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INTRODUCTION

Widespread adoption of solar energy as an alternate energy source
is dependent upon careful engineering design. Mathematical models are
among the best engineering design tools, because design alternatives
can be evaluated without extensive testing and solar systems can be
sized and oriented to suit each particular application.

Research has been conducted at South Dakota State University
since 1976 to develop, through design and testing, a portable, low-
cost, concentrating solar system for agricultural applications.

Solar energy can readily be substituted for other energy sources
in agriculture because many such applications do not require a
continuous, uninterrupted energy supply and may efficiently
utilize the Tow-quality heat produced by simple, inexpensive
solar systems. Farm operators traditionally possess the technical
and mechanical skills and equipment to install and maintain solar
systems. Usually sites adequate in area and orientation are
available near agricultural applications.

Concentrators, which intercept solar radiation and con-
centrate it into a smaller area on a receiver, can be used to
increase the solar radiation striking a flat plate collector. This
results in higher temperature rises and increased thermal efficiency
because there is less collector surface area per unit of effective
intercepted sun area. Solar concentrators are particularly adaptable
to situations where, as in the SDSU reflector, the collector or

absorber cost is higher than the reflector cost. By designing the



flat plate collector large enough relative to the reflector surface,
the need for expensive tracking equipment can be eliminated,.while the
cost advantage of minimizing collector area and maximizing reflector
area can be retained.

Precise solar system and component evaluation and redesign of
solar systems are vital and are needed to further improve the'potential
of solar energy as an alternate energy resource. A mathematical predic-
tion model based on fundamental laws of heat transfer and thermodynamics
can be used to evaluate design considerations and sizing of collector
components for specific applications. Although the concept of solar
collection is relatively simple, no existing model is available which
can predict the performance of the solar energy intensifier system.

Therefore research was initiated with the following objectives:

1. Redesign the multipurpose solar energy intensifier system.

2. Test the solar energy intensifier collector system for grain drying
under actual operating conditions.

3. Evaluate the performance and economic feésibi]ity of the solar
energy intensifier system.

4, Develop a generalized computer program for predicting the energy
collected from the solar energy intensifier collector system.

5. Validate the performance of this computer simulation using

measured data gathered from the corn drying studies.

T ——
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LITERATURE REVIEW

Solar Availability

Solar energy is an inexhaustible energy source that has the
potential to make significant contributions to the energy needs of the
world. Although comparatively dilute, the solar energy reaching the
earth far exceeds the energy requirements of the world (Kreid;r and
Kreith, 1975). |

At the earth's atmosphere, the intensity of solar radiation on a
surface normal to the sun's rays at the mean earth-sun distance is
1353 W/m2 and is defined as the solar constant (ASHRAE, 1977). Only a
fraction of this energy is available to a solar collector depending
upon time of day, time of year, weather conditions, site latitude,
and tilt angle (MWPS, 1980).

Solar radiation that passes directly from the sun to the earth's
surface is referred to as direct or beam radiation, while scattered
radiation is called diffuse. On clear days, approximately 85 percent
of the solar radiation is direct and 15 percent is diffuse. When clouds
are present, more solar radiation is absorbed and scattered, so more
radiation is diffused. Because cloud cover varies on a daily and annual
basis, daily solar radiation is averaged over a number of years to find
the percent possible sunshine, which can be used to predict annual solar
energy available to a collector at a particular site (MWPS, 1980).

Flat plate collectors absorb both direct and diffuse radiation,
so small amounts of energy can be produced even on overcast days when

all the solar radiation is diffuse. The area of the absorber in a flat




plate collector approximately equals the energy intercepting area.
Reflectors can be added to a flat plate collector system to produce
greater temperature rises. Reflectors are often used to increase the
solar energy intercepted area and concentrate the radiation on the flat
plate collector (MWPS, 1980). A solar concentrator can reduce the
system costs if the reflector component has a lTower unit cost 'than

the collector (Hellickson, 1980).

Development of the SDSU Solar Energy Intensifier System

1976-77 Study

Research was initiated in 1976 at South Dakota State University to
develop an economical, low temperature rise solar energy intensifier
system, incorporating both concentrating and flat plate principles and
to evaluate its performance under actual operating conditions. The solar
system was designed both for in-storage drying of shelled corn and for
supplemental heating of ventilation air for a livestock confinement
building. System design consisted of a 3.6 m by 11.0 m, $20.58/m2
parabolic trough reflector and a 0.8 m by 7.3 m, $51.20/m2 vertical,
dual sided collector. Air entered the bottom of the collector, flowed
upward over the south side, and then flowed downward over the north
side to the insulated plenum leading to the solar application. Cor-
rugated sheet steel painted black on both sides formed the absorber
plate, and was covered with an inside transparent cover of polyester
film and an outside cover of weather resistant composite polyester
film. Tempered masonite sheets covered with an adhesive-backed

aluminum having a reflectivity of 80 to 90 percent comprised the




concentrator surface. Problems developed from warping of the reflector
support material and leaking of the collector glazing (Saienga, et al.,

1977 and Julson, et al., 1977).

1977-78 Study

Retaining the same basic concept, but redesigning to correct some
of the problems encountered in 1976 and 1977, a new solar energy inten-
sifier was tested in 1977 and 1978. Sheet steel replaced the masonite
reflector support and a layer of clear fiberglass replaced the outer
glazing of the collector. A diurnal tracking mechanism powered by a
10-watt synchronous motor was added to allow the reflector to track the
sun and therefore to reduce the needed height of the collector. Problems
occurred with expansion and contraction of fiberglass glazing in the
collector and with peeling of the aluminum film from the steel support

on the reflector (Seigel, et al., 1978).

1978-79 Study

Major system design changes were made for the 1978 to 1979 study.
A collector, triangular in cross section, provided a more optimum sun
angle while incorporating the needed volume between collector faces to
serve as the thermal energy storage unit. Tempered, low-iron glass was
used for the collector glazing and the reflective material was cemented
to the steel reflector. Air entered from the end of the collector,
turned 180 degrees and flowed the same length through the rock storage
unit, then was transported to the solar application. Improved perform-
ance for the system was noted, however, excessive pressure drop occurred

in moving the air through the rock storage and poor collector efficiency




was noted near the exit end of the airflow channel. Decreasing the
length of the airflow path and the distance air moves through the rock
storage should reduce pressure losses resulting in improved collector
performance (Hellevang and Hellickson, 1979 and Heber and Hellickson,

1979).

Existing Solar Collector Models

Methods to estimate long-term performance of solar energy systems

are needed to optimize the design and operation of systems (Klein, 1978).

The plate-efficiency factor, which is a ratio between actual useful heat
collected for a given design and the useful heat collected if the
absorber plate was at the average fluid temperature, can be used for
design and performance calculations (Bliss, 1959). This procedure is
a simple to use, empirical approach which is acceptably accurate for
typical solar systems 1ike flat plate collectors for residential space
heating but is not reliable for less common designs and applications,
such as a concentrating solar system for grain drying. Since the
plate-efficiency factor is determined by testing, this empirical
method does not provide insight on the energy interactions between

the collector and its surroundings.

Chau (1980) developed a procedure based on heat transfer theory to
analyze flat-plate air collectors under steady-state conditions. Al1l
the conductive, convective and radiative heat transfer interactions
were expressed mathematically and the resulting equations were solved
by the Newton-Raphson method. The solution predicted the collector

efficiency and the heat loss components in the collector.
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A computer model was developed by Ting (1980) to simulate the
performance of a single cover, air heating, solar collector for grain
drying. The implicit finite difference method determined the energy
balance conditions for each section of collector and the Gauss-Siedel
iteration technique was used to solve the nonlinear, simultaneous
equations. '

A mathematical model, developed by Romberger (1980), simulated an
evacuated-tube solar collector which was used for a pasteurization
process. Differential equations from the heat balances were simulta-

neously solved by using a fourth-order Runge-Kutta method.

Modeling Solar Energy Intensifier Performance

Mathematical models which accurately simulate the energy transfer
in a flat plate collector can be a valuable tool for developing a more
effective overall working system (Romberger, et al., 1980). However,

no models exist which can be directly adapted to the solar energy

intensifier system. Therefore development of a solar energy intensifier

performance model would logically be derived from fundamental laws of
heat transfer and thermodynamics.

Heat transfer predicts the rate of energy transfers between
material bodies as a result of temperature differences, while thermo-
dynamics predicts the equilibrium state which will result from a
disturbance. The first and second laws of thermodynamics coupled
with experimentally determined heat transfer knowledge provide the
foundation for most solar system modeling (Holman, 1976).

Energy balances in the solar collector system are based on the




first and second law of thermodynamics. The first law states that
energy cannot be created or destroyed, while the second law of thermo-
dynamics declares energy must be transferred from a region of higher
temperature to a region of lower temperature (Threlkeld, 1970).

Energy transferred from one body to another because of temperature
difference results in heat storage. Specific heat is the heat energy
required to raise the temperature of a unit mass of substance one unit
temperature. The heat transferred to a substance and stored can be

calculated using the relationship described by (Threlkeld, 1970):

q-= Ma Cp At
where q'= heat quantity involving specific heat, W
Ma = amount of moving fluid, kg/hr
C, = specific heat of fluid, W-hr/(kg-°C)
At = temperature change, o

Heat is transferred by three mechanisms: conduction, convection,
and radiation. Modeling solar energy conversion systems requires a
knowledge of each mechanism and its interactions (Kreith and Kreider,

1978).

Conduction
Heat conduction is the exchange of heat between adjacent molecules
that are at different temperatures. Fourier's equation predicts the
rate of heat conduction through a substance (MWPS, 1978):
q = -A k (dt/dx) 3

where 9 = heat conduction rate, W



A = cross sectional area normal to the direction of
heat flow, m2
k = thermal conductivity of material, W/(m-.°C)
dt/dx = temperature gradient, 0C/m

Convection
"~ When fluid comes in contact with a solid surface at a d{fferent

temperature, the thermal energy is exchanged by movement of fluid
particles, referred to as convection, as well as by the intermolecular
exchange called conduction. Convection is termed natural or free
convection if the fluid motion which results in the energy transfer is
caused solely by differences in buoyancy of the fluid particles and ;
forced convection if the fluid motion is caused by an external force
moving the fluid. Whether convection is free or forced, the rate of
heat transfer can be derived from Newton's law of cooling (Kreith and

Kreider, 1978):

9. = he A (Ts ' Tf)

where q. convection heat rate, W

convection heat transfer coefficient, W/(mz-oc)
2

he

A = surface area in contact with the fluid, m

T_ = surface temperature, °C
T. = fluid temperature, °C

This convection equation is a definition of the average unit
thermal convective conductance, hc’ rather than an explanation of

convection heat transfer. The convective heat transfer coefficient

is actually a complicated, experimentally derived function of the
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fluid flow, fluid properties, and system geometry. Frequently,
similitude theory has been utilized to derive equations for predicting
heat transfer cogfficients, therefore the heat transfer coefficient is
often expressed in terms of the Nusselt number (Kreith and Kreider,

1978).

h L '
v -
f
where Nu = Nusselt number
L = Tength dimension of the system, m
ke = thermal conductivity of the fluid, W/ (m-°c)

In general, the Nusselt number for forced convection can be related
to the Reynolds number, Re, and the Prandtl number, Pr, by a relation of

the form (Kreith and Kreider, 1978):

Nu = C Re" Pr"
where C, n, and m are empirically determined constants. Reynolds number
is a dimensionless quantity that includes velocity, hydraulic diameter
or a lTength dimension, fluid density, and fluid viscosity. Prandtl
number is a dimensionless parameter defined by the'f1uid properties:
specific heat, viscosity, and thermal conductivity.

Correlation equations for Nusselt number vary according to
geometry and flow conditions encountered in solar energy conversion
systems. Considerable variations among the empirically determined
coefficients relating the Nusselt number to the Reynolds and Prandtl
numbers have been noted. |

For fully developed turbulent flow in smooth tubes the following

equation is recommended (Holman, 1976, and Kreith and Kreider, 1978):



n

8 Pr'4

Nu = 0.023 Re’
For turbulent flow between two parallel flat plates with only one
surface heated and with air as the fluid, the relationship

8 , . 1/3

Nu = 0.0196 Re*™ Pr
is recommended (Kreith and Kreider, 1978). For fully developed turbulent
gas flow inside tubes, Kays (1966) recommends:

8 Pr‘6

Nu = 0.022 Re®
For fully developed turbulent airflow between flat plates with one side
heated, that equation reduces to:

Nu = 0.0158 Re-®

According to Kreith and Kreider (1978) a suitable expression for Nusselt

number for a smooth, air-heating solar collector is:

- 0.0192 Re3/4 py
NU - -‘I /8
1 +1.22 Re (Pr - 2)

Tan and Charters (1970) studied heat transfer characteristics within
a flat plate solar air heater with rectangular passages and experimentally
determined the relationship:

8 4

Nu = 0.018 Re*™ Pr®
In earlier work, Tan and Charters (1969) found that the heat transfer
rates in the thermal entrance section of a solar heater differ signi-
ficantly from heat transfer rates in fully developed flow. The fol-
lowing equation, which describes the variation of the local Nusselt

number with the collector length, was derived:

2 3}
Nu]oca] = [1.78 - 0.9864(L/De) J Nu
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where Nuloca] = local Nusselt number
L = collector Tength, m
De = hydraulic diameter, m
Nu = .018 Re'8 Pr'4

Convective heat losses from flat plates exposed to outside winds
was found from an expression which relates the convective heat transfer
coefficient in W/(mz-OC) to the wind speed, V, in m/s (Duffie and
Beckman, 1974). | '

h = 5.7+ 3.8Y%

wind

Radiation
Thermal radiation is the transfer of heat from one body to another
by electromagnetic waves. An ideal radiator, or black body, will emit
energy at a rate proportional to the fourth power of the absolute
temperature of the body. However, most bodies of practical considera-
tion are not black bodies, so radiant heat transfer is generally
expressed as (Holman, 1976):
%)

_ 4
qr,-ec:l\(T.I -T2

where q, = radiation heat transfer rate, W
e = emissivity, the factor which accounts for the non-
ideal radiating conditions
o = Stefan-Boltzmann constant, W/(m2.°K4)

—
L}

2 absolute surface temperatures, Og
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SOLAR SYSTEM DESIGN AND TESTING

This section describes the design and testing procedure for the
multipurpose solar energy intensifier-thermal energy storage system,
which consists of a collector, triangular in cross section, and a con-
centrating parabolic reflector (Figure 1). System design considered
basic solar principles, economic factors, material properties, mainte-
nance and construction simplicity, and performance results from previous

similar models.

Collector-Storage Unit

The triangular shaped collector storage unit (Figure 2) was 9.8 m
long, 1.2 m wide, and 0.9 m high. Collector sides were tilted at
60 degrees from the horizontal because that was near the optimum for
maximizing solar collection during the fall and winter months. For
ease of transportation and construction, the collector was built in
four equal length sections. Fiberglass batt (R = 3.7 mz-OC/w) insulated
the base and ends of the collector.

The absorber plate was 0.6 mm thick sheet steel coated with a
lacquer base, flat-black paint. Absorptivity and emissivity of this
paint were 0.95 for both the short and long wavelength regions.

One glazing layer of Tow iron, tempered glass served as the col-
lector cover plate. Five panels (0.4 x 86.4_x 193.0 cm) were mounted
end to end on each side of the collector. Transmissivity of the glass,
according to manufacturer specifications, was 90.1 percent. |

Plywood (1.3 cm) provided structural support and served as one

side of the airflow channel behind the absorber plate. When the system

_——
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was used for livestock building heating, thermal storage was added by
placing rocks in the cavity formed by the plywood and the collector base.
The plywood served to insulate and support the storage area. Rocks were
not used in the corn drying study, because corn in the drying bin
provided sufficient storage capacity.

Air entered the top of the collector along the entire Q.é m length,
flowed downward between the glass cover and the absorber plate, turned
180 degrees, flowed upward betweén the absorber plate and plywood,
entered the storage unit, flowed downward and exited at two locations
on the south side of the collector and moved to the solar application
(Figure 2). Approximately three times more solar energy was reflected
onto the north side of the collector as was directly incident onto the
south side. Therefore, to have similar temperature rises on each side,
the air channel between the absorber plate and glass cover was spaced

1.5 cm on the north side and 0.5 cm on the south collector.

Reflector

A parabolic reflector, 3.0 m high and 12.2 m long, concentrated
energy on the north side of the collector. The reflector was constructed
in four sections, each consisting of five individually focused, 0.6 m
wide by 3.0 m long sheets connected to the reflector frame (Figure 1).
Polished aluminum 0.1 mm thick with adhesive backing mounted on 0.8 mm
sheet steel provided the 90 percent reflective surface. The reflector
was designed 2.4 m longer than the collector to achieve full utilization
of the more expensive collector from 900 to 1500 solar time. Every two

weeks the reflector was adjusted by a center pivot to maintain the focus
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on the north facing collector.

Ductwork and Fan

Air exited the solar energy system from two points along the south
side of the collector (Figure 3). The duct from the collector to the
mixing chamber was constructed of 1.3 cm plywood and insulated with
2.5 cm polystyrene to provide a total thermal resistivity of 0.9 mz-OC/w.
A sliding door on top of the mixing chamber was used to adjust the amount
of ambient air entering the grain bin and toAcontrol the airflow rate
through the collector. Inside dimensions of the air duct were 25.4 by

53.3 cm. Air was drawn through the system by a vane axial, aeration

fan already installed in the grain bin,

Instrumentation

Air temperatures at 24 locations (Figure 4) were measured with
copper constantan thermocouples and registered on a multipoint, strip
chart, recording potentiometer. Temperature readings were recorded
eight times between 800 and 1700 hours.

An Epply pyranometer mounted on a 60 degree slope indicated the
solar radiation striking the tilted collector. Solar radiation was
recorded continuously from 700 to 1800 hours on a strip chart recorder.

Air velocity was measured with a hot wire anemometer. Collector
system airflow rate was determined from several velocity measurements
in the duct between the collector and the mixing chamber. Airflow was
also measured entering the north and south sides of the co]]ectbr, but
with the small air channel spacing, these measurements were not

acceptably accurate.
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Procedure

Testing of the solar energy intensifier system for grain drying
was conducted at the South Dakota State University Agricultural
Engineering Farm located 9.7 km south of Brookings, South Dakota.
The solar system was tested under actual operating conditions from
November 8 to December 17, 1979. '

Airflow was adjusted at the beginning of the test to attain the
Midwest Plan Service (1980) recommended airflow rate of 0.8 m3/min

3 3

per m” of shelled corn. Corn volume was 35.2 m~ and airflow was

regulated at 27.9 m3/min.
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MODEL DEVELOPMENT PROCEDURE

A mathematical model was developed to simulate the performance of
the solar energy intensifier system. Equations defining the model were
derived from fundamental laws of heat transfer and thermodynamics.
Principal considerations during model development were defining energy
balances, selecting the correct south side to north side collector air-
flow ratio, choosing appropriate convective heat transfer coefficients,
assuming reasonable initial heat transfer vaiues, and finally validating

the resultant model.

Conceptualization

Analysis of the solar energy system considered the unit as two
separate flat plate collectors. The south facing collector receives
radiation directly from the sun, while radiation is concentrated in a
band on the north facing collector. Solar radiation is considered
evenly distributed over the north absorber plate to simplify the
computer model. This assumption is believed valid because the high
rate of airflow across the absorber plate plus the high thermal con-
ductivity of the absorber material tends to minimize temperature
variations along the absorber resulting from uneven distribution of
the reflected solar radiation.

Energy transfers and temperature changes are calculated using an
iterative procedure. The collector is divided into 30 equally spaced
increments in the direction of airflow over the front of the aBsorber
plate, followed by 30 equally spaced increments behind the absorber

plate continuing in the direction of collector airflow. Three energy
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balances are performed at each increment to predict the unknown

temperatures (Figure 5). These three energy balance equations include
éight unknown heat transfers and three unknown temperatures, which are
determined by solving 11 equations at each increment along the airflow
path. The 11 equations are not independent, so an iterative trial and

error process is used.

Energy Balances

Absorber Plate Energy Balance
Absorber plate temperature is predicted from an energy balance at
the absorber plate. Solar radiation absorbed by the absorber plate must
be either convected from the plate to the airstream, radiated from plate
to cover, or convected from the back of the absorber plate to the air-
stream behind the plate (Figure 5: Step I).
QSOL = QCPA + QRPC + QBL

where QSOL = solar radiation absorbed by an increment of absorber
plate, W
OCPA = energy convected from the absorber plate to the
airstream, W
QRPC = plate to cover radiation, W
QBL = convected back losses from the plate to the airstream

behind the absorber plate, W
Solar radiation is available from weather record data. Initially,
assumed values are used for plate to cover radiation and convected back

losses. Subsequently, these values are calculated from the predictions

of the preceding iteration. By continuing the iteration process until
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predicted values obtained from successive iterations are within 0.1 kW,
correct values are obtained for the plate to cover radiation and the
convected back losses.

Convection from the plate to the airstream is calculated as the
remaining term in the absorber plate energy balance. With the plate to
airstream convective heat transfer, the absorber plate temperature is
determined from Newton's law of cooling (Kreith and Kreider, 1978):

QCPA = HC * AREA * (TP - TI)

heat transfer coefficient of the airstream, W/(mZ.OC)

where HC =
AREA = area of the increment, m2
TP = absorber plate temperature, O
TI = airstream temperature entering the increment, oc

The convective heat transfer coefficient can be calculated from the

relation (Kreith, 1973):

He = Nu KT
where Nu = Nusselt number (Holman, 1976)
kf = thermal conductivity, W/(m °C)
L = length, m

Cover Plate Energy Balance

Glass cover temperature is predicted from an energy balance at the
transparent cover layer (Figure 5: Step II). A cover temperature is
assumed so radiative and convective cover to sky losses, convective
airstream to cover heat transfer, and plate to cover radiation can be
calculated. Cover temperature is incremented by a trial and error

process until cover to sky energy losses equal plate to cover energy
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gains. Cover to sky losses include the cover to sky convective and
radiative heat transfer.

QCCS = HW * (TC - TS) * AREA

QRCS = o * ¢ * (TcA® - Tsa?) * AReA

where QCCS = cover to sky convective heat transfer (Kreith and
Kreider, 1978), W
HW

wind heat transfer coefficient (Duffie and Beckman,
1974), W/ (n?.%c) | |
TC = cover temperature, 0C
TS = sky temperature, S
QRCS = cover to sky radiation (Holman, 1978), W
o = Stefan-Boltzmann constant, W/(m2-°K4)
€. = cover plate emissivity:
TCA = absolute cover temperature, i -
TSA = absolute sky temperature, b 4
Plate to cover radiation and airstream to cover convection are the

plate to cover heat gains.

o * (TPA% - Tca%) * area

WP = e 17, -
QCAC = HC * (TI - TC) * AREA
where TPA = absolute plate temperature, Ok
p = absorber plate emissivity
QCAC = convective airstream to cover heat transfer (Kreith

and Kreider, 1978), W

Plate to cover radiation found in this step becomes the plate to cover
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radiation in the following increment.

Airstream Energy Balance
Airstream temperature exiting the increment is obtained by an
energy balance of the airstream increment. Convected plate to ajrstream
heat transfer equals the ajrstream to cover convection losses plus the
useful energy collected (Figure 5: Step III). Since convected plate
to airstream and airstream to cover heat transfer are already calcu-
lated, the useful energy is found by subtracfion
QUSE = QCPA - QCAC
where QUSE = useful energy collected, W
The useful energy results in a temperature rise of air defined by
(Threlkeld, 1970):
QUSE = M * CP * (TO - TI)

where M = amount of air, kg/hr
CP = specific heat of air, w-hr/(kg-oc)
TO = airstream temperature exiting the increment, e

The temperature exiting this increment will be used as the entrance

temperature in the next increment.

Back Loss Energy Balance

Once flow is analyzed over the front of the absorber plate, back
losses are predicted from the definition of convection (Figure 6)
(Kreith and Kreider, 1978).

QBL = HCB * (TP - TI) * AREA
where HCB = heat transfer coefficient for the back side based on

Nusselt number, W/(mz-oc)
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TP = plate temperature found when flow was analyzed over
the front of the absorber plate, %
These back loss values are used across the front of the absorber plate
in the next iteration. Correct back loss values are obtained by con-
tinuing the iteration process until predicted energy collected converges
within 0.1 kW. Exit temperature from the back increment is fourd by
relating temperature increases at each increment to the convected energy
transferred using (Threlkeld, 1970):
QBL =M *CP * (TO - TI)

In the last increment of each iteration, the exit temperature and
the temperature entering the system are used in the above equation to
find the predicted energy collected from the solar collector. This
iteration process continues until predicted energy collected converges

within 0.1 kW or until the process is repeated ten times.

Airflow Ratios

Airflow was measured at the entrances of the north and south sides
of the collector, but due to the small air channel spacings and instru-
ment limitations, these measurements were not acceptably accurate.
Therefore, the airflow through the south and north sides of the collec-
tor were calculated based on the total system airflow measurements and
the south to north ratio of air channel thickness, which was 1:3,
Relative airflow is not necessarily the same ratio as the channel
cross sectional area, so airflow ratios ranging from 1:2 to 1:4 were
analyzed in the resultant model. These variations proved to have

relatively 1ittle effect on prediction of overall energy collected.
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The south to north airflow ratio of 1:3 was assumed except where other-

wise indicated in this text, since that also was the plate spacing ratio.

Convective Heat Transfer Coefficient

The Nusselt number is a convenient measure of the convective heat
transfer coefficient because, once its value is known, the convective
heat transfer coefficient can be calculated from the definition of
Nusselt number. For a given Nusselt number, the convective heat
transfer coefficient is directly proportional to the significant
length dimension that describes the system.

Nusselt number for forced convection can be related to the

Reynolds number and Prandtl number (Kreith. and Kreider, 1978)

Nu = C Re" Pr"
where C, n, and-m are empirically determined constants. The equations,
shown in Table 1, give an acceptable range of Nusselt numbers which can
be related to heat transfer characteristics in a flat plate air collec-
tor. Nusselt numbers, determined from these equations, ranging from
13.24 to 22.60 were tested in the mathematical program. Since there was
a small effect of varying Nusselt number, 17.02 was selected as the

dimensionless value of Nusselt number, because the equation

Nu = 0.023 Re*8 pr+?

was the most accepted equation used to relate Nusselt number to solar

air heating.]

]Percent difference between measured and predicted energy collected
ranged from -0.6 to 4.1 percent as explained later in the results,
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Table 1 Nussalt number defining equations.

Nusselt

Equation Number

Nu = 0.018 Re-8 pr-? 13.24
(Tan and Charters, 1970)

Nu = 0.0158 Re-® 13.43
(Kays, 1966)

Nu = 0.0196 Re*8 pr!/3 , 14.84
(Kreith and Kreider, 1978)

Nu = 0.022 Re-8 pp-© 15.19
(Kays, 1966)

3/4

Ny = 0.0192 R$/8 Pr 16.82
T+ 1.22 Re~ (Pr - 2)
(Kreith and Kreider, 1978)

Nu = 0.023 Re-® pr-? 17.02
(Holman, 1976 and Kreith and Kreider, 1978)

at entrance: 531

Nl‘l]c,ca-I = [1.78 - 0.0864 (L/De) ] Nu 22.60

where Nu = 0.018 Re-S pr-?
(Tan and Charters, 1970)
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Initial Values

Plate to cover radiation was initially assumed for the north facing
collector to be 25 percent of the radiation absorbed by the north col-
lector and 10 percent of radiation absorbed by the south collector for
the south facing collector. This assumption started the iteration
process with reasonable values. After the first iteration, the'initia1
two radiative plate to cover values from the previous iteration were
averaged to establish the plate to cover radiation to start the next
iteration process. By averaging plate to cover radiation for the
initial value in each consecutive iteration, convergence occurred.

Convected back losses for the first iteration were assumed to be
zero, since there was no known plate or back airflow temperature. Once
through the first iteration, airflow temperatures entering back incre-
ments are known and plate temperatures from the airflow over the front
of the plate can be used. For the first two increments on the back side,
plate temperature was assumed the same as plate temperature on the front
plate at that increment. After that, the back plate temperature was
found by a weighted average] of three calculated front plate tempera-
tures. Averaging plate temperatures was valid because the process

converged.

Model Vvalidation

The model was validated by comparing the predicted energy collected

]The previous three absorber plate temperatures were weighted .3,
.5 and .2, respectively, and the weighted sum was used as each back

temperature.
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to the measured useful energy. Also airflow temperatures were predicted
at several locations along the absorber plate and compared to actual

measured temperatures.
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RESULTS

Solar System Performance

Average daily thermal efficiency of the solar energy system from
November 8, 1979, to December 17, 1979, was 50.9 percent. Total energy
collected was 1815.2 kW-hr, total available solar radiation was 3567.6
kW-hr and average daily direct normal insolation during_testing was
270.6 langleys (Figure 7).

Usually corn drying takes place during October in the Brookings,
South Dakota, area. Average direct normal insolation at this time and
location is 353.5 langleys/day which is 23.5 percent higher than
occurred during testing (Lytle, 1979).

Daily amounts of heat collected, radiation available and efficiency
from 800 to 1700 hours are listed in Appendix B. Figure 8 shows the
energy collected and available for each day of testing. Maximum daily
energy collected was 103.0 ki-hr on December 13, 1979, and daily effi-
ciency was 68.0 percent. Efficiency ranged from 0.0 to a maximum of
75.0 percent on December 1, 1979.

Energy collected, radiation available and efficiency for a typical
clear day, December 13, 1979, formed a bell-shaped curve when plotted
~against time (Figure 9). Efficiency was higher during the Tate after-
noon. This could result from the collector materials storing some heat
and creating a thermal lag in the system. Thermal lag would affect

hourly efficiencies but would have minimal influence on daily

efficiencies.

Average hourly temperature rises during the 40-day test period
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are shown in Figure 10, Temperature rises formed a bell-shaped curve,

and the maximum temperature rise occurred at 1300 hours.

Statistical Analysis
Multiple stepwise, regression analysis was used to develop signi-
ficant equations for predicting hourly energy collected. The following

regression equations were developed:

Equation RZ
EC = -0.883 + 0.584I .823
EC = -0.429 + 04261 + 0.0061>  .828
where EC = energy collected, kW
I = direct normal radiation, kW

Little difference was noted in the coefficient of determination
between the linear equation and the polynomial equation. Therefore the
linear equation was graphed against measured hourly values of energy
collected and direct normal radiation (Figure 11). The linear equation
explained 82.3 percent of the variation in the measured hourly energy

collected.

Economic Performance

on November 19, 1979, the price of propane was $.1268/1iter. Total
heat collected (1815.2 kW-hr) during the 40-day test period was
thermally equivalent to 410.2 liters of propane burned and was utilized
at 65 percent efficiency. Over the 40-day test period, the solar system
energy savings averaged $1.30/day. Maximum daily propane savings was
$4.53 on December 13, 1979. Compared with electric heat over the same

40-day test period, the solar system would save an average of $1.36/day
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at $0.03/kW-hr,

If the solar system was used for 180 days from October to March,
$313.33/yr of propane or $327.56/yr of electricity could be saved,
based on average daily solar radiation available from October to March.
Average insolation from October to March was 25.3 percent higher than
occurred during testing. Therefore the daily energy savings were also
increased 25.3 percent to approximate a normal year. If the fuel
inflation rate was 13 percent, it would take five years for the fuel

savings to equal the initial system cost.

Model Description

The mathematical model predicts the useful energy collected and
the airflow temperatures in the South Dakota State University solar
energy intensifier system. Using heat transfer and thermodynamic laws,
the solar system geometry, physical properties of the materials, and
weather data, eight unknown energy transfers and three unknown tempera-
tures are determined by solving 11 equations at each increment along
the airflow path in the collector. These 11 equations are not inde-
pendent, so an iterative trial and error process is utilized. Table 2
describes each unknown and lists the 11 relationships used to obtain
the solution to these unknowns.
The calculation procedure is as follows:
1. Solar radiation absorbed by the absorber plate is determined from
the reflectivity of the reflector, transmissivity of the glass cover,
absorptivity of the absorber plate, the direct normal radiation, and

the perpendicular solar intercepted area (Duffie and Beckman, 1974).
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Table 2 Description of the simulation model concept.

Solar radiation absorber by the absorber plate

QsOL =p * rg ® % * RAD * SAREA
solar radiation absorbed by an increment of
absorber plate, W
reflectivity of the reflector for the north side,
1.0 for the south side ;

where:  QSOL

o)

Tg = transmissivity of glass

ap = plate absorptivity 5

RA% = agvailable direct normal radiation, W/m
SAREA =

18tercepted area perpendicular to solar radiation,
m

Plate-to-cover net radiation

s * (TPAY - Tcat) * AReA

QRPC = —
1/ec + T7ep 1
where: QRPC = plate-to-cover net radiation, g 1

o = Stefan-Boltzmann constant, W/mc-K

ep = plate emissivity

e~ = cover emissivity
TPA = absolute plate temperature, 2K
TCA = absolute cover temperature, 9K
AREA = area of the increment, m

Energy convected from plate-to-airstream behind the absorber plate

QBL = HCB * (TP - TI) * AREA

where: QBL = convected back losses from the plate-to-airstream
behind the absorber plate, W
HCB = heat transfer coefficient for the back side, W/m2.0C
TP = absorber plate temperature, ©OC
TI = airstream temperature entering the increment, °C

Energy convected from plate-to-airstream in front of the absorber

E]ate

QCPA = QSOL - QRPC + QBL

where: QCPA = energy convected from the absorber plate to the
front airstream, W
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Table 2 (cont.)

5. Absorber plate temperature

TP = QCPA/(AREA * HC) + TI
where: HC = heat transfer coefficient of the airstream, W/m2-°C

6. Convective airstream-to-cover heat transfer

QCAC = HC * (TI - TC) * AREA

where: QCAC

airstream-to-cover convective heat transfer, W
TC '

cover temperature, ©C

7. Convective cover-to-sky heat transfer

QCCS = HW * (TC - TS) * AREA

cover-to-sky convective heat transfer, W
wind heat transfer coefficient, W/m2.0C
sky temperature, °C

where: QCCS
HW
TS

nnu

8. Cover-to-sky radiation

ORCS = o * ¢ * (TCA® - 7sA%) * AREA

cover-to-sky radiation, W

where: QRCS
absolute sky temperature, °K

TSA

9. Cover temperature

A trial and error process of incrementing cover temperature is
used until:

QCAC + QRPC = QCCS + QRCS

10. Useful energy collected at the increment

QUSE = QCPA - QCAC
where: QUSE = useful energy collected at the increment, W

11. Airstream temperature exiting inCrement

TO = QUSE/(CP * M) + TI

airstream temperature exiting increment, °C
specific heat of air, W.hr/(kq.0C)
amount of air, kg/hr

where: TO
CcP

nnn
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Radiation reflected onto the north collector is considered evenly
distributed.

2. Plate-to-cover radiation is found using the heat transfer equation
for radiation between two infinite parallel plates (Holman, 1976).
Terms used to calculate plate-to-cover radiation include the
Stefan-Boltzmann constant, absolute plate and cover temperatdres,
and plate and cover emissivities.1

3. Energy convected from the back of the absorber plate to the air-
stream behind the absorber plate is calculated from the convective
heat transfer coefficient for that side, the plate temperature,
and the airstream temperature entering the increment. A convection
coefficient obtained from Newton's law of cooling is used to
express the effect of the back lTosses due to convection (Holman,
1976).2

4. Energy convected from the absorber plate to the airstream in front
of the absorber plate is determined from an energy balance at the
absorber plate. Other terms in the energy balance are the solar
radiation absorbed by the absorber plate, the plate-to-cover
radiation and the back losses.

5. Absorber plate temperature is calculated based on the definition

]Net plate-to-cover radiation is assumed for the initial increment
on the north side to be 25 percent of the north solar radiation absorbed
by the plate, and on the south side to be 10 percent of the absorbed

south radiation.

2Back losses for the first iteration process are assumed to be
negligible. Once through the first iteration, back Tosses are calculated

from the previous iteration.
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of convection from the plate to airstream. Nusselt number is used
to define the convected heat transfer coefficient of the airstream.
This heat transfer coefficient plus the increment area, airstream
temperature, and the plate to airstream convected energy determine
the absorber plate temperature.

Convective heat transfer from the airstream to the cover is deter-
mined from basic laws of convection heat transfer. Convected energy
from the airstream to cover is a product of the temperature dif-
ference of the airstream of cover, the airstream heat transfer
coefficient, and increment area.

Convective heat loss from the cover plate which is exposed to out-
side winds is found from a dimensional expression given by Duffie
and Beckman (1974) which related the heat transfer coefficient in

w/mz.o

C to the wind speed in m/s. This wind heat transfer
coefficient, cover and sky temperatures, and area determine the
convective cover-to-sky heat transfer.

Cover-to-sky radiation heat transfer is determined by using area,
Stefan-Boltzmann constant, cover emissivity, and absolute cover and
sky temperatures. Stefan-Boltzmann's law of thermal radiation
(Holman, 1976) is used to calculate the cover to sky radiation
heat transfer.

A trial and error process of incrementing the cover temperature
continues until an energy balance between the plate to cover heat
transfer and the cover to sky losses is obtained. Convective aﬁr-

stream to cover heat transfer and plate to cover radiation make up

the plate-to-cover heat transfer while cover to sky losses are
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comprised of convective cover to sky energy transfer and cover-to-
sky radiation losses.

Useful energy collected for the increment is established by an
energy balance. The energy balance also includes convected plate
to airstream energy and convected airstream to cover energy.
Temperature exiting the increment is defined by rearranging the
quantities in the equation for useful energy. The specific heat
equation includes the terms of volume of air, specific heat of air,
and temperature entering the increment.

The incrementing process is continued until the predicted energy

collected approaches within 0.1 kW of the previous iteration value or

until the process is repeated ten times. The effect is a simultaneous

solution of 11 equations and 11 unknowns. With initial assumptions as

indicated in the thesis, this procedure does converge to a solution.

Model Validation

A mathematical model was developed to predict the useful energy

collected and temperatures in the solar energy intensifier system. Model

predictions were compared with measured temperatures and energy collected

in a full scale prototype during corn drying in the fall of 1979. Addi-

tionally, the Nusselt number and the south-to-north airflow ratio were

varied over a likely range of values based on past research and experi-

mental conditions to determine their effect on collected energy.

Figure 12 compared predicted energy collection with measured -

energy collection for a representative sunny day during the drying

season, December 13, 1979. A comparison of predicted and measured
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energy collected for December 13, 1979, using a planimeter to measure
the respective areas under each curve in Figure 12, revealed a 2.4 per-
cent lower predicted value. Predicted, useful energy resulted in a
uniform bell-shaped curve approximately symmetrical about solar noon.
The measured, collected energy curve was slightly out of phase, due
probably to a thermal lag created by heat storage in the collector
materials. Heat was required to warm the collector materials in the
morning, while in thé afternoon the materials released some of the
stored energy.

Predicted temperature rise was compared to the measured temperature
rise through the solar collector at three different sections along the
length of the collector for December 13 at noon, Figure 4. Large varia-
tions in predicted and measured temperature rise were noted in both the
north and south sides of the solar collector, Figures 13 and 14, due
primarily to the variability of airflow rates at each section. Although
there is some variation in the predicted and measured temperatures,
predicted energy collected can be reliably compared to measured energy
collected because in the ductwork between the collector and application,
where airflow has stabilized, temperatures and airflow were accurately
measured.

Nusselt number, varied over a range of values (13.24 to 22.60)
reported from previous heated plate research, resulted in differences
between the predicted and measured useful energy ranging from -.6 to
4.1 percent (Figure 15). Predicted and measured energy collected
differed by 2.6 percent with a Nusselt number of 17.02, which was

believed to be the best value based on theoretical conditions.
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Varying south-to-north airflow rates from 0.25 to 0.50, which is
the range of values expected based on geometrical considerations,
resulted in a 1.1 to 3.7 percent difference between measured and
predicted energy, Figure 16. Since the south-to-north plate spacing
was 1:3, an airflow ratio of 0.33 was normally used.

The model can be used to predict temperatures entering storége
units and to size solar energy intensifier systems for specfic solar
applications. Also, extensive field testing can be minimized, because
with the model, design alternatives for the system can be evaluated,

and only the designs most promising can be selected for testing.
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CONCLUSIONS

The following conclusions were reached as a result of this study:
Average daily thermal efficiency of the solar energy intensifier
system from November 8, 1979, to December 17, 1979, was 50.9 per-
cent, '

Total energy collected during the test period was 1815.2 kW-hr,
while the total-available solar radiation was 3567.6 kW-hr,
Average daily insolation during testing was 270.6 Tangleys while
the average during the normal drying season at Brookings, South
Dakota, was 353.5 langleys/day.

A highly significant, direct, linear equation accounted for 82.3
percent of the variation in the measured hourly energy collected.
For a 180-Qay heating period from October to March, the solar
system savings would equal the initial investment cost over a
five-year period.

A mathematical model using basic laws of heat transfer and thermo-
dynamics predicted a 2.4 percent lower value of collected energy
than the measured energy collected on December 13, 1979.

A -.6 to 4.1 percent difference betwéen the predicted and measured
useful energy was noted with Nusselt numbers ranging from 13.24 to
22.60.

Varying south-to-north collector side airflow ratio from 0.25 to
0.50 resulted in a 1.1 to 3.7 percent difference between measured
and predicted energy collected.

Predictions of the model can be used to evaluate design



1.

54

considerations in the solar energy intensifier system.
The model can be used to size solar energy intensifier systems for

specific applications.
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SUMMARY

Research was conducted at South Dakota State University to evaluate
the solar energy intensifier system for corn drying from November 8
to December 17, 1979. Total energy collected during the test period
was 1815.2 kW-hr with an average daily efficiency of 50.9 percent.
Statistical analysis was used to develop significant equations based on
insolation that predict hourly collected energy.

Over the 40-day test period, the energy savings averaged $1.30/day
for a propane fired system., If the daily energy savings were adjusted
to the average daily direct normal insolation available from October to
March, an average of $313.33/year of propane would be saved. Solar
system savings would equal the initial investment costs over a five-
year period with 13 percent fuel inflation. |

A mathematical model developed from basic laws of heat transfer and
thermodynamics was used to predict useful energy collected and tempera-
tures for the South Dakota State University solar energy intensifier
system. Predicted useful energy for December 13, 1979, resulted in a
uniform bell-shaped curve symmetrical about solar noon with 2.4 percent
less predicted than measured energy collected. Varying Nusselt numbers
between 13.24 and 22.60 and south-to-north airflow ratios from 0.25 to
0.50 resulted in 1ittle difference between measured and predicted energy
collected. Predictions of this model can be used to evaluate desigﬁ
considerations, to predict temperatures entering storage units, and to

size solar energy intensifier systems for solar applications.
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Appendix A
MATERIAL COSTS FOR

THE EXPERIMENTAL SOLAR SYSTEM
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Table A.1 Costs of collector materials

Unit Total
Quantity Description Cost, § Cost, $
10 Glass, low iron tempered 24 .98 249.84
(0.4 x 86.4 x 193.0 cm)
20 Steel, sheet (0.61 mm x 1.22 x 2.44 m) 11.20 | 224.00
1 Steel, sheet (0.76 mm x 1.22 x 3.05 m) 17.50 17.50
57.91 m Steel, angle (0.32 x 1.91 x 1.91 cm) .65 37.44
39.01 m Steel, angle (0.32 x 1.27 x 1.27 cm) .54 21.16
1.52 m Steel, channel (0.32 x 0.79 x 1.91 cm) .69 1.05
13 Lumber, Grade #2 10.24 133.12
(1.27 cm x 1.22 x 2.44 m)
16 Lumber, Grade #2 3.49 55.84
(5.08 x 15.24 cm x 2.44 m)
53.34 m Insulation, unfaced fiberglass batt .69 36.74
(15.24 x 30.48 cm)
4 liter Paint, black high absorptive paint 5.00 20.00
Caulking, silicone 32.00
Welding rods 10.00
Miscellaneous (bolts, screws, nails, etc.) 30.00

$868.69
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Table A.2 Costs of reflector materials.

Unit Total

Quantity Description Cost, $ Cost, $

64.01 m Reflective material (0.10 mm x 0.61 m) 4,87 311.64

10 Steel, sheet (0.76 mm x 1.22 x 3.05 m) 17.50 175.00

26.82 m  Steel, bar (0.32 x 12.7 cm) 1.96  52.64

12.80 m Steel, standard thickness pipe 4.00 51.24
(5.08 cm - diam) |

48.77 m Steel, angle (0.48 x 3.18 x 3.18 ém) 1.17 56.83

24,38 m Steel, angle (0.48 x 2.54 x 2.54 cm) 1.10 26.86

18.29 m Steel, channel (0.32 x 0.95 x 1.91 cm) 0.99 18.10

60.96 m Steel, channel (0.32 x 1.27 x 3.81 cm) 1.17 71.46

Mounting brackets 30.12

Welding rods 20.00

Miscellaneous (rivets, bolts, nuts, etc.) 25.00

$838.89
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Daily radiation, energy collected
and efficiency for hours from
800 to 1700.

Incident Radiation

Energy Collected

Daily Efficiency

Day (kW) (kw) (%)
11/ 8/79 56.67 14.56 25.7
11/ 9/79 35.56 14.67 41.3
11/10/79 22.77 3,79 16.5
11/11/79 35.86 18.80 52.4
11/12/79 134.45 85.71 63.7
11/13/79 150,57 87.18 57.9
11/14/79 92.88 31.99 34.4
11/15/79 144 .87 83.21 57.4
11/16/79 157.80 85.78 54.4
11/17/79 164 .01 84.72 51.7
11/18/79 149.90 70.13 46.8
11/19/79 149.82 82.93 55.4
11/20/79 14 .05 1.00 7.1
11/21/79 9.23 0.00 0.0
11/22/79 19.62 2,37 12.1
11/23/79 121.87 40.99- 33.6
11/24/79 131.88 69.75 52.9
11/25/79 37.48 5.70 15.2
11/26/79 75.17 17.64 23.5
11/27/79 73.02 34.44 47.2
11/28/79 53.12 14.17 26.7
11/29/79 119.04 64.54 54.2
11/30/79 68.02 15.99 23.5
12/ 1/79 129.41 97.02 75.0
12/ 2/79 112.05 75.06 67.0
12/ 3/79 111.07 53.30 48.0
12/ 4/79 97.88 44 .56 45.5
12/ 5/79 82.51 56.55 68.5
12/ 6/79 20.78 3.34 16.1
12/ 7/79 49,30 28.57 58.0
12/ 8/79 52.99 23.09 436
12/ 9/79 134.06 84.93 63.4
12/12/79 99.43 52.15 52.5
12/13/79 151.53 103.02 68.0
12/14/79 113.84 57.14 50.2
12/15/79 52.00 17.52 33.7
12/16/79 158.25 97.19 61.4
12/17/79 120.69 74.21 61.5
Total
Period 3503.42 1797.66 51.3
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TABLE C.l RAW DATA DIRECT NORMAL RADIATION STRIKING COLLECTCR (W/M$e2) AND AIR TEMPERATURES (C) AT LOCATICNS (FIGURE 4)
MC DA VYR HR RAD 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
11 8 197§ aco 0.01 =] =] =7 =7 =P 1 1 -8 o -8 -8 -8 -8 2 -8 -8 -2 -7 -1 -1 -1 =1 -1 -1
11 8 1978 910 0.33 =l =) =i ~f =i 5 5 Q S =1 =i ¢ =2 4§ =3 =3 0 -3 -3 -3 -3 -4 -4 -5
LL 8 1y7s 11cC C.22 6 2 1 1 1 10 10 1 7 1 1} 1 i a =i 0 e 1 1 ) I =2 =2 -2
1L 8 1979 1200 0.31 6 3 2 2 2 10 10 2 7 2 2 2 < 7 0 1 4 2 2 2 2 0 C =2
11 8 1975 13C0 0.45 1L 6 5 L 6 16 16 4 11 4 4 4 3 10 0 4 8 4 5 5 5 0 0 =2
Il 8 1979 14C0 0.25 7 4 2 5 5 15 15 3 1 3 3 3 2 IC 1 1 6 2 3 3 3 0 0 -1
11 8 1975 1530 0.03 “3 =3 =3 =3 =3 5 $ =3 =3 =3 <=3 =3 -3 4 =3 =3 I =3 =3 <3 =3 ~3 =2 =3
Il 8 1976 17ICC 0.01 =) =3 =3 3 =3 8 8 =3 =3 =3 =3 =3 =3 8 =3 =3 6 =F =3 =P =F =Y uF =y
1L 9 1976 8ce 0.0 =) =) =3 =3 =3 2 ~4 -4 -4 -4 -4 -4 -4 I =4 =4 -2 -4 -4 -4 -4 -4 -3 -4
I 9 191 930 0.04 -4 =4 =4 =4 =4 1 =4 =4 =4 -4 -4 -4 -4 I -4 -4 -2 -3 -3 -3 -3 -4 -4 -4
1L 9 1978 11cC0 C.17 =3 =3 = =3 =3 3 L =3 =3 =3 =3 =3 =3 2 =3 -3 =2 =2 -3 -3 -3 -4 -4 -4
1L 91979 1200 0.16 ] @ =2 =} =} & *=J = =T = = =2 =i & =2 0 1 v 0 =1 =1 =3 =+=3 =4
1L 9 19715 13cCo 0.13 wg =g =g md =2 ] =3 =2 =2 =2 =2 =2 =} 6 -2 -1 0 0 -1 -1 =1 -3 -3 -4
L 9 1519 1400 0.10 =] =i =3 =3 =3 4 4 =3 =3 =3 =3 =3 =3F 3 -4 -4 0 -3 -3 -3 -3 -4 -4 -5
1L 9 1979 1530 0.39 11 T =2 4 4 11 3 7 4 12 6 6 6 12 6 16 16 14 5 10 T =f =) =4
LI 9 197§ Y7o 0.01 -6 -6 -6 -6 -6 1l -6 -6 -6 -6 -6 -6 -6 .1 -6 -6 =2 -6 -6 -6 -6 -6 =-% -6
11 10 1575 eco 0.01 -6 -8 -8 -4 -8 -3 -10-1C -4 -8 -8 -8 -8 -3 -8 -8 -1 =1 -1 -1 =1 -1 -1 -7
Il 10 1978 930 0.06 -3 -3 -3 -3 -3 =2 -5 =5 =5 =5 =5 <5 <5 =2 -5 -5 -4 -5 =5 -5 -§ -5 _§ _g§
Ll lu 1979 11CO 0.14 =2 =« =2 =% =2 2 0 =3 =3 =3 =3 =3 =3 I -3 -3 =2 -3 -3 =3 -3 =3 -3 =4
Il 10 1978 1200 0.08 -2 =2 =2 =2 <=2 4 4 2 «3 =3 =) =3 =J 2 =3 =3 -1 =2 =2 -2 =2 =) =3} =4
11 10 197 13cC0 0.13 ~4 -4 =4 -4 -4 5 =2 =2 =2 =2 =2 =2 =2 2 =3 =3 -1 =2 =2 =2 =2 -3} -3 -3
11 10 1579 14cCC 0.10 g =g =g =y =3 6 ~2 o =3 =3 =3 =3 =) 0 -3 -3 0 -3 -3 -3 -3 -3 -3 -3
1L 10 197 153¢C 0.10 =3 =3 =2 =2 =2 4 4 0 =3 =3 =3 . =3.=~3 3 =3 =3 0 =2 =2 . -2 =2 =3 =) =3
Ll 10 1979 1L17ICGC .01 -4 =4 =4 =4 =4 5 =3 =3 -4 -4 -4 -4 -4 3 -4 -6 -1l -4 -4 -4 -4 -4 -4 -4
1L 1979 egcc 0.01 =5 -5 =5 =5 =5 =2 =5 =5 =5 =5 -5 -5 =5 -2 -5 -5 -5 -§ -§ -4 -§ -§ -§ -§
L1 19r7s 930 0.20 =1 =1 .~} *f. =] 4 =2 =2 =2 =2 <2 =2 =2 ) =3. =3 =L;=l =~ =L =k =2 =2 =2
L1l 197§ 1100 0.18 25 16 13 25 11 22 22 16 10 21 14 14 11 12 8 15 15 13 14 14 14 4 4 =2
Ll 1L 191s  l2ce 0.10 3 3 2 2 2 15 6 1 1 1 1 1 1 10 1 1 2 2 2 2 2 1 1 1
11 11 1975 13cC C.28 16 13 12 11 12 20 10 11 10 8 10 10 T 12 5 T 7 10 11 11 11 “ “ 2
L 11 157S lscCC .18 7 6 4 4 4 15 4 4 4 4 4 4 4 10 3 3 3 4 4 4 4 3 3 2
1111 1979 1530 C.06 5 5 3 4 4 54 54 3 3 3 3 3 3 4« k] 3 22 3 3 k] 3 3 3 2
L 1L 1979 117C0 0.01 2 2 2 2 2 45 1 [} 1 L 1 1 1 4l L 1 23 1 1 1 1 1 2 1
11 12 1979 8co 0.01 =4 -4 -4 -4 -4 35 35 -5 -5 -5 =5 -5 =5 34 ~5 -5 2] =5 =5 -5 =5 =5 -§ -5
11 12 1979 930 0.10 =3 -3 -3 -3 -3 46 80 -3 -3 -3 -3 =) -3 38 -4 -4 24 =3 -3 =3 =3 -4 -4 -4
11 12 1975 1100 0.7% 35 34 41 38 34 40 18 30 35 41 34 37 18 22 14 21 18 271 28 21 23 4 3 -2
11 12 1575 12cC0 0.83 43 41 42 56 41 4T 35 30 45 52 37 47 22 31 21 3 31 32 35 315 31 6 S =
AL 12 1575 13cCo 0.82 45 43 44 55 41 46 46 35 31 45 38 44 22 25 21 21 25 28 40 31 33 1 6 0
Il 12 197§ 14G0 0.73 4) 44 36 58 AL ‘46 20 43 42 54 42 44 18 21 23 30 26 30 38 35 32 10 8 0
11 12 197 1530 0.48 21 18 8 23 16 55 11 21 16 27 21 23 14 43 11 18 34 16 16 18 16 5 | 1
11 12 1979 1760 0.04 i 3 =2 2 1 36 0 i =2 =} 0 0 0. 40, =2 =} 32 -} 0 0 0 =1 =1. =}
11 13 1979 8C0 0.20 =5 =5 =5 =5 =5 38 38 -5 -5 =5 =5 =5 =5 37 =5 -5 32 -5 -5 -§ -§ -§ -5 -_§
11 13 197s 930 0.57 22 22 22 22 21 18 18 20 15 17 17 18 8 53 5 15 45 11 17 14 13 3 3 -1
Il 13 1975 1l1cCC 0.75 40 37 46 &7 42 44 44 36 37 S5 41 44 24 24 21 35 32 33 37 36 31 10 8 2
1l 13 1979 12ce 0.60 48 45 44 60 46 AT 30 37 43 62 43 A7 30 28 24 42 36 41 42 42 36 12 11 4
11 13 1979 1300 0.75 53 55 36 56 51 52 43 44 36 53 46 50 31 31 30 41 34 37 42 42 31 13 13 6
11 13 1579 1400 0.70 50 41 42 58 44 44 21 27 32 S50 40 43 2 27 21 31 34 35 31 37 33 12 12 5
11 13 1979 1530 0.39 31 20 13 23 18 35 35 28 12 17 18 18 18 35 12 17 23 17 16 16 16 7 7 7
11 13 1978 17C0 0.C7 2 2 1 2 2 4 5 3 1 2 2 2 2 12 2 2 6 1 2 2 2 1 2 2
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TABLE C.l1 RAW CATA ULRECT NORMAL RADIATIGN STRIKING COLLECTOR (W/M*#2) AND AIR TEMPERATURES (C) AT LOCATIONS (FIGURE 4)
MO DA VYR HR RAC 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
11 14 1979 8co 0.01 =g g =g =3 = 4 =1 =2 2 =2 =2 =3 =2 e =8 =2 =) <~ =2 2 =& =~ =2 =2
11 14 1978 930 0.05 =1L =1 =1 =1 =1 12 =1 =1 23 =1 =] =1 =] 26 =2 =2 |3 =3 =3 -3 -3 ~3 -3 ~4%
11 14 1575 11CGC 0.13 2 2 1 1 1 32 L 1 30 1 1 1 1 32 C 1 22 1 1 i 1 0 c [
11 14 1979 12C0 0.87 8 8 4 4 5 42 3 5 40 4 4 5 5 25 3 5 13 6 6 6 5 3 3 1
Il 14 1975 13C0 0.71 43 38 26 4l 40 43 24 37 37 38 33 34 20 21 15 22 15 24 32 31 271 12 12 4
11 14 1979 14CO 0.47 34 32 25 40 31 54 20 24 22 30 22 22 15 40 15 21 25 21 24 24 22 11 11 5
Ll 14 197 1530 0.38 26 21 11 15 15 34 23 17 11 13 14 14 16 33 10 i1 14 13 13 13 13 8 8 7
11 14 1978 17CO 0.01 4 4 4 4 4 6 2 4 4 4 4 4 4 & 4 4 1 3 3 3 3 3 “ “
1L 15 197§ 8co 0.15 ki =f =] =) =} & =~1 =i } =i =} =i =} 2 =2 =2 8 =1 =1 =} =} =~f =) =i}
1L 15 197§ 930 0.59 23 20 14 17 21 65 15 21 53 16 18 21 17 41 12 23 44 17 16 17 15 5 5 3
1L 15 19719 1100 0.€3 44 42 45 48 43 54 30 41 38 50 38 43 31 26 24 33 3L 35 37 36 33 13 13 6
11 15 1979 12C0 0.66 45 43 43 53 44 42 3L 45 36 51 40 42 30 24 2% 36 26 36 38 31 34 15 14 7
LL1S 1979 1300 0.40 56 54 56 €3 55 50 50 51 44 57 48 5C 34 26 26 41 26 41 S50 47 42 18 17 11
Il 15 1976 140 V.71 54 5% 58 61 55 56 56 56 44 6% 52 53 31 3L 31 483 44 41 47 -8 42 20 18 12
Ll 15 167 1530 0.45 38 31 24 34 31 33 33 34 32 41 33 35 23 25 24 25 25 26 31 33 31 16 16 1>
11 15 1915 117cC0 0.07 12 10 T 10 10 5 10 12 T 10 10 10 8 4 7 8 2 1 8 8 8 1 1 8
11 16 1979 8CC 0.22 =2 =2 =3 =3 =3 2 & =3 I =¥ <3 =3 =3 3 =3 =3 =] =2 -2 <2 =2 =3 =3 =)}
Il 16 1975 930 0.56 23 22 22 26 23 66 44 21 54 22 20 23 12 45 11 14 48 15 20 18 15 6 ] 2
11 16 1575 1100 V.76 45 44 50 50 44 70 S3 44 55 53 37 42 24 38 24 27 36 33 I8 34 4 18 e 9
AL L6 L9099 1eul 0.4l 54 52 50 66 53 51 35 35 36 T1 45 46 Il 36 21 46 46 42 48 46 42 22 22 12
Il 16 1979 13C0 0.80 S8 56 60 67 51 52 52 52 44 62 48 51 33 25 35 50 31 42 50 48 44 25 24 14
1l 16 1675 14C0 0.72 60 60 48 €5 56 56 56 60 54 67 56 54 34 34 34 50 A7 44 51 43 45 26 26 11
Ll L6 1y7S 1530 0.47 44 37 30 40 36 36 36 37 40 46 37 41 28 28 30 35 34 35 36 38 36 64 4 1
Il 16 1979 17C0 0.06 16 16 12 14 15 8 14 17 12 1% 15 14 1) 8 11 14 T 13 14 15 15 12 13 13
L 17 197§ 8Co 0.22 - =§ =§ =5 =5 0 o -3 L =8 -§ ~§ =5 0 -6 =6 =3 =2 =2 =2 =2 =& =F =2
1L 17 1978 930 0.61 24 21 21 21 24 ST 51 21 51 21 18 23 8 43 10 10 44 11 20 18 14 4 4 0
11 17 1578 1160 0.80 47 42 35 36 40 65 65 53 15 63 44 51 25 45 25 36 51 34 34 41 34 )5 11 1O
11 12 1s7s 1200 0.84 60 56 57 €1 55 62 54 65 712 85 54 58 34 47 28 51 58 44 42 48 41 20 20 12
11 17 197§ 13cC0 0.82 63 54 45 58 58 57 57 54 S1 55 46 53 36 34 34 46 42 45 41 52 44 24 24 14
11 17 19719 14cC0 0.74 63 61 471 ¢4 60 65 65 54 52 51 43 46 35 31 40 46 4T 44 41 46 43 24 24 16
11 17 1675 1530 0.50 44 34 28 38 34 34 34 38 3T 44 38 42 30 30 30 40 40 36 36 38 36 23 23 11
Ll 17 1979 17C0 0.05 14 13 10 12 12 5 5 14 10 12 12 12 11 4 11 12 4 12 12 12 12 11 11 1
1l 18 197§ 8co 0.16 =2 =2 =g w2 =g =3I = +3 *F =F &3 LI =3 «J =3 =3 &£J =F =3 =3 =J =F =Z =2
1118 157§ 930 0.54 23 24 25 26 26 48 15 20 41 21 20 <22 13 35 14 14 271 15 21 20 11 8 8 3
L1 18 1975 11CO C.77 41 35 30 35 35 46 46 42 53 51 37 41 25 40 23 34 36 32 32 34 31 16 16 8
11 13 1978 1260 0.80 48 46 37 6 46 52 43 46 S50 63 40 43 30 31 28 44 35 37 36 40 35 0 21 11
11 18 1975 1300 C.79 53 50 54 61 51 42' 42 38 31 41 38 37 31 24 28 40 26 37 40 42 31 22 22 13
Ll 18 1979 14C0 0.69 51 46 41 58 48 52 40 37 48 43 36 40 31 32 32 46 42 38 41 40 37 23 23 14
11 13 1979 1530 0.43 36 30 31 36 31 33 21 33 30 35 32 33 25 28 26 32 32 30 30 31 28 20 20 15
Il 18 1975 11760 0.0 12 12 12 13 13 T T 12 12 12 12 12 12 8 12 12 T 12 12 12 12 12 12 12
L1 19 157§ 800 0.14 1 1 1 [} 1 4 4 1 3 1 1 1 1 3 1 1 L 1 1 1 L 1 1 1
1L 19 197§ 930 0.55 23 23 21 30 31 46 11 22 36 28 22 21 15 31 16 16 15 31 25 22 20 17 8 3
L1 19 197 1100 0.175 38 32 34 40 40 45 21 44 4B S6 40 45 25 34 22 40 42 34 34 36 32 13 14 6
11 19 1975 1200 0.80 45 40 51 62 48 54 54 38 37 Tl 44 42 27 28 26 41 42 31 31T 42 35 16 16 8
11 19 1975 1300 0.79 47 48 46 60 51 45 33 38 32 41 38 40 27 23 28 40 33 36 4«0 41 36 17 171 10
Ll 19 1979 1400 0.70 45 40 50 61 S0 50 31 34 36 41 35 37 26 27 28 33 40 36 41 38 35 117 11 10
11 19 197 1530 0.43 32 26 26 35 25 21 24 30 33 34 28 31 21 23 23 30 30 27 271 28 26 13 14 0
11 19 1975 1700 0.01 7 10 6 8 10 5 7 10 5 8 8 1 7 3 & 6 2 6 7 17 17 6 6 5
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TABLE C.1 RAW DATA OIRECT NORMAL RADIAT IUN STRIKING COLLECTOR (W/M®##2) AND AIR TEMPERATURES (C) AT LOCATIONS (FIGURE &)
MO DA YR HR RAD 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 2
11 20 1975 8C0O 0.0 =3 <3 =3 =3 =} 0 3 -3 3 w3 =3 w3 =3 S5 =3 =3 1 =3 =3 -3 =3 -3 =3 -3
Ll 20 191 930 0.03 0 0 0 0 0 22 22 o 22 0 0 0 0 22 0 o 17 0 0 0 0 0 0 0
11 20 1575 1100 C.C7 1 1 1 1 1 21 21 1 22 1 1 1 1 25 1 1 21 i 1 1 1 1 1 0
Il 20 1979 1200 0.C6 2 2 2 2 213 13 2 12 2 2 2 2 13 1 1 11 2 2 2 2 1 1 1
Ll 20 1978 13cC0 0.Cé 2 2 2 2 2 2 0 2 2 2 2 2 2 2 2 2 2 2 2 2 2 & 2 2
11 297 1975 1400 0.09 5 4 3 3 3 22 11 8 17 3 3 L] 3 23 1 1 17 2 2 2 2 2 2 1
Ll 20 1979 1530 0.C7 | 2 2 2 2 18 18 1 16 1 1 1 1 18 1 1 15 1 1} i 1 1 2 1
Ll 20 197 1ICO 0.0 1 1 1 1 1 1 1 1 1 1 1 1 1 C i 1 0 0 0 0 0 1 1 i
1L 21 1918 4ccC 0.0 =g =3 =3 =3 =2 4 =§ =2 i =2 =2 =) =2 $ =2 =2 & =2 =2 =2 =3 = =] =]
11 21 197§ 930 C.C2 -1 =1 =1 =1 =1 21 =2 =2 16 =2 -2 =2 =2 24 =2 =2 25 =2 =2 -2 -2 =2 -1 =\
11 21 1975 1160 0.C8 0 C 0 0 ¢ 28 =L =1- 16 ] 0 0 -1 25 -1 -1 22 -1 =1 =-1 =1 =} 0 0
L 21 1975 1260 V.07 ] Q 0 ] 0 10 -1 =1 7 0 0 0 -1 24 -1 =1 21 =1 =1 =1 =1 =l 0 J
Ll 21 1979 1300 G.06 0 C 0 0 0 e =1 =} 3 0 0 o ~i 2 0 0 3 0 0 0 0 0 0 0
Il 21 191§ 1400 0.02 0 0 0 0 0 22 22 -1 16 -1 -1 -1 -1 25 0 0 18 0 0 0 0 0 0 0
Il 21 1975 1530 0.01 0 0 Q 0 0 18 -1 -1 18 0 0 0 0 24 0 0 20 0 0 0 0 0 i 0
Il 21 1975 17CC 0.0 0 0 0 0 0 2 =1 =} 1 0 0 0 0 2 0 0 1 0 0 0 0 0 ] 0
11 22 191% 8Cco 0.01 =3 =3 =3 =3 =3 5 1L -4 4 =4 =4 -4 -4 2 =3 =3 il =3 =3 =3 =3 -3 =3 =3
1L 22 1979 930 0.07 =2 =2 =2 =2 =2 44 =3 =2 44 =2 =2 =2 =2 44 =2 =2 40 =2 =2 =2 =2 =2 -2 =2
Il 22 1975 1100 0.08 =2 =2 -1 =l -1 41 =2 -2 32 -1 -1 =1 =1 371 -1 =1 30 -1 -1 =1 =1 =2 -1 =2
Ll 22 1971 1200 0.08 -2 =2 -L -1 -1 31 -2 -2 33 -1 -1 =1 =1 35 =1 =1 21 -1 -1 -1 =1 =2 =-1 =¢
L1 22 1919 13cCC 0.11 = =i = 0 0 7T -1 -1 0 0 0 0 =1 1 0 0 4 0 0 0 9 =L =1 ~i
11 22 19715 14CO 0.1l =] =] =} 0 0 28 -2 -1 26 -1 =1 =1 =1 27 -1 -1 264 -1 -1 =1 -1 =2 =-1 =2
L 22 1979 1530 g.C7 =2 =1 -1 =1 =1 17 =2 =1 17 =1 =1 =1 =1 28 =4 =2 21 =2 -2 -2 -2 -2 =~} =2
11 22 19719 11C0 0.0 =2 =2 2 =2 =2 =) -2 =2 Qg =2 2 ‘=2 =2 0 =2 =2 =2 =2 «2 =2 =2 =2 =2 =2
11 23 197§ 8co 0.02 = =§ = =] =f 6 $°' =7 $ =T =1 -1 =7 S 2 =Y. =7 =} =y =P =] =7
bl 23 19718 930 0.64 ~g 2 16 13 11 55 =3 5 42 10 4 8 -2 4¢ 1 L 42 1 6 5 } =4 =3 =§
Il 23 1575 1100 0.27 =] 0 0 0 9T 42 . =3 ToZ. F37 0 =1 =1 =2 31 -4 -4 32 =] =1 =] <« =3 =3 =3
11 23 197 1200 0.42 0 1 1 1 L 42 -1 =L 3 1 1 1 -1 35 0 0 32 0 0 0 0 =4 =§ =4
Il 23 1979 13cCcC C.89 5 16 21 21 23 25 4 T° 107 Q¥ L3156 4 LA ) O By N TR | R 1 2 2 Q
11 23 1975 14C0 .17 23 36 43 46 38 63 13 37 48 41 28 38 16 38 21 21 31 25 271 28 22 8 6 1
Ll 23 1975 1530 0.36 26" 21 03 “22°V 10" A7 47" 2170205 2745177 27 <12 &l Q216 36 “1Fii18:.20 |17 4 4 1
1l 23 191§ 1700 0.01 =) "=2 "=y Tap i=) 2 2" tedl fm@f fug S e g tu gt Fug 17 7= =2 =) =2 =2 =2 =@ 1%d =) =2
1l 24 197S 8C0 0.02 =15 =15 -15 ~15 -15 I =12 =12 =16 =16 =16 =16 =16 -1 =15 =15 =3 =15 ~15 =15 =15 =15 =15 =15
1 24 1978 930 C.17 =6 =6 =10 -10 =8 47 47 -8 -10 -10 =10 -10 =10 44 =10 =10 34 =10 =10 =10 -10 -10 -10 -11
L1 24 1975 11cCC 0.55 24 14 12 15 11 T2 5 18 36 18 13 14 3 50 3 216058 4 10 10 8 ~2 =2- -4
Ml24 1975 1260 0.481 30 22 15 3L 24 16 36 24 41 31 18 23 11 48 10 14 43 16 18 18 15 1 L -5
Il 26 1975 1300 0.86 43 38 31 45 38 43 22 20 31 43 32 34 16 22 11 2L 21 23 31 3L 26 4 { AP
11 24 1979 14CO 0.77 44 37 41 52 40 65 22 31 31 45 31 38 16 238 11 21 42 24 21 21 24 6 6 =2
Ll 24 1579 1530 0.47 21 18 13 22 11 50 40 38 21 27 20 22 10 36 11 17 36 16 11 A1 le 3 3 =}
Ll 264 1979 1760 0.01 -4 =4 =5 =4 <-4 L= =§ =6 =5 '=§ ‘=5 j«f§ 0 =5 =5 =2 =5 -4 =4 -4 =5 -5 -5
11 25 197§ 8Co 0.01 =6 =& =& "=§ "~6 § ‘=% = SV =Plie] =Rl =] 4 =1 =7 0 -6 -6 -6 -6 -6 -6 -6
L1 25 19175 930 0.08 =3 =3 =3 =3 =3 37 =3 =3 =3 -3 =3 =3 =3 44 =4 -4 36 <=} =3 =3 =3 =4 -4 -4
1l 25 197 11CO 0.10 m et el e L) e el tedh e Vel fed Am2IAA0 =3 =3 34 =Qii=D. =2 =R =] e =P
Ll 25 1979 1200 0.22 5 5 2 2 2 41 18 2 2 2 2 2 21032 0 L 16 2 2 2 2 -1 Q 0
11 25 1975 1300 0.27 10 8 3 4 5 11 4 4 3 5 & 4 3 8 1 2 4 4 4 4 4 1 1 1
Ll.25 1975 1400 0.24 10 8 4 5 5 38 4 5 3 4 4 4 4 33 2 3 27 4 4 4 2 2 2 2
11 25 197 1530 0.1l 6 6 2 4 & 36 1 4 2 3 3 3 3 32 2 2 26 2 2 2 2 2 2 1
11 25 197 17¢C0 0.01 0 0 0 0 0 2 4 ] o o 0 0 0 4 0 0 1 0 0 0 0 0 0 0
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TABLE C.l RAW DATA DIRECTY NORMAL RADIATION STRIKING COLLECTOR (W/M®*%2) AND AIR TEMPERATURES (C) AV LCCATIONS (FIGURE &)
MO CA VYR HR RAD 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Ll 26 1979 8CO 0.01 w3 =3 w3 =3 =3 @ =3 =3 =3 =3 =§ =3 =3 0 =4 =& =3 =§ =4 =4 =4 =4 =3 =4
11 26 197§ 930 0.08 3 =3 =4 =§ =4 1) =3 =3 =3 =) W =F =3 ]§ =4 =§ )l =& =§ =4 =4 =§ ~§ =4
11 26 1979 11G0 C.24 wl =] =3 =3 =7 [§ =2 =2 =2 =2 =2 =2 =2 26 =3 =3 20 =2 #F =2 =2 =& =4 =4
11 26 19715 1200 0.70 2 3 5 11 6 20 1 2 2 2 i 3 0 13 0 0 11 1 1 2 2 -2 -2 ~2
1l 26 1976 1300 0.45 12 16 10 16 12 16 4 14 13 15 11 12 4 7 3 6 6 6 8 L} -] 0 0 =2
Il 26 15715 14CO 0.56 14 12 5 8 8 38 4 8 6 7 7 8 4 28 4 -1 23 3 5 5 4 -1 -1 =2
Il 26 1975 1530 0.006 0 L =2 =1 =i 32 =2 %@ =2 S =Z =2 =2 L =3 =3 26 =~ =2 =7 <2 =3 =3 =3
Ll 26 197§ 11CC 0.01 -y ~§ =4 =4 =4 0 =4 ~& % =4 =4 ~§ ~§ C =% 4 =2 =4 =4 ~§ =3 =4 =4 =%
Ly 27 1919 aco 0.08 =12 =12 =A2 =12 =12 L -6 ~12 -12 -12 =12 -12 -12 0 ~12 ~l2 -2 =12 =12 =12 —-12 -12 -1l =il
L 27 19758 930 0.40 0 ¢ -7 -6 -4 % -6 -6 -1 -1 -7 -¢ -6 50 -8 ~1 4%} -5 -5 -5 -5 -3 -84 -8
11 27 1515 11C¢C 0.32 4 4 -3 1 I 5% 25 ¢ =2 -1 -1 =1 -1 5% -3 =2 48 -2 ~-1 -1 -0l -4 -4 -4
Ll 21 Ls19 1200 0.45 20 12 13 21 14 1L noan 1 15 8 1 4 40 4 6 26 4 10 10 B =i =1 =i
Il 27 1915 1300 0.33 37 24 21 43 35 46 20 36 26 42 33 33 16 22 L1 1 15 21 21 25 a5 3 3 =4
11 27 1976 l4cCC U35 7 6 3 4 5 54 2 4 2 2 3 3 2 43 Q Q0 35 1 2 2 $ =} «i =
1L 27 1978 153C 0.08 0 1 -1 L 3 55 =2 =1 =2 =1 =f =] =] W2 =2 =2 2& =% =] =) =] =2 =2 =2
Ll 21 19719 1171CC 0.01 w} =3 =4 =2 =2 |5 =3 =) <=4 =3I =3 =3 =3 Q0 ‘~& =4 I =4 =3 =3 =3 ~§ ~& 4
11 28 19719 800 V.01 =10 -1C -10 ~-10 ~-10 3 3 =11 =11 =1 =1} =i} =1} 2 ~11L =1} =1 <11 =il =11 =11 =11 ~10 =10
1L 23 19715 930 0.08 -8 -8 -8 -8B -8 45 45 -10 -10 -10 -10 -10 -10 46 -10 -10 33 -8 -8 -8 -8 -8 -8 -10
11 28 1976 11CO 0.22 = =5 =6 6 =5 S1 =V ~6 =& ~& =& =6 =4 B33 =~} =b AL =4 =5 =§ =§ =) =] =@
1L 28 19715 1200 0.45 wh wff =G =h =4 33 %6 =f =6 =4 =B =& =3 J& =% =§ 2 =& ~§ = =§ =SF =F =}
L1 2& 1971 13C0 0.22 =F =k & =2 =3 30 ~§ =3 =4 =3 =3 =) 0 33 -4 0 25 1 =1 =2 =2 <& =6 =}
1l 28 19715 L4CC 0.36 1 0 0 0 0 51 -4 0 0 0 ] 0 2 53 =} 3 50 4 Q 0 0 -6 =& =7
11 24 19719 1530 0.13 wlf =4 =5 w5 =3 48 =7 =6 <8 ~6 =& =6 =3 42 =0 +5 25 =4 .~4 =5 ~§5 & =6 <=1
11 28 1915 1700 0.01 = =f =§ =§ =8 7T -8 -8 -8 -8 -8 -8 -8 4 =8 -8 -3 =8 =~8 =0 -8 =8 =0 =@
11 29 1979 8co 0.01 =12 =12 =12 =12 =]¢2 3 3 «l3 =13 =|3 =13 =13 =13 l =13 =13 =2 =12 =12 =12 =12 =12 =12 ~12
11 29 197§ 930 0.38 -1 -1 -8 -8 -8 47 -8 -10 =10 =10 =10 =10 -10 35 -1l =11 27 =-10 -10 -10 -10 =11 -11 ~-11
1L 29 191 1100 0.46 14 1 10 21 13 64 1 ] 2 10 6 6 T 4l 3 8 31 T 10 L] 5 -6 -6 -10
1129 197§ 1200 0.38 A =) =g 0 R T e R e B T P - 0 23 =4 =2 15 0 0 =1 =1 =7 =T =3
11 29 19715 1300 0.89 26 28 25 23 34 37 8 25 18 27 21 31 6 15 8 20 16 23 28 25 22 -1 -1 -1
11 29 1975 1400 0.80 28 28 30 50 37 61 Ml 22 27 40 30 36 15 35 14 25 33 23 28 25 23 0 0 -o
Ll 29 1919 19530 0«30 LT 13 16 24 14 4 6 A1 21 23 14 18 4 28 5 11 32 8 12 12 11 -2 -2 -5
Il 29 1919 117100 0.01 = =& =y | <} =] O 8 =7 =1 =7 =T =¥ =7 =2 =1 <=V =3 =8 =] ~1 =1 =~} =¥ =2
11 30 197§ 8co 0.0 =@ =0} =8 =g =8 5 =8 =8 =8 :=8 -8 -0 =§ S -6 -8 -1 -8 -8 -8 -8 -8 -8 -8
L 30 191 930 017 Y =5 =5 =5 =B 4G =5 =§ =§ ~5 o~k ~§ =5 JF -6 -6 26 =5 —5 ~F =~§ = -§ ~§
11 30 1979 11cCO 0.30 I -1 =1 =1 =1 33 -1 =1 =2 =2 =2 =2 =2 32 =3 =3 20 =2 =2 =2 =2 ~4& =4 =4
Il 30 197 1200 0.47 10 6 5 5 T 44 4l 6 5 5 5 6 4 117 1 3 -1l 4 5 5 4 -3 -2 -3
L1 30 157§ 13C0 0.47 12 11 3 7 7 12 1 6 2 5 5 5 5 7 1 3 2 4 4 4 4 =2 =2 =2
Il 30 1975 1400 0.35 4 S 0 1 1 33 '0 1 0 0 0 0 0 25 -1 -1 20 1 1 1 ] =3 =3 =3
11 30 1979 1530 0.11 0 Q =2 re) =l 1200 =2 ol =gt =@ ‘=2 e Ted Qi =] =Y Q4 (=2 0=d =T =2 =3 | = =)
11 30 1979 117C0 0.0 “6 =5 =6 <=5 =5 =] =2 =3 <bp =5 =5 =5 =5 <2 = =6 ~5 -6 -6 -6 -6 -6 -6 -6
12 1 197§ 8co 0.0 =17 =17 =A7 =17 =17 =1 =1 =17 =17 =17 =17 =17 =17 =~4 =17 =17 =7 =17 =17 =17 =17 =17 =17 =17
12, 1 1919 93cC 0.40 2 2 4 L] 4 60 =6 | A L | L =7 271 =6 =4 24 =4 0 0 =2-=12-=12~-15
12 1 1979 1100 0.70 33 28 34 36 30 71 5 33 25 31 24 27 6 34 5 22 36 22 22 20 16 -4 -4 -10
12 1 1979 1200 0.79 40 30 22 44 33 45 45 33 271 46 28 37 8 18 7 23 31 18 2 23 21 -2 =2 -3
12 1 1975 1300 0.71 44 36 24 AL 33 64 64 35 26 41 30 33 10 14 2 15 15 17 26 26 22 -1 -1 -1l
L2 L 1979 14C0 0.01 40 34 24 43 35 T3 1L 31 4L 48 30 32 8 35 8 16 35 17 25 24 21 0 -1 -10
12 1 1979 1530 0.33 21 13 5 18 12 56 14 18 17 21 12 17 0 35 3 8 135 6 10 11 10 -4 -3 -8
12 11979 17¢c0 0.02 =12 =12 ~13 ~-13 -13 2 2 =3 -13 -13 -12-12~-12 0 -13 =13 =3 -13 =12 -12 =12 -12 -12 -12
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TABLE C.l RAW DATA OIRECT NORMAL RADIATION STRIKING COLLECTOR (W/M®®2) AND AIR TEMPERATURES (C) AT LGCATICNS (FIGURE 4)
MG CA YR HR RAD 1 2 3 4 5 6 7 8 » 10 11 12 13 14 15 16 17 18 19 20 21 22 23 2«
12 2 19715 8Co 0.0 =13 =13 =13 ~13 -13 0 -13 =13 =13 -13 =13 =13 =13 -3 =13 =13 =5 =13 =13 =13 =13 -13 =13 -13
12 2 19715 930 0.29 4 4 T 10 8 56 -3 2 1 1 1 | =2 31 =2 0 28 0 3 1 1 -6 -6 -1
12 2 19715 1100 0.55 23 22 26 32 24 60 22 21 15 28 18 20 6 32 6 17 32 13 17 14 14 0 ¢ -7
12 2 19719 1200 064 30 25 27 38 30 63 26 26 35 38 21 23 8 37 10 22 36 16 24 20 18 1 2 =5
12 2 15715 1300 0.67 33 25 30 41 30 34 3464 22 13 21 21 22 11 14 6 16 15 16 24 21 20 4 4 -4
12 2 1979 1400 0.60 31 26 35 46 34 64 10 20 L7 37 24 27 10 35 13 18 35 AT 24 20 18 3 % =3
12 2 1915 153C 0.32 17 13 11 17 13 46 42 31 1L 14 12 1) 5 33 6 13 32 10 12 12 1l 1 2 =3
12 219715 11C0 0.01 =3 =3 =3 =g =3 4 4 g0 =4 =3 =3 =3 =3 1 =3 =3 =2 =3 =3 <) =3 =3 -3 =3
L2 3 191 8GO0 0.0 -8 -8 -8 -8 -8 7 7 =10 =10 =10 -10 ~-10 -10 2 -10-10 -1 -8 -8 -8 -8 -8 -8 -8
12 3 19718 9130 0.15 =2 =2 =2 =2 =2 53 -3 -3} -3 -3 -3 -3 -3 35 -4 -4 34 -3 =3 -3 -3 -4 -4 -4
12 3 1579 1100 0.40 18 14 12 17 14 50 SO 13 11 15 13 13 12 45 T 12 32 12 12 12 11 3 3 1
12 3 19715 1200 Q.77 35 35 31 40 35 52 20 35 41 43 33 35 22 42 11 25 32 21 32 30 25 7 7 P4
12 3 1915 1300 0.73 37 31 23 41 31 34 25 30 18 28 24 24 16 17 12 21 18 18 25 24 22 8 8 3
12 3 197§ 14CC 0.40 42 41 41 S4 4L 66 66 57T 33 45 33 37 20 41 21 27 30 28 34 32 28 10 10 4
12 3 1918 )530 C.20 22 22 13 22 17 456 13 15 17T 21 AT 18 ML 37 12 15 23 14 16 lo 15 7 1 4
12 3 19719 17C0 G.01 1 1 0 1 1 4 1 1 0 0 0 0 0 4 0 0 0 0 0 0 0 0 1 1
12 4 1579 800 0.0 -1 -1 -1 -1 -1 -1 -1 -6 -6 -6 -6 -6 -6 -2 -1 -1 =5 -6 -6 -6 -6 =6 =6 =6
12 4 1975 9130 0.36 8 3 2 1 2 47 k] 3 2 1 2 2 2 4C 0 2 32 2 2 1 1 0 0 =2
12 4 1975 1100 0.73 20 21 24 23 24 682 50 21 17 18 20 21 12 50 11 18 3¢ 16 20 18 18 6 6 1
12 4 191§ 1200 0.55 32 28 30 37 34 47 4T 26 38 37 26 30 1T 35 1S 24 11 23 26 25 22 8 8 2
12 4 1975 1300 0.58 34 28 25 40 31 33 33 25 20 23 264 24 15 15 13 20 6 18 24 22 21 8 8 3
12 4 1579 l4cCoO C.3) 24 22 21 25 2% 41 28 20 15 18 16 A1 11 21 12 14 15 15 18 11 16 7 1 3
2 4 1979 1530 0.15 6 5 4 6 6 26 26 5 4 4 4 4 4 26 3 4 12 4 4 5 5 3 4 3
L2 4 1979 117C0 C.0 1 1 1 L 1 2 2 1 1 1 1 1 1 2 1 1 -2 [} 1 1 1 1 2 1
12 5 19719 80u 0.0 (Y c 0 0 0 3 k] 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 1 1
12 5 19719 930 0.49 15 16 24 24 24 46 11 15 15 17 16 17 12 36 10 12 25 13 11 14 14 4 4 1
12 5 19719 11060 0.73 23 21 35 43 35 SL 15 23 33 44 34 37 28 36 25 43 42 38 33 33 28 8 8 2
12 5 19719 1200 0.82 25 32 38 S4 40 52 51 28 42 58 41 43 31 37 21 S50 48 40 37 37 33 10 1o 2
12 5 1979 13ce 0.13 18 20 16 36 18 20 13 17 8 23 16 14 17 16 12 22 20 23 23 23 23 5 6 2
12 5 1979 14C0 0.09 4 4 3 L 4 3l 3 4 3 3 4 4 5§ 32 3 4 23 4 4 4 4 2 2 2
12 5 19719 153 0.C3 1 2 2 2 2 30 1 1 1 1 1 1 1 28 1 1 251 2 2 2 1 2 1
12 5 1979 1100 0.0 1 1 1 1 1 5 0 0 1] 0 0 0 0 3 0 0 1 0 0 0 0 0 1 0
12 € 1979 eco 0.01 -f =§ ~§ =f =4 5 Q=5 =% =5u=% =5,=5 I -4 -4 0 =4 =4 -4 -4 -4 -4 -4
12 6 197s 930 .04 =2 =2 =2 =2 =2 3 =) -3 =2 =2 =2 =2 =2 3 =3 =3 24 =2 =2 =2 =2 =2 -2 =2
12 6 1979 1lc¢ 0.15 1 2 2 2 2 34 1 1 1 1 1 1 L 24 0 0 13 1 1 1 1 0 0 0
L2 6 1979 1200 0.08 5 5 2 4 4 26 3 3 3 3 3 3 3 24 2 2 10 3 3 3 3 2 2 1
12 6 19719 13C0 0.06 2 2 2 2 2 2 2 2 2 2 2 2 2 L 1 1 1 1} 1 1 1 1 2 i
12 6 1579 1400 0.21 2 2 2 2 2 14 2 2 2 2 2 2 2 15 1 1 2 2 2 2 2 2 3 1
12 6 1979 1530 0.01 2 2 2 2 2 15 2 2 2 2 2 2 2 16 2 2 11 1 1 1 1 2 2
12 6 1975 17cCC 0.0 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 2 2 2 2 2
12 719719 6C0 0.0 =) =1 =3 =3 =3 =4 -4 -4 -4 -4 -4 =4 =} =3 =3 =3 -3 <=} =} =3 -3 =3 =3 =)
12 7 19719 930 0.21 w) =3 =3 =Qr=3 2l =4 =§ ~§ =4 =4 =4 =2 -2| =3 =} 2 =3 =3 =3 -3 -4 -4 -4
12 71979 1100 0.21 18 2C 17 26 22 138 7 13 10 22 15 14 21 30 13 31 28 24 13 12 12 0 [
12 1 19719 1200 0.42 3 5 0 7 2 13 2 3 0 5 4 3 5 25 1 8 12 4 4 3 3 e =1 =3
12 7 1979 13co 0.20 15 16 16 22 16 16 7T 12 12 18 16 16 16 15 11 18 11 16 14 13 12 1 L =2
12 7 1579 1400 0.14 i 1 =l 2 0 24 O 0 -1 0 0 0 0 23 -1 0 & 0 0 0 0 -2 -2 =3
12 7 19719 1530 0.17 =2 =2 =2 =1 =1 22 =2 -2 =2 =2 -2 =2 =2 22 -2 =2 10 =2 =2 =2 -2 -3 =2 -3
12 719718 1700 0.01 =5 =5 =5 =5 =5 <1 =5 =5 =5 =5 =5 =5 =5 =2 =5 ~4 -4 =4 <-4 <-4 -4 -5 -4 -5
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TABLE C.1 RAw DATA ODIRECT NCRMAL RADIATION STRIKING COLLECTOR (W/M®®2) AND AIR TEMPERATURES (C) AT LOCATIONS (FIGURE 4)
MO DA VYR HR RAC 1 2 ] 4 5 6 4 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
12 8 19719 8C0 0.06 =15 ~1% =15 =15 ~15 2 2 -15 =15 =15 <15 =15 =15 -2 -15 =15 -6 -15 =15 =15 =15 =15 -14 -14
12 8 157% 930 0.03 =il =11 =11 =11 =11 43 16 -1l =11 -11 =11 =11 -11 35 -8 -8 31 -8B -8 -8 -8 -8 -7 -3
12 3 1979 1100 Ua 04 =1 =1 -1 -1 -1 46 42 -1 -1 -1 -1 -1 -1 21 -8 -8 21 -1 -1 -1 -1 -7 -1 -
12 8 1576 1200 0.09 -5 -5 -5 -5 -5 21 -5 -5 -5 -5 -5 =5 -5 37 -6 -6 21 ~5 -5 -5 -5 - -5 =-¢
12 8 1979 13¢C0 0.15 wd =g =3 =F =3 3 «3 =3 =3 = =3 =F =3 4 =4 =4 =} =3 =3 =3 =3 =3 =3 =5
12 8 19715 1400 Ve66 25 24 28 35 26 51 51 17 22 25 21 25 10 3L 12 17 30 15 20 17 15 3 3 =3
12 8 1976 1530 0.41 17 15 12 20 14 40 8 13 13 18 13 16 6 28 7 13 27 1L 13 13 12 2 2 =2
12 8 1915 1100 0.0 -2 =2 =2 -2¢ -2 L =2 =2 -¢ =2 =& =2 =2 0 -2 -2 -2 -2 -2 -2 -2 -2 -2 =2
12 9 1979 8C0 0.04 4 4 -4 -4 ~4 -4 4 -4 -4 -4 -4 -4 -4 -3 -4 -4 -5 -5 -5 -5 -5 -5 -3 -4
12 9 19719 930 0.51 16 17 17 20 20 4L 10 13 14 15 15 7 T 26 6 10 13 11 15 11 12 3 6 0
12 9 1579 1100 0.71 4L 31 37 41 38 52 52 21 38 S1 38 42 20 3C 16 40 346 21 32 32 21 10 10 2
12 9 181§ 1200 0.77 48 48 44 63 S50 57 33 40 53 70 48 S6 27 35 24 41 30 37 44 43 37 16 14 5
12 9 1975 1300 C.76 54 5% 36 €6 S50 50 34 47 43 58 46 47 28 271 22 136 4 37 45 45 40 17 16 7
12 9 1919 14C0 0.68 54 50 40 54 52 66 32 32 44 61 41 52 26 34 28 31 15 34 42 41 36 11 117 -]
12 9 1979 1530 C.21 34 27 21 3L 26 38 38 27 26 33 26 28 1T 30 18 26 24 22 24 25 23 12 12 8
L2 9 1979 11700 0.01 6 5 4 5 5 5 5 6 : | 4 4 4 4 3 3 4 4 3 4 4 4 3 4 4
12 10 1579 800 0.01 Q c 0 0 0 2 2 0 0 0 0 0 -10 4 0 0 0 -1 0 0 (] 0 1 1
12 10 197§ 930 0.38 10 10 10 10 10 41 7 8 7 7 7 8 6 33 6 6 8 8 a 8 8 5 5 4
12 10 1575 1100 0.43 21 26 22 28 25 52 26 23 21 24 20 21 16 31 15 18 12 20 20 20 20 12 12 C}
12 10 172715 12C0 0.25 26 24 1l 25 18 44 25 20 17 21 20 21 17 42 16 18 18 18 21 21 20 12 13 1
12 10 1979 13C0 c.70 25 24 11 24 21 40 30 20 16 20 18 18 16 16 14 16 16 16 1T 17T 17 12 13 12
12 12 1575 800 0.06 =17 =17 =47 =17 =17 =2 =17 =07 ~4 =17 ~-17 =17 =17 -4 =17 =17 -8 =17 =17 =17 =17 =17 =17 =17
12 12 1919 930 0.49 -2 -3 -3 -3 -3 51 -6 -5 -5 -5 -5 -4 -7 41 -10 -6 40 -6 -5 -5 =5 -12 =12 -14
12 12 15719 1100 0.73 22 18 25 33 24 85 4 8 8 22 12 14 4 56 1 30 66 8 13 13 1l =2 -2 =1}
12 12 1919 1200 0.47 14 8 8 20 1s 712 317 4 11 15 10 12 2 24 2 11 28 24 11 10 8 -2 -2 -8
12 12 1979 13cC 0.54 20 16 20 22 21 36 23 12 10 L 11 13 4 17 2 T o1 8 13 12 11 1] 0 -7
12 12 1915 1400 C.38 14 12 12 16 13 51 3 4 6 13 8 10 2 3 2 5 33 4 8 7 & =1 =] =5
12 12 1979 1530 0.C4 =3 =3 =3 =3 =3 33 =4 =4 -4 -4 -4 =4 -4 21 =5 =5 24 -4 -4 ~4 <-4 -4 -4 =5
12 12 1979 11C0 0.0 wf =§ =h = =f 0 Q0 =8 =5 =bH =5 '=§ =§ L =8 =& 0 =5 =5 =5 =§ =3 «§5 =5
12 13 19719 800 0.06 =11 =11 =11 =11 =11 0 =6 =11 ~-11 =11 =11 =11 =11 =1 -11 =11 =7 =11 =11 =11 -11 =11 =10 -10
12 13 1919 930 0.54 10 11 10 13 12 70 35 5 5 10 10 11 4 43 2 6 34 7 8 6 6 -5 -5 -8
12 13 167§ 1100 0.75 28 32 30 50 33 70 44U 26 23 42 30 33 20 45 13 42 65 28 28 28 23 0 0 -6
12 13 1919 1200 0.82 31 30 45 56 42 62 21 34 37 53 38 44 18 34 11 30 35 30 31 33 28 3 3 -5
12 13 1979 13co0 0.80 41 35 364 56 46 51 S1 27 24 43 32 32 16 20 12 23 23 24 36 34 28 L] 3 =4
12 13 19719 1400 C.72 41 32 45 52 46 T6 53 371 40 55 34 31 16 44 18 25 48 23 35 31 21 4 4 -3
12 13 1979 1530 0.45 27 25 20 34 23 35 35 25 23 27 20 24 8 14 12 16 20 14 18 20 16 2 2 -3
1213 19715 17C0 0.0 -§ =8 =8 =& =5 2 -6 =5 =6 -6 =6 =6 =6 6 =6 =5 =3 =5 =5 =5 <5 =6 =5 =5
12 14 1979 8C0 0.03 “§ =5 =5 =5 =5 10 =2 =5 =5 =5 =5 -5 ~§ 6 -5 -5 2 -5 -5 -5 -5 -5 -5 -5
12 14 1S7S 930 0.45 10 10 11 12 1L 73 3 5 5 6 6 1 2 53 57 4 45 5 10 10 1 0 0 -3
12 14 1975 11c0 0.63 21 21 3L 34 30 85 14 18 22 31 22 25 12 63 12 23 61 18 22 21 18 L] L] 0
12 14 1979 1260 0.60 34 26 21 25 31 T2 12 43 35 41 26 30 15 37T 14 25 47 23 26 26 23 8 8 1
12 14 1979 1300 0.64 18 18 16 17 20 27 11 13 11 11 12 13 8 15 8 11 11 12 14 14 13 5 S 1
12 14 1975 14C0 0.46 31 27 27 37 31 68 68 48 23 27 22 24 14 50 15 20 43 18 23 22 a2l 8 8 3
12 14 1979 1530 0.31 22 18 15 23 18 51 51 16 15 20 16 17 11 38 12 15 34 14 15 16 15 6 6 3
12 14 1979 1700 0.01 1 1 i 1 1 7 7 1 i 1 1 1 1 8 1 1 4 1 1 1 1 1 2 1
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TABLE C.l RAW DATA OIRECT NORMAL RADIATION STRIKING COLLECTOR (w/M®¢2) AND AIR TCMPERATURES (C) AT LGCATICNS (FIGURE 4)
MO CA VYR HR RAD 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 2%
12 15 1679 8co 0.0 =4 -4 =4 =4 =4 L =1l =4 =6 -4 -4 -4 -4 2 =4 =4 =2 <-4 -4 -4 -4 -4 -3 -4
12 15 197§ 930 C.10 =2 =2 =2 =2 =2 28 =3 =3 =3 =3 =3 =3 =3 33 =3 =3 2] =2 =2 =2 =2 =2 =2 =2
12 15 1979 11cC0 0.08 0 0 =2 =1 =1 3l =2 =] =3 =g =g =2 =} 2V =2 1 27 0 Q0 0 0 =3 =3 =4
12 15 1979 12¢C0 0.46 5 6 2 3 2 31 0 1 1 2 2 3 4 23 3 7 2C 7 3 3 3 =3 =3 =B
12 15 1979 13C0 0.417 6 8 4 6 6 10 1 3 2 & 2 2 T 13 3 8 13 10 3 3 3 =3 =3 =H
12 15 1979 1400 0.17 =2 0 =§ w3 =3 2 w§ =F =§ =h =3 =) 0 28 =4 =2 25 =1 =3 +3 =3 =6 =§ =7
12 15 1975 153C 0.14 -8 -1 -10 -8 =8 24 T -8 -10-10 -8 -8 -7 22 -8 -7 17 -7 -8 -8 -8 -10-10 -11
L2 15 19719 1171C0 0.0 wl3 =)y =}3 =}3 =13 =B =)d =13 =13 =13 =13 «13 =13 =% =13 =13 =10 =13 =1F =13 =13 =1} «}3 ~}3
12 1€ 157§ 8co 0.07 «lT =11 =11 =11 =11 =9 =17 =11 =07 =17 =iV =8 =17 =11 =iC =17 =17 =10 =17 =17 =171 =17 =}¥ =17
12 16 1915 930 0.5¢ -8 =4 -3 0 O 41 50 13 -7 =0 -6 26 ~-12 23 ~-14~-12 2% -1 =4 -4 =-B.-17 -17 -17
12 16 1979 11cC0 0.80 1L 14 20 30 18 70 0 16 14 35 18 62 -1 36 -5 16 48 8 14 12 8 ~-15 =15 ~-17
12 16 19718 1200 0. 86 18 23 18 34 27 16 16 15 17 45 22 54 @ 23 -2 15 33 13 20 18 14 -l2 ~l2 -7
12 16 15719 1300 0.84 25 21 34 63 32 44 44 21 28 43 24 27 6 15 T l6 20 1o 24 21 10 =11 =11 =17
12 16 1975 14CO Q.75 21 20 14 35 26 83 83 22 21 36 20 21 3 43 4 13 52 14 24 20 16 =10 -1C -1lo
12 16 1979 1530 0.45 10 8 0 17 5 13 713 10 1L 15 6 15 -6 38 =3 0 46 0 2 4 2=lE =12 =17
12 16 197§ 17C0 0.0 =}7 =11 =11 =)t =17 1 L =11 =17 =17 =17 =17 =17 =3 =11 =17 =17 =07 =17 =17 =Q0%=17 =17 -7
2 11 1919 800 0.0 “l4 =14 ~14 =14 =14 =3 =14 =14 =14 =14 -14 ~-14 -14 -7 =14 =14 -10 =14 ~14 -1l6 -14 -14 -14 -14
12 17 191§ 930 Ga46 4 4 4 4 4 52 -4 2 =% 2 1 2 =5 271 =5 =& 25 =2 2 2 0 =8 =B =2
12 17 197 1100 0.75 24 21 22 32 22 64 34 31 23 35 U1 23 3 40 2 20 45 11 15 15 12 -2 -2 -0
12 17 197§ 1200 0.74 30 17 14 30 22 56 56 1T 25 41l 21 25 6 33 12 18 26 16 20 20 16 0 g =7
L2 17 1979 1300 0.49 26 16 13 30 21 24 10 15 13 26 15 15 5 7 2 12 12 10 14 14 12 Q a -6
12 17 1975 14CO 0.57 20 21 22 31 25 51 51 31 22 31 22 25 7 248 8 16 34 15 20 20 17 1 L =3
12 17 1919 1530 0.29 22 1T L1 21 20 47 7 14 15 21 14 20 5 28 T 14 31 11 12 13 12 V] I =)
12 17 1979 1171cC0 0.0 =§ =3 =5 =§ =5 «f <] <« =6 =6 =6 =6 =6 =2 ~b6b =6 -4 =5 <5 =5 =5 5§ -§ «§
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Table D.1 List of variables and equations comprising the performance model.

Name Symbol Unit Description
M - Computer array subscript where:
M=1 refers to the south facing
collector
M=2 refers to the north facing
collector
LL - Computer array subscript for the incre-
ment number of the airflow passage
LP -- Computer array subscript with LP = LL + 1
LX -- Computer array subscript for the back
flow increment number which corresponds
to the front absorber plate increment
KK -- Computer array subscript for the number
of iterations,
N - Number of divisions of the absorber
plate (N = 30)
NX -- Number of divisions of the airflow
passage (NX = N+ N)
Collector length 1 m 1 =9,7536
Collector width W m w = 0.889
Increment area of AREA m2 AREA =1 * w/N
collector

A



Table D.1 (cont.)

Name Symbol Unit Description
Hydraulic diameter HD(M) m HD(1) = 0.0105
HD(2) = 0.0304
Backside hydraulic HDB m HDB = 0.0380
diameter
Nusselt number XNUS -- XNUS = 17.02
Thermal conductivity COND W/(m-0C) COND = 0.024255
Heat transfer coefficient HC(M) W/ (m2.0c) HC(M) = XNUS * COND/HD(M)
Backside heat transfer HCB W/(mz-oc) HCB = XNUS * COND/HDB
coefficient
Airflow rate AIR(M) m3/hr AIR(]; = 418,381
. AIR(2) = 1255.144
Total airflow rate TAIR m3/hr TAIR = 1673.526
Wind speed A(67) m/s Wind speed from the Agricultural
Engineering building
Wind heat transfer HW W/(m2.%C)  HW =5.7 +3.8 * A(67)
coefficient
Solar radiation A(50) W/m2 Radiation available for a collector tilted
‘ 60 degrees from the horizontal
Profile angle A(57) Rad Solar angle based on latitude, time of

day, and time of year

€L



Table D.1 (cont.)

Name Symbol Unit Description
Intercepted reflector A(58) m2 A(58) = 29.728 * cos (A(57))
area
Absorber plate o -- a = .95
absorptivity
Glass transmissivity ¥ - T =.9
Reflector reflectance P -- p = .9
Solar radiation absorbed QsoL (M) W QSOL(1) = © * o * A(50) * AREA
by an increment of QSOL(2) =1 * o * p * A(50) * A(58)/N
collector
Outside ambient A(49) B
temperature
Temperature exiting A(46) %
the system
Temperature rise of A(61) % A(61) = A(46) - A(49)
the system
Speci fic volume A(62) me/kg A(62) = (273.15 + A(49))/353.09
Mass flow rate for system A(63) kg/hr A(63) = TAIR/A(62)
Specific heat cP W.hr/(kg-2C) CP = 0.27912
Energy collected for A(64) kW A(64) = A(63) * CP * A(61)/1000.0

the system

174



Table D.1 (cont.)

Name Symbol Unit Description

Absolute sky temperature TSA . TSA = A(49) + 273.15

Absolute sky temperature TS4 oK4 TS4 = TSA4

raised to the fourth

Mass flow rate for each FL(M) kg/hr FL(M) = AIR(M)/A(62)

collector side

Airflow temperature B(M,LL) R B(M,1) = A(49)

entering increment (After the first increment, air exitin
the previous increment becomes B(M,LL?)

Glass cover temperature TC(M,LL) % Found by trial and error

Absolute cover TCA % TCA = TC(M,LL) + 273.15)

temperature

Absolute cover TC4 ok Tc4 = TeA?

temperature raised to

the fourth power

Plate to airstream QCPA W QCPA = QSOL(M) - QRP(M,LL) - QBL(M,LL)

convected energy (QRPC(M,LL) and QBL(M,LL) are initially
assumed)

Absorber plate TP(M,LL) O TP(M,LL) = QCPA/(AREA * HC(M)) + B(M,LL)

temperature -

Absolute plate TPA Ok TPA = TP(M,LL) + 273.15

temperature

S



Table D.1 (cont.)
Name Symbol Unit Description

Absolute plate TP4 0K4 TP4 = TPA4

temperature raised to

the fourth power

Cover to sky convected Qccs W QCCS = AREA * HW * (TC(M,LL) - A(49))

energy

Glass cover emissivity €. -- €. = 9

Stefan-Boltzmann constant o W/(m2-°K4) o = 5,669 x 10'8

Cover to sky radiation QRCS W QRCS = €c * o * AREA * (TC4 - TS4)

Airstream to cover QCAC W OCAC = AREA * HC(M) * (B(M,LL) - TC(M,LL))

convected energy

Absorber plate emissivity € -- € = .95
* * -

Plate to cover radiation  QRPC(M,LP) W QRPC(M,LP) = 9 AREA * (TP4 - TC4)
'|/eC % T]ep -

Useful energy collected QUSE W QUSE = QCPA - QCAC

Airflow temperature B(M,LP) W B(M,LP) = QUSE/(CP * FL(M)) + B(M,LL)

exiting the increment

Averaged absorber plate PLATE(M,LL) % PLATE(M,LL) = .3 * TP{M,LX) + .5 *

temperature back flow

TP(M,LX+1) + .2 *
TP(M,LX+2)

9L



Table D.1 (cont.)

Name Symbol Unit Description
Convected back 1oss QBL(M,LX) . AREA * HCB * (PLATE(M,LL) - B(M,LL))
Predicted energy QPRE (KK ,M) kW

collected

QPR(KK,M) = FL(M) * CP * (B(M,NX+1) -
A(49))/1000.0

LL
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c
c
C

APPENDIX E PRCGRAM LISTING OF THE MODEL

CUNAB 4252330400928 9B D092 280 0B DIEIIIXEERLEFXSESXREBRKRREIEPLEEERTEXXSRSTETRS
CHUF2F3 ¥ XX 4332049 00FVHIF AV ELCREIIBEXEIAINLLFETERLRXRXPLNXSEXXEXREISSXEE R

OfHOOOONOO

THE MATHEMATICAL MCDEL whICH PREDICTS USEFUL ENERGY CCLLECTED ANC
TEMPERATURES IN THE SDOSU SCLAR SYSTEM IS BASED CON FUNDAMENTAL LAwS OF
HEAT TRANSFER ANC THERMCDYNAMICS. USING THESE LAWS, THE SGCLAR SYSTEM
GEOMETRY, PHYSICAL PRCPERTIES CF THE MATERIALS, AND WEATHER DATA,
EIGHT UNKNCWN ENERGY TRANSFERS AND THREE UNKNCWN TEMPERATURES ARE

"DETERMINED BY SCTLVING ELEVEN EQUATICNS AT EACH INCREMENT ALCONG THE

AIRFLOW PATH IN TrE COLLECTCR. THESE ELEVEN EQUATICNS ARE NQT
INCEPENDENT, SU AN ITERATIVE TRIAL AND ERRCR PRCCESS IS UTILIZED.

CASAA 343203140934 A RSP LR LVN LA LTEIETXFXIBIBXAFXXFIIILFXFEXXIIXBIERRXINET AR
CAIPFX 40439820 IFITITIIIEIEFXFLIIILTXEXEXIXTEBIFSTHXERXXSTXHSERER

C
c

o

OO OO OO0

DIMENSICN A(803sHCE2)AIR(2),BL2565),CBL{2,65)¢QSN(12)
DIMENSION TPIZ2465) QRPCI2+65)4FL12)4PSR(2),QS0OL(2)eTC(2, 65) HD(2)
DIMENSICN PLATEL2:65)4CPRE(10,42)
INTEGER HR,LCY
WRITE(6,1) ‘
1 FCRMAT(*1*,*TAPLE F.l SAMPLE OUTPUT GOF THE MODEL®*)
N IS THE NUMBER COF INCREMEATS ALONG CNE SIDE OF THE ABSURBER PLATE.
N=30
AREA IS BASEC CN A WIDTH OF 32 FT AND INCREMENTED N TIMES ALONG THE
88.9 CM PATh LENGTH OF THE ABSCRBER PLATES {IN M®=M)
AREA=9.171536*C0.€89/N
PLATE SPACINGS FOR SCUTH (PS{1)=0.00508 M) AND NORTH (PS(2)=0.01524 M)
1990842 %E NUSSELT NUMBER S0EFARTFIIBE LRI EICTERBXRTAEEXNSRXEFETES
HEAT TRANSFER COEFFIENT FOR SCUTH (HC(1))y, NORTH (HC{2)), AND BACK-
SIDE CF AIR PASSACGE FOR SOLTH AND NCRTH SIDE (HCB)« (IN W/7({M2ENEC))
HD=hYDRAULIC CIAMETER. HC=2%L*PS(MI/{L+PS(M)) .
L= 22 FT = 9.7E32¢ M
HC=NU%*K/HD. K=C.C24255 W/ {MeC)
NU=15497 HD{1)=0.0105 M HD(2)=0.0304 M HDB=0.0380 M

XNUS=17.02

HO(1)=0.0105

HC{2)=0.C304

HDB=0.0280 .
CCND=0.024255
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HC(L)=XNUS*CCNC/HD(1)
HC(2)=XNUS*CCNC/kD(2)
HCB=XNUS*CCANLC/FLCB

182828 %%% AIR FLCW tE 22 2222222 2R R 2R RS R 222 S22 2RSSR 2222 SRR 2 2 3

TOTAL AIRFLCw RATE FCR THE SYSTEM (M*MIM/HR)
TAIR=1673.526

AIR FLCW RATE FCR SOUTH (AIR(1)) AND NCRTH (AIR(2)). ASSUNE A 3 T0 1
RATIC GF AIR FLCw RATE. TFHE §85 TOTAL CFM WAS DIDVIDED INTG 246.25
CFM FOR SCUTH ANC 738.75 CFM FGR NORTHe THESE AIRFLGwWS ARE FGR A 32
FT LENGTFe (NM®MENM/HR)

AIR(1)=418.381

AIR(2)=1255.144

SPECIFIC HEAT OF AIR (CP) (W*HR/(KG*C))
CP=.27912

(R ERERER R RS RAW DATA X EFEEEFRERCRRPIXRFRXRIXFEFRXXEEX LS EXXX XSS XXEBEH% S

C
C

(s NN TN ol o

WINC SPEED MEASUREC FRCM AG ENGINEERING ROOF (A(66)=MPH) (A(67)=M/S)

Al66)=5.0
Al6T)=A(66)%0.22173

WIND HEAT TRANSFER COEFFICIENT (wW/(M*M2(C)
13 Hh=5.7+3.8%A(67)

RACIATION (A{1)=(CAL/(CVM2CM*MIN)) ANC THERMOCOUPLE TEMPERATURES
(A(2-25)=F)FCR CECEMBER 1€y 1579 AT NCCN CENTRAL STANCARD TIME
© MC=12 ;

CA=16.
HR=1200

Al1)=1.23 )
AlL2)= 61.

Al3)= 75,

Al4)= 61.

A(5)= 95.

Al6)= 82.

AL7)=171.

A(8)=171.

Al(9)= 6&C.

A(10)= €5.

A(11)=115.

A(12)= 3.

A(13)=131.

A(l4)= 4C.
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All5)= 14.
All6)= 28.
A(l7)= 6l1.
A{l8)= S2.
All19)= 57,
A(20)= €S.
A(2l)= €.
Al(22)= 58.
A(23)= 10.
A(24)= S. 3
A{25)= O.
c
g‘*‘*‘***tt TEMPERATURE CCNVERSION SEIRREEREFEREIEISRIEARXREXA RSB EX &

C CCNVERT TEMPERATURE FRCM FAHRENHEIT TGO CELCIUS
17 DC 22 L=2€,45
A(L)=(A(L-24)-22.)/1.8
22 CCNTINUE
C
Cee322%%%%x% SCLAR TIME XXX XSRS XEX SRR RS XLXERXR ST R VEE XXX R SEXFTENX
C "
C LOCAL CIVIL TIME mniITH BRCCKINGS LONGITULDE AT 96 DEG 46 MIN NGRTH
C (TIME IN MINUTES)
IF{HR.EC.930) (T=542.53
IF{HR.EC.11C0) CT=632.53
IF(HR.EC.12C0) CT=692.53
IF{HR.EC.14CC) CT=812.93
IF(HR.EC.153C) CT1=502.G53

D=334.+¢LA
C
IF{D-325.) 25,427,30
25 Ec‘=13062"0038‘(210‘0A,
GC TO 35
c
27 ECT=13.52
GC TC 35
C

30 IF(DA.LT.21.) DD=DA+S.
lF‘DA.GI.Zl-) CD=0A‘21.
ECT=13092‘004 13‘00

35 CGNTINUE

SOLAR TIME (MINLTES)
Al51)=CT+EQT

o 00 o6

235222 %E% SOLAR ANGLES 2 R R R R R R R R R S 2222222 RS RS2SR RS2 2 2 2 2
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SCGLAR DECLINATICN (RADIANS)
Al52)=23.45%SIN((360.%(284.+0)/365)%,017453)%.017453

HOLR ANGLE (RALCIANS)
A(53)=0.25%1ABS(720.-A(51)))%0.017453

LATITUDE FCR BRCCKINGS IS 44 CEG 19 MIN (0.77346 RACIANS)

SCLAR ALTITUUE (RADIANS) i
A(54)=ARSIN(0.71549*(COSLA(52)))*(COS(A(53)))+¢0.69862*SIN(A(52)))

SOLAR AZIMUTE (RALIANS)
A(55)=ARSINI(CCS(A(52)))*(SIN(A(53)))/{COS(A(54))))

INCIDENT ANGLE (RADIANS)
A(56)=ARCCSI(CCSIA(54)))1*(CCS{A(55)1)%0.866+(SIN(A(54)))%0.5)

PRUFILE ANGLE {(RALIANS)
ALST)=ATAN((TAN(A(54)))/LCCS(A(55))))

I 2R R R AVAILABLE SCLAR RACIATION L EEE RS 2R RSS2SR 2R R 22222222 R 2 2 2 3

CCNVERSION CF RACIATICN TC W/ (M*M)
A(50)=A(1)%657.8

REFLECTCR AREA BASED ON A 10 BY 32 FT REFLECTORe (COSCA(57419JdeK)) IS
IS ThE REFLECTCR PRCJECTICN AANGLE. (M#M)
A(58)=25.728*CCS(A(5T7))

REFLECTCR AREA PROJECTEC ON A COLLECTCR INCREMENT. (M#*M)
RAREA=A(581/N

$382 002XV INHLHSXIXRIS VPSP HFLXTEXIIREIRRNOEFRXLEXXXEXEEEXREXBEALI%ERD

SOLAR RADIATICN ABSCRBED BY THE-ABSCRBER PLATE (QSCL)
E38 400220024383 PSLTHITEIVHLRFEIFLNIFINIISEERISREFRRERETEXEESRRTEE RS

AMCUNT CF SCLAR ENERGY AVAILABLE ON THE SCOUTH SIDE CF THE CCLLECTCR
FOR A 30 CM BY N INCREMENT AKEA. (S IS THE GLASS EMISSIVITY AND .95
IS THE PLATE ABSCRPTIVITY) (WAITS)

QSOL(1)=9%.GS*A(50)2AREA

AMCUNT OF SOLAR EMERGY AVAILABLE ON THE NCRTH SIDE CF THE CCLLECICR

FOR A 30 CM BY N INCREMENT AREA. (.9 IS THE GLASS EMISSIVITY AND THE

REFLECTCR REFLECTANCE ANC <95 IS THE PLATE ABSORPTIVITY) (wWATTS)
QSCL{2)=.5%.5%.95%A(50) *RAREA

O 0000 AOAOOOOOH OO 000 000 00 00 00 0000 MO0 00
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38098088 MEASLRED ENERGY COLLECTED SISV ERVLEFERERARXRLRE SIS SIS E S

CHANGE IN TEMPERATURE CF TFHE SOLAR SYSTEM (DEG C)
Al6l)=A(46)-4(453)

SPECIFIC VCLUME (M*®M#*M/KG)
A(62)=(273.15+A(49))/353.CS

MASS FLOW RATE IS BASED CN AN AIR FLOW RATE OF (985 CFM = 1€73.526
M#MEM/HR) . (KG/FR) .
A(63)=1613.52€¢/A(62)

c

C

c

c

c

C

c

c

c

C MEASURED ENERGY CCLLECTED (Kw)

A(€4)=A(63)*CP*A(61)/1CC0.0

C ‘

WRITE(6,686) N,AREA,RAREA,XNUS,HC(1)4+D(2),HDB,AIR(1),AIR(2),
$TAIR,A(67)A(49),Q5CL(1),CSCL{2)

686 FCRMAT(®Q'//* *s3x33xxx%  PRINCIPLE INPUT DATA **x%2¥x%%x0//27X,"
$NUMBER CF ABSCRBER®/2T7X4*PLATE INCRENENTS =°,13//20X,*AREA (M&N) ¢
$/24Xy"CCLLECTCR INCREMENT =',F643/7/24X,"REFLECTCR AREA GF*/24X,°'COL
SLECTCR INCREMENT =?,F6.3//23X,*NUSSELT NUMBER =?,F6.2//72CX,*HYCRAU
$LIC DIAMETER (VM*M) '/28X4*SCUTH CCLLECTCR =%,F7.4/28Xe*NCRTH CCLLE
$CTCR =%, F7.4/34Xs*BACK SIDE =*,F7.4//2CXy"AIRFLCh (M&MxM/HR) /28X
$9*SOUTH CCLLECTCR =" 3F842/28X9 *NCRTH CCLLECTUR =%,FB842/31X,"'SYSTEM
$ TCTAL =9,F3.2//27Xe"aIND SPEED (M/S) =%,F17.3//2CX,*CLTSIDE TEMPER
$ATURE (C) =*,FT7.2//72CX,*SCLAR RACIATION STRIKING COLLECTCR INCREME
SNT (W) */28Xs*SCUTH CCLLECTCR ="' 3FTl.2/28Xe *NCRTH CCLLECTGR =',F7.2
$)

WRITE(6,687)RC{1),HC(2)4HCBsHAyAL64)

687 FCRMAT('Q'//" #ss%xxx¥¢%% RESULTS SUMMARY #%x3x2:%%%9'//20X,"CCNVE
$SCTIVE PLATE TC AIR"/20X,'HEAT TRANSFER COEFFICIENT (w/(M2=M%C)) */2
$8X9*SOUTH CCLLECTOR =" ,F6.2/28Xys *NCRTH COLLECTCR =%,F6.2/34X,"'BACK
$ SICE =*3F6e2//21Xe*nINC HEAT TRANSFER"/21X,*COEFFICENT (w/(MxNV%EC)
$) =, F6.2//10X444(**") /13Xy *"MEASURED ENERGY COLLECTED (KW) =',Fb6.2
$/10X544('%¢)) :

C
C 1SA IS THE ABSCLUTE SKY TENP
TSA=A(49)+273.15
TS4=TS5A**4
C .
cCEEEFSTEHEE M FGR NORTH AND SOUTH #3233 20828 XTEXESFEEFE 5252

C
CC 530 M=1,2
C
IF(M.EQ.2) GC TC 888
WRITE(6,755)
755 FCRMAT(*1*,*PREDICTEC TEMPERATURES AND HEAT TRANSFER OF THE SCLUTH
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$FACING CCLLECTCR?®)
GC VO 9&5
888 WRITE(6,889)
889 FCRMAT(*1*,*PREDICTEC TEMPERATURES AND HEAT TRANSFER OF THE NCRTH
$FACING CCLLECTCR®)
c .
985 WRITE(6,985)
989 FCRMAT(*Q° ,12X ,**¢x*¥¥%% TEMPERATURE (C) **&3%x%xx! ,4X,'*3%%xx%xs ENE
$SRGY TRANSFERRED (w) *%2%%%220 /1 X, *ITER® 42Xy *INC? 34X *SKY"',3X,'ENTE
SR pIX " EXIT® ,2Xy *PLATE? 2X 9 'COVER® y4Xo ' #*¢RADIATICN®® (22X, ' 285222 %%(
SCNVECTICN##2x38%0 4X , *(CLLECTED " /72X o *NO" 94X 'NO"94Xy*(S)*,18%X,*(P
S)',‘oX.'(C)'be,'P—C'.4X.'C—S',4X.'P-A'.4X.'A-C'.4X.'C—S"éx.'BACK'
$e3Xs *ENERGY (Kh)?)
FLIM) IS THE MASS FLCW RATE (KG/HR)
FLIM)=AIR(M)/A(62)

THE TEMPERATURE ENTERING THE SYSTEM IS THE AMBIENT TEMP (A{4S5))
BlMsl)=A(49)

o0a 60 O

%2808 KK IS ThE ITERATION PROCESS LRI S SRS 22 22222222222 SRR 22 2 2

KK=1
70 CCNTINUE

ASSUME INITIAL VALUES FCR PLATE TO CCVER RADIATION FOR THE FIRST
INCREMENT. AFTER THE PLATE TENP IS FUUNUs USE AN AVERAGE QRPCILL)
FROM THE INCREMENT BEFCRE.

IF(KK.NE.1) GC TGO o7

CRPC(L,1)=CSCL(1)*0.1

CRPC{251)=QSCL(2)*0.25

(s N aNaNal

(2X o

ASSUME THE TEMP CF THE CCVER (TC) IS INITIALLY AT AMBIENT TEMPERATURE
67 1C(Ms1)=A(49)

LX=N B
AX=N+N
LI=NX

C

Ctesesssssx LL IS THE INCREMENTS OF THE PLATE FEXEITERXERASE BRI SIS XIS
. C
: CO 120 LL=14NX
LP=LL+1

FOR THE FIRST LCCP, THE BACK LCSS (QBL(LL)) IS ASSUMEC ZERC. AFTER
THE FIRST ITERATICN, ThHE BACK LOSS VALUE IS USEU FRCM CALCULATICAS OF
ThE ITERATICN BEFCRE.

OO ONn

WHEN LL IS GREATER THAN N, THE FLOW IS OVER ThHE BACK CF THE PLATE.
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IF(LL.GT.N) GC TO 11cC

CALCULATING PLATE TEMPERATURE. (TPI(M,LL) = DEG C)
QCPA IS THE CCNVECTIVE ENERGY OF THE PLATE TG AIRSTREAM (W)
CRPC IS THE RACIATION ENERGY OF THE PLATE TO THE COVER (W)

IF{KKeGTelaANCeLL<EQel) CRPC(My1)=(CRPC(Ms1)#QRPCI(M,2))/2.0

I 22 E R R R 2R R R R R R R R R E R E R 2R R R 2 2R 2 2 2 2 2 22 2 2 2 R R e R R R R R RS SRS S 2

PLATE TC AIRSTREAM CONVECTIVE HEAT TRANSFER (QCPA)
A2 84928 IBABISFITHIRFIRFFXIAIIINRXIINISINEFTLEES SR ERER AL LB RE LXK R IRECR

CCPA=QSCL(M)-CRPC(M,LL)-CBLI(M,LL)

I E XS R E R 2 R R R R R R E R R R R R R S 2 R 2 R R R R R e RS R T

ABSCRBER PLATE TEMPERTURE (TP)
X AFBEFIFIF SIS IILITFLSIXEFTLRIERRETNE IRV X LSRRV RNEERETRKEEF SR

TPI(MgLL)=CCPA/ (AREA*FC(M))¢B(M,LL)

IR R R R R R R R E R E R R E R R e R R e R R R R R R E R 2R P SRS S L

CCVER TEMPERATURE (TC)
AP AT BHEITIIIIV LIS ILTINIILBRRLIIFIRIHINNEAERFLRB LA BEREKREERRIEH SR

OOOOOMO OHOOOOD OO0 000N

TPA IS ABSCLUTE PLATE TEMP AND TCA IS ABSGLUTE COVER TEMP (K)
TPA=TP(M,LL)*+273.15

TP4=TPA%*%*4
TCA=TC(M,LL)I+273.15
TC4=TCAz*4
C
C
CAPPIIF 43 IDIIH LIPS RFTD IR B PRV ERVEIRTRIETKEXN KSR E RS SRR R RAEK IS XS
C COVER TG SKY CCNVECTIVE HEAT TRANSFER ((CCS)

Cet82 9308 XILIIABIIEEFEIIFIIFXXALTRSPIIPSF IR CHDERERXET AR EBAERSL ST RN
c

CCCS=AREA*HR*(TCIM,LLI)-A(45))
C

C

CH$94 2032 FX23B LT HOIFIILIINITIRERELRNRSEERSERAXLEASIIFININNKIRNSRABIREER
C . COVER TO SKY RACIATION (GQRCS)
CII8 02 RXEBILIIIIVIEETXXFFTINOXSFEHFIIVIINIBR XA AXIAIER SRS SONE SIS0 % S
C

CRCS=AREA*{TC4-TS54)/1959171352.79

C
C COVER 10 SKY HEAT TRANSFER
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CSLOS=CCCS+CRCS
C
(
R R R R R s PP Py T
c AIRSTREAM TO CCVER CONVECTIVE HEAT TRANSFER (QCAC)

(R R R RS RS R R R R R R E R RS 2 2 R R R 2 R R R R R R R R R P R R R S R RSS2 2 2

C
QCAC=AREA*HC(M)*(B(M,LL)-TC(M,LL))

C

C

CHEB2I 433232030 XFFIFBRXILRITEBXIXINXVEISASINREIEXRAREREFRICLHIRRRXIDRIERERK
C PLATE TO COVER RADIATION (CQRPC)

c."‘"##t#“‘.t‘#Qt"‘###"##t###t#‘##“'.‘#‘#t#‘##‘..“.t#ttt#*‘#“##“
QRPC(MoLP)=AREA*(TP4-TC4) /20525648445

PLATE TO CCVER HEAT TRANSFER
PCLOS=QCAC+QRPC(M,LP)

IF{PCLCS-CSLCS) 107,127,117

O 6 660

107 TCUM,LL)=TCI(MsLL)-.3
TCA=TC(M,LL)+273.15
TC4=TCA*%*4

CCCS=AREA*HW* (TC(M,LL)-A(4S))
CRCS=AREA*(TC4-TS5S4)/19597352.79
CSLOS=QCCS+QRCS

QCAC=AREA®HC(M)*(B(M,LL)-TC{M,LL))
QRPC(MsLP)=AREA®(TP4~-TC4) /20525648445
PCLOS=QCAC+CRPC(M,LP)

IF(PCLCS-CSLCS) 10741274121

117 TC(M,LL)=TC(N,LL)#+.3
TCA=TCI{NM,LL)*273.15
TC4=TCA®*=4

QCCS=AREA*HW* (TC(M,LL)—-A{4S))
QRCS=AREA*(TC4-TS54)/19557352179
CSLOS=CQCCS+QRCS

QCAC=AREA*HC(M)*(B(M,LL)-TCI(M,LL))
QRPCIM,LP)=AREA*(TP4-TC4)/20525648.45
PCLOS=CCAC#CRPC(M,LP)

IF(PCLCS-CSLCS) 127,127,117
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C

C

CUISIIIVII LRI AFFIXREXXFIFIEIXLSIRENREERE LSS R AR R AEIE TR R REEE LSRR S 4SS
C USEFUL ENERGY CCLLECTED AT THE INCREMENT {(QUSE)

(o SRR R R Z 2R R E R R R S R R R R R R R R R s R R R e R e R R SRS RS 2 2 )

C
127 QUSE=QCPA-CCAC

C

C

Co88282 0038300088 IF4HXIPRRXXBXRENELERSETIFRXRRFXXRRRSTELIRXSRLLEXRSCKES
C AIRSTREAM TEMPERATURE EXITING THE INCREMENT (TQ)
CHESPARSIBFI3DABABIEERFSIVBEIIEXXSSISAETBARELRSERRICFENETERXRETRISEEKNTS
C

C CALCULATE THE TEMP OUT CF THE INCREMENT AND INTO THE NEXT INCRENMENT
B{MsLP}=CQUSE/(FL(M)*CP)¢B(¥M,LL)

c
Li=LI-1
GC TO 115
C
C THIS IS FCR THE FLUW CN THE BACK OF THE PLATE
c

110 IF(LX.GE.NR-1) GG TC 144
PLATE(MyLL)=e3%TP(MyLX)+.53TP(MyLX+1)+.2*%TP(M,LX+2)

GC 7O 158
144 PLATE(M,LL)I=TP(M,LX)
c
C
CHIPEFEEFIFXIIILI3I IS BIIIAIBRIFEEXSAABERCRATRRRRXTXBRKCEX KR E IR RS T KK
C BACK PLATE TC AIRSTREAM CONVECTIVE HEAT TRANSFER ((CBL)

CH33T 4333233 L35FBXIXXXFEILEBFNFISIVNRNAFIILDOTERETXSESTFRERE XL E L%
C

158 CBLIM,LX)=AREA*FCB*(PLATE(M,LL)-BI(M,LL))
BUMaLP)=CBLIM LX)/ (FLIMI*CP)+B(M,LL)
Lx=LX-1
TCIM,LP)=TC(M,sLL)

115 CCNTINUE

14384832 %% PREDICTED ENERGY COLLECTED FEEEXEIXEEXSRIXEXHAERRERE SR ES

PRECICTED AMCUNT CF ENERGY COLLECTED (Kw)

QPRE(KKgM)=FLINM)*CP*(B(M,LP)-A(49))/1C00.0

o 06000 AaNn

IF(LL.GT.30) GC TO 3C2
IF(LL.EC.1.CR.LL.EQC.15) GO TO 298
IF(LL.EC.30) GC TQ 298
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GC TO 120

298 WRITE(6,301) KKoLLyA(49),B(MsLL)9BIM,LP),TPIMyLL),TC(M,LL),QRPCIM,
#LL)pQRCSsQCPA,CCAC, JCCSsCBLIMHLL)yQFREIKK,M)

301 FCRMAT(® *313,15¢2Xs5F7aly2Xs6FTel4F1Ca2)
GC 70 120

302 IF(LLEC.45.CFRall.EQ.60) GO TO 299
GC TO0 120

299 WRITE(645303) KKyLLsA(49) yBUMaLL) BIMyLP),PLATE(M,LL),QBL(MgLX),CPR
$E(KKyM)
303 FORMATI(® *5I3,I5¢2X14F7<l544XsF7e1,4F1C.2)

120 CCATINUE

IF(M.EQ.1) GC TC 387
IF(ABS(QPRE(KK ¢M)-QPRE{KK=19M))elEaOeloOR.KK-EQe9) GO TG 500
GO TO 389

387 IF(ABS{CPRE{KKyM)—QPRE(KK=14M))eLE«0.05-0RKK.EQ.9) GO TO 500

389 KK=KK+1
KRITE(6,472)

472 FCRMAT(* @)
GC TO 70

500 IF{M.EQ.2) GC TG 507
ARITE{Gs503)CPREIKK,yM)

503 FCRMAT{*0*,3Xs57('*")/3X,* ENERGY PREDICTED FRCM THE SOUTH FACING
$ CCLLECTCR ="',F06.2/4X457(%'%%))
GC TO 53¢

507 WRITE(6,511) CPRE(KK,M)

511 FCRMAT('0" 43X,57(%%¢)/3Xs* ENERGY PRECICTED FRCM THE NCRTH FACING
$ CCLLECTCR =",F6.2/4X,51(%%%))

530 CCNTINUE
STCP
END



Appendix F
SAMPLE OUTPUT OF THE MODEL
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TABLE Fo.l SAMPLE OUTPLT OF THE MCDEL

#ex0oesxex  PRINCIPLE INPUT [CATA S9ssssssss

NUMEER CF ABSCREBER
PLATE INCREMENTS = 30

AREA (M*y)
COLLECTCR INCREMENT = 0.289
REFLECTCR AREA GF
COLLECTGR INCREMENT = 0.S517
NUSSELT NUMBER = 17.02
HYDRAULIC CIAMETER (MN*M)
SOUTH CCLLECTOR = 0.C105
NCRTH COLLECTCR = C.0304
EACK SIDE = 0.0380
AIRFLCW (M*VMEM/ER)
SCUTH CCLLECTCR = 418.38
NCRTH CCLLECTGR = 1255.14
SYSIEM TOTAL = 1673.53
WINC SPEED (M/S) = 1.609
OUTSIDE TEMPERATURE (C) = —-17.78

SCLAR RADIATICN STRIKING CCLLECTOR INCREMENT (W)
SCUTH CCLLECTCR = 212.10
NCRTH CCLLECTGR = 605.94

13255 %%% % RESULTS SUMMARY IEEREE R 2 2 3 J

CCNVECTIVE PLATE 7O AIR

HEAT TRANSFER CCEFFICIENT (w/(M*M2C))

T
SCUTH CCLLECTCR = 39.32
NCRTH CCLLECTGR = 13.58
BACK SIDE = 10.86
RIND HEAT TRANSFER
CCEFFICENT (w/(M*M*C)) = 1l.81

IR R 2R R RS R R R R 2R AR REA SRR RS2 R 222 22 2 2 3 2 )

MEASURED ENERGY CCLLECTED (Ka) = 20.81
B LEIIIIISITRIEIXNLHBIBIXFIOSTFSIEH VLIS EERES
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PREDICTED TEMPERATURES AND HFEAT TRANSFER CF THE SOUTH FACING CULLECTOR

esesees TEMPERATURE (C) ®essssss

5338980 ENERGY TRANSFERRED (W) ¢*#0sx2es

91

ITER INC SKY ENTER EXIT PLATE CCVER *SRADIATICN® *2s+832s(CNVECTIUN®sses2ss CGLLECTED
NO NO (s) (P) {C) P-C c-S P—-A A=C =3 BACK ENERGY (Knw)
[} 1 =178 =-17.8 -16.5 -1.0 -16.6 21.2 1e2 190.9 -13.6 41 0.0 Q.20
1§ 15 -17.8 =2s | -1.2 14.5 -Se1 23.4 13.4 188a.7 33.48 43.3 0.0 2.68
i 30 -17.8 10.4 1.1 264 4.5 29. 4 249 182.7 66.6 76el Qa0 4.66
1 45 -17.8 13.7 13.7 16.2 0.0 5.09
1 60 -17.8 12.5 12.2 Oet 0.0 4.35
2 | § “17e8 =178 =-16.2 2.6 =-16.3 18.7 le 231.2 -17.0 Sel =-37.8 025
2 15 -17.8 -0.6 0e3 15.6 -3.9 23.6 l4.8 183.6 37.5 4T.4 4.9 2492
2 30 -17.8 9.4 S.8 21.7 3.C 24.6 23.0 139.3 72.8 70.9 48.2 4e46
2 45 -17.8 122 12.3 167 4.9 4.86
2 60 -17.8 11.9 11.8 3.6 0.0 477
3 1 -17.8 -17.8 ~-l6.3 1.5 -16.3 19.4 le5 218.9 -17.0 Sel =-26.2 0.24
3 15 -17.8 -1.6 -Ca8 14.0 -4.8 22.8 13.8 177.4 36.0 44.3 12.0 2.75
3 30 -17.8 8.6 Sel 21.8 24 25.1 22.3 145.8 70.2 68.S 37.2 433
3 45 -17.8 11.5 11.5 15.2 12.0 4.73
3 60 -17.8 11.0 1C.8 2.6 0.0 462
4 1 =178 =17.8 -16.3 1«5 =—16.3 19.1 1.5 219.5 -17.0 Sel =—26e5 0.24
4 15 -17.8 -le3. =C.3 l4.6 -4.2 22.9 l4.4 179.6 33.5 464 9.6 281
4 30 -17.8 9.2 Se? 22.2 3.3 24.17 23.4 147.5 67.1 72.0 39.8 44
4 45 -17.8 12.1 12.2 15.8 9.6 4.83
4 60 -17.8 11.5 1l.4 2e8 0.0 4.71
5 1 -17.8 -1T7.8 ~—-1¢.3 la7 =-16.3 19.0 le5 221.2 -17.0 Sel =-28.0 024
5 15 -17.8 -l.4 -0.6 la.4 -4.8 23.C 13.8 179.6 38.3 44.3 Se5 2«78
5 30 -17.8 8.7 Ge2 21e7 2617 25.2 22.7 147.17 68.5 69.9 39.2 4236
H 45 -17.8 1l.6 11.7 15.6 9.5 476
5 60 -17.8 11.2 11.0 2.7 0.0 4.65
6 1 =178 =-17.8 -—1¢&.3 le5 =16.3 19.0 le5 219.6 =-17.0 Sel =26.5 0.24
6 15 -17.8 =13 =04 14.5 -4.2 22.8 l4e4 179.1 33.3 46.4 102 2.4d1
6 30 -17.8 S.1 Se& 22.1 3.3 25.1 23.4 147.8 66.4 72.0 3S.3 4043
] 45 -17.8 12.0 12.1 15.8 10.2 4.82
6 60 -17.8 11.5 11.3 2.6 0.0 4.70

1 e R R R R R R R R R R R R R R R R A R 2 R S R S R A2 2R S22 2 2 2 4

ENERGY PRECICTEC FRCM THE SCLTF FACING

CCLLECTCR =

4.170

B3890 903888300888408833332333432FXFBFVLBAFTXIFI308280082



PREDICTED TEMPERATURES ANC FEAT TRANSFER CF THE NORTH FACING CULLECTGR

ss9s9¢% TEMPERATURE

(C) ®evsesss

8838839 ENERGY TRANSFERRED (W) tste¢ssse

92

ITER INC SKY ENTER EXIT PLATE C(CVER **RADIATION® se2+xex24(CCNVECTION*sexss3s CCLLECTED
_NO NC (S) (P) (C) P=C c~-S P-A A-C Cc-S BACK ENERGY (Kh)
1 1 =178 =178 -16.17 S8.0 4.1 151.5 24.4 454.5 -86.0 74.8 Q.0 Q.54
1 15 -17.8 =34 -2 103.0 lle4 188.3 340 4177 -58.0 9S.6 0.0 TS
1 30 -17.8 107 lleb6 1125 15.8 206a1 459 399.3 -35.6 128.3 Ue0 14.25
1§ 45 -17.8 20.1 20.6 104.3 0.0 18.61
1 60 -17.8 27.5 279 94.1 0.0 22.13
2 1 -17.8 -17.8 -17.2 4C.5 -9%«4 167.7 8.7 228.9 -33.0 287 20S.3 026
2 15 -17.8 -8.9 —8e3 560 -3.0 9l.1 15.8 254.3 —-23.0 50.5 260.5 460
2 30 -17.8 -1.3 —-Ce8 51«9 -0.9 80.7 18.3 2C8.6 =le4 57.6 316.6 8.21
2 45 -17.8 3.9 4.2 €c. 260.5 10.67
2 60 -17.8 8.8 9.2 56.0 0.0 13.04
3 1 -17.8 —-17.8 -17.0 68.8 -3.7 118.0 15.0 340.0 -=55.3 48.1 148.0 Q<40
3 15 -17.8 -7.0 -€e2 14.5 2el 124.3 2leS 31G.8 -35.6 679 161.8 5«59
3 30 -17.8 3.6 4.3 8l.7 8el 133.7 25«6 3068 ~-17.7 B88e4 165.5 10.68
3 45 -17.8 10.8 11.2 755 161.8 14.03
3 60 -17.8 16.5 16.8 €8al 0.0 1674
& 1 -17.8 =-17.8 =-17.0 €S.2 -4.3 118.2 l4e4 325.6 =53.0 461 162.1 0.38
4 195 -17.8 -T«5 -—6.9 6T.4 -0.C 111.4 15«4 294.2 =-29.5 60.7 200.3 5.29
L3 30 -17.8 l.6 22 66.8 3.6 106.8 23.8 255.8 -Te7 73.0 243.3 9.66
4 45 -17.8 7.8 8.2 67.5 200.3 12.59
& 60 -17.8 13.3 13.7 663 0.0 15.24
S 1 ~17.8 =178 -17.0 €S.0 -4.3 114.5 14.4 325.0 -53.0 46.1 166.4 0.38
S 15 -17.8 ~Te4 -6al 70.1 09 115.7 205 304.2 =-32.5 63.8 186.0 537
S 30 -17.38 2.5 Jel 74.8 6.0 119.2 26.8 283.8 -—-13.9 8le2 202.9 1010
5 45 -17.8 9.1 9.5 7C.7 186.0 13.23
S 60 -17.8 14.7 15.0 65.9 0.0 15.87
6 1 -17.8 =-17.8 =-17.0 €6.9 -4.0 112.6 l4.7 332.5 -54.2 47.1 160.9 0«39
[ 15 -17.8 T -6a7 6Sel 0.6 114.6 20.1 300.3 -31l.3 62.7 191.0 536
6 30 -17.8 2.1 2.7 7C.2 4.5 113.4 249 267.4 -S.4 T6.1 225.1 9.90
6 45 -17.8 8.5 8.9 6S.4 191.0 12.94
6 60 -17.8 l4e 1 14.4% £6.9 0.0 15.60
7 i ~17.8 =-17.8 -17.0 65.5 -4.3 113.5 l4.4 326.8 -53.0 46.1 165.7 0.38
7 15 -17.8 -T.4 —&e1 65.5 0.9 114.4 20.5 3C2.0 -=-32.6 63.8 189.5 5«35
7 30 -17.8 2.3 2.9 72.0 5«4 116.0 26.1 277.8 -12.3 75.1 2l2.1 9.99
7 45 -17.8 8.8 9.2 6S.9 189.5 13.08
7 60 -17.8 14.3 l4.7 €€.0 0.0 15.72
8 1 -17.8 =-17.8 -17.0 66.6 -4.C 112.5 l4.7 331.1 -54.2 47.1 162.4 0.39
8 15 -17.8 -T<4 -6e17 6Se4 Ce.0 114.6 201 30le4 -3l.4 62.7 189.9 5«36
8 30 -17.8 2.2 2+ 8 71.1 4.8 115.2 253 270.4 -10.3 TTlel 220.4 9.95
8 45 -17.8 8.7 9.1 6S.7 189.9 13.00
8 60 -17.8 14.2 l4.¢ 667 0.0 15.66

Yl 2 s R R R R R R R R A R R R A R R 2 2 R A S A R R R R R R R R 22 R A2 2 2 2

ENERGY PREDICTED FROM THE NGRTF FACING

CCLLECTCR = 15.66

8388988823 300233323333 9958329293825 LFBFPI855388038858
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