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. ABSTRACT

The Fourth Parabolic Dish Solar Thermal Power Annual Program Review was
held on November 30 - December 2, 1982, at the Huntington-Sheraton Hotel,
Pasadena, California, under the sponsorship of the U.S. Department of Energy,
and conducted by the Jet Propulsion Laboratory.

The primary objective of the Review was to present the results of
activities within the Parabolic Dish Technology and Applications Development
element of the Department of Energy's Solar Thermal Energy Systems Program.
The Review consisted of 6 technical sessions, covering Stirling, Organic
Rankine and Brayton module technologies, associated hardware and test results
to date; concentrator development and progress; economic analyses; and current
international dish development activities. Two panel discussions, concerning
industry issues affecting solar thermal dish development and dish technology
from a utility/user perspective, were also held.

These Proceedings contain the texts of presentations made at the Review,
as submitted by their authors at the beginning of the Review; therefore, they
may vary slightly from the actual presentations in the technical sessions.
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OPENING REMARKS

C. K. Stein - General Chairman
Jet Propulsion Laboratory

Pasadena, CA 91109

Good morning!

I'm very pleased to welcome you to the Department of Energy's Fourth
Annual Review of the Parabolic Dish Solar Thermal Project.

I am Chuck Stein, JPL Parabolic Dish Project Technical Staff and General
Chairman of this Review.

We are happy to see all of you in attendance and I think we have a very
interesting and informative program for you over the next three days.
It's also a very full program as you can see from the program in the
abstract handout.

I'm sure by now you are very well aware that William R. Gould, Chairman of
the Board of the Southern California Edison Company, is our luncheon
speaker on Wednesday. As you may know, Southern California Edison is one
of the largest investor-owned public utility companies and a leader in the
development and support of alternate energy sources.

We also have two outstanding panels. Today's panel has been assembled by
its moderator, John Wilson, Executive Director of the Renewable Energy
Institute, which I'm sure he will describe this afternoon. His panel
deals with industrial issues affecting solar thermal dish
commercialization. His panelists include Gene Frankel, Science Consultant
of the House Subcommittee on Energy Development, and Byron Washom,
President of Advanco Corporation which is responsible for Dish-Stirling
Development Projects. On the financial side, we have Ed Blum of
Merrill-Lynch and Phil Huyck, Consultant to First Boston Financial, who
are experts in small and large alternate energy financing; and Lee
Goodwin, an attorney with Goodwin and Schwartzstein and a PURDA expert.
Lee also supports the Renewable Energy Institute.

This morning we have Jim Rannels of DOE who will provide an overview of
the DOE Program. Jim will be followed by a review of the Dish Project by
Vince Truscello, JPL's Parabolic Dish Solar Thermal Project Manager.

Following a coffee break, we will have papers on the successful testing of
the Stirling Module and its latest development plans.

After lunch, the Organic Rankine Module progress will be discussed
including the recent testing and plans for its use in a small communities
solar experiment.




After the aforementioned panel and before a reception, there will be a
short "Solar Thermal Energy Association" (STEA) meeting that will be
announced formally after lunch. The reception will be here in the
Viennese Room Foyer starting about 45 minutes to an hour after the
conclusion of the panel session.

Tomorrow, Wednesday, progress reports on the Dish-Brayton Module will be
reviewed followed by a number of excellent progress reports on
concentrators. We then have two economic papers leading to our second
panel of experts, assembled with the support of Dave Martin, Applied
Energy Research and Public Service Director, at the University of Kansas
Center for Research. His panel on dish technology from a user/utility
perspective should shed much light on our customers' needs. His panel
includes: John Bigger, Electric Power Research Institute, better known as
EPRI; Mark Anderson, Sacramento Municipal Utility Distriect; John Stolpe,
Southern California Edison, an investor owned utility, heavily involved in
alternate energy; Peter Steitz from Burns and McConnell, consultants,
architects and engineers, Kansas City, who perform energy studies and
designs; and Bob Pottoff of the San Diego Gas and Electric, an
investor-owned utility.

We also have an outstanding day planned for Thursday - starting with an
International Dish System Development Session, followed by a visit to the
Parabolic Dish Test Site in the Mojave Desert.

Advances in dish technology outside the United States will be discussed in
our "formal session" Thursday morning from 8 to 10:15. We are very
fortunate to have a broad representation of foreign participants including
speakers from Switzerland, France, Israel, Australia and West Germany.

The specific topics and speakers are not listed in your handout; however,
they will be posted later in the foyer.

Following the international session, we will be departing from the main
entrance to the hotel on our field trip to view the Parabolic Dish Test
Site and its ongoing activities located on the Edwards Air Force Base.

Although this field trip and lunch was included as part of the
registration as well as the other two lunches and tonight's reception, you
must indicate your intention to participate. A list of participants will
be posted in the lobby later this afternoon. You also should have
received a ticket in your registration package if you indicated that you
planned to attend the field trip. If you have any questions, please let
us know.

We will be publishing a proceedings which should be available
approximately 60 days following the meeting. One copy is included in the
registration fee. Additional copies are available at $20 each and can be
ordered now at the registration desk.

Pat McLane is our Conference Coordinator here at JPL. She and her staff
are located at the registration desk if you have any questions or problems.




In summary, we are delighted to see all of you here this morning and look
forward to a very informative and productive three days.

And now it is my pleasure to introduce Jim Rannels, Program Manager from
the Department of Energy. Jdim -
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SOLAR THERMAL TECHNOLOGY

OBJECTIVE:

STATUS:

COST QOALS:

INTRODUCTION

TO PROVIDE TECHNICAL AND COST DATA FOR THE ENERQY R&D
AND MANUFACTURING INDUSTRIES TO DEVELOP SOLAR THERMAL

TECHNOLOGIES TO A POINT WHERE MARKET FORCES DOMINATE
THEIR DEVELOPMENT.

PROGRAM HAS PURSUED RESEARCH IN EACH OF THE RELEVANT
AREAS SPECIFIED BY AUTHORIZING LEGISLATION. SIGNIFICANT
COST REDUCTIONS HAVE BEEN REALIZED IN TWO MAJOR SYSTEM
TYPES (TROUGHS AND HELIOSTATS). ALTHOUGH ALL CONCEPTS
HAVE FOLLOWED SIMILAR DEVELOPMENT PATHS, THEY ARE AT
SOMEWHAT DIFFERENT LEVELS OF TECHNICAL MATURITY AND
READINESS FOR COMMERCIALIZATION.

ESTABLISHED AS FRAMEWORK TO PRIORITIZE AND EVALUATE
PROPOSED R&D -

ELECTRICITY - 80-100 MILLS/kWh (1990 PROJECTIONS, IN 1980$)
HEAT - $5-7/MM BTU




SOLAR THERMAL TECHNOLOGY
AUTHORIZATION

P.L. 93-473 SOLAR ENERGY RESEARCH, DEVELOPMENT, AND DEMONSTRATION
ACT OF 1974

SEC. 6.(c) THE SPECIFIC SOLAR ENERGY TECHNOLOGIES TO BE ADDRESSED
OR DEALT WITHIN THE PROGRAM SHALL INCLUDE --

@ (1) DIRECT SOLAR HEAT AS A SOURCE FOR INDUSTRIAL PROCESSES, INCLUDING
THE UTILIZATION OF LOW-LEVEL HEAT FOR PROCESS AND OTHER INDUSTRIAL
< PURPOSES;

[ﬁ (2) THERMAL ENERQY CONVERSION, AND OTHER METHODS, FOR THE GENERATION
OF ELECTRICITY AND THE PRODUCTION OF CHEMICAL FUELS:

(3) THE CONVERSION OF CELLULOSE AND OTHER ORGANIC MATERIALS
- (INCLUDING WASTES) TO USEFUL ENERQGY OR FUELS;

(4) PHOTOVOLTAIC AND OTHER DIRECT CONVERSION PROCESSES:
(5) SEA THERMAL GRADIENT CONVERSION;

(6) WINDPOWER CONVERSION;

(7) SOLAR HEATING AND COOLING OF HOUSING AND OF COMMERCIAL AND PUBLIC
BUILDINGS; AND

(8) ENERGY STORAGE.




SOLAR THERMAL TECHNOLOGY

AUTHORIZATION (CONT'D.)

P.L. 93-473 SOLAR ENERGY RESEARCH, DEVELOPMENT, AND DEMONSTRATION
ACT OF 1974

SEC. 7.(a) THE CHAIRMAN IS AUTHORIZED TO INITIATE A PROGRAM TO

o (1)

o (2
o (3)
o ()

o (5
o (6)

DESIGN AND CONSTRUCT, IN SPECIFIC SOLAR ENERGY TECHNOLOGIES
(INCLUDING BUT NOT LIMITED TO, THOSE LISTED IN SECTION (6)(c),
FACILITIES OR POWERPLANTS OF SUFFICIENT SIZE TO DEMONSTRATE
THE TECHNICAL AND ECONOMIC FEASIBILITY OF UTILIZING THE
VARIOUS FORMS OF SOLAR ENERQY. THE SPECIFIC GOALS OF SUCH
PROGRAMS SHALL INCLUDE --

PRODUCTION OF ELECTRICITY FROM A NUMBER OF POWERPLANTS, ON THE
ORDER OF ONE TO TEN MEGAWATTS EACH;

PRODUCTION OF SYNTHETIC FUELS IN COMMERCIAL QUANTITIES;
LARGE-SCALE UTILIZATION OF SOLAR ENERQGY IN THE FORM OF DIRECT HEAT,;

UTILIZATION OF THERMAL AND ALL OTHER BYPRODUCTS OF THE SOLAR
FACILITIES;

DESIGN AND DEVELOPMENT OF HYBRID SYSTEMS INVOLVING THE CONCOMITANT
UTILIZATION OF SOLAR AND OTHER ENERGY SOURCES; AND

THE CONTINUOUS OPERATION OF SUCH PLANTS AND FACILITIES FOR A
PERIOD OF TIME. :
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SOLAR THERMAL TECHNOLOGY
ORGANIZATION CHART

DIVISION OF SOLAR THERMAL
TECHNOLOGY

G. BRAUN

BUDGET
J. LANGENHORST

I |

P
RESEARCH & TECHNOLOGY BRANCH SYSTEMS TEST & EVALUATION BRANCH
C. McFARLAND M. SCHEVE
——  T. WILKINS }— K. CHERIAN
- LONG TERM RESEARCH - CENTRAL RECEIVER SYSTEMS
-- THERMOCHEMICAL
-— MATERIALS
-— APPLIED
——  C. MANGOLD l—— J. GREYERBIEML
-~ CENTRAL RECEIVER TECHNOLOQY DEVELOPMENT - DISTRIBUTED RECEIVER SYSTEMS

AND STORAGE

}— J. RANNELS

- HEMISPHERICAL BOWL TECHNOLOGY - J. LANGENHORST
- PARABOLIC DISH TECHNOLOQY - IEA/SSPS

- SALT GRADIENT POND RESEARCH AND SITE-SPECIFIC
FEASIBILITY STUDIES




SOLAR THERMAL TECHNOLOGY

MAJOR PROGRAM ELEMENTS

e RESEARCH AND TECHNOLOGY DEVELOPMENT

- MATERIALS DEVELOPMENT

- APPLIED RESEARCH

— CENTRAL RECEIVER TECHNOLOGY

- PARABOLIC DISH TECHNOLOGY

- HEMISPHERICAL BOWL TECHNOLOGY

- SOLAR FUELS AND CHEMICALS
- SOLAR SALT GRADIENT POND TECHNOLOGY

e SYSTEMS TEST AND EVALUATION

- 10 MWe CENTRAL RECEIVER PILOT PLANT (BARSTOW, CA)

- SOLAR TOTAL ENERGY PROJECT (SHENANDOAH, GA)

- REPOWERING

- DISTRIBUTED RECEIVER TECHNOLOGY

- IEA SMALL SOLAR POWER SYSTEMS PROJECT (ALMERIA, SPAIN)
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SOLAR THERMAL TECHNOLOGY

RESEARCH AND TECHNOLOGY

® MATERIALS

- COMPLETED MATRIX APPROACH TO TESTING MIRRORS (MATM) REPORT DEALING WITH OPTICAL

MATERIALS FOR MIRRORS. BEGAN TESTING SELECTED WINDOW MATERIALS (FUSED QUARTZ,
VYCOR, PYREX, SAPPHIRE, VISTAL, IRTRAN 1/3/5, AND SPINEL)

e APPLIED RESEARCH

— REDIRECTING PROGRAM TO CONCENTRATE ON POLYMER BASED CONCEPTS FOR ENCLOSURES
AND PROTECTIVE COATINGS. CONDUCTING ENGINEERING TESTS OF GAS ENTRAINMENT REACTOR.

e CENTRAL RECEIVER TECHNOLOGY

~ CONSTRUCTING A COST SHARED SYSTEMS-LEVEL MOLTEN SALT EXPERIMENT WITH INDUSTRY

AND UTILITIEES. COMPLETED MOLTEN SALT STORAGE EXPERIMENT. COMPLETED SODIUM RECEIVER
TEST AT THE CENTRAL RECEIVER TEST FACILITY.




SOLAR THERMAL TECHNOLOGY

RESEARCH AND TECHNOLOGY (CONT'D)

® PARABOLIC DISH TECHNOLOGY

- OSAGE CITY, KANSAS SELECTED AS SITE FOR SMALL COMMUNITY EXPERIMENT. TESTING
RANKINE AND STIRLING MODULES ON THE TEST BED CONCENTRATORS AT THE PARABOLIC

DISH TEST SITE (PDTS). PREPARING SOLARIZED ADVANCED GAS TURBINE (SAGT-1)
BRAYTON ENGINE FOR TEST AT PDTS. INITIATED EVALUATION OF THE PARABOLIC DISH
CONCENTRATOR-1 (PDC-1) AT PDTS. ‘

e HEMISPHERICAL BOWL TECHNOLOGY
— FUTURE STATUS OF CROSBYTON PROJECT TO BE DETERMINED.

€1

® FUELS AND CHEMICALS

- REVIEW OF CANDIDATE CHEMICAL PROCESS APPLICATIONS AND TECHNOLOGY REQUIREMENTS
IS UNDERWAY WITH EMPHASIS ON HYDROGEN. COMPLETED REQUEST FOR PROPOSAL FOR
DIRECT FLUX SOLAR REACTOR STUDY. CONDUCTING SOLID REACTION ZINC SULFATE (ZNSOy)
TESTS AT WHITE SANDS SOLAR FURNACE.

® SALT GRADIENT PONDS

- TEST TANK BUILT AT SERI FOR HEAT AND MASS EXTRACTION EXPERIMENTS. COMPLETED
JOINT FEASIBILITY STUDY WITH ARMY CORPS OF ENGINEERS. PREPARING REPORT TO
CONGRESS ON TRUSCOTT BRINE LAKE. INITIATED SALTON SEA PRELIMINARY DESIGN PHASE.




SOLAR THERMAL TECHNOLOGY

SYSTEMS TEST AND EVALUATION

¢ BARSTOW

—~ PROJECT DEDICATED AND OPERATING AS EXPECTED. CONDUCTING EXPERIMENTAL TEST

AND EVALUATION PHASE. PLANT USED FOR WEEKEND POWER BY SOUTHERN CALIFORNIA
EDISON COMPANY.

71

® SHENANDOAH

- PROJECT DEDICATED. ENTERING EXPERIMENTAL TEST AND OPERATIONS PHASE; PREPARING
TO TRANSFER OWNERSHIP TO GEORGIA POWER COMPANY.

® REPOWERING

- INITIATED FOUR PRELIMINARY DESIGNS FOR REPOWERING APPLICATIONS.




SOLAR THERMAL TECHNOLOGY

SYSTEMS TEST AND EVALUATION (CONT'D)

® DISTRIBUTED RECEIVER SYSTEMS

— INITIATED OPERATION OF U.S: STEEL CHEMICAL, HOME LAUNDRY, AND CATERPILLAR TRACTOR
IPH SYSTEMS. THREE IPH SYSTEM UPGRADES COMPLETED. FOURTH UPGRADE NEARING
COMPLETION. TESTING MODULAR INDUSTRIAL RETROFIT-QUALIFICATION TEST SYSTEMS
(MISR-QTS). COMPLETED TESTING OF PERFORMANCE PROTOTYPE TROUGH.

G

® |EA-SSPS

— BOTH CENTRAL AND DISTRIBUTED SYSTEMS IN OPERATIONAL PHASE.




SOLAR THERMAL TECHNOLOGY

LIST OF PHOTOGRAPHS
FIGURE

1. Examples of stable (top) and unstable (bottom) black chrome plating for parabolic
trough receiver tubes.

2. Design of entrainment reactor.

3. Martin Marietta molten salt receiver undergoing refurbishment for the Molten Salt

Electric Experiment at the Central Receiver Test Facility (CRTF) - Albuquerque, New
Mexico.
4. Artists concept of the Small Community Solar Thermal Experiment - Osage City, Kansas.

5. Organic Rankine and Stirling Power Conversion Units under test at the Parabolic
Dish Test Site (PDTS)- Edwards AFB - California.

6. Hemispherical Bowl Solar Hybrid Project = Crosbyton, Texas.

91

7. White Sands Solar Furnace, New Mexico - Site of planned ZnS0; tests.

8. Solar salt gradient pond test tank experiment for heat and mass extraction at the
Solar Energy Research Institute (SERI)

9. Proposed salt gradient pond sites - Great Salt Lake and Salton Sea.
10. Barstow lOMWe Power Plant - near Barstow, California
11. Shenandoah Total Energy Project - Shenandoah, Georgia.
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SOLAR THERMAL TECHNOLOGY

LONG-RANGE EMPHASIS

® THERMOCHEMICAL RESEARCH

- FUEL PROCESSES

e CENTRAL RECEIVER TECHNOLOGY
— HIGH-TEMPERATURE COMPONENTS

® MATERIALS RESEARCH
- THERMAL MATERIALS RESEARCH

® CONCENTRATOR RESEARCH
- LIGHTWEIGHT, LOW-COST CONCENTRATORS
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PARABOLIC DISH PROJECT
OVERVIEW

Vincent C. Truscello
Jet Propulsion Laboratory
Pasadena, CA 91109

1982 was one of significant hardware accomplishments for the parabolic
dish-electric project. Two different heat engine technology modules
provided the Southern California Edison Company (SCE) utility grid with
electricity and the first pre;production parabolic dish concentrator was
fabricated, assembled and is under test at the Parabolic Dish Test Site

(PDTS) in Califernia's Mojave Desert.

A number of Stirling cycle power conversion assembly (PCA)
configurations operated at the focus of a parabolic test bed
concentrator. One configuration using a hybrid receiver and a Stirling
engine, successfully operated in both a hybrid and non-hybrid mode using
solar and natural gas heat inputs. Three different versions of a
receiver, using only solar energy, successfully operated with a Stirling
engine on a test bed concentrator (TBC). Noteworthy accomplishments
included a number of successive sunrise-to-sunset operation days that
provided the SCE grid 20 kWe at a normalized sclar insolation level of
1000 w/m2. During one test, 25 kWe was generated by the PCA
corresponding to a solar-to-electric conversion efficiency of nearly 30%
(from sunlite incident on the concentrator to electricity out of the

generator).
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In response to a DOE Program Opportunity Notice (PON), a team of
industrial and university contractors entered into a Cooperative Agreement
with DOE to design, build and test a parabolic dish-Stirling module based

on the above PCA.

An organic Rankine cycle (ORC) PCA consisting of a receiver, an ORC
engine and an integral permanent magnet alternator (PMA), was operated on
a TBC at the PDTS and produced nearly 16 kWe when the insolation level was
920 w/m2. Throughout low, intermittent and high insolation levels, the
ORC PCA operated smoothly and the control system performed flawlessly
during engine start-up, operation, and shutdown; the PCA ran without
incident during simulated and actual cloud passages. Work is continuing

to improve the engine bearing design to meet long life objectives.

The unit tested is a prototype to a solar thermal electric generating
system that will be combined with a parabolic dish concentrator and
deployed in the field as an autonomous energy-producing module working in

conjunction with other replicated modules.

A prototype parabolic dish concentrator called the PDC-1 was
fabricated and erected at the PDTS during FY 1982. The 12 m (39 ft) dish
was designed for ORC temperatures of about 400°C (750°F). Initial

tests indicate that the performance of the PDC-1 may exceed design

specifications.




The Brayton cycle FY 1982 effort, although greatly reduced in scope
because of budget constraints, also provided significant hardware and
system progress. An engine and receiver package using a solarized version
of an automotive gas turbine has been fabricated and will be tested early

in 1983.

Contractor trade studies recommended developing an early Brayton
module using a small Brayton cycle subatmospheric gas turbine engine
coupled to one of a number of independently developed small dishes for the
1980's. It further recommended an 11 m (36 ft) dish coupled to an engine

developed from the production automobile engine program for the 1990's.

The Small Community Solar Experiment (SCSE) was initiated in 1977 when
Congress appropriated funds to build an experimental solar power plant
that would be a first step in addressing the needs of the small community
sector. An organic Rankine cycle (ORC) based technology was selected for
this experiment. In FY 1982, Congress appropriated $4.0 M to construct
the experiment. During the course of the year DOE directed the
construction of a 100 kWe plant, a size considered sufficiently large to
satisfy most of the technical requirements of the experiment while meeting
the intent of the Congress to minimize the cost. Concurrent with the
development of the organic Rankine module, DOE has been involved in the
selection of a site for the experiment. During FY 1982 DOE selected Osage
City, Kansas, for the SCSE plant with Molokai, Hawaii, selected as the
alternate site. This decision culminated the selection process in which

kY communities across the country competed.
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Osage City is an ideal setting for the experiment because it is
representative of a large number of small cities throughout the country.
It has its own generation capability, but also purchases power when
economically advantageous. Insolation at Osage City is about average for
the nation. DOE has entered into negotiations with Osage City with the
objective of signing a cooperative agreement in FY 1983 for site

participation.
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STIRLING MODULE COOPERATIVE AGREEMENT

(VANGUARD D)

BYRON WASHOM
ADVANCO CORPORATION

"This paper is based on work sponsored in part by the Department
of Energy under Cooperative Agreement No. DE-FC0O4-82AL16333."
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1.0 EXECUTIVE SUMMARY

1.1 BACKGROUND

The report is a compilation of the results achieved by the Vanguard team
during the performance of Task 1 of DOE cooperative agreement number DE-FCO4-
82AL16333. The objectives of the program performed under this agreement are
to design, fabricate, and evaluate the performance of an autonomous solar
parabolic dish-Stirling module suitable for sale in specific markets. The
program consists of four tasks: Market Assessment and Conceptual Design,
Detailed Design, Fabrication and Assembly, and Testing. Phase I of the pro-
gram, comprising the first two tasks, commenced May 28, 1982, and is scheduled
for completion on April 28, 1982. 1t is the goal of this program to success-
fully test the Vanguard Dish-Stirling Module and to independently engage the
Vanguard team in the business of selling these modules in the specific markets
jdentified in Section 2.1 of this report.

The Vanguard team organization is illustrated along with team member
responsibilities in Figure 1.

Task 1 of this program consisted of three major activities: a privately
funded market study to identify an early market for a dish-Stirling module and
assess its commercial potential, preparation of a conceptual system and sub-
system design to address this market, and preparation of an early sales imple-
mentation plan involving team corporate commitment. The main body of this
report, Section 2, contains a detailed description of these activities and
their results and is organized accordingly. Section 1 contains introductory
material, a summary of major findings and conclusions, and the results of the
first Utility Research Advisory Panel (URAP). Extremely detailed information
supplementing several of the studies performed during Task 1 is contained in

the appendices.
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1.2 MAJOR FINDINGS, CONCLUSIONS, AND DECISIONS

The 4-month conceptual design and market analysis period has resulted in
a number of significant findings, conclusions, and decisions. Foremost among
these are the following, determined by the Vanguard team:

° The pre-1986 period will be characterized as having a production Timita-
tion of approximately 1000 units. This market can be adequately gener-
ated by the utilization of federal and state energy tax credits through
Limited Partnerships.

° The grid-connected, solar-only operation represents the most economical
and opportunistic market for parabolic dish-Stirling systems in the
pre-1986 market.

. The sales implementation plan should be accelerated to satisfy any possi-
ble future requirements regarding grandfathering of a project in regard
to eligibility of the federal and state tax credits.

° The post-1986 market is extremely large and diverse if production costs
can be Towered to $1,900/kW for a unit that produces 59,750 kWhe per year.

[ A record conversion efficiency of 29.5% net solar energy to electricity
from the July 1982 tests positively indicates that a Stirling engine
coupled with a parabolic concentrator 1is technically ready for
commercialization.

. The six critical issues identified in the proposal have been addressed,
and significant progress has been made toward their resolution.

° The technical excellence of the Stirling engine/parabolic dish combina-
tion along with the inherent modularity of the technology are the key to
early penetration of the selected markets.
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. Significant system capital and lifetime cost savings over previous module
designs will result from improvements in locating the heat rejection unit
at the focal point, utilizing a conventional electricity collection and
transmission system, using an optimum cluster sizing of 32 units based on
0&M and controls, and modifying the hydrogen supply system to the Stir-
1ing engine.

. The induction generator selected for this module best matches the perfor-
mance, cost and safety requirements for efficient conversion of Stirling
engine torque to AC electrical output.

. Major progress has been made in solving the optical problems associated
with the concentrator/receiver interface.

. Several inexpensive, simple methods have been identified to prevent the
most severe accident (a solar image walk-off of the receiver) from
occurring.

° Finally, the Vanguard team remains convinced that there are no major
technical and few financial obstacles to the early commercialization of
the Vanguard Module.

1.3 SUMMARY DATA

This section contains a selection of figures and tables from the main
body of the report, Section 2, which taken as a whole gives a good overview of
the report.

Table I illustrates the addressable market for parabolic dish power
systems based on our assessment of insolation, avoided cost, and projected
demands for electricity. Also shown in this table is our time-phased sales
implementation goal.




TABLE I
PARABOLIC DISH POWER SYSTEM ADDRESSABLE MARKET

AND VANGUARD SALES IMPLEMENTATION PLAN

Pre-1986 Post-1985
Domestic Market:
Municipalities
Military Bases, Utility
Market: Third Party Ownership Owned and Operated
and Operation with Direct Foreign Market:
Electricity Sales to Utilities Desalinization
Addressable . Sales Addressable Sales

Year Market Goal Market Goal

1983 3 3

1984 32 32

1985 500 500

1986 3,000 3,000

1987 8,000 6,000

1988 13,000 9,800

1989 19,000 14,300

1990 25,000 18,800

1995 and onward >50,000 =37,500

Figure 2 is a histogram of Stirling engine/JPL Test Bed Concentrator per-
formance for July 15, 1982, the day the Stirling engine set a record for over-
all net conversion efficiency of sunlight to electricity of over 29%.

Figure 3 is an arrangement drawing depicting the overall conceptual
design of the Vanguard parabolic dish-Stirling module. The improvements made
in this design over the design introduced in the proposal* are summarized in
Table II.

*DE-PNO4-81 AL16333, "Solar Parabolic Dish-Stirling Engine System Module - A
Technical and Management Proposal to DOE Albuquerque," August 24, 1981,
Advanco Corporation
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Figure 2. Insolation and Output of Record-Breaking
Stirling Solar Power System - July 15, 1982
TABLE I1I
SUMMARY OF VANGUARD DESIGN IMPROVEMENTS
Improvement Result

Drives mounted internally in gimbal
Adoption of steel as dish structure
Centralized hydrogen supply system

Relocated waste heat radiator to
dish focal area

Miscellaneous minor Stirling
engine improvement

Added walk-off protection

Rerouted utility and control
cabling through gimbal

Improved drive reliability
Decreased capital cost
Decreased capital and 0&M cost

Decreased capital cost, parasitic
power, and improved reliability

Decreased capital cost, improved
reliability, increased engine
life

Reduced probability of accidental
solar image walk-off

Increased Tife of cabling,
reduction of cabling exposure
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As a result of a trade study involving operating and maintenance as well
as electrical interconnection considerations, 32-module groups were selected
as the fundamental autonomous building blocks for the Vanguard system. These
groups can be installed singly or assembled into larger blocks of up to
16 groups, which constitute a cluster. A typical cluster is illustrated in
Figure 4.

Another trade study selected an induction generator as the baseline
torque-to-electricity converter for the Vanguard module. This study is sum-
marized in Figure 5.

The Georgia Institute of Technology has been involved in analyzing the
structural and optical characteristics of the collector. Figure 6 shows their
latest projection of the optical receiver pattern.

Six critical issues were identified in the Vanguard proposal to DOE that
was originally submitted in July 1981. Substantial progress has been achieved
in resolving these issues. Table III identifies the original six critical
issues and the status of each one.

Finally, the team has, as a result of our marketing and technical inves-
tigation, acquired a renewed appreciation for the concept of solar power
system modularity. Table IV is a sampling of the benefits of modularity.
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TABLE III
PROGRESS ON VANGUARD CRITICAL DESIGN ISSUES

Critical Issue July 1981

Report Status October 1982

Design of Solar-Only Receiver

Induction vs synchronous
generators set in a multi-
module system

Avoidance of critical
materials

Domestic production of solar
glass

Low-cost alignment of the
reflective surface

Cost and frequency of 0&M

1. Experimental Solar-Only Receiver
has operated at Edwards AFB without
failure for over 300 hours of sched-
uled test at temperatures up to 700°C
and pressures of 15 MPa (mean gas
pressure).

2. Onan Inc. has concluded and
Southern California Edison has con-
curred that an induction generator
best fulfills the eight-point criteria
established. Similar induction
generator testing at ETS has tech-
nically confirmed this conclusion.

3. The amount of cobalt used in the
manufacture of the 4-95 Stirling
engine has been reduced from 20% to
negligible.

4. Corning Glass Works has announced
a new product Tine {(code 8503) that
has a plentiful supply due to a large
nonsolar application. Foreign sup-
pliers (Schott, Flaberg, and
Glauerbel) have increased the attrac-
tiveness of importing their products.

5. With the assistance of JPL person-
nel and on-going realignment
experiences at ETS, three low-cost
alignment techniques are being
investigated.

6. By extrapolating field and factory
testing, scheduled maintenance on the
concentrator and Stirling engine has
been reduced to 72 hr/yr and

150 hr/yr, respectively.
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TABLE IV
THE ADVANTAGES OF MODULARITY TO UTILITIES

Little or no debt service prior to operation
Project "off ramps" are available

Immediate placement of modules in rate base for
capital recovery

Essentially instant additions to capacity with
little lead time required

Increased electricity source reliability through
redundancy

Modest investment required to prove viability
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1.4 UTILITY RESEARCH ADVISORY PANEL

On September 15, 1982, the first meeting of the Utility Research Advisory
Panel (URAP) was convened by Southern California Edison. The URAP consists of
a group of utilities and two utility associations, and includes Southern
California Edison, Pacific Gas & Electric, San Diego Gas & Electric, Arizona
Public Service, ET1 Paso Electric, Utah Power & Light, ETectric Power Research
Institute, and the American Public Power Association. The purpose of this
panel is to meet periodically to evaluate the Vanguard team's technical and
cost goals in relation to the public utility market. This process assures
that the research effort is properly addressing the true needs of the primary
market. Twenty-one comments were offered by URAP following an all day presen-
tation by the Vanguard team. The team then met on September 16, 1982, to
assign each comment to an individual for attention and response during the
balance of the Task 1 and Task 2 efforts. Table V presents the major comments
provided by URAP on September 15, 1982.

TABLE V

URAP COMMENTS
SEPTEMBER 15, 1982 MEETING

1. Design Issues

a. The team should firmly establish the basis of the detailed
design effort, particularly the typical number of units that
would be installed at any one Tocation.

b. Is the 32 units per group truly optimal? Confirm this fig-
ure during Task 2.

c. Has there been enough thermal cycling investigation on the
receiver?

d. The field assembly must be optimized and tight tolerances by
field laborers should not be anticipated.

e. What is the contribution of 32 units to the fault duty?




TABLE V

URAP COMMENTS
SEPTEMBER 15, 1982 MEETING
(continued)

Software rather than hardware is the greatest concern as a
source of failure.

The technology presently appears to be of the frail,
"hi-tech" variety that will not withstand environmental
punishment. Endurance testing is a must.

Cost attainment is paramount.

Confirm Cal-OSHA standards for hydrogen use.

Manufacturing Issues

a.

c.

Indicate the efforts that will be taken to produce a large
and dependable supply of units.

Articulate the rationale that increased reliability and
economics will be achieved through redundancy, vis a vis,
the utility trend of economies of scale.

Establish a basis for quality assurance on the PCU.

Operations and Maintenance

a.

There must be a visually confirmed disconnection of the
system and each module to the grid to provide for personnel
protection.

Enlarge the use of maintenance classified personnel and
minimize, if not eliminate, operator classified personnel.

Design to maximize unmanned operation and best utilize
scheduled maintenance.

Gathering

The presently planned number of data points is inadequate
and needs to be substantially enlarged.

Sequential event recording is desirable during failure modes.
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Testing of 4-95 Solar Stirling Engine in Test Bed
Concentrator at Edwards Air Force Base.

UNITED Author: Hans-Goran Nelving
STIRLING Deputy Program Manager Solar Systems
United Stirling AB-Sweden
Abstract Introduction

This paper discusses the 4-95 solar Stirling en-
gine tests in the test bed concentrator at the JPL
test site, Edwards Air Force Base. The design of
the power conversion unit, available hardware
and advanced technology efforts are presented,
with a special emphasis on the receiver system.
The flux distribution and temperature distribution
“of the receiver are important parameters influ-
encing the system performance.

The test result evaluation shows maximum mod-
ule performance, daily performance as well as a
break down of component performance.Charac-
teristics of transient operation are also shown.

The highlights from the testing-24 kW module
power output, 27 % overall efficiency, 33 % Stir-
ling power conversion unit efficiency-indicate the
excellent module performance. Consequently the
solar Stirling engine used in a parabolic dish
results in a module, competitive to other power
generating systems, and especially other solar
systems.

The Stirling Parabolic Dish Program was initiated
by JPL in 1979 and United Stirling AB of Sweden
was selected as the supplier to JPL of the basic
Stirling engine. The engine chosen was the USAB
model 4-95, which was compatible with an 11 m
concentrator developed and fabricated by JPL.
The engine had, however, to be modified for use
in the solar application.

The receiver system for the first generation of
solar Stirling engines was designed, fabricated
and tested by JPL. Further development at USAB
of the solar Stirling engine, the receiver and con-
trol systems lead to a testing activity in the JPL
test bed concentrator at Edwards Air Force Base
which started early 1982.

The USAB developed "solar only” receiver and
a solar digital engine control are being tested
under a mutual contract between United Stirling
AB and JPL. United Stirling AB has supplied and
operated the power conversion unit while JPL
has operated the concentrator and the electrical
support system.

System description

The base for the power conversion unit has been
the United Stirling 4-95 engine. It is a well proven
reliable engine used in laboratory testing and
field demonstrations, with combustion system,
for over 29.000 accumulated running hours in 25
different engines.

To be able to use this engine in the solar appli-
cation the engine had to be modified in three dif-
ferent areas:

1) lubrication system-to use the engine for oper-
ation in an inverted position a redesign of the
lubrication system, including a separate ex-
ternal oil tank and oil pump, was necessary,

FIG 1. PARABOLIC DISH STIRLING SYSTEM.




2) receiver system-to use the engine with inso-
lation as the sole supplied energy source, a
specially formed receiver was designed for
collecting the insolation and transferring the
heat to the Stirling cycle,

3) control system-to use the engine with inso-
lation as energy input a specially designed
digital control system was made, which modu-
lates engine power to follow variations of the
insolation.

During the testing a standard induction alter-
nator directly connected to the grid without ad-
ditional devices has been used for electric power
output generation. The other systems used, are
the JPL test site installed equipment:

¢ the 11 m test bed concentrator

* the electric high voltage connections from con-
centrator to grid including all breakers and
safety equipment

e radiator system for heat engine cooling located
on the base of the concentrator structure

» data aquisition system for output data

The above auxiliary systems have not been opti-
mized for the ongoing development tests.

FIG 3. CONTROL SYSTEM DESIGN
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Control system

The complete control system consists of two
major parts:

1) dish tracking control system,
2) solar Stirling engine control system.

The dish tracking control system is not included
in the USAB responsible work and is not de-
scribed here.

The control system for the solar Stirling engine
has been designed for automatic, totally remote
{unattended) operation. Manual control capability
has been provided for installation, check-out,
testing and maintenance.

Long Dist.Communication
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The control equipment consists of one unit lo-
cated near the engine in the focal mount of the
parabolic dish and one monitor unit in the control
room for the capability of start up, shut down,
manual operation and recording/display of data
(fig 3). The engine control unit consists of both
electronic control equipment — a digital control
unit — and electric equipment such as solenoid
valves and high voltage relays and meters for grid
connection of the alternator.

The digital control.unit includes all operational
modes as well as guard and emergency func-
tions. The monitor unit for manual operation and
recording and display of data includes the same
digital control unit for communication as the digi-
tal engine control unit. The monitor also includes
a cathode ray tube, meters for data display and
a key-board for manual operation such as value
change of a constant for different types of oper-
ations or control modes.

The operating modes for the engine can be sep-
arated in two parts:

* normal operation inciuding start up, shut down,
transients, stand by, restart, temporary stop,
etc.

¢ detrack/emergency operation.

The control system is designed to operate the
engine at its highest efficiency points during vari-
ous insolation levels.

Following assumptions are involved in the control
logics:

* no insolation control

¢ all output power delivered to grid

» engine receiver temperature kept constant at
varying insolation levels

¢ induction alternator connected to grid to keep
engine speed constant

* engine pressure varied to keep temperature
constant at varying insolation levels

¢ grid/alternator used for start up of engine
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During an increase of insolation a receiver tem-
perature up to 600°C is allowed for a non-ro-
tating engine. When temperature exceeds this
level cranking of the engine is done by connec-
ting the alternator to the grid for a short time
period (alternator is used as starter motor). If en-
gine can sustain operation, the engine speed is
allowed to increase with disconnected alternator
to 1800 rpm providing the receiver temperature
does not exceed 700°C.

When speed reaches 1800 rpm the alternator is
connected to the grid and engine produces eiec-
trical power to the grid. If insolation increases,
working gas pressure in the engine is increased
to maintain constant receiver temperature.

During decrease of insolation the receiver tem-
perature is kept constant by pumping working
gas (back to storage bottle). When engine no
longer produces positive power, alternator is dis-
connected from grid and continues to rotate as
long as the cycle is self-sustaining with continu-
ously decreasing receiver temperature and with
working gas pressure at its minimum level.

System performance

During the test period very successful system
performance has been attained. Especially during
testing in July the ambient conditions were su-
perior for evaluation purposes and gave the
highest engine performance recorded so far.

The highlights from the testing are

¢ 24.9 kW output from alternator at normalized
1000 W/m? insolation level

¢ 33 % energy converter efficiency

¢ 13.5 hours of operation with positive power out-
put over a day .

® generation of more than 250 kWh over a day.
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The figures show insolation level and correspond-
ing output power over a full day of testing. Also
shown is the near constant receiver temperature
during the test period (fig 4).

A break down of the system component power
levels and efficiencies is shown in figure 5. The
results show a conversion efficiency level from
insolation input power to net system electric
power delivered to grid of 27% for a 25 kW
system.

Some more interesting results from the recent
testing include:

e start rotation of engine at sunrise when inso-
lation equals about 80 W/m?

¢ generation of positive power to grid at sunrise
when insolation reaches 240 W/m?

e positive power to grid at sunset down to
180 W/m? insolation level.

The mean daily efficiency for the module perform-
ance according to curves presented in figure 4,
is calculated to equal 95% of the maximum ef-
ficiency level during the day, which gives a mean
daily conversion efficiency level around 26%.

The receiver temperature shown in figure 4 shows
a control stability of ¥ 6°C. To keep the tem-
perature within this band the pressure is varied
as described earlier. This control principle results
in anomalies in the output power characteristics
shown in graph. The cause is belived to be wind
effects in the receiver system which influences
the temperature. As gas pressure has to be
changed to compensate for temperature vari-
ations the power output also varies.

kW
»

90 _|
84.3 kW

80 Direct

75.0 kW

70 Cavity
thermal
input
60_J Receiver
body
input

66.2 kW

30| 27.4 kW

Shalt
output

24.9 kW

Generator
output

23.4 kW

Net
electric
output

>

Conversion 8%  x
efficiency

87% x  42% x

FIG 5. SYSTEM POWER LEVELS AND
EFFICIENCY BREAK DOWN.

91% x

94% =Overall 27.8%

ALTERNATOR
INSOLATION POWER
{wim?) (kW)

10.00

L 1 L L 1 L .00

CONTROL TEMP.

v
04'52:55 18:36:54 04:52:55
LOCAL TIME

X L

18:36:54 04:52:55
LOCAL TIME

16-36:54
LOCAL TIME

FIG 4. INSOLATION, ELECTRIC POWER QUTPUT
AND TEMPERATURE FROM A DAILY TEST.

58




Receiver system

The receiver is the key component in the solar
parabolic dish system. During the testing this
component has provén to be the most interesting
one to observe.

The receiver is identified as the interface between
the concentrator and the Stirling engine. The con-
centrator on one hand and the Stirling engine on
the other hand have their requirements for opti-
mum performance. The flux pattern from the con-
centrator and the tube lay out of the solar heater
have to be integrated.

The solar heater is a conical shaped heat ex-
changer formed by tubes which connect the cyl-
inder and regenerator of the Stirling engine.

Geometrical restrictions are involved in the lay
out of the tubes. The most important restriction
is the length of the tubes which has to be match-
ed to the insolation flux pattern. To get reasonable
flux levels and somewhat uniform flux distribution
on the conical tube area, the solar heater cage di-
ameter is made larger than desirable. This results
in relatively long tubes and decreasing engine
performance. Other restrictions include the re-
quirement to cover the heat receiving surface
completely with tubes and to avoid high tem-

FIG 6. RECEIVER TUBE LAY OUT-TOP VIEW.

perature levels on uncooled surfaces. To acheive
minimum spacing between the tubes especially
near the outer diameter, results in a complex
tube lay out which influences the optimum de-
sign. Also the center plug of the receiver cannot
be covered with tubes.
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The concentrator which appears to best match
the Stirling engine requirements is the adjustable
facet type. When using different types of align-
ment strategies almost any type of flux pattern
can be achived, both for optimum flux distri-
bution on the solar heater surface and on the
aperture cone. One strategy used in the realign-
ment of the concentrator can avoid insolation on
the center plug as well as outside the heater
maximum diameter. This means lower tempera-
ture levels on uncooled surfaces thus decreasing
heat losses which results in a higher conversion
efficiency.

During testing in early 1982 one realignment strat-
egy caused temperatures above 1000°C on un-
cooled surfaces on center plug and cavity walls.
After realignment of concentrator in May, further
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testing has shown cavity temperatures of the
same level as the solar heater surfaces — 700°C.
Cavity efficiency has therefore been improved ap-
proximately 8%. The flux pattern after this re-
alignment is of dounut shape. The concentrator
has also been flux mapped by JPL to get detailed
information when evaluating the system. Figure
7 shows a three-dimensional picture of the flux
distribution at the focal plane and at a plane
where the solar heater is located. Figure 8 shows
the corresponding two-dimensional x-y flux dis-
tribution and figure 9 shows the two-dimensionai
distribution in the x-z plane. Also indicated is the
location of the solar heater. These figures show
the uniformity in flux levels as well as the absol-
ute levels. The maximum flux level near the focal
plane is around 13000 suns and on the heater
surface it is around 1000 suns.




- FIG 9. INSOLATION FLUX DISTRIBUTION IN
TBC-2 FLUX MAP AUBUST V982 X-Z PLANE. RECEIVER AND FOCAL PLANE
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STIRLING ENGINE CERAMIC HEATER HEAD DEVELOPMENT

Valerie J. Van Griethuysen
Energy Conversion Branch-Air Force Wright Aeronautical Laboratories
Wright-Patterson AFB, OH

ABSTRACT

This paper presents the results of a program sponsored by the Aero
Propulsion Laboratory (APL) of the Air Force Wright Aeronautical Laboratories
(AFWAL) to develop a ceramic solar receiver/heater head for a kinematic
Stirling engine. Ceramic heat receivers promise to alleviate several
lTimitations characteristic of metallic heat receivers, namely high
temperature creep, life and high cost strategic materials. Also, ceramic
receivers may allow higher operating temperatures than their metallic
counterparts with increased system efficiencies.

The objectives of the Ceramic Heater Head Development (CHHD) program were
to determine ceramic types and fabrication processes capable of meeting
design requirements and to formulate further ceramic development
requirements. The paper presents engine load requirements, material
coefficients of thermal expansion compatability, ceramic utilization for
different heater and housing components and how the Stirling engine ceramic
heater head power system will depend on the integration of Stirling engine,
ceramic, heat transfer and structural requirements and limitations during
further design efforts.

Areas identified for further development include low conductivity ceramic
materials that have approximately the same coefficients of thermal expansion
as silicon carbide, silicon carbides with high and low conductivities, and
joining technology of ceramic to ceramic and ceramic to metal combinations.

INTRODUCTION

This program was initiated as a joint effort between the JPL Advanced
Subsystem Development Group of the Thermal Power Systems Project and the
Energy Conversion Branch of AFWAL (APL). The overall objective of the joint
effort was to design, develop, fabricate, test and evaluate a ceramic
solar-gas fired hybrid heater head for the 4-95 Stirling engine.

BACKGROUND

Work on the Fairchild Industries, Stratos Division metallic Stirling
solar-gas fired hybrid receiver demonstrated the feasibility of the hybrid
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concept. Subsequent testing of the metallic hybrid receiver revealed that
the maximum operating temperature of t?e receiver is limited by the metal's
high temperature creep characteristics™. The substitution of metals with
ceramics, in combination with either new or modified heater head designs,
offers the potential of higher operating temperature. This in turn increases
engine efficiencies. In addition, ceramics will facilitate operation at the
higher temperatures for longer time periods.

In 1979, Fairchild developed a concept for a ceramic hybrid receiver
heater head as shown in Figure 1. Modifications of this design to decrease
stresses and improve heat transfer to the working fluid took place at JPL
during 1981. This modified design (Figure 2) was originally part of the
CHHD program. During the initial stages of the program, it was determined
that existing ceramic processes would have difficulty in meeting fabrication
requirements and that there would be a low probability for successfully
fabricating such a heater head. During this same time period, a hybrid
receiver heater head with a simpler configuration was undergoing preliminary
development at United Stirling of Sweden (USSw). The decision was made to
direct the CHHD program toward the USSw design. A discussion of the
JPL/Fairchild and USSw design configurations follows.
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FG. 1.  FAIRCHILD CERAMIC DESIGN CONCEPT
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JPL/FAIRCHILD AND USSw DESIGNS

The JPL/Fairchild solar hybrid receiver design consists of a solar
receiver with internal passages to connect the piston cylinders to the heater
tubes (regenerator tubes) and a base block. This design (Figure 2) is
similar in configuration to the metallic hybrid solar receiver designed by
Fairchild as shown in Figure 3.

The United Stirling hybrid receiver design differs radically from the
JPL/Fairchild design. The USSw design is based on a proprietary solar only
receiver design for a Stirling engine with annular regenerators. Figures 4
and 5 show a cross section and top view of a design concept that is similar
in configuration to the hybrid design developed during this program. This
design, because of its piston cylinder position and dimensions, cannot be
adapted to the 4-95 engine. However, the MOD I Stirling engine, (developed
under the Department of Energy S Automot1ve Technology Development Program)
because of its cy11nder spacing, can be used after some modifications with
the USSw hybrid receiver design.
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Fi6. 2. JPL/FAIRCHILD CERAMIC DESIGN CONCEPT

The USSw design eliminates the tubes preva]ent in the JPL/Fairchild
design. Instead, channels are incorporated in the ceramic receiver plate to
satisfy the flow and heat transfer requirements. Since there are no tubes,
there are fewer parts in the USSw design. For example, the JPL/Fairchild
design has 52 parts per quadrant whereas the USSw design has 7 parts. The
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number of joints per quadrant associated with each of these designs are 98
and 6 respectively. When considering an entire heater head this corresponds
to 208 parts and 392 joints for the JPL/Fairchild design and 28 parts and

24 joints in the USSw design. In the long run, the differences in the
numbers of parts and joints will impact not only production costs but also
the reliability of the units.

Minimizing the number of joints is particulary important since the
probability of failure increases as the number of joints increase. For
example, the number of joints required in the current JPL/Fairchild design
suggests a high probability of leaky joints and a corresponding decrease in
system reliability.

Analyses conducted at the Carborundum Resistant Materials Company,
Advanced Materials Division indicate that in addition to the fewer parts, the
USSw design will require nine to ten pounds less material per quadrant. Not
only will this reduce system weight, but also system cost. In addition, cost
reductions are expected due to a decrease in fabrication time associated with
the fewer parts. Furthermore, less grinding of surfaces will be required in
the USSw design.?

FIG. 3 FAIRCHILD METALLIC HYBRID RECEIVER3

Stress analyses have been conducted on the JPL/Fairchild design, but not
on the USSw design. Before a stress analysis can be accomplished on the USSw
design, a thermal analysis is needed to identify methods (i.e. fin
configurations) for improving heat transfer from the combustor gases to the
back surface of the collector cone plate. Once this has been accomplished, a
stress analysis will be needed.
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FIG. 5 USSw CERAMIC DESIGN CONCEPT - TOP VIEW
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MATERIAL TRADE OFF ANALYSIS

An important part of this program was the trade-off analysis of various
ceramics to determine the optimum combination of usage in the heater head. A
key consideration in the selection of ceramics for a Stirling engine is the
need for a high thermal conductivity material in the heater portion and a low
thermal conductivity material in the regenerator housing region.2 1In
addition, thermal expansion compatibility of materials in the two regions is
important.

A United Stirling analysis showed the effects of using different materials
for the heater and housing regions on the power output and thermal efficiency
of the 4-95 engine, combustion only design. Although this engine differs
from the annular regenerator engine in configuration and performance, the
results should apply to both. The analysis was run for two operating
pressures, 11MPa (1595 psi) and 15 MPa (2175 psi) and was based on using
hydrogen as the working fluid and the engine operating at 1800 RPM. The
results are shown in Table 1. The differences in thermal conductivities for
the same materials is due to a non linear difference in conductivities at
different temperatures.?

Comparing B and D in Table 1 shows that if only one material is to be used
for both the heater and housing, it is more beneficial to use a material with
a lower conductivity. Comparing C and D shows that, although the metal and
silicon nitride (Si N4) have approximately the same thermal conductivities, a
higher maximum tempgrature does raise the engine output power and efficiency.
A third observation from the table shows that, in the case of A, the best
theoretical performance occurs with silicon carbide (SiC) for the heater and

SI3N4 for the housing.

TABLE 1 MATERIAL AND EFFICIENCY COMPARISONS2
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Without an analysis directed specifically toward the performance of an
engine with an annular regenerator, it is unknown to what magnitude the
results presented in Table 1 will vary. If using two materials, as in case A,
produces only a minimal increase in performance, it would not be worthwhile
to use such a combination. If, on the other hand, there is a significant
improvement in performance then the problems associated with using materials
with vastly different coefficients of thermal expansion (CTE) should be
addressed. This problem cannot be under emphasized and will be discussed in
the next paragraph. If an analysis for the annular regenerator design
demonstrates that Si,N, will produce a significant performance increase over
SiC then its utility“value should also be assessed on other factors.

A finite element analysis was conducted to investigate the stresses that
might arise when the hot end of the cylinder is constructed with SiC and the
regenerator housing is made with Si N4. The results revealed that stresses
as high as 90k81 would occur in the“ST,N, and 70ksi in the SiC during a cool
down from 1100°C to room temperature during fabrication.2 These stresses are
due to the Targe differences in thermal expansions and elastic moduli between
the two ceramics.

To reduce the stresses when two materials are joined, their CTE's should
be approximately the same. In addition, reducing the elastic moduli of the
materials without reducing their strength or drastically changing their
thermal conductivities will have to be determined. An alternative to using
two different ceramics is to use one material. The thermal conductivity of
Hexaloy SA SiC (single phase sintered) can be varied by either using dopants
or by using different processing methods, such as hot pressing, chemical
vapor deposition (CVD) and sintering2?. Table 2 shows the processing effects
on thermal conductivity for SiC. The thermal conductivity of the hot pressed
SiC and sintered SiC is three and a half to six times greater than CVD SiC.
There is minimal difference in the CTE's.

TABLE 2
SiC PROCESSING EFFECTS ON THERMAL PROPERTIES

Thermal Conductivities, Ca]/sec-cm-C0

Hot Pressed Sintered Chemical Vapor
Temperature Deposition
100°C 0.186 0.187 0.0327
1000°¢C 0.086 0.1 0.0238

Coefficients of Thermal Expansion, cm/cm-CO X 10_6

20°¢-1250°¢C 4.73 4.72 4.78




In addition to the Hexaloy SA SiC, other silicon carbides such as reaction
bonded silicon carbide (RBSiC) materials have properties that are conducive
to the heater head. RBSiC materials can be used for the regenerator housing
and the partition wall which separates the cylinder and regenerator. As the
Hexaloy SA SiC and RBSiC have similar CTE's, they can be used together to
take advantage of their different thermal conductivities. However, the RBSiC
has a process difficulty which prevents it from being a prime candidate
material. During its siliconization step, free silicon is left on the
surface which could plug the internal passages.?2

MANUFACTURING PROCESS ANALYSIS

There are seven parts per quadrant (upper and lower plates, inner plate
flow passages, manifold, regenerator housing and two parts in the partition
wall) to be fabricated in the USSw design. A1l of these parts can be
fabricated by injection molding. While in the green state, the parts can be
joined by a number of plastic welding techniques, such as ultrasonic welding,
hot gun welding, solvent welding, etc.?2

After the parts are joined, the assembly can be leak tested to assure
quality of the joints. Minor leaks can be repaired, whereas more seriously
defective assemblies can be crushed and reused for injection molding.2 With
additional design work, it would be possible to reduce the number of parts to
be fabricated. For example, the regenerator housing and partition wall could
be fabricated as one piece.

Further design iterations are required before a final manufacturing
process can be selected. Additional trade-off analyses are needed to
determine the optimum combination in molding time reduction, joint
elimination and tooling costs.

An analysis was conducted, using the existing USSw design, to determine
the cost of producing numbers of quadrants per year. The graph in Figure 6
gives the results of that analysis and shows that the cost is reduced
significantly with increased production. For low production, tooling cost is
the dominant parameter in the total cost. As production increases, labor and
manufacturing yields are the dominant costs. Within this area, molding and
joining costs contribute about one third of the total labor cost for the 500
quadrant case.?

CONCLUSION

Further design iterations are required on both the JPL/Fairchild and USSw
solar-gas fired hybrid heater heads before they can be constructed with
ceramics and have a high probability of success. In conjuction with the
design effort, thermal and stress analyses and ceramic properties and
manufacturing process considerations must play an integral part in the
overall design of the heater head. Ceramic process development has advanced
considerably in the last two years. Many limitations that were originally
incorporated into the heater head designs no longer exist. Complex shapes
and thin walled tubes can now be fabricated with ceramics.
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FIG. 6 PRODUCTION ANALYSIS?2

Prior to fabrication of an actual ceramic heater head, several ceramic and
design development tasks must be completed. Fin configuration for the
backside portion of the USSw solar receiver must be determined. A complete
finite element stress analysis of the entire heater head must be completed to
determine survivability potential of the head during various heating
situations, particularly during transient conditions such as start up and
shut-down. If unfavorable results occur, further design and finite element
analysis iterations will be required until an acceptable design is obtained.
The development of high and Tow thermal conductivity SiC materials is needed
to eliminate the material CTE mismatch problem.2 Engine efficiency
predictions are needed with computer simulations of the actual engine type
with various combinations of materials. Further development of joining and
bonding techniques are also needed.
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STATUS OF THE SMALL COMMUNITY SOLAR POWER SYSTEM

R. H. Babbe
Ford Aerospace & Communications Corp., Aeronutronic Division

Newport Beach, CA 92663

ABSTRACT

This paper presents a summary of the Small Community Solar Thermal Power
Experiment (SCSE). Emphasis is placed on the single power module being tested
at the JPL Parabolic Dish Test Site, Edwards AFB, California. The power
module consists of a regenerative, air-cooled 20-25 kW, organic Rankine cycle
(ORC) engine/generator unit and a cavity receiver mounted at the focus of the
solar concentrator. Toluene is the working fluid and is heated in the receiver
to 750°F before expanding across a single-stage axial flow turbine direct-
coupled to a permanent magnet alternator (PMA). Other equipment includes a
control subsystem designed for unattended operation and an energy transport
subsystem utilizing a special inverter for voltage (load) control and con-
version of dc to grid compatible ac power. The typical gower output of the
module for the Edwards tests was about 16 kW at 950 W/m” direct solar
insolation; the net module efficiency at the§e conditions was 19.5%. Receiver
efficiency was greater than 95% and the net ORC power conversion unit effi-
ciency (engine/alternator/rectifier) was approximately 22%. The Edwards tests
were the first demonstration of a control system designed for an unattended
plant. The computers maintained stable operation .under the most severe
transients caused by commanding the closing and opening of a water-cooled
plate at the entrance of the receiver.

Multiple modules will be joined together electrically to form a Small
Community Power Plant. The plans for this phase of the program are decribed.

Companion papers give further information on the results from the
Edwards tests and the status of the control subsystem. References cited in
this paper provide additional information on the SCSE program and hardware.

INTRODUCTION

Ford Aerospace is currently completing the second phase of the Small
Community Solar Thermal Power Experiment (SCSE) under contract 955637 to JPL.
This effort comprises the development and integration of a single prototype
power module consisting of a parabolic dish concentrator, power conversion
hardware, plus central equipment for control and power conditioning/distri-
bution.

Figure 1 is a simplified schematic of the equipment used in the initial
tests at the JPL Parabolic Dish Test Site (PDTS) at Edwards AFB. The power
conversion assembly (PCA) is located at the focal point of the solar concen-
trator and is comprised of a Ford Aerospace cavity receiver and an organic
Rankine cycle (ORC) engine built by Barber-Nichols Engineering Company,
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Arvada, Colorado. A cut-away view of the PCA is shown in Figure 2. The heart
of the engine is the turbine/alternator/pump (TAP) in which the turbine is
direct-coupled to the permanent magnet alternator (PMA) and the main feed pump.
The variable frequency 3-phase ac power generated by the PMA is converted to
dc by a rectifier mounted at the base of the concentrator. Hence, it goes to
a nearby switchboard and to an inverter which changes dc to 3-phase, 480 V

60 Hz power. This power is fed into a local grid, or into a load bank during
the initial test runs at Edwards. Engine control is achieved using a micro-
processor, and a minicomputer is used for overall control. The minicomputer
also logs test data, monitors the status of the various components, sounds
warnings if key parameters are outside normal ranges and automatically shuts
down the engine if conditions warrant.

The SCSE is designed to supply a portion of the electrical power require-
ments of a small community. A specified rated power level is reached by
adding power modules and connecting the dc output from each module to a common
dc bus in the central switchboard. The major components which are dependent
on the size of the plant are the switchboard, inverter and grid interface
equipment. The central minicomputer called the MPC or master power controller,
has the capability of providing overall control of a plant up to a power range
of approximately 1 MW . Each power module has its own microprocessor for
control of the engine and concentrator. These microprocessors, called the
remote control interface assemblies or RCIAs, make each power module virtually
independent of all the other modules.

SYSTEM DESCRIPTION
Receiver

The organic Rankine cycle receiver is a cavity formed by a cylindrical
shell of copper with stainless steel tubes brazed to the outside of the side
and back walls. The unit is classified as a direct-heated, once-through,
monotube boiler. It operates at either sub- or super-critical pressure
regimes of the heat transfer fluid, toluene (C,H_CH,). The copper core is
1.9 em (0.75 in.) thickness supported by struts and insulated with a ceramic
blanket of Cerawool®. A protective sluminum casing covers the insulation.

The interior dimensions of the cavity are 0.61 m (24 in) diameter and 0.48 m
(19 in) deep. The 1.95 cm (0.625 in) diameter 347-type stainless steel tubing
fits into a matching groove machined in the exterior surface of the copper.
The tubing and copper core are brazed together to form a good thermal contact,
and nickel plated to prevent oxidation. The cavity is painted with high
temperature black paint (Pyromark 2500®) to obtain a high solar absorptivity.
The overall weight is 234 kg (516 1b). A copper aperture plate is attached

to the front of the receiver; a hole 37.95 cm (14.95 in) in diameter provides
a geometric concentration ratio of ~1000 when used with the 12 m PDC-1
concentrator.

Design requirements include a rated input thermal power of 95 kW_, an
efficiency at rated conditions greater than 96 percent, toluene flow Irom
0.9 to 9.1 kg/min, a nominal toluene outlet temperature of 399°C (750°F), and
operating pressures up to 5862 kPa (850 psi), although the unit is normally
operated at subcritical pressures in the range of 3450-4140 kPa (500-600 psi).




The receiver has been thoroughly tested in both ground and solar tests
and has met or exceeded all specified requirements, including efficiency.
Additional information on the receiver is included in Reference 1; typical
test data are provided in References 2 and 3 for the initial ground tests and
References 4 and 5 for the solar tests.

Engine

The engine , also called the power conversion subsystem (PCS), utilizes
the Rankine cycle with toluene as the working fluid. The PCS is a sealed,
regenerative unit with a single-stage axial flow turbine approximately 13 cm
(5 in) in diameter. The air-cooled condenser is packaged in a cylindrical
shape surrounding the regenrator and the TAP; a total of 369 finned aluminum
tubes in three concentric rows form the heat transfer surfaces. A two-speed
electrically-driven fan provides cooling air at a maximum rate of 212 n®/min
(7500 cfm). The dimensions of the PCS are 1.1 m (44 in) diameter and 1.5 m
(60 in) length. The PCS weight is approximately 418 kg (920 1b).

The turbine wheel is fabricated from Inconel 718 and the 110 blades
(each 10.7 mm or 0.42 in. high) are electrochemically milled by a process
developed by Barber-Nichols. Ten nozzles are used to drive the turbine at
speeds in the range of 45,000 to 60,000 rpm. The PMA has six samarium-
cobalt magnets on the rotor and a 9-tooth copper-wire wound, laminated-iron
stator. It produces three-phase ac power with a frequency of 3000 Hz at
60 krpm.

The net power output of the PCS is rated at 20 kW_ at the output of the
rectifier and a thermal input of 75.6 kW , and a peak gutput of approximately
25 kWe at an input of 92.4 kW _. The unif operates at all attitudes from 5°
to 90° above the horizon, with the capability to stow at minus 90°.

A vapor throttling valve located between the receiver and PCS maintains
a near—constant turbine inlet temperature of 399°C (750°F) by controlling the
mass flow rate of toluene. The design uses a pintle valve operated by a
hydraulic actuator which in turn is powered by high-pressure liquid toluene.
Valve command signals are keyed to temperature sensors in the receiver shell
and in the fluid at the outlet of the receiver.

Other components include a fin-tube regenerator, electrically powered
boost pump and start pump, a rectifier and an overspeed brake. In the event
of loss of control, the brake quickly brings the TAP to a stop by electrically
shorting the windings in the PMA and closing the vapor control valve. Further
information on the PCS design details is contained in References 6 and 7.

The test program at Edwards demonstrated that the performance of the
unit was close to expected values (Reference 8), with a net efficiency of
approximately 22 percent at an input power of 70.8 kW (gross efficiency of
~23 percent). Inspection of the TAP hardware after completion of the tests
showed that further design improvements were needed to increase the life of
the bearings in the TAP. Most of 1982 was spent in analysis, design and
testing of improved bearings at Barber-Nichols. A new bearing design has now
been developed and the delivery of the modified TAP is due in December 1982.
Testing of this unit at the PDTS is scheduled to start immediately after being
installed in the PCS at the test site.
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Energy Transport Subsystem (ETS)

The ETS consists of: 1) the conventional electrical cabling (dc) which
connects each power module to the switchboard, 2) a switchboard, 3) an
inverter, and 4) grid interface equipment such as protective relays and, if
required, a step-up transformer to boost the voltage to that of the local
grid. The dc voltage is in the 500 to 600 V range (the exact value is set by
an adjustment in the inverter), and the output of the inverter is 480 Vv, 3-
phase ac as noted in Figure 1. Also included in the ETS is the hardware
necessary to provide parasitic power (ac) to drive the concentrators, boost
pumps, fans, computers, and similar equipment. Normally, parasitic power:
comes from the local grid, but if the grid fails, an uninterruptable power
supply (UPS) is provided to operate the key components. A load bank is used
to dissipate the generated power in the event the grid should fail.

The major benefit of using a dc electrical transport system is that it
permits the speed of each ORC engine to be varied in proportion to its heat
input in order to achieve high part-load efficiency and thus high annualized
performance (Reference 9). The central inverter not only converts dc to ac,
but performs a key control function of providing the load (voltage) control
for the engine. Finally, the inverter provides grid synchronization at a
single point, rather than having multiple synchronizations as would be required
for an ac system.

The inverter load control function operates as follows. As input (dc)
voltage increases--which corresponds to a power increase from one or more
modules—-the inverter increases its output power by increasing its SCR
switching duty cycle, which reduces the input resistance of the inverter.
This causes a greater voltage crop across the equivalent resistance of the
alternator(s). A drop in inverter input voltage (i.e. a drop in input power)
produces an opposite effect. The inverter is a self-commutating unit with a
bridge type SCR power switching regulator. Capacitors and inductors are used
for commutation of the SCRs and an ac filter is provided. The outputs from
the square wave inverter and the ac filter are combined to provide a sinewave
output. The utility voltage is sampled and fed back through an isolation
transformer to a control circuit which synchronizes the inverter with the
utility. Power factor control is also provided to maintain this parameter
within specified limits.

The switchboard performs the function of routing power to and from the
various components such as the PCAs, computers, inverter, UPS, load bank,
and utility grid. It also provides mimic lights to indicate which components
are operating and breakers to isolate each electrical circuit. The switch-
board also contains the sensors to measure input (dc) voltage and current to
the inverter and output (ac) voltage, current and power factor.

The inverter and switchboard for the Edwards tests are subscale units
rated at only 30 kVA since they were designed to handle only one power module.
However, the design and operating principles are the same as will be used for
a multi-module plant in the next phase of the program. The test data demon-
strated that the inverter will maintain the dc voltage within +5 V of the
predetermined setting (~500 Vdc) in the inverter except during periods of low
power output ("idle mode"). It has also been shown that the inverter will
control the voltage (load) from the simultaneous output of two sources: the

76




power module and the simulated output of another module using a dc power .

supply. The measured inverter efficiency is 83.3 percent at an input power of
16.2 kWe and a voltage of 500 Vdc. Peak efficiency is 87 percent at 26.8 kW,
input when the unit is fed from both the power module and the dc power supply.

Plant Control Subsystem

The plant control subsystem is described in References 2, 10, and 11
and only a summary is included here. Two types of computers perform the
control* and monitoring functions. A microprocessor in the RCIA controls each
engine, of which there was only one for the Edwards PDTS tests. The RCIA also
has the capability to control the concentrator, which is now being implemented
for the next phase of the program. This digital unit performs data encoding
for the PCS and receiver, PCA mode control, and control loop functions. A
minicomputer (MPC) provides overall control, communicates with the RCIAs and
displays/records data. A unit called the Central Control Interface Assembly
(CCTIA) provides the means of interfacing the MPC to external subsystems. A
serial data link connects the MPC with each RCIA.

The solar tests demonstrated that the control subsystem achieves stable,
controllable and safe operation of the SCSE hardware over a wide range of
input conditions (References 4 and 12). This included severe transients
caused by deliberately closing a water cooled door to shut off the solar
input to the receiver or vice versa. The fluid temperature at the receiver
outlet was normally controlled by the RCIA to 399 *3°C (750 *5°F) despite
short periods of solar insolation variation of over 2:1. These tests consti-
tuted the first demonstration of a truly automatic control for a point focus,
distributed receiver solar plant, and tests over the range of operating
conditions were completely successful.

SYSTEM PERFORMANCE

The component and subsystem performance and efficiencies that were
obtained during a typical solar test at Edwards have been combined to yield
a "waterfall" chart with "module" and "overall" performance and efficiency
values. The term "module" refers to the power out of the inverter.

Typical results are shown in Figure 3. The example selected was 12:00
noon during Run 13 (March 3, 1982). The solar insolation from the local
Eppley pyrheliometer at this time was 983 W/m®. The power available for
focusing was 83.1 kW based on the projected area of the concentrator's
reflective surface and a factor to account for the circumsolar effect, i.e.
the wide field of view of the pyrheliometer compared to the size of the sun.
The value of 74.4 kW shown the second step of Figure 3 and the corresponding
efficiency of 89.6 percent was obtained from the reflectivity, average dust
correction factor and blockage ratio for the concentrator (0.95, 0.975, and
0.967, respectively). The receiver performance ("RCVR" in Figure 3) was
obtained by measuring the pressure and temperature of the toluene at the
inlet and outlet of the receiver, determining the mass flow rate and change
in enthalpy of the fluid and calculating the power. This was compared to an
independent calculation accounting for the theoretical losses from the

*Note that the inverter performs voltage (load) control independently of the
computers.
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receiver due to conduction, reradiation, convection and reflection. For this
particular example, the measured receiver efficiency was 95.2%; slightly
higher efficiency will be obtained at higher input power.

The PCS efficiency and power shown in Figure 3 have two values, the one
in parenthesis is the net value and has the measured fan and pump parasitic
power subtracted. The PCS output power was obtained from the measured
voltage and current from transducers in the switchboard.

The overall or system efficiency for this example case was 15.5 percent
(net) or three points less than that for the module due to losses through the
inverter (83.3 percent efficient). As previously mentioned, the inverter was
a small unit sized for a ratéd input of 30 kVA and was operating at only
16.2 kW for this test. Also, the input voltage was set at 500 V compared to
a design value of 600 V, thus increasing the I°R losses.

The performance values shown in Figure 3 were calculated in real-time
using the Ford Aerospace Power/Energy/Efficiency Program located in the MPC.
Each of the 19 values output by the program were updated at one second inter-
vals and could be displayed on the CRT as one of the display options. Also
the values from the program, as well as the remaining 74 data channels, were
stored on magnetic tape and could be plotted as a function of time. Typical
plots are shown in the following paper and proved to be very valuable in
evaluating component and subsystem performance.

The February-March tests at the PDTS were successful and satisfied all
of the major objectives of the program. The performance and operating
characteristics of all components were verified. These tests constituted the
first demonstration of a truly automatic control for a point focus, distri-
buted receiver solar plant.

FUTURE PLANS

The next test series for SCSE at the Edwards site will be the evaluation
of improved TAP bearings using the concentrator (TBC-1) used for the Feb.-
March 1982 tests. Then the equipment will be moved to the new 12m Parabolic
Dish Concentrator No. 1 (PDC-1) which is now undergoing performance evaluation.
PDC-1 was designed by General Electric and assembled by Ford Aerospace. It
features a front-braced structure, plastic reflective surfaces and an
inverted stow position. A paper on this concentrator is given in Session III.

The final phase of the program (Phase III) will address the design,
fabrication, installation and checkout of the hardware and software elements
required for a 100 kW, plant to be located at Osage City, Kansas. Funding for
this effort has been provided by Congress and the implementation of Phase III
is awaiting certain programmatic decisions by the Department of Energy.
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CONTROL SYSTEM DEVELOPMENT FOR THE SMALL
COMMUNITY SOLAR POWER SYSTEM

D. G. Fulton

Ford Aerospace & Communications Corp., Aeronutronic Division
Newport Beach, CA 92663

ABSTRACT

This paper describes the operation of the SCSE plant control system.
Emphasis is on the computer control functions of a single module with test
results obtained from the demonstration performed at the JPL Parabolic Dish
Test Site at Edwards Air Force Base. The extension of the logic for the
control of a multiple-module automatically-controlled plant is also
described.

SYSTEM DESCRIPTION

The Small Community Solar Experiment (SCSE) plant consists of a number
of power modules delivering power to a central collection point where the
power is appropriately converted and delivered to the wutility interface.
Each power module consists of a parabolic dish concentrator with a receiver
and a regenerative, air-cooled organic Rankine cycle (ORC) engine/alternator
power conversion system (PCS) located at its focus. Three-phase ac power is
transferred to a rectifier at the base of each concentrator and converted to
600 volts dec. The dc power is transported to the central collection site
where it is supplied directly to the common dc bus which collects the dc
power from all the other modules in the plant. This bus then drives the
inverter, which produces utility grid-compatible ac power.

In addition to efficient collection of the sun's energy by the
concentrator, the key elements of efficient power generation at all input
power levels are control of the working fluid temperature and control of
turbine speed to maximize the overall efficiency of the power conversion.
These major control system tasks are:

1. Concentrator Pointing Control. The concentrator is
provided with controls to allow it to perform all
required functions, such a stow, acquire sun track by
using ephemeris data, or sun track using sun sensors.

2. Fluid Temperature Control. The engine's cycle efficiency
is maximized by maintaining the working fluid
temperature at the receiver outlet at the maximum
allowable value, thereby maximizing the turbine inlet
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temperature. This is accomplished by varying the fluid
flow rate by means of a controllable vapor valve at the
receiver outlet, thereby varying the power delivered to
the turbine as the solar insolation changes. During
normal operation at either part or full 1load, the
working fluid temperature at the receiver outlet is
maintained at 399 degrees C (750 degrees F), which is
dictated by the limitations of the working fluid
(toluene).

3. Turbine Speed Control. At every input power level, the
turbine has an optimum speed which maximizes efficiency.
The technique of rectifying the generated power to dc
removes the requirement that the alternator operate
synchronously with the grid, and permits variation of
the turbine speed for control purposes. It may be shown
that by selecting the alternator characteristics
properly, the torque balance of the turbine and
alternator will result in very mnearly the optimum
turbine speed at all power levels if the alternator is
driving a constant-voltage load. The constant-voltage
load is produced by the central inverter, which varies
its chopper duty cycle and hence its effective input
impedance, keeping the input voltage nearly constant.
All power modules are thus controlled to the optimum
turbine speed at all power levels by the central
inverter and the requirement for individual alternator
field control is avoided.

The overall control of the plant requires implementation of the above
tasks as well as many logic control functions at both the power module and
the plant level. The computer hierarchy used to provide this control is
designed to make each power module relatively self-sufficient by providing
it with its own processor which is called the Remote Control Interface
Assembly (RCIA). All of the RCIAs are then put under the control of the
Master Power Controller (MPC) which performs the overall plant data and
control functions. A two-way serial data link is provided to connect the
MPC with all RCIAs. More complete descriptions and analyses of the control
system components are contained in References 1-3.

The central plant control requirements are met by implementation of the
MPC hardware and by its software program. The MPC is configured around a
Data General Nova 4/X minicomputer. The unit includes 65K words of MOS
semiconductor memory and a 6.25 M word Winchester disk. Operator interfaces
are provided by a Cathode Ray Tube (CRT) display with a keyboard and a
printer. Interface cards are mounted in the Nova chassis for A/D and D/A
conversions, discrete I/0O and serial digital data links. A magnetic tape
recorder is provided for data recording. The primary functions of the MPC
are:

® Read keyboard or remote entries from the plant operator.
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e Send data to and receive data from the RCIA at each
Power Module via the serial data link.

e Collect analog and discrete data from the Energy
Transport Subsystem (ETS), and from the Weather Station.

e Display data on the operator's CRT.
e Print data in real time on the local printer.

® Record all data collected on magnetic tape for later
playback.

e Perform specified logic functions relative to control of
the ETS and the Power Modules.

e Compute ephemeris data for the concentrator and transmit
to all RCIAs.

Each Power Module is controlled by an RCIA and its software program,
the Remote Operational Program (ROP). The RCIA is a Z80-based
microprocessor installed in a weather-proof NEMA enclosure located at the
base of the concentrator. The processor and associated support and I/0
circuitry are built on STD BUS boards by Pro-Log Corporation, and are
designed to operate in a wide temperature range (-25 C to +49 C). The RCIA
is under the high level supervision of the MPC by means of commands on the
MPC/RCIA serial data link. The functions which the RCIA must perform are:

® Read any of the specified data messages from the MPC
serial data link.

® Sync its one—second cycle to the MPC by receiving the
SYNC command on the serial data link,

e Send a long or short data message or a circular buffer
dump to the MPC on request.

® Perform debug functions as required.

e Perform Power Module automoding logic (see a later
section of this paper).

e Perform detailed PCA control.

® Perform detailed concentrator control.

OPERATIONAL EXPERIENCE

Verification tests of the SCSE elements were conducted at the JPL
Parabolic Dish Test Site (PDTS), at Edwards Air Force Base during the first
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quarter of 1982, The test configuration utilized the complete control
system including the MPC and RCIA, and the Electrical Transport Subsystem
(ETS) consisting of the inverter, switchboard and cabling. Tests were
conducted on the JPL Test Bed Concentrator (TBC) with a sliding water-cooled
plate provided to open and close the aperture of the receiver. The
following sections describe the control system configuration which was used
for these tests and show some of the test results. These tests are
described fully in Reference 4.

Operator Control

The MPC/RCIA software configuratioh provides manual control capability
which gives the operator a high degree of flexibility over the PCS
operation. The repertory of available mode commands was expanded as the
testing progressed, and proved to be useful in dealing with abnormal or
unexpected situations., In future tests the software will include logic to
deal with all contingencies, and the manual mode control functions will be
eliminated or rarely used,

The PCS mode control functions available to the operator are:

e PCA TEST ON/OFF. Initiate pump start procedure.

e PCA COOLDOWN ON/OFF. Flow fluid without spinning the
turbine. '

e SPEED CONTROL ON/OFF. Turbine speed control mode.
e HIGH POWER ON. Force wide open valve command.
e DETRACK. Close sliding plate.

o EMERGENCY SHUTDOWN. Close sliding plate and shut engine
down.

e FAULT RESET. Clear faults and warning flags.
e START. Force turbine start.

e PCA ON/OFF. Enable startup sequence.

Startup Control Sequence

The RCIA software is programmed to automatically start and run the
turbine when it has been enabled by the operator. During operation, the
operator observes the sequences, but unless problems develop, is not
required to take any action. During the tests which were conducted, the
concentrator (TBC) was not under control of the SCSE computer; this
capability is now being developed for future tests and for the Phase III




power plant. The RCIA is programmed to initiate a startup procedure when a
rising receiver shell temperature is observed. The automatic sequence
includes pump and fan start commands, valve command to start the turbine,
and fluid temperature control at the receiver outlet. When the solar
insolation is removed by moving the concentrator off-sun, or, by a cloud
passage, the temperature is controlled as long as possible, and the turbine
is then shut down.

Vapor Valve Control Law

The primary task of the vapor valve control law is to control flow
(power) to the turbine so as to keep the toluene temperature at the receiver
outlet at a constant temperature of 750 degrees F. A simplified block
diagram of the control law which was used to do this is shown in Figure 1.
As shown in the figure, the inner 1loop controls the receiver shell
temperature, and has a control time constant of about 10 seconds. This loop
drives the shell temperature to a value, SETPT, which is determined by the
outer loop which has a time constant of about 6 minutes.

A sample startup transient is shown in Figure 2. The sliding plate was
opened at 13:06 and the turbine was started at 13:10. The receiver outlet
temperature was above 700 degrees F within 3 minutes although the system was
not well stabilized until about 20 minutes after the start.

As the input power decreases (i.e., cloud passage) the vapor valve
closes to try to keep the receiver fluid exit temperature at 750 degrees F.
If the input power drops too low, the output voltage will go below the
control voltage of the inverter while the turbine speed continues to drop.
The control law then changes to a speed control loop, controlling the
turbine speed to about 35,000 rpm. When the input power returns, the
temperature rises and the control law returns automatically to the
temperature control mode. An example demonstrating this action is shown in
Figure 3, where a cloud passage was simulated by closing the sliding plate
for 4.5 minutes. During the time the valve command was on the minimum speed
limit, the temperature dropped because energy was still being withdrawn and
the heat input was zero. During this time the control variable SETPT was
ramped down so as to prevent a temperature overshoot when the solar power
returned. When the sliding plate was opened, the temperature began rising,
and within about 5 minutes the major part of the transient was over. The
receiver temperature and valve position for this same run are shown in
Figure 4.

A typical record of cloud passages is shown in Figure 5. The figure
shows that the valve position responded to the insolation level changes
thereby changing the power delivered to the turbine. Throughout the run,
however, the toluene temperature at the receiver outlet was kept within
about 20 degrees F of the desired 750 degrees F, even when the insolation
dropped to one-third of its normal level. Normally, the temperature is held
to within * 5 degrees F for short periods (approximately 1 minute) at
insolation levels as low as one-half of the normal value.
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The performance of the inverter voltage control may be observed on
Figure 6, which is a plot of the same test run as Figure 5. Figure 6 shows
the dc voltage (input to the inverter) and the turbine speed as the solar
insolation is varying. During most of the time, the dc voltage is nearly
constant and the turbine speed is held within a fairly narrow band even when
the input power is varying widely. If the input power drops too low for too
long (e.g. as shown at a time of 09:13 on Figures 5 and 6), the flow rate
is reduced by the temperature-control law so much that the turbine stops
producing positive output power, and the speed begins to drop. The inverter
remains on-line, but goes to its highest input impedance state, and the
alternator is only very lightly loaded. When the turbine speed drops, the
valve control 1law reverts to the speed-control mode and holds the speed at
35,000 rpm. When the insolation returns, the temperature rises, the vapor
valve opens, the dc voltage increases to the active control range of the
inverter and the turbine speed again becomes controlled by its applied load.

AUTOMODING

Automoding refers to the computer logic which allows the plant and its
sub-components to operate automatically, i.e. without operator action. To
implement this automatic operation, the logic is structured in a hierarchy
involving the plant, the ETS, the Power Modules, the PCAs and the
concentrators. The logic structure is illustrated in Figure 7. Two major
categories of 1logic are shown here: Plant Modes and ETS Modes are
controlled by the MPC; and Power Module Modes, PCA Modes and Concentrator
Modes are controlled by the RCIA.

The plant modes may be commanded by the plant operator or by logic
within the MPC, and are implemented by sending Power Module mode commands to
the RCIA at each power module by means of the serial data link. A brief
description of the function of each of the plant modes is as follows:

e Manual Plant Mode. Allows the plant operator to input
the Power Module Mode of individual modules.

e Out Of Service. Disables the operation of all Power
Modules. This plant mode is provided to allow for
maintenance or other intentional down time.

o Emergency Shutdown. Shuts the plant down in the normal
manner, but sets the Emergency Shutdown Fault flag which
prevents the plant from re-starting without operator
intervention.

e Shutdown. Shuts all power modules down, waits wuntil
they have completed shutdown and are stowed, and then
changes the Plant Mode to Ready. The plant will
re—-start if the appropriate conditions are met.

e Self Test. Commands all modules to Self Test mode.




e Standby. Commands all modules to Standby,.

® Ready., The normal enabled mode of the plant while
waiting for conditions suitable for generating power.

e Normal Power. The plant mode when power 1is being
generated. Power generation will continue until some
reason exists to stop. The mode will then be changed to
Shutdown or Emergency Shutdown.

The Power Module modes may be commanded to the RCIA from the MPC, or
may be determined by mode logic within the RCIA. The modes are implemented
by generating mode commands to the PCA control and the concentrator control.
A summary of the functions performed by the Power Module Modes is as
follows:

e Power Module Manual. Allows processing of PCA mode and
concentrator mode commands from the plant operator.

e Stow. Waits for PCA mode Poweroff and then commands the
concentrator to stow.

e Standby. Commands the concentrator to Offset Track.

e Self Test. Performs a sequence of tests on the
concentrator and PCA to determine that the module is
healthy.

® Power On. First initiates Self Test mode. If the self
test passes, the concentrator is brought on sun, the
turbine is started and power is generated until a stop
criterion is reached.

e Power Down. Takes the concentrator off sun, waits for
the turbine to shut down and then commands Stow mode.

STATUS

The test program which has been completed successfully demonstrated the
key elements of engine control including:

e Automatic startup and shutdown procedures.

e Fluid temperature control under varying insolation
conditions.

e Turbine speed control by the inverter (constant input
voltage).

® Automatic fault monitoring.
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e Stable operation under all conditioms.

Effort is currently under way to define the software requirements to
complete the software development to provide completely automatic plant
control.

REFERENCES

1. Daubert, E.R., Bergthold, F.M. Jr. and Fulton, D.G., '"Control
System Development For a 1 MW Solar Thermal Power Plant", Paper No. 819751,
IECEC Conference Atlanta, GA, August, 1981.

2, Bergthold, F.M. Jr., Fulton, D.G. and Haskins, H.J., "Control
System Development For an Organic Rankine Cycle Engine', ASME Solar Energy
Division 3rd Annual Systems Simulation Conference, Reno, Nevada, May 1981.

3. Pons, R.L., '"Development of the Small Community Solar Power
System", Third Parabolic Dish Solar Thermal Power Annual Program Review,
Atlanta, GA., Dec. 1981.

4, Clark, T.B., "Power Conversion Assembly Verification Test on the
TBC and Energy Transport Subsystem Qualification', SCSE Report No. 023,
Ford Aerospace and Communications Corp., April 1982.

90



35 KRPM

— G:(l)
+
TURBINE
LOWER § SPEED
LIMIT ON o
VALVE v
COMMAND
RECEIVER
RECEIVER OUTLET
SHELL TEMP FLUID TEMP
X
760°F SETPY ¥ v Te s T, To
G, (s G, (s VALVE x. - -
’ 2 a 1 = i s
15
— -]
6, = o5se1- %VALVE/®F

1808 +1  °F/SEC
Gz(l) = .00163 . oF

105+ 1 HISEC
GS(') = 04 _—

s | KRPM

FIGURE 1, VAPOR VALVE CONTROL LAW

STARTUP TRANSIENT

8 o
=[ = i
/\ REGEIVER OUTLET TEMPERATURE -
| tRATURE = ]
.,—'—"‘_/”
< [ ]
o & -
~ ~
SL SL SHELL TEMPFRATURE.NO._. 5
(Yed o
o T
o
o PR
58 Ear
[ i
=
o w
g .
= (o]
B8 =8t
- o
w =13
— LB
5 =
© o '6_4 o
= 8 z &
> =
o "
B.l 2. .
" gl 3 sl g
= L SET POINT- (SETPT N
gt SL & 3 L
(=] o br:d
= —- ENGENE
& i START /f////
o rd
)
Q
ol o bk I
o
<t

1250 1255 1300 1305 1310 1315 1320 1325 1330 1335 1340
TIME OF DAY

FIGURE 2. STARTUP TRANSIENT




=]

S —

o

8

~ -

=}

Q -

3t

o

° o

=1 of

wm— W~

«

>

=

<

74

w 9

a & —~ oL

= < P

fra} a

(= o

— 3

[}

— [=

E o e}

2 SL w o

S & a &

= v

w w

> =

= =

[} )

[ERN=1 o

u oL S ol

r & F &

ol ol

=3 =

=1

Lol

=}

FIGURE 3.

Q. -

&

~

o

ol -

)

=)

(=1, -

bl

o

°

=3 =]

&2 Sl ~ oL

s 3 w o

2 °

[ h

= n

= 2 o

a o <

- oFk =3 N

53 W n

o 3

= >

v} =

z =

- g o

o

S 8F =S

g w

=1 -

2 o}

= =

(=] [ =4

5 St oL

g ~ &

=

ri}

>

=3
o

oL =]
~
=}
S
i~
o

FIGURE 4.

VALVE POSITION (PERCENT)

CONTROL SET POINT. SETPT (°F)

RECEIVER OUTLE'E TEMPERATURE . N |
b et T \,\‘ _ e Sidaa - e
&
\\\
|
L S - - TURBINE-SPEET) -
TN SRS SO

T
¥,

- SETDING
PLATE
CLOSED:
(=
o L
o
- ——
e T
[=3
g -
Q
o
w
o H H :
Sl i L 1 I [ | 1
1435 1440 1445 1450 1455 1500 1505 1510 1515 1520 1525
TIME OF DAY

TRANSTENT INTRODUCED BY CLOSING THE SLIDING PLATE

| AVERAGE SHELL TEMPERATURE |

e

SUTDING!
| PLATE |
{ CLOSED
o
o i
VALVE POSITION :
gy ":,,..-4._.,,,‘\,.\";\,.,- i g A v At L Anar s N IR SR TS
S o H . s i . :
ol IR
o~
ol i i i i i i i i
14357 1440 1445 1450 1455 1500 1505 1510 1515 1526 1525
TIME OF DAY

TRANSIENT RECEIVER TEMPERATURE AND VALVE POSITION
CAUSED BY CLOSING THE SLIDING PLATE

92




[ p—
[=2
@© RECEIVER OUTLET TEMPERATURE
. ’7_.'__,,._\“’_.. B P e -—A_:.»_\ / "»-.__\__;_ B e N Rl =
. TN N
St o e
15
o
St L .
w
o
[ ]
~ (=]
w O —
c: w0
pe)
=
<
&
(=9
8 _8r
— = VALVE POSITION
[TF)
- Q .
[ & ", h x " STV S P S S P
Sl &L e (Tt T Mg A pessm i ar
x ™ < i V s
2 g 2 :
o =
w [%2]
cz § L9 ol | }
2 ¥
<
=
Sl ok T8l i i e ot INSOLATION i
- grﬂTmW _MEV’VWW“WW_ — A T BUNUE S S S 3
=
ol g S| 11 T § SRRAE SN S e -
2 \{
=T
-
o
(%] )
= N
zZ 3 i
© 0850 0855 0900 0905 0910 0915 0920 0925 0930 0935 0940

TIME OF DAY

FIGURE 5. TEMPERATURE RESPONSE TO CLOUD PASSAGES

8 - o
ar [ i ; 1
DC VOLTAGE
8 T e L O o oA e e L o o e L3 M i
2L N
o —~
'_‘6 §_- 2 S+ 5
>
- &
g | |
58k el beede PCS GENERATED POWER
2 & | |
8 g W V‘W_,ﬂwwmv qmvfﬂmww
=z
o~ —
a.
sk ol
S
L TURBINE SPEED
[S) : A ““’;x;“vf _v-,..,,\/,*“\ﬁ
o
x
= L]
(V]
[¥T]
a- =
wi
L) .
= O
-
[-2]
-4
o
=
o
~N

0850 0855 0900 0905 0910 0915 0920 0925 0930 0935 0940
TIME OF DAY

FIGURE 6. VOLTAGE/POWER/SPEED RELATIONSHIPS DURING A CLOUD PASSAGE

93




PLANT OPERATOR

I
PLANT MODES
Manual
Out Of Service
Emergency Shutdown
Shutdown
Self Test
Standby
Ready
Power
!
POWER MODULE MODES ETS MODES
Manual Utility
Stow Load Bank
Standby
Self Test
Power On
Power Down
PCA MODES CONCENTRATOR MODES
Poweroff Speed Control Pwr Disable Coord 2
PCA Test Idle Pwr Detrack Reset Coord 3
PCA Cooldown  Heat dissipation Pwr Offset Track Detrack
Powerup ~ Shutdown (Norm/Emerg) Coarse Track Enable
Normal Pwr Pressure Auto Track
Dissipation Coord 1 (Stow)

FIGURE 7. PLANT MODING HIERARCHY

94




TEST RESULTS FOR THE SMALL COMMUNITY SOLAR POWER SYSTEM

F. P. Boda
Ford Aerospace & Communications Corp., Aeronutronic Division
Newport Beach, CA 92660

ABSTRACT

This paper describes the testing which has been conducted to date on
an organic Rankine cycle (ORC) power module and ancillary equipment as part
of the Small Community Solar Thermal Power Experiment (SCSE) program (JPL
Contract 955637). The power module consists of an air-cooled, regenerative
20 kW, turbo-alternator system coupled to a cavity-type receiver (boiler),
all mounted at the focus of a parabolic dish concentrator. The ancillary
equipment includes a complete computer-based plant control subsystem and an
electrical transport/conditioning subsystem with voltage control and grid
interface capability.

Development testing of individual components and Qualification testing
of major subsystems began in 1981. Full-up system testing '"on the sun" was
conducted in February and March of 1982 at the JPL Parabolic Dish Test Site
(PDTS) utilizing the 11 meter Test Bed Concentrator (TBC). Computer plots
of typical data from these tests are presented in graphical form. These
data show the power module operation to be completely stable with excellent
control of fluid temperature, pressure, flow, turbine speed and output
voltage.

SYSTEM DESCRIPTION

The elements comprising the SCSE system tested at the JPL Parabolic
Dish Test Site (PDTS) are described in a companion paper by R. H. Babbe.
The "power module'" is defined as the solar concentrator and the receiver/
engine located at its focus. Ancillary equipment consists of a switchboard,
inverter, power cabling and computer and is designed to be centrally located
in order to interface with multiple modules which will comprise a typical
power plant. The receiver/engine is called the Power Conversion Assembly
(PCA), and performs the task of converting concentrated sunlight into
electrical energy. It does this by boiling the toluene working fluid in a
cavity-type receiver and using the 750°F vapor to drive a single-stage,
axial-flow turbine which is directly coupled to a permanent magnet alter-
nator. The turbo-alternator, shown in Figure 1, operates at speeds up to
60,000 rpm. The toluene circulates in a closed loop system and is pumped
back to the receiver as a liquid after pa581ng through a regenerator an an
air-cooled condenser (see Figure 2).

The high-frequency ac power from the alternator is first rectified to
de so that it may be combined with outputs of other power modules. The dc
electrical power is inverted to grid-compatible 3-phase ac. Unattended
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plant operation is made possible by a computer-based control subsystem which
provides dynamic control of all PCA functions, monitors safety functions, and
records performance data.

TEST PROGRAM

The PCA and associated system components have been subjected to a series
of development and qualification '"ground" tests prior to installation and test
on the Test Bed Concentrator (TBC) at Edwards AFB. These tests included:

1) Full functioning of the receiver and vapor control valve at Ford
Aerospace using simulated solar flux provided by a 100 kW electrical
radiant heater and a toluene test loop. The dynamic response of the
receiver was evaluated by moving the heater in and out of the cavity.
Receiver performance was completely stable over the design range of
input flux and toluene mass flow, and for operation in both super-=
critical and subcritical pressure regimes.

2) Operation of the two types of computers used in the system was
verified by means of a hardware-in-loop simulator. This simulation
served to verify the plant-level control commands (control "modes'™
of the central minicomputer, and the engine control software
programmed in the local microprocessor, called the RCIA.

3) The engine (called the Power Conversion Subsystem or PCS) was
successfully tested at Barber-Nichols on a tilting test rig to map
the performance at various attitudes. A typical test set-up is shown
in Figure 3. These tests used an electrically heated toluene boiler
and manual control of the engine. Measured net efficiency exceeded
23 percent at high power conditions.

4) Key electrical components were tested at the vendor's laboratories:
The dc-ac inverter was tested by NOVA Electric Mfg. Corp., and the
Permanent Magnet Alternator (PMA) by Simmonds Precision. The PMA had
an efficiency of approximately 947%.

5) The PCA (consisting of the engine (PCS) and receiver) was assembled
at Ford Aerospace and tested with the 100 kW electrical heater. The
inverter was also used in these tests;. it performs the key control
function of maintaining a constant dc voltage which is equivalent to
PCA load control. These tests were successful and complete function-
ing of the PCA was accomplished with computer control.

The PCA was installed on the TBC-1 dish at the PDTS in January of 1982,
As shown in Figure 4, a water cooled sliding plate and shield were used to
protect the receiver face plate from solar flux during the slow acquisition
and de-track rate of the TBC. The sliding plate was also used to simulate
dynamic events such as cloud passage and to block the flux to the receiver in
the event of an emergency condition. (The water cooled units will not be
employed when the PCA is tested on the PDC-1 dish; the PDC-1 slew rate is
sufficiently fast that the receiver face plate can withstand the solar flux
during all operating modes, including acquisition and de-track.)
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The test set-up at Edwards included the complete power module with local
microprocessor (RCIA), the central computer (MPC), the inverter, switchboard,
uninterruptable power supply (UPS), load bank and grid interface protective
devices. Weather permitting, on-sun testing was performed between 8 February
and 26 March 1982. A total of 33.5 hours of run time was accumulated; sixteen
(16) test runs were obtained, ranging from 5 minutes to 7 hours duration under
all levels of solar insolation and cloud conditions. A portion of the tests
used masking of some of the TBC mirror panels to obtain low power data. The
emphasis for the early runs was placed on transient operation to permit
evaluation of the control subsystem. This was accomplished by opening and
closing the sliding plate for predetermined intervals.

TEST RESULTS

The system "ground" tests using the 100 kW electric heater demonstrated
the high potential of the Small Community Solar Power concept. Operation was
smooth, quiet and failsafe during all operating modes. A number of problems
were detected and addressed, primarily related to excessive wear of the
bearings in the turbine/alternator/pump (TAP) unit. The bearings were
subsequently redesigned along with changes to the toluene feed system used to
lubricate the bearings. Measured PCS efficiency over the complete load range
was a few points below analytical predictions, primarily attributable to
excessive pressure drop in the regenerator, feed pump losses and PMA losses.
However, in view of the relatively good performance achieved and test
schedule commitments, it was decided to proceed with solar testing without
modification of the regenerator, pump or PMA. These modifications are planned
for a subsequent test series.

SCSE System

The data collection technique used for the SCSE solar tests utilizes the
central computer (MPC) for real-time processing and recording of performance
and test data, and post-test printing or plotting of selected data channels.
It is capable of recording, printing and plotting 103 test parameters per
second (93 were used for the February-March, 1983 tests), and proved to be
invaluable in presenting test results. The data that is permanently filed on
magnetic tape for later printing or plotting by the computer includes:

All key temperatures and pressures

Voltage and current, both ac and dc

Power factor

Turbine speed

Liquid reservoir level

Vapor control valve position and commanded position

Status of discrete events/commands

Weather data, solar flux, wind speed

Power, energy and efficiencies (calculated from data inputs)

Table I is a sample page of PCA performance data for data recorded on
Run 13 of 3 March 1982. This is only one of 14 pages of print-—out available;
the complete list is documented in Reference 1.

97




Figures 5-1@ are a representative sample of the actual computer print-
outs of test data for a time period of 08:30 to 15:30 recorded on 3 March 1982
(Run 13). These test results provide typical performance characteristics of
the Small Community System during a 7-hour run under automatic computer
control. Figure 5 shows normal, clear-sky operation interrupted only by one
early cloud passage and five intentional closures of the water cooled plate.
Figure 5 shows the position of the vapor valve (controlled by the RCIA
computer) to maintain the desired 400°C (750°F) receiver outlet temperature.
The first engine start and subsequent restarts were under the control of the
RCTIA computer which senses temperature and pressure in the receiver and
commands startup (or other modes such as shutdown or idle) based on pre-
determined criteria. At noon, the measured insolation is 983 W/mz, which
results in an available insolation of 948 W/m2 after correction for estimated
circumsolar effects.

Figure 6 shows that dc voltage out of the rectifier is controlled by the
inverter to a pre-set valwe of 500 %5 V except during periods of very low
power output ("idle mode'), while the output current varies directly with
power level. As shown in the figure, turbine speed is also virtually constant
at 48,000 rpm (indirectly controlled by the voltage set—point) except during
periods of idle mode when the speed is ~35,000 rpm.

Figure 7 is a plot of the relative power levels into and out of the
receiver and the PCS. Note that for each sliding plate re-opening there is a
momentary overshoot in receiver output power; this is due to a short period
surge in toluene flow rate (from the valve opening response) coupled with
removal of stored energy in the copper core of the receiver. At noon, the
receiver input power* was 74.4 kW, receiver output power was 70.8 kW and PCS
power (dc) output was measured at 16.2 kW.

Figure 8 shows receiver efficiency and corresponding measured windspeed
and insolation. For the aforementioned noon data point, receiver efficiency
is not a strong function of wind speed, despite gusts up to 13-14 m/sec
(30 mph).

Figure 9 shows key pressure data for Run 13. The pressure drop between
the inlet to the receiver (approximately the same as pump outlet pressure) and
the outlet is about 30 psi. The pressure drop between the receiver outlet and
turbine inlet is primarily caused by the vapor valve.

PCS Performance

The gross PCS power output is 16.2 kW and the corresponding gross
efficiency is 22.9% for the noon time period of Run 13 (Figure 10). Parasitic
power consumption was measured at 688 W at high fan speed and is the grid
power consumed in running the electrically-driven condenser fan, boost pump
and valves. Net power output is therefore 15.5 kW and net efficiency is 21.9%.
PCS performance over a wide power operating range is shown in Figure 11, and
represents the results of testing carried out to date. Operation at low fan

*Receiver input power is a computed value (Ref. 1) and is based on
insolation data and prior measurements which determine the ratio of reflected
to incident energy for the TBC-1.
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speed (corresponding to lower input power levels) results in better perfor-
mance than with the high fan speed since the parasitic power is only 373 watts.

In general, the PCS performed smoothly and was quiet and easily control-
lable. The vapor control valve and the emergency shutdown system worked as
planned under all modes of operation. After teardown of the system, some
damage was detected with the axial thrust bearing. Barber-Nichols is currently
conducting a bearing evaluation test program using the actual turbine/alter-
nator/pump (TAP) assembly on a well-instrumented, laboratory test rig.

Receiver Performance

Figure 12 presents receiver wall temperature data for two steady-state
runs compared to the original design predictions. The comparison is quite
good considering: (1) the assumed fluid inlet temperature for the prediction
was 20°F higher than for the tests, (2) the predictions were based on super-
critical flow (600 psi fluid pressure) whereas all the tests at PDTS were
conducted at subcritical conditions (480 to 550 psi fluid pressure), and (3)
uncertainty in the flux distribution from the TBC. Note the data for the

two runs are very close even though the input power to the receiver for Run
13 was 20 percent higher than for Run 17.

The receiver performed extremely well during all solar tests at the JPL
PDTS and demonstrated excellent performance during all of the various test
conditions (see Figure 8). Boiling and/or flow instabilities and local "hot
spots' were not observed during any of these or previous tests, including the
subcritical, two-phase flow regime in which the unit operated most of the
time, but which was not the original design condition. No design deficiencies
were found, and it was concluded that the basic receiver design meets or
exceeds all performance requirements.

Inverter Performance

The unique requirement for the inverter is to control the input voltage,
which is equivalent to controlling the load on the engine (Reference 3). As
shown in Figure 6, voltage control is excellent with a variation of only
about *1 percent from the nominal input voltage during normal power output,
that is, above idle conditions. The efficiency of the unit was measured at
83.3 percent for the conditions at noon for Run 13. This value is character-
istic of the efficiency for units rated in the 30 kVA range. The fact that
the unit was operating only at 16.2 kW for this test and had an input
voltage of ~500 V compared to a design value of 600 V contributed to the loss
in efficiency (Reference 3).

Control System Performance

The automatic or computer-controlled subsystem was used for the control
of all the solar-powered tests. A brief description of the control subsystem
and typical results are shown in a following companion paper (Reference 2).

In summary, the solar tests for SCSE constituted the first demonstration of a
truly automatic control for a point-focus, distributed receiver power plant,




and tests over the range of operating conditions showed complete stability and
safe operation.

SYSTEM PERFORMANCE

The component and subsystem performance and efficiencies that were
obtained during the typical solar test described above have been combined to
form the "waterfall" chart shown in Figure 13. The following conditions apply:

e Time — 12:00 noon, Run 13 (March 3, 1982).
e Insolation - 983 W/m®> (Eppley reading), 948 W/m® corrected for circum-
solar effects.
e Performance values for TBC concentrator:
—-Reflectivity = 0.95
—-Dust correction factor = 0.975
—-Blockage ratio = 0.967
—-Projected reflective area of dish = 97.6 m?

The component efficiency and performance values given in Figure 13 have
been discussed above, and are also given in Reference 3. Receiver performance
was obtained by using the measured fluid pressure and temperature data and a
correlation of mass flow.

The overall or system efficiency for this example case was based on the
power out of the inverter divided by the power available to the concentrator
for focusing. This value was 15.5 percent (net) or three points less than
that for the module due to losses through the inverter (83.3 percent
efficient).

CONCLUSIONS

The February-March tests at the PDTS were successful and satisfied all of
the major objectives of the program. The performance and operating character-
istics of each component was verified and the dynamic response was excellent.
Although some problems with bearing life and component efficiencies showed up,
substantial progress has been made toward their solution. Planned modifi-
cations to the bearings, nozzles, pump and alternator should result in
further increases in efficiency and a long life system. The operation of the
computer-based plant control subsystem was excellent and we project a
successful, fully automatic plant operation in later phases of the Small
Community System.
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SOLAR TESTS OF MATERIALS FOR PROTECTION FROM WALK-OFF DAMAGE

Leonard D. Jaffe
Jet Propulsion Laboratory

Pasadena, California

SUMMARY AND CONCLUSIONS

In parabolic dish solar concentrator systems, walk-off of the spot of
concentrated sunlight can be a hazard in case of equipment or other mal-
function that causes the concentrator to stop following the sun. The use
of protective materials that can withstand exposure to walk-off conditions
without active cooling provides certain advantages. A test program to
evaluate possible materials was, therefore, carried out. Each test
consisted of exposure to concentrated sunlight at a peak flux of about
7,000 kW/m2 for a time of 15 minutes.

Types of materials tested included alumina, zirconia, mullite, silica,
silicon carbide, graphite, aluminum, and copper. Of these, the only
material that neither cracked nor melted was grade G-90 graphite, a premium
grade. Grade CS graphite, a much cheaper commercial grade, cracked
half-way across in each test, but did not fall apart. With proper design
this grade should probably perform satisfactorily as a walk-off shield.
Both of these grades are medium—grain extruded graphites.

The only other material tested which appeared promising was high-purity
slip-cast silica. The one sample available survived four minutes before
the test was terminated due to a deficiency in the test set-up. Further
testing of similar material is probably worthwhile.

Other grades of graphite and silica tested, and all the samples of
alumina, zirconia, mullite, silicon carbide, aluminum, and copper, either
melted or fractured quickly during the test.

Coatings of white high temperature paint or boron nitride did not
improve the performance of graphite samples. Immersion in water prior to
test, simulating rain, did not affect their performance.

INTRODUCTION

If a malfunction occurs in a solar thermal dish-type power plant while
a concentrator is pointed at the sun, motion of the concentrator may stop.
As the sun moves relative to the Earth, the spot of concentrated sunlight
then slowly '"walks off" the receiver aperture and across the receiver face
plate and the concentrator. Intense local heating by the concentrated
sunlight may destroy these parts and put the unit out of service.
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A wide variety of methods may be used for protection against damage by
walk-off. They include materials that can withstand the concentrated
sunlight, provision of water—-cooling, shutters, emergency devices to point
the concentrator away from the sun, provision of emergency power to turn
the concentrator, etc. Advantages and disadvantages of various methods are
discussed in Ref. 1. Many of the methods require use of emergency
mechanisms, power or cooling supplies, and controls; these may add
significant cost and may not function reliably when needed. Use of
materials that can withstand the concentrated sunlight without active
cooling has the advantage of providing passive protection, which should
increase reliability, and may be less costly than alternative techniques.
Moreover, a shutter, for example, must itself either be actively cooled
during walk-off or must be made of material able to withstand walk-off
heating.

Some work has been reported on the ability of uncooled materials to
withstand concentrated sunlight for limited periods of time. This prior
work was not, however, oriented toward dish concentrators and the flux
densities used for testing have been considerably below those of interest
for such concentrators. It therefore was considered worthwhile to
undertake tests to evaluate candidate materials.

In particular, impetus for this work came from JPL interest in finding
a suitable material for passive walk-off protection for the Organic Rankine
system developed under contract with JPL by the Ford Aeronutronics and
Communications Company. In this system, the peak flux at the receiver
aperture, under design conditions, is expected to be about 7,000 kW/m2.

An important constraint on this materials evaluation was cost, ‘which
was severely limited. This in turn limited the choice of materials to be
tested and the measurements that could be made on them.

A more detailed account of this work is given in Ref. 2.

MATERIALS AND SAMPLES TESTED

Because of the limited budget for this work, most of the samples were
provided cost-free by interested companies or obtained as surplus at JPL.
The general types of materials tested included alumina, zirconia, mullite,
silica, silicon carbide, and graphite. Also tested were aluminum and
copper with temperature-resistant coatings, and graphite with
temperature-resistant coatings. More information on each of the materials
tested 1s given in the Ref. 2.

The preferred sample size selected was 200 x 200 x 25 mm (8 x 8 x 1
inch), to give samples not too small compared to the solar spot size and
thick enough to provide reasonable protection. A few thicker specimens
(about 35 mm, 1.4 inch) were tried to see if greater thickness improved
performance. Because many samples were provided free rather than
purchased, they were often smaller than preferred. Some were as thin as
0.4 mm (0.017 inch); these were provided more because of interest in using
them for protection during normal acquisition and deacquisition than for
walk-off protection.
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TEST EQUIPMENT

Solar tests were made on Test Bed Concentrator 1 at JPL's Parabolic
Dish Test Site. For the materials tests, a fixture was designed in the
form of '"window-frame" with outside dimensions 380 x 330 mm (15 x 13
inches), and an opening 230 mm (9 inches) square. The sample was placed in
this opening. The fixture was 114 mm (4-1/2 inches) thick, and made from
graphite, grade 3499. A key aim of the fixture design was to minimize
conductive heat transfer from sample to test fixture and from test fixture
to adjacent equipment. The sample was prevented from falling out toward or
away from the concentrator mirrors by graphite rods 10 mm (3/8 inch) in
diameter, made of graphite, grade 8735 or HC. Rods were used to minimize
thermal contact between support and sample. The support rods caused some
local blockage of concentrated sunlight; this somewhat increased the
thermal gradients and thermal stresses in the samples.

For tests of elements of the Organic Rankine module, the pointing of
individual mirrors on the test bed concentrator and the distance between
the mirrors and the receiver aperture were set to simulate the
corresponding distribution of concentrated sunlight expected with Parabolic
Dish Concentrator 1, the concentrator to be used with the Ford Organic
Rankine module in the near future. The receiver is designed for a flux
pattern peaking at 7,000 kW/m2 at an insolation of 1 kW/mZ2. In the
materials testing, the side of the sample facing the mirrors was positioned
25 mm (1 inch) closer to the mirrors and to the waist of the concentrated
pattern of sunlight than the position of the receiver aperture during
module test. The distribution of solar flux in this materials test plane
was measured with a flux-mapper. The peak measured flux in the materials
test plane was 7,800 kW/m4, but this is at an insolation of 1 kW/mz.
In the materials tests the actual insolation was somewhat lower than
1 kW/mz, and the peak flux in these tests approximately matched that for
the receiver design conditions.

TEST PROCEDURE
Solar Test

Tests were made at insolation of 580 to 960 W/m2. The concentrator
was pointed at the sun, with its shutter closed, and set to track the sun
automatically. The shutter was then opened and the sample observed.
Observations were by two means:

(1) An observer stationed in the shadow of the concentrator watched
the sample throughout each test through an opening in the center of the
mirror array, using binoculars and dark glasses.

(2) The concentrator operator observed the sample on television,
utilizing a black-and-white TV camera mounted on a receiver support leg
of the concentrator.

Tests were terminated by closing the shutter 15 minutes after it was
opened, or when the sample failed, whichever occurred first. For this
purpose, failure was initially defined as observation of cracking or of
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melting and dripping. (To reduce the risk of damage to the concentrator
mirrors from falling fragments or hot drops, tests were constrained to sun
elevations below 45 degrees). It was found during testing that some
samples cracked part-way, but did not fall apart; the procedure was later
changed to continue the test despite such cracking. Also, some samples
that survived the test without melting or cracking apart were retested for:
total exposure times up to 45 minutes.

A special test was run on a graphite sample to simulate repeated
acquisition and deacquisition, rather than walk-off. The test consisted of
669 cycles of opening and closing the shutter (initially 1.1 s open, 19.2 s
closed, soon changed to 1.1 s open, 9.2 s closed).

Several samples were tested wet to simulate exposure to rain followed
by sunlight and walk-off. They were soaked in water at a depth of 15 to

30 cm (6 to 12 inches) prior to solar testing.

Temperature measurements, with minor exceptions, were not made on the
samples during test because of the cost constraint.

During all tests, the television was recorded on a video cassette
recorder. Insolation and weather data were also recorded digitally.

Measurements Before and After Solar Test

All samples were weighed, measured, observed visually, and photographed
in color before and after solar test. Bulk densities prior to testing were
calculated from the measured dimensions and weights.

To provide a rough measure of solar absorptivity at minimum cost,
sample brightness was measured outdoors, in open shade, with a Pentax-type
brightness meter designed for use in photography, and compared with the
brightness of Kodak white and gray reflectance standards placed adjacent to
the sample.

RESULTS AND DISCUSSION

Results of the solar tests are summarized in Table 1. More detailed
results of these and other measurements are given in Ref. 2. The great
majority of the samples melted or shattered in test, many of them within
the first few seconds of solar exposure. The only materials tested that
appeared promising for walk-off protection were graphite grades G-90 and CS
and high~purity slip-cast silica.

Graphites

Grade G-90

Graphite, grade G-90, was the only material that survived l5-minutes
without melting or cracking. A sample of G-90 survived two successive
15-minute tests without cracking. (Graphite cannot be melted at
atmospheric pressure.) Another sample of this material was tested wet and
did not crack.
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Grade G-90 is an extruded material that is reimpregnated several times
with coal-tar pitch and regraphitized to reduce its porosity and increase
its bulk density. One application for this grade is as throats for solid-
propellant rocket nozzles. G-90 is a premium grade and somewhat expensive
for a graphite: about $45/kg ($20/1b). A typical protective shield for the
Ford Organic Rankine module might have a mass of about 16 kg (weight 35 1b)
if made of such graphite. The cost of about $700 for the material might be
acceptable, but is probably higher than desirable for quantity use.

Grade CS

All five samples of uncoated graphite grade CS developed, during
simulated walk-off test, a single crack extending from near the midpoint of
an edge to near the center of the specimen. In some of these samples the
crack was observed to advance gradually from edge to center. In no case
did it advance farther, nor did any of these CS graphite specimens fall
apart into two or more pieces. Two samples of CS graphite that cracked
during initial exposure were retested to a total of 16 and (with occasional
interruptions) 45 minutes, respectively, without further observed crack
advance. With two other samples of this grade (one tested wet, omne dry),
the test was continued to 15 minutes despite the single crack that formed.
After the usual post-test examination, these samples were retested another
15 minutes. No further advance of the crack was noted. Apparently the
first crack, half-way across, was sufficient to relieve the thermal
stresses and prevent further cracking. This suggests that with proper
design, including segmenting, CS graphite should provide satisfactory
walk-off protection.

CS is a commercial grade of extruded graphite and has medium grain size
and bulk density. It costs about $4.50/kg ($2/1b); a protective shield for
the Organic Rankine module would cost about $65 for the material.

Graphite grades G-90 and CS absorbed very little water on immersion and
their subsequent test performance appeared unaffected by this wetting.
Presumably rain would not impair their subsequent value for walk-off
protection.

Within the limited range of thickness tested (24 to 37 mm, 0.95 to 1.5
inches), thickness had no obvious effect upon performance of graphite

samples.

Other Graphite Grades

Other grades of graphite tested were 3499, 8826, and HLM-85. All
samples of these grades cracked apart or shattered in test; the 3499 at
exposure times of 1-1/2 to 8 minutes, the 8826 and HLM-85 in 1 to 1-1/2
minutes. The first two are fine-grained molded grades, the last a medium
grain extruded grade that is reimpregnated and regraphitized.

The test fixture used was of grade 3499 graphite and survived 42 tests,
with a total exposure time of 5.5 hours, without cracking. None of the
10 mm (3/8 inch) diameter support rods of 873S or HC graphite were observed
to fracture in service.
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Comparison of Graphite Grades

Graphite grades G-90 and CS, which performed well, are extruded grades
with medium grain size (maximum particle size nominally 750 micrometers).
3499 and 8826 are fine-grained molded grades (maximum particle size
nominally 75 micrometers); they shattered in test. This suggests
that fine grain (and possibly molding) is less desirable than medium grain
(and extrusion?) in graphites for walk-off protection. Such an
interpretation of the grain size effect is consistent with the general
belief in the graphite industry that coarse-grained graphites have better
resistance to thermal shock than fine-grained.

Rather contrary to this suggested generalization is the behavior of the
HLM-85 material, a medium—-grained extruded material which shattered in
test. Why this grade did not perform as well as G-90 and CS is not evident.

CS and G-90 were, respectively, the least dense and most dense grades
tested, so bulk density (and the corresponding inverse variable, porosity),
do not correlate well with good or poor performance in test, Only limited
data were found on thermal expansion and thermal conductivity; perhaps the
grades that behaved best had lower thermal expansion.

Many graphite grades are available besides those tested. Perhaps some
further testing of grades with a wider range of characteristics would be

worthwhile.

Coated Graphite

Three samples of graphite (grades CS and 3499) were coated with boron
nitride, which is white, to evaluate the effect of reducing the solar
absorptance of the material. The boron nitride was in the form of a fine
powder dispersed in a water-based binder of aluminum phosphate and applied
by spraying, followed by baking. 1In test, the white coating disappeared
from the area of highest solar flux, and the bare region then spread
outward uniformly to areas of lower flux. After this, the samples cracked
like uncoated samples of the same grade except that one CS sample cracked
all the way across, rather than half-way.

Two samples of graphite (grades 8826 and HLM-85) were painted with
commercial high-temperature white paints. Their behavior 1in test was

similar to that of samples coated with boron nitride.

Oxidation During Simulated Walk-Off

During testing, the graphite samples lost significant thickness at the
center of their exposed faces, with a corresponding loss in mass. The loss
in thickness due to oxidation for grades CS and G-90 varied from 0.2 mm
(0.008 inch) to 8 mm (0.3 inch) per l5-minute exposure. The corresponding
loss in mass, normalized, was 2 to 22% (normalized to l5-minutes exposure
and a standard sample size of 25 x 200 x 200 mm, 1 x 8 x 8 inch). This may
be acceptable for walk-off protection, since walk-off is expected to be an
infrequent event and the test was probably more severe than the expected
service. A protective shield could perhaps be replaced after a few
walk-offs.
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The effect of wind speed on the oxidation loss was significant and
accounts for a large part of the variation in loss between samples. The
mechanism of this effect appears straightforward: wind brings oxygen and
removes carbon dioxide from the reacting surface. The mass loss rate for
grade CS graphites was somewhat lower than that for grade G-90, under
comparable conditions. Additional testing would be desirable.

Oxidation During Simulated Acquisition and De-Acquisition

More important than oxidation of graphite during walk-off may be
oxidation during frequent normal sun acquisitions and deacquisitions. The
repeated on-sun/off-sun cycles used for one sample of grade CS graphite
were intended to give some indication of this. The sample lost 6.7 mm
thickness, 4.7% of its weight, in 669 cycles, which might represent a year
or so of service. The 1insolation in this test averaged 960 W/mz;
acquisition and deacquisition in service would probably be primarily at low
sun, when insolation would be lower. Also, the test was severe in that the
spot of concentrated sunlight remained at a fixed position on the sample;
in acquisition-deacquisition the spot would traverse the material. The
graphite in the spot reached a steady-state temperature of 650-700°C
(1200~1300°F) when off the sun, whereas after a single acquisition or
deacquisition it would cool to near ambient temperature. On the other
hand, the wind speed during the simulated acquisition-deacquisition test
was lower than desired (averaging 2 m/s, 4.5 miles/hour), so in this
respect the test conditions were less severe than would often be
encountered in service.

Silicon Carbide

Two samples of silicon carbide, from different sources, were tested.
Both shattered within a second or so. It seems evident that silicon
carbide, in the grades tested, is so sensitive to thermal shock failure
that it is unsuitable for walk-off protection.

Silica

Two samples of slip-cast silica and one of fibrous, reaction-bonded
silica were tested. The high purity sample of slip-cast silica, with fine
particle size, survived four minutes and then began to melt where it was in
contact with the graphite support rods. This is considered as an artifact
of the test and not a fair evaluation of the sample: probably the melting,
away from the area of peak solar flux, was caused by conductive heat
transfer from the support rods to the sample. Because the support rods
were black and the silica white, the rods absorbed a larger fraction of the
flux incident upon them and probably became hotter than the sample.

The sample was therefore retested, turning it over to expose the other
side and supporting it with rods which were placed farther from the area of
highest solar flux and also were coated with boron nitride (as described
above) to reduce the solar absorptance of the rods. This time the silica
sample began to melt in the area of highest solar flux, after 1-1/2 minutes
of exposure. The reason for more rapid melting in the retest is not
clear. Perbaps the impitial heating produced changes 1in the crystal
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structure of the silica that affected its solar absorptivity or thermal
emissivity. Testing of additional samples of similar material is clearly
desirable.

If high-purity slip-cast silica does not melt, it may be the material
of choice for walk-off protection since, unlike graphite, it will not
oxidize. It has the disadvantages of possible changes 1in optical
properties when heated in service and probable sensitivity to surface dirt
and contamination, which may be bard to avoid in field service.

A sample of commercial grade slip-cast silica melted within 10 seconds.
This suggests the importance of high purity and perhaps of crystal
structure. This sample had a coarser and less uniform particle size than
the bigh-purity sample and its reflectance was somewhat lower: 0.9 vs
almost 1.0.

The fibrous reaction~bonded silica (similar to a proposed second-
generation Space Shuttle tile) melted in less than 10 seconds. This sample
had a black glazed surface toward the incident sunlight, which was intended
to increase its emissivity at elevated temperatures, but also greatly
increased its solar absorptance. (The reflectance was roughly 0.05.)
Perhaps the material would be much better with a white exposed surface. It
will probably be relatively expensive, however.

Zirconia, Alumina, Mullite

Samples of these materials all melted rather quickly. The sample that
lasted the longest was of fibrous zirconia, about 25 mm (1 inch) thick,
which melted in 2 minutes. A zirconia sample of similar thickness that was
cast from a powder-vehicle mixture and then sintered melted in 30 seconds.
A sample of zirconia cloth 0.5 mm (0.02 inch) thick developed slits in
8 seconds.

The alumina samples were in the form of '"paper" (felt) 1.5 mm (0.06
inch) thick and less. All melted within 6 seconds.

The mullite samples were in the form of homeycomb, 30 to 38 mm (1.2 to
1.5 inch) thick. They melted in less than 5 seconds.

Since these refractory oxides have higher melting temperatures than
silica but melted more rapidly, other characteristics must be important in
determining bebavior in these solar tests, perhaps the absorptance/
emittance ratio, internal radiative heat transfer, etc.

Coated Copper and Aluminum

A copper sample 25 mm (1.0 inch) thick was nickel-plated and painted
with a commercial high temperature white paint. It began to melt in
2 minutes. After this test, the paint was removed and the sample repainted
with another brand of commercial high temperature paint, white on one side
and black on the other. It was then tested twice more, once with the black
side facing the concentrated sunlight and once with the white side facing
the sunlight. The sample was so placed that the area of maximum solar flux
fell on a different part of the sample in each of the three tests. With
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the repainted white face exposed, melting started in 3 minutes; with the
black face exposed, in 1 minute (Table 4). The shorter survival time with
the black paint is presumably due to the difference in solar absorptance
between black and white paints (reflectance 0.06 and 0.6 to 0.8, respec—
tively). The difference in survival time with the two white paints may
also be due to absorptance; the white giving longer survival had the higher
reflectance.

A test was run on an aluminum alloy sample 1.8 mm (0.07 inch) thick
coated on both sides with a laboratory-produced inorganic white paint
developed for use on spacecraft. It melted in about 1/2 second.
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Table 1
Summary of Results

Material Type Thickness (mm) Result
Graphite CS
3499 26 Shattered, 1-8 m
8826 26 Shattered, l-1km
HLM-85 24-26 Shattered, 1-1%m
Cs 28-37 Cracked halfway, 3-14 m
G-90 24-25 Survived 30 m
SicC 6-32 Shattered, 1 s
$i09 Slipcast, High Purity 18 Melted, 4 m (under rods)
Slipcast, Commercial 20 Melted, 10 s
Fibrous, Glazed 41 Melted, 7 s
Mullite 32-38 Melted, 1-4 s
Al,704 Paper 0.4-1.4 Melted, 2-6 s
Zr0,9 Pressed & sintered 29 Melted, 20 s
Fibrous board 25 Melted, 1 m
Cloth 0.5 Melted, 8 s
Copper ' 26 Melted, 1-3 m
Aluminum 1.8 Melted, 1 s
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RESULTS OF BRAYTON MODULE SYSTEM TRADE STUDIES

Theodore J. Nussdorfer, James B. Kesseli

Sanders Associates, Inc.

Nashua, N.H. 03060

Abstract

Sanders Associates, Inc. (S/A) has been selected to fulfill the
systems integrator role for this program, with the responsibility of
configuring and testing a Parabolic Dish Module (PDM) for the purpose
of converting solar energy to electric power. The PDM consists of a
solar concentrator, receiver, Brayton cycle gas turbine, generator
or alternator, recuperator, hybrid combustor and any additional sub-
system necessary to complete the integration of the power module and
meet the JPL/PDM specifications.

An initial phase of this work recently completed involves Trade-
off studies and Performance Analyses of various system configurations.
As presented here, this work has culminated in an integrated recommen-
ded program that utilizes for its initial experiments, components
that are available, or soon to be available. The AiResearch subatmos-
pheric gas turbine has been designated as an interim power plant to be
interfaced with one of several competitive collector designs. This
first experiment is a vital step toward the long term goal of utilizing
the DOE/NASA Advanced Gas Turbine with its predicted high temperature/
high efficiency performance for low cost Solar Brayton electric power.
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RESULTS QF BRAYTON MODULE SYSTEM TRADE STUDIES

Theodore J. Nussdorfer, James B. Kesseli
Sanders Associates, Inc.
Nashua, N.H. 03060

INTRODUCTION

Sanders Associates has been selected by the Jet Propulsion Laboratory
to perform the role of system integrator for the development of the Point
Focus Brayton Module. This portion of the program is dedicated to the eval-
uation and selection of the available components. These principle components
were classified in the four major categories: 1) solar receiver, 2) Brayton
engine, 3) parabolic concentrator, and 4) generator/alternator.

Each of the candidates have been evaluated on the basis of efficiency,
durability and 1ife, system compatibility, as well as estimates of their
ultimate production cost. The evaluation of the module centers around a
custom optimization study for the solar receiver. This design incorporates
the unique cycle characteristics of each engine candidate and the optical
focusing quality of the concentrator to maximize module efficiency.

RECEIVER

The Sanders receiver performs the function of capturing the concentra-
ted solar radiation. The proper design of this process will allow the energy
to be efficiently conveyed to a working fluid. The concept, as applied to a
small Brayton cycle, is illustrated in Figure 1. The energy transmitted
through the aperture is absorbed on a "honeycomb" matrix and convected to the
gas entering the turbine. A transparent material is required for the receiver
apertureltg gontain the cycle fluid. Results from three design and test
programs™’>~’" conducted on Sanders' solar receivers concluded that a quartz
aperture and a silicon carbide absorber are the most viable material selec-
tions at the temperature required for this application.

An outline of the receiver thermal efficiency modelling procedure is
presented in Appendix 1. Figure 1 features the descriptive parameters of
the model. This conception of the loss mechanisms has been used to develop
a quantitative prediction of receiver dimensions and performance.

Many geometries have been investigated in the design phase of the ori-
ginal Sanders/JPL solar Brayton receiverd. In this study, the critical
parameters which govern the heat transfer effectiveness of the absorber have
been analyzed using finite element techniques (ANSYS). The determination of
absorber temperature profile for various configurations could then be com-
bined with the efficiency prediction model. The optimum receiver geometry,
given by the maximum collection efficiency, could then be derived for each
set of concentrators and engine conditions.
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An example of the relative magnitudes of the six receiver thermal loss
factors is presented in figure 2. The trends exhibit the dominating effect of
the absorber radiation at elevated receiver discharge temperatures. Thermal
conduction through the insulated vessel walls is also significant but is only
a nearly Tinearly function of temperature. The best uncooled super-alloy
turbines arg capable of accepting receiver discharge temperatures or approxi-
mately 1600°F. Lower temperatures are characteristic of less advanced rotors,
or hybrid operating conditions. Temperatures in excess of 2300°F are project-
ed for the next generation of gas turbine components.

The selection procedure for the aperture diameter trades off the receiver
efficiency with that of the concentrator. For example, improvements in
receiver efficiency at decreasing aperture sizes are offset by an increased
amount of spilied power. This optimization of solar collection efficiency
requires a set of characterization parameters which describe the focusing
quality of the concentrator.

The receiver efficiency, as described in figure 3, is defined as the
power delivered to the Brayton cycle divided by the power incident on the
receiver aperture plane. The concentration ratio represents the ratio of
concentrator to receiver aperture areas. Furthermore, each point on these
curves represents the selection of the optimum receiver aperture and absorber
sizes necessary to maximize collection efficiency for the given set of engine
and concentrator specifications.

Figure 4 describes the performance of a hypothetical Brayton engine and
generator. The trend of increasing efficiency with increasing turbine inlet
temperature is exhibited as an example of typical or projected open cycle
recuperated {or regenerated) engine performance. These characteristics can
then be combined with the results from the previous figure to describe the
overall conversion efficiency. The combination of the solar receiver, the
Brayton engine and the electrical generator is termed the Power Conversion
Assembly (PCA).

Some of the results of this multi-dimensional optimization analysis are
presented in figure 5. From this set of curves it is possible to evaluate the
overall power conversion assembly performance for the various component combi-
nations. Further, the impact of adjustments in individual component efficien-
cies may be weighed against economic factors.

BRAYTON ENGINES

The output power required for Brayton engines suitable for incorporation
in Parabolic Dish Solar Brayton/Electric Systems is largely driven by the
economics of the concentrator since approximately 50% of the overall system
cost can be attributed to the concentrator. Various studies have been conducted
(e.g. JPL/reference 5) that predict optimum collector diameters as large as
the 11M-12M size. The thermal energy collected by such a dish translates to a
nominal 20KW of electrical power for existing metal engine technology.

Both recuperated and unrecuperated cycles in this power range were as-
sessed in the initial stages of this program. Following an economic assessment
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of projected power costs for both types of engines, it was concluded that

the addition of a recuperative heat exchanger was cost effective. The small
simple cycle was defeated primarily due to the inherently low potential effi-
ciency. These small rotors face a serious degradation in efficiency for the
high pressure ratios necessary to attain the good unrecuperated cycle effi-
ciencies, due primarily to clearance leakages. However, the optimization of
the recuperated Brayton cycle occurs at relatively low compression ratios,
thus reasonable compressor and turbine efficiencies can be realized.

Four recuperative engines have been identified in this power range.
AiResearch (Phoenix Division), and Detroit Diesel Allison (GM) are presently
engaged in a competitive program sponsored by DOT/NASA to develop a Brayton
engine for automotive use. These companies are pursuing similar paths
toward ultra high efficiencies. The emphasis in this program is on the dev-
elopment of ceramic turbines, regenerators, and 313 hot section parts to
permit turbine inlet temperatures approaching 2500°F. Shaft efficiencies
on the order of 40 to 45% are projected. Although these engines are design-
ed to deliver a peak power of 75KWs, their most efficient operating region
corresponds to an automotive highway cruise condition at approximately 20KWs.

A solarized early version of this advanced gas turbine (SAGT-1A) engine
has been assembled as an intermediate step in the engineering development.
This prototype demonstrates the advanced design configuration with metal
components. This enaine does not promise high efficiencies at this stage of
development but will provide the means for a solarized module test program
at the JPL Parabolic Dish Test Site in January 1983.

Another small Brayton is under development at AiResearch (Torrance, CA)
for use in commercial air conditioning units. This engine, fabricated from
Tow caost metal castings, is attempting to enter this very cost competitive
market within the next few years. The design incorporates elements necessary
for a high reliability long Tife system. It is capable of providing a Mean
Time Between Failure (MTBF) comparable to that of large scale utility gener-
ating Braytons, which are among the most reliable power plants operating
today. The shaft efficiency is expected to reach the practical state-of-the-
art Timit for metallic components. At 30% efficiency, approximately 8KW of
electrical power is available.

This 8KWe engine utilizes a configuration termed a subatmospheric
Brayton cycle (SABC). It is essentially a closed cycle Brayton configuration
in which a portion of the compressor exhaust air is vented at atmospheric
pressure. The gas passing through the turbine, therefore, expands from
nominally atmospheric pressure (14.7 psia) to the compressor suction press-
ure of approximately 7psia. One consequence of this configuration is the
alleviation of the pressure load on the solar receiver. Through the elimin-
ation of the pressure vessel codes, a reduction of cost and a simplification
of the design will occur.

CONCENTRATORS

Several concentrators, in the required power range, are under develop-
ment. Some of their characteristics are 1isted in figure 8. The quantities

125




GARRETT GARRETT DDA GARRETT
SABC SAGT-1A SAGT-100 SAGT-
MOD 1 MNOD 2
urr 1600 1600 1975-2350 2500
RPM OF QUTPUT TURBINE 80,000 80,000 68,000 100,000
SHAFT AT MAX POWER
M LB/SEC .25 .56 .76 .76
MAX SHAFT POMER OUT,KWs 9.3 17 75 75
WEIGHT, LB 750 450 300 300
TYPE OF RECUPERATOR/ METAL PLATE| CERAMIC CERAMIC CERAMIC
REGENERATOR FIN WHEEL WHEEL WHEEL
DERIVATIVE FROM: AIR CONDI- JADVANCE [ADVANCE ADVANCE
TIONING & [AUTOMOTIVE JAUTOMOTIVE | AUTOMOTIVE
TURBO
SUPER-
CHARGER

Fig.7:2BRAYTON ENGINE CANDIDATES

DESIGNATION CONCENTRATION RATIO REFLECTIVE SURFACE MANUFACTURER STATUS
T8C 2600 | 2ND SURFACE GLASS + E-SYSTEMS 2 IR USE AT PDTS
FOAMGLASS BACKING
PDC-1 950 COATED FIBERGLASS MOLDED GE DESIGN 1 IN DEVELOPMENT
PANELS FAAC CONSTRUCTION
PDC-2 2600 2ND SURFACE GLASS + ACUREX DESIGN ONLY
FOAMGLASS PANELS
ADVANCO 2000 2ND SURFACE GLASS ON ADVANCO 1 IN DEVELOPMENT
FOAMGLASS PANELS
PKI 250 - 800 2ND SURFACE GLASS PANELS POWER KINETICS 3 IN USE
ON CURVED STRUCTURE
ESSCO 1500 PLASTIC COATING ON ALUMINUM ELECTRONIC SPACE 1 IN TEST
SYSTEMS CORP.
* SKI 290 PLASTIC COATING ON ALUMINUM SOLAR KINETICS 100+ IN OPERATION
LadJET 1500 PLASTIC FILM OVER EVACUATED LaJET ENERGY 3 IN TEST
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of available reflected power are suitable for two engine categories. The
concentrators in the 11 to 12 meter diameter range will be considered for
integration with the advanced automotive gas turbines. The smaller concen-
trators, Essco, Ladet, SKI and PKI, are well suited to the 8KWe SABC engine.

A performance comparison is normally accomplished on the basis of re-
flector surface quality. Structural integrity is also important to assure
that the optical quality does not deteriorate due to thermal expansion and
wind loading. The column in figure 8 entitled "Concentration Ratio" is
presented solely for the purpose of comparison of the various candidates.

It Tists the ratio of the concentrator collection area_to a near optimum
receiver aperture area appropriate for use with a 1600 F Brayton engine. Few
concentrators have been satisfactorily characterized to date. Only the TBC
(Test Bed Concentrator) and SKI (Solar Kinetics, Inc.) have been tested to
the extent necessary to conduct the PCA optimization analysis previously
discussed.

Large Concentrators

Two TBC's have been built for the JPL by E-Systems, Inc. and installed
at Edwards Air Force Base. These concentrators have demonstrated excellent
focusing characteristics. The glass on foam glass panels are highly accurate
and a rigid back structure is provided. However, these units were not des-
igned and constructed with a strong emphasis on cost reduction techniques.

Much of the technology developed from the TBC program has been applied
to the PDC-2 (Parabolic Dish Concentrator). Acurex, as a prime contractor,
seeks to duplicate the performance of the TBC while providing a feasible cost
effective approach. Two types of reflector panels have been tested. Glass
on a Taminate plastic backing was originally viewed optimistically because
of the significant cost advantage in production. The individual panels did
not perform up to expectations in the test phase of the program. The glass
on foam glass panels are again being reviewed but plans for manufacturing the
concentrator are still on hold. The size of the concentrator, and the goals
of this development program are well suited for the advanced automotive gas
turbine derivatives.

The Advanco concentrator is presently in the desian phase for use in
the Stirling POM program. Their approach utilizes the JPL/TBC panel design.
The performance of this unit is expected to be close to that of the TBC and
a significant reduction in cost is anticipated. Characterization is at
least a year away.

The PDC-1 was delivered to the JPL Edwards Test Site in the summer of
1982. This concentrator was designed by General Electric and built under the
direction of Ford Aerospace and Communications Corp. (FACC). Characteriza-
tion has not yet been completed but is expected by January of 1983. Prior
to delivery, individual gores were tested by the JPL. Based on these project-
ions, the receiver optimization model indicates that a concentration ratio of
about 950 is appropriate for the 1600°F Brayton PCA. The gores feature a
mylar film bonded to a glass reinforced plastic sandwich panel. This fabri-
cation process is expected to yield a low cost production unit. The 12 meter
diameter PDC-1 is approximately 19% larger than the PDC-2 design. Although
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its optical performance and hence the collection efficiency is lower than
that projected for the PDC-2, analysis indicates that the power available to
the engine is about the same in either case.

Small Concentrators

SKI has produced more parabolic concentrators than any other manufactu-
rer. As the principle supplier for the Shenandoah program, they delivered
120 units complete with tracker and a focal mounted 1iquid heat exchanger.
The surface quality is only adequate for very low temperature Brayton cycles.
Moreover, the design employed does not appear to lend itself to future
improvements without extensive changes. The pressed panels are low cost but
relatively crude. The overall structure also is quite massive, yet the
panels are visibly distorted by wind gusts. The unit is presently available
at a relatively low cost but does not appear to have the performance needed
to compete with the higher performance designs.

Essco (Electronic Space Systems Company) is aggressively pursuing a
private venture to manufacture their 7.3m diameter concentrator in large
volume. The reflector panels, like SKI, utilize a mylar film on a molded
aluminum panel. A box beam back structure provides the basis for a very
rigid structure. Through Essco's vast experience in the ratio telescope
field, they have devised a very precise and accurate method of panel fabri-
cation. Their first unit has been on test for over a year but no character-
ization data has been made available. It has recently been moved to the
University of New Mexico for evaluation and some data is expected in the
near future.

Power Kinetics, Inc. (PKI) is marketing an innovative concentrator which
employs a fresnel concept. One foot square panels are arranged in 12 groups
of 72 panels each. This design incorporates low cost commercially available
components and is easy to transport and assemble. Additional cost savings
have been realized due to the Tow overall structure weight. An advantage of
this segmented paraboloid is that wind loading is reduced. Thus, adequate
rigidity is obtained with a minimized structure weight. One shortcoming of
this design is that the use of the one foot square plane panels Timits the
overall concentrating ability. In its present configuration, the PKI
performance is comparable to that of the SKI concentrator. A future effort
is under consideration to introduce a one dimensional contour to the indiv-
idual panels. Also, due to the relatively long focal length of this unit,

a preliminary analysis has indicated that a terminal concentrator would
improve the performance. Efforts in these areas could increase the concentra-
tion ratio of system from about 300 to 800 and consequently greatly enhance
its commericial viability for use with the Brayton module.

Another promising concentrator candidate is under development at Ladet
Energy. A lightweight space frame is used to support a cluster of 60 inch
diameter parabolic dishes. The contour of each dish is obtained by stretching
a mylar film over a partially evacuated drum. The surface quality of indiv-
idual reflectors appears to be quite good, however, adequate characterization
has not yet been completed.




The modular construction of this design provides the capability for
expansion. The range of power available from this unit is well suited for
the SABC engine. Three Ladet concentrators are presently undergoing field
testing and characterization data is expected in the near future.

In conclusion, four concentrator candidates compatible with the 8KWe
SABC engine will be available for the Parabolic Dish Module (PDM) Development
Program scheduled for 1983. The three most advanced designs, Essco, PKI,
and LaJet offer the most near term potential.

The Essco design relies on a precision fabrication process with proven
accuracy, but the cost effectiveness of this process in the solar PDM market
has not yet been demonstrated. The PKI approach, on the other hand, utili-
zes low cost prefabricated components as well as a simple fabrication process.
If characterization of the LaJdet unit confirms predictions it becomes the
1ikely choice.

CONCLUSIONS AND RECOMMENDATIONS

The Tong term goal of this Solar Brayton/Electric Development Program
1s to utilize a high efficiency, Tow cost., advanced production Brayton
engine. The current sh8rt range program recommendation is to design, build,
and test a smaller 1600°F T.I.T. unit (SABC) utilizing nearer term technology.
The technical system challenges for a Solar Brayton Electric System are simi-
Tar with both the SABC and the SAGT candidates, but only the small concen-
trator and engine is available to this program in the proper time frame.
Problems associated with the system operation will be understood and economic
solutions obtained in anticipation of the 2nd Generation development utili-
zing an adaptation of the automotive turbine.
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APPENDIX 1
RECEIVER OPTIMUM EFFICIENCY DESIGN MODEL

§ REPLECTION BY WINDOW = BI OF INCIDENT ENERGY

¢ THERMAL LOSS FROM RECEIVER SHELL = uAy (T4 - T.)

WHERE U = OVERALL HEAT TRANSFER COEFFICIENT -
AND FREE CONVECTION COEFFICIENT = llTU/FTzHl O
THERMAL CONDUCTIVITY OF CERAFORM INSULATION
To ™ TURBINE EXHAUST TEMPERATURE

To = 60O

Ag ™ SHELL SURFACE AREA
=21, +0) (L' (RA/n')U" * %)
+* l'(uA +6)2
§ = INSULATION THICKNESS
L',R' = PLENUM DESIGN PARAMETERS
X = DISTANCE BETWEEN ABSORBER AND WINDOW

® CONVECTION FROM WINDOW SURFACE = HA (T, -T))

WHERE H * FREE CONVECTION COEFFICIENT

T, ™ WINDOW TEMPERATURE = E6T/2
(FROM ANSYS MODEL)

Ay ™ WINDOW APERTURE AREA

® RADIATION FROM WINDOW SURFACE
. ® Age ('ru" - 'r.“)

WHERE ¢ = EMISSIVITY OF QUARTZ AT T,
o= BOLTZMAN CONSTANT

@ INTERCEPT FACTOR OF INCIDENT ENERGY DISTRIBUTION
ON WINDOW
iAZ,Z,z
= 1l-¢
WHERE O = STANDARD DEVIATION OF ENERGY DISTRIBUTION

® SHADING OF CONCENTRATOR BY PCU

= Ry *+ Fﬂ)z/An

WHERE: Rp ™ RECEIVER OUTSIDE RADIUS
F ™ CONCENTRATOR FOCAL LENGTH
@ ® SUN ANGLE
Ap ™ CONCENTRATOR COLLECTION AREA

@ RERADIATION FROM RECEIYER ABSORBER
= Agetr, (17 - 1Y)

WHERE : AA * ABSORBER AREA
: ABSORBER RADIUS = X TAM © + R,

o = tan “L/2emy

€ = EMISSIVITY OF SIC MATRIX FUNCTION OF T,
T = TRANSMISSIVITY OF QUARTZ WINDOW
(OVER EMISSION SPECTRUM OF ABSORBER)
Ty ™ ABSORBER TEMPERATURE = TURBINE INLET
TEMPERATURE + AT
WHERE: AT = EMPIRICAL FUNCTION OF SOLAR [RRADIANCE
(BASED ON ANSYS MODEL)

AND F, = GEOMETRICAL VIEW FACTOR FROM ABSORBER
THROUGH WINDOW
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GARRETT TURBINE ENGINE COMPANY
BAK A DIVISION OF THE GARRETT CORPORATION
PHOENIX. ARIZONA

SOLAR ADVANCE GAS TURBINE
BRAYTON POWER CONVERSION ASSEMBLY

B. Anson

ABSTRACT

The solar advanced gas turbine Brayton power conversion assembly,
SAGT-1A, is being developed by The Garrett Turbine Engine Company and
Sanders Associates, Inc. Garrett has designed, fabricated and assem-
bled the engine, generator and solar receiver under DOE/JPL/NASA Con-
tract DEN3-18l1. Further, all necessary ancillary equipment required
for the feasibility tests at the JPL parabolic dish test facility has
been completed and verified operational.

The Brayton engine, SAGT-1l, which will be used in the power con-
version assembly, is approaching completion of required development
for use in SAGT-1A. The engine is derived from the Advanced Gas Tur-
bine, AGT101l, now under technology development by Garrett and Ford
Motor Company for automotive use under DOE/NASA Contract DEN3-167. To
date, the engine has demonstrated operation over its entire speed
range to 100,000 rpm and has produced 22 horsepower during initial
performance testing.

SAGT-1A power conversion assembly testing at the JPL parabolic
dish test site is planned for early 1983 with initial system operation
in late 1982 at Garrett in Phoenix Arizona.
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1.0 INTRODUCTION

A solarized advance gas turbine brayton power conversion assem-
bly, SAGT-1lA, is being developed by Garrett and Sanders Associates for
feasibility testing at the JPL Parabolic Dish Test Site. Garrett is
performing this effort under DOE/JPL/NASA Contract DEN3-181. This
contract was amended in 1982 from the original task of developing a
solar powered version of the Advanced Gas Turbine AGT10l1 (SAGT-1) to
include design, fabrication and testing of a power conversion assembly
utilizing the SAGT-1. This task required design of a power takeoff
for the SAGT-1 to drive an induction generator, a structure on which
the induction generator and solar receiver could be assembled, inter-
connecting ducting to the Sanders Solar receiver and all hecessary
support equipment required to conduct the feasibility tests at JPL.

This paper provides a report on the design and present status of
the SAGT-1A and the AGT101 technology development status, from which
the SAGT-1 is derived. The planned SAGT-1A testing also is discussed.
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2.0 SAGT-1A DESIGN

The SAGT-1A power conversion assembly has been designed to demon-
strate the feasibility of a Brayton engine operation with either solar
energy or fossil fuel. The three major assembly components are the
Brayton engine (SAGT-1), the Sanders Solar receiver and the induction
motor /generator.

Figures 1 and 2 show the SAGT-1A assembly with several design
features outlined below:

o) The SAGT engine has the same internal configuration as the
AGT101 (Figure 3) now in technology development--only the
ducts providing engine through-flow air diversion to the
solar receiver, differentiates the two engines--the engine
output speed is reduced via a 38-inch gear system into a
timing belt drive to the generator--the gearbox output also
drives the engine regenerator--the belt drive is designed to
accommodate several different pulley ratios so that engine
speed may be optimized during the feasibility tests

o Engine control components also are obtained from the AGT101
program--this system utilizes a microprocessor control with
a readily reprogrammable feature--this system was easily
modified to perform the necessary solar operational require-
ments

o) When operating on fossil fuel, the engine will use the
unmodified AGT10l combustion system

(o} Engine air flow to and from the Sanders receiver is accom-
plished by two specially designed ducts that provide for
thermal growth between the two components--internally reac-
ted pressure loads in the flexible joints and a minimum
pressure loss between the engine and reciever

o] The selected induction generator is a commercially available
high-efficiency, 60 Hertz machine and is directly connected
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136




o
FUEL CONTROL

EXHAUST
COMBUSTOR

SOLAR
RECEIVER

RECEIVER IN
RECEIVER OUT
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FIGURE 3.

AGT101 Automotive Gas Turbine Engine.
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to the ac grid--this eliminates the need for a separate
power conditioning unit as well as an engine speed/load con-
trol--further, it serves as the SAGT-1 engine starting
engine

o) The SAGT-1lA also is designed to mount directly to the JPL
Test Bed Concentrator

Additional special equipment required to support the SAGT-1A
tests are schematically shown in Figure 4--this equipment has been
designed, fabricated, and operationally verified at Garrett.

The SAGT-1A, and related support equipment, was designed to be
easily transportable and capable of operating with an ac power input,
fossil fuel (DF2) and/or solar energy. Tests at Garrett involve test-
ing only with fossil fuel. The electrical equipment enclosure that
will be located at the base of the parabolic mirror contains the fol-
lowing:

o Electronic microprocessot control and related power supply
o] Relays necessary to activate the induction motor/generator
o Relays required to actuate several system valves required

for the feasibilty tests

The instrument and control console will be located in the site
control room-~-this console contains all necessary control functions
and instrumentation required for SAGT-1lA operation. The console
receives power and inputs from the equipment cabinet through two spe-
cially fabricated electrical cables approximately 400 feet long. The
console also provides for recording of pertinent engine operating
parameters.
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3.0 SAGT-1 STATUS

As previously mentioned, the SAGT-1 power section is the AGT10Ql
engine except for the ducting required to interface the engine with
the solar receiver. While the SAGT-1 has been checked out with the
ducting, engine testing has been an integral part of the AGT101l tech-
nology development. During development testing, the engine is
referred to as AGT1l01l S/N 003. A brief synopsis of the AGT10l devel-
opment follows:

o First engine test was achieved in July 1981

o] First self-sustaining engine operation occurred on December
15, 198l--the engine was operated at a speed of 50,000 rpm
for 1 hour and 58 minutes

o Since that time three AGT10l1 engines have been tested--on
September 28, 1982 S/N 001, Build 7 achieved full opera-
tional speed of 100,000 rpm--all three AGT engines have now
achieved full speed--during initial performance testing in
October 1982, Engine S/N 003 produced 22 horsepower--a sum-
mary of the engine testing to date is presented in Table 1.

Performance testing will continue. Engines S/N 001 and S/N 002
are test beds for ceramics and the other technologies being developed
under the AGT10l1 program. The SAGT-1 will be mated with the Sanders
Receiver and tested as an assembly at Phoenix before shipment to JPL's
Parabolic Test Site.

TABLE 1. AGT101 TESTING THROUGH NOVEMBER 16, 1982

Power Section
Serial Number Starts Operating Time
001 101 71 hrs 47 min
002 20 20 hrs 48 min
003 41 10 hrs 39 min
Total 212 103 hrs 14 min
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4.0 SAGT-1A TEST PROGRAM

Garrett, under DOE/JPL/NASA-Lewis direction and in conjunction
with Sanders Associates, has formulated a feasibility test program for
the SAGT-1lA. This program is comprised of three major elements as
outlined below:

4,1 System Checkout and Calibration at the Garrett Phoenix Facilty

Testing in this phase will be accomplished only with fossil fuel.
These tests will provide both a checkout for operation of the system
and performance information at anticipated power conditions. After
satisfactory completion of these tests, the system will be shipped to
the JPL parabolic Dish Test Site.

4.2 Parabolic Dish Installation and Operation with Fossil Fuel

The system will be installed at the JPL facility and operated
with fossil fuel to checkout the engine, receiver and dish. Several
operating conditions similar with Phoenix test conditions will be con-
ducted to verify proper system functioning and performance.

4.3 Solar Operation

In the third phase, the SAGT-1A will be opera%ed using solar
energy from the mirrored concentrator. A semi-automatic control sys-
tem will provide constant turbine inlet temperature.

This test series is designed to demonstrate feasibility of the
Brayton engine and solar receiver for solar power generating applica-
tions. Further, sufficient test information will be compiled to pro-

vide the necessary data for further Brayton system development.
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The AGT101 and SAGT programs are providing a technology base for
future gas turbine engines. Ceramics, low-emissions multi-fuel com-
bustion, rotary regenerator, gas bearing, controls and high perfor-
mance, aero, and thermal component development are all a part of these
important programs.
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Distributed Solar/Gas Brayton Engine Assessment

Jean Rousseau

AiResearch Manufacturing Company

Torrance, California 90509

BACKGROUND

A 10-ton gas-fired heat pump is under development at AiResearch under
Gas Research Institute (GRI) sponsorship. This system, shown in Figure 1,
features a highly efficient Brayton-cycle engine driving the centrifugal
compressor of a reversible vapor-compression heat pump. The engine is
subatmospheric and the natural gas fuel is combusted at atmospheric
pressure. Pertinent performance data are listed in Figure 1 for the
cooling mode of operation. The power delivered by the engine is estimated
at 10.3 hp, at the conditions shown in the schematic.

The investigations described in this paper concern the commercial
feasibility of solarizing this heat pump. As work progressed, the scope
of the program was expanded to include other system configurations, which
led to the evaluation of a hybrid cogeneration system,
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SOLARIZED GAS-FIRED HEAT PUMP

Description

Figure 2 illustrates the overall arrangement of the solarized heat
pump and the location of the major components. The Brayton engine will be
mounted at the focal point of the concentrator for close thermal coupling
with the receiver. The Rankine vapor-cycle equipment will be on the
ground to minimize weight at the focal point. This repackaging of the
basic gas-fired heat pump has implications that affect the overall per-
formance of the system:

(] Incorporation of the solar receiver between the recuperator and
the combustor

° Liquid and vapor lines between the engine-driven vapor
compressor and the remainder of the refrigerant subsystem

) Liquid heat transport loop between the engine heat sink
exchanger and the heat pump package

10-TON GAS-FIRED HEAT PUMP

SOLAR
RADIATION
RECEIVER ] I
| BRAYTON ~ | CONDITIONED
T e o nesensne [ | B
_” L JHiGH- ENGINE [ MECHAN-
— TEMPERATURE! ICAL [~

CONCENTRATING ENERGY

COLLECTOR NATURAL I

THERMAL I POWER
GAS

REFLECTOR PANELS RECEIVER/
ENGINE

HEAT PUMP

PACKAGE \

FLUID/CONTROL
LINES A-26120

Fig. 2. Solarized Heat Pump System Concept

System Performance

In this type of heat pump system, the absence of thermal storage for
solar energy makes it necessary to perform calculations on an hourly basis.
This required the development of system/subsystem computer programs to
mechanize the year-round performance calculations. Preliminary investiga-
tions showed that the optimum match occurred when the solar collector and
receiver provide all engine energy requirements at the maximum insolation
rate. With a combined collector/receiver efficiency of 0.79, this corres-
ponds to a solar collector area of 385 sq ft.
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A1l heat pump systems were analyzed in applications defined by three
typical buildings and six representative geographic locations.

] Building Types e Geographic Locations
Low-rise motel Madison, Wis.
Small office building New York, N.Y,
Small retail store Nashville, Tenn.

Dodge City, Kan.
Fort Worth, Tex.
Phoenix, Ariz.

In the applications considered, the building heating/cooling loads
must be met whether solar energy is available or not. Conversely, excess
solar energy over that required to satisfy building loads must be wasted.
In such a demand system without storage, there is a fundamental mismatch
between the heating/cooling demand and the availability of solar energy:
50 to 70 percent of the solar energy collected is wasted in this system
arrangement. Figure 3 shows energy balance data for a typical applica-
tion.
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Fig. 3. System Performance for Nashville
Low~-Rise Motel With 385-sq-ft Collector
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Table 1 summarizes yearly energy and economic data for a 10,000-sq-ft
motel in the six locations considered. The energy savings through solar-
ization are not sufficient to offset the high initial cost of the solar
collector and receiver.

TABLE 1

ECONOMIC COMPARISON - 10,000-3Q-FT MOTEL

Madison | New York | Dodge City | Nashville | Fort Worth Phoenix

Solar-assisted gas-fired

Yearly energy consumption

e Natural gas, MMBtu 726 336 487 298 200 246

e Electricity, kw-hr 30,600 | 14,800 24,500 13,900 10,500 15,200

Operating cost, $/year 5,122 3,223 2,935 2,0u1 1,196 2,031

Initial cost, $ y9,700 | 23,1450 41,475 24,850 17,150 26,000
Gas-fired

Yearly energy consumption

e Natural gas, MMBtu 1,001 425 734 388 274 397
e Electricity, kw-hr 34,400 16,000 27,200 14,800 10,100 14,500
Operating cost, $/year 6,610 3,840 3,926 2,543 1,433 2,686
Initial cost, $ 32,900 14,900 26,800 15,800 9,530 14,300
Equivalent energy savings,
MMBtu/year 31.3 101 274 109 70 143
Simple payback, years 11.3 13.9 14.8 18.0 32.2 18.8
Conclusions

The conclusions reached with respect to the solar-assisted gas-fired
heat pump are summarized as follows:

(a) The simple payback periods estimated for all buildings/locations
considered are unacceptable

(b) Solar utilization efficiencies must be increased significantly
for economic feasibility

Several approaches were considered to improve the system effective-
ness in utilizing the collected solar energy:

(a) Storage of high-temperature solar energy was rejected as
impractical because of the high weight necessary at the focal
point. This presents technological problems and does not
resolve the problem of long-term storage that is necessary for
high solar utilization in spring and fall.
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(b) Storage of heat pump effect in the cooling and heating modes
becomes very complex considering the two sources of heat and
also the possible requirements for heating and cooling on the
same day. This approach also does not resolve the spring/fall
waste of solar energy.

(c) Constant cooling load applications were investigated. In this
situation all solar energy collected is used in the Brayton
engine. As a result, much lower paybacks are estimated in
comparison to the basic gas-fired heat pump.

However, the major performance advantage of the basic 10-ton
gas-fired heat pump over conventional systems is in the heating
mode, rather than the cooling mode. Consequently, the advant-
ages of the solarized version of this machine in a constant
cooling mode application are questionable. Furthermore, the
market potential is limited by the constant base load appli-
cation.

HYBRID COGENERATION SYSTEM

Description

The hybrid cogeneration system is shown in block diagram form in
Figure 4. The system is hybrid with regard to energy input--solar,
natural gas, or both--and will supply electrical power as well as thermal
energy at temperature levels up to about U400OF, The system investigated
utilizes the subatmospheric Brayton-cycle engine. In this arrangement the
engine drives a permanent-magnet alternator at shaft speed. The high
frequency power from that engine can be converted to any power quality
desired, depending on the particular application.

~a BRAYTON
SOLAR {ON RECEIVER || coMBUSTOR}|—+| CYCLE }-- CONVERTER %:hi‘:':\:cn
RADIATIO - ENGINE
Y
CONCENTRATOR

THERMAL | __ THERMAL
NATURAL GAS TRANSPORT—  ENERGY

HYBRID COGENERATION

A-36477

Fig, 4., Hybrid Cogeneration System Arrangement

149




The waste heat is from the engine heat sink heat exchanger and is
obtained through an intermediary liquid loop between the engine and the
ground. In this arrangement, engine operation is at constant speed
(75,000 rpm) and constant turbine inlet temperature (1600°F). This is
done by control of fuel flow to supplement solar thermal energy input.

Performance

The performance of the system was determined for the six locations
considered in this study and covered a range of duty cycle and waste heat
utilization. The lowest duty cycle considered in each case corresponds to
system operation whenever solar energy is available at a rate higher than
10 percent of design. In this case, there is always a solar contribution
and natural gas is used to make up the engine thermal input requirement.
Expanding the duty cycle of the system for operation on natural gas alone
will increase the electrical energy production of the system and also
increase the availability of waste heat.

Baseline economic parameters are listed in Table 2. Figure 5 shows
performance and economic data for the six locations considered. Figure 6
shows parametric data for Dodge City, Kansas.

TABLE 2

BASELINE ECONOMIC PARAMETERS

Initial equipment cost $16,300

Down payment 30 percent

Salvage value 0

Energy cost, 1982 Electrical, $/kw-hr Natural Gas, $/MMBtu
Madison 0.058 4.61
New York 0.087 5.76
Nashville 0.051 4,61
Dodge City 0.051 3.46
Fort Worth 0.048 3.46
Phoenix 0.059 3.61

Energy Escalation rate Natural gas: 15.6 percent to 1986,

10.3 percent after 1986
Electricity: 8.2 percent to 1986,
8.3 percent after 1986

Elect. power buy-back 1.00 x average price
Misc. operating cost 1.5 percent of cost
Year of operation 1986

Price year 1981

Period of analysis 20 years

Borrowing period 20 years

Accounting lifetime 5 years

Energy tax credit 10 percent
Investment tax credit 10 percent

Income tax at margin 50 percent

Property tax 0 percent

General inflation rate 7.1 percent
Interest rate . 10.1 percent
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Fig. 6. Parametric Data for Dodge City, Kansas

The hybrid cogeneration system was found to yield a very attractive
return on investment for all geographic areas considered over a range of
duty cycles. Higher duty cycles and higher rates of waste heat utiliz-
ation offer higher return on investment.

In addition to the economic benefits demonstrated for the hybrid
cogeneration system module by itself, this system offers the general
advantages of the distributed receiver concept for power generation.
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Conclusions

The economic analyses performed have shown that the hybrid cogenera-
tion system offers very attractive rates of return. The two major system
features--solar/gas energy sources and waste heat utilization--contribute
to the high potential return on investment.

The data generated over a range of duty cycles and utilization of
waste heat available show that a higher duty cycle will result in higher
economic benefit because of the better utilization of the equipment.

Also, the higher the fraction of the available engine waste heat utilized,
the higher the economic benefit.

DISCUSSION

The initial objective of the study program was to demonstrate the
commercial feasibility of solarizing the basic 10-ton gas-fired heat pump.
This proposed hybrid heat pump system was essentially a demand system
where the heat pump is operated to satisfy a heating or cooling load in a
conditioned space. Performance analysis of this system revealed that
there is a mismatch between the heating and cooling demand and the avail-
ability of solar energy. Under these conditions, a large portion of the
available solar energy is wasted and the initial cost of the equipment
necessary to collect and process this solar energy cannot be Jjustified
economically.

These advantages are the result of (1) optimum use of the reflector
surface, which is always pointed to the sun, and (2) a modular approach,
which offers the following:

) Broad market potential--size can be matched to the application
by addition of identical modules

. Potential for factory volume production techniques because of
relatively small size

° Installation simplicity with minimum field work

® Operational flexibility whereby high efficiency is maintained
over a wide range of loads

° High availability with minimum redundancy

This is made possible by (1) the high efficiency of the Brayton engine and
(2) close coupling between the receiver and the engine.

A formal market survey was not conducted to determine the full com-
mercial potential for the hybrid cogeneration system. However, a
preliminary match of the major features of the system was made to the
potential markets for such a device. This initial identification of
markets is summarized in Figure 7.
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Fig. 7. Potential Markets

The basic cogeneration features (electrical power and thermal energy)
will be attractive for a number of industrial, commercial, and military
applications where waste heat is necessary either for processes, water
heating, and space conditioning. The system can also be used as a total
energy system.

As mentioned above, in a modular installation very high availability
can be realized with minimum redundancy. Uninterruptible power systems
can be integrated with such a modular arrangement at minimum cost. Numer-
ous applications exist for such systems, including computer installations,
hospitals, and military applications.

The heat-powered system, either solar or gas-fired, can be advanta-
geously used by utilities, by industry, and in commercial applications to
reduce or totally eliminate electric power peaks.
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Prospects for Enhanced Receiver Efficiency

William A. Owen
Jet Propulsion Laboratory

Pasadena, California

Solar receivers are the link between the concentrated solar energy and
the engine or process that utilizes the energy. While much time and effort
have been expended on developing concentrators and heat engines, comparatively
little has been spent on receivers. This is probably due to the perception
that they are inherently simple, low cost devices. Recent system studies
however emphasize that receivers play just as important a role in system
efficiency as the more complex components.

Until recently, receivers were designed using conventional heat ex-
changer techniques. But when these designs were converted into hardware,
none performed as well as expected with losses exceeding calculations by 5%
to 50%. 1In retrospect, these often substantial differences are not surprising
when the complexity of the receiver as a thermal system is assessed. In any
complex system, analysis is difficult especially in finding omissions in the
model but this was especially true for receivers which had been given little
overall system analysis. And, too, very little previous work, either
analytical or experimental had been done on phenomena especially important
to small cavities such as aperture convection or gray body radiation.

As more point focussing systems were constructed, a considerable body
of data emerged. Table I lists a number of the earlier point focussing
solar receivers for which good data was available. Examination of this data
highlighted many of the special problems especially for higher temperature
systems. It became clear that a number of design aspects including cavity
shape, use of windcws, coatings, surface condition, radiative properties,
cavity convection effects, reflection, wind screens, lifetime, and other

TABLE I. EARLY RECEIVERS FOR WHICH PERFORMANCE
DATA WAS AVAILABLE
- Garrett Steam Receiver

- Sanders High Temperature Solar
Receiver

- Garrett Brayton Receiver
- GE Receiver-Shenandoah

- Omnium-G

- Organic Rankine-Ford

- Stirling
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more secondary characteristics needed integration into a comprehensive design
scheme. It also appeared likely that here was an opportunity to reduce
system costs with only a relatively small R & D resource expenditure since
even though the receiver was a critical link in the efficiency chain, there
were many modes of improvement possible since not much optimization had been
done previously compared to other major system elements.

Receiver efficiency depends on a multitude of thermal and hydrodynamic
processes. Table II is a partial list of some of these. To reduce the
receiver design problem to manageable size, one way is to examine each mode
of heat loss, radiation, convection, and conduction, determine their
importance in the overall receiver performance, and operate on each to reduce
all losses to a minimum. From such an "ideal receiver design, sensitivity
analyses will permit each element of the receiver design to be examined for
its overall system effect.

Table III shows typical loss data from medium temperature receivers
under test on the 80 kWth Test Bed Concentrators at JPL's Parabolic Dish
Test Site. In the 800°C to 1100°C (1500°F to 2000°F) temperature range, it
can be seen that a typical 85% efficient receiver's losses are about one half
from radiation, another quarter from cavity convection, and the remainder
from other effects, largely conduction. While the absolute amounts are
obviously a function of temperature, as can be seen in Figure 1, this distri-
bution is an indication of the relative importance of the various loss
mechanisms.
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Fig. 1. Receiver Losses as a Function of Temperature




TABLE II. FACTORS CONTRIBUTING TO
RECEIVER EFFICIENCY

- Operating Temperature
- Aperture Size
- Capture Geometry
- Absorbtivity of Surfaces
- Emissivity of Surfaces
- Aperture Convection Losses
- Aperture Radiation Losses
- External Radiation Losses
- Conduction Losses to Mount
- Spillage
- Heat Exchanger Characteristics
- Insulation Properties
- Attitude

- Definitions

TABLE IITI. LOSS DISTRIBUTION FROM 80 kWth RECEIVER
IN 800 - 1100°C (1500 - 2000°F) RANGE.
EFFICIENCY = 0.85.

Loss in

Watts %
- Radiation 6000 50
- Cavity Convection 2500 25
- Conduction 2000 20
- External Convection 750 4
- Reflection 500 <
- External Radiation _ 250 < 1

12000

While radiation losses are largely determined by temperature, exami-
nation of the basic radiation equation does indicate several useful possi-
bilities in reducing losses.

R =0 xAxFxex AT4
Loss

where R is total power lost due to radiation, 0 is the Stefan-Boltymann
constant, A the effective area, F the geometrical view factor, £ the effec-
tive emmissivity and T the absolute temperature.
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The aperture area A is of prime importance in radiative losses. It
obviously needs to be as small as possible. But this size is rarely under
the control of the receiver designer but is usually dictated by the concen-
trator optics. And since the flux distribution at the aperture plane may
not have a sharp boundary, a system level trade-off is often required to
set the amount of allowable spillage.

The geometrical view factor F is next in importance once the aperture
size is selected. The receiver designer has a number of options available
to him to minimize the radiative view out the aperture. Important among
these are cavity size, length to depth ratio, shape, location of heat ex-
changer surfaces, location of reflecting and reradiating elements, and the
optical properties of each surface. Figure 2 illustrates how a cavity might
be "tailored" to a given concentrator flux to insure minimum reradiation
from the high temperature components of a receiver.

radlation distribution cone
recelver cage with insulation
focal plane area

cooling tubes

reflective wall

receiver tubing
inlet header
outlet header
window

a0 oW
-TO o

Fig. 2. Receiver Cavity Designed for Low Reradiation Loss
(after Sutsch)

The final radiation factor £ is very often fixed when materials of
construction are selected. However, even at high temperatures, the receiver
designer has some choices in selecting materials with varying optical
properties such as absorptivity o to emissivity € ratios especially of
coatings and special finishes are included. Also geometrical blackening via
honeycombs, light traps and dispersive rulings may help.

In addition to the primary design elements, external optical methods
may prove valuable in increasing cavity input without requiring aperture
enlargement. Various reflecting surfaces on the concentrator structure may
contributed. An especially attractive addition is a hyperbolic or "TRUMPET"
secondary concentrator outside the aperture which can reduce the required
aperture area by a factor of two.
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The second largest receiver loss and, until recently, the most seriously
underestimated, is cavity convection. Both natural convection and environ-
mentally induced air currents carry considerable amounts of heat out of the
receiver aperture. Due to the many inducing factors such as cavity shape
and attitude, aperture size, wind speed and direction, cavity temperature,
aperture configuration, and others, cavity convection experiences the largest
variation in magnitude. In minutes, it can vary from near 0 to 50% of the
receiver loss. Due to this variability it is often the most site specific
loss also depending on winds. Recent studies of the flow characteristics
of the cavity/aperture system do, however, offer clues as to how this flow
may be disrupted. Some help can be gained from external collars and screens,
internal baffles, and even by site enclosing wind screens or breaks. One
obvious solution is to use an aperture window. While this does reduce input
radiation by about 8%, some of this is recovered by less reradiation and by
the lowered cavity convection. A system level analysis is required to
determine the best solution.

The remaining loss mechanisms are those found conventionally in heat
conversion systems. Included are convection and conduction from the
external case of the receiver and in the usual thermal "short circuits"
found in the mounting structures of the heat exchanger, apertures, and inlet
and outlet process flow piping. However, since solar receivers tend to be
high temperature, low power (< 100 kWth) devices, particular care should be
taken to ensure optimum insulation thicknesses and placement as well as very
low loss mounting structures since small heat leaks can represent significant
loss percentages.

If all of the possible design improvements are incorporated into the
next generation solar receiver, significant improvements in receiver effi-
ciency should be possible. Table IV compares current technology with
realistic improvements in the future. It should be possible to raise current
receiver efficiencies by 10 percentage points to where the moderate temper-—
ature solar receiver should be well into the 90% regime and higher temperature
systems correspondingly enhanced.

TABLE IV. POSSIBLE IMPROVEMENTS IN RECEIVER EFFICIENCY

Previous
Loss—-Watts Improved
Radiation 6000 1000 -~ 2000
Cavity Convection 2500 1000
Conduction 2000 500
External Convection 750 ‘ 500
Reflection 500 200
External Radiation 250 200
12000 3400 - 4400
Efficiency 85% 94 - 957
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PARABOLIC DISH CONCENTRATOR (PDC-1) DEVELOPMENT

I. F, Sobczak

Ford Aerospace & Communications Corp., Aeronutronic Division

Newport Beach, CA 92663

T. Thostesen
Jet Propulsion Laboratory
Pasadena, CA 91109

ABSTRACT

This paper summarizes the status of the 12 meter parabolic dish concen-
trator planned for use with the Small Community Solar Thermal Power System
under concurrent development by Ford Aerospace for the Jet Propulsion
Laboratory. The PDC~l unit, designed by the General Electric Company, fea-
tures a plastic reflector bonded to glass reinforced plastic sandwich gores,
An elevation-over-azimuth mount fabricated of structural steel and thin-
walled tubing is driven by a cable and drum arrangement powered by a pair
of variable speed motors, The concentrator was fabricated and erected at
the Parabolic Dish Test Site by Ford Aerospace under JPL contract. The
reflective panels and the control/tracking subsystem were procured under
separate contract by JPL.

INTRODUCTION

The PDC-1 unit is shown in Figure l. Details of the General Electric
design were reported at previous Parabolic Dish Solar Power Annual Reviews
(Reference 1, 2 and 3)., Since the last review the PDC-1 has been fabri-
cated and erected under the direction of Ford Aerospace with the reflective
panels and the control system supplied by JPL, ALCO Machine Company of
Birmingham, Alabama was contracted to fabricate the structural components.
Ashland Construction Company of Lancaster, CA prepared the site and poured
the foundation. Valley Iron of Lancaster, CA did the assembly and erection
of the structure, installation of electrical components including power and
control cabling, and installation of the drive cable system. Valley Iron
also assisted JPL in the installation of the GFE reflective panels. These
panels were procured under separate contract from Design Evolution 4 of
Lebanon, Ohio and optically tested by JPL in the space simulator facility
(Reference 3).

The control system hardware was procured by General Electric under the
design contract; however the software was extensively revised by JPL as will
be described today in a subsequent paper.

The PDC-1 has experienced some problems which required hardware modi-
fications. The completed PDC-1 has had tests to characterize the optical
properties, which will be described in another paper today. Ford Aerospace
coordinated and supervised the activities of ALCO, Ashland and Valley Iron
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as a subtask of the Small Community Solar Experiment (SCSE) Contract.

FABRICATION AND ASSEMBLY

The concentrator is a 12 meter, front braced, parabolic dish suspended
in an elevation-over-azimuth mount. The dish is divided into 36 reflective
panels, Each panel is roughly 34 square feet in frontal area., The panels
are constructed as a sandwich of polyester fiberglass skins over a balsa
wood core. The reflective surface is an aluminized Llumar f£ilm laminated
to a plexiglas sheet. The laminate is then bonded to the panel sandwich
with contact cement. The front bracing ribs have caps formed to the para-
bolic shape of the reflector panels and are stiffened with corrugated steel
webs., The tetrahedron mount-frame assembly consists of thin walled tubing
joined at the intersections with welded fittings. Each tube is equipped
with threaded clevis fittings that permit fine length adjustment by function-
ing as a turn-buckle, The entire mount is supported on four wheels and
rotates about a central pintle bearing. Seven segments of twelve inch deep
curved I-beams are bolted together to form a 41l-foot diameter track supported
by twenty-eight concrete piers. Variable speed dc motors operate two cable
and drum arrangements of similar design to drive the dish in both azimuth and
elevation, Fine tracking is controlled by a sun sensor, Coarse tracking is
accomplished by computer via the Concentrator Control Unit (CCU) and two
angular position resolvers, The CCU compares ephemeris predictions with
resolver outputs and is capable of switching from fine track to coarse track
or from coarse track to detrack as conditions may require. Several other
programmed commands are available includigg STOW which driges the concen~
trator at a fast slew rate (currently 1.7 /sec) to the -90 elevation posi-
tion.

Structure

ALCO Machine designed and fabricated an all-steel fixture for the assem-
bly and dimensional inspection of the parabolic ribs. Figure 2 shows the
buildup of a typical rib in the fixture. This fixture consists of heavy wall,
square tubes forming a base and a vertical member. The vertical tube serves
as the radial datum surface., A 0.25-inch thick steel strap, preformed to
the desired parabolic shape, is supported from the base with angle iron
braces at ten inch intervals. These brace members have slotted holes to
permit fine adjustment of the parabolic strap at each support point. After
optically verifying that the fixture conformed to the desired shape at each
station, the cross member supports were tack welded to the angle iron braces.
This prevented any subsequent slippage in the slotted holes, A complete set
of twelve ribs plus two spares were produced in this fixture and the para-
bolic shape was reproduced within the required drawing tolerance.

A trial assembly of the mount frame, dish structure and elevation drive
frame was performed at the factory. The mount frame consisted of the pintle
bearing, truck assemblies and tubular tetrahedron sections., All parts were
assembled and precisely adjusted to verify that the specified control dimen=-
sions were achievable., The entire assembly was checked with optical instru=-
ments to insure proper alignment,




In a similar fashion, the radial ribs, central hub and circumferential
tie-rods of the dish assembly were optically aligned at the factory to in-
sure proper rib positioning. Optical testing of the first article reflector
panels was completed at JPL/Pasadena and the panels were shipped to ALCO for
a fit check., The three segments were mated to the dish without difficulty,
The contours and rib spacing matched satisfactorily. Absence of a full set
of gore panels prevented assembly of the complete concentrator dish, and the
structural stiffness of the ribs alone without the load carrying capability
of the panels was not sufficient to allow lifting the partial dish. Any fit
check of such an incomplete configuration would be inconclusive because the
dish deformations would be different. Tape measurements were relied upon
instead to make certain that (a) the shaft ends of the dish matched the
elevation axis supports on the mount structure, and (b) the dish would swing
through the mount without interference.

The elevation drive frame assembly was pinned together and an orthogonal
set of centerlines was defined by means of taut wires stretched between end
points of the assembly. The component sub-assemblies were adjusted until
these centerlines were plumb and square relative to each other. Then the
pilot holes at all the joints were drilled so that their relationships would
be reproducible in the field,

All individual, separable piece parts were identified and marked using
a scheme that would permit reassembly of each piece in the same location.
Thus, a good fit-up at the site was anticipated with very little need for
adjustment. Unfortunately, many of the turnbuckle fittings vibrated out of
position during shipment so that the precision fit-up was lost, The assem-
bly of parts, however, was greatly facilitated because of the careful mark-
ing of each piece.

Foundation

Site preparation at the JPL Parabolic Dish Test Site (PDTS) at Edwards
AFB, California proceeded in parallel with the fabrication of the structure.
Ashland Construction excavated and compacted the soil in preparation for the
pintle foundation, track support piers and electrical and service line con-
duits. The completed piers and pintle foundation are shown in Figure 3,
There are twenty-eight steel reinforced concrete piers equally spaced on a
41,33-foot diameter circle. Each pier is eighteen inches in diameter and is
at least seven feet deep. The foundation for the pintle bearing is a thirty-
inch diameter concrete cylinder expanding into a nine foot square block of
reinforced concrete 2.5 feet below the surface. More than 8 cubic yards of
concrete was used in the pintle foundation.

Base Support Erection and Dish Assembly

After the concrete foundation was cured Valley Iron installed the track,
erected the mount frame and began assembling the dish structure (see Figure
4 and 5). Surveying transits were used to assure adequate reproduction of
the trial assembly results., Meanwhile, JPL was testing the optical quali-
ties of the thirty-six reflective panels produced by DE-4 of Lebanon, Ohio,
Valley Iron assisted JPL in the installation of the reflective panels to the
dish structure.
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The dish structure was assembled on the ground adjacent to the founda-
tion. The work proceeded reasonably on schedule until the dish assembly was
completed., It was discovered that the panel restraint system originally
designed (clamping the edges of the panels to the ribs by means of serrated
clamp blocks) was inadequate to prevent panel movement during the daily tem-
perature variations at the PDTS, A review of the structural analysis was
performed by JPL and the structural model was updated to incorporate the
latest design improvements, Completion of the loads analysis indicated large
shear loads had to be reacted at each rib/panel interface. The panel attach-
ment scheme was modified, as shown in Figure 6., In the original joint design,
the lateral edges of adjacent panels were supported by a common rib., Every
five or six inches along the rib a two-inch square of 1/4 inch thick plate
clamps the back surface of each panel., This clamping force is produced by
torqueing a 5/16 inch bolt into a rivnut installed in the rib cap material.
The new design consists of a wider strap riveted to the rib cap to provide
greater overlap with the panel edges. The panels were revised by installing
metal inserts along the edges. The panels were then fastened to the new rib
plates using 1/4 inch bolts loaded in shear. Bolt holes in the rib plates
were match drilled to insure tight, close fitting joints between panels and
ribs, JPL reworked the panels, and Valley Iron modified the rib caps under
Ford Aerospace direction,

A second problem was uncovered during this panel rework period., Delami-
nation of the reflective sheet was observed on several panels. JPL is now
considering using an anaerobic contact cement on future panels.

The loads in the mount structure were reviewed at the same time the
loads in the panels were recalculated., Two load conditions not included in
the original analysis were added and were found to be the limiting cases.
As a result, four members in the base frame were stiffened to prevent buck-
ling during an earthquake and the quadripod tubing was replaced to increase
the design margins.

Dish Installation

After completion of the panel rework, the dish was lifted into position
on the base structure, see Figure 7, The elevation drive frame assembly was
installed and a string was stretched between the engine mount and the counter-
weight cage passing through the center opening of the dish to provide a means
of alignment., The engine and counterweight support tubes were adjusted until
the elevation drive frame was aligned relative to the geometrical centerline
of the dish assembly. Following this operation, the complete elevating mass
was balanced by the addition of discrete cylindrical and rectangular weights
at strategic locations.

Dish Rework

As will be described in a paper later today, the optical properties of
the PDC-1, when first measured, were much poorer than expected. The panels
were attached to the ribs after the rework of the mounting system in tem-
peratures of up to 108 F. The shrinkage of the panels relative to the steel
ribs in cooler weather, combined with the gravity sag when the panels were
installed face down, resulted in the panels being flattened circumferentially




between the ribs. The result was a broadening of the reflected beam, The
dish was taken down from the base frame, and the panels were removed and
reinstalled. The bolt holes were redrilled while the panels were constrained
in the proper garabolic contour between the ribs in a target temperature
range of 55-60 F, The dial indicator tool used for positioning the panel
contour is shown in Figure 8. These efforts resulted in a 3 fold reduction
in the focal spot diameter,

Power and Control

All of the electrical power and control cabling was installed by Tri-
angle Electric as a subcontractor to Valley Iron, Cables were pulled through
the underground conduit from the above ground junction boxes located just
outside the base track and routed through aluminum conduit clamped to the
PDC-1 structural elements,

The flexible cable wrap around the azimuth axis is supported on the
"GOR-TRAK" as shown in Figure 9. This is a commercially available device
consisting of a series of hinged links that makes it very flexible, yet
strong enough to support the weight of the cables and calorimeter water
lines., One end is fastened to the concrete pad and the other end is attached
to the rotating base structure, A pair of wheels support the weight at two
intermediate points, The entire assembly forms a spiral loop that expands
or contracts as the dish is moved in azimuth.

JPL provided the sun tracker, elevation and azimuth synchros, the CCU,
a Central Computer (LSI 1123) and a manual control panel.

HARDWARE STATUS

Figure 10 shows the completed concentrator in a simulated tracking
position, The unit is currently undergoing extensive optical and thermal
characterization studies performed by JPL personnel, Upon completion of
these tests, the Ford Aerospace Receiver/Engine Assembly will be integrated
with the concentrator.
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FIGURE 1., PDC-1 IN STOWED FIGURE 2, TYPICAL RIB IN THE
POSITION ASSEMBLY/INSPECTION
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PDC-1 CONTROL SYSTEM

Dr. John Stallkamp

Jet Propulsion Laboratory
Pasadena, California

This paper is a progress report and brief technical descripticn of
the control system for the Parabolic Dish Concentrator (PDC-1) currently
being assembled at the test site at the JPL facility at Edwards Air Force
Base, California.

The control system was designed by General Electric at Valley Forge,
Pennsylvania. Originally there were to be three Concentrator Control
Units (CCUs) operated from one master or host computer; however, oniy one
set of hardware was eventuaily manufactured. This set of equipment was
sent to JPL in the last months of 1¢81.

Checkout at JPL was started in January 1982. Numerous changes were
made. Many were small and trivial and were the natural results of a
checkout procedure independent of where or by whom the task was done.
There were several significant changes; for example, in the way messages
were handled between the host computer and the CCU micro-processor, the
master speed and direction control relay interface, and the ephemeris
calculation details. Capability for control of three units was not
implemented, although this could be restored at a later time. In
summary, with all the large and small changes, it is still the basic G.E.
design; it would be readily recognized by the G.E. people; and, in fact,
many of the software subroutines in both the micro-processor and the host
computer are exactly as received from G.E.

In August the control system was shipped to PDTS-ETS; and, as work on
the concentrator itself procressed, varicus contrecl functions were
activated. Basic slew motion was used in September, offset track was
accomplished in October, and coarse or ephemeris controlled sun track was
demonstrated in November after a water cooled calorimeter was installed
at the focus. On November 29 auto track using the sun sensors was
achieved.

From a controls point of view this initial operational checkout was
performed without significant difficuities. For example, the EPROMs
(erasable-programmable-read-only-memory) in the micro-processor shipped
from Pasadena to ETS in August are still in use. Admittedly, there are
several changes that will now be made, but these are nct in the basic
control function. There are problems in low temperature start-up anc
clock operation that need to be understood; and scme modifications will
be required. Again, in the basic control function area, the control
system seems to work very, very well. There are mechanical problems in
the azimuth axis that are related most probably tc overloaded wheel
bearings.
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There are three basic characteristics of this PDC-1 control system.
The motion is elevation-over-azimuth; the motions are, of course,
completely separate. Now, first, the motion is on-off or start-stop in
nature. The system remains off until an appropriate deadband error value
is reached. It then moves at an appropriate speed until a proper
hysteresis error value is reached. Motion then is stopped and the system
remains off until the error builds up to start another cycle. This
description obviously applies to tracking motion. However, the
slew-to-a-position motion is accomplished with the same (software and
hardware) mechanization; if outside an appropriate deadband, move at an
appropriate speed, etc. etc. The second item is that there are two
motion speeds. The tracking speed is about 0.15 degree per second; the
slewing speed is about 1.5 degree per second. The absolute value of
neither of these is critical. The tracking speed is much larger than the
average sun rate of 15 degrees per hour or about 0.004 degrees per
second. The resulting azimuth and elevation motions are completely
unsyncronized sawtooth motions of quite short duty cycles (perhaps no
longer than 1:10 and as short as 1:200) depending on the time of day.
The slew motion is fast enough to minimize the time the sun's image is on
the faceplate of a receiver and is used to "slew" on and off the sun as
well as to move to and from a fixed coordinate position. The third item
is that there are two sun sensing modes. For coarse track the position
of the sun is "sensed" from an ephemeris calculation using Julian date
and time of day, etc. Siewing on sun is accomplished by commanding
coarse track, and the control system reverts to coarse track when clouds
obscure the sun. For auto track, a photoresistive sun sensor
(manufactured by Mann Russell) is used. After coarse track has been
achieved, the system may be commanded to auto track during which the sun
tracker does the controlling with a nominal 0.1 degree deadband giving a
0.1 degree peak-to-peak sawtooth motion. The nominal deadband value for
the coarse or ephemeris controlled motion is 0.3 degree.

Figure 1 is a block diagram of the control system, There are two
manual control modes. Local manual control uses the local push-button
stations on the azimuth platform, the mctor contrel units and the DC
motors only; it is fuily open loop, i.e., push, hold, and¢ observe - and
walk if there is azimuth motion. The remote manual station in the
trailer provides essentially the same cpen-loop control capability
implemented through relays in the CCU that are aliso used in the computer
controlled motions.

There are two closed loop control modes. These utilize the 8080 type
mirco-processor and must be used tc provide tracking motions. For coarse
track (on sun at calculated ephemeris values of azimuth and elevation)
and offset track (at fixed angles from the sun, typically down and east),
the Toop consists of the syncro measurement, comparison with the desired
position in the micro-processor, relay cutputs to the motor control unit
and finally the motor and mechanically coupled syncro. After coarse
track is achieved and control is transferred to the sun sensor, the
closed control Toop consists of the sun sensors cirectly driving the CCU
relays, the motor contrel unit and motor. In this latter auto track
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mode, the measured position from the syncro is still periodically
compared with the calculated sun position ; when a difference exceeds
limit values, control is transferred back to the ephemeris mode or, in
the case of a larger error, an emergency detrack signal is generated.

The command 1list for computer controlled motion is given in Table 1.
These commands are entered at the keyboard of a conventional CRT
operator's terminal. Except for the much longer initialization message,
the host computer, a DEC LSI-11, generates a five byte command message,
two sync bytes, message Tength byte, command byte and check sum byte and
sends it to the CCU micro-processor. At the CCU after this message is
received, a fixed length 20 byte status and data message is generated and
returned to the remote host computer. When check sums don't check or
time out circuits are not properly reset, the message cycle is repeated
or eventually emergency action is taken.

In Table 2, commands 2, 3, and 4 are the tracking commands and &, 6,
and 7 are the "go to" a coordinate position commands. A1l these have
been previously identified. CMD 10, Detrack, is an emeraency action
which commands the dish to move at slew speed, down in elevation and east
(CCW looking down) in azimuth, for a period of about ten seconds. The
presumption is that the dish has been tracking the sun, that something
has gone wrong, and the desired action is to move about 15 cdegrees off
the sun in both axes as rapidly as possible. As a matter of fact, the
normal operation of going off-sun, i.e., from coarse or auto track to
offset track, is physically done in the same manner. CMD 1, Detrack
Reset, is the recovery process from Detrack. The enable and disable
commands need no explanaticn. The second digit in the command, shown as
all 1's in the table, is a holdover from the oricinal capabilitv of
command of three dishes from one CRT terminal an¢ host computer.

The 60 byte initialization message must be sent at system start up
and whenever a change in system performance is desired. It contains
time, day number, latitude and longitude, tke azimuth and elevation
values for the fixed coordinate positions, syncro zero or bias values,
offset track angles, and the several hysteresis and deadband anales.
Nominal values for the parameters are stored in the host computer memory
(time and cday number are computed each time). HNormallyv these memory
values are sent to he CCU; however, they may be changed by kevboard entry
if this is desired. The last command, CMD 14, is a dummy command; it
causes the CCU to return the data and status messace with no other action.

The last exhibit, Table 2, is meant to convey a brief, very top level
description of how the control algorithm works. The same action takes
place for both the azimuth and elevation axes using in many cases the
same software routines not only for both axes, but also for the several
tracking and slewing modes. The tracking subrcutine is driven by time
interrupts every 0.1 second. First, syncro measurements are digitized
and positions, Al, and offset positions, A2, are calculated. There are
four B values available, the three fixed coordinate positions and the sun
position whose very slowly changing value is updated every second in &
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separate subroutine. Next position errors (and also their absolute
values) are computed using the A and B parameters for the desired
operating mode. When an error remains within the applicable deadband, no
action is taken. When outside, the proper speed and direction of motion
are commanded (started or allowed to continue). When the error is
reduced to the hysteresis value, the motion is stopped, actually allowed
to decelerate at the proper rate.

In closing, let me repeat that the control system for the PDC-1
concentrator has worked very, very well in this initial installation and
first operational checks. Several very ordinary problems typical of
first operation were readily solved; none of these involved intrinsic
functional operation. There are some low temperature, start up problems
that must be resolved. There are modifications, perhaps more properly
stated as additional features, to be implemented as the requirements for
operation at ETS evoive. Subsequent to the symposium presentation in
early Uecember, it has been verified that that the azimuth wheel bearings
have seriously deteriorated; one has effectively destroyed itself, When
this is corrected and the mechanical motions and forces become more
repeatable, the control system will be more finely tuned and its actual
performance be observed and documented.
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Table 1.

PDC-1 CONTROL SYSTEM

COMMANDS FOR COMPUTER CONTROLLED MOTION

CMD 1,
CMD 2,
CMD 3,
CMD 4,
CMD 5,
CMD 6,
CMD 7,
CMD 10, 1
CMD 11, 1
CMD 12, 1
CMD 13, 1
CMD 14, 1

— = s S e s e

DETRACK RESET,
OFFSET TRACK,
COARSE TRACK (COMPUTED SUN).
AUTO TRACK (SUN TRACKER).
COORD # 1.

COORD # 2.

COORD # 3.,

DETRACK,

INITIALIZE MICROPROCESSOR.
ENABLE.,

DISABLE.

DATA/STATUS REQUEST,
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Al
A2
Bl
B2
B3
B4

table 2. PDC-1 CONTROL SYSTEM
MICROPROCESSOR COMPUTED POSITION ERROR

AZPOS = AZ SYNCRO - AZ BIAS
AZOFFPOS = AZPOS - AZOFF BIAS
AZCOORD1 = STOW POSITION
AZCOORD2 = 2ND POSITION
AZCOORD3 = 3RD POSITION

AZSUN = CALCULATED SUN

AZ POSITION ERROR = A, - B

N M

MOTION CONTROL:
SLEW/TRACK DEADBAND. |
SLEW/TRACK SPEED AND DIRECTION.
SLEW/TRACK HYSTERESIS.
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PDC-1 OPTICAL TESTING

Edwin W. Dennison/Maurice J. Argoud
Jet Propulsion Laboratory

Pasadena, CA

ABSTRACT

During the development of the first JPL parabolie dish concentrator
(PDC-1), an optical test program was used to determine the image forming
characteristiecs of the reflecting panels and provide data for estimating
the concentrator thermal performance. The first optical tests of the
prototype panels were made in the JPL 25 ft. space simulator during the
summer of 1981, Twelve of the final concentrator panels were tested
outside of the panel storage building at night during the spring of 1982,
The final tests were made on the fully assembled concentrator at the JPL
Parabolic Dish test site in October-November 1982.

A1l of the performance tests were based on measurements of the
optical imaging characteristics of reflecting panels illuminated by a real
or virtual point source of light. Two diagnostiec optical techniques were
used to determine the relationship between the image quality and the
mechanical properties of the reflecting surface.

These optical tests were effective for evaluating the performance
characteristics of the PDC-1 panels and also proved to be of great value
in the development of a successful panel installation procedure.

A cold water cavity calorimeter will be used for the final
evaluation of the concentrator. However, all of the data now available
indicates that the PDC-1 will have satisfactory imaging characteristies.

INTRODUCTION

One useful description of the performance characteristics of a
solar concentrator is the tabulation of the thermal power focused into a
receiver aperture as a function of the aperture diameter. If a
concentrator is to be used with a specific receiver, the description can
be given as a single number instead of a table or graph. These numbers
(kilowatts) are normalized to a direct normal insulation of one kilowatt
per square meter. The fixed parameters that affect concentrator
performance are the mechanical design, the component materials and the
methods of manufacture and installation. During operation, the wvariable
parameters are temperature, wind, orientation with respect to gravity,
pointing accuracy, and deterioration resulting from environmental
exposure.

The performance description has two essentially independent
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components. One 1s the total or absolute value of the power content of
the focal plane image and is determined by the total concentrator area
less the structure blockage and the reflectance or transmittance of the
image-forming elements. The second component is the relative optical
performance and is determined by the optical surface irregularities and
the shape or position of these optical surfaces. The product of these two
components 1s the total power passing into a receiver aperture.

This report covers the progress that has been made toward measuring
the relative optical performance of the Parabolic Dish Concentrator No. 1
(PDC-1) which is being tested by the Jet Propulsion Laboratory (JPL) at
the Parabolic Dish Test Site, Edwards AFB, California.

TEST _APPROACH

The approach to the optical performance measurement by JPL has been
to use a test configuration in which a perfect reflecting panel would form
a point image from a point source of light.

For a spherical surface this configuration occurs with the source
and image at the center of curvature of the mirror. This method was
successfully used for testing the JPL test bed concentrator mirrors.
Parabolic surfaces only satisfy the ideal configuration requirement when
the source is on the optical axis at infinity and the image is in the
nominal focal plane. 1In practice the source can be finite in size and the
distance close enough for practical measurement.

For example a perfect paraboloid with the PDC-1 dimensions will
form an image with a maximum diameter of 4.12 em (1.6 in.) from a source
of 32 em (12.6 in.) diameter at a distance of 400 m (1,310 ft) in a focal
plane that is displaced 13 cm (5.1 in.) from the nominal focal plane.
This test setup gives comparable results to those which would be obtained
if a point source at infinity were used.

The point-source configuration was chosen because it provides
unambigious data about the reflecting surfaces. With point-source data it
is possible to predict, with acceptable accuracy, the intensity
distribution of a concentrator when it is pointed at the sun. However,
the image formed from an extended source, such as the sun, cannot be
easily used to determine the point-source image intensity distribution.

The measured data was reduced to a mathematical expression based on
two Gausian distribution terms. These equations represent the measured
data with a root means square (RMS) error of less than 1 percent. This
mathematical form is also easy to use for calculating the image intensity
distribution, intercept factor distribution, and fraction of the foecal
plane power that passes through any specified receilver aperture.

The first measurements of the PDC-1 optical performance were made
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in the JPL 25 foot space simulator during the summer of 1981 because it
was believed that the simulator would produce a collimated beam of light
over one full concentrator gore (a 30° segment of the concentrator
consisting of three panels). This work has been deseribed in detall
elsewhere (1). The tests were performed on the first article prototype
panels manufactured by Design Evolution 4 (DE-4) under a subcontract to
the General Electric Company.

In addition to the direct image photographs, the intercept factor
distribution was determined from a raster scan of the image with a photo-
detector. Image diagnostic photographs were made from a panel image by a
lens located behind a focal plane aperture mask (Figure 1). The reduced
data indicated that the PDC-1 design concept would give acceptable
performance, and construction of the prototype concentrator was
initiated. During the Spring of 1982, DE-Y4 manufactured the PDC-1 panels
and shipped them to JPL for testing. The space simulator was not
available for solar panel testing at that time; therefore, an alternate
test configuration was needed. The configuration used is shown in Figure
2. The direct image and the diagnostic photographs were taken using the
same technique as had been used in the space simulator. The intercept
factor distribution was determined by measuring the amount of light
passing through an aperture mask. The data indicated that the production
panels formed a higher quality image than the prototype panels,
particularly for apertures larger than 7 inches in diameter.

The PDC-1 testing started during the early fall of 1982. The
direct images were photographed through a telescope located at the vertex
of the concentrator., All of the direct images are shown in Figure 3. The
same telescope was used with a photo-detector to measure the intercept
factor distribution. The aperture masks were white and the photo-cell
measured the amount of light that did not pass through the aperture. This
technique was used because the large rim angle (52°) of the concentrator
precluded the possibility of using any practical optical system behind the
focal plane.

The unexpectedly large size of the focal plane image necessitated
the use of a diagnostic technique to determine the source of the image
errors. Because the optical panels had shown good imaging characteristies
during the earlier tests, it appeared that the source of the problem must
be the concentrator structure or the method of panel installation. The
large rim angle also eliminated the possibility of any practical
diagnostic optical system behind the focal plane. The most successful
technique was to view a target of colored patterns mounted at the focal
plane (Figure 4) from a distance of 600 to 900m(2,000 to 3,000 ft) through
a small telescope. Pictures were also taken through this telescope
(Figure 5). The observed color of each part of the reflecting panels
indicated the area on the target that would be illuminated by a distant
point source reflected from the panels.

The diagnostic pictures demonstrated that the panels were distorted
by excessive tension, that this tension could be removed, and that the
image quality of the cong¢entrator was very substantially improved by
reinstalling the panels(Z). These pictures also indicated that the
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basic concentrator structure is very rigid and shows no significant
deformation by gravity. This diagnostic procedure also demonstrated that
the concentrator was less temperature-sensitive after the panels were
reinstalled.

CONCLUSION

The final concentrator performance evaluation will come from the
cold- water cavity calorimeter measurements. However, the point-source
optical testing techniques have proven effective for determining the
performance chacteristics of a solar concentrator during the initial
development and production as well as being a valuable tool for diagnosing
optical problems. The diagnostic plctures and the intercept factor
distribution (Figure 6) indicate that the PDC-1 will give satisfactory
performance with the organic Rankine cycle power conversion unit. Future
improvements in the panel construction and installation techniques may
permit the use of thils concentrator with the higher temperature power
conversion systems.
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Diagnostic Images of the Prototype Panels Made in JPL's 25-Ft Space
Simulator. The bright part of each image indicates an area of the
reflecting panel that forms an image smaller than the indicated
aperture diameter.
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Fig. 2. Configuration Used to Measure the Production Panels. The point light source is located on the mesa
(center background) at a distance of 430 m (1400 ft). The 3 panels (1 gore) are mounted in a support-
ing fixture that simulates the PDC-1 structure (left center). Image (right center) is formed on the focal

plane target.
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Fig. 3.

Direct Images of a Point Source Formed by the PDC-1 Paraboloidal Reflecting Panels. The upper left
image is from the prototype panels; the upper right image is from the production panels. The lower
images are from the assembled concentrator before (left) and after (right) re-installation of the

panels.
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PDC-1 Assembled Concentrator Located at the JPL Parabolic Dish Test Site. The colored targets were

4.

Fig.

the focal plane (left) and a flood light for nighttime photographs is mounted near the
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mounted
vertex.
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Fig. 5.

Diagnostic Photographs Taken of the Assembled Concentrator. The left image is at an ambient
temperature of 1.67°C (35°F) and the right image at 18.3°C (65°F). The white areas indicate
regions of the reflecting panels forming an image smaller than 15 cm (6 in.) in diameter. The dark

areas indicate panel areas forming images up to 38 cm (15 in.) in diameter from the colored parts
of the focal plane target.
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APERTURE DIAMETER, inches
The Intercept Factor Distribution Curves from the Prototype, Production, and
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Assembled Concentrator (After Re-Installation)



Commercialization of Solar Energy Resources

William R. Gould

Chairman and Chief Executive Officer
Southern California Edison

Since the announcement of our alternatives and renewables
program in 1980, initial skepticism from our utility brethren
has yielded to widening and deepening support.

Faced with rising fuel, construction and capital costs, all
of which contribute to higher electric rates, utilities,
regulatory bodies and consumers have become increasingly
interested in the potential of alternative and renewable
resources.

We at Edison continue to be optimistic about our program to
accelerate development of solar and other renewable and
alternative resources for generating electricity. In fact, we
now expect more than one-third of our added firm capacity in the
next decade to come from co-generation and renewable resources,
compared with a pre-1980 estimate of only 14 percent.

Our dedication of the Solar One generating station in the
high desert near Barstow on November 1 symbolized the fact that
electric utilities are performing a fundamental and aggressive
role in pulling the solar technologies toward commercialization.

Each day the world becomes a little more familiar with the
enormous implications of these alternative and renewable
resources for ensuring reliable power and reducing dependence
upon oil and gas. Their characteristics of lesser capital
intensity, shorter lead times, broader public acceptance, and
greater system planning and construction flexibility formed our
1980 policy rationale and are well on their way to becoming
axioms of today's power planning.

Today's electric utility executives evaluate these resources
as part of their stewardship for both customer and shareholder.
We are caught between a regulatory command to provide as much
reliable, "least cost" electricity as customers want, and a
fiduciary responsibility to stockholders demanding a reasonable
return on investment.
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In the final analysis, many expectations are competing.
Utility executives want to meet growth; stockholders want a fair
return on their investments; customers want reliable service and
lower rates; and special interest groups want their favored
forms of generation developed, often at the expense of others.

Furthermore, customers cannot always be expected to master
the complexities and subtleties of our highly technical
industry. They measure our performance by the reliability of
service and the amount of their electric bills.,

At this moment, our industry is being criticized by
customers for high electric bills, primarily because of our high
costs of fuel, capital and generai inflation. It's one of the
most important and difficult issues we've faced. lMore than ever
before, corporate decisions must be measured against this test:

what is the impact upon the customer?

In this climate of uncertainty, my company hopes to avoid
locking itself into any long-term, expensive power plant project
during this decade, focusing instead on smaller facilities to
reduce the risk of miscalculation and to protect our ratepayers
and shareholders.

The outlook for alternative and renewable resources

continues to be encouraging, and, overall, we are ahead of
expectations.

Nearly half (1,100 firm megawatts) of our goal of 2,150

megawatts of alternate/renewable resources by 1992 are on-line,
under construction, or represent signed contracts or letters of
intent. This includes 26% megawatts (66 MW firm) from wind, 36
megawatts from solar, 103 megawatts from geothermal and 864
megawatts from cogeneration, small power producers and
hydroelectric. We now use eight primary energy resources to
generate electricity - oil, natural gas, coal, water, nuclear,
wind, geothermal and solar - more, we believe, than any other
electric utility in the world.

Edison also is participating in the construction of the
nation's largest integrated coal gasification project, scheduled
to become operational in 1984. 1If this project meets
expectations, we could realize a valuable source of
clean-burning, medium BTU gas for existing plant boilers that
are currently limited to natural gas and imported fuel oil.

Also, we could demonstrate a new base load concept for the
utilization of coal.
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Cogeneration has emerged as a major source of electric power
generation. The sequential production of electricity and
thermal energy in the form of process heat or steam offers
substantial improvements in fuel use efficiency and will reduce
our nation's fossil fuel consumption. In addition, it is based
on proven technologies with off-the-shelf components offering
additional flexibility and reliability to the electric system.
Edison is actively pursuing cogeneration contracts with large
commercial and industrial customers and expects that
cogeneration will provide more than 750 MW of firm capacity to
the Edison grid by 1992,

In addition, we're supporting fuel cell research and, in
October, we helped dedicate a local biogas system plant that is
pioneering the use of landfill methane gas to generate
electricity for Edison customers.

Current Edison solar research and development projects cover
a broad spectrum, ranging from dendritic web and multi-layer
solar cells to a 100-megawatt solar central receiver plant.
Other solar projects include advanced concentrators, salt ponds,
wind turbines and biomass.

I might add that JPL's parabolic dish test site, located at
Edwards Air Force Base, fortuitously provides Edison with a
fourth kind of solar electricity for its system in addition to
central receiver, photovoltaic and parabolic trough facilities.

Our program, then, is diverse by design. Stability is

important to a resource strategy, and the diversity offered by a
variety of resources stabilizes a system.

Diversity is strategic for several reasons, particularly
with renewables. First, in the initial stages of a technology's
development, it is often unclear just which features will lead
to the greatest efficiencies, assuming that O0&M costs are not so
high that efficiency ceases to be a major criterion.

It is noteworthy here today that such considerations have
guided development of various types of solar concentrators as

well as the choice of engine cycles to produce electric power
from parabolic dishes.

Another reason that diversity is important to resource
strategy is that location may affect the desirability of a
resource. Environmental concerns, such as land use, land
subsidence, aesthetics, water consumption, socioeconomic and
cultural issues and contamination of both water and air, must
not be overlooked when evaluating a site for electricity
generation from renewable resources.
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Solar plant sites, for instance, are likely to be sited in
desert areas, posing conflicts with desert landowners,
recreational facilities and other competing interests. Also, as
with conventional fuels, transportation can be a factor in
choosing a location for generation with renewables.

A third reason that stability through diversity is important
is that resources and technologies must match system load
characteristics and varying climatic conditions. In that sense,
Edison is fortunate, because its system summer peak coincides
with solar availability.

Thus, while yielding individually small increments to system
load, we hope renewable resources will complement each other so
that, together, they provide a significant and reliable source
of supply.

But, many considerations influence the development of new
technologies, and for that reason, I believe in keeping things
in perspective. While the long-term outlook for renewable and
alternative technologies is encouraging, and the potential
contribution to the country is substantial, the development of
the more exotic of these resources is not without risk.

Near-term costs, which include research and development and
manufacturing facilities, may not compare favorably with the
cost of proven, conventional technologies. Operating
characteristics and technical performance of many of these
technologies are not well defined.

That is why Edison, other utilities, entrepreneurs,
government agencies and national laboratories will play growing -
and critical roles in the commercial deployment of these
technologies. And, a belief that entrepreneur ownership of this
emerging technology will play an important role in meeting
future needs of Edison customers is integral to our role in the
process.

Accordingly, Edison is actively negotiating with
entrepreneurs to develop cogeneration and renewable ener%y
projects. We offer an approach that is beneficial to all. We
are willing to provide entrepreneurs with sufficient incentives
to develop these resources, but the incentives must be balanced
against our concern for the long-range impact on electric rates
and service to our customers.

We are concerned about cost. We believe that utilities
should be allowed freedom to negotiate with third parties the
price of electricity sold to Edison. Cost should depend on
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circumstances of individual projects. To that end, we believe
that negotiating contracts meets the financial needs of both
entrepreneur and ratepayer. Our company acts, in effect, as an
intermediary for the ratepayer's benefit.

The contracts and agreements we have signed demonstrate
dramatically that negotiation is accelerating successfully the
commercialization of these new technologies. Negotiation is
creating competition among entrepreneurs, thereby improving
efficiency and reducing costs to ratepayers. Embracing the
spirit of the Public Utilities Regulatory Policies Act, Edison
will continue to provide appropriate incentives for
entrepreneurs to finance and install qualifying facilities.

Today, for technologies such as cogeneration that are near
or at commmercial maturity, Edison provides entrepreneurs with
feasibility analysis, technical consultation and other
services. For emerging technologies, we believe that sharing
some of the risks (and potential rewards) is the best
encouragement that we can offer entrepreneurs.

Accordingly, whenever possible we offer joint project
arrangements to develop these emerging technologies. For
example, our 1980 Wind Project Opportunity Announcement, a
national first, solicited joint venture participation by
entrepreneurs to develop wind parks.

We will, under certain conditions, participate in a wind
park project by providing items such as land, interconnection,
technical consultation, siting and permit support, price
guarantee, wind resource insurance, project management,
financial analysis and other services,

Another example was our Solar Project Opportunity
Announcement this year for "Solar 100," an advanced,
100-me$awatt solar generating station, which would be the
nation's first large-scale commercial solar central receiver.
Our announcement attracted four responses from private industry
in September.

We have found that entrepreneurs are willing to sell
electricity to us at a rate based upon a percentage of our
incremental cost in exchange for our participation and
assumption of certain risks. They have been receptive to our
balanced approach.

Our participation may reduce capital requirements, interest

rates, risks and exposures for an entrepreneur. It also may
increase the probability of success and, in certain cases,
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ensure a more uniform cash flow. We also can provide technical

and managerial expertise to bring facilities on line in a timely
manner,

Our aggressive efforts have resulted in cost-effective,
cost-justified, market-competitive arrangements with responsible
private entrepreneurs. We will have more than met our resource
requirements through 1985, when all of these committed projects
go into operation.

On November 18, we had executed contracts or signed letters
of intent with 21 different parties for geothermal, wind and
solar projects totaling 402 megawatts (205 MW firm). That does
not include our own projects, or the more than 700 megawatts in
wind and solar projects as well as over 1000 megawatts of
cogeneration projects currently in the contract negotiation
stage. Moreover, we have been able to meet our goals at less
than avoided cost, which over the lives of these contracts, will
save our customers millions of dollars.

I have tried to communicate the reasons why we are

encouraged with our alternatives and renewables program, despite
the risks presented by commercialization of these resources.

In conclusion, despite the recent economic downturn, which
has made all our jobs more difficult, there is good news. Our
goals and our negotiation policies are helping to ensure a
market for new, viable technologies. We look forward to the
beginning of economic recovery, which will be good news for
investors.

And, I want to emphasize that our original motivations
remain. Renewables will replace costly oil and natural gas as a
generating rasource; construction modularity provides
flexibility to meet today's uncertain demand growth; retirements
of older, existing plants are scheduled and necessary,
regardless of the rate of demand growth.

In order to further improve the business environment to
attract private sector investment in alternative and renewable
technologies, we expect regulators and legislators to continue
playing critical roles. Regulators are in a position to provide
signals to both federal and state legislators to extend tax
incentives for the entrepreneur. They also are in a position to

coordinate the streamlining of the approval and permitting
process.
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I believe that our principal challenge is to see that we
maintain, with the aid of proper regulations, a balance between

consumer and utilitg stockholder interests. It's a problem that
can be solved only by consensus and is more perplexing than the

technological mountains climbed by our industry in the past.

Any consensus on power will be attained only by solving a

communications problem. All of us--utility, consumer,
legislator, suppplier, regulator, special interest group--must
be convinced that the objective of reliable, reasonably-priced
power is generic and one we have tried hard to attain through
years of skyrocketing fuel costs and double-digit inflation.

A giant step in reaching our mututal goal will be bringing
the renewable and alternative energy resources of our nation
into play as quickly and efficiently as possible.

In closing, I am reminded that the incentive that drove our

company toward the use of alternate and renewable resources was
grounded in optimism, hope and confidence in mastering new
technologies to serve the world.

I sense the spirit of that incentive motivating and

encouraging us today as we review the potential of parabolic
dish solar thermal technology in our efforts to achieve a higher
degree of energy independence.
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DESIGN WIND LOAD REQUIREMENT AT DIFFERENT OPERATING CONDIT]ONS

(MINIMUM PER JPL SPECIFICATIONS/GUIDLINES)

OPERATING CONDITIONS - WIND SPEED (MPH)

1. OPERATING STEADY STATE 15
2, OPERATING WITH 207 GusTs 30
3, SLEW TO SToW 50
4, SURVIVAL IN SToOW 90
5. SURVIVAL UNSTOWED 50
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RELIABILITY OF LEVEL AND METHOD OF
“WALK-OFF’’ PROTECTION

“WALK-OFF”
PROBABILITY PER

MODULE YEAR

DETRACKING METHOD

0.424

5.65 x 103

1.55 x 1073

4.17 x 104

4.22 x 104

1.06 x 10°5

2.06 x 106

1.21x 10°6
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A Transmittance-Optimized, Point Focus Fresnel
Lens Solar Concentrator

M.J. 0’Neill, V.R. Goldberg, D.B. Muzzy
E-Systems, Inc.
Energy Technology Center
P.0. Box 226118
Dallas, Texas 75266

INTRODUCTION

E-Systems is currently developing a point-focus Fresnel lens solar
concentrator for high-temperature solar thermal energy system applications.
The concentrator utilizes a transmittance-optimized, short-focal-length,
dome-shaped refractive Fresnel lens as the optical element. This unique,
patented (Ref. 1) concentrator combines both excellent optical performance
and a large tolerance for manufacturing, deflection, and tracking errors.

Under Jet Propulsion Laboratory (JPL) funding, E-Systems has completed
the conceptual design of an ll-meter diameter concentrator which should
provide an overall collector efficiency of about 70% at an 815°C (1500°F)
receiver operating temperature and a 1500X geometric concentration ratio
(lens aperture area/receiver aperture area).

In the following paragraphs, a review of the Fresnel concentrator
development program will be presented, including a description of the
concentrator, a summary of its expected performance, the key features of
the lens, a parquet approach to lens manufacturing, a description of a
prototype lens panel, and a discussion of the ongoing prototype test
program.

CONCENTRATOR DESCRIPTION

The point-focus lens concentrator is shown in Figure 1 and described
in Table l. The optical element is a convex, dome-shaped, acrylic Fresnel
lens. The dome consists of ten conical-segment rings, which are each flat
in the radial direction and curved in the circumferential direction. The
rim angle of the lens (from optical axis to outermost prism) is 45 degrees.
Each of the conical-segment rings is about 61 cm wide, with a smooth outer
surface and a prismatic inner surface. The lens is made of uv-stabilized
acrylic plastic, about 2.4 mm thick. Steel space-frame structure is
employed for both the basic concentrator and the pedestal. Reinforced con-
crete is used for the foundation. The tracking system provides full two-
axis sun-tracking and inverted (lens-down) stowage. The Fresnel concentra-
tor will be adaptable to a wide variety of receivers currently under devel-
opment by JPL and others. The air volume between lens and receiver is
enclosed with a thin aluminum conical shroud to minimize dirt and moisture
accumulation on the inner surface of the lens. A slight pressurization of
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this air volume may be desirable for dust infiltration prevention. The
total concentrator weight is about 13,000 pounds (13 pounds per square foot
of aperture).

CONCENTRATOR PERFORMANCE SUMMARY

The point-focus Fresmnel concentrator performance is summarized in
Table 2 for two cases of practical importance. The first case corresponds
to a high-temperature receiver which would be required for a Brayton or
Stirling engine application. For this case, a 1500X geometric concentra-
tion ratio is utilized (corresponding to a receiver aperture diameter of
0.28 meter). After treating reflection/absorption losses in the acrylic
lens, 90% of the sunlight is transmitted. Of this transmitted sunlight,
about 92% is contained within the limited 0.28 meter receiver aperture
circle; i.e., 92% is the receiver intercept factor. About 6% of the 1lens
aperture is blocked by structure; thus the blocking/shading factor is 94%.
After all of these loss mechanisms are considered, the overall optical
efficiency is 78%. Still counsidering Case I, this 78% optical efficiency
for an ll-meter diameter concentrator (aperture area = 95 m2) corresponds
to a black-body receiver energy absorption rate of 59 kw (thermal) under a
direct insolation of 800 w/m2. Assuming an 815°C receilver temperature, the
black body thermal radiation loss will be 5 kw (thermal). Thus, the net
collector output will be 54 kw (thermal), corresponding to a 71% overall
collector efficiency.

For the second case in Table 2, a lower temperature receiver is
assumed, corresponding to a Rankine engine application. For this lower
temperature, a lower geometric concentration ratio (500X) provides better
overall collector performance. After considering the same loss factors
described above, the concentrator optical efficiency is 837%, this higher
value being attributable to a better receiver intercept factor for the
larger receiver aperture diameter (0.49 meter). After subtracting the 2 kw
(thermal) black-body radiation loss corresponding to a receiver temperature
of 371°C, the net collector output will be 61 kw (thermal), equivalent to
an overall collector efficiency of 807%.

KEY LENS FEATURES

The patented E-Systems concentrator is a dome-shaped Fresnel lens with
a smooth outer surface and a prismatic inner surface. The lens is a con-
vex, non-spherical-contour lens, in which each prism transmits direct solar
rays with equal angles of incidence and excidence, as shown in Figure 2.
This incidence/excidence symmetry (also called the minimum deviation con-
dition) provides each prism with the lowest possible reflection losses,
and thereby the highest possible transmittance, for that prism®s light
deviation (turning) angle, as proven rigorously in Reference 1. In
addition to maximal transmittance, this minimum-deviation-prism lens also
provides a maximal tolerance for lens contour errors (slope errors), an
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improved tolerance for lens manufacturing errors (prism angular errors and
rounded prism peaks), and a smaller solar image size (including finite
solar disk angular diameter and chromatic aberration effects), when com-
pared to previous flat and spherical contour lenses. The optical perfor-
mance superiority of the new lens is fully described in References 2 and 3.
Perhaps the most important attribute of the new transmittance-optimized
lens is its high slope error tolerance, which allows a substantial relax-
ation of the support structure stiffness requirements, and thus a signifi-
cant reduction in weight and cost of the concentrator. Compared to a
reflective concentrator (e.g., a 45 degree rim angle parabolic dish), the
Fresnel lens concentrator is more than 100 times more tolerant of radial
slope errors, as dramatically illustrated in Figure 3.

PARQUET LENS MANUFACTURING APPROACH

One potentially low-cost manufacturing approach for the point-focus
lens is the parquet approach of Figure 4. The dome consists of conical
segments which are curved in the circumferential direction and straight in
the radial direction. This approach allows the acrylic plastic lens
material to be made in flat form and mechanically held in the conical
geometry in the completed concentrator. The unfolded flat conical segments
can be subdivided into a number of identical lens panels. While these
panels would ideally utilize prims running circumferentially along concen-
tric circles, current manufacturing approaches for prismatic sheet can not
achieve these non-linear prisms. Fortunately, low-cost manufacturing
approaches are available for making linear prismatic sheet. Thus, the lens
panel of Figure 4 is configured to approximate the ideal curved-prism
geometry by utilizing a parquet of linear prism elements. The two key
variables of this parquet lens approach are the element width (w) and the
gap width (g) between elements, since the element width causes a focal-
plane image enlargment and since the gap width causes transmittance losses.
Prototype fabrication efforts have proven that the gap width can be
maintained at about 0.5 mm. Element width selection is based on optical
analyses discussed below.

Optical analyses of the parquet lens concentrator have been completed.
These analyses are based upon cone optics; i.e, the theoretical mapping of
the conical bundles of radiation which originate at the solar disk, which
are incident upon the lens outer surface, and which form elliptical images
in the focal plane, as shown in Figure 5. Because of dispersion (chromatic
aberration), the solar images of different wavelengths are spread across
the focal plane, as shown in Figure 5. For any fixed receiver aperture
diameter and any particular prism in the lens, the design wavelength can be
selected to minimize the energy missing the receiver aperture, and thus to
maximize the intercept factor. The current lens has been tailored for a
1500X design concentration ratio by properly varying the design wavelength
for the various prisms comprising the lens.




For the parquet lens approach, the effect of the parquet element on
lens focussing is the formation of a linear solar image in the transverse
direction of Figure 5, with the total image transverse length being equal
to the parquet element width (w) plus the solar disk image width. The
computer model treats this parquet element effect and calculates the
radiant flux profile in the focal plane by integrating over all contribu-
ting portions of the lens (treating the local lens transmittance), and over
all contributing wavelengths, to define the total radiant flux concentra-
tion at each point in the focal plane. Results of such a flux profile
calculation for several parquet element widths are shown in Figure 6. The
radiant flux is normalized by the one-sun direct solar flux incident on the
lens, while the radial position in the focal plane is normalized by the
lens aperture radius, for the results shown in Figure 6. As expected, the
larger the parquet element width, the more spread out the image becomes.
However, the image spreading effect is small for element widths of 5 inches
and less, when one notes that a 1500X geometric concentration ratio
corresponds to a receiver normalized radius (P/R) of 26x10™3 in Figure 6.
The flux profile labeled W=0 represents the ideal lens with non-linear
prisms.

The flux profiles of Figure 6 can be integrated over various size
receiver circles to define the overall energy interception rate for various
geometric concentration ratios. The results of such an integration are
shown in Figure 7, wherein the intercepted energy rate has been normalized
by the energy rate incident on the lens outer surface; thus the effective
transmittance (optical efficiency) is shown as a function of geometric
concentration ratio for lenses with various parquet element widths. (The
results of Figure 7 do not include absorption losses within the thin
acrylic lens, which are expected to be 1-2%, based upon measurements for
similar acrylic Fresnel lenses. Also, the results in Figure 7 do not
include structural blocking/shading losses, although this 6% loss was
included in Table 2.) Note that wide parquet element widths work well for
low geometric concentration ratios, but not well for high geometric
concentration ratios, due to the image spreading effect of the parquet
width. Note also that there exists an optimal element width for each value
of geometric concentration ratio, this optimum corresponding to the best
tradeoff of image spreading losses (which increase with element width) and
gap losses (which decrease with element width since g/w represents the lost
gap area fraction). For 1500X geometric concentration ratio, element
widths of 2, 3, and 4 inches provide essentially equal performance. To
minimize lens complexity, the 4-inch element width has been selected for
prototype fabrication, as discussed below.

PROTOTYPE LENS PANEL

A prototype lens panel, using the parquet lens manufacturing approach,
has been fabricated for optical testing. This panel is described in Table
3. The panel represents one part of the conical ring located between 27.9°
and 32.1° of local rim angle, measured from the lens optical axis. This
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segment was selected for prototype fabrication because its optical perfor-
mance is typical of the full dome lens performance. A nominal 2 foot by 4
foot panel size was selected for prototype fabrication, using 12 linear
prismatic parquet elements of 4 inch average element width (w) to form the
4 foot curved dimension of the panel. The linear prismatic elements were
made by 3M Corporation to E-Systems specification, using 3M’s low-cost
lensfilm process. The twelve elements were solvent-bonded to a single
piece of extruded acrylic sheet to form the final panel. The entire
laminated panel thickness is about 0.1 inch.

TEST PROGRAM

Testing of the prototype lens panel is just underway. As outlined in
Table 4, two basic test approaches are being employed to measure the
optical performance of the lens panel. The first test, which has been
completed, is a simple laser/silicon photovoltaic cell transmittance test.
The cell was placed at various distances from the lens to intercept trans-
mitted laser light within various total acceptance angles. A beam expander
was used with the laser to intercept several prisms with the transmitted
beam. The transmittance was measured as the ratio of the cell short-
circuit current with the cell intercepting transmitted light divided by the
cell short-circuit current with the light directly incident on the cell (no
lens between laser and cell). For an acceptance angle corresponding to
1500X geometric concentration ratio, the typical measured transmittance
values were 85-86%.

The second test planned for the prototype lens panel involves actual
outdoor testing of the lens, with focal plane flux scans using a row of
silicon cells as the sensors. Initial outdoor testing has been plagued
with several problems, and meaningful data has not yet been obtained.
However, the visible image produced by the lens panel has the proper size,
shape and color variation predicted by the computer analysis. Good
transmittance versus geometric concentration ratio data should be obtained
within the next few weeks. Pending successful completion of in-house
testing, the prototype lens panel will be delivered to JPL for further
independent testing.
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Figures and tables are located on the following pages.

213




FIGURE 1

— POINT FOCUS
7/ p— FRESNEL LENS CONCENTRATOR

LENS/RECEIVER ASSY

MAIN RING
/ BEAM

ELEVATION
AXIS /
i,
)
0
g ,
— =
= S PEDESTAL
= / ASSY
=
—
— SHROUD
? [ Receiven
MOUNTING
RING
/‘-\ —

 E— —

AZIMUTH DRIVE
CONCRETE
ELEVATION DRIVE

FOUNDATION/TRACK

AZIMUTH TURNTABLE
BEARING




FIGURE 2 -

. PRISM FACE OVER-EXTENSION
B2 -o<ocoe  TO MINIMIZE OPTICAL LOSSES

SMOOTH OUTER
LENS SURFACE~

INCIDENT LIGHT

LEAVING
LIGHT
TOWARD

FOCUS /

BLUNT TIPS ON PRISMS
DUE TO MANUFACTURING

FIGURE 3 -  SLOPE ERROR EFFECT ON IMAGE
c ovorous DISPLACEMENT FOR FRESNEL
IBZ - oo CONCENTRATOR vs PARABOLIC DISH

LENS

IMAGE
DISPLACEMENT = 21.56” -—] r- FOCAL
PLANE

le—

+1°SLOPE
ERROA

DISH

IMAGE
DISPLACEMENT = 057" ] |~

PARABOLIC DISH FRESNEL LENS

e 45° RIM ANGLE e 45° AIM ANGLE

o 3G FOOT APERTURE e 36 FOOT APERTURE

e 11° SLOPE ERROR AT e +1°SLOPE ERROR AT
27° LOCAL RIM ANGLE 27° LOCAL RIM ANGLE

e PLUS AND MINUS SLOPE ERRORS o PLUS AND MINUS SLOPE ERRORS
CAUSE EQUAL DISPLACEMENTS CAUSE EQUAL DISPLACEMENTS

IN OPPOSITE DIRECTIONS IN SAME DIRECTION




e ™. DOME 1S SIMULATED WITH
i N CONICAL SEGMENTS TO
y 4 AN ELIMINATE COMPOUND
ya \ CURVATURE
y A N
L AN

UNFOLDED CONICAL
SEGMENTS ARE FLAT
TO ALLOW FLAT LENS
PAREL MANUFACTURE

CONICAL SEGMENT i$
SUBDIVIDED INTO
MANAGEABLE SiZE
PANELS

NOT TO SCALE

(]

Ll

F I GU RE 4 - GEOMETRY INVOLVED IN USING FLAT LINEAR FRESNEL
LENS ELEMENTS TO MAKE DOME POINT FOCUS LENS

PANEL IS SUBDIVIDED
INTO SMALL PARQUET
ELEMENTS WITH LINEAR
PRISMS TO ALLOW TOOL-
MAKING.

RECEIVER CAVITY
APERTURE

DES!GN WAVELENGTH
IMAGE

INFRARED IMAGE ULTRAVIOLET IMAGE
PRISM ANGLE
ERRORS OR )
RADIAL SLOPE Frd
ERRORS MOVE RECEIVER
IMAGES LONGI-
TUDINALLY
ey
11
ELLIPTICAL IMAGE
RECEIVER DUE T0 0.53° CONE

OF LIGHT FROM SUN
INTERCEPTING FOCAL
PLANE AT NON-NORMAL
INCIDENCE ANGLE

CIRCUMFERENTIAL SLOPE
ERRORS MOVE IMAGES
TRANSVERSELY

LONG CHAIN OF IMAGES CAUSED
BY DISPERSION (CHROMATIC ABERRATION)

TYPICAL IMAGE PATTERN PRODUCED BY DIFFERENTIAL
ELEMENT OF LENS SHOWING EFFECTS OF DISPERSION
AND ERRORS — NOT TO SCALE

216



FIGURE & - FLUX PROFILES
FOR OPTIMAL 45°
B Eor mmesons Contr RIM ANGLE LENSES

18,000
15,000 4
14,000
13,000 4
o004

¢ = 4§°
CR = 1500X

10,000 4+
w=2 W = LENS ELEMENT WIOTH

=

=3

2 3,000

-

[

5

Z 2000 4

=]

=

3

= 1,000

=

-

5000+ . ..

RADIAL POSITION IN FOCAL PLANE

FIGURE 7 - EFFECTIVE TRANSMITTANCE VERSUS
m/m E-SYSTEMS GEOMETRIC CONCENTRATION RATIO
E Energy Technology Center FUR SEGMENTED LENS

9= 0.020"
g 85
R = 1500X

e
2 Sy

-
-}
4

"
3
—— s +——+
P
M
E
i
e

EFFECTIVE TRANSMITTANCE ()
e

}
+

20 4
<4
b d
[] AL i e 4 4 3 3 — e 4 i ' } - . $ i
| S T T T T T T T T L T T T T T L T —
9 500 1000 1500 2000

GEOMETRIC CONCENTRATION RATIO
{APERTURE AREA/RECEIVER AREA)

217




TABLE 1

M =-SYSTEMS
phisio RECOMMENDED SYSTEM DESCRIPTION
o PHYSICAL
CORCENTRATOR APERTURE DIAMETER ____ 11M (38 FT.)
CONCENTRATOR MIM ANGLE .._____ 45 DEGREES
OVERALL COLLECTOR WEIGNT ____ __ 12,000 POUNDS (EXCLUSIVE OF RECEIVER)
o LERS PANELS
REFRACTIVE MATENMAL .. .. _ . ACRYUC (2.4 MM NOMINAL}
PANEL CONSTRUCTION ... BONDED CONICAL SEGMENT PANELS
DUST PROTECTION ___ ... PRESSURIZED INTERIOR (SETWEEN LERS AND
SHAOUD)
o LENS/RECEIVER ASSEMEBLY
LENS SUPPORT [T —— STEEL SPACE FRAME WITH MAIR RING
BEAM. 12 RADIAL BEAMS, AND INTERMEDIATE
SUPPORTS.
RECEIVER SUPPORT STRUCTURE _ _._... BIPOD AND SWAY BRACES, WITH PRESSURIZED
SHAOUD

s PEDESTAL (ALDADE)

AXIS CONFIGURATION __._ _. . .__ . EL OVERAZ WHEEL TRACK
CONSTRUCTION - _ . . STRUCTRUAL STEEL SPACE FRAME

« FOUNDATION

TRACK .__.... _... ..-.-—— .. CIRCULAR MEINFORCED CONCAETE RING

ATMUTH AXIS . e CONCRETE PIER FOR AZ BEARING MOUNT.
CONCRETE BEAMS INTEGRATING PIER AND RINE
TOTAL CONCRETE 7CU. YDS.

o DAIVES AND TRACKING

AZIMUTH RARGE .. . . +180 DEGREES

ATIMUTHORIVE .. ....._..__ . CABLE WIRCH, POSITIVE ACTION

MAX. AZIMUTH VELOCITY TO STOW 2,000 DEG/HOUR

AZIMUTH MOTOR AC SYNCHRONOUS STEPPER. 1800 IN-0Z @ 72 RPM

ELEVATION RANGE — +90 DEGREES

ELEVATION DRIVE . CABLE WINCH, POSITIVE ACTION

MAX. ELEVATION YELOCITY TC STOW 2000 DEG/HOUR

ELEVATION MOTOR 1000 §N-0Z @ 72 APM, AC SYNCHROROUS STEPPER
e RECEIVER

WEIGHT {4PL DEFINED) 705 POURDS

TABLE 2
f E-SYSTEMS
| 7 SYSTEM PERFORMANCE SUMMARY

o OPTICAL PERFORMANCE CASE | CASE Il

GEOMETRIC CONCENTRATION RATIO ... 1500 500
LENS TRANSMITTANCE 90% 90%
RECEIVER INTERCEPT FACTOR . 92% 99%
BLOCKING/SHADING FACTOR e 8% 94%
OVERALL OPTICAL EFFICIENCY ... 78% 83%

e THERMAL PERFORMANCE (@ 800 WATTS/M? INSOLATION)

RECEIVER CAVITY TEMP 815°C (1500°F) 371°C (700°F)
RECEIVER RADIATION THERMAL LOSS 5 KW (THERMAL)  2KW (THERMAL)

COLLECTOR NET OUTPUT 54 KW (THERMAL) 61 KW (THERMAL)
COLLECTOR OVERALL EFFICIENCY . 1% 80%
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# E-SYSTEMS TABLE 3 - PROTOTYPE LENS PANEL
Energy Technology Center

LOCATION WITHIN DOME LENS - CONICAL SEGMENT BOUNDED BY LUCAL RIM ANGLES OF 27.y°
AND 32.1°.

PANEL SIZE - 4 FEET AVERAGE CIRCUMFERENTIAL ARC LENGIH BY 2 FEET
STRAIGHT LENGTH.

CUNF IGURATION - 12 LINEAR PRISMATIC ELEMENTS, 4 INCH AVERAGE WIDIH
BY 2 FEET LENGTH.

MATERIALS - LINEAR PRISMATIC ELEMENTS MADE UF 3M ACRYLIC LENS-
FILM, SOLVENT-BOUNDED TO SINGLE PIECE OF EXTRUDED
ACRYLIC SHEET - TOTAL PANEL THICKNESS =% 0.1 INCH.

f E-SYSTEMS TABLE 4 - PROTOTYPE- LENS PANEL I1ESTING
E Energy Technology Center

1. LASEK/PHOTOVOLTAIC CELL TRANSMITIANCE TESTING

0 BEAM EXPANDER USED WITH HELIUM-NEON LASER 10 INTEKCEPT MULTiPLE PRISMS.
o SILICON CELL USED AS SENSUR, WITH CELL SHURI-CIRCULIT CURRENI LINEAR fu
IRRADIANCE.

o TRANSMITTANCE = CELL tUK%LNL IH LRANSMITIED BEAM
CELL URREH WITH DIRECT BEAM

o CELL-TO-LENS SPACING VARIED 10 CHANGE ACCEPTANCE ANGLE.-
o KEY RESULTS - TRANSMITTANCE FUR 1500X ACCEPTANCE ANGLE =2 85-8b%.

2. OUIDOOR FUCAL PLANE FLUX SCANS

o ROW OF SILICON CELLS TRAVERSES FOCAL PLANE.

o KECURDER MONETURS CELL CURKENTS DURING TES1.

o CELLS CALIBRATED VERSUS PYRHELIOMETER.

o COMPUTER INTEGRTION OF TWO-UIMENSIONAL FLUX PROFILE PROVIDES LTPICAL
EFFICIENCY VERSUS GEOMETRIC CUNCENTRATION RATIU-

PROBLEMS ENCUUNTERED [N RESOLUT{UN, CALIBRATION, ALIGNMENT, EiC.

LUUD DALA NOT YET AVAILABLE.

e o
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NON-IMAGING SECONDARY CONCENTRATORS

Roland Winston/Joseph 0'Gallagher
University of Chicago
Chicago, IL.

Abstract

Secondary concentrators deployed at the focal plane of a parabolic
dish can significantly increase the system concentration ratio or
alternatively decrease the tolerance requirement. Several trumpet
shaped radiation flow line concentrators were tested with the JPL Test
Bed Concentrator at the Parabolic Dish Test Site in the Mojave Desert.
Primary flux inside an 8 inch diameter circle was redirected into 5 1/2

inches with an efficiency exceeding 96%. A power gain of 30% was
observed. '
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HONIMAGING SECONDARY CONCENTRATORS

R, YinsTON AND J. D'GALLAGHER

PROGRAM SUPPORTED BY: THE U.S. DOE THROUGH THE AcADEMIC AND UNIVERSITY PROGRAMS
BrancH oF THE SoLAR ENErRGY RESEARCH INSTITUTE
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AND IN PART BY: THE SoLAR THERMAL TecHNoLoGY Group AT JPL




NONIMAGING SECONDARY CONCENTRATORS

- PuURPOSE

0]

IN A POINT FOCUS GEOMETRY A GIVEN TOTAL ANGULAR TOLERANCE BUDGET 1_81
(INCLUDING SUNSIZE, SLOPE AND TRACKING ERRORS, ETC.) THE MAXIMUM

- ALLOWABLE GEOMETRIC CONCENTRATION IS

Cuax = _—125_

SIN I

0 ALL IMAGING SINGLE STAGE CONCENTRATORS (E.G. PARABOLOIDAL DISHES) WILL
FALL SHORT OF THIS LIMIT BY A FACTOR OF > § |
N
G 0 A PROPERLY DESIGNED SECOND STAGE ELEMENT PLACED NEAR THE FOCAL PLANE CAN
RECOVER MUCH OF THIS SHORT-FALL
o CAN EITHER A) INCREASE C BY FACTOR OF~2-Y FOR GIVEN 91
OR B) FOR A GIVEN C INCREASE QI BY FACTOR ~ 1.4-2 ZJ/‘FOCAL
J PLANE
- SECOND STAGE DESIGNS -
o Compounp ELLIPTICAL CoNCENTRATOR OR CEC Al -~
(varianT oF CPC) | A '
Cy = "
o Frow LiNe ConNcenNTRATOR OR TRUMPET \\\\s\;
(A HYPERBOLA OF REVOLUTION) . :
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SELECTION OF SECOND STAGE DESIGN

CEC VS, TRUMPET
0 HIGHER POSSIBLE (9 0 Cy LIMITED TO~2
0 OPERATES ON MOST OF BEAM 0 OPERATES ONLY ON EDGES OF BEAM
0 RELATIVELY LARGE REFLECTION LOSS 0 Low REFLECTION LOSS

0 RELATIVELY LARGE THERMAL ABSORPTION O LOW THERMAL ABSORPTION

0 EXTENDS BEHIND FOCAL PLANE 0 EXTENDS IN FRONT OF FOCAL PLAME
TRUMPET OPTIMIZATION

0 FOR A GIVEN PRIMARY THERE EXISTS A WHOLE FAMILY oF TRUMPETS OF DIFFERENT
CZ' TRUNCATION HEIGHT;}) AND INTERCEPT FACTOR

0 MUST CHOOSE VALUES OF C2 AND h WHICH MAXIMIZE C = Cl ° C2 anD &
WHILE MINIMIZING SHADING

0 TYPICALLY SOLUTION YIELDS Cn ~ 2 AND SHADING 0SS <0.02 oF PRIMARY APERTURE
| 2




FULL SCALE EXPERIMENT
TRUMPET/TESTBED CONCENTRATOR
NOV. 1-5, 1962
JPL/EDWARDS TEST SITE

KEY C ORS
o0 OtHERS AT CHICAGO o ATt JPL
- EL1 KRITCHMAN - (CHuck STEIN
N - PERETZ GREENMAN - Len JAFFE

- Ep DENNISON
- BrLL Owen
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PRIMARY

0 DEsiGN 0 AcTuAaL
- Omn1uM-G ParaBoLoIDAL DisH --JPL TBC WITH MIRROR FACETS PARTIALLY
UNCOVERED TO SIMULATE OMNIUM-G
- 6 METER DIAMETER - ~{) METER EXPOSED DIAMETER
- £/0.67 - EFFECTIVE FOCAL RATIO~ F/0.60

EXPOSED RIM ANGLE ~1Q°

RIM ANGLE 41.1°
FOCAL SPOT DIAMETER ~8 INCHES
C; = 870X

~APPROXIMATE FOCAL SPOT DIAMETER~ 8 INCHES
(72 MIRRORS) = 965X
(176 MIRRORS) = 2360X

L1?

B ClGEOM
- CleEOM

SECOHDARY
0 TRUMPET
VIRTUAL SOURCE DIAMETER 8.0 INCHES

TRUNCATED HEIGHT= 30 INCHES

ENTRANCE APERTURE= 31 INCHES

EXIT APERTURE= 5,5 INCHES
Cy = 2. 1X Cl'C2(72 MIRRORS) = 2025X
Cl‘C2(176 MIRRORS) = U960X
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SCHEMATIC DIAGRAM OF ~ TBC/TRUMPET EXPERIMENT CONFIGURATION.
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EXPERIMENT PLAN

- OBJUECTIVES
0 To DETERMINE THE OPTICAL RESPONSE FUNCTIONS OF THE SECOND STAGE ELEMENT
AND COMBINED SYSTEM AND COMPARE WITH MODEL PREDICTIONS

0 TO INVESTIGATE THE THERMAL LOADS PRODUCED BY THE CONCENTRATED RADIATION
ABSORBED BY THE 2ND STAGE

0 To IDENTIFY ANY PRACTICAL PROBLEMS ASSOCIATED WITH THE FURTHER
IMPLEMENTATION OF THE CONCEPT

- TRUMPET TEST MoDELS
0 PaAssIVELY coOLED AL SURFACE ON AL SHELL

6c¢¢

0 WATER cooLED AL SURFACE ON AL SHELL
0 WATER COOLED SILVER PLATE SURFACE oN CuU SHELL

~ TesT PLAN
0 MEASURE TOTAL SYSTEM ENERGY THROUGHPUT WITH AND WITHOUT TRUMPET
0 MAP FLUX DISTRIBUTION IN FOCAL PLANE WITH AND WITHOUT TRUMPET
0 MEASURE SYSTEM ANGULAR RESPONSE FUNCTION WITH AND WITHOUT TRUMPET

0 [MEASURE TEMPERATURE DISTRIBUTION ON TRUMPET MODELS WHEN ALIGNED AND MISALIGNED




EXPERIMENTAL RESULTS

TrRuMPET/TBC PERFORMANCE [MEASUREMENTS

RAY DATA
No TRUMPET WI1TH TRUMPET
' (5.5" EXIT)
5.5" RECEIVER 17.9+ 0,2 «kw 23.2+ 0.3 kw (ALUMINUM)
8.0” RECEIVER 28,9+ 0,2 Kkw 23.8+ 0.1 kw (SILVER)

3 PERFORMANCE SUMMARY
TRUMPET EFFICIENCY GAIN IN INTERCEPT
ALUMINUM 9%+ 1.5% +29+ 2 %
SILVER 9%+ 1 % +335+ 2 %
PREDICTED 91 7 +30) 7

(AL FOR
OMNI UM-G)
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THERMAL LOADS

0 APPROXIMATELY 4% - 87 OF TOTAL POWER ABSORBED BY TRUMPET
0 SILVER TRUMPET WITH COOLING COILS BRAZED TO OUTSIDE WORKED PERFECTLY

- MEASURED TEMPERATURES AT THROAT DID NOT EXCEED 30°C (8° ABOVE AMBIENT)
0 AL TRUMPET WITH NO COOLING

- PFEASURED TEMPERATURES NEAR THROAT > 350°C

- LocaL MELTING AT “HOT spPoTs”
0 AL TRUMPET WITH WRAP-AROUND COOLING

- 0DPERATED SATISFACTORILY WHEN CENTERED ON SUN

- THROAT TEMPERATURES ~100 - 159° C

[A%4

- LOCAL MELTING WHEN DELIBERATELY MISALIGNED,
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SUMMARY

NONIMAGING SECOND STAGE CONCENTRATORS HAVE POTENTIAL TO RELAX TOLERANCES
AND/OR INCREASE ACHIEVABLE CONCENTRATION OF EXISTING SYSTEMS
TRUMPET DESIGNS HAVE FAVORABLE REFLECTION LOSS
EXPERIMENT ACHIEVED:

- FACTOR OF 2 GAIN IN NET FLUX CONCENTRATION

- 30% GAIN IN INTERCEPT

- AGREES WITH MODEL PREDICTIONS
FIANY POSSIBLE APPLICATIONS

- ULTRA HIGH CONCENTRATION SYSTEMS

- Low cOST PRIMARIES

- PARTICULARLY USEFUL FOR SPHEROIDAL OR LONG FOCAL LENGTH SYSTEMS
"1TH CAREFUL DESIGN THE OPTIMIZED TWO STAGE SYSTEM SHOULD ALWAYS ACHIEVE

SUBSTANTIAL PERFORMANCE IMPROVEMENT AT RELATIVELY SMALL COST INCREMENTS




SOLAR THERMAL TECHNOLOGY: POTENTIAL IMPACTS ON
ENVIRONMENTAL QUALITY AND PETROLEUM IMPORTS*

W. R. Gates**
Jet Propulsion Laboratory, California Institute of Technology

This paper describes work conducted at the Jet Propulsion Laboratory
(JPL) during 1982 in support of the Department of Energy's (DOE) Solar Thermal
Technology Program. The work was sponsored by Sandia National Laboratory,
Livermore (SNLL), who serves as the technical program integrator for the Solar
Thermal Technology Program. Under an agreement with SNLL, JPL had responsi-
bility for assessing the benefits and impacts associated with the successful
development of cost-competitive solar thermal electric systems.

This paper begins with a brief overview of the benefit assessment metho—-
dology. Following this overview, results are presented for three of the
potential impacts associated with an expanding, cost-competitive solar thermal
electric industry: energy cost savings, environmental impacts, and petroleum
import impacts. The paper concludes by discussing the implications these
results have regarding federal participation in the development of Solar
Thermal Technologies (STT). Particular emphasis is given to the role of the
Federal Business Energy Tax Credit and Federal funding for Research and
Development .***

STT Benefits Assessment Overview

The Solar Thermal Technology Program includes a variety of technologies
serving a range of applications. Solar thermal technologies can generally be
divided into two categories: concentrating systems and non-concentrating
systems. Concentrating systems reflect solar radiation to a simple axis or

*The methodology and results presented here are the collaborative effort
of a number of individuals. In addition to the author, E. S. Davis,
Robert Gershman, Michael Guth, Dr. Hamid Habib-agahi, and Dr. Katsuaki
Terasawa, from the Jet Propulsion Laboratory (JPL), and Michael Davisson,
under contract to JPL, all made substantial contributions. Any remaining
errors or omissions, of course, are the responsibility of the author.

The research described in this paper was carried out by the Jet
Propulsion Laboratory, California Institute of Technology, for the U.S.
Department of Energy through an agreement with the National Aeronautics
and Space Administration.

**Economist, Solar Thermal Power Systems Project.

***¥For a more complete description of the methodology and results presented
here, see W. R. Gates, et al., "Solar Thermal Technologies Benefits
Assessment: Objectives, Methodologies, and Results for 1982," Jet
Propulsion Laboratory, California Institute of Technology: Pasadena, CA.
Forthcoming.




point. Central receivers, parabolic dishes, and troughs are examples of con-
centrating systems. Non-concentrating systems, such as solar ponds, utilize
solar radiation in its diffuse state. Concentrating and non-concentrating
systems can both be operated either during hours when solar radiation is
available (without storage) or on demand throughout the day and night
(storage-coupled). Thus, solar thermal power systems can assume a variety of
technological configurations.

Similarly, solar thermal technologies provide a source of energy capable
of generating either thermal or electric power. Therefore, STT can be employed
in a variety of applications, including: electric utilities, industries
requiring thermal power, and as total energy systems capable of providing both
electric and thermal power. In the future, STT may be used to provide trans-
portable fuels and chemical feedstocks. This flexibility enables STT to
satisfy many categories of energy demand.

Finally, each solar thermal technology/application combination provides a
variety of potential benefits and impacts. A partial listing of the potential
impacts would include: energy cost savings, environmental impacts, national
security implications, impacts on oil imports, employment effects, tax revenue
impacts, creation of an STT export market, increased competition in the energy
sector, and improvements in the U.S. technology base. Due to variations in
fuel prices, insolation levels, and energy demands, these benefits will be
region and time specific.

To accurately assess the benefits of the Federal STT program, all
potential benefits, both quantitative and qualitative, must be evaluated for
each solar thermal technology, in every potential application. However, this
analysis has been restricted to concentrating solar thermal technologies
(central receivers and parabolic dishes), without storage, in electric utility
applications. Only three impacts have been considered: energy cost savings,
environmental impacts, and impacts on oil imports. The analysis has been
further restricted to the Southwest and Southcentral regions of the United
States, and to the 1990s time frame.

Benefits Assessment: Methodology

The value of the benefits realized from STT in electric utility applica-
tions depends critically on the installed capacity of STT. The capacity of
economically justified STT installations is determined by two factors: the
cost of producing STT (STT supply side) and the value of STT to electric
utilities (STT demand side).

On the supply side, STT production costs will be influenced by the success
of the R&D effort, the production volume, the STT storage capacity, and such
regional considerations as labor and materials costs. Because estimating STT
production costs is beyond the scope of this report, benefits were assessed
assuming three alternative STT system costs. The range of costs reflects
variations in STT production volume and R&D success, and was selected to
include the STT cost goal established by the Solar Thermal Cost Goal Committee
for solar thermal installations in 1990 with no storage capacity. Regional
variations in STT costs were not considered.




On the demand side, the value of STT to electric utilities was determined
through utility simulation. A generic STT system was used to represent both
central receivers and parabolic dishes. The value of STT depends on a variety
of considerations: some, including insolation levels and fuel prices, will
vary across geographic regions; others, such as the demand for electricity,
electric utility generating capacity and financial parameters, and the STT
storage capacity will vary across both utilities and solar thermal systems.

To simplify the required analysis, two hypothetical electric utilities were
examined: one represents the Southwestern states, while the other represents
the Southcentral and Southeastern states. The financial parameters selected
for this analysis characterize an investor—owned utility. Three insolation
levels were selected to reflect regional variations in solar radiation. The
fuel price assumptions for the Southwestern states differed from those used
for the Southcentral and Southeastern states, reflecting regional variations
in fuel prices. High, medium, and low fuel price scenarios were used for each
region to reflect uncertainty over future fuel prices. Only one time horizon
was considered, 1990 STT installations. The STT system examined in this
report has no storage capacity.

Using these simplifying assumptions, the value of STT (demand) and STT
costs (supply) were estimated for increasing levels of STT installations.
Comparisons of STT costs and values indicate the economically justified market
potential of STT in 1990. The utility simulation also indicates the type and
quantity of fuel displaced as STT penetration increases. This information was
used to assess the potential value of the benefits accruing from the installa-
tion of cost-competitive STT systems, under alternative assumptions regarding
future fuel prices and STT system costs.

1990 Market Potential for Cost—-Competitive Solar Thermal Electric Systems

Once a range of values has been estimated for both STT supply and demand,
the estimates can be combined to determine the economic market potential for
STT in the year being analyzed, and the corresponding energy cost savings (see
Figure 1). The demand curves represent the price that potential consumers
would be willing to pay for each quantity of STT capacity. The supply curve
indicates the quantity of STT capacity manufacturers would provide for
alternative STT price levels. Thus, the intersection of the supply curve and
the demand curve will determine the total capacity for which STT provides a
cost—effective alternative in 1990. The area bounded by the demand curve, the
supply curve, and the left-hand vertical axis provides a measure of the
after-tax energy cost savings.

Figure 1 illustrates that the size of the market strongly depends on
achieving the STT cost targets and is sensitive to future fuel prices. The
prices that utilities would willingly pay for STT are higher at lower levels
of STT usage corresponding to applications using the highest priced fuels in
areas with the best insolation. Values decrease as the level of STT usage
increases since STT must displace lower priced fuels in regions with less
desirable insolation levels. The rate of decrease is rapid at first, becoming
more gradual as penetration increases. In the medium oil price scenario, for
example, utilities would pay $2000/kWe (1981 dollars) for the first 500 MWe of
STT capacity. To achieve a market penetration of 2000 MWe, STT system costs
would have to fall to $1100/kWe (1981 dollars).
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The economic market potential for STT at a particular time is likely to
exceed the actual level of STT purchases and installations. Consumers may be
constrained by capital market imperfections or imperfect information, while
suppliers in growing industries frequently face bottlenecks in establishing
the required industry infrastructure, especially in industries experiencing a
relatively rapid rate of technological change. For these and other reasons,
actual purchases of STT may be less than the total projected demand for that
period. Cumulative installations during the 1990s, however, will approach the
total capacity for which STT is cost—-competitive. This suggests a dynamic
approach to projecting futue STT deployment decisions. Since a dynamic formu-
lation is beyond the scope of this analysis, static estimates of total
potential demand have been used.

‘Total Energy Cost Savings of Solar Thermal Electric Systems

Table 1 summarizes the net energy cost savings for three oil price
scenarios and three levels of STT costs. If STT systems cost $2200/kWe,
installations will be cost—-effective only in the high energy price scenario.
However, at a cost of $1,300/kWe, STT would be preferred in the utility sector
under all three oil price scenarios. The net energy cost savings in the $2200/
kWe case range from zero to $1 billion; at $1300/kWe, benefits vary from zero
to $10 billion.*

The patterns of the values in Figure 1 and Table 1 are more important to
note than the actual values themselves. In particular, under some plausible
scenarios for future fuel prices and STT system costs, the 1990 economic
market potential and corresponding energy cost savings are zero. Under other
plausible scenarios, the values become significant. This pattern has important
implications for federal participation which will be discussed later in this
paper.

Results of Utility Simulation

Figure 1 indicated that the 1990s STT economic market potential is limited
except under optimistic assumptions regarding future fuel prices and STT
system costs. However, the incremental value of STT, as estimated in this
analysis, reflects the value to the average utility in each region, assuming
an aggressive transition from o0il and natural gas capacity to coal-fired power
plants. Taken together, the high percentage of coal-fired capacity in the

*The values reported in Table 1 and Figure 1 are 1990 values (in 1981 dollars).
In order to derive the present value of the net energy cost savings, the
values must be discounted to the current period. Using the real federal dis-
count rate of 7 percent per year, the minimum value suggested by the Office of
Management and Budget, the values reported here would be reduced by approxi-
mately 60 percent when discounted to 1982. When comparing the net energy cost
savings with the future required federal investment in R&D, both cash flows
must be expressed in dollars for equivalent years.




FIGURE 1

1990 MARKET POTENTIAL FOR COST-COMPETITIVE
SOLAR THERMAL ELECTRIC SYSTEMS

o INVESTOR-OWNED UTILITIES
e SOUTHWEST AND SOUTHCENTRAL REGIONS
e NO STORAGE
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TABLE 1

TOTAL NET ENERGY COST SAVINGS OF SOLAR THERMAL ELECTRIC SYSTEMS
(1990 VALUES IN BILLIONS OF 1981 DOLLARS)

NEP-I11 ENERGY PRICE SCENARIO*
STT SYSTEM COSTS** LOW MEDIUM HIGH***
$2,200/KWE 0 0 1
$1,750/KHE 0 *aex 3
s $1,300/ KHe xrex 2 10

*LOW, MEDIUM, HIGH REFER TO THE NEP-IT1 ENERGY SCENARIOS BASED UPON
THE 1990 IMPORTED OIL PRICE OF 44, 52, 68 (1981 $/BARREL).

**| OW, MEDIUM, AND HIGH SYSTEM COSTS REFLECT VARYING PRODUCTION VOLUMES
AND LEVELS OF ReD SUCCESS.

**%*N\SSUMES THAT CONVENTIONAL GENERATING CAPACITY REPRESENTS THE BEST
ALTERNATIVE TECHNOLOGY. THIS ASSUMPTION MAY PROVE UNREALISTIC,
ESPECIALLY IN THE HIGH OIL PRICE SCENARIO.

****pOSITIVE VALUES WHICH BECOME ZERO AFTER ROUNDING TO NEAREST BILLION,




utility's generation mix and the poor correspondence between peak insolation
and peak electricity demand for the utilities used in the simulation, create a
situation which is relatively unfavorable for solar thermal electric systems
without storage. SIT competes primarily with coal-fired generating capacity
(coal represents more than 60 percent of the fuel displaced for the first one
percent of STT penetration). Despite the high coal displacement, STT without
storage can compete, on a limited basis, in utilities which exhibit these
average characteristics.

In actuality, initial STT installations during the late 1980s and early
1990s will occur in utilities where the value of STT is relatively high. This
will include those utilities which continue to use a significant quantity of
oill and natural gas, utilities which have a close correspondence between peak
electricity demand and peak insolation, as well as remote sites and non—-grid
connected applications (island utilities, stripper oil wells, agricultural
irrigations, etc.). Stimulated by both the Federal Business Energy Tax Credit
and Federal accelerated depreciation, and augmented in some states by addi-
tional energy tax credits and accelerated depreciation, third party investors
offer an alternative means through which STT can penetrate the electric
utility and remote site markets.

These early, high-valued applications are expected to provide markets for
the early, high-cost STT systems, facilitating the transition from a high-cost
small-scale STT industry to an industry using mass production techniques.
Considering these favorable markets, the values indicated in Figure 1 and
Table 1 should be considered as lower bounds on the actual 1990s STT economic
market potential and energy cost savings.

Environmental Impacts: California's South Coast Air Basin

Environmentally, SIT provides important benefits by reducing the use of
fossil and nuclear fuels in electrical power generation. Reducing the use of
nuclear fuels will help alleviate the problems associated with nuclear waste
disposal; reducing the use of fossil-fired fuels will alleviate air pollution
emissions (including SOy, NO, and CO, build-up).

From the utility simulation used to derive the demand cuves depicted in
Figure 1, information is available regarding the quantity of each fuel type
displaced by STT for each point on the demand curve. Considering the proposed
1990 air pollution standards, this data can be used to determine the reductions
in air pollution attributable to STT for each fuel price and STT system cost
combination.

California's South Coast Air Basin has significant air pollution problems.
A substantial amount of the emissions creating air pollution in the South Coast
Air Basin originate from oil-fired power plants. Approximately 30 percent of
the sulfur oxides and 10 percent of the nitrogen oxides, two important compon-
ents of air pollution in Southern California, can be attributed to emissions
from oil-fired power plants. The major electric utility in the area, Southern
California Edison, has a high percentage of relatively new oil-fired plants.
The high dependence on oil as a fuel source for electricity generation in
Southern California, and the related air pollution problems are not expected
to change dramatically before 1990.
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STT penetration in Southern California can have significant environmental
impacts. STT installations would reduce the capital expenditures associated
with improved emissions control technology, an impact estimated to add an
additional 50 to 150 dollars per kilowatt of installed capacity to the 1990
value of STT.* STT would also eliminate power plant emissions that were not
controlled by the proposed 1990 power plant emissions standards. This would
create health benefits, reduce crop damage, and provide salable pollutiom
offsets. The regional environmental impacts can be significant for Southern
California and other specific air basins in high insolation regions where
electric power plant emissions create air pollution problems.

Environmental Impacts: Conclusions

Compared to the quantity of fossil fuels consumed nationally in the
electric utility, transportation, industrial, commercial, and residential
sectors, the potential STT fuel displacement is relatively insignificant.
Correspondingly, the impact of STT on the national air pollution problem will
also be limited.

Regionally, however, the environmental impact of STT can be significant.
Electric power plants account for a substantial percent of the pollutants in
many regional air basins. STT penetration in these air basins would reduce
the capital expenditures associated with emission control technology. This
could add up to $150/kWe to the value of STT estimated earlier in Figure 1.
At $1750/kWe, this represents almost 10 percent of the initial system cost.
STT would also eliminate power plants emissions that were not controlled by
emissions standards. These additional reductions in air pollution provide
health benefits and reduce crop damage. Finally, STT installations would
provide salable pollution offsets. Industrial growth is frequently constrained
in air basins where pollution exceeds federal standards. The creation of
salable offsets through STT installations would provide the opportunity for
further industrial growth. The regional environmental impacts of STT are
potentially significant.

STT Impact on 0il Imports

Fuel displacement data can also be used to discuss the potential impact of
STT on U.S. petroleum imports. Because imported oil is the highest cost
source of o0il in the United States, reductions in o0il consumption are typically
expected to translate directly into import reductions. Furthermore, due to
substitution opportunities between petroleum and natural gas, a portion of any
natural gas displaced is frequently expected to further reduce oil imports.
0il import reductions will have both national security and balance of payments
implications.

*Based on the avoided capital expenditures for improved pollution control
technology as required to meet the shorter proposed emission controls
standards for 1990.
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Refining a barrel of crude oil produces a range of products including
gasoline, distillate oil (diesel fuel), and residual oil. As the relative
prices of refined products change, there is flexibility in the mix of products
produced during the refining process. This flexibility, however, is limited
in the short-run, until refineries can respond by changing the technology
embodied in their refining capacity.

Utilities primarily consume two types of oil: residual oil is used to
satisfy intermediate load electricity demands, while distillate oil is used to
satisfy peak-load demands. In the short-run, little substitution occurs
between residual and distillate oil in electricity generation. In the South-
west, there is currently a glut of residual oil available from refining
domestic crude oil. Crude o0il is imported into the Southwest in order to
satisfy the transportation demand for oil (diesel fuel and gasoline). A
similar situation exists in the Southcentral U.S. Residual o0il consumption
exceeds the supply from domestic crude on the East Coast. To use the excess
supply of Southcentral and West Coast residual oil to satisfy the excess
demand for residual on the East Coast would require the oil be both trans-
ported and further refined to lower the sulfur content. These costs make this
reallocation economically prohibitive in most cases. Residual oil shipments
from the Gulf Coast to the East Coast are limited. Excess residual oil in the
West is exported to Japan and the Far East.

Since early STT installations are expected to occur in the Southwest and
Southcentral states, the residual oil displaced by STT will not reduce oil
imports in the short run. Distillate oil consumption exceeds the supply from
domestic crude throughout the United States, however, so any distillate oil
displacement will have an impact on oil imports.

As Figure 2a indicates, STT without storage displaces primarily residual
0il. Distillate oil consumption actually increases. Correspondingly, the
direct impact of STT on oil imports in the short run is expected to be small.
With storage, the STT fuel displacement potential increases, reducing the
consumption of both residual and distillate oil (see Figure 2b). Reduced
distillate consumption can lead directly to reduced demand for imported oil.
However, this impact would be small relative to the total demand for imported
0il in the United States projected to equal three million barrels per day in
1990).

In conclusion, STT can reduce oil consumption in the electric utility
sector. The oil displacement potential increases with the addition of storage
capacity. However, the direct impact of STT on oil imports in the short-run
is expected to be small. The tendency for STT without storage to displace
residual oil, the current glut of residual oil in the West and Southcentral
United States, the prohibitive costs of reallocating excess residual to the
East Coast, and the limited short-run substitution between types of oil in
both refining and electricity generation, all serve to minimize the short-run
impact of STT on oil imports.

In the long-run, competitive industries characteristically demonstrate
substantial flexibility. Refinery and utility generating capacity can be
expected to change in response to the glut of residual oil. Substitution will
occur both between types of oil and between o0il and other fuels. Alternative
uses will be found for residual oil, some of which may reduce the demand for
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FIGURE 2

AVERAGE ANNUAL STT OIL DISPLACEMENT BY TYPE

(MEDIUM FUEL PRICE SCENARIO)
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other types of oil. Since imported crude is the highest cost source of oil in
the U.S., these changes should reduce oil imports. As a result, the direct
and indirect long-run impacts of STT on imported crude oil can be significant.
In this case, STT would reduce oil imports, increase national security, and
improve the U.S. balance of payments.

Conclusions

This analysis has estimated the 1990 economic market potential and corres—
ponding energy cost savings associated with cost-competitive installations of
STT in electric utility applications under a range of future fuel price
scenarios and STT system cost. This analysis concludes that the potential
benefits from solar thermal technology R&D can be expected to vary widely
depending both on the STT system cost and the relevant fuel price scenario
(recall Figure 1 and Table 1). As with most technology development projects,
the outcome of the R&D effort is quite uncertain, as reflected by the range of
plausible STT system costs. In the STT R&D program, however, this uncertainty
is compounded by the extreme variability in expectations regarding future fuel
prices. World oil prices are largely determined through the price-setting
policies of the OPEC cartel, which can lower oil prices and undercut the price
of developing technologies. After the 1978-79 Iranian oil embargo, fuel prices
were generally expected to fall within the medium or high fuel price scenario.
Since the oil glut early in 1982, the low oil price scenario appears most
probable. Because of the past fluctuations in oil prices and the perceived
threat of OPEC price cuts, there is a greater—-than-average uncertainty regard-
ing the benefits from STT R&D. To private industry, STT R&D represents a risky
investment; private STT R&D initiatives are unlikely in the absence of federal
participation.

The Federal Government, however, has a variety of concerns, including
minimizing the impact of energy market imperfections, protecting the economy
from the disruptive influence of rapidly escalating fuel prices, and limiting
the environmental consequences of oil, coal, and nuclear facilities. Due to
the energy market imperfections introduced by the OPEC cartel, private
industry is unlikely to independently finance STT R&D. Expenditures on STT
R&D could result in significant energy cost savings, limit the impact of oil
price increases, and reduce environmental degradation associated with conven-
tional energy technologies. These social benefits would far exceed the costs
of the federal R&D program. Therefore, federal participation to capure these
significant national benefits is justified.

To provide the incentives to stimulate the establishment of a cost-compe-
titive STT industry, the Federal Government can follow two complementary
approaches. If extended, the Federal Business Energy Tax Credit will encourage
third party investments in solar thermal power systems. These early purchases
will encourage volume production resulting in STT cost reductions. Simultane-
ously, federal R&D programs can be used to further refine the technology base
leading to STT systems capable of meeting and surpassing the 1990s cost target.
This combination of federal incentives can facilitate the creation of a self-
sustaining private STT industry. In return, the STT industry provides the
economy with potential economic and social benefits, including: savings in
energy costs; improvements in environmental quality; and, in the long-run,
possible reductions in oil imports.
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IMPACT OF THE FEDERAL ENERGY TAX CREDIT ON THE

SOLAR THERMAL INDUSTRY AND GOVERNMENT REVENUE

INTRODUCTION

This analysis of the impact of the Federal energy tax credit on the solar
thermal industry and Federal income tax revenues indicates that extending the
federal energy tax credit beyond 1985 is necessary for the establishment of a
viable solar thermal electric industry. The analysis is of the investment in
solar thermal technologies by limited partnerships as this type of ownership
can make the most use of existing tax laws.

The results of this study show that during the early stages of industry
development, when system costs are still at high levels, assumed to be about
$4,000/kWe, there will be no investment without the energy tax credit. With
the extension of the energy tax credit, investment begins to look attractive
to owners requiring a return of 18% or greater on their investment at a debt
to total investment ratio of 36% or more. The less equity required of an
owner, the more attractive the investment looks, assuming debt financing would
be available. However, repayment assurances such as coverage ratios required
by conventional lenders make it unlikely that a debt fraction higher than 50%
should ever be reasonably considered. As the industry matures and capital
costs drop to $2,200/kWe, an investor requiring a 20% return may be persuaded
to invest at debt fractions as low as 25%. The return becomes greater both
with an increase in the debt fraction and the extension of the energy tax
credit, assuming no variation in the interest rate. The calculation of
increased rate of return to equity with higher debt fractions assumes that the
interest rate on debt is not sensitive to the size of the loan. As the debt
fraction increases, however, the interest rate may also increase to the point

where increased interest expenses actually decrease the return to equity.
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The next focus of the analysis is the impact of the energy tax credit on
government revenues. The study indicates that, in general, the energy tax
credit is essential to the establishment of the industry, but can be dropped
as the industry matures. The effect on government revenues is then the present
value of revenues lost due to the energy tax credit, and revenues gained due
to income taxes from the industry. At a $4,000/kWe system cost and 15% energy
tax credit, the present value of all government revenues discounted at 13%
nominal is negative. As the system cost comes down and the investors begin to
pay more taxes, Federal receipts increase. Once the industry is established
with the aid of the energy tax credit, the costs have decreased, and the
energy tax credit dropped, the flows to the Federal government will be

positive.

OVERVIEW

The objective of this analysis is to examine whether or not the Federal
energy tax credit is an effective instrument for stimulating the solar thermal
electric industry. The question of the cost of the energy tax credit to the
Federal government must also be examined.

There are several scenarios in which a solar thermal electric industry
might operate that need to be examined.

System costs can vary from $4,000/kWe in 1985 dollars for the infant
industry to $2,200/kWe in 1985 dollars for the relatively mature industry. In
either case, the impact on return to the owner needs to be examined both with
and without the Federal energy tax credit. The type of ownership considered
in this study is the limited partnership. A limited partnership is able to

take the full tax loss against income genérated from other sources at the

maximum tax rate while the solar thermal system is operating at a loss.




If an investor is evaluating a solar thermal system for maximum return on
his equity, then his option would be for as high a debt fraction as possible,
at reasonable debt cost. However, a lender may not be willing to assume a
large share of the risk. The return to equity was therefore evaluated at debt
fractions of 25% to 75%. Naturally, the less equity an investor was required
to put in, the greater his rate of return and the more willing he would be to
invest.

To evaluate the financial return of a solar thermal system, a cash flow
model was devised. The model calculates the income from the sale of electri-
city to a utility minus expenses as pretax net income. State-specific adjust-
ments are made to calculate state income tax. In this case, California was
modeled. Federal taxable income is then calculated, and the federal tax is
computed. When the net income is negative, the federal revenues are negative
for that year for the solar thermal project, assuming that the owners can
apply the losses to income generated from other sources. To calculate return,
appropriate adjustments are made for depreciation, payment of the loan
principal, and tax credits. The model then calculates the internal rate of
return for the thirty year system life. Conclusions can then be drawn about
the likelihood of investment. The net system lifetime present value of
government revenues, tax recelpts minus the energy tax credit, are calculated

using a real discount rate of 7%Z. A complete description of the model follows.

MODEL

The cash flow analysis model is defined in the following manner.

It = Pt' Q
t-1
P, =Py I (1+ge )
t
where
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It = Income in Year t
P, = Price in $/kWh in Year t
Py = Initial Electricity Price in $/kWh

g8, = Escalation Rate of Electricity in Year t
t
Q = Annual Electricity Qutput in kWh
= - + + + +
PNI =1, (Mt PI + INS + F_ + MISC,)
where
PNIt = Pre—tax Net Income in Year t
Mt = Operations and Maintenance in Year t
t-1
M =(2CD- 1 (1+gyey )
t
CI = Capital Investment in §
g = Escalation Rate of 0&M Expenses in Year t
O&Mt
PI:——]'_:;,D
1-(1+i)
where
PI = Principal and Interest Mortgage Payment
i = Loan Interest Rate
D = Initial Amount of Debt in §
D= aD « CI
ay = Debt Fraction
n = Loan Lifetime
INS = Insurance Expenses as a Percent of the Initial Capital Investment
Ft = Fuel Cost at Time t
t-1
F,=Fy+ I (l+g; )
t
F_ = Initial Fuel Cost




8¢ Escalation Rate of Fuel Costs in Year t

t
MISCt

Miscellaneous Expenses in Year t

State taxes are calculated next as pre-tax income adjusted by the principal
repayment on the loan and allowable state depreciation.

STI_ = PNIt + At - SDt

t
where
STIt = State Taxable Income in Year t
At = Amount of Principal in the Mortgage Repayment in Year t
A =PI -i D _,
D .= Outstanding Balance on the Loan
SDt = Depreciation Allowed by the State in Year t

State taxes are then

ST . STI
¢ T Tyt ST,

State Tax Rate

T
s

Federal taxable income is then the State taxable income with appropriate

adjustments:

= - + + -
FTI STIt STt STCt SDt FD

t t
where
FTIt = Federal Taxable Income in Year t
STCt = State Tax Credit in Year t
FDt = Depreciation Allowed by the Federal Government in Year t
FD_ = (CI - [.5 *FIC4]) * FDR,
FTC0 = Initial Federal Allowable Tax Credits, the Sum of the
Energy Tax Credit and the Investment Tax Credit
FDRt = Federal Depreciation Rate in Year t
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Federal taxes are then:

FTt =Tt FTIt

T = Federal Tax Rate
The income to the limited partnership is the Federal taxable income with the
following adjustments:
= - + - +
Rt FTIt FTt FTCt At FDt

where

R

N Return to the Limited Partnership in Year t

FTC

¢ Federal Energy Tax Credit in Year t

The internal rate of return (IRR) to equity can then be calculated as the
discount rate at which the sum of the discounted returns to the owner equals
his equity investment, or the rate that satisfies the following equation:

T R |

Cil+(l-o) = I —mmm0-
D t=1 (1+IRR)t

t

where

T = System Lifetime

ASSUMPTION
1. All figures are in nominal terms.
2. Price of electricity = net avoided cost

+ capacity credit

+

0&M credit

11.84/kWh in 1985%

*Based on 100% o1l displacement and the methodology developed in Gates, W. R.,
et al., "Solar Thermal Technologies Benefits Assessment: Objectives, Metho-
dologies, and Results for 1982," Jet Propulsion Laboratory, Pasadena, CA.
February 1983.
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Quantity of energy produced

100 MW * 8760 hr./yr. * .25 capacity credit

220 * 10° kWh/yr.

Expense terms and Escalation Rates

0&M Costs = 2% of the initial capital investment, escalated at the O&M

rate of escalation in subsequent years

Cost of debt = 13.5%

Insurance and Miscellaneous = 2% of the initial capital cost, annually

Capital Cost = $4000/kW in 1985 and $2200/kW in 1990, both in 1985

dollars. The 1990 cost in 1990 dollars is $2900.

Federal Depreciation = ACRS, 5 year schedule; the applicable percentages
for 5-year property are 15, 22, 21, 21, 21, with
the basis reduced by 1/2 the allowable Federal tax
credit according to the provisions in the Tax Equity
and Fiscal Responsibility Act of 1982 (TEFRA).

State Depreciation = Straight line depreciation, 3 year schedule, with the

basis for depreciation reduced by the amount of the
state tax credit according to California law.

State Tax Rate = 10.5%

Federal Tax Rate = 50%, the maximum marginal rate for individuals and

partnerships.

State Tax Credit 25% through 1990, and allowed to expire after that

Federal Tax Credit = 10% investment tax credit, evaluated with and without
the additional 15% energy tax credit

Salvage Value = 0

System Lifetime = 30 Years

Loan Lifetime = 20 Years
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Debt Fraction = Evaluated for a range of debt fraction, from 25% through 75%
General Inflation = 6%

Electricity Price Escalation = 9%

O&M Escalation = 7%

Fuel Costs = 0

ANALYSIS

Figure 1 illustrates the analysis for a system installed with a capital
cost of $4000/kWe in 1985 dollars. Assuming a limited partnership would
require an internal rate of return to equity of approximately 18-20% or
better, no limited partnership would invest in a solar thermal project without
the Energy Tax Credit. With the Energy Tax Credit, investment begins to be
attractive with an 18% return at debt financing of greater than 35%. While
the‘return to equity continues to increase with increasing debt fractions, in
this case with the interest rate on debt held at 13.5% nominal for all debt
fractions, the probability of’obfaining debt financing decreases with the
larger sizes of the loan requests. Lending institutions will typically look
at debt coverage ratios as assurances of the ability of the borrower to repay
the loan. The debt coverage ratio used here was defined as the net operating
income (revenues minus O&M, insurance, fuel, and miscellaneous variable costs)
divided by debt service (principal plus interest payment). A cash reserve
account was set up using the energy tax credit, to be drawn down to meet debt
coverage ratios as needed. The coverage ratio cut-off minimum of 1.2 was used
as this is typically the‘minimum of acceptable ratios defined in bond agree-
ments of municipal utilities. Using this as the limiting factor of available
debt financing, the analysis showed that 46% is the maximum achievable debt

ratio. Figure 1 then indicates that if a limited partnership is to invest in
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Figure 1. Solar Thermal System Return
$4000/kWe Capital Cost

(in 1985 Dollars)
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solar thermal systems of the initial high cost technology, the investment
scenario will allow debt financing of between 367 and 46%, with an internal
rate of return to equity of between 18% and 23%.

The calculations of return to equity may be affected by two factors, both
tending to reduce the estimate of return. First, as the debt fraction
increases from 36% to 46%, the interest rate may increase, thus reducing the
return. Secondly, and perhaps more importantly is the consideration of the
cash reserve account. The cash from the tax credits was taken into account in
the calculation of the investors' return to equity. If the tax credit amount
is spread over several years to reduce losses rather than received in the
first year, the internal rate of return will be reduced from that shown in
Figure 1.

Once the industry is well established and costs drop to more competitive
levels, both the attractiveness of investment in terms of return to equity and
the ability to obtain debt financing improve. Figure 2 illustrates the
analysis for the case of solar thermal investment of $2200/kWe in 1985 dollars,
assumed to take place in 1990 at $2900/kWe in 1990 dollars. In this case,
investment will be attracFive either with or without the Energy Tax Credit.
With the ETC, the return to owners' equity is greater than 22% at all levels
of debt financing. The return again increases as the debt fraction increases
if the interest rate is held constant. With no ETC, the intermal rate of
return is lower, but still above 19% at debt financing of 25% or greater.

Debt availability also increases over the 1985 case of high capital cost.
Capital costs have dropped so that less investment is required to generate
revenue. With no ETC, the coverage ratio of 1.2 is satisfied with debt

financing of 557 or less. This coverage was estimated without using the cash

generated by the 10%Z investment tax credit. If this cash were put into a




Figure 2. Solar Thermal System Return
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reserve account as was done with the analysis of the earlier period, slightly
more debt financing would appear to be available. 1In the 1990 case with the
energy tax credit of 15% extended, debt financing would appear to be available
at all levels analyzed, that is through 75%, using the reserve account method.

The second reason for performing this study was to investigate the net
effect on government revenues of investment by limited partnerships in solar
thermal technologies. Initial investment in 1985 is assumed to take place
only with the Energy Tax Credit. At 367 to 46% debt financing, the probable
investment scenario, the government loss in revenues is between 90 and 100
million dollars in 1985§. The $90 to $100 million is the present value of
the stream of government revenues calculated over the system lifetime at a
real government discount rate of 7%. The government will regain some of this
loss when the capital cost drops to $2200 in 1985$, in 1990. However, to
match the initial $100 million loss generated by a 100 MW plant in 1985,
investment in 200 MW of generating capacity is required. See Figure 3.

Table 1 gives a summary of all calculations analyzed by the case flow
model.

A caveat which needs to be added to the picture of investment potential is
a word about market size. The solar thermal system is without storage. The
revenue calculations of net avoided cost apply only when the solar thermal
system is operating to replace an oil-fired peaking plant. This will take
place only when peak demand matches peak insolation. The number of oil-fired
power plants which can actually be replaced in the South and Southwest is
limited by a mismatch of demand and insolation peaks. Thus, solar thermal
technologies may require storage, a shift in demand peaks, or some other major

scenario change to realize full market potential.
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Table 1. Investment Scenario For 100 MW Solar Thermal System

a. 1985 Capital Investment = $4000/kWe, ETC = 15%

Government

Debt/Investment Rate of Return Federal Taxes Tax Credits Revenue
(2) (%) ($ x 10) ($ x 10) ($ x 109)

25 14.8 15.8 -88.5 - 72.7

35 17.0 1.3 -88.5 - 87.2 .

45 20.8 -13.3 -88.5 -101.8

55 29.6 -27.9 -88.5 -116.4

65 49.3 -42.4 -88.5 -130.9

75 89.5 -57.1 -88.5 -145.6

b. 1985 Capital Investment = $4000/kWe, ETC = 0

Government

Debt/Investment Rate of Return Federal Taxes Tax Credits Revenue
(%) (%) ($ x 109) ($ x 109) ($ x 109)

25 10.0 - 34.6 -35.4 - 70.0

35 10.6 - 49.2 -35.4 - 84.6

45 11.3 - 63.8 -35.4 - 99.2

55 12.4 - 78.4 -35.4 -113.8

65 14.2 - 96.6 -35.4 -132.0

75 19.4 -107.6 -35.4 . -143.0

All Figures are in 1985 dollars.




Table 1 (Continued)

c. 1990 Capital Investment = $2900/kWe in $1990, ETC = 15%

Government
Debt/Investment Rate of Return Federal Taxes Tax Credits Revenues
(%) (%) ($ x 100)*  ($ x 106)* ($x106)* ($x106)%*
25 22.2 138.4 ~64.2 74.2 40.3
35 25.0 127.8 ~-64.2 63.6 34.5
45 29.2 117.3 -64.2 53.1 28.8
55 36.5 106.7 -64.2 42.5 23.1
65 150.0 96.2 -64.2 32.0  17.4
75 79.0 85.5 ~64.2 21.3 11.6
d. 1990 Capital Investment = $2900/kWe in $1990, ETC = 0
Government
Debt/Investment Rate of Return Federal Taxes Tax Credits Revenues
(%) (%) ($ x 100)*  ($ x 100)% ($x100)* ($x106)%*
25 19.2 130.9 -25.6 105.3 57.0
35 20.9 120.3 -25.6 94.7 51.4
45 23.4 109.8 -25.6 84,2 45.7
55 27.3 99.2 -25.6 73.6 40.0
65 34.4 88.6 -25.6 63.0 34,2
75 49.4 78.0 ~-25.6 52.4 28.5

*Figures in 1990 dollars.
**Figures in 1985 dollars.
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CONCLUSION

If the Federal Energy Tax Credit is allowed to expire in 1985, near-term
private investment in solar thermal electric power systems is unlikely. The
expected return to third party owners of a 100 MW solar thermal power plant,
assuming 65% debt financing, would be less than 15% (nominal), and the expected
reﬁurn,would fall for lower debt fractions. With the extension of the ETC,
there does exist a potential financial framework for investment to occur with
$4000/kWe capital costs. Debt financing appears to be available for up to 45%
of the system cost. Third party owners using 35% to 45% debt financing can
anticipate a return to their investment of 187%-22%, respectively. With these
rates of return, the markets provided by third party owners may be sufficient
to enable the solar thermal systems industry to employ mass production tech-
niques, bringing system costs to more competitive levels. If solar thermal
capital costs drop to $2900/kWe in the 1990 time frame (1990 dollars), invest-
ment will be attractive even without the ETC. Third party investors can
expect a 20% to 30% return and debt availability to 55% of the system costs.

The cost of the ETC to the Federal Government in lost tax revenues is
between $90 and $100 million (1985$) for each 100 MW solar power plant. This
is the amount of revenue lost through the ETC in 1985, and through ''negative"
taxes to the 100 MW solar thermal project. By 1990, when the Energy Tax
Credit is no longer necessary to stimulate investment, the government revenue
stream will be positive. However, using a government nominal discount rate of
13% (7% real) to calculate present value, it will take twice as many power
plants in 1990 as were put in in 1985 to make up for lost government revenues.

It should be noted that the revenue stream was calculated on a net avoided
cost basis. However, fuel costs have been one of the more volatile factors in

recent economic periods, both increasing and decreasing rapidly. If fuel
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costs drop, anticipated revenues from solar thermal electric systems will also
drop. Private investments in both solar thermal systems and production
facilities will become less attractive. In order to stimulate the private
investment required to create a self-sustaining private solar thermal industry,

federal incentives such as extension of the energy tax credit are needed.
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ADVANTAGES OF LARGE PARABOLIC DISH SYSTEMS FOR
POWER GENERATION*

A.G. Sutsch

Institute for Computer-assisted Research in
Astronomy, CH-1715 Alterswil, Switzerland

ABSTRACT

The advantages of the Large Parabolic Dish System-LPDS over other
competing solar thermal power plants are discussed: absence of all
cosine losses resulting in higher net power output (annual kWh)
throughout the year, even heat flux distribution in the important
component, the receiver; proven technology transfer into solar re-
ceivers stemming from 25 years experience in high temperature ma-
terial behaviour using the Bammert-Criteria for design parameters;
multi-purpose, 24 hour continuous electricity production via a ther-
mal storage unit; industrial process heat utilization either at high
temperature (950°C) or as waste heat from the turbine exhaust (100-
300°C) ; communication benefits using the dish as an antenna

during non-sunshine hours for telephone, telex, etc. as an earth
station or direct line communication; high plant efficiency due

to high process temperature (950°C) resulting from high concen-
tration ratios in the focal plane area of the parabolic dish.

These advantages make the LPDS a desirable system choice for the
isolated load market and developing countries.

KEY WORDS

Solar energy; thermal power conversion systems; solar energy
conversion into electrical and mechanical power; small industrial
gas turbines; parabolic dish; high temperature energy storage;
communication.

INTRODUCTION

Solar energy can provide an answer for the energy problems especially
in remote locations for the isolated load market and developing
countries where conventional fuels are very costly to transport

and an electric grid is too expensive to maintain. In countries

with adequate insolation (generally 45° North and South latitude),

*
From the Proceedings of the International Solar Energy Society Congress (Brighton,
England; August 23-28, 1981), printed by Pergamon Press.
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i.e. sufficient sunshine hours throughout the year, solar thermal
power plants find a vast and expansive market if they can fulfill
general user requirements, such as: reasonable cost for installation
and maintenance, amortisation time within present day industrial
schemes (typically 10-15 years) taking into account zero primary
energy costs during the life of the plant, high availability with
continuous electric and/or industrial process heat production,
depending on user requirements. )

It is this last factor where all present day solar thermal power
plants fail: they deliver electric/ industrial process heat - enerqgy
during sunshine hours only; for an industry or utility this is a
completely inadequate situation. Major emphasis, therefore, has
to be placed on energy storage, either thermal, electric, or
chemical to provide 24 hours of continuous energy production

with net power output at a reduced level during non-sunshine
hours being permissible, maintaining a base load only.

It is misleading and counterproductive to the development of
solar thermal power plants if a"design point" (maximum energy
production level) is quoted, as is the case in almost all present
day solar thermal power plant installations. The user is interes-
ted in kilowatt hours output per year on a continuous basis and
cost per kilowatt hour; only if this philosophy can be adopted
and systems working under such conditions presented does solar
energy become a competitive and viable source of energy produc-
tion on an electric or industrial process heat level.

The LPDS represents a solution to these problems and this paper
lists some of the advantages over other competing solar energy
systems in the same power range.

Fig. 1. Large Parabolic Dish System.
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COSINE FACTOR

Figure 1 shows an artist's concept of the LPDS, consisting of a large
parabolic dish as used in radio-astronomy as collector with a reflec-
tive coating on the aluminium panels; the receiver and turbo-converter
are placed at the focal area of the dish, held in place by four suppor-
ting struts.

By its configuration, a high process temperature and thus high conver-
sion efficiency is achieved with a parabolic collector. The parabolic
dish, mounted on an altazimuth or equatorial mount tracks the sun
from sunrise to sunset, accounting for one of its outstanding dif-
ferences with other solar power plants: the absence of all cosine
losses due to constant two-axis tracking, holding the incoming solar
radiation always parallel to the optical axis of the dish. This major
feature accounts for a yearly increase in power delivered in excess
of 30% over other competing solar thermal power plants due to two
phenomena: 1. daily cosine losses and 2. cosine losses within one
solar year.

Design points in power output for solar thermal power plants are
usually given for site noon at the summer solstice (June 21, 12:00)
resulting in reduced power output throughout the rest of the year

and providing misleading figures for average power delivered (thermal
and electric). The LPDS reaches its maximum (equal to constant) power
output on any day throughout the year at any time with the sun a cer-
tain angle (typically 7-10°) above the horizon; reduced insolation
energy right after sunrise and shortly before sunset is due to radia-
tion absorption within the earth's atmosphere for low elevation angles
because of dust, humidity, etc.

A heliostat-tower system exhibits a strong cosine loss factor in the
morning after sunrise and evening before sunset with the sun only
grazing the heliostats (low angle of incidence=low angle of reflection)
to reflect the sunlight onto the receiver (tower) thus resulting in

a greatly reduced power profile for the morning delivering up to 40%
less in thermal power than at noon of the design point. This cosine
loss factor (the daily cosine loss factor) is symmetrical for a sym-
metrical heliostat field and applies as well for the afternoon hours
before sunset.

The LPDS awaits the sun at sunrise with the optical axis of the dish
pointing to the solar disc center, and constantly tracks it throughout
the entire day with radio-astronomical precision ( typically + 10 arcsec).
In this way, delivered power is only dependent on the transparency of

the atmosphere, i.e. radiation received on a surface normal to the sun's
radiation direction, and maximum power is equal to constant power

output - the "design point" of the LPDS.

RECEIVER DESIGN CONSIDERATIONS

The most critical component of a solar thermal power plant wor-
king at high temperatures is the receiver. Basically, the recei-
ver is a heat exchanger transferring the heat absorbed from solar
radiation to a working fluid flowing in passages or tubes. The re-
ceiver design concept is one of the most decisive questions for
high plant efficiency and cost effectiveness. Receiver technology
and its optimization will play an important role in the develop-
ment of future solar thermal power plants.
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Closely related to the already mentioned cosine loss factor in a

heliostat-tower system is the varying load factor on the receiver

tubes due to an uneven irradiation profile throughout the day.

This results in only partial load on some parts of the receiver

with possible overloading of other parts; this again has two effects:
1.the receiver has to be larger than optimally necessary
since it only receives part of the load some of the time
(morning and afternoon); the size is determined by the
design point, the maximum radiation received at noon on
the summer solstice. Therefore, the receiver becomes more
expensive considering the very costly INCOLOY 800H or
similar as a guideline for high temperature applications,
2. overlaoding of certain receiver areas is possible due
to uncertain tracking of heliostats; the heliostat being
a mass-produced item exhibits higher tracking errors than
its LPDS counterpart, the large parabolic dish. This shows
even more, the farther away a heliostat is from the re-
ceiver; gear backlash and pointing inaccuracy result in
larger spillage or radiation intensity profile uncertainty
for greater distances since the errors occur within the
drive mechanism and increase in dimension with distance;
this effect is amplified when wind is present.
Receiver overload leads to shorter life time of the ex-
pensive receiver tubes (ruptures) before the designed
tube service life.

A major factor for choosing a parabolic dish collector tracking the
sun continuously from morning to evening is the uniform energy dis-
tribution profile in the focal area (heat flux distribution) through-
out the day. When the dish follows the sun from sunrise to sunset
only the amplitude of the focal plane intensity profile changes

due to varying insolation values (morning, noon, evening) but the
heat flux distribution over the focal area remains constant through-
out the day since the sun is always held on the optical axis of

the dish and tracked with arcseconds accuracy. This mest important
consideration for the construction of efficient receiver designs
cannot be fulfilled by the heliostat-tower concept.

RECEIVER TECHNOLOGY

For the 250 kWe demonstration plant a conventional metal tube
receiver (Incoloy 800H) is being considered (Fig.2). This techno-
logy has been employed successfully for years in gas-, oil-, and
coal-fired heaters of open- and closed-cycle gas turbines. In

the past 25 years extensive theoretical (1) and experimental
work has been done for the development of conventionally fired
heaters. We have running experience with several plants in Ger-
many (2 ) with a lifetime for each plant in excess of 100,000
hours. This running experience warrants the use of this high-
temperature technolcgy to be transferred into receiver designs

of solar power plants. The radiation part of such heaters corres-
ponds to the receiver; the place of the burner (coal, gas, 0il)
is taken by solar radiation.

Figure 2 shows a diagrammatic sketch of a first generation steel
alloy receiver with heater tubes aligned in a circle around the
receiver wall, a window for radiation entrance, the radiation dis-
tribution cone of ceramic material with cooling tubes, inlet and
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outlet headers within the insulation.
Future generation receivers would be of ceramic material through-~
out to allow higher process temperatures (up to 1,300°C) and

increase overall plant efficiency even further ( nplantzZG%).

radiation distribution cone
receiver cage with insulation
focal plane area

cooling tubes

reflective wall

receiver tubing
inlet header
outlet header
window

0T
HeTTQ —h

Fig. 2. Receiver.

MULTI-PURPOSE SYSTEM

One of the unique features of the LPDS is its multi-purpose use
for production of electricity and industrial process heat on a

24 hour continuous basis. A major drawback of all solar thermal
power plants to date is their operation only part of a 24 h day
and only during sunny periods. Cloud passages cause instability,
interruption, or total loss of electric power production - a situa-
tion unacceptable to an industry or utility. The LPDS overcomes
these important drawbacks by feeding thermal energy from the
receiver to a storage unit of Mg0O, brick (or similar) in a closed
cycle system; heat exchanger tubing within the storage unit pro-
vides the necessary turbine inlet temperature of up to 950°C
(typically 800°C for the prototype unit). For varying ambient air
intake temperatures into the compressor of the gas turbine due

to changing air temperature during the day and electric load
conditions on the generator, a by-pass regulating valve on the
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return cool gas line to the storage unit (Fig.3) feeds directly
into the hot gas line in order to keep the turbine inlet tempera-
ture at a constant value, mixing the required cool gas with hot
gas from the storage unit to insure a constant or variable load
depending on user requirement.

Taking thermal energy for the turbine always from the storage unit
also disregards cloud passages and insures stable operating con-
ditions throughout the day and night.

Electricity production at night is provided via the gas turbine
drawing thermal energy from the storage unit; night time elec-
tricity consumption is on a reduced level to typically 40% of
consumption during the day, dependent on user profile, as most
industries go off the line. Although the gas turbine will run at
a reduced load, plant efficiency remains nearly constant with the
ambient air at the compressor intake dropping to the much lower
night temperature, resulting in higher compressor efficiency.

HE

AN O— T =

1 {
R D l%sm% x v i
_J L ] ut
; A A

A working medium tubes PH process heat (waste heat)
C compressor R receiver

D dish collector ST0 storage

G generator T turbine

HE heat exchanger V valve

Fig. 3. Schematic cycle diagram for L. P. D. S.

Waste heat from the gas turbine can be exploited further for
desalination, absorption cooling, direct heating, or low power

steam production, or any type of process heat requiring temperatures
between 100-300°C, thus making use of the total thermally available
entropy spectrum. Employing both electricity and industrial process
heat production results in total plant effectiveness of up to 80%.
If desired, industrial process heat at high temperature (up to
950°C) can be utilized directly out of the storage unit via a

heat exchanger.

Communication Benefits

The multi-purpose role of the LPDS is further enhanced by the fact
that during non-sunshine hours the LPDS can be converted to a
powerful communication station for either transmission and reception
in direct line or satellite communication work as an earth station
for telephone, telex, radio, television, data transmission, etc. -
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the original role the dish was taken from. Conversion to trans-
mission/reception is achieved by inserting a Cassegrainian sub-
reflector in front of the receiver cage, with communication equip-
ment mounted permanently in the vertex of the dish; this change-
over requires app. 20 minutes with the dish in horizon position

as shown in Fig. 4.

Fig. 4. Feed change with "cherry picker" - crane.

This multi-purpose application greatly reduces installation cost
and accelerates repayment time, making far better use of the equip-
ment than if it were purely used for power generation. INTELSAT
earth stations today (over 100 participating countries) amortize
in app. 5 years; this also applies in developing countries where
the LPDS would preferably see its field of-active service. A cost
comparison study ( 3) has shown that the LPDS on its merits as

a power station alone (not taking into account the communication
benefits) can draw even in power production cost with a Diesel
generating station in the I.L.M. (Isolated Load Market) within app.
8 years based on 1981 Diesel fuel costs in the ILM; considering
communication benefits, this time is even further reduced in fa-
vour of the LPDS.
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PROVEN TECHNOLOGY APPLICATIONS

There are over 300 parabolic dish antennas in use today in com-.
munication (INTELSAT network, TELCOMSAT, etc.); large fully steer-
able dishes with diameters of 50 m to 100 m with very exacting
specifications have been in service in radio-astronomy for several
decades.

Tracking accuracy represents no challenge to today's electronics
and has been used successfully in radio-astronomy within arcseconds.
Accordingly, power ranges for single LPDS stations up to 2,000 kWe
(7,900 kWth) with a 100 m dish are possible using existing techno-
logy. Larger systems would consist of several dishes connected
electrically, each with its own turbo-conversion system.

Small gas turbines are readily available within the mentioned power
ranges (200-2,000 kWe); their operation on hot air allows increased
turbine inlet temperatures due to lack of corrosive or erosive
materials, such as o0il and gas fuels.

Receiver technology has been described earlier (ibid.)

HIGH PLANT EFFICIENCY

Parabolic dishes by their design feature high concentration

ratios from C = 3,000 to 10,000 suns, yielding very high process
temperatures T 2z 2,000°C within the focal area. This high process
temperature (air at T 2z 950°C) for the demonstration power plant,
increasing to T 21,300°C with the advent of ceramic receivers
provides a very high conversion efficiency n=40% thermal to
electric, thus increasing overall plant efficiency n(plant) to levels
that cannot be attained by other solar thermal power plants; the
LPDS is seen to reach 21% overall plant efficiency with steel-
alloy receivers and more than 30% with ceramic receivers; a helio-
stat-tower system for the same power range achieves 15% efficiency
for a steam process and 18% with a gas process (4).

CONCLUSION

The advantages of the Large Parabolic Dish System-LPDS over com-

peting solar thermal power plants have been described. A listing

in brief form follows:
1. 30% higher annual net power output than competing
systems due to absence of cosine losses as a result of
constant two-axis tracking.
2. Even heat flux distribution in focal area throughout
the day allowing receiver optimization for steel alloy
and ceramic receivers.
3. Multi-purpose system for 24 h continuous electric power
and process heat production out of thermal storage unit.
Industrial process heat from turbine exhaust heat at app.
100-300°C for absorption cooling, desalination, direct
heating, etc. i
4. Communication benefits during non-sunshine hours for
direct line or as a satellite earth station. Lo
5. High concentration ratio and high process temperature
'yield high conversion efficiency and high plant efficiency.
6. Transfer of proven technology insures viability, high
availability, low maintenance cost.
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7. Electricity, process heat utilization, and communi-
cation combined render the LPDS a 100% effective system.

8. LPDS systems can be linked electrically in multiple
units for higher electric power output (maximum single unit
dish size 100m diameter for 2,000 kWe output).

These advantages reduce system installation cost, accelerate repay-
ment time, and make the LPDS a highly desirable system for the iso-
lated load market and in developing countries.
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At least since the first oil-crisis in the year 1973 it was realized on international level that solar power stations for decentral
production of electric, mechanic and thermal energy are representing a big and interesting potential, especially in the
world’s sunny regions.

Today, in the year 1982, several test-installations with an output of 1 MWg,e.. as a maximum, proved that it is possible to
build such solar power plants with a reasonable efficiency. However, compared to conventional power plants (oil, gas,
nuclear power), they are still much too expensive, and as a result of generally practised method of construction (power
tower, solar farm) no cost reduction for mass production is to be expected.

Having carefully analyzed the reasons leading to these high investment costs for solar power plants, BOMIN-SOLAR
developed a real new solar power plant conception. The determining factor for a more low-priced power station is an
extreme light-weight construction of the systems collecting the sunlight. Center piece of the BOMIN-SOLAR power
station are large foil-membrane mirrors, getting their parabolic shape by an under- overpressure. These extremely light-
weight mirrors are protected against wind and weather by transparent protective domes or -tunnels, and are concentra-
ting sunlight on a nove! type of Stirling hot air generator, transforming the concentrated sunlight directly into electric
alternating current.

This unique BOMIN-SOLAR conception allows to keep the building material necessary for installation of one electric
power unit ten times lower compared to those of conventional solar power plants. Thus, the BOMIN-SOLAR concept
meets the technical as well as the economical requirements to guarantee a successful mass-marketing.

Heliostates for power-towers and large dish solar concentrators are weighing = 500 kg/m2. This leads to a high weight per
unit of power and is therefore a limiting factor for the putting on the market of solar power stations. It is shown that with a
new type of air-deformed membrane concentrator under transparent protection domes the needed material input/kWe-
output can be substantially diminuished.

1. Principle of function

As shown in Fig. 1the energy density on a receiver in the focus of a concentrator mirror can be enhanced by the factor of
over 1000 by using two-dimensional optical concentration. Such high concentration factors allow the transformation of
radiant energy into high level thermal energy of 873 K (600°C) with an efficiency of about 70%. Temperatures around

600°C are the process temperatures of classical power plants (oil, coal, gas, nuclear energy) and are used in modern
industry for high value energy transformations, like electric power, mechanical power and for chemical and metallurgical

processes.
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Fig.1 Efficiencies of transformation from solar radiant energy into thermal energy as a function of the temperature and of the optical concentration
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Therefore the basic principle of a thermal solar power station is the substitution of the classical steam generating part ofa
power station by a solar concentrator under preservation of the other subsystems (e.g. turbine and generator).

Solar part
! Conventional part
f
| -
/
- — /
/A /L : -
4 .
M = - H
Condensate- Sea.-w_ater-desali-
/W torward- pump nation-pump
line i
J

Fig. 2 Thermal solar power station

As for the conventional power plant only very big, centralized units (bigger than some hundred MW) are giving economic
sense, for solar power stations small and medium units (some 10 to some 100 kW, in modular construction) are the
ideally adapted size. For this reason solar power stations with their stand point near the customer are suitable to utilize the
big amount of waste heat in second and third processes. This represents a substantial advantage of solar power stations
compared with conventional power stations. Fig. 2 shows e.g. the utilization of the power station’s waste heat for a sea
water desalination plant. This principle leads to multiple-purpose solar power stations. While conventional power plants
are using the high level thermal energy only with an amount of 30% for the electric transformation and are wasting 70% of
the input energy decentral solar power stations with multi-purpose utilization can reach between 60% and 80% of
overall efficiency. Therefore they are working more economically and efficiently.

The technical realization of such power plants represents two main difficulties:
® 1. Exact rotational paraboloid mirrors with high concentration values are expensive and complicated to build.

@® 2. Asthe energy density of the incoming solar radiation is about 1 kW/m2 big captation surfaces are needed. They must
be heavy and stable in order to guarantee even under the influence of strong wind forces a good focalisation of the
solar rays.

This leads to the actually main critic against solar power stations:

® Over 5.000 kg of material is needed to install 1 kW of electric energy. (1).

Conventional power plants need material amounts only in the range of 500 kg/installed kW,,. As the weight of the installed
material influences strongly a power station’s installation price it is obvious that the high ,weight per unit of power” of solar
power stations represents a great difficulty when putting on the market.

However, the reason for this is not a natural limit but the negative effect of combining two functions: the optical and the
mechanical one. The optical function of a solar mirror is to reflect the incoming sun rays to a target. Solar energy as high
frequency electro-magnetic wave is underlying the skin effect when trapped by a metallic surface. The needed thickness
A for reflecting more than 90% of the incoming light is calculated as follows:

1 o - )
A= —————— A~ 100A =10 %m ..., [1]
\/'K_ S A u
f = light frequency W = electric conductibility K = magnetic permeability
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In case of an aluminium reflector the transmission and reflection as a function of the metal thickness is given in Fig. 3.
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Fig. 3 Light-tr ission and reflection in functi

of the Al-mirror thickness

Therefore, the optical function may be realized by very thin metallized films, having only the weight of some fractions of a
gram/m2. The reason why heliostates for power tower stations or large dishes for solar farms are weighing = 500 kg/m2 is
the fact, that their large surfaces must resist to strong wind forces, without changing their optical precision. This mechani-
cal function implicates heavy-weight constructions. In the year 1976 BOEING presented a new conception of a light-
weight heliostate mirror for power tower stations. This firm utilized metallized plastic foils, stretched over a metallic skele-
tonin order to produce a plane, circular mirror of 5,5 m in diameter. This circutar mirror, satisfying the optical function was

protected under a transparent Tedlar dome, satisfying the mechanical function. This separation of the two functions crea-
tes a new type of light weight solar system. (2).

Since 1972 our company is developing rotation paraboloid mirrors by stretching plane mirror foils over hollow, drum-

shaped bodies. Production of a slight over- or underpressure inside the hollow body creates an enough good approxima-
tion to an exakt parabolic dish (Fig. 4).

' pi \ Pi

Pa Pa
Pi< Pa
. Pi > Pa

Fig. 4 Underpressure mirror Overpressure mirror

With such mirrors concentration ratios C = 1000 can be obtained (Fig. 5).

C geometric 2000 —
1500 — ..
1000 |
500 — |

200 —
100 *——]|

300 600 900 1200 F/cm

Fig. 5 Concentration ratio of a 3 m underpressure mirror as a function of the focal length F.

By protecting these dishes under transparent domes, a new type of modular, light-weight solar power station is realized
(Fig. 6): The SKK = Solar Kuppel Kraftwerk
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Fig. 6 BOMIN-SOLAR experimental SKK

2. Membrane Technology

Pneumatic solar concentrators are produced by elastic deformation of thin, mirrored plastic, metal, or glass-plates, which
are fixed to a surrounding rigid structure. Under neglecting the stiffness, the thickness and the weight of such membranes
and assuming that the radial forces S are uniformly distributed around the circumference (Fig. 7).

Fig. 7 Air pressure forces on the mirror membrane

It can be shown that the membrane’s equilibrium shape (Fig. 8) obtained by solving the differential equation [2] represen-
ting the vertical equilibrium of forces in the membrane

d®w 1 dw

dr? r dr

120 e
'
—

is a paraboloid one. Shapes obtained under realistic conditions are slightly differing from the paraboloid, but are sufficient
for solar applications (Fig. 8).
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Fig. 8 Elastic deformati hape of the brane

Forthe SKK-concept the choice of qualified foils is of extreme importance. Not only the firm Boeing, developing foil-helio-
states under protection domes since 1974, (M. Berry, H. Dursch, R. Gilette), but also our firm working on similar problems
since 1973 decided that only foils made of fluorine synthetical are coming up to the requirements because of their versatile
qualities and excellent long-duration characteristics. Among the numerous foils, the HOSTAFLON-ET, introduced to
solar technology by Justi seems to own the most fascinating characteristics.

Resistance of the HOSTAFLON-ET-Foil to atmospheric conditions:
@ 5 years of outdoor tests were showing no essential changes of mechanic and optic values.

@® Accelerated exposure suggests a life-duration of more than 10 years by a decrease of the mechanical and optical
qualities smaller 5%.

Some physical data of the foil

Thermal operation: -190°C to 150°C
Melting range: 265°C to 278°C
Transparency (100 um foil): 95% of global radiation
Tensile strength (at 23°C): 52 N/mm?2

Yield stress (at 23°C): 30 N/mm?

Breaking extension (at 23°C): 300%

Tear strength (at 23°C): 500 N/mm

The foil is weldable and metallizable. Therefore it is used not only for the dome-covering but also for the foil mirror.

The exceptional mechanical properties of HOSTAFLON-ET-Foil enabled us to develope a simple sewing-method for the
assembly of large membranes.

The BOMIN-SOLAR power station principle has three main advantages against other solar power station conceptions:

® 1. A significant smaller weight per unit of power

(kg of needed material)
produced electric kW

< 5.000 kg/kWe,

@ 2. Simple, economic and precise production of the concentrator mirror

@ 3. Protection of the mirror optic against sand, dust and storm.
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We developed two modular sizes of 3 m and 10 m in diameter (Fig. 9).

Fig. 9 Profile through the SKK
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The system’s optical performance is given in Fig. 10.
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seasonally tracking axis
tracking electronic
underpressure sensor
receiver and attachement

W

5= TNtotal x § direct - 518 LA
energy density
o w . P in the focal
le = 1000 - 800 W/m 720 W/m’ > 100 W/em
(3 solar direct transparent dome
Nt = Paraboloid mirror
M -o0,8; e =0,9
Motal - My x M x Mg = 0,648
Fig. 10 Optical flow diagram
Technical performance of both systems
diameter of the mirror 3m 10m
surface of the mirror 7,06 m2 78,5 m?2

weight of the mirror

weight of the protective dome

material of mirror and cover

focal tength F: variable

concentration factor C

transparency t of protection cover

reflectivity r of the mirror membrane
performance factor G of the concentrator mirror
optical efficiency of the mirror r x G

thermai power in the hot spot (with 800 W/m?2 direct insolation)
efficiency ratio of the receiver

efficiency ratio of the Stirling generator

electric output of the Stirling engine

thermal output (100°C) of the Stirling engine

kg material installed/kWe output

kg material installed/kWe; + kWiherm OUtpUL
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approx. 200 kg
approx. 200 kg
HOSTAFLON-ET
1,5 m

= 2000

0,9

0,8

0,9

0,72

3,7 kW

0,8

0,3

0,9 kW, AC
1,75 kW
approx. 450 kg
approx. 150 kg

approx. 2000 kg
approx. 2000 kg
HOSTAFLON-ET
5m

= 2000

0,9

0,8

0,9

0,72

40,7 kW

0,8

0,3

10 kW, AC

20 kW :
approx. 400 kg
approx. 140 kg




Both mirror types can be assembled to SKK-farms (Fig. 11)

Fig. 11 SKK-farm

In cooperation with Sunpower U.S.A., we developed free piston Stirling generators for the 3 m and 10 m mirror (Fig. 12)

Ll

Pe] =10 kW |
50 Hz
10...220V I

Ptherm = 20 kW
T=90°C

/ \\ Qs = 800 W/m?

D=10m Fig.12 Stirling-Generator
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DESIGN AND CONSTRUCTION OF A 3 KW SEALED
STIRLING ENGINE TEST MODEL

AUTEURS : M., DANCETTE., G. WINTREBERT

SOCIETE BERTIN & CIE
B.P, 3

78373 PLAISIR CEDEX, FRANCE

Summary

This paper presents ths Stirling sngine tast medel that Bertin & Cis
has designed and canstructad, in collaboration with Creuset-Laira, and with
the financial help of the CEC.

The basic principlas of a Stirling engins ars brisfly described and
tha gressnt technological difficultiss which ars ancdountered in ths devae-
lopmant of thass machines ars pointsd ocut (gas laakags aon tha dynamic
seals, and pollution of tha ragsnerator axchangersl. Then ars prssentad

. tha basic tsechnclogical altarnativaes chosan by Bertin to overczsme thase
difficultias (sealed machine, glactrical power output instsad af machanical
fras pistons with dry bsarings, and linear generators caontrolled by an
glgctrenic systam).The primary aim of the Stirling test medsl constructad
by Bertin is to validate thase tachnolegical cptions.

Than ths general concapticn and the astimatad power balancs of this
angina are prssaentaed,with tha first tast results of tha various components.
Thesa tasts hava alrsady shown a satisfactory machanical behaviour, and
very sncouraging hsat sxchangars performancas.
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1. Introduction

The Stirling sngine was inventsd in 1816 by Robart Stirling.Throughaut
the ninstasnth cantury, many of such "hot air” sngings wers mada. Thay wers
raliabla, rather safa, but not very efficient. At the beginning of the
cantury these snginaes wera gradually supsrsaded by intarnal combusticn
angines. Tha rspirth of ths Stirling engins is dus to Philips in Eindhavan
in tha 1930s, which bagun new davalopmants, mainly for rafrigerating
Stirling engines. Ouring the 19703, with the deplstion af oil supply, a lot
of studiass have been carried out on Stirling aengines, and a few prototypss
have besn tastad. In spits of 1its numerous advantagss, in comparison with
tha-internal combustion engine, ths Stirling engina has not yet succsedsd
in campeting with 1t., bescauss of ths sevars tachnological difficultiss
gncountared, as soon as high afficisncy i3 ragquired.

Bartin & Cia has bassd its davslopmant program upon a new basic concap-
tion of tha Stirling sngine to avarcoma thesa difficultiss, and has mads a
3 kW angina tast model in order to validata thesa choicas.

The design and the cgnstruction of this test modalhava been carried out
with ths halp of tha CEC and in collaboration with Creusct-Loirs. Ths OGRST,
in France, has also financad part of the engine haat aexchangers tasts.

Tha study and the design of the engina hava been made from November 30
to September 8. It has hkasn constructad from Novembar 81 to May 82. Than
the various camponents have bssn tasted, and tha tasts of thea whaole angina
ars now just starting.

Aftar dascribing tha Stirling engine principles and tha tachnalogical
choicas made by Bertin, tha dasign, tha construction and the tests of ths
coemponents are prasentad and finally ths conclusion of this werk is given.

2. Basic principles of a Stirling angine

- Tha thaoratical Stirling cycls is a tharmodynamical gas cyecls, which is
compased of twa constant voluma, and two isctharmal prccsssas as shown an
: diagram I.

Oiagram I : (pressurs, valume) and (temperaturs, sntropv] curves of the
Stirling cycls




It 1s a regsnerative cycla : ths heat Qp extracted from the gas
during the transformation d—e a can be stored in a regenarator matrix,
and given back to the gas during the transformation b5 e—a c.
I# the regenaerator afficisncy 1s equal to 1. , the cycla aefficisncy is
that of Carnoct and the mechanical work produced Dy gas mass unit during a
cycls is : v
W = -r (T, - T,) log ;:

2.2. Ideal Stirling enginsg

The ideal Stirling sngine is a volumetric sxtasrnal combusticn engina, which

operates on a Stirling cycle. Such an engins rsquirss a het exchanger and

a cold exchangsr to keep the expansicn and campression volumas isctharmal,

and in addition a regenarator, as menticned in tha prscading paragraph.
Olagram II shows tha twe basic kinds af Stirling sngines :

and ons pistaﬁ fo;-axpansian of the hot voluma, Both of tham being used to

circulats the gas through ths rsgenerator, bgtwasn hot and cold sida.

= piston_and_displacar_sngine, in which thas piston is used for both compras-
sion' and axpansion, and the displacer for heating or cooling the gas
through tha rsgenerataor. -

The first kind is callsd "a-type”, and the sacand "8-typa” or "y" 1if
the piston and the displacar ars in twa saparats cylinders connactad with

a pips.

T™HO PISTONS 2ain QISMUACSR NO PISTIN
QL FXESSES a0
Cold amimger 106 wssden (a@ e ushmer
. uu.u-g'
3 Conpuess 4 I L Sticam '
P Aeganarscew ‘.u:-.
.T‘:- / wold
[SOTHEW, CPPRESSION . :
|
(‘) 11}
]
CETANT VRUR HIATING
q) | xpasien
'} +o Lumn
(90T, DPARIION
I; A
1} |
. i
CSTANT VLML CIRING i
er——

Diagram IT - Piston and disolacer mdticns
in idesal Stirling anginss
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2.3. Real Stirling engin

sngine are the following ones :

- piston and displacsr dynamics : in thas 1ldsal engine, sach of the
succassive displacements of tha pistons and the displacer correspends tao a
given thermodynamic transformaticn. In a real Stirling engine, tha two
bodiss move simultanecusly (according to linear oscillating almost sinusci-
dal motions, with a phasa anglas near 30°, as it is shown on diagram III).
As a consequsncs), tha(p. V) curve of the thaermodynamic cycla i1s made round,
and ths power output for a given machine is lowered, althocugh the affi-
cigncy is atill that of Carnat.

- daad volumas : in tha ideal esngine, anly the volumes swept Dy the
pistons and the displacsr ars considsred. In a real engina, the "dead
volumes” (heat aexchangara, pipas, etc...)] rspresent more than 50 % of the
total gas voluma, which lowar the comprassicn ratic and the power cutput.

- adiabatic voelumes : in the idessal sngine, it is assumed that ths
volumgs ars isocthermal. This is nearly true for the heat axchangsrs volu-

‘mes, wherszas tha swapt volumes of tha moving bodies rather bahavs lika
adiabatic volumes. This causes the mixturs af gasss at diffarent tempera-
turss, which reducss tha ovarall efficiency.

- tharmal and mechanical lasses : also occuring in a rsal engina,
the following phenomena rasult in raducing tha sfficiancy :

. heat axchangsers and resgsnsrator lack of efficiency
. heat loss with surroundings
. heat conducticn batwean tha hot and ths cold parts

!
\
.//
(

Diagram III : Piston and displacsr motions and pressure variation in a
- real y-tvpa Stirling engina
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. pressurs drop in ths axchangsrs, tha rsgenerator and the pipes
. gas lsakags through the piston and the displacer ssals
. mechanical friction lossas

3. Sti‘ling,tachnologgpal difficulties and Bertin’s basic conception

The two mein tachnological obstaclas to the devalopmant of realiabls
Stirling engines ars the following ones :

a) in aqrdaer to reach high heat sxchangers efficiency, it is necassary
to usse a high thermal conductivity gas, helium or hydrogen, as a working
fluid. This gas must be preasurized (30 to 100 bar) to get rsasonabla
spacific power. The piston seal must prevent laakage of this gas from the
engine. The croblem of the rsliability of such a dynamic saal is not yet
satisfactorily solved.

b) Stirling engines usa a regenarator heat exchanger, which must be
very afficiant (betwesen 398 and 89 %), as tha snergy storsd in this exchangar
is five to ten times grsater than the energy transferrsd by the hot sxchan-
ger on a cycla. A largs axchange area within a small voluma is resquired for
this regensrator which is made of a woven-screen matrix of very small
hydraulic diameter (= 100 ujl.

Clasgsical mschanical arrangements (swashplate or crank driven engines)
requirs a lubricating system, which induces accumulaticn of oil particlas
in the regenarator, inhibiting the gas-flow. -

The Bertin & Cis Stirling snging research program 1s based on thrase
basic altarnatives, which weras mada to overcome tha two difficulties
mantionad abave :

1) the powar output is electrical, instsad of mechanical, and the
whaola machine 1is sealed and filled with the working fluid. Nething but a
static seal is raquired for the power lead to pass through the crankcase,
which is well known and reliatla.

2) to prevent pollution of the regenerators, oil must be supprassed,
and, consequently, all complicated mechanlsms. Sa it was chosen to usa a
free displacer and fres pistons associataed with rsctilinear altarnators.
The low radial strength allows the use aof dry bearings.

3) dynamic control of the displacer and pistons motion i3 no mors
insured by connecting rods, but by an slactrical coupling.

, In order to validats thess thres basic tschnological options, Bertin
has designed, constructed and startad testing a 3 kW Stirling engins
tsst modal which i3 described harsaftar.

4, Conception and dasign of the Stirling engine tast modsl

The ganeral canception of Bertin’s engine tsst modsl rasults from both
technological analysis and theoratical modsls describing ths thermcdyna-
mical, thermal, machanical and eslactrical procsssas occuring inside the
" machina. The main charactsristics of the engins ars given harsaftsr,bsfors
prasanting briafly the particular studiss which wars carried out, in arder
to validata the final design.

4.1.1, Thermodynamical cycla
The working gas is helium. Its pressurs varies from 37 to 55 bar. The nomi-
nal temperatures ars 590°C for the expansion voluma, and 70°C for the
caomprassion volume.
The taat modelis a Y tyEb—EEQIh;:_QE%h ane displacsar and two power pistons
in opposition, 1in separats cylindsrs, ths axis of which are perpendicular.
The displacer is driven by a rod moved by an glectric motor. It is
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intanded to replace it by & rsctilinear eslsctric motor in the future. Tha
displacsr is guided by the rod, on two dry bearings. The two powar pistans
in opposition ars associated with two ractilinear gsnsratars, daveloped by
M. JARRET. The oscillation of tha pistons . 1s controllsd by the gas spring
of the working fluid itself. Only a small mechanical spring is rsquired to
cantsr tha pistons mation. When ths displacar is moved at thes rsscnance
frequency of the pistons, it can be shown that the plstons stroke and the
mechanical power ars maximum, and the phass lag of the pistons rslative to
the displacer is about 90° , The pistons are gulded by two dry bearings,
one on the piston itself, and one at the end of the piston rod.

The nominal frequency is SOHzwhich is a compromise betwean the heat
gxchangaer sfficisncy and the ganerator alactrical sfficlency. Nominal
strokas ars 25 mm for tha displacar and 42 mm for the pistcons.

Pressurs tightness cn the plstons and ths displacar rod is simply
insursd by ths very small bearing clearancs (1 ta 2/100mm). Pressurs tight-
nass on the displacsr cylinder itself is insured by a row of labyrinths.

4.1.3. Ory bsarings '

Tha nominal operating conditions of tha dry bearings of the pistons and ths
displacar rod ars : :

- diamastar : : 20 and €6 mm

- maximum speed .1 4,2 m/s and 8.7 m/s
- maximum load : about 1 bar

- clearancs : 1 to. 2/100 mm

friction coefficient : < Q.1 .
Experianca is very poar in that fiald of dry fricticn at low lcad and high
spsed. So it was dacided to start a large tast program, in ordsr ta salact
the couplas of matarials which can cpaerata in such conditions. This program
is carried out in collaboration with CREUSCT-LOIRE and with tha help of tha
CEC, and its intsrest widsly excseds tha fiald of Stirling engines (appli-
cations to dry comprassers and interral combustion sngines ars considerad).
Prasently, a few matsrials havs alrsady baen ta2sted and ths two bast adap-
tad that ws havas selectad are ths following onss :

a) pistons coatsd with Molybdanum, and cylindars in nitrided stainlass
staal, )

b) pistans and cylindars coatsd with a ceramic layer, called "Hexa-
plasma”.
Tha first couple of matarials has besn chassn for tha Stirling engine, for
it 13 prasently battar known by industrial manufactursrs.

4.1.4. Haat sxchangsrs

The hot aexchangsr is composad of 24 pipas drilled in a flat plata. It has
baen designed either to be put at the focussing point of a parabolic dish,
or to use a gas burner as the hot sourcs.

The mean nominal tampsraturs of the plata i1s about 570°C. It is mads of

rafractory stsal. Tha cold exchangers ars 12 water cooled exchangsrs, sach

composad of 5 tubes in which helium is circulatad. Tha regsnerators ars

mada of 12 waven-scraen matricss, with a parasity of 70 %, a nominal

thermal sfficisncy of 33.5 % and a maximum prassurs drop of abaut Q.4bar.
4.1.5. Electric genarator

has been davelopad by M. JARRET for their intarnal combustion free piston
angine. Thaesa ganerators have bsgen designed for an operating fraquency of

100 Hz but prasantly we usa them conly at SO Hz. Thase gsnarators ara

drivan By an alactronic control and connectad to an alsctrical battary (72 V],

Thae thrss main regulating systams ars :
- regulation of ths hot axchanger tasmpseratura cantrolled by the het
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sgurcs powar, '
- regulation of the displacsr Frequency. controllad by the alsctric

motar potantilal,

- regulation of the slectrical battsry potantial.
In addition, the piston strokag is centrollad by axcitation of tha gsnerator
coils.

including all the thermodynamical, thermal and mechanical irrsversibilitiss
which ars calculated independantly and successively (a so-called "second
crder model”).

The "first order model” is that of an iceal Stirling sngina, taking
account of desad volumes and sinusoldal motions faor pistens and displacar.
With that model, 1t can be shown that the mechanical power cutput of the
angine is :

vV, V
d
W o= f.p P sin @ (1 - 1z )
4 T1
Va
With : f © frequancy
o] mean prassurs af the cycla
T1q hot voluma tamperaturs
T2 cold velums temperaturs
Vc total working fluid velums, rafarred to the cold
tamperaturs
vd, Vp'valumas swept Dy the displacer and by thae two pistons
Q phase angls bstwaen displacer and pistons

From this first order model, the variocus lossas ara then calculatad, in
crdar to sat up. the net power balancs of the angins (sas Fig.|V).

With the final dshzkﬁ'3¥-EFE_EF§Zh3:-fEE-bower balancs is ths follawing
ana (in Watts) :

- Hot sourca power qn1 = 10,000
- thermal loss to surroundings q” = 400
- thermal loss insida the sngine q' = 2,030
- usaful hot tharmal powar .

(first order modsl) qy = 7,570
- total mechanical powsr to the

pistons (first ordar modal) Wp = 4,010
- total mechanical power to the

displacer (first order model) Wd = 530
- pistona machanical lossas W'p = 41Q
- displacar meschanical lossas W'g - 740
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Diagram |V - Power balancs of a Stir[;ggggggina
’ (sscond ordsr modal)

- net mechanical power resquired by
tha displacar W 2 210

- naet mechanical power of the pistons
(availanbls) W = 3,800

- thermal power axtractad by ths cold
exchangsrs QG  * 5,200

5. Construction of the tast medsl .
Aftar tha final design of the machine, detailed plan wers drawn and
the various components wars fabricatad and checked bafors being assamblad.
Fig. V shows a gsneral schematic view of thse thermcdynamical part of
thae angine. Phctographs VI, VII,VIII andIX show saome of the mest impor-
tant piscaes, and photograph X the heat exchangers assembled.

8. First sxparimental rasults on the enging test model

Ouring-a stap by step assembly of tha snginae, tasts wers made an isg~
iatad compenents of tha tast modal, in grder to vsrify the good hehavicur
of mechanical parts and tc maasurs ths thermal parformancs of the haat
axchanga camponsnts.
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regenerater
water
o
-—cold exchanger

SONONNNNNN V

g

Digggam V. = Ganaral schematic visw of ths Sttrling angina tast modsl

First, the displacar driven by the auxiliary motor wers tastad separa-
taly to check the raliability of tha dry bearings. The mschanical friction
was satisfactory and almest no abrasisn could ba sean after mors than

S0 hours tasting.

Then, the heat axchangers wera assembled and the crankcasa was pras-
surized, allowing to maks measuraments of the pumping loss and tha tharmal
lossas with pariodic flow conditions very similar to the actual angine
conditions. A completas instrumentation of tha tast mocdal was usad to maka
a first enaergy balanca with no power output.

Good agrasment was found betwaen the axperimental results and the calcu-
lations of the thesoratical modsl, and thus tha overall sxpected performancs
of tha sngine is confirmad. We give rasults for a typical cass harsaftar.

frequancy : 42.5 Hz
hat tempgraturs : 320°C
cold tempsraturs : 35°C
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Measurements (W) Model (w)

Thermal losses (altogsther) 1,000 1,100
Regenerator thermal loss 550 604
Pumping locss : 340 B 230
Mechanical fricticn loss 100 ' a0

The measured thaermal losses, perfectly significant of tha Stirling engine
lossas, show lass than 20 % discrepancy with the estimated valua.

A particular study of regenerator effectiveness was madae, and allowed
to validats cur thesorstical modal based aon guasi-stz2ady assumptiens far
heat transfar phenomena. In the case above, we assessed a very good
afficiancy of 38.5 %.

Wa alsc paid particular attention ta ths flow friction laosses,
measuring the pressurs drop through ths heat axchangers and tha resulting
pumping loss. All results ars reported on diagram XI and comparsd ta the
calculatad values. Tha quasi-steady svaluaticn was found to under-estimata
the maximum prassure drop by 80 % at the highest fraquency, and the
pumping loss by 30 %. The discrapancy increasing with higher frequency is
probably dus to nan staticnary phenomena associatad with periodic flcw
canditions. :

Ouring those tests, we observed a satisfactaory behaviour aof this part
of the engins regarding pressure tightness of dry bearings, loss vibra-
tions of the machine, and small deformations dus to thermal stresses (at
3s50°C). ;

So far, thosa first results ara promising for the overall performancs
of tha aengine tast modal.

Eig. VI =~ Hot exchanger
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Fig, VII - Displacer cylinder lcwer part

Fig. VIII.Oisplacer
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E_g.lx - Power piston and gensrator rotaor

Fig. X - Heat sxchanger assembled
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7. Conclusions

Bertin & Cis has designad and constructed a Stirling sngina tast modal
in ordar to validata basic tachnological altsrnatives to facs tha prasant
difficulties sncountarad in the dsvelepment of such machines.

Thae tasts of the various componsents have shown satisfactory mechanical
bahaviour, and vary ancouraging performances of ths heat sxchangsrs. Ory
bearings of tha displacar rod have basn tastad mora than 50 hours without
any friction or abrasion prcolems. Ths tasts of the whole engine ars just
starting at the end of Qctobar 1382.

It 13 now intandad to carry out a largs tast program of tha engine
modal, during 418 months, in order to validats the thrase basic options made
by Bertin & Cile, toc tast all the tachnologies usad in that engins and ta
measure the charactaristics of tha varicus caompaonents and of ths whaola,

tast madal.
) Than, Bertin & Cia will bs in position to start tha design and tha
constructicn of Stirling snginae prototypss for praciss applicaticns and
wall identified markats.




SOLAR POWER FOR ISRAEL
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Israel has no oil, gas or coal of its own. All energy needs are supplied through

the purchase of fossil fuel from other countries, many of which are far away overseas.
Consequently, energy is expensive here. The cost of electricity is 8(USA) cents per
kWh and is on the rise.

Israel is blessed with sunshine and industrious manpower. Solar insolation, 2000kWh/
year/m* direct normal radiation; in some areas, even more. No wonder that solar flat-
plate collectors for water heating are widely used here. In relative terms, solar
heating is used here more than in any other country in the world. However, the

fuel replaced here by solar hot water is just 1-2% of the national energy bill.
Extending the usage of solar energy to more applications, in particular steam and
electricity, is required.

It is of great interest to note some characterizing features of the flat-plate
collector industry here. Production scale is of the order of 100,000m? a year.
Several dozens factories or shops produce them. Installation is done by trained
workers. You should see how quickly they transport, assemble and install a unit

on a house. The parts come in,a modular form and it is a simple matter to put

them together. The final installed system is cheap, around 100-150 dollars per
aquare meter collector. This includes everything, including also a hot water
storage tank with an electrical element (for backup), thermostat, switches, lines,
etc. The installed system is much cheaper than in many other countries, and this
1s despite the fact that Israel has to import most of the materials of which the
system is made. The reason for the resultant cost-competitiveness of the installed
system is the cheap labour involved, the adequate scale of production and the
simplicity of the design. It seems that a major factor in this simplicity is the
moderate size and weight of the units that can be handled by a small crew of

2-3 people without resort to a crane and other expensive tools.

We think we can apply this commerciallization philosophy also to the development

of the parabolic dish thermal power in Israel. We are planning the design of
relatively small dishes, e.g., 3-4m(dia) (around 10m* net) to be constructed from
locally available materials and by simple production methods.Five to ten such
dishes in a N-S row should not require extensive piping and such a row may replace
one of the more customary, large dishes (7-11m.dia). It will be designed for easy
maintenance, and probably also with capabilities for periodic alignment or replace-
ment of mirrors,

We plan to compare the cost-competitiveness of the system based on this concept
with others by techno-economic models in which the annual (life-cycle) cost plus
maintenance and the efficiency (losses, parasites, etc.) for each subsystem,are
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functionally defined[1] and verified. This will help identify the priorities for
R & D work. For instance, we may find that we have to divert research efforts

towards minimizing piping losses.

In Israel hot water costs 6-8 cents/kWh(even for solar heated water). Commercialli-
zation of the dish technology may be enhanced by co-generation of electricity and
hot water. System costs of even 300-400$/m? (dish-area) may become cost competitive
near customers for hot water. This will justify sizeable production rate and then
production-type tooling (and various improvements), thereby decreasing costs and
opening new markets. We thus may develop a parabolic dish industry, a challenge
which is facing us all for quite a while. Putting it in more general terms: based
on the successful solar experience in Israel we suggest a particular interaction
with our end-users and our local labour and production capabilities. This should
strongly affect integration optimization and the final system design.

We feel that Israel is a very good place for a very near-term large scale commer-
cialization of the dish technology. If this can be accomplished,it should help
boost and extend viability and advanced R & D in this field. We shall be glad to
tie links of cooperation with researchers and developers in this area, and get
suggestions from potential vendors for subsystems, components and materials. We
may also wish to hear of potential people of experience for hire for Israel.
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THE WHITE CLIFFS SOLAR POWER STATION

Stephen Kaneff
Australian National University, Canberra, Australia

We have had an interest in concentrating collectors for some
10 years, stemming from the need for high temperatures in

our long term project on solar thermochemical power systems,
the advantages of such systems residing in the potential for
storage, both short and long term and the relatively lossless
transport of energy from a collector field to a central plant,
coupled with the long term prospects for using such systems

to produce various energy rich products in a relatively benign

manner.

Accordingly various. concepts have been explored over the
yvears (for example the thin metal shell paraboloids of a
colleague Dr. P.0. Carden and the development of wvarious
relationships whereby manufacturing imperfections of the
elements of an array can be more economically compensated by
computer control than by more precise manufacture, as studied
by Dr. B.P. Edwards), but beyond producing single prototype

units, little was done prior to 1979.

In July 1979 a Grant was obtained from the New South Wales
State Government who perceived the need to supply remote

and inland communities with power from sources independent

of o0il based units. A proof of concept system was specified,
employing high temperature technology based on steam and a
simple uniflow steam engine as this was seen to be more
appropriate as regards maintenance on the spot by those versed
in motor vehicle repairs and servicing, the steam engine

being realised from converting a diesel to steam operation,
thereby again facilitating maintenance and the availability

of spare parts. A power output of 25 kWe was chosen as

being not too small to be considered a toy and not too large

as to be potentially too expensive.as a starting point. No -

storage was to be provided in the first instance but this was




intended, along with a facility to use waste»heat from the

station for water desalination, as a second stage of the project.

However, when White C1ist*was eventually selected for the
site for the station some 6 months after the project had
commenced, the need arose for a stand alone system since
there was no existine town supply. Battery storage for
overnight operation was selected as being readily realisable
together with diesel back up in case of cloudy weather. A
flash boiler was also part of the system to enable testing of
the steam engine and to act as an emergency supply in case of
diesel unavailability. Subsequently the station was also
required to run automatically and unattended in line with

the remoteness of the site and the difficulty of availability

of suitable maintenance personnel, apart from day to day

routine checks.

Component development was carried on until August 1980, after
which engineering designs»andamanufacture were commenced.

The dishes were completed by February 1981, -instatled in-June
and tracking.in August. Station hardware was completed in
December 1981. Commissioning tests were commenced in

January 1982 and specifications were met (after a number of
minor changes and optimising of operating strategies) in early
June. Other changes have subsequently been made, notably

to the absorbers (single turn coils instead of double turn)
and generally efforts designed to improve reliability to match
that nofmally expected of commercial fossil fuel systems as

viewed by the consumer.

% White Cliffs is a small (40-50 townspeople) opal min%ng
community some 1100 km west of Sydney. Only the town 1is

connected, not the surrounding mines with their sometimes

hundreds of transient miners, who generally live underground.
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1. The Collector Array

Fourteen 5 metre diameter paraboloidal dishes, each arranged
to track in an altitude/azimuth mode are set in two diverging
rows away from the plant, away to the south (a better from
the viewpoint of length of steam pipe arrangement would have
been to site all collectors on a north-south line with the
plant in the centre of the array). As is evident from the
photograph of one arm of the array,each dish is supported

at the rim by a steel frame which pivots horizontally and

is carried by a pedestal around which it rotates. The pedestal
is simply a pipe 30 cm. diameter set in a 60 cm. diameter
hole in the ground, 3 metres deep. A shadow disk sensor
provides signals to each drive motor (printed circuit motors
drawing a total current which averages some‘éO watts in

the absence of wind) driving through cyclodrive gearboxes
then a lead screw in the case of the elevation actuator and
a 2 metre diameter ring in the case of the azimuth drive
(providing a 30:1 reduction). To allow slewing from the
same units, the tracking is intermittent with a mark space
ratio of about 60:1. An inhibit signal is provided after
each axis has brought the sensor signal to zero in the tracking
mode, thus preventing very effectively any oscillations which
might otherwise occur in buffetting winds as a result of the
resilience in frames and supports while at the same time
maintaining tracking accuracy. The sensors are mounted at

the top of the dish rims.

The dishes themselves are constructed as a fibreglass substrate
moulded around the supporting ring and lined with some 2300
glass mirrors shaped to match the paraboloid (plane mirror
segments glued with RTV adhesive). The dish rim angle is 70°
which allows the ébsorber to be mounted from the centre of the
dish with little trouble. 'The units have been designed to
maintain operation at wind speeds up to. 80 km/hour and then

to park in the vertically facing position if wind velocities
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increase beyond this figure, which in fact has not been recorded
during three years of records - although speeds near this value
have occurred several times and successful operation has been

confirmed.  See Figure 1(a).

In the environment of White Cliffs we have determined an
operating strategy as regards dish cleanliness as follows:
Normal parking involves facing horizontally to the south, the
horizontal facing position gathering the least dust and dew.
Operation over most of 1982 has required cleaning less often
than every two weeks with a notable recent exception in
November when ten days after a previous cleaning and in the
presence of fine dust in the atmosphere for several days,
followed by some rain, the dishes were found to have dropped
their output by 20%Z ! This fortunately 1is not a regular
occurrence but denonstrates the need for continual vigilance.
Our cleaning procedures are quite simple - an implement made
from a broom covered with foam plastic to provide resilience
and ready accommodation to the dish contours is covered with
a lambswool pad and held in a suitable manner on the end of

a long pole (a 2" diameter PVC pipe) which allows a firm but
flexible movement over the dish surface - dry - when the dish
is tracking in the early morning or late afternoon. Depending
on whether the dish is simply dusted with very fine particles
or caked, so cleaning time per dish varies from less than 10

minutes to some 20 minutes. Fortunately there 1is no grime.
The collector array has given very few problems and has been
retained in the as designed and installed form without change.

We consider it successful.

2. The Steam System

Many considerations led to use of steam as an energy transport

medium, not the least being the large amount of conventional

wisdom accumulated over the years and, as it turned out, a




gure 1(a). Paraboloidal Dishes at White Cliffs Solar Power Station, Australia




misplaced understanding that a working high performance steam
engine could be obtained as a custom built purchase from
experienced organizations. Steam car enthusiasts have been
developing high performance engines for a long time but have
apparently not produced units which can be considered to be
reliable on a commercial basis. Having obtained an engine
which isbased on a simple and elegant concept, we had to spend
the major part of the effort on the project in turning this

into an acceptable unit for power station operation.

Associated with the plane mirror segmented reflecting surface

is a semi-cavity absorber (a true cavity being not practicable)
designed to have good performance. A feature of the mirror
segmented design is the fact that energy densities are less
stringent than in units with 'perfect' optics, thereby allowing

the absorbers to be subjected to less thermal stress, especially
under transient conditions of motion or of solar variation.

Figure Mbshows the arrangement of each absorber which receives
feedwater at pressures up to 70 atmospheres (1000 p.s.i.),

equality of flow in each unit being assisted by water flow
equalizers which drop the pressure some 10 atmospheres (150 p.s.i.)
at rated flow of 3.71 ml/s. per absorber. The water flows through
azimuth and elevation rotary joints then to the absorber preheater
and main absorber where steam is generated at temperatures of

up to 550°C and pressures of 70 atmospheres (lOOOOF, 1000 p.s.i.).

The steam gets its final degree of superheat in the cavity
section of the absorber (insulated by a stainless steel cap

lined with kaowool (calcium silicate) insulation), then flows
through the rotating joints to the steam line which takes it

to the engineroom. All steam ducts where practicable are lined
with microtherm insulation. Table I indicates the wvarious
design specifications and parameters for the absorber and

Table II indicates performance. It may be noted that efficiency
of conversion from direct component of solar energy varies

from about 74% for steam at 250°C and 7 atmospheres pressure
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TABLE 1

WHITE CLIFFS ABSORBER SPECIFICATION

Dish Specifications

Diameter

Aperture

Facet Size :
Rim Angle :

Absorber Materials

Single tube‘spiral

Feedwater Tubes

Exit Steam Tube

Steam Tube Focal Protection
Manifolds

Absorber Cap
Intermediate Insulation
Lower Absorber Post
Absorber Surface

Steam Tube Insulation

-ormer

Input and Losses (estinates)

Design Insolation at Dish
Design Reflectivity

Fractional Interception
Absorbtivity

Convection Loss

Reradiation Loss

Conduction Loss from Steam Tube
Conduction Loss from Cap

Fluid Flow and Heat Transfer

System Pressure

Absorber Prescure Drop

Steam Exit Temperature

Maximum Wali Temperature

Typical Heat Transfer Coefficient

Stresses

Absorber Tube Wall Stress

Steam Tube Wall Stress

600°C Allowable 0.2% Yield Stress
600°C Aliowabie Creep Rupture Stress:

100,000 hrs 650% Creep Rupture Stress:
10,000 hrs 700°C Creep Rupture Stress:

Dish Focal Measurements

952 Capture Focal Diameter
©5% Aperture Concentration Ratio
Flux Concentration Ratio

(ANU 5 metre dish)

5.06.m

20 mé

100 mm square
700

0.375% 22 SWG 321 SS
0.25" x 22 SWG 321 SS
0.375" x 20 SWG 321 SS
Stainless steel outer tube

316 SS
2" x 16 SWG 316 SS

Galvanised Steel - 4" Rectangular Section

Pyromark Black Paint
Microtherm Block

1.0 kN/m2
0.80
0.95

0.95

100 W
200 W

100 W

50 W

6.9 MPa (1000 psi)
6.8 kPa {1 psi)

5500C
6000C

0.2 W em 2 %!

K

4000 p<
4800 psi
1£300 psi
8400 psi
6800 psi
7000 psi

Approx. only (figures
refer to earlier
design

(by Moon Shots)

400 mm
160
410

(Flux Concentration Ratio is relevent to the absorber d851gn)

Output

orber Design Efficiency
Dutput Power

kb

<0
Cesign

0.88

16.0 AWt (at 1 kw/mz insclation)
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TABLE 1II
Test Results from ANU 5 metre dish

Location of Test: White Cliffs N.S.W.
-Date: 7 April, 1982 - '

Description of test:

An individual collector tracked the sun while fed with feedwater from:
a 3 cylinder reciprocating pump whose back pressure can be adjusted. .
Flow of feedwater was measured from calibrations of the pump and array system
taking intoaccount back pressure. Readings of insolation were taken from

a pyrheliometer at the station. Temperature was measured at two points,

the absorber coils on the side away from the sun (under the insulating top
cap) and in the steam line between the two rotating joints respectively
conveying steam and feedwater via the azimuth and elevation axes.

J-type thermocouples whose voltage was read by high impedence meters were
employed for temperature measurement. 4 ‘

Enthalpy was obtained from steam tables.

Average reflectivity of morror glass was ascertained at 0.84, using a
pyrheliometer measuring the direct and reflected beams.

time Insol Input Feed Steam Feed Added Absorb.Steam Output Effic- Output

ation Power-water Press. water Enth- Temp. Temp. iency at Insol
back . flow alpy ation 05
2 press. . ) 0 kW % 1 kW/m
W/m kW p.5.1. p.s.i. ml/s kd/kg C C

.33 80 17.05 150 100 4.4 2856 348 254 12.6 74 14.6

(€3]

3.48 853 16.91 250 200 4.45 2806 337 243 12.5 74  14.7
3.53 849 16.83 380 330 4.1 2990 368 334 12.3 73  14.5
3.56 847 16.79 500 460 4.1 2993 372 343 12.25 73 14.5
2.00 842 16.69 640 600 3.87 3141 466 413 12.2  72.5 14,
4.04 837 16.59 780 740 3.74 3186 " 507 439 11.9 72 14,

[= I S A

4.07 833 16.51 900 860 3.56 3294 587 482 11.7 71 14,

Input Power = Nett aperture érea x incolation = 19.82 x insolation
19.82 m2

Cold water calorimetry gave vg]ues of 75% efficiency, or 14.8 kW output at
an inso]ation level of 1 kW/m '

The values in tEe last column in the table are projected for an insolation
Tevel of 1 kW/m” on the reasonable assumption that the efficiency will not
change very much in moving to this output.




(100 p.s.i.) to 71%Z for steam at 480°C and 59 atmospheres

pressure, corresponding respectively to outputs of 14.6 kW
and 14.0 kW respectively in the steam. In the latter case
the steam entering the engineroom from all 14 collectors is

some 160 kW thermal.

The steam system is illustrated in Figure 2, the path followed

by the steam after entering the engineroom being as follows:

If the steam conditions are such that the pressure and temperature
are inadequate, a motor-driven bypass valve diverts the steam

to the condenser. When operating temperature and pressures

are attained, the bypass valve closes automatically, the

throttle opens, the engine is turned over and starts and the

drain valve closes, all automatically. A vacuum pump allows
extra energy to be extracted from the steam‘which is exhausted
into a vortex chamber for primary o0il removal (due to engine
lubrication réquirements, some 0il mixes with the steam and

must be removed thoroughly otherwise the absorbers can be
affected by cracked o0il) the steam passing through the condenser
then flowing as condensate to the condensate tank. Occasionally
the condensate (together with residual o0il and oil pumped

from time to time from the primary oil separator) is pumped to

a compartment of the feedwater tank where surface 0il is skimmed
off, together with some water, the mixture being centrifuged

and the products returned respectively to the engine o0il tank

and feedwater tank. Because some of the 0il forms an emulsion
with the water, further filtering is necessary before delivery

to the feedwater pump. An excellent degree of filtering has
been achieved, providing c¢rystal clear feedwater to the feedwater

pump.

The system operating strategy is arranged to permit all
available solar energy to be utilized. This ié facilitated
through an energy balance system shown diagramatically in
Figure 3. . The steam engine may rumn or not, depending on the

amount of insolation - a ratchet coupling allows the engine
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to be stationary, to drive or to coast. When the alternator
load is less than the engine output, the shaft speed increases,
causing the dc machine field to caﬁse this machine to generate
and charge the battery store with the excess energy, maintaining
the shaft speed of the three machines near 1500 r.p.m. (50 Hz).
On the other hand if the alternator load is greater than the
engine output, the shaft speed drops below rated, the de field
is controlled to make this unit motor and assist the engine.

In the absence of solar energy, the dc machine drives the
alternator until the battery store is depleted, when the diesel
back up unit comes on line automatically. The ac/dec set runs
continuously. Storage is designed to be adequate for overnight

operation on a midsummer sunny day.

The system starts just after sunrise each day in response to

a clock setting which first switches on the feedwater and

cooling water pumps, then raises the dishes from a horizontally
facing position to face vertically for 4 minutes to ensure

that the absorbers are filled with water and have no trapped air.
The array then moves towards the east and down, in about 3
minutes acquiring the sun (or on cloudy days being moved in

an approximate track by timed pulses which are always over-ridden
by the sun sensors). In the presence of intermittent cloud
during the day the engine continues to operate, sometimes
stopping sometimes coasting on stored energy in the heat transport
system, sometimes providing useful power. At the end of each
day, in response to a clock pulse, the array parks in a south
position facing horizontally and the steam system stops, the

ac/dc set continuing on battery energy.

The next stage involving use of waste heat for water desalination
is proposed to take advantage not only of the low quality heat
from the cooling system but also the heat in the early morning
and late afternoon which does not produce useful nett output,
i.e.,for about one half hoﬁr after sunrise and one half hour

before sunset.
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3. The Steam Engine

For reasons already indicated, this unit employs a diesel
engine converted to steam operation. - The particular unit
employed, a Lisfer 3 cylinder engine is used in its thousands
in Australia and has the advantage that each cylinder and head
is removable. By replacing only the cylinder walls and head
whith new components and using commercial truck plstons and
liners, the conversion to steam is readily effected. The
major problems involve the valve mechanism and the feedwater

treatment for oil removal.

The valve mechanism is conceptually simple - each piston carries
3 pins which, in approaching top dead centre (TDC) 1lift 3 balls
which otherwise seat to prevent steam from entering from a
chamber above the cylinder. The balls having lifted, allow
steam to fill the space above the piston; subsequently as the
piston moves away from TDC the valves close off the steam
which then expands and is exhausted with vacuum assistance.

A power stroke is obtained from each cylinder each revolution.
To achieve reliable operation over significant periods without
maintenance, required much attention to the valve mechanism as
regards exact geometric configuration and dimensions, proper
valve constraints and especially a satisfactory materials

and hardness matching between all the appropriate components.

The other substantial problem concerned, as already noted,
the acheivement of a satisfactory oil removal from the condensate.
Both problems have been solved satisfactorily and a relatively

robust engine has been developed.

Engine performance is indicated in Table III. Typical exhaust
temperatures are 68-73°C. Efficiency rises above 227 at higher

quality steam. With compounding, efficiencies of 277 are expected.

312




TABLE III

Engine Performance

(Tests 6 June, 1982)

Feedwater Engine Input Total Engine Engine Engine
Flow Added Exhaust Output Efficiency
Steam Steam
n /s Pressure Temp. Heat Pressure  Mech.
p.s.i. o kW kPa kW %
50.4 480 240 135 -85 22.3 16.5
50.4 500 248 135 -85 24.6 18.2
50.4 510 273 140 -83 26.0 18.6
50.4 540 302 143 -83 27.8 19.4
50.4 590 369 152 -82 31.4 20.6
50.4 600 415 157 -82 34.4 21.9

50.4 ml/s is rated flow for the system

4. Overall System Performance

The station electrical output as a function of insolation

is indicated in Figure 4. ©Nett output is some 2.8 kW less
than the values shown as this is the normal energy required to
run the system (pumps, array tracking, centrifuge) but can
occasionally exceed this value by 1 kW or more when condensate
pumps and vacuum pumps are energised for short periods.

It may be noted that system output can diffef significantly

at similar insolations due to different steam conditions.

It is worth optimising feedwater flow to optimise output and

microprocessor control is envisaged as a further development.
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5. System Costs

Hardware costs on site have comprised the following:

14 dishes, incl. absorbers, actuators and drives

with electronic controls etc. » $A 99,000
Steam system, including pipes, insulation,
installation, valves ., co-nectors etc. 77,000
Engine, feedwater treatment and cooling system 35,000
Electrical system, alternator, dc machine,
energy balance $ 28,000
Energy store (battery) and control ; 27,000
Insolation and wind monitoring 8,000
Buildings, fences ) : 16,000
Transport 12,000
Total $A 302,000
Comment: some of the above costs could be avoided through

not being essential, or by changing designs and details in
minor ways. In the light of experience, dishes could be
produced 10 metres in diameter rather than 5 metres, thereby
reducing the number of dish units to 4 and the costs of the
dish system by an expected factor of about 2. Plumbing,
wiring and general equipment arrangement can be modified to
achieve further economies, as can the buildings. The current
cost corresponds to a cost of $12,000'per installed kW. This
might be reduced to half if the next geheration designs can
come to fruition. An obvious first step involves the use

of fewer larger collectors (not implemented in the first
instance due to various environmental uncertainties and the

general drive to ensure that the first system is successful).

Apart from capital costs it is necessary to identify the true
running costs - it is expected that these can be revealed with

some confidence by the end of 1983.
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6. Relevance fo Other Applfcations

The solar array seems to hold potential for industrial process
heat in the medium to high temperature range.’ The steam engine
appears attractive, with its flash boiler suitably modified,

for applications which can take advantage of waste combustible
materials and crops; we consider it to be an attractive alter-
native to using such materials for ethanol production. In some
applications direct burning to produce steam has a distinct
advantage over the production of ethanol and its use in an
internal combustion engine. The general simplicity and
robustness of the steam engine, even in its high performance
mode, might well find application in many areas where small
power supplies can take advantage of indigenous combustible

materials.

In the longer term, we look forward to the first solar
thermochemical system using paraboloidal collectors and
producing not only electricity but also various energy rich

products such as fuels and fertilizers.

In Conclusion, the White Cliffs solar power station 1is viewed as

a vehicle for ascertaining the feasibility of employing high
temperature technology to supply inland and remote areas

with electrical energy and water with acceptable economics.
The first system has already been superceeded in our minds
with simpler more economical technology which deserves to be
explored and exploited. If the promise of other heat engines
is realised in due course, even betteri'economies would be
achieved, particularly for larger systems. This will not
necessarily rule out the use of high performance simple steam
engines for certain applications. In any event the future

of solar thermal power seems assured.
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