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ABSTRACT 

OPTIMIZATION OF SOLAR RANKINE-CYCLE SYSTEMS 

Kaushik Chaudhary 

Master of Science 

Youngstown State Universi.ty, 1981 

Solar energy can be converted into electricity very effectively 

through a Rankine-Cycle operating at high temperatur~s . The main para

meters that affect the overall solar-to-electrical conversion efficiency 

are studied in detail and th~ optimum sets of conditions that provide the 

best efficiency are obtained for a small sized solar plant having a peak · 

power capacity of 100 KW. 

The main factors studied in detail are: type of solar collector, 

Rankine-cycle working fluid and operating temperatures of the solar 

collector and the Rankine-cycle. The problem is set up such that the 

influence of these factors can be anlyzed simultaneously to arrive at 

the optimum sets of combinations. Temperatures range from 140 to 

1100°F. It was envisaged that at lower temperatures, some of the organic 

fluids, rather than commonly used water, would generat~ higher Rankine

cycle efficiencies. 

Seven organic fluids that are most desirable for use in a Rankine

cycle are considered~ They are: R-11, R-12~ R-113, Toluene, Chloroben

zene, Thiophene and Pyridine. Water is included as a reference fluid. 

Organic fluids, because they are generally found to _be in superheated 

state after expansion through turbine are well suited to take advantage of 
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regeneration which enhances cycle efficiency significantly. Reheat cycle 

improve.s th.e performance of wate.r/steam power cycle. Thus, t\'10 types 

of cycles are considered: 1) Rankine-Cycle and 2) Rankine-Cycle with 

regeneration using organic fluids or Rankine-Cycle with reheat using water. 

Different types of solar collectors can be used to generate 

temperatures ranging from 150°F up to 1100°F. The total energy collected 

per year per unit area using four different generic types of collectors -

flat plate, stationary compound parabolic concentrating (CPC),one axis 

tracking - parabolic trough and two axes tracking~ paraboloid disc collec

tor - at different operating temperatures is computed by the use of hourly 

solar insolation data. 

The results of the energy collected by solar collectors and the 

efficiencies obtained by Rankine-cycles operating at the corresponding 

temperatures are coupled to arrive at the net . electrical energy conve:·sion 

per year for three climatically different locations - Madison, Wisconsin, 

Miami, Florida and Albuquerque, New Mexico. It was found that paraboloid 

disc collector using water as a Rankine-cycle fluid operating at a temper

ature of 1030°F provides the maximum energy per unit area and also has 

the least capital cost per unit power output for all three different 

locations. Analysis indicated that at optimum conditions, for a given 

collector and power cycle, the choice of Rankine fluid and the correspond

ing operating temperatures are practically same for all the locations. 

In a· Rankine-cycle, at low temperature, water is found to be far inferior 

to organic fluids. However, when reheat cycle is used, water gives the 

efficiency results very comparable to that obtained by organic fluids in 

a Rankine-cycle with 80% regeneration. The additional energy obtained in 

Rankine-Cycles with regeneration .or reheat cycles at optimum temperatures 

ranqes from 2. 5 to 10~~ . 
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CHAPTER I 

INTRODUCTION 

Present civilization is heavily dependent on energy and mainly 

energy derived from few sources, above all oil, gas and coal. Of all the 

energy used in the United States in 1974, 94% was derived from these 

three fossil fuels - oil making up about 46% of the total energy consump

tion.1 Unfortun~tely, the supply of the fossil fuels is awindling. In 

less than a century, about 14% of the earth's petroleum has been used up -

the resource which took more than half a billion years to build up. 2 

Rest of the oil and natural gas reserve is fixed in quantity while demand 
,. 

for energy is exponentially increasing. The result is not only a sharp 

rise in energy costs which is experienced in recent years, but a definite 

possibility of depleting oil and natural gas in a matter of few decades. 

Energy is vital to present civilization. The alternatives must be 

developed. Potential alternatives are few in number, above all coal, 

nuclear, solar and wind. Single one of these does not seem to hold the 

answer to the whole problem. 

(
1Fed~ral Energy Administration, National Energy Outlook, FEA-N-

751713 Washington D.C.: Government Printing Office, 1976), p. xxii. 

Book C 
2
Douglas M. Considine, Energy Technology Handbook, (McGraw-Hill 

ompany, 1977), p. xxvi. 
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Solar energy has a potential to play a significant role. Unlike 

nuclear, it does not face mass acceptance problem. In fact, it has a 

great mass appeal because it is simple; unlike coal, it is pollution 

free and it is everywhere and in abundance. For example, the amount of 

solar energy incident on a 120 miles by 120 miles area at a reasonably 

sunny location even if harvested at an average efficiency of 20%, the 

amount will exceed the total energy consumption of the entire world in 

1980. Conversion efficiencies of up to 40% for applications, such as, 

space heating and service water heating have been widely demonstrated. 

Solar economics have also been becoming favorable, especially, in recent 

years when prices of fossil fuels have risen by several folds. Thus, 

solar energy has the necessary potential to contribute toward future 

energy needs of the world. It holds a good promise especially for some 

underdeveloped and developing nations which have a good resource - high 

solar insolation and low labor costs. 

However, solar energy is in diffuse form and it is uncertain and 

intermittant in its availability. In order to use it as a significant 

energy source, it has to be collected over a wide area and sto.~d, thus 

involving a large capital cost of collecting and storage hardware. As 

such, there are no technical barriers other than trying to make the 

hardware involved for solar collection and conversion inexpensive. 

Considerable efforts have been guided in this direction by private and 

public sectors in recent years. 

Solar energy is basically an electromagnetic radiation. Outside 

the earth's air space, it carries the energy at an almost constant rate 
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of 429.2 Btu per hour per square foot known as a solar constant. 3 On a 

clear sunny day, more than 320 Btu per square foot -per hour manage to 

reach earth's surface when measured on a plane normal to sunrays. 4 

Average solar insolation can vary anywhere from 320,000 Btu/ft2/year for 

a cloudy location, such as, a place in the northeast United States to 

650,000 Btu/ft2/year in the southwest United States region.[6] This 

energy can be converted into any desirable form. However, solar energy 

being thermodynamically closer to thermal form, its most efficient and 

economical application is heating - either space heati·ng or service water 

heating. 

Electricity is one of the mainly used energy forms. Of a 11 the 

energy used in the United States in 1974, 28% was in the form of elec

tricity. 5 Solar Energy can be converted into electricity either by 

photovoltaics or through mechanical power cycle . . Conversion through 

photovoltaics, although more desirable, must wait for the development of 

technology of making solar cells at significantly lower prices. One of · 

several mechanical power cycles, such as, Rankine, Reheat, Regeneration, 

Stirling, Ericson and Brayton cycle can also be used for solar to elec

trical power conversion. Among these, Rankine cycle (along with Reheat 

and Regeneration loops) is widely used in the great majority of the 

electric power plants. This cycle has a very high work ratio of turbine 

3Adden B. Meinel and Marjorie P. Meinel, Applied Solar Energy, 
(Massachusetts: Addison-Wesley Publishing Company, 1977), p. 41. 

4Meinel and Meinel, Applied Solar Energy, p. 47. 

751173 ( 5Fed:ral Energy Administration, National Energy Outlook, FEA-N
Wash1ngton D.C.: Government Printing Office, 1976), p. xxxii. 
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power output and pump power input. Because of a high work ratio, small 

variations in the pump and turbine efficiencies do not dramatically 

affect the overall cycle efficiency. So the pump and turbine used in the 

cycle need not be highly efficient which could be cost prohibitive in a 

small scale solar power plant. So Rankine-cycle i5 the best suited power 

cycle for solar energy among all power cycles. This thesis deals with 

solar-to-electrical conversion through a Rankine-cycle. 

The schematics of hardware involved in a Rankine-cycle and its 

cyclic path on a temperature-entropy diagram are shown in Figure 1. 

Solar "
Flux 1'. 
~ 
~ 
~ 

Pump 

Turbine 

Generator 

Condenser 

FIGURE 1. Schematic Diagram of a Simple Rankine~Cy~le. 
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The ideal Rankine-cycle consists of four thermodynamic processes, 

starting with, 

l. isentropic pressurization of saturated liquid, 

2. constant pressure heat addition to vaporize the fluid by a 

heat source, such as, solar collectors, 

3. isentropic expansion to a low pressure in the prime m.over, 

such as, turbine which in turn drives a generator to produce 

electricty, and 

4. constant pressure heat rejection (condensation) in condenser, 

thus completing a cycle. 

Statement of the Problem 

The main objective of this thesis is to optimize the conversion 

of solar energy into electricity through Rankine-cycle (along with 

regeneration and reheat loop) on a small scale range of about 100 KW peak 

capacity. Optimum is defined as being most desirable in terms of economy 

(related to efficiency), safety, maintenance and ease of operation. 

There are several factors that affect the overall conversion 

efficiency and economy. The main variables are: type of solar collector, 

choice of a Rankine-cycle working fluid, collector operating temperature, 

Rankine-cyclemaximum temperature, condenser temperature, availability of 

solar insolation, etc. In this thesis, all the main variables are 

analyzed in detail by exhaustive search optimization technique to arrive 

at the optimum sets of combinations for overall solar-to-electrical 

conversion. 



Related Work in the Field 

In recent years, the subject of solar energy is going through a 

very popular and technical revival. There has been quite an activity 

going on in the private and public sector in the area of small scale 

solar-to-mechanical (or electrical) power conversion in recent years. 

6 

The pioneering work in this area in recent years has been done 

byBarber and Nichols of Barber-Nichols Engineering Company. This company 

designed, built and tested several solar operated Rankine-c1cle engines 

using organic fluids as a Rankine-cycle working fluid. The first unit 

the company built was in 1973. Flat plate solar collectors were used 

for solar collection; R-113 as a Rankine-cycle working fluid and system 

was operated at a collector temperature of 200°F and Rankine-cycle maximum 

temperature of 188°F. 6 Efficiency of 6% was noted. The unit is used for 

operating a 3-ton air conditioning equipment. · This company also built a 

solar powered Rankine cycle to supply shaft power to drive a conventional 

351 KW water chiller for Honeywell, Inc. This unit used parabolic trough 

concentrating-trac~ing solar collectors; it used R-113 as a Rankine-cycle 

working fluid and was operated at a temperature of 275°F. Rankine-cycle 

efficiency of 15.9 was realized. 7 Another 25-hp solar engine was installed 

at the DOE demonstration site in Willard, NM for irrigation. 8 This unit 

6 R.E. Barber, "Solar Rankine Engines Examples and Projected Costs, 11 

~ ASME Publication, 79-Sol-3, p.3 . 

S 
7Douglas K. Werner, "Design and Test Results of a 643 KW(85 HP) 

~a~ Powered Rankine Cycle, 11 Present at the 1978 Annual Meeting of the 
D ncan Section of International Solar Energy Society, Aug. 28-31, enver, co. . 

S 
9
R.L. Alvis, "Solar Irrigation Program Status Report, 11 Oct., 1977, 

andia Report SANO 78-0049 . 
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was operated at 325°F. Barber and Nichols mainly considered three fluids: 

R-11, R-12, and R-113, and two types of solar collectors: flat plate and 

parabolic trough. They mainly dealt with practical and economics side of 

the problem; simultaneous optimization was not considered. 

D.R. Miller of Monsanto Research Corporation analyzed the theoret

ical performance of several organic fluids as Rankine-cycle working fluids. 9 

His study dealt mainly with the performance of the Rankine-cycle; solar 

collectors were not analyzed; overall solar-to-electrical performance was 

not considered. 

The technical aspects of small scale solar powered engines have 

also oeen studied by Biancardi of United Aircraft Research Laboratories, 10 

and also by Davis. 11 There are a few complete solar-powered package 

systems are also commercially available. Among the~ Omnium-G 1 s system is 

noteworthy. The system consists of: 

1) a 20 feet diameter concentrating-tracking parabolic disc 

having a concentration ratio of 10,000; 

2) thermal-to-electrical power conversion engine using steam 

or air as a working fluid-operating at an average temperature 

of 1400°F, and 

3) compressed air capsules for storage. 

9 0.R. Miller, 11 Rankine Cycle Working Fluids for Solar-to Electri
cal Energy Conversion, 11 Jan., 1974, Sandia Report 58-5556. 

in 
1
°F.R. Bi~ncardi, 11 Solar Cooling for Buildings, 11 Workshop Proceed-

(W~~h-~ar Cooling for Buildings, Feb. 6-8,. 1974, Los Angeles, California, 
1 ~ on:Go·,ernme:,t Printing Office, 1974), p. 193. 

Procee/
1
Jerry Davis, 11 Solar Rankine Powered Cooling Systems, 11 Workshop 

ings, Solar Cooling for Buildings, Feb. 6-8, 1974, p. 200. 

l&IIIIIAa• r ••••-



Nominal electrical power output is 7.5 KW and thermal output is 30,000 

Btu/hr. 

There have also . been several studies done to determine the 

possibility of solar thermal power plants for small communities. [See 

Reference 3 J 

Most of the work done in the area of small scale solar-to-electri

cal conversion has mainly dealt with effect of one perticular variable on 

the overall conversion efficiency. 

In this thesis, the problem is setup such that all the main vari

ables involved can be analyzed simultaneously and all possible combinations 

are considered. 

Problem Setup 

The schematic diagram of one of the possible arrangements of hard

ware involved for solar to electrical conversion through Rankine-cycle is 

shown in Figure 2. 
Hot flulgn~torage 

Solar"
Flux , 

"-' 

Solar 
Collector 
loop 

mv .----ar,able 

Boiler 
Heat 
Exchan 
ger B 

coli~{luid ·storage 

Rankine 
tycle 

oop 

Generator 

Condenser 

FIGURE 2. Schematic Diagram of a Basic Solar-Rankine Cycle. 



In the solar loop, solar collectors collect and transfer solar 

energy to the circulating fluid. Energy in turn is transferred to the 

Rankine-cycle working fluid. Solar collector fluid .is pumped back to 
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the solar collectors. In a Rankine-cycle loop, thermal energy is converted 

into electricity. 

There are several possible operating arrangements. The philosophy 

followed in determining the arrangemen_t of hardware involved as shown in 

Figure 2, was to make both - solar loop and Rankine-cycle loop - operat

ing at a constant temperatures, thereby, making simultaneous optimization 

a little simpler. 

As indicated earlier, there -are many factors involved here that 

affect the overall conversion efficiency. · In this study, all the main 

factors that affect the overall efficiency and economy significantly . 

are analyzed in detail. Certain assumptions are made regarding the other 

variables, such that, optimum solution is not significantly affected. 

All the factors involved and the necessary assumptions are 

discussed below. 

l) Operating Temperature: It is known that Rankine-cycle 

efficiency can be increased by increasing the temperature and pressure 

of the working fluid at the heat source and lowering the condenser tempera

ture ( thereby., lowering exhaust pressure). For a fossil fueled power 

plant where energy sources is in a concentrated form and so ~eat losses 

do not increase significantly with operating temperature, the choice of 

operating conditions is clear - as high a temperature and pressure as the 

available hardware can withstand. However, different sets of conditions 

exi 5t for a small scaled solar power plant. Solar energy being diffuse 

in nature requires collection over a large area. The efficiency of. the 
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collector decreases as its operating temp~rature increases because of high 

heat losses associated with large collection area. The optimum tempera

ture would be the one that maximi~es the product of ~olar collector effi

ciency and Rankine-cycle efficiency. In this study, maximum tempera-

ture will be limited to 1050°F as this would be a limit in terms corrosion 

resistance of alloy steels of moderate cost (e.g. ASTM A217). 12 

2) Rankine-Cycle Working Fluid: The fossil-fueled power plants 

use water/steam as a Rankine-cycle working fluid. Some of the rea$ons 

for the choice of the water/steam are that water is a highly stable com

pound capable of withstanding up to 3000 psia pressure and temperatures 

above 1300°F without disintegrating; it has lnw peak temperature require

ments for very high thermal efficiency; it is safe, nontoxic and almost 

free. However, water, as such, does not have desirable thermodynamic and 

turbomachinary characteristics. The vapor dome .and a typical Rankine

cycle path traced on a T-S diagram are shown in Figure 3. 

12
D.R. Miller, 11 Ranki.ne-Cycle Working Fluids for Solar-to--Electrical E nergy Conversion," Jan. 1974, Sandia Report 58-5556, p. 12. 
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Saturated-State Vapor Line 

4~ -
. Moist Steam 

s 

FIGURE 3. Saturation-State Vapor Line ilnd Ranktie-Cycle on a 
Temperature-Entropy Diagram -for Water/Steam. 

11 

As can be seen in Figure 3, water has a negatively slopped satu

rated vapor line. During expansion of steam ~cross the turbine, which is 

almost an isentropi~ process, ste.am starts condensing inside the turbine 

and this causes erosion which is highly undesirable since turbine is one 

of the most costly and delicate parts of the system. In a fossil-fueled 

power plants, this problem is taken care of by adding a number of re-heat 

loops and using multistage turbines. However, this demands large expen

diture and therefore, only very large scale electric production becomes 

economically feasible. For a small solar power plant, where cost has to 
be l · · ,m,ted, multistage turbines and many number of re-heat loops become 
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cost prohibitive . 

However, another alternative exists if the cycle temperature is 

below 700°F. Some of the organic fluids can be used as a Rankine-cycle 

working fluids. As can be seen in the T-s diagram of a typical organic 

fluid, Figure 4, organic fluids have a positively slopped saturated vapor 

line. 

T 

s 

Saturated-State Vapor 

\_
4 Line 

Vapor in Superheated 
Form 

FIGURE 4. Saturation-State Vapor Line and Rankine-Cycle 
on a Temperature-Entropy Diagram for a Typical 
Organic Fluid. 

During expansion through the turbine, the fluid tends to superheat 

eliminating turbine erosion problems. 

Besides, at a low available temperature, (<300°F) the vapor 

Pressure of water is too low to provide adequte working pressure for a 

real turbine: Some of the organic fluids (e.g. R--11, R-12, R-113) boil 
Ith. 

igh pressures even at low available temperature (<200°F). Also, 
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organic fluids have a low specific heat which is a desirable turbomachin

ery characteristic. Also, because organic fluids superheat during expan

sion through turbine, the vapor coming out of the turbine is at higher 

temperature than condenser liquid temperature and so simple regeneration 

(by an ordinary heat exchanger - not a costly item) becomes feasible 

which increases cycle efficiency significantly. Thus, using organic 

fluids as a working fluid could offer very high efficiency, even at low 

available temperatures and with a single stage inexpensive turbine. 

However, most of the organic fluids have poor physical properties: many 

of them are inflammable, toxic to a degree, . unsafe to handle and costly. 

~ince the cy.::Je is a closed typt., these problem:; .:.'o not ros2 a serious 

problem and they can be dealt with if proper care is taken in hardware 

design and construction. Nevertheless, water has a winning edge here. 

One of the ways that poor turbomachinery characteristics of water can be 

solved is by adding a re-heat loop in a Rankine-cycle. In this cycle, 

vapor is first expanded to some intermediate pressure in a turbine, 

reheated and then again expanded through another turbine to the exhaust 

pressure. Re-heat cycle allows higher pressure operation thus, increasing 

cycle efficiency yet decreasing or eliminating the condensation in the 

turbine. · In this study, both - regeneration cycle for organics and one

step re-heat loop for water are also considered. 

There are many organic fluids that can be used. However, only 

very few are suitable for use in the Rankine-cycle. Detailed considera

tions for choice of candidate fluids are discussed in Chapter II. The 

names of the fluids considered are: R-11, R-12, R-113, Toluene, Thiophene, 
Pyr·d· 1 ine, Chlorobenzene and water. 
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3) ~ of Solar Collector: The choice of an qperating tempera

ture desired determines the choice of the solar collector. Different 

types of solar collectors can be used. There are four main types of solar 

collectors: flat plate, compound parabolic concentrating (CPC), one axis 

tracking-concentrating parabolic trough and two axes tracking-concentra

ting paraboloid disc collector. In a certain temperature range, some 

types of collectors perform better than others. For example, flat plate 

collectors perform better in the temperature range from 150°F to 200°F 

than other collectors while disc type two axes tracking paraboloid 

collectors are more suitable for temperature above 500°F than other types 

of collectors. Collectors differ widely in their cost, maintenance 

requirements and in ease of operation. Above mentioned four types of 

collectors are considered in this study. 

4) Climate (as Related to Solar Insolation and Ambient Tempera-

ture): The solar radiation at earth's surface comes in two forms: 

direct radiation - radiation whose direction has not been changed by 

atmosphere - and scattered radiation - radiation whose direction has been 

changed by the atmosphere . . Solar collectors differ in their ability to 

utilize scattered radiation. The efficiency of a solar collector which 

is a fraction of energy absorbed by collector over that incident on it, 

1s dependent upon the quantity of usable solar radiation incident on its 

plane and ambient temperature. Different places differ considerably in 

the amount of each form of solar insolation they receive and in average 

ambient temperature. So, an optimum choice of a solar collector may 

very well change from a parabolic trough collector for a sunny location 

to a flat plate collector for a cloudy location. In this study, the 

lnalysis is carried out for three climatically different locations 
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namely, Madison WI; Alburqurque NM; and Miami FL. Results can be used 

for any other location by comparing the average amount of each form of 

solar insolation and average ambient temperature. 

5) Condenser Temperature: If environment is used as a heat 

sink either by air cooled condenser or cooling tower, the condenser 

temperature will depend upon ambient dry or wet bulb temperature which in 

turn will depend upon the location. If a constant temperature sink such 

as well water is used, condenser temperature will almost be constant. 

Condenser temperature will also depend upon the design characteristics 

of a condenser heat exchanger; such as its surface area, types of metal 

used, flow rates, etc. In this study, it is decided not to go into the 

hardware design factors. Here, a condenser design and flow rates are 

assumed to be such, that a constant temperature of 90°F of the Rankine

cycle fluid exists at the condenser throughout the year. 

6) Hardware Design and ·operation Factors: The design character

istics of the hardware, such as, surface area, types of materials, thick

ness of materials, amount of insulation used, flow rate, etc. affect the 

pressure drop, thermal losses, etc. whi.ch in turn affect overall effi

ciency. Ideal analysis must include all these factors and optimize the 

hardware involved in each case. But, consideration of the hardware 

design factors is beyond the intended scope of this study. Based on the 

experience, certain assumptions are made regarding hardware design 

factors - as close as it would be in practical situations and such that 

simultaneous optimization of solar collection loop and Rankine-cycle 

loop is poss1'ble. Th · f 11 ese assumptions are -as o ows. 

Mass flow rate of Rankine-cycle fluid is constant and it is such 

that fluid is vapor,· zed t t t t t f R k' l o a cons an empera ure o an 1ne-cyc e 
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operating temperature, T3 (See Figure 2). Mass flow rate of solar collec

tor fluid across the heat exchanger B, is constant. For a given value of 

r
3

, T2 is known. The physical parameters .of the boiler-heat exchanger 

such as its effectiveness and number of heat transfer units (NTU) and 

hourly heat capacity ratio of both fluids relate the collector fluid outlet 

and inlet temperatures Tel and Tc2 to T3 and T2. These parameters are set 

such that Tel is minimized. Thus, for a particular T3, Tel and Tc2 are 

computed. The equations involved and the procedure followed is discussed 

in detail in Chapters V and VI. Since the difference between Tel and Tc2 
is small, a term, collector fluid average temperatu~ei T is introduced avg. 

as an average temperature of Tel and Tc2. Thus, a certain value of T3 
corresponds to a particular value of Tavg 

The pump that circulates fluid to the solar eollector is a vari- · 

able flow rate pump. The flow rate ·gets adjusted according to the instan

taneous solar insolation. The mass flow rate is such that the collector 

fluid heats up from Tc2 to a constant required temperature, Tei· Here, 

several collector modules are assumed to be connected in a series. Since 

the mass flow rate of solar collector fluid is constant across the heat 

exchanger B but, variable across the solar collector, two small temporary 

storage tanks are introduced. All ·compon~nts are assumed to be well 

insulated and thus heat losses through pipes and tanks are neglected. 

However, this will have no signifi.cant effect on the optimum since the 

same assumption is used throughout in all cases and the errors involved_ 

Will be relative. Fluids in the tanks are assumed to be thoroughly mixed. 

Rankine-cycle pump efficiency is assumed to be 50% and turbine efficiency 

to be ]S%in all cases. T b. l . · . 11 d b l ur 1ne supp y pressure 1s not a owe to e ess 

an atmospheric pressure. 



Approach 

The problem is divided into two parts: l) Rankine-cycle loop 

(or Rankine-cycle with regeneration or re-heat loop), and 2) solar col

lection loop. Both loops are treated separately and then results are 

combined to get net results. Exhaustive search 6ptimization technique 

is used. 

First, Rankine-cycle efficiencies at several different tempera

tures are calculated for each candidate working fluid. ·The graphs of 

efficiency vs. Rankine-cycle maximum temperature, TR, is to be prepared 

for each fluid. The qualitative nature of the graphs is as shown in 

Figure 5. This is the subject covered in Chapter II. 

TR 

Different Rankine-Cycle 
Working Fluids 

FIGURE 5. Rankine-Cycle Efficiency vs. Rankine-Cycle Maxi
mum Temperature Curves for Different Fluids. 
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Similar results are to be obtained using Rankine-cycle with 

regeneration loop in case of organic fluids and Rankine-cycle with one

step re-heat loop in case of water. This is covered in Chapter III. For 

all calculations Temperature-Entropy charts or property tables are used. 

The efficiency of a solar collector depends upon the operating 

temperature, instantaneous solar insolation and ambient temperature, Ta. 

The variation of solar collector efficiency is displayed in several ways. 

The standard ASHRAE recommended practice is to show the results as 
Tf . - Ta 

collector efficiency, ncoll. vs. ,,nI , where I is the instantaneous 

solar insolation on the collector plane and Tf . is the temperature of ,,n 
the fluid going into the collector. Average mass flow rates and a solar 

collector .fluid used is mentioned along with these results . A typical 

qualitative curve is shown in Figure 6. 

Flat Plate 
Solar 
Collector 

Paraboloid Disc 
Solar Collector 

Parabolic Trough 
Solai Collector 

FIGURE 6. Solar Collector Efficiency Curves for Different 
Types of· Collectors. 
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Even for the same type of collector, these curves differ slightly 

from one manufacturer's collector to the other. Better efficiency is 

generally associated with higher cost. In this study, a representative 

average curve for each type of collector is chosen and used. Equations 

are derived to curve fit these curves . 

An hourly solar insolation and ambient temperature data for a 

location for a typical year are applied to these equations to calculate 

the energy collected every hour and then the total energy collected 

throughout the year is established. Calculations are carried out for 

three climatically different locations mentioned earlier. This is covered 

i ,1 Chapter IV. · A computer and t:ie rndgneti c WE.ather data ~ai-i., having 

hourly solar insolation and ambient temperature are used. The qualitative 

nature of the graph of total energy collected per year per unit area vs. 

collector fluid a,verage temperature, Tavg' 

collectors is as shown in Fig~re 7. 

for different types of 

Energy 
~ llected 
yr. unit 

area 

Paraboloid Disc Solar Collector 

Trough Solar Collector 

Tavg 

Energy Collected Per Year Per Unit Area vs. Collector Fluid 
Outlet Temperature Cu~ves for Different Types of Collectors. 
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The results from both loops - solar and Rankine-cycle loop - are 

combined. The product of sotar .energy collected/(yr. unit area)at a 

particular collector fluid outlet temperature (Tavg) an~ Rankine-cycle 

efficiency at the corresponding Rankine-cycle maximum temperature (calling 

this product as S.R Value) is obtained. This is directly proportional 

to the net electrical production/yr unit area at a certain operating 

temperature (Tav~ =TR). 

Solar Energy 
Co 11 ected by 
the Collector 
Yr. unit area 

(S.R) 
Operating 

Temperature 

X Rankine-Cycle 
Efficiency a 

Operating 
Temperature 

Net Electri
cal Energy 
Production 
Yr. unit area 

Operating 
Temperature 

( l ) 

El ectri cal Energy Production' . 
Yr. unit area / 

· Operating 
Temperature 

(2) 

where k1 is a constant of proportfona·lity. It is less than l. It takes in

to account the generator efficiency and certain parasite losses in the 

system such as, friction losses, heat losses, etc. The value of k1 is 

almost the same in all cases which makes the evaluation of optimum 

operating temperature possible by comparing the S.R values obtained at 

different operating temperatures. The calcul~tions are done for each 

possible combination of solar collector and Rankine-cycle working fluid 

•nd at several temperatures. The qualitative nature of the curve of an 

(S.R) value Virsus temperature along wit~ the curves of Figure 5 and ~ 

gure 7, is as shown ,· n F,· gure 8 f · bl b · t · f l or one poss, e com ,na ,on o a soar 
llector 

and Rankine-cycle wor king fluid . These types of graphs e.re prepared 
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Optimum for one set of combination of a 
Solar Collector and a Rankine-Cycle Working 
Fluid 

TR 

Maximum (S. R) ~ 

.___Performance of the 
Rankine-Cycle Fluid 

vs. Operating · 
Curve 

Performance of the Solar 
Collector 

(S.R) 

Net Energy Conversion vs. Operating Temperature 
Curve for One Possible Combination. 

for every possible combination of solar collector and Rankine-cycle 

working fluid to determine the optimum operating temperature and maximum 

possible net energy conversion per year per ft 2 (i.e., S.R. Value) in 

each case. 

Overall economics would be the most determining · factor for a 

choice of an optimum. In case of solar installation, the main cost is 

the initial capital cost · of the hardware. 

Total cost of 
!!:,le system 

unit power = 

Capita 1 cost of 
the collectors 

unit power 

Capital cost of the Rankine
+ cycle and all other components 

unit power 
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Capital cost of 
the collector 

unit area 
yr. unit area 

Energy collected X 
by the collector 

Capital cost of the Rankine-cycle 
and all other components 

Unit power 

· 22 

l 
Rankine-cycle 
efficiency 

Optimum 
Operating 
Temperature 

Capital cost of the Rankine-cycle and all other components (everything 

except solar collectors) will be the same in all cases for a certain power 

output desired. So determination of optimum combination of solar collector 

and Rankine-cycle working fluid becomes possible by comparing the product. 

(

Capital cost of) 
the collector · 

unit area C Yr. unit area 
• Energy collected by" X 

the collector 
Rankin!-cyc~ 
efficiency/ 

Optimum 
Operating 

Temperature 

Other factors such as, safety, maintenance and ease of operation are 

also considered along with economics to arrive at the optimum solar 

collector and Rankine-cycle working fluid for solar-to-electric power 

conversion. 

The thesis concludes with discussion of these results and scope 

for refinement and further work in this area. 
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CHAPTER I I 

RANKIN°E-CYCLE PERFORMANCE 

Rankine-cycle is the most widely used power cycle for electric 

generation. The schematic diagram of a Rankine-cycle and its path traced 

on a temperature-entropy diagram are repeated here for easy reference, 

(Figure 9). 

TR 

Exchanger 
B 

T1=90°F 

Genera
tor 

Condenser 

T 

Condenser 

s 

FIGURE 9. Schematic Diagram of a Rankine-Cycle. 

There are four main components of the cycle. 

Turbine 

l. Pump - Pump pressurises the Rankine-cycle working fluid, 

the liquid form, from condenser exhaust pressure, P
1

, to 

boiler pressure · P I ·d 1 l h · ·bl , 2: nan, ea eye e, t e process 1s revers, e 
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adiabatic, i.e., entropy remains constant. Ideal process would follow path 

l - 2s as shown on a T-s diagram, Figure 9. However, in practice, pumping 

process is non-isentropic; entropy increases sl.ightly~following path l - 2 

as shown on T-s diagram. For calculations, pump efficiency is assumed 

to be 50%. 

The pump work required per pound bf working fluid, wp, is given 

by, 

(3) 

where 

h1, h2 = Enthal~y per pound at state l and 2 respectively, (See 

Figure 9). 

Efficiency of the pump, np is defined as 

h2s - hl 
n = -,-----,--

P h2 - hl 

where h2s = Enthalpy per pound at state 2~. 

The working fluid temperature increases by an amount 

w 
LIT = f ( l - n ) 

p p 

where CP = specific heat of the fluid. 

(4) 

(5) 

This temperature rise is generally very small - fraction of a degree F - . 

for normal pressure operations. 

2. Boiler - Here, heat is transferred at a constant pressure, 

'21 from the solar collector fluid to the Rankine-cycle working fluid, 

boiling it to a temperature, TR. As . mentioned in Chapter I, the maximum 

n~ine-cycle temperature, TR is related to the solar collector fluid 

let and tl 
ou et ;·temperatures through the ~cn'ara-c'teristics of a boiler 

t exc
h
anger - such . as , its effectiveness and~number of transfer units. 



25 

Heat input per pound of working fluid, Qh, is given by, 

Q = h h3 - h2 (6) 

where h2, h3 = Enthalpy per pound of fluid at state 2 and 3 respectively . 

3. Turbine - Saturated or superheated vapor expands from high 

pressure, P2, to a condenser exhaust pressure, P1 , across the turbine 

which is connected to a generator to convert turbine shaft power into 

electricity. In an ideal cycle, the process is isentropic and would fol

low the path 3 - 4s of ·constant entropy. However the process is less than 

ideal. The actual expansion follows path 3 - 4 as shown on T-s diagram, 

Figure 9. 

The efficiency of the turbine is assumed to be 75% in all cases. · 

The work output of the turbine p~r pound of working fluid, wt is given by 

w = t 
(7) 

where h
4 

= Enthalpy per pound at state 4, (Figure 9). 

The efficiency of the turbine, nt, is defined as the ratio of 

actual work output and work output of an ideal process. That is, 

nt = 
h3 - h4 

(8) 
h3 - h4s 

4. Condenser - Here, the Rankine-cycle fluid rejects heat and 

condenses at constant pr p · essure, 2. Process follows path 4 - l as shown 

Heat rejected at the condenser per pound of working fluid 

Qc = h4 - hl 

As discussed in Chapter I, organic fluids because of their 

(9) 

rb thermodynamic and turbomachine.ry characteristics are more suited 
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as a Rankine-cycle working fluid than water in the low temperature range. 

There are numurous organic fluids . Refrigeration cycles make extensive 

use of organic fluids. However, only very few organic fluids are suitable 

for power cycles. The desired characteristics of a Rankine-cycle working 

fluid are: 

1) High disintegration temperature and pressure. 

2) The lower the exhaust (condenser) pressure, generally the 

higher the cycle efficiency. So fluids having low saturation 

pressure (< atmospheric pressure) at an available condenser 

temperature of 90°F are preferred. 

3) S:f2 to handl~. 

4) Non-Toxic 

5) Non-flammable 

6) Low cost. 
-

Properties of some thirty refrigerant organic fluids are given in 

the ASHRAE Fundamentals Handbook. 8 The properties of these fluids were 

examined to evaluate their suitability in Rankine-cycles. Refrigerant 

fluids are relatively safe; most of them are non-flammable and have low 

cost. But, they are generally unstable at high temperature. Also, they 

have high saturation pressure at 90°F of condenser available temperature; 

so are likely to be less efficient when used in power cycles. However, 
they have ~igh saturation pressure at temperatures below 200°F of avail

able heat source temperature - and thus are suitable for use with the 

flat plate solar collectors. So after some rough calculations and based 

9

ASHRAE, Handbook of Fundamentals, (Menasha: Geo_rge Banta Co. 
197 4) p. 5 7 5• 



on the experience of other~ in this area, three refrigerants ~re chosen 

as candidate working fluids. They are: R-11, R-12, ~nd R-113. 
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Some of the other organic fluids which some of the chemical 

companies claim to be good for power cycles were also examined. These 

fluids are generally flarrnnable and toxic to a degree. However, they have 

high disintegration temperature (above 500°F) and pressure. Also, they 

have low saturation pressure at 90°F at available condenser temperature 

and so are likely to be more efficient when used in power cycles. Also, 

they can be used at temperatures above 400°~, where refrigerants are not 

suitable. Four such fluids are chosen as Rankine-cycle candidate fluids 

from this non-refrigerant group. They are: Toluene, Chlorobenzene, 

Thiophene and Pyridine. Water is considered, of course, as it has the 

best physical properties and is the only fluid good at temperatures 

above 800°F. 

The temperature-entropy charts or property ta.bles of these 

candidate fluids were first obtained which are shown in Appendix A. 

Some of the important physical properties of these fluids are: 

l. Refrigerant 9 11: Formula: Tri ch l orofl uoromethane 

Normal Boiling point(@ l atm pressure) = 75°F 

Maximum use temperature = 300°F. 

Specific heat of liquid~ 0.207 BTU/lbm. °Fat 68°F 

Non-flammable, low cost, reasonably safe ~nd non-toxic. 

2- Refrigerant 12: Formula: Dichlorodifluoromethane 

Normal Boiling Point= -19°F. 

Maximum use temperature= 250°F 

19;:s)HRAE, Handbook of Fundamentals, (Menasha: George Banta Co., 
p. 581. 



Specific heat of liquid= 0.229 BTU/lbm -°Fat 90°F 

Non-fammable, low cost, reasonably safe and non-toxic. 

3. R-113: Formula: Trichlorotrifluoroethane 

Normal Boiling Point= 118°F 

4. 

Maximum use temperature= 300F 

Specific heat= 0.44 BTU/lbm.°F 

Non-fammable, low cost, reasonably safe and non-toxic. 
1 0 

Toluene : Formula: CH 3 c6H5 
Normal Boiling Point= 231°F 

Maximum use temperature= 750°F 

Specific heat= 0.392 BTU/lbm.°F 

Low cost, flammable, toxic to a degree. 

5. Chlorobenzene: Formula: c6H5Cl 

Normal Boiling Point= 269°F 

Maximum use temperature= 630°F 

Specific heat= 0.303 BTU/lbm.°F 

Low in cost, flammable, toxic to a degree. 

6. Thiophene: Formula: c4 H4 S 

Normal Boiling Point= 183.5°F 

Maximum use temperature= 550°F 

Specific heat= 0.345 BTU/lbm°F 

Low in cost, flammable, toxic to a degree. · 

lQO 
l"ical .R. Miller, "Rankine-Cycle • Working Fluids for Solar-to-

5a-5556 Energy Conversion", Report for Sandia Laboratory Contract 
' Jan. 1974, p. 14, 15, 18. 
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7. Pyridine 11
: Formula: c5 H5N 

Normal Boiling Point= 239°F 

Maximum use temperature= 670°F 

Specific heat= 0.367 BTU/lb.°F 

Low in cost, flammable, toxic to a degree. 

8. Water: Formaula~ H2o 

Normal Boiling Point= 212°F 

Maximum use temperature= 1050°F 

Specific heat= l BTU/lbm °F 

Non-flammable, non-toxic, safe and almost cost-free. 
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Maximum use temperature of 1050°F is not limited by the thermal 

stability of water, but by corrosion resistance of alloy steels of moder

ate cost (e.g. ASTM A217) 

For each fluid, Rankine-cycle efficiencies are calculated for 

about 7 to 10 different heat source temperatures atan appropriate tempera

ture intervals,starting from a normal boiling point temperature or 140°f 

whichever is higher up to a temperature of 20°F below maximum use tempera

ture. Turbine supply pressure is not to be less than atmospheric pressure. 

In each case, at a particular available temperature, Rankine

cycle is operated such that the maximum possible efficiency is obtained. 

It is known that as the pressure at the heat source is increased, the 

cycle efficiency increases. So boiler pressure is taken maximum possible 

limited by the constraints of available boiler temperature (TR)" and that 

condensation is to occur in the turbine during a~tual expansion. 

C
11

Miller, "Rankine-Cycle Working Fluids for Solar-to-Electrical 
onversion" ·, p. 20. 



The calculation procedure followed is illustrated through two 

sample calculations given below for toluene and water as working fluids 

operating at boiler temperature of 400°F and 500°F, res~ectively, 

1. Rankine cycle efficiency calculations using toluene at a 

heat source temperature -0f · 400°F: 

30 

Across the turbine, toluene superheats. So the maximum 

possible pressure, P2, in this case is saturation pressure corre

sponding to 400°F temperature. FromT-S diagram, it is 120 psia. 

* i.e. P2 = P3 = 120 psia 

* h3 - - 36.5 BTU/lbm 

* s3 - - 0.015 BTU/lbm-°F 

where s3 is the entropy per pound of the fluid at state point 3. 

Therefore, s45 = s3 = - 0.015 BTU/lbm-°F 

* h4s = - 114 BTU/lbm 

Condenser Temperatufe = 90°F 

" * Corresponding pressure, P1 = 0.8 psia 

* h1 = - 315 BTU/lbm 

Efficiency of turbine, 

Therefore, 

h3 - h4 
n = --- = 0.75 
t h3 - h4s 

36.5 - 0.75 X (-36.5 + 114) 

94.6 BTU/lbm 

control surface around the pump. 

First Law: wp = h2 - hl 

IA>p is the work done by the pump per pound of fluid._ 

read from T-S diagrams or tables. 



Efficiency of pump 
114 l 

= 0.01848 (120-0.8) X 778 X 0. 5 

= 0. 65 BTU/1 bm 

h2 = - 315 + 0.65 = - 314.35 BTU/lbm 

Consider a control surface around the turbine. 

First Law: Work done by turbine, wt = h3 - h4 
wt = -36. 5 + 94. 6 = 58. 1 BTU/1 bm 

Consider a control surface around the boiler. 

qH = h3 - h2 

= - 36.5 + 314.35 

= 277.85 BTU/ l bm 

Net work output, 

= 58. l - 0.65 

= 57.45 BTU/lbm 

Rankine~cycle efficiency, 

wnet 
n = --

R qH 

57.45 
= =2 7=7c--_~a=5 

= 20.7% 

2. Rankine-cycle efficiency calculations using water at a heat 

source temperature of 500°F 

T - 500°F 3 -

Condenser Temperature= 90°F 

* Corresponding pre~~ure, p1 ~ 0.6988 psia . 

hl = 58~07 ~TU/lbm* 

read from T-S tables 
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. * s1 = ·o. 11165 BTU/1 bm°F 

point l is on saturated vapor line. 

Consider a control surface around the turbine. 

First Law: w = t 
Second Law: s3 = s45 

h4 = 1100. 7 BTU/1 bm 

Turbine efficiency, 

h3 - h4 
n = --- = 0.75 

t h3 - h4S 

* 

Different pressures are assumed; h3 is obtained from the T-S 

tables corresponding to the assumed pressure and T3 = 400°F; the ratio, 

(h3 - h4)/(h3 .., h45 ) is calculated and match it to 0. 75. 

Thus, by trial and error, 
* h = 1287 BTU 

3 l bm 

Consider a control surface around the pump. 

First Law: wp = h2 - h1 
v ( p 2 - pl ) l 44 l 

w · = ---- = 0.01614 (22- 0.7) X 778 -X 0.5 P np . 

= 0.127 BTU/lbm 

h2 = hl + Wp 

= 58.07 + 0. 12.7 

= 58.197 BTU/lbm 

control surface around the turbine. 

First Law: \fork done by turbi_ne, wt = h3 - h4 
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w = 1287 - 1100.7 t 

= 186.3 BTU/lbm 

Consider a control surface around the boiler. 

qH = h3 - h2 

= 1287 - 58. 134 

= 1228.87 BTU/lbm 

Net work output, .wnet = wt - wp 

= l 86 . 3 - 0. l 2 7 

= 186. 173 BTU/lbm 

Rankine-cycle efficiency, 

wnet 
n = --
R qH 

186. 173 
= ~, ~22~8~.~8-7 

= 15 . 15% 

Rankine-cycle efficiency results at several different tempera

tures with all fluids are t~bulated in the Tables l to ·8. Results are 

also shown on Temperature vs. E:fficiency graphs, Figures 10 thru 17. 
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TABLE 1. 

• 
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w 

20 

W 10 
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:c: :z 
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Rankine-Cycle Efficiencies at Several Different Rankine-Cycle 
Maximum Temperatures Using R-11. 

cg 
N .... 
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Temperature, 
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CSl 
(0 ... 
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180 
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220 
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__ .. 

Rankine-Cycl1 
Efficiency 

nR % 

6.8 
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12. 1 
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A Curve of Rankine-Cycle Efficiency vs. Rankine-Cycle 
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TABLE 2. Rankine Cycle Efficiencies at Several Different Rankine-Cycle 
Maximum Temperatures Using R-12. 

20 

11. 

Rankine-Cycle Rankine-Cycle 
Maximum Efficiency 

Temperature, 
TR OF nR % 

140 5.4 

160 6.9 

180 8.2 

200 9.6 

220 10 . .7 

230 l 0. 8 

RANKINE-CYCLE MAX. TEMP. (DEG. F.) 

A Curve of Ra,nkine-Cycle Efficiency vs. Rankine-Cycle 
Ma,xirnurn Tempera,ture for R--12 .. 
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TABLE 3. 

20 

,... 
~ 15 

Rankine-Cycle Efficiencies at Several Different Rankine-Cycle 
Maximum Temperatures Using R-113. 

Rankine-Cycle Rankine-Cycle 

Maximum Efficiency, 
Temperature 

TR OF nR % 

150 7.2 

180 9.4 

200 l 0. 6 

220 11. 7 

250 12.5 

280 13.5 
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TABLE 4. Rankine-Cycle Efficiencies at Several Different Rankine
Cycle Maximum Temperatures Using Toluene. 

Rankine-eye 1 e Rankine-Cycle 
.Maximum Efficiency • 

Temperature 
% . OF nR 

230 13.2 
300 17.2 
350 19.4 
400 20.6 
450 21. 7 
500 22.7 
550 23.4 
600 24.5 
650 24.7 
730 24.8 
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Maximum Temperature for Toluene. 
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TABLE 5. Rankine-Cycle Efficiencies at Several Different Rankine
Cycle Maximum Temperatures Using Chlorobenzene. 

,-;.__ 

Rankine-Cycle Rankine-Cycle 
Maximum Efficiency, 

Temperature % 
oF nR 

270 . 16. 4 

350 20.7 

400 21. 9 
450 23.5 

500 24.2 

610 26.3 

,__ 

-
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A C~rve of Rankine-Cycle Efficiency vs. Rankine-Cycle . 
Maximum Temperature for Chlorobenzene. 
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TABLE 6. Rankine-Cycle Efficiencies at Several Different Rankine
Cycle Maximum Temperatures Using Thiophene. 

Rankine-Cycle Rankine-Cycle 
Maximum Efficiency, 

Temperature % 
OF nR 

250 14. 9 

300 17.3 

350 19.9 

400 21. 8 

450 23.5 

500 24.2 

530 24.8 

. 
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15· A C~rve of Rankine-Cycle Efficiency vs. Rankine-Cycle 
Maximum Temperature for Thiophene. · 
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TABLE 7. Rankine-Cycle Efficiencies at Several Different Rankine
Cycle Maximum Temperatures Using Pyridine. 

Rankine-Cycle Rankine-Cy'cle 

Maximum Efficiency, 
Temperature 

llR % OF 

250 15.2 
300 17.4 
350 19.4 
400 22. l 
450 23.5 
500 24.9 

550 25.8 

600 26.3 

650 26.8 
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TABLE 8. Rankine-Cycle Effitiencies at Several Different Rankine
Cycle Maximum Temperatures Using Water. 

Rankine-Cycle Rankine-Cycle 
Maximum Efficiency, 

Temperature 
nR % OF 

350 l 0. l 
400 11. 8 
450 
500 
550 
600 18.3 
700 21. l 
800 23.8 
900 26.4 

1030 29.0 
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CHAPTER I I I 

. PERFORMANCE OF RANKmE-CYCLE WITH . REGENERATION OR . REHEAT . LOOP 

As discussed in Chapter I, organic fluids superheat during expan

sion through turbine. So the temperature of the vapor coming out of the 

turbine· is higher than the temperature of the fluid going into the boiler

heat exchanger. This temperature diff~rence allows preheating of the 

fluid going into the boiler by turbine exhaust, thus, enabling to recover 

energy which would otherwise be rejected at the condenser. Consequently, 

the efficiency of the entire cycle would be significantly increased. 

This requires an additional hardward component - a heat exchanger 

which is not an expensive item. The improvement in cycle efficiency due 

to this regeneration would easily justify the added initial cost of the 

heat exchanger for a cycle that uses organic fluids as a working fluid. 

The schematic diagram of a Rankine-cycle with regeneration and its 

process path on a T-s diagram are as shown in Figure 18. 

Solar 
collector 
fluid 

r--t--+--. Boil er 
heat 
excnanger 

Turbine ___ Genera-
tor 

2a 
2 

RJmp1..,_ _ ___,,..F---~' 
Condenser 

E 18. Schematic Diagram of a Rankine-Cycle with Simple Regeneration 
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About 80% of the regeneration is possible, that is? 80% of the 

energy content of the superheated vapor between states 4 and 4b (Figure 18) 

can be transferred to the liquid, heating it to a temperature of T2a from 

T
2

. Temperature rise across the pump is negligibly small - usually in the 

order of l°F for normal pressure operations. Since vapor has higher 

specific heat than liquid, temperature drop in the vapor is smaller than 

temperature rise in the liquid for the same amount of heat transfer. 

Throughout the heat transfer process in a regenerator - heat exchanger~ 

vapor stays at higher temperature than liquid in an organic power 

cycle. Thus, heat transfer can be easily achieved - and 80% of the maxi

mum possible heat transfer is easily possible. In case of organic fluids, 

Rankine-cycle with 80% regeneration loop is now considered. 

Simple regeneration (that is, transferring heat from the turbine ex

haust to .the liquid ~ntering the boiler) is not possible in case of water 

since temperature of the turbine exhaust is lower than the temperature of 

the water going into the boiler. Evaluating the results obtained in 

Chapter II, it can be seen that water because of its poor turbomachinery 

characteristics produces significantly lower Rankine-cycle efficiencies 

compared to organic fluids. This is resulted from avoiding condensation 

in the steam turbine, that is required to be operated at the lower pres

sure resulting in lower efficiencies compared to organic fluid Rankine-

For instance, at available heat source temperature of 500°F 

Rankine-cycle can be operated at a maximum pressure of 22 psia 

resulting in the efficiency of 15.2% while Rankine-cycle with Chloro-

zene can be operated at 185 psia pressure producing the cycle effi-
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Another alternative to avoid the poor turbomachinery character

istics is to add a reheat loop to the Rankine-cycle. Reheat cycle allows 

higher pressure operation yet avoiding condensation in the turbine. This 

cycle is shown schematically and on a T-s diagram in Figure 19. 

from solar 
collector 

boil er 

to solar 
collector 

Condense 

Genera 
tor 

T 

p 
90°F 

Turbine 

Condenser 

Pump cooling _________ _ 
fluid s 

FIGURE 19. Schematic Diagram of a Rankine-Cycle with One-Step 
Reheat. 

In a reheat cycle, vapor is expanded to some interme.diate pres

sure in the turbine and is reheated in the boiler, after which it 

in the turbine to the exhaust pressure. 

useful to water/steam power cycle than for 

Because organic fluids superheat during 

bine expansion, their Rankine-cycles can be operated at maximum allow

le pressure (limited only by the available heat source temperature). 

average pressure at which heat is added to the organic fluid does 

increase in a reheat cycle; in fact, it could decrease. Thus, 



reheat cycle does not produce any efficiency improvements in the organic 

Rankine-cycles. 

45 

Addition of a regeneration loop increases overall cycle efficiency 

significantly in case of organic fluids while reheat loop is more 0 effec

tive for water in increasing overall cycle efficiency than regeneration 

loop. Performance of organic fluids using Rankine-cycle with regeneration 

is therefore compared to the performance of a water/steam reheat cycle. 

Efficiency Calculations of a Rankine-Cycle with 80% Regeneration Using 

Organic .Fluids. 

The maximum availab~e tnergy that can be recovered fr0m the turbine 

exhaust is equal to (h4 - h4b). 80% of this energy is transferred to the 

liquid going into the boiler raising its heat content from h2 to h2a. 

where 

( l O) 

h2, h2a' h4, h4b = Enthalpy per pound of fluid at state points 

2, 2a, 4 and 4b (Figure 18) . . 

At this point it is checked to make sure that temperature T4 is 

higher than temperature at state point 2a, T2a. 

Thus, regeneration decreases the amount of heat to be added from 

the heat source to the working fluid (Qh). It is given by an equation, 

Qh = h3- h2a (ll) 

h3 = Enthalpy per pound of the fluid at state point 3. 

The procedure followed for efficiency calculations of an organic 

kine-cycle wi.th 80% regeneration is best illustrated by a sample cal

shown on the next page. 



Sample Example: Rankine-cycle with 80% regeneration operating 

with Toluene at a heat source temperature of 400°F. 
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Across the turbine, toluene superheats . So the maximum possible 

pressure, P2, in this case is saturation pressure corresponding to 400°F 

temperature. 

From t-s diagram, it is 120 psia. 

i.e. 

Therefore, 

* p2 = p = 120 psia 3 
* h3 = - 37 BTU/lbm 

* S3 = 0.015 BTU/lbm _oF 

= S3 ~ - 0.015 BTU/lbm -°F 

* - 117 BTU/1 bm 

Condenser temperature= 90°F 

* Corresponding pressure~ P
1 

= 0.8 psia 
. . * h1 = - 315 BTU/lbm 

Efficiency of turbine, 

Therefore, 

h3 - h4 
n = -~- = 0.75 . t _- h3 - h4s 

h 4 = h 3 - 0. 7 5 x ( h 3 - h 4S) 

- - 37 - 0.75 X (-37 + 117) 

- - 97 BTU/lbm 

a control surface around the pump. 

First Law: w = h - h p 2 l 

icates data read from T-s charts or tables. 



Work done by the pump, wp' is related to pressures P1, P2, 

specific volume of the liquid, v and efficiency of the pump np by an 

equation, 

Therefore, 

n p 

= 0. 65 BTU/l bm 

144 . l 
= 0.01848 X (120 - 0.8) X 778 X 0.5 

h2 = hl + wp = - 315 + 0.65 = - 314.35 BTU/lbm 

Consider a control surface around the turbine. 

First Law: Work done by the turbine, wt= h3 -h4. 

Therefore, 

wt= - 37 + 97 = 60 BTU/lbm 

47 

Energy content of superheated exhaust between state point 4 and 4b, Os is 

given by 

Os = h4 - h4b 

= - 97 + 117 = 20 BTU/lbm 

80% of this energy is transferred to the fluid coming out of the pump. 

h2a = h2 + 0.8 (20) 

- - 314.65 + 16 = - 298.65 BTU/lbm 

Corresponding T = l 32°F which is lower than T · = 222°F 2a 4 

Consider a control surface around the boiler. 

External heat added at the boiler, Qh is given by 

Qh = h3 - h2a 

= - 37 + 298.65 

= 261.65 BTU/lbm 

twork output w = w 
' net t - wp 

= 60 - 0.65 

= 59.35 BTU/lbm 



Efficiency of the cycle, 

wnet 
nRe = ¾ 

59.35 = =2 5=1,--.-=5=5 

= 0.227 

= 22.7% 

Efficiency of the Rankine-cycle without regeneration for the same condi

tions is 21.4%. 

The efficiency is calculated at about 7 to 10 different heat 

source temperatures for all 7 organic fluids . The results are shown in 

Tables 9 thl"u ·,:::, and in a grnpl. ·ical form of he,ri: source temperature vs 

cycle efficiency in Figures 20 thru 26. The turbine s~pply pressure is 

not t o be less than atmosphe.ri c pressure. 
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TABLE 9. Efficiency of a Rankine-Cycle with 80% Regeneration 
at Several Different Heat Source Temperatures Using 
R-11. 

Heat Source 

Temperature 

TRe OF 

150 

180 

200 

220 

250 -
280 

Cycle 

Efficiency, 

nRe 

6.8 

9.4 

10.8 

12.5 

14.3 

15.8 

CSl 
CSI 
N 

% 

··-

CSI 
N 
N 

G 
(D 
N 

POWER CYCLE MAX. TEMP. (DEG. F. ) 

Efficiency of a Rankine-Cycle with 80% Regeneration vs. 
Cycle Maximum Temperature Curve for R-11. 
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TABLE 10. Efficiency of a Rankine-Cycle with 80% Regeneration 
at Several Different Heat Source Temperatures Using 
R-12. 

21. 

Heat Source Cycle 
Temperature Efficiency, 

TRe OF 
nRe % 

140 5.4 

160 6.8 

180 8.2 

200 9.6 

220 10.7 --
230 10.8 

POWER CYCLE MAX .. TEMP. (DEG. F.) 

Efficiency of a Rankine-Cycle with 80% Regeneration vs. 
Cycle Maximum Temperature Curve for R-12. 

50 



TABLE 11. Efficiency of a Rankine-Cycle with 80% Regeneration 
at Several Different Heat Source Temperatures Using 
R-113. 

Heat Source Cycle 

Temperature Efficiency, 

TRe OF nRe % 

150 7.5 

180 10.0 

200 11. 5 

220 13. l 

?50 14. 1 

280 15. 5 
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TABLE 12. Efficiency of a Rankine-Cycle . with 80% Regeneration 
at Several Di fferent Heat Source Temperature Using 
Toluene. 

Heat Source Cycle 
Temperature, Efficiency, 

TRe OF nRe % 

230 13.9 
300 18 fi 
350 21. 5 
400 23.5 
450 25. 1 
500 27 .2 
550 28.5 
600 30.0 
650 30.3 
730 32.4 
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TABLE 13. Efficiency of a Rankine-Cycle with 80_% Regeneration 
at Several Different Heat Source Temperatures Using 
Ch l orobenzene. 

Heat Source Cycle 
Temperature, Efficiency, 

T Re OF nRe % 

270 17.7 
300 20.0 

350 22.9 

400 24.9 

450 27.2 

500 28 . 6 

550 30.6 

610 31.9 
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TABLE 14. Efficiency of a Rankine-Cycle with 80% Regeneration 
at Several Diffetent Heat Sour~e Temperatures Using 
Thiophene. 

Heat Source Cycle . 
Temperature, Efficiency, 

T Re OF nRe % 

250 15.2 
300 17.9 

350 20.9 

400 23.2 

450 25.3 

500 26:3 

530 27. 1 
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TABLE 15. Efficiency of a Rankine-Cycle with 80% Regeneration 
.at Several Different Heat Source Temperatures Using 
Pyridine. 

Heat Source Cycle 
Temperature Efficiency, 

T Re OF 11 Re % 

250 15.5 
300 18.2 
350 20.3 
400 23.5 
450 25.4 

500 27.4 
550 28.8 
600 29.5 
650 30.3 
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Efficiency Calculations of Reheat Cycle with Water. 

The reheat cycle ts to be operated such that maximum possible 

efficiency is obtained with a given available source temperature yet 

avoiding condensation during any of the turbine expansion process. For 

this to happen, points 4 and 6 (Figure 19) must fall on the saturated 

vapor line and point 5 must be at a maximum available temperature - same 

as temperature T3. 
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fhe efficiencies of pump and turbines are the same - 50% and 75%, 

respectively. The efficiency of the turbines relate to enthalpies at 

several state points by equations: 

and, 

where, 

h3 - h4 
= ~~- = 0.75 

ntl h3 - h45 

nt ' . 1 

h5 - h6 
= h _ h = 0. 75 

5 6S · . 

= Efficiencies of turbines 1 and 2. 
t2 

( 12) 

( 13) 

h3, h4, h5, h65 = Enthalpy per pound of fluid at state points 

3, 4, 5 and 6S. (Figure 19) 

Isentropic expansion of ideal cycle provides two additional equations: 

( 14) 

( 15) 

54, S5, s65 = Entropies per pound of fluid at state points 4, 5 

and 6S. (Figure 19) 



These additional equations, along ·with previous equations (See 

Chapter II) are used for calculatfng water/steam reheat cycle efficiency 

~t several different temperatures starting from 300°F up to 1030°F at 
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an interval of 50°F. The procedure followed is best illustrated by 

sample calculations shown below for an available heat source temperature, 

* Condenser Temperature, T1 = 90°F, P1 = 0.7 psia 

* h1 = 58.07 BTU/lbm 

* h6 = 1100.7 BTU/lbm 

Consider a control surface around the second turbine . 

Second Law: s5 = s6s 

Consider a control surface . around the first turbine. 

h3 - h4 
n = --- = 0.75 
tl h3 - h4s 

Second Law: s3 = s4S 

T = T = 450°F 3 5 . 

Using these equations and property tables, h3, h5 and P3 are obtained 

by trial and error. 

h3 = 1255 BTU/lbm 

h5 = 1263 BTU/lbm 

h4 ~ 1150.5 BTU/lbm * 

or Tables. 
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Consider a control surface around the pump. Work done by the pump, w p' is 

related to specific volume of the liquid, v, pressures at state points 

1 and 2_- P1 and P2, respectively - and efficiency of the pump, wp by an 

equation, 

w = p 

v(P 2 - P1) 

llp 

= 0. 01615 X (90 144 1 
0. 7) X 778 X 0.5 

= 0.53 BTU/lbm 

h2 = hl + WP 

= 58.07 + 0.53 = 58.6 BTU/lbm 

Consider a control surface around the boiler. Total heat added to the 

boil er, 

Qh = ( h3 - h2) + ( h5 - h4) 

= (1255 - 58.6) +(1263 1150.5) 

= 1308.9 BTU/lbm 

Consider a control surface around the turbines. Total work output of the 

turbines, wt' isgiven by, 

wt= (h3-h4) + (h5-h6) 

= (1255 - 1150.5) + (1263 - 1100.7) . 

= 266.8 BTU/lbm 

w = w - w net t p 

wnet = 266.8 - 0.53 

= 266.27 BTU/lbm 

l e Efficiency _ wnet -T 
= 266 . 27 

1308.9 
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= .0.2034 i.e . 20.34% 

The efficiency of the cycle without reheat was 13 .. 5%.. The results 

of water/steam reheat cycle efffcienctes calculated at several different 

temperatures are tabulated in Table 16. The graph of efficiency vs . heat 

source temperature is shown in Figure 27. 



TABLE 16. Water/Steam Reheat Cycle Efficiencies at Several 
Different Heat Source Temperatures . 

Heat Source Water/Steam 
Reheat Cycle 

Temperature, Efficiency, 
. T 3 OF nRe % 

300 13. l 
350 15. 7 
400 18. l 
450 20.3 
500 22. 5. 
600 26.2 
700 29.2 
800 31.2 
900 · 32 0 

1030 32.0 
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CHAPTER IV 

PERFORMANCE OF SOLAR COLLECTORS 

In this chapter, performance of the solar collector loop is ana

lyzed. Its schematic diagram is repeated here for easy reference. 

{_Figure 28) 

Solar ~ 
Flux '-4..' 
~ 
~ 

fl ow rate 

Hot-Fluid 
storaye 
tank 

constant m 
C 

cold
fluid 
storage 

~i-+------'1111-------1tank 

Constant flow rate pump 
T . 

R 

to turbine 

Boiler 
heat 
exchanger, B 

constant mR 
Rankine-Cycle 

T2 fluid from pump 

FIGURE 28. Schematics of a Solar Collector Loop. 
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Depending upon the temperature requirement, different types of 

SOlar collectors can be used. In a certain temperature range, some 

llectors perform better than others. Up to a temperature of about 22O°F 

concentration is required; simple flat plate collectors can be used. 

Ver, for higher temperatures, concentration is required, and concen

ting collectors are used. There are four main generic types of solar 
lectors. 

In the order of their increasing ability to operate at 
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higher temperatures, they are: 

l. Flate plate collector 

2. Compound parabolic concentrating (CPC) collector 

3. Line-.focusing parabolic trough collector 

4. Point-focusing paraboloid disc collector 

In this thesis, these four types of collectors are analyzed. Solar 

energy co 11 ected by each type of co 11 ector at severa 1 different operating 

temperatures is computed for three different locations. These results 

are combined with those obtained in Chapters II and III for all possible 

combinations of a solar collector and a Rankine-Cycle working fluid in 

~rder to get Jptimum sets of coffibination. 

1. Flat Plate SolarCollector: It consists of 1) an absorber plate, 

generally a highly conductive material such as, copper or aluminum coated 

black, 2) transparent cover(s) - glass or plastic, 3) tubes through which 

heat transfer fluid circulates to carry heat away from the collector's 

surface and 4) insulation on the back side to prevent heat losses from 

the collector plate. 

Fluid Pipes 

Transparent 
Cover 

Black 
sorber 

Plate Insulation 

FIGURE 29. A Flat Plate Solar Collector. 
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Sunlight having shorter wavelength passes through the glass, gets 

absorbed by the absorber plate, b.ut radiation emi.tted by the absorber 

plate having longer wavelength cannot pass through glass since glass is 

opaque to long wave radiation. Thus, glass besides suppressing conduction 

and convection losses, also suppresses radiation losses and so absorber 

plate can easilj .attain temperatures above 150°F. Flat plate collectors 

are ideal for low temperature applications requiring temperatures from 

l00°F up to 250°F. A significant advantage of using flat plate collector 

is that it can tise both the direct and scattered solar energy components. 

There are several variations within a flat plate collector, such 

as, the number of cover plates may vary from 1 to 3, cover plates can be 

glass or plastic, absorber plate can be copper or aluminum, absorber 

coating can be black paint or a selective surface such as, black creme~ 

heat transfer fluid may be air or liquid. The type of application, cost 

and life expectancy requirements determine the choice of these options. 

For applications with a Rankine-cycle, where reasonably high temperatures 

and life expectancy are required, ·the features needed are: two glass 

cover sheets, liquid as heat transfer media and copper as an absorber 

plate with a selective surface coating. There is a slig~t variation in 

cost and performance from one ·manufacturer's collector to the other having 

same features. 

Although theoretical analysis is possible, it would be more 

to consider a typical commercially available solar collector 

r Which the cost data is available. There are many companies that 

ufacture flat plate collectors with above mentioned features. Differ

manufacturers display the performance results in several different 

• The ASHRAE recommended practice is to show flat plate collector 
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performance results in terms of its efficiency vs. (Tf,in Ta)/Icoll.' 

1. n 

0. 8 

0.647 

n.5 

n. 1 
ncol l 

slope= 0.666 BTU/ft2-hr-°F 

o .____, _ _...,. ....... __,.._..:.l.f,-;_;_11 ---~n,....6~ ........ --:.0~8~~~Jl;_. ------1 

(Tf,in- Ta)/Icoll (ft2-hr-oF/BTU) 

FIGURE 30. Flat Plate Collector Performance Curve~ · 

where Tf. is the temperature of the fluid entering each collector module, 
, l n 

Ta is the ambient temperature and !coll. is the instantaneous total 

(direct+ scattered) solar insolation on the collector plane per unit 

area. The collector fluid used and its mass flow rate through each 

given. Efficiency of the solar collector is the energy 

absorbed by the fluid over the solar insolation on its plane. 

A typical average performance curve is as shown in Figure 30. 

average cost is $17 per ft 2 as of March 1981. The curve shown in 

straight line. An equation is obtained by curve fitting. 

Tl = coll. 0.647 - 0.666 
T . - T f, ,n a 

I coll 
( 16) 
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Sufficient accuracy is obtained for calculations done for a time segement 

of one hour. The lSQLMET' tape-magnetic tape having hourly weather data -

contains data of direct solar tnsolation on a surface normal to sunrays 
. 2 

per ft area, Id total (direct+ scattered) amount of solar insolation ,n, 

on a horizontal surface per ft 2 area, It,h and average ambient temperature, 

Total radiati.on on a collector plane per n 2
, !coll., is related 

to Id and It h by geometri:c relations involving several factors. I ,n , . d,n 

is related to direct s.olar insolation ori a horizontal surface, Id,h' by 

an equation, 

I = I • cos Z ( 17) d, h. d, n 

where Z is the zenith angle and is related to other angles by ·an equation, 

cos z = cos o • cos cp. cos w + Sino•Sin cp. ( 18) 

where o is the declination angle and is related to the number of the day 

of the year, n, by an equation, 

where, 

. ( 284 + n) O = 23.45 X S1n )60 X 365 ( 19) 

ct>= latitude of the location in degrees. 

w = hour angle, that is, the angular displacement of the sun east 

or west of the local meridian due to the rotation of the earth 

on its axis at 15° per hour; morning negative, afternoon 

positive. 

scattered radiation on a horizontal surface, I is s,h 
I - I I s,h - t,h - d,~ (20) 
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; 
The direct solar insolation on a collector plane, Id , is related ,c 

to Id,n by an equation, 

Id C = Id n X cos e 
' ' 

(21) 

where j is the angle between sunrays and normal to the collector plane 

and for a south facing collector, it is . related to other angles by an 

equation, 

where, 

Cose= Sino •. Sin cp•Cos B - Sin a •Cos ¢ •Sin 8 

+ Cos o • Cos cp • Cos S • Cos w 

+ Cos o • Si'n cp •·Sin 8 • Cos w (22) 

S = s 1 ope, angle between the co 11 ector p 1 ane and the hori zonta 1. 

For year round application, the solar collection is maximized 

when collector is tilted at an angle, S, equal to latitwde angle of the 

location, cp. 

Substituting S = cp, Equation (22) reduces to 

Cos 8 = Cos o • Cos w. (23) 

According to Hottel and Woertz~ scattered radiation can be 

assumed to be isotropic i.e. uniformly distributed over the sky. 12 

Hence, the scattered radiation on a flat plate collector plane, Is,c' is 

the same as that on the horizontal surface, Is,h· 

Is,c = Is,h (24) 

Thus, the total insolation on a collector plane, It,c can be 

Computed every hour by summing Id,c as obtained by equation (21) and Is,c' 

obtained by Equations (20) and (.24). lt is then used in Equation (1) ,c 

l2J 
York ohn A. Duffie, et al, Solar Engineering of Thermal Processes, 

: John Wiley & Sons, 1980) p. 85. 
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to calculate efficiency of each collector module every hour. Usually, the 

mass flow rate i.s. such that temperature rise of about l0°F is obtained 

through each collector module .. In order to get desired output temperature, 

the collector modules are to be connected in a series. Efficiency is 

calculated at every l0°F interval and is then averaged out. Total useful 

solar energy- co 11 ected by the co 11 ector per n 2 every hour is then cal.cu-

lated from the following equation. 

Solar Energy Collected/hr = navg., coll. X It (25) ,c 

Hourly results are summed · up for the year to establish total 

energy collected per year. From the practical point of view, anytime 

solar insolation on the cqllector is less than 50 BTU per ft 2 per hour or 

average collector efficiency, na , is less than 15%, it is assumed that vg. 

the pump is not turned on and, thus no energy is collected during that 

hour. 

Total energy collected per year is calculated for collector fluid 

average temperature, Tavg 9 starting from 140°F to 220°F at an interval of 

20°F for three locations mentioned earlier. 1 S0LMET 1 weather tape is used 

for solar insolation and ambient temperature _data and calculations are 

performed by use of a computer. The flow chart of the computer program 

and computer program listing along with the output are shown in Appendix 

B. _ Monthly results, that is the solar energy collected per month are 

tlbulated in Table 17 and are shown graphically in Figure 38, 39 and 40. 
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TABLE 17. Solar Energy Collected by Flat Plate Solar Collector per ft2 

Area Per Year for Three Locations. (BTU/ft2-Year) · 

Collector Madison Miami Albuquerque 

Fluid WI FL NM 

Average 

Temperature (OF) 

140 158,864 235,953 315,731 

160 130, 141 193,832 273,617 

·180 104,954 157,481 234,909 

200 81,248 ·123, i73 199,224 

220 60,020 91,594 164,424 

240 42,525 65,451 131,496 

260 26,695 40,744 101,071 

280 13,269 21,020 70,021 

300 2,855 6,688 45,497 

Compound Parabolic Concentrating (CPC) Collectors. 

The compound parabolic concentrating (CPC) collectors are a class 

of non-imaging concentrators which offer medium range concentration -

concentration of up to 10 - without tracking requirement and are good for 

erature application between 175°F and 350°F. CPC collector is basi-

lly made of two parabolic surface - each half a separate parabola, an 

rber usually encas.ed in an evacuated glass tube located at the 

cated surface and glass cover sheet on top. Figure 31 shows a typical 
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FIGURE 32. Cross -Section of a CPC. 
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Figure 32 shows a cross sectional view of CPC collector along with the paths 

of extreme rays which are accepted by it. All light that hits the CPC 

within the acceptance angle, ei is accepted, funneled and falls on the 

absorber. As the solar altitude - vertical solar swing - during the major 

portion of the mean day changes by only few degrees (about ~6°), most of 

the time solar incidence angle stays within the acceptance angle and thus 

most of the radiation gets concentrated and collected at the absorber. 

These collectors are capable of utilizing scattered radiation also that 

falls within the acceptance angle. 

There are very few companies that manufacture CPC collectors. A 

typical performance curve of an actual CPC collector manufactured by 

Energy Design Corporation is as shown in Figure 33. The cost of this unit 

is $28/ft2 as of March, 1981. The angle of acceptance for this collector 

is 98° with a concentration ratio of 1.33. 

The following quadratic equation is obtained by curvefitting 

the Figure 33. 

0f . -T Tf . - T 
0.499 - 0. 104 ,,n a ncpc = ICPC 

0.098 ,in a 
- 1cPC 

where 
(26) . 

ICPC = total (direct+ scattered) radiation that falls within · 

the acceptance angle. 

shows the projections of the acceptance angles of a CPC on a 

vertical North-So.uth plane perpendicular to a CPC oriented East-West 

xis. Two angles, 13 - e and 13 + e , are the angles from the vertical 
C C 

n this Plane to the two limits describing the acceptance angle. Mitchell 
5 shown that the following condition must be met in order for the beam 
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radiation to be useful. 13 

( B - e ) < tan -1 ( tan Z • Cos V ) < ( 8 + e ) 
C - S - C 

(27) 

where Vs= solar azimuth angle which is shown in Figure 34a and can be 

calculated from the declination angle (6), latitude (¢), hour angle (0) 

and zenith angle (Z) by, 

Cos 8 • Sin w ( 
Sin Vs= ·Sin z 28) 
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A control function (F) is introducted. It is equal to l if the 

criterion of Equat,on (12) is met and zero otherwise. If direct radia

tion is incident on the aperture within the acceptance angle, then F = l, 

and its contribution to energy reaching the absorber surface can be 

calculated by an equation, 

Id,CPC = F X Id,n X Cose. (29) 

where e is the angle between collector normal and sunrays. 

Like flat-plate collectors, CPC collectors . are also to be tilted 

at an angle equal to latitude .and are fixed throughout the year. The 

incident angle, e is then given by an equation, 

Cos e = Cos w • Cos 8. (30) 

The effective scattered radiation on a CPC is that incident 

within the acceptance angle. Since scattered radiation is assumed to be 

isotropic as mentioned earlier, the amount of scattered radiation that 

be within the accepta-nce angle is estimated by 
I 

1S,CPC = ~,h (31) 

ratio. For a CPC considered here, concentration 

l 3 
York•J3hn A. _Duffie, et al, Solar Engineeting of Thermal Processes, 

· ohn Wiley & Sons, 1980); p. 300. 
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Therefore, 
I I _ s,h 

S,CPC - 1. 33 

= 0.75 x Is,h (32) 

That is 75% of the scattered radiation is accepted by the CPC 

collector considered here. The total solar insolation on a CPC collector, 

ICPC' is obtained by summing Id,CPC as obtained by Equation (29). and 

Is,CPC as obtained by Equation (32). ICPC is then used in Equation (26) 

to calculate efficiency of each collector module for each hour. Usually, 

the mass flow rate is such that temperature rise of about 20°F is obtained 

through each collector module. In order to get desired output temperature, 

the collector modules are to be connected in a series. Efficiency is 

calculated at every 40°F interval and is then averaged out. Total useful 

solar energy collected by the collector per ft2 every hour is then 

calculated by 

Solar Energy Collected/hr= n x ICPC avg. ,CPC (33) 

Hourly .results are summed up to establish total energy collected per year. 

From the practical point of vie~, anytime solar insolation on the 
. 2 

collector is less than 50 BTU/hr/ft or average collector efficiency, 

navg.' is less than 15% or the efficiency of the last collector module 

1s not positive, it is assumed that the pump is not turned on, and thus 

no energy is collected during that hour. Total energy collected is calc

ulated for collector fluid average temperature, Tavg ranging from 150°F 

to 470°F at an interval of 40°F for three locations mentioned earlier. 

'SOLMET' weather tape is used for solar insolation and ambient temper

re data and calculations are performed by use of a computer. The 

chart of the computer program and computer program listing along 

output are shown in Appendix B. 



Annual results are tabulated in Table 18 and are shown ~raphically in 

Figures 38, 39 and 40. 

TABLE 18. Solar Energy Collected by CPC Collector per ft 2 

Area per Year for Three Locations (BTU/ft2/year) 

Collector Madison Miami Albuquerque 

Fluid WI FL NM 

Average 

Temperature (OF) 

150 166,752 215,272 306, 188 

190 143.329 185,767 278,695 

230 119,739 154,731 248,176 

270 98,354 125,674 216,788 

310 77,373 95,839 187,519 

350 57,752 70,671 155,253 

390 38,958 46,922 124,037 

430 22,946 25, 6-07 95,409 

470 9,315 10,591 62,112 

Parabolic Trough Collectors. 

These collectors are basically made of reflecting parabolic 

urface, a receiver located at the focal axis of a parabola and is 

tructured to constantly track the sun, (Figure 35) 
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~af}~E~ive Receiver 

Cold --11~~ a::=====================t==:::::i ~ Hot fluid out 
fluid in 

FIGURE 35. Parabolic Trough Collector. 

o on--....-----.--~~--.-----,.--r---r-.,.....~~--.--r-r---r-....--.-_. 
0.5 l.'O l.5 2.0 

(Tf,out - Ta)/I (ft2-hr-°F)/BTU 

FIGURE 36. Performance of a Parabolic Trough 
Solar Collector 



Reflecting surface concentrates only direct solar rays on the receiver. 

Receiver is either encased i.n a vaccumed glass tube or insulated on the 

back side to suppress heat losses from the receiver. 

A typical average performance curve shown in Figure 36, from 

this group of collectors as manufactured by Suntec is used here. The 

results are shown in terms of collector efficiency vs. (Tf,out - Ta)/ 

I for each module for -a temperature rise of about 20°F. The trough 
standard sized module has 9 ft aperture, 20 1 length and 31 focal length. 

The average cost of collectors including _tracking mechanism and controls 

is $40 per ft 2 as of March, 1981. The qradratic equation which fits to 

the efficiency curve shown in Figure 36 is found to be~ 

n = 0.694 - 0.052(Tf,out- Ti) - 0.119 Tf,out -: 
trough 1trough) 1trough 

where, !trough= Instantaneous direct solar insolation on the collector 

plane per ft 2. Sufficient accuracy is obtained for results obtained 

for a time segment of one hour. 

equation, 

1trough = 1d,n • Cos 8 

It h i.s related to Id by an roug . ,n 

(35) 
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where e is t~e incident angle between sunrays and normal to the collector 

For year round uniform collectioni collectors are to be oriented 

north-south on a horizontal surface and they track along east-west axis. 

For this orientation, incidence angle, e, is related to other angles 

2 2 ~ Cose= (1 - Cos o • Sin w) (36) 

Ver, some coll~ctors are laid along East-West axis and track along 

h-South axis. 

1d,n required in Equation (35) is taken from S0LMET weather tape. 



In order to get desired output temperature, the collector modules are to 

be connected in a series. Efficiencies are calculated at every 20-°F 

interval and are then averaged out to get navg· 
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In this collector. at the edges, part of the radiation is lost 

because the collector ts not directly facing the sun; its plane makes 

angle e between its normal and sunrays. In order to minimize end losses, 

parabolic trough collector modules are installed in a straight line as 

long as possible. Generally, collectors are installed in a total length 

of 80'. The fraction of the area per ft 2 lost, AL' in an 80' long 

orientation and for a collector having 3 feet focal length is 
3 AL= 80 x tan e (37) 

The useful energy collected by the collector per hour per ft 2 area, 

Qtrough' is given by, 

Qtrough = navg. x (l - st tan e) x 1trough (38) 

Hourly useful energy gains are summed up to establish total 

energy collected per year. Total energy collected per year is calculated 

for collector fluid average temperature, Tavg.' starting from 200°F to 

600°F at an interval of 50°F for three locations. The 'SOLMET' weather 

tape is used for solar insolation and ambient temperature dat9 and 

calculation are performed by use of a computer. The flow chart of the 

computer program and computer program listing along wi. th output are shown 

in Appendix B. Annual results are tabulated in Table 19 and are shown 

in Figures 38, 39 and 40. 



TABLE 19. s01ar Energy Collected by Parabolic Trough Co}lector Per 
ft area Per Year for Three Locations (BTU/ft -Year) 

Collector Madison Miami Albuquerque 
Fluid vJI FL NM 

Average 

Temperature (OF) 

200 159,357 177,632 360,309 

250 134,591 148,197 323,193 

300 109,425 118,331 283, 60·1 

350 84,076 89,973 241,246 

400 60,946 64,273 198,188 

450 39,551 41,522 157,242 

500 22,663 23,886 115,241 

550 9,064 10,769 74,850 

600 l, 419 3,508 40,202 

Point-Focusing Paraboloid Disc Collectors 

These collectors are basically made of reflecting surface and a 

receiver located at the focal point. It is structured to constantly 

track the sun in both directions such that collector is always facing 
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Reflecting surface concentrates only 

radiation on the receiver. Generally concentration ratio 

1000 is achieved. Since the receiver area is small, thermal 

ses are low and so these collectors can operate at high efficiency 

at high temperatures. These collectors are ideal for applications 

iri ng temperatures above 500°F. 
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Very few companies manufacture this type of collectors. Omnium~G 

is the leading manufacturer. Its reflector is a 20' diameter disc with 

average concentration ratio of 1600. 

Reflective Surface 

FIGURE 37. Point Focusing Paraboloid Disc Collector 

The cost varies greatly depending on · the quantity purchased. Average 

cost is around $65 per ft 2 A thorough testing by an established 

independent testing laboratories have not been done. For the analysis of 

these collectors, theoretical equations are used and results obtained 

were confirmed with actual performance of _the collector. 

An energy balance on the concentrator/receiver combination 

the fa 11 owing expression for collection _efficiency. 14 

14R 
eiv .L. Sons, "Optimization of a Point-Focusing Distributed 

ler Solar Thermal Electric System" An ASME Publication, 79-WA/Sol-ll, 
I 979, p. 5. 



where 
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(39) 

p = reflectivity of concentrator surface 

~ 0.9 

ae = effective cavity absorptivity 

~ 0.9 
E = effective cavity emissivity e 

~ 0.9 

Kd = dust correction factor 

~ 0.95 

Kb= dish structure blockage factor 

~ 0.92 

y = intercept factor, i.e . fraction of focal plane energy 

intercepted by the cavity receiver. 

~ 1 for a well designed collector. 

cr = Stefan-Boltzmann constant 

= 0. 1714 x 10-8 BTU/ft2. 0 R4.hr 

Tr= receiver inner surface temperature, 0 R 

T
00 

= ambient temperature 0 R 

h = convective heat transfer coefficient at cavity aperture 

~ 2.82 BTU/ft2.hr. 0 R 

Qcond = thermal conduction losses from surface of the receiver 

Ac= concentrator aperture, area, ft2 

Q 
~ond ~ 0 _952 BTU 

c hr. ft 2 



C = geometric concentration ratio= 1600 

Substituting these values, reduces equation to 

[O. 15426 x l0-8(T~ - T!) + 2.82(Tr - T
00

)] 

ncoll = 0-708 - 1600 x Id. 
l SC 

0.952 
1disc 

(40) 

I = instantaneous direct solar insolation on the collector disc 

plane. 
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Sufficient accuracy is obtained if calculations are done for time 

segment cf l hour. As collector is constantly tracking the sun, 

1disc = 1d,n (41 ) 

Collector efficiencies are calculated every hour for different receiver 

temperatures. Solar energy collected by the collector per ft 2 for each 

hour is calculated by 

Solar Energy Collected/hr= ncoll x Id,n (42) 

Hourly results are summed up to establish total energy collected 

per year. Total energy collected per year is obtained for collector 

fluid average temperature, T , starting from 400°F to 1200°F at an avg .. 
interval of 100°F for three different locations. The calculations are 

performed by use of the computer. The fl ow chart . of the computer program 

and computer program listing along with output are shown in Appendix B. 

results are tabulated in Table 20 and are shown graphically in 

38, 39 and 40. 



TABLE 20. Solar Energy Collected by Paraboloid Disc Collector Per ft 2 
Area Per Year for Three Locations. (BTU/ft2-Year) 

Collector Madison Miami Albuquerque 

Fluid WI FL NM 
Average 

Temperature (OF) 

400 276,902 296,084 571,066 

500 275,873 294,868 569,427 

600 274,608 293,374 567,415 

700 273,057 2~1 ,!:>42 564,946 

800 271,162 289,304 561 , 931 

900 268,864 286,589 558,272 

1000 266,093 283,316 553,863 

1100 262,780 279,402 548,590 

1200 258,846 274,755 542,329 
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Solar Radiation Data for Three Different Climatic Locations 

The total, the beam component of the solar insolation and the 

average ambient temperatures are different for different places. Different 

types of solar collectors differ in their ability to utilize scattered 

portion of the solar radiation, and are sensitive to a different degree 

to the average ambient temperature. 

The average solar insolation on a horizontal surface and ambient 

temperatures are measured on an hourly basis for most of the cities in 

U.S. A ratio of this average insolation to the insolation at the same 

place outside the earth's atmosphere is defined to be clearness index KT, 

and the values of this index are also obtained. KT value is a good 

measure of the climatic conditions of a perticular location pertinent to . 

the solar insolation. The climatic conditions of different places for 

solar insolation are effectively compared by use of their KT values. 

Average KT value for most of the places in the continental United States 

varies from 0.4 to 0.7. In order to cover most of the different types 

of climatic conditions, the analysis is carried out for three climatically 

different locations having different KT values. The three locations 

considered are: l) Madison, WI, Average KT = 0.49, 2) Albuquerque, NM, 

Average KT 0.69, and 3)Miami, FL, Average KT= 0.52. 

Madison, WI represents a typical climate of northeast United 

It is cloudy, forest climate, relatively colder and has rainfall 

through the year. 

Albuquerque, NM has a very clear, desert or arid climate and is 

Miami, FL is climatically somewhat between Madison, WI and 

buquerque, NM. It has a tropical forest climate, high temperatures 
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but humid and generally sunny. 

The results of energy collected per year for different collectors 

for these locations can be used for any other location by comparing the 

climate patterns and average KT values . 

. ~ourly solar insolation data are ~vailable for many cities in the 

United States. In recent years, the U.S. National Oceanic and A_tmospheric 

Administration (NOAA) has made these data available with all other related 

meteorological data such as, ambient dry bulb temperature, wet bulb temper

ature, wind speed, etc. on magnetic tapes for 26 different cities in the 

United States for an average year averaged over a period of 23 years. 

These tapes are referred to as 1 SOLMET 1 tapes. ·Solar insolation data 

are given in two different forms on these tapes: l) total solar insolation 

on a horizontal surface and 2) direct solar insolation on the surface 

normal to sunrays. These two data ore sufficient to compute direct or 

scattered component of the solar insolation on the plane tilted at any 

angle as illustrated earlier in this chapter. 

Thus, hourly solar insolation data were obtained from these tapes 

and used with each collector to get solar energy collected per hoµr and 

results -were summed up to establish solar energy collected per year. 

In the next chapter, these results are combined with the results obtained 

in Chapter II to get overall solar-to-electric energy conversion. 
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CHAPTER V 

COMBINED PERFORMANCE OF SOLAR COLLECTORS AND RANKINE-CYCLE 

In Chapter III, Rankine-cycle performance is analyzed. Rankine

cycle efficiencies are calculated at sever~l different temperatures using 

eight different working fluids. In Chapter IV, solar collector performance 

is analyzed. Total solar energy collected per year per ft2 by four types 

of collectors at several different temperatures for three different 

locations is computed. In this chapter, the results from both loops -

solar collector and Rankine-cycle loops are coupled. 

Relationship Between Operating Temperatures of a Rankine-Cycle and 

Co 11 ector Fluid. 

The Rankine-cycle operating temperatures are related to solar 

collector operating temperatures by mass flow rates of the fluids and 

characteristics of a heat exchanger, B (see Figure 2). As discussed in 

Chapter II, for a given Rankine-cycle maximum temperature, T3, maximum 

cyc·1e efficiency with organic fluids is obtained when the cycle is oper

ated such that the vapor coming out of the boiler is in saturated state. 

Thus, two types of heat transfer processes occur in a boiler - heat 

exchanger, B: 

1) heat is transferred from solar collector liquid to Rankine

cycle liquid heating it from temperature, T2 to a saturation 

temperature, T and, 
s 

2) further heating is done by the solar collector fluid to boil 

the Rankine-cycle fluid at a constant temperature of, 

T (T = T) s · s 3 



Solar Collector 
Fluid from Collectors 

Heat Exchanger, B2 

T =T s 3 

Heat Exchanger, Bl 

pump 
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to solar collecter . 
Rankine-Cycle 
Fluid from 
Condenser 

me -constant mR -constant 

FIGURE 41. Boiler - Heat Exchanger with Two Heat Transfer 
Processes Separated. 

Temperature T2 of the Rankine-cycle liquid entering the heatexchanger 

related to constant fluid temperature~ 11, entering Rankine-Cycl~ 

by an equation 
w 

T2 = T, + ___Q_ 
( 1 - np) (43) C 

PR 
v(P2 - P1) ( l - n ) T2 = T, + CPR p (44) 

Wp = work done by the Rankine-cycle pump per pound of liquid. 

V = specific volume of a liquid. 

P2,P
1 = pressures at state points 1 and 2. 

CPR = heat capacity of a Rankine-cycle liquid. 



The values of P1 and P2 are determined in Chapter II, v and CPR 

are obtained from property tables or diagrams and thus T2 is calculated. 
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The effectiveness of a heat exchanger Bl, EBl relates temperatures 

(45) 

where 
. 

(mCP)cold = hourly heat capacity of the fluid on the cold side . 
. 

(mCP)min = lower value of the hourly heat capacities of both 

fluids. 

If the hourly heat capacity of the Rankine-cycle fluid, mr.CrR is lower 

than that of collector fluid, mcCPC' then 
. . . 

(mCP)cold = mRCPR = (mCP)min 

Equation (3) reduces to, 

If heat losses from the heat exchanger are neglected, following two 

equations are obtained. 
. . . 

(46) 

(47) 

(48) 

mR(h3- hs) = mcCPc (Tel - Tx) (49) 
. 

mc•CPc(Tx - Tc2) = mRCPR(T3 - T2) (5o) 

Substituting mcCPc from Equation (50) into Equation (49), we get 

.·. h3Tx - h3Tc2 - hsTx + hsTc2 = CPRT3Tcl - CPRT3Tx 

- CPRT2Tcl + CPRT2Tx 



·. · Tc,cPR(T3 - T2) +Tc2(h3- hs) = TX {(h3- hz) + CPR(T3 - T2)} 

( 51) 

Substituting T from Equation (48) into Equation (51), we get 
X 

Tel CPR(T3 - T2) + Tc2(h3- hs) = {T2 + £\l (T3 - T2)H(h3- hs) 

(52) 

Now from Equation (50), 

mRCPR 
T = T - . (T3 - T2) ( 53) 

c2 x m C 
c Pc 

Substituting T from Equation (48) into Equation (53), we get 
X . 

1 mRCPR 
T 2 = T2 + -£- (T3 - T2) - . (T

3 
- T

2
) (54) 

C Bl mcCPc 

Substituting Tc 2 from Equation (54) into Equation (52}, we get 

. 1 
Tel CPR(T3 - T2) = T2(h3-hs) + T2CPR(T3 - T2) + £Bl (T3 -. T2) 

(h3-hs) 

CPR 2 l 
+ £Bl (T3 - T2) .- T2(h3- hs) - £Bl (T3 - T2)(h3:. hs) 

Therefore 
' 

} (55) 

(56) 
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where h = enthalpy per pound of fluid at state 2. s -

Equation (56) gives Tel explicitly in terms of known temperatures 

and enthalpies when mRCPR < me • CPc' For case when mRCPR > mcCPc' 

proceeding in similar lines as above, the following expression for Tel 

is obtained 

mRCPR l h3 - hs 
Tel = T2 + (T3 - T2)· mcCPc . {£Bl+ hs -h2} (57) 

for mRCPR > me CPc. 

In order to maximize solar energy collection for a given value of T3, 

T 1 should be minimized. It can be seen from Equations (56) and.(57f 
c . · m

2
Cp 

that Tel can be minimized by having £Bl as high as possible and. 2 
m1Cp 

as low as possible since T2 and (T3 - T2) are fixed and positive. 
1 

For a counter flow, £Bl is related to 

mRCPR 
by, 

(58) 

= the number of transfer uni ts 

= UA (59) 
(riicP) . min 

value of 

mccPC 
the value of (NTU) greater than 4 produces very max 

tle increase in the value of £Bl, since the relationship is exponential. 
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However, the higher the (NTU)max' the higher the required surface area of 

the heat exchanger and hence, the higher the cost. This relationship 

is linear as can be seen in Equation (59). So (NTU) is fixed to be max . 

equal to 4. This value offers high enough ~l for a reasonable. size of a 

heat exchanger. 

Equation (58), now reduces to, 

mRCPR) 
l - e-4(1 - mcCPc 

rhRCPR 
l - --

mcCPc 

-4 (ri1·-Rc,._P_R_) 

Xe m Cp 
C C 

It can be seen from 

the higher the value of £Bl ~ 

{nRCPR 
£81 approaches l. Thus, -- should be as low as possib]e in 

mcCPc mRCPR 
minimize Tei· The rough calculations indicate that after . 

mcCPc 

(60) 

order to 

goes 

below 0.1, the decrease in Tel is very small since the relationship is 

exponential. 
mRCPR 

However, the lower the value of. , the higher the requiied 
mcCPc 

pumping energy for a given .power output. This relationship i's linear. 

mRCPR 
Consequently, -- is fixed to be equal to 0.1. 

mRCPR 
Substituting --- = 0.1 into Equation (60), yields 

m cp C C 

£Bl= 0.975 (61) 

mRCPc 
values of £Bl and -- into Equations (56) and (53) 

mcCPc 

(62) 



and 

or 
(63) 

Equations (62) and (63) can only be used with organic fluids. In 

case of water/steam Rankine-cycle, as discussed in Chapter II, steam is 

heated to a superheated state. As shown in Figure 42, three types of heat 

transfer processes occur in the boiler-heat exchanger: 

l) water gets heated from temperature T2 to a saturated tempera

ature, Ts, 

2) ~i~er boils into ~team at constan~ saturation tempe~3ture, T 

corresponding to pressure, P
2 

and finally, 

3) steam is superheated from temperature Ts to a temperature of 

T 3· 

Sol a r Co 11 ector 
Fluid from 
Collectors 

To Turbine 

Heat Exchange~ B3 

hsv 
.--l----.:i=~--Ts 

Heat Exchanger, B2 

Heat Exchanger, Bl · 
Pump T1=90oF 

s 

Rankine-Cycle Fluid 
From Condenser 

me -constant 

Boiler-Heat Exchanger in a Water/Steam Rankine-Cycle with 
Heat Transfer Processes Separated. 
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Following the procedure discuss.ed earlier, the expressions for Tel and Tc2 
are obtained as shown below: 

whe re 

where 

Tel 
l - T ) + T = - (T 

EB3 3 s s 

l 
-(1-x)NTUmax 

= - e 
EB3 

-(1-x)NTUmax 
l - X • e 

X = 
mRCPS 

mcCPc 

. 
mRCPR mRCPs rnRCPR 

= y = ( 

mcCPc mRCPR mcCPc 

CPs = heat capacity of steam 

CPR= Heat capacity of water 

(64) 

(65) 

C 
) (_h) 

·CPR 
(66) 

Simila r to the organic Rankine-cycle, the ratio (mRCPR)/(mcCPc) is fixed 

to be equal to 0. l and (NTU)max to be equal to 4. 

T = T l X ) + (T - T )(- -y s 3 -s EB3 
(67) 

(h - hsw) 
T = T - X sv 

X y CPS 
(68) 

T - T2 
£Bl = s 

T - T2 X 
(69) 

E 
\2 = T - _JU_ (T - T2) X 10 X 

(70) 

Thus, for a given Rankine-Cycle maximum temperature, T3, the 

ll ector fluid temperatures entering and leaving the collector - Tc2 and 

respectively - are calculated at several different temperatures using 

t ions (62) and (63) in ca se of organic fluids and Equations (64) 



through (70) in case of water/steam Rankine-cycle. These values are 

tabulated in Tables 21 to 40. 
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It can be seen from Tables 21 to 40 that Tel and Tc 2 differ on the 

average by about 40°F. As can be seen in Figures 38, 39 and 40 (Chapter IV) 

that over a 40°F temperature range, the curves of solar energy collected 

per year vs . collector fluid operating temperature are a straight line 

in all cases . Therefore, solar energy collected for a fluid entering 

temperature of Tc 2 and leaving temperature of Tel is the same as the energy 

collected for an operating temperature equal to average temperature of Tel 

and Tc2. Thus, an average collector fluid temperature, T is introduced. avg 

( 71 ) 

Thus, for a particular Rankine-cycle maximum temperature, corre-

spending collector fluid average temperature, Tavg is calculated. Solar 

energy collected at an average fluid temperature is obtained from results 

obtained in Chapter IV. A product of Rankine-cycle efficiency at a certain 

Rankine-cycle maximum temperature and solar energy collected per year per 

ft
2 

at the corresponding collector fluid average temperature is obtained. 

This product will be called as an S.R value. 

The S.R value is directly proportio~al to the net electrical 

production per year per unit area of a collector at a certain operating 

temperature (T ~·T) 
avg 3 

(

Solar Energy Collected 
by the collector 

yr. n 2 -
X 

(S.R) 
T avg 

= Kl .(

Net Electrical energy) 
production 

2 yr . ft 
Tr!VO 

(72) 

(73) 
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Where K
1 

is a constant of· proportionality. K1 takes into account 

the generator efficiency and certain parasite losses in the system, such as, 

friction losses, heat losses, etc. The value of K1 is less than l. It 

has approximately the same value in all cases which makes the evaluation 

of optimum operating temperature possible by comparing the S.R values 

obtained at several different operating temperattires. 

The results of S.R values at different operating temperatures for 

each possible combination of solar collector and Rankine-cycle fluid are 

shown graphically indicating the variation of S.R value vs. collector 

fluid average temperature or Rankine-cycle maximum temperature. A peak 

c.:it responds to th1? r;,a,zimum ::et solar-to-el ,:!c-~~ical conver~ ior. Figures 

43 to 66. show the graphs of S.R value vs. collector fluid average tempera

ture and Rankine-cycle maximum temperature for all possible combinations. 

Comparing the maximum S.R values obtained in the combinations of 
-

each type of collector and all Rankine-cycle working fluids gives the 

fluid best suited for that collector. Thus, an optimum Rankine-cycle 

working fluid for each type of solar collector is obtained. 



T3 nR h2 

(OF) (%) BTU 
lb 

150 6.8 26.7 

180 9.4 26.8 

200 l 0. 8 26.9 

220 12. l 27.0 

250 13. 8 27.2 

280 15.2 27.3 

S.R Values at Several Temperatures for a Combination of a Flat Plate Collector and R-11 
for Three Different Locations. 

Madison, WI Miami, Fl A 1 buquerque, NM 

Energy S.R Energy S. R. Energy S.R 

h3 hs T2 Tel Tc2 Tavg Co 11 ectec Coll ectec :ollected 
Produr.t Product Product 

BTU BTU ( OF) (OF) (OF) ( OF) BTU/ft2 BTU/ rt2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
lb lb yr. yr. yr. yr. yr. yr. 

110 39.3 90.4 185 145 165 123,844 8,421 184,744 12,562 263,940 17,948 

113 45.8 90.9 214 173 194 88,360 8,2()6 133,885 12,585 20.9,930 19,733 

115 50.2 91. 4 233 192 212 . . 68,511 7,399 104,466 11 , 282 178,344 19,261 

117 54.7 91. 9 252 211 231 50,398 6,098 77,215 - 9,343 146,314 17,704 

120 61. 7 92.8 281 239 260 26,695 3,684 40,744 5,623 l 01 ,071 13,948 

122 69.0 93.3 308 267 288 9, l 03 l, 384 15,287 2,324 60,211 9, 152 
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T3 nR h2 

(OF) ( % ) , BTU 
lb 

140 5.4 29. l 

160 6.9 29.3 

180 8.2 29.6 

200 9.6 29.8 

220 l 0. 7 30. l 

230 10.8 30.3 

S.R Values at Several Temperatures for a Combination of a Flat Plate Collector and R-12 
for Three Different Locations. 

Madison, WI Miami, FL Albuquerque, NM 

Energy S.R Energy S.R Energy S.R 

h3 hs T2 Tel Tc2 T :ollected Co 11 ectec Collected avg Product Product Product 

BTU BTU (OF)_ (_op)_ C0 F) (QP) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 

lb lb yr. yr. yr. yr. yr. yr. 

91 41. 2 91. 6 161 136 149 145,939 7,881 216,999 11 , 718 296,780 16,026 

92.6 , 46. 6 92.5 180 155 167 121,326 8,371 181,109 12,497 260,069 17,945 
: 

94.2 52.6 93.7 198 174 186 . 97,842 8,023 147,369 12,084 224,204 18,385 

95.9 59.6 94.6 216 192 204 77,000 7,392 117,337 11,264 192,264 18,457 

97.5 67.3 95.8 233 211 222 58,271 6,235 88,980 9,521 161,131 17,241 

98 72.9 96.7 241 220 231 50,398 5,393 77,215 8,262 146,314 15,656 

__, 
0 
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T3 

(OF) 

150 

180 

200 

220 

250 

280 

TABLE 23. S.R Values at Several Temperatures for a Combination of a Flat Plate Collector and 
R-113 for Three Different Locations. 

Madi son, ·WT Miami, FL Albuquerque, NM 

Energy s. i; Energy S.R Energy S.E 
llR h2 _ h3 h T2 Tel Tc2 T ::ollected Coll ectec ~all ected s avg Product Product Product 

(%) BTU BTU BTU (OF) (OF) ( OF) C° F) BTU/ft2 BTU/f t 2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
lb lb lb yr. yr. yr. yr. yr. yr. 

7.3 27.6 l 01 41. 4 90 177 145 . 161 128,882 9,408 192,014 14,017 271,682 19,833 

9.4 27.7 l 05 48.6 90.5 207 173 . 199 93, l 01 8,752 140,627 13,219 217,067 20,404 

10.6 27.8 l 08 53.4 91 226 192 209 71,695 7,600 109,292 11,585 183,564 19,458 

11. 7 27.9 111 58.3 91 246 210 228 53,022 6,204 81,137 9,493 151,253 17,697 

12.7 28.0 115 68.8 91. 5 272 238 255 30,652 3,893 46,921 5,960 l 08,677 13,802 

13. 5 28. l 119 73.4 92.2 304 266 285 10,666 1,440 17,437 2,354 63,890 8,625 
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T3 

(OF) 

150 . 

180 

200 

220 

250 

280 

TABLE 24. S.R Values at Several Temperatures for a Combination of a CPC Collector and R-11 for 
Three Different Locations. 

Madison, WI Miami, FL Albuouer< ue. NM 

Energy S.R Energy S.R Energy S.R 
nR h2 h3 hs T2 T cl Tc2 T Collected :ollected Collectec avg 'roduct Product Product 

(%) BTU BTU BTU (op) (OF) (OF) (OP} BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft.
2 BTU/ft2 

"1"b "1"b "1"b yr. yr. yr. yr. yr. yr. 

6.8 26.7 110 39.3 90.4 185 145 165 157,968 10,742 204,208 13,886 295,878 20,120 

9.4 26.8 113 45.8 90.9 214 173 194 140,970 13,251 182,663 17,170 275,643 25,910 

10.8 26.9 115 50.2 91. 4 233 192 212 .130,355 14,078 168,697 18,219 261,910 28,286 

12. l 27.0 117 54.7 91. 9 252 210 . . 231 119,204 14,424 154,005 18,634 247,391 29,934 

13. 8 27.2 120 61. 7 92.8 281 238 259 104,235 14,384 133,665 18,446 225,420 31 , l 08 

15.2 27.3 122 69.0 93.3 308 266 287 89,437 13,.i94 112,994 17, 175 204,349 31,061 
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T3 

( o F) 

140 

160 

180 

200 

220 

230 

TABLE 25. S.R Values at Several Temperatures for a Combination of a CPC Collector and R-12 
for Three Different Locations. 

Madi son,- in Miami, FL Albuquerque, NM 

Energy S.R Energy S.R Energy S.R 
Collectea Product Co 11 ected Product :ol l ected Product 

nR h3 h3 hs T2 T cl Tc2 Tavg BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
yr. yr. yr. yr. yr. yr. 

(%) BTU BTU BTU (OF) (OF) ( OF) ( on 
lb lb lb 

5.4 29. l 91 41. 2 91. 6 161 136 149 166, 74-0 9 ,OOL', 215,260 11,624 306,180 16,534 

6,9 29 . 3 92.6 46.6 92.5 1130 155 167 150,941 10.415 195,356 13,480 287,630 19,846 

8.2 29.6 94.2 52.6 93.7 198 174 186 145,671 11,945 188,718 15,475 231,444 23,073 

9.6 29.8 95.9 59.6 94.6 216 . 192 204 135,073 12,967 174,904 16,791 268,013 - 25, 729 

10. 7 30. l 97.5 67.3 95.8 233 211 222 124,457 13 , 317 160,938 17,220 254,280 27,208 

l 0 .. 3 30.3 98.0 72. 9 96.7 241 220 231 119, 20LI, 12,874- 154,005 16,632 247,391 26,718 
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T3 nR h2 

(OF) (%) BTU 
"Tb 

150 7.3 27.6 

180 9.4 27.7 

200 10.6 27.8 

220 11. 7 27.9 

250 12.7 28. l 

280 13.5 28. l 

S.R Values at Several Temperatures for a Combination of a CPC Collector and R-113 
for Three Different Loccttions. 

Madison, WI Miami, FL Albuquerque, NM 

Energy S.R . Energy S.R Energy S.R 

h3 hs T2 \:1 Tc2 Tavg Co 11 ectec Co 11 ectec Collected 
Product Product Product 

BTU BTU (OF) (OF) . ( o F) ( o F) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
"Tb lb yr. yr . yr. yr. yr. yr. 

101 41. 4 90 177 145 161 160,311 11,703 207,158 15, 123 298,627 21,800 · 

105 48.6 90.5 207 173 190 143,329 13,~73 185,767 17,462 278,695 26,197 
.. 

108 53.4 91 226 192 209 132,124 14,005 171,025 18,129 264,198 28,005 

111 58.3 91 246 210 228 120,920 14,147 156,283 18,285 249,702 29,215 

115 68.8 91. 5 272 238 255 106,374 13,509 136,570 17,344 228,559 29,027 

119 73.4 92.2 304 266 285 90,486 12,il6 114,486 15,456 205,812 27,785 
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T3 nR 

( o F) (%) 

230 13. 2 

250 14.5 

270 15.6 

300 17.0 

330 18. 2 

350 19.0 

400 20.7 

S.R Values at Several Temperatures for a Combination ot a CPC Collector and Toluene for 
Three Different Locations. 

Madi son, . W; Miami, FL Albuquerque, NM 

Energy S.R Energy S.R Energy S.R 

h2 h3 hs T2 Tel Tc2 Tavg Co 11 ectec Produce Collectec Product ~ollected Product 

BTU BTU BTU (OF) (OF) (OF) (OF) 3TU/ft2 BTUi"ft 2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
lb lb lb yr. yr . yr. yr. yr. yr. 

-315 -95 -256 90.3 272 220 246 111 , 185 14,676 143,108 18,890 235,621 31 , l 02 

-315 -88 -245 90.4 290 238 264 101,562 14,726 130,032 18,855 221,496 32, 117 

-315 -82 -235 90.6 309 257 283 ;: 91,535 14 , 279 115,978 18,093 207,276 32,335 

-315 -72 -220 90.8 338 284 311 76,882 13,070 95,210 16, 186 186,712 31,741 

-314 -61 -204 91. l 367 312 340 62,657 11 ,404 76,963 14,007 163~320 29,724 

-314 -54 -193 91. 3 386 331 . 358 53,993 10,259 65,921 12,525 149,010 28,312 

-314 -37 -166 92.5 435 377 406 · 32,553 6, 739 38,396 7,948 112,586 23,305 
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Curves of S.R Values vs. Operating Temperature for a 
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T3 nR h2 

BTU (OF) (%) lli 

270 16.4 -276 

300 18.2 -276 

320 19.2 -276 

350 20.7 -276 

400 22. l -276 

s.R Values at Several Temperatures for a Combinati~n of a CPC Collector and Chlorobenzene 
for Three Different Locations. 

Madi son. tH Miami FL A 1 buouerc ue. NM 

Energy s. f. Energy S.R Energy S.R 

h3 h T2 Tel ~c2 Tavg s ::ollected Product co 11 ectec Product collected Product 

BTU BTU per year per year per year 

Th Th ( o F) (OF) (OF) (OF) 
BTU/ft2/ BTU/~t 2/ BTU/ft2/ BTU/ft2 l BTU/ft2/ BTU/ft2/ 

yr. yr . yr . yr. yr. yr. 

-79 -216 90 316 257 286 89,962 14,754 113,740 18,653 205,080 33,633 

- 71 -205 90 345 284 315 74,920 13, G35 92,693 16,870 183,486 33,394 

-65 -197 90. 3 · 364 303 333 66,048 12,681 81,367 15,623 168,966 32,441 

-57 -185 9,0. 7 393 331 362 52,114 10,788 63,546 13, 154 145,888 30,199 

-44 -164 91. 3 441 277 409 31,352 6,929 36,797 8, 132 11,439 24,407 
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Curves of S.R Values vs. Operating Temperature for a 
Combination of a CPC Co 11 ector and Chlorobenzene for 
Three Locations. 



T3 nR 

( on (%) 

220 13.0 

250 14.9 

270 15.9 

300 17.5 

320 18.4 

350 19.9 

400 21. 8 

S.R Values at Several Temperatures for a Combination ot a CPC Collector and Thiophene for 
Three Different Locations. 

Madi son, .vJ~ Miami, FL Albuquerque, NM 

Energy S.R Energy S.R Energy S.R 

h2 h3 hs T2 T cl Tc2 Tavg Co_l l ected Product Collected Product Collected Product 

BTU BTU BTU (OF) (OF) ( OF) (OF) 
BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 

"l"b "l"b ""Tb yr. yr. yr. yr. yr. yr. 

-249 -48 -208 90.4 267 209 238 115 ,11,62 15,010 148,920 19,359 241,898 31,447 . 

-249 -39 -190 90.6 295 233 267 99,958 14,894 127 ,85_3 19,050 219, 142 32,652 

-249 -33 -182 90.8 314 257 285 · : 90,486 14 ~486 114,486 · 18,203 205,812 32,724 
I 

-249 -26 -170 91. 2 344 284 314 75,4-11 13, 197 93,322 16,331 l8L1, ,292 32,251 

-248 -21 -161 91. 5 362 303 332 71,487 13, 154 88,289 16,245 177 ~839 32,722 

-248 -14 -148 92 391 331 361 52,584 10,464 64,140 12,764 146,669 29, 187 
I 

-248 -2 -125 93.5 438 I 377 408 31 , 753 . 6,922 37,330 8,138 111 , 154 24,232 
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Curves of S.R. Values vs. Operating Temperature for a 
Combination of CPC Collector and Thiophene for Three 
Locations. 



T3 nR 

(OF) (%) 

240 14. 8 

250 15.2 

270 16. 1 

300 17.6 

320 18.5 

350 19. 8 

400 21. 7 

S.R Values at Several Temperatures for a Combination or a CPC Collector and Pyridine for 
Three Different Locations. 

I Madison, WI Miami, FL Albuquerque, NM 

Energy S.R Energy S.R Energy S.R 

h2 h3 hs T2 T cl Tc2 Tavg Collected Product Coll ectec Product Collected Product 

BTU BTU BTU (OF) ( o F) (OF) (OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 · BTU/ft2 BTU/ft2 

lb lb lb yr. yr. yr. yr. yr. yr. 

-340 -86 -280 90 291 228 260 103,700 15, 248 · 132,938 19,675 224,635 33,246 

-340 -83 -275 90 301 238 270 98,354 14,950 125,674 19,102 216,788 32,952 

-340 -78 -266 90.2 320 257 288 : 88,913 14, ~, 5 112,248 18,072 203,617 32,782 

-340 -69 -252 90.5 349 284 317 73,939 13, 013 91,435 16,092 181,872 32,010 

-340 -63 -241 90.7 367 303 335 65,110 12,045 80,109 14,820 167~353 30,960 

-340 -57 -227 91. 1 396 331 363 51 ,-644 10,226 62,953 12,465 145,108 28,731 

-339 -37 -200 91. 9 444 377 410 30,952 6,716 36,264 7,869 109,723 23,810 
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(hsl 
T3 nR -hs2) 

(OF) (%) BTU 
lb 

300 8.4 1001 . 

320 9. l 997 

350 l 0. l 990 

370 l 0. 9 985 

400 11. 8 982 

S.R Values at Several Temperatures for a Combination of a CPC Collector and vJater 
for Three Different Loccttions. 

Madison, Wl Miami, FL Al buauerc ue, NM 

Energy S.R Energy S.R Energy S.R 

Ts T2 E: Bl re, T cZ Tavg :all ected Product :011 ected Product :ollected Product 
(OF) (OF) ( OF) ( on (OF) 

BTU/ft2 BTU/ft2 . BTU/ft2 . BTU/ft2 BTU/ft2 BTU/ft2 . 
yr. yr. yr. yr. yr. yr. 

162 90 0.69 302 188 245 111,720 9,384 143,835 12,082 236,406 19,858 · 

169 90 0.65 322 207 265 l 01 ,027 9, 134 129,306 11,768 220,712 20,085 

180 90 0.58 352 235 294 85,765 8,662 107,773 10,885 199,227 20,122 

186 90 0.55 372 255 314 75,411 8,220 93,322 . 10,172 184,292 20,088 

193 90 0.51 403 284 343 61 , 186 7,220 75,075 8,869 160,899 18,986 

...... ...... 
00 
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Curves of S.R Values vs. Operating Temperature for a 
Combination of a CPC Co 11 ector and Water for Three locations. 



TABLE 32. S.R Values at Several Temperatures for a Combination of a Parabolic Trough Collector and R-11 
for Three Different Locations. 

Madi son, ·WI Miami, FL Albuquerque, NM 

Energy S.R Energy S.R Energy S.R 

T3 nR h2 h3 h T2 T cl Tc2 \vg :ollected Product Collectec Product ::ollected Product s 

( OF) (%) BTU BTU BTU ( OF) (OF) ( OF) (OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
lb Tb lb yr. yr. yr. yr. yr. yr. 

150 6.8 26 . 7 110 39.3 90.4 185 145 165 176,693 12,015 198,237 13,480 386,290 26,268 ' 

180 9.4 26.8 113 45.8 90.9 214 173 194 162,329 15,259 181,164 17,029 364,763 34,288 

200 l 0. 8 26.9 115 50.2 91. 4 233 192 212 153,413 16,569 170,568 18,421 351,401 37,951 

220 12. l 27. o· 117 54.7 91. 9 252 211 231 144,002 17,424 159,382 19,285 337,297 . 40,813 

250 13. 8 27.2 120 61. 7 92.8 281 239 260 129,558 17,879 · 142,224 19,627 315,274 43,508 

280 15.2 27.3 122 69.0 . 93. 3 308 267 288 115,465 17,550 125,499 19,076 293,103 44,552 
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Curves of S. R. Values vs. Operating Temperature for a 
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for Three Locations. 



T3 nR 

(OF) (%) 

140 5.4 

160 6.9 

180 8.2 

200 9. 6 

220 10.7 

230 l 0. 8 

S.R Values at Several Temperatures for a Combination of a Parabolic Trough Collector and R-12 
for Three Different Locations. 

Madi son, · WI Miami, FL Albuquerque, NM 

Energy s. t< . Energy S.R Energy S.R 

h2 h3 hs T2 Tel Tc2 Tavg :ollected Product ~ollected Product ~ollected Product 

BTU BTU BTU ( OF) (OF) (OF) (OF) BTU/ft2 BTU/ Ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 

"Tb "Tb lb yr. yr. yr. yr ; yr. yr. 

29.l 91 41. 2 91. 6 161 136 l 49 . 184,110 9,942 207,050 11 , 181 397,410 21 ,460 · 

29.3 92.6 46.6 92.5 180 155 167 175,703 12, "i 23 197,059 13,597 384,806 26,552 

29.6 94.2 52 . 6 93.7 198 174 186 166,291 13,636 185,874 15,242 370, 701 30,397 

29.8 95.9 59.6 94.6 216 · 192 204 157,376 15,108 175,277 16,827 357,340 34,305 

30. l 97.5 67.3 95.8 233 211 222 148,460 15,885 164,681 17,621 343,978 36,806 

30.3 98.C 72.9 96.7 241 220 231 144,002 15,552 159,382 17,213 337,297 36,428 
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T3 nR 

(OF) (%) 

150 7.3 

180 9.4 

200 l 0. 6 

220 11. 7 

250 12.7 

280 13.5 

S.R Values at Several Temperatures for a Combination of a Parabolic Trough Collector and R-113 
for Three Different Locations. 

Madison, WI Miami, FL Albuquerque, NM 

Energy S.R Energy S.R Energy S.R 

h2 h3 hs T2 Tel Tc2 T avg ,ol l ected Product :ollected Product ~o 11 ected Product 

BTU BTU BTU (OF) (_OF} C°F) (°F). BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 

lb lb lb yr. yr. yr. yr. yr. yr. 

27.6 l 01 41. 4 90 177 145 161 178,674 13,043 182,695 13,337 389,259 28,416 . 

27.7 105 48.6 90.5 207 173 190 164,310 15,445 178,930 16,819 367,732 34,567 

27.8 108 53.4 91 226 192 209 154,899 16,420 172,334 18,267 353,628 37,485 

27.9 111 58.3 91 246 210 228 145,488 17,022 161 , 148 18,854 339,524 39,724 

28.0 115 68.8 91. 5 272 238 255 132,074 · 16,773 145,210 18,441 319,234 40,543 

28. 1 119 73.4 92.2 304 266 285 116,975 15, 7 92 127,291 17, 184 295,479 39,890 
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TABLE 35. S.R Values at Several Temperatures for a Combination of a Parabolic Trough Collector and 
Toluene for Three Different Locations. 

Madi son, ~E Miami, FL Albuquerque, NM 

Energy S.R Energy S.R Energy S.R 

T3 nR h2 h3 hs T2 Tel Tc2 Tavg ~ollected Product ~ol 1 ected Product ~ollected Product 

( o F) (%) BTU BTU BTU (OF) (OF) (OF) (OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
l"b l"b lb . yr. yr. yr. yr. yr. yr. 

~ 

230 13. 2 -315 -95 -256 90.3 272 220 246 136,572 18, '.)28 150,552 19,873 326,162 43,053 

250 14. 5 -315 -88 -245 90.4 290 238 · 264 127,545 18,494 139,835 20,276 312,107 45,256 

270 15.6 -315 -82 -235 90.6 309 257 283 :117,981 18, -1-05 128,485 20,044 497,062 46,342 

300 17.0 -315 -72 -220 90.8 338 284 311 103,848 17,654 112,092 19,056 274,283 46,628 

330 18.2 -314 -61 -204 91., 367 312 340 89,146 16,~25 95,645 17,407 249',717 45,448 

350 19.0 -314 -54 -193 91. 3 386 331 358 80,375 15,271 85,861 16,314 234,357 44,528 

400 20.7 -314 -37 -166. 92.5 435 377 406 58,379 · 12,085 61,543 12,739 193,274 40,008 
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TABLE 36. 

T3 nR h2 

( OF) (%) BTU 
Th 

270 16.4 -276 

300 18. 2 -276 

320 19. 2 -276 

350 20.7 -276 

400 22. 1 -276 

S.R Values at Several Temperatures for a Combination of a Parabolic Trough Collector 
and Chlorobenzene for lnree Different Locations. 

Madison WI Miami, FL Albuauerque, NM 

Energy S.R Energy S.R Energy S.R 

h3 hs T2 T cl Tc2 Tavg ~oll ected Product collected Product :ollected Product 

(OF) ( o F) ( o F) ( o F) . 
per year per year per year 

BTU BTU BTU/ft2/ BTU.'ft2/ BTU/ft2/ BTU/ft2/ BTU/ft2/ BTU/ft2/ Th ""Tb yr. yr. yr. yr. yr. yr. 

-79 -216 90 316 257 286 116,471 19,101 126,693 20,778 294,687 4-8, 329 

-71 -205 90 34b 284 315 . 101,820 1.8,031 109,824 19,988 270,895 49,303 

-65 -197 90.3 364 303 333 92,695 17,797 99,615 19, 126 255,657 49,084 

-57 -185 90.7 393 331 362 78,525 16,255 83,805 17,348 23_0, 912 47,799 

-44 -164 91. 3 441 377 409 · 57,095 12,618 60,178 13,299 190,818 42, 171 
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T3 TlR 

( OF) (%) 

220 13.0 

250 14. 9 

270 15.9 

300 17. 5 

320 18.4 

350 19.9 

400 21. 8 

S.R Values at Several Temperatures for a Combination of a Parabolic Trough Collector and 
Thiophene for Three Different Locations . 

Madison, WI Miami, FL Albuquerque, NM 

Energy S.R Energy S.R Energy S.R 

h2 h3 hs T2 Tel Tc2 Tavg Collected P_roduct :ollected Product Collected Product 

BTU BTU BTU (OF) (OF) (OF) (OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
lb lb ""Tb yr. yr. yr. yr. yr. yr. 

-249 -48 -208 90.4 267 209 .· 238 140,535 18,270 155,261 20, 184 332, l 01 43, 173 

-249 -39 -190 90.6 295 238 267 126,035 - 18,779 138,043 20,568 309,732 46,150 

-249 -33 -182 90.8 314 257 285 :116,975 18,599 127,291 20,239 295,479 46,981 

-249 -26 -170 91. 2 344 284 314 102,327 17,307 110,391 19,318 271,742 47,554 

-248 -21 -161 91. 5 362 303 332 93,202 17, 149 l 00, 181 18,433 256,494 47,195 

-248 -14 - 148 92.0 391 331 361 78,987 15, 718 84,319 16,779 231 , 773 46,123 

-248 -2 -125 93.5 438 377 408 57,523 12,540 60,633 13,218 191,637 41,777 
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TABLE 38. 

T3 nR 

(OF) .( % ) 

240 14.8 

250 15.2 

270 16. 1 

300 17.6 

320 18.5 

350 19.8 

400 21. 7 

S.R Values at Several Temperatures for a Combination or a Parabolic Trough Collector and 
Pyridine for Three Different Locations. 

/ Madison, WI Miami, FL Albuquerque, NM 

Energy $. ~ Energy S~R Energy S.R 

h2 h3 hs T2 Tel Tc2 Tavg (:ollected Product Coll ectec Product Collected Product 

BTU BTU BTU (OF) (OF) ( OF) (OF) BTU/ft2 BTU/ ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 

l""b l""b l""b yr. yr. yr . yr. yr. yr. 

-340 -86 -280 90 291 228 260 .. 129,558 19, 175 142,224 21,049 315,275 tl6 ,661 

-340 -83 -275 90 301 238 270 124,525 18, q23 136,251 20,710 307,356 46,718 

-340 -78 -266 90.2 320 257 288 :115,465 18,590 125,499 20,205 293,103 47,190 

-340 -69 -252 90.5 349 284 317 100,806 17,742 108,689 19, 129 269,200 47,379 

-340 -63 -241 90.7 367 303 335 91 , 681 16,961 98,480 18,219 253·, 953 46,981 

-340 -57 -227 91 .. 1 396 331 363 78,062 15,456 83,291 16,492 230,051 45,550 

-339 -37 -200 91. 9 444 377 410 56,667 12,297 59,723 12,960 189,999 41,230 
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TABLE 39. 

(hsl 
T3 nR -hs2) 

(CFO (%) BTU 
l"b 

300 . 8.4 . 1001 

320 9. 1 997 

350 10. 1 990 

370 lO. 9 985 

400 11. 8 982 

S.R Values at Several Temperatures for a Combination of a Parabolic Trough and 
Water for Three Different Locations. 

Madison. ~JI Miami, FL Albuquercue, NM 

Energy S .. R Energy S.R Energy S.R 
T T2 E:Bl Tel Tc2 rr Collected Product Collected Product tollected Product s avg 

(OF) (OF) (.OF) (OF) (OF) BTU/ft2. BTU/ft2. BTU/ft2. BTU/ft2. BTU/ft2. BTU/ft2. 
yr. yr. yr. yr. yr. yr. 

162 90 0.69 302 188 245 -137,068 11,514 151,141 12,696 326,905 27,460 

169 90 0.65 322 207 265 127,041 11,561 139,237 12,671 311 , 315 28,330 

180 90 0.58 352 235 294 117,478 11,865 127,888 12,917 296,270 29,923 

186 90 0.55 372 255 314 102,327 11 , 154 110,391 12,033 271 ~742 29,620 
.. 

193 90 0.51 403 284 343 87,625 l O, 340 93,943 11,085 247,176 29, 167 
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TARLE ,,n. 

T3 nR 

. OF (%) 

230 13.2 

300 17.0 

35n lQ.O 

400 20.7 

. 450 22.n 

5'10 2 3. n 

550 2 3. 6 

600 24.0 

65') 24,5 

730 25.0 

s.R Values at Several Temperatures for a Combination of a Paraboloid Disc Collector 
anrl Toluene for Three Oi fferent Locations. 

I 

I Madison,WI Miami,FL A 1 buquerq ue, NM 
hz h3 hs T2 Tel Tc2 Tavg 

Energy S.R Energy S.R Energy S.R 

BTU rnu BTU OF OF OF OF Col lectec Product Co 11 ectec Product :ollected Product 
----rs- 7b 7b 

BTU BTU BTU BTU BTU BTU· 

ft 2-yr ft2-yr ft 2-yr ft2-yr ft 2-yr ft2-yr 

-315 -95 -256 90. 3 272 220 246 278,5()8 36,763 297,981 39,333 573,622 75,718 

-315 -72 -220 90.8 338 284 311 277,818 4 7,229 297,166 50,518 572,525 97,329 

-314 -54 -193 91. 3 386 331 358 277,334 52,693 296,595 56,353 571,754 108,633 

-31 ti -37 -166 92. 5 435 377 . 406 276,840 57,306 296,011 61,274 570,968 118, 190 

-314 -19 -135 9 3. 3 482 423 453 276,357 60, 7Y8 295,439 64,997 570,197 125,443 

-313 -1 -105 9 5. 0 5 31 470 500 275,873 63,451 294,868 67,820 569,427 130,968 

-312 16 -70 97 578 516 547 275,278 64,966 294, 166 69,423 568,481 134,162 

-312 24 -5 97 618 562 590 27 4, 735 65,936 293,523 70,446 567,616 136,228 

-312 26 26 97 664 609 637 274,034 67,1':18 292,696 71,710 566,501 138,793 

-31~ 66 66 98. 5 746 683 714 272,792 68, 198 291,229 72,807 564,524 141,131 
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TABLE 41. 

T3 nR h2 

(OF) (%) BTU 
lb"" 

270 16.4 -276 

300 18.2 -276 

350 20.7 -276 

400 22. l -276 

450 23.5 -276 

500 24.6 -275 

550 25.3 -275 

610 26.3 -274 

S.R Values at Several T~mperatures for a Combination of a Paraboloid Disc Collector 
and Chlorobenzene for Three Different Locations. 

Madi son, WI · Miami, FL Albuquergue, NM 

Energy S.R Energy S. R. Energy S.R 
h3 hs T2 Tel Tc2 Tavg. Collectec Product Collectec Product Collectec Product 

BTU BTU (OF) ( OF) (OF) (OF) BTU/ft2 BTU/-;t2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
lb"" lb"" yr. yr , yr. yr. yr. yr. 

-79 -216 90 316 257 286 278,075 45,604 297,470 48,785 572,934 93,961 

-71 -205 90 345 284 315 277,777 50;555 297,118 54,075 572,459 104, 188 

-57 -185 90.7 393 331 362 277,293 57-400 296,546 61,385 571,689 118,340 

-44 -164 91. 3 441 377 409 276,809 61,175 295,975 65,410 570,918 126,173 

-29 -142 91 .. 7 489 423 456 276,325 64,937 295,403 69,420 570,148 133,985 

-16 -120 93 .. 3 537 470 504 275,822 67,852 294,808 72,523 549,347 140,059 

-2 -95 95 585 516 551 275,227 69,632 294, l 06 74,409 568,400 143,805 

13 .. 54 97.3 642 572 607 274,500 72,193 293,246 77,124 567,242 149,185 
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TABLE 42. 

T3 nR h2 

( OF) (%) BTU 
Th 

250 14. 9 -249 

300 17.5 -249 

350 19.9 -248 

400 21. 8 -248 

450 23.4 -247 

500 24.3 -246 

530 24.7 .-246 

s.R Values at Several Temperatures for a Combination at a Paraboloid Disc Collector and 
Thiophene for Three Different Locations. 

Madi son, . WI Miami, FL Albuquerque, NM 

Energy S.R Energy S.R Energy S.R 
h3 hs T2 Tel Tc2 T ~ollected Product Soll ected Product Sollected Product avg 

BTU BTU C0 Pl C°Fl c_o F )_ l0 P). BTU/ft2 BTU/ ~t2 BTU/ft2 BlU/ft2 BTU/ft2 BTU/ft2 
"Tb lb yr. yr. yr. yr. yr. yr. 

-39 -190 90.6 295 238 267 278,271 41,462 297,701 44,357 573,246 85,414 . 

-26 -170 91. 2 344 284 314 277,787 48,613 297,130 51,998 572,476 l 00, 183 

-14 -148 92 391 331 361 :277, 303 55, ~ 83 296,558 59,015 571,705 113,769 

- 2 -125 93.5 . 438 377 408 276,820 60,347 295,987 64,525 570,935 124,464 

10 -101 95.2 486 424 455 276,336 64,663 295,415 69,127 570,165 133,419 

19 -77 97.5 533 470 502 275,848 67,031 294,838 71,646 569,387 138,361 

24 -60 99.5 560 498 529 275,506 68, J50 294,435 72,725 568,844 140,504 
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TA'JLE 43. s.R Values at Several Tell'f)eratures for a Cornhination of a Paraboloid Disc Collector 

an".1 Pvl"'idine for Three Different Locations. 

Madi son, l·JI Miami, FL Albuquerque,NM 
nR h2 h h T T T T 

T3 3 s 2 cl c2 · avg 

Energy S.R Energy S.R Energy S.R 
BTU BTU BTU 

(%) -- OF OF ~F lb lb lb 
OF OF Co 11 ectec Product ~ollected Product to 11 ected Product 

BTU/ft
2 

BTU/ft2 
BTU/ft

2 
BTU/ft

2 
BTU/ft

2 
BTU/ft2 

yr. yr. yr. yr. yr. yr. 

25() 15 •. 2 -3'1() -83 -275 90 :r) 1 238 27() 278,240 42,292 297,G65 45,2ll5 573,196 87,126 
-

3()() 17.6 -340 -69 -252 90.5 349 284 317 277,756 48,835 297,093 52,288 572,426 100. 74 7 

35() 19.8 -340 -57 -227 91.1 396 331 363 277,282 54,902 296,534 58,714 571,672 113,191 

400 21. 7 -339 -37 -200 91.9 444 377 410 276,799 60,065 295,962 64,224 570,902 123,886 

.15n 2 3. 5 -339 -21 -171 93 491 423 457 276,315 64,934 295~391 69,417 570,132 133,981 

500 24.9 -338 -5 -142 94.6 S39 4 7() 504 275,822 68,680 294,808 73,407 569,347 141,767 

55() 25.9 -338 10 -111 96.5 586 516 551 275,227 71,284 294,106 76,173 568,400 147,216 

6()0 26. 5 -337 21 -76 99.3 631 563 597 274,646 72,781 293,419 77,756 567,475 150,381 

65n 26.7 -336 66 -20 102 672 609 64() 273,988 73,155 292,641 78,135 566,427 151,236 
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T3 
nR 

of (%) 

300 8.4 

350 10.1 
40() 11. 8 

450 13.5 

500 15 .1 

550 16. 7 

600 18. 3 

650 19.7 

700 21.1 

800 23.8 

900 26.4 

1()30 29.() 

~, .. sat Several Tenperatures for a Comb1nat1on of a Paraboloid Disc 
Collector and 1./ater for Three D1 fferent Locations. 

Madison,\,/ ! Miami, FL 

(hsv Ts T2 E Bl T cl Tc2 Tavg Energy S.R Enerqy S.R 
-h . 

Col lecte< Product Collectec Product S\'I I 
I 

BTU OF OF OF OF OF BTU BTU BTU RTU 
7b 

ft 2-vr ftfyr ft 2-yr ft~yr 

1001 162 ~o 0 .69 302 188 245 27R,470 23,392 297,920 25,025 

99() mo 90 0.58 352 235 294 277,993 28,077 297,373 30,035 

982 193 9() o. 51 403 284 343 277,489 . 32,74/l 296,777 35 ,n2u 

970 212 90 0.48 453 332 393 276.,974 37,391 296,196 39,98 3 

957 233 90 0.47 503: 380 442 276,469 41,747 295,573 44,632 

945 251 90 o. 45 554 I 428 491 275,996 %,086 294,977 49,261 

942 255 90 0.42 605 477 541 275,534 50,390 294,255 53,849 

915 293 90 0.45 655 525 590 274,735 · 54,123 293,523 . 57,824 

903 309 90 0.43 705 573 639 274,003 57,815 292,660 61, 751 

863 359 89 0.44 806 ; 670 738 272,337 64,816 290,692 69,185 
I 

~26 401 89 0.44 906 768 837 270,312 71,162 288,299 76, 111 

780 445 88 0.42 1038 895 966 267 ,o 35 77,440 284,429 82,484 

A 1 buq uerq ue, NM 

Energy S.R 

Co 11 ectec Product 

BTU BTU · 
2 

ft -yr 
2 

ft -yr 

573,540 48,177 

572,803 57,853 

5 72 ,00') 67,496 

571,181 77,109 

570,378 86,127 

569,575 95,119 

568,602 104,054 

567,616 111,820 

566,452 119,521 

563,800 134,184 

560,577 147,992 

555,362 161,055 
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CHAPTER VI 

COMBINED .PERFORMANCE OF SOLAR COLLECTORS AND RANKINE-CYCLE 

WITH REGENERATION OR REHEAT LOOP 

146 

In Chapter III, the performance of a Rankine-cycle with regenera

tion or reheat loop is analyzed. The efficiencies of Rankine-cycle with 

regeneration loop are calculated at several different temperatures using 

seven organic fluids. The efficiencies of Rankine-cycle with reheat loop 

are calculated at several different temperatures using water. In Chapter 

IV, solar collector performance is analyzed. Total solar energy collected 
. 2 

pe·: ->eJr per f: by four tJ;ie:.; of collectc1·s rt several diffo :~cnt tempera-. 

tures for three different locations is computed. In this chapter, the 

results from both loops - solar collector loop and power cycle loop -

are coupled. 

Relationship Between Operating Temperatures of a Solar Collector and 

Power Cycle Fluid. 

As shown in Chapter V, the solar cu 11 ector fluid tempei~atures 

are related to power cycle fluid temperatures by mass fl ow rates of the 

fluids and characteristics of a heat exchanger, B (see Figure 18). As 

discussed in Chapter III, organic Rankine-cycle with regeneration loops 

are operated such that vapor coming out of the boiler is at saturated 

state. The equations for computing the collector fluid temperatures at 

inlet and outlet, Tel and Tc2, respectively, are same as those obtained 

in Chapter V~ and they are: 

(74) 

(75) 



where, T2a = temperature of the power-cycle fluid coming out of the 

regenerator. 

147 

h2a = enthalpy of the fluid at state point 2a. (See Figure 18) . 

T2a is related to the temperature of the fluid coming out of the 

power-eye 1. e pump, T 2 by, 

where, 

. h2a - h2 
=-,:---

CPR 
(76) 

h2 = enthalpy of the fluid at state point 2. (See Figure 18) 

CPR= specific heat of the power-cycle. fluid. 

The case of a water/ste~m reheat cycle requires an additional 

heat exchanger for reheating the steam (Figure 67) compared to the water/ 

steam Rankine-cycle. 

Solar collector 
fluid from 
collectors 

To solar 
Collector 

To second turbine 

Heat Exchanger, 84 

T4 
T

2
-==i:::--tc_....._~-+--From first turbine 

--~--To first turbine 
.---t----+-----, T 3 

Heat Exchanger, 83 

hsv 
Ts 

Heat Exchanger, 82 

hsw 
Ts 

Heat exchanger, Bl 

T2 
Rankine-Cycle Fluid 
from pump 

FIGURE 67. Boiler-Heat Exchanger in a Water/Steam Reheat 
Cycle with Different Heat Transfer Processes 
Separated. 
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Following the procedure as discussed in Chapter V, the expressions 

for Tel and Tc2 are obtained~ as shown below; 

T = _l_ (T - T ) + T 
z £83 3 s s 

(77) 

-(1-x)NTUmax 
l - e 

~B3 ~ -(1-x)NTUmax constrained by the requirement that 
l - x•e 

= 

where CPs = heat capacity of steam 

CPR= heat capacity of water 

(78) 

(79) 

Similar to the previous cases, the ratio (~RCPR)/(~cCPc) is at 0.1 and 

(NTU)max to be around 4. 

T = T + l (80) (T3 - T )(- - x) y s s £B3 

T = 
(hsv - hsw) 

(81) T - X 
X y CPS 

£Bl = 
Ts - T2 

(82) T x - T2 

(83) 

(84) 

Tel= T + _l_ (T - T
4

) 
. 4 £B4 5 

(85) 



Thus, for a given power-cycle maximum temperature, the collector 

fluid temperatures entering and leaving the collector - Tc2 and Tel' 

respectively - are computed at several different temperatures using 

Equations (74) and (75) in case of organic fluids and Equations (77) 

through (85) in case of water/steam reheat cycle. The results are tabu

lated in Tables 21 to 44. 

As in Chapter V, an average temperature Tavg of Tel and Tc2 is 

obtained. Solar energy collected at an average fluid temperature is 

obtained from results obtained in Chapter IV. A product of efficiency · 

of a Rankine-cycle with regeneration or reheat loop at a constant heat 

source temperature and solar energ} collected per year per i~2 at the 

corresponding collector fluid average temperature is obtained . . This 

product will be referred to as S.Re value. 

The S.Re value is directly proportion~) to the net electrical 

production per year per unit area of a solar collector at a certain 

operating temperature (Tavg ~ T3t 

lar energy collected 
by the collector 

yr. ft 2 · 

(S.R) 
e 

T avg 

Power Cyc~ x 
x Effi ci en:1/i 

Tavg 

(86) 

(87) 

where k2 is a constant of proportionality. k2 takes into account the 

9enerator efficiency and certain parasite losses in the system, such as, 

friction losses, heat losses, etc. The value of k2 is less than l. It 

s approximately the same value in all cases which makes the evaluation 

149 
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of the optimum operating temperature possible by comparing the S.Re values 

obtained at several different operating temperatures. 

The results of S.R values at different operating temperatures for 
e 

each possible combination of solar collector and power cycle working fluid 

are shown graphically indicating the variation of S.Re value vs. collector 

fluid average temperature or power-cycle maximum temperature. A peak 

corresponds to the maximum net solar-to-electrical conversion. Figures 

68 to 91 show the graphs of S.R value vs. collector fluid average tempera-
e . 

ture and power cycle maximum temperature for all possible combinations. 

Comparing the maximum S.R values obtained in the combinations of e . 

ea.:t, type of sola ·.~ Lo1lectcr :a:d all powe; c:,,-::le working ·:lu.:ds gives the 

fluid best suited for that collector . Thus, an optimum power-cycle working 

fluid for each type of solar collector is obtained. 
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TABLE 45. S.Re Values at Several Temperatures for a Combination of a Flat Plate Collector and 
R-ll for Three Different Locations. 

Madison. WI Miami FL Albuoueroue. NM 

Energy S.R Energy S. R. Energy S.R 

nRe h2 h3 hs lza Tel ·T Tavg ~ollected ~o ll ected ollected c2 Product Product Product 

(%) BTU BTU BTU (OF) (OF) ( OF) (OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
lb lb lb yr .. yr. yr. yr. yr . yr. 

. 6.8 26.7 110 39.3 90.4 185 145 165 123,844 8,421 184,744 12,562 263,940 17,948 

9. 4 26.8 113 45.8 90.9 214 173 194 88,360 8,306 133,885 12,585 209,930 19,733 

l l. 0 26.9 115 50.2 91. 4 233 192 212 68,511 7,536 104,466 l l ,491 178,344 19,618 

12.4 29.4 117 54.7 l 03. 252 211 231 50,398 6,249 77,215 9,575 146,314 18, 143 

14.3 30.0 120 61. 7 n 06. 280 239 260 26,695 3,817 40,744 5,826 l 01 ,_071 14,453 

15.8 30.7 122 69.0 110. 308 267 288 9,103 1,438 15,287 2,415 60,211 9,513 
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TABLE 46. S.Re Values at Several Temperatures for a Combination of a Flat Plate Collector and R-12 
for Three Different Locations. 

Madison, WI Miami, FL . Albuquerque, NM 

Energy S.Re Energy S.Re Energy S.Re 

nRe h2 h3 hs T2 T cl Tc2 T Coll ecte( Coll ectec Collected avg Product Product Product 

(%) BTU BTU BTU (OF) (OF) (OFJ . (OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
Tb Tb lb I yr. yr. yr. yr. yr. yr. 

5.4 29. 1 91 41. 2 91. 6 161 136 149 · 145,939 7,881 216,999 11 , 718 296,780 16,026 

6.9 29.3 92.6 46.6 92.5 180 155 167 121,326 8,371 181 , l 09 12,497 260,069 17,945 
, .. 

8.2 29.6 94.2 52.6 93.7 198 I 174 186 : 97 ,842 8,0L3 147,369 12,084 224,204 18,385 

9.6 29.8 95.9 59.6 94.6 216 192 204 77,000 7,392 117,337 11,264 192,264 18,457 

l 0. 7 30. l 97.5 67.3 95.8 233 211 222 58,271 6,2:15 88,980 9,521 161,131 17,241 

10.8 30.3 98 72. 9 96.7 241 220 231 50,398 5,393 77,215 8,262 146,314 15,656 

_, 
(J1 

w 
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TABLE 47. S.Re Values at Several Temperatures for a Combina~ion of a Flat Plate Collector and 
R-113 for Three Different Locations. 

Madi son, · Wt Miami, FL Albuquerque, NM 

Energy S.Re Energy S.Re Energy S. Re 
j 

nR h2 h3 hs T2a Tel Tc2 Tavg Coll ectec Col lectec ~ollected 
e Product Product Product 

(%) BTU BTU BTU (OF) ( OF) (OF) (.OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
lb lb lb yr. yr. yr. yr . yr. yr. 

7.5 30.2 l 01 41. 4 102 177 146 162 127,622 9,572 190, 197 14,265 269,746 20,231 

l 0. l 31. 9 l 05 48.6 109 206 175 190 93, l 01 9,-+03 140,627 14,203 217,067 21,924 

11. 6 34.0 l 08 53.4 118 225 194 210 70,634 8,194 107,684 12,491 181,824 21,092 

12.9 36.2 111 58.3 128 244 213 229 52, 147 6,727 79,830 l O, 298 149,606 19,299 

14.3 37.8 115 68.6 135 270 241 256 29,861 4,270 45,685 6,533 107,156 15,323 

15.5 39.9 119 73 . 4 144 302 270 286 10, 145 l ,572 16,720 2,592 62,664 9,713 
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Curves of S.Re Values vs. Operating Temperature for a 
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(OF) (%) 

150 6.8 

180 9.4 

200 11. 0 

220 12.4 

250 14.3 

280 15.8 

S.Re Values at Several Temperatures for a Combination of a CPC Collector and ·R-11 for 
Three Different Locations. 

Madison,wI Miami, FL Albuquerque, NM 

Energy S.Re Energy S.Re Energy S.Re 

h2 h3 hs T2a T cl Tc2 T , 
avg Co 11 ected Product ~ollected Product :o 11 ected 

Product 

BTU BTU BTU (OF) . (OF) (Fo) ( OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 

lb lb lb yr. yr. yr. yr. yr. yr. 

26.7 110 39 •. 3 9.0.4 185 145 165 157,968 l O, 742 204,208 13,886 295,878 20, 120 

26.8 113 45.8 90 .. 9 214 173 194 140,970 13,251 182,663 i 7, 170 275,643 25,910 

· ' 

26.9 115 50.2 91. 4 233 192 212 130,355 14,339 168,697 18,557 261,910 28,810 

29.4 117 54.7 103 252 211 231 119,204 14,781 154,005 19,097 247,391 30,676 

30.0 120 61. 7 106 280 239 260 103,700 14,829 132,938 19,010 224,635 32,123 

30.7 122 69.0 110 308 267 288 88,913 14 .048 112,248 17,735 203,617 32, 171 
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TABLE 49. S.Re Values at Several Temperatures for a Combination of a CPC Collector and R-12 for 
Three Different Locations. 

Madison, Hi. Miami, FL Albuquerque, NM 

Energy S.Re Energy S.Re Energy S.Re 

T3 nRe h2 h3 h T2a T cl Tc2 Tavg :o 11 ected Collectec :ollected 
S · Product Product Product 

(OF) (%) BTU BTU BTU ( OF) ( o F) (OF) (OF) -BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
7b lb 7b yr. yr. yr. yr. yr. yr. 

140 5.4 29. l 91 41. 2 91. 6 161 136 149 166,740 9,004 215,260 11,624 306, 180 16,354 

160 6.9 29.3 92.6 46.6 · 92. 5 180 155 167 150,9!.•l 10,415 195,356 13,480 ~87,630 19,846 

180 8.2 29.6 94.2 52.6 93.7 198 174 186 145,671 11. 945 188,718 15,475 281,444 23,078 

200 9.6 29.8 95.9 59.6 94.6 216 192 204 135,074 12,967 174,904 16,791 268,013 25,729 

220 l 0. 7 30. l · 97. 5 67.3 95.8 233 211 222 124,457 l 3. 317 160,938 17,220 254,280 27,028 

230 l 0. 8 30.3 98.0 72.9 96.6 241 220 231 . 119,204 12,874 154,005 16,632 247,391 26,718 
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TABLE 50. S.Re Values at Several Temperatures for a Combination of CPC Collector and R-113 for 
Three Different Locations. 

Madison, 1,11 Miami, FL Albuquerque, NM 

Energy S. Re Energy S.Re Emergy S.Re 

T3 nRe h2 h3 hs T2a Tel T c2 Tavg Co 11 ectec Product :ollected Product Collected Product 

( o F) (%) BTU BTU BTU (OF) (OF) (OF) (OF) BTU/ft2 BTU/ ft 2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 

""Tb ""Tb ""Tb yr. y·~ yr. yr. yr. yr. ' . 

150 7.5 30.2 101 41. 4 102 177 146 162 159,725 11,979 206,421 15,482 297,940 22,346 

180 rn. 1 31. 9 105 48.6 109 206 175 190 143,329 14,476 185,767 18,762 278,695 28,148 

200 11. 6 34.0 108 53.4 118 225 194 210 13~,534 15,528 170,249 19,749 263,436 30,559 

220 12.9 36.2 111 58.3 128 244 · 213 229 120,329 ' 15,522 155,507 20,060 248,939 32, 113 

250 14.3 37.8 115 68.8 135 270 241 256 105,839 15. 135 135,844 19,426 227,774 32,572 

280 15.5 39 . 9 119 73.4 144 302 270 286 89,962 13,944 113,740 17,629 205,080 31,787 
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T3 nR 
e 

h2 

(OF) (%) BTU 
lb 

230 13.9 -304 

250 15.4 -302 

270 16.8 -300 

300 18. 7 -296 

330 20.3 -292 

350 21. 5 -288 

400 23.6 -297 

S.Re Values at Several Temperatures for a Combination of a CPC Collector and Toluene 
for Three Different Locations. 

Madison, ltJI Miami, FL Albuquerque, NM 

I · Energy S.Re Energy S.Re Energy S.R 
e 

' ~o 11 ected Coll ectec Coll ectec 
h3 hs T2a Tel Tc2 Tavg Product Product Product 

BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
, 

BTU/ft2 BTU/ftl BTU BTU (OF) (. OF) (OF) ( o F) 
lb lb I yr. yr. yr. yr. yr. yr. 

i 
I 

-95 -256 118 271 222 246 111, 185 15,455 143,108 19,892 23S,621 32,751 

-88 -245 123 288 240 264 l 01 ,562 15,641 130,032 20,025 221,496 34,110 

-82 -235 129 307 259 283 91,535 15,378 ll 5,978 · 19,484 207,276 34,882 
I 

' -72 -220 139 336 ! 288 312 76,392 14,285 94,581 17,687 185,906 34,764 

-61 -204 149 364 316 340 . 62,657 12,719 76,963 15,623 163,320 33,154 

-54 -193 157 383 336 359 53,523 11,508 65,327 14,045 148,229 31,869 

-37 -166 180 427 I 383 405 32,954 7,777 38,929 9,187 113,302 26,739 

0) 

w 
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TABLE 52. 

T 3. nR h2 

(OF) . ( ?; ) BTU 
lb 

270 17.7 -262 

300 19.9 -259 

320 21. 9 -257 

350 22.8 -255 

400 25. l -248 

S.Re Values at Several Temperatures for a Combination of a CPC Collector and Chlorobenzene 
for Three Different Locations. 

Madison, vJI Miami, FL Albuquerque, NM 

Energy S.Re Energy ·s.Re Energy S.Re 

h3 h T2 Tel Tc2 T Jollected Product ~ollected Product ;:ollected Product s avg 
per year per year per year 

BTU BTU (OF) (OF) (OF) (OF) 3TU/ft2/ BTU/ft2/ BTU/ft2/ BTU/ft2/ BTU/ft2 / BTU/ft2 / lb lb yr. yr. yr. yr. yr. yr. 

-79 -216 138 314 260 287 89,437 15,830 112,994 20,000 204,349 36,170 

-71 -205 147 342 289 315 74,920 14,909 92,693 18,446 183,486 36,514 

-65 -197 152 361 307 334 65,600 14,366 80,738 17,682 168,159 36,827 

-57 -185 160 389 336 363 51,644 n ,744 63,013 14,367 145, l 08 33,085 

-44 -164 182 437 384 410 30,952 7,769 36,264 9, l 02 l 09, 723 27,540 
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T3 

(OF) 

220 

250 

270 

300 

320 

350 

400 

TABLE 53. S.Re Values at Several Temperatures for a Combination of a CPC Collector and Thiophene 
for Three Different Locations. 

_Madison, WI Miami, FL Albuquerque, NM 

~nergy S.R Energy S.R Energy S.R e e e 
nR h2 h3 hs T2a · Tel I T 2 Tavg Collected Product Collected Product Collectec Product e I C 

(%) BTU BTU BTU (OF) (OF) (OF) (OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 

lb"" lb"" lb"" yr. yr. yr. yr. yr. _yr. 

13. 2 -248 -4-8 -202 96 267 211 239 114,927 15,170 148,193 19,561 241,114 31,827 

15.2 -245 -39 -190 102 295 239 267 _ 99,958 15, 194 127,853 19,434 219,142 33,310 

• 16.3 -2Ll,3 -33 -182 106 314 ' 258 286 89,962 14,G64 113,740 18,540 205,080 33,428 

18.-1 -241 -26 -170 112 343 286 314 75,411 13,649 93,322 16,891 184-,292 33,357 

19. l -239 -21 -161 117 362 305 333 66,091 12,623 81 ,·367 15,541 168,966 32,273 

20.9 -237 -14 -148 124 3901 333 361 52,584 10,990 64, 140 13,405 146,669 30,654 
i 

23.2 -233 -2 -125 136 437 I 3so 409 31,352 7,274 36,797 8,537 110,439 25,622 
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T3 nR e h2 

(OF) (%) BTU 
Th 

240 15.0 -338 

250 15.5 -336 

270 16. 6 -332 

300 18. 3 -327 

320 19. 1 -327 

350 20.9 -327 

400 23.3 -321 

s.Re Values at Several Temperatures for a Combination of a CPC Collector and Pyridine 
for Three Different Locations. 

. Madi son, HI Miami, FL Albuquerque, NM 
I 

Energy S.Re Energy S.Re Energy S.Re I 

h3 hs T2a Tel Tc2 Tavg Collectec Product Collectec Product :ollected Product 
( OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 ') 

BTU/ft2 BTU BTU (OF) (OF) ( o F) BTU/ft'-
""Tb ""Tb yr. yr. yr. yr. yr. yr. 

-86 -280 97 .292 I 229 261 103, 166 15,475 132,212 19,832 223,850 33,578 

' 
-83 -275 100 301 239 270 98,354 15,245 125,674 19,479 216,788 33,602 

-78 -266 115 3.18 258 288 88,913 14,760 112,248 18,633 203,617 33,800 

-69 -252 125 347• 287 317 73,939 13,531 91,435 16,733 181,872 33,283 
I 
I 

-63 -241 125 365 305 335 65,110 12,436 80, 109 15,301 167,353 31 , 964 

-57 -227 125 394 333 364 51,174 10,695 62,359 13,033 144,327 30,164 

-37 -200 141 441 I 381 411 30,552 7,119 35,732 8,325 109,008 25,399 

m 
'-0 



60000 
r,. 

0:: 

~ 55000~--
>-

' ~ 50000 
LL . 
C3 
{f) 45000 

' :J 
I-
~ 40000 
A 
(lj 

ffi 35000 ~'-+-+-
v 

• u. 
u. 30000 --.--+-
w .-
w 
d 2s000 ----
>u 
X 20000--;.--;-

0 
w 
r 1500 0 u --+-+.....-+ 

w 
...J 
5 10000 --+----t--

u 

6 5 0 0 0 ~--1-i ...... 

0: 
w z w 0-,_._~_.__.._.__~._..._.._..._._~ ......... __._.._. ........ .-.__.._._._._._-._.___. ___ ..._._~ 

of-- rJ J d al ~ II) ~ (T) -cJ 
N "'1' (£) ['- Ol .-. ('T} i() C'- Cl 
(\J N N N N (T) ~ (T) (T) M 

FIGURE 7 7. 

COLLECTOR. FLU!O AV.£RAGE TEMP. <DEG. F. ") 

Curves of S. Re Values vs. Operating Temperature for a 
Combination of a CPC Collector and Pyridine for Three 
Locations. 

170 



TABLE 55. 

(hsl 
T3 nR -hs2) 

(OF) (%) BTU 
lb 

300 13. 2 982 

320 14. 2 997 

350 15.7 945 

370 16.7 929 . 

400 113. l 905 

S.Re Values at Several Temperatures for a Combination of a CPC Collector and Water 
for Three Different Locations. 

Madi son, -~o/I Miami, FL AJbuaueroue. NM 

Energy S.Re Energy S.Re Energy S.Re 
Ts T4 T2a Tel T . .,.. . ~all ected Co 11 ectec :ollector c2 1avg Product Product Product 

( o F) (OF) ( OF) (OF) (OF) (OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 . 
yr. y;. yr. yr . yr. yr. 

193 162 90 308 188 248 . 110,116 14,535 141,655 18,699 234,051 30,895 

216 169 90 330 208 269 98,889 14,042 126,400 17,949 217,573 30,895 
-· 

251 . 180 90 362 238 300 82,618 12,971 103,298 16,218 194,836 30,589 

274 185 - 90 384 259 322 71,487 11 ~ 938 88,289 14,744 177,839 29,699 

308 193 90 418 291 355 55,403 10,028 67,702 12,254 151 , 351 27,395 
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T3 

(OF) 

150 

180 

200 . 

220 

250 

280 

TABLE 56. S,Re Values at Several Temperatures for a Combination of a Paraboloc Trough Collector 
and R-11 for Three Different Locations . 

. I 

I Madison, HI Miami FL Al bua uerc ue. NM 
· ' 

Energy S.Re Energy S.Re Energy S.Re 

nR 
e 

h2 h3 hs T2 Tel Tc2 Tavg Coll ectec Product Collected Product Coll ectec Product 
(%) BTU BTU BTU (OF) (OF) (OF) (OF) BTU/ft2 BTU/ft2 · BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 

lb lb lb yr. yr. yr. yr. yr. yr. 
j 

6.8 26.7 110 39:: 3 go·. 4 185 145 165 176,693 12,015 198,237 13,480 386,290 26,268 

9.4 26.8 113 45.8 90.9 214 173 194 162,329 15,259 181,164 17,029 364,763 34,288 

11. 0 26.9 115 50.2 91. 4 233 192 213 153,413 16,875 170,568 18,762 351,401 38,654 

12.4 29.4 117 54.7 103 252 I 21 l 231 144,002 17,856 159,382 19,763 337,297 41,825 

14.3 30.0 120 61. 7 106 280 239 260 129,558 18,527 142,224 20,338 315,274 45,084 

15.8 30.7 122 69.0 110 308 j 267 288 115,465 18,243 125,499 19,829 293,103 46,310 
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TABLE 51. 

T3 nR e h2 

(OF) (%) BTU 
lb 

140 5.4 29. 1 

160 6.9 29.3 

180 8.2 29.6 

200 9.6 29.8 · 

220 l 0. 7 30 .. 1 

230 l 0,8 30,3 

s.Re Values at Several ~emperatures for a Combination of a Parabolic Trough Collector 
and R-12 for Three Diffarent Locations. 

Madison, WI Miami, FL Albuquerque, NM 

·Energy S.Re Energy S.Re Energy S.Re 

h3 hs T2a Tel Tc2 Tavg ~ollected Product Coll ecte1 Product Co 11 ectec Product 

BTU BTU (OF) (OF) ( o F) (OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
""Tb ""Tb 

91 41. 2 91. 6 161 136 149 184,110 9~942 207,050 11 , 181 397,410 21,460 

92.5 46.6 .. 92 : 5 180 155 ·· 167 175,703 12,123. 197,059 13,597 384,806 26,552 

94.2 52.6 93.7 198 174 186 166,291 13,636 185,874 15,242 370,701 30,397 

95.9 59.6 94.6 2161192 204 157,376 15,108 175,277 16,827 357,340 34,305 

97.5 67.3 95.8 233 211 222 148,460 15,885 164,681 1 7, 621 343,978 36,806 

98.0 72. 9. 9.6. j 241 220 231 144,002 15,552 159,382 17,213 337,297 36,428 

'-I 
u, 
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T3 

( OF} 

150 

180 

200 

220 

250 

280 

TABLE 58. S.Re Values at Several Temperatures for a Combination of a Parabolic Trough Collector 
and R-113 for Three Different Locations. 

Ma.di son, WI Miami. FL Albuaueraue. NM 
. • 

Energy S .. Re Energy S.R Energy S.R 
e e 

nRe h2 h3 hs T2a T cl Tc2 Tavg ~ollected Product Collectec Product ~ollected Product 

(%) BTU BTU BTU C0 F) C0 Fl (_Of) C0 F) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
~ Tb lb yr, yr. yr. yr. yr. yr. 

7,5 30,2 l 01 41..4 l 02 177 ! 1_~6 162 178,179 13,363 182,565 13,692 388,517 29,139 

10. l 31. 9 105 48.6 l 09 206 175 · 190 164,310 16,595 178,930 18,072 367,732 37, 141 

11. 6 34.0 108 53 ~4 118 225 194 210 154,404 17,911 171,745 19,922 352,886 40,935 
I 

I 
12.9 36.2 111 58.3 128 244' 213 229 144,993 18,704 160,560 20,712 338,782 43,703 

14.3 37.8 115 68.8 135 270 l 241 256 131,571 18,815 144,613 20,680 318,442 45,537 
I 

15 . 5 39.9 119 73.4 144 3021270 286 116,471 18,053 120,231 18,644 294,687 45,676 
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TABLE 59. 

T3 nR e h2 

( a F) (%) BTU 
lb 

230 13. 9 ... 304 

250 15. 4 i..302 

270 16.8 ... 300 

300 18.7 .. 295 

330 20.3 '-292 

350 21. 5 i..288 

400 23.6 -297 

s.Re Values at Several T~mperatures for a Combination of a Parabolic Trough Collector and 
Toluene for Three Differ~nt Locations . 

. Madison, WI Miami, FL Albuquerque, NM 

! Energy S.Re Energy S.Re Energy S.Re 
I 

h3 hs T2a Tel ' Tc2 Tavg Collecte1 Product Co 11 ectec Product Collectec Product 
BTU BTU 
lb lb 

(OF) (OF) (OF) (OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 

-95 -256 118 271 ! 222 246 136,572 18,984 150,552 20,927 326,162 45,337 
I 
I 

-88 -245 123 288 240 264 127,545 19,642 139,835 21,535 312,107 48,065 

-82 -235 129 307 259 283 117,981 19,821 128,485 21,586 297,062 49,906 

-72 -220 139 336 i 288 
I 

312 103,341 19,325 111,525 20,855 273,436 51 , 132 
f 

-61 -204 149 364 316 340 89, 146 18,097 95,645 19,416 249,717 50,693 

-54 -193 157 383: 336 359 79,913 17, 182 85,347 18,350 233,496 50,202 

-37 -166 180 4271383 405 58,807 13,878 61,998 14,632 194,093 45,806 

'-J 
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TABLE 60. 

T3 nRe h2 

(OF) (%) BTU 
lb 

270 17.7 -262 

300 19.9 -259 

320 21. 9 -257 

350 22.8 -255 

400 25. l -248 

S.Re Values at Several Temperatures for a Combi~ation of a Parabolic Trough Collector 
and Chlorobenzene for Three Different Locations. 

Madison, ·W1 Miami, FL Albuquerque, NM 

Energy S.Re Energy S.Re Energy S.Re 
h3 hs T2a T cl Tc2 T . 

avg ~ollected Product ::::ollected Product coll ectec Product 
BTU BTU (OF) ( o F) ( OF) ( crF) per yeai per year per yea1 
lb lb BTU/ft2/ BTU/ft2; BTU/ft2; BTU/ft2/ BTU/ft2/ BTU/ft2; 

yr. yr. yr. yr. yr. yr. 

-79 -216 138 314 260 287 115,968 20,526 126,096 22,319 293,895 52,019 

-71 -205 147 342 289 315 101,820 20,262 109,824 21,855 270,895 53,908 

-65 -197 152 361 307 334 , 92,188 20, 189 99,048 21,691 254,780 55,801 

-57 -185 160 389 336 363 78,062 17,798 83,291 18,990 230,051 52,452 

-44 -164 182 437 384 410 56,667 14,223 59,723 14,990 189,999 47,690 

._. 
co ._. 
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TABLE 61. 

T3 nR e h2 

(OF) (%) BTU 
"Tb 

220 13.2 -248 

250 15.2 -245 

270 16.3 -243 

300 18. l -241 

320 19. l -239 

350 20.9 -237 

400 23.2 -233 

S.Re Values at Several Temperatures for a Combination of a Parabolic Trough Collector 
and Thiophene for Three Different Locations. 

Madison, Wi Miami, FL A 1 buquerc ue. NM 

Energy S.R Energy S.R En_ergy S.R e e e 

h3 hs T2a Tel Tc2 Tavg Coll ecte1 l Product Coll ectec Product ~ollected Product 
BTU BTU (OF) ( OF) (OF) (OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
"""Tb "Tb yr. yr. yr. yr. yr. yr. 

-48 -202 96 267 211 239 140,040 18,485 154,673 20,417 331,359 43,739 

-39 -190 l 02 295 239 267 126,035 19, 157 138,043 20,982 309,732 47,079 

-33 -182 l 06 314l 258 286 116,471 18,985 126,693 20,651 294,687 48,034 

-26 -170 112 343 286 314 102,327 18,521 110,391 19,981 271,742 49, l 85 

-21 -161 117 362 305 333 92,695 17,705 99,615 19,026 255,647 48,829 

-14 -148 124 390 333 361 78,987 16,508 84,319 17,623 231 , 773 48,441 

-2 -125 136 
i 

4371 380 409 57,095 13,246 60,178 13,961 190,818 44. ,270 
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T3 nR e h2 

(OF) (%) BTU 
l"b 

240 15. 0 -338 

250 15.5 -336 

270 16.6 -332 

300 18. 3 -327 

320 19. 1 -327 

350 20.9 -327 

400 23.3 -321 

S.Re Values at Several Temperatures for a Combination of a Parabolic Trough Collector 
and Pyrfdfne for Three Different Locations. 

Madi son, vJI Miami, FL Albuquerque, NM 

Energy S.Re Energy S.R Energy S. Re e 
h3 hs T2a Tel Tc2 Tavg ~ol l ected Product Collected Product Co 11 ecte, Product 

BTU BTU (OF) (OF) (OF) ( o F) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 

l"b l"b yr . yr. yr. yr. yr. yr . 

I 

-86 -280 97 292
1 

229 261 129,054 19,358 141,626 21,244 314,483 47, 172 

-83 -2°75 100 : 301 229 270 124,525 19,301 136,251 21 , 119 307,356 47,641 

-78 -266 115 318 258 288 115,465 19, 167 125,499 20,833 293,103 48,655 

-69 -252 125 34 7i 287 317, T00,806 18,448 108,689 19,890 269,200 49,264 

-63 -241 125 365 305 335 91 , 681 17,511 98,480 18,810 253,953 48,505 

-57 -227 125 394 333 · 364 77,600 16,218 82,777 17,300 229,190 47,901 

-37 -200 141 441 ; 381 411 56,239 13,104 59,268 13,809 189,180 44,079 
I 
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TABLE 63 . 

T5 
or (hsl 
T3 nR -hs2) 

(OF) -(%) BTU 
"Tb 

300 13. 2 982 

320 14.2 997 

350 15. 7 945 

370 16.7 929 

4-00 18. l 905 

S.Re Values at Several Temperatures for a Combir,ation of a Parabolic Trough 
Col 1ector and Water for Three Different Locations. 

Madi son. lfl Miami Fl Al h1m11i:>rn11P NM 

Energy S.Re Energy S.Re Energy S.Re 

Ts T4 T2 T cl Tc2 
T . Coll ectec ~ollected ~ollected avg Product Product Product 

( o F) ( o F) ( OF) (OF) (OF) (OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
yr. yr. yr. yr. yr. yr. 

193 162 90 308 188 248 135,582 17,897 149,374 19,717 324,678 42,85.7 

216 169 90 330 208 269 125,028 17,754 136,848 19,432 308,148 43,757 

251 180 90 362 238 300 109,425 17 ,, 180 118,331 18,577 283,601 4-4, 525 

274 185 90 384 259 322 · 98,271 16,411 l 05 ,853 17,678 264,965 44,249 

308 193 90 418 291 355 81,763 14,799 87,403 15,820 236,940 42,886 

_, 
ex, 



60000 
A 
0:: 
< 55000 w 
>-
' • 50000 .._ 
LL. . 
a 
(f) 45000 

' ::J .._ 
m 40000 V 

,.. 

' 0:: 35000 en 
V . 
LL. 
I..L 30000 w 
w 
_I 25000 u 
>-u 
X 20000 

• w .._ 15000 u 
w 
.J 
_I 10000 a 
u 

• 5000 C) 
fl: w z w 0 

lSl lSl l'Sl lSl lSl lSl tSl lSl ts) lSI 
ISl (\I 'If° (0 CD ts) (\J ~ (0 (D 
(\J (\J N C\l (\J (l) (l) (l) (l) (l) 

POWER CYCLE MAX. TEMP. (DEG. F. ) 

tsft--- ~--....---1---+---rJ .J iii rJ al ol I I I 
~ N -.:-~ ..... 

FIGURE Bf . 

(0 co IS) N ~ (0 rn r-t (T) ..... - N (\J N (\J (\J (T) CT) 

COLLECTOR FLU1D AVERAGE: TEMP. <DEG. F- ") 

Curves of S.R Values vs . Operating Temperature for a 
Combination eof a Parabolic Trough Collector and Water 
for Three Locations. 

188 

lSl 
ts) 
~ 

I 
If) 
If) 
(T) 



TA~LE 64. S.Re Values at Several Temreratures for a Combinatior of a Paraboloid Disc Collector 
and Toluene for Three Different Locations. 

Madison, WI Miami,FL Albuquerque,NM 

T3 
nRe h2 hi hs T2a Tel Tc2 Tavq Energy S.k~ Energy S.Re Energy S. Re 

( %) · BTU RTIJ BTU OF OF OF OF Co 11 ecte1 ProC:uct Coll ectec Prodl,!ct Collected Product 
OF - -- -

1 b lb lb BTU RTIJ BTU BTU BTU BTU 
ft2- yr -

ft2-yr ft2-yr 
2 2 2 

ft -yr ft -yr ft -yr 

230 13. ~ -3()4 -95 -256 118 271 222 246 278,508 38,713 297,981 41,419 573,622 79,733 

300 18.; -296 -72 . -220 139 336 288 312 277,808 51,950 297,154 55,568 572,508 107,059 · 

350 21.5 -288 -54 -193 157 3113 336 359 277,324 59,625 296,583 63,765 571,738 122,924 

~.Q() 23. E -297 -37 -166 134 433 380 '107 276,830 65, j32 295,999 69,856 570,951 134,744 

45() 25.G -270 -19 -135 202 478 432 455 276,336 70,742 295,415 75,626 570,165 145,%2 

500 27. 2 -262 -1 -105 224 525 479 502 275,848 75,031 294,838 80,196 569,387 154,873 

55!) 28.5 -251 16 -70 246 572 527 550 275,241 78," '14 294,121 83,824 568,421 162,000 

600 · 29. i -251 24 -5 250 613 574 593 2 74,670 81,:85 293,479 87,164 567,556 168,564 

650 30. i -250 26 26 252 660 620 6-10 273,988 84, 114 292,641 89,841 566,427 173,893 

730 32. ~ -223 66 66 320 · 740 ·699 720 272,678 88,075 291,094 94,023 564,343 182,283 
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T3 

(OF) 

270 

300 

350 

400 

450 

500 

550 

610 

TABLE 65. S.Re Values at Several Temperatures for a Combina t ion of a Paraboloid Disc Collector 
and Chlorobenzene for Three Different Locations . 

Madi son, HI · Miami, FL Albuquerque, NM 

Energy S.Re Energy S.Re Energy S.Re 

nRe h2 h3 hs T2a Tel Tc2 T ~ollected ~ollected Coll ectec avg Product Product Product 

(%) BTU BTU BTU ( OF) ( OF) (_OF) (OF) BTU/ft2 BTUJH2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
""Tb ""Tb ""Tb yr . yr. yr. yr. yr. yr. 

17.7 -262 -79 -216 138 314 260 287 278,065 49,217 297,458 52,650 572,918 101,406 

19. 9 -259 -71 -205 147 342 289 315 277,777 55,278 297,117 59,126 572,459 113,918 

22.9 -255 -57 -185 160 389 336 363 277,283 63 ~498 296,534 67,906 571,672 130,913 .. 

25. l -248 -44 -164 182 437 384 410 -276, 799 69,477 295,962 74,287 570,902 143,296 

27. l -242 . -29 -142 201 484 431 458 276,305 74,879 295,379 80,048 570,115 154,501 

28.9 -236 -16 -120 223 532 479 506 275,797 79,705 294,778 85, 191 569,306 164,530 

30.4 -230 -2 -95 242 579 527 553 275,202 83,662 294,076 89,399 568,361 172,782 

31. 9 -221 13 -64 272 635 585 610 274,453 87,550 293,191 93,528 567,168 180,927 
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TABLE 66. S.Re Values .at Several Temperatures for a Combination of a Paraboloid Disc Collector 
and Thiophene for Three Different Locations. 

Madison, tn Miami, FL Albuquerque, NM 

Energy S.R Energy S.Re Energy S.Re e 

nR h h h T T T T Collected Product :ollected Product ollected Product e 2 3 s 2a cl c2 avg 

(%) BTU BTU BTU (OF) ( OF) ( OF) (OF) BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 BTU/ft2 
lb lb lb yr. yr. yr. yr. yr. yr. 

15.2 · --245 -39 -190 102 295 239 267 278,271 42,297 297,701 45,251 573,246 87,133 

18. l --241 -26 -170 ll2 243 286 314 277,787 50,279 297,130 53,780 572,476 103,618 

20.9 ... 237 -14 -148 124 390 333 361 277,303 57,956 296,558 61 , 981 571,705 119,486 

23.2 --233 -2 -125 136 437 380 409 276,809 64,220 295,975 68,666 570,918 132,453 

25.2 --229 10 - l 01 148 484 427 456 276,325 69,634 295,403 74,442 570,148 143,677 

26.6 -225 19 -77 161 531 475 503 275,835 73,372 294,823 78,423 569,367 151,452 

27.0 --22.3 24 -60 167 558 503 530 275,494 · 74,383 294,420 79,493 568,823 153,582 
<.O 
w 



,.... 
0:: 
< 

200000 

~ 180000 

' . I-

LL 160000 
• • 

U) 

' ~ ·140000 
CD 
V 

,.... 
6 

o:: 120000 
U) 
V 

• 
I.J.. 
LL 100000 
w 
w 
...J 
LI 80000 
>-u 
X 

0 60000 
w 
1-
u 
w 
...J 
..J 
0 
u 

400 00 

FIGURE 89. 

tS) 

ISl 
C\J 

~ 
N 
N 

194 

tSl ISl tSl tsl (SI tS) CSl CSl 
ISl ('Sl (SI ISl ISi ISl ISl tSl 
(Y) ,c;f" If) ill ['- CD 0) tSl -POWER CYCLE MAX. TEMP. <DEG. F .. ) 

.J aJ crl al iJ ~ I id ... ... tSl tSl 0) 0) CD CD [' 
(T) ~ If) lO lO [' CD C) 

COL:LECTOR FLUID AVERAGE "TEMP. ·<DEG. F.) 

Cu rves of S.Re Values vs. Operating Temperature for a 
Combination of a Paraboloid Disc Collector and Thiophene 
for Three Locations. 



TABLE 67. S.Re Values at Several Temperatures for a Combination of a Paraboloid Disc Collector 
anrl Pyridine for Three Dif·~erent Locnti ons. 

Ma di son,. WI Miami,FL Albuquerque,NM 
T3 n Re h2 h3 h T2a T cl Tc2 T 

s avg Energy S.Re Energy S.Re Energy S.Re 

Co 11 ectec Product ~ollected Product :o 11 ected Product . 
!HU BTU BTIJ 

OF (%) lb lb lh OF OF OF OF BTU BTU BTU BTU BTU BTU 

ft2-yr ft 2-"/r ft2-yr ft 2-yr ft2-yr ft 2-yr 

250 15.5 -33n -83 -275 100 301 389 270 278,240 43,127 297,665 46,138 573,196 88,845 

300 18. 3 -327 -69 -252 125 347 287 317. 277,756 50,829 297,093 54,368 572,426 104,754 

350 20.9 -327 -57 -227 125 394 333 -, 364 277,272 57,950 ' 296,522 61,973 571,656 119,476 

401) 23.3 -121 -37 -200 141 4'11 381 411 276,789 64,11:92 295,950 68,956 570,886 133,016 

450 25.4 -315 -21 -171 159 '188 tl28 458 276,305 70,182 295,379 75,026 570,115 144,808 

500 27.4 -109 -5 -142 176 535 476 505 275,810 75,572 294,793 80,773 569,326 155,995 

55() 28.7 -302 1() -111 194 582 523 553 275,202 78,983 294,076 84,400 568,361 163,120 

600 29.8 -296 21 -76 209 627 571 599 274,621 81 ~337 293,389 87,430 567,435 169,096 

650 30. 1 -294 26 . -20 214 668 6J7 643 273,941 82,456 292,586 88,068 566,353 170,472 
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T3 

or nRe (hsv 
T5 Ts T4 T2 T cl Tc2 

-h ) SW 

BTU 
OF (%) lb 

OF OF OF OF OF 

300 13 . ? C) R2 1:)3 l f2 90 3()8 188 

35n 15 .7 q4 5 ?S l l'V1 q () 1fi2 218 

,1110 18.1 905 
308 193 9() 413 291 

450 ?.0.4 R95 320 212 90 465 334 

500 22.5 878 341 233 8!) 517 383 

550 24.4 855 369 250 89 569 432 

600 26.2 792 432 27() 88 620 482 

650 27. 8 7 tl2 477 291 87 672 532 

700 29.2 715 515 312 8-'i S80 72tl 

800 31.2 648 550 287 84 682 831 

900 32.0 648 550 228 84 779 942 

1()30 32.0 648 550 158 84 905 1084 

T 
a V< 

OF 

2'1R 

300 

355 

399 

450 

50() 

551 
6()2 

652 

757 

860 

995 

o-mnTn-a--i:-ror: 01 ct rctr ·ctuu1u1u u1:,1... 1..,u1 1c:1...1,v1 

Madison, \.-J I Miami,FL A 1 b uq ue rq ue, NM 

Energy S.Re Energy S.Re Energy S.Re 

Col lectec Product Co 11 ectec Product :ollected Product 

BTU BTU BTU BTU BTU BTU 

ft2-yr ft 2-yr ft2-yr ft 2-yr ft2-yr ft 2-yr 

278 , 451) 36,755 297, 910 39,324 573,530 75,7 0G 

277, 93 1 43 , 615 297, 300 46 ,676 572,705 89, 915 

277,365 50 ,203 296,631 · 53,690 571,804 103,496. 

276,912 56,490 296,096 60,404 571,082 116,501 

276,388 62,187 295,476 66,482 570,247 128,305 

275,873 67,313 294,868 71,948 569,427 138,940 

275,228 72,110 294,106 77,056 568,401 148,921 

274,577 76,332 293,337 81,548 567,366 157,728 

273,801 79,950 292,421 85,387 566,131 165,310 

271,977 84,857 290,266 90,563 563,227 175,727 

269,783 86,331 287,675 92,056 559,736 179,115 

266,232 85,194 283,780 90,713 554,083 177,307 
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CHAPTER VII 

RESULTS AND OPTIMIZATION 

In Chapter V and VI, the desi'rable combinations of a working 

fluid with each type of collector and corresponding operating temperature 

that gives the most amount of solar-to-electrical conversion per ft 2 of 

collector area per year for three different locations are obtained. In 

this chapter, the optimum collector combination system is selected. 

Optimum is defined as being the most favorable in terms of economy, 

safety, maintenance and ease of operation. These factors are discussed 

further in later part of this chapter. The results obtained in Chapters 

V and VI are summarized in Tables 69 to 76. 



TABLE 69. Summary of Maximum S.R Values and Corresponding Optimum 
Temperature for all Possible Combinations Using Rankine-Cycle. 

Madison Miami Albuquerque 
Type Rankine- WI FL NM 

of Cycle 

Co 11 ec- Working Optimum ( S. R) Optimum (S.R) Optimum (S.R) 
Temper- BTU/ Temper- BTU/ Temper- · BTU/ 

tor Fluid ature ft2 -yr ature ·ft2-yr ature ft 2-yr 
OF OF OF 

Flat R-11 160 8550 165 12.900 180 19.733 
Plate R-12 165 8250 170 12,400 190 18,600 

Collector R- 113 150 9400 150 14,000 170 20,450 

CPC R- 11 · 230 14,500 230 18,700 260 31 , 100 

Co 11 ec- R-12 210 13,300 · 210 17,200 220 27,000 
R-113 220 14, 150 210 i8,300 235 29,200 

tor 
Toluene 240 14 ~700 230 18,900 270 32,350 
(;hloro-
benzene 239 14.800 239 18.700 280 · 33.700 
Thi op hen, 220 15,000 220 19,350 270 32,900 
Pyridine 239 15,500 239 19,850 239 33,100 
vJater JOO 9,500 300 12, 100 350 20,300 

Parabolic R-11 255 17,900 240 19,700 280 44.550 

Trough R-12 225 15,700 220 17,400 230 36,500 

Col lee- R-113 230 17, l 00 230 18,900 255 40~700 

tor Toluene 260 18,500 250 20,250 290 46,700. 
Chiaro- 269 19, l 00 269 20,800 310 49,200 benzene 

rrhiophene 255 18,800 24.5 20,600 300 47,600 

Pyridine 239 19,200 239 21,050 290 47,350 

l~ater 330 11 , 800 325 12,000 370 30,000 . 

Parabo- Toluene 730 68,200 730 72,800 730 141 , 130 
loid cn1oro- 610 72,200 610 77, 125 610 149,200 benzene 
disc lfh i ophene 530 68,050 530 72,725 530 140,500 

Collec- Pyrid i ne 650 73 , 155 650 78, 135 650 151 ,236 
_tor Water 1030 77,400 1030 82,500 1030 · 161 , 000 
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TABLE 70. Optimum ~Jorking Fluid and Corresponding Rankine-Cycle Maximum 
Temperature for Each Type of Collector Using Rankine-Cycle for 
Madi son, HI. 

Type of Collec- Optimum Rankine- Maximum S.R. Corresponding 

tor Cycle Working Value (BTU/ft2/ Rankine-Cycle 
Fluid yr) Max. Temp. (°F) 

Flat Plate R-113 9,400 150 

CPC Pyridine 15,500 239 

Parabolic Trough Pyridine 19,200 239 

Paraboloid Disc Water 77,400 1030 

TABLE 71. Optimum Horking Fluid and Corresponding Rankine-Cycle Maximum 
Temperature for Each Type of Collector Using Rankine-Cycle for 
l'1 i a1:1 l , FL. 

Type of Coll ec- Optimum Rankine- Maximum S.R. ,, Corresponding 
tor Cycle Working Value (BTU/ftL/ Rankine-Cycle 

Fluid yr-.) Max . Temp: (°F) 
·-

Flat Plate R-113 14,000 150 

CPC Pyridine 19,850 239 

Parabolic Trouqh Pyridine 21,050 239 

Paraboloid Disc Water 82,500 1030 

TABLE 72. Optimum Working Fluid and Corresponding Rankine-Cycle Maximum 
Temperature for Each Type of Collector Using Rankine-Cycle for 
Albuquerque, NM. 

Type of Coll ec- Optimum Rankine- Maximum S.R. 2 Corresponding 
tor Cycle \forking Value (BTU/ft/ Rankine-Cycle 

Fluid yr) Max. Temp. (OF) 

Flat Plate R- 113 20,450 170 
CPC Chlorobenzene 33,700. 280 ~ 

-Parabolic Trouah Chlorobenzene 49,200 310 

-Paraboloid Disc ~later 161,000 1030 



TABLE 73. Summary of Maximum S. % Va 1 ues and Corresponding Optimum 

Type 

of 

Coll ec-

tor 

Flat 

Plate 
~o 11 ector 

CPC 

Collec-

tor 

0arabolic 
Trough 

Co 11 ec-

tor 

- --
Parabo-

loid 

disc 

Co 11 ec-

..J:or 

· Temperature for all Possible Combinations Using Rankine-Cycle 
with Regeneration or Reheat Loop. 

Rankine- Madison Miami ' Albuquerque 
WI FL NM 

Cycle 

Working Jptimum s. Re Optimum S.Re _Optimum S.Re 
Temper- Value Temper- Value Temper- Value 

Fluid ature BTU/ft2- ature BTU/ft2- ature BTU/ft2-
OF Yr . OF Yr. OF Yr. 

R-11 165 8,550 170 12,950 185 19,850 

R-1? 165 8,250 170 12,400 190 18.600 

R-113 160 9,650 160 14,500 180 21,750 

R-11 235 14,900 230 ·19 ,2UO lo!> 32,200 

R-12 210 13,300 210 17,200 220 27,000 

R-113 220 15,600 215 20,000 245 32,600 
Toluene 250 15,650 240 20,000 280 35,000 

5hloro-enzene 275 15,800 269 ···20 ~000 295 37,000 

trhi op hem 235 15,200 230 19,600 275 33,600 

Pvridine 239 15 5nn 239 19,900 265 33.800 

Water 300 14,600 300 18.800 310 31.000 

R-11 260 18,600 255 2J,350 280 46,300 

R-12 225 15,700 220 17,400 230 36,500 

R-113 240 19.000 230 21.000 ?65 45,900 

Toluene 270 19,800 260 21,600 310 51,200 
Chloro-
benzene 290 20,800 285 22,500 310 55,000 

rfhiophene 260 19,100 250 20,900 310 49,200 

Pvridine 240 19,360 240 21,250 300 49,000 

Water 300 18,000 300 . 19,800 355 44,600 

Toluene 730 88 , 100 730 94,000 730 182,300 
cn1oro-
benzene 610 87,550 610 93,528 610 180,927 

Thiophern 530 74,383 530 79,493 530 153,382 

Pyridine 650 82,456 650 88,068 650 170,472 

Water 925 87,000 950 93,000 925 180,500 
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TABLE 74. Optimum }Jorking Fluid and Corresponding Power-Cycle Maximum 
Te~perature for Each Type of Collector Using Rankine-Cycle with 
Regenerator or Reheat Loop for Madison, WI 

Type of Coll ec- Optimum ~forking Maximum S.Re Corresponding 
tor Fluid Value (BTU/ft2/ Power-Cycle Max . 

yr) Temperature{°F) 

Flat Plate R-113 9,650 160 

CPC Chlorobenzene 15.800 275 

Parabolic Trough Chlorobenzene 20,800 290 

Paraboloid Disc Toluene 88,100 730 

TABLE 75. Optimum }forking Fluid and Corresponding Power-Cycle Maximum 
Temperature for Each Type of Collector Using Rankine-Cycle with 
Regererator or Reheat Ln00 for Miami, FL. 

Type of Collec- Optimum Working Maximum S.Re Corresponding 
tor Fluid Value (BTU/ft2/ Power-Cycle Max. 

yr) Temperature (°F) 
-

Flat Plate R-113 14,500 160 

CPC Toluene 20,000 240 

Parabo 1 i c Trouah Chlorobenzene 22,500 285 

Paraboloid Disc Toluene 94,000 730 

TABLE 76. Optimum Horki ng Fluid and Corresponding PO\•Jer-Cycl e Maximum 
Temperature for Each Type of Collector Using Rankine-Cycle with 
Regeneration or Reheat Loop for Albuquerque, NM. 

Type of Coll ec- Optimum \forking Maximum S.Re Corresponding 
tor Fl u·i d Value (BTU/ft2/ Po\.,ter-Cycle Max. 

yr) Temperature (OF) 
Flat Plate R-113 21,750 180 

_!:PC Chorobenzene 37,000 295 

hrabolic Trouah Chorobenzene 55,000 310 

iaraboloid Disc Toluene 182,300 730 
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These results (Tables 69 to 76) are now compared with each other 

in terms of economy, safety, maintenance and ease of operation, which are 

now discussed in more detail. 

Economics 

It is not intended here to compare economics of a solaf system 

with a conventional system. Rather, economics of one collector combina

tion system (given in Tables 70 to 72) are compared with that of others 

to arrive at the least expensive system for a unit power output. 

In a solar system, the main cost factors involved are: 

1) capital cost of the system for a unit power output and, 

2) maintenance cost every year for a unit power output. 

Other minor factors, such as, tax credit, salvation value, etc. 

can be neglected as their values will be almost the same in each case and 

thus need not be considered for a relative comparison.. The life expec

tancy of all four types of collectos considered here is 20 years. 

The first cost of the system is made of 

1) the cost of the Rankine-cycle components and, 

2} t~e cost of the solar collectors. 

According to Alvis, the cost of the Rankine-cycle in production 

will be on the average less than 15% of the total system cost for small 
1 5 

scale power units of about 100 . KW. Cost of the solar collectors will 

make up more than 85% of the total system cost. For a certain power 

S . 1 5R.L. Alvis, "Solar Irrigation Program Status Report 11
, Oct . 1977, 

and1a Report SAND 78-0049. 
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output system, Rankine-cycle components for all systems will be the same 

except few minor changes as might be required to make system .adaptable to 

a particular working fluid. As the cost of the Rankine-cycle is only 15% 

of the total system cost, these slight variations in cost can be neglected 

Thus, the cost of the Rankine-cycle components is the same in all cases 

and need not be considered for a relative comparison of different systems. 

Maintenance requirements of the Rankine-cycle components will be 

almost the same in each case and as life expectancy of the system is also 

the same, making this cost to be common and thus, it need not be considered 

for a relative comparison. Maintenance cost of the collectors as it 

relates to routine cleaning of the collector arrays is practically the 

same for all types of collect6rs and so it is common in alt cases and 

thus need not be considered for a relative comparison. Maintenance cost,. 

as it relates to breakage or malfunction in the tracking mechanism of 

collector arrays, differs considerably from one type of collector to the 

other. Parabolic trough and paraboloid disc collectors, because of their 

tracking requirements, have greater maintenance cost than stationary 

mounted flat plate or CPC collectors . However, a well designed collector 

system having adequate automatic controls will have very low maintenance 

cost compared to their first cost. Since the solar industry is relatively 

a new industry, these maintenance costs have not been well established. 

Therefore, this factor is not quantitatively analyzed. It is only 

subjectively treated along with the other factors, such as, the ease of 

operation, ·as discussed later in this chapter. 

Thus, economics of system combinations giYen in Table 70 to 72 and 

Tables 74 to 76 can be compared by comparing only the first cost of the 

collectors per unit power output. The first cost of the collectors 
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varies considerably .depending upon the quantity of collectors purchased. 

The average costs of different collectors as of ~1arcl1 1981, for quan

tity requirements of about 50 KW peak power output unit are: 

Flat plate collector $17/ft2 

CPC collector 

.Parabolic trough 

Paraboloid disc 

$28/ft2 

$40/ft2 

$65/ft2 

Capital cost of 
the collector 
power output (

Capital cost of) 
= the collector x year unit area 

ft2 Energy collected Rankine-
by the collector x cycle 

efficie/ 

optimum 

= r~~! t~~ 1 ~~~~O~f ~ X ( 1 ~ 
\ ft2 ) (S.R) value 

· optimum. 

For a system that produces say, 5000 KWH of net energy per year, 

(average electrical consumption of a family in the United States), the first 

cost of collectors ··is computed for all systems -that are given in Tables 70 to 

72 and Tables 74 to 76. These costs are shown in Tables 77 and 78. 

TABLE 77. First Cost of Different Types of Collectors Using 
Rankine-Cycle for 5000 KWH Output Per Year at Three 
Different Locations. ($) 

Type of Madison Miami Albuquerque 
Collector WI FL NM 

Flat 
Plate 30,862 20,722 14; 186 

CPC 30,827 24,072 14',179. __ 

Parabolic 
Trough 35 >$"52 32,428 13 ,H74 
Paraboloid 
Disc 14,331 1.1 . LI.LI.~ r ""~ -



20 

TABLE 78. First Cost of Different Types of Collectors Using . 
Rankine-Cycle with Regeneration or Reheat Loop for 
5000 K~JH Output Per Year at Three Different. Locations ($ 

Type of Madison Miami Albuquerque 
Collector WI FL NM 

Flat 
Plate 30,063 20,007 13,338 

CPC 30,242 23,891 12,914 

Parabolic 
32,817 Trough 30,338 12,411 

Paraboloid 
12,590 ll ,800 6,085 Disc 

Thus, for all locations, paraboloid disc has the least cost per 

unit power output among a 11 co 11 ectors.. Although economy is the most 

important factor, certain other tradeoffs mentioned below need to be 

considered before choosing one over the rest. 

Safety (as it Relates to the Use of a Working Fluid) 

Refrigerants R-11, R-12 and R-113 _ are non-flammable, but toxic 

to a degree and have low disintegration temperatures. They have high 

proven performance in refrigeration_cycles. Chlorobenzene, Thiophene, 

Toluene and Pyridine are flammable, more toxic than refrigerents and have 

· high disintegration temperature. They do not have much proven performance 

in power .cycles. Water is non-inflammable, non-toxic, has a very high 

disintegration temperature and proven performance in power cycles for 

many decades. 

As the system is a closed type, safety can be assuned by safety 

devices and proper care in design and fabrication of the system. 
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Maintenance and Ease of Operation. 

Flat plate collectors are simplest in their operation, 

have least maintenance requirements and also have the highest proven perfor

mance among all collectors. CPC collectors are simple in their operation, 

.have low maintenance requirements, but do not have high performance records. 

Parabolic trough collectors due to diurnal tracking requirements are little 

more complex and have more maintenance require~ents than flat plate or 

CPC collectors. Paraboloid disc collectors due to two axes diurnal track

ing requirements are the most complex, have the most maintenance require

ments and have the least proven performance among all collectors. 

All collectors are provided with automatic controls and so do not 

require constant attention. In a well designed system, the maintenance 

cost as it relates to collectors and its tracking mechanism is a very 

small fraction of the first cost. 

Thus, the factors, such as, - safety, maintenance and ease of 

operation - will have to be treated only subjectively; their influence 

is dependent upon the end use and how one weighs different factors. 

Thus, a selection of a particular system for use in particular 

location can be made mainly based upon the economics presented in Tables 

77 and 78 ard after the subjective evaluation of the other factors. 



CHAPTER VII I 

DISCUSSIONS AND CONCLUSIONS 

This thesis dealt with the thermal analysis of a Solar Rankine

Cycle System for solar-to-electrical conversion. This system basically 

consists of solar collectors for energy collection and Rankine-cycle for 

thermal to electrical (or mechanical) energy conversion. In this analys i 

fout different types of solar collectors and eight different Rankine-cycl 

working fluids with two different power cycles for three_ climatically · 

different cities are considered. The objective of the analysis was aimed 

at obtaining the opti_mum combin,ations of solar c_ollector, Rankine-cycle 

working fluid and the operating temperature for a given climatic location. 

The results of optimum sets of combinations are presented in Table 69 

through 78 in the previous chapter. · 

On observing the results of these analyses, it is evident that 

economically, the paraboloid disc collectors are the best among all collec

tors for solar-to-electrical conversion for any location. They have far 

lower first cost per unit power output than any other type of solar collec

tor and for any location (See Tables 77 and 78). On average, the first 

cost per unit power output for paraboloid disc collector is less than half 

of that of other collectors. The following are the two main factors that 

contribute towards high efficiency of a paraboloid disc collector. 

i) The receiver area in a paraboloid disc collector is far less 

than the receiver area in a flat plate .collector. It has 

therefore, lower heat losses and thus can attain high effi

cency even at high temperatures. Besides, the Rankine-cycle 

efficiency is higher at higher available heat source tempera-



210 

tures as can be readily available from paraboloid disc collec

tors. Thus, the combination of a high collector efficiency 

and high power cycle efficiency results in the highest overall 

solar-to-electrical conversion. 

ii) By virtue o.f the two axes diurnal tracking, paraboloid disc 

collectors always· face normal to the sun, intercepting the 

most amount of possible radiation for a given collector area. 

Other collectors make certain angle, e, with sunrays, thus 

reducing solar radiation incident on the collector plane by a 

factor of cos e. The significance of this effect can be seen 

from the comparison of the results of solar energy collected 

by parabolic trough collector and paraboloid disc collector. 

For example, at Albuquerque, NM, for collector 

fluid average temperature of 400°F, paraboloc trough collector 

can collect 198,188 BTU per ft2 area per year compared to 

571,066 BTU per ft2 area per year by paraboloid disc .collector. 

(See Figures 38, 39, 40) 

The additional cost involved in paraboloid disc collectors is the 

cost of the structure and controls for two axes diurnal tracking. The 

simple economic analysis points out that this additional cost ·is far out

weighed by the additional energy collected. 

The paraboloid disc colle_ctors are therefore recommended for solar

to-electrical conversion. However, because of the complexity of these 

collectors, they are not well accepted among people and consequently not 

much used for solar-to-electrical conversion. As such, these collectors 

are now commercially available and quite similar to other collectors, 

equipped with controls for~ complete automatic operation. Maintenance 
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cost, although certainly higher in paraboloid disc collectors _than in non

tracking collectors, the advantage of increased efficiency will far out

weigh the additional maintenance costs • . 

As expected, the other three collectors - flat plate, CPC and 

parabolic trough - produce higher solar-to-electrical conversion efficiency 

in the increasing order of concentration. (See Tables 69 and 73) However, 

the average cost of the collectors increases at about the same rate and 

con~equently, th~re is not much difference in the cost per unit power out

put. (See Tables 77 and 78) 

If paraboloid disc collectors are not to be used, it is recommended 

to use flat plate solar collectors since their cost is lower or compares 

very well to the other two types of collectors : The flat plate collectors 

. are simple in their operation and has low maintenance cost due to no-track

ing requirements. For a sunny location, such as, Albuquerque, NM, the CPC 

and parabolic trough collectors are slightly better in terms of economics 

than flat plate collectors. (See Tables 77 and 78) However, the other 

advantages of flat plate collector will easily outweigh ~he economic dis

advantage. 

At high temperatures, the performance of water as a power cycle 

working fluid exceeds or compares very well to organic fluids. (See 

Tables 69 and 73) The use of organic fluids is limited by their disinte

gration temperatures. Also, after the heat source temperature exceeds 

their critical temperature (different .from disintegration temperature) 

their ability to increase cycle efficiency levels off ; Water then DOlds 

an advantageous position because of its high disintegration temperature 

and high critical pressure. 

Water is therefore, recommended to be used as a power cycle working 

fluid with n~r~hnlnirl rli~r rnllPr t nr~ - PithPr in~ R~n~inP nr rPhP~+ rvrlP 
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·Tolu~ne offers about l .5% higher S.Re value than water . (See Table 73) 

However, the superior physical qualities of water compared to organic flui1 

toluene - will easily outweigh the slight higher S.Re value offered by 

Toluene. 

With low temperature collectors, such as, CPC and parabolic trough 

collectors, water is far inferior t6 organits in a simple Rankine-cycle. 

(See Table 69) On average, water produces 40% less S.R values compared 

to that by an organic fluid. 

The difference in the performance among most of the organic fluids 

is very little - about 4%. (See Tables 69 and 73) Consequently, the other 

properties of the fluids such as, specific heat, viscosity, relative toxi

city, flash point temperature, relative cost and saturation pressure at the 

heat source will have significant influence on the final decision. 

The efficiency of a Rankine~cycle (or Rankine-cycle with regenera

tion or reheat loop) is a complex function of many of the properties of the 

working fluid. However, .a certain trend in the efficiency results can be 

observed that can be related to the strong influence of two properties: 

aj saturation pressure at the available heat sink temperature (i.e. at the 

condenser) and~ the slope ~f the saturation va~or line on a T-s diagram. 

For low condenser pressures and high positiveiy sloped saturation vapor 

line at the heat sink temperature, high power cycle efficiencies are 

observed. However, at lower heat sink pressure at an available heat sink 

temperature, the lower will be the saturation pressure at the available 

heat source temperature (i.e turbine pressure). As mentioned earlier, 

turbines require certain minimum pressure to function. · So fluids may be 

constrained by a certain minimum heat source temperature that corresponds 

to a minimum requirement of the turbine pressure. This is the reason why 
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toleune, chlorobenzene, p,yridine and thiophene will not be competitive 

with refrigerent fluids with flat plate collectors. Thus, a general 

conclusion regarding the use of organic fluids with the Rankine-cycle can 

be reached with some precautions. Among all available candidate working 

fluids that can produce high enough saturation pressure at the optimum heat 

source temperature, the fluid having a combination of low saturation pres

sure at the available heat sink temperature and high positive (or low 

negative) saturation vapor line slope is likely to give the highest power 

cycle efficiency. However, it must be understood that many other properties 

of th.e fl ui_d al so influence the overall eye le efficiency. Neve rt he less, 

as revealed in _the results, the difference would be very small and as 

mentioned earlier, many of the other qualities of the fluid will have a 

significant influence over the final decision. 

Regeneration cycle certainly produces better results with organics. 

However, the difference is significant only at high temperatures ~ As can 

be seen in the results, for locations having low solar insolation such as, 

Madison, WI, and Miami, Fl, the optimum operating temperature is relatively 

low, so the improvement that regeneration makes is very small. However, 

for a sunny and dry location, such as, Albuquerque, NM, the optimum operat

ing temperature is relatively higher and regeneration is very beneficial . 

The one-step reheat cycle is very effective in increasing the overall 

efficiency of the water/steam power cycle. It puts water in a very compet

itive position. Evaluating the results shown in Table 73, it can be seen 

that the S.Re values obtained by use of water are comparable to that of 

organic fluids especially for cloudy locations. For example, the S.Re 

Value for a CPC collector at Madison, WI, using water (14,600 BTU/ft2-hr} 

is about 7.5% lower than that obtained by the optimum fluid-chlorobenzene 
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(15800 BTU/ft2-year). The final decision after considering many of the 

good qualities of water may very well shift in fayor of usin.9 water and a 

reheat cycle even at low temperatures available by use of CPC and parabolic 

trough collectors. Finally, it is to be noted that only three climatically 

different locations are considered. However, evaluation of the results 

s.uggests that the res.ults can be extended for any location since there is no 

significant change in the optimum sets of combinations from one location 

to the other. At low temperatures, the choice of an optimum fluid shifts 

from one organic fluid to the other, but, the difference is very small. 

It can also be seen that the optimum operating temperature decreases slightly 

as the location ge-cs clo.udier. J.f absolute S.R or S.Re values are desired 

for any other location, they can be obtained by comparing the average 

solar insolation, KT value of the location and the average ambient tempera

ture with those of the above three locations considered here. 

Recommendation 

The thermal and frictional losses in this study are neglected. 

As mentioned earlier, in arriving at the optimum sets of combinations, 

this has very little effect since the losses are almost the same and has 

no effect in relative comparison. However, this study can be extended 

to include economic comparison with conventional fuels. The absolute 

values of overall solar-to-electrical conversion would then be necessary; 

frictional and thermal losses must be then considered. 

The pump power is a function of the viscosity and specific heat 

of the fluid. Some of the organic fluids have very high viscosity at low 

temperatures. As the pump power is very small compared to turbine power 

output in a Rankine-cycle, the variation in these properties will have 
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no significant effect on the optimum. However, this study can be refined 

to include the effect of these properties and obtain absolute values of 

overall solar-to-electrical conversion, so that solar economics can be 

compared to conventional fuels. 

The transient effect of the system components is not considered 

here. This . study can be refined to include the transient effect of solar 

collectors, storage tanks, heat exchangers, etc. 

A computer program called 1 TRMSYS 1 (Transient System Simulation) 

has been developed by the University of \~isconson to analyze the transient 

response of many of the solar system components. Use of this program is 

highly recommended for better accuracy. 

In this study, the effect of the condenser cooling fluid tempera

ture is not considered; this temperature is fixed at 90°F throughout the 

year. However, it is envisaged from the results obtained here that the 

condenser temperature may have significant effect on the absolute values 

of the overall solar-to-electrical conversion. Again, 1TRNSYS 1 program 

can be used to determine the effect of condenser fluid temperature on the 

absolute values of overall solar-to-electrical conversion. 

Further studies can be oriented toward the development of organic 

fluids for power cycles that are non-flammable, non-toxic, low in cost 

and having high disintegration temperature and high positive sloped 

saturation vapor line curve on a T-s diagram similar to the way refrig

erant fluids were developed. 
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APPENDIX A 

PROPERTY DIAGRAMS OF RANKINE-CYCLE FLUIDS 
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APPENDIX B 

COMPUTER PROGRAMS FOR COMPUTING ANNUAL SOLAR ENERGY COLLECTION BY FLAT 

PLATE SOLAR COLLECTOR, CPC COLLECTciR, PARABOLIC TROUGH COLLECTOR AND 

PARABOLOID DISC COLLECTOR AT SEVERAL DIFFERENT COLLECTOR FLUID AVERAGE 

TEMPERATURES. 
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FLAT-PLATE SOLAR COLLECTOR 

. - . - .. - . - . . . - •· - . - .. - - .. . . - - - -
FORTRAN IV Gl RELEAS~ 2.0 HAIN 

. . - - . . . - . - . 
DATE = 81103 19/2z/i·1· . - - . . 

THIS PROGkAH ANALYZES THE PERFORMANCE OF A TYPICAL LIQUID TYPE C 
C 
C 
C 
C 
C 
C 
C 
C 

FLAT PLATE COLLECTOR HAVING T~O GLASS COVERS ANO A COPPER ABSORBER 
PLATE COATEO WirH A SELECTIVE SURFACE. IT CALCULATES THE COLLECTOR 
FEEi Cl ENCX AND f;NEBGY COi I ECTFQ EVE8.L.HJJ.U.ILOE THE YEAR_F_OILAll.E&Afi.E__ 
COLLECTOR TEHP. OF 140,160,180,200,220,240,260,280 ANO 300 DEG. 

non, 

0002 

0004 
1.1005 
00::,6 
0007 
0008 

\;l.l C 
()011 
OQl2 

nn13 
0014 
0015 

450 

C 
C 
c 
C 
C 

ISQ 

F. THE SOLAR RADIATION ANO AHBIENT TEHP. DATA ARE TAKEN FRON 
'SOI HEI' WE,UHEB TAPE THE RFSUI rs ARE lNTEGRAifJLDVFR A DAY. 
MONTH ANO YEAR. ONLY THE RESULTS FOR SOLAR ENERGY COLLECTED PER 
HONTH AND PER YEAR ARE PRINTED our. 
DI MENS ION SIIOAY 190 I. SllMNTHI 90 J. SIAYEAB I 9D). TAVGC 901, SUHR! 901 ,H C 90l 1 

+Ol90),Tl90) 
DELTA=0.-0.40163 

INDAY=O 
PI=3.14159 
Fl-43.*Pl/180. 
aETA=FI 
FRTA=0.647 

CL'H HIUE 
DO 100 J=l ,24 
BEAQIS,ISOIJWBAN,MQNTH,JDAY.fPHOUR,IOIRNL,ITOTHL,ITAMB 
DATA ARE READ FROM 1 SOLMET 1 TAPE 
IWBAN=~EATHER STATION NUHBER,JDAY=DAY NUMBER, [PHOUR=HOUR NUMBER 
lD!RNI =HOURLY lllBEC[ SOLAR INS.lll.A..IJON 0,'4 A NORMAL SURFACEIKJ/11••2> 
ITOTHL=HOURLY TOTAL INSOLATlON ON A HORIZONTAL SURFACE IKJ/M••Z> 
JTAMB=TEN TIMES THE AHl:IIENT TEMP. IN CENTIGRADE. 
EOBHAIIJ Jb,3Xdl3,J[5J 

C 
0016 SDIRNl=IDIRNL/11.35 I; 

-
-"U..U.-'----------S.UDUl-'JRUN.uL-=..= .... DLll.LRUE.1.IC.'-'T:.J...S'-'O ... L,LAAL--l-N_s_o_L_A_T_I_O_N_o_N_A_N_o_R_H_A_L_s_u_R_F_A_C_E_,_e_r_u_,_s_Q_-_F_T_._H_R_J __ :). 

HOUR=-J PHOUR-0.5 
TAHB=-ITAMl:l•0.18+32. 
TAHB-AMBfENT TEMP- IN QEG. f . 

C 
0011 STQTHL=IT 
0018 OHEGA=ABS(HOUR-12.l•Pl/12. 
0019 COSZ=COS IOEL TAJ •cos IF I >•COSI OH EGA l+S [NIDEL TA I •SltHFI) 

__Jlil,_2_,..o'--________ ..,.Su.Dul-c8u.Hu.L..::-:..Su.Pul-.1:R,.,_Nul..:•..,,c.,,o ... s._.l _________________________ _ 

il02 l . 

0022 
Ou23 
0024 
0025 
0026 

0028 
0029 
00)0 
OOH 
0032 

C 

c 

SD[RHL=DIRECT INSOLATION ON A HORIZONTAL SURFACEIBTU/SQ. FT./HR) 
SSCHLzSTOTHL-SDIRHL 
iSCHL-SCAJTF~EP INSOLATJON ON A HORIZONTAL SURFACEIBTU/SQ.FT./HRJ 

COSTHE =COSIDELTAl *COSIOHEGAJ 
STOTPL=-SDIRNL•COSTHE+SSCHL 
TAVG Ill= 140. 
DO 110 K=l,9 
IFIIOAY-INOAY)60,60,50 

00 130 M=l ,9 
SUYEARIMl~SUYEARIMJ+SUMNTHIHl 
RMONTH=MONTH-l 
WRITEl6,7~0lRMONTH,TAVGIMl,SUMNTHIHl 

700 FORMAT(lX,'HONTH=',1F3.0,9X,'AVG. TEMP.=',1f7.Z,10X,'SOLAR COLL./11 

. ·' 

____________ .,_+,.O,..N.,_T,.,H...c=_.• 1 lE.ll..•"-'-'-----------------------------
0033 SUMNTHIMl=O. 
0034 130 CONTINUE 

_9-QJ.__5,___ ________ ...J\l!!.!R~l T-'-'E,._(._,6s,_;1L7!..!0'LL'-----------------------------
0036 701 fORMATl//1 
0037 50 CONrJNUE 

~.ll, _________ _,ll.lf_,(c,,SuTc,,D,.,Tc.rP:..iL-=..S-,0,., • ._,1u2c.sPu1uluO.u1uluu,.._ _________ _____________ _ 



0039 
0040 
0041 

0043 
0044 

0046 
0047 

0049 

20 

10 

SUHRIJ<.l=O. 
GO ro 55 
CONTlNUE 

DO lOb K2= 1, 3 
TIN=TAVGIJ<.J+IK2-2.5l*l0.0 

TEFF=T Eff'-+Eff l 
106 CONTINUE 

C COLLECTOR EfflCIENCYIEFFl JS AVERAGED OVER THREE TEHPERATURES 
SUHRIKl=EFF•STOTPL 

0050 JFIEFFl .LE. O.OJSUHRIKl=O.O 
0051 IFIEFF-.15120,40,40 

_j)052 ~0 SUOAYIKl=SUDAY!Kl+SUH~ K 
0053 55 CONTINUE 
0054 TAVG(K+lJ:TAVG(Kl+20. 

227 

__ QCl_s~s~--------_,.lW __ ~~O~N~T~l~N~U~E:-----------------------------------l 
0056 100 CONTINUE 
0(57 IN0AY=IOA\. 
~ + 

0059 DELTA=l23.45*Pl/180.J•SIN(2.•Pl*l284.+RNl/365.0I 
0060 DO 120 L=l,9 
OQol SUMNTHIL = H 
0062 SUDAYILl=O. 
0063 120 CONTINUE 
0064 IFIMONTH .NE. 12lGQ TO 320 
0065 IF(IOAY -NE. 3l)GO ro 320 
0066 GD TO 900 
006 7 320 CONT I. c:: 

0068 GO T0 -450 
0069 900 CONTINUE 

0071 
0072 

D l3 N= 9 
SUYEARINJ =SUYEARINJ+SUMNTHINI 
WRITEl6,702JMONJH,TAVGINJ,SUHNTH(Nl 
F RM X 'MO, HI=' l 3 9X 'AVG. TEMP.=' lf7.2 lOX,'SOLAR COLL./H 

+ONTH=',lf8.21 
007~ SUHNTHINl=O. 

_ __Q~Q~Z~5~----~..__,1~3..,l...__,C..,O=N~Ic..ILCN~UL'--'.:--:--:-------------------------------l 
OO~b . DO 132 Nl~l,9 
0077 WRITEl6,703JTAVGINll,SUYEARINll 
0078 703 FORMATl/// 1 1X,'COLLECTOR FLUID AVERAGE TEHP.=',f6.0,1X,'0EG. F.•,l 

0079 
0080 

. -008 1 
0082 
0083 
0084 
0085 
0086 
008 7 
ooa8 
0089 
0090 
009 l 

+OX,'SOLAR ENERGY COLLECTEO/YEAR= 1 ,fll.2,2X,'BTU/SQ. FT./YEAR'l 
132 CONTINUE 

IFIIWBAN .NE. 230501 GO TO 11 
WRITEl6,8061 

806 FORHATl//,30 X,'ALBUOUEROUE, NH'l 
ll IFIIWBAN .NE. 148371GO TO 12 

liRI TE I 6, 8071 
807 FORMATl//,30 X,'HAOISON,Wl'I 
12 IFIIWSAN .NE. L2839JGO TO L3 

WRITE16,808) 
808 FORMATl//,30 X,'HIAMI,FLORIOA'I 
13 CONTINUE 

STOP 
ENO 



OUTPUT: Annual Solar Energy Collection by Flat-Plate Solar Collector. 

___ . .. CULL[Cl.OR . l·LU1U . AV.[8.AGI:.. J...t.MP.•=-- -14.0 .• .. 0EG •. • J .• _ ... . .. . SOLAR . ENERGY CULLECTEU/YEAR: _ l5t1Ub'+• 31 UIU/SU. _FT./Y!:~R 

CULLEClun ~LvlU AVtRAGE TE~P,= 1(,0. lJE:G. F. SOLAR E~EMGY COLieciEU/YE~R= iJui4o~~ii UTU/S~. Ff.lYEAR 

I 
I 

COLLECTOR FLUID AVERAG~ TEMP.= 180. OEG. F. SOLAR ENERGY ~~LL~ClEU/YEAM• 104954 • .31 tlTU/SU. FT./YEAR 

.. CULLE.CIUt~ .~LU.l.J t\.V.t.11.,.IGE .l.LMP.= .. ZIJO_. __ Of.G, 1-. SOLAR ENERGY COLLE:CTEU/YtAR• 8l2_4t!, 12 SlU/~~. f-T./YEAM 

·-- - ·- - . - . ------ ·· --- -- -------- -- ---··-· - --- - - - -
CtJLL E:; J uR FLUllJ ,IV[RAGI: Tl: i~P.= U.O. UEG. ~. SOLAR ENERGY CULLECTE:0/YCAR= bOOL<i,63 BTU/SQ. FT.iY~AR 

Cl•LLfi:lllR ~LUID AVERAGl r!:MI'.= 2-.0. 0!:G . f • SOLAR E:NERGY CULLECflO/Y(AR= 42524,f0 8TU/S~. rT./YEAR 

.. J.(JLLLUvR.l.LUJ_i) __ (I _V.l~~-"v.l; __ J_i::11e.= 2110._ U!:G, .. f ·. SOLAR ENERGY COLLECIEU/YEAR• 26b~4.db UTU/SQ. FT./YEAR 

lLLLE~lUR ~LUID AVERAGt r~MI',= 2au. U!:G. r . SOLAR ENERGY CUL,.iCTEO/YEAR• lJz&j.i& iiDisij: ~i.ii~j~ 

------ -- --- • ·- • -- ------- -----·-----· -- -. ~- -

CliLL[CTUR fLUIU AVERAGE: Tl:14P.= JOO. UEG, r-, · SOLAR ENERGY C~LLECIEU/YEAR= 285'+.&l 
· ,1 1 t J ' 
tsTUI.S~',",ft·,,ttHR .-~ •/ 

14AUl SUN,WI 

---·- --·------

N 
N 
co 



0001 

0002 
0003 

0005 
0006 
0007 
0008 
0009 
QQI 0 

PDI I 
0012 
0013 

0014 

015 
0016 
0017 
0018 
0019 

-
22 

CPC SOLAR COLLECTOR 

C THIS PROGRAM ANALYZES THE PERfORHANCE OF A TYPICAL COHPOUNO 
C PARABOLIC CONCENTRATING COLLECTOR. IT CALCULATES THE COLLECTO~ 
C EFFICIENCY ANO ENERGY COLLECTED EVERY HOUR OF THE YEAR FOR AVERAGE 

EHP- Of 150. 190, 230. 270, 3101 350, 3901 430, ANO t70 OEG. 
C F. THE SOLAK RAUlATION ANO AMBIENT TEHP • . DATA ARE rAKEN FROH 
C 1 SOLHET' WEATHER TAPE. THE RESULTS ARE INTEGRATED OVER A UAY, 
C HON{H ANO YEAR- ONLY THE RESULTS EOR.....S.OLAR ENERGY COL~liO PER 
C MONTH ANO PER YEAR ARE PRINTED OUT. 

C 
C 
c 
C 
,; 

C 

C 

.. 

450 

DIMENSION SUDAYl90J,SUHNTH(90J.SUYEAR(90J,TAVG(90J,SUHR(90l,Hl90J, 

OELJA=0--0.40163 
RN=l. 

P(=3.14159 
FJ=43.•PI/ 180. 
a · 
CONTINUE 
00 100 J=l,24 
REA0(5,!501JWBAN,MONTH,IPAY,IPHOUR,101RNL,1TOTHL,1TAHB 
DATA ARE READ FROM 'SOLHET• TAPE 
(MBAN=WEATHER STATION NUHBER.IOAY=OAY NUHBER. IPHOURsHOUR NUHBER 
IOIRNL-HOURLY DIRECT SOLAR INSOLATlON ON A NORMAL SURFACEIKJ/H••ZI 
ITOHIL=HOURL y TOTAL INSOLATI or~ ON A HOR [lONTAL SUKFACE ( KJ/H••z> 
ITAHB=TEN T!l1ES THE AMBH:NT :<EHP. IN CENJIG~AC'E. 

._~E~C~BwN~AT.LU.6,3X,313,315J !50 
HOURslPHOuR-0.5 
TAHB=ITAMB•0.18•32-
TAHB=AHBIENT TEHP, IN PEG, F. 
SOIRNL=[OlkNL/ll.35 
SOlRNL =DIRECT SOLAR lNSOLATION ON A NORMAL SURFACE(BTU/SQ. FT.HRI 
QHEGA-ABSIHQUR-!2.>*PI 
COSTHE=COS(OELTAJ •COS(OMEGAI 
STOTHL=[TOTHL/11.35 
COSZ=f.OS(DELTAl•COS(FI>*COSIOHEGAJ+SINIDELTA)*SINIFll 
SO[RHL=SDIRNL*COSZ . .. 

C SDIRHL=OIRECT . [NSOLATION ON A HORIZONTAL SURFACE(BTU/SQ. FT./HR) 
_____ o_o~z_n _________ s~S~C~H~L-=-S~JOlllL= ....... "-'R"'-'-'"--,--:::-:-::-:--,--::-:-:---:---:::-::-:-::-::-:-c:::-:-:---::-:-::-~-=-=-~-------

c SSCHL=SCATTEREO lNSOLATION ON A HORIZONJAL SURfACEIBTU/SQ.FT./HR) 
002 l 
0022 
0023 
0024 
0025 
0026 
0027 

0029 

0030 

0031 
0032 
0033 
003t, 

0035 
0036 
003 7 
0038 

l=ARCOS ICOSZJ 
GAMA=ATAN(S[NIOHEGAl/CSINCF[l•COS(OHEGAJ-<OSIFIJ•TAN(DELTAJ)J 
ALFA=ATANITAN(ZJ•COS(GAMAJl 

JF(ALFA .LT. (BETA-98.•PJ/180.)IGO TO 105 
JflALFA ,GT, (8ETA+98.•PI/180.IIGO TO 105 
F=l .O . 
GO TO 107 

107 SOlRPL=F•SOIRNL•COSTHE 
C SOIRPL=DIRECT JNSOLATION ON A COlLECTOR PLANEIBTU/SQ.FT./HRl 

SSC PL -o. 75•SSCHL 
C SSCPL=SCATTEREO SOLAR INSOLATJON ON A COLLECTOR (BTU/SQ.FT.HR) 

STOTPL=SDIRPLt-SSCPL 
TAVG( 11-1so. 
DO 110 K-=l,9 
IFIJDAY-JNDAY)60,60,50 

60 INOAY-O 
oo no 11=1.9 
SUYEARIHl=SUYEAR(/1l+SUHNTH(MI 
RMONTH=>!ONTH l 



--- - . 

0039 
0040 

004-2 
0043 

004-5 
0046 
i10H 
0048 
0049 

0051 
0052 
0053 
0054 
0055 
0054 
0057 

005 d 
0059 
0060 
006 1 
0062 
0063 

WRITEl6,700IRMONTH,TAVG(HJ,SUHNTH(HI 
700 FORMATl1X,'HONTH =',1F3.0,9X,'AVG. TEMP.=',lF7.2,lOX,'SOLAR COLL./H 

+ONTH=• ,1F8.2J 
11 H M = 

130 CONTINUE 
WRI TEl6, 70lJ 

50 CONTINUE 
IF C STOTPL-50. l20, 10, 10 

20 S 
GO TO 55 

10 CONTINUE 

DO lOb K2= 1, 3 
TlN~TAVGIKJ+IK2-2.51•20.0 
EFft-.499-.l04•1TlN-TAHSJ/STOTPL-0.098•11TlN-TAHBI/STOTPL)••2 
T EFF=T EFF+El'F l 

106 CONTINUE 
EFF=TEFF/3. 
SUHRIKl=EFF•STOTPL 

C SUHR=SOLAR ENERGY COLLECTED PER HOUR. 
IF(EFFl .LE. O.OISUHR(KJ=0.0 
IFIEFF-.15)20,40,40 

40 SUOAYIKl=SUDAYIKl+SUHRIKI 
55 CONTINUE 

TAVG(K+ll=TAVGIKl+40. 
I JO CONTINUE 

~~----·--•Jlf! CONTINUE 0064 
0065 
0066 
0047 
0068 
006'1 
0070 
0071 
0072 
0073 
0074 
0075 
0076 
007 7 
007!1 
0079 
008 0 
008 l 

0082 
0083 
0084 
008 5 
0086 

008 7 
0086 

· 0089 
0090 
009 1 
0092 

lNDAY= IDAY 
RN =RN+l. 
DELTA=(23.45•PI/l80.l•SINl2.•Pl*(284.+RNl/365.0J 
00 120 L=l,9 
SUMNTH(LJ = SUMNTHILJ+SUDAY(ll 
SUOAYIU =O. 

120 CONT (NUE 
IFIMONTH .NE. 121GO TO 320 
IF(IOAY . NE. 3llGO TO 320 
GO TO 900 

320 CON Tl NUE 
GO TO 450 

900 CONTINUE 
DO 131 N=l,9 
SUY EAR(Nl = SUYEARINl+SUHNTH(NI 
WRITE(b,702IHONTH,TAVGINJ,SUHNTHINJ 

702 FORMATllX,'MONTH= ',113 ,9X,'AVG. TEMP.=',1F7.2,lOX,'SOLAll COLL./H 
+ONTH-• lf8.2J 

SUMNTHCNJ=O. 
131 CONTINUE 

DO 132 Nl-1,9 
kRIT El6,703ITAVGINll,SUYEARINll 

703 FORHATl///,1X, 1 COLLECTOR FLUID AVERAGE TEHP.= 1 ,F6.0,1X,'DEG. f.',l 
+OX,'SULAR ENER GY COLLECTED/YEAR= ',fll.2,2X, 1 8TU/SQ. FT./YEAR'l 

132 CONTINUE 
IFIIWBAN .NE. 230501 GO TO 11 
WR.ITEl6,006l 

806 FORMAT(//,30 X,'ALBUQUERQUE, NH'l 
11 IF~lWBA N .NE, 1483 71GO TO 12 

WRIT El 6 , 8071 

FORTRAN IV Gl RELEAS E 2.0 MAIN DAT E 81103 19/38/40 

0093 801 FORMATt//,30 X,'11ADI SON,Wl'I 
0094 12 lfl l W6AN .NE. 1283 9 1GO TO 13 
0095 WRIT E(6, 8081 

230 

~-- --'a~a~9~6t1_ _____ _ 8~0~Bt1_~E=DIIBAT(//.]O x.•MIAMI.FLORI.D.A!__.__ _ _ _ _____________ _ 
0097 13 CONTI NUE 
v09 8 STOP 

___ _._.009c,,_ _______ _ __,~.__ ___ _ _______ ___ ____ _____ ___ _ ___ _ 



OUTPUT: Annual Solar Energy Collection by CPC Collector 

_ _ _LI./LU:U.IJ.I:\ .. F LU.l-"1 .. A V.tB.AtiLJ .~ 1'.'\~. "'- _ _l)_O, . Jbi_,_ •. _ _ SOLAR ENERGY COLLECTl::0/YEAK= 

CULLEC1Uk FLUliJ AV~RAGE l[MP.• 190. UEG, F, SULAK ENEKGY CULL[CTEU/YEAK• 
I 
I 
I 

LULLE:lUR FLUIO AVERAGE TEHP.• 230, UEG. F • SULAR ENEkGY CUll ~CltD/Yl::AK= 

.. . .. (.lJLLEC HIR _f:LU.IV _AV.E.K/\Gc . IE~tP_ •• vu. uEG • .. F . • SCJLAK ENl:-RGY CULU::C. ILU/Y!:,\R: 

.:oLLl::CTlJR fLUIO /\v[f<AGf' lEHP.• 310. UE:G, F. SOLAR ENERGY CU,.LECTEO/Yl::AR• 

~lJLLlCIUK FLJIO AVERAGE lEMP.• 351J, OtG, F • SULAR E:NEKGY CUL~cCIEO/YEAR• 

... C..ULL.l:C.JQ!LUU .. l.iJ _AVJ~Avf;_ . .TE~I•.•.~- - no ... ___ il,E.G ... I:: .• SOLAR ENERGY COLLECflO/YLAR= 

CULLECfUK fLUIO AVlR~GE TEMP.= 4JO. UEG, F. SOLAR ENERGY CCLLE:LTEU/YEAR= 

;:. 
CULLt: IUK f"LU!li AVERAGE TUtP.• 471). iJEG. f-. SOLAK l::NCRGY COLLECTEIJ/YEAR• 

!•AUISCIN,,H 

166.752 •. 44 BTU/SU. FT./Yl::AK 

1433.ld.14 BTU/SQ. FT./YEAR 

1191311.Bl ~lU/SQ. ff,/YEAR 

9113~J • .l5 BTU/SQ. FT./~EA~ . 

7 7313. ,,;. ~futs~; ~i.tYE~R 

5 T75l. 5:; llTU/SQ. FT ./Yl:AR 

311.~58.02 BTU/SI.I_. f-_T. /YE.AR 

22945. 7l ~r.11iso. q~ivi:•f;. 
. :l,7 !~✓!// 11~1~,, .:,1 · • ✓ , · , r-· 

9314,93 U[U/SQ. f-1./Yl::Ak 

N 
w _, 



-

C 
C 
C 
C 

.c 
C 
C 
C 
C 

PARABOLIC TROUGH COLLECTOR 

THIS PROGRAH ANALYZES JHE PERFORMANCE OF A TYPICAL PARABOLIC 
TROUGH CONCENJRATING COLLECJOR. JHE COLLECTOR IS ORIENTED 
NORTtt-SOUTH ANO IJ TRACKS EAST-WEST. THE COLLECTOR EFFICIENCY ANO 
ENERGY COi I ECIED JS CALCLII .UED FOR EVERY HOUR Of THE YEAR fOR 
COLLECJOR FLUID AVERAGE JEHP. OF 200.25o.Joo.JS0.400.450.500.550 ANO 
600 F THE SOLAR RAOIATJON ANO AMBIENT lENP. OAJA ARE lAKEN FRON 
~sm HEX' Wfo.IHER IAPE THE RESIH TS ARf INTEGRATED OYER A o 
HONTH AND YEAR. ONLY THE RESULTS FOR SOLAR ENERGY COLLECTED PER 
HONTH ANO PER VEAR ARE PRINTED our. . 

232 

000) DI HENS ION SIIDAYI 90 I e Slll1NIH(9DI • StJYfABI 901, TAVGC90J ,SUtJIU22J,..1.CL1..2lU..L---J 
• O( 901. Jf 90J 

0002 

0004 
ouus 

0007 
0008 
0009 

DOJO 
0011 
0012 

0013 

~50 

C 
C 

C 
C 

I 50 

OELTA=0.-0.40163 

INOAV=O 
Pl=l.14159 

• 
CONTINUE 
00 100 J=l.24 
BEADl5,15DIIW8AN.MONTH,IQ4Y,IPHOUR,IDIRN 
DATA ARE READ FRON "SOLNET' TAPE 
lW8AN=WfATHER STATION NUHBER,IDAV=OAY NUMBER. IPHOUR=HOUR NUMBER 
JQIRNL=.H..QUQLY DIRECT SOI AR INSOLATI~~ A NORMAL SURFACEIKJ/H•• 
ITOTHL=HOURLY TOTAL lr..SOLATIO:I o:{ .l HORIZONTAL :.;L~F .. ri: IKJ/H••2J _ 
ITAMB=TEN TIMES ·:-u: A:-tBIENT TEMP. IN CP.:TIGRAOE. 
E 
nOUR=l PHOUR-0. 5 
TAMB=JJAMB•0.18 • 32. 

C ___ J.1..aAw1'11J6""="'A.,H,u!U£.fil__._..lClJ~-'--u_"-'Cl...,._....u.__ __________________ ..J 
SOIRNLalQlRNL/11.35 

C SDIRNL =DIRECT SOLAR JNSOLATION ON A NORHAL SURFACEIBTU/SQ. FT.HR) 

0015 OMEGAaABSIHOUR-12.J•PI/12. 
0016 COST HE= I 1. 0- ICOS IDELT A) •SlN(OHEGAJ J••2J ••o.5 
0011 JHEJA=ARCOSIC•STH 
0018 STOTPL=SDIRNL•COSTHE 
0019 TAVG(ll=200. 
Oil20 on 110 K=l,9 
0021 1FIIDAY-1NDAYl60.60•50 
0022 60 INDAY=O 
0023 DO 130 11-
0024 SUYEARIKl~SUYEARIHl+SUMNTHIMI J 
0025 RHONTH=MONTH-1 1

11 ___ _;Ou..• ... :17<-..6..._ ________ .,.w.nB.a..l .a..I.c.E.\-'( 6u..•LlLJO.,,O.uluRlil1ll0llCNuT..uH ~· I~A~Y~G=(~M~!~,~S=U=M=~~T~H=l~l1~1 ______ _________ _ 
0027 700 FORMAT.llX.'MONHl" '•lF3-0•9X,'A.VG • . JEl-'P,=•,1F7.2.lOX,'SOLAR COLL./K -1

1

. 
• ONTH=.' .1F8.2J . .. _ . . _ . 

og~~ 130 ~g~~~~~2i-o. 1 
0030 WRITEl6, 70U i, 

003 l 701 FORMAT(//1 

--gg~i 50 
~~~I~~~:L-50.J20.10,10 ! 

___ _;0"'0.._.3<..;4:,__ _____ __.,2.,,oc..__,,_S"'UHccR,,_W,_=~O~-~----------------------------
ll035 GO TO 55 
0036 10 CONTINUE 

7 TEFF=0. 
0038 00 106 K2=1,3 
0039 TOUTI =TAVGIKl+IK2-l.5l*20. 
0040 EFFl-Q.694-0.052•(TOUTI-TAMBI/SJOTPL-.ll9*llJOUJI-JAKBI/STOTPLl••2 



OO'ol 
OO'o2 
OOH 

OO'o4 

0045 
OOH, 
OOH 
Q048 
00ft9 
0050 
005) 
0052 
0053 
0054 
0055 
005b 

0058 
0059 
00b0 
0061 
0062 

0064 
0065 
0Qbb 
006 7 
0068 

0069 
0070 

0072 
uon . 

0074 
0075 

0077 
0078· 
0079 
0080 
001:11 
0082 
0083 
JOB4 
008 
0086 

fEFF=TEFF+EFFl 
lOb CONJ INUE 

EFF=fEFF/l. 
COlLECTOR EfflCIENCYCEFFI IS AYERA!;_~VER TH~~EkATURES 
SUHR(K)=EFF•csrorPL-3-0•fAN(JHETA)/80.0) 

C SUHR=SOLAR ENERGY COLLECfEO PER HOUR. 
lflEFFl .lE. O.OlSUHRIKl=0-0 
IFIEFF-.15)20,-.-0,40 

40 SUOAY(K)=SUilAY(KJ+SUHRIK) 
55 CON{INllf 

fAVG(K+ll=TAVGIKJ•50. 
110 CONTINUE 

100 CONTINUE 
lNOAY=lDAY 
RN=RN+l. 
DELTA=IZ)-45•PI/180.J•Sifll1_2.•PI•l284.+RNl/365.0l 
00 120 L=l,9 
SUHNTH(LJ=SUHNTH(Ll+SUOAYILl 

120 CONT lNUE 
IFHIDN fH • NE . l.! Jt;O TO 3~;: 
IFIIDAY .Nf-. ._lllGO TO 320 
GO TO 900 

320 CONTINUE 

900 CONTINUE 

- -- --- ·--- ------

00 131 Naal,9 
SllVEARlNl - SUYEARINl+SUHNTHlN 
WRlfEl6,702lHONJH,TAVGINl,SUHNTHINI 

233 

702 FORHATllX.•HONTH=•.113 ,9X,'AVG- TEHP.= 1 ,1F1.2.1ox.•soLAR COLL./H 
+ NTH-•.1Fs.21 

SUMNTHINl=O. 
131 CONTINUE 

DO 132 IH=l,9 
WRITEl6,703lTAVGINlJ,SUYEARINll 

703 FORHATl///,lX,'COLLECTOR FLUID AVERAGE fEHP. = ',F6.0,lX,'OEG. F.',l 
+OX,'SOLAR ENERGY COLLECTEO/YEAR=•,Fll.2,2X,'8~U/SO. FT./YEAR'l . 

132 CONTINUE 
IF(lWBAN .NE. 23050) GO ro 11 
ilRrTEl 6 1 8061 

806 FORHAT(//,30 r,•ALBUQUERQUE, NM'l 
11 lF(lWBAN .NE. l4837)GO TO 12 

WRtrEl6 1 807l 
807 FORHAT(//,30 X,'HAOISDN,WI'I 
12 IF(IWBAN .NE. 12839)GO TO 13 

WRITEl6,B081 
808 FORMAT(//,30 X,'NIANl,flORlDA'l 
13 CONT lNUE 

TOP 
END 



OUTPUT: Annual Solar Energy Collection by Parabolic Trough Collector. 

U JLL!:CluR f-LJl1l AV!:RAG£ Tl:o'II-'.= ii.Jll. JtG. I. SOLAK EN(RGY COLLECTEO/YEAN= l5Y357~ .'7 1:1fu1su. Fl~/~LAK 

Cllllt~ /Uk f-LUIO AVEKAGE Tt:Mi>.= 25\l. JE<i. F • SOLAR ENERGY COLLECTEll/YEAR= 134591.J 7 BIU/)Q. FT./HAR 
· 1 ,. . ··- ·· ·- · · 

r 

. ~OLLt:1. l ll l:\ .HIJl .ll !\v'ti!t!GLHt:H•~=: . ... }\IV • .. PEG. f• . . ~OLA~ ENtRGY - CUL~~CTED/YEAK= l\)94 l ~.! Lhl __ I! f\J! ~~! I:!.!!'~~~--- -

CtJlLE: TO i< fL ,ill! AVERAGE Tt:MP.-: 35u. CJEG. F. SOLAK ENERGY CULLECTEO/YtAK= ll4J75.~4 oTiJ/SQ • . ft ~7v"tAk 
. . 

CtJLLt:C TUR !'LUI J AVERA GI: Tf:MI'.= 400. Jtu. t-. SOLAN [~ERGY CULLECTlJ/YtAR= 60Y44.!>0 BTU/)IJ. H ./Yf.AK 

C.!Jll.tC1U/\ ! .LVliJ . 1)Y!;]t"~-t .. JJ: t1P. • .= . 4~Q. Ulu. I• SOLAK E~ERGY C~L.EC.rtu/,EAK= J95!>L.Ol ~TU/SU. FT./YEAk 

C. lillt.C.ILlR fUJliJ AVERAGt Tt: ,~P.= 500. LJ£G. f. SOLAR E,~lRGY COLLECTEO/Yl:AI{=. 2266J.)7. ·ti1 U/SQ~ ·u ./Y~Alt 

CllLLf~lUR t-LlJIO AVE ~AGE TtMP.= 5~1). 0EG. f. SOLAR ENERGY CLLLEC.TEO/YEAK= 
,,I' , ·· , , 

90o3.o4 BTU/SO,.-.Fl.;l'\'•1:..()(/: _ 

~uLLf:T OK l'LUJJ AVERAG[ IEMP.= bOu. ~tu. f. )OLAN ENERGY CULLtClEU/YEAR= 141~.ll lllU/S~. FT./YtAk 

MADISUN, ... t 

N 
w 
~ 



-
Paraboloid Disc Collector 

C 
C 
C 
c 
C 
C 
c 

THIS PROGRAM ANALYZES THE PERFORHANCE OF A TYPICAL POINT FOCUSING
TWO AXES TRACKING- PARABOLIC DISC CONCENTRATING COLLECTOR • . THE 
COLLECTOR EFFICIENCY ANO ENERGY COLLECTED IS CALCULATED FOR EVERY . 
HOIIR DE THE YEAR FOB AN AVfRAGE TE1tp. OE 400, 500, 600, 70il 1 800 
900• 1000• 1100, ANO 1200 DEGREE F. 

C. 
C 

THE SOLAR RADIATION ANO AH81ENT TEMP. DATA ARE TAKEN FROM 
'SDI MET• WEATHER TAPE. THE RESULTS ARE INTEGRATED OYER A QA 
140N TH ANO YEAR. ONLY THE RESULTS FOR. SOLAR ENERl>Y COLL EC TEO PER 
MONTH ANO PER YEAR ARE PRINTED our. 

-~0 .... 0 .... 0 .... 1 ___________ __.,..._1 u'l,iuEc..aN.LS ... ulQ.uN.,,_S,..l.ulD.uA,...yur ... 9..,0,....1_. SUMN TH I 9 0 I , SUY EAR I 9 0 J , TA VG I 9 0 > , SUHR I 90 I I H ( 90 I 1 

0002 

0004 
0005 
0006 
0007 
0008 
0009 

450 

+0(90),Tl90l 
OELTA:0.-0.40163 

INDAY=O 
Pl:.3.14159 
El=43-•PI 
CONTINUE 
00 LOO J=l .24 
BE4D15,15QII~BAN,NONTH,IDAY,IPHOUR,IOIRNL,ITOTHL,ITAMS 

C DATA ARE READ FROM 'SOLHET' TAPE 
C 1W8AN=WEATHER STATION NUHSER,lOAY=DAY NUMBER, lPHOUR=HOUR NVHSER 

_________ __.c..._ __ I~PLLLJIB~N~l~=~H~Oui.,URLY DIRECT SOLAR INSOLATION 0~ A NORMAL SURFACE(KJ/H**2l 
C ITOTHL=HOURLY TOTAL lNSOLATlON ON A HORllONIAL SURFACE IKJIH••2J . 

--4- ITAMB=TEN TIMES Trlf AH8JENT TE~P- IN CENTIGRADE. 
_ ..... ,..:.0 .... u...,o.,__ ______ ,Ls.,_,J.,__r OB/1AT 1 11-:.. 3x. J n. 1.ll.L ___ _ 

0011 HOUR=IPHOUR-0.5 
0012 TAMB:ITAHS-0.18+~2. 

_________ __.c __ c.....JluA~M~B==~MBIENT TEMP. IN DEG. F. 
0013 

001 '• 
0015 
0016 

C 
SOIRNL=lOlRNL/11.35 
SOlRNL =DIRECT. SOLAR INSOLATJON ON A NORl+Al SURFACEl8TU/SQ. FT.HR) 
STOTHl-lTQTHL/11.35 
STOTPL=SDIRNL 
TAVG(ll=400. 

9 
0018 1FIIOAY-INOAYl60,60•50 
0019 60 INOAY=O 

~~2~1'----------~StJ.ULY~E~A~KL:IJ:141.':l:.J=~Sc:i~~Y:-:E--:A-::R--:l-:-M--:l-• --:S--:U--:H-N-::T:-:-H--:l-1+--:l---...:....:-__:__ _______________ ....; 

v022 RMONTH~HONTH-l 
__iljlLJ ______ --:::-:--=-~Wu::R~I_,_T:-':E~lc"f>u,uZ-"O"'Oul,,:R"'M~O"'NuT-'::ii'-'''--'T-"A'-'Vc.,.G'-'C.1..H!..!lc.1,c,;S,_,,U"-:M~N!,-'T.1..Hr.,C-=M!..!l:-::_--:--:--=-=--:----=--=--=c:c:---------

0024 700 FORMATllX.'HONTHa',lF3.0.9X.'AVG- -TEMP.='•lF7.2,lOX.'SOLAR COLL./H 
• ONTH=' ,lF8.2) . - · -· ··· • 

---'l0.<:-?..,_5 ______ --:-:-:--=-..,.s"'u"'M":'N~I.I.JHu.l:-':Mul.=-"'o'-".----------------------------------
0026 130 CONTINUE 
0027 WRITEl6. 7011 

__Q_Qli ------~7~0'-"l·--::F-':'.Ou.,R":::M::AuT_,_l~/J./__.J ___________________________ ....,..~---
u029 50 CONTINUE 
0030 lF(STOTPL-50.)20,10,lO 
0031 20 SUHR KI-O. 
0032 GO TO 55 
0033 10 CONTINUE 
0034 TAVGR-TAVG(Kl+460.0 
~035 TAM8RaTAMB+460.0 
003 6 EFF=O. 708-CO .15426*10. •• I 0-B I• ( TAVGR ... 4-T AHBR*•41 +2 .82•(T AVG ( K 

0037 

01,)3& 
C 

+l-TAMB)l/Cl6u0.0*SDIRNLI-0.952/S01RNL 
SUHRIKJ=EFF•SDIRNL 
SUHR=SOt.AR ENERGY COLLECTED PER HOUR. 
IFIEFF-.15120,40 40 



0039 
OO'oO 
004-1 

004-3 
0044 

OOt,6 
0047 

00lt9 
0050 

0052 
0053 

i.)055 
0056 

40 
55 

100 

SUDAY(K)=SUDAYIKJ+SUHRIKI 
CONTINUE 
TAVGIK+l)=TAVGIKl+lOO.O 

CONTINUE 
INDAY=IDAY 

DELTA=l23.45•Pl/1BO.l•SIN(2.•Pl•C28~-•RNl/365.0J 
DO 120 L=l,9 

SUDA'tlU=O. 
120 CONTINUE 

lFllDAY .NE. 311GO JO 320 
GO TO 900 
CONTINUE 
GO TO 450 

900 CONTINUE 
9 

SUYEARIN)=SUYEAR!NJ+SUHNTHI~! 
WRITEl6,7021HONTH,JA~G(Nl,SUMNTHINI 

236 

I 
Oi.l58 
OOH 
uObO ·,02 •URMA{llX,•M~NTH=',113 ,9X,'AV~. IEHP.=',lF7.~,lOA,'SOLAR COLL./H i 

0061 
+ONTH=',lfB.21 

SUHNTHINl=O. 

0063 
0064 

Ofi5 

00 132 Nl=l,9 
WRITEl6,7O3JTAVGINll,SUYEARINlJ 

703 FORMAT TO F 1D AVERAGE TEHP.= 1 F6.0 
+OX,'SOLAR ENERGY COLLECTED/YEAR=',Fll.2,2X,~STU/SQ. 

0066 132 CONTINUE 
001,z IFIIWOAN • 3050) GO TO 11 
0068 WRITEl6,8061 
0069 806 FORMATl//,30 X,'AL8UQUERQUE, NH') 

7 lfllWBAN .NE. l48371GO TO 12 
0071 WRITEl6,807l 
0012 807 FORHAJl//,30 X,'HAOISON,Wl'I 

----=0073 12 (FIIMBAN .NE. 128391GO TO 13 
0074 wRJTEl6,d081 
0075 808 FORHATl//,30 X,'HIAHI,fLORJOA'I 

l X 'DEG. F. ' , l 
fl./YEAR 1 ) •. 

I 
I 

\ ---~ 0'-"0"-7-"6'-------- n"---__ c,<;o,._Nc,.T-'-'-'[Nc:.U,,_E,,__ __ _ 
0077 SJOP 
0078 END 

-----~----~--------, 

- ··· ···-·-----------



OUTPUT: Annual Solar Energy Collection by Paraboloid Disc Collector 

.:t:LLt:CT IJR fLJIU hvrnA:.;[ HMJ>.• 400. ufl;. ' F • SOLAR ENERGY COLLECTEU/Y[AR= 2lb902,06 BIU/SQ. FT,/YEAR " 

C.ULLEC 11)1{ f LUI,! ~V[RAut Tl:,'1f>., ,uo. l)EG. t-. SOLAR ENERGY CULL cc,tD/YEA~• l75872. 50 BtU/SY. FJ,/YEAR 
I 

' 

CULLf.CI.Of\. . fLUlO. A~.E,~.Alil:.-1..1:.MI'.= 6.JO. 1)1:G., .. f • .. ·- . • . ~OLAR . ENERGY COLL~~TtU/YEAR= .77<tt>UT.8l BlU/SU • . FT./YEAR 

(.OL!.tt!Uh. I LJl :l AVERA;;E IE ,~P.• 700, UEli, f. • SOL AR ENt:RGY COLL EC YEO/YI: AR= .!73Ll51>,62 BTU/S~. FT./YEAR 

1,ilLLC:C. ll]!{ fLUIU AVU\Al.iE rF. r11',= l),J(), uu;. f. SOLAR ENERGY CULLEC.ftO/YEAR= 21ll62,41, BTU/SU • FT,/YEAR 

. l. .i.JLLL: lU i( .1 LvliJ AVCRAl.iE .ll: ,'IP,: 9JO, .. U:..u. F. SOLAR ENERGY COLLlCltU/YEAR• 2btl663. !:16 B!U/S\J .• _FT •./_YEAR 

·-· -· ·· - - ·- ·-·· ·--------· - - ..... . 
(flLL[Clfll\ ~LUIU AVERAGE TF.MJ>,= 1000, UEli, F. SULAR ENERGY CULLECIEJiYt~R• 266UY3.25 orutsQ.· Fr ~ivi:AR ·-

l.Ulll :C IUI, r-LiJIU IIV~Rlllil'. 11:l"P,= llOLl. UEli. F. SULAR ENERGY CULLE•:TlU/YEAR• 262779,15 STU/SQ, FT./YEAR 

- --- ··· - ··--- --- - -------··-·-·•------·-----· ·-··-·-- - -···-- ·· 
, / / · • (I', / . 
• , :., : ,'. (,. ' I _':l· !t ;'.'1.'f'/ l1 ' L -·" !~r., r.. '· 

CULL[CIUM FLUIJ A~ERlluE ltMP, • ll.JO. Ufli, F, SOLAR ENERl.iY COLL[ ~ T[U/YEAR= 25804b,06 BTU/S~~ FT./YEAR 

.'1.\il I SON, ,d 

. - ·--·-- ·-· -·-- - --- -·-· ···--- ------ - -

N 
w ....., 
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