detailed Gantt chart for the project is shown in Figure 1-3. Major milestones in the
project are completing the three stages of design, the construction and installation of the
system, and the performance tests in the HMTEA and the NPPE. The items on the
critical path toward the project completion are the development of the turbine for the
NPPE and the structure and vacuum exhaust systems for the HMTEA. Further assess-
ments of the schedule during the conceptual design stages indicate that with an acceler-
ated effort, the HMTEA will be operational in mid-1991 and the NPPE in mid-1992,
provided the current levels of effort can be maintained.

The NPPE systems team is responsible for reviewing and updating all elements of the
management plan.

1.3.3 Project Review and Control

In addition to the normal program control exercised by DOE through the annual operating
plan and field work proposals, the HMTEA/NPPE project will incorporate formal review
procedures that will provide for consulting, evaluation, and recommendation services to
each of the task areas.

The individual task teams are responsible for resolving technical issues. If an issue
cannot be resolved at the task level, it will be referred to the systems team for resolu-
tion. If resolution does not occur at that level, it will be carried forward to DOE for
final resolution. ‘
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At the end of each phase, DOE, SERI, ANL, and PICHTR, with provision made for inde-
pendent evaluations by selected expert(s) from outside the program, will review the
project before it moves to the next development phase. The form for this review will be
a formal presentation of project results, status, and unresolved issues documented in a
technical report similar to this conceptual design report.

The individual task leader is the communication facilitator, keeping the systems integra-
tions task leader informed through weekly highlights and direct and special communica-
tion. In writing to the systems integration task leader, the individual task leader docu-
ments specific work assignments, specific conclusions or recommendations made by the
team, unresolvable issues, or factors affecting other tasks. The individual task leader is
reponsible for maintaining communication and information flow among his or her task
team members.

The primary task control vehicle is a task plan produced by the task leader and approved
by the systems integration team. The plan will communicate task objectives, strategy,
and tactics. The technical milestones for the organization's annual plan will be incorpo-
rated into the project plan and will be meaningful measurements of the percentage of
completion of a given task. The milestones will be used by the systems integration task
leader to evaluate progress against the goal and to recommend corrective or preventive
action as required.

NPPE/OC-OTEC
System Development

MBCD-G0603014

General Design Acquisition/ ' System Operations
Management Construction and and Support
Deployment
1.0 2.0 3.0 4.0
1.1 Design Phase —2.1 Conceptual — 3.1 Engineering 4.1 System
Management Design Design Control Operations
1.2 ACQ/Construction  |—2.2 Preliminary — 3.2 Structural and 4.2 System Tests
and Deployment Design Facilities Support
Phase Management Systems
— 2.3 Detailed
Engineering — 3.3 Evaporator/
Design Condenser
Subsystem

— 3.4 165-kWg Turbine
Subsystem

— 3.5 Ancillary Subsystems

— 3.6 Seawater Supply
Subsystem
Figure 1-1. Work breakdown structure
for the development of HMTEA/NPPE —3.7 Total System
Acceptance
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The task leader is responsible for assigning all task activities and communicating task
status and issues to the systems integration team through the systems integration task
leader.

1.4 Experiment Constraints

The baseline HMTEA/NPPE design is defined by technical, budget, and other factors. A
major constraint is the capability of the seawater systems at NELH to deliver cold and
warm water to the experiment. Because of a cooperative agreement between DOE and
the State of Hawali, resulting from their cost shares in constructing the present seawater
system at the NELH, federal project§ have priority in using 0.61 m~/s (9600 gal/min) of
warm surface seawater and 0.41 m”/s (6500 gal/min) of deep-ocean cold seawater.
Water temperature is in the range of 24.5°C to 28°C for the surface water (depending on
the time of the year) and remains at 6.1°C for the cold water. Environmental permits

have also been obtained for disposal of the seawater at these stated volume flows on an -~

experimental basis.

The ground level at the proposed experiment site is 4 m (13 ft) above mean sea level.
Existing onshore piping at NELH supplying the seawater to the HMTEA/NPPE site is
0.61m (2 ft) in diameter and is projected to cause more hydraulic losses than are
acceptable for assuring net power production. Thus the piping must be enlarged.

Early projections of power consumption within the system indicated that up to 75% of
the generated power will be used for the system operation with the earlier constraints.
The small fraction of gross power available makes the technical objective of demonstra-
ting net power production more demanding than in the case of a larger plant, where the
net power fraction may approach 70% (Parsons, Bharathan, and Althof 1985).

Scaling the experiment from 1.2 MW, for the HMTSTA to 7.0 MW, for the HMTEA/NPPE
represents a significant extension in the technology data base. In addition to the limited
water available to the DOE project, the budget, schedule, and other external constraints
argue in favor of the current scale--called the 165-kW, (7.0-MW.) experiment--for the
HMTEA/NPPE project.

Given the combination of constraints, analytical studies of various experimental options
have supported the selection of the baseline experimental system summarized in this
report (Shelpuk 1985; Link and Parsons 1986; Lewis, Trimble, and Bowers 1987; PICHTR
1988).

10



TP-36l6

CHAPTER 2.0
SYSTEM INTEGRATION

This chapter describes the status of the project at the end of the conceptual design. The
design effort was carried out from January through October 1989.

2.1 Goals and Objectives

The NPPE will be developed in two steps: the HMTEA and the NPPE. To assure compati-
bility, it is important to define the goals and objectives in terms of both of these steps.
The first step will be to construct the HMTEA.

The goal in developing the HMTEA is to design, build, and operate an experimental
system capable of performing OC-OTEC evaporator and condenser tests at a scale re-
quired for the NPPE. The purpose of these tests will be limited to verifying the design
performance and assuring the reliable operation of the heat exchangers. Another goal is
to have the HMTEA function as a development facility for full-scale evaporator and
condenser components after the primary goal for the NPPE is attained.

The goal of the NPPE is to experimentally verify the feasibility of OC-OTEC through
validating power-generation techniques by producing at least 40 kW, of net power with a
minimum risk of failure. The intermediate completion of the HMTEA directly supports
the minimum risk requirements for achieving the NPPE goal.

To meet the NPPE system goal, the following objectives were established (OET System
Team Meeting Minutes 1989): ,

e Obtain data on subsystem and system performance using seawater in the HMTSTA/
HMTEA/NPPE.

e Develop and validate necessary predictive codes.

e Obtain system control data and operational experience.

e Evaluate dynamic stability and transient responses of the system.

e Begin considering scaling issues.

2.2 Design Requirements

The design of the HMTEA/NPPE is established by combining requirements of the project
goals and objectives and the resource water availability at the test site at the NELH.
The baseline system design conditions are in Table 2-1.

The design requirements for the HMTEA/NPPE are then described in the following areas:
function, reliability, operation and maintenance, safety, cost, and aesthetics.

The function of the NPPE is to produce net power at the stated level to evaluate the
feasibility of the open-cycle concept. Analysis has shown that a minimum 200 kW of
gross power must be generated to meet the project goal of 40 kW_ net power avail-
ability. Another functional requirement is that the system be fully controllable with
built-in stability. The design should also provide for adequate performance margins so
the system will operate satisfactorily during the off-design conditions expected during
most of the testing period.

The generated electrical energy will be dissipated in controlled resistive loads or deliv-
ered to the utility grid. A functional requirement important to the designer is that the

L1



Table 2-1. HMTEA/NPPE Seawater System Design Conditions
as of September 14, 1989 (units revised 12-5-89)

TP-3616

Nominal High Low
WARM SEAWATER:
Flow rate kg/s 620 680 310
gpm 9,600 10,560 4,800
Temperature °C 26.0 27.5 24.5
°F 3 78.8 &8L1.5 76.1
Density kg/n‘b 1,022.9 1,022.6 1,023.5
Ib/ft 63.86 63.84 63.90
Barometric head m 9.88 10.00 9.66
ft 32.4 32.8 31.7
COLD SEAWATER:
Flow rate kg/s 420 460 210
gpm 6,500 7,150 3,250
Offshore CW pipe total kg/s 860 860 420
flow rate gpm 13,300 13,300 6,500
Temperature °C 6.1 6.1 <6.07
°F 3 43 43 <42.87
Density kg/m3 1,026.9 1,026.9 -
Ib/ft 64.11 64.11 -
Barometric head m 9.97 10.09 9.78
ft 32.7 33.1 32.1
CW pipe density head loss m 1.00 - -
ft 3.3 -~ -
MIXED DISCHARGE:
Flow rate kg/s 1,040 1,140 520
gpm 16,100 17,710 8,050
Temperature °C 18.0 18.9 -
°F 3 64.4 66.0 -
Density kg/mB 1,024.8 1,024.4 —
Ib/ft 63.98 63.95 -
OTHER:
Tide m 0 + 0.61 - 0.37
ft 0 + 2.0 - 1.2
Barometric pressure mbar 1,015 1,026 995
psi 14.72 14.88 14.43

Acceleration of gravity at 20 deg latitude: 9.786 m/s? (32.11 ft/s

Grade elevation at the NPPE: 4 m (13 ft)
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latter be done safely and within specifications and tolerances acceptable to the local
utility company, especially when the NPPE is operating as a test bed for new and innova-
tive components.

Finally, although the net power criterion for the experiment will be applied in a power-
producing configuration, the system will be designed so 10% of the design steam flow can
be condensed in a surface condenser to produce desalinated water,

Reliability considerations are driven by a stated requirement that the system have a
useful life of two years of intermittent operation, with a planned continuous operation
for up to six months. Although no specific availability has been stated as a requirement,
certain guidelines on the reliability were put forth at the first systems team meeting.
No redundancies for major equipment are required; however, all components are to be
chosen within the state of the art, with considerations given to reliability and field
maintainability. One of the purposes of the planned long-term NPPE tests will be to
evaluate the reliability and availability of the system.

The system should be designed to require a minimum of down time for either scheduled
or unscheduled maintenance, with no more than two persons needed for routine operation
and maintenance.

Safety is the highest priority item, with adequate design margins applied throughout.
Control redundancy with built-in safety sensors and controls and annunciators will be
required. A detailed safe operating procedure will be developed, maintained, and fol-
lowed throughout the functional period of the HMTEA/NPPE. Accompanying detailed
analyses of the failure modes and operators' actions for the system will be developed
during the design process.

The cost of the project must be compatible with anticipated funding levels, which can
vary but are now estimated at $15M over the three-year development period.

Finally, aesthetic design will be used throughout, with emphasis on simplicity, accessi-
bility, and interchangeability. Attractive use of simple but functional components and
subsystems will be emphasized during design.

2.3 System Analysis

2.3.1 Analysis Method

System analysis identifies the component operating conditions and specifications (con-
strained within an overall physical concept for the system) that will satisfy the system's
technical and functional requirements at the minimum first cost and operating cost. For
the NPPE a higher priority has been placed on minimizing the risk associated with
producing net power than on achieving the minimum cost. The cost must be kept within
the budget constraints, however.

Validating system feasibility and analysis codes is also a prime objective of the experi-
ments to be carried out with the HMTEA/NPPE. The NPPE tests will provide data to
upgrade the design codes for use in optimizing the systems for a minimum cost in com-
mercial installations.

The design was initiated by completing several system analyses, which were used to

eliminate unreasonable designs based on the criterion of maximum net power from a
fixed quantity and quality of cold water. Early system analyses identified the sensitivity
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Table 2-2. Power Budget Distribution and Design Projections

Task Description of Power Budget Design
Power Use Goal Projections
(kW) (kW)
A. Turbine/structures Generator output 165 213

gross (minimum)
less oil system

B. Seawater systems Supply/discharge &l 71
pumping (maximum)

C. Heat exchangers Parasitic water 20 20
pumping (maximum)

D. Ancillary systems Vacuum, control, 24 33
and intercoolers
(maximum)

System integration NET POWER=A-(B+C+D) 40 ’4

of system performance to the various design and operating parameters and established
the boundaries of the experimental test envelope used in the HMTSTA tests (Zangrando
et al. 1989). The results of the HMTSTA experiments were then used to establish nom-
inal NPPE component specifications. These design performance estimates incorporated
into a first-cut system definition are bracketed by experimental test results for the
direct-contact heat exchangers, projected performance of the low-pressure turbines
based on design studies (Mechanical Technology Inc. [989; Fong, Masutani, and Neill
1989), and documented performance in the case of other commercially available equip-
ment.

The subsystem performance goals for the NPPE were developed based on the operating
conditions that can be expected in a typical OC-OTEC plant. These goals (shown in the
third column of Table 2-2) guided the first cycle of the design. An original assumption of
cold-seawater temperature of 7°C was used in developing this table. Operational experi-
ences with the upgraded seawater system at the NELH have resulted in updating the
available cold-seawater temperature to 6.1°C. A detailed systems analysis effort de-
scribed in Section 2.3.2 provides the next-level update of the subsystem performance
projections (see Table 2-2, fourth column).

2.3.2 Analysis Results

A system performance analysis was then completed to establish the preferred steam flow
through the turbine (Figure 2-1) and water flow through the flash evaporator
(Figur