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NOMENCLATURE

The following list of symbols are used in the
text. A prime (') may accompany any variable as a
superscript to indicate the value of the variable
after a time step. Also the subscripts i and j
may accompany any variable to indicate that the
variable 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.

A cross sectional area (ftz)

C thermal capacity (Btu/°F)

Cp specific heat at constant pressure
(Btu/1bm°F)

F radiation form factor (dimensionless)

G convection, conduction, or mass flow

conductor (Btu/hr°F)

¢ radiation conductor (Btu/hr°R4)

he unit convective conductance
(Btu/hrft2°F)

k thermal conductivity (Btu/hrft°F)

L length (ft)

m fluid mass flow rate (lbm/hr)

-Xii-
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heat source or sink (Btu/hr)

heat source or sink (°F/hr)

time (hrs)

temperature (°F)

inlet fluid temperature (°F)

outlet fluid temperature (°F)

volume (£ft3)

thermal diffusivity (£t2/hr)

factor relating forward and backward

differencing (dimensionless)

Ei . 52 , 52
8x2 3y2 822

indicates a difference for the parameter
it is associated with

emittance (dimensionless)
density (lbm/ft3)

Stefan-Boltzmann constant (0..1712xlO“8
Btu/hrft2°Rr4)

-xiii=-
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ABSTRACT

The purpose of this investigation is to compare
the performance of fixed flow and variable flow
rate controllers on a flat plate water cooled
solar energy collector system using computer
simulation techniques. System performance for
each type of controller is achieved by °
constructing a thermal math model of the solar
collector, storage system, and controller, and
then using a finite aifferencing computer program
to calculate the temperatures in the system, and
daily system efficiencies. The boundary
conditions required to drive the computer program
were taken from climatic data collected on the
Manitoba Legislative Building Solar Demonstration
Project, and the Winnipeg International Airport.

A total of 7 days, with widely varying conditions,
were analyzed. Also, five maximum flow rates,
covering a large range, were set for each type of
controller giving a total of 70 simulations. The
results of these simulations consistently indicate
that the amount of energy collected by variable
flow rate controllers offer significant increases
in performance only at very high flow rates. Both
controllers have virtually the same daily
efficiencies when operated at the lower, more
practical flow rates usually used.

-Xiv-



ab/16

INTRODUCTION

The high costs of flat plate solar energy
collector systems has led to a requirement to
reduce the cost per unit of collected energy.
Many research projects are examining methods of
improving system performance by finding ways of
increasing the net energy collected by the
absorber plate. This work concentrates on one of
these methods with the aim of increasing the flat
plate solar energy collector system's economic
viability.

Reducing heat loss from a flat plate collector is
one method of increasing collector performance
and, perhaps, (depending 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 cells, multiple cover plates, etc. have
been considered as ways of reducing heat losses.
Another method is to reduce radiative heat losses
by coating the glass cover plates on the side
facing the absorber plate with a material which is
transparent to solar radiation but reflects
infrared radiation. All of these methods usually
aaa significant costs to a flat plate collector or
are self defeating in that the amount of solar
energy eventually reaching the absorber plate is
significantly reduced. Still another method can
be used to reduce heat losses to the ambient. The
amount of heat lost is dependent upon the thermal
resistance from the collector plate to the ambient



db/17

and the temperature difference between these two
points. Most of the methods mentioned previously
deal with increasing this thermal resistance. The
method investigated in this work deals with
reducing the temperature difference between the
collector plate and the ambient.

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

(a) the amount of solar energy,

(b) the amount of heat lost to the environment,

(c) the amount of heat transferred to the
coolant.

The first is a heat source and is controlled by
local weather conditions, while the second, a heat
sink, may be adjusted by the methods outlined in
the previous paragraph. The third is also a heat
sink and may be controlled by varying the flow
rate of coolant through the collector, thus
controlling collector plate temperature. A low
flow rate would give a higher plate to ambient
temperature difference maximizing heat lost to the
ambient. Conversely, a very high flow rate would
maintain a small plate to ambient temperature
difference thus minimizing heat losses.
Unfortunately, high flow rates require larger
pipes and valving, 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 gains, on flat plate collectors,
obtained by different flow rates.
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Collector plate temperature fluctuations can
adversely affect the coolant controller thus
reducing the amount of energy collected. Solar
energy daily profiles are basically sinusoidal
with a maximum occurring at 12:00 hours solar
time. Cloud coverage often causes steep, lengthy
drops in solar energy availability. The effects
of these non-uniform solar energy profiles causes
large collector plate temperature changes. These
temperature fluctuations can adversely affect the
performance of solar energy systems which use
fixed flow rate controllers (i.e., the flow is
either zero or full flow - no intermediate flow
rates). Fixed flow rate controllers usually
incorporate a deadband, similar to home
thermostats which prevents rapid cycling of the
pump. However, after the pump has shut off, the
collector temperature must rise to some preset
value above the shut off value before the pump is
activated. Therefore, energy is lost because the
pump remains idle when it may be able to collect
energy. A pump controller, capable of maintaining
constant collector plate temperatures should be
more efficient than one that allows collector
plate temperatures to fluctuate. A variable flow
rate controller can maintain, within certain
limits, a much more constant collector plate
temperature by varying the coolant flow rate
according to the difference between the storage
tank and the collector plate temperatures. This
study examines these two controllers to determine
if the variable flow rate controller is more
efficient than the fixed flow rate controller.
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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 objectiveis
to compare two types of controllers operating
under identical conditions using realistic
climatic 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 all of the components or
attributes of a real solar energy system since the
effects of such components or attributes cancel
when comparing the two controllers (as long as the
components or attributes are the same for both
controllers). Therefore variation of system
parameters such as pumping power, inclusion of
tank stratification, coolant fluid properties,
storage tank capacity, collector angles various
controller deadbands, etc. were not examined
because it was not necessary and because
parametric studies would greatly exceed the scope
and time limitations of this work. For example
the computer time required to examine, say, four
different controller deadbands would have exceeded
eight weeks of continuous 24 hours a day running.
Inclusion of varying other system parameters would
have multiplied the effort by several times. The
author believes that the 70 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
controller.
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2.1

SOLUTION TECHNIQUE

This section reviews previous work, examines the
various methods available to predict solar energy
system performance, and concludes by outlining the
technique used in this thesis.

General

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 controller
while the other would use a variable flow
controller. Both systems would be closely
monitored and operated simultaneously under
identical conditions. Operation over a wide
variety of environments would allow an accurate
comparison of each controller's performance.
Unfortunately this approach was beyond the
resoures available. The problem, then, was to
predict solar energy performance, using the two
types of controllers, without relying upon solar
energy collector hardware.

Literature Search

An extensive literature search revealed that
little work has been carried out in determining
the effect of flow rate and controller type upon
solar energy collector system performance.

Kovarik and Lesse(l) developed an analytical model
describing collector performance as a function of
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mass flow rate. Because of the complexity of the
equations, this model does not include local
forcing functions (i.e., insolation, wind speed,
etc.) and it deals only with an on/off flow rate
controller, not a variable flow rate controller.
However, the conclusions do indicate that
determining the optimal flow rate is a problem
most suited for solution by numerical techniques.

The vast majority of the literature available on
solar systems deal with experimental or actual
intalled systems. The author believes this is
probably because the cost to do a proper analysis
used to exceed the cost of actually building a
system. However, with the decreasing costs of
computing power, certain numerical techniques are
becoming economically attractive (discussed in
Section 4.2). A literature search concerning
solar energy system modelling revealed that
several researchers have done work related to
simulating solar collector performance without
using solar collector hardware. Siebers and
Viskanta(2), Grossman, et al.(3), and Prabkhar et
al.(4) developed analytical models of a solar
collector. Unfortunately these analyses are only
in two dimensions and they do not use real
boundary conditions, again, because of the
complexity of the equations. Arafa et al(6)
indicate the need for a multi-dimensional
collector model by concluding that for transient
analysis it is inadequate to treat the solar
collector as a single node as is often done in
analytical studies. Thomas and Vaughan(6) point
out that real boundary conditions must be used if
the performance of a solar collector is to be



db/22

determined with any accuracy. Duffie and
Beckman(7) illustrate that solar 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
simulating solar energy system performance in
order to gain a proper perspective.

Review of Analytical and Numerical Methods

A mathematical model of a solar system can be
developed by mathematically describing the solar
energy collector system(7). 1In developing such
models, many simplifying assumptions must be made,
particularly when describing the boundary
conditions, in order to make the equations
solvable. Also, solar collector plates are often
treated as large isothermal plates in the
steady-state or as having uniform thermal
conductances to the environment(7). However, the
collector temperatures and conductances vary
spatially as well as temporally. Also, real
boundary conditions, such as solar insolation,
ambient temperature, wind speed and direction, are
difficult to describe analytically. Radiation
complicates the problem by making the heat
transfer and energy balance equations non-linear.
The cumulative effect of attempting to exactly
model the solar energy collector system and its
boundary conditions leads to extremely complex
solutions.

Alternatives to exact solutions are approximate
numerical techniques. Approximation methods
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involve reducing the real system to a network of
components that simulate the real system. Each
discrete component or node corresponds to an
element in the real system and has all of the
elements' thermal attributes such as capacitance,
conductance, radiation properties, etc. This is
often termed a lumped node representation of the
system(8). The lumped nodes are interconnected by
thermal resistances (conduction, convection,
radiation and mass flow) to form a network.

Errors are introduced by assuming that the nodes'
properties are uniform throughout the node.
However, the error can be made small by decreasing
the node size (thus increasing the number of
nodes). Obviously, a large network of very small
nodes would represent the real system with great
accuracy; however, practical considerations are
often the major factor in determining node size.

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

(1) The resulting network of a lumped node
representation looks very much like an
electrical network(8) if electrical symbols
are substituted for thermal resistance,
capacitances, 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
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(2)

network, equivalent solar 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
assembled) and difficult to change. 1If, for
example, the collector plate material were
changed or the conductances were calculated
incorrectly it would be very difficult and
time consuming to install the correct values
after the system had been wired together.
Also, there is the problem of simulating
complex boundary conditions and radiation
heat transfer, for which there is no known
simple electrical equivalent. The analog
circuit board approach is possible but would
have drawbacks.

Another method of solving a lumped node
network is to describe the network
mathematically and solve the resulting set of
equations. Two common methods of
mathematically describing the system are
finite elements and finite differences.

Finite elements(9),(10) are used primarily in
structural, fluid flow, and thermally induced
stress analysis. The finite element
procedure 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 it's 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
element methods are quite suitable for this
work, a simpler approach is available.

Finite differences (see References (8), (9),
(10), (11), (12) and (13) are conceptually
and mathematically simpler than finite
elements and are commonly 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 collection
system, the system's performance can be
deduced. This is the method that was chosen
to predict the system's performance and is
discussed in greater detail in Section 3.

Solving the set of equations produced by the
finite difference method is an iterative
procedure (for the implicit case discussed in
Section 3.2) which results in N equations and
N unknowns where N is the number of nodes.
Clearly, 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 M x N
equations to solve iteratively. The only
practical way of solving this set of
equations is by using a digital computer.

-10-



db/26

An Outline of the Method Used

A computer program has been written in Fortran(l4)
and Assembler(l5) languages to solve the set of
equations produced by the finite difference
approximation method. Fortran was used for most
of the program while Assembler was used to speed
up certain sections. The program was developed
for, and run on, the author's microcomputer. This
machine was assembled by the author from a number
of individual components specifically for the
purpose of solving sets of equations at high
speed. It's principal hardware features are a
Zilog Z-80A(l6) microprocessor, 64K of memory, an
Intel 8232(17) floating point processor, and over
2 megabytes of on-line storage. Special software
was written for the floating point processor to
provide much faster arithmetic (four basic
functions plus square root, cube root, logarithms,
etc) than is available through the standard
Fortran library. 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 was written and tested,
the physical system was chosen and then modelled
or reduced to a network solvable by finite
differencing. Most solar energy collection
systems are flat plate water cooled solar
collectors connected to a water storage tank(18).
The type of collector chosen for this study is the
PPG Standard Aluminum Collector. The author
became familiar with this collector from his work
on the Manitoba Legislative Building, Solar

=11~



Demonstration Project(19),(20), and believes it to
be typical of flat plate collectors that can be

used in the Canadian environment. This collector

consists of a flat aluminum plate, painted black,
integral tubing, and two glass cover plates. The
water storage tank capacity was set at a size
typical for short term energy storage. The water
flow rates in the model were either variable or
fixed flow rate, depending on the controller being
tested. Boundary conditions were taken from the
Winnipeg International Airport Meteorological
Station(21l),(22) and data collected from the
Manitoba Legislative Building Solar Demonstration
Project(40). Although it was intended to make
these simulation 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
details such as exact tank sizing become
unimportant as long as the size is in the correct
range. After thermally modelling the system
(discussed in more detail in Section 5), the
resulting 124 nodes (consisting of 124 heat
sources/sinks, and 124 capacitances), 413
conductors (consisting of conduction, convection,
radiation and mass flow conductors), and the
boundary conditions, were submitted to the
computer program for evaluation.

A total of 70 simulations were run; 10 for each of
the 7 days analyzed. The 7 days represented wide
climatic variations thus giving reasonable
confidence in the consistency of the results. The
10 runs for each day consisted of 5 simulations
for each type of controller. The 5 simulations

-]2-
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each imposed a maximum possible flow rate for each
controller allowing a comparison between
controllers over a wide range. Each simulation
produced about 20,000 temperatures giving a total
of about 1.4 million temperatures for all runs.
From these temperatures, system performance was
determined by comparing energy collected to energy
available. The results were 7 graphs showing
system efficiency as a function of flow rate and
controller type. Since the volume of data were so
large, it would be impractical to include all of
the supporting data for these 7 graphs.

Therefore, a summary of four graphs for typical
simulations are included. The four graphs consist
of:

(a) flow 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 simulation runs are discussed
in Section 6.
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FINITE DIFFERENCES

This section discusses the concept of finite
differencing and its specific applications to
solving heat transfer problems. The heat equation
is presented and reduced to a form suitable 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 system's attributes
in a lumped parameter network is also presented.

General

A physical system can be thought of as being
composed of an infinite number of infinitely small
components. Since the components are infinitely
small, this assemblage behaves in exactly the same
manner as the real system. Enlarging the elements
slightly, connecting each element to its neighbour
with a thermal conductance, and assuming that
their properties (e.g., 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 systemn,
but the error can usually be made acceptable by
selecting small enough elements. When a network
or mesh is used to approximate a thermal system,
it is called a thermal math model. This is the
concept upon which finite differences rely: the
discretization of a homogeneous system.

For each component or node that represents a
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portion of the real system, an equation can be
written describing the node's energy balance.
This equation, when written in its exact form, is
the familiar heat equation or the general
diffusion equation which describes temperature
spatially and temporally. The thermal behaviour
of the system is described by this partial
differential 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 locations in the physical system.
Temperature profiles or isotherms can then be
drawn approximating the temperature at locations
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 small. However, increasing
the number of nodes to gain accuracy increases the
modelling effort and increases the computing time
(more equations must be solved). Choosing the
optimum node size is usually based upon the
factors mentioned above and previous
experience(ll).

Finite Differencing

Once the physical system has been reduced to a
collection of nodes connected to each other by
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thermal conductances, the heat equation can be
used to describe the node's temperature, spatially
and temporally. But, since the physical 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/ot = aA2T + S (1)

Assume that material 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
later). The left side of equation (1) can be
finite differenced temporally as:

dT/3t = (T' - T)/At (2)

where the prime indicates the new value after the
At time period.

Substituting (2) into the left side of (1), 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 explicit equations, when written
for the entire nodal network, from which the new
temperature can be calculated. Unfortunately this
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method invokes a restriction on the time step if
it is to remain stable(ll).

Allowing the material properties to vary with time
and re-writing equation (1) as:

(T' - T)/At = o'V21' + §° (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 solved 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 usually takes much
longer because they must be solved simultaneously
(usually by relaxation methods)(12).

A third method of finite differencing is Kknown as
the Crank-Nicholson method. This method uses a
half forward and a half backward difference.
Equation (1) becomes:

(T' = T) /bt = H(aV°T + 8) + M(a' V2T +8') (4)

This set of equations, when written for each node
in the network is unconditionally stable.
However, it is also implicit in T'. Therefore, a
solution of simultaneous equations is required.
Generally, solution by the Crank-Nicholson method
is faster(ll) than backward differencing when
solving the egquations by relaxation.
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A more general form of (1) can be written as:

3T/t = B(aVST + S) + (1 - B) (a'V2T' + §') (5)
for 0 < g < 1.
If g8 = 1, then forward differencing (explicit

equations and stability criteria) results. When
1/2 < B < 1 then an implicit set of equations with
stability criteria exist. For g = 1/2 then
forward-backward differencing or the Crank-
Nicholson equations (implicit equations, no
stability restrictions) are produced. If ¢ < B <
1/2, then backward differencing (implicit
equations, no stability restrictions) result(lo).
The Crank-Nicholson method is preferred for this
work because it gives the fastest solution with an
unconditionally stable set of equations.

Let g = 1/2 and, using the x-direction as an
example, let

3T/8x+

(r" - Tkt

3T/dx (T ~ T )Ax

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

2

aVT + 5 = T EZ;) + 22T oT

2 L
+ -
A ax 3% B oyt oy
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a ,3T aT
— (—— - — ) +5 (6)
bz 82+ 9z

alval + 8! =~ iAx— (—-a_']_:‘.; 9_?_'_) SZ_' (..aT_-;_ - 8’1‘__’_)-*.

¥ d 9x Y a9y 3y

a' BT T’ .

2z Ty T TS (7)
az 3z

Using Figure 1 as a gquide, the x-direction portion
of egquation (6) can be written as:

o] o 2 o o 1 (8)

which also applies to the remaining axes of (6)
and (7). Letting the node volume V = (AX) (AY)
(A2), substituting o = k/p Cpr and simplifying

gives:
eVep  me - 1kBX _ kAx _
At (TO To) 51— (T1 TO) + = (T2 TO) +
Ax Ax
KBY o -mm ) + Y o oy 4 BBZ o p
Ay- 3 o Ay+ 4 o Az 5 o
kaz k'Ax
—~ (T_ -T ) + + 3 T! - T') +
L (6 ) QJ‘ Z{Ai'(l O) (9)
kAX (Tl _Tl) +]_{__A_Y_ (Tl _Tl) +.}E__Al(Tl _T') +
+ 2 o - 3 o + 4 o}
Ax Ay A
k'Az k'Az
v 1] G — | T + ]
- (T, - T!) s (T, - T!) + 0!}
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where Ax = Ay.pz, Ay = M. A2, AZ = pX.AY and

Q =P VC,S5. The term kAx/Ax is simply the
conductance from node 1 to node 0. Simplifying
(9), generalizing for N nodes connected to the ith
node, and assuming Qj is constant over the time
step (valid for small time steps) gives:

2ci N N
— (T! - T,) =20, + Z G, (T'-T'Y + ¥ G, (T' - T1)

At i i i 5=1 Ji 73 i =1 Jji i
1<i<N (10)

The product of the conductance and the temperature
difference between node i and j is simply the net

amount of energy transferred between node i and

j. Therefore, by analogy, radiation heat transfer
can be included in (11) as:

2C, N

i ~ 4 4
—= (T! - T,) = 20. . - -

At ( i Tl) 20, + jil{GJi(Tj Ti) + Gji(Tj Ti)} +
N .

T o{G,,(T! -1 + 6., (m? - iy (11)
j=1 313 i 3itTg i

The only unknowns in equation (l11l) are T& and Ti.
If an iterative or relaxation procedure(l2) is
used to solve the sets of equations describing the
nodes in the network, then the value used for T3
is the guessed value or the most recent value

available from calculations done on node j.

Equation (l11) must now be put in,a form such that
T{ may be calculated, assuming Ty is known.
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Rearranging (11) gives:

(T4 +cml +a=0 (12)
1<ix<N
where
N
2c
i b
— 4 G
At =184
c = N n NE- (13)
G
T i
j=1
and
2CiT, N N . 4 4
d=- {——Z€5-+ 20, + I G (P, -T)+ I G, (TS -T))
=1 J i =1 Ji 03] 1
N N . 4 N .
+ I G,iT! + 3z G.iT! Y/ oz G, (14)
j=1 J1 3 j=1 13 j=1

Equation (12) is a special quartic equation.
References (23) and (24) give the solution to this
type of quartic. A solution to (12) is as
follows:
Equation (1l2) has the resolvent cubic equation

y3 - 4dy - c2 =0 (15)
The roots of this equation can be used (by the
methods of reference (24)) to obtain the roots of
(12). The roots of (15) are given by reference
(23) as:
Let

p = 44/3 (16)

and
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g = c?/2 (17)

then for g4-p3 positive, (note that 4 is negative,
therefore p3 is negative), there is one real root:

3
y; = e+ @®p>) ) +3(a-(g%p%) ) (18)

The other two roots are imaginary. Now let
R =\/y; (19)

then

E =\/-yl + 2c/Vy1 (20)

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

T{ = -R/2 + E/2 (21)

The solution of (l12) for each node in the network
provides a new value of the temperature for the
node. After several iterations through the node
network, the new temperatures converge for each
time step.

The accuracy of the solution is limited 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 T;
from the most recent iteration differs from the
calculation of Tg from the previous iteration by
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some small value. The value used in this work was
0.05 °F (0.03°C).

Also, the time step used in the program was 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
supply. Larger time steps were used for low or
zero flow rates to reduce computation time.

Equation (12) gives the new temperatures for
diffusion nodes (nodes with capacitance) only.
Boundary nodes have no capacitance; their new
values are calculated by interpolating known data.

Representation of Physical Parameters

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

Nodal parameters consist of thermal capacitances
and heat sources or sinks. The thermal
capacitance (Btu/°F, (J/°C)), C; in eguation

(12), is simply a product of the node's mass and
it's specific capacitance. The heat sources or
sinks, Qj in equation (12), are found by summing
all heat sources or sinks (Btu/hr, (W)) impressed on
the node. Note that both Cj; and Q; 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, Ci and Qj cannot change while the set of
equations is being solved.
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Inter-nodal parameters consist only of

conductors. Conductors breakdown into four types:
1) conductivity, 2) convection, 3) radiation, and
4) mass flow. Conductivity can be found by using
the following formula:

k..A..
i L..
J ji

Convective conductance is found from:

Gyj heji Aj (23)

Radiation conductance is calculated by:

A .

Gji = OEjAj Fji (24)
The first three types of conductances allow heat
transfer in both directions. Mass flow
conductances, such as an incompressible fluid

flowing from one node to another, allow heat
transfer only in the direction of fluid flow.

Gy = myiCp (25)

Until now, only diffusion nodes (i.e., nodes which
can store heat) have been discussed. Another type
of node, called a boundary node, differs from 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 applying transient temperature
fluctuations at certain locations on the model.

In this work, boundary node temperatures are found
by interpolating known ambient data.
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THE COMPUTER PROGRAM

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

General

In Section 3, the equations used to solve for the
temperatures in a thermal math model were
derived. 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, cubes, as well as
multiplications, divisions, additions and
subtractions. Because of the large number of
calculations required, a computer must be used to
solve for the temperatures in the thermal math
model. Section 4.2 briefly discusses the type of
computer used in this work and indicates how the
software was written to take advantage of the
computer's hardware.

The software written to solve the set of equations
was designed to give flexibility as well as

speed. It is written in both Fortran(l4) and
Assembler(1l5) 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 to the software
listings in Appendices I, II and III which contain
complete descriptions of each software unit's
function, inputs, outputs, subroutines referenced
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and restrictions as to its use.

The Computer System

The computer used in this work was a %2-80
microcomputer. It's hardware features are: a
Z-80A microprocessor(l6), 64 Kbytes of random
access memory, 2 megabytes of disk storage via two
double sided, double density, 8-inch floppy disk
drives, a clock, a floating point processor
(FPP)(17),(25) and several I/0 ports. The
software used on this machine is the CP/M(26)
operating system with the Cromemco Fortran IV)(14)
and Cromemco Z-80 Macro Assembler(l5).

Although this machine and the software represented
a state-of-the-art microcomputer system, the
program developed in this thesis taxed the
system's capabilities. Originally the floating
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 were excessive (about 24
hours per simulation). Obviously the development
of the program, which involved a large number of
runs before it was debugged, required increased
speed to run the 70 simulations.

Two bottlenecks in the program were found. The
first bottleneck was found in the subroutine
called 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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arithmetic. Most microcomputers perform all
arithmetic in software, that is, the CPU does
multiplication by executing a multiply

subprogram. An alternative to this approach is to
use special hardware which is designed
specifically to do high speed

arithmetic(17),(25). The Intel 8232 (a faster
version of the Advanced Micro Devices 9512
mentioned in Appendix III) FPP is one such special
purpose integrated circuit. When the FPP was
installed and the software was written (see
Appendix III) to interface it to the thermal
analyzer program, further reductions in execution
times resulted. The increase in speed was due not
only to the faster computations provided by the
FPP, but also because the Z-80A and the FPP were
set up for pipelining or parallel processing which
allowed simultaneous execution of the software.
The results of these improvements reduced
execution times by about a factor of 15.

For comparison purposes, the author ran the
thermal analyzer program, using a Fortran version
of subroutine SEARCH, on a computer service
bureau's CDC 6600 computer system. The cost for a
single run was approximately $6000. Therefore,
for 70 simulations, the cost would have been
approximately $420,000. The microcomputer costs
about $10,000. 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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given in Appendix II into the service bureau's
assembly code would probably be well 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 would be well advised to
install a floating point processor and implement
the software given in Appendices II and III.

The Thermal Analyzer 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 assembler
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. Much more
comprehensive information may be found in the
listings of Appendices I, 1II 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. All of the software presented
in the Appendices was written by the author with
the exception of subroutine DCSINT which was taken
from the Association for Computing Machinery
Algorithm Number 547(27).
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The main program listed in Appendix I, is called
THERMAL. It calls upon many subroutines, most of
which are in the Fortran libraries, to calculate
the new temperatures in the thermal math model.
The first task of THERMAL is 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
the parameters that describe the physical systen,
from file CLCTRDAT.DAT, and (e.g., from file
B78001.DAT) and then load the boundary

conditions. This is accomplished 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
to square feet and then the radiation conductors
are set by subroutine STRADK. Initial
temperatures 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 would be very
close to the ambient temperature. Note that all
of the simulations start prior to sunrise.

Finally subroutine SOLVE is called to solve the
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 time step. This subroutine
contains all the logic necessary to simulate a
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fixed flow and a variable flow rate solar energy
controller. Fluid flow conductances are set by
subroutines STFLOW and STTUBK. The time step is
adjusted in this routine to ensure that solution
accuracy 1is maintained. Boundary conditions are
recalculated by interpolating 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 allows
adjustment of values prior to entering subroutines
PRE or PRNOUT. It is used in this program to
restore the correct heat flux values in the Q
array using functions SPLEVL and subroutine
STFLUX .

Subroutine PRNOUT is called by SOLVE at preset
intervals. 1Its prime function to allow 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 program's progress.

Subroutine SEARCH is an assembly language routine
that has been designed to replace a slower Fortran
routine. The function 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 it's function and use.
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The floating point processor routines were also
written in assembler. This software interfaces
the Fortran programs to the Intel 8232 FPP giving
significant increases in execution speed. The
multiply, addition, subtraction, and division
routines in the Fortran library are named S$MB,
$SAB, $SB and $DB respectively. These routines
have the same names in the FPP library and they
replace the Fortran versions when all the
subroutines are linked together giving
approximately 10 times faster arithmetic. The
subroutines ELOG, ESQRT and CBRT perform the
functions of natural algorithm, square root and
cube root. These routines run approximately 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
were developed and debugged they were compiled and
placed into either the thermal library or the
Fortran utilities library of relocatable object
modules. Most of these routines deal 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 system
clock, are general utility subprograms. If one
were to run the thermal analyzer on another
computer system, the documentation in each routine
should be read to determine if the routine is
applicable.
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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 total number of conductors in
the thermal network

NAMSIZ - the number of four byte locations
used to store the name of the run
in ANAME

NLOOP - the maximum number of iterations
allowed on the thermal network

LOOPCT - the actual number of iterations
performed

OUTPUT - the output interval. This variable
defines when subroutine PRNOUT 1is
called

TIMEM - the mean time = (current time -
last time)/2

TIMEND - the time at which the program is to
terminate

TIMEO - the previous or old time
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DTIMEI

DTIMEU

DRLXCA

DRLXCC

NDRLXC

TIMEN

the user specified time step used
to advance the program through the
simulation

the time step actually used

the allowable maximum temperature
change between iterations. Used
for determining if the iterations
have converged to sufficient
accuracy

calculated maximum temperature
change. DRLXCC for all nodes must
be less than DRLXCA.

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

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

All of these values are set in the BLOCK DATA

subroutine.

Note that time, as used above, means

the time in the simulated run.
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THERMAL MATH MODEL

This section presents the solar energy system
selected for this work, discusses how it is
thermally modelled, and gives the model's nodal
breakdown and conductor layout. The input data
and boundary conditions are also presented. The
controller software is discussed at the end of
this section.

General

After the thermal analyzer program has been
developed, the solar collector system must be
selected, modelled and its parameters input to the
program. Recall that the purpose of this work is
to compare solar energy collector system
performance using two different controllers.
Therefore the system modelled need only
approximate a typical real solar energy collection
system. As long as both controllers interact with
the same model then the comparison between the two
controllers will be valid.

The solar collector 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.e., the water contains a
substance to prevent freezing so that a drain down
is not required. Heat losses from the piping and
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storage tank are considered negligible. The
collectors are south facing and inclined at an
angle of 70° to the horizontal. The collectors
are double glazed flat plate water cooled
collectors bounded at the back by an attic (i.e.,
the collectors are mounted on the roof of a
house). The controller compares collector outlet
water temperature and storage tank temperature to
determine if the water flow rate must be

adjusted. This system is typical of the kind that
would be installed for space heating in Winnipeg,
Manitoba (Latitude 50°). Figure 2 shows the solar
energy collection system used in this work.

The collector chosen for this work is the PPG
Standard Aluminum Collector (the manufacturers
data is included in Appendix IV). The author
gained experience with this collector while
working on the solar demonstration project on the
Manitoba Legislative Buildings in Winnipeg(19).
The author believes this collector is well
designed and constructed and is also
representative of water cooled collectors.

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 modelled which consists of
one collector, a controller, a pump and a storage
tank. Since the collector is symmetrical about
its longitudinal centreline, a further reduction
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in the number of nodes may be realized by
modelling only one half of the collector. Also,
large nodes are used where the temperature
gradients are small thus keeping the number of
nodes to an absolute minimum without sacrificing
accuracy, calculation of capacitances and
conductances are by the methods outlined in
Section 3.3. The reader is referred to Appendix V
which gives a complete listing of the thermal math
model data.

The collector modelled for this work is the PPG
Standard Aluminum Collector (see the manufacturers
data in Appendix IV). Basically, this collector
consists of an aluminum absorber plate, painted
black, with integral tubing bounded on the top by
two glass cover plates. The back of the absorber
is covered with fibreglass insulation.

The absorber plate was modelled by a large number
of nodes (total of 56) to maintain accuracy (see
Figure 3). Each absorber node had solar energy
impressed upon it in subroutine PRE by
interpolating the solar boundary data, taken from
the Solar Demonstration Project(20), and then
calling subroutine STFLUX which multiplies the
flux times the node's 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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the collector frame) by insulating tape and b)
there is little contact pressure between the
absorber plate and the edge channel. All of the
absorber plate nodes are conductively coupled
through the fibreglas backing to the attic node.
The attic node temperature was set (arbitrarily)
to be 20°F 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). Radiation form factors between the
absorber plate and the inside glass cover plate
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 only
between nodes which are directly opposite each
other.

Nodes describing the glass cover plates are much
larger than the absorber nodes in order to reduce
computation time. The glass cover plates are
largely isothermal and therefore little accuracy
is lost by using large nodes. The inner glass
cover consists of 12 nodes while the outer glass
plate consists 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 also occurs between the top cover plate
and the sky. The value for this conductance is
set by subroutine STRADK.

Most of the heat collected by the absorber nodes
is transferred to the water in the tubes.
Forty-eight nodes, representing the water in the
tubes, are coupled to the absorber plate nodes via
subroutine STTUBK. Subroutine STFLOW sets the
fluid node to fluid node conductance.

The storage medium consists of 450 lbm of water in
a storage tank. For simplicity, 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 solar collector. 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,
the equivalent sky temperature, and the attic
temperature. Temperatures for these nodes are
interpoated in subroutine PRE from data taken from
the Winnipeg International Airport, Meteorological
Station.
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Controllers

Two types of controllers are compared in this
work. The first type is an on/off controller
which is capable of circulating water to the
collector at only two flow rates: zero or the
pump's maximum capacity. The second type of
controller can circulate water at an infinite
number of flow rates varying from zero to the
pump's maximum capacity.

Both controllers sense the difference between the
collector outlet temperature and the storage tank
to determine the flow rate. For the on/off
controller, a temperature hysteresis was included
in the algorithm to prevent rapid cycling of the
pump. The variable flow rate controller algorithm
varied the flow rate linearly over a small
temperature difference range. Subroutine PRE
contains both of these algorithms.

A wide range of flow rates were used to establish
the performance of each controller. Five maximum
flow rates of 500, 250, 125, 62.5 and 31.25
lbm/hour (135, 67.5, 33.7, 16.9, 8.4 Kg/hr-m2)
were set for each controller. There are seven
days to analyze (see Section 5.4), five flow
rates, and two controllers, therefore a total of
seventy simulations have been run.

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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Meteorological Station(20),(22). The solar flux
on a south facing plane inclined at an angle of
70° to the horizontal was taken from the data
collected on the Solar Demonstration Project. The
ambient temperature, wind speed, and wind
direction were taken from the airport data.

These data were interpolated in subroutine PRE,
using time as the independent value, and then
input to the thermal model. Heat flux values were
interpolated and applied to the absorber plate
nodes. Temperature and wind data were
interpolated and applied to ambient, sky and attic
temperatures and to calculate certain
conductances.

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

TABLE 1
RUN CODES
Run Code Date

77231 August 19, 1977
77377 December 3, 1977
77347 December 13, 1977
77360 December 26, 1977
78001 January 1, 1978
78002 January 2, 1978
78007 January 7, 1978

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

Because of the large amount of data produced from
the seventy simulations (there are over 1.4
million temperatures) the data have been reduced

‘to graphical form. The types of graphs plotted

are:

(a) Boundary Data

i) Solar Insolation vs. Time
i1i) Ambient Temperature vs. Time
1ii) Wind Speed vs. Time

iv) Wind Direction vs. Time

Note that in iii) above North is 0 radians, West
is 1.57 radians.

(b) Simulation Data Output

i) Flow Rate vs. Time

ii) Instantaneous Energy vs. Time
iii) Efficiency vs. (Tzy=Tamp)/I
iv) Temperature vs. Time

A typical set of plots 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 Flow Rate vs. Time graphs show how the
controller 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 zero indicates the pump has
been turned off. Cycling of the pump is shown
(especially in Figure 25) by a series of spikes.
The same holds true for the variable flow rate
controller except that the transition is much more
gradual.

The on/off controller subtracts the tank
temperatures from the collector plate temperature
near the exit manifold and compares this result
with the on and off set points. When this
difference exceeds 12.6°F (7.0°C) the controller
turns on the pump which then forces water through
the collector. If the tank and collector
temperature difference is less than 5.4°F (3°C)
the pump is turned off and the flow rate through
the collector is zero. The spread between the on
and off set points is the hysteresis built into
the controller which reduces cycling of the pump.
The Flow Rate vs. Time graphs shown in Figures 9,
13, 17, 21 and 25 illustrates an increasing
tendency to cycling as the maximum flow rate is
increased. This is because the collector 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 flux. This causes
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a decrease in collected energy because the flow
rate is zero while the controller waits for the
collector temperature to rise. Evidence of this
can be seen in Figures 51 to 57 by the drop in
dally efficiency at the higher flow rates for the
on/off controller.

The variable flow rate controller adjusts the flow
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 flux. 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 Flow Rate vs. Time curves
(Figures 9, 13, 29 and 33) are almost identical
since both controllers are operating at the
maximum flow rate. This accounts for their
similar performance at low 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., simulated time) between printouts.
Figures 10, 14, 18, 22 and 26 generally show a
larger amount of the available energy is collected
as the maximum flow 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 daily efficiency (the primary
objective of this work) because the storage tank
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still receives the correct mass and temperature of
water. To compensate for this problem on the
graphs the collector instantaneous energy curves
were drawn by hand, omitting those parts where the
pump was cycling rapidly.

The Efficiency vs. (Tgy—Tamp)/I curves illustrate
the collector efficiency as a function of average
absorber plate temperature ambient temperature and
solar insolation. Note that the efficiency tends
to increase as flow rate increases. Pump cycling
causes scattering of the data for the on/off
controller at higher flow rates (especially in
Figure 27) because of difficulty in determining
the average plate temperature T,y (which is found
by area averaging all the absorber plate nodes in
the thermal model). Again, this is caused by
rapid pump cycling which does not allow the water
to completely flow through the collector before a
"snapshot" of the temperature profile is taken.

The Temperature vs. Time graphs are included to
indicate the effect the controller and the flow
rate have upon collector temperatures. Recall
that by maintaining a small absorber plate to
ambient temperature difference, the heat losses
from the collector are decreased. For both the
on/off and the variable flow rate controller, the
collector plate temperatures are reduced as the
flow rate increases. Note that at the higher flow
rates (Figures 20 and 48) the absorber plate
temperature is maintained very close to the tank
temperature. The on/off controller however must
cycle rapidly to accomplish 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 flux, 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. Water
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
collector as a non-isothermal plate and employing the
basic heat transfer equations in a finite difference
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 solar collector as
an isothermal plate and use many simplifying
assumptions when analyzing a solar energy system.
Al though the techniques of Reference 7 are quite
suitable for overall design purposes, the author
believes that much more detailed methods are
needed when analyzing the effects of controller
systems which require continuous, accurate sensor
data in order to operate correctly. Computer
simulation methods that use a finite difference
approach can achieve the goal of greater accuracy
especially in transient cases.

The collector efficiencies predicted by the
computer program can be compared with the
manufacturer's 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 Kg/hr m?) and an ambient temperature of
-10°F (=~23°C). The manufacturer's field test data
is plotted in Figures 10, 11 and 12 of Appendix
IV. 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 11 or 12. By
comparing Figures 10 and 11 of Appendix IV it can
be seen that as the ambient temperatures decreases
from 100°F (38°C) to 50°F (10°C), the efficiencies
are raised by about 5 to 15% when T = 100°F
(38°C) and the solar insolation is between 150 and
200 Btu/hr-ft2 (473 to 630W /M2°C). Therefore it
would be expected that the computer program (which
for day 77.337 used an ambient temperature of
-10°F (=23°C)) would predict efficiencies 5 to 15%
less than those predicted by Figure 10 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 11 at the
same AT and solar insolation. Since the
difference in ambient temperatures between Figures
10 and 11 was 50°F (-23°C), then the corrected
efficiencies would approximate efficiencies at an
ambient temperature 0°F (-18°C).

Table 2 presents data taken from the simulation of
day 77.337. The controller was a variable flow
rate type and the maximum flow rate was set at
3.47 lbm/hr—ft2 (16.9 Kg/hr-mz). Note that from
10:00 to 15:00 hours the flow rate was constant at
its maximum rate. Collector efficiencies were
calculated from the simulation data using the
following formula:

. _ (26)
n="C (Tegy = Tgy
I
where
m = 3.47 lbm/hr-ft2 (16.9 Kg/hr-m2)
and

Cp = 1.0 Btu/lbm°F (4188 J/s-Kg-°C)

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 of a
steady-state system with a fairly constant solar
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flux. 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 controller type. The daily efficiency is
calculated as the increase in the amount of energy
stored in the tank at the end of the day divided
by the total amount of solar energy available for
that day. The flow rates correspond to the
maximum flow 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 51 to 57.

These graphs consistently and clearly show that
the variable flow rate controller does not offer a
significant increase in performance at flow rates
less than 13 lbm/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 controller
becomes apparent, does the variable flow rate
controller have the advantage.

Determination of the optimum flow rate is beyond
the scope of this work, however, some general
comments may be made based on Figure 49 to 55.
The daily efficiency curve flattens out rapidly
after about 4 lbm/hr—ft2 (20 kg/hr—mz). Further
increases in flow rate gain only a few percent in
efficiency while dramatically increasing pumping
power. Therefore, the optimum flow rate would
appear to lie between 4 and 8 lbm/hr-ft< (20 and
40 kg/hr—mz). 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 collected.
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CONCLUSIONS

This work has shown that the on/off controller and
the variable flow rate controller provide
virtually identical solar energy system daily
efficiencies at flow rates less than 8 lbm/hr-ft2
(40 kg/hr-sgm). Beyond this the variable flow
rate controller offers only a slight improvement
in efficiency. But, at the higher flow rates,
erosion corrosion and pumping power become
important considerations decreasing the advantage
offered by the variable flow rate controller.
Based on these results the optimum controller
configuration appears to be the generally less
expensive on/off controller set for a maximum
capacity between 4 and 8 lbm/hr-—ft2 (20 and 40
kg/hr-sgm). The solar energy system designer
should be aware of the limited advantages of the
variable flow rate controller in order to properly
assess 1ts suitability.

The Z-80A microcomputer system used in this work
was essential.With a fast Floating Point Processor
(FPP) installed in the microcomputer and by using
the author's specially designed FPP routines which
utilize parallel processing techniques, this
microcomputer system was capable 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
would have easily exceeded 20 weeks of 24 hours a
day running. If the microcomputer system itself
was not available then the computer costs for the
simulations would have been more than $500,000;
far beyond the resources allotted for this work.
The capital cost of $10,000 for the microcomputer
system are therefore easily justified.
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The solar energy system model and the thermal

analyzer program 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 without
having to build up an actual solar energy system.

If the computing time is inexpensive, then a large
number of solar 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 climatic data obtained in
the experiments. If the program and the experiment
agree closely then parametric runs could 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 plate. 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 PROGRAM LISTING

This appendix contains Fortran listings of the
finite difference program. The main program 1is
presented first followed 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
libraries in two separate files: THRMLLIB.REL and
FTNUTIL.FOR. This procedure allowed linking the
main program with the necessary subroutines
without having to re-compile each subroutine.

The program and subroutines are well documented
and self explanatory. Note that some of the
subroutines (e.g., TPRINT) are not called in the
version of the program that has been listed,
however, these subroutines were used heavily in
the development of the program and are also useful
for normal runs.
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APPENDIX II

SEARCH SUBPROGRAM LISTING

This appendix presents a listing, in 2-80
Assembler language, of the SEARCH subprogram.
It's function is to perform a binary search for
adjoining node numbers when called 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-80 Assembler language,
the floating point processor routines that allows
arithmetic to be done by the Intel 8232 Floating
Point Processor rather than by software. The
functions performed are: multiply, divide,
subtract, add, natural logarithms, square roots,
and cube roots. Note that the 8232 integrated
circuit is identical in function to the 9512
integrated circuit mentioned in the listings.
This listing is well documented and self
explanatory.
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APPENDIX IV

MANUFACTURER'S DATA ON THE PPG STANDARD ALUMINUM
COLLECTOR

This Appendix contains the manufacturer's data on
the solar collector modelled in this thesis. This

data was used to produce the data required to
thermally model the collector.
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PPC STANDARD ALINMTNITM SOLAR COLLECTORY

The standard aluminum collector is a flat plate-type collector,

constructed with the following materials:

Unit Size =~ 34 3/16" x 76 3/16" % 1 5/16"

Cover Plates - Two pieces of 1/8-inch clear c¢lass, (Herculite
tempered outer lite, Heat Strengthened
inner lite)

Spacers - Metal tube spacers with desiccant
Absorbing Surface - PPG's Duracron Super 600 L/G (UC 40437)

flat black coating, a - .85, e = .88

Collector Plate - 0,060" Roll-Bond Tvpe 1100 Aluminum
absorber plate. 1Inlet and outlet tubes
are 1/2" 0.D. aluminum

Insulation =~ 2 1/2" backing of 3= density, fiber glass
(K = .24) encased in a 24 gauge painted,
galvanized steel pan

Ldge Framing Svstem - Collectors are available with
optional preglazed sash

Fluid Capacity - .285 gallons

Weight - Approximately 6 lbs./sq. ft. with {luid

Pressure Capabilities of Fluid Passages =~

Burst: 5C0 psi
Bulge: 120 psi
* Working: 100 psi

“ Calculated, Not Tested

N0Ti: Materials and construction subject to change,
as new technologw dircets,

January-1976
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igure 7 — Solar Spectral Transmittance of %’ ‘Single Light
lear HERCULITE Tempered Glass
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gure 8 - Thermal Performance Graph
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PPG BASELINE SOLAR COLLECTOR

PROPERTIES OF PPG BASELINE
SOLAR COLLECTOR

1. Glass Cover Plates: PPG’s Baseline
solar collector utilizes '/s inch
HERCULITE® fully tempered clear float
glass because it provides high solar
transmittance as shown in the figure 7
andis opaque in the reradiating infrared
spectrum i.e. beyond 2.8 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-
ture.

b) Glass properties

1. Emissivity at 0-200°F 0.9
2. Specific heat at 212°F
32-212F 0.205
3. Thermal stress endurance
(degrees differential) 450°F

4. Maximum working temperature
(over entire glass area):

Long exposure (greater 450°F to
than 100 hours) 500°F
Short exposure (less 500°F to
than 10 hours) 550°F



3. Wind Load: The 34%s x 76316 — Yig

-nch HERCULITE insulating unit for the
’PG Baseline Collector can withstand a

)ne-minute, fastest mile uniform wind
-oad of 225 PSF (or 170 MPH) with a
robability of breakage equalto 8 lights
er 1000.

- Snow Load: The 3435 x 7635 — g
ich HERCULITE insulating unit for the
PG Baseline Collector can withstand a
)ng-term {more than'one hour) uniform
1ow load of 170 PSF, with aprobability
f breakage equal to 8 lights per 1000.

Hail: PPG ‘s inch HERCULITE glass
as been shown to be effective against
iilstone impact.

‘Absorbing surface— PPG's Baseline
olar Collector utilizes a flat black coat-
g for the coliector plate. The coating is
’G's DURACRON * Super 600 L/G (uc
~1437) product. The DURACRON coat-
3 has a solar radiation absorbance, «

0.85 and an infrared emittance, ¢ of
35 (aicle 4 1.00) Figure 9, above,
-ows the percent reflectance of the
JRACRON absorbing coating.

Collector Absorber Plates — PPG's
seline Solar Collector utilizes a “Roll
nd” 0.060 aluminum (1100 type} col-
“tor absorber plate.

ste: PPG Baseline Collectors may be
structed using copper or steel coliec-
plates upon special order negotiated
h PPG.)

Figure 9 - Spectral Reflectance Curve for PPG’'s DURACRON Super

600 L/G Black Paint

100

&

8

,l'l"'l'l'l'l'l'l

~
(=]

60

50.

40

PERCENT REFLECTANCE

30

20

Ja——

"

] 111

i1 ¢ 1)
1

]
.75 2

1 e

o
3
i

L1 d
3 4

nTnll
5 6

Lal e ettt b
7 8 9 10 11 12 13 14 15 18

WAVELENGTH IN MICRONS

8. Insulating Backing — PPG's Baseline
Collector utilizes fiber glass insulation
backing.

9. Edge Retaining System — PPG's
Baseline Solar Collector utilizes aspecial
edge retaining system where:

a. The 's inch HERCULITE tempered
glass plates are separated by a spacer.
These spacers contain a desiccant which

AIV-5

reduces condensation on the glass
plates. This special design eliminates
the effect of pressure buiid up with
temperature changes.

b. The edge attachment system for the
unit consists of a8 metal channel with
high temperature resisting sealants that
have the capability to withstand high
temperature “no load” conditions.




gure 10-Base-line Solar Collector Efficiency T ar =50°F

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 11-Base-line Solar Collector Efficiency T s = 100°F @
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APPENDIX V

INPUT AND OUTPUT DATA

This Appendix contains listings in the files that
are required in order to run the finite difference
program. The first file, RUNDATA .DAT, illustrate
the data required to instruct the program to
pProduce ten simulations on day 77337 for different
controllers and flow rates. File CLCTRDAT.DAT is
a listing of the node and conductor data that
represents the physical system with a network of
lumped nodes. Files B77231.DAT to B78007.DAT are
the boundary conditions required to drive the
network. The final listing is a sample output
that can be obtained calling subroutines HPRINT,
TPRINT, QPRINT, GPRINT and CPRINT in subroutines
PRNOUT.

AvV-1



FILE: RUNDATA.DAT

77337F597.0217.05500,052
77337F457.0517.09250.,052
77337F397.0917.07125,0+2
77337F297.0917.0562,50,2
77337F197.0917.0931,25,2
77337V597.0717.05500,0,2
77337V457.0917.05250,057
77337V357.0517.09125,0,2
77337V257.0517.0962,50,57
77337V157.0917.031,25,2
END
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HERRKAORE KKK KKkKkK FILES: CLCTROATDAT (kR Ok K KKK

HRRORKHAKKKRKK NODE DATA EBLOCK  S0kokok koo sk okokok Kk ok ok Kok ok

C

C

c

C .
C NODEs TEMFERATUREs CAFACITANCE»HEAT SOURCE/SINK»AREA
C IS » Fi0.4 » F10.,4 F10.4 vy F10.4
€
c

COLLECTOR FLATE NOLES

O

178000!10310E"02!09095043
2980.0s2.0441E-02,0.0+8.125
3980.0s2.0441E~02+,0.0+8.125
4y80.051.533E-0250.0+6.,09
c
9rB80.0+5.113E-0250.0520,3
6980.05s7.645E-0250,0+:30.4
7280,057.645E-02+0.0530.4
8s80.0+5.734E-0250.0+22.8
c
?980.0+5,113E~0250.0+20.3
10580.0+7.645E-02+0,0530.4
11580.0+7.,645E~0250,0+30.4
12,80.0+5.,734E-0250,0,22.8
c
13,80.0+5.113E-0250,0520.3
14,80.,0+7.645E-02+s0.0530.4
15+80.077.,645E-0250.0530.4
16+80.0+5.,734E-0250.0,22.8
c
17+8B0.0+9.113E-02+0,0+20.3
18+,80.0+7.645E~0250.0+30.4
19+80.0+7.645E~0270.0,30.4
20:,80.0r5,734E-0250.0,22.8
C
21+80,09s5,113E~0250.0+20.3
22+80.057,645E~02,0,0530.4
23580.097.645E-0250,0530.4
24,80.,0y5.734E-0250.0-22.8
c
25¢80.0y5.113E-0250.0+20.3
2698000770645E"‘02’00073004
27980.0+7,645E-0250.0530.4
28!8000!50734E"02!000’2208
c
29980.0s5.113E-0250,0+20.3
30s80.0+7,645E~0250,0530.4
31+,80.057.645E-0250.0230.4
329y80.,09s5.734E-0250.,0,22.8
C
33780.095.113E~-02+0.0+20.3
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34y80.097.6453E~-0250.07:30.4
35980.097.645E-0250.0530.4
36980.0y5.734E-02,0.0922.8
Cc

37980.0s5,113E~020.0720.3
38v80.057.645E-02+0.0+30.4
399s80.077.645E-0250.0-30.4
40s80.0+5,.,734E-0250.0522.8
C

41+80.0+5.,113E~0250.0+20.3
42980.,097.645E~0250,0730.4
43y80.057.645E-0270,0+30.4
44580.0y5.734E~02,0,0+,22.8
c

45580.0¢3.113E-02+0.0+20.3
46980.0v7,.645E-02,0.0530.4
47s80.0¢7,645E-02,0.0530.4
48s80.0+5,734E-0250.,0522.8
Cc

49580.0+5,113E-02+s0.0+20.3
S90s80.0¢7.645E-02+0.,0+30.4
5198000970645E"‘029000'3004
S2s80,095.734E-025-0,0,22.8
C

53280.091.310E~02+0.0+5.43

94s80.052.0441E-0250.0,8.,1295
99r80.0,2.0441E-0250.0+8.125

S56+80.0+1.533E-02+0,0+6,09
C

C TURE NORES

Cc
979¢80,070.0094850.0+0.0
587800090004427000!000
S992:80.0+0.058950.050.0
60+80.0,0.,054350.,050.0
C
61s80.,0,0.0333750.0+0.0
62580.0s0.0667450.0+0.0
63980.,07,0.0667450.050.0
64,80.050,0500650.0+0.0
C
65s80.050,0333750.0+0.0
66980.0+0,.0667450,070.0
67980.0+0,0667450,070.0
468-80.050.05006+0.050.0
C
692s80.0+0,0333750.0-0,0
70s80.,070,0667450.050.0
71+80.0+0,0667450.050.0
72s80.,050,0500650.050.0
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Cc
73980,050.,0333750.050,0
74580.070.0667450.050.0
753980.050.0667450.050,0
76!8000900050069000’000
c
77980.,05s0,0333750.0+0,0
78580.050.0667450,0-0.0
79+80.050,0667470.050.0
80s80.0s0.05006+0.050.0
C
81+80.05,0.,0333750.050.0
82+80.070.0667450.050.0
83!800070006674!000!0'0
84:,80.05,0.0500650,050,0
c
83+,80.05,0.,0333750,0+0.0
86+80.050.0667450.050.0
B7:80.050.0667450.0+0.0
88s80.050,0500650.050,0
C
89+80.0:,0.0333750.0:0.0
?0:,80.090,06674+0.0+0.0
?1s80.050.0667450.050.0
92+80,050,05006v0,050.0
C
?3+80.050.0333750.0+0.0
?4780.050.0667450.050.0
?5980.050,0667450.0+0,0
9678000!0005006!000’000
C
977800010003337!0007000
98!800070006674!000!000
99+80.050.0667450.050,0
100+80,050.05006+0.050.0
C
101+80.,0+0.0094850.0+0.0
102y80.050.0442,0.070.0
103+80.050.058950.0+0.0
104580.050,054350.0+0.0
c

€ FIRST COVER FLATE

C
105+80.050.26750.05114,9
106+80.05,0.281+0.05120.6
107+,80.050.23670,05,101.4
1085s80.050.23750.05,106.4
109+80.0+0,23650.05101.4
110+80.050.24750.,0+106.4
111+80.090.23650.05101.4
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1i2:80.050.24750,05106.4
113580.0+0.23670.07101.4
114y80.090.24770.07106.4
115+80.0:0.26770.09114.9
116+s80.050.28150.0-120.6
Cc

C SECOND COVER FLATE

c
117!800070t7909000944304
118+80.070.967+0.07415.6
119s80.,0-,0.79020.05443,4
C

€ INLET EROUNDARY NODE
I.E. THE STORAGE TANK WITH 4350 LES OF WATER

hJ

094000745000!000!0o0
OUTLET DIFFUSION NODE

1980,051.050,050,0

r

ATTIC NODE

3

22965409-1.0+0.050.0

I

AMEIENT EBOUNDARY NODE

-3

'3!80007"‘100!000!000

)

EQUIVALENT SKY TEMFERATURE»ROUNDARY NODE.

OO0 O0O0=R000R000 00

124565.09-1:.070.0+0,0
END

¥EAOKRR KKk KKkkk CONDUCTOR DATA EBLOCK XARKERKKKKKK
NAsNEsGC( )

I5,15-F10.4

LONGITUDINAL LINEAR CONDUCTORS

TOF AND EROTTOM EDGES

anoooOooOoaoOnOn

1s991.111
93:4951.111
C

2v691.662
S4950s1.662
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C

3:791.662
55¢51s1.662
Cc

458¢1.247
S655251.247
C

€ ELGE COLUMN
C

S:92v0.7044
9213,0.7044
13,17-0.7044
17:21+0.7044
21+25+0.7044
25929+0.7044
29:33,0.7044
33+37+0.7044
37+41,0.7044
41+45+0,7044
4594970.,7044
c

€ FIRST CENTER COLUMN
C

6210+1.,053
10s1451.053
14,18-1.053
18,22+1.,053
22:26+1.053
26+3051.053
3073451,053
34,3851.053
38s42+1.053
4254651 .053
46v5051.053
c

C SECOND CENTER COLUMN
C

7¢11+1,053
11s15+1.,053
15+1951.053
19:2351,053
23+2751.053
27+3151.053
31+3571.053
3593951.053
3924351 .053
43547+1.053
47:51+1,053
C

€ CENTER
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C
8:,12,0.7899
1251670.7899
16,20,0.7899
20924,0.7899
24728,0,7899
2893250.789%9
3293670.,7899
36+4050.7899
40y44,0,7899
44548,0,7899
48y52+0.7899
C

C LATERAL CONIDUCTORS

C

C EDGES

c

1,250,499
2:3y0.499
32450,499

C
S5375470,499
$54+s55,0,499
SS5r56+0,499
C

c

Srbrl1.865
13,14,1.865
2192251.865
29530:1.865
37:38r1.8465
45:4651.865
C

6¢721.556
14:15+51.556
22+2351.556
3073171.556
38r3927,1.556
46947 51,556
C

778+1.778
15:16+1.778
23+2451.778
31+3271.,778
39+407,1.778
474851,778
c
9710+1.865
17:18+1.865

2992691 .B65
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33y347,1,.8465
41542,1.865
4955051.865
C

10,11,1.55¢6
185s1951.55¢6
2652751.556
34535,1.554
42+4351.556
S0s5151.556
c

11,12+1.,778
19,20,1.778
27:2851.778
35936+1.778
43+4451.778
S1,5251.778

C

C COLLECTOR FLATE NODES TO ATTIC (121)
c

15122+3,033E-03

93r12253.033E-03

C

25,1225,4,514E-03
3r1225y4,.514E-03
945,122,4,.514E-03
S9r122:4.514E-03
c
4,122,3.383E-03
96v122+3.383E-03
C

9912251 .,127E-02
P¢122y1,127E-02
13,12251.,127E-02
17912251.127E-02
21v122,1.127E-02
255,12251,127E-02
29s122,1.,127E-02
33s122+1.127E-02
37+12251,127E-02
415122+1.127E-02
45y12251,127E-02
49912251, 127E-02
c
6v12251,.488E-02
10,12251.688E-02
145,12251,688E-02
18,122,1.688E-02
22y12251,688E-02
26512251.688E-02
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30s12251,68BE-02
34512251 ,688E-02
38512251.,688E-02
427122y1,.688E-02
4612251, 688E-02
S0s12251.688E~02
7912251 .688E-02
11,12251,688E-02
15,12251.688E-02
1912251 ,.688E-02
23:12241.4688E-02
27912251 .688E-02
31s12251.688E~02
35912251 .688E-02
39,12251,688E-02
43,1221 . 688BE-02
475122+1,688E-02
91¢12251.688E~02
Cc
Br12251,2646E-02
12512251 .266E-02
16212251 ,.266E-02
20512251 . 266E-02
24512251, 2866E-02
28712251 .266E-02
32912251, 2646E-02
36512251 . 266E-02
40912291 . 266E-02
44512251 .266E-02
48512251, 266E-02
92512251 .266E-02
C

C CONDUCTORS FROM COLLECTOR FLATE TO AMEBIENT
C

S9y12350,01
?:12350.01
13,123-,0.01
17,12350.01
21+,12350.01
25+12350,01
299123,0.01
33,12350.01
37:12350.01
41512350,01
45v12350.01
49912350.,01

c

112350,01
83s12350.01
291235,0.01
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3712350.01
4y123,0,01
94¢12350.01
S5¢12350.01
5691230.01

FLUID CONDUCTORS$ ACTUAL VALUES CALCULATED IN FRE
AS MASS FLOW RATE % CF

~(DOWNSTREAM NODE)» (UFSTREAM)»0.,0
CONNECT INLET TO INLET MANIFOLLD

120+6050.3

CONNECT OQUTLET TO OUTLET MANIFOLD

aooOooOroaooONonn

~104512150.3
(™

C CONNECT OUTLET TO TANK (INLET NOLE)
C
-121712050.3
C

C CONNECT REMAINING FLUID CONDUCTORS
c

~60s6450.3
~60s5950,3
~99+6350.3
~592s5850.3
-9826250.3
-G8y 5750.3
~5796150.3

C

~619650.3
-6296690.3
“63!67!003
-6476820.3

Cc

-6596950.3
~6b657090.3
~6797150.3
~-6877270.3

Cc

~6997350.,3
~70¢7450.3
~7197590,3
-7297690.3

c

-7397790.3
~74:7850.3
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~75397990.3
-76v8090,3

c

-77+81+0.3
-78s8250.3
~79¢8350.3
~80s84,5,0,3

C

-81+85,0.3
~-82s86,0.3
~-83¢87+0.3
~-84+8850.3

C

~-85+8%990.3
-8652050.3
-87991+0.3
~-88s9250.3

C

~-8%+9350.3
-20s9450.,3
~21s9550.3
~22¢92650.3

C

-9399750.3
-24:9850.3
-25y929+0.3
-9269100+0.3
Cc
-97s10150.3
~-28y102+0.3
-929510350.3
~-100s10450.3
C
~101710250.3
-102-10350.3
-1037,10450.3
c

C CONNECT PLATE TO TUERE NODES. ACTUAL CONDUCTOR VALUES ARE CALCULATED
C IN PRE VIA NUSSELT NUMEER
c

595790, 4
6258,0.4
7¢5950.4
8!60!004

c

9761+0.4
10+62+0.4
11,6350.4
12:6450.4

c
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1356550.4
1476650.4
15+67+0.4
16768+0.4
Cc

1776950, 4
18s7050.4
19+7150.4
20:7250.4
C

2197390, 4
2237450, 4
23¢7590.4
2497690.4
c

25¢7750.4
26+78+0.4
2797950, 4
28y8050.4
c

29+8150.4
30y8250.4
31+8350.4
32:8450.4
Cc

33+85+0.4
34,8650.4
35+87+0.4
3698850.4
C

37+8950.4
38:9050.4
39+92150.4
40+9250.4
C

41+9350.4
42:9450.4
4359550, 4
4459670, 4
c
45¢9750.4
46998+0.4
4799950, 4
4810050.4
c
495101+0.4
50,10250.4
91510350, 4
525y10450.4
C
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C COLLECTOR FPLATE TO GLASS FLATE CONVECTION CONDUCTORS
C ACTUAL VALUES SET IN FRE
C
17105!001
2910550,.1
G210G50.1
69105,0.1
?+105-0.1
10-105-0.1
Cc
3510650.1
4510650.1
7+10650.1
8:106+0.1
11,10650.1
12+106+0.1
c
13,10750.1
14,107+0.1
17+107+0.1
18,10750.1
C
15,10850.1
16-10850.1
19510650, 1
20510850.1
c
21:10950.1
22710950.1
25910950.1
26910950, 1
C
239110+0.,1
24511050.1
27+11050.1
28511050.1
C
29911150.1
30s11150.1
33511150,1
345111+0.1
c
31511250.1
32,112,0.1
35s11250.1
369211250, 1
Cc
37911350.1
385s11350.1
41911350,.1
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42711350.1
Cc
39911450.1
40511450,1
43:11450,1
44511450.1
c
45911550, 1
46911550.1
492511550, 1
90511550,1
93s11%50.1
94511550, 1
c
47911650.1
48+11650.1
91+116+0.1
92+11650,1
S9911650.1
S56s11650.1
C

C FIRST COVER FLATE TO SECOND COVER FLATE CONVECTION CONDUCTORS
C ACTUAL VALUES SET IN FRE
C
105-117+0.1
106+11750.1
1079311750.1
108s11750.,1
C
109,11850,1
110511850.1
111,11850.1
112,11850.1
C
1135,11950.1
114,11950.1
115+119+0.1
116511950,.1
C

C SECOND COVER FLATE TO AMRIENT CONVECTION CONDUCTORS
C ACTUAL VALUE SET IN FRE

C

117,12350.1

1185123+0.1

119,123+0.1

C

C *kpokkkkkkk RADIATION CONDUCTORS kkkkiokk iRk koK kkkkk
c

C ACTUAL VALUES SET IN MAIN PROGRAM

c
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c

€ COLLECTOR FLATE TO GLASS FLATE RADIATION CONDUCTORS
C ACTUAL VALUES SET IN FRE

c
1-105-0.1E-08
25105,-0.,1E~08
S9921055y-0,1E-08
6¢2105--0,1E-08
?2s105,-0,1E-08
10:105+~0.1E-08
C
37106y-0,1E-08
45106y-~0,1E~-08
79106+-0,1E-08
8s106+y~0,1E-08
11s106+-0,1E-0B
12+106+-0,.1E-08
C
135107+~0,1E-08
145107y-0,1E~08
1721079-0.1E-08
18+107y-0.1E-08
C
15,108y-0.1E-08
16,108+~0,1E-08
19:106+-0.,1E-08
205108s-0.1E-08
C
21,109y-0.1E-08
22+1095-0.1E-08
25+109s-0,1E-08
262109s-0.,1E-08
Cc
239y110+-0,1E~08B
245110,-0.1E-08
27+1105-0,1E-08
285110,~-0.1E-08
C
299111s-0,1E-08
305111+-0.1E-08
33+1115-0.1E-08
34s111+-0,1E-08
c
31s112,-0.1E-08
32s112y-0.,1E-08
35¢112s-0.1E-08
369112y-0.1E-08
C
379s113s-0.,1E-08
38s113,~-0.1E-08
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41+113+~0,1E-08
42,113,-0.1E-08
C
392s1145-0,1E-08
405114,-0,1E-08
43+114+~0.1E-08
445114,+~0.1E-08
c
45+115+-0.1E-08
465115,-0,1E-08
4951155-0.1E-08
S0+115y-0.1E-08
93s115s~-0,.1E-08
S545115,-0.1E-08
e
4791169-0,1E-08
48y116+~-0.1E-08
919116+,-0.1E-08
925116s-0.1E-08
95¢1165-0.1E-08
965116s-0.1E-08
c

C FIRST COVER FLATE TO SECOND COVER FLATE RADIATION CONDUCTORS
C ACTUAL VALUES SET IN FRE
(¥
105+1175-0,.1E-08
106y117+-0.1E-08
107117+-0,1E-08
108+117+,-0.1E-08
c
1095,118s-0.,1E-08
110+,118+-0,1E-08
111-,118y~0.1E-08
112+118+-0.1E-08
C
113,1195-0.1E-08
114,119y-0.1E-08
1155,119y-0.1E-08
1165,119+-0.1E-08
C

C SECONDN COVER FLATE TO AMRIENT RADIATION CONDUCTORS
€ ACTUAL VALUE SET IN FRE
C
117s123y~0.,1E-08
118,123,-0.1E-08
119,1235-0.1E-08
END
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»
Ckiokiokdokkkokookkkk FILES B77231.DAT Sokkokkkok koK sk kok kK K
c

C DAY 77231 -- AUG 19,1977
C LOCAL TIME (DECIMAL)» SOLAR INSOLATION (WATTS/SQR M)
c

6.0s0.0

6:597.0

7.0963,0

705!15400
8.0-,251.0
?.0+45%9.0
905!54700
1000!63000
1005!69600
"11.05754,0
11.5,782.0
12.05s810.0
1205!86900
13.0,893.0
1305!8]400
1400!21000
1405!75400
15.05604.,0
1505757000
16.05,497.0
16.5+356.0
17.0,255.0
1705!15200
18.0-,71.0
18.5+60.0
19.0+48.0
12.5+35.0
200072200

2005!500

21.050.0

END

c

€ LOCAL TIME (DECIMAL)s AMEIENT (CELSIUS)
€ SFEED (KM/HR)s DIRECTION
c

6.09,11,0+s9.058
7:0911.059,055
8.0:12,8+,9.0585
9.0215.0513.0+5
1000!1706!1500!8
11.0,18,8+13,05SSE
1200!2107?1700!8
13,05,22.3511.05585W
1400!230091100985E
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15.0923.672.09NNW
16.0s23.1+22.07NUW
17007210492007N
18.0+21.6+20,.0,+SE
19.0717.6515.05SSE
20.0+v16.45,19.0,55U
21,0515.9515,0+5
END

Cc

c

C RkRRIKKKIOKKKRKIOKKKK FILE:S
C

€ DAY 77337 --~ LEC 3+

1977

B77337 DAT KIOKIKKKKIORIOK KKk K K

C LOCAL TIME (DECIMAL),» SOLAR INSOLATION (WATTS/SQ MO

C

7.090,0
7025!000
7:590.0
7:73¢1.0
8.0s4.0
8025!1400
8.5:214.0
8.75,325.0
900!39700
P:255412,0
905!33400
?.75+301.0
10.0+579.0
10025!42400
1005!55100
10.75,703.0
1100!60200
11.25+796.0
11.505689.0
11.75+551.0
12.05708.0
12025!69500
12.,505799.0
12,75+785.0
13.00-,582.0
13.25,742,0
13.5,701.0
13075!66200
14,05,619.0
14.25,568.0
14,50,512.0
14.755445.0
15.0-395.0
15025!33100

15.5-,259.0
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15.75-192.0
16.0962,0
16025!1700
16059300
16.75+1.0
17.0+0.0
ENID

c

C LOCAL TIME DECIMAL)s AMEIENET (CELSIUS)

C SFEED (KM/HR)s DIRECTION
c

7:0s-22,8213.05WNW
8.0,-22,1517,05NUW
P.0,-23.1915.0sNW
10.0,-23,35s11.0sNW
11.0,-22.3515,0sNNW
12.0,-21.6719.05NW
13,09-20.8517.0¢sNUW
14,0,-20.,2515,0sNNW
15.0+-20.2511,0yNNW
16.0,-20.1515,05NNW
17.0s-21.2511,0sNNW

END

c

C

C xkkxokksokkkokkkokkkx FILES
C

C DAY 77347 —-- DEC 13,1977

B77347 .DAT KKIORKKKKKKOKK IOk KK

C LOCAL TIME (DECIMAL)sSOLAR INSOLATION (WATTS/SQ M)

c

7001000
7057100
7.7521.0
800!100
8025!200
805!500
8075!900
?.0+15.0
9025’2300
905!3800
P+75947.0
10.0563.0
10025!11400
1005727100
10.75-,273.0
11.0-425.0
11.25+626.,0
11.5-742.0
11075!77700
1200’77300
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12.255765.0
12.5+750,0
12.75,713.0
13.05663.0
13.25,667.0
1305963900
13.75,607.0
14,0+569.0
14925948200
14.5+450.0
14,75,387,0
1500!33100
15.25,280.0
1505!21900
]5075!15800
16:0+95.0
16.25¢26.0
1605’300
16075!100
17007000
END

(s

C LOCAL TIME (DECIMAL)» AMRIENT (CELSIUS)s

C SFPEED(KM/HR) »

C

DIRECTION

700!"1109! 15007NN“
8'0r~12.4y11.0le~|
P.09s-12.7515,0sNW
10007“1208!15007NN“
11.0,-12.8515,0sNW
12,09-13,0511,0,NNUW
13.0,-12.8513.05NW
14.0,-13.2511.0sNNW
15.0¢-13.2+7.0sNNW

16.05-12.556.05U

17:05-14.557.0,WNW

END
c
C

C ROk KKKk RkkK FILES B77360.DAT Kkkkokokkokskokok ok kok & &

c

C DAY 77360 —— DEC 26,1977
C LOCAL TIME (DECIMAL)s, SOLAR INSOLATION (WATTS/SQ M)

C
7:050,0
7:.2550.,0
7:590,0
7:7570,0
800’100
8.25+4,0
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8.5+13.0
8.759156.0
?.0¢373.0
?.25+s485.0
2.5¢557.0
90759611 00
1000766800
10025!73700
10.59774.0
10075!80600
11.0-,823.0
11.25,836.0
11.5.853.0
11.,75,852.0
1200!85200
12.,25+,844.0
1205!82700
3075!68400
13,09763.0
13,259733.0
1305758100
13.75¢690.0
1400764500
14,25,579.0
14,5,546.0
14075’48700
15.07436.0
15.25,358.0
15.5-248.0
15.759,238.0
1600!181 00
16025!8700
16:5916.0
160759300
17.051.0
END
C
C LOCAL TIME (DECIMAL)s AMEIENT (CELSIUS)
C SPEED (KM/HR)s DIRECTION
C
7:09-28.7s20.0sNW
8.0y-29.2s24.05NW
9.0r-29,1517.,0sNU
10.0,~28.,7+20.0sNW
11.0,-28,2917.0sNW
12,09-27.2917 .09 NUW
13.,09-26.5720.09NUW
14.09-26.3+20.07NNUW
15.,09~25.8+19.07NW
16.02-26.0520.07NU
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17,09-27:.5+17.0sNUW

END
C

c

C kdoiooofoksokkskksokkk FILES B78001.DAT dokokdokokiokkkokdkokkdkkk

c

C DAY 78001 -- JAN 151978

C LOCAL TIME (DECIMAL)s

c

800!000
8.25y9.0
805!2200
8.75,251.0
2.0-195.0
9.25¢149.0
?:59176.0
P.755205.0
10.0-,468.0
10025!35600
1005735800
10.75-418.0
11.06,282.0
11.255226.0
1105!22300
11.75+149.0
12.05129.,0
12.255104.0
12'5!6800
12.75570.0
13.0566.0
13.25563.0
13.5950.0
13075751 + 0
140095600
14.25+52.0
14.5540.0
14075!3600
15.0926.0
15.25920.0
150571600
15.75+13.0
160079~0
16025!400
16.592.0
16:.7550.0
17.070.0
END

C

SOLAR INSOLATION (WATTS/8R M)

C LOCAL TIME (DECIMAL), AMBIENT (CELSIUS)

€ SPEED (KM/HR)»

DIRECTION
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c

8.0s-17.4519,.0,54
9.0,-18.7:24,055W
10.,0,-18.0,28.0,5U
1100!"17047260095“
12.0,-15.8730.0-,5W
13.0y-14,2524,055U
14.,05-11.8:,26.05WSW
1500!"11 .7126.07“
1600!"1008’2400’”?‘!”
17:05~-10.6522,05WNW
END

C

c

C xkkkillololoiork FILES E78002 . DAT  kkkk kil kk Kk ok kX

c

C DAY 78002 ~- JAN 2,1978

C LOCAL TIME (DECIMAL)»
C

8.0+,0.0
8025!000
805!300
80757 1000
900?2500
9.255406.0
905!54400
?.75+613,0
10.05689.0
10.255670.0
10.55659.0
10.75:744.,0
11.,0,371.0
11.25,852,0
11.5+852,0
11.759373.0
12.0+4687.0
12,25,711.,0
12.5,827.0
12.755752.0
1300780800
13.5,749.0
13.75+714.0
14.0:672.0
14,25,575.0
1405,52500
14,75+560.0
1500!49200
15.25,398.0
15.5,323.0

15.755261.0

SOLAR INSOLATION (WATTS/S5QR M)
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16,05186.0
16.25519.0
16.5+22,0
16’75’300
17.050.0
END

C

C LOCAL TIME (DECIMAL)» AMERIENT (CELSIUS)

€ SPEED (KM/HR)s DIRECTION
Cc

8.07,-10.8520.0sWNW
?:05y-12.0715,0sWNW
10.0,-12.3522.,0yNUW
11.0,-11.9:22,0sNW
12,0s-11.5519,0+NW
13.0+-11.0517.05W
14,0-11.5515.054
15.09-11.0715,05WNW
16,09-12.1,15.05U
17.0y-12.1515,05U

END

c

Cc

C xkkkkkkiokkkiokkkkkk FILE:
c

C DAY 78007 -- JAN 75,1978

E78007 . DAT kKKK IOKKIORK KKK KKk

€ LOCAL TIME (DECIMAL)» SOLAR INSOLATION (WATTS/SQ M)

€

8007000
80259100
8.5:,3.0
8.75+9.,0
?.0s17.0
9025’2800
905’3900
907575900
10.0+79.0
10.25,105.0
10o578500
10.75-,142.0
11.05148.0
11.25,209.0
1105921700
11.75-,249.0
12.0,217.0
12025!21800
1205737100
12075756900
13.0,8592.0
13.25+,516.,0
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13.57600.0
13.75-478,0
14,0-222.0
14.25,408.0
14.5-311.0
14.759134.0
1500!7900
15.25569.0
15.9+80.0
15.75+46.0
16.0-,32.0
16.25,18.0
16:.5+10.0
16:75+3.0
17.01.0
END

C

Ius)
C LOCAL TIME (DECIMAL)y AMEBIENT (CELS

C SFEED (KM/HR)>s DIRECTION
C

8.0,-18.9528,0sNU
2:07y—19,.2931.0sNU
10.09y~19,4:33.0sNW
11.0,-19 ,4y31.0sNNW
12.0y-19 ,4531.0sNNW
13.0y~-19.8+31.0sNU
14.0y~20,5¢35.0sNU
1500!"‘20.6’3900"‘!“
1600!"'21 .3!35.07NNN

1700"’"220 1!30009NNN
END
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