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c

NO}lENCLATURE

The foJ-lowing list of symbols are used in the
texto A prime (t) may accompany any variable as a

superscript to inoicate t.he val-ue of the variab.Le
after a time step. Al-so the subscripts i ano j
may accompany any variabl-e to inoicate that the
variabl-e is caLculated from i to j. A single
subscript of i or j indicates the variabLe is a
property only of node i or node j.

cross sectional area (f1z)

thermal capacity (Btu/oF)

Cp specific heat at constant pressure
( tstu/Lbmo F )

radiation form factor (dimensionÌess)

convection, conduction, or mass flow
conductor (Btu/hroF)

radiation conductor (Btu/hron4)

hc unit convective conductance
(Btu/hrft2oF)

therma.l- conductivity (Btu/hrf toF )

length ( ft)

f luid mass f l-ow rate ( Lbm,zhr )

G

G

L

o
m

-x1I-
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0

S

heat source or sink (Btu/hr)

heat source or sink (oF/hr)

time (hrs )

temperature ( "F )

Tti inLet fluid temperature (oF)

Tf o out le t f l-u id tempera ture ( o F )

T

V vol-ume (f t3 ¡

thermal diffusivity (fL2/hr)

factor relating forwaro and backward
oif f erencing ( dimensionJ-ess )

2))
ddò

)))âx- ây- ðz'

indicates a oifference for the parameter
it is associated with

emittance (dimensionJ-ess )

density ( J-bm/f ¡3 ¡

Stefan-Boltzmann constant (0. I712x10-8
Btu/hrft2 oP4 

¡

-x111--
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ABSTRÀCT

The purpose of this investigation is to compare
the performance of f ixeo f l-ow and variab.Le f low
rate controLJ.ers on a f Lat plate water cooled
soLar energy col-lector system using computer
simuLation techniques. System performance for
each type of control-Ier is achieved by o

constructing a thermal- nath model of the soÌar
coJ.J.ector, storage system, and control-ler, and
then using a finite oifferencing computer program
to calcuLate the temperatures in the system, and
dai J.y system ef f iciencies. The bounoary
conditions required to drive the computer program
were taKen from cLimatic data col-lected on the
Ivlanitoba Legislative tsuilding Solar Demonstration
ProSect, and the Winnipeg fnternational Airport.

A totai of 7 days, with wioeJ.y varying conditions,
were anaJ-yzed. Ai.so, five maximum flow rates,
covering a large range, were set for each type of
controLl-er giving a total of 70 simulations. The
results of these simul-ations consistently inoicate
that the amount of energy col-l-ected by variabl-e
f J-ow rate control-l-ers of fer signif icant increases
in performance only at very high flow rates. Both
control-Lers have virtuaj.J-y the same daily
eff iciencies when operated at the lowerr rnorÊ
practical fÌow rates usually used.

-x 1v-
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1.0 INTRODUCTION

The high costs of f l-at pJ.ate sol-ar energy
collecÈor systems has leo to a requirement to
reduce the cost per unit of collected energy.
Þlany research projects are examining methods of
improving system performance by finding ways of
increasing the net energy co.l-l-ected by the
absorber p1ate. This work concentrates on one of
these methods with the aim of increasing the flat
plate soLar energy co.l-Lector system r s economic
viabi J-ity.

Reoucing heat Loss from a f Lat pJ.ate coÌ.Lector is
one method of increasing col-lector performance
and, perhaps, (depenoing on how costly it is to
obtain the increased performance) increasing the
energy per unit cost. Suppressing convection
between the ambient and the absorber plate by
using such methods as honeycomb structures,
evacuated ce Ìl-s, mu ltiple cover plates, etc. have
been considereo as ways of reducing heat l-osses.
Another method is to reduce radiative heat losses
by coating the glass cover plates on the side
facing the absorber plate with a materiaJ- which is
transparent to solar radiation but reflects
infrared radiation. AÌ1 of these methods usually
aoo significant costs to a flat plate colLector or
are sei-f defeating in that the amount of soLar
energy eventuaJ-J-y reaching the absorber pJ-ate is
significantJ-y reduced. Still another method can
be used to reduce heat losses t,o the ambient. The
amount of heat lost is dependent upon the thermaL
resistance from the coLlector plate to the ambient

-1-
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(a)
(b)
(c)

and the temperature difference between these two
points. l4ost of the methods mentioned previously
deal with increasing this thermal resistance. The
method investigated in this work deal-s with
reducing the temperature difference between the
co.l-Iector p.Late and the ambient.

Collector plate temperature is determined
primarily by three heat sources or sinks

the amount of sol-ar energy,
the amount of heat lost to the environment,
the amount of heat transferred to the
cool-ant "

The f irst is a heat source and is control-l-ed by
local- weather conditions, while the second, a heat
sinkr ilay be adjusted by the methods outLined in
the previous paragraph. The third is also a heat
sd-nk and may be controlled by varying the flow
rate of cool-ant through the collector, thus
controJ.ling col-l-ector plate temperature. A low
flow rate would give a higher plate to ambient
temperature difference maximizing heat lost to the
ambient. Converselyn a very high flow rate would
maintain a small pJ-ate to ambient temperature
difference thus minimizíng heat losses.
Unfortunately, high flow rates require Iarger
pipes and val-ving, consume more power, and present
more of an erosion corrosion problem than do low
flow rates. Clearly, the optimum flow rate lies
somewhere in between, This work compares the
performance gainsr on fLat plate coJ-lectors,
obtained by different fLow rates'

-2-
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Collector plate temperature fl-uctuations can
adversely affect the coo.l-ant control-l-er thus
reducing the amount of energy collected. Solar
energy daily prof il-es are basicaJ-J-y sinusoidal
with a maximurn occurring at 12:00 hours solar
time. Cloud coverage often causes steep, lengthy
drops in solar energy avail-abiJ-ity. The ef f ects
of these non-uniform solar energy profiles causes
large collector plate temperature changes. These
Lemperature fl-uctuations can adversely affect the
performance of solar energy systems which use
fixed flow rate control-Lers (i.e., the flow is
either zero or full fl-ow - no intermediate fl-ow
rates). Fixed f l-ow rate control-Lers usually
incorporate a deadband, simil-ar to home
thermostats which prevents rapid cycJ.ing of the
pump. However, after the pump has shut off, the
collector temperature must rise to some preset
val-ue above the shut off val-ue before the pump is
activated. Therefore, energy is lost because the
pump remains idl-e when it may be able to collect
energy. A pump controller, capable of maintaining
constant colLector plate temperatures should be
more ef f icient than one that allows co.i-Iector
plate temperatures to f l-uctuate. A variabl-e f low
rate controller can maintain, within certain
Iimits, a much more constant col-Iector pJ-ate
temperature by varying the coolant flow rate
according to the difference between the storage
tank and the co.LÌector pJ-ate temperatures. This
study examines these two controllers to determine
if the variable fLow rate contro]ler is nore
efficient than the fixed flow rate controller.

-3-
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Summarizing then, the purpose of this work is not
to optimize a particular controller or to simulate
an actual solar energy system. The objective is
to compare two types of control-lers operating
under identical conditions using real-istic
ci-imatic data (climatic data are a major factor in
determining controller performance). By limiting
the scope of this work to a comparison, it is not
necessary to include al-l- of the components or
attributes of a real- so.l-ar energy system since the
effects of such components or attributes cancel-
when comparing the two control-Lers (as long as the
components or attributes are the same for both
controllers). Therefore variation of system
parameters such as pumping po!{er, inclusion of
tank stratification, cool-ant fluid properties,
storage tank capacity, collector angJ.es various
control-l-er deadbands, etc" were not examined
because it was not necessary and because
parametric studies would greatJ-y exceed the scope
and time limitations of this work. For exampJ-e
the computer time required to examine, sây, four
different control-Ìer deadbands would have exceeded
eight weeks of continuous 24 hours a day running.
Inclusion of varying other system parameters woul_d
have multiplied the effort by severaL times. The
author beÌieves that the 7O simulations presented
in this work are adequate to indicate whether or
not the generally more expensive variable flow
rate controlLer is superior to the on/off
control 1er.

-4-
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2"0 SOLUTION TECHNIQUE

This section reviews previous work
various methods available to predi
system performance, and concludes
technique used in this thesis.

2 "I Generaf

2.2

, examines the
ct sol-ar energy
by outl- ining the

The best method of comparing the performance of
the two types of controllers is to construct two
identical- solar energy colLection systems. One
system would operate using a fixed flow controll-er
while the other would use a variabLe flow
control-ler" Both systems would be closeJ-y
¡nonitored and operated simuÌtaneously under
identical conditions. Operation over a wide
variety of environments would al-low an accurate
comparison of each controllerrs performance.
UnfortunateJ-y this approach was beyond the
resoures available. The probJ-em, then, was to
predict solar energy performance, using the two
types of control-Iers, without reJ-ying upon solar
energy coLLector hardware "

Literature Search

An extensive literature search reveal-ed that
lit.tle work has been carried out in determining
the effect of flow rate and controller type upon
solar energy collector system performance.
Kovarik and Lesse(Ì) developed an analytical model
describing coLlector performance as a function of

-5-



db/2L

mass flow rate. Because of the complexity of the
equations, this model- does not inc.Lude .l-ocal-
f orcing f unctions ( i. e. , insol-ation, wind speed,
etc") and it deal-s only with an on/off fi-ow rate
control-Ier, not a variabl-e flow rate controLl-er.
However, the concl-usions do indicate that
determining the optimal fl-ow rate is a problem
most suited for solution by numerical techniques.

The vast ma3ority of the J.iterature available on
solar systems deal- with experimental or actual
intalled systems. The author bel-ieves this is
probably because the cost to do a proper analysis
used to exceed the cost of actual-Iy building a

system. However, with the decreasing costs of
computing power, certain numerical techniques are
becoming economically attractive (discussed in
Section 4.2). A l-iterature search concerning
sol-ar energy system modelling reveal-ed that
severaf researchers have done work rel-ated to
simuJ-ating sol-ar collector performance without
using solar col-Iector hardware. Siebers and
Viskanta(2), Grossmanr €t al.(3), and Prabkhar et
al. ( ) oeveJ-oped anaJ-ytical model-s of a solar
coll-ector. Unfortunately these analyses are only
in two dimensions and they do not use real-
boundary condÍtions, again, because of the
complexity of the equations. Arafa et aI(6)
indicate the need for a mul-ti-dimensional-
collector model by concluding that for transient
analysis it is inadequate to treat the sol-ar
collector as a single node as is often done in
analytícal studies. Thomas and Vaughan(6) point
out that real- boundary conditions must be used if
the performance of a soLar coll-ector is to be

-6-
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determined with any accuracy. Duffie and
tseckman(7) illustrate that sol-ar system
performance is best predicted using numerical
techniques.

Although these previous works indicate that
numerical techniques are the best method, it is
advisable to review the advantages and
disadvantages of the various methods available for
simuJ-ating solar energy system performance in
order to gain a proper perspective.

2.3 Review of Analytical- and Numerical Methods

A mathematical model of a solar system can be
developed by mathematically describing the so.l-ar
energy col-lector system(7). In developing such
models, many simplifying assumptions must be made,
particularJ-y when describing the boundary
conditions, in order to make the equations
sol-vable. Also, solar collector plates are of ten
treated as large isothermal pl-ates in the
steady-state or as having uniform thermal
conductances to the environment(7). However, the
col-Iector temperatures and conductances vary
spatially as well- as temporaJ-J-y. ALso, real
boundary conditions, such as sol-ar insolation,
ambient temperature, wind speed and direction, are
difficult to describe ana1ytically. Radiation
complicates the problem by making the heat
transfer and energy balance equations non-linear.
The cumul-ative effect of attempting to exactly
model the sol-ar energy coll-ector system and its
boundary conditions leads to extremely complex
sol-utions.

ALternatives to exact soLutions are ap¡.rroximate
numerical- techniques. Approximation methods

-7-
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involve reducing the reaÌ system to a network of
components that simul-ate the real- system. Each
discrete component or node corresponds to an
eLement in the real system and has a1l of the
elementst thermal attributes such as capacitance,
conductancer Eâdiation properties, etc. This is
often termed a lumped node representation of the
system(8). The lumped nodes are interconnected by
thermal- resistances (conduction, convection,
raoiation and mass fl-ow) to form a network.
Errors are introduced by assuming that the nodes I

properties are uniform throughout the node.
However, the error can be made smal-l by decreasing
the node size (thus increasing the number of
nodes). Obviously, a J-arge network of very small
nodes would represent the real- systen with great
accuracy; however, practical considerations are
often the major factor in determining node size.

Using the lumped node approach, two distinct
methods are availabl-e to predict solar energy
system performance.

(l) The resuJ-ting network of a lumped node
representation looks very much l-ike an
ei-ectrical network(8) if electrical symbols
are substituted for thermal resistance,
capacitancesr heat sources and sinks, etc.
An analog circuit board could be constructed
using capacitors, resistors, diodes,
voltages, currents, etc., to represent node
thermal- capacitance, inter-node thermal
conductivity, inter-node mass flow, boundary
temperatures, heat sources, etc. By
measuring voltages at various points in the

-8-
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netvrork, equivalent sol-ar energy collection
system temperatures could be deduced.
However, this system would be costly to
construct (there may be hundreds of
components which would have to be hand
assembl-ed ) and dif f icult to change. If , for
exampJ-e, the collector plate materiaL were
changed or the conductances were caLculated
incorrectJ-y it wouÌd be very difficult and
time consuming to install- the correct val-ues
after the system had been wired together.
Also, there is the problem of simuJ-ating
complex boundary conditions and radiation
heat transfer, for which there is no known
simple electrical equivalent. The analog
circuit board approach is possible but woul-d
have drawbacks.

(2) Another method of solving a lumped node
network is to describe the network
mathematicalJ-y and solve the resulting set of
equations. T\.Jo common methods of
mathematically describing the system are
finite elements and finite differences.

Finite el-ements (9 ) , (10 ) are used primarily in
structural, fluid flow, and thermally induced
stress analysis. The finite element
¡>rocedure is an approximation applied to the
variational form of the general heat
equation. Generally, the problem reduces to
finding a function which minimizes the
integral of a partial differential equation
with respect to each of itrs parameters over
the field of interest. When applied to a
network of nodes, a system of simultaneous
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equations result" The solutions to these
equations give the temperatures at various
points in the system. Although finite
el-ement methods are quite suitable for this
work, a simpler approach is available.

Finite differences (see References (B), (9),
(10), (11), (12) and (I3) are conceptually
and mathematically simpJ-er than finite
elements and are commonJ-y employed in thermal
analysis where stress is not an important
factor. The method used in finite
differences is to replace the derivative in
the general heat equation, which is written
for each node in the network, by an algebraic
approximation. The resuLting set of
equations are then solved for each of the
unknown temperatures. Knowing the
temperature in the solar energy col-Iection
system, the systemrs performance can be
deduced" this is the meLhod that was chosen
to predict the systemrs performance and is
discussed in greater detail in Section 3.

SoJ-ving the set of equations produced by the
finite difference method is an iterative
procedure (for the implicit case discussed in
Section 3"2) which resul-ts in N equations and
N unknowns where N is the number of nodes.
CJ-earJ-y, a large number of equations will-
result from a thermal math model which
accurately describes the real system by using
a large number of nodes. The solution of
these equations must be carried out for each
time step in a transient problem. Thus, if
there are M time steps there will be Þ1 x N

equations to solve iteratively. The only
practical way of solving this set of
equations is by using a digital computer"
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2.4 Àn Outl-ine of the Method Used

A computer program has been written in Fortran(14)
and Assembl-er(15) languages to solve the set of
equations produced by the finite difference
approximation method" t'ortran was used for most
of the program while AssembLer was used to speed
up certain sections" The program was developed
for, and run onr the authorts microcomputer. This
machine was assembl-ed by the author from a number
of individual components specifically for the
purpose of soJ-ving sets of equations at high
speed. Itrs principal hardware features are a
ZiLog Z-804(I6) microprocessor, 64K of memoryr êtì
InteI 8232 (17 ) f J-oating point processor, and over
2 megabytes of on-l-ine storage. Special software
was written for the fJ-oating point processor to
provide much faster arithmetic (four basic
functions plus square root, cube root, logarithms,
etc) than is avaiLabl-e through the standard
Fortran Iibrary. The resulting computer program
is well documented and easy to understand.
Section 4 provides detailed information on both
the computer and the software"

After the computer program rr¿as written and tested,
t.he physical- system was chosen and then modelLed
or reduced to a network so1vabJ.e by finite
d if f erencing. t'lost solar energy coll-ection
systems are flat plate water cooled sol-ar
collectors connected to a water storage tank(18).
The type of coll-ector chosen for this study is the
PPG Standard Al-uminum CoIIector" The author
became famil-iar with this colLector from his work
on the llanitoba Legislative Building, SoIar
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Demonstration Project(f9)n (20), and believes it. to
be typícal of fl-at p.ì-ate col-l-ectors that can be
used in the Canadian environment" This collector
consists of a flat al-uminum plater painted bÌack,
integral tubing, and two g.ì-ass cover plates. The
water storage tank capacity was set at a size
typical for short term energy storage. The water
flow rates in the mode-l- were either variabl-e or
fixed flow raÈe, depending on the control-ler being
tested. Boundary conditions were taken from the
Winnipeg International Airport l"leteorological-
Station(2I),(22) and data collected from the
I'ianitoba Legislative Building SoIar Demonstration
Project(20). Although it was intended to make
these simul-ation runs as reaListic as possible,
the purpose of this thesis is to compare the
performance of two control systems, not to
determine precise actual- performance. Thus
detail-s such as exact tank sizing become
unimportant as long as the size is in the correct
range. Af ter therma.l-Iy modeIJ-ing the system
(discussed in more detail- in Section 5), the
resulting I24 nodes (consisting of I24 heat
sources/sinks, and I24 capacitances), 413
conductors (consisting of conduction, convection,
radiation and mass f l-ow conductors), and the
boundary conditions, were submitted to the
computer program for evaluation.

A total of 70 simulations were run; I0 for each of
the 7 days anaJ-yzed. The 7 days represented wide
ci-imatic variations thus giving reasonab.l-e
confidence in the consistency of the resul-ts. The
l0 runs for each day consisted of 5 simulations
for each type of controller. The 5 simulations
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each imposed a maximum possibl_e flow rate for each
contro.l-Ler allowing a comparison between
controllers over a wide range. Each simul_ation
produced about 20 t000 temperatures giving a totaL
of about 1.4 million temperatures for all runs.
From these temperaturesr system performance was
determined by comparing energy coll-ected to energy
avaiLable. The resul-ts were 7 graphs showing
system eff iciency as a function of fl-ow rate and
control-Ìer typeo Since the volume of data were so
Iarge, it would be impractical- to incl-ude all- of
the supporting data for these 7 graphs.
Therefore, a summary of four graphs for typical
simulations are incJ-uded. The four graphs consist
of:

( a ) f l-ow rate vs. time,

(b) instantaneous energy vs. time,

(c) efficiency vs. (average plate temperature -
ambient temperature)/solar insolation, and

(d) temperature vs. time.

The results of the simul-ation runs are discussed
in Section 6.
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3"0 FINITE DIFFERENCES

This section discusses the concept of finite
differencing and its specific appÌicatíons to
solving heat transfer probJ_ems" The heat equation
is presented and reduced to a form suÍtab-l_e for
describing nodes in a lumped parameter network.
The solution of the set of equations, written
about each node, are shown to be possible by
iterative techniques on a computer. The
representation of a physical- systemrs attributes
in a lumped parameter network is al-so presented.

3 .l- Generaf

A physical system can be thought of as being
composed of an infinite number of infinitely s¡nall
components. Since the components are inf initeJ.y
smal-Ì, this assemblage behaves in exactly the same
manner as the real systenr. Enlarging the el-ements
slightly, connecting each element to its neighbour
with a thermal conductancer and assuming that
their properties (e,9", conductivity, emittance,
etc. ) remain constant throughout the component,
the assemblage will react almost the same as the
reaL system. Obviously an error has been
introduced by discretizing the physical- systern,
but the error can usualJ-y be made acceptab.l.e by
selecting snall- enough eÌements. When a network
or mesh is used to approximate a thermal system,
it is ca1led a thermaÌ math model-" This is the
concept upon which finite differences rely: the
discretization of a homogeneous systetn.

For each component or node that represents a
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portion of the reaf system, an equation can be
written describing the node I s energy bal-ance.
This equation, when written in its exact form, is
the familiar heat equation or the general
diffusion equation which describes tenperature
spatialJ-y and temporaJ-ly. The thermal- behaviour
of the system is described by this partiaÌ
differentia-l- equation" The resulting set of
partial differential equations can be finite
differenced such that the set of partial
differential equations is reduced to a set of
algebraic equations which can then be solved by
reLaxation techniques. The result of solving the
equations is a new value for the temperature of
each node. These temperatures correspond directLy
to discrete l-ocations in the physica.l- systen.
Temperature prof il-es or isotherms can then be
drawn approximating the temperature at l-ocations
between nodes.

The errors inherent in this method can be reduced
to acceptable levels by increasing the number of
nodes" In areas where great accuracy is required,
the node size is made smal1. However, increasing
the number of nodes to gain accuracy increases the
model-Iing effort and increases the computing time
(more equations must be sol-ved). Choosing the
optimum node size is usually based upon the
factors mentioned above and previous
experience(11).

3 "2 FiniLe Ilif f erenci_.¡lg

Once the physical- system has been reduced to a

collection of nodes connected to each other by
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therma.l- conductances, the heat equation can be
used to describe the node ¡ s temperature, spatiaJ-J_y
and temporally. But, since the physicat system is
no longer considered a continuum, then the
analytical version of the heat equation cannot be
used. The heat equation must be discretized or
put in its finite difference form to be valid in
describing the nodal network.

The heat equation is of the form

aT/ðE = o,A2T + s (1)

Assume that materia.l- properties are constant and
that heat transfer is linear, that is, radiation
heat transfer is not present. (Variable material-
properties and radiation heat transfer are treated
J-ater). The lef t side of equation (1) can be
finite differenced temporaJ-ly as:

ðî/At = (r' - T)/Lt (2)

where the prime indicates the new vaLue after the

^t 
time period 

"

Substituting (2) into the left side of (I), it can
be seen that the new or predicted temperature is
based only on the temperature found in the
previous time step.

This type of finite differencing is known as
forward differencing. Forward differencing
produces a set of expJ-icit equations, when written
for the entire nodal network, from which the new
Lemperature can be calculated, Unfortunately this

-16 -



db/3 ¿

method invokes a restriction on the time step if
it is to remain stabLe(Il).

Allowing the material properties to vary with time
and re-writing equation (l) as:

(T' - T)/Lt = c'V2T, + s, (3)

gives a backward differenced equation because the
set of equations produced when (3) is written for
the entire node network is implicit in T¡. The
set of equations must be sol-ved simultaneously
because there exists, in each equation, more than
one unknown. This method does not restrict the
time step and is unconditionally stabLe. However,
the soLution of the equations usuaJ_ly takes much
longer because they must be sol-ved simul-taneously
( usualJ-y by reLaxation methods ) (L2) 

"

A third method of finite differencing is known as
the Crank-Nicholson method. This method uses a
half forward and a half backward difference.
Equation (l) becomes:

(T' - t) /nt = %(*lr + S) + ,¿(a,V2r, + s,) (4)

This set of equations, when written for each node
in the network is unconditionally stable"
However, it is also implicit in Tr. Therefore, a
solution of sÍmultaneous equations is required,
Generally, sotution by the Crank-Nicholson method
is faster(l-1) than backward differencing when
soJ-ving the equations by relaxation.
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A more general form of (1) can be written as:

ar/àt = ß (qv2r + s) + (1 - gl (o,v2r' + s,) (5 )

for 0

If B = L, then forward differencing (explicit
equations and stability criteria) results. When
L/2 < I < I then an impJ-icit set of equations with
stabiJ-ity criteria exist. For ß = I/2 then
forward-backward differencing or the Crank-
Nichol-son equations (implicit equations r r.to

stabiJ.ity restrictions) are produced. If 0 < g

I/¿, then backward differencing (implicit
equationsr no stabij-ity restrictions) resul-t(10) "
The Crank-Nicholson method is preferred for this
work because it gives the fastest sol_ution with an
unconditionally stable set of equations.

Let ß = I/2 and, using the x-direction as an
example, let

+-LLãT/ðx' = (t' - T)/^x

àt/ò¿-=(T-T)/Âx-

where the negative and positive signs indicate the
direction relative to the node. Using this
notation and differencing (5) gives:

av2r+r=*rE,- El* .erE.- Et*Áx ax+ âx Ây trr* ao-'
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0 .ãT aT
;;\*--lts

dz dz
(6)

a,v2r,+s,=L (-E_- 4l+ *14_!T_¡*ax a*+ âx ay ây* ây-

0t.AT' äT'

^, 
(= - 

= 
) + s Q)öz ðz

Using Figure l- as a guide, the x-direction portion
of equation (6) can be written as:

AT AT T-T 1-Td ¿ o_ orvì-g (2 o _ o 1) (B)Âx 'r** a*-' A* t 
o** Ax

which al-so applies to the remaining axes of (6 )

and (7). Letting the node volume V = (^X) (Ay)
( M) r substituting o = k/p Cp, and simplifying
gives:

# (r' - ro) = ttff (rr - ro) . ff (r2 - ro) +

kAY (r. - r ) * Ia{ (r. - r ) * kAz (r- - r ) +
Ay- J o Ly* 4 o d,z 5 o'

ry (r--r)*eo] *ZtLT(ri-r,)+ 
(e)az*bo-oax

E+ (r; - r:) * Lry (ri - r:) * ¡+ (r; - rt) +
Âx-¿oay-JoAy*4c'

k'Az (T: - T,) * k'o? (Tr - T,) + o,)
Az5Oar*bo-o
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where Ax = Ly. Lz, Ay = ¡¡x" 62, Az = 
^ 

x"^y and
Q = p VCpS. The term kAx/Ax is simpJ.y the
conductance from node L to node 0. Simplifying
(9), generalizing for N nodes connected to the ith
node, and assuming Qi is constant over the time
step (valid for small time steps) gives:

2c,NN
;i,ti - *i) - zei* 

r1,. "jr(ti 
- ri) * 

rl, "r,
(r: -

)
rl)

f

(10)1<i<N

The product of the conductance and the temperature
difference between node i and I is simpJ-y the net
arnount of energy transferred between node i and
l. Therefore, by analogy, radiation heat transfer
can be inc.L uded in ( I I ) as :
2c. N

l_--; (T: - T.) = 2Q. + tat t_ r' -Í 
a =.|

N

x {G..(r: - r:)
j=l lr- I r (tjn - r:4) )

Equation (II) must now be put
t{ may be calculated, assuming

4 Ã-- T.) * G_. (r.' - rl) Ì +I la I r-
{c. . (r.

ll- f

+ G.,
l1

(1r )

a form such that
is known.

1<i<N

The only unknowns in equation (11) are rt and rj.
If an iterative or relaxation procedure(J-2) is
used to sol-ve the sets of equations describing the
nodes in the network, then the value used for tj
is the guessed val-ue or the most recent value
avail-able from calculations done on node j.

ln
_tli
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Rearranging (fl) gives:

(Ti) +cT'i+d=0

N

x
j =l-

(12)

( 13 )

(14 )

1<i<N
where

N
¿w.

l)

At * l=t!ic = 
-N---_ G..¿ lr

j=1
and

1^ñ¿e .'L' . N
fl = - t-Ìf + 2e. + 

"iiei - ri) +
)=t

^¿-¿.G.,(r: - r.)lr I I

N

+ t G.,T:
r-1 l] lJ-I

N^ÂN
+ r c..li-j / r c..-la I -ll-

J=l- j=l J -

1<i<N

Equation (I2) is a special quartic equation.
References ( 23 ) and (24) give the sol_ution Lo this
type of quartic. A sol_ution to (12) is as
f ol- lows :

Equation (L2) has the resol-vent cubic equation

y3-Ady c2 =0 (l_5)

the roots of this equation can be used (by the
methods of reference (¿4) ) to obtain the roots of
(I2). The roots of (l-5) are given by reference
(23) as:

Let

p = 4ð/3

and

-2I-
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q - "2/2
( 17 )

t.hen for q2-n3 po"itive, (note that d is negativeo
therefore p3 is negative), there is one real- root:

Yl = ( 18 )

The other two roots are imaginary. Now ]et

R =\,6 (te)

then

(20)

giving the only, meaningful, real. root for (12) as

ri =-R/2+E/2 (2r)

The solution of (I2) for each node in the network
provides a new val-ue of the temperature for the
node. After several iterations through the node
network, the new tem¡>eratures converge for each
time step.

The accuracy of the solution is linited only by
the accuracy of the constants, round-off error in
the calculations and the amount of computation
time availabLe. For most practical_ situations,
computation is halted when the calcuLation of r,i
from the most recent iteration differs from the
calculation of r! from the previous iteration by
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some smal--L value.
o"05 oF (o"03oc)"

The val-ue used in this work was

A.Lso, the time step used in the program \¡ras varied
between 30 seconds and two minutes. Short time
steps were used when the fLow rate was high in
order to prevent more heat from being withdrawn
from a node by the water than the node could
suppJ-y. Larger time steps were used f or low or
zero flow rates to reduce computation time.

Equation (I2) gives the new temperatures for
diffusion nodes (nodes with capacitance) on1y.
Boundary nodes have no capacitance; their new
val-ues are calculated by interpolating known data.

3.3 Representation of Physical_ parameters

The equations developed in Section 3.2
parameters which describe the thermal
characteristics of the nodal network,
parameters can be broken down into two
categories: nodal and inter-nodaI.

conta in

These
bas ic

NodaI parameters consist of thermal capacitances
and heat sources or sinks. The thermal
capacitance (Btu/oF, (J/oC)), Ci in equation
(L2), is simply a product of the noders mass and
itrs specific capacitance. The heat sources or
sinks, Qi in equation (L2), are found by summing
alL heat sources or sinks (BtuÆrr, (W) ) impressed on
t.he node. Note that both C1 and g1 can change
with respect to time, however, they are assumed
constant during the time step increment because,
in this work, the time steps are very smaLl. That
is, C1 and Qi cannot change while the set of
equations is being solved"
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Inter-nodal- parameters consist only of
conductors" Conouctors breakdown into four types:
I) conductivity, 2) convection, 3) radiation, and
4) mass f l-ow. Conductivity can be found by using
the foJ-lowing formula:

k..A..
G.. = Jt rr (22)
la L. .

lr-

Convective conductance is found froln:

Gjt = hcji Ar

Radiation conductance is cal-culated byt

G:i = m¡iCp

(24 )

The first three types of conductances al-Iow heat
transfer in both directions. l"lass flow
conductances, such as an incompressible fLuid
flowing from one node to another, all-ow heat
transfer only in the direction of fluid flow.

4t = oeiA, F¡i

(23)

(2s )

UntiL now, only diffusion nodes (i.e., nodes which
can store heat) have been discussed. Another type
of node, cal-Ied a boundary node, dif fers froln the
diffusion node in that it cannot store heat.
Boundary nodes are connected to the diffusion
nodes and are used to drive the thermal- network or
model by appJ-ying transient temperature
fLuctuations at certain locations on the modeL.
In this work, boundary node temperatures are found
by interpoJ-ating known ambient data.
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4"0 THE COI"IPUTER PROGRÀM

This section discusses the type of computer system
the thermaÌ analyzer program was run on and then
highlights the features of the program.

4. I GeneraÌ

In Section 3, the equations used to solve for the
temperatures in a therrnal_ math model were
derivedo Since the equations each contain more
than one unknown, they must be solved iteratively
by using a relaxation procedure. Each equation
requires many arithmetic operations such as square
roots, cube roots, squares, cubesr âs well_ as
multiplications, divisions, additions and
subtractions. Because of the large number of
cal-cul-ations required, a computer must be used to
so.l-ve for the temperatures in the thermal math
mooeL. Section 4.2 briefly discusses the type of
computer used in this work and indicates how the
software b¡as written to take advantage of the
computer I s hardware.

The software written to sol-ve the set of equations
vùas designed to give fl,exibility as wel_I as
speed. It is written in both Fortran(J"4) and
AssembJ-er(I5) languages" Because all of the
software is very well documented, only a brief
description of programs and subroutines are
presented in Section 4.3" It is highly
recommended that the reader refer t,o the software
listings in Appendices I, II and III which contain
complete oescriptions of each software unitrs
function, inputs, out¡>uts, subroutines referenced

-25-



db/4r

and restrictions as to its use"

4"2 The Computer System

The computer used in this work was a Z-8r)
microcomputer. Itrs hardware features are: a
z-804 microprocessor(16), 64 Kbytes of random
access memory, 2 megabytes of disk storage via two
doubl-e sided, double density, B-inch floppy disk
drives, a clock, a floating point processor
(FPP) (17) ,(25) and several I/O ports" The
sof tware used on this machine is the Cp/Iq('26)
operating system with the Cromemco Fortran IV)(I4)
anci Cromemco Z-80 lvtacro Assembl_er(15).

Although this machine and the software represented
a state-of-the-art ¡nicrocomputer system, the
program developed in this thesis taxeo the
system¡ s capabilities. OriginaJ-1y the f loating
point processor hardware was not available and the
program was written entirely in Fortran. However,
it was found, during the development phase, that
program execution times trere excessive (about 24
hours per simul-ation), ObviousJ-y the development
of the program, which invoLved a J-arge number of
runs before it was debugged, required increased
speed to run the 70 simulations.

Two bottlenecks in the program were found. The
f irst bottl-eneck þ¡as found in the subroutine
call-ed SEARCH. This subroutine is used
extensively in subroutine SOLVE. Rewriting SEARCH
in assembly language (see Appendix II)
significantly reduced execution times. The second
bottleneck was due to the way Fortran does
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arithmet.ic. Þlost microcomputers perform al-l
arithmetic in software, that is, the CPU does
multipJ-ication by executing a muItipÌy
subprogram. An aÌternative to t.his approach is to
use special hardware which is designed
specifically to do high speed
arithmet.ic(17),(25)" The InteL 8232 (a faster
version of the Advanced lvlicro Devices 9512
mentioned in Appendix III ) FPP is one such special
purpose integrated circuit. When the FPP was
installed and the software vras written (see
Appendix III ) to interface it to the thermal
analyzer program, further reductÍons in execution
times resuLted. The increase in speed was due not
only to the faster computations provided by the
FPP, but also because the 2-804 and the FPP were
set up for pipelining or parallel processing which
all-owed simultaneous execution of the software.
The results of these improvements reduced
execution times by about a factor of l-5.

For comparison purposes, the author ran the
thermal analyzer program, using a Fortran version
of subroutine SEARCH, on a computer service
bureaurs CDC 6600 computer system. The cost for a
single run was approximately 96000. Therefore,
for 70 simulations, the cost would have been
approximately Ç4201000. The microcomputer costs
about Sf0r000. Based on these costs it is easy to
justify the purchase of the microcomputer for this
kind of work"

Anyone considering running the thermal- analyzer
program on a service bureau computer system shouLd
bear these costs in mind, Translating the code
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4.3

given in Appendix II into the service bureau's
assembJ-y code would probabJ.y be wel_l- worth the
effort. It is doubtful that implementing the Fpp
routines would offer any speed improvement over
the service bureau computer system. However, if
the thermal analyzer were to be run on a
microprocessor the user wouÌd be wel-.L advised to
instal-l- a fJ-oating point processor and impJ.ement
the software given in Appendices II and III.

The Thermal- Anal-yzer Program

The thermal analyzer program was written in both
Fortran and assembler language. The main program
and most of the subroutines are written in
Fortran. One subroutine is written in assembfer
to provide a faster search for adjoining nodes
than is possible using Fortran. A number of other
subroutines were written in assembler to replace
the Fortran supplied arithmetic routines and use
the InteL 8232 floating point processor for
arithmetic computations. It must be emphasized
that this section presents only a brief overview
of the thermal analyzer program. t"luch more
comprehensive information may be found in the
listings of Appendices I, II and III. This is in
accordance with good programming practice which
requires, among other things, that the software be
self-contained; the software should contain it's
own documentation. AIl of the software presented
in the Appendices was written by the author with
Lhe exception of subroutine DCSINT which was taken
from the Association for Computing Machinery
Algorithm Number 547 (¿7 ) "
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The main program l-isted in Appendix I, is caLled
THER¡{AL" IL calls upon many subroutines, most of
which are in the Fortran libraries, to cal-culate
the new temperatures in the thermal math nrodel.
The first task of THERI"IAL ís to read in the run
parameters from file RUNDATA.DAT. This file
contains the information necessary to do several
simulation runs. The next step is to load all of
Èhe parameters that describe the physical- system,
from file CLCTRDAT.DAT, and (e.9., from file
B7800l"DAT) and then load the boundary
conditions. This is accompJ-ished by subroutine
GETINP. The input data are then converted to the
proper units via subroutine CONVRS and the
boundary data are set up for spline interpolation
using subroutine DCSINT. Node areas are converted
Lo square feet and then the radiation conductors
are set by subroutine STRADK. Initial-
ternperatures are set to the ambient temperature to
give the first approximation or. guess in the
iterative solution of the set of equations written
for each node. This is a good first guess since,
after the collector has cooled overnight, the
temperature of the entire collector woul-d be very
cl-ose to the ambient temperature" Note that all
of the simulations start prior to sunrise.
Finally subroutine SOLVE is called to solve Lhe
set of equations and predict the new temperatures
for each node "

Subroutine PRE is called by subroutine SOLVE (the
listing for SOLVE is in the thermal library in
Appendix I) prior to calculating the new

temperatures for each tine step. This subroutine
contains a.l-I t.he logic necessary to simulate a
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fixed flow and a variable flow rate solar energy
control-Ler" FIuid fIow conductances are set by
subroutines STFLOW and STTUBK. The time step is
adjusted in this routine to ensure that soÌution
accuracy is maintained. Boundary conditions are
recafculated by interpoJ-ating the boundary data
using function SPLEVL and set by routines STPLHC
and STFLUX.

Subroutine POST is called by SOLVE after the set
of equations has been solved. This al-lows
adjustment of val-ues prior to entering subroutines
PRE or PRNOUT. It is used in this program to
restore the correct heat flux val-ues in the Q

array using functions SPLEVL and subroutine
STFLUX.

Subroutine PRNOUT is caÌled by SOLVE at preset
interval-s. Its prime f unction to al-Iow printing
the current temperatures, capacitances,
conductances, etc" This routine also prints the
current time, the time between printouts, the
totaL number of iterations and a few other
parameters concerning the programrs progress.

Subroutine SEARCH is an assembly language routine
that has been designed to replace a slower Fortran
routine. The f unction of this subroutine .is to
perform a binary search through the arrays NA and
NB to find which nodes are connected. If an
adjacent node is found, the routine returns to
subroutine SOLVE with IROW pointing to the
location of the conductor in array G" Again, the
documentation in subroutine SEARCH is sufficient
to explain itrs function and use"
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The floating point processor routines were al_so
written in assembl-er. This software interfaces
the Fortran programs to the Intel_ 8232 FPP giving
significant increases in execution speed. The
muJ-tiply, addition, subtraction, and division
routines in the Fortran library are named Sl'18,
$AB, $Sg and FDB respectiveJ-y. These routines
have the same names in the FPP library ano they
repJ-ace the Fortran versions when alL the
subroutines are l-inked together giving
approximately 10 times faster arithmetic. The
subroutines ELOG, ESQRT and CtsRT perform the
functions of natural algorithm, square root and
cube root. These routines run approximateJ-y 23
times faster than the Fortran versions. These 7

subroutines represent the most heavily used
arithmetic functions in the thermal- analyzer
program. The interested reader is referred to
Reference (28) for more information on the
algorithms used in these routines.

Numerous other subroutines are required to run the
thermal- analyzer program. As these subroutines
r,¿ere developed and debugged they were compiled and
placed into either the thermal- library or the
Fortran utilities library of relocatable object
modules" I'iost of these routines dea.l- with
adjusting the parameters in the thermal math
model. Others, such as GTTIME which is used to
obtain the current time of day from the systeln
cl-ock, are general utility subprograms. If one
were to run the thermal- anaJ-yzer on another
computer system, the documentation in each routine
shoul-d be read to determine if the routine is
appl icable "
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A number of variables in the common block CONST
are used to control the operation of the program.
The variables and their functions are:

NNOD the totaL number of nodes in the
thermal network

NCOND the totaÌ number of conductors in
the thermal network

NA¡4SIZ the number of four byte l-ocations
used to store the name of the run
in ANAI"IE

NLOOP the maximum number of iterations
all-owed on the thermal- network

LOOPCT the actual number of iterations
performed

OUTPUT the output interval_. This variabl_e
defines when subroutine PRNOUT is
cal Led

TII'lEÌ'l the mean time = (current time -
l-ast tine) /2

TI¡'IEND the time at which the program is to
terminate

TII'IEO the previous or old time
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DTII'1EI the user specif ied time step used
to advance the program through the
s imulat ion

DTIIvIEU the time step actualJ_y used

DRLXCA the al_Iowable maxi¡num temperature
change between iterations. Used
for determining if the iterations
have converged to sufficient
accuracy

DRLXCC calcul-ated maximum temperature
change. DRLXCC for aÌl nodes must
be Less than DRLXCA.

NDRLXC the node with the largest
temperature difference between
iterations. UsefuI for debugging
the thermal network

TII"¡EN the current time in the simulation
run. Interpolation routines use
this value for calculating the new
boundary conditions.

Atl of these val-ues are set in the BLOCK DATA
subroutine. Note that timer âs used above, means
the time in the simulated run.
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5.0 THERI"IAL lvlATH MODEL

This section presents the sol-ar energy system
selected for this work, discusses how it is
thermally modelLedr and gives the model-,s nodal
breakdown and conductor layout. The input data
and boundary conditions are also presented. The
controJ-Ier software is discussed at the end of
this section.

5. I GeneraL

Àfter the thermal- analyzer program has been
developed, the solar collector system must be
sel-ected, modelled and its parameters input to the
program. RecalÌ that the purpose of this work is
to compare sol-ar energy coll-ector system
performance using two different controllers.
Therefore the system modelled need only
approximate a typical real- soLar energy col-l-ection
system. As J-ong as both controll_ers interact with
the same model then the comparison between the two
control-Lers wil-1 be va1id.

The soLar co.l-Iector system selected for this work
consists of a set of parallel flow flat plate
water cooled collectors connected to a water
storage tank. A pump, controller, and piping
delivers water from the storage tank to the
collectors and then back to the storage tank.
This closed system uses no heat exchangers and,
for simplicity, assumes that water is always in
the collectors, i.eo¡ the water contains a
substance to prevent freezíng so that a drain down
is not required. Heat losses from t,he piping and
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5.2

storage tank are considered negligibJ-e. The
co.l-Lectors are south facing and incl-ined at an
angle of 70" to the horizontal. The coll-ectors
are doubl-e glazed fl.at plate water cooled
coLlectors bounded at the back by an attic (i,e.,
the coLLectors are ¡nounted on the roof of a

house). The controller compares col-Lector outlet
water temperature and storage tank temperature to
determine if the water fi-ow rate must be
adjusted. This system is typical of the kind that
wouLd be installed for space heating in V'Jinnipegr
l"lanitoba (Latitude 50o ). Figure 2 shows the so.l-ar
energy coll-ection system used in this work.

The collector chosen for this work is the PPG

Standard Al-uminuln Col-lector (the manuf acturers
data is included in Appendix IV). The author
gained experience with this collector while
working on the sol-ar demonstration project on the
I'lanitoba Legislative Buil-dings in Winnipeg (I9 ) .
The author beLieves this col-lector is well
designed and constructed and is aLso
representative of water cooled coll-ectors.

Node Breakdown

The system shown in Figure 2 must be broken down
into nodes in order to predict temperatures using
the thermal analyzer program. To reduce program
execution time the number of nodes in the model-
must be kept to a minimum. Therefore a scaled
down system has been mode]led which consists of
one collector, a controlJ.er, a pump and a storage
tankn Since the colJ-ector is symmetrical about
its longitudinal centreline, a further reduction
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in the number of nodes may be real-ized by
modelling only one hal-f of the col-lector. Also,
large nodes are used where the temperature
gradients are small thus keeping the number of
nodes to an absolute minimum without sacrificing
accuracy, calcuJ-ation of capacitances and
conductances are by the methods outlined in
Section 3.3. The reader is referred to Appendrx V

which gives a complete listing of the thermal math
model data.

The coLlector modelLed for this work is the ppc
Standard Al-uminum Col-Iector (see the manufacturers
data in Appendix IV). BasicalIy, this coLlector
consists of an aluminum absorber plate, painted
b1ack, with integral tubing bounded on the top by
two glass cover plates. The back of the absorber
is covered with fibregl-ass insulation.

The absorber plate was modelled by a J-arge number
of nodes (tota1 of 56) to maintain accuracy (see
Figure 3). Each absorber node had sol-ar energy
impressed upon it in subroutine PRE by
interpolating the solar boundary data, taken from
the Solar Demonstration Project(2tJ) , and then
calling subroutine STFLUX which mul,tipJ-ies the
flux times the noders area and the soLar
absorbtivity of the paint and stores the result in
the Q array.

The absorber nodes are coupled to each other by
conductances. Figure 4 illustrates typical
absorber nodes that are conductively joined. Edge
losses are very smalL because: a) the absorber
plate is separated from the edge channeL (i.e.,
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t.he collector frame) by insulating tape and b)
there is l-ittle contact pressure between the
absorber plate and the edge channel-. All of the
absorber plate nodes are conductiveJ-y coupled
through the fibreglas backing to the attic node.
The attic node temperature $ras set (arbitrarily)
to be 20oF above the ambient temperature. Note
that, because of the high thermal resistance from
the absorber plate to the attic node, the attic
temperature does not have to be known with great
accuracy. All- of these conductors are constants,
that is, they do not change with respect to time.
Conductor vaLues were pre-calculated (using the
methods of Section 3.3 ) and put into file
CLCTRDAT,DAT in the conductor data block.

The absorber nodes are aLso connected to the
inside glass cover plate by radiation (calculated
by STRADK) and convection conductances (calculated
by STPLHC). RadiatÍon form factors between the
absorber pJ-ate and the inside glass cover pJ.ate
were assumed to be 1.0 because the two plates are
very closely spaced. For the same reason,
radiation and convection was assumed to occur onJ,y
between nodes which are directly opposite each
other.

Nodes describing the glass cover pJ-ates are much
larger than the absorber nodes in order to reduce
computation time. The glass cover plates are
largely isothermal and therefore 1itt,Ie accuracy
is lost by using J-arge nodes" The inner glass
cover consists of 12 nodes while the outer gJ_ass
plate consist.s of only 3 nodes. Convection
conductances between these plates is set by STPLHC
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in subroutine PRE. Convection conductance from
the top cover plate to the ambient is calculated
by STPLHC using the wind speed and direction.
Radiation al-so occurs between the top cover pJ.ate
and the sky. The val-ue for this conductance is
set by subroutine STRADK"

l"lost of the heat col-l-ected by the absorber nodes
is transferred to the water in the tubes.
Forty-erght nodes, representing the water in the
tubes¡ âE€ coupled to the absorber pJ-ate nodes via
subroutine STTUtsK. Subroutine STFLOI.J sets the
fluid node to fluid node conductance.

The storage medium consists of 450 l-bm of water in
a storage tank. For simpJ-icity, it is assumed
that the tank is perfectly insulated and that the
only heat transfer that occurs is via the pipes
connecting it to the sol-ar col-lector. Subroutine
STFLOW couples the tank node to the inlet and
outlet nodes of the collector"

All of the nodes which have been discussed so far
have been diffusion nodes, i.e., they can store
heat because they have capacitances. A second
type of node, boundary nodes, have zero
capacitance. These nodes consist of the ambient,
Èhe equivalent sky temperaturer ând the attic
temperature. Temperatures for these nodes are
interpoated in subroutine PRE from data taken from
the Winnipeg Int.ernational Airport, lleteorological
Station.
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5"3 Controllers

Two types of controLlers are compared in this
work. The first type is an on/off control_l_er
which is capable of circulating water to the
coLl-ector at only two fl-ow rates: zero or the
pumprs maximum capacity, The second type of
controlLer can circu]ate water at an infinite
number of flow rates varying from zero to the
pumprs maximum capacity.

Both control-l-ers sense the difference between the
collector outÌet temperature and the storage tank
to determine the fl-ow rate. For the on/off
controlJ-er, a temperature hysteresis r.ras included
in the algorithm to prevent rapid cycling of the
pump. The variable flow rate control_ler aJ_gorithm
varied the fl-ow rate linearly over a smal_I
temperature difference range. Subroutine pRE

contains both of these aJ-gorithms.

A wide range of f.l-ow rates were used to establish
the performance of each controll-er. Five maximum
f l-ow rates of 500 , 250 , I25 , 62 "5 and 31.25
lbm/hour (I35, 67.5, 33.7, ]6.9, 8.4 Xg/hr-n2)
were set for each controller. There are seven
days to analyze (see Section 5.4) , f ive f l-ow
ratesr ând two controll-ers, therefore a total of
seventy simulations have been run.

5"4 Boundary Conditions

The boundary conditions for this work were taken
from the SoLar Demonstration Project on the
Legislative Buildings in Winnipeg, Manitoba(20)
and from the Winnipeg International- Airport,
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l"leteorological Station(20) , (22) " The solar f l_ux
on a south facing pJ.ane incLined at an angle of
70o to the horizontal was taken from the data
collected on the SoIar Demonstration Project. The
ambient temperature, wind speed, and wind
direction were taken from the airport data.

These data vrere interpoJ-ated in subroutine PRE,
using time as the independent valuer and then
input to the thermaÌ model. Heat flux val-ues were
inter¡rolated and appJ-ied to the absorber plate
nodes. Temperature and wind data were
interpoJ-ated and applied to ambient, sky and attic
temperatures and to ca-LcuLate certain
conductances.

The boundary data required to run the thermal
analyzer program for the following seven days are
included in Appendix V.

TABLE ]

RUN CODES

Run Code Date

77 23r
77 377
77 347
77360
7800r_
7 8002
78007

August 19, 1977
December 3, 1977
December I3, I977
December 26, 1977
January L, 1978
January 2, I97B
January 7, I97B

Data for these dates provides a wide variation in
boundary conditions which al-Iow a good comparison
to be made between the two types of controllers.

-40-



db/56

6 " O RESULTS

Because of the large amount of data produced from
the seventy simulations (there are over I.4
million temperatures) the data have been reduced
'to graphicaL form. The types of graphs plotted
are:

(a) Boundary Data

i ) Sol-ar Insolation vs. Time
ii ) Ambient Tem¡>erature vs. Time
iii) Wind Speed vs. Time
iv) Wind Direction vs. Time

Note that in ii i ) above l.lorth is 0 radians, I{est
is 1 . 57 rad i-ans .

(b) Simul-ation Data Output

i) Fi-ow Rate vs" Time
ii) Instantaneous Energy vs. Time
iii) Efficiency vs" (Tav-Tamb)/r
iv) Temperature VSo Time

A typical set of pJ-ots for December 3, 1977 is
given in Figures 5 to 48"

Ten points were plotted for each hour of simulated
operation giving 100 data points per curve in the
Figures 5 to 48, The curves were made smooth by
using subroutine DCSINT(27) to fit cubic
polynomials to the data"
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The FIow Rate vs" Time graphs show how t.he
control-1er is reacting. For the on/off. controller
change from zero flow rate to the maximum flow
rate indicates that the pump has been commanded on
by the controller. Conversely, a change from the
maximum flow rate to zeÊo inoicates the pump has
been turned off. CycJ-ing of the pump is shown
(especialty in Figure 25) by a series of spikes.
The same holds true for the variable fl-ow rate
controll-er except that the transition is much more
gradual.

The on/off controller subtracts the tank
temperatures from the collector pJ-ate temperature
near the exit manifold and compares this resul_t
with the on and off set points. When this
dif f erence exceeds J-2 " 6oF ( 7 " 0"C ) the control-l-er
turns on the pump which then forces water through
the col-l-ector. If the tank and collector
temperature difference is less than 5.4oF (3oC)
the pump is turned off and the flow rate through
tþe coÌl-ector is zero. The spread between the on
and off set points is the hysteresis built into
the control-l-er which reduces cycling of the pump.
The Flow Rate vs. Time graphs shown in Figures 9,
13, L7, 2l and 25 illustrates an increasing
tendency to cycling as the maxi¡num flow rate is
increased. This is because the col-Lector plate
temperature is held closer to the tank temperature
as the fLow rate is increased. Therefore the
temperature difference between the collector plate
and the tank is much closer to the on and off set
points thereby causing cycling of the pump when
there are changes in the solar ffux. This causes
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a decrease in collected energy because the fl_ow
rate is zeyo while the controLLer waits for the
coll-ector temperature to rise. Evidence of this
can be seen in Figures 51 to 57 by the drop in
daily efficiency at the higher flow rates for the
on/off control-l-er"

The variable flow rate controller adjusts the fl_ow
rate linearly between the same limits (see
Subroutine PRE in Appendix I). The result is that
the flow rate can be seen (by overlaying the
graphs) tracking the solar fÌux. Thus, cycling is
avoided and the temperature of the absorber plate
is maintained closer to the tank temperature at
the higher flow rates. Note that at low flow
rates the profile of the FÌow Rate vs. Time curves
(Figures 9| I3, 29 and 33) are aLmost identical
since both controllers are operating at the
maximurn flow rate. This accounts for their
similar performance at l-ow flow rates in Figures
51 to 57.

The Instantaneous Energy vs. Time graphs compare
the amount of energy collected against the amount
of energy available over the six minute time
period (i.e", simu.l-ated time) between printouts.
Figures 10, L4, f8, 22 and 26 generally show a
larger amount of the availabl-e energy is collected
as the maximum fl-ow rate is increased" A minor
exception to this occurs at the higher flow rates
when the on/off controller is cycling the pump
rapidly. Rapid cycling of the pump produces
incorrect readings for the outlet to completely
flow through the collector. This does not affect
the calculation of daiJ-y ef f iciency (the primary
ob3ective of this work) because the storage tank
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stil-l- receives the correct mass and temperat,ure of
water" To compensate for this probJ-em on the
graphs the collector instantaneous energy curves
were drawn by hand, omitting those parts where the
pump was cycling rapidly.

The Efficiency vs. (Tav-Tamb)/f curves illustrate
the collector efficiency as a function of average
absorber pJ.ate temperature ambient temperature and
solar insolation. Note that the efficiency tends
to increase as fLow rate j-ncreases. Pump cycJ-ing
causes scattering of the data for the on/off
controller at higher fi-ow rates (especially in
Figure 27 ) because of difficuJ-ty in determining
the average plate temperature Tu' (which is found
by area averaging all- the absorber plate nodes in
the thermal model)" Again, this is caused by
rapio pump cycling which does not alLow the water
to completely flow through the col-l-ector before a

"snapshot" of the temperature profile is taken,

The Tem¡>erature vs. Time graphs are included to
indicate the effect the control-l-er and the f]-ow
rate have upon collector temperatures" RecalL
that by maintaining a smaÌI absorber plate to
ambient temperature difference, the heat l-osses
from the collector are decreased. For both the
on/off and the variable fl-ow rate controller, the
collector plate temperatures are reduced as the
flow rate increases. Note that at the higher fl-ow
rates (Figures 20 and 48) the absorber plate
temperature is maintained very cl-ose to the tank
temperature. The on/off control-ler however must
cycle rapidly to accompJ-ish this. The small, peaks
and valleys in the temperature profile, due to the
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high flow rate and the changes in solar fIux, of
the absorber plate represent periods when energy
is not collected because the controller has turned
the pump off and is waiting for the temperature to
rise again. The variable flow rate controller
simply adjusts the flow rate to maintain a

constant temperature difference between the
collectors and the tank, therefore, the collector
temperature profile of Figure 48 is much smoother.
This corresponds to a greater amount of energy
collected than by the on/off controller.

Figures 49 and 50 are 3-dimensional plots showing
the spatial vaiation of temperatures on the
absorber plate. Note that the ambient temperature
is not to scale. Figure 49 is a "snapshot" of the
absorber plate temperatures taken just after water
had started flowing through the collector. Vùater
entered at the bottom (lower left hand side of the
graph) centre and began moving through the collector.
Figure 50 shows the absorber plate temperature at
13:00 hours. At this time the water flow is well
established. The depression at the bottom centre
of the collector clearly shows where the water enters
the collector. In both diagrams the non-isothermal
nature of the absorber plate can be easily seen.

The author believes that by treating the solar
collecÈor as a non-isothermal plate and employing the
basic heat transfer equations in a finite dj_fference
model of a solar collector, an accurate comparison
between the two types of controllers
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has been achieved" The techniques given in
Reference 7 usually treat the sol-ar coll-ector as
an isothermal plate and usè many simplifying
assumptions when analyzing a sol-ar energy system.
Although the techniques of Reference 7 are quite
suitabl-e for overall- design purposes, the author
believes that much more detailed methods are
needed when anaÌyzing the effects of controLl-er
systems which require continuous, accurate sensor
data in order to operate correctJ-y. Computer
simulation methods that use a finite difference
approach can achieve the goaJ- of greater accuracy
especially in transient cases.

The collector efficiencies predicted by the
com¡>uter program can be compared with the
manufacturerts test data given in Appendix IV.
The simulation data used in this comparison was
from day 77.337 with a fLow rate of 62.5 lbm/hr
(16"9 Xg/hr n2) and an ambient temperature of
-10oF (-23oC). The manufacturer's field test data
is plotted in Figures f 0, l-I and 12 of Appendix
fV. Figure 10 was used for this comparison,
because the ambient temperature more closely
approximates the ambient temperature used in the
computer program than either Figures Il or L2. By
comparing Figures 10 and 1l of Appendix IV it can
be seen that as the arnbient temperatures decreases
from 100oF (38oC) to 50oF (10"C), the effÍciencies
are raised by about 5 to I5t when f = 100oF
(38oC) and the sol-ar insol-ation is between 150 and
200 Btu/hr-ft2 (473 to 630w ¡¡'t2oc¡. Therefore it
would be expected that the computer program (which
for day 77 "337 used an ambient temperature of
-l-0oF (-23oC) ) would predict ef f iciencies 5 to 158
Less than those predicted by Figure L0 in Appendix
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IV. To compensate for this, the efficiencies in
Figure 10 were corrected by adding the difference
in efficiencies between Figures 10 and lt at the
same AT and solar insolation. Since the
difference in ambient temperatures between Figures
10 and lL was 50oF (-23oC), then the corrected
efficiencies woul-d approximate efficiencies at an
a¡nbient temperature 0 oF (-18 oC ) .

TabJ.e 2 presents data taken from the simul_ation of
day 77 "337. The control-Ìer was a variable fl-ow
rate type and the maximum flow rate was set at
3"47 lbm/hr-ft2 (16.9 Ks/hr-m2). Note that fro¡n
J.0: U0 to l-5: 00 hours the f l-ow rate vras constant at
its maximum rate. Col-l-ector ef f iciencies were
calcul-ated from the simulation data using the
following formula:

n = ñ 
"n 

(Tto tti) (26)

where
ï

ñ = 3.47 tbm/hr-ft2 (16.9 xg/hr-m2)

and

Cp = J-. 0 Btu/l-bmoF ( 4l-88 J/s-Kg- oC 
)

Some differences between the predicted and the
corrected measured efficiencies were expected
because the computer program was simulating a
transient collector system with widely fluctuating
solar insolation (see Figure 5) instead ofa
sÈeady-state system with a fairly constant soLar
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fl-ux. However, the corrected measured
efficiencies and the predicted efficiencies do
correlate reasonably well.

Figures 9 to 48 can be reduced further by plotting
the daily efficiency as a function of flow rate
and the controll-er type. The daily efficiency is
cal-cu.l-ated as the increase in the amount of energy
stored in the tank at the end of the day divided
by the total- amount of sol-ar energy avaitable for
that day. The flow rates correspond to the
maximum fl-ow rate set for each type of
controller. The seven graphs, one for each day
analyzed, relating daily efficiency and flow
rates, are given in Figures 5l to 57.

These graphs consistently and clearly show that
the variable fÌow rate contro.Ller does not offer a
significant increase in performance at fl-ow rates
l-ess than 13 Lbn/hr-ft2 (65 kg/hr-m2). only at
higher flow rates, where the energy losses due to
cycling of the pump for the on/off control-J.er
becomes apparent, does the variable flow rate
control-1er have the aovantage.

Determination of the optimum fl-ow rate is beyond
the scope of this work, however, some generaJ_
comments may be made based on Figure 49 to 55.
The daiJ.y eff iciency curve flattens out rapidly
after about 4 lbm/hr-ft2 (20 kg/hr-m2 ) . Further
increases in fl-ow rate gain only a few percent in
efficiency whil-e dramatically increasing pumping
power" Therefore, the optimum flow rate would
appear to Lie between 4 and 8 lbm/hr-fE2 (20 and
40 Xg/hr-m2). To determine the optimum flow rate
one would have to perform an energy baLance on the
solar energy system, with special consideration
given to the pumping energy output versus the
energy coll-ected.
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7.0 CONCLUSIONS

This work has shown that the on/off control_l_er and
the variable flow rate control-l"er provide
virtually identical solar energy system daily
ef f iciencies at f .l-ow rates less than B lbm/hr-fL2
(40 kg/hr-sqm). Beyond this the variable flow
rate control-1er offers only a slight improvement
in efficiency. Butr ât the higher fLow rates,
erosion corrosion and pumping power become
important considerations decreasing the advantage
offered by the variable flow rate controJ_l_er.
Based on these results the optimum controll_er
configuration appears to be the generalÌy less
expensive on/off controller set for a maximum
capacity between 4 and B J.bm/hr-ftz (2O and 40
kg/hr-sqm). The solar energy system designer
should be ah¡are of the limited advantages of the
variabl-e flow rate controller in order to properly
assess its suitability.

The Z-804 microcomputer system used in this work
was essential.With a fast Floating point processor
(FPP) installed in the microcomputer and by using
the authorrs specialJ-y designed Fpp routines which
utiÌize paralJ-eI processing techniques, this
microcomputer system was capabJ-e of performing the
70 simuLations in two weeks of 24 hours a day
running. Without the FPP and the special
software, the execution of the 70 simulations
woul-d have easily exceeded 20 weeks of 24 hours a
day running. If the microcomputer system itsel_f
was not available then the computer costs for the
simui-ations would have been more than $500r000;
far beyond the resources allotted for this work.
The capital cost of S10r000 for the microcomputer
system are therefore easily just.ified.
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The solar energy system model and the thermal
analyzer progiram can be easily adapted to include
additional parameters. By simulating a number of
different solar energy system configurations, it
would be possible to optimize the system r^¡ithout
having to build up an actual solar energy system.
If the computing time is inexpensive, then a large
number of sol-ar energy systems could be examined
at little cost. However, the computer program should
be verified first. The verification would consist
of an actual solar energy system that would be closely
monitored. This system would be built only once and
used only for the purposes of verifying the computer
program. After the data had been collected, the computer
program would be run using climatj-c data obtained in
the experiments. If the program and the experiment
agree closely then parametric runs coul_d be made with
confidence. Otherwise some adjustment of the computer
program may be necessary such as more detailed modelling
of the convection currents between the glass cover
plates or absorber p1ate. Note that detailed modelling
of a solar collector is needed only when high accuracy,
expecially in the transient mode, is needed. Normally
the techniques listed in Reference 7 are sufficient
for solar energy system design purposes.
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APPENDIX I

FINITE DIFFERENCE PROGRÀM LISTING

This appendix contains Fortran listings of the
finite difference program. The main program is
presented first foll-owed by listings of all of the
subroutines required (except for subroutine sEARcH
which is presented in Z-80 Assembler language in
Appendix II ) .

Most of the subroutines were designed, debugged,
and then stored as relocatable object modules or
l-ibraries in two separate files: THRMLLIB.REL and
FTNUTIL.FOR. This procedure aIl_owed Iinking the
main program with the necessary subroutines
without having to re-compile each subroutine.

The program and subroutines are well_ documented
and sel-f explanatory. Note that some of the
subroutines (e.g., TPRINT) are not cal_led in the
version of the program that has been listed,
however, these subroutines were used heavily in
the development of the program and are a.Lso useful-
for normal runs
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APPENDIX II

SEARCH SUBPROGRAM LISTING

This appendix presents a listing, in Z-80
Assembler language, of the SEARCH subprogram.
It I s function is to perform a binary search for
adjoining node numbers when cal-l-ed by subroutine
SOLVE. This subprogram is well documented and
self explanatory"
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APPENDIX III

FLOATING POINT PROCESSOR LIBRARY

This appendix lists, in Z-gO Assembl_er J_anguage,
the fJ.oating point processor routines that allows
arithmetic to be done by the Intel 9232 Floating
Point Processor rather than by software. The
functions performed are3 multiply, divide,
subtractr add, natural logarithns, sguare roots,
and cube roots. Note that the B23Z integrated
circuit is identical in function to the 9512
integrated circuit mentioned in the l_istings.
This listing is well- documented and self
expJ-anatory.
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APPENDIX IV

-

MANUFACTURER'S DATA gN THE PPG STA}.]DARD ALUMINUM
COLLECTOR

This Appendix contains the manufacturer's data onthe sorar corlector modelred in this thesis. This
data was used to produce the data required tothermally model the coll_ector.
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PPC ST^ììD,\lL) 
^1.t,):TNlnt 

SQ't_,\tì CoT,t.r;CT()ti:ì

The stantìarll aLur¡in:l:: col Iector
constrr!cted r.'ifh the follor.,inq î.ratcrjaì¡;:

is a ilar plate-fype collector,

1,

')

Un i t Size

Cover Plates

Spacers - Ile tal

Absorbine Surface

-

Col lec tor Plate

-

Tnsul ation

tube spacers ç'i ¿ll des iccatì i

- Pf,Gts Durac::on Srrper 600
fiat black coaring, a -

- 0.060" Ro11-BonC Þpe l t00
absorber plate. Tnlet ancl
arc I/2" O.D. alurrinu:r

34 3/ lb" x 76 3/ 16" x ) il16,,

Tl'.. piÉces ()f l./8-jnclr clc,ar,_1lass, (lìerculite
icnoere<ì rìritcr I it-c., lt,-,at Strc,nerhr,ne<ì
inner lire)

3.

t.

î

L/G (rjc
.9i, e =

4043t )
ea

,'r1u¡r:inurn
ot¡tlet tutres

2 1,'2" backing ¡rf J::
(K = .24) encased in
galvanizerJ steel pan

dt'nsit..', fibcr gJass
a 24 gauge painted,

7.

8.

9.

f

Edge Franing Svs ten - Col. I cc rors are avai I ah 1e r.¡i th
(ìpt j onal pre.q jazed sasir

Fluid Capacitr' - .:gl eal lons

hreir:ht - Appro>: ii:atelv 6 1bs./rq. ft. r^.ith flujcl
j'r:essr:rc, Capabiliiies ¡f F.1uid lra_rsjl:us

Bursr: iCrO psi
Brrlge: 120 psi

''. hrorllinq: ì 00 psi

ti' CalcuIaËed, À-ot Tested

):OTi.: )farcrials a'ì..1 construction
aS ne\,7 teChn¡1nq..' dl'rcctS.

subjcc i to chanpe,
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igure 7 - Solar Spectral Transmittan ce o1 1A,'Single Light
llear HERCULITE Tempered Glass

PPG BASÊLINE SOLAR COLLECTOR

PROPEBTIES OF PPG BASELTNE
SOLAR COLLECTOR

1, Glass Cover Plates: ppG,s Baselíne
solar collector utilizes 1la inch
HERCULITE¡- fully tempered clear floar
glass because ít provides high solar
transm¡ttance as shown in the figure 7
and is opaque in the reradiating infrared
spectrum i.e. beyond 2.g microns.

2. Thermal Properties:

a) Thermal losses Two cover plates are
provided to reduce upward heat losses.
Figure 8 shows typical heat loss curve
for PPG Baseline solar collector as a
function of absorber surface tempera-
tu re.

b) Glass properties
1. Emissivity ar 0-200.F
2. Specific hear ar 212.F

32-212F

0.9

0.205
3. Thermal stress endurance

(degrees differential) 450.F
4. Maximum working temperature

(over entire glass area):
Long exposure (greater 450T to
than 100 hours) bO0.F
Short exposure (less SOO.F to
than 10 hours) 550"F

U)
z

:
ì
t)

=

12 20 2.2

WAVELENGTH IN MICRONS

JUre 8 - Thermal performance Graph

100

90

80

70

60

50

40

30

20

10

.7.5

roo I 10 120 l30 140
ABSORBER SURFACE TEMP, IF}
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þy

l. Wind Load: The 343/rs x 763/ro _ ris
nch HERCULITE insulating unit for the)PG Baseline Collector can withstand a
rne-minute, fastest mile uniform wind
cad of 225 PSF (or 170 MpH) wirh a
'robability of breakage equal to g lights
er 1000.

. Snow Load: The 343,,10 x 763/rs _ l/e
rch HERCULITE insulatíng unir for the
PG Baseline Collector can withstand a
)ng-term (more than.one hour) uniform
row load of 170 pSF, with a probability
I breakage equal to g lights per 1000.

Hail: PPG ria inch HERCULITE glass
¡s been shown lo be effectiu" ugãinrt
¡ilstone impact.

Absorbing surface- ppG,s Baseline
:lar Collector utilizes a flat black coat_
g^for_the collector plate. The coating is
'G's DURACRON u Super 600 L/G (úC
t437) product. The DURACRON coat_
g has a solar radiation absorbance, rr,
0.95 and an infrared emittance, e, of

,35 (rricle 4 1.00) Figure g, above,
ows the percent reflectance of the
JRACRON absorbing coaring.

Collector Absorber plates _ ppG,s
seline Solar Collector ut¡lizes a ,,Roll
nd" 0.060 aluminum (1.l00 type) col_
{or absorber plate.

¡te: PPG Baseline Collectors may be
rstructed using copper or steel collec_
plates upon speciål order negotiated
:h PPG.)

Figure 9
600 L/c

-_Spectral Reflectance Curve forBlack Paint PPG's DURACRON Super

ü7cz
É60
ui
Jbs0
E
l-z40
U(J

ffro
20

t0

0

WAVELENGTH IN MICRONS

8. lnsulating Backing - 
ppG,s Baseline

Collector utilizes fiber glass insulation
backing.

9. Edge Retaining System _ ppG,s
tsaseline Solar Collector utilízes a special
edge retaining system where:
a. The r/a inch HERCULITE tempered
glass plates are separated by a ,pu.ur.
These spacers contain a desiccant which

reduces condensation on the glass
plates. This special design elimi"nates
the effect of pressure UuitO up w;tÀ
temperature changes.

b. The edge attachment system for the
un¡t consists of a metal channel with
high temperature resisting sealants that
have the capability to wìthstand high
temperature,,no load,, conditions.
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FIELD TEST DATA

Four PPG Baseline Solar Collectors were
installed in Melbourne, Florida. (See pic_
tures, page 7.)The Solar Collector instal_
lation was designed to provide water
heating. Figure 3, page 3, shows the
schematic diagram for this installation.

Test data revealed a high correlation
between experimental and theoretical
collector efficiencies (see Figure 12).

Figure 'l 1-Base-line Solar Collector Efficiency T o,* = 100 T @

z
9

Eo

o

Figure 12-Comparison of Experimental
and Theoretical Results for ppG Baseline Collector
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gure 10-Base-line Solar Collector Efficiency T¡rn = 507
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APPENDIX V

INPUT AND OUTPUT DATA

This Appendix contains ristings in the files that
are required in order to run the finite differenceprogram. The first file, RUNDATA.DAT, illustrate
the data required to instruct the program to
produce ten simulations on day 77337 for different
control-lers and flow rates. File CLCTRDAT.DAT isa listing of the node and conductor data that
represents the physical system with a network of
lumped nodes. Files 87723J-.DAT to B7B007.DAT are
the boundary conditions required to drive the
network. The final listing is a sample output
that can be obtained calring subroutines HpRrNT,
TPRTNT, QPRTNT, GPRTNT and cpRrNT in subroutines
PRNOUT.
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FILE: RUNDATA.DAT

77337F3 t7, Q ¡ L7 .Qr 5O0,O t ?
77337F 4 y7, ö t L7 o}r ?50. 0 r ?
77337F3¡7 nQt17,A r 125,Oy?
77337F?17 ,O t 17 ,O r ó?,50 r ?
77337F 7 t7, Q t t7, Or 31 . ?5r ?
77337V5t7 ,A ¡ L7 ,A r 50O ,0 tZ
77337V4 t7,O t L7, Ar ?5O. O r 2
77337V3 ¡7 oA t t7 . Or 1?5. 0 r I
77337V? ¡ 7, O t L7, A t 6?,iO t ?
77337VI t7, Q t L7, Ar J1 . lE r ?
ENTI
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c 8***8*S8***SS**HH FILE I CLCTFTTAT, [rAT **********#*x
c
c 8*HH*X>*XX**X* NOtrE IrATA E{L0CN *HXXS***XX#*****X**X
c
C NOTIE Y TEHF'ERATURE I CAF.AC I TANCE I HEAT SOURCE,/S I NIT I AREAC I5 r F1Oo4 y F1O,4 t F10.4 , F10;¡
c
C COLLECTOR F.LATE NOTIES
c
I rBO. Oy 1 .3108-02rO,Or5.43
?r 80 o Oy ?. 0441E-0? r 0. 0r B, 1?5
3 r 80. 0¡ ?. 0441E-O2rO. 0r 8, 1?5
4 r 80. 0r l. . 933E-0?yO, 0 t 6 oO9t
5y 80. Or 5. I 13E-0?r O. 0rlO. 3
ó r BO .O t7.645E-O?r 0. 0 r 3O. 4
7 t 8O, A t7. é458-0? r 0. O y 30, 4
8r 8O. 0 r 5,7348-O?r0. Or??. I
c
9r 80. O r5' 1 13E-O? r 0. Or 30. 3
lOy B0,Q t7. ó45E-O2 r 0, 0 r 30. 4
1 1 r 80,O t7' é45E-O3rO. 0 r 3O. 4
1?r 8O. 0r 5,7348-O?r 0. 0r 32. B
Ë

13r BO. 0r5. I 138-02r O. 0r 20. 3
14 r B0 , O t7 . 645E-02 r 0 . 0 r 30 . 4
15r 80,Q t7. ó458-03 r 0, 0r 30. 4
1ó r 80.0 r 5 ,7348-O?r 0.0 r 2?. B
c
1.7 t 8O, 0 r 5' 1 138-O? r 0 o 0 r 20, 3
1B r 8O , O ¡7. á45E-02 y 0 o 0 r 30 . 4
19 r BO,A ¡7. 645E-O? r 0. O r 3O. 4
?O r 8O, 0 r 5 ,7348-0? r O o 0 r ?2 n I
c
?J. r 8O. Oy 5. 113E-03r 0. 0r ?0. 3
2? r 80,O s7. ó458-0?r 0. 0r 30. 4
23 r 80,Q t7. ó45E-O2 y O, 0 r 30. 4
?4 r 80 ' 0 r 5 ,734'tr-O7r 0. 0 r ?? . B
c
25 r8O, Oy5. 113E-0?r O. 0r 20. 3
2ó r 8O , O y7. ó458-02 r 0 n 0 r 30 , 4
?7 ¡8O ,Q t7. ó458-02 r 0 . O r 30. 4
?8r 8Oo 0r 5,7348-O2r 0, Or2?. B
c
29r80 o Or5. 1 13E-0?r 0o 0r 2O.3
30 r 80 , O t7. 645E-O2 r 0 . 0 r 30 . 4
31 y8O,O 27. 645E-0?y 0. Or 30. 4
3? r 80. Or 5,7348-O?r 0. 0 t ??,8
c
33r B0 o Or 5 

" 1 13E-0? r0 o 0r?O. 3
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34 r80,O y7' ó45E-02y Oo 0 r 30. 4
35r80 oAyT '645E-'0?y0.0 s3O,4
3ó r B0 o 0 r 5. 734E-0? r 0 o 0 n ??,8
c
37 tEAn Or 5. 113E-02y 0 

" 
0 r 20 o 3

38 y 80 o Q 27. 645E-0? y O o 0 r 30' 4
3?r B0,Q t7. 6458-0? r On 0 r 30 o 4
40r 80. Oy 5,7348-AZr 0o 0 ¡ 2? o I
Ë

41 ¡ 80. 0r5. 113E-0? y 0. Oy ?0. 3
4? y 80,A t7.é45E-Ol r 0. 0r 30' 4
43 r BO , O t7 . ó458-0? y 0 . 0 r 30 . 4
44 r 8ö. 0 y 5,7348-O?r 0. 0 t 2?.â
c
45 r 80. O r5. I 13E-0?r O' Or ?0. 3
46r B0,O t7. ó45E-02r 0. 0r 30. 4
47 rEO, Q t7. 6458-0? r 0. 0 r 30. 4
4B¡ 80. Or 5. 734E-0?r 0. 0r ??. B
c
49 rB0. Or5. I 138-02 r 0. 0r ?0. 3
50 r 8O,O t7. ó45E-O? r 0. 0¡ 30. 4
51 r B0,O t7, ó458-0?r 0. Or30. 4
5?y 80. Oy 5. 7348-0?r 0' 0r 22. I
c
53r 80. 0 r 1 . 31OE-O2 r 0. 0 r 5. 43
54 r 80. Or 2. 0441E-0? rO. 0 rB, 1?5
55r 80. Or ?,O441E-0?r 0. 0 r B. 115
5ó r 80. O r 1 . 533E-03 r 0. O t â, A9
c
C TUBE NOTTES

c
37 t8O. O y 0.00948 r 0.0 r 0. O

58 r B0' 0 r0. O44?r 0. Or 0. 0
59r É0. 0r 0. 0589r 0o 0 r0. 0
60r 80o O r 0. 0543rO. 0r 0oO
c
61 r B0' 0r0. 03337r 0. O¡ 0c 0
62y 80. Or 0,06&74r 0. 0¡ 0. 0
ó3r80 oOr 0,066741 0. Or 0. O

64 r80. 0r0. 05006r 0. 0r 0o 0
c
ó5¡ 80. 0y0. 03337rO. Or 0' O

66r80o Or 0,06â74r 0 o O¡ 0c 0
67 ¡8Q. 0 r 0,06â74r 0. O¡ 0o 0
ó8r80. OrO. 05O06r0. 0 r Oo 0
c
ó9r80. Or0. 03337r 0. 0y 0. O
70 r 80. O r 0 ,06â74 r 0 . O r 0. 0
71 rB0' OrO,0667410o 0rOn O

72eBA. 0 r 0. 0500ó r 0 o 0 r 0. 0
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c
73s8O. 0 y 0. 03337r Oo 0rO n O
74 yEOn 0 y 0' O6674r O o 0 y O o 0
73 rSOn 0 r 0, 0667 41 0 o 0y O n 0
76t BO o 0 y 0. 050Oó r O. O r 0 o O
c
77 ¡9On 0r O' 03337¡ 0. 0r O. 0
78 r 80 . 0 ¡ O ,06674 r O. O r 0 o 0
79 tSOo 0 r O, O6â74r O. Or 0. 0
B0¡ S0 n 0y 0. 0500ór 0. 0y 0. O
c
Bl r 8O. 0r 0. 03337r 0 o 0 r 0 o 0
82 r 80 . 0 r 0 , 0667 4 r O . 0 r 0 o 0
83 r 80 . 0 r 0 , 0667 4 r 0 . 0 y 0 , 0
84r 80. Oy 0. 0500ó r0. Or O. 0
c
85r 80'OyO. 03337rO,0r 0. O
8ó r 8O. 0y 0,Q6674r Oo 0r 0" 0
87r80. Or 0,Oââ741 0. Or 0. 0
88r 80. 0r 0. 0500éy 0. Or O. 0
c
89r80. 0r 0. 03337rO. 0r 0o 0
90r80 o Or O, 066741 0. 0r 0. 0
?1 r BO. 0r 0 .06â74r O, 0r O. 0
9?r 80. 0r O. 0500ór 0. 0¡ O. 0
c
?3r 8O. 0r O. 03337r O. 0r 0. 0
94r 80. 0r 0' 0â6741 0 o Or O. O

95r BO. 0rO,Oâê74r O. 0r 0. O
9ó r 80.0 r 0.05006 r O.0 r 0. O
c
97 tEOo 0rO. 03337r 0. 0y O. O
98 r 80. OrO,06674r 0. Or O. 0
99 r BO. 0 r 0 , A6â74 r 0 . 0 y O, 0
100r BO' Or 0' 05006r O. Oy O. 0
c
101 r 80'0 r 0. 00948r 0, 0rO. O
102r 8O o 0r 0. 044?y 0. 0r 0. 0
1O3r 80.0 r 0.0589 r 0 o 0r O, O

104r 8O.0rO. 0543r0.0r O. 0
c
C FIRST CT]VER F.LATE
c
105r80.0 tQ,?67 ¡0.O tLL4,g
106r 80' 0r 0. 281 r O. 0r 1?0. 6
tO7 t8O' 0 z Q u2361 0o Oy 101 . 4
1OBr8O.0 t0,237 y0o0 tLO6o4
1O9r 80. 0r0,23610. 0r lOl .4
1 10r 80 o 0r 0,247r0n 0r 1Oó o 4
11 1 rEOn 0rO,23610o 0r 1O1 . 4
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113 y 80 oOyO "747 y 0 u 0r 10ó' 4
1 13 y B0 ' O t O,238 r O u 0 r 1O1 

" 4114 p BOo 0r 0,747 y 0 o Os 10ó. 4
115r80. 0 t ô,267 r 0o Or 1 14' I
11ór 8O n Or O o2BI yO o O ¡ 1?0. ó
c
C SECONTI CCIVER FLATE
E
11.7y 80 n 0r 0,79Or 0n 0 y 443, 4
1 18¡ 80 o 0 r0,967 r0. 0 t 4LÍ¡, â
1 I.?r 80. 0r 0 .79Or0. Or 443. 4
Ë

C INLET E OUNTIARY NBTIE
C f .Eo THE ST0RAGE TANN I¡JITH 450 LttS OF TJATER
c
12Or 40. 0r 450. 0r 0. 0y 0. 0
c
C OUTLET [IIFFUSION NI]TIE
c
121r80.0r1.0y0'Or0.0
c
C ATTIC NOTIE
c
1??ró5. Or -1 n0r0o Or 0. O

c
C A}4BIENT BOUNTIARY NOTIE
E

123r80.0r -1.0rO. 0yO.O
c
C EAUMLENT Sl\Y TEI.ÍFERATURETEOUNITARY NCIlrE.
c
1?4 yó5. 0 r -1 .Or 0 oO r 0o O
ENTI
c
c *************** coNIrucT0R IrATA ETLOCI\ ***X********
c
Ë NATNBTG( )
c
C I5r I5rF10.4
c
c
C LTII'IGITUTIINAL LINEAR CONTTUCTORS
c
C TOF' ANTI ETOTTOI'I ETTGES
c
1r8r1.111
53r4?r1o111
c
?t 6t !,66?
54r5Ov1.66?
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Ë
3r7tL,662
55r51¡1.ó6?
c
4 t 8s L?47
5ór5?y!,?47
c
C ETI6E COLUHN
c
5t9 eO,7044
9r 13 tO,7A44
13 r 17 tO,7O44
17 t7I ¡ A,7O44
21r?5tQ,7O44
?3t?? ¡O,7A44
19r33¡O,7O44
33t37tA,7Q44
37 t 4L ¡Q,7O44
4L ¡ 4AtA,7O44
45r49tO,7A44
c
C FIRST CENTER COLUI',IN
c
ór1Or1.053
1Or14r1.053
14tI8r1'053
18r??r 1.053
??r?6 r I .053
?ér3Or1.O53
3Or34r1'O53
34r38r1.O53
3Sy4?r1.053
4?t4611.O53
46t1$r1.O53
c
C SECONTI CENTER cot-Ul'N
c
7tLLr1.053
11y15r1.053
15y19r1.O53
!9¡?3r1.053
23t27r10O53
27y3tr1.O53
31¡35r1.O53
35r39rL.053
39t43r1oO53
43t47r1o053
47tELy1o053
c
C CENTER
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8-^V

Ëgg.TÁg¿,482
Ëgg.ï¿gT¿¿T
ggg.T¡01¿ó

3
g¿¿,T¿gv6¿v
g¿¿.T¡Oþ¡68
8¿¿'I¿¿Ë¿TE
g¿¿. T ¿ þ¿,âî¿
8¿¿'Td9T¿ËT

g¿¿, T ¿g¿ ¿
3

gË8. T. ¿Þ.9Þ
9ãg.T¿óE¡8Ë
9gC'T¿TE'OE
?tg.l.î.¿,.1,¿,
ggE.I.çl¿ÞT

gÊ8, ï. ¿¿ g
3

C98'T¿9VTEþ
Ggg.T¿91.¿¿î.
ggB. l. 01.r âe,
ã98'T¿¿¿,¿Ï8,
g9B'T¡þTJIT

ggg.I¿grE
3
3

66V'0¿gE¡gE
66þ'O¿Eg¡þÊ
ââv,0¿Þg¡EE

3
â6Þ'O. þ ¿ î.
â6þ.O¡E¡¿
66Þ'O â¿¿ ï

3
53grl3 3

3
sH0l3fl'lNOl lvu3lv] 3

3
6âg¿.o¡¿E¡gþ
â69¿,QÂgþ¿vÞ
669¿o0¿þt¿oü
á6A¿.0 ¡ Oþ. gE
6âg¿.0¡gE4tÊ
6âg¿o0¿¿E.g¿
669¿'O. B¿¿ ÞZ
ââA¿NQ¿þ¿áO¿
â69¿.0. oE d gT
â69¿,oágT6zl

â6A¿.Od¿I¿g
3



33234y1'8é5
4Iy4?sloBó5
49s?öy1o8ó5
c
10r11y1.55ó
18s19r1.55ó
26y27 y 1o 55ó
34r35r1.55ó
42r43¡1n556
50y51¡1n55ó
c
11r1?zIo778
19r?OtL,77B
27¡?8t]-,778
35y3óy1,778
43t44tL,778
51r5?tL,778
c
C COLLECTOR F.LATE
c
t t L?7 r 3. O33E-O3
53r1?iJt3.033E-Og
c
7tI?2r4.514E-03
3r1?1r4.5148-03
54r1??r4.514E-09
55r1??¡4.3148-OJ
c
4tL??r3.3838-03
5ór12?r3'383E-O3
c
5r1??y1.1?7E-02
9r1l?tL,L?78-O?
13r1??tL, L?78-O2
t7t1.2?t\,t?78-O?
2Lt722r1-I?78-Oz
25 r 1 ?7t t. 1?78-02
?9tL??r1.127E-02
33tL??r 1.137E-0?
37¡12?tt,I27E-O?
4Ltt??r 1.1?7E-Ol
45 r 1 ?2ç L, 1?78-O?
49t1??tt'L?78-Oz
c
6tL??r1.688E-02
LO r I ?2t L, ó88E-0?
!4 t I?2 s L. óBBE-O?
18r122r1.688E-O?
??¡ L?2¡ 7.6BBE-O?
26 t 7?? t L. óBgE-02

N0[rES T0 ATTIC ( 1t1 )
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30 y 1 2?s I. óBBE-02
34y122yL.688E-O?
38y17?yI.6888-02
42 y 1 ??t L. 6888-02
46¡L??y1.6888-02
50r1?2tl-"ó888-02
7sL??r1.6BBE-O2
11r1?7r1'6BBE-O?
15r 1??tt 'é88E-O219r1??r1.ó8BE-O?
23r13?¡1'óBBE-01
?7tL??tI'ó888-0?
31r1??tL'é8BE-0?
35r 1.?2t1-.óBBE-02
39r122r1.éBBE-02
43r12?tI.68BE-0?
47 t L??t L. ó88E-Ol
5I.¡12?tL.óBBE-OZ
c
8r1?2r1'?óóE-0?
12r1??t!.26óE-0?
1ór1?7t1.2óóE-O3
2Or1??r1'2óóE-0?
?4 t L?7¡ 1.2óóE-02
28r12?r1.2ó6E-O2
3?t L??r 1 .2ó6E-O?
3ór122¡I.2óóE-0?
4Or 1?2¡L.2é6E-O?
44¡I?2r1.2éóE-0?
48r 1?2¡ 1.?óóE-0?
5?r 1??tL.?ó68-0?
c
c coN[rucToRs FR0l.1
c
5r1?3r0.01
9t17310.O1
13r123r0.01
tTtI?3rO.01
21r1?3r0.Ol
25r 1?3r0'01
29¡L?3r0.Ol
33r123y0.O1
37t123¡0.01
4LtL23r0.Ol
43tL?Sr0o01
49tL23r0'0L
c
1r123¡0n01
EBrl?3r0.O1
?r123r0o01

COLLECTOR F.LATE TO AI.ITTIENT
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3v123¡O.Ol
4v123r0001
]4v7?3r0.01
55r1?3p0.O1
5ó¡ 123r0001
c
C FLUITI CONTIUCTORS; ACTUAL VALUES CALËULATETI IN F.RE
C AS HASS FLOI,J RATE * CF
c
C -(tr0trNSTREAl'l N0tre) r (UFSTREAI'4) r0n0
c
C CONNECT INLET TO INLET I.IANIFOLTI
C

-130róOr0.3
c
C CI]NNECT OUTLET TO OUTLET I"ÍANIFOLTI
c
-104r1?1rO.3
c
C CONNECT OUTLET TO TANI\ (INLET' NOTIE)
c
-1?1r1?0rO.3
c
C CONNECT REI'IAINING FLUITI CONTIUCTORS
C

-&Oté4r0.3
'6Ot5?r0.3
-59ró3r0.3
-.s?y58r0'3
-58vó?r0.3
-58r.57tO,3
^372ó1r0.3
Ë

-âLté5r0.3
-6?tó6r0'3
-ê3t67t4,3
-64tó8r0.3
C

-â3¡ 69 zQ,3
-6ât7OtO,3
-67 t7I tO,3
-68r72rQ,3
c
-6?r73r0.3
-7O¡74tO,3
-7L¡75r0.3
-72s76cO,3
c
-73¡77cO,3
-74¡78tO o3
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'73s79 yQ "3'76v8Or0n3
c
-77s81y0.3
'782 8? y 0.3
-79y83r0'3
-8Oy84y0.3
c
-81r85y0'3
-83r8ér0'3
-83y 87 tA,3
-B4rBBr0o3
t)
-85r89r0,3
-86r90y0,3
-87t91r0.3
-88r92r0.3
c
-BPr?3r0.3
-9Or94rO.3
-91r95rO,3
-9?r 9ó r 0.3
c
-93r97tA,3
-?4r98r0.3
-93¡99¡A,3
-?6t100r0.3
c
-97 t lOl r0.3
'?ât 102 y 0.3
-99t103r0,3
-1OOr104r0o3
c
-1Olr10?rO.3
-10?r103r0.3
-103t7O4r0.3
c
C CONNECT FLATE TO TUETE NCITIEs.
C IN F'RE UTA NUSSELT NUI'4EIER
c
3t37 r0.4
6v58r0o4
7t39r0n4
8r60r0.4
c
?¡6Lr0.4
tAy62rOn4
L1r63r0.4
L?z 64 r O.4
c

ACTUAL CONT'UCTOR VALUES ARE CALCULATETI
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13r65 yOo4
L4t66zOn4
L3câ7p0o4
16r68y0.4
c
L7t69zQn4
L8t70p0o4
L?t7Lr0o4
?A¡77r0o4
c
?Lt73r0o4
??t74y0o4
23t73r0.4
24¡7&tO.4
c
?3t77 y 0.4
26¡78tO,4
?7 t79 t A,4
38r80¡A,4
c
29r81r0.4
3Or82y0.4
31r83tO,4
3?r84r0.4
c
33r85r0'4
34rBór0.4
33t87r0.4
36rBBr0.4
c
37 ¡89 r O.4
38r90y0.4
39t9Ir0'4
4O t9? r 0.4
c
4L¡93tOo4
47t94 r 0.4
43r?5r0'4
44 t96 r 0.4
c
43t97tO,4
46t?8 r 0.4
47¡99rOo4
48r10Or0.4
c
49r1Olr0o4
50r 102 cOn4
51r1.03tQ,4
5?r1A4tO,4
c
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Ë COLLECTOR FLATE TO GLAS5 FLATE CONVECTION CONTIUCTORS
C ACTUAL UALUES SET TN F.RE
c
Lp105r0o1
2r105r0.1
5r105r0.1
6y105yO.1
9r105rO.1
1Or105r0.1
c
3r10óy0.1
4r106r0.1
7t706¡O,t
8r 10órO.1
11r1O6r0.1
L2r1O6r0'1
c
13r1A7tQ,L
14r1O7¡O,L
L7¡LO7r0.1
18r 1O7r0.1
c
15r1O8y0.1
L6¡L08r0.1
L9tLO6y0.1
2Or108r0.1
c
21r109r0.1
??t L09 r 0. 1
?3t1O9r0.1
?âyI09r0.1
Ê
?3r11OrO.1
?4tLl0r0.1
27¡71Or0.1
28r110r0'1
c
?9tLl1rO'1
3Or111¡0.1
33r111r0'1
34r111rO.1
c
31r112y0.1
3?r112r0.1
35r112rO.1
3ór112r0o1
c
37tLl3y00L
38y113rO'1
t+LtLI.JrUoI
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4?sLL3y0o I
c
39e114r0n1
4O¡114r0"1
432Ll4r0'1
44sLl4¡O.1
c
43t115y0ol
46tLl5r0'1
49r115y0.1
5Or115r0.1
53r115r0n1
54r115r0.1
c
47t11órO.1
48r11ór0.1
51r11órO.1
5?rlt6tO.L
55r11ór0'1
5ór116r0ol
c
C FIRST ËOUER F'LATE TO SECONTI CI]VER F,LATE CONVECTTONC ACTUAL VALUES SET IN F.RE
Ë

105r117r0.1
1OérLL7tO,L
IA7 t L1.7 ¡ 0. L

lOBrLLTtO.L
c
1O9¡118r0.1
11Or11Br0'1
111r118r0'1
11?r118r0.1
c
I13r1L9r0.1
114r119r0.1
115r119r0.1
LL6tL19r0"1
c
C SECT]NTI COVER F.LATE TO AI.ÍBIENT CONVEcTICIN coNTIUcToRs
C ACTUAL VALUE SET TN F.FE
c
IL7¡1l3y0.1
1.18r1?3r0.1
t19¡123r0.1
c
c *s*x*sx*** RArrrATr0N ctlNlrucroRs *#x**x8****s***#*8#
c
C ACTUAL UALUES SET IN HAIN PRCIGRAI.l
c

CONTTUCTORS
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c
C COLLECTOR F'LATE TO GLASS FLATE RATIIATTON CONTIUCTORS
C ACTUAL VALUES SET IN FRE
c
1r105y-0.18-08
2r1O5r-001E-OB
5t1O5r-0'1E-08
ó t 105 y -0. 1E-08
9r 1O5r -0' 1E-08
10 y 105 r -O . l. E-08
c
3r 1Oór-0o 1E-Og
4r 10ór-0.1E-08
7 t LO6 r -0. 1E-08
8r1Oór-0'1E-O8
11r106r-O.1E-08
L?t L06 r -0. 1E-08
c
13r 1A7 ¡-Q.1E-OB
L4 t LOT r -O. 1E-OB
L7 t 1.Q7 r -O. 1E-08
lBrlATt-O.18-08
c
15y 108r-0.1E-08
L6tLOBr-0.1E-08
19r 10ór-O.1E-08
2Or10Br-0.1E-08
c
?LrL09r-0.1E-08
??r109r-0.1E-OB
25r109r-O'1E-08
?6tL09r-00 1E-08
c
23yLIOr-0.1E-08
?4tI1Or-0'1E-OB
?7¡LlOr-0.1E-08
28 r 1.10 r -0. 1E-08
c
??tLl1r-0.1E-08
30r111r-0.1E-08
33r111r-0.18-OB
34r111y-0'18-08
c
31e11?y-0.1E-08
32t L 12 r -0. 1E-OB
35¡LL?t-O.1E-08
36r112y-O.1E-08
c
37tLl3r-0.1E-08
38r113r-0.18-08
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41r113r-O*1E-08
42r L 13 r -O. 1E-OB
c
3?sLl4y-O,1E-OB
40r114y-OoIE-OB
43r 114r-0' 1E-08
44t114r-O' 1E-08
c
45y113r-0.1E-OB
46ttl5r-O.1E-08
49r115r-0'18-08
50r 115r-0.1E-08
53r115r-O.1E-OB
54y115y-O,1E-O8
c
47 r716y-O.1E-OB
48y116r-O.18-08
51r11ór-0.1E-OB
5?r11ór-0.18-OB
55r 11ór-O.18-08
56r11ór-0.IE-OB
c
C FIRST COVER FLATE
C ACTUAL VALUES SET
c
lOEr ILTt-O.1E-OB
10ór 1 L7 t-A.IE-OB
tOTyLIT¡-O.18-OB
1 08 r tL7 t -A. 1 E-08
c

TO SECONTI COVER F'LATE RATITATION CONIIUCTORS
IN FRE

109¡1J.8r-0.1E-08
11Or118r-0'1E-08
111r118r-O.1E-08
11?r118r-0.18-OB
c
1 13 r 1 19 r -O. 1E-OB
114y 119¡-0.18-OB
115r119y-0.1E-08
tL6t119r-O"18-08
C

C SECONTI CCIVER PLATE TO AHETIENT RA[tIATTON CONNUCTORS
E ACTUAL VALUE SET IN FRE
c
LL7 ç t?3t -O o 1E-08
L LB r 123 r -O. 1E-08
LL9t123y-0.1E-08
ENTI
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c
c 8**X**H*S****#*S*{* FrLEi :s77?3r.[rAT **$8*X**S8HHS*H*X
c
C trAY 77?31 *- AUG L9 r L977
C LOCAL TIHE (t'ECI|',IAL) I SOLAR INSOLATION (I¡'ATTS,/SQ H)c
6oOrOo0
6 o3v7 ,ö
7,Qt63.0
7,3s154.0
8.Or?51.0
9. O r 459.0
9.5 r 547.0
10.Oré30.0
10.5t696,Q
11.Ot734,A
11.5t782,0
1?.0r810.0
12.5r8ó9.O
13.0r893.O
13.5r 81.4. O

,.4'Or210.O
14.5 ¡734,Q
15.Or604.0
15.5r570n0
1ó.Ot4?7,Q
Lâ,5 r 35ó.0
t7,Or?55'0
1,7,ãr152.O
18.0 ITLQ
18.5ré0'0
19.Or4B'0
19.5r35r0
l0'0r?l.O
20'5r5o0
21.Or0'0
ENIt
c
Ë LOCAL TII.f E ( [rECI}.IAL ) I AÞf TTIENT ( CELSIUS )
C SFEEIT (Kl.l,/HR)¡ DIRECTION
c
óo0r11'0r9o0yS
7oOs11.0r9.0rS
8o0r12.8r9o0yS
I nOt 15.0r 13,0rS
1O.OtL7,6115.0rS
11'OrlBnBr13o0rSSE
12.Ot?L,7r17.0rS
13nOr??o3rllo0rSSIJ
14*Or23n0ri.1.0eSSE
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Í.5*Or33o6r?o0eNNt¡¡
1.ó.0¡13.1r22.OrN[rl
L7,Ot?I o4 y2o0rN
18.0v?Lo6y20,0¡SE
L9.0 yL7,6y 15n0ySSE
20.OzLâ,4rl9oOrSSIJ
2100y15'9y15,0rS
ENIr
c
c
c xx***************x FILE" :'.77337,[rAT ***(xx#*x*x*x*****
c
C trAY 77337 -- trEC 3r L977c LocAL TrME ( nEcrl'lAL ) r S0LAR TNS0LATT0N ( UATTs,/sn 14 )c
7.Or0'0
7 ,25 r O.0
7,3tQ,O
7,73r1.O
8.0 r 4.0
B'?5r14.O
8.5r214.0
8'75r3?5'0
9.Or3?7,O
9.?5¡41?.0
9.5 r 334.0
?,73 r 3Ol .0
1O.0 t579 ,ö
10.?5¡4?4,A
1O.5r551.0
I4,73 r 703. O

11.0yóO2'0
11 . ?5 t79â,O
11.50r689.0
LL,71r 551 . O
12,0t7O8,A
12.25r695.O
12.50 ¡799 ,Q
L2,73t783,O
13.0O r 58?.0
13.25 t74?,A
L3.5 tTOI oO
L3,75t 66? oQ
14nOr619.0
L4,23r568'0
14.50 r 512.0
L4,73 ¡ 445.0
15.0 r 395. O

15.25 r 331 .0
15.5 ¡239 ,Q
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t3'75r192.0
L6.0yó3'0
tâ,23rt7 oO
L6,3 r 3. 0
L6"73rL.0
L7,O¡0o0
ENT'
c
C LOCAL TIHE ITECIHAL)r AMrTIENET (CELSIUS)
C SF,EETI (NM./HR) ¡ r'TRETTION
c
7, O t -?2,8 r 13. 0 r I,JN[,J

Bo0r-?l'ItL7.OyNl,l
9,Qt-?3.1r15.OrNhl
10.0r-l3.3r11nOrN[.1
1 1 . 0 ? -2?. 3r 15. 0r NN[.J
12.0r-?1. âtL9.0rN[,1
13.0t-2O,8tL7.OrN[^J
14. 0 y -20,2 t L5. 0 r NNl,l
15.0¡-7O.2¡11.0rNNtl
16.Or-20'1r15.OrNNld
L7,Or-21o2y11o0rNNhl
ENTI
c
Ë
c,Í***************** FrLEi F.77347.[rAT ****f*******fr***
c
C nAY 77347 trEË L3tIg77
c LocAL Trl'lE ( rrEcrl'lAL ) r S0LAR rNS0LATroN ( tJATTs,/sQ M )
c
7 ,QtO,Q
7,3r!,O
7,73r1.0
8.0r1.0
8. ?5 r ?.0
8.5r5.O
8.75 y 9.0
9. O r 15.0
L?3 r 23.0
9o5r38.0
9 ,73t 47 ,O
1O.0 r ó3.0
10.25r114.0
L0"9t27L,Q
1.O,73t273,O
11.0r435.O
11 "25 t62&oA
11'3¡74?oO
LL,73¡777 ,O
¿A
ldcV, / /,5tU
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L?,?21763 o O

1,2.5r75O00
L? ,71r7L3 ,0
13. O z 663,O
13.25 t 6â7 oA
L3.5r639.0
L3,73t 607 ,Q
14'0r5ó9oO
14"?5r482.0
14.5¡450.0
L4,73t387 oO
15.Or331'0
15.25r?80oO
15.5 ¡2L9,ö
7.3,73 r 158.0
16. O r 95,0
L6,23 r ?ó.0
16.5 ¡ 3.0
t6,73r1.0
t7,Or0.O
ENTI
c
C LOCAL TIME (IIECIl'lAL) r AI.ÍBIENT (CELSIUS) r
C SF EEIT ( |M./HR ) y IrI RECT I0N
c
7.Qs-11.9r15.0rNN[,J
I'Or-1?.4r11.0rNl,l
9.0¡-1?.7tL3'0rNhl
10' O r -12. B r 15, 0 r NN[.J
11.0t-L?.Br15,0rNtJ
1?. O r -13' 0 y 1 1 . 0 r NNI.J
13.Or-12.8r13.0¡Nl'l
14.0 r -13 ,2t Lt.0 r NNtl
15.0r-13,2t7.0rNNtJ
16'Ot-L?.5ró.0rl,l
L7 

" 
O t -L4,3 t 7' 0 r l,lN[,J

ENTI
c
c
c 8******8X#***8*X** FrLEi ],l.77360.[rAT 8*E*#*#*x****x*xx
c
c DAY 77360 [rEC ?6yI977
c L0CAL TIt'tE (ITECIHAL)r SoLAR INSoLATI0N (tJATTS/Stt tl)
c
7.0rO.0
7,23r0n0
7.5 r 0.0
7,73r0.O
8.0r1o0
ñõEÀA
C) r ¿-r l { + V
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8oEr13.O
8,75 t 15ó.0
900¡373.0
I o?3 v 485.0
9'5v857.O
9,73¡611nO
L0.Or6ó8oO
10.25 t737 .A
10.5 t774,O
10.75r80ó.0
11'0rB?3.O
11.?5t836'O
11.5t853.0
L[.,73r85?'0
13.OrB5?.O
1?. ?5 r 844.0
12.5 t877 .O
L?,7fu ó84.0
13.0 t763,O
13.25 t733,O
13.5r581.O
t3,73 r 690.0
14.Oró45.0
14.23 t37? .Q
14.5r54ó.0
14,73r 4â7 .O
15.Or43ó'O
15.25t358.0
15.5r?48.0
L=¿,73 r 238. 0
1ó'Or181'O
16.21ut87 ,Q
16.9 r 16. O

Lâr7-¿r3'0
17.0v1.O
ENTI
c
C L0CAL TII'tE ( DECII'IAL ) r AMETIENT ( CELSIUS )

c sFEEtr (Nl'î,/HR)v TTIRECTION
c
ToOt-28.7t?Q.0rN['l
EoOr -?9,?t24 '0rNl¡l
?nOr-?9,L¡L7.0rNt'l
lO.Or-?B '7t7Q.OrN['l11.0r-28 ,?tL7.0rNt'l
12.0 t-?7,2sL7 o0¡Nl'l
13.0 t-26.5r?0.OrN['l
14. O t -26o 3r 2O. 0 r NNt'J

15.Ot-23.8r19.0YNt'l
1ó'0 t-?6o0Y2Oo0rNl¡l

I
Å
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L7,Oe-?7 '.5rL7.OpN[,1
END
c
C
c g**88****ss****88x FrLE I 878001 . [rAT *1##****X#**S**#XH
c
C tfAY 78001 -- JAN LyI97B
C LCICAL TIt'tE (trECIl'lAL)r SOLAR ïNSOLATI0N (h,ATTS,/Stl M)
c
8n0vO.0
B. ?5 y 9.0
B.5r??'O
8.75r!51.O
9.0v195.O
9.?5r149.0
9,3tL76,O
9 ,73 r 205. O

1O.0r468.O
1O.25 r 356.0
1O.5 r 358.0
1O.75r418o0
11'0r283.O
11 . ?5 t??â,O
11.5r?23.0
LL,73 r 149. O

12.Or129.O
t"?,?3r1O4.O
1?.5ré8.0
L?,73t70,O
13.0t66.O
13.?5ró3.0
13.5v50.0
L3,73r51.O
14.0 s 5å.0
1 4.25 I 5?.0
14.5r4O'O
L4,73r36'O
15 ' 0 ¡?6,O
15.25 r 20.0
15n5r 1ócO
L5,71r 13 . 0
16"Ot9rO
t6,?3r4oO
1ó'5r?o0
L6,73 r 0. O

LTnQvOoO
ENTI
c
C LOCAL TII'îE (ITECIMAL)r Al{BIEllT (CELSIUS)
C gPEEtr (Nl'f/HR)r ÐIRECTI0N
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c
Bo0r -L7 o4sL9 u0yStJ
9n0r-18o7ç?4"0ySl,f
10"0y-18oOr28n0rStl
11'0s-L7"4¡26.OrS[ll
L2.Or-15.I¡30.OySt^J
13.0r-14 o?t?4 '0rSll14. 0 r -1 1 o I t 26o 0 r [.lSül
L5.Oy-11o7y?6,Or[,J
1ó' 0 y -10 nB r?4. 0r tJNtJ
L7, Oy -10, 6 t ?7. 0 r [,lNt^J
ENTI
Ë
c
c *x*8**********x*#* FILE I [{7BOO3. [rAT ********x*]t(****sxt
c trAY 78002 -- JAN ? tL978c LOCAL Trl'lE (t'ECTMAL)r soLAR TNSOLATT0N ([,JATTs,/stl H)
c
B.Or0.0
8.25 r O.0
8.5r3.O
8,73 r 10. O
9.Or25'0
L?3 r 40ó. O

9.5 r 544. O
9,73ró13.0
1O'0r689.0
10.25 t â7Q,O
10.5 t 639 ,Q
LO,73t744,0
11. O t37L,Q
11.?5r852.0
11.5r852.O
L[,73t373,O
1?.Ot687,O
L?.25tTIL.O
12.5 t8?7 nA
I? n73t737, O

13'0r808'0
13.5t749,O
13n75¡7L4,O
14oO¡67?,O
14'25 t373,O
14'5r525'O
L4,75,r560'O
1,5. 0 t 49?,A
15.25 y 398. 0
15.5r323.O
15.75 r26t,O
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X.é.0rlBó,O
L6,73y19oO
1ó.5r22"O
L6,73r3oO
L7'Or0o0
ENtI
c
C LOCAL TIHE ( TIECIHAL ) ¡ AHBIENT ( CELSIUS )
C SFEEtt (Ki.l./HR) r ['IRECTI0N
c
8. 0 r -10. I y 2O' 0 y l,lNtl
9 o O r -1?. O r 15. O r l,lNl^J

10.Or-1?,3t77.OrNtl
11.Or-11'9r27.0rNtrl
13.0y-11.3¡I9.OrN[,J
13.0r-11.OtL7.0r[,1
14.0p-1I.5r 15.Or[,.l
15. 0 r -1 1 . 0r 15. 0r [.lNtJ
1ó.Or-1?'1r15.0r[,J
L7.Or-ll.1r15o0rtl
ENN
c
c
c *************8**** FrLEi 878007.[rAT ***x*********x***
c
C ttAY 78OO7 JAN 7 t t?78
c LOCAL Trl'1E (trEcil.tAL) r SOLAR rN$0LATroN (WATTS./$Q tf )
c
8'0rO.O
B.?5r1.O
8.5 r 3.0
8,73t9 oO
9.OtL7,O
9,73r18'0
?.5 r 39. O
?,73r59.O
1O.0 t79,Q
1O.?5r105.O
1O.5r85.O
LO,73r142oO
11.0r148.O
11.25r2090O
11 .5 t?L7 ,O
tl,75¡249 "A12. O t?L7 ,Q
,,2 ,?3 r 318 . O
12*5 t371-Q
L2,73r5ó9oO
13.0 r 85?. O
13.25y51é'Õ
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13'5eóOO"O
L3'75r478"O
14'Or2??nO
L4.25¡4O8"O
14.5r3LL n O
14.75y134n0
15"Ot79oQ
t5.2Eyó9nO
15.ErB0'O
L3"73r46"O
1é.Or3?"O
16.25yLE}"O
16.Er1O.O
16.75r3nO
17,Qy1.O
ENII

E LOCAL T II.1E ( TIECTì'IAL ) I AI'ITIIENT ( CELSIUS )

E sF EEfi ( hrt't/HR ) r ITIRECTI0N
c
SoOr-1Bo 9j'c?â.0rNl¡l
goOr-19o?r31.0rNt'l
1O.Ov-19.4v33,OrNt'l
1 I . O r -19 . 4r31.0rNNt'l
1?. O r -19 . 4r31. 0rNNt'l
13.Or-19.8r31.0tN1¡l
14.Ov-?O.5r35.0rNl¡l
15.Or-?O.ât39.OrNt'l
Ló' O r -?1 . 3v35. Or NN['J

17'Or-?2' 1r30.0¡NNbl
ENII
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