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Expanding energy requirements are depleting the world's 

fossil -fuel reserves at an alarming rate. This approaching energy 

deficiency has stimulated research and development of other avail- 

able energy sources, including solar radiation. If properly utilized, 

the sun's rays could supply a large portion of man's future energy 

needs, Presently, solar water heaters and other low- temperature 

solar cookers are successfully using this "free" energy. Solar 

furnaces also provide an uncontaminated source of high temperature 

for research work. In comparison, Little work has been done on 

production of mechanical power by solar means in the medium tem- 

perature range. The investigation presented in this thesis was con- 

cerned with the design, construction and testing of a solar energy 

collector capable of efficiently supplying medium -level heat energy 
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to a heat engine. 

Large collection areas have always been necessary to obtain 

useful amounts of mechanical power from the sun. If the size and /or 

the expense of these collectors could be significantly reduced, solar 

energy power plants might become economically feasible. A para- 

bolic- trough type collector, with a cylindrical absorber tube located 

in its focal line, was selected for investigation. Reflected solar 

radiation, impinging on the water -filled absorber tube, generated 

steam. 

To evaluate the performance of this collection system, instru- 

mentation was provided to measure the quantity and properties of the 

steam produced. Available solar energy was measured with a 

pyrheliometer and a calibrated solar cell. The collector used for 

these tests underwent numerous modifications, including: changing 

mirror surfaces from stainless steelto aluminum, adding wind 

shields and replacing the external fluid return tube with one cen- 

tered inside the absorber tube. Data from these tests are believed 

to be the first reported for a trough -type collector using concentric 

outgoing and return tubes to circulate the working fluid. 

Tests proved that water, thermosiphoning through concentric 

tubes, could remove heat energy from the absorber tube and supply 

it to a steam drum for possible use by a steam engine or turbine. 

The overall efficiency of such a power plant would be quite low; 



however, the losses were accountable and theoretically could be 

significantly reduced. Further research should serve to minimize 

these losses, thereby increasing the efficiency of solar power plants 

to a competitive level. 
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THE CONVERSION OF SOLAR RADIATION TO HEAT ENERGY 
USING A TROUGH -TYPE PARABOLIC MIRROR 

INTRODUCTION AND BACKGROUND 

Energy requirements throughout the world are continually in- 

creasing while the reserves of conventional fossil -based fuels are 

being rapidly depleted. Numerous estimates have been made as to 

when fossil fuels will be exhausted, many of them indicating that this 

may happen within the next century. As these conventional fuel re- 

serves wane, their economic values will increase; consequently, 

other fuels that were formerly too expensive will play 

much more important role in fulfilling energy requirements. 

Nuclear energy is already beginning to show promise of satisfying a 

portion of these needs. Nevertheless, nuclear resources are also 

limited. 

The sun's radiation, which appears on the earth as an unconcen- 

trated form of energy, is present in large quantities. If all solar 

energy falling on the United States could be effectively utilized, there 

would be 2,000 times as much energy available as is presently 

required (26; p. Z056). By using only a small portion of this radia- 

tion, energy requirements could easily be satisfied. 

Even though solar energy is "free ", it has not been able to 

compete economically with other energy forms. Collection difficulties 

have necessitated large expanses of equipment to obtain usable 

ï_ 
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amounts of energy. In some parts of the world, where fuel for con- 

ventional power generation equipment is both expensive and difficult 

to procure, the advantage of using a "free" and abundant fuel might 

offset the high initial expense of solar- powered equipment. 

Areas of the earth's surface between 40 degrees North and 42 

degrees South receive 80 to 110 percent of the radiation received at 

the equator (32, p. 824). Included in this area are some of the poorer 

underdeveloped countries of the world whose inhabitants could use 

solar -powered devices to improve their economic situation. India is 

already using solar cookers and water heaters in limited numbers. 

Small solar power plants could be used to pump irrigation water, 

power small industry and generate electricity for domestic use. It 

has been estimated that a one -half horsepower water pump could 

pump as much irrigation water as four bullocks and two men (6, 

p. 408). A solar -powered water pump would free the men to perform 

other tasks and could eliminate the need for keeping the bullocks 

which in turn eat a portion of these crops. 

Solar energy is showing promise in many fields such as refriger- 

ation, air conditioning, heat pumps, and water distillation. Solar - 

powered absorption refrigeration units for air conditioning applica- 

tions are especially attractive because maximum energy availability 

coincides with maximum cooling demand (18, p. 13). Under certain 

circumstances the addition of a solar collector to a heat pump can 
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improve its performance more than enough to offset the collector 

cost (24, p. 126). Many forms of solar water distillation devices are 

being developed experimentally. Flat plate collectors are used in 

most of these applications, to collect solar energy at relatively low 

temperatures. 

In the field of focusing collectors, most of the research has been 

in the field of high temperature research furnaces. Temperatures 

above 3, 000 C can be produced in these large paraboloidal shaped 

reflectors by focusing the sun's rays on a very small area (29, 

p. 169). The ability of these furnaces to produce very high temper- 

atures without magnetic and chemical contamination, associated with 

other types of furnaces, has made them invaluable. 

Both low temperature flat plate collectors and high temperature 

solar furnaces have found practical applications. In between these 

two extremes is the temperature range needed for supplying energy 

to heat engines; from low temperature condensing steam engines to 

high temperature gas turbines. Very little has been done to explore 

efficient collection of solar energy at these temperatures. 

The main objective of this investigation was to explore the 

possibilities of using solar energy to produce mechanical power. 

Since the performance of heat engines is fairly well known, research 

was confined to the solar collector. 
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HISTORY OF SOLAR POWER PLANTS 

Until the invention of heat engines, no means existed to generate 

useful power from solar energy (35, p. 1349). One of the early 

workers in this field was August Mouchot of France, who took out his 

first patent in 1861. His work included a solar- powered water pump 

and a multiple -tube solar boiler. Conical reflectors focused on a 

glass- enclosed tubular boiler were used in most of his experiments 

(3, p, 149 -151). Abel Pifre used a similar, but larger, boiler to 

print a Paris newspaper in 1882 (35, p. 1349). 

John Ericcson erected a parabolic trough -type collector in New 

York, in 1883. Iron ribs supported wooden staves running lengthwise 

of the reflector. Narrow strips of flat window glass, silvered on the 

underside, served as the reflecting surface. As early as 1870, a 

steam engine was energized by this collector. Ericsson also worked 

with solar- powered hot air engines (2, p, 199, 202), 

The popular truncated, cone - shaped reflector design was used by 

A. G. Eneas in construction of a solar power plant at Pasadena, 

California, in 1901. The reflector weighed 8,300 pounds and inter- 

cepted about 700 square feet of solar radiation. About this same 

time, a similar solar power plant, requiring 150 square feet of 

radiation per horsepower, was built in Pasadena (2, p, 204 -206). 
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In 1907, an American by the name of Frank Shuman had a solar 

power plant running with ether as the working fluid. Heat energy was 

supplied by a 1200 square foot flat plate collector filled with water 

and covered with glass. The ether flowed through pipes submerged 

in the water; the heated vapor was then conveyed to a small single 

cylinder engine capable of developing about three and one -half horse- 

power (2, p. 209-210). After constructing a pilot plant near 

Philadelphia, Shuman and Professor C. V. Boys built a large solar 

power plant at Meadi, Egypt, in 1912. Five parabolic troughs each 

205 feet long were used to produce atmospheric steam. The maxi- 

mum power produced was 55.5 brake horsepower, using 22 pounds of 

steam per brake horsepower (2, p. 210-213). The best overall 

efficiency attained by this plant was 4.32 percent. Collection effi- 

ciency reached a maximum of 40 percent (3, p. 145). 

Dr. C. G. Abbot of the Smithsonian Institute has been prominent 

in solar energy work since the early 1900's. One of his experiments 

with a parabolic trough collector produced temperatures up to 932 F 

(13, p. 67). Three concentric pyrex tubes were centered in the 

collector's focal line. A black fluid, known as "Aroclor ", circulated 

through the innermost tube. To reduce convective heat losses a 

vacuum was maintained between the glass tubes (8, p. 197). 

The Soviet Union is designing the world's largest solar-power 

plant. Focusing mirrors having an area of 20,000 square meters 
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are mounted on trolleys. An elevated boiler receives reflected 

radiation on 120 square meters of its surface. Steam of 16 atmos- 

pheres and 350 C will he supplied to a 1,000 kilowatt back-pressure 

turbine -alternator. The back-pressure steam will be used for refri- 

geration purposes in the summer, and heating in the winter (32, 

p. 825). 

A flat -plate collector and power plant using sulphur dioxide as 

the working fluid is commercially available in Italy. Overall effi- 

ciency is on the order of five percent for these units which are manu- 

factured in sizes up to three horsepower. The water pumped by these 

systems is also used to condense the working fluid. 

An Abbot -designed parabolic trough -type collector was used at 

the University of Arizona to generate steam (17, p. 24). The 

absorber tube was filled with water from a feedwater dr,irn. Steam 

bubbled up the absorber tube and was bled off at the upper end. 

Collection efficiency ranged from 12. 6 to 30. 6 percent, presumably 

for atmospheric steam production (34, p. 58 -59). 

As part of the University of Wisconsin Solar Energy Research 

program, extensive tests- of parabolic cylinder solar collectors were 

made at Denver, Colorado. Data for absorber tube temperatures 

ranging up to 353 F was reported. A heat exchanger removed the 

collected energy from a boiling liquid which circulated through a 

closed circuit (17, p. 25-26). 
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Perhaps the most ambitious plans to utilize solar energy are 

those for space projects. Two different systems using a closed 

Rankine cycle with a parabolic dish collector are planned. The 

turbine, generator and pump will be combined on a common shaft. 

The National Aeronautics and Space Administration's "Sunflower" is 

a three kilowatt unit using mercury as the working fluid. The United 

States Air Force's larger 15- kilowatt unit will weigh 55 pounds per 

kilowatt as compared with the "Sunflower's" weight of 233 pounds per 

kilowatt. The 15- kilowatt system uses rubidium as the working fluid, 

permitting a 500 to 800 F increase in operating temperature over 

mercury; hence the lighter more efficient power plant (16, p. 24). 

Many other types of solar power plants are being contemplated 

for space usage, including a lunar power plant with parabolic trough - 

type collectors (19, p. 315). A solar -powered Stirling engine may 

be the lightest power plant (5, p. 55). Perhaps the current need for 

these space power plants will also have as a side effect, the evolution 

of an efficient and economical device for use on the earth's surface. 
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SOLAR RADIATION AVAILABLE 

Solar radiation, in the form of electomagnetic energy waves, 

23 is emitted in all directions at a total rate equivalent to 3. 4 x 1023 

kilowatts. Presumably, this energy is created by thermonuclear 

reactions within the sun's interior (22, p. 71-73). The earth re- 

volves around this huge energy source at an average distance of 90 

million miles. 

At the outer edge of the earth's atmosphere, the sun's radiation 

is received at an average intensity of about 442 Btu /sq. ft. hr. that 

is known as the "Solar constant" (14, p. 431). There appear to be 

many small periodic variations in this intensity, seldom totaling 

more than two percent of the average radiation intensity (1, p. 3). 

The spectral distribution of the incoming radiation is shown in Figure 

1. Absorption of certain wave lengths by gases on the sun's surface 

shows up as dark lines in the solar spectrum. They are known as 

Frauenhofer lines (22, p. 80). 

As a beam of sunlight enters the atmosphere, several things 

may happen to it. A portion of it will be scattered by air molecules 

and dust particles. Some of it may be absorbed by water vapor and 

ozone. The remainder will pass through the atmosphere unchanged 

(28, p. 135). The amount of radiation reaching the earth's surface 

depends upon how much dust, ozone, water vapor and air it must 
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pass through. As the sun settles lower in the sky, more atmosphere 

must be traversed, consequently decreasing the amount of radiation 

falling on a particular location on the earth's surface, Figure 1 

illustrates this effect by showing the radiation which will pass through 

the atmosphere when the sun is directly overhead. This reduction in 

direct radiation is emphasized in Figure 2, where the sun's position 

necessitated its radiation traversing five times as much atmosphere 

as when the sun was directly overhead. 

In the middle latitudes, the sun's radiation will have to traverse 

more atmosphere to reach the earth's surface than it would in the 

equatorial regions. The earth's seasonal tilt, with respect to the 

sun, also causes a variation in the thickness of atmosphere traversed. 

These seasonal and latitudinal variations for cloudless days are shown 

in Figure 3. Higher altitude reduces the thickness of traversed 

atmosphere; therefore increasing the amount of solar radiation 

received (Figure 4). 

Clouds are composed of water vapor, water droplets and some- 

times ice in the form of hail, sleet, etc. The cloud cover is con- 

stantly shifting and changing over the entire earth's surface. Topog- 

raphy, prevailing winds, seasons of the year and latitude all have 

pronounced effects on the amount and type of clouds that pass over a 

certain geographical area. At Corvallis, Oregon, where a maritime 

type of climate prevails, clouds of various types are often present 
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Their seasonal effect on ground level solar radiation in this area is 

illustrated, in Figure 5, by comparing solar radiation received on an 

average day to that received on an average cloudless day. 
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COLLECTION CONSIDERATIONS 

Collection of solar energy requires a device to convert the elec- 

tromagnetic energy waves to some other desired form of energy. 

When low temperature heat is needed, a flat plate type collector is 

usually used because of its simplicity and economy. In order to 

generate higher temperatures, some type of concentrating collector 

must be used. 

Both lenses and mirrors fall into the category of concentrating 

focusing collectors. With the exception of the Fresnel type of lens, 

lenses are expensive and very limited in the size that can be manu- 

factured. All lenses have the disadvantage of absorbing some of 

the radiation passing through them. Also, the surface of the lens 

may reflect some of the radiation. 

Concentrating reflectors may be either circular or trough -shaped. 

The cross sections of several types are shown in Figure 6. For high 

radiation flux intensities and their associated high temperatures, the 

reflector must be capable of concentrating a large amount of radiation 

on a very small area. The ratio of the heat flux incident on the 

absorber to the solar heat flux intensity incident on the mirror is 

known as the concentration ratio (11, p. 25). If the reflector reflects 

all of the radiation on the absorber in a uniform manner, then the 

concentration ratio will also be equal to the ratio of the area of the 
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reflector normal to incident radiation, to the area of the absorber 

receiving radiation. 

Theoretically, parabolic shaped reflectors can focus all of the 

direct radiation on a point in the case of the circular type, and on a 

line in the case of the trough type. The circular type of parabolic 

reflector is known as a paraboloid which is defined as the surface 

generated by the revolution of a parabola about its axis. For a given 

concentration ratio, the parabolic trough type requires greater 

geometric precision than the paraboloidal type (7, p. 9). This is 

apparent when one compares the surface area of a long cylinder with 

the area of a sphere of equal diameter. Superficially, it might seem 

that a paraboloidal shaped mirror might be better than the trough 

type. The compound curves of the paraboloidal type sometimes make 

its fabrication more difficult and expensive, so that the trough-type's 

simple curves may make it more economical. For high temperature 

applications, such as solar furnaces, the paraboloidal type is the only 

kind of reflector which will produce the desired high temperatures. 

Some of the other types of focusing reflectors are intended for 

use at low concentration ratios. They may be geometrically perfect 

as far as their construction goes, but do not focus all of the reflected 

radiation on the absorber. A circular trough is an example of this, 

though it does have the advantage of not having to be rotated with the 

sun as do the parabolic designs (36, p. 214). 
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The current demand for space power plants as well as the deve- 

lopment of portable solar cookers has inspired interest in folding 

reflectors. Both desire a small compact unit when folded, and a 

relatively large mirror when unfolded. Some modern plastics are 

available in strong thin films that can be coated with a very thin layer 

of aluminum by a vacuum metalization process. This aluminized 

plastic is highly reflective and durable. Foils have also been used 

for folding reflectors (25, p. 75). 

The absorber is just as important as the reflector in the collec- 

tion of solar energy. Its function is to absorb the solar radiation 

and convert it into heat energy. The actual shape of the absorber 

may be concave, convex or flat. The concave type has the advantage 

of increasing its effective absorptivity by allowing its surfaces to 

"see" each other. Radiant heat losses will be smaller because the 

concave absorbing surface will not be as exposed to its cooler sur- 

roundings as the surfaces of the flat and convex absorbers. The 

larger non -absorbing portion of a concave absorber will require 

more insulation than a convex absorber. The effectiveness of a 

particular absorber shape must be evaluated in conjunction with the 

rest of the collector and its specific application. 

More important than the shape of the absorber is its coating. 

A black body type of coating is not necessarily the best for a solar 

radiation absorber. Selective coatings are able to absorb solar 
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radiation without radiating as much infrared as a black body. A 

perfectly selective body would absorb all of the solar radiation falling 

on it while emitting no infrared. Presently, no coating is available 

with these properties. Several selective coatings are capable of 

absorbing a large portion of the incident solar radiation, whereas, 

they emit only a small amount of infrared. Figure 7 demonstrates 

the advantage of a selective absorber. 

A cobalt -oxide deposit and a chrome-nickel-vanadium deposit 

have been developed for use as selective coatings. They are applied 

to highly polished copper or nickel. The cobalt -oxide surfaces have 

produced a solar absorptivity of O. 93 and an infrared emissivity of 

O. 24. The chrome-nickel-vanadium surface's absorptivity was O. 94 

and emissivity O. 40. In a vacuum the chrome-nickel-vanadium 

coating could withstand temperatures of 1150 F (11, p. 24, 31). 

Deposited copper oxide coatings and stainless steel are also selec- 

tive absorbers (19, p. 317). Most good selective absorbers do not 

have high temperature stability; usually either losing their adhering 

properties or being oxidized when exposed to air. 

Convective losses from the absorber tube have been a problem. 

Encasing the entire reflector, or just the absorber, in a transparent 

covering is the usual solution. If the glass or plastic material has a 

high enough transmissivity of solar radiation, there will be a net 

increase in solar energy collected. Sometimes the space between 
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the glass and the absorber is partially evacuated to reduce convective 

heat transfer from the absorber. 
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SYSTEM DESIGN 

Power production from solar energy by means of heat engines 

requires some sort of energy collection device. The function of this 

collector is to transform the sun's radiation into usable heat energy. 

A working fluid is used to carry the heat energy to a heat engine 

that produces mechanical power from it. 

Generally, the higher the collection temperature the greater the 

engine efficiency, within metallurgical and lubrication limits. A 

focusing type of collector is needed to supply higher temperatures. 

As previously discussed, better geometric accuracy is needed for a 

trough -type collecter than for a paraboloidal shaped collector. 

However, the paraboloid's compound curvature makes geometric 

accuracy more difficult to obtain. For this investigation, the trough - 

type was selected to explore its potential performance in supplying 

energy to heat engines. 

Simplicity and economy were paramount in the design of this 

collection device, since high cost is the main deterrent to effective 

utilization of focusing solar radiation collectors. A great reduction 

in this expense could provide widespread use of solar energy for 

power production. 

Several requirements were imposed on this experimental reflec- 

tor. Ease of assembly and disassembly was necessary because 
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no suitable permanent test site was available, and an assembled re- 

flector would require an excessive amount of storage space. Only 

very limited financial and material resources were available, neces- 

sitating holding cost to a minimum. Convenient changeability of 

reflector surfaces was desired for performance comparisons of 

various materials and their surface finishes. The absorber tube, 

boiler drum and connecting piping were to be simple, and easily 

constructed and modified. At the same time, great care was taken 

not to lower the performance of the system. 

Plywood was selected for construction of the collector frame- 

work because of its low cost, light weight and ease of fabrication. 

The decision to use two three-by-eight-foot metal sheets for the 

mirror surface was based on desired reflector size, material avail- 

ability and ease of reflector construction. Preliminary trials showed 

that one-fourth inch thick plywood ribs supporting the sheet metal at 

eight -inch intervals would form an acceptable mirror surface. 

Figure 8 shows the completed plywood collector framework before 

installation of the metal sheets. 

For a round absorber tube, the optimum ratio of aperture width 

(reflector diameter) to focal length is between three-to-one and six- 

to-one, for maximum collection efficiency (27, p. 334). These opti- 

mum ratios are based on a selective absorber and a space application. 

In the absence of better information, these theoretically optimum 
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Figure 8. Collector Framework. 

Figure 9. Collector Test Site. 

- - e4 . - - 

0 . --MI..- 
"" * ="11110";1*11 ill ..* !VI. 11111.. 

'1i A". - " Mil , r r 

1. 7.16.-ci 



25 

values were used as a guide. A focal length of one foot was selected 

on the basis of these values and compatibility with the plywood reflec- 

tor framework. The resultant reflector shape contributed to the 

rigidity of the reflector, permitting the mirror surfaces to absorb 

some of the structural loads without undesirable warpage. In addition, 

this particular parabolic shape gave enough curvature to the sheet 

metal to facilitate its being adequately held in place with a wooden 

strip clamped on each edge. These strips were attached to several 

long springs. By unfastening the springs and wooden strips, the 

reflector's mirror surface could be changed quickly and easily. 

A pipe flange was attached to each end of the collector's end 

plates so that the absorber tube could pass through them. These pipe 

flanges were connected, by means of short pipe nipples, to additional 

pipe flanges mounted on the supporting framework. The entire 

reflector could rotate completely around the stationary absorber 

tube, permitting the reflector to follow the sun throughout the entire 

day. 

The reflector was equatorially mounted with the absorber tube 

parallel to a north -south line, and inclined at an angle equal to the 

complement of the sun's altitude angle at solar noon. The reflector's 

inclination angle could be varied by raising or lowering the lower 

(south) end of the supporting framework. The solar noon altitude 

angle changes only a fraction of a degree from one day to another. 
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Therefore, the reflector's inclination angle only had to be adjusted 

every few days, depending on the desired focusing accuracy. With 

the reflector adjusted to the proper inclination angle, the reflector 

can be kept in focus by rotating it about its focal line at the rate of 

15 degrees per hour, allowing it to follow the sun. No provision was 

made for a device to rotate the reflector automatically. Figure 9 

shows the collector in operating position. 

A piece of steel pipe or tubing, with steel plates welded on the 

ends, served as the steam drum at the upper end of the absorber 

tube. A gauge glass was attached to the boiler drum to measure its 

liquid level. A piece of heavy six -inch inside diameter steel pipe 

was used to construct the first boiler drum, but was subsequently 

replaced with a much lighter one made of thin wall three -inch inside 

diameter steel tubing. Fittings were welded to the boiler drum 

permitting its connection to the absorber tube. 

Only a short piece of piping was required to carry the heated 

fluid from the absorber tube to the boiler drum. Originally, the 

fluid return piping ran down the upper end of the reflector, under- 

neath it, and then up to the lower end of the absorber tube. The 

external return piping was later replaced with a one -half inch inside 

diameter steel tube running down the center of the absorber tube. 

The two tubes were separated by a piece of helically- shaped steel 
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wire as can be seen in the lower right hand corner of Figure 10. 

The boiler drum and all connecting piping were covered with 

fiberglass insulation about one inch thick, as shown in Figure 11. 

The narrow strips of fiberglass were easily removed for inspection 

or modification of the system. Although functional, its appearance 

left something to be desired. 

A pressure gauge, separating -type steam calorimeter, and 

sometimes a safety valve, were attached to the top of the boiler, as 

shown in Figure 10 and 11. A small gate valve was installed to 

regulate the flow of steam from the boiler drum to the calorimeter. 

A steam separator made from a piece of one -half inch outside 

diameter copper tubing was inserted into the steam drum through the 

steam bleed -off connection on the top of the boiler. The separator 

tube could easily be removed for inspection or modification. Many 

small holes were drilled in the upper portion of the tube, allowing 

steam to escape from the boiler drum without carrying liquid water 

with it. The lower end of the tube was open and extended almost to 

the bottom of the boiler. 

A small vane -type pump was provided to add liquid to the 

system. Minor piping changes enabled it to be used as a circulating 

pump for the fluid in the system. 

Cardboard wind shields were installed around the outer edges of 

the reflector. These shields extended about four feet above the 



Figure 10. Boiler Drum and Absorber Tube. 
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Figure 11. Boiler Drum and Instrumentation Installed on Collector. 
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reflector, and did not cast shadows on the reflecting surfaces when 

the reflector was in focus. 

The collector and necessary equipment were placed on top of 

Covell Hall on the Oregon State University campus. This location 

was exposed to sunlight from sunrise till sunset. When not in use, 

the equipment was protected from the elements by canvas covers. 
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SYSTEM DEVELOPMENT 

Initial tests were made with sheets of stainless steel type 310 as 

the mirror surfaces. Even though the measured reflectivity of the 

stainless steel was about 50 percent, the performance of the system 

was far below expectations for a system of this type. The tempera- 

ture of the water in the system would only rise about 100 F above 

ambient. Both with and without a circulating pump in the fluid flow 

circuit, the water could not be brought to its boiling point even at 

atmospheric pressure. It should be noted that these early tests were 

conducted with the return pipe for the water running from the boiler 

drum, down under the reflector and then back up to the lower end of 

the absorber tube. Even with all of the piping except the absorber 

tube well insulated, steam could not be produced. 

The first boiler drum used was a heavy unit made of a short 

piece of six -inch inside diameter piping with end plates welded to it. 

This thirty pound unit was replaced with a much smaller, lighter unit 

made of thin steel tubing. All connecting piping was minimized, but 

to no avail; the system continued its failure to produce steam. 

In an effort to further reduce the piping in the system and the 

amount of water needed to "charge" the system, the external liquid 

return tube was replaced with a tube centered inside the absorber 

tube. A helically shaped wire placed between the two tubes separated 
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them over their entire length. With this arrangement the water would 

flow from the boiler drum, down the inside of the inner tube and then 

back up between the two tubes to the boiler drum. 

Upon investigation with a microscope, the stainless steel exhi- 

bited signs of fine scratchmarks, probably caused by steel brushing 

during its manufacture. These surface irregularities are shown in 

detail in Figure 12. To see what effect these brush marks had on the 

reflecting properties of the stainless steel, a small flat sample was 

used as a mirror to reflect sunlight on a light-colored surface. The 

reflected sunlight formed a band of light that was widely scattered in 

only one direction. The brush marks on the stainless steel were 

causing a high percentage of the sunlight to be reflected at a different 

angle from its incidence angle. Design of the reflector required the 

available stainless steel sheets to be placed in the reflector with the 

brush marks parallel to the absorber tube, resulting in much of the 

solar radiation being reflected away from the absorber tube rather 

than on it. This illustrates the importance of a smooth surface which 

will not reflect sunlight in a diffuse manner as this stainless steel 

did. 

Thin aluminum sheeting, Alclad type 2024-T3, was obtained to 

replace the stainless steel as the mirror material. The finish on the 

aluminum was classified as "bright" by the manufacturer and was 

used in the reflector without additional polishing. Figure 13 shows 
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Figure 12. Surface Finish of Stainless Steel Type 310. 
(108 diameters) 
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Figure 13. Surface Finish of Aluminum Type 2024 -T3. (108 diameters) 
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that the aluminum's surface was much smoother than that of the stain- 

less steel. Full size sheets of aluminum were not available, so four 

smaller sheets were used. The resulting mirror surface displayed 

only minor imperfections because of the overlap joint of the sheets. 

The thinner, more flexible aluminum sheets conformed to the shape 

of the supporting plywood ribs much better than the heavier stainless 

steel. 

The reflectivity of the aluminum was O. 78 as determined by the 

method described in the Appendix. Great care had to be taken to 

minimize the amount of dust and moisture allowed to accumulate on 

the aluminum's surface. Efforts to clean the soft metal almost 

inevitably resulted in some scratching of the surface. 

A taller boiler drum was installed to increase the fluid capacity 

of the system. The increased head of the cold water on the absorber 

tube appeared to restrict thermosiphoning of the water. At low 

pressures, steam was released in a more erratic manner than With 

the shorter boiler drum and a longer warm-up period was necessary. 

The shorter boiler drum was the one used to obtain the test data. 

The installation of the aluminum sheets, the concentric absorber 

tubes and the lightweight boiler completed development of the system. 

Figure 14 is a schematic of the system as tested. 
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INSTRUMENTATION 

Every effort was made to keep instrumentation simple and still 

obtain as much pertinent data as possible from the tests. The ex- 

posed location of the test apparatus made it desirable to use rugged 

equipment capable of withstanding the elements for an extended period 

of time. 

All temperature measurements were taken with mercury -in- 

glass thermometers. A thermometer well was placed in the piping 

carrying the water from the boiler drum to the absorber tube to 

measure the temperature of the fluid as it left the boiler drum. 

Another thermometer well was placed in the piping leading from the 

absorber tube to the boiler drum to measure the temperature of the 

heated fluid as it left the absorber tube. These wells were filled with 

oil to serve as a heat -transfer fluid. Standard thermometers were 

inserted into the wells during the test runs, Ambient temperatures 

were measured with a thermometer shaded from the sun but other- 

wise exposed to the test site's environment. 

Steam pressure was measured with a Bourdon- tube -type 

pressure gauge connected to the top of the steam drum. Three dif- 

ferent calibrated gauges were used to provide accurate pressure 

measurements throughout the operating range. 

A beam -type scale was used to measure the weight of feedwater 
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added to the system at the end of each run. The teedwate 1 container 

was weighed before and after the system was replenished. The water 

added represented the amount of steam generated on the previous test 

run. Marks on the gauge glass were used to measure the fluid level 

in the boiler drum. 

No attempt was made to measure the flow rate of the fluid circu- 

lating within the system, because of the high fluid temperatures and 

pressures sometimes encountered. Any additional equipment or 

piping could have increased the heat losses of the system. 

Solar radiation was measured with an Epply pyrheliometer 

located about two miles east of the test site on the Lewis -Brown 

Horticulture Farm. A continuous record of solar radiation was avail- 

able from this instrument. The pyrheliometer was permanently 

installed in the horizontal. position (Figure 15), so the readings had 

to be corrected for an inclined surface. Local variations such as 

smoke and clouds could have made these readings different from 

those that would have been obtained at the test site. 

A small solar cell originally intended for use as a booster cell 

on a photographic light meter was used to confirm the pyreheliometer 

readings. A multi -scale volt- ohm -milliammeter was used to mea- 

sure the short -circuit current output of the solar cell and calibrate 

it with the pyrheliometer. The calibration curve in the appendix 

shows the relationship of short -circuit electrical current output of 
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Figure 15. Pyheliometer Installation and Solar Cell. 

Figure 16. Reflectivity Test Set -up. 
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the solar cell and solar radiation falling upon it. The current values 

obtained for very low and very high values of solar radiation inten- 

sity were scattered, indicating that the solar cell was not consistent 

in its measurement of these radiation intensities. Although some- 

what inaccurate, the solar cell was the only available instrument that 

could be used at the test site to measure indirect radiation. In addi- 

tion, the solar cell was used to check for radiation -intensity differ- 

ences between the test site and the pyrheliometer location. 

The solar cell is shown just below the pyrheliometer base in 

Figure 15. The plastic top of the cell has been partially removed to 

reveal the "egg- crate" spacer in its position above the actual light - 

sensing element. The plastic top is translucent, serving to diffuse 

the light falling on it and to reduce the intensity of the light reaching 

the sensing element. 

Reflectivity measurements were made with the pyrheliometer 

sensing element oriented to measure the intensity of radiation re- 

flected from a sample of the material being tested. In Figure 16 a 

sample of the mirror material attached to a flat holder is being 

tested to determine its reflectivity. Sample calculations in the 

appendix show how reflectivity values were determined by this 

method. Measurement of reflectivities of materials used in solar 

reflectors can easily be determined this way. Duplication of the 

actual application of the mirror material is possible. Angle of 
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incidence, distance of receiver from reflecting surface, ambient 

temperatures, surrounding environment, and, most important, the 

source of solar radiation may all be duplicates of those conditions 

present in the actual usage of the mirror material. 
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TEST PROCEDURE USED 

At the beginning of each day of testing, the boiler drum and 

absorber tube were filled with hot water (about 160 F) to a predeter- 

mined level on the gauge glass. A small electrically- driven pump 

was used to transfer the water from an open container into the 

system. 

At the start of each test run, the reflector was rotated until the 

sun's rays were focused on the absorber tube. The reflector was 

then secured by means of small nylon straps. At least every three 

or four minutes, the reflector would have to be repositioned or else 

the steam output would be significantly reduced. 

The boiler outlet valve was closed before the start of each run. 

After reaching the desired steam pressure, the outlet valve was 

opened, permitting steam to be bled off through the separating calor- 

imeter. If the valve were opened far enough to permit steam to 

escape at a faster rate than it was being produced, the water in the 

system would suddenly start boiling in a much more violent manner. 

This increase in boiling activity would force relatively large amounts 

of liquid out through the calorimeter. If the valve were opened 

properly, little or no liquid would be forced out of the boiler. This 

problem could have been minimized by reducing the amount of water 

in the system; however this would reduce the amount of steam that 
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could be produced during a run, because no additional water was 

added to the system during the individual runs. 

During each run, the pressure gauge was monitored almost 

continually and the outlet valve adjusted to correct any deviation 

from the desired operating pressure. Temperature and solar radia- 

tion measurements were recorded during the individual test runs. 

At the end of each test run, the outlet valve was closed. Then 

the reflector was rotated out of focus, permitting the boiler and 

absorber tube to cool. When the temperature of the water in the 

system had cooled to approximately 160 F, additional water was 

added to the system with an electric pump. To insure that the same 

amount of water was contained in the pump after each filling, the 

system was filled above the required level. The pump was then shut 

off and the excess water allowed to drain back through it. The 

amount of water added to the system after each run was measured by 

weighing the water container before and after removing the water. 

The amount of water separated from the steam by the separating 

calorimeter was drained at the end of each run and the amount re- 

corded. The steam produced during a run was determined by sub- 

tracting the amount of water separated by the calorimeter from the 

amount of water needed to replenish the system. 

The vertical inclination of the collector was adjusted every few 

days. This intermittent adjustment resulted in slight misalignments .. 
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during most of the runs. Consequently, part of the absorber tube 

and part of the reflector were not utilized. The length of the 

absorber tube not receiving reflected radiation was subtracted from 

the absorber tube's length to determine the reflector's effective 

length. 

After completion of the steam production tests, Dowtherm type 

A (see appendix for thermodynamic properties) was substituted in 

the system. It has an atmospheric boiling point of over 500 F; 

permitting high collection temperatures without the inherent high 

pressures associated with saturated steam at these temperatures. 

Tests were then made to determine how hot the Dowtherm could be 

heated by the collector. It was assumed that collection efficiency 

reached zero at this maximum temperature. 
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DISCUSSION OF TEST RESULTS 

Preliminary tests made with the aluminum sheets installed as 

mirror surfaces indicated that higher collection efficiencies could be 

obtained without the circulating pump. The remainder of the tests, 

made without the pump, are the basis for the performance data used 

to determine the collector's efficiency. The wind shields were 

attached to the collector (Figure 19) during these tests. 

Steam was produced at pressures ranging from atmospheric up 

to 270 psia. At steam pressures near atmospheric, the system 

generated steam in an erratic manner, and in general seemed to be 

operating under unstable conditions. However, at higher steam 

pressures, the steam production was steady. This low pressure 

instability could have been caused by several things. One probable 

cause is the fact that the water pressure at the lower end of the col- 

lector was higher than that at the upper end, due to the head of water 

in the inclined tube. This pressure difference was large enough to 

make the boiling point of water several degrees higher at the lower 

end of the absorber tube than at the upper end. If the water were 

heated to the boiling point in the lower end of the absorber tube and 

then started to circulate upwards, its temperature would be higher 

than its boiling point. This would result in the rapid formation of 

steam surging upwards to the boiler drum. Another possible cause 



46 

is vapor being trapped by the spiral wire separating the absorber 

tube from the return tube. These vapor pockets could stop the circu- 

lation of water. Then, when they had enlarged sufficiently, they 

might rapidly release the trapped vapor, resulting in a surge of 

steam. This erratic behavior could have been responsible for the 

low- pressure collection efficiencies appearing lower than they 

should have been when compared with higher temperature collection 

efficiencies. 

Evaluation of the performance of a solar collector can be done 

by accounting for all of the solar energy it intercepts. There are 

several energy losses inherent in focusing collectors. The effect 

these energy losses had on the performance of this collector is 

shown on the energy distribution chart, Figure 17 (17, p. 30). 

The useful heat portion represents the energy absorbed by the 

absorber tube, and in this investigation was used to generate steam. 

This curve is based on the experimental data obtained and compiled 

as per calculations in the appendix. The many atmospheric vari- 

ables, as well as possible inaccuracies in obtaining test data, 

contributed to the spread of the efficiency values shown in Figure 18. 

The most likely source of this dispersion of data was the 

method of measuring steam output. The amount of water used to 

replenish the system should have been equal to the steam output; 

however, there were many possibilities that this would not be true. 
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PARABOLIC TROUGH COLLECTOR 
ENERGY DISTRIBUTION CHART 

Oregon State University 
Department of Mechanical Engineering 
October 12, 1962 K. L. Mackie 
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Any difference in temperature of the system before and after a test 

run would result in a different weight of water being contained within 

the system, for the same gauge glass level. Leakage or spillage of 

any kind would cause the amount of water actually added to be less 

than the amount measured. 

Indirect radiation is really not classified as a loss in a focusing 

collector, because only direct radiation can be focused by the 

reflector. A non -focusing collector can usually utilize the indirect 

radiation. The inclusion of indirect radiation as a loss is to illus- 

trate this inherent disadvantage of a focusing collector. 

The aluminum reflecting surface had a reflectivity of 0.78 for 

solar radiation indicating that 22 percent of the direct radiation was 

absorbed or scattered by the aluminum. Actually this energy loss 

could have been greater during part of the test runs because of dust 

and other foreign matter accumulating on the surface. 

Geometric imperfection losses are caused by any flaw in the 

shape of the reflecting surface, mislocation of the absorber tube or 

improper positioning of the reflector. These factors are very 

difficult to evaluate, though the uneven flux distribution on the 

absorber tube (Figure 20) is a good qualitative measure. For the 

purposes of this investigation, the other losses were evaluated, and 

geometric imperfection was considered to be responsible for the 

remainder. 
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Figure 19. Wind Shield Installation. 

Figure 20. Flux Distribution on Absorber Tube. 
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The absorber tube does not absorb all of the radiation reaching 

it. A value of O. 95 was assumed for the absorptivity of the flat black 

paint on the absorber tube. Reported values for the absorptivity of 

flat black paints are usually within about two percent of this value. 

Radiation losses were calculated assuming an effective sky 

temperature of 40 F (17, p. 27). Aluminum reflects infrared radia- 

tion very well; so in effect, the absorber tube was surrounded by sky 

except for the wind shields. Calculations are included in the appen- 

dix. 

Convection losses from the absorber tube to the air were calcu- 

lated by the method described in the appendix. It was assumed that 

the insulation on the piping and boiler drum reduced convection 

losses from them to a negligible amount. 

The various pipe joints showed some signs of leaking when sub- 

jected to the 270 psia, 408 F test conditions. The high temperatures 

caused decomposition of the white lead joint -sealing- compound. 

Repeated tightening would not completely stop the leaks, although 

they were reduced to an almost undetectable size. Because of these 

leaks, collector efficiencies for the 270 psia runs are probably 

slightly lower than the test results indicate. 

The cardboard wind shields proved necessary because, without 

them, even weak winds from the south and west would substantially 

reduce the steam rate. With the wind shields in place, variations in 
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the direction and velocity of the wind had little effect on the perfor- 

mance of the collector. 

Under some cloudy conditions, the collector would produce 

steam. Thin overcast cloud layers would reduce steam output, de- 

pending on how much the direct solar radiation was reduced. During 

periods of broken or scattered cloud cover, the system would stop 

producing steam when the clouds cast their shadows on the reflector. 

After again being exposed to the direct rays of the sun, the collector 

needed only a short time to commence steam production. The very 

low heat capacity of the system, in comparison with the rate of heat 

collection, made this possible. The entire boiler drum and absorber 

tube assembly weighed about 20 pounds; only about five pounds of 

water were needed to fill the system. 

Low temperature steam was generated as late in the afternoon 

as one houx before sunset. The collection efficiency was very low 

due to the reduced solar radiation intensity. 

The maximum collection temperature tests with Dowtherm in 

the system seemed to indicate that the liquid was not circulating very 

fast. The temperature of the liquid entering the absorber tube 

usually reached a given value about ten minutes after the tempera- 

ture of the liquid leaving the absorber tube reached the same value 

(Figure 21). If the Dowtherm were circulating rapidly, this time 

should have been much shorter. Warm -up runs with boiling water 
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DOWTHERM WARM -UP TEMPERATURES 
Oregon State University 

Department of Mechanical Engineering 
October 8, 1962 K. L. Mackie 

A Out of absorber tube 
O Into absorber tube 
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Figure 21. Typical Warm -up Temperature Rates for Dowtherm. 
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in the system did not display significant lag in temperature rise. 

These poorer circulating qualities would indicate that the maximum 

recorded temperature of 440 F is probably below the maximum tem- 

perature that could be obtained with boiling water in the system. The 

thermal expansion of Dowtherm is probably not great enough to 

cause more rapid thermosiphon circulation. 

At the conclusion of testing, the paint on the absorber tube was 

examined. The paint vehicle either disappeared or decomposed, 

because all that appeared to be left was the lampblack pigment. It 

was assumed that this had a negligible effect on the absorber tube's 

effectiveness. 

An unscheduled test of the collector was its exposure to hurri- 

cane force winds on October 12. The only damage it sustained was 

the collapse of part of its supporting framework. The main part of 

the collector remained intact and could have been placed in operation 

within a short period of time. 
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CONCLUSIONS 

The use of a parabolic trough -type mirror to collect solar 

energy at temperatures high enough to produce power is not a new 

idea. Even the use of concentric direct and return tubes was pa- 

tented in 1915 (23, p. 1617). Nevertheless, experimental data on the 

performance of parabolic trough collectors is very limited. Some 

data, for collection temperatures up to 350 F, was available from 

a series of tests made with a trough -type of collector using an ex- 

ternal return tube (17, p. 25 -32). No additional experimental data 

could be found to confirm these results. 

This investigation is believed to be the first experimental evalu- 

ation of the performance of a thermosiphon concentric -tube absorber 

in a parabolic trough -type collector. These tests proved that this 

reflector could collect solar energy and convert it to heat energy at 

reasonable efficiency. The test results indicated that an external 

return tube was not necessary for a thermosiphoning trough -type 

collector. The collection efficiencies were comparable to those 

obtained by another investigation with an external return tube (17, 

p. 25 -32). 

For a more realistic evaluation of the collection efficiencies 

obtained, they should be analyzed to determine how much power 

could be produced. An ideal Rankine cycle was assumed using 
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using saturated steam at the temperatures the collector was capable 

of producing. The collection efficiency was multiplied by the ideal 

Rankine cycle efficiency (Figure 22). By examining this analysis 

(Figure 23), it may be concluded that the theoretical engine's maxi- 

mum efficiency would be slightly over six percent at a collection 

temperature of about 300 F. This would mean a power output of 

about O. 3 horsepower for this collector's forty square feet of 

collection area, or about 135 square feet of collection area per 

horsepower. An actual steam engine or turbine would be even less 

efficient, requiring a much larger collector, whose cost would be 

excessive. 

Convection, and especially radiation losses increase rapidly 

with rising collection temperature, requiring either a much higher 

concentration ratio or use of a selective absorber for higher collec- 

tion temperatures. These losses are solely responsible for the 

decrease in collection efficiency for increasing collection tempera- 

ture. 

Much better geometric accuracy must be built into the collector 

if higher concentration ratios are used. The uneven flux distribution 

by this reflector would not permit the use of smaller absorber tubes 

without an increase in the losses caused by geometric imperfection. 

The use of sheet metal supported by ribs is incapable of providing 

much better geometric perfection without becoming excessively 
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heavy. Some kind of more rigid, lightweight material is needed to 

support the reflecting surface. 

The futile tests with the stainless steel demonstrated the impor- 

tance of having a very smooth finish on the reflector. Not only does 

a rough surface increase the absorptivity of the material, it in- 

creases the scatter of the reflected radiation. In this case the stain- 

less steel's directional surface ridges scattered the reflected light to 

such an extent that the effective reflectivity of the stainless steel was 

almost zero. If a reflecting surface has directional ridges, the 

material should be installed in the reflector with the ridges running 

perpendicular to the direction of the absorber tube. 

Although this reflector had what may be considered low collec- 

tion efficiency, especially when the potential power output is so low, 

the fact that solar radiation is "free" should make it worthy of 

further development. A significant reduction in the losses could 

make similar collectors practical sources of energy to power heat 

engines. 
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RECOMMENDATIONS 

Solar energy research should be continued with one of the main 

objectives being to produce mechanical power with a system which 

is simple, reliable and economically feasible. The present demand 

for space power plants has provided an added incentive for develop- 

ment of power production from solar radiation. Although the sun's 

rays appear to be an almost ideal source of power for use in space, 

there is a much broader field of application here on earth. 

Development should not be confined to the solar collector alone; 

rather, it should include all aspects of power production from solar 

energy. An improvement in the effectiveness of any portion of the 

system, including heat engines, will help to harness the sun's rays 

more efficiently. 

Further development of collectors using parabolic mirrors of 

the trough -type should determine their feasibility for use in the 

production of power from solar energy. Theoretically, it is possible 

for this type of collector to collect solar energy at much higher 

efficiencies than were obtained in this investigation. 

The reflectivity and durability of the mirror surface should be 

improved. The surface of the aluminum sheets could be smoothed 

out by polishing, or the surface could be manufactured with a 

smoother finish; nevertheless, the exposed reflecting surface would 
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still be susceptible to scratching and tarnishing. A material with a 

more durable reflecting surface, such as stainless steel, could be 

substituted, but the cost of the reflector would probably be exces- 

sive. "Mylar" sheets with a thin vaporized aluminum coating on one 

side can be attached to a suitably contoured surface (7, p. 11), 

Installed with the "Mylar" side uppermost, the aluminum's reflecting 

surface will be protected. The reflectivity of commercially avail- 

able aluminized "Mylar" is about 0. 76 (17, p. 30). 

A high degree of geometric perfection must be built into a fo- 

cusing collector. The widespread use of lightweight plastics has 

lowered their cost, making them attractive for use in the construc- 

tion of focusing collectors. Paraboloidal shaped reflectors construc- 

ted of fiberglass- reinforced polyester shells and molded polystyrene 

have produced lightweight mirrors of good geometric accuracy (7, 

p. 11). The use of rigid plastics in the construction of trough -type 

reflectors should be investigated. 

Radiation losses from the absorber tube and imperfect absorp- 

tion by the absorber tube are functions of the coating and /or finish 

on it. The use of a selective absorbent coating on the absorber tube 

is potentially a source of much higher collection efficiencies. 

Although several selective coatings have been developed, further 

research should produce much better properties. 



61 

In addition to radiation losses, convection losses from the 

absorber tube greatly reduce the collection efficiency of the focusing 

collector. One method of reducing these losses would be placing the 

absorber tube within a large glass tube and evacuating the air from 

the space between the two tubes. This would tend to eliminate the 

convection losses; however the absorption and reflection of the in- 

coming sunlight, by the glass, would introduce an additional loss of 

energy. Use of an evacuated glass tube as a convection shield 

should be investigated in conjunction with selective absorber coat- 

ings for the absorber tube. This combination could result in a very 

flat collector efficiency curve (small decrease in collection effici- 

ency for an increase in collection temperature). The higher temper- 

atures would permit the use of more efficient heat engines and 

correspondingly more efficient power production. Some kind of 

insulation should be provided on the portion of the absorber tube not 

receiving reflected solar radiation. The insulation could be attached 

to the tube if the tube were rotated with the reflector. If a stationary 

tube is desired, the insulation would have to rotate with the reflector. 

The use of concentric tubes for circulating the working fluid 

through the focal area of the collector should be investigated further. 

Insulation between the outgoing and incoming fluid passageways 

should improve thermosiphoning of the fluid. Tests should be made 

to determine the effects of the inclination of the absorber tube on 
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thermosiphoning. Heating of both boiling and non -boiling liquids 

should be investigated. The heating of a vapor in an absorber tube 

is still another field that needs exploring, Some provision should be 

made to inspect visually the fluid flow, such as a transparent section 

in the absorber tube. A device to measure the flow of liquid in the 

absorber tube would provide additional valuable information. 

When operating at high concentration ratios, it is very important 

that the reflector remain in proper focus by accurately tracking the 

sun. Some kind of clock -like mechanism is needed. A small syn- 

chronous motor would suffice if reliable alternating electrical 

current were available. In the absence of suitable electrical current, 

a pendulum or balance wheel escapement mechanism powered by a 

spring or weight could serve to rotate the reflector at the proper 15 

degrees per hour. The spring or weight would probably be more 

economical than the synchronous motor for small reflectors. 

Additional research should vastly improve the collection effici- 

ency of focusing collectors. If, in addition, the efficiency of the 

associated heat engines can be improved, then production of mechan- 

ical power from sunshine should become economically feasible, thus 

helping to satisfy the world's energy needs. 
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REFLECTIVITY DETERMINATIONS 

A small flat sample of the mirror material was positioned so 

that it would reflect the sun's rays onto the pyrheliometer sensing 

element. The surface of the sensing element was oriented perpendi- 

cular to the reflected sunlight. 

The pyrheliometer was exposed in the following sequence of 

five-minute test intervals: 

L Total direct and diffused radiation measured with the 

sensing element aimed at the sun. 

2. Diffuse radiation measured with the sensing element 

aimed at the sun, but shaded from it. 

3. Total reflected and diffuse radiation measured with the 

sensing element aimed at the mirror sample. 

4. Diffuse radiation measured with sensing element aimed 

at the mirror sample but shielded from it. 

5. Repeat Step 1. 

6. Repeat Step 2. 

The intensity of direct sunlight was found by subtracting the 

diffuse radiation value (Step 2 and 6) from the total radiation values 

(Step 1 and 5). Reflected radiation was obtained by subtracting the 

diffuse radiation (Step 4) from the total reflected and diffuse radiation 

value (Step 3). The material's reflectivity was obtained by dividing 

the reflected radiation value by the direct radiation value. 



67 

THERMODYNAMIC PROPERTIES OF DOWTHERM TYPE A 

Data at Atmospheric Pressure (14. 7 psia): 

Boiling point ........ 500 F 

Latent heat of vaporization .. ,................. 123 Btu /lb 

Specific heat of liquid . ........... 0. 63 Btu /lb F 

Density of liquid ... , .......... 54. 1 lb /ft3 

Density of vapor ., ....................... 0. 28 lb 3 
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SOLAR RADIATION OBSERVATIONS 

The pyrheliometer's recording potentiometer recorded total 

(direct plus diffuse) radiation received on a horizontal surface. The 

diffuse radiation was found by using the calibrated solar cell and 

shading it from the direct radiation. The solar cell was also used to 

check the total radiation values measured by the pyrheliometer. The 

total radiation measurements used for performance calculations 

were those obtained with the pyrheliometer, because they appeared to 

be more accurate. The solar cell was calibrated with pyrheliometer. 

The calibration curve (Figure 26) shows the relationship between the 

solar cell's short circuit electrical current output and solar radiation 

incident on it. 

Solar altitude angles were calculated using a prepared table 

of altitude angles and an almanac. The method of calculating the 

solar altitude angles is presented in Example 1. Figure 25 shows 

solar altitude angles for three of the days testing was performed. 

Altitude angles for other days were obtained by interpolation. 

The direct solar radiation falling on the collector was calcu- 

lated by using the direct radiation data obtained with the pyrhelio- 

meter. These values were for a horizontal surface and were cor- 

rected for the collector's inclination. The direct radiation incident 

on the collector was equal to the direct radiation incident on a hori- 

zontal surface divided by the sine of the solar altitude angle. 
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SILICON SOLAR CELL CALIBRATION 
Oregon State University 

Department of Mechanical Engineering 
October 1, 1962 K. L. Mackie 
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Given: The geographical location of Corvallis, Oregon, is 
123° 18" W and 44° 34' N. 

Req'd: Find the solar altitude angle at 12 AM (PST) on 
August 30, 1962. 

1, Pacific Standard Time (PST) of 12 AM is equivalent to 2000 
Greenwich Mean Time (GMT). 

2. For 2000 GMT the Greenwich Hour Angle (GHA) was 119° 38' 22" 
and the Declination (Dec. ) was 9° 57° 57. 6" (30, p. 29). 

3. 

4. 

The Local Hour Angle (LHA) at Corvallis was found as follows: 

LHA = 123° 18' - GHA 
= 123° 18' - 119° 38' 
= 3° 40' 

For a LHA of 3° 52' and a Dec. of 9° 58 ", the solar altitude angle 
was approximately 55° 51' at 44° latitude and approximately 54°51.3' 
at 45° latitude (31, 110, 136). 

5. The solar altitude angle was therefore estimated to be 55° 21' at 
Corvallis (44° 34° latitude). 

6. Calculations were made for other times of the day and a curve of 
solar altitude angles constructed. 

EXAMPLE 1. Solar Altitude Angle Calculations. 
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PERFORMANCE CALCULATIONS 

The quantity of useful heat energy collected was calculated by 

multiplying the quantity of steam generated, by the latent heat of 

vaporization of water (15, p. 3538) at the corresponding operating 

pressure. 

The total solar radiation incident on the reflector was ob- 

tained by multiplying the effective collector area by the intensity of 

total radiation falling on a surface normal to the sun's rays. The 

effective collection area was found by multiplying the width of the 

reflector by the length of the absorber tube exposed to reflected 

radiation. 

The total quantity of indirect radiation was determined by 

multiplying the indirect radiation intensity by the effective collection 

area. 

The imperfect reflection losses were found by multiplying 

the direct radiation incident on the reflector by the absorptivity of the 

aluminum (O. 22). 

Imperfect absorption losses were based on the reflectivity of 

the absorber tube coating. The absorber's reflectivity (0:05) was 

multiplied by the quantity of solar energy falling on the absorber tube. 

Radiation losses were calculated assuming an effective sky 

temperature of 40 F (17, p. 27). One-fourth of the absorber tube was 

assumed to be radiating to the cardboard wind shields and the other 
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three -fourths radiating to the sky. The following formula was used 

for calculating the radiation losses: 

(T4 Q = 0. 75 AM (T4 - T4 ) + 0. 25 ( T absorber sky absorber 

T4. shield 

Q Radiation loss in Btu /hr 

A - Surface area of absorber tube (9 ft long and 1. 1 inch 
in diameter = 2. 83 sq ft) 

er-- Stefan Boltzman constant - 0. 1713 x 10-8 Btu /(sq ft) 
(hr)(deg R)4 

E - Emissivity of absorber tube (0. 95) 

- Absorber tube temperature in degrees T Tabsorber Rankine 

T sky - Effective sky temperature in degrees Rankine 

T - Wind shield temperature in degrees Rankine 
shield 

Convection heat losses were calculated by the following 

method (20, p. 177): 

hc = 0. 27 (T/L)° 25 

Q = Ah AT c 

AT - Temperature difference between absorber tube and 
ambient air in degrees Fahrenheit 

L Diameter of absorber tube in feet (0. 1 ft) 

A - Absorber tube area in square feet (2. 83 sq ft) 

he - Convection coefficient in Btu /hr ft2 2 deg F 

Q - Heat rate in Btu /hr 

ACTE - 

_ 

- 
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Table I presents data taken during the test runs which were 

used to evaluate the collector's performance. The results of perfor- 

mance calculations are shown in Table II. 
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TABLE I 

Parabolic Trough Collector Test Data 

(1. 1 inch diameter absorber tube 40 sq ft of collection area) 

Run Test 
Number Date 

Starting 
Time 
(PST) 

Length of Sat. St. 
Test Run Temp. 
Minutes F 

Steam 
Output 

lb 

Ambient 
Temp. 

F 

Solar Radiation 
BTU /ft2 min 

Total Indirect 
1 8 -30 -62 11:45 45 341 1.9 80 4.72 0.59 

2 1:55 45 338 1.65 83 4.02 0.59 

3 8 -31 -62 12:47 43 338 2.2 84 4.54 0.55 

4 9-1-62 12:37 58 350 2.5 74 4.54 0.55 

5 2:24 40 274 2.6 72 3.61 0.59 

6 9-2-62 1:18 41 254 2.45 70 4: 54 0.63 

7 1:30 30 274 i. 8 72 4, 24 0. 70 

8 9-3-62 11:43 30 216 2.3 76 4.54 0.70 

9 12:37 23 274 1.65 77 4.39 0.70 

10 1:27 30 250 1.85 80 3.80 0.66 

11 9-4-62 1:02' 61 408 1.9 80 4.39 0.63 

12 9-5-62 1:00 70 408 1.93 84 4.28 0.85 

13 9-6-62 12:35 55 408 1.65 80 4.20 1.00 

14 9-7-62 1:40 30 215 2.0 72 4. 09 1. 14 

15 2:24 30 216 1. 8 71 4.06 0. 77 

16 9-8-62 11:26 30 216 2.15 72 4.68 0, 55 

17 1:25 30 216 2.1 76 4.28 0.55 

18 It 2:07 30 217 1.8 76 3.95 0.37 

19 9-9,62 12:56 30 252 2.3 77 4.50 0.37 

20 1:09 30 254 2.2 79 4.24 0.37 

- 

" 

" 

" 

" 

" 

" 

" 
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TABLE II 

Parabolic Trough Collector Calculated Data 
(1. 1 inch diameter absorber tube - 40 sq ft of collection area) 

Run 
Number 

Steam 
Temp. 

F 

Total 
Radiation 
Btu /min 

Indirect 
Radiation 
Btu /min 

Convection 
Losses 

Btu /min 

Radiation Absorbed' Collection 
Losses Energy Efficiency 
Btu /min Btu /min Percent 

1 

2 

341 

338 

223.4 

203.0 

23, 4 

22.7 

23.7 

22.4 

27.0 

26.7 

37.2 

32.3 

16.6 

15.9 

3 338 221.0 22.0 22.8 26.7 45.1 20.4 

4 350 214.0 21.0 25.4 28, 7 37.6 17.6 

5 274 180.0 22.5 17.2 17.9 60.4 33.5 

6 254 210.3 24.3 15.3 15.6 56.7 27.0 

7 274 197, 4 27, 1 17. 2 17. 9 55,7 28. 2 

8 216 214.8 27.6 10.8 11.5 74.2 34.5 

9 274 216.3 26.5 16.5 17.9 51,1 23. 6 

10 250 185.2 24.8 13. 8 15. 2 58, 3 31.5 

11 408 210.2 23.6 32.0 44.6 25.5 12.1 

12 408 206.6 32.3 31.5 44,6 22.6 10, 9 

13 408 204.8 39.4 32.0 44.6 24.6 12.0 

14 215 204.2 44.0 11.1 11.3 64.5 31.6 

15 216 223.2 29.4 11.3 11.5 58.0 26.0 

16 216 234.8 22.3 11.2 11.5 69.4 29.5 

17 216 223.0 21.6 10.8 11.5 67.7 30.4 

18 217 213.4 14.1 10,9 11,6 58.0 27.2 

19 252 225.4 14.2 14.3 15.4 72.4 32.1 

20 254 225.9 15.7 14.3 15. 6 69.2 30. 7 


