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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 effic.iently 

utilize the low-quality heat produced by simple, inexpensive 

solar systemsG 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 intreased 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 
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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 collecto.r system for grain drying 

under actual operating conditions. 

3. Evaluate the performance and economic feasibility 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. 



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 (Kreider 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 
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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 absor~ both direct and diffuse radi~tion, 

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 lower 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 ooth concentrating and flat plate principles and 
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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, $~1.20/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 
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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 synch~onous 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 
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Methods to estimate long-tenn performance of solar energy systems 

are needed to optimize t~e 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 like 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 (i980) developed a pro.cedure based on heat transfer theory to 

analyze flat-plate air collectors under steady-state conditions. All 

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. 



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, 
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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 hea~ 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 rel~tionship described by (Threlkeld, 1970): 

q = Ma cp ~t 

where q = heat quantity involving specific heat, W 

Ma = amount of moving fluid, kg/hr 

cP = specific heat of fluid, W-hr/(kg·°C) 

8t = temperature change, °C 

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}: 

qk = -A k (dt/dx) 

where qk = heat conduction rate, W 
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Convection 

A = cross sectional area normal to the direction of 

heat flow, m2 

k =thermal conductivity of material, W/(m.°C) 

dt/dx = temperature gradient, °C/m 

· When fluid comes in contact with a solid surface at a different 

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): 

where 

q = h A {T - T ) c c s f 

qc = convection heat rate, W 

he = convection heat transfer coefficient, W/(m2. 0 c} 

A = surface area in contact with 
0 T = surface temperature, C s 

T = fluid temperature, °C 
f 

the fluid, m2 

This convection equation is a definition of the average unit 

thermal convective conductance, he, 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 coefficients, therefore the heat transfer coefficient is 

often expressed in terms of the Nusselt number (Kreith and Kreider, 

1978). 

.h L 
Nu = -f:

f 

where Nu = Nusselt number 

L = length -dimension of the system, m 

kf = thermal conductivity of the fluid, W/(m·°C) 
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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 Ren Prm 

where C, n, and m are empirically determined constants. Reynolds number 

is a dimensionless quantity that includes velocity, hydraulic diameter 

or a length dimension, fluid density, and fluid viscosity. Prandtl 

number is a dimensionless parameter defined by the fluid 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): 



Nu = 0.023 Re· 8 Pr· 4 

For turbulent flow between two parallel flat plates with only one 

surface heated and with air as the fluid, the relationship 

Nu ~ 0.0196 Re· 8 Pr113 
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is recommended (Kreith and Kreider, 1978). For fully developed turbulent 
I 

gas flow inside tubes, Kays (1966) recommends: 

Nu = 0.022 Re· 8 Pr· 6 

For fully developed turbulent airflow between flat plates with one side 

heated, that equation reduces to: 

Nu = 0.0158 Re· 8 

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

number for a smooth, ai-r-heating solar collector is: 

0.0192 Re3/ 4 Pr Nu = --.....;._-----.~----
1 + 1.22 Re-l/B (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: 

Nu = 0.018 Re· 8 Pr· 4 

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 f rom 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: 

Nulocal = [1.78- 0.9864(L/De)· 531 ] Nu 
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where Nulocal = local Nusselt number 

L = collector length, 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/(m2.0 c) to the wind speed, V, in m/s (Duffie and 

Beckman, 1974). 

Radiation 

h . d = 5.7 + 3.8 v w1n 

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): 

where q = radiation heat transfer rate, w r 
£ = emissivity, the factor which accounts for the non-

ideal radiating conditions 

cr = Stefan-Boltzmann constant, W/(m2. oK4) 

r,, T2 = absolute surface temperatures, °K 



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 con~idered 

basic solar principles, economic factors, material properties, mainte-
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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 optim~m 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 m2-°C/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 low iron, tempered glass served as the col

lector co"er plate. Five panels (0.4 x 86.4 x 193.0 em) were mounted 

end to end on each side of the collector. Transmissivity of the glass, 

according to manufacturer specifications, was 90.l percent. 

Plywood (1.3 em} 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 9.8 m length, 

flowed downward between the glass cover and the absorber plate, turned 

180 degrees, flowed upward between 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 . There~re, to have similar temperature ris~s on each side, 

the air channel between the absorber plate and glass cover was spaced 

1.5 em on the north side and 0.5 em 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 connec~ed 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 



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 em plywood and insulat~d with 

17 

2.5 em polystyrene to provide a total thermal resistivity of 0.9 m2.0 c;w. 
A sliding door on top of the mixing chamber was used to adjust the amount 

of ambient air entering ~he grain bin and to control the airflow rate 

through the collector. Inside dimensions of the air duct were 25.4 by 

53.3 em. 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 ai~flow 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 collector, 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 

per m3 of shelled corn. · Corn volume was 35.2 m3 and airflow was 

regulated at 27.9 m3;min. 

20 
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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 the-rmodynamics. 

Principal considerations during model development were defini g 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 values, and finally validating 

the resultant model. 

Conceptualization 

Analysis of the solar energy system considered the unit as two 

separate flat pla~e collectors. The south facing collector re~eives 

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 pf the absorber material tends to minimize temperature 

variations along the absorber resulting from uneven distribution of 

the reflected solar radiation. 

Ener y 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 



balances are performed at each increment to predict the unknown 

temperatures (Figure 5). These three energy balance equations include 

eight 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 
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Absorber plate temperature is predicted from an energy balance at 

the absorber ~ate . Solar radiation absorbed by the absorber plate must 

be either convected from th.e 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 

QCPA = 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 



TI 

Cover plate 

Absorber plate 
OBL 

Step I: Absorber plate energy balance 

QCAC QPPC 

TP 

Step II: Cover plate energy balance 

~-----.TO 

Step III: Airstream energy balance 

.Figure 5 Energy balances of an increment for airflow 
in front of the absorber plate. 
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predicted values obta ined from successive iterations are within 0.1 kW, 

correct values are obta ined for the plate to cover radiation and the 

convected back losses. 

Convect ion from the plate to the airstream is calculated as the 

remaining term in the absorber plate energy balance. With the plate to 

airstream convect ive heat transfer , the absorber plate temperat~re is 

determined from Newton's law of cooling (Kreith and Kreider, 1978): 

where 

QCPA = HC * AREA * (TP - TI) 

HC =heat transfer coefficient of the airstream, W/(m2.0 c) 

AREA = area of the increment, m2 

·rp = absorber plate temperature, °C 

TI = airstream temperature entering the increment, 0c 

The convective heat transfer coeffici ent can be calculated from the 

relation (Kreith, 1973): 

kf 
HC = Nu r-

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 



gains. Cover to sky losses include the cover to sky convective and 

radiative heat transfer . 

QCCS ~ HW * (TC - TS) * AREA 

QRCS = cr * £c * (TCA4 - TSA4) * AREA 

where QCCS = cover to sky convective heat transfer (Kreith and 

Kreider, 1978), W 

HW = wind heat transfer coefficient (Duffie and Beckman, 

1974), W/(m2 ~0c) 

TC = cover temperature, 0c 

TS = sky temperature, °C 

QRCS =cover to sky radiation (Holman, 1978), W 

cr = Stefan-Boltzmann constant, W/(m2.°K4) 

£c = cover plate emissivity· 

TCA = absolute cover temperature, °K 

TSA = absolute sky temperature, °K 

Plate to cover radiation and airstream to cover convection are the 

plate to cover heat gains. 

QRPC =a * · (TPA4 - TCA4) *AREA 
l/£c + l/£P - l 

QCAC = HC * (Tl - TC) * AREA 

where TPA = absolute plate temperature, °K 

= absorber plate emissivity 

convective airstream to cover heat transfer (Kreith 

and Kreider, 1978), W 

Plate to cover radiation found in this step becomes the plate to cover 

25 
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radiation in the following increment . 

Airstream Energy Balance 

Airstream tempera ture exiting the increment is obtained by an 

energy balance of the airstream increment. Convected plate to airstream 

heat transfer equals the airstream 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:t the useful energy_ is found by subtraction 

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-°C) 

TO = airstream temperature exiting the increment, 0 c 

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/(m2.°C) 



TP Absorber plate 

TO ..------1 QBL . 

Plywood support 

Figure 6 Energy balance of an increment for 
airflow behind the absorber plate. 
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TP = plate t emperature found when flow was analyzed over 

the front of the absorber plate, 0c 
These back loss values are used across the front of the absorber plate 

in the next iterati on. Correct back loss values are obtained by con

tinuing the iterat ion 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 las t increment of each iteration, the exit temperature and 

the temperature entering the sy?tem 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 little 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 coeffici ent 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 coeffici ent 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) 

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· 4 

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

air heating.1 

1Percent difference between measured and predicted energy collected 
ranged from -0.6 to 4.1 percent as explained later in the results. 



Tabl e 1 Nusselt number defining equations. 

Equation 

Nu = 0.018 Re· 8 Pr· 4 

(Tan and Charters, 1970) 

Nu = 0.0158 Re· 8 
(Kays, 1966) 

Nu = 0.0196 Re· 8 Pr113 
(Kreith and Kreider, 1978) 

Nu = 0.022 Re· 8 Pr ·6 
(Kays, 1966) 

3/4 
Nu = 0.0192 Re Pr 

. 1 + 1.22 Re-l/B (Pr- 2) 
(Kreith and Kre ider, 1978) 

Nu = 0.023 Re· 8 Pr· 4 
(Holman, 1976 and Kreith and Kreider , 1978) 

at entrance : 531 
Nu1 l = [1 .78- 0.0864 (L/De)· ] Nu 

oca 8 4 
where Nu = 0.018 Re· Pr· 
(Tan and Charters, 1970) 
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Nusselt 
Number 

13.24 

13.43 

14.84 .... .. . 

15.19 

16.82 

17.02 

22.60 
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Initial Values 

Plate to cover radiation wa s initially ass umed for the north facing 

collector to be 25 percent of the radiati on absorbed by the north col

lector and 10 percent of radiation absorbed by the south collector for 

the south facing col lector. This assumpti on started the iteration 
t 

process with reasonable values. After the first iteration, the initial 

two radiative plate t o cover values from the prev ious iteration were 

averaged to establish the pl ate to cover radiat ion to start the next 

iteration process . B.y averaging plate to cover radiation for the 

initial value in each consecut ive iterati on , convergence occurred. 

Convected back loss es for the firs t iteration were assumed to be 

zero, since there was no known pla te or back airflow temperature. Once 

through the firs t iteration, ai rflow temperatures entering back ~ncre

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 ass umed the same as plate temperature on the front 

plate at that increment. After that, the back plate temperature was 

found by a weighted average1 of three calculated front plate tempera

tures. Averaging plate temperatu res was valid because the process 

converged. 

Model Va 1 i dati on 

The model was vali dated by comparing the predicted energy collected 

1The 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 usefu l 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 Perfo rmance 

Average dail y thermal effi ciency 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 availa ble solar radiation was 3~67.6 

kW-hr and average dai ly direct normal insolation during testing was 

270.6 langleys (Fi gure 7). 

Usually corn dryi ng takes place during October in the Brookings, 

South Dakota, area. Average direc t no rmal insolation at this time and 

location is 353.5 langleys/day whi ch is 23.5 percent higher than 

occurred during test ing (Lytl e,' 1979). 

Daily amounts of hea t co llected, radiati on 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 kW-hr on Decembe r 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, rad iation availabl e and efficiency for a typical 

clear day, December 13, 1979, formed a bell -shaped curve when plotted 

against time (Figure 9). Efficiency was high er during the late 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 temperatu re 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 
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Multiple stepwise, regres sion analysis was used to develop signi

ficant equations for predicti ng hourly energy collected. The following 

regression equations were developed: 

Equati on R2 

EC = -0.883 + 0.5841 .823 

EC = -0.429 + 0.4261 + 0.006! 2 .828 

where EC = energy collected, kW 

I = direct normal radiation, kW 

Little difference was noted in the coefficient of determination 

between the linea r 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 variati on in the measured hourly energy 

collected. 

Economic Performance 

On November 19, 1979, the price of propane was $.1268/liter. Total 

heat ~ollected (1815.2 kW-hr) during the 40-day test period was 

thermally equ ' valent 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 dai ly solar radi ation available from October to March. 

Average insolation f rom October to March was 25.3 percent higher than 

occurred during testi ng. Therefore the daily energy savings were also 

increased 25. 3 percent to approximate a normal year. If the fuel 

inflation ra te was 13 pe rcent, it would take··five years for the fuel 

savings to equal the initial system cost. 

Model Descri pt ion 

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 , ei ght 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 calcul ation procedure is as follows: 

1. Solar radiat ion absorbed by the absorber plate is determined from 

the refl ectivity of the reflector, transmissivity_ of the glass ·cover, 

absorptiv ity of the absorber plate, the direct normal radiation, and 

the perpendicular solar intercepted area (Duffie and Beckman, 1974). 



Table 2 Description of the simulation model concept. 

1. Solar radiation absorbe r by the absorber plate 

QSOL = p * T * a * RAD * SAREA g p 

where : QSOL = solar radiation absorbed by an increment of 
absorber plate, W 

P = reflect ivity of the reflector for the north side, 
1.0 for the south side 

Tg = transmi ssivity of glass 
a~ = pl ate absorpti vity 

RAD = availa ble direct normal radiation, w;m2 
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SAREA = intercepted ar~a perpendicular to solar radiation, 
m2 

2. Plate-to-cover net radiat ion 

where: 

QRPC _ cr * (TPA4 - TCA4
) * AREA 

- l/£ + l/£ - , 
c p 

QRPC = plate-to-cover net radiation, W 
cr = Stefan-Boltzmann constant, W/m2.K4 

£p = plate emissivity 
£c = cover emissivity 

TPA = absol ute plate temperature, °K 
TCA = absolute cover temperature, °K 

AREA = area of t he increment, m2 

3. Energy convected from pla te- to-airstream behind the absorber plate 

QBL = HCB * (TP - Tl) * AREA 

where : QBL 

. HCB 
TP 
TI 

= convected back losses from the plate-to-airstream 
behind the absorber plate, W 

= heat transfer coefficien t for the back side, Wjm2.oc 
= absorber plate temperature, °C 
= airstream temperature entering the increment, 0c 

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

where: QCPA 

QCPA = QSOL - QRPC + QBL 

= energy convected from the absorber plate to the 
front airstream, W 



Table 2 (cont .) 

5. Absorber plate temperature 

TP = QCPA/(AREA * HC) + TI 

where: HC = heat transfer coefficient of the airstream, W/m2.oc 

6. Convect ive airstream-to-cover heat transfer 

QCAC = HC * (TI - TC) * AREA 

where: QCAC = airstream-to-cover convective heat transfer, W 
TC = cover temperature, oc 

7. Convect ive cover-to-sky heat transfer 

QCCS = HW * (TC - TS) * AREA 

where: QCCS = cover-to-sky convective heat transfer, W 
HW = wind heat transfer coefficient, Wjm2.oc 
TS = sky temperature, °C 

8. Cover-to-sky radiation 

where: 

QRCS = cr * £c * (TCA4 - TSA4) * AREA 

QRCS = cover-to-sky radiation, W 
TSA = absolute sky temperature, °K 

9. Cover temperature 
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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 

where: 

TO = QUSE/(CP * M) + TI 

TO = airstream temperature exiting increment, 0 c 
CP ~ specific heat -of. air, W.hr/(kq.OC) 
M = amount of air, kg/hr 



Radiation reflected onto the north collector is considered evenly 

distributed. 

2. Plate-to-cover radiation is found using the heat transfer equation 

for radiati on between two infinite parallel plates (Holman, 1976). 

Terms used to calcul ate plate-to-cover radiation include the 

Stefan-Bol tzmann constant, absolute plate and cover temperatures, 

and plate and cover emissivities. 1 

3. Energy convected from the back of the ab·sorber plate to the air

stream behind the absorber plate is calculated from the convective 

heat transfer coefficient for that side, the plate temperature, 
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and the airstream temperatu.re entering the increment. A convection 

coefficient obtained from Newton's law of cooling is used to 

express the effect of the back losses due to convection (Holman, 

1976). 2 

4. Energy convected from the absorber plate to the airstream in front 

of the absorber plate is determi ned 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 

1Net 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 radiatio n. · 

2sack losses for the first iteration process are assumed to be 
negligible. Once through the first iteration, back losses 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 transfe r coefficient plus the increment area, airstream 

temperatu re, and the plate to airstream convected energy determine 

the abso rber plate temperature. 

6. Convect ive 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 

coeffici ent, and increment area. 

7. Convecti ve heat loss from the cover plate which is exposed to out

side winds is found from a dimensional expression given by Duffie 

and Bec kman (1974) which related the heat transfer coefficient in 

w;m2. 0 c to the wind speed in m/s. This wind heat transfer 

coeffic ient, cover and sky temperatures, and area determine the 

convective cover-to-sky heat transfer. 

8. Cover-to-s ky radiation hea t 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 trans fer. 

9. A trial and error process of incrementi ng the cover temperature 

continues until an energy balance between the plate to cover heat 

transfer and the cover to sky losses is obtained. · Convective air

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. 

10. 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. 
I 

11. 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 i3, 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-sha ped curve approximately symmetrical about solar noon. 

The measured, collected energy curve was slightly out of phase, due 
I 

probably to a thermal lag created by heat storage in the collector 

materials. Heat was required to warm the collector materials in the 

morning, whil e in the 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 reliabl y 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. 
I 

The mode l can be used to predict temperatures entering storage 

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: 

lo Average daily thermal efficiency of the solar energy intensifier 

system from November 8, 1979, to December 17, 1979, was 50.9 per

cent. 

20 Total energy collected during the test period was 181502 kW-hr, 

while the total-available solar radiation was 3567.6 kW-hr. 

30 Average daily insolation during testing was 270.6 langleys while 

the average during the normal drying season at Brookings, South 

Dakota, was 353.5 langleys/day. 

4D A highly significant, direct, linear ~quation accounted for 82.3 

percent of the variation in the measured hourly energy collected. 

5. For a 180-day heating period from October to March, the solar 

system savings would equal the initial investment cost over a 

five-year period. 
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· 69 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. 

8. A -.6 to 4.1 percent difference between the predicted and measured 

useful energy was noted with Nusselt numbers ranging from 13.24 to 

22.60 . 

9. 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. 

10. Predictions of the model can be used to evaluate design 
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consi derat ions in the solar energy intensifier system. 

11. 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 propa~e 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 little difference between measured and predicted energy 

collected. Predictions of this model can be used to evaluate design 

considerations, to predict temperatures entering storage units, and to 

size solar energy intensifier systems for solar applications. 
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Table A.l Costs of collector materials 

Unit Total 
Quanti ty DescriEtion Cost, ·$ Cost, $ 

10 Glass, low iron t empered 
(0.4 x 86.4 x 193.0 em) 

24.98 249.84 

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 em) •. 65 37.44 

39.01 m Steel , angle (0~32 x 1.27 x 1.27 em) .54 21.16 

1.52 m Steel, channel (0.32 X 0.79 X 1.91 em) .69 1.05 

13 Lumber, Grade #2 10.24 133.12 
(1.27 em x 1.22 x 2.44 m) .. 

16 Lumber, Grade #2 3.49 55.84 
(5.08 x 15.24 em x 2.44 m) 

53. 34 m Insulation, unfaced fibergl ass batt .69 36.74 
(15.24 x 30.48 em) 

4 l iter 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 
Quanti ty DescriEti on Cost, $ Cost, $ 

64.01 m Reflective materi al (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 em) 1.96 52.64 

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

48.77 m Steel, angle (0.48 x 3.18 x 3.18 em) 1 .17 56.83 

24.38 m Steel, angle (0.48 x 2. 54 x 2.54 em) 1 . 10 26.86 

18.29 m Steel, channel (0.32 X 0.95 X 1.91 em) 0.99 18.10 

60.96 m Steel, channel (0.3~x 1.27 x 3.81 em) 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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Table B.l 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 3.75 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 43.6 
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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2 .. 
6 
5 
1 
2 

0'\ 
~ 



IA8lE C.l RAW CATA OIKECT NORMAl RADIATIGN SfRIKING COllECTOR f~IM••2) A~O AIR TEMPERATURES CCI AT lOCATIO~S IFIGURE ~~ 

1'10 OA YR 

ll 14 1979 
11 lit 197'1 
11 14 lC1/S 
11 14 l9H 
ll 14 1<i7S 
11 14 l~H 
ll 14 19/S 
11 lie 1Cf7Cj 

11 15 1<f1'i 
11 15 1'HS 
11 15 1919 
ll 15 l <; TS 
ll ~~ l'd <i 
ll l., 11) 1«; 

11 15 l«i1<; 
11 15 l 91S 

ll 16 1979 
11 l t. 191 <; 
11 16 1«i7Cj 
1 l l b 1 •, I~ 
ll l~J l ,, 1 <; 
11 liJ l SH 
ll 16 l'r/Cj 
ll 16 197') 

ll 11 l97Ci 
11 11 19 1S 
11 ll l<ilCi 
11 ll1S1S 
11 17 197Ci 
ll lll 9 1S 
ll 17 1<i7S 
11171979 

ll 18 l91Cj 
11 18 1HS 
l1 18 PHS 
ll 18 l9H 
11 1e 19rc; 
ll 18 191c; 
11 1d 1919 
ll 18 197Cj 

11 19 1H'i 
11 1~ l<;H 
11 19 197Cj 
11 19 197S 
ll 19 191S 
11 19 1~79 
11 19 197'i 
11 19 197Cj 

HM 

a co 
9)0 

11 co 
12CO 
llCO 
1itGO 
1')30 
11CO 

a co 
<;]0 

1100 
llCO 
uoo 
14(.0 

1>30 
17CO 

ace 
Gl30 
ll 00 
1lUO 
l3CO 
14 CO 
1 530 
l7CO 

8CO 
930 

llCO 
12 00 
uco 
l4CO 
1510 
llCO 

BCO 
930 

11 co 
l2CO 
1300 
l'tCO 
1530 
1700 

800 
9)0 
ll 00 
1200 
1300 
HOO 
lBO 
1100 

IUC 

o.o1 
0.05 
0.13 
0.87 
0. ll 
O.lo 1 
0.38 
0.01 

0.15 
0.!>9 
o.o 
0.66 
O.tJO 
o.n 
0.45 
0.07 

o. 22 
0.56 
u.76 
O. Ill 
O.tlO 
o.ll 
O.H 
o. Ob 

0.22 
0.61 
O.dO 
0.84 
O.til 
o. 1't 
0.50 
0.05 

0.16 
o.51t 
c. 11 
o.ao 
0.79 
0.6'1 
0.4J 
o.o 

0.11t 
0.~5 
0.15 
o.ao 
0.19 
0.70 
O.'tl 
0.01 

2 3 ~ 5 6 1 8 9 lO ll 12 ll l~ 15 16 l1 U 1q 20 21 12 21 2'. 

-2 -2 -2 -2 -2 
-1 -1 -1 -1 -1 

l 2 1 1 1 
d 8 4 " 5 

41 38 26 ~1 40 
34 32 25 ..,0 H 
26 ~1 11 15 15 

4 .., " .., 4 

lt -1 -2 
17 -1 -1 
3l 1 l 
4l. 5 5 
43 lit 37 
54 20 24 
H n 11 

6 2 4 

2 -2 
2J -1 
30 l 
40 " 
31 38 
22 30 
11 ll 

4 4 

-l -2 -2 
-1 -1 -1 

1 1 1 
" 5 5 

H 34 20 
22 22 15 
lit 14 14 
4 " 4 

l 
26 
32 
25 
21 
ItO 
H 

4 

-2 -2 -1 
-2 -2 13 

c 1 22 
J 5 lJ 

15 22 15 
15 21 25 
10 11 lit 

4 " 1 

-2 
-3 

1 
() 

24 
ll 
ll 

3 

-2 
-1 

1 
6 

32 
l.lw 
l3 

3 

-1 -1 -l -1 -1 
23 20 14 17 21 
44 ~2 45 46 43 
"~ 43 4) 53 44 
56 5.., 56 ~3 55 

4 -1 -1 
65 15 21 
54 30 41 
42 H 4~ 

50 so 51 
56 56 56 
3J )} l't 

l -1 -1 
51 16 18 

-l -1 
21 17 
43 31 
42 JO 
5C 34 
5) 31 
35 23 
10 8 

2 -2 
'd 12 
}.6 24 
l't l~ 

26 26 
J1 31 
25 lit 

-l 
23 
33 
36 
41 
lt8 
25 

0 
4\ 
31 
ZtJ 
26 
ltlt 
25 

-1 
17 
jlj 

-1 
16 
31 
)t! 

36 50 38 
36 Sl ItO Jb 

41 
54 5~ 51i 61 ~5 
)ij 31 24 34 ll 
11 10 7 10 10 

44 57 48 
4d 6~ 'Jl. 
32 ~l H "' 26 

50 
41 
31 

5 10 12 7 10 10 4 1 6 2 I 8 

-2 -2 -1 -) -j 2 
l3 22 ~2 26 23 66 
~ts 44 ;o 5o ~" 10 
54 5l 50 6b SJ 5/ 
5ij 5~ 60 67 51 Sl 
60 60 48 es 56 56 
""' 31 JO 40 36 36 
16 1~ 12 1.., 15 a 

l. -3 1 -3 

"" 21 54 l2 
5) 44 r;r; "i) 

JS 35 36 71 
51 5l "" 6l 
56 60 54 h 1 
36 l1 40 ~6 
ltt 17 ll 1') 

-~ _.., -5 -5 -5 
24 21 21 21 24 
47 "'2 35 36 40 
60 56 57 tl ~5 

61 Sit lt5 58 58 
6] 61 "' t.., 60 
44 31t 28 38 lit 
14 11 10 12 12 

0 0 -J 
51 57 21 
65 65 53 
62 S4 65 
51 51 54 
65 65 54 
H 34 38 

l -5 
51 21 
15 6] 

72 85 
51 55 
52 51 
37 4't 
10 12 5 5 lit 

-} 

20 
31 
45 
46 
54 
31 
1 5 

-J 
21 
'·2 
46 
51 , ... 
ltl 
H 

-) 

12 
l't 
. .H 
)j 

lit 
28 
ll 

3 -3 
45 11 
18 H 
36 J.1 
2 5 35 
H H 
28 30 

8 11 

-s -5 -5 o -6 
18 21 8 "3 10 
1t4 51 25 ItS 25 
54 58 34 "1 28 
lt6 53 36 3" 34 
..,) 46 35 31 "0 
JIJ 4l. 30 30 30 
12 12 11 .., 11 

-J -1 
H 't8 
2, 36 
lt6 lt6 
50 H 
50 .., 
35 H 
lit l 

-2 
15 
H 
42 
'tl 
41t 
)5 
u 

-z 
20 
J8 
<\8 
~0 
51 
]b 

14 

-6 -3 -2 -l. 
10 lt4 11 20 
36 51 J't H 
51 58 44t ltZ 
46 42 45 47 
ltb H 41t 'tl 
ItO 40 16 36 
12 4 12 12 

-2 -2 -2 -2 
2J 2lt 15 26 
"' 35 30 35 
lo8 ~6 H ~6 

53 50 5't 61 
51 46 ltl 58 
36 30 31 36 
12 12 12 ll 

-2 
26 
35 
46 
51 
48 
H 
13 

-3 -1 
4d 15 
lt6 46 
52 H 
42' ltZ 
52 40 
H 21 

7 7 

-3 -3 -1 -3 -3 -3 -3 -3 -3 
20 ~1 21 20 iZ 11 35 14 14 
lt2 51 51 17 41 25 40 21 jlt 
46 50 61 40 "'3 30 31 Zd lt4 
38 31 41 38 37 31 2~ 28 . ItO 
17 4d 41 36 ItO 31 32 32 lt4 
31 10 35 Jl. 33 25 28 26 12 
12 12 12 12 1i 12 8 12 12 

-3 -1 -3 
21 15 21 
J6 12 l2 
35 31 36 
26 11 "0 
42 . 38 41 
12 10 30 

7 12 12 

111114" 
21 21 21 30 31 46 11 
Ja 12 1~ ..,o 40 45 21 
ItS "0 51 61 48 ~~ Sit 
itl lt8 46 60 51 ItS 33 
~5 ItO 50 6l 50 50 11 
32 26 26 35 25 27 2~ 

1 10 6 8 10 s 1 

1 l 
22 36 

"" 4 a 
38 H 
38 ,32 
3lt 3~ 

30 33 
10 5 

1 
l8 
56 
11 
~1 

4! 
3~ 

8 

1 
22 
'tO 

"" 38 
35 
28 

8 

1 
21 
45 
~2 

4u 
37 
31 

7 

1 3 
15 31 
25 34 
21 28 
ll 23 
l6 l1 
21 23 

1 3 

l . l l 
l6 16 1 s 
22 'tO 42 

lb "' lt2 
l8 ItO Jl 
28 Jtl 40 
2l 30 30 

6 6 2 

1 
Jl 
34 
31 
)6 
36 
27 

6 

1 
Z5 
l't 
1"'1 
.. a 
41 
27 

1 

-2 -l. -2 -l. 
-3 -J -J -3 

1 
b 

31 
21t 
13 

1 0 c 
1 

12 
ll 

8 

5 3 
21 12 
u. 11 
11 8 

3 3 ) it 

-1 
11 
36 
H 
47 
-tl 
H 

II 

-2 
18 
JIJ 
ltb 
ltij 

'td 
)It 

15 

- 2 
18 
't1 
lt8 
'51 
ltb 
lit 
12 

-1 
1~ 

H 
JCe 
42 
ltl 
Jl 

II 

-2 
15 
H 
ltl 
41t 
4~ 

lb 
15 

-2 
14 
3~ 

"' <lett 
'd 
}6 
11 

-3 -1 
20 ll 
14 31 
40 35 
42 l1 
'tO J1 
11 26 
l2 12 

1 
22 
36 
42 
"1 
38 
28 

7 

l 
20 
J2 
35 
16 
35 
2.6 

7 

- 1 
5 

13 

·~ 16 
20 
16 

1 

-3 
6 

1d 
22 
/.5 
26 
i4 
12 

-1 
'j 

11 
14 
17 
18 
16 

1 

-3 
6 

1b 
22 
l4 
26 
.i't 
lJ 

-2 -2 
4 4 

15 11 
20 20 
J't 24 
2lt 24 
23 23 
11 11 

-3 
8 

16 
iO 
22 
l1 
20 
12 

1 
7 

11 
16 
17 
11 
11 

6 

-2 
8 

16 
21 
22 
21 
20 
12 

1 
8 

14 
16 
l1 
11 
H 

6 

-l 
-4 

0 
1 
4 
5 
1 
4 

-1 
j 

6 
1 

ll 
12 
1:i 

8 

-J 
2 
d 
ll 
14 
11 
17 
lJ 

-2 
0 

10 
12 
14 
16 
11 
ll 

-z 
3 
a 

11 
u 
14t 
15 
12 

1 
1 
6 
8 

10 
10 
10 

5 

m 
(.]1 



fABLE C.1 RAW OAT A DIRECT NORMAL RADIATION STRIKING COLLECTOR CWIM••ZJ A~O AIR TEMPERAtURES CCI AT LOCATIONS CfiGURE ~~ 

MO OA YR tiR IUO 1 ~ l ~ 5 6 1 8 9 10 11 12 lJ 14 15 16 11 16 19 lO 21 i.2 413 l~ 

11 20 191Cj 8CO o.o -) -3 -1 -1 -1 0 J -1 5 -3 -l -3 -l 5 -3 -1 1 -l -3 -J -1 -3 -3 -l 
11 20 191Cj 930 0.03 0 0 0 0 0 l2 l.2 0 l.l 0 0 0 0 l2 0 0 17 0 0 0 0 0 0 0 
11 Zll 1 c; 1 c; 1100 c.cr 1 1 1 1 1 l1 ll 1 U. 1 1 l 1 25 1 1 21 1 1 1 1 1 1 0 
ll 21) 191'i 1200 o.c~ 2 2 2 2 2 . 13 l3 2 12 2 l. 2 2 11 1 l 11 2 2 2 2 1 1 1 
ll 20 1~79 uco o.c6 2 2 2 2 2 2 0 I. l 2 2 2 1. 2 2 2 2 2 2 2 2 2 2 2 
11 2'> 19H 1400 0.09 5 " ) 3 3 22 ll 8 l1 3 3 l 3 23 1 1 11 l 2 l 2 2 2 1 
11 20 19Tq 1S30 O.C1 2 2 2 2 2 18 18 1 16 1 1 1 1 18 1 1 15 1 1 1 1 1 2 1 
ll lO 191'i liCO o.o 1 1 1 1 1 1 1 ' 1 l ' 1 1 c 1 1 0 0 0 0 0 1 1 1 

ll 21 197<; IJCC o.o -l -2 -2 -2 -2 " -1 -l 1 -2 -l -I. -2 5 -2 -2 ~ -2 -2 -2 -2 -2 -1 -1 
11 l1 1979 930 O.Cl -1 -1 -1 -1 -1 21 -2 -2 16 -I. -I. -2 -z lit -2 -2 25 -2 -2 -2 -2 -2 -1 -1 
11 21 l'HCi 11C:O o.c8 0 c 0 0 0 21 -1 -1 . 1 b 0 0 0 -1 25 -1 -1 n -1 -1 -1 -1 -1 0 0 
ll ll 1C,7S l2 CO 0.01 0 0 0 0 0 10 -1 -1 1 0 0 0 -1 lit -1 _, 

.ll -1 
_, 

-1 -1 -1 0 u 
ll ll lC,I', lJOO 0.06 0 c 0 0 0 2 -1 _, 

] 0 0 0 -1 2 0 0 j 0 0 0 0 0 0 0 
11 21 1 'H!f 14 00 0.02 0 0 0 0 0 l.l. J.2 -1 16 -1 -1 -1 -1 25 0 0 18 0 0 0 0 0 0 0 
11 21 19H l'JJO 0.01 0 0 0 0 0 18 -1 -l 18 0 0 0 0 1.4 0 0 20 0 0 0 0 0 1 0 
1121 1S7S 17CC o.o 0 0 0 0 0 /. -1 - 1 1 0 0 0 0 2' 0 0 1 0 0 0 0 0 0 0 

11 22 191<, a co 0.01 -1 -3 -3 -1 -l 5 1 -4 4 -4 -4 -4 -'t 2 -3 -l 1 -l -3 -l -1 -3 -J -3 
11 2l l'H9 930 o.o 7 -2 -2 -2 -2 -2 44 -1 -2 "'" -l. -1. -l -2 "~ "-Z -2 40 -l -z -l. -1. -z -2 -z 
11 ll 1'H'i 1100 o.ott . -z -l -1 

_, _, 
4l -2 -2 32 -1 -l -l -l l1 -1 -1 10 -1 -1 -1 -1 -l -1 -l 

11 22 1'H'i 1200 o.<.8 -2 -2 -l -l -1 31 -l -l J3 -l -1 -1 -l 35 
_, -l 1.1 -1 -1 -1 -1 -1. -l -l. 

11 1l l 'J l 'J nee 0.11 -l -l -l 0 0 7 -l -1 0 0 !J 0 _, 
1 0 0 4 0 0 0 0 -1 -l -l 

11 l.l 1'HS l4CO 0.11 -1 -i -1 0 0 /.8 -2 -1 lb -1 -l -1 _, 
21 -1 -1 24 _, 

-1 -1 
_, -z -1 -1. 

ll n 1~ 79 lHO o.ct -l -1 -1 -1 -1 17 -2 
_, 

11 -1 -1 -l -1 l8 -4 -2 1.1 -1. -2 -I. -2 -2 -1 -;.. 
ll 2/. 1919 l1CO o.o -2 -2 -2 -2 -2 -1 -l -2 0 -1. -2 -2 -2 0 -2 -2 -2 -l -2 -l -l -z -2 -l. . 

11 21 191Ci 8CO o.oz. -6 -6 -7 -7 -r 6 6 -7 5 -7 -1 -7 -7 5 -1 -7 2 -7 -7 -7 -7 -7 -1 -1 
ll ll 197Cj 930 0.64 -2 2 1~ 13 ll 55 -1 5 ltl 10 " 8 -2 40 1 l 41. l 6 5 l 

_.., -J -5 
11 23 l<HS 1100 0.27 -1 0 0 0 0 'tl -1. -l. H 0 -1 -1 -2 31 -~ -It 32 -l -1 -1 -1 -) -1 -3 
1121 1~1Cj 12 00 0.42 0 1 1 ' 1 42 _, 

-l )I) 1 1 1 -1 .)) 0 0 12 0 0 0 0 
_,. 

-o\ 
_,. 

11 H 1919 l3CO C.89 5 16 21 21 23 25 .. 7 10 11 ll 16 " 1 10 12 ll 12 15 14 ll 2 2 0 
11 23 1<J7'i l4CO 0.11 23 36 It) 46 38 61 11 31 lt8 41 28 38 16 38 ll 21 31 2S 27 28 22 8 6 1 
11 l1 liHS 15 jQ 0.36 26 21 11 l1. 18 41 47 21 20 21 11 21 12 41 12 . 16 36 17 18 20 11 " " 1 
11 23 1<i19 1100 0.01 -2 -2 -2 -2 -l 2 2 -l -1. -l -2 -2 -2 1 -2 ·-2 -1 -2 -2 -l -2 -J. -1 -2 

ll H 191'i II CO 0.02 -15 -15 -15 -15 -15 1 -12 -12 -16 -16 -16 -lb -16 -1 -15 -15 -1 -15 -15 -15 -15 -15 -15 -15 
11 24 1~H 930 C.l7 -6 -b -10 -10 -8 "' 41 -8 -10 -10 -10 -10 -10 "" -10 -10 Jlt -10 -10 -10 ~10 -10 -10 -11 . 
11 H 1<i!H ll cc 0.55 24 "' 12 15 11 11. 5 18 36 18 13 lit 3 !10 3 16 51 cl 10 10 8 -2 -2 _,. 
ll J.4 l<iiiCj 12 GO o.H1 10 22 15 31 H 16 36 24 41 31 18 23 ll 't8 10 14 4J 16 18 18 15 1 1 -s 
11 H 1?19 1300 0.86 H 38 11 45 18 41. 22 20 ll 'tl l2 H 16 22 11 21 21 21 31 3l lb 4 4 -It 
11 H 19H 14CO o. 71 .... 37 ~~ 52 It I) 65 22 31 31 45 31 38 16 38 l7 27 lt2 . lit 27 27 l't 6 6 -2 
1l 24 1'»19 15JO o. It 1 21 18 11 ll 11 50 'tO )8 21 1.1 20 22 10 16 11 17 36 16 11 11 16 l l -1 
11 H 1'119 11<.0 o.oa -~ 

_,. -s -It -4 1 -l -3 -6 -5 -5 -5 -5 0 -5 -5 -2 -s _,. 
-4 -~ -5 -5 -s 

ll 25 19H a co o.o1 -b -b -6 -6 -6 " -6 -6 -7 -1 -1 -1 -7 ~ -7 -7 0 -6 -6 -6 -6 -6 -6 -6 
11 25 19H fillO 0.08 -l -J -l -l -) l1 -1 -l -) -) -l -l -l "" -~ -4 34 -1 -l -l -3 -4 -~ -4 
l1 25 1~7~ llCO o. '0 -1 -1 -1 -1 -1 31 -2 -2 -1. -1. -2 -l -2 'tO -) -3 l4 -2 -2 -2 -2 -2 . -2 -2 
ll 25 19H 1200 0.22 5 5 2 2 2 o\1 l8 2 l. 2 2 2 2 l2 0 l l6 2 2 2 2 -1 0 0 
11 25 19 JCj 1300 0.2 7 10 8 3 ~ 5 ll ~ ~ 3 5 " It ) 8 l 2 ... ~ " " ~ 1 1 l 
ll .25 l91'i 1400 0.1.4 10 8 .. 5 5 38 4 !i · 3 4 4 ~ .. 31 2 ) 27 It It It 2 l. 2 l. 
ll 15 l97'i 1SJO 0.11 6 6 2 4 4 ]6 l 4 2 3 3 3 l 32 2 2 26 2 2 2 2 l 2 1 
11 15 1979 l7CO 0.01 0 0 0 0 0 2 ~ 0 0 0 0 0 0 ~ 0 0 1 0 0 0 0 0 0 0 

m 

"' --....._ 



U8lE t.1 Rb OAT A DIRECT NORMAl RADIATION STRIKING COllECTOR C~IM••ll AND AIR TEMPEMATURES CCI AT lCCAIIONS &FIGUR~ ~~ 

HO CA Ylt hit RAD 1 2 3 4 s 6 1 II 9 10 11 12 13 14 15 16 17 l8 19 20 21 22 23 24 

11 26 1979 8C O o. ot -3 -3 -3 -3 -3 0 - 3 -3 -3 -3 -) -) -3 0 -It -4 -3 -It -4 -4 -4 - It -3 -4 
11 ;g 19, s C,]Q 0.08 - 3 - 3 -4 -It -It 11 -3 -3 -1 -3 -l -3 -3 15 -it -It ll -· -It -It -It -It -4 

_.,. 
11 lb 197<i llCO O.Zit - 1 -1 -3 -3 -2 18 -2 -2 -2 -z -2 -2 -2 26 -l -3 20 -2 -2 -2 -z -it -It -4 
11 26 1'1/c; !ZOO 0.70 l. 1 5 11 6 20 1 2 2 2 1 ] 0 ll 0 0 11 1 1 2 2 -2 -2 -2 
11 lb 1?7c; 1300 o. 45 12 16 10 16 12 16 4 lit 1l 15 11 12 " 1 l 6 6 6 8 a d I) 0 -2 
l1 1.6 1 c; f(j l4CO 0.56 l't 12 5 8 8 38 " 8 6 7 7 8 it 28 4 -1 ll } 5 5 4 -1 -1 -2 
11 lb l'HS 1~10 o.ou 0 1 -z -1 -1 32 -2 -2 -l. -}. -J. -2 -l ll -J -3 lit -2 -2 -2 -2 -1 -1 -J 
11 26 l~JCi i 1 c.c 0.01 - It -It -it -It -'t 0 -It -'t -4 -It -It _.,. 

-It 0 -it -4 -2 -4 -It -4 -] -It -It -4 

ll 27 1'119 fiCO o.oM -12 -12 -12 -12 -12 1 -6 -12 -12 -12 -12 -12 -12 0 -!l -12 -2 -12 - 12 -12 -12 - 12 -1 1 -11 
11 21 197S 930 0.40 0 0 -1 -6 - 4 ~0 -6 -6 -1 -7 -7 

_, 
-6 so -a _, 

41 -s -5 -5 -5 -B -6 -8 
11 27 1'i1S 11CC 0.32 it it -} 1 1 ~6 25 0 -2 -1 -1 -1 -1 56 -3 -2 48 -l -1 -1 -I -it 

_.,. -4 
11 /. I l ·,I 'i ll()O 0.45 20 ll 1l ll 14 1l ll 11 1 15 8 H.l 4 'tO " 6 lb d 10 10 8 -1 -1 -l 
ll Z1 19flj 1300 o. 33 31 2't 2.1 It) 35 lt6 20 36 26 41. 33 Jl 1b l.l 11 11 15 21 21 l') 25 3 ] -It 
11 21 lq7fj l4CC u.n , 6 ) " 5 54 2 " 2 l l ] 2 41 0 0 3":1 1 2 2 2 -1 -1 -1 
11 21 l'17S 153C o.oa 0 1 -1 l 3 55 -2 - 1 -2 -1 -1 -1 -1 ltl -l -2 24 -z -1 -1 -1 -2 -2 -2 
11 l.1 1479 lH. c 0.01 -3 -) -It -2 -2 ·~ -3 -3 -It -3 -l -3 -3 10 ·-It -4 1 - 4 -j -j -3 -(r - olt -It 

11 18 1979 &00 0.01 -10 -1C -10 -10 -10 ) ] -11 -11 -11 - 11 -11 -11 2 -11 -11 -1 -ll -11 -ll - ll -11 -10 - 10 
11 2a l'HS q 30 0.06 -8 -B -8 -8 -a 45 lt5 -10 -10 -10 -10 -10 -10 46 -10 - 10 3l -a -8 -a -8 -8 -8 - 10 
11 2A 1 'HS l1CO 0 . 22 -5 -5 -6 -6 -6 51 

_, 
-(, -6 - 6 -6 -6 -It SJ 

_, 
-6 ~l - ~ -5 -5 -5 -1 -, -ij 

11 I.IJ 19 1S l2CO O.lt5 
_.,. 

--\ -5 -it -4 53 -6 -6 -6 -CJ - 6 -6 -) 3.? -5 -'t 21 -l. -4 -4 -It -1 -1 
_, 

l l le 197S nco 0 . 22 -1 -1 -It -2 -3 30 -4 -3 -4, -3 -] -3 0 H - ~ 0 25 1 -1 -1. -2 -6 -6 
_, 

11 28 t<Hc; l it OC 0. 36 1 0 0 0 0 51 - 4 0 0 0 I) 0 2 5 5 -1 ] 50 "' 0 1,) I) -6 -6 -1 
11 21j 1'H 9 153 0 0.11 - It - 4 - 5 -5 -5 ~8 - 1 - 6 -6 -6 -6 - 6 - 5 lt2 - b - 5 25 -~ -It - 5 -5 - 6 - 6 -1 
11 l8 19 7'i 1700 0. 01 - 8 - 8 - 6 - 8 - 8 1 - 6 - 8 - 8 -8 -a - 8 - 8 8 - 8 - 8 - 3 - 8 - 8 -8 - 8 - 8 -8 - d 

ll 29 19 19 8CO o. o 1 - 12 - 12 - 12 - 12 -12 3 3 - 13 - 13 - ll -13 - ll -13 1 -13 -ll -2 -12 - 12 -12 - 12 -12 -12 -12 
11 29 l'H'i 9 ] 0 0. 38 - 7 

_, 
- 8 -a - 8 .., - 8 -10 -10 -1 0 -10 - 10 - 10 35 -11 - 11 27 -10 -10 -10 -10 -11 -11 -11 

11 2 '1 PJIS 11 00 0. 46 "" 1 10 21 11 64 l d 2 10 6 6 1 411 3 8 31 1 10 6 5 -6 -6 -10 
ll 29 197'i 1200 0. 18 3 - 1 - 2 0 0 lt6 -l -1 - 4 -3 - 2 -2 0 .2) -It - 2 15 0 0 -1 -1 -1 -1 -d 
11 2'1 197'i 1300 0. 89 26 28 25 ?3 ]It l1 8 25 1ft 21 21 H 16 15 8 20 16 23 28 25 J.2 -1 -1 

_, 
11 l9 1'H'i 14 00 o.eo 28 28 30 50 l1 61 ll 22 21 ItO .30 36 15 35 1it 25 H 21 28 lS 21 0 0 -b 
11 l.'l 1'119 1 'J JO o.Jb 11 l3 16 l't· 1't .. ~ 6 ll 21 21 u 18 " 28 5 ll 32 8 12 12 11 -2 -2 -5 
11 2'1 1'H9 1100 o.o1 -6 - 6 - 1 - 1 -1 " -8 -1 -1 -1 -1 -7 -7 -2 -7 - 7 -] - 8 - 1 -I - 1 

_, -7 -1 

11 10 19 1'7 a co o.o -8 - 8 -8 -a ..-a 5 -8 -8 -8 - 8 -8 - 8 -8 5 -8 - 8 -1 -8 -8 -8 -8 -8 -8 -8 
11 JO 1'1/Ci 'IJO 0.11 -5 - 5 - 5 -5 -5 it6 -~ -~ -~ -~ -) -~ -s H -6 -6 lb -'j - 5 -5 -5 -6 -6 -6 
11 JO l9l'i ll co o. 30 1 - 1 .-1 -1 -1 H -1 -1 -2 -2 -2 -2 -2 32 -J - ] 20 -2 -2 -l -2 -It -It --11 JO 19 7'i 12 00 o.H 10 6 5 5 1 44 o\1 6 s 5 s 6 " 11 1 3 11 " s 5 " -l -2 -l 
11 · 30 tc;7'i llCO 0.47 12 ll 3 1 1 12 1 6 2 5 5 5 5 7 1 l 2 " " " " -2 -2 -2 
11 JO l97Cj 14 00 o. 35 it s 0 1 1 3l . 0 1 0 0 0 0 0 25 -1 -1 20 1 1 1 1 -l -2 -3 
ll 30 l'H'i 15 )0 o.u 0 0 -z -1 -1 28 -2 -1 -2 · - 2 -2 -2 -2 21 -l -] u -2 -2 -2 -l -3 -] -l 
11 JO 19 79 11CO o.o -6 -5 -6 -5 -5 -1 -2 -1 -6 -5 -5 -5 -5 - 2 -6 -6 -5 -6 -6 -6 -6 -6 -6 -6 

12 l l97(i a co o.o -11 -11 •11 •11 -11 - 1 -1 -11 -11 -11 -17 - 11 -11 -It -17 -11 -1 -11 -ll -11 -17 -11 -17 - 11 
12 1 1919 93C o.~o 2 2 " ~ .. 60 -6 1 -l -1 -1 1 -7 21 -6 -4 2~ -it 0 0 -2 -12 -12 -15 
12 1 1919 1100 0.70 33 28 lit 36 lO 11 5 H 25 31 lit 27 6 ]It 5 22 36 22 22 20 16 -4 -le -10 
12 1 1 ') 19 14'00 o. 79 "0 30 l1. ""' )j ItS 45 ll l.1 4't Z& 31 8 18 7 lJ 1l 18 J.lt lJ ll -2 -2 -d 
12 1 1'1/'i 13 00 a. 7l "" 36 lit 41 33 64 64 35 26 lt1 30 ]] 10 lo\ 2 15 15 17 26 26 22 -1 -1 -11 
12 1 191Cj l'tCO 0.(, l ~0 34 lit u H 7J 11 31 "-' 48 30 l2 8 35 8 16 35 l7 l ~ lit 21 0 -1 -10 
12 l' 197'1 1HO O.ll 21 l3 5 18 12 56 lit u 11 21 12 11 0 lS l 8 35 6 10 ll 10 -It -) -a 
12 1 1919 17CO o.oz -12 -12 -11 -ll -11 2 2 -1 -ll -ll -12 -12 -12 o -u -u -1 -ll -12 -12 -12 -12 -12 -1l 

"' '-J 



TABLE t.1 RAW DATA DIRECT NO~M·l RADIATION STRIKING COllECTOR CW/M••ZI AND AIR TEMPERATURES CC) AT l~CAJIC~S CFIGURE ~· 

HO CA Ytt HR RAO 1 2 l .. 5 6 1 8 9 10 ll 12 lJ 1't l!» 16 11 18 1fl 20 21 22 21 lit 

12 2 1qrc; 8CO o.o -13 -13 -lJ -11 -l) 0 -13 -13 -11 -1J -13 -13 -11 -1 -11 -13 -5 -11 -11 -11 -11 -13 -11 -13 
12 2 197«; 930 o. 29 " " 1 10 8 5't -3 2 1 l 1 1 -2 H -2 0 28 I) l 1 1 -6 -6 -lJ 
12 2 1 <J rc; 1100 0.~5 23 22 26 32 2ft 60 l.l 21 15 2a 18 20 6 32 6 11 32 13 17 H l't 0 0 -1 
12 2 l<Hq 1200 o.6~t JO .l5 21 3d 30 6j l6 2b 3) 18 21 23 8 31 10 22 lb 16 l4 lO 18 1 2 -o; 
12 l. 191S 1300 o. 67 H 25 30 H 30 34 Jlt 22 13 21 21 22 ll H 6 16 15 16 24 21 lU It " -4 
12 2 1 q 19 l'tOO 0.60 31 26 35 46 34 64 10 20 11 H 24 21 10 35 l3 18 35 11 24 20 18 3 4 - 3 
12 2 l?lli 1 ~ lC o. 32 17 11 ll 17 ll 46 ltl H 1l. 14 12 1l 5 ll 6 ll 32 10 12 12 1l. 1 2 -j 
12 l 1 ?7«; 17CO 0.01 -3 -] -J -J -3 4 4 0 -4 -3 -3 -l -3 1 -3 -1 -z -j -J -J -3 -3 -3 -3 

12 1 1 q rc; eco o.o -8 - a -8 -a -8 1 1 -10 -10 -10 -10 -10 -10 2 -10 -10 -1 -I) -8 -d -I) -8 -8 -8 
12 ) lq 79 <J 10 0.15 -2 -l -2 -2 -2 51 -l -3 -3 -3 -3 -3 -3 35 -te -It H -3 -l -3 -3 -~ -4 -4 
12 3 1 c; Jq 11 01) O.ltO 16 14 12 11 14 50 50 11 11 15 13 lJ 12 45 1 12 32 12 12 ll ll 3 3 
12 1 1 'l r c; 1200 0.11 35 35 31 40 n 52 20 35 H It] H 35 ll. 42 11 15 ll n Jl ]I.) 25 1 1 ' 12 l 1'H'i DOO 0.1J 37 31 2} 4 1 31 H 25 30 18 l6 24 24 16 17 12 21 16 18 25 24 l2 8 8 J 
12 3 1Ci1Ci 14CC o.ao ltl lt1 Itt 54 .. 1 66 66 51 H 4~ H H 20 41 2 1 /.1 30 18 H l2 l8 10 10 it 
12 l 1 '1/'i l!>JO C.lO a 22 13 u l7 Itt; lJ 15 17 l1 11 16 ll H 1l 15 l3 l4 16 lu 15 1 1 it 
12 ) 1'l19 l7CO c.o1 1 1 0 1 1 " 1 1 0 0 0 0 0 ~ 0 0 0 0 0 \) 0 0 1 l 

12 It 1 c; 19 800 o.o -1 -1 -I -7 - 1 -1 -1 -6 -6 -6 -6 -6 -6 -2 -1 -1 -5 -6 -6 -6 -6 -6 -6 -6 
12 " 1 <t rr; 930 0.16 8 3 l 1 2 47 3 3 2 1 2 2 2 4C , 0 2 J2 2 2 1 1 0 0 -2 
12 4 1 ~ 1'i 1100 0.7) lO 2 1 H 2J H 6l ~0 21 11 18 20 21 12 so 11 18 .H 1o 20 16 16 6 6 1 
12 It 1'Hct 1200 o.ss l2 28 30 J1 34 ltl 47 26 38 H 26 30 11 )5 15 24 17 23 lb 25 Zl 8 8 2 
12 It 19 7S 1300 o.5a )It 28 25 40 31 3l 33 25 20 2ii 24 24 15 15 u 20 6 18 24 22 21 8 8 3 
12 " 1 r; 19 14CO O.H. 24 22 21 2~ H 41 ld lO 15 ld 16 11 11 21 12 14 15 15 18 11 16 1 1 3 
12 ~ l <J 79 1530 0.15 6 5 ~ 6 b 26 26 5 4 4 " " 4 26 3 4 12 4 4 5 5 l " 3 
12 4 197~ l1CO o.o 1 1 1 l l 2 2 1 1 1 l 1 1 2 1 1 -z l 1 1 1 l 2 1 

12 5 1-Hq 80\J o.o 0 c 0 0 0 l l 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 1 1 
12 5 lq79 9)0 0.49 15 16 H 24 24 ltb ll 15 15 11 16 11 12 36 10 12 25 ll l1 14 H 4 " 1 
12 5 19 19 11 co 0.13 23 27 35 tel l5 ~1 15 21 H .... 34 37 l8 36 25 43 42 38 H 3J . 28 8 8 2 
12 5 19/9 1200 O.t;2 25 32 18 5I. 40 52 51 28 42 sa lt1 It] H H 21 50 .. a 40 37 37 H lll 10 2 
12 5 1'H9 nco o.u 16 20 lb 36 18 20 11 l1 8 23 16 l't 17 16 12 22 20 2J 23 23 21 5 6 l 
12 5 191«; I4CO 0.09 4 " l 5 4 H l 4 3 3 " " 5 32 3 

"' 
23 4 " " " 2 2 2 

12 5 1'H9 1510 o.c1 1 2 2 l 2 30 1 l 1 1 l l 1 28 1 1 25 l 2 2 2 1 2 l 
12 5 l 9 1 c; 1700 o.o l l 1 1 l 5 0 0 0 0 0 0 0 j 0 0 l 0 0 I) 0 0 l 0 

12 6 I Cf 79 I! CO 0.01 -4 
_.,. 

-4 -4 -4 5 0 -5 -s -5 -s -5· -5 1 -4 -4 0 -4 -4 -4 -te -It -4 -4 
12 6 197<; <no o.o~e -2 -2 -2 -2 -2 ll -l -3 -2 -2 -2 -2 -2 ]6 -3 -l 2't -z -z -2 -z -2 -2 -l 
12 6 1919 1100 0.15 l 2 2 2 2 ]It 1 1 1 l l l l 24 0 0 l1 1 1 1 1 0 0 0 
12 6 1979 1200 o.o8 5 5 2 4 .. 26 l 3 l l 3 l 3 24 2 ·z 10 3 3 3 l 2 2 l 
12 6 1919 llCO 0.06 2 2 J. 2 2 2 2 2 2 2 2 2 2 l l 1 1 l l 1 l l 2 l 
12 6 1S79 1400 0.21 2 l l l l l't 2 2 2 2 2 l 2 15 1 . 1 2 2 2 2 l 2 3 1 
12 6 1979 1530 0.01 2 2 2 2 2 15 2 2 l 2 2 2 2 16 2 2 l . l l l l l 2 2 
12 6 19JCi 17CC o.o l 2 z l 2 2 l z 2 2 2 2 2 2 2 2 2 1 1 2 2 2 2 l 

12 1 1979 llCO o.o -3 -l -1 -l -3 -It 
_.,. 

-lot -It -4 -It -4 -1 -1 
_, 

-3 -1 -1 -1 -1 -3 -J -) -1 
12 1 191q q)Q 0.21 -l -1 -1 -1 -3 21 -~ -It -It -4 -It 

_., 
-2 21 

_, 
-l 2 -1 -3 -1 -1 -" -~ -It 

12 7 1 'll/9 llCO 0.21 18 2C 11 26 22 3d 1 ll 10 22 15 14 21 30 u ll 28 lit u 12 12 0 0 -4 
12 , 1fl79 1l00 0.42 1 5 0 1 2 ll 2 3 0 s It l 5 25 l 8 12 4 4 J l -2 -1 -l 
12 1 1919 uco 0.20 15 16 16 zz 16 1o 1 12 12 18 16 16 1o 15 11 18 11 16 1't 13 12 1 l -2 
12 1 1 <;79 1400 O.H 1 l -1 2 0 Zit 0 0 -1 0 0 0 0 21 -l 0 6 0 0 0 0 -z -2 -l 
12 ' 71'il79 1510 0.11 -2 -2 -z -1 -1 ll -2 -2 . -2 -z -2 -2 -2 l2 -z -2 10 -l -2 -2 -2 -J -l -l 
ll .., 1'179 l7CO 0.01 -5 -5 -5 

_, 
-5 -l -5 -5 -s -5 -s -5 -5 -2 -s -" -4 -It -4 -It -4 -5 -4 -5 

0) 
(X) 



U8l£ C.1 Rb DATA 

MO DA YR HR 

12 a 1919 a co 
12 8 1 S Tc; '130 
12 a 1 '1141 ll 00 
12 8 1,., 1c; 1200 
12 8 l 'H9 l3GO 
12 8 1 '119 1400 
12 8 1 q 1t; 1530 
12 a t'11S 1100 

12 9 1979 8CO 
12 II 1 'i 7 c; 'L~O 

12 9 1 r, 19 1100 
12 9 ltH<; 12 00 
12 9 I q (<; uoo 
12 q 1'1 l«i 1lt CO 
12 9 1'H9 1530 
12 9 1~79 1700 

12 10 11#79 800 
12 10 197<; ~no 

12 10 1'Ht; 1100 
12 10 111~ 12CO 
11 10 1'0<; 1lCO 

12 12 l<;H fiOO 
12 12 1't79 910 
11 12 1?79 1100 
12 12 1'i79 12 00 
12 12 1979 13CO 
12 12 l 'il<; 14(;0 
12 12 19 79 1530 
12 12 1979 llCO 

12 ll 1979 800 
12 11 1979 CljQ 

12 ll 1 c; rc; 11 00 
12 lJ 1979 12 co 
1l 13 1?19 1100 
12 13 1979 1400 
12 11 1979 1530 
12 13 191'1 l7CO 

12 14 1979 8CO 
12 14 lCH(j 930 
12 14 l<il~ 11 co 
12 lit 1~79 12CO 
12 ·~ 1979 1)00 
12 lit 1H~ l~CO 

12 '" 1H9 1530 
12 .. 1979 1700 

DIRECT ~QRM'L RADIATION STRIKING COLLECTOR CW/M••lt AND AIR TEMPERATURES tC) AT LOCATIO~S «FIGURE ~j 

PAC I 2 ) ~ 5 6 7 8 9 10 ll 12 lJ u l5 16 11 18 19 20 21 2l 2J 2~ 

0.06 -15 -15 -15 -15 -15 2 2 -15 -15 -15 -15 -15 -15 -2 -15 -15 -6 -15 -15 -15 -15 -15 -1~ -1~ 
0.03 -ll -11 -11 -11 -ll 4al 16 -11 -11 -11 -11 -11 -11 35 -8 -8 H -8 -8 -8 -8 -8 -1 -ll 
o .o~ -1 

_, 
-7 -1 

_, 
~6 .c,z _, 

-1 -1 -I -1 -7 27 -8 -6 27 
_, 

-1 -1 -1 -1 -1 -d 
0.0'1 -5 -5 -5 -5 -5 21 -5 -5 -5 -5 -5 -5 -5 31 -6 -6 21 -s -5 -5 -5 -6 -5 -b 
0.15 -2 -2 -3 -3 -3 3 -3 -1 -3 -3 -3 -1 -l ~ -~ -It -1 -3 -l -) -1 -3 -l -5 
0.6(, 25 lit 21:1 n 26 'H 51 17 22 H 21 25 10 31 12 11 lO 15 20 17 15 3 l -J 
0.41 11 15 12 20 14 40 8 ll u 18 I l 16 6 28 1 13 21 ll 1l 13 12 }. 2 -2 
o.o -1. -2 -2 -l -2 1 -2 -2 -2 -2 -2 -2 -2 0 -2 -2 -z -2 -2 -2 -z -l -2 -J. 

0.04 -4 -4a -4a -4a -4 -4 -4 -~ -4a -4 -lt -~ 
_., 

-l -.c, - .c, -5 -5 -5 -5 -5 -5 -) -4 
o.~l 16 17 1 1 20 20 4l 10 l) lit 15 15 11 1 l6 6 10 13 ll 15 ll 12 3 6 0 
0.11 41 H 37 47 )ij 5l 52 21 38 51 38 42 20 JC 16 ItO H n 32 32 21 10 10 2 
0.11 41:1 48 

"''-
63 so S7 3d 40 51 70 48 56 n 35 24 41 30 J1 H 'tJ 31 16 lit s 

0.16 Sit 55 J6 t:6 50 50 34 41 It} 58 ~b ~1 28 21 u. lb " 31 "~ 4a5 ~0 l1 16 1 
0.60 Sit 50 40 Sit '52 66 3l 3l "'"' 61 It I "Jl. l.b H ltJ 31 15 .H 42 Itt Jb 11 17 tl 
c.n H 21 21 3l 2(, lit ltl 21 2& 33 26 .l8 17 30 18 l.~ .l~ u. l.lt 2) lJ 1.l 12 6 
0.01 6 5 It 5 5 s s 6 j " ~ " It 1 1 " " 3 4 It " ] ., 

" 
0.01 0 0 0 0 0 2 2 u 0 0 0 0 - 10 " 0 0 0 -1 0 0 0 0 1 
o.H 10 10 10 10 10 ltl 1 6 1 1 1 8 6 3J 6 6 a 8 a 8 8 5 5 4 
0.43 27 26 22 28 25 )2 26 2l 21 24 20 21 16 31 15 18 12 20 20 20 lO 12 12 d 
0.25 l6 J.lt 1& 1"J lit lt4 25 20 l1 21 20 21 11 itl l6 18 l8 18 21 21 20 12 1 J 10 
c.1o 25 lit 11 24 21 ItO 30 20 16 .lO 16 18 16 16 H 16 16 16 11 11 11 12 ll 12 

0.06 -17-11 "-17 -17-11 -2 -17 -11 -It -17 -17 -17 -17 _., -11 -11 -8 -11 -11 -11 -17 -11 -17 -17 
O.lt9 -2 -J -j -j -l 51 -6 -5 -5 -5 -s -It -1 "1 -10 -6 ItO -b -5 -5 -5 -12 -12 -lit 
0.11 2.2 18 25 H 24 85 " a 8 u. 12 lit It 5b 1 30 66 8 lJ lJ ll -2 -l -11 
0.47 lit 8 8 20 lJ 1l 31 It ll 15 10 12 l lit 2 11 28 24 ll 10 8 -2 -2 -s 
o.~ .. 20 16 20 22 21 36 21 12 10 ll 11 13 ~ 17 2 1 l1 8 13 12 ll 0 0 -1 
c. J8 '" 12 12 16 1 J 51 3 4 b 11 8 10 2 Jl 2 5 H " 8 1 6 -1 -1 -5 
o.c~ -3 -3 -j -3 -3 3) -4 -4 -4 -4 -4 -It -4 21 -5 -5 2ft -4 _., 

-It -It -~ -4 -5 
o.o -s -s -s -s -5 0 0 -5 -5 

_, 
-5 -s -s 1 -6 -6 0 -5 -s -5 -5 -5 -s -5 

0.06 -11 -11 -11 -11 -11 0 -6 -11 -11 -11 -11 -11 -11 -1 -ll -ll _, -11 -11 -11 -11 -11 -10 -10 
0.54 10 11 10 ll 12 10 n 5 5 10 10 ll " H 2 6 3ft 1 8 6 6 -5 -5 -8 
0. 15 28 32 30 50 H 70 ltU 26 23 42 30 H 20 ~s 13 lt2 65 28 2tl 28 23 0 0 -6 
o.a2 )7 30 ItS 56 42 62 21 H l1 'jj )8 H 18 H 1l JO 35 10 .H H 26 j 1 -5 
0.80 ltl 35 H 56 46 51 'H 21 H It) 32 l2 16 20 12 23 23 2't 3b H 28 " ) -It 
C.ll "' 32 "' 52 .C,6 76 53 31 ItO 55 34 11 16 "" l8 25 Ita 21 3S 11 ll " " -J 
O.lt5 27 25 20 ]4 21 35 35 25 23 27 20 lit 8 14 12 16 20 14 18 20 16 l l -1 
o.o -6 -6 -6 -6 -5 2 -6 -5 -6 -6 -6 -6 -6 6 -6 -5 -1 -5 -5 -5 -5 -6 -5 -5 

o.o] -5 -s -s -5 -5 10 -2 -5 -5 -5 -5 -5 -5 6 -s -5 2 ..-5 -5 -5 -s -5 -5 -5 
0.45 10 10 ll 12 11 11 l s 5 6 6 1 2 51 51 It 45 5 10 10 1 0 0 -3 
0.6) 17 27 3l ]4 )0 85 14 18 l2 ll 21 25 12 6) 12 21 b1 111 22 21 18 6 6 0 
O.bO )It lb 21 !5 31 1l. ll It) 15 41 26 10 15 31 l't l.S 47 l1 26 l.b 21 8 8 1 
0.61t 18 18 16 11 20 21 11 11 11 1l 12 11 8 15 8 11 ll ll lit lit u 5 5 1 
0.46 31 27 21 31 31 68 b8 lt8 21 21 22 2~ 14 50 15 20 '13 13 21 ll 21 8 8 J 
0.31 ll l8 15 2) 18 51 51 16 15 20 16 11 ll 38 12 lS l4 14 15 16 lS 6 6 ) 

o.o 1 1 1 1 1 1 1 1 1 l 1 1 1 1 8 l 1 It 1 1 1 1 1 2 1 

m 
\0 



fABlE C.l RAW OAU 

1'40 OA YA HR 

1l 15 1c17q a co 
12 15 l97Cj <no 
12 15 1';79 l1 co 
12 15 1979 12CO 
12 15 1979 lJCO 
12 1> l'lt•; 1400 
12 15 197<; l53C 
12 15 1<H9 11CO 

12 lt 1'17Cj a co 
12 lb !'11<; '130 
12 16 1979 11 co 
ll 16 1'179 120 0 
ll 16 l S I'. lJOO 
12 16 l'HS 14CO 
l.Z 16 197 9 1510 
12 16 197<; 17CO 

12 17 19(9 1:!00 
12 11 1 'H 9 930 
1 2 1 1 1 'I 19 l1 00 
12. 17 l'l79 ll co 
1.Z 11 1'i79 uoo 
12 11 197<t 14CO 
12 17 1H9 15l0 
1l. 17 1979 llCO 

DIRECT NORM'l RADIATION SJRIKING COllECTOR I•IM••zt ANO Alk J(MPERAT~RES CC) AT LGCATJC~S CfiGURE ~~ 

RAO l 2 ) 4 5 6 1 8 9 10 ll ll ll H 15' 16 11 18 19 20 21 22 2l 24, 

o.o -4 -4 -4 -4 -4 1 -l -It -It -It -It -4 - It · 2 -4 -It -2 -It -4 -4 -4 -It -3 -It 
c.1o -2 -2 -2 -2 -2 28 -3 -1 -) -1 -3 -3 -) H -3 - 3 21 -2 - l. -2 -2 -2 -2 -2 
o.oa 0 0 -2 -1 -1 31 -2 -1 -3 -2 -2 -2 -1 21 -2 1 l1 0 0 0 0 -) -) -4 
0.46 5 6 2 3 2 37 0 1 1 l. l 3 4 23 3 1 2C 1 3 ) ) -) -) -~ 
o. 47 6 8 4 6 6 10 1 1 2 2 2 2 1 ll 3 8 13 10 3 ) j -1 -) -5 
0.11 -2 0 -5 -3 -3 J2 -It -J -5 -4 -3 -J 0 lB -It -2 25 -1 -.) -1 -.) -6 -5 -1 
0.14 -ij -1 -10 -8 -8 24 7 -a -10 -10 -a -a -1 u. -a -1 11 -7 -8 -a -8 -10 -10 -11 
o.o -13 -1) -13 -13 -13 -a -12 -n -13 -u -n -13 -11 -5 -13 -11 -10 -13 -1j -1J -11 -1} -13 -13 

0.01 -17 -17 -11 -17 -17 -5-17-11 -11 -17 -17 -~ -17 -11 -1C -17 -17 -10 -17 -17 - 17 -11 -17 -17 
0.5<. -8 -4 -] 0 0 41 51) 1J -1 -o -6 26 -12 lJ -14 -12 l't -1 -4 -d -8 -11 -11 -11 
o.ao 11 14 20 30 1tl 70 10 16 14 35 18 62 -1 )6 -5 16 46 8 14 12 8 -15 -15 -17 
0.86 18 H 18 34 27 76 76 15 1 7 45 22 54 4 l3 -2 15 H 13 20 18 14 -12 -12 -17 
0.84 25 n 34 6J 32 44 "" Zl ltl H 2't 21 6 15 1 16 lO 16 24 .21 10 -11 -11 -11 
0.15 21 20 14 35 2b 8j 6) 22 l1 36 20 21 3 43 " 13 52 14 24 20 16 -10 -1C -16 
0.45 10 8 0 1 1 5 13 7l 10 ll 15 b 15 -6 38 -3 0 46 0 2 4 2 ;-12 -12 -17 
o.o -17-11 -11 -17-11 1 1 -17-11-11 -11-11 -11 -3 -17 -11 -17 -17 -17 -11 -17~-17 -17 -17 

o.o -14 -14 -14 -14 -14 -3 -14 -14 -14 -14 -14 -14 -14 -1 -14 -14 -10 -14 -14 -1~ -14 -14 -14 -14 
(1.46 4 4 4 4 4 52 -4 l -5 2 1 l -5 21 -5 -4 25 -2 2 l 0 -d -8 -1 2 
0.75 l4 21 22 3l u 64 34 31 23 35 11 23 3 40 ·2. 20 ItS 11 15 15 12 -2 -2 -1ll 
o.H 30 17 14 30 22 56 56 11 2.5 lt1 21 l5 b H 12. 16 l.b 1o 20 lO 16 0 0 -1 
O.lt9 1.~ lb ll JO 2.1 Zit 10 15 11 lit 15 15 5 1 l 12 12. 10 14 l't 1.Z 0 0 -6 
0.57 ld 2. 1 22 31 2~ 'H 51 31 l2 11 22 25 7 2ti 8 16 34 15 2.0 20 11 l l -5 
0.2.9 2.2 17' l1 2.1 2.0 47 7 l't 15 21 "' 20 5 28 1 lit ll 11 12 ll 12 0 1 -l 
o.o -s -5 -5 -5 -5 - 1 -1 -l -6 -6 -o -6 -b -l -b -6 -It -s -s -s -s -s -~ -s 

-......! 
0 



Appendix D 

VARIABLES AND EQUATIONS 

OF COMPUTER MODEL 
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Table D.l List of variables and equati ons compris ing the performance model. 

Name 

Collector length 

Collector width 

Increment area of 
collector 

Symbol 

M 

LL 

LP 

LX 

KK 

N 

NX 

1 

w 

AREA 

Unit 

m 

m 

m2 

Descript ion 

Computer array subscript where: 
M=l refers to the south facing 

collector 
M=2 refers to t he north fa cing 

collector 

Computer array subscript for the incre
ment numbe~ of the airflow passage 

Computer array subscript with LP = LL + 1 

Computer array subscript for the back 
flow increment number which corresponds 
to the front absorber plate increment 

Computer array subscript for the number 
of iterations 

Number of divisions of the absorber ·· 
plate (N = 30) 

Number of divisions of the airflow 
passage (NX = N + N) · 

1 = 9.7536 

w = 0.889 

AREA = 1 * w/N 
........ 
N 



Table D.l (cont.) 

Name Symbol Unit Description 

Hydraulic diameter HD(M) m HD(l) = 0.0105 
HD.(2) = 0.0304 

Backside hydraulic HOB m HOB = 0.0380 
diameter 

Nusselt number XNUS -- XNUS = 17.02 
~ 

" 
Thermal conductivity CONO W/(m·OC) CONO = 0.024255 

Heat transfer coefficient HC(M) w 1 (m2.oc) HC(M) = XNUS * COND/HD{M) 

Backside heat transfer HCB W/(m2·°C) HCB = XNUS * COND/HOB 
coefficient 

Airflow rate AIR(M) m3/hr AIR(1~ = 418.381 
AIR(2 = 1255.144 

Total airflow rate TAIR m3thr TAIR = 1673.526 

Wind speed A(67) m/s Wind speed from the· Agricultural 
Engineering building 

Wind heat transfer HW W/(m2•0c) 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 ........ 

w 



Table D.l (cont.) 

Name 

Intercepted refl ector 
area 

Absorber p 1 ate 
absorptivity 

Glass transmissivity 

Reflector reflectance 

Solar radiation absorbed 
by an increment of 
collector 

Outside ambient 
temperature 

Temperature exiting 
the system 

Temperature rise of 
the system 

Specific volume 

Mass flow rate for system 

Specific heat 

Energy collected for 
the system 

Symbol 

A(58) 

a 

T 

p 

QSOL(M) 

A(49) 

A(46) 

A(61) 

A(62) 

A(63) 

CP 

A(64) 

Unit 

m2 

w 

oc 

oc 

oc 

m3;kg 

kg/hr 

W·hr/(kg-°C) 

kW 

Description 

A(58) = 29 .728 * cos (A(57)) 

a = .95 

T = • 9 

p ;= • 9 

QSOL(l) = T *a* A(50) *AREA 
QSOL(2) = T * a * p * A(50) * A(58)/N 

A(61) = A(46) ~ A(49) 

A(62) = (273.15 + A(49))/353.09 

A(63) = TAIR/A(62) 

CP = 0.27912 

A(64) = A(63) * CP * A(61)/1000.0 
-......,1 

~ 



Table D.l (cont.} 

Name Symbol Unit Description 

Absolute sky temperature TSA OK 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) oc B (r~ , 1 ) = A ( 4 9 ) 
entering increment (After the first increment, air exiting 

· the previous increment becomes B(M,LL)) 

Glass cover temperature TC(M,LL} oc Found by trial and error 

Absolute cover TCA OK TCA = TC(M,LL) + 273.15} 
temperature 

Absolute cover TC4 oK4 TC4 = TCA4 
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} oc TP(M,LL) = QCPA/(AREA * HC(M)} + B(M,LL) 
temperatur.e 

Abso 1 ute plate TPA OK TPA = TP(M,LL) + 273.15 
temperature 

""'-J 
(J1 



Table D.l (cont.) 

Name 

Absolute plate 
temperature raised to 
the fourth power 

Cover to sky convected 
energy 

Glass cover emissivity 

Stefan-Boltzmann constant 

Cover to sky radiation 

Airstream to cover 
convected energy 

Absorber plate emissivity 

Plate to cover radiation 

Useful energy collected 

Airflow temperature 
exiting the increment 

Averaged absorber plate 
temperature back flow 

Symbol 

TP4 

QCCS 

e:c 

(J 

QRCS 

QCAC 

e:p 

QRPC(M,LP) 

QUSE 

B(~1,LP) 

PLATE(M,LL) 

Unit 

oK4 

w 

W/(m2. oK4) 

w 

w 

w 

w 

w 

oc. 

Description 

TP4 = TPA4 

QCCS =AREA* HW * (TC(M ,LL) - A(49)) 

e: = 9 c . 
-8 

cr = 5.669 X 10 

QRCS = e: * cr * AREA * (TC4 - TS4) c 
QCAC =AREA* HC(M) * (B(M,LL) - TC(M,LL)) 

e:p = .95 

QRPC(M,LP) = cr * AREA * (TP4 - TC4) 
1/e: + l/e: - 1 c p 

QUSE = QCPA - QCAC 

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

PLATE(M,LL) = .3 * TP{M,LX) + .5 * 
TP(M,LX+l) + .2 * 
TP(M,LX+2) 

......, 
en 



Table D.l (cont.) 

Name 

Convected back loss 

Predicted energy 
collected 

Symbol 

QBL(M,LX) 

QPRE(KK,M) 

Unit 

oc 

kW 

Description 

AREA* HCB * (PLATE(M,LL) - B(M,LL)) 

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

....... 

....... 
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Appendix E 

PROGRAM LISTING OF THE MODEL 



c 
c 
c 

APPENDIX E 
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PR CGRAM liSTING OF THE MODEL 

c•••••••••••• •••**$$••••••••••~•••••••••••••••••••••••••••••••••••••••••• 
c••••••••• •• ••••• ~ *~*******••• •••••• •••••••••••••••••••••••••••••~•••••• 
C THE MATH E~ ATICAL ~CDEL WhiCH PREDI CTS ~SEFUL ENERGY CClLECTEO A~C 
C TEMPERA TUR ES IN Tr E SDSU SCLA R SYSTEM IS BASED ON FUNDAMENTAL LA~S OF 
C ~EAT TRA NS FER ANC TH ER~COY~AM ICS. USING T~ESE lA~S. T~E SCLAR SYSTEM 
C GEOMETR Y, PHYSICAL PRCPERT IES CF THE MATER IALS, AND WEATHER DATA, 
C EIGHT UNKNC W ~ ENERGY TR~NSfERS AND THREE UNKNO~N TEMPERATURES ARE 
C 'DETERM IN ED BY SCL VING ELEVEN ECUATICNS AT EACH INCREMENT ALONG THE 
C AIRFL OW PATH IN T~E COLl ECTCR. THESE £LEVEN ECUATICNS ARE ~OT 
C INDEP END ENT, SO A~ lTERATIVE TRIAl AND ERRCR PRCCESS IS UTiliZED. 
c••••••••• • *• •• ••·~~~ *•**** $~·~••••••••••••••••••••********************** 

t••······· · ·· ··· · $·~~*······ ·····~··················~·······~············ c 
c 

c 

c 

OJMENSIC N AC80) 9 HCI2J,AIR l2),8(2 ,65l,C8L (2,65).QSN(l2) 
DIMENSI ON TP 42~65),QRP Cl2,65),fl i2J,PSR(2 ),QSOL(2)•TC(2;65J,HOC2J 
OIME NSI C~ PLAJE(2,65),~PREllO ,ZJ 
INTEG ER HR,CY 

~RITE (6,1 J 
1 FCRMAT ('l' 1 'TAELE f.l SAMPLE OUT PUT Of THE MOOEL'J 

C N IS T~E NU MBER GF lNCREME~TS AlONG GNE SIDE OF ThE ABSORBE~ PLATE. 
N=30 

c 
C AREA IS BASE C CN A WIOT~ OF 32 FT AND INCREMEN TED N TIMES AlONG THE 
C 88.~ CM PATh LE~ G TH OF ThE ABSCRdER PLATE. (IN M*M) 

AREA=9 .7536*0 .t8q/N 
c 
C PlATE SPACI NGS FOR SOUTH «PS(lJ=0. 00508 MJ AND NORTH (PSC2J=O.Ol524 MJ 
c 
c•••••••••• NUSSELT NUM BER 
c 
c 
c 
c 
c 
c 
c 
c 

HEAT TRANSFE R COEfFIENT 
. SIDE CF AI R PASSAGE FOR 

HO:hYD RAUL IC CIA~ETER. 
l = 32 FT ~ q.7~3c M 

FOR SCUTH (HC( lJ), NORTH (HC(2)), A~D BACX
SO~ TH AND NCR TH SlOE (HCBJ. liN ~/lM*M*ClJ 
HC= 2•L*PS(M) /(l+PSCM)) 

HC=NU*K/ HO. K=C.C24255 w/lM*C l 
HOB=0.0380 H NU:lS.q 7 H0(1J=O.Ol05 ~ H0(2J=0.0304 M 

XNUS=l7 .02 
HOC1J=O. Ol05 
HC(2)=0. C304 
HOB=0.03 80 
CCNO=O. 24255 

/ 



c 

c 

HCClJ=X~US *CC~C/hO(l) 

HCC2J=X~US*CC~C/h0(2J 

HCB=X~US*CC~C/~~B 

80 

C•** ******* AIR FLCW ************************************************ 
c 
C TO TA L AIRflCft RATE FOR THE SYSTEM C~*~*M/HR) 

TAIR=1673.526 
c 
C AIR FLCW RATE FCR SOUTH (AIR(l)) AND NCRTH (AIR(2)J. ASSUME A 3 TO 1 
C RATIG OF AIR FLC~ RATE. T~E 985 TOTAL CfM WAS DlDVIDEO INTO 246.25 
C CFM FOR SCLTH A~C 738.75 CFM FGR NORTH. ThESE AIRflGkS ARE fGR A 32 
C FT LENGT~. (~*~*~/HRJ 

c 

·A I R C 1 ) = 4 1 8 • 3 8 1 
AJR(2)=1255.141t 

C SPECIFIC hEAT Of AIR fCPJ (~*HR/(KG*C)J 
CP=.27912 

c 
t••• •••**** RAW DATA ************************************************ 
c 
C WINO SPEED MEASURED fRC~ AG E~GINEERING ROOf lAC66J=HPHJ (A(67J=M/SJ 

A(66)=5.0 
A(67J=A(66)*0.32173 

c 
C WIND hEAT TRA~SFER COEFFICIENT (W/(M*M*CJ 

13 h~=5.7+3.8*A(61 l 

c 
C RACIATION (A(lJ=CCAl/(C~*CM*MIN ll ANC T~ERMOCOUPLE TEMPERATURES 
C (A (2-25 )=Fl FOR CECEMilER lf, 1S79 AT ~CCN CENTRAL STANDARD TIME 

MC=l2 
CA=l6. 
t1R= l200 
AC1J=l.23 
AC2J= 67. 
AC3)= 7~. 
A( 4)= 67 • 
. A C 5 J = 9 5. 
AC6J= 82. 
A(7J=171._ 
AC8J=171. 
A(<;)= 6C. 
A(lOJ= f5. 
AC11J=ll5. 
AC12J= 73. 
Al13l=l31. 
AC14J= 40. 
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AC15J: 74. 
A(l6J= 28. 
All7J= 61. 
AC18J= <;2. 
A(l9J= 51. 
AC20J= 6<;. 
AC21J= t7. 
AI22J= 58. 
A(23)= 10. 
A(24J= c;. 
AC25J= o. 

c 
C•** ******* TEMPER~TURE CCNVERSION ********************************** 
c 
C CCNVERT TE~PERATU~E FRC~ FAHRENHEIT TO CELCIUS 

17 DC 22 L=26,4<i 
A(l)=(ACL-24J-32.J/1.8 

22 CCNTINUE 
c , . . ......... . SOLAR TIME 
c 
c 
c 

c 

c 

c 

c 
c 

LOCAl CIVIl TIME ftllH BRG CKI NGS LONGITLDE AT 96 DEG 46 MIN ~GRTH 
(TI~E I~ MINUTES) 

IFIHR.EC.q3Q) CT=542.S3 
Jf(HR.EQ.llCOJ CT=632.<i3 
lf(HR.EC.l200) CT=692 . S3 
IFIHR.EC.l3CO) CT=752.93 
lf(HR . EC.l4CCJ CT=81 2 .93 
lf(HR.EC.l53CJ CT=S02.<;3 
0=334.+£A 

JFCD-325.) 25.27,30 
25 E'T=l3.62+.038*(21 . -DAJ 

GC TO 35 

27 ECT=l3.<J2 
GC TC 35 

30 lf(OA.LT.2l.) DD=DA+<J . 
lf(OA.GT.21.) CD=OA-21 . 
E~T=l3.92-0.413*00 

35 CGNTI~UE 

C SOLAR Tl~E lMI~LlfSJ 
AI51J=CT+ECT 

c , .. ....... . SOLAR ANGLES •••••••••••••••••••••••••••••••••••••••••••• 



c 
C SOLAR DECll~ATIC~ (RAOI A ~ SJ 

AC52J=23.45*SI~'(360.*l2 84.+0J/365.1*.017453J*.Ol7453 
c 
C HOlR ~NGLE CRAClA~S) 

AC53J=O.l5*lABSC720.-A(51JJ)*O•Ol7453 
c 
C LATITUDE F CR BRCC~ING S IS 44 CEG . 19 ~~~ (0.77346 RACIANSJ 
c 
C SOLAR ALTIT UC E CRAOIAN SJ 

A(54J=ARSI Nt0.71549 *(C0 S(A(52JJJ*CCOSCA(53JlJ+0.69862*SIN(A(52lJl 
c 
C SOL~R AliM UT~ (RACIANSJ 

A(55J=A RS IN((CC5(A(52) ))*(SIN(A(53lJJ/tCOS(A(54JJ)J 
c 
C I NCIDENT AN GLE (RADIANS ) 

AC56l =ARCCS((CCSlAl54 J )J*(C0S(A(55JIJ*0.866+(SINCA(54JJJ*0.5l 
c 
C PROf i lE A~ G lE (RACIANSJ 

A(57)=ATAN((TA~(A(S4 )))/lCCS(A(55))J) 

c 

82 

C*** ******* AVAilABlE SG LAR RACIATION 
c 

••••••••••••••••••••••••••••••• 
C CCNVE~SION Cf RACIATICN TC w/C M*MJ 

A(50)=A(l)*697.8 
c 
C REflECTCR AREA BASED ON A 10 ev 32 FT REflECTOR. CCOS(Al57,I,J.K)J IS 
C IS ThE REFLECTCH PRG J ECT I C~ A~GLE. (MtMJ 

AC58)=29.728*CCS (A( 57J J 
c 
C REFLECTCR AREA PROJ ECTE C ON A COllECTGR INCREMENT. CM*MJ 

RAREA=AC5aJ/~ 

c 
c 
c•••••••••••••••*•••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C SOLAR RADIAT IC~ AB SCRBEO eY ThE·ABSORBER PLATE (QSCL) , ••••••.. .. .............................................................. 
c 
c 
c 

· C 

c 

AMCU~T CF SCLAR ENER GY AVA i lABLE ON THE SOUTH SIDE OF THE CCllECTCR 
FOR A 30 CM BY ~ INCREMENT Ak EA. (.9 IS THE GLASS EMISSIVITY A~D .95 
I S ThE PLATE ABSCPPT I VITY) ( " ATTSJ 

QSOli1)=.9*.S5 *A I 5 0) *A ~E A 

C AMC~~T OF SOLAR E~ER GY AVAILAeLE ON THE NORTH SIDE Of THE CCLLECICR 
C FOR A 30 CM BY N IN CREMEN T AREA. (.9 IS THE GLASS EMISSIVllY A~O THE 
C REflECTGR REFLECTftNCE ANG . 95 . IS THE PLATE ABSORPTI~ITYJ (~ATTSJ 

CSCl(2):.9*.S*. 95*Al5 0 )* ~ AREA 

c 
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t•••••••••• MEASLREO ENERGY COLLECTED ••••••••••••••••••••••••••••••• 
c 
C CHANGE IN TEMPERATURE CF T~E SOLAR SYSTEM lOEG C) 

A(6l)=A(46)-~(49) 

c 
C SPECIFIC VCLUME (~*M*M/KGJ 

A(62)=C273.15+A(49))/J53.C~ 

c 
C MASS flOW R~TE IS BASED CN AN AIR flOW RATE OF (985 CfM = lf73.526 
C Mt~tM/HRJ. (KG/rR) 

A(63)=1673.52t/A(62J 
c 
C MEASURED E~ERGY CCLLECTEO (Kftl 

A(t4J=Al63)*CP*A(6lJ/lCOO.O 
·c 

c 

c 

~RJTE(6,686) ~,AREA,RARfA,XNUS,HO(ll,~D(2),H08 1 AlR11) 1 AlRC2l, 
SJA1R 1 A(67),A(49),CSCl(l),,SCl(2J 

686 FCR~Al('O'//' ********** PRI~CIPLE INPUT OATA **********'1121X,• 
SNUMBER CF ABSC~2ER'/27X,'Pl~TE INCRE~E~TS =•,I3//20X,'AREA (M*M) • 
$/24X, 1 CCllECTC~ l~CREMENT =',f6.3/24X,•REFlECTCx AREA Gf'/24X, 1 COL 
$LECTOR INCRE~E~T =',f6.3//29X, 1 NLSSELT NUMBER =•,F642//2CX,'HYCRAU 
SLIC DIAMETER C~*MJ '/28X,'SCUTH CCLLECTCR =•,F7.4/28X,'~CRTH CCllE 
SCTGR = 1

1 F7.4/34X,'BACK SI~E ~•,F7.4//2CX,'AI~FlCh (M*~*~/HR) 1 /28X 
S 1 'SOUTH CCLLECTGR = 1 ,F8.2/28X, 1 ~CRTH CGLLECT~R =',F8.2/31X, 1 SYSTEM 
$ TCTAL = 1 ,fd.2//27X,'hl~D SPEED (M/S) ~•,F7.3//2CX,•O~TSIDE TE~PER 
SATURE (C) =•,r7.2//2CX,•SOlAR RADIAllO~ STRIKING COLLECTCR I~CREME 

SNT (W) •/28X 1 'SCUTH CClttCTCR =',f1.2/28X,•~CRTH CCllECTCR _= 1
1 fl.2 

SJ . 

kRITE(6,687)hC(l),HC(2),HCe,H~,A(64) 

687 FCRMAT( 1 0 1 // 1 ~•******** RESULTS S~MMARY **********'I/20X,'CCNVE 
$CliVE PlATE TC AIR 1 /20X,'HEAT TRANSFER CGEFFICIE~T ("/(M*M*C)) '/2 
S~x,· •sGUTH CCLlECTOR =1 ,F6.2/28X,'NCRTH COLLECTCR = 1 ,F6.2/34X, 1 8ACK 
S SICE =1

1 F6.2//21X, 1 fttNC HEAT TRANSfEH'/llX,'COEFFICE~T (~/(M*~*C) 

SJ = 1
1 f6.2//lOX,44('*')/l3X,•MEASuREO ENERGY COLLECTED (K~l = 1 ,F6.2 

S/10X,44('*')} 

C lSA IS ThE ABSCLUTE SKY TE~P 
1SA~At49)+273.15 

1S4=TSA**4 
· c 

c 

. 
~ FGR NORTH ANO SOUTH ********************************* 

oc 530 ~=1,2 

Jf(M.EQ.2) GC TC 888 
~RITE(6,755) 

755 FCRMAT''l' 1 'PRED1CTEC TEMPERATURES A~O HEAT TRA~SFER OF THE SGUTH 



c 

SFACING CCLLECTCR'J 
GC JO 9SS 

888 ~RITE(6,889J 
889 FG~MAT('l','PREOICTEC TEMPERATURES A~O HEAT TRANSFER Of THE NCRTH 

SfACI~G CCLlECTCR'J 

985 ~~ITE(6,9891 
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989 FCRMAT('0',13X,'******* TEMPERATURE ICJ ***•****',4X,'******** ENE 
SRGY TRANSFERRED (~J ********'/1X,'ITE~•,2X,•INC 1 ,4X, 1 SKY',JX,'ENTE 
SR',3X, 1 E XIT 1 ,2X, 1 PLATE 1 ,2X,'COVE~ 1 ,4X,'**RADIATICN*'•2X,'********C 
SGNVECT1 CN••******',4X,'tCllECTE0 1 /2X,'N0',4X,'N0',4X,'(SJ' ,l8X, 1 (P 
S)',4X, 1 (C) 1 ,6X,•P-C',4X,'C-S',4X, 1 P-A 1 ,4X, 1 A-C',4X,•C-S 1 ,4X,'BACK 1 

S,3X, 1 ENERGY (K~)'J 
C fl(M) IS ThE ~ASS FLOk RATE lKG/HR) 

fl(MJ=AlR(MJ/Al62) 
c 
C THE TEMPERATURE E~TERING THE SYSTEM IS THE AMBIENT TEMP (AC4~)) 

Sl~t1J~AC49J 

c , ......... . KK IS ThE ITERATION PROCESS 
c 

~K=l 
70 CCNTINUE 

c 
C ASSU~E INITIAL VALUES FOR PlATE TO COVER RADIATION FOR THE FIRST 
C INCREMENT. AfTER THE PLATE TE~P IS FU~~~. USE AN AVERAGE QRPC(ll) 
C FROM THE INCREME~T BEFCRE. 

c 

lf(KK.~E.lJ GG TO 67 
CRPCll,lJ=CSCltll*O.l 
CRPC(2,1J=CSCLl2J*0.25 

C ASS~ME THE TEMP CF THE CCVER lTCJ IS INITIALLY AT A~BIENT TEMPERATURE 

c 

c 

c 

67 lClH,l)=A(49J 

lX=N 
~X:N+N 

lJ=~X 

ll IS THE INCREMENTS Of THE PLATE 

CO 120 ll=l,~X 
LP=ll+l 

••••••••••••••••••••••• 

C FOR THE FIRST LCCP, THE BACK LCSS lCBl(llJ) IS ASSUMEC ZERC. AFTER 
C ThE fiRST ITERATIC~, ThE BACK lOSS VALUE IS USEO fRC~ CALCULATIG~S Of 
C ThE ITERATICN BEFCRE. 
c 
C WHE~ ll IS GREATER THAN N, THE flOk IS OVER ThE ~ACK CF THE PlATE. 



c 
c 
c 
c 
c 

c 
c 

IFCLL.GT.NJ GC TO llC 

CALCULATING PLATE TEMPEPATURE. (TPCM,Ll) = DEG C) 
QCPA IS THE CCNVECTIVE f~fRGY Of THE PLATE TC AIRSTREAM 
'RPC IS T~E RACIATIGN E~ERGY Of THE PLATE TO THE CO~ER 

Jf(KK.GT.l.ANC.Ll.EQ.lJ CRPC(M,l)=(CRPC(M,l)+QRPCCM,ZJ)/2.0 
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, .•••.........................•.......................................... 
C PLATE TO AIRSTREAM CONVECTIVE HEAT TRA~SfER {QCPA) 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••*••••••••• 
c 

c 
c -, ••..•....... ............................................................ 
C ASSC~eER PLATE TE~PERTURE llP) , ••..•........ .. ......................................................... 
c 
c 
c , •....................................................................... 
C CCVE~ TEMPERtTURE ITCJ , ••.••................................................................... 
c 
c 

c 
c 

TPA IS ABSCLUTE PLATE TEMP 
TPA=TP(M,LL)+273.15 
TP4=T?A**4 
1CA=TC(~,LLJ+273.15 

TC4=TCA**4 

AND TCA IS ASSOLUTE COVER TEMP CKJ 

, •••••......•............................................................ 
C COVER TO SKY CC~VECTIVE hEAT TRANSFER ('CCSJ 
c••• ••• ••••••••••••••••••••••••••••••••••••••••**********~••••••••••••••• 
c 

c 
c 

. c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C COVER 10 SKY RACIATION (CRCSJ 
c•••• •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
c 

'RCS=AREA*lTC4-TS4J/19597352.79 
c 
C COVER TO cK Y HEAl TRANSFER 



c 
c 
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CSLOS~~CCS+C~CS 

, •••..................................................................... 
C AIRSTREAM TO CO~ER CONVECTIVE hEAT TRANSFER C~CACJ 

c••••••••••••••••••••••••••••••••••••••••••••*••••••••••••••••••••••••••• c 
c 
c , •••...................................................•...•............. 
C PLATE TO COVER RADIATION I'RPCJ , •••.••....................................................•.....•....... 

. c 
QRPC(M ,l PJ=A~E~*(TP4-TC4J/20525648.45 

c 
C PLATE TO CCV ER HEAT TRANSFER 

PCLOS=QCAC+QR~CCMrlPJ 

c 

c 
107 

c 

c 

c 

c 
117 

c 

c 

c 

lf(PCLCS-CSLCSJ 107,127.117 

TC(~,LLJdTCIM,lll-.3 
1CA=TC(~,Lll+273.15 

TC4=TCA**4 

CCCS=AREA*H~*(TC(M,Ll)-A(4~J) 

QRCS=AREA*(T.C4-TS4J/19597352.79 
CSLOS=CCCS+QRCS 

QCAC=ARfA*HC(~l*lB(M,Lll-TC(M,LL)J 
QRPC(M,LP)=ARf~$(fP4-IC4l/20525648.45 

PC~OS=QCAC+CRPC(M,LPJ 

lf(PCLGS-CSLCSJ 107.127,121 

TC(M,Lll=TC(~,Ll)+.3 
TCA=TC,~rlllt273.15 

TC4:TCA•*4 

QCCS=AREA*H~*(lC(M,LlJ-A(4q)J 
QRCS=AREA*(TC4-TS4)/195~7352.79 

CSlOS=QCCS+QRCS 

QCAC=ARfA*HC(MJ*(B(M,Lll-TCCM,lLJJ 
QRPC(M,lPl=ARE~*(TP4-TC4J/20Sl5648.45 

PCLOS=,CAC+CRPC(H,lPJ 

Jf(PCL S-CSLCSJ 127,127,117 



c 
c 
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, •••..................................................................... 
C USEFUl ENERGY CCLLECTEO AT THE INCKEMENT (QUSEJ , ••••.................................................................... 
c 

c 
c , •.........•............................................................. 
C AIRSTREAM TE~PERATURE EXITI~G ThE I~CREMENT lTOJ , •••••.•.•..•.....................................................•.••..• 
c 
C CALCULATE IrE TEMP OUT CF THE INCREMENT AND INTO THE ~EXT INCRE~E~T 

BlM 1 lP)=~USE/Cfl{~J*CP)+8(~,LLi 
c 

c 
li=LI-1 
GO TO 115 

C THIS IS FOR THE FLOW CN THE BACK OF THE PLATE 
c 

c 

110 Jf(LX.GE.N-1) GO TO 144 
PLATECM,Ll)=.3*TP(M,lXJ+.5*TP(M,LX+lJ+.2*TP(M,LX+2J 
GC TO 158 

144 PLATE(~,lLJ=TPCM,LX) 

c 
c•••••••••••••••••••~•••••••••••••••••••••••••••••••••••••••••••••••••••• 
C BACK PlATE TC AIRSTREAM CONVECTIVE HEAT TRANSFER (~BLJ 

c•··~·······••c•••···························•*************************** 
c 

c 

c 
c 

158 CBL(M,LXJ=ARE~*~CB*(PLATEl~,LLJ-BlM,LLJJ 
8(~ 1 LP):~BL(~,lXJ/lfL(MJ*CPl+d(M,LLJ 

LX=LX-1 
TClM 1 lPJ=TCC~rLLJ 

115 CCNTINUE 

C********** PREDICTED ENERGY COLLECTED ****************************** 
: c 
·c PREDICTED A~CUNT CF ENERGY COLLECTED (Kw) 
c 

c 
QPRE(KK.MJ=FL(~)*CP•lBlM,LPJ-A(49))/lCOO.O 

IF(LL.GT.JOJ GC TO 3C2 
JFClL.EC.l.OR.tl.EC.l5) GO TO 298 
JF(LL.E .30) GC TO 298 



C · 

c 

c 

c 

c 

c 

c 

88 

GO TO 120 

298 WRITEI6,301J K~,ll,A(4qJ,BCM,LL),8(M,LP),TPIM,LL),TC(M 1 LLJ 1 ,RPC(M 1 
*~L),Q~CS,CCPA,CCAC,~CCS,~BL(M,LLJ,QFRECKK,MJ 

301 FORMAT(' •,13,!5,2X,SF7.1,2X,6F7.1 1 flC.2J 
GC TO 120 

302 IFCLL.EC.45.GR.Ll.EQ.60J GO TO 299 
GO TO 120 

299 WRITE(6,303J KK,LL,Al49),BCM,LLJ 1 B(M,LP),PlATE(H,LLI 1 QBLIM.LXJ,QPR 
•EIKK 1 MJ 

JOl FORMAT(' 1
1 l3 1 I5,2X,4F7.1,44X,F7.1,f10.2) 

120 CC~TlNUE 

lf(M.EQ.l) GC TG 387 
lf(ABSCCPRE(~K,~I-QPREIKK-l,MJJ.LE.O.l.OR.KK.EQ.9) GO TO 500 
GO TO 389 

387 Jf(ABSCCPRE(KK,HJ-~PRE{KK-l,MJJ.LE.0.05.0R.KK.EQ.9) GO TO 500 

389 KK-=KK+l 
.. RITE( 6,472 ) 

472 fCR~ATl' 'J 
GG JO 70 

500 lf (M. EQ.2J GC TG 507 
~RIJE(6,503JCPRElKK,~J 

503 FCRMATC'0',3X,57C 1 *')/3X,' ENERGY PREDICTED FRCM THE SOUTH FACING 
S CCLL ECTCR =' ,Fb.2/4X,57('*')J 

GO TO 530 
507 ~RITE(6,5ll) CP~ElKK,M) 

~11 FCRMAT{' 0 ',3X,57 ('*')/3X,' ENERGY PRECICTEO FRCM ThE NORTH FACING 
S COLLECTCR =', f6.2/4X,511'*'JJ 

530 CCNTINUE 
STCP 
Ef\0 
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Appendix F 

SAMPLE OUTPUT OF THE MODEL 



TABLE F.l SAMPLE OU TP l T OF T~E MCOEL 

~••• ••**** PRINCIPLE INPUT CATA ********** 

NU~fER CF ABSCReER 
PLATE l~C~EMENTS :: 30 

AREA c~·~) 
COLLECTCR l~CREMENT = 0.289 
REFLECTCR AREA Of 
COLLECTGR I~CREMENT = 0.917 

f\USSELT NUMSER = 17.02 

HYDRAULIC CIAMETfR ( ,...,.. ) 

SOUTH CClLECTO~ = 0.0105 
NCRTh COLlECTCR = 0.0304 

EACK SlOE = 0.0380 

AIRflCW II'*F-'*M/t-PJ 
SC~TH CCllECTCR = 418.38 
NCRTH CClLECTGR = 12 55.14 

SYStE,. TOTAL = 1613.53 

Wlf\C SPEED CM/S) = 1.609 

OLTSIDE TEMPERATURE ICJ = -17.78 

SClAR RAOIATlC~ STRIKING COLLECTOR INCREMENT CW) 
SCUTH CCllECTC~ = 212.10 
NCRTH CGlLECTGR = 605.94 

•*** ****** RESULTS SUMMARY •••••••••• 

CC~VECTIVE PLATE TO AIR 
HEAT TRANSFEK CCEffiCIENJ (w/IM*M*C)J 

SCUTH CCLLECTCR = 3~.32 
NCRTH Cl~LECIGR = 13.58 

BACK SIDE = 10.86 

~IND HEAT TRA~SFER 
CCEfflCENT (w/(~*M*CJ) = 11.81 

·························*·················· ~EASLRED E~E RG Y CC~LECTEU (K~) = 20.81 
••••••••••••••••••••••••••••••••••••••••••• 
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PREOlt JED TEMPE RAJUR ES At.D t-EAT TRAt\SFER CF THE SOUTH FACING CUllECTOR 

••••••• TEMP EiUTUR E (C) •••••••• • ••••••• ENE"-GY TRAN Sf EH.RED '"' ) •••••••• 
ITER IN C S KY ENTER EJCI l PLATE CC~ER ••tUOIAT ICI\• ••••••••CG~VECTIUN•••••••• COLLECTED 

NO NO CSJ « P) 'c J P-C c-s P-A A-C c-s BACK E~ERGY (lOt) 

1 1 -17.8 - 17.8 -16.5 - 1.0 -16.6 zr.z 1.2 190.9 -13.6 'e.l o.o o.zo 
1 15 -17.8 -2.1 -1 . 2 14.5 -5.1 23.1 13.4 18~.7 3 3. ij It}.] a.o 2.68 
1 30 -17.8 10. 1t 11. 1 26.1t ... 5 Z9.1t Z't.9 1132.7 66.6 76.1 a.o At.66 
1 ItS -11. 8 13. 1 13 . 1 ltr.2 o. o S.09 
1 60 -1 '· 8 12.5 12 . 2 o ... o.o ~t.as 

'2 1 -11. 8 -1 7.8 - 16.2 2.6 -16.3 18.7 1.S 231.2 -17.0 5.1 -37.8 o.zs 
2 1S -11. a -0.6 0 .3 15.6 -3.9 23.6 H. 8 183.6 31.5 At7.'t 't.9 2.92 
2 30 -11.8 9.4 -;.a 21. 1 3.C 21t.6 21.0 119.3 72.8 70.9 48.2 "·"6 
2 · It S - 1 7.8 12.2 12 .3 16.7 lt.9 lt.l36 
2 6 0 -17. 8 11.9 11 .8 .3.6 o.o lt.77 

3 1 - 17.8 -17.8 -1 6 . 3 1. 5 :.. 16.3 19.4 1.5 218.9 -17.0 5.1 -26.2 o.21t 
) 15 - 11. e -1.6 -c. e 14.0 -1.8 22.a 13.8 177." 36.0 44.3 12.0 2.75 
] 30 - 17 . 8 8.6 c;. l 21.8 2.4 25.1 22.3 l't'i. a 70.2 68.9 37.2 1.33 
] ItS -17.8 11.5 11.5 1 5.2 12.0 lt.73 
3 6 0 -17. 8 u.a 10.8 2.6 o.o lt.62 

4 1 - 17. 8 - 17.8 - 16 . 3 1.5 -16.3 19.1 1.5 219.5 -17.0 5. 1 -26.5 o.21t 

" 1 5 -17.8 -1.3 . -C . l 11.6 -lt.2 22.9 11.1t 179.6 33.5 1b.lt 9.6 2.81 
4 3 0 - 11.8 9.2 c; .7 2 2 . 2 3.3 21t.7 2J.It llt7.5 67.1 72.0 39.8 1.11t 
4 itS -17. 8 12.1 12 .2 15.8 9.6 lt.SJ 

" 60 -11.8 11.5 ll.lt 2.6 o.o ".n 
5 1 -1 1.8 -11 . 8 - 16 .3 1. 7 -16.3 19.0 1.5 221.2 -17.0 5.1 -za.o o.2~e 

s 1 5 -1 7. 8 -l.lt -0 .6 14.4 -4 .. 8 2l.C 13.8 179.6 38.3 44.3 9.5 2.18 
s 30 - 17.8 e. 1 9 .2 21. 1 2.7 25.2 22.7 llt7.7 68.5 69.9 39.2" 't.36 
5 lt 5 - 1 7.8 u. 6 11 .7 15.6 9.5 1.76 
s 6 0 -17.8 u. 2 11 . a 2.1 o.o lt.65 

6 1 -17. 8 -17.8 -lt .3 1. 5 -16.3 19.0 1.5 219.6 -17.0 5.1 -Z6.5 0.24 
6 15 - 1 7. 8 -1.3 -0 .4 14.5 -4.2 22.8 14.4 179. 1 33.3 't6.4 10.2 2.d1 
6 3 0 - 1 7. i! c;. 1 c; . 6 22.1 3.3 25.1 23.4 147.8 66.1t 72.0 3«;.3 't.'t3 
6 It S -17. 8 12. 0 12 . 1 15.8 10.2 't.82 
6 6 0 -11 . a u . 5 11. 3 2.6 o.o ~.70 

••••••••• •••••••••••••••••••••••••••••••••••••••••••••••• 
ENER GY PREC I C HC fRO~ H · E 50\.T t- FACI NG CCLLECT CR .: 4.70 
•••••••••• ••••••• •••••• •••••••••••••••••••••••••••••••••• 
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PREOICTEO TE"'PERI'IfliRES ANO HAT TIU"Sft:R CF THt Ml~TH FACING COll£CTOR 

••••••• T£t4PERATURE ( c} •••••••• •••••••• ENER<iY TRANSFERRED Oil • ••••••• 
ITER INC SKY ENTER EXIT PLATE CCVER **RAO lA T ION • •••••••*CGN~ECTIO~•••••••• CCLLECTEO 
~Q NO ( s) ( p) (c) P-C c-s P-A A-C c-s BACK E~E~GY (Kid 

1 l -17.8 -17.8 - 16.7 c;a.o 't.1 151.5 24.it lt5it.5 -86.0 74.8 o.o 0.54 
1 15 -17.8 -.3.4 -2.it lOJ.O 11.4t 188.3 34.0 417.7 -sa. a ~9.6 o.o 7.4~ 

1 30 -17. 8 10.1 11.6 112.5 1 c;. e 206.7 it5.9 399.3 -35.6 128.1 a.o H.25 
1 lt5 -17.8 20.1 20.6 lOit. J o.o 18.61 
1 60 -17.8 27.5 27.9 91t.1 o.o 22.13 

2 1 -17.8 -17.8 -17.2 4C.5 -9./e 167.7 s. 7 228.9 -33.0 28.1 209.3 0.26 
2 15 -17.8 -8.9 -8.3 56.0 -3.0 91.1 15.a l.54.J -.23.0 50.5 260.5 4.60 
2 30 -l1.a -1.3 -c. a 51.9 -0.9 80.7 18.3 208.6 -1.4 57.6 Jl6.6 8 • .21 
2 ItS -17.8 3.9 4.2 ~~-5 260.5 10.67 
2 60 -17.8 a. a 9.2 56.0 o.o 13.04 

3 1 -17.8 -11.8 -17.0 68.8 -3.1 118.0 15.0 31tO.O -55.3 lt8.1 148.0 0.40 
3 15 -17.8 -7.0 -t:.2 74.5 2.1 124.3 21..9 31 c;. a -35.6 67.9 161.8 5.59 
3 30 -11. a 3.6 4.3 81.1 8.1 133.7 29.6 J06.8 -17.7 88.4 165.5 10.68 
3 ~5 - 17.8 10.8 11.2 75.5 161.a 14.03 
3 60 - 11.8 16.5 16.8 t:S.l o.o 16.74 

4 1 -17.8 -11.8 -11.0 ts.z -it.] 118.2 "'·" 325.6 -53.0 lt6.1 162.1 0.38 
4 15 -11.8 -1.5 --6.9 67.4 -o.c 1ll.'t 1'i.4 291t.2 -29.5 60.7 200.3 5.29 
4 30 -17.8 1.6 2.2 66.8 3.6 106.8 23.8 255.8 -1.1 73.0 243.3 9.66 
4 45 -17.8 7. 8 a.2 67.5 200.3 12.59 
4 60 -11.8 13.3 13. 1 66.3 o.o 15. 2't 

5 1 -17.8 -11.a -17.0 t5.0 -4t.l 11 "· 5 H.4 325.0 -53.0 lt6.1 166.'t 0.38 
s 15 -17.8 -7.'t -6.7 70.1 0.9 115. 7 20.5 30it • .Z -32.5 63.8 166.0 5.37 
s 30 - 17.8 2.5 J • . 1 7~.8 6.0 119.2 26.8 283.8 -13.9 81.2 202.9 10.10 
s ItS - 11. a 9.1 9.5 70.7 186.0 13.23 
s 60 -17.8 l'-.7 15.0 65.9 o.o 15.87 

6 l -17.8 -17.8 -11.0 1;6.9 -lt.O 112.6 14.1 332.5 -5 •• 2 47.1 160.9 0.39 
6 15 -11.8 -7. '- -6.1 6~.1 0.6 lllt. 6 20.1 300.3 -31.3 62.7 191.0 5.36 
6 30 -17.8 2.1 2.7 7C.2 4.5 113.'t 21t.9 267.4 -9.'t 76.1 225.1 9.90 
6 45 -17.a . 8.5 8.9 69.4 191.0 12.91t 
6 60 -17.8 14. 1 H.'t 66.9 o.o 15.60 

7 1 -11.8 -11. a -17.0 65.5 -~.3 113.5 llt.'t 326.8 -53.0 lt6.1 165.7 0.38 
7 15 - 17.8 -1.1t -1;.1 6c;.5 0.9 ll't.lt 20.5 302.0 -32.6 63.8 189.5 5.35 
7 30 -17.8 2.3 2.9 7 ]. 0 5.'t 116.0 26.1 211.8 -12.1 79.1 212.1 9.99 
7 45 -17.8 8.8 9.2 6c;.~ 189.5 13.08 
7 60 -11. a 14.3 14.7 6(;.0 o.o 15.72 

a 1 - 17.8 -11. a -17.0 66.6 -ft. c 112.5 lit. 7 331.1 -5't.2 It 1. 1 162.1t 0.39 
a 15 -17.8 -1.1t -6.7 6Cj.4 C.6 114.6 20.1 301.4 -31.4 62.7 189.9 5.36 
8 30 - 17.8 2.2 2 .. a 11.1 lt.B 115.2 25.3 21u.1t -10.J 77.1 220.1t 9.95 
8 • lt5 - 17.8 a. 1 9.1 t:J'i.l 189.9 13.00 
8 60 - 11.8 lit .2 lit.(; 66.7 o.o 15.66 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
ENERGY PR EDI CTEO fR OM TH NG i{ Jt- FACING CCLLECTGR = 15.66 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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