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I. INTRODUCTION

I.1. 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

(1)

their solar engines operated with steam and ammonia vapour.

John Ericsson of New York was a pioneer in the field
of solar mechanical power producfion in the United States.
He constructed several solar engines 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
some truncated cone~type solar collectors which successfully
produced steam, but these were not actually used for driving

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



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 l9Dét constructed various solar engines
which operated with steam, ammonia or sulphur dioxide, the
working fluid being héated 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 water=-box, the second incorporating trough=-

type collectors.

One of the greatest achievements in sclar pouwer
production was the 100 h.p. steam.engine‘empioying
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 internal combustion engine served to
discourage Further‘attempts to produce 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 well as unlimited



financial resources enabled researchers to investigate
svery conceivable method of solar energy utilization from
silicon cells to thermionics or from inflatable para-
boloidal concentrators to thermoelectric conversion. MNMany
. significant developments and devices emerged Froh thesse
liberally financed research programmes. Silicon solar
cells have already been accepted as almost the standard
power supply for spacecraft aﬁd satellites. A recent

2 of

project, "Apollo Telescaope Mount, " employing 100 m
'silicon solar cells to deliver 7200 watts at peak load at
24-30 volts DC ratinglfor a maximum duration of six months,

is estimated to cost $4,000,000% (%)

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-cost ratio.

On the other hand, the production of mecﬁanical
power from solar radiation for terrestrial applications has
.been given considerable attention in a-number of couhtriés
during recent years. H. Tabor of Israel has successfully
constructed a solar powér unit which was demonstrétad 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 Moscouw



and in Tashkent. Direct energy conversion utilizing silicon
| cells, thermoelectric and thermionic converters have bsen
analysed and the 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 to have produced concrete 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). 1t ;s not possible to
comment on the feasibility of their achisvements since no
cost figures have been reported for an existing solar power

plant.

The French team, formerly based in Algeria, has been
working mainly at the Univeréity of MQrseilles where direct
energy conversion problens as well 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
Masson of Senegal(7) and the Italian Somor solar pump(s)
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



Francia. His power plant has been assembled at St. Ilario,
Genoa,(g) 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 flat

(10, 11, 12) (13, 14, 15) type

(16, 17)

plate and concentrating

collectors, the use of selective surfaces and

(18, 19) and the improvement of turbine

(20)

honeycomb structures

performance using various working substances.

However, all 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 some
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
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.

I.2. Philosthical basis of the
feasibility study of Solar
Power Production

Almost without exception, all attempts which have
been made to produce 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 these‘studies to the analysis of
a single system with predetermined specification; for
example, some investigations have confined their attention
to flat plate collectors while others have examihed 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=
ande, 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 energy which have been consumed in
previous endeavours to produce cheap power from solar
radiation in the absence of a clear understanding of the
effects of the various design and performance parameters

in the definition of regions of feasibility.

In addition to the abové reasons, the previous ten
years' experience of the author in solar energy studies and
the unique research facility iﬁ solar science and engineer-
ing available at the Brace Research Institute provided a
cogent hotive for the former to select this topic for his

doctoral dissertation.

The purpose of the present fundamental study is to
provide a rational basis for the comparison of alternative
methods of solar power production and to specify feasible
margins for improvement as a guide to promising areas of
future research. Indeed, the originality of the work lies

in this aspect.

The following can, thersfore, be stated\as contribu~ -
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

AR systematic study has been made of all conceivable
combinations of energy collection and conversion mechanism
for the production of power from solar radiation by means

of heat engines.

A generalized model has been devised which embracss
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 resaliza-

tion.

Solutions to mathematical models of the latter have

been Jeveloped and their implications discussed.

Analyses of typical models have been presented in

detail in the appendices.

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

of future designers of solar power plants in various

localities has been compiled and presented.

1.4. Definition of the problem
and objectives

Although the title of the thesis implies that a
feasibility study will be made, it is necessary to define
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 rating irrespective of
the maximum thermal efficiencies and perfected design and
operating conditions. There would be no justification for
improving any component of the solar power system bsyond
proper margins, after which the increésed initial investe
ment would outweight the expected increase in the pouwer

dutput.

The parameters involved in the analysis are too many
for handling in a single relation capable of differentia-
tion in order to provide maxima oT minima by simple
mathematical operations. Therefore, systematic analysis of
the components, by establishing all of the mathematical

correlations and constraints, becomes a necessity. The
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‘ f‘olloining resumé outlines the methods employed .in tackling
the~problem and the various assumbtions made in the

analysis.

The basic pattern of the aﬁglysis is- as represented
in Figure 1. Necessary adjustments have to be made for
' various combinations of the cycle, collector, engins, sink,
and where required, a heat storage system. Therefore, this
work aims to:

1. set up theoretical relations and define marginal
characteristics and properties; .

2. examine each componént and establish mathematical models
and equations from thermodynamic heat transfer and

‘ economic points of vieuw;

3. solve those mathematical models using digital computer
techniques, defining the range of optimum pefformance
for each component and comparing the various possible
combinations'using economic performance criteria;

4. extend the study of those parameters promising improve-
ment and suggest a combination of components to yield
minimum cost qnder the present status of technology and
science;

5. find out breakthroughs 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 so{ar powsr system for a

.» given'locality, climatic conditions and power rating.



II. MATHEMATICAL MODELS FOR THE PROBLEM

II.1. 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 proposals and applications of
solar powser prbduction via thermal engines. This analysis
will not be confined 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 cyéle, flat 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 all of the components, such as
in the case of the peak temperature. The latter is

involved in the cycle efficiency, collector performance,

11
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1fstorage.system speclflcatlons, etc. Therefore, the"
'1nformatlon flow must be so arranged that the performance,
" of components should match with each other. Common'z_s
parameters should be varled srmultaneously to obtaln the

- optimum From the sconamic performance polnt oF visw..

' Formulatlon cf steady state
: performance ' :

: In carylng out the analysrs, the Followlng assump- :
l tlons were made in ordar to represent the performance of

geach element and oF the complete system, respectlvely.

The radlatlon 1nten81ty 1 1e constant : This
.assumptlon has to be modlfled in. the unsteady state'
-t-analySLS to represent .the actual performance, 31nce.the’
_solar radlatlon 1ntensrty at the earth's surface 1s:au

Functlon of the Followlng varlables' ' . : ,
= 1(1,, Ty ¢}3 5 §> (2.1)

The propertles of the worklng fluid such as

8 enthalpy, entropy and spec1f1c volume are 1nvar1ant

-These propertles have to be modlfled only when thev
substance itself is changed The’ thermal cycle relatlons
yield the net ideal work w i heat reJected from. the system
QR’ ‘and heat added to the worklng substance in the |
‘collector QA per unlt mass of. Fluld clrculated The_

actual work is some Fractlon of the.ldeal work woa;=‘q(woi,
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where 11: V& nm’ the product of the efficiencies due to
fluid friction and mechanical friction. The efficiency

due to irreversible fluid Friction,'nt, is defined as:
nt = (Hl-Hé)/(Hl-HZ) (2.2)

for an irreversible isentropic expansion. Subscripts
refer to the simple‘Rankine cycle which is outlined in
Fig. 2. The point 1 represents the state at the turbine
entry, 2 represents the state after isentropic expansion
and 2' after irreversible isentropic expansion. The
arithmetic values employed have been bésed on previous
experience with systems possessing similar ranges of

operation and comparable size and design features.

The heat to be supplied by the collector, QA’ in
_the actual case must be a function of time. For the sake
of obtaining some preliminary information onvthe 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 purpose of utilization. If
the power is continually demanded, a storage system is
necessary to supply the energy deficit or to store the

excess.
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Since ths steady state analysis assumes that supply
is equal to demand, no storage will be needed. In cases
of immediate consumption of the energy supplied, such-as
pumping water whenever the sun shines and étoring’%he
water in an elevated tank, no thermal storage would bse
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 an
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
performance since in practice neither the supply, which
is the radiant energy incident on the collector plane, nor
the consumption would be constant. Houwsver, this analysis
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.
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Formulation of unsteady

state performance

Since a constant energy supply or donsumption is
not expected, the system has to be operated under varying
radiant heat flux and power consumﬁtion conditions. The
two possible ways of attacking the'problemAmight be the
following:

(a) To set up the system for optimum performance at the
average input and power consumption conditions and
obéerve 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 so -flexibly that some 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 déficient

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 sach
component of the solar power plant will later be described

in detail.

The calculation of the solar radiation intensity
I = I(t), and the history of power consumpfion KU = Kw(t),
where (t) refers to a time variable, provides ths informae
tion necessary for sizing the heat-storagelsystem. The
storage systems will be studied in a separate ﬁﬁapter.
The formulation and solution of the performance of other
components of the system such as the CYCLE, COLLECTOR,
ENGINE and SINK remain the samé both in the steady state

and the unsteady state analysss.

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

Various devices can be used for collecting solar
radiation and converting it intoc mechanical work,.as
illustrated in Figure 4. Taking one component at a time
from five basic elements, namely, CYCLE, CDLLFCTDR,.SINK,
TURBINE and CONTROL SYSTEM, it is evident thatvone 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 Formuiating and
solving various aspects of solar pouwer production more

effectively.

11.3. Elimination of unrealistic
combinations of components

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. Houwever, in the present section, which comprises
a general survey of the possible combinations of components,
attempts have been directed towards eliminating-someJOF
the less promising cases such as the Stirling engine
combined with the Flat Plate collector. Of the remainder,
some are introduced in the form of a parametric study dF
the relesvant factors, such as the effect of selective
surfaces on the flat plate collector performance or'thé

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, Brayton, and Stirling cycles.
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Proposals 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 1 and 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 proposals and realizations are all based on a
double piston~reciprocating engine with a sun-tracking
concentrating collector, since high temperatures of the
.order of 12500F(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 combinatien only, namely, the Stirling cycle-
reciprocating engine~concentrating typs, sun=-tracking

collector.

The Brayton cycle. Though theoretically the

Brayton cycle could be employed in a solar power plant,
bscause of the reduced efficiencies at low temperatures,
only concentrating type collectors, which are also
required for the Stirling engine, may be used. The
Brayton 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~-Brayton cycle the atmosphere acts as a
natural sink; the sink therefore can be omitted. The inert
gas Brayton cycle on the other hand needs a heat Sink'to
recirculate the working substance. The systems combining
the sun tracking concentrator, air Brayton cycls and
turbine, and sun tracking concentrator, inert gas Brayton
cycléland turbine with radiator, respectively, are the

only twe feasible alternatives for a solar power plant

operating with the Brayton cycle.

The use of an air or water cooled condenser or a
radiator depends solely on the availability of copling
water in enough gquantities. In many cases, such as a
plant used for water pumping purposes, enough circulation
can always be maintained using water pumped out from a
well. Even when an air-cooled condenser is employed to
eliminate the circuiation pump the feasible region is not
mUCH affected. Wheﬁ the air or water-cooled condenser is
used, instead of there being a change in the feasible

region, it is rather the absolute cost figure which -changes.

The water-cooled condenser has been chosen as the
standard type for all the cycles and vapours, since it
allows the maintenance of lower condenser temperatures due

to 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 condense? has been eliminated from the
detailed studies and treated as a parameter dépending on
the locality. In locations where the cooling water is
scarce the air-cooled condenée} or water cooling tower is

suggested.

Figure 5 outlines the remaining feasible combina=
tions after the above-mentioned simplifying assumptions

have been mads.

Basic typical analyses are as follows:
(a) Rankine cycle - flat plate collector - condenser -
turbine, where the parameters are:.
working substance
selective surfaces
convection suppressors (honeycomb, etc.)
mirror boosters
(b) Rankine cycle = concentrating collector - condenser =
rotary engine, where the parameters are:
concentration ratio
sun tracking system or fixed orientation
(c) Brayton cycle = concentrating collector - turbinse,
where the parémeters are:
working'substance

heat rejection system: radiator (or natural sink
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in case of air - Brayton cycie)
(d) Stirling cycle = concentrating collector - recipro=-
cating engine, where the parameteés are:
working substance 4
heat rejection system: radiater (or natural sink

in case of air - Stirling cycle)



III. STEADY STATE ANALYSIS

II1.1. Solution of a Typical Case:
Flat Plate Collsector - Steam
Rankine Cycle - Turbine

Relations and Constraints

The steady state analysis is based upon the Informa-
tion Flow Chart presented in Figure 3. Possible combinations
of various components have been indicated in Figure 4.
Those combinations have been further simplified 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 superhsated steam.

Storage is eliminated since the supply is assumed to

be consumed immediately.

22
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Collector

The collector is assumed to 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 cost of thg
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 to 20 Kuw. forming
the subject of this study. 1In such small turbines, the éost
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 approxie
mate calculations the turbine cost has, therefore, been
assumed to be a function of the inlet and outlet steam
temperatures, tl and t2, only. This facilitates the calcu-
lation of the region of operation at minimum total cost 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 cost has been identified as a function of
the boiler and condenser temperatures, a more refined

technique can be used to 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 thg 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 tower
or an air-cooled condenser could be proposed. The air=-
cooled condenser wouid 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.

OQppp = Mg = Pz (3.1)
Ogeg = Mxz2 ~ Pr2 (3.2)
Wo; = Hppp = YRe3 (3.3)
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The numerical values of the propertiesvof state
required for the analysis of the Rankine cycle can either
be obtainedlfrom steam tables accurate to five significant
figures or some 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
technigues 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 fejected 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 £ £, &£ 300°F (3.4)
o :
80 L t,4 130°F (3.5)

The following approxihate 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 with modified constants.

Linear approximations

Enthalpies:
Hep = tp = 32 Hf.Z:Bt‘u/lbm (3.6)
Hyy = 1150.4 + 0.333 (t;-212) 212 £,¢ 300 | '(,3.7)
Hyp = 1096.6 + 0.425 (t,~ 80) 80 { t,¢ 130 . (3.8)

Entropies:

849 = 1.7566 - 0.00139 (ty-212) 212 £, 300 (3.9)
'592 = 2.0360 - 0.00142 (tz' 80) eo<t2< 130 (3.10)
Sp, = 0.0932 - 0.00177 (tz- 80) 80 { t,¢ 130 (3.11)

Quality of steam after isentropic expansion from the

saturated steam state:

X2 = (Sgl-sf‘Z)/(Sg‘Z-sz) (3.12)|
Substituting (3.9), (3.10) and (3.11) into (3.12)
The enthalpy of steam at state X,

Hyo = Hf.z-Xz(ng-Hf.z) (3.13)

1.8165 ~ 0.00139t; - 0;00177t2

1.9148 - O ‘.00_35“1;2

t =32 +(

2

[1096.6 + 0.425(t,-80) (t,-32)]

Simplifying:
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1.8165 - 0.00139t, = U.00177t2

Hyp = t5=32 + ( T.5148 - 0.0035¢,
(1094.6 =~ 0.575t2) (3.14)

Ideal Work Output

i} = (3.15)

oi = g1 = Fixz
From (3.7 and (3.13):
W; = 1150.4 + 0.333 (tl-212) - (t2-32) +

1.8165-0.00139t1-0.00177t2'
(1094.6-0.575t2)

1.9148 - 0.0035 ¢,

(3.16)
Actuai Work Output
Simplifying (3.16):
W,, = q.[lllz.ﬂ + 0.333t; = t, +
1.8165-0.00139t,-0.00177¢,
( T.5146 - 0.0035%, )(1094'6'0'575t2)]
(3.18)
Heat Added:
Substituting (3.6) and (3.7) into (3.1)
Oupp = 1150.4 + 0.333 (t,-212) =~ (t,-32) (3.19)
| Simplifying:
= 1112 + 0.333t,=t, - (3.20)

UnpD 1%
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Heat Rejected
Inserting (3.13) and (3.6) into (3.2):

1.8165=0. 00139tl-0 00177t

_ 2t =0t 2
Qpeg = ( T-5148-0.0035. €, )(1094.6-0.575t,)

(3.21)
The amounts of heat addec and rejectedias well as the work
output are deflned per pound of steam circulated. The

steam rate can be calculated Frcm'

w= & | (3.22)
oa '

where KW is the power rating in kilowatts.

From (3.17) and (3.22):

W =
KU,
1.8165=0. 00139tl—0 90177t2 .
1112+0. 333t tﬁ ( T-5148-0.0035 t )( 1094.6=0.575¢t )

(3.23)

The Flat Plate Collector performance

The collectcr performance should match the cycle
specificaticnss therefore, water entering at t2 at a rate of
w should be heated to tl. It is possible either to employ a
_single stage heater or to split tﬁe heating process intc
several parts such that the wcrklng fluid is’ heated during -
successive stages, using the type of ccllectcr yleldlng the
best efficiency For each of the given temperature ranges.
This ccncept(zz) is illustrated in Flgure 6. Styrccel, a

transparent large~celled plaSth foam usad by the author
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in pursuit of high efficiencies at temperatures around
boiling point of water, is a promising material provided
that some precautions against excessive heating and soften-

ing of the plastic are taken.(zz)

Heating from ambient to A would occur in collector
(1), possessing a single transparent Tedlar or glass cover.
This would provide the highest efficiency owing to the
small excess operating temperature aboﬁe the surroundings.
For temperatures between A and B, A (tl( B a single glass
cover 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

Quot = Qugq-w Btu/hr ‘ (3.24)

n
Qo =i§laiqci1 (3.25)

Equating (3.24) and (3.25) and using (3.20):

n
Qyo4 = W(ll1240.333)-ty) = I igl A5 (3.26)

The amount of heat collected in each portion of the col-
lector must be summed to find the total heat collected.
'%he heat collected can also be represented by the enthalpy

rise.
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Qot = Bhoty * eoty * ¢ © ¢ * Qgotun *® Yor.n  (3-27)

But during the heating process, first the saturation point

is reached, then boiling occurs at constant temperature.

1=
Qtotl =w Cp (tDUtcl-tz) (3.28.1)
Qtotz =w Cp (toutcz"#incz) (3.28.2)
Qtotn =w Cp (tl-tincn) (3.28.n)
tOutc and tinc refer to outlet and inlet temperatures»of

each section of the collector. The number of stages can be
increassd if tl is too high or t2 is too low. The final

stage has to operate at constant temperaturs.

Qiop.p = WlHg =Hep)

The most reasonable assumptions for toutc and_tinc values
would be the intersection points of the (tc-ta) vs. T,

curves in Figure 6.

Having substituted the inlet and outlet temperatures
of the working fluid it is then possible to obtain cor-
responding collector areas. For example, for the first

stage heater:

Qtotl = 1A N =wECp (toutcl'tincl) (3.29)

Ich

A1
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ch must be taken as the efficiency of the collector for
the given range of temperature.

The efficiency of the Flat-Plate Solar Water Heater

is derived in the appendix 3-a.
The collector efficiency is expressed by:

e =

Fr (1Tt = Ule(ti-ta))

(3.31)

- I
where:.
Viec
e-GCp .
FP = (l —-ﬂﬁTE—) F
GCp

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

collector stage may then be written as

wCp(toutcl=t2)

A| = Fr [ 1C®-Ulcy (tp=tn)] (3.32)
Similarly
wCp (toutc2=tinc2)
A, = — 3.32.1
2 % Fry[100-Ulcg(tingo-tall ( )
a wCP(tl-tincn) (3.32.n)

n = FrolICy¥=Ulep (t1-tg)]

In the final stage, boiling of the fluid occurs at the
constant saturation temperature tl.
It must be noted that tinc is equal to t2, the sink tempera-

ture, and t is equal to tl, the ceilingvtemperature.

outcn

Also, as the final stage collector operates at constant
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temperature, the convective film coefficient, hb’ and hsat
removal efficiency factor, Frb’ must be. evaluated at the
constant temperature. Referring all temperatures to the

datum of the ambient temperaturs, ta:

T = t-t, (3.33)
(toutc'tinc) = (toutc'ta) - (tinc'ta) (3.34)
(toutc-tinc) = Touge = Tine (3.35)
Equations (32.1) to (32.n) can then be rewritten
wep(Toutg1=Ting1)
Ap = r;;fxzaxgblcszi;IT (3.36.1)
4 _tuCp(Toutcn-Tincn)g_ﬂ (3.36.n)

n = FrpllCre-UlenTing,)

For the collector section in which saturated water boils at
the constant temperature tl

A = W (Hg1=Hr1)
b~ Frp(I1Tp-UlepT1)

(3.37)

The appropriate number of stages to be employed in

heating the working substance depends upon the values of tl,

t2’ and ta’ where the ceiling and sink temperatures, measured
above the ambient, are represented by:
tl-ta =T (3.38)
to=t, = T, (3.39)

The optimum types of collecfor for the initial and

‘final stages can be selected from Figure 6 by finding the

¥
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points where the ordinates through tl and t2 intersect 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 atvhigh temperatures are 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 plats

through the glass cover to the environment were.first

(24)

studied in detail by Hottel and Woertz, whose work was

later extended by Tabor.(zs)

The upward heat loss per unit area may be expressed:

) t -t . o (T14-T%)
=  n. VL L1, 2nsfel o (3.40)
c 4T, -5 )/(nsF) M & &g

where T' refers to the absolute temperaturs.

tc Collector plate temperature (Average)
c is a constant for calculating the convective heat
transfer between pérallel 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)

€c is the emissivity of the blackened collector surface,
a value of 0.93 being used for matt black paint.

€g is the emissivity of the glass sheet. The figure of
0.88 has bseen used, suggested by Taborﬁzs) However,
hemispherical emissivity may be taken as 0.83 éccording
to Yellott.(26) The variation of €, uith tenperature
has not been considered, due to the limited temperaturs
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 to:

4 V4
q, = (tc-ta) ., (Tc fTa_)
L ___n L L 1, 2n-0.64 _
n.21 §/(t, -tg)/(n+0.36) ~ 4.07 0.93 0.83
(3.41)

Introducing the equivalent radiative coefficient hr’ where

(T14=T14)
T (tc'ta)

(3.42)

simplification gives



35

1 h
= (t =t + L
9 = (4 -%) o 0 .746  0.29 + L.4n

0.21 /Tt _~t_)/(n+0.36)

(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:

qy = Uy (t-t,)
the over-all heat transfer coefficient for upward losses
becomes:

. 1 h

14 - b —
4
0.21 V/(tc-ta)/(n+0.36) (3.44)

Assuming that the collector is so designed that the

combined rear and edge losses amount to ten per cent of the

(25)

upward losses, which is generally accepted as good practice,
1 . h
lc y, 0 = » + 0.246 0.29+1l.4n
0.21 (t ~t_)/(n+0.36)
c a (3.45)

T

19}

The above equation permits the accurate estimation
of the overwall heat loss transfer coefficient 1ch, 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 tl and t2.
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The maximum temperature that can be attained in a
flat=-plate collector is termed thelequilibrium temﬁerature.
Each particular design of collector is assgciated 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 losses 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 temperéture
close to ambient are nullified by the engine efficiency
approaching zero at the environmental temperature. Some-
where between these two extremes there are likely ﬁo exist
unique sets of optimum values of boiler and condenser
temperatures which yield maximum over-all efficisency 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 to 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 well.

The condenser cost will be strongly dependent upon
the extent of the condensing surface, S, which can be

calculated as follows:

Q = LMTD.S.U (3.46)

rej.tot

where
ATmax = ATmin

LMTD = 1 == (3.47)
, o Krein

ATmax = T, = T4 (3.48)
Atnin = T, = Touq (3.49)

t2 = condensing steam temperature which is equél to turbine

exhaust temperature.
Substituting from (3.48) and (3.49) into (3.47):
T

LMTD = cuo ___cuwi (3.50)
In (TZ-Tcwi)/(TZ-Tcwo)

Also, the universal heat transfer coefficient is given by:

1

U =7 T 5 (Btu/hr sq ft °F) (3.51)
—+ T + ”
hi ho k*

where hi is the convective heat transfer coefficient inside

the tubes.
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ho is the convective heat transfer coefficient for
condensing steam outside the tubes.
St is the thickness of the tube wall.

k., is the thermal conductivity of the tube wall.

t
However, since .the conductanées of the liquid film
and the tube wall materlal are negllglble compared with
that of the conden81ng steam,.the Follqwlng 81mpllf1catlon :
may be made: ' |
u ¥ hi ‘ - (3.52)
Substituting for U and LMTD from equations'(z.sz) arid (3.50)

respectively into equation (3.46) and rearranging:

o Qoi.tot B S
S = FT—=T— /T (T, Tous) /(T = Tog TTouo) (3.53)

cwo cuwi
Furthermore, the quantity of heat rejected may be obtained

from equation (3.21), while noting that:.

Qrej.tot =zu.grej ' (3.54)

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

1.8165=0. 00139tl-0 .00177t,
w ( ~9TA5-0.0035" )(1094 6-0.575t )

S =
hl(Tcwo cwl)/ln (T Tcwl)/(T Tcwo) (3 55)
The total cost of the condenser is then:
Coond = Coond.tu.3 * Cshell (3.56) .

where C is the cost of condenser tubing per unit

con. tu
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condensing surface, and Cshell is the total fixed cost of

the condenser shell.

Turbine

The steam turbine performance has already been
described in the cycle analysis. The usable power produced

by the turbine will be U ., given by equation (3.17).

The turbine cost is assumed as a first approximatién
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 lowsr vacuum, continual operation of
a vacuum pump is required. This has been added to the cost

of the turbine.

Ciot.turb = Constant for above atmospheric pressures
(3.57)
Ciot.turb = Ciurb * Cvacuum pump (3.58)
Pump cost (Cpump) is aésumed to be a constant value, -

since the size would not change appreciably within the power

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

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 driven
speed. Therefore, the final term in the cost relation
(CCQnt) should vanish when differentiated with respect to

and T

T though it should stand in the absolute cost

1 2?

figure.

The STORAGE system and DEMAND function are of no
interest in the STEADY STATE PERFORMANCE analysis, since
the system is assumed to operate whénever the radiation is
above a predetermined level. The pouwer 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
belisved 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 flat plate collector - Steam Rankine
cycle and turbine analysis - lead one to the following con-

clusions which should help to simplify the analysis of other
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| . ~ alternatives in the rest of the text and confine the survey

to a restricted region (see Table ).

1. The condenser temperature is not sighificant in reducing
the collector cost. Lowering the cpndensér taﬁberature
fram 110°F to 90°F only reduces the cost of the power
produced from 45 cents/kw hr to4l cents/kw hr. In
fact, when the condenser is matched to the turbiné for a
given set of environmental conditions, -i.e., temperature
of ambient air and cooling'medium, which will normally |
be water, the condensate temperaturse 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 tempera=-
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 power
rating and for varying boiler and condenser temperaturés
since the casing, rotor, nozzles, blades, gears and other
mechanical devices have to be used and their‘éost 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 produced, since

2

radiation intensities above 300 Btu/hr ft° are needad to

attain a better efficiency. At lower radiation intensities



42

4 or mbrevglass plates are not able to collect more heat
than 3 or 2 covers, which then are obviously cheaper in

cost.

4. The collector cost is the most significant term in the
final cost figure. For the optimum design condition some

typical numerical values are presented below:

2

toond = 81°F, n = 3 Glass, I = 220 Btu/hr ft,
[a)

Cruwhr = 39 cents, t = 180°F, C. ., = $29279,

Coory = $21597, lel/c,ccjt = 0.74

This shows that even under a.favourable radiation
input condition the collector costAis thres quarters of the
total.cost of the system.z Therefore, maximum emphasis has
to be placed on reducing the collector cost or increasing
its efficiency to reduce the area requiréd. The following
section goes into a more detailed study of the collector

performance.

III.l1.,1. The influence of various |
design parameters on the .

collector performance

From results obtained from the previously analysed Basic
Feasibility Study and listed in Table 1 for the flat-plate
collector, it can be concluded that even under the most

optimistic assumptions, such as constant radiation flux as
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2 available for 2400 hours in a year,

high as 220 Btu/hr ft
the cost per kw hr always stays around 40 cents. Therefore,
it becomes evident that there is a greqter néed to investi=-
gate margins of improvement in the.Flat plate collector

performance and search for a solution in regard to that.

Considering equation (3.31) which describes the flat

plate collector performance

qusef‘u]_ = FI, [I'CO"‘ Ulc (tl-ta)] Repeated (3.31)

quseful can be increased by inecreasing T, X, Fr and I and
reducing Ulc since ta cannot be controlled and tl'is the
indepéndent variable which.is also related to the thermal
cycle. The first parameter FR_is‘the product of F!' and F%.
F' can be separately optimized from the point of view of
design since the factors involved, such as collector plate
thermal conductivity, fin efficiency, tube sizg and spacing

and material cost are independent of other terms in equation

(3.31).

Fn, the flow factor is given by

- Ulc
GC
P

2 (3.59)
Uy
3 C

p

F" 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 G and U, here.

G = QA" : 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. F" which has been
derived in Appendix 34, 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 unity which

c.orreSponds to the fictitious case of G =00 .

Whenever G-»>00 , F* —» 1.
_ Je
G
-0
Lim F" = l-uel ’ =!‘_:_e_-=.g_=?
G-» 00 —%ﬁ Indeterminate
p G =& (3.60)
Using l'Hospital rule(ze)
- L|lc:
G
Fh-e P
Lim F"™ = Lim T 01 (3.61)
Z_ c
G>00 dG(ﬁE) G =00
- l‘llc:
G U
8] 1 lc
(- P[]
= P
- ]

[._[_lﬁ(_is)] G =0 (3.62)
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Fn."'=' e Pl = 1 o (3.63)
ThlS then conflrms the above statement. Consequently F' and
'F" will not be cons;dered in the parametrlc study of the

flat plate collector_efflclency..“;_”’V”-~~;rﬂf

(I), Inc1dent radiation 1nten81ty on the collector ‘plane can
be increased to 1ncrease the amount of the useful heat
collected. ThlS ‘can be malntalned by employing addltional
reFlactlng surfaces (M1rror boosters) around the collector.
However, the addltlenal expenses 1nvolved in: us1ng the mirror
boosters must not: exceed the galns in eff1c18ncy.. Increased
radiation intensity also results<1n lncreased.collector plate
temperatures; hence losses are increased; .Sincetan.optimUm
lies betueen the mirror size and the eﬁficiency:increase,

Section III.1.4 has been devoted to the subject.

(), Transmissivity of the transparent cover and (%)
absorptivity of the collector plate surface also need to be

increased.

T is the total transmission of the incoming beam
through a number of parallel‘sheets under the consideration
of multiple reFlections between those olatBS, . For a given
number of transparent covers the total transmission could be

improved by
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a. using a cover 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-
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 Mylar and Tedlar improve the transmissivity

(28,29) However, those

have been used in many designs.
plastic films do not have a sharp long wave cute-off
pdint as glass, on the contrary they transmit the Infra-
red Radiation to certain extent.(zo)

Thus, a greater portion of the long wave radiation will
be transmitted, therefore, causing an increase in losses.
Current prices of Tedlar (30 cents/th) when compared
with glass (40 cents/ﬁtz) as well as some 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.

The heat losses from the glass cover to the ambient occur
through the direct transmission of the thermal radiation,
which is a very small fracticn 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 g and since more than 98 per cent of the
radiation emitted from a black body at 700°R is at wave-
lengths greater than 3 g therefore all 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 cover 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, esquals
the losses from the plate by meané of convection to an

ambient and radiation to sky.

Further detailed analysis of the heat losses through
the transparent cover to surroundings with special reference

to selective surface follows.
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1I1.2 Selective Surfaces = The Energy
Balance on the Unit Collsctor
for the Glass Cover

Applying the 1lst Law of Thermodynamics to the glass
cover:

For the steady state:

9rad.cg * Aconv.cg * 9bs.sol © 9rad.gs * Qconv.ga (3.64)

where

q = net radiant heat transfer F}om the absorber
rad.cq

plate to glass cover

9%onv.cg - convective H.T from collector plate to the
glass cover

O.bs.s0l = solar radiation absorbed by the glass cover

9. ad.gs = heat lost by radiation from the glass cover to
sky

9conv.ga = heat lpsﬁ by convection from the glass cover to

the ambient air

(3.64) can be written as

1
J—l— + 2 -1 (e‘”'c_ 3‘37\9) da + hc,cg(tc"tg)

(o] 5;\0 639 |
0 ,4 * '
.+j Loondh = g0 (To-Th)rh galtets)  (3:69)
(o]
where
o0 o .
g = 2 Exep A — J(fo €a Lpny 92 (3.66)

fow Eby dA }’"’f:ibn;\ da
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and ebx = Monochromatic total hemispherical emissive
power of a black body

13n1= Intensity of monochromatic normal radiation

from a black body.

There have been numerous investigations on the

spectral radiation characteristics of selective surfacesgzl’-'

32,33,34) Howsver, 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 1 P and less than 2.1 per cent lies at waveléngths
greater than 3 g If the plate temperature is higher, a
greater fraction of the thermal radiation will be of shorter

(37)

wavelengths.

At 150°F plate temperature, 0.03 per cent of the emissive power
lies in the range of greater than 3 E'

At 200°F plate temperature 0.09 per cent of the emissive pouwer

lies in the range of greater than 3 E'

at 300°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,
dissppears
which possess low emissivityYas the plate temperature
increases. Ideally, different selective surfaces are ree=
quired for different boiler temperatures. Sincelit is
impractical to change surfaces for varying fadiant flux
input, the selective surface prepared for a specific
temperature has to operate in a range wﬁich does not yield
the ideal performance. In the casé of - the flat plate, this
variation nfirange is unimportant. Though' there ‘have been
some selective surfaces which proved to be successful in the
laboratory, not many have been commercially successful.(zs)
However, one of the best commercially available selective
surfaces produced in accordance with the process developed
by CSI RO of Australia(ss) 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 E' The
performance of a solar power plant using flat platé 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. All 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 ~ [I'CO( - Ulc(tc-ta)] ’ (3.67)

Energy balance for any collector:



51

9yseful = Yabs ~ lost.col (3.68)
However, if the absorber plate absorbs selectively at
different wavelengths

(3.69)

= + +
Qabs = Yabs,0-2 abs ,Ac-3 qabs,ge_oo
Equation (3.69)_gives the heat absorbed by the collector
plate due to its selective absorptivity and heat absorbed

by the glass cover due to selective transmissivity of glass.

Where

9abs, 0-Ac : Heat absorbed from 0 to ﬁc, the transient
wavelength of the ideal selective surface
at which the absorptivity suddenly changes.

Heat absorbed from (Ac) to 3 y (glass cut=-

qab%AC-SH
of f

qabS,BH—m=D % Since no radiation is transmitted through

glass beyond 3E'

The first term in equation (3.67) : clte= q . (3.70)

I
_ o=2c Tac-3 o
9abs ~ I[(Io_m) (Co-)‘c 0(0_ c ¥ I0 oo) r(\:c:-:S,g Ac-zg]

(3.71)

The fraction of the solar radiation intensity fallihg within

the ranges of~(0—)c), microns and (A ) can be obtained

c-BE
from the spectral solar radiation data available for various

(37)

The amount of heat lost due to the selective emissivity of

air masses.
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the absorber plate must be calculated to obtain the useful

heat from equation (3.68).

91 0st? the heat loss from the collector as previously
discussed, is composed of front (glass cover) and rear and
edge losses. It was mentioned that U;. £ 1.1U; applies

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

possible to calculate the losses in terms of front losses és

follows:
. 2
91gst = 1.1 91564 front 5\3.72) in Btu/hr ft
c . .
1 |
910st,front -~ hc,cg(tc-tg) * ‘/ 1, 1 =1 (ebk,c-ebk,g)dA
o €
Ay C EA’Q
(o]
1
* A N (epa,e - eb)\,g)rfm
% Emve Eao (3.73)

Though it should be possible to insert (3.73) into
(3.72) then (3.71) and (3.72) into (3.68) and solve for
9,seful’ it is difficult to integrate (3.73), especially if
( E&C) and ( 5%9) are not constants or simple functions.
Therefore, the following simplifications will be applied for
the sake of obtaining an equation that can be easily solved.
For the example presented, RC happens to be 3e, which
automatically drops one of the terms (Ikc-S) in equation

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

from SE to 9e, a step change at 3E has been assumed. With
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the ranges of U-SB and 3E to 00 gray body relations can bse

= 0.9

used. O(D-Stu =€b-3t| °(3E-oo = t:'35-00 = 0.2

figures will be used.

Equation (3.71) can be rewritten. "

T(1 I

abs Toow) 0-3 0=3P © Qg ) 3pme0  Ip=2
’ T=10600°R T=10600° R
(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:

910st.front = '{hc.cg(tc-tg) * qrad.net,selective,cg}
(3.75)

Some simplification will be applied to calculate

)

From Radiation Functions(38)  at T_ = 300°F = 760°R

(qrad.net,selective,cg

‘The fraction of the emitted radiation from a black body

below and above SE:

I (I
{TU:-:'LE} - 0.0025 and g#ﬂi = 0.9975
0-c0} 0-00}

For the glass plate, which is at a still lower temperéture,
all the radiation emitted lies at wavelengths greater than 3e.

.Eg = ﬁg’ze_w = 0.83 and EC=€C,3\:‘”°° = 0.2
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4 4 1
quSt.COl = l.l{hc’cg(tc-tg) + (Té -Té )[L +!____]}

4 . 4
9ost.col - 1°1'{hc,cg(tc-tg) + (TL0-Tg )0-192j} (3.77)

Similarly (3.71) may be simplified:

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

I
TQ_U_:Q< 0.01 may be ignored, A = SE
O=00 ¢

Therefore

9abs ~ It'o-seu.o(o-zt. (3.78)

for the selective surface employed d0'3ﬁ = 0.9

Aps = D.9(I.zb_3E) (3.79)
Substituting (3.79) and (3.77) into (3.68)

4 .4
= 0.9 IZb_se - l.lﬂ{hc,cg(tc-tg) + 0.192 (T'C-T'g)}
(3.80)

quseful

Equation (3.80) can be directly employed provided that both

tc and tg are knouwn. .Although tC can be approximated from

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

involved.

In the case of ordinary black paint which is assumed
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to have constant emissivity and absbrptivity_ Kg_oo = Ep-00
= 0.93, the heat losses were calculated utilizing a working
formula, but in the case of varying absorptivity and

emissivitylit becomes essential to determine tC and tg.

Reconsidering the hheat 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,

= ' 4 .4
910st.ga ~ hc.ga(tg'ta) + (Té ‘nﬁq) Eg (3.81)

Therefore, equation (3.75) equals equation (3.81).

Equation (3.75) and (3.81) can be solved simultaneously to

. . o
obtain tg if ta and t t are assumed. tsky = ta-20 F

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

C’

‘plate temperature is assumed constant.

t, = t Atf. (3.82)

Atf is the temperature difference between the Fluid and the
tube wall in heat transfer from plate to the fluid. Atf can
be closely estimated employing hC inside the collector tubes
as suggested by Iqbal(zg) and,Baker.(4D) Since t is specified

by the cycle requirements, tc can be solved.

This analysis becomes more complicated when more than

one glass plate is used. There exists for an (n) glass plate
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collector, n glass temperatures. w;th the collector plate
temperature altogether (n+l) unknowﬁs exist. Writing the
energy balance equations for n glass plates and one for the
absorber plate, (n+1) simultaneous eduations are obtained.
Then the energy balance equation for the collector.gives the
amount of the useful heat once the unknown temperatures have

been determined.

Quseful = Yabs™%1o0st © fne [ I, o tgl’_tQZ’ ce tgn’ t;]‘
(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 all

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 expectedf

Although the performance of flat plate collectors with
selectively absorbing surfaces could be theoretically calcus
lated as outlined above, it would be more reliable if the
analyses were based upon the actually constructed and tested

units.

Therefore, the efficiency figures of an actually

(17)

constructed land tested collector of selective surface
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have been used in the cost optimization study. The computer
programme No.Ol was run for a flat plate coilector with the
absorptivity, transmissivity and over=all heat loss
coefficients, corresponding to the characteristics of the
above-mentioned collector. These coefficients were:

ng = 0.9, 2:: 0.78 and Ulc = 0.6. Australian prices
of material, workmanship and interest rates were used in

the analyses. Table 2 gives the figures obtained from

Programme No. Ol.

As a final comment on the selective coating the

following can be mentioned:

| fhough 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. Increased convection losses, 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 cover,
1imit the prospects of application of the selective surface

for high temperature solar power plants.
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Therefofe, a system which would suppress the con=-
vection as well as increase the short wave absorption‘and
decrease long wave emission, is requisite. 0One is led then
to conceive a honeycomb structure. This wili be. the

subject matter of section III.L.3.

I1I.1.3 Honeycomb Structures on
Flat Plate Collectors

The use of honeycomb structures as radiation absorbing
devices which may ideally have zero emissivity and unit
absorptivity, has been proposed by G, Francia in his classic
paper.(al) The honeycomb struéfures'are used mainly in two
ways.

1. As large cells with a length/width ratio greater than
25 for intense flux absorption purposes, as experienced
in the focal plane of concentrating type collectors.

2. As sma;ler length/width ratio cells around 4-6, for con-

vection suppressors over the flat plate absorber sheets.

The concentrating type collectors with long cells
will be examined in Chapter III.2. Convection suppressing

bells form the subject of this chapter.

The square, circular, or hexagonal shaped honeycombs
have been examined(42’43) for their theoretical performance

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

(o.o1" thick) and the University of Marseilles team has used
plastic films. Both types are made from transparent materials
which transmit a high percentage of the solar radiation,
especially for angles of incidence of less than 45°. Hollands
reports(45) an equivalent transmissivity, theoretically
calculated, as 0.95, for 6: 0.01%", 1i= 45°_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 baée of the cell remains below
AT

collector plate remains below ATcritical the heat lost from

critical® fis long as the actual temperature rise of the
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 dn
the honeycomb depth/width ratio. The equivalent shape
factors in radiant heat exchange F for a cell with black
faces and F' for gray faces have been calculated and reported
by Hottel and keller.(46) If F and F' are substituted into

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

- 4 4
q. = F (Tg -~ Tg) (3.84)'
q, =F' (Tﬁ - Tg) (3.85)
where
T, = Collector temp.
Tg = Cover glass temp.
Ec,Eg = Emissivities
= Reflectances

9r5g

R R R { |
P FrE ey
. Although F could be reduced by increasing the leng'th/width
ratio, reduction of the plate emissivity using selective
coatings is also very ef fective. 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 vieuw.
H. Buchberg and his collaborators made honeycomb cells from
surfacés 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 maintain 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 éells and secondly by
bonding aluminized Mylar on the cell, were examined by
Buchberg et al. and an optimization study was done based on

(48)

the available and projected cost figures.

In this survey, transparent cells need to be examined
since existing industrial experisnce in manufacturing
hexagonal honeycomb cells has already been adapted toc the
manufacture of transparent cells and cost figures as well as
(49)

are

flat plate collector performance characteristics

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 OrT hexagonal
honeycomb cells only will be examined. The hexagonal cells

can be formed easily(sn) 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 avéilabie. The .efficiency has to Ee
wvorked out for the specific geometry and surface properties
employed in the proposed design, based on the relations given

t

in Reference 48.

Computer programmes used in the steady state analysis
were modified to include the effect of both the honeycombs
and the use of selective surfaces. Programme No. 02 allous
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 expected to reduce the

cost of the power produced.

Honeycomb cell + Black absorber

a, = Fp [Ithoneya - uL(tt-taj] (3.86)

U = 0.62 o = 0.93
lBlack sw

Honeycomb cell + Selective

U = 0.42 A = 0.9
LSelect su

Emissivity of the selective surface, elw = 0.15, is

included in (U ). Thoneye. = 0-8

lselective
Results of this analysis are presented in Table 3.
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As another alternative, flat plate collectors with an
ordinary black painted absorber surface, plastic "Melinex™
hexagonal honeycomb cells with h/d ratio of 5 and an opening
of 1 cm. which have been tested and éctual 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.

Suseful = 7&1)'1 (3.87)

where

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

insolation rate

also

n
Quseful = Eﬁzﬁ%gg“ T (1000)-t (3.88)
wheres

q(lUDD) = efficiency for I = 1000 matts/m2

Q(lUDU) and YkI)/?z(lDDD) were taken from Reference 49

and fitted to the following relations:

MN(iooa) = 0-46 = ((t-t,)-85)0.0072 (3.89)

_NQ)  _ ;.0-0.00128(1000-1)~2.95(1000-1)2 1076 (3.90)

7(1000)
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wvhere
tC = collesctor temperature in °c
ta = ambient temperature in ot
I = 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).

Computer programme No. 03 was written to analyze the
above described flat 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 flat plate
collector equipped with honeycomb cell and selective
absorber plate, Turbine-condenser assembly using steam as a
working substance, was found to be 236°F for a radiationm

flux of 220 Btu/hr/ft2.

The corresponding cost of the power produced under
the conditions pertaining at Alice Springs in arid central

flustralia was found to be about 27 cents per Ku hr. The use
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of another working substance is not attractive as long as
higher temperatures suitable for a more efficient turbine
design could be attained using selective coatings and honesy=
combs. Therefore, this alternative is not included in this

section, but in another chapter (111.1.5).

111.1.4 The Use of Mirror Boosters
to improve the flat 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 side mirrors to reflect radiation 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 rnorth ends of the collectors.

A survey of mirror boosters reported by Dr. Tabor and
his collaborators,(Sl) describes possible combinations of
the side mirrors and analyzes the performance of a flat
plate collector with north-south or east-west end mirrors as

well as a mirror system reflecting both from east-west and
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north-south edges. Transposition of mirrors from morning to
afternoocn operation can be maintained by linking 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 radiatien 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 increased by mirror boosters.
Since the relative cost of the mirror surfaces and the
framework needed to support them, is at least an order of
magpitude lower than the cost of a 3 or 4 glass cover
bollector, it is worthwhile to use mirror boosters provided
that their area is carefully determined and the booster
mirrors do not cast shadows on tﬁe main collecting surfaces
early in the morning or late in the afternoon. The angle W
betwéen 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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naturally involve additional expenditurse.

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 operation. A mirror
system reducing the radiation incident on the absorber plate
during early hours may further increass the collebtion around
noon, thus increasing the daily collection. 1In other words
a compromise must be sought for the maximum output during a
period in which the solar radiation intensity is above the
critical radiation intensity. Thus the cost of the pouwer
produced in the long run would be minimized. A combipation
of mirrors must be continuously rotated to attain the highest
possible boost and its length must be 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 incréaéed angle
of Y. On the other hand an increased RHS mirror size leads
to a decrease in the angle of W for the aftermoon operation
and vice versa during the morning. During the late afternoon
operation, the west side mirror and during the early morning

operation the gast side mirror are inefficient.
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However, from the point of view of practical
operation and in order to eliminate expensive sun tracking
mirror control systems, some departure has to be accepted

from the most efficient boosting condition.

Since the objective of the research is to optimize a
number of combinations of a solar.pawér plant's components
and not to perfect any single element, én ingenious mirror
booster system proposed and tested by Tabor is taken as a
basis for this study. Some other mirror boosters proposed( 2)
are more like low concentration type collectors rather than
a set of mirrors arranged to increase the output of a flat

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 flat.platg
collector and the concentrating type col;ector. The latter
wlll be examined in a separate chapter. Some further
-analytical and conceptual reasoning will be outllned where
needed. The useful operation perlod of a flat plate
collector for production of steam at a temperature of the
order of 2129F which has been found necessary from the steady
state analysis outlined in Chapter III.1 requires intensities'
above 220 Btu/hr/f‘t2 which is available only for 3 hours on
either side of noon. However, through the use bfna pfoperly
deSlgan mirror System, the flux on the collector plane can

be 1ncreased and the operation period can be extended But
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this requires continuocus adjustment which means extra
operational costs or a complicated trabking system. Although -
it has been mentioned that the optimization of the mirror
boosters dimensions and positidns cannot be included in the
steady state analysis the flat plate collector equipped with
a properly selected mirror booster can be analyzed for '

obtaining the minimum cost of the power produced.

since the steady state analyéis is based ubon the
averaged radiation intensity over an extended period there
are no reasons not to average the mlrror factor (M) which
is defined as "the ratio of the filtered (i.e., transmitted
through the transparent cover and absorbed by the collectdr
plate) incident radiation with mirror booster to the

intensity without mirror booster."

This ratioc is reported to be 2.0 for a single set of
mirrors transposed from past 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 ad justment

once a day.

1

‘The cost optimization study was repeated for a flat
plate collector equipped with a transposable single mirror
system and for a 200 per cent increase in the 1nsulat10n

rate and a mirror area about the same as the collector, i.84y



5 per cent more than the collector arsa to allow for edge
losses. The cost of the power produced based upon'Australian

prices(zs) is presented in Table 5.

II1I.1.5 The Influsnce of, the Working
Substance on the Flat Plate
Collector

The Rankine cycle efficiency as well as the collector
efficiency depend upon the boiling point of the working
substance. The latent heat .of evaporation also differs

markedly from substance to substance.

Water has been extensively used in all large scale
power plants. Although mercury and kerosine were tested,
their use was not widespread. There havé, however, been
attempts to find other suitable working substances for
terrestrial solar power plants and small scale power units
for space applications. Sulphur dioxide was used in the

(

Somor engine,B) Professor Masson of Senegal tested a range of
Freons,(7) and Qp.”Tabor used Monochloro Benzine after
examining various organic fluids(zo) for use in his success-
ful éolar power scheme. The basic criterion for uéing 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. Larger pouwer
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output may not necessarily yield the lesser cost 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 loﬁked for, since this reduces the dischargé
velocity from the nozzle for a given mass flow rate.

Reducing the full admission nozzle exit velocities allows
lower turbine shaft speeds to be used. A hermetically sealed
turbine generator assembly developed in the National Physical
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 reducing the
dimensions and employing only one moving shaft, that combines
the turbine and generator rotors - it aims to improve only
one component of the solar pouwer plant. Having acknowledged
the merits of a Monochlorobenzine turbine, some other alterna-~
tives will also be examined. Among the working substances
proposed for use in solar power plants are Ffreon, Sulphur
dioxide and some organic fluids such as the Fluorochemicals
suggested by Ray and MOss(sg) 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 Monmochloro Benzene turbine for
full and partial admission has been reported by Tabor.(zu)
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 follouws the trend of the
molecular weight. Volatility is said to be responsible for
the réduction of efficiency using FC.75. It is, therefore,
reasonable to pfedict the turbine efficiencies assuming

them to be proportional to the Molecular weight of the working

substance.

There are many practical difficulties associated with
some 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 shoﬁld be
paid to the turbine design and manufacture as these factors
are responsible for increased costs, especially if the units
are manufactured in small guantities. In the case of loss
of the working substance due to leakage it becomes diFFiculﬁ

to 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 sube-
stances cannot be proposed for use on a solar power plant

nor can they be discarded completely.

in looking forward to some reduction in the price of
the newly introduced fluorochemicals and improvement in
performance 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 conc}ete conclusions.
Inétead, the promises of organic fluids will be indicated
and future developmental studies on the new substances will

be suggested as topics for further research.

I1I.2 Concentration

The maximum temperature attainable in a flat 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 ofvtrans-
parent covers, absorber surface propefties and insulation
thicknesses, there is an equilibrium temperature above which
the useful heat collection of a, falls to zero. Since the

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 absorber plate:was found to be
211°F for a radiation intensity of 300 Btu/hr Ft2. The
equilibrium temperature corrasponding'to this optimum tem-

perature is calculated from

_ 1o
toquil = fa t T, (3.91)

i.e., for an ambiént temperature of 75°F, the same collector
has an equilibrium temperature around 350°F. Honeycomb
structures and selective coatings, as already démonstrated,
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:

d, = Y9abs~Y10st (3.91)

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

area from which the heat is lost is Alost:

(3.92)

Qu - Ac‘qabs + Alost‘qlost

The total collection can be increased by increasing the first

term and/or decreasing the second.
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For the flat plate collector "except for mirror boosters"

Ac'<-Alost where Alost = Arear + Ae'dges

. ~
since A = A _.
n rear c

, Therefore, the aréa from which the heat is lost is
greater than the collection area. The collsction area can
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 some basic types

of concentrators.

The following equation shouws 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:

) f]’l(x,y)dx.dy = Y10st,receiver (3.93)

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

w(H

out-Hin

receiver plane.

The equation (3.93) is valid as long as perfect sun tracking
is maintained since all of the incident padiation reflected
by the concentrating mirror is assumed to be intercepted by

the receiver plate. The sun tracking can be maintained by
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moving the concentrator and receiver assembly, in which.case,
however, many practical difficulties are‘inydlved~for largs
collectors. Heliostats would appear to proVide'a better
alternative. The double reflectioﬁs from the heliostat and
the concentrating mirror ﬁan 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 well as tracking the sun.

The variation of the flux intensity on the recelver

(54,55) The

surface has been studied by various researchers.
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 cqncentrating
mirror as well as to its alignment.(SG) It has no direct

bearing on this study since the integrated value can also be

used:
1A nir © ‘ff I(x,y)dx.dy (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; and T, reflectivities of the heliostat

T1
and the concentrating mirrors; and Qmir a factor describing
the precision of the mirror. Detailed examination of the

heat losses from the receiver is as follows:

Expressing the receiver losses as:
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9ost,receiver - Jlost,rear ¥ 910st, front (3.95)
90st.front - Jemitted * 9convected’
‘q may be minimized by using cavity type absorbers (57)
emitted y y y typ °

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 ths

air space to smaller cells.

Long cell honeycombs have the merit of combining these
twe. 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 from. .which
no heat has been withdrawn, have been reported by Francia,(4l)

who used this principle in developing an efficient absorber

(boiler) in his sun tracking mirror field system.

= A u

910st, rear rear,receiv. (tl'ta)

lreceiver
!

(3.96)

Since also A the losses wiil be much

rear,receiv. << Acol

less.

The thermal analysis of the receiver and the prediction
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of the collection temperatures and the receiver efficiencies,
cannot be done as accurately as for the flat plate, unless
the geometry of the receiver, absorbing elements, heét trans=-
fer surfaces, insulation type and constructional techniques
are all specified. The receiver easily delivers superheated
steam since temperatures of the order of 550°C at 150 atmo-
sphere(Sa) can be obtained. Proportioning of the superheater
and evaporator surfaces, and the exact theoretical determina-
tion of the heat transfer coefficients are omitfed 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 to track the sun
iii. supporting structure Fdr the mirror
iv. boiler assembly
v. boiler support
vi. steam and feed water piping
vii. pumps and controls
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 cannot 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 lm2.

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 such 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 designlof 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 necessitates
precision workmanship, which is not available in under-
developed countries. Thirdly, the importing of mechanical
equipment results in increased transportation costs and
customs duty which may prove prohibitive. Finally the

operational temperature of the plants is very sensitive to
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the changes of radiation intensity. This may cause some
inefficient operation and mechanical troubles with varying

insalation.

A thermal flywheel proposed by Francia which smooths
over the irregularities, would also increase the cost. The
concentrating steam generating plant can be approximately

calculated from:

C + C + C + C

tot.boiler = Pmir [Cmir frm contg.] struct * Choiler
(3.97)
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
of 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(SB) where a total cost of $30/m2
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 supported by experimental

evidence is made. For these reasons, $30/m2 is to be used
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as a preliminary cost estimats. 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 focus—

(49)

sing boiler. In addition, for an operating pressure of

150 Atm (150 x 14.7 = 2200 psi) and about 900°F, condenser
temperature of 95°F, the Rankine efficiency would be:

U i s .
Rankine, ideal Hgl - Hfl - mp

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 nt = 0.80 as turbine efficiency, the Rankine

cyclet's efficiency is cbtained as

TlRankine.actual = 0.8 x 0.43 = 0.345 = 34.5%

using the collection efficiency figure from the solar radia-

tion to steam as 70 per cent.

KU = I'Amir‘o'7°7m'7ﬁan.act/3413 | (3.99)
2

where I measured in Btu/hr ft
KU = TI.A .. :0.700 - Dran. act (3.100)

where I measured in KuJ/m2

12 Kw output would necessitate a collection area of:
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KU ' .0 (3.101)

A = == —
D'7qm'7Ran.act 1

The previous data would yield for I = 0.8 Kw/m2 = 253 Btu/hr

2

12 2

A = §.7(0.95)(0-345)0.8 ~ 50 m™

The total cost of the boiler system can therefore be expected

to be C = 50 x 30 = $1500 for the boiler part of the

tot.boil
system.
The cost of the plant is calculated from:

+ C + C

+C cond. pump  (3.102)

Ciot.plent = Ctot.boil * “turb.

The cost prediction of $30/m2 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 iéU atm.
and 900°F is expected to be no less than $2500 owing to the,
leakage sealing problems involved and the increésed heat
losses. The condenser cost is about the same as that of the
flat plate system but larger heads are needed for the feed

pump. Taking C = $250, C = $100, and allowing $150

pump
for piping and insulation, the total cost for the system

cond

will be:

Ciot.plant = 50 X 30 + 2500 + 250 + 100 + 250 = $4500

The lifetime of the concentrating system is expected to be

lower than the flat 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 + 1) (3.103)
where Coperator = yearly expenses for operator |

RF = capital recovery factor

Re _iGa) (3.104)

(1+1)"-1

(See also Appendix 1 for Rf)

Operation and repair costs will be higher for this
unit than for the flat 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+0.05)"0
Re = = - 0.13
(1+0.05)%%-1
€, = (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:

w = B8 x 300 x 12 = 28800 Kw hrs

tot.year
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cost of power produced

C = (2106/28800) x 100 = 7.1 cents/kuwh

kwh
This figure is largely affected by the local labour costs
and the amount of expenditure on the repair and interest
rates and may, theresfore, vary widely. A further discussion
of these important aspects and the comparison with the
equivalent flat plate collector will be postponed until

Chapter VII.

III.3 Brayton=Cycle Concentrating
type collector - Sink and
Turbine

The Brayton cycle for air and other inert fases has
recently gained in importance in space programmes and with

gas cooled Nuclear Reactors.

The Brayton Cycle using fossil fuels as a heat source,
has been used extensively in turbojet engines where the
power/weight ratio is important. The cost of pouwer produced
is still higher than for the conventional Diesel Engine. A
Brayton cycle unit for Satellite power applications, employ-

ing a solar heat source has alsoc been proposad.(sg)

The Brayton Cycle is outlined in Figure 10. At low
maximum cycle temperatures, the net output of the cycle is

too low to justify its operation for useful power productibn,
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since most of the powser produced is consumed in the compres-

sor work.

The ideal work produced is obtained from

u;, = (Hy = H4) - (H2 - Hl) (3.105)

The actual work will be reduced due to the irreversible
adiabatic compression and expansion processes markad as

(1-2') and (3=4'). If the fluid flow had occurred at no
pressure drop through the "Heat Addition" and "Heat Rejection"
processes, then the net actual work would have been

U, = (Hy = Hyed = (Hyy = Hy) (3.106)

The pressure drops in the processes of heat addition and
rejection further reduces the net work produced to

woa = (H3u - H4n) - (H2| - Hl) (3'107)

The exact amount of work can be determined only if all of the
pressure drops are known. A solar power plant employing a
Brayton 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.

(60

A study of the Brayton - Argon Cycle ) indicates
that temperatures of the order of 1400°F 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 cost power, but, rather to reduce the weight per unit

power output, the cost optimization was not considered.

The temperatures needed for useful operation of the
Brayton cycle can only be obtained using a concentrating
type collector. The point focussing receiver described in
section III.2 of this chapter is suitable. Howsever, the rate
of heat transferred from the collector absorbing;surféce to
the gaseous working substance circulated, is of the order of
5 to 10 Btu/hr th Heg F; wherease it is 50-100' for water in'

convective heating, and up to 10,000 Btu/hr Ft2

deg F 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 to withstand higher
pressure. An air heater operating at l4DD°F, even if a
ﬁractical possibility would turn out to be Qery inefficient.

An exact performance-analysis of such a heater for heating

gas to temperatu%es of the order of 1400°F cannot be undertaken

unless the actual model with dimensions and material properties

are specified.

Considering the practical difficulties involved in
operating a concentrating collector, incorporating air-cooling
operating at l4UD°F, low receiver efficiencies, and high costs

of construction and increased pumping losses to improve heat
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transfer characterlstlcs of the receiver, the Brayton Cycle
with solar heat source wlll not be further examlned as an

alternative cheap source of pouwer.

ITII.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 studies 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 engines are
thormal efficiencies as high as 45 ser cent(61) and silent
operation. In space appiications the solar-operated St%sling
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,(ﬁz) Battelle Membrial
nstituts in Columbus, Ohio, (63) and the University of Florida

in Gainsville(sa) on solar-operated Stirling engines. The
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heat sources of some Stirling engineé have been Diesel fuel
Firad(GS) for U.S. Army specified power uﬁits where compact-:
ness and continuous operation have been the main requirements.(ss)
Very large engines, up to 360 Hp{(67) have also been con-

structed and have been successfully run.

Thg Stirling engine with a transparent quartz window
at the cylinder head, was patented by Professor Farrington
Daniels and Dr. Theodor Finkelstein.(sa) Solar Stirling
engines have been constructed at the Battelle Memorial
institute(®3) and at the University of Florida in fractional
HP ranges.(64) The paraboloid type of concentrating col-
lector.was employed to attain temperatufes in the order of
1400°F. Basidés the precise tracking requirement, the
present cost estimate which is about $470 for a S50-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 flat plate collector steam Rankine cycle = Turbine
system and therefore does not meet theteconomical performénce
criteria. A single concentrator would étill not lower the

cost to an acceptable level.

Some other operational features, design considerations
and proposals 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 dontrary,
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lead to an increase.

The above considerations and other problems involved
in the Selar Stirling Engine resulted in research activities

(69) Instead, a

being discontinued in some institutions.
Stirling Engine with conventional fuel operation is gaining
interest. Development is still cont1nu1ng( 5) 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. Iﬁ addition,
the solar collector design does not show promise. The main
reason for this is the reduced collector efficienciés at
elevated temperatures, and the low heat transfer rates for

gases whlch are usually used as the working substance



'IV. UNSTEADY STATE ANALYSIS

IV.1. 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
throughout all tha-sﬁnﬁy days sxperienced during the year.
This simplifying assumption, however, is only true in the
special case of a sun-tracking satellite power system. In
all terrestrial applications, the intensity of solar radia=-
tion incident upon =2 hofizontal or tilted plane varies both
with time and mith 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:

1. 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 a 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 appsar to be the most
realistic approach since there is very little or no con-
sumption to be expected after midnight in farms, whereas
irrigation and other mechanical work requirements would

increase the power demanded during the day time.

A special case for consideration in power demand could be
a constant consumption at nominal rating. This casse,
however, can be easily handled once the prdblem with the
arbitrary power demand pattern is solved. Since a cone
stant power demand is not likely tb occur and the main-
tenance of such a performance would require ﬁnnecessarily
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 limited to con=-

siderably shorter periods especially during the winter and

rainy seasons, the increased cost of storage could easily

bring the cost per kwhr 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. By varying the collection area depending on the powser
demanded. This would imply that the system would héVE to
be constructed conforming to the maximum power requirement.
Therefore, some portion of the collector will normally
remain unused. The cost of the power produced would

cbviously be increased.

B. By varying the flow rate of the working substance in

phase with‘the variation of the solar radiation intensity.

This apertains to the first case where the Demand Function

follows identically the supply Function,vand 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 maintaiqed by

changing the flow ratg and the condenser temperature is

also fixed. The system can be equipped with éutomatic

control of the flow rate, while a shut=off devicé similar

(70) can be added for those

to the one developed by Neeman
periods during which the radiation intensity is below a
predetermined value. This intensity is usually referred

to as: "Tﬁe Critical Radiation Intensity."™ 1In cases

where the power demanded is more than 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
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processes and permit efficient operation during overcast
periods or at night. Storage of energy for future uss

Lill be discussed in length in the related chapter.

Since the energy inpuf, solar Radiation Intensity,
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 period.

Though many proposals have been suggested(7l’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 some selected stations, diffuse and direct beam

(73) This chapter

radiation measurements are also available.
gives the basic conversion formulae for calculating the solar
radiation intensity on a tilted plane if theA"tQtal" solar
radiation or the "total and diffuse" solar rédiation
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 all years to come. Hence,
accuracy in calculating the radiant flux on théltilted planes
would not appear to be too significant in a Finél 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 fadiatién
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
relatively dependable measure of the probability of sunshine.
Many empirical relations have been suggested to correlate
sunshine houf measurements with the daily total, and ‘hourly
distribution from the daily total, 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 courss,
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 some

prospects of economic application. N

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 some 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 well as giving isopleths
(constant solar radiation intensity curves) all over the
world for every month of the year.(74) A careful study, of
this excellent survey gives a sound idea regarding the
localities in which solar energy utilization shouws promise.
The essential requirement for any solar pouwer 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 sdlar radiation, or in the winter, if,
for instance, refrigeration or air-conditioning in the

summer is desired.

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

months, the increased cost of storage, especially at high

‘temperatures around,ZUDOF, makes it impractical. Therefore,

it is necessary to limit consideration of solar powser 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° and 35° north or south of the
equator. Thay include the southwestern USA and some parts of
Mexico, the North African desert, the Middle East, Central

Iran, Turkestan, Uzbekistan, some parts of Pakistan in the
Northern hemisphere; and the Atacama desert of Chile, Argentina,
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° 53' East meridian, 23948 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.(zﬁ)

Because there is a well-developed, competitive solar
collector industry as well 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
jocalities 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 some 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 fhe optimization study in a new location is

the relevant radiation and cost data.

The radiation intensity, I, used in the computation
is the total radiation intensity on the collector plane.
Since almost all of the radiation data available refer to a
horizontal plane, the intensity on a tilted plane must be
calculatéd by the steps outlined below. A similar extensive
survey 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 Ee
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



98

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 réquired to search for the
best orientation for every day of the year in order to obtain
a few per cent inc;ease 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. Havihg previously calculated
the radiation intensity on the tilted plane in a sgparate
subprogramme, the main optimization programme will be con=-

siderably simplified and computafion time reduced.

Although the collector must track the sun for maximum
possible collection, not much will be lost by orienting  the
collector towards the Eqﬁator, with the N-S line coinciding
with the collector axis. Especiaily 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 qf 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 operational troubles and design
difficulties, then it is recommended that'a battery of col=-
lectors, connected to each other by Eondensate feeding and
steam headers, be tilted to a fixed orientation, to give
maximum output either throughout the whole ysear or during the
preferred season. The degree of. tilt is also a function of

the latituds.

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%271 filt is needed to
collect maximum radiant flux to cope with the changing
declination. For localities as far as 40° north or south
l1atitudes 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

Inp = It = Ind (4.1)

Direct normal beam

IHD/Cosi = Ipy (4.2)
Total radiation intensity on the inclined plane
I = Ipy-Cosi + L (4.3)
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The diffuse radiation intensity on the inclined plane has

been assumed to be the same as on the horizontal plane.

Cosi

I = I, + I, (4.4)
HD Tosz dif
Cosi
1 = (Iyg-Tya)-Tosz * ldif (4.5)
Iyip = lhd
, Cosi Cosi .

{ = Tyymens t Taa (3 - T ) (4.6)
At noon for the optimum oriented plant: Cosi = 1

Cosi
During the useful collection period: T35z

Cosi
Cosz:

is also called "“The Orientation Factor, R"

Uhenever IHt and IHd measurements are available, the
radiation intensity, I, on the inclined collector plane

can be obtained from (4.6).

If only IHt measurements are given for dry arid regions

with mostly clear sky conditions, Tud 2 0.1 I,y

Cosi Cosi
I = Iy Tosz * 0.1 I,y (1 - EBEi) (4.7)
Cosi
1 = 0.9 I, oz + 0-1 Ing (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

¢ -B =§ or P-= ¢ -6&§ , theni=0° for E=o0

Cosi = Sin (¢-j3).$in5 + Cos (¢-p) Cosf .Cosg
(4.9)

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

measured from noon, for a plane facing the equator, tilted ]3

degrees.
Substituting (@-P) =§

Cosi = Sin26 + Cosz(g .Cosé . (4.10)
for the horizontal ﬁ: 0 i =2

Cosz = Sing.Sin § + Cos @ .Cos§ .Cos § (4.11)

This gives the zenith angle in terms of Latitude ¢ ’

Declination 5 and the Hour angle g .

Whenever exact determinations are needed, one should
know the I .. or calculate it from Equation (4.6). 1If 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 Appendix 2-c, in which the total solar radiation
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intensity on the plane tilted towards the equator is calcu-
lated. Although, for the maximum energy collection, the tilt
must be adjusted every day, it would also be possible'to
limit the adjustment to once per month at the cost of a small
reduction in performance. The programme has been set to
consider monthly adjustments for the declination to maintain

normal incidence at noon.

To be able to calculate the radiation intensity on
the tilted collector plane, it is necessary to know the
horizontal total and/or total + diffuse measurements for
every hour of the year. Unfortunately, this kind of exten-
sive information is not available for many localities.
Instead, daily totals are reported in most of the publica=
tions. 1In cases where daily total horizontal measurements
are available, the computer programme outlined in Appendix Z2c
can be run to obtain the hourly distribution of the daily
total horizontal solar radiation. The methqd based on curves
developed by A. Whillier(78) is adapted for use in latitudes
between 35°N and 3595, The radiation intensity on the
inclined collector plane can be obtained by applying the

previously described technique.
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IV.3. Influsnce of the Radiation Intensity
on the Performance of the Flat
Plate Collector o

The flat 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 III.l.4. for moderate tempera-
tures the mirior booster proves to be a significant factor
in reducing the cost. It should yield a better optimum for
the solar power plant employing flat plate collectors, after
a careful design analysis considering the cost of the mirror

system as well 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, I, 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. Demand for Power

IV.4.1 Demand 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
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optimum. The condenser temperaturs will be assumed as
invariant, due to its relative unimportance, which was

previously emphasized in Chapter III.1.

The following sequence of formulation and solution
applies to the Fortran Programme No. 1 presented in

Appendix 2b.

Step 1. Set a boiler temperature within the feasiblse,
region which was obtained from the steady state
analysis. Recalling the relation giving the
useful heat collected per unit area which is,

for the boiler operating at constant temperature

a, = Fop |I1T%- Upg (8-t,)] (4.12)
below the Critical Radiation intensity,

q, = 0, Frp #0
therefore:

ITK= Uy, (tl-ta) = 0 (4.13)

U, (t,=-t_)
I -~ 1.05 ke _1 =8

crt T X (4.14)

Realizing that at least some useful conversion, Ssay 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

I <: Icrt

of heat which can be collected is

Step 2. The amount

n n

% 9, = Frb§ [I Tot= Uy (£1-t,)] (4.15)
But

U g (tl-ta) = I (4.16)
Substituting from (4.16) into (4.15)

n n

%gu = Frb% (1 - Icrt ) . (4.17)

Adding only those:

average amount of

intensities I » I__,  for (n) days the

heat collectable is given by

-l-gq = F lE(I-I )* (4.18)
nqg u - rb n g crt '
Dividing and multiplying RHS by I,, this gives

1 O 18 L= Torgis

'n'§ % = Feb lav H% (——) (4.19)

av
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The Utilizability factor is given by:

I -1
_ 1 L crt
515- ;% i (4.20)
av
Thus
Ay aver ° Feblav Zd% (4.21)

The usual procedure as applied by Whillier(79)vhas

been to plot the frequency distribution of solar radiation

and obtain 56 vs (I/Iav) curves for a given locality.

In this research a more direct approach will be
utilized taking advantage of the pouwsrful computational

capabilities of modern digital computers.

Step 3. The yearly average of the solar radiation -will be
obtained by summing up I (i,j,k) for those hours
during which I (i,d,k) > I py OF [1 (1590K)=I )"
and dividing the result by the total number of s

sunshine hours.

12 31 +§
Qo = o221 (135K) (4.22)
i=l j=1 —§
12 31 +§
S-S > 1 (i,4.k)
q = i:l j:l -5 (4-23)
av.year Z(i,j,k)
where

3 (i,§,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 pouwer plant
will be constant, it is most reasonable to assume
the area to correspond to the average radiation
intensity for the year. Sinca a programme has been
developed to optimize the solar power plant with
flat 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 obtain the actual amount of work
produced by calculating the exact amount of work
produced during geach hour and summing up throughout
the year. This would allow one to obtain a more

reliable cost figure than in the previous step.

12 31 +§
- SSSTS 1 (L,0k) AT (E0K)

i=l j=1 k=-§

Gltot.year

(4.24)
where

7l(i,j,k) is the hourly efficiency for constant boiler

and condenser temperatures.

Q
_ tot.year
LUtot.year - 3413 (4.25)
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Step 7.
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Since the frequency distribution 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 to 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.

Different boiler temperatures may be tested repeating
steps 1 to 6 for values around the feasible optimum

predicted.
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The Fortran programmse No. 1 presented in Appendix 2-cC
has been run and fhe following results presented in Table 6
have been obtained. It must be noted that this survey is
valid 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
extended. 0One has fo decida on a separate basis the total
amount to be invested as well as the sacrifice of production
for some overcast périods. 1f 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 the most general case of solar power production
both the power consumption and the radiant flux vary with
time. This case also represents most closely 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 péttern y/(i,j,k), is
presented in Figure 11 ). Though this specific pattern has
been employed 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 well as types of use. In this representation
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indices i,j,k represent month, day, and hour, respectively.
Figurenlz.graphicélly illustrates the variation of power
demanded, consumption and the storage for a week's period.
Two and one half days of initial storage ana a maximum of

two overcast days were assumed.

The unsteady state analysis is carried out as
described belgy:

1. The consumption fuynction, P(i,j,k) is defined for the
whole year from the previously defined consumption
pattern. yy(i,j,k) can be obtained from

P(i,drk) = )l/(i,j,k).mu
For the sake of simplicity the consumption pattern is
assumed to be the same for every day of the year. This
reduces %(i,‘j,k) to )U(k) and |
P(i,j k) = y/,(k).l(w

2. The production of power is obtained for a constant
collector area which is calculated on the basis outlined
in the "no storage™ analysis which was described in the
previous Section. The power produced at any instant can
be calculatedvby 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 pouwer produced will be zero

all the time when I(i,j,k)<< I - 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 OT deficit to be calculated, since
there is some consumption every hour even though there is no

production.

3. In order 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 constant boiler temeerature.

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 peék. This, of course,
reduces the need of extra stbrage. However, an initial
storage 1is assumed to overcome the deficit in the supply

during the overcast days.

This minimum reserve cap;city, which is a climato-
logical factor, has to be carefully determined, other wise
there might either be a lack of stply of power or the cost
of the power produced qauld 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 thé cost of the power produced. Since hourly net
production was w(i,jsk), and hourly net consumption was

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

difference is a negative guantity.

A= u(i,j,k) = P(i,d5k)
If Alis converted into energy units and added to the initial
stored energy, it yields the remaining stored heat, Qstorl
(i, j,k), at any hour. Qg . (i,d,k) = Qi 5¢ia1 ¥
(lll(i,j,k) = p(i’\j!k))‘ )

The system keeps on running as long as the remaining
.stored energy is pasitive or in other words the temperature
of the.storage medium femains at/or above the minimum
égceptable ievel. A fusion process is needed to stora and
recover the energy at constant temperature. As soon as
more energy than the stored is extracted, the temperature
of the storége medium will start dropping. Also the sensible
heat (also called Liguid Enthalpy, hf) will be recovered
which is only a small Fracﬁion of the latent heat (also'

called Fusion Enthalpy) per 1lb_ of the material.

The power production is stopped as soon as the initial
storage is exhausted. No power will then be supplied until
the production exceeds the gonsumption. As it has been
noted, the period of interruption permitted, although a
factor related to the sunshine availability of the location
is really the decisive factor. It may on one hand increase

the cost to an undesirably high level, or on the other,
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reduce it and make it feasible. 1In 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 well as 100 per cent, the rated area basedioh the
average yearly radiation.

b. Different boiler temperatures.

c. Different initial storage capacities.

Some 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 all be equal to the

rated pouwer.
P(i,j,k) = Rating for all i,j,k.

It is obvious that even for a locality with a maximum
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sunshine possibility, exéessive‘storgga capacity will be
requiréd, because of the continuous demand dﬁring the night

hours as well as in the daytime.

The compUter programme No. 2 devised for, the Unsteady
state, with variable demand perFofmanﬁe analysis with
storage yielded cost figures greater than 50 cents/kwhf.

In the case of constant pdmer demand, the cost of the power
produced will be in excess of the above amount. Since the
exact cost figures could easily be verified running programme
No. 2 with Y’(k) =1 for k =1,2, « . . Ny further detailed

study of the constant pouwer consumption has been omitted.



V. STORAGE OF THERMAL ENERGY

V.1 Criteria for Storage
Requirements

The need for storing energy has already been outlined
and methods of calculation of its quantity have been
described, in section IV.4. 1In that chapter, an arbitrary
pawer consumptlon pattern was assumed and the storage
capacity needed to- supply this demand was calculated. This
way of tackling the problem although mathematlcally viable,

does not answer all the possible arguments which may arise.

The objective of the research is to find optimum

~ solutions to various alternative proposals for producing
cheap mechanical powerlfnom solar radiation. Thus it would
be unreascnable to start by making a decision to install a
solar power plantvin any locality first and then after that
to optimize: the design features and operating conditions.
Rather one should start with an investigation of the
possibilities of installing such 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 sﬁould be analyzed with regard to the specified

conditions and the'giben locality.
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The following are therefore the basic criteria in
deciding whether to install solar pouwer plants or use con-
ventional supplies.

a. Tha 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 there will be an optimum.
The cost figures of materials, workmanahip and interest
rates on the cepital invested, which vary from locality
to locality, must be taken into account.

c. The other alternatives available in pouwer supplies must
be well examined before.proposiné a solar power system.

. Comparative studies of solar power production have ‘been
treated in numerous articles and books.(BD’Bl’az)
Most of these references usually compare sglar and
aonventional power supplies and end up with some con-
clusions indicating the advantages and promises of solar
power schemes. Since the present study as a whole
covers all conceivable methods of solar power production,
it allows one to obtain a dependable cost figure per Ku
hr produced, arovided that accurate radiation and cost

data are sapplied.

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
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country. Diesel engines, particularly, are extensivély
used for small scale power needs such as irrigafion and
electrical projects in small villages. There should be
enough evidence to justify changing élready established
systems in favour of solar power. It is necessary to 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 comes to the important question of mhethef to install a

storage system or not.

It has already been demonstrated that, in the case
of the installation including a storage system, especially
in those places where the overcast periods exceed 2 1/2
days, the cost of pouwer 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 demand. It would
be wiser to discontinue the operation if'the interruption
is longer than a predetermined period. ‘The‘extent‘of this
period is best determined by the climatic regime and the
specific requirements of the consumer. With regard to
applicationsy such as in the case OF‘Unattended pumping

stations, where the total amount pumped is of greater
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importancé than actual pumping time, such a lack of con=
tinuity would be justified. The demand function which is
proportional to the radiant supply due to the increased
irrigation requiremants;in sunny periods even eliminates
the heat storage system. This may well be replaced with a
storage‘tank or pool which stores the-pumpedlwater. It
must be noted, however, that’the energy storage allows the
system to operate at higher efficiencies and maintains
smoother operation, especially for those locélitiésxhaving
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 specific locality, to deter-
mine whether the use of a storage system is necessary or
not. 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 Enthalpy Storage).

(1) Sensible heat storage has been attempted especially

for space heating purposes and proved to be effective in the
(83, 84)

(85)

case of low temperature applications. This has been

achieved through storagse of hot water or by storing
energy by means of hot air heating rock piles from which the

(86)

energy 1is recuperated by a counter flow of air.

Whenever the storage of energy at high temperatures
is required for production of steam above 200°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
recavery for future use still remain as proposals and no

concrete solution has been found to date.

Compressed water, at temperatureé higher than the
boiler temperatures, which is flashed in£0 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

per Kw hr for Alice Springs, which has high average

radiation intensities. Any additional investment in the
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storage system contributes to increase the cost of the
éomplete installation. Since the prinbiple of flashing
steam and the analysis of the Rankine Cycle operating with
.Flashed steam is well knouwn, further derivation of :the

relations is omitted.

However, it can be well concluded that in addition
to the technical problems remaining, such as the construc-
tion of large pressurized vessels and theif insulation to
retain heat for months on end to ensure continuous aperation,
the economic limitations set by tﬁe greatly increased cost

figures inhibit further 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 pouwer
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 allouws theAmaintenance
of a constant temperature dif ference betweeh 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 ~ Na2804.10 H20 - which has a melting point of
90°F and 1 lbm of it can store 104 Btu's of energy. Bbth
Glauber Salt and many other storage materials suggested for
house heating purposes(ae’ 89) have fusion temperatures
below 1400F, which is 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 thillier.(w)NazHPO4

.12 HZU Disodium phosphate dodecahydrate did not prove to

be.a suitable material for repeated cyclic fusion and
solidification, since stratification occurred due to separa-
tion into two other hydrates = Na2HPU4.7 HZD and NazHP04.2 H20.
Glauber salt also exhibited insufficient dissolving of the
anhydrous Na2804 in the saturated solution in the absence of
perfect mechanical mixing. In addition to the above dis-
advantages, other knouwn fusion salts have low melting points.
Other fusion salts briginally developed for the constant
temperature storage and transﬁortation of delicate instruments,
patented by Melpar Inc. under the trade mark "Transit-Heet,"
exhibit interesting physical properties. A series of sub-
stances having fusion temperatures up to 300°F have been

feported.(go)

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 are-availéble; Thé fuéidn heat
storage system requires a container which also acté 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 been p0331ble since exact phy31cal propertles 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 LSUD—ZSUOF'which is acceptabls for
flat plate collectors. For cheaper material costing 5 cents
per pound and a storage 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 Figurell
2 ,
> \V(k).Kw = 8 x 12 = 96 Kw hr/day (5.1)

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

cent
ir Ty

(E

The amount of heat to be stored then would be

0.60 and qm = 0.95
0.194(0.60)(0.95) = 0.11

Q (96/0.11) 3413

stor

3,000,000 Btu/day

The additional expenses together with the above assumed
cost figure of $1.5/1000 Btu, 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 order of magnitude as the cost of the flat

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 to 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 to maintain continuous operation but
increases the investment needed for the collectors. Although
‘the cost of power produced is reduced from 150 cents per

Kw hr to 50 cents, it is still too high to justify any
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attempt to introduce storage systems.

This figure is far beyond that of the cost of power
using alternative sources. The highest cost known,to the
author is that of the small town diesel pqmered electric
supplies being 7.5 cents, which, however, assures 24 hours

of dependable supply.

Therefore, in the context of the present cost
figures and 1ack of experimental evidence, the use of the
fusion process would still be premature. HowsvVer, 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.1 Fortran Programming 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 relations. This
solution would allow one to obtain a single point. 1In
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 flat plate collector - turbine -
condenser combination, for various design parameters of the
collector, such as selective surfaces, honeycomb structures,
or for different working substances; OrT concentrating type
collectors, Stirling and Brayton 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:
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VI.1.1 Steady State Analysis .,

The steady state analysis'was applied to models
listed below:
A. Flat plate - steam Rankine - Turbine Condensser
A.1 Same as above only selective surfaces used

A.2 A " " » 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. Mapping

c. Steepest descent

These methods are outlined in Appendix 4. Out of
these 3 methods, the exhaustive enumeration was employed as
the first survey on the subject. As long as the range of
variation of variables and number of trials are small, tHis
method is acceptables, otherwise the evaluation of results

becomes too tedious. On the other hand a direct optimiza-
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tion téchniqﬁe such as the steepest descent is started at a
feasible point and independent variables are changed in
appropriate steps to reach the optimum. This method, how-
ever, is not suitablslfor functions like Rosenbrock's(gz)

aﬁd others(gz) 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 Centret!s SSP (Scientific Subroutine Package) pro-

grammes such as Fletcher and Powell method "Subroutine

FWFP,"™ 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 calis 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, ﬁould not stiil 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. Ffor these reasons, the direct search techniques,

though powerful, are not found to be illustrative.
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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. Also, some discontinuities
such 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.1.2 Unsteady State Analysis

A. Main Programmes. The analysis was applied to the

unsteady state performance without storage and the unsteady
state analysis with Variéble power demand and storage. The
formulation of both analyses was explained in detail in

chapter IV

B. A subprogramme was prepafed to calculate the
radiation intensities required in the main programmes. A
ye;r'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 produced a deck of punched cards
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which were later used as data cards for the .main programme.
Similarly, the 'average radiation for every month,‘the
yearly total and the yearly average radiétiqn.intensities
wéra also calculated and obtained as punched cards. Although
two programmes might be cqmbined in one where both the
radiation intensity calculations on the inclined collector
plane and optimization of the solar pouwer plant can be
covered within the same programme, the work was split into
two, since the memorylrequirements had exceeded the
installed capacity of the McGill Computer Centrets 360-75
computer which has 330 K Dynamic Cores. If was thus |

po§sible to execute it in this way.



vil 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 order to facilitate a comparison
between the various systems, outlining the advantages of
eaéh proposal as well 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 flat 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, e#tending
from 180 Btu/hr.f‘t2 to 330 Btu/hr th, 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.1l the radiation
availability at various localities was discussed. A sample
was presented for Alice Springs in Australia which averages

the high insolation rate of 214 Btu/hr ft

with a reasonably
uniform seasonal distribution. The period for which this
average is computed is that during mhich the radiation
intensity on the collector plane reméined above the critical
value, i.e., 139 Btu/hr th. This duration was found to be
1770 hours. The average radiation intensity of 214 Btu/hr
th during this period was far lower than the high rate of

330 Btu/hr th, i.e., the maximum considered in the computer

analysis.

The comparison of cost figures was therefore based on
a radiation intensity of 220 Btu/hr ftz. However, within
the range between 180 and 230 Btu/hr ftz commonly encountered
in practise, the numerical value of the radiation intensity
is not significant, whenever all 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 flat plate collector‘mith three glass COVErs and

ordinary black paint yielded a cost Figure'of 46 cents/kw hr,

for an average radiation intensity of 220 Btu/hr ftz, a
condenser temperature of 95°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 flat plate

collector discussed above. The cost figure for this combina-
tion was reduced to 40 cents/kw hr for a radiation intensity
of 220 Btu/hr th. This figure, however, is still too high

to be accepted for practical application.

The flat plate collector with glass honey¢ombs and

selective surface yielded a cost as low as 27 cents for an

insolation rate of 220 Btu/hr th. The cost of the honeycomb
pane had to be assumed at $l/Ft2 since no such structures

are commercially available.

The flat plate collector with plastic honeycombs_and

black painted surface, as developed and tgsted in the

University of Marseilles, gave a cost figure of 50 cents/

c+2 at an average intensity of 220 Btu/hr Ft2.
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Although collectors incorporating plastic honeycombs
are much more expensive than those with glass honeycombs
when operating at radiation intensities of 220 Btu/hr th,
they compare favourably with the latter at high intensitiss.
For example, at a radiation intensity of 300 Btu/hr th
plastic honeycombs yielded a cost of 14 cents/kw hr as

compared with 15 cents/kw hr for glass honeycombs.

The flat plate cpllector 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 jntensities, 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 éystem is available.
This should not preclude the fact that honeycombs, both
glass and plastic, deserve more careful attention since
considerable reductions in the cost of the pouwer produced
are possible. Further development of honeycomb manufacturing
techniques and reduction in cost as well 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 flat plate collector with 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 $l/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 pef day. If there were no adjustments, the shadouws
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 some 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 flat plate collectors in
Figure 13 to facilitate their intercomparison. The optimum
operating temperatures are not indicated since these 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 necessitafing the use of

additional costly vacuum pumps.

By using honeycomb cells, the temperature can be
raised above 212°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 concludé that the honeycomb and mirror booster

combination would be practical to use.

After solutions to these practical_problems are
obtained, the use of honeycomb + mirror boosters should be
the most promising approach. They are, therefore, 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 cost in France is only $2.5/Ft2 as noted
in Reference (49). Although this reduction in the collsctor
cost should influence the final cost per ku hr, it does not
affect the cost of the various designs of collectors incor-
porating honeycombs, selective surfaces, mirror boosters,
stc., relative to each other. Thereforse, reported cost
figures for various flat plate collectors are typical valyes
for an appropriate location, but not necessarily the best

obtainable in the world.

Radiation availability is another important factof

influencing the cost of the power produced. The typical
location selected for the example presented was Alice
Springs in fustralia. 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 pouwer plant. Unless the final cost turns out to be
1ess than that using alternative power sources, no immediate
.attempt to apply solar pouwer in practice should be expected.
Therefore, places snjoying the highest number of sunshine
hours will not necessarily be associated with the lowest
power costs since many components of the power plant may
have to be imported from industrialized countries, and
£herefore suffer from inflated material prices, heavy trans-

portation costs and import duties.
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The methods outlined in this thesis 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
"?rancia" 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 Francia 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 lecation
to another. Ouwing to the extreme influence of operation
cost on the cost of the pouwer 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 some development
is underway in the Francia design, certain technical and
commercial details have not been disclosed, due to the
requirements of the sponsors. Ittis 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 éubject 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 radiation comprises a substantial

proportion of the global solar radiation.

Unsteady State Analysis

Since the steady state analysis of the pérformance of
sular power plants has indicated that the hbneycomb and
selective surface combination yields the lowest COét,land thef
honeycomb + mirror booster combination was not considered iﬁ
this section due to reasons already outlined, thefunsﬁeédy

state analysis without storage was carried out for the flat

plate collector with honeycombs and selective surface

absorber only. The cost figure per kw hr produced is in

elose agreement with the result from the steady state’ analy51s
which was reported as 27 cents. This cost 1s very llttle'
influenced by the area employed 81nce both the output and thé
total cost are proportional to the area. This’ Fact has been
presented in Figure l14. The resultlng F;gure is too hlgh for
any .immediatse application. However, honeycombsjwlth:mlrror
‘boosters shﬁuld reduce this cost to affigure'gven lower than
16 cents/kw hr, the Flgure which was reported as a resultfof

the steady state analy81s for collector Wlth 98190th8
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surfaces and mirror boosters, but_withcut honeycomﬁs. ‘This

unsteady state analysis, however, may be used to yield

. _ 1 : ' .
accurate cost figures for any specific locality rather than
to compare two different systems. "

The unsteady state analysis with.sto;ghg,ﬁetifieé
the fact demonstrated in Chapter V_whicﬁiconcludeﬁ.with the .
high costs of storage of thermal energy'ﬁOr Futu;e.use. The
Acost figure was searched first without any max1mum paper
1imitations, which implies larger amounts of power could be
produced and consumed. This case yielded cost flgu:es
descendlng even after 300 per cent of the ratedlérea was
used. Since the turbine has to be designed to-operate'atﬂ

the rated power and the power which cannot.be consumed 1s

effectively wasted, this case is not representative.

The second case limiting the maximum power to the
nominal rating, i.e., 12 kuw, yielded é cost Figure-oﬁ 53
cents/kw hr. - Therefore, a large increase of the collector
area to reduce the initial storage required ahd to make up
the deficit in overcast periods (and at‘hight) is not a
feasible solution since large storage capacities and largér
collector areasS are both items 1ncrea81ng the cost of the

power produced.

Economical pouwer production with storage still

requires further developments in the storage materials as
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outlined in Chapter V. Even the cost obtained for a case
without any storage 1s not competitive with_épnveptional
energy sources.‘ Therefore, it is.;ecommendéd that initial
attempts to produce solar pouwer shduld exclude storage owing
to the high cost figures and complicatians in the system
resulting from the addition of an extra heat éxchanger and

hecessary circulation of the secondary flu1d.

In conclusion it must be emphasized that the current
research is intended to serve as a foundation stone, upon
which further research and development may be built. All
the analyses have gither comprised investigations into the.
interrelationships betuween the various parameters influencing
performance OT systems analyses of individual components.: |
WLth the exception of the flat plate collectorT analysis,
which was made in considerable detail, none of the individual

components was made the subject of specifié studies in.order
Ato achieve the optimum in jndividual efficiency and perform-
'ance. Instead, the effect of feasible margins of improvement
"in the individual components upon the economlcs of the
integraﬁed power plant have been investigated. Wethods of
analysis have been developed from which further verlflcatlon
of the cost of the pouwer produced can be extended to any ’

locality for both systems with and without storage.

Al though the projected improvements which have been
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suggested may take a considerable period to be realized in
practice, there are no reasons why solar power plants should
not become competit;ve with alternative methods of small-
scale 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 flat plate

collector incorporating honeycombs and mirror boosters.

Further engineering analysis should be useful in
reducing the cost of the manufacture bf individual éomponents.
furtharmore, a national or international policy decision to
embark upon gquantity production would place solar power in a
ﬁuch more favourable competitive position relative to

alternative methods.
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TABLE 1. Summary of the computer results: cost of the power
produced (cents/kw hr), steady state, flat plate collector,
ordinary black-painted absorber

Programme No. 0 - Constant radiation intensity
I = 220 Btu/hr ft2

Glass covers
2 . 3 4
Condenser temperature 110 >80 48 45
105 50 47 43
100 1>50 45 41
95 50 43 40.9
90 48 40 40.8
85 46 39.1 40.6
Programme No. 00 - Constant condenser temperature
t2=
Glass covers
2 3 4
Radiation intensity 320 24 23 24
300 27 25.2 26.5
280 31 - 28.8 30
260 36 33 34
240 42 38 40
220 49 45.6 47
200 50 50 50




TABLE 2. Summary of the computer results: cost of the power
produced (cents/kuw hr), steady state, flat plate collector,
selective absorber

Programme No. 01 - Constant condenser temperature

t2 = 950F

Radiation Btu/ -
intensity hr ft2 320 300 280 260 240 220 200

Cost of cents/ ’
power cents/| 19.0 21.1 24.0 27.8 33.0 40.0 49

Boiler o
temp. at F 240 234 227 220 211 200 189

min. cost

TABLE 3. Summary of the computer results: cost of the pouwer
produced (cents/kw hr), steady state, flat plate collector,
honeycomb, selective absorber

Programme No. 02 - Constant condenser temperature

= 0
t2 = 950F

Radiation Btu/
intensity hr Ft2 320 300 280 260 240 220 200

Cost of cents/ '
power kw hr ~15.0 16.1 18.0 20.3 23.0 27.1 32.0

Boiler o
temp. at F 260 259 258 256 254 245 236

min. cost




TABLE 4. Summary of the computer results: cost of the pouwer
produced (cents/ku hr), steady state, flat plate collector,
plastic honeycomb, ordinary black absorber

Programme No. 03 - Constant condenser temperature
t2 = 950F

Radiation  Btu/ '
intensity hr F12 320 300 280 260 240 220 200

Cost of cents/ | N :

Boiler o )
temp. at F 213 210 209 208 207 205

min. cost

TABLE 5. Summary of the computer results: cost of the power
produced (cents/kw hr), steady state, flat plate collector,
selective absorber, mirror boosters

Programme No. 04 =- Constant condenser temperature
t2 = 950F

Radiation Btu/ |
intensity hr Ft2 320 300 280 260 240 220 200

Cost of cents/ |

Bailer o
temp. at F 260 259 258 257 256 255 254

Fin. cost




TABLE 6. Summary of the computer results: cost of the power
produced (cents/kuw hr), unsteady state, no storagse, flat
plate collector with honeycomb and selective absorber

Programme No. 1

Per Cent of the rated area

50 75 100 125 .

Boiler temperature 210 28.7 26.9 26.8 27.9

in degrees F

220 28.1 26.4 26.4 27.6

230 28.1  26.4 26.4  27.6

240 28.4 26.7 26.8 28.1

250 29 27.2 27.3 28.6

The radiation data used is for Alice Springs, Australia

Condenser temperature = 90°F



TABLE 7. Summary of the computer results: cost of the power '
produced (cents/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 = 150 200 250 300

Case 1 = No maximum power limitation,
all power produced is consumed

[
Boiler 210 211 143 103 79 52.8 37.5 28.2

temperature
degrees F 250 250 164 124 92 61.5 44 34

Case 2 = Maximum power limited

to 12 kuw
Boiler 210 250 153 115 96.7 74.5 61.7 53.5
temperature ' ' :
degrees F 250 250 171 134.5 113 90.6 77.5 67.7
Condenser temperature constant t. = 90°F

' Demand Pattern V(k)

Bam= llam- 2pm- 5pm- 8pm= llpm- 2am= Sam-

Hour llam 2pm Spm 8pm llpm 2am 5am 8am

Consumption
(k)

Per cent of 0.4 0.6 1.0 0.3 0.2 0.2 0.2 0.2

the maximum

rating

k 1 2 3 4 5 6 7 8
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Appendix 1

CALCULATIBNS OF THE COST OF THE POWER PRODUCED IN
CENTS/KW. HR. AND TECHNIQUES FOR MINIMIZING IT

Once the combination of components which would yield
maximuh 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 well 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 kuw.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 variables,
it is possible to arrive at the minimum value using one of

the following techniques.
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1. Classical Differential hpproach
a. Unconstrained minimum by taking the partiél derivatives
and eqﬁating them to zéro.
b. Using Lagrange Undetermined MUltipliefs Fof the con=

strained minima.

2. Exhaustive Enumeration-

This is a straightforward method of testing all
possible combinationé of the variables. It is satisfactory
provided that the number of variablesxis confined to two
or three and the range of study, i.e., "feasible region,"
is small enough to enable the survey to be executed using

one of the high speed computers available.

This method may be attempted in the following sections
as a preliminary survey to obtain the regions of promise
and the computer.programme's‘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. Fletcher and M. J. D. Powell. A Rapidly Convergent
Descent Method for minimization. Computer Journal, 6
(1963), 163=168. :

#%A. V. Fiacco and G. P. McCormick. Extensions of SUMT for
Nonlinear Programming. Management Science, 12 (July, 1966),
B816=~828. -

#%xx| . S. Lasdon and A. D. Waren. Mathematical Programming for
optimal design. Electro Technology, Nov. 1967, pp. 53-70.
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to a function with only the two independent variables,

and T

T it is preferred to the Fletcher=Powell cr

1 2?
Fiacco-McCormic methods. The cost evaluation and its

minimization are detailed below.

The total investment in the solar power plant is obtained

from

3

+ C

C = A C + C . turb +

tot =1 col.i"col.1i con.tus * Cshell

Cpump * Lcontr. (1)

The fixed annual charges may be calculated on the equivalent
annual costs* based on the benefit cost ratioc and compound
interests.

The Capital Recovery Factor is given by
n
1(1l+i
Rf = T[A+i)n=-1 (2)

i = interest

expected lifetime

3
]

The total expenses on a yearly basis

Eiot = Ciot (Rf + T +0) (3)

In dollars

‘r-=-repair-costs-as per cent:

#Anon. Cost Bénefit Evaluations as Applied to Aid Financed
water or Related Land Use Projects. Supplement No. 1, 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

Ufyear = 2 iz:]_ ?-:l_i:l m7=l Acol.m col.m I(l,Jyk)ﬁ(luhk)

Up(i,k) N (Ty 5Ty, 1)/3413 (4)
where
UF = use factor
n I «I +
(LR PA ®
1 av

- Utilizability, a climatic factor.
?S(Tl,.Tz, I1(i,j,k)) = efficiency of conversion from

radiation to mechanical work, is a function of the

radiation intensity, Tl’ T2'

100 E
tOt) (cents) (6)

Ckw.hr. = ( W kw. hr

The cost of the power produced which must be minimized.

Cktu.hr. = (%E; Acol.mccol.m * Ccon.tu'S + Cshell + E:’tsurb +
30 12 n '
223 feanCul(110:K) F(1,5,0)7,
i=l j=1 k=1
Coump ¥ Ccont') (Rg + 0 + r) -

(T, +1271(1,3,K)) Uc(1,K)

The system's efficiency: ‘73 =
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- u’r::a’w _ Useful Work _ KW
I(i,j,k)AColl ~ Incident energy ~ I(i,j,k)AColl

=7, (@

The optimization has to be carried out for an averaged
radiation intensity (I) but the actual output will vary due

to the change of (I) with time. Therefore,

Qs = fnc'(Tl,Tz,I(i,j,k)) must be determined. Since

gsens(Tl,Tz) = 0.1 Qlatent(Tl) (9)

The variation of collector efficiency for different trans-
parent covers may be ignored and a single relation can be

used'For q This allows the collector afea

| sensible(Tl,Tz)'
to be calculated in two steps. One from (Tl’TZ)’ the other
at T, (for boiling)

728 = (Tl’TZ’I(i,.j,k)) =

luoa.w '
(T;=T,) (fa-fg) | %
I (4, ,K) wepliy=1, Wing,="fo
LyJdos = + —-_
Fr(IZd-UlcTz) Frb(IZi«l-UlclTl)

Care should be exercised in using equation (10) such that

the term (Tzfxl'ulch) should always be positive

Iminz.ldl"ulc-rl =0 (11)

u. T
T, = tcl (12)
min T1%

Therefore I > Imin should be maintained.
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This also implies that the Utilizability factor 968ums up

only the radiation intensities above Imin' Substituting 78

into (4)
Crwn =
Acol.sen.ccol.senfﬁcol.b.Ccoi.b+Cshell+Ccon tu )(R +D+r)3413

30 12 U__.w

Zi 2 Z(Acm.scn+ACOl-b)‘¢(i’j’k) (Aco,,se,,mc:,b)ﬁi,j,k)l(i'j’k)“f(i’k)

=] J=1 K=

where : g sunset hour measured from noon
from woap’ = Kuw
Cpun =
(Acol.sen.ccol.sen + Acol & col.b * Cohe11 * "‘)(RF+D+r)3413
30
2 5ﬁ(1,3,k) Ue(d, k) KW
i=1 j=1 k

(13)
In minimizing the cost, the significant variables are Tl and

T Although some of the terms are functions of other

2'
variables such as speed, size, pressure, etc., as a first

step they will be considered as invariants.

#fiinimizing the Cost Function using
the Differential Approach

It is well known that any dependent function, if
expressed as an implicit function of twoc independent
variables, represents a surface in three dimensional space

or, extending this concept te 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

oF oF
= =0 =—1]= 0O (14)
ox ox
1 * 2 %
or in general g%ﬂ = 0
LI %

However, the reverse of this statement is not correct since
at inflexion points, saddle points and flat parts of a
surface the condition (14) is satisfied but the points ars
not maxima or minima. Therefore, the procedure must be
utilized.with precaution. An attempt which has been made
to minimize the cost FunctionAby the differential approach

is presented below.

To obtain the minimum cost, the partial derivatives

of with respect to Tl and T2 must be obtained. Then

Ckw hr
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 Reference** has to be satisfied:

F oy (a,0)<0 or £, (a,b)) 0, D = s (a,b)-F,, (a,b)f  (a,b)<0

tD. J. Wilde and C. S. Beightler. Foundations of Optimiza-
tion. Prentice Hall, 1967.

H I. S. Sokolnikoff, R. 0. Redheffer. Mathematics of Physics
and Modern Engineering. McGraw=-Hill Co., New York, 1966.
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Let:
(Re + 0 + 1) 3413
= (15)
23 3T Pi,drk) Up(i,k) Ku
then M 2‘ independent of T,,T,
Ckw hr =
m("‘c:oll. Cc:oll * Ccon.tu S+ Cshell * Cpump * Ccontr * Cturb)
(16)

Ctur’ Cshell Cpump and CControl may well be assumed as

independent of Tl and T2 for the power ratings and the

temperature ranges employed.

0 Ckuh _

>) Tl (EE: Acol m Cc:ol m + Ccon.tu S) (17)
0 l:tur 3 Csh:all 9 CE nﬂ; Bc:cont

9 Tl ’ -] Tl ’ r:) Tl 0 Tl

all are zero since those variables are assumed as independent

of T

l.
?C 2C - C 2C
. . tur shell pump - cont
Similarly ST ’ are also zero.
3T, ’ °T, ’ 2T, T o1,
aCkwh '
o1 = (:E: col.m col m * Ccon.tu’s) (18)

2

These parital derivatives must vanish at the optimum.

9C '
TkUJh 0 | (19)
1
ocC
Tkth = 0 (20)

2
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Ccoll,i is a function of Tl (maximum cycle temperature) but
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 1, 2, 3,

4, etc., glass or plastic (Tedlar) sheets. (CColl vs Tl)

will be a Discrete Function. For the sake of introducing

C as a temperature dependent term, as a first approxima-

coll
tion, the following can be written:
* Cglaze‘Tl (21)

DN
N Cins,AT T g

Ceo11 * Cf‘rame + Cins,AT’Tl
A

4\
a7
\i

NN

//’
=
..... 7
// . //CGlaze ' T’

NN

o~

K C

N “Frame
\\\ > \m\\\

i T
Figufe 1. Collector cost vs Outlet Temperature
measured above ambient. :

NN

N
\
\
N\
N
N

7
/

.
v

7
7
é

. . 0
where Cins,AT cost of the insulation per ~F measured
above the ambient, per sqg. ft.

The rear losses are assumed to be about

10% of the upward losses through the

transparent glazing

Cglaze : Approximated cost for glazing
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‘ . . ] . :
CinS,AT _”E?st of insulation per F temperature rise from
: the ambient;
Cglaze = cost of glazing per sp. ft. as obtained from
Figure 1.
Ccol = Cf‘rame * (Cins,AT * Cglaze)Tl (22)
or letting
Cins,AT,glaze = Cins,AT * Cglaze (23)
Ccol = Cframe * Cins,A{I‘,glazeTl
Substituting (23) into (17) and (18) and dropping M
or (EE: Acol.m(cframe * Cins,AT,glazeTl) + Ccon.tu §) =10
oT (22: Acol.m(cframe + Clns,AJ'glazs l) + Ccon.tu S) =(U )”4'
m= 05

Following the 81mpllflcat10n applled to equation (lD), only

a two-stage collector wlll be con31dered.

Taking (A l) from (3.36) and (3.37), changing the

col
subseript as required since only two steps are employed, and

using (3.55) for S, equations (24) and (25) could be written:

g? {' uuip(tl-tZ) * bJEHgl-HFl) )(Cframe+cins AT glazeJl)
H ’
1P (Tee-Uy o Tp) P (TG e =Uy g Ty) .
1. 8165—0.00139tl~0.00177t2
w( )(1094 6-0.575t 5)
: -1:9148=0. 0035 t2
+ T =t . 1 _ ,(26)
hi cwo ‘cwi
t-t_ |
ln( cuwi !
tz-t : : t
cwo
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2
X { } . | (27)

wy : can be taken as a function of (Tl,Tz,Q;and.Kw) from
(3.23).
Substituting (3.23) into (26) and (27) and expressing

Hgl-HFl as a.function of Tl:

Hgl-Hfl = 11.50.4 + 0.333 (T;-212) ~- (T,~32) (28)
= 1112 - 0.666T,
> [ LKW
'éTfI - 1.8165-0.001359%;=0.00177¢,
1“1112+0.333£1-12-( 1.§148-0.0035t2 )(1094.6-0.575t2))

® Cp(ty~ty) | - 3 D KW
= Cerame*aTy Cins,AT,glaze* 3T, NA(1112+0.333¢,-%,
Fp(Tox=U; . t5) 1 a0 i | $3338) =t

(1112-0.666t, ) 3 y [
L + == C + 5=
- frame oT ins, AT,glaze ~ 9T
Fre1 (TG0 =U; 51 T1) 1 1
KW | (1.8165-0.00139t,~0.00177t,)
T(I112+0.333¢,~t,) 1.9148-0.0035¢,

T
(1094.6-0.575t,) In(z=—g—) :
) 2 “cuwo C -0 (29)

hi(t con.tu

cwo-tcwi

1l
o

3T,

(30)
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Equations (29) and (30) could also be used for examining
the influence of other parameters such as (q'), Ulc’z:’d
when 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 2z feuw
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 tuwo
non=linear (29) and (30) simultaneous equations utilizing
any technigue. 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 sahple computer programmes and some
typical results are presented. Typical input data, which

are common to all programmes, are presented on page 1.

Programme No..00: Mapping the cost function against
(Tl and T2) for ordinary black-painted
flat plate collector.

Sample maps for 2, 3 and 4 glass cover

collectors.

Programme No. 0 : Mapping the cost function against
(Tl and I) for ordinary black-painted
flat plate collector.
Sample maps for 2, 3 and 4 glass cover

collectors.

Programme No. 0l: Same as D,.above, oniy 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 01, only sub-
routine (Collec) for selective absorber +
honeycomb is presented.

Sample map.

Programme No. 03: Main programme the same as 01, only sub~
routine (Collec) for ordinary black=
painted absorber + plastic honeycambs is

presented.

Sample map.

Programme No. 04: Main programme the same as 01, only sub-
routine (Colléc) for selective absorber
plate and 2 glass plates with mirror

boosters is presented.

Sample map.

2b. Unsteady State Analysis

Programme 1l: 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 the decé bf

cards obtained from Programme No. 3 (presented in Appendix 2c).

Yearly total work produced and cost of the power, intcents

per Kw hr, are obtained for various boiler temperatures and

various collector areas.
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Programﬁa 2: Unsteady state performance with stor?ge is
analyzed for one year. A typical varying
consumption patterh:is assumed and‘radiation data for Alice
Springs is Qsed. The critical intensity is dependent on the
assumed boiler temperéture., The avefage radiation has bseen
calculated for ihéensities above the critical intenéitj and

these results are supplied from Programmé 3.

Various areas, 100%, 150%, 200%, 250% and 300% of the
area calculated for the yearly average radiation intensity
are used in calculations and varioué boiler temperatures are
tested. The Storageleapacify required for continuous opera-
tion and the cost of the power producded in cgnts/Kw hr are

also comﬁuted.

2c. Calgqlation'of the.paﬁiation intensity
on the collector plane ‘

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
Fop localities between 50°N and 50°S latitude and gives the
hourly'totals from the daily total. The examples covered,
however, require intensities which normally occur between
8 a.m. and 4 p.m. within latitudes 35°N and 35°S. The curves

shown in Figure 2 of the article are appfoxiﬁated'with

%A, Whillier. Solar Radiation Graphs, Jnl. Solar Energy,
.9, No. 3 (1965), 164, 165. '
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straight lines within a range of times of the setting of the
sun, which correspond to the range expected between the above

latitudes.

The change of declination is considered by thé values

for the mid=-month as an average.

The following values of declination have been used as
monthly averages:
Declination in degrees (January through December, respectively):

= T e e o e e ov—s
R R e e —— 1}

-21-1’ -12n6, -4;1, 9'8’ 1809, 2303, 2105’ l4'0.’ 3.0’ -8.6’

Sunset hour for Alice Springs, Australia, 23%4815 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
2394815 latitude. Hourly/daily total radiation is obtained
from the following relatidn. Minutes are expressed as a

- percentage. .

11=-12 a.m.
or
12« 1 p.m.

10«11 a.m.
or
l"' 2 p.lTI.

9-10 a.m.
or
2- 3 p.lTl-

H
= g
]

0.162 - (§S-5.00) 0.02 (1)
0.142 - (gs-s.oo) 0.015 (2)

0.111 - (gs-s.oo) 0.004 (3)

H

puu
W

1]

L N i P W N, N N
H
LT
N
]

%o



A2-5

8- 9 a.m. .

or rh, = 0.063 + (gs-s.oo) 0.006 (4)
3- 4 pcmo

7- 8 a.m.g ;

or rhe = 0.02 + (§.~5.00) 0.016 (5)

The maximum hourly Fracfions 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+D.l42+0.lll+0.065+0.022) % 0.99é

This differs from the daily total by less than 1/2 per cent.

The summer operation is different from that of the winter.

The fraction incident from 8 a.m. to 4 p.m. is
2(0.123+0.115+0.10+0.08) = 0.836

About 16.4% will be lost if the qollection is confined to

the hours between 8 a.m. and 4 p.m..

Collection from 7 a.m. to 5 p.m. yields
2(0.123+D.115+0.10+D.08+D.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 yield the desired temperature

Cal
for I - 700 =81
tot.day szday
I, = 700 x0.05 = 35 cal/hr em?
=3 x221.2 = 130 Btu/hr fi2

For a 2 glass cover, flat plate collector,

T= 0.78 and = 0.93, giving U = 0.7(Btu/hr Ft2 deg F),
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if steam at 212°F is desired.

The critical intensity allowing a 5% surplus iss

U, (t,=t_) '
_ 1c‘\®1""a’ _ 0.7(212=75) | _ 2
Iodt = 1.05 - = 1.05[ T 0‘93'l_ 139 Btu/hr ft

Thus the temperature desired cannot be maintained and hence

a range from 8 a.m. to 4 p.m. can be regarded as the maximum

period available for collection.
'The hourly intensities can therefore be calculated from

I I rh (6)

th = “tot.day’

The following sample programme 31 is arranged to calculate

the hourly total horizontal radiation from the daily total.

Programme 31. The first step is to calculate the hourly

total radiation intensity on the horizontal
.plane from the daily total on horizontal plane
using Whillier's method as described above.
Secondly, the hourly total intensity on the
tilted collector plane, facing south, is calcu-
léted from the total horizdntal using the
conversion formulae (4.8), (4.9) and (4.11).
Results are printed and also a deck of cards
is produced for use in Programme No. 1 and

Programme No. 2.
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Programme 3. If the hourly total horizontal measurehents
are available, hourly total radiation
intensity on the tilted collector plane is
calculated without carrying out step 1.
Results are printed and also a deck of cards
is produced for use in Programme No. 1 and

Programme No. 2.
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UPERATION INTEREST LIFETIMt,

0405

PAGE :1 .
24,97

ey

1160,50
(%)

0.0

10,3531 .

0,0

TUR.PRI. CIRCaPUM,

150.00 -
0.06

0,0

240,00

1.7140

C29.82 -

0.0

250,00

1164,30

0

1 anf'"'

218448"

00

1.699¢ -

0.0

100,00
_13009

003675
0.0 .
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FORTRAN IV G LEVEL 1, MOD 3 MAIN DATE = 69245 16/28/37 PAGFE 0001
C OPTIMIZATION IN SOLAR POWER PRUDUCTION
[ USING HEAT ENGINES .
[ ORDINARY BLACK PAINTED FLAT PLATE COLLECTOR WITH 2 4, 3 AND &
C GLASS COVERS ’
c COST OF THE PGWER PRODUCED FOR VARIOUS CUNDENSER TEMPERATURES
C M. KUDRET SELCUK
c MAIN PROGRAMME

0001
0002

0003

0004
0005
0006

0007
0008
0009
0010
0011
0012
0013
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

DIMENSION IPRINT(101),ISIGN{51),FINCOS{40021,EF(12,6)

DIMENSION PL{11),P2T110},TL{11)+T2(21),HVI(LL)9HV2({LY) HFLL1(LL D),
THFL2(11),SVI{11),SFLLICLL),SFL2C11),SXEC2L),SX2(12),5V2L1LD, -
2HX1U 11 )4 HX2{ 11) +RADION(12,8) 4X1(11),X2{11),ETACOL(5)ETATURL{S),
3VOLL1{11),VOL2(11),ULC(S)+TAUL5)},POWER{5),ALFA{S),ETAPUN(S)

COMMON  P1,4P2,T1,T72,HV]L HV24HFLLHFL29SV1,SV2,SFL1,SFL2,SXL,SX2,
THX1sHX2¢RADIONy X1 4X2»ETACOL,ETATUR,VOLL,VOL2 ,ULC,TAU,POYER ALFA,
2ETAPUM s FLOW + PIPLTSyFRICLS yQADDyOQREJSyCONSURy TCHT y TCHWI L UTIL y SUMRAD,
3AREASCOLEINV s STOINV;SININV s TURINV,COTINVREPAIR,OPERTN, ENTRS,EXPLTF

COMMON  19dsKeLoMeNsIToJJoeKKoLLoFMMgNNs IJo 1K IL s 1Mo IN

COMMON ETARAN,TAMBI,EF

COMMON  PRWOOD ¢PRGLASy PRTEDL»PRSTEL »PRFIBG, PRTUR, PRCIPU.PRFEDU.
LPRPIPE s PRGOVR s PRCUTU ,PRCOSH, EFOVERyUSEFAC, TOTINV,TOTEXP

FORMAT{10F8.2}

FORMAT (10FB. 4}

FORMAT (5F10.2)

FORMAT {2F10. 2}

FORMAT( 12F¢.1 )

FORMAT (B8F10,2)

FORMAT(12F6.2) -

FORMAT{EL12. 6115X'E12.6)

FORMAT {F 10.2)

10 FORMAT (6F12.4)
11 FORMAT(I16+10F10.,2)
16 FORMAT (10{4X,A1))
17 FORMAT (4XyAl)
19 FORMAT(83H THE FOLLOWING GIVES A LIST IN ASCENDING ORUER SUCH AS
1 A#l C/KWHR Z#50 C/KwHR )
20 FORMAT{10(F5.045X})
21 FORMAT(50(1X,Al1))
22 FORMAT (F9e2+46H IS THE MIN COUST REPRESENTED BY(A)yRAGIATION® F5.0,
15H ULC#H F4.2+s5H TAUR F4.256H ALFAH F4.2s9H GLASNUF F4,.0 144 )
23 FORMAT(1X,100Al)
25 FORMAT(1X,100A1,15)
24 FORMAT.ALX,100AL 27711
26 FORMAT (1H1) s
27 FORMAT({53H FIG < CONDENSER TEMPERAT. —-BOILER TEMP, VS COST )
29 FORMAT(5110) ) .
30 FORMAT (27H BCILER PRESSURES IN PSIA )
31 FORMAT{30H CONDENSER PRESSURES IN PSIA .
32 FORMAY (28H BOILER -TEMPERATURES IN" Z2F< )
33 FORMAT {31H COMDENSER TEMPERATURES IN %FC )

OO WN -

34 FORMAT 120H ENTHALP1ES BTU/LB )

35 FORMAT {24H ENTROPIES BTU/LB.F )
36 FURMAT (22H TURBINE EFFICIENCIES )
37 FORMAT(19H PUMP EFFICIENCIES )

38 FORMAT{16H AbSORPTIVITIES )

PROGRAMME

oo



FORTRAN IV G LEVEL 1, 80D 3 HAIN DATE = 69045 16725/37 pAGE 0002
0039 45 FORMAT (20H POWER RATING IN KW }
0040 140 FORMAT(18H TRANSMISSIVITIES )
0041 141 FURMAT(33H OVERALL HEAT LOSS COEFFICIENT )
0042 145 FORMAT (23H ALL PRICES IN OGLLARS ) .
0043 146 FORMAT (83H WODD PRICE GLASS PRILTEDLARP., SHEET IRON GLASWOOL Tue
1.PRI. CIRC.PUM, FEED PUM. )
0044 147 FORMAT (90H PIPE PRICE GOVER.PR1.COND.TUBE CUONDsSHELL REPALR GPE
LRATION INTEREST LIFETIME,YEARS R |
‘0045 148 FORMAT(S4H USE FACTOR AMBIENT T COOL W [ COOL W O PIPE HEATLAOSS )
0046 READ(S 916) L ISIGNIKK]) 4KK=1,50)
0047 READ (5,1711IEMPTY
0048 READ{S o1 7) IBLANK
0049 1001 READ 15,29)NNs 131K, 1L 1M
0050 READ (541){P1{M},M=1,10)
0051 READ ijl)(PZ(H)cH:l:lOl
0052 READ (Ss1)(T1{M),M4=1,10)
0053 READ (S.I)GTZ(chM=lulD)
0054 READ (5.1[(HV1(HJ.H=1’10)
0055 READ (5y1)4HV24M)M=1,10)
0056 READ (55 1){HFLL{M) yM4=1,10)
0057 READ (S591)(HFL2(M)M=1,10)
0058 READ {5y2)(5V1{M)M=1,10}
0059 READ 15,2)(SV2(M),N=1,10)
0060 READ {S5¢2)(SFLLIM),#=1,10)
0061 READ (552) (SFL2(M)M=1,10) -
0062 READ (5110)Pl(11).Tl(ll)yHVl(ll).SVl(ll).HFLl(lll,SFLl(lll
0063 READ (5¢9)ETATUR(L)
0064 READ (5,9)ETAPUMIL)
0065 READ {5,9)ALFA(L)
0066 READ (S5:9)POWER(1)
0067 READ (5,9)TAU(1}
0068 READ (5,91ULC(1) _ .
0069 READ (5.6)PRHODD,PRGLAS.PRTEDL'PRSTEL1PRFIBG.PRTUR,PRCIPU'PRFEPU
0070 READ (5v6)PRPlPE,PRGDVR'PRCOTU,PRCUSH.REVA[R.UPERTN.FNTRS'EXPLIF
0071 READ (5-3)USEFACoIAMBl.YCh11ICWC.PIPLOS
0072 WRITE{6926) -
Q073 WRITE( &30}
0074 WRITE(6e1){PLIM)M=1,10)
Q075 WRITE(6.31)
0076 WRITE(Ey 1) {P2( M} M=2,410)
0077 "WRITE(6y32)
0078 WRITE(&y 1) I{T1IM),H=1,10)
0079 WRITE(6933) .
0080 WRITE( 6, 1)}(T2{H)M=1,10)
0081 KRITE( 6934}
0082 WRITE(691) (HVL(M) 4M=1,10)
0083 WRITE(651) {HV2(M) H=1,+101}
0084 WRITEL{6,1) (HFLL(M) ,M=1,10)
0085 WRITE( 6, 1) {HFL2(M) ,M=1,10)
0086 WRITE(64935) .
0087 WRITE(692){SV1{M)} 4=1,10)
0088 WRITE{ 642} {SV2{ M)} M=1,10)
© 0089 WRITE(652) (SFL1{M)} ,M=1,10}
0090

WRITE(692) (SFL2(M) M=1,10)



FORTRAN

0091
0092
0093
0094
0095
00%6
0097
00s38
0099
0100
0101
0102
0103
0104
0105
0106
0107
0108
0109
0110
o111
0112
0113
0114
0115
0116
0117
0118
0119

0120
o121
o122
0123
0124
0125
0126
0127
0128
0129
0130
o131
0132
0133
0134
0135
0136
0137
0138
013¢
0140
0141
0142
0143

1V G LEVEL

13

1y NOD 3 KAIN DATE = 569045 16728737

WRITE{€,36)
WRITE(6,S)ETATUR(L)
WRITE(6437)
WRITE(6.9)ETAPUM(L)
WRITE( 64 38)
WRITE(6,9)ALFALL)
WRITE (64 40)
WRITEC 64 )POMER(])
WRITE(6,140)
WRITE{6,9)TAULL)
WRITE(65161)
WRITE(6,9)ULC(1)

WRITEL 6,5145)

WRITE(6, 146}

WRITEL 646) PRWOOD ,PRGLAS, PRTEDL s PRSTEL PRFIBG.PRTUR.PRCIPU.PRFEPU
WRITE(64147)
HRITE(6.6)PRPIPE.PRGOVR.9RCDTU.PRCOSH.REPAIR.OPERTN.ENTRS,EXPLIF
WRITE( 65 148)

WRITE(6s 3JUSEFAC, TAMBI s TCHI+TCHO,PIPLOS
WRITE(6426)

DD 150 MTK=1,3

K=1_

L=1"

MR=1

=1

Ji=1

JLM=1

KJ=1

LM=1

INTERPCLATION OF PHYSICAL PROPERTIES
DO 200 J=2,4

™N2=T24J)

PN2=P2(J)

HVN2=HV2(J)

SVN2=SV2(J)
HFLN2=HFL2(J)
SFLN2=SFL2(J)
TINT2=T20 4+ 1)-T2(J)
PINT2=P2{J+1)-P2(J)
HVEINT 2=HV2{J+1)-HV2( )
SVINT2=5V2(J+1)-5v2(J)
HF INT2=HFL2(J+1)-HFL2(J)
SF INT2=SFL2(J+1)-SFL2(J)

NNI=0

ANNI=NNI

PAT=ANNI/10.

T2¢J)=( TINT2 }*PAT+IN2

P2(J)={ PINT2 1EPAT+PN2
HV2(J)=( HVINT2 YEPAT+HVN2
Sv2(Ji=( = SVINT2 ) #PAT+SYN2
HFL2(J)=0 HFINT2 JEPAT+HFLN2
SFL2(J)={  SFINT2 JEPATHSFLNZ
Do 100 1=1,10

N1=0

PAGE 9003



FORTRAN IV G LEVEL 1, HOD 3 MAIN DATE = 65345 16728737
0144 TNL=T1(1)
0145 PN1=P1(1)
0146 HVYNL=HVL{I)
0147 SVN1I=SV1(])
0148 HELN1=HFL1LI)
0149 © SFLN1=SFL1(1)}
0150 TINT1=T1(I#1)}-T1(I)
0151 PINT1=PL{1+1)-P1LI)
o152 HVINT1=HVItI+1)-HV1L(I)
0153 SVINT1=SVI{I+1)-SVl(1)
0154 HEINT1=HFLL{I41)-HFLL(1)
0155 SEINT1=SFL1(I+1)=~SFLLL])
0156 63 ANI=NI
0157 RAT=ANI/10,
0158 TL(I)=( TINT1  )}*RAT+TNl
0159 PL(I)={ PINT1l - )*RAT#+PN1
0160 HV1(I)=( HVINTL  )*RAT+ HVNL
0161 SVIL{I)=( . SVINT1  J*RAT+ SVNL
0162 HFLL(E)=(  HFINTL ) *RAT+HFLNL
0163 SFLI{1)=t SFINT1 ERAT+SFLNL
c RANKINE CYCLE FOR SATURATED STEAM
c ISENTRCPIC EXPANSION FROM THE SATURATED VAPUUR STATE
c X2 1S THE QUALITY OF STEAM AFTER ISENTROPIC EXPANSION
0164 X2(J1={SVLLI)-SFL2LJDIIZ(SV2{ I -SFL2(J)) :
0165 HX2( J)=HEL2(J) +X20 I} ¥ {HV2(I)-HFL2(J) )
) c IDEAL WORK
0166 WOUI=HVL(1)=-HX2(J)
4 ACTUAL WORK
0167 WOUA=WCUI #ETATUR(K)
0168 - QACD=HVL(1)-HFL2(J}
c PUMP WCRK
0169 WPUMP=0,00293%{P1(1}-P2(J))
0170 ACRATE=POHER(L)* {1, +PIPLOS)
0171 WPUMPA=WPUMP/ETAPUM(K)
0172 WNETT=hOUA-WPUNPA
0173 ETARAN=WNETT/QADD
0174 QREJ=HX2 (J}~HFL2(JI)
0175 GTOT=ACRATE*3413,
0176 FLOW=QTOT/ {QADD-CQREJ)
c FLAT PLATE COLLECTUR PERFORMANCE,AREA ,COST CALCULATIONS
0177 QUSEF=QADD*{ 1, +PIPLOS) *FLOW
o178 JMN=1
0179 ETACOL (K)=0.20
0180 TE(MTK=-1 1611,6114612
0181 611 GLANUM=2, :
0182 GO TO €19
0183 612 IF{MTK=2 1613,613,614
0184 613 GLANUM=3,
0185 GO TO 619
o186 614 IF(MTK-3 )6154615,6106
0187 615 GLANUM=44
o188 GO TO €19
0189 616 1F(MTK-4 16174617,619
0190 617 GLANUM=S.

PAGE 0004



FORTRAN IV G LEVEL 1, MCD 3 MAIN DATE = 69045 16728737 PAGE 0005
0191 619 TAU(K)}=0,B88++GLANUM _
c HOTTEL. AND WOERTZ EGUATION FOR THE COLLECTOR HEAT LOSSES
o192 HRAD=0o1TL4E-08% ((TL (114460, ) 0%4o—{TAMBI+460,) %441/ (TLLI)-TAHBI)
0193 ULCIK) =101#(10/{GLANUN/ (0,215 ((TLIT)-TAMBL)/ (GLANUMEO436) ) #%0,25)
142.46) +HRAD/(04347+1 4 27#GLANUN) )
0194 EFPRIM=0,.9
0195 RADION(114J4)=220,
0196 CHECK=RADION(IT, SJ)*TAUCK) *ALFACKI~ULC(K)*(TLLI}=TANBI)
0197 _ 39 18 (CHECK) 47447441
o198 : %1 AREAPP=QUSEF/(RADION(II,JJ)*ETACOLIK))
0199 G=FLOW /(04 L¥AREAPP)
0200 520 EXPON=EFPRIMSULCIK)/G
0201 IF(EXPCN-1004)522,5221523
0202 522 FLOFAC={Lle—{1s7 (2, TL8¥*EXPGN)))/EXPON
0203 : 60 70 526 ‘
0204 . 523 FLOFAC=0.01
0205 526 FR=FLOFAC*EFPRIM
0206 ARES EN=0+1%QUSEF/ (FR*(RADION(11,JJ 1*TAU(K) #ALFAIK)-ULC(K) #
1(T20J)-TAMBI))) -
0207 ARELAT=0.9#QUSEF/ (EFPRIM*(RADION (114 JJ)¥TAUCK) #ALFALKI-ULCIK)*
, 1UTL(E)-TAMBI 1)) .
0208 AR EA=ARE SEN+ARELAT
0209 G=FLOW/ARESEN
0210 JHN=JMAHL
0211 ETACOL (K )=FR¥CHECK/RADIONC 114 39)
0z12 IF(JMN=-21520,520+45
0213 45 EF(11,JJ )=ETARANSETACOLIK)
0214 IFCEF(11,03))4794T¢48
0215 . 47 EF(11,4J)=0,
0216 TOTWRK=1.0
0217 . 60 0 51
0218 48 TOTHOU=2400. o
0219 TOTHRK=AREA*EF(ll.JJ)*USEFAC*RADION(IIpJJ)*TUTHOU/3413.
0220 51 COLCOS=5.5+(GLANUM=2,0) #1.2%PRGLAS) *AREA
0221 . ASSEM=1,2 .
0222 COLINV=COLCOS*ASSEM -
c NO STORAGE SYSTEM 1S REQUIRED
0223 STOINV=0. . .
) [ TEMPERATURE AND AUTOMATIC CONTROLS COST
0224  COTINV=250. -
. C TURBINE PERFORMANCE AND AND COST ANLYSIS
c IF THE SYSTEM SHOULD OPERATE BELOW 212 DEG.Fe A VACUUM PUMP
4 c MUST BE USED :
p22s 1F(T1(1)-21241543 54,56
0226 54 PRVAPU=250.
0227 TURlNV=PRTUR‘PONER(K)0PRCIPU#PRFEPU+PRVAPU
0228 60 10 S7
0229 56 TURINV=PRTUR*POMER(K)#PRC[PU+PRFEPU
Cc CONDENSER PERFORMANCE ,CUNDENSING SURFACE KREQUIREMENTS AN) COST
0230 57 QREJTO=FLOW*QREJ
0231 FILMIN=1000.
6232 FILMOU=50,
0233 TUBTHK=0,001

0234 TUBCND=100.



FORTRAN IV G LEVEL 1, MOD 3 MAIN DATE = 69045 16728737
0235 UNIVER=1.7(1+/F 1LHOU#1./FILMIN#TUBTHK/TUBCND)
0236 ELENTO=T2(J)1—(TCHO+TCHI /2.
0237 CONSUR=QRE JTO/ (ELEMTD*UNIVER)
0238 SININV=CONSUR#PRCOTU+PRCOSH
' c FINAL COST CALCULATIONS,COST PER KWHR
0239 TOTINV=COLINV+STOINV+SININV+TURINV+COTINY
0240 CAREFC=ENTRS*{ 1, +ENTRS }#%EXPLIF/{ Lo +ENTRS) €3EXPLIF=14)
0241 TOTEXP=TCTINV# {CAREFC+REPAIR+OPERTN)
0242 FINCOS (M¥ }=TOTEXP/TOTHRK
0243 IF(FINZOS(HM)-0.40) 177,177,178
0244 177 WRITE{GsLLIMM, TLOT)oT2(J}, TGTINV, TOTEXP FINCOS (M) s AREA,COLCOSs
1RADION (11,4J) s ETACOLUK}+EFLTT,4J)
0245 178 CONTINLUE
c CONERATING THE MATRIX FINCOSX3009< TQ STORE COST FIGURE FOR
A c ALL COMBINATIONS OF T1 AND T2 :
0246 PM=NM+1
02417 NI=NI+1
0248 59 IF(NI-10163,61,100
0249 61 TL(I)=TNL
0250 P1{1)=PN1
0251 HVL( 1) =HVNL
0252 SVL{1)=SVAL
0253 HFLL(T )=HFLN1
0254 SFLL(I)=SFLNL
0255 100 CONTINUE
0256 NNI=NNT+1
0257 IF(NNI-9183,81,2C0
0258 81 CONT INUE
0259 83 IF(MM~3000193,93,200
0260 93 GD 1O 73
0261 200 CONTINUE
c MAXIMUM COST WITHIN THE RANGE OF PARAMETERS VARIATION
0262 COSMIN=FINCOS(1)
0263 COSMAX=F INCOS(1)
0264 KL=1 _
0265 201 I1F(FINCGS(KLI~COSMAX) 204,204,203
0266 203 COSMAX=F INCOSIKL)
0267 204 IF (F INCOS(KL)-COSHIN) 207,207,205
0268 207 COSMIN=F INCOS(KL)
0269 205 KL=KL+1
0270 IF(KL-MM) 201,208,208
0271 208 WRITE(6,26)
0272 DD 210 IM=1,100
0273 210 IPRINT (IM)=1BLANK
0274 WRITE(6026) { IPRINTUEH) , [M=1,100)
0275 LINE=O ;
0216 LH=1.
0277 ELM=LM
c MAPPING THE COST FUNCTION AGAINST Tl AND T2, COSTHFNCAT1,T2<
c SET THE MATRIX INTO A BLANK SPACEZ - IS USED FUR BLANKSS
0278 211 G0 215 KFH.=1,100
0279 215 IPRINTIKIL)=TBLANK
0280 213 KK=F INCOS{LM}#100. +1.0
0281 IF(KK=50)91,91,90

parE 0006



FORTRAN IV G LEVEL

0282
0283
0284

0285

0286
0287
0288
0289
0290
9291
0292

0293
0294
0255
0296
0297
0298
0299

0300
0301
0302
0303
0304
0305
0306
0307
0308
0309
0310
0311
0312
0313
0314
0315
0316
0317
0318
0319

S0
91

214

218
219

222
224

226
212

217
231

235

150
999

1, MOD 3 MAIN DATE = 69045 16728737
KK=50

AMM=FLCAT(LM)/100.+1,

NMM=AMM

CHN=NMV

IF(ANM=CEM) 214, 219,214

IRI=(AMM-CMM) 99, +1,

IPRINT(IKI)=ISIGNIKK}

LM=LM¢ 1 .
1F(LM-2000)218,218,219

GO 7O 213

1PRINT (100)=1SIGN(KK) .
PLGTTING THE RESULTS FOR ONE FIXED CONDENSER TEMPERATUREZT2<
LINE=L INE+1 .

NLINE =111 -LINE

KLINE=(NLINE/10)*10-NLINE

IE(KLINE) 222,224,222

WRITE(6523)({ IPRINT(LKL) 4LKL=1,100)}

60 T0 226 ° .

WRITE (6,25} ( IPRINT (LKL, LKL=1,100) ,NLINE

PRINT LINES FOR ALL T2 UNTIL THE RANGE IS COVERED

IF (LM-30001212,217,217

LM=LMe

G0 TO 213

00 231 JLM=1,100

IPRINT{JLM)=1BLANK

D0 235 JLM=5,100,5

1PRINT (JLM) =ISIGN(42)

WRITE(6423) (IPRINT(JLM), JLH=1,100)
WRITE(6,20)(F1{1),1=1,10)

WRITE (6,19)

WRITE(6521) (ISIGN(KJ) 1 KI=1,50)

COCENT=CGSMIN¥100.
WRITE(6522)COCENTsRADIONCTE4JJ ) ULCIL )y TAULL ) JALFALL), GLANUM
WRITE(6,27)

WRITE(&4261)

CONTINUE

IF{NN-1)999, 1001,599

CALL EXIT

DEBUG SUBCHK .

END

TOTAL MEMORY REQUIREMENTS 0083D8 SYTES
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1817
1818
1819
1820
1821
1822
1909
1310
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

2020

2021
2022
2023
2024
2025
2026

2027

2028
2029
2030
2031
2032
2104
2105
2106

176+ 00
177.00
178,00
175.00
180.00
181.00
168,00
165%.00
170.00
171.00
172.00
173,00
174.00
175.00
176,00
177.00
178,00
179.00
180,00

181,00

182,00
183.00
184.00
185,00
186400
187.00
188,00
164,00
165,00
166,00
167.00
168,00
169.00
170.00
171.00
172,00
173,00
174,00

175,00

176.00

177,00

178,00
179.00
180,00
181,00
182,00
183,00
184.00
185,00
186,00
187,00
188,00
189. 00
190,00

191,00

163.00
164,00
165,00

83,00
83,00
83.00
83.00
83.00
83,00
82,00
82.00
82,00
82,00
82.00

.82.00

82.00
82,00
82,00
82,00
82.00
82.00
82.00
82.00
82,00
82.00
82.00
82.00
82,00
82.00
82.00
81.00
81,00

' 81.00

81,00
81,00
81.00
81.00
81,00
81.00
81,00
81,00
81,00
81.00
81.00
81.00
81,00
81.00
81.00

81,00

81.00

81,00

81.00
81.00
81.00
81.00
81.00
8l.00
81.00
80,90
80.90
80.90

29648, 89
298864 61
29828.35
29774. 68
29725, 01
29685. 77
30349.39
30245.55

30146, 33

30061, 54
29981, 14
29905.13
29833452
29765. 94
29702+ 44
29643439
29588.32
29537.66

29490.97

29454, 43
29422.08
29393, 52
29368.77
29348013
293314 36
29318, 34
29309.56

*30545. 88

30426473
30312.46
20203.05
300984 57
29998. 77
29903, 55
29822.29
29745.37
29672. 73
296044 34
29539,93

294719.52

29423, 43
29371.20
29323.29
29279430
29245,22
29215.28
29189.02
29166451
29148405

1 29133,37

29122,38
29115.56
29112.43
29113, 49
29123, 57
30£44.62
30521. 00
30402, 29

5180.05
5169.28
5159.20
5145.92
5141.33
5134454
5249.32
5231.37
5214, 20

' 5169.54

5185.63
5172.48
5160.10
5148441

- 5137443

5127.21
5117.69
5108.93
510065
5094453
5088. 94
508400
5079.71
50764 14
5073.25
5070, 99
5069047
5283431
52624 70
5242.94
5224, 02
520594

5188, 68

5172421
5158, 16

5144.85 .

5132.29
51204 46
5109.32
509 8. 87
5089.17
5080, 14
5071.85

5064424

5058. 34
5053417
5048, 62
5044.73
5041, 54
5039, 00
5037.10

5035.92,

5035.38
5035456
5037.37
5300.39
5279.01
5258448

0.40
0.40
0.40
0.49

0440
0o

0.42
0449
0.42
Q.49
0.40
0.40
0.40
049
0. 49
0.40
0. 40
0,40
0. 40
0.40
0e 40
0649
0.49
0.40
0.40
0,40
0,40
0e40
0. 40
0.40
0.40
0.40
0.40
039
0.39
039
0.39
0.39
0439
0.33

0.39

0.39
0.39
0.39
0.39
0.39
0.39
0.39
0040

0.4D

0.40
0440
0040
0040
0.40

0.40-

0.40
0.4

3737,63
3729.15
3721,23
3713.95
3707422
3701.95
3786449
3772.29
3758, 73
3747,18
373623
3725.90
3716.17
3707.01
3698.40
3690, 42
3683,00
3676.18
3669,92
3665.06
3660,79
3657405
3653,83
3651419
3649,09
3647,51
3646452
3804.61
3788,38

3772.82

3757.94
3743.74
3730.18
3717.26
3706428
3695, 89
3686,09
3676489
3668424
3660.14
3652.64
3645.67

. 3639.30
3633.48

3629.03

3625.16 -

3621.80
3618.95
3616468
3614.92
3613.68
3613,02
3612.87
3613.30
3615.04
3816.94
3800, 10
3783.95

22216445
221£6.95
22116.98
22075.71
22035.75
22104, 41
22506491
22422,51
22341.91
22273.23
22208.16
22146.73

22088491

22034443
21583.31
21935,.87
21891, 72
21851.20
21813,97
21785,12
21759.74
21737.49

21718439 |

21702.68
2169N.18
21680,78
21674489
22614,59

22518411

2242565
22337,18
22252.17
22172.20
22095440
22030.10
21968436
2191014
21855,43
21804,00
2175585
21711427
21669, 87
21632.02

21597,41

21570.97
21547.95
21527.95
21511.06
21497,52
21487,09
21479.70

21475.77.

21474,88

21477+46 .

21487.81
22687, 83
22587, 80
2249177

220,00
220400
220,00
222.70
220,00

220.00

220.90
220.00
220,00
220490
229%.20
220400
220.00
220,00
220,00
220,00
220.00
220,70
220,00
220,00
220.00
220,00
220.00
220.00
220,00
220,00
220,00
220.00
220.00
220.00

.220.,90

220.900
229,00
220,00
220.00

220,00 .

220,n0

- 220600

220,00
220,00
220,00

220,00 .

220.0%0
220,00
220,00

T 220,00

220,00
220,00
220.09
220.00
220,00
220,00

-220.90

220,170

220.00

220,00
220,00
220.00

.27
Ne26
0) 26
026

N, 26

0426
0.28
0,29
Ze28
n. ?g

0,27

0427
0,27
0.27
0.27
0,26
D.26
0.26
0425
0.26
.25
0.25
0,25
N.25
D424
Ne24
De24
0e29

- 0.29
0.29

0429
Ne28
0.28
0.28

. N.28

0,28
Q0. 27
0.27
0.27
Ne27

N,26"

0. 26
0426
0426
N.26
0,25
0.25
0.25
0.25
0.24
0,24
0424
0.24
0.26
n,23

. 0.29

0.29
0.29

0.02
0,02
0.02
0.02
0.02
0.02
0.02
0.02
0.02

‘0.02

0.02
0.02

0,02

0.02
0.02
0.02
0.02

0,02

0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0,02
0.02
0.02
0.02
0.02

© 0.02

0.02
0,02
0,02
0,02
0.02
N.02
0,02
0.02
0.02
Ce02
0.02
0.02
N.02

. 0402
0.02°
0.02 -

0.02
0.02
0.02
0,02
0.02
0.02
0.02
N.N2
0.02
Q.02

SAMPLE RESULTS OF PROGRAMME: OO
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FGRTRAN 1V 5

0001
0002

0co3
004
0005
¢CCoe
0007
ocos
0co9
oc1c
ooll
oc12
0c13
0014
0015
0016

0017
o018
ool9

0c20
0021
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039

0040

LEVEL 1, 40D 3 MA IN DATE = 69048 17/711/29

[aXaKkakakaXaXnl

OPTIMIZATION IN SOLAR POWER PRNDUCTION

USING HEAT ENGINES
0P INARY BLACK PAINTED FLAT PLATE COLLECTOR WITH 2 , 3 AND 4
GLASS COVERS

COST OF THE POWER PRODUCED FOR VARIQUS CONDENSER TEMPERATURES

M.KUDRET SELCUK

MATN PROGRAMME

DIMENSION IPRINT(101),ISIGN(51),FINCOS{4002)4+EF(12,6)

DIMENSION P1(11),P2(11),T1011),T2(11) HVL{11),v2021},HFLLI1LY,
THFL2€11),SVI{2 11 oSFLLCLIL) o SFL2C01114SX1ELTY,SX2(11),SV2(1L},
2ZHXTC11),HX2(11) RADION(12,8) ¢ X1(11),X2{11},ETACOL(5) ETATURIS,
3VOLI(11),VOL2(11),ULCI5)+TAU{S) PIUER (S}, ALFALS),ETAPUM(S)

FORMAT (10F8,2)

FORMAT{ 10F8.4)

FORMAT {5F 10,2}

FOR4AT (2F10.2)

FORMAT( 12F6.1 )

FORMAT(8F10.2}

FORMAT (12F 6, 2)

FORMAT{E12,6515X,E12.6)

FORMAT(F10.2)

10 FORMAT(6F12.4)

11 FORMATUIG6410F10.2)

16 FORMAT(10(4%X,A1))

17 FORMAT (4X,A1) ‘

19 FORMAT(83H THE FILLOWING GIVES A LIST IN ASCENDING CRNDER SUCH AS

1 A4l C/KWHR Z450 C/KWH® )

20 FORMAT{10(FS5.0,5X))

21 FORMAT{S50(1X,A1)}

22 FORMAT(F9.2,46H IS THE MIN COST REPRESENTED 3Y(A),CONO.TEMP= F5,D,

15H ULCH F4.2,5H TAU# Fq.z.su ALFAY F4.2,9H GLAS.NUS F4.D /7 )

23 FORMAT(1X, 90A1)

24 FORMAT(1X,100AY //7/7/)

25 FORMAT(1X, 90A1l,14)

26 FORMAT{1H1)

27 FORMAT(S53H FIG < RADIATIGN INTENSITY —-SQILER TP, VS CIST )

29 FORMAT(511¢C) )

30 FORMAT(27H BOILER PRESSURES IN PSIA )

31 FORMAT(30H CONDENSER PRESSURES IN PSIA )

32 FORMAT(23H BOILER TEMPERATURES IN ZF< )

33 FORMAT(31H CONDENSER TEMPERATURES IN %F< )

34 FORMAT(20H ENTHALPIES BTU/LB )

35 FORMAT (24H ENTROPIES BTU/LB.F )

36 FORMAT(22H TURBINE EFFICIENCIES )

37 FORMAT(19H PUMP EFFICIENCIES )

38 FORMAT(16H ABSORPTIVITIES - )

40 FORMAT(20H POWER RATING IN KW )

140 FORMAT{18H TRANSMISSIVITIES )

141 FORMAT{33H OVERALL HEAT LOSS CGEFFICIENT )

145 FORMAT{23H ALL PRICES IN DOLLARS - ) .

146 FORMAT(B3H wOOD PRICE GLASS PRIL.TEDLARP. SHEET IRON GLASWOOL TUR
1.PRI. CIRC.PUM. FEEED PUM, }

147 FORMAT(99H PIPE PRICE GNVER.PR1.COND.TUBE COND.:HELL REPAIR  OPE
IRATION INTEREST LIFETIME,YZARS

OO WD WN -

PAGE 0001
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FCRTRAN IV G LEVEL 1, 40D 3 MAIN DATE = 69043 17717729 2465 0002
0C4) 149 FORMAT (544 USE FACTOR AMBIENT T COCL W 1 CACL v 3 PI2C HEATLOSS )
0062 READ{S+ 16} LISIGHIKK) 1KK=1,50)

0043 READ (5,17}1E”PTY

ongs READ(S,17) [BLANK

0css 1091 REAU [S,29 NN, TS IKyIL IM
0046 READ (5,11 (PL(N},M4=1,10)
0047 PEAD (5,11IP2{M),4=1,1C)
0c48 READ (S,1)1{T1{M),4=1,1C)
0C49 READ (5¢11(T2(M),4=1,10)
cCSG READ {5y 11 {HVI{M)M=1,1C)
orst READ (5, 1) (HV2{4),M=1,10)
oc 52 READ (5,1)(HFLL(4),4=1,10}
crs3 READ (Se1I{HFL2(1),4=1,10)
0C 54 READ (542)(SVLL{M),4=1,10)
0rss READ (5421 (SV2U8) 4M=1,10C)

0056 READ (5,24 (SFL1{4),4=1,10)
ocs7 READ (S5+2)V (SFL2(4)yN=1,15)

0058 RTAD (S, 1ZIPTILLN,TLOLLI,HVILLL ), SVELLL) o HFLLELT) o SSLICTT)
0c 59 READ (S,9IETATUR(L) .
€060 READ (5,3}ETAPUM(L)

ocel READ (S,91ALFALL)

662 READ (5,3)POLER(L)

ere3 READ (S5.3)TAULLY

CL64 READ {5,9)ULCI1)

065 READ (5+5)PRWANDPRGLAS, PRTEDL s PRSTEL, PRF [36,PRTUR, PRCIPU, PRECPY
CG66 READ (5951PRPIPE, PRGOVR, PRCIOTU,PRCOSH,EP IR,y IPEIINLENTRS ,LXPLIF
oC67 READ (S543JUSEFACTAYBI yTCWI+TCWDI,PIPLOS

0css WRITE( 6,26}

Cce9 ARITE( 64 30)

oCTO WRITE(S, 1) (PL(¥),y4=1,10)

oC7l SAPITE(S,31)

oc 72 ARITE(S, 1V (P2(M),"=1,10)

orT3 ARITE(6,32)

0G4 ARITEL6 1) IT1{"M) 4M=1,10)

cCcTs WRITE(6,y33)

cCc76 ARITE(O6,1)(T2(M},4=1,1C)

oney WHRITE(6434)

678 WAITELH, L) (HVI (M) %=1, 1C)

oc7o HARITE(6y 1) (HV2{H4) M=]1,10)

0( 80 WRITEL6, 1) (HFL1{M) ,M=1,1G)

orsl WRITE(6y 1) (HFL21W)4M=1,10)

ore2 ARITEC6435)

©ce3 WRIITE(S42){SVI{M) 4M=1, 1C)

cras WRITE(S,2)(SV2("),4=]1,10)

(Jd:1 HRITE(642) (SFL1{H4)4M=1,10)

o0c86 ARITEL6¢2) (SFL2{M),%=1,10)

ocer HRITE(6436)

onss ACITEL6,9VETATUR( L)

0ca9 WRITE(S,37)

0090 AP ITE(649)VETAPUA(])

0c91 WRITE(6433)

cco92 ARITE(H,IVALFALL])

ong3 - HATTE(5440)

CC9s 2ITE(5, F)PONER(LY



FORTRAN IV 6 LEVEL 1, MOD 3 MATN DATE = 69043 17/17/29
0695 WRITE(6,140)

cC96 ARITE (6,91 TAUCY)

0097 WRITEL6, 141D

ccos ARITE(6,9IULCIL)

0099 ARITE(64145)

c100 WRITE( 55 146)

0101 HR!TE(b.b)PRNODD,PRGLAS.PRTEDL'PRSTEL +PRE13G, PRTYI, PRCIPU, PRFEPY
cie2 WRITE(6,147) .
cie3 WRITE(545]) PRPIPE, PRGAVR, PRCUTU, PRCGSHREPATIR, CPERTN,HENTRS JEXPLIF
0104 WRITE(6y148)

€105 WRITEL Sy 3IUSEFAC , TANBT , TCWT 4 TCHG,P IPLOS
c106 WRITE(6426)

c107? 4=3 .

INTERPOLATION OF PHYSICAL PROPERTIES

0108 TN2=T2(J)

0169 PN2=P2(J)

0110 HUN2=HV2( )

o111 SYN2=SV2tJ]

c112 HFLN2=HFL2(J)

6113 SFLN2=SFL2(J) A

cl14 TINT2=T2(4+1)-T2( 4]

o115 PINT2=P2(J+11-P2(J)

o116 HVINT 2=HV2 (J+1)-HV21J).

o117 SVINT2=5V2(J+1)-5v2(J)

0118 HEENT2=HFL2(J+ 1) ~HFL2{J)

0119 SFINT2=SFL2(J+11-SFL2(J)

c1z¢ PAT=0.5

o121 T2tH=t TINT2 YEOAT+TN2

0122 p21{J)=( PINT2 ) £PAT+PN2

€123 qV2{)=0  HVINT2 PEPAT +HVN2
o124 -sv2(d)=l  SVIANT2 1#PAT +SVN2
0125 HEL20J)=0 HFINT2 VEPATHHFLN2
ci2é SFL2td)=( SFEINT2 JRPAT+SFLN2
0127 DO 150 MTK=1,3

0128 K=1

0129 L=t

o13¢ N4=1

0131 11=1

0132 J3=1

0133 TILM=1

0134 KJ=1

0135 LM=1

0136 N0 250 KJK=1,30

0137 RADIONUTT +JJ1=335,-5.%FLOATIKIK)

0133 DG 100 1=1,1C

c139 NI=0

0140 TNL=TLLT)

0141 PN1=P1{1)

0142 HVNL=HV1(])

0143 SVN1=SVL(I)

0144 HFLNL=HFL (1} .

0145 SFLN1=SFL1{I)

0146 TINTLI=TI{I+1}~T1LD)

0147 PINTI=P1(1+1)-P1( 1)
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FORTRAN IV 6 LEVEL 1, MOD 3 MAIN DATE = 69043 17/17/727
0148 AVINT LsHY 1T+ 1 )-AVICTD
0149 SVINT1=SVI(I+1}=-5V1(I)
0150 HEINT1=HFL1{I+1)-HFLILT)
0151 SFINT1=SFLL{I+1)-SEL1(T)
€152 63 ANI=NI
€153 RAT=ANI/ 10,
0154 TI(I)=(  TINTL  )#RAT+THI1
0155 p1tI)=( PINT1  )*RAT+PN1
c156 HVI{I)=( HVINT1  )#RAT+ HVNL
0157 SVI{Il={ SVINTL  )#RAT+ SVUNL
c158 HEL1LI)=(  HFINT1 Y#RAT4+HFLNL
0159 SELI(I)=( SFINTL . }#RAT#SFLN1
c RANKINE CYCLE FOR SATURATED STEAM
c ISENTROPIC EXPANSION FROM THE SATURATED VAPOUR STATE
G X2 1S THE QUALITY OF STEAM AFTER ISENTROPIC EXPANSION
.0160 X20J)=(SVILii=SFL2(JI D/ (SV2(I)-SFL2{J})
0161 HX2{J)I=HEL2{ ) +X21 J)* (HV2LJ)=HFL2{J))
. C IDEAL WORK
0162 WOUT=HV1(1}-HX2(J}
c ACTUAL WORK
0163- WOUA=WOUT*ETATUR(K)
0164 QADD=HV1 (1)-HFL21J)}
c PUMP WORK
0165 WPUMP=0,00298+(PL{11-P2(J))
0166 ACRATE=POWER (L) *({1,+PIPLOS)
0167 WPLUMPA=WPUMP/ETAPUM(K )
0168 WNETT=WOUA-WPUMPA
0169 ETARAN=WNETT/QADD -
0170 QREJ=HX21J)-HFL2{J}
0171 QTOT=ACRATE*3413,
0172 FLOW=QTOT/ { QADD~QREJ}
c FLAT PLATE COLLECTUR PERFORMANCE,ARCA ,COST CALCULATIONS
0173 QUSEF=QADD*( 1, +PIPLOS) #FLOW
0174 JHN=1
0175 ETACOL (K}=0.20
0176 IF (MTK-1 1611,4611,612
0177 611 GLANUM=2,
0178 GO TO 619
o179 612 IF(HTK-2 Y613,613,614
0180 613 GLANUM=3,
0181 GO T0 619
0182 614 IF(MTK-3 1615,615,616
0183 615 GLANUM34.
o1 84 GO TO 619
0185 . -616 IF{MTK-4 161746174619
- 0186 617 GLANUM=5S,
G187 619 TAUIK)I=C . B8EXGLANUM )

- c HOTTEL AND WOERTZ EQUATICN FOR THE CCLLECTOR HEAT LOSSES
0188 . HRAD=0.1714E=CB2{ (T1(1)4660, )¥%6,=(TAII 4660, 1 £%4,)/(TL(I)-TA431)
0189 ULCIK)I=1a 1% (147 (GLANUMZL0.21%((T1{1)-TAMB L)/ (GLANIM40.36))#40425)

142,46 ) +HRAD/ (0035741, 27%GLANUM) )

0190 EFPRIM=C.9 .

0191 CHECK=RADTIW{ 11 +J3) #TAU(K)$ALFA{KI=ULCUKI={T1{1)=~TAMBIY
0192 RADCRT=1,055ULC (KI*(TI(TI=TAMBE}/{ TAUIKI*ALFA(K]))
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FCRYRAY 1V

ct93
C194
0195
c166
0197
o198
0199
0209
0201
0202
0203

c2C4

0205
0206
0207
0208
209
0210
0211
0212
0213
0214
0215
0216
0217
0218
0219

0220
0221

cz22
0223
0224
0225
0226

o221

0228
0229
0230
0231
0232
0233

0234

6 LEVEL

o0 o O

o0

39
41

520
522

523
526

45

47

48

51

54

56

57

177

178

1, ¥00 3 N4 IN DATE = 63043 V7717729
IF(RADION{!1,JJ)~RADCRTI4T,47,39
IF(CHECK)47,4T7: 41

AREAPP=QUSEF/ (RADION(I T, JJIFETACOL (X))
G=FLOW/ (0. 1*AREADP)

EXPON=EFPRIM*ULC(X) /G

1F{EXPON~-100,)522,522,523

FLOFAC={1e=(1.7(2, TLB%+EXPON} ] /EXPON

GJ TO 526

FLOFAC=0.21

FR=FLGFAC*EFPR I

ARESEN=041#2USEF/ (FRE(RADIONCTT,J0 )X TAU(K ) *ALF ALK} =ULC (K} *
1(T2{J)-TAMBI})) .

ARELAT=0, Q#OUSEFI(EFPRIF*(RADION(II,JJ)*TAU(K)*AL EA(K)-ULC L)%
1(T1(I)-TAMBI)))

AREA= ARESEN+ARELAT

G=FLOW/ARESEN

JUN=JMA+L

ETACOLTK)=FR®*CHECK/RADION(TT 4JJ)

IFLJINMN-2) 520, 520445

EF(TT,3J)=ETARANXETACOLIK)

TFCEF(TTI,Jd))aT,47,48

EFUI11,3J)=0.000001

TOTWRK=0.000001

GO YO 51

TOTHOU=2400.

YOVWRK= AREA*EF(Il.JJ)*USEFAC*RADlON(lleJ)*TOTHDd/!GlB.
COLCOS={5.5+(GLANUM-2,0) #1.2%PRGLAS) *AREA

ASSEM=1.2

COLINV=COLCOS*ASSEM

NO STORAGE SYSTEY 1S REQUIRED

STOINV=0,

TEMPERATURE AND AUTOMATIC CONTROLS CGST

COTINV=250.

TURSINE PERFORMANCE AND AND COST AMLYSIS

I1F THE SYSTEM SHIULD OPERATE BELOW 212 DEG.F. A VACUUM Pump
MUST BE USED

IFIT1(1)-212.)54, 54,56

PRVAPY=250.

TURINV=PRTUR*POWER(K)+PRCIPU+PRFEPU+PRVAPUY

G0 TO 57

TURINV=PRTURSPOWER(K) ¢ PRCIPU+PRFEPY

CUNDENSER PERFORMANGE AND COST

SININV=PRCOSH+1G0.

FINAL COST CALCULATIONS,CNST PER KWHR
TOTINV=COLINV+STOINV+S ININVHTUR INV+COTINY
CAREFC=ENTRS®{1 . +ENTRS)I*&EXPLIF/(( 1o +ENTRS}#¥EXPLIF-1.)
TOTEXD=TATINV* (CAREFC+REPA IR +QPERTH )
FINCOS{MA4)=TOTEXP/YOTWRK

IF{F INCOS{MM)-0.200177,177,178

AREITELS, L10MM, THCI) o T2{J ) TOTINV, TOTEXP,F INCIS(¥1) , A2E4,COLCES,
IRADION(IT+d4) JETACOLIK) LEF{TIT,JJ)

CONT INUE .

GENERATING THE MATRIX FINCNS¥3500< TO STORE COST FIGURE FUR
ALL COMBIMATIANS OF T1 AND T2

BAGZ 0005



FCRTRAN IV G LEVEL

0235
0236
237
0238
0239
0240
0241
0242
€243
0244
0245

0246
0247
C248
0249
0250
0251
0252
0253
0254
0255
0256
0257
0258
0259
0260
0261

0262
0263
0264
0265
0266
0267
0268
C269
0270
0271
0272
0273
0274
02175
0276
0277

0278
0279
ogae
0281
0282
0283

(e N Nal

59
61

100
250

221
233
204
2C7
275

. 208

210

211
215
213
82
89
99
91

214

218
219

222

1, 407 3 MAIN DATE = 69043 17717729

EEER RS

NI=MI+L

IFINI-10163,61,1)2

T1L1)=TNL

PLUTI=PNL

HVL(1)=HVN1

SVI(I)=SVn1

RFLY (T )=HFLN]

SEL1{1)=SFLNL

CONTINUE

CONTINUE

THE MINIMJY CNST WITHIN THE RANGE CF VARATION OF PARAMETERS
COSMIN=FINCOSI1)
COSAAX=FINCOS(1)

KL=1

IF{F INCOS (KL} ~COSHMAX) 204, 2644203
CNSHAX=F INCOS(KL)

IF(F INCOS(KL)-COSHINI2CT4 207,205
COSYIN=F INCOS (XL}

KL=KL +1

TF (KL=44) 201,208,208

WRITE(6426)

00 210 14=1,100
IPRINT(IM)=IBLANK

"WRITE(6424)LEPRINT(I4),IM=1,100)

L INE=0

LM=1

ELM=LH .

YAPPING THE COST FUNCTION AGAINST T1 AND T2, COST1FNCEITL,T2<

-SET THE MATRIX INTO A BLANK SPACEZ - IS USED FOR BLAMKSC

DO 215 KIL=1,100
IPRINT(KIL)I=IBLANK

KK=F INCOS({LM)*10J. +1.0
1F{XK)90,90,89
IF!KK—SO)QI,QI.QO

KK=50
AMM=FLOAT(LM) /10D #+1.
NUM=A MY

CHM=NM 4
TF{AMM-C M) 214,219,214
1KI={AMM=CHM) %99, +1,
IPRINTIIRII=ISIGN(KK)
LM=LM+1
lF(LM-BOOO)ZIBleS,ZlQ

50 TO 213
1PRINT{100)=1SIGNIKK)
PLOTTING THE RESULTS FOR ONE FIXED CONDEMSER TEMPERATUREZT2<
LINE=LIME+]
NMLINE=335-5%LINE
KLINE=(NLINE/ 22)%20-NL INE
TF{KLINE) 22242244222
WRITE(6523) { IPRINTILKL) +LKL=1,90 }
50 TO 226
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FCRTRAN 1V G LEVEL

0284

0285
0286
c287
0248
0289
0290
0291
0292
0293
€294
€295
0296
0297
€298
€299
€300
0301
0302
0303
G304

224

226
212

217
231

235

15¢

Q39

1. MOD 3 MA TN

JATE = 69043

WRITE(525) 0 TPRIYTILKLY yLKL=1,97 ) NLINE
PRIAT LINES FI® ALL T? UNTIL THE RANGE IS CAVERED
IF(LI=3CI0V212,217,217

L4=LMe]

649 TJ 213

o0 231 JLM=1,10)

[PRINT (JLM)=TALANK

N 235 JLM=5,1020,5

IPRINTLILM)I=1S1GN(42)
AITE(6,23)(IPP INTLILN) (JLM=1, 90)
ARITE(S,4 200 (T, 1=1,1C)
WRITE (6,19}

AR ITE(S5y21)CISTISUUKIN 4 KI=1,4530)
COC:ENT=COSMIN%170.
ARITE(5422)COCENT,T2{J)
4RITE(H,27)

WRITE(6,26)

CANT INUE
IFINYN=1)999,1CC1,999

CALL EXIT

JERUG SUICHY

END

TOTAL “MEMORY REQUIREMENTS ODRANT 3VTES

17717729

YULC L) o TALL) s ALFALL) h5LANUR
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A T R . e R . wta "
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/21 54 IS THE MIN COST REPRESENTED BY(A);CDND TEMP‘ ’ 95. ULC#O 60 TAU#O 68 ALFA#O 93 GLAS NU# 3o

FIG - <VRAblAT]DN'INTENSITY'-BOiLER TEMP._VS'COST .7('
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FORTRAN

2001
0032

0003

Q0V4
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017

0013
0019
0020

0021
0022
0023

0024
0025
0026
0027
0028
0029
0030
00131
0032
0033
0034
0035
0036
‘0037
0038
0039
0040
0041

{v G LEVEL 1, MGD 3 MAIN DATE = 69048 17/49706

[aEsNaNel

OPTIMIZATION IN SULAR POWER PRODUGTION

USING HEAT ENGIKES

Me KUDRET SELCUKR

MAIN PROGRAMME

DIMENS IOR 1PRINT (1010 ISIGNI51),FINCOS(3002) 4+EF(12,6)

DIMENS 1GN Pl(ll).PZ(lll.Tl(ll),TZ(lll.HVltll).HVZ(ll).HFL1(11).
1MFL2(11)15V1(11).SFLl(lll.SFLZ(II).SXl(ll).SX2(11)ySVZ(ll)'
zuxl(11|.Hx2(11),RADICN(lz.B).x1(11).x2(11),ETACUL(S),ETATUR(S).
JULCIS) sTAULS) s PGAER(S)  ALFALS) s ETAPUM(S)

COMMEN Pl.Pz.Tl.TZ.Hv1,Hvz.an1.HFLz.svl.svz.SFLl.SFLz.sxt.sxz.
1HX1sHX2¢yRADIGNy X1y X2 +ETACCL ETATUR, ULC ,TAU,PCRERyALFA,
ZETAPUﬁ.FLOn.PlPLDS.FRlCLS,QADD.QREJ.CONSUR.YCHl.TCHO.U1IL.SUMRAD,
3AREA.CCLINV.STDINV.SININV,TUR!NV.COTINV,REPAIR.UPERIN.ENTRS,EXPLIF

COMMON TodsKsLoMeNgIT e KKy LLy MANN ¢ I9 IRy TLoTMy IN

COHMUN ETARANTAMBI , EF y OUSEF , TOTHOU, TOTWRK

FORMAT (10FB.2) ’

FORMAT{10FB44)

FORMAT (5F10.2)

FORMAT (2F10,2)

FORMAT( 12F6.1 1}

FORMAT (8FL042)

FORMAT (12F 642}

FORMAT(E12.6415XyE12.6)

FORMAT (F10,.2}

10 FORMAT(6F1244)

1)1 FORMAT(1592F6.042F8,05F9¢2¢2FB401F5.0+2F842)

14 FORMAT(85H IYER. Tl T2 TOTAL.INV TCT.EXP,COST C/KWH AREA COL

1INV KADe COLJEFe OVERGEFS I£24]

16 FORMAT(10{4X,A1})

17 FORMAT (4X,AL)

19 FORMAT (83H THE FOLLGWING GIVES A LIST TN ASCENDING ORDER SUCH AS

1 A¥1l C/KWHR 2450 C/KWHR )

20 FORMAT(10{F5,0+5X})

21 FORMAT(50(1X,A1}}

22 FORMAT(F9.2,46H IS THE MIN COST REPRESENTED BY(A) CONDo TEMP= F6.09

15H ULCH Fhe2y5H TAUE Fhe2,6H ALFA# F4.2,15H SELECT BLACK F4.0//)

23 FORMAT (1X,100A1)

24 FORMATU1X,100AY /7/7/)

25 FORMAT(1X,100A1,15])

26 FORMAT (1H1) : .

27 FORMAT(53h FIG < RADIATION INTENSITY-BOILER TE%Pe VS COST )

25 FORMAT (5110)

30 FORMAT (27H BCILER PRESSURES IM PSIA }

31 FORMAT(30H CONDENSER PRESSURES IN PSIA )

32 FORMAT (28H BOILER TEKPERATURES IN ¥F< )

33 FORMAT (31H CCNDENSER TEMPERATURES IN ZF< )

34 FORMAT (20H ENTHALPIES BTU/LB )

35 FORMAT (24H ENTROPIES BTU/LB.F )

36 FORMAT(22H TURBINE EFFICIENCIES )

37 FORMAT(19H PUMP EFFICIENCIES }

38 FORMAT(16H ABSORPTIVITIES )

40 FORMAT(20H POWER RATING IN KW ) )

140 FORMAT{18H TRANSMISSIVITIES ) -
141 FORMAT(33H OVERALL HEAT LOSS COEFFICIENT R

DO SWN -~
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FORTRAN 1V G LEVEL 1, MOD 3 MAIN DATE = 59048 17/49/06

0042 145 FORMAT(23H ALL PRICES IN DOLLARS )

€043 146 FORHMAT (83H WODD PRICE GLASS PRILTEDLARP, SHEET IRCH GLASWOGL TUR
1.PRT. CIRC.PUMse FEED PUM. )

. 0044 147 FORMAT(9CH PIPE PRICE GOVER.PRI.CO%ND.TULE CONDsSHELL REPAIR - COPE
LRATION INTEREST LIFETIME,YEARS )

0045 148 FORMAT(54H USE FACTOR AMBIENT T COOL W [ COOL W O PIPE HEATLOSS )

0046 READ(5,16)} ISIGN{KK) yXxK=1,50)

0047 READ {5,17)IEMPTY

0043 READIS s1 7T}IBLANK .

0049 1001 READ 15,29 NNy 1J+IKsILsIN

0050 READ (5,1){P1{M),M=1,10)

0051 READ {541)(P2(H),M=1,10)

0052 READ (5¢1JE{T1(M),M=1,10} :

0053 READ (551)(T2{M),M=1,10} :

0054 READ (5¢1)(HV1UIML,M=1,10) '

0055 READ (S5y1){HV2{¥),M=1,10)

0056 READ (5,1)(HFL1{M)M=1,10)

0057 READ (5,1) (HFL2{M) M=1,10)

0058 READ (5,2){SVI{M),#=1,10)

0059 READ (592)(SV2(14)4M=1,10)

0060 READ (5,2)1(SFLY{¥),M=1,10}

0061 READ (5, 2){SFL2{M),¥=1,10)

0062 READ (5,10)P1011)oT2C11) ¢HV1(11),SVI{LL),HFLL(L)),SFLLILLY)

0063 READ (5,3)({ETATURIM) yM=1,5)

0064 READ (Sy3){ETAPUMEM) yH=1¢5)

0065 READ (S5¢3)1{ALFAIM)M=1,5)

0066 READ (5,3) (POWER(M)4M=1,5]

0067 READ (593)(TAU{M)H=1,5)

0068 READ (543) (ULC(M)oM=1,5)

0069 READ (546 )PRWODD +PRGLASy PRTEDL s PRSTEL PRFIBG,PRTUR, PRCIPU,PRFEPU

0070 READ (556)PRPIPE s PRGOVR s PRCOTUPRCOSHREPAIR yUPERTN,ENTRS,EXPLIF

0071 REAG (5,3)USEFAC,TAMBI ,TCKI,TCWG,PIPLOS

0072 WRITE(&426)

0073 WRITE(6430)

0074 WRITE(6, 1} {PLIM) 4M4=1,10)

0075 WRITE{ €y31)

0076 WRITE(6,12LP2(IM) 4M=1,10)

0077 WRITEL6432)

0078 ARITE(Es 1) {T1(M)4M=1,10)

0079 WRITE(6,33)

0080 WRITE(E, 12 ({T21M) 4M=1,10)

0081 WRITE(6434)

0082 WRITE (€91} (HVI(M) ¢M=1,10)

0083 WRITEL €91} (HV2{M),M=1,10}"

0084 WRITE(G641) (HFLL1(K) 4M=1,10)

0085 WRITET 6y L){HFL2(M),F=1,10)

0086 WRITE{€435)0

0087 WRITE (642) (SVLIM) M=1,10)

0038 WRITEC€42) (SV2{M) ,4=1,10)

0089 WRITE{6+2) (SFL1(M}4H=1,10)

oS0 WRITE(6s2) {SFL2(M) M=1,10

0091 WRITE(€&,36) - .

0092 WRITE(6:Y)ETATURLL)

0093 WRITE{6437)
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FOKTRAN IV G LEVEL 1, MNLD 3 MAIN DATE = 6904 17745706
0094 WRITE(639)ETAPUM(Y)

0095 WRITE( &, 3E)

0036 WRITE(6,S1ALFA(L)

0097 WRITEL6,40)

0usa WRITE(6,9) POKERLL)

0099 WRITEL &,140)

0100 WRITE(6,9) TAU(1)

0101 WRITEL6,141)

0102 WRITE(649ULC(1)

0103 WRITE{6,145)

0104 WRITE(6)146)

0105 NRITE (636 ) PRWOOD,PRGLAS  PRTEDL y PRSTEL s PRFI8G,PRTUR,PRCIPU,PRFEPU
0106 WRITEL6,14T)
- 0107 WRITE(6,6) PRPIPEYPRGCVRY PRCOTU » PRCOSHREPAIR ;OPERTNENTRS,EXPLIF
0108 WRITE(&9148) . ) '
.010$ WRITE (€4 3)USEFAC, TAMBI s TCWITCHU,P1PLOS
0112 WRITEL 6,26)

0111 WRITEL6414)

0112 J=3

0113 K=1

0114 t=1 ¢

0115 MM=1

Olle i1=1

0117 JJ=1

0118 JLM=1

0119 KJ=1

0120 LM=1

0121 IN2=T2(J)}

0122 PN2=P21(J)

013 HVNZ=HV2(J)

0124 SVYN2=SV2(J)

0125 HFLN2=HFL2 (J)

0126 SELN2=SFL2(J)

0127 TINT2=T2(J+1)~-T2(J}

0128 PINT2=P2(J+1)=P2(J)

0129 HVINT2=HV2 (J+1)=HV2(J)

0130 SVINT2=SV2(J+1)=SV2(J)

6131 HF INT2=HFL2{J+1)=HFL2(J}

0132 SFINT2=SFL2(J+1)=-SFL2(J)

0133 DO 250 KJK=1,30

0134 AKJR=KJIK

0135 RADION(114J31=335,0-5.0%AKJK

INTERPOLATION OF PHYSICAL PROPERTIES

0136 73 AMNI=NNI - )

0137 PAT=0,5 . :

0138 T2(J¥={ TINT2 VEAFAT+TIN2

0139 P2lJ)=( PINT2 )% PAT+PN2

0140 HV2{u)=( HVINTZ }#PAT +HVNZ
0141 sv2igr=t SVINT2 Y EPAT+SVN2
0142 HEL2{J)=( HFINT2 YEPAT+HFLNZ
0143 SFL2(J)=( SFINT2 VRPAT+SFLN2
0144 D0 100 1=1,10

0145 NI =0

0l46 T™1=T1(1)

OAGF NNN3



FORTRAN 1V G LEVEL 1, MOD 3 MAIN DATE = 69048 17749706
0147 PN1=P1 (1)
0148 HVN1=HV1(])
0149 SVNL=SVI(1)
0150 HFLNI=HFLI(T)
0151 SFLNI=SFL1(1)}
0152 TINT1=TL(I+1}-T1(1)
0153 PINT1=PL{I+1)-P1(1)
0154 HVINT1=HVI(I+1)=-V1( 1}
0155 SVINT1=5V1I(1+1)-SVl(1)
0150 HE INT1=HFLI{I+1)=-HFL1{1)
0157 _ SFINT1=SFLL(I+)=-SFLI(I)
0158 63 ANI=NI
0159 RAT=ANI/10, .
- 0160 TLI)=¢ TINTL  )}%*RAT+TNL
o161 PL{I)=( PINT1  )*RAT+PNL
0162 HV1(I)=(  HVINTL  }%#RAT+ HVNL
0163 SVIUI)=t - SVINT1  )®RAT+ SVNI
0164 HFL1tT)=( HFINT1 }*RATHHFLNL
0165 CSFLMLIM=( . SFINTL )*RAT+SFLN]
[ RANKINE CYCLE FOR SATURATED STEAM
Cc ISENTRGPIC EXPANSION FROM THE SATURATED VAPOUR STATE
[4 X2 IS THE QUALITY OF STEAM AFTER ISENTROPIC EXPANSION
0166 X20J)=(SVLII)-SFL2¢J))I/(SV2(J}-SFL2(J))
0167 HX2(J)=HFL2{ J) +X2( 1 *(HV2{J)-HFL2(J})
(3 IDEAL WORK .
0168 X WOUI=HV1{I}-HX2(J)
g [ ACTUAL WORK
0163 WOVA=WOUI*ETATUR(K)
0170 QADD=HVLI{1)-HFL2(J)
c PUMP WORK
0171 "WPUMP=0,00296%{P1({1)-F2({J)}
o172 - ACRATE=PONER(L)* (1. +PIPLOS)
0173 WPUMPA =WPUMP/ETAPUM(K)
c NET WORK .
0174 WNETT=WOUA-WPUMPA
C RANKINE CYCLE EFFICIENCY
o175 ETARAN=WNETT/QACD
0176 QREJI=HX2{ J)-HFL2 (J)}
0177 QTOT=ACRATE*3413.
0178 FLCW=QTOT/(QADD-QREJ )
(% FLAT PLATE COLLECTOR PERFORMANCE,AREA ,COST CALCULATIONS
Cc TOTAL HEAY WHICH MUST BE COLLECTED
0179 QUSEF=QADD*{ 1, +P1PLOS) *FLOW
0180 . CALL CCLLEC :
. [4 NO STORAGE SYSTEN 1S REQUIRED
- 0181 STOINV=0,
c TEMPERATURE AND AUTOMATIC CONTROLS COST
0182 COTIRV=250,
[+ TURBINE PERFORMANCE AND COST
C IF THE SYSTEM SHUULD OPERATE BELOW 212 DEG.F, A VACUUM PUMP ~
C MUST BE USED
0183 IF(TIL1)=212.)5%454,56
0184 ‘5S4 PRVAPY=250,
0185 TLRINV=PRTURSPOKERIK )+ PRCIPU+PRFEPU+PRYAPY
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FORTRAN IV G LEVEL 1, AUD 3 MATH DATE = 69048 17749706
0lse Gl TO 57
0187 50 TURINV=PRTUR€POWER[K)+PRCIPU+PRFEPU
o THZ CONDENSER TEMPERATURE IS FIXED AT 95 DEG. F
c THE. CONDENSER COST TGO 1S FIXED
0188 97 SININV=300, .
c FINAL COST CALCULATIUNS,COST PER KWHR
a189 TOTINV=COLINV4STOINV+SININV+ TURINV+COTINY
0190 CAREFC=ENTRS*{ 1, +ENTKS ) ¢%EXPLIF/{(1.+ENTRS} = #EXPLIF-14)
0151 TOTEXP=TETINVE(CAREFCH+REPATR+UPERTN)
o192 F INCOS (MM} =TCTEXP/TOTWRK
€153 TF(F INCOS{MM)—~0,20)177,177,178 :
0154 177 WRITE(6,11IMM; TLET) 2 T20J) 5 TCTINV, TQTEXP, FINCOS {MM), AREACOL TNV,
IRADIUN{I 1434} JETACOL(K) JEF(EI¢Jd)
0195 176 CONTINUE
. c GENERATING THE MATRIX FINCGSE3CC0C TO STORE COST FIGURE FOR
4 c ALL CGMBINATIONS OF T1 AND T2
0196 PM=MM+ 1
0197 NI=NI+1
0198 56 IF (NI-10)63,61,160
0199 61 THII=TNY
6200 P1(11=FN1
v201 hV1(1)=HVN1
0202 SV1(1)=SVN1
0203 HFLL (1 )=HFLN1
0204 SFLL{I)=SFLN]
0205 100 CONTINUE
0206 25C CONT INUE
c MINIMUM COST WITHIN THE RANGE OF PARAMETERS VARIATION
0207 COSMIN=FINCGS (1)
czo8 CUSMAX=F INCOS(1)
0209 KL=l
0210 201 1F(F INCOS(KL)-COSMAX)Z204,2044203
0211 263 COSMAX=F INCOS{KL)
0212 204 IF(F INCOS{KL)~COSMIN)207,207,205
0213 207 COSMEN=F INCOS(KL)
0214 205 KL=KL+1
0215 IF(KL~MM) 201,208,208
0210 208 WRITE(6426)
0217 DO 210 IM=1,100
0218 210 IPRINT{1M)=IBLANK
0219 hkle(b.ZAl(lPRlNT(lM)vIH“l:lOO)
G220 LINE=0
0221 LM=1
0222 ELM=LM
. c MAPPING THE COST FUNCTION AGAINST T1 AND I, COSTHFNCEZTL,IC
c SET THE MATRIX INTO A BLANK SPACEZ -~ IS USED FOR BLANKSK
0223 211 DO 21% KIL=1,10C
0224 215 IPRIAT(KIL)=IBLANK =
0225 213 KK=FINCGS(LM)*100e +1.0
0226 82 1F{XK)S0,90,89
0227 89 IF{KK-50191,91,90
0228 90 KK=50
. 0229 91 AMM=FLCAT(LM)/100.+1.
0230 NM¥=AKY .
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0231
0232
0233
0234
0235
0236
0237
0238

0239
0240
024l
0242
0243
0244
0245

0246
0247
0248
0249
0250
0251
0252
0253
0254
0255
0256
0257
0258
0259
0260
o261
0262
0263
D264
0265

0266

2l4

218
219

150
99%

1, MOD 3 MAIN DATE = 69048 17749706

CMM=hMM

1F(AMM=CMM] 214,219,214
IKI=(AMM-CMM ) 296G, +1,
IPRINTLIKEI=TSIGAINKY

LM=tMe ]l

IF(LM=2000)2106+2164219

GO 10 213

IPRINTL10C}=ISIGNIRK)

PLCTTING THE RESULTS FUR ONE FIXED CONDENSER TEMPERATUREZT2<
LINE=LINES]

NLINE=335-5¢LINE
KLINE=(NLINE/Z20)%20-AL INE
TF{KLINE ) 22242244222

WRITE(6e23) CIPRINTILKL) 4LKL=1,100}

60 TC 22¢ _
WRITE(6925) L IPRINTILKL) ¢ LKL=1,100) ¢NLINE
PRINT LINES FOR ALL T2 UNTIL THE RANGE IS COVERED
IF (LM~-2000) 21242174217

LHxLMe ]

GO TO 213

D0 231 JLM=1,1C0

IPRINT (JLMI=TBLANK

D0 235 JLM=5,100.5

IPRINT(JLM)=1ISIGNL42) |
WRETE(Gy23CIPRINTIILM) »JLM=1,100)
WRITE(6420)(TLLI)1I=1,10)

WRITE (6419) :
WRITE(6421) L ISIGNIKRJ)KI=1,50)
COCENT=CCSHIN®1C0,

GLANUM=2 ,

"WRITE(6922)CUCENTT20J1,ULCELY o TAULT }oALFALL) ¢ GLANUM

WRITE(6427)

WRITE( 642610

CONTINUE
T1FINN-1)9551001,95°
CALL EXIT

DEBUG SUBCHK

END

TOTAL MEMCRY REWUIREMENTS 006C4C BYTES
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FORTRAN
0001

0002
0003

0vo4

0005
0006
0007
0008
0009
G010
o011
0012
0013
0014
0015
co16
0017
0018
0019
0020
0021
0022
0023
0024
. 0025
0026

0027

0028
0029
6030
0031
0032 -
0033 -
0034
€035
0036
0037
0038
0039
0040
0041
0042
0043
0044

iv G LEVEL

.lHlehXZnRADIONchoXZ-ETACOLgETATUR.

39
41

520
522

523
526

le MOD 3 COLLEC DATE = 69043 17/49/06° PAGE 0001

SUBROUTINE COLLEC

COLLECTOR WITH SELECTIVE ABSCRBING SURFACE AND TW3 GLASS COVERS

DIMEKRSION IPRINT (101} ISIGNISL),FINCOS{3002) EF{L246)

DIMENSICN Pl(ll)vPZ(ll)'Tl(ll’vTZ(ll)1HVl(ll’,HVZ(ll'nHFll(ll’o
IHFL2011),SVI{LED oSFLLELYD,SFL2ELL) oSX1E11D»SK2¢1LD,SV2(110,
ZHXI(II,QHXZ(ll"RADIUN(12|3'|X1(11)on(lllvETACOL(s’oETArURRS,'
3ULCIS) ¢ TAULS) o PORERTS5) s ALFA(S) y ETAPUMI(S)

COHMON Pl'PZlepTZuthiHVthFLl|HFLZ'SV1oSVZvSFll.SFLZ.SXl SX24
ULC»TAU ,POWER ¢ ALFA,
2ETAPUM ;FLOW,PIPLOS yFRICL S, QACD, ORES yCONSURy TCHT » TCKOUT IL » SUMRAD
3AREA,COLINV, STOINV,S ININV,TURINV,COTINV,REPAIR,OPERTN,ENTRS  EXPLIF

CORMON T43JoKeLoMeNoIleJJeKKoLL MM NNoIJoIK,IL,IM,IN :

CUOMMGN ET&RAN'TAHBI'EFvQUSEF:IOTHOU|TOTHRK

JMN=1 ’

GLANUA=2,"

ETACOL(K}=0.35

TAUIK)=0,88%%GLANUM

ALFA(K)=0.9

ULCLK)=0.6.

EFPRIM=0,.9

CHECK= RADIDN(II'JJ)*‘AU(K)‘ﬁLFA(KI-ULC(K)'('l(ll-TANBl,

RADCRT=1.05%ULC(K)}*(TL(1)-TAMBI)/{TAU(K)®ALFA(K))

lF(RADth(Il.JJ)-RADCRT,67'47139

IF(CHECK)4T947,41

AREAPP=QUSEF/(RADION(Il’JJ"EtACOL(Kl)

G=FLOW/{0. 1¥AREAPP)

EXPON=EFPRIM*ULC(K}/G

IF(EXPON-10041522,522+523

FLGFAC=(1.—-(1. /(2-71 G**EXPONY } ) /EXPCN

GO TO 526

FLCFAC=0,01

FR=FLOFAC*EFPRIM

ARESEN=0+1*QUSEF/ IFR*(RADIONII T, JJ)I*TAUIK)ISALFA(KI-ULC{K)*
1(T121J)-TAMBIL)}})

ARELAI=0.9‘QUSEF/(EFPRIH*(RAD!ON(ll'JJ,*TAU(h)*ALFA(K) ULCEK)*

L LUTICE)=TAMBI )

45
47

AREA=ARESEN+ARELAT
G=FLOR/ARESEN

JMN=JMA+1l
ETACOL(K)=FR¥CHECK/RADION(11,3J)
FF{JPN=2)5204520445

EF(II,QJ)= ETARAN®ETACOL{K)
IFLEFLT],4J0047,47,48
EF(114J3)=0,

© TOTWRK=1,0

48

51

GO TG S1.

TOTHOU=2400.

TOTWRK=AREA*EF (11,JJ)*RADION(IT,JJ)5TOTHOU/ 3413,
COLCOS=5,5%AREA

ASSEM=142 _

COLINV=COLCOS*ASSEN

RETURKN

END

SUBROUTINE

0l



ITER. Tl

30
31
32

33
34

35
36
37
36
39
40

4l
42

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66 .

67
‘68
69
10
71
T2
73
74
75
76
77
78
9
80
81
82
83

189.
150.
191.
192.
193.
194,
195.
196.

197.

198,

199.
200.
201,
2024
203.
204,
205,
206

207, -

- 208
209.
210.
211,
2124
213,
2l4e
215,
216,
217.
218,
219.

220e.

221.

222.

223,
224,
2254
2260
227.
228.

229.

230,
231.
232.
233.
234,
235.
236,

237, .

"238.

239,
240, -

‘241.
242.

T2

95.
55,
95.
95.
95.
95'
.95.
G5
95,
95.
95,
S5
95.
954
95‘.
95‘.
95.
95.
95.
95.
95.
95.
S5

S5.. .

95.
SS5e
95.
95.
95.
SSe.
95.
S5

S5,

95.
55,
54
95
$5.
95.
95.
950
$5.
5.
55,
95,
S5,
95'
95.
S5,
95.
95.
95,
95,
5.

TOTALLINV TCTLEXP.COST C/KWH AREA COL.INV RAD. COL.EFe OVERGEF,

1693%..

16506,
16833,
16771,
167C6e
16642,
16579,
“ 1o51be
1645%

16344,
16288,
16237,
16187.
16139.
16091,
16045,

15969..

15955,
1591 2.
1587C,
15829,
15791,
15755,

15470, -
154354°

15402,
15369,
15337,
15306,
152764
15246
15220,
15195.
15171,
15147,
15124,
15102,
15080.
15059,
15039,
150204
15003,
14986,

14971, .

14956,

14941.

14928,

14915.
14902,

14890.
14875,
1487C.
148624

2537,
2924,
2912.
2601.
266%
2878,
2868,

. 2857,

2847,
2837,
2827,
2817.
25806,
2600,
2791.
2783,
2115,
2To07.
276G,
2752
2745.
2736,

2731,

2725.
2676,
2670,
2666,

" 2658,

2653
2647,

2642, - -

2637,
2633,
2628.
2624
2620.
26164
2612,
2608,

2605¢°

2601.
2598,
2595,
2592
2589,
2587
2584,

.2582.

2580,
25178
25175,
2574
2572.

- 2571,

0020
0.20
0.2
V.20
€. 20
0426
0.20
0.19

.0.19

0,19
0. 19
0.16
019

0.19

0.19
Ge 19
0.19
Ce19
0.19
0e19
0.19
0.19
Oe 19
0elS
Celb
Ve 18
0.16
0.18

~0.18

.18
0.18

" 0.18

0.18
O.18

CelB’

0.18
0.18
0. 18
0.18
0.18
0.18
0.18
0.18
0.18
C.18
0.18
0.18
0.18

- 0e18

0,18
O.18

0.18"

0.18
0.18

| 2086,

2075.
2065
2055,
2045.
2035,
2026,
2016.
2007,
1699,
1390.
1982,
1974,
1666
1959,
1952,
19454
1938,
1931.
1925,
1913,
1912,
1906.
1¢01.
1895,
1890,
1885,
1580.
1875,
1871.
1866
1862.

"1658.
1854.°
. 1850

1846,
1843,

1840,
1836,
1833,

1830.
1827.
1825,

1822.-

1820.
1818.
1815,
1813,
1811,
1809.
1808,

1806, -

1805,

1803, -

13770,
136964
13628,
13561,

. 13456,

12432,
13369.
13308,
13249,
13191.
13134,
13078,
13027.
12677,
12929.

12681,

12835,

127894

12745,
12792,
12660,

. 12619,

12581,
12545,
12510,
12475,

12442

12409,
12377,
123464
12316,
12236,
12260,
12235,
12211,
12187,
12164,
12142,
12120.

12099,

12079.
12060,
12043,
12026.
12011.
11636,
11981,
11968,
11955,
11942,
11930,
11919.
11910,
11902.

330,

330,
330.
330,
330.
330,
330,
330,
330,
330,

330.

330.
339,
330.
330,

330,
.330.
-330.

33C.

330. ;

130,
330,
330.
330,
330,
330,
330,
330,
330,

"330,

330,
3390,
330,
330.
330,
330,
330,
330.
330,
330,
330,
330,

330,
330.

330.

330, .

330.
330.

330.°

330.

320 LI
330.

330,
330,

037
0636

0636

036
0.356

De36

N.36

.36

0.35
2635
035
0.35
0435
0.35
035
0634
0.34
N.34
0,34

0.34"

0634
Vs34
0.33

0433 .

2.23
0.33
0.33

‘D433

0,33
0.33
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.31

0.31-

0,31
0.31
Q.31
0.31
0.31
0.30
0.39

0.30-

0.30
0.33
0430

- 0430

N30

De29

0.29

D403
0,03
C.03
0,03
0,03
n.03
C.03
0.03
0.03
0.03
C.03

0.03

C.03
0.03
0.03
0.03

0.03

0.03
0.03
0.03
0.03
0,33

0.03.

0,03
0.03
3403
03
0.03
0.03
0,03
0,03
V.23
0,03

" nJ03
0,03

.03
0.03

0.03

0.03
003
0,03
0.03
0,03
0.03

0.03

0,03
0.03
0,03
0.23
0.03
Ce.N3
0,03
0.903
0,03

SAMPLE RESULTS FOR PROGRAMME

0l



T e s e e o — A — T —— - ——  —— —— — — =

:2222LLLLLL1lllllllKKKKKKKKKKK.......-.....a.JJJJJJJJJJJJJJJJJJJJJJOOOOOOOOOQ“OOO00000000000000000000L B

M22222LLLLLLL 1111111 IKKKKKKKKKKKKe e ossoossseescesessddJIIISIJIIIIIIISIIIIIIIIIIIIIIIIIIIINIIISIIIITY

MMMZZZZZZLLLLLLLLIII11111llKKKKKKKKKKKKKKKooo....o...........JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJVf
3MMMMM2222222LLLLLLLLL111111111llKKKKKKKKKKKKKKKK‘KKK.0....'.....'.........0......................O.._"
3333MMMMMM2222222 LELLLLLLLLE 11231121312 L 1KKKKKKKKKKKKKKKKKKKK K soeoeacesansosssscssssssasssssss KKKKKKK

320

N333333MMMMMM222222222LLLLLLLLLLLLl111111111111111111KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK‘J‘vM

" NNNNN33333MMMMMMMM222222222 20 LLLLLLLLLLLLLL 1212222223222 23200 3000322223222 2220 282222 2232322211111)
444NNNNN3333333MMMMMMMM 2222222222222 LLLLLLLLLLLLLLLL221212202222232222030322200222220203022 3L LLLLLLL

;044444NNNNNN33333333MMMMMMMMMMMZZ2222222222222222LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLZZ-~

'0000044444NNNNNNN 3333333333 MMMMMMMMMMMMMN22222222222222222222222222222222222222222222222222222222222
,555000004444444NNNNNNNN3333333333333MMMMMMMMMMMMMMMMM22222222222222222222222ZMMMMMMMMMWMMMMMMMMMMMMM
PP5555500000044444444NNNNNNRNNNN333333333333333333333MWMMMWMM%MMMMMMMMMMMMMMMWMMM3333333333333333333

66PPPP555555000000044444444444NNNNNNNNNNNNNNNNNNN33333333333333333333333333333333 NNNNNNNNNNNNNNNNNG4 .
Q66666PPPPP5555555000000000044444444444444444NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNG 44444444 44444400000

70900666666PPPPPPP555555555000000000000000004&444444444444444444444444444444400000000000000555555555'
RTT77QQQQQQ666666PPPPPPPPPP55555555555555555500000000000C000000000000000555555555555555PPPPPPPPPP66G .

8RRRRR77777QQQQQQQ666666666PPPPPPPPPPPPPPPPPPPPPPPPPPSSSSSSS555555PPPPPPPPPPPPPPPP666666666QQQQQQQQ7 )

SSB8888RRRRRR7777777QQ0QQ00QQQ0666666666666666666566666PPPE6666666666666666666QQ0Q00000Q7777777TRRRRRRS
999SSSSB888888RRRRRRRTTTT7TT777772QQQQAQAAQAAQCANQA0QQAQAAAAAQQQAQAQAQQAQTTTT77TTTTTRRRRRRRR88B8885555599
TTTT999995555558888888883RRRRRRRRRRRRRRRRRRRRRRRRRRRR77777RRRRRRRRRRRRR888888888SSSSSS999999TTTTOOOO
UUO0DOTTTTT999999955S55555555883888886886888888888688888888888855S5S555559999999TTTTTTO0000UUUY! ¢ ' yVV
+.8 2 T UUUUUO0000DTTTTTTTT9599599999999999999999999999959999999999TTTTTTTTO00000QUUUUUT ! ¥ t VYVY~———WWW XXX
—--VVVV"""UUUUUUUOOOOOOOOOOODO000000000000OOOOOOOOOOOOOOOOUUUUUUU'""'VVVVV-—-~NHHXXXXG&YYYZZZ
XXNHHN ..... vvvvvvvv'l'llllll'lllllllllilI"lllllllllll'll.vvvvvvv _____ NwwwxxxxaaaavYYzzz
YYEEEEXX XXX WWHHWWWW -thNﬂWhNHWXXXXXGGGE&YYYZZZZ

. ZZZZYYYYYY&G&G&&&&XXXXXXXXXXXXXXXXXXXXX&&&&&&ﬁ&&GY&YYYYYZZZZZ

ZZZZZZZZZZZZZZZZZZZZZZZZZZZ

s

[ PSP PO, DU DI, PEOm |

160, 170. 180. 190, " 200. 210, 220. - 230, 240, 250. .
THE FOLLOWING GIVES A LIST IN ASCENDING ORDER SUCH AS . A#1 C/KWHR Z#50 C/KWHR .
AT B=C+D,yESF*G6/HL<IOJ.KLILL2M3N4O0SPO6EQTRSB8S9TOU''YV -HWXEYZ

17.83 IS THE MIN CasT REPQ@S&NTED BY(A),CUND.TEMP— 95 ULC#0.60 TAU#0477 ALFA#C,90 SELECT BLACK

FI6 < RADIATION INTENSITY-BOILER TEMP. VS CCST

260

- 220

" 300

. 280

240

-~ 2



ECRTRAN 1V G LEVEL

[ARIL}

0002
0003

0004

0005
3006
0007
0008

0009

0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0029
0021
0022
0023
0024
0025

0026

0027
0028
0029
0030
0031
0032
0033
0034
0035
0036
2037
0038
0039
0040
0041
0042

0043

[ NeRalal

1y MOD 3 COLLEC DATE = 6%G52 12739/52 PASE 0001

SUBROUTINE COLLEC

FLAT .PLATE CGLLECTCR PERFORMANCE WITH HONEYCOMB CONVECTION
SUPPRESSTFS AND SFLECTIVE ABSCREING SURFACE

HONEYCCM3 CELLS AND THEIR CHARACTERISTIC FIGURES &S SUGGESTED

8Y T.HCLLANDS

DIMENS ION I1PRINT(101),ISIGNI51),FINCOS{3002),EF(12,46)

DIMENS 10N Pl(ll).PZ([I)uTl(ll)oTZ(ll)oHVl(llioHVZ(II!oHFLl(lllv
THFL201104SVICI1) o SFLLIC1E Do SFL2011DSX1C12},4SX2(12),5V2(11),
2HX10 111 o HX2(11) +RADIONCL12+8) X1 {110.4X2(11)+ETACOL(5)ETATUR(SY,
3ULCIS)sTAULS) s POKER(S) 4ALFALS) +ETAPUN(5) .

COMNON PlvPZnTl.TZpHVl.HVZ.HFLI;HFLZ'SVI'SVZcSFLI'SFLZpSXloSXZv_
1HX1 o HX2,RADION¢X14X2 +ETACOL s ETATUR JULC,TAU,PONER,ALFA,
ZETAPUM JFLOWPIPLOS ) FRICLS ¢ QADD 4QREJ, CONSURy TCH T TCWO, UT Ity SUMRAD,
3AREA+COLINV, STOINV,SININVTURINV.COTINV,REPATR,OPERTN,ENTRS s EXPLIF
COMMON  1oJdoKoLyMeNoIT o JJrKKyLLa MR NNeTIo IKoIL 1M, IN

COMMON ETARAN'TAMBIoEF'OUSEF'TOTHOU'TOTHRK

JMN=1 .

EVACOL{K}=0.40

ULCIKI=0,423

ALFA(K)=0.9

- TAULK)=0,63

39
41

520
522

523
526

45

47

48
51

EFPRI K=0,9
CHECK=RADION(11,JJ)=TAU(K) #ALFALKI-ULC (K} *(T1(1)-TAMBI).
RADCRT=1.05%ULCIKI*{TI(II-TAMBI)Z(TAULK)*ALFA(K)}

_IF{RADION{ I, JJ)-RADCRT}47,47,35
IF (CHECK ) 4744741
AREAPP=QUSEF/(RADION (1 1,JJ)#ETACOLK))
G=FLOW /10, 1%AREAPP)

EXPON=EF PR IN*ULC(K) /G
IF{EXPON~100.) 522,522,523
FLOFAC=(1e—(1e/ (2, TLB**EXPON} } } JEXPON —
60 TO 526
FLOFAC=0.01
FR=FLGFAC*EFPRIM
ARESEN=C . 1%0USEF/ (FR*(RADION(I 15 JJ15TAU(KI *ALFALK)-ULCIK)*
1{T2(J)-TAMBI}))
ARELAT =09 *QUSEF / (EF PRIN*(RADION (T 1, JJ)#TAU (K} ¥ALFATK)-ULC (K )&

LUTH(I)-TAMBI)))

AREA=ARESEN+ARELAT
G=FLOW/ARESEN

JMN= JMN+ 1

ETACOL (K)=FR*CHECK/RADION(I1,4J)
1F (JMN=-21520,520,45
EF(11,J0)=ETARAN®ETACOLUK)
TE(EF(11,J3)147,47,48

-EF(11,4J)=0,000001 .
TOTHRK=0. 000001 ~
60 10 51
TOTHOU=2400,
TOTHRK=AREA®EF (11,30 1+RADION (11,34 )¢TOTHOU/3413.
COLCOS=6.5+*AREA
ASSEN=1,2
COLINV=COLCOS*ASSEM
RE TURN
END

TOTAL MEMCRY REQUIREMENTS CO36AE BYTES

SUBROUTINE

02



75
7
18

79

80
81
82

83.

34

86
87
8%
&9
90
.91
92

53

94
95
%6
97
98
99
100
186
187

188

185
150
191
192
193
194
195
196
167
198
199
200
298
259
300

235,00
236400
237,90
238,00
239,00
240,00
241,00
242400
243,990
244,09
245,00
246400
267,00
248400
24%.C0
250,00
251,09
252.70
253,00
2544 00
253,00
25&. 00
257.C0
253.00
25%.00
245,00
246400
247.00

248,00 °

24%.00
250,00
251.00
252.00
253,00

254,00

255.00

255,00

257,00
258,00
259.00
257,00
253.C0O
259.00

¢S50
Ghe )
95,00
G54 MY
95, €0
95.70
S5,00
95,00
95,00
os,an
395, 0C
G540
95.CD
55400
G540
Ste T

95, 00
95,020
35,00
§3,720
95,00

95,900 .

35, (0
St. 00
95,00
95,00
G5, 00
35,00
95.00
95,00

65,00

95,900
95,10
$5.90
$5.00

55,00

§5,C0
95.00
95400
95,00
95,20
5. 00
§5,00

138 Tee 4D
13522,57
13609, 97
13577,406
13925.,45
13513,¢2
13484, 48
13455,47
13426.,90
133¢3,74
13371. 00
13243, 68
13316.75
12290,23
13264.11

13236.,25°

122144 77
12161450
13168,59
12146.0!
12123, 52
13101,91
13020,35
13059,14
12032, 24
13565,25
135¢7. 86
13549, 83
12514431
12452,15
13462439
154349, 79
13415.55
13392, 68
13370, 14
13347.98
133264 15
12304465
13293, 52
13262, 70
13539, 14
13518, 11
13497.40

2365452
2356G.73
2354.02
2345.40
2342415
2337.41
2222.32
2327.30
2322436
2317,.,49
2312469
2307.97
¢303.31
22%8,72
2264426
2289, 75
2285467
22E1. 64
2277068
2273. 18
2269.%3

2266415
22624 42.

225h,75
2255414
2351.48
2346474
2342467
2337448
2332.95
2328,50
2324442
2320440
2316.44
2312454
2308.71
2306,93
2301.22
2257.56
2253.65
2341, 77
2335.13
2334,55

Nal3
CelS
2,15
0,15
D413
Cel5
DL 15
Cel5
0.15
C.13
Cs 15
T 15
Q.15
¢e 15
0.15
0415
0.15
Me 15
0,15
0,14%
Qe ln
Col4
O, 1%
0.14
Cel4
Q.15
0. 15
0,15
Q.15
0.15
N.15
.15
Ge15

0,15°

015
0.15
N.15
0.15
D415

N S P
0:1%

Q.15

0,15

1372.560
1369.61
1365.325
1361.21
1357.11
1353,07

- 134¢.2¢

1345.57
1341.91
1338.30C
1334.74

1331.24

1327.75
1324,39
1321.04
1317.74
1314.71
1311.73
13C3.7S
1205,¢0
1303.05
130,25
1297.48
1294, 7€

1 1262.08

1263,4¢
1359,9¢
1356452
1352.12
1345,76
1346,46
1343, 44
1340,4¢€
1337.52
1334,£3
1331,7¢
1328.99
1326.24
1323,.,53
1320.k6
1356420
1353.¢0
1382495

12716445
1N682,57
17646497
10617.46
10535,45
10553,92
10524,43
12495.47
104656,90
10438, 7T4
if411,00

10323,68 .

103564 75
10330,23
19304,11
1n278,29
10256, 77
13231.590
12298459
10184,01

10163.80

17141, %1
10120,35

10959, 14 -

10778, 24
10635425
10607.86
10580, 82
11656,21
19528,15
14602,39
17478.79
10455455
10432,59
17410414
17387,98
101566415
10244,65
15323,52
1n202,70
19572, 14
10558,11
1053749

a3n,nc
320,90
239,00
230,90
337,70
320,00
336,92
230,00
330,00
130,10
330,00
330,00
320,91
330,00
231,90
330,00
220,00
330,10
332,20
220,00
330,00
330,00
330,00
320,90

T 3an,on

225,00
125,00
325,10
325,00

325.00 - .

22%.00
325,00
325.00C
325420
325,00
325,70

325.,N0

325,00
325,00
225,72
320,09
320400
320,00

NyD5

" 9.08

2.06
Q. N5
325
1,03
.05
N.05
0%.05
0,05
1‘05
0-05
0.05
0.05
0.05

SAMPLE RESULTS OF PROGRAMME
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111111KKKKKK.......JJJJJJJJJJonooooonoooo11xtll111111<<<<<<<<<<<<<<<<<<<<<<HHHHHHHHHHHHHHHHHHHHHHHHH
LL111211KKKKKKe o oo osodddJJJJJIJO000000000000 I TTITTTETTIII<LLLLLLLLLLLLLLLLL LKL CKCCHHHHHHHHHHHHHRN, = -+ 2.
LLLL121111KKKKKKKo oo o e osdd JJJJJIJIJ0C000000000000T TTTITTTETTTITCLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLCLCHHR 320
2LLLLLITI1T1KKKKKKK e s ovasss oJJJJJJIIIIIIO000000000000T I T IIIIITITIITTTTITCCLLLLLLLCLLLLLLLCLLLLLLLRLLL
222LLLLLL11 1112 KKKKKKKK e o oo oo oesdJJIJISIIJIII0000000C0000T TTTITITITTLITIIIIITEITIICCCCLLLLLKLLLLLLLL
M2222LLLLLLL1 1111 1KKKKKKKK e esceseesedJJJIIIISIII4J00000000300000 I TITIFRIITIITEITIEITIIVIRITITRITICCL
MMM22222 LLLLLLL1111 1 1KKKKKKKKKs e s sossoe e JddJJJJIII44000000000000000000600 I 1T IEEEITITTITRILITLIFLLILT
MMMMM 22222 L LELLLL1111 111 KKKKKKKKKK e s sss s o voee s JJJJJIIIIII30000000000000000000000000001 TTETITIILEITLT:
333MMMM222222 LLLLLLL 1111111 IKKKKKKKKKKK e s a0 0 0 00000 eae JJJJJIIIIIIIJ4000000000002000000000000000000000
N3333MMMMM222222LLLLLLL1112 2111 1KKKKKKKKKKKKe s oo s e seseddIJIIIIISIIIIIIIIIIGISI000000000000000000001
NNN33333MMMMM 2222222 L LLLLLL 111111111 LKKKKKKKKKKKKKKe e ssoeeeeseeeJIJIIIIIIIISIIIIIIISISIIIIIIIISIIIOLT
4NNNN33333MMMMMM2 222222 LLLLLLLLLE 1112211111 1KKKKKKKKKK Ko soossssescessvsssesss JJJIJIIIIIIIIINIIIIIIIID:
4444NNNN333333MMMMMM2222222 20 LLLLLLLL 112111111111 IKKKKKKKKKKKKK oo esssosaaesesassssossssenseses oJ
004444NNNNN333333MMMMMMM2222222220 LLLLLLELLELL111111 ETIKKKKKKKKKKKKKKKKKKKKKKKe s o oo ossssasaress
500004%%4NNNNNN333333MMMMMM MM 22222222220 L LLLLLLLLLLL 111111 111111 1KKKKKKKKKKKKKKKKKKKKKKKK KKKKKKKKKKK
. 5555000044444NNNNNN3333333MMMMMMMMM222222222220LLLLLLLLLET11112122321 3111111111211 1KKKKKKKKKKKKKKKK ;
PPR5555000044 4444 NNNNNN33323333MMMMMMMMMM 222222222222 L LLLLLLLLELLLLLLLLITIIIIREI T2 LFLILLIIILY
66PPPP 55550000044%4%%NNNNNNNN 333333333 MMHMMMMMMMMM2222222222222 0 LLULLLELLLLLLLELLLLLLLLLELLLELLLLLL)
. Q6666PPPP555550000004444444NNNNNNNN333333333333MMUMMMMMMMNM222222222222222222222222222222222LLLLLLLLL
7Q0006666PPPP 5555550000004% 444444 NNNNNNNNNNN 333333333 3MMMMMMMMMMMMMMMMMMMMMMMMM222222222222222222222
R777Q0QQQ66666PPPPP 555555000000004 44444444 4NNNNNNNNNNN33333333333333333333MMMMMMMMMUMMMMMMMMMMMMMMMM
8RRR7777QQQQ0Q 66666 PPPPPP55555550000000004444444444444NNNNNNNNNNNNNNNNN333333333333333333333332333333
S8888RRR77777Q0Q0Q666666P PP PPPP55555555500000C000000044 444444444444 454NNNNNNNNNNNNNNNNNNNNNNNNNMNNNEIN ©
995SSB8B88RRRR 77777Q00Q0Q6666666 PPPPPPPPP5555555555555000000000000000000004444444444444446 54444444000
1799995555838 8RRRRR 7777 77QQCQAACA6666666666PPPPPPPPPPP5555555555555555555555555555555555555555555555
000TTTT99995$SSE8B88RRRRRRT 77 77777Q0QCQQQAGQAC66666666666PPPPPPPPPPPPPPPPPRPPPPPRPPPOPPPPPPRPPPPPPPPP
S 9YUUO0OTTTT999995SSSSBBE88 BARRRRRRRRTTT77777777QQ0QQQQ00Q000000€666666666666666666666000009000009
VVVA9 9 1QUU0000TT TTTS99999 SSSSSSS 888888888 RRRRRRRRRRRRTTTIT 7777777 TTTTTTTTTITTTTITIT77TTTIT7TTTRRRRRR
WH===VVVV.1 1-0 s yGUU000D0 TTTTTT999999999 5SS 5S55555558886888888848868838888R6885888808888888888888855SSS.
fGGXXXHHH---4VVVV""'UUUUUGOOOOOOOTTTTTTTTTTT99999999999999999999999999999999999999999999999TTTTTTTT
_..—-..____ _---l---—'_-——'----l ] | l 4 | |--_-l.—---.—--—l ----' L) ax
160s°.  170.° . 180e - 1904 - 20Qe . . 210e 230;‘<"z7a2404*"
THE FOLLOWING GIVES A LIST IN ASCENDING ORDER SUCH AS: - L ZH50. C/KWHR
AgEB=C+D 4 ESF*G6/HCIO0OJK1IL2M3IN 9
14438 IS THE MIN cosr REPRESENTED BY(A).COND.TEMP-

300

95. .ULC#0.42 TAU#0.83 ALFA#0.90 SEL.HDNEYCDMB

ﬁic'f»< gAb:AthN;INTENSITvesolLER-Ienp..VchosI-;pf



FORTRAN IV G LEVEL 1, M99 3 ’ e ec QATE = 667%3 17712721

ocol

occ?
0co03

0C04

0005
0co6
0007
0008
0009
co1e
oc1l
012
0013
0c14
0015
0016
oc17
00618
ocls
0020
0021
0022
0023
0024
0025
0026
0027

[aNakel

42
44
45

47

48

51

SUBRJUTINE COLLEC ° .

HONEYCOMB CELLS MADE FROM MELINEX PLASTIC FILM H/D#S , Dé1 CN.

ORDINARY BLACK PAINTED, DATA CCURTESY OF G.PERI y UNIVERSITY OF

MARSEILLE . ’ . . -

DIMENS IGN IPRINT(1C1), ISIGN{S51},FINCCS(3002),EF(12,5)

DIMENSION. PL{11),P2(L1), TICLY),T2011),HVIL 11} HVZ2U1L)4HFLI(LL ),
IHFLZ(ll).SVl(ll).SFL\(11).SFL2lll).le(ll)-SXZ(!I),SVZ([I),
ZHxl(ll).”lell’)RADION(IZvB)'Xllll)lXZ(lr)'ETACDL‘5)oETATUR(5)’
3ULCIS5) s TAULS) (PO AER{S) JALFA(S), ETAPUM[5)

COMMON Pl'PZ"l'TZ'HVX'HVZ'HFLl}NFLZrSVl'SVZ.SFLI[SFLZtSXl'SXZ!
LHX1,HX 2, RADION s X1 4 X2, ETACOL, ETATUR, - ULC, TAU,PORERy ALFA,
2ETAPIM,ELOW s PIPLIS  FRICLS s QADDORE Sy CINSUR, TCWT , TCHIOJUTIL o SUNRAD, -
3AQEA.COLINV.SfOlNV'SlNlNV.TURINV.COI[RV'REPAXR.GPERTN.ENTRS.EKPtlF

COMMON  ToJdoKob odoN oI ToJIpKKoLL M4 oNNyTIp Iy 1L o 14,y IN

COMYOIN ETARAN,TAABI 4EF yQUSEF, TOTHSU, TCTWRK

TCENI={(T1(I)-32,3%0,.555 .

TAMCEN={TAMRI-32,}%(,555 -

ETANQME 0.46- (TCEN1-TAMCEN-85.)%0,G072

RADVMET=RADIONII1,J4)%3,17

ETRAFC=1,0-2 Np129%{1060.~RADMET) =0, C0G00295%{ (1330, ~RADMET ) 3%2)

ETACOLIK)=E ANGMx ETRAFC

IF(ETACCOLIK}142,42544

ETACOL(K)}=06.00N091

AREA=QUSEF/(ETACOLIK)*RADION(IT,JJ)}

EF(I1,JJ)=ETARANXETACOL(K)

TFLEF(T1,09)0)47,47,48

EF(IL.3J)=0.

TOTHRK=1.0

GO -TO0 51

TOTHOU=240G,

- TOTWRK=AREAREF({ I1,JJ1*RADIONUITJJ)*TCOTHNOU/ 3413,

COLCOS=6.0%AREA :

ASSEM=1.2

COLTNV=COLCOS*ASSEM

RETURN

END

TOTAL ME4ORY REQUIREMENTS 0034C4 3YTES

PAGE 0001

SUBROUTINE

o3



O DN WA -

160,09
161.90
162. 00
163.99
164,00
165.00
166.00
167.00
168. 00
169.00
170,00
171..00
172.00
173.00
174,00
175.00
176.00
177.00
178.00
179.00
180.09
181.00
182.00
183.00
184.00
185,00
186.00
187.00
188,00
189.00
190.00
191.00
192.00
193.00
194.00
195.00
196.00

-197.00

198,00
199.00
200,00
201.00
202.00
203.00
204.90
205.00
206,00
207.00
208.00
209.00
210.00
211.00
212.00
213,00
214.00
215.00
216.00

"217.00 -

95.00
95.00
95,00
95.00
95,090
95.00
95,60
95.00
95.00
95.00
95,00
95.00
95.0¢C
95,00
95,00
95.00
95.00
95.00
95.00
95,00
95,00
95.00
95.00
95,00
95.00
95.¢0
95.00

.95.00

95.00
95,00
95,00
95,00
95,00
95.00
95,00
95.00
95.00
95.00
95,00
95.00
95,00
95.00
95,00
95,00
95.00
95,00

. 9%.C0 -

95.00
95.00°
95.00

95.00 -

95.00
95.00
95.00
$5.0C
95.00°
95.00 -
95.00°

15041.87
14953.07
14867,37
14784.61
14704, 75
164627.66
14553.19
14481, 37
14412.04
14345.18
14280, 63
14223.07
14167.59
14114.09
14062.59
14912.99
13965, 22
13919.32
12375.13
13832.74
13792.02
13755.91
13721.35
13688,27
13656, 73
13626.61

' 13597.96

13570.7¢C

‘13544, 85

13520.36
13497.20
13478.00
13460.05
13443,.39
13427.91

~13413.70

13400.65
13388, 82
13378. 19
13368.,72
13360.45

13355.86
13352.41 -

13350, 06
13348.83

13348.71

13349.67

13351.75-
13354.95 .
“13359.23

13364.64

13373.52
©13383.48
-13144.51
- 13156.66
-13169.92

13184,27

13199.73

2601.69
2586433
2571.51.
2557.19
2543.38
2530.05
2517.17
2504.74
2492,715
2481.19
2470,02
2460.C7
2450.47 -

t2441,22

2432.31
2423.73
2415.47
2407.53
2399.89-

" 2392.56

2385.51
2379.27
2373.29
2367.57
2362.11
2356.90
2351.95
2347.23
2342.76
2338,.52
2334.52
2331.20
2328.C9
2325.21
2322.53
2320.,08
2317.82
2315.77

.2313.93

2312.30
2310.87
2310.07
2309.47
2309.07
2308.86

- 2308.84

2309.00

. 2309.36

2309.91
2310.66

. 2311.59.°

2313.13.
2314.85

2273.52°
.2275.62
L 2271.91
©2280.39
2283.07

Oel%
Cold
0.14
0.14
0.14
Oel4

D.l4"

Col4
0.14
C.l4
C.14
O.14
0.14
O.14
O.14
0.13
0.13
0.13
0.13
0.13
Col3
C.13
0.13
0.13
C.13
C.13
0.13
0.13
0.13
0.13
C.13
0.13
C.13
0.13
0.13
0.13

0.13.

C.13
c.13
0.13
0.13

0.13°
0.13
. 146G8.34

0.13
0.13
0.13

‘0,13

C.13
0.13
O.13

c.13.
0.13 .
0.13

C.13
0.13
0.13

S 0.13 7.
C.12

1422419

1643,32
1630.98
1619.98
1607.58
1596449
1535.79
1575.44
1565.47
1555484
1546455
1537.59
1529.59
152139
1514446
1507.30
15C0,42
1493.78
148741
1481,27
1475.38
1465.73
1464, 71
1459,91
1455.32
145094
1446.75
1442.77
1433.99
1435.40°
1431.99
1428.78
1426411
1423.62
1421,30
1419.16
1417.18
1415.37 .
1413.73
1412.25
1410.93
1409,78
1469.15
1408.67

1408:17

. 1408.16

1408,29
1408.53
1409.02
1409.62
1410.37
1411.60 -
1412.98

1414,52

1416.20
" 1418.9%

1420.04

11831.87

11743.07
11657.37

11574.51
11496,75

11417466
11343019

11271.37
11202.04
11135.18

11070.63

11013.07

10957.59 " -
10904.09

10852.59
103832.99

10755.22

10799.32
10665.13
1C622:74
10582.02
10545,.91
10511.35

16478.27

10446,73

T 10416.61
10337.96.

10350, 70
10334.85
10310.36
10287.20
1026800
10250.05
10233.39

10217.91
10203470

10190.65
10178.32
10168.16
10158,72
10150.45
10145.86

10142.41

10140.926
17138.83
10138.71

©10139.67

10141.75
10144495
10149.22

10154.564

10153.52
10173.48
10134.51

10196466 .
-10209.92

10224.27
- 10239.73

330.00
330.00
330.C0
33C.00

. 33C.00

330,00
330.00

33C.00°

230,00
33C.00
230.00
33C.00
330.00

©33¢.06
330,00

330.00
33C.00

330,00

330.00

33C.00

330.00
330.00

- 330,00

330,00
33C.00

© 336,00

330.00
330.00
330,00
330.00
336,02
330.00
330,00
330,00
330,00
330.00

23C.00 .

33C.00
33C¢.00

- 330,00

330.02

33C.0¢

330,00
330.0C
33C.00
336.00

" 330,00

33C.09
33C.0N0

. 330.00

330.00
330.00

.330.00
336,00
330,00
330,00
330,00 -

33¢.00

0.77
0.77
0.76
0.76
0,75
£.75
0.75
C.-'L

074
.73

2.73
TeT2
Ca72

Ce72 .

0.71

L ClT1
0.70°
€70

0.70
Ce69
C.€Q

068

n.68
N.67
Ce67
fe€7
Ceb6
0.66
C.65
0.65
C.64
L.64
0.6%
0.63
C.63

0,62

0.62
Geb2
0.€1
C.61
Ca6C
0.60
C.59
0.5¢
Q.59
G.58
0.58
0,57
C.57
G.56
0.56
C.586
0.55
D.55
C.54
G.54

G54 -
0.53

T .08
0.C5
[N ]

Q.05 .

Je S
2,35
005
2.C5
D05
2.05
0,05
Cl.(5
0.05

0.05 -

0.05

Q.05 -

0.05
.65
TS
2.C5
N.05
0.C(5
C.C5
C.CS
C.05
0.05

0.05 -

0.c5
0,05
0465
04CS
0.65
0.05
£.05
205
S 0.05
0.05
0.05
0,05
0.05
n,05
" 0.05
0.05
2.65
0.05
© 0.05
2,05
n.05
0.05
0.05
. 0.05
0.05
0.05

£.C5
. 0.05 "

0.05
C.05

T0.05- -

SAMPLE RESULTS fﬂ? PROGRAMME: 03
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HHEHHHH/IIIIIIIIIIIIIIIII/III/GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG//I//II///l//l///l/lHHHHHHHHHH  A
HHHHHHHHHHHH{/I/II////ll//I//I/I//(II/I////III//I////GGG(III///I/////////I/IIII///II/HHHHHHHHHHHHH<<¢ﬁ'. -
<<<HHHHHHHHHHHHHHHH/]//////////////////I//////Y/IYI//I//////////////l////l////HHHHHHHHHHHHHHHH(((((( 320
<<<<<<<(<HHHHHHHHHHHHHHHHHHHHHHH/l/////////////ﬁ////l/l///L//////l//HHHHHHHHHHHHHHHHHHHH<<<<<<<<<<<< C s
II<<<<<<<<<<<<<<HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH<<<<<<<<<<<<<<lIILl
lll[lIlI<<<<<<<<<<<<<<<<<<<HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH<<<<<<<<<<<<<<<<<II[IllIlII!O .
OOOIIIIIlllIlIIl<<<<<<<<<<<<<<<<<<<<<<<<<(<<<<<<<<<<<(<<<<<<<§<<<<<<<<<<<<<<<(<<lIIIII[l[IIlIOOOOOQO 300
000000000011IIIlIlIIIIITIllllI<(<<<<<{<<<<<<<<<<<(<<<<<<<<<<<<<<<<<<lIIIIIIIlIlllll!IIOOOOOOOOOOOJJJ '
JJJJJJOOOOOOOOOOOOOO!IIIIIIIITIIIIIIIIIIIIIIllllllllllllIIlIIII[IIIIIIlIIIIIOOOOOGOOODOOOOJJJJJJJJJ.’
..o.JJJJJJJJJJJJ000000000000000000000000OOOQOCOOQOOOOll[IOOOOCOOCOOCOOOOOOOOOOOOJJJJJJJJJJJJ.;.q.-..J o
KKK..........JJJJJJJJJJJJJJJJJJJJJOOG000000OOOOOOOOOOOOOOOOOOOOOJJJJJJJJJJJJJJJJJJ...;r...a..KKKKKKK - 280
lllKKKKKKKKKK.................JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJ...;......J.-...KKKKKKKKKKlilllll
LLLLI 111111llKKKKKKKKK‘KKKKKKKon- eevesrscss o co.-.oc.o;-ociuno.c.o oKKKKKKKKKKKKKKKKIIIIll\lllLLLLLLLLZ
ZZZZZZLLLLLLLLLLIIIIIIIIlllllllll1IKKKKKKKKKKKKKKKKKKKKKKKKKKKKIll1111111111111LLLLLLLLLL2222222M”MM L
333FMMMMMM2222222222LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLZ2222222222MMMMMNMM333333N-fZ&O
‘45NNNNN333333333MMMMMMMMHMMMMM222222222222222222222222222222222222MMMMMMMMMMMMM333333333NNNNNNN44444 S
50000004444444NNNNNNNNNNNN3333333333333333333333333333333333333333333NNNNNNNNNNN4444444400000055555P'
666PPPPRP55555550000000000004444444444444444444444444664444444444440000000000055555555PPPPPP66666QQQ‘ .
RRR7717QQQQ00066666666PPPPPPPPPPPPPPPPPPPPP5555PPPPPP5555PPPPPPPPPPPRPPP6666666690QQQQQ77777RRRRRS&S ..240
T9999SSSS888888RRRRRRRRR77777777777777777777777777777OQ777777777777777RRRRRRRR8838SBSSSSSSQ9QQTTTT00 C
VV""UUUUOOOOOOTTTTITT99999999999999SSSSSSSSSSSSSSSSSSSSSS999999999§9TTTTITTTOOOCOOUUUU""'VVV—-~~ S
-ZYYY&&&XXXXXNNHHW---*--VVVVVVVVVVV'""'!""""'!F"'!"!'VVVVVVVVVV-————f-wNHWHXXXXXG&G&VYYZZZ'

. Z21211122221727222Z2222212222222212112 s - 220
- . 200
[] . .’ l--_—!--,—';---l____l__;_" "~ ’—- f;___'__;_o;--;l-__-i-__-n___-n--_él;_;_n
"160. 170, 180, . 190, 200, “210. 220. 230, ‘240, . 250,
‘THE FOLLOWING GIVES A LIST IN ASCENDING ORDER SUCH AS - A1 C/KWHdR Z#50 C/KWHR Co '
A2B=C+D, ESF2G/7HCIOJ .K1L2M3INGZOSPO6ODTRSSIT OyYy''"v-wixeay??

12.65 IS THE MIN COST REPRESENTED BY(A)’CQND.TEMP= '~ 95, ULC#0.T0 TAU#0.88. ALFA%0.,93 PLAS.HONEYC. . 1«

FIC < RADIATION INTENSITY-BOILER TEMP. VS COST ™



FORTRAN IV G LEVEL 1y MoD 3 COLLEC DATE = 69048 17715738 PAGE 0001
0001 SUBROUTINE COLLEC . , :
c YIRROR BOGSTERS AKE ADDED 10U ENHANCE THE RADIATION INTENSITY
c EACH CCLLECTOR 1S EQUIPPED WITH TRANSPOSABLE SIDE MIRRORS
C THE.MIRRGR AREA IS ABOUT 5 PERCENT MORE THAN THE -CCLLECTOR AREA
C YO COMPENSATE THE INCREASED EDGE LOSSES . :
0002 DIMENS ION lPRlNT(lOlD.lSlGN(sl).FlNCOS(BOOZD.EF(12.6) ’
0003 DIMENS ION Pl(lll'PZ(II)lTl(ll)'TZ(ll)’HVX(ll'nHVZ(lll,HFLl(ll).
1HFL2(11).SVlllll.SFL!(lll.SFLZ(II).SXI(ll).SXZ(ll).szlll);
ZHX!(ll)oHXZ(llinRADlON(lZua)'XI(lll|X2|11,'ETACOL(5)'ETKTUR(S’O
3ULC(5)'TAU(5)’PUHER(5,yﬂLFA(5)yETAPUH(5) .o c
0004 CUMMON Pl'PZpTloTZ'HVI'HVZ'HFLIQHFLZ'SVIoSVZtSFLloSFLZ.SXl.SXZD
lHXl.HXZ'RADION'XIoXZ.ETACUL.ETA'UR.' . ULC,TAUPONER ¢ ALFA,
ZETAPUHoFLUNnPIPLES'FR‘CLS.QAUD:QREJ.CUNSURQTC“]'TCHU|UTle5UMRADv
3AREA-CCL(NV'STOINV.SININV'TURINVvCUTINV'RERA‘R'UPEFtNoENTRSvEXPLIF
0005 COMMON l'JIK'L'H'N’ll'JJ’KK’LL'HM'NN'lJ"K'lt’t"’["
0006 COMMON ETARAN'TANBI'EF10USEFvTOTHOUnfDTHRK .
c THE MIRRCR BOOST FACTOR FOR DAY LONG OPERATION IS TAKEN AS 2
0007 BUUSMI=2.0 . :
C ACTUAL AVERAGE RADIATION INTENSITY ON THE ABSORBER PLATE
2008 RACONC=RADION{ 11,JJ)*BCOSH]
0009 JMh=1
0010 ETACOL{L)=0.30
011 ULCIK)=0e62
0012 ALFA(K )=0.9
0013 TAUIK)}=0,78 -
0014 EFPRIMN=0,9. - ’ -
2015 CHECK=RACDNC*TAU(K)*ALFA]K)-ULC(K“(Il(l)—TAHB!)
0016 RADCRT=1.05‘ULC(K)‘(‘1(ll‘TAHBl)I(TAU(K)*ALFA(K)’
0017 IF (RACCNC-RADCRT 147947439
00138 39 IF(CHECK)47,447441
0019 &1 AREAPP'=QUSEF/{ RACONC*ETACOL(K))
Q020 G=FLON/{0. 1*AREAPP) i
0021 520 EXPON=EFPRIM*ULCIK)I/G
0022 IF(EXPCN-100.) 52295227523
0023 522 FLOFACF(l.’(lo/(20718**EXPUN)))/EXPUN
0024 GO TC 526
0025 523 FLOFAC=0,01
0026 526 FR=FLOFAC¥EFPRIM - '
0027 GRESEN=0.1‘QUSEFI(FR‘(RACONC"AU(K)*ALfA(K)-ULC!K,‘
1(T2(J)-TAMBI}) ) .
0028 ARELAT=0.9‘QUSEF/(EFPRIH‘(RACONC*TAU(K)*ALFA(K"ULC(K)*
1T T}-TAMBE)})
0029 AREA=ARESEN+ARELAT
0030 G=FLOK/ARESEN
0031 JHR=J¥Ne L : o
0032 ETACOL (X )=FR*CHECK/RACONC
0033 lF(JﬂN-Z)SZO-SZO:QS R
0034 45 EF{10yJJ)=ETARANSETACOLIK)
0035 IFCEFCIToJJ)04T94T4+48
0036 47 EF(I14390=0.
0037 : TOTWRK=1.0
0038 GO 70 51
0039 48 TOTHOU=2400. .
0040 107"RK=AREA*EF!Il'JJ"RkCUNC*TOTHOU/3kl3.

SUBROUTINE

04



FORTRAN IV G LEVEL 1, HGL 3 -CULLEC DATE = 66048
0041 AMIRR=1,05%AREA

0042 COSMIR=0.6

0043 COSFRM=0.4

0C44 51 COLCOS=505*AREA+‘HIRR¢(CUSMIKOCOSFRN)

0045 ASSEM=1.2 _

0046 COLINV=COLCOS*ASSEM

0047 RETURN

0043 END

TOTAL MEMCRY REQUIREMENTS 0036A0 EYTES

17/15/39

PAGE 0002

Ty



226400
227.00
228,00
229,00
230.00

.231,00

232,00
233.00
234,00
235,00
236,00
237,00
238,00
239,00
240,00
241,00
242,00
243,00
244,00
245,00
246,00
247,00
248,00
249,00
250 CO
251.00
252,00
253,00
254400
255,00
256,00
257.00
258, 00
259,00
160, 00
161,00
162,00

“163.00
. 164,00

165,00
166, 00
167,00
168,00
169. 00
170.C0
171,00
172.C0

"173.00
174,00
"175.00

176400
177.00
178,00
17S.00
180,00
181.00

1182400 .
183,00
-184. 00

95.00
95,00
95.00
$5.00
95.00
95.00
95.00C
$5,00

" 95.00

95,00
95.00
95,00
95.00
95.00
95.00
95.00
95,00

95,00

55.00
G5.00
95,00
95,00
95.00
95. 00
9500
95,00

95,00

95,00
95,00
95,00
95,00
$5.00
95.00
95,00
95, 00
95.00
55.00
55,00
95.00
95400
$5.00
55400
S$5.00

95,00

95,00
95,00
95,00
95.00
95,00
95,00
95,00
95,00
95,00
95,00

S$5.00

95,00
‘95,00
95,00
95,00

8479499
8456471
8433.75
8411410
83684 76
8367452
8346456
8325, 67
8305445

- 8285428

8265438
8245.73

8226433

6207, 18

£188.29 -

8170443
6152.79
8135.37

8118. 16

81C1.17
60644 39
8(67.81
8051.43
8035,26
8019.27

| 8004434

7989.57
7574.99
7960457
7946434
7932.25
7918434
7504460
7891,01

12249, 72
"12145.31

12043472
11944, 77
11848445
11754457
11663,05

T 11573, 87

11486.88
11402.06
11319,27
11241, 87
11166.27
11092, 36
1102013
10949:50
10880441
108124 85
107464 70

10662401 .
10618, 68.

10558 72
10499. 98

10442, 40 -

10385.59

1466073
14624 70
1456, 73

- 1454, 61
. 1450.,95

1447.27
1463,65
1440.,07
1436454
1433.C5
1429.61
1426421
1422.85

‘1419.54
1416.27 .

1413.18
1410413
1407412
1404.14
1401.20
1396430
1395.43
1392.60
13€%, 80
1387.04
1384.46
1381.90

1379.38

137¢. 89
1374442
1371.99
1369.58
1367.20
1364485
2118. 75
2100, 69

2063.12 .

2066.,01
2049.34
2033,11
2017.28
2001.85
1986481
1972. 14

1957.82

1544.43
1931435
1918.57
1906,08
1893, 66
1681.91
1870.23

1856, 78.
1847,59

1836464

1826427
.1816,11 °
1806415 ..
1796439 -

0.09
009
0.09
0,09
0,09
C.09
0.09
0.09
0,09

0,09

0.09
0.09
0.09
C.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09

0.09

0.09
0. 09
0.09
0,09
0,08
0.08
0,08
0.08
0,08
0.13
0,13
0O.13
0.13
0.12

0.12

0.12
0.12
C.12
c.12
0.12
0.12
0.12

012’

Cel2
0.12
Cell
0.1‘.
0.11

. 0ell

0. 11

T Cell

Go11

L0611

0. 11

702425
699,33
596441
693,53
690,68

687.68°

685,31
682,68
680,08
677,52
67499
672,49
670,02
667,58
665218
662,91
660,66
658445
656426
654,09
651496
649485
647,77
645,71
643,67
641,77
639,50
638,04
636421
634,39
632,60
630,83
629,08
627.36
1150,09
1126.81
1123.88
1111.36
1099, 04

1087.1¢

1075.45
1064.11
1053.04
1042.25
1031.71
1021.87
1012425
1002.85

993466

984,67

975.88

967.28

958,87
950. 6%
942,58
934,95

© 927448
920.15

912.98

5515099 -

54964 71
5473, 75
5451.10
5428476
5607, 52
5386456
5365.87
5345,45
5325,28
5305,38
5285,73
5266433
5247.18

5228.29

5210443
5192479
5175.37
5158416
514117
5124439
5107, 81
509143
5075,26

5059,27

5044434
5029.57
5014499
5000, 57

4986434

4972.25
4958434

T 4944,60

4931,01
9039,72
8935,31
8833,72
8734,7
8638,45
8564457
8453405
8363487
8276.88
8192.06
8109, 27
8031.87
7956427
7882.36
7810613
7735.50
7670441

7602485

7536470
T472.,01

. 7408468

7348472
7289,98

7232440
7175.99. 1

330.00

330,00
330,00
330,00
33C.00
330.00

330,00

330,00
330,00
330,00
330,00

330,00
© 330,00

330.00
330.00
330,00
330,00
330,00
330,00
330.00

- 330,00

330.00

330,00

330,00

"330.90C
© 330,00

330.00
330,00

. 330,00

330.00
330.00
330.0C
330,00
330.00
325,00
325.00

325.00 -

325,00

T 325400

325.00
325,00
325.00
325400
325.00
325.00
325.00
325,00
325,00
325.00
325,00
325,00
325,00
325,00
325.90
325.00
325,00
325.00

. 325,00
'325.0C

0,46

Neteb -

0,45
0.26
0e%6
0446
0,46
0,46
Neth
0,45

Ne&5 .

0,45
0445
0.45
n.&5
0,45

0,65

045
0,45
0.45
0,45
Ce45
0. 44

0,64

.44

0664

[ TS
N.44

0064

0444
0. 44
Dottt

0ebb
0444
. 0651
.0e51 -

0.51
0.51
0451
N.51
0,51
0,51

‘0651

0. 50
0.50

© 0.50
0,50
0.50

0,50
0.50

0459

0.50
0.59

10.59
Qe52.

0.50
0,49

0,49
. 0440

0,05
0.95
0.0%
0.05

0,05

N.05
0405
0.05
0.05

. 0.05

0,05
0.5
005

"0,05

0.0%
0.05
0.05
0,05
G.05
0.05

- 0405

0.05
2.05

‘D05

0,05
0..05
0,05
0.05

0.05

0.05
CeC6
0.06

‘0,06

0,06
0,03
0.93
0.03
0.03
0,03
0.03
0,03
0.03
0.03
0.03
0.03
0,04
0,94
0.04
0,04
0.04

0,04

0. 04
0.04
0.04
0,04

0,04 "
0o 04 .
204
T .04

SAMPLE RESULTS OF PROGRAMME: 04



GGGGGGGG#************FFFFFFFFFFFFFFFFFFFFF$$$$$$$5$$$$$$$$$$$$$$$$$EEEEEEEEEEEEEEEEEEEEFEEEEEEEEEEEE
GGGGGGGGGG**************FFFFFFFFFFFFFFFFFFFFFF$$$$$$$$$$$$$$$$$$$$$$$$$$$EEEEEEEEEEEEEEEEEEEEEEEEEEE L
/GGGGGGGGGuG***************FFFFFFFFFFFFFFFFFFFFFFF$$$$$$$$$$$$$$£$$$$$$$$$$$$$$EEEEEEEEEEEEEEE‘EEEEE_‘320
///GGGGGGGGGGG****************FFFFFFFFFFFFFFFFFFFFFFF$$S$$$$$$S$$$$$$$S$$$$$$$$$$S$$$S$EEEEEEEEE‘EEE S
/II//LGGGGGGGGGG***************f*FFFFFFFFFFFFFFFFFFFF$$$$$$$$$$$$$$$$$$$$$$$$$$S$$$$$$$$$$$5S$SSsEEE'
1771777 GGGGGGGEGGEER % kkk kit ttdkd sk dFFFFFFFFEFFFFFFFFFFFE35$38583¢58583385306388456685588886888885688 - - - -
/////////CGbGGGGGGGGGG*********#********FFFFFFFFFFFFFFFFFFFFF$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$S$$$$$'l300“
HH////I/I//GGGGGGGGGGGGGG********************FFFFFFFFFFFFFFFFFFFFFFF$$$$$$$$$$$$$$$S$$$S$$$S$$$$$$$$~ .
HHHH///////I//GGGGGGGGGGGGGG*********************FFFFFFFFFFFFFFFFFFFFFFFFFF$$$$$$$$$$$$$$$$$$S$$$$$$
HHHHHHII/////////GGGGGGGGGGGGGGG*********************FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF$$$$$$$$$$$$$$$ R
HHHHHHHH///////////GGGGGGGGGGGGGGGGG******g**********FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFssss ‘280
((HHHFHHHHH/I//I//I////oGGGGGCGGGGGGGbGG*******************FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF5 :
<<<<HHHHHHHHH//I//////////GGGGGbGGGGGGGGGGGGG**********************FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF.
<<<(<<HHHHHHHHHHH///////////I/GGGGGGGGGGGGGGGGGGGGG*************************FFFFFFFFFFFFFFFFFFFFFFFF )
l<<<<<<<<HHHHHHHHHHH//////////////IGGGBGGGGGGGGGGGGGG***********************************FFFFFFFFFFFF 260
111 <SS KHHRHAHBHHHRHAL 7777717711 117711GGGG6GG66GGGGG6 G666 % # ki ek stk gk ook gtk ook gk bk i -
IllllI<<<<<<<<<HHHHHHhHHHHHH/l///l////////////GGGGGGGGGGGGGGGGGGGG********************************** )
OllllllII<<<<<<<<<<HHHHHHHHHHHHH/l/I/////l///I/////I/GGGGGGGGGGGGGGGGGGGGGGGG***********************
0000[Illllll<<<<<<<<<<<HﬁHHhHPHHHHHHHH//////I////////GbGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG****** 240
0000000111111IlI<<<<(<<<<<<<HHHHHHHHHhHHHHHH/I///////I/IIII////GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG -
JJJOOOOOOO[IIlIlIIIl<<<<<<<<<<<<<HHHHHHHHHHHHHHHHHHH//////I////////////////GGGGGGGGGGGGGGGGGGGGGGGGG
JJJJJI00C00000 T TTIITIT1II <K<K KKHBHHHHRHHHHRHHHZ 227771777770 17707770070107171717777717177/7GGGG . o
..JJJJJJJOOOOOOOOOIIIIIIIIIIlI<<<<<<<<<<<<<<<<<HHHHHHHHHHHHHHHHHHH//////////////I/////////////////// 1220
...o-oJJJJJJJOOOOOOOOOO!IIlllllllllIl<<<<<<<<<<<<<<<<HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH///////I//////// o
KKK.....oJJJJJJJJJOOOCOOOOOOOIll[lillllllllll<<<<<<<<<<<<<<<<<HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHi
KKKKKK........JJJJJJJJJOOOOOOOOOOOOOIllIlIIlllllIIIlI<<<<<<<<<<<<<<<<<<<<<<(<<<<<HHHHHHHHHHHHHHHHHHP~1 ‘ -
1111KKKKKKK.......oJJJJJJJJJJJOOOOOOGOOOOOOOOlIIXIIlll[lllII!4<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<< 200
LLIlllllKKKKKKKK......-.yJJJJJJJJJJJJJOOOOOOOOOOCOOOOIIIIIIIIIIlIIllllIllll[llllIIIIIIII[I<<<<<<<<<< o
ZLLLLL1111111KKKKKKKK............JJJJJJJJJJJJJJJJOOOOOOOOOOOOOOOOOOOOlIlfllllllllIIlIIIlIIlIIIIIIIII"
ZZZZZLLLLLLllllllllKKKKKKKKKK............o.JJJJJJJJJJJJJJJ000000000000000000000000000000000000000000'
(] 0—-——' L) l .—_-- [ IS l-__._l e § i ) e l PPN PUIGUpIN, PEPNGIpES jputpmmy S,
THE FOLLOWING GIVES A LIST IN ASCENDING GRDER SUCH AS - A#1 C/KWHR.- Z#59 C/KWHR ~ —
AZ2B=C+D,,ES$F%xG6/HLKIOJ.AN1ILZ2M3INALA4DS5 P6QOQTRBSO T ouUrVv - N X &Y Z :
8e44 1S THE MIN COST REPRESENTED bY(A)yCONDeTEMP= 95¢ ULCH#Ne62 TAUHOS 78 ALFA#0.90 MIRROR BOOST:

FI16 < RADIATION INTENSITY-BGILER TEMP. V§S COST



FORTRAN 1V G LEVEL 1, MOD 3 MAIN
c OPTIMI ZATION IN SOLAR POWER PROCUCYYION
[# USING HEAT ENGINES
c Me KUDRET SELCUK
[ UNSTEADY STATE ANALYSIS OF THE SOLAR POWER PLANT
o FLAT PLATE COLLECTOR ,NO STDRAGE.CONSTANT AREA
< MAIN PROGRAMME

0001

00n2 .
0003

0004
0005
0006
0007
0008
0009
0010
0011
o012

0013

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
0039

0040

0041

0042

-
DODNOVHUWUN

-
™

DATE = 69043 17726/49

DIMENS ION FlNCOS(SO)vEFFIC(#O!.RADIAT(QU).”ADTIN(I?;?!.R)'
1ENDAY (12,81, HRKMON(12,8) , AVERAD[12,8),40ONTH{12),EF{12,2)

DIMENS ION VAFLOW (40}

DIMENSION PL{L1),P2€11),T1(11),T2010),HVIL{I1),HV2(11),HFLIC1YY,
THFL20219,SVEL11) o SFLYCIE),SFL2011) oSXIL11),SX2(111,SV2(11},
2HXI(119,HX2(11) ,RADIONCL12,48) X {11} ,X2(11),ETACOLIS)ETATIR(SY,
3VOLl(ll)'VOLZ(II).ULC(SI'TAU(51'POHEQ(5|pALFA(S).ETAPJW(E)

FORMAT (10F 8, 2)

FORMAT {10F8. 4)
FORMAT(5F10.2) .

FORMAT {2F10, 2}

FORMAT( 12F6.1 )
FORMAT {8F10. 2}
FORMAT {1 2F6.2)

FORMAT (E12,6¢15X,E12.6)
FORMAT (F10.2)

FORMAT {6F12.4)

FORMAT (1642F10.0,FR.2,2F10,0,14H BOILER TEMP.#

1184 CONDENSER TEMP.# - FSe0 . /)

18
19
26
27
29

30

31
32
33
34
35
36
37
38
40
60
65
66
67
68
69
70
71
72
76

140
141
143

FORMAY (8F8,0¢2Xy A%44214)

FORMAT (12(2X,A4})

FORMAT (1H1}

‘FORMAT (35H FLOW FACTOR LESS THAN 1 PERCENT
FORMAY (5110)

FORMAT (27H BOILER PRESSURES IN PSIA )
FORMAY (30H CONDENSER PRESSURES IN PSIA )
FORMAY (28H BOILER TEMPERATURES IN F< ]
FORMAT {31H CONDENSER TEMPERATURES IN !F( J
FORMAT (20H ENTHALPIES BTU/LS )

FORMAT (24H ENTROPIES BTU/LB.F )
FORMAT (224 TURBEINE EFFICIENCIES )
FORMAT{19H PUMP EFFICIENCIES )
FORMAT(16H ABSORPTIVITIES | B
FORMAT(20H POWER RATING IN KW . )
FORMAT(16H COLLECTOR AREA#H F12.0)

FORMAT (2X8F 8, 052X ¢A% 42Xy *RAD. 3]

FORMAT (2X8F 84035 2XsA%92Xy* SUN. ) .

FORMAT {26H TOTAL YEARLY RADIATIONY F16.0)

FORMAT (27H YEARLY AVERAGE RADIATION F6.0 /)
FORMAT (2Xy10F6.0,10H RADIAYION 7)
FORMAT (2X,10F643,11H EFFICIENCY "N
FORMAY (2X,10F6.0,10H FLOWRATE 11Hn

FORMAT(8F2,0,5X,16H TOTAL WORKX FOR 4 A6}
FORMAT (15H COST PER KHWHA FBe6+12H COLL.AREAZ
1 14) :

FORMAT (18H TRANSMISSIVITIES ]

FORMAT (31H OVERALL HEAT LOSS COEFFIC!ENY
FORMAT (22H UTILIZABILITY FACTOR }

T FSe 7y

F8,2, 84 TRIAL®

PASE 0001

’

PROGRAMME NO:

1l



FORTRAN IV G LEVEL 1, MOD 3 MAIN

0043
0044

0045

0046
0047
0048
0049
0050
0051
0052

0053

0056
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
0067
0068
0069
0070
0071
0072
0073
0074
0075
0076
0077
0078
0079
0080
0081
- 0082
0083
0084
0085
0086
0087
0088
0089

0090
0091

0092
0093
009¢

145 FORMAT (23H ALL PRICES IN DOLLARS
146 FORMAT{83H WOOD PRICE GLASS PRI.TEDLARP.

R
147 FORMAT(90H PIPE PRICE GOVER.PRI,
1RATION INTEREST LIFETIME,YEARS

148

169 FLZMAT

1001

101
102

103
104

168

1.PRI. CIRC.PUM, FEED PUM.

COND. TUBE = COND. SHELL REPAIR

DATE = £9043
Y

}
£ MAT(5&4H USE FACTOR AMBIENT 'T COOL W 1 COOL ¥ O PIPE HEATLISS

READ (S5929)NNy1JsIKsILTH .
READ (5,1)(P1{M),M=1,10)
READ (5,1)(P2(M)M=1,10)
READ (S591}(TL{M) M=1,10)
READ (5¢1)(T2{M) 4M=1,10).
READ {551){HVI{M},M=1,10)
READ (5.1){HV2{N¥}M=1,10)
READ (5,11 (HFL1(M)4M=1,10)
READ (5¢1)(HFL2(M),M=1,10}
READ. {5929(SV1(M),M=1,10)
READ (5,2)(SV2(M),M=1,10)
READ (5,2)1(SFL1(M)}¢N=1,4100
READ (592} (SFL2{M)M=1,10)

READ (5¢3)(ETATURIM] ¢M=1,5) -
_READ (543)(ETAPUMIM) yM=1,5)

READ (5¢31(ALFA(M)¢M=1,5)
READ {543)({PONER(M) (M=1,5)
READ (5933 (TAUIM) ¢M=1,5) .
READ (5431 (ULCIM) M=1,5) .

(53H Fot—Btak—fak kbt bbbtttk PRI Ty PN P

17/726/49

SHEET IRON GLASWOOL TUR

2PE

)
]

READ (5'6lPRHOOD'PRGLAS.PRTEDL'PRSTEL'PRFIBG.PRTUR{PQCIPJ.PRFEPb »
READ (S5¢6)}PRPIPE,PRGOVR, PRCOTU,PRCOSH,REPATR ,OPERTN, ENTRS, EXPLIF
READ (-5,3)USEFAC,TAMBI,TCHE,TCWO,PIPLOS

READ (5,19) {MONTHIL},L=1,12)

D0 168 L=1,12 - .

GO TD{101,102,101,103,101,103,101,101,103,101,103,131},L

Mx=31

GO TD 104
Mx=28

GO TO 104
‘Mx=30 .
CONTINUE

DO 168 H=1l,MX

READ (5+18) {RADOTIN(L ¢MsN)oN=1,8),MONTH(L), IDAY,IMON

WRITE(6,26)

WRITE(6430) -

WRITE{ &y 1) {PL(M) (H=1,10)
WRITE( 6,31) ,
WRITE( 641){P2{M) M=1,10)
WRITE(6432) -

WRITE( 69 1) (T1(M) 4M=1,10)
WRITE(6,33) ,
WRITE( 6511 (T2(H) yN=1,10)
WRITE(G,34) .- . - .
WRITE (6,11 {HV1 (M) ¢M=1,10)
WRITE6y1) (HV2(H) M=1,10)

HRITE( 6, 11{HFLL1(M),M=1,10)"

WRITE( 6 1) (HFL2(H) 4M=1,10)

PAGE 0002



FORTRAN 1V G LEVEL 1, MOD 3 MAIN NAYE = 69043 17726749
0095 WRITE(&,35)
0096 WRITEL642){SVIIM]) yM=1,10)
0997 WRITE( 642} {SV2(¥) M=1,10)
0058 WRITE(642) (SFLI(M),M=1,10})
0099 WRITE(642) {SFL2IM),N=1,10)
0100 WRITE(6436)
0101 WREITE(6+9)ETATURI(L)
0102 WRITE(6,37)
0103 WRITE(&,9)ETAPUM(])
0104 ) WRITE(6,38)
0105 . WRITE(6,9)ALFA(L)
0106 WRITE(6,40)
o107 . WRITE(6,9) POWER(1)
0108 WRITE( 641400
0109 WRITE(6,9)TAU(1)
0110 HRITE{64141)
011} WRITE(6,90ULC(L) .
0112 . HWRITE(6,145)
0113 WREITE( 64146)
0114 WRITE (696) PRWOOD yPRGLAS, PRTEDL yPRSTEL » PRFIRG, PRTUR, PRCIPJ.PRFFDU
0115 WRITE(64147)
0116 HRlTE(b.b)PRPlPE'PPGOVR.PRCOTU.PRCUSH'REPA!Q.DPFRTN,CNTQS.EXPLIF
o117 WRITE( 64148)
0118 HRITE(&.?)USEFAC.TAMBI.TCHI.TCHO.P[PLUS
0119 D0 100 [=6,10
0129 WRITE(6,26)
0121 K=1
0122 11=1
0123 J9=1
0124 J=4
o125 TOYDAY=0,
c THERMOOYNAMICAL ANALYSIS OF THE CYCLE
c RANKINE CYCLE FOR SATURATED STEAM
c ISENTROPIC EXPANSION FROM THE SATURATED VAPCUR STATE
c. X2 IS THE QUALITY OF STEAM AFTER ISENTROPIC EXPANSION
o126 K2{J)=(SVI{TI-SFL2{J)) /7 (SY2(I)~SFL2(J))
0127 . : HX2(J) =HFL2( 3} +X2(J) £ (HV2(J}-HFLZ{ I} )
c IDEAL WORK
0128 HWOUT=HY1 LI )-HX2(J)
: . c ACTUAL WORK
0129 HOUA=WOUI#ETATUR (K)
0130 . QADD=HVL{ T)-HFL2(J)
c PUMP WORK
0131 T WPUMP=0,00298%(PI(I1~P2(J))
0132 WPUMPA=HPUMP/ETAPUM(K)
C . NET -WORK
0133 WNETT=WOUA-HPUMPA
. c RANKINE CYCLE EFFICIENCY
0134 ETARAN=KNETT/QADD
0135 QREJ=H2(J)-HFL2(J)
0136 ALFA(K1=0.9
0137 TAU(K; =0, 83
o138 ULC{K) =0, 423

[+ CRITICAL RADIATION INTENSITY BELOW WHICH NO USEFUL HEAT COLLECTION

PAGE 003



FORTRAN 1V G LEVEL

0139
0149
0141
0142
0143
0144
0145
0146
0147
0148
0149 .
0150
0151

0152
0153
0154
0155
0156
0157
0158
0159

0160

0161
0162
0163
0164
0165

0166
0167
) T3]
0169
0170
0171
0172

0173
0174
0175
0tL76

0177
0178
0179
0180

0181
0182

c

301
302

303
NG

- COMPARING THE HOURLV RADIATION INTENSETY WITH THE CRITIZAL

186

‘185

186
187
285

288

289

291

311

1, MOD 3 MAIN PATE = &OD41 17726/49 PAGE Q004 -

SHOULD BE ATTEMPTED
RANCRT=1.082ULLAK)2{TLLT)-TANBI) /(TAUIK Y *ALFALKYY

0N 285 L=1,12
cn,tn(301,3nz.301;3c3.301.3n3.3c1,301.301.3cx.303.301:.t
uy=31

GO TO 304

My=28 -

GO TO 3N4

Mv=3¢

CONTINUE

00 285 N=1,8

DAYLOU=0,

SUMRAD=04

DO 185 M=1.MV .
IF{RADTI N(L+ M, N)-RADCRT) 185,185,184
SUMIAD=SUMRAD+RADT TN(L ,M,NY

DAYCOU=DAYCOU+1.

ENDAY(L,N)=DAYCOU

IF(ENDAY (L, NI} 18641864187

AVERAD{L N1 =0,

G0 TO 285 _—

AVERAD (L «N) =SUMRAD/ENDAY (L N}

EQUATE THE HOURLY RADIATION INTENSITY TO MONTHLY AVEPASS
RADION (L 4N)=AVERAD(L (N} N

PRINT A LIST OF RADIATION INTEN§XTIES AND NUMBEP OF DAYS
ENCOUNTERED WITHIN' THE CORRESPOVNDING MONTH

00 288 L=1412

WRITE€6s65) (RADTONILyN) 4N=1,8) ¢ MONTHI(L)
WRITE( 66611 ENDAY(L N} ¢N=1,8) ¢MONTHIL]
CONTINUE

YOVERA =0,

DBYAIN THE YEARLY TOTAL RADIATYON

00 289 L=1,12

DD 289 N=1,8
TOYERA=TOYERA+AVERADIL JN}#ENDAY (L N)
WRETE(6,67) TOYERA

D0 291 L=1,12

DD 291 N=1,8 .

YOTDAY=TOTDAY+ENDAY (LN}

OBTAIN THE YEARLY AVERAGE PADIATION
AVERYE=TOYERA/TOTDAY

WRITE( 65 68)AVERYE

WRITE(64149)

RAGION(114J3)=AVERYE

FLAT PLATE COLLECTOR PERFORMANCE,ARFA ,COST CALCULATIONS
RATING=12, Co v
ACRATE=RATING#{1.+PIPLOS)
QTOT=ACRATE#3413,

FLOW=QTOT/( QADD-QRE J)

TOTAL HEAT WHICH MUST BE COLLECTED
QUSEF=QADD*( 1, +PIPLOS) #FLOW

JHN=1 :
FLAT PLATE COLLECTOR PERFORMANCE WITH HONEVCOMB CONVECTION



FORTRAN IV G LEVEL

0183
0184
0185
o186
0187
n1es
o189
0190
o191
0192
0193
0195
0195
0196

0197

0198
0199
0200
0201
0202

0203°

0204
0205
0206
0207
0208
0209
0210
0211
0212
0213
0214
0215
0216

0217
0218

0219
02290
0221
0222
0223
0224
0225
0226
0227
0228

39
41

520
522

523
526

45

&7
48

1, M0D 3 MAIN DATE = 59743 17726749

SUPPRESSORS AND SELECTIVE ABSORBING SURFACE
HONEYCGMB CELLS AND THEIR CHARACTERISTIC FIGURES AS SUSGESTED
BY TJHOLLAMDS

ETACOL{K)=N,40

EFPRIM=0,9

CHECK=AVERYE*TAUIK) *ALFALK)-ULCIKI*LT1LT)-TAMBT)

If (AVERYE-RADCRT 14T 447439

IF{CHECK ) 4T 4T 41

AREAPP=QUSEF/ (AVERYE*ETACOLIK))

G=FLOW/(0. 1#AREAPP)

EXPON=EFPRIM*ULC (K} /G

IF(EXPON-100,)522,522,523

FLOFAC={1,=(1.7(2, TLB**EXPONI ) ) /EXPON

GO T8 526

FLOFAC=0,01

FR=FLOFAC*EFPRIN-

ARESEN=0, 1 *QUSEF/ (FR% { AVERYEATAU(K)#ALFA(K)-ULC(K)*
1(T2(3) ~TAMBI 1)}

AREL AT =, 9#QUSEF / (EFPRIN® (AVERYESTAU(K) #ALFA(K)-ULCIK)*
LITI I)=TAMBI))

AREA=ARESEN¢ARELAT

G=FLOW/ARESEN

JMN=JMNe 1

ETACOL(K)=FR*CHECK /AVERYE

1F (UMN-21520,520,45

EF(II.JJ!—ETARAN*ETACOL(Kl

OAREA=AREA

IF(EF(TL,J0))47,47,48

EF(11,JJ1=0, CODCOL

CONT INUE

- D0 450 KAR=3:5

312

‘322

1520
1522

1523
1526

AKAR=K AR
AREA=0,25%0AREA*FLOAT (KAR)
WRITE(6,60)AREA -

DO 340 KMK=1,20
RADIAT(KMK)=330, -lO.‘FLOAT(KMK)
TMN=1

CONT INUE

WRKHOU= .I*ARFA*FR#(RADIAT(KMKl*TAU(K)*ALFA(K)—ULC(K)*(TZ(J)—*AWSl)
ll/3413.0.9*AREA*EFPRIM*(RAD!AT(KH()*YKU(K)*ALFA((i-ULC((l*(T‘(ll-
2TAMBI) 173413,

WRKHOU =WRKHOUSET ARAN

EFFIC(KMK)=WRKHOU%3413, / [AREAXRADTAT(KMK))

CORRECT THE FLOW RATE TO ‘MAINTAIN CONSTANT DUYPUT TEMPERATURE

VAFLOW(KMK) =AREASRADIAT (KMK) 7 (HVLCT) -HFL2{J))

G=VAFLOM(KMK)/ (0. L#AREA)

EPOMR=EFPRTM*ULC (K)/G

IF(EPONR-100,11522,1522,1523

FLOFAC={1.~(1s /(2. 7T18%2EPOWR)) )/ EPORR

60 TO 1526

FLOFAC=0,01

FR=FLOFAC*EFPRIM

IMN=] ¥Ne1

IF{IMN=21322,322,340

PAGE 0005



FORTRAN IV G LEVEL 1, MOGD 3 MAIN - DATE = 69N&3 LTI26769
0229 340 CONTINUE
0230 WRITE(6.,9)TLII)
0231 WRITE( 6691 {RADIAT(KMK] ,KMK=1,10)
0232 HRITEL 6, TOMLEFFICIKPKY ,KHK=1,10)
0233 . WRITE( 6+ 71) (VAFLOWIKMK) ¢ KMK=141D)
0234 WRITE(6:69) (RADIAT(KMK ) KMK=11,29) -
0235 WRITE( 6 TOM{EFFICIKMK) gKMK=11,20) -
0236 WRITE(6,71) { VAFLOWI{KMK) yKMK=11,20}
0237 TOTHRK =0,
‘0238 DO 375-11=1,12
0239 DO 375 JJi=1,.,8
0240 00 191 KMK=1,20 -
0241 RADIAT (KMK )= 330.-10.‘FLOAT(KMK)
0242 IRADI=RADION{ 11444}
0243 ROURAD={ IRAD1/10)#10
T 0244 lF(ROURAD—RADlAT(KHKl)191.193.191
0245 191 CONTINUE
0246 193 HRKNON(II.JJ)=AREA#EFF[C(KHK)¢RAD!UNIll.JJI‘USEFAC13413.
0247 TELHRKMONC T T, JJ)-RATINGI 195,294,194
0248 194 HRKMON(I1sdJ)=12.
0249 195 CONTINUE
0250 TOTWRK=TOTWRK+WRKMON(T 1, JSJD*ENDAYT L1433}
0251 375 CONTINUE )
0252 DO 385 11=1,12
0253 385 WRITE(6,72) (WRKMONCE 19390 ¢ JJ=1+8) ¢ MONTHITI)
0254 51 COLCDS=6.5*AREA
0255 ASSEM=1.2
10256 - COLINV=COLCOS*ASSEM
c NO STORAGE SYSTEM IS REQUIRED
0257 T, STOINV=0.
C - TEMPERATURE AND AUTOMATIC CONTROLS COSY
0258 COTINV=250.
c TURBINE PERFORMANCE AND. COST
C IFf THE SYSTEM SHOULD OPERATE BELOH 212 DEG.F. A VACUUM 2Jvp
C MUST BE USED
0259 IF(T1(1)-212.15%4+54456
0260 564 PRVAPU=250,
0261 TURINV-PRTUR*PUHER(K)+PRCIPUOPRFEPUOPRVAPU
0262 G0 T0 ST
0263 56 TURINV=PRTUR*POHER(K)OPRCIPUOPRFEPU
c " THE CONDENSER TEMPERATURE IS FIXED AT 90 DES. F
C THE CONDENSER COST TOO IS FIXED
0264 57 SININV=300.
c FINAL . COST CALCULATIONS,COST PER XKWHR
c FINAL COST CALCULATIONS,COST PER KWHR
0265, TOTINV=COLINV#STOINV+S ININVSTURINV4COT INV
0266 CAREFC=ENTRS*(l'CENTRS)#*EXPLlFI((l.#ENTRSl*'EXPLlF 1.}
0267 TOTEXP=TOTINV*( CAREFC+REPAIR+OPERTNY "
0268 FINCOS (1 )=TOTEXP/TOTHRK
0269 COCENT=F INCOS(1) *100,
0270 WRITE(6: T6IFINCOS(I ) AREA,KAR
o2m " WRITE{6+11)1,TOTINV, TOTEXPCOCENT+AREA, COLCOS,TYI{T),T21 )
02172 WRITE( 6¢149)
0273 WRITE( 6426}

PASE 0006
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COLLECTOR AREA# - 2485.
320, 310. 300, 290. 280, 270. 260. 250. 240. 230. RADIATION

0,057 0.057 0,056 0.055 0.055 0.054 0.053 0.052 0.051 0.050 EFFICLENCY
724, 701, 678. 656, 633. 611. 588. . 565. 543. 520. FLOWRATE

"220. 210, 200, 190, 180. 170. 160. - 150." 140. 130. RADIATION
0.048 0.047 0.046 0.044 0.042 0.040 0.038 0.035 0,032 0.029 EFFICIENCY

- 498, 475. 452. 430. 40T. 384. 362. 339, 317, .294. FLOWRATE

6o 10. 11e 12 12 . 11« - 10. 6o - TOTAL WORK FOR -JAN.

‘3. 7. 9. 100 106 90 To N ) 30 ) TOTAL “ORK Fm FEB. o
3. Te Fe - 10 10. 9, Ts 3, © TOTAL WORK FOR MAR.
2e . Se G B 8, ’ 6. o 5a . 2 - TOTAL WORK FOR APR.
0. 3. 4, 5. 5. 4o 3, 0- TOTAL WORK FOR MAY. -
o. 2. P 3. 4e b, 30 ) 20 - ' O; F TOTAL HORK FOR JUN.
0. 2e 3. 5¢ - . 5e¢ 3. " 2s - e TOTAL WORK FOR JUL.
3. 60 ’ 7. . 90 9._- . 7. ) 60- . . 39 To TAL HDRK FOR SEP ._ .
3. . be . 70 8. Bo ) 7_. . Sa ) 30 . TOTAL WORK.~ FOR DCTI :
2e 50‘ ‘ . (- n Te 7. . 6. - 5' B '20 TOIAL HORK FOR Nov.
2e 3s Se - B 6o 4, 3. : 25 . TOTAL.HORK FOR DECo
COST PER KWH# 0.264108 COLL. AREA# 2485.43 TRIALY® =~ 3 e
8 22346. 3865.  26.41 . 2485, 16155- BOI LER TEMP . % 230. CONDENSER TEHP.# 90. .

*-*-*-*-*-*-*-*-*-*-*—*-*-*—*-*-*—*-*-*-*—*-#-*-*-*-



COLLECTOR AREA# 33140 .
T 230,00 A o -
320, 310, 300. 290, ' 280, 270, 260. 250. 240. 230, RADIATION

0,057 0,057 0,056 0,055 0.055 0054 0,053 0,052 0.051 0050 EFFICTENCY
965, 935, 905. 874, 844. Bls T84 754, T24% . 694. FLOWRATE

'220. . 210, 200, 190, 180, ' 170. . iad. 150., 140. . 130, RADIATION
0,048 0,047 0,046 0,044 0,062 0,040 05038 0,035 0,032 0,029 EFFICIENCY,

663. 633, 603, 573, 543, S13. 482, 452, 422, 392, FLOWRATE

8o 12. 12 12, 12, 12 12... - 8. . TOTAL WORK FOR JAN.

4, 9 11. - 126 . " 126 11, 9 - " be ‘TOTAL WORK FOR FEBe
be . 9. . 11, 12, 12 . ‘1le . " 9 . 4e . . TOTAL WORK FOR MAR, ~
- Do - & 5¢ - . Te T Te , Se . 3e 0. .. TOTAL WDRK FOR MAY, '
O © 3e Ge Se " Se G4, 3¢ - 0s - TOTAL WORK 'FOR JUN, -
3. 6e7 . 8. 106 10. . " 8o . 6e - 3e . . TOTAL WIRK FOR AUG.. -
3. Ts . - 9% 11, 11.- 9, .. Te = 3. - TOTAL "WORK ‘FOR OCT,. .
3. T - 8 . 10 . 10. - 8 6.. . 3. . TOTAL WORK FOR NOV. .
3. Ss T Te Te . be - 54 - 3. . ‘ATDTAL'HURK’FURﬁoECo'
COST PER KWHE Dv254762 CDLL.AREA# 3313,91 TRIAL® - & . U e
8 28808; ) 4983.. 26448 - . 3314.A ' 21540. BOILER TEMP.# 230, CDNDEVSER TEMP.# 09367

t—*—*-*-*—*-*—*-ﬂ:-*-*-*—*—*-#-*-#—*-*-#—#-*—*—*—*-*- :



COLLECTOR AREA#

. 230,00

320.

310. 300.

0,057 0,057 0,056

1206;

220,

0,048

829, .

9.

v5.,:

5e
4e

0e -

Oe
Oe
4o

4;'

4e

4o

4

: cosr PER KWH# 04276911 COLLoAREA# 4142.38 TRIAL#
6101,

8

‘1168, 1131,

210, 200, -

0,047 04046
792, T54.

12,
11,
.11,
8.
4,
be .
4,
T .
9{w
Qe
B :
6o

35271.

4142,

290,

0.055.

1093,

190.

0e04%

716

8

© 280,

270. 260,

0.055 04054 0,053

1055, 1

180.

0042 0,040 0,038

678,

12,

12, °

: 12.

12, .

9o>f

6o
- Bs
12,
12,
12,
12,
9.

27.69

018, 980,

170, 160.

641, 603,

126 .
T 126
12,
124
'vgo
Ge
" Be
12,
12, °
12 -
12,
9, -

. 4142.

| 250.  240.

0,052 0,051

150._-140.]

04035 04032

26925,

*-*-’*"-*-*-*-*-—‘*-*—*-*-*-*-*-*-'*-*-*-*—*-*-*-*-*—*-*-

"5

942, 905;

8.

4o ..

9. .

565« 528,
12" 12..
12. 11,
12. 1l
lloA'

7. 4o

Se
- be 4o

106 8
T12..
11, 9.
10. 8a
Te 6o

230, RADIATION

‘0,050 EFFICIENCY

867, FLOWRATE

130, RADIATION

04029 EFFICTENCY

490, FLOWRATE"

lla
’ 5.

5
Go -

0,

b4

bo

4o

P

4o

BU[LER TEMPo# 230,

,00.._
2 Oo

 TOTAL

TOTAL

- - TOTAL

TOTAL
TITAL
TOTAL

TOTAL

TOTAL
TOTAL

" T0TAL
- TOTAL

TOTAL

WORK

WORK
WORX

HORK

WORK
WORK

WORK

WORK
WORK
WORK

WORK.
"'WORK

CONDENSER TEMP.# -

FOR.

FOR
FOR

FOR
FOR,
‘FOR

FOR

FOR

FOR

FOR

FOR
FOR

JASO.'
FEB,
MAR,
‘APRo .
MAY,
1JUN°‘
JUL.
AUG,’
SEP.
'DQTQL .
NQV.

DEC.

.90,



FORTRAN [V G LEVFEL 1, 00 2 KATH ANTE = smOLT 1/2/17
C - HLRUNSET STLAMK - : :
[ UNSTEADY STATE ANALYSIS WITH VARIABGL P PONER DEMAND
c USINE HEAT ENGINES
C AN DRPGDQANE

anny

npng
0nn3

cnng
0fns
LLLLS
0nnn7?
oanng
onnNe
[1 132 Rel
onty
o2
on3

onls

no1s
nove
0017
0013
onic
0027
21
onz22
a2
DO24
nn2s
an26
0n27
nnaa
no2e

onin

0n3l
003
nn33
1034
9035
n936
or?
nnay
onao
T
nesy
one2

napael
(AT

e -t e
- N

NN N -
O ~N>DWw

[V
-—d

»w
F-3

DIUENC AN FENCTS (50) HPKHON{ 120314240y RADTIN(17,27,4240,

1ENDAY (12,171 ,FF(12,412) SAVEPAR({ 12,121 MONTH{Y ?)

DIME NS NN UTIL(l2)'ﬂECLlM(YZl'fDNSHV(\2.3!.?LQ.ST"O(!7.’2.76|
NEMENSICN 91(1)‘.92(11),Tl(!!)oY?!!lli4V!(11).Pv’(l!).HFL!(!Y|'
lHFL?(1)).SVI(1!),S“LI(?1I-SFL?(11).SY!l‘\).<*?'l').<vzl111.
?HY’(II)LHVI(l\l,ﬁbﬂiﬂwllz.l?‘.Yi(!t\'r?(!\).cT&C“l!‘).CTGTJD(“!v
FULEISY yTAULS) POKER(S Yy ALFALS) ,FTAPUMIS)

FORVAT (17, 2) . :

FORMAT (1078, 4)

FOPMAT{SF]N, 2}

FORMKAT(2F1N. 2) -

FORMAT( 12FA,1 )

FANMAT (RF1N, )

FOREAT (12FA,2) -

ENAUAT(FE12,R,15X,F12,5)

FNRMATF 10, 2)

FNRMAT (5F12,4) .
FARMAT(T1642F 1NN, FE,2,2C11,0,12H 30T LR TEMp 2 FheMNy

1183H CONDENSTD TEMP # 8., /)

FORMAT (12Fhe 1) - :

FNPMAT (276,11 .

FORMAT (RFN, N, 2X,244214) -
FAPVAT (12{2X4A6))

FNRHAT (141 ) . -
FNOMAT (RSH FLMY FACTLRR. LFSS THEY ) PERCFMT )
FORUAT(STIN) o

FOP2AT (2TH AGILFP PRESSUFLRES & PSTA )

EAOLAT (3CH CAYNFNSEP PPEGSURES TN PSEA }
FOQUAT (2RH RDILFR TFMPFRATURES 1N ZFLC )

CORMAT (AW CAMNAENSFER TEMPERATURES [N ¥R 3
FAAAT (27H EMTHALPTIES BTI/LE )

= DO X NPND W

w N

36 FARYAT (244 ENTPRPIFS RBTU/LALF ]

36 FARMAT(27PH TURRIML EFCICIENCIFS ]

37 CAMLT(IOH PIMD EFFICIFRNCIES )

28 FOPMAT(16H ABSEPOTIVITICS | .

40 FNRMAT(20H POWCP FATING IM K¥Y . )

6N FIRMAT (16H COLLECTOP ARTAF F12,™)

61 FNDVET{26H INITIAL STOARAGE [M Kid# F12,0 173

£S FADHAT(2X,REQ, N 2% A4, 2X P 0AN, D)

66 FORMAT (PXACA N 2X A6, 2%, 15U, AY

£7 FRONAT(26H TOTAL YEARLY PARTATIONY  €15,1)

A8 _FOOMAT(2TH YEAPLY AVFRASE RADTATION  FAR,N//Y

59 FROMAT (LY, 2NF4,0, 10 PANTATIAN /)

70 FORMAT(LX,27F6,2,11H EFFICIENCY /)

TL FORMAT (&Y 2NF4,N,10H FLOW RATE. /7Y .

72 FARMAT(SFP,N,EX,14H TATAL WORK FN2 ,2A2) .
75 FIRMAT(15H COST PER KWHY FlE,6y124 CALLLAZFAY  €16,3, 94 TRIALE

1 14)

77 ENAMAT(INH MOUPLY STCEAGEH F15.,M)
7R FARMAT{27H SUPOLEMFNT MEENED IM KHH# " F12.7,

PAGE 000}

PROGRAMME NO: 2



FORTRAN 1V 6§ LFVEL 3, MO0 2 MAIN . DATE = 69049 : /21717
129K HAUR WITHIYT POWFO SUPPLVE 1R,6X 486,13
0085 76 ENRUAT(72H ¥INTFUN HEAT STORENE  F16,7,22H MANIYYY HIAT STORENS
1 FYEen /1 . ‘ -
onae on EORNAT (424 LADGEST STNRAGE CAPASITY MEEDED IN RTH ] . E12,M
nney 140 FOPMAT (1RK TPANSMISSIVITIES -1 .
(LY 141 FORMAT {3VH NVEPALL KFEAT LDSS COEFEICIENT ) .
0069 145 FOOMATL23H ALL PRICES TN NOLLAPS ' .
onsn 146 FORYAT (82M WAON PRIZE GLASS PRILTEDLARP,  SHEET [oOV ALASATITL  TU2
1.PRI, CIDC.DUM, FEED PUY, ) . )
0051 147 FOPYAT(Cp PIBE PRICE GOVEQ,PRT,COND,TURE  COMD, SHFLL RECAIR -~ 0PF
1PATION [NTEPEST  LIFFTIVE,VEARS L
0052 148 FARMAT{G4H USE FACTOP AMBIENT T €OOL W 1 COOL W 0 PINE HEATLDSS )
09%23 140 FNRUAT(S2P &&x kel k& . L 24 ] xE&% x&k ey (231 ]
anse 151 FNRMAT(57H THE FRACTION OFTHE RETED POMER CONSHMENTI HINRLYC )
0055 1071 PEAD (5o2SINNGTJeTKoIL 1M
0954 READ {5,20) NJAN, NFER, NIIN, MIULY ¢ NAUG
005~ READ (S, 11(P1(M)M=1,1D)
0058 REAY (S,10(P2(1),¥=1,10)
nnso READ {5, 1)(T1{M),¥=1,10)
0c69 READ (5, 10(T2{M) %=1,1")
0061 "READ (Se1){HVL(M)M=1,10)
o062 REAN (5,101 (HV2{P),M=1,10)
LY . READ (Se1)UHFLT(M),M=1,1N)
00464 READ (Sy2Y(HFLOIM) M=1,10)
0045 READ (5,21 {SVIIMI,M=1,10)
0nss PEAD (5,21 (SV2{V),M=1,10}"
0ns? PEAD (5,21 (SFLY1(M),4=1410)
LLIX REAN {5y 2V {SFL2(M)#=1,1")
0069 PELD (S,3V1{ETATURINM) H=1,5)
no7TN eEAN (5,31 (ETAPUM{R) 4¥=1,5)
nnTL READ. (S¢2)(ALFA(M)4M=1,5)
nnT2 REAN (5,2) {POWER(M)(M=1,5)
0073 PEAD (5,33 (TAULM),M=1,5)
noT4 REAR {S,2)(ULC{1M) 4 M=1,5)
no7s PEAD [ 5,4)DARLEL,BFTA o -
8076 PTAD (546 ) PRUDOL,PRGLAS, RRTEDL y PRSTEL s PPFIRG, PRTUR(PRO TP, ORETPY.
onT? READ (5,A)PRPIOE s PREOVE . PRCOTY 4PRCASH,PEPATR yIPERT Y, ENTAS,EXOLTF
0078 READ (5,3 )USEFAC,TAMRT TLWI,TCWO,2TPLOS C
no79 READ (R,1C){MANTHIL) L=1,12)
neso READ [5,4)2ATING,RESDAY . ) v
onny READ (S596)F1F24F3,Fa4,F5,F6,FT,FB° . .
c REAN THFE RADTATION IMNTENMSITY OM THE - TILTEN CALLECTI?
c PLANE DSTAINED FROM A SUSROUTINE .
nraz D3 168 L=1,12 N
0083 GO TO (101,102,101,103,101,103,171,101,103,1°1,192,101),L
0nas | 10t . MV=NJAN :
0nRS5 6N TO 104
0n’6 1n? MV=NFED
0087 GO TO 10& -
LLLL 173 MY=NJUN
00a9 1106 CONTINUE
009" DO 168 M21,MV

000l 168 READ (5,181 (RADTIN(LsM:N);N=1,8)MONTHIL) .fDAYc THON
ona9? wRITE( 69260 : .



FORTRAN IV G LEVEL 1, MMD 2 vy nLTe = gotae 16721717
onaa WEITE(&, 70

oncs WEITE Lo 1HIDLIFY,"=2,1%)

0095 WOITE(€e,20)

anas WRITE (£, 10{020%) 4M=1,17)

coo7 WP ITEL 6, 32)

oo WRITECE, DIITIIM),#=1,10)

007 WD ITE(6y33)

o100 MEITE (6,11 1T20P) ,¥=1,10)

orm WRITF(624)
Coln2 WRITE L6 1) CHVI{M) M=1, 10) .

0103 WP ITE( &, 110HV2IM),M=1,10)

0194 WRITE(£e 1) (HFLI (M) ,M=1,10)

nias WRITE( 64 1) LHFL2{M) 4M=1,10)

0106 WRITE(6,35)

0197 WRITE( &y 21 (SVLIMY M=, 17

01ng WRITE (60 2) {SV2( V) 4M=1,10)

0199 HQYTF(6@?)(SFL!(Hl.H="]n).

0110 WRITEL 6923 LSFL2(M) 4 M2l 10)

o111 WRITEC6,38) ¢ ’

0112 WRITE{6,SYETATUR ()

0113 HRITE(6437) -

0114 WRITE (6, O)ETARUNLL) -

0115 WRITFI6,38) -

0116 CWRITE(6,9VALFALY)

0117 HRITE{ 64400

0118 WOTTE{6,910NWED (]}

0119 WPITF€,140)

0129 WRITE(£,G)TAULY)

0121 HRITE( 64141} -

0122 WITE(6,001ULCHY)

n123 uvaFts,'a=y

0124 RITE{£y 14A) . o
n125 HDITF(b.siPRH"DD.PPGL\S.DRTFFL.PRQKFL.OQFIBG PRTUP,IICIFY, PREFDY
0126 FRITEL6, 24T

o127 R”'TE(bqsvaPIPE,PRfﬂV“ vnco*u.oqc"<H'REPAlR.OPERrN.ENTRs'axlef
0128 WRITE(6,.248) - .
0129 ~waxr=(e.3tu<=FAc.TAusx.Tcwl.Trwo.oxans

0120 . WRITE(6,151)

0131 WRITEL&.6)IFL4F2,F3, F4yFS,F8,ET,EQ

n132 HRITE(6,26)

0133 " DO 100 1=8,10,2 .

(4 READ A LIST OF AVERAGED RAQJATION INTEUSITICS ANTATNSY Ay #rANS
c 0F & SUSPOUTINE. CALCULATING MONTALY AVERAGFS NF Tue °nﬂ|ar1nv
€ FROM A YEARS DATA ©
c DUE TD THE EASE OF crwpu*nrton DAY .1S STATTEN AT B AY
¢  NS1.REPRESENTS 8 AM , -M#R REPRESENTS &4 PM EYT
: 4 RADIAT ION AFTER THF “FIRST @ HOURS TS ASSHMEN TO RE 2520

D134 163 D0 167 L=1,12 :

0135 READ (5.65)(R&0!BNIL.N).V I'Q)oV“VTH(ti

0136 | READ 15,6610 ENDAYILININ=1,2),#INTHIL)

0137 167 CONTINUE

. [ READ THE YEARLY TOTAL AND v#anv AVESACE DADTATION

0138 “READ  {5,17)TOVERA,AVERYE ~

0139 ‘DO 2RPF L=1,12 -

PAGE 0003



FORTRAY 1V 6 LEVEL

0140
014)
n42
0143
N4
r14s
2146
147
149
a14e
s
51
aise
r1s3
ny154
(a3 -4
NIsSaA
NSy
nise
Dd1so
0160

niet
0162

0163

Cih4
0155

n166
M&7

n53

neo
" 79

Mn
0172
0173
tC174
nTs

~ TS
c177
072
[2) I &2

o189

RN

[al

[ Ns]

202

3n2

204,

151

1, won 2 NAIN " DATE = 69049 \&IANT

HRITC AL ASIIRMNTCRIL M) =1, 8) s HONTHILY
WPITELF 681 FRIAYIL o810 1=14 2) yMONTHIL Y
FOMNTINEE

RQJTE(5.17)TOVFFA.BVFRVF

AN 1aY L=,

sl Tn(ﬁﬁ"1ﬂ7 2l I T ok PO ah BRI R I LB I T I DL DR LS I L L P 2o 3 R I
o=\ AN . .
60, TN 204

Ny=NEF O

Lol S o 2a¥ A

My SN N

coNTINES .

PO &Y vsigwy

[:a BRI B IFY 7N

BANTIN{L ¢ ¥ MI=N,

ASSEM=1,2 °

K=

11=1

JJ=1

J=4

INTHAV =Y,

‘THﬁiyﬁﬂY“f'IFAL ABALYSIS PE THE CYCALF

PAMCINE FVALE NP SATHRAYFD STEPM

[SENTECRIC FYPANSEINN rnrm THE QA"UDA"C'\ VMH"lI" QT\TC
X2 TS THE QUALTTY OF STEZM AFTEY [SENTPOPIr TYDANSTY
X2 (3= (SVI T I-SFLI(I1) 7ESY2(J)-SEL2E 4D ¥
HY2CIV=HEL 2T B2V (HY2{ J)=HFL 2( )

I0VEAL PR

RO VY (1) ~HX 2 ()

ACTUAL WNEX

HOUA=ROUTRET ATIID (K)

OAND=HVI{ ] )=HFL 2(J)

Py WO K

wbyno=n, ~n3aax (P 11-220J))

'H?Hﬂﬂs-”DU!\/:YApuu(K)
AETY uAnew :

wieYT Y= k"'lA-v’DljUDA .

RANKINE CYOLT EFFICIENTY

ETAR AMZWNETT/QATD

NPEJ=HX21JV=-HFL2(]) . .
CRYTICAL QADNTATIOM TRTENSITY nC'ﬁ WHYSH U0 G CEI] WTAY SO LErTIN
SHﬁan RT ATTEMPTED .

ULC(KY =7, “23 i

ALFA(K)=N, o

TA"(‘(\=".”a

RADCRT=1,05*ULCIK}=(T1{1)- TAHBI)I(TAU(K!*ALFAIK))

311 RADTONCTT,J3)=AVERYE

Flﬂ' FLATE CDLLECTE° °¢QCFR“\“C' AR‘A ST C&LTHLATYOVQ
navinG=1z, . .
ACPATC=RAT1NG*(1.4P1PLAS)

OTOT=AFNATEX24)2,

FLOW=0TOT/(Q8NN-CPEY)

TOTAL HFAT WHIMH MUST o CALLECTED
QUSEE=0APNAL 14 4P IDLNS ) 2ELOY

. PAGE 0004 -



FORTRAY 1V

e18y

[ -2
ny A3
01346
nyas
nyes
01907
nyR7
Afas
[ Ko}
nyst
cre?
Ne
(33 B2
nyss

nyoe

nyor
0y 0
0139
0209
n2nt
nz2n2
n2na
. p2aNng
02ns
04
a0y
ang
nang
021N
n211
0212

0213
0214
0215
0214
n2w7

« 02189
0219
n220
n221
0222
0223

0224
0225

5

LEVEL

inlts Na Bal

ase

&5

1e ¥ 2 R

JuN=1

ELAT PLATE SOLLECTOR DESEMINAMETE
QUSAPTEEnRS AMD STLECTIVFE ARCAREINA SHIFANE

hrtC

FLLY3

16/31/17

T2 R A1l qautvwnvn CPVJC'TVWH

HONMZYO M CStLS IND THEIE fHADSfT’?ISTI’ cfruoee A QH’rf<Tf”

av T a0 LAvIS .

CETACOLLKI=",40

cERI V=N, €

rH=FK=5V[”V‘*'AH(V)*ﬂLFAlK)-Ulr(V)’("('l -TAMaTY

TFIAVFEYE=DADAOT 147,47 ,2C
TE(CHErKYLT 47,410

D’A""*ﬁUQCEI(*VCPYFﬁcfﬂfﬂllKi)

A=ELNUY /TN, YRADEADD) -
EvOnu=FEDD [ (LK) /T
TR(EXPEN=1NY,}1822,622, 623

SLWAC={Ya~-( 1, 1(2.7]P*tf¥PﬂN))ll=!an

N TN E£34
:ch-r-ﬂ n‘
€2 =Fy NFACRCCODTY

ApEgEnzn, ]cﬁu(rc/(cpt(AVEPVF‘TAH((D*‘L’A('l-"L'(*)’

l(T’(J\-T\M“")V
427 AT =, ngq”g:r,(rcpp|ut(Qv:Rv€crsn(w)*&LC‘(wl-HLf'(‘t

I(T‘(l)-Y-\""IH!

ADEA= aprqrm,\orlAT'
G=CLNK JARESEN
JMNIz NN )

ETACOLIK)I=FAECHECK JAVERYE

16 (JMN=D) 820,527,465
EECIE,JI V=T VARANRETALAL(K)
WPLTE(A,ACIAGEA

. DARFA=PCRA . -

47
X
312

'~A°En PAFFA*W.?‘*FLOAT(KAPI -

471

475

CTE(ECUTT L 8900167,47449

ES(11,481=0,n000NY
CONT [MIE

CONYIMUF -

no age KﬁE:Q 2
Qrg=n

WRITE(GeAN)ARF A

THE [METIAL STREAGE CADASITY HAY 1 S‘l‘f"ﬂ £CP A wmyupco Qe

RESERVE DAVS

FIRSTO=STOR(1,1,1Y.
£ RETASCTOP (Y, 41}
PLWSTn‘<7nQ("]’l)
W ITEL 6,61 1NLDSTC

.crﬂo(1,1,1)-oFsn&v*cntlnc*3.:(F1+F74=10rcbr‘o A#C’QEP)ICFCI'.JIl

.GENERATF THF CFNSU"DTYQN MATRT X CquﬂR"lN“ THE fYV‘V PATYERN

52
502

513

505

D0 SRY t=1,12.

GO TOC501,572,501, Spi E01, 503'5“"“'1-‘“3'59'v5“’ ‘“!!ol

MX=NJAM

6o TN 505
MY=MFER

6N°TD £05
BX=NIUN

00 5RY H=],MX

PASE 0003



FORTRAN IV G LEVEL

0226
0227
0228
a2r¢e

0230

0221
0232
0233
a234
0235
0236
0237
n3i3g
n23n
n249
0241
0242
n2413
0244
0245
0246

0247 .

0242
0249
N289)
0251
0252
0253
n2s54
n2 5%
0255
n2s7
€258
0253

0250
n281
N252
n263
264
1245
n256
267
0268
0263
027N
n2TY
n2712
0273
0274
0275
n274
n277

571
572
573
ST4

ST5

" 576

517

STR
581

a1
322

1529

1522

1823

1626 .

240

244
343
591

1. #OD 3 MAIN DATE .= 69049 win

on 571 N=1.3
CONSUMIL oMo MI=FIZRATINA
NN 72 N=6445
CONSUMIL WMy MI=FREP AT INA
N0 S73 N=7,9
CONSUMIL o P ¢ NI=FRETATIVG
0N 576 N=1N,Y2
CONSUMLIL M NI=FLARP AT ING
D0 S8 N=13,15
CONSUNIL o ¥ NI =FSERAT ING
NN 576 N=16,18
CONSUMIL My NJ=FERRATING
nn 57T M=)9,21 . -
CONSUML M NI=FETERATING
o ST’ M=222,26
CONSUM L My )=FRERAT ING
CONTIMUE

LACHOU=N

TOTARKaNG MY

nO o0 =112

60 T"lbﬁloé""601.60’.6”!.603.6“1v6”!'4“3-6"‘.6"1.‘”‘).L .
MY=NJAN .
60 10 &5

Y=MFEB
60 TN &n5

2 uy=NJUN

CONT INUE -
DN 835 K=1,MY
DN oAn ‘M=1,24
rcqanntxA(L.".N»-vAhcvr)37~ 221,321
WRKAOU (L oMy N) =0 :
GO TQ 3an _
TMN=Y
HRKHOU (L 4 .Nl-.1*APFA*FR*(RADTIV(L,".V)tTAu(K)tALFA(w\-UL'(vt*
1(T2(3)=TAM3 L)) /3413, 4, 98AR=A*FFPQIHt(RAﬂTIV(L.H'V)*T\J(KD&ALFalK‘-
2 CAKIR(TU{TI=TAMRI}D/3413.
WRKAOU (L My NI =HRKHOU(L M, N)SETARAN
EFIZT=HPKHAY Ly .Ni/cAREAtRADYlN(L.n."v/3A1= )
FLOWRA=ARE ASRADTEN(LMoNI % EFICT/Z{HVITII-HFL2LIN
G=FLOWRA/ (o 1 %ARPEA)
-EPORR=EFPPIYEULC (K} /G
1F(=Poup-1~w.)1522.1=22.15?3
FLOFACZ(1.=(14/(2.71844EPOUR) )1 /E0NONE
G0 vO 1524
FLOFAr=0,01 .
Fo= FlOFAC#CFpklu
THN=T¥HeY
IF(IVN-21302, aaz.snn
CONT THUE
NIEFER=URKHOU (L My NI —CONSUMIL Mo Y
STOR (LM })=OLDSTO4DTFFER
STUSTN=STOPIL M, M) 22412,
TE(STOR(L MoM) ) 5C1, 502,502
ANNGT==STOR(L " g )

PAGE 0006



FOFTPAN IV G LEVEL

n273
n27n
ap29
nay
nae2
nza3
0274
nzes
0235
n287

npna
nz»q
ﬂzﬁﬂ
n2ny
naes’
’\2')?
n294
0208
0295
ny57
0294
ﬂ?95
nanAa
nany
0302
0312
nanrg
nang
LERTS
nanz
f\3‘\’)

Azna
nan

N2y

n212
nat3
LERES
n31%
nate

ik I

n3a13
0319
ﬂs?ﬂ
0323
r23>

3 IS

fa el

™y

fe}

a1y
ono

an1
ang

a1n
ann

st

33

(4

1, MOD 3 MAIN naYe = fotae 16721 17

LATH S AT UGN .

N ACK= (LACHNY/ 24 ) &04

TE (L ACHMI=NLACK)RQN, 597,539 i
ARJTFUALTAIADCT (LACHOUPONTHIL) "

G TQ fGn

LACHA =N : -
°NasT=1,

TOTHIK=TOTWRKIWEKHI Ly Mo N) )
OLOSTO=STORIL oMy N)

CONT INUS

FINDING MAXTMUM 0P MIMIMUM STOEARS CAPACETY
STNMAN=STOD{1,1,1} -

Nt oorn L=1,12 .

G TA(9N1,972,001,0802,60],902,00],9M01,5373,801,a%3,00114,¢
MA=NJAN o

f) Tn ens

MH=MFER

GO TN Ons

vu=tt N

bala B daTal V=!,Il.w

na enn M=) ,24

IE(STOVAY=STRO (L ,*,N}) C1n, 21N, ane

STAMIN=STOR (L4 ¥4 N)

Gﬂ T(\ ann

STAMAX=STOR (LM, M)

CONTINUS

WRITE( &, TOVSTOMI N, STOMAY

STNAR {147,V )=0LASTO-STOMIN

RIGSTA={STOAMAX-STAMIN) =341,

WRITF( 6,80} IRSTY

COLENS=6,5%ARERN

CALINY=COLCNS*ASSEY

FOST OF THE STPRAGE SYSTEM BASEQ JM 1770 eTi
CNASTNR=Y, 5

CTAINV=CASTARLEXRIGSTR/INA,

TEYOEQATURS AND AUTOMATIC CONTRCLS (ST

COATINV=280,

THYSITNE DEDEAPUANCE AMD CAST ANELVSIS

IF THT SYSTEM SHOULN NPSRATE BFLON 2127 0EG,F, 4 VATIIw dg¥n
¥UST RF 118%D)

JECTLITI=212,) 84,456,585

PIVAPU=IEN,

THOT &Y ZDOTIIRAONKER (K ) $ OFC [ PH4PRF SO POV AP

L .

T INV=PRTYRFPORER (K )4 PRC [OU+PEFF O

THE CONDENSED TEMPECATURF IS FTYED AT on NFG, €
THC COMDENSER £OST IS ALSN FIYED .
SETITES LU

FINAL COST FALCULATINUS,CAST PER Kuue
TATINY=COLINMVASTOTMVAS T TNV TUR TNV 4T Y
FUOFECaTMTASH( 1o 4ENTPS)2RCYPLIF/{(),4ONTOC)#4CVOLTE-Y )
TATEXD=TATINV*{CAREEC+REPATR $OCFOT Y
SIUCNS (T )=TATEXP/TATHOK

FACENT=C INCAG(]) #1200,

PAGE 0007



FOSTRAN TV

8223
9324

0329

339
n331
0332

€ LEVEL Y, ¥20 3 L A tATT = eomn 16/21/17

In e

450
10

aae

WRITELA, TAIETRNIOC(T ), ATFALKAR

WRAITELE, V1T, TRT TNV, TOTEXP,COCENT. AXEA, COLCOS, TV T20 .10

OR THE STIPAQE CAPASTTY Ay af THISCYM TI QPNpY THE umTag
THRIOUSHMIT A YR, CESI TS [F A DREVINIYS LMALYCTIS ATyTvn vyr
MAXTMUM DEFICIT [N FYERGV  WAY nC ocEn
STNR(1,1,11=01GSTN/2212,
NMIK=NTV+Y

IE(MTK=1)671 4,671,480
CoMT VIS

CANT INUR

caLL svIT

nNERNG SHRCHL

N

TOTAL MEUNOY DEQUIDSMENTS n22%00 pyrrg

PAGE 2008 -



193,

160,

Ne
173,
21.
124,
24,
127,
27.
116,
2k,
110,
1€

?Aﬂ.
19,
2n7,
23,
7..‘2'
21.
162,
?27.
127,
25,
1V,
Db,
Y16,
2“\.
1624
27.
191,
2G.
120,
an,
171,
2R
149,
27

469834,
COLLECTIR APFA¥
COLLECTCR ARFELY

INITIAL STNRAGE

SUPPLEMENT
SUPPLEMENT
SYPPL EMENTY
SUPPLEMENT
SUPPLEMENT
SUPPLEMENT
SUPDLEENT
SUPPLEYFNT
SYPPLEMENT
SUPPL EMENT
SUPPLEMENT
SUPPLFMENT
SUPPL EMENT
SUPPLE"FNT
SUPPL EMENT
SUPPLEMENT
SUPPLEMENT
SUPPLEMENT
SUPPLEMENT
SUPPL EMENT
SUPPLEMENT
SUPPLEMENT
SUPPLEMENT
SUPPLE™ENT
SUPPLEMENT
SUPPLEMENT
SUPPL EMENT
SUPPLEYENT

NEENER
NEEDED
NEEDED
MEEDED
= TEDED
NEEDED
NEEDED
NEEDED

NEEDED -

NEFDED
NEEDED
NEENFD
NEEDED
NEEDED
NEEDED
NEEDED
NSEQED
NEEDED
NEENED
NEEDED
NEEDED
NEEOED

NEEDED-

MEEDED

_NEEDED

NFENED
NEEDED
NEEDED

N
M
IN
IN
in
IN
™
™
IN
IN
IN
IN
N
N
IN
N

N

™
IN
N
N
IN
N
I
N
IN
L)
™

221,
21,
227,
?°,
72,
31,
1o°,
2,
152,
?6.
124,
27,
127,
‘l]..
191,
17
712,
’n.
207,
a1,
193.
29.
165,
3".

'Y
KWHe
Kye
[ CLL
KW H
KAH#
KiHe
KWH*
KWH#
KW H¥
K

KYWHY

KUHE
KuH¥
KWH4
KyH#

KWH £

KWHY
KHHY
Ky
KWH4
KWH#
KWH#
KwH¥
KaH¥
KWH#
KidH#
KuHd

185.
3307.
1960.

IN KWH#

"47, ?:»c‘
-"‘) = o
360, 262,
2% 2%
Sk3, 255,
21, a1,
9')"‘.. ;u\.
an, 2N,
177, 177,
27, 27,
vea, r1en,
2%, 20,
14¢, 1ra,
2, 21,
N1, 213,
., 21,
223, 229,
0, an,
271, 23N,
3. 3.
214, 214,
29, 20,

183, 123, ,
30. 34,

6922.

T8, HOUR

151, HOUR

2264 HNUR

297, HXIR

267, HOUR

437, HPUR

495, HOUR
578, HOUR
T£SG, HODR
7264 HPUP
812, HOUR
R8E, HOUZ
980, HOUR
1133, HOUR
1112, HOUR

1180, HOUR

1248, HOUR
1301, HDUR
1375, HOUR
14214 HOUR
146F, HOUR
1512, HOYR
154¢, HGUR
1504, HOUR
1652, HOUR
1768, HOUR
1952, HAUR
1205, HOUR

EEEN

1.
237,

219,
21,
189,
kil
167,
26s
112,
27.
124,
21,
1°1.
30,
212,
n
217,
31.
192.
2%
163,
:“no

W THCUT
WITHOUT
Wi THRUT
WITHOUT
WITHOUT
WITHOUT
WITHOOUT
WITHOUT
WITHOUT
WITHOUT
WITHOUT
WITHOUT
WITHIUT
w1THOUT
WITHOUT
W1THOUT
WITHOUT
WITHOUT -
WITHOUT
WITHOUT
W1THOUT
WITROUT
WITHOUT
W1THRUT
WITHOUT
WITHOUT
W1THIUT
W THOUT

263,
1n
24
20
2142
31,
1en,
"7
12%
2
1712,
2%,
114,
2n,
144,
25,
121,
22,
181,
IN,
148,
29
165,
?70

v v v e

POWFC
prYER
DOWER
POUFS
POWER
pOYER
pRyce
POWER
PNWER
PNUWER
PNWER
POAER
POAER
POWEP
PQWYER
PONER
POWER
POAHER
POWER
pOYCR
powen
pPoULR
POMER
POYFR
POWEP
PAYER
paNER
PAWER

~
he ]

v
]

—
2
v s 3 0 0 2 v e e v 9 o 9

he 2 2R I A B B |

-

~d

N
°

-
NN N
e
o v

1z,

9
ol
.

-
I
d
.

—
N -
.

suyenp vy
SHPpLYH
SYPPLYH
Yoo Ve
SuepLYS
suopLY#
SUPPLYH
SUPPLY#H
SUPPLY#
SUPPLY#
SifopL Y
SUEPLYE
SHPDLYS
SHPPLYF
sSupoLY#
SUPPLY#
sSyPPLY¥®
syopyva
LI
SUPDLYE
SUPPLY#
SUPPLY#
SepLy#
NICLIR'Z]
SIELIRZ
NUELIRE
SyDOLY
SuppyLYs

REA

ne

7°

op
127
144
15¢
102
21+
24"
A4
an
n7?
226
280
aRG
anp
410
45e
43
5ne
53¢
852
574
ann
624
[y
A7

RAD»
SUNO
RAD.
SUN.
pan
SUv,
pAn,
SX’\I -
Q°4ar,
CUNMS
PAD,
<y,
DAN,
Sygre,
24n,
SN,
oan,
<N,
QAN
ISTEUN
2AD.
UV,
PAD,
Qi

FIL,
L,
I,
an,
Bl
JJIL,
JUL,
JUL .
JUL,
I,
JiL,
JIL,
JUL,
JUL,

JULs

Jut,
JIL,
AdG,
LH
AT,
MG
AUG,
AR,
AUS,
- A%,
AUG,
AU,
AUG,

SAMPLE RESULTS OF PROGRAMME NO:

1<
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17
1a
1
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- -

2



SUPPLEMENT NICDED 1M KMy TINC, WD LETUCHT RNYEd CIRDT Ve enEr net, 70 SAMPLE
SUPOL ZHENT MEEDEN [N KA TeR, HOUD L ITHOUT £ONEr cloppvs 4t0c nTE, e
MINI¥YA HFAT STORENH —BOl4e VAVIVII: HELT RTCITNY 1956+
LARGEST STADANE CAPASITY NEFnEA’ (8 ovy RALKICENL,
£OST PER KWHE N,eRRTEA CNLLLERFAF 4C60,19 TRIALY . .
8 123507, 21380, 82,82 4960. 22241, 30ILER TEMP.¥ 230. CONDENSER TEM™.2 90,
INITIAL STORAGE IN KPHY 16009,
MINTMUY HEAT STArENg 1062, MAXTIMY® HEAT §TN2ENY 7o,
LARGEST STORAGE CAPASITY NECDFD In 8TU ¢ S48777272,
COST PER KWH# 0.829146 CALLLAREAF 4960,19 TRIAL* 6
8 123665, 21390, 82.91 4960. 2241, RATLE2 TIw0, % 230, “ANRCMUCTS Toua, 4 50,
COLLECTNR ADEAM KaYh,
INITIAL STOPAGE IN XuH# 4922,
MINTMUM HEAT STODENg 580. MAXIMUM HEAT STORED* 11053,
LARGEST STNRAGE CAPASITY NEEPED IN BTU # 35744145,
COST PER KWH# 0543878 COLL.AREA# 6613.59 TRIAL¥ 8
B 103152, 18708, 54439 6614, 429838, BOTLER TEMP,¢ 230, CONDENSER TEMP.* 90,
INITIAL STNRAGE [N KWHE 10673, '
MINIMUY HE AT STNPED® 4124, MAXTMUM HEAT STOREDS 14504,
LARGEST STNRAGE CAPASITY REFNER [% BTY # 35767500,
COST PFD KuWp# 0.544055 COLL.AREA" 6613.59 TRIAL# 8
8  108197. 18714,  54.41 6614, 42988, BOILER TEMP.” 230, CONDENSER TEMP.#  90.

RESULTS OF

PROGRAMME NO:

2



FCRTRAN IV G LEVEL 1, MOD 3 “aIN DATE = 69010 11/59/51 PAGE 0091
C SUSBROUTINE FOP CALCULATING THE RADIATION INTENSITY ON
C FHE TILTED COLLECTOR PLANE
o M.KUDRET SELCUK
C HOR[ZONTAL TGTAL OR DIRECT AND DIFFUSE INTENSITIES
c SHGULD RS AVAILABLE
c IN CASE (IF ONLY TOTAL BORIZANTAL IS AVAILASLE ODIFFUSE
C 1S ASSUMED TO BE 10 PERCENT OF THE TOTAL

orcl

202
el

cCa4
oras
oce6
oreT
croe
o009
oC10
ec1l
o012
0513
0" 14
oc1s
0016
ory?
0018
0019
oc2¢
0021
0022
ov23
0026
0025
0026
or27
0028
0029
ac 30
0031
032
0033
0534
or3s
ce36
o037
139
0039
Co4n
0041
0c62
0C 43

DIMENSION RADHIT(12,31,24)RAHODE(124531,24) yRADTIN(12,31,24),
12AHOIR (1243192414 DECLINIL12) 4 AVERAD (124221 4ENDAY(12,412)
DIMENSTON HONTHIL12) ’ .
DTMENSION  PLULY) o P2(110,TU(LL),T20L1)WHVICTIL) HV2{L1) HFLL(1L),
THEL2( 11}, SVLCLL1), SFLIELY),SFL2011),SX2T21),5%2(11),5V2(1l),
ZHX20 1) HXI (11 ) 4RADION(L12412),X1{11)4X2(11),ETACOLLS) ETATUR(S),
3ULCIS) s TAY(5) PTAERU5) yALFA(S)ETAPURL(S)

FUR¥AT (10F3.2)

FORVAT(10F8.4)

FOQRMATISFIC.2)

FORMAT (2F10.21

FORYAT ({RF10.2)

FORMAT{5F 16.5)

FARAAT(12F0. 1)

FORMAT(12F6.C}

FORMAT(12F 6.0, A4, 14)

FORMAT{45H TOTAL HORIZONTAL RADIATION AVALILASLE ONLY 7}
FORMAT (40H HNRIZONTAL TOTAL AND DIFFUSE AVAILASBLE /)
FORMAT(2F 16.2)

FORMATIBFES,0,2XA0,214)

FORMAT{12(2XA4))

FORMAT (1H1)

FOMAT(ST1D) -

FORMAT(2X1BF8,0¢2X5A4492X,*RAD.D)
FORAATI2X«8FSeT 12Xy A4492X ' SUNLB)

FORMAT (26H TOTAL YEARLY 2ADIATIONY F16.02)

FORMAT(27H YEARLY AVERAGE RADIATION F5.0//)

READ (5,25 INN 1Je IKyIL 1IN

READ (5, 29)NJANINFES, NJUN

QEAD (Se1M(PLLM)M=1,10)

READ (5,13 (P2(M)yM=1,10)

READ (5, 1)(T1(M),4=1,10)

READ (S5.1)1(T2{4),4=1,10)

READ (5410 (HVL(M)},.H=1,10)

READ (5, 1) {HV2(4),M=1,10)

READ (S 11{HELYIIM) 44=1,1C)

READ (59 1){HFL2(M)},M=1,1C)

READ {59 2){SVLIM)4M=1,41D)

QEAD. (5, 2H(SV2(M),yu=1,10)

READ 15,23{(SFL1(M},4=1,1C)

READ (5,2){SFL2(M),M=1,1C)

EAD (543I{ETATUR(M) ¢M=1,5)

READ (S 2V(ETAPUMIM) M=1,5)

READ (5,3)(ALFA(4),M=1,5)

READ (5,2){PORER{M),4=1,5)

READ (543)(TAU(M]),HM=1,5)

READ (5,431 (ULC(M)M=1,5})

PROGRAMME NO:

3



FORTRAY IV 6

[\l XA
nnas
cad
oray
0Ca8
¢n4Q
CGe 50
<051
(N&2
crs53
G54
cose
2056
- 057

£658
orsg
G060
orsl
cr 62
0063
0C 64
0C 65
0066
0067
ores
0069
0070
0G71
oc72
0c73
0074
0275
oCTs
077
0278
0079
oc8o
Y
0c82
0083
0084
0085
0086
ot 87
ocss
0089
oneo
0c91
0c92
cc93

LEVEL

121
102

193
194

170
171

112

‘13
114

1, ¥20 3 MAIN JATE = 59010 11759751 PAGE 00C2

READ (5, VUSFEAC, TA4BITCNT, TCWG,PTPLIS

2EAD (S,41PAPLFL, AETA

READ {S,1C)(NFCLINILI,L=1,12)

READ (541910 “INTHIL),L=1,12)

PAPLEL=PARLEL®T . S1T4

on 171 L=1,12

GO TA(101,102,101,103,101,123,101,121,103,101,103,191),L
AZ=NJAN

a0 To 14

MZ=NFE3

G0 10 104

MZ=MJIUN

CONT INUE

00 176 M=) ,M2

DUE TO THE EASE OF COMPUTATINN DAY 1S STARTED AT 3 A4
M2l REPPESENTS 8 AM , N#9 REPRESENTS 4 PM ETC.

READ (5,18) (RADHITIL ¢ %ok ) aM=1, 8], MONTHIL) y IDAY, [MOH
CONT THUE

CONTENUE

D7 175 L=1,12

GO TOCILLR12¢110,0035 111 51233100, 011,0113,2114310341110,L
MZ=NJAN

G2 TO 114

MZ=NFEB

GO T2 114

MZ=NJUN

CONT INUF

DELTA=DECLIN(L) *2,01714

APGUM= (PARLEL-DECLINIL) 10,9174

D7 175 M=14MZ

- DO 175 N=1,8 .

115
116

173

176
175

203
204

SUNANG=(FLOATIN)~4,3C)%0,2613

COSINC=S IN(ARGUHY*S TN {DFLTAY rCOSTARSUMIXCOS (DELTAYHCOSLSUNANG)
COSZEN=SIN(PARLEL)=SIM{DELTA) +COSIPARLEL) #COS(OELTA}+COS (SUNANG)
IFICASZEN)L16,115,116

COSZEN=C,.D06001

03F AC=CGSINT/CDSZEN

IF{NN-11175,173,176

RADTIHAL s Mg NY=RADHAT (L, M,y NI=ORFACX 3.9

60 TO 175 )

AADTIN(Ly 4y N)=RADHOT (Lo My NI #ORFACHRARODI(L s HyNY#( 1. -0RFAC)
CONTINUE

D9 180 1=1,12 .

63 TO(201+202,201,203,201,223,201,2014203,2014203,2011},L
MY =NJAN

69 TO 204

MY=NFER

60 TO 204

AY=NJUN

CINT I NUE

NN 180 M=1,MY
WRITEL7,18)(RADTINIL 9HM N ) o N=1,38) , MOMTHILY oL

THE RADIATION INTENSITY AFTER FIRST 8 HOURS IS ASSUMED
BELOA THE CRITICAL THEREFORE TAKEN AS LERO .



FORTRPAN IV 6 LEVEL 1, 490 3 MAIN DATE = 65219 11759/51
€234 D179 N=9.2%
€295 179 RADTIN(L,MiN)I=0.
2090 137 CONTINUE
cr 37 D0 100 1=749,2
ns9s k=1
£na9 1r=1
2170 Ji=1
2101 J=4
2102 ATK=1
2103 ARITE(A,25)
0104 TUTDAY=0. .
THERMAGYNAMICAL ANALYSIS AF Tde CYCLE
[+ €Al K2(J)=(SV](I)-SFLZ(J))/(SVZ(J\-SFL?(J))
c175 HX2({JV=HEL2(JV+ %2 (J)* (HV2{JI-HFL2(J})
€187 WOUT=HV1 LT }-#X20 1)
01ng WIUA=HIUTHETATUR(K)
c109 QADD=HVLL T )-HFL2( S}
0118 JPUMP=2,00298%(P1(1}-22(J)})
o111 WPUMPA=WPU4P /ST APUMIK)
€112 WHETT=NOUA-WPU4PA
o113 ETARAN=WHETT/0QADOD
0114 QREJ=HY2(J)-”FL2(J)
€115 IF(MTK-11611,6114612
01l6 611 GLANUM=3,
o117 63 17 619
n11Aa 612 1F(1TX~-2)1619,613,613
cl19 613 SLANUM=4.
c12¢ 619 TAULK)=D,38%#GLANUM )
n21 HQ53=3.1714F-08¢§(T1(I)+460.)**4.-(TAMBIGaﬁf.)**ﬁ.)/(fl(l)-TAHBI)
ni22 ULC(K)=1.1*(l./(GLANUW/(O.ZYﬁ((Tl(l)—TAHBI)/(GLANUM*O.Z&))**0.25)
102.46)0H1A0/(G.347tl.27¥GLA\UM))
CRITICAL RADIATION INTENSITY BELO4 4HICH NO USEFUL HEAT COLLECTION
SHOULD BE AYTEMPTED
c123 QADCRT=I.05*ULC(K!*(T1(I)-TAHBIPI(IAU(K)*ALFA(K))
0124 70 2R5 L=1,12
c125 DO 285 N=1,.8
f126 DAYCQU=N,
o127 SUM2AD=Q, R
c128 GQ Tﬂ(301'392.301.3G3'3Cly333q301'301,353'301'303'301)-L
G129 371 MV=NJAN
cl2e GO TO 304
0131 332 MV=KHFES
0132 59 10 3Ca4
2133 303 MV=NJUN
0134 394 CONTINUE
€135 D0 135 M=1l.'W
COMOARING THE HIURLY RADIATION INTENSITY WITH THE CRITVICAL
01136 [F(RADTIN(L +MsN)~-"ADCRT) 185,185,134
0137 184 SUMPAD=SURADRAITIN(L M N)
C138 DAYCOU=DAYCOU+L.
0139 185 ENDAY{L,N}=DAYCOU
€140 IF(ENDAY (L N})1658+186,187
n141 136 AVERAD(L.N)=D.

0142

GN TO 285

PAGE 2003



FCoT2AN IV G LEVEL [, “0D 2 AV DATE = 59C1) 117549/51 PAGE D004
7143 137 AVFCAD(L ¢N)=SUMRAD/ENCAY (LN}
(% SATE THE HOURLY RADIATION INTENSITY T MONTHLY AVERAGE
[ Y 235 RADINNIL MI=AVERAD(L,N) .
C 23[RT A LIST OF RADIATION INTENSITIES AND NUYBER CF DAYS
c ENCOUNTEREND WITHIN THE CORRISPONDING SONTH
0145 97 233 L=1,12
c oyNCH A DECK OF CARDS LISTING THE AVERAGE RAOIATION
G146 ARTTELT 55 I2ADLINIL N N=1,3) s MONTHIL)
C oynCH A DECK OF CARDS LISTING NUMBER OF DAYS DURING WHICH
d THE RADTATION INTENSITY IS GREATER THAN THE CRITICA
Mt WRATTEL 746600 ENDAYVILINIIN=1,8) pMONTHIL)
149 238 CINT INUE ’
7149 TIYERA =2,
C J3TAIN THE YEA2LY TOTAL RADIATION
[ 97 239 t=1.12
€151 77 289 N=1,8%
0152 299 TOYERASTIVERA+AVIRADIL ) NISEIDAY (L it}
€153 A2AITE(H,47)THVERN
2154 97 291 L=1,12
£15% N 20] N=1,3
(Y] 231 TOTHAY=TITOAVHENDAY (L N)
[« ITATH THE YEARLY AVERAGE RAUIATENN
57 AVERVE=TIVERA/TGTIAY
€158 HAITE( 6453 )AVERYE
¢159 WRITE(T,17)TOYERALAVERYE
Cc152 1€ (1J-11999,13£1,999
ny 61 199 CONVINUE
ra2 599 CALL EXIT
0163 JDEBNS SUICHK
[ Y2 N0

TOTAL “EMORY REAUIPEMENTS 025C36 BYTES



DAILY TOTALS IN LANGLEYS

JAN.
733,
FEB.
T 6N5e
-MAR,
612.
APKe
492,
'MAYQ
459,
JUN,
397,
JUL.
423.
- AUG.
554,
SEP.
593,
OCT.

5764

NOV.e
634,
DEC.
443,

294,

‘719.

680,
646

502,

6124
520,
448,
235,
440,
300,
397,
361,
427,
404,

5464

491,

"511.
_4320'

592,
637,
644
523,
371,

710.
7107%
684,
699,

348,

634. .
540,

'268.;

,183;
448, "
389, -

401,

376.

447‘0'
376

505

503..
582
448

390,

539,
522
605.

4?0’ 

739.
107,
693,

706,

631,

599.
452,

2090

257.

389.

421
390.

4274
451,

488,
522
358.
582,
554
256,

371.

583
640,

285.

594,
702.°
661,
658.
647,
573
540,
500,
407,
367,
4 14,
377
365,
455,

;4880

522

511.-

5784
563
589,
539,
650,
6454

339,

FOR ALICE

651,
651

525,

6360

634,
544.
5720
500.
341,
367,
405,
377.
388.
486
484
542e

523

58%,
467
614,
283,

519

675,

472,

617,

554,

621,
‘6270

654,
547,
564
508.
470,
357,

397,

385,

400,
4124

519,
5424

503,
546,

365,

541,

64T
600,
733,

497,

SPRINGS s AUSTRALIA.

617,
SG 4,
661
65 8.
92

547,

548,
488,

53¢

407,
360)
389,

4] 6e

400,

480,

56le
3580
240,

S444

544,
546

65T

795,
590,

696,
427,
674
6536,
638,
560,
520
456,

448,

411,
417,
'4059
3884

419,
445,

573,

436,
275
486,

544,
202,

6%1l.

7606

640,

688.

481.

696,
627,

660.
576+
456.
476,
541,
363
397,
381.
306.
4270
302,

557,

358,
334,
458,

6056

431,

698.i
541.
684,

696.

665,

718,

658,

64‘9:

580.
500.
480,
437,
4224
385,
263,

404.

431.

2325
5570

 472€

464,
500,
.6080

502,
674

367

689,

718,

679,
6740

652,
560

541

562

480,

418,
415.
405.

439,
431,
5C3.
546,

582,

554,

595,
'576(

607,

607,

438,

763,

685,

676,
693,

609,
557,
524,

456
492,
;349,
271
223.

373,
435,
439,

511,
581,
jbnlp
589, .
570(%
6244
- 654,

590,
4264

573,

'388.
65T,
529,
650,

'6410-
276,

300.
484,

T3
413,

405,
412,
4120

,964.
283,
601,

580,

3524

541.
694,

- 5964

462,

723,

207,
628,
583,

631.
431.

536.
252, - :
_434p; :
159, -

4’623

112,

405,

339,
412,
459,
" 248,
2244

597,

554,

512,

614,
671l

539,
517,

758,

679 . .- -
538,

595,

6254

518,

560.

389,

42%.:;

4634

577s
2860 )

5634
640,

728

568.

677



88e
213,
222,
178.

- 195,

1385,
185.
209,
207,
209,
216,
206
116.

62.
204,
220.

21J60 '

2124
212.
211.
195.
173,
178.

123,

144,
200,
204,
20:30
197,
189.
1624

121

263,

305,

245,
26 9.

255.
287,
284,
287.
296
283,
160,

85e

289,
302.
29 7.
292,
292.
290.
269,
245
245,

176,
198,
274,

280,
2765,

271,
259,

222

134,

. 323,
336.

2790,
296,
281,
231

317, .

313,
317.
327.
312.

177,

94,
303,
334,

327,

322.
322,

. 320.
. 296,

270,

270,

194,
21%.

303. .

309.
304,
299,
286
245,

368,
2964
324,
307,

3‘)70 
346.

3424
346.
357,
341.

193,
103,

338,

3654
358,

352,
352.

249, -
324,

256,
256

213.
239,

331,
338,
336.

327

313,

i.2685_

147,
354,

- 358
- 296.

324,
308,
308.

34 1.

343,
347,
358,
341,
193.

103.

338.
365
358,

352

352,
350s
3244
296

- 296,

213.
240,
331.
338.

337.-

327.
313.

268.

135,

- 325,

338,
272
298,

282

282.
3218,
315,
318,
329,
313,

178.

95
311.
335,

229..

323.

323,

321,
298,
272
272,
1954
220,

304, -

311.

.309%.,

301,
287,
246,

123,
296,

308a -

248,
272
258,

.. 2580
291,

287,
291,
300a
286,
162

86.
283,
306.

3nn,
2G5,
2G5,
2G3.
272,
248,

2484

178.

. 201,

278,

283,
2824

274,
262,
225,

91,
227,
229,
194,
202,

191, -

191,

216,

213,
216,
223,
212,
120,

bb,
215,

223,
219,

- 219,

218,
202,
1844
184,

132..

149,

206,
210,

212,
2N4,
195.
167,

JAN.
JAN,
JAN.
JAN,
JAN,
JAN,
JAN,
JAN,
JAN,
JAN,
JAN,

JAN. -

JAN,
JAN,
JAN,
JAN,
JAN.
JAN.
JAN.

~ JAN,

JAN,
JAN,
JAN,
JAN,
JAN,
JAN,
JAN,
JAN,

~JAN,

JAN,

JAN,

~

VDNV N

wv‘puh'ﬂ-dhnwrd-ﬂwrd-wrdr‘—-w-—-Hvurunnuy—wau-an-w



0.
104,
21,
124.
244
123.
27.
116.
26,
112.
15.

TOTAL YEARLY. RADIATION#

260,
3n.
207.

- 28

203,

) 31, -
" 168

27,
127.

25.

104,

'260
1166

30,
163.
27.
181.
2G.
180.

. 3N ..
171.

: 28, -
149.

27.

281.
31
237,

28,

238,
31.-

199,
29.

158

264
134,
27.
147,
31.
191.
30,
212.
30,
207,
31.
193.‘
29.

1654

30.

YEARLY AVERAGE RADIATION

307.

31

262
28,

- 265,

31,

220, .

30,

jl??o .

27
150.
- 29,
168,

31.
213,

314
238,

30,

230,

31.
214,
29,
183,
30,

185,

308,
31.
2624
28.
265,
31.
- 219,
3N,
177
27,
150,
29,
168,
31ls
213.
31.

T 238,

30.
230,
31.
214,

29,

183,

- 30,

469543,

282,
31,
237,

28.
238,
31.

198,

29,

157.

26,
132,
27,
14¢,
31,
191,
304

212,
207,
.‘31.'
.195,

28,

163

30,

263.
30,

206,

28,
213,
31.
168,

. 279'
125.
250 .

lqlb
25,

114

30,
164.
26,
181,
29,

130,

30,
168,
28,

146-;“

27,

199. .

23.
130,

- 286

135.
30,
105.

25

Co

112,
20,

1212,

26,
122,

- 27.
‘113{

2%,
in7,
13,

JaN,

CJAN.

FER,

F‘E-Ro- e
MAR,

MAR,
APR,
APR,

MAY,
MAY,
JUN,.
S JUNL

Jut,
JUL.

AUG,

AUG.,

SFP,

SEP,
0CT,

20 Ta

NOV,

NQV,

DEC.-
DFC,

RAD.
SUN,
'RAQ?
SUN,
RAD,
SUN,
RAD,

VAR
"RAD,
S OSUMS

RAD,
SUN,
RAD,
'SUNS
RAD,
SUN,
RAD.
SUNL,

‘RADO

SUN,
RAD,
(SUN,
PAD,
SUN,



FORTRAN IV & LEVEL 1, a0 3 ALK DATE = 69044 17714737 PAZE 0001
c SUIALUTINE FUR CALCULATIAG THE FADIATION INTENSITY 9N
c THE TILTEC SCLLECTCR PLANE
C MORUDTET SELCUK
< HOR] ZONTAL TSTAL ©R OIRECT ANG DIFFUSE  INTEASITIES
.. SHOULD B Avaltaoie
I In CASE OF ONLY TOTAL HWORIZONTAL 1S AVAILABLE DIFFUSE
c " IS ASSUHED T @ 10 PERCENT OF THE TOTAL

oo
0004
[Walss
0GJe
nna7
6002
(g
001D
0011
0ele
0013
0014
0015

- 0016
0017
0013
[JIVE Rt
ne2oe
0921
G222
nY23
39324
9025
0026
o027
0028
0023
N0 39
0931
003¢
0933
0034
0035
0n3s
093317
0933
0339
0340
0041
0042
0043

OO WN -

10
11
12
13
14
15
16
17
13
19

29
65
b6
X}

1901

D1 He NS 1IN RADHUT (12, 31,241 4RADTINC12431,24) ,DECLIN{L2),“ONTH(12),
LAVERAD (12,12}, E5RAY(12,12),04AYTUT(12, 311, SUNSETL12)

DIVNSION  PLI1T3,P2113 ), TILET)T2010) oHVIL1L),HV2(1 1) HFLL(11Y,
IHELZ2011) oSVIOLY) pSFLLCLL) o SFL2(1 1) »SXTI{21),5X2¢11),SV2(11],
ZHX2( 11 )X 1€ 11D o RADIONIL2422),X211D) X2(11),FTACOLIS),ETATUR(S),
JULCUS) »TAU(S )y PCRERIS) yALFALS) ,ETAPUMIS)

FORMAT (14F 5, 2)

FORVAT (1UF 8. 4)

FORMAT(5F1N, 2)

FGRUAT L2FiN, 2]

FORMAT {RF12, 2)

FURMAT (3F16.6)

FURMAT (1XyA4,15F5.0716F5.0)

FURMAT (12F6. 1)

FORYAT (1 2F5.2)

FOPRAT (L2F 5. )

FURMAT (12754 09A4, 14)

FORMAT (S4H DAILY TOTALS IN LANGLEYS FOR ALICE SPRINGS »AUSTRALIA )
CORMAT (45H TOTAL HORIZUNTAL RADIATION AVAILABLE NNLY /)

FORMAT (40H HUR[ZONTAL TOTAL AND DIFFUSE AVATLABLE /)
FURMAT(2F1549)

FORMAT (RF8+D 42X A44214)

FORMATILZ(2X,44))

FURMAT(1HL)

FORMAT (5110)

FORMAT (2X93F 8,13 2X 142X 4 "RAD, Q)

FORMAT (2X 4 BF 84 092X, 449 2X, ' SUIL T}

FORMAT (268 TOTAL YEARLY RACIATIUNY F16,0)

FORMAT(27H YEARLY AVERASGE RAGIATION £6.0//7)

READ (5929 NN, TJ Ik IL 1M
PEAD {59251 1JANNFERNJUN
READ (S, 10L(PL{M) 4¥=1,10)

READ {5,1){P2(M},M4=1,1")

READ (5, 1)(T1(1),#=1,10)

READ (5, 1){T2(M},M=1,10)

©READ (5,11 (HVLI(H)u=1,101)

READ {5,13{HV2{Nn) M=1,10) i
READ (5, ) {HFLY(M)4=1,10)
READ - {5 LI{HFL2(M) M=1,10)
READ (5,21{SV1{M),H=1,1C)
READ (5,2)(SV2(N)4M=1,419)
READ (5+2){SFLL{M),M=1,10)
READ (542)ISFL2{NM)M=1,12)
READ {Sy3)(ETATUR(M) yM=1,5)
READ (5,3){ETAPUM(I) ¥=1,45)
READ (5+3)(ALFA{N)yM=1,5]
READ (5,3){PONER(AY44=1,5)

PROGRAMME NO:

31



FORTRAY IV G LEVEL 1, Wy 3 MALN DATE = »S9044 17714737
C044 FEAY (9, {TAU(M),H=1,5)
0045 REAN (5,33 {ULCLM) yM=1,5)
0N4n 2EAD (S, 3)USEFAC, TAMAT ,TCHI, TCUE,PIPLAS
0941 BT AD (5,4)PARLEL,8LETA
0048 2FEAD (5,100 (DECLINL)sL=1,12)
0049 REAU (S 16){MUNTHILY L=1,12)
[\\ES] RFAY {5, 11){SUNSETILY,L=1,12)
0051 WRITE(6y14)
0052 DU 171 L=1,12
0953 50 TGLLN1,102,191,193,101,103,101,101,153,101,103,1713.L
0054 191 HZ="JAN
0055 GO TU 194
0455 102 HML=KFL8
0057 G T0 104
0053 103 MZI=NJUN
c059 104 CONVINUE
QUE TO THE EASE GF COMPUTATION GAY IS STARTFL AT 2 AM
N$1 PEPRESEMNTS 8 A% , NHB REPRESENTS 4 PM ETC,
€069 KEAD (5, 9)MUNTHIL) [DAYTOT (L M)y M=1,%2) . e -
0061 WRITE (6 Q) 4IRTHIL) , (DAYTOT L )4 ¥=1,42)
0052 171 CONTIMUE Co
0063 HRITES Ay 26)
FROM THIS STATEMENT TG 170 CGNYINUE INCLUSIVE CALCULATES VHE
HAURLY TGTALS FROM THE DAILY TOTALS USING #HILLISRS METHOD
0064 PO 179 L=1,12
0065 GJ TG (2119212,2115213,211,2132,211,211,213,211,213,2111,L
0066 211 MZ=NJARN
0067 GO TO 214
00063 212 MI=NFEB
0069 GO 10 214
00730 213 MZ=HJUAN
0971 2164 CONTINUE
0072 D0 169 M=1,M42
0073 DAYTOT (L MI=DAYTOT(L,M)*3,68
0074 KADHOT (L oML =( 00063+ {SUNSET(LI=5,"731%D,006) #NAVTOT(L M)
0075 RADHOT (Ls2s2)=(0o111-{SUNSETLL }=5.00)%0,904 ) #0AYTOT(L,#)
0076 RAUHOT (L »+33=00,1642—-(SUNSETILI=5.20)%0 ,A15)DAYTOTIL M)
nor7 RACAGTIL s M4 1= (04162~ (SUNSETIL)=5,70 )41, 020} 2DAYTITIL ")
0078 RADHOT (LyMy5)1=RABHOT (L ¥ 44)
0079 RADHOT (LM e6) =RACHOT (LM, 3)
0080 KATHIOT (L ¢y 7 ) =RADHOT (L 4 M, 2}
0081 RADMOT (L 9 Mo BI=RADHOT (L My 1)
0082 169 CONTINUE
cos3 170 CONTINUE
[{LET DO 175 L=1,412 i
0085 GO TOU111,132,011,113,211 ,313,211,111,113,1101,113,111),L
0046 111 MZ=NJAN .
w087 G2 TO 114
0083 112 MI=RNFEB
0Q83 G0 10 114
0050 113 MZ=RJUN
0051 114 CONTLHUE
0092 PARLEL=PARLEL®D,0174
00S3 QELTA=DECLIN{LY 26,n1714

PAGF 0002



FORTRAN 1V G LEVEL

0054
0055
n096
0n9?
0098
0099
0192
0101
o102
0103
0104
0195
0105
0107
0103
0193
0119
0li1
0112
0113
0ll4

0115
0116
0117
0118
cl17
0129
o121
ol22
nt23
- 0124
0125
0126
o127

0123
0129
0139
0131
0132
0133
0134
Cc13S
‘0130
0137
Cc133
0139
0149

0141
0142

115
116
173
175
201
202

203
204

179

1890

301
302

303
304

184

1y oD 3 MATN DATE = &80%4 17714737

A& GUM= (PARLEL=-DSCLIN(L)I®N 0174

DO 175 H=1,M2

DJ 175 N=1l,.3

SUMANG ={FLJAT{N}-4,30)%C. 2618
CCSINC=JlN(ARGU”)*SlN(UELTA)*COS(AQCU“)*CQS(PELTA)‘CQS(SUVAUG)
C?SlEN=SlN(pﬂ°LEL,¢SlN(JELTA)‘CFS(PARLEL)*CCS(DFLTA)*CUS(SUNAVﬁ)
1F(COSZENIL16,115,4116

COSZEN=0.MIUO0L

QRFAC=COSINC/CUSZEN

RADTINCL oM ofi }=RACHOT (L oM, N) #ORFAC®D,9

CONTINUE

DO 180 L=1,12 |

60 TU(201y20212°l1203'20112@3{201’201.20512q1'2931201,’L
MY=NJAN

GO TO 204

MY=NFEB

GO TO 206

MY=NJUN

CUNTINUE

DO 179 M=1,MY

WRITE (60183 (RADTINIL ¢MeNDyN=148) MONTHIL Mo L

THE RADIATIIN INTENSITY AFTER FIRST 8 HOURS 1S ASSUMED
RELOM THE CRITICAL THEREFORE TAKEN AS ZERQD

DD 179 N=9,24

RADTIN(L,HyN}I=0,

WRITEL E&426)

CONTINUE

DN 100 1=6410,2

K=1

11=1

JJ=1

J=4

TOTDAY=0.

ULC(K)} =0.423

ALFA(K)=0,9

TAULK) =0.,83

CRITICAL RADIATION INTENSITY BELOW WHICH NG USEFUL HEAT CDOLLECTION
SHOULD BE ATTLMPTED
RADCRT=1405*JLC(KIZ{TLIII-TAMB L}/ {TAD(KIZALFALIK) )

DO 285 L=1,12

DO 285 N=1,8

DAYCDU=0,

SUMRAD=0,

GO TO(301,302,301,5303,301,303,201,301,303,30°1,303,2011,L
MV=RJAN

GO T4 304

MV=NFFB

GO TO 304

MV=NJUN

CONT INUE

D3 18% N=1l,.MV

COMPARING THE HOURLY RADIATICGN INTENSITY WITH THE CRITICAL
IF{RADTIN( LM, N}-PADCRT)I 165,185,134
SUMRAD=SUMRAD+RADTIN(L 4MyN)

PASF 0003



FORTRAN 1V 6 LEVEL 1, wiD 2 ZAIN DATE = 60N%4 177147317 PAGE Q004

0143 DAYCOL=DAYCAUL,

0144 185 FLLAY(L,N)=JAYCOCU

0145 IFIERCAY (LN 186,130,137

QClas 186 AVERAD (L K)=0.

0147 Gu TO 2865 )

€143 137 AVERAD(L +N)=SUMRAD/ENDAY {LsN)’
C EQUATE THE MOURLY RADIATION INTENSITY TO MONTHLY AVERAGE

0143 235 RADIUNILN)I=AVERAD(L,N)
C PRINT A LIST CF RADIATION INTENSITIES AND RUM3FR OF DAYS
c ENCOUNTERED WITHIN THE COGRRESPCAUING MOGNTH

0150 DG 288 L=1,12 .
C PUNCH A DECK GF CARDS LISTING THE AVERAGE RADIATION

0151 WRITEL 6955} (RADION(L N s N=1,8) ¢ MINTHILY

€152 WRITEUT,65) (RAGION(L pNY 9M=1,3) s MONTH(L)
[ PUNCH & DECK OF CARDS LISTING NUMBER OF DAYS DUPING WHICH
C THE RACIATION INTENSITY IS GREATER THAN THE CRITICAL

0153 WRITELC, €)1 ENDAY(L M) N=1,8),ONTH(L)

C154 . WRITECT466) 0 ENDAY (L yNY o N=1,8&) yMONTH{LD

0155 288 COMTINUE ’

0150 TOYERA =9, -
C GBTAIN THE YEARLY TOTAL RADIATICN

0157 D0 289 L=1,12

0153 D0 289 N=1,8

0159 239 TUOYERA=TOYERA+AVERAD(L (NI¥ENDAYILN)

0160 WRITE(E,67T)ITUYFRA

0161 D0 261 L=1,12

0lé62 DG 261 N=1,8

c163 261 TCYDAY=TUTDAY+ENDAY{L,N)
C ORTAIN THE YEARLY AVERAGE RADIATION

Oloe4 AVERYE=TCQYERA/TOTOAY

0165 WRITE(E46B)AVERYE

0lo6 WRITE(7,17)TUYLRA,AVERYE

0167 100 CONTINUE

0168 IF(1J-11999,1C01,%99

0169 999 CALL EXIT

c17n DEBUG SUBCHK

0171 END

TGTAL MEMORY REQUIREMENTS 014D70 BYTES



Appendix 3
DERIVATION OF THE FLAT PLATE COLLECTOR EFFICIENCY

The derivation of the flat plate collector efficiency

is presented belouw

The Flat Plate Solar heat Collector
Steady State Performance

The analysis is made for the two~-dimensional case,

all temperatures being referred to a datum at the tempera-

ture of the surroundings. A system of unit width is

examined, the flow rate wj = %" where B is the collector

width.
AU\_
Glass Cover — 5 __—= — —— =
lector Plat ; )%
Collector ===
oliecto ate E__"_tg__j g
] i T
¢I>= o
L | L-ta)=T 1
]—T__] > % }—_——_—:k |nsulati g
A , 1 nsulation
NGT  y SAC(TrRdy (1 Lol
? “| \ ho
L_J_d_x"_l . Vhear
.\LUre.qr T

Control Volume , Fluid Stream



UL6 TC ‘—t ql.l o
’ \
ey —

| T :

L_—Iﬁﬁﬂ)

Collector Plate (no conduction)

Ehergy.Balancg on the
Collector Plate

Axial conduction neglected, for unit collector area

qr TA = U T, + hT = T.h

where

Ul TC = g Upward heat loss

h(T, = T) Heat transferred to fluid
rearranging

(U +h)T = hT = 9t

or, using the notation I for radiation intensity

(U]_ + h)TC - hT = ITA

Energy Balance on the
Control Volume

Assuming unit width, B = 1

fUATCPT « SVATCP(T + g% dx) + h(T_=T) dx =~

u

rear

A3=2

(1)

(2)

Tdx = 0O
(3)
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where
U _ 1
rear ~ (1/h + 6i/ki + 1/h) (4)
27
~VATCp 57 + h(TC-T) - U, goqpT = O (5)
At = Y.B, and for unit width A* = Y.
Also g—l = %;E, since T. is a function of x only.

VA' = w and for unit width VY =1ws

s
dT
~u, Cp g + W(T=T) = U . T = O
dT h + Urear h
ar ¢ ‘rear) T .. T, = 0 (6)
dx w.Cp urSCp c
Solving T_ from (2) and. substituting into (6)
ITR + KT
T, = Sm— (7)
c UL + h . .
- h + U
dT rear h ITX + hT
— 4 () T = == ) = O (8)
dx wSCp wSCp U.L + h
Rearranging
gl + (h * Urear - h2 ) T - | hl (9)
dx wSCp WSCpZUJ_+h5 - urSCp(UL+h5

This is a first order first degree differential equation of

the form

dT _
ax KT = D (10)

subject to boundary conditions

T(0) = Tin t,, - ta
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The complimentary solution for the homogeneous part

(11)

n1a
X |-
}
=
_‘
i
o

dT _
Case 1. K =0 and EY. = 0

The homogeneous solution, T = C, has o physical

significance as Q and the enthalpy

gain = Qloss
rise of the working fluid is zero.

Case 2. K » 0. The solution is of the form T = me—KX
(12)
where M is a constant and
‘ 2
1 h
K w_Cp h+ Urgar = T -i-h}> 0 : (13)
S ] l
For most practical purposes
U
-%EEE = 0.1 _ (14)

L

Substituting 14 in 13 and factoring by h

K . b 1+0 1E¥" 1 (15)
= ®.Cp IR 0/

. 1 s s
Since TU:7F:T7'<1’ it is unnecessary to try the case where

Let us try the particular solution.

Let T = DN _ (16)

where N is a constant be a solution, substituting in

differential equation (10)



®

d(DN)

dx

In the case of the particular solution N

o+

KDN

D

From the boundary condition

D
T(0) = Ty Ty =M+ gy and™
hence
= Dy ~kx ., D
T (Tin - K)e +
If Tin # 0, then
_ D =k x -kx
T = 7 l-ge + Tine
If T._ = 0, then
in
T = ':% (l—e-kx)
In both cases, at X =oo
hl T
D u%Cp(Ulfh)
T = ¥ = FsU0 2
rear h
u%CP u%CpZUl+h5
_ hl CA
B 2
(h+Urear)(Uth)-h

x|~

P [w)
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(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)
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The temperature of the fluid therefore varies from Tin at
entry to a value approaching % asymptotically at X =00,

according to the diagram.

xlo 4

in P

The fluid exit temperature can be obtained by setting X = L,

D -kly o=kl
T(L) = Ty, = ¢ (1-8 ) + T, e - (25)

Constanis K and D are too unwieldy for use in the
analysis of collector performance over a large range of
opefating conditions. However, as the convective film
coefficient, h, is at least fifty times the magnitude of
the over-all heat transfer coefficient for upward heat

loss, U in a well=designed heat collector, the following

1’
simplification may be applied to both constants, using the

binomial expansion and neglecting second order terms,

1

Ugm=l-

u
== (26)

Hence, from equation (15),
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u u
- h L _1
K = TR 1+ 0.15" (1 - = ) (27)
which reduces to
l1.1U
L
K = = Tp ‘ | (28)
S .
Also, from equation (26),
I1TA _ 1T« he' 8
D w Cp(1+U0,/h) ~ wi Cp (1 - h ) (29)

Substituting for K and D from equations (27) and (29) into

equation (25),

1.1U 1.1(u L)
- L. — 17
ICTK(1l=U./h) w_Cp w Cp
T = 1 l-g S + T. e s
out ~ l.lUl - in

(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 Solar radiation as follows:

up- us wS
G =3 =8 = T (31)
hence . 1.1U 1.1U
11 ~%CT ~&C
Toct =%—l(-g]- - T.]') {l-e P } + T,.8 P (32)

u
The term E%E is a dimensionless parameter which is

termed the Number of Transfer Units, NTU, in most of the

heat transfer texts.
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Therefors
1Tl 1 -1.1NTU ~1.INTU
.Tout"l.l(ul_' h){} - e } + Tin®

(33)
since (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

_ ITA ~1.1NTU 17a
Tout = To10; * °© ‘{ Tin - T.10, } (34)
L
In the case of Tin = 0 which implies tin = tamb
1T ~1.1NTU
Tout = T.10; {l - } (35)

Equation (35) can also be obtained directly from equation
(23). |

The enthalpy rise of the fluid

AH = me ( Tout ~ Tin) (36)

AH = Cp[llfﬁ<(1 - e~l-INTUy _ T, (1 - e-l.lNTUﬂ

&H _ wCP[ 1 - e..1.1NTU (lI’Zotl Tin)] (37)
Factoring by l.lUL

AH = f?%ﬁz.[l - e'1°lNTU] (1za = 127, 0) o (38)

The collector efficiency is



A3-9

v q; _ _ﬁr;aﬁseful _ M
¢ ° Tadiation input ~ AL
e

1 -1.1INTU |
T‘_li:]zl—_ (1L ~e Y(IZx - l.lTinU]_) (39) -
GCp

By defining the *flow factor"

1 - e-l.lNTU
n - ———
Feo= T.INTU (40)
the expression for the collector efficiency reduces to
Fﬂ
T, = T (1T-1.1 T, Up) (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.

F‘

Tlc = -I_r- (17X~ TinUlc) (42)

where the "heat removal efficiency," Fr’ is the product of
F" and a second factor, F', termed the "collector efficiency
factor." F' accounts for the resistance to heat transfer of
the bouﬁdary layer at the fluid-tube interface, the wall of
the tube, the bond between the tube and the plate and the
fin effect of the flat plate. Its numerical value,.there

fore, depends 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 coilector efficiency factor, F',
has been taken as a constant. Ffor a well=-designed collector
using metals of high thermal conductivity and with efficient
bonding between the tube and the plate, this would be
approximately unity. Furthermore, even 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-
all heat transfer coefficient, Ulc’ to include the effects
of rear and edge losses as well as that of the transparent

glazing, as discussed in connection with equation 1l4.

U]_C = l.lUL (43)

Since Tin = tino - ta’ the relation for the col=-

lector efficiency becomes:

?c _ Fe (12 - U%C(tinc-ta)) (44)




Appendix 4
METHODS OF COMPUTATION

a. Exhaustive Enumeration

This is a straightforward method gasily applicable
ih this case where there are only two independent variables.
It may be utilized to determine regions of interest as a
first step in obtaining a complete solution to the problem.
This method is preferable to the differential approach and
to the direct minimizing technigues in. the case of two or
three independent variables since it would be too tedious
to minimize the complex non-linear cost 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 so. great that it would
not be feasible to obtain the minimum cost due to the vast

amount of data and the excessive demands upon computer time.

The two most important variables, T, (boiler) and T,
(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 cost 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
cost function was, whenever expressed in a single equation,
too lengthy but the number of iteration and computer memory
requirements were within the capacity of the IBMN 360/75

computer of McGill University's Computer Centre.

b. Mappin

The computer results were also presented in the form
of a two-dimensional field plot. _ Mfuem;imfﬁ$i4£§.¢~*“
The ‘two independent variables, namely Tl and T2, were
represented by the X and Y axes, whereas the corresponding
cost figures were printed in ;ymbols, each symbol represent-
ing the cost function as a percentage of the range of maximum
variation. This presentation enables one to visualize the
variation of the function in three dimensional space since
all points represented by the same symbols would yield the

contours on the Z = fnec (X, Y) surface when they are joined

together.

The shift of the valley of the cost function could
readily be observed by stepuise 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 runs have been compared and

some of the typical runs are presented in Appendix 2,a)

c. Steepest Descent MBﬁhod

One of the Direct minimizing techniques, which can
easily bse applied to a problem with tmo 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 independent

variables, Tl and T2.

(a) A feasible starting point is chosen within the region of

intersst , (Fig. A4.1)

Xo(Tl,o,TZ,o

(b) The cost function is calculated at this point

F(Tl,o,TZ,o)

(c) One of the variables, Tl,o’ is increased by a significant
amount Tl’ and the cost function is re-evaluated at

xl’O(Tl’0 + ATl,Tz,o) as F(Tl’o + ATl,Tz’D) |

(d) The gradient (ml) in the T, direction is obtained from

1

*D, J. Wilde, and C. S. Beightler. Foundations of Optimiza-
tion. Prentice Hall 1967.
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F(Tl,o

o + ATl,T2 D) - F(Tl,o,Tz )
1 Aff‘

s O

(e) Now T2 o is increased by a significant amount AT2 while
?

T is kept constant and the cost function is re=-

1,0

evaluated at
Xz,o(Tl,o,Tz,o + AT,) as F(Tl,O,Tz + AT,)

(f) The gradient (m2) in the T, direction is obtained from

_F(T1,0,T2.0 + AT2) ~ F(T1,0,T2,0)
AT
: 2

‘(g) The direction of steepest descent is obtained from
M2,
T),1 = (Tl’0 + AT), Ty,1 = (Tz’0 + EI AT;)
(h) The increment of the function between (T , T, _) and
1,0’ 2,0
. (Tl,l’TZ,l) is tested. If it is positive, T, and T,

are replaced by -Tl and -T2 respectively.

(i) The optimization procedure is converted into one
dimensional quasiiocal minimum search. The steepest
descent direction is followed until the function stops
decreasing and starts increasing. This process will
reduce the additional computation time spent for finding
F(T, +AT,,T,) and F(T,,T, +AT,) and will instead
involve direct calculation of F(T; +AT1', T, +AT,).
Additionally quadratic or cubic interpolation techniques¥
may be utilized to accelerate the convergence to the

quasi local minimum.

*L.. S. Lasdon, and A, D. Waren. Mathematical programming for
’ Optimal Design. Electro-Technology, Nov. 1967, pp. 53-~70.
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Once the quasi local minimum on the steepest descent
direction is found, a new direction of éteepest descent
is searched for by repeating the steps suégested from
(a) to (h), assuming the quasi local minimum as the new
starting point.

The search is continued until the following stop

criterion is satisfied.

‘Fi+l -Fi|<e

where
Fiel = (i+l)th iteration
Fi = 1ith iteration

o
]

A predetermined positive constant small enough
to yield the local minimum within the desired

accuracy.
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XO(Tl,O'TZ,O) xl,O(Tl,O + Ty, T2,0)‘

_—’PATH DESCRIBED IN THE TEXT WHICH UTILIZES QUASI-LOCAL

MINIMUM (Q) . THE DIRECTION OF STEEPEST DESCENT IS
SEARCHED ONLY AT X, , Q; » Q ETC.
—— (o) 1 2
' ALTERNATIVE PATH. THE STEEPEST DESCENT DIRECTION IS
SEARCHED AT EVERY ITERATION
e

CONTOURS

FIG.A4-1) REPRESENTATION OF THE STEEPEST DESCENT METHOD IN
3 DIMENSIONAL SPACE. RESPONCE SURFACE , z=f (x,y)
CORRESPONDS TO Cost=f (Tl'TZ)



