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ABSTRACT

This report details accomplishments of the Point-Focusing

Distributed Receiver Technology Project during Fiscrfl. Year 1979.

The objective of this Project is to produce thermal and
electrical power from the sun's radiated energy by means of

Point-Focusing Distributed Receiver (PFDR) technology. A specific
goal of this effort is to develop industrial capability and system

designs which will enable power produced by PFDR technology to be

economically competitive with other energy sources.

Present studies involve designs of modular units that collect

and concentrate solar energy via highly reflective, parabolic-shaped

dishes. The concentrated energy is then converted to heat in a
working fluid, such as hot gas. In modules designed to produce heat

for industrial applications, a flexible line conveys the heated fluid
from the module to a heat transfer network. In modules designed to

produce electricity, the fluid carries the heat directly to an engine
in a power conversion unit located at the .focus of the concentrator.

The engine is mechanically linked to an electric generator.. A
Brayton-cycle engine is currently being developed as the most

promising electrical energy converter to meet near-future needs.
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FOREWORD

The Distributed Receiver Systems Section is a part of the

Thermal Power Systems Branch of the Department of Energy's (DOE)

Division of Central Solar Technology. The Section's task includes
development of technology and applications for parabolic dish systems.

This report presents the results of activities conducted by the

Jet Propulsion Laboratory during FY 1979 in support of this DOE

Section. Specifically, it discusses the Point-Focusing Distributed

Receiver (PFDR) Technology Project.

The PFDR Technology Project was initiated in August 1977 by an
interagency agreement between the National Aeronautics and Space

Administration (NASA) and DOE. The Jet Propulsion Laboratory (JPL)

was named as the manager and the NASA Lewis Research Center (LeRC) was
named to provide specific support to the project in the power

conversion area. These two organizations, working with federal

agencies, industry and universities, are leading the development of

point-focusing technology for use in applications projects.

This Technical Report covers the accomplishments during FY 1979,

the second year of the Project. It is intended as a means of

publishing results produced to date and disseminating this information

to industry and universities. If additional information is needed or

if the reader wishes to discuss any items, please contact Dr. John W.

Lucas, Assistant Thermal Power Systems ?Manager for PFDR Technology, at

Jet Propulsion Laboratory, FTS 792-9368, Commercial (213) 577-9368 or

write him at Jet Propulsion Laboratory, 4800 Oak Grove Drive,

Pasadena, California 91103.
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SECTION I

INTRODUCTION

A.	 GENERAL

The Point-Focusing Distributed Receiver (PFDR) Technology

Project is part of the Thermal Power Systems (TPS) organization at
JPL. TPS is an element of the Office of Energy and Technology
Applications, the organizational structure of which is shown in Figure

1-1.

Point-Focusing Distributed Receiver systems are one form of

dispersed power systems that can generate electricity and provide
thermal power for rural communities and farms, municipal customers and

industrial users by means of modular, sun-tracking collectors. The

thrust of the present technology development is to bring prototype
systems into operation by 1982 and to further improve systems, both in
cost and efficiency, by 1985. As shown in Figure 1-2, the basic

subsystems include the concentrator and receiver, combined called the

collector, and the power conversion unit which consists of a suitable

heat engine, alternator, and associated controls. Currently, the
leading candidates for engines are the organic Rankine, the gas Brayton

(open and closed cycle), and the Stirling. For thermal power

production, the power conversion unit is replaced by the energy

transport network, also shown in Figure 1-2.

In contrast to central receiver power generation systems, which

utilize a field of reflectors to concentrate solar energy into a single

central receiver, PFDR systems utilize small concentrator dishes to
furnish energy to their own individual receivers and power conversion

systems. These modules each supply power to a utility grid. There

are, of course, options such as using several dishes to drive a single
anprooriately-sized power conversion system.

The concentrator is a circular, parabolically dished mirror,

which collects and focuses the incoming solar rays. Typical dish

diameters might be in the range of 6 to 15 meters. The hole in the
center of the dish is a non-usable area arising from shadowing and

blockage. The concentrator is mounted on a swivel mechanism that

allows it to accurately follow the sun's movement throughout the day.
A continuous, smooth-surfaced mirror is only one of many possible

fabrication methods.

At the focal point of the concentrator, the focused solar energy

passes through the aperture of the receiver into its cylindrical

cavity. In the cavity the solar energy is absorbed and transferred to

a working fluid that transports heat to the engine. The receiver and
entire power conversion system may be mounted at the focal point but

ground-mounted engines have been considered as well. Figure 1-3
indicates how several modules might be arranged to deliver electricity

to a transmission grid. Many other arrangements ire possible.

1-1



Q)

u

cn

0
O

. r,
w
N

co
N
$4
G

U)

U

U1

•n
O
^4

P4

a^
3
O

P4

a^

H

i

a^

rr:

k

1-2



Figure 1-2. Typical PFDR Parabolic Dish Module
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The goal of the Point-Focusing Distributed Receiver Technology
Project is to develop the technology within industry for cost-
effective, environmentally benign, point-focusing distributed receiver
systems for electric and thermal applications. The preliminary cost
and performance targets for electric power are shown in Table 1-1;
targets for thermal power are being prepared. The cost targets will
be achieved by industry employing new designs and mass production
techniques for the major subsystems. For concentrators and receivers
it is expected that the reduction arising from mass production,
relative to costs of prototypes fabricated in very limited quantities,
will be a factor of five; for power conversion units the reduction
factor is expected to be a factor of ten.

The major activity of the Project is to direct the development
by industrial firms of the major subsystems listed in Table 1-1. The
first generation subsystems are to be completed in FY 1982, as shown
in Figure 1-4, to meet the associated performance targets. The costs
shown in Table 1-1 should be interpreted as the costs that would
result if the indicated mass-production levels were achieved. The
second generation is to be completed in FY 1986 for the corresponding
targets. The parallel, effort to reduce mass-production costs is shown
at the bottom of Figure 1-4.

Funding information for FY 1979 is provided in the Solar Therl-'
Power Systems Program Summary (DOE/CS-0145).

Table 1-1. Preliminary Cost and Performance Targets for Electric•Power

1982	 1986
First Generation Second Generation

Subsystem	 Target Item	 (1978 $)	 (1978 $)

Concentrators
	

Capital Cost*	 $100-150/m2
	

$70-100/m2

Mirror Reflectance	 78%
	

92%

Receivers
	

Capital Cost*
	

$40-60/kWe
	

$20-40/kWe

Efficiency
	

82%
	

85%

Power Conversion Capital Cost*
	

$200-350/kWe
	

$100-200/kWe

Efficiency
	

25-35%
	

35-45%

*Range of first-generation costs if mass-produced at 5,000-25,000/yr.
Range of second-generation costs if mass-produced at 10,000-1,000,000/yr.

1-4
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B.	 JUSTIFICATION

Markets for thermal power exist in the areas of industrial

process heat, agricultural process heat, and heating and cooling.

Markets for electrical power exist for small communities, small

utilities, remote locations, rural users, the Department of Defense

and foreign countries.

Preliminary indications are that systems based on the two-axis

tracking, point-focusing distributed receiver concept with the

attendant modular features have a potential of leading to

cost-acceptable commercial solar power plants. This Project provides
a framework for structured, coordinated point-focusing solar thermal

technology development.

The modularity of the point-focusing approach can satisfy the

diverse needs of dispersed thermal or electric applications, while

offering the possibility of utilization in central generating plants.

There is a good match of system characteristics to the needs of
dispersed customers. Modularity of design permits quantity

manufacturing with the attendant low costs for fabrication. Another

consideration is that development will be done on small units, and

scale-up design can be done with a high degree of confidence.

Additional advantages of modularity are ease of maintenance and

transportability which are possible because of standardization,
relative simplicity, and large numbers of identical units. Also,

revenue production can be obtained during construction of the
remaining modules. Development of point-focusing technologies based

on modular units will result in power plants with good reliability.

In addition, the point-focusing distributed receiver power plant

offers a concept that is well suited to the distributed nature of the

solar resource.

1 -Fi
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SECTION II

TECHNICAL APPROACH

A.	 GENERAL

The large majority of the requirements of this Project are met

by contracts to industry and universities. JPL maintains a staff to
manage the Project and has developed a base of technical expertise to

coordinate, monitor, direct and support, as required, the activities

under contract. In those instances where independent analyses are

deemed desirable by DOE, JPL provides the resources and management to
conduct such studies.

Tile seven tasks of the Project are as follows:

(1) Project Management

(2) Systems Engineering

(3) Concentrator Development

(4) Receiver and Heat Transport Network Development

(5) Power Conversion Development

(6) Subsystem/System Test and Evaluation

(7) Manufacturing Development

Table 2-1 summarizes the major objectives of each task.

B.	 PLAN AND SCHEDULE

A summary of major Project milestones through FY 1986 is given

in Figure 2-1. The technology effort centers on the development of
key subsystems for point-focusing distributed receiver systems.

Emphasis is on the major subsystems of low-cost concentrators,

receivers and associated energy transport, and power conversion.

Systems engineering coordinates the establishment of interfaces and
functional requirements for each subsystem. It should be noted that

the concentrator, receiver and power conversion units assembled

together comprise an individual module for electric power generation.

The major test periods are shown in Figure 2-2. Continuation of

testing of the Omnium-G system module* is shown in the upper portion
of the figure. Testing of Test-Bed Concentrator No. 1 will begin in

XHeliodyne tm MTC-25 manufactured by the Omnium-G Company.

2-1



Table 2-1. Project Objectives by Task Area

Task	 Objectives

Project Management	 Manage the project in order that project

goals are met within the available budget,

on schedule and in accordance with the

annual operating plan.

Systems Engineering	 Lead and provide support to design team.

Define and analyze system configurations.

Establish and monitor system and subsystem
performance/cost targets.

Concentrator Development	 Develop point-focusing concentrators to
provide sufficient energy for steam

Rankine, gas Brayton, and future advanced

cycles such as the Stirling.

Optimize designs for low cost in large
quantity production.

Receiver and Heat Trans- 	 Develop cost-effective receivers to
port Network Development	 provide superheated steam and gas.

Develop cost-effective heat transport

networks.

Power Conversion	 Provide efficient, cost-effective power

conversion.

Provide Brayton engines initially, and

advanced Brayton and Stirling engines
following early development by the

Advanced Solar Thermal Technology Project.

Test and Evaluation	 Provide a test site at minimum cost.

Perform testing and evaluation of

point-focusing distributed receiver
subsystem modules.

Manufacturing Development 	 Estimate mass-production costs of
subsystems.

Develop tooling for mass production.

Develop associated automation techniques.

2-2
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early FY 1980. After test and evaluation, the steam receiver will be

installed on it and tested. The steam transport network will then be

added to the assembly and tested. Following testing of Test-Bed

Concentrator No. 2, the air receiver will be installed on it and
tested. The air-Brayton power conversion unit will then be mounted on

the receiver and the module tested. Testing will be carried out at

the JPL Point-Focusing Solar Test Site (PFSTS)*, at Edwards Test

Station near Lancaster, California.

After modules based on the Test-Bed Concentrator have been

developed and tested, modules based on the Low Cost Concentrator will
be assembled and tested as scheduled in the lower part of Figure 2-2.

In addition to the Low Cost Concentrator, these modules will consist
of steam- and air-Brayton receivers, along with their respective steam

transport networks and power conversion units. The purpose of these
tests will be to evaluate improved subsystem designs and to determine

interactions among the modules on a small scale.

Periodic assessments of the technology are planned to assist in

the determination of which configurations should be pursued in

subsequent time periods. These assessments will be based upon

criteria approved by the Department of Energy and will include inputs
from both systems and each subsystem area. Anticipated assessment

results include recommendations for the type of subsystem, and the

temperature and power levels for each subsystem.

Initial work encompassed both steam-Rankine and air-Brayton

subsystems. Due to future year funding constraints it was necessary

during FY 1979 to select either steam Rankine or air Brayton for
further effort. The latter was selected and the Brayton activity,

then in the Advanced Solar Thermal. Technology Project, was transferred

to the PFDR Technology Project. As progress continues, work on

advanced types may be added while effort on earlier ones may be

completed or terminated.

In early FY 1980 the name was changed to Parabolic Dish Test Site.
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SECTION III

TECHNOLOGY INFORMATION DISSEMINATION

This.Project is ultimately concerned with the creation of a new
product, and beginning development of an industrial capability for
supplying the product. Studies on the advancement of technology have
shown that the time from laboratory to marketplace is generally from
20 to 50 years, and sometimes even longer, unless there is some
special stimulation to catalyze the process. There is a national need
to establish options for new energy sources as rapidly as possible;
therefore, a plan for accelerating the technology transfer process is
a major component of this Project.

The effort to accelerate the transfer process includes both
communication of Project results to the supplier, user, and regulatory
communities of interest, as well as early involvement of
representatives of these communities to ensure commercial
practicability of the results. Communication and participation with
the communities of interest will be a major effort.

At present, the supplier community of solar energy industries is
relatively small. Interest in solar energy, however, is growing
rapidly and a large industrial community can be anticipated. The user
community, in contrast, is already large and very complex. The
largest segment of potential users is the public and private
utilities. Other users could include industry, commerce, and
agriculture. The regulatory community is also large, since it
includes state and local governments, public utilities commissions,
and environmental protection agencies.

The technology transfer plan has two major components: (1)
efforts associated with this Project's activities and (2) active
participation and interface with DOE and other appropriate
governmental technology transfer activities.

This Project's technology transfer activities emphasize early,
continuous and major involvement of industry, and dissemination of
technical results. The industrial involvement will be significant and
widespread.

The Project's technology dissemination plan contains the
following activities:

(1) Publication of results in scientific, technical, and trade
journals.

(2) Presentations at scientific, technical, and trade
conferences.

(3) Providing computer codes to industry and universities.
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(4) Project integration meetings which bring together
government and industry participants in the technology
developments.

(5) Exchange fellowships between industry and government.

A.list of current PFDR technical papers is included in this
Section.



TECHNICAL INFORMATION PAPERS

A Preliminary Assessment of Small Steam Rankine and Brayton
Point-Focusing Solar Modules, E. J. Roschke, et al, DOE/JPL
1060-16, (JPL Publication 79-21), March 1979.

Comparative Study of Solar Optics for Paraboloidal Concentrators, L.
Wen, L. Huang, P. Poon and W. Carley, 1979 ASME Winter Annual
Meeting (79-WA/Sol-8) New York, New York, December 2-7, 1979.

Efficiency of Dispersed Solar Power Modules, H. Steele, AIChE 86th
National^Meeting, Houston, Texas, April 1-5, 1979.

Heat and Electricity from the Sun Using Parabolic Dish Collector
Systems, V. C. Truscello and A. N. Williams, AIAA Utilization of
Space Technology Conference, Los Angeles, California, November
15, 1979.

Parabolic Dish Technology for Industrial Process Heat Applications,
J. W. Lucas, Solar Industrial Process Heat Conference, Oakland,
California, October 31-November 2, 1979.

Point-Focusing Vishes, J. W. Lucas, DOE Advanced Solar Thermal
Technologyy Semiannual Review, Long Beach, California, June
19-21, 1979.

Point-Focusing Distributed Receiver Technology Project, Annual
Technical Report - Vols. I and II, J. Lucas, DOE/JPL 1060-7;
Volume I: Executive Summary, September, 1978, and Volume II:
Detailed Report, Fiscal Year 1978; (JPL Publication 79-1);
February 15, 1979.

Solar Parabolic Dish Thermal Power Systems Technology and
Applications, J. W. Lucas and A. T. Marriott, 14th IECEC,
Boston, Massachusetts, August 5-10, 1979.

Solar Thermal Power Systems Point-Focusing Distributed Receiver (PFDR)
Technology: A Project Description, J. W. Lucas, E. J. Roschke,
AIAA Conference on Solar Energy (78-1771) Phoenix, Arizona,
November 27-29, 1978.
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SECTION IV

CONCENTRATOR DEVELOPMENT.

A.	 INTRODUCTION

Solar concentrators currently under development in this Task are

of a generic configuration which nominally focuses the intercepted
thermal energy at a point where it is absorbed by a receiver and

transported to a power conversion unit which may be mounted near the
focal point or at some other location on the module or on the ground.

The thermal energy is also suitable for process heat applications.
The point-focusing concentrator is considered an attractive form of

solar energy collection because of its modularity, high efficiency,

and ability to provide quality thermal energy in the 2600-13700C

(5000-2500 0F) range.

The solar energy is focused by a highly reflective,

parabolic-shaped dish that automatically tracks the sun by means of

two axes incorporated into the support structure, which also contains

associated controls, sensors and drives. In addition to the dish and

tracking devices, the concentrator includes the support structure for
the receiver/power conversion package located at the focal point.

The concentrator accounts for the largest part (50% to 75%) of

the cost of a complete module. Therefore, it must be characterized by

a high thermal output per dollar ratio (kWt/$) when mass produced, in
order for PFDR technology to achieve a competitive position in the

energy market.

Concentrator development under this task is implemented

primarily through industry, via contract for de;:ign, fabrication and

installation at the PFSTS. Integration of the modules as well as
testing and evaluation, will be accomplished by JPL.

13.	 OBJECTIVE

The objective of this task is to develop high-operating
temperature, point-focusing concentrators which will meet low-cost
goals when manufactured in large quantities using mass-production
techniques. These concentrators will be used in application
experiments to demonstrate the viability and availability of PFDR
technology. The task objective is being accomplished principally
through development contracts with industry. This is especially
appropriate since the technology must be disseminated to industry in
order to achieve the overall solar thermal program goals.

Cost and performance targets are shown in Table 4-1.

^T
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Table 4-1. Concentrator Cost and Performance Targets

1982	 1986

Target	 First Generation	 Second Generation

(1978 $)	 (1978 $)

Capital Cost in Mass Production- 	 $100-150/m2	 $70-100/m2

14irror Reflectance	 78%	 92%

*Range of first-generation costs if mass-produced at 5,000-25,000/yr.
Range of second-generation costs if mass-produced at 10,000-11000,000/yr.

C.	 APPROACH

The task objectives have been approached by a development effort

having three primary thrusts. The first entailed acquisition of

concentrators to be used in an early testing program. These included
a Precursor Concentrator and two Test-Bed Concentrators (TBCs). The

Omnium-G concentrator* obtained via the Systems Engineering Task was

also part of this test activity (see Section VIII). The Test-Bed
Concentrators' performance parameters will be well characterized by

tests. This information will provide a data base for point-focusing
concentrator performance. Additionally, the TBCs will be used at the

test site for testing of other subsystems.

A mirror facet development activity was undertaken in support of

the Test-Bed Concentrator. This work was an extension of an earlier
activity at JPL which developed a second-surface mirror bonded to a

Foamglas-* substrate.

The second thrust involves development of the first-generation,

low-cost paraboloidal concentrator to ensure efficient operation. in

the 540 0-815 0C (1000 0-1500 0F) range and to meet a mass-
produced cost target of $100-150/m 2 . Three contracts were
implemented for the preliminary design phase. One of the three Phase

T c=ontractors was selected by a competitive procurement to implement a

combined effort of detail design, fabrication, installation and

cha_c1•:out at the PF STS.

The third thrust, r_o be initiated in FY 1980, will be the

development of a second generation of Low-Cost Concentrators. Among

the candidates for these second-generation concentrators are those

design concepts evolving, from the work of the Advanced Solar Thermal

- ieIiod^ ne tm mo lel	 'Ii_y the Omnium-G Company.
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Technology Project. The second-generation concentrators %g ill have a
mass-produced cost tar get of $70-100/m2.

The milestone schedule for Concentrator Development is shown in
Figure 4-1.

D.	 ACCOMPT SHMENTS

During FY 1979, significant progress was made in two areas: the

acquisition and early testing of concentrators, and the development of

first-generation concentrators. In accordance with the Concentrator
Development Task schedule, development of second-generaton Low-Cost
Concentrators will be initiated in FY 1980.

In the first area, the Precursor Concentrator, designed to

simulate a section of a full-size reflector, was completed and

employed in a variety of tests requiring the solar source. A

flat-plate cold-water calorimeter was designed, fabricated and used in

evaluation testing of the Omnium-G concentrator. The dominant
activity in this early hardware area was the design, fabrication and
installation of two Test-Bed Concentrators by E-Systems, Inc. A
parallel activity was the assembly of JPL-developed mirror facets to
be used for the TBC reflector surfaces. Techniques were developed to

evaluate the optical characteristics and to align the mirrors after

installation. Also, a cold-water cavity calorimeter was designed to
be used in evaluation of the thermal performance of the TBCs.

In the second area, the development of first-generation Low-Cost

Concentrators was initiated. Phase I studies for the definition of

design parameters and preliminary design were completed by Acurex
Corp., Boeing Engineering and Construction Co., and General Electric

Co. (For titles of the final reports from these contractor studies
see References 4-1 through 4-3.) An RFP was issued for Phase II/III,

the detail, design, fabrication and installation of three units. This

contract was awarded to General Electric, and work began in August,

1979. In addition, concentrator performance analyses were completed

for the evaluation of the Low-Cost and Omnium-G concentrators, and for
prediction of TBC performance.

The remainder of this section details the above accomplishments.

1.	 Precursor Concentrator

The Precursor Concentrator installed at the PFSTS is shown in

Figure 4-2. The JPL-developed reflector facets are second-surface,

silvered mirrors bonded to spherically-contoured Foamglas substrates.

The base support is an Hour Angle-Declination Antenna Mount. A
cold-water calorimeter was modified for use with the unit. The

Precursor is a tool to be used for tests requiring a modest solar

image concentration. It was used to evaluate mirror performance, a

flux-mapper device and candidate aperture plate materials for use with

the cold-water calorimeter developed for testing of the Omnium-G
module.
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Possible future uses of the Precursor include: evaluation of
mirror performance degradation caused by dust and film accumulation,
and testing of segments of various reflector configurations mounted on
the mirror support arm.

2. Cold-Water Calorimeter

A cold-water calorimeter was designed and fabricated for
evaluating the thermal performance of the six-meter diameter Omnium-G
concentrator. The calorimeter, a heat exchanger, was mounted, near the
focal plane of the concentrator. Incident concentrated solar energy
was measured in steady-state conditions by measuring the temperature
rise at a known water flow rate. The quality of the concentrator can
be assessed by measuring the amount of energy which passes through
various sizes of circular aperture plate openings mounted at the focal
plane.

A fiat-plate design was selected for this application and was
sized for a 25 kWt load. Low operating temperatures allow convective
and re-radiation heat losses to be disregarded; they were calculated
at less than one-half percent. A parallel flow across the plate
allowed operation with low head loss -- a requirement imposed by the
water supply available at the test site. Implementation of the
parallel flow was accomplished by milling channels in a copper plate
and furnace brazing a cover plate to it, forming flow passages through
the plate assembly. 	 Manifolds brazed onto the plate assembly used
standard 38.1 mm (1 1/2 in) pipe fittings to accommodate plumbing for
the tests (see Figures 4-3, 4-4).

Parallel, flow into a common manifold required attention to
temperature stratification effects. Thorough mixing of the water is
essential before it reaches the exit temperature probe. Mixing teats
indicated a ten-diameter exit extension to be adequate.

The aperture plates were machined from 355.6 mm (14 in) square
pieces of 19.05 mm (3/4 in) thick transite. The material's test life
is adequate to withstand several tests. 	 Apertures of various sizes
are mounted in a frame at the focal plane and the calorimeter is
mounted 76.2-152.4 mm (3-6 in) behind the focal plane in order to
maximize the image size on the plane surface of the heat exchanger. A
geometric computer program (SPOT) was writt8n to properly locate the
calorimeter behind the focal plane. Figures 4-5 shows the
calorimeter/frame mounted on the concentrator quadripod, and Figure
4-6 the same with 177.8 mm (7 in) diameter aperture plate.

3. Test-Bed Concentrator

The Test-Bed Concentrator (see Figure 4-7) was developed as an
early testing device to obtain concentrator performance data and to
test several types of receiver/power conversion subsystems. The TBCs
were developed from an existing microwave antenna design which was
modified (a) to accommodate the JPL-developed mirror facets as the

4-6

Z	 -



•

AA
job

t I I - C "4	 C;

( 7

t oll pod

mix i ng; t o ^ ;t

k I N t	 n S i 011)

	

.00	 %

Figure 4-1.	 Cross-svcL ionof
	

i gU 1_0 4 - 4.	 FI a t -P I a t c Co I kl-Wa t o I-

Fla-Plate
	

Ca I o I- i mot e r

CAorinictor

C-I I (I r i lilt, t. t, I- aIId 	AI) t 'I' t k I I'

I I I It t, slip of t	 F r. I vi L,

I
!1	 - i j ) 01101 1 1 1 t L 'd Oil OI L ld I

4-7



REFLECTOR: NOMINAL 11-N

OUTPUT:	 70 kWth at 800

MIRROR FACETS: 224

• SECOND-SURFACE GLASS

• NOMINAL SIZE: 60.96 cm x 71.12 cm

(24inx28in)

• THREE REGIONS OF NOMINALLY DIFFERENT

RADII OF CURVATURE:

1320 cm, 1574.8 cm, 1610.4 cm

(520 in, 620 in, 634 in)

•	 INITIAL REFLECTIVITY: 959% MAX

•	 SLOPE ERROR: 1 mrad

FOCAL LENGTH 6.6 METERS (21.65 ft)

PARABOLOIDAL MOUNTING STRUCTURE: f/d = 0.6

DESIGN WEIGHT AT FOCUS: 504.4 kg (1100 Ibs)

TRACKING ERROR: 1 mrad

Figure 4-7U. TBC Specifications

rs

Figure 4-7a. Test Bed Concentrator

REGION	 NOMINAL RADIUS OF CURVATURE

A	 1320 cm (520 in)

B	 1574.8 cm (620 In)

C	 1610.4 cm (634 iu)

TBC FACET LAYOUT

(ONE QUADRANT)

Figure 4-8. Mirror-Facet Layout
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reflector surface, (b) to provide solar tracking and high-rate

speeds, and (c) to support the receiver/power conversion packal
focal point.

A contract for two Test-Bed Concentrators was initiated in

mid-September of 1978 with E-Systems, Inc. whereby their existing

microwave antennas were modified to meet the requirements for a solar

concentrator. The completed design modifications were accepted in

April of 1979. Fabrication, trial assembly, and delivery of parts to
the test site was completed by mid-August, at which time final assembly
and installation was started.

A standard 13-meter diameter microwave antenna was redesigned to

a nominally 11-meter diameter reflector for the solar concentrator
adaptation. The f/D was changed from 0.37 to 0.6 to provide better
solar concentrator characteristics. A series of parallel,

parabolic-shaped tubes were placed on the face of a typical dish

support structure for mounting the mirror facets. An alidade designed

for larger dishes was scaled down to fit the solar concentrator. The

alidade provides the solar concentrator with continuous travel for
solar tracking and also allows it to be pointed north for maintenance
and repair functions.

The reflector layout utilizes three regions of different radii of

curvature mirror facets. This provides better performance than can be

achieved by using a single radius of curvature, and yet keeps mirror
fabrication, assembly, and the number of required spares reasonable.
(See Figure 4-8.)

The mirror facets were designed to attach to the parabolic tubes

through the use of a flexure-bracket clamped to tike tube. Three

flexures are used to mount each mirror facet. Half of the flexure is
bonded to the mirror facet and the other half is attached to the

brackets. A field joint between the two parts of the flexure has

slotted holes to provide for individual facet alignment and adjustment
requirements.

At the focal point there is a toroidal ring to which the

receiver/generator subsystems will attach. The ring is mounted using a

bipod design with eight guy rods for stability. The bipod-ring system
is designed to support a receiver subsystem of up to 504.4 kg (1100
lbs). The deflections due to this weight at the focal point are

included in the overall error analysis, and are compensated for in the
tracking and control subsystem.

The structure, :including the nlidadc, is a bolted design. This

approach was employed so that the concentrator structure could be
fabricated and trial-assembled at a steel fabrication shop and then

disassembled, shipped to the PFSTS and reassembled using nuts and bolts
with only a minimum of field welding. During the reassembly process

continuous alignment checks were made to ensure that the final
structure assumed the proper shape. Each of the piece parts were

match-marked prior to disassembly at the factory so that the field

assembly could be done correctly and with a minimum of alignment

problems. Figure 4-9 shows the TBCs in various stages of installation
at the PFSTS.
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4-9a. Initial Field
	

4-9b. Alidade

Assembly

4-9c. Reflector Structure with
	

4-9d. Mirror Facet

Mirror Support Tubes
	

Installation

4-9e. Reflector Being Placed
	

4-9f. Assembled Test-Bed

on Alidade
	

Concentrators

Figure 4-9. Various Stages of TBC Assembly/Installation
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Installation and checkout by E-Systems was nearly completed by

the end of the fiscal year. Alignment of the mirror facets will

follow and tests to characterize the concentrator performance will
begin early in FY 1980.

4.	 Mirror Facet Development and Assembly

At the close of FY 1978, development tests of candidate

materials to be used for the TBC mirror facet had not been completed.

Facets subjected to a severe humidity-cyclic temperature test had
shown evidence of degradation in the form of speckling. This was

attributed to the adhesive system used to bond the mirror to the
substrate, aggravated by the moisture penetrating the edge to wet the

mirror substrate interface. Laboratory tests had shown that a system

having a near neutral pH caused the least mirror degradation.

To confirm this laboratory result, eight facets were fabricated

using the different adhesive systems. Only half of the facets were

edge sealed. All were subjected to the cyclic environmental test

shown in Figure 4-10. Evaluation of the speckling degradation of the

mirrors and consideration of previous experience at JPL, led to the

decision to use Furane 9427 with the Dow Epoxy Resin 332 as the

adhesive system. This was no longer a Furane standard commercial

item, but it was purchased by special order. The facets bonded with
the same resin but using the hardner, Epicure with C1BA-GE1G4 064
accelerator showed very minor mirror degradation.

A short test program was also conducted to evaluate the

sensitivity of Foamglas strength to freeze-thaw cycles at a 95%

humidity environment. Samples were tested both uncoated and coated
with Pittcote 404/Chemglaze. It was concluded that the coating
greatly increased the freeze-thaw resistance of Foamglas and that the

sealant must be carefully applied to preclude the presence of pinholes
in the coating through which water might penetrate.

The materials selected for construction of the TBC mirror facets

are listed in Table 4-2. The Foamglas substrates were procured from
Pittsburgh Corning which used its standard commercial process for the

special production run. The mirrors were procured from the Corning

Glass Works, who subcontracted the silvering process to Falconer Plate

Glass. The substrate blocks were made using special molds.

Mirrors with three silvering configurations were purchased and
will be evaluated on the TBCs. Most mirrors were cut to size and

silvered, but some were silvered and then cut and some have a 4.83 nn

(3/16 in) silk screen protective edge seal.

These materials were shipped to JPL on the same non-commercial

carrier truck to ensure minimum damage from handling and the road

environment. Precautions not withstanding, flaws were present in the

materials and significant damage occurred in shipping. The suppliers
replaced all material not meeting specification.
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The epoxy hardener, 9427, was 'supplied as a special order from

Furane Plastics. A small number of mirrors were assemblers using

Epicure 855, with an accelerator, as the epoxv resin catalyst for
evaluation on the TBCs.

Tooling for the mirror assembly was arranged to produce groups

of ten facets daily. The typical Elms for the assembiv starts with

trimming the substrate to size. Rough-grinding to a nominal radius of
curvature of 1524 cm (600 in) was accomplished using a flv cutter tool

on a mil,;.ing machine (Figure 4-11a). The final. radius of curvature

was obtained by a hand-grinding operation on a master spherical mold
covered with 120 grit abrasive paper (Figure 4-11b).

The back surface of the mirror was cleaned in preparat i on for
bonding. A very thin laver of adhesive was applied to the painted
back surface using a paint roller (Figure 4-11c). The mirror is
placed on the contoured surface of the substrate (Figure 4-11d) and

vacuum bagged and cured for eight hours (Figure 4-11e). After cure,
the facet was inspected and a serial number and date written on the

mirror face with a diamond pencil.

Before proceeding with assembly, the optical characteristics of

each facet were measured and compared to the acceptance criteria. The
focal length and slope error were measured in an optical tunnel

,;,-1

4-12



-L

^dbO

(ix 41
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4-11c. Adhesive Application

4-11a. Machine-Grinding
	

4-11b. Hand-Grinding

4-Ile. Vacuum Bagging

Figure 4-11. Mirror Facet Assembly
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Table 4-2. Materials Selected for TBC Mirror Facets

Substrate	 60.96 cm x 71.12 cm x 5.1 cm (24 in x 28 in x 2 in)
Foamglas High Load Bearing 136.17 kg/m3 (8.5 lbs/ft3
density) - Pittsburgh Corning

Mirror	 60.33 cm x 70.41 cm x .15 cm (23-3/4 in x 27-3/4 in x
0.058 in) Corning Glass Code 0317 - Silvered by Falconer

Mirror Adhesive	 DER 332 - Dow Epoxy Resin 9427 Hardener-Furane Plastics

Support Tabs	 0.032 Aluminum with 5.1 cm x 7.6 cm (2 in x 3 in)
contact area with Foamglas

Support Tab Adhesive	 PC-88 two-part'adhesive - Pittsburgh Corning

Mirror Edge Seal	 Vulkem 116 Urethane Sealant - NAMECO

Foamglas Sealant	 Pittcote 404 Acrylic Latex - Pittsburgh Corning

Paint	 Chemglaze 11 A276 White Polyurethane

assembled for this purpose. The technique used for slope error
acceptance tests is described in the PFDR Technology Project's Annual
Technical Report for FY 1978. Essentially, discs, whose diameters
represent one through six minutes of slope error, are inserted into
the center of the light beam reflected from the mirror. Each disc
will block the light reflected from all points on the mirror with
slope errors less than that for which the disc is sized. A photocell
was used to measure the amount of light passing around the disc; this
was compared to the acceptance criteria.

It was difficult to obtain high sensitivity in measurement of
the focal length. Many mirrors were checked by measurement to the
location of the smallest image using the sun and the moon as the light
source. Tests using the moon gave good results, but the image using
the sun was too bright to be used.

Reflectance measurements were made at five positions on each
facet to give an initial reference value for use in later degradation
and cleaning tests. Figure 4-12 shows the reflectometer equipment.

The mirror supports, consisting of three flexure tabs, were
bonded to the substrate using a fixture for accurately locating the
tabs relative to the mirror surface. Set-up time for the adhesive
permitted bonding of tabs on two facets per day in each of ten
fixtures (Figure 4-13).
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After a 24-hour cure of the tab bonding adhesive, substrate corners
were rounded and the mirror was cleaned in preparation for application
of the sealant along the interface between the substrate and the edge
of the mirror. The Vulkem 116 sealer was applied with a syringe,
forcing the sealer into the cells at the joint and completely covering
the mirror edge (Figure 4-14). The excess on the mirror surface was
removed and seal allowed to cure for eight hours.

The final step in the assembly process was to seal the entire
exposed Foamglas with PC 404. Two coats were applied, being careful
to fill the open cells, to prevent water penetration to the Fopm.g?ass
through pinholes in the seal. An eight-hour cure was used for each
coat. The surface was then painted with a coat of Chemglaze.

The mirror on each completed facet was given a final cleaning
with alcohol and a commercial glass cleaner and the facet serial
number stenciled on the back of the facet. Two facets, of comparable
focal length, were packaged in a cardboard box for shipment to the
PFSTS.

The mirror facets were mounted on the TBC by E-Systems, Inc. and
JPL personnel at the time of concentrator installation. They will be
aligned by a technique utilizing a light source located on a hill
5.8 km (3.6 miles) away from PFSTS. Each individual facet will be
adjusted to image the collimated light from this source onto a target
mounted at the focal plane. Covers have been made for each facet and
only the one being aligned will be uncovered to ensure obtaining an
unambiguous image at the target. The equipment to be used at the
light source is shown in Figure 4-15.

5.	 Optical Performance Analysis

The optical performance of the Test Bed Concentrator has been
investigated. The prominent features of the TBC are reviewed as
follows:

Substructure: 45 0 rim angle paraboloidal dish.

Re .,:tangular facets: 228, 60.96 cm x 71.12 cm (24 in x 28
in) each.

Single radius of curvature for all facets: 1585 cm
(624 in).

Concentrator focal length is set to be equal to the focal
length of the substructure.

Facet slope error (excluding alignment error and
structural deflection) was assessed to have a 0.5
milliradian standard deviation for a "typical" facet.

The optical performance of the TBC was simulated assuming all
facets are identical to the measured sample. The error budget for
structural deflection (due to gravity and wind) was estimated by

•aq
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Figure 4-14. Application of Edge Seal

Figure 4-15. Light Source Equipment
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E-Systems Inc., to have a standard deviation of approximately 0.5

milliradian. A total slope error (standard deviation) of 1.
milliradian is considered representative for the TBC at this time.

The flux distribution and intercept factor at the concentrator target

plane are shown in Figures 4-16 and 4-17. A flux distribution mapping

of a cylindrical cavity, D = 60.96 cm (24 in), L = 91.44 cm (36 in),
is shown in Figure 4-18.

6.	 Low-Cost Concentrator

The dominant thrust of the Concentrator Development Task is to
develop through contracts with industry, technology and designs that
will result in low cost and 'nigh performance concentrators.

Economically feasible solar thermal systems require the development of

concentrators having a high kWt/$ ratio. An initial cost target of

4-12 kWt/$1000 was selected for the first generation Low-Cost
Concentrators.

A three-phased procurement was initiated in FY 1978 to design,

develop, fabricate and install paraboloidal point-focusing

concentrators capable of providing high thermal flux to a receiver
operating at 815 0C (15000F). The receiver supplies thermal energy
to power a Brayton engine/generator in a solar thermal electric test
module.

Three contractors (ACUrex Corp., Boeing Engineering and

Construction Co., and General Electric Space Division) participated in

the Phase I effort. Each conducted a six-week parameter optimization

study (funded in FY 1978) of their individual concentrator concepts to
maximize the predicted kWt/$. The remainder of Phase I (funded in FY

1979) was a 16-week effort generating a preliminary design, based upon
the selected oarameters, and an assessment of mass-production costs.
A delay in FY 1979 funding availability shifted the Phase I completion
date to March 1979.

The preliminary designs generated in Phase I are shown in

Figures 4-19, 4-20, and 4-21.

(1)

	

	 Acurex. The Acurex design is based upon a "Faceted
Compressed Paraboloidal Reflector." The concentrator
reflector is comprised of 33 triangular, individually

slignnble, reflective panels of seven pallet types. The

panels are arranged in a truncated triangular array (a
triangle with the three points removed) composed of three

nested Paraboloids with a common focus. The reduced

height of the nested configuration is expected to reduce

uy rnd draR when in the survival stow position; the
triangular shape reduces wind drag during operation. The

concentrator is stowed during high winds with the axis

pointed to the zenith. The concentrator is positioned
overnight, when minds allaw, looking at the Mast horizon
to aid 

in 
preventing dirt build-up and dew formation on

t:ae reflective surface. The effective surface area is 102

=1 -18
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Figure 4-19. Acurex Low-Cost
	

Figure 4-20. Boeing Low-Ccst
Concentrator Pre-
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liminary Design
	

liminary Design

Figure 4-21. General Electric Low-Cost Concentrator Preliminary

Design (Selected for Phase II/III)
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square meters, equivalent to a 11.4 meter diameter

paraboloid.

The reflective surface is a mosaic of back-silvered thin

glass mirrors which are bonded to a sheet molding
compound, glass fiber-polyester resin substrate. The

panel substrate has an integrally molded i.sogrid ribbing

on the back for support. 'rile reflective panels are each

supported on a spaceframe tubular truss-work by three

adjustable links to permit alignment after installation.
The receiver/engine is supported at the reflector focus by
a tripod structure mounted on the spaceframe. The panels

are predicted to have a reflectance of 0.95 when new. The

surface slope error of the reflector is estimated to be

less than 1 milliradian.

The concentrator axes are in an azimuth and elevation

configuration. The elevation axis is a pair of hinge

points at the lower edge of the triangular array with

elevation motion implemented by a double-acting,

single-stage hydraulic cylinder. Emergency stow is

accomplished in one minute, using hydraulic fluid stored
in an accumulator. The azimuth rotation is provided by
the triangular base which turns around a central pintle

bearing that rides can three wheels on a raised tract:
resting on six piers. The rotational drive is a hydraulic

rack-and-pinion rotary actuator located at the central.
pintle bearing. The reflector loads are reacted at tho

two elevation hinge points located on the base near track

wheels and the bearing at the lower end of the hydraulic

cylinder at the pintle. The hydraulic components nre

mounted on the base structure and rotate with it.
Vertical lifting restraint is provided by the central.

bearing.

The solar-tracking system developed by Acurex uses a

microcomputer, combined with positional feedback
potentiometers, to provide coarse synthetic tracking

within 50 of the sun's true position and An active,

shadowband sun-sensor to control the system to within

0.20 . The system performance is estimated to be 64.3

k1Jt (net) under the design conditions (300 W m2
insolation and 925 0C (17000F) receiver cavity

temperature).

(2)	 Boeing. The Boeing design is based upon a "Pneumatically
Stabilized Film Membrane Reflector." The reflector .is a

13- peter diameter, first-surface, rietallized plasCic film

which is maintained in its paraboloidal contour by a small

pressure differential across the film. The film nu-mbrane
is fabricated in a nearly parabolic shape and

u	 edge-supported on i conical, frustrum ring of

honeycomb-core-sandwich construction. Tile back of tho
frustrum is closed by another membrane, allowing a slight

4-21.
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(3)

a

vacuum to be maintained within the frustrum. The
reflector, receiver and engine, gimbals, and drives are

all enclosed in a 14.7-meter diameter _nflated plastic

bubble. The enclosure provides environmental protection
for the reflector and structure. Air supplied to

maintain pressure within the bubble is filtered.

Therefore, the reflective surface should not require

periodic cleaning. The exterior surface of the bubble

itself will require washing.

The gimbal configuration is elevation over azimuth,

sorlewhat like a toy gyroscope. The elevation axis is a
pair of bearings on a yoke, pivoting the reflector at
opposed points on the edge. The yoke rotates in azimuth

at a single bearing on the foundation. The enclosure

intercepts the environmental loads, allowing minimal
weight structures. Air to the receiver and exhaust air

from the Brayton engine are manifolded to the ambient air

outside of the enclosure by ducts.

The solar-tracking system designed by Boeing employs
controller-generated sun predictions for coarse solar

tracking and sun sensors for fine control of ± 2
milliradians. The system utilizes electric stepper motors

with speed reducers. The system performance is esLimatcd

to be 71 kldt (riet) .

General Electric. The General Electric design is based

upon the "Plastic Injection Molded Reflector". The
reflector is comprised of 24 panels arranged in three

concentric turfs .forming a seven-meter diameter circular
reflector with a single paraboloidal. surEacc. 'Elie
reflector is stowed when not i.n use with the axis pointed
at the nadir, to give reduced wind drag loadings and to

aid in keeping the reflective surEacc clean of dirt .and

clew. The surEace area is 33.7 squire ineters. The
reflector and receiver/engine are coiu •lterbalanced by a

concrete woight to minimize the drive load requirements.

The reflective s,urfaca is a second-surface, aluminized,

polyester film bonded to a '.reaction Injection Holded

glass-fiber, epoxy-resin substrate. The substrate has
integrallv molded ribbing on the back for stiffness. 	 Elio

reflective panels are supported at the radial edges by

eight radial aluminum trusses and circumferentiall y by

bolting to the ndjacent panel. The radial trusses and

reflective panels are accuratr_ty positioned at assembly Lo

avoid individual alignment after Cie reflector is mounter?

on CIP `ease.	 The rec?i.ver/en:;i.nr i-	 upport-ed by a

quaklrip,,il whic'.i CnrrLos the l,i -id s Lo tale aluminum ra lial

iREMI)Or;.	 r' It, pnnoIS nr •, nre,l l l-o d C. -% ' lnve ,l roIIo.ctance
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The concentrator axes are in an azimuth and elevation
configuration. The elevation axis is a pair of pivots
located at the rim of the reflector, supported by tripods
from the circular platform base. The azimuth motion is
around a central bearing which rides on six wheels on a
raised track that rests on 12 piers. Both elevation and
azimuth drives employ capstan-driven cables, attached to
large radius channels. The large radius of action permits
the use of small electric motors and gear boxes, with high
angular resolution. The elevation drive gives
300-per-minute emergency defocus movement. The six
azimuth wheels provide vertical restraint to prevent
lifting off of the track.

The solar-tracking system developed by General Electric
employs a microcomputer on each concentrator which uses
solar ephermeric data generated by a central computer,
compared with positional feedback potentiometer, to
provide synthetic tracking within 10 of the sun's true
position, and an active fiberoptics sun sensor system to
control the system to within 1/80.

The system performance is estimated to be 20.4 kWt (net)
under the design conditions.

in April 1979, following the completion of Phase I, an RFP was
issued to the three Phase I contractors for proposals for Phase
II/III. This Phase includes the detail design and fabrication of
three prototype LCC units, as well as an assessment of the implication
of mass production. Boeing determined that the candidate plastic
material for the enclosure would not be available in the 18-month
contract period and declined to submit a proposal.

General Electric was selected for Phase II/III and a 16-month
contract was executed in August 1979. The concentrator is sized at
11-meter diameter with a thermal performance of 56 kWt (at 800 W/m2
insolation) into the receiver aperture. However, larger sizes are
being studied. The reflective surface to be used is an aluminum
coated plastic, covered with a polyester film. The substrate for the
prototype hardware, a fiberglass-epoxy material system, will be formed
by Resin Transfer Molding rather than Reaction Injection Molding which
requires more expensive tooling and is still under development. An
investigation of glass mirrors as an alternative surface will be also
undertaken.

7.	 Heliostat Modification Feasibility Study

The concept of modifying the central receiver heliostat design
to a point-focusing concentrator was reviewed by Martin Marietta and
McDonnell Douglas. A short presentation by each company was made to
JPL. Subsequently an . RFP was issued for a feasibility study of this

4-23



adaptation in two sizes ranging

design for the smaller size will
current heliostat hardware while

heliostat technology to a larger

point-focusing concentrator. It
early in FY 1980.

from 50 to 120 square meters. T

emphasize maximum utilization o
the other design will extend

size which may be optimal for a

is planned that this study will

he

f

start

8.	 Low-Cost Concentrator Analyses

In support of the evaluations of Low-Cost Concentrator concept
development, a study was conducted to review different analytical

methods for computing the flux distribution at the focal plane of a

paraboloidal concentrator. Various methodologies employ differing
assumptions concerning the definition of optical parameters. These

parameters include solar irradiance distribution (limb darkening and

circumsolar), reflector-surface specular spreading, surface-slope

error and concentrator pointing inaccuracy. The results obtained by

the various methodologies were compared and evaluated (see Reference
4-4).
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SECTION V

RECEIVER AND HEAT TRANSPORT NETWORK DEVELOPMENT

A. INTRODUCTION

The solar receiver at the focal point of each PFDR module
converts the radiant solar flux into useful heat. Together with the

heat transport network, an entire system is brought together which is

capable of generating electricity or supplying heat for industrial

processes. Therefore, cost-effective, efficient receivers and heat

transport networks are essential to an economical, effectual system.

Industry plays a central role in the development of receivers

and heat transport networks. Contracts have been awarded for the

final design and prototype fabrication of both steam and gas

receivers. Later a contract to design and fabricate heat transport
networks will be let. This equipment will become part of a module

designed to produce an efficient, cost-effective prototype system for
future wide-scale energy production in support of national goals to

reduce the use of fossil fuels in the electric utility and process
heat industries.

B. OBJECTIVES

The fundamental objective of the Receiver Development Task is ^o

provide efficient, cost-effective equipment. The scope of the task
has been broadened during FY 1979 to include the heat transport

subsystems ancillary to the solar collectors. In addition, as

improved technical and cost information has been developed, cost and

performance targets have been reviewed to insure the use of the most
up-to-date information. Current cost and performance targets are

shown in Table 5-1.

Cost and performance goals for the heat transport network will

be forthcoming in FY 1980. As with the receivers, these targets are

being set within a context of maximum total system efficiency rather
than single component efficiency. Functional specifications, e.g.,

temperature/pressure ranges, allowable heat loss, and the like, are
being developed to encompass a wide range of applications.

C. APPROACH

The initial six Phase I receiver contracts were narrowed to

two. These contracts, one for a steam and one for a gas receiver, are

now in Phase II which includes final design, prototype fabrication,
bench testing, and delivery to the PFSTS. Details of these contracts

will be found in Section D below.

As the program matured, several technical changes and additions

were made to insure optimal progress. The heat transport subsystem,
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Table 5-1. Receiver Development Targets

Target for FY	 1982	 1986

Cost in Mass Production	 $40-60/kWe	 $20-40/kWe

Efficiency	 82%	 85%

including both the flexible attachments at each module and the
interconnecting piping between modules, was integrated with the

receiver area. All systems were modified to use fossil fuel in

addition to solar heat. This was done to encourage early deployment

of this technology by insuring maximum use of the equipment as well as
to obviate the develo pment of energy storage subsystems for early
systems. It should be emphasized that the goal of these solar systems

has not been changed but that these temporary modifications were made

to increase testing and acceptance of the technology.

Technical advances will be incorporated into the development as

they become available. Figure 5-1 shows how these will be integrated
into the current milestone schedule.

D.	 CONTRACTOR PROGRESS

At the start of this fiscal year, six Phase I receiver contracts

were in progress, two for steam rarikine systems and four for

open-cycle air Brayton systems. The contractors for air Brayton

receivers were Dynatherm Corp., Boeing Engineering and Construction
Company, Sanders Associates and Garrett AiResearch Manufacturing

Company of California. The steam receiver contractors were Fairchild

Stratos and Garrett kiResearch. (For final reports from these

contractor studies see References 5-1 through 5-6.) The output of

Phase I was to produce conceptual receiver designs with 10-minute

buffer storage, a complete parametric analysis, initial production

costing and a proposal for a final design including the fabrication of
prototype equipment.

Early in the year, the contractors were given a suitable design

point to size and direct the final design. A Phase II RFP and
Statement-of-Work including evaluation criteria and requirements was
prepared for release. Early in December, the six contractors made

final Phase I presentations. The proposed designs are sho^-M in

Figures 5-2 through 5-7. Figure 5-2 shows the Garrett AiResearch gas

receiver. The receiver cavity, 508 mm (20 in) in diameter by 711.2 mm

(28 in) deep, consists of an Inconel, plate-Ein matrix heat exchanger
with ceramic bac.; plate and aperture. The aperture is about 254 mm

(10 in) in diameter. The buffer thermal storage assembly contains a

phase-change salt to give it a 10-minute capacity. The Boeing

Engineering and Construction design is shown in Figure 5-3. The

5-2
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Figure 5-2. Air Solar Receiver and Buffer Thermal Storage
Assembly (Garrett AiResearch Manufacturing Co.)
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r	four flat heat exchanger arrays are fabricated of Inconel tubing. The
812.8 mm (32 in) diameter by 1117.6 mm (44 in) deep cavity is lined
with Kaowoal insulation. Buffer storage is provided within the cavity
by placing about 90.72 kg (200 lbs) of alumina spheres within a
stainless-steel pressure vessel. Dynatherm Corp. designed the
receiver shown in Figure 5-4. The receiver cavity is formed by 18
separate, stainless-steel, sodium heat pipe, heat exchangers and is
457.2 mm (18 in) in diameter and about 762 mm (30 in) deep. Buffer
storage is provided by placing sealed tubes of phase-change salts
within the heat pipes. The fourth gas receiver, shown in Figure 5-5,
was designed by Sanders Associates. It consists of a 558.8 mm (22 in)
diameter ceramic honeycomb on which the concentrated sunlight falls
after entering through at 190.5 mm (7 1/2 in) diameter quartz window.
The gas stream enters peripherally and flows through the heated
honeycomb. An integral, phase-change, salt-buffer storage unit with
valving to distribute the flow is also shown in Figure 5-5. Figure
5-6 shows the Fairchild Stratos design for a steam Rankine receiver.
The 425.45 mm (16 3/4 in) diameter by 711.2 mm (28 in) deep cavity
wall is formed of a single 6.35 mm (1/4 in), inside diameter, Incoloy
tube approximately 45.72 m (150 ft) in length. The reheat section,
forraing the back wall of the cavity, is fabricated of 30 tubes, 1.803

mm (0.071 in) inside diameter, in parallel. A magnesium-lithium
eutectic in a multi-tube heat exchanger configuration provides the

10-minute buffer storage. Another steam Rankine receiver design by
Garrett AiResearch is shown in Figure 5-7. This is a parallel-tube,

recirculation-type boiler with separate superheat section. Reheat can

be added to the superheat tubes. A salt fusion storage unit was

designed to meet the buffer storage requirement. After review of

these designs, the RFP for Phase II, final design and prototype

production, was released in December 1979.

In January 1979, the six proposals were received. The four

proposals for the Phase II air Brayton program were reviewed

immediately. The two proposals for the steam Rankine systems were

held-pending a thorough review of the entire steam program
necessitated by fiscal constraints. These two entered the review

cycle about two weeks later when it was decided that the need for
steam receivers for industrial process heat was essential even though

the development of small, high-efficiency steam engines had to be
delayed due to funding limitations.

After a technical, cost/price, and management review, Garrett

AiResearch was selected to continue with both the steam and air

receivers. The Phase II contract for the open-cycle air Brayton
receiver was awarded in May and for the steam Rankine receiver in June.

Several. important changes in the program influenced the design
progress between Phase I and Phase II. Among the most important was

the stipulation that all systems must accomodate hybrid operation with
fossil fuel. This allowed the 10-minute buffer storage requirement to

be relaxed to the inherent storage of the receiver mass. In addition,

the requirement to produce industrial process heat was emphasized to

insure receiver compatibility with a variety of systems.
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Figure 5-4. Air Solar Receiver (Dynatherm Corp.)
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RECEIVER INLET SCROLL

Figure 5-5. Air Solar Receiver (Sanders Associates)

(A power conversion unit is shown mounted
on top of the receiver)
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	 Parallel Tuhe Recirculation Receiver Concept
(Garrett AiResearch Manufacturing Co.)
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In August, a Preliminary Design Review for each receiver was
conducted by Garrett AiResearch. The preferred designs which meet all
of the functional specifications, and some of the more important
design features, are shown in Figures 5-8 and 5-9. Final design of
each receiver was started in late August. Prior to the fabrication
stage, Critical Design Reviews were scheduled, in September for the
air Brayton receiver, and October for the steam Rankine receiver.

Heat transport networks are an important element in producing
cost-effective, distributed receiver systems. An efficient heat
transport system is essential not only for the production of
electricity, but especially in utilizing module output for industrial
process heat. Preparation of an RFP package will be completed in FY
1980. The Statement-of-Work will include the following:

(1) Systems analysis task to establish candidate transport
systems.

(2) Component characterization to assess currently available
components.

(3) Systems optimization review to insure lowest possible
costs.

(4) Prototype production to test key elements at the PFSTS.

(5) Operations and maintenance optimization.

(6) Production cost estimates.

The RFP will be released in late FY 1980 for a contract start in
early FY 1981.

E.	 IN-HOUSE PROGRESS

While receiver development is primarily contracted to industry,
a strong in-house support effort was pursued to insure timely,
cost-effective management of the task. This support included:
continued development of the flux mapper, support for Omnium-G testing
program, an analytical receiver model program, and program support
tasks.

The Mark I Flux Mapper, shown mounted on the Omnium-G
concentrator in Figure 5-10, was completed late in the first quarter
of FY 1979. It was shipped to the PFSTS in January and mounted on the
Precursor Concentrator. Test aad calibration runs were completed
between late January and early February 1979. After several revisions
to the software, preparations were made to mount the Flux Mapper on
the Omnium-G system in March. Delayed somewhat due to particularly
windy weather, first flux maps of the concentrated sunlight were made
in April. The Omnium-G system was reconfigured (with new petals) and
additional flux maps were produced in May. The Flux Mapper functioned
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Figure 5-8. Air-Brayton Solar Receiver (Garrett
AiResearch Manufacturing Co.)
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as predicted. Typical data is shown in Figure 5-11. When integrated,

the Flux Mapper data agreed very well with calorimeter data taken on

the Omnium-G system. This comparison is shown in Figure 5-12. As a

further check on the accuracy, a Kendall absolute cavity radiometer
suitable for operation at high intensities was fabricated to mount on

the Flux Mapper. Data reduction and comparison to earlier data is
expected early in FY 1980.	 the Flux Mapper was used to help

characterize the performance of the Omnium-G system. Additional
support to this activit y included test planning, data analysis,

receiver thermal analysis, calorimeter comparison and other tests. In
addition to further improvements to the operating system, the Flux

Mapper is being readied to mount on the Test-Bed Concentrator early in
the next year.

The development of an in-house computer simulation model for

receivers was extended b y analyzing the suitability of available
computer programs to development needs. An existing program, HEAP,

was determined to be suitable if specialized input, output, and data
management features were added. This modification of the HEAP program

was begun about mid-vear and will continue into the next fiscal year.
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SrCTION VI

POWER CONVERSION DEVELOPMENF

A.	 INTRODUCTION

As part of tiv? DOE/NASA Solar _*t,ermal Power Program.,
investigations of iispersed solar-electric power systems are being
conducted by NASA-Lewis Research Center (LeRC) for .JPL. These systems

are characteri- . by a point-focusing, parabolic-shaped concentrator,

with a receiver mounted at the focal point and a heat engine and

generator set. Figure 6-1 shows an artist's view of a Brayton

open-cvcle nower conversion unit, wit;i recuperator, mounted at the
back of a receiver. All of these com ponents would be supported by the
concentrator assembl y . The focal point is located in the receiver.

The first part of these investigations entailed conceptual
desi ,on studies of the majc)r com ponents and systems to determine

potential performance, and to select receivers for the system. The
two candi , late power conversion cycles consi,lered read y for technology

development were the Rankine c ycle in•d the Brayton cycle. Multiple
c ,)ntracts were awarded for conceptual iesign in September, 1973. A

design, fabrication and test phase was entered following com p letion of
the conceutnnl losign studies and evaluation phase. This is

illustrated in the schedule shown in Figure 6-2. The power conversion
units sel,-cted f-Nr t'ie lite r phase will be tested with appropriate
concentrators and receivers produced b y the ot;ier tasks in the PFDR
Tochnnlonv Proi-'ct.

R.	 03JECTIVES

the specific objectives of LeRC are to investigate the technical

and economic characteristics of a variety of candidate small power
conversion s y stems. These s •rstems ,aill be suitable for use with

single, point-focusing solar concentrators and receivers. During the

course of the investi7,ation, the estimated ner£ormance and projected

life-cycle costs will assist in determining which of the systems are

ecnnomically viable and where they would be most competitive in future

energy markets.

The snecific objective of the Power Conversion Development Task
LS to establish the technolog y readiness of efficient and
cost-effective subs y stems to convert thermal energy into electrical
energy. The targets for the first-generation power conversion

subs y stems are conversion efficiencies of 25,-35% by 1982 and for the

second generation, 35%-45% by 1986. The conversion subsystems will be

tested initiall y on the Test-Bed Concentrators, and then on the
Low-Cost Concentrators. If engines of high efficiency are mass

Produced, it is honed that the mass- p roduced cost could be targeted at

$200-350/kWe for the first generation and $100-200/kWe for the second

generation.
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C.	 APPROACH

1. Determination of the State-of-the-Art

From an in-depth ex pertise in power generation and conversion
s y stems in the aircraft, s pace power, utility and automotive fields,

LeRC selected a number of Rankine and Brayton solar thermal systems as

the basis fcr studies and experimental investigations of performance

for the first generation. A "Handbook of Data on Engine Components
for Solar Thermal Applications" (DOE/NASA/1060-78/1) was published in

1979 b y the Advanced Solar Thermal Technology Project.

2. Tn-House Engine Cy cle Analyses

In the investigation of the candidate power conversion systems,

,a 	 effort of in-house anal y ses is maintained to support and

direct contracted efforts. A number of Bra y ton-cycle and

Rankine-cycle computer programs developed by LeRC are used in this

anal y tical support activit y . As power conversion system and component

test rata become available, thev will `)e correlated with predicted

nerforman.ce anal y ses and anv disparities resolved.

3. Contractor Concentuil Design Studies

The LeRC in-house p rogram is 'Seing ,omplemented by contracted

efforts with industrv. First in the contract series were contracts to

p rovide conce pt definition studies of small (15 k'Je: an approximate

value, used thr,nughout this section) Bra y ton-cvcle ind stea^i
Rankine-c y cle engines for dis persed solar-electric power s y stems. As
a result of the contractors' performance and cost studies, DOE

selected one 13ravton engine to he designed and fabricated under
contract with industr y for subsequent testing.

CONTRACTOR ACC0N?PLTSH°1FNTS

Table 6-1 list iosign con,litions and performance characteristics
obtained from the engine st-idies conducted by the various

contractors. The efficiencies cited in Table 6-1 correspond to
enc,ines at various stages of development and at rated conditions which

differ for each engine. For example, the t y pe of engine used to

derive the steam Rankine engine efficiencies is further advanced than
that used to derive the Bra y ton engine efficiencies. Therefore these
efficiencies should not be compared directl y . The last column of
Table 6-1 nartially illustrates the effect of engine designs at
off-design conditions. It is based on a solar insulation curve over a
year with reduced Dower input to the engine. An effect of off-design
performance can be observed since each engine used the same annual
insolation curve. Although ill systems were relatively constant in

performance, the steam Rankine s y stems had the best off-design
performance. All of the designs showed substantial improvements over

the off-the-shelf performances reported in "Handbook of Data on Engine
Components for Solar Thermal Applications."
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,.	 Brayton Concentual Design Studies

p rocurement activities were initiated with industry to proceed

wit'i conce p tual desiIn studies to establish the economic viability and

efficienc y of small Bra y ton-cvcle power conversion systems. As a

res , ilt of comnetitive prncurement, LeRC awarded a contract to Garrett

Ai" • search M:.nufacturinr Comnanv of Arizona in September 1978 to

comnlete s stud y of three configurations:

(1) Bra y ton Baseline Open Cycle

(2) Rravton Baseline Closed Cycle

(3) Bravton Alternate Open Cycle

The itravton engine/generator set for this study consisted of a
turbocompressor, gear box, generator, recuperator, and associated

cnnlers, niping and con r rolc. The purpose of the studv was to consider

wa y s of increasing efficiency, for exam p le by increasing recunerator

effectiveness. Availabilit y and develo pmental risk differentiates the

baseline and al f-ern.•ite c.ategnries. Baseline configurations are

,nodificati-,ns of nrnduction units available for testing; by calendar
y ear 1980. Alternate configerations are these that require additional

'nodi fication, i.e., imnroved performance and life, and which will he
av,iiIn!i10 f.,r test l.v calendar vear 1982.

T'it • 	—: riot offo v-t Bias ner forme .I the f , •llowini, tasks for each of
the three	 )nf iv.ur it ions.

a.	 Tas k l:	 "ara metric Performance Analvsys. The cintractor,

!rrott Ai1t— oirc'b, 1-'tormined t'ie desivii And off-design performance of
sevOral g ravton Unites which thev had designed previ ..rei g l y far various
n-n-s,,l,ar anPlications. These included three onen-cvcle engine desihns:

(11	 1	 ene.ine lesi fined for the American Gas Associat ion
(AGA)

(^1	 a 1 1 .,i kid ermine iesi },ned for Pacific rruit Fxrress (PFE)

(3)	 a 30 kW engine desi g ned for mi1it:ir y annlicatinn, the Gas

Tur''ine Power Plant (CTP) 36-51

and one --losed-cvcle .Jesign: the 30 kW Closed-C y cle Power System
Wcps-;n).

The re• rformance characteristics were determined over a range of
v.ilnes of those major variables:

Power 1 I've 1:	 19 to 20 k%4e

(2)	 Turhine inlet temperature:	 0500 to 815e'C

(12000-15OOOF)

6-6
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(3)	 Recunerator effectiveness: 0 to 0.95 (Note that 0 is

used as a reference only)

( 14)	 Cvcle loss pressure ratio:	 3 to 77%

(5)	 Shaft speed of generator: 1800 rpm to turbine speed

(65,000 rpm)

b.	 Task 2: Concentual Designs.	 F'ie contractor prepared

dotailed design data packages on three NASA-selected designs. The

nararnetric results .,f Task 1 and the requirement t0 use existing;
hardware resulted in the components selected by Ai Research to match

the nower level (72.7 k:d) o, the Test-;ed Concentrator. 	 Che

components selecte-1 for each of the three Aravton C(-nfig;urations are

prosenteJ in Table 6 -2. These .lesi ;;n nackages hrovi led :i hasis trom

which realistic cost estimates were made.

T-iMe 6-2. Se1PCtoti Components f;)r 11ravton-Cycle Power
Conversion Knit Configurat ions

' T' trbocomnrossor

Rectu)erntor

^l tern:itnr

Open Cycle
	

Cl.-)sed Cv •lc
	

Open Cvrl(.

1950 1' st
	 1962 1'est

CTP 16- 51
	

Pacific Fruit
	

Scaled

^:xpre ss	 BravLon
Rotat ink;
U11 i t

(Plate- Fin Si^,, d to Match Desi ;n P )we r)

'a00 Ilz	 400 11z	 Permanent
Magnet (PMA)

rear lox	 (rpm) 63,000/8,000 60,000/8,000 'Done

F.f f i-iencv	 it	 11 0	 Ilz 25 24.20 26..

0-7
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C.	 Task 3:	 Interface Requirements. The contractor identiFied

phvsical and operational interfaces with the halance of the s y stem to

assure compatibilit y of power conversion system designs with complete

solar thermal s y stems. Performance maps were generated for each

configuration assumin^ operation in the pure solar mode, that is,
without anv provisions for augmenting the solar input with ligrlid ar
gaseous fuels. The GTP 36-51 open-cvcle engine configuration was

selected for Phase TT design. Figure 6-3 shows a tvpical performance

map on the GTP 16-51 at sea level for the full range of design and

off-design solar insolation (N) and compressor inlet t«mperatnres

(T T ). LRvouts of the three engine configurations were made in

Task ?. t wever, onl y the base l ine open-cvcle configuration will be

discussed in detail. For information on the closed-cvcle any+
alternate open-cvcle configurations please see References r,-1 through

6-3. Figure 6-4 shows the G TP 3(i-51 engine assemhl y and its mountinr,

arrangement on the c y lindrical receiver. '.dith onl y minor exceptions,

the engine fits within the nominal .4 m (3 ft ) diameter shadow of the

receiver, in order to minimize redaction of useful concentrnror area.

The baseline open-evele Rravton engine / generator set cons i sts of

the following components:

(l )	A radial flow turbine and compressor issemhl y running on

toil bearings. This is the power section of the

contractor's model GTP 36-51 engine.

("_')	 A 4(1(1 Hz, 11(100 rpm electrical t,otiorator.

(3) A gear Ihox from they contractor's pro,lu Lion «ngines to
reduce the Iii gh tar'•i ne shaft speed to r t i,• regtii r« l range
Of t,ener.ator speeds.

(4) A high eff«cti 3«n«ti 	 Mire coont«rflow. plate-fin
recrtp«rator.

(5) 1n	 Line control ;V9tO n which i I, • l iS tu p•bin« inlet
remne°: atnr« cnnsrint it RI -10 C (I 51111"1'1 over .i ran.;••
polar thermal power i nput from li) to 7 ' 1 . 7 kY .	 Tnnnts
elow 30 k t.d regttire the unit to r ,in it I rrnisr.int sM«eA

•Intl a r«dtic«d ittrhin« inler remperitilr« ro ivoi,l
rocnp«rator overtemp«ratnre ahov« 'r111 e1t' (1 WO`F).

The total «stimated weight for t'Iis «n,ii tie lr•«n.^rator
con f i gnrat i on was 3'a5 kg ( 760 li,)s) 3h i ch wotl l 1 he mount,-d to rh«
receiver and suppot t.ed .along , 3 i til the receiver it the focal no; qt .

Al thot ► gh the s y stem was t ni t I ,il l v con r i kttred for ;.) I ,ir rit«rm:tl
operation oniv, :1 modi fici rion to the ens?In s-, inch ,l int' a new

combustor, allows t
i
le s y stem to p«rform in a hvbrii or fossil-fill

augmented mode.
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d.	 Task 4: Assessment of Production Tmplementation.
The contractor estimated the production costs of several engine
concepts as a function of production rate. Maintenance considerations
to achieve long life and reduce life-cycle costs were included. The
production model, shown in Figure 6-5, is identified as Production
Configuration Five (PC-5); it represents the fifth configuration of
the baseline GTP 36-51. Tt includes internal electrical power
conditioning for DC output. Table 6-3 shows a cost breakdown for this
optimized production configuration estimated on the basis of 10,000
units per year and 1978 dollars. Table 6-4 presents the normalized
unit cost of the PC-5 in various production quantities. Minimal
maintenance costs are projected for the PC-5, since the turbomachine
does not require a lubrication system or a gearbox. The permanent
magnet alternator is driven at turbine speeds contributing to a fairly
lightweight power s y stem. (See References 6-1 through 6-3 for
contractor cost estimates of other engine concepts.)

e.	 Task 5: Reporting. A final report of Garrett
AiResearch's Rravton Conceptual Design Study is expected to he
released for distribution in late CY 1979.

2.	 Steam Rankine Conceptual Design Studies

The steam Rankine contract effort was initiated in late FY 1478
for a concept definition stud y to identify expected improvements in
small engines for solar thermal-electrical applications. An SOW for
the study was structured with an initial parametric analysis task to
estimate performance sensitivity to temperature in the 4250-81500
(800 0-1500 0F) range. From the parametric results a design point,
nominally at the 15 kWe power level, was selected for a conceptual
design task. The conceptual design effort included lavout and
cross-section drawings, a weight and envelope estimate, and a more
definitive estimate of power conversion subs y stem efficienc y over the
solar duty cycle. Subsequent tasks evaluated the design for interface
limitations, productio n costs, life characteristics, and maintenance
requirements in solar applications.

A concept definition RFP was issued in April 1978 indicating
response options of test-bed (Mod 0) and/or alternate (Mod 1) engine
categories. Performance targets of 207 and 30% were established for
the two categories. Contract awards were made in September for three,
parallel, six-month studies:

(1) Sundstrand F,nergy Systems

(2) Foster-Miller Associates

(3) Jav Carter Fnterprises

- Mod 0 Categor y Turbine

- Mod 1 Categor y Reciprocator

- Mod 0 Categor y Reciprocator

6-11
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Table 6-3. Cost Fstimato for Production Configuration

Five (PC-5)

Estimated
Markup On Purchase

Material Labor Tabor And Price
Hrs Material $

Turbocompressor 217 7.5 1.Q37 885
Generator 302 14.2 1.937 1462
Recuperator 497 12.6 1.Q37 1743
Other Parts 35 2.7 1.937 235

Bellows,	 Ducting,

Filter	 insulation,

Structure and

Enclosure
c'nntrols And	 Accessories

Sensors,	 113rdness	 etc.
Control	 Module )50
Fuel	 Pump And Metering

Rectifier 450
Electronic	 Start	 Power 100
Supply

Assembly and Test 2.0 1.937 124

(1)	 1978	 Dollars Total $5249

Production Rate	 10,000/yr
Labor $32/hr

Table 6-4. Normalized Unit Cost of PC-5 in Selected
Production Ouantities

Production Rate	 Normalized

llniis/Year	 Unit Cost*

100	 3.75

1,000 1.80

10,000 1.00*	 (Base)

100,000 0.85

1,000,000 0.71
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In concept definition studies, the Mod 1 category concepts

specificall y included reheat. Further, in each of the Mod 0 studies a

rehont confi urati)n was investigated as a growth option. The concept
definition studies for both Mod 0 and Mod 1 systems were to provide

Arita for an FY 1979 decision b y DOE on hardware systems for testing;.

The tasks to be performed b y each contractor were similar to

t'nnae shown in the Rravton studies: Parametric Anal y ses, Conceptual

ne=it;ns, Interface Requirements, Implementation Assessment and
sortin g . In Task 1, the parametric ranges of interest were:

(1) Net electric power output - 5 kWe to 100 kWe

(2) Inlet steam temperature	 - 450 0C to 815 0C (8300-15000F)

(3) Inlet steam pressure 	 - 6.89 x 10 6 - 17.23 x 10 6 11 /m2
(1000 - 2500 psis)

(4) Condensing temperature	 - 38.3 0C - 148.90C

(1010-300.20F)

Each of the three contractors completed the technical tas'cs and

prenared final reports. These reports were reviewed and will he

prenare:l for distribution. Following is a brief overview of each
c-lncent. `lore detailed results can 'he found in the final reports
(References 6-1 through 6-3).

.1	 tvnm Rnn'-ine Tur `)ine Svst,^m -- Sundstrand ':?lergv
'iv ,;r ems . The concept proposed by Sundstrand in t1h•? baseline category

Wn; h	 turbin(-. T'lis concept, which was used in an

)rtlanic 2.-hn'cine previously built and operated by Sundstrandi for remote

communication s y stems, was reconfigured for the steam application and

resulted in an engine efficiencv of 23" at inlet steam conditions a'
73000 ( 1150°17 ) and 6.41 . c 10 6 q-/m2 (930 psia) .	 -1l thou-1 h ti  i ;
condition met the minimum design requirement of 20°o ermine efficiencv,

it was . lecided to evaltlnte the design ror the growth potentill which
wns part of tht, implementation Assessment task. As a result, the

tilr'J1'l(' wit ' t one stea!Th pass thr,`llgh an admissi•^n ar: of
0.15 was redesigned to provide for reheat and a second pass Acr•)ss the

single-stage tnr'line which would now appear, in effect, as a two-.ta;e

turbine. Th is turbine, with homopolar alternator, is illustrated in

r igure 6 - 11. This configuration, it full power (30 '.cWt) with steam

conditions )f 730 00 (13500F) for both passes and '1.14 x 106

'4/m 2 (600 *psia) on first stage a nd approximatel y 1.40 x 10 3 : 1 1112

(20 psia) on t'le second stage, results in an overall engine efficiency

,,f "Y ' ass!.tming an alternator efficiency of 93;. The final expansion

is to n tress tro .if 12. i x 10 3 V/m 2 (1.9 psia), or less than
atmosphoric, iith a condonsing temperature of 50 0C (120"F). No

system as proposed by Sundstrand, including the condenser,
regenerator, combined rotatLOh unit and condenser fan, is shown in

Figure 6-7. Th e estimated total weight for this system was 217 '.cg

(479 Pis), not including; structural or rnountin; supports.
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The proposed scheme for operation of the system (Figure 6-7)

involves maintaining the turbine inlet temperature at a constant value
with a flow control valve. The speea would vary with power level.

The alternator speed would be controlled b y an alternator field and a

load that absorbs all power. A savings can be made in performance

efficiency, especiall y at low power level, by providing a variab l e fan

sneed for the condenser.

A Dreliminar y cost estimate was made for the two-stage steam

s y stem on the basis of various production rates and facilities. The
estimated costs for an engine manufactured at a low production rare of

100 units Der year in an existing facilit y is $35,000. At a higher

production rate, nominall y of 100,000 units per year, in a new

facilit y , the costs could be reduced to approximately $8,000 per unit.

h.	 Steam Rankine Reciprocator (Mod 0) -- Jay Carter
Enterprises. The other conceptual design selected for the baseline
steam s y stem (Mod 0) was a reciproc.:ting expander modified from an

experimental p iston engine for an automotive application. This

conce p t as proposed in the simple-cycle mode would, for a thermal
input of 80 kW and a design point steam condition of 6750C

(1250 0F) and 17.2 x 106 N/m 2 (2500 psia), produce an engine

efficienc y of 260. The engine, shown in Figure 6-8 with a generator,

is basicall y a single-cvlinder, uniflow (i.e., flow in at top and

exhaust at bottom), simple-cvcle engine connected to a crankshaft.
For balancing purposes, two counter-rotating balance shafts are driven

via belts from the crankshaft.

As in the turbine design concept, reheat was considered for a

growth version of the engine. In p his version, as seen in Fi b s;e 6-9,

a second cylinder is employed for the reheat c ycle. For this design,

the two c y linders are properly sized for a high pressure side and a

low pressure reheat side. The overall engine efficiency was

calculated at 30% for a thermal input of 80 kW, design point steam

conditions of 675 0C (1250 0F) inlet steam temperature, with
17.2 x 10 ` N/m 2 (2500 Dsia) on the high pressure cylinder and
140 x 10 3 N/m 2 (600 psia) on the low pressure cylinder, exhaust to
atmospheric conditions, and a condensing temperature of 100oC

(212oF).

The compound reheat, two-cy linder concept with condenser,

generator and pumps has a total estimated system weight of 600 kg

(1323 lbs).

The control scheme for operation of this s y stem is similar to

that used b y Sundstrand and is similar to a temperature and water

control developed by Jay Carter Enterprises for their steam car

development. The control scheme maintains constant temperatures by

mass flow control (i.e., adding water or exhausting steam).

An accumulator in the s y stem helps prime it for start-up. The

generator is brought on the utilit y line when its speed matches or

exceeds line frequency. It is dropped when revolutions per minute are

6-17
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less than line frequencv so that the generator will not motor.
nverspeed conditions would he handled b y throttle and safety valves to
hvpass steam to condenser and lower temperatures.

As indicated by the contractor, the simple-cycles expander is
similar to a two-cvcle, internal combustion engine and no new

technologv development is necessar y for mass production. However, at

these temperatures and pressures, development of the compound reheat

expander would he necessar y and could be accomplished in six steps

from the sim p le cvcle, with onlv the low-pressure cylinder, to final

temperature and pressure with both c y linders active.

The estimated costs for a manufactured engine at high-production

rates were based on costs per noun.l of comparable engines (i.e.,

diesel Generator, small tractors and automobile). These costs ranged

from $13,000 (100 units per voar) to $3300 (100,000 units per year).

C.	 Steam Rankine Reciprocator (Mod 1) with Reheat --

Fo%ter-!`M11ler AsgociAtes. Approximatel y a two-vear development would

he needed for Mod 1 to arrive at the level of performance required for

solar testing. In this categor y Foster-Miller performed a conceptual

design of a reciprocating, two-c y linder, compound steam engine

following a parametric ctudv and selection of a design point. The

lesion point conditions specified for the two-c y linder, Apposed,

compound engine with reheat ware:	 inlet steam at 700 0C (12900F)

and 11.1 x 106 N& (1750 ps i a) , reheat at 7000C (12900 F), and

a condonsin y temperature of 100"C (2120 F) for a power input of

80 Wt.

The power conversion concept shown in Figure 6-10 includes

expander, alternator oondenser, cooling tower and pumps. The

two-c0 i n !er reci p rocator steam engine is show" in Figure 6-1 1 . The

calculated performance for the power conversion s y stem at the design

noint conditions was 33~, including an induction generator with an

efficiencv of 077.

The two-. • vlinder, opposed conce p t with cuunterflow. which W.is

iel-rteJ nv-r unifl-w due to its higher mevhanical efficiencies, was

07od to nro!uce app roximatel y 20 We. the high-pressure c y linder has

a hnre of :.3 cn, with a displacement of 100 cm 3 . The inlet

mressure is 17 r 106 402 (1750 psial. Th- low-pressure cvlinder
or reheat cvl in ter has i bore of 110 cm and a displacement of 1179
Cm  

fir an inlet press ire of 1.1 x 196 NO ( 160 psia). This
low-nr o isure stage exhausts to essentialiv atmos pheric conditions.

The cAndons i np temperature is 1100C WHO M The s i ngl e-threw

crank mounted between the op posing cvlinder provides the drive for the

alternator without a gearbox. A rotation Sneed of 1800 rnm was
selected as a compromise hetween the lower speeds preferred for valve

sequencing and the higher 4peeds suitable to the weight and size of
the ilternator. Iren"so of the high temperature (700 0C, 129lloF),

t ` o lubricating s y stem is an important and difficult component. The

rteshn tochninue ap p lied to the concept was to emplo y carbon rings

with lubricriting properties. Some evidence indicated that the carbon

h-'0
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rings couli Provide lon g, life with low friction. As a back- y ip to the
a pproach, a lahvrint'i seal s y stem was suggested. These concepts would
require some development to assure that lubrication and life could be

nrovided with minimal Dower loss.

The nroposed s y stem was divided into dish-mounted equipment and
off-dis`i egii pment. The weight of the dish-mounted portion shown in
F igure 6-12 was ,-;timated at 230 kg (507 lbs) with the pumps,
con•lenser .and cooling tower located off the dish. The estimated cost

to manufacture in several thousand units Per year was 12000 per

expander, cut-off control, and fee ,lwater pump. This did not include
the g.lner.ator, condenser, Iraft stack, frames, or central system. The
additional ritiCs were estimated at apps-iximatel y $1000 per system.
These costs do not include anv pavhack, C:6A, sti ipp i ng site
prenarition it installation costs. The contractor also considered 06'•1

costs for the exnand o r and determined that if the engine were operated
►iv solar nower onl y , for aTproximatel y 3300 hours a year, normal
maintenanr p cavil1 be handled once per vear. This wou1l include an all
c winngn, tight-nine, o° joints, and general inspection. A general
over ii.aviI if the engine would he nerformed ever y other vear.

Vie control of Cie s y stem is handled primaril y by altering mass
low to the s y stem vil a series if solenoiv.l-activciced valves, water
,ost pum ps ant t'iermocouples. The speed of thn engine/generator when

, , rid Conn-rt,-1 i-; controllod by the grid on anv 60 Ilz reference.

F.	 TN-11011';E pRnCR°.`i5

11- `i^lse r.F fort wns liroctod primaril y towari oval inting the
, iIS	 ^i'-'ntV as nron ri;( , d I)v the above contractors.	 In partic'Jlar,

-I' ; 	off-rt 3a, llroct-1 towards .assisting Sundstran,l In design
C ile 'i° 1-1r'ns ! s an,1 ovil , vatinP, Sevoral config,lrations.

T



Figure 6-1 la. Compact Steam Ftlgine-Ik•,ign Fxterior
(Foster-Miller .1sso( iat^ s)

VALVE A(TuATORS	 'I	 _

(P CYEIMUf.R
PISTON

(ROSStiEAO

- 141mm ':JCS► . `t'' r ;	 Fl ,
• ;r.

Figure 6- 111). Cross-Section Views of Expander

(Foster-Miller Associates)
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; ;'TI4)," %'I I

1AVUFAC,mR I N(-. DEVELOPMEN I•

1.	 I'Mor 'CrI N

Tn m)st cases, previ^)u s, •.)st-anal •si ; studies )f 4ol Ir 	 ner'^.
^smn,inents, 'lave not 1)e< , 1 suf f I i , nt Iv detni Io - I t - ) •,Meld —• ; I I t ; fr ):-I

, o ll i • h .lccurat, , economic Iec i si . )ns .• )ul i be made.	 In	 ner.l l , the
earlier analv e t- , ild nc•t adequatel y address the fallowing details:

( 1 )	 '•lanufl,, turing pr•)cess to produce ?arts.

(2)	 Time required per operation for each part.

3)	 r-)ol ind r,, q liro(I to pr,)duco harts, ;uba; omb1 ies and f inaI
is^;emhIies.

(a)	 Capital equipment required to manufacture parts.

Therefore it was necessar y that an active and ongoin

cost -.-1 naIvsi; and !manufacturing-devel -)pment task be established to

1541St in = ns,lrinr, that high-performance, low-cost PFDR solar energy
component4 are avail3tile in rho mid-1980's.

'l.	 01JECTIVE

The principal objective .)f this task is to assist in the

dovelopment of high-performance point-focusing subs y stems that can be

manuf -ictured in high-production voi , lmes at a low-unit cost. To

accomplish this objective, efforts are directed toward:

(1) Developing independent costs of PFDR components and

systems.

(2) Developing tooling and design costs for capital equipment

and facilities needea to produce PFDR components and

systems.

(3) Studying possible uses of automation techniques to produce
PFDR concentrators, receivers and power conv--rsion units

at a lower cost.

C.	 APPROACH

I

	

	 The milestone schedule, Figure 7-1, shows the major thrusts of

the 'Manufacturing Development Task.

(1)	 Mass P r 1)duction Cost Studies.	 This activit y addresses the

applic,bility of the various components, subsystems and

s y stems Production desi g ns to high-volume mass production,

7-1
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with the resultant low cost of manufacturing the various

system components. A baseline PFDR system was

cost-anal y zed to which all other components, suhsystems

and systems can he compared for cost and performance.
This study cost-analvzed the baseline module in production

quantities ranging from 100 to 100,000 units per year.
The baseline system cost aialysis includes the following
elements:

(a) Engineering parts list

(b) Raw material/purchased items cost

(c) Part manufacturing process

(d) Labor hours to produce each part

(e) Labor hours to assemble components and system

As new and varied designs of point-focusing suhsystems
become availahie, thev will he cost-,!nalvzed using the
elements listed above and compared to the baseline for
cost and performance.

RFP's area being issued to industr y to accomplish these
costing objectives. Detailed cost estimates of power

conversion units were conducted for production quantities

ranging from 1000 to 400,110(1 units per vear. The

resulting estimated costs are to he compared with cost

goals to determine if a given subs y stem/s ystem should he
pursued, abandoned, or reconfigured.

(?)	 Tooling. Detailed studies were executed to determine the
exact nature of the tools required to produce each part,
component or assembl y under consideration. RFP's to
industr y solicited assistance in trol design, fabrication
and tool t.vout.	 A preliminar y studv was ,made of tooling,
capital equipment and facilities required to produce a

cexnplete PFDR s y stem and components in quantities ranging
from 5000 to 100,000 units per vear.

(3) Automation Techniques. Studies were conducted to

determine if the use of automatior techniques can

substantiall y reduce the cost of point-focusing solar
energy components.	 RFP's will he prepares',, when required,
to solicit industr y participation in the design and
selection of nitericall y controlled equipment and transfer

machines that ma y he used in the mass production of PFDR
solar energy components.

7-3
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D.	 PROGRESS

During FY 1 0 79 an existing state-of-the-art ?FDR total module,
commerciall y avnilahle from the Omnium-G Comnanv was cost-analyzed for
nroiuction nunntities ranging' from 100 to 100,000 units Per _,ear.

Parts lists were nrepared for all components. Engineering drawings
were nrenared for over 70 of the parts an(l components used in the
comp lete s y stem. Raw material costs and the labor hours required to
nroduco nmirtti ird assemblies were esti*.iate,l. The results of this
stud y -ire shown in Table 7-1.

In anot`ier effort, preliminar y stlidv of tooling, canit.-il
equinment an,1 ficilities requirod to pro('uce PFDR components in

nrndiiction ntiontities ranging frnr^ 5000 to 100,000 units oer vear was

comnleted. The studv did not cover the costs of operation or

maintenance. No nrovision tga -, made for stor:iee. The s y stem u5e1 for
this stud y had the following c'larncteristics:

(l)	 roncontrator:

i'arnholic Dish - 15.2 ri (50 ft) diameter
Colinlar Glass Cores
^ocnn,l -Surface Class "irrors

1^imuth an,'. Elevation Contrnl
Anerture area - IS6 'n- (2,0no ft-)

( )	 Rrcelv- r: Stoam Cvne

(3)	 Power Convorsion ('nit: Steam aan'cine

T 'ie stu, , lip! n.)t include the costs of Cie founlati,in or fiol !
^r , !i1 in,,1 r y ro,;ults of t ! iiti 9C 1'!!' 'ir ,, ;i1owi-. in i'1 1•

i ' ,nt r p ct •.a,,	 urr.lo ! to ^i xioer Enz ino p r i na and 'lar,uf,r tur i n.,

Co-n n i n - ro norf'lrm a c ,, -,t lrialvc-is of Cio Tvst- Tl :^u C7ncentrat it i';

'innual nr-'s , 'ucti•)n +olu^tes.	 A,Witio-iall y , Pioneer :ilt
rocommo`i! design chan g os to rc''lc^ nrod , icti')r, :)its.
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i ' ,le	 -1 .	 (llhlt of llillllliil-I	 Il i ^ ' ti t^'C: 111 Se lected A11111t ;11
1'rodtict ion 1^1^1111. ^'.`^

L
COST S/MODULE COST S/METER 2

.)UANTIT'- , MANUFACTURED 'QUANTITY
YEAR

MANUFACTURED'
YEAR

10' 25,000 100,000 100 25,000 100,000

CONCENTRATOR 8219 0162 4384 291 218 155

RECEIVER 4y3 371 259 17 13 9

PO%',ER CART	 INCLUDES
STEAM ENGINE)

1307 3228 1959 153 115 70

TOTAL S t STEM 'M0DU1 I	 13,019 1^ 'o 6502- :Ir346 234

'kiHe 7-2'.	 Cost of Iooline,, Capital E(plipmunt ;111d FaCilitics
ROyuit-L'd tit I'l-011HCO f'F'DR S\;tl'n)ti in SCIL'CtOd
Production 011,111t it i, ,,

ANNUAL PRODUCTION QUANTITY

100,000 50,000 25,000 10,000 5,000

COST iSK!

CAPITAL EQUIPMENT & TOOLING 170, 161 87,420 47,110 20,605 11,68b

BUILDING & LAND 326,414 231,110 147,595 66,755 3?, 76C,

MISC. EQUIPMENT 1,500 810 580 315 160

ENGINE PLANT 203,000 150,000 110,000 75,000 --

698,075 469,340 305,195 162,775 51,605TOTAL

CONTINGENCY FOR 200,000 100,000 75,000 I	 X0,000 15,00:1
CHANGES - 10 YEARS

GRAND TOTAL 828,075 569,340 380,195 212,775 66,606
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SECTION VIII

SYSTEMS ENGINFERINC

A.	 INTRODUCTION

The Systems Engineering Task defines and anal y zes candidate

system configurations, coordinates establishment and maintenance of

subsystem interfaces and function.il requirements, establishes and

monitors performance and cost targets, leads the Design Team,
establishes s y stem test requirements, and performs special system
studies.

9.	 OBJECTIVES

The objectives of this task are to:

(1) Provide the project with a systems approach to subsystems

and development efforts

(2) Integrate the subsystems

(3) 7stabliSh s y stem test objectives

(4) Establish success criteria for project-developed and

commercial point-focusing systems

(5) Assure that goals accountability is maintained.

Major subtasks to accomnlish these objectives are:

Lead and support the Design Team which integrates the

development of design criteria for key subsystems:
concentrators, receivers, transport networks and power

conversion units.

-	 Provide anal y ses leading to a clearer system/subsystem

definition of systems that appear viable for technology

development.

-	 Develop technical requirements for system operation

including thermal/electric storage, process heat, and

associated control strate;y.

-	 Establish, monitor, and maintain performance/cost targets

for the subs y stems that will lead to competitive

energy-producing systems.

-	 Prepare and maintain s y stem test plans specifying system

requirements and success criteria for testing developed

and commercial s y stems at the PFSTS.



C.	 APPROACH

Sy stems Engineering has organized five major thrusts to
accomnlish the objectives set forth abova.

The first and largest thrust is the Design Team activity.

S y stems Engineering leads this team which includes members from each

of the subs y stem tasx; as well as other appropriate participants. The
Design Team establishes and maintains the functional and technical

desi;n requirements and the s y stem interfaces for each subsystem. The

S y stem Engineering effort integrates the development of the
concentrator, receiver, transport network, and power conversion
suhs y stems, including module operating controls, and assures that
trade-offs are nroperl y nerfcrmed to achieve system optimization. The
lesion Team reviews the s y stem test plans to verify that
s y stems/subs y stems are ade q uatel y tested and that trade-offs are
pronerl y performed.

The second thrust of S y stems Engineering is the system
definition studies. These studies are used to determine functional
re quirements .and then to define and characterize the candidate
listrihuted receiver technology systems. The systems are catalogued
with consideration given to:

(1) Current technology status

(2) Anticinated degree of difficult y in terms of the time and
rnsources needed to develop the technology to the point of
readiness for a pplications projects

(3) Projected commercial cost/performance.

In W ition cast and aerformance results ar m, used to rank the
s y stems. Sensitivit y anal y sis is used as an indicator towards
ontimizinr s y stems. Severai different (generic) kinds of distributed
receiver s y stems were ?ra q ined and rank-ordered during the course of
th-se definition g t • 1lo; . The _an,lidate s y stems for the first
generation were nolnt-focu g ing, two-ixis tricking concentrators gsing
^•aG Iravton and steam Rankine power conversion.

Ontimization studies have been performed an candidate systems;

howev-r, additional technical and cost iata are required. Nominal
varies of s y stem narameter g such as power level and peak temperature
hnve hpp n .e lecte-1 hasal on available design information, but they are
neit4or ` iKe i nor ontk iz-d. Continued trade-off studies will be
repuiral to !-t-r-ine the notlmal values of all subs y stem and system
lesi on noint,.	 T n F orrtatirin from nuls y stem contractors will he used to
An?ri le tr • w.,u	 t , l i.,;.

r o f :afar •ewer s Est"m q is critical For
V s, W Fir "W o rn in iinn, Knamic response
. ,	 ','rang i -nt =v ,tem W;savior is in

i, all n p rf ,rein •^ ,luring



varving cloud cover. .Anal y ses of Transient ')e:tavior have been

initiated and will continue through 1'Y 1980. Studies of thermal
storage and thermal power utilization were initiated during FY 1919

and will be expanded during FY 1980.

The third thrust is t o establish and maintain cost and

performance target goals. This activity was initiated in FY 1978 and

continued in rY 1979. Resalts from initial Studies were upgraded with

new data and cost projecti(in> provided throughout FY 1979. The
preliminary subsystem cost and performance targets developed in FY

1978 were updated to ref::r , _ the latest data from contractors. The

targets are being periodically upgraded as more detailed data becomes

available.

A fourth thrust involved use of the solar-powered electrical

module from the Omnium-G Company for early testing at the PFSTS. The

purpose of these subsystem/s y stems tests was to evaluate Lhe

c3mmercial module and provide early hands-on test -xperience at , the

P:STS prior to the delivery of the Test-Bed Concentrator. fhe moduli

was used to provide early confirmation of analytical tools an y, test

egiipment planned for use in later PFSTS t e sts. A report on Lite

Omnium-G module testing is included in Subsection D.

Systems test, the fifth thrust, included preparation of the test

plans for the rhenium-G system. In FY 1980, systems test plans will be

expanded to include the TBC.

A milestone schedule for Systems Engineering is shown in Figure

8-1.

D.	 PROGRESS

1.	 Design Team

The Design Team (DT) was established in FY 1978 to define

subs y stem interfaces and functional and technical design requirements

for each subsystem.

Accomplishments of the DT during FY 79"included:

Issued and maintained a Design Point Document containing

subsystem parameters

Established system test requirements for the TBC

Planned and monitored the testing of the Omnium-G module

Supported reviews of PFDR Technology Project RFPs to 	 !`

assure subsystem design parameters could be satisfied

Supported the "oint-Focusing Thermal and Electrical

Applications (PFTEA) Project to assure that PFDR

subsystems are viable options for PFTEA

8-3
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Ẑ̂
V
N

 0

.^

V

(^

U
U
N

f
W
G

Z
y^

p

1--

a	 Z
W

O	 C7

(,)	 at=
^.

8-4

,i



!	 vtems De+inition,Analvsis

Process Heat 4uryev. A survev was made to ident i fv the

notent i al cant r Aut ions of solar energv to the process Ivat market in
the %I Sn -81S nC (800^-15000) range. This range was selected
to maximize the advantages of point-focusing technology which can

hirher temperatures than those obtainable with single-axis

ohing s y stems. The up per limit temperature of 8150C was chosen

Ke comnati h le with the near-term Brivton engine technology.

According to ON data, the industrial sector consumed 20 quads

(1 n"ad - 10 15 BTU) of the total U.S. energv consumption of 69 quads
(17 quads for electricit y , 18 quads for trans portation, and 14 quads

or household/commercial consumption). Of these 20 quads, (see Figure

'), 8.1 quads took the form of process steam, 5.6 quads wore
irect process hvit ' uch as air), and 1.2 quads were for feed stock
electric drive. Hvn,e, 13.8 quads of the industrial energy

roiuirement are used for process heat or process steam. Table 8-1

lists the ".S. process heau consumption by temperature range.

Table 8-2 lists candidates for a pplication in the 4250-8150C
(8000-15000 F) range with the terminal a pplication temperatures,

excluding preheating,, and amount of thermal energy consumed by the
a pp lication. A significant number of the applications arc • in the
petrnlenm induntrv. Processes such as mineral drying and lime
calcining ,ire also likelv candidates.

Three kev issues envisioned for PFDR process heat applications

are; (1) the cost and performance optimization potential of thermal
transport, (2) the optimization of dish size (larger sizes tend to
minimize transport requirements), and (3) the impact and potential of

hvbrid operation, e.g., the use of fossil fuel to augment or displace
solar energv during periods of non-solar availability.

Tt was recommended that the PFTEA Project undertake a detailed,
lon g,-range studv of the app licability of PFDR technology to process
heat generation. The full range of temperature applications
antici pated for first- and second-generation PFDR systems applicable

to PFTFA would he included in this study. More detailed information
on the use of solar thermal energy to provide industrial process heat
ma y be found in References 8-1 through 8-4.

h.	 Concentrator Shading Methodology and Field Layout
An-ilvsis.	 Tn conjunction with collector field layout studies, a
methodologv (Def. 8-5 and 8-6) was developed for evaluating shading of

a paraboloidal concentrator from adjacent concentrators in a collector
field. The methodolonv considers solar declination ankle, local

surface azimuth, collector field arrangement, collector size and
gengranhical location (longitude, latitude). The algorithm developed
is briefly described in the following paragraph.
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v i vrtre 9-2.	 1ndustri a l tiectnr rnergv r'nn y mmnr i on

TOTAL INDUSTRIAL CONSUMPTION - 20 QUADS
PRO: ESS HEAT CONSUMPTION - 14 QUADS
(69% OF TOTAL CONSUMPTION)

8.2 QUADS
PROCESS
S TEAM
(41 °ro)

5.6 QUADS
PROCESS
HOT AIR &
OTHER GASES
(28%)

6.2 QUADS	 \
ELECTRIC DRIVE,
FEED STOCK, ETC.
(31%)

(1971 DATA)

Ta1)1P 9-l.	 n rocesa Kent Const imp ti0n in the ? T nited 1;r.1rPI

Below 17500 (3500F)	 12y

Above 175 00 (3500p)	 791/.

175 0-425 00 (390 0-900 0F)	 l9^

425 0-41500 (900 0-1500 0F)	 107

9 1 50- 1 5 o 5 oC (150 0-4700 0F)	 50T

it -6

1



650 (1200) 124

b05 (1125) 447

540 (1010) 154

495 (925) 498

480 (900) 225

425 (800) 183

650 (1200) 13

590 (1100) 6

400-595 (750-1110) 4

540 (1000) 3

540 (1000) 3

500 (930) 6

Table 8-2. Process heat - Candidates for Thermal

Energy Development

Temperature of Application

Process	 (oC)	 (OF)	 1012 BTU/Yr

Prime Candidates

Petroleum Refining

Olefins

Catal y tic Cracking

Thermal Applications

Catal y tic Reforming

Delay ed Coking

Vacuum Distillation

Secondar y Candidates

Mass Containers

Minerals, Drving

Cane Sugar Refining

Wet Corn Milking, Fiber Dry

Lime Calcining

Flat Class Annealing

I



1)araholoidal dish concentrators cast elliptical shadows. The

interolav between these shadows is the concern of this shading
alporith-h. The dimensions of the elliptical shadow depend solely upon

the dish diameter and solar altitude angle (elevation angle above
horizon). The major axis of the ellipse shadow is directly

proportional to the dish diameter and inversely proportional to the
trigonometric Rine of the elevation angle. The orientation of the

elli pse is solved by calculation of the local surface azimuth angle.
The naJor axis of the elli p se shadow lines up withh the surface azimuth
ankle. Once the dimensions and orientation of the ellipse shadows are
determined, the computer is instructed to find any intersections
hetween shadows. If there are intersections, the intercepted area is
evaluated and the shading factor determined.

Collector field arranijQment is generall y determined by the
s vstem optimization criteria which may be affected by many technical
and economic factors. However, a basic constraint is that there

should be sufficient clearance hetween concentrators to avoid

mechanical interference during installation, operation and
maintenance. The minimum separation distance between concentrators to
allow for passage of servicing trucks is one example of the above
constraint.

Three major conclusions were drawn from this shading study:

(1)	 It a ppears that a diamond field arrangement is slightly
Setter than an equivalent rectangular pattern with the
same packing density.

(?)	 It does not ap pear that there is in .aspect rati•3 (EW/NS
spacing) that optimizes the field livotit for a given
nackinp factor (a contr.ar y argument is presented in
References g-5 and 8-5).

(3)	 Fieli la yout optinlizatinn is -i complex trade-off process
which must consider manv relevant factors such a,
transport loss/cost and power converRion efficienc y versus
size/temperature. For exampl^, the Shenandoah project
emphasized a total :--ner,v system. The field la yout was
optimized for maximum power por field area rather than a

more cost-effective system.

3.	 Solar Rravton nvnamic Simulation

\ l v nam ic ;imul ltinn model ^!,is leveloped for simtilsiting the
transient n(-_rf ,)rrlanct • if a point-foc, v in- i S )1-ir 3riyton svR tcm in
order to esta^ , lhch Cti 1)4vRtems i-iterflces ► h the trinsl?nt mode.
Al t`lou'ph t lhe m)A- l ( F i t,ure 4-3) was icvo l ') po •1 f )r transient
ner Formance, ste,Ov- atite o rioritinnR aro • i;i1v )r)1uc• ed by switching
to a non -Avnamic •no fo.	 Pip s y stem' ,, :to:h l y off-A-,ign p erformance is
'i 1)vi)Coduct ,)r cif, R7`7t m ' S tr'inSt `it )•`r' )r-naic ., '1na1 91'i.
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INSOLATION, AMBIENT TEMP,,	 PRESSURE
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• TEMP. DISTRIE ' I ON AT CAVITY WALL
• INCLUDES GUFFEk STORAGE

T4

COMBUSTOR PERFORMANCE MODEL
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T5

GAS TURBINE PERFORMANCE MODEL

POWER	 • COMPRESSOR AND TURBINE EQUILIBRIUM	 TORQUE,

OUTPUT	 RUNNING	 RPM,
• QUASI-STEADY STATE	 m

T 2 , T6

RECUPERATOR PERFORMANCE MODEL

• TWO-NODES STEADY STATE
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ALGORITHM

• CONTROL MODE
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(CONSTANT SPEED
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TURBINE INLET
TEMP)

• TEMPERATURE AND
SPEED MEASURE-
MENT

• LOAD CONTROL

Figure 8-3. Solar/Hvhrid Brayton System Dynamic Simulation Model
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a.	 Svstem Simulation. System transient performance is
Simulated with the Solar Bray ton Dynamics computer program which
g imula_es s y stem d y namic behavior under varying insolation and ambient
conditions. The simulation model consists of subs y stems transient
nerformance, subs y steras dynamic interfaces, and systems controls. The
inputs to the computer model are solar insolation and ambient
temperature and pressure, as functions of time.

The modular computer program permits subsystem models to be
changed (or replaced) to reflect anv design changes that might occur
in the development stage. Various control strategies and algorithms
can be tested throughout system design and development stages until an
optimum control strategy is found.

h.	 System Controls. A feedback controller was devised to
control the s y stem through prescribed control strategies. Control
sensors measuring turbine inlet temperature, engine speed and electric
venerator load are the main inputs to the control system. The control
s y stem response is the change of the electric load which changes the
torque acting on the engine rotor. Changing the electric load torque
results in accelerating or decelerating the rotor which will increase
or decrease the flow rate accordingly. The increase or decrease in
flow rate cools or heats the receiver until it reaches the desired
temperature. Small speed fluctuations due to disturbances can be
regulated by adjusting the generator load to maintain the set speed.

The s y stem control strategy consi-t-. of the following control
onPr,ationg:

(1) Start-up controls, which include:

"Cold" start-un using starting motor until the
engine is self-sustained.

Constant speed operation at the starting speed
(54,000 rnm) until the receiver outlet temperature
reaches 6500C (12000F), considerably lower than
the design point temperature.

Constant speed operation at the design point speed
until the receiver temperature reaches the design
noint temperature.

(2) Constant turbine inlet temperature controls which govern
s y stem operation by maintaining the turbine inlet
temperature constant at 815 0C (15000 F) under all
insolation levels.

C.	 Simulation Results.

1)	 Transient Analvsis. The simulation results presented in
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Figure 8-4 show the response time of the system and the controls to
variations in operating conditions. The receiver outlet temperature
(turbine inlet temperature), receiver inlet temperature and engine
Sneed are shown as functions of time.

2) System Part-Load Characteristics. Receiver efficiency and
the recuperator limiting, temperature affect the s y stem's part-load
performance. The receiver efficiency decreases as the operating
temperature increases. As a result of the different temperature and
part-load efficiency trends of both the receiver and engine, system
efficiencv has t , tc following characteristics (Figure 8-5):	 (1) slow
decrease at moderate part loads and sharp decline at low part loads;
(2) higher turbine inlet temperature (T.I.T.) or receiver outlet
temnerature results in higher system efficiencies at higher part-load
operations and Lower s y stem efficiencies at lower part-loa'_
operations, i.e., higher T.I.T. and lower T.I.T. curves switch at
lower part-load operation.

3) Recuperator Effect, For part-load constant T.I.T.
operations, as the heat in put decreases the recuperator inlet
temperature (hot side) increases. This limiting of the recuperator
inlet temperature forces the tur')ine to work at lower temperatures at
part loads. Figure 8-6 presents the recuperator limiting temperature
curves snnerimposed on the T.I.T. curves. This shows that the
recu p erator inlet temperature limit could constrain turbine operation.

d.	 Conclusions.

1)	 Transient Analvsis.

-	 In the solar only mode, constant turbine inlet temperature
control strategy is unstable when the system experiences
large fluctuations in solar insolation, particularly when
the insulation suddenl y increases. The strategy is stable
for small insolation fluctuations.

For s y stems transient performance, constant speed
o perations are slower and more stable than constant
turbine inlet temperature operations. However, system
efficiencv is much higher for the latter.

A compromise between system stability and system
efficiencv suggests that a control strategy be used
consisting of b,,th controls. That is, constant turbine
inlet temperature control strategy be used for the normal
operations with small fluctuations in insolation, while
constant speed control strategy be used for start-up and
whenever the s y stem experiences instabilities. Such a
controller is being investigated. An optimal controller
which maximizes the system's output while maintaining its
stability can be develoned through the simulation studies.
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Even with the use of a stable controller, spikes in the
receiver outlet temperature are unavoidable unless buffer

storage is used in the receiver in the solar-only mode.

In this case buffer storage will cover the spike duration
(between 3-4 minutes) rather than covering the cloud
duration.

2)	 Parr-Load Analysis.

For the solar-onl y mode of operation, increasing the
turbine inlet temperature to improve engine efficiency

does not necessaril y_ increase overall s y stem efficiency.

The slirht increase in ystem efficiency at high part
loads is offset b y a slight decreiie at low (and moderate)

part-lnad operations. Maintaining the turbine inlet

temperature at 415 00 (15000F), and even decreasing it
to 7600 (14000F) at lower Tart loads, should be

considered for the LCC operation.

Part-lonA engine operations increase the recu perator inlet

temnerature. A higher temperature recu perator is rewired

for low canacit y concertrators.

4.	 mmni"m-& Test Program

The tests of the mmnium-C module performed at the Point-Focusing;

Solar Test Site included mechanical checkouts, optical alignments, and

thermal power tests. A nhotoyraph of the Omnium-G module is presented

in Figure 9-3 of Section IX, "Test and Evaluation."

1.	 Mechanical Checkouts. The mechanical checkouts were

initiated soon after the enclosure and mirror support structure were
installed. First tracker performance was tested in late 1978.

Tracker on-sun testing was performed without the mirror elements
installed to evaluate tracker electronics and mechanical drive

Performance.

Following the mirror installation and alignment, boresighting

operations wOie performed by Omnium-C personnel to position the hot
spot (or region of maximum intensity) approximately at the focal

point. The hot spot could be positioned on the geometric center, or

he swallowed ( projected) through the aperture of the converter

(receiver). Visual evaluation of the spot location while on sun,

followed by slewing off sun, then mechanicall y repositioning the sun

sensor relative to the concentrator, was the method used b y both

Innium-G and JPL personnel to perfovm the boresighting operation.
This operation is rewired prior to performing any new experiment.
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b.	 Opitical Alignments. Optical alignment operations were
performed following Ke initial installation of the mirror elements as

a verification o: correct alignment, and following a complete exchange

of the mirror arra y . The initial methoe used to align the elements is
shown in Figure 8-1. All alignment operations were conducted at night

to eliminate hazards to personnel from sun concentration.
Satisfactory alignment was accomnlished b y adjusting individual mirror
elements until full illumination of each surface was observed.

Verification operations were conducted. (See Figure 8-8.) An

alternate method was performed following the mirror segment
change-over. The major difference in this alignment procedure was

that the lamp was located about 5.8 km (3.6 miles) from the collectir
as compared to 365 m (1200 ft) in the initial alignment.

C.	 Thermal Performance. Thermal performance of the system

was determined; the results and test details will be presented in a
final report to he published in FY 1980. Following is a discussion of

the devices used to evaluate thermal performance: the flat-plate
calorimeter, the flux mapper and the Omnium-G converter (receiver),

and a grief description of tests performed.

1)	 Flat-plate Calorimeter. The flat-plate calorimeter (see

-iqures 4-3 through 4-6 of Section IV Y "Concentrator Development")
consists of a 356 mm x 356 mm x 9.5 mm (14 in x 14 in x 3/8 in) copper

p l•zt p constructed for parallel water flow. This device was located

112 mm (4 in) behind the nominal focal plane (awav from the mirror).
An aperture support structure was mounted to hold the transite
aperture plates which were positioned at the focal plane.

Instrumentation included a turbine-tvpe flowmeter, water manifold
inlet and outlet thermocouple probes and surface thermocouples on the

front and rear surface of the absorber plate. Figure 8-9 is a

schematic diag ram showing the calorimeter and instrumentation. The

princi pal parameters of interest were flowrate, ,aperture size and flow

mixing, tube lengths (which were varied in the tests). Water was
supplied at facilit y pressure (about 60 psig) and the differential
temperature from the water inlet to the water outlet was held to a
Maximum of ll oc (?0 07) to minimize thermal losses.

Three calorimeter test-series were performed using essentially
the same exp erimental technique. The first two series, conducted with
the original set of mirror petals, emplo yed aperture plates with a
thickness of 9.5 mm (3/9 in). The third series of tests were

conducted with 19 mm (30 in) thick aperture plates to reduce material
spalling .around the a p erture; this series was p e rformed following
exchange of the mirror petals. Aperture size was varied in all three
Series of tests.

?)	 "lux Tapp°r. The s prond thermal performance evaluation
conducted with the Omni.um-G s y stem was the flux mapper test series.
This .levice (Re p rigur p 5-19 of , ection V, "Receiver and Meat
Trans port *letwirk Develonment") utilized a water-cooled probe which
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Figure • S- Q .	 Flat-Plat y Calorimeter Schematic Iti.lrl.nn

was moved ahont tile X. Y, and , axe •: to measure the molar flux Aonsity
in the region of the foci! p lane.	 An \ and Y scan raster. followed by
a change In the 7 (or foci! ) .inis leetslt fe t e", produced vario"A spatial
cross-sectlev ils which thou were rovonstr"Med into a three-dimensional
model of the foenl region. All controls for the flux ma1per wore
l e rograinlled into a mlcro p ro essor which was also "sod tee gat he e 1 , gIore
and proces ee the data Acquired by the probe. Out put t ream the processor
was dts p laved on an X-Y plotter X 11 line printer for roW r imo
evaluation.

tl	 Converter (Rect e iv yO . The final series ell thormal tests
were , performed to evalelatee_the conv er tor Lrecvivor ) herlormance e .	 Me
low-temp B rat nr y convertor t e'st s were por formed with open-loop wAt er
flow at an ont le gi t temperature of WC (?tlo o v).	 fhls particular
tetit n e rion was performed prior to the petal exchange Wr information
bill y . and not lear ovalflat ievil.	 The second toot 4orles was performed
following the petal exchange; the toot KIA -Ire` l e oing, Used for ovvrnll
evaluation of the Qurtbm-I: svmtem.

The e ihlrel series of converter tests were pertormod with
high-lemheratnre water.	 For this gvrles. all of the ( 1inniU111-C hardware`
including the fe e t -water resorvoir, feed-water pumps, and transport
lines were installed.installed.
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Figure 8-10. Converter Thermal Performance Test Schematic Diagram

The schematic diagram, Figure 8-10, shows an additional manual
valve which was used in place of the steam engine to maintain a
positive pressure on the converter so that saturated water existed at

the converter water nutlet. The high temperature water was allowed to
flash to steam across the added expansion valve, flow into the

condensor, and return to the feedwater reservoir. Good control of the

hack pressure on the converter was demonstrated, and two different
temperature levels were achieved.

d.	 Problems. Some difficulty in meeting the module testing
schedule occurred because of the time required for preparations prior

to performing the experiments and occasional delayed support from the
Omninm-C Companv. The major contributor to schedule delav was the

Company's decision to replace the original array of "A-mold" petals

for the improved "C-mold" petals. DOE, concurred with this change.

Problems related to test operations, hardware, and weather also

contributed to dela y s in schedule.

C.	 P l ans. Preparations are now underwa y to install the steam
engine and complete s y stem performance testing of the Omnium-C module.
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SECTION IX

TEST AND EVALUATION

A.	 INTRODUCTION

A necessary step in the development of solar concentrators,

receivers, power conversion systems, related subsystems and components
is their test and evaluation. The information obtained from these

evaluations will lead to improved systems with a resultant reduction

in cost and greater efficiency.

Several solar-thermal test facilities provide the capabilit y for
test and evaluation of components and subsystems for dispersed power

systems with working fluid temperatures of up to 315 00 (6000F).
Point-focusing distributed receiver s y stems, However, operate at
working fluid temperatures between 315 oC (600oF) and 137000
(25000F). Therefore, a test site was established to enable testing
to b,- performed at these higher temperatures.

This section of the report presents the states of t'ie Test and

Evaluation (TSE) effort to provide and implement a Point-Focusing

Solar Test Site (PFSTS)* for PFDR technology.

B.	 OBJECTIVES

The objectives of the T&E task are to:

(1) Provide the required PFDR PFSTS capability at a minimum

cost.

(2) Perform testing and evaluation of PFDR subsystems and

system modules at working fluid temperatures between
315 0C (600 0F) and 1370 00 (25000F).

(3) Determine operations and maintenance parameters and data

to support early commercialization of point-focusing
systems.

C.	 APPROACH

The existing JPL Edwards Test Station (ETS), near Lancaster,

California was modified to develop the PFSTS. An existing building
(E-9) has been used as the control room to house all the necessary

electronic equipment used to monitor and control the solar

concentrators, receivers, and power conversion units under test. Only
minimal modifications, external to the control room, have been

`	 required.

*In early GY 1980 the name was changed to Parabolic Dish Test Site.
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4 formal design review which included instrumentation, software,
control, and safety, was presented in June 1979 for the PFSTS facility

to conduct Teat-'led concentrator testing.

The test schedule for the PFSTS, shown in Figure 9-1, indicates
test periods For the respective 'iaH ware items.

Figure 9-2 illustrates the interrelationship between the solar
concentrator/receiver/ power converter (CRC) under test and the PFSTS
control and monitoring instrumentation, support equipment, site
su pnort Facilities, Ind the data acquisition and processing system.

T).	 PROGRESS

1.	 Solar Module Testing Operations

a. Test Protocol. A "Protocol for Testing Solar Energy
Conversion Fqui pment" at the PFSTS was prepared and released in
October 1978. A revised draft was issued in August 1979. This
document nresents a guideline by which to plan, conduct, and report on
performance testing of solar concentrators, receivers, and power
conversion modules. The guideline is currently in effect.

b. Precursor Concentrator Tests. All facility support
equinment necessar y for the oneration of the Precursor Concentrator
was installed or constructed in place. Planned testing utilizing the

Precursor has been comnleted. tlemispherical mirror facets, similar to

those manufactured for the T9Cs were installed on the Precursor.
O ptical testa of mirror qualit y were nerfortied ')v assembling up to
eight 60.96 cm x 71.12 cm (24 in. x 28 in.) mirror facets on the
Precursor mount. Calorimeter testing was performed using '3oth a

coiled-tube and flat-nlate calorimeter. The flux mapper which
meas , ires the s>>n's concentrated flux density wa; first tested using
the Precursor as a test bed.

C, .	 rhenium-C Tests. The instrumentation and power cable

ducts, concrete nad, and necessar y power and instrumentation lines
were ; nstnlle ri for r 'ie rmnium-^ modulo. The concentrator is a
six-meter, two-dimensional, solar-imaging parabolic reflector. The
reflective qurfacP is 1 thin sheet of nnodi ,,^ed aluminum with foam
hacking for snnnort. The :-ix-meter dish consists of eighteen
" p ie"-s^^aned netals assembled on 1 structural, aluminum- p ipe back-up
structure.

T'le test .1nd evaluation n't ase included t 'le following tests at
the PFSTS:

-Tracker `Iechnni-,11 "hockout

-Concentrator Mechanical Checkout

-`t irror Segment 11 i ^nment
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-Solar Tracking Error

-Moonlight Focal Point Location

-Reflectance (18 Panels)

-Flux Mapper

-Cold Water Calorimeter

-Receiver Thermal Performance

-Svstem Proof and Leak Test

-Power Conversion Performance

Tn the future the concentrator ma y be used as a test bed for the

test and evaluation of receivers, engines, etc. A photograph of the
Omnium-G module is shown in Figure 9-3.

d. Test Bed Concentrator Installation. The instrumentation
and power cable ducts, concrete pads, water and air lines were

installed for the TBCs. The two concentrators are each 11-meter,
two-dimensional solar-imaging parabolic antenna fabricated by

E-Svstems, Tnc. Attached to each concentrator are 224 spherical
mirror facets. Construction of the two concentrators was near

completion at the end of the fiscal year. A photograph of the TBCs
during construction is shown in Figure 9-4.

e. Site Safetv. As testing progressed from the Precursor
Concentrator to the Test-Bed Concentrator phase, the safety aspects

for the PFSTS became more numerous. Initially, fairly simple safety
requirements sufficed, but as solar flux densities increased, stricter

safety requirements were implemented. Table 9-1 lists the governing
safety documents and main points of the PFSTS safety practices. No

significant safety problems were encountered and none resulted in lost
time in test operations.

2.	 Module Control Instrumentation

The critical design criteria f,,r the control of a solar CRC were

established and dictated the necessity for the fol l owing basic
features:

-Remote Control and Monitoring

-Closed-Loop Sun-Sensor Control (Automatic Track Mode)

-Manual Operation

-Back -dip Azimuth and Elevation Controls and Power Source

9-5
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Table 9-1. Site Safety at the PFSTS

GOVERNING DOCUMENTS

-PFSTS Safety Practices
-Safety Review - New Operations
-JPL Safety Manual

-ETS Safety Manual

-Division 34 Safety Practices
-ASME Boiler Code

-National Electric Code

MA i r t-j!NTS

(1) A "Control Area" shall be ou 0 fined by a yellow

and black striped rope at no less than two

times the concentrator's focal length from the
mirror surface.

(2) Critical operating parameters shall be remotely

monitored and displayed in the control	 room.

(3) An emergency override procedure shall	 be
implemented if a safe	 ,}peratinA limit	 is
exceeded or such an occurrence	 is anticipated.

(4) A red-green light warning system shall 	 be
implemented at each control	 area except	 at	 the
Precursor.

(5) The	 site manager, or assistant	 site manager,
shall	 supervise all	 operations on site during
any activity at PFSTS.

(6) Written	 test procedures shall be prepared and

approved by the site manager and ETS safety

coordinator prior	 to	 start	 of	 testing activity.

(7) Hard hats are required in the control area.

(8) Dark goggles and hard hats are required within

or adjacent to the control area.

(9) The "buddy system" shall be used during

operations.

9-8
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a. Omnium-C Module. The Omnium-G module was supplied with

all of its controls and monitors housed within the concentrator's

mounting base enclosure. No facilities were provided by the

manufacturer for remote controls or monitors. A Remote Control
Transfer Switch assembl y and associated interfacing circuitry were

designed and integrated into the Omnium-C module. Cont rol and monitor

lines were situated in condu:Ls heLween the Omnium-G module and the
control building (EQ). A concentrator control panel was designed,

fabricated and installed in the operator's console in the control
building. This panel provides the capability to transfer elevation
and azimuth drive from the closed-loop, sun-sensor mode to manual
control. in the manual mode either axis may be slewed in the

direction desired. The slew rate is controlled by the selection of
either a 12 or 24 volt power source. The source used for

remote-contro l led manual slowing of the concentrator is a back-tip

(emergency) power source consisting of automotive-t ype batteries.

These batteries are located at the concentrator site.

b. Test-Bed Concentrator Module. The TV is furnished with a

remote contrapanel wh^c^i 's ^nsta Tern the operator's console in

the control building. This control panel provides for selecting

closed-loop, sun-sensor tracking. manual control, or tracking from sun

position data that is stored within its own solid-state memory and

processed by a microprocessor.

A hack-up (emergencv ) control panel and power source was being

fabricated at the end of the fiscal year to provide azimuth and
elevation control in the event of a facility power or electronics

failure. This is required to minimize structural damage which could
occur if concentrated solar energ y were allowed to dwell on an

unprotected structure - a condition which could occur as the sun moves

in relation to the structure when the concentrator is not tracking.

The back-up power source will consist of fifteen 12-volt automotive
batteries.

3.	 Module Monitor Instrumentation and Electrical Loads

a.	 Omnium-G Module. The Omnium-G mo0ulc was instrumented to
provide severs rea -time monitoring functions remotely at the

operator's console in the control building.	 Isolation amplifiers were

added to provide low impedance outputs from the high impedance
sun-sensor outputs. Both the azimuth and elevation sun-sensor cell

balance signals are cabled to the operator console meters. Status

lights indicate "Sun Acquisition" and tracker "Loop Open." Digital
panel meters display the receiver temperature, receiver output
pressure, and feed-water flow rate on a Critical Functiors panel.

They Omnium-G alternator output is cabled to an electrical load

hank. This load was designed and fabricated to provide a three-phase

120/208 volt, 60 Hz, 16 KVA resistive load. The load ma y be adjusted
from 0 to ]A KVA in 100 VA steps. The load is instrumented with

voltage and current sensors for each phase plus three-phase we is and

9-9



frequency sensors. The frequency and power are displayed in real time

by digital panel meters s: the operator's console. The load was sized
to be functional for larger CRCi- than the Omnium-G module and is
planned to be used with the TBCs.

The data logger (described in Subsection 5) scans all Omnium-G
sensors. It is programmed with limit levels on all critical
channels. The status of these limit monitors are indicated by visual
and audible alarms on an Alarm Monitor panel located in the operator's
console.

h.	 Test Red Concentrator Module. The control panel furnished

with the TBC includes several monitors. The concentrator position

indicators display the azimuth and elevation position to a resolution
of 0.01 0 . Limit switch indicators show when the concentrator has
reached an axis limit. Sun .acquisition and tracking status are
displayed.	 A fault indicator is illuminated during a drive motor
overload, SCR controller power loss, main power breaker trip, loss of
sun track, or open interlock.

A data logger with programmed limits and an Alarm Monitor panel

will be employed during TBC testing as described above for the
Omnium-G module.

4.	 Experimentation Equipment

Tn-field interface electronics at the module ate required to
obtain parametric measurements of the solar module under test.

Instrumentation used for the Precursor and Omnium-G concentrators are

identified here. Similar ones are being installed for TBC testing.

a. Sensors. For Precursor and Omnium-G concentrator testing,
sens.)rs included type "K" and "T" thermocouples, t ype "E" AT
thermopile probes, turbine flow meters, And strain--gauge type pressure

transducers. Sensors used on the meteorologica l subsystem are
presented below.

b. Cold-Water Calorimeter. A flat-plate cold-water
calorimeter was designed in-house and used to measure the integrated

thermal flux at the concentrator's focal point. A calorimeter
description is given in Section IV of this report.

solar intensities about
s used. Section V of

C. Flux *tapper. To map the relative
the focal point, a JPL-designed fla y, mapper wa
this report describes the instrument.
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d.	 Instrument Calibration. To ascertain acceptable data

quality, two levels of ca , ration were performed. First, each sensor
was calibrates to obtain conversion factors between the raw

measurement parameter and the respective engineering unit. Second, an
end-to-end calibration check was performed. The sensors were

subjected to known conditions and the final results wer- processed by
the computer :end compared with expected values.

5.	 Data Cathering and Processing hardware

The basic design for the system to monitor, process, and record

expe-imental measurements was presented in the FY 1978 Annual
Technical report. The data gathering and processing (DCAP) concept is

summarized in Figure 9-5. A block diagram of the hardware is shown in
Figure 9-6.

a. Front-End Processing. Analog signals from the sensors are

routed to and scanne^bv -AcurPx Autodata-Nine data loggers. One
logger is dedicated to each concentrator. Scanning of the signals was

typicallu at a rate of ? readings per second. The analog
measurements were digitized and serially fed to the minicomputer
system. On critical signals, alarm limit set points were programmed

into the logger. Tn the event of an alarm condition, a message is
transmitted to the computer and an acoustic alarm activated.

For TBC testing, measurements from the flux mapper will also he

processed by the mini-computer. A separate data input port to the
computer is being built to handle the faster data rates from the flux

mapper.

During overcast periods, the TBC tracks the sun via

azimuth/elevation coordinate data stored in semiconductor memory

within the concentrator's control unit. These data must be updated

daily. A special link has been designed to the supervisor y computer

so that it may calculate and load the coordinate data. The associated
software is now being developed.

b. Watchdog Processor. One of the major concerns during test

activities is safety to personnel and equipment. During TBC
operation, an independent micro-processor is being considered to
constantly monitor critical parameters such as collector pointing

accuracy, temperatures, and pressures. Tn the event of a critical

alarm situation, the watchdog processor will slew the concentrator

away from the sun, conduct an orderly shut-down of equipment, and
notify the attending operator o` the cause.

C.	 Automated Data Processing Equipment. All DCAP activities

are centralizedin the automated data processing  eauipment (ADPF.)
which consists of a mini-computer and related peripherals. The

9-11
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mini-computer is a Digital Equipment Corporation PDP-11 / 10 with 28K
words of memor y . Supporting peripherals include a hardcopv •and a
cathode-ra y tube (CRT) operator terminal, a dual magnetic disk drive
for program storage, an industrv-compatible magnetic tape drive for
data storage, a printer/plotter device, and miscellaneous options to
the processor. All this equipment is located at the Test Operations

Center (TOC) in the PFSTS and has supported Precursor and Omnium-C
concentrator testing.

A duplicate set of the ADPF. is located in the Test Fvaluation

Center (TEC) at JPL-Foothill Pasadena, California. A model PDP-1114A
mini-computer with 124K words of memory was installed. The TF.0 system
is used to develop the rea'-time software programs needed at TOC and

to reduce and evaluate the experimental data stored on magnetic tapes.

d. Real-Time Data Display. During a test run, two forms of
data representation in real-time are possible. One is a hardcopy of

the measurements on a fast printer and the other is a CRT display of

measured and/or calculated data in a tabular or graphical form. Roth

methods are currently under development to support. TRC testing.

e. Meteorological Subsystem. To support PFSTS testing, a

stand-alone subs y stem is used to record meteorological data. For
compatibility purposes, the same model data logger used for

concentrator testing is also used to scan direct and total insolntion,
wind speed and direction, ambient temperature, dew point, and

atmospheric pressure. These measurements are recorded on magnetic
tape at one-minute intervals. Software programs at TFC are used to
reduce one month's data from each reel of tape. These measurements
also prov ; de real-time environmental data during concentrator tests

via an RS 212C serial interface to the TOC computer.

f,.	 Data Gathering and Processing Software

Three levels of software can he classified: the operating
system and utilities, the languages and interpreters, and the custom
application programs.

a.	 berating System. To support TRC testing, the nigital
Equipment Corp. RSX-l1M operating system has been instaKed at TF,C.
Tts features include a real-time s y stem operation, multi-user support
which is ver y helpful during software development, multi-task
operation to execute several programs concurrently given a priority

index, extended memory management to accommodate large programs, etc.

h. LAnguage Tnterpretrrs. The computer languager used to
develop DGAP software are Macro assembl y , Fortran, and Basic. All
three have been installed and are in use at both TF,C and TOC.

9-14
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C. Custom Application Program:. The software programs
written in-house to	 gather	 and process solar module	 test	 data	 :are
prouped by	the module that	 the y surport. Thev	 include:

(1) Meteorological Subsystem Application Programs

(2) Precursor Voncentrator Application Programs

(3) Omnium-G Application Programs

(4) Test-Bed Concentrator Application Programs

7.	 Data Reduction And Computer Support

a.	 Data Anal y sis Support. The computer s y stem at TEC has
W.

also supported post-test activities.	 Additional software programs
have been written to reduce particular magnetic tapes and to aide the
data anal y sts. These program functions include: 	 performing special
calculations, data averaging, and obtaining statistical means.

h.	 Data Archives.	 A data librar y has been initiated at TF('
for orderl y storage anti retrieval of test data and description. The
archive is cate ,gori?od into each solar module operated at the PESTS.
Information cataloged includes module description, general test plan,

associated table of parameters, iist and description of the test runs,
data for each test run, and documentation on test results and
anal y sis. Each test run includes the data recorded on magnetic tape,
a brief description of the test activities, and A hardcopv of the data
which has been disseminated.

C.	 Software Maintenance. The impromptu nature and the
complexit y of large scale test activities requires the DGAP software
to he (1) continuousl y read y for use vet adaptable to last-minute
changes without disruption to test schedules, and (2) extremely
reliable.	 Such responsibilit y requires a workable, systematic
approach to (1) modif y ing errors in both operating s ystem and
application software, (2) incorporating changes and enhancements from

test to test, and (1) inventor y ing the various iterations of each
program with associated programs and with the applicahle test data

files. Special data sheet forms have been drafted and a master index
of all DGAP software• is maintained to help coordinate software
maintenance tasks.

R.	 Test Site Activities

a.	 SiteVonf i gurat i on.	 The Present configuration of the

PFSTS consists of the Centro Room (bui l dings F O ), Precursor
Concentrator, Omnium-G Concentrator module, Test-Red Concentrators i

and 2, remote instrwnentation housings at the Omnium-G and TB('s
modules, and an electric load hank. The PFSTS is shown in an artist

4 -1 `1



sketch (Figure 9-7). Also shown is the placement of future Low Cost

Concentrators and advanced technolog y concentrators. All

instronnentation cabling an utilities are installed for existing

concentrators.

b.	 Mobile Equipment. A two-man, 60-foot, self-propelled

aerial lift was procured to facilitate assembly, maintenance, mirror

cleaning, checkout, and instritmentation installation on the solar

-ticentrators. All functions are hydraulically powered including
wheel drive. Tts lifting capability ranges from 227 kg (500 lbs)

fully extended horizontall y to 454 kg (1000 lbs) when in a vertical
position.

Also available on a shared basis with the Edwards Test Station
are a 5,080 kg (5 ton), 4.9 m (16 ft) crane, fork lifts, various

trucks and automobiles.

C.	 Safety Equipment. Each concentrator is encircled by a
yellow and black safety rope, and access gate. Rigid control of
access to the area enclosed by the above safety rope is maintained at

the PFSTS. Red-vellow-green warning light towers are placed at each
operating concentrator to display the hazard status. Safety helmets

and dark glasses are available at the site and must he worn within the
restricted area. Eve wash and shower facilities have been installed

near the battery rack at the Omnium-G Fite.

d.	 Operation and Maintenance. One of the tasks of the PFDR

project is to identify and cost the O&M activities of a solar electric

power plant composed of various point-focusing collector modules. The

task is being conducted in two phases. First, a list of O&M
parameters and their relevance to operating costs is compiled from

public literature, technical reports and in-house experience with the
PFSTS. Second, each O&M parameter is quantized based upon maintenance

work and failure modes encountered during test activities at PFSTS and
upon mathematical algorithms used to extrapolate from a test site

environment to an industrial power plant operation.

Operation and maintenance parameters considered are categorized

into (1) solar module optics; thermal, mechanical, electrical, and
co,.trol electronics (2) site and building maintenance, utilities, and

mobile equipment (3) operating and preventive maintenance manpower and
trades (4) unscheduled emergencies and failure modes.
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