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ABSTRACT 

The Annual Solar Thermal Technology Research and Development 
Conference is being held at the Holiday Inn Crowne Plaza in 
Arlington, Virgina, March 8 and 9, 1989. This year the conference 
is meeting in conjunction with SOLTECH '89. SOLTECH '89 is a 
jointly sponsored meeting of the Solar Energy Indus tries 
Association, Interstate Solar Coordination Council, Sandia 
National Laboratories and the Solar Energy Research Institute. 
This report contains the agenda, extended abstracts and most 
significant visual aids used by the speakers during the Solar 
Thermal Technology research and development sessions. The program 
is divided into three sessions: Solar Electric Technology, Non
Electric Research and Development and Applications, and 
Concentrators . 
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Annual Solar Thermal Technology 
R&D Conference 

conference Objectives 

The Annual Solar Thermal Technology R&D Conference provides a 
review and status update of Sandia's and SERI's work in Solar 
Electric Technology, Non-Electric R&D Applications, and 
Concentrators. This project is sponsored by the United States 
Department of Energy as part of its Solar Thermal Technology 
Program. The objectives of the meeting are: 

- Publicize and increase the awareness of 
recent R&D results 

- Provide a forum for discussion among 
university, industry and federal scientists 
and engineers 

Publicize potentially promising emerging and 
innovative new applications of the solar 
thermal technologies 

- Solicit input from present and potential 
users of the technologies for inclusion in 
the near- and long-range R&D program plans 
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FOREWORD 

The research and development described in this document was conducted 
within the U.S. Department of Energy's (DOE) Solar Thermal Technology 
Program. The goal of the Solar Thermal Technology Program is to advance 
the engineering and scientific understanding of solar thermal technology, 
and to establish the technology base from which private industry can 
develop solar thermal power production options for introduction into the 
competitive energy market. 

Solar thermal technology concentrates solar radiation by means of tracking 
mirrors or lenses onto a receiver where the solar energy is absorbed as 
heat and converted into electricity or incorporated into products as 
process heat. The two primary solar thermal technologies, central 
receivers and distributed receivers, employ various point and line-focus 
optics to concentrate sunlight. Current central receiver systems use 
fields of heliostats (two-axis tracking mirrors) to focus the sun's radiant 
energy onto a single tower-mounted receiver. Parabolic dishes up to 17 
meters in diameter track the sun in two axes and use mirrors to focus 
radiant energy onto a receiver. Troughs and bowls are line-focus tracking 
reflectors that concentrate sunlight onto receiver tubes along their focal 
lines. Concentrating collector modules can be used alone or in a multi
module system. The concentrated radiant energy absorbed by the solar 
thermal receiver is transported to the conversion process by a circulating 
working fluid. Receiver temperatures range from 100°C in low-temperature 
troughs to over 1500°C in dish and central receiver systems. 

The Solar Thermal Technology Program is directing efforts to advance and 
improve promising system concepts through the research and development of 
solar thermal materials, components, and subsystems, and the testing and 
performance evaluation of subsystems and systems. These efforts are 
carried out through the technical direction of DOE and its network of 
national laboratories who work with private industry. Together they have 
established a comprehensive, goal-directed program to improve performance 
and provide technically proven options for eventual incorporation into the 
Nation's energy supply. 

To be successful in contributing to an adequate national energy supply at 
reasonable cost, solar thermal energy must eventually be economically 
competitive with a variety of other energy sources. Components and system
l evel performance targets have been developed as quantitative program 
goals. The performance targets are used in planning research and 
development activities, measuring progress, assessing alternative 
technology options, and making optimal component developments. These 
targets will be pursued vigorously to insure a successful program. 

xiv 



To provide the most current and significant research and development 
information from the Solar Thermal Technology Program, an annual review 
features invited technical presentations and reviews of scientific and 
engineering progress. It provides participants with an opportunity to 
appraise the full range of R&D paths being pursued in the federal and 
private sectors to achieve long-term program goals. In addition, the 
annual review provides a forum on recent achievements in various 
disciplines that are relevant and directly applicable to solar thermal 
technology. Speakers from private industries, universities and federal 
laboratories highlight recent achievements, new and innovative approaches 
and future plans. 

The 1989 Annual Review is being held in conjunction with SOLTECH '89 -- the 
solar technology trade show and exhibition sponsored by the Solar Energy 
Industries (SEIA) ; the show encompasses all solar technologies. The Solar 
Thermal Technology position of the Conference is March 8 and 9 in 
Washington , D. C. 
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THE REFLUX HEAT-PIPE SOLAR RECEIVER 
DEVELOPMENT PROGRAM 

Richard B. Diver 

Sandia National Laboratories 
Albuquerque, NM 87185 

ABSTRACT 

Stirling dish- electric systems have been identified as having potential for 
meeting the Department of Energy (DOE) long-term levelized energy cost 
goals. Dish-electric systems based on Stirling engine t echnology were 
successfully demonstrated by Advanco Corp. and McDonnell Douglas Corp. and 
showed the potential for high effic iency. 

A shortcoming of the Advanco and McDonnell Douglas modules (both used 
United Stirling Engines) was the directly illuminated tube receiver. 
Because of the inherent nonuniformities of concentrated sunlight, the 
directly illuminated Stirling engine heater tubes experience temperature 
gradients that degrade performance and limit life . In addition, directly 
heated tube receivers require highly accurate concentrators to produce 
reasonably uniform incident solar flux distributions, and generally result 
in performance c ompromises in the engine and receive r designs. Another 
shortcoming of the Stirling tube receiver is that it cannot be readily 
hybridized with fossil fuels. 

The reflux heat-pipe receiver r epresent s the next step in the evolution of 
Stirling receiver technology and has t he potential to address all of t he 
tube r eceive r shortcomings outlined above . In the reflux heat-pipe solar 
receiver sodium and/or potassium is used as an intermediate heat t r ansfer 
fluid between the heater tubes of a Stirling engine and a solar 
receiver/ absorber. The liquid metal is evaporate d from the backside of t he 
s olar absorber (the evapor ator) and flows to the Stirling engine's heate r 
where it condenses (condenser). The liquid is passively returned t o and 
distributed over the evaporator by gravity (refluxing), capill ary forcc-s in 
a wick, or by a combination of the two effects. 

The liquid metal intermediate heat transfer fluid permits, to a large 
extent, the independent opt imi zation of the r eceiver and the Stirling 
engine's heater tubes. In addi tion , the high heat transfer and isothermal 
nature of evaporating and condensing metals is ideally suited to the 
thermodynamic r equirements of Stirling engines and to the design of solar 
receivers. Isothermal operation has the important advantage of reducing 
thermal stresses and increasing life. Furthermore foss il-fuel- f ired heat 
pipes can in principle be readily combined with a reflux heat -p ipe solar 
receiver t o utilize solar and fossil fuel in any proportion. 
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Heat pipe solar r eceivers using conventional cylindrical heat pipes have 
been proposed and partially developed in t he past. The current approacl1 
uses spherical geometry evaporators to capture concentrated sunlight more 
effectively and to reduce receiver cost and complexity . The inherently 
s imple pool b oiler reflux receiver concept is also being considered. 

The objective of the reflux heat- pipe receiver program is to develop the 
tools and expertise to design and build l ong-liv ed, reliable, cost
effective receivers . An essential part of this effort is the development 
of reflux heat-p ipe receiver technology, including the t ools to design and 
optimize these receivers. The program is intended to complement and 
support industry sponsored reflux heat-pipe receive r development, and the 
DOE/NASA free-piston Stirling Advanced Solar Conversion System (ASCS) 
program. 

The reflux heat-pipe s olar receiver program is being conducted in two 
phases . Three projects are currently under way in Phase 1: (1) St i rl ing 
Therma l Motors screen wick heat-p ipe r eceiver, (2) Reflux Pool Boile r 
Receiver, and (3 ) Alterna tive Wick Heat - Pipe Receiver. Each project 
involves t he t esting of one or more full-scale receivers on a Test Bed 
Concentrator in Albuquerque, NM. Gas-gap calorimeters will be us ed to 
s imulate a n engine and to quantify receiver performance. Laboratory scal e 
"bench t es ts" with quartz lamp arrays will also be used for proof-of
concept tests. In Phase II a "best'' receive r design will be identified, 
hybridized, and constructed, and made available f o r long-term testing. 
This will become the baseline r eceiver design that will hope fully be used 
in Stirling dish-electric systems of the future. 



0 Sandia National Laboratories 

DIRECTLY ILLUMINATED STIRLING TUBE RECEIVERS 

• United Stirling - Advanco & McDonnell Douglas Modules set world solar·to
electric efficiency records and showed the promise of Stirling dish-electric 
systems 

However. 

• Directly Illuminated Tube Receivers .... 

Have limited life, approximately 16,000 hrs at 720°C 
Require an accurate, high-quality dish 
Compromise engine performance 
Are not easily hybridized 

THE REFLUX HEAT-PIPE SOLAR RECEIVER 

• Adaptation of liquid metal heat-pipe technology to the unique requirements 
of solar energy 

Evaporator is shaped to efficiently collect solar energy 
Condenser is the heater tubes of a Stirling engine 

• Liquid metal is passively recirculated to the solar absorber/evaporator 
Gravity (refluxing) 
Capillary forces in a wick 

• Intermediate evaporating and condensing liquid metal 
Leads to low ~Ts and isothermal behavior ideally suited to solar 
receivers and Stirling engines 
High flux capability (as high as 8 MW/m2) 
Permits independent optimization of the receiver and engine 
Leads to low thermal stresses and potentially long life 
Readily hybridized 
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Photograph of the Advanco Dish-Stirling Module, which holds the current 
record for solar-to - electric conversion efficiency. The mirrored parabolic 
d i sh concentrates sunlight directly on t he e ngine heater head tubes near 
the dish focus. 

United Stirling ESOR- IIB heater head used on the Advanco Dish-Stirl ing 
Modul e. The oversized h eater head tube s are s pread out to improve the f lux 
d istribution and r educe thermal stress, but eng ine and r e ceiver p e rformance 
are compromised. 



CONCENTRATED 
SOLAR ENERGY 

ABSORBER SURFACE 

HEAT ENGINE 

ENGINE HEATER TUBES 
CONDENS .. G SODIUM 

COM>EHSATE RETURN 

/ EVAPORATING SODIUM 

1;:-,,:.,-.-~~- SODIUM POOL 

Conceptual drawing of a heat-pipe receiver and Stirling engine . The 
receiver's absorber surface absorbs concentrated solar flux causing sodium 
to evaporate from the wicks. The sodium vapor is transported to the 
Stirling engine's heater tubes, where it condenses and liberates heat to 
the engine. The liquid sodium is returned to the receiver a bsorber by 
gravity and distributed by capillary forces in the wick . 



~ -~RECEIVER/ENGINE 
/ INTERFACE 

-INSULATION 

---LIQUID SODIUM 

APERTURE 

Artist's rendering of a reflux pool boiler receiver . Liquid metal is 
boiled from the backside of t he receiver absorber and is transported as a 
vapor to the heater tubes of a Stirling engine. Liquid metal r eturn to the 
absorber is assured by an inventory sufficient to submerge the absorber in 
orientations from vertical to horizontal. The engine heater tubes are 
always loc ated in the vapor space above the pool. 



0 Scntia National Laboratories 

THE OBJECTIVES OF THE REFLUX HEAT-PIPE RECEIVER PROGRAM 
IN FY88-89 ARE: 

• To demonstrate reflux heat-pipe receiver technology by successful tests of at 
leas t one receiver on a Test Bed Concentrator. 

• To identify the best receiver design approach-heat-pipe vs. reflux boiler, 
wire screens vs. sintered powder wicks. 

• To develop the tools to design a nd optimize reflux heat-pipe receivers. 

• To develop the technology to hybridize reflux heat-pipe receivers. 

THE REFLUX HEAT-PIPE RECEIVER PROGRAM 
WILL EMPHASIZE HARDWARE TESTING 

• Tests will be perfonned on the Test Bed Concentrators (TBC) 

• The first phase of tes ting will establish hardware lim itations (test to 
failure) 

• The second phase of testing will detennine perfonnance characteristics 
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REFLUX HEAT-PIPE SOLAR RECEIVER 
PROGRAM ORGANIZATION 

PJIOJ[CTS Reflux Haat-P1~ Receivers 
01ver 

TECHNOLOGY 

PIIA.5 E I 

STM Rec:e1v•r 
Linker 

lle!lux lien ltr 
lloano, >.ndro• 

Al ternat 1v e 
R•ce1 ver 
Adkins 

PH>.SE lI 

Advancad Hybrid 
Rece iver 

Adkins 

ASCS Receiver 

P~rforaance Analyc1s 
Jioaan , DlVf'r 

Stre•• Analysu 
2 ~4 l 

Wiel< Analys1e 
Adkins 

ll&tarilh / Lite 
l9lJ 

llaflux Boiler 
Analya1a 

lloreno. Andra • • 

llybrid C:u Fired 
Haat-Pipe 

Adkins 

Ineulation Housing 
Andra•• • C1nn 

Sodiw, Handling 
"oreno, Andr•-e 

In•trimentation 
Data Procaaaing 
R•w l anson, tllVtr 



( . 

U~¾ Sandia National Laboratories 

® @0®1? ~@li'®W 

Sandia Heat-Pipe/Pool Boiler Receiver 

H1oh Noon 
Lon9est Doy 
Liquid Level 

Insulation 
Housing 

16" Dia Absorber 

WCMou~ 

\_ 6.6" Aportwo 



0 Soodia National Laboratories 

WATER• 
COOLED 
MIARORS 

~ 
OUAATZ LAMP 

AIIRAY 

1111" THERMO• 
c ou,LLs 

WAffR•COOLtD 
G.f.l.GAII CALOIIUMETEIII 

'--- 1 J1~· 111 L 
ITAINLEH·ITH L TUIING 

SODIUM LIQUID LEVEL 

2.1 cm 110 cm 
HEATED ,ATCH 

Hil■EDDED ANO INTRINSIC 
THEAMOCOUPLLS 

..UMII-OUT VALVE 

Pool Boiler Bench Test 

49 



Ul 
0 

0 Sandia National laboratories 

~!i'~ITil~~w 

SUMMARY 

• The reflux heat-pipe solar receiver continues to show promise for 
meeting the program goals for performance, cost, and reliability. 

• An integrated multidisciplinary program involving talented 
personnel from Sandia, NASA, and industry is in place and 
gaining momentum. 

• Many key technical issues need to be addressed. 

• The aggressive, hardware-oriented development program under 
way is expected to resolve or reduce the uncertainty of many of the 
technical issues in FY89. 
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HEAT-PIPE SOLAR RECEIVERS FOR STIRLING ENGINES* 

Douglas R. Adkins 
Sandia National Laboratories 

Albuquerque, New Mexico 

ABSTRACT 

Solar thermal dish-electric systems that are currently being 
developed will use heat pipes to transfer solar energy from the 
focal point of a parabolic dish concentrator to the working 
fluid of a Stirling engine. In a heat-pipe receiver, 
concentrated solar energy collected on the front (concave) 
surface of a dome is removed by the evaporation of liquid 
sodium on the back side of the dome. The sodium vapor then 
condenses on the heater tubes of a Stirling engine and 
transfers energy to the working fluid of the engine. Under the 
influence of gravity, the condensed sodium flows back to the 
evaporator surface where it is redistributed across the surface 
by the capillary action of a wick . 

In the present program, heat-pipe solar receivers will be 
required to operate at sodium vapor temperatures of up to 800 °C 
and transfer nominally 7 5-kW of thermal energy from the 
absorber surface to an engine's heater tubes. Peak fluxes on 
the absorber dome are on the order of 100 W/cm2, and, without 
an adequate supply of sodium to the wick, the heat flux could 
burn a hole through the absorber dome in a few seconds. This 
situation places some rather stringent design requirements on 
the wick, and designing the wick-covered absorber dome has been 
one of the more critical elements of the receiver development 
task. Work is now being conducted at Sandia National 
Laboratories to develop and transfer the technology required to 
design, fabricate, and test heat-pipe solar receivers and their 
associated components. 

For a heat pipe to work properly, the wick's capillary pumping 
capabilities must overcome both body forces (gravity and 
acceleration loading) and flow losses that are developed as the 
liquid passes through the porous matrix of the wick. Models 
have been developed at Sandia to predict pressure drops in 
wicks covering dome-shaped absorber surfaces. These models are 
used to explore various options of arranging wick materials 
a cross the absorber domes, and they have also been used in 
investigating artery systems to reduce flow losses in the wi c k. 

* This work was performed at Sandia National 
which is operated for the U. s. Department of 
contract number DE-AC04-76DP000789. 
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Various methods of fabricating and attaching wick structures to 
absorber domes are also being explored. Current efforts at 
Sandia are focused on constructing wicks from stainless steel 
screens. Steel screens are available in a variety of mesh 
sizes and they can be easily formed into domed-shapes, sintered 
into porous plates, and welded to an absorber dome. Methods of 
forming wicks directly on the absorber surface by plasma 
spraying or sintering metal powders are also being studied. 

In addition to the fabrication and modeling efforts, techniques 
have been developed to measure the flow characteristics of wick 
materials. Properties such as flow resistance and surface pore 
size (pore size is important in determining capillary pumping 
capabilities) can be measured in both component and assembled 
wick configurations. Measuring the properties of wick 
components provides the data required for wick modeling tasks, 
and measuring the flow characteristics of fabricated evaporator 
domes is a useful quality assurance procedure that allows 
expensive and lengthy testing to be avoided in many cases. 
Heat-pipe receiver developers can also establish their own wick 
testing capabilities using the simple and inexpensive test 
procedures developed at Sandia. 

Sandia is now preparing to conduct bench-scale and full-scale 
tests of heat-pipe solar receivers. In the bench-scale test, a 
wick covered section of a 3-foot long, 1 3/4-inch diameter pipe 
will be illuminated by quartz lamps. This bench-test will 
answer important questions about designing heat pipe wicks for 
the high flux encountered in solar thermal systems. 
Information that is gathered in the bench-scale test will be 
transferred into the design of full-scale heat-pipe solar 
receivers for 25-kWe dish-electric systems. 
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POOL BOILER RECEIVER 
BENCH TEST RESULTS* 

James B. Moreno 
Charles E. A.ndraka 

Sandia National Laboratories 
Albuquerque, New Mexico 87185 

ABSTRACT 

The feasibility of competitive modular bulk electric power from 
the sun may be greatly enhanced by the use of a reflux heat pipe 
receiver to combine a heat engine such as Stirling with a para
boloidal dish concentrator. This combination represents a poten
tial improvement over previous successful demonstrations of dish
electric technology in terms of enhanced performance, lower cost, 
longer life, and greater flexibility in engine design. There are, 
however, important issues and unknowns which must be addressed to 
determine engineering feasibility of these devices. 

In the pool boiler reflux receiver, concentrated solar radiation 
causes liquid metal (sodium or potassium) to boil. The vapor 
£lows to the engine heater heads, where it condenses and releases 
the latent heat. The condensate is returned to the receiver ab
sorber pool by gravity (refluxing). This is essentially an adap
tation of heat pipe technology to the peculiar requirements 0£ 
concentrated solar flux, and provides many advantages over con
ventional heated tube receiver technology. 

A pool boiler bench test program was initiated at Sandia National 
Labs in order to address several pool boiler concerns before 
proceeding to on-sun testing. The first of these concerns was 
that nucleate boiling initiation with liquid metals might require 
unacceptably high incipient superheats due to the high thermal 
conductivity of the fluid and its surface wetting characteris
tics. In addition, once boiling starts, for similar reasons, the 
boiling might be unstable, continually starting and stepping. Due 
to the high heat fluxes involved, approaching 100 W/cm, transi
tion to film boiling dur i ng startup was also a concern. Finally, 
once stable boiling is accomplished, the surface cyclic thermal 
stress caused by bubble departure might quickly fatigue the sur
face. 

A bench test was designed with a 1-3/4" dia 316L stainless tube 
with a 12 inch pool of sodium . Heat was provided by a quartz lamp 
array, with a net flux into the sodium of about 70 W/cm . The 
condenser end was cooled with a gas-gap cold water calorimeter, 
with which the heat rejection rate could be controlled by a vari
able ratio mixture of helium and argon. The device was extensive
ly instrumented with thermocouples for safety and data. 

* This work was performed at Sandia National Labo rator i es which is 
operated for the U.S. Department of Ener gy unde r cont r a ct number 
DE-AC04-76DP000789. 75 



The first attempts at operation resulted in unstable boiling . The 
boiling would occur for fractions of a minute, and then boiling 
would simply stop. As the superheat increased, at some point a 
bubble would inflate and boiling wo uld initiate again. This 
resulted in rapid temperature fluctuations i n excess of 100°0, 
and frequent automatic safety shutdowns. 

An artificial cavity was added to the sodium side of the heated 
wall. Boiling stability theory suggests that if the cavity is 
deep enough, then, due to the thermal gradient through the wall, 
liquid sodium will not penetrate to the bottom of the cavity. The 
cavity will then remain an active nucleation site, and boiling 
will be stabilized. Upon operation, it was apparent that the 
modification greatly improved boiling stability. The cavity was 
placed near the top of the heated area in order to determine if 
the boiling would propagate down the surface. The imbedded ther
mocouples verified that stable boiling covered the entire heated 
area. 

Boiling initiation typically involved a single large transient 
wall superheat ( 11 bump") at about 600°C, followed by stable boil
ing. The device was operated for 100 hours at 800°C with about 20 
cycles to ambient temperature, simulating 1 month of on-sun test
ing. In addition, stable boiling was verified at reduced power 
levels and at 700°C. One area of concern is a hot restart. If the 
power is removed long enough for the pool to cool to 700°C, and 
then power is returned, the incipient boiling superheat needed to 
restart produces extremely-high wall temperature superheat. If 
the power is not re-applied until the pool drops to 600°C, the 
superheat produces much less-severe wall temperatures. 

The pool boiler bench test demonstrated stable boiling for 100 
hours with 20 cycles to ambient. In addition, a safety shutdown 
and data system was developed that can be applied to the on-sun 
testing. Once on-sun operation is demonstrated, further develop
ment work must be pursued. Long term materials compatibility, 
life, and stress issues must be addressed before the pool boiler 
can be a commercial reality. 
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Sandia Pool Boiler Bench Test 
Objectives: 

A028901 

• Demonstrate stable boiling 

• Demonstrate materials compatability 
for equivalent of 1 month t est 

• Demonstrat e safe operation 

oCharacterize sodium boiling 
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Sandia Pool Boiler Bench Test 
Accomplishments: 

• Demonstrated baseline boiler instability 

•Stabilized boiling 

•100 hr. test completed 

•20 cycles to ambient 

•Proved data/control/safety 
system for dish tests 

• Built up lab capability for 
alternate concept testing 
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Sandia Pool Boiler Bench Test 
Development Issues: 

e Materials life at high temperatures 
-Fatigue 
-Creep 
-Sodium compatibility 
-Oxidation 
- Welds and brazes 

Simple operation/safety controls 

e On-sun testing 
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ABSTRACT 

Fluid and Thermal Behavior of the Direct Al)sorption Receiver 

Mark S. Bohn 
Solar Energy Research Institute 

Golden, Colorado 

Direct absorption of solar flux in a falling film of molten salt is the basis 
for a promising new solar thermal central receiver technology. Elimination of 
the tubes used in state-of-the-art receivers leads to several potential 
advantages including simpler design, lower capital and operating costs, 
increased reliability and higher operating efficiency. As with any new 
technology, however, there are several issues which must be addressed before 
the concept can be successfully implemented. In this presentation, research on 
droplet ejection from wavy salt films and thermocapillary breakdown of salt 
films exposed to high flux will be covered. 

A liquid film which is allowed to flow for more than 1 or 2 meters will develop 
what are known as roll waves. These waves are lumps of f 1 ui d separated by 
about 10 cm, moving at 3 to 4 m/s down the film and growing in height with 
increasing flow length. Because of this tendency for roll wave growth, the 
possibility exists for the waves to grow enough to break and eject droplets. 
In this study, wave growth and droplet ejection were measured for a 5 m long 
molten salt film under flow conditions typical for a commercial direct 
absorption receiver. Results show the waves begin to grow significantly in the 
2 to 3 meter flow length range and that this is also where the first 
significant droplet ejection is seen. The rate of mass ejected from the film 
increases exponentially in the range from 1 to 4 meters of flow length up to 
about 1 gm/hr for the 0.27 m wide test panel. In addition, a very fine mist of 
salt is ejected from the entire film surface, apparently due to bursting of 
turbulent eddies in the film. 

Thermocapillary breakdown of liquid films refers to rupture of the film due to 
surface tension gradients. Most liquids, molten salt included, exhibit a 
decreasing surface tension with increasing temperature. This means that if a 
local region of high temperature is created on the film surface (either by a 
local gradient in the flux or by a ripple in the film surface) surface tension 
will be reduced there and a surface shear will pull fluid away from the 
region. This local thinning will tend to further overheat the region leading 
to more thinning until a dry spot is formed. This phenomenon was studied with 
water and a mixture of glycerol and water flowing on the outside of a 2.54 cm 
od, 2.5 m long vertical heated pipe. In addition, a dimensionless scaling law 
was developed which allows data from different · liquids to be compared on the 
same correlation plot. The experimental data covered a range of Reynolds 
number up to 6000 whi 1 e a commercial receiver wi 11 operate in the range of 
20000 to 70000. If the experimental data are extrapolated up to this higher 
Reynolds number range, it tJppears that a commercial direct absorption receiver 
operating with molten salt should be in the safe operating regime with regards 
to thermocapillary breakdown. 
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Drop Ejection from 4.5 m Long 
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Thermocapillary Breakdown of Falling Liquid Films 
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Drop Ejection 

Thermocapillary 
Breakdown 

Conclusions 

• initiation of drop ejection coincides with wave growth 

• rate of ejection increase exponentially down the panel 

• rate of ejection is very sensitive to panel deformations 

• possible solutions 

-intermediate manifold 
-higher viscosity salts 
-concave panel 

• data for water and water/glycerol 

• limited Reynolds Number to 6,000 

• suggests that commercial DAR should be safe 

• data at higher Re needed 



Stretched-Membrane Heliostat 
By 

Andrew Konnerth III 

Solar Kinetics, Inc. 
10635 King William Dr. 

Dallas, TX 75220 

Solar Kinetics, Inc. (SKI) has enhanced stretched-membrane 
heliostat technology through two contracts under Sandia 
National Laboratories. A prototype optical element was suc
cessfully installed at the Central Receiver Test Facility 
in 1986. The design has since been improved and a second 
prototype is scheduled for installation in early 1989. 

Stretched-membrane heliostats achieve high structural effi
ciency (low mass per unit aperture) by the nature of the 
concept. Two highly tensioned membranes are attached to a 
ring with a slight vacuum inducing the focusing contour of 
the front membrane. The membranes are structurally coupled 
to the ring and allow each component to remain stable under 
large loads, thus usin~ the material more efficiently. Sev
eral significant design improvements have been implemented 
in the second heliostat. These improvements will increase 
performance and structural efficiency and decrease manufac
turing complexity and cost. 
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ABSTRACT 

An Improved Stretched Membrane Heliostat Mirror Module 

Kelly J. Beninga 
Barry L. Butler 

Science Applications International Corporation, San Diego, CA 

Science Applications International Corporation (SAIC) has developed an improved 

stretched-membrane heliostat mirror module under contract to Sandia National Laboratories, 

Albuquerque, New Mexico. Both a 150-m2 commercial mirror module and a S0-m2 prototype 

mirror module have been designed. The prototype mirror module has been fabricated and is 

being tested at the Central Receiver Test Facility (CRTF) in Albuquerque. A drawing of the 

commercial mirror module mounted on the Peerless-Winsmith advanced low-cost drive is shown 

in Pigure 1. The commercial mirror-module specifications are shown in Table l. The total area 

of the mirror module is 150 m2 with a diameter of 14 meters. Tensioned stainless steel foil 

membranes are welded to both sides of the carbon steel ring. The ring is supported by five 

trnsses, which rndiate from a central hub. The hub is mounted on a pedestal-type drive system 

for purposes of tracking in the azimuth and the elevation directions. In order to compensate for 

changes in pressure on the front reflective membrane due to wind forces, an active focus-control 

system is utilized. The system consists of a LVDT mechanical position indicator that measures the 

position of the front membrane, and a linear actuator that is attached to a pad on the rear 

membrane. The linear actuator rnodubtes the position of the rear membrane in order to change 

the internal volume and therefore, pressure. A refocus valve is included to periodically 

compensate for air leaks in the mirror module. 

The AS00B carbon steel ring is made of rectangular tube cross-section with a height of 

22.9 cm (9 in) and a width of 7.6 cm (3 in). Its wall thickness is 2.29 mm (.09 in). The 

dimensions of the ring were determined based on a mirror module with five truss supports and 

a maximum allowable deflection bet\veen supports of 4.2 mm (.165 in) under a 12 m/ s (27 mph) 

wind load. This out-of-plane deflection corresponds to an optical slope error of .60 mrad RMS. 

The .0762-mm (.003-in) thick 304L stainless steel membranes are roll-resistance lap-seam 

welded from 61.0-cm (24-in) wide rolls of stock. The membranes are tensioned to a 89.6 MPa 

(13,000 psi) stress level. The ring is pre-compressed to 44.8 MPa (6500 psi) . The membranes 

are then welded directly to the ring on the top and bottom surface, as shown in Figure 2. 

Welding of the membranes to the ring is accomplished with a roll-resistance welding head. 
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The membranes are tensioned prior to welding in a manner that imparts uniform 

circumferential and radial stress over the surface of the membrane. The rigid attachment to the 

ring increases the stiffness of the overall mirror module. 

The ring stiffness and tolerance achievable by conventional manufacturing methods dictate 

the ring distortions prior to installation of the mirror module. Once the mirror module is 

installed, wind loads on the heliostat exert additional out-of-plane loads. The effects of these in

plane and out-of-plane forces on the module have a critical effect on optical mirror accuracy. A 

comprehensive finite-element computer model of the mirror module was used for the structural 

design of the ring/membrane system and truss supports. A graphic of the module finite-element 

model is shown in Figure 3. A graphic of the 3-dimensional support truss under wind loading 

is shown in Figure 4. The results of the structural analysis for the commercial design are shown 

on Table 2. 

Following the design of the 150-m2 commercial mirror module, a S0-m2 prototype mirror 

module was designed and fabricated. A photograph of the heliostat is shown in Figure 5. The 

prototype design replicates the commercial mirror module design to the extent that it is feasible. 

The support ring for the prototype module has a 7.9-m (26.0-ft) inside diameter with cross

sectional dimensions of 5.10-cm by 15.2-cm (2-in by 6-in). The membranes are fabricated from 

14 strips of 61.0-cm (24-in) wide 304 stainless steel, each of which is .0762 mm (.003 in) thick. 

ECP-300 reflective film is laminated to the front membrane of the module. Five support trusses 

radiate from a central hub for support of the ring. The support truss design incorporates a 

triangular cross-section to provide both in-plane and out-of-plane support for the ring. 

The 50-m2 second-generation prototype stretched-membrane heliostat was assembled and 

installed at the Central Receiver Test Facility in July 1988. Preliminary test results from the 

mirror module have shown excellent optical performance and focus-control system performance 

under calm and gusting wind conditions. A flux contour map, as measured with a beam 

characterization system at the CRTF, is shown in Figure 6. A comparison of the measured beam 

shape with an analytical prediction generated by the HELIOS computer program has shown that 

for a reflected cone containing 90% of the reflected energy, the cone half-angle is 1 .4 mRad (2.8 

mRad full-angle). This indicates that the optical quality of the stretched-membrane mirror module 

is very good. As shown in Figure 7, the time to defocus the image of the mirror module is about 

3 to 4 seconds. Additional optical and structural testing of the second-generation prototype 

mirror module will take place in the next year. 
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TABLE 1 . COMMERCIAL HELIOSTAT SPECIFICATIONS 

Heliostat Diameter 

Area 

Reflective Area 

Support Ring Material 

Support Ring Cross Section 

Ring ~all Thickness 

Ring Cross Sectional Area 

Ring Moment of Inertia• Ix 

Ring Moment of Inertia - Iy 

Front Membrane Material 

Back Membrane Material 

Membrane Thickness 

Membrane Preload 

Membrane Stress 

Number of Ring Supports 

Span 

Depth of Support at Hub 

Depth of Support at Outer 

Modulation Pad Diameter 

*Center of Gravity 

Ring 

14 m (46 ft ) 

154 . 4 m2 (1661.9 ft2 ) 

148. 85 m2 (1602. 2 ft2 ) 

A500B Carbon St eel A500B Carbon Steel 

7.62 cm x 22.86 cm (3 in x 9 in) 

0.23 cm (0.09 in) 

13 . 94 cm2 (2.16 sq in) 

875.75 crn4 (21.01 in4 ) 

156.92 cm4 (3.77 in4 ) 

304L Stainless Steel-Annealed 

304L Stainless Steel-Half Hard 

0.008 cm (0.003 in) 

6.829 nt/mm (39 lbs/in) 

89.64 m Pa (13000 psi ) 

5 Each 5 Each 

7.0 m (23 ft) 

0. 76 m (30 in) 

0.305 rn 12 (in) 

1. 83 m (6 ft) 

56.6 cm (22.3 in) 

*Note: Distance From Front Membrane 
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Figure 3. Mirror Module Fi nite Element Model 
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f i gure 4 . Commercial Des i gn De formed Triangular Truss 
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Table 2. Analysis Results for the Commercinl Design 

I OPERATING CONDITION: 27 MPH WIND 

MAXIMUM RING DEFLECTION BETWEEN TRUSS SUPPORTS 
MAXIMUM RING STRESS 
MAXIMUM OUT-OF-PLANE TRUSS TIP DEFLECTION 
MINIMUM OUT-OF-PLANE TRUSS TIP DEFLECTION 
MAXIMUM DEFLECTION VARIATION BETWEEN ANY TWO TRUSS TIPS 
MAXIMUM FRONT MEMBRANE STRESS 
MINIMUM FRONT MEMBRANE STRESS 
MAXIMUM REAR MEMBRANE STRESS (OPERATION AT 120°F) 

I SURVIVAL CONDITION: 50 MPH WI ND 

MAXIMUM RING DEFLECTION BETWEEN TRUSS SUPPORTS 
MAXIMUM RING STRESS 
MAXIMUM OUT-OF-PLANE TRUSS TIP DEFLECTION 
MAXIMUM TRUSS STRESS 
MAXIMUM REAR MEMBRANE STRESS 

220 

0.089 IN, 
18995 PSI 
0.384 IN 
0,265 IN 

0.119 IN 
19141 PSI 
13000 PSI 
71600 PSI 

0.216 IN 
26373 PSI 
1.29 IN 

24050 PSI 
93120 PSI 



DEVELOPMENT OF 
A STRETCHED MEMBRANE 

POINT FOCUS CONCENTRATOR 
BY 

Gus Hutchison 

Solar Kinetics, Inc. 
10635 King William Dr. 

Dallas, Texas 

Solar Kinetics is involved in the development of a 
stretched membrane solar point focus concentrator under the 
supervision of Sandia National Laboratories, Albuquerque, 
New Mexico. During Phase I of the project, a conceptual 
design was developed and experiments were conducted on 
mirror membranes up to 4 meters in diameter. 

The concentrator will have a focal length to diameter ratio 
of .6 (F/D). The reflective assembly is composed of a ring 
to which a formed parabolic membrane is attached. The ring 
is rigidized with spoke members, front and rear which 
terminate at a central column. The reflective surface is a 
polymer film held against the parabolic surface by a slight 
vacuum. The tracking assembly is attached directly to the 
ring and produces a very low wind profile. 

Phase II work will include the development and testing of a 
full scale 100 - 150 square meter integrated concentrator 
assembly. 

Slope errors 
concentrator 
anticipated. 

of less than 2.5mr have been demonstrated and 
weights of approximately 6.6lbs/ft. sq. are 
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Model of Stretched Membrane Dish Collector 

Constructed in Phase I, 1.4m Diameter 
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~JC)r~-cor~TACT CLEANING -- -
INDUSTRIAL. :SOLAR TECHNOLOGY, DENVER, 6000 F1·2 

~v10NTHl_Y - TWO YEARS 
• 300 PSI G DI WATER RESTC>RES MIRRORS (85%) 

9 4% < PRI STINE VALUE 97o/ci 

• ABRASION RESISTANT COAT S (ARC) IMPROVE 

• 60 TO 500 PSIG NO DIFFEHENCE OPTICALLY, MORE RAPID WITH 
~ HIGH PRESSURE, 6000 FT2/2HOURS, 120 GALLONS 
'° 

• CLEANING ADDITIVES (4) WITH/WITHOUT SHEETING AGENTS (2) 
NOT BETTER THAN DI WATER ALONE 

CONTACT CLEANING 

• LAMBSWOOL BRUSH RESTORES TO 97% 
SUBSEQUENT SOIL MORE RAPID 

• ABRASION RESIST.ANT C<)ATS POORER 
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LABC>F~ATORY CLEANING STUDIES 

SE.Bl: EXPOSI: TO GM " ARIZONA ROAD DUST " 

ACCELE:R.ATED WEATHERING (T, RH, UV) 

NON-CONTACT CLEANING 

LB FILMS > ARC POLYMER > POLYMER > 7809 GLASS 
(GTRI) 

TEST CORRELATES TO 1ST OUTDOORS, DENVER 

SPRINGBORN LABORATQRIE.S 

• ANTISOIL COATS/HARDCOATS (ARC) 
• BEST TO DATE 

FLUOROSILANE/ ARC/POLYMER 
• GOOD I ARC/POLYMER 
• NOT SIMPLY RELATED TO SURFACE ENERGY 
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AC:~CNOW LEDGEMENTS: 

3M COMPANIY 
MR. B. A. BENSON 

INDUSTRIAL SOLAR TECHNOLOGY 
MESSRS. R. GEE AND K . MAY 

SPRINGBORN LABORATORIES 
DR. B. BAUM 

GEORGIA TECH RESEARCH INSTITUTE 
DR. LOIS SPEAKER 

SERI MATERIALS RESEARCH BRANCH 
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