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DESIGN CONSIDERATIONS FOR PARABOLIC-CYLINDRICAL SOLAR COLLECTORS 

Summary 

The solar collector is an important component in the solar powered system presently being 

designed and installed at Sandia Laboratories. This report describes some of the key consider­

ations which have an influence upon collector design. 

The relative importance of the solar coating absorptance and total hemispherical emittance 

for linear-focusing collectors is described. A high absorptance has a much more important effect 

on collector efficiency than does a low emittance. The evacuation of a glass-jacketed receiver 

design achieves apprOximately a 50/0 efficiency improvement, and the design is shown to be sized 

with the least thermal loss strategy when the annulus gap between the steel receiver and glass is 

approximately 10 mm (0.4 in.). The tradeoffs. between an insulated or silvered glass jacket and 

total hemispherical emittance are lilso shown. When the emittance is greater than O. 5 an insulated 

glass jacket is desirable. Silvering the glass is of dubious benefit under any conditions because 

of processing and durability considerations. 

The present state of the art in reflecting materials is used in energy balance calculations, 

and the calculated results are compared to test results to illustrate plausible improvements in 

collector efficiency. Durable specular reflective surfaces with reflectivity between 0.90 and 0.95 

are presently being fabricated in laboratory sizes. It is reasonable to expect that efficiencies of 

70% at 315°C and solar noon can be achieved in the near future. The interrelationships between 

reflector rim angle and receiver size are sho~ to result in rim angle selections which maximize 

energy collection for minimal costs. Although a 2. 09 radians (120') rim angle has the minimum 

average parabola-to-focus distance, a reasonable rlm angle is shown to be 1. 57 radians (90·) 

because of minimal collector efficiency improvements with accompanying increased construction 

costs for 2.09 radians (120'). The characterization of parabolic reflector shapes and reflector 

materials are part of this selection process. Mirror slope standard deviations of less than 9 

milliradians (0.5') are achievable. The relationship between optical congruency and thermal 

non-congruency in establishing optimal collector sizing is also demonstrated. A 2 -metre wide 

aperture ·is shown to be reasonable for systems which allow 1% of the collected energy to be used 

for pumping. 

The importance of asymmetric heating on the receiver design is described in some detail 

as is the importance of flow control when organic heat transfer liquids are used. With a 25 mm OD 

receiver, a 2-metre aperture width, and a 1.57 radian rim angle, flow rates of greater than 

0.00019 m 3/sec (3gpm) are required in order to prevent local overheating and eventual 

destruction of the organic liquid. A lower flow rate could be achieved by incorporating internal 

liquid turbulence generators. 

7 



8 

A limited discussion of collector orientations and off-axis receivers is included. Collector 

fields oriented north-south collector more energy than do east-west oriented fields but are less 

economical in land utilization because of nonshadowing spacings, in pipeline costs, in structural 

costs, and in thermal losses. 

Introduction 

Sandia Laboratories has been funded by the Energy Research and Development Administration 

to analyze, design, and build a solar total energy experimental system to provide the energy needs 

for a 1100 square-metre building. 

A significant contributor to a su(,'cessful solar-powered system is the design of the solar 

collector. The design of the collector must be such that energy capture is high, thermal losses are 

low, and cost/effectiveness ratio is as small as practicable. This report addresses the design 

of parabolic-cylindrical solar collectors (Figure 1) using Therminol 66° 0> heat transfer liqUid 

in uniflow receiver tubes and examines in some detail those aspects most important to high 

collector efficiency; it briefly examines cost aspects since production quantities have such a 

large influence upon unit costs. 

One of the purposes of this report is to portray the relationships between the sizes and 

shapes of these collectors. An understanding of these relationships will allow comparisons and 

analyses to be drawn for other focusing collector designs. It should be noted that this report 

examines, only cursorily, matters such as collector orientation, equitorial mount tracking, and 

collector field layouts. These matters have been more properly treated in detail in other reports. 

Some of the work described in this report is extracted from the sources listed in the bibli­

ography particularly with respect to the use of the listed computer codes, spectrum definitions, 

material characteristics, and heat transfer phenomena. Other opinions and results are based upon 

nearly three years of experience in testing, measuring, construction, and analyses at Sandia Labo­

ratories. This report is not intended to be a parametric sensitivity analysis, but it do'es examine 

what is believed to be the more important facets of design in a 315°C (600°F) maximum operating 

temperature system. Reference to the bibliography will permit a more thorough examination of 

some of these aspects. 

Focal Line-'" 

Figure 1. Parabolic-Cylindrical Solar Collector 



Considerations 

Solar Coatin~ 

Several authors have attempted to describe the importance of a coatings' high average solar 

energy absorptance (O<S) and total hemispherical emittance (E
TH

) ratio (OCS/E
TH

). In reality, the 

ratio is not very important and this will be illustrated by reference to test results and to analysis. 

A Pyromark(j) - painted (oc
S 

= 0.98, E
TH

(300
0 

C) = 1. 0) receiver tube suspended at the focal line 

of a 1. 57 radians (90°) rim angle Alzak (j) reflector (Figure 2) oriented normal to the sun, was 

unable to capture sufficient reflected energy to compensate for thermal "losses at 315°C (BOO°F) 

and operated at a negative efficiency (defined as: energy into liquid in receiver/energy into 

aperture). The addition of a glass jacket (Figure 3) allowed a positive efficiency to be obtained 

(Figure 4). The use of a modest vacuum in the annulus improved the efficiency approximately 

50/0 (Figure 5). The range of analytical-model predicted results compared with some test results 

are shown in Figure B. Since the Alzak has a specular reflectance within the portrayed range, 

there is reasonable agreement between predictions and test results 

Since the test results and analytical model have reasonable agreement, an analytical model'. 

was used to calculate the data appearing on Figure 7 and to portray the influence of OCs and E TH. 

From these data, a clear relationship between solar absorptance and total hemispherical emittance 

can be seen. The higher the OCs' the higher the collector efficiency; the lower the e
TH

, the higher 

the collector efficiency, but the improvement is not so pronounced. The collector efficiency with 

0.85 and ETH 0.05 

is 50%; the collector efficiency with 

0.95 and fTH 3. 17 ) 

is 51 %. It is obvious from these data that a high absorptance is far more important than a low 

emittance, and the ratio of ocS/e
TH 

not so important. In other words, it is far more effective to 

initially capture the sun's energy and attempt to decrease those thermal losses controlled by the 

emittance through proper design. 

Coating development work at Sandia and NASA/Lewis has demonstrated that a thin 

(0.15-0.20 I'm) black chrome (Cr 0 ) layer electrodeposited over dull nickel can achieve 
2 3 

OCs ;0 0.95 and e
TH 

S 0.25 and not degrade rapidly at operating temperatures of at least 3l5°C 

whether exposed to air, moisture, and/or ultraviolet energy. " The coating's total hemispherical 

emittance determined by calorimetric techniques is displayed as a function of temperature in 

Figure 8. In general, the emittance is directly proportional to the electrodeposition time and 
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Figure 2. Reflector With Receiver Tube Suspended at Focal Line 

Receiver Tube 
1. 00 in . OD 25.4 rum 
Pyromark 
2 . 25 OD Glass 57.1 mm 
0.5 Annulus Evacuated 12 . 7 
To 0. 1 mm Hg 

Figure 3. Reflector With Glass-Jacketed Receiver Tube Suspended at Focal Line 



%EF'F I I I I I 

80 26.4 mm Receiver 00 (I in.) W/Pyromark -I- 57.1 mm Glass Jacket 00 (2.25 in.) 
No Vacuum 
873·886 w/m2 ~ormal Insulation (Specular) 

70 {227'281 Btu/ft hrl -r- m/sec Wind Velocity (0.43·5.5 It/sec) 0.03'0.18 

.~~ 4 
60 I- .. 5 -.3 .-
50 '''' -I- ./ 

., .3 

It", 
40 I- -t, 
30 I- -
20 t- J 
10 ...l .1. I .1. ...l 

0 100 200 300 400 500 600 
Day 274 Input Temp. Degree F 
Hour 12 
Min 51 

Figure 4. Input Temperature vs Percent Efficiency for 25.4 mm OD Receiver 
With 57.1 mm OD Glass Jacket at No Vacuum 

0/0 EFF I I I I I 

80 t- 25.4 mm Receiver 00 (1 .in.) W/Pyromark -57.1 mm Glass Jacket DO {2.25 in. I 
0.2 mm Hg P'2ssure 
835'876w/m (265·278 Btu/ft2 hrl 

70 - .' Normal Specular Insulation -<, 0.34·1.37 m/sec Wind Velocity 

.5 ., 
60 - ., -j2) .... 
50 l- .' -

f" .,. 
40 .1 

t- e3 -"", e5 

30 I- -
Ie ,. 

20 
I- 3~ 

• 
10 I I I ...l ...l 

0 100 200 300 400 500 600 
Day 251 
Hour 13 

Input Temp. Degree F 

Min 2 

Figure 5. Input Temperature vs Percent Efficiency for 25.4 mm OD Receiver 
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Figure 6. Solar Collector Test Results 
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Figure 7. Total Hemispherical Emittance of Receiver vs Collector Efficiency 
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Figure 8. Harshaw Black Chrome on Electroplated Sulfamate Nickel 
(4 Minute Treatment Time) 

current levels in the bath. On the other hand, the absorptance increases to a plateau maximum 

, with increases in plating times. The plating time for black chrome is established to achieve 

0/ s ~ 0.95 and, with that timing and current density, achieves € TH (300-C) :s:; 0.25. Solar 

absorptance of a solar coating decreases with increasing angles of incidence, and black chrome 

is no exception .. Figure 9 shows the changes in O/s as the angle increases. This phenomenon 

must be factored into the sizing considerations for solar receiver tubes. This will be described 

later. 

Other coatings, particularly vacuum -deposited multiple interference coatings, can achieve 

the solar characteristics of black chrome but not necessarily at as Iowa production price. As of 

April 1975, a quoted price for black chrome over nickel was $13.89/m
2 

($1.29/ft
2

) in 23226 m
2 

(250,000 ft2) quantities. Projections from available data suggest production prices as low as 

$. 50/ ft 2 are ultimately achievable. 

Sizing of Glass Annulus 

In the previous section, the need for a transparent glass jacket to significantly reduce thermal 

convection losses from the surface of the receiver tube was demonstrated. The annulus size which 

will minimize losses from the system can be determined. Since the transmission of solar 

energy through glass is a function of thickness, the glass should be only thick enough to withstand 

structural loading and reasonable hail threats. 
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HARSHAW BLACK CHROME 
(4 MIN. TREATMENT TIME) 

CURVE SUBSTRATE 

CD ELECTROPLATED BRIGHT Ni 

~ ELECTROPLATED SULFAMATE Ni 
ELECTROPLATED WAITS Ni 

0 
0 10 20 30 40 50 60 70 80 90 

INCI DENT ANGLE, DEGREES 

0.17 0.35 0.52 0.70 0.87 1.05 1.22 1.40 1.57 

INCIDENT ANGLE; RADIANS Co.rtesy of R a Pettit 

Figure 9. Harshaw Black Chrome (4 Minute Treatment Time) 

A simplified technique used for annulus sizing is somewhat analogous to the determination 

of critical insulation thickness for small-diameter circular tubes, An energy balance for a given 

operating temperature can be constructed as follows: Radiation loss from the coated receiver 

tube + air conduction and convection loss from the coated receiver tube = convection loss to environ­

ment from glass tube + radiation loss to environment from the glass tube. The algebraic formu­

lation of the configuration shown in Figure 10 is as follows: 

where 

h heat transfer coefficient 

a = stefan-Boltzmann constant 

€ = emittance 

A = area 

L = length 

k = effective thermal conductivity 
e 

F = radiation shape factor 

In the case of a vacuum in the annulus, the second expression on the left is not considered since 

k-O. e 

(1) 



Glass Jacket (T
2

) 

Ta 

Figure 10. Steel Receiver With Glass 
Jacket 

Some of the results from this equation are shown in Figure 11. The optimum annulus gap 

is established through a review of these data. If operation with a vacuum could be guaranteed, it 

would be desirable to establish the annulus gap as its minimum possible size to minimize the unit 

length thermal losses, as per Curve B. However, if the vacuum is lost, the losses would be 

expressed by Curve D for that particular gap. From this, it is evident that the gap should be 

selected to be at the minimum of Curve D since Curve B (vacuum) losses for that larger gap 

(-l1mm) are slightly greater but vacuum failure will result in the minimum system thermal 

losses. At an operating temperature of 204°C, the conduction-convection losses shown by 

Curve A still are minimum at a gap of approximately 11 mm (0.44 in.). A doubling of the con­

vection film coefficient (h2), and a halving of the receiver diameter still results in an optimum 
gap of between 9.5 and 11 mm. 
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Figure 11. Results Obtained From Equation (1) 
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Curve B has only a slight positive slope and Curve 0 has a broad trough so with consider­

ation of production tolerances and gravity sag, an annulus size of between 9.5 mm and 12. 7 mm 

would be adequate for the parameters used in the calculations. 

Insulating or Silvering of Glass 

Upon initial consideration, it might seem appropriate to either silver or insulate an arc of 

glass opposite the reflector (Figure 12) to decrease thermal losses. Actual test results, reported 

in Table I, refute that supposition as a general conclusion. Only in the case of high total hemispheri­

cal emittance (> 0.5) is there an improvement in collector efficiency. With a 1.57 radians arc of 

insulation to preclude additional reflector shadowing, a high-emittance receiver increased in 

efficiency; an insulated low-emittance receiver decreased in efficiency for the same test configu­

ration. With a high-emittance coating, the insulating strip more than compensates in thermal 

savings for the loss of the direct sun on the recelVer tube. With a low-emittance coating, the thermal 

losses are already so low that decreasing them still further cannot compensate for the occlusion of 

the direct sun. 

TAj3LE I 

Average Collector Efficiency Percentage at 316°C (60QoF) 

No Vacuum Vacuum No Vacuum 
Receiver Tube Coating Vacuum Vacuum w/lnsulator w/Plug w/Plug Remarks 

Pyromark (Tempi!) 
(c<' 0.98. " 1. 0) 16.2 18.32 23.9 X X Average of 10 days1 data for 

vacuum no vacuum. Average 
of 4 daysl data for vacuum 
\II /insulator. 

Intermediate Black 
Chrome on Bright Nickel 
(c<' 0.88," 0.24) 32. 1 34.6 A verage of 8 days I data. 

AMA (Honeywell) 
(c<' 0.97, ,: 0.38) 39.0 43. 1 42.2 A verage of 5 days r data; vacuum 

w /insulator. 1 day average 

Black Chrome on 
Sulfamate Nickel 
(c<' 0.97, ':0.28) 41. 6 46.2 43. 1 X Average of 9 days I data for 

vacuum/no vacuum. Average 
for 6 days1 data for vacuum 
w /insulator. 

NOTES: 1. Volume flow rate approximately 5.7 l/min (1. 5 gpm) (Re > 12.000). 

2. Test temperature varied between 302°C (575°) and 311 c C (591°F). 

3. Collector Efficiency Percentage = 

(Aperature Area) (Direct Insolation) 

4. Direct Insolation Range: 861-990 W/m
2 

(273-314 Btu!ft
2

/hr), 

5. Wind Velocity Range: 0.24-3.46 m!sec (0.73-11.4 ft!sec). 

6. Internal cylindrical plug of 1. 59 cm (5/8") dia. 

7. X = To be tested. 

8. Alzak Reflector (p ~O. 7). 
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GlassEnv(;l~ope 

Receiver Tube 

lnte rnal Plug 

Figure 12. Receiver Cross Section 

This analogy would hold for the silver coating also. In addition, the silver should be deposited 

on the inner surface of the glass which means a diffuse surface would face the receiver and not 

necessarily reflect the infrared energy due to radiation back to the receiver. Further, as time 

passes, the silver would change in infrared rei1ectance as imperfect vacuums allow oxygen to 

attack the surface. 

With these considerations, neither insulation nor silvering are,rec.ommen<,led, for the low­

emittance coatings comtenplated for use. 

Reflection and Transmittance 

Examination of the collector energy losses for normal incidence, . (Figure 13) indicates that 

significant improvements in collector efficiency can be made thr,?ugh .improve~ents over the present 

technology for parabolic mirror rei1ectance and glass jacket transmission. Figure 14 illustrates 

the ini1uence of a ten percentage point change in mirror rei1ectance. The coating losses shown 

are given by (1 - CiS)' and can be improved only slightly by i,ncreasing thO) coating absorptance. 
The thermal losses, convection and radiation, are substantially only a f11nction of operating temper-

ature as long as the receiver internal design effectively.p!)rmits energy to be delivered into the 

energy collecting liquid. Should the desired improvements be made in the optics losses (coating 

absorptance, mirror reflectance, and glass transmission), Figure 15 illustrates the collector 

efficiency improvements which can be realized. For every percentage point increase in either 

reflectance or transmission, the collector efficiency increases neady' a: percehtage point. 
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Figure 15. Probable Collector Efficiency Range 

Although durable reflectors with a specular reflectance, p, of 0.95 are not presently 

available in large size, laboratory-sized specimens are available and development efforts are 

underway to increase size. An important characteristic of the reflectance is its specularity, and 

this is measured as a function of angular aperture. Figure 16 illustrates the solar reflectance 
versus aperture of several reflector materials of the present and near future. The aperture angle 

occluded by a receiver tube dictates the specular reflectance characteristics that are appropriate 

for use in analytical calculations. It can be seen that Alzak<!l has directional characteristics that 

must be taken into consideration in design. 

The influence of energy reflections off the glass jacket if the sun is non-norma!, as is the 

preponderant situation for east-west oriented parabolas; is shown in Figure 17. The maximum 

attainable efficiency curve is also displayed to illustrate the magnitude of improvement that could 

be obtained with no reflectance loss off the glass and coating. This chart does not include end 

loss effects whereby energy reflected off the end of the reflector is lost in space. The application 
of an inexpensive antireflection coating on, say, soda-lime glass could increase the transmission, 

T, from 0.90 to 0.95. Present efforts indicate a fluoroboric acid vapor attack of soda-lime glass 

can achieve this improvement. If an antireflection coating is not applied, significant decreases in 

daily energy collection can be expected for east-west oriented collectors in addition to the cosine 

and end losses. 
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Receiver Tube Sizing 

In an initial approximation for the sizing of the receiver tube diameter. the assumption can 

be made that- it is appropriate to attempt to capture all of the energy reflected from the parabola. 

The receiver tube size would then be dependent upon the sun's angular width (0.009 radians of arc). 

the magnitude of the tracking error. the mirror slope error (i. e .• the angular departure from a 

tangent to a theoretical parabola), the irregularity of the reflective surface. and the angular 

absorptance characteristics of the solar coating. Figure 18 sums these influencing factors in a 

conservative arithmetic manner since the potential magnitude of tracking- and slope errors is not 

completely known. The 1. 05 radians maximum incidence angle conservatively compensates for 

photon reflection off the solar coating. From this figure, since the sizing is in terms of angular 

aperature, it can be seen that the receiver diameter is proportional to the distance from the 

reflector. 

It is also apparent from Equation (1) that thermal losses are directly proportional to the 

receiver diameter, so the obvious goal would be to select a parabolic rim angle which would result 

in the smallest maximum distance from parabola to focus. A review of severpl rim angles for a 

common aperture (Figure 19) results in the selection, by calculation frbm Figure 18 and by 

inspection, of a rim aI)gle of 1.57 radians. This angle will minimize the maximum reflector-to­

focus distance and therefore require the smallest receiver diameter. When the aperture width is 

established, the receiver diameter can then be calculated. For example, with a 2-metre aperture 

the calculated receiver diameter is 30.9 mm. 

9.3 mil Ii radians 
32' SOlAR GlASS ENVEIDPf 
RADIATION 
ANGll 

4.4 milliradians 
IS' TRACKING ERlHlR_J 
4.4 milliradians 

lS' MIIIIIOII SLOPE ERR:OR·-J 

COAlED RECEIVER TUI( 41.) _00 
EVACUATED 

lMERMAL IDSSES PROPORTIOIW. 10 RECEIVER TUBE DIAIt'£TER 

2r sin '12 
RECEIVER ruE DIAMETER· sin 60" sin (RIM ANGl£I 

Figure 18. Receiver Tube Assembly Cross Section 
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RIM ANGLE SELECTION 

2.62 

2.01 

Radians 1. 57 

0.79 

~APERTURE--l 

FOR COMMON FOCUS AND FIXED APERTURE: 
rmax IS MINIMUM i RIM ANGLE OF 90° 

Figure 19. Various Rim Angles for Common Aperture 

When one considers the implication of the central limit theorem, i. e., the distribuiion of the 

sum of several random variables can be closely approximated by a normal distribution, it is possible 

that receiver tubes sized in accordance with the preceding conservative rationale may not be of opti­

mum size. While assumptions must still be made regarding the tracking and slope error potential 

and mirror non-specularity, trade-offs can be made between the amount of solar eenergy which can be 

allowed to miSS a smaller receiver tube and the compensating savings in thermal losses through 

diameter reduction. A port:rayal of such trade-offs for assumed errors and normal solar incidence 

* is shown on Figure 20. For an energy distribution standard deviation ranging from minimum 

(the sun's quarter-width) to 12 milliradians, it can be observed that the optimum receiver diameter 

is a function-of the energy distribution. The use of the apex connecting line permits the determi­

nation of an optimum diameter once the energy distribution is known. Since thermal losses are a 

function of the receiver surface area, it also can be observed that for a given energy distribution 

other shapes of receivers to decrease surface area, (i.e., triangular or flattened circles) would 

have a modest influence on collector efficiency because of the broad shapes of the curves. For 

example, with an energy distribution of 7.72 milliradians, small efficiency differences are observed 

within a receiver diameter range of between 22.2 mm and 30.9 mm. As the energy distribution arc 

becomes smaller, the receiver diameter becomes of greater importance. 

*The statistic;al blendingof the sun's width, tracking errors, slope errors, and mirror 
diffuseness: 

a2 . a2 a2 + Trackmg + Reflector + Sun 
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Figure 20. Energy Distribution vs 
Collector Efficiency 

Efforts to characterize the slope errors of parabolic reflector surfaces have been made 

through the use of the apparatus illustrated in Figure 21, The laser is scanned in the X direction, 

and the resulting reflection is captured at a particular location on the detector which is located at the 

focal point such that the angular deviation from the calculated focus can be measured. After each 

scan, the parabolic mirror is translated to a new Y position. The resulting scans can be portrayed 

as illustrated in Figure 22 and statistically reduced to a deviation representative of that mirror. 

With a ±2C7 normal distribution (95.460/0 of the area under a normal curve), recent extremes 

of measurements on 0.79 radian rim angle parabolas (0.61 m x 1.22 m) can be used as follows: 

Beam C7 = [(sun (7)2 + (Tracking (7)2 + (Slope Error (7)2 + (Reflector (7)2 ] 

[ 
2 2 2 2] 1/2 

C7 = (2.5 mrad) + (2.5 mrad) + (7.9 mrad) + (2 mrad) 

1/2 

C7 = 8.9 milliradians. 

With this energy distribution, an optimum diameter of 27.4 mm results from entry into Figure 20. 
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With an occluded angle aperture calculated from this receiver, an appropriate specular 

reflectance can be selected from Figure 16. 

The selection of the 1. 57 radians (900 ) rim angle is now brought back into question since it 

can be shown that a 2.09 radians (120 0
) rim angle yields the shortest average distance from the 

reflector to the focus (See Appendix A) and, ostensibly, the least reflected beam spread. Refer­

ence to Figure 23 shows that slight efficiency improvements can be obtained by increasing the rim 

angle to greater than 1. 57 radians with an optimum occurring between a 1. 83 radians and a 1. 92 

radians rim angle. Rim angles less than 1. 57 radians: which are not displayed in Figure, 23, 

result in efficiencies lower than that for 1. 57 radians. The reason for the slight departure from 

the 2.09 radians theoretical optimum is due to the thermal considerations and beam spreading at 

larger angles. The slope and tracking error influences become more prounounced with larger 

rim angles. 

There is a penalty associated with the use of larger rim angles since the arc length changes 

of reflector required for a given aperture are not in proportion to the increase in efficiency. The 

sectors of the parabola which have significant slope angles are not contributing as much to solar 

energy interception. Where the slope of the parabola is 0.79 radian, its, aperture for the same 

reflector arc length is' only 70. 7% of the parabola aperture near the vertex. An alternative to 

restricting the parabola slopes would be to trim, figuratively, a 1. 57 radians rim angle parabola 

to 1. 40 radians or 1. 22 radians while retaining the focus. This removes the most arc length for 

the least change in aperture. These considerations are reflected in the calculated results given 

in Tables II and III. Obviously a "trimmed" width must have compensating length to capture the 

same amount of energy. 

It would be desirable to establish a figure-of-merit to use for comparison of these alter­

natives. All other things being equal, the cost of collector construction is proportional in some 

manner to the weight or surface area, while the energy collected is proportional to the collector 

efficiency. Alternative figures -of-merit could be constructed as follOWS. 

F' f M 't Construction Cost (Average Receiver Circumference + Reflector Arc Length)(Collector Length) 
19ure 0 erL 0: Energy Collected 0: (Collector Efficiency)(Standard Collector Length) 

or if it could be determined that reflector arc length had more influence on total cost it could appear 

as follows: 

(1/4 Average Receiver Circumference + 3/4 Reflector Arc Length)(Collector Length) 
Figure of Merit 0: (Co1lector Efficiency)(Standard Collector Length) 

Table IV lists some results from such calculations using data from Tables II and III. The 

calculations suggest a "trimmed" collector may be desirable, but they should be viewed' with 

caution since other non-considered factors are not necessarily equal. For "trimmed" rim angles, 

the smaller diameter receiver tubes may mean greater heat transfer liquid pumping losses, and 

the longer collector may require more intermediate supports. For larger rim angles, the influence 
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TABLE II 

Phase IVB Collector Sizing Considerations 

Rim Angle 
Approximate 

Collector Efficiency 
{radl (deg) (0/0) 

1. 22 70 (Trimmed 90 0
) 63.7 

1. 57 rad 

1.40 ao (Trimmed 90 0
) 54.3 

1. 57 rad 

O. '79 45 55.97 

1. 05 60 50.5 

1. 22 70 52.4 

1. 40 60 63.8 

1. 57 90 64.6 

1. 66 95 64.9 

1. 75 100 65.0 

1. 83 105 55.1 

1. 92 110 65.0 

2.09 120 64.8 

Normal Insulation - 308 Btu/ft2 hr 971 W/m2 
Reflectance " 0.9 
Wind Velocity" 6,12 ips 1,86 m/sec 
Start Temp" 590°F 310°C 
Ambient Temp" 70°F 21°C 
Black Chrome Pipe W/o.55 m Wall 1.65 mm 
Code 7052 Glass w/o,06 in. Wall 1.52 mm 

Focal Length 
(rom) (in) 

500 19.68 

500 19.68 

1207 47.52 

666 34.10 

714 28.11 

596 23.45 

,5000 19.68 

458 18.04 

420 16.52 

364 15.10 

350 13.78 

289 It. 37 

Annulus" 0,375 in. Evacuated (0.5 Torr) 9,53 rum 66,7 Pa 
Length = 8 ft 2.44 m 3 
Flow Rate = 2 gpm 0,00013 m Isec 
No Sagging Considered 
No Insulation 
Energy Distribution cr = 0.00772 Radians 

APK~~~iv~~Dum Arc Length 
(mm) (in) (mm) (in) 

22.9 0.9 1. 51 59.36 

22.9 0.9 1. 85 73.16 

40.6 1.6 2.06 80.94 

35.6 1.4 2.11 82.92 

28.7 1.13 2.15 84.77 

26.7 1. 05 2.21 87.19 

25.4 1. 00 2.30 90.38 

25.4 1. 00 2.35 92.35 

24. 1 0.95 2.40 94.64 

24.1 0.95 2.47 97.31 

24.1 0.95 2.55 100.46 

24.1 0.95 2.76 108.67 

Remarks 

90 0 Rim Angle Focal Length 
1. 57 radian 
l. 4 Metres Aperture 

90~ Rim Angle Focal Length 
1. 57 radian 
1. 678 Metres Aperture 

2 Metres Aperture 

2 Metres Aperture 

2 Metres Aperture 

2 Metres Aperture 

2 Metres Aperture 

2 Metres Aperture 

2 Metres Aperture 

2 Metres Aperture 

2 Metres Aperture 

2 I\·tetres Aperture 



of tracking- and slope errors becomes more pronounced. Upon brief consideration of these factors, 

there appears to be no compelling reason at the present time to depart from 1. 57 radians (90·) 

rim angle although indicators point more toward smaller than larger rim angles. 

Degrees. 

45° 

60° 

70' 

80° 

95' 

100 0 

105' 

110° 

120 0 

Rim Angle 

80° @ 90° focus 

70° @ 90° focus 

TABLE III 

Collector Efficiency (%) and Arc Length Changes (%) 
Compared to 1. 57 Radians (90·) Rim Angle 

Radians Change in Collector Efficiency (0/0) 

0.79 -13.5() 

1.05 - 6.24 

1.22 - 3.39 

1.40 1.32 

1.66 + 0.40 

1. 75 + 0.63 

1.83 "- ().73 

1.92 + ().62 

2.09 + 0.34 

1.40 @ 1. 57 radian focus 0.46 

1.22 @ 1. 57 radian focus 1.38 

Change in Arc Length (%) 

-10.44 

- 8.25 

- 6.21 

3.53 

+ 2.18 

+ 4.71 

+ 7.67 

+11.15 

+20.24 

-19.05 

-34.32 

Since the influence of aiming and slope errors has been briefly mentioned, another influenc­

ing factor in effedive collector design is the accuracy with which the true focal line can be 

determined. The laser technique mentioned earlier can establish the true focal line for a given 

parabola and. presumably. such a technique can be used for production acceptance and quality 

control. However. if separate collectors are arranged in a contiguous manner and "gang" driven, 

the receiver tube assembly positioning will probably be along an average focal line. The influence 

of mislocation of a receiver tube assembly is illustrated in Figure 24. For the conditions shown, 

the receivers can be mislocated only by ± 10% of their diameter without suffering a significant 

loss in effectiveness. The receiver diameter could be made slightly larger to compensate for 

mislocation without a significant efficiency penalty as shown in Figure 20. 

In summary, a 1. 57 radians (90·) rim angle appears reasonable, and the receiver tube 

diameter can be sized based upon the techniques resulting in the data shown in Figure 20. 
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TABLE IV 

Figure of Merit vs Collector Rim Angle 

Rim Angle 
(rad) (deg) AEerture l 

(m) Fi~re of Merit* Figure of Merit** 

1.22 90 (Trimmed to 70) 1.4 1.419 1.095 
1.22 rad 

1.57 90 (Trimmed to 80) 1.678 1.431 1.036 
1.40 rad 

0.79 45 2 1.560 1.114 

1.05 60 2 1.461 1.050 

1.22 70 2 1.434 1.038 

1.40 80 2 1.442 1.044 

1.57 90 2 1.466 1.066 

1.66 95 2 1.491 1.085 

1. 75 100 2 1.522 1.109 

1.83 105 2 1.557 1.137 

1.92 110 2 1.612 1.176 

2.09 120 2 1.739 1.273 

*Based On: (Average Receiver Circumference + Reflector Arc Length)/(Collector Efficiency) 
(standard Collector Length) 

>(o:>:Based On: (1/4 Average Receiver Circumference + 3/4 Reflector Arc Length) 
(Collector Efficiency)(Standard Collector Length) 
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Collector Sizing 

The discussions on receiver sizing have been, to a large extent, based upon the fact of optical 

congruence. The collector aperture could have been 1 metre or 10 metre wide, and the same 

conclusions would hold. Once the energy delivery requirements for a collector field are established, 

other factors must be considered. For a given energy delivery requirement at a specified temper­

ature, the flow rate is established. Heat transfer into the working fluid at a given flow rate is a 

function of diameter and is not linearly proportional (congruent). To a limit, the energy transfer 

into the working fluid is enhanced by a smaller receiver diameter. Since this is the situation, the 

collector aperture can be adjusted to achieve the proper receiver diameter to optimize the 

collection efficiency. It must be kept in mind that energy delivered is energy collected less energy 

required to drive the fluid through the collector system. If the pumping .losses are kept to some limit, 

say 1 % of the collected energy, and the flow is maintained in the turbulent regime to maintain effect­

ive heat transfer, it is possible to establish some collector sizing limits. One such attempt is 

portrayed on Figure 25. A 2 metre aperture has a higher collector efficiency than a 2.74 metre 

aperture collector ,although both collectors have a 1.57 radians rim angle. The 25.4 mm receiver 

OD associated with a 2 metre aperture is a practical minimum size because of friction losses at 

the 1% level. As previously suggested, the number or length of collectors must be increased to 

capture the same quantity of solar energy. More narrow apertures mean smaller supports and 

frames and smaller structures due to smaller bending moments in wind-loading. Whether those 

cost reductions compensate for greater numbers or length of collectors remains to be seen. 

However, if costs are the same, the 2 metre aperture is potentially more effective . 
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Figure 25. Energy Input Influence on Receiver Sizing 
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Influence of Asymmetric Heating 

With 1.57 radians rim angle line-focus reflectors, a much greater amount of energy is 

deposited upon one· half of a receiver tube than upon the other half. If the heat transfer liquid and 

receiver material cannot effectively transfer this energy into the lower energy-deposition areas 

of the receiver, significant asymmetric heating of the fluid and receiver distortion can occur. 

For organic heat transfer liquids, allowable film temperature limits can be exceeded which will 

result in lower heat transfer, viscosity increases, and greater pumping losses. If the liquid 

boils, the collector system must be designed to withstand the press ures without venting and loss 

of energy and fluids. The heat transfer ability of a liquid-gas system would not normally be as 

good as a liquid system due to mass flow considerations. With respect to the foregoing, water is 

an excellent heat transfer liquid but requires nearly 11 x 106pa (1600 psi) overpressure at 315°C 

to prevent boiling. Any storage system for high temperature water has significant safety hazards. 

Several possible techniques for better distribution of the energy have been considered. Copper 

receiver tubes would circumferentially transfer the energy better than steel tubes but are more 

expensive, more ductile, and require more supports to prevent sagging. Increasing the thickness 

of the steel tubes would increase the weight of the tube at a greater rate than the moment of inertia 

is increased and more supports would also be required. The use of internal rods to force annular 

flow is a technique to better transfer the energy into the liquid by decreasing the hydraulic radius 

and thereby increasing the film coefficient of heat transfer. Other mixing techniques that require 

lower pumping work are being investigated. As an indication of the distortion caused by asymmetric 

temperatures in steel receiver tube 1. 6 mm thick, a diametral temperature difference AT of 

56°C can cause an additional 25.4 mm sag over a 3.66 metre span. 

Calculations for the organic liquid Therminol 66 (Figure 26) indicate that a AT of this 

magnitude can occur. Obvious solutions to prevent the AT are to use internal rods and to 

increase the flow rates. These effects are shown in Figure 27. The internal rod delays larger 

d TIs until much lower volumetric flow rates are reached. In both cases shown in Figure 27, 

increasing flow rate decreases the dT in the liquid. Flow rate control is an important parameter 

in the use of organic liquids. 

Other Design Considerations 

If collectors are oriented on an east-west axis, it is prudent to arrange them contiguously 

to minimize the energy losses at morning and evening due to high non-normal incidence angles 

causing end losses. An 18.3 metre length of receiver tubes when heated from ambient to 315°C 

can expand nearly 76 mm in length. Flexible end joints and linear slides must accommodate 

this expansion. One design which can be used is illustrated in Figure 28. The pins which fix 

the receiver tube position also accommodate the expansion by allowing sliding. The pin-hole 

clearances also allow SOme end flange rotation due to the receiver AT. The expansion bellows 

accommodate the linear expansion differences between the glass and the steel receiver tube. 
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Figure 28. Receiver Tube and Support Assembly 

The glass should reach temperatures of less than llO·C although the receiver reaches 315·C. 

The glass-to-metal seal is formed by expansion-matched borosilicate glass anll Kovar. Operation 

with liquids at 315°C requires durable leak-proof seals. Hollow metal "0" rings are adequate 

for this de sign. 

The thickness of the receiver tube has been briefly mentioned. The span of the receiver 

between supports represents a trade-off between deflection and circumferential energy transfer. 

The thicker the tube material, the greater the sag and the better the energy transfer, and vice versa. 

The internal rod for obtaining high film coefficients of heat transfer is hollow such that it will 

"float" in the liquid and not sag against the internal diameter of the receiver tube and exaggerate 

the receiver sag from the focal line. 

Another receiver tube assembly design which appears to be capable of satisfying all require­

ments is illustrated in Figure 29. In this design, commerical tube fittings and silicone "0" rings 

replace the flanges, welded joints, expansion bellows, and glass-to-metal seals. Calculations 

prior to testing and temperatures obtained during testing indicate "survival" of the seal for long 

periods. In addition, broken glass tubes are easily replaced so repair is inexpensive. 
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Figure 29. Alternate Receiver Tube Assembly Design 

Miscellaneous Considerations 

The orientation of collectors (N-S axis versus E-W axis) also is involved with trade-offs. The 

east-west oriented collector arrangement will typically collect less energy than the north-south, 

but it is more economical in land utilization because of shadowing Gonsiderations, lower in con­

struction and pipeline costs, and has less pumping and thermal losses from one collector bank to the 

next because they can be closer without shadowing. Another consideration is that the east-west col­

lector sunset position is almost exactly the .position for sunrise. The north-south must be driven 

from the evening to the morning position. East-West orientations lend themselves to uniflow re­

ceiver designs. An option for counterflow receivers appears to be more appropriate for north­

south orientations. At that, the proposed use of counterflow receivers should require detailed 

thermal analysis because of the asymmetry of energy deposition for parabolic-cylindrical collectors. 

East-West linear-focusing collectors with off-axis receivers may offer Some promise of 

construction cost reductions in exchange for less energy collection due to solar aperature and cosine 

effects. Certainly off-axis receivers can have lower thermal losses due to the insulation which can 

be used. The selection of the orientation and collector design is a function of the importance of 

these considerations, the latitude, and the expected amount of sunshine at the site. 
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APPENDIX A 

CALCULATIONS OF RIM ANGLE FOR MINIMUM 
AVERAGE DISTANCE FROM FOCUS TO PARABOLA 

General Formula for Parabola: y 
2 x 

4p 

y 

----------~~-+~~--~------. x 

r = [ ~2 + P + x 
2 4 ]1/2 

--2 
16p 

Average distance from focus to parabola: 
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F = px + ~2p 

xl :max 
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x max 
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Xmax 
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px 
max 

Directrix 
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Minimum average distance for x x : max 

2 
x 

F P + 
max 
12p 

2 
df 

x 
1 

max - --2-
dp 

12p 

2 
x 

0 1 - max 

12p 
2 

Xmax 
p 2~ 

@ x 1 
max 

P 0.288675 

Distance from focus to parabola expressed in polar coordinates: 

@ I! 

p 
r( 1 - cos I) ) 

2 

60° (i.e., rim angle 

x 1 
max 

r ~ 1.1547 

and p 
1.1547(1 - cos 60°) 

2 

P 0.288675 

.'. Minimum average distance occurs at 120° rim angle 
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