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REPOWERING APPLICATIONS

R. W. Taylor

ABSTRACT

This paper discusses the utility
value analysis performed in sup-
port of the SERI Repowering Stra-
tegy Analysis. Using standard
electric utility models, the value
of improved hybrid:repowered and
new 3-hour storage coupled im-
proved stand alone plants arce de-
termined for a modified EPRI Syn-—
thetic Utility E. The valuc is
determined by combining a dynamic
(multi year) generation expansion
analysis with a static (single
year) production cost analysis.
The analysis is performed for
various levels and rates of solar
thermal penetration. The results
indicate that numerous situations
exist where the value of helio-
stats is greater than the cost
goals which have been proposed.

INTRODUCTION

The determination 'of a government
response appropriate to the oppor-
tunities of repowering is an im-
portant policy question, and is
the major reason for the Repower-—
ing Strategy Analysis. The study
objective is:

To define a government
role in repowering that
constitutes an efficient
program investment in
pursuit of viable private
markets for heliostat-
based energy systems.

In support of that objective, the
study is designed to identify the
scope and nature of the repowering

opportunity within the larger con-

texl of its contributions to

SERI

Golden, CO

central receiver technology de-
velopment and commercialization.

The Repowering Strategy Analysis
was conducted in four tasks:
Supply, Demand, Institutional and
Integration. The major research
arca of the Supply Task covers
the effects on heliostat selling
price of changes in manufacturing
process and/or scale. Emphasis
was placed on heliostats because
they represent a large fraction
of total system cost, and because
they are the solar thermal sub-
system most amenable to cost re-—
duction from volume production.
Research in ‘the Demand Task cen-
tered on the dynamic relationship
between utility circumstances
(system load, generation mix,
prices of conventional fuels, per-
centage of penetration of solar
capacity already on the system,
etc.) and the value of an incre-
ment of solar capacity. This ap-
proach was considered essential
to capture the effects on solar
plant value to the efforts of
Southwest utilities to reduce

their reliance on oil and gas.

The Institutional Task focused on
the effects on the commercializa-
tion prospects of solar thermal

plants from federal and state

policies that impact fuel choice
and power plent siting. Because
demonstrated technical.and = °
cconomic feasibility do not
guarantee commercial application,
this assessment of nontechnical
constraints on solar thermal ap-
plications was considered impor-
tant. The Integration Task syn-

thesized the results of the other

three tasks.



The objective of the Demand Task
portion of the Repowering Strategy
Analysis is to determine and quan-
tify the sources of the value of
repowering (and of central re-
ceiver technology in general) to
electric utilities. In order to
accomplish this task with rea-
sonable accuracy, it is necessary
to determine the componenta of
value as a function of solar pcne-
tration and timec. This must be
done on a dynamic basis by con-
sidering the initial conditions of
the utility and comparing optimum
generation expansion plans,
through time, with and without"
solar penetration. These compari-
sons are then used along with a
detailed look at certain individ-
ual years in order to assess the
value of solar thermal capacity

to the utility.

ASSUMPTIONS

The assessment of the viability

ot central receiver solar thermal
power systems ls based, to a

large degree, on a variety of as-
sumptions. While most of this
paper discusses the results of the
analysis, it is terribly important
to understand the assumptions
which were used in deriving the
results.

The major assumptions used in this
analysis are as follows:

o Modified EPRT Synthetic
System E (a represcenta-
tive 1985 Southwestern
electric utility)

0 Moderately high Southwest
insolation level, 2500

kWh/mZ—yr} typical year
data

o 0il escalates at 12%/
year starting from $5.50/.
MBtu in 1985 (roughly
$33/bbl)

o High performance solar
plaats '

v Only sLurage-bulfered,
repowered and three-hour
storage coupled solar-
thermal plants were con-
sidered; high capacity
factor solar plants were
not considered

o Three different penetra-
tion scenarios each with
three different rates of
penetration achieving a
maximum of 8% of system
capacity by 2009

‘0 No special solar tax
credits or other incen-
tives were considered

In addition to the assumptions
listed above, there were three im-
portant institutional assumptions.
All of these have to do with con-
ventional generation sources.
First, for the utility system
examined it was assumed that nu-
clear installations would he
limited to one 1000 MW unit every
five years. This assumption was
based upon recent trends in the
installation of nuclear facili-
tics and a capital-constrained
environment. The nominal utility
size is 10,000 MW in 1985. Second
it was assumed that there would
be a sufficient supply of coal,

at the price used, to [ill the



baseload generation gap left by
the limitation on nuclear capa—A
city. Third, the maximum rate of
introduction of new baseload ca-
pacity is limited by restricting
the maximum'generation reserve to
"25%, again due to capital con-
straints.

KEY FINDINGS

There are seven key findings which
have been obtained from this anal-
ysis that have policy implications.

- Numerous Situations Exist Where the

Value of Heliostats is Greater
Than the Cost Goal

While the value of heliostats ob-
tained from the dynamic simulation
of the synthetic utility is not a
single number, the value in many
cases 1s greater. than the cost
goals which have been proposed.
Under certain circumstances where
solar-thermal electricity com~
petes primarily with expensive
premium fuels, the value of helio-
stats is very high.

The Relatively High Value of Solar
May ‘Not Be Great Enough to Cum=
pete with New Baseload Coal and
Nuclear Generation Sources

Although the cost/benefit ratio of
solar—-thermal systems is often
less than unity, there are com-
peting technologies for which in-
vestment dollars will return even
greater benefilts. The synthetic
system studied is severcly defi-
cient in low-operating cost units
(0il is being used for baseload
capacity). Solar-thermal power
systems, which operate ih an

o

"intermediate'" to "peaking' mode,
will therefore be.in competition
for capital investment dollars
which the utilities can invest
more profitably in baseload gene-
ration. The same characteristics
which cause solar-thermal to be
attractive from a one year produc=-
tion cost standpoint cause severe
capital competition from a multi-
year optimized expansion stand-
point. '

The Value of Solar-Thermal Elec-
tricity Is Not Constant with Time

Due to the highly npnoptimum ini-
tial generation mix with 60% of
its capacity in oil-fired plants, .
the value of solar-thermal plants
in ‘the early years is very high.
The system generation mix im-
proves with time as large amounts
of new low-operating cost capa-

‘city are added, causing a dramatic

drop in the value of the elec-
tricity generated by solar. Then,
in later years, the cdntinually
growing system requires new inter-
mediate and peaking capacity.

The combination of this require-
ment with ever increasing oil or
substitute premium fuel prices
makes the solar systems vary
valuable again after the year
2000.

Solar Thermal Value Trends are
Consistent with a Program Plan
Emphasizing Repowering Early
Followed by the Later Implementa-
tion of New Stand-Alone Plants

The breakeven value of heliostats
is a good way to compare the eco-
nomic competitiveness of solar
thermal technologies. Figure 1
shows the overall value trends
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from two of the scenarios used in
the study. From this it is seen
that repowering has a slightly
higher value for heliostats in
the period before 2000 and that
stand-alone plants have a
slightly higher value after this
time. The period beyond 2000 has
been drawn with dashed lines be-
cause of the great unncertainty of
what will be the competing tech-
nologies and fuel prices in that
time frame.
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There Is a Nuar~Term Window lor
Repowering Not Based on Retire-

ments Alone

Not only is there the longer tcerm
window which becomes c¢losed due
to plant retirements (all of the

plants fired with #2 o0il are re-

tired on the synthetic utility

'system by the end of the study),

but there is a near-term economic
window due to the installation of
large amounts of low operating
cost capacity in the early years
of the study.

The Dynamic Analysis Results Re-—
veal Financial Problems Not Iden-

tificd in the Static Aualysis

The dynamic penetration of a util-
ity by a capital intensive product
such as solar-thermal plants can
cause an ever-increasing net nega-
tive cash flow. This is caused

by the added capital requirements
of the new golar plants out-
weighing the curreat fuel savings
of the solar units. Even though
the static (plant lifetime) analy-

'sis may show a favorable cost/

benefit ratio, the switch to solar
thermal plants will cause a cash
flow problem lasting much longer
than the payback period of an in-
dividual solar-thermal unit.

The Institutional Constraints on

Nuclear and Coal Géneration Fa-

cilities Strongly Affect the Time
Value of Solar

There are two institutional con-
straints which were applied which

.significantly influenced the

value of solar. The first insti-
tutional constraint was to limit
the amount of nuclear additions
which could be made. The second
institutional Yonstraint applied
was one which limited the percent
reserve to a maximum of 25%.
These limitations cause the value
of solar-thermal plants to de-
crease more slowly in the early
years than they otherwise would

havgf
¢



IMPLEMENTATION OF SOLAR INDUSTRIAL
PROCESS HEAT.

D. W. Kearney
Solar Energy Research Institute
Golden, Colorado

SUMMARY

- Process heat is used in such a diversity of industrial applications
that it is misleading to categorize solar industrial process heat
(SIPH) as a homogeneous entity. Various studies have been carried out
in an attempt to identify the solar potential as a function of standard
industrial classifications (SIC codes), quantified by energy use and
maximum process temperature in each classification. However, it is
becoming increasingly obvious that considerable detail is required for
any given industrial use to accurately determine SIPH requirements.

For example, recent studies [1] at SERI have examined the potential
for SIPH in such diverse applications as petroleum refining and fluid
milk processing. Petroleum refining involves many different opera-
tions, and each of these can entail subprocesses over a wide range of
process fluids and temperature levels. A careful examination of
process needs show that about 22% of refinery process heat is
delivered below 290°C (550°F), and almost 63% is delivered between
290°C (550°F) and 590°C (1100°F). . While the higher temperature
processes usually require fossil fuel combustion, the Tower tempera-
ture needs could be supplied by solar energy. By contrast, fluid milk
processes in dairies are entirely low temperature, generally requiring
hot water or steam for cleanup at 60°C (140°F) and for pasteurization
at about 77°C (170°F). An evaluation of this application was carried
out taking into account different combinations of collector technolo-
gies and system configurations over the U.S., identifying promising
near-term SIPH possibilities. This kind of detailed systems analysis
appears to be necessary to obtain a valid assessment of the economics
of SIPH, since regional influences and system-dependent solar costs
markedly affect results. It may be possible both to treat systems in
the necessary detail and to cover a wide range of industrial needs by
approaching the problem from the viewpoint of generic system processes
(e.g., hot water heating, 125 psi steam production). In this way, a
Timited number of SIPH configurations could find broad 1ndustr1a1
applicability.

The systems engineering for SIPH applications must improve beyond the
present state-of-the-art to be acceptable to industry. In addition to
the obvious needs for system durability and reliability, good engineer-
ing practice must be carefully implemented. In many cases, energy con-
servation techniques in industry can be more cost effective than adding
solar energy systems, and thus a credible solar application evaluation
must first fully explore conservation improvements. Other process
considerations can be equally important [2]. Often high temperature
sources are used to provide low temperature process heat. As an
example, package boilers are often used to supply process steam for

5



hot water heating. There is evidence, however, that energy conserva-
tion practices are causing a shift to direct hot water heating, which~
is more readily accommodated by solar technology.

. A number of SIPH engineering field tests sponsored by the Department of
Energy are underway in phases ranging from conceptual design to opera-
tion. These projects illustrate some of the engineering practices dis-
cussed above. Most, however, are retrofit applications and do not
utilize the full potential of a solar energy system. Moreover, the
limited operation to date (three hot water and four hot air systems
below 200°F) has shown lower than predicted system efficiencies. In
addition, component or system failures and inadequate system design
have resulted in unacceptably low. solar system utilization [3].

In conclusion, the implementation of solar industrial process heat
systems will depend not only on the successful development of reliable
and efficient solar technologies, but also on the intelligent and sound
application of process engineering principles. This poses an important
challenge which must be given increasing attention if SIPH systems are
to be adopted by industry.
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HEAT AND ELECTRICITY FROM THE SUN USING
PARABOLIC DISH COLLECTOR SYSTEMS*

Vincent C. Truscello and A. Nash Williams
Jet Propulsion L.aboratory

ABSTRACT

This paper addresses point focus distributed receiver (PFDR) solar thermal
technology for the production of electric power and of industrial process heat, and
describes the thermal power systems project conducted by JPL under DOE
sponsorship. Project emphasis is on the development of cost-effective systems
which will accelerate the commercialization and industrialization of plants up to
10 MWe, using parabolic dish collectors. The characteristics of PFDR systems and
the cost targets for major subsystems hardware are identified. Markets for this
technology and their size are identified, and expected levelized bus bar energy
costs as a function of yearly production level are presented. Finally, the present
status of the technology development effort is disccussed.

INTRODUCTION

The solar thermal power systems work at JPL is sponsored by the Department of
Energy, Thermal Power Systems Branch, for the purpose of developing systems
capable of competitive-priced thermal and electric energy for utility, industrial,
and isolated applications. Program responsibility resides with DOE Headquarters
and project management with JPL, with engine and power conversion support
provided by NASA Lewis Research Center.

Three principal configurations for thermal power systems being developed by DOE
are the central receiver (CR), the line focus distributed receiver (LFDR), and the
point focus distributed receiver (PFDR). The JPL work is based on a PFDR
system with paraboloidal dish and integral receiver. This technology is expected
to be initially applied to relatively small power systems (up to a few megawatts)
made up of identical modules (each a few tens of kilowatts in capacity). Fach
module is capable either of generating electricity, or of supplying heat for
industrial purposes, depending on the type of receiver used. A representative dish
configuration is shown in Figure 1.

For electric applications the module consists of three subsystems: the
concentrator, the receiver, and the power conversion unit. An automatic control
system enables each module to track the sun. In the simplest configuration of the
system, the power conversion unit is located atop the receiver, at the focus. The
optical portion of the concentrator is a parabolic reflector, although lens
concentrators are also being considered. To produce thermal energy for
industrial, commercial, or agricultural applications, the power conversion unit is
replaced with an appropriate receiver having flexible lines to conduct the working
fluid to a heat transfer network on the ground.

*The research described in this paper was carried out at the .Jet Propulsion
Laboratory, California Institute of Technology, and was sponsored by the U.S.
Department of Energy through an agreement with NASA.
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Figure 1. Dish Concentrator with Power
Converter at the Focus Figure 2. Versatility of Parabolic Dish
Power Plants

POINT FOCUS DISTRIBUTED RECEIVER (PFDR) ADVANTAGES

The principal advantages of dish solar concentrators are (1) the high temperatures
attainable, (2) the inherent modularity of dish collectors, (3) the ease of collecting
the power output of each dish in electrical form, and (4) the high percentage of
the available solar insolation which is collected. The high temperatures available
from dish systems results from their inherently high concentration ratio.

The attractiveness of the high temperature characteristic of dish systems arises
from both the higher conversion efficiency achievable from heat engines as the
temperature of the working fluid is increased and the wide range of temperatures
achievable for thermal applications.

The ready adaptability of dishes to two-axis tracking insures maximum utilization
of the direct beam radiation at near maximum efficiency from sun up to sun
down. Two-axis tracking comhined with the high geometric concentration ratio
provides high temperatures at the focus, which in turn allnws high efficiencies to
be derived from Brayton or Stirling heat engine power converters. PFDR systems
offer broad applicability, including both small and large utilities, power for
remote sites, agriculture (especially pumping), and a wide range of industrial and
commercial process heat applications.

Versatility as shown in Figure 2 is a key attribute of solar thermal systems,
especially of dishes because of their high temperature potential. Versatility can
be illustrated in terms of the end product produced: electricity, process heat,
steam, chemicals and fuels.

Dish systems can readily be designed to provide for hybrid operation in which
conventional fuels provide heat on a transient or steady state basis to compensate
variations in insolation. Along with the hybrid operational capability, there is the
potential for using numerous conventional fuels. A potentially attractive hybrid
mode is the coupling of the solar plant to a hiomass systemn Lo supply it with low
Btu biogas produced by a digestive process. The most appropriate fuel would he
selected for each application.

&



PROJECT GOALS

The primary goals of the project are (l) to produce electricity or heat at a cost
competitive with conventional alternatives, and (2) to develop the technical and
economic readiness of cost-effective PFDR technology necessary to accelerate
market penetration of small power systems. Market penetration requires a
mature technology coupled with favorable preconditions within the commercial
and industrial infrastructures which qgovern the effectiveness of supply and
demand forces. To facilitate the establishment of preconditions increasingly
more favorable to market penetration, the project will attempt to enter market
areas of high-cost energy first and to enter large markets with corresponding
lower energy costs later. Figure 3 displays this overall market strategy. The
projected size of the isolated load market (a near-term, relatively high-cost
energy market) in the 1990-2000 time period is 300 to 1000 MW/year. Although
this market is small in comparison to the grid connected utility market, the graph
also indicates that by assuming only a 20% market penetration, up to 10,000 power
modules per year would be required to meet this need.

In addition to the electric market, both grid and non-grid connected, there exists
a large market for a combination of both thermal and electric power. Industrial
process heat is a typical application in this cateqory.

In summary, it is clear that to build manufacturing volume most expeditiously, the
high cost, isolated load markets should be penetrated first. To compete in the low
cost grid-connected market will require both experience and production volume
which can result from the successful prior pursuit of the higher cost, isolated
markets.

CONCEPT OF FIRST AND SECOND GENERATION TECHNOLNGY

From a technology standpoint, the project strateqgy is to first develop hardware
suitable for entering the near-term isolated load market. First-Generation
equipment, based on gas turbine technology, will entail less developmental risks
and permit the early introduction of solar plants into the marketplace. Satisfying
the demands of the near-term market will help to mature all the infrastructures
essential to solar power plant sales, especially with regard to collectors. Just as
importantly, this strateqy will also make solar power plant technolngy more

visible and thus encourage its large-scale use in other applications.

To meet the long-term goal of the project (i.e., entering the grid-connected
market with baseload coal-steam and nuclear plants), improved system efficiency
is needed. This will be achieved through use of advanced engine (second
generation) technology. Additional rost reductions are expected from continuing
improvements in dish collector design, and through increased production.

Solar power plants produced from first generation technology have system goals
of 100 to 120 mills/kW hr, Such plants can compete with conventional systems in
the near-term isolated load market, and in the nil-fired, intermediate-peaking,
grid-connected market, but will need to be improved for the baseload
grid-connected power plant market. The main attraction of these plants is that
they will enter the near-term market, develop the required infrastructure and
require only a modest R&D investment by the government to mature.
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Power plants using secund yeneration dish technoloqy will require more time to
bring on line (3 to 4 years of additional technology development) and consequently
will require more resources to develop. Work on second generatinon systems has
already begun. These plants have system cost goals of 50 to 60 mills/kWWh, which
are clearly competitive with coal and nuclear systems in the grid-connected
market. Utilizing the above costs for electricity, cost targets have been
developed for both first and second generation subsystems hardware. These are
shown in Table 1.

PROJECTED POWER PLANT BUS BAR ENERGY COSTS

Estimates of levelized bus bar enerqy costs from dish-electric power plants have
been made based on projected component performance and
costs. The results of these studies are presented in Figure 4 as a function of the
number of dish power modules &?5 lWe peak) produccd per year. Infurmalion is
presented in this fashion since power moadule rnst is a strong function of the
collector and engine costs which are in turn affected by the production rate.
Figure 4 also indicates the assumed costs for the basic module components
(concentrator, receiver and engine) in various production rates, and the assumed
balance of plant and D&M costs. At a production rate of 25,000 units/year and
assuming no energy storage, levelized bus bar enerqgy costs of 75 mills/kWeh are
projected (1979 dollars). These numbers are based on what is believed to he a
conservative estimate regarding engine-generator conversion efficiency (40%) for
the 1990 time period. With a more optimistic estimate of efficiency (i.e., 45%),
the bus bar cost decreases to about 67 mills/kWeh. At very large production rates
(400,000 modules/year), the costs decrease to 58 mills/IWeh., Clearly such costs
permit penetration of the grid- connected utility market.

PROJECT STRATEGY AND STATUS

The TPS project goal is to demonstrate technical, operational, and economic
readiness of PFDR technology for electric and thermal power applications. To
reach this goal in a timely manner, the project has three parallel but
complementary activities or elements: Advanced Development is R&D oriented,
with emphasis on feasibility testing and component and materials development.
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Advanced designs from this activity are utilized by the Technology Development
element which does the detailed engineering and fabricates and validates (tests) a
complete module (concentrator, receiver and engine). The third element of the
project, Applications Development, is responsible for developing complete power
plant systems and demonstrating the technology through a series of engineering
experiments sited in a variety of potential user environments. The status of each
of these three project elements is described below.

Technology Development

The present thrust of this project element is to develop first generation
subsystems (including concentrators, receivers/transport and power converters)
which can be utilized in the Applications Development element for engineering
experiments. The major products of this project element are proven hardware and
acceptably low capital equipment and production costs (Ref, 1),

First generation hardware emphasizes proven gas turbine technology for the
power conversion equipment, and an injection molding process for fabrication of
the plastic petals or gores for the dish concentrator structure. This
manufacturing technique already exists and is used in the production of a number
of commercial products such as refrigerator doors. It should facilitate the
attainment of mass-producible, low-cost concentrators. A first-generation dish
concentrator proposed by General Electric and configured for injection molding is
shown in Figure 5. Similarly, existing small gas turbine technology, very much
like that developed for automobile turbochargers, cruise missiles, torpedoes, and
auxiliary power units, is being studied for the eventual rmass production of power
conversion subsystems. The first-generation engine and receiver, presently being
developed by Garrett Corporation, is shown in Fiqure 6.

Design, fabrication and test activities for both first- and second-generation
hardware lead to two key events: a Brayton module on test in mid CY 1981, and a
Stirling module on test early in CY 1984, The subsystems involved are
concentrators, receivers, and power convertors. Second generation subsystems
will be selected for incorporation in the Technology Development element of the
project on the basis of the status of competing concepts emerging from the
Advanced Development element of the project

Testing and evaluation of these dish power modules are performed at the JPL
des'ert test site shown in Figure 7. Evaluation of early dish hardware is already
taking place at this site. A 6-meter diameter dish module purchased
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commercially from the Omnium-G Company of Anaheim, Talifornia has been
under evaluation at the test site since early 1979. By September 1979, an
11-meter dish designed and constructed by F-Systems of Garland, Texas will be
under test and evaluation at JPL. It is called a test bed concentrator (TBC) and
will be used to test and evaluate receiver and engine units prior to installation on
eillier Tirsl ur secund yeneration concentrators for full power tests.

Advanced Development

The work of this project element is directed to the development of materials and
dish subsystems which meet the cost and performance goals of second and
subsequent generation dish power plants. Example components are cellular glass
monolithic gores for concentrators; both heat pipe and non-heat pipe hybrid
high-temperature receivers for both power conversion and high temperature
thermal applications; thermal transport and buffer storage; and under LeRC
technical management, both free piston and kinematic Stirling engines for power
conversion. This advanced work is in direct support of the Technology
Development effort described previously.

An important part of the Advanced Development effort is the development of
second-generation point focusing components (Ref. 2). The main thrust regarding
engine concept is the Stirling engine although consideration is also being given to
high temperature Brayton engines @20000F), and/or combined-cycle engines
(which combine Brayton and Rankine technologies). Work for JPL on a Stirling
engine and receiver is underway in a joint effort between Fairchild Stratos and
United Stirling of Sweden based on the USS model P-40 engine.
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Applications Development

The third project element is concerned with market applications of dish systems
(Ref.3). Implementation of engineering experiments in various user environments

is the major activity of the Applications work. It has the goal of demonstrating
technical, operational, and economic -readiness of dish systems in both electric
power and process heat applications. The experiments are identified in terms of
market sector in Figure 8, Three series of experiments have been defined, each ,
related to a different market sector. These three series of experiments are/,'/
described below. ASE

&
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Figure 8. Engineering E'xperiments

EE No. | is known as the "Small Community Solar Thermal -Power Experiment,"
and is one megawatt in size. As noted in Fiqure 8, it lonks. toward the
grid-connected market of the continental United States. Because this market is
as important as it is difficult, work is under way through £E No. | to gain early
experience in that highly competitive market. It is scheduled to be on-line. in
early CY 1983, The systems contractor will select the power converter but the
cullector will be first-generation technology as developed by the Project.

EE No. 2 is known formally as the "Isolated Application Experiment Series," and
addresses island sites, rural electricification in foreign countries, and other
applications remote from the grid. Plant sizes will he ahout 100 kilowatts
(electrical). A joint effort is now under way with the Navy Civil Engineering
Laboratory on a co-funded bhasis. The FF No. 2a power plant will use receivers of
hybrid design, and Brayton power converters. EF. No. 2a is the first of the series,
and is scheduled to be operational in late CY 1982,

The EE No. 3 series, addressing the industrial market, will initially bhe
implemented through a series of very small experiments (less than 20 KWe) for
thermal, electric and combined (coqeneration) applications. These small
experiments known as the dish module experiments will be conducted using
available hardware to the maximum extent possible. Because they are small they
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can be constructed and installed in a very short time. Although not a direct
product of the JPL program, an example of such an experiment is the ongoing
effort co-funded by DOE and the Southern New England Telephone Company for

‘an industrial cogeneration applicatinon, using the Omnium-G power module. The

primary function of this power unit is to produce electricity for 'a switching

" center, but excess power will be used for space heating and for absorption

cooling. The unit is to be operational early in Y 1980, A number of other units
of this class are scheduled by JPL for operation in CY 1981,

Experiments in all three series will follow an improved technoloqy path with each
new experiment utilizing the then current state-of-the art dish-engine technology.
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DISH BRAYTON SOLAR THERMAL POWER SYSTEMS*

T. Fujita
Jet Propulsion Laboratory
Pasadena, California.

ABSTRACT

Performance characteristics are determined for paraboloidal dish solar
thermal power systems employing advanced Brayton (gas turbine) power
conversion units. The system 1is comprised of a two-axis tracking dish
concentrator with a cavity receiver and Brayton engine-generator
assembly at the focal point. The adaptation of Advanced Gas Turbines
(AGT) being developed for automotive applications ‘is shown to offer
attractive solar system performance at turbine inlet temperatures of
the order of 2000°F. Addition of a Rankine bottoming cycle offers
higher performance, but with an increase in system complexity and
higher cost for the power conversion unit. Comparative analysis indi-
cates that the dish-Stirling system has somewhat greater performance
potential since the Stirling engine can achieve higher efficiencies
‘than Brayton systems at lower tempcratures. The Brayton engine appears
to be lighter than the Stirling and can be coupled to compact advanced-
technology generators

Although the comparative assessment of dish-Brayton systems with other
dish-engine systems involves many complex tradeoff considerations that
are presently being addressed, the first order results in this paper
indicate that the advanced dish-Brayton system should be recommended
for further detailed study and development. A major driver is the
potential availability of a low cost, mass-produced AGT for automobiles
in the post 1985 timeframe. : '

INTRODUCTION
This paper presents work performed’ in the AdvancedAStudies Task of the
Advanced Solar Thermal Technology Project (ASTT) at the Jet Propulsion
Laboratory (JPL). Support for analyses of power conversion systems is
being provided by the NASA Lewis Research Center (LeRC).

D1sh engine combinations involving Brayton, Brayton/Ranklne combined
cycle, and Stirling engines are being studied in a comparative evalua-
tion context to assess performance potential in relation to require-
ments for technology development. The overall objective is Lu delinecate
promising systems warranting advanced technology development.

The study is on-going and the present paper will bresent early findings.
In earlier studies at JPL [1,2] and in a more recent study [3] con-
ducted by the Solar Energy Rescarch Institute (SERI), the dish-Stirling
system was identified as having the greatest potential. The dish-
Brayton was also - -deemed to be very promlqlng and appeared to offer

lower developmental ricks.
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This paper concentrates mainly on dish-Brayton systems. Emphasis is
placed on adaptation or "solarization' of Advanced Gas Turbines (AGT)
which are presently under active development for automotive applica-
tions. Two parallcl programs under Department of Energy (DOE) sponsor-—
ship are underway at Detroit Diesel Allison/Pontiac [4]} and Garrett
Airesearch/Ford [5].

APPROACH

The study approach was comprised of two basic steps: (1) development
of analytical methods and (2) determination of engine system component
characteristics. The analytical methods employ component character-
istics to determine overall solar system performance.

\

Analytical Methods
A computer simulation code linking a cavity receiver with a Brayton
engine was developed for the purpose of performing paramelric tradeoff
studies which would lead to selection of optimum designs in terms of .

" engine component and concentrator/receiver characteristics. The solar
flux distribution approaching the aperture of the cavity receiver was de-
termined using Schrenk"s aptical computer coude.

Brayton engine performance is determined as a function of basic compo-
nent characteristics encompassing the following key parameters: com-—.
pressor efficiency, turbine efficiency, recuperator effectiveness, and
duct pressure loss.

Component Characteristics

Brayton engine component characteristics were determined via a
literature survey including tesi data on cngines such gs the Garrett
CCPS/40 coupled witlh performance projections for automotive AGTs [4,5].
The AGT programs were only recently initiated and further data from
these programs will be used as it becomes awvailablo. Key characler=
isties are shown in Table 1.

TABLE 1. BRAYTON ENGUNE COMPONENT EFFICTENCIES
(MAX. POWER <1730 hp)
STATE-OF~THE=ART ADV. TECHNOLOGY
(METAL ALLOYS) (CERAMIC)
CARRETT AGT
COMPONENT -

CHARACTERIST 108 ] cersan’ | sorart?) | carerr ALLISTON
Compragfoi Eiticicucy 0, 7n-0.77 .77 . RO 0. 480
Turbine Efficiency 0, B0, KR 0. B0 0,87 s, 5/u603) -
Recup, Effect ivenens IR U TR 0,94 IR ()
Prossure logs  Factor ", 0,90 0.9 ()
Turbine Lnlet Tewp., “F 1400 1500 o0 | 2150724500
Pressure Ratin 1.9 2.7 5.0 J 4.5

(B Closed eyele Lest data

(2) Beiug developed for the Poimt Focasing Distribnted Recejver (PFOR)
projeat at Jgee

(1) Power turbine ofFo/pasitier tarbine of I,

(4)  Nov available in (4],

(5)  Power turbine Inlet Temp, /Gasiticr Farbine lnlet Temp.
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RESULTS AND DISCUSSION

Basic results concerning selection of design operating conditions for
the dish-Brayton employing the characteristics of the Garrett Airesearch
AGT "as given in Table 1 are presented in this paper. The free turbine
Detroit Diesel Allison is also being studied with emphasis on assessing
potential benefits of the free turbine system for solar applications.:

Advanced Dish-Brayton Performance Characteristics

The efficiency characteristics ol the dish-Brayton system are presented
as a function of receiver temperature in Figure 1. Component character-—
istics were held fixed at values given on Table 1 for the Garret AGT. ‘
As the temperature was varied, the optimum pressure ratio and corre-
sponding maximum efficiency were dctermined. The engine efficiency

curve on Figure 1 is the envelopc: curve of maximum efficiencies.

The receiver efficiency curve is similarly an envelope curve of |
maximum efficiencies determined by optimizing the aperture size. The re-
ceiver curve on Figure 1 approximately matches predicted characteristics
of the 15000F Brayton receiver being fabricated by Garrett for the PFDR
project. This receiver will be linked to the Garrett 'solar' engine of
Table 1. '

The selection of the design operating condition for the dish-Brayton
system depends on the combined efficiency of the receiver and engine.

As seen from Figure 1, this curve reaches an optimum in the 2000°F to
2500°F range and is relatively flat so that efficiencies close to the
optimum are achieved over the entire range. Thus, to minimize materials
problems and improve life, systems will generally be designed to oper-
ate in the lower temperature portion of this range.

Comparison to Brayton/Rankinc and Stirling Systems

The advanced dish-Brayton system is compared to the Brayton/Rankine and
kinematic Stirling engines in Figures 2 and 3. Engine efficiencies are
coftpared in Figure 2 while cuwbined receiver engine e¢fficicncico are
presented in Figure 3. The Brayton/Rankine combined cycle efficiency
curve (Figure 2) is based on using the AGT as the topping cycle with a
toluene Rankine bottoming cycle. Characteristics of the Rankine bottom-
ing cycle were selected to approximately match estimates for small
toluene engines from Sundstrand (e.g., turbine efficiency was taken to
be 0.65). The Stirling engine curve (Figure 2) corresponds to projec-
tions of United Stirling of Sweden for an advanced development kinematic
engine in the 25-30 kW power range.

The trends shown on Figure 2 indicate that the Stirling engine achieves
higher efficiencies at lower temperatures. Addition of the Rankine
bottoming cycle to the AGIL provides a signiflicant improvement in effi-
ciency. The Brayton/Rankine is seen to achieve higher performance than
the advanced kinematic Stirling for high temperatures (>1800°F). This
improvement is gained at the expense of added complexity and power con-—
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version system cost. A detailed tradeoff assessment w111 be performed
as part of the on—g01ng study effor

The combined receiver-engine efficiency curves on Figure 3 reflect the
advantage of the Stirling engine in achieving high efficiencies at

lower temperatures. The Brayton can achieve performance levels _
approaching that of the Stirling system at higher temperatures (>2000°F)
while the Brayton/Rankine exceeds the kinematic Stirling. Additionally,
the Brayton engine appears to be lighter than kinematic Stirling

engines which would be advantageous for focal point mounting. Use of
lightweight, high-speed generators compatible with Brayton engine
rotating speeds offlers potential for additional weight savings. These
considerations are being addresscd in tradeoflf studies.

CONCLUSIONS

Based on first order considerations in this paper, further detailed
study and development of the advanced dish-Brayton system appears to be
warranted. The primary drivers are potential for high performance

. coupled with the potential availability of low cost, mass—produced AGT
‘engines for automobiles that can be adapted for use on dish systems.

REFERENCES

1., Fujita, T.; et. al., "Projection of Distributed-Collector Solar-
‘Thermal Electric Power Plant Fconomics to Years 1990-2000",
DOE/JPL-1060-77/1, Jet Propulsion Laboratory, Pasadena, CA,
December, 1977.

2. Fujita, T.; et. al., "Techno~Economic Projections for Advanced
Small Solar Thermal Electric Power Plants to Years 1990-2000",
DOE/JPL-1060-4, Jet Propulsion Laboratory, Pasadena, CA,
November, 1978.

3. Thorton, J.P.; et. al., "Comparative Ranking of 1-10 MW, Solar
Thermal Power Systems', SERI/TR-35-238, Solar Energy Research
Ingtitute, Golden, CO, September 1979.

4, Helms, H.E., "Advanced Gas Turbine Powertrain System Development
Project'", Program Report, Detroit Diesel Allison, Division of
General Motors, presented at Automobile Technology Development
Contractor's Meeting, Dearborn, MI, October 23-25, 1979.

5. Rackley, R.A., "Advanced Gas Turbine Powertrain Development
‘Project", Airesearch, Division of Carrett, presented at Automotive
. Technology Development Contractor's Meeting, Dearborn, MI,
October 23-25, 1979.

*This paper presents the results of one phase of research carried out
at the Jet Propulsion Laboratory, California Institute of Technology,
and was sponsored by the Department of Energy through an agreement with
NASA.

19



DISH-STIRLING SYSTEM DEVELOPMENT

J. W. Stearns

The dish-Stirling electric generation system has been identified in
previous reviews as a low-noise, pollution-free system with high near-term
potential for meeting solar thermal-electric applications needs. Today, with
the detailed development of the dish-Stirling system underway, évery
indication is that original predictions will be met. At the present rate of
progress, demonstration of the majority of the basic systems technologies will
be done by FY 1981. By FY 1982 we should be able to demonstrate system
technology that is capable of 34% solar-to-electric efficiency, has an
unattended 11fetime potential approaching 100,000 hours, and identifies system
installed cost expectations of $500-$600/kWe in full scale production.

Limited production could commence as early as 198&. The systems are
desigued for hybrid operation, with options for thermal energy storage (TES).
These allow a high capacity factor for the system and minimization of fossil
fuel consumption.

SUBSYSTEMS TECHNOLOGY DEVELOPMENT

Technology demonstration is required to assure readiness for systéms
application. Strawman systems were therefore defined, and components and
. Subsystems have been designed to meet system specifications. The focus of
effort, however, is to develop and demonstrate, at the system level, a
technologv for a range bf system applications. The technology development
effort for dish-Stirling includes the Stirling engine, parabolic
dish~concentrator and the point focus receiver. Power level was arbitrarily
defined at 20-25 kWe, but technology should cover the range from 10 to 75 kWe.

A constant power operation of the system modules was defined for the
strawman system. Such operation is easily accomplished with hybrid and TES
capability. Any need to match a variable load profile at the multi-megawatt
level can be met by switching individual modules on and off. Opeiratlug al
constant power has significant cost advantages. It eliminates internal engine
control requirements and allows engine-generator design for single-point
operation at maximum efficiency. With the addition of a small amount of TES,
combustor operation is also at maximum efficiency.

Advanced Concentrator Development

The low-cost structural glass gore is the key technology development for
the Advanced Concentrator. A back-silvered mirror is to be cold sagged and
bonded to a sapherical or parabolic nurface ground on a cellular glass
substrate.. These mirror panel elements are brought together to form sections,
or gores, for the large parabolic dish. The gores will then be mounted and
aligned on the concentrator backup structure.

20



The size of the mirror panel elements is limited by the membrane stress
built up in the cold sagged glass, and is determined by the curvature in the
panel. Thus, concentrator diameter and focal length are the primary
determinants of element size. Thickness of the cellular glass substrate will

_increase with element size as well. Detailed cost tradeoffs are presently
being analyzed. :

Mirror panel technology is being ¢ontracted to Pittsburgh Corning
Corporation. The PCC process eliminates the expensive and energy-consuming
glass melting tank. Bonding of the cellular glass block will allow build-up
of panels from conventional block sizes using existing facilities. The bonded
panels will also minimize crack growth problems. Mirror glass selected is the
40-mil fusion glass manufactured by the Corning Glass plant in Blacksburg, VA.

Concentrator subsystem design is being accomplished by Acurex Corporation
and JPL., There are two structural concepts presently being evaluated. They
are shown in Figures 1a and 1b. Figure 1a is a design that is stress limited
by wind loads above approximately 70 mph with the concentrator in its stowed
(zenith) position. The second design, Figure 1b, shows the concentrator to be
stowed in the dish down position, making it possible to minimize overturning
moments. Counterweight mass is also eliminated in the second concept.
Detailed analyses .are still in progress. The first concept has been carried
through preliminary design in order to make cost estimates. Cost of the
complete concentrator subsystem is currently estimated to be well below
$80/m2 for the 11 meter .dish in' large production, including foundation and
tracking. Cost scaling with size is yet to be done.

The gore technologv and concentrator structural design is truly a
second-generation system approach. It represents the highest possible
reflective mirror performance (reflectivity above 0.95 and slope error under
¢ = 1 mr), at very low gore cost (under $30/m2)., The fusion glass
‘reflective surface also shows the minimum degradation with time of any
back-silvered glass identified. Prototype  Advanced Concentrators can be
fabricated and installed for test within 18 months if adequately funded.

Stirling Engine Development

Although no major engihe development is found necessary for the Stirling
engine, modification of engines is required to optimize them for the solar
application. Several items are presently receiving attention:

o addition of a dry sump for inverted operation,
o selection of seal and piston ring configurations and materlals for long
. life,
o elimination of engine controls and provision of hermatic sealing for
simplicity, low-cost and elimination of maintenance,
o evaluation of engine design for. cost-reduction recommendations.

. Initial work is being done with the United Stirling P-40 engine, for
operation at approximatley 25 kWe alternator output. However, future
requirements for the larger P-75 are not being overlooked. The cost
differential between the P-40 and P-75 is very small, estimated by United
Stirling 'as only about 30%, while the power differential is approximately-a
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factor of three. Both of theée.engihe designs are maturing rapidly under the
impetus of automotive application programs. Limited production may be
achieved as early as 1984, ’

At the lower power levels of 15-20 kW, there is a potential that a
modified Philips 1-98 Stirling engine could be cost effective. The compact,
single cylinder engine is much lighter than the P-U40, and could prove to be
less costly. However, significant requirements such as additional design of
the thermodynamic section, seal improvement, and improved producibility .and
serviceability are now being studied.

Direct Coupled Receiver Development

The Dish-Stirling Solar Receiver (DSSR), being developed by Fairchild
Stratos Division, is directly coupled to the Stirling engine, as shown in
Figure 2. The conical ﬁeceiver body utilizes copper for high thermal
conductivity to the Stirling heat exchanger tubes. A fossil fuel combustor,
initially using natural gas, is located behind the copper baody for
augmentation of solar heating.

The metallic hybrid receiver is expected to have a production cost under
$15/kWt input to the Stirling engine. The applioation for this subsyslem is
towards a low capacity factor cost tradeoff. Primarily, the DSSR is designed
to provide solar generation for fuel displacement. However, with hybrid
operation, a reasonable contribution can also he made towards capacity
displacement. A capacity factor of the order of 0.3 may be a reasonable
expectation in any optimization process, although much higher capacity factors
could readily be achieved by the hybrid operation.

Preliminary design of a ceramic receiver has been completed for for the
DSSR. The receiver body is to be slip cast from silicon nitride, complete
with tubulations and ceramic housings and heads for the Stirling engine. Its
purpose 1s to eliminate creep problems that limit lifetime, and to increase
the Stirling engine operating efficiency to approximately 48-50% at higher
temperature.

Testing of the receiver requires inteogration with the 3tirling engine.
Initial testing of the metal receiver now in fabrication is scheduled at
United Stirling, Sweden, in May, 1980.

Heat Pipe Receiver and Thermal Storage Development

The Heat Pipe Solar Receiver with TES (HPSR/TES), being developed by
General Electric Co. in Cincinnati, places thermal storage as a buffer between
the receiver and the Stirling engine, as sketched in Figure 3. Further detail
is discussed in a later paper. The receiver primary heat pipes carry heat
into the TES seoondary heat pipe, wherc a nearly isuvlhermal interchange of
heat is maintained between the TES material (sodium fluoride-magnesium

fluoride eutechtic) and the Stirling engine heater tubes. A fossil fuel
- combustor will also be designed into the TES package to augment the solar
heating. The amount of TES required by the system is yet to be studied.
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Present HPSR/TES studies are aimed at defining a fully low-cost design.
The goal is a receiver cost of $6/kWt, combustor cost of $5/kWt, and TES cost
under $15/kWt + $10/kWH(t). The addition of the TES will produce a much
higher cost-optimized capacity factor for the system, possibly as high as
0.7. Again, hybrid operation can also allow an even higher capacity factor if
needed, but probably at off-optimum cost.

TECHNOLOGY PLANNING

System Sizing

Initial parametric studies for dish-Stirling system sizing have recently
been done by Ford Aeronutronic Division®. A key factor has been found to be
the estimated production costs for the Stirling engine. At 75 kWe, the
per-kWe cost of the Stirling engine is a factor of approximately 2.3 lower
than for the 25 kWe engine. However, the per unit cost of the concentrator
inereases qulte slowly with size from the approximate 11-m diameter optimum
(for the 25-kWe module) to the 17-20 meter size needed for the 75 kWe module.
Thus, the overall system optimum appears to be at the 75 kWe size. When
concentrator cost decreases, as is expected with the Advanced Concentrator,
the incentive for the 75 kWe system module increases even further.

The Ford production cost estimates for the Stirling engine have since been
substantiated by independent studies. Increased emphasis is therefore being
given to the 75 kWe system concept as well as to the 25 kWe module for which
technology demonstration is scheduled. The smaller system modules, to be
tested during FY 1981, may be used in specific remote or military
applications, and their development is expected to continue.

Additional Technology Needed

All major technologies for both the 25 kWe and 75 kWe dish-Stirling system
sizes, are expected to be established by FY 1981. There are secondary
technology needs that must receive attention through FY 1982 and 1983. These
include the following: '

Demonstration of ceramic receivers

Development of coal-fueled combustors
Optimization of stand-alone technology

Final detailing of production methods

Continued evaluation of performance and lifetime

Q0 C oo

#Phase I of the First 3Solar Small Power System Experiment (Experimental
System No. 1), Final Report No. U-6529, Ford Aerospace & Communications Corp.,
Newport Beach, CA, 5 May 1979.
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THE DISH-RANKINE SCSTPE PROGRAM
(Engineering Experiment No. 1)

by

R. L. Pons
Ford Aerospace & Communications Coxp. (FACC)
‘Aeronutronic Division
Newport Beach, CA 92663

ABSTRACT

Paper summarizes the activities planned for Phase II of the Small Com-
munity Solar Thermal Power Experiment (SCSTPE) program. A Dish-Rankine
Point Focusing Distributed Receiver (PFDR) solar thermal electric sys-
tem will be designed and developed and a single power module tested at
‘the JPL Solar Thermal Test Facility, Edwards AFB, California, Major
design tradeoffs will center on the choice of Steam versus Organic Ran-
kine Cycle engines, Preliminary performance analyses indicate that a
mass-produced Dish-Rankine PFDR system is potentially capable of pro-
ducing electricity at a levelized busbar energy cost of 60 to 70 mills
per kWh. '

INTRODUCTION

FACC will be the Systems Contractor for Phase II of the SCSTPE program,
under contract to JPL, The Phase III effort, as currently envisioned,
will consist of the fabrication, installation and test of multiple power
modules comprising a complete power plant -- in the range of 1/4 to 1
MWe -- at a site to be selected by JPL/DOE.,

The Phase I studies carried out by FACC considered PFDR solar thermal
electric systems employing Stirling, Brayton and Rankine cycle engines,
Given the benefits of mass production, all of these concepts were shown
potentially capable of producing electricity at a cost competitive with
the energy cost projected for fossil and nuclear-fueled plants in the
"near future. The Dish/Rankine PFDR concept was chosen for the Phase II
SCSTPE program primarily because it offered the best performance for

the lowest program risk. In general, Rankine cycle engines represent a
well-developed technology and should prove to be very reliable equipment,
At the module power levels of interest (~ 20 KWg) to the SCSTPE program,
however, there is a lack of data on representative hardware and an ex-
perimental program is necessary to obtain operating experience and pro-
vide a valid data base for accurate projections of performance, relia-
bility and (maintenance) cost of the ultimate commercial systems.

PROGRAM REQUIREMENTS AND PLANS

The overall schedule for the SCSTPE.program is shown in Figure 1.- The
major constraint is the customer requirement to have a plant "on-line'
by the middle of Fiscal Year 1983, 7The critical path is represented by
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The initial 4-month Preliminary
Design task will provide the basis
for selecting the major subsys-
tems, In addition to program
R - e ) schedule and cost considerations,
FIG. 1. OVERALL MILESTONE SCHEDULE - subsystem and component selection
FOR SCSTPE PROGRAM will be based on a commercialized,
: mass-produced PFDR system (circa
, 1990) designed for 1 MW, rated
power without storage. The remote (unmanned) plant will intercomnnect
with a utility grid network; the Barstow, CA site will be employed for
preliminary design computations,

‘Major $Stbsystem trades will nddress the following key issues:

1) Concentrator
e Low-Cost Concentrator (LCC), or
e Test Bed Concentrator (TBC), or
e Other

2) Power Conversion
" @ Organic Rankine Cycle (ORC), or
e Steam Rankine Cycle
e Piston or Turbine or Rotary Expander
© Focal Plane or Ground Location for Components

3) Receiver
® Direct Heated, or
e Indirect Heated

The Energy Transport subsystem is a conventional electrical network,.
either AC or DC depending primarily on the type of engine and associated
power control system selected, With the aid nf a computer pragram de=
veluped by FACU during the Phase I effort, installed cable costs are
minimized as part of an optimization of the geometric layout of the
modules; the influence of land cost and the effect of solar blockage on
annual energy output are included in the optimization process.

FACC will also provide the overall plant control subsystem, Detailed
design of the hardware and software for cemplate cuntruvl of a mulfi-

. module plant is a major undertaking, particularly in light of the re-
quirement for unmanned operation.’ A complete hardware-in-loop system
simulator will be constructed so that complete dynamic simylation of
plant uvperation caii be achieved; varying solar insolation, start~-up,
shut-down, transient cloud cover, forced outages and the like will be:
simulated and thoroughly examined. An additional benefit of this simu-
lator is its applicability to other PFDR systems, regardless of the type
of englne employed,

26



BASELINE SYSTEM

A baseline system has been identified, derived partly from the results
of the Phase I SCSTPE study. It consists of 1) the General Electric
LCC, 2) a Sundstrand regenerated ORC engine with single stage turbine
expander and direct-coupled high speed alternator and 3) a Garrett
AiResearch direct-heated cavity receiver. Figure 2 shows the LCC with
the power conversion assembly at
its focus. The LCC is a 12m dia-
meter paraboloid with a rim angle
of 53 deg. (£/D = 0.5); projected
installed cost, at 100,000 units
per year is about $88.80/mZ, The
dish is comprised of multiple in-
jected-molded glass-reinforced
wwiwwn  €pOXy panels, or gores, with in-
' tegral structural ribs on the
back side for stiffness. External
front-braced steel ribs are pro-
vided for support and alignment of
the gores as well as for added
strength and stiffness. Solar
blockage due to the fromt struc-
ture, the power conversion assem-
bly and the support struts is .
about 5%. The LCC employs an "'
azimuth-elevation type mount which
permits stow in the inverted posi-

) RONT STROCTORE
BHACING

FUWE 1t MODUL O
IRLEE VIR, § NN
Al 1EHNATOR)

BUMOEL P NG

A FOCIHSED PUMITION

FIG. 2. LOW COST CONCENTRATOR ; : i
WITH INSTALLED ORC POWER tion to reduce wind loading, avoid
CONVERSION ASSEMBLY hail damage and provide easy ser-

- wvicing of the ORC power conversion

: assembly. Azimuth/elevation drive
is by electric motor via cable/drum arrangement. Position control is
accomplished by a combination of open loop system (computer-based posi-
tion prediction) for coarse control and closed loop system (fiber-optic
sun sensor) for final positioning. Pointing accuracy is 1/8 deg. (lo);
overall reflector slope accuracy is also 1/8 deg. (lo). Prototype LCC
unite employ almminized polyester film as the reflecting surface, inte-
grally fabricated with the injection molded gores. Reflectivity 1is
about 0.8 and reflector life is about 15 years. The fabrication process
is adaptable to silvered (glass) reflectors, which are currently under
investigation. :

Figure 3 shows the poweér conversion assembly, consisting of the ORC
engine/alternator; the receiver and associated plumbing. Complete
weight of the assembly is 547 Kg (1207 1b); it is 3.54m (8.33 ft) long
and, fits within a lm.. diaméter circle. The engine uses toluene as the
working fluid; at 427°¢ (800°F) turbine inlet temperature and 4,08 MPu
(600 psia), the toluene operates in the supercritical state and pro-
jected net efficiency, based on electrical output, is 27.5% at the rated
‘ambient temperature of 28°C (82°F). 1lilectrical output is 16,2 Kw, at
rated power conditions. An air-cooled condenser is packaged concentri-
 cally with the turbine/alternator/regenerator components as shown in

. Fig. 3.  Turbine inlet temperaturc is held constani. by varying the
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toluene mass flow rate -- in pro-
portion to the solar input to the
receiver -~ with a variable rate
feed pump. The variable power
level is accommodated by varying
turbine speed via alternator field
control. By varying the speed of
both the turbine and the conden-
ser cooling fan, engine efficiency
is nearly invariant with load, as
shown in Figure 4. This assures
high annual energy output despite
significant variations in solar
insolation, The high-speed alter-
nator is connected directly to the
'FiG: 3. ORC PUWER CONVERSION turbine shaft and produces vari-
ASSEMBLY able ffequency AC outPut as the
solar input (and turbine speed):
varies. A rectifier and inverter
are incorporated to provide con-
stant frequency (60 Hz) input to the utility grid. Gross weight of the
ORC engine, including alternator, is 296 Kg (654 1b); it is 0,86m (34
inches) in diameter and 1.55m (61 in) long.

The receiver consists of an insu-
lated cylindrical cavity with an

AMBIENT AIR

innér surface-to-aperture area 0 TEMPERATURE
. eI T Ty BOF
ratio of about 17.5. The heat D — 1

Tt

exchanger is a once-through design
with helically-arranged welded

SYSTEM 2
EFFICIENCY (%) 20

% DESIGN POINT —

Type 300 stainless steel tubes « THERMAL INPUT — 80kWqn

. R 0 ¢ TURBINE INLET — BO0%F T
forming the inner (side) surface . .ﬂﬁﬁﬁ%ﬁ%ﬁﬁ nene
of the cavi ty. The helical cnil L EVETEN EERICIENGY —h7.6%
is 508mm (20 in) in diameter and = ¢ R 7h% " Ti00% THERMAL INPUT

5kW, 10kWe 18kWy  22KWg

“635mm (25 in) in length; tube OD

is 15.9mm (5/8 in) with wall thick-

ness of 0.7lmm (.028 in). The back FICG: 4.
surface consists of a ceramic disc

that reflects incoming solar radi-

ation to the side walls, which re-

sults in a more uniform flux distribution on the heat exchanger tubes.
-Gross weight of the receiver, including the heat exchanger coil, ther-
mal insulation, structural housing, aperture door and mounting struc-
ture 1s 151 Kg (333 1b).

PART LOAD PERFORMANCE
OF ORC ENGINE

SYSTEM PERFORMANCE

Detailed performance calculations have not yet been made on either the
baseline or alternate systems., However, the results of the Phase I
study indicated that an optimized Dish/Rankine system, at 100,000 units
per year would have a levelized busbar energy cost of 60 to 70 mills/
kWh and a capital cost of ~ $1100/KW,. Typical performance parameters
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for the baseline ORC system are given in Table 1. The Annualized
Capacity Factor (ACF) is determined by computer modeling of the total
system as a function of solar insolation and ambient temperature at the
site; system energy output is determined using 15 minute environmental
data tapes for the Barstow, California site. Note that collection
~efficiency (M¢o11) given in Table 1 is the combined efficiency of the
concentrator and receiver. Overall system efficiency (7,) is the mea-

sure of conversion from solar energy to electricity; it is approximate-
1y 19%. . ' '

TABLE 1

BASELINE ORC SYSTEM PERFORMANCE PARAMETERS

T(ENG), ¢ | 427
t?R(RcvR), °c 502
Mol 0.708
neng 0. 275
: “o 0.185
Cope | 1400
ACF o 0.418

CONCLUSION
The SCSTPE program will provide the first field demonstration of a mod-

ular PFDR system. It should provide valuable operating experience and
establish a data base for introduction of future operational systems.
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TECHNOLOGY ASSESSMENT: LINE-FOCUS CONCENTRATORS‘

J. F. Banas o
Component And Subsystem Levelopment Division 4722
" Solar Energy Frojects Department
Sandia Laboratories
Albuguerque, New Mexico

Int;oduction

Over the rpast five years, collector/system hardware experiences at
Sandia Laboratories within the Solar Thermal Fower Systems Frogram
sponsored by the DOE Cffice of Energy Technology have been the
following (Reference 1):

-~

- Linear Fixed Mirror, Movable keceiver Concentrator - GA
Linear Fresnel lens Concentrator on Two Axis Tracker - MLAC

.Farabolic Dish - Raytheon

ILinear Fixed keceiver, Movable Mirror Concentrator - Suntec .
Farabol ic Trough - Hexcel

Linear Fixed Mirror, Movable Receiver Concentrator - SA -
Farabolic Trough = Cel ‘

poving Belt Fresnel Mirror Concentrator — FMC

Farabolic Trough - Acurex

Farabolic Itougg - Sandia S

MSSTF - 8000 Ft ilectors, 32 ki, 1Total Energy Flant
Willard - 14,000 Ft2 Collectors, 25 HE Irrigation Flant

These eleven collectors and two systems were fabricated, tested,
and evaluated in order to define engineering development
problems requiring solution prior to commercialization
initiatives. This paper describes the major engineering
problems and near-term development emphasis.

Summary Status of Existing Technology

From an overall viewpoint the status of existing line~focus collector
technology can be summarized by the following three points.

First, the thermal efficiencies of current collectors are not yet at
the goal of between 60 and 70% at 600°F although there appears a.

- definite and encouraging trend with successive collector generatlons
to meet this goal.

Second, the durability of existing collectors is low relative to
requirements of 10 to 20 years dictated by cconomics. Both environ-
mental degradation of materials and, as yet, inadequate treatment of
system safeties contribute to this durability issue.
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Third, ex1st1ng technology does not yet lend itself to low-labor mass-
production materials and processes which will be req01red to meet
cost goals.

Collector Concegt

‘The performance prototype concepts which have been evaluated at Sandia
Laboratories include the tracking aperture type exemplified by the
parabolic trough and the fixed aperture type exemplified by the Solar
Linear Array Thermal System, the- Fixed-Mirror Solar Collector, and the
Faceted Fixed-Mirror Concentrator.

Utilizing measured normal-incidence thermal efficiencies, an estimate
of annual average collector e£f1c1ency can be made which includes
cosine losses. The results shown in Figure 1 as a function of average
collector temperature indicate a substantial performance advantage to
.the tracking aperture type of collector mainly due to the lower
average cosine losses relative to the fixed aperture type of
collector.

G Parabolie Trough

VARIABLE - COL TILT
O Purabolie Trough

MAX - 35,0 MIN - 0,0

? f},‘;‘s’? _MIN. SOLAR ELEV-0,0
COL TILT ANGLE -35,0 -

DAYS OF THE YR, AVER,

=365

” FFMC
: SOLAR TAPE ID - ALBIMYS

of -

ANNUAL AVERAGE COLLECTOR EFFICIENCY

0,00,19,2030,40,50,60.7 0.8 0,910
T

3 A i i e 1 Il i 1 A L s A i

s20 40" 60 80 100 120 140 150 180 200 220 240 250 280 300 320
AVERAGE COLLECTOR TEMPERATURE (C)

Fioung 1, ESTIMATED AVERAGE COLLECTOR EFFICIENCY
BASED O PEASUPSD NORFAL ~ INCIDENCE EFFICIENCIES-

This performance advantage of the tracking aperture over the
fixed aperture is a primary consideration to both near-~term
and longer-term applications of line-focus collectors.
(Reference 2).

In the near~-term, process heat is the likely application market
because of system 51mp11c1ty. Slnce approxlmately half of the
process heat usage is below 600°F, it is important, during market
initiation, to identify a collector concept which is capable
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of giving high rerformance over this potential temperature-use
spectrum.

In the longer-term, cogeneration which will obtain process heat from

a power conversion cycle is the likely application market because of
economic advantages of simultaneous production of electricity and pro-
cess heat., In this case, it is important to identify a collector con-
cept which is capable of high performance at elevated temperatures in
order to provide high quality energy to the power conversion. cycle to
achieve reasonable thermal-to-electric conversion efficiencies.

Test and evaluation data to date indicate that the parabolic trough
is the preferred line-focus collector concept for the near-term
and longer—-term potential markets.

Recent engineering development efforts at Sandia laboratories have
resulted in a parabolic trough collector which establishes the feasi-
bility of meeting the thermal efficiency goal. Test data for Ihe sn-
~callwd Engineering krototype Trough (References 3, 4) indicates 60%

peak-noontime thermal efficiency at 600°F. To achieve the performance
goal this collector embddies, as described in this paper, several de-
sign improvements in the areas of reflector material, structute,
tracker, receiver and selective coatlng.

Structures

In order to achieve cost-effectiveness in mass-production, not only
must the collector structure feature a high stiffness~to-weight ratio
so as to keep material content to a minimum but also the collector
structure must be amenable to low-labor manufacturing processes.
Three structural concepts with high stiffness-—-to-weight ratios and
potential for mass-production manufacturahility ace shown in Figure 2.
Structural design analyses indicate for a 90 mph wind survival
criterion that these concepts may weigh three to four pounds per
square foot including mirrored glass which serves as the reflector.

SHEET @ETALIGIAE EHFET HOLDING COMPOUND - BHC/GLASS STEEL SIKIN - FOAM CORE/GLASS

€.A58.00NDTD

Fiouat 2, PATABOLIC TROUGH REFLECTOR/STRUCTURE DESIGY COCEPTS.
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The first concept consists of a ribbed frame panel which is
stamped from sheet metal and attached to a sheet metal skin
supporting the reflector.

The second concept consists of a sheet molding compound (SMC)

panel "into which is molded the glass reflector to eliminate a
separate bonding operation; hat sections are bonded to the panel to
achieve high stiffness, The 2m x 1lm dimensions of the sheet metal
and SMC structures are constrained by current stamping and molding .
Fress capabilities in industry.

The Budd Company has recently initiated efforts to develop proto-
tyres of the sheet metal and SMC concepts.

The third concept consists of a sandwich structure of high density
foam core and steel skins in a size potentially as large as 2m x 6m.

Feflective Materials

Over the rast several years at Sandia Laboratories accelerated
environmental testing of materials has been performed (Reference 5).
Anodized aluminum after one year of freeze/thaw cycling in a high
hunidity environment estimated to simulate twelve years of real time
exposure shows severe corrosion of the material which s1gn1f1cant1y
degrades reflectance.

S8imilarly, a variety of polymer film reflective materials have

been tested including aluminized acrylic. After accelerated aging
the material shows severe delamination occurring tetween the f%}m
and the structure which significantly reduces optical performance
and, more importantly, lifetime. Lifetime of typical polymer films
- 1s further limited due to poor abrasion resistance of the film.

Eased on environmental test data to date, mirrored glass appears
to be a preferred reflector material for at least the near-term.
Its advantages over alternative materials are twofold. First,
specular reflectivity of. 958 has been achieved with silvered glass
as corntrasted to only about 75% with anodized aluminum and about
85% with polymer films. Second, as supported by environmental
"testing, mirrored glass gives significantly better durability.

',Eevelopment of mirrored glass for line-focus collectors has been
slow for the following reasons: alternative materials are currently
less expensive, glass is more difficult to design into a collector
due to a:long-term tensile stress limitation of about 1000 psi, and,
. finally, production sources have been unavailable.

Three potential concepts for glass are chemically strengthened,
thermally formed, and, socalled, thin glass laminates. Eevelop—
ment problems and issucs with these concepts are listed in
Fgure 3.



Chem1ca1 strengthening, achieved by an ion exchange process,
provides a high compressive stress state at the surface of the
glass sheet. 1lhus, chemically strengthened glass can be:-elasti-
cally deformed into the collector to form the reflector surface.
Corning- Glass Company has initiated an effort to estimate cost
of chemically strengthened glass in production volumes.

- Thermal forming of automotive windshields is accomplished either
by gravity sagging into a frame mold or press forming between
male-female surface molds. Ford Glass Civision using gravity
sagging and FFC using press forming have initiated efforts to
develop thermally formed glass prototypes of lm x lm dimensions.
A key oroblem which has not yet been addressed is the silvering
of large, contoured surfaces.

~Thin. glass laminates consist of perhaps a 10 mil mirrored glass
sheet bonded to sheet steel. The neutral axis can be placed in
the steel allowing the glass to remain in compression when elasti-
cally deformed. Because of the fragility of the thin glass between
forming and lamination, manufacturability has been of serious
concern.

CHERICALLY STREUSTHE'IED: o PRIDUCTION COST - CCANING
(S0 a1y x 85 1w, 1 40 ) o LOuG TCE! DURABILITY 1N STRESSED STATE

THERVALLY FORVED: o PRODUCTION COST
€60 miL x &5 tn. x 40 18.) o CCYIOUR TOLERAUCES AND HANDLING - FOPD
GLASS DIVISICH ALY PPG
o PIRRIRING CF CUSVED PIECES

PRODUCTION COST

PATUFACTURABILITY

LONG TERY DUPASILITY 1N STRESSED STATE
RAUIDLING THROUGHIIYT SA'LF ACTURMG

LRIKATED:
€10 n1L x 45 . x Q0 1)

e a o o

Ftoure 3. DEVELOPYINT PRIZLEMS/ISSUES FO3 GLASS
AS A REFLECTIVE IAIERIAL,

Recelver

Because of an apparent near-term cost advantage, current emphasis
18 Oon receivers which are sealed to the environment but non-
-evacuated.

Studies have indicated a significant performance advantage of 10%
increase in thermal efficiency for the evacuated receiver but

reguires a laboratory type vacuum (References 6, 7, 8). Further-
.more, accounting for thermal expansion in an evacuated receiver is

34



a aifficult design problem within a cost budget of about seven
dollars per linear foot of receiver. A definite advantage of the
evacuated receiver is that the cleaning problem of the receiver
interior is eliminated.

In addition, an antireflection coating on both the interior and
‘exterior surfaces of the receiver glass envelope appears from
analysis to offer a significant performance advantage of 10%
increase in thermal efficiency. Corning Glass Company has
recently initiated an effort to develop a prototype glass
‘envelope with an antireflection coating for test and evalu-

ation at Sandia Laboratories. Both cost and durability due to
environmental degradation are issues of concern for antireflection

coatings.

It may be of interest, before leaving the topic of reflectors and
receivers, .to note a phenomenon which has been observed on several
collectors. Liscrete focal lines are seen on the receiver tube
giving an appearance of light and dark stripes. Laser ray trace
data conf1rms that the phenomena is a characteristic of the
reflector. The effect has now been seen on the Acurex trough with
either anodized aluminum or thin glass laminate, the Solar Kinetics
trough with aluminized acrylic, the Custom Engineering trough with
sagged glass, and the. Sandia trough with chemically strengthened
glass. Thermal analysis indicates a one percent efficiency
degradation from the effect; of more concern may be the influence
- of the effect on performance of a photovoltaic receiver which
requires more uniform illumination.

Selective Coatings

In order to achieve reasonable efficiencies at elevated tempera-
tures, an external receiver in a line-focus collector must feature
a selective coating. Such coatings maximize absorptance in the vis-
ible spectrum and suppress radiation in the infrared spectrum.
Black chrome has been the most popular selective coating for
line-focus ‘collectors as well as flat plate collectors.

A thermal instability has been previously noted from typical black
chrome plating baths in which solar absorptance is significantly
reduced after only a few hundred hours at temperature (Reference 9).

It appears that current emphasis will remain with black chrome as a
selective coating. It should be noted that SERI has recently
initiated efforts to develop blaCk cobalt as a selective coatiny.

Eased on work over the past two years at Sandia Laboratories in
cooperation with Barshaw Chemical Company, thermal stability of
black chrome has been achieved in the laboratory using a modified
pPlating bath composition.
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Two efforts over the past year are being used to formulate a
plating process definition. Honeywell has produced a preliminary
draft of a plating handbook which relates optical properties to
bath composition and plating parameters. Sandia in conjunction
with Highland Flating has recently completed a production run of
black chrome plating to investigate production process problems.
It appears that typical production plating instrumentation may

be inadequate to achieve at this time a specification for high
quality selective coatings (Reference 4).

Trackers

Sun-tracking by means of the shadow band detector has been the
popular method of providing the tracking function. Using sun-
tracking, the average high intensity point in the sky is tracked.
Froblems to date include poor tracking accuracy, false locks on
clouds or buildings, biases due to selective drifting of differ-
" ential amplifiers, and maintenance due to dirt accumulation.

In addition to sun-tracking, there are two other methods of
tracking: computer-tracking and aperture-tracking. Using v
computer-tracking the sun's theoretical position is computed based
on a clock input; the collector can then be pointed to the computed
angle using feedback from a position sensor. Using aperture-
tracking the collector is positioned to maximize the flux on the
receiver by means of a flux sensing device.

Current emphasis in tracking is directed (Reterence 10) toward
combining computer-tracking and aperture-tracking as shown in
Figure 4. A search elgorithm is periodically initiated to correct
computer-tracking biases by means of aperture-tracking. Further-
nore, apetture~tracking serves to integrate the flux distribution
down the leiylh uf the recéiver to tind the best average p051t10n
for the collector dr1ve string.

A fine resistance wire, hellcally wrapped down the receiver,
is heing investigated. as a fast responding flux sensor. Flux
sensing based on fluid temperature appears to be too slow in
response due to the relatively large thermal mass involved.

‘The key problem at this time appears to be identification of a
collector position indicator giving tenth degree accuracy at a
cost of only a few hundred dollars.

If microprocessors are utilized to support the tracking function,
it is suggested that a process computer should be designed to
integrate the tracking functlon the fluid control function and
the systems safeties.
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Drive

Current emphasis in the drive system is the concept of an integral
drive pylon which consists of an electrically driven pump interfacing
with a hydraulic pressure accumulator and a hydraulic actuator to
rotate the collector drive string. Several advantages can be listed
for this concept: field layout only requires electrical wiring, high
force capability at low speed, low instantaneous power requirement,

. and multiple speed capability with little additional cost. Ferhaps
the key advantage results from the emergency defocus requirement. The
hydraulic accumulator in operation remains pressurized at all times;
in an emergency stow condition the accumulator is dumped to drive the
collectors to stow. Electromechanical drive systems must provide
standby generator power or batteries both of which are subject to
reliability problems. LCesign of a gearbox specifically for an
electromechanical drive system is a key area requiring engineering
development.

wind Loads/Foundations

A consistent problem with existing solar collector installations
has been high cost associated with pylons and foundations. Two
recently completed test programs indicate that designs have been
very conservative.

Wind loads on parabolic trough arrays have been measured by

Colorado State University (Reference 11). Fesults indicate that
fences combined with row-to-row shadowing cause reductions of peak
lift and lateral forces by factors of two and four respectively.

No significant reduction in pitching moment was observed by CSU _
indicating that reflector structure design has been adequate using
previous wind loads. Finally, the test data indicates that mounting
height of the collectors from the ground should be as small as
possible to minimize wind loads and thereby reduce structural weight
and cost.
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A foundation design study and test program has been conducted by
Higgins, Auld, and Associates (Feferences 12, 13, 14). Results of
the design study indicate that cylindrical reinforced concrete

piers provide the most cost-effective foundation system of fifteen
designs considered. Test data verified that restraining forces pro-
vided by the soil' are substantial and should be accounted for in the
foundation design at sites featuring good soil properties. This
foundation work indicates that a goal of fifty cents per square foot
of collector aperture for foundations may be feasible.

Collector Field Subsystem Layout N

Two other consistent problems with existing solar collector Systems
have been high cost of the piping and high thermal losses in
the field pipiry.

An ongoing field layout design study by Jacobs-Del Engineering has
reached a number of preliminary conclusions. Unlike refinery type
systems which run under steady state conditions, solar systems
exper ience high thermal losses due to night cooldown; it appears
that increased insulation is cost-effective in decreasing thermal
losses. Furthermore, downsized piping to further reduce heat losses
and thermal mass appears overall cost-effective even though cost of
parasitic pumping may increase. Finally, and perhaps most
importantly, the study indicates that a piping cost goal of twenty
percent of installed field cost may be feasible.

State—of-The-Art Trough Design Features

Figure 5 summarizes suggested trough desxgn features. A thermal
efficiency goal of greater than 60% at 600°F reguires a system
error budget of seven milliradians which implies accurate struc-
tures with two milliradian slope error. Dimensions such as two
meler aperture, 92° rim angle and six meter mcdule length are
suggested in order to begin some standardization to stimulate
production oriented sources for structures and reflector materidls
during market initiation. Modular systems based on 50,000 square
feet of collectors may be appropriate:to attract user interest
during market initiation but it is suggested that such modules be
designed to be expandable to larger installations in the longer-
term, . leewxse, fluid control systems can be simple in concept
for say 300°F process heat utilizing collectors capable of 600°F,
however , cogeneration systems will reguire more accurate tempera-
ture controllers.

3¢



SYSTEM ERRIT BUDGET « 7 IR,

2 PETER APERTURE, 920 RI® AGLE, 6 PITER COLLECIOR MODULE LEHGTH

24 FETER DRIVE STRING LE:GTA WETH CENTER DRIVE

4008 SEUARL MLTERS FIELD MOLULE EXPAIDIBLE TO 4CGSO SOUAPE METERS

INTEGRAL DRIVE PYLEUG ¥ITH ELECTRIC PUP/HYDRAULIC ACCULATOR AD

ACTUAICR

o SEALED/UNEVACUATED RECEIVER MITH BLACK CHROME SELECTIVE COATING AND
OIL HLAT TRAISFER FLUID

o HICROFROCESSIR BASED TRACKER XITH CLOSED LOOP INTEGPATIIG FLIX
SCNSOR

o CHEMICALLY STRERSIHENSD OR THESYALLY FORMED GLASS PEFLETTOR

o STRUCTURES LASED 0% SHCET yZTAL, SKC., SANDHICH TECHNOLOGIES

Fioure S. SUCGESTED TROUGH DESIGN FEATURES.

" Conclusion

In conclusion, our common current aim in line-focus collector
technology should be toward engineering development to establish
a target collector with high performance, durability, and
reliability utilizing mass~production technology with

potential for low cost.
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~ ADVANCED RECEIVER TECHNOLOGY*

A. A. Kudirka

Jet Propulsion Laboratory
California Institute of Technology-
Pasadena, CA 91103

ABSTRACT

Development of advanced receiver technology for solar thermal
receivers designed for electric power generation or for industrial
applications is reviewed. The development of this technology is
focused on receivers that operate from 1000°F to 3000°F and

above. The development program is organized to promote development of
innovative and efficient concepts, rather than hardware. Current
advanced receiver development projects are categorized in terms of
application temperature or function and their status and progress are
reviewed.

INTRODUCTION

The receiver is a key component of a solar thermal power system. It
is designed to capture concentrated solar energy from a concentrator
and convert it into thermal energy within the working fluid of -the
receiver. This process must be performed with a minimum of losses to
achieve attractive system efficiencies.

It is important to be able to achieve high operating temperatures in
advanced receivers to permit the use of higher efficiency engines and
open the door to an increased number of useful industrial processes.
Thus, the impetus in receiver technology is toward higher efficiency
and higher temperature designs, while satisfying the needs of
particular applications.

The goal of the receiver technology program is to promote the
development and demonstration of innovative and efficient receiver
concepts for application to advanced electric, industrial process
heat, and fuel and chemical applications. The focus of the program is
on technology development for receivers that operate from 1000 to
3000°F and above for special application. The emphasis is on
development of technology rather than hardware per se. Technology is
developed at the most appropriate level starting with subscale and
laboratory experiments when feasible, then proceeding to point focus
experiments to minimize costs, and then finally to centrai receiver
systems if appropriate.

A number of key technical challenges must be met to arrive at the
‘required receiver technology. For instance, receivers have to be .
designed to: minimize energy losses, provide efficient energy
transfer, be compatible with buffer storage and fossil fuel operation,
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provide stability and proper distribution of flow, withstand extended
thermal cycling, and be economically viable.

‘SUMMARY OF CURRENT EFFORT

Key programmatlc and technical characteristics of all receivers

covered here are summerized in Table I for easy reference and to
'provxde a quick overview of the current status of receiver technology
program., The receiver technology development program also forms a
basis for a whole range of industrial process heat applications

: although no BpeCIflc areas have been selected as targets.

Table 1.

SUMMARY OF RECEIVERS DISCUSSEN

COGNIZANT
LRIBGURY URGANLZATION
High Temp. JPL -
High Temp. JPL
High yemi.: DOE/JPI.
High Temp. EPRI
High Temp.' Ssndia/L
“Adv. an'ycon EPRT
Adv. Braytcn - JPL
'Stirling JPL
Stirling JPL
Adv. Rankine SERT
Adv, Rankine JPL
fPuels & Chem's DOE/JPL.
Funls & Chenm's arny
Fuele L Chen's anny

PERFORMING
ORBANYZAFTON

‘Sanders

Ganeral EBleotric
MIT-Lincoln Lab's
Black & Veateh
Sandars

Boeing

Garrett

Pairohild-Stratos

ﬁmmlmuum

Georgla Inst. Tech.

Garrett
NRI.
SFRT
JERT

RECETVER
SETE
(kwWt.)

75

300

75
TRD
Tah

NPERATTNG
TEMP., °F
2000/2000°F
2000/30000F
1800°F
19500F
.1o=oﬁr
15000F
15000F

1500°F
1500°F
1100°F

13000F
17000F
120007
16000F

UNRK.INC
FLUTH

At-, He, N

. Atr, He, Np

Atr, others
Alr
Alp
Air/others
Alr

He
He/Na®
ugn
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Gas+

PROJENT STATUS

Concaptnal Study
ConnephuhI Study
Component Test ('79)
Model Snlar Test ('80)
Mode). Solar Teat ('79)
Model Solar Teat ('79)
Solar Test ('80)
Snlar Test ('80)
Evaluation and

Solar Test ('81)

Porformniics Tesl
('79 - '80)

Solar Test ('80)
Advanced Development
Advance¢ Development

Advanced Development

® Heat pipe concept
98 nThermosyphon" concept

- *Pntratned solids in mas (biocmass)

High Temperature Receivers

s

High temperature receivers are covered here individually because the
goals can be considered generic and because a number of requirements
are characteristic and unique of high temperatures.

High temperature ceramic receiver concepts for application between
2000 and 3000°F are being investigated by Sanders Associates and

General Electric Company. '
being evaluated in detail in a 75 kWt size.

Two concepts have been selected and are
One of them is based on a

ceramic honeycomb matrix heated through a quartz window, and the other
is based on a single ceramic coiled tube heated through a ceramic
"thermeal 1nert1a sleeve.
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Figure 1. Ceramic Receiver Concept
(Two slip-cast cylinders)

In addition, the feasibility of fabricating a ceramic receiver using
glip-casting techniques is being evaluated. A typical design that
could be produced using this technique is illustrated conceptually in
Figure 1. It would be manufactured by slip-casting two concentric
cylinders and by incorporating the coolant passages on the outer
surface of the smaller cylinder. Then the cylinders would be fired
and bonded to form the seals for the cooling passages.

Ceramic receiver configurations can be adapted for Brayton, Stirling,
and thermochemical applications. The most attractive concepts will be
selected for solar testing.

A ceramic dome receiver concept for operation at 1800°F has been
evaluated by MIT-Lincoln Laboratories. Analyses were completed for
application of single and multiple dome concepts to Brayton and
Stirling cycles. Ceramic metallization and brazing designs were
developed and shown to be suitable for metal-to-ceramic seal
transition. Acceptable seal leakage demonstrations were performed for
2 and 12 inch diameter domes under limited steady state thermal
conditions.

A one MWt ceramic tube and header type bench model receiver is being
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fabricated for testing by Black & Veatch for the Electric Power
Research Institute. The working fluid is air which is heated to
1950°F as it flows through 1.125 inch ID, 7.5 feet long SiC tubes.

At this time assembly and pretest checkout of this receiver are being
performed. It is scheduled for solar testing at the CRTF (Central
Receiver Test Facility) in Albuquerque, in 1980. The goal of the test
program is to provide creditable indications of the performance that
could be anticipated in a commercial-size system.

In addition, a 250. kW ceramic honeycomb receiver using air at ambient
pressure as a working fluid has been tested at 1950°F by Sanders at
the Advanced Component Test Facility (ACTF) in Atlanta.

" Advanced Brayton Receivers

Brayton cycls. receivero require luw pressure drop through the heat
exchanger to minimize losses, and a relatlvely large heat exchanger
- area, and may require a thermal buffer.

A 1000 kWt bench model metal tube and header receiver designed by
Boeing for the Electric Power Research institute has been recently
_tested at CRTF at air exlt temperatures up to 1500°F.

‘Its heat exchanger tubes are 0.2 inch ID

and 50 inches long, and are made from Inconel 617. Both steady “state
and transient tests were performed. Convection losses through the
aperture were higher than expected. Basically these tests provided
data that verifies this type of concept for a commercial solar power
plant. While some of the data are still undergoing analysis, it is
expected that this receiver will demonstrate an efficiency in the
mid-eighties in percent.

A plate fin metal receiver has been designed and is being fabricated
by Garrett Corporation for 1500°F operation with air. This receiver
is illustrated in Figure 2. It features a 75 kWt plate~fin heat
_exchanger made from Inconel 625. This receiver is scheduled for solar
tests by JPL in 1980. Coe

Figure 2. Plate Fin Brayton Solar Receiver
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The high temperature ceramic receiver concepts discussed are expected
to be readily applicable for Brayton cycle application, and it is
anticipated that one or more will be selected for Brayton
demonstration. Such a demonstration might utilize the advanced
automotive gas turbine being developed by DOE.

Advanced Stirliné;?eceivers

Receivers designed for Stirling engines have to meet some rather
unique and strict heat transfer and structural requirements because

the heat exchanger tubes are connected directly to the engine cylinder .

heads, contain the engine working fluid, and their volume is directly
dependent on the cylinder engine displacement volume,

Two separate receiver concepts are currently being developed for the
Stirling engine program. One involves design and fabrication by
Fairchild-Stratos of a 1500°F metal tube receiver which can operate
either on solar or fossil fuel input. It does not incorporate any
integral thermal storage. The heat exchanger features 0.145 inch ID
Inconel 617 tubes encased in a copper slab to optimize thermal
performance. The receiver is sized at 75 kWt, and is scheduled for
solar tests by JPL with a United Stirling P-AO engine in late 1980.
The other receiver project involves evaluation and development of a
15009F receiver by General Electric with thermal storage and hybrid

operation capability based on a sodium heat pipe concept. It is being

designed for 75 kWt to operate with a Phillips Stirling engine based
on their 198 model. Also advanced concepts for temperatures greater
than 1500°F are under consideration. .

Advanced Rankine Receivers

Receivers for Rankine cycle appllcatlon can be expected to operate at
600 to 1100°F us1ng steam, organic, or bl-phase fluids. Since the
Rankine cycle is widely used and accepted, it is important to develop.
the -full potential of solar systems that may use this system.

Currently,‘a test program is underway for a Francia receiver at the

" Georgia Institute of Technology. This 300 kWt receiver has been
operated at its design temperature (1100°F) and pressure (1700 psi)
for a brief period. 1t features a large aperture with glass tube heat
traps. .

A 75 kWt metal coil receiver is being developed and fabricated by
Garrett. This receiver will deliver primary steam at 2500 psi and
reheat steam at 160 psi, both at 1300°F. The primary heat exchanger
_consists of a single Inconel 625 coiled tube (0.3 inches ID) that
serves as a steam generator and a super-heater, and the reheat section
features a 0.5 inch ID coiled tube. This receiver is scheduled for

solar tests by JPL without an engine in mid-1980.
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Fuels and Chemicals

Receivers here are intended for use in fuel or chemical manufacturing
processes or for conversion of solar thermal energy to chemical energy
for subsequent storage and use. The temperature range required for
such processes can range anywhere from 600 to 3000°F and upward.

This means that both metal and ceramic material technologies will be
involved. The initial steps in this area have been to demonstrate
technology feasibility.

A ceramic counterflow heat exchauger/converter is being developed by
the Naval Research Laboratory to chemically dissociate 803 in a high
temperature receiver using a platinum catalyst. Recently, thermal
S03 dissociation has been demonstrated in this project at the New Mexico
State University test facility in a configuration applicable to solar
tusing quartz tubes and platinum coated pellets. The feasibility of
using a metal heat exchanger/converter for this process is being
evaluated analytically and experimentally at the Jet Propulsion
Laboratory. ‘

A so-called "thermosyphon" receiver is under development at SERI for
operation at 1200°F with sodium as the primary fluid. Emphasis is
on feasibility evaluations, such as study of sodium pool boiling
stability. This receiver would be targeted for chemical production,

' . A receiver (targeted for biomass applications) operating with

entrained solids in & gas stream is also under development at SERI.
The first phase involves building a receiver with a copper body to
operate at 1600°F using water/steam as heat exchange medium to
demonstrate thermal and structural feasibility.

*This paper presents one phase of work carried out at the Jet
Propuleion Laboratory, Califotrnia Imstitute of Technology, under
sponsorship by the Department of Energy, Division of Solar ?echnology,
through an interagency agreement with the National Aeronautico and
Space Administration. :
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.. NON-HEAT PIPE/P-40 STIRLING ENGINE

R. A. Haglund, Senior Project Engineer
Fairchild Stratos Division
Manhattan Beach, California

ABSTRACT

This project will demonstrate the technology for a full-up Hybrid
Point-Focus Distributed Dish Stirling Solar Thermal Power system
by the fall of 1980 at JPL's Desert Solar Test Facility near Lan-
caster, California. Hybrid operation is provided by fossil fuel
combustion augmentation, which enables the Stirling engine to
operate continuously at constant speed and power, regardless of
insolation level, thus providing the capability to operate on
cloudy days and at night,

‘The Non-Heat-Pipe Receiver/P-40 Stirling Engine system will be
installed and operated on the JPL Test Bed Concentrator. A 25-
kW direct-driven induction-type alternator will be mounted di-
rectly to the P-40 engine to produce to a 60-Hz, 115/230-volt
output.

NON-HEAT PIPE RECEIVER DESIGN

The Non-Heat-Pipe Receiver design is a cavity-type receiver, as
illustrated in Figure 1. The primary receiver surface is a con-
ical plate with integral passages for the helium working fluid.
The passages are formed by Inconel 617 tubes imbedded in a
copper matrix, which in turn in incapsulated in an Inconel 617
sheet. The cone is heated by solar insolation on the exposed
surface and by combustion gas on the back surface and the re-
generator tubes. The receiver is attached directly to the Stir-
ling engine cylinders and regenerator housings. Simpliclty in
design has been emphasized, along with extensive use of parts
and assemblies proven in other applications but under similar
operating conditions, s8such as normally found in industrial
boilers and gas turbines. Where expensive cobalt alloys are
required, their use has been minimized. '

The combustion system design is based on heavy duty industrial
burner technology, scaled to the size and configuration required
to assure reliable cold start, stable combustion over the full
operating range and uniform heating of the heater tubes extending
from the underside of the cone to the engine regenerator mani-
folds. ' The ccmbustion air, provided by an electric-motor-driven
constant speed blower, is directed through a preheater into the
combustion chamber, which contains eight integrally cast ven-
turies, oriented to produce a swirling flow field ineide the
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FIGURE 1. NON-HEAT PIPE/P-40 STIRLING ENGINE

combustion chamber. Fuel is introduced through a Jjet located
inside each venture. Electric spark igniters are provided di-
rectly in front of two of the venturies; the igniters also pro-
vide flame sensing, so that the main fuel valve closes auto-
matically in the event of flame-out. Automatic restart is pro-
vided. '

Performance Goals

The following performance goals have been identified by JPL for
the Non-Heat-Pipe Receiver design:

Concentrator diameter (active) . 10 m

Geometric concentration ratio 2000

Peak insolation (1 kw.m?2) 76.5 kW
Concentrator efficiency (clean) 0.83

Total error (slope plus pointing) 3 mr

Fossil fuel combustor. peak input to helium 70.0 kWg
Combustor turndown ratio 10:1 _
‘Working fluid temperature (helium) 4 1200° to 1500°F

Peak engine pressure (helium) 2500 to 3000 psi
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Expected Receiver Performance (24-cm Aperture Diameter)

Losses (kW)

Radiation 2.8 52
Reflectance 0.9 0.7
Convection 3.6 4.4
Efficiency (%) 0.875 0.827
Maximum Cavity Temperature (°F)

Center Plug 1966 2053
cone 1561 1836

Program Status

The receiver design effort has been completed and a Detailed De-
sign Review was held on September 27, 1979. As shown by the
schedule in Figure 2, combustion and heat transfer tests are
being conducted at Fairchild Stratos Division in Manhattan
Beach, California and are carried out jointly by JPL, Fairchild
and the Institute of Gas Technology. Test objectives include
evaluation and demonstration of cold start, combustion stability
and energy release at various power levels, combustion air pre-
heat, pressure drop, fuel/air ratios and heat transfer. Reliable
cold start performance, full design output power and turndown
capability have been demonstrated. The general arrangement of
the combustion test rig is illustrated in Figure 3.

TASKS YFAR 1979 1980
MONTH {3 |4 |56 |7 (8 |9|10j11|141]2|3]|4|5]6|7 |8 |aliolaifi2
Contract Go Ahead |7\
Preliminary Design (PDR) 2

Detailed Design (DDR) e

Combustion Tests . Vi A
| __Receiver/P-40 Compatibilitv
Final Technical Review Tests A
Receiver/P-40 Acceptance Tests A
Full-up System Demonstration A1

FIGURE 2. MAJOR TECHNICAIL MILESTONES CONTRACT 955400
30 November 1979
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HEAT PIPE SOLAR RECEIVER FOR THE STIRLING ENGINE

W.F. Zimmerman
Advanced Energy Programs
General Electric Company

Evendale, Ohio

ABSTRACT

A heat pipe solar receiver, with integral latent heat storage provided
by a sodium fluoride-magnesium fluoride salt, has been conceived and is
under study. The system can readily accommodate fossil fuel hybridiza-
tion. Design configuration testing on primary heat pipes and secondary
heat pipe wicking has been completed successfully and a modular experi-
ment to confirm the performance and define the operating characteristics
of the thermal transport and storage systems is ready to start. Further
conceptual design studies have indicated that the cost targets in mass
production are achievable utilizing oxidation resistant ferritic or
laustenitic stainless steels, inexpensive high thermal conductivity
sialon type ceramic materials and only a minimum use, if any, of super-
alloys.

INTRODUCTION

The initial conceptual design of an integrated, focus mounted distributed
concentrator solar Stirling power conversion system with sodium heat
pipe thermal transport and latent heat thermal energy storage has been
described in previous reviews. It had the following features: (1) a
solar receiver with the cylindrical wall cooled by thermal diode sodium
heat pipes which rejected their heat into a secondary heat pipe, (2) a
large secondary heat pipe which contained (a) the primary heat pipe

heat sources, (b) latent heat TES by means of a NaF-MgF, eutectic salt
mixture contained in cylindrical containers, (c) the Stirling engine
heat exchanger tubes and (d) wicking necessary to deliver liquid sodium
to the various heat sources, (3) a Stirling engine and induction genera-
tor and (4) thermal -insulation and support structures. This concept is
shown in Figure 1.

Some design configuration testing effort and additional design improve-
ment work had been undertaken. The primary heat pipe performance was
demonstrated over a wide range of operating conditions and receiver
orientations; this included a demonstration of the thermal diode effect
and of the capability of solidifying sodium in the receiver end of the
heat pipe as a means of preventing reverse heat flow losses from the
TES secondary heat. pipe in the inverted, overnight stored position.

The wicking peiformaunce capabilities in cthe secondary heat pipe were
experimentally verified using easy fluids at room temperature and re-
calculating the anticipated performance in sodium at operating tempera-
tures near 1520°F. Some initial design effort had also been directed
toward the introduction of a recuperated, fossil fuel burner around the
outside of the primary heat pipes for fuel hybridization purposes. A
"low velocity, luminoue diffusion gas flame was intended for radiant
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heat transfer to these primary tubes; as an alternate, efficient con-
vective heat transfer from a fossil fuel burner providing heat to the
large surface area of the secondary heat pipe was considered but was
not followed because of the significant adverse consequences of a pos-
sible "burn-through'" of that large heat pipe. Other design assessments
included the cost and weight effectivensss of utilizing fiberous insula-
tion in place of multifoil vacuum radiation shield insulation at an
acceptable increase ‘in shadowing diameter and the need to reduce or
eliminate the use of more expensive superalloys, particularly the cobalt
base alloys for which rapid price increases were being experienced.

The advantages of the compact focus mounted solar receiver with latent
heat TES are numerous. They include near isothermal operation of the
Stirling engine heat exchanger without hot spots, ability to configure
the system to permit engine operation with gravity oil seal drainage
(no inverted seal operation), a minimum T from the receiver cavity
surface to the Stirling engine, stable system operating temperature
without significant thermal and performance fluctuations, self regulating
heat flow to and from the TES and engine heat exchanger through heat
pipe principlen, simple on off effivient fuel combustoi operation with-
out combustor turndown ratio problems, minimal sensible heat tempera-
ture drop overnight, orderly startup and shutdown procedures and simple
field installation and change-out for effective maintenance and repair.

CURRENT EFFORTS

During the past several months effort has been concentrated in two
areas: first, on the design and fabrication of a modular test experi-
ment involving a full size primary heat pipe linked with a secondary
heat pipe containing latent heat TES and an air cooled heat exchanger
simulating heat extraction by the Stirling engine and, second, on the
conception and evaluation of alternative design concepts which would be
most cost effective in mass production as contrasted to development
demonstration. These continuing efforts are reported below.

Modular Test Experiment

The purpose of this subscale research experiment in the operating of a
selected thermal transport and latent heat storage system is to verify
‘the design concepts and to determine operating performance character-
istics which should be applicable to the full size hardware.

The test equipment is shown in Figure 2. A single primary heat pipe
from the solar receiver with a maximum thermal rating of 7 KW provides
heat input incto the secondary heat pipe. ‘he nominal heat transfer re-
quirement in a solar receiver would be 2.3 kW, for a 27 heat pipe re-
ceiver or 4.14 kW, for a 15 heat pipe receiver. In the test experiment
two 3000 watt electrical heaters will provide heat input. Three stand-
ard size TES salt containers, each 2 inch in diameter x 26 inches in
length and filled to 90 volume percent with 67NaF-33MgFj molten salt
are located within a 5 inch diameter secondary heat pipe which also
contains the air. cooled heat rejection coil. This salt will provide
about 2 kWh thermal storage. The heat input and heat extraction rates
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rates to the secondary heat pipe can be controlled to simulate the
input and output heat transfer rates per unit area of TES containment
at the design levels for the full scale system. This will permit veri-
fication of the AT across the solidifying salt and the performance of
the TES system as regards heat transfer in the salt and the sodium
wicking characteristics and sodium heat transfer rates. Electrical
measurements of the heat input and the flow rate and AT measurements
for the cooling air will provide heat balance data for initial steady
state evaluation of heat losses and, later, thermal performance eval-
uations of the system during charging, discharging and other transient
conditions. Performance in the horizontal position and at various
angles of inclination will provide an assessment of wicking capabili-~
ties, particularly of the wicking located along the outer OD length of
the TES containers.

All components for the test have been fabricated and the molten salt
containers have been filled, the salt has been melted in place under
vacuum outgassing conditions and the containers have been sealed under
vacuum. Final cleaning, pickling and assembly operations remain to be
performed before charging the system with a prescribed amount of sodium
and initiating testing in December.

In the near future, it is expected that modular heat pipe/latent heat
TES experiments of this type can be refined and extended to evaluate
(1) more specific wicking and liquid metal flow conditions, (2) per-
formance characteristics of flame sprayed powder metal or other types
of low cost wicks, (3) endurance life of secondary heat pipe components
under steady state and cyclic conditions, (4) the use of alternate TES
materials and (5) containment and structural support problems which
might develop during testing.

Alternate Design Concepts

Alternate design concepts are currently being investigated in order to
point the way toward competitive low cost design. These designs, in
mass production on the order of 100,000 - 300,000 15 kW, units per
year, should meet JPL established goals of $6/kW, for the receiver and
$15/ kW, plus $10/kWh, for TES. By applying these cost goals to.a 15
kW base case heat pipe solar receiver with TES in which the receiver
is rated at a peak power of 62.1 kW, and the TES nominal output is
rated at 52.5 kW; with a 1.25 hour storage period, the allowable unit
selling price becomes about $1800. Assuming, from the selling price
breakdowns for other mass produced products, that raw material and mill
product costs are about one half of the selling price, a material cost
objective of about $900 per unit is reached. This is the target for
total raw materials costs for a unit without a fossil fuel burner at
which the current study is aimed.

“Low Cost Design Philosophy

To reduce costs towards those long term production design requires (1)
progressive design improvement based upon testing, development, design
iteration, and identification of multifunctional design methods and (2)
utilization of lower cost materials and processes in the design.
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From the conceptual design viewpoint there are many potential concepts
to reduce weight and cost, to introduce multifunctional design. and to
operate at progressively higher levels of design refinement as regards
allowable stresses, corrosion limits, etc. In the area of new materials
and processes there is a potential for the use of less strategic and
lower cost materials such as ferritic and austenitic stainless steels
and inexpensive, high strength, thermal shock resistant ceramic ma-
terials in appropriate places in thc design. To predict the ultimate
low cost production design which could evolve may be difficult, but the
potential developments required, alternative design possibilities and
materials and process recommendations can be identified to indicate the
.potential for achieving low cost targets in mass production. '

The efficiency and economy of the TES salt is one key consideration
which must be continuously appraised. The sodium fluoride-magnesium
fluoride eutectic appears to offer the best compromise of low salt coot
and therma) efficiency. Sodium carbonate is slightly less expensive
but would require larger weights, volumes and structural costs in its
use. Although lithium fluoride is much more effirient, its higher bulk
cost would require consgiderable reductions in the weights and costs of
containment wicking and structures than currently appear possible even
considering the excellent thermal efficiency of this salt.

Design Concepts

Some elements of design which are currently being considered include
improvements and cost reductions in the receiver, TES, insulation,
structure and materials and processes.

In the heat receiver a reduction in the number of primary heat pipes is
possible trading off higher reradiation losses vs. reduced weight and
cost or in using high conductivity receiver cavity materials such as
copper or one common heat pipe. Pool boniler receivers with direct in-
corporation of TES and an aperture plug or as thermal diodes to the
ronventional secondary tES heat pipe are being considered.

It is in the area of the secondary TES heat pipe, however, where the
greatest potential for cost reduction exists. A reduction is possible
in the amount of fiber metal and wire screen wicking and, more effec-
tively, the replacemetit of that wicking with integrally prepared or
flame sprayed porous metal wick surfaccs. Accepting a larger AT across
the TES salt could reduce containment, wicking and structure.

The TES system is a high temperature component whicl vperates at rela-
tively low stresses because of the low vapor pressure of the sodium.
Thus it is possible to consider either less expensive alloys (by design-
ing for their lower allowable stresses) or low cost thermal shock re-
sistant ceramics while reserving, to a more limited use, the more ex-
pensive high strength alloys for key structural loads. Table 1 indi-
cates the prices and estimated design allowable stresses for several
such materials. Oxidation resistant alloys are not required for salt
containers or for wicking within the sodium environment. Ferritic al-
loys of this type can be further strengthened by solid solution alloy-
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ing or by Ti-N dispersion hardening methods without significant cost
increases. A low cost sialon type ceramic material prepared from clay,
coal and nitrogen, as proposed by Lee and Cutter [l] could be mass pro-
duced at the estimated cost of 40-85 cents per pound from inexpensive
starting materials; such a low density material could be used as salt
containers using metallizing and brazing for sealing or, more effecti-
vely, as the structural supports for the TES containers within the sec-
ondary heat pipe. The load imposed design stresses for these parts
would be well below those predicted by Weibull failure stresses.

The use of more expensive, higher strength high temperature alloys can
be limited to the hot load structure which transmit the TES loads to

the outer low cost structure. The latter structure supports the engine-
generator in relation to the receiver/TES and provides mounting surfaces
for installation on the concentrator. Approximately nine inches of in-
expensive fiberous insulation with sheet metal covering complete the

system.

One of several possible designs which can meet the $900 materials cost
target for the receiver/TES subsystem is shown in Figure 2. Its low
cost features include some of those discussed above.

CONCLUSIONS

The early operation of the modular experiment will provide a source of
heat pipe/TES performance prediction and design confirmation data. Its
continued utilization will be most helpful in the demonstration of al-
ternative, lower cost design concepts such as reduced wicking, flame
sprayed powder metal wicking and both lower cost containment materials
and containment concepts.

The reduction of the cost of heat pipe solar receivers with TES can be
achieved under mass production methods. The extension of current tech-
nology which may be required is entirely feasible. It will require
utilization of economic, high temperature materials at low imposed
stress levels through component development, testing and design itera-
tion. More accurate long term, low stress creep data will be required
and some improvements in ferritic alloy strength can be expected. The
availability is anticipated of an inecxpensive enlirely non-exotic struc-
tural ceramic material operating at low imposed stresses.

[1] Lee, J.G. and Cutler, I.B., "Sinterable Sialon Powder by Reaction
of Clay with Carbon and Nitrogen", Ceramic Bulletin V58, N9 (1979)
pp. 869-871.
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TABLE 1

COST AND ALLOWABLE STRESSES FOR POTENTIAL
HEAT PIPE SOLAR RECEIVER MATERIALS

1978 Estimatgd Sy

Material Cost/1b-$ at 1600 F-psi
Ingot Iron 0.16 150
406 Ferritic S.S. 0.67 200
304 Austenitic S.S. 0.80 350
310 Austenitic S.S. 2.35 300
321 Austenitic S.S. 0.84 500
Inconel 625 6.70 1200
Hastelloy X 6.45 2500
HA-188 12,01 (27505)% 2500
Sialon 0.40-0.85%%* 12,500

* 1979
*% Mass Production
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HIGH TEMPERATURE SOLAR THERMAL RECEIVER

C.S. Robertson, Jr.
Advanced Energy Programs
General Electric Company

Evendale, Ohio

ABSTRACT

A conceptual design has been made for a solar thermal receiver capable
of operation in the 1095-1650°C (2000-3000°F) temperature range. This
receiver is designed for use with a two-axis parabaloidal concentrator
in the 25 to 150 kWi, power range, and is intended for industrial
process heat, Brayton engines, or chemical/fuels reactions. Three
concepts were analyzed parametrically. One was selected for conceptual
design. .Itg key feature is a helical coiled tube of sintered silicon
nitride which serves as the heat exchanger between the incident solar
radiation and the working fluid. A mechanical design of this concept
was prepared, and both thermal and stress analysis performed.

OBJECTIVES

The objective of this program is to prepare a conceptual design of a
receiver for solar thermal applications in the 1095-1650°C (2000-3000°F)
temperature range. The receiver is intended for use with industrial
process heat, Brayton engines, or chemical/fuels reactions. The power
level range to be investigated is 25 to 150 kWy and the receiver is to
be used in conjunction with a two-axis paraboloidal concentrator,

Table 1 shows the design boundaries and goals of this program.

TABLE 1

DESIGN BOUNDARIES AND GOALS

Design Boundaries

Working Fluids Helium, Air, and Nitrogen
Receiver Outlet Temperature - 1200-1650°C (2200-3000°F)
Inlet-Outlet Temperature Rise 110-330°C (200-600°F)
Pressure Level 2-8 Atmospheres

Pressure Drop Less than 4% Ap/p

Power Lecvel 25-150 kWip

Flux Distribution 1-2 milliradian slope error

Design Goals

High Performance : High Efficiency
Low Cost Potential for Low Cost in Mass
' Production
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This program is organized into five tasks:

Task 1 - Parametric Analysis

Task 2 - Conceptual Design

Task 3 - Receiver Operation and Performance Requirements
Task 4 - Production Cost Estimates

Task 5 -~ Documentation and Briefings

The objective of Task 1 is to conduct parametric analysis of several
~concepts and design options. Based on an evaluation of the performance
and potential mass production costs, a single concept is to be selected
for further conceptual design. Task 2 provides a complete conceptual
~design of the selected concept, along with engineering drawings and
performance analysis. Task 3 will characterize the receiver operational
requirements which are necegssary for guccessful operation of the entire
receiver-concentrator unit. In Task 4, the unit cnst of the recciver
' in mass production quantities will be cstimated.

This program is being conducted by the General Electric Company under
_eantract to JPL. It began in Juue uf 1979 and will be completed in
early January 1980.

STATUS

Task 1 was completed in August 1979. Three concepts were evaluated
parametrically. At the conclusion of this task, a concept using a
helical coil of sintered silicon nitride tubing was selected for con-
ceptual design. Task 2 was completed in November 1979. A design using
air at 3 atmospheres pressure for a 13709C (2500°F) Brayton cycle
application was selected. Tasks 3 and 4 were completed in early
December, and the final report is in preparation. :

This paper presents the results of the Parametric Analysis and the Con-
ceptual Design, Results of Tasks 3 and 4 will be presented at the
meeting.

PARAMETRIC ANALYSIS

Concepts Studied

Three concepts were evaluated during this task. All utilized ceramic
components in order to permit operation at above atmospheric pressure
and at high temperature. :

Concept No. 1 -~ Coiled Tube Design

The first concept employed a single helical coil of ceramic tubing as
the heat exchanger. Solar radiation impinged on a cylindrical thermal
inertia sleeve which reradiates to the coil, thus reducing thermal
shock and providing a small amount of thermal energy storage. Only two
connections to external ducts are required, there are no internal pres-
" sure bearing joints, and pressure stresses on the tube appear well
within the capability of several developed ceramics.
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Concept No. 2 - Honeycomb Design

The second concept employed a cylindrical honeycomb matrix as the heat
exchanger. This component resembles a rotary regenerator for an automo-
tive gas turbine engine. In order to allow above-atmospheric operation,
the honeycomb matrix is located in an insulated cavity, a fused silica
window allows solar radiation to impinge on the honeycomb, and the
entire unit, including the insulation, is operated at the system pres-—
sure level. This permits the use of only two connections to the external
ducts, but requires sealing of the fused silicon window to prevent
leakage .

Concept No. 3 - Tube and Header Design

The third concept is similar to the first, except that the heat exchanger
component 1s different. This heat exchanger consists of two toroidal
headers of ceramic tubing, connected with a number of smaller hairpin
tubes. It features excellent heat transfer, at the expense of many
joints. It is analogous to many metallic heat exchanger designs.

Materials Selection

Materials were selected for each component for each concept. In most
cases, several potential choices were available. Properties were collected
from various sources and reviewed to determine their operating limits,
compatibility with the three working fluids, and thermal shock capability.
In addition, potential suppliers of commercial materials were identified
and a start at determining mass productions costs was made. A key
component is the helical coiled tube required for Concept 1. A leak-
tight ceramic tube is needed, formed into a relatively complex shape.

For the temperature levels required, sintered silicon nitride and silicon
carbide appeared to be potential candidates. Because of its lower

thermal expansion and lower modulus, silicon nitride was selected for
conceptual design purposes, although silicon carbide, with its lower
thermal conductivity, is also acceptable. Figure 1 shows an unfired

coil of silicon nitride.

Results and Concept Evaluation

The three concepts were compared over the entire range of parameters.

The overall results showed that the honeycomb matrix concept would have

the best efficiency but could be limited in temperature range by the

fused silica window to approximately 1370°C (2500°F) exit gas temperature,

using the maximum temperature rise allowed. It was also light in weight
and relatively low cost.

The helical coiled tube concept had relatively high efficiency, a wide
range of applicability, and relatively low weight and cost. It could
handle the entire temperature range, with good performance. At low
pressures and low temperature rise, pressure drop restrictions tended
to make it rather heavy and costly.

The tube and header concept showed no performance advantages with respect
to the helical coiled tube concept. In addition, its development would
require the use of many joints of questionable reliability.
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__GENERAL EB erecTRIC

FIGURE 1 EXTRUDED AND COILED 1/2" 0.D. SILICON NITRIDE TUBING BEFORE
FIRING TO REMOVE THE BINDER AND TO SINTER THE CERAMIC PARTICLES.

As a result of this evaluation, the helical coiled tube concept was
selected for further study.

CONCEPTUAL DESIGN

Description

Table 2 shows the design point selected hy .JPL for a potential high
temperature Brayton cycle application.

TABLE 2

CONCEPTUAL DESIGN POINT DATA

Working Fluid Air

Outlet Temperature 1370°C (2500°F)
Tnlet-utlet Temperature Risc 41729¢ (750°F)

Mass Flow 0.113 kg/sec (0.25 1lbm/sec)
Inlet Pressure 0.31 MPa (45 psia)

Pressure Drop 0.04 Ap/p Maximum
Concentrator Slope Error 2 mrad

Figure 2 shows the conceptual design. The key component is the helical
coiled tube with an overall length of about 10 m (33 ft), an outside
diameter of 60 mm (2.4 inches) and a wall thickness of 2.5 mm (0.1 in.).
It is made of sintered silicon nitride. It is located between a thermal
inertia sleeve of silicon carbide and an insulation package. Solar
energy impinges on the inner surface of the thermal inertia sleeve and
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reradiates to the coil. 1Its thermal performance resembles a muffle
furnace. The insulation package is made out of several pieces of rigidized,
fiberous material with varying density. The higher density, more rigid
sections provide resiliant support for the coil during operation. Two
metallic bellows seals prov1de a connection to the exit and inlet.

GRADED RIGIDIZE INSULATION

SILICON NITRIDE
TUBE (0.10" Wall)
/, THERMAL INERTIA

SLEEVE SHEET METAL

_l, | f ° OUTER SHELL
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S aasour ?_ i | \
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', | \ | | | |
S ‘vuu

a i

DN

o’
‘ LOW ABSORPTIVITY
METAL BELLOWS
SEALS WEATHER-PROOF
COATING

FIGURE 2. CONCEPTUAL DESIGN OF THE HIGH TEMPERATURE
SOLAR RECEIVER

Per formance

Analysis has shown that this design has relatively high performance.
The receiver efficiency is approximately 627 and the pressure drop is a
little over 3% Ap/p. Detailed thermal analysis has confirmed the

conceplual analysis. The weight is about 150 kg (330 1lbm), mostly
insulation.
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Feasibility of the Concept

Questions have been raised concerning the feasibility of producing
large, helical coils of ceramic tubing of the type and size required
for this concept. Our conclusion is that with suitable fabrication
development effort, helical coils of the size and shape required can be
produced by means of extrusion. 1In smaller sizes, the processes and
materials are developed. It is only the requirement for achieving the
necessary set of dimensions while maintaining the necessary properties
which is beyond the state of the art. Experienced senior technical
personnel at several leading producers of this type of product support
the opinion that this goal is achievable. However, it appears that
only by demonstrating feasibility experimentally can a definite proof
of concept be achieved.

All other areas of the concept appear amenable to the normal engineering
design process.

CONCLUS IONS

The results of this conceptual design show that once the feasibility of
fabricating the helical coiled tube is demonstrated, a high-performance
solar thermal receiver can be built for service in the 1095-1650°¢C
(2000-3000°F) temperature range. It appears to have potentially low
cost in mass production.
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HIGH TEMPERATURE SOLAR THERMAL RECEIVER
CONCEPTUAL DESIGN DEVELOPMENT

S. Davis
Sanders Associates, Inc.
Nashua, NH

ABSTRACT

Sanders Associates has developed a design concept for a High Temp-
erature Solar Thermal Receiver (HTSTR) to operate at 3 atmospheres and
2500°F outlet. A parametric analysis wherein several receiver types
were compared was performed during the first two months of the study.
The performance and complexity of windowed matrix, tubeheader, and
extended surface receivers were evaluated and the windowed matrix
recelver proved to offer substantial cost and performance benefits.
Subsequent effort was devoted to definitizing and pricing the receiver
as a production unit.

The unit has evolved as an efficient (80%) and economical ($20/KWt)
receiver for operation at temperatures of 2500°F or less.

STUDY RESULTS

JPL has identified areas of Advanced Technology requirements wherein,
study level funding could lead to development of conceptual designs
for solar recelvers to augment or displace fossil (or other conven-
tional) energy sources for application in the 2000 - 3000°F and 2 to 8
atmosphere range.

Sanders Associates has under the aegis of one such program pertormed
parametric analyses of high temperature receivers in the 25 - 150 KWt
range. Based on the findings of the parametric study, Sanders recom—
mended further effort be applied to a windowed matrix receiver oper-—
ating at 60 KWt output, 3 atmospheres absolute, and 2500°F outlet.
Sanders has during the second performance interval of this contract
developed and analytically evaluated a hardware design for a cost ef-
fective high temperature solar thermal receiver which can be readily
interfaced to fuels and chemicals processes or to heat engines for
power generation. Our strict adherence to Design—-to—Cost—Goal princi-
ples, and our parallel effort to employ only those materials currently
within present production technology, has led to a design which of-
fers an efficient and immediately cost effective alternate to other
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pressurized receivers in the above 540°C (1000°F) range. The design
is fully within today's materials' state of the (manufacturing) art.
This receiver could be built in production for less than $20.00 per
KWt. The design performance analyses support an efficiency prediction
of 85% to 907% including wall losses and reradiation effects.

The Sanders HTSTR (Figure 1) is a pressurized cavity receiver which
utilizes a fused quartz window at the aperture for pressure
containment and employs silicon carbide honeycomb panels as the active
solar conversion element. Internal receiver structure and integral
thermal impedance is provided by the use of preformed semirigid
insulation.

CERAFORM®
FORMED
INSULATION

|- STORAGE MEDIA

CARBON STEEL
HOUSING

QUARTZ WINDOW

CPC TEAMINAL
CONCENTRATOR S

FIGURE 1. PRESSURIZED MATRIX HTSTR

The receiver housing functions both as an ecto-skeleton and pressure
vessel, per the ASME boiler code using 0.25-inch thick cold-rolled
steel, In view of the small internal volume of the receiver and
dissimilitude of air and steam as working fluids, an obvious area of
potential cost reduction is present in the housing structure. Cost
savings of up to $3.50 per kilowatt could be realized by use of a
functionally-designed housing in lieu of a boiler code constrained
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pressure vesssel. This is a problem which approprlately should be ad-
dressed before mass production is initiated.

Silicon carbide (SiC) was selected for the active receiver panels b:-
cause of its demonstrated suitability to the application. The panels
gre well withip the present.firing capacity size limits. Reliable and
extended service is predicted for SiC in air at temperatures in the
2700° - 3000°F range. Its high thermal conductivity, visible
absorptivity, and thermal shock resistance support its selection as an
unstressed matrix material.

The mullite storage material was chosen for its high temperature
stability, sensible heat storage capacity, and low cost. As employed
in the Sanders receiver, the mullite is not subject to sudden or
severe thermal transients.

The key consideration in establishing the functional viability of the
design is the development of an in-depth understanding of the flux
distribution and its effects on the receiver. To this end, extensive
flux modeling, window analysis, and receiver thermal simulation was
conducted according to the flow chart of Figure 2.

MATHEMATIC DESCRIPTION
GEOMETRY
PROPERTIES

CPCFLX
CONTOURS

CONCEN- g HEATER
TRATION l

PERFORMANCE,
TRANSIENTS,
STEADY STATE

THERMAL COOLING
LOADING > ANSYS "\ PARAMETERS

TEMPERATURE
PROFILES

N\ NU

YES

PERFORMANCE FINAL
PREDICTIONS DESIGN

FIGURE 2, METHODOLOGY FLOW CHART

The flow chart portrays the methodology employed in the iterative de-
sign and analysis process used to evolve the receiver from concept to
preliminary prototype status. CPCFLX is an in-house code developed to
predict flux distribution and power capture at the receiver,
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Typlcal flux distributions are shown.in Figure.3 for a receiver oper-
ating both with and without a CPC. Based on. these .projected flux
levels at the recelver aperture, a window thermal analysis was per—
formed using the optical and physical material properties of the
selected fused quartz window. The window heat loading results from
the spatial integration of the convoluted solar; cavity IR, and window
transmittance spectra. Thermal analysis shows maximum window tempera-
tures of 950°C or less.

600 ~ -
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1400 WITHOUT CPC

76.2 KW

1200 -

FLUX (W/CM2)

600 P~

200 =

0.2 0.4 0.6 0.8 1.0
RADIUS RATIO

FIGURE 3. TYPICAL FLUX DISTRIBUTIONS

The window analyeis predictions, combined with aur own real experleuce
at White Sands in 1977, lead us to predict long—term reliability for
‘the windowed matrix HTSTR.
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DEVELOPMENT OF A SOLAR THERMAL RECEIVER.
FOR HIGH TEMPERATURE APPLICATIONS

M. Bohn
G. Bessler
Solar Energy Research Institute
Golden, Colorado

ABSTRACT

A thermal receiver for point focus collectors has been designed .and is
currently under construction. 'The design, which was based upon exper-
ience with a commercial receiver utilizes some of the advantages of
that receiver while making improvements in some of the design features.
The new receiver utilizes a thermal mass as a buffer between the cavity
surface and the heat transfer fluid. This buffer smooths the heat flux
distribution to eliminate hot spots; it does so with a very small
temperature drop penalty. Maximum operating temperature range has been
extended from . 620°C to 870°C and receiver efficiency has been im-
proved significantly. The receiver has a design feature which allows

a significant portion of spillage flux at the receiver to be utilized.
This makes possible the usage of lower quality optics in applications
not requiring very high temperatures. Design and construction

features of the receiver are presented and the testing program is
described.

INTRODUCTION

Several high temperature receiver concepts have been proposed recently
for point focus application. Such applications include electric power
generation, process heat, and fuels and chemicals production. For
example, in the previous Review of Advanced Solar Thermal Power
Systems, reference 1, two receiver .concepts for Stirling engine appli-
cation were presented.

Interest in fuels and chemicals production in the SERI Solar Thermal
Conversion Branch has led to the development of a high‘temperéturé
‘point focus receiver. The receiver is primarily intended to be a
research tool for field testing of thermochemical receiver concepts,
but may proyeltd be practical for other high temperature applications.

Some of the design features of this receiver are based on experience
gained with a commercially available, point. focus receiver/concentratom

reference 2. Our experience indicated three key features of that
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system. First, the optical matching between the concentrator and the
receiver was relatively poor. Second, the receiver was limited to an
operating temperature well below our range of interest. Third, the
concept of using a thermal mass would be useful for many applications,
especially for thermochemical receivers.

In this paper we describe the design features of this receiver,
constructions details, and the proposed testing plan for the receiver

DESIGN FEATURES

This receiver is designed around the thermal mass concept, see
accompanying figure. In the flgure, the thermal mass is the cast
copper portion of the receiver (trhe receiver is axisymmetric). The
purpose of the thermal mass ls to give both temporal and spatial
smoothing to the heat flux impinging upon the cavity surface. This is
a useful féature because it minimizes the chance of coolant tube burn-
out and ir adds thermal dluertia to the entire system. Tube burnout
-'may. he a significant problem for receivers which are used to heat

" -endothermically reacting fluids.

The thermal mass concept has two disadvantages compared to exposed
“tube receivers. In tracking concentrators the framework, tracking

. controls, and tracking motors must support the additional mass. The
second disadvantage is the temperature difference from the cavity
surface to the heat transfer fluid - a loss of second law efficiency.
However, if the thermal mass has a high thermal conductivity, this
‘temperature difference will be small compared to the absolute
-operating temperature of the mass.

A second design feature is seen in the figure. The flat portion of the
thermal mass is exposed tov spillage flux at the receiver aperture plane
"Our experience with the commercial concentrator/receiver indicated

a poor match between the 6 meter concentrator and the 10 cm. receiver
aperture, i.e., a significant portion of focussed energy spilled out-
side the receiver aperture. One solution to this problem is to
increase the cavity aperture diameter - at the expense of more re-
radiative losses at high operating temperatures. Our approach was to
retain the 10 cm. receiver aperture and absorh spillover flux on the
exposed face of the receiver. For the optical quality we presently
~have at the ACRES facility, reference 1, this face will be exposed to

a significant spillover flux, perhaps as much as half the total energy
ctossing the receiver aperture plane. Depending on the absorptance of
this face, a significant fraction of this spillover energy can be
utilized. In addition, thermal gradients in the mass can be minimized
thereby allowing a higher average operating temperature. Re-radiation
from the face is not significant at the expected operating tremperatures

In the event that improved optics are used at the ACRES facility in the
future, the exposed face can be insulated and only the cavity portion
of the receiver used. In many applications where very high tempera-
tures are not required, high precision optics are not required and an
approach such as this may be one method of utilizing a relatively
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large solar image.

CONSTRUCTION DETAILS

As seen in the figure the thermal mass consists of a copper shell cast
around a helical stainless steel cooling coil. A castable insulation
is used on the outside of the shell which is in turn surrounded by a
ceramic wool layer. The insulation is protected by a stainless steel
shell. The cast copper portion is held in the receiver in such a way
that interchanging these parts will be simple - thus providing
experimental flexibility. The spherical shape of the cavity was chosen
to facilitate analysis.

Some of the more important dimensions are:

Receiver aperture diameter 10 cm.

Cavity inside diameter 12.5 cm.

Exposed face outside diameter 20 cm.

Cooling tube 1/4" o.d., .049" wall
Copper casting weight 22.7 kg

Support frame weight 13.6 kg

Most of the problems in construction of this receiver are related to
the use of copper and the desire to operate at relatively high tem-
peratures. Copper was chosen because of its high thermal conductivity,
its relative low cost, and because it extends the operating temperature
well above that of the commercial receiver we tested. The two major
problems related to the use of copper are the actual casting process
and protecting the exposed surfaces of the receiver from oxidation
during high temperature operation.

Casting pure copper is difficult because voids tend to form through-
out the casting. One technique used to overcome this problem is to
add 3-5% zinc to the copper melt. One of our recent castings with 3%
zinc was cut in half to expose any voids. We found that compared to
gomc initial castings on small samples, teflerence 3, Lhe resull luuked
very promising. In addition, bonding between the copper and the
stainless steel cooling tube was very good. It should be noted that
adding 57 zinc reduces thermal conductivity of the mass to about 707%
that of a pure copper thermal mass.

Exposed copper oxidizes at temperatures well below our desired
operating temperatures. The oxide coating is not self-protecting,
however, in that oxygen diffuses through the coating causing further
oxidation at the copper/copper oxide interface. The oxide coating
very quickly spalls off. Thus a protective coating for the copper

" casting will be necessary. This coating should prevent diffusion of
oxygen to the copper, it should tolerate temperatures as high as 980°C,
and on the exposed face of the receiver the coating should absorb a
reasonable fraction of impinging solar flux.

Coatings currently under investigation (in cooperation with the SERI
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Materials Branch) include flame sprayed coatings and nickel electropla~
ting. The first flame sprayed coating (a three-layer commercial
coating) proved unsatisfactory in that it was not an effective oxygen
barrier. Other flame sprayed materials are under investigation.
Nickel electroplating oxidizes to produce a highly absorptive coating
which is quite durable up to 704°C but appears to fail at higher -
temperatures.

TESTING PROGRAM

" Copper has a melting temperature of approximately 1066°C and this was

" one of the major reasons we chose copper in designing a receiver to
replace the commercial receiver which is limited to 620°C. Because of
the temperature difference from the center of the casting to the
surface of the cavity, it is clear that maximum operating temperatures
" (measured at the center of the casting) will be limited to well below
1066°C. Our first application for this receiver will require operating
temperatures of at least 870°C. Assuming that a durable coating can be
found, this does not appear to be an unreasonable goal for this
receiver. :

The first tests will be optical efficiency measurements to determine if
we have succeeded in improving optical matching between the receiver
.and the concentrator. These experiments are carried out at low

_ operating temperature. Next, operation up to 600°C with high pressure
water/steam will be attempted to compare this receiver to the
.commercial receiver previously tested at this temperature range.
Finally, a -gas coolant will be used to explore operation above 600°C.
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SMALL SOLAR ELECTRIC SYSTEM DEMONSTRATION

A. Poirier
Sanders Associates, Inc.
Nashua, NH

ABSTRACT

Several components of a small solar power system module were analyzed
to verify performance and to demonstrate that a checker stove concept
represents. a viable candidate for dispersed snlar power syctom appli-
catlions. The three-phase program to fulfill these objectives is in
its third phase. During the first ‘phase a design point analysis was
performed, on a checker stove: During the second phase, a preliminary
-.gystem analysis was performed and prototype components were fabri-

. cated. Phase III encompasses fabrication of the checker stove and an-
cillary and test.equipment, and equipment performance testing. These
.tests, to be completed by February 1980, will verify the design and
provide the data needed for evaluation of the concept.

SIMMARY

Sanders Associates has performed a design analysis on the following
.components of a small solar power module system:

Ceramic checker stove as a heat exchanger/storage device

An open cycle Brayton turbine

Alternator

Valving and fanifolds

Associated controls for use in a 20-KWe Brayton cycle solar
power system

0 Qo o ¢

The objectives of this effort were to verify the performance of the
above selected components and to demonstrate that the checker stove
concept represents a viable candidate for dispersed power systems ap-
plications.

A three~phase program was designed to meet the above’objectives. Dur-

ing Phase I, a design polnt analysis was performed on a checker stove
of approximately 50-KWt rating appropriate to the application.
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During Phase 11, a preliminary systems analysis was performed to de~
fine the design requirements and the following components were de-
signed:

A prototype checker stove of approximately 50-KWt rating

Prototype upper and lower valve modules with manifolding

o Interconnecting ducting and support structures for the entire
power module

e Instrumentation and controls

Phasé I and II have been successfully completed.

During Phase III, which is in progress, a checker stove is being fab-
ricated, as 1s ancillary equipment and a heat source for testing the
components. In addition, test procedures are being developed. These
procedures will test the equipment to: (a) verify the design and (b)
provide the data needed for evaluation of the concept as a viable

. option in a Brayton system. Fabrication of the valves and modules
will be completed by December 15. Testing will begin at that time,
and will continue into February 1980.

THERMAL STORAGE MODULE

Figure 1 shows the Solar Brayton power module which consists of four
thermal storage modules, interconnecting ducting and support struc-
tures. The Thermal Storage Module, shown in Figure 2, is composed of
a 36—-inch diameter by 31.5-inch-long core of cordierite ceramic matrix

suspended in a pressure vessel. In operation, air enters the diffuser ..

through the inlet pipe, and is redistributed to evenly flow through
the ceramic material. When heat is added to the thermal storage mod-
ule, the air enters from the top. Air enters the bottom of the module
when heat is to be withdrawn. The space between the ceramic core and
the outer shell is filled with insulation to minimize thermal losses.

VALVES - ‘ -

The thermal storage modules are valved into either the turbine inlet
loop or turbine exhaust loop using high-temperature valves. Valve
cooling must be avoided in order to maximize cycle efficiency. This
restriction, and. the 1700°F operating temperature of the valves, elim-
inated all of the current valve sources, and forced the development of
a high-temperature, four-way Valve.

The new high—temperature valve is a three-inch ball valve with flow
passages as shown in Figure 3. Thermal expansion is accommodated by
using floating seats which are spring-loaded to maintain a good seal
with the ball. All components can operate at 1700°F without cooling.
" The castings for the major components are shown in Figure 4,
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The test setup for the thermal storage module and the valve is shown
in Figure 5. The module will be fully instrumented to monitor the
progress of the thermocline as it travels through the ceramic core.

The burner can supply air at temperatures between 300°F and 1700°F,

and at pressures up to 30 PSIG.

THERMAL STORAGE MODULES

COMPRESSOR INLET

SYSTEM ,
FXHAUST ~—esm

TURBINE OUTLET

FROM
RECEIVER

TO RECEIVER

FIGURE 1. SOLAR BRAYTON POWER MODULE
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FIGURE 4., CASTINGS FOR MAJOR COMPONENTS OF HIGH TEMPERATURE VALVES

38 THERMOCOUPLES
(SEE TSM INSTRUMENTATION)

FLOW
CONTROL
l, DURNER
PLENUM M
®
PRESSURE i
REGULATOR el
COMPRESSOR ¢ THERMOCOUPLES = 50 REQUIRED

o STATIC PRESSURES = 20 REQUIRED

FIGURE 5. THERMAL STORAGE MODULE TEST SETUP
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FREE—PISTON SOLAR STIRLING ENGINE-ALTERNATOR ‘

G. R. DOCHAT

Manager, Free-Piston Stirling Engine Development
Mechanical Technology Incorporated

Latham, New York, U.S.A.

INTRODUCTION

. Over the past few years, MTT has concentrated on the development of
free-piston Stirling engines. MII is committed to product commerciali-
zation of free-piston Stirling engines in the power size ranges from 1
to 25 KW. The free-piston Stirling engine (FPSE) product development
program is investigating a number of potential applications. A comp-
lete description of programs and potential products is given in Refer-
ence 1. Free-piston Stirling engines are attractive because of their
“high system efficiency and potential for long life, inherent reliabil-=
ity, and maintenance free characteristics (Fig. 1). It is these char-
acteristics which make the frec-piston engine driving a linear alterna-
tor ‘desirable for small, dispersed solar thermal electric power systems.

8 . This paper will review the general conclusions of a recently com-
.. pleted study with NASA/Lewis for a conceptual design of a 15 KW free-
_piston solar Stirling engine, and discuss how the required technology
identified 1n that ~study -is presently. belng addressed with hardware
‘testlng

' CONLEPTUAL DESICN STUDY

. The des1gn study performed for NASA/Lewis included the conceptual
‘de31gn of a 15 KW solar free-piston Stirling engine-alternator, and an
vlmplementatlon assessment of that design. The detailed results of that
,study are presented in Reference 2. In summary, it was concluded that
‘a near term solar FPSE can he developed, it results in high overall
system efficiency of 35%, and has the potential for long life and high
reliability. The conceptual design layout is presented in Fig. 2.
Unique features incorporated into the design to promote life and relia-
"blllty include:

‘gas bearings (eliminate wear)

close clearance scals (no lubrication required)

gas springs (no mechanical failure)

cast heater head (no multiple brazed joints or tubes)

A brief, general description of the conceptual design is continued in
Table I. - ' :
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N 4
Table I - Conceptual Design

Working Fluid - helium Charge Pressure - 58.2 Bar

Heater Head Material - Inconel 713LC Gas Bearing Supply Press. - 64 Bar
Heater Head Temperature - 1500°F Radial Clearance - .00075"
Displacer Cylinder Diameter - 4" Bearing Material - chrome oxide
Piston Cylinder Diameter -~ 7" Alternator - permanent magnet
Displacer Amplitude - 1.5" Alternator Radial Airgap - .010
Piston Amplitude - .67" Alternator Efficiency - 92%

Phase Angle - 360 : Alternator Voltage - 240 Volts

Regenerator - annular-knitted wire System Efficiency - 387%
Cooler Temperature -~ 1109F

As part of the implementation assessment, it is concluded that the
design has the potential for mean times between failure of 47,940 hours.
The projected prime cost (direct labor plus material) is $90 per KW,
utilizing a high magnetic flux permanent material of Mn-—-Al-C in place
of the originally identified high cost samarium cobalt magnet material.

Further evaluation of the economics of dispersed solar thermal el-
ectric system (Reference 3) indicates power conversion machinery that
has the above characteristics of high efficiency, high reliability, and
little or no maintenance, can significantly reduce the operating costs
projected for solar thermal electric power system and, therefore, en-
hances the commercialization potential of such systems. '

DEVELOPMENT TESTING

As discussed, the primary goal of the MTI program is to develop a
commercial Stirling engine-alternator unit. Substantial technical ef- '
fort has been directed at solving development problcms of engines in
the 1 to 3 KW output range. The present engine undergoing testing is a
1 KWe power output engine-alternator (FPSE-010-3) for the Department of
Energy. The engine layout is presented in Fig. 3. The design of this
engine incorporates many of the same features that are necessary for an
attractive solar FPSE. 7The engine design includes gas bearings, close
clearance seals, gas springs, and an internally finned heater head. An
internally finned heater head was selected for the solar conceptual de-
sign because of the requirement on the engine ta interface with a Tiqu-
id sodium receiver. It was considered that a tubular head with a large
number of brazed joints would not provide the life necessary for oper-—
ation in a dispersed solar application.

Testing of the engine has recently begun. The projected perfor-
mance of the engine is shown in Table II.

Gas bearings and close clearance seals appear to be operating sat-
isfactorily. No wear has been observed on gas bearing surfaces. En-
gine running time has been approximately 50 hours with a program goal
of 200 hours to be obtained.
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Table II - Demonstrator Engine Gréwfh Potential

40 Bar 40 Bar 70 Bar
700°C 7000C 650°C
Nominal Maximum Nominal
Spring Spring Spring

Frequency (Hz) 45 45 60
Power (KW) e 2.9 350
(%) 38 42 38

At the present time, the engine has developed 835 watts electrical
AC output at 650°C, 30 Bar pressure, and frequency of 40 Hz. First or-
"der analytical code indicates that the engine will meet design goals
when tested at design conditions.

CONCLUSTIONS

MTI is actively pursuing, and is committed to the development of
free-piston Stirling engines for a number of potential product appli-
cations. Small dispersed solar thermal electric power systems offer
an excellent match of the free-piston's high efficiency, reliability,

long life, and maintenance free characteristics with needed solar sys-
tem requirements for full economic potential. The key design features
required in a solar free-piston Stirling engine are presently under de-
velopment, and are being demonstrated on a 1 KWe engine designed and
developed for the Department of Energy. The successful development of
the engine, and the application of the key design features to a solar

' free-piston Stirling engine~alternator, offers the most attractive pot-—
ential for small thermal electric power system commercialization.

REFERENCES
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ABSTRACT OF PRESENTATION
AN ADVANCED SOLAR CONCENTRATOR DESIGN

R. Bedard
D. Bell
Acurex Corporation
Mountain View, CA 94042

Acurex Corporation, under contract to the Jet Propulsion Laboratory,
is developing the second generation point focusing solar concentrator.
The design is based on reflective gores fabricated of thin glass mirror
bonded continuously to a contoured substrate of cellular glass. The
objectives of this pragram are currently threefold:

1. Preliminary design of an advanced solar concentrator
2. Detail design of reflective gore panels
3. Mass production cost assessment

To date the preliminary design effort is complete and is reviewed in this
presentation. The concentrator aperture and structural stiffness has

been optimized for minimum concentrator weight given the performance
requirement of delivering 56 kWth to a 22 cm (8.7 in) diameter receiver
aperture with a direct normal insolation of 845 watts/m2 and an operating
wind of 50 kmph (31 mph). The reflective panel, support structure, drives,
foundation and instrumentation and control subsystem designs, optimized
for minimum cost, are summarized. The use of cellular glass as a reflective
panel substrate material is shown to offer significant weight and cost
advantages compared to existing technology materials. Lastly, a design
summary and key results are presented.
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OVERVIEW - SUPPORTING PROGRAMS

B. P. Gupta
Solar Thermal Program Office
Solar Energy Research Institute
Golden, Colorado

The supporting programs are administered within the DOE Advanced

Solar Thermal Technology Program. The supporting programs include
those activities that are critical to the successful implementation of
the various Solar Thermal Power Systems and contribute significantly

to all the solar thermal technology areas. Activities included herein
are Technical Information Dissemination, Resource Assessment, Reliabil-
-ity and Standards, Environmental Control and the Solar Thermal Test
Facilities Users Association. These supporting programs are managed
by the Solar Energy Research Institute (SERI) within its management
responsibility of the Advanced Technology Program.

Technical Information Dissemination (TID) activities for Solar Thermal
Power are being coordinated by Ms. Margaret Cotton, Effective dis-
semination of price and product technical information and of other
significant developments within the program have become increasingly
important as major concentrator concepts approach wider use and com-
mercial production. Major activities within TID include preparation
and dissemination of topical reports on areas of R&D interest, annual
technical progress reports, newsletters covering overall program activi-
ties, and packets of information useful to people actively considering
investments in either the use of or production of solar thermal equip-
ment and systems. Close interaction of TID activities with the Solar
Thermal Energy Association (STEA) Division of the Solar Energy Indus-
tries Association (SEIA) will augment industry information resources.

The Resource Assessment activity is conducted through the DOE Insola-
tion Resource Assessment Program (IRAP) and is being technically
directed by Mr. Roland Hulstrom. The primary objectives of the program
are to provide an accurate insolation data base, characterizations, and
models for prediction and forecasting. Due to inadequacies in the
existing data bases, a new 38-station network has been established to
record hourly values of the horizunlal and direcl{bean) insuldaliun,
This network is operated by the National Oceanic and Atmospheric Ad-
ministration (NOAA). Through the efforts within this program, the
historical and future network insolation measurements will be converted
into useful information for sizing, design and more accurate prediction
of energy delivery from solar thermal systems.

The Reliability and Standards program is designed to ensure the com-
mercial acceptability of solar thermal systems through performance
criteria and test methodology development, support for accreditation/
certification guideline development, and liaison with national organi-
zations active in consensus standards and codes. The objectives of the
program are. to promote reliable and safe solar thermal systems by
stimulating the adoption of performance criteria and industry
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established standards for their design, use and operation. The program,
recently initiated, is in the process of developing a plan for future
work. Development of voluntary consensus standards are desired to
reduce costs and unnecessary product lines, enhance interchangeability
with other solar products and conventional systems, encourage industry
growth, and provide bases for developing codes and product certifica-
tion programs.

The objective of the Environmental Control Technology Program is to
ensure that identified generic environmental control issues are re-
solved prior to significant public deployment of solar thermal systems.
To accomplish the objectives, assessments are being conducted to a)
define the nature and scope of potential impacts arising from specific
projects and provide adequate control engineering, b) interject environ-
mental considerations in the design of the solar thermal systems, and

c) develop appropriate new control technology applicable to large and
small power systems,

The Solar Thermal Test Facilities Users Association (STTFUA), organized
in 1977, serves as a framework within which experimental use of solar
thermal test facilities capability, beyond thal originally envisioned
within the solar thermal program, is encouraged and recommended. The
assuciation is operated for DOE by the University of Houston and

managed by SERI. The association provides a vehicle for independent
researchers to obtain funding for preparation and performance of ex-
periments which may pr0v1de important and basic information on materials,
thermal behavior, and receiver design principles for high-temperature
solar components and subsystems.

Participation of university and small business community is of special
importance to the Solar Thermal Program. A summer faculty program

is being coordinated through the American Society of Engineering
Education (ASEE) whereby members of the faculty from engineering insti-
tutions will spend a few months working closely at SERI and-ather
national solar research and development centers. A procurement
recently conducted by DOE was set .aside for small and minority owned
businesses to encourage development of new ideas potentially useful

to the solar thermal power systems. Five conlracts have been awarded
as.a result of the procurement. These contracts. will conduct
development effort in glass and polymeric materia]s, experimental
evaluation of convective losses in thermal receivers, erLklng and
control, and high efficiency heat engines.
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QUALITY ASSURANCE -AND STANDARDS
FOR ADVANCED SOLAR THERMAL SYSTEMS

HRW Cobb
SERI _
Golden, Colorado

INTRODUCTION

The goal initially established for FY 80 for Quality Assur-
ance and Standards within the total solar thermal program
is the development of a plan for estabklishing input to codesg:
‘and standards development, performance and safety criteria
and test methodologies and a coordinated quality assurance
program. The advanced solar thermal technology program
emphasises development of subsystems, components and
materials that are specific to its requirements. Therefore
it follows that its contribution to standards development
will most likely be of a relatively specialist nature. This
can be put to an advantage because the input will be gen-
erated from a smaller and, hence, more direct and advanced
base of expertise. However full cognizance of the national
dialogue on standards development should be given and the
.final product therefore submitted with appropriate support-
ing documentation to the consensus process of standards
making. '

THE ROLE OF STANDARDS

The proCess of standards development will become a manage-
mennl aid in Lhe overall solar thermal program3 because in
addition to the main purposes of Codes and Standards which
include:

1. Assurancé of Reliability

2. Enhancing Safety

3. Providing Interchangeability,

there will be the following natural outcomes in the

cooperative efforts needed to generate the products to
provide:

g7



4/ Aid in development of a strong industrial technology
base.

5. Definition of the engineering aspects of systems and
components to facilitate value engineering analysis.

6. Aid in accelerating the commercialization process of
solar thermal systems by establishing standard accep-
tance criteria in the industry.

7. Assistance in demonstrating the technical rationale and
economic practicality of systems.

8. Some of the bases for dssurances to utilities, insti-
tutional lenders, local authorities of the engineering
practicalities of proposed systems.

STANDARDS PRODUCTION

A major role of SERI will bec to foster and to stimulate the -
development of industry consensus standards. To do so, it
is essential that.directives and management of the
cooperative effort he implemontcd through malrlices which
define (through common acceptance) the functions of systems,
subsystems, and components and also the applicable, neces-.
sary, and existing rules, codes and standards (See Fig. 1
and 2). ' :

Where possible standards development will piggyback on the
solar heating and cooling and photovoltaic slandards
development in progress. However compared to solar heating
and cooling technologies for example, the expertise in the
advanced solar thermal programg 1s presently relatively
more compact and possibly morc concise, which 18 a benefit
to the process of standards development and is expected
ultimately to be the lead in many areas of the total solar
thermal programs. (Some possible problems with this role
are discussed later). ’ :

Effort in the first half of FY 80 will be concentrated upon
identifying all required standards as completcly as possilble
and upon gaining acceptance of their need by industry.
Standards requiring research support from laboratories and
engineering institutions will be identified so that the
conduct aof such work may be in prodgress in subsequent
fiscal years. Throughout the standards development process,
committees will need to remain cognizant of, and to includs
in all their considerations any implications of the pro-
posed FTC regulation (1) and of the proposed OMB circular
(2) pertaining to standards development, and also of the
dialogue on such matters by ANSI members (3) (4).

It is expected that development of accreditation procedures
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and the establishment of testing and certification labora-
tories will extend well into the 80's and the process of
updating standards will be continuous. One aspect of the
program to be developed, with potential savings to the
consumer, is the coordination leading to acceptance between
states and various governmental jurisdictions of given
existing documents applicable in the first instance to only
one state or jurisdictional body's needs. - It will also be
beneficial to the application of codes and standards if
aid, by way of interpretations to the requirements in all
standards, is documented for use at the local authority
level. T

It is likely that some standards development will be
specifically peculiar to a small segment of the industry
and, though necessary, could be held back by lack of con-
tribution to the consensus process by the acknowledged
experts. The prudent role of SERI in such cases would be
the funding of research and development programs to develop
standards or methods of test. For expediency the draft
document in the case of a standard would be given wide
distribution for comment by the public and the solar
thermal industry before being submitted -- with a dispo=-
sition on the resolution of such: -comments -- to the
appropriate standards body. A proposed line function for
management of standards development within this project
is given in Fig. 3.

CONCLUSIONS

The goal of the SERI program is the establishment of a
Quality Assurance and Standards Program in support of the
development of solar-thermal technology with the overall
objective being to foster the development:sand adoption of
rules, codes, standards, performance criteria, methods of
test etc. leading to safe, reliable and nationally
acceptable procedures for operation of solar thermal power
systems.

Development of the necessary standards will be firstly
through the industry wide consensus process. In the
absence of appropriate input, development may be sponsored
by SERI of codes, standards, rules, methods of test, etc.
for subsequent submission to the appropriate national
committees. Directions tor standards development will be
based upon matrices outlining component functions, appli-

cable and required rules, codes, etc. which will be gener-

ated from input by the solar thermal industry, some pro=
posed time scales for the development - and operational work
are given in Fig. 4.
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REPORT OF THE TECHNICAL INFORMATION
DISSEMINATION PROJECT--FY 80

Early.cbmmercialization of §o1ar thérma1 techno]ogy'
depends in great‘paft upon the identificétion and character-
ization of potentia] users, and‘the skill with which‘DOE tech
transfer programs anticipate and sat%sfy their information
needs.

For FY 80 solar thermal TID is committed to a markéting
plan which singles out the 1ndustria1 sectqr and'university
faculties as target audiences most jn need of characterizatfon
and cu]tivafion during the second year of the TID/tech transfer
effort: With this priority iﬁ mind, certain strategies (and
activities which follow naturally from fhem) have béen under-
taken to identify the members of these two audiences, to deter-
mine the kinds of technical in%ormétiOn needed by'them, and to
establish fast f]owing channels which 1ink data sources to
information users. |

There’are‘two bremises which significantly influence TID
method: (1) the belief that we can facilitate and accelerate
the brocess by piggybacking on existing communication channels,
and (2) the acknow]edgemeﬁt of the information user as our primary

customer, i.e. the aone tn please.
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Market anaTysfs tasks durihg the first year of TID
operation indicate that we can étimuiéte.botﬁ a demand
for information Qroducts and a willingness to participate
in the federal R & D effort.

e Development of a promotion flyer. listing
information products including mabs, slides,
viewgraphs, pamphlets, and a SERI newsletter.
which are available free from the TID office,

led to the disseminatioﬁ of more than 20,000
maps alone. - |

() ‘Annountement of our willingness to supply the
same materials to annual meetings, energy con-
ferences, engineering schools and state fairs,
led to the distribution of the Solar ThermaiA
Program map to 300 corporations and 100 univef=
sities.

() Prbceedings al Lhe first STP User Review Panel
Meeting, held in March 1979, SERT rpnnrt.#fp-
69-221, has been through ? editions and is
currently out of print, with backlog of orders.

Requests tor information packages which so1ve'spec%fic
problems--such as planning for a utility--indicate that a

market for solar thermal poWer systems'a1ready exists.
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To encourage the manufacture of systems and the
development of new applications, during FY 80 the TID
program will concentrate on moving federal R & D infor-
mation into the hands of industrial managers in a position
to initi ate solar programs or take advantage of government
opportunities. In addition, we will establish channels to
university faculties with the intent of encouraging teachers
to (1) teach current findings and processes, (2) initiate
research projects which lead to new applications, and (3)
share with us iriternational programs information and oppor-
tunities.

Program efforts will be apportioned among the audiences
deemed critical to commercialization as described in the fig-
ure below. Sixty percent of effort is directed at private
industry, twenty percent toward universities, ten percent
toward improvement of information services within the DOE

community, and ten percent at the public sector.
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Specific gggli‘of'theldissemination task are: .

to establish direct channels of communication to

5,000 selected busineéses | |

to multiply by 3 the circulation of technical reports
to double private sector responses to‘RFPs

to double STTFUA membership, and

to reach 300 universities regularly with communiques
énd recipfoca] programs that maké available federal

assistance and research opportunities.

Objectives to help reach these goals are to:

Compitle maﬁ]ing lists useable both for dissemination

and information gathering.

Develop a catalog of ‘all the publications avai]ab]e in

" the program.

Introduce a newsletter which reflects the activities
and achievements of the whole Program.
Initiate joint ventures which increase private sector

participation and benefit, and

“Organize research data into information packages which

‘increase its utility to private industry and other -

information users.

During FY 80 the tasks and activities of thc‘TID pro-

gram are diversified to make use of special ski]]§ and

resources at the national laboratories. In._ addition,
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contractors from publishing, media, and business manage-
ment disciplines have been brought'on board to increase the
effectivéness of se]ected brojects.
Some projects include:
1-hour cable Tleroductioh airing fo 16 million
viewers in January |
105-s1ide color-and-sound mu]ti—medja program
describing the'tecﬁno1ogy and 4 test facilities
introduction of an academic/news'puhiicatjon titled
Solar Thermal Report
'pUb]iCdLIOH of a directory listing addresses of
- 5,000 users of solar energy R & D information
as well és titles and authors of all publica-
_ tions in the Program
deVe]opment of a traveling disp]ay-and a calendar
of Program events
workshop fbr engineers offered at the ASME Cen-
tennial at San Francisco in August, and
preparatinn of integratéd technical infurmation.
kits, 3uch as a‘uLi1lt1es‘p1ann1ng package and
"What thc Glass Industry Shotild Know about
Solar Thermal Technology."
The dedication of demonstration projects at Coolidge

and Crosbyton, as well as active construction of the pilot
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plant at Barstow, California, present new'oppdrtunities for
sharing with businesses and the public some of the challenges
"and achievements of the rapidly expanding Program. Development
of the solar thermal national library collection at SERI, and
the publication of increasjpg humbers of articles in trade
magazinés broadeﬁ the interest group which will result fn a
market base. These activities and others, which spring from
development activities with indﬁstry are our hope énd our gamble

for the 1980s.
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STTFUA ACTIVITIES & EXPERIMENTS

_ . Wm. Phillip Key
Solar Thermal Program Office
Solar Energy Research.Institute
Golden, CO 80401

Introduction

The Solar Thermal Test Facilities Users Association was organized in
1977 to promote and enhance the use of the DOE Central Receiver Test
Facility at Sandia.and Advanced Components Test Facility at Georgia
Tech. The UA activities include aperation of an office in Albuquerque;
organization of workshops to promote research in high-temperature chem-
Istry, physics, materials, and processes at solar test facilities;
dissemination of information to potential users of the facilities;
technical review of proposals requesting access to the facilities; and
recommendation to SERI concerning. funding priorities for proposed re-
search at the facilities.

Some research efforts proposed are more effectively conducted at a
solar furnace type of .facility with a horizontal beam as opposed to the
two DOE central receiver facilities with upward focused beams. To this
end, access agreements were negotiated with the U.S. Army Solar Furnace
at White Sands, New Mexico and the French CNRS facility at Odeillo,
France. Specification data on all four facilities can be obtained by
contacting -Mr. Frank Smith at the UA office in Albuquerque.

Operation of the UA is funded by SERI through a subcontract to the. ...
University of Houston. The UA operating budget averages about $250,000
per year. During FY79, $536,000 in research funds were awarded by SERI
to nine subcontractors at the UA recommendation,

Experiment Activity - FY79

Beginning in 1977, a number of unsolicited proposals were reviewed and
funded.by.SERI at the lIA recommendation. The status of the subcon-
tracts developed from these unsolicited proposals is summarized in
Table 1. Note in particular that two of the subcontracts are still
active: (1) NMSU, "Abrasion Resistance of Concrete," and (2) Universi-
ty of Kansas, "Properties of Oxygen Alloys of Electropositive Metals."
Also, two of the research efforts have earned additional research

- funding: (1) Princeton, "Flash Pyrolysis of Biomass," and (2) Colorado
State University, "Ammonia Dissociation Reactor Design."

The subcontracts resulting from a UA solicitation issued in January
1979 were recommended for funding to SERI Lhe last week in July 1979,
Thirty-six proposals were reviewed resulting in the recommendation to
fund seven of the proposals as first-priority and three proposals on a
second-priority basis (if funding were available). Nine of the ten
proposals could be funded based on available dollar resources.
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Eight of.these propaosals ére now under contract; The proposé]s and
respect1ve funding are as follows:

1. XP-9-8321-1, Westinghouse (Dennis Bachov1n)--F]u1d1zed $ 66, 800
Bed Receiver

2. XP-9-8322-1, Dynatherm (Walter Bienert)--Heat Pipe 54,200
Receiver -

3. XP-9-8323-1, Solar Turbines, Int'l (Alan Campbell)-- 50,000
High Temperature Steam Loop » N .

4, XP-9-8324-1, Princeton (Mike Antal)--Flash Pyrolysis 98,600
of Biomass ‘ N

5. XP-9-8325-1, IGT (Stephen Foh)--Cadmium Oxide Decom- 76,800
position ‘ N

6. XP-9-8326-1, IGT (Dennis Duncan)--Calcium Carbide 36,600
Formation

7. XP-9-8327-1, LLL (Dave Gregg)--So]ar Coal Gas1f1cat1on 23 000

8. XP-9-8328-1, NMSU/NRL (Jim McCrary/Talbot Chubb)—— 30 000
COZ-CH4 Reform1ng o

9, XP-9-8347-1, LASL (Bob Skaggs)--Molybdenite Ore- . 100,000

Processing (in negotiation)
TOTAL /  $536,000

Table 2 1nd1cates the schedules for testing and respect1ve test fac1]1-
-ty for the experiments. :

An examination of the test facilities chosen and the background of oo
successful proposers leads to a number of preliminary conclusions that A
will be further refined from the results of.subsequent solicitations. e
Through UA contracts, it was desired to provide research funding and

test facility access to university researchers in the solar thermal

research area, The FY79 UA solicitation was limited to proposals

offering actual testing.at .a solar test facility. Most of the pro-

posals sumbitted by university researchers did not propose actual

facility testing.but instead, addressed basic analytical.or laboratory

research tasks eventually leading to test facility usage. The univer-

sity proposers.that won .an award were acknowledged leaders in their

field with previous solar facility test experience (Antal of Princeton)

or with substantial research and development experience in their field

(McCrary and .Chubb of NMSU/NRL). It appears that.those with prior

applied research expertise are more likely to provide good test facili-

ty proposals.

Another interesting result of the solicitation is the facility selected
for testing by the subcontractors. Four of the experimenters chose the
ACTF, four selected White Sands, one experimenter used the CNRS at
Odeillo, and none identified the CRTF as the choice for testing. A
possible conclusion is that small, proof-of-concept experiments require
test facilities in the .thermal.energy range of the 30 kW solar furnace
up to the 400 kW cenlral receiver, Once these proof-of-concept experi-
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ments are comp]eted, some of "the concepts are likely to be- carr1ed for-.
ward leading to the next stage of engineering development. These early
experiments may_shape the future of the solar thermal components and
subsystems and verify new uses of solar thermal systems.

P]anned Act1v1ty - FY80

The SERI/UA activities for FY80 are structured around workshops, technl-.
cal monitoring of the existing subcontracts, and organization and. -
issuance of another soliciation for exper1mentat1on at the test facili-
ties.

A workshop was organized about two weeks ago by the UA with the subject
being application of solar eneryy Lu Miels and chemicals research.
Copies of the proceedings will be availahle fram the 1JA office. The
only other meeting scheduled is the annual UA meeting held in conjunc-
tion with the ISES conference.

A mechanism is being established for periodic review of progress made

on the subcontracts and dissemination of valuable information obtained
during the design and experimentation at the test facilities. For .
making the public aware of the existence and capabilities of the Solar
Thermal Test Facilities, an audio-visual set has been recently completed
under the Technical Information Dissemination (TID) activities at SERI
in cooperation with the UA. -
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TABLE 1. STATUS OF UA UNSOLICITED RESEARCH

TITLE & SERI
_S/C NUMBER

STTFUA Absorber
Coatings Experiment
XL-9-8019-1

Ammonia Dissocia-
tion Reactor Design
XD-9-0637-1

Carbon Gasification
Experiment Design
XJ-9-8017-1

Flash Pyrolysis
of Biomass
£H-9-8025-1

Properties of O
Alloys of Electfo-
positive Metals
£1-9-8034-1

Abrasion Resistance
of Concrete

SUBCONTRACTOR
P. 1

Oak Ridge
(J.M. Schreyer)

Colorado State
University
(Terry Lenz)

SR1 . .
(Dan Cubicciotti)

Princeton
(Mike Antal)

University of Kansas
(Paul Eilles)

New Mexico State
University

FUNDING

$K

7.5

16.1

STATUS
Final report

received Aug.

Final report

received Dec.

Final report

received Nov.

Final report .

SUBCONTRACTS

79

78

79

received Sept. 79

Contract slipped;

completion date

Feb. 1980

Contract slipped;

completion date

COMMENTS

follow on funding for
$145K negotiated.

XP-9-8224-1

Follow-on recommended by
UA to SERI; $98.8K test-

ing ~ summer

1980

AM-9-8149-1 (Ray Willem) March, 1980
TABLE 2. SERI/UA EXPERIMENT SCHEDULE - FY80
TeST FY30 TEST SCHEDULE
FACILITY EXPERIMENT 1st QUARTER | 2nd QUARTER |3rd QUARTER [4th QUARTER
ACTF ' STI - Hi Temp Steam Loop 4 L 2 v
Dynatherm - Heat Pipe Receiver oe v
Westinghouse - Fluidized Bed’ A & v
Y Princeton - Biomass Pyrolysis y, 'y ‘o—e Y
White Sands 16T - C,0 Decomposition 4 * ce |v '
tLL - Coal Gasification \ 4 complet
NMSY - COsCH, Reforming A ¢ Ooe v
Y . LASL - Molybdentte Ore Processing T8D
Odeillo IGT - Calcium Carbide Formation \ 4

START DATE A
TEST PLAN @
TEST BEGINS. O
TEST ENDS @
FINAL REPORT ¥

103




UPDATE ON
U. S. DEPARTMENT OF ENERGY
ADVANCED COMPONENTS TEST FACILITY

C. Thomas Brown, Ph.D.
Energy Rescarch Laboratory
Engincering lLxperiment Station
Georgia ‘Institute of Technology
Atlanta, UGcorgla 30332

Abstract - The U. S. DOE Advanced Components Test
Facility is a 400 kW solar thermal test facility located
in Atlanta, Georgia and operated by Georgia Institute of
Technology for the U. S. Department of Energy. The
tacility was first operated in September 1977 against a
300 kW solar steam generator of Italian design. Since
that time, various facility modifications have been made
and several major test programs have been undertaken.
This paper includes a description of the Facility, a
summary of current modifications and research activities,

and a summary of test programs planned for calender year
1980.

INTRODUGTTON |

The U. S. DOE Advanced Components Test Facility (ACTF) is a 400 kW

- solar thermal test facility patterned after Professor Giovanni
Francia's solar steam generating pilot plant near Genoa, Italy. The
ACTF is operated by the Engineering Experiment Station of the Georgia
Institute of Technology and is located on Georgia Tech's campus in

- Atlanta. Initial operation of the Facility took place in September
1977 and since that time a major Lest program for a Brayton cycle

solar receiver has been completed, various facility modifications have
been made, hot checkout of a beam turning light pipe has been completed,
upgrading of the mirror field to provide a tighter beam geometry has
been completed, construction of a control building is nearing completion,
and a test program for a steam generator is currently underway.

FACILITY DESCRIPTION

The ACTF is designed to test experimental solar thermal hardware
constructed by industrial organizations, universities, government
laboratories, and individuals. It provides concentrated solar
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radiation at power levels up to 400 kW thermal and peak incident fluxes
up to approximately 2.5 MW/m2, as well as test support services such as
equipment installation, data collection and processing, and measurement
of input power levels while tests are in progress. The test hardware
supplier is ordinarily expected to provide personnel to operate his
equipment during testing periods.

Major components of the facility, see Figure 1, include a heliostat
collector field, an experiment platform located above the center of the
mirror field, a computerized data acquisition system, a soon to be
occupied instrument and control building, and various heat rejection
equipment. A heat flux calorimeter scanner is available for measure-
ment of the heat flux distribution and power incident on the aperture
of the test object.

Figure 1. Aerial View of U. S. DOE Advanced Components
Test Facility.

The heliostat field contains 550 second-surface glass mirrors which are
each 111 cm (43.7 in.) in diameter. Solar radiation is focused into a
focal zone 21.4 m (70.3 ft) above the plane of the mirrors and
coincident with the planc of the tower floor. Solar tracking is
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accomplished by a mechanical system so that the position of the focal
" zone is stationary throughout the day.

Experiment packages weighing up to 9100 kg (20,000 1bs) and having
dimensions up to approximately 4.0 meters square (13 ft square) with
unlimited height can be positioned on the tower for testing. Equilib-
rium temperatures approaching 2300° C (4280° F) are possible at the
center of the focal zone.

CURRENT ACTIVITIES

Since the last Semi-Annual Review of the DOE Advanced Solar Thermal
Technology Program in June 1979, onsite effort has been concentrated in
five major areas: (1) improvement of heliostat tracking, (2) imple
mentation ol closed loop heliostal tracking, (3) constructinn of a new
control building and a perimeter access road around the hellostLal [ield,
(4) hot checkout of a beam turning light pipe for subsequent use at the
French CNRS Solatr Furuace, and (5) detailed characterization of the
Francia steam receiver purchased at the time the facility was
constructed.

Improved Tracking

The improved tracking task arises from the fact that the heliostats are
mechanically driven by a single electric motor; the motor speed can be
varied by operator control to correct the position of the focal zone as
a whole but individual heliostat corrections are not possible. There-
fore, alignment errors in individual helioslals can cause an overall
spreading of the composite focal image formed by the 550 mirrors.

It has been determined that the three most significant sources of track-
ing error are misalignment of the equatorial axes of the mirror supports,
inadequate stiffness in the structure supporting the tixed pilvor poiul
of the mirrotr suppotls, aud inadequate alignment tonling and technique.
Means for correcting these problems have been identified, tested and
implemented. Identification of the major sourcecs of tracking error was
a six month analytical and experimental effort, culminating in the
demonstration of a proof-of-fix on eight of the heliostats. The
demonstrated prouvf«uvl=fix involved recalignment nf each of the eight
polar axes using precision surveying equipment and techniques, stiffen-
ing of each pivot point support structure to greatly reduce elastic
deformation of the support, and the design, construction and use of new
improved mirror aiming fixtures. ;

Implementation of the fix for the 550 heliostats required approximately
three months and was completed late in November 1979. The ACTF flux
scanner is presently being used ro experimentally determine the
magnitude of the improvement in tracking. It is anticipated that the
improvement will result in a higher peak {lux and smaller diameter beam.
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Feedback Control of Mirror Field

Controls for the ACTF mirror field are in the process of being upgraded
to include a closed loop, .sun tracking system. Design of the feedback
portion of the system has been completed and a subcontractor has been
selected to fabricate the system. TInstallation of the 'system is
expected to occur -in' the late December 1979 time frame. Installation
of the system will augment the existing clock controlled system by
providing the feedback necessary for small error corrections in the
concentrated beam.

Control Building/Perimeter Pad

The new control buil&ing is a 55 m2 (600 ftz) structure designed to
provide a proper operating environment for the computerized data collec-
tion system, and to locate the data collection system, the facility
control module and the experimenters control module into one work area. .
The building has been designed to provide flexibility for meeting the
needs of many experimenters and to minimize the time spent in setting

up and dismantling equipment. A paved access roadway and 1mproved site
drainage are also part of this task.

Implementation of these facility improvements are currently underway
with a projected completion date of December 15, 1979.

Science “Applications, Inc. Light Pipe Test

Science Applications, Inc. completed the design and fabrication of a
beam turning light pipe in July 1979. The device was given a successful
hot checkout and function test at the ACIF prior to being shipped to
France for further testing at the CNRS 1000 kW Solar Furnace. Test
objectives accomplished at the ACIT included survivability and flux
throughput. The device was subsequently operated at the French Solar
Furnace in support of a DoD matcrlals evaluation program.

Francia Receiver Test

The Francia steam receiver is currently on the experiment tower and
undergoing tests. The unit has been operated at design temperature and
pressure, but appears to be rather sensitive to aperture beam position.
Further testing is planned after completion of the current volume flux
mapping activities. Lfficiency determinations will be made with and
without the glass honeycomb structure in place.

PLANNED ACTIVITIES

Scheduled test activities for the next ten months are shown in Figure 2.
These activities lnclude. :
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Volumé Flux Maps ' ' . .
Francia Receiver Test o

Solar Turbines Test L. .
Dynatherm Test _ . ﬁ
Westinghouse Test ‘

Princeton U. Test r--T

Figure 2. Near Term lesting Activities at the ACTF,

- TFrancia Receiver Test: determine efficiency of the 300 kW
solar steam generator with and without its glass honeycomb
structure. Gain operating experience with the unit.

— Solar Turbines Test: coourdinate with Solar Turbines
International to test and cvaluate a 20 kW solar steam
loop. The unit will operate at 1500° F, 1700 psi
(815° C, 11.7 Mra).

- Dynatherm Receiver Test: coordinate with Dynatherm
Corporation to test and cvaluate a 100 kW receiver
module consisting of seven liquid metal heat pipes.
Objective is to gain performance information and
operating experience with the liquid metal heat pipe.

- Westinghouse Receiver Test: coordinate with Westinghouse
Corporation to test and evaluate a direct absorption
fluidized hed receiver concept. Perfarmance information
will be acquired at various power levels to 150 kW and
with various bed materidls. '

- Princeton University Test: coordinate with Princeton

University to test and evaluate a dircct absorption
biomass gassifier receiver concept.
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PARABOLIC DISH TEST SITE*

. D. L. Ross
" Jet Propulsion Laboratory
California Institute of Technology

ABSTRACT

A Parabolic Dish Test Site (PDTS) has been established for the
Department of Energy (DOE) at the Jet Propulsion Laboratory (JPL)

. California Institute of Technology's Edwards Test Station (ETS) to pro-
vide a site for test and evaluation of solar thermal energy conversion
systems and subsystems. ETS was selected because of the high insolation
level which is considered one of the best in the United States and be-
cause of the excellent meteorological conditions. Described are PDTS
capabilities and facilities including the computerized data acquisition
and reduction system and circumsolar telescope equipped weather station.
Initial tests of ‘the Precursor Concentrator and Omnium-G solar powered
electric generating plant are discussed. Also described are two Test
Bed Concentrators (TBCs) (installation completed during October 1979)
which are scheduled to enter a testing program during November 1979.

INTRODUCTION

The PDTS 1is a unique facility that provides a site for testing solar
point-focusing concentrator systems and related hardware such as:
“concentrator-receiver-power conversion systems, concentrators, high flux
density receivers, thermal heat transport systems, power conversion sSys-
tems, and any other hybrid systems using Point-Focusing Solar
Concentrators and fossil fuels. The PDTS has been established and is
operated by JPL for DOE and is located at the JPL ETS, Edwards Air Force
Base, California. This site is located approximately seventy airline
miles north of Los Angeles. .

OBJECTIVES
The objectives of this task are threefold. First, the PDTS will be

utilized to support solar thermal development activities, primarily to
test and evaluate DOE developed hardware. Second, acceptance testing of

*Sponsored by DOE through--an agreement with NASA.
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prototype solar thermal power systems will be accomplished at the PDTS
before committing to full-scale production. Third, test and evaluation
of industry developed point-focusing systems will bc accomplished at the
PDTS as time and funding permit and feedback will be provided to 1ndustry
on the integrity of these systems.

CAPABILITIES

The JPL ETS was selected as a prime location to perform testing and
evaluation of Point-Focusing Distributed Receivers, at the subsystem
and system level, at temperatures between 6009F and 3,0000F for the
following reasons:

1. ETS based personnel have a large amount of experience in working with
high temperature, high pressure fluids, since ETS is JPL's rocket
engine test facility. This experience is directly applicable to
thermal power system (TPS) projects.

2. A high insolation level exists at ETS which 1s cons1dered one of the
best in the United States.

3. ‘Excellent meteorological conditions exist at ETS--thus minimal down

. time because of bad wather.

4. Supporting services include: instrumentation and calibration
laboratories; electric, machine, and weld shops with personnel;
office space; and a cafeteria.

5. A1l required utilities are readily available.

6. Security as well as easy access for visitors is provided at all
times.

SAFETY

. Safety is a first order consideration at the PDTS. MWritten tcst proce-
dures are required prior to the start of any testing activity. Safe
operating limits of critical parameters (temperalure, pressurc,; ctc.)
are remotely monitored during subsystem and system testing and displayed
in the Control Room. An emergency override procedure is implemented
should a safe operating limit be exceeded or anticipated. Safety
glasses (gas welding goggles) and hard hats are required for operating
personnel in the test area during "on sun" vperation of solar concen-
trators. Operating personnel are not permitted to work closer than two
focal lengths from the concentrator while tracking the Sun.

DATA ACQUISITION AND REDUCTION

A computerized data acquisition system at ETS is available to condition,
display, record, and reduce data. This system includes a Digital
Equipment Corporation PDP 11/10 minicomputer with two RK05 disk drives,
one half inch, nine track magnetic tape transport, high-speed multi-
plexers, A/D converters, three Acurex autodata nine data loggers, CRT
terminals, alphanumeric and graphic video monitor, and a printer/plotter.
The interface between the computer and its peripherals is provided by RS
232-C serial data lines.
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Each of the three data loggers has the capability of accept1ng up to
1,000 channels of data. Input cards are provided for type "K" and "
thermocoup]es, voltages up to 120V DC, 4-20 ma and 10-50 -ma current
transmitters and RTD's. Programming of the data loggers may be accom-
plished manually or by the computer. The data loggers scan up to 24
channels per second with resolution to 0.01 percent of full scale.
Resolution to 0.001 percent is available at reduced scan rates. The -
high speed multiplexers and A/D converter can scan low levels (10mV-
500mV full scdle) at rates up to 200 channels or samples per second.

A1l data is stored on one half inch magnetic tape for retrieval. Final
data reduction is performed at the JPL Pasadena facility using a Digital
Equipment Corporation PDP 1134A computer. This Pasadena facility also
develops the software used at the PDTS. : '

Operational experience to date has pointed up the value of real-time
printout of data as well as real-time dispiays of critical parameters.
Graphic displays are also considered to be very desirable. A data
logger with high common mode rejection is essential because signals
being measured are in the millivolt range.

Weather Station

Insolation measurements were begun in October 1977 at ETS, Building E-22.
This facility is approximately 500 feet from the PDTS. The following
measurements are being taken and recorded:

Direct component of radiation, using two pyrhe11ometers
Total sky radiation, using a pyranometer.

Wind speed and direction.

Temperature and dew -point.

Barometric pressure.

C1rcumso]ar telescope data

TP W =

The pyrhe11ometers and the pyranometer, Kendall model Mark III and
Kendall model Mark VII, respectively, were developed by JPL utilizing the
absolute rad1omete5 concept. These instruments have - a range of 0 to well
over 1,000 watts/mé.

The wind speed instrument, model 1022S, was manufactured by Meteorology
Research, Incorporated. This instrument has a range of 0 to 75 MPH.

The wind direction instrument, model 1022D, was manufactured by
Metgoro]ogy Research, Incorporated. This instrument has a range of 0 to
5409, ‘

The ambient temperature and dew point measuring instruments are each
designated as model 892-1, manufactured by Meteorology Research,
Incorporated. These instruments each have a range of -30 to +500C.
Humidity is derived from these measurements.

The barometric pressure measuring instrument, model 751, was manufactured
by Meteorology Research, Incorporated. This instrument has a range of
24.6 to 31.5 in Hg.
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The circumsolar telescope was developed by Lawrence Berkeley Laboratory
to obtain solar radiation measurements for accurate prediction of per-
formance of solar thermal systems utilizing focusing collectors. The
instrument measures the effects of atmospheric cond1t1ons on the direct
and circumsolar components of solar flux.

Weather Station data is taken at 1 minute intervals, 24 hours a day.
One month's worth of data can be acquired on a single reel of magnetic
tape. A small uninterruptible power system is included to prevent data
drop-outs during commercial power outages.

. EXPERIMENTS AT ETS

Experiments initiated at the PDTS for the Point-Focusing Distributed
Receiver Technology (PFDRT) Project are described briefly below.

Precursor Concentrator

The precursor concentrator consists of a backing structure simulating a
portion of a parabolic concentrator together with an hour angle-
declination mount. Six mirror facets are mounted on the structure and
reflect the Sun's energy to a cold water calorimeter at the focal point.
This cold water calorimeter measures thermal performance of the mirrors,
one at a time or combined. Twenty-five data signals were monitored.
Testing was begun during October 1978 and included evaluation of degra-
dation of mirror performance caused by dust and film accumulation on the
mirror surfaces. A flux mapper was fabricated for use in characterizing
concentrator flux pattern and intensity. The precursor was used for de-
velopment and initial checkout of this flux mapper. (The flux mapper is
a three-axis scan system for measurement of high radiant flux levels as
might be expected near the focal plane of a high concentration ratio
solar concentrator. -The sensor presently used with the mapper is a
water-cooled "pin" diode capable of measuring flux densities from one
hundred milliwatts per square centimeter to approximately 500 watts per
square centimeter. Scan resolution for the existing program is in in-
crements of one-hundredth of an inch; scan speeds are.on the order of
three inches per second.)

Omnium-G Module

An Omnium-G (Heliodyne Model MTC-25) solar powered electric generating
plant, an early product of industry, was purchased from the Omnium-G
Company and installed at ETS. Testing of the concentrator was begun in
December 1978 and other subsystems werc added later. Fifty signals were
monitored and/or controlled. This test provided the first opportunity
for acquiring operational experience with a point-focusing system and
development of operations and maintenance parameters at the system level.

Tast Bed Concentrator

Two eleven-meter parabolic TBCs supplied by E-Systems, Incorporated,
Dallas, Texas, are installed at the PDTS. The mirror facets, based on a
JPL development effort, for these TBCs are made by bonding a second
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surface mirror to a spherically contoured block of Foamglas (Pittsburgh
Corning Corporation) and coating the substrate with a protective sealer
and painting it white. Supports for the facets are bonded to the edges.
Full scale testing of the TBCs was begun during November 1979.

As constructed, the TBCs are nominally 11 meters in diameter with a focal
length of 6.6 meters. Each TBC has a parabolic concentrator area of
94.5 m2 consisting of 232 mirrors producing a concentrated beam 17 cm in
diameter which intercepts 95 percent of the energy at the focal plane.
The TBCs provide an elevation over azimuth, two axis tracking system.

The total thermal energy available at the focal plane (no aperture) for
each TBC is 85 kW, with a peak flux of 1,000 W/cm2, and a peak equili-
brium temperature of 3,600°0K.

Figure 1 shows a photograph of the TBCs at the PDTS.

FIGURE 1. TEST BED CONCENTRATORS
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SERI SOLAR THERMAL TEST FACILITIES

J. N. Castle
Solar Energy Research Institute
Golden, Colorado

ABSTRACT

Solar thermal test facilities are presently operational at SERI and
expanded operations are being planned. Currently, the Interim Field
Site 1s occupled by a point focus collector component evaluation
facility (ACRES). A single concentrating collector test installation
(STAM) will be added in 1979. All activities will eventually be
transferred to a nearby and larger Permanent Field Site. SERAPH, a
solar ayatem teat facility directed toward 1Industrial process heat
applications, will be the first solar thermal test facility at the
Permanent Field Site. SERAPH installation will commence in 1980, and
by 1982 all field work will be consolidated at the Permanent Site.
- Research results have already been generated at the existing ACRES
facility. .

INTRODUCTION

The Solar Energy Research Institute is currently developing plans and
implementing facilities to address, in a fileld test environment, a
number of solar technologies. Subject areas include biomass, passive,
PV, insolation, solar thermal conversion, and wind energy. This paper
will address the present situation and near-term plans pertaining to
the solar thermal test facilities at SERI. The objective will be to
briefly describe the facility equipment, its capabilities and expected
uses, A portion of the solar thermal facilitice are currently
-operational at the Interim Field Site and useful information has been
generateds The Interim Site allows SERI to i1nitiate field testing
while the Permanent bSite evolves, This latter, considerably more
complex installatlion has a development schedule that is tied to the
implementation of the SERI permanent office building.

INTERIM FLELD SLTE

Field experiments are currently underway at the SERI seven-acre
Interim Field Site in Golden, Colo., that will accommodate near-term
SERI field activities until they can he transferred to the nearby and
larger Permanent Field Site beginning in 1981, All Interim Site work
is to be discontinued by 1982, The major Interim Site experimental
areas are shown in Fig. 1. The site status as of November 1979 is
that the ACRES installation consisting of two parabolic dishes is
complete and construction 18 underway on site support items
(utilities, foundations, etc.) needed for the STAM and IRL
installation. The Interim Site abuts the property which the State of
Colorado has offered for SERI's permanent building and field site.
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The next four paragraphs will describe the Interim Site experimental
areas. ' : '

ACRES

High temperature solar research is being conducted at the Interim Site
ACRES facility (Advanced Component Research).” ACRES providesa test
bed for evaluating point-focus collector. components such as receivers,
optical elements, tracking devices, and thermal transport mechanisms.’
This research capability presently makes use of two six miter
parabolic dishes (commercially available from Omnium-G) now installed
at the site. Receiver-related activity will center on advanced
thermal, thermochemical, and solids-handling receivers. Thermal
transport studies will address energy transfer from the focus to the
base and between dishes. Results to date at ACRES are: (1) receiver
‘failure modes identified; (2) optical efficiency and thermal losses
measured; (3) scatter plate flux mapper; and (4) focal area f£lux
characterization (using JPL equipment).

STAM

Thermal performance testing of concentrating collectors and associated
components will take place at the Interim Site .STAM (Standard Module)
facility., The facility 1is designed to provide fluid to the collector:
under carefully controlled flowrate and temperature conditions so that
steady state collector energy delivery can be measured. ‘The STAM
design was prepared by Stone and Webster Engineering and fabrication
took place at Measurements, Inc. The design evolved from flat plate
test loop configurations and the Sandia Collector Module Test Facility
fluid loops. Capabilities are:

e Fluid temperature < 230°C water
< 400°C oil

© Circulation rate €5 %/min

o Heat Rejection . X 45 kW

© Warm—up heating ' 32 kW

Figure 2 shows the STAM physical layout. The f£luid loop 18 broken
into two major elements. The pumping skid contalns the circulating
pump, storage tank, and heat rejection exchangers and 1is enclosed in a
shede The pumping skid delivers fluid to one or two flow metering
units that sit outside alongside an associated test collector. The
flow metering unit also contains the calorimetric ratio heater that
will be used to monitor collector performance in a manner not
susceptible to fluid specific heat and fluid flow rate uncertainties
that may compromise the conventional m C_AT measurement technique at high
operating temperatures STAM is expectec{) to be operational in the second
quarter of FY 1980. Detailed STAM assembly drawings and equipment lists can
be obtained from SERL



. IRL

The IRL (Insolation Resear\_h Labomtory) will also be located at the Intevinm
Field Site. ObJectives of this installation are to: (1) monitor and record
SOLMET data; (2) develop advanced instrumentation; (3) provide insolation data
for collector tests; (4) calibrate radio meters; and (5) provide spectral data for PV
testing The information made available by IRL to the other site activities will
assure that each has a thorough description of the solar conditions. IRL will also
provide a broad spectrum of general meteorological data such as wind
.speed/direction, dew point, vapor, particulates, cloud cover, etc
Installation of IRL should be compiete in the second quarter of FY 198G

Other Interim Site Activities

The solar thermal activities at the Interim Site will be complimented by material
exposure racks and a serles of passive technology modular units These items
will also be transferred to the Permanent Field Site

PERM ANENT FIELD SITE

SERI1s presently preparing detailed plans far the creation of a Permanent Fleld
Site as part of its permanent office installation in Golden, Cola The site would
occupy 25-40 acres and would be adjcent to the future office complex The
solar thermal test activities would be complimented by numerous other solar
technologies that would be under investigation at the same sita Figure 3
.indicates the tentative layout for the 25-acre field Additional acreage is
availabla An environmental assesstment has been prepared for the Permanent
Feld Site and submnitted to the Department of Energy for approval

Development of the Permanent Site is scheduled for 1980 and will proceed in
phases with activity areas being added to a basic site support infrastructure (L. e
utilitdes, roadways, central data acquisition, visitor control, safety and fire
protection service, material handling, and storage) over a several year period
The first installation at the Permanent Site willbe SERAPH, an IPH solar system
test facllity. The desire to limit the cost of relocating Interim Site activities
has resulted in the decision that SERAPH and all subsequent field experiments
will be erected on the Permanent site, '

SERAPH

The SERAPH (Solar -Energy Research and Applications in Process Heat) solar
thermal test facility will form a oystem test lustallation that will address the
technical {ssues that must be resolved -prior to widespread application of solar
thermal energy in industry. SERAPH will provide a carefully controlled and
monitored environment in which component and system characteristics can be
evaluated It will permit the interaction of the concentrating collector field,
storage, auxillary heater, controls, energy transfer mechanisms, and a real or
simulated load Figure 4 shows the facility layout at the permanent site. The
equipment building contains the mechanical equipment that permits energy to be
exchanged In multiple paths between the surrounding collector field areas,
thermal storage, the auxiliary heater (300 kW, oil fired), and a real test load or
simulated load (350 kW cooling tower:h Collector fields under evaluation will be
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typically 100-300 m2 in aperture All mechanical equipment is modularized to
‘facilitate equipment modifications and reduce costs Subcontracts have beea
placed for the mechanical equipment and the first collector field (183 m

parabolic troughlh Operation of SERAPH is expected to take place inlate FY 80.

COKCLUSION

The Solar Energy Research Institute has begun operation of field experimental
facilities pertaining to solar thermal ard other solar technologies Research is
being carried out on a seven-acre Interim Field Site in Golden, Cola The
thermal facilities at the Interim Site will address single collector evaluation and
point focus solar components. Beginning in 1980, field test activity will be
underway at a larger nearby Permanent Field Site Allfield experiments will be
consolidated at the Permanent Site by the end of 1982 The completed field
research capabﬂity will be extensive and cover a broad range of technologies.
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OVERVIEW OF MATERIALS DEVELOPMENT
A FOR
ADVANCED SOLAR THERMAL TECHNOLOGY PROGRAM

P. A. Roberts
Solar. Thermal Program Office
-Solar Energy Research Institute
Golden, CO 80401

Recently a Solar Thermal Program Office was established at SERI with
the responsibility for managing the DOE Advanced.Solar Thermal Tech-
nology Program. Solar materials research and development is an impor-
tant part of this program. The Absorber Surfaces Program, as well as
other SERI materials research subcontracts are managed within the
materials element of the program.

The primary goal of the solar materials task is to achieve improve-
ments in the durability, performance and potential reduction in cost
of materials for solar thermal applications. Areas of immediate in-
‘terest are:

1) Deve]op Tow-cost durable Ag/Glass mirror cystem,
'2) Eva]uate thin glass for reflecting and transmitting app11cat1on,

3) Eva]uate low-cost, stable polymers for reflectors and trans-
' m1tters,

. 4) Establish the h1gh temperature stab1]1ty of black cobalt and
black chrome;"

'5) Evaluate cellular glass, p]ast1cs, wood/paper products, and
compos1tes as support materials;

6) Evaluate ceramics for high- temperature rece1vers,

7) Deve]op measurement techniques and formulate a solar materials
data base; and

'8) Gain an initial understanding of degradation mechanisms.

Objectires for the 1ntermediate and longer term have also been identie
{-ed. They 1ntludc :

1) Develop intermediate temperature (to 500 C) selective absorber_
coatings;

2) Identlfy composite structural materials;
3) Deve1op compatible fluid/alloy containment comb1nat1ons,

4) Develop a detailed understand1ng of degradat1on mechanisms -
leading to accurate materials Tifetime prediction. '

These objectives have been.determined with the assistance of manu-
facturers and users. The various interlaboratory planning committees
organized by SERI over a year ago, such as the glass committee, the .
- fluids/containment c0mmittee,‘and the solar optical materials planning
committee were the major contributors. As new 1nformat1on becomes
“ava11ab1e these ob1ect1ves may be revised.
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Over two million dollars are p]anned for solar mater1als research and
development in FY80 in the Advanced Solar Thermal Technology Program.
_Materials R&D has been divided into five basic categories. Table I

is a compilation of the FY79 and.planned FY80 expenditures by category.
This work is distributed in the various national laboratories, SERI .
and subcontracted research. The large proportion of resources devoted.
to absorber material research reflects the historical emphasis this
area has received. A more appropriate balance is expected.in the fu-
ture as additional fundxng flows into the reflector and transmitter
materials.

The research in absorber materials is di%ected toward developing stable
‘high-temperature coatings and numerous coatings are being examined as
alternatives to black chrome. Degradation mechanlsms of absorber coat-
ings presently in use for lower temperatures (£ 200°C) applications
are also being studied in an effort to extend their performance to
higher-temperature applications. A recent development in this program
has been a stable high-tempzrature paint developed by Exxon Research
- and Engineering. Dr. A. Muenker (Exxon) describes this coating else-

‘where in this publication., Mr. R. Livingston (SERI) is coordinating
expanded testing of this material.. Other coatings currently under .
continued development are.a chemical vapor deposited molybdenum coating
which Dr. B.Seraphin (University of Arizona) described elsewhere in
this publication. A Pt/A1503 cermet and an organometallic-based ma-
terial are also being studied. Feasibility studies are planned.to
evaluate the capability of commercial production of absorber coatings
using vacuum sputtering or chemical vapor deposition techniques on the
variety of substrate geometries required in solar thermal systems.

Reflector materials development is an area of strong interest in the
materials program. Recent developments include the promising per-
formance of silicone-based resins as protective coatings for substrate
silver mirrors. DOr. W. E. Dennis of Dow Corning elaborates further on
this technique elsewhere in this publication. Sophisticated techniques
are being developed at Battelle/Pacific Northwest Laboratories for
mirror specularity measurements. Dr. M.A, Lind, the prfincipal investi-
gator, is also studying the use of dopants in the mirror silvering
process to increase the resistance of wet- -process silver mirrors to
moisture attack. B/PNL is also providing service measurements to
various DOE subcontractors. R

The National Bureau of Standards (NBS) is completing certification of

a set of optical standards under the direction of Dr. J. Richmond,

These will be for sale through the National Bureau of Standards®

Standard-Reference Materials (SRM) program. Three types of standards

will be sold: (1) a diffuse low-reflectance standard (p=>.06); (2) a

~ diffuse high-reflectance standard (p= .80); and (3) a specular, high-
reflectance standard.
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In the area of transmitting.materials, work is continuing to evaluate
the Corning thin glass and various polymers, Cleaning studies arve also
continuing. Cellular glass characteristics are being evaluated by

Dr. M. Adams at JPL; Sandia Laboratories at Albuquerque 1is evaluating
foam-core composite structural materials., High-temperature fluids/ .
containméent materials are being studied at SERI, JPL and SLA.

TABLE 1
MATERIALS PLANNED CFY79
CATEGORY ' ' FY80 OBLIGATIONS OBLIGATIONS
Absorbeirs - 220 o 930
Ref]ectors/'A - B f
Transmitters . ’ S 980 = 850
Structures ' ' 300 120
Fluids/Containment : 350 o : - 330
Support/Fundamental - _ _
Studies - C40 | 460 .
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CHEMICAL_VAPOR DEPOSITION OF SPECTRALLY SELECTIVE SURFACES
FOR HIGH TEMPERATURE PHOTOTHERMAL SOLAR ENERGY CONVERSION

' B. 0. Seraphin
Optical Sciences Center - University of Arizona
Tucson, Arizona 85721

ABSTRACT

A method 45 descnibed fon the chemical vapon deposition of spec-
tally selective mubtilayern coatings of good durability at 500 C.

A molybdenum §48m of high (nfrarned neflectance {5 overlaid by a
sofan absonber made of amorphous & (Licon stabilized against crystal-
Lization. Molybdenum §idms depos.ited in the presence of an oxygen
bleed combine agtern anneal and panivation a solar absorpiance of
0.92 with an ingrared emittance of 0.11.

As photothermal solar technology for low temperature applications ma-
tures, emphasis shifts to conversion at intermediate (300 - 500 C) and
high temperatures (> 500 C). Although systems of moderate (X <250) flux
amplification critically depend on the spectral selectivity of the sur-
faces that intercept and convert the incident radiation, few coatings
fabricated in a cost-effective manner have sustained such se]ect1v1ty
.at temperatures greater than 300 C.

Candidate coatings for intermediate and high-temperature photothermal
conversion have been developed during the last six years at the Optical
Sciences Center of the University of Arizona under, successively, NSF/
RANN, ERDA, and DOE support. The distinguishing feature of this work is
the use of Chemical Vapor Deposition (CVD) for the fabrication of spec-
trally selective multilayer coatings of high-temperature durability. In
this method, novel {in its application to optical thin-film technology,
the substrate to be coated is placed into the hot zone of a furnace,
and exposed to a gas mixture that contains a compound of the material
to be deposited. If all parameters are properly chosen, the compound
breaks up at the substrate surface through the transfer of thermal en-
ergy, leaving behind a thin film of the desired material. If the sub-
strate is exposed to a sequence of different reactants and conditions,
successive layers of various materials and functions can be deposited,
resulting in an optical multilayer stack. [[1]]

CVD offers a number of advantages particularly attractive for the pro-
duction of spectrally selective stacks, First, deposition at tempera-
tures typically above 500 C causes most deterioration processes to oc-
cur during fabrication. Second, deposition in an open tube at atmospher-
ic pressure permits sequential flow-through operation difficult to per-
form in a vacuum. This will simplify the coating of long pipes, the
preferred collector configuration at elevated temperatures. Third, un-
1ike most physical vapor deposition methods performed in vacuum, CVD
proceeds at thermal equilibrium with the substrate surface, with posi-
tive consequences for coating purity, composition and microstructure.
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In this way, coatings of the dark mirror type were produced in which the
thermal emittance ¢ is suppressed by a stabilized silver layer deposited
by evaporation, and the solar absorptance a is generated by a polycrys-
talline film of CVD silicon on top, giving values for a/e of 12 at val-
ues a of 0.76. They survived anneals in a vacuum of 1 torr at 500 C for
several thousand hours, and were cycled several thousand times to 500 C.
Note that both absorptance and emittance were evaluated at 500 C. Most
reports on temperature-stable coatings cite the absorptance at room tem-
perature befone and aften heating to operation temperature - a method
clearly unsatisfactory and inconclusive, considering that most optical
properties are strongly dependent upon temperature. In simple terms:
what is 95% solar-black at room temperature need not be so at 500 C.
Since proving the laboratory feasibility of the fabrication process, we
improved the original absorber-reflector coating configuration. We re-
placed the evaporated silver reflector by a thin film of CVD molybdenum,
thus establishing the feasibility of an all1-CVD stack. By pyrolytic de-
compagsition of molybdenum carbonyl, films are deposited which, after an-
neal in a reducing atmosphere at 1,000 C, surpass the infrared reflec-
tance of super-smooth bulk molybdenum by half a percent, as determined
in the Bennett Precision Absolute Reflectometer. [2,3,/I'] Reflectors are
thus obtained that combine the refractory nature of molybdenum with the
high infrared reflectance of conventional mirror materials.

ABS.REFLECTANCE (%)

FIGURE 1 5 : ,/o"/‘ .
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/0/
1) A CVD MOLYBDENUM FILM AFTER / O
ANNEAL o o
2) BULK MOLYBDENUM POLISHED TO | 3
SUPERSMOOTH FINISH | LT
3) A MOLYBDENUM FILM SPUTTERED e
UNDER ULTRACLEAN CONDITIONS. Ve
FOR DETAILS, SEE REF. 2 - 4. / 1 CVD Mo
' 957 / 2 Buk Mo
4 3 Mo sputtered in uhv -
5 10 ®
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Figure 2 shows the importance of structural rearrangements and the de-
parture of impurities during anneal in obtaining the optical perfor-
mance and stability of "Super Molybdenum." This is also evident in the
optical spectrum of Rlack Molybdenum, a single layer coating that,when
annealed, combines high infrared reflectance and promising solar ah-
sorptance.

Obtained by pyrolyzing molybdenum carbonyl in the presence of oxygen,
the films acquire, through subsequent anneal, a solar absorptance «a
of typically 0.75 at 25 C accompanied by a thermal emittance ¢ of 0.10
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~for 500 C black body radiation. An ant1ref1ect1ng layer of Si. N raises
"the absorptance to 0.92 and the emittance to 0.11, with both va?ues ex-
pected to be further improved through continued stud1es The time pro-
file of the optical properties indicates that annealed "Black Moiybde~
num" - of monoclinic structure as depnsited - raeprecsents an intermedi-
ate anneal state that presents structurally a mixture of monoclinic

MoO., and body-centered molybdenum..It can be expected that further tran-
sfoamat1on and/or outgassing will not occur at the ant1c1pated opera-
tion temperature of 500 C. _

Degradation by oxidation can, in hoth types of molybdenum, be retarded
by overcoats of silicon nitride, Si N We can now anncal "Super Mol-
ybdenum: protected by 750 A of CVD §1 N for 750 hours in open air,
‘prolonging the anneal times reported ?n 1978 by nearly -two orders of
magnitude. [5] Failures can be correlated to pinhales in the passiva
tor, giviny hope for extended performance of the entire stack when the
passivated refléctor is buried beneath the silicon absorber and an ad-
d1t1ona1 S13N4 ant1 reflection coating.

The ro]e of impurity incorporatjon into a film grown by CVD is clearly
demonstrated in our successful stabilization of amnrphous silicon ab-
sorbers - superior in solar absorptance to the previously used polyerys-
talline form - beyond the 500 C crystalization temperature of sputtered
or evaporated material [6,7,8]. Under support from the DOE Office of Ba-
sic Energy Sciences, we have learned to stahilize the amorphous form of
silicon to temperatures approaching 1,000 C by incorporating typically
18 at.% of carbon into the growing f11m Structural stability of these
films can now be predicted to be hundreds of years of operation at 700C.

The availability of highly IR-reflecting Super Molybdenum and IR-reflect-
ing, solar-absorbing Black Molybdenum recommends a positive re-evaluation
of the original absorber-reflector concept for spectrally selective coat-
1ngs As shown in F1gure 4, the unfaborable 'spectral location of the sil-
icon transparency edge is .now improved by an underlying reflector that
absorbs the infrared solar photons transm1tted by the absorber depicted
1n Figure 3. :
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We are presently modeling various arrangements of layers of amorphous
silicon absorbers and Super or Black Molybdenum reflectors that our re-
cent progress made technologically accessible. The final configurations
will be fabricated accordingly, with input from on-going tests of the
lifetime performance at 500 C of representative stacks. The direction
of further work will depend on our understanding of Black Molybdenum,
its optimal structure, and composition of this promising candidate for
a refractory single-layer spectrally selective coating.

FRACTION OF AM-2 SOLAR SPECTRUM

WAVELENGTH « um»
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The thermal-equilibrium character of CVD becomes important in the trans-
port properties of our amorphous silicon films as well. We noticed that
the optical properties, the density and porosity,and the anneal stabil-
ity of our pyrolytically decomposed films differed from those films com-
monly deposited in an RF glow discharge for use in solar cells. The
promise of a better connected lattice with potentially superior trans-
port characteristics was recognized by the SERI-monitored Program for
Innovative Concepts in Photovoltaics. We were asked to investigate the
photo-electric properties of our CVD amorphous silicon films. We hope

to report first results at next year's conference. Meanwhile, it can

be concluded that chemical vapor deposition of multi- or single-layer
coatings leads to selective surfaces that are condidates for photother-
mal solar conversion at intermediate and high-temperatures, by combin-
ing high-temperature stability and satisfactary aptical performance
with the potential for economical large-3cale manufacture.
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PROTECTION OF FIRST SURFACE REFLECTORS WITH SILICONE RESIN COATINGS

W. E. Dennis
Dow Corning Corporation
Midland, MI 48640
(517)496-~4655
Principal Investigator .
Contract: XJ-9-8091-1

ABSTRACT

Slllcone resins are being evaluated as protective coatings for first surface
aluminum and silver reflectors.

The solar weighted hemispherical reflectances and specular reflectances of
float glass metallized with silver and aluminum and protected with silicone
coatings have been measured. The metallized squares of float glass protected
on the front side with silicone resins were highly reflective. The solar-
weighted reflectances of the silver samples were 5-7% higher than the aluminum
samples.

The reflectances of the aluminized samples were remeasured after 500 hours
exposure in an Atlas Filtered Weather-Ometer. Some resin protected samples
retained high reflectance and specularity however others lost their specu-
larity.

The specularities of the initial samples metallized with silver were poorer
than the aluminized samples because of the primer used to improve the adhesion
to silver. K The most recent silvered samples have good specularity because of
better techniques of applying the primer.

Work is now in progress to determine the durability of first surface reflec-
tors protected with silicone resins by exposing them to harsh environments

including: sulfur dioxide, salt spray, high humidity and natural outdoor
weathering.

This work is funded by the Department of Energy and is monitored through the
Materials Branch of the Solar Energy Research Institute in Golden, CO.
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RESULTS AND DISCUSSION

Candidate Resins

Orginally 11 silicone resins were selected as potential candidates to be used
as protective coatings for first surface reflectors. These resins were chosen
because they represented a spectrum of chemical compositions, functionality
and crosslink density. Silicone resins at all stages of commercialization
were included in this investigation.

The functionality and degrees of substitution of these resins are listed in
Table I. The 'percent of functionality" is usually an indication of the
reactivity of a resin and its rate of cure. In general, a resin with high
functionality is lower in molecular weight and cures faster thau a Leslu wilh
low functionality.

The "degree of substitution" is an indirect measure of the crosslink density
of a resin. The silicon stom in most silicone polymers has four valence
bonds. In silicate glasses all of these bonds are used to form a highly
crosslinked brittle solid. Replacing these bonding valence sites with nonf-
unctional organic radicals such as methyl or phenyl diminishes the number of
possible cross links and decreases the brittleness. Most silicone resins have
degrees of substitution between one and two which means that on an average
they have slightly more than one non-functional organic group per silicone
atom. The phenyl, methyl and propyl to silicon ratios of the resins are also
given in Table I. The relative phenyl and methyl to silicon ratios of the
resins identified as candidates for this study represent a broad spectrum of
resin type.

The refractive indices of the cured resin films are also shown in Table I.
All of the cured resin films have a refractive index of approximately 1.46
except Resin E which is 1.426. It would be desirable to tailor the refractive
index of the cured resins so that a gradient of refractive indices could be
obtained. Unfortunately, all of the silicone resins which are available have
similar refractive indices except for Resin E, and there is only a 7% dif-
ference between Resin E and the other silicone resins.

Nirt Pick Up Meagurements

Eight resins were coated on 4" x 4" glass squares and measured for trans-
mittance between 350 and 2100 nanometers. Transmittances values were obtained
every 75 nanometers between 350 and 650 nanometers and every 150 nanometers
between 650 and 2150 nanometers. These samples were exposed outdoors at an
angle of 45° South on a building roof top and remeasured for optical trans-
mission at various time intervals. The changes in optical transmission as a
function of time are a measure of the amount of dirt, abrasion, and changes in
absoxptance of the resin coatings.

Figure 1 shows data for Resin A plotted after two periods of exposdre: 6
weeks and 15 weeks.

H2
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Replicate samples of these exposure samples were prepared and exposed in ‘a
similar manner. These samples were washed before the transmittance measure-
. ments were made. Comparing the transmittance of washed and unwashed samples
shows the amount of transmittance which is easily recoverable and what portion
of the optical loss is not recoverable. The samples were washed by rinsing
the samples with tap water, wiping them with a soft cloth and then blowing
them dry with a stream of air. The samples which were washed before reading
the transmittance values were all quite close to the original value after 12
weeks outdoor exposure except for Resin I.

Measurement of Spectral and Specular Reflectance

Four inch by four inch float glass squares obtained from Libby-Owens Ford were
metallized with aluminum by Coatings Research in Chicago using vapor deposi-
tion and coated with the resin candidates at Dow Corning.

Solutions of Resin A, B, C and I were sprayed on the aluminized samples using
conventional techniques. These samples had a dissappointingly poor appearance
after cure due to small particles. These cured resin films formed continuous
protective coatings and. were submitted to Battelle Pacific Northwest Labora-
tories (BPNL) for reflectance measurements despite their poor appearance. The
reflectances of Resins C and I were high, 90% and 89.7% respectively (refer-
enced to BaSO The reflectance of Resin A was low, 77.2%, and that of Resin
B ‘was fair, %2 9%. The specularities of all the resins were quite good in
spite of their poor visual appearance.

Resins E, F; H and J were coated on the aluminized squares by dipping the
samples in dilute solutions of the resin. These samples had a much better
appearance and had consistently .good reflectances, 89-89.7%, and good specu-
larity. The sample coated with Resin E had the best reflectance and specu-
larity. See Figure 2.

Changes in Specular Reflectance Caused by Exposure to UV Radiation

The samples described above were exposed in an Atlas Filtered Weather-Ometer
for 500 hours and sent to Battelle Pacific Northwest Laboratories to be
remeasured for specular and spectral reflectance.

Two resins with good reflectance and specularity and which retained them after
exposure to UV were Resins E and H. These are the most promising candidates
for the protection of aluminum.

Resin I showed the greatest amount of degradation both in terms of solar
weighted spectral reflectance and specular reflectance. The spectral re-
flectance dropped from an initial value of 89.7% to 83% after 500 hours of UV
exposure. This loss is due to pitting of the resin which was severely spotted.
The roughness of the resin surface is indicated by its poor specularity. See
Figure 3.
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Protection of Silvered Float Glass

Float glass squares metallized with silver were coated with Resin A, B, C, E,
H, and L. The resin coatings were applied using the dipping technique.

Prior to use, the solutions of resin were filtered through a Gelman Micro Pore
Filter which removes all particles larger than 1.2 microns and the coatings
were applied in a Class 100 Clean Room. The reflectances of the float glass
squares metallized with silver were all higher than those of the aluminized
float glass squares as might be expected. The specularities of the silver
surfaces coated with each resin were lower when compared with the correspond-
ing resin coated aluminum surfaces.

Good adhesion of silver to polymeric coatings is often difficult to achieve
and, therefore, a silane coupling agent was used to prime the silver surface
before the solutions of resin were applied. The silaue voupling agent was
applied as a 1% sgolution in aqueous isopropyl alcohol. The silver metallized
glass squares coated with resin looked worse than the aluminized samples and
had a haze or blush. This cloudiness is probably due to the Dow Corning®
Z-6020 coupling agent used to improve the adhesion of the resin to the silver
surface. The visual appearance did not correlate with the specularity meas-
ured at 10° and 45°. Reflective surfaces which looked cloudy often had higher
spectral reflectance and better specularity than reflectors which appeared
visually clear.

Three each of the resin coated silver surfaces were sent to Mike Lind at
Battelle Pacific Northwest Laboratories. The widest variation in the solar
weighted spectral reflectances of the triplicate samples was 96.2% to 93.2%
for the samples coated with Resin A. The lowest spectral reflectance meas-
ured, 93%, was on a sample coated with Resin H. The average measured reflec-
tances for silver coated with the six different resins ranged from 94.% for
Resin H to 97.8% for Resin E. The specular reflectances of some resin coat-
ings had wide variation. There was significant variation in values obtained
at various places on each sample and between the three replicate samples. The
variation in specular reflectance measurements was greater on samples with
poor specularity than on samples with good specularity. The specularity of
the silver protected with Resin E was highest at both 10° and 45° and the
variation in specularity was smallest,

CONCLUSIONS

Aluminum, vapor deposited on float glass, has high specular reflectances and
can be protected with silicone resins.

Silver, vapor deposited on float glass, is more highly reflective than alumi-
num; however, good adhesion of silver to both the glass substrate and the
protective resin is difficult to achieve. The primers and adhesion promoters
for the protective silicone resin coating must be chosen and used in a way
that preserves the high reflectance and specularity of the silver surface.
More work is needed to determine the optimum coating techniques which provide
uniformly specular, durable protective coatings for silver.
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THIN GLASS FOR SOLAR APPLICATION

A, F. Shoemaker
Corning Glass Works
Corning, New York

ABSTRACT

This glass is divided into two categories in order to iso-
late problem areas. Thickness below lmm require additional
studies and development in order to enhance cutting, hand-
ling, shipping and 511ver1ng

Of the several methods available to achieve a curved glass
mirror substrate, the use of chemically strengthened glass
appears to offer the best combination of features.

A new glass has been melted which has been specifically
tailored to meet the needs for solar response, environment-
al hazards and volume production.

SUMMARY

The term '"'thin glass'' as used herein, is to be construed to
mean thicknesses less than 2.5mm. This category then can be
sub-divided; i.e.; thicknesses down to lmm and thicknesses
“below lmm. This latter being designated as microsheet.

There are four ways in which thin glass can be produced; 1)
-updraw, 2) down draw, 3) float, and 4) fusion.

Grinding -and polishing of rolled sheet is not a viable met-
hod. When surface quality and warp requirements are imposed,
float and fusion processes remain as possibly the better pro-
duction options.

Float is designed to produce one glass type, soda lime. This
process produces a natural thickness of ; 1mm (.280") but by
a stretching technlque can currently produce down to approx-
imately 1.8mm ( 070’

Fusion can operate with a variety of glass types. Further,
it can produce thicknesses down to .25mm (.010") and has, on
the large production equipment, produced .64mm (.025") in
widths to 130cm (50 inches). The nature of this process im-
proves the surface quality the thinner it gets. Due to the
flexibility permitted by this process, glass compositions
can be melted which have characteristics needed for solar
applications, i.e.; very low reduced iron, (Figure 1), ex-
cellent resistance to chemical and weathering attack, stabi-
lized to minimize solarization and a surface quality equal
to or better than 2 milli radians.
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NEW GLASS

‘Recently SERI funded a prototype run of a glass specifical-
ly selected to meet the needs for solar applications, Corn-
ing Code 7809 was melted in a "mini'' fusion facility at our
Harrodsburg, Kentucky plant. Thicknesses from 1.5mm to lmm
were produced in sizes 107cm x 91lcm (42" x 36"). Currently,
the small inventory produced is in the hands of many poten-
tial users for evaluation and test. With the exception of
some equipment problems resulting in surface quality, less
than could be expected from the full size production facil-
ity at Blacksburg, Virginia, all other goals were met or
exceeded. In particular, the solar transmission of both the
1lmm and 1.5mm thicknesses were in excess of 91.5%, (see
Figure 2), This results in a potential total hemispherical
reflectance in excess of 96%. ' The reason this 1s qualified
as potential is that test data has shown a range of reflect-

ive response of over 47 depending upon the source of silver-
ing.

OBJECTIVE

Basically, the interest in this glass comes from the fea-
tures that it can exhibit: .

1. Higher transmission.
2. Loﬁer total cost.

3. Flexibility.
4

. As stiffness is directly proportional to the cube of
thickness less force is required to doflcet into shape
or conversely less recovery force is exerted by the
formed panel against the bonding adhesive.

Applications for which this glass would be used would be
cover plates and mirror substrates for heliostats, spheri-
cal dishes and linear concentrators., These latter two would
utilize all four of the above features for their applications.

Parabolic and to some extent spherical curvatufes can be
achieved by three techniques used in forming glass:

1. _Hofdform or sag by a high heat process against a shaped
mo .

2, Use microsheet levels of thickness and intimately bond
to a thin steel sheet backing plate which when mechani-
cally deformed to the required curvature, puts the glass
mirror body into a safe compression mode,
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3. Use chemically strengthened float panels in a thickness
range of lmm to 1.27mm (.040" to .060'"). This can then
be force best or ''cold formed" to the desired curvature
either against a formed backing reference or held into
shape by stops or clips.

PROCESS

The hot forming process has a number of problems tobe over-
come. To achieve the accuracy of curvature needed to meet
most of the concentration factors required, a solid mold
appears to be needed. This mold has to be machined to
tight tolerances which must be maintained during the heat-
ing cycles. Generally, this means stainless steel, 410 or
equivalent. The pre-forming, machining, annealing, and
final dressing on the sizes involved, become quite expen-
sive. To produce large quantities of parts, many molds are
required. To compound the problem, low heat mass is needed
to achieve speed of operation while a precise temperature
control is required to permit the glass to come into inti-
mate contact but not allowing the glass to stick or receive
mark-off conditions. If these problems are overcome then
the question of silvering a curved shape needs to be faced.
Lastly, the multiple handling of curved shapes offers a
high probability of breakage or loss caused by line con-
tacts and nesting limitations which would create scratches.

The microsheet approach, while technically capable of be-
ing produced, has limitations in the current state of the
art for the secondary operations. Inability to cut, handle
and pack-ship become a problem. Glass thicknesses below
lmm need to have a new or different technique developed to
score or cut the edges. The conventional cutting wheel,
normally used, tends to leave significant checks along the
cut edge. To further emphasize this problem, consider the
edge strength of a glass lmm or thicker, cut by standard
cutting wheels, exhibitg Modulus of Rupture values in the
352 kg/cm?2 to 492 kg/cm? (5000 to 7000 psi) range. Micro-
sheet, on the other hand, using cutting wheels against a
hard backing, show values as low as 18 kg/cm2 (250 psi).
The longer the edges to be cut, the more consistent this
low value gets. Couple this problem with the fact that in
this thickness range, production rates are in excess of 10m
(400") per minute. While the body of this glass is quite
strong, like a chain, the product_is only as strong as its
weakest link., Here, the 18 kg/cm2 edge strength prevents -
achieving many of the bend radius that are being considered.
This is the reason that handling and shipping become part
of the problem. The silvering operation introduces a ther-
mal shock that the weak edge could cause significant fail-
ures. ‘ '
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- The silvering process also has the problem of handling weak-
ness. Further, the scrubbing stage and the transport mechan-
‘ics- through the line are faced with the flexibility problem
- that prevents good contact and flatness of surface necessary
to achieve uniformity of silver deposition.

The chemically strengthened panel appears to offer the best
combination of known and proven features. In the thickness
range lmm to 1.27mm, cutting, handling, and shipping techni-
ques are known and proven. . Strengthening is straight for-
ward and does not change the excellent smoothness of surface.
‘Shipping is easily done in bulk form. Sllverlng of flat
sheet is by conventional methods. ' The ''cold forming' of -
the silvered panel has been demonstrated and no problem is
‘experienced with the mirror backing materials. The result-
ant surface quality is thn same as the original flat sheet.
Radiuses down to 3cm (13 ) can be achieved. The strenghten-
ed, cold formed panel is capable of meeting the hail impact

+ requirement. In fact, the direction of bending increases .

the compression component of the exposed surface to help
improve resistance to failure.

This basically -covers the category of '"thin glass' as now
known. Many of the problems indicated herein may be solved
if volume were large enough to permit the necessary studles
and development that currently are only conceptual.
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THE EFFECTS OF SOILING AND
CLEANABILITY ON SOLAR REFLECTORS

W. F. Carroll

ABSTRACT _
The performance of highly cohcent:ating solar energy
conversion systems can be adversely affected by accumu-
lation o0f contaminants on reflector surfaces. Without
artificial cleaning, glass mirrors in remote areas with
frequent rain will degrade rapidly to a broad-band equi-
librium with a mean value of approximately 10% loss; over
extended periods, this "equilibrium'" continues to degrade.
Other data ‘indicates that the degradation of polymer
mirrors in remote areas, glamn mirrnrs in urban atéeas, and
all mirrors in remote areas during extended rainless
periods could be several times greater. Artificial clean-
ing may be ‘required, depending on system operation, mater-
ial and location and must be optimized to minimize energy
cost.  This report summarizes key results of a recent
soiling workshop [1].

The accumulation of air-borne particulates and aerosols on the
optical surfaces of solar energy conversion systems results in
undesirable absorption and scattering, adversely affecting per-

formance. '

For a given quantity of contamination, the performance degradation
depends on the system optical design. At the surface of a trans-
parent optical element, incident solar energy is: 1) transmitted
directly; 2) absorbed; 3) back-scattered or &) foreword scattered.
In the case of flat plate photovoltaic and thermal collectors, only
the ahsorbed and bat¢kscallered energy are lost; the direct and
foreward scattered components reach the receiver. For second sur-
face mirrors, the solar energy must pass through the (contaminated)
surface twice. Thus, in highly concentrating systems, all of the
absorbed and scattered energy from each pass is lost; only the
direct transmitted (and specularly reflected from the metallization)
energy reaches the receiver. Depending nn relative absoirptiun and
scvaltering, highly concentrating systems are 2 times to possibly as
high as 5 times as sensitive to contamination as flat plate collec-
tors. :

The quantity of contamination and the resulting performance degra-
dation for any system depends on a number of interactive parameters
including, at least: The nature of the contaminants, location
(local contaminants, climate, etc.), season, material type and
surface texture, orientation, and natural/artifical cleaning.

There 1is, at present, inadequate data to accurately predict the
effects on performance of various systems in various locations.
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Cost effective design of components and systems and cost effective
operating strategy (e.g., cleaning method, allowable degradation,
cleaning frequency, non-operational stowage) will require an overall
understanding of parameter interactions and accurate data (or analy-
tical models) for material/configuration/cleaning, etc. for each
intended location. Net accumulation is strongly dependent on preci-
pitation type and frequency and probably on seasonal variations in
pollutants, temperature, dew cycles, etc. Therefore, if design is
to be based on field experimental data, one year of site material
and orientation specific data would be minimum and one year may be
inadequate. There is the further probability that weathering of the
surfaces can modify (most likely adversely) the rate and magnitude
of the accumulation.

Mirror tests at Albuquerque [2] indicate that short term decreases
in specular reflectance of silver/glass mirrors of 0.5 to 1.0% per
day can be expected in that area. With ratural cleaning, the Albu-
querque mirrors appeared to reach a broad band equilibrium condition
with a mean value of approximately 10% loss during the first few
months of exposure. Extreme measured values varied from more than
16% to less than 5%. Recently, after approximately 1.8 years, the
equilibrium mean degradation appears to be ~19% with extremes rang-
ing from 23% to 16% [3]. Vertical and face down stow position
reduces the accumulation significantly.

The most extensive information on soil accumulation for various
materials and various locations has resulted from evaluation of flat
plate photovoltaic (PV) modules and materials [4]. Although accu-
rate quantitative translation of these results to effects on highly
concentrating systems is not possible, a rough approximation of the
impact can be made, recognizing that highly concentrating systems
are 2-5 times as sensitive as flat plate systems.

Net power output degradation due to soiling of glass encapsulated PV
modules over ~ 1 year ranged from 0-2% in Florida to 10-13% in New
York City. Silicone (relatively soft polymer) encapsulated modules
ranged from 2-4% in Florida, 5-7% in Mead, Nebraska to as much as
34% in New York City. These results are discussed in detail in Ref-
erence 4.

Glass and silicone modules in Pasadena all showed power loss of 6-7%
per month during an extended rainless- period in Pasadena during the
summer of 1978. This indicates that initial soil accumulation is
not strongly surface material dependent and that observed major
long-term differences were due to the material-dependent effec-
tiveness of natural cleaning. It also indicates that artificial
cleaning might be mandatory in areas where extended rainless periods
are possible (e.g., 2-5 months in Southern California).

The PV data shows that, in general, surfaces in urban sites are more

seriously affected than those in remote areas. Industrialized urban
areas tend to be the most severely affected. (This could be a
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significant consideration for Repowering and Industrial Process
Heat.) '

Two independent cleaning studies, [5], [6] using totally different
approaches, have indicated that large icale, regular artificial
cleaning can be accomplished for 1-2¢/m~ per cleaning. At this
rate, daily cleaning would cost approximately 1-2¢/kwhe and is
obviously impractical. Cleaning on a less frequent basis may be
required or economically desirable, particularly for urban areas or
areas with infrequent rain, but will require optimization of clean-
ing method and frequency for for mirror material, system operation
and location.
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ADVANCED FREE-PISTON STIRLING ENGINE
DRIVEN 15kWe LINEAR ALTERNATOR PROGRAM

Contract Number: JPL 955468
G. M., Bensoﬁ, PhD

Energy Research & Generation, Inc.
Oakland, CA 94608

OBJECTIVE

The objectiveé of this phase of the program are: 1) design and
analyze critical componehts and subassemblies, 2) assess and optimize
the thermodynamic and dynamic performance through computer
simulation, and 3) perform a preliminary design of a resonant free-
piston Stirling engine (RFPSE) driven 15kWe linear alternator.
Particular emphasis is on: 1) heat exchanger matrices, gas bearings,
narrow-clearance seals, control and stability, manufacturé.bility, ‘
reliability and production cost of a solar-energized electric power

plant employing non-strategic materials,

BACKGROUND

ERG pioneered the concept of a gas-bearing, hermetically
sealed, resonant free-piston Stirling engine (RFPSE) with électrié or
hydraulic power output. In 1967 ERG's first REPSE was demonstrated -
which empléyed a posted,' differential drivé-area di'splacer. In 1969 |
ERG began the development of a gas-fired heat pump/aif conditioner
with supplemental electric power generation under an American Gas
Association contract. Since then ERG has been engaged in the further
development of RFPSE machines for electric and hydraulic power
production and heat pumping. The present 'JPL contract is directed
toward incorporating ERG's technologies into a solar-energized

electric power plant.

PROGRAM
The goals of this two-task, first-phase program are delineated
in Table I.



The results obtained in the first task effort are presented in

the following discussion.

RESULTS

Figure 1 presents the indicated ef£1c1ency and power for FPSE
des1gns having four different heat exchangers and using hydrogen or
helium as the working fluid, Component combination I represents
engine performance obtained with Thermize: heater and cooler and
Foilfin regenerator, Cdmbination II represents performance with
Foilfin heater and regenerator and Thermizer cooler. Combination
III rcprecaents perfurmahce with k'oilfin heater, regenerator and
cooler., Combination IV represents performance with conventional
tubular heater and cooler and stacked=screen regenei-a.tor. Each of
the above results represents optimized pe-rformance ‘obtained from a

‘large number of separate computer runs.

The effect of isothermal vs. adiabatic working volumes of the
engine are shown in Fig, 2, whereas the effect of mean working pressure

is shown in Fig., 3.

The effectiveness of Thermizer heat exchangers is illustrated
in Fig. 4 (obtained from experimental data) wher‘e I is isothermalization
factor (ratlo of heat transferred in heat exchanger to heat trans[erred
in 1sothermal compression/expanaion pracess) anda/f 02 is the modified:
Fourier number (o is thermal diffusivity, f is frequency of reciprocatiun

and s is half-width gas spacing between adjacent rings),

Figure 5 illustrate_é the correla.tioﬁ obtained by ERG' s thermodynamic
computer code with data supplied hy NASA-LoRC for theii GFPU-3 Stirling
engine. The close correlation obtained in engine efficiency and power using
friction factor (f) and Stanton number (St) as sensitivity variables is

evident,

* . S . L .
Nesting concentric rings in expansion and compression working
volumes of engine, :



Heat exchange with the RFPSE is accomplished by phase-change
fluids: sodium for heat addition, ammonia or fluorocarbon for heat
rejection. Results obtained using solid Thermizers are shown in
Fig. 6 in terms of heat flux and temperature drop as a function of

displacer bore diameter for heater and cooler.

The linear alternator must produce constant terminal voltage
at a constant frequency from zero-load to 50% overload (NEMA Standard).
This is accomplished by the engine's capability of varying stroke of

displacer and power piston. The results are shown in Fig. 7.

The alternator is designed to employ ceramic permanent
magnets, silicon-steel laminations and copper windings potted in
polyimide insulation. Design analysis indicate that 97% efficient
alternators weighing less than 2 kg/kW are obtainable at material

costs of approximately three dollars per kW.
SUMMARY

The‘ results obtained to date on the present program indicate
that the goals specified in Table I are potentially achievable and that

the features of the proposed design, as listed in Table II, are necessary

to meet these goals,



TABLE I

ERG - RFPSE PROGRAM GOA.LS

0. 60% POWER CONVERSION EFFICI_ENCY (20-100%. LOAD RANGE)

$60/kWe ENGINE ALTERNATOR COST

]

o ABSENCE OF STRATEGIC MATERIALS

HIGH RELIABILITY & LIFETIME

o« TERMINAL VOLTAGE & FREQUENCY LOAD INDEFENDENT

1 or3é CAEA_BIL!TY

¢ DYNAMICALLY BALANCED UNIT »

e 1500 °F LOW ALLOY ENGINE

° 'zpoo-zsoo %F CERAMIC ENGINE

¢ MATEABLE TO SOLAR RECEIVER/MULTI-FUEL CGOMBUSTOR

¢ MATEABLE TO AIR-COOLED RADIATOR/HEAT REJECTION LOOP




TABLE II

FEATURES OF PROPOSED DESIGN

¢ HIGH EFFICIENCY ENGINE & ALTERNATOR OVER LOAD RANGE’
¢ LAGETWEIGHT, INEXPENSIVE ENJINE & ALTERNATOR
» OPPOSED PISTONS PROVIDE DYNAMIC B.A.LANCE

¢ ISOTHERMALIZED -ENGINE & GAS SPRING CHAMBERS MINIMIZE
LOSSES *

o FOILLFIN ' REGENERATOR MINIMIZES LOSSES & COST

» SELF-PRESSURIZED GA3S BEARINGS PROVIDE LOW FR!CTiON,
LONG-LIFE, HERMETIC SEALED UNIT

o TERMINAL VOLTAGE & FREQUENCY LOAD INDEPENDENT
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FIG. 5§

ERG Thermodynamic Computer Code Correlation
Sensitivity Study on NASA-LeRC GPU-3 engine
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FIG. 6

Thermizer Heat Exchangers
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FlG. 7
FPSE Part-Load Characteristics
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HIGH«TEMPERATURE SEAL DEVELOPMENT FOR THE SHARE RECEIVER+*

FHILIP. O. JARVINEN++

MASSACHUSETTS INSTITUTE OF TECHNOLOGY .
LINCOLN LABORATORY
LEXINGTON, MASSACHUSETTS 02173

ABSTRACT

The development and experimental demonstration
of a high-temperature seal for the SHARE ceramic
dome cavity receiver is reported. The mechanical
contact seal which was tested on one-foot diameter
silicon carbide ceramic dome hardware at pressure
differentials to four atmospheres and dome tempera-
tures to 2200°F (1200°C) showed negligible leakage
at expected receilver operating conditions.

INTRODUCTION

This paper discusses the development and experi-
mental demonstration using one-foot diameter ceramic
dome hardware of a high-temperature mechanical seal
for the SHARE receiver. Previous work under DOE
Contract No. ET~78-5-02-4878 has been reported in
References 1 through 6 and has included discussions
of receiver and seal concepts, analytical methods
for solar radiation flux distributions in cavity
receivers, cavity reradiation exchange, ceramic dome
and ceramic insulating ring structural analyses,
metalization of silicon carbide ceramics, selection
of a preferred sealing approach and experimental
tests in two-inch diameter ceramic-hardware of a
mechanical seal.

The high~temperature mechanical seal concept
which was developed in the present program is
depicted in Figure 1. The primary seal is achieved
at the interface between the silicon carbide dome
and the insulating ring. Leakage through the high-
temperature seal {s controlled by the selection of
the surface finishes on the two ceramic pieces which
touch along an angular contact area. The insulating
ring provides a thermal barrier with accompanying
temperature drop between the-high temperature con-
tact seal and the secondary seal at the foot of the
insulating ring. The silicon carbide dome is
mounted freely on the insulating ring with its
general placement maintained with positioning snubs.

+ This work was sponsored by the U, S. Department
of Energy.

% Presenrad at the DOE Advancaed Solar Thermal
Techuology Program Semiannual Review, Phoenix,
Arizona, 11-13 December 1979.

++ Staff member and Principal Investigator.

Pressure forces acting on the dome provide the
primary seal contact forces. The insulating ring
can be clamped down in place or allowed to sit
freely on the secondary metal gasket or O-ring seal.
Leakage measurements are reported below for both
cases; a hemispherical dome freely supported on a
clamped insulating ring and a hemispherical dome
freely supported on an insulating ring which in
turn sits freely on a secondary seal.

HOT
AR OUT
(1800°F)

WAE CONTACT SEAL
L

SUNLIGHT

SILICON CARBE.
ALUMINA OR MULLITE
INSULATING RING

Fig. 1. High-temperature mechanical contact
seal concept.

The twelve-inch-diameter contact seal leakage
measurement tests reported here were undertaken
after promising results were obtained in experiTegtal
tests using two-inch-diameter ceramic hardware —
The goal of the 12-inch-diameter seal tests was to
demonstrate a seal with a leakage rate which is one
percent (or less) of the total flow impinging on
the dome for heat-transfer purposes with the seal
operating in the desired temperature range from
1000°C -~ 1200°C (1800°F - 2200°F) and with a pressure
differential of four atmospheres (60 PSI). Experi-
mental testing of the impingement heat-transfer
design in combination with the high-temperature seal
was not part of contract ET-78-5-02-4878. Verifi-
cation of the impingement-jet design approach was
considered by DOE to be of secondary importance to
the development of a seal and impingement cooling
design development was deferred by DOE.

Experimental Apparacd;

The twelve-inch~diameter ceramic-to-ceramic
contact seal tests were performed by constructing
a dome seal test unit and mounting it on the top
of an existing cylindrically shaped, electrically
heated radiant furnace as shown in the cross-



sectional view, Figure 2, and in Figure 3. The

dome test fixture houses the dome, dome-insulating
support ring and metal support structure. The

space above the dome could be pressurized and the
dome was radiantly heated to the desired temperature
from below by the radiant furnace. Seal tests were
conducted at the correct seal pressure differential
and temperature, but without impingement cooling
and heat transfer through the dome.
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Fig. 2. Dome sezl/radiant furnace test unit
cross section.

The furnace contalned two graphite reslstance
heating elemeunts which could consume up to 75 kW
of electrical power each. The upper furnace
electrode 1s shown in Figure 4 and the furnace
control consocle in Figure 5. Instrumentation
for the experiment consisted of pressure transducers,
temperature measurement equipment, and flowmeter
measurement units for the leakage tests. Thermo-
couples were mounted at various locations on the
ceramic dome, ceramic insulating ring, and metal
support structure. The radlation flux profile from
the radiant furnace to the dome surface was measured
prior to the experiments using a water-cooled flux
gage that translated along a hemispherical surface
culneldent to that which was later occupied by the
installed dome.

Subcontracts were let with industrial ceramic
manufacturers for the manufacture of the ceramic
hardware required for the seal tests. One-foot
dismeter silicon carbide (Si1C) insulating rings
were delivered by Materials Technology Corporation
(MTC) Dallas, Texas (Figure 6) afd by Norton Company,
Worcester, MA (Figure 7). The MTC insulating rings
were constructed by CVD deposition of a layer of
silicon carbide on a graphite mandrel while those
from Norton were solid $iC; prepared by a process

Fig. 3. Dome seal/radiant furnace test
equipment.

Fig. 4.

Upper furnace electrode.

which employs slip casting, firing and siliconization
of the piece. The finished material is designated

as NC-430 SiC by the Norten Company. One-foot=
diameter NC-430 SiC shallow domes and one-foot-span
NC-430 SiC hemispherical domes were delivered by
Norton Company (Figure 8). Aluminum oxide (A1,0,)
ceramic¢ hardware in the form of disks and insuIa%ing
rings (Figure 9) were procured from Western Gold

and Platinum (WESGO) Company. An assembled hemi-



Fig. 5. Radiant furnace conirol console.

Fig. 9. l-ft-dia. alumina ceramic disk and
insulating ring parts.

spherical dome seal test unit is shown in Figure 10
and a shallow dome seal test unit in Figure 11.

SRR S
Fig. 10, NC-430 siiicon carbide hemispherical
dome and insulating ring sea! unit,

Fig. 6. l-ft-dia. MTC CVD silicon carbide
insulating ring.

Fig. 7. left-dia. Norton NC-430 silicon
carbide insulating ring.
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Fig. 8. Shallow and hemispherical gilicon
carbide NC-430 ceramic dome hardware.
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Fig, ll. NC-430 silicon corhide shallow
dome and insulating ring seal unit.

Radiation Flux Measurements -

Hemlspherical dome radiant flux measurements
were made using the radiation flux distribution
test unit shown in Figures 12 and 13. 1In this
apparatus, a water-cooled radiation flux gage can

be moved along the hemispherical dome profile and/or

rotated in the azimuthal direction. Experimental
measurements of the radiation flux profile are
offered in Figure 14 and show that the flux was
constant from the center of the dome to a location
half-way towards the edge (i.e., between § = 0 and
@ = 45°). As the edge of the dome is approached
(i.e., between 45°S 0 £90), the radiation flux
decreases slightly. At f = 70°, a 20% reduction
in flux is observed. Measurements of the flux

pattern were also made a3 a function of azimuthal
angle and two measurements made 90° apart are com-
pared in Figure l4. The agreement between the
two patterns indicates that the f£lux pattern is
yymmetrical in azimuth an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>