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î fill r% 

u Ottawa1 

Padam S i n g h , Ot tawa , Canada, 1978 </3/tARYt<\#&' 



UMI Number: EC56106 

INFORMATION TO USERS 

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations 

and photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

® 

UMI 
UMI Microform EC56106 

Copyright 2011 by ProQuest LLC 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



1 

TABLE OF CONTENTS 

Chapter Page 

ABSTRACT i:Li 

ACKNOWLEDGEMENTS v i 

LIST OF FIGURES v 

LIST OF TABLES v i i 

1 INTRODUCTION 1 

2 SOLAR RADIATION 7 

2.1 Introduction 7 
2.2 Availability of Solar Energy in Canada 10 
2.3 Solar Radiation Measurement 12 
2.4 Solar Radiation on Tilted Surfaces 17 

3 SOLAR ENERGY COLLECTORS - THERMAL APPLICATION 20 

3.1 Introduction 20 
3.2 The Flat-Plate Collector 23 

3.2.1 Collector Covers 25 
3.2.2 Absorber Plate 26 
3.2.3 Fluid Passages 28 
3.2.4 Insulation 28 
3.2.5 Casing 28 

3.3 Flat-Absorber Cylindrical Parabolic 
Concentrator 29 

3.4 Design Characteristics of Collectors 
Tested ^ 29 

3.5 Collector Orientation and Tilt 32 

4 PERFORMANCE OF SOLAR COLLECTORS 36 

4.1 Introduction 36 
4.2 Performance of Flat-Plate Collector 37 

4.2.1 Absorbed Energy in the Collector 39 
4.2.2 Transmittance-Absorptance 

Product (xa) 41 
4.2.3 Effective Transmittance-

Absorptance Product 43 
4.2.4 Effect of Dust and Shading 44 

4.3 Collector Overall Loss Coefficient 46 
4.3.1 Upward Heat Loss Coefficient 48 
4.3.2 Back Heat Loss Coefficient 51 
4.3.3 Edge Heat Loss Coefficient 51 

4.4 Useful Energy Transferred to the Fluid 52 



ii 

4.5 Collection Efficiency 61 
4.6 Thermal Performance of Flat-Absorber CPC 62 
4.7 Cost-Effectiveness 67 

5 SOLAR COLLECTOR TESTING 70 

5.1 Introduction 
5.2 Recommended Method 
5.3 Standard Test Method 

5.3.1 Instrumentation 
5.4 Experimental Facility 
5.5 Instrumentation and Data-

Acquisition System 
5.6 Test Procedure 

6 EXPERIMENTAL RESULTS AND DISCUSSION 

7 CONCLUSION AND RECOMMENDATIONS 

REFERENCES 

APPENDIX A Solar Angles 

APPENDIX B Miscellaneous Heat-Transfer 
Relations 

APPENDIX C Computer Program 

70 
71 
76 
77 
78 

78 
81 

85 

106 

107 

ill 

116 

119 

CURRICULUM VITAE 124 



iii 

ABSTRACT 

A non-tracking, cost effective, prototype flat-absorber 

cylindrical parabolic concentrator (CPC) has been designed, 

built, and tested under outdoor conditions along with a 

conventional type flat-plate collector. The proposed collector 

design utilizes all the important design features of a 

traditional flat-plate collector except that an additional 

cylindrical parabolic surface was placed underneath the absorber 

plate. The most distinct feature of the flat-absorber CPC is 

that the absorber plate is illuminated on both the front and the 

back sides which allows the collector to operate even on cloudy 

or hazy days. The complete module is composed of four identical 

parabolic channels which were placed adjacent to each other. Each 

channel consists of a cylindrical parabolic reflecting surface 

and a flat-plate absorber blackened on both the front and the 

back sides was placed parallel to the focal plane and symmetric 

to the focal axis of the reflecting surface. 

The experimental performance results have revealed that the 

flat-absorber CPC is more efficient and cost-effective as 

compared with the flat-plate collector when tested about solar 

noon under specified conditions. The efficiencies were obtained 

experimentally and the test data was correlated with analytical 

equations that describe collector performance. The design of the 

experimental facility and testing procedure was based on the 

recommendations of the National Bureau of Standards as well as 

ASHRAE Standard 93-77. 
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CHAPTER 1 

INTRODUCTION 

The world-wide energy crisis induced by the 1973 oil 

embargo, the increasing environmental pollution caused by over 

consumption of fossil fuels, specially in industrialized 

countries, and the potential hazards of nuclear power have focused 

increased attention on exploring the economic, technical and 

environmental feasibility of non-depleting energy resources. 

These resources include biomass, tidal, geothermal, ocean-

thermal, wind and solar energy. Out of these resources, solar 

energy stands out as the most promising and, both in the medium 

as well as long term future, it will undoubtedly play a very 

important role in supplying the needed energy to meet the 

increasing energy demand. 

At the present time solar energy is more attractive than 

ever before as an alternative energy source to provide low-grade 

heat requirements at economically competitive costs and without 

environmental degradation. The decision as to what type of 

energy source should be utilized must, in each case, be made on 

the basis of economic, environmental and safety considerations. 

Because of the desirable environmental and safety aspects of 

solar energy, it should be utilized in spite of its costs 

being slightly higher as compared with conventional energy 

resources. 
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Solar energy radiated by sun is the net effect of nuclear 

fusion taking place inside the sun where hydrogen atoms are 

changed into helium atoms. In this process, four million tons of 

matter are changed into energy every second. The sun 
1 8 

continuously produces 390*10 kW of power. But as this radiation 

propagates out, it spreads and becomes less concentrated. It 
2 

amounts to about 1.35 kW/m outside the earth's atmosphere. 

However, the spatial relationship of the sun to the earth results 

in a wide variation in solar radiation on the surface of the 

earth. This poses some difficulties in the efficient extraction 

of this inexhaustible source of energy. 

Harnessing solar energy for other useful purposes is not a 

new idea. Techniques for many applications are known and are 

technically feasible. However, following the oil embargo, the 

use of solar energy for certain applications, i.e., space and 

water heating, is now economically competitive in many countries 

including Canada [1] with conventional energy sources. Solar 

energy can also be converted directly into electricity by solar 

cells or by concentrating mirrors to produce steam for power 

stations, but at present these schemes are not economically 

viable and uncompetitive with conventional power systems. 

It is expected that the most immediate large scale 

application of solar energy would be for space and water 

heating as well as supplying heat for industrial applications. 

In Canada, of the total energy produced, about 25% is used for 

space and water heating. The utilization of solar energy for 
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space and water heating would net great savings of precious oil 

and gas reserves, which are more important for other industrial 

applications. The relationship between demand and availability, 

however, poses some unique problems for Canada in utilizing this 

abundant source of energy. This problem could be overcome, by 

providing an appropriately sized seasonal storage system. This 

would require a moderate temperature to account for heat losses 

of the storage system. 

The most important component of any solar system is the 

solar collector which is used to collect the sun's energy. A 

solar collector, in general, consists of a blackened metallic 

plate which is housed in a box. The back side of the plate is 

insulated, and the front side, the one facing the sun, is covered 

with a sheet of transparent material. Incoming solar radiation 

is absorbed by the metallic plate and retained as thermal energy. 

A typical solar collector is shown in Fig. 1.1. 

If a heat transfer fluid is allowed to pass through the 

collector, a portion of the retained heat energy is transferred 

to the circulating fluid and the rest accounts for the thermal 

losses of the system. 

Several types of solar collector designs have been utilized 

with varying degrees of success. They are generally classified 

into two categories: flat-plate solar collectors and 

concentrating solar collectors. Flat-plate solar collectors are 

sensitive to both the direct and diffuse components of solar 

radiation while concentrating collectors utilize only the direct 
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component of solar radiation. Concentrating collectors are 

suitable for high temperature applications while the low 

intensity of solar radiation makes flat-plate collectors 

attractive for low-grade heat applications such as space and 

water heating. However, in Canada where average solar flux 

density even during the summer season is approximately half of 

that of tropical regions, flat-plate collectors require a large 

surface area to provide the required energy for space and water 

heating. This makes the complete solar system capital intensive. 

The high capital cost of solar systems can be reduced by 

developing a less expensive and/or more efficient design of solar 

collector. 

Cylindrical parabolic concentrators with flat absorbers are 

found suitable for low-to-moderate temperatures since they have 

a low concentration ratio. In a cylindrical parabolic 

concentrator with a flat-absorber, the reflecting surface 

concentrates the direct radiation on its focal plane .which is 

captured by the flat-plate absorber. The front side of the 

absorbing surface is also exposed to both the direct and diffuse 

components of radiation. This allows the collector to operate 

during cloudy or hazy days. For the same transparent cover area, 

the absorbing surface area in this type of collector is much less 

than that of the conventional flat-plate collector. This makes 

this type of collector cost-effective. 

This thesis reports on an analytical and experimental 

investigation of the thermal performance of a flat-absorber 
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cylindrical parabolic concentrator and a conventional flat-plate 

collector under identical outdoor conditions. Both the 

collectors were designed and built at the University of Ottawa 

and were tested on the roof of the Colonel By Building. The 

experimental setup and necessary instrumentation were based on 

the recommendations of the National Bureau of Standars 2 as well 

as ASHRAE STANDARD 9 3-77 [3] . 

In Chapter 2 of this thesis, solar radiation 

characteristics, its availability, and measurement are described. 

Chapter 3 outlines the general features of solar collectors. The 

detailed design of the two collectors tested is also described. 

The thermal performance analysis of the flat-plate collector as 

well as the CPC-flat absorber are presented in Chapter 4. 

Analytical equations to determine thermal performance are 

developed, specifically for the CPC-flat absorber. The method of 

testing the solar collectors, the experimental facility and the 

instrumentation are described in Chapter 5. The experimental 

results are presented and discussed in Chapter 6. Chapter 7 

contains the conclusion and some of the recommendations. 



CHAPTER 2 

SOLAR RADIATION 

2.1 Introduction 

Although the energy available on the surface of the sun is 

immense, as this energy propagates, it spreads out and becomes 

less concentrated. The mean intensity of solar radiation just 

outside the earth's atmosphere at the average earth-sun distance 

of 1.5 x 108km is measured as 1.35 kW/m2. This energy per square 

meter per unit time is continuously available outside the earth's 

atmosphere and is referred to as the solar constant. Most of 

this radiation lies in the visible light spectrum. As the sun 

rays traverse the earth's atmosphere, the direct beam is 

attenuated by absorption by atmospheric gases, by reflection, by 

dust and water droplets, by scattering, and by air molecules. 

When it reaches the earth's surface, its density is marginally 

reduced. The total radiation reaching the earth's surface is the 

sum of the direct and scattered (diffuse) radiation. The total 

radiation varies with geographical location, the season, the 

altitude and the time of day. This is quite obvious from Figures 

2.1 and 2.2. On cloudless days, the diffuse (scattered) 

radiation amounts to 10-20% of the total radiation, while on 

cloudy days the total radiation is much less and most of the 

radiation is diffuse. The proportion of diffused over direct 

radiation depends on the amount of cloud cover. 



{ 1 L a n g l e y / d a y = 

Fig. 2.1 Mean D a i l y G loba l S o l a r R a d i a t i o n For December 

Source: Meteorlogical Atlas of Canada [23] 
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L a n g l e y / d a y = 0.4 84 Wat ts /m 

Fig. 2.2 Mean D a i l y G loba l S o l a r R a d i a t i o n For June 

Source:' Meteorlogical Atlas of Canada [23] 
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2.2 Availability of Solar Energy in Canada 

The viability of solar energy in Canada is ridiculed by 

many, on the false assumption that the resource is simply 

inadequate. A close look at Fig. 2.3 reveals, however, that most 

of the Canadian population lives between the 43rd and 49th 

parallels. The meteorological data, as depicted in Fig. 2.3, 

indicates that solar radiation received on a horizontal surface 

at ground level amounts to 150 W/m . Although this value of 

solar insolation is half of the insolation level in tropical 

regions of the world; with properly oriented collectors a 

significant increase in the captured insolation can be achieved. 

The day-long radiation received by a fixed", collector surface is 

highest in the northern hemisphere when it faces south, and when 

it is inclined at 6+20° for winter season and 9-20 °for summer 

conditions, where 6 is the angle corresponding to the latitude 

[4] . 

Another important factor that increases the solar insolation 

impinging on a tilted collector surface is the amount of solar 

energy reflected by snow. Lue and Jordan [5] have suggested the 

following values of ground reflectance: 0.7 for snow-covered 

ground and 0.2 without snow cover. Thus, the total radiation 

impinging on the collector surface consists of the direct, the 

diffuse, and the reflected radiation from the ground. 

On the basis of the available data it is possible to state 

that there is a great potential for solar heating in Canada. In 



1 L a n g l e y / d a y = 0 .4 84 W a t t s / m 2 

F i g . 2 . 3 Annual Mean D a i l y R a d i a t i o n on a H o r i z o n t a l S u r f a c e 

Source: Meteorlogical Atlas of Canada [23] 
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line with this, there are many bright sunny days in winter in 

many Canadian cities. This means that the heat storage unit 

would be charged to its peak capacity and could meet the required 

heating load during the sunless periods. 

2.3 Solar Radiation Measurement 

Solar radiation data has been recorded by about 20 weather bureau 

stations across Canada. These data are usually reported as energy 

per unit time per unit area which is striking on a horizontal 

surface. Pyranometers are used to measure the total radiation, 

normally known as global radiation, while pyrheliometer are used 

to measure the direct beam radiation. Many types of pyranometers 

have been developed in the past. On the basis of their operating 

principles, pyranometers can be classified into two main 

categories: in one type, which is the most commonly used, the 

temperature difference between two surfaces, painted white and 

black, is detected by a thermopile. The output of the thermopile 

is the measure of solar radiation. The Eppley pyranometer which 

operates on this principle is most widely used by weather bureau 

stations. A second type of pyranometer, which has been recently 

developed, is based on the photovoltaic effect. Silicon solar 

cells are used to measure the solar radiation in terms of the 

short circuit current. This short circuit current changes 

linearly with changes in solar insolation. However, the 

application of these pyranometers is limited because the 
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calibration is a function of the spectral distribution. 

Nevertheless, they are cheaper than the Eppley type. 

Solar radiation can also be estimated from the data 

available on bright sunny hours [6], usually recorded by a 

Campbell-Stokes recorder. 

Global solar radiation available on a horizontal surface has 

been recorded, at most weather stations, in a form similar to 

that shown in Figures 2.4 and 2.5, using thermopile pyranome­

ters. Daily data is integrated and reported as hourly or monthly 

averages in units of langley/hr or langley/day (1 langley = 1 
2 

cal/cm ). As such the data is unsuitable and misleading for the 

purpose of design and evaluation of solar systems because there 

is no indication of local cloudy conditions. The effect of 

transient clouds on the useful energy gain is illustrated in 

Figure 2.6. The figure shows how the useful energy gain is 

affected by a sudden interruption of solar radiation instantly to 

zero by intermittent clouds. Because of the transient effect of 

collector operation under such a varying insolation condition the 

useful heat energy gain may be insignificant in spite of 

sufficient solar insolation, as Fig. 2.6 shows. 

Clear day insolation tables, prepared by ASHRAE [7] for a 

variety of latitudes, provide average clear day insolation on 

horizontal and normal surfaces, and on south-facing surfaces 

tilted at 6+10 , 6+20 , and 90° (vertical). These tables are an 

extremely valuable design tool. The limitation of these tables 

is that the values listed do not include the reflected radiation 



oo 

oo 

=1 

+J 

3 
PL, 
+J 
3 
O 
U 
<D 
•P 
<U 

s 
o c 
aj 
U 
(X 

mV 
14 

12 

10 

Ottawa . 
Latitude 45 

10 11 noon time 

Fig. 2.4 Total Solar Radiation on an Inclined Surface 
Versus Time for a Cloudless Day at the University 
of Ottawa 



15 

Ottawa -| Q j 
Latitude 45 r" 

o 
-- r 

I o 

~i -
1 

~1~ ~ 
- [ -

1 

- - . 

-

10 11 noon time 

Fig. 2.5 Total Solar Radiation on an Inclined Surface 
Versus Time for a Cloudy Day at the University 
of Ottawa 



16 

cd 

il 

3 
a> 
w 

Solar Radiation 
Useful Energy Gains 

p 
3 

o 
•H 
p 
cd 

•H 

cd 
OS 

cd 
t - i 
o 

C/D 

t . time 
o 

a) Energy Collection During Cloudy Period 

Solar Radiation Useful Energy Gain p 
3 
ft 

o 
•H 
p 
cd 
•H 

cd 
OS 

cd 
i-i 
o 

b) Energy Collected During Cloudless Period 
time 

Fig. 2.6 Effect of Intermittent Clouds 
on Useful Energy Gain 



17 

from ground cover. In the winter, this reflected radiation 

contributes a significant amount onto south-facing walls because 

the sun is lower in the sky and snow may be covering the ground. 

2.4 Solar Radiation on Tilted Surfaces 

To ensure the maximum efficiency of the solar system the 

collector surface is oriented due south and tilted at an optimum 

angle, latitude ±20° to the horizontal surface, depending on the 

operating season (winter or summer). Unfortunately, most solar 

radiation data is available in the form of hourly totals on 

horizontal surfaces. Therefore, for the purpose of solar system 

design and evaluation, it is necessary to convert these hourly 

incident totals on a horizontal surface to that incident on a 

tilted collector surface. This conversion is complicated by the 

fact that the total incident radiation on the tilted surface is 

made up of three components; (i) direct or beam radiation; (ii) 

diffuse or sky radiation; (iii) reflected radiation from the 

ground or surroundings. 

The orientation factor, R , for the direct component of 

radiation, I , normal to the collector surface, as depicted in 
b 

Figure 2.7, can be expressed as [6] 

I Cos 6m Cos 

% ICos 6 " Cos 6 n z z (2.1; 

n 

Horizontal Surface Tilted Surface 

Fig. 2.7 Radiation on Horizontal and Tilted Surfaces 
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where I is the direct normal radiation, and 6 and 6 are the 

angles of incidence of the direct radiation on the tilted and 

horizontal surfaces, respectively. The expressions for Cos 6 and 

Cos 6 derived from the solar geometry are given in Appendix A. 

The orientation factor, R , for the diffuse component of the 

radiation, I , assuming uniform intensity over the sky, has been 

derived [6] from the fact that a tilted surface sees a part of 

sky dome and is given by 

R = CI + Cos Z)/2 (2.2) 

where E, as shown in Fig. 2.7, is the angle of tilt. 

The amount of solar radiation incident on a tilted surface 

which is reflected by the ground or other surroundings, which 

have a diffuse reflectance of p for solar radiation can be 

written as 

Ir = IH(1 - Cos S)p/2
 (2*3) 

On combining (2.1), (2.2) and (2.3) the total radiation 

incident on a tilted surface at any time is given by 

I (1-Cos Z)p 

h = h\ + Vs + — 2 (2'4) 
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and the overall orientation factor R, becomes 

R - Ib R. + I(i R + €1 - Cos E)p 

where L, is the total radiation measured on the horizontal 

surface. 

If the measurements of solar radiation are made along the 

plane of the tilted surface, the orientation factor R becomes 

unity-



CHAPTER 3 

SOLAR ENERGY COLLECTORS - THERMAL APPLICATION 

3.1 Introduction 

The most important component of any solar system is the 

solar collector which captures the heat energy radiated by the 

sun. There are various types of solar collectors which are 

subdivided, on the basis of similar geometry and characteristics, 

into two main categories; flat-plate collectors which absorb both 

the direct and diffuse components of solar radiation over a wide 

distributed area, and focusing collectors which concentrate the 

direct radiation onto a relatively small absorbing surface by 

means of mirrors or lenses. This energy is transferred to the 

circulating fluid, water or air, which can be used for other 

useful purposes. Various geometries of solar collectors of both 

the focusing and flat-plate type are depicted in Figures 3.1 and 

3.2, respectively [6, 7]. 

The decision as to what kind of collector to use for a 

specific application is dictated by technical considerations and 

economics. Since the focusing collector is usually capable of 

producing higher operating temperatures than a flat-plate 

collector, it has certain advantages in some applications. 

However, the complications involved in its manufacture and the 

continuous tracking mechanism which is required have ruled out 

the use of this type of collector for low temperature 
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Fig. 3.2 Various Flat-Plate Collector Configurations 

Source: ASHRAE, Guide and Data Book Series 1974 [7] 
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applications such as air and water heating systems. A 

flat-plate collector, which is usually mounted in a fixed 

position and can utilize both the direct and diffuse components 

of solar radiation, is capable of producing temperatures in the 

range of 150°F (65 C). It is most commonly used for low 

temperature applications such as space and water heating. 

However, in regions where the insolation level is low, a huge 

surface area is needed to provide the required energy for space 

and water heating. This makes the complete system capital 

intensive and, in most instances, not yet cost-effective. [1] 

A cylindrical parabolic concentrator with a flat-absorber is 

also suitable for low-to-moderate temperatures since it has a low 

concentration ratio and utilizes all the basic features of a 

flat-plate collector. The fundamental principles of this simple 

but effective device are discussed in some detail in the 

following sections. 

3.2 The Flat-Plate Collector 

The basic components of a typical liquid-based flat-plate 

collector are shown in Figure 3.3. 

An absorber plate is covered by one or more transparent 

cover plates of glass or plastic and the sides and bottom of the 

box are insulated. The sun's radiation passes with little 

attenuation through the transparent cover plates and is absorbed 

by the absorber plate which is heated thereby. This absorbed 
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Fig. 3.3 A Typical Liquid Type Flat-Plate Collector 
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energy is used, in part, to maintain the heat losses from the 

plate to the surroundings by conduction, convection and 

radiation; the remainder is available to be transferred to the 

heat removal fluid (water) flowing through the tubes attached 

to the absorber plate. 

Flat-plate collectors have been used for heating water, air 

or gases for many years, and the basic technology is well 

understood. In general practice, the main objective has been to 

collect maximum useful heat at minimum cost. However, the use of 

flat-plate collectors on a large scale is restricted by economic 

reasons rather than technological. Some of the important 

features of flat-plate collector components are discussed next. 

3.2.1 Collector Covers 

To increase the useful energy gain, the upward losses are 

reduced to the lowest attainable value by providing one or more 

sheets of transparent cover, usually air spaced, on the front 

side of the absorber plate. The cover must be able to transmit 

as much solar radiation as possible, and tends to be opaque to 

the infrared radiation. Glass and plastic glazings are usually 

used as covers. 

Low iron content glass (clear when viewed on end, not 

greenish) which transmits 85 to 90% of the incoming short wave 

solar radiation and practically opaque to the long wave infrared 

radiation emitted by the absorber plate is generally used to 

glaze the solar collectors. Usually a 3 mm thick glass sheet is 
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used, but sometimes thicker sheets are employed to provide enough 

strength against the wind loading. 

Although glass is strong, weather-resistant, and will not 

deteriorate, it is rather hard to work with and is breakable and 

expensive. 

Some of the varieties of plastics now available possess 

similar optical properties as those of glass. They are often 

preferred to glass since they are lighter, easier to handle and 

cheaper. However, they may deteriorate under high temperatures, 

exposure to ultraviolet light and weathering. 

One to three layers of glazing are usually recommended, 

depending on the climatic conditions and the efficiency required 

of the collector. Each additional layer of glazing increases the 

cost of the collector and reduces the solar radiation striking on 

the absorber plate. It reduces, however, the thermal losses up 

to a certain degree. Two layers of glazing are recommended for 

the Canadian climate. However, if the absorber has a selective 

coating, one glazing layer may be most appropriate. 

3.2.2 Absorber Plate 

The absorber plate is the most important, and most complex 

and expensive component of the solar collector. To ensure the 

maximum useful energy collection, the absorber plate must absorb 

most of the short wave radiation reaching it through the glazing 

while not emitting the long wave infrared radiation. The 

absorptance and emittance of the absorber surface for short wave 
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and long wave radiation, respectively, depends on the nature and 

color of the coating and upon the incident angle. For 

simplicity, the absorber plate can be blackened with a flat 

black paint which is a good absorber but also a good emitter. 

Silicon paints and 3M's black velvet paint are the most popular 

ones being used for flat-plate collectors. 

At high temperatures flat-black paints become inefficient, 

and the absorber plate may be coated with a selective coating 

which may be produced by electroplating or chemically. 

Selective surfaces have a high absorption and a low emission, and 

are very efficient. However, the process is relatively 

expensive and these surfaces tend to deteriorate rapidly. 

The absorber plate material is selected on the basis of the 

heat collection mode employed. If the heat transfer fluid is in 

contact with the entire surface area of the absorber plate, the 

heat transfer properties of the plate are less important and an 

inexpensive material can be used. The materials which are 

generally used for collector plates, in decreasing order of cost 

and thermal conductivity are: copper, aluminium and steel. 

The major problem with aluminium or steel is that both are 

subject to corrosion and deterioration in the absence of a 

corrosion inhibitor. 

Freezing in a water-type system is another problem in winter 

and so either a self-draining system or an anti-freeze solution 

must be introduced. 

A corrosion inhibitor and an anti-freeze solution, if mixed 
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with water, must be used in a close loop system where the 

additives are isolated from the domestic water supply. This 

necessitates a heat exchanger in the collector loop and the water 

to be heated. 

3.2.3 Fluid Passages 

To direct the heat transfer fluid from the inlet header to 

the outlet header in some conventional type of flat-plate 

collectors, copper tubes are soldered or fastened to the upper or 

lower surface of one absorber plate. For better thermal contact 

with the absorber plate, metal to metal contact is preferred. 

Sometimes bonded plates with integral tubes are employed, but 

such plates require mass production facilities. 

3.2.4 Insulation 

To reduce the heat loss from the absorber plate to the 

surroundings through the back side and sidewalls of the 

collector, 5 cm to 10 cm collector of insulation is provided. A 

low thermal conductivity material which can stand the stagnation 

temperatures of the collectors may be used. 

3.2.5 Casing 

The casing which contains the collector plate and insulation 

and which supports the glazing may be made with treated wood and 

moisture-resistant hard woodbacking, or it may be constructed 

from sheet steel, made to resist corrosion. Plastic cases with a 
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glassfiber lining have been used to a certain extent; they are 

weather-resistant, do not corrode and well adapted to mass 

production. 

3.3 Flat-Absorber Cylindrical Parabolic Concentrator 

In a flat-absorber cylindrical parabolic concentrator with 

low concentration ratio, a flat-plate absorber blackened on both 

sides is placed parallel to the focal plane and symmetric to the 

focal axis of the cylindrical parabolic reflecting surface. The 

reflecting surface focuses the direct radiation on the back side 

of the absorber while the front side, facing the sun, receives 

both the direct and diffuse radiation [see Figure 3.4], 

By placing several sections of these cylindrical parabolic 

channels in series a reasonably large collector surface area can 

be obtained. To protect the reflecting surface from dust and 

snow etc., one or more layers of glazing may be used which also 

reduces the thermal losses from the absorber to the surroundings. 

3.4 Design Characteristic of Collectors Tested 

The important design features of the conventional flat-plate 

collector are illustrated in Figure 3.5. A 0.8 mm thick, 

0.53 x 1.13 m rectangular copper plate, painted with 3M Velvet 

paint on the front side was placed in a weather treated wooden 

box. Circular fluid passages of 1.27 cm OD were soldered 7.62 cm 

apart on the back side of the plate. To reduce the top losses 

the plate was covered with two transparent sheets of SUN-LITE 
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Fig. 3.4 Solar Radiation Absorption in Flat-Absorber CPC 
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premium; 0.55 m wide and 1.15 m long. The back side of the 

wooden box was covered with 6 mm thick plywood, to enclose the 5 

cm thick figerglass insulation. 

The cross-sectional view of the flat-absorber CPC is shown 

in Figure 3.6. This collector retains most of the design 

features of a flat-plate collector. Similar design 

considerations as those used for the flat-plate collector 

regarding glazing, absorber plate and casing, etc., are also 

followed for this collector. The complete module consists of 

four identical cylindrical parabolic channels. The detailed 

design of an individual channel is shown in Figure 3.7. The 

aluminium reflecting surface (3M SCOTCHCAL film) was glued on 

preshaped cylindrical parabolic troughs. Four sections of 

absorber plate painted black on both sides were placed at the 

focus of each parabolic section. The plate measured 7.62 cm wide 

by 1.22 m long. The heat transfer fluid circulates through 

copper pipes of 1.27 cm OD which were soldered at the center of 

the back side of the absorber plates. The wooden casing supports 

two air spaced transparent covers: 45.7 cm wide by 1.24 m long, 

on the front side of the absorber; 5 cm thick fiberglass 

insulation on the inside of the back cover. 

3.5 Collector Orientation and Tilt 

The solar radiation impinging upon the collector surface 

strongly depends on the tilt angle from the horizontal surface 

and the collector azimuth angle. The collector tilt angle 

depends on the latitude, but also on the different climate and 
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demand structure. Since solar heating systems are designed 

to maximize the energy collected during the winter season, a 

collector surface oriented due south and placed at an angle 

perpendicular to the sun, usually at the angle of latitude +20 , 

would result in maximum energy collection ( See Figure 3.8 )[4]. 

However, the deviation by ±15 from the optimum positions 

would not reduce the system performance significantly. For 

summer conditions the best tilt angle is the latitude minus 20 , 

and for year-round collection a tilt angle sightly greater than 

latitude, say 5 , would be most appropriate. 
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CHAPTER 4 

PERFORMANCE OF SOLAR COLLECTORS 

4.1 Introduction 

In general, the performance of a solar collector is 

predicted by its collection efficiency which is the ratio of the 

useful energy gain over a specified time period to the incident 

solar energy over the same time period. The instantaneous rate 

of useful energy gain at which absorbed energy is removed from 

the collector by the heat-transfer fluid is the difference 

between the amount of incident solar radiation ultimately 

absorbed by the blackened absorber plate and the heat loss from 

the collector caused by the temperature gradient existing between 

the absorber plate and the outside air. 

The amount of energy absorbed is affected by (i) solar 

radiation reaching the tilted collector surface, (ii) number and 

spacing of cover plates, (iii) material used for glazing 

(iv) absorptivity of the absorber surface. 

The thermal losses from the absorber plate depend on the 

collector operating conditions such as the average 

plate-temperature, the local weather conditions and ambient 

temperatures, the wind velocity and sky temperature. The average 

plate temperature is primarily determined by the temperature of 

the inlet fluid, and to a lesser extent by the fluid flow rate 

and the insolation rate. In addition, other factors which 
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influence the thermal losses are: emmisivity of the absorber 

surface, number and spacing of cover plates, material used for 

glazing, and back and edge insulation. 

Generally speaking, the thermal performance of a collector 

varies with geographical location, local weather conditions, and 

time of year. An analysis of the thermal performance of the 

conventional flat-plate collector and flat-absorber CPC which is 

the special case of a flat-plate collector is described in the 

following sections. 

4.2 Performance of Flat-Plate Collector 

The first law of thermodynamics applied to the solar 

collector for steady state operation gives: [9] 

Lu 
q£ (4.2.1) 

where 

q = rate of energy absorbed per unit collector area 
cL 

q = rate of useful heat collected per unit area nu 
a - total heat loss rate per unit area 

The undesirable heat loss, q» , in (4.2.1) is given by 

1*-ULCVV (4'2-2) 

in which 

U = overall heat loss coefficient 
L 
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T = average plate temperature 

T = ambient air temperature 

The useful energy gain, q , can be expressed as 

q = q - U r ( T - T ) (4.2.3) 
nu na L̂  p a 

To obtain q , the problem is the evaluation of the absorbed 

energy q and the overall loss coefficient U, . The only 

difficulty in using (4.2.3) is that the plate temperature is 

usually non-uniform caused by the location of the fluid flowing 

passages. In fact, the temperature of the entering fluid is 

usually known, and can be measured and controlled to a 

predetermined level. It is, therefore, desirable to replace the 

average plate temperature T , with the inlet fluid temperature, 

Tf .. For this purpose, Hottel and Whillier [8] have defined a 

heat-removal factor, FR , which is the ratio of the actual heat 

gain to the useful heat gain attainable if the collector plate is 

at the inlet fluid temperature. Then 

% = Via " VTf,i - \ ) ] (4.2.4) 

A complete discussion of the heat-removal factor FR is 

available in reference [6]. Effectively, the evaluation of q 

involves the calculation of the terms q&, UL and FR in (4.2.4). 
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4.2.1 Absorbed Energy in the Collector 

The fraction of the incident solar radiation absorbed by the 

blackened absorbing plate is influenced by the transmittance of 

the cover system and the absorptivity of the absorbing surface. 

A detailed mathematical analysis of the calculation of the 

transmittance of n-plate cover system, all of same material, is 

to be found in Duffie and Beckman [6] and Whillier [9]. The 

transmittance of an n-plate cover system is given by 

-(k.L. + k T. + ... k L ) 
T „ v 1 1 22 nn 
1,2.. .n = e 

x 
r <l-PlJ ^ (1-P2) 

I l+2(n-l)p1 l+2(n-l)pj^ 

(4.2.5 

where 

x = transmittance of cover plate system making allowances 

for the losses due to both reflection at the air 

interfaces and absorption in the material 

k = extinction coefficient for the material for solar 

radiation. For glass, the value of k varies from 

0.04/cm for "water white" glass to 0.32/cm for poor 

glass 

L = actual path of the radiation through the material 

(see Figure 4.1) 

p = surface reflectance in the plane perpendicular to 

the plane of incidence 

p = surface reflectance in the plane parallel to the plane 
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Fig. 4.1 Transmission of Solar Radiation Through Glass 
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of incidence 

If 6 and e are the incident and refracted angles, respectively, 

then 

,2 
Pl = [Sin(61-e2)/Sin(ei+62)] 

p2 = [tance^e^/tance^e^] 2 

4.2.2 Transmittance-Absorptance Product (TC) 

It is noticed from Figure 4.2 that a fraction, (l-a)x,of the 

total radiation striking the absorbing surface is reflected back 

to the cover system, and a part of that (l-a)xp, is reflected 
d 

back to the absorbing surface. The factor p, is the reflectance 

of the cover-plate system for incident diffuse radiation 

estimated by using the specular reflection at an incidence angle 

of 60 . The approximate values of p, for one, two, three, and 

four glass cover system are 0.16, 0.24, 0.29. and 0.32, 

respectively [6]. The process of multiple reflection continues 

and the ultimate energy absorbed is given as 

CTaj = l-(l-oOpd (4.2.6) 

in which a is the absorptivity of the absorbing surface. 
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4.2.3 Effective Transmittance-Absorptance Product 

As discussed above, the calculation of the (?a) product 

using (4.2.6) takes into account the absorption losses within the 

transparent cover system. However, all of the radiation retained 

by cover plates is not lost in the system, since a part of this 

absorbed energy tends to increase the cover temperature which in 

turn reduces the outward flow of heat from the absorber plate. 

To utilize the usefulness of this effect, the effective 

transmittance-absorptance product concept was introduced and 

can be calculated.using the.relation [91 

"klLl _1SL9 
Cxa) = (la) + a (1- e l) + a.x. (1-e l Z) 

e l 2 1 (4.2.7) 
-kL 

• V iV 1 - ) + ••• 

where the constants 'a' are given in Table 4.1, and subscripts 1, 

2, 3 etc. refer to the first (outer) second and third layer of 

the cover system. 

Table 4.1 Constants for Use in Equation 4.2.7 

Covers 

1 

2 

3 

a. 
l 

a i 

a 2 

£
P = o, 

0.27 

0.15 
0.62 

0.14 
0.45 
0.75 

,95 £ p = 0, 

0.21 

0.12 
0.53 

0.08 
0.40 
0.67 

.50 Ep = 0.10 

0.13 

0.09 
0.40 

0.06 
0.31 
0.53 
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4.2.4 Effect of Dust and Shading 

The long-time experimental results for different locations 

have shown that the effect of dust on useful heat collection in 

industrialized regions is as low as 1% [10] while for arid 

regions it was found close to 8% [11]. However, for design 

purposes, it is suggested to allow a 2% loss due to dust on the 

glass, and the dust loss factor (1-D) is taken as 0.98 [9]. 

Solar radiation reaching the absorber plate is further 

reduced by shading of the absorber plate by the side walls that 

support the glass cover, expecially when the sun is not at normal 

incidence to the collector surface. The effect of shading on 

the useful energy collection varies with incidence angle as shown 

in Figure 4.3 [9]. However, at normal incidence the recommended 

value of the factor (1-S) is 0.97 [9]. Thus, the net energy 

absorbed by the collector becomes 

,m-[Cl-DHl-8)CW)e]it (4_2_8) 

i n which I i s t h e t o t a l r a d i a t i o n i n c i d e n t on t h e c o l l e c t o r 

s u r f a c e . 
l Q 0 30 60 90 

0.9 

0.8 

0.7 

0.6 

0.5 Li , ) , , I i ,, 

F ig . 4.3 Effect of Angle of Incidence on Shading Fac to r 

r 

N 
(i-s; 

V 
\ 
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The difficulty in using (4.2.8) is that not all of the 

radiation reaching the collector surface is direct radiation, a 

portion of total radiation comes from the sky as diffuse 

radiation. Hence, in determining the transmittance factors, it 

is necessary to treat both direct and diffuse components 

individually. Whillier [9] has suggested a modified form of 

(4.2.8) with the assumption that the average angle of incidence, 

0., for diffuse radiation can be taken as 50 . Then 

q « Ib[(l-D)(l-sD(TcO ] • I.[(1-D)(1-S)(TC0J 
Ha bL e ei d e Qi=5()o (4.2.9) 

where I and T are the direct and diffuse components of the 
b d 

solar radiation incident on the tilted collector surface. On 

further simplification 

I *d (Cl-DHl-s)CTa)e}ei=50 i fis ii(^-^u-sji^e}ei=50 i 
% • I t f d - W C l - s K T a ) ^ • It {(i-D)(l-s)CTa)e> j 

(4.2.10; 

6i 

The numerical value of the quantity in square brackets in 

(4.2.10) is close to unity. In fact, this factor is seldom less 

than 0.9 8 during the sunny parts of the day- Then 
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q = 0.98 Iti(l-D)(l-s)(TCOe]ei - V t (4.2.11) 
a l i 

in which F is the fraction of incident solar radiation usually 
e 

absorbed by the absorber surface after taken into account all the 

optical losses involved, dirt and shading effects. 

4.3 Collector Overall Loss Coefficient 

The temperature gradient existing between the absorber plate 

and the outside air causes the heat loss from a collector to flow 

outward through the transparent covers, through the bottom 

insulation, and through the side insulation by the usual heat 

transfer processes. The calculation of these losses involves a 

complicated analysis. For convenience the concept of overall 

loss coefficient was introduced [6] which is the sum of all the 

three loss coefficients: upward loss coefficient, back loss 

coefficient, and edge loss coefficient. To evaluate the overall 

loss coefficient, the thermal network of the collector with two 

cover system is drawn in Figure 4.4. 

The absorbed energy (F I ) at the collector plate is 

distributed to useful energy which is transferred to the circu­

lating fluid and to the losses. The thermal loss through the 

bottom insulation is represented by the thermal resistance R B , 

upward losses are represented by thermal resistances R , 

R , - and R _ , and R , represents the losses through the wall 
cl,c2 c2,s edge 

insulation. 
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Fig. 4.4 Thermal Network for Flat-Plate Collector 
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4.3.1 Upward Heat Loss Coefficient 

The upward heat loss from the absorber plate through the 

transparent covers depends primarily on the absorber plate 

temperature T and the ambient temperature T , and to a lesser 

extent on the number of cover plates and their spacing, collector 

tilt angle from the horizontal, and wind speed over the top 

plate. The transfer of heat through the cover plates occurs by 

radiation and convection between the air spaced parallel plates. 

Duffie and Beckman [6] have expressed the basic equation of heat 

loss from a heated plate covered by one or more air spaced 

transparent cover plates as 

q0 = h (T -T .) + h /T -T . ) M o i * * c„ „i P cl' r ,( p cl' (4.J.1) p,cl * p,cl v 

for transfer from collector plate to the cover 1, and 

q * = hc 1 0
CW + hr (TcrTc2^ (4-3.2) 

cl,̂ 2 CJ c- rcl,c2 ci zl 

for transfer from cover 1 to cover 2. Similar expressions may be 

obtained when additional covers are present. 

In (4.3.1) and (4.3.2) h and h are the convective and 
c r 

radiative loss coefficients between the parallel plate as 

specified by the lower subscripts [Appendix B]. 

The thermal resistance to heat flow from plate to cover 1, 
R , can be expressed as 
p,cl 
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•1 . (4.3.3) 
R . h + h p»cl c , r r p,cl p,cl 

and similarly, the thermal resistance R, is 
cl ,c2 

_ 1 ( 4 . 3 . 4 ; 
cl ,c2 " h + ~K 

Ccl,c2 r c l , c 2 

For the outmost cover plate the heat loss is 

V V T c 2 - V + \ 2 > s
( T c 2 - V 

;4.3.5) 

assuming the effective radiation temperature of the sky equals 

T , the temperature of the outside air, h is the convection heat 
a w 

transfer coefficient for wind blowing on the surface of the 

outmost cover plate; and can be determined from (B-15) as given 

in Appendix B. 

The thermal resistance to the surroundings is given by 

R = i 4.3.6 
c2-s h + h w r „ c2,s 

The upward heat transfer coefficient U , for two cover 

system is given by 

p,cl cl ,c2 c2}s 

Equation 4.3.7 gives the exact value of the top loss 
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c o e f f i c i e n t , U . However, an a p p r o x i m a t e e m p i r i c a l r e l a t i o n was 

d e v e l o p e d by H o t t e l and Wertz [10] a s g i v e n by 

! aCTp+Ta)CT2
+T2

a) ( 4 > 3 > 8 

U t = CN/c (T -T a ) /N + F + l / h w
 +

 (j } + C^^"1)-^ 

where 

N = number of cover plates 

f = constant whose values vary with wind velocity as it 

affects h . f has values of 0.76, 0.36, and 0.24 for 
w 

wind speeds of 0, 16, and 3 2 km/h 

c = coefficient whose value is dependent on collector tilt 

For a collector tilt of 45° , Klein [12] suggested a more 

accurate empirical relation for U This new relation fits the 

graphs of U for plate temperatures ranging from 40 C to 130 C. 

= / N + jV
1 

t \ (344/Tp)(Tp-T&)/N+f)°*
31 W 

a(T +T )(T2+T2) *• p aJ K p aJ 

(4.3.9 

[e +0.0425N(l-e )] _ 1 + [(2N+f-l)/e ] - n 
XT Sr o 

where 

N = number of glass covers 

f = (1 - 0.04h + 5*10"4 h 2 ) (1 + 0.058N) 
w w 
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h = wind heat transfer coefficient 
w 

For tilt angles other than 45 ° Klein developed another 

equation as 

-H = i _ (Z-45°)(2.59 - 1.44e )*10-3 (4.3.10) 
Ut(45°) P 

where 2 is the tilt angle in degrees, 

4.3.2 Back Heat Loss Coefficient 

The energy loss by conduction through the bottom insulation 

depends on the thermal conductivity K, , and the thickness of the 
b 

material, L,. Assuming that the back losses are at the same 
b 

temperature as the top losses, the back loss coefficient U is 

approximately given by 

U -B>-i- (4.3.11) 
b Lb Rg 

where R^ is the resistance to heat flow through the bottom 

insulation. 

4.3.3 Edge Heat Loss Coefficient 

In a well designed large collector, the edge losses may be 

negligible, but in a small collector where the perimeter to 

collector area is relatively small, edge losses may be 

significant. It is recommended that the edge insulation 

thickness should be the same as the bottom insulation [9]. 
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The edge loss coefficient based on the collector frontal 

area is given by 

u -!WV\ (4.3.12) 
Uedge " le\Ac/ 

where 

A = collector perimeter area 
P 
A = collector transparent frontal area 
c 

K = thermal conductivity of edge insulation 

1 = thickness of edge insulation e ^ 

Finally, the overall loss coefficient, U. is obtained by 

adding together the three loss coefficients; then 

UL " Ut + Ub + Uedge (4.3.13) 

4.4 Useful Energy Transferred to the Fluid 

To evaluate the useful energy gained by the working fluid, 

consider the classical sheet tube configuration as shown in 

Figure 4.5. The plate region between the centerline and the 

tube base is a fin of length (W-DQ)/2. If the temperature 

gradient in the flow direction is assumed to be negligible, an 

energy balance on an elemental area of width Ax and unit length 

along the flow direction, as shown in Fig. 4.6, can be written 

as [6] 
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Plate 

Bond 

Fluid Tube 

Fig. 4.5 A Typical Tube-in-sheet Collector Plate 

UTAx(T -T ) L x a IAx 

H- x-J Ax k-
l i 

-t r r^ r 
W-D, 

K6*l 
dx x+Ax 

Fig. 4.6 Energy Balance on Fin Element 



54 

q Ax + .U.AxCT -T) + (K6 ̂ ) Jx - "(-K6 gj) lx+Ax 
*T,,' . W*dT,l . = 0 (4-4'1} 

The manipulation of the above equation yields, a second 

order differential equation which describes the temperature 

distribution across the collector plate. This second order 

equation may be written as 

d2T , ^ - V W . n (4.4.2) 
—- KJT dx 

The boundary conditions are: 

= ° T lX = (W-Do)/2
= b 

Hx Ix=0 

The s o l u t i o n of ( 4 . 4 . 2 ) i s g i v e n by t h e e x p r e s s i o n 

q 
T = C]Le + c2e + i~) + Ta ( 4 . 4 . 3 ) 

Li 

where a =/(u /k6) and c and c are constants. 

Applying the boundary conditions yields the result 
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The energy conducted to the region of the tube from both 

sides of the plate per unit of length in the flow direction has 

been determined as 

n = - 2K6 T-̂ l ,„ m/? (4.4.5) 
qf in-base |_dx>=(W-D)/2 

Substitution of (4.4.4) results in 

^in-base = ^V K " WJV (4.4.6) 

where 

tanh a(W-D0)/2 
F = — 

a(W-Dor/2 (4.4.7) 

Thus parameter F is known as the fin efficiency. 

The energy gain of the section of plate directly above the 

tubes due to absorption of solar radiation is given by 

W - b a s e = D o [ \ - V V V 1 (4-4'8) 

The total energy gain of the collector per unit length in 

flow direction becomes 

qu = [DQ + (W-D0)F][qa - U (T -T J ] (4.4.9) 
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This energy is ultimately transferred to the fluid. The 

resistance to heat flow from plate to the fluid results from 

three components: (i) resistance due to bond, (ii) resistance due 

to the wall thickness of the tube, and (iii) fluid to tube wall 

resistance. Hence 

_ Tb -
 Tf (4.4.10) 

qu " (l/£b) + (1/CW) + (l/TTD.h£.T 

where 

C. = bond conductance 

s* = tube wall conductance 
D. = inside tube diameter 
1 

h_ . = heat transfer coefficient between fluid and tube wall 

The bond conductance Cb on a per unit length basis can be 

estimated using the expression 

\ h (4.4.11) 

Whillier and Saluja [13] have recommended the value of bond 

conductance, C , as 25 W/m°C for metal to metal contact. 

The tube wall conductance, C,IT, can be calculated from [13] 
w 

and is given by the expression 
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" 2 KAT - D2) ' 
C w . - - 2 - ^ 1 2 2 (4.4.12) 
W D2ln(D /O ) - [(D2 - Dj)/2] 

Some of the empirical relations for hp . recommended by 

various investigators are listed in Appendix B. Substituting the 

value of T from (4.4.9) in (4.4.8) gives an expression for q in 

terms of the known parameters as 

qu=WF.[qa-UL(T£-Ta)] 

where F", the collector efficiency factor, is given by 

( 4 . 4 . 1 3 ) 

*. 1 /UL ( 4 . 4 . 1 4 
F = Wtl/^CD^CW-D^F+Cl^i + d / C ^ + Ll/TT+VfiM 

and represents the ratio of actual useful energy gain to the 

useful energy gain if the collector absorbing surface had been at 

the average fluid temperature. The denominator of (4.4.14) is 

recognized as the heat transfer resistance from fluid to the 

ambient air. 

The temperature distribution in the flow direction can be 

derived by considering the energy balance on a fluid element as 

in Fig. 4.7 flowing through a pipe of length Ay which is 

receiving a uniform flux q ; so that 
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m C T. 
P f 

-»-fl C T 
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Ay 

Fig. 4.7 Energy Balance on Fluid Element 
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PTf |y-SVf|y*Ay + c lu ftCLT J - mC T J „ . + q, Ay = 0 ( 4 . 4 . 1 5 ) 

o r 

S C f - W F . [ q - U . C T - T ) ] = 0 ( 4 - 4 ' 1 6 ) 

p dy a Li a 

If F' and U are assumed constant and independent of 
J-j 

position, the solution of (4.4.16) for any position of y is 

T = Ta VU.7" * V W " "-'f i " V J ( 4 . 4 . 1 7 ) ^ - " v v - ̂ ,i-y] 

exp (- ULWcF-y/SCp) 

S u b s t i t u t i n g y = L , t h e o u t l e t t e m p e r a t u r e T i s g i v e n 

a s 

\ 
,e'T,*[ir)-lW-^f,i-T^ 

( 4 . 4 . 1 8 ) 
exp (- ULF'Ac/SCp) 

The t o t a l u s e f u l ene rgy g a i n Q i s e x p r e s s e d as 
u 

% = ^ p ^ f . e - ^ i ^ ( 4 . 4 . 1 9 ) 

S u b s t i t u t i n g T from ( 4 . 4 . 1 7 ) g i v e s 
f > e 
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% = AcV«a " V T f , i -V 
! 4 . 4 . 2 0 ) 

where, F , the heat removal factor is given by 
R 

mc 
FR = A*- t1 " exP(" F ' V c / S V ] 

C Li 

(4.4.21) 

Referring to (4.4.19) and (4.4.20) the parameter F 

represents the ratio of actual useful energy gain to the useful 

energy gain if the collector plate was at fluid inlet 

temperature. 

To facilitate the graphical representation of equation 

(4.4.21), a new factor F", which is equal to F /F' was defined. 
R 

This parameter F" is a function of single variation m C and is 
P_ 

A UTF' shown in Figure 4.8. c L 

1.0 

0.8 L 

tL, 

B.* 0.6 
II 

0.4 

0.2 k 

0.1 
mC 

1.0 

A lO" 
c L 

100 

mC 
Fig. 4.8 Collector Flow Factor F" as a Function of . f. „. & A UT F' c L 
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4.5 Collection Efficiency 

For a collector operating under steady-state conditions, the 

instantaneous efficiency may be determined from [14] and is given 

by the expression 

V A c GCp(Tf,e-Tf,iJ (4-5-1) 

"" Xt "' Jt 

where 

Q = useful energy gain (W) 

A = transparent frontal collector area [m] 

I = total energy incident on the tilted collector plane 

2 
per unit time per unit area [W/m ] 

2 
G = flow rate per unit of collectance [kg/s-m ] 

C = specific heat of the fluid [kJ/kg c] 
P 

o 
To = outlet temperature C 
f,e 

T _ . = inlet temperature C 

Based on the useful energy gain calculated using (4.4.19) 

the thermal efficiency is given by 

n- FR[Fe - ULCT£)i-Ta)/IJ (4.5.2) 

The efficiency based on local fluid temperature can be written as 
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(4.5.3) 
n = F.[Fe-ULCT£-Ta)/It] 

and the efficiency based on average plate temperature is 

n= [Fe - UL(Tp-Ta)/It] (4.5-4) 

From (4.5.2), (4.5.3) and (4.5.4) it appears that the plot 

of efficiency against some approp/riate AT/I will result in a 

straight line, and the values of design parameters FR, F , F
1 and 

UL may be determined by these curves. 

4.6 Thermal Performance of Flat-Absorber CPC 

To evaluate the thermal performance of the flat-absorber 

CPC, the general approach is the same as for flat-plate 

collectors. Equations (4.5.2), (4.5.3) and (4.5.4) can be used 

to determine the thermal efficiency of the flat-absorber CPC. 

However, the parameter Fe needs to be modified because of the 

additional cylindrical parabolic reflecting surface underneath 

the absorber plates. Fig. 4.9, illustrates the absorption of 

solar radiation in the flat-absorber CPC. 

Total Insolation 

Beam Radiation 

Back 
Side 

Front 
Side 

Fig. 4.9 Absorption of Solar Radiation in Flat-Plate 
CPC at Normal Incidence 
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Hassan and El-Rafaie [15] have studied the theoretical 

performance of a flat-absorber cylindrical parabolic 

concentrator, specifically concerning the energy available at the 

focal plane and its distribution as well as the energy 

concentrated on the absorber. The power received on the back 

side of the absorber, QD, can be written as 
D 

% - V A b ^ V b 
(4.6.1) 

where 

N = reduced power, dimensionless 

p = reflectivity of reflecting surface 

F , = fraction of beam radiation available which is 
eb 

transmitted through the collector cover system 

Y = intercept factor (unity for this collector) 

f = focal length of cylindrical parabolic concentrator 

L = length of concentrator 

I = beam component of solar radiation 

The dimensionless or reduced power N , which takes into 
P 

account the shading effect on the reflecting surface caused by 

the flat absorber and may be expressed as 
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(4 .6 .2 ) 
N = 4 (tan 6/2 - tan ip/2) 

provided t h a t ty < 6 < o^. 

In (4 .6 .2 ) the angles a re defined as (see F ig . 4.10) 

6 r. rim angle 

iff = shading angle 

a = f i r s t c r i t i c a l angle 

Reflecting Surface Absorber Plate 

Fig. 4.10 Flat-Absorber CPC Angles 

The f i r s t c r i t i c a l ang le , c^, (see page 223, Eq. (11) in 

[15]) i s def ined by the express ion 

B = « r^J?— - r- (4.6.3 
cos atl+cos a)(1 - tan e tan a) 

in which B is the width ratio defined as the ratio of absorber 

width to focal width, that is 



B = W/2f tan e 
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(4.6.4) 

The angle e is the angular radius of the sun, that is, 

e= 16 minutes. By equating (4.6.3) and (4.6.4) the first 

critical angle a may be obtained. 

The shading angle ^ from Figure (4.10) can be written as 

ip = 2 tan"1 (1/2 B tan e) (4.6.5) 

Since the front side of the absorber is also exposed to 

direct and diffuse radiation, the power received on the front 

side of the absorber, Qp , may be expressed by [16] 

Qp-Wt (4'6'6) 

in which A is the collector receiver area. r 

The total power received by the absorber is therefore [16] 

QA= QB + Qp (4.6.7) 

From 4.6.1 and 4.6.7, the total power, QA, received by the 

collector can be expressed as 

\ = W r W b +NcFeVt (4.6.8) 

in which N is the number of cylindrical parabolic channels. 
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The total power received per unit collector area, q , may be 
cL 

written as 

fL I A -l 
NNpF.-p-i 1 + N F -L 
c prr eb A I. c e A 

L r c t c-i 

(4.6.9) 

or 

na t t (4.6.10; 

where F is the quantity in brackets in (4.6.9), and identified 

as the fraction of incidence energy absorbed by the receiver 

surface. 

The useful energy gain per unit time, Q , is therefore given 

by 

Q = A {IF - U. -JL (T -T )} xx c tt L A ^ p a ' (4.6.11; 

i n which A i s t h e a p e r t u r e a r e a of a c y l i n d r i c a l c h a n n e l , and 
a 

T i s t h e mean p l a t e t e m p e r a t u r e . 
P 

The i n s t a n t a n e o u s e f f i c i e n c y i s g i v e n by 

Q /A xr c 
( 4 . 6 . 1 2 ) 

o r , i n view of ( 4 . 6 . 1 1 ) 

A ,T -T . 

" = F t - u Lr V 
a t 

( 4 . 6 . 1 3 ) 
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In terms of the inlet fluid temperature T_ . ; the instantaneous 
f,i' 

instantaneous efficiency can be expressed as 

n = Fr 
A (T -T ) ' 

(4.6.14) 

Finally, the efficiency based on local fluid temperature 

is 

n = F< 
A (T.-T ) 
r f a 

V u ^ ^ (4.6.15) 

4.7 Cost Effectiveness 

The rating of solar collectors on the basis of cost 

effectiveness is important for economic considerations. The cost 

effectiveness C f£ may be defined as [17]. 

Per unit cost of useful energy gained by 

Jeff 

standard collector design (PUC..) 

Per unit cost of useful energy gained by 

an alternate collector design (PUC J 

(4.7.1: 

Let n and n be the thermal efficiencies of the two 

collectors (tested under idential operating conditions) 

corresponding to a selected operating point on the graph in Fig, 

4.11. 
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o 
CD 
•H 

o 
•H 

M-l 

w 

Flat-Absorber CPC 

Flat-Plate Collector 

Selected Operating Point 

AT/1, 

Fig. 4.11 Thermal Efficiency, n, as a function of AT/I 

The useful energy g a i n s , Q. and Q , per u n i t tiiae per u n i t a rea 
1 2 

for the two c o l l e c t o r s a re given by 

Q2
 = n2x t 

(4.7.2) 

(4.7.3) 

If c and c are the costs per unit area for the two 

collectors, respectively, then the per unit cost of thermal 

energy gained by the two collectors may be expressed as 
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PUCX = C ^ ( 4 . 7 . 4 ) 

( 4 . 7 . 5 ) 
PUC2 = C2/Q2 

In view of ( 4 . 7 . 1 ) , t h e c o s t e f f e c t i v e n e s s becomes 

eff " PUC2 

o r 

C V Q 1 ) ( 4 . 7 . 7 ) 
'eff (070,7 

S u b s t i t u t i o n of ( 4 .74 ) i n d ( 4 . 7 5 ) r e s u l t s in 

(C /n ) standard design 
" = . (4 7 8) 
Jeff " (C2/n2) Alternate design 

Since cost effectiveness C ,-,- is the function of thermal 
eff 

efficiency, it depends, therefore, on the slope of the efficiency 

curve. Thus, it may vary slightly over the operating range of the 

two collectors under consideration. 



CHAPTER 5 

SOLAR COLLECTOR TESTING 

5.1 Introduction 

Several methods of testing solar collectors have been used 

to determine the thermal performance characteristics for rating 

purposes, which can be classified into 

1. Instantaneous Procedure 

a. closed-loop system 

b. open loop system 

2. Calorimetric Procedure 

a. simultaneous testing 

b. closed loop system 

In the instantaneous method the useful heat collection rate 

is determined by measuring the mass flow rate of the heat-removal 

fluid and the temperature difference of the heated fluid across 

the collector continuously. All collectors are oriented in the 

same direction, are located under identical weather conditions 

and insolation, and are tested for the same inlet-fluid 

temperature and flow rate. 

In the closed loop system the heated fluid in the collector 

is recirculated after rejecting the heat to the ambient by means 

of a heat exchanger. In the open cycle system the flow is 

"once-through"', introducing new fluid and storing it 

continuously. The open cycle system does not require a heat 
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exchanger but it wastes the fluid and requires continuous fluid 

pretreatment, such as filtering. The system governing equation 

is given by 

q = G C (T, - T, .) (5.1) 
nu p^ f,e f,i' 

2 
where G is the fluid mass flow rates Kg/s-m . 

The calorimetric procedure employs a closed-loop system in 

which heated fluid from the collector is mixed with a large 

volume of the heat-removal fluid stored in an insulated tank. 

The time rate of change of the temperature in the tank is 

measured to determine the heat collection rate. The system 

governing equation is 

qu = mC'(dT/dx) (5.2) 

where 

m = mass of the fluid in the calorimeter per unit 

2 
collector area kg/m 

C = specific heat of the fluid in the calorimeter kJ/kg-°C 

T - average temperature of the fluid in the calorimeter °C 

T = time s. 

Figures 5.1 to 5.3 illustrate the conceptual schematic of 

the two methods. 

5.2 Recommended Method 
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Fig. 5.1 Standard Test Method - Open Loop System 
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Fig. 5.2 Standard Test Method - Closed Loop System 
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Solar 
Collector 

J 

Fig. 5.3 Calorimeter Method - Close Loop System 
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Any one of the two methods described above can be employed 

to determine the thermal performance of collectors. However, 

there are certain advantages and disadvantages to each method. 

The instantaneous procedure requires costly instrumentation and 

creates some difficulties in maintaining the steady state 

conditions. The accuracy requirements in the measurements of AT , 

m, and I are more stringent. The performance test generally 

takes days of effort to produce enough data for a complete 

evaluation of the collector. 

In the calorimetric method only one variable need to be 

measured, namely, the storage tank temperature. The method is 

simple and takes a few hours to evaluate the average performance 

of the collector. The calorimetric method is limited to 

liquid-based collectors because the heat capacity of air is small 

and the collected heat cannot be readily stored while the 

instantaneous method is suitable for both types of collectors 

(liquid and air). Another disadvantage with a calorimetric method 

is that if several collectors are to be tested simultaneously, 

each collector unit needs an individual circulation loop, 

calorimeter, and pump etc. Nevertheless, the calorimetric 

procedure is more appropriate for determining the average 

efficiency while the instantaneous method is more accurate to 

determine the "instantaneous efficiency." Moreover, in the 

instantaneous procedure all the measurements are made around the 

collector which provides the detailed information on the 

collector performance, while in the calorimetric method all the 
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efforts are diverted towards a very careful analysis of the 

calorimeter itself. 

In 1974, Hill and Kasuda [2] reviewed the various methods of 

testing and recommended the instantaneous procedure as the 

standard method of testing the solar collectors to determine the 

thermal performance. 

5.3 Standard Test Method 

The National Bureau of Standards [2] and AHSRAE [3] have 

published a testing procedure for solar collectors which outlines 

the required outdoor test conditions, instrumentation and 

measurement techniques for flow, temperature difference, and 

insolation. The test procedure involves determining the solar 

collector performance by obtaining values for collector 

instantaneous efficiency for a large combination of values for 

incident insolation, ambient temperature and inlet fluid 

temperature. 

The outdoor conditions under which tests must be conducted 

are specified as 

. "The orientation of the collector shall be such that 

the incident angle (measured from the normal to the 

collector surface) is less than 30° during the period 

in which solar data is being taken. 

. The range of ambient temperatures for all reported 

test points comprising this efficiency curve shall be 

less than 30°C. (54°F) . 



77 

. The test shall be conducted on days having weather 

conditions such that the 15 minute integrated average 

insolation measured in the plane of collector surface 

2 2 
shall not be less than 630 W/m (199.8 Btu/hr-ft. )" 

5.3.1 Instrumentation 

The parameters to be measured in the instantaneous procedure 

(standard method) usually consists of 

1. Temperatures: 

a. fluid inlet and outlet 

b. ambient 

c. transparent covers (to evaluate the losses) 

d. plate temperature 

2. Temperature Differences: 

a. fluid outlet - fluid inlet 

3. Insolation: 

a. total radiation 

b. direct or diffuse radiation 

4. Fluid Flow Rate 

To obtain the required accuracy, it is desirable to measure the 

temperature difference directly, by thermopile or resistance 

thermometer in the bridge circuit. For insolation, a pyranometer 

must be oriented in the plane of collector's surface and 

two precautions should be taken: (i) it does not receive the 

reflected radiation from the collector covers; (ii) it should not 

project any shadow on the collector surface. Also, the wind 
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velocity must be measured in the vicinity of the test stand. 

5.4 Experimental Facility 

An outdoor testing facility to determine the experimental 

performance of liquid-based solar collectors was constructed, and 

instrumented to meet the specifications of National Bureau of 

Standards and ASHRAE Standard 93-77. The facility is capable of 

testing two collectors simultaneously, and the major components 

of the system are shown, schematically, in Figure 5.4. The 

system consists of the two collectors mounted on a south facing 

stand tilted at 65°(for winter operation) to the horizontal 

surface, two fluid flowing circuits served by a single 

circulating pump and an insulated fluid storage tank. A heat 

exchanger used to reduce the flowing-fluid temperature by 

employing city water as coolant, and an electric heater activated 

by a temperature controller were employed to maintain the inlet 

fluid temperature constant within the specified limit of + 1°C. 

A 65/35 (by weight) mixture of water and propylene glycol 

used as heat transfer fluid was stored in the insulated tank 

which was maintained at atmospheric pressure to suppress any 

vapour pressure formation. 

5.5 Instrumentation and Data-Acquisition System 

To obtain the thermal performance of a collector, the 

following parameters were measured: fluid flow rate, fluid 

inlet and outlet temperatures, glazing and absorber plate 
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Fig. 5.4 CLOSED-LOOP TESTING CONFIGURATION FOR UQUID-BASED 

SOLAR COLLECTOR 
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temperatures, solar flux, wind speed, and ambient temperature. 

In addition to the above mentioned parameters, the reflecting 

surface temperature was measured for the flat-absorber CPC. 

Copper-Constantan (type T) 24 gauge teflon fiber glass 

covered thermocouples were used for all temperature measurements. 

The error in the absolute temperature measurement is +0.5°C. 

Nine thermocouples in all were used for the flat-absorber CPC. 

Four thermocouples were attached to measure the plate 

temperatures. Two were placed at the center of the transparent 

covers and two thermocouples were employed to measure the inlet 

and outlet temperatures. One thermocouple measured the reflector 

surface temperature. 

Eight thermocouples were employed to measure the absorber 

plate, transparent covers, and inlet-outlet temperatures across 

the conventional flat-plate collector. One thermocouple was 

mounted in a radiation shielded chamber to measure ambient air 

temperature. The temperature difference between inlet and outlet 

was also measured with two thermopiles, one for each, consisting 

of eight thermocouple junctions in each. The differential error 

of the thermopile is less than 0.1 C. 

The flow rate for each collector was obtained by measuring 

the input power and temperature rise across a 500 watt heating 

unit installed in the liquid loop and placed at the inlet to the 

collector. In case of pump failure, a fail safe device, Surface 

Aquastat Limit Control, Model LA409, was used to disconnect the 

500 watt heater elements. This device was attached to the 
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surface of the pipe in which the heating unit was immersed. The 

schematic of flow meter unit is shown in Figure 5.5. 

To determine the fluid flow rate, the input power to 

individual heaters was measured by a calibrated watt-transducer 

and the temperature difference across the heaters was measured by 

two thermopiles consisting of four thermocouple junctions in 

each. Moreover, for visual inspection and rapid adjustment of 

the flow rate, a glass tube flowmeter, Brooks Model 1307, was 

also installed in the liquid loop. 

An Eppley pyranometer, Eppley Model 50, oriented along the 

collector's surface measured the total solar radiation incident 

to the collector surface. The output of the pyranometers was 

recorded continuously by a strip chart recorder, Linear 

Instruments Model 355, and printed on a digital printer. Two 

Rho-Sigma pyranometers, Rho-Sigma Model 1008, were employed to 

determine the direct and diffuse components of solar radiation. 

One of these was shaded permanently by a semi-circular black 

painted strip of lm radius 10cm wide while the other was placed 

along the plane of the collectors. 

A weather station records speed and direction of the wind as 

well as humidity and barometric pressure. 

A data logger, Fluke Model 2240A, was employed to record the 

temperature at selected points, the output of the thermopiles, 

pyranometers, and that of the watt-transducers. 

5.6 Test Procedure 

As recommended by NBS and ASHRAE Standard 93-77, all the 
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tests were conducted about solar noon on bright sunny days when 

solar radiation was almost steady. The pyranometer output 

recorded on a bright sunny day is shown in Figure 5.6. Fluid 

temperature at the inlet to the collectors was controlled by 

adjusting the inflow of cold water to the heat exchanger of 

Figure 5.4, and by an electric heater activated by a precision 

temperature controller. To reach thermal equilibrium, the system 

was operated for one-half hour or more before any data was 

recorded. Two tests were performed before noon and two in the 

afternoon for a selected inlet temperature. Four days data 

completed the test results for one particular flow rate. 

The collectors were tested for three flow rates 

2 
corresponding to 10.0, 14.7, and 20.0 lb/hr-sq ft (or 0.0135, 

2 
0.02, and 0.271 kg/s-m ) of collector transparental area. Fluid 

mass flow rate was kept constant for a 15 minute test period. 

All test data, except the wind speed,were printed at one minute 

intervals by the digital printer. 
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CHAPTER 6 

EXPERIMENTAL RESULTS AND DISCUSSION 

The typical experimental performance data for the two collectors 

obtained under identical outdoor conditions are presented in Tables 

6.1(A,B), 6.2(A,B) and 6.3(A,B) corresponding to three flow rates: 

2 
0.02, 0.0271 and 0.0135 kg/s-m , respectively. The thermal performance 

of the two collectors obtained by using equations (4.5.2)-(4.5 .4) and 

(4.6.13)-(4.6.15) is depicted in Tables 6.4(A,B), 6.5(A,B) and 6.6(A,B) 

for the three flow rates. These tables include the values of key 

parameters F , F', U and F (F ) computed by using the analytical per-
K L t e 

formance equations. However, as explained in Chapter 4, Section 4.5, 

of this thesis the experimental values of these collector parameters 

can be obtained by plotting instantaneous efficiency, n, against tem­

perature difference divided by total insolation; (T-T )/I . 
a. C 

An inspection of equations (4.5.2)-(4.5.4) reveals that 

F U and F F are the negative of the slope and the y 
R L R e 

axis intercept of the instantaneous efficiency curve 

when plotted n vs (T - T )/i 

F'U and F'F are the negative of the slope and the y 
L e 

axis intercept of the instantaneous efficiency curve 

when plotted n vs (T. - T )/I 

Ur and F are the negative of the slope and the y axis 
Li 6 

intercept of the instantaneous efficiency curve when 

plotted n vs (T - Ta)/It. 
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The instantaneous efficiency for recommended flow rate of 0.02 kg/s-m 

(Table 6.1) is plotted against (T - T )/I , (T_ - T )/I and 

(T . - T )/I in Figs. 6.1, 6.2, and 6.3, respectively. Since the 

test results include the operating range of AT/I from 0.017 to 

0.051 C m W , a least square fit was used to plot these curves to 

obtain the respectively intercepts, as shown in Figs. 6.1-6.3. The 

correlation, r, is calculated for each curve. The significant scattering 

in the results happened due to the varying nature of outdoor conditions; 

wind and angle of incidence variation. The experimental values of key 

parameters which determine the collectors performance are obtained from 

these curves and are presented in Table 6.7 along with the calculated 

values. The experimental results are found satisfactorily with the 

calculated values. The plot of efficiency based on the inlet fluid 

temperature is presented in Fig. 6.4 for the three flow rates, 0.02, 0.0271 

2 
and 0.0135 Kg/s-m , illustrates the fact that the efficiency increases with 

increase in mass flow rate. However, the increase in efficiency is not 

directly proportional to the increase in mass flow rate. In fact, as 

the flow rate is further increased, the efficiency appears to reach an 

upper bound. This is to be expected. As it appears from these curves, 

the efficiency of the flat-absorber CPC was higher than that of the 

conventional type flat-plate collector, under identical outdoor conditions 

and for the tested temperatures. The efficiency of both the collectors 

reduces with increase in AT/I However, the decrease in efficiency 

for the flat-plate collector is higher mainly because of the larger 

absorber area. In addition to this the absorbed energy in the flat-absorber 

CPC is slightly higher than that of the flat-plate collector. 
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From Table 6.8 [18] the estimated cost per unit area for each 

2 
collector is about the same i.e. $70/m . However, the cost effectiveness 

determined from (4.7.8) is higher for flat-absorber CPC than that for 

the flat-plate collector under selected operating conditions. As shown 

in Table 6.9 the cost effectiveness of a collector varies slightly 

with operating conditions. 



T A B L E 6.1 A E X P E R I M E N T A L DATA FOR F L A T - A B S O R B E R C P C 

FOR F L O W R A T E = 0 .0200 k g / s - m 2 

SET 

1.0 

1.0 

1.0 

1.0 

2.0 

2.0 

2.0 

2.0 

3.0 

3.0 

3.0 

3.0 

4.0 

1.0 

4.0 

4.0 

IP 

12.606 

12.752 

12.83«» 

12.708 

11.512 

12.890 

12.573 

11.889 

12.753 

13.016 

13.270 

13.053 

12.425 

12.737 

12.745 

12.583 

IRH1 

516.0 

515.2 

516.6 

519.8 

498.6 

510.2 

508.0 

501.9 

526.0 

527.5 

526.8 

524.9 

511.7 

521.1 

519.5 

521.8 

IEH2 

87.64 

94.97 

85.03 

83.70 

118.65 

124.16 

123.97 

119.60 

10*8.89 

109.40 

102.05 

101.16 

128.22 

122.11 

134.32 

132.06 

T1 

13.5 

14.0 

14.0 

14.0 

19.6 

19.6 

19.6 

19.6 

21.6 

21.3 

20.9 

21.9 

37.4 

37.9 

37.1 

38.0 

TO 

19.7 

20.2 

20.5 

20.4 

25.8 

26.0 

25.9 

25.6 

28.6 

28.8 

29.4 

29.7 

42.6 

43.9 

44.2 

44.3 

TP1 

25.5 

25.8 

25.5 

25.8 

31.1 

32. 1 

32.0 

31.3 

32.2 

32. 1 

32.1 

33. 1 

45.2 

46.3 

46.3 

46.6 

TGI 

22.5 

22.5 

22.9 

21.9 

27.1 

28. 1 

28. 1 

27.5 

24.6 

23.3 

24.0 

24.4 

33.4 

33. 1 

33.2 

33.9 

TG2 

5.4 

5.5 

4.3 

2.9 

10.4 

11.1 

11.5 

11.0 

2.6 

0.4 

1.4 

1.4 

10.0 

5.0 

7.2 

9.8 

TP1 

-6. 1 

-6.4 

-4.8 

-5.0 

-1.2 

-1.9 

-1.3 

-1.1 

-9.5 

-9.0 

-8.6 

-9.0 

-7.5 

-8.8 

-6.2 

-5.8 

WV1 

6.0 

5.0 

2.0 

3.0 

0.0 

0.0 

0.0 

0.0 

4.0 

5.0 

4.0 

2.0 

3.0 

5.0 

4.5 

3.0 

TR1 

21.6 

22. 1 

22. 1 

22.0 

27.4 

2H. 1 

25.9 

2/.5 

22.3 

28.9 

2y.o 

2H.9 

41. 3 

4 1.H 

41.b 

41.2 

DELTW 

H.8 

9.2 

7. J 

9.0 

10.5 

9.2 

y. 1 

9. / 

8. 1 

11.6 

9.9 

10.3 

10.0 

y.o 

9. / 

H. 1 

BVF n v c VL^ 

1 .3 57 1 . 9 6 1 3 . 0 114 

1 . 5 5 5 i . y y s 3 . 0 4 y i 

1 . 4 5 0 2 . 1 2 3 3 . 0 H ^ 4 

1 . 4 5 7 1 . 8 8 b 3 . U 9 8 3 

1 . 6 J 0 1 . 4 3 3 3 . 1 3 R 0 

1 . 4 7 y 2 . 0 2 1 3 . 1 2 3 7 

1 .48H 2 . 0 K b 3 . 1 2 0 7 

1 . 5 6 6 i . y i y 3 . i 2 i 5 

1 . 3 5 6 2 . 0 0 5 2 . 7 H 5 6 

1 . 5 2 6 ; . i y j 3 . 2 0 7 2 

l . b y f c 2 . 4 1 5 3 . 1 8 3 P 

1 . ' 4 6 2 . 3 0 3 3 . 1 7 3 2 

1 . 4 5 5 1 . 7 6 3 3 . 1 3 7 7 

1 . 4 6 0 1 . 5 3 0 3 . 1 4 3 D 

1 . 5 4 5 1 . 5 4 5 3 . 1 2 7 1 

1 .44U 1 . 5 6 4 3.10<15 

co 
oo 



TABLE 6.1 B EXPERIMENTAL DATA FOR FLAT-PLATE COLLECTOR 

FOR FLOW RATE = 0.0200 k? / s - m
2 

SET IP IRII1 IRH2 T1 TO TP1 TG1 TG2 W WV1 DELTH HVF 1VC VL^ 

1 . 4 0 1 1 . 7 5 1 3 . 4 7 4 3 

1 . 5 y 4 1 . 7 4 4 3 . 5 l f - 2 

1 . 4 8 1 1 . 9 3 3 3 . 5 7 b 4 

1 . 6 2 0 1 . H 7 5 3 . 5 3 3 5 

1 . 3 7 5 1 . 4 9 1 3 . 5 7 4 4 

1 . 4 y b 1 . H 4 4 3 . 5 5 2 6 

1 . 5 1 3 1 . 8 4 0 3 . 5 3 5 a 

1 . 6 0 4 1 . y n / 3 . 5 4 4b 

1 .45H 1 . 5 1 4 3 . 5 5 2 1 

1 . 3 b y 1 . 5 9 2 3 . 5 7 3 0 

1 . / / 5 1 . H 4 / 3 . 5 5 4 . ; 

1 . 6 0 8 1 . 6 4 1 3 . 5 2 4 5 

1 . 4 4 2 0 . 5 4 4 3 . 5 7 4 / 

1 . 4 2 4 0 . 6 2 6 3 . 5 7 7 5 

1 . 4 8 4 1 . 1 / 3 3 . 5 8 0 5 

1 .3H0 0 . 9 1 9 J . 5 7 8 ' 3 

1.0 

1.0 

1.0 

1.0 

2.0 

2.0 

2.0 

2.0 

3.0 

3.0 

3.0 

3,0 

4.0 

4.0 

4.0 

4.0 

12.606 

12.752 

12.834 

12.708 

11.512 

12.890 

12.573 

11.889 

12.753 

13.016 

13.270 

13.053 

12.425 

12.737 

12.745 

12.583 

516.0 

515.2 

516.6 

519.8 

498.6 

510.2 

508.0 

501.9 

526.0 

527.5 

526.8 

524.9 

511.7 

521. 1 

519.5 

521.8 

87.64 

94.97 

85.03 

83.70 

118.65 

124. 16 

123.97 

119.60 

108.89 

109.40 

102.05 

101.16 

128.22 

122.11 

134.32 

132.06 

15.9 

16.1 

14.8 

16.4 

21.1 

21.4 

21.4 

21.2 

20.9 

21.3 

21.0 

22.0 

37.3 

38.1 

37.5 

38.1 

21.8 

22.4 

22.3 

23.3 

25.2 

25.1 

26. 1 

27.0 

25.5 

26.0 

26.7 

27.1 

40.9 

41.5 

41.0 

41.8 

25.0 

25.5 

25.8 

26.6 

29.1 

28.9 

29.5 

29.3 

29.6 

30.1 

29.6 

31.1 

43.4 

44. 1 

45.0 

45.0 

20.6 

20.2 

20.7 

18.0 

25.6 

25.4 

27.5 

26.0 

19.7 

20.0 

20.1 

22.1 

24.5 

27.8 

27.4 

2«.7 

3.4 

2.3 

2.0 

0.0 

9.0 

7.6 

9.0 

9.0 

-0. 1 

-1.1 

-0.1 

0.7 

7.0 

2.6 

5.0 

-7. 1 

-6.1 

-6.4 

-4.8 

-5.0 

-1.2 

-1.9 

-1.3 

-1.0 

-9.5 

-9.0 

-8.6 

-9.0 

-7.5 

-8.8 

-6.2 

-5.8 

6. 0 

5.0 

2.0 

3.0 

0.0 

0.0 

0.0 

0.0 

4.0 

5.0 

4.0 

2.0 

3.0 

5.0 

4.5 

3.0 

9.0 

9.2 

y.6 

10.4 

y.o 

8.9 

9.0 

10. 1 

8. 1 

10.1 

10.8 

9.6 

8.5 

8.5 

8.5 

9.7 

OO 



TABLE 6.2 A EXPERIMENTAL DATA FOR FLAT-ABSORBER CPC 

FOR FLOW RATE = 0.0271 k f / s - m 2 

SET I P I P H 1 I K H 2 T 1 TO TP1 TG1 TG2 TA1 WV1 

1 .0 

1 .0 

1 .0 

1 .0 

2 . 0 

2 . 0 

2 . 0 

2 . 0 

3 . 0 

3 . 0 

3 . 0 

3 . 0 

4 . 0 

4 . 0 

4 . 0 

4 . 0 

1 3 . 4 8 2 

1 3 . 4 7 6 

1 2 . 8 9 2 

1 2 . 6 0 4 

1 3 . 0 2 4 

1 3 . 1 4 1 

1 3 . 1 8 8 

1 2 . 8 2 9 

1 3 . 1 2 3 

1 3 . 3 9 6 

1 3 . 3 7 4 

1 3 . 3 7 2 

1 2 . 6 9 0 

1 2 . 7 4 7 

1 2 . 8 9 6 

1 2 . 6 8 4 

5 2 9 . 0 

5 2 7 . 9 

5 2 7 . 5 

5 2 7 . 4 

5 1 4 . 3 

5 1 3 . 4 

5 2 0 . 8 

5 1 0 . 2 

5 1 7 . 1 

5 1 8 . 6 

5 1 7 . 0 

5 1 7 . 2 

5 2 4 . 0 

5 2 4 . 2 

5 2 4 . 2 

5 2 4 . 7 

1 0 3 . 0 0 

1 0 4 . 5 5 

1 3 0 . 9 6 

1 1 2 . 6 7 

9 5 . 4 8 

9 8 . 4 7 

9 7 . 8 0 

9 5 . 0 7 

9 5 . 4 2 

9 4 . 2 7 

9 1 . 0 9 

9 1 . 1 2 

8 8 . 0 0 

7 5 . 1 4 

9 3 . 0 1 

7 4 . 8 6 

1 6 . 0 

1 6 . 0 

1 6 . 1 

1 6 . 4 

2 5 . 7 

2 5 . 2 

2 5 . 5 

2 5 . 7 

2 9 . 4 

2 9 . 6 

2 9 . 9 

2 9 . 9 

3 6 . 2 

3 6 . 2 

3 5 . 9 

3 6 . 2 

2 1 . 9 

2 2 . 1 

2 2 . 1 

2 2 . 3 

3 2 . 2 

3 0 . 0 

3 0 . 4 

3 2 . 1 

3 5 . 9 

3 5 . 9 

3 4 . 6 

3 5 . 3 

4 1 . 2 

4 1 . 1 

4 1 . 2 

4 1 . 5 

2 6 . 8 

2 6 . 5 

2 6 . 5 

2 6 . 6 

3 5 . 5 

3 4 . 3 

3 3 . 9 

3 5 . 7 

3 9 . 3 

3 9 . 2 

3 8 . 6 

3 9 . 2 

4 4 . 0 

4 4 . 2 

4 4 . 0 

4 4 . 3 

2 2 . 2 

2 3 . 2 

2 2 . 5 

2 2 . 9 

3 0 . 6 

2 9 . 9 

2 8 . 8 

3 1 . 0 

3 1 . 7 

3 1 . 4 

3 0 . 9 

3 1 . 4 

3 2 . 4 

3 2 . 0 

3 2 . 8 

3 2 . 5 

1 2 . 3 

2 . 8 

0 . 6 

1 .7 

1 1 . 0 

1 1 . 1 

7 . 6 

1 3 . 2 

9 . 9 

7 . 9 

8 . 6 

7 . 9 

4 . 7 

5 . 5 

5 . 8 

4 . 7 

- 9 . 1 

- 9 . 4 

- 9 . 1 

- 8 . 5 

- 2 . 8 

- 3 . 3 

- 3 . 9 

- 1 . 2 

- 4 . 4 

- 5 . 0 

- 5 . 6 

- 5 . 0 

- 6 . 6 

- 6 . 7 

- 6 . 4 

- 6 . i 

0 . 0 

7 . 5 

1 2 . 0 

7 . 0 

0 . 0 

0 . 0 

0 . 0 

0 . 0 

1 0 . 0 

1 0 . 0 

5 . 0 

1 0 . 0 

1 0 . 0 

7 . 5 

6 . 0 

1 0 . 0 

26 

26 

25 

25 

33 

32 

31 

ij 

36 

3 / 

3 8 

37 

37 

38 

8 

38 

D'JITH MVF 

/ . 2 1 . 0 5 6 

7 .5 1 . 1 0 2 

6 . 4 0 . 4 4 1 

b . 8 0 . 9 5 8 

5 . 9 1 . 1 1 5 

b. 1 1 . 1 5 8 

6 . 1 1 .8 OH 

6 . 4 1 . 1 9 0 

6 . 4 0 . 4 b 2 

h .H 1 . 0 2 2 

b . H 1 . 1 0 2 

5 . 4 1 . 0 7 0 

5 . 4 1 . 1 4 y 

6 . 2 1 . 1 7 6 

5 . 7 1 . 1 6 7 

b . 3 1 . 1 5 a 

ttVC VL'' 

1 . 7 7 2 2 . U 0 4 U 

1 . 8 3 2 2 . U 5 U U 

1 . IV/ 2.H6HIJ 

1 . 8 0 / 2.H/<M> 

1 . 4 2 5 2 . 8 / 2 0 

1 .24^ ! 2.HH3CJ 

1 . 4 0 0 2 . 8 H 4 U 

1 . 8 6 0 2 . 9 7 5 0 

1 . 8 1 3 2 . 9 1 U) 

i . / 4 y 2 . 4 5 I I I 

1 . 2 1 4 2 . 4 1 5 0 

1 . 4 J 6 2 . ° L ) 5 0 

1 . 2 0 8 ? . 7 U 5 0 

1 . 2 6 3 2 . " 5 5 M 

1 . 3 3 1 2 . 8 0 4 0 

1 . 1 4 4 2 . 8 3 3 0 



TABLE 6.2 B EXPERIMENTAL DATA FOR FLAT-PLATE COLLECTOR 

FOR FLOW RATE = 0.0271 k f / s - m 2 

SET IP IRH1 

1.0 13.482 529.0 

1.0 13.476 527.9 

1.0 12.892 527.5 

1.0 12.604 527.4 

2.0 13.188 520.8 

2.0 13.024 514.3 

2.0 13.141 513.4 

2.0 12.829 510.2 

3.0 13.374 517.0 

3.0 13.372 517.2 

3.0 13.396 518.6 

3.0 13.123 517.1 

4.0 12.684 524.7 

4.0 12.690 524.0 

4.0 12.896 524.2 

4.0 12.747 524.2 

IBH2 T1 TO 

103.00 15.2 19 .4 

104.55 15.4 19 .9 

130.96 15.7 20 .1 

112.67 15.6 20 .0 

9 7 . 8 0 2 5 . 5 2 8 . 8 

9 5 . 4 8 2 6 . 3 3 1 . 6 

9 8 . 4 7 2 5 . 6 2 9 . 2 

9 5 . 0 7 2 6 . 6 3 1 . 3 

9 1 . 0 9 2 9 . 9 3 2 . 4 

9 1 . 1 2 3 0 . 0 3 2 . 9 

9 4 . 2 7 2 9 . 9 3 3 . 5 

9 5 . 4 2 2 9 . 4 3 3 . 2 

7 4 . 8 6 3 7 . 0 3 9 . 3 

8 8 . 0 0 3 7 . 0 3 8 . 4 

9 3 . 0 1 3 6 . 6 3 9 . 1 

7 5 . 1 4 3 7 . 1 3 8 . 8 

TP1 TG1 TG2 

2 9 . 7 2 1 . 4 - 1 . 6 

3 0 . 3 2 3 . 1 - 2 . 2 

3 0 . 6 1 9 . 4 - 2 . 2 

3 0 . 3 2 1 . 3 - 2 . 4 

3 3 . 1 3 0 . 7 3 . 7 

3 5 . 0 7 . 1 - 2 . 8 

3 3 . 6 3 0 . 6 7 . 7 

3 5 . 1 3 4 . 4 9 . 1 

4 0 . 6 2 9 . 2 4 . 7 

4 1 . 7 2 9 . 0 4 . 7 

4 1 . 2 2 8 . 9 3 . 5 

4 2 . 3 2 9 . 7 5 . 2 

4 4 . 6 2 4 . 3 0 . 2 

4 4 . 4 3 1 . 3 1 . 2 

4 4 . 5 2 y . R 1 .0 

4 4 . 5 2 4 . b 2 . 2 

ni HV1 DULTW 

- 9 . 1 0 . 0 7 . 0 

- 9 . 9 7 . 5 9 . 3 

- 8 . 3 7 . 0 9 . 4 

- 9 . 1 1 2 . 0 6 . 8 

- 3 . y 0 . 0 6 . 5 

0 . 0 0 . 0 7 . 1 

- 3 . 0 0 . 0 6 . 6 

2 . 2 0 . 0 7 . 7 

- 5 . 6 5 . 0 6 . 4 

- 5 . 2 6 . 0 6 . 2 

- 5 . 0 1 0 . 0 7 . 2 

- 4 . 4 1 0 . 0 b . H 

- 6 . 3 1 0 . 0 6 . 7 

- 6 . 6 5 . 0 7 .0 

- 6 . 4 6 . 0 6 . 6 

- 6 . 7 7 . 5 6 . 7 

HVF KVC VLi 

1 . 0 4 4 1 . 4 1 0 3 . 6 1 5 ( 1 

1 . 4 2 / 1 . 5 1 2 3.6HHO 

1 . 5 2 H 1 . 4 6 6 3 . 5 7 5 0 

0 . H H 1 1 . 4 H 6 3 .56RO 

1 . 0 3 1 1 . 1 6 3 3 . 5 2 4 ( 1 

1 . 1 8 2 1 . 8 5 6 3 . 5 2 0 0 

1 . 0 6 2 1 . 2 5 0 3 . 5 4 1 0 

1 . 2 2 6 1 . 6 5 1 3 . 5 2 6 0 

1.110 0.H63 3.4H2U 

1.021 1.034 3.4510 

1.151 1.24,; 3.5110 

1.093 1.341 3.4720 

1 . 0 8 2 0 . 6 3 8 3 . 4 5 2 d 

1.0BH 0 . ° 2 6 3 . 5 1 4 0 

1 . 0 7 8 0 . 9 J 2 3 . 4 ° 4 0 

1 . 1 1 6 1 . 2 6 3 3 .5-160 



T A B L E 6 .3A E X P E R I M E N T A L DATA FOR F L A T - A B S O R B E R C P C 

FOR F L O W R A T E = 0.0135 k W s - m 2 

SET IP ISH1 IPH2 T1 TO TP1 TG1 TG2 TA1 HV1 

1 .0 

1 .0 

1 .0 

1 .0 

2 . 0 

2 . 0 

2 . 0 

2 . 0 

3 . 0 

3 . 0 

3 . 0 

3 . 0 

4 . 0 

4 . 0 

4 . 0 

4 . 0 

12.020 

12.457 

13.053 

12.754 

12.288 

12.958 

13.150 

12.833 

12.819 

13.048 

12 .634 

12.282 

12.292 

12.452 

12.635 

12.520 

501 .8 

509 .4 

516 .3 

512 .6 

5 1 7 . 5 

518 .6 

517 .3 

517.3 

512 .9 

515 .6 

514 .3 

508 .9 

5 1 9 . 9 

5 1 9 . 0 

514 .9 

519 .8 

72 .77 

74 .45 

79 .42 

76 .84 

84.17 

8 3.27 

81.18 

85 .72 

7 2 . 9 1 

7 4 . 4 5 

71.46 

6.93 

90 .73 

91 .32 

88 .12 

89.87 

17.5 

17.2 

17 .1 

17.5 

22 .6 

22.2 

22 .6 

22 .3 

30 .2 

3 0 . 1 

30.4 

30 .1 

3 7 . 1 

37 .9 

37 .0 

36.6 

31 .7 

33 .5 

32 .4 

33 .5 

3 7 . 7 

38 .2 

38 .9 

3 8 . 9 

4 6 . 8 

4 4 . 2 

47 .5 

4 4 . 2 

4 7 . 4 

48 .6 

4 8 . 8 

48 .7 

3 6 . 0 

36 .0 

36 .5 

36 .2 

37 .4 

38 .3 

39 .2 

39 .3 

4 7.5 

45 .5 

48 .8 

44 .2 

48 .4 

49 .4 

4 9 . 1 

49 .1 

27 .5 

27 .8 

27 .5 

27 .5 

30 .9 

31 .0 

31 .5 

31.0 

36. 3 

34 .5 

36 .2 

34 . 9 

35 .6 

36 .5 

39 .0 

36. 3 

7 . 3 

6 . 3 

7 . 3 

5 . 8 

7 . 9 

10.4 

9 . 1 

10.4 

11.4 

11.0 

10.6 

13.4 

8 . 5 

9 . 8 

12.2 

7 .8 

- 2 . 0 

- 3 . 7 

- 4 . 1 

- 3 . 8 

- 3 . 9 

- 3 . 4 

- 2 . 9 

- 3 . 4 

- 2 . 5 

- 1 . 9 

- 1 . 7 

- 1 . 2 

- 6 . 3 

- 6 . 0 

- 4 . 4 

- 6 . 3 

8 . 0 

5 . 0 

5 . 0 

7 . 0 

7 . 0 

1 . 0 

6 . 0 

1 .0 

10.0 

5 . 0 

5 . 0 

6 . 3 

10 .0 

7 . 0 

0 . 0 

10.0 

34 

34 

34 

34 

36 

36 

36 

36 

40 

38 

41 

41 

37 

37 

38 

39 

DELTB MVF HVC VL" 

4.4 0.701 4.330 0.7420 

4.3 0.746 5.006 0.73"0 

4.4 0 .629 4 .b76 0 .7H I0 

4 .2 0 .711 4 .92b (l.7b(l(l 

4 . j 0 . 7 8 1 4 . 1 7 y 0 . 7 4 1 0 

4 . 3 0 . 7 7 5 4 . 5 2 H 0 . 7 5 2 0 

4 . 3 0 . 7 8 4 4 . 7 0 1 0.75120 

3 . 9 0 . 6 5 1 4 . H 0 4 0 . 7 4 5 0 

4 . 8 0 . b 8 4 4 . 5 H 4 0 . 7 5 5 0 

3 . 8 0 . 6 2 4 3 . 4 b 1 0 . 7 4 5 0 

4 . 1 0 . 6 3 0 4 . 7 7 6 0 .758(1 

4 . 7 0 . 7 3 1 3 . 7 7 0 0 .74H0 

15.6 2 .778 2 .44b 2.HH0H 

13.H 2 .275 3 .061 2.H/OC 

14.0 2.765 3 . 4 8 1 2 .9110 

13.6 2.164 3 .624 2.H4JIU 



TABLE 6.3B EXPERIMENTAL DATA FOR FLAT-PALTE COLLECTOR 

FOR FLOW RATE = 0.0135 k f / s - m 2 

SET IP IBH1 

1.0 12.457 509.4 

1.0 12.020 501.8 

1.0 13.053 516.3 

1.0 12.754 512.6 

2.0 12.958 518.6 

2.0 12.288 517.5 

2.0 12.833 517.3 

2.0 13.150 517.3 

3.0 12.819 512.9 

3.0 13.048 515.6 

3.0 12.634 514.3 

3.0 12.282 508.9 

4.0 12.292 519.9 

4.0 12.452 519.0 

4.0 12.635 514.9 

4.0 12.520 519.8 

IBH2 T1 TO 

7 4 . 4 5 1 6 . 4 2 7 . 2 

7 2 . 7 7 1 7 . 0 2 5 . 5 

7 9 . 4 2 1 6 . 9 2 6 . 9 

7 6 . 8 4 1 6 . 8 2 6 . 9 

83.27 23.0 32.0 

84.17 23.6 30.9 

85.72 23.0 32.4 

8 1 . 1 8 2 3 . 4 3 2 . 5 

7 2 . 9 1 3 1 . 5 3 9 . 6 

7 4 . 4 5 3 0 . 7 3 7 . 1 

7 1 . 4 6 3 1 . 9 4 0 . 5 

6 . 9 3 3 1 . 1 3 6 . 9 

9 0 . 7 3 3 5 . 2 3 7 . 7 

9 1 . 3 2 3 6 . 2 3 8 . 6 

8 8 . 1 2 3 5 . 6 4 0 . 1 

8 9 . 8 7 3 5 . 6 3 9 . 7 

TP1 TGI TG2 

32.6 23.8 5.8 

32.4 23.5 7.7 

34.2 23.5 5.3 

34.1 23.4 4.7 

38.1 25.6 6.3 

36.7 27.9 6.7 

3 7 . 8 2 7 . 0 8 . 0 

3 7 . 9 2 5 . 7 7 . 8 

4 4 . 2 3 1 . 0 9 . 3 

4 2 . 9 3 0 . 5 8 . 9 

4 0 . 5 3 1 . 6 8 . 8 

4 5 . 2 3 1 . 5 1 1 . 5 

4 4 . 9 2 8 . 6 6 . 0 

4 6 . 1 2 8 . 0 6 . 5 

4 6 . 8 2 9 . 7 8 . 5 

4 6 . 1 2 8 . 2 5 . 1 

TM WV1 D E I T W 

- 3 . 7 5 . 0 3 . 4 

- 2 . 0 8 . 0 3 . 3 

- 4 . 1 5 . 0 2 . 8 

- 3 . 8 7 . 0 3 . 4 

- 3 . 4 7 . 0 3 . 2 

- 3 . 3 7 . 0 3 . 1 

- 3 . 4 1 . 0 3 . 9 

- 2 . 9 6 . 0 3 . 6 

- 2 . 5 1 0 . 0 3 . 2 

- 1 . 9 5 . 0 3 . 1 

- 1 . 7 5 . 0 3 . 6 

- 1 . 2 6 . 0 3 . 3 

- 6 . 3 1 0 . 0 1 3 . 5 

- 6 . 0 7 . 0 1 4 . 3 

- 4 . 4 0 . 0 1 3 . 0 

- 6 . 3 1 0 . 0 1 1 . 4 

NVF flVC V L ^ 

0 . 5 6 8 3 . 3 H 6 O.M'"JD 

0 . 5 5 y 2 . 8 7 2 O.HHyi) 

0 . 5 1 2 3 . 1 6 8 O.HHHO 

0 . 5 6 2 3 . 5 H 4 0 . H 4 2IJ 

0 . 5 2 1 3 . 0 2 5 0 . 8 9 5 0 

0 . 5 3 3 2 . 4 6 1 o . a a o o 

0 . 6 6 t 3 . 1 2 2 0 .H91O 

0 . 5 8 1 3 . 0 7 7 0 . H 4 6 ' ) 

0 . 5 2 1 2 . H 0 5 0 . 4 0 3 0 

0 . 5 / 6 2 . 2 6 8 0 .899< j 

0 . 5 9 3 3 . 3 2 7 0 . 8 4 1 0 

0 . 5 4 4 2 . 0 2 1 0 . H 4 6 U 

2 . 2 4 7 0 . 4 « 4 3 . 4 4 6 0 

2 . 3 2 4 O .Hb9 3 . 4 5 3 0 

2 . 1 4 0 1 . 5 8 1 3 . 5 0 8 ( 1 

1 . 4 5 0 1 . 4 5 9 3 . 4 7 9 0 



TABLE 6.4A THERMAL PERFORMANCE OF FLAT-ABSORBER CPC 

FOR FLOW RATE = 0.0200 k<* / s - m
2 

SET I T FLOW FR FP FT 11L I R T I EFTI IFTF EFTF IFTP EFmP FFilhA^ 

1 .0 1 0 6 9 . 9 3 0 . 0 1 1 7 

1 . 0 1 0 8 2 . 3 3 0 . 0 1 0 8 

1 .0 1 0 8 9 . 2 9 0 . 0 1 2 6 

1 .0 1 0 7 8 . 5 9 0 . 0 1 1 5 

0 . 9 2 0 2 0 . 9 4 1 7 0 . 6 9 1 1 4 . 2 0 . 0 1 8 0 . 5 7 8 6 0 . 0 2 1 0 . 5 8 2 8 0 . 0 3 0 0 . 5 y 0 6 0 .477T '~ 

0 . 9 1 8 2 0 . 9 4 1 1 0 . 6 8 8 5 4 . 2 0 . 0 1 9 0 . 5 7 3 8 0 . 0 2 2 0 . 5 7 9 0 0 . 0 3 0 0 . 5 8 8 1 0 . 4 4 1 0 

0 . 9 2 7 1 0 . 9 4 5 9 0 . 6 9 2 1 3 . 9 0 . 0 1 7 0 . 5 9 0 4 0 . 0 2 0 0 . 5 9 3 3 0 . 0 2 8 0 . 6 0 3 0 0 . 5 4 2 3 

0 . 9 2 1 7 0 . 9 4 3 0 0 . 6 9 2 7 4 . 1 0 . 0 1 8 0 . 5 8 4 8 0 . 0 2 1 0 . 5 8 9 0 0 . 0 2 9 0 . 5 9 8 3 0 . 4 6 4 H 

2 . 0 9 7 7 . 0 8 0 . 0 1 0 1 

2 . 0 1 0 9 4 . 0 4 0 . 0 1 1 3 

2 . 0 1 0 6 7 . 1 3 0 . 0 1 1 3 

2 . 0 1 0 0 9 . 0 8 0 . 0 1 0 7 

3 . 0 1 0 8 2 . 4 1 0 . 0 1 1 2 

3 . 0 1 1 0 4 . 7 3 0 . 0 1 0 1 

3 . 0 1 1 2 6 . 2 9 0 . 0 1 0 4 

3 . 0 1 1 0 7 . 8 7 0 . 0 1 0 0 

4 . 0 1 0 5 4 . 5 7 0 . 0 1 0 9 

4 . 0 1 0 8 1 . 0 5 0 . 0 1 1 5 

4 . 0 1 0 8 1 . 7 3 0 . 0 1 0 7 

4 . 0 1 0 6 7 . 9 8 0 . 0 1 1 6 

0 . 9 2 2 0 

0 . 9 2 5 3 

0 . 9 2 5 4 

0 . 9 2 3 9 

0 . 9 4 4 7 

0 . 9 4 5 8 

0 . 9 4 5 9 

0 . 9 4 5 4 

0 . 6 7 8 7 

0 . 6 7 7 7 

0 . 6 7 7 6 

0 . 6 7 8 7 

3 . 8 

3 . 9 

3 . 8 

3 . 8 

0 . 9 1 6 6 0 . 9 3 9 4 0 . 6 8 4 4 4 . 3 

0 . 9 1 1 4 0 . 9 3 7 0 0 . 6 8 4 3 4 . 4 

0 . 9 1 3 7 0 . 9 3 8 3 0 . 6 8 6 8 

0 . 9 1 5 2 0 . 9 3 9 9 0 . 6 8 7 0 

0 . 9 1 2 9 0 . 9 3 7 0 0 . 6 7 6 4 

0 . 9 1 1 4 0 . 9 3 5 2 0 . 6 7 9 4 

0 . 9 0 9 6 0 . 9 3 4 7 0 . 6 7 5 0 

0 . 9 1 4 8 0 . 9 3 7 5 0 . 6 7 6 0 

0 . 0 2 1 0 . 5 6 4 6 

0 . 0 2 0 0 . 5 7 0 2 

0 . 0 2 0 0 . 5 7 0 4 

0 . 0 2 1 0 . 5 6 8 0 

0 . 0 2 9 0 . 5 3 4 7 

0 . 0 2 7 0 . 5 3 4 3 

4 . 3 

4 . 2 

4 . 5 

4 . 7 

4 . 6 

4 . 5 

0 . 0 2 6 

0 . 0 2 8 

0 . 0 4 3 

0 . 0 4 3 

0 . 0 4 0 

0 . 0 4 1 

0 . 5 4 3 3 

0 . 5 4 2 1 

0 . 4 7 5 9 

0 . 4 6 9 4 

0 . 4 7 6 7 

0 . 4 8 0 9 

0.024 0.56 92 

0.023 0.5742 

0.023 0.5743 

0.023 0.5724 

0.032 0.5374 

0.031 0.5380 

0.030 0.5455 

0.031 0.5455 

0.045 0.4801 

0.046 0.4717 

0.043 0.4783 

0.044 0.4827 

0 . 0 3 3 

0 . 0 3 1 

0 . 0 3 1 

0 . 0 3 2 

0 . 0 3 9 

0 . 0 3 7 

0 . 0 3 6 

0 . 0 3 8 

0 . 5 7 5 7 

0 . 5 8 0 5 

0 . 5 8 0 1 

0 . 5 7 8 7 

o . 5 4 y o 

0 . 5 5 1 3 

0 . 5 5 9 6 

0 . 5 5 H 1 

0 . 4 5 2 0 

0 . 4 6 H 6 

0 . 4 H 4 H 

0 . 4 5 3 3 

0 . 4 4 1 3 

0 . 4 6 P 5 

0 . 5 2 H 1 

0 . 4 8 2 9 

sD 
if". 

0.050 0.4944 0.3^63 

0.051 0.4H55 0.4130 

0.044 0.4920 0.4263 

0.044 0.4962 0.43H5 

* For computation refer to Appendix C 



TABLE 6.4B THERMAL PERFORMANCE OF FLATE -PLATE COLLECTOR 

FOR FLOW RATE = 0.0200 k p / s - m 2 

SET I T FLOW FE FP FT UL IP.TI EFq ' I IFTF ? Y<v p 

1.0 1069.93 0 .0131 

1.0 1082.33 0 .0123 

1.0 1089 .29 0 .0127 

1.0 1078.59 0 .0115 

2.0 977.08 0.0136 

2.0 1094.04 0.0130 

2.0 1067.13 0.0128 

2.0 1009.08 0.0117 

3.0 1082.41 0.0138 

3.0 1104.73 0.0128 

3.0 1126.29 0.0108 

3.0 1107.87 0.0120 

4.0 1054.57 0.0133 

4.0 1081.05 0.0136 

4.0 1081.73 0.0133 

4.0 1067.98 0.0129 

0.8817 

0.8792 

0.8837 

0.8776 

0.8897 

0.8879 

0.8875 

0.8831 

0.8843 

0.8797 

0.8725 

0.87 97 

0.8806 

0.8795 

0.8788 

0.8787 

0.9114 

0.9105 

0.9134 

0.9105 

0.9169 

0.9162 

0.9161 

0.9142 

0.9125 

0.9102 

0.9078 

0.9113 

0.9100 

0.9087 

0.9086 

0.9091 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

6.1 

6.1 

5.9 

6.0 

5.7 

5.7 

5.7 

5.7 

6.1 

6.2 

6.1 

6.0 

6.2 

6.4 

6.3 

6.3 

0.021 0.4707 

0.021 0.4686 

0.018 0.4 888 

0.020 0.4743 

0.023 0.4701 

0.021 0.4769 

0.021 0.4772 

0.022 0.4707 

0.028 0.4317 

0.027 0.4313 

0.026 0.4354 

0.028 0.4327 

0.042 0.3471 

0.043 0.3367 

0.040 0.3540 

0.041 0.3530 

0.023 0.4712 

0.024 0.4692 

0.021 0.4867 

0.023 0.474/ 

0.025 0.4734 

0.023 0.4832 

0.02 3 0.4811 

0.025 0.4723 

0.030 0.4336 

0.030 0.4343 

0.02 9 0.4 3 90 

0.030 0.4357 

0.044 0.3491 

0.045 0.338(1 

0.042 0.3567 

0.043 0.3554 

TFTP 

0.02 9 

0.024 

0.028 

0.029 

0.031 

0.028 

0.02 4 

0.030 

0.036 

0.035 

0.034 

0.036 

EFTP 

0.4 820 

0.4 802 

0.4y35 

0.4834 

0.4 814 

0.4 4/H 

0.44H4 

0 . 4 H / 0 

o.4?yi 

0.44 12 

0.4525 

0.442 7 

Kt'H PftF 

0.4321 

U.4155 

0.49O9 

0.4237 

0.443'' 

0.3482 

0.344 4 

0.4 23 2 

0.36*59 

0.34*3 

O.J4H0 

0.3447 

(Jl 

0.048 0.3581 0.211H 

0.044 0.3475 0.2133 

0.04 7 0.35H8 0.27P8 

0.048 0.3613 0.2^00 



TABLE 6.5 A THERMAL PERFORMANCE OF FLAT-ABSORBER CPC 

FOR FLOW RATE = 0.0271 k p / s - m 2 

SET I T FLOW FR F P FT UL I R T I F F T I I F T " F F T F I D T P ?fT p E K V A C 

1.0 1144.28 0.0141 

1.0 1143.78 0.0137 

1.0 1094.21 0.0146 

1.0 1069.76 0.0150 

0.9344 0.9504 

0.9228 0.9417 

0.9220 0.9404 

0.9254 0.9428 

0.6866 3.7 

0.6860 4.3 

0.6769 4.5 

0.6832 4.3 

0 . 0 2 2 0 . 5 8 0 3 

0 . 0 2 3 0 . 5 5 9 3 

0 . 0 2 3 0 . 5 4 6 4 

0 . 0 2 3 0 . 5 5 6 3 

0.025 0.582H 

0.025 0.5619 

0.026 0.5478 

0.026 0.5575 

0.031 0.5928 0.5004 

0.03 2 0.573 8 0.5050 

0.033 0.5577 0.5521 

0.033 0.5675 0.57S3 

2.0 1105.41 0.0149 

2.0 1115.34 0.0145 

2.0 1119.33 0.0110 

2.0 1088.86 0.0139 

3.0 1113.81 0.0156 

3.0 1136.99 0.0148 

3.0 1135.12 0.0141 

3.0 1134.95 0.0153 

0.9318 0.9478 

0.9315 0.9478 

0.9233 0.9446 

0.9300 0.9471 

0.9200 0.9380 

0.9183 0.9372 

0.9207 0.9396 

0.9193 0.9376 

0.6883 3.9 

0.6871 3.9 

0.6879 3.9 

0.6881 3.9 

0.6884 4.8 

0.6890 4.8 

0.6900 4.5 

0.6900 4.8 

0.026 0.5645 

0.026 0.5645 

0.026 0.5574 

0.025 0.5666 

0.030 0.5252 

0.030 0.5240 

0.031 0.5289 

0.031 0.5243 

0.029 0.5652 

0.028 0.56/9 

0.028 0.5642 

0.028 0.5681 

0.013 0.5244 

0.033 0.5247 

0.031 0.5327 

0.033 0.5261 

0 . 0 3 5 0 . 5 7 7 4 0 . 6 0 3 5 

0 . 0 14 0 . 5 8 0 1 0 . 4 O 9 7 

0 . 0 1 4 0 . 5 8 0 3 0 . 3 2 6 4 

0 . 0 3 4 0 . 5 7 9 9 0 . 5 5 6 6 

0.039 0.5365 0.6107 

0.03y 0.5378 0.5518 

0.034 0.5462 0.3»05 

0.034 0.53H5 0.4807 

4 . 0 1 0 7 7 . 0 6 0 . 0 1 4 8 

4 . 0 1 0 8 1 . 9 0 0 . 0 1 4 0 

4 . 0 1 0 9 4 . 5 5 0 . 0 1 4 4 

4 . 0 1 0 7 6 . 5 5 0 . 0 1 3 9 

0 . 9 1 6 4 0 . 9 3 5 8 0 . 6 9 1 5 4 . 9 

0 . 9 1 6 4 0 . 9 3 6 4 0 . 6 9 6 0 4 . 8 

0 . 9 1 8 5 0 . 9 3 7 7 0 . 6 8 9 8 4 . 7 

0 . 9 1 4 3 0 . 9 3 4 9 0 . 6 9 6 1 4 . 9 

0 . 0 4 0 0 . 4 8 8 6 

0 . 0 4 0 0 . 4 4 6 4 

0 . 0 3 9 0 . 4 4 7 6 

0 . 0 3 9 0 . 4 9 2 5 

0 . 0 4 2 0 . 4 9 0 3 

0 . 0 4 2 0 . 4 9 9 0 

0 . 0 4 1 0 . 4 9 9 3 

0 . 0 4 2 0 . 4 4 4 4 

0 . 0 4 7 0 . 5 0 4 3 0 . 4 14 •( 

0 . 0 4 7 0 . 5 1 2 4 0 . 4 1 2 4 

0 . 0 4 6 0 . 5 1 3 4 0 . 4 4 / H 

0 . 0 4 7 0 . 5 0 H 6 0 . 4 4 V 



TABLE 6.5B THERMAL PERFORMANCE OF F L A T - P L A T E COLLECTOR 

FOR FLOW RATE = 0.0271 k P / s - m
2 

SET I T FLOW FR FP FT UL IRTI EF^I IFTF FFTF I^TP P F T P STUE'-S 

1.0 1144.28 0 .0175 0.8995 0.9210 0.6592 5.7 0 .021 0 .4832 0.023 0 .4851 0 .014 0.4644 0.4076 

1.0 1143.78 0 .0135 0.8802 0.9096 0.6592 6 .3 0.022 0 .4579 0 .024 0.4620 0 .035 0.4384 0 .3386 

1.0 1094.21 0.0126 0.8774 0.9086 0.6592 6.3 0.022 0 .4581 0 .024 0.4630 0 .036 0.437!) 0.3214 

1.0 1069.76 0 .0193 0 .8933 0.9146 0.6592 6 .4 0.023 0.4569 0 .025 0.4558 0 . 0 3 / 0 .4236 0.5070 

2 .0 1119.33 0 .0182 0.9006 0.9213 0.6592 5.8 0.026 0 .4571 0 .028 0.4598 0 .033 0.4683 0 .3497 

2 .0 1105.41 0 .0162 0.8983 0.4210 0.6592 5.7 0.024 0.4714 0 .026 0.4708 0 .032 0.4H02 0 . 5 0 b 1 

2 .0 1115.34 0.0178 0.8996 0.9208 0.6592 5 .8 0 .026 0.4593 0 .027 0 .4615 0 .033 0 .4640 0 .3714 

2 .0 1088.86 0.0153 0 .8952 0.9193 0.6592 5.7 0.022 0.4756 0 .025 0.4772 0 .030 0.4868 0 .4304 

0.8995 

0.8802 

0.8774 

0.8933 

0.9006 

0.8983 

0.8996 

0.8952 

0.8887 

0.8912 

0.8842 

0.8857 

0.8855 

0.8882 

0.8888 

0.8872 

0.9210 

0.9096 

0.9086 

0.9146 

0.9213 

0.4210 

0.9208 

0.9193 

0.9128 

0.9136 

0.9097 

0.9103 

0.9100 

0.9123 

0.9123 

0.9113 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

5.7 

6.3 

6.3 

6.4 

5.8 

5.7 

5.8 

5.7 

6.3 

6.4 

6.5 

6.6 

6.6 

6.4 

6.4 

6.5 

3.0 1135.12 0 .0167 0.8887 0.9128 0 .6592 6 .3 0 .031 0.4096 0 .032 0.4143 0 .041 0 .4011 0 .2390 

3.0 1134.95 0 .0182 0.8912 0.9136 0.6592 6.4 0 .031 0.4104 0.032 0.4133 0 .041 0.34Ub 0.3O73 

3 .0 1136.99 0 .0162 0.8842 0.9097 0.6592 6.5 0 .031 0.4052 0.032 0.4074 0 .041 0 .34J1 0.3347 

3.0 1113.81 0 .0169 0.8857 0.9103 0.6592 6.6 0.030 0.4074 0 .032 0.4085 0 .042 0.3839 0.3784 

4 .0 1076.55 0 .0170 0.8855 0.9100 0.6592 6.6 0.040 0.3488 0 .041 0.3520 0 .047 0.3473 0.2128 

4 .0 1077.06 0.0168 0 .8882 0.9123 0.6592 6.4 0.040 0 .3^53 0 .041 0 .3611 0 . 0 4 / 0 .3560 0.20M(. 

4 .0 1094.55 0 .0174 0.8888 0.9123 0.6592 6.4 0.039 0.3608 0 .040 0.3636 0 . 0 4 / 0 .3544 0 . 2 1 " " 

4 .0 1081.90 0 .0171 0 .8872 0.9113 0.6592 6 .5 0.040 0 .3511 0 .041 0.3554 0 .047 0 .3512 0 .2772 

- J 



T A B L E 6 . 6 A T H E R M A L P E R F O R M A N C E O F F L A T - A B S O R B E R C P C 
2 

FOR F L O W R A T E = 0.0135 k p / s - m 

SET I T FLOW FR FP FT OL IRTI FFTI IFTF EFTF IRTP EF^P E F » M C 

1 .0 1 0 2 0 . 2 0 0 . 0 0 5 6 0 . 8 7 9 0 0 . 9 2 5 2 0 . 6 9 5 6 4 . 6 0 . 0 1 4 0 . 5 4 8 5 0 . 0 2 6 0 . 5 5 3 1 0 . 0 3 / 0 . 5 5 5 4 0 . 5 4 7 0 

1.0 1 0 5 7 . 2 9 0 . 0 0 5 5 0 . 8 8 0 9 0 . 9 2 6 9 0 . 6 9 5 4 4 . 5 0 . 0 2 0 0 . 5 4 9 2 0 . 0 2 7 0 . 5 5 1 9 0 . 0 J 8 0 . 5 5 8 8 0 . 5 « 4 0 

1.0 1 1 0 7 . 8 7 0 . 0 0 5 8 0 . 8 8 4 5 0 . 9 2 8 0 0 . 6 9 4 0 4 . 5 0 . 0 1 9 0 . 5 5 2 4 0 . 0 2 6 0 . 5 5 6 3 0 . 0 3 / 0 . 5 6 1 0 0 . 5 6 2 5 

1.0 1 0 8 2 . 5 0 0 . 0 0 5 8 0 . 8 8 1 3 0 . 9 2 6 1 0 . 6 9 4 7 4 . 6 0 . 0 2 0 0 . 5 4 7 7 0 . 0 2 7 0 .550O 0 . 0 3 / 0 . 5 5 7 0 0 . 5 4 4 7 

2 . 0 1 0 4 2 . 9 4 0 . 0 0 5 4 0 . 8 7 6 0 0 . 9 2 4 2 0 . 6 9 2 4 4 . 6 0 . 0 2 5 0 . 5 2 2 7 0 . 0 3 3 0 . 5 2 6 3 0 . 0 4 0 0 . 5 4 1 5 0 . 5 2 0 7 

2 . 0 1 0 9 9 . 8 1 0 . 0 0 5 5 0 . 8 8 8 6 0 . 9 3 1 9 0 . 6 9 2 8 4 . 2 0 . 0 2 3 0 . 5 4 5 9 0 . 0 3 1 0 . 5 4 4 7 0 . 0 3 8 0 . 5 6 5 0 0 . 5 3 H 5 

2 . 0 1 1 1 6 . 1 1 d . 0 0 5 4 0 . 8 7 7 3 0 . 9 2 4 9 0 . 6 9 3 5 4 . 6 0 . 0 2 3 0 . 5 3 3 5 0 . 0 3 0 0 . 5 3 7 2 0 . 0 3 8 0 . 5 5 2 5 0 . 5 4 « 2 

2 . 0 1 0 8 9 . 2 0 0 . 0 0 6 2 0 . 8 9 5 1 0 . 9 3 3 6 0 . 6 9 1 9 4 . 2 0 . 0 2 4 0 . 5 4 7 9 0 . 0 3 1 0 . 5 4 7 5 0 . 0 3 9 0 . 5 b 4 4 0 . 6 4 / 2 

3 . 0 1 0 8 8 . 0 1 0 . 0 0 5 6 0 . 8 6 9 9 0 . 9 1 9 7 0 . 6 9 6 2 5 . 0 0 . 0 3 0 0 . 5 0 0 1 0 . 0 3 8 0 . 5 0 0 4 0 . 0 4 6 0 . 5 1 0 7 0 . 5 F 3 3 

3 . 0 1 1 0 7 . 4 5 0 . 0 0 6 5 0 . 8 8 5 7 0 . 9 2 6 7 0 . 6 9 5 8 4 . 7 0 . 0 2 9 0 . 5 1 9 3 0 . 0 3 5 0 . 5 2 1 0 0 . 0 4 3 0 . 5 3 3 6 0 . 5 5 1 8 

3 . 0 1 0 7 2 . 3 1 0 . 0 0 6 3 0 . 8 8 2 8 0 . 9 2 5 3 0 . 6 9 6 8 4 . 7 0 . 0 3 0 0 . 5 1 3 5 0 . 0 3 8 0 . 5 0 9 8 O . 0 4 7 0 . 5 1 5 7 0 . 6 7 1 1 

3 . 0 1 0 4 2 . 4 3 0 . 0 0 5 4 0 . 8 7 4 0 0 . 9 2 3 0 0 . 7 1 9 6 4 . 7 0 . 0 3 0 0 . 5 2 8 5 0 . 0 3 / 0 . 5 3 4 2 0 . 0 4 4 0 . 5 5 2 4 0 . 4 7 7 4 

4 . 0 1 0 4 3 . 2 8 0 . 0 0 5 8 0 . 8 7 2 7 0 . 9 2 0 3 0 . 6 9 0 3 5 . 0 0 . 0 4 2 0 . 4 5 5 3 0 . 0 4 7 0 . 4 6 1 7 0 . 0 5 2 0 . 4 7 7 8 0 . 3 4 3 2 

4 . 0 1 0 5 6 . 8 6 0 . 0 0 6 8 0 . 8 8 4 4 0 . 9 2 4 7 0 . 6 9 0 0 4 . 9 0 . 0 4 2 0 . 4 6 4 9 0 . 0 4 7 0 . 4 6 7 6 0 . 0 5 2 0 . 4 8 2 6 0 . 4 6 8 4 

4 . 0 1 0 7 2 . 4 0 0 . 0 0 6 2 0 . 8 9 4 7 0 . 9 3 3 4 0 . 6 9 0 9 4 . 2 0 . 0 3 9 0 . 5 0 0 9 0 . 0 4 4 0 . 5 0 5 1 0 . 0 5 0 0 . 5 2 1 6 0 . 4 7 O 7 

4 . 0 1 0 6 2 . 6 4 0 . 0 0 7 1 0 . 8 8 3 7 0 . 9 2 3 4 0 . 6 9 0 5 5 . 0 0 . 0 4 0 0 . 4 6 5 0 0 . 0 4 6 0 . 4 6 4 5 0 . 0 5 2 0 . 4 7 8 1 0 . 5 6 0 4 

OO 



TABLE 6.6B THERMAL PERFORMANCE OF F L A T - P L A T E COLLECTOR 

FOR FLOW RATE = 0.0135 k p / s - m
2 

SET IT FLOW FR FP FT OL IPTI FFTI IFTF " F T I"TP fcF^P vt^n'q 

1.0 1057.29 0.0086 0.8576 0.9017 0.6592 6.2 0.019 0.4643 0.024 0.4596 0.034 0.44b4 0.5417 

1.0 1020.20 0.0087 0.8563 0.9004 0.6592 6.3 0.019 0.4640 0.023 0.4643 0.034 0.4467 0.4655 

1.0 1107.87 0.0099 0.8653 0.9043 0.6592 6.2 0.019 0.4684 0.023 0.4641 0.035 0.4442 0.5532 

1.0 1082.50 0.0086 0.8553 0.9001 0.6592 6.3 0.019 0.4612 0.024 0.45HH 0.035 0.4384 0.5267 

2.0 1099.81 0.0093 0.8585 0.9007 0.6592 6.4 0.024 0.4346 0.028 0.4325 

2.0 1042.94 0.0092 0.8577 0.9005 0.6592 6.4 0.026 0.4245 0.029 0.4256 

2.0 1089.20 0.0074 0.8519 0.9014 0.6592 6.0 0.024 0.4381 0.029 0.4403 

2.0 1116.11 0.0083 0.8524 0.8990 0.6592 6.3 0.024 0.4344 0.028 0.4355 

0.8585 

0.8577 

0.8519 

0.8524 

0.8548 

0.8565 

0.8514 

0.8547 

0.9007 

0.9005 

0.9014 

0.8990 

0.8978 

0.9000 

0.8984 

0.8988 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

0.6592 

6.4 

6.4 

6.0 

6.3 

6.6 

6.4 

6.4 

6.5 

0.024 

0.026 

0.024 

0.024 

0.031 

0.029 

0.031 

0.031 

0.4346 

0.4245 

0.4381 

0.4344 

0.3874 

0.4039 

0.3418 

0.3425 

0.03 8 

0.038 

0.038 

0.0 1/ 

0.043 

0.04 0 

0.0J4 

0.04b 

0.4188 

0.4 144 

0.4310 

0.4281 

0.3763 

0.4014 

0.4042 

0.3714 

0.48 ."8 

0.4 0 8 5 

0.4 03 8 

0.4312 

0 . 4 4 u H 

O . i j ^ t 

O.4b1h 

0.322b 

3.0 1088.01 0.0093 0.8548 0.8978 0.6592 6.6 0.031 0.3874 0.035 0.3849 

3.0 1107.45 0.0089 0.8565 0.9000 0.6592 6.4 0.029 0.4039 0.032 0.4078 

3.0 1072.31 0.0081 0.8514 0.8984 0.6592 6.4 0.031 0.3418 0.035 0.3405 

3.0 1042.43 0.0089 0.8547 0.8988 0.6592 6.5 0.031 0.3425 0.034 0.1966 

4.0 1043.28 0.0083 0.8479 0.8955 0.6592 6.6 0.040 0.3369 0.041 0.3488 0.049 0.3362 0.1385 

4.0 1056.86 0.0080 0.8470 0.8459 0.6592 6.5 0.040 0.3392 0.041 0.3522 0.044 0.33y/ 0.1145 

4.0 1072.40 0.0088 0.8643 0.9059 0.6592 5.9 0.037 0.3781 0.034 0.3850 0.048 0.1/b4 0.2«29 

4.0 1062.64 0.0096 0.8568 0.8985 0.6592 6.6 0.039 0.3420 0.041 0.3473 0.044 0.1141 0.2441 
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Fig. 6.1 Thermal Performance Based on Average Plate 

Temperature 
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o Flat-Absorber CPC 

x Flat-Plate Collector 
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G= 0.02 kg/s-m 

-F'UT = Slope 

F'F = y intercept 
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40 

20 
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ra=-0. 997148 
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Fig. 6.2 Thermal performance Based on Average Fluid 

Temperature 



o Flat-Absorber CPC 

x 

G = 0.0 2 kg/s-m 

Flat- Plate Collector 
2 
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R L = Slope 
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n = 0 .66 - 4 .4 (AT/I ) 
r = 0 .976805 

n = 0.60 - 6.10 (AT/It) 
r = 0.996546 

_L 

2 

( T f,i - T a ) / Zt °C m2 W 1 xlO" 

Fig. 6.3 Thermal performance Based on Inlet Flu 

Temperature 
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40 -

20 

60 fe^-~-Z 

1 = 0 . 6 0 - 6 . 1 ( T / I ) 

= 0 . 6 1 - 6 .6 ( T / I ) 

r _ 0.957157 

r = 0.976805 

r = 0.89776085 

2 
G.l= 0.0 2 kg/s-m 

G2= 0.027kg/s-m2 

G3= 0.013 5kg/s-m/ 

r _ 0.997148 

r _ 0.996546 

r _ 0.983044 

( T. . - T )/I o^ 2 -1 
f ,i a t C m W 

Fig. 6.4 Thermal performance of Solar Collectors for 

Varying Flow Rates 



TABLE 6.7 

DESIGN PARAMETERS OF THE TWO COLLECTORS 

Heat Removal Factor F 
R 

Collector Efficiency Factor F' 

Fraction of Energy Absorbed F ,F 

Overall Loss Coefficient UT W °C m 
-2 

Flat 

Exp. 

0.89 

0.91 

0.73 

4.92 

-Absorber 

CPC 

Cal.. 

0.91 

0.93 

0.68 

4.22 

Exp. 

0.88 

0.90 

0.68 

6.94 

Fl 

CO 

at-

11< 

-Plate 

actor 

Cal. 

0.87 

0.91 

0.66 

6.03 
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TABLE 6.8 

ESTIMATED COST OF THE TWO COLLECTORS 

Materials 

Absorber plate 
Fluid tube 
2 Sun-Lite covers 
Insulation 
Housing 
Reflecting surface 

Overhead and labour 

Flat-Plate 
Collector 

$ 

Flat-Absorber 
CPC 

$ 

total 

15.00 
9.00 
10.80 
1.00 
3.00 
-

38.80 
10.00 

10.00 
6.00 
9.40 
1.00 
4.00 
7.00 
37.40 
20.00 

48.80 57.40 

AT/It 

0.01 

0.02 

0.03 

0.04 

TABLE 6. 9 

COST EFFECTIVENESS OF THE FLAT-PLATE CPC 

Efficiency 

Hi 

57 

53 

48 

44 

Efficiency 

Hi 

53 

47 

41-

35 

Ceff 

1.07 

1.12 

1.17 

1.25 



CHAPTER 7 

CONCLUSION AND RECOMMENDATIONS 

Experimental results have revealed that the flat-absorber 

CPC is more cost-effective then the conventional flat-plate 

collector, if operated at solar noon under the specified 

conditions. Although the flat-absorber CPC utilizes much less 

absorber plate area, the total cost per unit area for both the 

collectors balances out because of the additional cost of the 

reflecting surface. However, it is expected that the cost of 

labour in building the parabolic surface would be reduced 

marginally by mass production. Another important consideration 

is that since the absorber width is large enough to receive even 

the off-axis incident rays, no tracking mechanism is needed and 

it also allows the collector to operate on cloudy or hazy days. 

Although the flat-absorber CPC is tested with water as the 

heat-removal fluid, the parabolic surface underneath the absorber 

plate provides a large volume which makes the collector design 

attractive for air heating systems too. This would eliminate the 

water tubes. The absorber plate can then be made from an 

inexpensive material such as aluminium, plastics, etc. This may 

further reduce the overall cost of the collector. It is 

recommended that thermal performance of the flat-absorber CPC may 

be investigated using air as the heat transfer fluid. However, 

air systems are less efficient than water systems necessitating a 

large collector for the same performance as a liquid-based 

system. 
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APPENDIX A 

SOLAR ANGLES 

The position of the sun in the sky can be defined by its altitude, 

3, above the horizontal and the solar azimuth, A , measured from the 

south. To find these angles the following equations may be used: 

Sin 6 = Cos cf> Cos 8 Cos to + Sin <j) Sin 6 (Al) 

Sin A = Cos 6 Sin co Cos B (A2) 

where <(> = Local latitude (north positive) 

6 = Solar declination; (i.e. angular position of the sun at 

solar noon with respect to the plane of the equator) 

OJ - Hour angle; 0.25 x (number of minutes from local solar 

noon). 

The solar declination 6, can be obtained from the approximate equa­

tion [6] . 

6 = 23.45 Sin[360 + 2 8gJ n] (A3) 

where n is the day of the year. Table Al gives the values of solar 

declination for each day of the particular year. 

The solar position angles and incident angles for horizontal and 

tilted surfaces are shown in Figure Al. The angle of incidence for 

any surface is defined as the angle between the incoming solar direct 

beam and a line normal to that surface. For a surface with a tilt 

angle, E, and surface azimuth, y , the incident angle 6 for the direct 

solar beam is 

Cos 9 = A + B C O S O J + C Sin to (A4) 
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where A = (Cos Z Sin <j> - Sin Z Cos <f> Cos y )Sin 6 

B = (Cos E Cos <j) + Sin Z Sin (|) Cos y)Cos 6 

C = Sin Z Sin y Cos 6 

For horizontal surfaces where Z = 0 , equation (A4) is simplified 

as 

Cos 0 = Sin (j) Sin 6 + Cos Z Cos <j> Cos 6 (A5) 

In this case angle of incidence, 0 , is known as zenith angle. 

The relationship for the angle of incidence, 0 , on the tilted 

surfaces with slop Z to the north or south (y = 0) can be derived 

from equation (A4) as 

Cos 9T = Sin (cf>-Z) Sin 6 + Cos (<j>-Z) Cos 6 Cos w (A6) 

Solar Time 

Solar time generally differs from local standard time mainly 

because of the two factors. First, the difference in longitude bet­

ween the location and the meridian on which local standard time is 

based. The second factor is the equation of time which is the measure 

of the extent by which solar time runs faster or slower than mean 

time. Table A2 gives the values of equation of time for each day of 

every month of a typical year. Thus the solar time can be calculated 

from standard time by this equation. 

Solar time = Standard time + E + 4(Lgw L w) 

where E = Equation of time, in minutes 

Lew = Standard time meridian 
SM 

L = Local meridian (place in consideration). 
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TABLE A . 2 
Mean value of the equation of time, in minutes (at true noon) 

DAY JAN. FEB. MAR. APR. MAY JUNE JULY AUG. SEPT. OCT. NOV. DEC. 

I 

2 

3 

4 

5 

6 

7 

8 

9 

1 0 

I I 

1 2 

1 3 

1 4 

1 5 

1 6 

1 7 

18 

1 9 

2 0 

2 1 

2 2 

2 3 

2 4 

2 5 

2 6 

2 7 

2 8 

2 9 

3 0 

3 1 

- 3 - 4 
3-9 
4-3 
4.8 
5 . 2 

5-7 
— 6.1 

6 . 5 

6 . 9 

7-3 

7 - 8 

8 . 2 

- 8.5 

8 . 9 

9 3 

9 - 6 

9 - 9 

10.3 

— 10.6 

10.9 

I I . 2 

I I .5 

i i . 8 

12.0 

- 1 2 . 3 

12.5 

12.7 

12.9 

I3-I 

13-3 

+ 13-4 

- 1 3 . 6 

13-7 
13.8 

13-9 
14.0 

14.1 
— 14.2 

14.2 

14.3 

14-3 

14-3 

14.3 

— 14-3 

14-3 
14.2 

14.2 

1*4.1 
14.0 

- * I 3 . 9 
13.8 

13-7 
13.6 

13-5 

13-4 
- 1 3 . 2 

13.1 

12.9 

12.7 

- 1 2 . 5 
12.3 

12.1 

11.9 
11.7 

11.5 

— 11.2 

11.0 

10.7 

10.5 

10.2 

10.0 

- 9-7 
9.4 
9-1 

8.9 
8.6 
8.3 

— 8.0 

7-7 
7-4 
7-1 

6.S 
6.5 

— 6.2 

5-9 
5.6 
5-3 
5 . 0 

4 - 7 

4 - 4 

- 4.1 

3-8 

3-5 

3 -2 

2 . 9 

2 . 6 

— 2.3 

2 . 1 

1 .8 

1-5 

1 .2 

0 . 9 

- 0 . 7 

0 . 4 

— 0.2 

+ 0.1 

0 . 2 

0 . 5 

+ 0.7 
0 . 9 

1.2 

i - 4 

1 .6 

1.8 

+ 1.9 
2 . 1 

2-3 

2 . 4 

2 . 6 

2 . 7 

+ 2.8 

3 
3 
3 
3 
3 

+ 3 
3 
3 
3 
3 
3 

+ 3 
3 

3 

3 

3 

3 

+ 3 
3 
3 
3 
3 
3 

+ 3 
3 
3 
2 

1 

2 
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APPENDIX B 

MISCELLANEOUS HEAT TRANSFER RELATIONS 

The thermal performance prediction of a solar collector usually 

involves the use of numerous empirical correlations for all of the 

heat transfer mechanisms related to energy collection system. Some 

of the important heat transfer coefficients generally used in design 

and/or analysis of solar collectors are described here. 

General 

Prandtl Number, P , is defined as 

uc p
r 

Pr = K7 ™ 
Rayleigh Number; R , can be expressed as 

d. 

3gATx3 

R 
(B2) 

a DaV 

Grashof Number G , is expressed as 

BgATx3 

G = - (B3) 
r v2 

Nusselt Number, N , is written as 
u 

hj,a 

(B4) 

Convection Heat Transfer Between the Collector 
Plate and the Glass Cover 

Tabor [19] examined the results of a number of investigations, 

and presented them in the nondimentional forms as, 

For horizontal planes, and lower plate at high temperature, 

0 ?ft 1 4 7 

N = 0.168R u-*i0± 10 < G < 10 (B5) 
u a r *• J 

For planes inclined at 45 , with heat flow upwards, 
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N = 0.102R °-310 io4 < G < 107 

u a r (B6) 

For vertical planes, 

0.0685R 0.327 

N 
U 0.0369R °*381 

a 

1.5 x 105 < G < 107 

r 

1.5 x 104 < G < 1.5 x 105 
r 

(B7) 

Hollands [20] studied the natural convection of air between the inclined 

parallel plates with the lower plate at higher temperature than the 

upper plate. Hollands recommends the relation 

1.6n 
N 
u 

1 + 1.44 1708 
R Cos Z a 

1/3 

1 _ 1708(Sin 1.8 Z) 
R Cos Z 
a 

(B8) 

/R Cos Z\ 

\ 5830 / 

Note: dotted brackets go to zero when negative. 

Duffie and Beckman proposed the use of the relation presented by 

Dropkin and Somerscales [21]. Using liquid in between parallel planes 

for tilt angles 0° - 90° and G greater than 2 * 10 as 

N - [0.069 - 0.020 cirw) ] CG p )1/5(P ) 0 ' 0 7 4 

u L 90 J r r r (B9) 

For air with Prandtel number 0.7 this relation simplified to 

Nu = [0.060 - 0.01fjQ-)]Gr
1/3 (B10) 

Forced Convection in an Inclined Tube 

Duffie and Beckman proposed the use of correlation quoted in 

Krieth [22, p. 391]. 

G 
N = -f- In 
u 4 

|_l-(2.654/P °-167G °*5) J 
L. V. r 

(Bll) 
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Whillier [9] quoted the following relation without reference. 

0.067(D/L)R P 
N = 4.36 + S_I (B12) 

1+0.04[(D/L)R P } Z / 6 

Seider and Tate (Ref. Krieth [4, p. 391])suggested an empirical rela­

tion which is widely used to correlate experimental results for liquids. 

Nu . l . ^ C G / -
3 ^ ) 0 - 1 " CB13) 

/yb\o 14 

The correction factor ( -—J ' takes into account the effect of tempe­

rature variation on the physical properties of the liquid used. 

Heat Transfer from a Collector Cover Exposed to the Atmosphere 

Duffie and Beckman have quoted the linear relation given by McAdams 

which relates the heat transfer coefficient, hw(W/m °C) to the wind 

speed, V(m/s) 

h , = 5.7 4 3.8 V (B14) 

Radiation Heat Transfer Coeffient 

The heat transfer by radiation between the two arbitrary 

surfaces is given by 

Q = A h (T - T ) 
1 r 2 1 

where h is the heat transfer coefficient which is expressed 
r 

a s 

* ( T 2 2 + T 1 2 ) ( T 2 + T1> 
h = _ (B15) 

r [(1/Ei) + (1/E2) 1] 
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C THERMAL PERFORMANCE ANALYSIS OF A FUT-JBSOFBE? CYLINF 
C PARABOLIC CONCENTRATOR 
C 
C TRANSMITTANCE-ABSORPTANCE PRODUCT 

1 IMPLICIT REAL*4(A-Z) 
2 DIMENSION TEST (4,6), DATA(16,16), PFSULT (16,14) 
3 INTEGER J,0,K,T 
4 LTD=45.45 
5 TILT=65.0 
6 LSTM=75.0 
7 OTTM=75.617 
8 K=1 
9 DO 100 0=1,4 
10 Rl&D 10, ET,DICL,CPF,HU,RHO 
11 10 FORMAT(F6.2,2X,F6.2,2X,F6.4,2X,F6.4,2X,F6.1) 
12 DO 100 J=1,4 
13 HEAD20,LSTD,IP,IPH1,IRH2 
14 20 FORMAT (F5. 2 , 2X ,F6, 3, 2X ,F5.1,2X,F6.2) 
15 DATA(K,1)=0 
16 DATA(K,2)=IP 
17 DATA(K,3) = IEH1 
18 DATA(K,4) = IFH2 
19 LAT=LSTD+( (ET+4.*(1STM-0TT8))/60.) 
20 OMEGA=(12.-LAT)*15. 
21 PI=3.1416 
22 RAD=PI/180. 
23 W=OMEGA*RAD 
24 D=DICL*RAD 
25 X= (LTD-TILT)*RAD 
26 THET1 =AHCOS((COS(X)*COS (D) *COS(8) ) t(SIN (X)*STN(D) )) 
2 7 N1= 1. 
28 12=1,526 
29 THET2 = ARSIN ( (N1/N2) *SIN (THET1) ) 
3 0 YP=(SIN(IHET2-THET1) ) **2/ (SIN (THET2+THET1) ) **2 
31 ZP= (TAN (THET2-THET1) ) *#2/{TAN (THET2+THET1) ) **2 
32 TOE={<(1-TP)/{1+3*IP)> + ( (1-ZP)/(1 + 3*ZP)) )/2 
33 TX=0.1016 
34 LT=TX/COS (THET2) 
35 EK=0.161 
36 TOA=EXP (-EK*LT) 
37 TAU=TOR*TOA 
38 ALF=0.95 
39 TOL=(TOR*ALF)/(1-(1-ALF) *. 24) 
40 A1=0.15 
41 A2=0.62 
42 FEI=TOL+ (A1*(1.-TOA) ) + (A2*TA0* (1. -TOA) ) 
43 SF=0.03 
44 DF=0.02 
45 FI=FEI* (1-SF)* (1-DF) *0.95 
46 FE=0. 98*0. 95* (1-DF)* (1-SF) *FI 
47 LB=1.22 
48 AB=0.0929 
49 AA=0.13 
50 AZ=AB/AA 
51 AC=0.520 
52 FL=3.175E-2 
53 WF=7.62E-2 
54 REF=0.88 
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55 NT=4. 
56 IT=IP*84„875 
57 IHHT=IBH1*2.0063 
58 IRHD=IRH2*1.9565 
59 RTD=IBHD/IRHT 
60 IB=IT* (1-HTD) 
61 RBT=IB/IT 
62 PHY=80.*HAD 
63 ETA=0.266*HAD 
64 IW=2* FL *TAN(ETA) 
65 B=WF/I¥ 
66 ZZ=0.5*B*TAN(ETA) 
67 CIE=2*ATAN (ZZ) 
68 NP=4* ( (TAN (PHY/2) -TAN (CIE/2) ) ) 
69 FB= (NT*REF*NP*FI*FL*LB*F.BT) /AC 
70 FF=FE*AZ 
71 FT=FB+FF 

C 
C CALCULATION OF LOSSTS 
C 
C BACK AND EDGE LOSS C O E F F I C I E N T S , OB, OE 

72 KINS=0.036 
73 LINS=0.5E-1 
74 KBW=0.1267 
75 LBW=0.625E-2 
76 KPW=0.1584 
77 LP»=1.27E-3 
78 IB 1-=L INS/KINS 
79 RB2=LBW/KBW 
80 RB3=LPW/KPf 
81 R11=RB1+RB2+RB3 
82 AG=0.854 
83 KE»=0.1584 
84 LEW=0.203E-1 
85 DEP=0.1374 
86 5INS=LINS/KINS 
87 RE»=LES/KEW 
88 PER=4.023 
89 UE= (1.0/(EEW + B.INS+REW) * (DEP*PEP/AG) ) 

C 
C TOP LOSS COEFFICIENT 
C 

90 READ 5Q,T1,TG,TP1,TG1,TG2,TA1,WV1,TR1 
91 50 FORMAT(8 (F4.1,2X) ) 
92 DATA(R,5)*=T1 
93 DATA(K,6)=TO 
94 DATA(K,7) = TP1 
95 D1TA(K,8)=TG1 
96 DATA(K,9)=TG2 
97 DATA(K,10)=TA1 
98 DATA(K,11) =»V1 
99 DATA(K, 12)=TE1 
100 SIGHA=5.668E-8 
101 EP=0.95 
102 EC=0.88 
103 EM=0.30 
104 FPC=1 
105 FPE=FPC 
106 EA=1/((1/FPC) + ((1/IP)-1) +(AZ*((1/SC}-1)) ) 
107 EZ = 1/((1/FPR)+ ((1/FP) -1) + (AZ*((1/EM) -1))) 
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1 0 8 TA = r ? U 2 7 3 
1 0 9 T S = 0 . 0 5 5 2 * ( - A * * 1 . 5 ) 
110 T C 1 = T G l + 2 7 3 . 
111 TC2="*G2 + 2 7 3 . 
1 1 2 T P = T P U 2 7 3 . 
113 i"E = TR1+273. 
114 H-1=SIGMA* (TC1 +TP) * (TP**2+ :Cl*-*2) / (FA) 
11 5 HR2=SIGMA* (TC2+TC1) * (mC2** 2+^C 1**2 ) / ( (2./FC) - 1 .) 
116 HFF=SIGMA* (TP+T"") *((**'?** 2)+ (T?-*2) ) / (FZ) 
117 HES=SIGMA* (TC2+TS) * (IC2**?+TS**2)rFC 
118 KA=0.025 
119 TPC=7P-TC1 
120 TCC=TC1-TC2 
121 IP"">=T?-TR 
122 LPC=2.2Fj-2 
123 LCC=1.5E-2 
124 LP*k=FL*0.5 
125 MODP=0.1284E9 
126 MODC=0.1558E9 
127 GB1=MODP*~PC*(LPC**3) 
128 GR2=MODC**:CC* (ICC**3) 
129 G?3 = MODP2'!P5*(LPR**3) 
130 PF?=0.71 
131 ?A1=GF1/PRA 
132 RA2=GE2/P?A 
133 SA3=GR3/PRA 
134 PEI=?ILT*EAD 
135 SEI=P?,I*1.8 
136 ND1=1 + 1.44*(1- (17 08,0/(PA1*COS (PFJ) ) ) ) * (1- ( ( (°~y: (?' I) ) ** "" . fc) x 

«!(1708.0/(""*''1*COS (PSI) )))) + ( ( (?A1*COS (ril)/5rt3n.0)»y;0.333) -1.0) 
137 NU2=1+1.44* (1- (1708.0/(BA2*COS (PEI) ))) * (1- (( (SIN (S7I) ) v*1 .6) * 

<Z(1708,0/(PA2*CCS (P1I)) ) ) ) + ( ((?'2*CCF (PFI) /bd30. 0) *«0.3 33) -1.0* 
1 3 8 N 0 3 = 1 + 1 . 4 4 * ( 1 - ( 1 7 0 8 . 0 / ( E A 3 * C C S ( P F I ) ) ) ) * (1 - ( ( (SIN (STT) ) "* 1 . 6) * 

0 ( 1 7 0 8 . 0 / 0 ? A 3*C0S ( P F I ) ) ) ) ) + ( ( (PA3*C0S ( P F I ) / 5 8 3 0 . 0) * * 0 . 3 3 i ) - 1 . 0 ) 
1 3 9 HPCT=NU1*KA/LPC 
140 H C C " " = N 0 2 * O / L C C 
141 WY=WV1*0.444 
142 H W = 5 . 7 + 3 . 8 * W V 
143 HPRT=N03*KA/LPF 
144 R1=1/(H?1+HPC?) 
1 4 5 R 2 = 1 / ( H r 2 + HCCr ') 
146 R 3 = 1 / ( H ? S + f l « ) 
1 4 7 0 T = 1 . / ( ? 1 + R2+R3) 
1 4 8 R4 = 1 . / ( H R F + H P I T ) 
149 U B = 1 / p 1 1 + P4) 

C 
C OVERALL LOSS COEFFICIENT 
C 

150 UL = UB + UT + T77 
C 
C COLL^CTO? FFFICIENCY FACTO'3 

C 
C FLUID H""""LI TPANSFFF C " S F F I C I F F T , H7F 

1 5 1 READ 40 , D F l T M , S V F r n V C , V L T ' 
1 5 2 4 0 FORMAT(F4. 1 , 2 X , F 5 . 3 , 2 X , F 5 . 3 , 2 X , F 6 . 4 ) 
1 5 3 DAT? (K,13)=DELTW 
1 5 4 DATA ( K , 1 4 ) = M V ? 
1 5 5 DATA ( K , 1 5 ) =MVC 
1 5 6 DATA ( K , 1 6 ) -VLT 
157 KW=0.440 
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158 PI=0.9525F-2 
159 DO=.127F-1 
160 AI= (PI/4) * (ni**2) 
161 CP=CPF*4.18413 
162 P?=MU*CP/KW 
163 QF=VLT* (500./4.04) 
164 D i : L T F = M V F / 0 . 1 6 9 6 
1 6 5 DELTF3J-(DELTF+DF1TW ) / 2 . 
1 6 6 MFL=QF/(CP*DFL'T1FW) 
1 6 7 VFL=MFL/?H0 
168 VEL=V"?L/(AI*NC) 
169 FE= (V"]L*DI) * (FHO/MD) 
170 GZ=RE*PF* (DI/LB) 
171 HFI=1.86* (KH/DI)*(GZ**0.3 3 3) 

C 
C FIN "3FFICIPNCY FACTO"?, F 
C 

1 7 2 K P = 3 8 5 
173 D E L T P = 0 . 7 9 E - 3 
1 7 4 G1=MFL/AC 
1 7 5 M = SQ?T (TJL/ (KP*DELIP) ) 
1 7 6 Y = 0 . 5 * n * (WF-DO) 
177 F = T A N H ( Y ) / Y 

C 
C COLLECTOP 1 F F I C I F N C Y FACTOR, FP 
C 

178 CW=0.8QS2 
179 EB=0.2595E2 
180 BF=PI*DI*HFI 
181 RP=UL* (DO* (WF-DO) * F) 
182 00 = 1./ (WF* ( (1./RP) + (1. /FB) + (1./PF) + (1./CW) ) ' 
183 FP=00/UL 

C 
C FLOW FACTOR ,FF 
C 

184 NTU=0L/(G1*CP) 
185 FP= (1.-EXP (-FP*NIU) )/MTU 

C 
C INSTANTANEOUS COLLECTOR IFFiriFfCY, C7LEFF 
C 

186 IT=TP*84.875 
187 TI=T1+273. 
188 TE=TO+273. 
189 TF=(I1+TO)/2 
190 IE 11= (TI-r""3)/IT 
191 ISTF= (TF-TA1)/IT 
192 IFTP=(TP-""A)/IT 
193 EFTI=FF*(FT-(DL*IRTI*;Z)) 
194 EFTF=FP* (FT- (01*IBn"F*'\Z) ) 
195 EFTP=F"""- (UL*I5n-p*AZ) 

C 
C INSTANTANEOUS I XPI^IMINT' L EFFICIENCY, It-FF' 
C 

196 111=7^-71 
197 T"-0=MVC/(8*42. 45-3) 
198 TTC= (TEI + "pTO)/2. 
199 EF"iEAc:= (G1 *CP* ETC) /IT 
200 """E STILT (K,1)=0 
201 RESULT (K,2)=IT 
202 RESULT (K,3)=MFL 
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203 
204 
205 
206 
207 
208 
20 9 
210 
211 
212 
213 
214 
215 
216 
217 

218 
219 

220 
221 
222 
223 
224 
225 

226 
227 
228 
229 

230 
231 

232 
23 3 
23 4 
235 
236 
237 

23 8 
239 
240 
24 1 
242 
243 

100 

300 

310 

320 
340 

330 
33 5 

350 

360 

370 
380 

390 
3 95 

400 

PESDLT (K,4)=F-
RESULT (K,5)=FP 
PFSULT (K,6)=FT 
PESULE (K,7)=UL 
RESULT (K,8) =IT,TI 
RESULT (K,9)=*?FTI 
RESULT(K,10)=IF1F 
RESULT (K, 1 1) =ETrrF 
RESULT (K,12)=IFTP 
RESULT1 (K,13) =FFTP 
RESULT (K, 14) =3FMFAS 
K = K+1 
CONTI^U" 
PEINE 300 
FCRHAT(« 1* , 5 ( / ) , 2 5 X , •~XPEEIMENIAL D'.E1 FEE FI : T - t as"1***" " ;t>c FC ^ 

SLOW FATE = 0 . 0 2 0 0 K G / S - M ' , / / / / ) 
PRINT 310 
FORMAT (• »,•SET1,5X,'IP',6X,'lEHI'^X,'IF H 2* ,6X,«T1' ,5X, 

3'TO' ,4X, 'TP1 • ,4X,» TG1 ' ,4X, 'EG2' , 4X,•TA1',bX , 'WV1' , 3V, ' "." 1 ' ,bX, 
a'PELTW ,4X,'MVF',4X,f*-;VC',5X, 'VL1*"' ,//) 
0=0 
DO 330 1=1.4 
DO 320 K = 1 .4 
0 = 0+1 
PFINT 340, (DATA (0, J) , J= 1, 1 6) 
FO^MA"1 (' ' ,F3. 1,4X,F6.3,3X,F5.1,2X,r6.2,4X,,:'4. 1, 3X,F4. 1 ,~'X , 

3>F4. 1,3X,F4.1,3X,F4.1,3X,F4. 1,3X,F4. 1,3X, F4. 1 ,4X,F4.1,4X, "b.3, 
5>2X,F5.3,2X,F6. 4,/) 
PFINT 335 
FOPMAT(* ') 
PRINT 350 
FORMA7" ('1 » ,5 (/) ,25X, ' "XPEFIMErTAI FA"71"- FOE *"T » ~-- BSOEPE** ^E"~ ?r"-

iBLOl PATE = 0.0200 KG/S-M',////) 
PRINT 360 
FOP MAT (» ' , 'SEE',5X,'EE',6X,'FLOW» ,7X,•FF' ,7X, '̂ I>* ,n\, '^' ,5X,*U: 

3,5X,'I?TI,,4X,'EFTI',5X,,IFT1:''.4X, 'EE^F' ,5X , * E ^ P » , 4X, ' E^*? ' , 
o)5X,'SFMEAS',//) 
0=0 
DO 390 1=1,4 
DO 370 K=1,4 
0=0 + 1 
PFINT 380, (RESULT (0 , J) , J=1 , 14) 
FORMAT (» ' ,F3. 1 , 3X ,F7. 2 , 2X , F6 . 4, 4X , F6 . 4 , 3X , E6 . 4, 3X,1-6. 4 , 3X ,Pj. 1 , 

5)4X,F5. 3,2X,F6. 4,4X,F5. 3 , 2X ,?6 . 4 , 4X ,F5 . 3, 2X,I'6. 4,4X,Ft.4, /) 
PRINT 395 
FOPMATC ') 
PRINT 400 
FORMAT ('1') 
STOP 
END 

$ENTRY 
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