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FOREWORD 

This report was prepared under Contract Number DE-AC04-78CS35348 for the 

U. S. Departmen~ of Energy, Albuquerque Operations Office. Mr. Derrick 

Grimmer and Mr. John Krall of Los Alamos Scientific Laboratory were the 

cont~~act technical monitors. The report covers progress during the period 

from September 15, 1978 to December 1, 1979. 

The following personnel from Honeyweli's Technology Strategy C~nter parti­

cipated in project activities: 

M. E. Bee sing R. A. Rausch 

R. L. Buchholz s. Scarborough 

R. A. Evans G. A. Smith 

R. w. Jaminski D. J. Waldhauer 

A. K. Mathur 

There are two volumes in this final report. Volume I is the. Final Technical 

Report on all project aspects and Volume II is a User's Manual for the 

Concentrator Optical Performance Software (COPS) computer program developed 

as a portion of the project. 

This work has been supported by the Solar Heating and Cooling Research and 

Development Branch, Office of Conservation and Solar Applications, U. S. 

Department of Energy. 
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ABSTRACT 

An investigation of the optical performance of a variety_of concentrating 

solar collectors is reported, The study addresses two important issues: the 

accuracy of reflective or refractive surfaces required to achieve specified 

performance goals, and the effect of environmental exposure on the performance 

concentrators. To assess the importance of surface accuracy on optical per­

formance, 11 tracking and no~tracking concentrator designs were selected for 

detailed evaluation. Mathematical models were developed for each design and 

incorporated into a Monte Carlo ray trace computer program to carry out de­

tailed calculations. Results for the 11 concentrators are presented in 

graphic form. The models and computer program ar~ provided along with a 

user's manual. A survey data base was established on the effect of environ­

mental exposure on the optical degradation of mirrors and lenses. Information 

on environmental and maintenance_effects was found to be insufficient to 

permit specific recommendations for operating-and maintenance procedures, but 

the available information is compiled_and reported and does contain procedures 

that other workers have found useful. 
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SECTION 1 

INTRODUCTION AND SUMMARY 

. . 

This project ·investigated tpe optical performance of a variety of solar con-

centrating collectors. A major concern for all concentrating collectors 

is the effect of the reflector or lens surface optical quality on concentra­

tor performance. The optical quality can be controlled, to·some extent, in 

the manufacture of the actual reflecting or lens material. The more accur­

ately the surface is controlled, the more the surface will cost in most in­

stances. Therefore, optical performance of the collectors as a function of 

surface quality is an important consideration for design. 

The first task of- this project was a review of concentrator designs of 

which 11 were selected for further evaluation: 

• Faceted Mirror Concentrator. 

o Fixed Mirror, Two-Axis Tracking Receiver. 

' Parabolic Trough. 

• Linear Fresnel. 

• Incremental Reflector. 

• Inflated Cylindrical Concentrator. 

• CPC--Involute Reflector with Evacuated Receiver. 

• CPC--Parabolic/Involute Reflector. 

o Vee Trough. 

• Imaging Collapsing Concentrator. 

• Paraboloid of Revolution {Dish). 

For each of these designs, a mathematical model was created and incorporated 

into a Monte Carlo ray trace computer program called COPS (Concentrator Op­

tical Performance Software). This computer program was exercised for selected 
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design configurations; optical performance as a function of optical quality 

and concentration ration was investigated, the computer program and the COPS 

program User's Manual (Volume II) allow the solar researcher to investigate 

the optical performance of concentrating collector designs. Optical perfor­

mance mu~t be combined with theimal pe~formance and cost data to determine 
·: ' 

cost-effective design configurations. 

In addition to the computer program investigation results, the proj-ect ,.s 

second task involved the expansion of an existing data base on mirror 

degradation due to environmental exposure. The task included the collection 

of similar degradation information on lens materials. In many cases the 

type of data we sought was never compiled by researchers or, when data on 

mirror or lens optical characteristics was obtained, it was difficult to 

evaluate quantitatively. The difficulty comes from several factors. One 

factor is simply the lack of complete reporting. All reflectance and trans­

mittance values do not fit a standard format. Most values are reported for 

one--sometimes unknown--wavelength. Other values are integrated over a solar 

spectrum of unknown origin. A standard needs to be specified for adherence 

by all investigators. Other difficulties are caused by the need for expedi­

ency. Cl~aning techniqu~s have been invented by building maintenance staff 

in some instances. Degradation effects in the long range are uncertain be­

cause no controlled testing has been done. In short, the gathered data base 

cannot lead to reco1nmended maintenance and operating procedures. At be~t, 

we present the data and point out shortcomings and procedures which others 

have found useful i.n their own solar energy systems. 
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SECTION 2 

CONCENTRATOR PERFORMANCE 

As part of this major project task, we identified solar concentrating col­

lectors to be mathematically modeled for incorporation into a Monte Carlo 

ray.traC:e computer code. The computer code simulates the optical performance 

of each concentrator.as a function of concentration ratio and ot9er design 

geometry as specified by the user. 

CONCENTRATOR LITERATURE SURVEY 

During the first portion of·this contract, data were reviewed on exist'ing 

concentrator designs and hardware to begin compiling a set of 'possible can­

didates for the mathematical modeling an:d computer software development 

tasks of this program. 

The literature survey was conducted to identify candidates and obtain per­

formance data, material properties,. life behavior, costs, and design des­

criptions·for this group of concentrators •. Manufacturers/developers were 

identified for the designs and design reports; conference papers and test 

reports were obtained for the,concentrators wherever possible. Documentation 

was difficult to find for some designs since they were relatively new· con­

cepts. In these cases, contact was mad'e with the vendor to obtain and clar­

ify information. In addition to this information, ·the 'reflecting and lens 

materials used in concentrator designs were identified to aid in working the 

second part of this program. 

As a result of this survey, a list of representative concentrator candidates 

was compiled from· which ten d·esigns would be selected for mathematical model­

ing .. They are listed in Table 2-1, grouped according to relative concentra­

tion ratio. 

·' 
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Table 2-1. List of Representative Concentrator Candidates 

RELATIVE CONCENTRATION CONCENTRATOR 

HIGH CONCENTRATION PARABOLOID OF REVOLUTION (DISH) 

HELIOSTATS (CENTRAL RECEIVER) 

FIXED-MIRROR, TWO-AXIS TRACKING 
RECEIVER 

POINT-FOCUS FRESNEL 

FACETED-MIRROR SOLAR CONCENTRATOR 

MEDIUM CONCENTRATION PARABOLIC TROUGHS 

LINEAR SEGMENTED ARRAYS 

FIXED-MIRROR TRACKING RECEIVER--
LINE FOCUS 

LINE-CONCENTRATING FRESNELS 

INCREMENTAL REFLECTOR 

DUAL-CURVATURE CONCENTRATOR 

INFLATED CYLINDRICAL CONCENTRATOR 

LOW CONCENTRATION COMPOUND PARABOLIC (WINSTON COL-
LECTORS) 

VEE TROUGH 

IMAGING COLLAPSING CONCENTRATOR 

FIXED EVACUATED CONCENTRATION COL-
LECTORS 

This list is intended to be representative of current and near-future concen­

trating collector technologies. All of the concentrators listed in Table 2-1 

are in production, under prototype development and testing, or under govern­

ment research funding. A brief description of each collector type follows for 

clarification. 

Concentrator Descriptions 

Paraboloid of Revolution (Dish)--This concentrator is a two-axis tracking 

parabolic dish, which redirects sunlight to an overhead point focus. This 

point-focus concentrator achieves the highest concentration ratios of any 

collector currently under development. Concentration ratios well over SOOX 

are conceivable. The concentrator can achieve extremely high temperature 

0 

ranges (800 to 1100 C) and has been proposed for use in providing power to 

heat engines that generate electricity. JPL is currently involved in manag­

ing a DOE industrial program directed toward development of this.concentrator. 
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Raytheon aha General Electric are active in prototype development of these 

concentrators. Raytheon's concept is illustrated in Figure 2-1. The reflec­

tive surface is composed of s~herical, sagged mirror segments mounted on an 

aluminum-substructure. 

The GE concentrator is a modified.Sc~entific Atlanta communications antenna. 

The reflector is an experimental 3M·Company aluminized acrylic film, desig­

nated FEK-244, bonded to solid aluminum substrate. The concentration ratio 

is about 250X. 

In addition, Omnium-G has a commercially available 6.9-meter parabolic dish. 

The reflector is electroplated aluminum. 

Figure 2-1. Raytheon Point-FQcusjng Dish Concentrator Collector· 
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Heliostats--Heliostats are two-axis tracking concentrators usually designed 

with several individ~al mirror facets on one module. A field of heliostats 

directs the,sun's energy to a central receiver positioned in the field. Each 

heliostat is focused individually to redirect energy. This concept produces 

high temperatures and is used for central power production rather than dis­

persed applications. Martin Marietta, McDonnell Douglas, Honeywell and Boeing 

all have developed heliostat designs. The different.concepts are shown in 

Figure 2-2. 

Martin Marietta's heliostat is currently operating at the solar thermal test 

facility, Sandia Laboratories, Albuquerque, New Mexico. 

MARTIN 
MARIETTA 

BOEING 

SOURCE: Prepared by OTA uslng manufacturer's data. 

HONEYWELL 

MC DONNELL DOUGLAS 

Figure 2-2. Heliostat Concepts for Solar Central Receiver Applications 
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Fixed-Mirror, Two-Axis Tracking Recelver--This concentrator'utilizes a fixed. 

segment of a concave-spherical mi~~or as the ·reflecting surface. This sur­

face concentrates beam radiation onto a tr~cking receiver that pivots about 

the. cent'er of curvature of the mirror. 

·The 'focus of 'this concentrator is a line along' a conical or cylindrical re-
. ,, 

ceiver that t·racks the sun~ s position. E-Systems has been working in the 
. 1 
; : 

development of this design. A cross section of this concept in its early de~ 

velopment is illustrated in Figure 2-3. Its concept uses a spherical mirror 

surface, 60 to 90 meters in diameter to produce heat at about 500°C. The 

concentration ratio is near lOOOX. The advantage of this design is the 

potentially lower cost that could result by eliminating tracking,mechanisms 

for large dishes. However, this concept will have lower· optical efficiency 

due to consine losses. 

HEMISPHERICAL 
MIRROR 

SOURCE: E-Systems Inc. 

HEAT 
TRANSFER 

LOOP 

Figure 2-3. Fixed_.:Mirror Tracking Receiver .(Two-Axis) Cross Section 



Point-Focus Fresnel--This concentrator uses a circular Fresnel lens to focus 
·. r j ; \ • 

sunlight at a point. This achieves higher concentration.and higher tempera-

ture levels (300 to 500°C), making this. concentrator applfcable for both 

thermal and photovoltaic systems. Concentration is dependent on the proper­

ties of the lens; most lenses are currently manufactured of acrylic and sup­
plied by Swedlow, Inc. 

Research and development of this concentrator type has been done by McDonnell 

Douglas.for Sandia Labor~tories. Sandia also installed a point-focus Fresnel, 

with a concentration of about SOX, in its total energy facility for testing 

electrical power generation. McDonnell Douglas' concept, illustrated in Fig­

ure 2-4, uses several large point-focusing Fresnels in one module to achieve 
\ . 0 .. !i .. ): 

temperatures in the 300-to-400 C range. Concentration ratios are currently in 

the 100-to-200X range with 600X being the theoretical limit. Development of 

Figure 2-4. Mcbonnell Douglas Point-Focus .Fresnel 

-- .... 1 
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this concentrator is linked closely with development and growth in the manu­

facturing of Fresnel lenses, which are optically satisfactory and fairly inex­

pensive. 

Faceted-Mirror Solar Concentrator--This is a two-axis tracking point-focusing 

concentrator. The reflector consists of column axes fitted with individual 

square mirrors. The mirrors are tilted to achieve a point-focus. The columns 

then rotate to track in the elevation and the entire assembly is rotated to 

track azimuth. Concentration ratios of lOX to several hundred X are predicted 

with this system. 

This design is currently under research and prototype development at Rens­

selaer Polytechnic Institute. An early design prototype is shown in Figure 

2-5. Several updates on this design have occurred since research began. 

Depending on the concentration achieved, this concept could be a new medium-

or high-temperature concentrator. 

Figure 2-5. Collector in Focused Position 
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Parabolic Trough Concentrator--This is a line concentrator with a parabolic re­

flector surface. The linear receiver is positioned above the surface at the 

focus of the parabola. The collector accepts direct normal radiation and 

tracks in one axis with a north-south or east-west orientation. Some designs 

will track in two axes or be polar-mounted to achieve better performance. In 

most cases, both the receiver and the reflecting surface track the sun to­

gether, although a stationary receiver eliminates the need for flexible hoses 

and joints. 

The parabolic trough concentrator is a good medium-temperature-range (150 to 
0 300 C) collector with concentration ratios in the 10-to-SOX range. Several 

variations of this collector currently are being produced (or are under de­

velopment) by numerous companies including Solar Kinetics, Acurex, Del-Jacobs, 

Hexcel, Albuquerque Western, Honeywell, and others. As an example, Solar 

Kineti cs' trough concentrator is shown in Figure 2-6. The various designs 

utilize many reflective surfaces ranging from polished aluminum to back­

s ilvered sagged glass. Receiver designs usually consist of a coated pipe 

with an insulating cover (i.e., glass tube). 

This collector is currently leading the concentrator solar market in installed 

square footage. Applications include industrial process heat (hot water and 

s team), irrigation and heating/cooling systems. In addition to these demon­

s tra t ions, many of these concentrators are undergoing tests at Sandia's Col­

lector Module Test Facility. The parabolic trough is in the most advanced 

stage of development of medium-to-high-concentrator types. 

Linear Segmented Arrays--These concentrators have movable longitudinal facets, 

which track the sun and focus energy on a fixed overhead receiver. The facets 

have a slight curvature to provide some concentration of the sun's energy. 

The collector may be tilted southward at the latitude angle to provide better 

overall energy collection. Temperature ranges for these concentrators are 

100 to 300°C with concentration ratios of 20 to 40X. 
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Figure 2-6. Solar Kinetics Parabolic Trough Concentra tor 
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Suntek, Itek, and AAI have designed concentrators of this type. The Suntek 

SLATS® design has undergone government testing at 6andia Laboratories and in 

the early phase of the Fort Hood program. This concentrator, shown in Figure 

2-7, consists of ten curved facets, which provide a 40:1 concentration. The 

receiver consists of several pipes arranged in a vee-shape and surrounded by 

insulation on all sides except the aperature opening. The receiver aperature 

is vee-shaped wi th a 60° included angle . Glass covers are double-glased to 

enhance optical efficiency. This concentrator tracks in one axis. and ha~ 

been tested in the east-west orientation. AAI's design was proposed for a 

process hot water system. The linear segmented arrays have also been used 

in heating/cooling applications. 

Figure 2- 7. The Suntec SLATSR Linear Segmented Array 
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Fixed-Mirror Tracking Receiver--Line Focus--This line concentrator is a con­

cave array of flat mirror facets fixed on a circular cross section. The re­

flecting facets produce a focal line that follows a circular path as the sun 

moves. The focal line is tracked by the movable receiver, which rotates 

about the center of curvature of the· module. 

The fixed mirror-line focus collector is another medium-to-high-temperature 

concentrator with operation at maximum temperatures of 200 to 300°C. Possible 

concentrations are in the range of about 6 to 60X. 

General Atomic, Scientific Atlanta, and AAI have developed versions of this 

concentrator. General Atomic's collector, illustrated in Figure 2-8, has 

recently undergone testing at the collector module test facility at Sandia. 

Figure 2-8. General Atomic's Fixed-Mirror Solar Collector 
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Their reflector design uses second surface glass mirror facets bonded to a 

concrete surface. The receiver is an insulated heat pipe and a CPC (Winston) 

type secondary concentrator to enhance concentration of the solar energy and 

to reduce receiver heat losses. 

Scientific Atlanta was licensed through General Atomoic to build a prototype 

of this design. Their concentrator used sheet metal ribs rather than concrete 

as a frame for the back-silvered glass facets. The receiver design is a high­

performance evacuated tubular collector. A small field of these concentrators 

is installed at the Georgia Institute of Technology. 

AAI's design utilizes a circular trough with a concentration ratio of 8:1 and 

is more applicable to heating/cooling applications. The reflecting surface 

is glasG mirror. The receiver is similar in construction to a long , narrow, 

flat plate collector and is mounted on long arms above the trough. These con­

centrators have undergone prototype te~ting and show good potential for 

medium-range temperature applications. 

Line Concentrating Fresnel--This type of collector uses either a curved or 

flat linear Fresnel lens to focus light on linear receivers under the Fres­

nel surface . These concentrators may track in one or two axes depending on 

performance requirements. Chromatic aberrations become problematic with 

Fresnel lenses when the sun's angle is far off-axis. Applications potential 

for these concentrators is possible in both the thermal and photovoltaic areas. 

Currently Northrup and McDonnell Douglas have produced line concentrating 

Fresnels. Northrup's design uti~izes a curved acrylic Fresnel as the focusing 

element for the concentrator. The units have been tested with good results 
0 

at 100 C and higher. They usually are placed in a polar mount. The Northrup 

concentrator has been installed in several government-funded projects (most 

of these are heating/cooling demonstrations). Currently, Nor thrup is working 

on development of an advanced design with increased concentration for higher 

temperature applications. 
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0 
McDonnell Douglas' concentrator, shown in Figure 2-9, has produced 300 C 

steam in Sandia's Solar Total Energy Program. The concentration ratio of the 

prototype (using Swedlow lenses) is 21:1. The receiver is a selectively 

surface-coated pipe enclosed in a glass tube, NASA at the George C. Mar­

shall Space Flight Center has been actively involved in the research and de­

velopment of the concentrator type and has directed most funding in this area. 

Figure 2-9 . McDonnell Douglas' Linear Fresnel 
Lens Collector 



2-14 

Incremental Reflector--This concentrator utilizes reflective panels bonded to 

a flat backing surface. The reflective material is faceted in a manner simi­

lar to Fresnel lenses and focuses the sun's energy on an overhead receiver. 

The concentrator may track in one or two axes. Concentration is in the range 

of 40X. The aberration from the sun's off-axis angle is of concern in its 

performance as it is for linear Fresnel lenses. 

The design was developed for a total energy application providing electricity . 
(from photovoltaic cells) and thermal energy to a university campus. The 

incremental reflector material is manufactured by 3M and the collector design 

was done by Honeywell. Figure 2-10 is a photograph of the prototype concen­

trator. The original receiver design was for photovoltaics, but thermal re­

ceivers are feasible as well. 

Figure 2- 10. Incremental Reflector 
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Dual-Curvature Concentrator--This collector is.currently uhder d~yelopment at 

Honeywell under contract to DOE. This concentrator uses a n·ear-hyperbolic 

paraboloid surface as the reflector. The surface contour is constr~cted by 

mounting a polyester reflective film under tension on a metal frame as illus­

trated in Figure 2-11. 

This collector is capable of moderate concentration (in the range of 8 to 20X) 
0 with operating temperature up to 200 C. It is hoped that this concentrator 

will be a low-cost alternative to other collectors currently being used in 

this temperature range. Application ~otential is in the heating and low 

temperature process heat areas. 

Prototype builds and testing of this design are currently ongoing. The con­

centrator will track the sun in one-axis and focus the sun's energy on a 

fixed overhead receiver. 

HIGH TEMPERATURE 
INSULATION FOAM 

SUPPORT 
COlUMN 

Figure 2-11. Dual-Curvature Collector 
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Inflated Cylindrical Concentrator--A schematic of· this concentrator type is 

gi~en i~ Figtire 2-12. The concentrator is an inflate~ plastic cylinder that 

has thin aluminized film on the bott6m portion to concentrate sunlight on a 

receiver positioned on the focal axis at t·he point of maximal concentration 

of energy. This collector would probably achieve concentration ratios 

around lOX. 

Lawrence Livermore Laboratories has been working with this concept to develop 

a low-cost concentrating collector for industrial process heat applications at 
. 0 

temperatures of 170 C or below. By using inexpensive plastic films and elimi-

nating automatic tracking,they are hoping to reduce costs. Currently, the 

collector is oriented with its axis east-west and is manually tilted in the 

north-south direction. The receiver design is a selectively-coated tube with 

a plastic thin-film cover to reduce heat losses. 

Receiver tube with 
selective surface 

Inflated 
plastic 
cyli~der 

Exterior positioning ring 

£41 •W 

Plastic jacket 
and spacers 

Figure 2-12. Inflated Cylindrical Concentrator.: 



2-17 

Compound Parabolic (Wins'ton) Concentrators (CPCs)--This design was developed 

as an improvement on the flat-plate co~centrator. The reflective surface, 

illustrated in Figure 2-13, ~s consecutive rows of parabolic sidewalls that 
. . 

focus the sun's energy on a receiver at the :base of the concentrator. Con-. 

centration ratios of 1.5 to ·about iOX are possible depending on the acceptance 

angle of the collector. Other variations use different combinations of re­

flector shapes (e.g., involute) for different receiver types. The sidewalls 

in this case may not be parabolic in shape. 

SOURCE: Prepared by OTA using manufacturer's data • 

. Figure 2-13. Compound Parabolic (Winston) Concentrator 
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Argonne National Labs has performed most of the research and development 

on concentrators of this type. Currently Chamberlain Manufacturing, under 

Argonne license, has several CPC concentrator prototypes. Most of these 

designs are in the 1.5-to-~X range. One of Chamberlain's designs has a 2X 

geometric concentration ratio. The reflective surface is a truncated CPC 

with a combined parabolic involute surface as shown.in the corss section 

in Figure 2-14. · The receive~ is a non~evacuated tube with a glass cover 

to minimize convection losses. 

The CPC design is also being utilized with evacuated receivers. Owens­

Illinois uses an involute reflector (Figure 2-15) with its evacuated re­

ceiver. The concentration for this collector is 1.5X. 

Figure 2-14. Cross Section of CPC with Parabolic and Involute Reflector Surface 



2-19 

·-. 

,;_ 

REFLECTIVE SIDE WALLS 

/ 

Figure 2-15. Cross Section of CPC ._with Involute Reflector 

Vee Trough--The vee trough, like the CPC, is an attempt to achieve higher 

temperatures in non-tracking collectors. The reflectors Hre wedged or V-shaped 

and concentrate the sun's energy onto a receiver at the bottom of the col­

lector. 

Jet Propulsion Laboratory i~ working on the design of this concentrator. One 

variation uses an asymmetric vee that i.::; reversed 180° on the equinoxes. 

This provides a concentration a~ound 2X for about 8 hours per day. The 

receiver is evacuated to minimize heat losses. Operating temperatures are 

expected to be in the 0 range of 100 to 200 C. This concept is believed to be 

a good competitor for the heating/cooling market in the 120°C range. 
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Imaging Collapsing Cpncentrator--This non-tracking concentrator, illustrated 

in Figure 2-16, employs a wide-angle Fresnel· lens and reflective-surface 

beneath the lens to focus energy ori a tubular receiver along the normal axis 

of the reflector surface. The subreflectors correct for the large movement 

of the focal line and help collect diffuse radiation in the acceptance 

angle interval. 

Solar Energy Technology is currently developing this concept under govern­

ment funding. The concentration is in the range of 2 to 4X, with expected 

operating temperatures of 100 to 150°C. The concentrator is nontracking 

with an acceptance angle of +23°. Currently, the concentrator is under 

design. Construction of a prototype will be accomplished during the on­

going program. 

STEPPED LENS 

POLISHED 
REFLECTIONS ---'---"""' 

BLACKENED Ll QUID FILLED --___,/ 
INNER TUBES 

EVACUATED TRANSPARENT 
OUTER TUBE 

Figure 2-16. Imaging Collapsing Concentrator 



2-21 

Fixed Evacuated Concentrator--This is another nont::::-acking design still under 

development. The reflector consists of .evacuated tubes that in cross ·section 

are truncated Winston concentrators. The cross section of the concentrator 

and a side view of one tube·are given.in Figure 2-17. The sidewalls and 

bottom of the tube are· coated with a front surfac'e reflective- material that 

redirects'the sun's energy to the receiver within the reflective tube. As 

with a vee ~rough or CPC, each collector module consists of several tube/ 

receiver combinations. 

Research ·on this concentrator has 'been .d.one at San Diego State University. 

The predicted temperature range is 80 to '200°C, with a concentration of 1.5 

to 2X. As yet, no prototypes have been constructed. 

~~·------·- .... --- L -----

VACUUM 

ATM .. PRESS 

Figure 2-17. Fixed Evacuated Concentrator Concept Cross Section and Side Vie~ 
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Summary 

The parabolic trough and line concentrating Fresn~l have th~ largest installed 

square footage and are considered to be near production status. The linear 

segmented arrays, fixed.-mirror concentrators ~nd. p.arabolic ·dishes are in the 

beginning stages of the system installation.· T6e cithe{concent~ato~ t~pes 

are in the research and design phase, with several undergoing prototype build 

and tests. 

Life test and long-term performance data are difficult to obtain as many of 

the designs do not have operational installations; For.·the most part, the 

concentrator installations that do exist have not been in operation for very 

long and only limited performance data are available.· Pe'rformance data o'ver 

the short term are more readily available for most concentrator types. Un­

fortunately, these data often do not separate optical.perfo~manc~ f~oin 

system performance. Therefore, very little is possible in the way.of com­

paring predicted and actual·optical performance. 

Upon completion of the literature survey, the selection of the. ten concen­

trator designs for the mathematical modeling task was accomplished . 
. . 

Selection of the ten designs was based on the following criteria: 

• The designs should cover the full range of concentration ratios. We 

wanted to emphasize the higher concentration collectors, in which the 

optical quality is more crucial. 

'·' 
~ The concentrators should include some representatives of near-future 

as well as current concentrator technology. 

J 
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• The concentrators should show promise for solar applications as i~­

dicated by use in solar demonstration projects and by government/ 

private interest in the concentrator designs. 

• Data should he available on· the concentrator design, including per­

formance and life test data. 

Based on these criteria, the following list of candidates was initially sub­

mitted for approval: 

e Paraboloid of Revolution (Dish). 

• Point-Focus Fresnel. 

• Faceted-Mirror Concentrator. 

• Fixed-Mirror, Two-Axis Tracking Receiver. 

• Parabolic Trough. 
' 

• Linear Fresnel. 

• Incremental Reflector. 

e Fixed-Mirror, Line Concentrator. 

• Compound Parabolic (Winston). 

o Vee Trough. 

After deliberation by the project technical monitors, -the list was revised to 

include more concentrators in the lower concentration range. Lower concentra-
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tion collectors are more applicable to lower temperature (heating. and 
. . 

cooling) applications. The final selection of designs for mathematical mod­

eling includes: 

• Faceted-Mirror Concentrator. 

• Fixed-Mirror, Two-Axis Tracking Receiver. 

• Parabolic Trough. 

• Linear Fresnel. 

e. Incremental Reflector. 

• Inflated Cylindrical Concentrator. 

e CPC - Involute Reflector with Evacuated Receiver. 

• CPC - Parabolic/Involute Reflector. 

• Vee Trough. 

• Imaging Collapsing Concentrator. 

We later added back to.the list a Paraboloid of Revolution (Dish) collector. 

MATHEMATICAL MODELING 

The basic methodology used for the optical model computer software follows a 

Monte Carlo ray trace approach. Honeywell has been using this approach since 

beginning their studies of parabolic trough collectors over 6 years ago. 

J 
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The code was initially developed because of Honeyweil's concern with the 

effect· of mirror surface accuracy and tracking errors on the p-erformance of 

the solar collectors. The ray trace Monte Carlo approach was selected be­

cause in most cases these errors are known only statistically. Furthermore, 

the ray trace approach allows the investigation ·of different optical elements 

such as mirrors and lenses. In most cases, the introduction of a single .. 
equation describing the optical surface (mirror or le.ns) in the ray path is 

sufficient for the simulation of a wide range of concentrator types. 

Basic Formulat{on 

Given a position of a mirror/lens surface relative to the receiver, the 

amount of energy carried from any point on the sun's surface monochromati­

cally at any given instant depends on the exact path of the ray through the 

optical interfaces of the system. The angle ciade by any ray· with respec~ to 

each surface is a function only of the angular position on the solar disk 

from which the ray ca'me and the impact point on the· particular ·surface. Thus, 

for any wavelength and perfect optics, the energy carried from the sun to the 

receiver surface can be found by specifying the four coordinaies of the ray, 

independent of the number of optical elements in the optics train. 

If the sun's disk coordinates are o
1 

and o
2 

and the _surface impact point co­

ordinates are x
1 

and x
2

, then the total the~mal'pbwer absorbed in a wavelength 

interval dA. is: 

r E(X
1

, x
2

,. o
1

, o
2

) dX
1

dX
2

do
1

do
2 

02 

where.x
1 

and x
2 

are bounded by the act~al surfHce extent of the mirror/lens 

system; To obtain the energy from the eritire' solar spectrum, integratiori 

over all wavelengths is required. This_yieids: 



Mirror 

Surface 
'----v---1 

E r r r p 
>. xl x2 

.L-......-J 

Total Spectrum 

r 
(\ 

2-26 

Sun 

Disk 

r E(X
1

, x
2

, o
1

, o
2

, ).)dX
1

dX
2

do
1

do
2

d>. 

02 

Introducing finite quality optics into the model introduces uncertainty in 

tracking accuracy and mirror quality. 

There can be fo.ur uncertain optical parameters that are known only statis­

tically. The first two parameters are uncertainties in the angular positioit 

of two possible gimbaled tracking drives (8
1

, 8
2
). The second two parameters 

are the angular uncertainties in the mirror/lens surface normal at any point 

on the mirror/lens surface (~1 , ~2 ). We assume that each of these four para­

me.ters is statistically independent of each other or any other design 

parameter. For example, a given error in a mirror normal is equally likely 

anywhere on the mirror surface. The mirror is not known as a continuous sur­

face with smooth waves or ripples but rather as a probability distribution of 

mirror normals perturbed from the mathematically correct shape by an assumed 

probability distribution. For each statistically known variable, the distri­

bution is understood to be a "normal" or "standard error" distribution. 

Tracking errors can be treated as a discrete error when single-time point 

optical characteristics are desired. 

Now consider a random variable, Z, defined by the normalized probability dis­

tribution P(Z). If we wished to calculate the mean value of Z (= Z) or its' 

expected value, we would form the integral of the product of P
2

(Z) times Z 

over all allowed values of Z, i.e., 

' •:-. :~ ... ~ :. 1 . . . 
~·':~-- .i:.... .';.~ "'- _.._,. 
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z = 
-00 

To simulate a specific error set (6
1

, 6i, ¢ 1 , ¢2), one would have.to evaluate: 

\ \ E(X
1
,x

2
,o

1
,o 2 ,A,61 ,62 ,¢1 ,¢2)dX1dX2do1do 2dA 

01 02 

Then the expected value of the thermal power absorbed (Ep) is given by.: 

E 
p 

because each·· distribution may be statistically independent. The above 

expression is: 

Ep = ~ ·r . \ \ p 6 p 6 p • p • 
6 6 ¢ ¢ 1. 2 1 2 A x

1 
x2 

. } . 0Edo
2

do
1

dX
2

dX
1

dAd¢ 2d¢1d6 2d61 
0 0 1 2 

~~· 
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,_ J 
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The stochastic nature of four of the independent variables in this equation 

and the prime objective of performing a parametric study of the performance of 

the system_led to the decision that the experimental Monte Carlo approach was 

suitable. 
-. ·1; ; •••. 

. ... 

Basically, the premise of the method used to solve the multiple integral is a 

Monte Carlo technique. Any Monte Carlo computation that yields quantitative 

results may be considered as estimating the value of a multiple integral. The 

' .. ~ 
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simplest Monte Carlo approach is to observe random numbers, selected in such 

a way that they directly simulate the physical random processes·of the prob­

lem at hand, and to deduce the required solution from the behavior of these 

numbers. In this project, that process involves the incident flux on the re­

ceiver over the direct solar flux on the mirror/lens aperture being equal to .. 
the convergent ratio of randomly drawn rays that reach the receiver divided by 

the total number of rays drawn un~formly ove.r the concentrator aperture. 

Appropriate scaliug of each ray value for reflectance and absorptance losses, 

tracking and reflective surface errors, etc., is included in the Monte Carlo 

simulation. 

Approach 

Figure 2-18 indicates the general program flow for any concentrator design. 

Input parameters include the following user options: 

• Concentrator type. 

e Receiver geometry. 

• Reflective or lensing material. 

e Error distribution. 

• Number of rays to trace. 

o Concentrator/receiver dimensions. 

For each concentrator/reflector that is being simulated, the Monte Carlo draw 

is made over the surface. 

The simulation is accomplished by randomly selecting a sufficient number of 

sun rays to statistically represent the sun's intensity pattern as seen from 
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Figure 2~18. Generalized Computer Software Flowchart 
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the earth's surface. Solar limb darkening and atmospheric losses are taken 

into account. These same rays aie ~llowed to· impinge rando~ly upon the 

mirror/lens aperture and are reflected t'oward the receiver. The drawn rays 

must represent the sun's power at' that time, s'o each ray is given' a r~la'tive 
weighted value as a function of the time and the number of rays drawri •. ·' 

. r.' 

Each time a ray is drawn at some point on the concentration surface, the sur­

face normal at that point is calculated. The surface error will be a 

perturbation of the surface normal drawn at random over a normal distribution. 

This distribution will have a mean ?nd standard deviation based on the proper­

ties of the backing material and reflective/lensing materials being examined. 

The ray trace technique uses vector algebra to track each ray along its opti­

cal path. The exact mathematical models incorporated into the computer 

program are discussed in detail in Volume II, "Concentrator Optical Perfor­

mance Software (COPS) Program User's Manual". These models are discussed 

here; however, some· general statements about the modeling are made so that 

the reader may get a feel for the Monte Carlo ray trace technique without 

wandering through the details of Volume II. 

The maximum concentration which can-be'achieved by any solar collector is a 

function of the sun size, tracking characteristics, surface shape, surface 

slope errors and the reflective or refractive material's characteristics. The 

computer program developed for this project treats all of these aspects of the 

optical problem using a Monte Carlo ray trace technique. 

Sun Size--The sun size, or the.angular distribution of incoming solar radia­

tion, has been experimentally measured by Lawrep~e Berkeley Laboratories [1]. 

Circumsolar profiles vary with time of day, haze conditions and other·environ­

mental factors. The present code has one relatively narrow profile for~the 

solar limb darkened sun. Changes in this profile must be 'accomplished with 

F¢RTRAN changes in subroutine. LIMDR.· 
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Solar limb darkening involves the process of accounting for the finite size 

of the sun and the .degradation in solar intensity as a function of angula.r. 

distance from the sun's center. The.l~~b darkened solar intensity profil~ 
used in the simulation code is shown in ,Figure 2-19. When used with the Mo_nte 

Carlo techni-que, the intensity profile creates a ~eighte.d draw of rays over 

the sun radius. The weighte~. ~raw mu"st be accomp,lished such that a suffic.ient 

number of randomly selected rays will statistically represent the sun's in-

tensity pattern at the earth's surface. 

>-
1- 0.6 
V) 

z 
L.LJ 

~·o.4· 

0.2 

0~------~------~--~~ 
0 0.1 0.2 0.3 

SUN. RAD!IUS <DEGREES> 

Figure 2-19. Solar Limb Darkening 

The assumed intensity distribution shown in Figur~ 2-19 is based on measured 

data excluding the effect of circumsolar radiation. An option to model the 

sun with limb darkening and circumsolar radiation does exist in the code; . 

however, we have pri~arily used the limb darkened sun only. Errors in the. re­

directed flux profile will be present to the extent that this data is in er·ror. 
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Tracking Characteristics--Tracking errors are treated as discrete, fixed 

errors for an individual simulation·.·· That is, a single value of tracking 

error.:..-not a random or in some fashion distributed set of error values---is 

used. When addressing the net' impact of ·tracking errors on collector 

system performance, we recommend that the· concentrator performance first be 

established as ~ function of di~cret~ ttacking error. Using a curve fit.~f 

this type of data, an analysis-of the tracking problem can be don~ using 

statistical methods for time-varying tracking errors (2]. The end result is 

then a statiscally-averaged optical performance depending upon the error band 

of the tracking control. 

Surface Shape-~The treatment of concentrator surface shapes is discussed in 

detail in Volume 'ri, the COPS User's Manual. Each concentrator surface is 

mathematically defined such that the ideal surface normal and tangent vectors 

can be derived. 

Surface Slope Errors--Finite quality optics are introduc~d ·into the model to 

account for uncertainties in the surface mirror quality. There are two 

optical parameters that are assumed to be known only statistically. The two 

parameters are angular uncertainties in the mirror surface normal at any 

point on the mirror surface. We assume that each of these two parameters is 

statistically independent of each other or any other design parameter. For 

example, a given error in the mirror normal is equally likely anywhere on the 

mirror surface. The mirror is not known as a continuous surface with smoot~ 

waves or ripples but rather as a .probability distribution ~f mirror normals 

perturbed from the mathematically-correct shape by an assumed probability 

distribution. 

Figure 2-20 shows how the surface error varies from the ideal normal. For 

the mirror surface normal, the angular error from the ide.al normal is also 

assumed to be a normal distrib.ution and this error is assumed to be equal~y 

likely in any rotational direction. No depen~ence of thes~ errors on wind, 
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mirror attitude or position on the mirror has currently been included-on 
our analysis. However, these errors can be introduced through the normal 
distribution function for surf~ce errors by changing the mean value of the 
distribution to something other than zero. If it is known that an error. in 
the surface shape has in some manner been created, then the mean angular 
slope· error would not be zero. If. this mean angular error were a function 
of position on the concentrator surface, this. also could be accounted for 
within the computer software. 

IDEAL 
NORMAL 

ACTUAL 
NORMAL 

.. ·: .•. ·· ... · 

ASSUMED NORMAL 
DISTRIBUTION 

OF ANGULAR ERROR 

ANGULAR ERRORI Q .. 

NOTE: ANGULAR ERROR EQUALLY LIKELY IN ANY DIRECTION 

Figure 2-20. Mirror or Lens Surface Error Distribution 

Material Characteristics--For reflective ·materials, the most available and 
accepted data have been developed by Pettit and Butler at Sandia, using bi­
directional reflectometry. Data are available for about 15 materia1s and we 
have included ten of these in the computer code. 
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The ten selected materials and their measured data are shown in Table 2-2. 

This table indicates the hemispherical reflectance, R (2TI) and one or two 
s 

reflectance values and standard deviations which characterize the reflected 

beam profile of the specific material·as a normal (or sum of normal) distri­

bution. In a method identical to the surface slope error, these distributions 

are a material slope error for the purposes of the computer program. 

In the program, the reflectance error standard deviation (CJ ) ·is one-half. that 
r . 

of the standard deviation given in Pettit and Butler's data for various mat-

erials. The reason for this is that reflection magnifies the errors by a 

factor of two. ·As with surface errors, the error is drawn over a no·rmal 

distribution with standard deviation a . 
r 

For lens materials, the absence of 15 different materials being supplied for 

collectors has prevented a similar data set compilation. Lens materials 

seem to be in an earlier stage of development than reflective materials. 

Therefore, the computer program does not contain various lens material 

options. Instead, the most commonly used material, PMMA (acrylic) is repre­

sented by the program. The index of refraction as a function of wavelength is 

used in the optical analysis. This data can be used in combination with a 

user-specified lens facet size to create an infinite variety of lenses [3]. 

COMPUTER CODE SAMPLE RESULTS 

This section presents sample results from the Concentrator Optical Perfor­

mance Software (COPS) computer program. Output formats and input instructions 

to run the example of the COPS. program are provided in Volume II of this 

report. 
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Table 2-2. Reflective Material Characteristics 

). c a 
COST ($/FT2) R1 

I 
R2 

2 R
8

(211) MATERIAL SUPPLIER (RM) (MRAD) (MRAD) 
-. ·-· -·. . • ..... .. .. .. 

,_ 1. ALZAK TYPE I- SPECULAR 
PARALLEL TO ROLLING 

·ALCOA 1. 50. 505. Q.29 0.29 0.27 7.1 0.85 

MARKS .. 
2 .• 3M SCOTCHCAL 5400 3M COMPANY o. 50 500. 0.86 1.9 -- -- 0.85 

. LAMINATED TO BACKING ' 
SHEET 

3. 3M FEK-163 3M COMPANY -1.00 500. 0.86 0.90 -- -- 0.85 
LAMINATED TO BACKING 
SHEET 

4. ALUMINIZED.2-MIL FEP· SHELDAHL 1. 00-1.50 500 .. '0.80 L3' 0.07, 30.9 0;87 
TEFLON (G405600) (PROJECTED) 

- LAMINATED TO BACKING 
' SHEET 

5. · SILVERI!D 2 MIL PEP · SHELDAHL EXPERIM-ENTAL 550 .. 0.67 o. 77 0.28 6.9 0.96 
TEFLON (G400300) 
MOUNTED 'ON OPTICALLY· . . .. .. 
FLAT PLATE 

. 6. FRONT SURFACE ALUMI BOEING o. 20 500. 0.90 <0. 25 -- -- 0.88 
NIZED MYLAR (200XM648A) 
STRETCHED MEMBRANE .. '· 

7 .• KINGLUX NO. C4 KINGSTON IND. 1. 50 498. 0.65 . 0.37 0.23 16.1 0.85 
PERPENDICULAR TO 
ROLLING HARKS 

8. TYPE 3002 HIGH PURITY AL . MF.TAl. F.XPF.RTMF.NTAI. 5.50. O.t.lo 1.4 0.43 10.3 n.R4 
BUFFED AND BRIGHT FABRICATIONS, 
ANODIZED INC. 

9. CORNING 0317 GLASS 
1.5 MH THICK 

CORNING GLAS,S EXPERIMENTAL 500. 0.95 <0.25 -- -- 0.95 

EVAPORATED SILVER 

10. LAMINATED LOW-IRON SHEET GARDNER 2.13 500. 0.92 <0.05 -- -- 0.90 
GLASS MIRROR CO. ' 
3. 35 HM 'THICK . ' 
SILVERED 

SOURCE: PETTIT ANJi"BUTLER, "LASER RAY'TRACE AND Iii-DIRECTIONAL. REFLECTOHETRY MEASUREMENTS OF VARI<iU'S SOLAR­
CONCENTRATORS," SANDIA LABORATORIES. 
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Monte Carlo Errors 

No straightforward error analysis can be carried out for the Monte Carlo ray 

trace simulation as used in the COPS program·. However, speaking in a general 

manner, the error in the results can be expected to be roughly proportional· 

to the squar~ of tbe number of observations. Thus, it requires four times 

the number of observations to reduce an error by a factor of two. This can .. 

be quite costly in terms of computer .time if very accurate answers are re­

quired for a quantity which involves a small portion of the ray trace proce­

dure. For example, if the power density on a particular region of a receiver 

is desired to within 5 percent accuracy, the user of a Monte Carlo ray trace 

approach may have to trace more than 100,000 rays to achieve the desired 

accuracy. On the other hand, a ratio of hits to misses on the receiver can 

be obtained accurately with 10,000 rays or fewer. Fortunately, in most cases, 

the desired answers are not minute details. Further, the mathematical model­

ing accuracy often will limit the accuracy of the results more than the 

constraint of a reasonable number of observations. 

As an example of the errors with which we deal in the COPS program, we ran 

the parabolic trough configuration with a 5,000-ray draw over the aperture. 

This was done ten times with ten independent sets of pseudorandom numbers. 

The results of the ten runs are shown below: 

RUN NUMBER 1 2 3 4 5 6 7 8 9 10 

OPTICAL EFFICIENCY .867 .859 .870 .861 .869 .868 .876 .867 .864 .870 

This run set gives a mean of 0.867 and standard deviation of 0.005. This 

seems to be a reasonable approximation. In all the optical efficiency re­

sults which follow we have used a 5,000-ray draw. 
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Concentrator Optical Performance 

The COPS program was exercised for each type of concentrating_collector 

modeled. For some concentrator types, the choice of design was rather ar­

bitrary .:.since. we did not have exact dime,nsions or design specifications for 

all collectors. For some concentrators we attempted.to match published col­

lect9.r cqnfigurations that w~re studied or tested. I;n -either case, we make 

no claims, ;as to the design effectiveness. That is, we did not exercise the 

COPS program to optimize iteratively the optical performance of any of the 

concentrator designs. 

In fact, optical performance alone should not be maximized without regard to 

the overall collector performance and cost. The output of the COPS program 

must be combined with a thermal analysis and cost projections to arrive at 

the optimal (most cost-effective) design. We have not evaluated the thermal 

performance of any of the concentrators. Further, we can make no definitive 

statements about collector costs •. Although the litera~ure survey of this· .. 

project did find some sources of cost data, the costs always seemed to be 

highly variable. Therefore, the ranking of collectors by cost invol:ves a 

subjective judgement on the part of the ranker. We have not attempted to do 

this~ 

For any of the concentrators, the literature survey did result in a gathering 

of data sources. The sources most used in the mathematical modeling and code 

exercising are given for each concentrator type in Table 2-3. Where possible 

we used dimensions from these sources when making the test runs of the com­

puter program: 

When making the test runs of the computer code, we attempted to look at the 

effects of optical quality (surface errors) and concentration ratio on concen­

trator performance. In some cases the concentration is closely fixed by the 

design (e.g., Involute CPC); studies of the combined influence of surface 
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Table 2-3. References for Modeled Concentrators 

MODELED CONCENTRATOR REFERENCE 
-

FACETED MIRROR ROGERS, W., AND BORTON, D., "EVALUATION OF A FACETED MIRROR 
SOLAR CO~CENT.RATOR - Rl'I SOLAR CONCENTRATQR," RENSSELAER POLYTECHNIC INSTITUTE,, SOLAR 

CONCENTRATING COLLECTORS, PROCEEDINGS OF THE ERDA CONFERENCE. 
ON CONCENTRATING SOLAR COLLECTORS, PP. 4-3 7, ATLANTA, .1977. 

. . PHONE CONVERSATIONS WITH D. BORTON • 

FIXED-MIRROR, TWO AXIS REICHERT·:. DR: ~OHN I); • "THE CROSBYTON SOLAR POWER PROJECT: 
TRACKING RECEIVER FIXED SPHERICAL M.IRROR/TRACKING RECEIVER," SOLAR CONCENTRA-

TING COLLECTORS,· PROCEEDINGS OF THE ERDA CONFERENCE ON 
SOLAR CONCENT,RATING COLLECTORS, PP.3-61, ATLANTA, 1977. 

WALTERS, R.R., O'NEILL, M.J., AND GUPTA, Y.P.; "FIXED MIRROR 
DISTRIBUTED FOCUS SOLAR THERMAL ELECTRIC POWER SYSTEMS 
DEVELOPMENT," PROCEEDINGS OF THE 1977 ANNUAL MEETING, 
AMERICAN SECTIQN>lSES, VOLUME 1 (SECTION 14-25), PP.21-.26. 
1977. ., 

OPTICAL ANALYSIS OF THE FIXED MIRROR DISTRIBUTED FOCUS 
COLLECTOR, REPORT 9-10100/TR75-02, E-SYSTEMS INC., DALLAS, 
DECEMBER, 1975 (REVISED APRIL, 1976). 

CLAUSING, A.M., "THE PERFORMANCE OF A STATIONARY REFLECTOR 
TRACKING ABSORBER SOLAR CONCENTRATOR," SHARING THE SUN, 
VOLYM£ 2, P.304, WINNIPEG, 1976. 

PARABOLIC TROUGH DATA SHEETS FROM: HEXCEL 
CONCENTRATOR SOLAR KINETICS 

ACUREX 
·' 

DEL MANUFACTURING 

LINEAR FRESNEL NORTHRUP MANuFACTURER'S DATA SHEET, NORTHRUP, INC. 

HASTINGS, L.J. AND ALLUMS, S.L., "PERFORMANCE CHARACTERIS-
TICS OF A 1. 8 ~n; ). 7 METER FRESNEL LENS SOLAR CONCENTRATOR," 
NASA/MARSHALL, SOLAR CONCENTRATING COLLECTORS, PROCEEDINGS 
OF THE ERDA C0~7ERENCE ON CONCENTRATING SOLAR COLLECTORS, 
PP.2-71, ATLANTA, 1977 • 

. . 
HASTINGS, L.J., ALLUM, S.L., AND .CROSBY, R.M., "AN ·ANALYTI-
CAL AND EXPERIMENTAL EVALUATION OF THE PLANS - CYLINDRICAL 
FRESNEL LENS SOLAR CONCENTRATOR," NASA/MARSHALL/BALL STATE 
UNIVERSITY, SHARING THE SUN, VOLUME 2, P.275, WINNEPEG, 1976. · 

.. NIXON, GENE> "COST ACRYLIC FRESNEL LENS SOLAR CONCENTRATOR," 
SWEDLOW INC., SOLAR CONCENTRATING COLLECTORS, PROCEEDINGS OF 
THE ERDA CONFERENCE ON SOLAR CONCENTRATING COLLECTORS, 
PP .5-33, ATLANTA, 1977. 

COSBY, R., "THE LINEAR FRESNEL LENS: SOLAR OPTICAL ANALYSIS 
OF TRACKING ERROR EFFECTS," PROCEEDINGS OF THE 1977 ANNUAL 
MEETING, AMERICAN SECTION ISES, VOLUME 1, PP.35-14, 
ORLANDO, 1977. · 

INCREMENTAL REFLECTOR MCCC PHOTOVOLTAIC CONCENTRATING COLLECTOR QUARTERLY PROJECT 
REVIEW, HONEYWELL INC. ENERGY RESOURCES CENTER, 15 NOV., 1977. 

\ 
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Table. 2-3~ References for Modeled Concentrators (concluded) 

INFLATED CYLINDRICAL GERICH, JERRY W., "AN INFLATED CYLINDRICAL 'CONCENTRATOR 
CONCENTRATOR (JPL) FOR PRODUCING. iNDUSTRIAL"'PR.OCESS HEAT," SOLAR CONCENTRATING 

COLLECTORS; PROCEEDINGS·OF THE ~RDA CONFERENCE ON SOLAR ' 
CONCENTRATING COLLECTORS, PP.2-103, ATLANTA, 1977 • 

.. 
CPC INVOLUTE REFLECTOR MATliER, G.R •• AND BUKLEY. D:c •• "PERFORMANCE OF AN EVACUATED 

TUBULAR COLLEctoR u·siNG NON-IMAGING REFLECTORs," OWENS-
ILLINOIS, SHARING THE SUN, VOLUME 2, PP.64~78, 1976. 

CPC - CHAMBERLAIN RABL, ARI, "SOLAR CONCENTRATORS WITH MAXIMAL CONCENTRATION 
(PARABOLIC/INVOLUTE) FOR CYLINDRICAL CONCENTRATORS," APPLIED OPTICS, VOLUME 15, 

NUMBER 7, 1976. · 

CPC - GENERAL INFORMATION RABL, ARI, "OP.TICAL AND THERMAL PROPERTIES OF COMPOUND 
PARABOLIC CONCENTRATORS," SOLAR ENERGY, VOLUME 18, 
PP.497-511, 1976. 

COLE, R., "LONG TERM AVERAGE PERFORMANCE PREDICTIONS FOR 
COMPOUND PARABOLIC CONCENTRATING SOLAR COLLECTORS," 
ARGONNE NATIONAL LABORATORIES. 

PATTON, R., "DESIGN CONSIDERATIONS FOR A STATIONARY CON-
CENTRATING COLLECTOR,"' SOLAR CONCENTRATING COLLECTORS, 
PROCEEDINGS OF THE ERDA CONFERENCE ON SOLAR CONCENTRATING 
COLLECTORS, PP.3-37, ATLANTA, 1977. . 

COLE, ALLEN, LEVITZ, MCINTIRE, AND SCHERTZ, "PERFORMANCE 
AND TESTING OF A STATIONARY CONCENTRATING COLLECTOR," 
SOLAR CONCENTRATING COLLECTORS, PROCEEDINGS OF THE ERDA 
CONFERENCE ON SOLAR CONCENTRATING COLLECTORS, PP.3-31, 
ATLANTA, 1977. 

VEE TROUGH SELCUK, M.K., "A FIXED MODERATELY CONCENTRATING COLLECTOR 
WITH REVERSIBLE ASSYMETRIC VEE-TROUGH AND VACUUM TUBE 
RECEIVER," SOLAR CONCENTRATING COLLECTORS, PROCEEDINGS OF 
THE ERDA CONFERENCE ON CONCENTRATING COLLECTORS, PP.3-93, 
ATLANTA, 1977. 

IMAGING COLLAPSING SLETTEN, CARLYLE, J., IMAGING COLLAPSING CONCENTRATORS, 
CONCENTRATOR (SET) CONTRACT EG-77G-04-4163, SOLAR ENERGY TECHNOLOGY INC., 

3RD ANNUAL SOLAR HEATING AND COOLING R&D CONTRACTORS. 

PHONE CONVERSATIONS AND DATA FROM C. SLETTEN. 

. I 
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errors and concentration ratio are limited. For the lower concentration 

ratio collectors, the surface errors are not much of a factor in the opti­

cal performance. Optical efficiency, as computed by the COPS program, is 

·defined as the fraction of total possible direct radiation which the concen­

trator successfully redirects to the receiver surface. Thus, optical 

efficiency includes the cosine effect, end losses, reflectance or transmit­

tance losses and spillage losses at the receiver. By multiplying optical 

efficiency by direct normal radiation and the concentrator aperture area, the 

power .·striking the receiver is obtained. As ap. example, a vee trough with a 

concentration ratio of 3X (as defined by aperture opening to receiver diame­

ter ratio) was examined. The vee trough design was as shown in Figure 2-21. 

SUN OFF-AXIS 
. ANGLE = 6° 

~ \.L\\\ \ \ 

: Figure 2-21. Vee Trough Design 
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The optical efficiency computed as a function of surface error was: 

SURFACE ERROR 

STANDARD DEVIATION 

0 mr 

5 mr 

10 mr 

lS·mr 

OPTICAL 

EFFICIENCY 

0.88 

0.88 

0.88 

0.88 

Obviously, the side reflectors need not be made "opticaily flat".for this con­

centrator configuration. 

As an opposite example, we ran the COPS program for the FMTR concentrator at 

a concentration ratio of 115X. This corresponds to a 1/2-degree cone angle 

receiver. The optical efficiency as a function of surface error is shown in 

Figure 2-22. If a concentration ratio of 115X is desired, then Figure 2-22 

shows that surface errors should not exceed the 2-to-3 mr range. Lower con­

centration ratios could tolerate higher errors and vice versa. 

1.0 

0,8 

0,2 

-GARDNER SILVERED 
LOW I RON GLASS 

-OFF-AXIS ANGLEc 0° . 
-CONICAL RECEIVER OF 
1/2° CONE ANGLE 

\ 

0,0+----.-----r----r---~----,---~r----r--
2 4 6 8 w u ~ 0 
SURFACE ERROR <STANDARD DEVIATION><MILLIRADIANS> 

SUN ON-AXIS 

STATIONARY 
REFLECTOR 
TRACKING 
RECEIVER 

Figure 2-22. Optical Efficiency as a Function of Surface Error: 
Fixed-Mirror Tracking Receiver Collector 



2-42 

Figure 2-23 shows the same type of data in a slightly different fo~at for the 

paraboloid of revolution (dish) collector.· In this figure, the effect of 

higher surface errors is shown to be greater as concentration ratio is in­

creased. Thus, a tradeoff in manufacturing tolerance and optical/thermal per­

formance can be started using this data. One needs to create a similar data 

set defining thermal performance as.a function of concentration ratio. 

1.0 

0,8 
>-u 
z 
UJ -u 

0,6 -,LL. 
. LL. 

UJ _, 
< u 

0.4 -..,_ 
a... 
0 

0,2 

0,0 
0 

SURFACE ERROR~ STANDARD DEVIATION = 

1 NO TRACKING ERROR 
1 3M FEK-163 REFLECTIVE MATERIAL 
1 NO RECEIVER SHADING 
o 60° RIM ANGLE·DISH 

500 1000 1500 2000 2500 
CONCENTRATION RATIO 

2 MR 
4MR 

8MR 

3000 3500 

Figure 2-23. Optical Efficiency as a Function of Surface Erruc: 
Paraboloid of Revolution (Dish) 

Figure 2-23 has no tracking error in the efficiency results. When a finite 

tracking error is introduced, the results are affected to show lower optic.al 

efficiency. For example, at'a 4-mr surface error and a concentration ratio 

of 2100X, the optical efficiency as a function of tracking accuracy is as 

shown in Table 2-4. 
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Table 2-4. Paraboloid of Revohiti~on '(Dish) Perfonnan~~ .as a Function of 
Tracking Error (4 mr Surface Error, Concentration Ratio = ~5lY) 

TRACKING ERRORS 
OPTICAL ; 

AZIMUTH AXIS.- ELEVAT;ION AXIS· .EFF-ICIENCY 

0.0 mr 0.0 mr 0.82 

'1.4 ' 1.4. 0.82 

2.8 2.8 0.81 .. 

5.6 5.6 0.79 

The small decline in optical efficiency indicates that the 4-mr surface error 

budget has greater impact than these tracking errors. At a smaller surface 

error we can expect that the dish would be much more sensitive to .tracking 

errors. This would not be true for lower C<?ncentra.tion ratios. 

The optical performance of a parabolic trough concentrator is shown in Fig­

ure 2-24. The basic Corning 0317 silvered glass has a total reflectance of 

0.95. For the trough examined, _it was assumed- that i_ncoming radiation which 

fell on the top of the_receiver was lost. This would be true optically for 

an insulated receiver. For a concentration ratio of 60X, the fraction lost 

on the receiver top would be 1.67 percent of the total available. Therefore, 

if no spillage were encounter-ed, ej,ther wide of the r!'!_ceiver or off the ends, 

then the optical efficiency could be at best 0.93. The upper dashed curve in 

Figure 2-24 then represents the best possible efficiency at all off-axis sun 

angles. This best would be ,true for an infinitely long receiver:. The twd 
' _solid curves show the computed effic~ency for 3-'-mr and 6-mr surt.ace error 

budget. At 3-mr error, the spillage ~ide of the receiver is negligible (less 
-, 

tha~ 1 percent), so that the diff~Fence between the dashed and 3-mr solid 

curve is due to end losses. These would vary as the collector length-to­

width ratio ·varies. The smaller this ratio the larger the end losses at a 

given off-axis angle. 
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- CORNING 0317 GLASS 
F~e:-::;;-~-- - 0° TRACKING ERROR 

.... .... .... .... ..... - CONCENTRA T1 ON RA TI 0 = 60 
............. - CYLINDRICAL RECEIVER 

SURFACE ERROR., 
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Figure 2-24. Parabolic Trough Performance 

Optical efficiency data from test runs on the Inflatible Cylindrical Concen­

trator are shown in Figure 2-25. Three different concentration ratios were 

examined at a 4-mr surface error. Since the concentration is fairly low, the 

surface error is not a large factor in finding the best design. 

Data for the linear Fresnel concentrator is shown in Figure 2-26. In this 

example we examined the effect of varying the lens facet width and concentra­

tion ratio. A surface error standard deviation of 3-mr was used. It is appar­

ent that the aberrations due to increased facet size can dramatically affect 

performance. At the more reasonable, smaller facet size of 16 mm, a concen-
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- 1 M OUTER CYLINDER DIAMETER 
- ONE-AXIS TRACKING 
- BOEING FRONT SURFACE 

ALUMINIZED MYLAR 
SURFACE ERROR = 4MR1 1a 
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Figure 2-25. Inflated Cylindrical Solar Concentrator 
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Figure 2-26. Linear Fresnel Lens Concentrator 
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t,ration ratio of 45 to 55X can be achieved before surface errors and color 

abberations begin to reduce performance; 

Optical efficiency as a function of off-axis sun angle for the two CPC-type 

concentrators is shown· in Figure 2-'-27 •. The involute CPC has a slightly higher 

optical efficiency since more rays directly strike the receiver for the lower 

concentration ratio. These rays striking directly do not bounce off the re­

flecting surface and lose some energy. ·The involute CPC performance falls off 

slightly with increasing off-axis angle_due to increased ray bounces. Actu­

ally, the optical efficiency here is lower than it should be because the ray 

trace accounts only for direct radiation and deals only with specular reflec­

tions. All diffuse is assumed lost. The modification of the ray trace to 

include this effect was not possible within the time constraints of the current 

project. However, it could be accomplished if a user were interested in the 

minor details this extra modeling could add. We do not believe· this is an 

issue for the CPC concentrators.:· 

. 1.0 

0,2 

INVOLUTE CPC \Jtl <CRa 2,8) 

AZIMUTH = 0° 
- SURFACE ERROR: 5MR, la 

3M SCOTCHCAL 5400 
REFLECTIVE MATERIAL 

o.o+----~~---~---~~----T------~---~~----r---
0 4 8 li 16 20 24 28 

OFF-AXIS SUN ANGLE <DEGREES> 

Figure 2-27. Compound Parabolic Concentrators 
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A test ~un of the RPI Faceted-Mirror Concentrator resulted in the data plotted 

in Figure 2-28. The Figure shows performance as a function of concentration 

ratio for two off-axis sun angles. At low concen~ration ratio, the decrease 
' ' 

in performance with increased off-axis angle is ·simply due to a decreased 

average cosine between the morror facet and the sun. Computed average cosines 

are: 
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Figure 2-28. RPI Faceted Mirror Concentrator 
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At higher concentration ratios the drop in performance ·from a 0° off-axis 

angle to an 18° off-axis angle is due to both cosine effects and focusing aber­

rations of the concentrator configuration. . We have made no attempt to opti­

mize this design and in phone cqnversations with Dave Borton of RPI, we 

learned that newer versions of this concentrator effectively average out 

the aberrations by curving the column axes. 

Figure 2-29 shows the optical efficiency of an incremental reflector col­

lector as a function of concentration ratio for two off-axis sun angles. 

The results shown assume that, without ~bsorbing, the receiver blocks in­

coming radiation. Thus, it would be as though only redirected rays on a 

photovoltaic array are used and the top of the receiver is insulated. The 

optical efficiency first increases with increasing concentration ratio be­

cause the .. receiver blockag·e is more important than the reflected power 

spillage. At larger concentrations, the receiver blockage is smaller and 

reflected ray spillage is larger, causing a decrease in optical efficiency. 

1.0 OFF-AXIS 
SUN ANGLE 

0.8 -----
oo 

>-u 
ffi .-:~:· . ..... 
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Figure 2-29. Incremental Reflector Concentrator 
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The imaging collapsing concentrator, as designed by Solar Energy Technology 

Inc. (SET), was mathematically modeled after a first version of the design 

where the lens consists of a circle arc'inner surface and lens facets on 

the outer surface·. The configuration ·and model is described in detail in 

Volume II of this report. The subreflector surface was modeled as though a 

simple polynominal could represent ·the s~rface. Unfortunately, when_ SET 

supplied details of the subreflector surface, as built and tested, it was 

apparent that a polynominal representation would be inadequate. Nevertheless, 

the computer program was exercised using the best curve fit we could obtain. 

The curve fit was fairly accurate on the lower part of the subreflector sur­

face. Thus, for small off-axis sun angles the code is acceptable. However, 

at larger sun angles, when reflections off the upper subreflector surface 

are not neede.d, the curve fit method fails. Results for the cases we did 

run are presented in Table 2-5. In all cases the sun has no aximuth .angle 

(the sun is perpendicular to the concentrator tracking axis). 

Table 2-5. SET Optical Performance Results 

OFF-AXIS FRACTION OF INCOMING POWER OPTICAL 
SUN ANGLE LOST BY REFRACTIONS OFF EFFICIENCY 
(DEGREES) PRISM. VERTICAL FACES (NO MISSES) 

0 8.8 PERCENT 0.78 

15 9.7 PERCENT 0:73 

27 11.3 PERCENT 0.67 
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For these results the lens t~ansmi~tance was 0.9, the subreflector reflec­

tance was 0.9 and the surface error standard deviation was 3 mr for all sur­

faces. Because of the low concentration a surface waviness of 3 mr is unim­

portant. The exact curve fit of the subreflector would be much more important 

to the analysis .. The results in Table 2-5 are for a lens surface built by 

SET. 

The details of the design are proprietary to SET and not given here. The 

general features can be described as a 40-facet lens with a minimum lens 

thickness of 0.488 inches. The lens is 12 inches wide and the absorber is 

3.125 inches high. Because we could not accurately model the subreflector 

with a curve fit,.the optical efficiency results assume all rays reach the 

receiver. 

For more detailed analysis, a point-to-point subreflector surface definition 

and corresponding point-to-point ray trace, as suggested by SET, is needed. 

We attempted to incorporate such a method into the computer program but 

were unable to thoroughly debug this approach. However, the method is ~uite 

straightforward and potential users can use this approach if desired. In 

any case, the design we modeled mathematically will soon be made obsolete by 

SET's new design of a smoother outer lens with the facets inside. The 

mathematical model now in the program would need be changed to incorporate 

this chang~ in design. 
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SECTION 3 

MIRROR AND LENS DEGRADATION EFFECTS 

An important component of any concentrating sol~r energy collector is the 

optical material used to concentrate the incoming solar radiation. The 

operating efficiency and cost of.the collector is directly dependent upon 

the performance and maintenance of the optical lens or reflector material 

that functions in this capacity. It is imperative, therefore, that the 

material seiected has the required characteristics to meet the cost and per­

formance goals. 

~' . . ::. · .. 
The desired optt'cal requirements for the solar reflectors are high solar 

reflectance and specularity, For refractors; the optical parameters of 

interest are high transmi~tance and low chromatic aberration. Yet another 

important requirement of solar reflectors and refractors is their ability t;o 

sustain the.se 'optical properties under the conditions experienced in solar 

systems. Solarization (UV radiation), moisture, thermal cycling, deposition 
' 

of dust or other pollutants and various o~her environmental factors could 

degrade the performance of the solar collector. Some of these factors could 

permanently degrade the material and may require replacement. Degradation 

due to nonpermanent factors like dust contamination will require periodic . . . . . 
y~: , 

maintenance. The optimum maintenance schedule can be set up by life-cycle 

cost analysis. Therefore, resistance to weathering is a significant attribute 

of solar collector optical materials. 

Resistance to weathering of base reflective or refractive materials may be 

achieved by providing protective coatings, proper backing layers, adhesive 

layers, substrate and others. Today, a number of reflectors and refractors 

of different constructions, and therefore of varying perforl'1ance and weather 

resistance, are available in the market or are being developed. To select 
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the best candidate material for a given application, a data base of material 

performance and maintenance under the conditions experienced in solar systems 

is required. At present, the material selection process is hindered by the 

lack of such a data base. 

The objective of this project's seco~d major task was, therefore, to formulate 

a state-of-the-art performance data base, for candidate optical materials 

under various exposure conditions and to include maintenance recommendations 

for minimizing the adverse effects caused by prolonged exposure of these ma­

terials in the solar collector operating environment. 

APPROACH 

To accomplish the objectives of this task, data were accumulated as described 

in the flow diagram, Figure 3-1. Potential sources for material degradation· 
. :f 

data and maintenance recommendations included computerized data banks, col­

lector users and manufacturers, material suppli~rs, R & D organizations, and 

a miscellaneous category which includes workshops and seminars. The data 

base is a compilation of material test results and experience, based on a 

letter sur~ey and extraction of relevant information from previously published 

and unpublished research a~d development efforts. The data base will·be use­

ful for manufacturers and designers in selecting the best candidate material 

for a particular application. Although it is unlikely that the data base 

will ever be complete, it would serve as a quick reference to material avail­

ability. No experimental activities are included within the scope of this 

program. 
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Figure 3-1. Degradation and Maintenance Data Base Formulation Process 

To assess current technology and data availability from published sources, an 

extensive literature search was conducted. Two bibliographies, including 220 

documents, were formulated based on computerized searches of the Energy Data 

Base at DOE's Oak Ridge Technology Center. Searches were based on condensed 

combinations of key words including "weathering and reflectors" and "solar 

coating." 

. I l J, Ji 

Of the documents received~ abo~t fifteen contained potentially valuable infof~ 

mation. Due to the lack of standard tests for weatherability and the lacl< Kf 
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correlation between accelerated and real-time exposure. tes·t;ing,. there is a 

large variability in data for some of the materials; Data availability on 

maintenance and degradation control is minimal. Extensive studies have been 

conducted on UV degradation of P~fiiA (acrylic), discoloration of polymers on 

exposure to sunlight., and. on some of the mechanical effects. , Other than this, 

efforts to characterize the individual eff~ct of degradation· 'due-to ·humidity, . . ' . 

moisture, temperature, solarization, etc,, have been minimal. Studies to 

explain the degradation mechanisms should help in defining degradation con­

trol parameters and in performance modeling. Real-time and accelerated test­

ing data are available for most of the reflective mat~'rials and acrylics. 

However, technolo&ical development: in the- ma.teri~ls. _: fie.Id· -may ha~e ·outdated 
. . ' ' . - ~ ~ ,- . 

the old exposure test 're.s.ults • . Manufacturer's, ·suppliers, ·and users of the 
~.,:. • I. t ~ • • • • 

mirror material were contacte4 for any unpublished results. 

Several_ organizations that have manufactured or used concentrating solar col­

lectors, material suppliers, and R&D organizations which are or have engaged 

in lens and reflector material characterization activities are a potential 

source of material degradation and maintenance data. A letter survey was 

conducted to try to reach these sources. About 500 companies, including 

solar component manufacturers, research and development organizations, users 

and .individuals were contacted. A copy of the letter and ·requested informa- · 

tion is shown in AppendixA. Thirty-three positive responses were.received. 

Ninety~three letters were returned.as undeliverable, 130 said that·they do· 

not manufacturer or use any reflective or. refractive material ·and seven said 

they .cannot supply data to us for prqprietary reasons. The rest have not 

acknow~edgeq. 

The data obtained from these surveys are presented in the following sections. 

'I: 
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MATERIAL DESCRIPTION· 

Reflectors 

A typical reflector consists of a transparent outer protective layer (super~ 

strate), reflecting surface, backing layer(s), and a support structure sub­

strate as shown in Figure 3-2. 

~"7?~~~~~~~----..... PROTECTIVE LAYER 
REFLECTIVE LAYER 
BACKING LAYER 

'"if---a SUBSTRATE 

F.igure 3-2. Typical Reflector Construction 

Three·families of reflectors--polished metals, metaliied films and metalized 

glass (mirrors)--are marketed under various trade names~ All of them use 

silver or aluminum as the reflecting surface. ·The protective coatings and 

backing layers include materials such as polymer paints and films·, inorganic 

coatings such as silicon oxide, aluminum oxide, magnesium flouride, and thin 

glass. The support structures include polymer foams; cellular glass; and 

honeycombed structures of aluminum, paper, wood, steel, fiberglass and epoxy 

composites ·[4,5]. Figure 3-3 shows types of reflectors, protective layers 

and structure materials used in reflector construction. Table 3-1 gives a 

partial list of reflectors in use for solar collectors. 
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POLISHED METALS METALIZED PLASTICS 
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J 
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: ~~~l~~fM 
t POLYESTER 
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Figure 3-3. Types of Reflectors and Lenses 

.... ~ " 
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Table 3-1. Lens and Mirror Materials for Concentrating Solar Collectors 

MATERIAL 

ALUMINIZED ACRYLIC REFLECTOR 
FEK 244 
FEK 163. 

COATED ALUMINUM SHEET 
COILZAK 

KINGLUX 

GLASS MIRROR 
CODE 0317 

ALUMINIZED TEFLON REFLECTOR 

ALUMINIZED POLYESTER REFLECTOR 

INCREMENTAL REFLECTOR 

FRESNEL LENS 
POINT FOCUS 

LINE CONCENTRATING 

MANUFACTURER/USER 

SOLAR .. KINETICS 
HONEYWELL, HEXCEL 

ACUREX 
SOLARTEC 
HONEYWELL 
DSET LAB 

GENERAL ATOMIC .. HONEYWELL 
DEL-JACOBS 
SANDIA, HDAC, HARTIN MARIETTA 

SANDIA 
SHELDAHL 

SUNTEC 
BOEING 
HONEYWELL 

HONEYWELL 

HDAC 
NASA-MARSHALL 
SANDIA, RCA 
VARIAN, HARTIN-MARIETTA 
HDAC, NORTHRUP 
NASA-MARSHALL 

TM Polished Metal Reflectors--Polished metal refl~ctors, like Alcoa's Coilzak 
TM . TM or Type I and Kingston Industry's Kinglux: , are bulk aluminum surfaces. 

They can be procured in sheets or in· coils and can be readily bent and fas­

tened to curved substrates. The surface is protected by anodized oxides of 

aluminum or silicon and is either mechan1cally, chemically or electrochem­

ically polished. These reflectors have high solar average hemispherical re­

flectance, are very durable, and have shown good resistance to weathering. 

However, they have relatively low specular reflectance; i.e., they have a 

significant amount of large-angle scattering due to residual scratches, pits 

or polishing marks on the surface [6]. Also, the reflected beam is aniso­

tropic due to polishing marks running in one direction. The bulk aluminum 

reflectors have hemispherical reflectance of about 0.84 to 0.87, and specular 
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r~flectance to a.l~ .... receiving aperture of between 0.78 ·and 0.82. The specular 

reflectance for o.ther aperture angles can be obtained from bidirectiontal 

spectrometry [7]. · · 

.Metalized Plastic Films--Metalized plastic films like 3M's FEK-244™ or Scotch­

cal 5400~, Martin Processing's Llumar ™ are aluminized plastics. Other 

plastic films available'or being developed are aluminized and silvered mylar, 

teflon, acrylics and polyester. A typical metalized film consists of metal 

deposited (vapor deposited or chemical deposited) on plastic sheet with a 

pressure ·sensitive adhesive·applied .to the metalized side of the film. After 

the adhesive is applied, a paper or plastic·backing is attached. 

The films may be bonded directly to the concentrator structure or to sheet 

metal for subsequent attachment to the structure. The reflectance of these 

reflectors depends on the optical properties of plastic films, surface rough~ 

ness or the metalized side, the lamination ·process, and the surface roughness 

of. substrates. Of the metalized· plastic film reflectors, aluminized acrylic 

reflectors. have good specularity and resistance to solarization. But these 

are much softer than glass·and are subject to dust abrasion and abrasfon due 

to mechanical cleaning. ·Light scattering increases with surface abrasion. 

The hemispherical reflectance is .from 0.85 to 0.88 for aluminized reflectors 

and from. 0.93 to. 0.:96 for silvered·reflectors. The initial specular reflec­

tance for aluminized reflectors is about 0.83 to 0.86 and in high 0.80's for 

silvered reflectors .• 

Metalized Glass--Metalized·glc;tss ("mirrors") like· Corning's silvered 0317 

glass, Carolina Mirror Co.'s silvered laminated float glass and others·- , 

are second surface mirrors. A typical mirror may consist of a glass outer 

·surface,. a silve.r reflector and a metallic protector. Glass mirrors are 

readily available in flat sheets. Unfortunately, most of the solar conen­

trators have curved surfaces. Glass can be bent only to very large radii. 

Compound shapes and smaller radii of curvature will need sagging into molds. 
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.. At present, this process is expensive due to large ·tooling and labor costs. 

Honeywell, Corning and Parson'.s of California are working'as a,team,on sag­

ging glass onto aluminized steel 'substrates. One of the problems·encountered 

is maintaining the accuracy of the mold after annealing. The mold appears 

·to relax. Another problem forseen is the bonding of sagg~d glass·to the sub­

strate •. The adh~sive flows out to the edges, which·could result in slope 

errors. 

The reflectance of glass mirrors· generally decreases with increasing glass 

thickne~s because of iron impurities in the· glass that·cause light·absorption. 

The reflectance. of silvered mirrors is f.rom 0.'83 to 0.95, depending on the 

glass thickness and iron content. Glass mirror reflectors have shown good 

resistance to weathering. 

Lenses 

An opti~ql l.ens could be made from glass or transparent plastics. For ·solar 

applications, plastics· are preferred over' glass.for several reasons. Plas­

tics of·fer low cost, light weight, high light transmj.ssion, configuration 

flexibility, and inexpensive :high volume production [ 8] • The lens· of a solar 

energy collector also functions as a cover piate and, .therefore·, must pro­

vide protection against.environmental·effects. A principal disadvantage of 

plastics is their lack of heat resistance and lower·scratch resistance than 

glass. Acrylic is by far the most widely used optical plastic. Other opti­

cal plastics under consideration are polycarbonate, polystyrene, and cellulose 

acetate·butyrate·! The other transparent thermoplastics available include 

polysul;fone, cellulosics,·· vinyls, .CTFE · flouropolymers, polyester copolymers 

and ionomers. However, these materials.are·seldom used for optical systems. 

Some of. these--like cast acrylic, extruded acrylic, and fiberglass--have beeri 

used fqr solar applications either as a .coverplate or lens. 
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DEGRADATION MECHANISMS 

Material degradation may result from dust, solarization (UV radiation), 

moisture, thermal cycling, ~echanical. effects, hail and other environmental 

conditions. Degradation could occur due to the action of an~ one or a combi­

nation of environmental factors. Table 3-2 shows deg~adation factors cate­

gorized as permanent and nonpermanent. 

Dust accumulation can result in performance loss of up to 50 percent in a 

few weeks depending on reflector construction and atmospheric conditions. 

Dust particles deposit on the surface by complex fluid-mechanical interactions 

of the dirt-laden airstream with collector structure and reflector surface. 

This includes convective diffusion, impact or sedimentation [9, 10]. Very 

small particles ( $. 0.1 ~ m) are transported by convective diffusion to the 

surface where they adhere because of high surface energy-to-volume ratio. 

Larger particles fall by sedimentation onto the surface. The adhesion 

Table 3-2. Degradation Factors 

NONPERMANENT PERMANENT 

• ACCUMULATED DUST • TEMPERATURE 

• PLASTIC DEFORMATION OF • MOISTURE 

REFLECTOR STRUCTURE DUE 

TO WIND AND THERMAL • HUMIDITY 

LOADING 

• SOLAR RADIATION 

• ORGANIC CONTAMINANTS 

• MECHANICAL EFFECTS 

• ORGANIC CONTAMINANTS 
-- --
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mechanisms are affected by environmental conditions, particularly humidity. 

Under normal dry conditions adhesion is dominated by surface energetics. 

Under high humidity conditions, water can leach soluble materials from dirt, 

air and the reflector surface. The resulting chemicals can produce intense 

chemical and physical bonds. The optical loss is caused by absorption and · 

scattering of light by dirt. Different techniques can be used to reduce dirt 

accumulation and clean the mirror surface·. The rate of deposition of dust or 

degradation depends on the angle at which the sample is mounted (see Figure 

3-4). In this Figure, the accumulated sample exposure time amounted to 127.5 

hours (about 5.1 days); the total test period lasted 4 weeks. 

0.8 

~s~ 

oo 
0. ~S'----&..----..L----1---....L..--...L----L......:..-_J 

120 140 
0 20 40 80 100 

HOURS [X POSED 

Figure 3-4. Dust Accumulation on Five Mirrors Mounted 
at Different Angles to the Horizontal [18] 
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Plastic deformatfon of the reflector .s.urface due to wind and thermal loading 

c~n.res~it in a temporary. performance loss. Measurements of power output 
. ' 

with a parabolic solar concentrator-photovoltaic receiver, showed large v~ri-

ations in a 30-mph wind [11]. 

Thermal cyciing can generate or amplify internal stress in the material, 

which can lead to mic.orstru~ture cracking and eventual fracture. Delamina­

tion or fracture 'can occu~'due to the·difference.iri thermal e~pansion co­

efficients of the reflector and substrate [11]. 

.i 

Moisture penetration can cause loss ·of performance by fogging or delaminating 

the mirror surface. 

Mechanical effects due to wind and particle bombardment, hail or other hard 

objects, can result in permanent figure dam~ge. Blowing dust can cause sur­

face abras.ion. The effects of a severe hailstorm ar~ described in a Sandia 

report [ 12] . 

All organic substances undergo changes, usually adverse, when exposed to sun­

light.·. The damaging effect of.light is largely determined by its spectral 

composition or by the different absorption coefficient and UV.sensitivity of 

different materials. For most materials, the absorptive power and consequently . . 
the damage produced by light increases sharply with decreasing wavelength. 

.. 
Most of the damage caused by UV is particularly.due to the short wave length UV 

radiation called·actinic radiation. 'Most polymers .abs~rb strongly at 280 nm, 

and their maximum UV sensitivity varies between.280 ~nd 400 nm [13]. The 

relative damage on paper due to ligh·t· is shmm bt;!low [14]: 

>., nm · 300 320 340 360 ·380 400 440 480 520 560 600 640 680 

o>., rel. units 100 58 .30 10 14 8.5 2.6 0.8 0.3 . 0.1 '0.03 0.01 0 
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The absorption of UV light by. plastics produces similar effects to those of .· . 

thermal oxidative degradationJ resulting in embrittlement, d~scolor.ation,, an~ 

a general reduction in physical propertie~. There are two main mechanisms by 

which polymers degrade when exposed to UV light: 

• Direct rupture of chemical bonds in the polymer structure by 

absorption of UV radiation followed by a rapid oxidation of the . 1' . . . : ' . 

fragments, resulting in discoloration and embrittle~ent of the 

polymer; and 

o Energy transfer sensit~zed by UV-excited impruities such as 

catalyst resudues or hydroperoxides and carbonyl groups that may 

be present in the polymer chain or as contaminants in the 

matrix [ 13]. 

A colorless product becomes visually objectionable at a Yellowness Index of 

4 to 6 [15]. Data on Yellowness Index and physical property changes on expo­

sure for lensing material and plastics is presented elsewhere. 

Other environmental effects which can cause performance lowering include or­

ganic contaminants such as bird droppings, dead insects, fungus and mold 

growth, and bacterial attack. Alkaline or.marine salt dust and such other 

active particles from industries can have a corrosive effect. The growth of 

microorganisms occurs on the polymer surface and is supported by compounq 

ingredients in the polymer which can provide nutrients for the develop~ent of 

organisms such as bacterias, fungi or algae. Microbial growth can also de­

velop on accumulation of incidental environmental debris deposited on the 

plastic surface during use. In some cases, the relatively inert plastic sys­

tem is combined with materials such as paper and t~xtiles, which are easily 

susceptible to microorganisms, and the who construction then ·becomes suscept­

ible to microorganism attack. The damage can be.from comple~e failure to em­

brittlement or cracking to loss of aesthetic values from odors, stains or de-

facement of surface [13]. · 
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DEGRADATION TEST METHODS 

Degradation tests include exposure of the material to natural aging processes 

. . and periodic measurements ()f the optical properties,. Natural aging processes 

can be accelerated by exposing the ma~erial to concentrated I?O~ar radiation 

by use of solar concentrating mir:rors, 

There are various facilities for exposure testing of materials, including· [16]: 

1. Desert Sunshine Exposure .Tests, Inc., Phoenix, Arizona--desert 

condition. 

2. Carribean Testing, Inc,,.Caguas, Puerto Rico--tropical rain forest 

.condition. 

3. ·solar Testing Services, Inc,, Pompano Beach, Florida--subtropical 

condition 

4. Sub-Tropical Testing Services, Miami, Florida--subtropical condition. 

5. South Florida .Test~ng Services, Miami, Florida~-subtropical, sea air 

atmosphere. 

6. Air Pollution Control Center, Cleveland Ohio--very heavy indust~ial 

environment. 

7. NASA-Lewis Research Cent~r, Cleveland, Ohio--ordinary urban environ-

ment. ;._·. . '•• 

Some of the test apparatus at Desert Sunshine (DSET) is described as follows 

[.17 1: 

• EEK and EEKQUA. The EEK uses an equatorial mount to follow the sun 

with a nonconcentrating exposure rack. Samples for testing are mounted 

on the test rack. EEKQUA is the same as-EEK but incorporates .a water 

spray system. 
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EMMA and'EMMAQUA. EMMA test racks_are equatorially-mounted and use 

ten coated-aluminum mirrors for accelerating sunlight exposure. The 

mirrors have a reflectance of 75 to 85 percent and about eight times 

sunlight concentratio·n is achieved. Air ·is blown continually across 

the sample surfaces to prevent overheating. The:samples are·pro­

tected from the environment when'the sun· is not shining.· ·EMMAQUA is 

the same as EMMA except that. di:stilled water is sprayed onto the 

samples for eight minutes of· each sunny hour. · 

Artificial test devices designed to correlate the results lvith those obtained 

by natural weathering are the Carbon-Arc, Florescent Lamp, Xenon Arc and 

Mercury Arc. Correlation varies from good to poor depending on the.test used 

and the nature of material under investigation [13]. 

To evaluate the biological attack on plastics, outdoor test fence exposure, 

soil burial,- humidity cabinet and agar p-late tests are used. 'The agar plate 

test, in'various modifications of ASTM procedure G-21-70; is the most fre­

quently used [13]. For solar applications there are no standard tests yet 

··'rec()mmended, even though EEK, EMMA and EMMAQUA tests are popularly used. ·No 

significant effort has been made to correlate the accelerated testing to pre­

dict material lifetimes·under outdoor conditions. E~1AQUA testing was noted 

to be very stringent and not a representative test for evaluation of reflec-

tive materials [17]. 

The results of some tests of the reflective materials using these exposure 

methods are given elsewhere.· 

About Accelerated Testing Methods: Under natural conditions, the aging pro­

ce~s is due to dirett ~olar radiation scattered by the atmosphere. The con­

centrating systems concentrate only the direct component of sunlight. Studies 

have shown that, under a clear sky, the scattered radiation contains more of 
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the ultraviolet component than the direct radiation. Generally, for most 

materials, damage produced by sunlight is due to the ultraviolet radiation. 

Concentration of only the direct component leads not only to reduction of 

.UV fraction but also to enhanced heating of. the material. The material could 

be damaged not so much by the action of sunlight as by heating of the speci­

mens to temperatures in excess of a critical value or a combination of both. 

Besiqes, the reflector material used for the concentration system can modify 

the spectral composition due to different spectral reflectance and contami­

nation. For example, dust results in a substantial reduction in UV reflec­

tance. Thus, in accelerated systems the spectral composition of direct radi­

ation and also the properties of the reflecting surface influence the UV frac­

tion o£ light falling on the specimen. Therefore, these factors should be 

taken into account when correlating accelerated aging data with actual expo­

sure data. The relationship between acceleration time and concentration is 

obviously not linear; that is, eight times concentration of sunlight doesn't 

mean eight times the normal one-sun exposure time. 

DEGRADATION CONTROL 

Studies on degradation control or cleaning studies are scarce. Material or 

performance degradation can be controlled by the use of UV stabilizers and 

coatings on reflectors or refractors by incorporating continuous dust removal 

techniques as a system design feature, and ~y periodic maintenance that in­

cludes washing with detergents. Rain and melting snow on the surface of a 

mirror is very effective in cleaning the dust and dirt off the surface [10, 18]. 

Suggested cleaning strategies for dust control are [10]: 

~ Keeping dust from settling and adhering to the surfaces. 

• Washing them off with a low surface energy detergent-type solution. 
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• ·Using chemically- 9r.mecha~ically~active cleaning.techniques capable 

of breaking ~he chemical or mechanical bonds·, 

...... • Modifying the surface .so .that st.rong bonding cannot develop. 

Suggested t.echniql,les. :for continuous ·.dust ·removal include electrostatic ·biasing 

to reject·dust particJ..es, vibrating thecsurface, and aerodynamic streamlining. 

Labora.t9ry tests conducted with electro$t~tic techniques. showed the resulting 

dust ac~umulation on the glass sample to Qe significantly less than the con-

tr91 sample. 

Several commercial cleaning solutions for·glass and plastics were evaluated. 

Clea~ing techniques included 

e High· pressure water. above 500 psi. 

• Jet x--with detergent. 

• A mist spray of a commercial cleaner. 

• Hot soapy water'with a cloth wipe. 
\ ,:; 

Table 3-3 .shows cl~aning techniques .. used or ·recommended for glass, aluminum, 

and plastics. For rinsing, deionized water ·or distilled· water is recbmmended; 

Rinsing with tap water. leaves water spots ,(deionized water is better than ·. 

distilled water). 

Addition of effective UV stabilizers, in conjunction with appropriate heat 

stabilizers and antioxidants, can make polymers more resistant to UV light 

and to other adverse·effects encountered during weathering.· ·The UV stabilizer 

selected should: 
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t 
Table 3-3. Recommended.Cleaning Techniques for Glass, Aluminum· and PlasticR 

CLEANING OF 
GLASS MIRRORS 1. APPLICATION: REFLECTOR CLEANING STUDY 

SOURCE: BATTELLE, NW 

MATERIAL: SURFACE HELIOSTAT GLASS 

CLEANING METHOD: • TURCO 5663LPH CLEANER 

• TURCO RINSE 

CLEANING OF 
ALUMINUM MIRRORS 1. APPLICATION: SOLAR EXPOSURE TEST STANDS 

SOURCE: DES.ERT SUNSHINE EXPOSURE TESTS INC. 

MATERIAL: ALzAKTM, ANODIZED AL, SURFACE' 

CLEANING METHOD: • DAILY 

• NEUTRAL (Ph) WATER 

• HIGH-SPEED WATER JET 

• CHAMOIS WIPE 

2. APPLICATION: LIGHTING REFLECTORS AND MISCELLANEOUS 
EXPOSED 

SOURCE: ALCOA 

MATERIAL: TYPE-I AND COILZAKTM WITH ALZAI<TM COAT 

CLEANING METHOD: • MILD ALKALINE CLEANER-COMMON 
HOUSEHOLD (IVORY OR EQUIVA-
LENT, FOAM) 

' • PUMICE POWDER FOR TOUGH SPOTS 

• WET SPONGE 

3. APPLICATION: AIRCRAFT SKIN 

SOURCE: · ECONOMICS LAB, INC. 

MATERIAL: ALUMINUM 

CLEANING METHOD: • MAGNUS 728, HIGH .CONCENTRATION 

• PORTA-WASHER FOR PRESSURIZING 

• H20 AND CLEANER 

CLEANING OF 
PLASTIC MIRRORS 1. APPLICATION: CONCENTRATING SOLAR REFLECTOR 

SOURCE: 3M/ECONMICS LAB, INC. 

MATERIAL: FEK 163/244 ALUMINIZED ACRYLIC FILM 

CLEANING METHOD: • SPRAY WITH MAGNUS 728 (1-T~ 
2 PERCENT CONCENTRATION) 

• PRESSURIZED H2o RINSE 

• PORTA-WASHER APPLICATION 

• CLEANER/WATER PRESSURES TO 750 
PSI AND 450 PSI, RESPECTIVELY· 
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• Absorb strongly at the wavelengths of maximum ~ensitivity of the 

polymer. 

• Be compatible with the polymer • 

. • Be stable at processing temperatures.· 

• Contribute no color. 

Hydroxybenzophenones and hydroxyphenylbenzotriazoles are the most popular UV 

stabilizers for acrylics and polycarbonates. 

DATA BASE 

Data on reflectors and refractors were obtained throu~h letter surveys, litera­

ture surveys and private cormnunications. Table .3-4 g~ves data as supplied by 

manufacturers and users in response to our letter survey. The general obser­

vations made.by some of the respondants appear in the GENERAL REMARKS column. 

Am h b lk 11 . fl t d . f K" 1 TM f ong t e u meta 1c re ec ors, ata are g1ven _or 1ng ux rom Kinston 
TM Industries, Coilzak and Type-I from Alcoa. (The product Type-I has been 

mistakenly referred to as "Alzak" in the solar industry; Alzak is a coating 

process used on both Coilzak and.Type-1. Coilzak with Alzak coating on it is 

sold in coils and Type-I, which also has Alzak coating on it, is sold in 

sheets; Type-i has better specular properties and is costly. This information 

was supplied by Alcoa in a telephone conversation.) Data on plastic film 

reflectors are given for 3M's Scotchcal-5400, 3M's FEK-224, Martin Processing's 
. . 

Llumar. Data supplied on glass reflectors included Corning's low iron fusion 

glass, Northrup's float glass mirror, MDAC's float glass mirror, laminated 

glass, and acrylic coated mirror·. Table 3-5 gives data on reflectors exposed 

on EEK, and EMMA and EMMAQUA.in Phoenix. The exposure period was between 

July, 1972 and October; 1977 with some breaks in between. Visual observation 

' I .. I. I 
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(3M) 

Pllt-244 
(3M) 

mt-244 
. (3M) 

LLU!Wl 
(MARTIN . 

, PROCESS INC) 

SUPPUER/USIR, 
a ' o 

OliCANIZATIOH 

lllliRISOTA 
lllNlNC AND 
lWIU1' ACTUIUNC 
(3M) 

IIIIIRISOTA 
llllllRG AND 
IWM'o\C'I'UliiNC 
(310 

SOLAR 
UNITICS 
IHC. 

DESERT 
Rl!SEARCII 
IIISTI1'Ul'E 

CENIRAL 
ELECTRIC 

C!IIBRAL 
ELECTRIC 

Table 3-4. Letter Survey Materials Data (continued). 

BC 84.21 lllii!IBSOTA H'IORO-
.!!:_; .£ PHOBIC 

5, 82.4 
6.7, 80.7 

TUAS 
5.2,78.3 
5.5, 71.8 

FLOUDA 
cr;sr.2 
4.3, 80.9 
5.6, 78.3 
6.9, 78.6 

EC 84.2 SIIIlLAR R!ORO--
TO AIIOVI! PIIDBlC 

IC 8) 
'10 

851 

"' 1.5 
. llllAD. 

IJLTBA. 
VlOLBT 
LICHT 
STMLI 

IC 861 GOOD 
·snc­
VLAR 
po851 

Be BB.7Z -
lo<0.81GlAD 

BC 82.31 
IO<O. 6llllAO 

LITTLE 
EFFECT 

GOOD 

SUSCEP­
TIBLI . 
SCRATCH­
INC IF 
PROP II 
IWIOLIHC 
NOT 
lOLLOIIIO 

sAil£ AS 
AIIOVI 

SEE 
SOLAR­
IZATION 

-DO-

POOR . II 
Rl!SISTAIICB YEARS 

FUNGIS­
TATIC 

P1l!IGIS­
TATIC 

NONE 

OTRBR. 

RO BPPI!CT 
or 201 
COIICEIITU­
TION SALT 
SPRAY AT 
u•r roa 
240 Ha. 

SAME AS 
AIIOVI! 

I .. 
i 

lOR PANELS . RBGIJLAIILT CL1A11ZD 
VITR 40-60 PSJ OBTI!RGIIII AND 
VATER KllmlU. 
FOR OIRTT PAIIILS, USB ICOIIOIIIC 
LABS IIACIIIJS -7 28 OR !QUI V ALII1IT 
AT 450 PSI AND VATER RIHSI AT 
750 PSI. USE an!PRISSEO Ala 
FOR DIIYIHC TRB SUIIPACB. 

SAME AS AIIOVI! 

0.11 108-IOIIIC SUIIr&CTANT. 
USB RICII..PUSSUU VATER 
AT 400-1100 PSI .t.11D C-910 
MASBUIIT PUSSVU VASRBR 

II JOT SOLOTTOII. VASB lH 
JOT . .t.11D OISTILLID VATER 

,d•, 

DATA SBOIIS LOSS Ol SPECVLAIIITT IW CIIIB SAMPLI fLACIO 
AT StAurnR CIIEIIlCAL COMPANY 11 IIEVAIIA.. OTNIR 
SAMPLES SROIIED NO llECRAIIATIOH. SP!CIJLAJ.ITT LOSS 
PBI llll!lt AS RICH AS 151 DOE TO DOST COMTAIIINATIOII. 

. nasT SIJIIPACE ALtlllllllZED LLU!Wl (lOLTzsTEil ·nLK). 
JUST B!CIJII WEATHER TISTINC, NO IIA.TA AVAILAIILI 11011. 

,, 

w 
I 

N 
1-' 



Table 3-4. Letter Survey Materials Data (concluded). 

I 
.. 

I "' lj !i! 
~ ~ ! i I " ~ !!! I § h 

tll: 6 .. 
" s It ... .. 
~~ ~ SUPPLl!R/USER, 0 l: i!l 5 .. I i 

R 6 D 

~ ~ 
:;: 3 0 

~ IIAtltRIAL OICANIZATION 2 .. ~ a ~ OTII!R .. C!IIDAL--.. i:ll:: "' :! .. 3 
E)COILZAJ: 

ALUHII!UM . ALCOA .EC .83% EXCELLENT BXCELL!IIT EXCBLIL'IT ·SEE EXCELLEIIT - V!RY lllUI SOAP 091 11ft .. ftllCIJI.UITr II!I:IIWJIS III 6 Ma!llll TO l ftAIIS 
. LICRTlRC SHEET AND COIIKEIITS EASILY SOLUflOII SPCIIGI!, li!PZIIDIIIC Cll I!IIVJBIJIIIID'f. C:OOO DTmnOll OP 

78- CU!AimD CI.O'rR 011 TOTAL IUU!CfAIICZ fOB 20 'RAllS PaOVIDEO 
801 lllUI. • CO.t.TDIC TIIICD!SS APniJXDIAtltLY l lllL IS 

.. A1&ALDII sncxnm_ RDiliiAL OOAnliC'TIIICDESS POll Ill-
® SPIIAY TDJOR APPLICATIOII IS APPROXIIIAntLY I II!L. 
CXliLZAX KIID-IRC. 'BC - - - - - - ... 

- - lllUI SOAP - -
® :'~~~-COILZAX SUII!IBET INC, IC 831 - ·:- .. - - -
(0.02D-IKC8 - - - - IIDUCTOI l!lla.OSID VITIIIII COI.UCTOa. --' 
ALIJIIlNUlt) .. .... FORE, RO ,IXPOSURE . . .. . -

KINCLU1 . ltlRCSTOll !C 87.61 IK!RT COATIRC RESISts 180,000 - SALT - lllUI. iromw. -
CAT. KG. C4 IRDIISniBS AND ROT ABRASIOll LAHCIZ!S SPIAJ llZTERCI!IIT DUSTIIiC 

84.61 An'ECTED RO roa 24 SOLDTJOIS OR 
n 951 D!CIIADA~ HOVIS; VASRJJIC 
EXPOSUUS nOR 80 FAIL 

OFF ... . . : ... . . . .. 
I.IIICW% OAI.RIDCI EC - - - - - - - - C.IWI VIm - -

SOLAII VIRD!X OR 
ENCIREIRINC LICHT SOAP 
IKC. A11D VAlli 

VAtltR 

lliRCLOX BERRY SOLAII BC - - - - - - - - - I --

KIRGUJX AH!RICAN !C - - - - - -
SCIERCI ARD. - - - - -
EHCIK!ERIRC 
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Table 3-5. Reflectance Histories for EEK Test Exposure 

MATERIAL INITIAL EXPOSURE TOTAL · PREWASH POSTWASH 
(SOURCE/SUPPLIES) REFLECTANCE TIME LANCLEYS REFLECTANCE REFLECTANCE 

(wEEKS) (IN 1000 1 S) 
-· 

ALUMINIZED 0.86 23 118 0.81 0.86 
ACRYLIC 50 256 0.83 0.85 
(3H COMPANY) 66 353 0.79 0.86 

111 543 0.83 0.86 
139 676 0.82 0.86 

·' 
ALUMINIZED 0.78 9 46 o. 71 o. 78 
TEFLON . 39 202 . o. 79 0.82 
(G.T, SHELDAHL) 58 301 0.74 0.82 

103 491 0. 77 0,82 
135 624 0. 76 0.80 

SILVERED 0.86 9 46 0.79 0.88 
TEFLON 39 202 . 0.83 0.87 
(G.T. SHELDAHL) 58 301 0,72 0.88 

103 491 0.82 0.86 
135 624 0.80 0.87 

... 
ALUMINIZED 0;88 23 118 0.81 0.85 
FIBERGLASS 50 256 0.79 0. 76 
IIITII PROTECTIVE 66 353 0.70 0.69 
COATING 111. 543 FAILED FAILED 
(GENERAL DYNAMICS) 

ALUMINIZED 0.92 23 118 N/A 0.87 
FIBERGLASS .. 55 282 N/A 0.82 
WITHOUT PROTECTIVE 74 399 N/A o. 76 
COATING 119 589 N/A FAILED 
(GENERAL DYNAMICS) 

ALUMINIZED 0.80 9 46 0.66 o. 75 
ACRYLIC PLEXIGLASS 39 202 o. 71 0.78 
(RAM PRODUCTS) 58 301 . 0.69 o. 72 

103 491 o. 70 0.73 
135 624 o. 70 o. 72 

ALUMINIZED 0,76 9. 46 0,75 0.76 
GLASS 44 225 0. 76 0.76 

. (HONEYWELL) .63 325 0.69 0. 76 
108 512 o. 70 0. 75 
140 645 o. 70 0.75 

SILVERED 0.87 32 133 0.80 0.86 
GLASS 

· (HONEYWELL) 
0,86 21 85 0.83 0.86 

ANODIZED 0.82 43 180 N/A 0.84 
'ALUMINUM 75 310 0.78 0.83 
(ALCOA) 
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made on some of the reflector samples. is given.in Table 3-6, The samples 

were exposed on EEK rack in Minnesota, Florida, and Arizona, Table 3-7 

gives a summary of reflectance and transmittance data for material used for 

solar concentration. The data were e~tracted from Reference [19]. Figure 3-4 

shows specular reflectance degradation, due to dust accumulation, of silvered 

glass mirro.rs mounted at different angles. Data on some of the plastics-­

which includes acrylics, polycarbonates, polystyrene and cellulosic FEP 

flouropolymers--are given in Table 3-8. 

The data given includes cost, trade names, advantages and some of the notable 

limitations of these plastics being used for solar applications. However, 

some of the properties can be controlled by addition of different materials 

during formulation of a polymer. For example, incorporating acrylates or 

higher metacrylates lowers the deflection temperature and hardness and im­

proves thermoformability at some loss in resistance to weathering. For out­

door polycarbonate applications, a strong UV stabilizer is used that reduces 

the transmittance by five percent. The process by which a polymer is formed 

also makes a difference. Table 3-9 gives exposure data for some of the plas­

tics. Transmittance and Yellowness Index (YI) were measured before and after 

exposure for different trade name plastics. The exposure tests conducted in­

cluded EMMAQUA, Carbon arc· weatherometer and IX exposure in Kentucky. Data 

on cast acrylic S-360, a specific formulation used by Swedlow in the Fresnel 

lens, is available in Reference [20]. Figure 3-5 gives real-time exposure 

data on cast acrylic [21]. 

Figure 3-6 shows the effects of natural cleaning on specular reflectance of 

glass mirrors. Several cleaning agents were evaluated for.model heliostats. 

Tables 3-10 and 3-11 show the results of washing heliostats. Figure 3-7 

shows the effects of cleaning cycle on specular reflectance of a silvered 
\ 

float glass mirror. The cleaning procedure used was a laboratory method that 

included placing the mirror in a beaker of distilled water and ultrasonically 

agitating it for·3 minutes and wiping it with soft tissue. 



Table 3-6. Degradation Effects Caused by-Test Site Variation 

MATERIAL· 

ALUMINIZED ACRYLIC 
<3M COMPANY> 

'ALUMINIZED TEFLON 
<G. T. SHELDAHL> 

SILVERED TEFLON 
<G. T. SHELDAHL> 

ALUMINIZED FIBERGLASS 
WITH PROTECTIVE ,COATING 
<GENERAL DYNAMICS> 

ALUMINIZED FIBERGLASS 
WITHOUT COATING . 
<GENERAL DYNAMICS> 

ALUMINIZED ACRYLIC 
PLEXIGLAS$ 
<RAM PRODUCTS> 

ALUMINIZED GLASS 
<HONEYWELL> 

ARIZONA 
2-15 TO 7-10, 

21 WEEKS EXPOSURE 

NO DETERIORATION 

VERY DIRTY; " 
SOME SMALL SCRATCHES 

VERY DIRTY; 
SOME SMAL( SCRATCHES 

'. ' 

NUMEROUS SMALL CRACKS; 
GREEN SPOTS SPREADING 
ACROSS SAMPLE 

GOLD-GREEN SPECKS; 
VERY SLIGHT VIOLET TINGE 

. OVER ENTIRE. SURFACE 

YELLOW-GREEN OVER ENTIRE 
SURFACE 

VERY DIRTY; 
. . . NO DETERIORATION 

FLORIDA 
2-15 TO 7-10, 

21 WEEKS EXPOSURE 

FOGGING OVER ENTIRE SAMPLE; 
EDGE DETERIORATION 

SMALL SURFACE SCRATCHES; 
EDGE DETERIORATION · 

SMALL SURFACE SCRATCHES; 
EDGE DETERIORATION' BEGIN­
NING TO MOVE INWARDS 

NO DATA 

NO DATA 

NO DETERIORATION 

NO DETERIORATION 

MINNESQTA 
2-15J'O 7-10.; 

21 WEEKS EXPOSURE 

SLIGHT EDGE ·nETERIORATION; : 
VERY SLIGHT FOGGING; 
NO VISIBLE DEGRADATION 

NO DETERIORATION 

NO DETERIORATION; 
ONE YELLOWISH BROWN SPOT. ON 
UPPER PORTION OF SAMPLE NE.AR­
PLACE·WH~RE SAMPLE WAS HELD· DOWN 

BAD EDGE DETERIORATION; 
GREEN SPOTS OVER LARGE PART 
OF SURFACE 

NO DATA 

NO DETERIORATION 

NO DETERIORATION 

w 
I 

-N 
VI 



llo. 

1 

l 

) 

c 

5 

f. 

7 

8 

9 

10 

II 

1Z 

ll 

1• 

IS 

16 

17 

13 

19 

20 

Table 3-7. Properties of Reflective Surfaces for Solar Concentrators [19] 

Reflpct•ncp •l ~{)I) ,.... 
CoP f. Tile..,. I Costt Produc~r/ ... teria1 Gins llf•i SPIN! r 1 Cll GIISS Solar oz 

Su;>~~liPr Type ·rlllc~~n Solar ~flPctonc• Till cknPSS Trarismi tt~c• a, .. , 
Rz 

[ •pans ion S/ttrt2 
"'"(;n) .. (in) I• r•1l (oo rad) -cro/crtPC 

AI cOli Aha• 0 0.85 .o 0 'l.':t6 1).47 O.ll 
(~liS) 

10.1 IIA IIA 

Alcoa 5460666 0 0.32 0 0 -· ... -- -- IIA NA 

Alcoa ~460667 !) 0.12 
. ., 

0 -- -- -- -- NA .. 
' 

ISC 90-10 0 0.90 0 0 0.116 -- -- -- -- I. 50 

ISC 80-Z!i 0 O.RB (1 0 0."1) -- -- -- -- 1.50 

ISC 70-lO il 0.91 !) 0 0.~1 -- -- -- -- 1.50 

)II Scotcllcel " 0.85 :> !'I 
5100 

O.St 1.9 -- -- -- 0.5 (£) 

torftiiiCJ Cod• 7806 I. I' ~.BC -- -- -- -- 70 (-7) I. CO 
(fusion) (0.04S) (0-JOOOC) 

(Orftift'l Coa !1317 -- -- 2. 29 0.910 -- -- -- -- 8R (-7) O.ES- 0.80 
(f"'lon) (0.090) 10-JOOOC) 1.1!1- 1.80 

Corftlng Co* 0)17 -- -- I. 52 0.909 -- -- -- -- 88 (-7~ 
(fusion) (0.060) (0-3011 C) 

to"'ing Code 0)17 -- -- 2.8 0.903 -- -- -- -- 88 (-1) 
I fusIon I (0.1101 (0- JOO"C) 

~llott S270 8<70 (Roll~d) -- -- ) 

(0.120) 0.913 -- -- -- -- ,., 0.5-0.8 

P1'G IIDrts 16 (Float) -- -- .3.17 
O.ll81 R6 (-7) 2.15 (0.125) -- -- -- --

1 •~-Joo•cJ 
ASG (Float) -- -- ).17 0.847 -- -- -- -- a; I -71 0.30 

(0.125) (a-JOOOC) 

S~ldalll Al.,.lnll~ M 0.81 -- -- O.RO I.) 0.07 30.9 IIA Ill 
hflon 

lla~t"" Ind. lhMJflua (AI I 0 <:1.85 I) 0 0.65 
(4Q~) 

0. )7 0.2J 16. I IIA 2.110 

COrftl"9 llllcros~t AI -- 0.95 J c (!.11 1.! 0.18 6.2 I :A I :A 

Carolina 2nd Surfau ACJ -- 0.8) 0 n t ~"0~ 
0.15 llA iliA r,. 9l -- --

Mirror to. Gla~s 

Pa,- Co. llllcroglass 0. IS 0.94 -- -- -- -- -- -- "" na 
10.1106) 

,,,... to. fllcFO'II .. s 0.)0 
(o.om 

0.93 -- -- -- -- -- -- iliA IIA 

• llllas-tt et otlwP -lefttllls .,.. s'-' i11 .....,.tMws. O.te ,,.. •· I. P•ttit. 

Tlltw costs are ""lbolnerJ aad ••• beift'l ....,etld. 

"-rts 

AlUIOin..., 

"'""1ft ... 

,.,...,,n ... 

Sll• .. platd llriSs 
RPqutrps o~~oat Cu·Zft 
CO\ Cu, 201 Zn 

htiMitPd cost 

>10 "'t2• so .45 

llltllout IIPtallt,.tton 
lilt~ IIIPtalli,.tton 

llltllout •talllutl"" 

>lo7n2. )0.60-0.65 

Sl•llar to A hal; Jtll 
w .. u.._..h, BS.tl 
s•ll quantltlps 

w 
I 

N 
0"1 
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Tabl·:! 3-7. Properties of Reflective Surfaces for Solar Concentrators [19] (concluded) 

Pro411ur/ l'llter111 6laSI ~'"""''"'' Glln 5ohr 
Sco~~Pller ,,. TlltclOWIS Sohr IIIPflectlnCII! TlltckneiS Traftllllttana 

.. (In)· ... , .. , 
a &len ( fl01t) -- -- l." ).~]8 

(Sada ,,_, -- -- (O.IZS) 

Ford 61on (n.t) -- -- l." O.tiU 
(lOIII llloe) (0.1251 

,_ 511SS (fiOit) -- -- l. ·~ 0.891 
(Soda It,..) (0.1:51 

L illartr Cr co.tld ].17 0.£5 -- .. 
lllrrors frcat surface (0.125) 

tlan 

lelllf-••"'* ].17 0.25 -- .. 
frcat surf~ee (0.1251 

' , .... 
I i 

Scllott -Jiftl ·~· (ltw.t) 
i 

.I 
-- -- .. --

Code 0117 1.C7 Coral "'I 0.~ !1 -- --
(fulitlll lo:: ,.., (O.IMI 

eo ...... Codl 0)17 1.47 0.94 tl .. --
(fliSIOit 1GB f'e) (0.058) 

Conllllg Code OJlt 1.47 0.9Z6 ·- --
( '"' I on f011 fe) (0.058) 

lll ,_toll Ired 0.07 0.86 -- --
P'OIJftter (0.0028) 

Fll'-9 Co'll. c.-- &len ).17 TOO -- --
(float) (O.llS) 

ComiiMJ 711116 (lllldlfted) 
('"'ton) 

0.0"..01£1 0.95 ([) -- --

• A:aes....,..;ats ot otll:!i' .. ,.ltlf!gt~ oro 1'- In .. ..,.tMWI. il;;lr.e ,,..,. II. I. Pettit. 

· 9 n.w costs.,.. p91t.t111rr sod mn~ wi!MJ Olllllatld. 

(lth•ted 

~fl•ctanc• at 50'.1 _. eo.f. n.. .... eo.t• a, "z ., (• nd) •z I• rad) 
hPiftlton S/11ft2 bailrkl 
-wcJJt 

-- -- -- -- 85~ o.so 
(0- Cl 

-- -- -- .. 8> 1-71 o.co 
(O-JOOOCI 

-- -- ·- -- -- • 
--- -- -- . -- 12-,!( -7) • Special ... ..-u 

( 10-JOO"C) 

-- -- -- -- :i( -71 ... Auto ''* .. trrors 
120-lOil"C I npllcations ont1 

.. .. .. -- ~~-~~ "" i~C-.JOii"CI 
--- -- -- -- 88 (-~1 . §India dau • ·see·ltEOO 

(0-JOOOC) ., •• ,_ tRpollted 
II her 

-- -- -- -- 1111 1-71 • Sandia data • '" ltl!l> 
IO-J0311C) "' <-i<IIIJ *POIIt~d 

sil~r 

-- -- -- -- 8G~ • JPl .... ,..,_t, 
10- I old 91111. ll/1/73 

0.1115 1£1 1.9 ([) -- -- -- 0.50 ....,su....-tl •w 
20. tleQradltlon/7 Jrl-

.. -- -- -- 70 ( -7) -- lies In and/or l~ln 
(o-JOOOCI r~••rse ''* •••lane 

-- -- -- -- 70 (-7) --
(0-JOOOC) 

w 
I 

N 
-...1 
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Table 3-8. Properties ·of Plastic Material·s for· Solar Applications 

IIATERIALS TRADEHAIIES ADVANTAGES LI"ITATIONS REFRACTIVE TRANS"JnANCE 
<CH~ICAL NMEl <COST, ~/CU. IN. l INDEX <TYPICAL>• 

ACRYLICS PLEXIGLAS, t EXCELLENT OPTICAL - t' LOll SCRATCH RE- ; 1.491 92 PERCENT 
<POLYIIETHYL- SWEDCAST PROPERTIES, ·IN- ' S I STANCE CWARED 
~HACRYLATEl LUCITE-L CLuDING HIGH TO GLASS. 

POLYCAST TRANSPARENCY. • LUIITED RESISTANCE 
- <1.96-2.39) t EXCELLENT LOHG-TERit • · TO ALKALIES AND 

RESISTANCE TO SUN- SOLVENTS, ATTACKED 
LIGHT AND WEATHERING. ·BY KETONES, ESTERS, 

.. • AND CHLORINATED AND : -· AROIIATJC HYDRO- ' 
CARBONS, 

POLYCARBONATES LEXAH, t GOOD OPTICAL. PRO· t LON SCRATCH RESIS- 1.586 88 PERCENT. 
~RLOH PERTJES, INCLUDING lANCE, 
(3,25). TRANSPARENCY. · t ATTACKED BY 

t EXCELLENT TOUGHNESS, OXIDIZING ACI~. 
t HEAT .RESISTANCE TO •. POOR SOLVENT AND 

2SOOF IN COHTINUOOS ALKALI RESISTANCE 
USE. • CANNOT BE IIACHINED 

t GOOD DI~IONAL EASILY. 
STABILITY. t FOR OUTDOOR APPLI CA-

. TION, A STRONG ULTRA 
VIOLET STABILIZER IS 
REQUIRED IIMICH RE- : 

" 
DUCES T.~JnANCE. 

POLYSTYRENES DURATRON, DYLENE, t HIGH HARDNESS AND t BRJnLE. 1~.590 89 PERCENT 
LUSTREX, STYRON . RIGIDITY. t Lllll HEAT RESISTANCE. 
FOSTARENE • READILY ~LDED AND t ULTRAVIOLET LIGHT .. 

EXTRUDED. 
(0,52-0.89) CAUSES YEUI*ING. .. .. 

t LON COST. t NOT RESISTANT TO 
SOLVENTS. 

t ATTACKED BY ; 

OXIDIZING .ACIDS. 

CEUULOSICS UVEX t GOOD OPTICAL PROP- • LOW TENSILE 1.47 ·. 89 PERqJT 
<CELLULOSE ACETATE ERTIES, INCLUDING · STRENGTH, 

BUTYRATE> (2 .58-2 .74) TRANSPARENCY. t NOT RESIST ANT TO . , GOOD TOUGHNESS • STRONG ACIDS AND 
t GOOD WEATHER AND SOLYENTS, 

AGING RESISTANCE. 

STYRENE LUSTRAH, TYRIL, t GOOD CH~ICAL RE-· t BRITTLE. 1.567 88 PERtEJIT 
ACRYLONITRILE C-11, FOSTACRYL. SISTANCE .• • LOW SCRATCH. RE· 

(0,85-0.89) 
t RESISTANT TO ABoUT SISTANCE. 

185°F IN CI»>TINUDUS t ·ULTRAVIOLET LIGHT 
USE. CAUSES YEUOIIING, 

t HIGH RIGIDITY AND t NOT RESISTANT TO 
HARDNESS SOLVENTS, 

FEP FLOUROPOL VIlER TEFLON 1 EXCELLENT CH~ICAL t VERY HIGH COST. 
RESISTANCE EVEN AT t LON STRENGTH. 

<35-37> HIGH T~PERATURE. 
t EXCELLENT RESISTANCE 

TO SUNLIGHT AND 
WEATHERING.· · .. .. . . 

• RESISTANT TO TOOER-
ATURES AS HIGH AS 
400°F IN CONTINUOUS 
USE 

•flAY NOT BE SPECTRAL TRAHSRJTTANCE 
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Table 3-9. Exposure Data-for Plastics Used for Optical Applications [15] 

.BEFORE AFTER EXPOSURE1 

TRADE NAME COMMON NAME EXPOSURE TEST 11 

<MANUFACTURING PROCESS> Tz . YIJ _fl YIJ 

SWEDCAST-300 CAST ACRYLIC 93 .2.26 92 2.71 
<CONTINUOUS CAST> 

LUCITE-L CAST ACRYLIC 93 2.03 92 2.48 
-<CONTINUOUS CAST> 

PLEXIGLAS DR IMPACT ACRYLIC 90 1.16 87 19.74 
<EXTRUDED> 

POLYCAST CAST ACRYLIC 92 1.05 91 3.50 
<CONTINUOUS CAST> 

KALWALL FIBERGLASS 88. 5,31 77 29.47 
SUNLITE <CONTINUOUS LAYUP> 
UVEX BUTYRATE 89 2.10 73 16.03 

<EXTRUDED> 
LEXAN S-100 POLYCARBONATE 86 2.97 76 27.97 

<0.093") . <EXTRUDED> 

NOTES: 
1. TEST 1: EXPOSED FOR 3000 HOURS IN CARBON ARC WEATHEROMETER 

TEST.2: EXPOSED FOR 1 YEAR; EMMAQUA IN ARIZONA 
TEST 3: EXPOSED FOR 2 YEARS; 45° SOUTH FLORENCE. KENTUCKY 

2. TRANSMITTANCE 
3. YELLOWNESS INDEX 

TEST 2 2 TEST 3 
Yl J YI:r 

2.68 2.55 

2.73 2.57 

8,02 5.73 

3.95 . 3.25 

. •· 
43.98 13.18 

17.80 11.19 . 

23.88 11.97 

CHEMICAL NAME 

POLYMETHYL 
METHACRYLATE 

POLYf·tETHYL 
METHACRYLATE 
POLYMETHYL 
METH_ACRYLATE 
POLYMETHYL 
METHACRYLATE 
ACRYLIC-COATED POLYESTER 
GLASS LAMINATE 
CELLULOSE 
ACETATE BUTYRATE 
POLYCARBONATE 

w 
I 

N 
\0 
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Figure 3-5. Transmission Through Aged Acrylic Specimens 
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as Recovered, Compared with Polished Specimens. [ 21] 
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Table 3-10. Washing of Model Heliostat .Using Different Washing Solutions [19] 

lie flect.-nce Va~hlna Snlutlon Appllrmtlon 
trftclency RJn~e-Snlutlon Application 

·E~r:posure (7) Dt.tel I 
Tlme Pr•ssure t)u.snt It" Time Pressure TIIIM!· Quantity 

(da:l!l) Dlrtv Clean (r•s I) Tl• (~tal.) 1foul• (sec) (p~l) (s•d (~al.) ~oule-
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Table 3-11. Washing of SRE Heliostats Using McGlean Chemical's Washing·Solution [19] 

Application Solution 
Prewash Postwa_sh Time Quantity . Nozzle' Size 

lleliostat Re flee tance Re flee tance Solution Type 
No.* F.fficiency Efficiency Wash Rinse . WasJ,. · Rinse · ··wash Rinse 

(percent) (percent) (min) (min) (gal.) (gal:) Wa.sh Rinse (gpm) (gpm) 

H.l .. - ~S.9 78.2 1.0 .. ·.· 5.0. .1.50 .. 14 •. 0 A69H . .. Deionized 1 ,_ 5 
Water 

H2 S6.1 76.S 1.0 ). 7 . 1. 2) 8.75 A69M Deionized 1 s 
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H) 69.2 87.5 1.0 3.0 
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0.75 8.0 A69H Deionized 1 5 
.. . . .. . .. ·Water ··- .-. .. .. 

H4 73.3 84.0 1.0 2.0 1. 25 5.75 CB120 Deionized 1 5 
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IHl 76.8 85.1 1.4 2.8 1.60 7.75 CB120 . Deionized 1 . 5 72.2 86.6 
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* H1, H 2 ~ H
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Table 3-12 giv~s reflectance degradation as function of wavelength for ASG 

Lustra sheet mirrors before and. after cleaning. Figure 3-S·shows there­

flectance of a Kinglux aluminum reflector before and after cleaning. The 

samples for .measurements were taken from a parabolic panel which was exposed 

for 3 months between J.anuary and April of i979. 

CONCLUSIONS 

Although the sources of data seemed extensive as we entered thi-s project,.the 

available hard facts which permit.defiriition of maintenai).ce and operating 

procedures are few. Data are abunda~t;· as ev.idenced by the multitude of tables 

in the data base. Unfortunately., the conclusions we have reached irt·regard 

to the data are characterized by a lack of information that could lead to a 

maintenance requirements definition. 

What we can conclude is that real-time one-sun and accelerated-exposure test 

data, for desert conditions and for most of the state-of-the-art opticai rna-: 

terials used for solar collector~, are avail~ble .. ~owever, due to lack of 

standard tests for weatherability and lack of correlation between accelerated 

and real-time exposure testing, there is large variability in data for some . 
of the materials. Also, data for environmental conditions other than the 

desert is lacking. 

In addition, we note that extensive studies have been conducted on UV degrada­

tion of PMMA (polymethyl metacrylate: acrylic) and on discoloration: of poly­

mers when exposed to sunlight. Some of the mechanical·effects have also been 

evaluated. Literature references and data from these references for these 

materials are cited in this report. 



Table 3-12. Reflectance Degradation as a Function of Wavelength for Desert-Soiled Mirrors [19] 
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Figure 3-8. 
TM Kinglux Reflectance Data (Parallel Orientation) 

. What we can cite as other weak spots are the minimal efforts to characterize 

both the individual and a synergistic effects of degradation due to humidity, 

temperature, sunlight and weathering parameters. Furthermore, the available 

data on maintenance and degradation control is nearly nonexistent at this 

time. Studies on degradation mechanisms to define degradation control re­

quirements have been initiated but results were not available at the time of 

our efforts. 
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Other comments include the fact that transmittance data reported for most 

of the polymers in handbooks are not spectral trasmittance and caution should 

be exercised in using that data. Most of the authors reporting data have 

not labeled or have failed to describe the optical material with respect ·to 

composition or procurement data or part number. Technological development 

in the material field may have outdated the results. This could be confusing 

for the materials whose brand name was preserved and changes made to suit 

solar applications. 

The summary thus indicates a lack of optical standards for materials and 

materials testing. We strongly recommend that standards be established and 

used. 
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May 21, 1979 

Dear 

The Honeywell Energy Resources Center engages in a variety of activities 
relating to research, development and ·management of energy programs and 
concepts. We are presently engaged in a solar energy project for the 
Department of Energy under Contract No. EM-78-C-04-5438 entitled "Survey 
Mirrors and Lenses and Their Required Surface Accuracy." The technical 
monitor for the project is Dr. Derrick Grimmer of Los Alamos Scientific 
Laboratories, New Mexico. 

One task the project includes is the expansion of an existing data base 
for mirror and lens degradation due to environmental exposure and clean­
ing requirements. The data collected will be presented in a format to 
aid potential users of reflective and lensing materials- in est~blishing 
maintenance requirements, operation procedures and design practices 
aimed:at ensuring long solar collector life and low·cost. We expect the 
report on results of the study to be available from National Technical 
Information Service (NTIS) for general use sometime after September 15, 
1979. 

We would appreciate your cooperation and assistance in providing informa­
tion on reflective materials and lens materials supplied or used by you. 
A data survey sheet is enclosed for presenting the information we are 
seeking. However, if you would like to present the information in some 
other way, please feel free to do so. Essentially, we are seeking 
weathering data on mirrors and lenses, recommended cleaning techniques 
and other maintenance requirements. We realize that the information we 
seek is not always readily quantified, nor does a standard format for 
reporting weatherability and maintenance requirements exist. Our own 
experience in installing, operating and maintaining solar systems has 
shown that degradation due to environmental effects can·be described 
qualitatively but can be difficult and possibly costly to describe 
quantitatively. In cases where cleaning procedures have not yet been 
established, and weathering data are not available, we would appreciate 

· your indicating any studies being conducted in•house or elsewhere that 
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are designed to yield .such data in the future. When asking for your 
cooperation in responding to the attached, we would appreciate comments 
on observed (visual) degradation as well as measured. Also, any comments 
relative to maintenance found desirable or necessary would be helpful. 

Thank you very much for any assistance you can provide us. We would 
appreciate hearing from you before June 15, 1979. If you.will not be 
responding for any reason, please complete and return the enclosed 
acknowledgement form as soon as possible. 

If you have any questions, please contact myself, (612) 378-4273, or 
Mr. Roger Rausch, (612) 378-4920. 

Sincerely, 

Anoop Mathur, 
Development Engineer 

Honeywell Inc. 
Energy Resources Center 
Mail Station"MN19-Tl23 
2600 Ridgway Parkway 
Minneapolis MN 55413 

AM/ms 
Enclosures 



1. 

2. 

3. 

DATA SURVEY SHEET 

MATERIAL 

REFLECTOR 0 YES 0 NO 
LENS 0 YES 0NO 

i!"'!' .. , 

MATERIAL TRADENAME (IF M'Y) 

REFLECTOR 

LENS 
------------.-,..-.....,.. ·! 

·REFLECTOR TYPE 

0 FIRST SURFACE 0 PROTECTED FIRST SURFACE 
0 SECOND SURFACE · 8 DIELECTRIC 

THICK FILM 0 LAI'IINATE 
0 COMPOSITES . 0 ~ROTECTIVE ·coV.ER ONLY. 

OTHER 

LENS TYPE 

8 CAST . 
EXTRUDED 
OTHER 

. .... 

4. MATERIAL DESCRIPTION. (I.E .• FOR REFLECTORS: OUTER PROTECTIVE LAYER. 
REFLECTIVE LAYER. BONDING AGENT. BACK PROTECTIVE LAYER. SUBSTRATE. ETC.) 

REFLECTOR ____________________________________ __ 

LENS -------------------------------------------------

S. STATE OF DEVELOPMEN'f 

REFLECTOR 
0 EXISTING COMMERCIAL 0 UNDER DEVELOPMENT 

LENS 
0 EXISTING COMMERCIAL 0 UNDER DE\'ELOPMENT 

6. OPTICAL PROPERTIES (UNAGED): 

REFLECTOR 

0 CONCEPTUAL DESIGN 

0 CONCEPTUAL DESIGN 

REFLECTANCE --------------------------­

SPECULARITY ----------------------------­

OTHER ---------------.-----------------
LENS 

TRANSMITTANCE ____________________________ _ 

OPTICAL CONSTANTS ---------------------
O~ER _____________________________ __ 

·. i 
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7. WEATHERABILITY 

REFLECTOR 

HUMiDITY 

LENS 

------------~----~~~--------~-------
TEMPERATURE -:----:------------------------

SOLARIZATION'-:------...,...----------------

BIOLOGICAL ATTACK ----..-----------------­
ABRASION RESISTANCE 

--------~----------------------~ 
REALTIME EXPOSURE TEST DATA ----------------
OTHER _________________________ __ 

HUMIDITY ---------------------------
T~ERATURE _______________________ __ 

SOLARIZATION----------------------

BIOLOGICAL ATTACK --------------------­

ABRASION RESISTANCE -------------------­
REALTIME EXPOSURE TEST DATA -----------------O~ER ____ ...,... ______________________ __ 

8. MAINTENANCE 

REFLECTOR 

. ~UST CONTAMINATION RATE -----------------­

EASE OF CLEANABILITY ------------------­

CLEANING SOLUTION~· (USED/PROPOSED)------'------,----

LENS 

CLEANING PROCEDURE --------------------OTHER ________________________ __ 

DUST CONTAMINATION RATE --------:----------­

EASE OF CLEANABILITY -------------------­

CLEANING SOLUTIONS (USED/PROPOSED)--------------

CLEANING PROCEUDRE --------------------OTHER ____________________________ _ 
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ACKOWLEDGEHENT 

We have received your le.tters reqvesting information on reflective or 
lens materials. We: 

0 Have not manufactured or have not used any 'reflective or 
lens material for solar application. 

0 Will. not respond because our information is proprietary 

[) ~ill not respond 

[) Other 

For subsequent inquiries contact:····· ·· · 

Name: 

Company: 

Address: 

'I)U.S.GOVERNMENTPRINTINGOFFICE: 1980-740- 14!1 479 




