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I. INTRODUCTION 

Flat-plate and concentrating collectors are the two main types of 

solar collectors. Generally, flat-plate collectors are used for rela-

tively low temperature applications while concentrating collectors are 

more suitable for high temperature applications. The performance of a 

flat-plate collector is weakly dependent on the direction and composi-

tion of the incoming solar radiation, while the performance of a concen-

trating collector is strongly dependent on the nature of the incoming 

radiation. The directional dependence of concentrating collectors has 

led to a class of collectors which track the sun. The tracking systems 

are expensive and may be precluded by economic considerations. Clearly, 

stationary concentrating collectors, the subject of this investigation, 

could have a potentially lower manutacturing cost than the very precise 

tracking collectors. Stationary concentrating collectors can also have a 

potentially lower manufacturing cost than flat-plate collectors because 

they require less absorber materials and back insulation per unit aper-

ture area than flat-plate collectors. Furthermore, concentrating collec-

tors have a lower overall loss coefficient than a flat-plate collector as 

a result of concentrating the radiative flux on a smaller area. The main 

disadvantages of stationary concentrating collectors are the inability 

to concentrate diffuse radiation and the misalignment of beam radiation 

caused by the daily and seasonal (apparent) movement of the sun. 

1.1 Problem Statement 

The object of this investigation is to optimize thermally a sta-

tionary concentrating collector for a season. The optimum collector 

1 
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design is one which collects the most energy at a given inlet temp-

erature for a given season. The optimum design will depend on parame-

ters such as latitude, type of application, weather conditions and sea-

son of operation. Since some of these parameters change during a season, 

a seasonal performance is more realistic than a performance evaluated at 

one set of environmental and operating conditions. A seasonal perform-

ance is also more helpful in designing and sizing a solar heating system 

for a building. 

The scope of the present study includes theoretically investigating 

a cylindrical-parabolic collector and obtaining specific information on 

the distribution of losses associated with different designs. With a 

better understanding of the losses associated with concentrating collec-

tors, advances can be made in improving the efficiency at reasonable 

manufacturing costs. 

In the next section, the weather model needed for predicting the 

season performance of concentrating collectors is discussed. This dis-
,, 

cussion is followed by a review of the literature on concentrating solar 

collector reflector profiles. 

1.2 Weather Model Literature Review 

A seasonal performance model is needed to optimize a concentrating 

collector's performance. This model must have, as a minimum, weather 

input parameters for specific locations. Solar radiation, ambient 

temperature, and wind speed are the major parameters affecting collector 

performance. Most solar radiation data are in the form of daily LOtal 

radiation on a horizontal surface [l-6). This form of insolation data 
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can be used to evaluate solar collector performance by constructing 

11 typical 11 daily distributions of beam anri scattered radiation. Hourly 

average values are generally sufficiently accurate for the purpose of 

investigating collector performance. 

Liu and Jordan [7] developed a procedure for converting average 

daily total radiation on a horizontal surface into hourly beam and 

hourly scattered radiation in the plane of an arbitrarily-oriented col-

lector. Their model is the most commonly used model in flat-plate and 

concentrating collector performance analyses. Their method [7], without 

any major changes, has been in use for eighteen years. Norris [8] com-

pared Liu and Jordan's results to actual measurements in the plane of 

collector and found remarkably good agreement (within seven percent) . 

Other authors [8-14] have proposed alternate methods for segments 

of Liu and Jordan's basic procedure. References 8,9,12,13 and 14 are 

based on empirical formulations and require either additional weather 

information or are restricted to certain latitudes and locations. Nor-

ris [9] and Reddy [13] require the type of cloud cover be specified. 

Alternately, Reddy [14] requires the mean humidity, number of rainy days 

per month, and fraction of bright sunshine per day be specified. Iqbal 

[10] also requires specifying the fraction of bright sunshine per day. 

The modifications proposed in references 8,9,10,12,13 and 14 were consid-

ered for the present study but were not used because of the lack of gen-

erality and because the additional weather data is not generally availa-

ble. Heywood [11] suggested using solar declination periods instead of 

months. Although his approach could be an improvement, most available 
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weather data are reported in terms of monrhly averages. 

There are three main methods available to determine the seasonal 

performance of a collector using monthly average weather data. One 

method is the af-chart" method designed by Beck.cr:an, Klein and Duffie 

[3]. Their method applies to flat-plate collectors only and is there-

fore not pertinent to this study. A second method [ 5 ] is one which uses 

"utilizability curves" and calculated values for the primary collector 

performance parameters: (Ta), FR, and UL. This method is used primarily 

for flat-plate collectors, but through some modifications can be used 

for concentrating collectors. The third method is to use energy bal-

ance equations from Duffie and Beckman [ 1 ], and ray tracing techniques 

from Thomas [15]. The second and third methods are similar but the 

third method is more adaptable to parameter studies. The third method 

was experimentally verified for normal radiation by Smith (16]. For 

the reasons previously noted, a weather model based on Liu and Jordan 

( 7] along with a collector performance model based on Duffie and Beckman 

[1] and Thomas [15] are used to optimize the design with respect to 

thermal performance of a cylindrical concentrating collector. 

1.3 Reflector Profile Literature Review 

There is still a question as to the best shape for a reflector in a 

fixed cylindrical concentrating collector. The optimum fixed cylindri-

cal concentrating collector would direct all off-normal beam radiation, 

resulting from daily and seasonal movements of the sun, to the absorber 

and still maintain a high concentration ratio. Meinel [ 7] examines 

several different profiles that attempt to accomplish these requirements. 
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One of the most popular profiles currently is the Winston compound 

parabolic reflector [18,19,20]. A characteristic of this profile is a 

high concentration ratio for a large acceptance angle. The Winston 

profile consists of two symmetrical 1:1alf-parabolic cylinders with foci 

placed on each other and the "tops" parallel to the normal axis as shown 

in Fig. la. A variation of the Winston design is one which widens the 

aperture area to achieve a higher concentration ratio, but at the expense 

of an extra reflection. This shape is discussed by Meinel [17) and Rahl, 

et al. [21) and shown in Fig. lb. Present reflectivities of approximate-

ly 80 percent practically preclude the use of this profile due to the 

loss from the extra reflection. 

The high cost of manufacturing compound parabolic reflectors has 

lead to a class of less efficient, but easier to manufacture, reflectors. 

These include the simple V-groove reflectors analyzed by Weibelt [22], 

the composite trapezoidal groove reflectors investigated by Villanueva 

and Trong [23], and segments of circular profile developed by Shapiro 

[24]. These shapes are shown, respectively, in Figs. le-le. 

The classical shapes are the parabolic, elliptical and circular 

profiles shown in Fig. 2. The differences in profile are slight, but 

the performance can differ markedly for off-normal beam radiation angles. 

Smith [16) investigated a cylindrical-elliptical collector manufactured 

by Martin Processing Company, Inc. An earlier manufacturing process of 

cutting the trough with an inclined circular saw produced the elliptical 

profile. Recent manufacturing changes have resulted in a parabolic re-

flector profile. Therefore, the scope of this investigation deals 
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a. b. 

c. 

e. 

Figure 1. Current Concentrating Collector Profiles: 
(a) Compound parabolic; (b) Cusplike 
compound parabolic; (c) V-groove; (d) 
Composite trapezoid; and (e) Segments of 
circular profile. 
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Figure 2. Comparison of Parabolic, Elliptic and Circular ProfJ.les 
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primarily with parabolic profiles and an optimization of the present 

design cf the Martin P~ocessing Company's concentrating collector. 

The theory needed to optimize the present ccncentrating collector 

design is developed in the ne~c: chapter. A weather model supplies solar 

radiation data, angles of beam radiation, ambient temperatures and wind 

speeds to a collector performance model. The collector performance 

mo~el is an extension of the present state-of-the-art collector theory 

and includes ray-tracing techniques, energy balances on collector com-

ponents and an accurate model of the cover transmittance. The collector 

performance model gives values for the total energy collected in a 

season in order to determine the optimum design. Clearly, economics are 

important in determining the optimum design but are not specifically 

included in the present investigation. 



II. ANALYSIS 

2.1 Weather Model 

A weather model is needed to determine the average collector 

output for a season. Several methods are used to obtain solar 

radiation availability. One method is to obtain hourly data from 

a nearby weather station and project future perfor:man.ce based on 

data from one or several seasons. Hourly data are not available for 

most locations. A one-year sample may not be representative of 

future weather conditions. Also, predicting collector performance 

hourly for the season require.s au excessive amount of computer ti..TO.e. 

A second method is to use the average solar radiation available for 

a month, and, from this value, predict the monthly performance. Because 

the performance of a solar collector is not linear with solar 

radiation, this method could lead to large uncertainties. A third 

method is to use monthly averages of total radiation on a horizontal 

surf ace, ~' and convert this value to hourly radiation in the plane 

of the collector. As of 1972, 86 weather stations record H~. Since 

these values are long-term averages, future predictions are more 

reliable. Liu and Jordan [7], employ a procedure for manipulating 

~ data into hourly beam and scattered radiation in the plane of the 

collector. This procedure has a :ninimum of inputs, is fairly easy to 

implement in equation form, and has been verified by measurements. 

For these reasons, the procedure by Liu and Jordan is used as the 

basis for the weather model. 

9 
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The input parameters for this model are H~ data, latitude, 

azimuth angle, and collector slope. All data is based on the mid-day 

of each month (day 15 or 16). The day number associated for that 

month is 

n = 15 + 30.24 (_m-1) (2 .1) 

where m is the numb.er of the month. The equations for the declination, 

sunrise angle, and the daily extraterrestrial solar radiation are, respec-

tively, 

and 

a= 23.45 sin[360(284 T n)/365], 

w s arc cos[-tan¢tano], 

(2. 2) 

(2.3) 

H 
0 

360n 37 210[1 + 0.033 cosC365 )][cos¢cosocosw8 

(2 .4) 

In order to determine the percentage of ~ that is scattered 

radiation, a cloudiness index, KT• is introduced. The cloudiness 

index is the fraction of extraterrestrial radiation that is trans-

mitted through the atmosphere. A high ~ indicates a locality with 

clear weather while a low ~ indica~es a cloudy region. A relation-

ship between th2 ratio of ~ tc ~. ~· and the clouciiness inde.."'{ is 

obtab.ed f:::om fitting a curve to the data in [7j. 

Fu = ~/Hi = 1.444 - 4.410 K.r + 6.300 3.594 2 . 
.I. 

(2.5) 
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Once the daily total and daily s~attered radiation have been 

determined, the hourly radiation can be obtained from correlations in 

references 25 and 26. The theoretical ratio for hourly to daily 

horizontal radiation can be obtained by ir..tegratiag the extra-

terrestrial radiation on a horizontal surface for one hour and one 

day. The 

or 

ratio is 

!W2 
wl Io cos6 2dw 

ro -f 0 
2 '.lls Io cosezdw 

J•w2 
= w1 Io(sin8sin¢+cosocos¢cosw)dw ro 
2( 0 w5 Io(sinosin¢+cosocos¢cosw)dw 
• 

After integration and simplification, Eq. (2.7) yields 

ro = [sinwl-sinw2 - (wl-w2)cosws] 
2[sinw8-w8cosw8J 

(2. 6) 

(2.7) 

(2. 8) 

For the hourly values, let 1;J correspond to the middle of a given hour. 

Then 

ro = (2. 9) 

or, after using a trigono~etric identity and some simplification, 

ro = (2.10) 
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The data in references 25 and 26 agree we.12. with the theoretical 

ratio for scattered radiation, while the total radiation data do 

not. This discrepancy could be a result oi the difference in 

attenuation of bealll radiation in the atmosphere at different hour 

angles. Curve fits to the hourly total data in references 26 and 26 

yield 

for 1.u 

2 
r~ - a + a, w5 + a w 
~,w O,w ~,w 2,w S 

5 7 3 "1 ,~ 
''11" + 1f +-3. +.2. +....1!.+J:......!.+:..::22!". 

,... 12' - 4' - 12' - 12' - 4' - 12' - 12 . 

The coefficients in Eq. (2 .11) are listed in Table 1. 

(2 .11) 

Since most solar collectors are operaced at some angle of tilt 

from the horizontal, the hourly total and hourly scattered radiation 

val'.les for a horizontal surface nust be converted into radiation on 

a tilted surface. The form of radiation incident on the tilted 

collector is conposed of beam radiation from the sun, scattered 

radiation from the sky, and reflected radiation from the ground. The 

conversion ratio for the bealll component is 

cos6 
cos8 z 

(2 .12) 

Assuming the scattered radiation from the sky is diffuse, the tilted 

collector receives a fraction of the sky radiation equal to ~(l+cos S). 

The collector also receives a fraction of the total radiation reflected 

off the ground equal to 12(1-cos S). Thus the conversion ratio for the 

scatte!'ed (diffuse) component is 

~ = ~(l + cos S) + \?(l ·- cos S) pG/~ (2.132 



1f + 1!.. w + 12 -4 

ao 0.3746 o. 2720 

-
-3 -3 

al -3.734xl0 -2.178xl0 

-5 -6 
a2 1. 276x10 6.407xl0 

Table 1. COEFFICIENTS OF EQ. (2.11) 

+ Sn 
- 12 

+ 7n 
- 12 

+ 31r 
-4 

0.0602 -0.1729 -0.2481 

1. 24l1xlO -3 L1.907xl0 -3 5. 216xl0 -3 

-8.197x10 -6 -2.370xl0 -5 -2. 233xl0 -5 

+ 111£ 
- 12 

-0.0611 

7.570x10 -4 

6. 356xl0 -7 

+ 131£ 
- 12 

-7. 429xl0 -3 

-~ 

-2. 986xl0 -4 

- 4.257x::_j 

t-' 
v~ 
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Finally, the hourly total radiation incident on the plane of the 

collector is 

(2.14) 

with a diffuse fraction equal to 

(2.15) 

Equations for the incidence angle, and other pertinent angles relative 

to the collector are given in Appendix I. 

Other environmental parameters affecting collector perf onnance 

are ambient temperature and wind speed. The ambient temperature 

used should be the average daytime temperature, and the wind speed 

should also be the daytime average. These average quantities can be 

obtained from many airports and weather stations. Altitude, 

humidity, and atmospheric dust are environmental parameters which 

have a minor effect on collector performance but were neglected. 

2.2 Cover Transmittance 

During the course 0£ a day, a non-tracking solar collector will 

receive radiation over a large range of incidence angles. To 

accurately model the cover transmittance throughout this range of 

incidence angles, a theoretical model more complete than a trans-

mittance evaluated at an average incidence angle is needed. A 

collector having one cover is analyzed first. 
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The reflection of nonpolarized. radiation is found for each 

component of radiation by the following equations derived by Fresnel, 

p' = sin2 (8 2-e)/sin2 Ce 2+8), m (2 .16a) 

and 

p' 2 2 = tan (8 2-8)/tan (8 2+8), n (2 .16b) 

where 82 is found from Snell's law for a transparent media with n>>K, 

82 =arc sin ((sin8)/n]. (2.17) 

The absorption of radiation in the cover is found by integrating 

Bouger' s Law and gives 

(2 .18) 

The reflectances for one cover including multiple reflections within 

the cover material are 

p = p' [l+-r2(1-2p')]/[l-(-r p 1 ) 2J, m m a m am (2.19a) 

and 

p = p ' [ 1+-r2 (l-2p ' ) ] I [ 1-('r p ' ) 2] • n n a n a n (2.19b) 

The total reflectance is found by averaging the two components of 

reflectance, giving 

p= (p +p·· }/2 • m n (2. 20) 

The transmittances can be found in a manner silll.ilar to the reflectances 

and are 
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(2. 21a) 

2 ,., 
L = L [1-p] /Il-(• p )~], n a n a n (2.21b) 

and 

T = ('r + T }/2 m n (2. 222 

For cover systems with two or more covers, Eqs. (2.16)-(2.22) are 

applied to each cover, and combined in the following manner to 

obtain the overall reflectance and transmittance. The top two 

covers are combined to yield 

(_2. 23) 

and 

(2. 24) 

The top two covers are now treated as one compound cover, and combined 

with the third cover as follows, 

(2. 25) 

and 

(2.26) 

Solar collectors with more than three covers are uncommon, but could 

be analyzed in a similar manner. If the scattered fraction of 

radiation is assumed diffuse, the diffuse transmittance can be 
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calculated from Ramsey, et al. f27] as 

f rr/2 

Td = 0 Tc (6) sin (26) de (2.27) 

Equation (2.27) must be integrated by numerical means as a result of the 

complicated function T (8). The transmittance-absorptance product c 

can now be calculated as follows, 

(2.28) 

where pc, 60 is the diffuse reflectance of the cover system, which 

is approximately the cover reflectance at an incidence angle of 

60 degrees. 

?.3 Collector Performance Hodel 

The collector performance model used to thermally analyze 

different collector designs was developed by Thomas [15] and 

modified by the author for parabolic profiles. The performance 

model is based on state-of-the-art collector theory IlJ consisting 

of energy balances on the collector components and ray-tracing 

techniques to determine the radiative flux on the absorber. The 

environmental conditions, operating conditions, collector dimensions, 

heat transfer properties, and optical properties must be specified to 

calculate the useful energy collected. The thermal analysis, ray-

tracing logic, and equations used in the collector performance 

model are in Appendix II. 

Smith [16] verified the theoretical model used in this 
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investigation experimentally with collector efficiency tests and 

found the model adequate for use as a design assistance tool. The 

theoretical efficiency intercept was within 2.5 percent of the 

experimental efficiency intercept and the theoretical stagnation 

temperature was within 10°C of the experimental stagnation temperature. 

This model, with environmental conditions supplied by the weather 

routine, are used in a parameter study of the Martin Processing 

Company's concentrating collector in the next chapter. 



III. RESULTS AND DISCUSSION 

The cylindrical-parabolic concentrating collector to be optimized 

is shown in Fig. 3. The collector contains seven identical parabolic 

troughs with flattened copper tubes as the absorbers. The absorber has 

a· selective surface with an estimated absorptance and emittance of 0.93 

and approximately 0.20, respectively. The reflectors are constructed 

from polished aluminum sheets formed into shape by parabolic supporting 

ribs along the length of the cylinder. The cover material, Llumar*, is 

a weatherable polyester film. Fiberglass insulation is added between 

the reflectors and the back cover to reduce back conduction losses. 

Fig. 4 shows a cross-section of the collector with the dimensions and 

nomenclature as used in the parameter study. 

Fig. 5 was constructed to compare the distribution of losses for 

the present collector design. Each of these losses is described below: 

(a) Cover losses result from radiation absorbed in and reflected 

from the cover, i.e., ' < 1 and p > O. c c 

(b) Absorptance losses result from an imperfect absorber, i.e., 

a. f: 1. p 

(c) Beam intercept losses result from beam radiation which leaves 

the reflector and does not intercept the absorber. The loss 

can be caused by a misaligned absorber, an absorber of insuf-

ficient width, or the reflecting profile. 

(d) Reflector losses result from an imperfect reflector, i.e., 

p :/: 1. r 

*Registered trade name, Martin Processing Company. 
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Fig. 3. Cylindrical Parabolic Solar Collector 
Manufactured by Martin Processing Co., Inc. 
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(e) Convection losses result from heat lost from the absorber to 

the surrounding gas by natural convection. 

(f) Back conduction losses result from heat lost from the back of 

the collector. 

(g) Radiation losses result from (long wave) radiation emitted 

from the absorber to the ambient and sky. 

The distribution of collector losses was obtained by starting with com-

ponents having perfect properties and individually considering actual 

components. (The calculation procedure precluded setting the convection 

losses exactly equal to zero, which caused a slight slope in the optical 

loss curves.) The dashed curve represents the collector's performance 

without a selective surface. Environmental and operating conditions used 

to construct Fig. 5 are listed in Table 2. These conditions are normal 

testing conditions, which are somewhat better than seasonal averages. 

The distribution of losses, however, is not very sensitive to environ-

mental conditions. 

Fig. 5 shows that the main losses are a result of convection, re-

flection, and cover transmittance. The "optical" efficiency, or effi-

ciency when the mean absorber temperature is equal to the ambient temp-

erature, is 59 percent. This efficiency corresponds to (•a) in flat-

plate collectors and is generally about 85 percent when high quality 

glass is used for the cover. 

Of the three main losses, the cover and reflector losses are limit-

ed by the materials used. Using glass for the cover and a thin layer 

of silver for the reflector could reduce these losses, but the added 



Table 2. VALUES FOR ENVIRONMENTAL AND OPERATING CONDITIONS 

T = 15°C a 

nd 0.15 

V = 3.1 m/s 

G 

Ht = 800 W/m2 
T 

2 0.02 kg/(s•m) 

C = 0.5 ethylene glycol 

S = 52 deg 

tjJ 7.5 deg 

r; = 0 deg t..J 
.l:' 
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cost would have to be considered. Fig. 6, similar to Fig. 5, shows the 

performance when the plastic cover is replaced by a glass cover. The 

glass has an index of refraction equal to 1.518 and an extinction coef-

ficient equal to 0.11 mm-l The normal transmittance of the glass is 

0. 89 and the long wave transmittance is 0.02. The glass cover adds i~cr 

percentage points to the efficiency at the lowest inlet temperature and 

five percentage poir:.ts to the ~ffi::iency at fre hi6ht::st fa.let tempera-

ture. (The efficiency is cne percentage point better for high inlet 

temperat!lres as a result of the lower long wave transmittance of glass.) 

The added cost of glass would be more nearly cost beneficial at higher 

rather than lower inlet temperatures. 

The convection losses can be reduced by adding a convection sup-

pressor or by decreasing the area of the absorber. A convection sup-

pressor could be an additional cover or a highly transparent tube over 

the absorber. Both suppressors would increase the cover losses. The 

economic feasibility would depend on the operating temperature as well 

as the transmissivity of the suppressors. Decreasing the absorber size 

would reduce the convection losses and, to a small degree, radiation 

losses but would increase the beam intercept losses. At higher inlet 

temperature~ a tradeoff between decreasing the convection losses while 

increasing the beam intercept losses may give an overall increase in 

the performance of the collector. 

The optimization of the present collector design involves a 

parametric study on the dimensions of the collector for three different 

temperature ranges. These temperatures, which are 3cf'C, 6cf'C and 90° C, 
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correspond to operational temperatures for domestic hot water, space 

heating, and process heat, respectively. It is assumed in the optimiza-

tion study that all of the solar energy collected can be used. This 

assumption is fully valid for solar energy systems supplying about one-

half or less of the total energy requirements. The weather data used is 

from Blacksburg, Virginia, and is considered to be representative of the 

middle eastern coast of the United States. Domestic hot water and pro-

cess heat are used year-round while space heating is required only for 

the winter months. However, to save considerable computer time, the 

optimization was performed over a symmetric, with respect to the decli-

nation, six-month period, starting in October and ending in March. 

The optimum orientation of the present collector design must be 

obtained for the season to minimize the off-normal incidence angles with 

respect to the normal of the collector. Fig. 7 shows a plot of the ef-

fectiveness as a function of the collector slope for a south-facing_ 

collector. The effectiveness is defined as the ratio of the useful 

energy per unit area collected to the total horizontal ins-olation. 

Effectiveness is used instead of the efficiency because a mis-oriented 

collector can have a high efficiency, but collect little useful energy. 

The effectiveness and efficiency are related by the following equation, 

= (3.1) 

Note that the effectiveness can be greater than one. 

Fig. 7 applies to arbitrary locations as a result of subtracting the 

latitude from the collector slope. This reasoning can be deduced by 
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using the incident angle equation in Appendix I for a south-facing 

collector at solar noon, which gives 

cos e = sin 0 sin 8 cos s sin o cos 8 sin S 

+cos o cos 8 cos S +cos o sin 8 sin S. 

Using a trigonometric identity and further simplification yields 

8 = 8 + s - ~. 

(3.2) 

(3.3) 

The maximum energy available during a day for a fixed collector occurs 

when 8 is zero in Eq. (3.3). Therefore, the optimum collector slope for 

any given day is the latitude minus the declination. Since the latitude 

is constant throughout the season, it can be subtracted from the collec-

tor slope and make the result independent of location. The seasonal en-

ergy collected, however, is a function of the insolation, declination, 

latitude and collector slope for the season and cannot be expressed as 

a simple relation. The optimum heating season collector slope from Fig. 

7 is the latitude plus 15 degrees. 

The width and position of the absorber can have a large influence 

on the performance of a concentrating collector. A balance must be 

considered between the heat loss from the absorber and the fraction of 

radiation intercepted by the absorber. Figs. 8-10 show the effect of 

absorber width and position above the reflector on collector effective-

ness. The optimum widths for inlet temperatures of 30°C, 60°C and 90'Care 

30 nnn, 25 mm and 10 mm, respectively. The corresponding bottom clear-

ances for inlet temperatures of 30°C, 60°C and 90°C are 0, 0 and 7.5 mm, 

respectively. Figs. 8-10 also show that for any absorber width the 
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and 
b 
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F - W/2 for W < 2F, 
(3. 4) 

0.0 for W > 2F. 

Equation (3.4) shows that the absorber should be centered at the focal 

point or resting on the reflector. In practice, a small space should be 

left between the absorber and reflector to minimize conduction losses. 

Also, the unusually small absorber width, calculated for an inlet temp-

erature of 90°C may cause positioning and strength problems during manu-

facturing and high pressure drops during operation. 

Fig. 11 shows the distribution of losses for a collector with an 

absorber width of 25 nun and no bottom clearance. The 7 mm decrease in 

absorber width, compared with the existing design, causes the "optical" 

losses to increase by two percentage points. The overall loss coeffi-

cient or slope of the curve in Fig. 11 is decreased slightly, causing an 

intersection of the curves in Figs. 5 and 11 at a temperature difference 

of approximately 30°'C. Therefore, an absorber width of 25 mm should be 

used instead of the existing absorber width of 32 mm for temperature 

differences greater than 30°C. 

The collector is now essentially optimized without major changes in 

materials and structure. Since the cost of the collector is proportional 

to the number of troughs used, the effect of reducing the number of 

troughs on the collector effectiveness is considered. Increasing the 

thickness of the collector does not increase the potentially available 

energy, but does increase the material costs. Therefore, for a constant 

trough depth, the aperture width should be increased resulting in fewer 
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troughs. Increasing the aperture width increases the focal length and 

sensitivity of the concentrator to the angle ~· A parameter study of 

absorber widths is, therefore, necessary. Figs. 12-14 show curves for 

the present collector with seven troughs and collectors with six, five 

and four troughs. A bottom clearance calculated from Eq. (3.4) is used 

in these curves. The curves in Figs. 12-14 show only a five percent loss 

of useful energy with five troughs instead of seven at an inlet tempera-

ture of 30°C and an 11 percent increase for five troughs instead of sev-

en at an inlet temperature of 60°C. For an inlet temperature of 90°C, 

four troughs increased the useful energy by 58 percent. The main reason 

for the increases in useful energy at higher temperatures is that the 

concentration ratios are higher for a "flatter" parabola. The disadvant-

age for a "flatter" parabola is its poorer ability to concentrate off-

normal radiation. The off-normal radiation, however, was minimized by 

optimizing the collector orientation first. 

The distribution of losses for a five-trough collector with an 

absorber width of 30 mm and a bottom clearance of 10.2 mm is shown in 

Fig. 15. When Fig. 15 is compared to Fig. 5, a notable increase in ef-

ficiency results for the five-trough collector for temperature differ-

ences greater than 30°C. The "optical" losses are four percentage 

points higher for the five-trough collector because the "flatter" parab-

ola is more sensitive to off-normal radiation, which results in larger 

beam intercept losses. The higher "optical" losses of the five-trough 

collector are offset as a result of increasing the concentration ratio 

by 40 percent over the previous design. With a higher concentration 

ratio, the overall loss coefficient is lower, which enables higher 
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efficiencies for high inlet temperatures. 

Changing the cover material to glass and adding a Teflon tube 

around the absorber were also considered. The glass cover reduced the 

cover losses by 35 percent. Fig. 16 is similar to Fig~ 15 but with a 

glass cover. Again, changing the cover to glass improved the efficiency 

by four percentage points for the entire range of temperature differenc-

es. Adding a Teflon tube over the absorber was difficult to analyze an-

alytically; therefore, the performance was investigated experimentally. 

The experimental results showed that the Teflon tube caused a 2.5 per-

centage point decrease in efficiency for an inlet temperature equal to 

the ambient temperature. This value was close to the anticipated de-

crease in efficiency. The Teflon tube also caused a four percentage 

point decrease in efficiency for a temperature difference of 70°C, which 
• 

was not expected. The Teflon tube should have suppressed the convection 

losses, which would decrease the overall loss coefficient and cause high-

er efficiencies at high inlet temperatures. The comparison was made with 

two similar collectors, one having Teflon tubes around the absorbers and 

the other in its original condition. The most likely explanation for 

the discrepancy at high inlet temperatures is that the modified collector 

could have been damaged in the process of adding the Teflon tubes. Dur-

ing the process of desoldering the absorber tubes in order to insert the 

Teflon tubes, a misalignment of the absorber tubes apparently resulted 

in optical losses and thermal shorts to the collector casing. Other 

possibilities that were considered but eliminated are degradation of the 

selective surface by the soldering process and small openings in the Tef-

lon tubes. 
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For a concentrating collector to be successful commercially, it 

must be able to compete against the conventional flat-plate collector. 

The distribution of losses for a typical flat-plate collector is shown 

in Fig. 17. The flat-plate collector has a single 3.2 mm-thick tempered 

glass cover with an absorber formed from two steel sheets which are 

stitch-welded and pressure expanded to form the flow passages. The ab-

sorber also has a selective surface and is backed by fiberglass insula-

tion. Without the reflection and beam intercept losses of a concentrat-

ing collector, the "optical" efficiency of the flat-plate collector is 

approximately 84 percent. The overall loss coefficient, however, is 

higher than for a concentrating collector as a result of the large ab-

sorber area in a flat-plate collector. For temperature differences low-

e~ than 35°C, the flat-plate collector in Fig. 17 will out-perform the 

concentrating collector in Fig. 5, regardless of the thermal losses in 

the concentrating collector. The reason is that the "optical" efficien-

cy of the concentrating collector in Fig. 5 is equal to the flat-plate 

efficiency at a temperature difference of 35°C. Unless the 11optical 11 

losses or manufacturing costs of concentrating collectors can be reduced, 

low temperature applications of solar energy will generally be restrict-

ed to flat-plate collectors. 

The results of this optimization study are summarized in Fig. 18 

and Table 3. The efficiency curves in Fig. 18 were obtained using the 

environmental and operating conditions in Table 2 and the collector de-

signs previously discussed. The curves in Fig. 18 are instantaneous 

values for a clear day during the season, while the values in Table 3 

are seasonal values. Fig. 18 shows that the flat-plate collector has a 

/ 
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COLLECTOR 

DESCRIPTION w 
(mm) 

Present Design 
Llumar Cover 

7 Troughs 31. 7 
pr =O. 80, Up =O. 9 3 
t:p=0.20,Tn=0.82 

Optimum Design 
Llumar Cover 

7 Troughs 30.0 
pr =0. 80,ap=O. 93 
t:p=0.20,Tn=0.82 
Optimum Design 

Llumar Cover 
5 Troughs 35.0 

pr =O. 80, C):> =O. 9 3 
t:p=0.20,Tn=0.82 
Optimum Design 

Glass Cover 
5 Troughs 35.0 

pr=0.80,ap=0.93 
t:p=0.20,Tn=0.89 

Flat-Plate 
Collector 
Glass Cover --

ap =0. 96, t: p=O .12 
T =0.89 n 

Table 3. COMPARISON OF COLLECTOR OPTIMIZATION RESULTS 

Tin = 30C T· = 60C in 

b w w b Wa w 
(mm) (n!) E <mm) (mm) (mm) E (mm) 

2.5 120 0.405 31. 7 2.5 120 0.172 31. 7 

0.0 120 0.405 25.0 0.0 120 0.183 10.0 

7.7 168 0.395 30.0 10.-2 168 0.202 20.0 

7.7 168 0.449 30.0 10.2 168 0.240 20.0 

-- -- 0.763 -- -- -- 0.342 --

Tin 

b 
(mm) 

2.5 

7.9 

15.2 

15.2 

--

= 90C 

Wa 
(mm) 

120 

120 

168 

168 

--

E 

0.028 

0.052 

o. 077 

0.099 

0.065 

----""" 

.J> 
ln 
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higher efficiency than the best concentrating collector design for temp-

erature differences less than 75°C. The more efficient collector, how-

ever, is not always the more economical collector and the cost per amount 

of energy collected should be considered. 

After taking into consideration ether collector designs, the 

cylindrical-parabolic collector is best suited for high temperature 

applications such as process heat. Based on the operating environment 

selected, the best thermal performance for process heating with the 

present general design and collector thickness is realized with four 

troughs and an absorber with a width of 25 mm located 27 mm above the 

bottom of the reflector. Fig. 14 shows that these optimum dimensions 

result in an effectiveness of 0.082 for an inlet temperature of 90°C. 

While it is possible to increase the effectiveness up to 0.103 by sub-

stituting a high quality glass for the existing cover, it is uncertain 

whether the added cost, extra weight and chance of breakage will justify 

the increase in effectiveness. 

Although the cylindrical-parabolic collector is better suited for 

an inlet temperature of 90°C, the relatively low cost of conventional 

energy sources may make it difficult for the collector to compete on a 

purely economic basis in the near term future. The weather model shows 

that, on the average, approximately 510 kw-hr/m2 of solar energy is in-

cident on a horizontal surface in Blacksburg, Virginia, from October to 

March. A 2.0 m2 collector having an effectiveness of 0.082 will collect 

84 kw-hr from October to March at Blacksburg, Virginia. This amount of 

energy corresponds to a $2.52 present value worth of electrical energy 

(at $0.03 per kw-hr.). Therefore, a considerable escalation in energy 
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cost or an improvement in the collector effectiveness must occur before 

cylindrical-parabolic collectors are cost-competitive for process heat. 



IV. CONCLUSIONS AND RECOMMENDATIONS 

A seasonal performance model was used to investigate a cylindrical-

parabolic solar collector. Without further improvements in collector 

materials, the optimum performance for the type of cylindrical-parabolic 

in this investigation was realized. The optimum dimensions and materials 

for a concentrating collector are a strong function of the design oper-

ating temperatures. For process heating, heat loss by natural convec-

tion is the major loss term. Reflection and cover losses are the next 

largest losses in a concentrating collector. 

The optimum position of the absorber is centered at the focal point 

of the parabola. To take advantage of higher concentration ratios re-

sulting from a "flatter" parabola, the collector orientation must be op-

timized. Substituting a high quality glass for the present cover could 

add approximately four percentage points to the efficiency for all inlet 

temperatures but would add cost, weight, and increase the breakage po-

tential to the collector. 

A flat-plate collector is more suited for domestic hot water and / 
~, 

space heating while a concentrating collector appears more suited for \ 
/ 
I 

process heat. Economics are important in determining the optimum desigd 
I 

I and the cost per amount of energy collected should be considered. I 
I 

Since other concentrating collector designs have essentially the 

same components as the cylindrical-parabolic collector investigated in 

this study, the "optical" losses for other concentrating collector de-

signs would be similar to that for the cylindrical-parabolic collector. 

Therefore, concentrating collectors with high concentration ratios and 

48 
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large acceptance angles, such as the Winston compound parabolic collec-

tor, should give higher performances for the temperature ranges used in 

process heating. An investigation comparing the thermal performance of 

other concentrating collectors with high concentration ratios to that 

of cylindrical-parabolic collectors is needed. 
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APPENDIX I 

BEAM RADIATION GEOMETRY 

Fig. 19 shows the beam radiation angles relative to this 

investigation. Equations for the incident angle and zenith angle are 

from Duffie and Beckman [l] and are listed below: 

cos e = sin 8(sin ¢ cos S - cos ¢ sin S cos y) 

+cos 8(cos ¢ cos S cos w + sin ¢ sin S cos y cos w 

+ sin S sin y sin w) . (I. l) 

sin 8 sin ¢ + cos 8 cos ¢ cos w. (I. 2) 

Equations for w and s are from Thomas [28] and are listed below: 

w = S - arc tan(tan e2 cos Ysun). (I. 3) 

arc tan(tan ez sin y cos w). sun (I. 4) 

where 

ysun =arc sin(cos 8 sin w/sin e2). (I. 5) 
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Figure 19. Collector Orientation and Beam Radiation Geometry 



APPENDIX II 

THERMAL PERFORMANCE MODEL 

A thermal performance model is needed to calculate the useful ener-

gy collected, Qu, and the efficiency, n t' of a concentrating collector. 

A previous investigation ~6] showed that the uneven flux distribution 

on the absorber can be treated as a mean flux because of the high therm-

al conductivity of the copper absorber. Basic collector modeling assump-

tions from Duffie and Beckman [l] are used along with the following addi-

tional assumptions: 

1. The absorber is isothermal in the x-direction. 
2. Axial conduction is negligible. 
3. Steady-state conditions exist. 
4. Scattered radiation is diffuse. 

An energy balance is performed on the absorber which results in an 

equation comparable to the energy balance equation in fl], i.e., 

where 

and 

Q = 2WLF R[S - u1 (T . -T ) ], u m -l.ll a 

GW C ~ -2F'WULJ 
FR = 2~ p l - exp ( GW C ) ' 

L a p 

2WUL 
F' = 1/(1 + h .W ), 

f,J. p 

hf . = Nuf .(Kf/D ), 
,i ,i e 

Nuf . = 3.66 + 0.0668(RePrD /L)/[l + 0.04(RePrD /1) 2/ 3]. 
, i e e 

(I.6) 

(I. 7) 

(I. 8) 

(I. 9) 

(I.10) 

The expression for Q involves the considerable tasks of evaluating the u 
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mean solar flux incident on the absorber, S , and the overall loss 
m 

coefficient, UL. The mean solar flux on the absorber is composed of 

direct (non-reflected) beam radiation, reflected beam radiation, and 

scattered radiation in the trough. 

where 

and 

s r,L 

sB,R = 0, 

S = yRH_ cos s, r ,R .--B 

=a (F J + F J ). p pc c pr r 

(I.11) 

(I .12) 

(I.13) 

(I.14) 

(I.15) 

(I.16) 

(I.17) 

The parameters yL and yR are the fractions of beam radiation incident on 

the collector which reaches the absorber by reflection for the left and 

right side. Fig. 20 shows two representative rays incident upon the 

reflector. For ~ > 0, Z . is the greater of ot/2 and the solution of min 

2min - 0t/ 2 
[ W+b ] - C(Z . ) min 

tan ~. (I.18) 

where C(Z . ) is the profile function evaluated at Z . • For ~ < 0, min min 

Z . is the greater of zero and o /2 - b tan ~· For ~ > 0, Z is min t max 

W /2. For ~ < 0, Z is W /2 when a max a 
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Figure 20. Ray-Trace Diagram for Off-Normal Ray Paths 
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dC(W /2) a 
dZ ..s_ tan(rr/2 + ijJ), (I.19) 

and Z is the solution of max 

C(Z ) = lz - W /~ tan(rr/2 + ijJ) + C(W /2) max Lmax a J a (I. 20) 

when 
dC(W /2) 
--d-;-- > tan(rr/2 + i/J). (I. 21) 

The x-axis intercept of the reflected ray is 

[1 - (dC/dZ) 2 ](Z - x tan p) + 2(dC/dZ)(x + Z tan p) t; (Z) = - - (I. 22) 
2(dC/dZ) - [l - (dC/dZ) 2 ] tan ijJ 

The ray hits the absorber if b ..s_ s .:_ (W + b). The ray is treated as 

diffuse if 0 ..s_ s < b ors> (W + b). Multiple reflections occur if t; < 

0. If multiple reflections occur, the equation of the once-reflected 

ray is 

X(Z) (I. 23) 

The second reflection occurs at z2, where z2 is found by solving 

(I. 24) 

The procedure is repeated for the once-reflected ray to find if a third 

or more reflections occur. If, after 11 reflections, s is still less 

than zero, the radiation associated with the ray is taken as an addition 

to the diffuse radiation component. For less than 11 reflections, the 

beam fraction reaching the absorber, for an increment ~Z, is 

(I. 25) 
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where j is the number of reflections. The total fraction of radiation 

reaching the absorber is 

where 

n 
y = I Yi' 

i=l 

n = (Z - Z . )/~Z. max min 

(I. 26) 

(I. 27) 

The right side is evaluated with a positive ~ and the left side with a 

negative ~· The process is repeated with ~Z one-tenth as large to see 

if y changes more than five percent. If so, ~Z is repeatedly divided by 

10 until the change is less than five percent. 
A 

The radiosities, Jc and Jr' are obtained from a short wave radiation 

network analysis of the four surfaces shown in Fig. 21. The "imaginary" 

surface is introduced as a result of trough symmetry and is adiabatic, 

i.e., p. = 1. 
1. 

The resulting equations for each surface are as follows: 

Absorber: 

-(1-a )F J + (O)J. +JP - (1-a )F J p pc c i p pr r = (1-a )(S 1+s R)/(2a ). p r, r, ·p 

Cover: 

Imaginary 

Reflector: 

A A 

J - pdF .J. -c Cl. 1. 

surface: 

'· 
-FiCJC 

A 

- p F J r re c 

+ T .., . 
1. 

A A 

pdFcpJp p F J d er r -rdHD. 

+ (O)JP F. J ir r = 0. 

HB cos 8-r (p f(z -z . )/W - (S 1+s R)W/(2W a ). c r max min r r, r, r p 

(I. 28) 

(I. 29) 

(I.30) 

(I. 31) 
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A A 

The previous four equations and four unknowns (J , J., J and J) are c i p r 

solved by an iterative procedure. 

The overall loss coefficient, u1 , is 

ql /[2W(T -T )] = (h (T -T) + ass p a pg p g 

s (crT4-J )/(1-s )](l+o /W)/(T -T). p pp p t pa (I. 32) 

The mean absorber temperature, T , is treated as a known quantity for p 

the rest of the analysis. The mean fluid temperature, Tf, will later be 

calculated and used to recalculate the mean absorber temperature, and 

the entire calculation procedure repeated until convergence occurs. The 

absorber long wave radiosity, JP, is found by solving a system of equa-

tions containing the radiosity of each surface in terms of the surface 
• 

temperature, configuration factors, and surface properties. The four 

equations which result are: 

Cover: 

J - p F . J . - p F J - p F J = s cEb c + T cEb s. c c cl. 1 c cp p c er r (I. 33) 

Imaginary surface: 

-F. J + J 1. + (O)J - F. J = 0. ic c p ir r (I. 34) 

Absorber: 

(I. 35) 

Reflector: 

-p F J - p F .J. - p F J + (1-p F )J = srEbr" r re c r ri i r r p p r rr r (I. 36) 

It should be noted that the surface optical properties used in Eqs. 
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(I.33)-(I.36) are long wave values. 

The temperatures of the cover, gas and reflector are found by ener-

gy balances on the collector components. The equations for the energy 

balances are: 

Gas: 

-W h T /2 + (Wh +w h +W h /2)T - W h T = Wh T • a cg c pg r rg a cg g r rg r pg p (I.37) 

Reflector: 

(O)T - h T + (£ crT 3/p +h +K /L )T = £rJr/pr + KrTa/Lr + Qrad' c rg g r r r rg r r r 
(I.38) 

. 
where Q is the short wave beam and diffuse radiation absorbed by the rad 
reflector. 

Cover: 

(2£ crT +h +h )T - h T + (O)T = c c w cg c cg g r 

A 

a.B H_ cos 6 + h T + a.D (H_+G ] + a. fE.. +G J. c-B w a c --u c c -b s c (I. 39) 

The mean solar flux on the absorber and the overall loss coefficient can 

now be calculated. With these values, the useful energy collected can 

be calculated by Eq. (I.6). The mean fluid temperature, Tf, is 

(I.40) 

The mean fluid temperature is used to recalculate the mean plate tempera-

ture, which is 

(I. 41) 

The calculation procedure is repeated until the recalculated and trial 
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plate temperatures converge. After convergence, the efficiency can be 

calculated as 

(I. 42) 
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ANALYSIS AND DESIGN OF A CYLINDRICAL PARABOLIC 

SOLAR COLLECTOR 

by 

Aaron Grayson Dawson, III 

(ABSTRACT) 

A cylindrical-parabolic solar collector was thermally opti-

mized for a winter season using a weather model and an extension 

of the present state-of-the-art collector theory. An accurate 

model for the cover transmittance and a seasonal performance model 

was developed. The optimum collector dimensions and materials 

were found to be a strong function of the design operating temper-

atures. The optical and thermal losses of a cylindrical-parabolic 

collector were compared and the results showed that the major loss 

for process heating temperatures was heat lost by natural convec-

tion. Reflection and cover losses were the next largest losses. 

Comparison of a flat-plate collector with a cylindrical-parabolic 

collector showed that a cylindrical-parabolic collector appears 

better suited for process heating than domestic hot water or space 

heating. Glass and plastic covers were analyzed and the optimum 

collector slope was obtained. The investigation resulted in a 

better understanding of how different collector dimensions and 

materials affect collector performance. 
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