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ABSTRACT

PETER ROBERTSON

INFLUENCE OF ENVIRONMENTAL CONDITIONS AND ARCHITECT-
URAL FORM ON THE DESIGN AND THERMAL PERFORMANCE OF
THE FLAT-PLATE SOLAR COLLECTOR SYSTEM.

Solar heating systems, by the nature of their design and inherent
thermal mass, are sensitive to the changes in the prevailing climatic
conditions.

A computer program has been developed to predict and display
the dynamic performance of solar water heating systems and their
installation designs under transient climatic and restricted site con-
ditions. A multi-node capacitance model describes the dynamic heat
transfer and energy storage processes within the solar collector unit,
storage tank and the connecting pipework. This simulation model
predicts the dynamic system performance under intermittent solar
radiation, system operation and energy usage conditions.

Validation studies have been carried out on the computer sim-
ulation results against the performance of a purpose-built solar col-
lector test facility and a commercial solar water heating system in
actual operation in Aberdeen. A good correlation has been obtained
in both cases. The accuracy of the prediction was found to be dep-
endant upon the time interval of the available climatic data and the
complexity of the thermal simulation network chosen.

The experimental facilities and the computer simulation program
have been developed to investigate the effect of integrating the solar
collector installation as part of the roof fabric, as a possible technique
to improve the system performance in exposed locations.

The application of this computer program lies in the development
of innovative solar collector system and installation designs to achieve
optimum system performance under transient climatic and restricted
urban site conditions.
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NOMENCLATURE

As
Asp

Ast

2

area of elemental collector unit section. (mz)
surface area of system pipework. (mz)
surface area of elemental storage tank section. (m2)

perimeter edge surface area of collector unit. (mz)

thermal capacitance of collector cover elemental
section. (J/°C)

thermal capacitance of collector plate unit elemental section.
thermal capacitance of storage tank top section.

thermal capacitance of storage tank middle section.
thermal capacitance of storage tank bottom section.
thermal capacitance of system pipework section.

total thermal capacitance of collector unit. (J/°C)
overall rate of heat removal to load. (W/°C)

specific heat capacity of collector cover material. (J/kg°C)
specific heat capacity of collector insulation material.
specific heat capacity of storage tank insulation material.
specific heat capacity of storage tank material.

specific heat capacity of collector plate material.
specific heat capacity of collector tube material.

specific heat capacity of frame unit material.

specific heat capacity of circulating fluid.

total thermal capacitance of storage tank. (J/°C)

mass flow rate of circulating fluid. (kg/s)

day number

thickness of collector cover. (m)

thickness of rear insulation.

thickness of collector plate.

thickness of system pipework insulation.

thickness of system pipework.

thickness of rear collector plate unit.
iii
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thickness of storage tank material.

thickness of storage tank insulation.

thickness of frame unit.

collector plate efficiency factor - dimensionless.

flow rate factor - dimensionless.

pump control function - dimensionless.

storage tank flow control functions - dimensionless.

load control function - dimensionless.

edge heat loss correction factor - dimensionless.

hour angle. (degrees)

overall heat loss coefficient from collector plate. (W/m2°C)
overall heat loss coefficient from collector cover.

the rear convection heat loss coefficient. (W/mZOC)

the film heat transfer coefficient of collector fluid. (W/m2°C)
the forced convection heat loss coefficient due to wind. (W/mZOC)
total incident solar radiation on plane of collector. (W/mz)

2

direct horizontal solar radiation. (W/m
sky diffuse solar radiation. (W/mz)

total horizontal solar radiation. (W/mz)

thermal conductivity of system pipework insulation. (W/m°C)
thermal conductivity of system pipework material.

thermal conductivity of storage tank material.

thermal conductivity of storage tank insulation.

longitude of the sun. (degrees)

characteristic size of the collector plate. (m)

thermal capacitance of collector cover. (J/°C)

thermal capacitance of collector plate unit. (J/°C)

mass flow rate of circulating fluid. (kg/s)

rate of energy supply to energy demand load. (W)

net heat collection rate from collector. (W

iv



q,u/As average useful heat collection rate. (W)

Rp thermal resistance from collector plate to tube. (mzoC/W)

Ty thermal resistance of collector plate-tube bond. (mZOC/W)

rp thermal resistance of collector plate.

Ty thermal resistance of collector tube.

S solar insolation rate on the collector plane. (W/mz)

S, solar radiation absorbed by collector cover. (W/mz)

S2 solar radiation absorbed by collector plate.

Sa edge addition coefficient - dimensionless.

t time

T top storage tank section mean temperature. (°C)

T, middle storage tank section.

T3 bottom storage tank.

Ta. external air temperature.

Ta" internal air temperature.

Tc mean collector cover temperature.

Ti inlet collector fluid temperature.

me mains water temperature.

To outlet collector fluid temperature.

Tp mean collector plate temperature.

pr mean system pipework section fluid temperature.

TS mean storage tank temperature.

Tsky sky temperature.

TSL supply fluid temperature to load.

Tst elemental storage tank section temperature.

Tw mean collector fluid temperature.

U, overall collector unit heat loss coefficient. (W/mZOC)

Up overall heat loss coefficient from system pipework.

Up heat transfer coefficient from the collggtor‘ plate .to the
perimeter of the collector unit. (W/m<-C)

Uy overall heat loss coefficient from storage tank.

v



wind velocity. (m/s)

volume of pipework fluid. (m3)

volume of storage tank elemental section.
volume of collector tube material.

volume of collector fluid within tubes.
absorptivity of collector cover - dimensionless.
absorptivity of collector plate.

collector tilt. (degrees)

density of collector cover material. (kg/m3)
density of rear insulation material.

density of collector plate material.

density of pipework insulation.

density of pipework material.

density of storage tank insulation.

density of storage tank material.

density of tube material.

density of frame unit material.

density of circulating fluid.

emissivity of collector cover - dimensionless.
emissivity of collector plate.

reflectivity of collector cover - dimensionless.
reflectivity of ground surface.

reflectivity of collector plate.

solar declination. (degrees)

Stefan-Boltzmann constant.

transmissivity of collector cover - dimensionless.

vi
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1.1. General Introduction

Solar energy can provide the world with its energy requirements.
Its use for the space and hot water heating of buildings is not new. In
the past, the low cost of fossil fuels has prevented the widespread use
of solar power although several experimental houses incorporating
solar heating systems have been built. Rising fuel costs, the exhau-~
stion of fossil fuels and modern technology have initiated a radical re-

assessment of this situation.

Basically a solar heating system comprises a collector to absorb
solar radiation, the heat from which is then transferred to a storage
medium. A flat-plate solar collector is normally chosen in order to
maximise the collection of diffuse radiation. Storage of the heat may
be achieved by heating water or small pebbles, or by inducing revers-
ible chemical changes. From the storage tank, the collected heat
energy is distributed to the space heating appliances of the domestic
hot water for use when needed. Both air and water have been used as

the heat transfer media to and from the storage.

The present development of solar heating systems is limited by
the short term heat storage available, the payback period of the instal-

lation cost and the accurate assessment of system performance.



1.2, Brief Review of Previous Investigations

1.2.1. Dynamic Thermal Simulation of Solar Collector Performance
Solar heating systems, are by the nature of their design, sen-
sitive to the changes in the prevailing environmental conditions. In
order to simulate the complex thermal behaviour of the flat-plate solar
collector, a number of steady-state heat transfer prediction techniques

have been developed 1’2’3.

These techniques neglect the effect of
collector thermal capacitance. As a result, these prediction tech-
niques are limited to the calculation of the average daily useful energy

collection under steady-state solar radiation conditions.

Subsequent studies to predict the dynamic collector performance
under variable climatic conditions led to the development of a simple
collector capacitance model 4’5. This model simulates the collector
heat transfer and energy storage processes as a single thermal nodal
unit. This technique has been extended to create a two node model
in which the dynamic thermal behaviour of the collector plate and the
cover are simulated separately 6’7. The prediction results from both
models have been analysed under fluctuating solar radiation conditions,

revealing significant inaccuracies in the collector temperature and

performance.

For the present investigation, a multi-node model has been post-~
ulated as a possible technique to improve the accuracy of short term

collector performance under prevalent variable climatic conditions 6 .

1.2.2. Prediction of Solar Radiation Conditions

The accurate prediction of the incident solar radiation on the in-
clined collector surface is an essential part of any steady-state and
transient collector performance models. In previous studies, it has
been assumed that the hourly horizontal solar radiation measurements

8,9

are available for the particular location to be simulated

>



The prediction of solar radiation on inclined surfaces from the
measured horizontal radiation, assuming clear sky conditions, has

8,9,10

been extensively studied However, the degree of cloud con-

ditions varies over each day and for the particular location.

11

As a consequence, Page has developed techniques to predict
the direct and diffuse solar radiation on vertical surfaces under clear
sky and overcast cloud conditions for particular geographical locations

in the United Kingdom.

At present, no suitable technique is readily available to predict
the incident solar radiation on an inclined collector surface under
intermittent cloud conditions. In this investigation, the technique .
developed by F"age]‘1 has been modified to provide a simple, accurate
method of predicting the direct and diffuse radiation components under

fluctuating cloud conditions.

1.2.3. Dynamic Thermal Simulation of Solar Heatin
System Performance

The energy collected by the solar collector unit is most commonly
stored within a water tank system. In conjunction, with the solar
collector prediction model, the accurate simulation of the heat transfer
and energy flow processes within the storage tank is essential. This
behaviour has bee‘n extensively studied to form a dynamic simulation
model of a solar water heating system 12’13’14. These simulation
techniques have been used to analyse the influence of various environ-
mental parameters on system performance 13’14. As a result of the
previous limitations in the prediction of the dynamic collector perfor-

mance under intermittent cloud conditions, the accuracy of these

studies is restricted.

1.3. Objectives of Present Work

The objectives of the present investigation are:

-l



(i)

(ii)

(iii)

the development of a comprehensive thermal network technique
and computer program to predict the dynamic thermal behaviour
of the flat-plate solar water heating system under transient
climatic conditions.

the validation of the predicted results of the computer program
against experimental results from a solar water heating test
facility and the monitored performance of a commercial solar

heating system under actual operating conditions.

the investigation, by the development of the computer program

and the experimental collector facility, of the design and thermal
performance of integrated solar collector installations in buildings,
to improve the system performance under restricted environ-

mental conditions.
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2.1. Review of Previous Work

A brief review of the previous work has been outlined in Section
1.2. In this section, a detailed review of the more important aspects
of the collector simulation techniques presently available will be

given.

2.1.1. Hottel-Whillier-Bliss Steady-State Model
At present, the prediction method developed by Hottel and

Woertz 1 , Whillier 2, and Bliss 3 is the most common technique util-
ised to simulate the steady-state performance of the flat-plate solar
collector. In the prediction of the steady-state performance, this
model neglects the effect of the collector thermal capacitance. As

a result, this model can be defined as a Zero Capacitance Model.

\

The steady-state collector performance, based on the useful
energy gain of the fluid circulating through the collector tubeways is

expressed by Whillier 4 as:

Rate of useful _ Amount of solar energy _ Heat loss from
energy galn absorbed by collector collector plate
plate
q /A, = FFils - U (T, - T.)] (2.1)

where F'! F! is the heat removal efficiency factor for the particular

collector construction derived by Whillier 3 and Bliss 6.

The accuracy of the zero capacitance prediction model is limited
to the short or long term average collector performance under steady-
state climatic and operating conditions as defined by Liu and Jordan 7.
Klein 8 and Wijeysundera 9 have analysed the prediction accuracy of
the zero capacitance model under simulated variable climatic cond-

itions.

The results from these studies have shown that the short term
prediction accuracy of this method is sensitive to the fluctuation of

the climatic conditions and the effect of the collector thermal capaci-

tance./

-8~



Under simulated solar radiation conditions, Klein 8 and Wijeysundera 9,

found a significant error in the short term collector performance.
Although, the short term inaccuracies tend to be cancelled out,

as indicated by Klein 8, over the period of a heating season. These

studies have highlighted the need for a prediction method to accurately

model the short term collector performance under variable climatic

conditions.

2.1.2. One Node Capacitance Model

From the previous steady-state work, Close

10 developed a dyn-

amic thermal model which incorporated the effect of collector thermal
capacitance. This model utilises a simplified thermal node technique,
in which one nodal equation models the heat transfer and energy storage

processes within the collector unit.

Energy stored within _ Amount of solar energy _ Heat loss from
the collector plate absorbed by collector collector plate
plate
- Energy transferred by circulating fluid
c,-dT, = Fils - U (T, - T)) - C_.aT ] (2.2)
" dt
where T, is the mean collector fluid temperature. This technique

can be defined as a One Node Capacitance Model.

In the above expression, Close 11 assumed that the collector
plate temperature was equivalent to the fluid‘temper‘atur‘e, and that
the temperature distribution along the collector was linear. In
addition, the net collector unit thermal capacitance was simplified to
the product of the total collector thermal mass multiplied by the rise
of the mean collector fluid temperature over time. The thermal

capacitance effect of the collector cover was neglected.

Klein 12, described this model, with the application of factors

to allow for differential thermal storage effects within the collector

14

unit component materials. However, Klein 13 and Wijeysundera

still/
_9-



still found that the assumptions taken in the model restricted the pre-

diction accuracy under variable solar radiation conditions.

2.1.3. Two Node Capacitance Model
Recognising the need for a more detailed simulation model,

Klein 3°

outlined a theoretical technique which divided the collector
unit into a series of interconnected thermal nodes. This model can

be defined as a Multi-Node Capacitance Model.

The simplest application of this technique is a two-node model
in which nodes are positioned at the collector plate and the cover.
The heat balance equations for the whole collector plate and cover
have been expressed by Klein 15 as follows:

collector cover:

mCp.dT, = S; + h.l.(TP - Tc) - hyo(T, - Ta) (2.3)
at
collector plate:
meP.cl_TP =5, - hl.('rP - Tc) - Zme.(Tp - Ti) (2.4)
dt

where hl and h2 are the heat loss coefficients from the collector plate

and cover respectively.

The prediction accuracy of the two node capacitance technique
has been analysed by Wijeysundera 16 against experimental work and
the results compared against those predicted by zero and one node
capacitance methods. The investigation concluded that the zero cap-
acitance model is limited to the prediction of average daily useful
energy collection using hourly averaged meteorological data, given
steady-state conditions. A significant impr‘ovemqnt in the prediction
of the short term dynamic collector behaviour has been found by
Wijeysundera 16 for the two node method as compared against the
previous one and zero capacitance techniques. However, under
fluctuating solar radiation conditions, the two node capacitance model,

revealed significant discrepencies in the hourly useful energy collection

and/
-10-



and the collector fluid temperature. As a consequence, a more re-
fined collector simulation technique is required for the accurate pre-
diction of the dynamic short term thermal performance and the detailed
temperature behaviour under fluctuating solar conditions, prevalent

in the United Kingdom.

2.2. Theoretical Analysis — Dynamic Behaviour of Collector Units

2.2.1. Method of Analysis

In this section, the two node capacitance model, outlined in
Section 2.1.3., has been developed to form a nodal thermal network
of elemental sections at the collector plate and cover, illustrated in
Figure 2.1. The equations describing the heat balance within each
elemental section can be expressed as follows:

Heat balance within collector cov

Energy stored within _ Solar radiation absorbed Net heat gain
cover section by cover section from collector
plate
C,.dT = S +[F'o-§T“-T”; #ih (T -1 )-[gec. (TH-1")+h (T -T.)] (2.5)
177 F1 e Mw e TR e Al Wt Me Ta .
T 1/eptl/ec-1 :
Heat balance within collector co
Energy stored within _ Solar radiation absorbed Upward heat loss
collector plate by collector plate section from collector
section plate to cover

- Rear and edge heat losses - Heat transfer
from collector plate to from plate to
external air circulating fluid

e (¥t ' .
C,.dT, = SZ-EF.62§T =T ; + F.hc.(Tw-Tc)]-EF.Fe. =T )J- nCp_.dT,

—-— -+ -

it ep+l/ec-1 dp/ ke, 7L/, (2.6)
The derivation of the heat transfer and energy storage terms within
the elemental collector plate and cover sections are fully outlined in

Appendix 1.1.

The following assumptions have been taken in the deriviation of

the terms within the heat balance equations:

=11-
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(i)

(i)

(iii)

(iv)

The convection coefficient hc, of the heat transfer between the
collector plate and the cover has been tabulated by Tabor 17 for

a range of collector inclinations and temperature differences
between the collector plate and the cover. The tabulated values,
derived by Tabor 18 from an experimental study of the natural
convection between inclined parallel heated plates give greater
accuracy than the normal calculation method to obtain the con-

vection coefficient.
The radiation shape factor for the radiation transfer between the
elemental section of the collector plate and the cover has been
graphically determined to be 1.0 for the possible elemental
collector section geometrics to be studied 19. As a result,
this factor has been neglected from the radiation transfer term
in equations (2.5 and 2.6). This factor is illustrated in Figure
2.2.
The rear insulation within the collector unit has been assumed to
be a parallel slab of finite thickness and length. As a conseq-
uence, the heat flow as derived by Tabor 20 1S greater at the
collector perimeter. To compensate for this increased heat
flow, Tabor 21 has formulated an edge correction factor Fe,
which is applied to the rear heat transfer coefficient.

Fe = 1.0 + Sa.d,/L’ (2.7)
where Sa is the edge addition coefficient tabulated by Tabor 22
and L! is the characteristic size of the collector plate.
The following approximate values 23 have been taken for the rear
convection loss coeffiqient hr" for the various collector con-
structions:
(a) fixed externally to the roof fabric, with h_= 14-23 W/m?°C

depending on the climatic exposure of the site.

(b) integrated within the roof construction with hr = 9.5 W/m2°c.

-13-
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(v) The forced convection heat loss coefficient hw, for the heat tran-
sfer from the collector cover due to the wind effects has been
obtained from the empirical relationship derived by McAdams 24,
and expressed as follows:

h = 5.7+ 3.8.v (2.8)
(vi) The fluid temperature gradient along each elemental collector

plate section is assumed to be linear as a result of the small

collector section lengths involved, as illustrated in Figure. 2.3.

The matrix representation required for the numerical solution of
the simultaneous heat balance equations is outlined in Appendix 1.2.
This method of matrix solution was chosen because it is relatively easy
to execute on the digital computer since only the non-zero terms within
the matrix will contribute to the calculation. This explicit numerical
method obtains the new values of the cover and fluid section temper-
atures T'c and T'w from the initial temperature values Tc and Tw.

The Modified Euler numerical method was chosen as the easiest
predictor-corrector technique to implement on the computer program 25.
However, it was found that during the program validation studies, out-
lined in section 2.4.2., that this particular method became strongly
unstable at above 8 section nodes, because of the effect of the roundoff
error caused by the number of iterations required to attain 2 digit

accuracy.

In an attempt to solve this problem, a fourth order Runge-Kutta
numerical method was chosen. This numerical method, outlined by
Stark 26, has the advantage over the Euler method of greater accuracy
for the comparable amount of calculations. Four digit accuracy was
achieved within five iteration steps. The numerical technique re-
quires that the period from the initial value point Xo, to the point of
the Xo desired solution of Xn is divided into n subintervals performing

an/
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an iteration of the following form.

y](_n+1)= Vo + 1/6.(k1 + 2k, + 2y + K, ) (2.9)

This method has been sucessfully tested in the program validation

studies, showing no sign of instability at large collector thermal net-

works.

2.3. Computer Simulation

2.3.1. Qutline Structure of Program

The mathematical model, previously outlined, has been trans-
lated into a computer program, written in Fortran. To facilitate the
simulation technique, the program software is structured into sub-
programs. This technique allows the user to systematically alter
the collector physical, thermal and climatic parameters and monito'r'
the subsequent changes in the dynamic thermal performance of the col-

lector.

As with other similar graphics orientated application programs 27’28,
the program is structured into the following routines:
(i) the algorithmic routines to predict the collector performance,

(ii) the data handling routines,

(iii} the graphics and menu executive routines.

The executive component of the program, illustrated in flowchart
form in Figure 2.4., outlines the structure and the interactive nature

of the program routines.

2.3.2. Description of Computer Program
A brief description of each of the subprogram routines to perform
the above algorithmic, data handling and graphics functions is outlined.

The computer program is fully listed in Appendix 2.1.

(i) Subroutine MOD 1

The function of the subprogram MOD 1, is to enable the user to
visually check the input data submitted to the program storage

area.
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The user specifies the name of a particular external data file,
which has been created beforehand with the required collector
physical characteristics. This data is subsequently trans-
ferred to the program common storage area.

(ii) Subr-c;utine NUSELT
The function of the subroutine NUSELT, is to calculate the
thermophysical properties of the heat transfer fluid, which in
this case is taken to be water. From the tabulated physical
data of the fluid thermal behaviour for various temperatures
within the routine, the Prandlt, Reynold's and Nussett numbers,
fluid conductivity, viscosity and density are calculated to det-
ermine the fluid convective heat transfer coefficient.

(iii) Function CPRO
The purpose of the routine CPRO, is to calculate the thermal
capacitance of the heat transfer fluid from the tabulated values
of the fluid density and specific heat capacity for temperatures

between 0 and 120 deg. C.
(iv) Subroutine MOD 2
The function of the routine MOD 2, is to calculate the components
of the heat balance equations. These components consist of
the thermal capacitance of the collector plate and cover, the top,

rear and edge heat loss coefficients, and the fluid heat transfer.

The first subprogram section initialises the calculation constants
within the routine, and calculates the thermal capacitance of the
cover section, the fluid mass flow rate and velocity. The

second subprogram section MOD 2 BC, calculates the values of

the collector material component thermal resistances and capac-
itance to determine the collector plate section capacitance, and

the top, rear and edge heat losses for the particular collector
construction.  The third subprogram section MOD 2 D, calculates

the/
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(v)

(vi)

(vii)

(viii)

(1x)

the fin and collector efficiency factors for the particular collector
construction, and the solar radiation absorbed by the cover and
collector plate sections.

Subroutine MOD 3

The function of the routine MOD 3, is to initialise the numerical
method matrix, and iteratively solve by the Quartic Runge-Kutta

method, the network section node temperatures after each time

increment.

Subroutine MOD 4

The function of the routine MOD 4, is to control the operation of
the other interrelated subprograms, from which to calculate and
display the section temperatures at each time increment over

the specified simulation period.

Subroutine MOD 5

The function of the routine MOD 5, is to determine the convection
heat transfer coefficient between the collector plate and the cover
above. The convection coefficients have been tabulated within
the routine for various collector tilts given the temperature dif-
ference between the collector plate and the cover.
Subroutine MOD 6

The function of the routine MOD®6, is to print in tabular form,

the calculated values of the inlet and outlet collector fluid tem-
peratures, the collector and cover section node temperatures,
the level of solar radiation, air temperature, and the collector
efficiency for each time increment over the specified simulation
period.

Subroutine MENU 1

The function of the routine MENU 1, illustrated in flowchart form
in Figure 2.4., is to control the operation of the program by the
selection of a number of options. As a consequence, it is

possible/
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possible from the MENU 1 program options, to iteratively alter,
predict and analyse the dynamic thermal performance of any

number of different solar collector designs.

(x) Subroutine MENU 2

The function of the routine MENU 2, illustrated in flowchart form
in Figure 2.4, is to control the alteration of the data files, which
store the collector parameters and climatic data.
(xi) Subroutine MENU 3
The function of the routine MENU 3, illustrated in flowchart form
in Figure 2.4, is to select the particular method of displaying
the predicted collector performance over the simulation period.
(xii) Subroutine PLOT 1
The function of the routine PLOT 1 is to display in graph form
the range of actual climatic data and predicted collector perfor-
mance results. In addition, the routine allows the user to
overlay any combination of results. The graphics softwave
within the routine has been written from the GINOGRAF graphics

29

software .

2.4. Experimental Investigation

2.4.1. Objectives of Experimental Investigation

The objective of the experimental investigation has been to validate
the predicted dynamic collector behaviour under variable climatic con-
ditions against actual performance results. This objective has been
achieved by the following experimental studies, utilising a purpose-
built solar collector test facility to investigate the heat transfer and
energy storage processes within the collector unit. As a consequence
of this investigation, the simulation model has been amended to improve

the accuracy of prediction.

2.4.2. Error Analysis Against Previous Work

The first part of this investigation has been an error analysis of
the/ “
21~



the computer simulation results against previous work. The aim of
this initial analysis is to detect major errors in the computer simul-
ation program.

The analysis involved the detailed study of the heat transfer com-

ponents against previous steady-state work by Whillier 30 and Duffie

and Beckman 31. This investigation was restricted to the collector
steady-state performance, due to the lack of previous work on dynamic

collector performance.

The majority of errors detected in the program were caused by
Fortran language errors, rather than discrepancies in the theoretical
heat transfer model. Thé second major error, revealed by the
program analysis, was found within the initial numerical method
chosen: the Modified Euler Method.  This method was found to be
unstable for thermal networks above 8 sections, in which large round-
off errors occurred, due to the excessive number of iterations invol-

ved to obtain a solution.

With the elimination of the major subprogram errors, the next
stage in the program validation studies involves the analysis of the
accuracy of the prediction results against actual collector performance

experimental data.

2.4.3. ratus and Experimental Procedure

A flat plate solar water collector system, illustrated in Figure
2.5, has been designed for the indoor and outdoor performance valid-
ation studies. A copper tube in plate solar collector of domestic
scale has been chosen as representative of the present commercial
collector design available. In addition, this insert type of collector
has been selected for further experiments involving the collector unit
incorporated within the roof fabric. In the present indoor and out-

door experiments, the collector unit is completely exposed to the

external/
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external air to facilitate heat loss measurements., Alternative col-

lector glazing is supplied, with 4mm glass or 6mm perspex.

Constructed on a 45° mild steel angle frame, the collector array
is connected by 15mm copper pipework to a 150 litre insulated hot
water storage tank. For this investigation, the temperature meas-
urements from the storage tank have not been taken into account. A
commercial pump is used to circulate the fluid through the collector

system. The pump operation is continuous for each experiment.

The measurement of the collector thermal behaviour was mon-
itored by a network of premium grade copper constantan thermo-
couples, positioned as shown in Figure 2.5. This network gave, as
far as possible, a complete record of the temperature behaviour within
the collector unit, accurate to within t 0.5°C. The fluid flowrate is -
measured by an electronic turbine flowmeter manufactured by Litre
Meter for a specific flow range, in this case the range between 0‘.1 -
4.5 litres/minute. The measurements of the turbine rotation are
electronically integrated over intervals of 1 minute for the complete
experiment. This type of flow measuremént is sensitive to small
changes in the flow velocity, and gives an accuracy of ¥ 0.05 litres/

minute.

The flowrate was held constant over each experiment. The
measurement of the solar radiation was recorded by three solari-
meters, manufactured by Kipp and Zonen, measuring the horizontal,
incident 45° tilt and the diffuse solar radiation. The solarimeters
were calibrated previous to the experiments, at the Meteorological
Office in Bracknell, to give an acéuracy of pa 1.5%. The air tem-
perature is measured by an enclosed dry bulb thermocouple probe,

the wind velocity is measured by a hand held wind speed recorder,

accurate to t 0.5m/s.
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These measurements were recorded at specified intervals by a
Solartron data logger, which electronically processed the analogue
experiment readings into digital form, and subsequently transfers
these readings onto punched papertape. The inherent error within
the transfer of the analogue readings to the digital papertape form is
limited to t 1.5% error. The papertape records were subsequently
read onto magnetic tape for long term storage and analysis within the
Institute main frame computer. A purpose-written computer program
STAPEL, outlined in Appendix 2.2, is used to analyse, tabulate and
graphically display the results of each experiment. These results

were finally analysed against the predicted values from the simulation

program.

The procedure used to obtain the above results from the indoor
and outdoor experiments is outlined as follows:
(i) Indoor collector experiments
Briefly, the purpose of the indoor experiments is to measure
the solar collector, storage tank and pipework heat losses under

no radiation input, steady-state conditions.

With the experiment test facility set up as shown in Figure 2.5,
and the measurement apparatus calibrated, the indoor collector
experiments were carried out for three collector heat loss studies.
The experimental method used is to raise the water temperature

in the storage tank, by the use of an immersion heater, to an
arbitary temperature between 55° and 65°C.  The circulation
pump is activated and the subsequent variation in the temperature
at the sensor locations in the collector unit and storage tank re-
corded. All three experiments were monitored for a period of

two hours, with a recording interval of 1 minute.

During the experiment period, the internal air temperature with-
in/
-25-



(i1)

within the laboratory space is continuously monitored. The
wind velocity within the laboratory is assumed to be negligible
after the initial air movement measurements registered no sig-
nificant air velocity. A selection of the results from the indoor
experiments are illustrated and discussed in section 2.5.1.
Qutdoor collector experiments

The purpose of the outdoor experiments is to measure the col-
lector heat gain, heat loss and the thermal efficiency under var-

ious types of solar radiation conditions.

As with the indoor experiments, the experimental procedure is
initially the recalibration of the thermocouples after the recon-
struction of the test facility at the outdoor location within the
School of Architecture. With the experiment test facility set
up, as shown in Figure 2.5, and the measurement apparatus
calibrated, the outdoor collector experiments were carried out

for five studies.

The experimental method used is to first run three experiments
for a detailed monitoring period of 10 hours, under a range of
solar radiation conditions. The second stage in the outdoor
experiment procedure is to run two experiments for a long term
monitoring period, under, as far as possible, a similar range of
solar radiation conditions. In both cases, intermittent measu-
rements and observations were taken o the wind speed and the
sky cloud conditions respectively over the experiment period.

A continuous pump operation is used. As a consequence, heat
loss measurements were taken during the evening of the exper-
iment period under no radiation conditions. A selection of the

results from the outdoor experiments are illustrated and dis-

cussed in section 2.5.2.
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2.5. Presentation and Discussion of Results

The results from the indoor and outdoor collector performance
experiments are discussed and illustrated in sections 2.5.1 and 2.5.2.
In addition, the prediction results from the computer simulation are
compared against the actual thermal behaviour of the collector test

facility.

2.5.1. Indoor Experiment Results and Prediction Validation

The results of the indoor experiments carried out in the laboratory
to investigate the collector heat loss under no radiation, steady-state
conditions are discussed and illustrated. @ The temperature distri-
bution profile within the collector, for one experiment representative
of the heat loss studies, is illustrated in Figure 2.6. The temperature
distribution, within the collector unit, over the experiment period,
gives an indication of the rate of heat loss disappated from the collector
plate. For the steady-state conditions present in the experiments,
this rate of heat loss is a constant, as illustrated in Figure 2.6. To
facilitate the analysis of the temperature distribution within the collector,

the results are plotted at 10 minute intervals.

The results predicted from the computer simulation studies are
overlayed on the actual experiment temperatures, as shown in Figure
2.6. The predicted temperature distribution within the collector unit
is graphically compared against the actual distribution. A good
correlation has been obtained. As a result, this correlation valid-
ates the accuracy of the theoretical heat transfer equations modelling

the collector heat loss under steady-state no radiation conditions.

2.5.2. Qutdoor Experiment Results and Prediction Validation
From the five experiments carried out on the outdoor collector
test facility, the results of two experiments, representative of the

complete study are illustrated and discussed in detail.  The inlet,

outlet/
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outlet and the collector temperature distribution results for these
experiments are illustrated in Figures 2.7 - 2. 10.

(i) Short Term Collector Performance

In the first two experiments, the collector behaviour and climatic
conditions were monitored for 10 hours, at 1 minute intervals.
The experiments were carried out under clear sky, intermittent

and overcast cloud conditions, illustrated and discussed in detail

in section 3.5.

The results from the experiment, illustrated in Figure 2.7,
clearly indicate the effect of different solar radiation conditions
on the solar collector thermal performance. The temperature
distribution profile within the collector, for one experiment rep~
resentative of the short term performance studies is illustrated
in Figure 2.7. A significant temperature distribution is pre-
sent under clear sky conditions in contrast to the negligible dis-

tribution present under overcast sky conditions.

The results predicted from the computer simulation studies are
overlayed on the experiment results, as shown in Figure 2.7.

A good correlation has been obtained against the actual temper-
ature distribution within the collector. The actual and predicted
collector efficiency values are plotted in Figure 2.8, in conjun-
ction with the variation of the solar radiation. These results
indicate the significant influence of the fluctuation of solar
radiation conditions on the prediction of the steady-state collector
efficiency. A good correlation has been obtained, however, the
results illustrate an error in the prediction of the solar radiation
conditions at low solar attitudes. As a result, these correlations

validate the general accuracy of the collector thermal simulation

under variable solar radiation conditions.
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(ii) Long Term Collector Performance
In the second range of experiments, the collector thermal beh-
aviour and climatic conditions were monitored for 2 days, at
10 minute intervals. As with the short term experiments,
these studies were carried out under different solar radiation

conditions, illustrated and discussed in detail in section 3.5.

The temperature distribution profile within the colléctor, for
one experiment representative of the long term performance
studies, is illustrated in Figure 2.9. The collector efficiency
over the period is plotted in Figure 2.10. The results emph-
asise the effect of fluctuating solar radiation conditions, indica-
ted in the short term experiments, on the collector performance

and efficiency.

The results predicted from the computer simulation studies are
overlayed on the actual experiment collector temperatures and
efficiency values, as shown in Figures 2.9 and 2.10. The pre-
dicted temperature distribution within the collector unit is gra-
phically compared against the actual distribution. A good cor-
relation has been obtained during solar radiation conditions above
100—150W/m2, however below this level and during no radiation
conditions a significant error is introduced into the temperature
distribution. This error can be explained by an increase in the
radiation and convection heat loss to the external air, above the
level predicted by the simulation model. The second feature
from the results is the significant temperature gradient within
the collector, along with fluid flow parallel and perpendicular to
the collector tubes. A good correlation has been obtained against
the actual collector efficiency results over the longer experiment

period, significantly better than in the short term experiments.

“34-



2.5.3. Summary of Results

The present indoor and outdoor collector test rig experiments and
the subsequent computer program validation studies can be summarised
as follows. With the correction of the obvious errors within the com-~
puter program revealed by the error analysis against previous steady-
state collector performance results, the following validation studies
were carried out. These studies consisted of the
comparison of the predicted collector temperature distribution and
efficiency against the experiment results. .A good correlation has
been obtained between the predicted and indoor heat loss experiment

results.

In the short term and long term outdoor experiments, a signif-
icant inaccuracy has revealed in the prediction method to calculate the
incident solar radiation on the collector surface from the actual mea-
sured total horizontal solar radiation. This error occurred at low
solar altitudes, and has been corrected in the method outlined in sect-
ion 3. A second error revealed by the experimental studies is the
under estimation of the predicted collector heat loss to the external air
during no radiation conditions in the evening. This error is corrected
in section 3.1.2. This study has validated the general accuracy of
the multi-node prediction method utilised to model the dynamic collector

performance under fluctuating radiation conditions.
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SECTION 3

SIMULATION OF CLIMATIC CONDITIONS AND THEIR
EFFECT ON COLLECTOR PERFORMANCE



3.1. Review of Previous Work

A brief review of the previous work has been outlined in Section
1.2. In this section, a detailed review of the more important aspects

of climate simulation techniques are discussed.

3.1.1. Solar Radiation Prediction

The accurate prediction of the total amount of solar radiation
incident on an inclined solar collector plate is essential for the assess-
ment of the actual collector performance. The prediction of the
solar radiation on inclined surfaces under clear sky conditions has

been extensively studied by Parmelee 1, Liu and Jordan 2’3’4.

Unsworth and Monteith 5 and Page 6. Although these techniques vary
in detail, the general prediction method involves the calculation of the
following solar components:
(i) the solar geometry
(ii) the direct and diffuse solar radiation on an inclined surface
(iii) the solar radiation transmission through the collector cover
As a consequence, these components can be outlined as follows:
(i) Solar geometry
The derivation of the fundamental equations to calculate the solar
components which describe the position of the sun for a specified
time: the solar altitude and azimuth, are fully outlined in the
classical works of the astronomical or nautical data such as the
Astronomical Ephemeris 7 and the Nautical Almanac 8. In
addition, these components provide the data to calculate the
period of sunshine from the times of sunrise and sunset for the
particular location.
(ii) Direct and diffuse solgr radiation on inclined surfaces
From the fundamental data on the position of the sun for a spec-
ified time and location, the amount of solar radiation incident on

an inclined surface can be determined. The general method

outlined/
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10

outlined by Liu and Jordan 9, from previous studies by Moon *",

is to divide the total incident solar radiation into three compon-
ents: the direct, the sky diffuse and the ground reflected solar

radiation. This general equation can be expressed as follows:

Total incident _ Direct solar Sky diffuse Ground reflected
solar radiation radiation radiation diffuse radiation
Ic = ID.RD + Id.Rd + IH.Rs (3.1)

where RD, Rd and Rs are respectively the conversion factors for
the direct, diffuse and ground reflected radiation and are defined
by the following ratios:

RD = the direct radiation incident upon the incli surface
the direct radiation incident upon a horizontal surface

RD = cos(@-B8).cosd.cosh + sin(g-B).sin8 (3.2)
cos@.cos8.cosh + sin@.sing§

Rd = the diffuse sky radigtion incident upon the tilted surfac
the diffuse sky radiation incident upon a horizontal surface

Rd = (1 + cosB)/2 (3.3)
Rs = sum of the radiation reflected on the inclined surface
from the around
total radiation incident upon a horizontal surface
Rs = og.(l - cosB)/2 (3.4)

The prediction method outlined by Liu and Jordan 11 is limited to
clear sky conditions and the assumption that the sky diffuse rad-
iation is isotropic. P‘ar‘melee 12 and Page 13 have observed
that an expression of non-isotropic sky diffuse radiation is more
relevant to actual clear sky conditions. The sky diffuse radia-
tion is expressed by Page 14 as an empirical relationship with an
angular correction for the position of the sun.

Idh =3' + b'a (3.5)
where a' and b' are correction factors for the particular location.
This relationship has been further developed by Page 15 to apply
to overcast and average cloudy sky conditions.
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In the present investigation, these concepts have been further
modified for the prediction of total solar radiation incident on an
inclined collector plate under actual variable cloud conditions.
This method is outlined in section 3.2, and described in Appendix
1.2.

(iii) Solar radiation transmission through collector cover
The fundamental derivation of the transmittance of solar radiation
through transparent covers and the behaviour of short wave rad-
iation between parallel planes has been outlined by Duffie and
Beckman 16 and Whillier 17. The fraction of the incident direct

solar radiation that is absorbed by a single cover SlD’ and the
16

collector plate SZD’ is expressed by Duffie and Beckman as:
Sip = ID.ac.(l +'I;.op/(1 - pc..op)) (3.6)
Spp = Ipe (o, )/ (A =pe0)) (3.7)

where the reflection and absorption losses are dependant upon
the angle of incidence of the direct radiation and the transmittance

of the cover material as outlined by Whillier 18.

The transmittance of the diffuse radiation through the cover is
treated separately and is assumed by Duffie and Beckman 13 to
be unidirectional in nature. All radiation components are neg-

lected after two reflections within the collector unit 20.

3.1.2. Air temperature and wind effects

The derivation of the equivalent sky temperature from the air tem-
perature is outlined by Duffie and Beckman 21. The accurate deter-
mination of the sky temperature is important in the calculation of the
radiation heat transfer between the collector plate and the surrounding
sky hemisphere, outlined in equation form in Appendix 1.1. Whillier 22
has related the sky temperature to the air temperature under clear sky

conditions by the following simple expression.

T ., =T =670 (3.8)
k ]
sky a 21



The influence of average sky conditions on the sky temperature has been
partially taken into account by the expression outlined by Duffie and
Beckman 23.
T = 0,055, (3.9)
sky * a .
At present, no expression is available which fully models the influence
of overcast cloud conditions and the ground reflectance on the sky

temperature

The forced convection heat loss coefficient from the collector
cover due to wind has been derived by McAdams 24 as the following

empirical relationship to the wind speed, expressed as:

h, = 5.7 + 3.8v (3.10)
3.2. Theoretical Analysis - Derivation of Solar Radiation Model

In this section, the solar prediction techniques outlined in
section 3.1.1, have been amended and incorporated into a hybrid pre-
diction method, to calculate the incident solar radiation on an inclined
collector surface under actual conditfons given the total horizontal rad-
iation data. The application of the previous work to form the pred-
iction method is described below, for the calculation of the solar geo-
metry, the incident solar radiation and the solar transmission. This

method is described in equation form in Appendix 1.2.

3.2.1. Seolar geometry

The solar geometry has been predicted from the method outlined
by Walraven 25 , which simplifies the classical equations 8, to obtain a
lesser accuracy of 0.01 degree of the position of the sun. The simp-
lifications made by Walraven 26 are to neglect the detailed pertur-
bations of the earth's orbit by the moon, and other minor effects such
as the refraction by the atmosphere and parallax. This method is

illustrated in Figure 3.1 and outlined in Appendix 1.2.

3.2.2. Solar radiation on inclined surfaced under actual sky conditions

The solar radiation on an inclined surface under actual conditions

has / L2 -
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has been predicted given the horizontal radiation data from a method
which estimates the horizontal direct and diffuse radiation components
and transforms the components to the inclined surface. This method
is described in Appendix 1.2. The relative components of the hori-
zontal direct and sky diffuse radiation for clear sky conditions are cal-
culated using a linear relationship derived by Page 27 and Parmelee 28.
The diffuse radiation is similarily estimated for overcast cloud cond-
itions, from an expression outlined by Kreider and Kreith 29. It is

assumed that in overcast cloud conditions, the direct solar radiation

is negligible.

Once the direct and diffuse horizontal radiation components are
known for clear and overcast sky conditions for the particular simu-
lation period; the method developed estimates the actual level of cloud
cover and the subsequent horizontal diffuse solar radiation. This is
determined from the interpolation of the actual horizontal solar rad-
iation level between the possible horizontal radiation under clear sky
and overcast cloud conditions. This method is illustrated in Figure

3.2 and described in Appendix 1.2.

To summarise, the method developed utilises the prediction
techniques outlined by Page 27 to calculate the possible direct aﬁd
diffuse radiation levels under clear sky and overcast cloud conditions.
The horizontal radiation components can be accurately calculated for
these two sky conditions 27. From the calculation of these para-
meters, a linear relationship is applied to the actual total horizontal
radiation to estimate the actual cloud conditions and the horizontal

diffuse solar radiation.

As a result of the estimation of the direct and sky diffuse com-
ponents are transformed to an inclined surface. The method,

derived by Liu and Jordan 30 and outlined in section 3.1.1, involves

the/ Liye
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the application of conversion factors to the direct, diffuse and total
horizontal radiation to calculate the direct, diffuse and ground reflec-

ted diffuse radiation on an inclined surface.

3.2.3. Selar radigtion transmission through collector cover

The transmittance and absorption of the incident direct and dif-
fuse solar radiation on an inclined collector cover and plate has been
described by Duffie and Beckman 31. This method assumes that all
radiation components that have undergone more than two reflections
within the collector unit are disregarded, as illustrated in Figure 3.3.
In this study, a single cover collector is taken to be representative of

the commercial designs available.

The reflection and absorption losses within the collector cover
system are dependant upon the angle of incidence of the direct radiation,
and the transmittance of the cover material. The transmittance of
direct solar radiation through a glass cover has been outlined by
Varma 32 as a regression function of the solar angle of incidence.

This expression has been amended to incorporate any type of cover
material such as Tedlar or Filon plastic covers. The transmission
and absorption of diffuse radiation through the transparent cover is
treated separately by Varma 33 y with the transmittance and absorption

coefficients assumed for the particular cover material as constants.

As outlined by Whillier 34, the absorption coefficient'for the col-
lector plate surface is dependant upon the surface treatment, whether
a matt black or selective surface coating has been applied.  The ab-
sorption and emittance coefficients of the selective coating has been

35

taken by Whillier to be constants. The absorptivity and emissivity

of the matt black coating have been expressed by Kreider and Kreith 36
as a range of coefficients from 0.96 - 0,66 dependant upon the solar
angle of incidence of direct radiation. The absorptivity and emis~-
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Figure 3.3 The transmission and absorption of the incident
direct solar radiation on an inclined collector.
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emissivity of a matt black plate are assumed to be equal. This me-

thod is described in Appendix 1.2.

3.3. Computer Simulation

3.3.1. Description of computer program
The solar radiation prediction method equations previously out-
lined have been translated into a series of computer subprograms,
written in Fortran. These subprograms have been incorporated into
the solar collector performance prediction program. A flowchart
representation of the subprogram structure of the solar radiation
prediction routines is given in Figure 3.4. A brief description of
each of the subprogram routines to perform the algorithmic functions
in the prediction of the incident solar radiation is outlined. The
computer program is fully listed in Appendix 2.1.
(i) Subroutine HOUR
The function o the subprogram HOUR is to calculate the sidereal
time and provide solar data to determine the sunrise and sunset
times for the day under study.
(i) Subroutine SUNRS
The function of the subprogram SUNRS is to calculate, using the
solar data supplied by the routine HOUR, the sunrise and sunset
times for the particular day under study.

(iii) Subroutine SUNPOS

The function of the subprogram SUNPOS, is to calculate the
solar azimuth, declination and altitude angles.

(iv) Subroutine SUNRAD
The function of the subprogram SUNRAD, illustrated in flowchart
form in Figure 3.5, is to calculate, utilising the method set out
in section 3.2, the solar radiation absorbed by the collector

cover and plate.
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(v) Subroutine ABSORB
The function of the subprogram ABSORB, is to calculate the angular

variation of the absorptivity of a matt black collector plate sur-

face.
3.4. Experimental Investigation

3.4.1. Objective of Experimental Investigation

The objective of the experimental investigation is to validate the
predicted results of the solar radiation incident on the inclined collector
surface against the actual solar radiation measurements. This obj-
ective has been achieved by the following experimental studies, utilising
a purpose-built solar collector test rig and associated solar radiation

measurement facility, illustrated in Figure 3.5.

3.4.2. Apparatus and Experimentgl Procedure

A solar radiation measurement facility has been designed to mon-
itor the components of the solar radiation climate, the direct and sky
diffuse radiation, during each outdoor experiment period. The rad-
iation measurement facility consisted of three solarimeters, manu-
factured by Kpp and Zonen, calibrated to an accuracy of s 1.5%.
The solarimeters recorded the total horizontal, the direct incident and
the horizontal sky diffuse radiation. Previous to the series of out=
door experiments, the absorptivity and transmissivity of the cover
material was determined. The experimental procedure for each out-

door experiment has been previously outlined in section 2.4.3.

3.5. Presentation and Discussion of Results

3.5.1. Validation of Solar Radiation Prediction Model
The monitored levels of solar radiation during the outdoor col-
lector experiments are graphically illustrated in Figures 3.6 - 3.8.

The experiments were carried out over a period of three weeks and a

representative/
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representative range of solar radiation conditions have been used to
validate the prediction model. The predicted results from the com-

puter program are superimposed on the actual radiation conditions in

Figures 3.6 - 3.8.

3.5.2. Summary of Results

The results obtained from the validation studies can be summar-
ised as follows. A good correlation has been obtained with the pre-
dicted results against actual measurements of total solar radiation on
inclined surfaces under clear sky, intermittent and overcast cloud
conditions. The accuracy of the results predicted are within t 5 per-
cent for the overall daily total incident solar radiation, under variable
radiation conditions. This accuracy of prediction is equivalent to
present clear sky radiation prediction techniques, outlined in section
3.1.1. The prediction accuracy under fluctuating cloud conditions,
is limited to the time increment of the available solar radiation meas-
urements and simulation time interval. However, the results obt-
ained, under highly variable cloud conditions give a good correlation to
within 15 percent of the actual measurements for the time increment.
These inaccuracies tend to be cancelled out over a daily simulation

period.
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SECTION 4

THERMAL PERFORMANCE OF SOLAR WATER HEATING

SYSTEMS UNDER INTERMITTENT SOLAR RADIATION
AND ENERGY USAGE CONDITIONS
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4.1. Review of Previous Work

A brief review of the previous wor*k has been outlined in section
1.2, a detailed review of the more important aspects of solar water
heating system performance simulation techniques presently available
is given. As a consequence of the previous study of collector sim-
‘.ulation techniques given in section 2.1, this section outlines the pre-
sent methods of modelling water storage tank and collector system

usage behaviour.

4.1.1. Solar Water Storage Tank Model

At present, water storage is the most inexpensive and readily
available method of harnessing the sensible heat gain from a solar
water collector system. The thermal modelling of the internal heat
transfer processes within the storage, the interaction with the collector
system and the energy usage demand is complex. The simplest
method to simulate the dynamic thermal behaviour, outlined by Duffie
and Beckman 1, is to assume a fully mixed, non-stratified water
storage tank, modelled by the following heat balance expression:

Heat energy stored _ Rate of heat _ Rate of heat Rate of heat re-

within water mass gain from ~ from storage = moval to load
collector tank
Cq-dTy = qq - U (Tg-T) - o (4.1)
dt

This simple expression has been developed by Close 2 to incor-
porate the effect of temperature stratification within the storage tank.
The storage system is simulated as an insulated, stratified water tank.
The dynamic thermal behaviour of the water storage tank is modelled
as a series of separate isothermal sections. The thermal processes

between each elemental section are illustrated in Figure 4.1.

The fluid flow heat gain from the collector unit to the storage
tank is modelled by a set of flow control functions which direct the
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Figure 4.1 The thermal processes within the elemental sections
of a water storage tank model.
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fluid heat gain to the appropriate tank section.  The flow functions
operate the fluid mass transfer by the relative fluid density of the col-
lector outlet and the elemental tank section. | The internal fluid flow
behaviour between the elemental tank sections, illustrated in Figure
4.1, is modelled by a set of control functions. The heat balance ex-
pressions for the three section stratified water storage tank are des-

cribed in equation form in Appendix 1.3.

Close 3 compared the predicted results for a three section and a
six-section tank and conclucied that a negligible difference existed for
the increased simulation accuracy. As a consequence, in this invest-
igation a three section simulation model is used, as described in

Appendix 1.3 and illustrated in Figure 4.2

The rate of heat removal to the load is assumed by Close 4 to be
a fixed quantity of energy supplied by the storage tank as hot water at
some preselected minimum temperature. This type of load repres-
ents a use in which cold water from the mains is mixed with the hot
water from the storage tank to obtain water at some minimum tem-
perature. The relationship between the mass flowrate of the load
and the storage tank temperature is expressed as follows:

Cp, = ForQoaa/ (Tgp, = Ty (4.2)
where Oloa'd' is the rate at which the solar heating system must
supply energy for the specified load period. Close 5 , Gutierrez etal 6,
and Courtney 7, have all modelled the time dependant load functions of
different simulated domestic water usage patterns. In each study,
whenever the temperature of the storage tank supply water drops
below the preselected minimum water temperature, it is assumed that

some form of auxiliary energy is used to supplement the load

requirement.

-61l-



From collector, To load.

o | TFSCL
| eeme | Top tank section, Ty
FyFhCoy ECL
Middle fank secﬁm,Tz
FRhp,, &
Bottom tank sect 'lOﬂ,TB
| RE I | '
R
Ti liriet toca lector] mains water supply.

Figure 4.2 The thermal processes within a three section model
of a water storage tank.

-£2=



The heat losses from the connecting pipework between the collector

unit and the storage tank have been considered by Beckman 8 to be

significant if the pipework is uninsulated, and can be modelled by the

following expression:

Q= Up.(Ti - T+ Up.(To - T)) (&%.3)
where U_ is the heat loss coefficient of the pipe.

P

The temperature of the daily mains water has been predicted by
Brinkworth 9 for the United Kingdom over a year from the following

expression:
T =9 = 3cos(21_.(D + 11.25)) L 4
mw (ng- ( )
where D is the day number.

4.2. Theoretical Analysis - Dynamic Behgaviour of Solar Water
Heating System

4,2.1. Method of Anglvsis

In this section, the three node model of a stratified water storage
tank, outlined in section 4.1.1, has been used in conjunction with the
multi-node model of the collector unit to simulate the dynamic thermal
behaviour of a solar water heating system. The equations describing
the heat balance within the top, middle and bottom sections of the

storage tank are described in Appendix 1.3.

The following modifications have been incorporated into the model

of the storage tank and system pipework previously outlined.

(i) the option of either a direct or indirect solar water heating
system simulation is available with the insertion of a heat ex-
changer within the storage tank. The heat exchanger modifies
the collector heat input to the storage tank and the level of

temperature stratification,
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(ii) the thermal capacitance of the material structure of the storage

tank is taken into account.

(iii) the heat losses from the connecting pipework and the thermal
capacitance of the pipework are modelled as part of the system
thermal network simulation.  The derivation of the heat trans-
fer and energy storage processes within the pipework is out-

lined in Appendix 1.3.

(iv) the heat energy generated by the operation of the circulation
pump is significant in small domestic systems, and is incor-
porated into the system simulation.  The heat input is estim-

ated from the power rating of the particular pump.

The matrix representation and the numerical method chosen for
the numerical solution of the simultaneous heat balance equations des-
cribing the collector unit is utilised for the storage tank and system
pipework thermal simulation. = The matrix representation is outlined

in Appendix 1.3.

4,3 Computer Simulation

4.3.1 Description of computer program

The numerical solution of the heat balance equations describing
the dynamic thermal behaviour of the storage tank and the system pipe-
work, previously outlined, has been translated into a series of computer
subprograms, written in Fortran.  These subprograms have been in-
corporated into the solar collector performance and the solar radiation
prediction routines to form an interactive computer simulation program.
This program has the capability to model the dynamic thermal per-
formance of various solar water heating systems under intermittent
solar radiation and energy usage conditions. A flowchart represen-

tation of the subprogram structure of the program is given in Figure

4,3.
I
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A brief description of each of the subprogram routines to perform the
algorithmic functions in the prediction of the storage tank and system
pipework thermal behaviour is outlined below. The computer program

is fully listed in Appendix 2.1.

(i) Subroutine MOD 8
The function of the routine MOD 8, is to initialise the numerical
method matrix, and iteratively solve by the Quartic Runge-Kutta
method, the storage tank section temperatures after each time

increment.

(ii) Subroutine PIL.OS

The function of the routine PILOS, is to initialise the numerical
method matrix, and iteratively solve by the Quartic Runge-Kutta
method, the system pipework temperatures after each time
increment.

(iii) Subroutine SOLHT
The function of the routine SOLHT, is to calculate the heat sup-

plied by the solar heating system and the auxiliary heat require-

ment to meet the specified load demand.

(iv) Subroutine MAINST
The function of the routine MAINST, is to calculate the cold water

mains inlet temperature to the storage tank.

" In addition, the existing program routines MOD 1, MOD 4, MOD 5§
and PLOT 1, are expanded to incorporate the storage tank and the sys-

tem pipework routines.

4.,4. Experimental Investigation

4.4.1. Objectives of Experimental Investigation

The objective of the experimental investigation has been to validate
the predicted dynamic storage tank behaviour under variable climatic

conditions against actual results. This objective has been achieved

by/
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by the following experimental studies, utilising a purpose-built solar
collector system test facility, to investigate the heat transfer and

energy storage processes within the storage tank.

4.4.2. Apparatus and Experimental Procedure

A domestic scale solar water heating system, illustrated in
Figure 2.5, has been designed for the indoor and outdoor system per-
formance validation studies. The storage tank used is a 150 litre
capacity insulated copper indirect tank connected to the collector array
by 15mm uninsulated copper pipework. The procedure used in the in-
door and outdoor experiments is fully outlined in section 2.4.3. The
temperature, solar radiation and flowrate measurements were re-
corded at specified intervals by a Computer Automation data logging

system. This system, by means of a purpose-written computer pro-
gram, processes the analogue experimental readings into digital form,
and subsequently prints these results. These results were analysed

against the predicted values from the simulation program.

4,5. Presentation and Discussion of Results

The results from the indoor and outdoor system performance
experiments are discussed and illustrated in section 4.5.1. In addit=-
ion, the prediction results from the computer simulation are compared

against the actual thermal behaviour of the storage tank.
4.5.1. Experimental Results and Prediction Validation

(i) Indoor experiments

In this section, the results of the indoor experiments carried out
in the laboratory to investigate the collector system and the stor-
age tank heat losses, under no insolation conditions are illustrated
and discussed. The temperature stratification within the stor-

age tank for one experiment representative of the heat loss studies

is/
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is illustrated in Figure 4.4. The temperature drop within the
storage tank, over the experimental period, determines the rate
of heat transfer from the storage tank. The heat energy stored
within the water tank is primarily transferred by fluid flow to the
collector array and by conduction and convection heat loss to the
internal air. To facilitate the analysis of the temperature strat-
ification within the storage tank, the results are plotted at 10

minute intervals.

The results predicted from the computer simulation studies are
overlayed on the actual experimental observations, as shown in
Figure 4.4. The predicted temperature stratification within

the storage tank shows a good correlation with the measured
values. As a result, this correlation validates the accuracy of
the theoretical heat transfer and energy storage equations model-
ling the storage tank heat losses under steady-state, no insclation

conditions.

(ii) OQutdoor experiments
From the five experiments carried out on the outdoor collector
system test facility, the results of two experiments, represent-
ative of the complete study are illustrated and discussed. The
top, middle and bottom storage tank section temperatures, the
mean collector fluid temperature and the incident solar radiation

for these experiments are illustrated in Figures 4.5 and 4.6.

In the first experiment, illustrated in Figure 4.5, the storage
tank and the collector system behaviour were monitored for 10
hours, at 1 minute intervals over a variety of solar radiation
conditions.  The results from the experiment indicate that the
temperature stratification within the storage tank is divided into

two sections, the top and bottom, with the middle section tem-

perature/
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temperature being equal to the bottom section temperature.
The temperature stratification within the storage tank is small

for the low temperatures involved.

The results predicted from the computer simulation studies are
overlayed on the experimental results, as shown in Figure 4.5.
A good correlation has been obtained against the actual storage
tank temperature profile over the experimental period. For
the temperature stratification, the predicted top and bottom
section temperatures give good correlation to the actual meas-
urements., The predicted middle tank section temperature is

not equal to the bottom section temperature.

As a result, this correlation validates the general accuracy of the
solar collector heating system simulation under variable solar

radiation conditions and no draw-off demand.

In the second set of experiments, the solar heating system beh-
aviour and climatic conditions were monitored for 2 days, at 10
minute intervals. The temperature stratification within the
storage tank, the mean collector fluid temperature and the inci-
dent solar radiation for one experiment representative of the long
term system performance investigation, are illustrated in Figure
4.6, A sinasoidal temperature profile is obtained for the tank
temperature over each day, given relatively clear sky conditions

and no draw-off demand.

The results predicted from the computer simulation studies are
overlayed on the experimental results, as shown in Figure 4.6.
A good correlation has been obtained against the actual storage
tank temperature profile over the experimental period. The
predicted temperature stratification between the top, middle and

bottom sections is significantly greater than the actual results.
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4.5.2. Summary of Results
The present indoor and outdoor solar heating system test rig ex-

periments and the subsequent computer program validation studies can

be summarised as follows.

A good correlation has been obtained against the predicted and
measured heat loss from the storage tank by fluid flow to the collector
unit, and by conduction and convection to the internal air, under no
insolation and no draw-off conditions. This correlation validates the
general accuracy of the theoretical fluid flow, thermal capacitance and
heat transfer equations modelling the storage tank dynamic thermal

behaviour.

In the outdoor experiments, a good correlation has been obtained
for the predicted storage tank temperature profile with the measured
results over the short and long term experimental periods. In the
predictibn of the temperature stratification within the storage, three
distinct levels of stratification are obtained against the two levels,

observed at the top and bottom tank sections.

A good correlation is obtained for the temperature difference bet-
ween the top and bottom tank sections. This discrepancy in the pre-
dicted temperature stratification can be explained by the low storage
tank temperatures and temperature difference within the tank observed
for the experimental period. At such low temperatures, below 35°C,
the temperature stratification is limited to two sections. The sim-
ulation method requires further refinement to incorporate this feature
into the model. As this point is not significant to the overall accuracy

of prediction, this refinement has been neglected.

4.6, Monitoring of Solar Water Heating Installation in a 15
Person Hostel

As no performance data on active solar heating system perfor-

mance/
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performance was available for a high latitude location in this country,
the opportunity has been taken to monitor a solar water pre-heating
system in Aberdeen. The system was designed in collaboration with
the installers, Solarway Systems Ltd., for the client, the Camphill
Village Trust. From the outset it was decided to use commercially
available components and installation practice. Only minor modif-
ications were made to facilitate the use of monitoring equipment.

The installation has been operational since its completion at the end of
April, 198b. Saluja and Robertson 10 have highlighted a number of
installation problems and some inadequacies of the monitoring equip-

ment.

4.6.1. Description of the Building gnd the Solar Installation

The newly built hostel, illustrated in Figure 4.7, is a ten bed-
room 15 person detached building of 350 square metre area on two
floors. As part of the overall design for energy conservation, the
building incorporates the following features: high economic insulation
standards, strategically placed double glazed windows to maximise

passive solar gain, and a solar water pre-heating installation.

The solar installation is a direct drain down system which pre-
heats the water in a solar storage tank before entering the calorifier
of an oil fired boiler. As shown in Figure 4.8, the solar collectors
are arranged in two parallel arrays of 6.4 square metres, each with
independant circuits, circulating pumps, and control systems. The
collector panels are matt black copper plate assembly with a serpen-
tine copper tube pattern and single glazing.  The collectors are roof
mounted at inclinations of 70° and 45° from the horizontal for near
optimal solar collection in winter and summer respectively. Each
collector array is directly connected to the same 450 litre solar storage

tank which supplies the preheated water to a 230 litre calorifier.

The flow of water through each panel array is governed by a

differential/ 76



differential temperature controller which operates the circulation pump
when the controller temperature exceeds the tank temperature by a pre-
set value of 3°C. The panels are drained automatically as soon as the
pump stops. In addition to the differential controllers, the whole
system is protected against freezing by incorporating a frostat in the

system.

4.6.2. Description of the Monitoring System
The objective of the monitoring programme was to obtain detailed

information on the following parameters:

(i) The thermal performance of solar collectors at the two inclinations
and the overall performance of the system under normal operating

conditions.
(ii) The solar contribution to the hot water energy requirement.

(iii) The incident solar radiation on the horizontal, and at the two

collector inclinations.

(iv) The pattern of system drain down under normal operating and

freezing conditions.

(v) The temperature stratification within the solar tank under varied

operating conditions.

Details of the monitoring equipment and techniques are as follows:

(a) Selar radiation
For the initial setting up of the monitoring system only one Kipp
and Zonen solarimeter was used to measure the total horizontal
radiation. For full scale monitoring, three Kipp and Zonen
solarimeters have been used to measure the total incident radiation
on the horizontal and the collector inclined surfaces. In addition,
a shade ring has been installed on the horizontal solarimeter to
measure the diffuse radiation level.
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(b)

(c)

(d)

Water flowrate

Three 'Litre Meter! electronic turbine flowmeters have been in-
stalled within the solar and auxiliary heating systems, positioned
at each of thé collector array circuits and the calorifier draw-

off point. These meters electronically integrate the flowrate
over a period of one minute, which is output in the form of a
voltage signal to the recording instrument. The accuracy for
these instruments is t 0.05 litres/minute within the recommended

range of flow for each meter.

In selecting the flowmeters for the solar circuits, no difficulty
was encountered as the flowrate remains practically constant at

the design value. The problem arises in measuring the draw-

_off flow rates at low values as the anticipated range could be large.

This problem is further aggrevated with the highly intermittent

nature of the draw-off demand.

Temperature

A network of premium grade calibrated copper constantan ther-
mocouples have been positioned within the installation, as shown
in Figure 4.8, to measure the temperatures at various locations,

accurate to within t 0.5°C.

Datg logging and gnalysis

A Solartron data logging unit, utilised in the collector test facility
experiments, records the outputs in the form of analogue measur-
ements and store the data in digital form on papertape. The
data from the papertape is transferred onto a magnetic disec file
and stored within the main computer for further processing. A
purpose-written computer program MONITR, outlined in Appendix
2.3, is used to analyse, tabulate and graphically display the

results of each monitored period. The output in terms of tem-

peratures, /
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temperatures, flowrates, insolation at collector inclinations,
collector and system efficiencies and the solar contribution to
the total energy requirements can be obtained in tabular or gra-
phical form. The program output is illustrated in Figures
4.9 and 4.10. These results were finally analysed against the

predicted values from the simulation program.

4.6.3. Presentation and Analysis of Monitored System Performance

The performance of the solar water heating system in the 15 per-
son hostel has been continuously monitored since June, 1980. The
measurements taken have been used to determine the feasibility of the

solar water heating system from the following criteria:

(i) The amount of solar energy available.

(ii’ The amount of solar energy collected by the solar panels.
(iii) The level of the collected energy used by the occupants.
(iv) The auxiliary energy required to supplement the solar water

heating.

The amount of solar energy available and the percentage subseq-
uently collected by the solar panel arrays are illustrated in Figure
4.11. The amount of solar energy collected over the period July to
October, 1980, was 1165 kwh.  Although the average collector effici-
ency over the period seems low at 43% , subsequent modifications to
the system, described by Saluja and Robertson 11, in particular, the
repositioning of the control sensors have increased the daily collector

efficiency to 55%.

The level of fhe collected energy utilised and the amount of aux-
iliary heating required are illustrated in Figure 4.12. At this point,
it must be stated that due to instrument failure of part of the flow
monitoring equipment, only the most recent draw-off measurements have
been used to gauge the overall performance. However, the results

over/
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Figure 4.12 The solar system energy contribution and
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over the period have shown that the draw-off demand pattern and level
tends to remain relatively constant. The draw-off demand of the
hostel was approximately 2110 kwh over the period. The solar energy
system contribution was 825 kwh or 39% of the required hot water

demand.

These resuits illustrate a lower than expected solar contribution.
This can be partially attributed to the earlier installation problems,
outlined by Saluja and Robertson 11, which have since been resolved.
Another point which must be raised is that at present the draw-off tem=-
perature is set at 65°C; a reduction of 5°C would significantly reduce
the hot water demand and consequently increase the solar contribution,
In conclusion, the solar water heating installation has made a significant
contribution to the hot water demand, although due to installation dif-

ficulties less than had been predicted.

4.6.4. Validation of Predicted Svstem Performance

The results from the monitored system performance of the solar
installation are illustrated in Figures 4.13 and 4.14, for a five day
period representative of the overall validation investigation. The
results illustrated consist of the collector and storage tank temperatures,
the incident solar radiation, the draw-off pattern and the collector pump
operation.  The results predicted from the computer simulation studies

are overlayed on the actual collector and storage tank temperatures, as

shown in Figures 4.13 and 4.14.

A good correlation has been obtained for the prediction of the
overall daily solar contribution, collector efficiency and collector per-
formance against monitored results, as illustrated in Figure 4.15.

N .
A prediction accuracy of within - 10% has.been achieved.

The temperature stratification within the storage tank, for the
higher operating temperatures involved, is distinctly divided into three

sections./ -84
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This stratiﬁcatioﬁ pattern and the temperature profile closely follows
the behaviour predicted by the computer model, as illustrated in

Figure 4.14. A good correlation has been obtained against the over-
all storage tank temperature profile over the simulation period, under

intermittent hot water draw-off conditions.

A good correlation for the predicted collector performance has
been obtained against the monitored collector array inlet and outlet

temperatures, under variable solar radiation conditions,
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SECTION 5

DESIGN AND THERMAL PERFORMANCE OF IN
SOLAR COLLECTOR INSTALLATIONS IN BUILFDHIENGGRSATED



5.1. The Influence of Restricted Built Environmental Conditions
n the Performance of Solar W Heati n ions

The previous investiéation has modelled and studied the solar col-
lector thermal performance under fluctuating climatic conditions.
These variable solar radiation and cloud conditions are prevalent in
the United Kingdom. In the modelling of the collector performance,
the effect of the surrounding buildings and the building installation itself
must be taken into consideration as an important factor in the modific-
ation of the prevalent climatic conditions. The effect on the collector

performance is two fold.

Firstly, the density and the position of the surrounding buildings,
determines the amount of sunlight available to the collector installation.
In an inner city area, the amount of incident solar energy would be
closely related to the level of overshadowing on the collector surface

caused by the surrounding buildings.

In addition, the level of exposure t§ the prevailing weather is also
directly related to the type of location, that is whether it is in open
country or within a town.  This factor indirectly influences the trans-
mission of the solar radiation, by the level of pollution in the atmosphere,
as illustrated by the difference between a country and an industrial loc-

ation.

The second factor is the construction of the building to be fitted
with a solar installation.  The amount of roof area which is useful,
that is suitable for solar collection is limited by the overshadowing of

the roof, the angle of the roof, and the orientation of the building.

5.2. Theoretical Analysis - Dynamic Behaviour of Inteqrated Solar
Installations in Restricted Built Environmentgl Conditions

5.2.1. Method of Analysis

In this section, the simulation model describing the effect of

transient solar radiation and intermittent energy usage conditions on

the/ -9l=-



the system performance, has been extended to take into account the
effect of restricted built environmental conditions. These conditions
can be described by the following parameters:
(i} The overshadowing of the collector surface by surrounding
buildings,
(ii) The limitation of the usable roof area in existing buildings

suitable for solar collection.

The objective of this study is to model and predict the effect of
these conditions on the collector performance, as outlined by Saluja
1 .
and Robertson ~. No previous work has been cited to quantify the in-

fluence of built environmental conditions on urban solar installations.

The method used to achieve this aim has been to amend and dev=-
elop the solar radiation and the thermal prediction mathematical models
to incorporate the above features. In addition, the effect of integrat-
ing the solar collector installation as part of the roof fabric has been
investigated and modelled, as a possible technique to improve the sys-

tem performance.

5.2.2. Overshadowing of Collector Installations

The method adopted to predict the period of shadowing on the col-
lector surface has been to amend the existing building and window
shadow prediction techniques as outlined by Souster 2 and Clarke 3.

This method involves the adaption of the shadowing effects on vertical

surfaces to inclined collector surfaces.

The shadowing of the collector surface is a combination of a
number of components which can be defined as:
(i) The effect of dirt on the collector cover,
(ii) The effect of the shading of the collector plate by the collector
frame unit,

(iii) The effect of the shadowing of the collector surface by surround-

ing buildings. %



These factors can be outlined as follows:

(i) The effect of dirt on the collector cover

(ii)

The effect of dirt on the collector cover and the subsequent re-
duction in the cover transmittence of solar radiation has been

; 4 . .
studied by Garg ; this effect is expressed as a reduction factor

applied to the transmitted solar radiation.

Py = (1 - £) (5.1)

where fd has been taken by Garg 5 and Duffie and Beckman 6 to
be 0.02. It can be assumed however that this constant fd,
changes due to the geographical location of the solar installation.
In this study, the constant is determined by the type of location;
a dense urban location fd = 0.04, an open country location, fd =

0.01 4.

The effect of the shading of the collector plate by the collector

frame umit
The effect of the collector plate shading by the frame unit has
been expressed by Hottel and Woertz 7 as a reduction factor of

0.97 applied to the daily incident solar radiation,

However, such a simplification is inaccurate for the detailed
hourly simulation of shadow prediction. In this study, the area
and the period of the shadow cast on the collector plate are cal-
culated from the solar angle of incidence and the collector frame

dimensions.

This method is described in Appendix 1.4 and illustrated in
Figure 5.1. The effect on the collector thermal performance
for the overshadowed collector surface area, is an obstruction of
the direct incident solar radiation. Diffuse solar radiation is

unaffected by the shadow cast.
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Figure 5.1 Prediction of the shading of the collector plate
by the collector frame unit,
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(iii) The effect of the shadowing of the collector surfsce bv surrounding
buildings

The external shading of buildings has been outlined by Clarke 8.

" This method is applied to the shading of an inclined roof surface
by surrounding obstructions. This involves the definition of the
three dimensional geometry of the position of the collector unit
and the surrounding buildings, and the projection of the outline of
the obstruction on to the plane of the collector, as illustrated in
Figure 5.2. As a result, the shaded area of the collector can
be determined, and the subsequent reduction of the incident direct

solar radiation. This method is described in Appendix 1.4.

The three effects described above are combined to determine the
total reduction in the incident solar radiation on the collector for

each time increment.

5.2.3. namic Thermal Behaviour of Int t 1 llecto
Installations

The second part of this analysis is the extension of the previous
collector simulation method, outlined in section 2.2.1, to incorporate
the effect of integrating the collector unit as part of the building roof
fabric. The possible design of the integration of the collector unit
with the building fabric can be categorised into three types: isolated,
flush-mounted, and recessed-mounted, as illustrated in Figure 5.3.
For each of the above designs, the modification of the thermal perfor-
mance of the collector can be defined as the reduction of the edge and
rear heat losses, and the upward forced convection heat losses due to
wind. The modified heat loss equations for the integrated collector

designs are described in Appendix 1.4.

As a result of the decreased heat losses due to the particular
type of collector integration design applied, the overall collector per-
formance is improved. The validity of the amended collector heat

loss/
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loss expressions, and the possible increase in the collector performance

are experimentally studied in Section 5. 4.

5.3. Computer Simulgtion

5.3.1. Development of an active solar building design and collector
performance prediction computer program

An active solar building design and collector installation perfor-
mance prediction computer program has been developed from the pre-
vious version of the program outlined in section 4.3.1. This program
has the capability for the user to input and iteratively modify the de-
sign of the solar collector water heating system and the building form
of the installation, and predict the resultant dynamic system perfor-

mance under the prevalent environmental conditions.

The development of the program consisted of the insertion of the .
shadow prediction routines, and the amendment of the collector thermal
prediction routines to incorporate the effect of collector integration.

In addition, a number of graphic output facilities within the program
have been developed to incorporate the final program amendments, as
outlined in section 5.3.2. The program structure and the interactive
nature of the computer simulation model is illustrated in Figure 5.4.
A brief description of each of the subprogram routines, amended to
develop the computer program, are outlined as follows:

(i) Subroutine MOD 1

The function of the routine MOD 1, is to input, output and iterat-
ively alter the 48 parameters which define the solar collector
heating system physical, thermal and environmental character-
istics.

(ii) Subroutine MOD 2

The calculation of the components of the heat balance equations
which model the thermal behaviour of the collector unit and the

storage tank.
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Figure 5.4 Flowchart representation of the computer program SOLAR 7.
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(iii) Subroutine MOD 3
The solution of the heat balance equations for the collector unit
by the Quartic Runge-Kutta numerical method.
(iv) Subroutine MOD 4
The function of the routine MOD 4, is to control the interrelated
subprogram calculations for each time increment over the sim-
ulation period.
(v) Subroutine MOD 6
The output, in tabular form, of the predicted values of the sys-
tem thermal network temperatures, the collector efficiency and
the climatic parameters over the simulation period.
(vi) Subroutine MOD 8
The solution of the heat balance equations for the storage tank by
the Quartic - Runge-Kutta numerical method.
(vii) Subroutine PILOS
The solution of the heat balance equations for the connecting
system pipework by the Quartic Runge-Kutta numerical method.
(viii) Subroutine SOLHT
The calculation of the energy supplied by the solar heating system
and the auxiliary heat requirement for each time increment over
the simulation period.
(ix) Subroutine SUNRAD
The calculation of the incident solar radiation, taking into account
the effect of the cover dirt losses, the self-shading of the collector
and the collector overshadowing by surrounding buildings.

(x) Subroutine MENU 1

The function of the routine MENU 1, is to control the operation of
the program by presenting the user with the following options:
input, check and alter the simulation data, run the prediction pro-

gram and plot the results.
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(xi)

(xii)

(xiii)

(xiv)

Subroutine MENU 2

The modification of the parameters of the solar heating system
and environmental simulation.

Subroutine MENU 3

The function of the routine MENU 3, is to present the user with
the following options of displaying the program prediction results:
full tabular and graphical output, or diagram of system layout
and installation design.

Subroutine MENU 4

The presentation of the salient results of the system performance
in the form of synoptic tabular or piechart output.

Subroutine PLOT 1

The function of the routine PLOT 1, is to display in graph form the
range of system network temperature results and the climatic

conditions over the simulation period.

5.3.2. Outline of program operation

The program operation for a representative simulation study of

the dynamic thermal performance of a solar water heating system can

be outlined as follows.

1.

Input data

The program requires the following information, tabulated in

Figure 5.5, to initialise the physical and thermal parameters of
the solar collector, storage tank, system layout and installation
des{ign. In addition, the climatic conditions for the simulation

period and the geometry data of the installation and the surround-

ing buildings for the location is required.

This information is held in external files and can be modified
within the program during operation. The information input to
the program is automatically checked by the program or if re-

quired visually checked by the user to determine any data errors.
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XF-THICKNESS OF AEBSOREER FLATE (M): 0.0010
B1-TUBRE CENTRE LINE SFACING (M): 0.1500
E2-FROJECTED WIDTH-TUBE EOND (M), 0.0200
D1-DIAMETER OF COLLECTOR TURES (M): 0.01320

C1-THERMAL CAFACITY OF TURES(J/M3C):3511.2000

6. XT-THICKNESS OF TURE MATERIAL (M):
7. UT-CONDUCTIVITY OF TURES (W/M.C):
8. EF~-EMISSIVITY OF AEBSOREER FLATE:

0.0010
$56.0000
0.9000

1. C2-THERMAL CAFACITY OF FLATE(J/M3C):3511.2000
'2. C3-THERMAL CAFACITY OF COVER(J/M3C):2248.0000

3. UA-CONDUCTIVITY-AESOREER (W/M.C): 56.0000
"4, EG-EMISSIVITY OF GLASS COVER (E)3: 0.7000
. 5. TGC-TRANSMITTANCE OF GLASS COVER: 0.8000
.é. AES-AESORPTIVITY COLLECTOR FLATE: 0.9500

7. XG-THICKNESS OF GLASS COVER (M) s 0.0040
:8. XR-THICKNESS OF REAR INSULATION (M):  0.1000

1. KF-COLLECTOR PLATE CONSTRUCTION (M):  2.0000
.2. CA-THERMAL CAFACITY OF REAR(J/M3C):  20.2000
. 3. CI-COLLECTOR-ROOF INTEGRATION(N): 0.0000
"4.. UI-CONDUCTIVITY-INSULATION (W/M.C): 0.0800

S. XF-THICKNESS OF FRAME UNIT (M) : 0.0020
'6. CS-THERMAL CAFACITY OF FRAME(J/M3C):1792.0000
,7. NC-NUMEER OF COLLECTOR SEGMENTS: 1.0000
’8. UF-CONDUCTIVITY-FRAME UNIT (W/M.C): 180.0000

1. NHR-LENGTH OF SIMULATION RUN (HR): 24.0000
'2.. TLT-COLLECTOR UNIT TILT ANGLE(DEG):  45.0000

3. FFR-COLLECTOR FLUID FLOW RATE(L/S): 0.0200
4. XLC-COLLECTOR UNIT LENGTH (METRES): 1.5000

5. XWC-COLLECTOR UNIT WIDTH (METRES):. 0.9000
6. XDC-COLLECTOR UNIT DEFTH (METRES): 0.2000

7. NCU-NUMBER OF COLLECTOR UNITS (N): 2.0000
tg. DT-SIMULATION TIME INCREMENT (HR): 0.1000

1. SLT-SITE LATITUDE (DEGREES, N+VE): 57.0000
}2. SLG-SITE LONGITUDE (DEGREES, W+VE): 0.0000
. 3. YNO-SIMULATION YEAR NUMEER (EG1979):1976.0000
'4. NMO-SIMULATION MONTH NUMEER (EGO2): 7.0000

5. DST-STARTING DATE OF SIMULATION: 1.0000
' 6. NDY-LENGTH OF SIMULATION RUN (DAYS):  1.0000
. 7. LIZ-LOCAL INTERNATIONAL ZONE TIME: 0.0000
‘8. WZA-COLLECTOR UNIT ORIENTATION(DEG): 180.0000

1. CTS-TEMPERATURE CONTROL SYSTEM (N): 1.0000
+2. SSV-VOLUME OF SOLAR STORAGE TANK(L): 150.0000
‘3. DDT-DRAW-OFF DELIVERY TEMFERATURE: 55.0000
. 4. SSD-DIAMETER OF SOLAR STORAGE TANK: 0.4000
5. SIL-LEVEL OF SYSTEM INSULATION (M) 0.0500
6. CPL-LENGTH OF CIRCULATION FIFE (M)s 2.0000
7. HEX-TYFE OF TANK HEAT EXCHANGER: 0.0000
8. TAH-TYFE OF AUXILIARY HEATING FUEL: 0.0000

Figure 5.5 List of parameters required for input data

to computer program SOLAR 7.
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2.

5.4.

Execute prediction program
At this stage, the user has the option to execute the program and
analyse the predicted performance in synoptic or detailed graph-
ical and numerical form, as illustrated in Figures 5.6 - 5.9,
In most cases, a synoptic study of the initial thermal performance
of the solar heating system is required before the user can assess
any possible improvements and modifications to the installation
design. However, the detailed graphical or numerical output of
the system network temperatures can reveal particular dynamic
defects in the system design, such as collector self shading,
excessive collector overshadowing or user energy demands at
critical times during the simulation period.

nalyse results and modif t
At this stage, the user can analyse the predicted results of the
system performance during the program operation. As a con-

sequence, the thermal and physical design of the collector instal

lation can be modified by the alteration of the stored parameters
held within the program. Steps 1 - 3 are repeated until a

satisfactory performance or installation design is obtained.

The application of such a comprehensive program lies in the de-~
velopment of innovative solar collector system and installation

designs to achieve optimum system performance under transient

climatic and restricted site conditions.

Experimental Investigation

5.4.1. Objectives of Experimental Investigation

The objective of the experimental investigation has been to study

the thermal behaviour of two designs of integrated solar collector in-

stallations: recessed and flush-mounted collector units. As a result,

the predicted dynamic collector thermal performance under variable

climatic/
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AUG 6 1588 EXIT

SUNRISE OCCURS AT 4HR IMIN GNT.

SUNSET OCCURS AT 19HR S8MIN GNT,
POSITION OF THE SUHN

HOUR AZIMUTH  ALTITUDE VERT. SHADOW HORIZ2. SHADOMW

4 33.1 -2.3 183.8 -126.9
5 65-? 4.? 168.? -114¢3
6 ?8.0 . 1204 133.3 -19200
I 90.4 20.3 88.9 -89.6
8 193.5 28-6 ’ 66-? -?6'5
9 118.1 36-2 . 5?-3 -6109
i@ 134.7 42.7 52.7 -45.3
11 154.8 4?.5 58'5 -26-9
12 1?506 4906 49-? -4.4
13 197.6 48.6 J50.0 17.6
14 217.9 44.8 S1.6 37.9
13 2335.6 38.9 55.8 59.6
16 2350.8 31.6 - 61.9 78.8
i7 264.4 23.7 77,5 84.4
18 277.0 15.5 113.8 957.90
19 289.3 , 7.6 158.1 . 189.3

8.2 7 4
TIMES OF SOLAR INCIDENCE IN GHT:
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Figure 5.8 Simulation program output - Solar data.
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DO YOU WISH TO INITIALISE SOLAR SYSTEM TEMPERATURES 7, (8-NO, 1-YES)

)
SEPTEMBER 1 1380

SUNRISE OCCURS AT 3HR 3MIN. GMT -
SUNSET OCCURS AT 18HR SSMIN. GMT

DALY THTA SlaTIGt HEIHY B Goss. 0t
N COLLECTOR

DAILY TOTAL HEAT ENERGY COLLECTED 3.6KHHRP9NELs ?'?KEHR

DAILY HEAT SUPPLIED BY SOLAR SYSTEM 3. 1KKHR

DAILY AUXILIARY HEAT REQUIREMENT  11.7KHHR

DAILY RUNNING TIME OF PUMP 3HR 13MIN

DAILY AVERAGE COLLECTOR EFFICIENCY 47.8%

10 WAIT, PRESS RETURN TO CONTINUE

A. SOLAR HOT WATER.

B. PUMP ENERGY.
C. AUXILIARY HOT HQTER.

D. TANK LOSSES.

ENERGY- BREAKDOKN ToinL SYSTEH. L o '
"' 10 WAIT, PRESS RETURN TO CONTINUE

Figure 5.9 Simulation p'rogra.m'oﬁtput-' '-Sjnoptic solar system °
performance and energy contribution.
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climatic conditions can be verified.

5.4.2. Apparatus and Experimental Procedure

As outlined in section 2.4.3, a flat-plate solar collector water
heating system outdoor test facility has been designed and constructed.
This facility has been modified to incorporate the recessed and flush-
mounting of the collector unit within a simulated building roof fabric.
The basic outdoor test facility, described in section 2.4.3, has been
unaltered to allow for the comparison of performance results. The
two outdoor integrated collector facilities are outlined below.

(i) Recessed roof-mounted collector unit

The construction and performance of a recessed roof-mounted

collector unit has been represented by the design of a timber
roof structure and fabric to the existing outdoor collector test
facility as illustrated in Figure 5.10. The roof structure has
been constructed of a timber joist structure fixed to the existing
mild steel collector angle frame and surfaced with a plywood skin
to model the potential roof surface. The collector unit is rec-
essed 50mm within the simulated roof structure.

(ii) Flush roof-mounted collector unit

The construction of the experimental roof structure was modified

to obtain a flush-mounted integrated collector test facility, as

illustrated in Figure 5.11.

The timber frame roof structure and the plywood skin were altered
to lower the roof level to the plane of the collector cover. As with
the recessed unit, the collector cover opening is sealed to the exposed

climatic conditions.

As with previous experiments, the measurement of the integrated
solar collector system temperature behaviour was monitored by a net-

work of premium grade copper constantan thermocouples, positioned

as/ -108-
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Figure 5.10 Recessed roof-mounted collector test facility,
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as shown in Figure 5.10. This network presents a complete record
of the temperature behaviour within the system components, accurate
to within pa 0.5°C. Apart from the reallocation of the temperature
probes, the previous experiment measurement apparatus was retained

as outlined in section 2.4.3, and illustrated in Figure 5.10,

The procedure used to obtain the results from the recessed and
the flush-mounted outdoor collector experiments is outlined as follows.
The experimental method used is to carry out five short term exper-
iments, for each integrated collector design, over a detailed monitoring
period of 4 hours, under a range of solar radiation conditions. In
both cases, over the experimental period, intermittent measurements
and observations were taken of the wind speed, the sky cloud conditions
and the pattern of the collector surface overshadowing by the surround-
ing buildings. A continuous pump operation is used. A representative
selection of the results from the experiments are illustrated and dis-

cussed in section 5.5.1.

5.5. Presentgtion and Discussion of Results

The results from the recessed and the flush-mounted collector
installations are discussed and illustrated in section 5.4.1. In
addition, the prediction results from the computer simulation are com-

pared with the actual thermal behaviour of the collector test facility.

5.5.1. Experimental Results and Prediction Validation

(i) Recessed roof-mounted collector unit

From the five experiments carried out on the recessed roof-
mounted collector test facility the results of one experiment rep-
resentative of the investigation are outlined. The collector in-
let and outlet, and the storage tank temperature results under
the recorded climatic conditions are illustrated in Figures 5.12
and 5.13.  The collector installation thermal behaviour, the

climatic/ -111-
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Figure 5.12 Actual vs Predicted solar radiation incident
on inclined collector plane.
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Figure 5.13 Actual vs Predicted mean storage tank and
collector fluid temperatures.
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climatic conditions and the collector ovef‘shadowing patterns were
monitored for 4 hours, at 1 minute intervals. In addition, the
collector efficiency has been plotted, from the results of the

thermal performance, over the experimental period as illustrated

in Figure 5.14.

The results predicted from the computer simulation studies are
overlayed on the experimental results, as shown in Figures 5.12
- 5.14. A good correlation has been obtained for the predicted
collector temperature rise against the actual results, over var-
iable solar radiation conditions. The predicted temperature
rise is slightly higher than gained experimentally, by 2 - 3°c.
This factor, given the same collector physical parameters, may
be attributed to a greater level of upward and rear heat losses
than modelled by the collector simulation. As the upward heat
loss by forced convection is the major factor reduced By the int-
egration of the collector, this discrepancy indicates that the heat

loss expression assumed requires modification.

The pattern of overshadowing on the collector surface is indicated
in Figure 5.12, the good correlation obtained for the collector
behaviour validates the general accuracy of the shadow prediction

model.

As with the previous collectdr experiments, a good correlation is
obtained for the predicted storage tank temperature profile, as
illustrated in Figure 5.13, against the actual results. A two
level temperature stratification is repeated for the low experim-

ental temperature involved.

The results of the collector efficiency for the experimental period,
illustrated in Figure 5.14, indicate an improvement of 15% in the

overall performance of the recessed roof-mounted collector unit

over/
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Figure 5.14 Actual vs Predicted collector efficiency.
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over the performance of the isolated collector unit installation,
illustrated in Figure 2.8.

(ii) Elush roof-mounted collector unit
As with the previous study, five experiments were carried out on
the flush roof-mounted collector test facility. The results of
one experiment, representative of the investigation is outlined.
The collector unit inlet and outlet fluid temperatures, the storage
tank temperatures and the recorded climatic conditions are
illustrated in Figures 5.15 and 5.16. The collector efficiency

has been calculated and plotted in Figure 5.17.

The results predicted from the computer simulation studies are
overlayed on the experimental results, as shown in Figures 5.15
-5.17. A good correlation has been obtained for the predicted
collector fluid temperature rise against the actual experimental
results, over variable solar radiation conditions, as illustrated
in Figure 5.15. As with the results obtained from the reces-
sed collector unit, the predicted temperature rise is higher than

gained experimentally, in this case by 2°C.

The pattern of overshadowing on the collector surface is indicated
in Figure 5.15. The general accuracy of the shadow prediction
model is validated by the good correlation obtained with the actual

collector thermal behaviour.

The correlation obtained from the previous storage tank temperature
profile against actual experimental results is repeated for this

investigation, as illustrated in Figure 5.16,

The results of the collector efficiency for the experimental period,
illustrated in Figure 5.17, indicate an improvement of 10 - 15%
in the overall performance of the flush-mounted collector unit

against the previous isolated collector unit experimental results.,
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Figure 5.17 Actual vs Predicted collector efficiency.
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5.5.2. Summary of Results

The results obtained from the integrated solar collector experim-

ents and the subsequent computer program validation studies can be

summarised as follows.

A good correlation has been obtained for the predicted temper-
ature behaviour against the experimental results of the integrated col-
lector unit and the storage tank. This correlation is obtained under
variable solar radiation conditions and no hot water draw-off demand
from the storage tank. The collector surface was overshadowed during

a period of these experiments.,

The experimental and the predicted results indicate that the col-
lector efficiency is improved by 10 - 15% with the integration of the
collector unit within the roof fabric. The collector efficiency of the
three collector installation designs: isélated, recessed and flush-

mounted are illustrated in Figure 5.18.

As a consequence, these results illustrate that under exposed
climatic conditions, the integration of the solar collector within the
roof, reduces the heat losses to the external air.  This factor signif-

icantly increases the thermal efficiency of the collector.

The general accuracy of the simulation program has been valid-
ated, under fluctuating solar radiation and collector shading conditions,

by the above series of experiments.
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Figure 5.18 Actual collector efficiency - isolated, recessed
and flush-mounted collector units.
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SECTION 6

CONCLUSIONS AND SUGGESTIONS FOR
FURTHER WORK



6.1. Conclusions

The conclusions obtained from the investigation into the dynamic
thermal performance of various types of solar heating installations
under transient climatic and restricted urban site conditions are sum-

marised as follows.

6.1.1. Dynamic Thermal Simulation of Solar Collector
Performance

At present, the thermal performance of the solar collector can
be modelled by steady-state or simple dynamic prediction models.
The accuracy of these models is limited by the variable nature of
solar radiation conditions and the simple modelling of the energy

storage processes within the collector unit.

From these previous models, a multi-node network technique
has been developed to model the dynamic thermal performance of the
solar collector under transient solar radiation conditions prevalent in
this climate. The accuracy of the prediction obtained is dependant
upon the length of the time increment for the available climatic data,
and the complexity of the thermal network chosen. A good cor-
relation has been obtained, within pa 5% of actual collector performance,

under variable solar radiation conditions.

6.1.2. Dvnamic Simulation of Climatic Conditions

The incident solar radiation on an inclined collector surface can
be however predicted under clear sky and overcast cloud conditions.
At present, no method is available to predict the incident solar rad-

iation under intermittent cloud conditions.

A simple hybrid solar prediction method, has been developed
from previous work, to estimate the prevalent cloud conditions and
calculate the direct and diffuse solar radiation components on inclined
surfaces, from the available measured horizontal radiation data. A

good/ 124



good correlation has been obtained against experimental measurements

taken under variable solar radiation and cloud conditions.

6.1.3. Dynamic Thermal Simulation of Solar System
Performance

The prediction accuracy of present simulation models of solar
water heating installations is limited by the variable nature of the

solar radiation, system operation and energy usage conditions.

The network technique developed in the collector simulation has
been applied to an existing storage tank model. In conjunction with a
model of the connecting system pipework, a computer simulation pro-
gram has been developed to model the dynamic thermal performance
of the solar water heating system . A good correlation has been ob-
tained against experimental system performance. At low experi-
mental temperatures, a two level temperature stratification has been
found, as compared with the theoretical three levels predicted. This

discrepancy has no significant effect on the system performance.

The validation of the system model against the monitored per-
formance of a commercial solar water heating system has achieved an
. . + )
average prediction accuracy of - 10% , under fluctuating solar radiat-

jon, system operation and hot water draw-off conditions.

6.1.4. Dynamic Thermaql Simulation of Integrated Solar
Collector Installation Performance

The restricted site conditions in urban locations can significantly
reduce the feasibility of solar installations in buildings. No method
is currently available to determine the effect of such conditions on

collector performance.

The experimental test facility and the computer simulation model
have been developed to investigate the effect of collector overshadowing.
These studies have demonstrated that shading of the collector surface

can/
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can significantly reduce the possible useful energy collection of a solar
heating system. In addition, a good correlation has been obtained

with actual shading profiles on the collector surface.

A possible method of improving the collector performance, by
the integration of the collector unit within the roof fabric has been
postulated. The results obtained from the experimental investigation
of flush and recessed roof-mounted collector constructions have dem-
onstrated an increase of 10 - 15% in the overall collector performance,
as compared with an isolated collector unit. This significant increase
in performance can be attributed to the reduction of the exposed col-
lector surface area, and the subsequent decrease in the collector heat

loss.

6.2. Suggestions for Further Work

6.2.1. Micro-computer applications

The present computer program is operated on expensive main-
frame computer and graphic terminal facilities, unsuitable for large
écale commercial application.  This program could be translated,
with minor modifications, into a computer language suitable for use
on existing micro-computers. The effect of this modification would
be the development of an inexpensive design tool for architects and
engineers involved in the dynamic analysis of solar installation per-

formance.

6.2.2. Passive solar building desian applications

The present thermal network technique used could be applied to
the investigation of the passive utilisation of solar energy in buildings.
Such an investigation would involve the development of the present
simulation method to incorporate the dynamic thermal processes

within solar air collectors and various types of building construction.
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APPENDIX 1

DERIVATION OF SOLAR COLLECTOR SYSTEM MODEL
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Appendix 1.1.

ef'v tion of t { n st o) ithin t
olar collector.

The two node capacitance technique, outlined in section 2.1.3,
has been developed to form a multi-node simulation method. The
collector unit is divided into a series of elemental sections. The
internal heat transfer and energy storage processes within each
section are modelled by nodes positioned at the collector cover and

plate.

The equations describing the heat balance within each elemental

section can be expressed as follows:

lance within col

Energy stored within _ Solar radiation absorbed Net heat gain
cover section by cover section from collector
plate
cp.dT, = 8y + l'_hl.(TP-Tc) - h2.(Tc-Ta):| (a1.1)
dt :

Heat balance within collector plate
Energy stored within _ Solar radiation absorbed Upward heat loss
collector plate by collector plate section = from collector
section plate to cover

Rear and edge heat losses Heat transfer

~ from collector plate to  ~ from plate to
external air circulating fluid
CZ.E-'I—‘p = SZ - hln(Tp'Tc) - UR.(TP-Ta) - mcpwthw (AIOZ)

dt‘The heat transfer coefficients, hl h2 and UR can be described
as
(i) the heat transfer from the collector plate to the cover by radiation

and convection.

o =] 6'1[T4p: T:c)-l + by (2,-1)]/ (- T.) (a1.3)

(ii) the heat transfer from the collector cover to the external air by
radiation and convection.
h, = [o‘.ec.(Ti - TZ) + hw.(Tc-Ta)]/(Tc~—Ta) (AL.4)
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(iii) the rear and edge heat transfer from the collector plate by con-
duction to the perimeter of collector unit, and by radiation and

conduction to the external air.

Up = For(T,T,0/(dp + 1) (a1.5)
k r

The derivation of the energy storage terms C1 and C2 within the
heat balance equations can be outlined as follows:

(i) the heat energy stored within the cover section.

The energy stored within the cover section can be assumed to be
the product of the thermal capacitance of the cover times the change
in the cover temperature over time, expressed in equation form as:

Cl = OC.CPC'AS'dC (Al.é)

(ii) the heat energy stored within the collector plate section.

The energy stored within the collector plate section can be as-
sumed to be the product of the net thermal capacitance of the collector
plate section times the change in the mean plate temperature over
time, expressed in equation form as:

C., = Sum of thermal capacitance of: collector fluid + collector tubes
2 + collector plate + insulation + frame unit.

Cz = [vwoowoCPWHVtoOtocpthpcAsonocppM(As'i‘Ap).di.oi,(mi]
+ [(A$+Ap)odul0uoCPu] (Al.?)
The heat balance equations can be further developed by expressing
the heat transfer and energy storage processes in terms of the fluid

temperature rather than the plate temperature, by inserting the plate

\ efficiency factor F' to obtain:
o (oY L - - 4ol
Cy.dT, = Sy + [F16.(T,-T.) +Fih (T, 1,)] - [o.cc. (T,-T))+n o (T_-T,)]

ep ec
ar =5, - (P16 (T'=1") +Fin_ (T -1 )] - [FIP_.(T.-T.)] - mCp_.aT
Cyedly =95 U\ Te *Te'Mw e e’} w a mCpy -1
It 1+l -1 k +1
1+l r= (A1.9)
ep ec 3, h,
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The plate efficiency factor F' relates the actual heat transfer
from the collector fluid to the heat transfer from the collector plate,

which can be defined as:

I (A1.10)
I+8,
hl

Ft o= 7"L_ (Al.11)
1 UR +RP

where hl and Up are the heat transfer coefficients from the plate to

similarly, in terms of U

the cover and to the perimeter of the collector unit respectively.
Rp is the heat transfer resistance, from the plate to the tube fluid,

for the particular collector plate construction under study.

Heat transfer from _ Heat transfer _ Heat transfer from the plate
the tube fluid to the through the through the tube bond
plate plate
4+ Heat transfer | Heat transfer from tube
through tube wall into circulating fluid
wall
Ry=T, +7, + T+ (1/ny) (Al.12)

The heat balance equations (A1.8 and 1.9) can be factorised to a
matrix notation to facilitate the numerical solution, and simplified to
express the equations, the equations in terms of the new cover and fluid

section temperatures T! and TJ .

Te = Tg * a9y = appeTo +295.T + 29, T, (A1.13)

Ty = T, * 857 = appeTy = 8537, + 25T, (AL.14)

where the matrix notation used can be defined as:
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C, C,
G 1 +1 -1

ep ec
pt. (F1ow (TPH+T2) (T 4T,) + Fih )
C 1T +1 -1

ep ec

at. (vt (PAT)(T4T,) + Fih ) + At.(FIF,) + Stonco,
2

2 1 +1 -1
ep ec
At (crec. (THTO)(T4T,) + b )
Sl
At. (FIF,)
C
2 471

L)
HD"

r
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Appendix 1.2

Derivation of Solar Radiation Prediction Model

The previous techniques utilised to predict the incident solar rad-
iation on an inclined plane under clear sky and overcast cloud condit-
ions, outlined in section 3.1, have been incorporated to form a hybrid
prediction method.  This method is described below in equation form,
for the calculation of the solar geometry, the incident solar radiation
and the solar transmission. The amendments to the previous work

and the present work involved are outlined in section 3,2.

(i) Solar geometry

The relative position of the sun and the earth with respect to the
celestial sphere, illustrated in Figure 3.1, can be determined by
the calculation of the solar azimuth and altitude angles which are

expressed in equation form as:

cos¥ = sin@.sinf§ + cos@.cosS.cosh (A1.16)

sino = cos§.sinh/cosY (A1.17)

where @ is the latitude of the location and h is the hour angle cal-
culated from solar noon. From the principles of spherical
geometry, the solar declination &, in the above equations can be
expressed in terms of the longitude of the sun.

sind® = sine.sing ‘ (a1.18)
where & is the angle between the plane of the ecliptic and the
plant of the eclestial equator, illustrated in Figure 3.1, and de-
fined as:

e = 23.042° - (3.56%1077).t (A1.19)
The position of the sun on the celestial sphere is determined by

the calculation of the longitude of the sun L., as defined as:
L = 4,900068 + (3.67474 x 1077).¢
+ (0.033434 = 2.3 x10™7.4).sing
+ 0.000349sin2g +'8 (Al.ZO)
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where g is the mean anomaly of the earth, given by:
g = =0,031271 - (4.53963 x 1077).t + @ (A1.21)
where 6 = 2mt/365.25 (A1.22)

and t is the time taken as Greenwich Mean Time.

(ii) Solar radiation on inclined surfaces under actual skvy conditions

(a)

The transformation of the horizontal total solar radiation under
actual conditions to the total solar radiation incident on an in-

clined surface has been defined in section 3.1.1, as the following

expression:
Total solar radiation _ Direct solar Sky diffuse ground re-
incident on an radiation radiation flected
inclined surface diffuse
radiation
this expression is translated into equation form as:
I, = (1 - I,).RD + I;.Rd + L..Rs (3.1)

In this study, the total horizontal solar radiation is taken to be
measured for the specified simulation period. As a result, only
the unknown relative quantities of the horizontal direct and sky
diffuse solar radiation requires to be predicted for insertion into
equation 3.1.  The method utilised to determine these components
consists of two stages. Firstly, the calculation of the possible
horizontal direct and diffuse solar radiation under clear sky and
overcast cloud conditions. Secondly, the actual cloud conditions

and horizontal radiation components.

The horizontgl direct and diffuse solar radigtion under clear sky
and overcast cloud conditions

The diffuse solar radiation on a horizontal surface under clear
sky conditions can be determined by the following expression:

| Idh =a' + b'a (AL.23)
where @ is the altitude of the sun at the mid point of that partic-
ular period and a' and b' are constants derived by Page 21 for
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(b)

the particular location. For Aberdeen, the values taken for

the constants a'! and b! are 2 and 5.068 respectively.

As a consequence, the direct beam radiation can be calculated in
a similar manner, using a linear relationship between the c‘iiffuse
and direct horizontal solar radiation under clear sky conditions.
In = (6 = Tan)/ (A1.24)
where Ibh is the direct radiation on a horizontal surface and a

and a, are constants derived by Page 27 for a particular solar

altitude.

The total possible solar radiation on a horizontal surface under
clear sky conditions II-'Ic is subsequently calculated from the sum

of the direct and diffuse components.

THs = Ton * Tan (41.25)
The diffuse solar radiation on a horizontal surface under overcast

cloud conditions can be determined by the following expression:

Iy = Ign t 6.17CC (A>,26)
where I’dh is the possible diffuse radiation under overcast cloud
conditions, and CC is the cloud cover ratio, derived by Kreider
and Kreith 27,

CC = 0 indicates a clear sky and CC = 10 indicates an overcast
cloud sky. As outlined in equation Al1.26, the direct radiation

component is negligible under overcast cloud conditions.

The actual cloud conditions and horizontal radiastion components

As a result of the estimation of the direct, diffuse and total hor-
jzontal radiation under clear sky and overcast cloud conditions,
the actual cloud conditions and the horizontal radiation components

can be deter‘minéd.

The method developed is to present the clear sky and the overcast
cloud conditions as the two parameters of the possible radiation
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component levels. The difference between the two parameter
conditions is described as a linear relationship in the absence

of previous work. This relationship is illustrated in Figure 3.1.
The actual cloud conditions and the consequent radiation components
are determined at the point of intersection of the actual total hor-

izontal and possible total horizontal solar radiation.

As a consequence, the estimated horizontal direct and diffuse
solar radiation components, can be transformed to an inclined
collector surface. The method involves the application of con-
version factors to the horizontal direct, diffuse and total radia-

tion components.

(i) Direct solar radiation on an inclined surface

The direct solar radiation incident on the collector surface can
be calculated from the following expression:

Iy, = IpeRD (Ar.27)
where IDh is the horizontal direct radiation, and RD is the con-
version factor for the transformation of the direct beam radiation
from the horizontal to the inclined surface, outlined in section

3.1.1, and expressed as:

RD = cos(f - B).cosd.cosh + sin(g - B).sin$ (3.2)
cos@.cosS.cosh + sin@.sind

(b) Sky diffuse radiation on inclined surface

The diffuse solar radiation incident on the collector surface can
be calculated from the following expression:

Ty, = IR (AL.28)
where Id is the horizontal sky diffuse radiation, and Rd is the
conversion factor for the transformation of the diffuse radiation
from the horizontal to the inclined surface, outlined in section

3.1.1, and expressed as:

Rd = (1 + cosB)/2 (3.3)
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(c)

(iii)

Ground reflected diffuse igtion on inclin

The total horizontal radiation reflected from the ground onto the
collector s:urface can be expressed as:
| Iz = IgeBs ~ (AL.29)
where IH is the total horizontal radiation and Rs is the conversion
factor for radiation reflected from the ground surface onto the
collector plane, outlined in section 3.1.1, and expressed as:
Rs = dg.(l - cosB)/2 (3.4)

where ©0g is the ground reflectance.

Solar radiation transmission through collector cover

For a single cover collector, the fraction of the incident direct
solar radiation which is absorbed by the collector cover and the
plate can be expressed by the following equations.

collector cover

Sip = Ipe% (1 + Tc.op/(l - oc-op)) (3.6)
collector plate
S,p = ID-(TC-GP)/(l - Oc-op) (3.7)

The radiation reflection and absorption losses are dependant upon
the angle of incidence of the direct solar radiation and the trans-
mittance of the cover material. The angle of incidence of the
direct solar radiation on an inclined surface is calculated from

the following expression:

cos® = sin§.sinf.cosf - sinS.cos@.sinB.cosy
+ cos8.cos@.cosB.cosh + cos8.sind.sinB.cosY.cosh
+ cosd.sinB.sin¥,sinh

(A1.30)
The transmission and absorption coefficients for direct radiation
are dependant upon the solar angle of incidence @, and are exp-

ressed for a glass cover material as follows:

tpransmittance of glass cover

Y, = -0.00885 + 2.71235.6 = 0.62062.6°
"7-07329.93 + 9-75995-94 - 3-89922.95 (Al.3l)
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absorption of glass cover

o, -001154+o776749-39!+6579
+ 8.578681.8° - 8.38135.6" + 3.01188.8°  (A1.32)

As a result, the reflectance of the glass cover can be determined

from the above expressions to obtain:

o, =1- (7 +a) (A2.33)
The transmission and absorption of diffuse radiation through the
collector cover is treated separately with the coefficients constant
for a particular material. In this case, the transmittance, and
absorption coefficients,T'c! andae!, for a glass cover are taken

as 0.796 and 0.056 respectively.

The combined equation for the absorption of the incident direct

and diffuse solar radiation on the collector cover and plate can

be expressed as:

collector cover

5, = ;rD.aC.(l +Tc.op/(1 - pc.op)) + (Idc + Idg)aé (A1.34)

collector plate

= I_D.(Tc-ap)/(l - oc-op) + (Tg, + Idg)-(Tc'-ap)/(l - ©0,.0!)
(A2.35)

S,
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Appendix 1.3

the solar water storage tank.

The multi-node thermal network technique, outlined in section
4,1.1, has been appliéd to form a three node model of a stratified
water storage tank. The storage tank is divided into three
sections: the top, middle and bottom sections. The heat transfer and
energy processes within each section are modelled by a node positioned

within the tank section fluid.

The equations describing the heat balance within each tank section

can be expressed as follows:

Heat balance within the top tank section

Energy stored within _ Net energy gain _ Heat loss from _ Net heat loss
top tank section from solar col- top tank section taken away
lector by usage
demand
= - - =T - -
Cy.dTy FoF,emCp o (T ~Ty) = Uge(T)=T)) -FgoCpo(T-T,) (A1.36)
dt
eat balance within the mi k section
Energy stored within _ Net energy gain _ Heat loss from Net heat loss
middle tank section from solar col- middle tank ~ taken away
lector section by usage
demand

Heat transfer from top tank
section to middle tank
section
04’522 = Fl.FB.mew.(To-TZ) - Us.(Tz-Ta) - F5.CL.(T2-T3) + Fl.FZ,mew(Tl_TZ)
at (A1.37)
Heat balance within the bottom tank section

Energy stored within _ Net energy gain _ Heat loss from Net heat loss

bottom tank from solar col- bottom tank " taken away

section lector section by usage
demand

Heat transfer from middle

* tank section to bottom tank
section
c5.533 = Fl.Fu.meW.(To-TB) - Us.(TB-T;) - FS.CL.(TB-me)
it
+ [Fy FyenCp o (T,-15) + Fl.FZ.mew.(TZ-TB)] (A1.38)
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The heat transfer coefficient, Ug can be described as:

(i) The heat transfer from the storage tank fluid to the internal air

by conduction.

Ug = 1 (AL.39)
dot + dis
kst kti

where Tst is the elemental storage tank section temperature.

The derivation of the energy storage terms C3 y C4_ and Cs within

the heat balance equations can be outlined as follows:
(ii) The heat energy stored within the storage tank section

The energy stored within the elemental storage tank section can
be assumed to be the product of the net thermal capacitance of the tank
section times the change in the mean tank section temperature over

time, expressed in general equation form as:

Oy = (VgyopoCp,) + (Agpedypengy oCogy) + (Agyedyyuo, oCpy,) (AL.40)

where cst is the elemental storage tank section thermal capacitance.

The heat balance equations (A1.36-38) can be factorised to a
matrix notation to facilitate the numerical solution, and simplified to
express the equations in terms of the new storage tank section fluid

temperatures, T , T} and T} .

T]'_ = Tl + aq .T -3y, T + a13.T + a S'Ta.. (AL.41)

T2' = T2 + a‘21'To + a.22 1 a.23.'1‘ + a 5'Ta'. (Al.42)

Té = T3 + a.31.To + a.33.T - 3L|.‘T3 + a35.T; + a'36'me
(A1.43)

where the matrix notation used can be defined as:

C, c
3 3
a,13 = %E'FFCL a.l5 = é_g.us

3 3



2,1 = At.Fp.FaemCp, 2y, = ab.F).Fy.mCp,

a5 = %1:_. (F]_‘Fz'mCPw + F5'CL + Fl'FB'chw + Us)
= At.U = At F JF . =
25 E; s 231 %; 1°FyemCp, gy %?. (Fl.Fz.mew+Fl.F3mqu)
aq, = %i. (FyoFpenCp + Fy.FqyunCp + Fy.F)unCp, + FouCp + u,)
a5 = QC_‘;_.FS.CL a'36 = E_'I,_.Us
_ 5

The heat transfer and energy storage processes ‘within the pipe-
work sections between the collector array and the storage tank are
modelled by a node positioned within the pipework section fluid.  The
equation describing the heat balance within the pipework section can
be expr'evssed as follows: '

Heat balance within the pipework section

Ehnergy storlfd within _ ?Iet enér‘gy transfer Heat loss from the
the pipewor ~ from the storage ~ pipework secti
section to collector fluid ection
4T = . . - -
Cg o FpemCp o (Tg = ) Upe (Tpe = T2)  (AL)

The heat transfer coefficient UQNcan be described as:

Upw -1 (AL.45)
Gl_pw + ‘ipi
where k].:;w and kpi are the thermal conductivity of the pipework and the

insulation respectively.

The derivation of the energy storage term Cg within the heat

balance equation can be outlined as follows:

C = sum of thermal capacitance of: pipework fluid + pi
6  + pipework insulation uid + pipework wall
= V.. e .C + d_ . .
C (Vi +0 D)+ (Aped oo, Cppw) + (Asp.dpi.opi.Cppi) (AL.46)
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where CG is the elemental pipework section thermal capacitance.

The heat balance equation Al.44 can be factorised to a matrix
notation to facilitate the numerical solution, and simplified to express
the equation in terms of the new pipework section fluid temperature

T;;w = pr + a'll'To - a'12"1‘1)w + a'13'Ta.. (AL.47)

where the matrix notation used can be defined as:

pw

aqy = Ab.Fy.nCp, ay, = At. (Fl°chw + Upw)
Cg C6

a3 = %_‘E.UPW
6
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A ndix 1.4

Overshadowing of the Collector Installation

The method utilised to determine the overshadowing of the col-

lector installation is an amendment of present building and window

shadow prediction techniques. The calculation of the effect of the

shading of the collector plate by the collector frame unit and by sur-

rounding buildings is outlined as follows:

(i)

(ii)

Shading bv_the collector frame unit

The method utilised to calculate the shading area caused by the
obstruction of the direct radiation by the collector unit frame is

defined by the length of the shadow cast, which is expressed as:

length of shadow (AC) = B, sinB (A1,48)
sinC

where C is the solar angle of incidence and AB is the dimension
of the collector unit.  The shadow area is determined by mult-
iplying the shadow length by the dimension perpendicular to the
shadow line. This method is illustrated in Figure 5.1.
Overshadowing by surrounding buildings

The method utilised to determine whether the collector surface is
self-shaded is illustrated in Figure 5.2, and outlined as follows.
The collector unit is orientated at an angle of A° and subject to
incident solar radiation at a horizontal angle of AH where

AH = azimuth angle - 90° (A1.49)
and the angle of orientation ANG, of the collector surface is
expressed as:

o (o}
ANG = A~ + 180 (A1.50)

The conditions for self-shading of the collector surface are: if
the angle ANG is less than (360 - AH) or if the angle ANG is
greater than (180 - AH).  Within these parameters no direct

solar radiation is incident on the collector surface.
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If the collector surface is not self-shaded, the next stage in the
shadow prediction is the calculation of the overshadowing caused
by the obstruction of the direct solar radiation by surrounding
buildings. The method used is the geometric projection of the
solar angle of incidence from the surface comers of surrounding
buildings onto the collector. To facilitate the explanation of the
method used, a simple example of a flat roof overshadowing is
taken. The derivation of the solar projection equations and the
shadow projection dimensions, illustrated in Figure 5.2, are

expressed as follows.

tanAv = % S AB = %@V (A1,51)

where AV is the solar altitude angle

cos (A+AH) = % . AD = AB.cos(AtAH) (A1, 52)
sin(AHAH) = QA% .. DB = AB.sin(A+AH) (A1.53)

This technique is repeated for each corner of the surfaces of the
surrounding buildings.  As a result, the shape of the shaded

area on the collector surface can be determined.
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DESCRIPTION OF COMPUTER PROGRAMS
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Appendix 2.1.
SOLLAR 7 - Solar Collector System Model
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COiM0N DATI, DAT2,ST,TS1, TS2, DAT2, 55, TS3, DAT4
C#%*COLLECTOR UJIT PHYSICAL PARAETZRSx*xxx

DATA TXT1/3%9H l. XP-TAICKIESS OF AESORSER PLATE UD):,
364 2. BI-TUBE CEVTRE LINE SPACING (1D :n
37H 3. B2-PROJECTED WIDTH-TUBE 304D (1) :.
39H 4. DI-DIAMETER OF COLLECTOR TUBES (i1 :.
4¢0H Se. Cl-THERMAL CAPACITY OF TUZES(J/M3C):,
38H 6. XT-THICKNESS OF TUBE MATERIAL (D:.
374 7. UT-CONDUCTIVITY OF TUBES (W/!1<C):,
361 8. EP-EIISSIVITY OF ABSORSEZR PLATE:/
C*%x*xCOLLECTOR UIIT PHYSICAL PARAMETERS*xx

DATA TAT2/40H 1. C2-THERMAL CAPACITY OF PLATE(J/M3C):.
4¢H 2.. C3-THERMAL CAPACITY OF COVERCJ/1I3C):.,
374 3. UA-CONDUCTIVITY-ABRSORBER (W/MC):.
374 4. EG-EMISSIVITY OF GLASS COVER (E):.,
404 5. U3S-CONDUCTIVITY OF TUBE BOND(W/1.C):,
37H 6. ABS-ABSORPTIVITY COLLECTOR PLATE:.
364 7. XG-THICKIESS OF GLASS. COVER (I1):.
40H 8. XR-THICKVESS OF REAR INSULATION (QD:/
C#**COLLECTOR UWNIT PHYSICAL PARANETERSx*x*

DATA TAT3/4PH 1. KF-COLLECTOR PLATZ CONSTRUCTION (14):.,

1 39H 2. C4-THERMAL CAPACITY OF REAR(CJ/1M3C):., £

2 404 3. SP-COLLECTOR/GLASS COVER SPACING(M):.

3 39H 4. UI-CONDUCTIVITY-INSULATION (W/M.C):,

4 364 S. XF-THICKIESS OF FRAME UJIT ) :.

5 404 6. CS-THERMAL CAPACITY OF FRAME(J/ZM3C):.,

6 364 7. NC-NUIMBER OF COLLECTOR SEGIEITS:.»

7 39H 8. UF-CONDUCTIVITY-FRAME UJNIT (W/i.C):/
Ck*COLLECTOR UNIT PHYSICAL PARAIETERS**x -

DATA TXT4s384 l. NHR-LEJIGTH OF SIMULATION RUJ (HR):.
39H 2. TLT-COLLECTOR WNIT TILT ANGLEC(DEG):.
39H 3. FFR-COLLECTOR FLUID FLOW RATE(L/S):,
39+ 4. XLC-COLLECTOR UNIT LENGTH (METRES):,
338H 5. XWC-COLLECTOR WIIT WIDTH (METRES):»
384 6. XDC-COLLECTOR UJIT:DEPTH (METRES):.,
384 7. [ICU-NUJSER OF COLLECTOR UNITS ():.
39H 8. DT-SIMULATION TIME INCREIENT (MIN):/
CxxxCOLLECTOR UIIT ENVIROMMEITAL PARAMETERSwx*

DATA TATS/3%H l. SLT-SITE LATITUDE (DEGREES, N+VE):.
394 2. SLG-SITE LOJGITUDE (DEGREES, W+VE):,
471 3. YIO-SIIULATION YEAR NUMEER (EGI979):.
39H 4. NIO-SIMULATION MONTH WUMBER (EGZ2):.»
361 S5 DST-STARTING DATE OF SIMULATIQI:.
40H 6. NDY-LEIGTH OF SIMULATIQN RUNV (DAYS):.,
384 7. LIZ-LOCAL INTERNATIOQNAL ZOWNE TIME:,
404 8. WZA-COLLECTOR UNIT ORIEVTATIQN(DEG):/
Ci#*xSTORAGE TAVK UNIT PHAYSICAL PARAIETERS¥x*

DATA TXT6/39H l. CTS-TIZMPERATURE CONTROL SYSTE{ (N):»
4VH 2. SSV-VOLU/E OF SOLAR STORAGE TAVK(L):,
38H 3. DDT-DRAW-OFF DELIVERY TEIPERATURE:.»
394 4. SSD-DIAMETER OF SOLAR STORAGE TAVK:.
391 S. SIL-LEVEL OF SYSTEM INSULATION (M):,

-~

.
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5 394 6. CPL-LZIGTH OF CIRCULATION FIPE (iD:.

6 374 7. CI-COLLECTOR-ROOF LITEGFATIOICI:,

7 394 8. TAI-TYPE OF AUXILIARY HEATING FUEL:/
C%x*xSPECIFY SOLAR COLLECTOR SYSTE! DATA FILEIJA [Exxxk

WRITE(S, 1) :

1 FORATC' TYPE IN THE SOLAR COLLECTOR SYSTR! DATA FILZIAZ
READCS, 2) FILEI
2 FORMATCALD)

Cx*x*xTRANSFER DATA FROM SPECIFIED FILEkx*
OPENCUNIT=1,DEVICE='DSK'> FILE=FILEL)
REWIND 1 *
READ(1,5) ((DATI(I,J)»J=1,3),1=1, 6)
5 FORMAT(8F9.+4)
CLOSE(WIT=1,DEVICE="DSK"', FILESFILZ1)
C*x*xDATA INPUT SEQUENCE#*x
WRITE(S, 1@)

10 _FORMATC *H DATA I.JPUT SEQUENCE-COLLECTOR PARAIETERS. ')
Cax*WRITE PARAMETER DATA%xx

DO 100 K=1,6

1FC(K.EQ.4)CALL {EWPAG

Do 126 J=1,8

IF(KeEGe 1)WRITE(S, 20 (TKTICI,J)5» I=15305 DATI(K D
IF(Ke EQe2) WRITE(S, 20X (TXT2(15J)» I=1,8), DPATI(KL J)
IF(K.EQ.3)WRITE(S,28)(TKT3(1,J),» I=1,8), DATICKL J)
IFC(K.EQ.4)WRITE(S,20) (TKT4(I,J)» 1=1,8),DATI(K, J)
IFC(K.EQeS)WRITE(S,2€) (TXTS(1,J)51=1,8),DATI(K J)
IF(Ke EQe 6)WRITE(S, 20 (TKTECI,J)» 1=153),DATI(K, J)

20 FORMAT(BAS, F9.4)
100 CONTINUE
RETUEN
Cx**DATA I1JPUT CHECK**
EJTRY CHECKI

CaLL NEWPAG

DO 282 K=1,6

IF(K.EQ.4)CALL WAITI

IF(K.EQ. 4)CALL NEWPAG

DO 20¢ J=1,8

IF(K.EQe 1)WRITE(S, 30 (TXTI(1,J),1=1,8), DATI(XK J)
IF(K. EQe2)WRITE(S, 3@ (TXT2(1,J)»I=1,8), DATI(K,J)
IF(K.EQe3)WRITE(S,38)(TKT3(1,J)» I=158),DATI(K,J)
IF(K.EQ.4)VRITE(S, 3€) (TXT4(I,dJ)5 I=1,8),DATI(K, J)
IF(K.EQ«SIWRITE(S, 38 (TXTS5(1,J)» I=1,8),DATI(K,J)
IF(Ke EQeBIWRITE(S, 3EI(TXTO(I,J)» I=153)5 PATI(KL J)

30 FORIMAT(BAS, F9.4)
200 CONTINUE
RETURI

CHx*ALTER PARAMETER DATAxxx
EJTRY ALTERICD®
WRITE(S, 42)
4d FORMAT(C 'H HOW MAVY PARAMETERS ARE TO BE CHAIGED: '/)
READ( S5, 52>
DO 320 L=1,H
WRITE( S, 68)
FORMATC 'H TYPE IN THE PARAMETER NUMSER AND ITS NEW
1 VALUE: '/)
READCS, 7@)NP, PV

68
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72 FORMATCL, 7D
DET1CLIIP)=PY
1FCe £Q. 1) WRITE(5,30) (TKTIC 1, 10P)5 1=1,8), DAT1 (L IP)
1F Qe EQ+2) WRITE(5,32) CTKT2C 1, :4P)» I=1,8), DAT1 (1, IP)
IFC:1e £Qe 3) WRITE( 5,32 CTAT3C I WPY» 1= 1,8, DAT1 (s 4P
IFCde EGe 4) WRITECS,30) CTATAC 1, 3P, 1=1,8), DAT1 (1L IP)
1F(N-EQ. 5) WRITE(S, 80) (TXTSC I, NP), [=1,8), DAT1C:1 P)
1F(:- EQ. 6 WRITECS, 88) CTAT6C 1, NPY, I1=1,8), DAT1 (s 1IP)

&

80 FORMAT(BAS, Fo.4)

300 CONTINUE '
RETURY
EJD

C

C*********x**x***********ﬂ************x*****m*****xx*****
Cx**THE FUNCTION OF THE SUBROUTINE NUSELT IS TO CALCULATEx
C#**THE THER0 PHYSICAL PROPERTIES OF TAE HEAT TRAISFER***
Cx**FLUID. FRO! THE TABULATED PHYSICAL DATA OF THExxxxkk*x
Cx**FLUID FOR VARIOUS THEIPERATURES, STORED WITHIN THEr*kkx
C***/F}OUTINE ARRAYS, THE PRAVILT, REYNOLD'S AVD NUSSEL T xxx*x
CHxFJRMBERS, CONDUCTIVITY, VISCOSITY AID DEISITY AREkxxfoik
C*#*CALCULATED TO DETERMINE THE FLUID CONVECTIVE HEAT#doxxkx
C#*x*TRAVSFER COEFFICIENT, HC.dkkrsomsmkack xRk dkomfkommkikk
C s
SUBROUTINE NUSELT(TE1P, VELH, HC)

DIMEISION DATI(6,8),PR(6),C0(56),VI(7),DE(E),

1 DAT2(¢8),STC4),TS1C18),TS2C103), DAT3(18),SS(6),TS3(3),

2 DAT4(2)
COo:240N DATI1,DAT2,ST»TS1,TS2, DAT3, S35 TS3, DAT4

DATA PR/13.60, 7. 02, 4+3453+02,2.22, 174/
CHx*THERMAL CONDUCTIVITY OF WATER**x
DATA CO/0.55,08. 60, 0.63,0.65,0.67, 0. 63/

Cx*xxFLUID VISCOSITYx*x
DATA VI/17090)9-86J 6082)4‘ 71,347, 2. 67)2.32/

Cx*xxFLUID DEISITY*x*

DATA DE/1002.28, 180052, 994595935+ 46,3 T4.03,968. 63/

XLC=DAT1(4,4)
D1=DATI1(1,4)
FFR=DAT1(4,3)
¥L.C=DAT 14, 4)
XWC=DAT1(4,5) L
ACU=DAT1C45 7) ; X
KT=1FIX(TEP
CA=KLC*XWC*ACU
FLOW=DAT2(6)
NFLOW=1IFIXC(FLOW)
1FCJFLOW. EQ.¥)GO TO 300
C#%xDETERMINE THERMOPHYSICAL PROPERTIES OF FLUIDxx
1T1=-20 ;
1T2=0
Do 102 1=1,6
IT1=1T1+28
1T2=1T2+20
J=1
1F(KT.GE. ITl1.AND.KT.LT. IT2)G0 TO 20¢
100 CONTINUE
200 PRILT=PR(J)
coNDY=CO(J)
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VISCY=VI(J)=L.BcE]
D= ISY=DE(J)
CxxxCALCULATE REY.OLDS NU. IEER*xxx
R=DI1/2.0
A=3. |4%R%xR
P=2.0x3. l4xR
VEL=VELH/3680.9
Cx*x*HYDRAULIC DIAMETER***
HD=(4.0%4) /P X
RE=(DENSYxHD*VEL) /VISCY
Cxx*xCALCULATE NUSSELT NUI BER*x*x
C=((DI1/XLCI**xP. 33)*x((VISCY/UW) %% | 4)
FiNU=1.8 6% (REx*0« 33) % (PRIOLT**@.33) *(C
CxxxHEAT TRAJSFER COEFFICIEJT OF FLUID*k*x
HC=(FNU*CQONDY) /HD

GO TO 4¢8
309 HC=22.0
490 RETURN
END
C
C

FUNCTIOQN CPROCTEMP)
DIMEJSION DE(6),CA(6)

Cak+FLUID DENSITYxxx .
DATA DE/1002.28, 1022. 52, 994.59, 985. 46, 974+ ¢8, 9 63. 63/

C***SPECIFIC HEAT CAPACITY OF FLUIDx*x
DATA CA/Le22,3%418,4420,4.22/
3 KT=IFIX(TEP)
Cxx*DETERIMINE TAERIIOPHYSICAL PROPERTIES OF FLUI Dkkk
IT1=-20
YT2=05 ves
DO 100 I=1,6
ITI=IT1+20
1T2=1T2+20
J=1
IFCKT.GE. IT1.AID.KT.LT.IT2)G0 TO 200
100 CQNTINUE
200 DEISY=DE(J)
CAPCY=CA(J)
CPRO=DEISY*CAPCY* 12008.0
RETURN
END

SUBROUTINE 110D2( FR)
DIMEVSION DATIC6,8), DAT2(8),ST(4)» TS1C18), TS2C 1),
1 DAT3¢18),S5¢6),TS3(3), DAT4(2)

CO:210: DAT1. DAT2,ST, TS1, TS2, DAT3, SS» TS3, DATA

QY OV O)

REAL MIDS
CHx+INITIALISE COLLECTOR AVD SYSTEM PHYSICAL PARASTERSwxx

AXP=DATI(C1, 1)
S1=DATI(1,2)
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22=DATIC(1, 3D
CI=DATIC1, 4
Cl=DATI(1,5)*1Q22.8
AT=DATI(1, 6)
UT=DATIC1, 7>
EP=DATI(1,8)

C2=DATI1(2, 1)x100&.2
C3=DATI(2,2)*1000.0
UA=DATI1(2,3)
EG=DATI1(2,4)
UBT=DATI1(2,5)
ABS=DATI1(2, 6)
XCG=DATI(2, D
XR=DAT1(2,8)

KF=IFIX(DATI(3, 1))
C4=DATI1(3,2)*1000.9
SPACP=DAT1(3,3)
UI=DATI(3,4)
XF=DAT1(3,3)
CS=DATI1(3, 6)*10008.9
NC=IFIX(DATI(3, 7))
UF=DATI1(3,8)

TLT=DAT1(4,2)
FFR=DAT1(4,3)
XLC=DAT1(4, 4)
XWC=DAT1(4,5)
XDC=DAT! (4, 6)
ACU=DATI1(4,7)
DT=1.0/DAT1(4,8)

ITC=IFIX(DATI(6, 1))
SSV=DATI1(&,2)/1008.0
HDR=DAT1(&,3)
SSD=DATI1(6,4)
SIL=DATI1(6,5)
CPL=DATI1(&, 6)
: CC=DATI1(6, 7

C*x*xCALCULATE STORAGE TAVK SEGIENT AREA*x%
PI1=3.141593
RTAH=SSD/2.08
ATOP=PI=*RTA{*ETAK
SSH=SSV/ATOP
TOPS=ATOP+2. UxPI*RTAVK*((SSH/3. §) +RTAIK)
MIDS=2+ ExPI=RTAVK*((SSA/3. 3)+RTLIK)
30TS=TOPS

Cx%*COLLECTOR SEGMEIT AREAxxk
CS=DATI(3,7)
ACA=XL.CxXWC*ACU

Cx**FLUID IMASS FLOVRATExxx
VOL=( FFR*ACA*3602.3)/10¢0.9
CAa=(XLC*XWC*ACU) /CS

C*%*COLLECTOR SEGHENT PZRIIETIR AREA**x
PA=2. 0*xXDCx (XLC/CS) +2.+ §xXDCx(XWC/CS)

CHxxTHEXIAL CAPACITY OF SEGIENT COMPONEITS**x
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Cl=4R*Cl%Ca
CP=CAaA=iPxC2
TR=D1/2.0
TRO=(DI+08.2¢2) /2. ¢
CT=(ABS(XWC/31) )%= (XLC/CS)*ACU
CF=(CA+PAR) *AF*CS PHROUFGINRL A CTROX TR - CTRR TR )
CG=CA*XG*C3
Cx*xCALCULATE CONNECTING PIPEWORK AREA AND CAPACITAVCErsx
APIPE=2.JxPI%{. BB T*(CPL+J. 337) .
CPIPE=CPL*C IxPI*( (. SEB*E+ 808 ) -C 5+ 02 Tx 3. 30T )
C#**CALCULATE REAR HEAT LOSS COEFFICIEJTsikx
IC=1FIX(CC)
IFC1C. EQ. )HB=23.0
IFCIC-EQ+ 1)HB=14.0
IFCIC.EQ.2)HB=9.5
C***CALCULATE COLLECTOR COMPONEIT THERMAL RESISTANCES#xx
RT=XT/UT
BC=(UBT*32) /0. 201
RB=1.0/8C
RI=XR/UI
RFR=XF/UF
FE=0.6
Ckxx2MISSIVITY FACTOR***
E=(1.3/EP)+(¥=Q/EG)-1.0
Cx*xUOLUME OF FLUID WITHIN SEGME!Tswkok
NT=1FIX((XWC/B1))
TH=FLOATCNT)
VOL W=T:i% (XL.C/CS) *PI*TR*xTR*ACU
C#**UOLUME OF FLUID WITHIN COLLECTOR CIRCUI Tsok
VOLC 1=( ( T:I*XLC*PI*TR*TR) +(XWC*2. 0*PI*TR*TR) ) *ACU
© C#k*VOLUME OF FLUID WITHIN CONMVECTING PIPEWORKsk
VOLG2=(CPL+SSH)*PI*3. 33 7%0. 207
C#4*VOLUME OF FLUID WITHIN SQLAR CIRCUITxx*
VOLC=VOLC 1+WOLC2
C##k+FLOW REVOLUTIONS THROUGH COLLECTOR PER HOURskkx
SPL=( ¢ ( TN*XLC)+2.+ B¥XWC)*ACU) +CPL+SSH
CH*x*AVERAGE FLOW VELOCITY TAROUGH COLLECTOR PER HOURX¥*x
: UEL=( VOL/VOLC)*SPL '
Cx*xxFLOW REVOLUTIONS AROUND SOLAR CIRCUIT PER HOURxkxk
FF=UOL/VOLC
FR=FLOATCIFIX(FF))
C#**CALCULATE THE COSRECTED REAR HEAT LOSS COEFFICIENT+*
RB1=RI+RFR
R32=1.2/H3
FDI1=8.93%( CXR/XLC )+ (XB/XWC))
=0« 1 75% (XR/XLC ) *(XR/XWC)
' UB=1.2/¢(R31+R52)*( l. 0+FD1+FD2))
C#k*THERMAL CAPACITANCE OF SEGMENT lwxx
DAT2( 1)=CG

Cc
RETURN

o
/BITRY 110D23C( L DOV, HRAD)
C#**CALCULATION ROUTINE OF VARIABLESkkk
T1=STC1)
T2=ST(2)
A=ST(4)

S



TOUT=55¢1)
T3=55(2)

T4=55(3)

TS5=SS(4)

TE=SS(5) -

Ca**CALCULATE THE FORCED CQUIVECTION LOSS COEFFICI S Txxx
HW=5.8+4. 1%Q1 :

C##*CALCULATE THE UPWARD HEAT LOSS COEFFICIENTxxx
TIK=T1+273.0 '
T2K=T2+273. ¢
TAK=TA+273.0
SBC=5. 669E-3
TIKT=(T1K*T1K+TAK*TAX) *( T1K+TAK)

T2KT=( T2K*T2K+T1K*T 1K) *( T2¥+T 1K)
Ul=(SBC*T1KT*CA) +HWxCA

CALL MODS(HP)

RAD=( SBC*T2KT) /E

CH*xCALCULATE THERMAL CAPACITAVNCE OF SEGIENT 2 xxx
1F(KF.EQ. 1. OR-KF. EQ.2)G0 TO 1¢0
IF(KF.EQ.3)G0 TO 200

C##*COLLECTOR TUSBES ABOVE OR BELOW PLAT Exxx

109 CALL NUSELT(T2, VEL,HC)

CW=VOLWxCPRO(T2).

RF=C 1. 0/ (HP+RAD+UB) )*xXLC*( FEX(31-32)+52)
Rl=1.0/RF 3 -
R2=1.0/CRF+RB+RT+( 1. 3/HC))

R3=HC

R4=1.2/C( 1+ B/HC)+RT)

R5=1.08/(RF+RI)

R6=1.08/(RF+RI+RFR)
TCS2=CW+CP*(R1/R2)+CT*(R3/R4)+C1*(R5/R2)
1 +CFx(R&/R2)

DAT2(2)=TCS2

GO TO 3¢8

C**%*COLLECTOR TUSES INTEGRAL WITH PLATE k%

200 CALL NUSELT(T2, VEL,HC)

Cw=VOLW*CPrO(T2)

RF=(1.3/(HP+RAD+UB) )*XLC*( FEX(31-32)+32)

Rl=1.0/FEF

R2=1.8/C(RF+RS+RT+( 1. 8/HC))

R3=HC

R4=1.0/CC 1. @/HCI+RT)

RS=1.8/C(RF+RI)

R6=1.8/(RF+RI+RFR)

TCS2=CW+CPx(R1/R2)+CT*(R3/R4) +CI*(RS/R2)
~ | +CF%(R&/R2)

DAT2(2)=TCS2

3¢g © CONTINUE

Ca**CALCULATE UPWARD HEAT TRANSFER FATE FROM SEGMEIT | sxx
DAT2(3)=U1%3642. 8

CxkxUPJARD HEAT TRAISFER RATE FROM SEGIENT 2 ok
U2=HP*(R1/R2)*CA+RADX(R1/R2)*CA
DAT2(4)=U2%3628+

CkxDOWNWARD HEAT TRANSFER RATE FROM SEGIENT 2w
DAT2(5)=US%(R1/B2)*CAX3628.8

C#x*CALCULATE THE THERMAL. CAPACITANCE OF CONNECTING PIPS0RKsxsk
CPIPEL=(CPL*PI*C. CGT*E. 88 T*CPROC T3) )% FR+CPI PEX(RI/24)
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DAT4C 1)=CPIPZx(R3/R4) +WOLCExCPROCTS)
DAT4C 1)=CPIPEl
CH#*CALCULATE THE THERWAL CAPACITANCE OF STORAGE TA K SEXIETSex
CTE I 1=(SSV/3. 0)*CPROCTI) +TOPS*XT*C1=(R3/P4Y .
CTAIK2=(SSV/3+ 8)*CPROC TA)+MI DS*ATHC 1% ¢ R3/md )
CTAIK3=(SSV/3. ) *xCPROCTS Y +BOTS*AT*C 1% ¢ Ra/Pas
DAT3(C 1)=CTAKI
DAT3(2)=CTAVK2
DAT3(3)=CTAIK3
CHk*xDETERMINE PUP AID STORAGE TAWK CONTROL FUCTIONSws*
CH**0PTION @ INDOOR TEST RIG HEAT LOSS EXPERIME[Twwk
IFC(ITC-EQ.2>G0 TO 318

GO TO 328
C***xCONSTANT PUP FLOW Ql**x*
310 Fl=1.0
C***COLLECTOR FLOW/STORAGE TAVK FUICTION=*x
r2=2.9
F3=0.75
F4=0.0
GO.TO 339
Cx**QPTIO | DIFFEREITIAL TEPZRATURE CO.JTROL*%%
320 Fl1=0.0

IFCITC.EQ. 1. AND.TOUT.GE. (T5+1.@2))Fl=1.0
IF(HRAD.LT. 10.8)F1=(. @ 4
Cx**QPTION 2 SET THIPERATURE CONTROL***
Cx**TEIPERATURE SETTING : 2@ DEGe Cexxx
IF( ITC- EC-ZOAJD'TOUT- GE.02G~ Z) Fl= l 02'
Cx*%QPTION 3 OUTDOOR TZST RIG EXPERIMENTS*x*
IFCITC.EQ.3)Fl=1.0
Cx*xSTORAGE TAVK FUNCTIONS***
Fe=2.0
IFCTOUT.GE.T3)F2=1.0
F3=2.0 i
IFC(TOUT. GE. T4+ AND. TOUT.LT. T3) F3=1.0
F4=2.0
IFCTOUT. GEe TS5« AJD TOUT. LT« T4) F4=1.0
33¢-  CONTINUE
Cx%*CALCULATE THE HEAT TRAISFER FROM TAE STORAGE TAIKxkk%
IFCIFIXC122.2%SIL)«EQ.B)G0 TO 35@
RS1=(XT/UT)+(SIL/C.833)

GO TO 375
356 RS1=XT/UT
3i7S U4A4=(C1.0/RS1)*TOFPS

USAS=( 1. 3/PS1)*M1DS
U8A6=C1. @/RS1)*BOTS
DAT3C 4)=ULAL*3 685+ &
DAT3(5) =USAS*3508. ¢
DAT3( 6)=UBAG*36LL. &
UTAT=C 1. 8/CCXT/UT) +2+ 1) )=APIPE
DAT4(2)=UTAT*3620. 0
Gk THERMAL CAPACITAICE OF COLLECTOR FLUID MASS FLOWksks
CWF=VOL*CPROCT2)
Cxi*EVERGY CONVECTED OUT OF SEGIE{T#ex
FRiA=2. O*xCWF
FRT=CUF
DAT2( 6)=FR1*Fl

e



DUT3¢ T =F1<FexFAT
DAT3C(9)=F1=F3xFRT
DAT3( 10)=F1xF4=FRT
Cx=CALCULATE HEAT EIZRGY DELIVERED TO LOADx*x
VDOU=DOV/ 1263. &
SOLG=CPRO(T3)*VDOV
L FCUDOV. GTo CS5V/3« @) « £IDe VDOV.LE« (S5V/1.5) ) SOLG=
1 CPROCT3)*(SSVU/3+E)+CFROCTA)*( VDOV-(SSV/3.0))
IFCUDOV. GT+ (SSV/1+5) « AUD. VDOV.LE.SSU) SOLG=CPRO( T3) %
1 (SSVU/3.2)+CPROCTA)*CSSV/3.+ 1) +CPROCTS)*( VDOV-CS5V/1.5))
1FCUDOV. GT« SSV) SOLG=CFRO( T3)*(SSV/3+ 8)+CPROC T4) *( SSU/3. 8

1 +CPROCTS)*(SSV/3.0) b
DAT3(8)=S0LG
RETURN
C
EITRY MOD2D(S1,S2)
C#*%CALCULATE FINl AVD COLLECTOR EFFICIENCY FACTORS* %%
: HL=(31-82)/2.0
BC=(UBT*RB2)/3.001
UT=1.2/¢C1.8/CU1/CAY)+(1.8/C(U2/CA)))
UL=UT+(1.3/U3)
ULl=UL
A=SGRT(UL/CUAXXP))
Ck**xF1iy EFFICIENCY FACTOR*** -
FE=(TATH(A*HL) ) /CAXHL)
C***DEI'I:?.MIIJE COLLECTOE COJSTRUCTIQO:N*%*
IFCKF.EQ.1)G0 TO 4€0B
IF(KF.EQ.2)G0 TO 508
IF(KF.EQ.3)G0 TO 68
Ck*COLLECTOR TUBES BELOW PLATEwks
490 CE1=(BI1%UL)/(3. 14%DI1*HC)
©  CE2=(B1xUL)/BC
CE3=B1/(B2+2. *HL*FE)
CE=1.08/(CE1+CE2+CE3)

2 GO TO 7¢@
C#**xCOLLECTOR TUSES ASQVE PLATEx*x
520 CE1=(31*UL) /(3 14xD1*HC)

CE2=(D1-2. C*XT) /Bl
CE3=(B1%UL)/BC .
CE4=B1/(2. CxHL*FE) ‘
CES=1.3/(CE2+(1.8/CCE3+CEA)))
CT=1+ 6/(CEI+CES)
GO0 TO 728
CH#*COLLECTOR. TUBES INTEGRAL WITH PLATSkk
CE1=(B1*UL) /C3. 14%D1HC)

602
CE2=B1/(32+2. UxHL*FE)
CE=1.0/(CEI+CE2)
* 700 COITINUE
C##*CALCULATE RADIANT HEAT EVERGY ABSORBED BY SEGMIITSwx

CAx*CALCULATE THE LJCIDENT SOLAR RADIATION ABSORBED 5Y THE
Cx*COLLECTOR COVER SEGIENTk

DAT2(8)=51%CA*x3600. 0
Cx#*CALCULATE THE INCIDENT SOLAR RADIATION A2SORSED B5Y THE
CH#*COLLECTOR PLATE WIT SEGIEVTwxx

DAT2( 7)=52%CA*3620+ 8

RETURI -

END
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SUBEQUTILE HODG(DT,:1) \

DIMENSIOI DAT1C6,8),DAT2(3), 0102, 4)5 TS1C 1LY, TS2C 10),

1 CTC2),STC4),F(2), DAT3C 1£),55¢5), TS3(3),» DAT4(2)

CO:210N DAT1, DAT2, ST» TS1, TS2, DAT3, S5, TS3, DAT4
CxxxINITIALISE MATRIX CALCULATION COMPONEITSHskx

J1=1

STC1)=TS1CJDD

ST(2)=TS2(J1)

W1=DAT2(1)

Ww2=DAT2(2)"

Al1=DAT2(3)
A2=DAT2(4)
A3=DAT2(5)>

31=DAT2(6)
32=DAT2(7)
B3=DAT2(8)
Cak*INITIALISE THE FIRST ROW OF THE CALCULATION MATRIN#skx*
C1=DT/CW1)
CMC 1, 1)=-C1*(Al+A2)
C11C1,2)=C1*A2
Cl1C1,3)=0.0 :
CC 1, 4)=C1*Al
C##*INITIALISE THE SECOND ROW OF THE CALCULATION MATRIXskx
C2=DT/(W2)
Ci1(2, 1)=C2%A2
Cl1¢2,2)=-C2%(A2+A3+81)
Ci( 2, 3)=C2%Bl
Ci1(2, 4)=C2%A3

C
C#*xINITIALISE THE MATRIX ADDITION FUNCTIONSHx*
FC1)=C1=xE3
F(2)=02xB2
Cc
Cx*xSTART QUARTIC RUJIGE-KUTTA METHOD CALCULATIQ J%skxk
IROW=0
100 IROW=IROW+1
DO 323 I=1,2
I1=1
SRI=C. 0

W=1.0/FLOAT(2%x(I1-1))
DO 200 X=1,4
200 SU=SU+CHC IR KI*ST(X)
Y=SQ#+F(IROW
C#**PREDICTED VALUE OF SEGIENT TE{PIRATURE=*x
QK 1=1Y
GH2=1(Y+(QK1/2.0))
QK3=T(Y+(C{2/2.0)) :
QK4="R(Y+EK3)
CTCIROWI=STCIROWM +(QK1+(2. BxQU2I+( 2+ PxQK3 ) +CKA) /50 O
300 STCIROW)=CTC(IROW
[FCIROW.EQ.2)G0 TO 488
GO TO 108
400 TS1¢J1)=STC(1)
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TS2(J1)=5T(2)
RETUR

EID

SUEROUTI:JE 1M0D4
DIIEISICI STC4), SUIIC 7,24, 62)s TAIS( 7,24, 58,

1 WINDC 7,24, 68), DAT1C 6,82, DAT2(8), TS1C 12), TS2¢ 10),
2 ICHARC10),USER( 7,24, 68, DAT3C 1¢), DATA(2),

3 SS(6);TSJ(3);JDAY(12);EX(3;SDJ);DY(15;5b®);

4 XPLOT(586), YPLOT(520),KPLOT1( 15)

. COM10N DATL,DAT2, ST, TS1, TS2,DAT3,SS, TS3, DAT4A

C

c
C

DOUELE EEEISIG\I FILE2, FILE3, FILE4, FILES, S

'DATA NDAY/@,31,59,90, 120, 151, 181,212,243, 273, 3¢4, 334/

C*x*xxINITIALISE COWITING LOOP PARAIETERS*%x

Cxx*SET

1

TINV=DATI1(4,8)

DT1=TINV/60.0

NDY=1IFIX(DATI(5, 8)) oL
NDST=IFIX(DATI1(S,3))
NDT=IFIX(68.3/TINV)
NC=IFIX(DATI(3,7))
CS=DATI1(3,7)
WJHOUR=1FIX(DATI1(4, 1))
ITC=1FIX(DATI1(&, 1))

CLIMATE DATA ARRAYS TO Z..r.D***
D0 1 KiI=1,7

DO 1 K2=1,24

DO 1 K3=1,560
SUNI1(K1,K2,K3)=0.8
T:'—‘{‘S(KIJKEJK3)=202
WIIIDCK1,K2,K3)=0.8
USER(KI;K2;K3)=Q.Z
CONTINUE

Cx*x*1:JITIALISE SYSTH1 PARAMETERS#%x

2000
2010
2p28
2030

2240

2250

WRITE(5,2€208)

FORMATC 'H- DO YOU WISH TO INITIALISE SOLAR SYSTEM1

1 TZIPERATURES ?» (@-NO» 1-YES) '/

READ(S5,2012)1ANS

FORIZATCID

[FCGIAIS.EQ.B)G) TO 2062

WRITE(S,2228)

FORMATC 'A TYPE IN STORAGE TANK TEIPERATURES (3):'/)
—-’-AD(SJ 223E)T3, T4 1S

FORIIAT(3F)

WRITE(5,2040)

FORYATC 'H TYPE IN COVER AUD COLLECTOR TZIPERATURES: '/)
READ(5,2059)T1, T2

FORMAT(Z2F)

TS3C1)=T3

TS3(2)=T4

TS3(3)=TS

ST(1)=Tl

ST(2)=T2

55¢1>=15.¢



W v L n
Q' Ly
N N

S
n
ch;
il
<
w

262
TS3(JI)=15.9

o) CONTINUE
ST(1)=15.0
ST(2)=15.0
SS(1)=15.0
S5¢(2)=20.0
S5(3)=20.0
SS(4)=28.0
S5(5)=20.0
2079 TS3(1)=85(2)
TS3(2)=S5(3)
TS3(3)=S5C4)
D0 3 K=1,NC
TS1(K)=STC(1)
TS2(K)=ST(2)
3 CONTINUE
RETURN
BITRY INPUTI
CALL NEWPAG
WRITE(S, 5)
FORMAT("' TYPE IN TAE SOLAR RADIATION DATA FILEJAME: '/)
READ(S5, 13)FILE2
18 FORMAT(ALD
RETURN
ENTRY INPUTZ
WRITE(S, 15)
15 FORMAT(' TYPE IN THE ABIENT TRTPERATURE DATA FILEJ&ME: !
READ(S, 2@)FILE3
20 FORIIATCALID)
RETUR
EITRY INPUT3
WRITE(S,25)
FORMAT( ' TYPE IN THE WIND PATTERN DATA T:'ILEJA.":’E: D)
SEAD(S, 3B FILEA
20 FORMATCALR)
RETUFN
EITRY IPUT4
WRITE(S5,35)
FORMAT(' TYPE 1IN TAE USER DRMAND PATTERN DATA
1 FILZJIAME: '/)
READ(S, 42)FILES
40 FORMAT(ALD)
call WAITI
RETURN
: EJTRY ALTER2
C**xﬁ_‘?{JSFEﬁ SOLAR RADIATION DATA FRO!1 FILE2xxx
OPRI(UJIT=1,DEVICE="DSH{ '» FILEFFILE2)
AZWIND 1
DO 128 Kl=1,NDY
D0 188 K2=1,NHOUR
D0 188 K3=1,NDT
READ( 1, S8ISUII(K], K2, K3)

25

35



1%
160

FORIAT(2E)

CONTINUE

CLOSE(UIIT=1,DzZVICE="DSK"', FILE=FILE2)
RETUR]

BITRY ALTER3

CrxxTRAVSFER ABIEIT TRPERATURE DATA FROM FILE3xxx

60
158

OPEI(UNIT=1,DEVICE="DSK *» FILE=FILE3)
REWIND I°

DO 150 Kl=1,NDY

DO 158 K2=1,NHOUR

DO 150 K3=1,NDT

READ( 1, 68) TAMB(K1,K2,K3)

FORMAT(20F)

CONTINUE ,

CLOSECUJIT=1, DEVICE="DSK "', FILE=FILE3)
RETURN

ENTRY ALTER4

Cxx*TRAIJSFER WIND PATTERN DATA FROM FILE4x*x

70
208

OPEJ(UNIT=1, DEVICE="DSK "', FILE=FILEA)
REWIND 1

DO 200 Kl=1,NDY

D0 208 K2=1,NHOUR

D0 280 K3=1,NDT

READC 1, 70> WIND(K1,K2,K3)

FORMAT(20F)

CONTINIUE

CLOSE(UIIT=1,DEVICE="DSK"', FILE=FILEA4)
RETUR

ENTRY ALTERS

Cx**TRAJSFER USER DHIAVD PATTERV DATA FROM FILESkxx

30
250

C
c
C
C

275
277

OPEI(WQIIT=1, DEVICE="DSK', FILE=FILES)
REWIND 1

DO 258 Xl=1,NDY

D0 259 K2=1,NHOUR

D0 258 K3=1,1DT 1

READ(C 1,38)USER(X1,K2,K3)

FORMAT(28F)

CONTINUE

CLOSE(UNIT=1,DEVICE="DSX "> FILE=FILES)
RETURN

*x%xx [JITIATE CALCULATION LOQP*x*

ENTRY [OD4S(FR,NPW
MOITH=1IFIX(DATI(S, 4))
NF=IFIXC(CFR*DT1)+E.5)
NDT1=4DT

N1=@5 JP=0

po. . 275.41=15:12

N1=N1+1

IFCIIONTH. EQ.N1)GO TO 277
CONTINUE
DAY=FLOAT(NDY+NDAY(N1))=-1.9
Vii=1.08

DOV=0.0

DT=1.0/FR
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280

I.‘,:’Vl IFLII(DATI(S,5))
i::l LL(..;:"I(..«)O))
I‘.r.Y” IDARY1+4D0Y-1
MDAY=1DAY1-1

HRAD=0.0

CALL 110D23C( Vi1, DOV, HRAD)
KOUITI!1=0

IF(NPV. EQ. 20@)CALL 110D6
TL=0.0

SHW=0.0

AHV=0.0

DO 30¢2 IDAY=IDAY!,IDAY2
NPUMP=0

SOLCD=d. 8

AUXGD=0. 02

SOLGA=0.8

AUXGI=0.0

B1=DATI(1,2)
TP=(DATI(1,4)>/2.8
XLC=DATI1(4, 4) )
XWC=DATI1(4, 5)
ACU=DATIC(4, 7)

PI=3. 142
NT=IFIX((XWC/B1))
TH=FLOAT(NT)
UVOLW=Ti*XLCkPI*xTRxTR*ACU

TOTCOL=2.08

COLHAT=0.0

TRAD1=0.0

TRAD2=0.2

DAY=DAY+!

JYDAY=IFIX(DAY)

{DAY=1DAY+1

CALL MAINSTC(NYDAY, TCW)

SS(5)=TCW .

CALL SUJRS(DAY.,SUJR,SUYS)
NARI=IFIX(SUJR)

NHR2=IFIX(SWIS)
NAR3=IFIX(SUIS+Z.5)

MINI=1IFIX(6Z. 0% (SUNR=-FLOAT(WVHRI1)))
MII2=1FIX( 60« I*(SUNS-FLOAT(NHR2)))
THR=FLOAT(NDY*24)

NPLOT=(ND *94)* JDT

1FCIPV. EQe 108+ OR«NPV. EQ. 202)CALL PRINTICIPVY, DAY, 15

1 ER2, MIN ”JNI i2)
D0 321 NHER=1,:JHOUR
AP=rLOATC IHP.)

1FCVHR. LT+ NHR1 OR. [WHR. GT-2IHR3) GO TO 280
1 FCHR. LT NHR1+ ORe 1 HR. GT+/JHR3) DT=DT1
1 F(:JHR. GE4NHR1+ AND. HR.LE.JHR3) GO TO 282

DT=DTI

F=l

GO TO 235

..u—l-'"/Ar
DT2=1.2/CFR*CS)
NF=IFIXC(CFR*DT1)+£.5)
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285 CO:TLIVE
D0 3¢1 iiDT=1,:I0T]
K1=1DAY
¥2=1THR
K3=:DT
STC4)=TAB(K1,K2, K3)
SS(6)=ST(4)
SP=SUN1(K1, K2, K3)
Ui4=WIiIDCK 1, K2, K3)
DOV=USER(K1, K2, K3)
MIN=C IFIX(TINV) )*NDT
CALL SWUNPOS(DAY,HRs [M1il, AZ1, DECL, HAIG, ALT)
C&LL SHADEI(AZI,ALT,NSHADI)
KOUNT 1=KOWIT2
HRAD=S0x 122¢. 0
CALL SUJRADCHRAD, ALT,NSHADI, DECL,HAIG, S1, S2)
NSHAD1=0
CALL 0D2D(S1,52)
SRAD1=(S51+52)*DT!
SRAD2=52%DT1
TRAD2=TRAD2+SRADR
TRADI=TRADI1+SRADI
DO 320 X4=1,iF
PTE1P=TS3(3)
CALL PILOS(DT, PTE4P, OUTLT)
ST(3)=0UTLT
FLIN=OUTLT
COLHT=2. ¢
DO 298 KS5=1,3C
K=X5
CALL MOD2EC( W1, DOV, HRAD)
CALL MOD3(DT»K)
ST(3)=ST(2)-ST(3)+ST(2)
290 CONTINUE

: PTEP=ST(3)

. CALL PILOS(DT,PTEP,0UTLT)
$5¢1)=0UTLT :
CALL MODS(DT)

PUIP=DAT2( 6)*(CS/2. )
FLOU=VOLWCPROCST(2))
IFCIFIXCPUP) « SQe 8) FLOW=3. @
IFCOUTLT+LTe FLIN. OR« HRADLT+5.3) FLOW=0. 0
COLHT=COLHT+(OUTLT-FLIN)*FLOW .
IFCIFIX(PRIP) « GT. 2)PUP=NPL T+ |
TOTCOL=TOTCOL+COLHT
CALL SOLHT(DOV»> SOLG> AUXG)
SOL GD=SOLGD+SOLG*DT
AUX GD=AUX GD+AUX G*DT

300 CONTINUE
TL1=C¢DAT3C4)*(SS(2) =SS(5) ) )*DT1
TL2=CDAT3(¢5)*(S5¢3)-55¢6)) )*DT1
TL3=(DAT3(6)*(SSC4)=S5(6)) I*DT1
TL=TL+(TL1+TL2+TL3) /1E80. 0
NP=1IP+1
TAV2=(FLIN+OUTLT) /2.8
CA=XLC*XWC*ACU
FR1=DAT2( 6)
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C.Z)DTI1=C¢TAV2=-ST(4)) /52
e £e B)EFCY 1=( FR I COUTLT=-TAVE) ) /(5253 50 « Z%CA)
TeZePe0OReDTI1.CTe e 1)DTI 1=CeQ
LT+ 0«8+ 0ReEFCY1.GT. 18U C)EFCY1=L. 5
EFCYI=EFCY1=*1032.¢
1FCIPV. JE.202)G0 TO 981
S3=51+52
I F(VHR. GE«NHR 1+ AND. NHR.LE. JHR3)CALL PRINTZ2(S3,K2, K3,
1 FLIN,OUTLT)
IFCITC. EQ. 2YCALL PRINT2(S2,K2,K3, FLIN, OUTLT)
GO TO 982
921 DY (¢ 1, NP)=HRAD
DY(2,NP)=SRADI1/DTI]
DY(3,1P)=5STC4)
DY (4, NP)=U1
DY (5, NP)=DOV
DY(6,NP)=5T(1)
DY(7,NP)=(FLIN+S5(1))/2.0
DY(8,1IP)=FLIN
DY(9,:IP>=SS( 1)
DY( 192, NP)=EFCY! :
DYC11,NP)=55(2)
DY(12,NP)=SS(3)
DY( 13, NP)=55(4)
DYC 14, iP)=(S5¢2)+S5¢3)+55C4)) /3. ¢
DY( 15,:IP)=EFCY2
DX ( 1,:IP)=FLOAT(NP)
DX (2,NP)=DTII
DX(3,NP)=DTI2

il n

= M M

.
o Ll

® "l'
o e

[ I T -
"'l RN )|
PN NS

["1
c4

o2 CONTINUE

30! COITINUE
DT=1.0/FR
NPLOT=NP.

PTIM:::—FLOAT( JPUMP)*DT

WPHR=IFIX(PTIHME)

WPAIN=1 FIX((PTIME-FLOAT(NPHR) ) *608. @)

IF(NPV. EQ. 122+ OR« NPV. EQ. 280) CALL. PRINT3(SOLGD, AUXGD,
1 NPHR, NPMIN, TRAD], TRAD2, TOTCQOL)

302 CONTINUE
POWER=50. &
SHW=SHW*+SOLGD :
NPE=(:IPHR*3 63+ (NPMI!Ix60)
PE=(FLOAT(NPE)*POWER)/132¢- 0
£HU=AHWAUXGD :
IFCIPV. EQ.380)CALL PIECHT(SHW, PE, AHW, TL)

RETUR
C
C
C

E2JTRY PLOT!
CH**xINITIALISE NUMBER AVD NAE OF PARAMETERS TO SE PLOTTEDwkx

305 WRITE(S, 31
310 FORIIAT( 'H SPECIFY NUIMBER OF PARAMETZRS TO R = PLOTTED'/)
READ(S, 315)NCP!
315 FORIATCI)
IFCICPL.GT. 1S)WRITE(S, 320)
GO TO 325
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325

330

335
340

FORLATC " EFEOR!! AVAILASLE .JUEER OF FiSsois
GO TO 345

DO 34¢ J1=1,.CPl

WRITE(S, 330

FORIAT( 'H PARAIETER JU/RER : ')
READ(S, 335)KPLOTI(J )
FORIIATC(I)

CONTINUE

Cx#*xCLEAR DRAWING ARES¥oxx*

CALL PICCLE
XSP=20.0; YSP=130.0
NLAY=0

CHk*#DETERINE PLOT TIME INTERVAL 4D rIRlOE***

345

350

355

365
1860

1065

1012

IF(IDY.LE.2)GO TO 345
IF(NDY.GT.2. AVD..JDY.LE. 14)G0 TO 35¢
IF(NDY.GT. 14 AJD.NDY.LE. 143)G0 TO 355
FACT=DTI :
IFCJHOUR.LT.24)FACT=1.0
NINTX=NDY*24
IFCJHOUR.LT.24)NINTX= (éd*xHOUR)/IZ
AXBEG=0.0
XEJD=FLOAT(IDY*24)
IF(NHOQUR. LT« 24)XEJD=FLOAT( 6% JHOUR)
NTEXT=1 e
IFCTHOUR.LT.24)JTEXT=0
GO TO 365
FACT=DT1/24.0
NINTK=4DY
XBEG=FLOAT(IDAY1)
AXEVD=FLOAT(IDAY2)
NTEXT=2
GO TO 365
FACT=DT1/(24.3%7.2)
NINTX=NDY) /7
XSEG=0.0
XBID=FLOATCIINTX+1)
NTEXT=3
GO TO 365
J2=¢; WNDEVI1=2
J2=Ja+1
J3=KPLOT1(J2)
IFCIDEV]I.NE. J)GO TO 367
J5=1
IF(J3.EQ. 18)C0 TO 1&8
IF(J3.EQ. 15)G0 TO 1810
GO TO 1@1S
J5=2
NINTX=10 i
EJD=G. 1
NTEAT=4
GO TO 1815
J5=3

BV o bl g

XBEG=0.0

.JIL\I 14(-10
XEID=0G. 1
NTEXT=5
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1£15 D) 366 J4=1, IPLIT

365 XPLIOT(JA)=E(JSsJE)I*FACT
Crxx[NITIALISE Y=-AA1S VALULS#*xx
367 IF(J3.EC+3.0ReJ3.GE.6)IDEV="T"

IF(J3.LCQR.4)JD=V="'VU"
IF(J3.EQeS)NDEV="F"
IF(J3+ECe 1. 0ReJ3+EQR2)JDEV="5"
IF(J3.ZQe¢ 12« OReJ3.EQe 15)NDEV="E"
DO 372 J6é6=1,NPLOT
372 YPLOT(J6)=DY(J3,J6)
YEID=1006.0
IF(J3+EQe 1.0R«J3-EQ.2)YEID=120C. &
IF(J3.EQR. 4)YEID=20.8
IF(J3.EQ. S)YEND=120.0
IF(IDEVI. EQ.NDEVIGO TO 375
XPOS=15-B
IF(J3+EQe 1:0ReJ3«EQe2)XP)S5=135.0
IF(J3+EQe 4.0ReJ3.EQe 5)XP0S=155.0
CALL AXIP0S(C1,15.0,33.0,128.3, 1)
CALL AXIPOS(1,XP0S,30.0, 102.3,2)
CALL AXISCA(3,NINTA,XBEG, XEVD, 1)
CALL AX1SCA(3,2Y,0.0,YEID,2)
CaLL AXIDRACL,1b DD
IF(J3«Ee 3« AVD«J3LT« 6)CALL AXILIRACL, 1,2)
IF(J3+.EQs3.0RJ3.GE. B)CALL AXIDRA(-1,-1,2)
CALL GRID(3,0, &)
375 JDEV1=:DEV
IF(J3«ECe 1Z2.0ReJ3.EQ. 15)G0 TO 3801
CALL GRASYI(XPLOT, YPLOT,PLOT>J2,2)
CalLl GRAPOL(XPLOT, YPLOT,NFPLOT)
GO TO 385
332 CALL GRASYIM(XPLOT,YPLOT,NPLOT,J2, &)
Cx**QUTPUT GRAPH***
CH*xkIJITIALISE VARIABLE TO BE PLOTTEDk**
Cxk*kY-£X1S WOTATIO***
385 IPU=J3
IF(NPV.EQ. 1)GO TO 40@
IFCNPV. EQ.2)G0 TO 401
IF(NPV. EQ.3)GD TO 422
IF(IPV. EQ«4)GD TO 483
IFCIPV. EQ.5)G0 TO 404
IF(NPV. EQ. 6D GO TO 405
IFC(IPV. ZG. 70G0 TO 4056
IFCIPV.EQ.8)G0 TO 407
IFCIPV. ER.9)GD TO 423
IFCIPV. Q. 18)GD TO 489
IFCIPV.EQ.11)G0 TO 41
IFCIPV.EQ. 12)GO0 TO 411
IF(NPV. EQ.13)G0 TO 412
IF(NPV. EQ. 14)GO TO 413
IFQIPV.EQ. 1S)GO TO 414
GO TO 50¢
C#x*GLOSAL SOLAR RADIATI Qlxskok
400 CALL MOVTO2(XSP,YSP)
cALL CHAHOL(2TAGLOBAL SOLAR RADIATIONCW)*e)
GO TO 5€@ :
CH**INCIDENT SOLAR RADIATION*xx
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421 CelLl HMOVTO2(RSP,YSP)

CALL CHAAOL(29HINCIDEIT SOLAR RADIATION(WI=.)

GO TO 5&¢
Cxxx&ARBIEIT AIR TRIPIRATURDxxx
402 CALL MOVTO2(XSP,YSP)
CLLL CHAHOL(2SHAIBIZIT AIR TE-PILRATUREX.)
GO TO 5820
C**xWIND VELOCITY***
403 CALL MOVTO2(XSP,YSP)
CaLL CHAHOL(2IHWIND VELOCITY (i1/S)*.)
GO TO 508 :
C#*xUSER DEMAID PATTERJ®*xx -
424 CALL MOVTO2(XSP,YSP)
CALL CHAHOL(3UHUSER DEMAND PATTER:] (LITRES)*.)
GO TO 50¢
Cx**xCOVER THEIPERATURExx*
405 CaLL MOVTO2(XSP,YSP)
CALL CHAHOL(2CHCOVER TRIPERATURE . )
) GO TO S©©
Cx**MEAY FLUID TEIPERATURE#**
406 CAaLL MOVTO2(XSP,YSP)
CALL CHAHOL(2SHMEAV FLUID THRPERATURE *.)
GO TO 509
C***%QUTLET FLUID TETPERATURE®**
408 CaLL 1MOVTO2(XSP,YSP)
CAaLL CHAHOL(C2&I0UTLET FLUID TETPERATURE*.)
GO TO 5009
CHx*INLET FLUID TEIPERATUREA**
. 487 CLLL MOVTO2(XSP,YSP)
Call, CHAHOL(25HINLET FLUID TEPZRATURE*.)
GO TO 588
C***xCOLLECTOR EFFICIENCY**x
409 CALL MQVTO2(XSP,YSP)
CALL CHAHOL(22-COLLECTOR EFFICIZICY*.)
) GO TO 582
CH*x*TAVK SECTION 1 TRMPERATURE***x
419 CALL MOVTO2(XSP,YSP)
CALL CHAHOL(2BHTANK SECTIQN 1 TRPERATUREX.)
GO TO S&9
Cx+xTAJK SECTION 2 TEPIRATURDF**
411 CALL MOVTD2(XSP, YSP)
cALL CHeHOL(28HTAVK SECTION 2 TEIPERATUREX.)
GO TO 528
CxxxTAJK SECTION 3 TEPIRATURDF*x
412 CALL MOVTQO2(XSP,YSP)
CALL CHAHOL(2BHTAVK SECTIG] 3 TEPIRATURS*.)
GO TO S@8
Cx**xMEAY STORAGE TAVK THPIRATURZR*x
413 CALL MOVTO2(XSP,YSP)
CALL CHAHOL(3IHMEAN STORAGE TANK TIiIPERATUREX. )
GO TO Se@
Cx**xSOLAR SYSTEM EFFICIZICYxxx
414 CALL MOVTO2(XSP,YSP)
CALL CHAHOL(25HSOLAR SYSTEM EFFICIZICY*.)
500 CONTINUE

CALL MOVTO2( 120+ J, YSP+2.0)
CALL SYiB0L(J2)
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AY= LAY+

YSP=13L. L=-(FLOATCILAY®4))
IF(J2..JE.2JCP1)CO TO 188K

Cxk#f=£{1S TEITH*%x

510
520
538

c
c

ALL [1OVT02(2L.8,28.2)
CALL CHAHOL(24HSIMULATIQN TIME PERIOD*X.)
CeLL 10VT02(20.0, 15.8)

IF(J3+ZCe 10.0ReJ3.EQ. 15)G0 TO 510 '
IF(NTEXT. EQ. @)CALL CHAHQOLCI11HCQMINUTES )%k )
IFCITEXT. EQe 1)CALL CHAHOL(9H(HOQOURS) *. )
IF(NTEXT. EQ.2)CALL CHAHOL(8H(DAYS)*.)
IF(NTEXT. EQe 3)CALL CHAHOL(SH(WEEKS) *. )
IFCITEXT. EQ. 4)CALL CHAHOL(22H DT/1 (DEGC.SGQ«M.) /Wk.)
GO TO 528
Call CHAHOL(BH(DT/I)*.)
READ(S5,530)WAIT
FORMAT(ALD
RETURN
EID

SUBROUTINE MOD6

DIMEISION DAT1C6,8), DAT2(8),ST(4), TKT1(S, T35 TAT2(9, 7).,

1 TS1C12),TS2C108), DAT3C16)5SS(6), TS3(3),MMONC 12), DATA(2)
COIz10N DAT1, DAT2; ST, TS1, TS2, DAT3, SS» TS3, DAT4

DOUELE PRECISION MON

DATA 100N/ "JAJUARY '» "FESRUARY '» "MARCH', "APRIL', “MAY ",

| 'JUJE's "JULY", 'AUGUST', 'SEPTRSER'» '0CTOBER '»

2 "IOVEBER', 'DECIBER'/

Cx**xTEXT DATA FOR TAZLE HEADINGHk*

c

12

DATA TXTl/44d HR-TIME OF SIMULATION PROCRAM
(ACTUAL TINIE),

43H DT-CALCULATION PROCGRAM TIME INCREIENT (HR),
444 "TG-COLLECTOR GLASS COVER TZPERATURZE (DEGC).
43H Tii-MEAJ COLLECTOR FLUID TEMPERATURE (DEGC).
44+ T1-COLLECTOR INLET FLUID TETFZRATURE (DEGC).
45H T2-COLLECTOR OUTLET FLUID TRPERATURE (DEGC).
41H T3-TOP STORAGE TAVK SECTION T=PIRATURE /

NN QN e

ATA TKT2/43H T4-111DILE STORAGE TAVK SECTION
TEPERATURE .

43H TS-30TTOM STORAGE TAVK SECTION TEIPERATURE
424 TS-AVERAGE SOLAR STORAGE TAVK TZIPERATURES

445 TA-EIVIZONIT A'BIENT AIR TEIPZRATURE (DEGC).,
454 S2-ICIDENT SOLAR RADIATION-COLLECTOR (W/112), -
444 EFCY-INSTAITAIZOUS COLLECTOR EFFICIZENCY (E).»
424 DTI-TEPERATURE/INCIDENT EZNERGY (C/W.M2)/

=)

SN OO N -

WRITE(S, 10)
FORMATC '"H SOLAR COLLECTOR AND STORAGE SYSTEY

1| TEPERATURE PROFILE. '/)

Cxx*xWRITE T Tk

20

Do 186 X=1,2

Do 168 J=1,7

[F(Ke ERe 1D WRITECS, 20) CTXTIC I, J)5 I=1,9)
I FC(Xe EQ. 2)WRITECS, 20) CTXT2( 1, J), 1=1,9)
FORAT(9AS)
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162 COiTIIUE
£LL JEWIN
RETUR!
EITRY PRLITICNPV NDATE [HR1, (BP2, M1 1, M1112)
0. TH=1 FIXCDAT1(5,4))
NYZAR=1FIXC(DATI(5,3))
ITC=1FIX(DATI(6, 1))
IFCITC.EQ.2)G0 TO 55
WRITE(S, 30)N1ONCHMONTH) » IDATE, (WY EAR

30 FORMAT(2X, Al10, 1X, 12, 14, 14, /)
WRITE(S, 4€)WHRI1,111N1
40 FOFI1IATC '"H SUJRISE OCCURS AT ', 12, 'HR ', 12, "MIN.
WRITE( S, S@)NHR2,MII2
50 FORMAT( '"H SUNSET OCCURS AT ', I2, 'HR ', 12, 'MIN.
55 IF(NPV. EQ.282) WRITE(S, 60)
60 . FORMAT('H HR' 2%, 'DT', 8% "TG'3X, 'T1', 3%, 'T2 Y,

1 3% '"T3', 3% "T4"» 3%, 'T5",3Xs 'TA 'S 5X, 'S2', 44,
2YEFCY %5 3%, *DTI"/)
RETURN
BEJTRY PRI JTZ(SZJ JHRL DT, T1:1, TOUT)
Cx*xxINITILALISE TAELE PARAIMETERS*%x
TA=ST(4)
T3=SS(2)
T4=55(3)
T5=S5(4)
CS=DATI(3, T
NIC=IFIX(CS)
KLC=DATI(4, 4)
XWC=DAT1(4,5) =
ACU=DATIC(4, T
ITC=IFIX(DATI(6, 1))
Cx**COLLECTOR ARES*x*
CA=XLC*XWC*ACU
Cx%*kAVERAGE COLLECTOR FLUID TEPIRATUREw*xx*
TAV2=(TI]+TOUT> /2.0
C***'IHEOF.BZTIC:-L INSTANTANEQUS COLLZCTOR EFFICIEICYxk%
DT=DAT1(4,8)
Frui=DAT2(6)
F=FRi*x100.0¢
IFCIFIX(F).EQ.E)G0 TO &5
IFCITC.ERG.B)GD TO 65
EFCY=(rrux (TOQUT=-TAV2) ) /(S2*%*3 525« 5*CA)
Cx*%CHAIGE IN COLLECTOR TEFIRATURE/INSOLATIO®%x
DTI=(TAV2-TA)/S2"
: F=60HT0 67
65 E,F'CY=G- 3
DT1=02.0

Cx*x*AVERAGE STOFAGE TAUK FLUID TEIPIRATUREwx*
67 TAV4=(T3+T4+T5) /3.2

Ck**WEITE TE PERATURE DATA®k*%

WRITE(S, 70)NHR, NPT, TIN, TA, S2

FORATC2¢2X> 125 16Xs F4e 1,21, FA4. 1, 3%, FS. 1)

70
C##*kWRITE COLLECTOR SEGIENT TEIPERATURES#+x
N=0
200 N=ii+1
WRITE(S,8) TS1CN)» TS2¢) .

80 FORMATC 13X, Fie 1, 6% F4e 1)

GIT*)

GIT'/)



Crxx Tl T

2%

—

d ll e

.

-'T
0Fs

1JICYGD TO 288

~

WG TAI. SEGIEIT TR FZAATURES*xx
9E)T3, T4, T5, ZFCY., DTI
5Xo Fle 1, 17, F4. .1) 1Xo FAe 15 14X, 74 15 3X0 Fl4e 2, /)

T
1T
=iA

0 -

5:
2
E’"L
EVTEY PRINT3(SOLGDY, AUKGDY., NFPHAR, NP11d, T“J\Dl TRAD2,
1 TOTCOL)

XLC=DATI1(4,4)

XWC=DATI1(4,5)

ACU=DATIC4,T)

«

o
4
y
<y

)'U

CxxxCOLLECTOR AREA¥¥*

121
llf'd
120
130

140

158

168

C
CxxxSU=
Ck#*¥PAS

CA=XLC*XWC*xACU
TRADI=TRADI1*CA/10088.0
TRAD2=TRAD2*CA/10CC. 0
TOTCOL=TOTCOL/3. 6E6
EFCY1=(TOTCOL/TRAD2)*108.¢
SOLGDY=SOLGDY/3. 6ES
AUXGDY=AU{GDY/3. 6E6
WRITE(S, 181)TRADI
FORMAT(C 'H DAILY TOTAL RADIATIQN INCIDENT ON GLASS',F7.1,
1 'KWER")
WRITE(S, 118)TRADZ
FORMAT( 'H DAILY TOTAL RADIATIOQN INCIDENT ON
1 COLLECTOR PAVELS ', F7. 1, '"KWHR")
WRITECS, 128)TOTCOL
FORMATC 'H DAILY TOTAL HEAT EWNERGY COLLECTED', F7. 1, 'KWdR'

WRITE(S, 13€)SOLGDY
FORMIATC 'H DAILY HEAT SUPPLIED BY SOLAR SYSTE1'>F7. 1, 'KVWH
WRITE(S, 140) AUXCGDY
FORMAT(C 'H DAILY AUXILIARY HEAT REQUIREMENT's F7. 1, 'KWAR')
WRITZE(S, 158)NPHR, WPIIN
FORATC 'H DAILY RUNNING TIME OF PUA4P's 1X, 12, '"HR ',
1 1X,12, "MIN')
WRITE(S, 166)EFCY1
FORMAT(.'H DAILY AVERAGE CCOLLECTOR EFFICIZNCY "> FSe1, '%")

EETURN

i

EID

SU=ZROUTINE MODS(HP)

quZchIOJ DAT1C6,8), CAT2¢8),STC4), TS1C18),

1 TS2¢10),DAT3(10),SS(6),TS3(3), DATA(2)

CQr liu. DAT!1, DAT2, S'I:; TS1, TS2, DAT3, SS» TS3, DAT4

SPFROGRAM TO CALCULATE THE NATURAL CONVECTION SETWEEN
A1 2, FLAT PLATES (DATA TAXEN FROM TABOR, 1958)

bt it

CsxINITIALISE THE SUSPROGRA! PARAMETZRSkxx
CHxxSPACP- THE FLATE SPACING IN CENTINMETRESwxx

Gk TLT=

Caxx DET EFZ1IL JE TH

SPACP=DATI1(3,3)*18.0 L
THE COLLECTOR TILT IN DEGREES***

NTLT=IFIX(DAT1(4,2))

T1=STC1)

T2= ST(2)
E TZIPERATURE DIFFERENCE BETWEEVY THE PLATE
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DRIP=£3S(T2-T1)

KN P=1FI1Z(DTi?)
Cx*xxCALCULATE THE HEAT TrRAISFzR COEFFICIZIT, HP=xxx
Cx*xxHORIZONTAL PLAJE, HEAT 'LO UPWERDS #% %

IFCITLTe GEe B« AJDe NTLT<LE. 30 HP=( 1. 613%1.91) /(SPACF*x(3. 15

Cxxx30-6C DEGe PLAIE, HEAT FLOW UPWARDSx*x*x*
IFCITLTe GTe 30« AVDHTLTLE. 6U)HP=C 1o 14%2. 84) /CSPACP**G+ 37

Cxxx60-VERTICAL PLANE***

IFCITLT. GT. 60)HP=C0.82%2. 12) /( SPACP**{J. J19)
CHxxAPPLY CORRECTION FACTOR FOR TEPERATURES**x
C***O‘D{ER THAU 12 DEGeCeX%%

IF(KT11P.GT. 18)GO TO 100

GO TO 209
120 HP=HP*( 1. 8=0. B0 13%( DTHP-18.3))
200 RETURN

END

aooaon

SUEROQUTINE MEJUI
DIMEISION MODUL1(56)
Gk [ETU L3sokdorskxkoxk kork
Cokoxxk | IV PUTHFFRkKoFR KRR K
Cxxx2CHECK*Hxkk*KKFORKK
Cacxk 3 AL T ERFRFRRXKFKK KK
Coaror AR kKK AAR K FF KKK
C***SH,OTI*x**********
Cxkok HEN Dok KR KR FFK KKK KK
DATA MODUL1/32, 32, 77, 69, 78,35, 49, 32,
32,49, 73, 73,808,85,84, 32,
32,50, 67,72, 69, 67> 75, 32,
32,51, 65, 7884, 69,82, 32,
32,52,82,85, 78, 32,32, 32,
32,53,80, 76, 79,84, 49, 32,
32,54, 69, 78, 68,32,32,32/
C***CP-L.. CHAR SIZEx¥xx
180 CeLL CSIZE(KAORSZ,KVERSZ)
C**xxG0 TO MEIU POSITIQNx*%
CALL NEWPAG
CALL I OVREL(E,=-6C3)
C*x*QUTPUT MODUL! CrARS*xX
¥=0
D0 262 J=1,7
CALL NzUWLIN
‘D0 22¢ I=1,8
K=K+!
CALL £JCHOCMODULIC(K)Y)
202 CONTINUE
Cxxx DRAW 30X ARQUND MEVUkx*x -
CALL MOVREL(-562, @)
CaLl DRWREL(E,2%KVrRSZ)
CAaLL un.'"EL( 2xHHORSZ, 8)
CaLL DRVWREL(E, -2%KVERSZ)
CaLL DRWREL(2%:HORSZ, 2)
Cxx*CURSCR COIILAID {ODSx*x

O\UID(J[\)H



CAlLL : BELL
CALL NEWPAG
CALL AIMODE
Ck*x#INDEITIFY ICHAR CO.IDITIO*xx \
IFCICHAR. EQ. 49)G) TO 3¢¥3
IFCICHAR.EQe52)G0 TO 482
IFC(ICHAR.EQ.51)G0 TO 5u¢
IFC(ICHAR.EQeS2)G) TO 6%
IFCICHAR. EQ-53)G0 TO 8&¢
IFCICHAAR.EQ.54)G) TO 7¢2
Cxx*xINITIALISE SYSTE1 OF NODAL TETPERATURE VALUESx*x
C*%%FOR THE GRAPH PLOTTI!G ROUTI‘JES************X****
330 CALL i10D4
CALL ALTER2
CALL ALTER3
CALL ALTER4
CALL ALTERS
CALL MOD2(FR)
NPV=500
CALL MOD4B(FR,NPWU)
cAaLL MEVU3
C*** oD OF DATA SAVE FACILITIESkxkx
GO TO 1©9
Cx**xDATA INPUT SEQUEICE**x
300 CALL 0Dl
CALL MOD4
CALL INFUT!
CALL ALTER2
CALL INPUT2
CALl. ALTER3
CALL INPUT3
CALL ALTER4
CALL INPUT4
CALL ALTZRS
GO TO 100@
CkxxDATA INPUT CHECKokx
422 CALL CHECKI
CALL WAITI
GO TO 102
C##*ALTER DESIGV PARAIETERS**x
520 CALL MEJU2
© GO TO 1@2e
Ca**RUN CALCULATION PROGRAlskkk
620 CALL IMENUS CIPU)
IFCIIPV.EQ.999)G0 TO 1@@
CALL !10D4
CALL ALTERZS
CALL, ALTER3
caLl ALTEIR4
CeLL ALTERS
CALL MOD2(CFR)
CALL MOD4=S(Fru, iiPU)
CALL WAITI
GO TO l1é2
702 RETURV
END
C Y
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SUEROUTIIE IZIU2
DIMZISION 1:DDUL2(72)
DATFA 1IODUL2/32,32, 77, 69, 73585, 51, 32,

32,49,7E, 735 76, 69, 49, 32,
32,5, 78, 73, 765, 69,58, 32,
32,511,708, 73, 76, 59,51, 32,
32,52,70, 73, 76, 69,52, 32,
32,53, 70, 73, 76, 69,53, 32,
32,54, 70, 73, 765 69,54, 32,
32,55,67, 76, 73, 77, 65, 32,
) 32, 56,69, 78, 63,32,32,32/
Cx*x*CALL CHAR SIZEx*x
120 CALL CSIZE(KHORSZ,KVERSZ)
C*xx*G0 TO MEVU POSITIO:I*k**
CALL NEWPAG
CALL MOVREL(@,=-534)
Cx*xxQUTPUT MODUL2 CHARS*xx
K=0
po 200 J=1,9
CALL NEWLIN
D0 22¢ 1=1,8
K=K+1
CALL ANCHO(CIMODUL2(K))
200 CONTINUE
Cxxx[DRAW BOX ARQUND MEJUk*xx
CALL MOVREL(-398,®)
CALL DRWREL(U, 3%KVERSZ)
CALL DRWREL(-2*xXHORSZ,?)
CALL DRWREL(R,-3%KVERSZ)
CALL DRWREL(2*KHORSZ, @)
Cx**CURSOR COIE1AJD MODEx*x*
CALL DCURSR(CICHAR, IX, IYD
CALL BELL
CALL NZWPAG
Cx**xIDEJTIFY ICHAR CONDITION***
IFCICHAR.EReS5)G0 TO 420
IFC(ICHAR. GE.56)G0 TO 520
1F(ICHAR. GE. 49. AJD. ICHAR.LE.54)G0 TO 340
Ck*x*ALTER FILE PARAMETEIR DATA*x*
309 N=1CHAR-48
caLlL ALTERICN)
GO TO 1@2
469 CONTINUE
GO TO 120
529 RETURN
EID
SUBROUTINE MENU3
DIMENSION MODUL3(56)
DOUELE PRECISION A
Gk ] EN U kkkkodkokok
Cxxk |L INPR¥¥¥KF R
C***QGFAFI*******
Cx#%k3S IMECkI k¥ xkk
Gk 4 GRAF J¥xkFxkKk
CH*x*k SAFOR (ktekkksk
C***égqx)r***_x***x ~
DATA MODUL3/32,32, 77, 69, 73,85,51, 32,

R W -
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2249, 755 7135 75,8E5825,32,
€s58, 71,82, 65, 75, 49, 32,
2551,33, 73,775 69,83, 32,
20525,71582,65, 76,51, 32,
32,53, 65,70, 79,825, 77, 32,
32,54, 32,69, 73, 65,532,327
Cxx*xCALL CHAR SIZI¥xx
122 CALL CSIZE(KHORSZ,KVERSZ)
Cxx%G0 TO MEJU POSITIQN*%x
CALL NEWPAG
CALL MOVREL(B,-600)
Cx**xQUTPUT IIODUL3 CHARS***
K=0
DO 202 J=1,7
CALL NEWLIN
DO 220 1=1,8
K=K+1 .
CALL AICHO(MODUL3(K))
200 CQITINUE
Cx*xkDRAW B0OX ARQU.JD MEUkxx
CALL MOVREL(-660, @)
CALL DRWREL(@,2%KVERSZ)
CALL DRWREL(-Z2xIHORSZ., )
CALL DRWREL(@,-2%KVERSZ)
CALL DRWREL(2*KHORSZ, £)
Ckx*CURSOR COILIAVD NMODE**x
CALL DCURSR(ICHAR, IX, 1Y)
CALL BELL
CALL. NEWPAG
CxxxIDENTIFY ICHAR CQIDITIONxx%
IFCICHAR.EQ.49)G0 TO 3998
IFCICHAR.EQ. SE)G0 TO 402
. IFC(ICHER.EQ.51)G0 TO 52
IFC(ICHAR.EQ.52)G0 TO 580
IFCICHAR.ZQ.53)G0 TO 729
IFCICHAR. EQ. 54)G0 TO 820
C4x%DISK STORE DATA AID PRINTAHkxk

3
2
~
2
~
2
-

1
2
3
4
S
6

3¢9 WRITE(S, 18)
10 FORMATC 'H TYPE DATA FILE-NAME: ")
READ(S,20)A
20 FORIATCALZ)
CALL MOD4

CALL ALTER2

CALL ALTER3

CaLL ALTER4

CeLL ALTERS

OPEV(UJIT=5, DEVICE="DSK's FILE=A

CALL CHECKI

CALL lMOD2(FR)

NPU=22D !

CALL (10D4B(FR,NPW)

CLOSE(UNIT=5,DEVICE="DSK "', FILE=4)

GO TO 1@6
CxxxPLOT EIVIRQIIEIT AVD SYSTE4 NODAL TEIPERATUREfkx
CakkNETWOFK VAL UESHRRtorior iRk Rk ook Kok ok MK R AR K kK 4K kKoK
C#*%TASULATE LIST OF POSSIZELE PARAMETERS AVAILARL Bxsorork
420 WRITECS, 410)



4l FOR.1ATC "4 LIST OF POSSIELE SYSTE] PARAIETERS AVAILAEL!
S R Persans s SR LTS
420 FORIATC "H1e-GLOBEL SOLAR RADIATION'/' 2.-LICIDE
1 SOLAR RADIATION'/® 3--AI;>I£.J1121A./T~‘ If'E.IC)?-JT
2 % Gn—yTdD VELOCITY'/" S.-USER DEAID PATTZRI"
3 ' 6.-COVER TETPERATURE'/' 7.-UEL ;P Ci(i))L..;I':'g-P- ;i
4 TEPESATURE'/' 8.-INLET qu..LcyTOR TE PERATURE '/
= + 9.-OUTLET COLLECTOR TEPERATURE'/® 10—
6 COLLECTOR EFFICIEICY'/" ll--TOP STORAGE TAIK
7 TEIPERATURE'/' 12.-1IDILE STORAGE TAIK TEPImATURE®
8 ' 13.-BOTTOM STORAGE TAWK TEPERATURE'/' 14.-1EA bt
9 STORAGE TAVK TEMPERATURE'/' 15.-SYSTEM EFFIC 1Y
A, EFFICIENCY ')
GO TO 100
Ci#+PLOT COLLECTOR TRIPERATURE VALUES#k*
5920 CONTINUE
GO TO 120 :
Cx#+PLOT STORAGE TAIK TEIPERATURE VALUESx
620 CONTINUE
GO TO 106
Cx*xxPLOT ARCHITECTURAL FORI1 OF SOLUTIOIikk*
702 CONTINUE
G0 TO 102
Cx*x*RETUR! TO MEJUl LEVEL*%*%
308 CONTLIUE
RETURY
24D
C
c

SUSPOUTIE H0UR(DAY,HR,H)

DIMEISION DATI(& 3),DAT2(8),STC(4) ¢

1 DAT3( 13)555(86), TS3(3)2DATA4(2) Al ot
REAL LAT,MINLLONG

CcorL10i” DATI; DATQ: ST, TS1,TS2, DAT3,SS, TS3, DAT4
LAT=DATI(S

LOIJC-‘DATI(S:Q)

YEAR=DATI1(5,3)

RAD=(2. 217453293

DELYR=YEAR-1980€.0

_,.,A.*"I""'((“l‘:'ﬁ/ll %))

T=H F+(uIJ*DEC/Cu-u)/6U-

TIlIE=DELYR*365- G+LEAPHDAY-1.C+(T/24.0)
TIME=TIME-1.2

THSTA=(36L. Z*(TI! [E/365.25) )*xRAD

G=-0.@31271= =4.53963 - T*TIIE+TAZTA

.= U49% FE63+3e 67474Z=T<TIN e+ (£« 03343 - B
*xSINCR)*Ce DCE349%SL J(?.-u«-s..)'#x...,d: e O*TLL_‘)

TDS=Pe 49 14-6.2 149 E-9%TILIE

—

SEL=SLIICEL)

DECL=ASI! JCSELRSINCEPS))

PHI=LAT=PAD

?.Sl=SII.‘~(-1.~’;5£:A" 2)=SIJ(PHI)*SINCDECL)
=252=C0S(P*i1)*COSC(CECL)

4=((l.;/lS-u)*nCGS(QSI/rSE))/?.;A.D

—
’4“-" 5

—
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SU=ZROQUTINE SUJRS(DAY, SUIr, SUIS)
Hr=06.0

caLlL HOUR(DAY,HR,H)

SUJR=12.08-H

HR=18.0 =

CALL HOUR(DAY,HR,H)

SUNS=12. G+H

RETUR

ZND

y i § |

SUBROUTINE SUJPOS( DAY, HR, MIN, AZ1, DECL, HAIG ALT)
DIMEISION DAT1(6,8), DAT2(8),STC4), TS1C18), TS2¢ 18),
1 DAT3(10),S5¢ 6, TS3¢3), DAT4(2)

REAL LAT,LONG }

COE40N DAT1, DAT2, ST» TS1, TS2, DAT3, SS» TS3, DAT4
LAT=DAT1(5, 1)

LONG=DAT1(5,2)

YEAR=DAT1(5,3)

ZOE=DAT1(5, T

Sm:ﬂ- g

TWOP1=6.2831853

RAD=0. 017453293

KAIN=FLOATCIND

T=HR+ CGQ1I+SEC/ 68+ 2) /63. 8

IFCT-GT. 12.8)T1=(T=12.8)*(~1.0)

IFCT.LE. 12.0)T1=ABS(T-12.0)

DELYR=YEAR-1980.0

LEAP=1FIX(DELYR/4.2)

TIME =DELYR*365.8+LEAP+DAY=1. 0+ (T/24.0)
1FCCIFIXCDELYR) ) « EQ. LEAP*4) TIME=TIME=1. 0

IFC (DELYR.LT. 8+ ) « AVDs ( DELYR.NE.LEAP*4) )TIME=TIIIE~ 1.0
THETA=360. @*x(TIME/365.25)*RAD

G=-0. 831271~-4.539 63E-7*TL1{E+THETA

EL=4.900963+3« 6747E=T*TIME+( Qs 233434-2 . 3E-9*TIME)
1 *SINCG)+B. CUE349*SI:IC2. 8*xG)+THETA

TPS=Ce 409 140- 64 2149E-9%TIME

SEL=SINCEL)

£1=SEL*COSCEPS)

A2=COS(EL)

RA=ATAV2(AL, A2)

IFCIFIX(RA) .LE. 8)RA=RA+TUWOPI
DECL=ASIN(SEL*SIN(EPS) ) /RAD
ST1=1.759335+TWOPI*(TIME/36525-DELYR) +3+ 694E~7*TIME
1FC(ST1.GE. TWOPI)ST1=ST!-TuOPI

S=ST1-LONG*RAD+1. 80273 79%(T+ZONE) *15. P*RAD

H=RA-S

HANC=H/RAD

DECLR=DECL*RAD

PHI=LAT*RAD

ALT=ASINCSINCPHI)*SINCDECLR) +COS(PHI)*C0S( DECLR)*COS(H))
AZI1=ASINCCOSC(DECLR)*SIN(H)/COSCALT))/RAD :
IFCSINCALT) « GE.SINCDECL) /SINCFHINIG) TO 1D
IFCAZI.LT 0. £)AZI=AZI+360.0

AZ1=180.2-AZ1
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19 £21=180.LC-AZ1
ALT=ALT/FAD
RETUR]

EID

SUZRQUTINE SUJRAD(SY, ALT,NSHAD, DECL,HAIG,S1,52)
DIMEISION DATI(6,8),DAT2(8)5ST(4), TS1C10),TS2C10).,
1 DAT3(10),S5(6),TS3(3),HBD(13)
cors10i DAT1, DAT2, ST, TS 1, TS2, DAT3, SS» TS3
REAL LAT,LATR
DATA HBD/Ge Bs 28« Bs 43+ 85 S4e s 63« 8o 71+ B 77+ 8,83 €588+ 0,
1 93.0,99.2,101.0, 185.8/
ABS=DATI1(2, 6)
TILT=DATI1(4,2)
WwZ&a=DAT1(5,3)
LAT=DATI1(5, 1)
Cx#*DETERMINE THE INTENSITY OF THE HORIZONTAL BACKGROWID DIFFUSE
C***RADI AT I Ok KIK AR A AR A A A A AN AR R AR A KR AR KKK KKK KR
IFC(ALT.LE.2+5)G0 TO 60L&
ALT1=-7. S
ALT2=-2.5
1COUNT=0
Do 182 1=1,13
ALT1=ALTI+5.0
AZ..T2=A]..T2+5n )
ICOWIT=ICOUNT+1
IFCLLT.GE«ALT1. AJD. ALT.LT. ALT2) GO TO 200
120 COTILNUE
200 HBDE=HED(1COWIT)
IF(HBDR. GT. SOYH3SDR=S0
CoexCHAIGE CALCULATION PARAIETERS ANGLES INTO RADIANS#kx
RAD=0. 081745 3
LATR=LAT*EA
ALTE=ALT*RAD
WZL=(WZLa-18C.8)*(~1.8)
AZIR=VZA*RAD
TILTR=TILT*RAD
HAJGR=HAIGXRAD
DECLR=DECL*RAD
Cx**CALCULATE THE HJGLE OF INCIDEICE OF THE SEAM RADIATION®*X
C1=SIN(DECLR) '
C2=C0OS(DECLR)
C3=SI:I(LATR)
C4=COS(LATR)
C5=SINCTILTR)
Cé&=COS(TILTR)
IIICAZIRD
0SCAZIR)
1IICZAIGR)
COS(HAICR)
SA=C1xC3%C6
053=C 1xC4*CS*C8
COSC=C2xC4xC&xCly
COSI=C2xC3*CS*Cc*Cl1E
COS==C2xC5*C7*C9
C0SI=C0SA-C0SE+COSC+COSD+COS

-—-\003\1(‘\
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COSUT=COSCLATR-TILTR)*C2%C 1 +SI:I(LATA-TILT=)*Cl
COSLZ=C4xC2*C1(+C3%Cl
RBrA1=A55(COSDT/C0SDZ)
CC=C.J
HBDR=C. 78+ 1. 07%LLT+6. 1 7%CC
DIRS=(S-HA3DR)*RBEAM
Cx**CALCULATE THE SKY DIFFUSE RADIATIQN*%x
CC=1°@
HBDR2=J. 78+ 1« G T*ALT+6. 1 7CC )
DIFF1A=HBDR2*((1.3+COSC(TILTR))/2.0)
DIFF1=H3DR*((1«@+COS(TILTR))/2.1)
Cx*x*CALCULATE TAE REFLECTED GROUJD RADIATIOQ.Jxx%
RO=C.2
DIFF2=S8*((1.3=-COSCTILTR))*R0)/2.:0
Cx**CALCULATE THE INCIDENT RADIATION ABSORSED BY THE COLLECTOR
C0S21=C0S1I*C0SI
C0S31=C0S21x*C0S1
C0S41=C0S3I%COSI
C0SS51=C0S4IxC0S1
" C**x*TRAJSIISSION COZFFrICIZIT FOR DIRECT EADIATIOW:k%kx%
TDIR=-0. 00385+2. 71235%COSI-P. 52062%xC0S21
1 =7.087329%C0S3I1+9. 75995%C0S41-3.89922%CQ551
Cxx*A2SORPTION COEFFICIENT FOR DIRECT RADIATIQNHck*
ADIR=0+ Q1 154+0. 77674%C0SI-3.94657%C0S21
1 +8.57331xC0S31-3.38135*%C0S41+3.£1183*C0SS1
C*%*REFLECTION COEFFICIZIT FOR DIRECT RADIATIOQN*H%
RDIR=1.2-TDIR-ADIR
Cx*x*TRAJSMISSION AID ABSORPTION COEFFSe FOR DIFFUSE RADIATN
: TDIF=0. 7965 ADLF=0. 056 :
C#x*REFLECTION COZFFICIENT FOR DIFFUSE RADIATIOQN*%%
FDIF=1.0-TDIF-ADIF
Cx**ASSORPTION COEFFICIENT. FOR COLLECTOR SURFACEk**
Ckxx]1-1MATT BLACK SURFACE®*x
IF(ASS. EQe 1. 8)CALL ABSORZB(CO0SI,ACAL)
C#xx2-SELECTIVE SURFACE#xx*
IFCARS. EQ.2.0)ACOL=0.56
Cx**%REFLECTION COEFFICIEIT FOR COLLECTOR SURFACE®**
RCOL=1.2-4C0L
ABTRI=TDIR*ACAL/(l.Z-(1.Z-ACOL)*RDIR)
ASTR2=TDIF*ACOL/(Cl.Z=-(1.3-ACOL)Y*RDIF)
IFCISHADNE.B)GD TO 580

4008 S1=ADIF*(DIFF1+DIFF2)+(ADIR)*DIRS
S2=ABTR2%(DIFF1+DIFFR2)+ASTRI*DIRS
GO TO 7020

562 S1=ADI F*(DIFF1+DIFF2)
S2=ASTR2%(DIFF1+DIFF2)

: GO TO 7940

620 S1=0.0
52=0.9

700 RETURY
D

c

C

SUSROUTINE SHADEL(AZI,ALT,NSHADI)
DII“EISION DAT1(&s3),DAT2(8),ST(4), TSI 1), TS2C18)s
1 DAT3(183),S5(6),TS3(3), DAT4(2)
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€29

c

CO.E)' ] DAT1.DAT225T» TS12TS2, DATS» S35 TS3, CATA
TILT=DaT1C4,2)

YM’”""—ul(b.u?))

E4aD=2. 317453293

ALTR=ALT=PAD

HSA=AZI-WAZ1

TILT=183.2-TILT

I FC(HSA. GT. 180+ 8IHSA=HSA-360.0
T&IAR=SIICALTR) /COSCALTR)

USA=ATAI( TAJAR/COS(HSA*RAD) )

VsA=VSA/RAD

IF(HSA«GT.90. 0. 0R. HSA.LT. -90. ) VSA=VSA+18C. &
NSHAD1=0

IF(HSA. GT+9C.2.0R«HSALT. =90+ ¥)NSHADI=1
IFCVSA.LE. TILT)INSHADI=@

I1FCVSA.GT. TILT)NSHADI=1

GO TO 5¢©

RETURN

EID

SUSROUTINE MAINST(DAY, TCW)

C***S JBROUTINE TO CALCULATE TAZ COLD WATER INLET THIPERATURE
C#*#xTQ THE SOLAR STORAGE TAUK WHICH IS ASSUIED TO VARY OVER
Cx**THE YEAR AS GIVEV BELOW, FROM ERINKWORTH¥*kkkrickiorioriikk

P1=3. 14159265

DAY=DAY+11.25

TCW=0. =3 B%COS( (2. B*xP1/365.3)<DAY)
RETURN

END

SUBROUTINE MODS(DT)

DIIMEISION DAT1(6,8),DAT2(8), DAT3(12),CM(3,6), TS1C10),
1 TS2C¢ 1), TS3(3)5ST(4),SS(6),CT(3), DAT4(2)

COlE40:1 DAT1, DAT2, ST TS1, TS2, DAT3, SS» TS3, DAT4

Cisk 11 TIALISE MATRIX CALCULATIQN CO:PONENTS#r*

S5¢2)=TS3(1)
SS(3)=TS3(2)
SSC4)=TS3(3) '

w3=DAT3(1)
Ww4=DAT3(2)
W5=DAT3(3)

An=DAT3(4)
£S= :.'3,”'3(3)
46=DAT3(6)
B4=DAT3(7)
B5=DAT3(3)
B&=DAT3(9)
37=DAT3(18)

: C***I\JIATA-ICE TAE FIRST ROW OF THE CALCULATION MATRIX ¥k

L,u uT/( h‘3)

Ci1C 1, 1)=C3%E4

C4C 1, 2)==-C3*(S4+55+AA4)
C14¢ 1,3)=C3%35
Cﬂ(1)4)=:-3
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Cii(1,5)=C.0C
C.i(1,8)=C3%x~4
Cx=x1. JITIALISE T4E SECOJD ROW OF THE CALCULATIO) ATRLIIx®x
C4=DT/¥4
Cli(2, 1)=C4x36
Ci1(2,2)=C4xB4 .
Ci1(2, 3)=-C4*x(B4+B5+B&+AS5)
Cli(2,43=0.0
Cl1(2,5)=0.0
C1(2, 6)=C4*A5
Cxx*xI] JITIALISE THE THIRD ROW OF THE CALCULATIO! MATRIX**x
C5=DT/(VW5) -
Cl1(35 1)=C5%B7
Ci1(3,2)=0.9
Ci1¢3, 3)=C5*(34+36)
CM(3,4)=-C5*(S4+BS+#7+A6)
CM(3,5)=C5%B5
Cl1(3, 6)=C5*A5
C*x*xkxSTART QUARTIC RUJGE-KUTTA METHOD CALCULATIQ: %ok
IROW=0
100 IROW=IROW+1
DO 308 1=1,2
I11=1
SU=0.0
W=1e.0/FLOAT(2¥x(11-1))
DO 200 K=l;6
2ee SU=SU4+CM(IRO W, X) *SS(K)
Y=SUi1
Cx*xPREDICTED VALUE OF SEGMENT TEIPIRATUREk**
EX1=WxY
@2=Wx(Y+(QK1/2.8))
AK3I=Wr(Y+(QU2/2.2))
QK L=Wk(Y+QK3)

CTC(IROW=SSCIROWF 1)+(QK1+(2. ExQ2)+(2¢ CxQXI)+C£4) /6. C

3692 SS¢IRQOW+1)=CTC(IROW)
IFCIROW. EQ.3)G0 TO 4£8
GO TO 100

422 TS3¢1)>=55(2)

TS3¢2)=S5(3)
TS3(¢3)=S5(4)
RETURN

END

SUSROUTINE MEJUS (LIPV)
DIMEISION MODULI(S6)
C***HgJUg**x******x*****x****
ook | SYRI0 PRk R KA KKK KKK y
Gk 2 PRI Toekokadeiorekkxsoniokor
Caox 3P T ECHsorsfkor kR kR R Aok
C*x*—&,n—zuﬁ***x***’k***********
. C**;S"\J Dk kR KKK R R KKK KRR KRR KKK
DATA MODUL9/32,32, 77, 69: 73,85,57, 32,
1 32,49,83, 8%, 73, 79,82, 32,
2 32,50,82,32, 73, 78,34, 32,
3 32,511,808, 73,69, 67, 72,32,
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32,524 6%5 655325 57, 72,532,
32,53, 63, T8, 63, 3*32)
Ix32/
C*k*xCaLL CHfR SIZzxxx
100 Call, CSIZECZIORSZ, KVERSZ)
Cxx%GD TO MEIJU POSITIC Ikxx
CALL HEVPAG
CALL [OVRZIL(L,-680)
Cx*kQUTPUT !MODULY9 CHARSk*x*
K=0
DD 288 J=1,7
CALL (IELIN
DO 288 I1=1,38
K=K+1
CALL AJCHOMODULS (X))
200 CONTINUE
Ck*kDRAW BOX ARQUIID MZEIUkkx
CAaLL MOVREL(-660, 2)
CALL DRWREL(@,2%KVERSZ)
CALL DRWREL(-2*rHORSZ, d)
CALL DRWREL(E,-2xKVERSZ)
CALL DRWPEL(2%KHORSZ, @)
Cx**CURSOR COILIAJD I'10DEkRxk
Call. DCURSRCICHAR, IX, IY)
CaLL BELL
CALL. [IEWPAG
CaLL ATRIODE
CxxxIDEITIFY ICHAR CQOIDITION*k*
IFC(ICHAR. EQ.49)G0 TO 380
IFC(ICHLAR.ZQ5G) GO TO 420
IFCICHAR.ER.S51>G0 TO E5£8
IF(ICHAR.EQ.52)G0 TO 622
IFCICHAR.EG.53)G0 TO 722
CxxxPRINT SYNOPTIC OQUTPUT OF RESULTS**x%

oy &

308 NPV=102

GO TO 8¢
Cx*x*xPRINT FULL OQUTPUT OF RESULTS*x*
422 NPU=2C0@ :

GO TO 36E
Ck*xxDRAW PIECHART OF SYNOPTIC OUTPUT OF RESUL TSk

50¢ NPV=3CZ
GO TO 828

C##*xDRAW EARCHART OF SYNOPTIC OUTPUT OF RESULTSsckk

600 :IPV=498

GO TO 8£Zd
CkxxRETURY TO 1IEJUl COIIIAND LEVILkkx

768 NPU=999

368 RETURI
2D

c

c

c

SUEROUTIE SOLHTC DOV SOLGs AUKG)

DIMEISION DAT1C653),DAT2(8), STC4)> TS1C18), TS2C 18),
1 DAT3(18),55¢5), TS3¢3), DATA(2)

CO:LI0N CAT1,DAT2, ST, TS1, TS2, DAT3, S5, TS3, DAT4

cTADANT

CiokxIIIITIALISE STORAGE TAVK TEIPERATURESH#x
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DDT=_4T1(5, 3)

SSV=DATI(& 2)/1806.2

T3=85(2)
T4=S5(3)
TS=5SC4)
TCu=S85(5)

C***CALCULATE TAE VOLU/IE OF VATER DRAWJ QFrxksk
VoL=DOV/122E2.0

Cx**CALCULATE THE HEAT SUPH..I_.D BY THE SQOLAR SYSTE k%%

Cx**%CALCULATE THE AUKILIARY HEAT REQUIRENE]Takocksxkoksokkkok
IFC(VOL.EQ.DB.B)G0 TO '18€
IF(VOL.LE.(SSVU/3.0))G0 TO 20
IF(VOLe GTe (SSV/3.0)« AJD.VOL.LE.(SSV/1.5))CG0 TO 34¢
IF(VOL.GT.(S5V/1.5).AJD.VOL.LE.SSUYG) TO 40Q0

i IF(VOL.GT.SSWGO TO 5¢©
189 SOLG=C. 05 AUXG=8.0

GO TO 660

200 SOLG=CPRO(T3)*VOL*(T3-TCW)
AUXG=(CPRO(TCW)*(DDT-TCW) *VQL) -SOLG
GO TO 6L0@

3608 SOLG=CPRO(T3)*{SSV/3.@)*(T3-TCW)+CPROCTA4)

1 *(VOL=C(SSV/3.2))*(T4=-TCW)
AUXG=(CPROCTCW*(DDT-TCW)*VQOL)-SOLG
GO TO 620

400 . SOLG=CPRO(T3)*(SS5V/3.£)*(T3-TCW)+CPRO(T4)
1 *(SSU/3.3)*(T4-TCW+CPROCTS)I*(VQL-(SSV/1.5))
2 *(T5-TCW) :
AUXG=(CPROCTCW*(DDT-TCW)*VQOL)> - SOLG !
GO TO 6E6

5892 SOLG=CPRO(T3)*(S5V/3.2)*(T3-TCW) +CPRO(T4)*
1 (SSU/3.2)*(T4-TCW +CFROCTSI*(SSV/3«B)*(TS=TCW)
AUXG=(CPRO(TCW)*(DDT-TCW)*VOL)-SOLG

620 RETURN
2D

c
SUBROUTINE WAITI
TYPE 10 3

10 FORMATC 'H 10 WAIT, PRESS RETURY TO CONTINUE')
ACC=PT 20, A :

20 FORMAT(F)
RETURN
EJD

C

C

SUBROUTINZ PIECHT(SHW PZ, AHU, TL)
DIMEISION ZJERCY(4),LASH.1(4),LASEL2(T7)
Cax*P1ECAART LASEL***
DATA L-:'&-._Aal/\.nl -:-J:‘I Be s 3H C-JSH De /
Ciiok 111 TIALISE PIECHART VALUES##x
CALL PIGCLE
EJERGY(1)=SHW
EJEPCY(2) P'—‘
o GY(A)—“.
U*‘*DTTT'}H PI""-u».rT FoA DR
CALL PlEZPAP(48.3,118.8,85.0)
'3

Cx*xxDRAW AT JOTATED PIECHART* %%



CALL P’:*‘-.’. ZIERGYLLESHEL L 4 1535 1)
Cx»*IJITIALISE PIEZCHART HEADILIIG AID TITLISx#%x
L_.—..:B_.?.(l)=53r’a. S0
LABEL2(2)=54LAR H
LABEL2(3)=540T WA
LA..;..Z(IJ) S4TER.
CALL 1'0VT02(C12.2,38.3)
CALL CHAARR(LABEL2,4,5)
LABEL2(1)=3HB. PU
LABEL2(2)=SHIP EN
LABEL2(3)=5SHERGY.
CALL MOVT02(C18.2,26+2)
CALL CHAARR(LABELZ2,3,5)
LAEFL2(1)=5HC. AU
LABEL2(2)=5HXILIA
LABE.2(3)=5HRY HO
LABEL2(4)=5dT WAT
LABEL2(5)=5HER.
CALL 110VT02(10.0,22.93)
CALL CHAARR(LABEL2,5,5)
LABEL2(1)=5HD. TA
LABEL2(2)=SHNK LO
LABEL.2(3)=5HSSES.
CALL MOVT02(18.3, 18.2)
CALL CHASRR(LABHL2,3,5)
LASEL2( 1)=5dEVERG
LABAL2(2)=5HY BRE
LASEL2(3)=5AaXDOW .
LASEL2(4)=5Hy TOT
LASEL2(5)=5HAL SY
LASEL2(6)=5HSTE1.
caLl MoVT02(18.2, 12.8)
CaLl, CHAARR(LASEL2, 6, 5)
CALL MOVT02(12.3d, 6.L)
RETURN
i 1830 )

SUSROUTINIE PILOSCDT, PTE1P, QUTLT)

DIMZISION DATI(& 8),DAT2(8),CMC1,2),TSI1C18), TS2¢C 18D,

1 CT(1),STC4),DAF3(18)5,S5S5(6),TS3(3)5DATA4L(C2), TS4C2)

COizi0N DAT1, DAT2, ST, TS1, TS2, DAT3, SS, TS3, DAT4
CxxxINITIALISE HMATRIX CALCULATIQV COMPONENTSH ¥k

TS4( 1)=PTHIP

TS4(2)=ST(4)

We=DAT4C 1)
A7=D DAT4(2)

CHxxIJITIALISE THE ROV OF THE CALCULATION MATRIXN %%k
C&=DT/W6

CliC 1, 1)=C&xA7
CiC( 1,2)=-C5*AT7

CxkSTART QUARTIC RUIGE-KUTTA METHOD CALCULATIONs#okx
IR0%=1
DO 38C I=1,2
11=1
SUi=B. 0

w=1.08/FLOAT(2%x(I1-1))
DO 228 ¥=1,2
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283 SWi=SU+CiiC IR0 I *TS4CHK)
Y=3U.:

Cx*xxPREDICTZD VALUE OF SEQIEIT TOPIRATURIx*x*
QI1=xY
Q2= W (Y+(QK1/2.2))
QK 4=k (Y+QK3)

CTCIROWI=TSA(IROWI =(QK1+(2. 0*Q{2)+ (2. P*CKI) +CKA) /6. &

300 TS4(¢ IROW=CTCIROW
_ OUTLT=TS4(IROW)
RETURJ
2D
c
c

SUEROUTINE ASSORB(COSI, ACAL)
DIMEISION ABSC(9)
DATA ABSC/3%B+96s 395,393,891, 8.38, £.81, 6. 66/
Cx*xxSUBPROGRA TO CALCULATE THE AJGULAR VARIATION OFswxkkick
C***xABSORPTAICE OF MATT BLACK PAINT. ADAPTED FROM LOPxkx
CakxAID TYBOUT (1972)« Hikkiomkkkkohf R KR AR R HKH AR KKK
AIGI=ACOS(COSI)
IANG=IFIX(AIGI)
INC1=05 -1NC2=0
KOU.iT=9
106 INC2=1:iC2+10
KOUIT=KOUT+!
IFCIAVG. GE. INCle AJD« IAJG.LT.INC2)GO TO 205

INC 1=1INC2
GO TO 108

208 ACOL=ABSC(XOUAT)
RETURY ~
END

#%xk EXECUTIVE PROGRA IF¥x

(e W= i o 8 = B op I |

DIMENSIOY DAT1(6,8),DAT2(8),STC4), TS1C18Y, TS2C 1),

1 DAT3(18),S5(6), TS3(3), DATA(2) ;

COiLiON DAT1, DAT2, ST, TS1, TS2, DAT3, SS, TS3, DATA
Cxesx INITIALISE MEJU COMIAND FROGRAH

CALL INITTC120)
C##%xDEFINE TYPE OF OUTPUT DEVICE REGUIREDtex

CALL TAC10

( . CALL DEVSPE(1268)

CALL EUI

CALL DEVEWD

CALL FINITT(E, 738)

EiD
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Appendix 2.2.

STAPEL - Analysis of Experimental Results

The function of the computer program STAPEL is to analyse
the papertape data output from the series of solar collector experi-
ments. The subprogram structure and the operation of the program
is illustrated in flowchart form in Figure A2.1. The program is

fully listed.



program

swrore MU 1.
1INPUT —— Ihput channel dan and exenmental resuls,
2PRINT —Ouput o lineprinter processed experimental resutls. ————
3PWOT —- Plot experimental resudts.
LVALD —\alidale experimental resulls against computer simulation. —
SSAE. — Sbre data file of experimental resuls.
6END.

progrom

Figure A2.1 Flowchart representation of the analysis
program STAPEL.
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C

SUSROUTLIE LIFUTCIC, IT» KEID)
DIMEISION EXP(SE, 1208, SPEC(SE), KDATACSE) KRAIGECSC
1 NCHANC58)» DRIC5E) el le
DOUELE PRECISION FILEZ, FILE

COMMON SPEC, EXP, FILE

C**xSPECIFY FILENAME OF EXPERIMENT DATA RESULTS¥¥%

18

20

39

49

50

60

70

80

WRITE(CS, 18)
FORMAT( 'H TYPE LI THE PARTICULAR EXPERIMENT DATA
| FILEIAIE TO BE STUDIED'/)

READ(5,28) FILE2

FORMAT(AL)

FILE=FILE2

WRITE(S,30)

FORMAT( 'H TYPE IN THE NUMBER OF CHAVMNELS TO BE

1 INVESTIGATED'/)

READ(S., 40)NC

FORMAT(I)

WRITE( S5, 58)

FORIAT( 'H SPECIFY THE TYPE OF CHAVNEL DEVICES USED: '/
1 '(1-FILE INPUT, 2-TERMINAL INPUT)'/) -

READ( 5, 68)KDU

FORMAT(I)

IFCKDU. EQ 1) CALL CHANI(NG)

IF(XDU. EQ. 2)CALL CHAV2(NC)

WRITE(S, 78)

FORMAT( 'H TYPE IN EXPERIMENT TIME INTERVAL (MINS) :'/)
READ(S5,8IT

FORMAT(I)

CxxxTRAVSFER DATA FROM SPECIFIED FILE*xx%x

120

90
181

118

200

368

49z
418

OPEN(UNIT=1, DEVICE= 'DSK'> FILE=FILER)
REWIND 1

K2=0

K2=K2+1

READC 1,90, END=308, ERR=428)NTIME

FORMAT(I)

READC 1, 110, END=3£, ERR=580) (NCHANC 1), DUM(1),KDATACI )5
] KRANGECI)»I=1,NC)

FORMAT(S(I3,Al, 14, 11,2X))

D0 208 J=15NC

K1=J

I1DATA=KDATACKI)

IRAGE=KRANGE(K1)

IF(SPECCKI)+EQ. 'T")CALL CALIBI(K2,IDATA, IRANGE, RDATA)
IFCSPEC(K1)+EQ. 'S ")CALL CALIB2(K2, IDATA, IRANGE, RDATA)
IFC(SPEC(K1)+EQ. 'F*)CALL CALIB3(IDATA, IRAVGE, RDATA)
EXP(K1,K2)=RDATA

CONTINUE

GO TO 120

ZDFILE 1

KEID=K2-1

CLOSE(UNIT=1, DEVICE= *DSK '» FILE=FILE2)

GO0 TO 720

WRITE(S, 410)FILER

FORMATC *H ERROR FOUND IN READING CHAWEL TIME FROM

1 DISK FILE'5AlB, /) :

WRITEC S5, 420)NTIME
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420

442

5¢¢

510

529

5309

S4¢

7¢2

CECT Y Q)

FORMATC '"H NTIME ="' 15)
WRITE(S, 439
FORMAT('H TYPE C TO CONTINUE OR A TO ASORT RUN'/)

"READ(S, 442)ANS1

FORMATCAL

IFCANSI.EQ. 'C*')G0 TO 14l

IF(ANS1.EQ. "A')G0 TO 320 s

GO TO 7980

WRITE(S,S1@) FILE2 |

FORMAT( 'H ERROR FOUND IN READING CHAWJEL DATA FROM
I DISK FILE'>Al0,/)

WRITE(S, 528)NCHA, DU KDATACI ) , KRANGE(CI)
FORMAT( "HJCHAN =',13,/,'DM ="', Al,/, '"KDATA =",
1 14,5/, '"KRAIGE =',11,/)

WRITE(S, 525)K2

FORMAT( 'H NUBER OF DATA = ', 1)

WRITE(S5, 538

FORMAT('H TYPE C TO CONTINUE, OR A TO ABORT RUN'/)
READ(5, 540)aNS2

FORMATCALD

IF(AJS2.EQ. 'C')G0 TO 121

IF(AIS2.EQ. "A')G0 TO 329

GO 'TO 728

RETURN

EID ;

SUEROUTINE CHANI(JC)

DIMENSION EXP(S0, 1200, SPEC(58)
DOUELE PRECISION FILEl,FILE
COMMON SPEC, EXP, FILE

C**%SPECIFY FILEVAME OF CHANMEL MEASUREMENT DEVICES**x

12

20

WRITE(S, 16)
FORMAT( 'H TYPE IN THE PARTICULAR CHAEL MEASUREMENT

.1 DEVICES FILENAME'»/, ' FOR THE EXPERIMENT'/)

READCS, 22) FILEL
FORMAT(ALG)

CxxxTRANSFER DATA FROM SPECIFIED FILEkx%

L% il ki)

OPENCUIIT=1,DEVICE="DSX ', FILE=FILED)
REWIND 1 ]
READC 1,3@)(SPEC(I), I=1,NC)

FORMATC(AL ’
CLOSE(WNIT=1,DEVICE="DSK"', FILE=FILE!l)
RETURN

EiD

SUBROUTINE CHANZ2(C)

DIMEJSION EXP(S0, 1282),SPEC(5®)
DOUBLE PRECISION FILEL, FILE
COMION SPEC, zXP, FILE

CxxxI DEITIFY MEASUREMENT DEVICE FOR EACH CHAUNEL*®*x

K=0
WRITE(S, 18D
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1¢ FORMATC 'H IDENTIFY MEASUREIENT DEVICE FOR EACH
1 CHAWIEL'/"' T-THERMOCOUPLE'/' F-FLOWMETER'/
2 ' S-SOLARIMETER'/)
DO 108 I=1,NC

K=K+l
WRITE(S,20)K ;

20 FORMAT( 'H CHANNEL :'»1I) ~
READ( 5, 30) SPEC(K)

38 FORMAT(ALD)

109 CONTINUE

CxxxQPTION TO TRANSFER ARRAY DATA TO FILE#*%
WRITE(S, 40)

4e FORMATC *H DO YOU WISH TO SAVE CHAWNEL SPECIFICATIONS
1 1/ 8-N0s 1-YES'/)
READ( 5, SOINAME

50 FORMATCI)
I F(NAME. EQ.3)GO TO 220

Cx#*xSPECIFY FILEVAME OF CHANNEL MEASURZMENT DEVICESsxsk

WRITE(S., 60)
62 FORMAT( 'H TYPE IN THE PARTICULAR CHAVIEL MEASUREMENT
1 DEVICES FILENAME FOR THE EXPERIMENT'/)
READ( 5, 78) FILE1
70 FORMAT(AL2)

C++*TRAISFER DATA FROM ARRAY TO SPECIFIED FIL Bk
OPEN(UNIT=5, DEVICE= "DSK '» FILE=FILED)
REWIND 1
WRITE(S5,88)(SPEC(1)5 I=1,NC)

80 FORMAT(AL)
CLOSE(UNIT=5, DEVICE= 'DSK *» FILE=FILEI)

200 RETURN
EID

SUBROUTINE MENUI

DIMENSION MODUL1(S5&

Cxx%S TAPEL¥**

Gk | INPUTHx* .

C*#*x2PRIN TH**

Cx*xx3PLOT **¥*

CHxx4UAL I Dikx

CxxxSSAVE kK

Cxxx6END  *%k

DATA MODUL 1/32,83,84, 65,80, 69, 76,32,

32,49, 73> 78,30,85,84, 32,
32,50,38,82, 73, 78,84, 32,
32,511,308, 76 79,84, 32, 32>
32,52,86, 65, 76 73, 63532,
32,535,335, 65,36, 69,32, 32,
32,54, 69, 78, 63, 3%32/
CxxxCALL CHARACTIR SI1ZEwxxx
160 CALL CSIZE(XHORSZ,KVERSZ)
Cx*x*G0 'I‘O \u.JU POSITIQN**%

CALL NEWPAG

CALL MOVREL(D,-600)
C#xxQUTPUT MODUL1 CHARACTERSs#kx

K=0

O\LI‘.DU[\).—-
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D) 2208 J=1,7
CALL NZWLIN
DO 262 I=1,8
K=K+1
CALL AVCHO(MODULICK))
20 CQNTINUE
C*x*xCURSOR COMMAND !MODE**x* 8 : —~
CALL DCURSR(ICHAR, IX, 1Y)
CALL BELL
CALL NEWPAG
CALL AVMODE
Cxx*x I DENTIFY ICHAR CONDITIQ***
IFC(ICHAR. EQ.49)G0 TO 320
IF(ICHAR.EQ.58)G0 TO 428
IFCICHAR.EQ.51)G0 TO 510
IFCICHAR.EQ.52)G0 TO 629
IFCICHAR.EZQ.53)G0 TO 720
IFCICHAR.EQ.54)G0 TO 8¢0Q
IF(ICHAR.LT-49.0R. ICHAR.GT.54)G0 TO 120
Cx*x*x INPUT CHANNEL DEVICE DATA AVD EXPERIMEJT RESULTS*xx
200 CaLL INPUT(NCHAN, ITIME, KOUNT)
GO TO 100
Cx**xFRINT CHANNEL DEVICE DATA AVD EXPERIMENT RESULTS*xx*
C#*xQUTPUT IS TO LINEPRINTER®¥*x
400 CALL PRINT(NCHAN, ITIME, KOUNT)
GO TO 1006
Cx**xPLOT EXPERIMENT RESUL TS**%x:
Cx**QUTPUT IS T40 | GkrkkkiorRxxEK

500 CaLL PLOT(NCHAN, ITIME, KO
GO TO 100

Cx#xUALIDATE EXPERIMENT RESULTS AGAINST COMPUTER SIMULATION#®*x

620 CaLL VALID(NCHAN, ITIME, KOUWIT)
GO To 108

Cx**SAVE FILE OF EXPERIMEVT RESULTS***

708 CALL SAVEI(NCHAN, ITIME, KOUWNT)
GO TO 102

Cx*xxEJD OF PROGRAN¥**

800 RETURN
EIND

C

SUBROUTINE CALIBI(KTIME, IDATA, IRANGE TEMP)
DIMENSION EXP(5@, 1288),SPEC(52)
DOUELE PRECISION FILE
COM1MON SPEC, EXP, FILE
C#x*THIS SUBPROGRAM CALISRATES AVD CONVERTS THE CHANNEL
CH*xUOLTAGE INTO DEGREES CEITI GRADERkkK*KKKKK KKK AKKKKKKK
CH*xxCHANNEL VOLTAGE***
RVOLT=FLOAT(IDATA)
CxxxDETERMINE PARTICULAR RANGE FOR CHAVNELxxx
C#xkxCONVERT MI CROVOLTS TO DEGREES CENTIGRADDk*xxx**
IFC(IRANGE. EQ.3)TEXP=(RVOLT/13. &)
IF¢IRANGE. EQe 4) TERMP=(RVOLT/C 18.9)>)
"IFCRVOLTe GTe 1000« 3+« AJDs IRANGE. EQ. 4) TAMP=(RVOLT/ 103+ 8)
IFCIRANGE.NE.3«AVD. IRAVGE.NE.4) GO TO 10¢
GO TO 200
100 CALL BELL

WRITE(S, 1&)
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10 FORMAT( 'H CALIBRATION ERROR!! TAZRIIOCOUFPLE VOLTAGE
1 OUT OF RANGE!!'/)
WRITE(S, 308)KTINME

328 RIMAT( 'H DnTA = %I
2020 RETURN
END
c -
C

SUBROUTINE CALIB2(KTIME, IVOLT, IRANGE, SOLRAD)

DIMENSION EXP(S@,1282), SPEC(58)

DOUBLE PRECISION FILE

COMMMON SPEC, EXP, FILE
Cx**xTHIS SUSPROGRA1 CALIERATES AND CQIVERTS THE CHAVNEL VOLTAGE
Cx#*INTO WATTS PER SQUARE ETRE, FOR THE PARTICULAR KIPP AND
C**xZQE] SOLARIMETER UTL IS EDRksssoricnmsokkkhkRakak kK KA A KA K AAAK KK
C***xCHATIEL VOLTAGEwk*

RVOLT=FLOATC(IVOLT)
C#x*xDETERMINE PARTICULAR RANGE FOR CHATVEL***
C#++CONVERT MILLIVOLTS TO MILLIWATTS/SQUARE CENTIMETREw**

I1F( IRAVGE. EQ. 3) SVOLT=C(RVOLT/( 8. 121%1806.2))

IF(IRANGE. EQ. 4) SVOLT=(RVOLT/( B 121%4. %103+ 23D

IFCIRAIGE«NE.3.AiD. IRAIGE.NE«4)G0 TO 190

GO TO 200
100 CALL BELL

WRITE(S, 18)
12 FORMATC "H CALIBRATION ERROR!! SOLARIMETER VOLTAGE

1 OUT OF RANGE!!'/)
WRITECSs 15S@)KTIME

150 FORMATC 'H ERROR DATA =', 1)
GO TO 300

CHwxCOVERT MILLIWATTS/SQUARE CENTIMETRE TO WATTS/SQUARE METREx

200 SOLRAD=SVOLT*1£.2

300 RETURY
END

c

c :

c

SUBROUTINE CALIB3(IDATAs IRAVGE, FLOW)
DIMENSION EXP(50, 12808), SPEC(S8)
DOUBLE PRECISION FILE .
COM1I0N SPEC, EXP, FILE
C#kkTHIS SUBPROGRAM CALIERATES AND CONVERTS THE CHANNEL
Ccx*xxVOLTAGE INTO LITRES/MINUTER®KRRRKKKKKAKKKKFKKRAKKKKK KK
Ck*kCHANNEL VOLTAGE#**
RVOLT=FLOAT(IDATA)"
C#xx DETERMINE PARTICULAR RANGE FOR CHANNEL***
C*#*xCONVERT MILLIVOLTS TO LITRES/MINUTEx*kxxxxk
1F( IRAVGE. £EQ. 3) FLOW=(RVOLT/ 1080. 3>
IFCIRAIGE. EQe 4) FLOW=(RVOLT/C 182.0%4.0))
IFCIRANGE.NEe3e AVDe. IRANGE.JE.4)GO TO 1080
GO TO 208
120 CALL BELL
WRITE(S, 13D
FORMAT(C 'H .CALIBRATION ERROR!! FLOWMETER VOLTAGE

12
1 OUT OF RANGE!!'/)
CALL BELL

200 RETURN
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SUBROUTINE PRINT(NCHAV, ITIME KOUIT)
DIMEISION EXP(S, 1280), SPEC(50) , NRAIGE( 1@)
DOUELE PRECISION FILE

> COMION SPEC, EXF,FILE

Cx*x*HEADER TITLE**x
WRITE(S, 1@)

10 FORMAT( ' SOLAR EVERGY TEST FACILITIES',/»
1 ' SOLAR EXPERIMEIT TEST RIG DATA TAPE PROCESSING
2 FACILITIES'>/,"' I.JDOOR EXPERIMENTS-<STAPELI1>',/,
3 ' WRITTEJ 3Y P. ROBERTSQON, 1983.'//)
WRITE(S,20)FILE

217 FORMAT(C ' INDOOR TEST —XPIRIMENT', 1X,Al0,//
1 ' CHAWEL SPECIFICATIONS: '>/, ' T - CU/COW
2 THERMOCOUPLES <DEGeC.>',/, ' F - FLOWMETERS
3 <LITRE/MIN>'5/,"' S - KIPP & ZONEV SOLARIMETERS
4 <WATTS/SQeMe>'/)

Cx**xTASLE HEADIR**x
Kl=1 53 NEID=10

126 WRITE(S, 30)
30 FORMAT( ' CHAVWEL NUBER : ")
N=0
DO 283 K2=K1,NEND
=N+
o NRAIGE()=K2-1
WRITECS, 48) (NRAIGECI), I=1,N)
4z FORMAT( 18(3%X, 13))
WRITE(S, 58) (SPEC( 1), I=K1,NEND)
50 FORMAT(C ' CHAWNEL DEVICE :'»/,(18(3X,A1)))
WRITE(S, 62) ITIME
62 FORMATC * CHAUNEL SCAV INTERVAL :',I3, "MINUTES'/)

Cx*x*xTABULATE VALUESH**

DO 302 K3=1,KOWIT

WRITECS, 78)K3, (EXP(IC,K3) > NC=K 1,NEND)
79 FORMATCI4 1X5 C(1B(FS. 1, 1X)))
300 CONTINUE

Cx*+*TEST FOR END OF RANGEw**
1FCCHAVT. GEe (K1+10) « AND.NCHAN LE-(\IEND+IJ))GO TO 402

I F(NCHAV. GT« (NEND+18)0G0 TO 508
GO TO 690
4092 NADD=NCHAN-(K1+19)
K1=Kl1+10
NEID=KI1+NADD
1F(:JADD. EQ. Z)NEVD=KI
GO TO 108
20 Ki=K1+18
NEJD=NZND+19
GO TO 160
630 RETURN
END

Lop S Pl p |

SUBROUTINE PLOT(NCHAN, ITIME, KOUNT)
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DINEISIO] =XP(52, 1228), SPEC(58)y OX( 1222), DY 1228).,
1 KPLOT(28), ICHAR(1)
DOUELE PRECISIQN FILZ
COMION SPEC, EXP, FILE
Cx*xxINITIALISE NUIMBER AND NAME OF CHANNELS TO BE PLOTTEDk**

120 WRITE(S, 1@)

10 FORMAT( 'H SPECIFY NUMBER OF CHANNELS TO BE FLOTTED'/)
READ( S5, 22)NCP

20 FORMAT(I)D

IF(NCP. GT«NCHAN) WRITE(S, 38INCHAN
IF(NCP.LE.NCHAN)GO TO 280

3g FORMATC 'H EFROR!! AVAILABLE CHANNELS EQUALS :',I2,
1 /, 'PLEASE RETYPE VALUE'/)
GO TO 100

270 DO 388 J1=1,NCP
WRITE(CS, 48)

40 FORMATC 'S CHAWIEL JRBER: ")
READ( S5, S@)KFPLOT(J 1)

50 FORMAT(CI)

300 CONTINUE

Cc

Cx*x*xCLEAR DRAVING AREAsick
CALL PICCLE

C##kDETERMINE PLOT TIME INTERVAL AND PERIQD¥*x
IFCITIME.EQ.1)GO TO 318
IFCITIME.EQ.18)G0 TO 328
IFCITIME.EQ.30)G0 TO 332
IFCITIME. EQ.60)G0 TO 340

C#*%SCAV INTERVAL : 1 MINUTEwkx

310 IF(KOWNT.LE. 188)FACT=1.0
IFCKOUNTe GTo 180+ ANDe KOUNT.LE. 144@) FACT=1.8/60+ ¢
IFCKOUNT. GTe 1440) FACT=1+0/C 60+ 0%24. §)

GO TO 35@ .
Cx*xSCAN INTERVAL 18 MINUTESk**
320 IF(KOUNT.LE. 18)FACT=10.9

IF(KOUVTeGTe 18« ANDe KOWTeLE« 144)FACT=140/6. 02
IF(KOWITe GTe 144X FACT=1.3/( 0 U%24¢ Q)

GO TO 350
C***SCAN INTEZRVAL 30 MINUTES** $
338 IF(KOWIT. GTe 6« AND. KOUNT+LE« 48) FACT=0. S
IF(KOUNT«GT«48) FACT=1.0/48.0
GO TO 358
C##%xSCAN INTERVAL 60 MINUTZSHxx
340 FACT=1.0
IF(KOUNT- GT.24) rACT— 1.0/24.0
352 CQNTINUE

CH#k [NITIALISE X=AXIS VALUES#*x
DO 40¢ J2=1,KOUNT

400 DK(J2)=( FLOAT(J2) )*FACT
J3=0
I FCITIME. GE. 62)NHR=C I TIME/60)*KOUNT
IFCITIME.LTe 62)NHR=CC ITIMEXKOUIT) /60)
IFCVHR.LT-3)G0 TO 410
I FCNHRe GE- 3+ AVD-NHR.LE-24) GO TO 420
IF(NHR. GT-24)G0 TO 432

410 NTEXT=1
NIT=KOWT/10
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430

450

582

KEJDFFLOAT(KOUWIT*ITIME)

GO TO 4508

NTEXT=2

NIT=NHR

XEJD=FLOATCHR)+1.0

GO TO 450 x
NTEXT=3 =
NIT=NHR/24 -
XIND=FLOAT((NHR+12)/24)

CONTINUE

CDEV1=0.0

KVAL1=¢; KVALZ2=0

KVAL3=0

J3=J3+!

J4=KPLOT(J3)

CDEV=SPEC(J4)

IFCCDEV.EQ. 'T")YEID=10C.0

IF(CDEV. EQ. 'F")YEND=1£.0

IF(CDEV. EQe 'S ")YEND=1£08C. 3 .
IFCCDEV.EQ. '"T")XVALI=1

IF(CDEV. EQ. 'F')KVAL2=1

IF(CDEV. EQ. 'S ")XVAL3=1

C#**BEGIN GRAPH PLOT ROUTINEkxxx*
Cx*xxINITIALISE GRAPH FLOT VARIAHLESxk%x

53¢

602

656

720

CQITINUE
D0 688 JS=1,KOUNT
DY(J5)=EXP(J4, J5)
IFCCDEV1.EQ.8.28)G0 TO 650
IFCCDEV1.EQ.CDEW GO TO 720
CALL AXIPOS(1,38.0,30.0,122.08, 1)
IFCCDEV. EQe "T")CALL AXIPOS(1,30.8, 300> 108.2,2)
IFCCDEV. EQ. 'F")CALL AXIPOS( 1, 1500, 30. 25 108, 8,2)
IFCCDEV. EQ. 'S")CALL A£XIPOSC 1, 158. 8, 30. 8> 12G. 2, 2)
CALL AXISCAC3,NIT» @ s XENDs 1)
CALL AXISCA(3,28 Z.0,YEND,2)
CALL AXIDRAC1,1,1)
IFCCDEV. Qe 'T")CALL AXIDRAC-1,-1,2)
IFCCDEV. EQ. 'F")CALL AXIDRAC1,1,2)
IF(CDEV.EQ. 'S")CALL AXIDRAC 1..1;2)
CALL GRID(3,0,0) )
CALL GRASYM(DIX, DY>KOUNT,J3,2)
CALL GRAPOL (DX, DY, KOWNT)
CDEV1=CDEV
YSP=140. 8- 7+ 2%C FLOAT(J3)))
CALL MOVTO2(45. 8, YSP)
CALL CHAHOL(1ZHCHANNEL *.)
CALL MOUT02(65.8, YSP)
CALL CHAINT(KPLOT(J3),2)
YSH=YSP+2. 8
CALL MOVTO2(75. @, YSM)
CALL SY{BOL(J3)’
IFCJ3.NE-NCP)GO TO 520

c***x-pxxs TEXTHox

ALL MOVT02(75.8, 15.0)
anu CHAHOL (2 8HEXPERIMENT TIME INTERVAL*. )
CALL MOVT02(75.0, 10.3)
IFCNTEXT. EQ. 13CALL CHAHOLC ! IHCMINUTES ) %. )
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IFCIT=(T. 2R 2)CALL CHAHOL (9H(HOURS) *. )
IFCITEXT. EQ« 3)CALL CHAHOL(BH(DAYS)*.)
IF(KVAL1.EQ.1)G0 TO 750

; GO TO 82
75¢ - GALL MOVT02(E.Zs 133.0)
CALL CHAHOL(2CZHTEIPERATURE DEGeC *.)
880 IF(KVAL2.EQ. 1)G0 TO 850 . i
GO TO 908
850 CALL MOVTO2(95. 03, 133.2)
CALL CHAHOL(23HFLOW RATE LITRES/MIN.%*.)
900 IFCKVAL3+ EQ. 1)G0 TO 952
GO TO 1022
952 CALL. MOVT02(92.@, 133.8)

CALL CHAHOL(24HSOLAR RADIATION (W/M2)%.)
1808  READCS,68)WAIT

60 FORMAT(ALD
RETURN
END

C

c

e

SUSROUTINE SAVEI(NCHAN, ITIME KOUNT)
DIMENSION EXP(58, 1202), SPEC(50)
DOUELE FRECISION FILE,FILE3
COr240N SPEC, EXP, FILE
C*%xx0QPTION TO TRAUSFER PROCESSED EXPERIMENT DATA TO FILEkkx
WRITEC(S, 18

12 FORMAT( '"H DO YOU WISK TO SAVE PROCESSED EXPERIMENT
1 DATA 7',/ "HE-NOs 1-YES'/)
READ( 5, 20)NUB

o2p FORMAT(I)

IF(NUMB. EQ.23GO TO 1@8
Cx**xSPECIFY FILEVAME OF EXPZRIMENT DATA***

WRITECS, 32)
30 FORMATC 'H TYPE IN THE FILENAME FOR THE EXPERIMENT'/)
% READ( 5, 40) FILE3
42 FORMATCALS)

Cx*x*TRAVSFER DATA  FROM ARRAY TO SPECIFIED FILD#**
OPEICUNIT=S, DEVICE= 'DSK s FILE=FILED)
REWIND 1
-CALL PRINTCNCHAN, ITIME KOWNT)
CLOSECUNIT=S, DEVICE= 'DSK '» FIL E=FILE3, DISPOSE= 'PRINT")
122 RETURN
END

o P sp B Lan b ot

SUBROUTINE VALIDC(NCHAN ITIME KOUNT)
DIMEISION EXP(SE, 1208), SPEC(S0)
DOU=SLE PRECISION FILE, FILE4
CoM8M0 SFEC, EXP, FILE
C**xOPTIOJ TO TRAISFER EXPERIMENT DATA AR:LAY TO FILEk%k ¢
129 WRITE(S, 19)
19 FORMAT('H DO YOU WISH TO SAVE EXPERIMENT DATA ON
1 DISK FILE 2%/, 'H 8-NO», 1-YES''/)
READ( S5, 20)NANS
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oY | FORMATCD)
1FCIAIS.EC.8)G0 TO 380

Cx*xxSPECIFY THAZ DATA CHAAWEL NUEBIR TO BE UTILISED I:J VALIDATION

WRI A...( S529)

25 FORMATC 'H TYPE Il THE PARTICULAR DATA CHAWEL REQUIRED')
READ(S,27)NVAD
27 FORMATCI) : ol
C***SPECIFY FILEJAME OF EXPERIMENT DATA®*%
WRITE(S, 32
3¢ FORMAT( 'H TYPE IN THE PARTICULAR EXPERIMENT DATA
1 FILEIARIE: */) :
READ(S, 42) FILEA
40 FORMATCALD)

CH#*TRAISFER DATA FROM APRAY TQ SPECIFIED FILEwkx
OPEICUIIT=5, DEYICE= 'DSK ', FILE=FILEA)
REWIND 1 s
J1=VAD
J2=0
- DO 1068 K1=1,KOWNT
J2=J2+1
WRITECS, 60, ERR=200) EXP(J 1, J2)
62 FORMAT(20F)
108  CONTINUE
CLOSECUNIT=5, DEVICE='DSK ', FILE=FILEA)
GO0 TO 3068 -
200 WRITE(S, 7@) FILE4 :
70 FORMAT( 'H ERROR IN READING ARRAY TO DISK FILE',Al()
Go TO leo
300 RETURN
BID

C
C
C
Cx*x*xEXECUTIVE PROGRAIPRx*
CALL INITTC120)
Ccall T4a210
CALL DEVSPE( 120@)
cALL MENUIL
CALL DEVEND
CALL FINITT(Z, T88)
BD
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Appendix 2.3.

MONITR - Analysis of Monitored Installation Results

The function of the computer program MONITR, based on the
previous analysis program STAPEL, is to analyse the papertape data

output from the data logger facility monitoring the performance of a

commercial solar water heating installation.  The sub-program is
illustrated in flowchart form in Figure A2.2. The program is fully
listed.
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stort
program.

Cx

N,
sworatine Menu 1
1 INPUT — Input moniored deta file
2PRINT. — Output o lineprinter processad monitored data——————
3PLOT | — Plot processed monitored resuts::
LNAUD -— Volidate manitored results vs. computer simulation ——
SSAE. L — Store daha file f processed monitored dan.
6END.
stop
program.

Figure A2.2 Flowchart representation of tle analysis

program MONITR.
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1 JC.HA(58), LIS

i E: FroSISIRJL Rl EE iz Ik

GO ] SPiSs GAPSTILE
FILEILIE OF LATA RESULTSx=xx

WEITECS, 1)

POEMATC '}d TYPE 1J Tdo PELRTICULAR Z{P:rrIMEIT LaTa

1 FILEI&IE TD 52 STUDICD'/)

FEAD(5,2L) FILE2

FORIIATCALY)

FILS=FILZ2

WREITE(S, 36)

FORATC 'd TYPE 1J Tag, JUIBER OF CAaWIiLS 'TO o

1 IJVESTIGATZD'/)

EEAD(3,40):1C

FORLIETCDD

WRITE(S,50)

FORIATC 'd SPECIFY TaE TYPZ OF ClANIE. DzZVICES USZL: '/

1 “C1-FILE I4JPUT, 2-TERIIJAL INPUT)'Z)

AEAD(S5, SEIKTU

FORLIATCIDD

IF(YOU.EC. 1)CALL CALILICIC)

IFC(KIU.ES.2)CALL CHEKI2(.IC)

TRITE(S, 78)

FORMATC 'H TYPE LV EAPERINEIT TIHE IJTERVAL (HIIS) '/

FZAD(S,3DIT

FORIATCIDD

1

CrxxTEAISFER. DATA FROH SPECIFIED Flowex

OPZICU.I1T=1, SEVICE= "CSK ', FILZ=FILE2)

241D 1 oy

y2=¢

#2=K2+1

SS2D( 1, 98, SID=38:, EFR=4E8)TLIE

FORLATCDD

READC 1, 112, BID=36E, ERR=548) CGICHATCI ), DUAC 1) KEATACL ) »
1 ¥RAIGE(D),I=1,10)

Fj—ﬂ_%T(S( 13,41,14,11,2X))

D0 286 J=1,.1C

H1=d

1DLTA=KDATACKLD)

1BL IGE=KRAIGL(KID)

IF(SPES(X1)+EG. 'T'ICALL CALISIC#2, IDATA, IRAIGE FIATA
IFC(SPEC(#1)-EQ. *S *ICALL CALIS2(¥2, IDnThs IFAIGE, RLATA)
1F(SPEC(K1) . EQ. 'F"ICALL CAL153¢IDATA IRAIGE RIATA)
SLP(K1,H2)=RDATA

COATINUE

G0 TO lki

EJDFILE !

AE=1D=r2-1

CLOSE(UIIT=1,DEVICE="DSil') FILE=FILZ2)

Gd TO 748 '

JRITE(S,412)FILZ2

FORATC 'H ZAROR FOUJD 17 RESADING CHANIEL TLIE FRO

1 DISK FILE'2A13,7)

“RITE(5,422).1T1kE

FORMATC 'd AT =% IS)

!
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FITEC S, 4300
POrAT (O0H TP E U T DI T LT OF = TY LSORT BL IV
RZADCS, 4400 RIS
448 FOr ATCALD
IFCANS1.EC. 'C*")G0 TO 161
IFCAISL-EG. 'a*)GO TO 3L
GO TO 7¢K
g WRITE(S5,51€)FILL2
1 FORIAT( 'H EZRROR FOUND 1.J READIIG CAA&JIEL LATA FRI:I
1 DISK FILE'>AlE, /)
WRITE(S5,528)CHA L DU L KDATACI) » FRAIGEC D)
52¢ FORUATC "HCHAT =5 13,7/, "DUM =", 81, /7, '"KDATA =,
1 14,5/ ‘KRAIGE ='511,/)
WRITE(S5,523)K2
525 FORIATC 'H JUUBER OF DATA = ', 1)
WRITE(5,538)
536 FORMAT( 'H TYPE C TO CONTINUE, OR A TD AEBORT EUJ'/)
READ(5, S54B)AIS2
sS4 FORMAT(AL)
IFC&IS2.EQ. 'C*)GD TO 1i1
IFCAIS2.E6G. "A')G) TO 3¢2
GO TO 78
7¢L RETURI
ziD

aoo0ao

UBROUTINE CHAIIIC)
DIMEISI0N EXP(5Z, 128€),SPES(5)
DOUBLE PRECISIOJN FILEL, FILZ
CO.3i0.4 SPEC, EXP, FILE
C«xxSPECIFY FILEZJAILE OF CARIIZL .EASURZIZIT DZVICESxxx
WRITE(S, 12) ,
1¢ FORLATC 'A TYPE IIJ TAE PARTICULAR CAANIEZL HMZASURLIEIT
1=DEVICES FILEI&IE'»/, ' FOR THE EXPERIMEIT /)
READ(S5,2L)FILE]
o FORMAT(ALE)
C+=xxTRAISFER DATA FROI SPECIFIED FILZxxx
OPEJ(U.IIT=1,D2VICZ="D3K"» FILE=FILZ])
REWVLID 1
READC1,32)(SPEC(1),1=1,.C)
FORIIATCALD

3¢ :
CLOSZ(U.JIT=1,DEVICE="DSK ', FILE=FILED)
EETURI
EID

7

c

C .
SUSROUTLIE CHAN2(.IC)
DIHEISIAN E{P(S5E, 1262, SPEC(5D)
DOUBLE PRECISINI FILEL, FILE
COIELIOd SPEC, EXP, FILE

Cxx=IDEITIFY lEASURENEIT DEVICE FOR EACH CAAVIELwxk

'+ ¥=0 ‘

VRITE(S, 18) .

12 FORIATC *H IDENTIFY EASUREIEIT DEVICE FOR EACH
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z S=SOLLRILETERE /)
D) lue I=1,.3C
1=n+l
W=ITE(S, 200K
2¢ FORCIATC'H CHALIEL :'% 1)
READ(5, 3€YSPEC(K) .
3¢ FORMATCAD
180 COITINUE
CxxxQPTION TO TRAISFER ARRAY DATA TO FILExxx
WRITE(S, 40)
4¢ FORIMAT('H DO YOU WISH TO SAVE CAANIEL SPECIFICATINIS

1 L2 0-10, 1 =YES*/)
READ(5, S@NAIE
5¢ FORMATCID
IF(NAME.EQ.Z)GD TO 2908
C***SPEJIFY FILZIJAIE OF CHAINEL MEASURENEIT DEVICZISxxx
WRITE(S, 68)
62 " FORMATC('H TYPE Il THE PARTICULAR CHAAJIEL VEASUREIZIT
’ 1 DEVICES FILEJAME FOR TAE =XPznIMENT '/) 5
READ(S, 70) FILEL
7¢ FORIATCALD)
CxxxTRAISFER DATA FROIl ARRAY TO SFECIFIED FIL Exxox
OPEI(U.ILT=5,DEVICE="DSK", FILE=FILE!)
REWIID 1
" WRITE(S,80)(SPEC(1),1=1,00)

3e FORIATCAD
‘' CLOSZ(UJIT=S,DEVICE='DSx's, FILE=FILEI)
200 RETURI
EID
c
c
c

SUESRCUTINE M=JUL

DIM=ISIQ IQDULLICS6)
CxxxSTAPEL*x*
Cxxx]IJPUTxx*
Cxxx2PRINTx*x
Cxxx3PLOT xxx
Cxxx4UAL I Droxx
CxxxSSAVE *xxx
Cxxx6END *xx

DATP‘- :13[1.)1. 1/324 331 S‘-Lv '35) SC) 59: 76) 321
32,49, 73, 76,3L,35,34,32,
32,5@,8¢,32,73, 73,34, 32,
32,511,885, 76, 73,34, 32, 32,
32) 52, 36,65, 76 73) 03,32,
32, 53,33, 65,85, 69,32, 32,
321 54,59, 73, 65) 3x32/
Crx*xCALL CHARACTER SlZrxxx
180 CALL CSI1ZZ(XKHO0RSZ,KVERSZ)
CaxxGO TO MEVU FOSITIOUxxx

CaLL NEWPAG

CALL MOVRIL(B,-63)
Cxxx0U TPUT i110DUL! CALRACTERS #%x

¥=0
DO 2¢6 J=1,7

o E WN -
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D) 2Le i=1,3
K=K+1
CaLl AICANGHIDULI(KD)
2¢¢ CO4TI.JUE
CxxxDRAW B3X ARQUJD ME]Uxxx
CALL MOVREL(-668,0) '
CALL DRWREL(U,2xKVERSZ) _
CeLL DRWREL(-2xKrd0RSZ, )
CALL DRWREL(DQ,-2xKVERSZ)
CALlL DRWREL(2xKHORSZ, &)
Cx»xCURSOR COMIAND !ODE=xx
CALL DCURSR(ICHAR, IX, 1Y)

CALL 3=.L 2
CALL HEUWPAG
CALL ALI0DE
CxxxIDENTIFY ICHAR CONDITIONx»x
IFC(ICHAR.EQ.49)G0 TO 3¢l
IF(ICHAR.EQ.58)G0 TO 4@
' IFC(ICAAR.EC.S51)G0 TO 560
i 1FCICHAR. EQ.52)G0 TO 600
1FCICAAR. 26+ S3)G0 TO 7¢8
IFCICHAR.EQ.S4)CG0 TO 38¢0
1FCICHAR.LT.49.0R. 1CHAR. GT-54)G) TJ 1¢€
CxxxI:JPUT CHAATIEL DEVICE DATA AJD EXPERIMENT RESULTS*xx
3¢ Call IJPUT(NCHAI, ITIME KOUNT)
G0 TO 1¢0 d
CxxxPEINT CHAAIIEL DEVICE DATA AND EAPIRIMENT RESULTSxxx
CxxxQUTFUT IS TO LINZPRLITZRxxx
42¢ C&LL PRINTCICHAL ITIME KOUNT)
GO TO 1oe
CxxxPLIT EAPERLIZIT RESULTS»xx

CxxxQUTPUT IS T4Ll@xxxxxixxxik

sge CALL PLOTGICHAY, ITHIE, KOUNT)
G0 TO le@
CxxxVALIDATE EXPERINMENT RESULTS AGAINST COPUTER SIMULATIONxxx
I3 CALL VALID(WNCAHA ITIM=, KOUNT)
GO TO 1@ =
CxxxSAVE FILE OF EXPERIMEIT RISULTSxxx

7¢0 CALL SAVE! CICAA, ITIME, KQUIT)
G0 TO 1@ :

CxxxE]D OF PROGEA Pxxx

326 E=TURN
=D
C

SUZROUTINE CALISI(KTIME, IDATA, IRANGE TZP)

DLIZISION =ZXP(50, 128Z), SPEC(52)

DOUSL=Z ‘PRECISION FILE

COI-210:] SPEC, =XP, FILE
CxxxTH1S SUSPRIOGRA] CALISRATES AYD CONVERTS TAE CHALIEL
Cx=xVOLTAGE IJTO DZGREZS CEITI CRADESA XK XKH K AN A KKK KK KKK
Cx=xCHALIEL VOLTAGExxx

RVOLT=FLOAT(IDATAR)
CxxxDETZRIIJE PARTICULAR RAJVGE FOR CHAJLJEL xxx
CxxxCOVERT lIICROVOLTS TO DEGREES CEITI RADD®xx*kxx

IF(IRAIGE. EQ.3) T P=(RVOLT/18.0)

IFCIRAIGE. EQ. ) TEP=C(RVOLT/C12.8))
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IFCEVILT e CTe L8 I TL F=RVILT /1L &
IFC(IRAIGZJEe 301D IA.nJ\‘L-.]E-Q) GJ) TO lik
GO TO 2&&
122 ALL SEL
WRITE(S, 12)
12 FOrUIATC 'H CALIBRATION ERROR!! THERMOCOUPLE VOLTAGE

1 OUT OF RAIGE!!"'/)
WRITE(S, 3R2IKTIM

329 FORMATC'H DATA = ' 1)
220 RETURV
EID
C
o

SUSEOUTINE CALIB2(KTIME, IVOLT, IRA IGE, SOLRAD)
DIINMENSINN =ZXP(50, 1208), SPEC(58)
DOUBLE PRECISION FILE
Co10:d SPEC, EXP, FILE
CaexTHIS SUSPROGRAM CALIBRATES AJD COJVERTS TAE CHALJIEL VOLTAGE
C#+x*INTO WATTS PER SQUARE METEE, FOR THE PARTICULAR KIPP A1ID
Cxx*ZJ:JE] SOLARIIETER UTL..ISED******—W**&*****4******************
CxxxCAALIZL VOLTAGEA**
RVOLT=FLOATC(IVOLT)
Cx=xxDETERIIIIE PARTICULAR RANGE FOR CHATIEL *kk
CxxxCOJVERT MILLIVOLTS TO }© 4ILLIWATTS/SQUARE CEITIMETRE**x
IF¢CIRAIGE.EQ.3)SVOLT=C(RVOLT/(B. 121x120.8)) )
IFCIRAIGEEQ. 4)SVOLT=(RVOLT/(P. 121%x4. Ex1£2.3))
IFC(IRAIGE.JE.3.AlD. IRAIGE..JE.4)G0 TO 16€

GO TO 200
120 CALL 3ELL

WRITE(S, 18)
19 FORMATC 'H CALIBRATION ERROR!! SOLARIMETER VOLTAGE

1 OUT OF RAIGE!!'/)
WRITE(S, 158)KTIIE
15¢ FORMATC "H EFROR DATA =',1)
"GO TO 3¢
CHx*COAVERT MILLIWATTS/SQUARE CEITIUETRE TO WATTS/SQUARE METRE+x

2e¢ SOLRAD=SVOLT*18.¢

3¢ ~ RETURI
EiD

C

C

c

SUBRQUTINE CALIB3(I1DATA, IRAVGE, FLOW)
DI=ISION EXP(S5Y, 12¢2), SPEC(SE)
DOUBLE PRECISION FILE
COiL10N SPEC, EXP, FILE
Cx*x«THIS SUSPROGRAIM CALIBRATES AJD CONVEZRTS Tdz CAATIEL
Cx*xxUOLTAGE INTO LITRES /1ML IUT Dk ok A K A A 4K K K R A X AR KA KK
Crx<CHATIEL VOLTAGDx=x
RUOLT=FLOAT(IDATA)
Cx*xxDETERIIIIE PARTICULAR RANGE FOR CHAINELxxx
C;x*CO.JVEET MILLIVOLTS TD LITRES/i{IIJUTEexxxxx
IF(IEAIGE. EQ« 3) FLOW=(RVQOUT/1028.¢)
IF(IRAIGE. EQ.4) FLOW=CRVOLT/C123.¥x4.8))
IF(IRAJGE.NE.3.AlD. IRANGE.JE.4)GD TO 1@
GO TO 208&
102 CALL BELL
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VEITECS, 1O

16 FORATC 'H CALIZRATIQY ERAOR!! FLOWIETER VILTAGS
1 OUT 9F RAIGE!!'/)

CALL 3L

RETURJ

EiD

n
[~
(5

\

(@ B @ (|

SUZROUTINE PRINTC(NCAAL ITIME KQUIT)
DIMZNISION EXP(SE, 1208), SPEC(50), JRANGE( 1@)
DOUZLE PRECISIOQN FILE
COM0y SPEC, EXP, FILE

CxxxHEADER TITLExxx .
WRITE(S, 1@

18 FORMAT( ' SOLAR EJERGY TEST FACILITIES ', /.,
1 ' SOLAR EXPERIMEIT TEST RIG DATA TAPE PROCESSIIG
2 FACILITIES',/, '« I.JDOOR EXPERIMENTS-<STAPELI1> "'

[SYSTE4 GOING DOWI AT 23-APR-31 09:0£:2¢1]
2/ 2

3 ' WRITTEV 3Y P. RO3ERTSO.4N, 1930@.'//)
WRITE(S5,20)FILE

20 FORMATC ' IJDOOR TEST EAPERIMEIT ', 1X,AlC, 7/
1 * CHAJJEL SPECIFICATIONS: '/, ' T - CU/COJ
2 THERIMOCOUPLES <DEG«C.>',/, "' F - FLOWIETERS
3 <LITRE/MIN> 5 /5" S - KIPP « ZONEJ SOLARIIIETERS
4 <WATTS/SQ.il.>"'/)

CxxxTASLE HEADER*xx
Kl=1 ; NEID=10

128 WRITE(S,30) .

3¢ FORMAT(C ' CHAYNEL JUIEZR : ")
N=@
DO 20¢¢ K2=Kl1,NEID
N=d+1 '

208 - NRAIGEQ=K2-1
WRITE(S, 40) GIRAIGECI)» I=1o0)

4g FORMAT( 16¢3X, 13))
WRITE(5, 5) (SPEC( 1), 1=K1,NEID)

52 FORMATC '~ CHATJEL DEZVICE :'»/,C1¥(SX,A1)))
WRITE(S, 60) ITIME

52 FORCIATC ' CHAVIEL SCAV INTERVAL : '»13, "MI.JUTES'/)

CxxxTABULATE VALUESxxx
DO 322 X3=1,X0UNT
WRITE(S, 78) K3, (Z{PC.IC, K3),NC=K1, NZID)
7¢ FORIMAT( 14, 126, C18CFS. 1, 1X)))
3¢ CONTINUE
Cx»xxTEST FOR EID OF RAIGE=xx
Cxx=EJD OF !NMOITORED DATA PIRIOD=xx
IFCICHAV. GE. (K1+10) « AID NCHAVLE« (LIZND+10))G0 TO 4®
IFCICHAT. GT. (JEID+12))G0 TO Sé@
GO TO 620
4¢e NJADD=IICHAT-(K1+18)
Kl=Kl1+10
HJEND=KI+JADD
I1FCADD. EQ. B)JEIL=KI]
GO TO 1@9
Kl=K1+10
NEJD=NEND+10
GO TO 108

wm
(o]
[
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SUBROUTIJE PLOTCICHAL ITIME, KOUNT)

DIMENSION EXP(5d, 120L), SPEC(56), {0 1220), DY 1280,

1 ¥PLOT(2@), ICHAR(C10)

DOUBLE PRECISIQ FILE

COMM0ON SPEC, EXP, FILE :
Cx*xINITIALISE NUMBER AND NAME OF CHAVNELS TO BE PLOTTED®xx
18¢ WRITZ(S, 1@

16 - FORMAT( 'H SPECIFY JUI'BER OF CHAVJELS TO BE PLOTTED'/)
READ(S,20):ICP

20 FORMAT(I) ®
. IF(NCP. GT.NCHAV) WRITE(S5, 3€)NCHAYI
IF(NCP.LE.JJCHAIIGO TO 200

30 FORMAT( 'H ERROR!! AVAILABLE CHAJWNLELS EQUALS : ', 12,
1 /, '"PLEASE RETYPE VALUE'/)
GO TO 106@
200 DO 3€8 J1=1,NCP
WRITE(S, 48)
42 FORMAT( '"H CHAVNEL WUIMBER: ')
. READCS, S@YKPLOT(J 1)
SP FORMATC(ID
3¢¢ ~ CONTINUE
c .

CxxxCLEAR DRAWING ARCAxxx
cALL PICCLE

CxxxDETERMINE PLOT TIME INTERVAL AJD PERIODxxx
IFCITIME.EQ.1>GDO TO 310
IFCITIME.EG. 1@)GO TO 328
IFCITIME.EQ.38)GD TO 33@
IFCITIME. EG. 62)G0 TO 346

CxxxSCAY INTERVAL : 1 LIIIUTEwxxx

318 IFCKOUNT.LE. 1B FACT=1.0
IFC(KOUIT. GT. 188 AVD-KOUNT-LE. 1 448) FACT=1. /6. &
IF(KQUIT. GT. 144@)FACT=1.0/(50. 0*%24. )

GO TO 359 .
CxxxSCAN INTERVAL 10 MINUTESx**
320 IF(KOUNT.LE. I8)FACT=12.2

IFCKQUIT. GT. 18+ AND.KOUIT.LE. 144) FACT=1.2/6.8
I FCKOUNT. GTo 144) FACT=1.0/C 6 %244 &)

GO TO 352
Cx*xSCAY INTERVAL 3@ MINUTES#xx
330 IF(KOUIT« GT 6+ AJDeKOUNT.LE.43) FACT=¢.5
IF(XOUNT.GT.43) FACT=1.2/43.¢
GO TO 35@
CxxxSCAN INTERVAL 60 MINUTESxxx
34@ FACT=1.0
IF(KOUJT.GT.24) FACT=1.0/24.0
358 CONTINUE

CxxxINITIALISE X-AXIS VALUESxxx
DO 4@ J2=1,X0oUlT

4ee IX(J2)=(FLOAT(J2) )=xFACT
J3=0¢
IFCITIME. GE. 6€) . THR=CITIME/62) xKOUNT
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ITINME.LTA2) . HRE=((1TLIE<DUIT) 788
HAR.LT.3)G0 TO 412

I :
AR« GE. 3. RIDIARLE-24) 3D TO 422
I

11 1y
NN SN e

€ P4 Pt

NIT=KOUNT/10 .
XEID=FLOAT(KOUIT*ITIME)
GO TO 450
420 NTEXT=2
NIT=:NHR
XEND=FLOAT(NHR)+1.0
GO TO 458
430 NTEXT=3
NIT=NHR/24
XEID=FLOATC CIHR+12) /24)
450 CONTINUE
CDEV1=8.0
KVAL1=0; KVAL2=0
KVAL3=0
5¢0 J3=J3+1
J4=KPLOT(J3)
CDEJ=SPEC(J4)
IF(CDEV.EG. 'T")YEID=102C.0
IF(CDEV.EQ. 'F")YZID=10.0
IF(CDEV. EQ. 'S")YEID=120282.0
IF(CDEV.EG. 'T*")KVALI=1
1F(CDEV. EG. "F")KVAL2=1
I FCCDEV. EQ. 'S ")KVAL3=1
Cx*xBEGIN GRAPH PLOT ROUTI.Exxx
C#xxINITIALISE GRAPH PLOT VARIABLES#xx

5508 CONTINUE .
DO 680 J5=1,KOUNT
620 DY (JS)=EXP(J4,d5)

IF(CDEV].EQ-2.8)G0 TO 658
IF(CDEV1.EQ.CDEVIGO TO 7¢0
6502 CALL AXIP0OS(1,30.08,32.0,120.2,1)
1F(CDEJ.EQ. "T'")CALL AXIPOS(1,36.2,308-6> 180.6,2)
IF(CDEV.EQ. '"F")CALL AXIPOS(1, 1502538+, 108.8,2)
IF(CDEV. EQ. 'S')CALL AXIPOS(1, 1582, 320, 106.0,2)
CALL AXISCA(3,1IT,8.0,XEJDs 1)
caLl. AX1SC&a(3,20,¢.8,YEID,2)
CALL AXIDRA(L, 1L 1)
IF(CDEV.EG. '"T")CALL AXIDRA(-1,-1,2)
IFC(CDEV.EQ. "F")CALL AXILRA(1,1,2)
IF(CDEV. EQ. 'S")CALL AXIDRA(1,1,2)
CaLL CRID(3,¥,d)
720 CALL GRASYIM(DX, DY, KOUNT, J3,23)
CaALL GRAPOL (DX, DY, XKOUNT)
CDeVI1=CDEV
YSP=140+€=-CT7.3=(FLOAT(J3)))
CALL MOVTD2(45.06,YSP)
CALL CHAAOL(C1EACHANIEL *.)
CALL MOVTO02(65.0,YSP)
CALL CHAINT(KFLOT(J3),2)
YSM=YSP+2.0
CALL MOVTO2(75.4,YSM)
CALL SYI30L(J3)
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FC(J3.IE.1ICPIGD TO 56

ATx=x

-
Wy

Crx={-FA
C&LL 10VT02(75.85 15.8)
CALL CHAAOL(26HZXPERIMEIT TIiE ITERVAL=x.)
CALL [10VT02(75.8, 16.0)
IFCITEXT. EQ. 1 )CALL CHAAOLC I IHCMINUTES) x. )
IF(NTELT. EQ.2)CALL CHAHAOL(9H(HOURS)x.)
IFCITESXT. EQ-3)CALL CHAYOL(3H(DAYS)*.)
IF(KXVAL1.EG.1)GD TO 750
GO TO 3¢8
75¢  CALL MOVTO2(2.@, 133.0)
CALL CHAHOL(2JATEPERATURE DEG.C *.)
800 IF(KVAL2.EQ.1)G0 TO 350 * '
GO TO 900 :
850 CALL !M0VT02(95.0, 133.8)
CALL CHAHOL(23HFLOW RATE LITRES/I1INe*.)
1% IF(KVAL3.EQ.1)G0 TO 958,
GO TO 1000
9508 CALL MOVT02(92.3, 133.8)
CALL CHAHOL(24HSOLAR RADIATION (WA12)x.)
1220 READ(S, 6@)WAIT

62 - FORMAT(AL
RETURN
END e
C
c
¥

SUBROUTINE SAVE!CJCHAV, ITIME KOUNT)
DIMEISION EXP(5@,.1208),SPEC{5€)
DOUSLE PRECISION FILE, FILE3
COo:2104 SPEC, EXP, FILE .
Cx*x*QPTI0N TO TRAJVSFER PROCESSED ZXPERIMENT DATA TO FILEx*x*
WRITE(S, 1)
12 FORIZATC 'H DO YOU WISH TO SAVE PROCESSED EXPERIMENT
1 DATA ?°',/, 'dE-NO, 1-YES'/)
READ(S5, 22)NUI'B
20 FORMAT(I)
IFCINB.ECQ.£)G0 TO 1ee
Cx*xxSPECIFY FILZNAME OF EXPERIMENT DATAX*x
WRITE(S,30)
FORMATC('H TYPE IJ TAE FILENAME FOR THE EXPERIIENT'/)
READ(S, 40)FILE3
4@ FORZIATCALD) _
CxxxTRAISFER DATA FROM ARRAY TO SPECL *-"IED F LExxx
OPEV(UIIT=5, DZVIC== "DSK ', FILE=FIL

30

REWIND 1

CALL FRINTCNCHAL ITIME KOUIT)

CLOSE(UNIT=5, DEVICE="DSK '» FILE= FILE3, DISPOSE= '"PRINT ")
120 RETURN :

=D

L il oy L o il )

SUBROUTINE VALIDCNCHAN, ITIME KOUNT)
DIMEISION EXP(58, 1200), SPEC(58)
DOUZLE PRECISION FILE, FILEA
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C0.2104 SPEC. Z4Ps FILE

r
CxxxQPTI0) TO AIALYSE CAPAILL SOLAR AJSTEL DATAxxx

1

2e

101

99

120

25

308

WRITE(S, 1)

FORIAT( 'H TYPE I DATE, HOUR, AND STARTING MINUTE OF
1 MOITORILIG: */)

READ(5,22) DAY, Hro TilN

FORMAT(3F)

K=0

TRAD1=0. @5 TRADR=0. 0 .

COLHT1=0. 3 COLHT2=0. 8 : .
TOTRDI1=@. U5 TOTRD2=0.

TOTCL 1=0. 05 TOTCL2=0. @

EFCY1=0.8; EFCY2=0.2

TOTRD=08. 0 TOTCOL=0.0

HORZ=08.0

K=K+

CALL SUNPOS(DAY.,HR, TMI:N, DECL, HANG, ALT)
TMIN=THMIN+1.2%C FLOATCITIME) )

IFCTMIN. EQ. 68+ @)HR=IR+1.0 ~
IFCTMIN. EQe 68+ 8) TMIiI=0. @
SP=EXP(4,K)*FLOATCITIME) 60+ 0

HORZ=HORZ+50 ,

CALL SUJRDI(S@,ALT, DECL,HANG, S1)

CALL SUNRD2(SE,ALT. DECL,HAIG, $S2) :
CA=6.5

SRADI=S1

SPAD2=52

TRADI=TRADI+SRADI

TRAD2=TRAD2+SRAD2

KFLO1=I FIXCEXP( 1, K) )3 KFL02=1 FIX(EXP(2,K))
IFC(KFLO1. EQ. 2) EXPC 1, K)=0. 0
IF(KFLO2. EQ. @) EXP(2,K)=0.0
CAPCY=CPROCEXP(20,K) )*FLOAT( I TI}E)
FLOWI=EXP( 1, K)*CAPCY/ 1000. @

FLOWR=EXP(2, K)*CAPCY/13203. &

OUTLT1=EXP( 12,K)3 FL1111=EXP(28,K)
OUTLT2=(EXP(13, K)+EXPC 14, K) ) /2. 35 FLIJ2=EXP( 18, K)
COLHT1=COLHT!+(QUTLTI1-FLINI)*FLOWI
COLHT2=COLHT2+(OUTLT2-FLIN2)*xFLOW2
IF(IFIX(HR) - EQ.24)G0 TO 102

GO TO 99

THORZ=(HORZ*CA*2.3) /3. 6ES

TOTRDIl=( TRAD1*CA) /3. 6E5

TOTRD2=( TRAD2*CA) /3. 6ES
TOTRD=TOTRD!+TOTRD2

TOTCL1=COLAT1/3. 6Z6

TOTCL2=COLHT2/3. 6E6

TOTCOL=TOTCL1+TOTCL2
EFCY1=(TOTCL1/TOTRD1)*120.¢
EFCY2=(TOTCL2/TOTRD2)x1{2.8

WRITE(S,25) THORZ

FORMAT(C 'H TOTAL RADIATION INCIDZIT ON HORIZO.ITAL'»F7.1,
1 'KWAR")

WRITE(S, 3¢) TOTRDI

FORIIATC 'H TOTAL RADIATION INCIDENT ON TOP COLLECTOR
1 ARRAY ', F7. 1, '"KWHR ")

WRITE(S, 48) TOTRDR
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4% FORIATC'H TOTAL FADIATIQ) INCIDEJT 2.0 BIOTTJ: COLLZECTOR
| £ZFRAY ' > F7e 1o "tIWAR")
WRITE(3, 5€) TOTCLI

58 FORIAT( 'H TOTAL HZAT ENERGY COLLECTED EY TOP
1 COLLECTOR ARFAY'»F7.l, '"KWAR ")
WRITE(S, 6£) TOTCL2 :

60 FORIAT( 'H TOTAL HEAT ENERGY COLLECTED BY BOTTOM
1 COLLECTOR ARRAY ', F7.1, 'KWAR ")
WRITE(S, 78) EFCY1

70 FORMAT( '"H AVERAGE COLLECTOR EFFICIEICY (TOP): ',
I F5«1,'%2")

. WRITE(S,8@)EFCY2

80 FORMAT( 'H AVERAGE COLLECTOR EFFICIEICY (BOTTOM): ',
1 F5.1,'2")
DAY=DAY+1.0
HR=0.0
1F(X.GE.-KOUNT)GO TO %9¢
GO TO 101

9y READ(S,28@)A

200 FORMAT(F) ; L
RETURN
EvD

FUICTION CPROCTEP)
. DIMEISION DE(6),CA(6)
Cr#<FLUID DEISITYxxx '
DATA DE/1082.23, 1008+ 52,994+ 59, 985 46, 974+ 63,9 62+ 63/
C#x*SPECIFIC HEAT CAPACITY OF FLUIDwkx
DATA CA/4.22,3%4. 18,4420, 4.22/
KT=1FIX(TEP)
Ca**xDETERAINE THERIOPHYSICAL PROPERTIES OF FLUID¥#x
1T1=-20
1T2=0
Do 128 I=1,6
IT1=1TI1+2¢
1T2=1T2+20
J=1I
1F(KT-GE. IT1.AVD-KT.LT- IT2)G0 TO 202
122 CONTI:NUE
202 DEISY=DE(J)
CAPCY=CACJ)
CPRO=DZISY*CAPCY*1(0@. 0
RETURN
EID : &

SUBROQUTINE SUNPOS(DAY,HR» TMIN, DECL,HAIG ALT)
DIMEZISION EXP(SE, 120©), SPEC(58)
DOUZLE PRECISION FILE ’
COorg10N SP=C, EXP, FILE

REAL LAT,LONG

LAT=57.3

LO:IG=2.0

YEAR=198£.0

ZONE=-1.8

SEC=¢.0

TWOPI=6.2831353
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T=RE+(Tiil.l/60.8)

DELYF=YZAR- 1930+ 8

LEAP=1FIX(DELYR/4.2)

TIME =DELYR*365« 2+LEAP+DAY-1+2+(T/24.3)
IFCCIFIXCDELYR) ) « EQ.LEAP*4) TIME=TI{E-1. ¢
IF(CDELYR.LT. 2.0« AID. ( CELYR«JE.LEAP#4) ) TIIE=TIME-1.2
THETA=360. 8x( TIIE/365.25) xRAD
G=-2.231271-4.53963E- 7T*TIME+THETA )
EL=4.90L968+3+ 6 T4TE-T*TIME+( 8- 433434-2. 3E-9*T1i1E)
1 *SINCG)+0.02E349%SI(2.2%G)+THETA

EPS=0+ 409 140-6.2149E-9xTIME

SEL=SL(EL)

Al=SZL*COSCEPS)

A2=COS(EL)

RA=ATAI2CAL, A2) .

IFCIFIXCRA) .LE. 8)RA=RA+TWOPI
DECL=ASINCSEL*SINCEPS)) /RAD ,
STl=1.759335+TWOPI*( TIME/365.25-DELYR) +3+ GO4E- 7+ TLIE
IFC(ST!l.GE. TWOPI)ST1=5T1-TWOPI
S=ST1-LOJG*RAD+1.00B273 79x( T+ZO.IE) * 15. gxRAD

H=RA-S

HAIG=H/RAD

DECLR=DECL*RAD

PAI=LAT*RAD

ALT=ASINCSINCPHI)*SI:I¢ DECLR)+COS(PHI)*C0OS( DECLR) *COS(H))
AZ1=ASI:NCCOS(DECLR)*SINCH) /COSCALT) ) /RAD
IF(SINCALT) - GE. SIICDECL) /SINCPHI) YGO T 10
IF(AZ1.LT.8.0)AZ1=AZI+36L.0

AZI=180.0-AZ1

AZ1=180.8-AZ1

ALT=ALT/RAD ;

RETURY

ZND

SUSROUTINE SUNRDI(S@, ALT, DECL, HAJG S1)

DIIMEISION EXP(58, 1220), SPEL(5¥),HED(13)

DOUBLE PRECISIQN FILE

COMIMON SPEC, EXP, FILE

REAL LATL,LATR

DATA H3D/Be0,28+2543:85548,6385 7135 77+2,83.2,33.0,
1 93.8,99.0, 181.3, 105.8/

RAD=0.217483293

ACOL=8.95

TILT=78.0

CxxxDETERMINE TAE INTEISITY OF THE HORIZONTAL ZACKGROUID DIFFUSE

Cxmx EADT AT IO TR0k 5K ¢ 5K 3 5K 5 A€ 3 KK K K K K KKK R K 2 6 3 3K K K 3 6 3K O K R

188

ALTI==7.5

ALT2=-2.5

ICOUIT=8

DO 166 I=1,13 .

ALTI=ALTI1+5.9

ALT2=ALT2+5.0

ICOUNT=ICOUNT+1
IF(ALT.GE.ALT1.AVD.ALT.LT.ALT2)GD TO 200
CONTINUE
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oz HASDF=HzD(ICOUIT)
CxxxCHAICE CALCULATION PARAETERS AVGLES I.JTO EADIA (Sxxx
RAD=Z. 81745
LAT=57.2
WZa=190.0
L&TR=LAT=RAD
ALTR=ALT=PAD
WZA=(WZA-180.8)*(-1.8)
AZIR=WZA*RAD
" TILTR=TILT*RAD
HANGR=HAIG*RAD -
DECLR=DECL*RAD
C##**xCALCULATE THE ANGLE OF INCIDEICE OF THE BEAM RADIATIOxxx
C1=SINCDECLR)
C2=C0S(DECLR)
C3=SINCLATR)
C4=COS(LATR)
C5=SINCTILTR) -
C6=COSCTILTR)
C7=SINCAZIR)
C8=C0SC(AZIR)
C9=SINCHAVIGR)
C12=COS(HAIGR)
COSA=C1%=C3*C6
COSB=C1*xC4*C5*C8
COSC=C2xC4=<C6xC1L
COSD=C2%C3xCS*C8*C 1y
COS==C2%C5%C7xC9
C0SI=C0OSA-COSB+COSC+COSD+COSE
C##*xCALCULATE THE BEAM RADIATIQN#**
COSDT-COS(LATR—TILTR)*Cz*CIZ+SIJ(LATR-TILTR)*CI
COSDZ=C4*C2*C15+C3*C1
RBEAIM=ASS(COSDT/COSDZ)
cC=2.0 i
HBDR=@. 78+ 1.3 7T*ALT+56. 1 7%CC
DIRS=(S@-HBDR) *R3EAM
CxxxCALCULATE THE SKY DIFFUSE RADIATIQN*xx
cc=1.0
HBDR2=@. 78+ 1+ @ T*ALT+6. 1 T%CC
DIFF1A=HBOR2%(( 1. @+COSCTILTR) ) /2. &)
DIFF1=HBDR*((1.8+COSCTILTR))/2.2)
C#*xCALCULATE THE REFLECTED GROUND RADIATIONxxx
R0O=0.2
DIFF2=S2%*((1.0-COSCTILTR) )xR0) /2.0
C#*xCALCULATE THE INCIDENT RADIATION ABSORSED BY THE COLLECTOR
C0S21=C0SI*C0SI
C0S31=C0S21*C0OS1
£0S41=C0OS3I*C0SI
COSSI=C0S41=COSI
Cx*xxTRAISHISSION COEFFICIENT FOR DIRECT RADIATIONkx
TDIR=-.02885+2. 71235%xC0S1-3. 62362%C0S21
1 -7-07329%=C0S31+9. 75995%C0S41-3.89922%C0S51
C#*xxABSORPTION COEFFICIENT FOR DIRECT RADIATIQN**x
ADIR=0.01154+@. 77674%C0S1-3.94657%C0S21
| +8.57881*C0S31-8.33135%C0S41+3.21133*C0S51
Cxx*REFLECTION COEFFICIENT FOR DIRECT RADIATIQ:j*xx
RDIR=1.02-TDIR-ADIR
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ECTION COEFFICIZIT FOR DIFFUSE RADIATIO.Ixx%xx
RDIF=1.¢-TDIF-ADIF

C#*xxREFLECTION COEFFICIEIT FOR COLLECTOR SURFACEx*x
RCOL=1.0-ACOL ;
ABTRI=TDIRxACOL/( l«@=(l@-ACOL)*RDIR)
ABTR2=TDIF*ACQOL/C(1.3-C1.8-ACQOL)*RDI F)
S1=A8TR2*(DIFFl+DIFF2)+ASTRI*DIRS

RETURN
END ¥
C
C
SUBROUTINE SUJRD2(S@, ALT, DECL,HAIG, S2)
DIMEISION EXP(50, 1288), SPEC(SE2),HBD( 13)
DOUBLE PRECISION FILE
COM0iN SPEC, EXP, FILE
REAL. LAT,LATR
DATA HBD/@. 0,28.0,43. JJSLI 8163 @,71. 03'77-@;3309188-81
1 93.£,99.0,101.0, 185.8/
RAD=0. 217453293
ACOL=£.95
- TILT=45.0

Cx*xxDETERMINE THE INTEISITY OF THE HORIZONTAL BACKGROUID DIFFUSE
C*x*r«_ADIA; T (0 J K K 3K KK KK KKK K K K K A K A A A AL A0 K A K K K K XK KKK

ALT1=-7.5

ALT2=-2.5

ICOUNT=0

DO 186 1=1,13

ALTI=ALTI1+5.0

ALT2=ALT2+5.0

ICOUNT=ICOUNT+!

IFCALT.GE.ALT!1.AID. ALT.LT. ALT2) GO TO 20¢

1208 CONTINUE
2ee H3DR=HBD(ICOUNT)
'&TZA= lgc- ﬁ

IF(HBDR. GT. SZ)HABDR=50
Cxx*CHAIGE CALCULATION PARAMETERS AVGLES INTO RADIASwxx
LAT=57.2 ' -
LATR=LAT*RAD
ALTR=ALT*PAD
wza=( JZn-ISb.B)*( 1.9
AZ IF=WZAX*RAD
TILTR=TILT*RAD
HAVJGR=HAIJG*FAD
DECLR=DZCL*RA
C#xxCALCULATE THE AIGLE OF IJNCIDENCE OF THE SEAM RADIATIO*xx
C1=SINC(DECLR)
C2=C0S(DECLR)
C3=SIJ(LATR)
C4=C0OS(LATR)
C5=SII(TILTR)
C6=COS(TILTR)
7=SINC(AZIR)
C3=CNS(AZIR)
C9=SIN(HAAICGR)
C12=COS(HAIGR)
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{ L=C1=23=C5
5=C1=xC4xC5xC3
0SC=C2xC4xCexClu
COSL=C2xC3xC5Sx*xC3«C1L
CO:E-CZ*CS*b7*v9
C0SI1=COSA-COSE+C0OSC+COSD+COSE
Cxx*CALCULATE THE BEA1 RADIATIO.J*x%x !
COSDT=COS(LATR-TILTR)*C2xC10+SIJ(LATR-TILTR)*C!l
COSDZ=C4*C2*C12+C3xC1
RBEAM=A3S(COSDT/C0OSDZ)
CC=g.0 '
HBDR=0. 73+ 1« 3T*ALT+6. | 7*CC
DIRS=(SU-HBDR)*REEAM
CxxxCALCULATE THAE SKY DIFFUSE RADIATION**x%x
CC=1.0
HBDR2=0. 78+ 1« G7*ALT+6. 1 7%CC
DIFF1A=HBDR2*((1.3+COS(TILTR))/2.8)
DIFF!=HBDR*((1.Z+COS(TILTR))/2.8)
Cx**CALCULATE THE REFLECTED GROUVD RADIATIONxx%
Rr0O=0.2
DIFF2=S0*((1.2-COSCTILTR) )*R0)/2.0
C*xxxCALCULATE TAE INCIDEJT RADIATION ABSORSED BY THE COLLECTOR
C0S21=C0S1*C0sI
COS31=C0S21=%C0SI .
- C0S4I1=C0S31%*C0OSI1 -
COS5I=C0S4I*C0OS1I
Cxx*TRAISMISSION COEFFICIENT FOR DIRECT RADIATIO:N**x
TDIR=-£.20885+2. 71235*xC0S1-2. 62(362*C0S21
1 -7.07329*%C0S31+9. 75995%C0S41-3.39922%C0SSI
Cx*x*xASSORPTION COCZFFICIENT FOR DIRECT RADIATIO:J%xx*
ADIR=0.01154+08. 77674%C0SI1-3.94657%C0S21
1 +3.57381=xC0S31-3.38135%C0S4I1+3.01138*C0OSS1
Cx**REFLECTION COEFFICIENT FOR DIRECT RADIATIO:%x*
RDIR=1.@-TDIR-ADIR
Cx*x*xTRAVSHMISSION AJD AESORPTION COEFFS. FOR DIFFUSE RADIATN
TDIF=0. 7965 ADIF=0. 056
Cx*x*REFLECTION COEFFICIENT FOR DIFFUSZ P.ADIATIO.J***
EDIF=1.8-TDIF-ADIF
Cx**REFLECTION COEFFICIENT FOR CO..LECTOR SURFAC Ekxx
RCOL=1.2-ACOL k
ABTRI=TDIR*ACOL/(1.2-(1.0-ACOL)*xRDIR)
ABTR2=TDIF*ACOL/(C1.2-(1.23-ACOL)Y*RDI F)
S52=ABTR2*(DIFF1+DIFF2)+ASTR1*DIRS
RETURN
END

.\
N

O Oon
(:) (vl

)

c
Cx*xxEXECUTIVE PROGRAI***
CALL LJITTC120)
CALL Taele
CALL DEVSPE( 12020
CALL MEIUI
CALL DEVEID
CALL FINITT(EZ,730)
END
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