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ABSTRACT 

This report summarizes the results of tests performed on the 
FIIC Fresnel-Belt Solar Collector at the ~Udtemperature Solar 
Systems Test Facility. Tests were conducted over a temperature 
range from 100 to 250oC. Test objectives are defined, test 
orocedures are described, and test results and conclusions 
are given. 
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PERFORMANCE TESTING OF THE FMC 
FRESNEL-BELT CONCENTRATING SOLAR COLLECTOR 

Introduction 

A series of concentrating solar collector designs are being tested at the 

Collector Module Test Facility (CMTF), located .at the Sandia Laboratories in 

Albuquerque, New Mexico. The CMTF is a part of the Midtemperature Solar Systems 

Test Facility (MSSTF) at Sandia Laboratories. ThRse facilities are operating as a 

result of a Department of Energy (DOE) program to characterize selected ·collector 

modules for possible future use in commercial energy systems (the program plan is 

contained in Reference 1). 

The FMC Fresnel-Belt Solar Collector system is one of several unusual designs 

funded by the DOE to investigate possible advantages or disadvantages relative to 

the more common parabolic trough collectors. 

Test Objective 

Test objective for this test series waS definition of performance characteristics 

of the FMC Fresnel-Belt Collector for fluid temperatures from 100 to 3000 C. 

Collector Description 

The Fresnel-Belt Solar Collector was developed and built by the Engineered 

Systems Division of the FMC Corporation, Santa Clara, CA. Figure 1 is a photograph 

of the collector at the CMTF. The design uses an endless belt with a Fresnel reflect­

ing surface to reflect light into a fixed receiver. A baseplate supDorts the belt 

so that the basic belt surface becomes a section of a cyclinder. This geometry 

provides a 300 rim angle, with a focal length equal to the radius of the cylindrical 

surface. The motion of the belt sliding over the baseplate is nearly the oDtical 

equivalent of rotating a parabolic mirror about the cylindrical axis, thus allowing 

the focal line from the reflector surface to be maintained on a fixed receiver 

located at the axis of the cylinder. 

Figure 2 illustrates the placement of the narrow mirror facets that make up the 

Fresnel reflector surface of the moving belt. The individual mirror strips on the 

test model are 1.27 cm wide and 61 cm long. Three of these long, narrow mirror 

strips placed end-to-end make up the total 183 cm width of the mirror surface. 

Each glass mirror facet has a front-surface aluminized reflective coating, Type 

CR-H001, applied by Optical Coating Laboratories, Inc. Reflectivity of these mirror 

facets was 95% when new. Each facet is fixed to the belt substrate at a different 

facet angle such that all facets reflect incoming sunlight into the receiver. 

A polyurethane material, Isoflex 517, was used to support the mirror facets on 

the stainless-steel belt. The glass mirror facets were bonded to the polyurethane 

with Chem Lok 518. 

Figure 3 illustrates the overall optical geometry of the FMC Fresnel-reflector 

system. Incoming light is nearly parallel as it intersects the cylindrical reflector 

surface. Individual mirrors are mounted on this surface such that each is 

perpendicular to a point in space called the mirror normal. The basic cylindrical 

surface is positioned so that the receiver is located at the center of the radius of 

curvature. If the reflector surface is rotated about the center such that the plane 

containing the receiver and the mirror normal also includes the sun, all the mirror 

facets reflect light into the receiver aperture. 
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Figure 1 . FMC Fresnel Belt Solar Collector. 
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Figure 4 is a cross section of the receiver used on the FMC collector prototype. 

All 10 of the 0.95 cm diameter absorber tubes are connected in series, and have a 

black-chrome, solar spectrum selective surface plating. A thin stainless-steel 

shield on the nonilluminated side reduces radiation loss from the absorber tubes. 

Receiver end plates were sealed to the glass envelope so that a vacuum could be 

maintained inside the receiver to minimize thermal losses. 

Total optical aperture of the collector was only 4 m2 average concentration 

ratio of sunlight on the absorber surfaces was about 16.2. 

Because of the short length of the collector's receiver axis it was not feasible 

to test with the longitudinal axis oriented east-west. The flexible belt and 

receiver assembly were delivered on a heavy frame which oriented the receiver axis 

north-south, and provided an adjustable north-south tilt angle. The tilt angle was 

adjusted during the tests to provide a zero incidence angle at solar noon. This 

arrangement would not be suitable for a large collector field; it was used for test 

purposes only. 

Figure 5 shows a conceptual design for a long row of 45 0 rim angle, east-west 

axis solar collectors using the Fresnel-belt principle. Such a collector could be 

installed with either an east-west or north-south axis. 

Sun tracking of the FMC Fresnel-belt was accomplished with a Delevan shadow­

band sun sensor mounted on the flexible belt. Drive power was supplied by a variable 

speed drive motor through Harmonic Drive speed reducers. 

Further details of the development and construction of the FMC Fresnel-belt 

collector are contained in Reference 2. 

Test Facility Description 

The fluid loop used for this test series was Fluid Loop 1, which is designed to 

supply Therminol-66 as a heat transfer fluid at t·emperatures from 100 to 3300 C. 

Design flow rates available in this loop range from 0.4 to 40 L/min. 

Each test day began by heating the fluid loop with electric heaters to the 

desired collector input temperature. Usually only one temperature point was attempted 

in one day because of the time required for temperature stabilization. The collector 

system was placed in focus as early as possible each day so that recovered solar 

heat could aid in reaching the desired temnerature. Because of the small aperture 

area of the FMC collector, another larger collector was operated in parallel to 

increase the solar heat recovery. For each test, innut temperature and flow-rate 

were maintained constant while output temperature varied according to test conditions. 

The flow-rate of the heated Therminol-66 through the system was measured with 

a turbine flowmeter. A calibrated copper constantan thermocouple was installed at 

each end of the collector to determine temperatures into and out of the receiver. 

These two thermocouples, one from each end of the absorber tube, were also connected 

as a differential pair to determine tbe delta temperature for calculations of heat 

gain or loss. Direct solar radiation was measured with an Epnley NIP pyrheliometer. 

Receiver differential pressure, ambient temperature, wind direction, and windspeed 

measurements completed the active data collection. 

Data nrovided by the instruments described above are converted to a digital 

format by an analog-to-digital data system. A minicomputer nrocessed the data and 

critical data for the test being performed are printed. Figures 6 and 7 are copies 

of the printed data from an efficiency test and from a thermal loss test, respectively. 
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• •• FMC FRESNEL FELT EFFICIENCY TEST .-
TEST DATE: 12 JUNE HOUR 12 MINUTE 45 (SOLAR TIME) 

27.44 (DEG c) AMBIENT TEMPERATURE (DEG F) 81.39 
214 (DEGREES) ".II Nfl DIRECTIDtI 
• 1 (M/SEc) WIND SPEED (MPH) .3 

TEMP TEMP S:OLAR DELTA FLDl~ EFFICIENCY 
Itl OUT I,)ATTS/M~2 TEMP LITERS/MIN PERCENT 

192.22 200.5 1005.4 8 .. 25 4.42 29.1 
192.28 200.56 1007.2 ::: .. 27 4.45 29.3 
192.28 200.61 1007. 1 8.31 4.42 29.3 
192.28 200.61 1 006. 1 8. :::::3 4.44 29.5 
192.28 200.61 1005 8.3:3 4.42 29.4 
192.22 200. E.l 1004.4 8.::::5 4.44 29. E· 
192.28 200.61 1 (105. 1 8. :::::3 4.42 29.4 
192.28 200.61 1005.2 8.29 4.42 29.3 
192.22 200.56 1005. 1 8.31 4.41 29.3 
192.28 200.61 1005.4 8.27 4.41 29.1 

10 POINT AVERAGES 
192.262 200.589 1005.6 :3.304 4.425 29.33 

Figure 6. Data Printout for Efficiency Test. 

••• FMC FRESNEL BELT THERMAL LOSS TEST ••• 

TEST DATE: 12 JUliE HOUR 15 MINUTE 36 (SOLAR TIME) 

32.72 ([lEG C) AMBIENT TH1PERATUPE <nEG F) 90.9 
219 (DEGREES) L.IIND IoIRECTIDN 
.2 (l1/SEc) 1.,11 ND SPEED (MPH) .4 

TEMP TEMP DELTA FLOU) l •. IATTS 
IN OUT TEMP LITERS/MIN GAIN/LOSS 

192.89 191. 44 -1.41 4.54 -206.9 
192.94 191. 44 -1.38 4.57 -203.9 
192.94 191. 44 -1.:34 4.57 -198 
192.89 191. 44 -1. 3'~ 4.56 -204.9 
192 .. 89 191. 44 -1. ::::6 4.59 -201. 8 
192.83 191. 44 -1.3 4.55 -191.2 

.192.89 191.44 -1.34 4.56 -197.5 
192.89 191.44 -1.34 4.56 -197.5 
192.89 191.39 -1.36 4.56 -200.5 
192.89 191.39 -1.36 4.56 -200.5 

10 POINT AVERAGES 
192.894 191.43 -1.358 4.562 -200.369 

Figure 7. Data Printout for Thermal Loss Test. 

12 



Unless otherwide labeled, temperatures cited in those figures are in degrees Celsius. 

The delta temperature shown in both figures is not the arithmetic difference of the 

input and output temperatures but is obtained by a separate, independent computation 

from the output signal of the paired differential thermocouples. 

The speed of the data system was such that all the data channels could be read, 

calculations performed, and a line in the data-table printed in about 20 seconds. 

The average values were automatically printed after 10 data points were accumulated. 

The complete data printout as shown in Figures 6 and 7 was repeated at intervals of 

about 3-4 minutes throughout a test run. Thirty-two measured and calculated data 

values from the data system were recorded on magnetic tape every 20 seconds. Only 

those shown in Figure 6 or 7 were printed in real time. The number of decimal places 

that are printed in Figures 6 and 7 should not be taken as indicating the accuracy of 

the data system since the choice of the print format was dictated by the peculiarities 

of the computer system. Either a loss or an efficiency data print was made continuously 

when the system was operating; however, only those data blocks occurring under stable 

conditions are included in this report. 

Performance Test Definitions 

For each data set during a test run, the specific heat and the density of the 

Therminol-66 are calculated. The properties of Therminol-66 used for these calcula­

tions are taken from Reference 3. Heat gain (loss) is then computed from the 

following formula: 

in which 

Q = m Cp 6T 

Q heat gain, kJ/h 

m mass flow-rate of fluid, kg/h 

C
p 

specific heat of fluid, kJ/kgOC 

6T in/out temperature differential, °c 
A successful loss measurement was one in which the values for input and output 

temperatures remained constant to within O.l
o

C or less. Loss tests were conducted 

with the mirror belt sufficiently defocused so that no light from the mirror would 

strike any part of the receiver tube assembly. 

On most days, efficiency measurements were made from 2 hours before noon to 

about 2 hours after noon. The mirror system in this prototype could not be focused 

on the receiver at times more than about 2 hours from solar noon. Loss measurements 

were made for about 2 hours after completion of efficiency tests; the fluid loop was 

then placed in a cooling mode prior to shutdown for the day. 

For an efficiency test, efficiency was calculated from the following formula: 

n = Q/A 
I 

in which 

n 
Q 

A 
I 

solar collector efficiency 

heat gain, W 
2 

collector aperture area, m 

direct solar radiation, W/m
2 

A successful efficiency data point measurement consists of a least one of the 

10 point averages during which input and output temperatures changed by O.l
o

C or 

less, flow rates varied by 0.1 L/min or less, delta temperatures remained within O.loC, 
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and solar radiation remained constant to about 1%. Temperatures, flow-rate and 

insolation had to have been nearly as stable as described above for at least 5 to 10 

minutes prior to the measurement; otherwise that data point was not considered to be 

a reliable measurement. Efficiency measurements are normally made with insolation 

greater than about 900 W/m2. 

The temperature, flow-rate and insolation' stability criteria outlined above are 

necessary because the heat gain formula given assumes steady-state conditions. If 

near steady-state conditions can be achieved during a collector test, the computed 

values for heat gain (or loss) and efficiency will be nearly constant aiso, with 

some scatter in the data due to noise. Because of the thermal mass of the collector 

system, any change in temperature, flow-rate or insolation will result in measurements 

that do not correctly represent the performance of the collector. 

Even on a sunny day that appears ideal for testing a solar collector, there are 

still variations in solar radiation. However, these variations can be relatively 

small, as can be seen in several of the test data plots later in this report. 

Small, rapid variations of this kind produce scatter in the efficiency data, but 

no long-term systematic errors. 

As operated at the CMTF, the heat-transfer fluid supply loop tends to produce 

fluid flow-rate variations similar to those seen in the solar radiation input--small, 

rapid fluctuations with no long-term trend towards a higher or lower rate. These 

variations also nroduce scatter in the measured data. 

Small, rapid temperature fluctuations also appear in the measured data, again 

producing data scatter. However, the temperature measurements are also subject to 

fairly long-term, slow changes which can result in fairly large, systematic errors 

in heat gain/loss and efficiency calculations. One typical source of this kind of 

temperature drift is the constantly increasing temperature that occurs each test day 

as the system is heated towards the intended operating temperature. Another is the 

temperature decay that continues for very long times after the collector system is 

defocused to begin a thermal loss test. 

At the CIITF, collector input and output temperatures are usually measured less 

than one second apart in time. However, the fluid whose temperature is being 

measured at the collector input may not arrive at the collector output for a 

relatively long time--from several seconds up to several minutes. Thus an efficiency, 

or heat gain/loss, measurement will not be valid unless the input and output tempera­

tures are stable for at least as long as the transit time of the heat-transfer fluid 

through the system. 

Because of the thermal mass of both the fluid supply system and the collector, 

stable temperatures must be held for relatively long periods of time before the 

complete system is in thermal equilibrium and valid measurements can be made. A 

small constant drift in temperatures can produce test data that looks quite acceptable; 

however, it contains a systematic error because of the thermal mass shift of in/out 

delta temperature. For example, with one collector tested, a constant temperature 

increase of 0.70 C per minute nroduced an efficiency measurement that had a very small 

data s.catter and a nearly constant efficiency value for more than an hour. This 

measured efficiency value turned out to be 5 percentage points lower than the efficiency 

measured later with more stable temperatures. In another case, with a collector 

system of greater thermal mass, a siimilar slow upward drift in input temperature 

produced an efficiency measurement 15 percentage points lower than the true value. 



If the input temperature drift is towards lower temperatures, errors of similar 

magnitude result, but the measured efficiency will be greater than the value obtained 

under stable conditions. 

The same problem as oulined above for an efficiency measurement also occurs 

during thermal loss measurements. The error in thermal loss from unstable tempera­

tures is larger than the efficiency error because the receiver delta temperature 

during a loss test is usually much less than during an efficiency measurement. 

The requirement for O.loC stability in measured temperatures for a usable data 

point is empirically based. It appears to produce valid data, and is also about 

as good as the fluid loop and collector system can attain in the outdoor test 

environment. 

Test Results 

The FMC Fresnel-belt collector was delivered to the test site in April 1978; a 

backlog of collectors awaiting tests prevented installation on the fluid loop test 

pad until August 1978. Figure 8 shows a plot of direct solar radiation input and 

measured efficiency data that is quite scattered because of variations in the input 

temperature; input fluid line insulation was not yet in place during this test. 

The tests plotted in Figures 8, 9 anJ 10 were originally intended only to check out 

the collector and data system prior to beginning formal testing. They are shown 

here because they subsequently became important in determining the nature of a 

decrease in collector performance. 

Figure 9 resulted from a similar test the following day. Operating temperature 

was nearly 250 0 C; the efficiency data was much more stable because inlet tubing 

insulation had been installed to assist in stabilizing input temperature. 

Figure 10 was obtained from an efficiency test near 1000 C. This low temperature 

test was intended to minimize thermal loss so as to obtain the maximum possible 

efficiency. Osci:lations and dips in the efficiency curve were caused by collector 

tilt adjustments and experimentation with the sun tracking device. 

Note the characteristic curved shape of the efficiency plots in Figures 8, 9 

and 10. This shape results from changes in the incidence angle of incoming solar 

radiation. The collector was tilted to achieve a 00 incidence angle at solar noon; 

as the sun's elevation changed with time, end losses and cosine effects caused the 

recovered energy to decrease for times before and after solar noon. For the tilt 

angle used, this drop in efficiency and energy recovery should be symmetrical with 

time about solar noon, as can be seen in the 3 preceding plots. Because of the 

relatively narrow 300 rim angle, combined with the north-south mount, data on this 

prototype collector could be taken only one hour 50 minutes either side of solar noon. 

Testing of the FIIC collector was not continued to completion in September 1978 

because of higher priority testing being conducted at the same time; testing could 

not be resumed until June 1979. 

Figure 11 was obtained on June 6, 1979 at the same 112 0 C operating temperature 

used for the test plotted in Figure 10. A comparison of these two figures make it 

apparent that something drastic had happened to the collector in the time between 

the two tests: the basic shape of the efficiency curve is different, and the 

efficiency has decreased about 20 points, from 51% to 31%. 

Testing continued while a search was made for the cause of such a large decrease 

in performance. Figures 12 and 13 were obtained at temperatures near 2000 C and 250 0 C 
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respect ively. Both confirmed the loss of efficiency and repeated the odd shaped 

eff ici e ncy curve. June 14 (Figure 1 3) was not an ideal test day; intermittent clouds 

drifted across the test site during the early morning and became heavier after noon. 

Tests were also conducted with a vacuum inside the glass receiver envelope. 

The desired vacuum could no t b e attained because of air leaks i nto the receiver; the 

receiver was removed and disassembled for resealing without completely correcting the 

leaks. About 0 . 2 torr was t he best vacuum tha t could be achieved. 

Table 1 contains the data obtained during the efficiency tests; Figure 14 is a 

plot of the efficiency data. Three curves are shown in Figure 14; one resulting 

f rom the original tests o f Sep tember 1978, ano t her from data obtained 10 months 

later, in June 1979, and a n abbreviated range of temperat ures s howing an improveme nt 

of about 3 percentage points r esulting from a receiver vacuum of about 0.2 torr. 

Tes t 
Date 

8/29/78 

8/30178 

8/31/78 

9/01/78 

9/05/78 

9/06178 

6/06179 

6/07/79 

6/11179 

6/12/79 

6/14/79 

6/15/79 

Table 1. 

Insolation 
(WLm2) 

940 

963 

958 

939 

966 

940 

951 

924 

1036 

1006 

980 

955 

Efficiency Data 

Temperature 
Out 

(OC) 

203.1 

159.3 

248.5 

115.9 

164 .0 

115.4 

112.6 

245.0 

205.5 

200 . 9 

255.8 

191. 0 

fo r FMC Fresnel-Belt Collector 

Receiver 
lITemp 
(OC) 

7.8 

9.4 

7.3 

10 .5 

9.0 

10.3 

9.4 

6.4 

10.6 

8.4 

8.9 

10.5 

Flow 
Rate 

(LLmin) 

6.29 

5.97 

6.02 

6.10 

6.04 

6 . 05 

4. 38 

3.79 

3.39 

4.54 

3.36 

3.41 

Efficiency 
(% ) 

42.1 

45.2 

38.3 

50.5 

43.9 

49.4 

31. 8 

21.8 

27.8 

30.7* 

25.2* 

29.7* 

*Receiver Vacuum - Approximately 0.2 torr 

Figure 15 is the same efficiency data plo tted as a function of liT/I (average 

receiver temperature minus ambient temperature, divided by direct solar radiat i on ). 

Tahle 2 contains data obtained during thermal loss testi ng of the FMC receive r. 

Figure 16 is a plot of the same data. The right ordi nate in Figure 16 is total 

therma l loss, as measure d. The left ordinate shows the thermal l oss per unit area 

of collector aperture. Measurements confirmed that a r eceiver vacuum reduces the 

t hermal loss, but too few points were obtained to plot a curve showing this change 

across the temperature range. 

During the June 79 test series, several mirror strips were observed ·to have 

lost their bond to the flexib le polyurethane substrate. None actually fell of f t he 

belt; they remained bonded along one edge, swinging as though on hinges. These 

loose mirrors were relatively few, and were fastened back in place so that their 

r eflected light would no t be lost. However, it soon became apparent that a larger 

number of mirrors were not firmly bon ded in place over their whole undersurf ace. 

Whe n the degraded collector performance became apparent, a c l oser look was taken 

at the mirrors and the flexib l e belt. 
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Table 2. F"C Collector Thermal Loss Data 

Test 
'Date 

8(30(78 

9(01(78 

9(06(78 

6(04(79 

6(05(79 

6(06(79 

6(07(79 

6(12(79 

6(12(79 

6(14(79 

Insolation 
CW(m2) 

936 

829 

846 

109 

4.5 

914 

1 

975 

964 

973 

Average Temp 
Above Ambient 

(OC) 

121. 9 

212.7 

77.4 

112.6 

159.2 

70.3 

196.7 

160 . 5 

160.1 

212.7 

* 0.2 torr vacuum in receiver 

Flow 
Rate 

(L(min) 

5 . 9 

6.0 

6.0 

3.3 

3 . 8 

3.2 

3.8 

4 . 6 

4.6 

3.4 

Wind 
Speed 
~ 

2.6 

2.2 

2.3 

0.7 

0.2 

0.6 

0.6 

0.6 

0.2 

0.3 

Loss 
!:!!..L 
111.0 

323.7 

32.4 

154.0 

263.0 

18 

461. 3 

146 . 4* 

213.3 

355* 

Figure 17 is a photograph of a narrow board held across the collector aperture 

just above the receiver . Prior to taking the photograph, opaque black masks were 

placed across the ends of the mirror belt assembly so that only the active mirror 

surfaces could reflect light toward the receiver. Assuming perfect focus, all the 

mirror strips would place their reflected light within the 5.65 cm receiver aperture; 

none should miss the receiver to be seen on a surface placed across the receiver as 

in Figure 17. 

A number of photographs were made at intervals across the width of t he mirror; 

all were similar to Figure 17. The marks on the board in Figure 17 are spaced at 

~15-cm (6-inch) intervals. Light was found to be missing the receiver at distances 

up to ~30-cm on each side. This scattered light is believed to be the reason for 

the collectors' degraded performance. 

Debonded mirrors were not the only cause of scattered light. A number of the 

scattered spots were traced back to the mirrors responsible; they appeared to be 

still firmly bonded to the flexible polyurethane substrate. The polyurethane is 

flexible epough that slight finger pressure on the mirror surface can be seen to 

move the reflected light pattern. 

Figure 18 shows the shape of some of the reflected light patterns that were 

falling outside the intended receiver aperture. The curved patterns show that the 

facet angle varied along the length of some of the mirror strips . 

Measurements were made on several mirror segments to determine any loss of 

reflectivity from the first surface aluminized reflective coating . Reflectivities 

were about 90%; this slight degradation in reflectivity is not enough to contribute 

materially to the loss in measured efficiency. 

Because of the degraded performance of the FMC collector, testing was terminated 

without completing tests over the design operating temperature range. 

Summary of Results and Conclusions 

Initial tests established the efficiency of the FMC Fresnel-belt collector at 

about 51% near 1000 C, decreasing to about 35% near 3000 C output temperatures. After 

about 16 months of outdoor exposure, and 10 months after the initial efficiency tests, 

the efficiency had degraded nearly 20 points, to near 32% at 1000 C. 



Figure 17 . Light Missing FMC Receiver. 

Figure 18 . Deformed Li ght Pattern. 
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Unfo r tuna t ely , the in i tial e f f i c i e ncy measureme nt s were n o t made un ti l a fter 

about 6 months of ou t door exposure, s o it is no t known if some degradat i on h a d 

occurr ed e arlier. 

Most o f the perfo rma nce redu c t i on was apparently caused by c han ges in the 

facet a n gles o f t he indi v idua l mi rror s t rips. Some mi rro r movement resulted f rom 

deb o ndi ng , but most was a pparen t ly due to dimension al c hanges in th e flexible 

po l yurethan e s ubstra t e. 

Therma l los s es, cons idered o n t he basis of l oss per u nit co l lec t or ap e r t ure , 

we r e r e l ati ve ly h igh because of the relatively low conce nt rati o n r a tio. The 

re l a ti ve l y wi de r eceiver a p e r ture al s o con tributed to the the rma l loss by p rovi d i ng 

more a r ea fo r rad iat ion loss . Prov idi ng a hard vacuum i n t h e receiver could r e duce 

t he magn i t ude o f thermal l osse s . 

Ever y s olar col lector tes t ed at the CMTF has s uf fe r ed l osses in effi ciency 

because of s ome amoun t of scat t ered l i ght from t he mirror s truc ture. Those u si ng 

small mi r r o r f acets h ave had t he larges t l osses because of the d i ff i culty of 

pos it ioni ng a large numbe r of f ace t s a t precise angles on a n economi c ally f e as ible 

st ructure . The FMC Fres nel bel t has the additional problem of obt a ining a flexibl e 

s ubs trat e that will rema i n d i mension a l ly stab l e du ring l o ng p e r i ods of exposure t o 

the outdoor e n vironmen t . The des i gn of t he unit t e s t ed d i d n o t achieve the r equ ired 

long te rm s t ability. 
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