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I. INTRODUCTION 

I.l. A brief historical summary 
of solar power production 

Although the inherent potential in solar radiation 

was realized by Archimedes over 2000 years ago when he 

utilized it to burn the boats of the Roman fleet by means 

of focussed sunlight upon their sails, no subsequent 

attempts were recorded until 1615 when Solomon de Caux of 

France succeeded in raising water by expanding air heated 

by solar radiation. Another Frenchman, August Mouchot, 

pioneered efforts in solar energy utilization in the 19th 

century by constructing solar steam engines in 1866 to 

1872 and 1878. Messrs. Adel Pifre and C. L. A. Telliers 

have also been cited in the literature, which describes 

their solar engines operated with steam and ammonia vapour. (1) 

John Ericsson of New York was a pioneer in the field 

of solar mechanical power production in the United States. 

He constructed several solar angines operated by steam or 

hot air between 1868 and 1883. During the early years of 

the 20th century, from 1901 to 1904, A. G. Eneas constructed 

sorne truncated cane-type solar collectors which successfully 

produced steam, but the se were not actually used for driving 

a steam engine. Howevar, in 1901, he succeeded in building 

l 
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another of truncated cone design which was utilized in 

supplying steam to a compound condensing engine which 

actually produced 4~ h.p. H. E. Willsie and John Boyle 

Jr., From 1902 to 1908, constructed various solar engines 

which operated with steam, ammonia or sulphur dioxide, the 

working fluid being heated and vaporized in Flat Plate 

collectors. 

Frank Shuman operated two solar engines in Tacony, 

Pennsylvania in 1907 and 1911, the first with a horizontal 

glass-topped ~ater-box, the second incorporating trough-

type collectors. 

One of the greatest achievements in solar power 

production was the 100 h.p. steam engine employing 
-

parabolic troughs designed and built by F. Shuman and c. V. 

Boys and installed in Meadi, Egypt, in 1913. However, the 

rapid advent of the internaI combustion engine served to 

discourage further attempts to pro duce mechanical power 

From the sun. 

During the period From 1920 to 1950, work in this 

area was relatively dormant, but subsequently increased 

interest in spacecraft power schemes opened a new era in 

solar energy utilization. 

Limited power requirements as weIl as unlimited 



financial resources enabled researchers to in~~stisate 

every conceivable method of solar energy utilization From 

silicon cells to thermionics or From inflatable para-

boloirlal concentrators to ther~oelectric conversion. Many 

, significant developments and devices emerged From these 

liberally financsd research programmss. Silicon solar 

cells have already been accepted as almost the standard 

power supply for spacecraft and satellites. A recent 

project, "Apollo Telescope Mount," employing 100 m2 of 

silicon solar cells to deliver 7200 watts at peak load at 

3 

24-30 volts OC rating for a maximum duration of six months, 

is estimated to cast $4,000,0001(2) 

In such projects aimed at producing power in space, 

the performance criteria are assessed in terms of the power-

to-weight ratio rather than the power-to-costratio. 

On the other hand, the production of mechanical 

power From solar ~adiation for terrestrial applications has 

been given considerable attention in a"number of countries 

during recent years. H. Tabor of Israel has successfully 

constructed a solar power unit which was demonstrat~d in 

Rome during the "United Nations Conference on New Sources 

of Energy" in 1961.(3) 

Soviet scientists have been working independently on 

various aspects of solar energy utilization both in Moscow 
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and in Tashkent. Direct energy conversion utilizing silicon 

cells, thermoelectric and thermionic converters have been 

analysed and ~he resultant devices reported. A large-scale 

application proposed in 1958, (4) which consisted of a field 

of mirrors placed on railway tracks with a power rating of 

1600 Kw, does not appear ta have produced conc~ete results 

since they have not yet been reported in the literature. 

An account of recent developments in the Soviet 

Union is given in Reference (5). It is not possible ta 

comment on the feasibility of their achievements since no 

cast figures have been repor~ed for an existing solar power 

plant. 

The French team, formerly based in ~lgeria, has been 

working mainly at the University of Marseilles where direct 

energy conversion problems as weIl as thermal utilization 

of solar energy in.the form of high temperature steam 

production have been studied. 

other individual attempts such as those of Professor 

mas~on of Senegal(7) and the Italian Samar solar pump(8) 

must be mentioned as significant achievements in the pro-

duction of mechanical power from solar radiation. 

One of the most notable developments among solar 

power schemes is the project undertaken by Professor 
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Francia. His power plant has been assembled at St. Ilario, 

Genoa, (9) and is aimed at generating steam employing a sun 

tracking field of mirrors and a honeycomb type "non radia­

ting" absorber. The implications of this project, which is 

still in progress, will be discussed in the relevant section 

of this thesis, especially insofar as it modifies the 

economic significance of solar power. 

In addition to the above projects, which have been 

specifically aimed at producing mechanical work from solar 

radiation, there has been considerable research to improve 

the performance of the various individual component parts 

of such power plants. This is exemplified by a series of 

investigations comprising theoretical analyses of fIat 

Plate(lO, Il, 12) and concentrating(13, 14, 15) type 

collectors, the use of selective surfaces(16, 17) and 

honeycomb structures"ti;: 19) and the improvement of turbine 

performance using various working substances. (20) 

However, aIl of these individual efforts for 

separately optimizing the performance of each component of 

a solar thermal power plant are not likely to yield the 

best possible over-all arrangement since the change of sorne 

variables adversely affects the effectiveness of various 

components. The following example illustrates this. 

An improved cycle efficiency is attained at elevated 



ceiling temperatures, whereas the collector efficiency is 

reduced. Therefore, the maximization of the cycle 

6 

efficiency or collector efficiency alone would not maximize 

the power output or minimize the cost per unit output. 

Instead, a compromise may lie at a condition yielding 

neither the best collector nor best cycle efficiency. 

1.2. Philosophical basis of the 
feasibility study of Sclar 
Power Production 

. Almost without exception, aIl attempts which have 

been made to pro duce cheap mechanical power From solar 

radiation by means of heat engines have failed to yield an 

economical solution. The prime reason for this has been 

the limitation of each of the se studies to the analysis of 

a single system with predetermined specification; for 

example, sorne investigations have confined their attention 

to fIat plate collectors while others have examined hot air 

engines or concentrating collectors. 

Up to the present, no fundamental investigation has 

been attempted with the objective of determining the 

optimum system, and the details of its design and perform-

ance, from the various possible alternative arrangements of 

components. In fact, it would have been advisable to have 

completed such a study prior to the construction and 

performance evaluation of any specific solar power 



producing system. This would have resulted in substantial 

savings in the time and en~rgy which have been consumed in 

previous en~eavours to pro duce cheap power from solar 

radiation in the absence of a clearunderstanding of the 

effects of the various design and performance parameters 

in the definition of regions of feasibility. 

7 

In addition to the above reasons, the previous ten 

years' .experience of the author in solar energy studies and 

the unique research facility in solar science and engineer-

ing available at the Brace Research Institute provided a 

cogent motive for the former to select this topie for his 

doctoral dissertation. 

The pur pose of the present fundamental study is to 

pro vide a rational basis for the eomparison of alternative 

methods of solar power production and to speeify feasible 

margins for improvement as a guige to promising areas of 

future research. Indeed, the originality of the work lies 

in this aspect. 

, 
The following can, therefore, be stated as eontribu-

tions to knowledge in the field of mechanical power 

production from solar radiation using heat engines under 

the economic performance criterion. 



• 

I.3. Contributions to knowledge 

A systematic study has been made of aIl conceivable 

combinations of energy collection and conversion mechanism 

for the production of power from solar radiatlon by means 

of heat engines. 

A generalized model has been devised which embraces 

the full range of collectors, thermodynamic cycles and 

ancillaries. 

A detailed survey of the possible combinations has 

been made to isolate those feasible for practical realiza­

tion. 

Solutions to mathematical models of the latter have 

been developed and their implications discussed. 

Analyses of typical models have been presented in 

.' detail in the appendices. 

8 

The system has been optimized in both the steady and 

unsteady states. 

The degree of improvement in performance which can 

be obtained from the optimization of the various parameters 

according to the current state of the art has been discussed 

and areas indicated where future investment in fundamental 

and applied research would be most effective in improving 



the thermo-economics of the system. 

A collection of reference material for the guidance 

6f future designers of solar power plants in various 

localities has ~een compiled and presented. 

1.4. Definition of the problem 
and objectives 

Although the title of the the sis implies that a 

feasibility study will be made, it is necessary to define 

9 

the basic criterion. Economic.performance will be the 

criterion of this study. Therefore the important considera­

tion in the optimization has to be the minimization of the 

cost of power produced at a given ratir.g irrespective of 

the maximum thermal efficiencies and perfected design and 

qperating conditions. There would be no justification for 

improving any component of the solar power system beyond 

proper margins, after which the increased initial invest-

ment would outweight the expected increase in the power 

, 
o~tput. 

The parameters involved in the analysis are too many 

for handling in a single relation capable of differ~ntia-

tion in or der to pro vide maxima or minima by simple 

mathematical operations. Therefore, systematic analysis of 

the components, by establishing aIl of the mathematical 

.correlations and constraints, becomes a necessity. The 
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following resumé outlines the methods employed ·in.tacl<ling 

the· problem and the various assumptions made in the 

analysis. 

The.basic pattern of the analysié is as represented 

in figure 1. Necessary adjustments have to be made for 

various combinations of the cycle, collector, engine, sinl<, 

and where required, a heat storage system. Therefore, this 

worl<. aims to: 

1. set up theoretical relations and define marginal 

characteristics and properties; 

2. examine each component and establish mathematical models 

and equations from thermodynamic heat transfer and 

economic points of view; 

3. solve those mathematical models uSing digital computer 

techniques, defining the range of optimum performance 

for each component and comparing the various possible 

combinations using economic performance c~iteria; 

4. extend the study of those parameters promising improve­

ment and suggest a combination of components to yield 

minimum cost un der the present status of technology and 

science; 

5. find out ~real<throughs for guiding future investigators; 

6. summarize and compile the findings of the mathematical 

analysis to facilitate the selection of the best combina­

tion of components to design a solar power system for a 

given'locality, climatic conditi~ns and power rating. 
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II. MATHEMATICAL MODELS FOR THE PROBLEM 

II.I. General comments on the 
formulation of the 
problem 

The kernel of the analysis is the optimization of 

the variables influencing the unit cost of the power 

produced. 

There have been many proposaIs and applications of 

solar power production via thermal engines. This analysis 

will not be oonfined to a single type system of given 

design. Instead, various possible combinations of the 

components will be tried to obtain the system yielding the 

best optimum, such as steam Rankine cycle, fIat plate 

collector, turbine with condenser or Rankine cycle with an 

organic fluid, concentrating collector, with storage, 

reciprocating engine, etc. 

The variation of a parameter may only be influential 

on a single component, such as the circulation water inlet 

temperature at the condenser which affects the condenser 

performance only, or alternatively it might be effective 

in more than one or even in aIl of the components, such as 

in the case of the peak temperature. The latter is 

involved in the cycle efficiency, collector performance, 

Il 
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, , .~étorage 'sy~tem'sp~cifica~i~ns, etc~ Ther~fo~e, the 
'. . .. . 

info~mation flow,mu~t be ~o arr~nb~d ~hat th~ ,performanc~ 

ofcompon~nts s~ould ,match with~ach 6~her. Common 

parameters shoul:d be varied simul ta'neously -to obtain the 

op~imumfrom the economic' p~r~or~ance point of view~ 

Formulation of steady state 
per~ormanc'9 " 

, In carying' ou~ the ~naly~i~,thefollo~ing as~ump-. .~ . . 

tionsw~r~ made in or~er~to r~pr~~Bntthe~e~formanceof 

,e,ach ,elemènt and of the comple~e 'system, respective'ly., .. ', . . . 

, , 

The r~diatio~ ,intensity:I i~60nstant. This 

assum~tion 'hasto be modified in,~he' unste~dy s~~te 

. analysis 't,o' represent the ac·tualperformance,. sin ce the 

soier r~diatiôn intensity .. at' theearth"s. 'surface Is" a· 

f~nb~ion of the followin~ variables: ' , . 

The~roperties of the working fl~id such as 

enthalpy, entropyand specific volume are invariant. 

.( 2.1) 

Theseproperties have to be modifiedonly when the 

substance it~elf is changed. 'The thermal cycle'relations 

yield the net idsaL wo~k Wi ' heat rejected from.the system 

OR' and heat added to t~e workihg substance {n the 

collector QA per unit mass of fluid circulated. The 

actual work is sorne fraction of the ideal work W : = 11 ·w .' oa, "l, o~ 



• where Tt= ~t ~m' the product of the efficiencies due to 

fluid friction and mechanical friction. The efficiency 

due to irreversible fluid friction, ~, is defined as: 

for an irreversible isentropic expansion. Subscripts 

refer to the simple Rankine cycle which is outlined in 

Fig. 2. The point l represents the state at the tùrbine 

entry, 2 represents the state after isentropic expansion 

and 2' after irreversible isentropic expansion. The 

arithmetic values employed have been based on previous 

experience with systems possessing similar ranges of 

operation and comparable size and design features. 

13 

The heat to be supplied by the cOllector, QA' in 

the actual case must be a function of time. For the sake 

of obtaining sorne preliminary information on the prospect­

ive ranges of optimum performance, QA will be assumed 

constant. This assumption implies that the solar 

radiation intensity, I, is also constant. 

The demand for power may be a function of time 

depending on the location or pur pose of utilization. If 

the power is continually ~emanded, a sto~age system is 

necessary to supply the energy deficit or to store the 

excess. 
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Since the steady state analysis assumes that supply 

is equal to demand, no storage will be needed. In cases 

of immediate consumption of the energy supplied, suchas 

pumping water whenever the sun shines and storing ~he 

water in an elevated tank, no thermal storage would be 

required. However, the optimization of a system with· 

variable energy supply is very difficult if not totally 

impossible. This alternative will be treated later when 

the average performance optimum for the system is 

investigated. 

The following summarizes the above discussions on 

the formulation of the problem. The performance of the 

system is such that the energy supply and consumption are 

identical, no storage being required. The system is of 

the simplest form but does not represent the actual 

performanèe since in practice neither the supply, which 

is the radiant energy incident on the collector plane, nor 

the consumption would be constant. However, this analys1s 

has been carried out as the first step in order to locate 

the regions of interest before attempting to optimize the 

solar power plant under variable radiation input and 

consumption conditions. 



Formulation of unsteady 
state performance 

Since a constant energy supply or clonsumption is 

15 

not expected, the system has to be operated under varying 

radiant heat flux and power consumption conditions. The 

two possible ways of attacking the problem might be the 

following: 

(a) To set up the system for optimum performance at the 

average input and power consumption conditions and 

observe the performance variation. The performance 

could be somehow improved by adjusting the operating 

conditions such as the pressure and flow rate. 

(b) To set up the system soflexibly that sorne of the 

components, depending on the demand or supply, could 

be added to or removed from the system. For example, 

boosters could be used to raise the temperature of the 

working substance to a level which would yield 

acceptable efficiencies in the case of deficient 

energy supply. 

Both suggestions have their own drawbacks which 

will be examined at length whenever the related topics are 

treated. 

The information flow for both models has been 

visualized in Figure 3. Depending on the amount of the 

energy excess or deficit, the storage system's size and 
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performance can be determined. The formulation of each 

component of the solar power plant will later be described 

in detail. 

The calculation of the solar radiation intensity 

1 = I(t}, and the history of power consumption KW = KW(t), 

where (t) refers to a time variable, provides the informa-

tion necessary for sizing the heat storage system. The 

storage systems will be studied in a separate chapter. 

The formulation and solution of the performance of other 

components of the system such as the CYCLE, COLLECTOR, 

ENGINE and SINK remain the same both in the steady state 

and the unsteady state analyses. 

II.2. Possible combinations of 
the elements of the Solar 
Power System 

Various devices can be used for collecting solar 

radiation and converting it into mechanical work, as 

illustrated in Figure 4. Taking one component at a time 

from five basic elements, namely, CYCLE, COLL~CTOR,SINK, 

TURBINE and CONTROL SYSTEm, it is evident that one hundred 

and fifty different combinations can be obtained. 

However, further examination of this large number 

of possible combinations enables a substantial section to 

be excluded from further consideration on feasibility 
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grounds and thus considerably reduces the time and effort 

necessary for analysis. The following section has, 

therefore, been presented with the aim of formulating and 

solving various aspects of solar power production more 

effectively. 

II.3. Elimination,of unrealistic 
combinations ofcomponents 

Figure 4, which presents a list of possible 

combinations of components of the solar power plant, 

reveals how tedious it would be to analyze the 150 cases 

proposed. However, in the present section, which comprises 

a general survey of the possible combinations of components, 

attempts have been directed towards eliminating sorne of 

the less promising cases such as the Stirling engine 

combined with the Flat Plate collector. Of the remainder, 

sorne are introduced in the form of a parametric study o'f 

the relevant factors, such as the effect of selective 

surfaces on the fIat plate collector performance or th~ 

influence of the working substance on the cycle effic-

iencies. 

Study of the cycles proposed 

The cycles proposed are essentially of three types, 

the Rankine, Bray ton, and Stirling cycles. 
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ProposaIs of the Rankine-steam and the Rankine-

organic fluid cycles will be combined in one typical case. 

Since only Vapour Enthalpy-Entropy-Temperature data change 

between various working substances, cases land 2 in 

Figure 4 can be examined by running the same computer 

programme with different data. 

The Stirling cycle operates at high temperatures 

and the proposaIs and realizations are aIL based on a 

double piston~reciprocating engine witha sun-tracking 

concentrating collector, since high temperatures of the 

or der of 1260 oF(21) can only be obtained using a 

concentrator. In this way several of the combinations 

using this cycle are eliminated and the study confined 

to one combination only, namely, the Stirling cycle~ 

reciprocating engine-concentrating type, sun-tracking 

collector. 

The Bray ton cycle. Though theoretically the 

Bray ton cycle could be employed in a solar power plant, 

because of the reduced efficiencies at low temperatures, 

only concentrating type colle~tors, which are also 

required for the Stirling engine, may be used. The 

Bray ton cycle analysis is, therefore, also limited to the 

sun-tracking concentrator - turbine and a sink. The inert 

gas and air cycles can be compared by supplying the 
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corresponding physical properties into the programme. In 

the case of the air-Bray ton cycle the atmospher~ acts as a 

natural sink; the sink therefore can be omitted. The inert 

gas Bray ton cycle on the other hand needs a heat sink ta 

recirculate the working substance. The systems combining 

the sun tracking concentrator, air Bray ton cycle and " 

turbine, and sun tracking concentrator, in~rt gas Bray ton 

cycle and turbine with radiator, respectively, are the 

only two feasible alternatives for a solar power plant 

operating with the Bray ton cycle. 

The use of an air or water cooled condenser or a 

radiator depends solely on the availability of copling 

water in enough quantities .. In many cases, such as a 

plant used for water pumping purposes, enough circulation 

can always be maintained using water pumped out from a 

weIl. Even wh en an air~cooled condenser is employed to 

eliminate the ci~culation pump the feasible region is not 

m~ch affected. When the air or water-cooled condenser is 

used, instead of there being a change in the feasible 

region, it is rather the absolute cast "figure whiçh "changes. 

The water-cooled condenser has been chosen as the 

standard type for aIl the cycles and vapours, since it 

allows the maintenance of lower condenser temperatures due 

ta the higher film conductance experienced at the cooling 
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• medium and the tube of the condenser. The possibility of 

using an air-cooled condenser has been eliminated From the 

detailed studies and treated as a parameter depending on 

the locality. In locations where the cooling water is 

scarce the air-cooled conden~e~ Dr water cooling tower is 

suggested. 

Figure 5 outlines the remaining feasible combina-

tions after the above-mentioned simplifying assumptions 

have been made. 

Basic typical analyses are as follows: 

(a) Rankine cycle - fIat plate collector - condenser -

turbine, where the parameters are: 

working substance 

selective surfaces 

convection suppressorè' (honeycomb, etc.) 

mirror boosters 

(b) Rankine cycle - concentrating collector - condenser-

rotary engine, where the parameters are: 

concentration ratio 

sun tracking syste~ Dr fixed orientation 

(c) Bray ton cycle - concentrating collectrir - turbine, 
. 

where the parameters are: 

working substance 

heat rejection system: radiator (or natural sink 



• 
in case of air - 8ray~on cycle) 

(d) Stirling cycle - concentrating collector - recipro-

cating engine, wherethe parameterè are: 

working substance 

21 

heat rejection system: rad~ator (or natural sink 

in case of air - Stirling ~ycle) 

/ 
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III. STEADY STATE ANALYSIS 

111.1. Solution of a Typical Case: 
Flat Plate Collector - Steam 
~ankine Cycle - Turbine 

Relations and Constraints 

The steady state analysis is based upon the Informa-

tion Flow Chart presented in Figure 3. Possibla combinations 

of various components have been indicated in Figure 4. 

Those combinations have been further simpl,ified in Figure 5 

as has already been discussed. 

The complete set of equations describing the per-

formance and facilitating the cost calculations is given. 

Other combinations which have been tested in computer pro-

grammes are presented in the appendices. 

As a typical combination the following has been chosen: 

Steam Rankine Cycle (Saturated) 

The effect of superheating can be easily introduced 

by inserting the corresponding enthalpy and entropy values 

for the state corresponding to the superheated steam. 

Storage is eliminated since the supply is assumed to 

be consumed immediately • 

22 
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Collector 

The collector is assumed ta be a typical flat-plate 

type. The influences of various design parameters are 

included by testing different arrangements of the trans­

parent covers and· ordinary black or selective surfaces. 

Engine 

A steam turbine has been selected as the basic prime 

mover. The relative effect upon the engine cast of the 

inlet and discharge steam temperatures and pressures is far 

greater than that of the number of stages and operating 

speed in the range of power ratings from 10 ta 20 Kw. forming 

the subject of this study. In such small turbines, the cast 

of the turbine rotors and nozzles is small compared with 

that of the casing, bearings, seals, valves and other 

essential auxiliaries. During the first series of approxi­

mate calculations the turbine cast has, therefore, been 

assumed ta be a function of the inlet and outlet steam 

temperatures, t l and t 2, only. This facilitates the calcu­

lation of the region of operation at minimum total cast for 

the complete solar power plant and also simplifies the 

application of the various mathematical techniques available 

for computing the optimum operating conditions. Once the 

region of minimum cast has been identified as a function of 

the boiler and condenser temperatures, a more refined 

technique can be used ta investigate it in detail • 
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Sink 

A steam condenser is to be utilized for heat rejection. 

Depending on the availability of the circulation water, 

either a water-cooled or an air-cooled condenser could be 

employed. In the case of a solar power plant for water­

pumping purposes, the water to be pumped out could also be 

used in the cooling circuit. If water is unavailable or 

only available in limited quantities, either a cooling towar 

or an air-cooled condenser could be proposed. The air-

cooled condenser would be more expensive as the convective 

heat transfer coefficient, hc ' to air is at least an order 

of magnitude lower than in the case of water. The addition 

of finned surfaces would improve the performance; however, 

the cost would still be high. 

Therefore, in this typical combination of the system, 

a shell-and-tube type water-cooled condenser is employed. 

The working formulae for the 
Steam-Rankine Cycle 

The cycle efficiency, amounts of heat added, QADD' 

and rejected, QREJ' per pound of working substance are given 

~ 

by the following formulae: states refer to Figure 2. 

QADD = Hgl - Hf2 
(3.1) 

QREJ = HX2 - Hf2 
(3.2) 

ill • 
o~ = QADD - QREJ 

(3.3) 



• The numerical values of the properties of state 

D~quired for the analysis of the Rankine cycle can either 
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be obtained from steam tables accurate to five significant 

figures or sorne approximation can be employed to express 

them in terms of the boiler and condenser temperatures. In 

the case of the numerical analysis carried out on the 

digital computer, the most accurate available figures for 

state points at ten Fahrenheit degree intervals were fed 

into the computer memory and linear interpolation used for 

intermediate values. However, in order to explore the 

variation of energy cost using mathematical optimization 

techniques it was found advantageous to express the derived 

properties of state as linear functions of temperature 

which could be readily differentiated. Thus, the amounts 

of heat added and rejected and the cycle .efficiency could 

be expressed as functions of the boiler and condenser 

temperatures. In the expected range of operation the 

temperature margins have been set as: 

212 < t l ( 300
0 F 

80 <. t 2 < l30
0

F 

(3.4) 

(3.5) 

The following approximate relations have been obtained by 

assuming linear variation of entropy and enthalpy of the 

saturated liquid and vapour with temperature. Should it 

become necessary to extend the range of operation beyond 

~ that specified above, similar relations would still be 
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applicable urith modified constants. 

Lingar approximations 
, 

Enthalpies: 

Hf2 = t 2 - 32 Hf2 : 8 t'u/1bm 

Hg1 = 1150.4 + 0.333 ( t l -2l2) 212(t1(300 

Hg2 = 1096.6 + 0.425 (t2-' 80) , 80 < t 2 < 130 

Entropies: 

5g1 = 1.7566 - 0.00139 (tl -212) 212 <. t 1 < 300 

5g2 = 2.0360 - 0.00142 (t2- 80) 80 < t 2 ( 130 

Sf2 = 0.0932 - 0.00177 (t2- 80) 80 < t 2< 130 

Qua1ity of steam after isentropic expansion From the 

saturated steam state: 

X2 = (5g1-5f2)/(S9'2~5f2) 

5ubstituting (3.9), (3.10) and (3.11) into (3.12) 

Tt;Je 13ntha1py ofsteam at state X2 

HX2 = Hf2-X2(Hg2-Hf2) 

1.8165 - 0.00139t1 - 0.00177t 2) 
= t 2-32 +( 1.9148 - 0.0035t

2 

Simp1ifying: 

26 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

(3.13) 

1 
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1.8165 - 0.00139t1 - 0.00177t2 = t 2-32 + ( 1 .. 9148 - 0.0035t
2 

) 

(1094.6 - 0.575t2 ) (3.14) 

Ideal Work Output 

(3.15) 

From (3.7 and (3.13): 

Woi = 1150.4 + 0.333 (tl -212) - (t2-32) + 

( 1.8165-0.00139t1-0.~0177t2] . 1.9148 _ 0.0035·t
2 

(1094.6-0.575t 2 ) 
(3.16) 

Actua1 Work Output 

W •• 'n 
Ol. .~ 

(3.17) 

Simp1ifying (3.16): 

Woa = 1 [1112.0 + 0·.333t1 - t 2 + 

1.8165-0.00139t1-0.00177t2 ] 
( 1.9148 _ 0.0035t

2 
)(1094.6-0.575t2 ) 

(3.18) 

Heat Added: 

Substituting (3.6) and (3.7) into (3.1) 

QADD = 1150.4 + 0.333 (tl -212) - (t 2-32) (3.19) 

Simp1ifying: 

(3.20) 



Heat Rejected 

Inserting (3.13) and (3.6) into(3.2): 

1.8l6S-0.00l39ti-0.00177~2 

QREJ = ( 1.9l48-0.0035:t
2 

)(1094.6-0.S75t2) 
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(3.21) 

The amounts of heat added and rejected as weIl as the work 

output ar~ defined per pound of steam ,circulated. Ths 

steam rate c'anb,e' calculated from: 

tU= KW 
Woa 

where KW is the power rating in kilowatts. 

trom (~.l7) and (3.22): 

tJJ= 
KW, 

(3.22) 

, l~8l65.8~G8l39ti·8~B8l77t2 

lll2+0.333\-tz-( 1.9148-0.0035 t
2 

)(1094.6-0.S75t2 ) 

(3.23) 

The Flat Plate Collector performance 

The collector performance should match the cycle 

specifications; therefore, water entering at t 2 at a rate of 

w éhould, be heated to t 1 • It is possible either, to employa 

single stage heater or to split the h~ating process into 
, , . 

several parts such that the working fluid is' heated during 

successive stages, using ths type bf collector y1~lding the 
. . .' 

best efficiency for each of the given temperature ranges. 

. (22) - . 
This concept is illustrated in Figure' 6. Styrocel, a 

transparent ~arge-celled plastic foam used by the author 
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in pur suit of high efficiencies at temperatures around 

boiling point of water, is a promising material provided 

that sorne precautions against excessive heating and soften­

ing of the plastic are taken.(23) 

Heating From ambient to A would occur in collector 

(l), possessing a single transparent Tedlar or glass cover. 

This would pro vide the highest efficiency owing to the 

small excess operating temperature above the surroundings. 

For temperatures between A and B, A < t l ( B a single glass 

co ver with selectively coated collector plates operates 

most effectively. 

This stepwise heating of the working substance would 

result in the collector cost being a minimum. The total 

amount of heat collected would be obtained From 

Qtot = Qadd·W 

n 

Qtot =i~lAillciI 

Btu/hr 

Equating (3.24) and (3.25) and using 
n 

Qtot = W{1112+0.333tl -t2 ) = l r 
i=l 

(3.20) : 

A.1\ . 
~ -LC~ 

(3. 24) 

(3.25 ) 

(3.26) 

Tn~ amount of heat collected in each portion of the col­

lebtor must be summed to find the total heat collected • .. 
The heat collected can also be represented by the enthalpy 

rise • 
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(3.27) 

But during the heating process, first the saturation point 

is reached, then boiling occurs at constant temperature. 

Qsat = .î Qtoti = UJ Cp (tl -t2 ) (3.28 ) 
l.=l 

Qtotl = w Cp (t t -t2 ) ou cl (3.28.1 ) 

Qtot = ut Cp 
2 

(t t ... t. ) ou c2 . l.nc2 (3.28.2) 

Qtotn 
= 'tU Cp (tl-t. ) l.ncn (3.28.n) 

t t and t. refer ta outlet and inlet temperatures of ou c l.nc 
each section of the collector. The number of stages can be 

increased if t l is tao high or t 2 is tao low. The final 

stage has ta operate at c6nstant temperature. 

The most reasonable assumptions for t t arid t. values ou c l.nc 

would be the intersection points of the (tc~ta) vs. qc 

curves in Figure 6. 

Having substituted the inlet and outlet temperatures 

of the working fluid it is then possible ta obtain cor-

responding collector areas. For example, for the first 

stage heater: 

Qtotl = lAl~cl = w Cp (toutcl-tinCl) 

= w Cp(toutcl_tincl) 
Al l'lcl 

(3.29) 

(3.30) 
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n must be taken as the efficiency of the collector for c.cl 
the given range of temperature. 
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The efficiency of the Flat-Plate Solar Water Heater 

is derived in the appendix g-a. 

Th& collector efficiency iB ~xpressed by: 

Fr (1 toC - 11lc (tl-ta» 
Ttc = l (3.31) 

where: ' 

VIc 
-"G'C 

Fr = (1 - e p) FI 
IDc 
GCp 

Referring ta equation (3.30), the'surface area of each 

collector stage may then be written as 

UlCp (toutcl-t2) 
(3.32) 

Similarly 
'WCp (toutc2-tinc2) (3.32.1) 

wCP (tl-tincn) (3.32.n) 

In the final stage, boiling of the fluid occùrs at the 

constant saturation temperature t l • 

lt must be noted that t. is equal ta t 2, the sink tempera­l.nc 

ture, and toutcn is equal ta t l , the ceiling temperature. 

Also, as the final stage collector operates at constant 
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temperature, the convective film coefficient, hb, and heat 

removal efficiency factor, Frb' must be.evaluated at the 

constant temperature. Referring aIl temperatures to the 

datum of the ambient temperature, ta: 

T = t-t a 

= (t t -t ) - (t. -t) 
ou c a ~nc a 

( t t -t. ) = T t - T. 
ou c ~nc ou c ~nc 

Equations (32.1) to (32.n) can then be rewritten 

WCp (T outcl-T incl) 

Al =. Frl[ l 'rlC(-Ulcl T inCl] 

~C Toutcn~Tincn 

An = Frn Itn~~lcnTincn] 

(3.33) 

(3.34) 

(3.35) 

(3.36.1) 

(3.36.n) 

For the collector section in which saturated water boils at 

the constant temperature t l 

= U1 (Hgl';'Hfl) 
Ab Frb (l'CtP-Ulcb Tl) 

(3.37) 

The appropriate number of stages to be employed in 

heating the working substance depends upon the values of t l , 

t 2 , and ta' where the ceiling and sink temperatures, measured 

above the ambient, are represented by: 

(3.38) 

(3.39) 

The optimum types of collector for tha initial and 

• final stages can be selected from Figure 6 by finding the 
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points where the ordinates through t l and t 2 inter sect the 

curve of maximum efficiency. The latter curve can also be 

used in the selection of the number of intermediate collector 

stages and their respective inlet and outlet temperatures. 

It must be noted, however, that the efficiencies of 

flat-plate collectors at high temperatures a~e relatively 

low and very sensitive to the influence of the over-all 

heat transfer coefficient, Ulc ' therefore it must be 

determined with considerable precision as is outlined in 

the following section. 

The Universal Heat Transfer Coefficient 
(Collector Heat Losses) 

The losses of heat upwards from the collector plate 

through the glass cover to the environment were first 

studied in detail by Hottel and Woertz,(24) whose work 

later extended by Tabor. (25) 

was 

The upward heat loss per unit area may be expressed: 

t -t 0" (TI 4_ T 1 4 ) 

jl 
c a + c a 

(3.40 ) = n, 1 L + 2n+f-l + - -n 
c tI( te -ta )/(n+f) hw S.c fg 

where TI refers to the absolute temperature. 

tc Collector plate temperature (Average) 

c is a constant for calculating the convective heat 

transfer between parallel plates. Hottel and Woertz 

recommend a value of 0.126 for vertical plates and from 

0.139 to 0.195 for horizontal plates. In the light of 
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Tabor's work the most reliable figure for the range of 

design and operating temperatures considered in the 

present analysis is 0.21. (25) 

êc is the emissivity of the blackened collector surface, 

a value of 0.93 being used for matt black paint. 

Eg is the emissivity of the glass sheet. The figure of 

0.88 has been used, suggested by Tabor~25) However, 

hemispherical emissivity may be taken as 0.83 according 

to Vellott. (26) The variation of Eg with temperature 

has not been considered, due ta the limited temperature 

range. 

n is the number of glass sheets. 

f is the ratio of thermal resistance of the outer glass 

sheet to that of an inner sheet, a value of 0.36 being 

employed for a wind velocity of 10 mph. (22) 

Substitution of the above values in equation (3.40) leads ta: 

(tc-ta) 
qL = -----------n--~~------~l~ 

0.21 V(tc -ta )/(n+0.36) + 4.07 

+ 
l =2:.:,.n-....;;0;..;; . ..;;;;6...;.4 - + - -1\ 

0.93 0.83 

Introducing the equivalent radiative coefficient hr , where 

(3.42) 

simplification gives 



l 

+ 0.246 
0.21 ~(t -t )/(n+0.36) 

c a 

n 
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+ 
0.29 + 1.4n 

(3.43) 

Comparing this with the expression for the heat lost through 

the transparent cover used in the heat balance, equation 

(1.1) of Appendix 3.8, that is: 

ql. = U.l.(tc-t a ) 

the over-all heat transfer coefficient for upward los ses 

becomes: 
l hr 

+ -----0.29+1.4n 
(3.44 ) 

Assuming that the collector is so designed that the 

combined rear and edge los ses amount to ten per cent of the 

upward losses, which is generally accepted as good practice,(25) 

U Lc = 
l 

1.1 . ---------------
+ 0.246 

+ 
n 0.29+1.4n 

(3.45) 

The above equation permits the accurate estimation 

of the over~all heat loss transfer coefficient tTl.c' for 

substitution in equations (3.32.1) to (3.32.n) and (3.36.1) 

to (3.36.n) in order to evaluate the areas of each collector 

stage of the optimum heat collector assembly for operation 

between the given temperatures t l and t 2 • 



36 

The maximum temperature that can be attained in a 

flat-plate collector is termed the equilibrium temperature. 

Each particular design of collector is associated with an 

equilibrium temperature of a particular value. When a 

collector is operating at its equilibrium temperature, the 

whole of the heat absorbed is required to'offset the outward 

heat lasses and the efficiency is zero. Hence, the higher 

engine efficiencies associated with higher boiler tempera­

tures close to the equilibrium temperature are of no effect. 

Conversely, the advantages obtained from high collect­

or efficiencies when operating with an outlet temperature 

closeto ambient are nullified by the engine efficiency 

approaching zero at the environmental temperature. Some­

where between these two extremes there are likely ta exist 

unique sets of optimum values of boiler and condenser 

temperatures which yield maximum over-all efficiency and 

minimum over-all cost per unit of power produced respect­

ively. This optimization study aims to obtain the optimum 

operating temperatures for a variety of systems using various 

designs of collector and types of heat engine. 

Sink 

In the first combination to be studied, that of a 

flat-plate solar heat collector coupled ta a steam turbine, 

the heat from the cycle is rejected through a condenser. In 

the case.of a gas cycle the condenser would be replaced by a 
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radiator. The major parameter controlling the performance 

of the condenser is the temperature of the surroundings or 

the cooling medium. The cooling medium will be water 

available either at ambient temperature or somewhat below 

this in the case of a deep weIl. 

The condenser cost will be strongly dependent upon 

the extent of the condensing surface, S, which can be 

calculated as follows: 

Qrej.tot = LMTD.S.U 

where 

LffiTD = ÂTmax - ~Tmin 

ln tTTm~x 
m~n 

6Tmax = T2 - Tcwi 

ÂTmin = T2 - Tcwo 

(3.46) 

(3.47) 

(3.48) 

(3.49) 

t 2 = condensing steam temperat~re which is equal to turbine 

exhaust temperature. 

~ubstituting from (3.48) and (3.49) into (3.47): 

T - T . cwo cw~ = 
ln (T2-TcWi)/(T2-Tcwo) 

LffiTD (3.50 ) 

AIso, the universal heat transfer coefficient is given by: 

u = 1 

1 1 + ~ 
"FiT + iië kt 

(8tu/hr sq ft OF) (3.51 ) 

where hi is the convective heat transfer coefficient inside 

the tubes. 



·.' 
ho is the convective heat transfer coefficient for 

condensing steam outside the tubes. 

St is the thickness of the tube wall. 

kt is the thermal conductivity of the tube wall. 

However, since .the conductances of the liquid film 

and the tube wall mat~rial are neglig~ble compared with 
. . -
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that of the condensing' steam,~ the follqwing simplification 

may be made: 

u ;:t hi (3.52) 

Substituting for U and LMTD from equations (3.52) aM~ (3.S0) 

respectively into equation (3.46) and rearranging: 

Furthermore, the quantity of heat rejected may be 'obtained 

from equation (3.21), while noting that:. 

(3.54 ) 

Thus, the surface area of the condenser tube array is given: 

1.S165-0.00l39t
l
-O.00177t

2 
.. 

W ( . 'lô914S ... IJ ô0035t
2 

)(1094.6-0.575t2) 

5 = hi(Tcwo-TcwiJ/ln (T2-TcwiJ/(T2:TcwoJ 
(3.55 ) 

The total cast of the condenser is then: 

Ccond = Ccond.tu.S + Cshell (3.56) 

where C t is the cast of condenser tubing 'per unit con. u 



condensing surface, and Cshell is the total fixed cost of 

the condenser shell. 

Turbine 
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The steam turbine performance has already been 

described in the cycle analysis. The usable power produced 

by the turbine will be Woa ' given by equation (3.17). 

The turbine cost is assumed as a first approximation 

to be independent of Tl and T2 • In the later sections this 

assumption will have to be modified. For a small range 

(10-20 kW), the same turbine may be used by changing the 

number of nozzles. In the case of operation at a pressure 

below atmospheric, for example assumed to be 10 psia. 

boiler pressure, to a lower vacuum, continual operation of 

a vacuum pump is required. This has been added to the cost 

of the turbine. 

C = Constant for above atmospheric pressures 
tot.turb 

C - C + C 
tot.turb - turb vacuum pump 

(3.57) 

(3.58) 

Pump cost (Cpump ) is assumed to be a constant value, 

since the size would not change appreciably within the power 

range studied, i.e., 10 to 20 kw. 

Control, Structures and Auxiliaries 

The essential part of the system, the governor per-

formance, is not dependent on the cycle's ceiling and sink 
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temperatures. Instead, it is more dependent on the driv~n 

sp€ed. Therefore, the final term in the cost relation 

(Ccont ) should vanish wh en differentiated with respect to 

Tl and T2 , though it should stand in the absolute cost 

figure. 

The STORAGE system and DEMAND function are of no 

interest in the STEADY STATE PERFORMANCE analysis, since 

the system is assumed to operate whenever the radiation is 

above a predetermined level. The power produced will, 

therefore, be consumed without any storage. 

Since the problem of optimization in solar power 

production comprises many separate phases, and different 

aspects have to be formulated in separate chapters, only a 

general chapter has been devoted to the techniques of the 

solution. However, results obtained in each stage with 

reference to the solution methods are to be presented 

immediately after the formulation of the problem. It is 

believed that this arrangement maintains continuity of the 

text and eliminates jumping back and Forth among chapters. 

Conclusions drawn From the computer 
results for the Flat Plate Solution 

Results of the fIat plate collector - Steam Rankine 

cycle and turbine analysis - lead one to the follo~ing con-

clusions which should help to simplify the analysis of other 



• 

41 

alternatives in the rest of the text and confine the sur vey 

to a restricted region (see Table 1). 

1. The condenser temperature is not significant in reducing 

the colleqtor cost. Lowering the condenser tem~erature 

from 1100F to 900F only reduces the cost of the power 

produced from 45 cents/kw hr to 41 cents/kw h'r. In 

fact, when the condenser is matched to the turbine for a 

given set of environmental conditions, ·i.e., temperature 

of ambient air and cooling medium, which will normally 

be water, the condensate temperature remains within 

closer limits. Therefore, not much improvement is to be 

expected by perfecting the condenser, since neither 

ambient temperature nor a cooling medium inlet temp~ra-

ture can be controlled. Therefore, in the rest of the 

analysis the condenser cost is regarded as a fixed figure 

which does not affect the optimum point. 

2. The turbine cost is almost invariant for the fixed powar 

rating and for varying boiler and condenser temperatures 

since the casing, rotor, nozzles, blades, ge~rs and other 

medhanical devices have to be used and their cast would 

not change much with its shape and size. 

3. Increasing the number of glass cover plates beyond 3 

would not reduce the cost of the power produped, sin ce 

radiation intensities above 300 8tu/hr ft 2 are needed to 

attain a better efficiency. At lower radiation' intensi ti,es 
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4 or more glass plates are not able ta collect more heat 

than 3 or 2 covers,which then are ~bviously cheaper in 

cast. 

4. The collector cast is the most significant term in the 

final cast figure. For the optimum design condition sorne 

typical numerical values are presented below: 

t cond = 81 oF, n = 3 Glass, l = 220 Btu/hr ft 2, 

Ckwhr 39 cents, t a Ctot = $29279, = = 180 F, 

Ccoll = $21597, Ccoll/Ctot :: 0.74 

This shows that even under afavourable radiation 

input condition the collector cast is three quarters of the 

total cast of the system. Therefore, maximum emphas~s has 

ta be placed on reducing the collector cost,or incr~asihg 

its efficiency ta reduce the area requirad. The following 

section goes into ~ more detailed study of the collector 

performance. 

111.1.1. The influence of various 
design earameters on the 
collector performance 

From results obtained from the previously analy~ed Basic 

Feasibility Study and listed in Table, l for the flat-plate 

collector, it can be conbluded that even under the most 

optimistic assumptions, such as constant radiation flux as 
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high as 220 8tu/hr ft 2 available for 2400 hours in a year, 

the cost p~r kw hr always stays around 40 cents. Therefore, 

it becomes evident that there is a gre~ter need to investi-
r 

gate margins of improvement in the, fla~ plate collector 

performance and search for a solution in regard to that. 

Considering equation (3.31) whimh describes the fIat 

plate collector, performance 

quseful = Repeated (3.31 ) 

q f l can be increased by increasing 7:, (j.., F and land use u· r 

reducing Ulc since ta cannot be controlled and tl,is the 

independent variable which is also related to the thermal 

cycle. The first parameter F~ is'the product of F' an~ F". 

F' can b~ separately optimized from the point of view of 

design since the fact9rs involved, such as collector plate 

thermal conductivity, fin efficiency~ tube size and spacing 

and material'cost are independent of other terms in equation 

(3.31). 

F", the flow factor is given by 

Fit '1 - e (3.59) = 

Fit can be increased by increasing the flow rate and reducing 

,the heat losses. Cp which is a property of the working 

substance, also enters into it. Since a separate section 
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has been devoted to the influence of the working substance, 

we shall consider only Gand Ulc here. 

G = Flow per unit area depends on the tempera-

ture rise in the sensible heat collector. The greater 

portion, around 90 per cent, of the collector area should 

operate at constant boiler temperature. Fft which has been 

derived in Appendix 3-a, from a physical point of view takes 

care of the variation of collector plate and fluid tempera­

tures. In the boiler section, F" has to be unit y which 

corresponds to the fictitious case of G = 00 • 

UJhenever G -+ 00 , F" -+ 1. 

Lim = 1 -

G-+oo 

Using l'Hospital rule(28) 

Lim Fil 

G~CIO 

(-e 

G =00 

= 
1 - e-O 0 
--~O--'- = '0 = ? 

Indeterminate 
(3.60) 

(3.61 ) 

G = 00 

.. G = 00 (3.62) 
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pt,= e p = 1 (3.63) 

This then confirms the above statement. Consequently FI and 

FU will not beconsid:ered in the 'pàr~metric stUdy of the 

flet plate col1ectoreff~c~endy. ',' .... , 

(1), Incident radiation int~nsity eri,th,è ,collàctor 'plane can 
. " 

be increased to increase'the amountof the ~seful heat ' 

collected.' This can be maintain,ed QY employing additional 
" -'.' H' f:.· . 

reflecting surfaces (mirror bcios'ters}around ,the ''follector. 
. . '. ". " 

However, the additional,expen~es involved in using the mirror 

boosters must not,exceed the g~ins,~n 'efficien~~. Increased 

radiation intensity also re~ultsinincreasedcoliect6r plate 

temperatures; hence losses are increased. ,Since an optimum 

lies between the mirror size and the eff~ciencyincrease, 

Section 111.1.4 has been devoted to the ,subj!3ct. 

(t), Transmissivity of the transparent cover and (~)~ 

absorptivity of the collector plate surface also need to be 

increased. 

Z; is the total tran smis sion of the incoming beam 
, 

through a number of parallel sheets und~r the consideration 

of multiple reflections between those plates. For a given 

number of transparent covers the total transmission could be 

improved by 



a. using a co ver material having a higher transmissivity. 

In case of glass, clear glass with high transmissivity 

(Lustraglass, Pyrex, etc.) could be used. However, the 

gain in the collected heat due to the increased trans-
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missivity is of the order of 5 to 8 per cent whereas the 

cost increase is much beyond that amount. A square 

foot of Pyrex glass costs about $8.50 whereas ordinary 

glass costs only $0.4.(27) The plastic films such as 

weatherable ffiylar and Tedlar improve the transmissivity 

. (28 29) have been used in many des~gns. ' However, those 

plastic films do not have a sharp long wave cut-off 

point as glass, on the contrary they transmit the Infra~ 

red Radiation to' certain extent. (30) 

Thus, a greater portion of the long wave radiation will 

be transmitted, therefore, causing an increase in losses. 

Current prices of Tedlar (30 cents/ft 2) when compared, 

with glass (40 cents/ft2 ) as weIl as sorne operational 

experience, indicate that plastics cannot seriously com-

pete with glass. The more frequent need of replacements 

in plastic films compared with glass would bring up the 

price to the same level. 

b. The heat losses from the glass cover to the ambient occur 

through the direct transmission of the thermal radiation, 

which is a very small fraction for the temperatures 

experienced at the collector plate. Since glass is 
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practically opaque to thermal radiation with wave lengths 

longer than 3 ~ and since more than 98 per cent of the 

radiation emitted from a black body at 700 0 R is at wave-

lengths greater than 3 e' therefore aIl long wave 

radiation will be absorbed by the glass plate. Heat 

absorbed in the glass plate results in increased glass 

temperature which in turn increases the convection heat 

transfer from the glass co ver to the surrounding. 

The glass temperature stops increasing as soon as the 

heat absorbed from the incoming solar radiation and long 

wave radiation emission of the collector plate, equals 

the losses fram the plate by means of convection ta an 

ambient and radiation to skYe 

Further detailed analysis of the heat losses through 

the transparent cover to surroundings with special reference 

to selective surface follows. 



111.2 Selective Surfaces - The Energy 
Balance on the Unit Collector 
for the Glass Cover 

Applying the lst Law of Thermodynamips to the glass 

cover: 

For the steady state: 
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qrad.cg + qconv.cg + qabs.sol = qrad.gs + qconv.ga (3.64) 

where 

qrad. cg 

qconv.cg 

qabs.sol 

qrad.gs 

qconv.ga 

= net radiant heat transfer from the absorber 

plate to ~+ass cover 

= convective H.T from collector plate to the 

glass cover 

= solar radiation absorbed"by the glass cover 

= heat lost by radiation from the glass cover to 

sky 

= heat lost by convection from the glass cover to 

the ambient air 

(3.64) can be written as 

(3.65) 

where 

(3.66) 



and ebl = monochromatic total hemispherical emissive 

power of a black body 
• 
~nÂ = Intensity of monochromatic normal radiation 

from a b~ack body. 

There have been numerous investigations on the 
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t (31,-spectral radiation charac eristics of selective surfaces. . 

32,33,34) However, this type of detailed study is considered 

beyond the scope of the present work. Rather, this work 

outlines principles in improving the collector performance 

by the use of selective surfaces which possess high short 

wave absorption and low long wave emittance. 

The solar radiation at the ground level is already 

attenuated in the long wave components. Less than 19.8 per 

cent of the total irradiation lies at wavelengths greater 

than l ~, and less than 2.1 per cent lies at wavelengths 

greater than 3~. If the plate temperature is higher, a 

greater fraction of the thermal radiation will be of shorter 

wavelengths. (37) 

At 1500 F pla.te temperature, 0.03 per cent of the emissive power 

lies in the range of ,9reater than 3 ~. 

At 0 200 F plate temperature 0.09. per cent of the emissive power 

lies in the range of greater than 3 e· 
At 300 0 F plate temperature 0.25 per cent of the emissive power 

lies in the range of greater than 3 e· 
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This indicates the inherent advantage of selective coatings, 
diN,,..,,, . 

which possess low emissivi ty,Tas the plate temp.erature 

increases. Ideally" different selective surfaces are re­

quired for different boiler temperatures. ~ince"it is 

impractical to change surfaces for varying radiant flux 

input, the selective surface prepared for a specific 

temperature has to operate in a range which does not yield 

the ideal performance. In the case of,the fIat plat~, this 

variation of range is unimportant. Though' there "have been 

sorne selective surfaces which proved to be successful in the 

laboratory, not many have been commercially successful.(35) 

However, one of the best commercially available selective 

surfaces produced in accordance with the process developed 

by C SIR 0 of Australia(36) is reported to have an 

emissivity of 0.2 for wavelengths greater than 3 e and an 

absorptivity of 0.9 for wavelengths less than 3~. The 

performance of a solar power plant using fIat plate col-
-

lectors which utilize this type of a selective surface was 

analyzed and the computer results are presented and compared 

with ordinary black painted collectors. AlI the working 

formulae have been kept the same as in the previous treatment.· 

It will be recalled that the energy balance for the black 

painted surface is: 

quseful = [l'rD( - Ulc(tc-t a )] (3.67) 

Energy balance for any collector: 
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quseful = qabs ... qlost.col (3.68) 

However, if the absorber plate absorbs selectively at 

different wavelengths 

qabs= qabs,O-~c + qabs,"c-3~ + qabS.,~~-oo (3.69) 

Equation (3.69).~ives the heat absorbed by the collector 

plate due to its selective absorptivity and heat absorbed 

by the glass cover due to selective transmissivity of g~ass. 

IUhere 

· · 

.. · 

Heat absorbed from 0 to Â , the transient c 

wavelength of the Ideal selective surface 

at which the absorptivity suddenly changes. 

Heat absorbed from (Âc) to 3 ~ (glass cut­

off 

Since no radiation is transmitted through 

glass beyond 311. 

The first term in equation (3.67) 

= 

The fraction of the solar radiation intensity falling within 

the ranges of (o-l ), microns and (l 3 ) can be obtained 
c c- ~ 

from the spectral solar radiation data available for various 

air masses. (37) 

The amount of heat lost due to the selective emissivity of 



.' the absorber plate must be calculated ta obtain the useful 

heat from equation (3.68). 
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qlost' the heat loss from the collector as previously 

discussed, is composed of front (glass caver) and rear and 

edg e la sses. It was mentioned that Ulc 1.lUJ. applies 

ta most of the practical cases. Therefore, it must be 

possible ta calculate the lasses in terms of front lasses as 

follows: 

= 1.1 qlost,front (3.72) in 8tu/hr ft
2 

j
~C; 1 

hC,Cg(tc-tg) + 1 1 -1 (eb). c-ebÀ )dÂ 
- t- , ,g 

o é'l é'l f\, C ,,, 9 
qlost, front = 

+ 

(3.73) 

Though it should be possible ta insert (3.73) into 

(3.72) then (3.71) and (3.72) into (3.68) and solve for 

quseful' it is difficult ta integrate (3.73), especially if 

(El\. ) and ( el\. ) are not constants or simple functions. 
f\,C I\,g 

Therefore, the following simplifications will be appli~d for 

the sake of obtaining an equation that can be easily solved. 

For the example presented, Âc happens ta be 3~, which 

automatically drops one of the terms (I~c_3) in equation 
, 

(3.71). Although there is a graduaI change of absorptivity 

from 3e ta 9~, a step change at 3~ has been assumed. With 
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the ranges of 0-3e. and 3~ to 00 gray body relations can be 

used. 0( - E. = 0.9 0< = 
0-3~ - 0-3~ 3~-OO 

E,3 = 0.2 
~-~ 

figures will be used. 

Equation (3.71) can be rewritten. 

(3.74) 

Similarly (3.73) can be simplified. 

Using the averaged collector plate temperature and assuming 

the heat lost from the absorber plate is the same as the 

collector front losses for the unit collector area: 

qlost.front = {hc.Cg(tc-tgl + qrad.n8t,s81ectiv8,C9] 

(3.75 ) 

Sorne simplification will be applied to calculate 

(qrad.net,selective,Cg) 

From Radiation Functions(38) 

·The fraction of the emitted radiatiori from a black body 

below and above 3~: 

{~0-3e} = 0.0025 
D-OO b 

and :'~3~-.} = 0.9975 
~ 0-00 b 

For the glass plate, which is at a still lower 

all the radiation emitted lies at wavelengths 

.Eg = ~g, 3~-oo = 0.83 and € = é c c, 3~-OO 

temperature, 

greater than 

= 0.2 

3~. 
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Simi1ar1y (3.71) may be simp1ified: 

For solar radiation at sea 1eve1 and air mass of (2) 

may be ignored, 

Therefore 

~ 1.0 

= (3.78) 

for the selective surface emp10yed 0< = 0.9 
0.,.3~ 

qabs = 0.9(l.rO_3~) (3.79) 

Substituting (3.79) and (3.77) into (3.68) 

qusefu1 = 0.9 IZ:0_3u - 1.1 {h (t -t ) + 0.192 
l, c, cg c 9 

(TI4_TI4)l 
c 9 f 

(3.80 ) 

Equation (3.80) can be direct1y emp10yed provided that bath 

tc and tg are known. A1though tc can be approximated from 

the f1uid temperature (t), the determination of tg is more 

invo1ved. 

In the case of ordinary black paint which is assumed 
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to have constant emissivity and absorptivity 

= 0.93, the heat losses were calculated utilizing a working 

formula, but in the case of varying absorptivity and 

emissivity it becomes essential to determine t and t • 
c 9 

Reconsidering ths heat losses from the collector 

plate to the glass cover, since no heat is stored for the 

steady state operation, the heat lost to the ambient from 

the glass cover is equal to the heat transferred from the 

collector plate to the glass cover, 

qlost.ga = hc.ga(tg-ta) + (Tg4_T~k~) Eg 

Therefore, equation (3.76) equals equation (3.81). 

(3.81) 

Equation (3.76) and (3.81) can be solved simultaneously to 

o 
obtain tg if ta and tc' t sky are assumed. t sky = t a-20 F 

for clear sky conditions. It must be noted that the collector 

plate temperature is assumed constant. 

= (3.82) 

btf is the temperature difference between the fluid and the 

tube wall in heat transfer from plate to the fluid. 

be clpsely estimated employing h inside the collébtor tubes 
c 

as suggested by Iqbal(39) and Baker.(40) Since t is ·specified 

by the cycle requirements, t can be solved. 
c 

This analysis becomes more complicated when more than 

one glass plate is used. There exists for an (n) glass plate 



collector, n glass temperatures. With the collector plate 

temperature altogether (n+l) unknowns existe Writing the 
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energy balance equations for n glass plates and one for the 

absorber plate, (n+l) simultaneous equation s are obtained. 

Then the energy balance equation for the collector gives the 

amount of the useful heat once the unknown temperatures have 

bsen determined. 

quseful = 
(3.83 ) 

A similar case for a non selective absorber plate is 

detailed in Reference (24). Further developments in the 

properties of the selective surface might help to reduce the 

cost of the power produced. At the present time almost aIl 

of the selective surfaces do not have the abrupt change of 

characteristics at a transition wavelength. Therefore, actual 

efficiencies are likely to be less than expected. 

Although the performance of fIat plate collectors with 

selectively absorbing surfaces could be theoretically calcup 

lated as outlined above, it would be more reliable if the 

analyses weie based upon the actually constructed and tested 

units. 

Therefore, the efficiency figures of an actually 

constructed land tested collector of selective surface(17) 
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have been used in the cast optimization study. The computer 

programme No.Ol was run for a flat plate collector with the 

absorptivity, transmissivity and over-all heat loss 

coefficients, corresponding ta the characteristics of the 

above-mentioned collector. These coefficients were: 

0( = 0.9, sw c = 0.78 and Ulc = 0.6. Australian priees 

of material, workmanship and interest rates were used in 

the analyses. Table 2 gives the figures obtained from 

Programme No. Dl. 

As a final comment on the selective coating the 

following can be mentioned: 

Though the reduction of the emissivity of the surface 

~ at longer wavelengths would increase the collector plate 

temperature, and hence increase efficiency, the convective 

heat loss would also increase. This problem is not : ' 

encountered in space solar power systems or if the space 

between the glass plate and the collector is evacuated. 

Because of the size of general installations employed this 

is impossible. 1ncreased convection lasses, together with 

an increase in long wavelength emission by the selective 

surface at elevated temperatures, combined with increase in 

direct transmission of heat I.R. from the transparent caver, 

limit the prospects of application of the selective surface 

for high temperature solar power plants. 
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Therefore, a system which would suppress the con-

vection as weIl as increase the short wave absorption and 

decrease long wave emission, is requisite. One is led then 

to conceive a honeycomb structure. This will be. the 

subject matter of section 111.1.3. 

111.l~3 Honeycomb Structures on 
Flat Plate Collectors 

The use of honeycomb structuras as radiation absorbing 

devices which may ideally have zero emissivity and unit 

absorptivity, has been proposedby G. Francia in his classic 

paper. (41) The honeycomb structures are used mainly in two 

ways. 

1. As large cells with a lengthjwidt~ ratio greater than 

25 for intense flux absorption purposes., as experienced 

in the focal plane of concentrating type collectors. 

2. As smaller lengthjwidth ratio cells around 4-6, for con-

vection suppressors over the fIat plate absorber sheets. 

The concentrating type collectors with long ~~lls 

will be examined in Chapter 111.2. Convection suppressing 

cells form the subject of this chapter. 

The square, circular, or hexagonal shaped honeycombs 

have been examined(42,43) for their theoretical performance 

and also sorne experimental results have been.reported. (44) 
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For basic materials Hollands has proposed thin glasses 

(0.01" thick) and the University of Marseilles team has used 

plastic films. 80th types are made from transparent materials 

which transmit a high percentage of the solar radiation, 

especially for angles of incidence of less than 450
• Hollands 

reports(45) an equivalent transmissivity, theoretically 

calculated, as 0.95, for 0= 0.01", i = 45 0 and glass with 

extinction coefficient of k = 0.8 per inch. 

On the other hand, for properly dimensioned cells, 

convection can be eliminated if the temperature difference 

between the top and the base of the cell remains below 

6T "t" 1· As long as the actual temperature rise of the 
cr~ ~ca 

collector plate remains below ÂT the heat lost from 
critical 

the plate to the ambient will be composed of only direct 

radiant exchange between the plate and the sky and conduction 

through the cell walls and the stagnant air inside the cells. 

This corresponds to a case where Nu = 1. Owing to the low 

thermal conductivity of the air inside the cells, heat 

losses will be significantly reduced. Direct long wave 

emission from the base of the cell to the opening depends on 

the honeycomb depthjwidth ratio. The equivalent shape 

factors in radiant heat exchange F for a cell with black 

faces and FI for gray faces have been'calculated and reported 

by Hottel and Keller. (46) If F and FI are substituted into 

the equations (3.84) and (3.85) respectively, the radiant 
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he,at loss can be calculated from 

qr = F (T4 _ T4 ) (3.84) 
c g 

q' r 

where 

T c 

Tg 

fc,fg 

Jc,Jg 

1 
Ft 

= 

= 

= 

= 
= 

F' (T4 ... T4 ) (3.85) 
c 9 

Collector tempe 

Cover glass tempe 

Emissivities 

Reflectances 

Although F could be reduced by increasing the lengthjwidth 

ratio, reduction of the plate emissivity uSing selective 

coatings is also very effective. The theoretical prediction 

by Hollands suggests a reduction of Ul from 0.625 to 0.423 

by using a selective coating on the absorber plate. (45) The 

present cheap methods of producing selective coatings encourage 

the use of both the honeycomb and the selective surfaces 

together. Another recent survey dealing with honeycombs(47) 

treats the problem from a slightly different point of view. 

H. 8uchberg and his collaborators made honeycomb cells from 

surfaces which specularly reflect the visible (short wave) 

radiation, whereas they absorb the long wave infra-red 

emission from the absorber plate. The cells opening width 
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to breadth ratio was kept small and the longer axis of the 

rectangular openings was directed E-W to main tain higher 

transmission of direct solar radiation at larger angle of 

incidences. Various depth:breadth:width ratios, and various 

reflecting surfaces obtained firstly by means of vacuum 

deposition of aluminum on kraft paper cells and secondly by 

bonding aluminized Mylar on the cell, were examined by 

Buchberg ~~. and an optimization study was done based on 

the available and projected cost figures. (48) 

In this survey, transparent cells need to be examined 

since existing industrial experience in manufacturing 

hexagonal honeycomb cells has already been adapted to the 

manufacture of transparent cells and cost figures as weIl as 

fIat plate collector performance characteristics(49) are 

available. 

In view of the problems involved in the manufacture of 

rectangular cells of 0.5 mil. thick cardboard with vacuum 

deposited or specularly reflecting cells bonded without 

spoiling the high reflectivity required, the cost of this 

type of cells will likely be higher than the transparent 

hexagonal ones. Therefore, the cost optimization for the 

flat plate collector with transparent square or hexagonal 

honeycomb cells only will be examined. The hexagonal cells 

can be formed easily(50) and suppress·convection ideally. 
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The rectangular specularly reflecting cell can be examined 

applying the same method of analysis once the actual cost of 

the honeycomb panel is available. The.efficiency has to be 

worked out for the specific geometry and surface properties 

employed in the proposed design, based on the relations given 

in Reference 48. 

Computer programmes used in the steady state analysis 

were modified to include ~he effect of both the honeycombs 

and the use of selective surfaces. Programme No. 02 allows 

one to analyze a square honeycomb with a selective absorber. 

The following working formulae were employed in the optimiza. 

tion study. Improved understanding of the physical phenomena 

occurring in the honeycomb, improvements in performance and 

reduction in manufacturing costs are exp~ctèd to reduce the 

cost of the power produced. 

Honeycomb cell + Black absorber 

= 

u = 0.62 
LBlack 

oc = 0.93 sw 

H~neycemb cell + Selective 

u = 0.42 
LSelect 

0< sw = 0.9 

Emissivity of the selective surface, 

included in (U 
LSelective 

) . CHeneyc. = 

Results of this analysis are presented in 

(3.86 ) 

t lw = 0.15, is 

0.8 

Table 3. 
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As another alternative, fIat plate collectors with an 

ordinary black painted absorber surface, plastic "melinex~ 

hexagonal honeycomb cells with h/d ratio of 5 and an opening 

of l cm. which have been tested and actual performance data 

reported, are also considered for the optimization study. 

The performance curves representing the insolation 

rate, the plate temperature and efficiency relations were 

transformed into the following working formulae which were 

used in the computer programmes. 

(3.87) 

where 

~(I) = overall efficiency which is a function of the 

insolation rate 

also 

quseful = 
?'L(I) 

'1(1000)· ~ (1000)· l 
(3.88 ) 

where 

1(1000) = efficienny for l = 1000 watts/m
2 

1 (1000) and 'Y},( I)/ ~ (1000) were taken from Reference 49 

and fitted to the following rel~tions: 

Yi, (1000) = 0.46 - (Ct -t )-85)0..0072 c a 

n (I) = 1.0-0.00128(1000-I)-2.95(1000-I)2 10-6 

~(1000) 

(3.89) 

(3.90) 



where 

tc = collector temperature in Oc 

ta = ambient temperature in Oc 

2 l = radiation intensity in watts/m, 

For consistency in units radiation intensities and 

temperatures used in the optimization study were converted 

from British Engineering units to M.K.S. units, then 

inserted into equations (3.89) and (3.90). 
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Computer programme No. 03 was writt~n to analyze the 

above described fIat plate collector with plastic honey-

combs. Results are summarized in Table 4. 

Honeycomb cells remain one of the few promising 

aspects of the solar power cost minimization studies 

deserving further careful attention. 

The optimum operation temperature for the fIat plate 

collector equipped with honeycomb cell ~nd selective 

absorber plate, Turbine-condenser assembly using steam as a 

working substance, was found to be 236°F for a radiatioR 

flux of 220 Btu/hr/ft2• 

The corresponding cost of the power produced under 

the conditions pertaining at Rlice Springs in arid central 

Australia was found to be about 27 cents per Kw hr. The use 
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of anotheT working substance is not attractive as long as 

higher temperatures suitable for a more efficient turbine 

design could be attained using selective coatings and honey~ 

combs. Therefore, this alternative is not included in this 

section, but in another chapter (111.1.5). 

III.l.4 The Use of Mirror Boosters 
to improve the fIat plate 
Collector Performance 

Additional reflecting surfaces directed towards the 

collector surface increase the output per unit area for a 

given insolation rate. It has already been demonstrated that 

the increase of (I) in equation (3.31) would increase the 

useful heat collection. 

The use of si de mirrors to reflectradiation from 

areas bordering the collecting surface dates back to 

Schuman(l) who used them in a solar power plant constructed 

in Meadi, Egypt. In this significant attempt, the output 

per unit collector area was increased by means of mirrors 

attached to the south and north ends of the co1lectors. 

A survey of mirror boosters reported by Dr. Tabor and 

his collaborators, (51) describes possible combinations of 

the side mirrors and analyzes the performance of a fIat 

plate collector with north-south or east-west end mirrors as 

weIl as a mirror system reflecting bath from east-west and 
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north-south edges. Transposition of mirrors from morning to 

afternoon operation can be maintained by lin king the pair of 

mirrors together or using a truncated pyramid type of mirror 

arrangement pivoted about a point. 

Figure 7 illustrates the basic types of mirror 

boosters. The radiation intensity incident upon a plane 

parallel to the collector surface can not be varied since it 

is determined by the solar constant, the atmospheric trans­

mittance and the orientation factor. However, the heat which 

can be collected based upon the intensity measured on the 

absorber plate surface can be !ncreased by mirror boosters. 

Since the relative cost of the mirror surfaces and the 

framework needed to support them, is at least an order of 

mag~itude lower than the cost of a 3 or 4 glass cover 

collector, it ,is worthwhile to use mirror boosters provided 

that their area is carefully determined and the booster 

mirrors do not cast shadows on the main collecting surfaces 

early in the morning or late in the afternoon. The angle r 
between the collector plane and the mirror plane, the mirror 

length and its position can be separately optimized for 

maximum heat collection during a given period of time. The 

addition of side mirrors necessitates the separating of 

individual collector units in order to avoid shading. This 

increases the length of the piping connecting the collectors 

and the area of land needed to install them. This will 
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naturall y invol ve addi tional expemdi tur-e. 

In the steady state analysis treated in Chapter III 

it is not possible to include the study of a mirror booster 

optimization because the system is optimized for a fixed 

radiation intensity. The mirror position and mirror size 

must be optimized for the day.long ope+ation. A mirror 

system reducing the radiation incident on the absorber plate 

during early hours may further increase the collection around 

noon, thus increasing the daily collection. In other words 

a compromise must be sought for the maximum output during a 

period in which the solar radiation intensity is above t~e 

critical radiation intensity. Thus the cost of the power 

produced in the long run would be minimized. A combination 

of mirrors must be continuously rotated to attain the highest 

possible boost and its length must ~e adjusted to attain the 

full coverage of the collector surface at various angles of 

incidence. 

Figure 7 illustrates this important effect of· the 

change of the angle of incidence which results in the 

reduction of the LHS mirror size, and in an increased angle 

of r. On the other hand an increased RHS mirror size leads 

to a decrease in the angle of f for the after~oon operation 

and vice versa during the morning. During the late afternoon 

operation, the west side mirror and during the early morning 

operation the ~ast side mirror are inBfficient. 



However, from the point of view of practic~l 

operation and in order to eliminate e~pen~ive sun tracking 

mirror control systems, sorne ,departure has to be accepted 

from the mQst efficient boosting condit~on. 
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Since the objective of the rasearch is to optimize a 

number of combinations of a solar pow~r plantis components 

and not to perfect any single element, an ingenious mirror 

booster system proposed and tested by Tabor ia ta~en ,as a 

basis for this study. Sorne othe~ mirror boosters proposed(52) 

are more like low concentration type collectors rather than 

a set of mirrors arranged to increase the output of a fIat 
, , 

plate collector. Therefore, these will not be treated here. 

It is believed that further complications in the 

mirror system create a hybrid design between the fIat, plat~, 

collector and the concentrating type collector. The latter 

will be examined in a separate chapter. Sorne further 

'analytical and conceptual reasoning will be outlin~d where 

needed. The useful operation period of a fIat plate 

collector for production of steam at a temperature of the 

or der of 2120 F which has been found necessary from the steady 

state analysis outlined in Chapter 111.1 requi~es intensities' 

above 220 Btu/hr/ft2 which is available only for 3hour~ on 
o ' 

either side of noon. However, through the use 9(,a p~operly 

designed mirror system, the flux on the collactor plane can 

be increased and the op~ration period can be extended. But 
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this requires continuous adjustment which means extra 

operational costs or a complicated tracking system. Although 

it has been mentioned that the optimization of the mirror 

boosters dimensions and positions cannot be included in the 

steady state analysis the flat plate collector equipped with 

a properly selected mirror boaster can be analyzed for 

obtaining the minimum cost of the power' produced. 

Since the steady state analy~is is ba6ed upon the 

averaged radiation intensity over an extended period there 

are no reasons not to average the mirror factor (m) which 

is defined as "the ratio of the filtered (i.e., transmitted 

through the transparent co ver and absorbed by the collector 

plate) incident radiation with mirror booster to the 

intensity without mirror booster.~ 

This ratio is reported to be 2.0 for a sing~e set of 

mirrors transposed from east to west daily and,from south to 

north at the solstices. (51) A truncated pyramid type mirror 

assembly increases the mirror factor to 2.4 while requiring 

twice as much mirror surface and still needing adjustment 

once a day. 

'The cost optimization study was repeated for a flat 

plate colleotor equipped with a transposable single mirror 

system and for a 200 per cènt increase in the insulation , 

rate and a mirror area about the same as the collector, i.e., 
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5 per cent more thanthe collector area ta allow for edge 

lasses. The cost of the power produced based upon Australian 

prices(36) is presented in Table 5. 

III.l.5 The Influence of, the Working 
Substance on the Flat Plate 
Collector 

The Rankine cycle efficiency as weIl as the coll~ctor 

efficiency depend upon the boiling point of the working 

substance. The latent heat ,of evaporation also differs 

markedly from substance to substance. 

~ater has been extensively used in aIl large scale 

power plants. Although mercury and kerosine were tested, 

their use was not widespread. There have, however, been 

attempts to find other suitable working substances for 

terrestrial solar power plants and small scale power units 

for space applications. Sulph~r dioxide was used in the 

Somor engine!8) Professor Masson of Senegal tested a range of 

Freons,(7) and ~r. Tabor used Monochloro Benzine after 
-

examining various organic fluids(20) for use in his success-

fuI solar power schem~. The basic criterion for using a 

working substance other than water is to see whether a 

larger power output can be obtained for a given collector 

area or the cost of the power produced lessened. The latter, 

in fact, is the objective of this research. Larg,er pow~r 
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output may not necessarily yield the lesser cast since this 

may necessitate increased investment for equipment,and the 

working substance itself, unlike water, would be an added 

expense. A working substance,'possessing a heavy molecular 

weight was looked for, since this reduces the discharge 

velocity from the nozzle for a given mass flow rate. 

Reducing th~ full admission nozzle exit velocities allows 

lower turbine shaft speeds ta be used. A hermetically sealed 

turbine generator assembly developed in the National Physica~ 

Laboratory,of Israel is a significant achievement in the 

production of mechanical energy from solar radiation. 

Although this unique development has its own feature 

of increasing the turbine efficiency - by reaucing the 

dimensions and employing only one moving shaft, that combines 

the turbine and generator rotors - it aims ta improve only 

one component of the solar power plant. Havingacknowledged 

the merits of a Monochlorobenzine turbine, sorne other alterna-

tives will also be examined. Among the working substances 

proposed f~r use in solar power, plants are Freon, Sulphur 

dioxide and sorne organic fluids such as the FluoroDhemicals 

suggested by Ray and Moss(53) and Halogenized Hydrocarbons 

investigated by Tabor. 

In this research the effect of the working substance 

on the over-all performance of the solar plant operating on 

the Rankine cycle has been discussed. 
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The efficiency of the Monochloro Benzene turbine for 

full and pa~tial admission has been reported by Tabor. (20) 

Efficiencies predicted for Fluorochemicals in Reference 52 

indicate 35%, 67%, 62% and 74% for fluids of Molecular 

weight of 186, 219, 416 and 462, respectively. Except for 

FC.75 which has an efficiency of 62% and molecular weight of 

416, the trend of efficiency follows the trend of the 

molecular weight. Volatility is said ta be responsible for 

the reduction of efficiency using FC.75. It is, therefore, 

reasonable to prediet the turbine efficiencies assuming 

them to be proportional to the Molecular weight of the working 

substance. 

There are many practical difficulties associated with 

sorne of the many working substances other than water since 

the positive slope of the T-S diagram necessitates the use 

of a feed-back heat exchanger. Special attention should be 

paid to the turbine design and manufacture as these factors 

are responsible for increased costs, especially if the units 

are manufactured in small quantities. In the case of loss 

of the working substance due to leakage it becomes difficult 

ta supply for rural applications. 

The use of honeycombs and selective surfaces permit 

higher boiler temperatures which tend to improve the cycle 

efficiency. Unless a separate theoretical analysis and 
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experimental verification is completed, new working sub-

stances cannot be proposed for use on a solar power plant 

nor can the y be discarded completely. 
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In looking forward to some reducti.on in the price of 

the newly introduced fluorochemicals and ~mprovementin 

p~rformance of the special turbines, it can only be concluded 

that other working substances may have some chance of appli­

cation. The optimization methods developed in this research 

are directly applicable to the analysis of any such system. 

Any cost and efficiency prediction of other working fluids 

would not be accurate enough to reach concrete conclusions. 

Instead, the promises of organic fluids will be indicated 

and future developmental studies on the new substances will 

be suggested as topics for further research. 

111.2 Concentration 

The maximum temperature attainable in a fIat plate 

collector is limited due to the increasing heat losses at 

elevated temperatures. It has already been indicated that 

for every design, i.e., for a given combination of trans-

parent covers, absorber surface properties and insula~ion 

thicknesses, there is an equilibrium temper~ture above which 

the useful heat collection of q falls to zero. Since the 
u 

efficiency is too low at temperatures near the equilibrium 
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temperature, more collector areas will be needed, thereby 

increasing investment and thus causing high costs per Kw hr 

produced. 

The optimum outlet temperature for a 3 glass cover 

collector with ordinary black ab.sorber plate was found to be 

2ll o F for a radiation intensity of 300 8tu/hr ft 2 • The 

equili,brium temperature corresponding to this optimum,tem-

perature is calculated From 

tequil t 
l 'l.o'- (3.91 ) = +-a Ul.c 

i.e., for an ambient temperature of 750 F, the same collector 

has an equilibrium temperature around 350 0 F. Honeycomb 

structures and selective coatings, as already demonstrated, 

help to increase the collector efficiency at elevated 

temperatures, while at the same time causing the equilibrium 

temperature to rise. 

The useful heat collected for unit area: 

for any collector. If the collection area is Ac' and the 

arsa From urhich the heat is 10 st is Alost: 

(3.92 ) 

The total collection can be increased by increasing thefirst 

term and/or decreasing the second . 



• For the fIat plate collector "except for mirror boost~rs" 

since 

Ac < Alost where Al t = A + A 'd os rear e ges 

A rear A • c 

Therefore, the areafrom which the heat is 10 st is 

greater than the collection area. The collection area can 
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be increased by using concentration methods, though the total 

increase in the heat collected will not be as large as the 

increase in area because of reflectance losses and the 

inclination of the reflecting surface in relation to the 

incoming solar beam. Figure 8 illustrates sorne basic types 

of concèntrators. 

The following equation shows the energy balance on 

the receiver of a concentrating type collector. The dimensions 

and symbols refer to Figure 9. Applying the First Law of 

Thermodynamics to the system enclosing the receiver for any 

concentrator, for steady state performance: 

w(Hout-Hin) = ff I(x,y)ox.dy - qlost,receiver (3.93) 

where I(x,y) is the radiation intensity normal to the 

receiver plane. 

The equation (3.93) is valid as long as perfect sun tracking 

is maintained since aIl of the incident radiation reflected 

by the concentrating mirror is assumed to be intercepted by 

the receiver plate. The sun trackiQg can be maintained by 
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moving the concentrator and receiver,assembly, in which case, 

however, many pra6tical difficulties are involv.dfor large 

collectors. Heliostats would appear to provide' a better' 

alternative. The double reflections from the heliostat and 

the concentrating mirror can be reduced to a single 

reflection using a set of adjustable mirrors. These mirrors 

concentrate the beam' on the focal plane as a linear strip 

or spot image, as weIl as tracking the sun. 

The variation of the flux intensity on the receiver 

surface has been studied by various researchers. (54,55) The 

spatial distribution of direct incoming radiant flux to the 

receiver, measured at the receiver inlet I(x,y), is closely 

related to the precision of manufacture of the concentrating 

mirror as weIl as to its alignment. (56) It has no direct 

bearing on this study since the integrated value can also be 

used: 
(3.94 ) 

where In indicates the normal beam intensity, An the pro­

jected area of the mirror measured on the plane perpendicular 

to the beam In; rI and r 2 reflectivities of the heliostat 

and the concentrating mirrors; and ~. a factor describing 
Lm~r 

the precision of the mirror. Oetailed examination of the 

heat lasses fram the receiver is as fallaws: 

Expressing the receiver lasses as: 
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qlost,receiver = qlost,rear + ~lost,front (3.95') 

qlost.front = qemitted + qconvected' 

qemitted may be minimized by using cavity type absorbers.(57) 

This type, however, should have a very small opening which 

needs high concentrations and requires very precise tracking. 

It may easily come off focus which would destroy other parts 

of the receiver. Convection can be reduced by confining the 

air space to smaller cells. 

Long cell honeycombs have themerit of combining these 

two. The incoming beam is almost completely absorbed after 

a few reflections, and the space is finely divided into 

convection cells. The performance of the long cell honeycomb 

cavity approaches the performance of a "Hohlraum".which has 

an absorptivity of 1.0. Temperatures above the melting 

point of the absorber plates in the case of cells frbm .. which 

no heat has been withdrawn, have been reported by Francia, (41) 

who used this principle in developing an efficient absorber 

(boiler) in his sun tracking mirror field system. 

qlost, rear = A • 
rear,rece~v. 

(3.96 ) 

Since also Arear,receiv.« Acol the losses will be much 

less. 

The thermal analysis of the receiver and the prediction 
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of the collection temperatures and the receiver efficiencies, 

cannat be done as accurately as for the fIat plate, unless 

the geometry of the receiver, absorbing elements, heat trans-

fer surfaces, insulation type and constructional techniques 

are aIl specified. The receiver easily delivers superheated 

steam since temperatures of the order of 550 0 C at 150 atmo­

sPhere(58) can be obtained. Proportioning of the superheater 

and evaporator surfaces, and the exact thèoretical determina-

tian of the heat transfer coefficients are omitted from the 

present work. The reported efficiency values will be used in 

the cost analysis. 

The system is made up of the following components: 

i. mirror field 

ii. control mechanism ta track the sun 

iii. supporting structure for the mirror 

iVe boiler assembly 

v. boiler support 

vi. steam and feed water piping 

vii. pumps and contraIs 

viii. turbine 

ix. condenser 

A few advantages of the Francia system can be outlined 

as follows: 

a. Mirrors are individually adjusted and controlled. Thus 

the breakage of some of the mirrors cannat stop the solar 
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plant. 

b. Mirrors are supported on the low framework and less sub-

ject to wind forces since individual element areas are 

less than 1m 2 • 

c. The inverted bell type receiver is more advantageous from 

the point of view of reduced convection and radiation 

losses. 

d. The boiler (receiver) is fixed and therefore no flexible 

steam couplings are required. However, the boiler may 

burn out if the water circulation fails, so safety devices 

have to be installed tO'prevent su ch an event. 

e. The boiler supporting column also serves as the casing of 

the feed and steam outlet piping. 

f. Owing to the high temperatures attained, the design of the 

steam turbine offers no difficulties. However, some of 

the problems that could be involved require discussion. 

Firstly, the system cannot operate under diffuse 

radiation. Secondly, the design of the mirror tracking 

system requires very precise engineering. The construction 

of the boiler tracking and other elements necessitites 

precision workmanship, which is not available in under­

developed countries. Thirdly, the importing of mechanical 

equipment results in increased transportation costs and 

customs dut Y which may prove prohibitive. Finally the 

operational temperature of the plants is very sensitive to 
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inefficient operation and mechanical troubles with varying 

insolation. 
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A thermal flywheel proposed by F:rancia which smooths 

over the irregularities, would also increase the cost. The 

concentrating steam generating plant can be approximately 

calculated from: 

Mirror costs and the supporting frame are proportional to the 

mirror surface. The boiler cost, although related to the 

total collection area, depends mainly upon the· concentration 

area.ratio and a number of other design features. Individual 

examples constructed to date are either on a laboratory scale 

or produced in very small numbers. It is difficult, there~ 

fore, at this stage, to obtain a cost figure for possible 

production in large numbers. 

The most authoritative cost estimate available has 

been given by G. Francia(58) where a total cost of $30/m 2 

has been predicted. Although the mirror areas and costs can 

be ·closely calculated, the cost of the other components can­

not be predicted any better than the above figure unless a 

careful engineering analysis supportad by experimental 

evidence is made. For these reasons, $30/m 2 is to be used 
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as a preliminary cost estimate. However, the validity of 

this assumption will be discussed at length in Chapter VII. 

The conversion efficiency From solar radiation to the 

steam produced in boiler is reported aS 50 per cent for a 

linear boiler and better than 70 per cent for a point fomus­

sing boiler. (49) In addition, for an operating pressure of 

150 Atm (150 x 14.7 = 2200 psi) and about 900 0 F,condenser 

temperature of 950 F, the Rankine efficiency would be: 

1J.Rankine, ideal = = 0.43 (3.98 ) 

The steam at high pressure and temperature available From the 

concentrating boiler has the advantage of being directly 

useable in an industrially manufactured efficient "turbine. 

Taking ~t = 0.80 as turbine efficiency, the Rankine 

cycle's efficiency is obtained as 

ll R k O t l = 0.8 x 0.43 = 0.345 = 34.5% 
~ an J.ne. ac ua 

using the collection efficiency figure From the solar radia-

tion ta steam as 70 per cent. 

KW = I. A ° .0.70 n • 'nR t/3413 
mJ.r "Lml an.ac 

(3.99) 

where l measured in Btujhr ft 2 

KW = l • A ° • 0 • 70 n . nR t 
mJ.r "lm "L an.ac 

(3.100) 

where l measured in Kw/m 2 

12 Kw output would necessitate a collection area of: 
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A = KW 
(3.101) 

The previous data would yield for 1 = 0.8 Kw/m 2 = 253 8tu/hr 

ft 2 

A = 12 
0.7(0.95)(0.345)0.8 = 

The total cost of the boiler system can therefore be expected 

to be Ctot.boil = 50 x 30 = $1500 for the boiler part of the 

system. 

The cost of the plant is calculated from: 

Ctot.plant c Ctot.boil + Cturb • + Ccond • + Cpump (3.102) 

The cost prediction of $30/m 2 by Francia, although not a 

commercial figure for the installed plant, which would also 

include the transportation and profits, may be used as a 

starting point. The turbine cost for a pressure of 150 atm~ 

and 900 0 F is expected to be no less than $2500 .owing to the. 
-

leakage sealing problems involved and the increased heat 

losses. The condenser cost is about the same as that of the 

fIat plate system but larger heads are needed for the feed 

pump. Taking Ccond = $250, Cpump = $100, and allowing $150 

for piping and insulation, the total cost for the system 

will be: 

C = 50 x 30 + 2500 + 250 + 100 + 250 = $4500 tot.plant 

The lifetime of the concentrating system is expected to be 

lower than the fIat plate since high temperatures are employed. 
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Also the moving parts, which form the mirror control mechanism 

will wear and the surface properties of reflecting surfaces 

change. For a lifetime of 10 years, the total yearly expen-

diture is obtained from: 

Etot = (Ctot.Plant + Coperator)(Rf + r) (3.103) 

where Coperator = yearly expenses for operator 

Rf = capital recovery factor 

Rf = i(i+lln 
(l+l)n_l 

(3.104) 

(See also Appendix l for Rf) 

Operation and repair costs will be higher for this 

unit than for the fIat plate collector since it is not pos-

sible to operate such a system without supervision. The 

salary of a man needed for this supervision could run as 

high as $20/day in Australia, although for many underdeveloped 

countries this figure would be too high. Total annual expenses 

would then be, assuming 6% for repairs, 5% for interest on 

capital, and annual salary being $7200: 

= 0.05(1+0.05l 10 

Rf (1+0.05)10_1 
= 0.13 

Etot = (4500 + 7200)(0.13 + 0.05) = $2106 

The yearly production based on 8 hours of daily output for 

300 days a year at rated power is: 

Wtot.year = 8 x 300 x 12 = 28800 Kw hrs 
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cast of power produced 

= (2106/28800) x 100 = 7.1 cents/kwh 

This figure is largely affected by the local labour costs 

and the amount of expenditure on the repair and interest 

rates and may, therefore, vary widely. A further discussion 

of these important aspects and the comparison with the 

equivale~t fIat plate collector will be postponed until 

Chapter VII. 

III.3 Bray ton-Cycle Concentrating 
type collector - Sink and 
Turbine 

The Bray ton cycle for air and other inert fases has 

recently gained in importance in space programmes and with 

gas cooled Nuclear Reactors. 

The Bray ton Cycle using fossil fuels as aheat source, 

has been used extensively in turbojet engines where the 

power/weight ratio is important. The cast of power produced 

is still higher than for the conventional Diesel Engine. A 

Bray ton cycle unit for Satellite power applications, employ­

ing a solar heat source has also been propos~d.(59) 

The Bray ton Cycle is outlined in Figure 10. At low 

maximum cycle temperatures, the net output of the cycle is 

tao low ta justify its operation for useful power production, 
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since most of the power produced is consumed in the compres­

sor work. 

The ideal work produced is obtained from 

Wi = (H3 - H4 ) - (H 2 - Hl) (3.105) 

The actual work will be reduced due to the irreversible 

adiabatic compression a~d expansion processes marked as 

(1-21) and (3-4 1). If the fluid f10w had occurred at no 

pressure drop through the "Heat Addition" and "Heat Rejection" 

processes, then the net actual work would have been 

(3.106) 

The pressure drops in the processes of heat addition and 

rejection further reduces the net work produced to 

Woa = (H3 " - H4 ") (H 21 - Hl) (3.107) 

The exact amount of work can be determined only if aIl of the 

pressure drops are known. A solar power plant employing a 

Bray ton cycle will suffer excessive pressure drops in the 

heater and in the sink, if used as a closed cycle unit using 

an inert gas as a working substance. 

A study of the Bray ton - Argon cycle(60) indicates 

that temperatures of the order of 1400 0F must be used to 

attain an optimum combination of collector turbine and 

radiator. An efficiency of 23 per cent has been predicted. 

Since the above-mentioned research does not aim at producing 
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low cast power, but, rather ta reduce the weight per unit 

power output, the cast optimization was not considered. 

The temperatures needed for useful operation of the 

8rayton cycle can only be obtained using a concentrating 

type collector. The point focussing receiver described in 
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section 111.2 of this chapter is suitable. However, the rate 

of heat transferred from the collector absorbing :surf~ce ta 

the gaseous working substance circulated, is of the arder of 

5 ta 10 8tu/hr ft 2 -deg r; wherease i t, is 50-100' for water in 

convective heating, and up ta 10,000 8tu/hr ft 2 deg r in 

boiling water. This indicates the need for larger heat trans-

fer surfaces. The tube wall temperature will be much higher, 

the yield strength of the tube material will be reduced at 

elevated temperatures and higher pressure drops required will 

necessitate the use of heavier tube walls ta withstand higher 

pressure. An air heater operating at l400 0 r, even if a 

practical possibility would turn out ta be very inefficient. 

An exact perform~nce-analysis of such a heater for heating 

gas ta temperatures of the arder of l400 0 r cannat be undertaken 
1 

unless the actual model with dimensions and material proper~ies 

are specified. 

Considering the practical difficulties involved in 

operating a concentrating collector, incorporating air-cooling 

operating at l400 0 r, low receiver efficiencies, and high costs 

of construction and increased pumping lasses ta improve heat 



87 

transfer characteristics of the receiver, ,the Bray ton Cycle 

with solar heat source will not be further examined as an 

alternative cheap source of power. 

111.4 Stirling Cycle - Concentrating 
Collector - Sink - Reciprocating 
Engine 

The two-piston, closed cycle engine,.named after its 

inventor Robert Stirling, was first constructed in 1816. 

However, no substantial record of its application and develop-

ment was maintained for more than 100 years, until 1938, when 

N. V. Philips Gloeilampenfabrichen initiated a research and 

development programme. In 1944 the first air Stirling engine 

was operated successfully. 

After 1948, similar stud~es were started in the U.S.A. 

where the problem was treated From a different angle, 

incorporating solar and other energy sources. 

The basic advantages of the Stirling engi~es are 

th~rmal efficiencies as high as 45 p~r cent(6l) and silent 

operation. In space applications the solar-operated Stirling 
~ 

engine is claimed to have low weight/power ratios. Indepen-

dent work has been carried out in the Allison Division of 

General motors Corp. in Indianapolis, (62) Battelle mem~rial 

Institute in Columbus, Ohio, (63) and the University of Florida 

in Gainsville(64) on solar-operated Stirling engines. The 
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heat sources of sorne Stirling engines have been Diesel fuel 

fired(65) for U.S. Army specified power units where compact-

ness and continuous operation have been the main requirements.(66) 

Very large engines, up to 360 Hp, (67) have also been con-

structed and have been successfully rune 

The Stirling engine with a.transparent qu~rtz window 

at the cylinder head, was patented by Professor Farrington 

Daniels and Dr. Theodor Finkelstein. (68) Solar Stirling 

engines have been constructed at the Battelle Memorial 

Institute(63) and at the University of Florida in fractional 

HP ranges. (64) The paraboloid type of concentrating col-

lector was employed to attain temperatures in the order of 

l400 0 F. Besides the precise tracking requirement, the 

present cost estimate which is about $470 for a 50-watt unit' 

indicates the economical drawback. The power range projected, 

12 Kw requires 240 such units which would cost approximately 

$120,000. This is an order of magnitude larger than the cost 

of a fIat plate collector steam Rankine cycle - Turbine 

system and therefore does not meet the economical performance 

criteria. A single concentrator would still not lower the 

cost to an acceptable levei. 

Sorne other operational features, design considerations 

and proposaIs such as NaK eutectic alloy and LiH, for the 

heat transfer fluid and storage purposes, would not further 

reduce the cost of the power produced, .but on the contrary, 
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lead to an increase. 

The above considerations and other problems involved 
. 

in the Solar Stirling Engine resulted in research activities 

being discontinued in sorne institutions. (69) Instead, a 

Stirling Engine with conventional fuel operation is gaining 

interest. Development is still continuing(65) for units 

ranging from a few horsepower to several hundred horsepower. 

Therefore, the concentrating type of collector with 

air or other fluid as the working substance for a Stirling 

engine combination will no longer be examined. In addition, 

the solar collector design does not show promise. The main 

reason for this is the reduced collector efficiencies at 

elevated temperatures, and the low heat transfer rates for 

gases which are usually used as the working substance. 



IV. UNSTEADY STATE ANALYSIS 

IV.I. General Discussion on the 
Variation of Design and 
Input Parameters 

In the analyses that have already been outlined, a 

constant radiation intensity has been assumed to occur 

1 

throughout aIl the sunny days experienced during the year. 

This simplifying assumption, however, is only true in the 

special case of a sun-tracking satellite power system. In 

aIl terrestrial applications, the intensity of solar radia-

tion incident upon a horizontal or tilted plane varies both 

with time and with atmospheric conditions. As a consequence 

of this variation, since it causes a change in the output of 

the power plant and the operating conditions, the cost figures 

previously obtained for the constant intensity case are no 

longer applicable. 

Unsteady state regimes for the solar power plant may 

be considered to fall within the following categories: 

l~ The collector area is fixed for average operating con-

ditions, while the power output alters with the radiant 

flux change; but no heat or electrical work storage, 

using storage batteries, is taken into account. 

2. There is 8 time dependent demand for the power. In other 

words, consumption of the power produced must follow a 

90 
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definite pattern depending upon the hour of the day and 

the month of the year. This would appear to be the most 

realistic approach since there is very little or no con-

5umption to be expected after midnight in farms, whereas 

irrigation and other mechanical work requirements would 

increase the power demanded during the day time. 

3. A special case for consideration in power demand could be 

a constant consumption at nominal rating. This case, 

however, can be easily handled once the problem with the 

arbitrary power demand pattern is solved. Since a con­

stant power demand is not likely to occur and the main­

tenance of such a performance would require unnecessarily 

large storage systems, this case in the Unsteady Analysis 

will not be unduly emphasized. 

Preliminary results obtained from the steady state 

analysis without a storage system indicate costs, even under 

the most optimistic conditions, to be above 10 cents/kw hr. 

Addition of a storage system would obviously raise this 

figure. Unless a careful determination of the essential 

power needs is made .and power consumption limi ted to con­

siderably shorter periods especially during the winter and 

rainy seasons, the increased cost of storage could easily 

bring the cast perr kur'TIr up to a prohibitive level. 

The output of the plant may be varied in order to 
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satisfy a variable demand by either of the following methods: 

A. 8y varying the collection area depending on the power 

demanded. This would imply that the system would have to 

be constructed conforming to the maximum power requirement. 

Therefore, sorne portion of the collector will normally 

remain unused. The cost of the power produced would 

obviously be increased. 

8. 8y varying the Flow rate of the working substance in 

phase with the variation of the solar radiation inten~ity. 

This apertains to the first case where the Demand Funqtion 

follows identically the supply function, and no storage 

is required. No changes occur in turbine performance as 

a result of variations in operating temperatures since 

constant output temperature (tl ) can be maintai~ed by 

changing the Flow rate and the condenser temperature is 

also fixed. The system can be equipped with automatic 

control of the Flow rate, while a shut-off device similar 

to the one developed by Neeman(70) can be added for those 

periods during which the radiation intensity is below a 

predetermined value. This intensity is usually referred 

to as: "The Critical Radiation Intensity." In cases 

where the power demanded is more th an that supplied through 

the collector, the deficit has to be made up. Therefore 

the energy must be stored at a higher temperature in order 

to overcome irreversibilities inherent in the heat transfer 



processes and permit efficient operation during overcast 

periods or at night.Storage of energy for future use 

will be discussed in length in the related chapter. 

Since the energy input, solar Radiation Intensity, 
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which has been called "Disturbance" in optimization studies, 

is time dependent, it has to be formulated and available 

radiant flux on the collector plane must be known for every 

hour during a year's periode 

Though many proposaIs have been suggested(71~72) 

for predicting the solar radiation intensity, it is more 

reliable to base the analyses upon the measured radiation 

flux for a given locality. 

In almost every solar radiation measuring station, 

the total radiation intensity is measured on the horizontal 

plane. For sorne selected stations, diffuse and direct beam 

radiation measurements are also available. (73) This chapter 

gives the basic conversion formulae for calculating the solar 

radiation intensity on a tilted plane if the "total" solar 

radiation or the "total and diffuse" solar radiation 

intensities are given. It must be pointed out, however, 

that the best approach is that of carrying out actual 

measurements at the site on the tilted plane long enough to 

get a statistical average rather than that of approximating 

it through calculations. Particularly in the case of 
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intensities converted from a horizontal to a tilted plane, 

there would be inaccuracies wherever diffuse measurements 

were not available. 

It is to be noted, however, that the measured radia-

tion intensity for a given locality does not imply that the 

variation will remain similar for aIl years to come. Hence, 

accuracy in calculating the radiant flux on the tilted plane , 

would not appear to be too significant in a final analysis 

of the aims of optimization studies. 

IV.2. Solar Radiation Intensity 
and its Determination 

The reliability of any optimization study of solar 

power production at any chosen locality is dependent upon 

the accuracy of the prediction of the solar radiation 

intensity throughout the expected lifetime of the plant. It 

is obvious that exact prediction is impossible. However, 

long periods of sunshine hour measurements provide a 

relat~vely dependable measure of the probability of sunshine. 

Many empirical relations have been suggested to correlate 

sunshine hour measurements w,i th the daily total, and hourI y 

distribution from the daily to~al, for selected climatic 

conditions. These data, however, give an over-all picture 

of the possibility of utilization of solar radiation, rather 

than any assistance in designing a system. Measured values 
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. 
of solar radiation intensity for extended periods, of course, 

are the most dependable source of information. Unfortunately 

precise radiation data are available at only a few locations, 

from among those where solar power production shows sorne 

prospects of economic application. 

Production of mechanical power from solar radiation 

can be conceived at localities enjoying extensive periods of 

sunshine and at which competitive sources of energy are too 

expensive or inconvenient for sorne reason or other. 

A world-wide survey completed by a University of 

Wisconsin team gives a list of stations in which Radiation 

Measurements are carried out as weIl as giving isopleths 

(constant solar radiation intensity curves) aIl over the 

world for every month of the year.(74) A careful study, of 

this excellent survey gives a sound ide a regarding the 

localities in which solar energy utilization shows promise. 

The essential requirement for any solar power application is 

of course a steady supply of solar radiation throughout the 

year. Some specific applications, however, may permit some 

overcast periods in summer time, such as in the case of 

space heating with solar radiation, or in the winter, if, 

for instance, refrigeration or air-conditioning in the 

summer is desired. 

Though it is theoretically possible ta store energy 
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for future use for an extended period of as long as several 

months, the increased c~st of storage, especially at high 

o temperatures around 200 F, makes it impractical. Therefore, 

it is necessary to limit consideration of solar power pro-

duction to localities possessing more than 3000 sunshine hours 

per year relatively, uniformly distributed throughout the 

seasons. Unfortunately, such locations are rare on the earth. 

Most of them lie between 15 0 and 35 0 north or south of the 

equator. They include the southwestern USA and sorne parts of 

Mexico, the North African desert, the Middle East, Central 

Iran, Turkestan, Uzbekistan, sorne parts of Pakistan in the 

North~rn hemisphere; and the Atacama desert of Chile, A~gentina, 

Brazil, the Kalahari desert of southern Africa and the 

Australian dry arid regions in the Southern hemisphere. 

For the basis of comparison, Alice Springs in Australia 

(133 0 53' East meridian, 23 0 48' South Latitude) has been 

selected, since dependable radiation data(75) based on long-

term observations were readily available and local material 

and workmanship costs* were kindly supplied by Mr. R. V. Dunkle 

of the Solar Energy Group, CSIRO of Australia. (35) 

Because there is a well-developed, competitive solar 

collector industry as weIl as an evident enthusiasm for 

utilizing solar energy in arid parts of Australia, it is a 

*Figures for this example have been expressed in 
Australian dollars, whereas for other sections in U.S. dollars. 
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suitable area in which to consider the application of solar 

power. It is to be noted that there may exist many other 

localities with enough sunshine and where fuel costs are high 

or in which other sources of energy are not available. 

However, the project aims to set up sorne techniques which 

may be utilized in the case of any place of promise for solar 

power production. Therefore, one example is considered to 

be sufficient to demonstrate the method. Since sample com-

puter programmes are presented in the Appendix, the only 

requirement for the optimization study in a new location is 

the relevant radiation and cast data. 

The radiation intensity, I, used in the computation 

is the total radiation intensity on the collector plane. 

Since almost aIl of the radiation data available refer to a 

horizontal plane, the intensity on a tilted plane must be 

calculated by the steps outlined below. A similar extensive 

sur vey and an automatic programme to calculate the radiation 

intensities on tilted planes of any orientation has been 

developed in the Geography Department of McGill University 

by Professor B. Garnier and Mr. Atsumu Ohmura and must be 

referred to(76) by those who require to calculate the 

intensity more precisely. 

The unsteady state analysis covering a year's period, 

devised for testing various collector areas and boiler 
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temperatures, in itself takes a long time and requires 220 k 

cores, even on an IBM 360-75 which is a fast modern computer. 

The additional computation time required to search for the 

best orientation for every day of the year in order to obtain 

a few per cent increase in the solar radiation intensity 

incident on the collector plane, is not justified due to the 

excessive increase in computation expenses. 

Instead, an optimum orientation will be selected as 

described in the next chapter. Having previously calculated 

the radiation intensity on the tilted plane in a separate 

subprogramme, the main optimization programme will be con­

sieter-aoly simplified and computation time reduced. 

Although the collector must track the sun for maximum 

possible collection, not much will be lost by orienting the 

qollector towards the Equator, with the N-S line coinciding 

with the collector axis. Especially in the case of a power 

application in which high temperatures are needed for turbine 

operation, collection has to be confined to the eight-hour 

period symmetrically spaced about solar noon. During short 

periods the total radiant energy received by the ,inclined 

plane does not differ markedly from that of the sun tracking 

system. Therefore, in the Northern Hemisphere a southward 

facing collector orientation is preferable. The degree of 

tilt can be varied daily to maintain normal incidence at 
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noon for maximum collection for a southward facing collector. 

If this adjustment creates eperational troubles and design 

difficulties, then it is recommended that a battery of col-

lectors, connected to each ether by condensate feeding and 

steam headers, be tilted to a fixed orientation, to give 

maximum output either throughout the whole year or during the 

preferred season. The degree of. tilt is also a function of 

the latitude. 

For places away from the Equator, the more the col­

lector is tilted towards the Equator, the more heat is 

obtained. Even on the Equator, a ~ 23 0 27' tilt ~s needed to 

collect maximum radiant flux to cope with the changing 

declination. For localities as far as 40° north or south 

latitudes the gain by orienting the collector to optimum 

tilt, could be as high as 30 per cent, (77) for a year. 

The solar radiation' intensity on the tilted plane may 

be calculated by following the steps described below: 

The direct horizontal radiation 

= (4.1) 

Direct normal beam 

= (4.2) 

Total radiation intensity on the inclined plane 

(4.3) 
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The diffuse radiation intensity on the inclined plane has 

been assumed to be the same as on the horizo~tal plane. 

l = l • Cosi + 
HO 'ëO'S'Z. 

Cosi 
l = (IHt-IHd)·ëQSi + I dif 

= 

l l 
Co si l (1 Co s~ ) 

= Ht· Cos ~ + Hd - COS,% 

(4.4) 

(4.5) 

(4.6) 

At noon for the optimum oriented plant: Cosi = l 

Cosi 
During the useful collection period: ëëSZ > l 

Cos~ 
Cosz: is also called "The Orientation Factor, R" 

llihenever I Ht and IHd measurements are available, the 

radiation intensity, l, on the inclined collector plane 

can be obtained from (4.6). 

If only I Ht measurements are given for dry arid regions 

with mostly clear sky conditions, IHd = 0.1 I Ht : 

Cosi Co si 
l = I Ht Cosz + 0.1 I Ht (1 ... COS~) (4.7) 

Cosi 
l = 0.9 I Ht ëCi'Sz + 0.1 I Ht 

(4.8) 
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Equation (4.8) gives the radiation intensity on the 

inclined plane for the case in which only total horizontal 

measurements are available. 

Optimum orientation at noon if the plane is tilted from the 

horizontal by P degrees 

~ - Id = 5 or fo = ~-b th . -_ 00 , en J. for ~= 0 

Cosi = Sin (~-J3).Sin6 + Cos (~-f3) COsc5 .Cos§ 

(4.9) 

The equation (4.9) gives the angle of incidence at any time 

measured from noon, for a plane facing the equator, tilted p 
degrees. 

Substi tuting (~-p ) = 6 
Co si = 

for the horizontal j3 = 0 i = z 

Cosz = Sin cp .Sin 8 + Cos ~ .Coso .Cos g 
This gives the zenith angle in terms of Latitude ~ , 

Declination 6 and the Hour angle § . 

(4.10) 

(4.11) 

Whenever exact determinations are needed, one should 

know the I dif or calculate it from Equation (4.6). If this 

is not available, then Equation (4.8) provides values accurate 

enough for the current optimization studies. 

A computer programme has been written and presented 

in detail in App~ndix 2-c, in which the total solar radiation 
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intensi ty on the plane til ted towards the equator is c'alcu­

lated. Although, for the maximum energy collection, the tilt 

must be adjusted every day, it would also be possible to 

limit the adjustment ta once per month at the cast of a small 

reduction in performance. The programme has been set ta 

consider monthly adjustments for the declination' ta maintain 

normal incidence at noo~. 

Ta be able ta calculate the radiation intensity on 

the tilted collector plane, it is necessary ta know the 

horizontal total and/or total + diffuse measurements for 

every hour of the year. Unfortunately, this kind of exten­

sive informati~n is not available for many localities. 

Instead, daily totals are reported in most of the publica~ 

tians. In cases where daily total horizontal measurements 

are available, the computer programme outlined in Appendix 2c 

can be run ta obtain the hourly distribution of the daily 

total horizontal solar radiation. The method based on curves 

developed by A. Whillier(78) is adapted for use in latitudes 

between 350 N and 35 0 5. The radiation intensity on the 

inclined collector plane can be obtained by applying the 

previously described technique. 



IV.3. Influence of the Radiation Intensity 
on the Performance of the Flat 
Plate Collector 
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The fIat plate collector performance is represented 

by equation (3.31), derived and discussed previously. The 

effect of increased radiant flux using mirror boosters has 

been considered in Chapter 111.1.4. For moderate tempera­

tures the mirror booster prrives to be a significant factor 
~ 

in reducing the cost. It should yield a better optimum for 

the solar power plant employing fIat plate collectors, after 

a careful design analysis considering the cost of the mirror 

system as weIl as increased maintenance costs. 

In this chapter the variation of radiation intensity 

will be examined from a different point of view. Instead of 

treating the radiation intensity, l, as a parameter and 

testing various designs for an optimum solution, the per-

formance variation of a fixed combination of components, 

optimized for a given temperature and averaged radiation 

intensity, will be considered. 

IV.4. Oemand for Power 

IV.4.1 Oemand always equal 
to the supply 

The first stage solution will be based upon fixed 

boiler and condenser temperatures. At a later stage various 

boiler temperatures will be tested in search of a better 



optimum. The condenser temperature will be assumed as 

invariant, due to its relative unimportance, whi6h was 

previously emphasized in Chapter 111.1. 

The following sequence of formulation and solution 

applies to the Fort~an Programme ND. l presented in 

Appendix 2b. 

Step,l. Set a boiler temperature within the feasible 

region which was obtained From the steady state 

analysis. Recalling the relation giving the 

useful heat collected per unit area which is, 
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for the boiler operating at constant temperature 

= (4.12) 

below the Critical Radiation intensity, 

t-herefor'e: 

(4.13) 

(4.14) 

Realizing that at least sorne useful conversion, say 5%, be 

necessary to justify the operation of the solar power plant, 
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a factor of 1.05 has been used. 

Equation 4.14 gives the critical intensity in terms of 

boiler temperature since the other parameters are invariant 

for a given design. 

The collection should be attempted for those days during which 

l < Icrt 

Step 2. The amount of heat which can be collected is 

But 

= 

Substituting from (4.16) into (4.15) 

n 
L ~u = 
1 

- l t cr ) 

(4.15) 

(4.16) 

(4.17) 

Adding only those: intensities 1> Icrt for (n) days the 

average amount of heat collectable is given by 

1 n 
n r qu = F rb 

1-

l n 
- L (I - l )+ 
n 1 crt 

Dividing and mul tiplying RHS by Iav ' this gives 

1 n 
fi L qu = Frb 

1 

1 n (1 - Icrt)+ 
l - L av n 1 Iav 

(4.18) 

(4.19) 
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The Utilizability factor is given by: 

p= 1 n 
-î n 1 

(4.20 ) 

Thus 

qu aver = F rb· 1av '7:.01./" (4.21) 

The usual procedure as applied by Whillier(79)has 

been to plot the frequency distribution of solar radiation 

and obtain J6 vs (1/1av) curveS for a·given locality. 

In this research a more direct approach will be 

utilized taking advantage of the powerful computational 

capabilities of modern digital computers. 

Step 3. The yearly average of the solar radiation will be 

obtained by summing up l (i,j,k) for those hours 

during which l (i,j,k) > 1crt or [1 (i,j,k)-1crtJ+ 

and dividing the result by the total number of 

sunshine hours. 

12 31 +l 
= L:L::L: 

i=l j=l -! 
l (i,j,k) (4.22) 

12 31 + J 
~ ~ ~ l (i,j,k) 
i=l j=l -J 

l (i,j,k) 
(4.23) 

qav.year = 

where 

L (i,j,k) = total sunshine hours 
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It must be noted that the total number of hours is 

always less than (i.j.k). 

Step 4. Since the collector area of the solar power plant 

will be constant, it is most reasonable to assume 

the area to correspond to the average radiation 

intensity for the year. Since a programme has been 

developed to optimize the sol~r power plant with 

fIat plate collector operating under constant radia-

tion intensity. This programme should be utilized 

to obtain an area and a cost per kw hr figure. 

Step 5. The next step is to ob tain the actual amount of work 

produced by calculating the exact amount of work 

produced during each hour and summing up throughout 

the year. This would allow one to obtain a more 

reliable cost figure than in the previous step. 

Qtot.year 

where 

12 31 + j 
= 2:2: '5C 

i=l j=l k=- g 
l (i,j,k) A. ~(i,j,k) 

(4.24) 

~(i,j,k) is the hourly efficiency for constant boiler 

and condenser temperatures. 

UJ to t. year = 
Qtot. year 

3413 
(4.25) 
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Step 6. Since tho frequencydistribution of the solar radia­

tion is not usually a straight line, the numbers of 

days during which the intensity is above and below 

the average are not equal. It may happen that the 

area based on the yearly average does not in fact 

yield the maximum collection and minimum power cost. 

Therefore, various areas must be tested. Seventy­

five per cent and 125 per cent of the original areas 

were also used in the analysis by repeating steps 

4 and 5 for each area. It is to be noted, however, 

that the power production at any instant and in any 

area must remain below the rated power; e.g., if the 

power produced is greater than the rating, the excess 

will be wasted. In computer programming, the hourly 

work was calculated for the given area and radiation 

intensity. If this figure turned out t~ be greater 

than the rated power, the output was equated to the 

maximum rated power. This allows one to choose a 

more correct collecting surface than the surface 

based on the average radiation. 

Step 7. Different boiler temperatures may be tested repeating 

steps 1 to 6 for values around the feasible optimum 

predicted. 
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The Fortran programme No. l presented in Appendix 2-c 

has been run and the following results presented in Table 6 

have been obtained. It must be noted that this survey is. 

~alid only for the given radiant flux input and the cost 

figures. One of the important conclusions reached from the 

computer analysis is that, if an area which is greater than 

the average is used, the effective operational period is 

extendedo One has to decide on a separate basis the total 

amount to be invested as weIl as the sacrifice of production 

for sorne overcast periods. If the total investment allo-

cated is limited and some~interruption in power supplies is 

justified, then collector areas may be reduced. 

IV.4.2 Time-Dependent Power Demand 

In themost general case of solar power production 

both the power consumption and the radiant flux vary with 

time. This case aiso represents most ciosely the actual 

performance of a solar power plant in the field. 

The pattern of power consumption depends, of course, 

upon the pattern of use. A typical pattern \fi (i,j,k), is 

presented in Figure 11). Though this specific pattern has 

been empIoyed in the computer analysis, the Fortran pro-

gramme is arranged to accept any conceivable pattern which 

might be encountered in different localities and climatic 

regimes as weIl as types of use. In this representation 
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indices i,j, k represent month, day, and .hou.r,_ respectively. 

Figur~ 12. graphically illustrates the variation of pow~r 

demanded, consumption a~d the storage for a week's periode 

Two and one half days of initial storage and a maximum of 

two overcast days were assumed. 

The unsteady state analysis is carried out as 

described below: . ,. 

1. The consumption function, P(i,j,k) is defined for the 

whole year from the previously defined consumption 

pattern. 7V (i,j,k) can be obtained from 

p (~ , j , k ) = r (i, j , k ) • I(w 

For the sake of simplicity the consumption pattern is 

assumed to be the same for every day of the year. This 

reduces r(i,j,k) to t (k) and 

p ( i , j , k ) = 'f (k ) • I(w 

2. The production of power is obtained for a constant 

collector area which is calculated on the basis outlined 

in the "no storage fl analysis which was described in the 

previous section. The power produced at any instant can 

be calculated by multiplying the incident solar radiation 

by the over-all conversion efficiency from solar radia-

tion to shaft horsepower output of the turbine. 

It is obvious that the power produced will be zero 

all the time when I(i,j,k) < I crt " Vet its value, even if 
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it is zero, must be calculated for every hour of the year to 

enable the energy excess or deficit to be calculated, since 

there is sorne consumption every hour ev en though there is no 

produètion. 

3. In or der that the power plant may operate, it is assumed 

that a storage material is available within a reasonable 

price range which can be utilized in storing and recover-

ing energy at the con~tant boiler temperature. 
1 

The similarity between the trends of the power demand 

and the solar radiation supply curves indicates that the 

greater portion of the power is consumed whenever the solar 

radiation intensity is at its peak. This, of course, 

reduces the need of extra storage. However, an initial 

storage is assumed to overcome the deficit in the supply 

duringthe overcast days. 

This minimum reserve capacity, which is a climato-

logical factor, has to be carefully determined, other wise 

there might either be a lack of suppl Y of power or the cost 

of the power produced would be higher than it need be due 

to excessive investment in the storage system. This is 

contrary to the main aim of the analysis which is to 

minimize the cast of the power produced. SiQce hourly net 

production was W(i,j,k), and hourly net consumption was 

P(i,j,k), the difference gives the excess power produced, 
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if it ia a positive quantity; or deficit in supply, if the 

difference is a negative quantity. 

~ = W (i , j, k) - P (" i", j , k) 

If A is converted into energy units and added ta the initial 

stored energy, it yi~lds the remaining stored heat, Q star 

(i,j,k), at any hour. Qstor (i,j,k) = Qinitial + 

(W(i,j,k) - P(i,j,k». 

The system keeps on running as long as the remaining 

stored energy is positiv~ or in other words the temperature 

of tl:\e .. .storage medium remains at/or above the minimum 

".;.," 

acceptable level. A fusion process is needed ta store and 

recover the energy at constant temperature. As saon as 

more energy than the stored is extracted, the temperature 

of the stor~ge medium will start dropping. Also the sensible 

heat (also called Liquid, Enthalpy, hf ) will be recovered 

which is only a small fraction of the latent heat (also 

called Fusion Enthalpy) per Ibm of the material. 

The power production is stopped as saon as the initial 

storage is exhausted. No power will then be supplied until 

the production exceeds the qonsumption. As it has been 

noted, the period of interruption permitted, although a 

factor related ta the sunshine availability of the location 

is really the decisive factor. It may on one hand increase 

the cast ta an undesirably high level, or on the other, 
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reduce it and make it feasible. In order to guarantee the 

supply, the storage capacity should be larger. This import­

ant aspect needs special consideration for every locality 

with different climatic regimes. The next step in the 

unsteady analysis would be to test the following in search 

of a better optimum: 

a. Different collector areas, say 75 per cent, 125 per 

cent, 150 per cent and 200 per cent, .of the average area 

as weIl as 100 per cent, the rated area based on the 

average yearly radiation. 

b. Different boiler temperatures. 

c. Different initial storage capacities. 

Sorne numerical results obtained through the computer pro­

gramme No. 2 for a set of assumptions are tabulated in 

Table 7. 

IV.4.3 Time-Independent Power Demand 

When the power demand curve defined in Section 

IV.4.2 is a straight horizontal line, in other words, when 

KW is constant, the same method of analysis as in the 

variable power demand case, can still be employed. The 

elements of the consumption matrix must aIl be equal to the 

rated power. 

P(i,j,k) = Rating for aIl i,j,k. 

It is obvious that even for a locality with a maximum 
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sunshine possibility, excessiv~stor.ge càpacity will be 

requir~d, because of the continuous demand during the night 

hours aS weIl as in the daytime. 

The computer programme No. 2 devised for! the Unsteady 

state, with variable demand performance analysis with 

storagB yielded cost figures greater than .50 cents/kwhr. 

In the case of constant power demand, the.cost of the power 

produced will be in eXOess of the above amount. Since the 

exact cost figures could easily be verified running programme 

No. 2 with tek) = l for k = 1,2, ••• n, further detailed 

study of the constant power consumption has been omitted. 



V. STORAGE OF THERMAL ENERGY 

V.l Criteria for Storag8 
Requirements 

The need for storing energy has already been outlined 

and methods of calculation of its quantity have been 

described, in section IV.4. In that chapter, an arbitrary 

power consumption pattern was assumed and the storage 

capacity needed ~o supply this demand was calculated. This 

way of tackling the problem although mathematically' viable, 

does not answer aIl the possible arguments which may arise. 

The objective of the research is to find optimum 

solutions to various alternative proposaIs for producing 

cheap mechanical power from solar radiation. Thus it would 

be unreasonable to start by making a decision to install a 

solar powBr plant in any locality first and th en after that 

to optimize~ the design features and operating conditions. 

Rather one should start with an investigation of the 

possibilities of installing ~uch a plant in a given locality. 

The requirement should first be satisfied and then if the 

preliminary survey,shows promise, further optimization . ' 

methods described for various systems of solar power 

production should be analyzed with regard to the specified 

conditions and the given locality. 
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The following are therefore the basic criteria in 

deciding whether to install solar power plants or use con-

ventional supplies. 

a. The availability of solar radiation. 

b. The required minimum sunshine hours or minimum radiation 

intensity which should be available. These, ho~ever, do 

not indicate by themselves that ther~ will be an optimum • 
. 

The cost figures of materials, workmanship and interest 

rates on the capital invested, which vary from locality 

to locality, must be taken into account. 

c. The other alternatives available in power supplies must 

be weIl examined before,proposing a solar power system. 

Compa~ative studies of solar power production have been 

treated in numerous articles and books. (80,8l,~2) 

Most of the se references usually compare solar and 

conventional power supplies and end up with Sorne con-

clusions indicating,the advantages and promises of solar 

power schemes. Since the present study as a whole 

covers aIl conceivable methods of solar power production, 

it allows one to obtain a dependable cost figure per Kw 

hr p'roduced, provided that accura.te radiation and cost 

data a~e supplied. 

Cost figures of other alternative power supplies such 

as Diesel engines and small sized steam boiler engine (or 

turbine) assemblies are commercially available in almost any 



117 

country. Diesel engines, particularly, are extensively 

used for small scale power needs such as irrigation and 

electrical projects in small village~. There should be 

enough evidence to justify changing ~lready established 

systems in favour of solar power. It is necessary ta have 

assurance of a cheap and dependable supply. 

Once the decision has been made to' install a solar 

plant, the former being justified by both the sunshine 

regime and the excessive costs of alternative power sources, 

one cornes to the important question of whether ta insiall a 

storage system or note 

It has already been demonstrated that, in the case 

of the installation including a storage sy~tem, especially 

in those places where the overcast periods exceed2 1/2 

days, the cost of power produced becomes more than, 50 cents 

per Kw hr. Since the interruption in the radiant supply 

cannot be predicted exactly, it is not possible to assure 

fully that the solar plant will supply the demande It would 

be wiser to discontinue the operation if the interruption 

is longer than a predetermined periode The extent of this 

period is best determined by the climatic regime and the 

specific requirements of the consumer~ With regard to 

applications~ such as in the case of, unattended pumping 

stations, where the total amount pumped is of greater 
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importance than actual pumping time, such a lackof con-

tinuity would be justified. The demand function which is 

proportional to the radiant supply due to the increased 

irrigation requirements in sunny periods even eliminates 

the heat storage system. This may well be replaced with a 

storage tank or pool which stores thepumped water. It 

must be noted, however, that the energy storage allows the 

system to operate at higher efficiencies and mai~tains 

smoother operation, especially for those localities having , 

bright periods intermingled with frequent cloudy periods, 

as is experienced in the tropics. 

Therefore, additional engineering analysis of solar 

power supply systems in the light of the methods described 

is necessary with regard to a specifie locality, to de ter-

mine whether the use of a storage system is necessary or 

note Further treatment of the subject from a design point 

of view is beyond the scope of this study. 

V.2 Discussions on the Storage of 
Energy at High Temperatures 

The storage of energy at the optimum boiler tempera-

ture for a solar power plant is essential as long as a 

continuous supply to satisfy any demand pattern is desired. 

Storage methods are usually grouped under two main categories: 

(1) Sensible heat storage (Enthalpy Storage); and (2) Latent 
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heat storage (Fusion Entha~py Storage). 

(1) Sensible heat storage has been attempted especially 

for space heating purposes and proved to 

case of low temperature apPlications~83, 

achieved through storage of hot water(85) 

be effective in the 

84) This has been 

or by storing 

energy by means of hot air heating rock piles from which the 

energy is racuperated by a countar flow of air. (86) 

Whenever the storage of energy at high temperatures 

is required for production of steam above 200 0 F maintained 

over long periods, then enthalpy storage creates many 

problems. The permissible temperature drop has to be kept 

small enough to secure efficient operation of the turbine. 

The transfer of heat from the rock piles to the working 

fluid gives rise to many difficulties. The storage of 

energy in the soil or in the sea at high temperatures and 

recovery for future use still remain as proposaIs and no 

concrete solution has been found to date. 

Compressed water, at temperatures higher than the 

boiler temperatures, which is flashed into steam, has been 

proposed as an alternative method of thermal enthalpy 

storage. (87) The computer results for unsteady state 

operation without storage yield costs of around 27 cents 
. -'r'" 

per Kw hr for Alice Springs, which has high éverage 

râdiation intensities. Any additional investment in the 
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storage system contributes to increase the cost of the 

complete installation. Since the principle of'flashing 

steam and the analysis of the Rankine Cycle operating w~th 

flashed steam iS,wel1 known, further derivation of ,the 

relations is omitted. 

However, it can be weIl concluded that in addition 

to the technical problems remaining, such as the construc­

tion of large pressurized vessels 'and their insulation to 

retain heat for months on end to ensure continuous operation, 

the economic limitations set by the greatly increased cost 

figures inhibi t furthe'I' consideration of enthalpy storage. 

(2) Latent heat storage. The unique feature of 

materials with congruent melting points is that the energy 

can be stored and recovered at a constant temperature, 

thus facilitating the efficient operation of a solar power 

plant. The reduction in the amount of heat added to the 

working substance may result in increased wetness-of steam 

even though the steam may be at the saturation temperature. 

Excess moisture in the exhaust steam, therefore, causes 

blade erosion. Latent heat storage allows the maintenance 

of a constant temperature differen~e between the working 

substance and the storage medium. This maximizes the 

effectiveness of the Heat Exchanger and reduces the increase 

in unavailable energy. 
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Some cheap storage materials are available, such as 

Glauber Salt. Na2S04 .lO H20 - which has a melting ppint of 

o . 
90 F and 1 lb of it can store 104 Btu's of energy. Both 

m 

Glauber Salt and many other storage materials suggested for 

house heating purposes(88, 89) have fusion temperatures 

below l40 0 F, which i~ still lower than the temperature 

recommended by the, steady state optimization analysis. 

Some crystalline salts have been examined as energy storage 

materials for space heating purposes by Whillier~79)Na2HPo4 

.12 H20 Disodium phosphate dodecahydrate did not prove to 

be.a suitable material for repeated cyclic fusion and 

solidification, since stratification occurred due to separa-

tion int~ two other hydrates - Na2HP04.7 H20 and Na2HP04 .2 H20. 

Glauber salt also exhibited insufficient dissolving of the 

anhydrous Na2S04 in the saturated solution in the absence of 

perfect mechanical mixing. In addition to the above dis­

advantages, other known fusion salts have low melting points. 

Other fusion salts originally developed for the constant 

temperature storage and transportation of delicate instruments, 

patented by Melpar Inc. under the trade mark "Transit-Heet," 

exhibit interesting physical properties. A series of sub­

s~ances having fusion temperatures up to 300 0 F have been 

~eported. (90) 

The composition of the materials has not been disclosed 

as they are still protected by patents. However, it is 
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certain that such materials ar~ avail~ble. The fusion heat 

storage system requires a contain'er which also acts as the 

heat exchanger from the fluid heated in the collector to 

molten salt and from molten salt to the working substance. 

The transient heat transfer analysis of the exchanger has 

not bsen possible since exact physical properties have not 

yet been reported. However, an analysis based on the 

approximate properties(9l) is presented below. 

The heat storage material can be supplied for a 

temperature range of 150 0 _250 0 p which is acceptab~e for 

fIat plate collectors. For cheaper material costing 5 cents 

per pound and a qtorage capacity of 150 Btu per pound, the 

cost is estimated at about $5.00 per cubic foot of storage 

volume. The combined cost of the heat storage material, 

the heat exchanger including the filling and sealing 

expenses, is predicted to be at least $1.00 per 1000 Btu of 

stored energy. Additional insulation costs and controls 

required would, however, ,raise this figure. Allowing 50 per 

cent for these items, a total of $1.50 per 1000 Btu can be 

expected. A plant rated at 12 Kw at full capacity is ex-

pected to produce in accordance with the pattern of Figurel1 

24 
L: W(k).Kw 
k=l T 

= 8 x 12 = 96 Kw hr/day (5.1) 

For a ,boiler temperature of 240 0 F and condenser temperature 
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of 95 0 F the Rankine Cycle efficiency would become 19.4 per 

cent 

If ~t = 
~ s = 

0.60 and ~m = 0.95 

0.194(0.60)(0.95) = 0.11 

The amount of heat ta be stored then would be 

Qstor = (96/0.11) 3413 

= 3,000,000 8tu/day 

The additional expenses together with the above assumed 

cast figure of $1.5/1000 8tu, would eventually become 

(3,000,000/1000)1.5, i.e., $4500 more. The storage of heat 

for two and a half days of demand would need $11250, which 

is the same arder of magnitude as the cast of the fIat 

plate collector system. 

In fact, in the unsteady state analysis made using 

the computer programme No. 2, it has been found that even 

storage of heat for 2 1/2 days is not sufficient for con-

tinuous operation for Alice Springs, which was chosen as a 

typical locality. The collection area was taken ta be 

twice as much, i.e., 200 per cent of the area based on the 

yearly average radiation. This reduces the amount of 

initial storage needed ta maintain continuous operation but 

increases the investment needed for the collectors. Although 

the cast of power produced is reduced from 150 cents per 

Kw hr ta 50 cents, it is still tao high ta justify any 
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attempt to introduce s·torage systems. 

This figure is far beyond that of the cost of power 

uSing alternative sources. The highest co~t known to the 

author is that of the sma11 town diesel powered electric 

supplies being 7.5 cents, which, how~ver, assures 24 hours 

of dependable supply. 

Therefore, in the context of the present cost 

figures and lack of experimental evidence, the use of the 

fusion process would still be premature. However, it is 

quite probable that further developments in the technique 

of more economical heat storage may lead to the project 

being more viable. 



VI. FORmULATION AND SOLUTION 

VI.l Fortran pro'gramming and 

Solution of models 

The optimization studies covered by this research 

did not yield a single mathematical model with an objective 

function and a number of constraining relationa. This 

solution would allow one to obtain a single point. In 

other words, there is no single set of values which can be 

regarded as the answer to the optimization problem. Since 

the present study aims at treating a number of different 

systems such as the fIat plate collector - turbine -

condenser combination, for various design parameters of the 

collector, such as selective surfaces, honeycomb structures, 

or for different working substances; or concentrating type 

collectors, Stirling and Bray ton Cycles, it is not possible 

to arrange for a single model. Therefore, the Fortran 

programming had to be carried out in different steps. 

Basically, the programming was applied to both the. 

steady and unsteady cases. The basis of the analyses and 

the Fortran programmes have already been referred to in the 

chapters concerned. The following is a list of those pro-

grammes and describes their features: 

125 
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VI.l.l Steady State Analysis 

The steady state analysis was applied to models 

listed below: 

A. Flat plate - steam Rankine - Turbine Condenser 

A.l Same as above only selective surfaces used 

A.2 -t. " -t. •• an ideal glass Honeycomb structure 

was laid over the selective absorber plate 

A.3 Same as above only an actual plastic honeycomb struc-

ture was laid over the absorber plate 

A.4 Same as above only mirror booster and selective 

surfaces 

Three solution methods proposed are described below. 

Reference was made to the specific method used for the 

various models in the related chapter. 

In determining the optimum point of design one of 

the following methods can be used. 

a. Exhaustive enumeration 

b. ffiapping 

c. Steepest descent 

These methods are outlined in Appendix 4. Out of 

the se 3 methods, the exhaustive enumeration was employed as 

the first sur vey on the subject. As long as the range of 

variation of variables and number of trials are small, this 

method is acceptable, otherwise the evaluation of results' 

becomes too tedious. On the other hand a direct optimiza-
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tion technique such as the steepest descent is started at a 

feasible point and independent variables are changed in 

appropr iate step s to reach the optimum. Thi s me thod, how.­

ever, is not suitable for functions like Rosenbrockls(92) 

and others(93) which have steep valleys. Iteration may 

start shooting around optimum and computation time may be 

too lengthy. Many other methods are available which converge 

much faster. Some of them are in ready access in McGill 

Computer Centrels SSP (Scientific Subroutine Package) pro-

grammes such as Fletcher and Powell method "Subroutine 

FMFP," conjugate gradients "Subroutine FMCG." 

The use of built-in library programmes of the com-

puters eliminates writing a separate programme and rather a 

main programme which calls the Subroutine FMFP or FMCG 

would readily allow one to reach the minimum cost figure. 

However, even a rapidly converging programme enabling 

one to locate the minimum, would not still give much idea 

about the region in neighbourhood of ,the optimum which is 

of interest to us. The solar plant as outlined in fine 

detail in previous chapters, operates under varying radia-

tion intensity and therefore a steady state analysis although 

yielding a single optimum does not represent the actual 

performance. For these reasons, the direct search techniques, 

though powerful, are not found to be illust+ative. 
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Instead, a two-dimensional mapping which is explained 

in Appendix 4b was preferred to other methods, since this 

allows one to examine the neighbourhood of the optimum and 

gives a better idea ,of what happens if the optimum operation 

conditions are not satisfied. AIso, sorne discontinuities 

su ch as change of the number of collector glass plates at 

definite prefixed temperatures, can be better treated. 

Discontinuities in the Direct Search Techniques might 

create irrelevant results, therefore it may be necessary to 

add further constraint relations for such a discontinuity 

or to confine the search to more restricted regions •. 

VI.l.2 Unsteady State Analysis 

A. Main Programmes. The analysis was applied to the 

unsteady stat~ performance without storage and the unsteady 

state analysis with variable power demand and storage. The 

formulation of both analyses was explained in detail in 

ch~pter IV 

8. A s~bprogramme was prepared to calculate the 

radiation intensities required in the main programmes. A 

year's radiation data for a horizontal plane at hourly 

intervals during an 8-hour period, i.e., ± 4 hours around 

noon were fed through punched cards. The programme calcu­

lated the radiation intensity on the tilted collector plane 

for a year's period and producsd a deck of punched cards 
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which were later used as data cards for the.main programme. 

Similarly, the 'avera~e radiation for every month,. the 

yearly total and the yearly average radiati9n intensities 

were also c~lculat~d and obtained as punched cards. Although 

two programmes might be combined in one where both the 

radiation intensity calculations on the inclined collector 

plan~ and optimization of the solar power plant can be 

covered within the same programme, the workwas split into 

two, since the memory requirements had exce~ded the 

installed capacity of the McGill Computer Centrels 360-75 

computer which has 330 K Dynamic Cores. It was thus 

po~sible to execute it in this way. 



vtI DISCUSSION AND CONCLUSIONS 

This chapter is devoted to the extension of the 

analysis presented in the earlier sections of the thesis and 

to the presentation of conclusions based upon the numerical 

results obtained. The discussion has been divided into two 

parts, the first relating to the steady state analysis and 

the second to the performance of a system under"varying 

radiation input. This is in or der to facilitate a comparison 

between the various systems, outlining the advantages of 

each proposaI as weIl as its drawbacks. Consideration is 

then given to the determination of the actual power output 

in the context of the most promising combination, from which 

eventually an accurate cost figure is obtained. 

Steady State Analysis - the Flat Plate Collector 

The heat transfer relations describing the performance 

of the ordinary fIat plate collector are the most accurate 

of the several assemblies studied. The numerical results 

indicate that the ordinary black-painted collector is 

inferior to the collector with a selective coating. The 

optimum design and operating condition for the collector 

with the selectively coated absorber plate depends upon the 
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insolation rate. Although the steady state analysis has 

been applied to a large range of radiation inputs, extending 

from 180 8tu/hr ft 2 to 330 8tu/hr ft 2, cost figures cor-

responding to the higher rates are unlikely to be of 

practical importance due to the rarity of their occurrence 

under natural conditions. In Chapter IV.l the radiation 

availability at various localities was discussed. A sample 

was presented for Alice Springs in Australia which averages 

the high insolation ~ate of 214 8tu/hr ft 2 with a reasonably 

uniform seasonal distribution. The period for which this 

average is computed is that during which the radiation 

intensity on the collector plane remained above the critical 

value, i.e.,l39 8tu/hr ft 2 . This duration was found to be 

1770 hours. The average radiation intensity of 214 8tu/hr 

ft 2 during this period was far lower than the high rate of 

330 8tu/hr ft 2 , i.e., the maximum considered in the computer 

analysis. 

The comparison of cost figures was therefore based on 

a radiation intensity of 220 8tu/hr ft 2• However, within 

the range between 180 and 230 8tu/hr ft 2 commonly encountered 

in practise, the numerical value of the radiation intensity 

is not stgnificant, whenever aIl of the systems are compared 

for the same radiation intensity. The condenser temperature 

was also kept invariant owing to the reasons stated in the 

related chapter. 
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The fIat plate collector with three glass covers and 

ordinary black paint yielded a cost figure of 46 cents/kw hr, 

for an average radiation intensity of 220 8tu/hr ft 2 , a 

condenser temperature of 95 0 F, and a duration of 2400 hours/ 

year. 

Material cost figures and other assumptions concerning 

the operation are tabulated together with the list of physical 

properties in Appendix 2a. 

. ..... . 
The selective black painted flat-plate collector with 

two glass covers is an improvement on the simple fIat plate 

collector discussed above. The cost figure for this combina­

tion was reduced to 40 cents/kw hr for a radiation intensity 

of 220 8tu/hr ft 2• This figure, however, is still too high 

to be accepted for practical application. 

The fIat plate collector with glass honeycombs and 
. i 

selective surface yielded a cost as low as 27 cents for an 

insolation rate of 220 8tu/hr ft 2• The cost of the honeycomb 

pane had to be assumed at SI/ft2 since no such structures 

are commercially available. 

The fIat plate collector with plastic honeycombs and 

black painted surface, as developed and t~sted in the 

University of ffiarseilles, gave a cost figure of 50 cents/ 

ft 2 at an average intensity of 220 8tu/hr ft 2 . 
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Although collectors incorporating plastic honeycombs 

are much more expensive than those with glass honeycombs 

wh en operating at radiation intensities of 220 8tu/hr ft 2, 

they compare favourably with the latter at high intensities. 

For example, at a radiation intensity of 300 8tu/hr ft 2 

plastic honeycombs yielded a cost of 14 cents/kw hr as 

compared with 16 cents/kw hr for glass honeycombs. 

The fIat plate collector equipped with a plastic 

honeycomb is more sensitive to changes in radiation intensity 

than the collector with the glass honeycomb. The reduced 

direct transmission at increased angles of incidence, cor­

responding to lower radiation intensities, may be responsible 

for the increased losses in the case of the plastic honey­

combs. This comparison, however, cannot be considered fair 

until experimental evidence on the performance of the 

selective absorber - glass honeycomb system is available. 

This should not preclude the fact that honeycombs, both 

glass and plastic, de serve more careful attention since 

considerable reductions in the cost of the power produced 

are possible. Further development of honeycomb manufacturing 

techniques and reduction in cost as weIl as a better under­

standing of honeycomb performance are therefore essential. 

This aspect, which may demonstrate a breakthrough in solar 

radiation technique, is recommended for future investigation. 
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The fIat plate collector w~th selective surfaces and 

mirror boosters yielded the lowest cost within the range of 

radiation intensities considered. A transposable mirror 

system on the East or West side of the collector, while 

doubling the average radiation intensity, with a mirror 

panel costing about Sl/ft2 , reduces the cost of the power 

produced to 14 cents/kw hr. In calculating this cost, 

additional operating expenses were not considered on the 

presumption that the mirrors would only have to be adjusted 

once per day. If there were no ad just ment s, the shadows 

cast in the morning or afternoon would reduce the output~ 

The maintenance of high reflectivity of the mirror surfaces 

throughout their lifetime and protection against wind, 

hailstones and other natural hazards, are sorne engineering 

problems still to be considered. 

The optimum cost figures obtained throughout the 

steady state analyses are summarized and plotted against the 

radiation intensity for various fIat plate collectors in 

Figure 13 to facilitate their intercomparison. The optimum 

operating temperatures are not indicated since thase are not 

of primary concern, the objective being to obtain the minimum 

cost regardless of the temperature. If lower boiler tempera­

tures are used, boiler pressures will be correspondingly 

lower. In the case of ordinary black collectors, pressures 

below atmospheric are required to operate the system most 
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economically. This creates many practical problems on the 

operational level, as well as necessitating the use of 

additional costly vacuum pumps. 

By using honeycomb cells, the temperature .can be 

raised above 212 0 F which would eliminate the need for a 

vacuum pump. 

The use of both honeycombs and mirror booster panels 

to increase the collector efficiency is an interesting 

combination deserving further study. Since exact relations 

describing the performance of such a system are not available, 

its analysis is not included in this optimization study. 

Noting the problems involved in operating honeycombs, 

especially plastic ones, at high temperatures, and the 

difficulties of mirror panel operations, one cannot 

immediately conclude that the honeycomb and mirror booster 

combination would be practical to use. 

After solutions to these practicalproblems are 

obtained, the use of honeycomb + mirror boosters should be 

the most promising ap,proach. They are, therefor e, recom­

mended for future investigation. The material and workman­

ship cost figures and radiation data were taken from 

Australian sources. The cost of the power produced was 

based on these data. The collector cost, which is the 

basic item in the system's cost, was $5.5/ft2 • On the other 
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hand, the collector cast in France is only S2.5/ft2 as noted 

in Reference (49). Although this reduction in the collector 

cast should influence the fina~ cast per kw ~r, it does not 

affect the cast of the various designs of collectors incor­

porating honeycombs, selective surfaces, mirror boosters, 

etc., relative ta each other. Therefore, reported cast 

figures for various flat plate collectors are typical val~es 

for an appropriate location, but not necessarily the best 

obtainable in the world. 

Radiation availability is another important facto~ 

influencing the cost of the power produced. The typical 

location selected for the example presented was Alice 

Springs in Australia. The total sunshine hours available in 

the selected locality together with the cost figures of 

material, are the decisive factors in selecting the appro­

priate power plant. Unless the final cost turns out ta be 

less than that using alternative power sources, no immediate 

attempt ta apply solar power in practice should be expected. 

Therefore, places enjoying the highest number of sunshine 

hours will not necessarily be associated with the lowest 

power costs sin ce many components of the power plant may 

have ta be imported from industrialized countries, and 

thereFore suffer From inflated material prices, heavy trans­

portation costs and import duties. 
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The methods outlined in this the sis are applicable to 

any locality and sample computer programmes are easily 

adaptable to any situation currently envisaged. 

Concentrating Type Collectors. The most promising 

development, which is outlined in Chapter III.2 - the 

"Francia" system, incorporating a suntracking field of 

mirrors and honeycomb cell absorber, was calculated to yield 

a cost of 7.1 cents/kw hr. This figure was based upon the 

cost of the boiler plant as predicted by Franci~ himself, 

the remaining cost figures being appropriate to Australian 

conditions as for the flat plate collectors. The major item 

was found to be the expense of maintaining a full-time 

operator, the cost of which may vary widely from one location 

to another. Owing to the extreme influence of operation 

cost on the cost of the power produced, it is recommended 

that special attention be paid to this factor. Cost pre­

dictions for the mirrors, control mechanism" and the boiler 

(receiver) have not yet been realized in practice. Unless 

large-scale production can be achieved, the assumed prices 

are likely to be unduly optimistic. Since sorne development 

is underway in the Francia design, certain technical and 

commercial details have not been disclosed, due to the 

requirement's o'f the sponsors. It, is therefore too early to 

reach a final conclusion on this design. Nevertheless, this 

system shows the greatest promise of all the combinations 
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considered for application in locations ~ubject to high 

intensities of solar radiation,with a large direct solar 

radiation component. This system does not have good prospects 

in the tropics where diffuse r,diation comprise~ a substantial 

proportion of the global solar radiation. 

Unsteady State Analysis 

Since the steady state analysis of the performance of 

s~lar power plants has indicated that the honeycomb and 

selective surface combination yields the lowest cost, and the 

honeycomb + mirror booster combination was not considered in 

this section due to reasons already outlined, the, unst~eady 

state analysis without storage was carried out for t~e, flat 

plate collector with honeycombs and selective surface 

absorber only. The cost figure per kw hr produced is in 

close agreement with the result from the steady state~a~~lysis 

which was reported as 27 cents. This cost ,is very ~ittle 
, , 1 

influenced by the area employed since both th~ ou~put_~~d the 

total cost are proportional to the area. 'This'fact has been 
t· ..... 

presented in Figure 14. The resulting figiJrè: is :too high for 

any,immediate application. However, hon~ycomti~!with, mirror 

boosters should reduce this cost to a'figure' ~ven l~~er th an', 

16 cents/kw hr, the figure which was reported as a result'of 

the steady state analysis for collector wLth sel~ctive 
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surfaces and mirror boosters, but.without honeycombs. This 

unsteady state analysis, however, may be used toyield 

1 

accurate cost figures for any specific locality rather th~n 

to compare two different systems. 
' .. 

t • 

The unsteady state analysis with .stora'ge. v.er~ifies 

the fact demonstrated in Chapter V which concluded with the 

high costs of storage of thermal energy ~or futu~e use. The 

cost figure was searched first without any maximum power 

limitations, which implies larger amounts of pow~r.could.be. 

produced and consumed. This case yielded co~t fig~res ~ 

descending even after 300 per cent of the rated area was 

used. Since the turbine has to be designed to Dperateat' 

the rated power and the power which cannot be consumed is 

effectively wasted, this case is not representative. 

The second case limiting the maximum power to the 

nominal rating, i.e., ~2 kw, yielded a cost figureo~ 53 

cents/kw hr •. Therefore, a large increase of the collector 

area to reduce the initial storage required and to ~ake up 

the deficit in overcast periods (and at night) is not a 

feasible solution since large storage capacities and larger 
i 

collector areas are both items increasing the cost of the 

power produced. 

Economical power production ~. storage still 

requires further developments in the ~torage materials as 

. J 
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outlined in Chapter V. Even the cost obtained for a case 

without any storage is not com~etitive with qonve~tional . 

energy sources. Therefore, it is recom~~nd~d that init~al 
• " 

1 

attempts to produce solar power should exclude storage owing 

to the high cost figures and complications in the system 

resulting from the addition of ari extra heat exchanger and 

necessary circulation of the secondary fluid. 

In conclusion it must be emphasized that the current 

research is intended to serve as a f.oundation stone, upon 

which further research and development may be built. AlI 

the analyses have either comprised investigations·into th~. 

interrelationships between the various parameters influencing 

performance or systems analyses of individual components. 

With the exception of the fIat plate collector analysis, 

which was made in considerable detail, none of the individu al 

components was made the subject of specifie studies in order 

to achieve the optimum in individual efficiency and perform-

ance. Instead, the effect of feasible margins of improvement 

in the individual components upon the economics of the 

integrated power plant have been investigated. Methods of 

analysis have been developed from which further verification 

of the cost of the power produced can be extended tb any . 

locality for both systems with and wi·thout storage. 

Although the projected improvements which have been 
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suggested may take a considerable period ta be realized in 

practice, there are no reasons why solar power plants shoul~ 

not become competitive with alternative methods of small-

sc ale power production in localities where they enjoy special 

geographical or environmental advantages. The two configura­

tions showing the most promise are the concentrating type 

with sun tracking field of mirrors and the fIat plate 

collector incorporating honeycombs and mirror boosters. 

Further engineering analysis should be useful in 

reducing the cast of the manufacture of individual components. 

Furthermore, a national or international policy decision ta 

embark upon quantity production would place solar power in a 

much more favourable competitive position relative ta 

alternative methods. 
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TABLE 1. Summary of the computer results: cost of the power 
produced (cents/kw hr), steady state, fIat plate collector, 

ordinary black-painted absorber 

Programme No. 0 - Constant radiation intensity 
l = 220 Btu/hr ft2 

Condenser temperature 

Programme No. 00 -

Radiation intensity 

Glass covers ., 

2 3 

110 ) 50 48 

105 )50 47 

100 > 50 45 

95 50 43 

90 48 40 

85 46 39.1 

Constant condenser temperature 
t

2 
= 950F 

Glass covers 

2 3 

320 24 23 

300 27 25.2 
.. 

280 31 28.8 

260 36 33 

240 42 38 

220 49 45.6 

200 50 50 

4 

45 

43 

41 

40.9 

40.8 

40.6 

4 

24 

26.5 

30 

34 

40 

47 

50 



TABLE 2. Summary of the computer results: cast of the power 
produced (cents/kw hr), steady state, fIat plate collector, 

selective absorber 

Programme No. Dl - Constant condenser temperature 
t 2 = 950F 

Radiation Btu/ 320 300 280 260 240 220 intensity hr ft 2 

cents/ 
: 

Cast of 19.0 21.1 24.0 27.8 33.0 40.0 power kw hr 

Boiler 
oF tempo at 240 234 227 220 211 200 

min. cast 

200 

49 

189 

TABLE 3. Summary of the computer results: cast of the power 
produced (cents/kw hr), steady state, fIat plate collector, 

honeycomb, selective absorber 

Programme No. 02 - Constant condenser temperature 
t 2 = 95 0 F 

Radiation Btu/ 320 300 280 260 240 220 intensity hr ft 2 

Cast of cents/ 15.0 16.1 18.0 20.3 23.0 27.1 power kw hr 

Boiler 
tempo at oF 260 259 258 256 254 245 
min. cast 

200 

32.0 

236 



TABLE 4. Summary of the computer results: cast of the power 
produced (cents/kw hr), steady state, fIat plate collector, 

plastic honeycomb, ordinary black absorber 

Programme No. 03 - Constant condenser temperature 
t 2 = 95 0 F 

Radiation Btu/ 320 300 280 260 240 220 intensity hr ft2 

Cast of cents/ 14.0 15.8 18.0 22.2 29.7 49 power kw hr 

Boiler 
tempo at oF 213 210 209 208 207 205 
min. cast 

200 

) 50 

TABLE 5. Summary of the computer results: cast of the power 
produced (cents/kw hr), steady state, fIat plate collector, 

selective absorber, mirror boosters 

Programme No. 04 - Constant condenser temperature 
t 2 = 95 0 F 

Radiation Btu/ 320 300 280 260 240 220 intensity hr ft 2 

Cast of cents/ 9.0 9.5 10.0 10.8 Il.0 Il.9 power kw hr 

Boiler 
tempo at oF 260 259 258 257 256 255 
~in. cast 

200 

14.0 

254 



TABLE 6. Summary of the computer results: cast of the power 
produced (cents/kw hr), unsteady state, no storage, fIat 

plate collector with honeycomb and selective absorber 

Programme No. 1 

Per Cent of the rated area 

50 75 100 

Boiler temperature 210 28.7 26.9 26.B 
in degrees F 

220 2B.l 26.4 26.4 

230 28.1 26.4 26.4 

240 28.4 26.7 26.8 

250 29 27.2 27.3 

The radiation data used is for Alice Springs, Australia 

Condenser temperature = 90 0 F 

125 

27.9 

27.6 

27.6 

28.1 

28.6 



TABLE 7. Summary of the computer results: cast of the power' 

produced (6ents/kw hr), unsteady state, with storage, flat 

plate collector with honeycomb and selective absorber 

Programme No. 2 

Per cent of the rated area 

75 100 125 150 200 250 

Case 1 - No maximum power limitation, , 

all power produced is consumed 

Boiler 210 211 143 
temperature 
degrees F 250 250 164 

Case 2 - Maximum power limited 
ta 12 kw 

Boiler 210 250 153 
temperature 
degrees F 250 250 171 

Condenser temperature constant 

Oemand Pattern r(k) 

Hour 8am- llam- 2pm-
llam 2pm 5pm 

Consumption 
(k) 

Per cent of 0.4 0.6 1.0 
the maximum 
rating 

k 1 2 3 

1 

103 79 52.8 37.5 

124 92 61.5 44 

115 96.7 74.5 61.7 

134~5 113 90.6 77.5 

5pm- 8pm- Ilpm- 2am-
8pm Ilpm 2am 5 ,am 

0.3 0.2 0.2 0.2 

4 5 6 7 

300 

28.2 

34 

53.5 

67.7 

5 am-
8am 

0.2 

8 
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Appendix l 

CALCULATllffiS OF THE COST OF THE POWER PRODUCED IN 
CENTS/KW. HR. AND TECHNIQUES FOR MINIMIZING IT 

Once the combination of components which would yield 

maximum thermal efficiency or work output for a given set of 

input data is known it is possible to calculate the necessary 

capital investment. ,Together with the operation and mainten-

ance costs it is possible to calculate the "fixed annual 

charges." The amount of energy collectable for a given 

locality is determined by the geographic position as weIl as 

by environmental climatic conditions such as cloudiness, 

industrial atmospheric dust, etc. The cost of the power 

produced may be calculated by dividing the fixed annual 

charges by the total kw.hr. produced within a year. 

The cost of the power produced, corresponding to a 

set of conditions yielding the maximum thermal efficiency, 

may not necessarily be the lowest cost attainable with the 

given combination. Since the criterion is to obtain the 

minimum cost, once the cost function can be expressed 

implicitly in terms of independent or dependent vari~bles, 

it is possible to arrive at the minimum value using one of 

the following techniques. 



Al-2 

1. Classical DifferentiaI Approach 

a. Unconstrained minimum by taking the partial deriv~tives 

and eqùating' them to zer'o. 

b. Using Lagrange Undetermined Multiplie~s for the con-

strained minima. 

2. Exhaustive Enumeration' 

This is a straightforward method of testing aIl 

possible combinations of the variables. ,It is s~tisfactory 

provided that the number of variables is confined to two 

or three and the range of study, i.e.~ "feasible region," 

is small enough to enable the surve~ to be executed using 

one of the high speed computers available. 

This method may be attempted in the following sections 

as a preliminary sur vey to 'ob tain the regions of promise 

and the computer programmels operation stay within reason-

able time limits. 

3. Direct Minimizing 

One of the sophisticated processes, such as the one 

suggested by Fletcher and Powell's* or Fiacco-McCormic,** 

may be used. Since steepest descent method*** is applicable 

*R. Flet-cher ,and M. J. D. Powell. 
Descent Method for minimization. 
(1963), 163-168. 

A Rapidly Convergent 
Computer Journal, 6 

**A. V. Fiacco and G. P. McCormick. Extensions of SUMT for 
Nonlinear Programming~ Management Science, 12 (July, 1966), 
816-828. 

***L. S. Lasdon and A. D. Waren. mathematical Programming for 
optimal design. Electro Technol~gy, Nov. 1967, pp. 53-70. 



! 

Al-3 

to a function with only the two independent va~iables, 

Tl and T2, it is preferred to the Fletch8r-Powell or 

Fiacco~McCormic methods. The cost evaluation and its 

minimization are detailed belo~. 

The total investment in the solar power plant is obtained 

From 

n 
= ~ Acol.iCcol.i + Ccon.tuS + Cshell + Cturb + 

Cpump + Ccontr. (1) 

The fixed annual charges may be calculated on the equivalent 

annual costs* based on the benefit co st ratio and compound 

interests. 

The Capital Recovery Factor is given by 

= (2) 

where 

i = interest 

n = expected lifetime 

The total expenses on a yearly basis 

= (3 ) 

In dollars 

r"="repair"costs"as"per"cent" 

*Anon." Cost Bènefit Evaluations as Applied to Aid Financed 
water or Related Land Use Projects. Supplement No. l, May 
31, 1963. Department of State Agency for International 
Development Office of Engineering. 
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o = operating costs as per cent 

The yearly amount of work produced in kw. hours 

. g 30 12 n 
2 ~ ~.~~ Acol.m C 1 I(i,j,k)~(i,j,k) 

i=l j=l k=l m=l co .. m ~ = 

where 

Uf = use factor 

1= n l -l + 
.!. L (n C) 
n 1 lav 

= Utilizability, a climatic factor. 

(4) 

(5 ) 

1s(Tl , T2 , l(i,j,k)) = efficiency of conversion from 

radiation to mechanical work, is a function of the 

radiation intensity, Tl' T2• 

C kw.hr. = 
100 Et t 

( lU 0) . (cents) 
~n kw.hr 

The cost of the power produced which must be minimized. 

C kw.hr. = 

2 :f ~ ~ t::. AC01 .. C.I (i , j , k) f(i,j, k ) ~ s 
i=l j=l k=l m=l 

c + Ct.) ( R~ +0 + r) pump con ;T 

The system' s eff iciency: ~ s = 

(6) 

(7) 
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Useful UJork (8 ) I(i,j,k)Acoll = = Incident· energy 

The optimization has ta be. carried out for an averaged 

radiation intensity (I) but the actual output will vary due 

ta the change of (I) with time. Therefore, 

~s = fnc' (Tl' T2,I(i,j,k)) must be determined. Since 

.. 
Q (T T) = 0.1 Qlatent(T

l
) sens l' 2 

(9) 

The variation of collectaI' efficiency for different trans-

parent covers may,be ignored and a single relation can be 

used for Qsensible(T
l

,T
2

). This allows the collectaI' area 

ta be calculated in two steps. One from (Tl ,T2 ), the other 

~t Tl (for bo{ling) 

~s = (Tl ,T2 ,I(i,j,k)) = 

UJ .111 oa 
(10) 

Care should be exercised in using equation (10) such that 

the term (I~l~l-UlcTl) should always be positive 

J. ml.n = 

Therefore J > 1. should be maintained. ml.n 

(11) 

(12) 
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This also implies that the Utilizabili ty factor {; sums up 

only the radiation intensities above l .• Substituting ~s 
m~n -, 

into (4) 

Ckwh = 
A C +A C· +C +C + ... )(R +O+r)34l3 col.sen. c·ol.sen. col.b. col.b shell con.tu. f 

where : ~ sun set hour measured from noon 

from UJ us· = Kw oa 

= 

(13) 

In minimizing the cast, the significant variables are Tl and 

T2 • Although sorne of the terms are functions of other 

variables such as speed, size, pressure, etc., as a first 

step they will be considered as invariants. 

~inimizin~ the Cast Function usin~_ 
the DifferentiaI Approabh 

It is weIl known that any dependent function, if 

expressed as an implicit function of two independent 

variables, represents a surface in three dimensional space 

or, extending this concept ta N variables, the dependent 
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function is a surface in the (N + 1) dimensional space. 

The maximum or minimum value of the function within 

the region of study satisfies the condition of having the 
, 

tangent plane as horizontal, which means 

âF 0 ~~: l = 0 (14) ôXl 
= 

* 
in general OF 0 or àXn 

= 

* 
However, the reverse of this statement is not correct since 

at inflexion points, saddle points and fIat parts of a 

surface the condition (14) is satisfied but the points are 

not maxima or .minima. Therefore,· the procedure must be 

utilized with precaution. An attempt which has been made 

to minimize the cost function by the differential approach 

is presented below. 

To obtain the minimum cost, the partial derivatives 

of Ckw hr with respect ta Tl and T2 must be obtained. Then 

using the classical indirect methodt and solving the two 

simultaneous equations, the local optimum can be obtained. 

However, the necessary condition for a maximum or minimum 

of a function specified in Referencett has to be satisfied: 

f xx(a,b) < 0 or f xx(a,b» 0, 0 = f~y(a,b)-f xx(a,b)f yy(a,b) <0 

tD. J. Wilde and C. S. Beightler. Foundations of Optimiza­
tion. Prentice Hall, 1967. * I. S. Sokolnikoff, R. ffi. Redheffer. Mathematics of Physics 
and Modern Engineering. McGraw-Hill Co., New York, 1966. 



Let: 

( Rf + 0 + r) 3413 
M = 

2 L L L ~ (i, j, k) Uf(i,k) KUJ 

then M i independent of Tl ,T2 

Ctur ' Cshell Cpump and Ccontrol may weIl be assumed as 

independent of Tl and T2 for the power ratings and the 

temperature ranges employed. 

= m ..2.... (f:. A oT l m=l col. m Ccol •m + Caon.tu s) 

'dc dC shell pump 
'OTI ' 'OTI ' 

AI-B 

(15) 

(16) 

(17) 

aIl are zero since those variables .are assumed as independent 

Similarly 
o Ctur 

ôT ' 2 

'dCpump 
o T ' 2 

dCcont are also zero. 
'a T 2 

(lB) 

These parital derivatives must vanish at the optimum. 

à Ckwh 
aTl 

a Ckwh 
aT 2 

= 

= 

o (19) 

o (20 ) 
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C Il : is a function of Tl (maximum cycle temperature) but co ,]. 

it is not a continuous function since the basic difference 

among various types of collectors is the number of trans-

parent glazings which can only be digits such as l, 2; 3, 

4, etc., glass or plastic (Tedl ar) sheets. Cc coll vs Tl) 

will be a Discrete Function. For the sake of introducing 

Ccoll as a temperature dependent term, as a first approxima­

tion, the following can be written: 

-t""'----- -.---- .. --+-----t~~~~~--

Figure 1. Collector cost vs Outlet Temperature 
measured above ambient. 

(21 ) 

where C ins,àT cost of the insulation per oF measured 

above the ambient, per sq. ft. 

The rear los ses are assumed to be about 

10% of the upward losses through the 

transparent glazing 

Approximated cost for glazing 
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o C = cost of insulation per F temperature rise from ins,ÂT 
the ambient; 

Cglaze = cost of glazing per sp. ft. as obtained from 

Figure 1. 

C col = Cframe + (C . 
ins,Â T + Cglaze)Tl (22) 

or letting 

Cins,âT,glaze = Cins,âT + Cglaze (23) 

Ccol = Cframe + C· T ins,ÂT,glaze 1 

Sub sti tuting (23) into (17) and (18) and dropping lYt 

~l (~:l Aeal.m(Cframe + Cins,AT,glazeTl) + ·Cean.tu 5) = 0 
(24) 

L(f:: A (C + CT) + 'C' S) = O' 1 . oT2 . m=1 col.m frame ins,ÀT,-glaze 1 con .. tu 
(25) 

Following the simplificatiàn applied to equation (10), only 

a two-stage collector will be considered. 

Taking (Acoll ) from (3.36) and (3.37), changing the 

subscript as required since only two steps are employed, and 

using (3.55) for S, equations (24) and (25) could be written: 

'0 { w cP(tl -t2 ) W(Hgl-Hfl ) 
~T (- + - ) (Cframe+Cl."ns ~T glaze·Tl) 
C:"l Fr (I ITO<-UlcT2 ) F (I~ ex -U T ,~ , 

~ rI 1 1 IcI 1 . 

1.8l65-0.00l39tl -0.00177t2 ~( . )(1094.6-0.575t2) 

+ ------------------~~~--~--~-------------

ln t -t: . 
2 cwo 

. (26) 
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~2{ } (27) 

w: can be taken as a function of (Tl' T2 , Tt.and .Kw) from 

(3.23). 

Substituting (3.23) into (26) and (27) and expressing 

Hgl-Hfl as a function of Tl: 

Hgl-Hfl = Il.50.4 + 0.333 (Tl -2l2) - (Tl -32) 

= 1112 - 0.666Tl 

(28 ) 

} Cins , liT, glaze + il~ 1 [ 

KW (1.8l65-0 .. 00l39tl~0.00177t2~ 
. 1.9l48-0.0035t2 ' J 

hi(t -t .) cwo cw~ 
Ccon.tu = 0 

= 0 

(29) 

(30) 



Equations (29) and (30) could also be used for examining 

the influence of other parameters such as (~), Ulc ' ~ ,eX 

wh en they could be expressed in the form of a continuous 

function. However, this possibility will not be examined 

now since these are not continuous functions and a few 

possible combinations can always be considered separately, 

which is much simpler than going into tedious differentia­

tions. 

The minimum point must be obtained by solving two 

non-linear (29) and (30) simultaneous equations utilizing 

any technique. One of the widely used techniques, Newton­

Raphson method, would still require the second derivatives 

for solving the equations. 

Due to the lengthy relations and non-warranted con­

vergence, it has been decided another method had to be 

tried in obtaining the optimum point since the differential 

approach would be further complex in the case of an increased 

number of dependent variables. 



Appendix 2 

SOURCE PROGRAMMES IN FORTRAN IV AND SOME TYPICAL RESULTS 

2a. Steady State Analysis 

The following sample computer programmes and sorne 

typical results are presented. Typical input data, which 

are common to aIl programmes, are presented on page 1. 

Programme No •. 00: Mapping the cost function against 

Programme No. 0 

(Tl and T2 ) for ordinary black-painted 

fIat plate collector. 

Sample maps for 2, 3 and 4 glass cover 

collectors. 

Mapping the cost function against 

(Tl and I),for ordinary black-painted 

fIat plate collector. 

Sample maps for 2, 3 and 4 glass cover 

collectors. 

Programme No. Dl: 5ame as 0, above, only for selective 

absorber plate and 2 glass covers. 

Main programme and subroutine (Collec) 

are represented. 

Sample map. 
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Programme No. 02: Main programme the same as Dl, only sub­

routine'(Collec) for selective absorber + 

honeycomb is presented. 

Sample map. 

Programme No. 03: Main programme the same as Dl, only sub" 

routine (~ollec) for ordinary ,black~ 

painted absorber + plastic honeycombs is 

. . 
Programme No. 04: 

presented. 

Sample map • 

Main pr8gra~me the same as Dl, only sub. 

routine (Collec) for selective absorber 

plate and 2 glass plates with mirror 

boosters is present~d. 

Sample map. 

2b. Unsteady state Analysis 

Programme 1: This programme calculates the hourly work 

produced and energy consumed without storage. 

Production above the rated power (12 Kw in the sample run) 

is not utilized. Radiation data for a typical year at Alice 

Springs, Australia, was supplied by means of thè deck of 

cards obtained from Programme No. 3 (presented in Appendix 2c). 

Yearly total work produced and cost of the power, in, cents 

per Kw hr, are obtained for various boiler te~peratures and 

various collector areas. 

l , 



Programme 2: Unsteady state performance with stor~ge is 

analyzed for one year. A typical varying 

A2-3 

consumption pattern' is assumed and radiation data for Alice 

Springs is used. The critical intensity is dependent 6n the 

assumed boiler temperature., The average radiation has been 

calculated for infensities above the critital intensity and 

these results are sbpplied from Programme 3. 

Various areas, 100%, lSO%, 200%, 2S0% and,300% of the 

area calcula~ed for the yearly average radiation intensity 

are used in calculations ,nd various boiler temperatures are 

tested. The storage cap~city required for continuous opera­

tion and the cast of the power produded in c~nts/Kw hr are 

also computed. 

2c. Calculation of the radiation intensity 
on~~; ~~ll~ctb~~i;~; 

A computer programme for the calculation of the hourly 

total radiation from the daily total horizontal radiation. 

The method presented by A. Whillier* is applicable 

for localitie~ between SOoN and SOoS latitude and,gives the 
1 

hourI y totals from the daily total. The examples covered, 

however, require intensities which normally occur between 

8 a.m. and 4 p.m. within latitudes 3S oN and 3SoS. The curves 

shawn in Figure 2 of the article are approximated with 

*A. Whillier. Solar Radiation Graphs, Jnl. Solar Energy, 
,9, No. 3 (196S), 164, 16S. 

, ' 
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straight lines within a range of times pf the setting of the 

sun, which correspond ta the range expected between the above 

latitudes. 

The change of declinatioM is c6nsidered by the values 

for the mid-month as an average. 

The following values of declination have been used as 

monthly averages: 

Declination in degrees (January through D~cember,~espectively): 

-21.1, -12.6, -4.1, 9.8, 18.9, 23.3, 21.5, 14.0, 3.0, -8.6, 

-18.5,023.3 

sunset hour for Alice Springs, Australia, 23 0 48 1 5 p.m. 

(January through December, respectively); 

6.40, 6.32, 6.10, 5.43, 5.25, 5.15, 5.23, 5.55, 6.15, 6.35, 6.45. 

The sunset hours must be determined for each hour from 

Figure 1. An example is given for Alice Springs in Australia 

23 0 48'5 latitude. Hourly/daily total radiation is obtained 

from the following relation. Minutes are expressed ~s a 

percen tag e. 

11-12 ao m 0l 
or rhl = 0.162 - (~ -5.00) 0.02 (1) 

12- 1 
s 

p.m. 

10..tll aomol 
or rh 2 = 0.142 - (~s-5.00) 0.015 (2) 

1- 2 p.m. 

9 .. 10 aomol 
or rh3 = 0.111 - (~s -5.00) 0.004 (3) 

2- 3 p.m. 



8- 9 a.m·l or rh 4 = 0.063 + (~s-5.00) 0.006 (4) 
3- 4 p.m. 

7- 8 a.m.~ 
or rh5 = 0.02 + (5s- 5 •OO ) 0.016 (5 ) 

The maximum hour1y fractions From 12 to 4 p.m. are observed 

during the Winter Solstice. The fraction incident From 

8 a.m. to 4 p.m. is 

2(0.162+0.142+0.111+0.065+0.022) = 0.996 

This differs From the dai1y total by 1ess than 1/2 per cent. 

The summer operation is different From that of the winter. 

The fraction incident From 8 a.m. ta 4 p.m.' is 

2(0.123+0.115+0.10+0.08) = 0.836 

About 16.4% will be lost if the collection is confined to 

the hours between 8 a.m. and 4 p.m •• 

Collection From 7 a.m. to 5 p.m. yie1ds 

2(0.123+0.115+0.10+0.08+0.05) = 0.936 

However, the, intensity between 7 a.m. and 8 a.m. and 4 p.m. 

and 5 p.m. is still too low to yie1d the desired temperature 

for Itot.day = 700 Cal 
2 cm day 

= 700 x 0.05 

35 
= 60 x 221. 2 

= 

= 

35 ca1/hr 2 cm 

130 8tu/hr ft 2 

For a 2 glass caver, fIat plate co11ector, 

1:= 0.78 and ~= 0.93, giving U~c= 0.7(8tu/hr ft 2 deg F), 
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if steam at 2120 F is desired. 

The qritical intensity allowing a 5% surplus is: 

= 139 8tu/hr ft 2 

Thus the temperature desired cannat be maintained and hence 

a range From 8 a.m. ta 4 p.m. can be regarded as the maximum 

period available for collection. 

The hourly intensities can therefore be calculated From 

(6) 

The following sample programme 31 is arranged ta calculate 

the hourI y total horizontal radiation From the daily total. 

Programme 31. The first step is ta calculate the hourly 

total radiation intensity on the horizontal 

plane From the daily total on horizontal plane 

using Whillier's method as described above. 

~econdly, the hourly total intensity on the 

tilted collector plane, facing south, is calcu-

lated From the total horizontal using the 

conversion formulae (4.8), (4.9) and (4.11). 

Results are printed and alsQ a deck of cards 

is produced for use in Programme No. land 

Programme No. 2 . 
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Programme 3. If the hourI y total horizontal measurements 

are available, hourI y total radiation 

intensity on the tilted collector plane is 

calculated without,carrying Dut step 1. 

Results are printed and also a deck of cards 

is produced for use in Programme ND. 1 and 

Programme ND. 2. 
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BOILER PRESSURES· IN PSIA 

4.74 5.99 7.51 9.34 
CO~DENSER PRESSURES iN PSIA 

1.69 1.27 0.95C.67 
bOIlER TEMPERATURES IN IF< 

160.00 17U.OO 180.06 19C.00 
CONDENS'ER TEMPERATURES' IN %F< 

120.00 ,1'10.00 100.00 90.QO 
ENTHALPIES BTUILB 
1130.20 1134.20.1'138.10 1142.00 
1113.70 1109.50 1105.20 110C.90 

127.89 1~7.90 147.92' 157.95 
81.92 17.~4 67.9757.99 

ENTROPIES BTU/lB.F 
1.8485 1.82931.8~091.7932 

1.9339 1.9577 1.982 é ' 2 .• 0087 
0.2311 0.2472 0.2630.0.2785 
0.1645 0~1471 0.1295 0.1115 

TURBINE EFFIelENeIES 
0.60' . 

'e 

.PAGE:!. 
11~2514.12 '17.1~ '·20.t8' 24.97 29~82 

0.51 . O~36 0.0·0.0 0.0 0.0 

200~00 .210.00: 220.00 '230.00 240~GO 250~OO' 

80.00 70.00" O~O 0.0 . o.') 0 •. 0 < 
, . 

1145~90 1·149.70'1153.40 1151.00 1160.5('\ 1164.,ClO 
1~96.60 l092.~O·· , o~o . 0 0 0 b.~ c.o 
'lé7.~9'. 178.05188.13 196.232,)8.34 218.4B 

48.02 ~a.04 : 0.0 6~0 o.n 0.,0 

1.71~2 1.7598·1.7440 1.7288 1.714" 1~~99B 
2.0360 '2.0647 . G.O 0.0 .0.0 0.0 
O.2S36 0.3090 0.3239 O.3387~0353i ·003675. 
O.Oq~2 0.0745 0.0 0.000 0 0.0 

• 

! PUMy EFFICIENCIES 
0.75 

ABSORPTIVITIES 
. 0 .. 93 . 

POWER RATING IN KW 
12.00 

TRANSMISSIVITIES 
0.88' 

OVERAlL HEAT LOSS COEFFleIE~T 
0.70 

All PRICES IN DOLLARS 
WOOD PRIeE GLASS PRI.TEDLARP. SHEET IRON .. GlASwOOL 

'5.50 '·0.37. :0 •. 30 0.20 0.:10 
PIPEPRICE GOVER.PRI.COND.TUBEeOND.SHELL REPAlk 

0.20 100.00 0.20 2~O.OO o.oz· 

TU~.PRI. 
180~OO 

OPERATION 
O~05 

USE FACTOR AMBlENT T CObL"W 1 CdOl W OPIPEHEAT(OSS' 
. -1.00' . ',15.00 '·75.00· '19.00, .··.,0.02· 

CIRC,;PUM. 
.150.00' 
INTE:REST 

0.06 

FEED PUMa 
100.00 

'LI~ETIM~,YEAPS, 
.15.00 
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C 
C 
C 
C 
C 
C 
C 

0001 
0002 

0003 

0004 
0005 
0006 

0007 
0008 
0009 
0010 
OOU 
0012 
j)013 
0014 
0015" 
0016 
0017 
0018 
0019 
0020 

0021 
0022 
0023 

0024 
0025 
0026 
0027 
0028 
0029 
0030 
0031 
0032 
0033 
0034 
0035 
0036 
0037 
0038 

OPTIHIZATION IN SOLAR POWER P~ODUCTION 
USING H~AT ENGINES 
ORQINARY BLACK PAINTED FLAT PLATE COLlECTOI< IHTH 2, 3 Atm 4 
GLI\SS COVERS 
COST OF THE POWER PRODUCED FOR VARIOUS CONDENSER TE~PfRATURES 
H.KUDRET SELCUK " 
HAIN PROGRAMME 
DiHENSION IPIHNHI011,ISIGNI 511,FINC.OSI4(10ZI,E"1 12,61 
DIMENSION Pli 111,P2111I, TlI III tllllll,HVlllll .. HV2111 l, HFLlI Il l, 

IHFLZIlll,SVlI11I,SFLlI11',SFLZI111,SXlI11I,SXlI11I,SV2(111, 
ZHX 11 Il l ,HXZI III ,RAoI ONI1Z, 81, Xl 1111 ,Xll1l1 ,ETACOLl51 ,EUTUR 151, 
3VOL1(11I,VOL2111I,ULC(5I,TAUI51,POHERI5I,ALFA(5~.ETAPUM(51 

COHMON Pl,PZ,Tl,T2,HV1,HVl,HFLl,HFlZ,SVl,SV2,SFLl,SFLZ,SX1,SX2, 
IHXl,HXZ,RAolON,Xl,XZ,ETACOl,ETATUR,VOL1,VOLZ,ULC,TAU,POWER~ALFA, 
2ETAPUM,FLOW,PIPLOS,FRICLS,QADD,OREJ,CONSUR,TCWI,TCWJ,UTIL,SU~RAD, 

3AREA,COLINV,STOINV,SlNINV,TURINV,COTINV,REPAIR,OPERTN,ENTRS,EXPL1F 
CO MM ON I,J,K,L,M,N,II,JJ,KK,LL,MM,NN,IJ,IKjIL,IM,IN 
COHMON ETARAN,TAMBI,Ef 
COMMON PRWOOD, PRCLA-S, PR TEDL, PRS TEL, PRF 1 BC, PR TUR, PRC 1 PU, PRF E DIl, 

IPRPIPE,PRCOVR,PRCOTU,PRCOSH,EFOVER,USEFAC,TOTlNV,TOTEXP 
l FORMAT UOf8. ZI 
2 fORHAT nOFS. 4) 
3 FORMA Tl5FlO. 2) 
4 FORMAH2flO.21 
5 FORMAT l 12fb.l 
6 FORMAHSFlO.2) 
7 FO/IMATU2F6.2) 
8 FORHATtEI2.6,15X,EIZ.61 
9 FORMATIF 10.21 

10 FORMAT (6F12.41 
Il FORMATI16,lOFI0.Z) 
16 fORHATlIOI4X,All) 
17 FORHATl4X,All 
19 FORHAH8311 THE FOLLO\HNC CIVES A LIST IN ASCEN~ING ORUEI{ SUCB AS 

1 Alli C/KIiHR U50 C/K"HR 
ZO FORHATIIOIF5.0;5XII 
21 FORMATISOIIX,All1 
22 fORMATlF9.2,46H IS THE MIN CUST "REPRESENTEO BYIAI,RAOIATIONII F6.0, 

15H ULCU F4.2,5H TAUw F4.2,6H ALF'~ F4.2,9B GLAS. NU' F4.0 Il 
23 FORMATIIX,100Ali 
Z5 FORMATlIX,lOOAl,I51 
24 FORi'lAT.tlX,lOOAl 1/1//1 
26 FORMAT (lHlI 
27 FORMATI53H FIC < CONDENSER THIPERAT. -BOILER TH:P. VS COST 
29 FORHAH5IlOI 
30 FORMATI27H BGILER PRESSURES IN PSIA 
31 FORMATI30H CONDENSER PRESSURES IN PSIA 
32 FORMATIZ8H BOIlER,TEMPERATURES IN-~F< 
33 FORMAT 13lH CONDENSER TEMPERAtURES IN %F< 
34 FORHATI20H ENTHALPIES BTU/LB ) 
35 FOR~ATI24H ENTROPIES BTU/LB.F 1 
36 FORMATlZ2H TURiHNE EFFICIENCIES ) 
37 fORMATI19H PUHP EFFICIlNCIES 
38 FORMATI16H AbSORPTIVITIES 

e 

PIIGF. 0001 PROGRAMME 00 
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0039 
0040 
0041 
0042 
0043 

0044 

'0045 
0046 
0047 
00'48 
0049 
OOSO 
OOSl 
0052 
00S3 
00S4 
0055 
0056 
0057 
0058 
0059 
0060 
0061 
0062 
0063 
0064 
0065 
0066 
0067 
0068 
0069 
0070 
0071 
0072 
OQ73 
0074 
Q075 
0076 
0077 
0078 
0079 
0080 
0081 
0082 
0083 
0084 
0085 
0086 
0087 
0088 
0089 
0090 

40 fORHATIZOH POwER RATING IN KW 1 
140 FORMATIl8H TRANSMJSSJVITIES 1 
141 FURHATI33H OVERALL HEAT LûSS COEfFICIENT 
145 FORMATI23H ALL PRIeES IN OClLARS 1 
146 fORIUT 183H WOOO pRICE GLASS PR 1. TéDLARP. SH!:ET IRO~ GLASWOOL Till!. 

1.PRI. CIRC.pUK. FEEO PUM. 1 
147 FORMAT'90H PIPE PRJeE GOVER.PRJ.CONO.TU8E eOND.SHELL REI'AIP (oPE 

lRATJON INTEREST LJfETIME,YEARS 1 
148 FORMATlS4H USE fACTOR AMBlENT TCOOL W 1 COOL W 0 PIPE H!ôATLOSS 

READI5,1611ISIGNIKKI,KK=l,501 . 
REAO IS,1711EMPTY . 
REAO{S,17116lANK 

1001 REAO 15,29INN,IJ,lK,ll,IH 
READ IS,lllpIIMI,M=I,101 
REAO 15,IIIP1'MI,M=l,101 
REAOC S,li CT lIH),M=I, 101 
READ IS,lIIT1IHI,H=l,101 
REAO CS,QIHVUH.I,H=l,101 
READ CS,1ItHV1tMI,M=1,10) 
READ CS,1),HFL1IHI,H=l,101 
REAO IS,lIIHfL1tMI,M=l,lOI 
READ IS,2HSVHMI,M=l,10' 
REAO t5.2'ISV2IM"M=l,101 
READ IS,2'ISFLIIMI,M=l,lOI 
READ CS,2ICSFL1'MI,M=l,lOI 
READ 15,lOIPIClll~TlI11"HVlI11l,SV1111l,HFLlI11I,SFLl(111 

READ IS,91ETATURIlI 
REA~ C5,9IETAPUMIII 
READ C5,9IALfACll 
READ IS,91pOWERll1 
READ IS,9ITAUIlI 
REAO 15,91UlC(l1 
REAO IS,6IPRWOOO,PRGLAS,PKTEDl,PRST(L,PRFiBG,P~TUR,P~CIPU,1'~

FEPU 

REAO 15,61 PRPIpE ,PRGOVR, PRCOlU, PRCU5H ,RE""I R ,OPEP.Ti~, FNTRS. EXPll F 

READ IS,3IUSEFAe,TAM61,TewI,lcwC,PIPLGS 
WRJtE.16,261 . 
IiRlTElé,301 
WRITEI6,11IPl(HI,H=1,lOl 
WRlTE16,311 
WRITEI6,11IP2IMI,H=l,lOI 
WR lTEI 6, 32 1 
WRITEI6,lIITIIMI,M=l,lOI 
WRlTElb,331 
WRITEI6,llIT1IMI,M=1,lOI 
WRITEl6,341 
WRITEC6,ll(HVIIMI,M=1,IOI 
WRITEI6,lIIHV2IHI,M=l,lOI 
WRJTEI6,lIIHFLIIMI,M=l,lOI 
WRITEI6,l'IHFL2IMI,M=1,101 
WRITEC6,3SI 
WRITEI6,21ISVIIMI,M=I,101 
WRITEI6,21ISV2IHI,M=I,lOI 
WRITEI6,21ISFLIIHI,M=l,lOI 
WRITEI6,21ISFL2IHI,M=1,101 

-
pr.t;!: 0002 
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0091 
009Z 
0093 
0094 
009S 
0096 
0097 
0098 
0099 
0100 
0101 
010Z 
0103 
0104 
0105 
0106 
0101 
0108 
0109 
0110 
0111 
011Z 
0113 
0114 
0115 
0116 
0117 
0118 
0119 

C 
0120 
0121 
01Z2 
0123 
0124 
0125 
0126 
0121 
0128 
0129 
0130 
0131 
0132 
0133 
0134 .13 
0135 
0136 
0137 
0138 
OU<; 
0140 
0141 
014Z 
0143 

WRlTEI",36, 
WRJTEI6,9)ETATURll) 
WRITE C 6. 37) 
WRJTEI6,9'ETAPUM'l' 
WRJTEC6,38, 
WRITEI6,91ALFAC1, 
WRlTEI6,40, 
WRITEC6.9'POWERCll 
WRITEI.6,140' 
WRltEl6,9HAUC 11 
WRJTEl6,14U 
WRITEl6,91ULCC 11 
WRJTEC 6,145' 
WRITEC6,1461 
WRltE(6,6'PRWOOD,PRGlAS,PRTEDl,PRSTEl,PRFI8G,PRTUR,PRCJPU,PRfEPU 
WRlTE(6,141) 
WRlTE(6,6'PRPIPE,PRGOVR,PRCOTU,PRCOSH,REPAJR,OPERTN,ENTRS,EXPlIF 
WRITE( 6,148) 
WRITE(6,3iUSEFAC,TAHBJ,TCWI.TCWO,PIPlOS 
WRltE(6,Z6) 
00 150 MTK=1,3 
K=l 
Lai 
MM .. i 
11-1 
JJ=l 
JlH=l 
KJ=l 
LM"1 
1NTERPClATION Of PHYSICAl PROPERTIES 
00 ZOO J=2,4 
TN2~T2CJ' 
PNZ=PZCJ, 
HVN2=HVZ(J. 
SVNl=SVlCJ' 
HFÜll=tiFLZCJI 
SfLNl=SFLlCJ' 
TINTZ=TZCJ+II-TZ(JI 
PINTZ=P2CJ+l'-P2CJJ 
HVINT2=HVZCJ+IJ-HV2CJI 
SVINTZ=SVlCJ+ll-SV2CJ' 
HFINT2=HFl2(J+l)-HFl2CJ) 
SFINTZ=SFlZ'J+l)-SFl2CJ) 
NNl=O . 
ANNl=NNI 
PAT=ANNI/I0. 
T2Cj).( TINTl 
Pl(J)=( PINTl 
HV2CJJ=' HVINT2 
SVlCJ)=C SVJNTl 
HFl2CJ)=C' HFlNT2 

)*PAT+IN2 
)*PAT+PN2 

)*P4T+HVf\;2 
J*PAT+SVN2 

)*PAT+HFLI,2 
SFlZCJ)=C SFJf-.lTZ '*PAT+!)fLN2 
00 ioo 1=1,10 
Nl=O 

--
PAGE 0003 
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0144 
0145 
014& 
OHl 
0148 
0149 
0150 
0151" 
0152 
0153 
0154 
OiS5 
0156 
0151 
0158 
0159 
0160 
0161 
0162 
0163 

0164 
0165 

0166 

0161 
0168 

0169 
0110 
0171 
0112. 
0113 
0114 
0115 
0116 

0111 
0118 
0179 
0180 
0181 
0182 
0183 
0184 
0185 
0186 
0187 
0188 
0189 
019it 

TN1=Tllll 
PN1=Pl Il 1 
HVrjl=HVllll 
SVNl=SVlC " 
HFLNl=HFLlC Il 
SFLNl=SFLl 1 II 
TINT1=Tlll.1'-Tllll 
PINTl=P111.11-PIIII 
HVINTl=HVl(I.11-HV1111 
SVINTl:SV111+1'-SV1111 
HFINTl=HFLlll+l'-HfLl(11 
SfINTl=SFL111+11-SFLlIJI 

63 ANI=Nl 
RAT=ANIII0. 
Tl(II=( TINTI I*RAT.TNI 
Pl(II=( PINTI '*RAT+PNI 
HV1UI=1 HVINTl I*RAT+ .IVNl 
SVIU'=I . SVINTl I*RAT+ SVNl 
HFLIIJ'=( HFINTl '*RAT+HfLNl 
SFLH 1'=( SflNTl I*RAT+SFLtll 

C RANKINE CYCLE FOR SATURATEO SfEAM 
C ISENTRCPIC EXPANSION FROM THE SATURATEO VAPUUR STATE 
C X2 IS THE QUALITY OF STEAH AFTER lSENTROPIC EXPA~SION 

X2(JI=ISV111'-SFl2IJI"ISV2IJI-SFl2IJII . 
HX2IJ'=HFl2IJI+X2IJI*IHV2IJI-HfLZIJII 

C IDEAL ~ORK 
~OUI=HVl(II-HX2IJI 

C ACTUAL WORK 
WOUA:WCUI*ETATURIKI 
QACD=HV111'-HFL2IJI 

C PUMP WCRK 
WPUHP=0.0029d*IP111'-P2IJII 
ACRATE=POWERILI*(I.+PIPlOSI 
WPUHPA=WPUMP/ETAPUMIKI 
WNETT=~OUA-WPUMPA 
ETARAN=WNETT/QADO 
QREJ=HX2IJI-HFL2IJI 
~TOT=ACRATE*3413. 
FLOW=QTOT/IQAOD-OREJI 

C FLAT PLATE COLlECTUR PEKFORHANCE,AREA ,COST CAlCULATIONS 
QUSEF=QADO*ll.+PIPLOSI*FLOW 
JHN=l 
ETACOllKI=O.20 
IFIMTK-l 1611,611,612 

611 GLANUH z 2. 
GO TO t:l9 

612 IFIHTK-2 1613,613,614 
613 GLANUM=). 

GO TO 619 
614 IFIHTK-3 1615,615,616 
615 GLANUH=4. 

GO TO H9 
616 IfIHTK-4 1611,611,619 
617 GlANUH=5. . 

-
IM2PJ37 PAGE 000'"' 
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0191 

0192 
0193 

0191t 
0195 
0190 
0191 
0198 
0199 
0200 
0201 
0202 
0203 
0201t 
0205 
0206 

0207 

OZ08 
0209 
0210 
0211 
0212 
0213 
0214 
0215 
0216 
0211 
0218 
0219 
0220 
0221 
0222 

0223 

0221t 

0225 
0226 
0221 
0228 
0229 

023() 
0231 
0232 
0233 
0231t 

619 TAUIK'=0.88**GLA~UM 
C HOTTEL AND ~OERTZ EQUATION FOR THE COLLECTOR HEAl LaSSES 

HRAD-0.171ItE-08*IITlll'+1t60.1**4.-CTAMBI+460.1**4.1/ITlill-lAMSII 

ULCCKI=1.1*Cl./CGLANUH/CO.21*ICT111'-TAMBll/
IGLANUM+O.3611**n.~51 

1+2.46J+HRAD/IO.341+1.27*GLANUHI1 
EFPRIM .. O.9 .. 
RAOIONCll.JJI=2l0. 
CHECK=RADIONIIl,JJI*TAUIKI*ALFAIKI-ULCIKI*IT111'-TAHUI1 

39 IFICHECKI47,47,41 
1t1 AREAPP=QUSEF/IRADIONIII,JJI*ETACOLIKII 

G-FLOW/IO.l*AREAPP' 
520 EXPONcEFPRIH*ULCIKI/G 

IFIEXPCN-I00.1522,522,523 
522 FLOFAC c I1.-II./ll.71s**exPONIII/EXPON 

GO TO 526 
523 FLOFAC=O.Ol 
526 FRsFLOFAC*EFPRIH 

ARESEN=O.l*QUSEF/IFR*IRADIONIII,JJI*TAUIKI*ALFAIKI-ULCIK1* 

IlT2CJI-TAHBIIII 
ARE(AT-O.9*QUSEF/IEFPRIH*IRADIONIIl,JJI*TAUCKI*ALFAIKI-ULCIKI* 

11 TlI II-TAMBIII' 
AREA .. ARESEN+ARELAT 
G:FLOW/ARESEN 
JMN=JMf\+l : 
ETACOLIK'=FR*CHECK/RAOIO~III,JJI 

IFIJHN-2'520,520.45 
1t5 EFIII,JJI=ETARAN*ETACOLIKI 

IFCEFCll.aJllIt7.47.4B 
41 EH lI. JJ 1=0. 

TOTWRK=l.O 
GO TO 51 

4B TOTHOU=2400. 
TOTWRK=AREA*EFI Il,JJ .*USEFAC*RADIOlH Il,JJ I*TOTHOU/3413. 

51 COLCOS=15.5+IGLANUM-2.0'*1.2*PRGLASJ*AREA 
ASSEHs l.2 
COLI NY:COLCOS*ASSEM 

C NO STORAGE SYSTEM IS REQUIRED 
STOl NV=O. . 

C TEMPERATURE AND AUTOMATIC CONTROLS COST 
~OTINY=250. 

C TURBINE PERFORMANCE AND AND COST AULYSIS 
C IF THE- SYSTEM SHOULD OPERATE BELOW 212 OEG.F. A VACUUM PUMP 

C MUST BE USED 
IFITlI1'-212 •• 54,54.56 

54 PRVÂPU=250. . 
TURINY=PRTUR*POWERIK'+PRCIPU+PRFEPU+PRVAPU 
GO TO 57 

56 TURINV=PRTUR*POhERIKI+PRCIPU+PRFEPU 
C CONDENSER PERFORMANCE .CONDENSING SURFACE REQUIREHE'ITS AN) caST 

57 QREJTO=FLOW*QREJ 
FILMIN=lOOO. 
FILMOU=50. 
TUBTHK=().OOI 
TUBCND=lOO. 

e 
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0235 
0236 
0231 
0238 

0239 
0240 
0241 

'0242 
0243 
0244 

0245 

0246 
0241 
0248 
0249 
0250 
0251 
0252 
0253 
0254 
0255 
0256 
0257 
0258 
0259 
0260 
0261 

0262 
0263 
0264 
0265 
0200 
0261 
0268 
0269 
0210 
0271 
0272 
0"13 
0214 
0215' 
0216 
0211 

0278 
0219 
0280 
0281 

UNIVER=1./ll./FILHOU+1./FILMIN+TUBTHK/TUBCNOI 
ELEHTO=T2(JI-ITCWO+TCWII/2. 
CO~SUR=QREJTO/IELEMTD.UNIVERI 

SININV=CONSUR.PRCOTU+PRCOSH 
C FINAL COST CALCULATlONS,COSl PER KHHR 

TOTINV=COlINV+STOlt-lV+S IN INV+TUR 1 NV+COTlNV 
CAREFC=ENTRS*ll.+ENTRSI.*EXPlIF/(11.+ENTRSI.*EXPLIF-1.1 

TOTEXP=TOTINV*ICAREFC+REPAIR+OPERTNI 
FINCOSIH~I=TOTEXP/TOTWRK 

IFIFIN:OSIMM)-O.401111,111,118 
171 WR nE 16, 111 HM, Tl Il'' T2 1 JI, lOTI NV, TOT EXP ,F It-ICOS I~IMI ,AREA ,COLCOS, 

lRAOIONIII,JJI ,ETACOlIKI,EFlll,JJI 
178 CONTINlE 

C GENERATING THE M.ATRI X FINCOS%300=l< 10 STORE CaST FIGURE FO~ 

C ALL COMBINATlONS OF Tl AND T2 
t!M=I1M+l 
NI=NI+l 

59 IFINI-IOI03,01,lOO 
61 Tllll=Hll 

Plll '=PNI 
HV li 1 , =HVNI 
SV 11 1 ) =SVNI 
HFLlC 1'=HFLNl 
SFLU 1 I=SFLN1 

100 CONTI NUE 
NNI=NNI+l 
IFINNI-9)83,8l,ZCO 

81 CONTINUE 
83 IFIMM-3000'93,93,200 
93 GO TO 13 

200 CONTlNllE 
C HAXIMUM COST WITHIN THE RANGE OF PA~AMETERS VARIATION 

COSMIN=Flt-ICOSllI 
COSHAX=FINCOSlll 
KL=l 

201 IFIFINCOSIKll-COSHAX'204~204,203 

203 COSMAX=FINCUSIKll 
204 IFIFINCOSIKll-COSHIN'207,207,205 
207 COSMI h=F INCOS 1 KL 1 
205 Kl=Kl+ 1 

IFIKL-HM'ZOl,208,208 
208 "RITEl6,26' 

00 Z10 IH=1,100 
210 IPRINTIIMI=lBLANK 

WRITEI6,24) 1 IPRINTlIIII, 11'1=1, 1001 
LINE=O '. 
LM=l 
ELI'=LM 

C f1APPlf'oG THE COST FUNCTION AGAIIlST Tl MW T2, COSTtlFNCH1,T2< 

C SET ThE MATRIX INTO A BLANK SPACEt - IS USEO FOR BlANKS< 

2U 00 215 Kll=l,IOO 
Z15 IPRiNTIKlll=18lANK 
213 KK=FINCOS(lHI~100. +1.0 

IFIKK-50,91,9i,90 

• 
Phr.~ 0006 
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0282 90 ~K=SQ 
0283 91 AMM=FLCATCLMI/100.+1. 
0284 N~M=AM~ 
0285 C~~=~M~ 
0286 IFIAMI~-C~a1l214,219,214 
0281 214 IKI=IA~M-CMMI*99.+1. 
0288 IPRINTIIKII=ISIGNIKKI 
0289 LM=LM+ 1 
0290 IFILK-~OOOI218,218,219 
~291 218 GO TO 213 
0292 219 IPRINTII001=ISIGNIKKI 

C PLGTTING THE RESULTS FeR ONE FIXED CONDENSER TEHPEPATUREU2< 
0293 LINE=LINE+l 
0294 NLINE =111 -LINE 
0295 KLINE=INLINE/I01*10-NLINE 
0296 IFCKLI~EI222,224,222 
0291 222 WRITEi6,2311IPRINTILKLI,LKL=I,lCOI 
0298 GO TO 226 . 
0299 224 WRITEI6,25)CIPRINTILKL),LKL=1,lOO),NLINE 

C PRINT LINES FOR ALl T2 UNTIL THE RANGE IS COVEREO 
0300 226 IFCLH-3000J212,217,217 
0301 212 lH=lH+1 
0302 GO TO 213 
0303 217 00 231 JLH=1,100 
0304 231 IPRINTIJlMI=16LANK 
0305 00 235 JLH=S,100,S 
0306 235 IPRINTIJLMJ=ISIGNC421 
0307 WRITEI6,23ICIPRINTIJLMI,JLH=1,1001 
0308 WRITE(6,20IC(I(II,I=I,101 
0309 hRITE (6,19) 
0310 WRITEC6,21ICISIGNCKJI,KJ=I,50J 
0311 COCENT=CGSHIN*lOO. 
0312 WRITE 16; 221COCENT, RADI OIH (l, JJ), ULC 1 LI, TAUI LI, ALFAC LI ,GLA:UJ~ 
0313 WRITE(6,211 
0314 WRITEI6.261 
0315 150 CONTINUE 
0316 IFCNN-IJ999,lOOI,999 
0311 999 CALL EXIT 
0318 CEeUG SUBCHK 
0319 END 

TOTAL HEMORY REQUIREMENTS 0083D8 BYTES 
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1817 116.00 83.00 29948.89 5180.05 0.40 3731.63 22216.45 22<>./)0 1).27 0.02 SAMPLE RESULTS OF PROGRAMME: 00 
1818 117.00 83.00 29886.61 5169.28 0.40 3729.15 12H6.05 220.00 -1.26 0.02 
1819 l1e.OO 83.00 <!9828.35 5159.<!0 0.40 3721.23 22115.98 22(\.00 1).;>6 0.02 
1820 119.00 83.00 29114.68 5149.92 0.40 3713.95 221)15.71 22'J.,)() ~.;>6 0.02 
1821 180.00 83.00 29125.01 5141.33 0.4J 3101.23 22035.75 220.1)1} ".26 0.02 
1822 181.00 83.00 29685.17 5134.54 0.4() 3701.95 221)04.41 220.00 1).26 0.02 
1909 168.00 82.UO 30349.39 5249.32 0.43 3786.49 22506.91 220.1)0 0.28 0.02 
1910 169.00 82.00 30245.55 5231.37 0.41) 3772.29 22422.51 220.00 (I.2~ 0.02 
1911 110.00 82.00 _30146.33 5214.20 0.4"3 3758.73 22341.91 220.00 0.28 0.02 
1912 171.00 82.00 30061.54 5199.54 0.40 3747.18 22213.23 22n.oo 0.t'8 0.02 
1913 112.00 82.00 29981.14 5185.63 0.40 3736.23 22208. i6 220.no - Il. 21 0.02 
1914 173.00 82.00 29905.13 51-72.48 0.40 3725.90 22146.13 220.00 0.21 0.02 
1915 174.00 82.00 29833.52 5160.10 0.40 3716.17 22088.91 220.00 (1.27 O.O?-
1916 175.00 82.00 29165.94 5148.41 0.41) 3107.01 22034.43 220.00 0.27 0.02 
1917 176.00 82.00 29702.44 5131.43 0.40 3698.40 21983.31 220.00 0.27 0.02 
1918 171.00 82.00 29643.39 5127 •. 21 0.40 3690.42 21935.87 220.00 0.26- 0.02 
1919 178.00 82.00 29588.32 -5117.69 (1.40 3683.00 21891.72 220.00 0.26 0.02 
1920 119.00 82.00 29537.66 5108.9~ 0.40 3676.18 21851.20 220.no 0.26 -0.02 
1921 180.00 82.00 294~0.91 5100.65 0.40 3669.92 21813.97 220.0(1 O.U, 0.02 
1922 181.00 82.00 29454.43 5094.53 0.40 3665.06 21185.12 220.00 0.26 0.02 
1923 182.00 82.00 29422.08 5088.94 0.4Q 3660.79 21759.74 220.00 'l.25 0.02 
1924 183.00 82.00 29393.52 5084~00 0.40 3657.05 21731.49 220.00 0.25 0.02 
1925 18/t.OO 82.00 29368.77 5079.71 0.40 3653.83 21718.39 220.00 0.25 0.02 
1926 185.00 82.00 29348.l3' 5016.14 0.40 3651.19 21702.68 220.00 0.25 0.02 
1927 186.00 82.00 29331.36 5073.25 0.40 3649.0_9 21690.18 220.00 0.24 0.02 
1928 187.00 82.00 29318.34 5010.99 0.40 3647.51 21680.78 220.00 0.24 0.02 
1929 188.00 82.00 29309.56 50b9.47 0.4Q 3646.52 21674.89 220.00 ').24 0.02 
2005 164.00 81.00 - 305 .. 5. 88 5283.31 0.4() 3804.61 22614.59 220.00 0.2-9 0.02 
2006 165.00 81.00 30426.73 5262.70 0.40 3188.38 22518.11 220.00 0.29 0.02 
2007 166.00 81.00 30312.46 5242.94 0.40 3772.82 22425.65 220.00 0.29 0.02 
2008 167.00 ill.OO 30203.05 5224.02 0.40 H57.94 22337.18 _220.00 0.29 0.02 
2009 168.00 81.00 30098.57 5205.94 0.40 3743.74 22252.77 220.00 1).29 0.02 
2010 169.00 81.00 29998.77 5188.68 0.40 3730.18 22172.20 220.00 0.26 0.02 
2011 110.00 81.00 29903.55 5172.21 0.39 3717.26 22095.40 220.00 (\.28 0.02 
2012 171.00 81.00 29822.29 5158.16 0.39 3706.28 22030.10 221).00 1).28 0.02 
20U 172.00 81.00 29745.37 5144.85 0.39 3695.89 21968.36 220.0(1 - 0.28 tl.02 
2014 173.00 81.00 29672.13 5132.29 0.39 3686.09 21910.14 220.1)0 0.27 0.02 
2015 114.00 81.00 29604.34 5120.46 0.39 3676.89 21855.43 220.0(1 0.21 1).02 
2016 175.00 81.00 29539.93 5109.32 0.39 3668.24 21804.00 220,00 0.21 0.02 
2017 176.00 81.00 29419.52 5098.87 0.39 3660.-14 21755.85 220.00 0.21 0.02 
2018 117.00 81.00 29423.43 5089.11 0.39- 3652.64 -21711.21 220.00 1).26 0.02 
2019 118.00 81.00 29371.20 5080.14 0.39 3645.61 216-69.87 220.00 0.26 (\.02 
2020 119.00 81.00 29323.29 5011.85 0.39 3639.30 21632.02 220.1)0 0.26 0.02 
2021 180.00 81.00 29279.30_ 5064.24 0.39 3633.48 21597.41 220.00 0.26 0.02 
2022 181.00 81.00 29245.22 5058.34 0.39 3629.03 21570.97 220.00 1).26 1).02 
2023 182.00 8.1.00 - 29215.28 5053.17 0.39 3625.16 21547.95 220.00 0.25 0.02 
202ft 183.00 81.00 29189.02 5048.62 0.39 3621.80 21527.95 220.00 0.25 0.02-
2025 184.00 81.00'_ 29166.51 5044.73 0.39 3618.95 21511.06 220.00 0.25 n.02 
2026 lB 5. 00 81.00 29i48.-05 5041.54 0.40 3616.68 21497.52 220.00 0.25 0.02 
2021 186.00 81.00 29133.37 5039.00 0.40 3614.92 21487.09 220.00 0.24 0.02 
2028 181.00 81.00 29122.38 5037.10 0.40 3613.68 21479.70 220.00 0.24 0.02 
2029 188.00 81.00 29115.56 5035.92 0.40 3613.02 21475.77 220.1)0 0.24 0.02 
2030 189.00 81.00 29112.43 5035.38 0.40 3612.81 21474.88 -220.00 0.24 0.02-
2031 190.00 81.00 -29113.49 5035.56 0.40 3613.30 2l471.46 220.1)0 0.24 0.02 
2032 191.00 81.00 29123.97 5031.37 0.40 3615.04 21487.81 220.00 0.23 0.02 
2104 163.00 80.90 3ol:44.62 5300.39 0.40- 3816.94 22&87.98 220.00 - 0.29 0.02 
2105 164.00 80.90 30521.00 5279.01 0.40 3800.10 22587.80 220.00 0.29 0.02 
2106 165.00 80.90 30402.29 5258.48 0.4') 3783.95 22491.77 220.00 0.29 0.(\2 
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VVVVVVV 1 i .'. In Hï·uuuuuulnJuu.uuuuuüuuuui"j ~ ,i .-. 1 1 • ...... • vvvVvvvv--~--w\o:wwwxxx &&&&Vvzzz 
VVVVVVV.I ••• I~' 1" .·üuuuuuuüüuuuüuuuuUUUUO~i .••••. ,ii, •.• VVVVVVVyV----WWWWWXXX&&&&vvztz· 
vvvvvvv .·i ••••• ·'n UUUUUUWUÙUUUUUUUUUUUU •••• 0

' 

•• 1 ••• vvvvvvvvv-..,--WWWWWXXX&&&&YYzzZ 
VVVvv~v'" 1. i .trTuouuuuuüüûuuuuuuuuuuuu' l'' ••. , •• 1. vvvvvv~vv~~.,..-WWWWWXXX&&&&YVZZZ 
vvvvvv.V"'" iï ,. ï'UùliuuuuüuuùüuuuuUUUUUU! .-t •• , ~' ••• '.vvVvvvv'vv-~-.,..wwwwWXX~&&&&VVZzl 
VVVVVVV i ... ~ ..-. 1 ii-Uùuuuuuuuüûuuuuuuuuuuli i ••• Il • 1 Il 'vvvvvvVVV--~--WWWWHXXX &&&& VV Zll . . . 
VVVVVVV"" Il i'~ ~ l 'ùuOuuuuuûuuucuuu·uuuuuu'.Ù,ït .• Il iÎ;lvvvvvvvvv~-:"wwwWXXX&&&&YYZll.·,· ... '~;." .' 
___ i.:"~ .. ';':i--::-i __ ~I~:-.r..:~~: • ____ :.:--_~~ .'{.. , 1:.._:-_':-__ :;., ____ • ___ .;-_ i-:-" __ i~ .... --:..-~--·. -:-:..~ '::~~~ • ___ ~_ ~";--:-"'" 
160.110. .lS0 •.. ' .. ' 190 •. : '. " 200 •.... , .... 210. . ... 2·20~ . 230... '240..';.- '250.." .. 
THE Foi.làwlNG: GIVESA .1IST'~iN ASCENOiNG'1lROERSÙCH AS' : ''Atll C/KWHR ..... l'50 :C/KWHR ""': ". " ::,' 

'A IS :~,,:c,+ D.E.$.F:* G'l H<,I O.J •. Ki:i.i H 3N'4 0 5 P '6,Q 1 R"S"'-S9· I~O U"v-'w x'.&,'Y Z·-.' 
. 40.61' 1$ THE·-l4ff..l COST 'REPRESENTEO' BYCA] iRAOIAT lONtI . 220. ULCIO.46 TAUt#0.60. AlFAflO.,93· GlAS~NUIi . 4.'· 

• ~. :- - • • _ -_;' - .... • - • __ • : _ :~. ," - - • .', .:' • _ "-<t' ' ..,' • .' '. .' t _~_.,. • _. 

fIG ..... <' C(lN~NSER' . TEMPERÀ T. -SOilEI( TEMP.· vs' .. COST 
.... . " ....... '.' .. -.; .• '.- :J' -:-;';., ... I~:.; .. :~' ... 

·9,0. 
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FCRTRAN 1 V 'i l EVEL 1, "\CD 3 "'"IN UdT;; 69048 17117/2.9 

c 
c 
( 
(. 

C 
C 
C 

0001 
OOOZ 

DCO) 
0(,04 
CCO') 
('CCi6 
0007 
0008 
OC09 
oe10 
0011 
0012 
OC13 
0014 
0015 
0,016 

0017 
0018 
0019 

G020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
0030 
0031 
0032 
0033 
0034 
0035 
0036 
0037 
0038 
0039 

0040 

O/,TlHIlAT ION l'~ S')LAR PCWER PRnnur. TIO'! 
U5IN~ HEIT ENGINES 
Oo{DI"III'lV BLAC/< PAltfTEO flAT PLATE COLlECTOR WITH 2 , 3 AND It 
GLASS COVERS 
COST OF THE pOWER PROOUCEO FOR VARIOUS CONJE~SF.R TEMPERATUREs 
H.KUORET SElCUK 
HAIN PROGRAL\L\E 
OIMENSIO~ IPPINTI101',ISIGNI')II,FINCOSI40021,EFII2,6' 
Ol'4ENS tON Pli 111 ,PZI 111, Tl( 111. T2I11 1 ,HVlI 111 ,tlV21 111 ,HFLlllll. 

IHFlZ( 111, SVI (l 11, SFLl( 111, SFLZ 1 III ,SXlIlll, S:<Z( 111, SV? III l , 
ZHxlI Il J,HXZI 111 ,RADIO"'I lZ, RI, Xl( 111, X21111 .E T "COLI 51 • ETATUR,f <; 1. 
3VOLU lU ,VOLZI 111 ,IILC( 51, T/lUI51 ,P'')WEP 1 51 • .\lF;\I 51, ETAPlNI 51 

1 FORMAT {lOFS. ZI 
2 FOR,../lTlI0F8.41 
3 FOR'4ATI,)FlO.ZI 
4 FOR'~AT(lF1(I.21 
5 FOR'4AT( 12F6.1 
b FOPMU (SFIO.21 
7 FORMAT( 12F6. 2) 
8 FORL\AT(E12~6,15x,EI2.61 
9 FQRMAT(f}O.ZI 

10 FORMAT(6FI2.41 
Il FORMATII6,lOFI0.21 
16 FORMAT(10(4X,Alll 
11 FOR'1AT 14X,411 
19 FORMAT(8JH THE F1LLOWING GIVES A LIST IN AstENDI'G OROEQ SUCH AS 

1 A#l C/K~HR Z~50 C/KWHP 
20 FORMATIIOIF5.0,5XII 
21 FORMATI5011X,Alll 
22 FORMATIF9.2,46H IS THE MIN COST REPRESENTED 3YIAI,CO~O.TE~P= F6.Q, 

ISH ULCJ F4.Z,5H TAU# F4.2,~H ALFA~ F4.2,9H GLAS.NU# F4.0 Il 1 
23 FORMAT(lX. 90Al' 
24 FORMATIIX,100Al 1111/1 
25 FOR~ATIIX. 90AI,I41 
26 FOR'4ATIlHl) 
27 FORMATl53H FIG < RAOIA!ION INTEI~SITY -tlOILEP. T~'IP. VS c.J~r 
29 FOR>4ATl511CI 
30 FORMATI21H 80lLER PRESSURES IN PSIA 
31 FORMAT(30H CONDENSER PRESSURES IN PSIA 
32 FORMATIZ9H BOILE~TEMPERATURES IN '~F< 
33 f.ORMATI31H CONDENSER TEMPERATURES IN ~F< 
34 FOR~AT(20H ENTHALPIES BlU/LB 1 
35 FOR'MATl24H ENTROPIES BTU/LB.F 1 
36 FORMAT(22H TURBINE EFFICI~NCIES 1 
37 FORMATI19H PUL\P EFFICIENCIES 
38 fORMAT(16H ABSORPTI~ITIES 
40 FORMATIZOH POWER RATING IN KW 

140 FORM~T(19H TRANS>4ISSIVITIES 1 
141 FOR~AT(33H OVERALL HE AT LOSS COEFFICIE~T 
145 FORMATI23H ALL P~ICES IN DOLLARS 1 
146 FOR>4ATIB3H WOOD p~rCE GLASS PRr.TEOLARP. SHEET r~ON CL~SWOOL TU~ 

I.PRI. CI~C.PUM. ~EED PUM. 1 
147 FOR~ATI90H PIPE PRIeE GnVER.PRI.CONO.TUBE COND.SHELL ~FPAIR OPE 

lRATI0N I~TERE5T LIFETIME,Y:AQS 1 

e 

PAGE 0001 
PllOGRAMME o 
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FCRTPAN IV G lEV~l l, ~OD 3 MAI"l DATa 6904~ 17/17/29 

0041 14'i 
0(\42 
0043 
on44 
OC45 10.)1 
0046 
0047 
OC48 
0(49 
CC: '50 
01"51 
OC 52 
crS3 
or 54 
01"55 
01"56 
0('57 
01"5'3 
OC59 
0060 
or 61 
C('62 
0"63 
CI. 64 
(\('65 
C(j66 
Or-67 
{lr6!l 
C('69 
oc 70 
0('71 
oc 72 
1'('73 
0074 
CC75 
OC76 
0('77 
0078 
0(7'1 
oc 80 
cr·81 
0!'82 
008'\ 
Cf84 
Oro85 
(1(\86 
Ne7 
M'lS 
Or.8<l 
0090 
0091 
CC<l2 
(11'93 
C(94 

FQRMATI54~ USE F~CTQR AMRIENT T COOL ~ J c~nL ~ D rJ3[ HEATlQSS 
REA[)(S,I!>IIISICliIKKI,'<K=I,SOI 
~EAn IS,171IE~PTY 
READIS,I711BlANK 
~EA~ IS,29IN~,IJ,IK,ll,l~ 
~EAJ 15,IIIPIIMI,M=1,101 
READ IS,lIlP201l,· .. =ltlCI 
READ 15,lIITl(~I,~=1,101 
REAn IS,IIIT2(MI,~=1,101 

READ (5tlIlHVU'I1 ,·"'-=l.1CI 
RE:';> 15,1I1'WZP-1I,·'-=1,WI 
REAa (5,II(HFLll~I,M-=1,lOI 

RéAi> 15.lIlHFL2 .. 1I,: .. =I,lCI 
READ (5,2115V1(~I,~=1,101 

~~A[) 15,211C;V7.(MI,:"=1,lCI 
~EAD 15,21(SFll(~I,~=1,lD' 
.REA') 15,21ISFL2H),:l=l.l01 
'l~A) 15,1::'PlIlll,TlI11l,liVUlll,5VlIlll,ni'UI111,SCLlI111 
REALl 15,9IET.\TURI1I 
REAJ 15,~I~TAPU"lll 
RE~D 15,9IAL~AI11 

~EAU 15,l,pa~f~111 

~EAO 15,'lITA'H 11 
REA') IS,<lIULCIlI 
~EA~ 15,~IPR~OOn,?RGLIS,PQTEOl,PRSTEL,~~fI3G,P~T~~,P~CIPU,P.FEPU 
~EAO 15,~)PRPIPE,?R~OVR,PRCOTu,p~CnS~,OEP\I~,JPE~T~,E~T~S,[(PLI~ 
~EAO ·I5,3IUSEFAC,TA~aI,TCWI,TCWJ,pipLOS 
W'HTEln,261 
.4~nEI6,3e) 

~qITElb,l)IPll~),~=l,IO) 

-"PIT!:Ib,311 
~PITE(S,IIIP~IM)'''=1,101 
'IQ 1f,,1 6,321 
~qIT~I6,1)IT1IMI,~=I,IO) 
.nlTEI6,331 
~~ITEI6,11"2IHI,"'=1, lOI 
1o/~ITEI6,341 

,H 1 TEl 0,11 (IN 11 loi l ,~ .. = 1, ICI 
<I~JTE 16,1) IHV21 ~I ,101=1, lfol 
WQIT=lo,lllHFLII'lI,M=l,10) 
W~ITEI6,111HFl21~I,M=I,101 
,,~nEI6,351 

iHITEI'>,2I1SVlI~1I ,M=l, ICI 
WRITEI6,2'ISV2(MI,M=1,10)· 
WQITEI6,211SFllI~I,~=t,10) 

4~ITF.(6,21ISFl21MI~~=1,lr) 
W~ITEI6,36) 

~oITEI6,9IETATU~(11 
WR.ITEI 0, 371 
>l D ITEI6,?IETAPUQl11 
WRITEI6,33) 
"RITE(6,~IAL~AIII 

H'I nEI,>,4!)1 
i~ITrl~,?)P04EPll1 

e 

:>"r,,, 0002 
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FORTRAN IV G LEVEL l, MOD 3 MAIN DATE 69i:",il 17/17/29 

0095 
rC96 
CC'CJ7 
rC98 
0(199 
C100 
0101 
{'lez 
tH'3 
0104 
CI05 
CI06 
C107 

C 
01C·8 
0109 
0110 
0111 
('112 

0113 
<.'114 
011'> 
Ollé 
0117 
0118 
0119 
Olle 
0121 
0172 
CIl3 
0124 
0125 
C126 
0127 
01Z8 
0129 
0130 
0131 
013l 
0133 
013'0 
0135 
0136 
0137 
0138 
0139 
0140 
0141 
014Z 
0143 
0144 
0145 
0146 
0147 

1i~ITEI&, 14() 1 
"''l.ITEI6.91TAUll) 
WRITEI6, l'tU 
"''l.IJEI&,9)U~Cll1 

f/'l.ITEI6.145, 
\HITEIS,1461 
WRITElb.6IP'l.WOO),PRGlAS,PRTEDl,PRSTEl,p~F

ldG,P~lU~,PRCIPU,PRFEPU 

WRITElb.1471 
wRITEI6,S)PqpIPE,PRGOVR,PQCOTUtPRCOSH.REPAI'

I.,ePE'l.T~,EMTRS,EXPlIF 

·.i'HTEI6, l'oR) 
W~ITElb.jIUSEFAtITA"61,TCWI.TC~d,PIPlOS 
WR ITEC 6. 26) 
J=3· 
I~TERPOlATIO~ OF PHYSICAl PROPERTIES 
T~l=T2IJ) 

PN2=i>2(Jl 
HVN2=HV2CJ) 
SVNZ:'SV2CJI 
HFU~2=HFlZIJI 

SFlN2=SFll'cJ 1 
TINT2=T2IJ+II-T2IJI 
PINT2=P1IJ+11-P2(JI 
HVI NT l=HVl 1 J+ 11-iW21J 1. 
SVINT1=SV2IJ+l1-SV2CJI 
HFl~T2=HFl2IJ+11-HFl21J) 

SfINT2=SF(lCJ+1J-SFllCJI 
PAT=0.5 
Tl CJ 1 = 1 T ItH 2 
P2CJ)=I PINT2 
HV2IJ)=1 HVINTZ 

'SVlIJI=1 SVINTZ 
liFll f JI = 1 HF 1 NT Z 
SFlZIJI=1 SFI~TZ 

00 150 ~ITK= 1,3 
K=l 
l=l' 
14"'~1 
11=1 
JJ=l 

'JlH=l 
I<J=l 
lH=1 

I*DATH"I2 
I*PAT+P~Z 

1 >CoPAT +IlV'll 
1 *PAT +SVN2 

'*PAT+HFl ~2 
I>CoPAT+SFlNZ 

1)0 250 KJK=1.30 
~ADIONII·I.JJI=3J5.-5.*FlOATIKJKI 

00 100 1=1.10 
Nl=D 
TN1=Tl III 
'PtH=l'lC Il 
HVNl=HVlIl) 
SVNl=SVlC II 
HFlNl=HFlll Il 
SflNl=SFllC 1 1 
TtNTl=Tl 1 HlI-T 1111 
PINT1=PlIl+lI- D lIll 

e 

P"GE OOQa 
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fOPTRAN IV G LEVEL l, ~or 3 MI\(I~ DATE 6q(,4~ 17/17121 

0148 
0149 
0150 
0151 
('152 
C153 
0154 
0155 
CISE> 
0151 
C158 
('1~9 

.0160 
0161 

0162 

0163' 
01610 

0165 
0166 
0167 
0168 
0169 
0170 
0171 
0172 

0173 
0174 
0175 
0176 
0177 
0178 
0179 
0180 
0181 
0182 
0183 
0184 
0185 
0186 
0187 

0188 . 
0189 

0190 
0191 
0192 

'i\ll'H I=HVlC 1+1 l-rHlIll 
SV1~Tl=SVI'I+l'-SVl'll 
~FI~Tl=H~Ll'l+l'-HFll'll 
SFI~ll=SFll'I+II-SFlllll 

63 ANI==NI 
RU=ANI/IO. 
lUII=1 TlNTl )*RAT+TNI 
PIII'=' PI~Tl I*RAT+PNI 
HVI'I)=1 HVINTI I*~AT+ HVNI 
SVI'11=1 SVINTl I*PIT+ SVNl 
rlFLl'11=' HFINTl )*RAT+HFLNI 
S~Ll'II=' SFINTl I*RAT+SFLNl 

C RANKI~E CYCLE FOR SATURATEO STEA~ 
C (SENTROPIC EXPANSION FROM THE SATURATED VAPOU~ ST~TE 
G X2 IS THE QÙAllTY OF STEM' AFTER ISE"4TROPIC EXP.\NSICI'\I 

X2IJI=ISVllil-SFL2lJII/ISV2lJI-SFLZ'JII 
HXZIJI=HFL2(JI+X2'JI*lHV2IJI-HFLZIJII 

'C IDEAL WORK 
WOUI=HVIII)-HX2IJI 

C ACTUAL WORK 
WOUA=WOUI*ETATURIKI 
QADD=HVlll'-HFLZIJ' 

C PUMP WOPK 
WPUMP=0.QQ29a*IPlll,-P2IJ" 
ACRATE=POWERILI*II.+PlpLOS' 
WPUMPA=WPUMP/ETAPUHIKI 
WNETT=W~A-WPUHPA 
ETARAH=W'IIETT/QADD 
QREJ=HXZIJ'-HFLZ'JI 
OTOT=ACRATE*3413. 
FLOW=OTOT/(OAOO-QRFJI 

C FLAT PLATE COLLE..CTUR PERF'J.Q'IA~C E, .'REA ,COSTe AlCIJLA TlONS 
OUSEF=OAOO*ll.+PIPLOSI*FlOW 

611 

612 
613 

614 
615 

-616 
617 
619 

C 

JHN=1 
ETACOllK 1=0 .ZO 
IFIMTK-l 1611,611,61Z 
GLANUM=Z. 
GO TO 619 
IFIHTK-Z 1613,6-l-3-rE!-11p 
GLANUM=3. 
GO TO 619 
IFlHTK-3 1615,615,616 
GLANUH'i4. 
GO TO 619 
IFIMTK-4 1617,611,619 
GLANUM=5. 
TAUI K I=O.6S**GLI\·~:J''' 
HOTTEL AND WO[RTZ EQUATICN FOR THE·CC.LLECTOR HEAT LOSSES 
HRAD=0.1114E-CB*I(Tl'II+46C.I**4.-ITA~~1+46D.I**4.I/'Tl'I)-TA~81' 
ULCIKI=I.1*(1./(SLANUM/(0.21*'ITlll'-TAM8Il/(GLA"4~M+O.3611~*C.Z51 
1+2.461+H~AO/'O.341il.Z1$GLA~U~11 

EFPRIM=O.9 . 
CHECK=RAOIINIII,JJI#TAU'KI*'LFA'KI-ULCIKI*(Tl'II-TA'IBIr 
RADC'H=l. ;)5*ULC' K 1*1 TI 111-U~IH 1! 1 aUI J(i*.\LFII' K 1.1 

e 

;>j\GE 0004 
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fCRTRA'·j IV Ij LEVEL l, ~OD 3 ~·14IN ~J4 TE t.-V::,. ~ 17/17/29 D'\Gé: 0005 

0193 IFIKAOIONIII,JJl-RADCRTl41,41,3 Q 

0194 39 IfICHE~147.41.~1 
0195 41 A~EAPP=QUS"F"R'\11f1'lIIT.JJI*ETI\CPLI"!:11 
0196 G=fLOWI 10. 1'"A!l EA:>r> 1 
0197 520 ËXPON=EFPRIM*ULCIKI/G 
0198 1~(EXPO~-IQd.l52Z,52Z,523 
0199 52Z FLVFAC=ll.-ll./IZ.11S**EXPONllI/ECPON 
0200 Go) TO 526 
0201 523 FLOFAC=O.01 
020Z 5Zb FQ=FLGFAC*EFDRI~ . 
0203 A~ESEN=0.1*1U5EF/IF~*IRADION(II,JJI.TAUIKI.I\LFA(KI~UlCIKI. 

11 TZIJI-TA"IBIIII 
CZt4 ARELAT=Q.9*OUSEF/IEFPRIM*IPADIONIII,JJl.TAUIKI.AL~AIKI-VlCI". 

1IT1IIl-TAMBIlll 
0205 A~EA=ARESEN+ARELAT 
OZ06 G=FlOW/ARESE~ 

OZ07 J~N=J~~+l 
OZ08 ETAcollil=FP*CHECK/RAOIONIII,JJI 
OZ09 IFIJ:01N-2157û,520,45 
0210 45 EFIII,JJl=ETARA~.ETACOlIKl 
07.11 HIEFIII,JJII47,47,48 
021Z 47 EFIII.JJl=o.OoOOOt 
OZ13 TOTWRK=O.OOOOOI 
0214 GO TO 51 
OZ15 4g TOTHOU=Z400. 
0216 TOTWRK=AREA*EFIII,JJI.USEFAC.RADIONIII.JJI*~OTHOU/34t3. 
OZ17 51 COLCOS= 0 .5+1 GLANU"I-Z.Ol *1. Z*PPGLAS hAREA 
OZ18 ASSE~=l.Z 
OZ19 COLINV=COLCOS*ASSEH 

C ~O STORAGE SYSTE~ IS REOUIRED 
OZ20 STOl NV=O. . 

C TEMPERATURE AND AUTOMATiC CoriTROLS ceST 
0221 COTINV=Z50. 

C TUR~INE PERFORHA~CE ANO ANO cosr ANlYSIS 
C IF THE SVSTE/4 SH')ULD OPERATE BELO\~ 212 OEG.F. A VACU\JM PIJMI' 
C ~UST BE USED 

C222 IFIT1II'-212.154,54,56 
OZ23 54 PRVAPU=250. 
0224 TURINV=PRTUR*POWERIKl+PRCIPV+PRFEPU.PRVAPU 
0225 GO TO 57· . . 
0226 5& TURI NV=PRTUR*POWERIK ,. PRCIPlj+PRFEPU 

C CUNOENSER PERFOR~ANCE AND CaST 
0221 57 SItHNV?P·~COSH+I0(). . 

C FINAL COST CAlCULATIONs,cnST PER K\iH~ 
0228 TOTI NV=C!1l1W+S TOINV+S IN INV+lU~ INV+CClT!NV 
0229 CAPEFC=E:IITRS*( 1. +.ENTRS 1**EXPlIf /1 Il. + E~TR SI **EX"lI F-l.1 
0230 TOTEX?=TnTINV*ICAREFC+REPAI~+OPERT") 
0231 FINCOSIH~I=TOTfXP/TOTWRK 
OZ32 IF(FINCOSI~MI-O.20)t71,111,178 
0233 171 MRITEI~,11l~H,T1Ill.T2IJI,TOTINV,TDIE~P,Fl~CJSI~~I,A~E"COLCGS, 

IRAOIUNIII.JJI .ETACULIKI.EFIII,JJl 
OZ34 I1S CONTINUE 

C GENERATI~G THE ~'TRIX F~~cnS~3~DO< TO STQ~E COST FIGU~E rU1 
C IILL cn"lBI'IATI'ltlS OF Tl AND T2 



e e 

FCRTRAN IV G LEVEL l, :40'1 ::s MAIN DATE 6904S 11/17/29 

0235 ~,=~Mtl 

0236 ~l=~l+t 
0237 59 IFI~I-101~3,61,IJa 
0238 61 T1111=TNI 
C239 P11)I=PNI 
0240 ~V1111=HV~1 
0241 SVIIII=SVNI 
0242 HFL1III-HFLNl 
C243 SFL1111=SFLNI 
0244 lGO CONTINUE 
C245 250 CONT1~UE 

C THE MI~IM~~ COST WITHIN THE RA~GE CF VIRAT10~ OF PAqAMETE~S 

02i6 COSMIN.FI~COSIII 
0247 COS'~A,(=FINCOSllI 
0248 KL=1 
0249 2et IF(FINCOS(KLI-COS~AXI204,ZG4,2C3 
0250 Z)3 crlS~AX"FI"ICOSIKLI 
0251 2~4 lFIF1NCOSIKLI-COS~INIZC7.207,205 
0252 2C7 COS~IN=FINCOSIKLI 
0253 205 KL=KL+l 
0254 IFIKL-M'I.l201,2CII,208 
07.55 .208 W~ITEI6,261 
0756 DO 2t~ 1~=1,100 
C257 210 IPRINTII~I=IBLANK 
0258 WRJTEI6,2411IPRINTIJ~I,JM-I,IOOI 
0259 L INE=O . 
0260 LM=\. 
0261 ELH=LM , 

t 'APPING THE COST FUNCTIO"l AGAJNST Tl AND T2, cnsr.FNC~Tl,r2< 
C 
C -SET THE MATRIX INTO A BL~NK SP~CE~ - 15 U~EO FO~ BLI~KS< 

0262 211 DO 215 KIL=I.IOO 
0263 215 JPRJNTCKILI=JRL~NK 
0264 213 KK=FJNCOSCLMI*10D. +1.0 
0265 82 IFIKKI90.90,89 
0266 S9 IFCKK-50191,91,90 
0267 . 90 KI(~50 
026R 91 ~MM=FLO~TCLMI/IDO.+I~ 
C269 ~~M=A~~ . 
0210 C~~=N~4 
0211 lFIAMM-C1~1214,21q,214 
0212 214 lKI=IA~M-CH~I.99.+1. 
0213 JPRINT(IKII=IS1G~CKKI 
0214 LM=LH+l 
0215 lFCLH-30001218,ZIS,ZI9 
0216 218 GO TO 213 
0277 219 IPRINT(lOOI=ISIG~IKK) 

C PLorTING THE RESULTS FOR ONE FlxEa CG~UE~SER TE~PERATURE~T2< 
0218 LINE=LIME+l 
0219 'ILI:-jE=335-S*UNE 
(l2BO KLI'IE=(NLINE/2:l1*7.0-NL JNE 
Oi81 IFC~Ll~EIZ22,224;222 
D~B2 222 WRITEI6,23)C1PRINTILKLI,lKL=I,90 
0283 r,O TO 22~ 

• 
PJlGE 0006 
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FCRTRA~ IV G lEVEl 1. ~ou ~ '4"H. JH!' (.C)r4~ 

724 wRlr~I~.2SIIIP~I~TllKll.lKl=l.q0 I.NLINE 
C PRlqT ll~ES F8P "LL T? UNTll THE ~A~GE 15 cnV[AEJ 

226 IFIL~-3Cl0121?,217,217 
212 L-I=Lr-o+ 1 

r,:1 TJ 213 
217 an 231 JL~=I,lr) 
231 IPRINTIJL~'=lqLA~K 

~~ 235 Jl~=5,10J,5 
2"5 IP~I.TIJL.'·ISIG11421 

"''<TT~lb,7.3'IIPPHT(Jl!'I,Jl'1=I. 901 
~~ITEI~,2~IITIIII.I=I.1(1 
WIl.ITE Ib,lQI 
,j" Ilfl f>, 2111 15 l';;'HKJ I,KJ=I, 5')1 
COC=NT~COS~IN*I~O. 

e 

17/1712.9 

0284 

0285 
0286 
C287 
02911 
(\269 
0290 
0291 
0292 
0293 
C294 
C295 
0296 
0297 
fl79R 
C299 
0300 
0301 
0302 
l'30" 
(,31\4 

,H ifE 1:', 27.ICaCE:U, T 2(J l ,ULI:: Ill, T4UI LI. ~lF"1l1 • ';l4'1111" 
~RITEI~,211 

w'UTElb,2bl 
ISf' C'lNTllolUE 

IFCN~-llq99,lrCI,90q 

999 C.\ll EX Il 
lERUG SU1CH'< 
E'.IO 

TOTAL IolE· ... OAY REQUI'!f:"E~TS ~)(lIH':'': 3YTES 

• 
""GE 00::17 
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THE FOllOWING GIVES 
A t B = C t D ,~ $ 

180~ . 190. 200. 210~ 
A LIST IN ASCENDING OROER SUC~ AS,' 
F * G 1 H < J 0 J • K 1 L 2 M ~ N 4 
COST REPRESENTED BYCA),coNO.TEMP= 

AfI.lC/Ki-lIiR'Zfl.50 C/KWHR'. .:: 

.-l1.54 IS' THE'MIN 
05 Il (, Q.7·R·S S 9T.0·.U" V .\i·x &..'Y'z: 
9~~.UlG~O.60. TAU#O.68 AlFA#0.93 GLAS.NUI#, 

. ::. 

FI~· < RADIATION INTENSITY -BOIlER TEMP. VS 'COST 
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160. 110. . 180. . 190~ 200. 210. ~26~ 230~ 240. . 250 •. 
THE FOLlOWING GIVES AlIST. IN ASCENDING OROER SUCH AS AtH C/KWHRZ#50 C/KWHR' 

o 5 P 6 Q 1 R 8 59 TOU'V W X &,y Z' 

• 

A Z 8 = C + 0 , E.$ F * G 1 H< l ,0 J '. Kil 2 M 3 N 4 
22.86 15 THEMINCOST REPRESE~TEO BY(A),CO~D.TEMP= 95~ ULciio.46TAU.#O.·60 AlFA#O.93·GLAS.NU1i .4. 

, . . 
FIG· < RADIATION INTENSITY -BOllER. TEMP. ~S COST 
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FO~TRAN IV G lEVfL l, Meu 3 ~I~ IN O.\lF I>g(Jt.~ 17/49/06 

C 
C 
C 
C 

~OOI 

OO~Z 

0003 

0004 
0005 
0006 
0001 
0008 
00!J9 
0010 
0011 
OOlZ 
0013 
0014 
0015 
0016 
0011 

0013 
0019 
OOZO 

OOZI 
OOZZ 
00Z3 

00Z4 
OOZS 
00Z6 
OOZl 
00Z8 
0029 
0030 
0031 
0032 
0033 
0034 
0035 
0036 
0037 
0038 
0039 
0040 
0041 

OPTlHllATIIJ'I IN SÛLAR POWER rRODU(;TION 

USING HEAT ~~GI~ES 

~1.KUORET SELCUII. 
MAIN PROGj;.AMME 
DIMENSION IPKINIIIOll,ISIGNI511,FINCOSI3002I,EFI12,61 

01 MtlloS ION P 11111. P2 1111 • Tlllll. TZ 1111 ,HVlIlll .fW211II ,HFLlllll , 

IHF l2111,., SV1IllI ,SFlll111 ,SFl21111 ,S X 11111 , SX7.lllI ,S V21111 , 

ZUX 11 lil, "X21 111 ,RAO 1 eN IIZ ,81 , X 11111 , XZlll i , F.T ACOL 151, ET ATUR 151, 

3UlCI51,TAUI5I,PG~ERI5I,AlFAISI,fTAPUMI51 

C(1I1~~CN Pl, P2, Tl, TZ ,IN l ,HV2,IiFLl ,HFlZ, SV l,SV?, SFll • .SFL2 .SX1, SX2, 

HIXI;HX2, RAOION, XI, X2, ETACOl, ET ATUR, UlC, T ,.U, PCWERl ALFA, 

ZETAPUM,FlO~,PIPLOS,FRIClS,QAOO,CREJ,CONSU
R,TCwI,TC~O,U1Il,SUMRAO, 

3AiEA,CClINV,STOINV,SININV,TURINV,COTINV,R
EPAIR,UPERTN,E~TRS,EXPLIF 

COMMON I,J,K,l,M,N,II,JJ,KK,ll,M~,NN,IJ,IK,ll,I
M,IN 

COMMLN ETARAN,TAMBI,EF,OUSEF,TOTHOU,TOTWRK . 

1 FOR~ATIIOF8.21 
Z FOR~IATIlOFS.41 
3 FORMAT 15FlO.ZI 
4 FORMAT 12FlO. 21 
5 FORMATI 12F6.1 
(, fORMATI8FIO.21 
7 FORMATCI2f6.ZI 
8 FORMATIEIZ.6,15X,EI2.61 
9 FORMAT IFIO.21 

10 FOPMAT(6F1Z.41 
II FORMAT(15,2F6.0,2F8.0,F9.2,2FB.C,F5.0,2FB.21 

14 FORMATIS;H ITER. TI T2 TOTAl.INV TCT.FJP.COST tlKWH ARfA COL 

1.1NV RAD.· COl.EF. OVER.EF. 1/1) 

lb FORMATI10(4X,AIII 
17 FOR~AT 14X, Ali 
19 FO~MAT 163H THE FGLLGloilNG GIVES A LIST fN ASCEN!)I~~G O~DER SUCH AS 

1 A#1 C/KWHR Z*SO C/KkHR 1 
20 FORMAT IlOlF5.0 ,;XII 
21 FORMAT(SOllX,Alll 
22 FOPMAT(F9.2i46H IS THE KIN COST REPRESENTEO BYIAI,CONO.TEMP= F6.0, 

ISH UlCN F4.2,5H TAU~ F4.Z,bH AlFA# F4.2,15H SELECT Sl~CK F4.0111 

23 FORKAT(lX,100A11 
24 FORMAT(lX,lOOAl 111111 
25 FOR~ATIlx,lOOA1,151 
26 FORMAT 11H11 
27 FORMAII53h FIG < RAOIATION INTENSITY-60IlER TF'~P. VS COST 

Z9 FORMAT 151101 
30 FORMAT(21H sellER P~ESSUPES IN PSlA 
31 FORMATI30H CONDENSER PRESSURES IN PSIA 
32 FORMATI28H BOllER TE~PERATURES IN ~F< 
33 FDRMATI31H CCNO&NSER TEMPERATURES IN %F< 
34 FORMATI20H ENTHALPIES BTU/LB ,. 

35 FORMATI24H ENTROPIES BTU/l8.f 1 
36 FORMAT(22H TURBI~E EFFICIENCIES 1 
37 FORMATI19H PUMP EFFICIENCIES 
38 FO~HATI16H ABSORPTIVITIES 
40 FORMAT(ZOH PO~ER RATING IN KW 

140 FORMATI18H TRANSHISSIVlllES 1 
141 FORMAT(33H OVERAlL HEAT lOSS COFFFlCIE~T .1 

?~GF COOl MAIN PROGRAMME FOR 
01 - 02 - 03 - 04 

• 



e e 

FORTR4N IV G LEVEl l, MOD 3 HAIN DAT E 69048 ,17/49/06 

0042 
eDH 

·0044 

004:> 
004& 
0047 
004a 
0049 
0050 
0051 
0052 
00S3 
0054 
J>055 
005b 
0057 
0058 
0059 
0060 
0061 
00&2 
00&3 
0064 
0065 
0066 
0067 
0068 
0069 
0070 
0071 
0072 
0073 
0074 
0075 
007& 
0077 
0078 
0019 
0080 
0081 
0082 
0083 
0084 
0085 
0086 
0087 
0088 
0089 
0090 
0091 
0092 
0093 

145 FIJRMATl23H AlLPRICES IN DOLLARS 
146 FOiHAT (8311 rlOOi) PR lC E GLASS PR 1. TEOlA~P. SHEET IROIl GL ASWQOl TUR 

I.PKr. CIRC.PUM. FEEO PUM. 1 
141 FOR~ATI9CH PIPE PRICE GOVER.P~I.CO~D.TUbt CO~D.SHEll REPAIR OPE 

lRATIU~ INTEREST LIFETIME,YEARS 1 
148 FORMATI54H USE FACTOR AMBlENT ~ COOL H 1 COOL W 0 PIPE HEAtLOSS 

READI5,1611ISIGNIKKI,~K=l,501 
READ 15,I711EMPTY 
READ 15,171 IBlANK 

1001 READ '( 5,29INN, IJ~IK, Il,IH 
READ (5,II1P1IMI ,M=I,101 
REAU (5,1 IIP2(HI ,14=1,101 
READ 15,lIn 11 141,14=1,101 
READ 15,IIIT2(MI,M=l,101 
READ (5,lIIHVIIM1,M=l,lOI 
READ 15,lIIHV2(KI,M=l,lOI 
READ 15,lllHFlIIMI,M=l,lDI 
READ 15,lIIHFl21MI,M=l,lOI 
READ (5,21ISVIIHI,K=l,lOI 
READ 1 5,ZI ISV2(111 ,11,=1,101 
READ 15,ZIISFlIIMI,M=l,lOI 
REAU IS,21ISFl21~I,M=l,101 

READ 15,101PlIlll,Tlllll ,HV1I111 ,SVlIll l ,Hflllll I,SFlllll 1 
READ IS,31IETATURIMI,H=1,51 
REAU 15,31IEIAPUMlhl,H=1,51 
READ IS,31IAlFAIMI,M=l,51 
READ 15,31IPOWERIMI,H=1,51 
READ 15,311TAUIMI,H=1,51 
READ 15,31IULCIMI,H=l,51 
RtAD 15,6IPRWOOD,PRGlAS,PRTEDl,PRSTEl,PRFI6G,P~TUR,PRCIPU,PRFEPU 
READ 15,6IPRPIPE,PRGOVR,PRCOTU,PRCOSH,REPAIR,UPERTN,ENTRS,EXPllF 
READ IS,31USEFAC,TAHBI,TCWI,TCWG,PIPlOS 
WRITEl6,26" . 
~R IT E 1 6, 30 1 
WRITEI6,lIIP1IMI,M=1,101 
WRITEIt:,311 
WRITElb,IIIP2IMI,M=l,lCI 
~:F!lTEl6,321 
wRITElt:,IIIT1IHI,M=l,lOI 
WRlTEI6,331 
WRliEI~,ll(TZ(MI,M=l,lDI 
WRlTEI6,341 
wRIIElt:,lIIHVlIMI,M=l,101 
WRITElt:,lIIHV2IHI,M=l,lOI' 
WRITt:16,lI IHFl111H ,M!=l,lOI 
hRITE16,lIIHFlZIMI,M=l,lOI 
hRITElt,351 
WRITEI6,21(SVIIHI,H=l,lOI 
WRITEI6,Z'(SV2(hl,M=l,lOI 
~RITEI6,Z)ISFlIIHI,M=l,lOI 
WRITElb,2)ISFl2IMI,H=l,lO) 
IIRITE16,361 
WRITEI6,~'ETATURll1 
WRITEIt>,371 

• 
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FOkTRAN IV G lEVEl l, "~D 3 ;',A IN !lATE b9f'!t € 17/4C;/'Jf. 

0094 
0095 
0096 
0097 
OO'iB 
0099 
0100 
0101 
0102 
0103 
0104 
0105 
0101> 

" 0107 
0108 

.0109 
0110 
0111 
0112 
0113 
0114 
0115 
0111> 
0117 
0118 
0119 
0120 
0121 
0122 
01~3 

0124 
0125 
0121> 
0121 
0128 
0129 
0130 
0131 
0132 
0133 
0134 
0135 

0131> 
0131 
0138 
0139 
0140 
0141 
0142 
0143 
0144 
0145 
0146 

~RITEI6,9IETAPUHIII 

kRlTEI6,3f.1 
hRITEI6,9IAlFAI11 
I<;R IJEI6,t,O 1 
WRITElb,9IPOhER(1) 
loIRITE16,1401 
kR ITE 16, 9ITAUI1I 
WRITE16,1411 
hRlTEI6,'1IUlCI1I 
hRITE16,1451 " 
"RITEI6,14bl 
.. RITE 16,61 PRhOOD,PRGlAS, l'RTE Dl ,PRSTEl, PRrIllG, PRTllll ,P~ CI PU, PRFEPU 
WRITEI6ol471 
WR lTE 16,61 PRPI PE 1 PKGCVRI PRCOTU ,"RCOSH ,REPAI R ,OPERTN, ENTRS, EXPL 1 F 
liP lTEI (" 1481 
WRITEI~,3IUSEFAC,TAMBI,tCWI,TC.U,PIPlOS 
wRITEI b,2/:.1 
":RlTEI6,141 
J=3 
K=l 
L=l 
MM=l 
Il =1 
JJ=l 
JlM=1 
KJ=l 
lM=l 
INZ=T2IJI 
PNl=P2(JI 
HVN2=HV2IJI 
SVN2=SVlIJI 
HflN2=HFl2IJI 
SflN2=SF L2( J 1 
lINT2=~2IJ+II-T2(JI 
PINT2=PZ(J+l'-P2IJI 
HVINT2=HV2(J+II-HV2IJI 
SVINT2=SV2(J+ll-SV2IJI 
HFINT2=HFL2(J+l'-HFL2(JI 
SFINT2=SFL2IJ+ll-SFL2IJI 
DO 250 KJK=1,30 
AKJt..=K"JK 
RADIONIII,JJI=335.0-5.0*AKJK 

C INTERPOLATION Of PHYSICAL PROP~KTIES 
13 ANNI=NMI . " 

PAT=0.5 
T2IJt=1 TINT2 I*PAT+T~2 

P2IJI=1 PINT2 I*PAT+PN2 
HV21~1=1 HVINT2 I*PAT+HVN2 
SV2IJI=1 SVINT2 I*PAT+SVh2 
Hrl2IJI=1 HFINT2 l "'PATHIFUU 
SFl2IJI=1 SFINT2 I.PAT+SFlN2 
00 1 CO 1 = i ,10 
M=O 
T'1l=TIIlI 

• 
DAGF onna 



e e 

FORTRAN IV G l~VEl 1. MOO 3 MAIN DATE b9048 17149/06 

0147 
0148 
0149 
0150 
0151 
0152 
0153 
0154 
0155 
0150 
0157 
0158 
0159 

. 0100 
0161 
.0162 
0163 
0164 
0165 

0166 
01ô7 

0168 

016'1 
Ô170 

0111 
0172 
0173 

0174 

0175 
0116 
0177 
0178 

0179 
OlliO 

. 0181 

0182 

0183 
0184 
0185 

C 
C 
C 

C 

C 

C 

C 

C 

C 
C 

è 

ç 

C 
C 
C 

PNl=PllJ 1 
HVNl=HVllll 
SVNl=SVlIlI 
HFUH=HFlllll 
SflNl=SFlllll 
T1NT1=Tlll*1'-Tllll 
PINTl=Plll+l'-Pllll 
HVINTl=HVlll*l'-~VlIII 
SVINTl=SVlII+ll-SVIIII 
HfINTl=HFLIII*l'-HFlllll 
SFINTl=SFllll+l'-SFlllll 

63 ANI=NI 
RA T=AN JI 10 • 
T1111=1 TINTI I*RAT*TNI 
Plll'=1 )INTI I*RAT*PNI 
MV111'=1 HVINT1 l*RAT* HVNI 
SVll1l=l' SVINTl l*RAH SVNI 
HFllll'=1 HFINT1 I*RAT*HFlNl 
SFLIIII=C·. SFINTI I*RAT*SFlNl 
RANKINE CYCLE FOR SATURATED STEAK 
ISENTROPIC EXPANSION FROM THE SATURATED VAPOUR STATE 
x2 IS THE QUAlIry OF STEAM AFTER ISENTROPIC EXPANSION 
X2IJl=ISVllll-SFlZ(JII/ISV2IJI-SFlZIJII 
HX2IJl=~FL2IJI*X2CJI*IHV2CJl-HFl2IJII 
IDEAL \oîORK 
hOUI=HVlll'-HXZIJl 
ACTUAl WORK 
WOUA=WOUI*ETATURIKI 
QAOO~HVl'll-HFl2IJl 
PUHP IIORK 
·~PUHP=O.00Z9S*IPllll-f2IJII 
ACRATE=POWERlll*ll.*PIPlOSI 
WPUHPA=WPUMP/ETAPUMIKI 
NET WORK . 
WNETT=WOUA-WPUHFA 
RANKINE CYCLE EFFICIENCY 
ETARA"=~TT/QADD 
QREJ=HX2IJl-HFl2IJI 
QTOT=ACRATE*3413. 
FlOw=QTOT/CQAOD-QREJl 
FLAT PLATE COllECTOR PERFORMANCE.AREA .COST CAlCUlATIONS 
TOTAL HEAT WHICH MUST BE COLlECTEO 
QUSEF=QAOO*ll.*PIPlOSl*FlOW 
CALl cellEC . 
NO STORAGE SYSTEM 15 REQUIREO 
STOl tfV=O. 
TEMPERATURE AND AUTOHATIC CONTROlS COST 
COTÎf.V=250. 
TURBINE PERfORMANCE AND COST 
IF THE SYSTEM SHtiULC OPERATE BElOW 212 CEG.F. A VACUUM PUMP - ... 
MUST BE USEC 
IFITIlll-212.l54,54,56 

·54 Pi( VAPU=2 50. 
TLRINV=PRTUR~POWE~IKI*FRCIPU+PRFEPU+PRVAPU 

• 
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FOKT~AN IV G LEVeL l, ~UO 3 HAIN DATE 69048 1 "1149/06 

01810 
0181 

0188 

0189 
0190 
0191 
0192 
0193 
0194 

0195 

01910 
0191 
019é1 
0199 
0200 
u201 
0202 
0203 
0204 
0205 
0206 

0201 
0208 
0209 
0210 
0211 
0212 
0213 
0214 
0215 
0210 
0211 
0218 
0219 
0220 
0221 
0222 

0223 
0224 
0225 
0226 
0221 
0228 

.0229 
0230 

GO TO 51 
50 TURINV=P~TU~*POW~RIKI+PRCIPU+PRFEPU 

C THE CO~D~~SER TEMPERATURE IS FIXED AT 95 DEG. F 
C THE.CO~DENSER COST TUa 15 FIXED 

!l1 SININ\t=300. 
C FI~AL CaST CALCULATÎONS,COST PER KWHR 

TOTINV=COLINV+STOINV+SININV+TURINV+COTINV 
CAREFC=ENTRS.ll.+ENTkSI**FXPlIF/lll.+ENTRSI~*EXPlIF-I.1 
TOTElIP=TCTINV* 1 CAREFC+REPA IR+UPFRTN 1 
FI~COSIM~I=TCTEXP/TOT~RK 
IFlF INCGSI MMI-O. 201111,111,118 

117 ~RITEI6,11IMM,T1rII,T21JI,TOTINV,TOTEXP,FINCOSIMMI,AREA,COlINV, 
lRAOIûNIII,JJI ,ETACOlIKI,EFIII,JJI 

176 CONTlNl;E 
C GENERATING THE MATI<IX FINcosncco< Ta STORE COST FIGURE FOR 
C AlL CO~BINATIONS OF Tl AND T2 

tJ.M=MM+ 1 
NI=NI+1 

59 IFINI-IOI63,61,100 
61 TIlt I=TNI 

PlII,=PNI 
hV 11 Il =HVNI 
5v1l11 =SVNI 
HFU 1 1 1= l'<F ua 
SFUIII=SHr..Il 

100 CONTI NUE 
250 CahoT INUE 

C MINIMUM CuST WITHIN THE RM;Gl OF PARAI~ETEP.S VARUTION 
COSHIN=FINC.OSlll 
CUSHAX=FIfl.COSlll 

'Kl=l 
201 IFIFINCUSIKLI-COSMAXI204,204,Z03 
203 COS~IAX=F INCOS 1 Kli 
204 IFIFINCOSIKLI-COSMINI201,201,205 

. 201 cosmN=F INCOSIKlI 
205 Kl~Kl+l 

IFIKl-HMI201,208,208 
208 kRlTEI6,261 

00 210 IH=1,100 
210 IPkINTIIMI=IdlA~K 

hkltElo,24111PRINTIIMI,IM=1,1001 
LIfo.;E=O 
lH=l 
ELfo:=LM 

C HAPPING THE (.OS1 FUl>iCTlON AGAINST Tl AND 1, CQSHI'f\:C';Tlt1< 
C SET H!E MATRIX INTO A BlANK SPACf:: - IS USEO FOR BlANKS< 

211 00 21~ KIl=l,IO~ 
215 IPRI~TIKIll=IBlANK 
21~ KK=FI~COSIlMI*100. +1.0 

82 IFIKKISO,90,B9 . 
89 IFIKK-501~1~91,90 
90 KK=50 ' 
91 A~M=FlCATILHI/I00.+1. 

NM)f=A,.." . 

e 
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fORTRAN IV G lEV~l l, MOO 3 /olAIN CAlE .. 6'10.8 171'-9106 

02n 
OH2 
0233 
023'0 
0235 
02J6 
02n 
OllS 

0239 
02'00 
02ftl 
OHZ 
020 
02ft4 
014~ 

02'06 
Olft7 
02ft8 
Olft9 
Ol50 
0251 
0252 
0253 
025ft 
0255 
0256 
0,57 
0258 
0259 
0260 
0261 
0262 
0263 
0264 
0265 
0266 . 

C 

C 

CMM=I\MM 
IFIAM~-CMMI2110.219.214 

214 IKI=IA~M-t~Mlo9~.+1. 
IPR1NTtIKII=ISIG~I~kl 
lM=UI+l 
IFllM-30~OI21u,216,219 

218 GO TO Z13 
219 IPRINTI100I"ISIG~IKKI 

PlCTTING THE RESUlTS FUR ONE FIXEO CONDENSER TEMPERATURElT2< 
1I1'\f =lII'\E+ 1 
NllNE =33S-S*ll ~E 
KlINE·INLINE/201·Z0-~lINE 
IFIKlll\fl~22,2Z~,Z2Z 

2lZ WRllEI6,2:;111PRJ~TllKLI,lKl.1,lOOI 
GO TC lZb 

22ft WRITElb,2SIIIPRlhTliKll.lKL-I,lrOI.NlINE 
PRINT LIH!5 'FO~ ALL T2 UNTIL TH~ RA~GE 15 eOVEREO 

226 IFIL"-30001212,217,217 
212 LH-LH.l 

GO TO 213 
217 00 231 JlH-l.1DO 
231 IPRINTIJLMI-IBLANK 

00 235 JLH-5.100,5 

23S ~:~~~I ~~~~:; ~~~~~~~~~H f, JlM=l,lOOI 
WRITEI6,201ITlI11,1=1,lOI 
'''''TE 16,191 
WRITEf6,2UIISIGt;!I\.JI,KJ=1.501 
COCENT'"CCSHI N*100. 
GL4NUM-Z. 
·WRITElb,22ICùCE~T.T2IJI,ULCI11.TAUIII,ALFAIII.GlA~UM 
WRITE16,271 
wRITE16,261 

150 CONTINUE 
IFtNN-11999,1001.999 

999 CAll E XI T 
OEnUG sueCHK 
END 

• 
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FORT~4~ IV G LEVEL l, MOO 3 tOLLEC DUE 6q;)48 17/109/06 

0001 
C 

0002 
0003 

01104 

0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 

.0025 
0026 

002~ 

0028 
0029' 
0030 
0031 
0032 -
0033 
0034 
0035 
0036 
0037 
0038 
0039 
0040 
0041 
0042 
001t3 
001t4 

SUpROUTINE COLLEC 
COLLECtOR ~ITH SELECTIVE A8SCR81NG SURFACE AND TWù GLASS eOVERS 
DIKEkSIDN IPRINTI10ll,ISIGNI511,FlNtOSI3002',EFCll,61 _ 
OI'lENS ICN PHll) ,P2Ut), TlUI), TlC 11 l ,HVlllU ,HV2(111, HFLlllll, 

IHFL2111I,SVllll"SFllIll',SFL2111"SXl(11I,SX2Cll •• SV2(11" 
2HX1Ill"HX2(III,RAOIONI12,B.,xilll',X2(11"ETACOL(5J,ETATURIS', 
3ULCI5"TAUI5"POkE~(51.ALFAI5"ETAPUMI5' , ' 

COMMON Pl,P2.Tl.T2.hVl,HV2,HFLl,HFL2,SYI,SVl,SFLl,SFL2,SX1,SX2. 
lHXI,hX2,RAOION,Xl,Xl.ETACOL,ETATUR. ULC,TAU,POWER,AlFA, 
2ETAPUM,FlOW,PIPlOs,FRICLS,QAOO.OREJ,CONSUR.TCWI,TC~O,UTIL,SUHRAO, 
3AREA,COLlNV, STOINY,S ININV, TURINV ,COHNY ,REPAIR,OPERTN,f:NTRS, EXPLI F 

COKMON I,J,K,L,H,N,Il,JJ,KK,LL,MM,NN.lJ,IK,IL.IM,I~ , 
COMMUN ETARAN.TAMBI,EF,QUSEF,ToTHou,rorwRK 
JHN=l 
GLANUI1=2.-
ETACOL(K'=0.35 
TAUIK'=0.8B**GlANUM 
ALFAIK.:O.9 
ULCI Kt=O.6. 
EFPRIM=O.q 
CHECK=RAOIONI JI ,JJ '*TAUI K'*ALf AI K'-UlC IKJ*CTlC.II-TAMBII 
RAOCRT=1.05*UlCIKJ*IT111'-TAMBII/ITAU(KJ*AlFAIKJ' 
IFIRAOIO~CII,JJJ-RAOCRT'41,41.39 

39 IFICHECKI47.41,1t1 
41 AREAPP=QUSEF/IRAOIONlII,JJI*ETACOlCK" 

G=FlOW/IO.l*AREAPP' 
520 EXPON=EFPRIM*ULCCK'/G 

IFCEXPON~IOO.t522.522.523 
522 FlOFAC~'I.-Cl.I'2.118**E.'ONJI./E(PON 

GO TO .526 
523 FlCFAC=O.Ol 
526 FR=FlOfAC~EFPRIM 

ARESE~=O.I*QUSEF/IFR*lRAOIONIII,JJ.·TAUIK'~ALFAIK'-UlC(K,* 
1(T2IJ.~AMBI)'J 

ARElAl =o.q*QUSEFIIEFPRIM*IRAIHONl 1 J,JJ '*TAUlK,UlFAC K'-UlCl K)* 
11 TlI 1 '-TAMBI ,., 
AREA~ARESEN+ARELAT 
G=FlOh/ARESEN 
JMI\:=JMf\+ 1 
ETACOlIKI=FR*CHECK/RAOIONIII,JJ' 
I·F cj ... t~-2' 520 ,520,45 

45 EFIII,JJ)=ETARAN*ETACOlIKI 
IFIEFCII,JJ'141,47,48 

41 EFClI,JJ')=O. -
101\oiRK=I.0 
GO TO' 51, 

48 10THOU=2400. 
TOTwRK=AREA*EFCIJ,JJ'*RAOIONlll,JJI*TOTHOU/3413. 

51 COlCOS=5.5*AREA 
ASSEM=I.2 
COLI NV=COlèos*ASSEK 
REfURN 
END 

e 
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lTER. Tl T2 TOTAL.INV TCT.EXP.COST t/KWH AREt. COL.INV RAO. COL.EF. OVER.EF. SAMPLE RESULTS FOR PROGRAMME 01 

30 189. 9,. 16930 •. 2937. 0.20 2086. 13770. 330. 0.37 0.03 
31 190. ?'. 16906. 2924. 0.20 21)75. 13696. 33(). 0.36- 0.03 
32 191. 9,. 16/133. 2'112. 0.2C 2065. 13628. 330. 0.36- 0.03 
33 192. 9,. 16771. 2901. O.~O 2055. U561. 33t'. 0.36 0.03 
34 _ 193. 95. H,7C~. 266'1. C.20 204;' 13496. 330. (J.3b 1).03 
35 194. 95. 14642. 2878. 0.2li 2035. 13432. 330. 1).36 0.03 
36 195. _ 9,. 16579. 2868 • 0.20 2026. 13369. 330. 1).36 C.03 
37 l'lb. .. ,. j 1051&. 2857. 0.19 2016. 13306. 330. 0.36 0.03 
31i .197. 9,.' Ib459. 2647. __ 0.19 2001. 13249. 3-30. 0.3, - 1).03 
39 198. 9,. 16401. 2837. 0.19 1999. 13191. 330. 'l.35 0.03 
40 199. 9,. 16344. 2827. 0.19 11190. 13134. 330.- 0.35 0.03 
41- 200. 95. 16288. 21H7. 0.1e; 1'182. 13IH8. 330. 0.35 0.03 
42 201. 95. 16237. 2&06. 0.19 i974. 13027. 330. 0.35 0.03 
43 202. 9,. 16187. 2600. 0.19 1966. 12 .. 77. 330. 0.35 0.03 
44 203. 95. 16139. 2791. 0.19 1959. 12929. 33{\. 0.35 0.03 
45 20ft. 95:. 16091. 2783. 0.19 1952. 12681. 330. 0.34 0.03 
lob 205. 95. 16045. 2775. &.19 1945. 12835 •. 330. 0.34 0.03 
lt7 206. 95. 159'79. _ 2707. 0.1'1 1938. 12789.- -330. 0.34 0.03 
48 207. 95. 15955. 2760. 0.19 1931. 12745. 330. 0.34 0.('3 
49 -208. 95. 15912. 2752. 0.19 1925. 12702. 330. 0.34- 0.03 
,0 209. 95. 15d70. 2745. 0.19 1919. 12660. 330. 0.34 0.03 
51 210. 95. 15829. 2736. 0.19 1912. 12619. 'no. (}.34 0.03 
52 211. 95. 1,791. 2731. 0.19 1906. 12581. 330. 0.33 0.03_ 
53 212. «;,. 1,755. 2725. 0.19 l'iOl. 1254,. 330. -0.33 0.03 
54 213. 95. 15470. 2676. (1.16 16_9'. 12510. 330. O.:!3 0.03 
55 214. «;5. 15435.- 2670. 0.18 1890. 12415. 330. (l.33 0.03 
56 215. 95. 15402. 2664. 0.16 1885. 12442._ 330. 0.33 0'.03 
57 216. 95. 153-69. 265f. 0.16 1680. 12409. 330. 1).33 0.03 
5fs 217. 95. 1,337. 2653. 0.18 187,. 12317. 330. 0.33 0.03 
59 218. <;5. 15306. 2b47. 0-. i8 1871. 12346. ;no. 0.33 0.1)3 
60 219. 95. 1,276. 2642. 0.18 1866. 12316. 330. 0.32 0.03 
&1 220._ 95. 15246. 2637. O.IS 1862. 12286. 330. (l.32 G.03 
62 221. 95. 1,220-. 2633. 0.18 -1658. 12260. 3_30. 0.~2 0.03 
63 222. 95. 15195. 262B. 0.18 1854.- 12235. 33e. 0.32 1).-03 
64 223. «;,. 15171. 2624. C.18 18,0. 12211. :Ùl). 0.32 0.03 
65 224. «;5. 15147. Ztj20. 0.18 1846. 12181. 330~ 0.32 0.03 
66_ 225. 95. 15124. 2616. 0.18 1843. 12-164. 330. 0.32 0.03 
67 226. «;5. 15102. 2612. O.lB 18ltO-. 12142. 330. 0.31 _0.03 
-68 227. 9,. 15080. 2q08. 0.18 - 1836. 12120. 330. O~31- 0.03 
69 228. 95. 15059. 260,. 0.18 1833. 12099.- 330. 1).31 0.03 
70 229._ 95. 15039. 2601. 0.18 ~830. 12019. 330. 0.31 0.03 
71 _230. $5. 1S020. ~596'; o.le 1827. 12060. 330. 0.31 0.03 
72 231. 9,. 15003. 2595. 0_.18 1825. 12043. 330. 0.31 0.03 
13 232. «;,. 14986. 2,92. 0.18 1822_.- 12026. 330. 0.31 0.03 
74 233. 95~ 14971. 2,89. C.18 1820. 12011. 331). 0.30 0.03-
75 234. G <;5. 14956. 2587. 0.18 UH8. 11996. 330. 0.30 0.03 
76 235. 95. 14941. 2564. 0.16 1815. 11981. 330. 0.30- 0.03 
11 236. 95. 14928. -2,012. 0.18 1813. 11968. 330. 0.30 0.03 
18 231. 9,. 1'1.915. 258(\. 0.18 1811. 11955. 330.- 0.30 0.'l3 
79 -238. 95. 14902. 2,7S-. O.lS 1809. 11942. 330. il.3n 0.03 
80 239. 95. 14990. 2,15. 0.18 1808. 11930. 3~O. 0.30 (l.O3 
81 240.- 95. 1487<;. 2514. 0;18- 1806. 11919. 330. 0.3n 1).03 
82 241. 95. 14810. 2,72. - 0.18 180,. 11910. 330-. -0.29 0.03 
83 242. <;5. 14862. - 2571. 0.18 1803. 11902. 330. 0.29 0.03 
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R7717QQQQQQ666666PPPPPPPPPP55555555555S555555000000000000000000000000000555555555555555PPPPPPPPPP666. 
8RRRRR77777QQQQQQQ666666666PPPPPPPPPPPPPPPPPPPPPPPPPP5555555555555PPPPPPPPPPPP~P~P666666666QQQQQQQb7 
SS8888RRRkRR1771777QQQQQQQQQQ666666666666666666666~66PPP66666666666666666666QQQQQQQQQQlllllllRRRRRR8 
999SSSS888888RRRRRRR717777717711QQQQQQQQQQQCQQQQQQQQQQQQQQQ~QQQQQQQQ77717117111RRRRRRRR888888SSSSS99 240 
TTTT99999SSSSSS886868868~RRRRR~RRRRRRR~RRRRRRRRRRRRRRl1111RRRRRRRRRR~RR686888886SSSSSS999999TTTTOOQb. 
UUOO~OTTTTT9999999SSSSSSSSSSS888888888888888888888B88888888888SSSSSSSSSS9999999TTTTTTOOOOOUUUU"'VVV 
•. ···UUUUUOOOOOOTT1TTTTT9999999999999999999999999999999999999999TTTTTTTTOOOOOOUUUUU····VVVV----WWWXXX 
---VVVV······UUUÜUUUOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOUUUUUUU······VVVVV----WWWXXXX&&yyyZZZ 220 
XXWWWW-----VV\/VVVVV' • • • •• • • •••• 1 ••••••••• " • , • •• • '.1' • •••• • VVVVVVV-----WWWWXXXX&&&&yyY.llZ . 
yy &&&&XXXXX WWWWWWWW-----..:.-.:..-.-.----------':'"-------...;WW~WW\-II1WWWXXXXX &&&& &. YYY LZZ Z 

ZZZl yyyyyy &&&&-&&&&XXXXXXXXXXXXXXXXXXXX X&&&&&&& && & Y & 'tYYYY Z ZZZZ" 
zlztzzzZZZZZZZZZlZlZlZizzzz . 200 

____ • ____ • ____ .• ----.----.----.----.-~--.----.----.---_. ____ • ____ t ____ • ____ • ____ • ___ ':'". __ ~_. ___ ~. __ ~_. 

160. 110. 
THE FO(LOWING'GI~ES 
A , B = t + 0 , E $ 

11.83 IS THE HIN 

~ 

180. 190. 200. 210. 220. 230~ 240. 250 •. 
A LIST IN ASCENDING OROER SUCH AS AHI C/KWHR Z#50 C/KWHR 
F *G 1 H_< 1 0 J • ~ 1 l 2 M 3 N 4 0 5 P 6 Q 1 ~ 8 S 9 TOU • V - w X& y Z 
COST·REPRÈ"SENTEDBY(A),COND.TEMP= 95. ULC#O.60 TAU#0.71 AlFA#O.90 SELECT BLACK 

FIG < RADIATiON INTENSITY-BOIlER TE~P. VS teST 

2. 
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fORTRA~ IV G LEVEL l, MOD 3 COLLEC DATE 6905., 12/59/52 

(1·'(\1 
C 
C 
C 
C 

0002 
00i13 

00('4 

0005 
,)006 
0007 
ODOS 
0009 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 

OQ26 

0027 
0028 
0029 
0030 
0031 
0032 
0033 
0034 
0035 
0036 
(}(l~i 

0038 
0039 
0040 
0041 
0042 

·0043 

SU~ROUlINë COLLEe 
FLAT .PLATE CGLLlCTC'11 P:kFORMAWCE WITH HON~YCOl'l& CONVE.c.TrON 
SUPPRESS~~S A~O SFLECTlvE AaSCREI~G SURFACE 
HllNEYCC.V,:3 CELlS A~D THEIl< CHAPACT!:RISTIC FJGU,1ES AS SUGGEST",O 
SV T .HCLLAP~j)S 
OI~ENSION IPRJNTCIOl',JSlGNC~1"FJNCOSC3002"EFj12,61 
OJ'IENSION PIClU ,P21l1l,TlIlll, T211U,HVlIllI,HV21111,HFLlIUlt 

IHFl21111,SVlC 1ll,SFLlI 11), SFL21 111,SXlI 1ll,SX21ln ,SV21 111, 
2HX1111"HX2111"RAOION(12.S"XlIlll~X2111',ETACOlI5',ETATURI51, 
3ULCI5'~TAU(5"PO~ERI5"ALFAI~',ETAPUHI51 .. 

COHHON Pl,P2,Tl,T2,HVl,HV2,HFLl,HFl2,SV1,SV2,SFll,SFL2,SXl,Sx2, 
IHXl,HX2,RAOION,Xl,X2,ETACOL,ETATUR,UlC,TAU,~OWER,AlFA, . 
2ETAPUM,FLOW,PIPlOS,FRJCLS,QAOO,OREJ,CONSUR,TCWI,TCWO,UTIL,SUl-IRIIO, 
3AREA,COLJNV,STOJNV,SJNINV,TURINV,COTINV,PEPAIR,OPERTN,ENTRS,EXPLIF 

COMMON I,J,K,l, H,N ,II, JJ, KK·,ll, HM,NN, IJ, fK,lL,lM, IN 
COMMON ETARAN,TAMBI,EF.,OUSEF,TOTHOU,TOTWRK 
JHN=l: 
ETACOLCKI=0.40 
ULClK'=D.423 
AlFACK,=0.9 
TAUlKI=0.63 
EFPRIH=0.9 
CHECK=RAOJONIII, JJ ''''TAUl K' *ALFAIK'-ULC lK '*(Tl( t'-TAMI3I'. 
RADCRT=I.05*UlCIK'*ITl1I'-TAMBI'/ITAUIKl*ALFAIK;/ 

.. IFlRAOIONIII,JJI-RAOtRt'47,47,39 
39 IFlCHECK'~l,41,41 
41 AREAPP=QUSEF/IRAOIONIII,JJ'*ETACOLIKI' 

G=FlOw/IO.l*ARfAPP' 
~2{1 fXPON=EFPP IH*ULClKIIG 

IFleXPGN-100.1522,522,523 
522 FLOFAC=ll.-Cl./l2.118**EXPO~"'/EXPON 

GO TO 526 
523 FLOFAC=O.Ol 
526 FR=FlOFAC*EFPRIH 

ARESEN=C.l*QUSEF/lFR*lRAOIONIIJ;JJ'*TAU(KI*~LFAIKI-UlClK,. 
lCT.ZIJ'-TAMBIII' 

ARELAT=0.9*OUSEF/IEFPRIM*IRAOIONIII,JJ)*TAUIKI*AlFAIK'-ULCIKI. 
llTlll'-TAMbJ')' 
A~ fA=ARESEN+ARElAT 
G=FlOW/ARESEIt 
JMN=JHN+l 
ETACOLIK'=FR*CHECK/RAOIONIII,JJI 
IFIJHN-2)5Z0,520,45 

45 EFIII,JJ'=ETARAN*ETACOllKi 
1~IEFIII,JJ')41,41,48 

47·fFIJ1,JJJ=o.ooooel 
TQTWRK=O.OOOool 
GO to 51 

48 TOTHou=24oo. 
TOTWRK=ARfA~EFIII,JJ)*RAor~(rl,JJ'*TOTHOO/3413. 

51 ~LCOS=6.5*A~eA 
ASSEH=1.2 
(OLJNV=cOLCQS*ASSfM 
~ETURN 
END 

TOTAL MEMCRV REOUIREMENTS D036AE BYTES 

e 

0A:>E Ooôt SUBROUTlNE 02 



e e • 
7;, 2'15. on ':5.(\.1 1!{:1t-.45 l365.:'2 °.15 1)73.90 1071(..45 33"."(' ".4 4 ('I.as SAMPLE RESULTS OF PROGRAMME 02 
77 236. NI 95. "Il 13t.Ll.~7 23~''i. 73 ('.15 1'3b Q.61 1"611? 97 3~('.1)1) 0. 4 ,3 '.05 
ld 237.0iJ q 5. f:O 130('9.97 <:354.02 1).15 13(,5. '3.G 1~!J/ .. ~. 97 ?-3·').1\(' ~.1,3 ~.~C; 

7'1 131:'.00 '> 5. "i.) n~71.4b 2:;46.1,f) (1.15 1361.21 10h\7.46 3'3r-~"(\ n.4~ ".':'5 
80 239.ilO 95.e(l !3!i4S.45 23',7.. ~!> ').15 B57.11 !"535.45 33'1.')('\ !l.4 "3 1."5 
tH 240.00 95.'10 13513."2 2337.41 C.15 1"353.:17 1(1<;';3. '!Z )'!(l.1\1' !\.1.1 . "'. "5 
82 ;:41.00 c;~.o'.:, 134f,4.4~ 2:'32.32 0.15 134Ç.2Q 10'5?4.49 ! 3!:'.1)~ :'.43 'l.'!5 
63, 24Z.00 95.0" 13455.47 2377.30 (l.IS 13 /.5.57 11)495.47 330.1)1' 'l. L 3 :l.~5 

84 243. QG <15.('IC 1:>47.1>.90 2322.36 !). 1 li 1341.91 10'.!>E-. c,,) 330.1\(\ ".43 0.1)<; 
,35 ?44.00 95-.0,0 13;c~.74 2317.49 (,.15 133A.3C 1041A.74 ~3C."CI ".4'! ').~"i 

66 245.00 95.0(' 13371.(10 2312.69 r.lS 133' •• 74 10411. 0 0 33C1.01) n.4? (I.il5 
61 246.00 9S.0,1- 13343.65 2307.97 tI.15 1331.24 10323.68 , 330.00 0.4? o.~" 
es- 247. QO 95.GO 1331b.75 ,,303. 31 0.15 1327.7'1 10356.75 n0.1)" O.4? '.~5 
69 246.00 -;5.1)0 132QIl.23 22S8.72 (1.15 1324.39 11l331'. ?3 330.':'0 ".42 '1."5 
90 24'1. CO 95. (\0 13l64.11 2294.20 0.1, 1321.r-4 11)3f\4.11 33"".1)~ ~.42 ~."\5 

91 250.00 9~. ::'') 13nS. ~S' 2289. 75 0.15 1317.74 lfl27~.39 :n~.oc ~./t2 ~.f'5 

92 251.01) 95.00 1!214.77 2285.67 O.I~ 1314.71 10254.77 "31'.OC il.42 1). '1,<; 
93 252.1)~ 95.~O 131'11.51) 22"1.64 1'.15 1311.73 li) 231.50 330. n C ':'.42 "."5 
94 253.0iJ 95.00 1311>9.59 2Z77.6~ 0.15 13Cè.7<; 102::1ll.59 334).1)("1 ".42 ':'.1\-;: 
95 254.00 f15.~O 13146.01 2273.7iJ fI.lft 13tS;Ç(' 1Ctl!'!-.Ol 33(\.1)0 t:'.4? I).O!' 
90 255.00 95. C'O 13123. fi·) 2269.93 ('I.l't 13!)3.05 lr.t61.80 331'.(11' 1'.41 1.(15 
97 25b.00 95.00, Ellnl.91 2266.15 ('.14 13!,1).25 l'H41.'?1 330.(10 (\.' • .1 ':'.,)c; 
98 257.(!O 95.{lfI 13 Il 8:'. 35 2262.42, 0.14 12°7.4f 10120.35 331'.00 '1.41 '1.('<; 
99 2' sa. 00 t;~. 0(' 131'59.14 225;:'.75 0.14 1294. U H'1)99.14 3:>0.00 1\.41 !"."S 

100 259.00 95.00 1303;:1.24 22'55.14 0.1'. t2cJ2.('8 1nn 1s.24 .~30.01' Q.41 :').!'\~ 

186 245.00 95.00 13SC;S.25 23!>1.48 0.15 13~3~4Ç 10635.25 325.0" " .. ' .. '2 ".~'5 
167 246.00 9!>.OO 13507. 116 2346.74 ".15 135<l.9R 10b07.86 ?o25.0f> 1'.42 fi. 1'5 
188 247.00 95.00 13540. lB 2342./j7 0.15 1356.52 1 t:' 5P!'). ~H~ 325.'1(\ n.42 n. t:'5 
189 24B. (1) , 95.00 12-514.31 2337.48 0.15 n'B. 12 l n 554.31 325.no !'I.4~ ~.~5 
190 249.00 95.0(' 1348e.15 2332.95 0.15 13',9.76 1052!:1.15 325.00 ' 0.42 !).n5 
191 251'.OQ 95.00 13462.39 2ng.50 n.15 134t:.46 FJ!i(\? 39 ~2~ •. O{,! 0.42 ,.nc; 
192 251.00 95. t)~ 1343'1.79 2324 ... 2 ('.15 1343.44 11)1.78.79 325.00 n. '.1 -:", ns 
193 252.00 95."0 13415.55 2320.4f! 0.15 1340.46 l0455.5S 325~t:r <:l.t, 1 J.'S 
194 25'3.'.:'0 '15.00 B392.6B 2316.44 O. 15 ' 1337.52 1043l.!>'3 32'5")0 O. 't1 ".05 
195 25~.f)0 95.00 1::1370.14 2312.54 ('.15 1334.(:3 10410.14 325.nO 0.\1 a.os 
196 255.00 '15. CO 13347.98 2308.71 0.15 1331.79 1"1e7.91l 325.n!'l 0.4\ n.05 
1'i7 256.00 95.{'0 13326.15 230<,.93 0.15 1328.99 11'"\56.15 325. 0 (1 0.41 'J.05 
198 257. QO 9S.0!) 13304. f>5 2301.22 (\.15 1326.24 l n 34,4.65 325.flO O.itl (l.O5 
199 258.00 95. n (l 132'33.!>2 22S7.56 1).15 1323.53 1':;321.52 325.nn 0.41 '.05 
21)0 259.00 95.00 132h2.70 2293.96 O~b 1320. h6 1l)302.70 32'5.1)" O. ,1\1 0.05 
2913 '257.<:l0 95.,~1) 13~39.î4 2341.77 O~ l:ï 135!-. "!() 1'l57c .14 370.I)n 0.40 0.05 
299 253. CO 95.00 13519.11 23~3. 13 0.15 1353.~0 1(551).\1 32r .. ~0- 0.40 0.05 
300 259.00 95.('0 13497.40 233 ... 55 0.15 13<;Q.95 10537.'.0 32f,.nl"! 0.40 0.05 



• e • - ' , , -------------. --------------------------~--------------------------~-----------------------

llUÏlKKKKKK. ~ ••••• JJJJJJJJJJOOOOCO(\I)OOOO 1 1 II II 11111 1 <<<<<<<<<<<<<<<<<<:<<<<HHHHHHHHHHHHHHHHHHHHHI::IHHI::I:":>":':" 
llllllll KKKKKK ......... JJJJJ JJJJJOOOOOOOOOOOOO 1 1 1 1 1 1 1 1 1 Il II «««««««««««<<<<<HHHHHHHHHHHi·iHHH,';':, t:": 
LLLLllllllKKKKKKK ••• ; •••• 'JJ JJJJJJJJJOC'OOOOOO(\OOOOOII 1 111111111 i 1 ««««<<<<<<<<<<<<<<<<<<<<<<<<<HHH":'32Cf; 
'2LLLLlllllllKKKKKKK. ~ ••••••• JJJJJJJJJJJJOO/)OOOOOOOOOOII 1 IH III II 1 II III n'«««««««<('«<<<<<C<<<<.: ' 
222111111 1111 11 KKKKKKKK ••••••••• JJJJJJJJJJJJJOOOOOOOCoOOOO'I 1 rI IIi 1 UIII ù Il 1111 fI 1 1 ««««.<<<<<:<<<<< :;".,''': 
M2222ll.l.lll1111111KKKKKKKK ••• ~ •••••• JJJJJJJJJJJJJJOOOOOOOO'lOOOOO III II il 1 II Il Il 1 II HI ln 1 I.I Il llnÎ«< :,,:,;::<,:' 
MMM22222lllLllll11111KKKKKKKKK ••••••••••• JJJJJJJJjJJJOOOÔ·OOOOOOOOOOOO"ôO';OI Il 1 HU Il t'lll UitHI ntul«:jÔ((,: 
MHMMM22222LLLLLLLlll i 11IKKK'KKKK'Ki<.'K •••••• ~ ••• ~. JJJiJJJjJJJJOOOOOOOOOOo'OOOOOOOOOOOOOOOOI 1 u: fillH 1,IIlt <:,:>:;:;, 
333MMMM2222 21Ül~lLL 111111 UKKKKKKKKKKK •••••••••••••• JJJJJJJJJJJJJJOOOOOOOO'9.booonooooOO()OOOOO{)OOOO~),o"L':::?<;'. 
N3333MMHMH222222 LLlLLLL 111111111 KKKKKKKKKKKK ....... ' ••••• ·JJJJJJJJJJJJJJJJJJJJJJJJOOOMOOOO.OOOOOOOOOQOO-,:";",:": 
NNN33333MHMMH2222222LllLllllll11111 UKKKKKKKKÎ<KKKKK .............. JJJJJJJJJJJJJJJJJJJJJ.:JJJjJJjJJJJ.J';JJ'O'~t'-:'~ffO -:. 
4NNNN33333MMr.,MHM2 ?2222211 Ll Llllt 11111111111 KKKKKK~J(.KKK ••••• ' •• ~. ~ ~ • "~ •• '''.'' ..... JJJ.JJJJJ,~JJJ,JjJ'JjJJJJ'~J~l': ' 
4444NNNN333333HHMHHH22222222LlLllLLlll1111l1111111KKKK~KKKKKKKK ••• ~~~~ .. ~~ •• ~~ ....... ~~ •• ~;.i.~~~~~ ••• J ' 
004444NNNNN333333101MM.HHMM222222222LlllULLlLl n 11111 n lKKKKKKKKKKKKKKKKKKKKKKK. ~ •••••• ~'~ ........... :~,~;'~ , , , 
500004444NNNNNN3333 33MMt.'MMMr"M2222 222222lL LL LLlLlLLLlli 11111'111 iUKI< KKKKKKKKKKKKKKKKKÏ<KKKKKKKKKKKKKK,K >~61)'::' 
5555000044444NNNNNN3}33333M"'MMMMMMM22.222222 222lll11l11lLU Illlfllllllln.l.ll n n i 11 UKKKKKK'K~~KK~.K.K~~:·':~,,: ' 
PPP-55550000444444NNNNNN33333333MMM'4MMM~1MM22222222222211LLllllllUllLlLLll UIllHll 11 IHI 11111 1 III III "",> " 
66PPPP5555000004444'44N~Nt\NNf'jN333333333M~'NMMMMfo1MMMM2222222222222tLLlLÜllLÙlll.lLlLllLllltlL(llLlLLi.L:~::'-"'/:,:, 
,Q6666PPPP55~550000004444444NNNNNNNN333333333333MM~'MMMMMMMM22,2,2222222222i2'22Z2222i2l22222222lLllÜ:ll~i.;<:·:i40':" 
1QQQQ&666PP pp 55555500000044 444444 NNNNNNNNNNN 333 3333333MMMMMr4'MM~'MMMMMMMMMMMMMHMH2 2 22222222 z2''2ù 2' 22222 :':,,: ,', ,,., 
R 111QQQQ66666PPPPP5555550000000Q4444444444NNNNNNNNNNN333333333333333,33333MMMMM"'M",''''MMM'''HMMMMHMMMHMMHM,'';~' ,.,,:, 
8RRR1111QQQQQ66666PPPPPP55555550obooo0004444444444444NNNNNNNNNNNNNNNN'N333333333333333333333333333333:,,":,:7:'\;~'~::, 
S 8888RRR 1711'1QQQQQ6b666 6P pp PPPP5 5 55 5 555 50ooooroooooào444444444lf444444NNNNNNNNtmNNNNNNNN-NNNNNNNNNNNNN ~',,2ZÔ:("/.; ',' 
9. 95 SS8888RRRR 111.1.1 QQQQQQ6 66 6666 pp P P pp PPP 5 5 5555555 55 550aooàoOoooooooôoodQ(ü~44'44 4~44444444:44444444'4000';./\"~~":'·<,,:· 
TT9.99.9SSSS8888RRRRR1111710Q(.;QQQQ6666666666PPPPPPPPPPP5555555555555555555'55'5,55555555555555'55555555555~;:':':~;:~:";".;:" 
OOOT:TtT9999 SS S588ff88RRRRR R 7171711.1QOQCQQQQQQ66666666666PP9P·PPPPp P pppppppppp'pppp p pp pp PP~P:''-PPP P·ppp"pp'·.S:~,,':L·: 
,.,. UUUOOO TTTT9,999,9.SSSS S 8 888 8 8~ RRRRRRRR'7117 1717177QQQQOQQOOQQOQQQQt' 666666666666'666666 666QQ(fQQQQQtfQQQQQ /' ,tOO/':':" 
YYY" 1 IUUUOOOOTTTTT999999 SSSSSSS888888S8SRRRRRRF.RRRRR711.77 '1717 71177T;7177·777,17'77Ti777177711i1'iRRRRRit.~ '" : " 
WW~:,""';.V'lVV.,,~,iUOUUOOOOOTTTTTt99fi9999Ç9SS~SSSSSSSSS88,âe88888â8a8éé8'888'â8~R888f;r8888~8ëà888à88888fÙfsssSs' 

, & &XXX www----VVVVI • ,il luliuuiJC, 0000000 T TT TTT TTT TT 99999999999999999999 9999999-9999'9999'999,999999999'1T TTlTT,. :::' ' 
___ :-1 ..:._~~+'~_;-~ i ~_:,"_, ' ___ ~_' --~"7 I_":"-:-~' __ ~_I ___ ' __ :.-. ___ :'".;~~~...; ._.,.~_ • ..;,,;,~:;'~_~,;;-~~,"';,-"i:.~.' , __ :'"~, ':~~...;';.:,~~~ ',~"';_~:(~: 'c::,;,:::,::;":;", 

~~~. FdlLciw~~~\IVES ,!8lisr IN!~~ËNOING ~~~ÊRSUCH2!~~. 'AN12~~~W~R:"Z~~g· C'IKWHR
240

.' '" ,.-}:~Or~i.~~~:>,~{,:;.~,{:_;.~"",;::":: 
A ~8= 'C + D' • ,E IF* G 1 .. < 1 0 J • K 1 l 2 M 3 N '4 0 5' P 6,Q1.R,SS 9T',O:U' ','V':;;.W':X·,t;Y::;i:,$'::::i·;::i~":;;: 

14.38 IS THE MIN COST REPRESENTED BY(AhCOND.TEMP=95~: ULCIIO.42,TAU#O.S3, A'lFA#O.9Q:.'SEl~HONEYtOMB:';Ll~:. 
.,. .... ~ ,'-; .. ':".: - - . .. .. _. "-"'.~-: ,~.,,~:.~'::.~.\;':'.~' ~ 

FIG < RADIATION INfENSITY-SOILERTEMP. VS,COST 
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FORTRA~ IV G LEVEl 1, MQry 3 O:;,'ll ~C tlAT" 6<:','.3 17fP121 

0001 
C 
C 
C 

OCC2 
0003 

OC04 

0(105 
0(-06 
0007 
0008 
0009 
OOle 
OOll 
0012 
0013 
0<'14 42 
001'i 44 
0016 45 
OC'17 
0018 47 
0(119 
01120 
0021 48 
0022 
0023 51 
0024 
0025 
0026 
0027 

SU8~OUTI~f COLLEe 
HQNEYCOHB CELLS M~DE FROM MELINEX PLASTIC FILM H/Dt5 , D.l CM. , 
OROINARY BLACK PAINTED, DATA Cr.~RTESY OF G.PERI , ~NIVERSITV OF 
MARSEILLE 
DI/·iENS 10'1 IPRINH1ClI, ISIGNI511,fINCCSI30CZI ,EFI12,bl 
OI~ENSIO~ Plll11,P2111I,TlI1fl,TZI1ll,HVlI11I,HVZI11I,HFLlI11', 

IHFL2111I,SVlll11,SfLlI11I,SfL2111I,SX11111,SX2111I,SV21111, 
21-11(11 111,1-1)(21111 ,UOIOII/112, 81, Xl(11), x:20 1"1 ,ETACOLl5 l, ET ATUR 15 l, 
3ULCI5I,TAUI51.PC~EQI51.ALfAI51.ETAPUM[51 

COMMON Pl, P2, Tl, TZ ,I-lV1,HV2, HfL l',.IFL? ,sv .. , SVZ, SFl.l, SfL2, SXl, S)(2, 

~~~!~~~~~~~!~7~~,~s:~~ i~~~?~~~~~6~~~,'C'}NSUR, TC~~~ ~~è~: ~~.~~:~~~~:~" 
3A.EA,COLINV,s101NV,SININV,TURINv,COTr~V,~EPAlq,OPSRTN,ENTRS,E(PlIF 
CC~~ON I,J,K,l,~,N,II,JJ,K~,lL,~~,NN,IJ,IK,ll,I~,IN 
COH~ON ETARAN,TA~BI,EF,OUSEf,TOTHGU,TCT~RK' 

TC['11=IT1II'-32.1*0.555 
TAMCEN=CTA~RI-32.'*O.555 
ETA~O~~ 0.46- CTCENI-TA~CEN-85.1*0.0072 

RAO~ET=RAOl0411I,JJI*3.17 

ETRAFC=1.C-O.~0129*CIOCO.-RAOMETI-C.~ODOD295*II~O)O.-PAO~ET)**21 
ETACOL(KI=fT~~G~·ETRAFC 

1~IETACCLI.1142,42,44 
ETACQLIKI=O.rr~O~l 

AREA=QUSEF/CETACOlCK,*RAOIONCII,JJ" 
EFll1,JJ'=ETARAM*ETACOlIK, 
IFCEf'II,JJI147,47,48 
EFC1I,JJ'=O. 
TOlwRK=l.O 
GO·TO 51 
TOTHOU=2400. 
·TOTwKK=A~EA*EFlll,JJ,*RAO[O~CII,JJI*TGTHOU/3413. 
COlCOS=f..O*AREA 
ASSEM=I.2 
COlT~V=COLCOS*ASSEM 
RETURN 
END 

TOTAL ME'-'ORV REQIJlRE14PITS 0034C4 BYTES 

e 

PAGE 0001 SUBROUTlNE 03 



- e '. 
1 160.00 95.00 15041.~17 2601.69 0.14 1643.32 11831.97 330.00 0.17 ~.(\C; SAMPLE RESULTS OF PROGRAMME: 03 
2 161.00 95.0C 14953.07 25!16.33 0.14 1b·30.98 11743.07 330.00 0.77 O.e<; 
3 162.00 95.00 14'367.37 2571.51 0.14 1619.08 11657.37 330.CO 0.76 t'\. C5 
·It 163.(1) 95.00 14184.61 2557.19 0.14 1601.58 l1S14.!>1 33('.00 0.76 ·J.C5 
5 164.00 95.00 14104.75 2543.38. 0.14 1596.49 1l4~4.15 33(,.0(' rI.75 1).(.'5 

6 165.CO 95.00 14627.66 2530.05 0.14 1585.19 11417.66 3'10.00 C.75 n.C5 
7 166.00 95.CO 14553.19 2517.17 '0.14' 1575.44 1-1343.19 330.00 0.'{5 0.ro; 
8 167.00 95.CO 14481.31 2504.74 C.14 1565.41 11211.31 33('. ('O' C.14 ~.C5 

9 168.00 95.00 14412.04 2492.15 0.14 1555.d4 11202.04 ~30.00 C.14 ('.05 
1C 169.00 95.00 14345.18 2481.19 0.14 1546.55 HU5.18 330.00 0.13 0.(15 
11 170.00 95.00 14280.63 2410.02 C.14 1537.59 11070.63' 330.00 'J.13 <'.C5 
12 171~ 00 95.00 14223.01 2460.Cl 0 .• 14 1529.59 11013.07 33C,.O{l (l.12 0.e'5 
13 172.00 95.0C 14167.0;9 2450.41" 0.14 1521.39 10951.59 330.00 C.72 0.05 
14 173.00 9S.00 14ll4.09 '2441.22 0.14 1514.46 1C904.09 33(0.01) C.12 O.OC; • 
15 174.00 95.(\0 14062.59 2432.31 0.14 lS01.~0 10852.59 330.00 0.11 0.05 
16 115.00 95.00 14012.99 2423.73, 0.13 15CO.42 10IlJ2.9'? 33C.OO ('.11 0.05 
11 176.00 95.00 13965.22 2415.41 0.13 1493.19 10155.22 33('.00 0..10' 0.05 
lil 177.00 95.00 13919.32 2401.53 0.13 1487.41 101'l9.32 33('.00 C .10. ·).C5 
19 178.00 95.()0 1~375.13 2399.89· 0.13 1481.27 10665.13 330.00 (l.10 C.C5 
20 179.00 95.00 1383~. 74 2392.56 0.13 1475.38 , lC622~14 33('.00' r..69 1.C5 
21 180.00 95.00 13792.02 2385.51 0.13 146<;.13 10582.02 330.00 C.t Q 0.('5 
22 181.00 95.00 13155.91 2379.21 0.13 1464.11 105'.5.Q1 33('.0(\ 0.68 0.C5 
23 182.00 95.00 13721.35 2313.29 0.1~ 1459.91 10511.35 ' 33(1.00 0.68 0.C5 
24 183.00 95.00 13688.21 n67.57 0.1'3 1455.32 10418.27 330.00 0.67 O.C5 
25 184.00 95.00 13656.13 2362.11 0.13 1450.94 10446.13 330.00 O.bl 0.05 
26 185.00 95.CO 13626.61 2356.90 0 .• 13 1446.15 . 10416.61 330.00 0.61 0.05 
27 196.00 95.00 13597.96 2351.95 0.13 i442.77 ' 10381.96. 33(1.00 0.66 0.05 . 
28 187.00 ,95.00 13570.10 2341.23 0.13 143S.99 1036.0.70 3~C.00 0.66 0.C5 
29 18S.00 95.0Q '13544.85 2342.16 0.13 1435.40- 10334.85 330.00 C.65 'O.C5 
30 189.00 95.0.0 13520.36 2338.52 0.13 1431.99 10310.36 33('.00 0.65 0.05 
31 190.00 95.00 13497.<0 2334.52 O.l3 1428.78 10i67.20 33C.00 C.64 (l.'05 
32 191.00 95.00 13478.00 2331.20 0.13 1426.11 10268.00 330.00 ,0.64 0.05 
33 192.00 95.00 13460 .• 05 2328.09 0.13 1423.62 10250.05 33C1.00 0.64 0.05 
34 193.00 95.00 13443.39 2325.21 0.13 1421.30 10233.39 330.0~ 0.63 ('.05 
35 194.00 95.00 131021.91 2322.53 0.13 1419.16 10217.91 330.00 0.63 .0.(\5 
36 195.00 95.00 . 13413.10 2320.08 0.13 1411.18 "10203.10 330.00 0.62 ' 0.05 
,37 196 .. 00 95,'00 13400.65 2317.82 0.13 1415.37 . 10190;65 33C.OC 0.62 0.05 
38 ,197.00 95.00 13'368.82 2315.17 0.13 1413.13 10118.'32 33('.00 0.62 0.05 
39 198.00 95.00 13378.19 ,2313.93 C.13 1412.25 10t'68.19 330'.00 O.H 0.C5 
40 199.00 95.00 13368.72 2312.30 O.U 1410.93 10158.72 :nt'.oo C.61 0.05 
"1 ZOO.OO 95.00 13360.45 2310.81 0.13 1409.78 10150.45 330.0:) 0.6e n.05 
42 201.00 95.00 ,\3355.86 2310.07 0.13' 14(\9.15. 10145.86 ,330.0C 0.60 ' 0.05 
43 20Z.00 95.00 13352.41 . 2309.47 0.13 1408.61 101~2.41 331').01) 0.5Q 0.('5 
44 203.CO 9S.00 1·3350.06 2309.07 0.13 14013;34 10140.06 33{!.QO 0.59 1).05 
45 204.00 95.00 13348.83 2309.86 ' 0.13 1408.11 11)138.83 330.00 0.59 0.05 
46 205.00 95.00 13348.1i 2308.84 0.13 1408.16 10138.11 330.00 0.58 ' 0.C5 
47 206.00 95.('0· 13349.67 2309.00 0.13 1409.29 10139.67 ' 330.01) 0.58 O'.t:5 
48 207.00 95.00 13351.15, .2309.36 0.13 1408.5'3· 10141.75 33C.OO 0.57 '1.05 
49 208.00 95.00', 13354.95 2309.91 0.13 1409.02 10144.95 33C.1)0 C.51 0.05 
50 209.00 95.00 '13359.23 2310.66 0.13 1409.62 10149.23 ' 33Ô.00 (l.56 0.05 
51 210.00 95.00' 13364.64 2311.59 C.13 1410.37 10154.64 330.00 0.56 0.1)5 
52 211.00 95.00 13313.52 2313.13 0.13 1411.60 ',101!>3.52 330.00 (l.S6 0.05 
53 212.00 95.00 '1338'3.48 2314.85 0.13 1412.98 10113.48 ,330.00 0.55 0.05 
54 213.00 95.00 ,13144.51 2273.52 0.13 1414 • .52 10194.51 330.00 t". 55 C.C5 
55 214.00 95~00 13156.66 ·2215.62 0.13 1416.2.0 lQ19ô.66 . 3~r .00 0.54 0.05' 
5b 215.00 95.00' 13169.92 2271.91 o.il 1418.04 ,10209.92 33!J.00 Ci.54 0.('5 
57 216.00 95.00 - 13184.27 2280.39 0.1"3 . , 1420.04,'10224.21 330.00 : C.54 . C.Q5 
58 217.,90 : 95.00 13199.13 : 2283.07 (l.13, 1422.19 10239.13 330.00 0.53 0.05 
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HHt-:HHHH/illll//IIII/IIIIIIIIIIGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGllilllllNllllilllilHHHHHHHHHH 
HHHHHHHHliHHHII Il III 111111111/ 1 11/ 1/ /1 1 /1111 /Ill /1 /l1/GGGII /111111111 1111111111 Il III IIHHHHHHHHHl-tHHH« .' 
«<HHHHHHHHHHHHHHHHIIIIIII/llllllliIIIIIIIIIIIJIIJIIIII/ill/IIIIIIIIIIIIIIIIIIHHHHHHHHHHHHHHHH««« 320 
««<<<<<HHH!:tHHHHHriH'HHHHHHHHH'iHHIIIIIIIIIIIIIII t/11111I1111.IIIIIIIIIHHHHHHI-lHHHHI-lHHHHHHHH<<<<<<<<<<<< 
1 1 <<<<<<<<<<<<<<HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHliHHHHHHHHHHHHHHHHHHHHH«««<<<<<<<<I 1 1 1·1 
Il III 1 II«««««««««<HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH.~H««««««««<IIIIIIIIIIIO 
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KK·K •••••••••• JJJJJJJJ J JJ JJJJJJJJJJOOC OOOOOOOOOOO(iOOOOOOOOOOOOOOOJ JJJJJ JJJJJJJ'JJJJJ ••••••••..••• KKKKKKK 280 
lllKKKKKKKKKK ••••••••••••••••• JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJ •••••••••• ; ••••• KKK~KKKK~Klill111 -
lllllllllllllKKKKKKKKKKKKKKKKK •••••••••••••••••••••••••••••••••••• K~KKKK~KKKKKKK~Kllll1tl11llllllll2 
222222lllllllllLll1111l111111111111KKKKKKKKKKKKKKKKKKKKKKKKKKKK11l11l1111111111llllLllllL2222222M~~M . 
333"'HHHM~M2222222 222lllLlLLlll LllllLLLLL LllLLLllL lLllLL lLLLl.LllLLLlL-ll L llL2 22 2 2222222Mr"MMM'~H'1!"3~1333N . ~ -26,0 

, 4 ,..,..NNNN333333333M!\oL"1MMMMf.\loIW.,MMr.t 2 22 22 222'222222222222222222222222222 2 ~\MM:;.,r"MMt~M:",MM,\13 333 33 333NNNN1\INN44444 , 
50COO004444444NNNNNNNNNNNN 333 333333333'333333333333333333333333333333 3 III NNI\I Nt-INNNNN444444440000005555'5P . 
666PPPPPP55555550000000000004444444444444444444444,441t4/t44444/t444441t0000000000055555555PPPPPP6666'6QQQ 
RRR111.7QQQQQQQ66666666 pp pp ppp pp pp pppppppp pp 55 5 5 pp PPPP5555P PPPP PP PP PPP,P ?P66666666QQQQQQQ71777 RRRRR8S8 240 
T9999SSSS898888RRRRRRRRR1777771177117771717777717777~Q777717177171177~RRRRRRR88S8988~SSSS999~TTTTOO 
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iZllllZZZZllZZZZZZlZZZZZZZZZlZZZZlZZZ . 220 

200 

----,----,---~._--_._--_._-~_._--_._--_._--_.~--_.~---._---,~---,---_._--~._--_ .. _--_._--_._--~._--_. 
, 160. 170. 180. 190.' 200. '-2.10. 220. 23(1. 240. 250. 
'THE FOLLOWING GIVES A LIST IN ASCENDING OROER SUCH AS 'A#l C/KWHR Z#50 C/KWHR 
A ~ B = C + 0 t E $ F * G 1 H < 1 0 J • Kil ~:M 3 N 4 0 5P 6 0 7 R ~ ~ 9 T 6 u • v - w X &. Y Z 

12.65 15 THE MIN COST REPRE5ENTED SYlA',CON.D.TE,.,.,:: 95. ULC#O.10 TAUIJO.88. AlFAIIO.93 PlAS.HflNEYC. 1. 

FIG < RADIATION INTENSITY~BOIlER TEMP. VS COST' 
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FORTRAN IV G lEVEl .1, ·1100 3 COllEC DATE c 69048 17115139 

(1001 
C 
C 
C 
C 

0002 
0003 

0004 

0005 
0006 

C 
0007 

C 
J008 
0009 
0010 
flOU 
0012 
0013 
0014 
'l015 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 

0028 

0029 
0030 
0031 
0032 
0033 
0034 
0035 
0036 
0037 
0038 
0039 
0040 

SU6ROUTINE COllEC 
~IRROR BOOSTERS AkE AOOEO lU ENHANCE THE RADIATION INTENSITY 

EACH CGLlECTOR IS EQUIPPED wiTH TRANSPOSABLE SIOE HIRRORS 

THE.MIRROR ARE A IS ABOUT 5 PERCENT HORE·THAN THE·CCLlECTOR AREA 

TO CO~PENSATE THE INCREASED EOGE laSSES 
DlHEhS 10·1'4 1 PRINT Cl01l ,1 SIGNI st"» ,FJNCOSI 30021, EF(12 ,61 

DIMENSION PIC11I,P2C11I,Tllll',T2l11I,HVlllll,HV2l11I,HFllI11', 

lHFl2111I,SVlll1',SFLll11I,SFl2l11I,SXlllll,SX2l11'.SV2l111i 

2HXlI111.HX2l111.RADIONI12.8"xll11I,X2111"ETACOlISI,ETÂTURCSI, 

3ULCC5I,·TAUl5"POWERl5hAlFAlSI.ETAPUHl51 • 
COHMON Pl,P2.Tl,T2,HV1,HV2,hFLl,HFl2,SV1,SV2,SFL1,SFL2,SX1,SX2. 

IHXl,HX2,RAOI0N,Xl,X2,ETACOl,ETATUR,· UlC.TAU.POWER,AlFA, 

2ETAPUM.FlOW.PIPLüS,FRIClS,OADO,QREJ,CONSUR~TCWI,TCWO
,UTIl.SUHRAD. 

3AREA,CCLINV,STOINV,SININV,TURI~V.COTINV,RE
PAIR,OPERTN.ENTRS,f.XPlIF 

CDM~ON I,J.K,l,H,N,ll,JJ,KK.ll,HM,NN,IJ,IK,lt,JM,IN 

COHHDN ETA~AN,TAMBI,EF,QUSEF,TOTHOU,TOTWRK 
THE Hl RRC.R BOOST FACTOR FOR DAY lONG OPERAn"ON 1 S TAKEN AS 2 

8UOSHI=2.0 
ACTUAl AVERAGE RADIATION JNTENSITY ON THE ABSORBER PLATE 

RACONC=RADIONlll,JJI*BOOSMI 
J"'I\=l 
ETACOLlLl:0.3D 
UlCCK'=0.62 
AlFACKI=0.9 
TAUIK'=0.78 
EF PRI 1'1"0.9. 
CHECK=RACONC*TAU'~I*AlFAlKI-ULCCKI*lTICII-TA

MBII 

RAOCRT=1.05*ULCC K'*(Tll ft-TAMB II/CTAiJlK I*ALFAlKII 
IF lRACCNC-RAOCRT 147,47,39 

39 IFlCHECKI47,47.41 
41 AREAPp·=QUSEfIC RACONC*ETACOLl KIl 

G=FLOW/lO.l*AREAPP' 
520 EXPON=EFPRIK*ULClKI/G 

IFlEXPCN-IOO.,S22.S22,S23 
522 FlOFAC.=1 lo-l 1./1 2. 718**EXPONI',/EXPON 

GO .TO S26 
523 FLOFAC a O.01 
526 FR=FLOFAC*EFPRIM 

ARESEN=O.l*OUSEFI lFR*IRACONC*T AUlK)*Al.FAIKI-UlC~KI* 
lCT2CJ)-TAMBII',· 

ARELAT=O.9*QUSEF/lEFPRIK*lRACONC*TÀUlK'*ALFAlK)-UlClK'* 
1 n Il I1-TAMBII J) 

AREA=ARESEN+ARElAT 
G=FlOW/ARESEN 
Ji4I\=J~1I+ 1 
ETACOLlKI=FR*CHECK/RACONC 
IFIJHN-21S20,520,45 . 

45 EFll i·,.J.JI"ETARA~*ETACOLCKl 
IFCEFCIJ,JJI147,47,48 

47 EH Il,JJ l=O. 
TOTloIRK"'l.O 
GO to 51 

48 TOTHOU=2400. 
TOTWRK-AREA*EF, Il, JJ I*RACONC*TOT HOU/3.1.13. 

e 

PACE 0001 SUBROUTlNE 04 
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FükTRAN IV C ~éVEL l, ~GO 3 C.Ull EC 

0041 
0042 
0043 
0044 
0045 
00410 
0047 
·oe4a 

AMIItR=1.050ARéA 
COSttIR=O.6 
COSfIUt=O .It 

51 COLCOS =5. S>t.AItEA+AHIRIl* (COSfH k'CLSFR~~ 1 
ASSEH=1.2 
COL 1 ~"=COLCOS*ASSE" 
RETURN 
END 

TOTAL MEXCRY GEQUIRf~E~TS ~03bAO bYTES 

e • 
DATE 6<;1'148 17/15n9 PAGE 0002 

" ~~~";; 
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67 226.00 95.00 8479.99 1466.73 0.09 702.2,. 5519.99 33l'.00 0.46 0.(15 SAMPLE RESULTS OF PROGRAMME: 04 
68 227.00 95.00 8 .. 56.71 1 .. 62.70 (1.09 699.33 5496.71 330.00 1).46 0.1)5 
69 228.00 95.00 8433.75 1456.73 0.C9 696.41 5473.75 330.00 (1.46 G.O!> 
70 229.00 ,.5.00 2411.10 1454.61 0.09 69).53 5451.10 33l'.~!\ 0.t.6 0.1)5 
71 230.00 95.00 83&8.76 1450.95 0.09 690.68 5428.76 330.00 0.46 0.05 
72 231.00 95.00 S'3l-7.52 1447.27 0.09 687 ... e· 5407.52 330.00 0.46 0.015 
73 232.00 95.00 ·8346.56 1443.65 0.09 685.31 5386.$6 330.CO 0.46 0.05 
74 233.00 95.00 8325.67 1440.07 0.09 682.68 5365.87 330.00 0.46 0.<'5 
75 234.00 95.00 "8305.45 1436.54 0.09 680.08 5345.45 330.00 1).4.<, 0.05 
76 235.00 95.00 8285·.2e 1.433. CS 0.09 677.52 5325.28 330.00 0.45 0.05 
·77 236.00 95.00 ·8265.38 1429.61 0.09 674.99 5305 .• 38 330.00 0.45 . 1).05 
78 237.00 95.00 e245.73 1426.21 0.09 672.49 5285.73 330.00 C.45 0.05 
79 238.00 95.CO 8226.33 1422.85 0.09 670.C2 5266.33 330.00 0.t.5 0.05 
80 239.00 95.00 6207.18 ·1419.54 C.09 667.58 5247.18 330.00 0.45 ·0.05 
81 240.00 95.00 e188.29-· 1416.27 0~09 665.18 5228.29 330.00 /).45 0.05 
82 241.00 95.00 8170.43 1413.18 0.09 662.91 5210.43 330.00 1).45 0.05 
83 242.00 95.00 6152.79 1410.13 0.09 660.66 5192.79 330.00 0.415 0.05 
64 243.00 95.00 8135.37 1407.·12 0.09 658.45 5175.37 330.00 0.45 1).05 
65 244.00 95.00 8118.16. 140·4.14 0.09 656.26 5158.16 330.00 0.45 0.1)5 
86 245.00 95.00 8101.17 1401.20 0.09 654.09 5141.17 3·30.00 0.45 0.05 
67 246.00 95.00 6064.39 1396.30 0.09 651.96 5124.39 330.00 0~45 0.05 
88 247.00 95.00 8e67.81 1395.43 0.09 649.85 5107.81 330.00 C.'5 0.05 
89 248.00 95.00 8051.43 1392.60 0.09 647.77 5091.43 330.00 0.44 0.05 
90 249.00 95.00 8035.26 1369.80 0.09 645.71 5075.26 330.00 ·0.44 ·0.05 
91 250.CO 95.00 8019.27 1387.04 0.09 043.67 5059.27 330.1)0 0.44 0.(\5 
92 251.00 95.00 8004.34 1384.46 0.09 641.77 5044.34 330.00 0.·44 . 0 •. 05 
93 252.00 95.00 7989.57 1381.90 0.09 639.90 5029.57 330.00 0.44 0.05 
94 253.00 95.00 7974.99 1379.38 0.09 638.04 5014.99 33(\.00 0.44 0.05 
95 254.00 95.00 7960.57 13 lb. 89 0.09 636.21 5000.57 330.00 0.44 0.05 

·96 255.00 95.00 794&.34 1374.42 0.08 634.39 4986.34 330.00 0.44 0 .• 05 
97 256.00 95.00 7932.25 1371.99 0.08 632.60 4972.25' 330.00 0.44 C.06 
98 257.00 95.00 7918.34 ·1369.58 O.OS" 630.83 4958.34 330.00 0.44 0.06 
99 258.00 95.00 7904.60 1367.20 0.08 629.08 ·4944.60 330.00 0.44 ·0.06 

100 259.00 95.00 7891.01 1364.85 0.08 627.36 4931.01 330.00 0.44 0.06 
101 160.00 95.00 -12249.72 2118.75 0.13 1150.09 9039.72 325.00 0.51 1).011 
102 161.00 95.00 12145·.31 2100.69 0.13 1136.81 8935.31 325.00 .0.51 0.03 
103 162.·00 95.00 12043.72 2063.12 0.13 112l.88 8833.72 325.00 0.51 ".03 
104 ·163.00 95.00 11944.77 2066.01 0.13 1111.30 8734.7"7-...... 325.00 0.5·1 0.1)3 
105 164.00 95.00 11846.45 2049.34 0.12 1099.04 8638.45 '325.00 0.·51 0.03 
106 165.00 9!>.OO 11754.57 2033.11 0.12. lOI7.1C· 854ft.57 325.00 0.51 0.03 
107 166.00 95.00 11663.05 2017.28 0.12 1075.45 8453.05 325.00 0.51 0.03 
108 167.00 <;5.00 11573.87 2001.85 0.12 10&4.11 8363.87 325."0 0.51 0.03 
109 168.00 95.00 11486.88 1986.81 0.12 1053.04 8276.88 325.00 ·0.51 0./)3 
.110 169.00 95.00 1140Z.06 1972.14 <:'.12 10",Z.25 8192.06 325.00 0.50 0.03 
III 170.CO 95.00 11319.27 1957.82 0.12 1031.71 8109.27 325.00 0.50 0.1)3 
112. 171.00 95.00 11241.87 1944.43 (l.12 1021.87 8031.87 325.0~ 0.50 0.04 
ll3 172. CO 95.00 11166.27 1931.35 0.12 1012.25 7956.27 325.(\0 0.50 0.04 
114 173.00 95.00 ll092.36 1918.57 0.12 1002.e5 7882.36 325./)1' 0.51) 0.04 
115 174.00· 95.00 11020.13 1906.08 0.12 993.66 7810.13 325.0(\ 0.50 0.04 
ll6 . 175.00 95.00 10949.50 1893.86 0.12 984.67 773".50 325.00 0.50 0.04 
117 17b.OO 95.00 10880.41 1681.91 (l.11 975.88 7670.41 325.00 0.51) 0.04· 
ll8 177.00 95.00 10812.85 1870.23 0.11 967.28 7602.85 325.00 1).50 0.04 
119 178.00 95.00 10746.70 1656.78. 0.11 958.87 7536.70 325.00 0.51) 0.04 
120 179.00 95.00 10662001. 1847.59 0.11 950.64 7·472.01 3i5.')0 0.50 0.04 
121 180.00 95.00 10(:1iIio68. 1836.·64 0.11 9.42.58 1408.68· 325.00 0.5(1 0.04 
122 181.00 .95.00 10558.72 i826.27 0.11 934.95 7348.72 325·.00 0.50 0.04 .-
123 : 182.00 95.00 10.499.98 1616.li 0.11 ·927.48. 7289.98 325.00 O.4Q 0.04 
124 183.00 95.00 10442.40· ·1806.15 .0.11 920.15 7232.40 . 325.1)0 ·0.4Q 0.04· 
125 ·184.00 95.00 10385.99 179b.39· 0.11 91_2.98 7175.99 325.00 0.49 ·0.04 
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FIG < RADIATION INTENSITY-BGILER TE~P. VS COST 
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FORTRaN tVG·l.EVE~ 1. MOO 3 MAIN DATE 69043 t 117.6/.' 

C 
C 
C 
C 
C 
<: 

0001 

001)2· 
0003 

000't 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
ooiz 
0013. 
001't 

0015 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
002+ 
00Z5 
0026 
0027 
0028 
0029 
0030 
0031 
0032 
0033 
003+ 
0035 
0036 
0037 
0038 
0039 

00lt0 
oon 
0042 

OPTiMllATtàN tNSOlAR POWER PRODUCftO~ 
USING ~EAT ENGINES 
M.KUDRET SELCUK 
UNSTEADY STATE ANALYSIS OF THE SOlAR POWE~ PLANT 
flÀT PLATE COlLECTOR .NO STORAG(,CONSTANT AilE" 
MAIN PROCRAIIME 
DlJoIENS ION F INCOS (5(11, EFF IC(40l, RADTATIf,IlI, RAOTIN( n,"'I, AI, 

lENDAY(12,81,WRKMONC12,81 ,AVERAQI12,~I,~ONTH(12I,EF(ll,gl 
DIMENSION VAFlOW(401 
DIMENSION PICIll,PlCll),T1CllI,T2111),HVlC11f,~V2(11I,~Fllllt). 
IHFL2111',SVl(lll,SFllI11),SFLlllll,SXlI11"SXlI11)~SVlltl), 
2HXI(111,HX2Cll',RA010NC12,8I,X!lll"X21111,ETACOLI5I,ETATJ~I~I, 
3VOLl(111,VOL21111,ULCC51,TAUCSI,POWERISI,ALFAISliETAPa~151 

1 FORMATUOF8.21 
2 FORMATClOF8.ftl 
3 FORMATl5FlO.21 
ft FORMATI2FIO.21 
5 FORMATI 12F6.1 
6 FORMAT 18FlO. 21 
7 FORMATCl2F

0
6.21 

R FORMATCE12.6,lSx,E12.6) 
9 FORMATCFIO.21 

10 FORMATI6F12.4) 
Il FORMATI16,2FIO.0,FR.2,2FIO.O,lftH ~OILER TEMP.' F5.', 

01l8H CONDENSER TEMP.' F5.0 0 II 
18 FORMATI8F8.0,2X, A4,21ftl 
J9 FORMATI12(2X,A411 
26 FORMATClHlI 
2.7fORHAH35H flOW FACTOR LESS THAN 1 PE~CENT 
29 FORMATCSII01 
300 FORMAT (21H BOILER PRESSURES IN PSIA 
31 FORMATC30H CONDENSER PRESSURES IN PSIA 
32 FORMAH28H 80lLER TEMPERATURES IN ~F< 
33 FORMAT(3IH CONDENSER TEMPERATURES IN ~F< 
34 FORMAT(20H ENTHALPIES 8TU/L8 1 
35 FORMAT(24H ENTROPIES BTU/L8.F 1 
36 FORMATl22H TUR81NE EFFICIENGIES 1 
37 FORMAT(19H PUMP EFFICIENCIES 
38 FORHATU6H A8S0RPTIVITIES 1 0 
40 FORMATC20H POWER R"TlNG IN KW 0 
60 FOR~AT(16H COLLECTOR AREA' FI2.0) 
65 FORMAT(2X,8F8.0,2X,A4,2X,'RAD.al 
66 FOR'IAT (02 X , 8F8 • ." 2X, A4, 2X,' SUN. il 
67 FORI1AT (26H TOTAL YEARLY RADIATION' F16.01 
68 FORHATC27H YEARLY AVERAGE RAOIATlO,. F6.0 Il 
69 FORMAT(2X,lOF6.0,lOH RADIATIO,. " 
70 FORMATC2X,I~F6.3,IIH EFFICIENCY 1111 
71 FORMAT(2X,10F6.0,10H FLOWRATE 1111 
72 FORMATC8Fe.o,5x,16H TOTAL WOp.~ FOR, A41 
76 FORMATC15H COST PER KWHW F8.6,12H COLL.AREA~ Fe.2, S~ T~IAL. 

1 141 
0140 FORMATClSH TRANSMISSIVITIES 1 0 
141 FORMAT(31H OVERAlL HEAT lOSS COEFFICIENT 
143 FORMAT(22H UT~LIIA8ILITY FAlTOR 1 

-
!>\:;F 000t" PROGRAMME NO: l 
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00'1 
0044 

00'5 

0046 
0047 
0048 
0049 
0050 
0051 
0052 
00~1 
005' 
0055 
0056 
0051 
0058 
0059 
0060 
0061 
0062 
0061 
0064 
0065 
0066 
0067 
0068 
0069 
0070 
0071 
0072 
0073 
0074 
0075 
0076 
0071 
0078 
0079 
0080 
0081 

·0082 
_0083 
0084 
0085 
0086 
0087 
0088 
0089 
0090 
0091 
0092 
0093 
00.4 

145 FORMATI23H All PRICES I~ DOllARS , 
146 FORMATl83H WOOD PRICE GLASS Pli. 1. TEDURP. SHEET IRO'! GLASIIOOl TUR 

1.PRI. CIRC. PU". FEED PUM.· t· 
147 FORMATI90H PIPE PRICE GOVER.PRI.COND.TU8E CO~D.SHfll P~o"l~ ~PE 

IRATION INTEREST lIFETIME,YEARS , 
148 Fr ... ·ATI54H USE FACTOR AI48IENT'T COOL If 1 COOL W (1 PIPE HElTU1SS 
Ilt9 F~~MATI53H *-.-.-.-.-*-._.-.-.-.-.-._._._t_t_._*_._._._t_t_t_t_ 

1001 READ 15,29' NN, IJ,lK,ll,1 M . 
READ 15,1'IPIlMt,M~1,10t 
READ 15,1'IP2IM"M-l,10, 
READ 15,l'ITIIM"M-l,10, 
READ (5,1'(T2(M',M-l,lo, 
REAO 15,l'(HVIlH"M=I,10, 
READ (5,l'(HV2l~"M=l,10' 
READ (5,l,(HFLIIM',M=l,10, 
READ 15,l'IHFL2(MI,M=l,101 
READ. l5,2ICSVlIMI,M=I,10, 
READ 15,2'ISV2(M"M-l,101 
READ 15,2U SFlllM, ,M-l,10' 
READ (5,Z"'SFlZ(H"H=l,10' 
RE AD· IS,3UETATURlM' ,M-l,5, . 
READ (5,llIETAPUHIH',M-l,5, 
READ 15,31IAlFAIM"H-l,5' 
READ 15,3'(POWERIM1,M-l,5' 
REAO IS,3'CTAUIM"Ho:l,5'· 
REAO 15,3'IUlCIM',M=I,5' 
REAO 15,6 'PRWOOO,PRGLAS, PRTEOL ,PRSTEl,PRFT8G,PRTUlhPltCI PJ, PRFEPU 
REAO 15,6 'PRPI PE ,PRGOYR, PRCDTU,PRCOSH,REPAIR ,OPERTN,.ENTRS, EXPL TF 
READ I·S,31USEFAC ,TAM81, TCWI, TCWO,PIP[(is· . 
READ IS, 19ICMONTHILt ,l-1 ,lzt' 
DO .168 lal,12 . 
GO TOII01,l02,101,103, 101,103,101,101,103, Hn ,103, 1!\1' ,L 

101 MX .. 31 
GO TO 104 

102 MX=28 
GO TO lOlo 

103 MX=30 
104 CONTINUE 

DO 168 Ksl,MX 
168 REAO 15,181(RAOTINIl,M,N',N=l,el,~ONTHIL"lDAy,IMON 

WRITEI6,261 
WRITEI6,30' . 
W.RIT~( &, U IPIIM, ,H=l,lO' 
WRITEI6i311 
WR ITE 16,1'1 PZI M' ,M:l,10' 
.,RITEC6,32' .­
WRITEI6,l'ITIIMI,M=l,lO' 
WRITE16,33' 
WRlTEI6,1J1T2CM, ,M=I,10" 
WRITEC6,31o'. . . 
WRITEI6,1J CHVIIM),M"I,101 
WR ITE 16,1J IHY2 (M'. M-1,10' 
WRITE(6,l,(HFLIIH"Mz l,101· 
WRITEC6,l'IHF~2CM'.M-l,101 

-
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FORTRAN IV G LEVEL l, ~OO 3 "AIN nH!: " 690t3 l..7/-2.6/4t 

0095 
0096 
0~97 
0098 
0099 
0100 
0101 
0102 
0103 
0104 
0105 
0106 
0107 
0108 
0109 
0110 
0111 
0112 
0113 
OUIt 
0115 
0116 
0117 
0118 
0119 
012!) 
0121 
0122 
0123 
0124 
0125 

C 
C 
C 
C. 

0126 
0127 

C 
0128 

C 
0129 
0131) 

C 
0131 
0132 

C 
0133 

C 
0134 
0135 
0136 
1)137 
0138 

C 

WPlTflt-,35' 
W~ITEI6,2'ISV11~"M=I,lnl 
WPITEI6,2IfSVZI"I,M=I,lO' 
W~ITEI6,2'ISFlII~l,~=I.IOI 
WRiTEI6,21(SFl2IM'~H=l,101 
WRITEI 6, 3E-' 
WPITEI6,91ETATUPll1 
WRITEI6,371 
WRITEI~,9IETAPUMlll 

WRITEI 6, 381 
WRITEI6,9'AlFAll' 
WRITfl6,40' 
WRITEI6,91POWERIl' 
WRITEI6,140' 
WRITEI 6,9' TAUI l' 
WRITEI6,1411 
WRITEI6,9'UlCIII 
WRITÈf6,145' 
WRITE(6,146' 
WRITEC6,6'~RWOOD,PRGl~S,PRTEOl,PRSTEl,PRFIPG,PRTUR,PRCIPJ,?~FEPU 
WRITEI6,147' . 
WRITEI 6,6'PRPJ PE, PRGOVR, PRCOTU,PPCOSH,REPl. JI!. ,OPERHJ, !'NTlIS, EXPll F 
WRHEl6,14131 
WRITEI6,3'USEFAC,TAHBI,TCWI,TCWO,PIPlOS 
DO 1 00 1 =6 , t 0 
WRITEI6,26' 
Ksi 
Il,.l 
JJ=l 
J=4 
TOTOAY=O. 
THERMOOYNAMICAl ANAlVSIS OF THE CYCLE 
RAN!ÜNE CYCLE FOR SATURATED STEAH 
ISE~TROPIC EXPANSION FROM THE SATURATED VAPOUR STATE 
X2 IS THE OUAllTV ~F STEAM AFTEQ ISFNT~OPIC EXPANSION 
XZ(J'=ISVICI'-SFl2IJI"ISV2IJ'-SFl2JJ" 
HX2IJ'=HFl2CJI+XZIJ'*IHV2IJ'-HFl7.IJ" 
IDEAL WORK 
WOUleH'Il( 1 '-HX2IJ' 
ACTUAL WORK 
WOUAe\fOUI*ETATURIK' 
QADD=HVlll'-HFlZIJ' 
PUHP WORK 
WPUMP=0.002911*IPll1'-P2IJ" 
\fPUMPA=\fPUMP/ETAPUMIK' 
NET ·WORK 
~ETT"WOUA-WPUMPA 
RANKINE CYCLE EFFICIENCV 
ETA~AN':WNErr I!JAOO 
QREJ=HX2IJ'-HFl2IJ' 
AlFAIK'I=0.9 
TAUI Ki :.0. [\3 
UlCIK'''0.47.3 
CRlTlCAl RADiATION INTENSITV 8ElOW WHICH NO USFI;Ul HEU COllEGT1ON 

-
PAGE C003 
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C SHOUlO eF. ATTEW.PTfO 
0\39 RAnCRT =1 .l'\e; "'ULt: C K' >1<, HIf , -T t.'~B JIll TAUII< , .,.Lf A CIO f 

014~ 00 285 l:I,12 
014\ GO TOI 31)\ ,3"2,3(\1; 3(3,3(\ 1, 3n3, 3r.l, 10\, 30~,?oU \, )1)3, ?Ol1 ,t 

0142 301 ~V~31 
0143 GO ~O 304 
0144 302 MV=28 ' 
0145 GO TD 3"4 
0146 303 HV=3C 
0141 304 CONTINUE 
0149 00 285 ~=1,8 
0149 OAYCOU=O. 
0150 SU~RAO=O. 
0151 00 185 H=l,MV 

C COMPARING THE HOURLY RADIATION HITENSITY WITH THE CRITI~At 

0152 IFCRAOTINll,M,N'-RADCRT'185,185,lS4 

0153 184 SU~~AO=SUMRAD+RAOTINll,M,NI 
0154 • OAYCOU=DAYCOU+l. 
0155 185 ENDAYC l,NI,>;DAVCOU 
0156 IFCENOAVll,NII186,186,187 
0157 186 AVERAOCl,N'=(I. . 
oi5B GO TO 285 
0159 187 AVERAOCl,N'=SUMRAD/ENOAYll,NI 

. C eOUATE THE HOURlY RADtATION INTENSITV Ta MDNTHLY AVEP~3~ 

0160 285 RAOIDNCl,N'=AVERAOCl,NI 
C PRINT A llST OF RAOIATION INTENSITIES AND Nu~aEP OF OAVS 

C ENCOUNTEREO WITHIN'THE CORRESPO~(lING MONTH 

0161 'DO 288 l~I.12 
0162 WRITEf6t651(~AnIONll,N"N=\~81,~O~THllI 

0163 WRITEC6,b6IC ENOAY'L,NI,N=l,8"MO~THCl' 

0164 288' CONTINUE ' 
0165 TOYERA '=0. 

C, OBTAIN THE VEAP.LY TOTAL RADIATION 

0166 00 Z89 l=l,iz 
0167 00 289 N=1,8 
Oi68 289 TOVERA=TOVERA+AVERADIL ,t:l*ENOAYCL,NI 

0169 W~lTEC6,67HOYERA 

0170 DO 291 l=1.12 
0171 DO 291 N=1,8 , 
0172 291 TOTDAY=TOTDAY+ENDAYIL,N, 

t DSTAIN THE YEARlY AVERAGE RADIATION 
0173 AVERYE=TOYERA/TOTDAY 
0174 WRITEC~;68IAVERYE 

0175 WRlTEC6i149' 
0176 311 RAOIONCII,JJI=AVERVE 

C FLAT PLATE COLLECTOR PFRFOR~ANCF,A~FA ,COST CAlCULATrn~s 

0177 RATINC-IZ. 
0178 ACRA'lE=RATlNG*(1.+PIPLOS' 
0119 OTOT=ACRAT~.3413. 

0186 FLOW=OTOT/COAOD-OREJ' 
t TOTAL HEAT WHICH MUST P.E COLLECTEO 

0181 QUSEF=OADO*(l.+PIPLOSI*FlOW 
0182 J"IN=l . , 

C FLAT PLATE COLLECTOR PERFORHA)lCE W!TH HO~EYCmI6 (,O~VECTH)" 
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t 
C 
C 

0183 
0184 
0185 
1)1 Rb 
0181 
0188 
o li! 9 
0190 
0191 
0192 
0193 
0194 
0195 
0196 

0197 

0198 
0199 
0200 
0201 
02~2 
0203' 
0204 
0205 
0206 
0201 
0208 
0209 
0210 
0211 
0212 
0213 
0214 
0215 
0216 

0217 
0218 

C 
0219 
0220 
0221 
0222 
0223 
0224 
0225 
0226 
0221 
0228 

SUPPRESSORS AND SElH-TIVE ABSOP.BING S:lR~ACt 

HONEYC(',/18 CFllS AND THEIR CHARACTERISTIC FIr.URES AS StI~G!:STr-!l 
8Y T.fWllA"IOS 
ETACOUKI='l.40 
EFPRII4=O.9 
CHECK::AVERYE*TAUIK) *Al FA IKI-ut:Cl KI *1 TlI 1 '-TM101 1 
IFIAVERYE-RADCRTI47,47,39 

39 IFICHECKI41,47,41 
41 AR EAPP=QUSEFII AVERYE *ETACOLI KIl 

G=FlOW/l0.1*AR~APP' . 
520 fXPON=EFPRI~*UlC(K"G 

IFIEXPO~-10~.1~22,522,523 
522 FlOFAC=1l.-11.-I12. 718**EXpoiu 1 IIE)(PO'l 

GO TO 516 
523 FlOFAC"O.OI 
526 FR=FlOFAC*EFPRII4' 

ARESEN=O.l*QUSEF/IFR*IAVERYE*TAUIKI*AlFAIK'-UlCIK'* 
lCT2IJI-TA~AI" 1 

ARElAT=.9*OUSEFIIEFPRI 14* 1 AVEIlYE*TAII(KI *ALFlllK '-ULt (!() * 
lCTlII'-TAM'BI" , 

AREA=ARESENtARElAT 
j;=FlOIf/ARESEN 
JHNaJMNH 
ETACOlIK'''FR*CHECK/AVERYE 
IFIJMN-21520,520,45 

45 EFIII,JJt=ETARAN*ETACOLIKI 
OAREA=AREA . 
IFIEFIIl,JJI147,47,48 

47 EFIII,JJt=O.O~OQOl 
48 CONTINUE 

. 00 450 KAR=3,S 
AKAR=KAR 
AREA=/).25*OAREA*FLOATIKARI 
WRITEI6,6(1)AREA 

312 00 340 KHK"I,20 
RAOIATIKMKI"330.-10.*FlOATIKMKI 
l'INcl 

'322 CONTINUE 
WRKHOU".l*AREA*FR.*I RADIATlKHK 1 *T·AU 1 KI >l'AL FA ( K l-l.JlC IK 1 *1 Tli J l-n'lS 1 t 
11/3413.+.9*AREA*EFPRIM*IRAOJATI(M~I*T\UIKI*AlFAI~I-ULCI~I*ITtll'-
2TAM811 )13413. . 

WRKHOU=WRKHOU*ETARAN 
EFFICIKMK)"WRKHOU*3413./IAREA*RAOJATIK~Ktl 
CORRECT THE FLOW RATE TO'· ... AJNTAIN CONSTANT OUTPUT TE"IPFPAT:JRE 
VAFLOWIKMK) "AREA*RAOI ATI KHKt IIHVlf II-HFL21 JI 1 . 
G=VAFlIlfIKHKIIIO.I*AREAt . 

1520 EPOWR=EFPR.l"'*UlCIKI/G 
IFIEPOWR-I00.11522,1522,1523 

1522 FLOFAC='I.-ll./12.718**EPO~R')I/EPOWR 
GO TO 1526 . 

1523 FLOFAC=O.Ol 
1526 FR"FlOFAC*EFPRIM 

IMN-III,NH 
IFIIMN-21322,~22,340 

-
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OZ29 
0230 
0231 
0232 
0233 
0234 
l'Z35 
0236 
0237 

·0238 
D239 
0240· 
D2;'1 
D242 
D243 

·024,. 
D245 
D246 
D247 
D2,.8 
D249 
D250 
D251 
D252 
0253 
D25,. 
DZ55 

·0256 

D257 

D258 

0259 
D260 
0261 
0262 
l'263 

l'264 

0265. 
D266 
D267 
D268 
0269 
027D 
D27\ 
0272 
D273 

C 

é 

c 
C 
C 

C 
C 

C 
C 

34D CONTtll1tn: 
WRITEC6.9ITlCIJ 
WRITEC6.69ICRAOIATCKMK'.KMK~1.101 
~RITEI6.1l"CEFFICIK~KI.KMK=I.101 
wRirEI6.71ICVAFlOWIKMKI.K~K~t.lnl 
WRITEC 6.691 (RAOI AT IKII.K I,KMKzl1,20' 
WRITEI6,70ICF.FFICIKMkl.KMK=11.201 
WRITEC6.71IlVAFlOWCKMKI.~~=11.20' 
TOTWRK=n. 
DO 315·11=1.12 
00 375 JJ"I,8 
00 191 KMK=1,20 
RAOI AT IKMK'=330.-10.*FlOAUkMK 1 
IRAOI=RAOIONCII,JJI 
ROURAD=CIRADI/ID'*lO 
IFIROURAD-RADIATIKMKI'191,193.191 

191 CONTlNtn: , 

,-, 

193 WRK~ONlll.JJ'=AREA*EFFICIKMK'*RAOION(II;JJI*USEFAC/3"13. 
IFÜIRkMONU I.JJI-RAT ING'195.194,194 

19,. WRkMONIII.JJ'=12. 
195 CONTINUE 

TOTWRK=TOTWRk+WRKMONIII.JJI*ENOAYIII,JJ' 
375 CONTINUE 

00 385 11=1.12 
385 WRITEI6.721IWRKMONlll.JJ'.JJ=I.8,.MONTHlll1 

51 COlCOS=6.5*AREA . 
ASSEM=I.2 
COLI NVcCOlCOS*ASSEM 
NO·STORAGE SYSTEM IS REQUIREO 
STOl NV=O. 

. TEMPERATURE AND AUrOMATIC CONTROlS COST 
COTINV=250. . 
TUR81NE PERFORMANCE ANQ COST 
IF THE SYSTEM SHOUlO OPERATE BELO~ 212 DEG.F. A VA~UU~ ~J~P 
MUST BE USEO 
IFITII11-212.154.54.56 

5,. PRVAPU,,250. 
TURINV=PRTUR*POWERCK,+PRCJPU+PRFEPU+PRVAPU 
'GO TO 57 - . 

56 TURINV=PRTUR*POWERIK'+PRC1PU+PRFEPU 
THE'CONDENSER TEMPERATURE IS FIXEO AT 90 OE5. F 
THE CONDENSER CO ST TOO IS FIXED 

57 SININVa'3DO. -
FINAL COST CALCULATIONs.caST PER KWHR 
FI~AL COST CALCULATlONS.COST PER KIIHR 
.TOTI NV=COLINV+STOINV+SININV+TURI NV+COT INV 
CAREFC"ENTRS*Cl.+ENTRS'**EXPLIF/lll.+ENTRS'*.EXPlIF-l.1 
TOTEXP .. TOTINV*ICAREFC+REPAIR+OPERTN' 
FINCOSCII-TOTEXP/TOTWRK 
COCENT=FINCOSll1 *100. 
WRITEI6.76'FINCOSII'.AREA.KAR 
WRIT~ 16, n, 1. TOTINV. TOTE}CP ,CriCE!!T .AREA,COlCOS. Tl 1 1 l ,T2.1 J, 
WRITEI6,149' 
WRITEI6,~6J 

• 
pa:;!' 00·06 



• 

• 

u. ... 
Cf 
Cl 

~ ... 
ct 
li: 

'" 
e 
Cl 
:E .. ... 
.1 
W 
> 
W 
.1 .., 
> -
:z 
~ 
Ir! 
I-

"" ~ 

III 
0' W 
Q' 1-
Q' >-.. <0 ... 
CI Q) 

CI U ... 11\ .. .0 
ct' C 
0' " 0'''' ~w __ 

III 
;> ..... 1-

::",I~ z -z w ...... z .... :E 
::-Z-.,.IO w 
C'.lOu.ct;z et: uu-vw ... 

;> 
C!'C 0' -0 
11\0 0' w 
~-... 0' c.: 

>-c: 
C 
::E: 
w 
E 

.1 
~ 

~II\.o"'", l-
,.. ............ 0 
NNNNN 1-
OOC'C:'O 



• e • 
COLLECTOR AREA# 2485. _ 

230.00 . . 
320. 310. 300. 290. 280. 210. 260. 250. ?40. 230. RADIATION 

0.051 0.051 0.056 0.055 0.055 0.OS4 0.053 0.052 0.051 0.050 EFFIC.J.ENC.Y 

124. 701. 618. 656. 63a. 611. 588 •. 565. 543. 520 a F~ONRATE 

220. 2.10. 200. 190. 180. 170. 160 •. 150. 140. 130. RADIAl ION' 
" 

0.048 0.047 0.046 0.04'1 0.04Z0.040 0.038' O.O~S 0.03~ O .. O~9 EFFICIENCY 
< 

498. 475. 452. 430. 407. 384. 362. '39. 311~ ·2.94. FlOWRATE 

6. 10. Il. 12.. 12. Il. ) O. 6. TOTAL ~OR.fC. FOR J/lN. 
, 3. 1. 9. 10. 10. 9. 1. , 3~ TOTAL WORK FOR FE8. 
3. 1. 9. 10. 10. 9. 7» 3. TOTAL WOR~ FOR MAR. 
2. 5. b. ·8. s. 6. 5 .. 2. TOTAL WOR~. FOR APR. 
o. 3. 4. 5. 5. 4. 3. 0,. TOTAL WORK FOR MAY. 
o. 2. 3. 4. 4. 3. 2, . 0, TOTAL MQRK FOR JUN. 
o. 2. 3. 5. 5. 3. 2. o. TOTAL NOR~ FOR JUL. 
2. '. 4. 6. 7. 7. 6. 5. Z. TOTAL WORI< FOR AUS. 
3. 6. 7. 9. q~. 7. 6. 3, TOTAL \'IORK FOR SEP. 
3. 6. 7. 8. 8. ' 7 •. 5. 3. . TOTAL WORI<., FOR OCT.' 
2. 5. 6. 7. 7. 6. 5. ·2. TOTAL WORI< FOR NOV. 
2. 3_ 5. 6. 6. 4. 3. 2~ , TOTAL WORK FOR. DEC. 

COST PÈR KWHII 0.2.64108 CO~l.AREA# 2485. 43 T~ I.AUI 3 
8 223't6. ~865. 26. 4 1 2.IfSS. 16155. BOILER TEMP." 2.30~ CONPENSER, TëMP~* 90.· 

~-*-*-~-*-*-*~*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-



• e • 
COllECTOR AREA" 3314. 

230.00 
320. ' 310. 300. 290 • . 280. ,270. 260. 250. 2;0. 230~ R~OIATION 

,-

0.057 0.057 0.056 0.055 0.Q55 0~054 0.0~3· 0.052 ti.oSt O~050 EFFICIENCY 

965. 935. 905. ' 874. 844. .814. 784. 754 •. ~724~ . 694. FlOWRATE 

-
'220 •. 210. 200. 190.. ' 180. : 170.. 160 .• 150. 140. ' 130. ~~QIATIO~ 

0~048 0.047. 0.~46 0.044 0.042'.0.040 ~.0~8 0.0350.~32 0.029. E~FICIENCY . 

663. 633. 603 •.. 573 .• . 543.'. 513. , 482. 452. 422." 392. FlOWRATE' 

~. 12. 12. 12. 
4. 9.' Il. -12~ 
4. 9. 11. 12. 
3. 6,. 8. 10. 
O. 4. 5. 7. 
o. 3. 4. ' 5. 
o. . ·3. '5. 6. 
3. 6.'''' 8. 10. 
3. 7. 10. Il. 
3. l~, 9.11. 
3. l_ 8. 10. 
·3. 5. ' 6. ' , 7.' 

COST PER"KWHf, :0.264762 .cOll ~AREA' 
8 28808. ,4983., 26.48, 

12. 12. : 12. ,~, 
12. 11. 9.', 
12. ll~ 9.' 
10.' 8., '6. 
7. 5. 3. 
5. 4. 3. 
6. 5. 3. 

10. ' 8. 6~ 
11. 10.7. 
Il." 9. 7. 
10. 8. 6 •. , 

7. 6~ 5. 
3313.91 TRIAL' 4 

8. 
·4. 
,4. 
3. 
o. 
o. 
O. 
3. 
'3.' 
3. 
3. 
3. 

TOTAL WORK FOR JA~.' 
'TOTAL WORK FOR' FEB." 
TOTAL WORK ~OR'MAR. ' 
TOTA~ ,WORI( ,F=OR ,APR., .': 
TOTAL WORK FOR MAY. 

'TOTAL MaRK 'FOR JU~. ',' 
TOTALWOR( FOR. JUl., 
TOTAL W:lRK FO~, AUG •. 
TOTAL 'WORKFO~SE~ ... 
TOTAl~WORKFOR'nCT~ 

TOTAl~WORK FOR NOV~ 
TOTAl'WORK FOR~OEt. 

3314. 21540. BOIlER TEMP.' 230. CONOE~SE~TEMP.' . .. ".' .... 

• -.-.-.-.-.-*~* .. -.-*-*-*-*-*-*-*-*-*-*-~-*-*-*-*-*~ 0.,-. 

.9~. 



• e • 
COllECTOR AREAfI ' 4142. 

230.00 
320. 310. 300. 290. ' 280. 270. 266. 250. 240. 230. R~DIATioN 

0.057 0.057 0.056 Q.OS5.0.055 0.054'·0.0~3 0.0~2 0.0510~050 EFFICIENCY 

1206~1168~ 1131. 1093. 1055. 1018. 980. 942. 905~ 867~ FlOWRATE 

220. 210. 200. l~O. 180. 170. 160. 150. 140. 130 0 RADIATION 

0.048 0.047 0~046 0.04. 0.042 0.040 0.038 0.035 0.03i 0.029 EFFICIENCY 

829! ,792.754. 7~6. ,678. 641. 603. 565. 528. 490. FlOWRATE' 

9. 12. 12. 12. 12. 12. ' 12 •. 11 .. TOTAL WORK FOR JA~. 

5. Il. 12. 12. 12. 12. 11. ' 5. TOTAL WORK FOR FE8. 
5. Il. 12. . , 12. 12. 12 • Il •. 5. ,TOTAL HORK FOR ~AR. 
4. 8. Il. , 12. 12. Il. B. 40" TOTALWORK ,FOR APR. , o. 4. 7. 9. . 9. 7 .• 4. o • TOTAL WÙ~k FOR ~A1o " 
O~ ,4. 5. 6. 6. 5. 4. O. ' TOTAL WORKFORJUN. ' 

,O. 4. 6. ,8. 8. 6. 4.' " , o. TOTAL WORKFOR JUL. 
4. 7. ' 10_ 12. 12. ~O. ' 8. 4. TOTAL WQRK FOR AUS, 
4." 9. 12. 12. 12. 12. 9. 4.' TOTAL WORK FOR SEP. 
4. '9. . Il. 12. 12. Il. 9. 4. ',TOTAL HORI< FORO~T.; 
4. 8. ", " 10. 12. 12. 10. 8 .. " 40 " TOTAL HORK FORNOV~ 
4., 6. B. 9. 9. 7. 6. 4. TOTAL 'WORK FOR DEè. 

: COST PER KWH# 0.276911 COLL .AREA# 4142.38 TR IAlH 5 
8 35271. 6101. 27.69' . 4142. 26925. BOIlER TEMPo'# 2300, êQNDENSER TEMP'.II 

*-*~*~*-*-*-*~*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*~*-*-

., 

·90 .. 
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~nRT~A~ tv G LeveL 1. ~0" ~ "~.I\. [ '" ")~"'!'": ~."':.,..~~ ,"II/U 
c 
C 
C 
C, 

')11"\ 

1'1'''7 
00"3 

('n"4 
!,n~5 
OQn~ 

n""7 
(\f\"R 
(11\;)0 

Onl" 
(l'l\1 
On12 
(Inn 
!l0!4 

1)01S 
nOIf. 
0<'1 ! 
()"'~ 
0019 

0""" 
'l071 
"n,,? 
O')?~ 
0024 
O'l~ .. 
,,026 
Q!'I?7 
n"'2~ 
OO?" 
OO~ ... 
D'll) 
!!"':\2 
""'33 
1",4 
'11'3'; 
(H136 
01'17 
nrn'l 
(I"~~ 

or!41 
nn41 
(In 1. 2 

"('14'3 
('1(\44 

'''.KlInr..fT <;'C"l':tft{ 

UHSTe,\py STATi A"ALYSIS WITH ""IUAil" 'OWEIl DI~MD 
'.I~ ,,:~ H-::!t T F~G' r~f ~ 
1.;.1/ .... ORrr.DI\·~'·E 

o';·\n:"T"~· I=II\iC"lc;l<;(\I.>lPKHnl.lI1;>.~1.:U.,,~~~q··117."'."'" 
1 e'~".'\Y l';> .1 ~ 1 • Fel 17. ! ? 1 • AV"D IInf , '. ~ , 1 • "~·'TJ..I! ' ;> 1 

I)!'<O ~~S I~I! (IT Ilil 21 • l'lFCL T '111;> 1, ':t1!.:SIW' l '? 'l' ,?!.I • S Tno f ! ~. ~!. ?41. 
n l'~;:!II~ lr'l p 1111\ • P:> Il \1 • Tl, III • n' ~ 1 1 d\'Jl. 1111 .1-''''' \ ! 1 • 'll'U , )l \ • 
lH~L?"II.c;VlI111.scll(" 1.5Fl2(111.~Y!ll1'.~~~'T'I.~V?ll1'. 
?11'('1 11 1 •. I-!Y 11 11\ ,~~11 T l"111 7..I? \ ,Y1 P ',1.)1')' 1\ 1 • CT ~C'" .f" 1 ." T ft r JL' 1" 1. 
3UlCI51.TAUI~I,PDWr~151,~le'I<;I."TAPU"I~1 

1 FfJR" ~ Til "'''1. ~ 1 
, ré':l"-'hT(lnf'~.(.1 

" Ff.l"··'~TI~FJ'l.', 
" ~nRH.Hr2Fl".21 
s F~P~AT( )~~~.! 
b F',":.o!\Tf"~l".:>1 

7 f'~,I>'.' AT Il 'f',. '?I 
~ F~~YAT(~'?~,15x,~'7.~' 
Cl FnQ'~AT (1' 1".? 1 

10 FP~~aTf~CI!.41 
11 Fhq~hTrI6.'Fl'l.n,FP.2,2C!".",J&H ~"Ile~ Trvr;~ C~.~, 

11~H CPNnE~S~? TF~p.~ ~~.~ Il 
12 rO~~ATI'2F6.!1 
~, FOPM~T(2~!f..nl 

19 Fn~~AT'PFn.n,~X.!4.?14) 
,q FO;>"/IT 1.1 ;>P~,,\411 
::>6 Fn!t'4ATI!'~11 
27 rnQ~aT(~5H FLPN F~rTQQ, LFSS TH~~ pepr~~T 
2Q n'DUn l''nnl 
3' ~oo~aTr27H Rnll~p rQF~~I~e5 I~ r~~A 

,1 e~~~ATI~~H C~~DFN~EP PpCÇSURc§ IN P~I\ 
32 f'"~4~TI~PH ~OTLFR TFMPFP~TU~~~ " ~Fe 1 
33 fOR"AT l'IIH r.[)''''[N~FR Tf"PERA~l'~C:~ IN Tce • 
'4 Fn~"flT 12"H r-"'ITHlIlPT~S P'TIlft.El , 
"le; l'm'''hT(?'.f' PITPf:>PIFS I1nt'l~." 1 'f. F-j!n·tTI2?H T"~'lH'[ l'F e lel!''!!:I!'!; , 
l7 e~?~tT(laH pO~n EFFI[Ie~CrE~ 
"Ig F"P"~T(16H 'B5~pnT'VITTes 
4 n Fri9MAT(7n H onN~p FATI~~ I~ ~y 
611 ,r~~U~TI16H COlLECTep ARfA' Ft2. ft

) 

61 F nDV tT(76H INITlll STn~~G~ I~ KWH~ F!2.' 'fI 
65 FnD"aTr;>X,pc:~.n,2~,A4.?~.·QAn.Pl 
66 Fnl>~AT(?x,8ep.n,zx,A4,')I~'SU~.~r 
~7 roqW6T'?~H T~ThL VftQL~ P~~IIT,ru~ ~l~."ll 
F,B."OIl'."-AT(7711 yCA~lV IIVFP./of"!!: QI\f1IIlTIf'" Ff,.~", 
(,<) FnO·I~T(4,(.2nF4.".1"'" "~"L'Tln,! Il . 
70 FO~~~T(4x,?nF4.?,IIH FFFTCIENCV . Il 
71 F~R~I\T,'Y.?"F4.n,10H FtOW RillE· III 
?~ rnRUIIT(!FP.,,~~,I!H TnT'l WO~K 'Fn~ ,"?' 
76 F'P"ITI15H COST PF~ ~WH~ Fl~.6,!?~ C~lL.~'FA. c'~.', ~y T~"L' 

1 1,., 
77 FnPMIT{'"H MnU?lY ~Tcp~cicH Fl~.nl 
lq F"P.~h T' ?7H SIl!'PLE"r~fT r'!FFI)EiJ HI :<'"IHI' F' '.~. 

• 
'''GI 0001 PROGRAMME NO: 2 
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FORT~a~ IV G lFVfl 1. Mr~ ~ ~tt.l DAle = 6~9 T6/21 1\ '7 

Il!,''5 

l'II lof, 
1)1147 
l'Me 
(1)4Q 

C"5" 

005\ 

OQ5? 
0';0;3 
~"54 
0055 
O!)5!> 
(1)5" 
0(\58 
1)1)5° 
006" 
1'I06\ 
Oll62 
""63 
001,,. 
00"5 
nn6(> 
0061' 
""f>S 
0069 
11071'1 
(1)71 

n!'?? 
(\(\7' 
0074 
"Cl7'> 
1\076 
1)"77 
"(In 
"o79 
""80 
0""1, 

r. 
c 

nI''' 2 
on83 
O"!!4. 
O0P,5 
011"6 
001;7 
OMS 
OM'" 
009'\ 
O(\Ql 
Ol)q~ 

r~.·4"'.~4.'" 120" H~U~ ~ll~aUT row~D ~UDplVf 
79 Fn~U~T(~~H ~1~I~UW "faT ~TOR~!)e 

, F'l>." Il. 
F16.n .!2H ~~~tq~~ 4;~T ~TnRF,,~ 

!"" F(1R"6 T C4?H lA0r.lST STOP."GE (t.PAStTy ~J"!:~F.I) 1~ 'ITII 1 

14(\ FO~~!TC1~H TPA~S~ISSIV'TlfS 1 
"17.'" 

\41 F:Jll"nO!H nVI'Pt-ll I-'EAT l.OSS 'CflC::F"ICtl'~rr 

145 FOO~AT('3~ ALL P~ICfS I~ (\nLL~PS 1 
146 FOII':/lTC8"'" WlO., rRt:F I.:LA<;S· .PRI.TeOL"!!p. SH'''''T fO"!~ r;t.~C;""'"L -r:I'. 

I.PRI. C1Pr.pU~. l'CEl) ~1~. , 

147 FClP"AT·C"!' ... p!OF PilleE G!lvc:~.p~l.r.O~I!l.TIJP.E CO"~.5~Flt "!;:Dq!i 

lP. ... Tt~~ '"'''0C:5T llFFTl~E.vE ... P.S " . 

1ft!! F~R!o'I\TC54H liSE FACTep Ml!':tENT T C'lOl If 1 ("('fil If (1 PI"" H"'"TU'55 

140 Foo~ATC5~'" ~~. *~. *.*. ••• ..~ ••• ••• ..~ 

151 FI){\'I Ai(':i1H T\1!.' FllACTlO~ OFTHr: IIH!'O POWr:" C(1.,t;IJ~·.1:0l':~ ~~I1~1. y< 

I n')l Pr.AI) (';.;><:INII91J.IK,IL.I.P.! 
. "FA!) -{ 5.2<>'NJAN.~F!'P.~Jlm."'JULY.Nl\U(: 

IIFAn CG.ll(D1CMI.~=1.\~1 

"EA1 (~.1I(1>2C1~1'''=1.1r.1 

RFAn C5.1JCT1~~I.~=!.!nl 
P"AI) (5tlICT2Cf.1I.'-,=1.1"I 

. ReAO C~.11IHV11~1.~=I.lnl 

PF"n (':i.lICHV?(~I.M=1.1n, 
IIfAn CS.ll(HFllCMI.u=1.1nl 
IIE~O C~.ll(~Fl?IMI."=!.I~1 

RFAO ·(5.21(<;Vl(~I.M=1~101 
PEAO C5.21ISV2IVI.~=1.1nl· 

l'EAO (O:; .... ,ISellCM'.'I=l,l n l 
R!'~n 'C ~.?I C5FL2C"',."'=1.1"1 
PF~D (5.3ICET~TUII(MI'''~1.'>1 

peao (~,3ICErAPu~(~,."=t.51 
REAQ C5'!'C~LF~C~I.M=I.51 
R~An C~.~ICI>"WERC~I.~=1.51 
DEAO C5.31(TAU(MI.~~1.51 

REAn C5.?IIUlCC",.~=1.51 

PFAn 15.4IpAoIlU'l.OFT/\ 

~pr 

p~An C5.6,pRwoon,p"GLAS.PoTEOl,P"STEL.I>PFt~G.~RTI~
.pRrtI>J.Dp~rpu. 

R~AO t5.~'PRPtI>E.P"GOVO.PRCDTU,PRcnSH.PEPAlq.OpFoT~.F~T
~~.E~OllF 

p" AD ('5. !lIUSFFAC • 'r AHIII • TC'" t. TCWD. 0 1 Pl'lS 
ReAO C~.lç'CMnNTHCll~l=l.I?' 
PEAI) C5,411>~TtN5."ESOAY 

·RfAn (5,611'1 .F?,F3.F4.F5.F6.F7.FS·· 
lIEAI' THF PA'JUTlO'1 H"TF"!SITV D'! T!iF Ttl.n'n cnlli:r.T10 

PLAN" Q[1TAINFD FPO,," A SU!!ROUTtNF . 

ro lM! L=I.12 .-
GO TO Cl,)1.1n2.1nl.ln3~1~1.1n3,1~l.lnl.l~~.,nl.,~~.lnll.l 

101 .Mv=~JAN . 
r,n TO 101t 

ln? "V=HFED 
GO TO lOit 

1"~ ~!V=NJU N 
11'14 CONTI NUi 

DO' 1"8 !'=l.'"'V 
168 READ C5.1&ICRADT(H(l.M.NI'N.l,81.MON1HI~',tDAY.1"0N 

~l>lTFC6,2~' . 

e 

1'A&E oocn 



e e 

FORTR~~ tv G lfV~l 1. Mrr ~ -tt IlJ ~!. T~ f~Ct- '.C 16/11'17 

{l1I9~ 

(10"'4 
{loq5 
(I(1Q6 

(I{'cn 

0(198 
oo<;? 
~11"'\ 
QI!)1 
01112 
01"3 
01"4 
ni':l5 
(lIn!> 
(\1')1 

Pl "'1 
01 n9 
l'll-Q 
0111 
01\2 
0113 
l'H4 
(11\5 
11116 
0117 
(Ill!! 
Ollq 
0121'1 
0121 
0122 
0123 
0124 
1)) 25 
01")6 
0127 
0128 
0129 
0130 
0131 
0132 
0133 

t 
C 
C 
C 
r. 
1: 

0134 16~ 
0135 
0136' 
(\137 167 

C 
0138 
0139 

;.II>JTr:(f,~nl 

~qT<Ir..l'IPll~·I.:'=l.Ir.1 
\/oITr( t.?! 1. 
~RJTEIJ.l,(021~J,M·,,1'" 
~I", IT~f !'!>, 72) 
WQ 1 Tf Il,. II IT 1 ( ~" ,'-=! ,11:11 
~!"IT!=I (0, 32" 
MPITEI6.llIT2'~I.~=1,lrl 
;;~ IT F , 6, 3 4 1 
W~'TF'6.111HV11~I.M=i.'~1 
W~ITF(~.ll'~V?I~I.~=l,lnl 
WR1TEI l-oll II-IFl-lIMJ ,101=1,1 III 
\oIRHFI f, ill HFl.21''' , ~=l, 1 !:II 
W~ITEI6;'5' . 
W~ IT FI 6. é'I (5 VU ~ l ,"1= J , 1" 1 
WPTTEI6,?II~V2(~I,M=1,l(\) 
\/QIT~16.21(5FL1(~I."I=I,lOI 

WRITEI6;211SFL2(MI,M=1.1'" 
WQITEI6,361 ' 
W~ITE(6.ÇIET4TURIll 

WRlT c I6,37' . 
W~ nE 16. QIETA"!>lJlI, 111· 
WQITFI6,3!!"-"-

. WQ ITFI6,olALFAIII 
W'lITEI6,401 
WPTTF.16.9,o0vc.°lll 
loi" ITq f,l""'1 
~R'TEI6,ÇITAUI1I 

\oIR·ITEI 6, 1411 
\I~!TE( 1.,0 l'JLCIII 
WOITEIf:.!t.!'1 
w~ 1 TC If" ! 4'" 
101" !Tf (6.6' p~w~OO, PRGLIIS. DRTEf'lL • l'Re; T.E L. 1''1. r: 1 Br.. ?~T"".:>' cr ru. Pl> FFD!j 
"'R!Tf. 1 6, 147' 
W~ TT E.I 6,~ 1 P!t'PIPE, PRGOVR. PPCOTU. D!l.c'1-:"."ePA IR .OPERTfo •• ENTRS. &XPL 1 F 
Il!!. TTE (6,14'11 '. . 
·W~ n!' (6, 3lUSEFAC, T~"!H. TCWh Tf.WO." 1 l'LOS' 
IIRIT~(6,1511' . 
lI~tTEI6,6IFt,F2,F3,F4,F5.F~.F7.c~ 
W!l.lT!;·16, :?b1 

,. 00 100 t-a,lO,Z 
P!:A!' A LIST OF .AVE~AG!;O RAOJATIP'I ,~T"'!<;tTTrs I)nnl'I::'" "" vr~~·'<; 
(\~ A SÙ~D3UTI"E" cAlCULATtN:i '1Q'IHL.Y t.IfE",!\r,FS '!~ T4, RII"IIH!O'!' 
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INITIAL STn~AGE IN I(Wlfll 69Z.2. 

SUPPl~~E~T ~CCOE~ J~ K~4· 

SUPPlCM~NT NE[~EO I~ KWH" 
SUDPl E"!;NT Ncc::JEO IN 1<~1!~f. 
SUPPlE'4~NT ~~EryEO IN K~H~ 
SUPPl'E'-IENT ··'7<:1)1'0 IN I(WH~ 

SUPPlE"'f~T ~cEnED IN KWHH 
SUPPlE~ENT NEEI)E~ T~ KWH~ 
SUPPL~~F.NT NEEOF.D I~ KW~~ 
SUPPL ~"''=~T "-IEEDEO' IN KWH" 
SUPPLP'F~IT NEFOEO IN KliHb 
SUPPlE~ENT NeEOEO IN I(WH~ 

SUPPLeMENT NEEOeQ IN·KWH" 
SUPPLEM~NT NEEOEO IN K~HH 
SUPPlE~FNT NEEOED IN KWHY 
SUPPl~~'=NT ~EEDEO tN KWHs 
SUPPLE~FNT NEFDEO IN ~WHP 
SUPPLEMENT N!FOEO .IN.KWH~ 
SUPPlF"ENT NEEDE!> l~! KIlHY 
SUPPlFMFNT NEE~EO IN KWH~ 
SUPPL ""F.NT NEE!!ED IN KWIiII 
SUPPLE!IFNT NEEOEO IN K:.tHl! 
SUPPlE"'~NT NFEOEO IN KWH~ 
SUPPlE.,ENT NEEOEO· HI K!-:4e 
SUPPlF~FNT NfE~EO IN K~H9 
SUPPlE'4ENT.NEEIJEO IN K\oIHII 
SUPPlEuENT NeE~EO IN ~WH~ 

SUPPlE~ENT NEEOEO IN K~He 
SUPPL E..,"NT NEF.OEO P: K~~f!1/ 

7<;. "'QIl~ 'HTI-IClIT pnWF" ~1.It'''I.VM 

151. H"'.IR 4ITHDUT P""W!,1l "!'PHYI' 
~?6. Hnu~ 4TTHOUT PQWF~ supplVI 
Z97. H8iJR W IT'iOUT PC'.o/".!' "!JDPl VP 

3~7. HrUR WITHnUT powep <;UPPlVn 
437. W'HR W ITIt(1IJT pr.\-I"P SUDPl YII 
4 0 <:. Hf'l!'! YITHI111T pn\·J~R SliPPl VI! 
57Q. H~UR WITH(1UT POWER 5UPPlYU 
·~5C. HOI~ WTTH~UT PQ~FR 5HPPlY~ 

7!6. HPUP WITHnllT POW~R 5UPPlV~ 
!ll2. HO III' W 1 THOUT pn'wCR S'fPPl VII 
p~~. HOU9 ~ITHOUT PO~fR SUPPlye 
,,~.{\. HQUR \oIlTHOUT 1'0"'1'0 <;"PPl YI1 

l "33. ~OIlO:: w 1 THOUT l'OWEP ~'fPPl ve 
11'2. HOUR W1JHrUT PD\-IER 5UPPlYM 
11'l1'. HO LIll. 'WIT/lOUT Pr.'~ER SUPPL ye 
1241\. I-IOUI'I \01 1 THO liT POWER C:;UPPlV!( 
13 n 1. H[1tJR WlTHOUT 'pl).,jr;p <;tJPPI.V~ 

);7~. HOIIR WlTllCl'JT P,}Io/I'I( <:'loDl VII 
1421. H'}I)R WITHQIJT PO:~~" SU?Ol YI! 
,t.h~. H01.1P. WlTl-!(1I)T PëN[P. SIIPPlY/! 
!-12. HOUR WITI-!~UT prw~~ suprtYIi 
1 C,4 c • HGI'" ,,!TTHOlfT POI~!,Q "''''Pl VI! 
150~. l'OLIP. WlTfll;lUT P(1;.rFR <;!J0DlV~ 

~f,53. HOUR WlTHOlJT P')"I!'P SIJ?Dl VI' 
17 4 f. HnUR WlTHf'UT P'1w(p. SÜP<>I VP 
1 P5"? HOt!!! WITHJUT pn'~o:p C;'JDPlVR 
lp'n~. HGUP. W! r"CI.1T P!1WI;1i SIlI'''l VII 

.f·~H. 
..I!~ • i ~ 
~ r :~., 

["'r~. 

lt!l!" • 

' ... ~ ') 

!Ot'l. 
~IJI'.). 

~~, V • 

vr. v • 

..HI"" . 

.IIPl • 
.1'.11. , 
Jill. 
Al.I~. 

Allr;" 
~r I)~ 

C'C"'o. 

"'r T • 

r-rT" 

~In". 
NP,!. 

""(. 
fiFre 

:"'!. 
I.P. 

7' 
Of. 

]?~ 

14~ 

, ~e 

! I)? 

~11-

,,1. ... 

?f..4 

?QIl 

"17 .... ~ 
"6" 
~"4 
4"P , .. ~., 
4~L 

4!l" 
C;", 
~.,,, 

"57 
5"710 
I...~" 

"')4 
104"'­
h7? 

e 

MD, 
SUN. 
p,AD. 
SUN. 
o l'.~ .. 
<::J\' , 
O~",. 

~lJ\I. 

Q.:\!"'" 
cu'! ... 
?:\::,., 
~1,,,., 

I)!,~ .. 
(tI~l. 

~ .,n,t 

<:~J" ." 
OAf'., 
<::11': ., 
;.l:\". 
S!fM ., 

~"o. 
":l'I. 
p"" , 
C::U". 

SAMPLE RESULTS OF PROGRAMME NO: 

.I"ll. ,,, 
JI.IL. H, 

J.ll. 17 

.I!.'l. 1 Q 

J'IL. 1'> 

.JJl. 7" 
J:JL. ?' 
JUl. ?? 
Jlll. ,,~ 

J'JL, ~~ 
J!'l. 7.~ 

J'Il. 2', 
JUL. ,') 
J~Jl. ?!) 
Jill •. ~" 
Jill • ." 
J:Jl. :>'. 
A~fr.. ' 
~:J"':. ., 
l'1:'~, '1 
~1.1:'j. 4 

I\tIG. 
":J~. ,... 
'\:..Ir;. 7 
~J';.. 0 

r·u',;. ':) 
hLJ~. , '" 
"~Ir;.. ~ l 

e 

2 



e e 

S1JPPLt'-l!:~!T :-J:-ff'[ ~ !~, K'~'h 

~UPOl;~~~T 'JC~)~~ l~ v~~~ 

~I~I~U~ ~FAT ~T~~F"H 

7-::;t',-. Il'''II~ 1.·tT~("qr t" ...... ~~!) ~111"'.,1 ,i~l 

7Cf"',? I-J .... '!O '.' !THe.lIT r·r.·~r!" t":Unp, V!I 

-BOitt. ~t,.vI""I!·! H~tT ~Tr . .,~n.., 

Co '\:: ~ -: 0 SAMPLE RESULTS OF PROGRAMME NO: 2 
<!. ... ..,,. l'':--"l' 

17'1(;-. 

lARG~ST STn~A~~ CAP~SITV ~<rn~~' I~ DT~ • G.l.~ 'H:'5 .... /l. 

CoST PE~ ~w~u n.~2p7,~ cnLL.f~r~F 

q !?3 """'. 2-nee. 82. sg ".960. 
40:.,0.17 TR!ALH 

~l2~1. ~~ILER TéMP.~ ?30. ~ONDENSER TEM~.~ 90. 

I~ITI~L STn~A~~ I~ K~H~ \6009. 

~INi~uq ~EAT STnr<ns 1062 ••• ~':t. !"'J" H~AT l'T"'-\C"~ 17"''' ." 

lARGFST STO~~r.!' ('l.P~SITY NEl.:orp Pl PTI! ; 
CoST PE~ K~H~ 0.82.9\46 rnLl.ACE~f 

S 12361.5. 1.1390. 82.91 '1%0. 

I)/.r .. 77"?")7. 

".960.19 TRIAL" 6 
~?2'~'. n('q,-c~ T":,I."n .. ': 230., "',,'I~t"'\I<:f"'")' T'=U"," 90, 

COLLFCTn~ AR~!H ~~I~. 

INITIAL STnpaGE l~ ~WHI ~9~~. 

~ININU~ H~.T §T'DE"# 580. MAXIMUM HEAT STOREDH 11053, 

LARGEST STnRAGC ChpASITV NEEpED IN Bru f 

COST p!,,, KI"H~ 0.5"3878 (.Oll.AREIIF. 
8 1n31~Z. 18708. 56 .39 6614. 

357ft",,.4. 
661a.5~ TRIAlP 6 

4a9SS. BOIlER T6~P.Y 230. CONDENSER TEMP." 90, 

INITIAL ST0QAr,E IN Kw~e 1 .. "',7':1. 

~INI~II'" .... Et.T 5T:lPED6 ~12~. MAXrMUM HEAT STORe~ , !..b04 .. 

LARGEST STn~IG~ CAo~SITv ~c~n~~ r~ eTU H 35767600. 
COST O~D KW~~ 0.54~055 COLl.AREA" 

e 108197. 18714. SIj.~1 661~. 
661~.5' TRIAL~ 8 

1t2~B8. BO'LE~ TEMP." 230. CONDENSER ~EMP.' 90. 

e 



e e 

fCRTRA~-IV G LfVEL 1. MOD 3 :-\1\ (t. JoUE 69010 1I/59/51 

c 
C 
C 
C 
C. 
C 
C 

orOI 

(-Ç02 
C('~3 

0(",04 
('''il'> 
OGC-6 
Cr C7 
crop 
('r09 
ono 
0011 
0012 
(lOl3 
0"14 
OCl5 
001(, 
or-17 
O(ll~ 

0019 
002e-
0021 
0022 
0('23 
0024 
0025 
OC26 
O~-21 
0026 
0029 
0("30 
0031 
0"32 
Of":n 
0(;34 
OC'35 
()~36 

0031 
01J3Q 
0039 
C04n 
0041 
0(-42 
0('43 

SU5ROUTI"l~ FOI> C<l.LCULATIN:; HiE RA,)II\Tlm: PITENSITV 0)/ 
THE TILTED COLLECTOR PLANE 
'l.KUORET SELCUK 
HJPIZQ~TAL rGTAL OR DIRECT "'ND DIFFUSE INTENSITIES 
SIiÔULJ Ff AVAILIli3LE 
l' CIIS~ OF ONlY TOTAL ~D~IZO~TAL [S I\VAILA9LE DifFUSE 
15 ASSUMED TO BE 10 PERCENT OF THE TOTAL 
j) 1 ME ,~s IO~ RAOH,JTI 12,31,24' , RAHOO 1 Il?, 31 ,24' .R AOT 1 NI 12, 31 ,24' , 

l'lI\IUI~ 112,31 ,24' .nECLlNI12',AV~RA)112 ,Ill ,EW)AYI12,12, 
o)lo,(!'NSIO-~ IWNTlH12' 
~ l'-;Ç NS IO'~ Pli 11' • P21111. T li Ill, T2 1111, HV Illl , ,HV?I III .IIFLlI 111 , 

1 Il'''l ? 1 Ill. SV 1111 , , SFL 1111 , , SFL 21 11' , S X 1111 , ,51(21111 , SV21111 , 
2'1)(21 Ill, H'<II11 , ,~AO ION 112,12' ,)( 1111 , • X 21 III ,ET ACOU51 , E T A TUR 151 , 
3UlCI5',TAUI51.PQWERI5I,i\lFAI5I,ETI\PUMI51 

1 FUR'-lATll0Fg.7.1 
2 FOR"ATIlIJF8.41 
3 I=OQ'4ATlSF IC.2' 
4 FORMATI2FID.21 
6 FOR.'AT(RFIO.21 
13 FUP."'i\T(SFI6.61 

10 ~~R~AT(llF~.11 
12 F0R~I\TI12~o.CI 
13 FOR"'ATI12F~.O,A4, 141 
15 FOR~AT'45H T~TAL HnQIZONTAL ~ADIATlON 4VAILi\5LE GNlY Il 
16 FOP..,ATI40H HnRIZ3~TAl TOTAL AND DIFFUSE aV ... IlASlE Il 
11 F0R..,AT,2FI6.01 
113 FO~~ATl~"'~.O,2X,A~,2141 
19 FORMATI12IZ)(,A4', 
26 FOP.MATlIHll 
29 FO~'I,\TI,)1101 
65 FOR~AT(2K1BFB.O,ZX,A4,2X,·RAD.@1 
66 FnR~AT(?X.8FS.~.2~,A4,2X.'SUN.~1 
67 FUR"IATl261l TOTAL YEARlY Qi\Dli\TIONY flo.DI 
69 FOR~i\TI27~ YEAQLY AVERAGf RADIATI0N F&.~III 

1001 REM) '5,2qINr~,IJ, lK, IL ,IH 
PEAO (5,29INJAN,~FEB,NJUN 
R~A~ ('),II(PIIMI,~=1,101 
Il:: Ao) 15, 111 P 2 HU , ..,= l, 101 
R? A') (').t Il Tl!'11 , '~= 1 ,1 0 1 
READ (5.11IT21~I,'4=1,lCI 
!H: .... O 15,1IIHVlplI,r'.=1, lOI 
REAl) 15tlI(HV7n~I.M=1,lOI 
REAl> 15-, llllleL 11'11 ,'I=l,IGI 
READ 15,IIIHFL2I'1I,'I=l,ICI 
REAU 15,21'~Vll~,,'I=I,lal 
~EAO- 15.?IISV21"','~=1.1(,' 
~EAD 15,21ISFLll",,"'=I,ICI 
READ '5,21(SFL21~I,'I=I,ICI 

READ (5,11'ETATUR(MI,M=1,51 
R~AO 15,]IIETAPU"'I~I.M=I,51 
READ 15,31IALFAI"",4=l,51 
READ 15,"'IPO..:ER"~I."'=1,51 
REAl> (5,31(TAUIMI,~=I,5( 
~~AO 15,31IULCIMI,'I=1,51 

e 

PAGE 0001 PROGRAMME NO: 3 
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e e 

fOqTRA~ IV G LEVEL l, ~JO 3 MAI~ ;),\T t :''1010 11/59/51 

0(,41. 

00 4 5 
(('46 

(1('41 
0:·48 
004Q 

c,r '>" 
-::r51 
(0<;2 

(0('53 
GC'54 
crsc; 
OC'>6 
O( 51 

r·('58 
0r,59 
(0('60 
01'61 
C'C'62 
0063 
(1('64 
O{,'65 
(1066 
0061 
01'68 
006Q 
('010 
0071 
('C12 
OG13 
0014 
0015 
0('16 
0<:11 
O~1I3 

0019 
OCRO 
Ol81 
O(;S? 
(l083 
OOR4 
0085 
00% 
Or. 81 
(\('88 
(lc,sQ 
(1)90 
OC'91 
OrQ2 
C('93 

C 
C 

101 

102 

103 
1·)4 

HO 
111 

III 

112 

113 
114 

aEAG li,1IU5FFhc,rA~BI,lC~I,TCWG,~IPln5 

~EAJ 1~,4IPAolFl,qET' 

'lE·\G 15, ICI l').''CLPIIL I,L=l, 121 
ilE ... !) 1<;,1')) 1 "'l:-:THILI ,L=I.12) 
P \PLtL =P.\P. U:L1<r;.(J \74 
on \ 71 L = 1 dl 
G'J T (11 I!) l , 102, l ')1 ,ln, 10 l , 1 J ~ , 1 (\ l , 1 ~ \ , H', , 1 (1 l ,103 , 1')1 l ,L 
'U:'lJA" 
';'.1 Hl ln,. 
1"l='IFE:l 
GOlO 1{l4 
~Il=~IJUI\j 

CnfolTl"!LJE 
00 170 ~'=l,~·,z 

OUF Ta THE FASE OF COMPUTATION DAY 15 STARTfO AT 3 A~ 
~#l REPPESENT5 8 A~ , NI! REpqESE~TS 4 p~ ETC. 
REAil 10;, l!lIIRADIl,HIL,':I,hl ,'I=I,RI ,'~nNTHILI, IOAY, l ",O"j 
CO~T1/.!U[ 

cnNT l "'.lt' 
Di') 115 l=i,12 
1;0 TO 1 III , 112, III , 1 13, III ,1 13, Il t , 1 1 l , Il 3 , III • 1 1" 111 l ,L 
!-\l=NJAI\ 
GO JO 11'+ 
,1\ Z=;~F E B 
GO T::! 1l't 
'Il='UUI\ 
C'lNT INUF 
DELTA:DECLI~ILI *0.01714 
ARGU~·IPARlEL~~ECLI~(LII.O.1174 
O~ 11:5 M=l,Ml 
!)O 175 ~=1,8 
SU~A~G=IFLOAT(N'-4.3DI*O.261H 

C8S HK=S ["II A'l.GtJ~11 *S PlI Of L TAI tCn ~ 1 4R':;U~ ,*COS 1 I)EL TA 1 .CilSI Sll:"~G 1 
caSZE~·SI~IPARlELI~SI~IOfLT.ltCDS(P~CL~LI*COSIOELTAI.COS(SU~ftNG' 
IF(CQSZE~1116,115,116 

115 COSlEN=C.OOOOOl 
116 OQFAC=CDSINC/COSZEN 

[FIN~-111?6,113,116 

113 'HOT l'Hl, 1\, N I=RAoJHOT 1 L ,r·, ,NI*Pl' F AC*:). 9 
GO TO 115 

17b RADTI~IL,M,~I·RhOHOTIL,M,NI.2RFiC~RAHnnlll,H,Ni*11.-0~FACI 
115 CONflllUE 

Of) 18G l=l,12 
GO TOI201,202,2Dl,2D3,2C'1,2~3,201,201,203,201,20],201"L 

2')1 '1Y·'JJAI\ 
Ga TO 2::'4 

21)2 IW=NFF~ 
GO Tll 20; 

203 '1Y=:~JUI\ 

204 CJNII "lUE 
[JI) 180 "=I,MY 
W~ITFI7,1811~ADTI~IL,",~',N=I,R,,~O~THIll,M.L 

C THE RAD[ATIO~ J~TENSITY AFTER FI~ST 8 HOU~S 15 A5SU~EO 
ç BELO./ TIlE Cq ITJCAL THEI<EFO~E JAKE'! liS lE~O 

e 
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e e 

FD~TOA~ IV ~ LEvel l, ~~J ~ ."\ IN D·\TE (,'1"1) 11/59/51 

(:''14 
(':\9'.> 
1)~'Qb 

1:,97 
0::-qq 
C~q'1 

Cl "0 
·:>1 !:Il 
~lC2 

0103 
01:J4 

0(0'.> 
(,1~6 

(1(17 

('1 n(\ 

()1(,9 
0110 
Clll 
('112 
~1l3 

0114 
CllS 
(l11b 
0117 
"llR 
(1119 
('12(' 
IH ?l 
':'122 

!;lB 
C124 
('12'> 
~12b 
(1127 
('128 
C129 
Cl ~" 
(\131 
0132 
1)133 
t:'l34 
('135 

013b 
0137 
013R 
0139 
0140 
0141 
(1142 

:l! 17'1 N"9,24 
17~ ~lDrINll,M,NI=O. 

iii" Cr:lNT l'lUE 
00 100 1=7,9,2 
1(=1 
ll=! 
JJ= 1 
J=4 
~HO(=l 

iI'HTEI 1., 2& 1 
TUT ~)/lY =0. 

C T'iE~'1l)nv~A·~IC·\l "'llllfSIS IJF LU: CYCLE 
C?LII= 15'/11 1 I-SFUI J 1111 SV;>( J I-Sn?1 JII 
~X2IJI=~FL2IJI.C~IJI.IHV2IJ'-HFlZIJII 

:4 OU 1 =IIV 1 ( II-ilX2 1 Il 
'~"IJ.\=W)UI *ET l,TU'! (I<.I 

QADD=HVllll-riFL2IJI 
>/PtlMP=.").0029S"IPlll,-P2( JI 1 
WrUHP~=WPU~P/eT/lOU'lIKI 

WNETT=\lOUA-WPU'\PA 
ETA~A~=W"ETT/QI\OO 

~REJ=lil(21 J 1-~Fl21 JI 
IFIMTK-11611,bl1,612 

bl1 t;lMIUI4=3. 
GD T'1 619 

612 1~I"TI(-21bI9.613.613 

613 "lA'IU'~=4. 
619 TAUIKI=O.iS**GLAHUH 

4~Al=t' .1114F-OS*11T III 1+460.1 **4.-ITA.%1 ..,",':.1 7 *4.111 Tlil )-T A14i3 [ 1 

iJlCIK1=1.1*11.IIGlA\jU"I"O.21""11 TlI II-U!4'lIIIlGlA~IJ~+\).3(.11**O.2'.>1 

1+Z.461+H~AO/IC.347+1.27*GLI~U~11 

C CRlrlCAl RAOIATIO~ INTENSITY BELO~ ~HICH ~O USEFUL HEAT COLlECTIO~ 

C SHOULO BE ATTEMPTEO 
Q\~C~T=1.v5*ULCI~I*IT1111-T\~Bll/ll.UIKI*AlFAIKII 

,)0 211'.> L=l.1'2 
no ~9'.> N=1.8 
D.\ v.:;ou=n. 
SV;"'l AO=O. 
GO TOI301.3n2,3Cl,3C3,3l'1,3·)3.3l'I.J01,3S3.vn,303,301"l 

3"1 "lV=NJI\" 
.GO 'TO 3:'4 

3;)2 II1V=NFE'3 
:;0 TO 3e4 

3'J3 l\\I=~lJlJ!\I 

3~4 CclNTlNIJE 
DI) las M=l,'W 

C COMoAIl H~" T~E H')!NL Y ~aOI.\TION INTE'lSlTY WlTH THE C~(T\CAL 

IF(RAQTI~(L,M,~I-~ADC~TI185,lS5,1~4 

1~4 SUM~AO=SU~~AD+RAJTLNIL,M.NI 

'J\YCOU=DAVCOU+l. 
l~'.> ENDAYll,Nl=DAYCOU 

tF(~N'J~YIL,NII166,186,187 

116 aVE~AD(l,~)=(). . 
(;Il TO 280; 

e 
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e e 

FCOTOA~ IV G LEVEl C, ~ery ~ '~11'; D·HF. ô'Jé'lJ 

~143 

01'.4 

û14'i 

'i14h 

147 
14'1 
f49 

'Cl c;.~ 
Cl';} 
0152 
1:1<;3 
~llj./f 

t:155 
C.J~b 

"151 
nS!J 
('-JC;q 

C16:' 
~I hl 
"lh2 
('\l63 
~, 64 

C 

( 

( 

c 

C 
C 

c 

C 

1'11 AV;:e .\D IL,'H = SIl~R!'JIt:~!)l\Y 1 L ,'41 
=,)'J,\T~ T~:: l1él'.J"lV RAOIf<TTON INTf'~SITY Tf:' ~,I,,,;THLY WE'l.AGE 

2'~5 ~"'OII)'HL,IJI=4Vt:'l\;Hl,NI 

~~I~T ... LIST OF ~'Dl"'Tla~ I~TE~SlrIES ~ND NU.~E~ OF hAYS 
E \j~tJlJ';TFilE,) \~ !Till r-j THE CORR:: VI)NDI NG .-'O:"olTH 
,.) 201'1 L; 1,1 2 
D'J':CI( l ,}!:CI< OF CI\IWS L1STlI\lê, TIlE AVER"GE RA',H"TlI)~ 

~~ITF(7,~511~A~IJ~(L,NI,N=1,9),"O\jTHlll 
°U':CH .\ JECK ,)F C\iWS LISTl'~'; ~IU"I,)ER OF OJAYC; DIIRI~r,~HICH 

Trlf ~ ... nl.rl~~ INT~~SITY IS G~[AJE~ TH.\~ TIIE CQIT(C~I 
W~ITEI7,~h)1 END\fll,NI,N=I,3),~O~THlll 

7'1Jl Clr-jT WUE 
T.JYI'RA =:'. 
liT'I~ TYE YEl\?LV TOTAL RADiaTION 
'l" 2~q l=lrl.? 
'li 2119 N=I,!;! 

?'l9 T.)Yf-P' ~=T'lYE~:'~ iW~;{Anll, N 1 *E'ID.\Y 1 L,;~ 1 
,nITFI",,,7)TtlV~~\ 

'>1 2'11 L=I,12 
!JI) .~Ql ~I:!,S 

2~1 TUTtlAY=T]Toav+E~)~Y(L,NI 

l~"TN T~E YEAQl{ AVE~AGE ~.UI'TI~H 

"'V[~vE=TiV~qA/Tnr)AV 

N~ITEI6,~qlavEqYE 

~lITEll,11)TnVE~.,AVE~Y[ 
IC\IJ'-IIQQQ, 1·:' Cl , 'l')q 

1 ~1'" C :lN' 1 NUE 
:N9 GALL !:l(lT 

JE!}I,"; ~lnCHK 
E'W 

I(lTAI. '<E~I)RY Q;::QUI~ff1(.·'HS l'Z'iC3h '\YTES 

• 
11/59/51 ;>AGE 0004 
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DAILV TOTALS IN LANGLEYS FOR ALICE SPRINGS ,AUSTRALIA, 
JAN. 294. 710.139. 594 .. 6510 617. 617 .. 696. 1S88. 696. 71eo 685. 388.207, 679. 
733. - 719. 707. 707. 70'2. -6510 594. 59' .. 427. 481. 665. 679. 676. 65i. 628. 538. 
FEB. 680. 684. 693. 661. 5350 '621. 661;. 674. 696.718. 67~. 693. '529. 583.,595. 

'6f)~. 646. 699. 706. 659. 6360627,. 658._ 636. 627. 65B. 6,2 .. -650. 
MAR. 502. 348. 631. 647. '634. 6540 A92. 638 .. 660. 644. 560. 6090 641.,631. 625. 
612. 612. 634. 599. 573. 544. 547. 547. 560. 576. 590. 541. 557. 470. 431. 518. 
APR~ 520. 540.452. 540. 572. 564. 548. 520. 456. 500. 552. 52q. 376. 536. 560. 
492. 44R. 268. 200. 500 .. ~oo. 508. 488. 456. 476. ~80. 480.'456. 300. 252.' 

'MAV. 235. IB3~'257. 4b7. 341. 470.536.448. 541.437. 418. 492. 484.462. 4S4. 
459. 440. 448. :389. 367. 3670 367 0 407,. 411. 36). 422. '.15. :349 •. 73. 11'). 150~ 
JUN. 300. 389. 421. 474. 405. 397. 360. 417'. 39-r. 385. 405.271.413. 405. 389. 
397. 397. 401. 390. 377. 377. 385. 389. 4h5. 381. 263. 223.,373. 405. 3a9~ 
JUL. 361. 376. 427. 365. 388. 4000 416. 38S. 306. 404. 439. 435. 4l2. 4120 421., 
423. 427. 447 • .451. 455. 41:360 4 12. 400. 419. 427.431. 431. 439. '412.459. 463. 
AUG. 464. 376. 488. 488. 488. 519. 480~445. 302. 232. 593. 5ti., ,464.' 248. 577. 
554. 546. 565. 522. 522. 542. 542. 561.573. 557. 557.' 546. 581.' ZR3. 224.' 286. 
SEP. 491.5()3 •. 358. 511.523. 503. 358. 436. 358. 472. 582.6~n."'601. 597. 60l. 
593. '511. 582. 582. 5·18. 589. 546. 240. 275. 334. 464. 554. 589. 580. ·554. 
OCT. 432. 448. 554. 563. 467. 3&5. 544.486. 458. 500. ,5Ç5.570~:352. 512.563~ 
576.592. 390. 256. 589. 614~ ~41. 544. 544.605.~08. 576. 624. 541. 614~640. 
NOV. 631. 539. 371. 539. 283. 647~ 546.202~ 431. 502. 607.654. 694. 671~ 728. 

'634.644.522.58,3.650.519.600.657.691. 698.'.674.607.59°.,596.539. 
DEC. 523. 605. 640. 645. 675. ,733. 795. 760.541. 367. 438. 426. 462. 517. ,568. 
443. 371. 470. 285. 339. 472. 497. 590. 6'40. 684. 689. 763. 573. 723. 758. 61.7. 

• 
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88. 121. 134. 146. 147. 135. 123. 91. JAN. 1 1 

~13. 2<13. . 323. 353. 354. ,325. 296, 22'1. JI\N. 2 ' 1 
·222. 305. 336. 368. 3b8~ 33B. 308. 22Q. JAN. 3 1 
178. 245. 270. -296. 29b. 272. 248. 184~ JAN. 4 1 
195. 269. 296. 324. 324. 29-a. 272. 2'') 2. JAN. 5 1 
105. ' 255. VH. 301. 308. 262. 258. 1 q 1. J~~. 6 1 
185. 255. 2a 1. 307. 308. 282. 2') B. 191 .. JAN. 7 1 
209. 287. 317. , 346. '3 f t 7. 31 é. 291. ' l'16. J~N. A 1 
207. 2134. 313. 342;- 343. 31~. 287. 213. JAN .. 9 1 
209. 287. 311. 346. 347. 318. 291~ 216. JAN. 1') , 1 
216. 29b. 327. 357. 3 ~.8. 329. 300 .. 223$ JAN. ( 1 1 1 
206. 283. 312. 341. 341. 313. 286. 212 .. JAN. 12 1 
116. 160. 177 .. 193. 193. 178. 1~? 120.. Jf\N" 13 ' , 
62. 85. 94. 103. 103. 95. 8b. 64. JAN. 14 1 

204. 280. 309. :\38. 338. 311. '283$ 210. JI\N. Ir; 1 
220. 302. 33"4. 365. 365. 335. 306. 227 .. JAN. 16 1 
21)0. 29 "7. 327. 358. 358. 329., 30n. 223. JAN. 17 1 
212. 292. 322. 352. 352. 323. 295. 219. JAN. 18 1 
212. 292. 322. 352. 352. ,323. 295. ' 219. JAN. 19 1 
211. 290. 32,0. 349. 3!>O. 321. 293. 2 \,8. JAIIJ. 20 1 
195. 2h9. . 296. ~ .324. 324. 298. 212. 202. JAN • 21 1 
173. 245. 2.71"). 296. 2'96. 272. 248. 184. JAN. 22 1 
178. 245. ·270. 296. 296. 2·72. 248. " 184. JA"J. 23 1 
128. 17b. 194. 213. 213. 195. 178. 132. JAf\i. '24 1 
14"4. 19 tl. 219. 239. 240. 220,. 201. 149. JAN. 25 1 
200. 214. 303. " 331. 331. 304. 278. 2(16,. . JAN. 26 1 
204. 280. 309. 338. 338. 311. 283. 21 :)". JAN. 27 1 
20l .. 27'7. 308. 336. 337." 309. 282. 210. JI\N. 28 1 
191. 211. 299. 327. 321. 301. 274. 2n4. JAN. 79 1 
lS':J. 259. 286. 313. 313. 287. 262. 195. JAN. 30 l 
162. 22:2 .. 24·5. 26"S. 2b8. 246. 225. 167" JAN. 31 1 



• e • 
193. 260. 281. 307. 3(1~. 282~ 263. 199 •. Ja~. PA) .. 

29. 30. '3 i. 31. 31. 31. 3!'o 2=1 .. . J A '1. SU'! .. 

14~. 207. 237. ·262. 262. 237. 2')6. ! ~~. FF F\. RA!')~ 

28. . 28. 28. 78, 28. 28. 28 0 - 28 0 F-ER.~·· StN, 

135. 203. 238. 265. 265. 238. 2')3. 135. MAP. RAO" .. 

30. 31. 31 •. 31. 31. 31. '31. 30 .. MARs S!J~! .. 

106. 16R. 199. 220 •. 219. 198. 168. 105. APP$ RAI) .. 

25. 21. 29. 30. 30. 29. 27. 25.· AP~., SO'l-

121. 

' . 
o. 158.· -177. 177. 157. 12.5. 0 0 MA,Y. . QAD .. 

O. 25. 2". 27. 21. 26. 25. .('. Iv1AY. S':J '1 .. 

o. 104. 134. 150. 150. 132., 1'>1 .. . O. JU"'I,;· PIIO, 

1). 26. 27. 29 .. 2~. 27. 25. (\. JLJ~ .. SU". 

o. 116. 147. 168, 168. 14l. 114. ('0 JlIl ... RAO .. 

O. 30. 31. 31. 3J. 31. 3n. !". JlJl. ·su,,:' 

104. 163. 191. 213. 213. 191. 164. 1!)2. AU~. RAD. 

21. 27. 30. '31. 31. 30. 26. 20 .. AUG .. S~'" .. 
124. 181. 212. 238. 23R. 212. 181. 12~ .. SFP o R l\·D .. 

24. 29. 3('\. 30. 30. 30. 29. ?lt. SEP" SU'!. 

123. 180. 207. 230. 230.- 2tH. .190. 12::». OCT., RI\D. 

27. 3'). 31. 31. 31. 31. 3 O. 21. OCT .. SU'Ij 

116. 171. 193. 214. 214. . l cP;. 168 • ·113. NOV .. ~ AD. 

26. 28. 29; 2 Cl. 29.' 28. 2 '3. 25. NOV .. \ 5~.", 

112. 149. 165. 183. 183. 163~ 146". 1')7 .. DECo P l\ 1), 

15. 27. 30. '3 n._ 311.· 30. 27. 13. I)FC. SU'l~ 

TOTAL YEARLY. RADIATIONN 469543. 

YEARLY AVER4GE RADIATION 185. 
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FORT;. .. ·~ IV " UV El l, ··I.j'~ , Ph JI_ D,' T Ë b!"Hllt
'
• \ 7/14/37 

c 
c 
c 
c 
r. 
c 
C 

OG')1 

,)O.)Z 

O~O~ 

0<>0 .. 
f\0\!5 
O()J~ 

1)1»)7 
(OClO~ 

Oll(l9 
001J 
0011 
0012 
OfJ13 
0014 
\l015 

. 00lb 
0017 
0018 
0011 
0<'2(' 
OOll 
GOV 
n\)23 
\l024 
')O2~ 

002t. 
0027 
OOZ'; 
0021 
()OY) 
0':13\ 
003,( 
0033 
0034 
003:' 
0036 
0037 
O'JH 
0:>3'1 
0040 
0041 
0042 
0043 

<"n;:L.vT\:·;E Ft!'l CAlCUlAT!:,:; THE i'A')\I,TI(.·\1 P.T"\I~\!V ;1~1 

lt,E TIl EC ':ülllLTCR Pl ".~[ 
:·:.;"'Ji'C'[T SëlCU" 
Hl:FI lONT.\L T\;l!l .~~ ,11i't(T A',I: DIFfUS;: II,T'':'·,SITIES 
SH()JlO !'( .W '\!lA"l c: 
I~ ~AS( OF ONlY lOTal HO~llONTAl IS AVl1L~6lf DIFFUSE 
1 S ... 5~(,:~!,O r:: O[ 1·' PERe U!T iJF T,Ii: TOTM 
III '-le \5 l'i'~ ,,"éH01 1 12, 31 ,2

'
01 ,1'l,\fjT I:H 12,11 ,74' ,O~!:lIN 1 12' , ·'.O'HII 1 \l) , 

\ AV t"',~ 1 1 2 , 12 , , 1; \Dt. YI 1 ~ , 12) ,DAY TlIT i 12 , 'H , , S:JI-iSE TIl ~) 
111"'''''<.5 Il;.~ "Il! l' ,P2Ill) ,TIIII) ,Tl. 1 11 , ,llVlIlll ,IlV21l1) ,I1Fll 1 Il,, 

1 li"lI. 1 11' ,S V 1 Ill' ,sr LI 1 11 , ,SFl2 U 1 , ,S'< 11 111 , S X 2 1 III ,S V 21 III , 
21t)(21 Il) ,I1X 1 1 III ,1l.\OI ONI12, 121 ,XlIII' ,X? 1111, r:TACOLlS l, ETAT:JP 151, 
lUl CI 51 ,Tt.tl(~; l ,r'C~;b" 51 ,4lH 1 ~ l ,E T \UU'I ( 5 1 

1 F(1,",'AT(l(·Fo.n . 
2 t=(lP"AT (J·JF!;./,J 
3 FORv,~TI5rl~,21 

4 F[jk'~AT llf-lfJ. 2\ 
6 FOiJ'I(,T (/'F1J.21 
8 rOR"'All.>f-16.61 
9 F0R~ATIIX;A4,15F5.0/1bF5.nl 

1~ FüR~ATlllF6.11 

Il FQr,~4TII2F?21 
12 FORHATII2Fb.OI 
13 HJR'IATI12f·&.o,M, 141 
14 FOR1ATI54H OAIlY TOTAlS I~ lANGlEYS FOR ALICE SPRINGS ,AUSTR4lIA 
15 cOI{.IAT (/.5H TOT Al HORIWNTAL 'l.AOlhTIO"I AVAlLAl'lE n''ll Y " 
16 FORI~ATI4C/t .h/PllO~TAl TOTAL AND DIFFUSE AV.\lllBLE Il 
17 FOR:"AT 12Ft".')1 
18 F~R~ATI~fe.~,2x,A4,ZI41 
1'1 F:1R'~ATl1<:(2x,A411 

ZIT Fl"' .. 'IATIlHlI 
29 FO~!~Al 151101 
6~ FORHAT(2X,gF~.~,2X,t~,2X,'KAD.@) 

bb FO~~ATI2x,~F8.0,2X,A4,2x,'5U~.~1 
67 F,lR~it.T(2&1I TUTAl YEARlY F-AOIAl1U:I1~ fla,O' 
66 FCR'I~TI27h YEA~LY AVfQAGE RAnlATl~~ F~.~//I 

1001 RE!.D 1,.l>;INN,IJ,!I{,ll,l" 
REA) 1 ?,2<;)'lJ!,N,NFER,NJUt, 
RF A:l (5, 11 1 r li l'.' ,~= l , 101 
il.t=AO (5,1 \(;>2 1'1) ,;~= 1,101 
RFAD IS.lltTlI;1',M=1,10) 
REA) IS . .II1T7.('",M=I,l1l1 
R~A') 15,11IHVl('H,I~=1,1(l1 
REA,) '5,lltltV21/11 ,!J.=l, 10) 
REA" IS,lIIHFLlI:"',:~=l,ll)' 
R~AJ.(5,11IHFL21~),~=I,lnl 
REAU 15,2l!SVIIMI,t~=1,l(') 

READ (5,21ISV2(X),M=1,101 
READ 15,21ISFlIIMI,M=1,lO) 
REArJ ('S,2I1SFl2PII,M=l,l'}) 
READ (5,31 I!OTATUP.l'1l ,~1=1 ,51 
RE AO 1 S, 3) 1 fTAPUMIHI ,Y.=1, 5' 
Il E 110 1 S, 3' ( A lF Il ( M' ,M= l , s', 
READ 15,31(PGWERIMr,~=1,51 

• 
P~:;E 000\ PROGRAMME NO: 31 
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FOi(T"A'1 1 V G lEVEL l, 'lf.ll) :~ \~A l 'l OAT~ ;'9(".'. 111!4/37 

(1044 
0045 
01l4" 
0?47 
004S 
0049 
005·) 
OO~l 

·0(1:'>2 
0053 
0(1:;:' 
0055 
00"5" 
0057 
O(l5i1 
C059 

GObO 
0(161 
00,,2 
0"063 

0064 
006') 
0066 
0061 
00b3 
0069 
0070 
(l'l7l 
001.1 
0(113 
007':' 
0075 
0076 
1")071 
0018 
0019 
O()RO 
Oil'H 
0082 
COS3 
OOS4 
0085 
DOd6 
(,087 
00138 
01,189 
11090 
0091 
OO'l7. 
OÙ93 

C 
C 

C 
C 

l'll 

1(l2 

10l 
104 

171 

2ll 

212 

213 
214 

~. F. .\J 1 ~, :{ 1 Il t.U 1 ri l ,1-1: l, 51 
~[~P 1~),3I1ULCP.·.I,~'=l,51 

-< t .\,) 1 <;, ~ ) 'J5 E F ~C , T A!·l ~\1 , T 011 , TC \. C, p 1 Pl., S 
".!:fd 15,/,)"o\RLFL,illTA . 
~f.;U (S,IO) IDECL )NIL I,L=I,(2) 
>(CAl' 1 o;,IG) 1 r·:ü":THII.) ,l=l, III 
RFA) 15,1 IIISù~SETlLI,L=1 0121 
l\!l.IHI6,141 
OU 1 71 L = 1 01 2 
~Q TU 1 D) , l ,) 2, 1 :1) , 1 r" , 1 0 l , 103 ,Ir, l , 1" l , 1:) 3 • 1 ni, 1 r ~ 1 1 ~ 1 l ,1. 
Iil="IJM\ 
G!J H' 1'')4 
·'L=r\h:~ 
G') TO lQ4 
"~l =r.;JU f .. 
cma )~:IjE 
DUE TU T~l EASE GF LO~PUTATION DAY 15 STARTFC AT g A~ 
N.I PEPRESENTS il A~ , N#~ REPRESE~Ts 4 P~ ETr. 
kF..\D I~" 91 '!iJ 1':T Iii LI, 1 OAvrOT (L, r·~ l ,'~: l, '~ll 
WRITE(f,ql~DNTHIL),IDAYIDT(L,PI,~=l,~ll 

Ca1HINlJE 
'I~ITU 1,,261 
fRGO! Tli[ S STATPIENT TG 170 cor,T):,Uf Ir.:ClIJsIV': Co\LCULHfS TUF 
WhJRLY TIJTALS FRU~l TItE OAILY TOTALS usn:G >lI1ILlI"IlS METttOO 
00 111) L=I,12 
G.J TG (21 l ,2 12 , "Il, ;> 13 , 711 , i' 13, 21 l ,21 t ,213, ? Il , ?1 " 211 l ,L 
)\l:'jJA'" 
GO la 214 
fIl =IIFE R 
GO TO 214 
Ml=/IJU/\ 
CONT INUE 
DO Ibq :·I=I,'IZ 
OIYTOTIL,~I=OAYT"TIL,HI*!.b8 
KADIOT'L,~,11=IC~0b3~ISU~SETIl)-5."nl·'.~Db)*~~vTOTll,~I 
RADHOTIL,",ZI=I(l.ll1-15U~S~TILI-5.001.0.01)41*1AVTOTIL,~I 
RAOHOI (L ,r~,31= 1 0.142-1 SUN SET (L 1-5 .')ô, 1 *"."151 "OAVr;:IT (L;M 1 
RIIC. .... ûT! L ,~~ ,1.1= (0.162-( SUNS!:T (L 1-5. "CI "~."~(\ l''OAYT]T 1 L .': 1 
RADHOT Il, M,51 =R AUtiOT IL rI(, 41 
Rh,)HOT(L,M,bl~RADHOTIL,M,31 

kArh!OT IL ,r.:, 11 =;l.'\I1HGT IL ,M ,2) 
RA::JIIOT(L,r-t,P.I=RADI1(JTIL,~,11 

169 CONTINUE 
170 CONT lI:UF 

DO 115 l=l,12 
GU TOI 111, 112 , 111 ,113,111 ,113,111, III ,113.lU ,113,1111 ,L 

III Ml=NJA/\ 
GO Ta 114 

112 Ml=NHB 
GO Ta 114 

11 3 l'.l =I~JU /\ 
114 CONT IIWF 

P~~LfL=~4~lEL*".0114 
~ElTA=OÎ:Cll~lll *û.nI114 

• 
PA~F OOOZ 



e e 

FDRT~A~ IV G LfV~L 1. ~JD 3 'lA 1:11 ['~n ù~r:.!.4 17114117 

0094 
00<;; 
0096 
('1'197 
0098 
0099 
010) 
0101 
Oi02 
0103 
(1104 
01')5 
01'{l:, 
011'17 
0103 
01:19 
0111 
0111 
0112 
0113 
0114 

0115 
0116 
0117 
OllS 
C1l1 
012<) 
0121 
0122 
1'1123 

" 0124 
0125 
012., 
0127 

012~ 
(1129 
013') 
0131 
0132 
0133 
0134 
0135 

'013" 
0137 
C133 
0139 
0141) 

Ol4l 
0142 

115 
116 
173 
175 

201 

202 

203 
204 

C 
C 

179 

ls0 

:,;; ':U~'= 1 1'.I1'LEL-OEClIN 1 lll"".t:I 1 7'. 
on175H=1.'!Z 
DJ 17S 'l=l,j 
SU~A'lG-,FlJ4TI~I-4.301*G.2616 
ca~I~C=SI~'ARGü~I~SIN'D(lTAltCOS'A~GUMI*c~s,r~lTAI~casISU'lA~GI 
C[lSlE~~ =5 Ir., .>,\D l Ell * 5 IN \JEl T III.Cf' S, PARl EL 1 *CG SI nF LT /II *ces, SUNI\'l'; 1 
IFICUSZENI1l6.115,l16 
COSZ EN=O.I'·)uOOl 
ORFAC=COSINC/tUSIEN 
RADT 1"1 IL ,M,N 1 =RI\GIIOTI L ,M ,NI *f"!I{F AC*0.9 
CeNTI I\IJE 
00 180 L=lol2 
GO TOI 201,2rl2,2<'1 ,203, 201,203,.2<'1 ,2Cl,2')3,21)1 ,203,21)11 ,l 
MY=NJA 1\ 
GO TO 21)4 
MY=:Ij~ E Il 
GO TU ~04 
HY=NJUN 
COtIT 1 NUE 
DO 17<; "'-l,MY 
WRITE'6,i81'RADTI~ll,~,NI,N=1,al,~nNTIIIll,~,l 

THE RADIATIJN INTENSITY AFTEI{ FIRST 8 HOU~S "}S AS5UM~1} 
BElOh THE C~ITICAl THEREfOPE TAKEN AS lEPD 
Oil 179 N=9,24 
RAUTI~ll,~l,NI=O. 

\jR ITEI b,2b 1 
CONTINUE 
DI) 101' 1 =b, 11),2 
K= 1 
Il =1 
JJ=J 
J=4 
TOTOAY=(I. 
UlCI 11.1 =0.423 
AlFAlr.l=u.9 
TAUIKI=O.83 

C CRITICAl R.\JIATlON INTENSITY l'ElOV/ ~:HICH NO USEFUl HE." CJl.lECTIO~ 
C SHOUlD BE ATTlMPTED 

KAOCRT=1.D5*UlCIKI*ll111'-TAMBII/ITAUIKI*AlFAIKII 
00 265 l=l,!l 
DO 285 N=l,S 
DAYC.OU=I). 
SU~RAël=(>. 
GO TûI3~l,302,301,303,301,303,301,3~1.3~1,3nl.3"3,!'11,l 

301 MV=t.J/lN 
GO TO 3(14 

302 rW=NfFB 
GU TO 30', 

303 'W=NJUI\ 
304 CONT INUE 

DO 181) :I=l,.'1V 
C CO'!PARItJG" THE HOURlY RADIATlGN trlTENSITY :·;JTH THE CRITlCAl 

IFIRAOTI~ll,M,NI-PAOCRTI)85,185,la4 
184 SUMRAD=SU~RAD+RADTINIl,M,NI 

• 
po\:;r 0003 
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FORT{.VI IV G LEVEL 1. ':'.'~! :-,:,\ l'i DATE flQn l,4 

/)143 
0144 
0145 
(l14~ 

Oh1 
C14, 

014~ 

0150 

('11:>1 
f.l5.? 

0153 
Cl 5" 
(lJj:, 

/) 150 

0151 
(1153 
0159 
01bO 
0161 
01ô2 
Clb3 

0164 
016:' 
0106 
0lb1 
0168 
0169 
C110 
0171 

C 

C­
C 

C 

C­
C 

C 

C 

155 

1% 

1,,7 

235 

2118 

29q 

2<:1 

100 

999 

DAYr0L=JAYC~U·I. 

F .;:.H 1 L,'; 1 =,)AYC[~U 
IF I!'I.[',AY IL ,111111 90.t :'0, 137 
.\V(I{Aé\ IL ,r; 1 =0. 
Gu' Ta 265 
AVERAOIL,~I=Sü~Rhb/ENDAYIL,NI' 
EQUhTf THE HJURL~ PADIATION INTENSITY TJ ~J~THlY 4VE~SGE 
RADIU'i IL,"U =AVERAD IL, r-t 1 
PRINT A LIST GF "AOIATION IIHE/I,SITIES ANO 1':ll~:3"R OF OAYS 
E';COU~lT[RI:O wlTHIt. H'E CGl'RESPl'MJING "Grau 
DO 2Rt! l=I,12 
PUNCH A DECK Of CARDS LISTING THE AVE~AGE RAOIATIn~ 
kRITEI6,6:"IRADIONIL,NI.N=I,BI,MOr-tTH(LI 
~RITEI1,b5'IRADIO/l,IL,NI,H=I,al,~ilNTHILI 

PUI>:CH A CECK OF CARDS LISTPIG Nl'rlBER OF O,\YS DUP.ING liHICH 
THE RADIAI ION INIENSITY IS GREATFR TH4N THF C~ITICAL 
kR lTE 1 l,.~ ~ 1 1 EI\;DAYIL ,N 1,11:=1 ,RI ,"'O"lT"( LI 
~~lrEI7,t611 ENOAYIL,NI,/I,=1,81,MO~ThILI 
CONTI'xUE . 
TOYERA =/). 
Ot!TAI~ THE YE'~LY TOTAL RAOIATIPN 
00 26'7 l=1,12 
DO 289 N=I,e 
TUYERA=TOYE~A+AVERADIL,NI*FNDAYIl,~1 
WRITElo,67ITÙYFRA 
DO 291 L=1012 
00 7.91 N=I,!l 
TCTOAY=TÙTDAY'E~OAYIL,NI 
08TAI~ THE YEARLY AVERAGE RADIATI0N 
AV[RYE=TOYERA/TOTOAY 
WRlr~16,b8IAVERYE 
WKITEI7,17,TOY[RA,AVERYE 
CONf! NUE 
IFIIJ-11999,1C01,999 
CALL EXIT 
ùH\UG ~UI:lCH!< 
END 

TOTAL MEMnRY REQUIREMENTS 014070 BYTES 

• 
17/14/37 O"':.F 0004 



Appendix 3 

DERIVATION OF THE FLAT PLATE COLLECTOR EFFICIENCV 

The derivation of the flat plate collector efficiency 

is presented below 

The Flat Plat-e Solar H-e·at Collector 
St~ady'StatèiP~~fàrmanc~ 

The analysis is made for the two-dimensional case, 
1 

all temperatures being referred to a datum at the tempera-

ture of the surroundings. 

examined, the flow rate urs 

width. 

A system of unit width is 

~ = B! where B is the collector 

Glass Cover 

Col/ed:or Plate 
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Collector Plate (no conduction) 

En~r9Yi~~la~9~ on the 
Collector Plate 

Axial conduction neglected, for unit collector area 

q'.' rr '" -_ U T hT T h 1. \.,..\1\ L c + C - • 

where 

Upward heat loss 

Heat transferred ta fluid 

rearranging 

q~' teX 
1. 

or, using the notation 1 for radiation intensity 

Ene~9Y ~!!ance on the 
Control Volume 

Assuming unit width, B = 1 

A3-2 

(1 ) 

(2) 

f VA • CpT .,. J VA • Cp (T + H d x) + h ( Tc - T ) d x - Ure ar T d x = 0 

(3) 



where 
1 

(l/h + 6i/ki + l/ho' 

-JVA'Cp {! + h(Tc-T) - UrearT = o 

A' = Y.S, and for unit width A' = Y. 

aT 
Also ox = 

dT dX' since T is a function of x only. 

VA' = '" and for uni t width J VY = ., . s 

dT + (h + Urear ) T h Tc = 0 
dx .sCp • .sCp 

Solving Tc From (2) and. substituting into (6) 

= 

dT" 
- + dx 

Rearranging 

l'Col + hT 
UL + h 

dT + (h + Urear 
dx w Cp s 

= o 

A3-3 

(4) 

(5) 

(6) 

(7) 

(8 ) 

(9) 

This is a first arder first degree differential equation of 

the form 

El + KT dx = D 

subject ta boundaryconditions 

T(O)- T. = t. ~ ta 
~n ~n 

(10 ) 



The complimentary solution for the homogeneous part 

dT 
ëiX-

Case 1. K 

KT = 

= 0 

o 

and dT 
dx = o 

A3-4 

(il) 

The homogeneous solution, T = C, has no physical 

significance as Q - Q and the enthalpy gain - loss 

rise of the working fluid is zero. 

Case 2. K > o. The solution 1s of the form T = Me-Kx 

where M is a constant and 

K 1 { h + U 1 rear 
1 

For mostpractical purposes 

U rear 
UL 

= 0.1 

Substituting 14 in 13 and factoring by h 

K { u } 1 0 .1hL - ~_lor.--~ 
+ (UL!h+l) 

(12) 

(13) 

(14) 

(15 ) 

Since (U~7h-l) <l, it is unnecessary to try the case where 

K < o. 

Let us try the particular solution. 

Let T = DN (16) 

where N is a constant be a solution, substituting in 

differential equation (10) 



• 
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• 

d(DN) 
dx + KDN = D 

In the case of the particular solution N 

T = D 
K 

In the case of the general solution 

T = 
From the boundary condition 

T(O) = D 
T. , T. = 1YI + K' an d 1YI = 
~n ~n 

hence 

( D) -kx D 
T = Tin - K e + K 

If Tin f: 0, then 

T D l -kx T. = K -e + e 
~n 

If T. 
~n 

= 0, th en 

T D (l_e-kx ) = K 

In both cases, at X =00 

hl 't:o( 

T = D 
K = 

-kx 

hl 'La<. = 

= 

T D 
K 

A3-5 

(17) 

(18) 

(19) 

(20 ) 

(21) 

(22) 

(23) 

(24) 
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The temperature of the fluid therefore varies from T. at J.n 
entry to a value approaching ~ asymptotically at X = 00 , 

according to the diagram. 

T. J.n 

T 

o 
K I-----:----=::_::::~-~.:=:-==-~~ 

o J<------+----------:;~ X 

The fluid exit temperature can be obtained by setting X = L, 

T(L) = T t ou 
o (1 -kl) . T' -kl = -K -9 +. e J.n (2.5 ) 

Constants K and 0 are too unwieldy for use in the 

analysis of collect~r performance over a large range of 

operating conditions. However, as the convective film 

coefficient, h, is at least fifty times the magnitude of 

the over-all hea~ transfer coefficient for upward heat 

loss, Ul , in a well-designed heat collector, the following 

simplification may be applied to both constants, using the 

binomial expansion and neglecting second order terms, 

UJ'h+l = (26) 1 

Hence, from equation (15), 



• 
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h Ul. Ul. 
K = tusCp 

1 + 0.1;;- (1 - i1) (27) 

urhich reduces to 

K 
1.lUl. 

= wsCp (28) 

Also, From equation (26), 

0 
l'lO( 'r 'C/X Ul. 

= 'WsCp (l+UJh) = W'sCp (1 - 11) (29) 

Substituting.for K and 0 From equations (27) and (29) into 

equation (25), 

(30 ) 

Equation (30) can be rewritten in terms of the mass 

flow rate of working fluid, based on unit area of collector 

surface exposed to ~olar radiation ao follows: 

G = 

hence 

auJ·· 

A = w sr = 
w s 
L 

.' 1.lUL 
lU(l 1) { - GCp J = 1.1 U

L 
- h l-e + T. e 

~n 

1.lU 1-
- GCp 

(31 ) 

(32) 

UL The term GCp is a dimensionless parameter which is 
, 

termed the Number of Transfer Units, NTU, in most of the 

heat transfer texts . 
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Therefore 

T = lli(L _ 1){1 _ e-l.lNTU} + T. e-l.lNTU 
out 1.1 UL h l.n 

(33) 

Sin ce (h) is relatively large in the case of .boiling water 

and water near saturation, compared with the coefficient UL, 

its reciprocal may be neglected, hence 

+ e -1.1 NTU { T l'Co( } 
in - 1.lU

L 
(34) 

In the case of Tin = 0 which implies tin = t amb 

r'tot {l e-l.lNTU} 
Tout = 1.lU

L 
- (35) 

Equation (35) can also be obtained directly from equation 

(23) • 

The enthalpy rise of the fluid 

(36 ) 

ÂH wCp [ l - e-l.lNTU l'te( 
Tin)] = (l.lU

L 
- (37) 

Factoring by 1.lUL 

âH = WC!;! [1 
1.lUL 

- e-l.lNTU J ( l'te{ - 1.1 T inUl) (38) 

The collector efficiency is 



~c = 

le = 

Radiation input = 

l 
1.lU

L 
GCp l 

(1 - e-l.lNTU) (l'Z:o< - 1.lT. U,) 
~n .. 

By def ining the "flow factor ft 

F" = l -
-l.lNTU e 

1.lNTU 

the expression for the collector efficiency reduces to 

A3-9 

(39) 

(40) 

(41 ) 

The latter is in agreement with A. Whillier* who arrived at 

the following equation after a detailed analysis of a flat-

plate solar water heater. 

(42) 

where the "heat removal efficiency," F , is the product of 
r 

F" and a second factor, F', termed the "collector efficiency 

factor." F' accounts for the resistance to heat transfer of 

the boundary layer at the fluid-tube interface, the wall of 

the tube, the bond between the tube and the plate and the 

fin effect of tha fIat plate. Its numerical value, there 

fore, crepencrs upon the detailed construction of the collector. 

*A. Whillier. Solar Energy and Its Utilization for House 
Heating, Sc.D. Thesis, Mechanical Engineering, M.I.T., 1953. 
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Since the present analysis aims to optimize the 

over-all performance of the complete solar power plant, 

rather than to investigate the detailed design parameters 

of a single component, the collector efficiency factor, FI, 

has been taken as a constant. For a well-designed collector 

using metals of high thermal conductivity and with efficient 

bon ding between the tube and the plate, this would be 

approximately unity. Furthermore, ev en in a relatively 

inexpensive and less efficient collector the value of F' 

would be a constant exceeding 0.9. Hence, as the collector 

plate design is relatively independent of the operating 

temperatures employed, the locations of the optimum opera-

ting points would not be affected. 

It is convenient at this stage to define a new over-

aIl heat transfer coefficient, Ulc ' to include the effects 

of rear and edge losses as weIl as that of the transparent 

glazing, as discussed in connection with equation 14. 

= (43) 

Since Tin = t. - t , the relation for the col-
~nc a 

lector efficiency becomes: 

= 
Fr (I~~ ULc(tinc-ta)) 

l (44) 



Appendix 4 

METHODS OF COMPUTATION 

a. Exhaustive Enumeration 

This is a straightforward method easily applicable 

in this case where there are only two independent variables. 

It may be utilized ta determine regions of interest as a 

first step in obtaining a complete solution ta the problem. 

Thi~ method is preferable ta the differential approach and 

ta the direct minimizing techniques in. the case of two or 

three independent variables since i~ would be too tedious 

to minimize the complex non-linear crist function by an 

exact mathematical procedure such as differentiation. This 

has been demonstrated already. However, whenever the number 

of independent variables exceeds four or five, then the 

number of trials necessary would be sa· great that it would 

not be feasible to obtain the minimum cast due to the vast 

amount of data and the excessive de~ands upon computer time. 

The two most important variables, Tl (boiler) and T2 

(condenser temperatures), have been varied in the proposed 

range and results have been directly compared in the pro­

gramme. Also an automatic programme to find the minimum 

value of the cast has been devised and results are directly 
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printed in cents/kw. hour. 

This approach has been found most efficient since the 

cast function was, whenever expressed in a single equation, 

tao lengthy but the number of iteration and computer ~emory 

requirements were within the capacity of the IBM 360/75 

computer of McGill'University's Computer Centre. 

b. Mapping 

The computer results were also presented in the form 

of a two-dimensional field plot. 

The ,two independent variables, namely Tl and T2 , were 

represented by the X and V axes, whereas the corresponding 

cast figures were printed in symbols, each symbol represent-

ing the cast function as a percentage of the range of maximum 

variation. This presentation enables one ta visualize the 

variation of the function in three dimensional spaee sinee 

aIl points represented by the same symbols would yield the 

contours on the Z = fnc (X, V) surface when they are joined 

together. 

The shift of the valley of the cast function could 

readily ,be observed by stepwise changing of some invariants 

which might be introduced as variables in the analysis in 

further stages. The character of the surface, such as 

unimodality or multimodality may also be visualized. This 
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approach confines the study to a narrower region and saves 

computation time. 

The results of various ~uns have been compared a~d 

some of'the typical runs are presented in Appendix 2.a) 

c. Steepest Descent Method 

One of the Direct minimizing techniques, which can 

easily be applied to a problem with two independent variables 

is the "Steepest Descent Method."* The following gives an 

outline of the steps to be followed in minimizing the cost 

function by giving finite increments to both ind~pendent 

variables, Tl and T2 . 

(a) A feasible starting point is chosen within the region of 

interest ,(Fig. A4.1) 

X (T T ) o 1,0, 2,0 

(b) The cost function is calculated at this point 

F(Tl ,0,T2,0) 

(c) One of the variables, Tl ' is increased by a s~gn~ficant 
,0 

amount Tl' and the cost function is re-evaluated at 

Xl,o(Tl,o + ATl ,T2,0) as F(Tl,o + ATl ,T2,o) 

(d) The gradient (ml) in the Tl direction is obtained from 

*D. J. Wilde, and C. S. 8eightler. Foundations of Optimiza­
tion. Prentice Hall 1967. 
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(e) Now T 2,0 is increased by a significant' amount âT 2 while 

Tl is kept constant and the cost function is re-
,0 

evaluated at 

X2,0(TI ,0,T2,0 + ~T2) as F(TI ,0,T2' + ÂT 2 ) 

(f) The gradient (m 2 ) in the T2 direction is obtained from 

(g) The direction of steepest descent is obtained from 

TI,1 = (TI,o + ÂTI ), T2 ,1 = (T2,o + :~ ÀTI ) , 

(h) The increment of the function between (Tl ,T2 ) and 
,0 ,0 

(TI ,I,T2 ,1) is tested. If it is positive, Tl and T2 

are replaced by -Tl and -T2 respectively. 

(i) The optimization procedure is converted into one 

dimensional quasilocal minimum search. The steepest 

descent direction is followed until the function stops 

decreasing and starts increasing. , This process will 

reduce the additional c~mputatio~ time spent for finding 

F(Tl + D.Tl ,T2 ) and F(Tl ,T2 +AT2) and will instead 

involve direct calculation of F(T l + ~ Tl' T 2 + b. T 2)' 

Additionally quadratic or cubic interpolation techniques* 

may be utilized ta accelerate the convergence to the 

quasi local minimum. 

*L. S. Lasdon, andA~ D. ~aren. Mathematical programming for 
Optimal Design. Electro-Technology, Nov. 1967, pp. 53-70. 
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(j) Once the quasi local minimum on the steepest descent 

direction is found, a new direction of steepest descent 

is searched for by repeating the steps suggested From 

(a) to (h), assuming the quasi local minimum as the new 

starting point. 

(k) The'search is continued until the following stop 

criterion is satisfied. 

where 

F. l = (i+l)th iteration 
J.+ 

Fi = ith iteration 

€ = A predetermined positive constant small enough 

to yield the local minimum within the desired 

accuracy • 
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____ ~ .... PATH DESCRIBED IN THE TEXT waICH UTILIZES QUASI-LOCAL 

MINIMUM (Q). THE DIRECTION OF STEEPEST DESCENT IS 

--~ 
SEARCHED ONLY AT Xo ' QI' Q2 ETC. 

ALTERNATIVE PATH. THE STEEPEST DESCENT DIRECTION IS 

SEARCHED AT EVERY ITERATION 

CONTOURS 

FIG.A4-1} REPRESENTATION OF THE STEEPEST DESCENT METHOD IN 

3 DlMENSIONAL SPACEo RESPONCE SURFACE, z=f(x,y) 

CORRESPONDS TO cost=f(T
1

,T
2

) 


