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16 Abstract
The development of an efficient, low-cost flat-plate solar collector is the essential Nirst step

toward the effective utilization of solar energy for heating and ccoling of buildings, This report
describes a research and development program directed at examining the relevant design param-
eters in the fabrication of such a solar collector for heating liquids. The program objective was tc
design, fabricate, and test a flat-plate solar collector capable of a collection efficiency in excess
of 50 percent at an 1niet fluid temperature 93°C (200°F). Furthermore, the collector was to be of
low cost, have high durability, and require little mawmntenance. To accomplish these objectives,
the design task was approached with the use of computer-aided math models of the heat transfer
processes in the collector. The analysis was used to determine the preferred physical design
parameters from a heat transfer standpownt. This design process aided in defining the absorber
panel configuration, the surface treatment of the absorber panel, the type and thickness of insula-
tion, and the number, spacing and material of the covers. The outcome of this design task was a
collector design (henceforth referred fo as the baseline collector) which met the performance goals
and which was preducible using existing technology, In addition to the baseline collector, variationd
of this configuration were also identified for further study. These were of interest for a number of
reasons, I'or example, some were predicted to have higher collector efficiency, others would be
less expensive to build, while still others might have a longer life expectancy. Prototypes of each

. of the collector configurations were built and performance tested. All the collecior configurations
were tested using a solar simulator., The baseline collector and one additicnal configuration were
also tesied outside under natural sunlight, Each of the configurations was analyzed to determine
the cost differential between designs. This was done both for the fabrication of a limited number
of unuts and also for a limited mass-production level. Finally, based on the experimentally deter-
muned collector performance, simulated operation of the baseline collector configuration was com-
bined with 1nsolation data for a number of locations and compared with a predicted load to determing
the degree of solar utilization,
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DEVELOPMENT OF FLAT-PLATE SOLAR COLLECTORS
TOR THE HEATING AND COOQLING OF BUILDINGS

By J.W. Ramsey, J.T. Borzoni, and T, H., Holland
Honeywell Inc, ;

SUMMARY

This is the final report describing the work performed by Honeywell Inc,
for the NASA Lewis Research Center, Cleveland, Ohio, under Contract
Number NAS3-17862 on ''Development of Flat-Plate Solar Collectors for the
Heating and Cooling of Buildings, "

The development of an efficient, low-cost flat~-plate solar collector is the
essential first step toward the effective utilization of solar energy for heating
and cooling of buildings. This report describes a research and development
program directed at examining the relevant design parameters in the fabrica-
tion of such a solar collector for heating liquids.

The program objective was to design, fabricate, and test a flat-plate solar
collector capable of a collection efficiency in excess of 50 percent at an inlet
fluid temperature 93°C (200°F), TFurthermore, the collector was to be of low
cost, have high durability, and require liftle maintenance.

To accomplish these objectives, the design task was approached with the
use of computer-aided math models of the heat transfer processes in the
collector. The analysis was used to determine the preferred physical design
parameters from a heat transfer standpoint. This design process aided in
defining the absorber panel configuration, the surface treatment of the absorber
panel, the type and thickness of insulation, and the number, spacing and
material of the covers,

The ouicome of this design task was a collector design (henceforth
referred to as the baseline collector) which met the performance goals and
which was producible using exisiing technology. In addition io the baseline
coliector, variations of this configuration were also identified for further
study, These were of interest for a number of reasons. For example, some
were predicted to have higher collector efficiency, others would be less expen=
sive to build, while still others might have a longer life expectancy.

Prototypes of each of the collector configurations were built and perfor-
mance tested. All the collector configurations were tested using a solar
simulator. The baseline collector and one additional configuration were also
tested outside under natural sunlight. Each of the configurations was analyzed
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to determine the cost differential between designs. This was done both for.
the fabrication of a limited number. of units and also for a limited mass-
production level.

Finally, based on the experimentally determined collector performance,
simulated operation of the baseline collector configuration was combined with
insolation data for a number of locations and compared with a predicted load
to determine the degree of solar utilization.

INTRODUCTION

Statement of the Problem

Interest in solar energy as a potential contributor to the U.S. energy
economy has risen again primarily on the basis of impending reductions in the
supplies of economically recoverable conventional fuels {particularly those
having low sulfur content and other desirable properties) and on the idea that
the utilization of solar energy leads to a minimurh of environmental irapact.

An examination of the potential applications of solar energy in the United
States indicates that the most likely significant early contribution to energy
economy +is in the area of heating and air conditioning. Inparticular, summer
air conditioning results in heavy peak loads on many public utilities. Resi~-
dential énergy uses represent approximately one-fifth of the total U. 3. energy
consumption, While some of this energy is used in metropolitan areas where
solar heating and cooling would be difficult to apply, approgimately 75 percent
of the T7. S. families live in single-family dwellings and are potential users of
solar heating-cooling systems. Population trends and housing needs in the
next fwo decades indicate that some millions of new dwellings will be con-
structed in this country which may be conditioned by solar processes. Solar
- heating~ cooling systems can also have, as an integral feature, water heating
capability to provide domestic hot water. Domestic solar water heating is
already widely practiced in other couniries such as Australia, where the-
economic benefits are more favorable than in the United States.

'Higher temperature performance is more desirable for collectors used
for building climate’ control than for those used for domestic water heating.
In both cases, however, economics governs the design. The task becomes -
one of developing a collector which can operate at the higher temperatures
with reasonably high efficiency without increasing the costs significantly.
The primary measure will be ‘cost per unit energy delivered at the required
temperature. Long life, low maintenance, and architectural aesthetics must
also be considered in the design, evaluatfion and selection, .



Review of Requirements

The flat-plate solar collector is the basic element of a solar heating and
cooling system and can represent 50 percent or more of the total system cost.
Collector development is directed toward three objectives: increase of the
temperature at which collectors operate, improvement in performance, and
reduction in cost. To achieve these objectives, a set of requirements must
be met,

1) High thermal performance. - The thermal performance of the collector
can be measured by the temperature at which the collected thermal energy can
be delivered and the collection efficiency (useful energy/incident energy) of the
collector system at that delivery temperature, To effectively use the collected
heat, the energy must be delivered to the heating-cooling system (or leave the
collector) at a temperature of approximately 50-90°C (120-200°F), or higher.
In the described program, the emphasis was on the higher temperature perfor-
mance, as required for air conditioning, The required outlet temperature
must be atlainable for typical environmental conditions such as those specified
in the contract: -23 to 38°C (-10°F to 100°F) ambient temperature, 0 to 32 kph
(0 to 20 mph) wind speed. The collector must be designed for high effi-
ciency at the required collector fluid outlet temperature; however, it is
essential that the effect of the performance improvements on the cost of the
collector be considered,

The specific performance goal for the collector in this contract was a
collection efficiency in excess of 50 percent at an inlet fluid temperature of
93°C (200°F),

2) Low cost. - The acceptable cost for a flat-plate collector can be
determined by comparing the cost of the heat delivered from a collector
(Y'solar fuel') with the cost of the fuel replaced, The cost of the "solar fuel"
is proportional to the ratio of the collector cost ($/area) to the heat delivered
by the collector. The ability of a collector to deliver heat is indicated by its
efficiency. Therefore, there is a one~to-one correlation in the cost and
efficiency which must be considered in evaluating collector designs.

3) Low maintenance /high durability, - It is necessary that the solar
collector require low maintenance. One method of establishing the cost for
owning and operating a solar collector is to assume a standard 15-percent
annual discount rate (or operating expense), This value of 15 percent includes
only a minimum amount of mainfenance, nominally less than 1 percent per year
of the capital cost, Even if the maintenance cost could be allowed to become
as large as 3 percent, however, it still precludes the replacement of any major
component or the renewal of the absorber surface, Any acceptable collector
design will require high durability for the design goal of 15-year life. The
coliector must be resistant to degradation due to environmental conditions
such as wind, rain, hail, temperature extremes, UV radiation, and possibly
SNow.




Allowance for thermal expansion must also be made and, to maximize
durability, the collector must be made of materials compatible with each
other and with the heat transport fluid,

4) Design for condition of no heat removal. - The collector must be
designed to withstand the high temperature which will occur under conditions
of no heat removal {e. g., no flow of the heat transfer fluid). The absorber
plates of well-designed collectors can reach temperatures as high as
260°C (500°F) for a condition of no heat removal. 'This high temperature
imposes severe restrictions on the use of plastics and foam insulations.

5) Fast startup., - The thermal caﬁaci’cy’ of the collector must be low to
allow rapid startup of the system, The contract goal for the startup time was
from 10 to 30 minutes.

6) Suitable collector fluid. - A collector fluid compatible with the absorber
plate and other plumbing must be selected so that any corrosion which takes
place does not limit the durability of the system. Contsct of other parts of the
system with the fluid, due to leakage, should not result in permanent degrada~
tion, As large amounts of fluid will be needed for a compléte heating and
cooling system, a low=-cost fluid is requiréd. Other requirements such as a
very low freezing point, safety, health and inflammability are also factors in
the fluid selection.

7) Low weight, - It is preferable that the collector be lightweight. Such
a collector will simplify installation and eliminate the need for the use of
costly erection equipment. Also, it is anticipated that it may be desirable to
retrofit existing buildings with roof construction that may not have been
designed for heavy loads.

Synopsis of Program Results

A baseline collector was designed based on the above-listed requirements,
This collector, plus a number of variations of the basic configuration, was
built, tested and priced. The baseline collector design determined for this
program has an aluminum absorber plate with an optically selective Black
Nickel coating. The absorber plate is backed with 7.6 cm (3 in,) of rigid
fiberglass insulation and surrounded with 5 cm (2 in.) of rigid fiberglass
insulation on its four edges. This absorber /insulation sandwich is encased
in a sheet metal box and covered with two layers of glags with a 3-em
(1.25-in.) air gap between sheets and a 3-cm (1.25-in,) air gap between the
absorber and the lower layer of glass. The outside dimensions of the collector
are 122 x 122 x 15.2 cm (48 x 48 x 6 in.), The baseline collector thus des-
cribed is pictured in Figure 1 and displayed in an exploded view in Figure 2.

Variations of the baseline collector design were also examined to evaluate
the effect on cost and performance for various collector materiagls. The varia~
tions were concentrated in two major design areas; the absorber and the cover
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system, Absorber plates were made of both steel and aluminum and coated
with selective Black Nickel (steel and aluminum), nonselective black paint
(aluminum only) and seleciive Black Chrome (steel only). The cover systems
examined consisted of one glass cover, two glass covers, one outer glass -
one inner Tedlar cover, one Lexan cover, ahd two antireflection (AR) etched
glass covers. The box design and insulation type and thickness were held
constant, as was the cover spacing. .

The performance results determined from the solar simulator testing
indicated that the selective Black Nickel absorber, on either steel or aluminum
panel, covered with two sheets of antireflection eiched glass provides the
greatest collector efficiency: 61.5 percent* at 93°C (200°F) inlet tempera-
ture, 27°C (80°F) ambient temperatiure, and 1009 w/m2 (320 Btu/hr-ft2)
incident flux.

Within the bounds of experimental accuracy, the following collector con-
figurations arée considered to have met or exceeded the performance goal of
50-§ercent collection efficiency with a 93°C (200°F) inlet temperature, 27°C
(80°F) ambient temperature, and 1009 w/im2 (320 Btu/hr-ft2) incident flux;

e Black Nickel-coated aluminum absorber panel and two glass
covers -- 50,5 percent collection efficiency.

e Black Nickel-coated steel absorber panel and two glass covers --
51.5 percent collection efficiency.

e DBlack Nickel-coated aluminum absorber panel and two AR etched
glass covers -=- 61.5 percent collector efficiency.

o Black Nickel-coated aluminum absorber panel and a glass outer
cover and Tedlar inner cover ==~ 52,5 percent collection efficiency.

e Black-painted aluminum absorber panel and two AR etched glass
covers -- 51,5 percent collection efficiency.

e Black Nickel=coated aluminum absorber panel and.a single glass
cover ~-- 49,5 percent collection efficiency. .

e Black Nickel-coated aluminum absorber panel and a single Lexan
: cover -~ 49 percent collector efficiency.

e Black Chrome-coated steel absorber panel and two glass covers -~
49 percent collection efficiency.

*The efficiency is defined as the heat delivered to the collector fluid per
unit area of absorber divided by the incident solar flux based on the absorber
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The following collectors did not meet the design goal:

e Black-painted aluminum absorber panel and two glass covers --
42,5 percent collection efficiency.

e Black-painted aluminum absorber panel and an outer glass cover
and an inner Tedlar cover -- 40,5 percent collection efficiency.

o Black-painted aluminum absorber panel and a single glass cover -~
39 percent collection efficiency.

¢ Black-painted aluminum absorber panel and a single Lexan
cover -- 34,5 percent collection efficiency.

The companion objective to performance was cost. As might be expected,
the best performing collector design was also the most costly. A cost
analysis performed on each of the collector configurations revealed that the
greatest cost effectiveness, measured in dollars per unit heat delivered to
the working medium, was available from a collector with a Black Nickel-
coated steel absorber panel with one glass outer cover and one Tedlar inner
cover. However, only small differences were found in the cost effectiveness
of a number of the best units. The top four units had a total cost-effective-
ness spread of only 13 percent, All of these have selectively coated
absorbers. The cost analysis also revealed, as expected, considerable
disparity between present costs of fabricating small quantities of collectors,
such as 93 m?2 (1000 ft ) and moderate limited production quantities of
9300 m2 (100, 000 fi2),

Estimates of thermal heating and cooling loads for both a house and
small industrial building were made and compared with estimates of the amount
of solar energy which would be collected by a flat-plate array with an area
equal to approximately one-half the floor area of the house or building. The
calculations for the house were made for nine geographical locations utilizing
actual weather data and insulation from a typical year. The industrial build-
ing was analyzed for a single location, Sufficient daytime storage was
assumed to supplement nighttime heating and cooling, but heat collected in
excess of monthly demand was assumed to be dumped, instead of accrued
from month to month. Under these storage assumptions, 49 percent or more
of the estimated energy required for cooling the house was delivered by the
baseline collector array for all nine geographic locations. With the exception
of Minneapolis and Seattle, 50 percent or more of the heating load was also
satisfied by the same baseline collector array.



COLLECTOR ANALYSIS

The design of the baseline collector was guided by the resulis of a
computer~generated flat-plate. performance analysis. In addition to per-
forming a thorough thermal analysis, including consideration of the transient
response, detailed calculations were made to analyze the flow distribution,
both within a single collector and throughout a mulficollector array. The
flow analysis was considered particularly relevant because most applications
of the baseline collector would in fact use an array rather than a single

collector.

The thermal analysis performed two primary functions: The initial
effort of setting up the various heat transfer equations forced an early
examination of the physical and mechanical characteristics of the compo-
nents of a flat-plate collector. From this examination, such parameters as
thickness of insulation and spacing between flow tubes were derived. The
second, and perhaps more significant result of the thermal analysis, was the
generation of a computer code that enabled an analytic prediction of flat-
plate collector performance, given a set of design conditions and a set of
input parameters. The computer code was to predict the comparative
performance of one cover versus iwo covers; the effect of a selective
absorber coating as compared with a nonselective black; the effect of wind; .
the effect of variable diffuse to direct ratio; the effect of the incident angle
of the flux on flat-plate performance; and finally,the substantiation of the
validity of using the following linear equation to describe flat~plate collector
performance over a wide range of conditions:

AT

collector to ambient 1
n=k; o T - (1)
1 “absorber cover k2 Qincident
where
a = absorptance
Ky, k2 = thermal efficiency factors dependent of definition of AT
n = collection efficiency
Qinci dent - incident solar flux
T = transmittance
AT = temperature difference between collector and ambient

This equation is of particular interest, since it has been previously used
by Hottel and Woertz, (15) Hottel and Whillier, (2) and Bliss{3) for predicting
flat-plate performance, and also by Hottel and Whillier (5) and Simon and
Harlamert(6) for presenting performance resulis.
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The thermal analysis performed two primary functions: The initial
effort of setting up the various heat transfer equations forced an early
examination of the physical and mechanical characteristics of the compo-
nents of a flat-plate collector. From this examination, such parameters as
thickness of insulation and spacing between flow tubes were derived. The
second, and perhaps mdre significant resulf of the thermal ‘analysis, was the
generation of a computer code that enabled an analytic prediction of flat-
plate collector performance, given a set of design conditions and a set of
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performance of one cover versus two covers; the effect of a selective
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Thermal Performance Analysis Discussion

The flai-plate collector, a relatively simple device, operates on equally
simple thermal principles. Nevertheless, the prediction of its thermal effi-
ciency necessitates a detailed and fairly complex analytical approach. An
accounting must be made of all the heat flow paths by which energy may
enter and/or leave the collector.

Thig accounting requires the calculation of the radiation absorption in the
solar spectrum; the radiation losses in the infrared; the natural convection
between inclined parallel plates; external natural or forced convection from
inclined plates; the heat conduction; and the heat transfer by forced or free
convection to the collector fiuid. Analytical correlations are available in the
heat transfer literature which apply to the processes in varying degrees,

The published literature on the analysis of solar energy collection dates
back to the 1880s, one of the well-known treatments being the work of Hottel
and Woertz(1) in 1942, Hottel and Whillier(2) in 1958 and Bliss in 1959(3)
presented ceriain plate efficiency factors, the use of which simplifies the
calculation of the collector performance. Although these procedures reduce
labor involved, they have some shortcomings. Their principal shortcoming
ig their inability to treat adequately the transient condition. A second draw-
back also lies in the method of handling the effects of a nonuniform tempera-
ture distribution (in the flow direction} in the absorber and other components.,
Although the derived efficiency factors do partially account for this effect, the
variation of the radiation and convection heat transfer coefficient along the
surfaces is not included in the analysis,

The computer program developed for this analysis of flat-plate collecior
performance does consider the transient conditions and the nonuniform tem-
perature distribution. One of the inputs to the program is the incident solar
flhux, This flux may.be a constant or a function of time, depending upon the
response desired, The instantaneous and average performance may be cal-
culated by inputting a daily record of solar flux. The time constant and,
consequently, the system warmup time, may be obtained from an analysis
of the response to a sudden inception of solar flux,

The flat-plate transient analysis program was developed with the following
goals:

e The transient nature of the problem must be adequately treated.

e Effects of nonuniform temperature distributions must be
considered.

e System energy balance and efficiency must be calculated on both
an instantaneous and a daily basis.



© The program input routine must be able to handle conveniently
a wide variety of geometrical and environmental parameters.

[ The output routine must provide temperatiires, temperature
rates, heat flows, hedt transfer coefficients, etc., to furnish
good physical insight into the thetmal performance,

e The output routine must suminarize collector performance in
the form of a system energy balarice.

The program, as developed, uses all the pertinent geometrical, environ-
mental and operational parametérs of a particular collector design configu-
ration and computes the desired thermal performance parameters. This
computer program was utilized to obtain the predicted performance for
collectors using both selective and nonselective absorber surfaces and also
to predict the effect on perforinance of using one or moré transparent covers.
Wind effects, as related to collector perforiance, and the effect of varying
solar incidence angle, were also analyzed and predicted.

A summaiy of the analyticdl procedures and the main features of the
program is presented here. For greater anaiytical detdil, refer {o
Appendix A.

To treat the transient condition dnd the nonuniform temperature distri-
bution, the collector is subdivided into a rnumber of physical elemenis or
nodes (see Figure 3).

Nedal subdivislon euts

Transparent covers

Figure 3. Nodal Subdivision of Flat-Plate Solar
Collector
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The effect of the fluid temperature from inlet to outlet is best examined
by the indicated subdivision, The temperature of each node is computed as
a function of time using the straightforward explicit method in which the rate
change of the temperature of node i is related to its present temperature and
the temperatures of the neighboring nodes j by:

ar;
c, ZK (Ty = T +5; (2)

i

C; is the heat capacity of node i, T its temperature, dT;/dt its rate of

change of temperature, T: is the temperature of node j, and Sj is the solar |\
hedt absorption, The cou%olmg coefficients, K;4, called conductance, depend
on the heat transfer mode and, in general, on fhe temperature,

There are M such equations, one for each mass element, and the solu-
tion of these simultaneous, nonlinear, firsit-order, ordinary differential
equations yields the temperature history at M discrete points throughout the
collector. Since the temperature of each node is assumed to be given at some
initial time, t,, the rates (dTy /dt)t =t, Bre given and the temperatures at
to + At are obtamed by:

dT, dTy

at

T(t +At)—T(t)+ At (3)
to

Then the rates at {5 + Al can be calculated and the procedure is repeated until
the desired time range is covered.

The solar input, 5;, to each element is obtained by an analysis of the
reflection, transmission, and absorption of incoming energy in the solar
spectrum by a system of covers over an absorbing surface, This analysis
has been carried out taking into consideration the two components of polari-
zation, the reflection of each cover-air interface, the absorption of each
cover and the absorption and reflection of the absorber plate. The program
is then able to treat the four important combinations of specular and/or
diffuse conditions:

1) Direct solar flux with specular reflecting absorber
2} Direct solar flux with diffuse reflecting absorber
3) Diffuse solar flux with specular reflecting absorber

4) Diffuse solar flux with diffuse reflecting absorber

11



The program analyzes the reflection, absorption, and transmission of the
direct and diffuse components of the incident solar flux separately and then
combines the results to obtain the total heat absorption.

The absorber loses heat to the environment by:

1) Emission of energy in the infrared spectrum and subsequent
absorption, transmission, and re-emission of this energy by
the cover system

2) Convection of energy to the adjacent cover and subsequent
radiation and convection of the energy by the cover system

3) Conduction through the layer of insulation on the rear surface
of the absorber )

4) Conduction, convection, and radiation from. the absorber to
the side walls of the collector.

The final heat rejection tothe environment is by convection and radia-
tion from the external surfaces of the collector. The effective sky tempera-
ture is assumed equal to the ambient temperature.

Details on the pertinent heat transfer equations and their application
in the heat losses are given in Appendix A.

The assumption is made that the absorber plate has parallel flow tubes.
The fluid is assumed to enter the flow tupes from a common supply header
and empty into a common collection header.

Intimately connected with the absorber-fluid heat transfer is the guestion
of the temperature drop in the absorber plate because the heat must flow
laterally in the absorber to the flow tubes. This temperature drop resulis
in a higher absorber temperature than would occur if the absorber were a
perfect conductor, or were very thick, Since the collector cost depends
upon the type and amount of material used in the absorber, there exisis an

optimization problem.

Investigators have treated the absorber-to-fluid tube conduction problem
as that of a fin exchanging heat with its surroundings through a heat transfer
coefficient constant over the fin surface, But since the largest heat flow
quantity is the solar flux and since this flux is uniform over the fin surface,
it appears that it is appropriate to treat the fin surface heat flow as uniform.,
This is the approach used in the present analysis, The actual condition lies
between these two approaches, considering the conduction, radiation and
natural convection loss terms to be proportional to the temperature difference
between the absorber and its surroundings.

12



Analysis of the Flow Distribution in Solar Collector Arrays

A typical solar collector installation consists of many flat-plate collector
modules assembled as an array. Collection fluid is supplied to the modules
in some form of series~parallel network. The piping network must be
designed to provide the proper flow to each module. Also, within a module,
the goal is to provide uniform flow per unmt area of the collector. In the
usual case of uniformly spaced tubes running from a supply header fo a
collection header, it is desirable to provide, as nearly as possible, equal
flow to each tube.  [Migure 4 illustrates the flow configuration described
above. The problem of uniform flow within a module is addressed in the
following paragraphs. Appendix B provides a more detailed description of
the procedure used for the flow analysis.

Collection header

/ Cross tube

Supply header

I

Central "
supply manifold

Return

Figure 4. Schematic of Individual Collector
‘and Potential Collector Array
Configuration

The flow in a tube is determined by the difference in pressure between
the supply header and the collection header at the tube ends. Header pres-
sures will vary along their length from wall friction losses and momentum flux
changes in the headers as fluid is withdrawn or added. The pressure in the
supply manifold will fall in the flow direction owing to wall shear siress, but
the drop will be reduced by pressure recovery at each cross tube because of
extraction of fluid and subsequent loss of momentum in the supply header flow.
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In the collection header the frictional drop is reinforced by the acceleration
drop due to the increased momentum. The resulting pressure difference at
the ends of g tube will therefore vary from one tube to the next and the flow
rate will vary from tube to tube.

Pressure drop in the flow in a header between adjacent tubes depends
upon the flow rate and the flow condition; e.g., laminar or turbulent,
developing or fully developed. Because only a little of the header flow is
extracted or added at each cross tube, the header flow is assumed to be fully
developed at all locations. The flow is assumed to be laminar for Reynolds
numbers below 2000 and turbulent above 2000, The above discussion applies
equally well to the cross-tube pressure drop, However, the flow in a cross
tube will almost always be laminar.

Based on the foregoing discussion, the flow distribution in the tubes was
calculated. The analysis was programmed for solution on a digital computer
(see Appendix B). Results were obtained for a row of 10 collectors as indi-
cated in Figure 4, This number of collectors was chosen as typical; however,
a completfe array would consist of several rows. The analysis was con-
cerned primarily with the distribution of flow in one row. The pressure
drop in the supply and collection headers in the collectors can be reduced
by a central supply manifold as indicated in Figure 4, with the flow passing
both ways to the outer edge of the array.

The analysis thus may be carried out for a row of five collectors, each
having 12 cross tubes, for a total of 60 tubes as shown in Figure 4, The
supply and collection headers are on 107%cem (42~in, ) centers and the cross
tubes are 102 cm (40 in. ) long on 9-cm (3. 552-in. ) centers. The headers
are rectangular ducts, with 1. 3~-cm by 5-cm (0. 5-in. by 2-in.) inside dimen-
sions. The cross tubes are also rectangular in section. Their dimensions
were varied and the flow distributions for the various sizes were analytically
determined.

Figures 5 through T present the resulis of the flow distribution calcuia-
tions for three possible cross-tube dirnensions: 0. 13-cm by 1, 3-cm (0, 050-in.
by 0.504n,), 0.25-cm by 1. 3-cm (0. 10-in., by 0. 500-in. ) and 0. 5-cm by 1, 3-
cm (0, 20-in. by 0.50~in.). The sensitivity of the flow distribution to the
cross-tube dimensions is immediately evident. Referring to Figure 5 for the
0. 13cm by 1. 3-cm (0. 050-in, by 0.50-in. ) tube, it is seen that the cross-tube
pressure drop at a nominal flow of 49 k:g/hr-m2 (10 lbm /br-ft2) is about
6.4 cm (2.5 in.) of water. This is a relatively large pressure difference
compared with the header pressure variation and, consequently, the cross-
tube flow distribution is quite uniform.

As the cross~tube inner height is increased, the associated pressure
drop falig rapidly and, as shown in Figure 6 for the 0.25-cm by 1. 3-cm
(0.10~in. by 0. 50-in. ) tubes, the header pressure variation causes a signifi-
cant nonuniformity in the flow distribution. The distribution for the 0.5-cm
by 1. 3~cm (0. 200-in. by 0. 500~in. ) tubes, Figure 7, is badly out of balance.
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Increasing the cross-sectional dimensions of the headers results in less
header pressure variation and more uniform flow., However, the mass of
fluid and collector heat capacity increase as the header dimensions are
increased. For 1.3-cm by 5-cm (0. 5-in. by 2. 0-in.) headers and 0. 13-¢m
by 1. 3-cm (0. 050-in. by 0. 50-in. ) cross tubes, the fluid heat capacity is
about 25 percent of the total collector heat capacity (assuming an aluminum
panel), and 90 percent of the fluid is in the two headers.

It should be noted that if a nonuniform flow is present, the resuliing
variation in the fluid temperature (i.e., higher temperatures for tubes with
less flow) will produce a variation in the hydrostatic pressure distribution
which acts in a direction to reduce the nonuniformity. Since the hydrostatic
pressure of a 102-cm (40-in. ) column of a 50-percent mixture of ethylene
glvcol and water decreases 0,073 cm of water per “C (0, 016 in. of water
per °TIY), the temperature variation will significantly improve the flow dis-
tribution for the 0, 5-cm by 1, 3~em (0, 20-in. by 0. 50-in. ) tubes, but will give
little improvement for the thinner tubes.

Other Considerations for Sizing the Flow Tubes

The choice of cross~tube dimensions and spacings cannot be made solely
on the basis of flow uniformity. Two thermal considerations enter into the
problem: One is the desirability of minimizing the lateral temperature
gradient in the collector plate which is necessary to carry the absorbed heat
to the cross tubes. The other consideration is to minimize the temperaiure
difference between the surface of the cross tube and the collection fluid.

The collection and flow of heat laterally in the collector can be treated
by one~-dimensional heat conduction methods because the collector plate
thickness is much less than the tube spacing. One approach to analyzing -’
this part of the collector thermal design is to employ the well-known formulae
for a fin exchanging heat via a uniform loss coefficient and to use the usual
hyperbolic relations. However, the largest term in the energy collection and
loss process is the solar input, which represents a uniform heat flux boundary
condition. Furthermore, part of the heat loss is by radiation, a fourth-power
term. It therefore appears that neither the uniform heat transfer coefficient
condiiion, nor the uniform heat flux condition, is totally correct. However,
gince the solar input is the largest term, the uniform flux condition
approximates most closely the existing condition and was therefore used.,

Under this assumption, it can be demonstrated that the temperature
difference (T -~ Ty) between a location midway between two tubes and the
tube centerline is given by:

2
..T—_CLI:.‘._ (4)
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where

k = thermal conductivity of the plate
q = net heat flux into the plate per unit area

The baseline collector design used a Roll-Bond aluminum panel with
12 cross tubes. This configuration had the following parameters:

° L=4.5cm (1,78 in. )

° H=0,15 em (0. 060 in.)
e k=173 w/m-°C (100 Btu/hr-ft-°F)

Assuming a 50-percent efficient collector and a maximum solar flux of
1100 w/m?2 (350 Btu/hr-ft4), from the equation above, g < 550 w/m?2

(175 Btu/hr-ft2) and Ty - Tg = 2,1°C (3.8°F). This temperature differen-
tial is considered to be acceptable.

The temperature difference between a ¢ross tube and the collection fluid
was calculated from established relations for laminar flow in rectangular
ducts. The flow will be laminar since the Reynolds number is 170 for typical
flow of 49 kg/hr-m2 (10 Ibm/hr-ft2) of 50 percent ethylene glycol-water '
solution in 0.13 em by 1.3 cm (0.050 in. x . 500 in. ) tubes spaced 9 cm
(3.5 in. ) apart.

Most of the tube length was assumed to be in the fully developed flow
and temperature regime. This occurs for:

X 1 -2 :
ﬁ Gepr 10 (5)
where
Dt = hydraulic diameter of the tube

Pr = Prandtl number
Re = Reynolds number
x = entrance length

|
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For the conditions listed above,the entrance length is approximately
3.6 cm (1.4 in. ). This is less than 5 percent of the total cross-tube length.
Hence, it may be assumed that the fully developed relations can be used over
the entire tube length.

The heat transfer coefficient for fully developed flow and temperature
fields in rectangular ducts is presented in Ref. (4) as a function of the duct
aspect ratio {ratio of side dimensions). From this information the curves
on Figure 8 were computed for water and a 50 percent ethylene~glycol-water
mixture, The tube-to-fluid temperature difference for the 0,13.cm by 1,3 cm
(0.050 in, by 0.500 in, ) duct is about 1.9°C (3.5°F) for the ethylene-glycol-~
water mixture. It can be seen that this value rises sharply as the duct thick-
ness is increased, reaching a value of 7.2°C (13°F) for the 0.51 cm by 1.3
cm (0, 200 in. by 0.500 in, ) duct,
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Baseline Tube Size and Spacing

Based on the results of the flow distribution analysis and the thermal
consideration described above, it was decided to design thebaseline collector
with 1.3 ecm by 5 ecm (0.5 in. by 2 in,) Headers and 0. 13 by 1.3 cm (0, 05 in.

by 0,50 in.) cross tubes.

BASELINE COLLECTOR DESIGN

The design selected for the baseline collector is shown in Figure 9. it
contains an aluminum absorber panel coated with an optically selective Black
Nickel coatihg.' The heat transfer fluid is a 50 percent (by volume} mixture
of ethylene-glycol and water; The absorber panel has 5 cm (2 in.) of foil-
coated, semi-rigid fiberglass insulation around its edges and 7.6 cm (3 in.)
of the same .insulation-on the bottom-side of the absorber. . A sheet steel '
housing ‘surrounds the absorber panel and its insulation. . The absorber panel
is supported and located by use of four, linen-filled bakelite standoifs that
fasten to the housing on one end, pass through the bottom side insulation and
fasten to the absorber panel on the other end.
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Figure 9. Solar Collector Assembly
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The sheet steel housing :also supports the-collector icover gystem.. The:
cover system itself is corfiposed: of two sheets. ofilow~iron glass:on either side
of a '""u'" shaped 2.5 cm {1 in.) steel spacer.i.Thellower sheet:of glass is .
supported by a lip around'theledge 6fthe sheet steel housing that suspends,,,
the glass approximately 3.2 cin (.25 in:') Bbove thé -installed absorber panel.,
All surfaces that would have glass~metal contact aresprotected'by 0.3-om. -~
(0, 125 in,) thick Butyl rubber weatherstripping. »An aluminum cap strip 18- .
fastened over the installed cover system fand-then fastened.fo the sheet steel ,
housing. Finally; heavy rubber-gaskets are'bolted around the absorber panel
outlet tubes so that there is not a therrhal: short' where-the abserber outlet.
tubes pass through the sheet sieel housing.

Details of the component design and'Specifics condiderationsimade iri.the 't
material choices are presented in the following subsections. -

The Absorber Panel’

The basic requirement for' an:absorber panel :design s -that: it ¢onsIsts -
of a plate which absorbs incident solar energy and: that it.contains, flow pas-
sages through which the absorbed-heat flux:thay be transferred toithescollecto
working fluid. There are two basic configurations which meet this require- .
ment: a plate with atiached flow tubes, or a multilayer panel with internal
Tow passages.

The plate with attached tube  design provides. goodimechanical integrity;
has little chance of fluid leakage, and can withstand high:fluid:pressure. - .
However, thig type of construction:is:typically: eostly.s Ewven-the relatively
simple flow pattern of a common header with parallel flow tubes is expensive
in that it requires many connections, both between header and flow tube and
also between plate and tubing. Furthermore, it is difficult to make a good
thermal connection between tubing:and plater -

The integral flow passage design has been.succedsfully -commereialized 1
by Olin Brass as their RolleBond:aliminumpanel..i This panel is formed by.-
hot rolling two thin sheets of aluminum: .The combination of heat and pres-
gure diffusion bonds the sheets evérywheré] éxcept for the predetermined fiov
passages., In these areas, bonding is.prevented by printing or silk screening.
the flow passage pattern on oné aluminum -sheet with.an.inhibiting paint. . The,
final step in the process is tohydraulically expand:the:unbonded flow passage
pattern. The advantages of this product are'twofold: it-proevides good . ..
thermal joints, and even complex flow passage configurations can be pro-
vided without significantly increasing fabrication ¢ost.:.

The aluminum roll-bond-panel was ;selecied, as-the baseline absorpver: «: -
panel because of its manufacturing potential, high thermal conductivity, -and .
light weight; however, there were reservations regarding aluminum's corro-
sion resistance. To reduce potential corrosion problems, Olin Brass

21


http:fastened.to
http:glass.is
http:system.ii

recommended that the panels be manufactured from either standard alumi-
num (1100) or from an aluminum-manganese alloy (3003). The 3003 was
preferred because it is easier to weld and has superior mechanical strength;
however, the 1100 alloy was used because of beiter availability. An inquiry
was made regarding the use of a clad aluminum (7072 over 1100), which is
generally regarded as being more corrosion resistant. However, it appears
that when used with high-temperature water (~100°C), there is a strong
possibility that the 7072 cladding on either 1100.or 3003 will reverse its
polarity with reference to the base aluminum. Consequently, instead of
inhibiting pitting, the cladding would then tend to promote corrosion.

To reduce internal corrosion, it is necessary to use deionized water
mixed with ethylene-glycol and also to-add 500 ppm of sodium chromate as a
corrosion inhibitor. As a further precaution, it is recommended that a
combination filter [getter column be installed at the collector array inlet.
This component consists of a plastic or glass tube filled with aluminum
turnings and screen. Particles in the collector working fluid are thus
filtered, and heavy metal ions are sacrificially consumed in a getter column
before they reach the absorber panels. To minimize the contamination of the
collector system by heavy metals, special care must be taken in selecting
materials for the other system components, such as pumps, storage tank,
plumbing, etc.

In general, we have serious reservations about the long-term durability
of the aluminum absorber panels when considered for the desired 20-year
operating life of a solar collection system. One of the design modifications
performed as part of this program was to design and manufacture a miid steel
absorber panél of similar configuration to the baseline aluminum roli~bond
panel. This design consists of two steel sheets spot and seam welded

together.

The mechanical configuration of the roll-bonded aluminum absorber
panel used in the baseline design is shown in Figure 10. The nominal
material thickness is 0. 15 c¢m (0. 060 in. ). Supply and collection headers are
roughly rectangular and of dimensions 5. 08x1.27x 111.76 em (2.00x 0,500
% 44 in.). The supply and collection headers are joined by an array of rec-
tangular cross tubes 1.27 x 0. 127 cm (0.500 x 0.050 in.). The cross tubes
are approximately 96.5 cm (38 in.) long and are spaced on 9.78 cm (3.85 in. )
centers. The supply and collection headers have 3. 175 cm (1.25 in.)
diameter aluminum outlet connections heli-arc welded on each end. The
connectors are approximately 7,62 cm (3 in.) long. -

_ Each 112 x 112 cm (44 x 44 in, ) absorber panel is made by shearing two
standard 61 x 122 cm (24 x 48 in. ) roll-bond panels down to 46 x 112 cm

(22 x 44 in.) each. The two sheared panels are connected by heli-arc welding
the sheared header edges together.
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The sheet steel housing also supports the collector cover system. The
cover system itself is composed of two sheets of low-iron glass on eithex side
of a '"u" shaped 2.5 ecm (1 in,) steel spacer. The lower sheet of glass is
supported by a lip around the edge of the sheet steel housing that suspends
the glass approximately 3.2 cm (1.25 in.) above the installed absorber panel.
All surfaces that would have glass-metal contact are protected. by 0. 3-cm
(0. 125 in.) thick Butyl rubber weathersiripping. An aluminum cap sfrip is
fastened over the installed cover system and then fastened to the sheet steel
housing. Finally, heavy rubber gaskets are bolted around the absorber panel
outlet tubes so that there is not a thermal short where the absorber cutlet
tubes pass through the sheet steel housing.

Details of the component design and specific considerations made in the
material choices are presented in the following subsections.

The Absorber Panel

The basic requirement for an absorber panel design is that it consists
of a plate which absorbs incident solar energy and that it contains flow pas-
sages through which the absorbed heat flux may be transferred to the collector
working fluid. There are two basic configurations which meet this require-
ment: a plate with attached flow tubes, or a multilayer panel with internal
flow passages.

The plate with attached tube design provides good mechanical integrity,
has little chance of fluid leakage, and can withstand high fluid pressure.
However, this type of construction is typically costly. Even the relatively
simple flow pattern of a common header with parallel flow tubes is expensive
in that it requires many connections, both between header and flow tube and
also between plate and tubing. Furthermore, it is difficult to make a good
thermal connection between tubing and plate.

The integral flow passage design has been successfully commercialized
by Olin Brass as their Roll-Bond aluminum panel. This panel is formed by
hot rolling two thin sheets of aluminum. The combination of heat and pres-
sure diffusion bonds the sheets everywhere, except for the predetermined.flow
passages. In these areas, bonding is prevented by printing or silk screening
the flow passage pattern on one aluminum sheet with an inhibiting paint. The
final step in the process is to hydraulically .expand the unbonded flow paSsage
pattern. The advantages of this product are twofold: it provides good
thermal joints, and even complex flow passage configurations can be pro-
vided without significantly increasing fabrication cost.

The aluminum roll-bond panel was selecled as the baseline absorber
panel because of its manufacturing potential, high thermal conductivity, and
light weight; however, there were reservations regarding aluminum's corro-
sion resistance. 7To reduce potential corrosion problems, Olin Brass

21


http:protected.by

recommended that the panels be manufactured from either standard alumi-
num (1100) or from an aluminum-manganese alloy (3003), The 3003 was
preferred because it is easier to weld and has superior mechanical strength;
however, the 1100 alloy was used because of better availability. An inguiry
was made regarding the use of a clad aluminum (7072 over 1100), which is
generally regarded as being more corrosion resistant. However, it appears
that when used with high-~temperature water (~100°C), there is a strong
possibility that the 7072 cladding on either 1100 or 3003 will reverse its
polarity with reference to the base aluminum. Consequently, instead of
inhibiting pitting, the cladding would then tend to promote corrosion.

To reduce internal corrosion, it is necessary to use deionized water
mixed with ethylene~glycol and also to add 500 ppm of sodium chromate as 2
corrosion inhibitor. As a further precaution, it is recommended that a
combination filter/getter column be installed at the collector array inlet.
This component consists of a plastic or glass itube filled with aluminum
turnings and screen. Particles in the collector working fluid are thus
filtered, and heavy metal ions are sacrificially consumed in a getter column
before they reach the absorber panels, To minimize the contamination of the
collector system by heavy metals, special care must be taken in selecting
materials for the other system components, such as pumps, storage tank,
plumbing, etc.

In general, we have serious reservations about the long-term durability
of the aluminum absorber panels when considered for the desired 20-year
operating life of a solar coilection system. One of the design modifications
performed as part of this program was to design and manufacture a mild steel
absorber panel of similar configuration to the baseline aluminum roli-bhond
panel, This design consists of two steel sheets spot and seam welded

together.

The mechanical .configuration of the roll-bonded aluminum absorber
panel used in the baseline design is shown in Figure 10. The nominal
material thickness is 0.15 cm (0, 060 in.). Supply and collection headers are
roughly rectangular and of dimensions 5. 08 x 1.27 x 111.76 cm (2,00 x 0. 500
x 44 in,). The supply and collection headers are joined by an array of rec-
tangular cross tubes 1.27 x 0,127 cm (0.500 x 0.050 in. ). The cross tubes
are approximately 86.5 cm (38 in.) long and are spaced on 9.78 cm (3. 85 in.)
centers, The supply and collection headers have 3. 175 cm (1. 25 in.)
diameter aluminum outlet connections heli-~arc welded on each end. The
connectors are approximately 7. 62 cm (2 in.) long.

Each 112 x 112 cm (44 x 44 in, ) absorber panel is made by shearing two
starddard 61 x 122 cm (24 x 48 in.) roll-bond panels down to 46 x 112 cm
(22 x 44 in. ) each. The two sheared panels are connected by heli-arc welding
the sheared header edges together.
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Figure 10. Solar Absorber Panel

The Solar Absorber Coating

The net amount of solar energy absorption depends on the optical surface
properties of the absorber panel. Solar absorptance values up to 95 percent
can be achieved by simply blackening the absorber panel by painting,
oxidizing, or anodizing; however, these surfaces also tend to have equally
high emitftance levels in the infrared, the wavelength region where energy is
emitted from the plate.

An improved type of surface preparation is the selective black solar
absorber coating. This surface has a relatively high solar absorptance and
a low infrared emittance. Most of the practical selective black surfaces are
produced by taking a polished metal base with its infrinsic low emittance,
and coating it with a very thin surface layer which is oplically dark in the
short wavelengths in which most of the incident solar energy is contained.
By making the layer quite thin it is essentially transparent for wavelengths
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longer than 2-3 microns and the low natural emittance of the base metal is
essentially undisturbed by the superimposed layer. Some typical selective
coatings include: dieleciric interference layers on aluminum; iron oxide on
steel; copper oxide on aluminum; copper oxide on copper; and a nickel-zinc-
sulfide complex, known as Black Nickel, on nickel.

Black Nickel was selected as the absorber coating for the baseline col-
lector configuration because of its high performance and projected low cost.
During the course of this program, the Black Nickel eleciroplating process
was sufficiently refined to repetitively produce absorber panels with a solar
absorptance, «, of 0,94 and an emissivity, ¢, of 0,08, The coating on the
absorber panel used for the baseline collector test program had an « of 0. 955
and an ¢ of 0. 07. Iis performance curve, reflectance ag a function of incident
flux wavelength, is presented as Figure 11. This significant improvement in
performance was achieved by exploiting a unique property of the Black Nickel
complex. If the current density is changed during the Black Nickel deposition,
the composition and refractive index of the deposited nickel-zine-sulfide com-
plex can be changed. This makes two layer coatings possible, thereby
increasing optical flexibility. A selective Black Nickel coating developed by
NASA Marshall Space Flight Center, Huntsville, Alabama, routinely produces
an « of 0.90 and an ¢ of 0, 06. The NASA-MSFC process does not use the
two-layer coating.
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The process used for electroplating the Black Nickel coating is dis-
cussed in Appendix B,
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Coating lifetime and durability are still areas of concern and have not
yet been well evaluated. The coating has been found to degrade on exposure
to 274°C (525°F); however, exposure at 204°C (400°F) does not cause degra-
dation, Humidity degradation has also been examined., Figure 12 shows
three samples coated with Black Nickel. The sample on the left is as
deposited. The center sample was soaked in distilled water for 10 days.
Except for a residue that could be wiped off, the coating was unaffected.
The sample on the right was subjected to MIL~STD-810B, Procedure I
humidity testing; 10 days of 24-hour cycles from 28°C (82°F) to 71°C {160°F)
with 85 to 95 percent relative humidity. The combination of heat and humid-
ity completely degraded the coating. Although this test is more severe than
might be expected in normal collector operation, coating durability is still
considered an area requiring further investigation. One of the design modi-
fications examined as part of this program was the performance of a differ-
ent selective absorber coating known as Black Chrome. This is a commer-
ciglly available electroplating process presently used for decorative appli-
cations; however, when applied properly and in thin enough depositions, it

becomes selective, Black Chrome may be more durable than an equivalent
Black Nickel coating.
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Heat Transfer Fluid

The heat transfer fluid required for use in a solar collector can range
from water to various oils; however, to be suitable for general purpose use,
the fluid should exhibit the following properties:

1} Low viscosity over the range of ambient temperatures
encountered

2) Noncorrosive (with inhibitors, if necessary)
3) Chemically stable over 15-20 year life

4) Good heat transfer properties

5) High heat capacity

6) Low freezing point if low ambient temperatures are
anticipated

It should also be readily available at g reasongble price.

There are several Tluids that can meet most or all of these requirements,
but an ethylene-glycol-based "antifreeze! appears to be best suited for the
application. The heat transfer fluid selected for use in the baseline collector
testing and also in the test program for the alternate design configurations
was Dowtherm SR-~1, produced by the Dow Chemical Company. Mixed with
water in a 50-50 ratio by volume, SR-1 yields a fluid capable of providing
efficient heat transfer over a temperature range of -40°C (-40°F) to 149°C
(300°F).

Insulation

The thermal analysis revealed that conduction losses from the absorber
panel to the collection housing would be a significant constraint on collector
efficiency if not adequately controlled. To reduce these conduction losses,
the baseline design incorporates 7.5 c¢m (8 in. ) of insulation on the underside
of the absorber panel, and 5 ecm (2 in. ) of insulation between the edges of the
absorber panel and the walls of the collector housing. Furthermore, the
mechanical connection between the absorber panel and the collector housing
is accomplished via four bakelite standoffs 7.5 cm (3 in.) in length and 1.9 cm
(0.75 in.) in diameter. Machine screws fasten the respective ends to the
- standoif to the collector housing and to the absorber panel, leaving 5 cm
(2 in.) of solid bakelite for the heat flow path. Figure 13 shows the standoff
in detail.
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Figure 13. Standoff Support

The most cost-effective insulation available today is fiberglass, which
is produced in a variety of densities and corresponding thermal conductance
values, and a variety of binder conditions. Table 1 lists three fiberglass
product types which vary in binder content. Regular building fiberglass
insulation, such as Owens~-Corning PF-3340, has a bakelite binder which
limits its upper use temperature to 121°C (250°F). When heated above
121°C (250°F) the binder burns, giving off both odor and fumes. If the fumes
are not objectionable and do not fog the cover, the material can be used to
371°C (700°F). The insulating value is not degraded at these higher tempera-
tures, provided the material is not compressed. Vibration or mechanical
compression will tend to compress the glass fibers, thereby reducing insula-
ting value. TFiberglass insulation with little or no binders is made specifically
for higher temperature applications, One such product is Certainteed Products
No. 850 fiberglass board, which is semi-rigid and c¢an be used to tempera-
tures of 454°C (850°C). This figure is well above the predicted maximurn
collector temperature of 232°C (450°F), which could occur with no heat
removal (i.e., no fluid flow through the collector).

Loose fill, such as Conwed Mineral Wool, is inexpensive and is capable
of withstanding temperatures up to 649°C (1200°F); however, loose fill insula-
tion tends to settle, particularly in the presence of moisture, and therefore
loses its Insulating qualities.

The common plastic foams, styrofoam and urethanes, are good insulators
but cannot withstand the collector zero-flow temperatures. High temperature
foam insulation, such as Pittsburg Corning Foamglas, is available but is
quite costly. Table 2 presents data for some nonfiberglass insulations.
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TABLE 1. -~ FIBERGLASS INSULATION
 BEEE—

ok
$/m° Tat
Upper use K at 93°C (200°F), :
Insulation type temperature, iﬂ;f m-°C 2'( 9‘? fi};lgtaimk
C (°F') (Btu/fi2 -°F-hr/in. ) 1in thick)
Regular building 121 (250) .0414 (. 287) . 462 (. 043)
insulation (e.g., Owens-
Corning PF-3340)
Indugtrial fiberglass 454 (850) .0432 (. 28) . 826 (L 086)
board (e.g., Certainteed
Products No. 850)
Loose fill {(e. g., Conwed 649 (1200) . 0481 {. 32) . 161 {. 015)
Mineral Wool)
TABLE 2. - NONFIBERGLASS INSULATION
. Pz
Upper use | K at 24°C (75°F), 2$ ém e
Insulation type - temperature, Vg/ m-°C . ‘($ /cfi% aéc
C {°F) (Btu/ft2-"F-hrfin. ) | 70" 00,
Closed cell urethane 107 (225) .0218 (. 15)% 2.42 {.225)
{e, g., Oweng-Corning)
Foam glass 493 (919) .0548 {. 38} 2.37 (.22}
(e.g., Pitisburgh- -
Corning)

_ *Freon diffuses out and air diffuses in, causing increase in conductivity

within 1 year.

**Cosgt figuresg are for 9290 mz (100, 000 ftz) or carload guantities and

are March 1875 prices.

o
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The insulation selected for the baseline collector was Johns-Manville 814,
It is a semi-rigid fiberglass board capable of continuous operation at 177°C
(350°F) and brief exposures to 232°C (450°F), Its thermal conductivity is
0. 042 w/m-"°C, (0.29 Biu/ft%~hr~-°F/in.), and it costs $1.21/m?2 ($0, 112/
££2) for 2.5 cm (1 in.) thickness. This insulation represented a reasonable
compromise between cost, performance, and physical properties.

To substantiate the importance of good insulation between the absorber
panel and the collector housing, an experiment was performed to examine
and evaluate the heat losses due to mechanical support of the absorber panel
and to edge conduction losses from the absorber panel to the collector housing.
The heat loss experiment consisted of operating a collector with no incident
flux and measuring the temperature drop of the heat transfer fluid as it passed
through the coliector. This test was iterated several times with modifica=
tions to the coliector design which provided greater insulation between the
absorber panel and the collector housing,

!

A detailed description of the heat loss experiment and its results is

presented in the following paragraphs.

Isolation and measurement of the heat loss components was accomplished
by a series of indoor test runs utilizing the test arrangement shown in
Figure 14, Ambient temperature was held at approximately 19°C (66 °IF)
and there was zero wind velocity. Fluid inlet temperature was maintained
at approximately 93°C (200°F) by the series connection of a 189.25 1. (50~
gallon) commercial hot water heater and an Isotemp constant temperature
bath. A uvniform mass flow rate was achieved by pumping from the fluid
reservoir to an overhead secondary reservoir, utilized as a gravity feed
head tank of adjustable height. All test configurations of the collector used
a single glass cover, and the complete unit was inelined at 40° from hori~
zontal., The inlet and outlet temperatures were measured with platinum
resistance sensors. Flow rate was measured by both a flowmeter and by a
stopwatch and graduated cylinder,

Heat loss was defined as:

r

Yogs = T By~ By (6)
where
% 0as heat loss per unit absorber area per hour
m = mass flow rate per unit absorber area
hin-hou = enthalpy difference of the fluid (water) at the inlet

and outlet temperatures
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The mass flow rate was calculated at the average fluid temperature, and the
enthalpy values were obtained from "Thermodynamic Properties of Steam"
by Keenan and Keyes. (These tests were performed using water and not the
ethylene-glycol-water mixture. )

The heat loss was measured first on an initial test design configuration
and then on modified versions of that design, The initial design was defined
as a sheet metal box 122 x 122 x 15 cm (48 x 48 x 6 in, ) with cross braces
six wall supports for a 117 x 117 cm (46 x 46 in. ) absorber panel, and 7.5 cm
(3 in.) of soft fiberglass insulation beneath the panel (refer to Figure 15).

The series of modifications was as follows:

1) 'The absorber panel was trimmed to 112 x 112 cm (44 x 44 in.)
and 5 cm (2 in. ) of semi-rigid fiberglass insulation were placed
around the walls of the box (Figure 18).

2) The cross bracing from the bottom of the box was removed
(Figure 17), and the type and thickness of insulation beneath the
absorber panel was varied,

3) The six mechanical supports from the walls of the box were
removed and replaced with bakelite standoffs to support the
absorber panel. The insulation type and thickness were varied
(Figure 18).

The results of the heat loss experiment are shown in Table 3, It is
seen that in going from the initial design to the first modifications, i.e.,
making the absorber panel smaller and adding insulation to the edges, the
heat loss per unit absorber area dropped by six percent,

TABLE 3.~ SUMMARY OF HEAT LOSS RESULTS

Heat ioss/absorber area
Configuration
W /m? (Btu /hr-~1t2)
Initial configuration 410, 2 130
Modification 1 384.9 122
Modification 2
With soft insulation 386. 8 122.6
With semi=-rigid insulation 379.5 120. 3
Modification 3
With soft insulation 367.9 116.6
With semi-rigid insulation 347.4 ‘110.1
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Figure 15, Initial Collector Configuration

for Heat Looss Test

T
&R

e

Figure 16. Mod. 1. Improved Edge

Insulation



Figure 17. Mod. 2. Removal of Cross
Braces and Variation of

Insulation
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Figure 18. Mod, 3, Revised Mechanical
Supports
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. Removal of the cross bracing in the collector box produced a negligible
change in performance, whereas changing the absorber plate support design
significantly reduced the heat loss., A noticeable improvement was also
achieved by using the semi-rigid type of fiberglass insulation. The overall
improvement in heat loss going from the initial test design configuration to
modification three with semi-rigid fiberglass insulation was 15. 3 percent.
All three modifications were therefore adopied for the program!'s baseline
collector design configuration. A detailed section of this collector is pre=
sented as Figure 19.

.

IN

Figure 19. Baseline Configuration
Resulting from Heat
Loss Experiment

e

Collector Cover System

The thermal analysis program predicted that heat losses through the
collector cover would be a significant consiraint to achieving a high-efficiency
collector design; however, iwo sets of design considerations could be employed
to reduce the amount of reradiation losses through the cover.

The initial consideration was to utlhze a selective absorber coating fo
redice the amount of energy reradiated from the absorber panel. The base-
line collector design includes a selective Black Nickel absorber panel coating.
A detailed explanation of the coating and further rationale for iis selection
have already been discussed in the section entitled ""Absorber Panel Coating.'

-
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The second set of design considerations was in the design of the cover
system itself, The analysis program predicted that collector performance
could be improved appreciably by adding a second cover {o the collector,

This performance increase resulted regardless of whether the absorber

coating was selective or nonselective, although the impact of the second

cover was greater when a nonselective absorber coating was specified.

This improvement in collector performance could be negated, however, if the
reduction in incident flux level due to the transmission loss through a second
cover layer became significant when compared to the level of energy reradiated
from the absorber panel. This condition will occur for a selectively coated
absorber panel if the desired mode of collector operation is to run shghtly
above ambient; for example, providing solar-heated water at 38°C (100°F)

with a 21°C (70°F) ambient and fairly high incident flux levels.

Recogmzmg that the more important applications of a solar collection
system require operation well above ambient, e.g., 67°C (120°F), as would
be necessary.for air conditioning, the baseline collector design configuration
was determined to include two covers,

The choice of materials used for the two covers may be varied for each
cover. The outer cover must provide structural strength, transmit a maxi-
mum amount of the incident solar energy, and limit reradiation and convection
losses. It should not be subject to degradation due to ultraviolet radiation;
in fact, it is desirable that it be at least partially opague to the ultraviolet
component. The inner cover should also transmit as much of the incident
radiation as possible while limiting convection and reradiation losses. How-
ever, it needs only enough structural strength to be self-supporting, and if
the outer cover serves as an ultraviolet filter, the inner cover need not be
highly resistant to nitraviolet degradation.

‘Candidate materials for the cover layers include various commercially
available glasses; glass substitutes such as Lucite, Kel-¥, and Lexan; and
plastic films such as Tedlar, Mylar and polyethylene. Each of these mate-
rials is readily available and obtainable over a range of costs.

The spectral transmission characteristics of common glass are shown
in Figure 20. Included in the same figure is the spectral transmission char-
acteristics of less common low-iron glass. The low-iron glass has the more
desirable higher solar transmission. Both common and low-iron glass are
reasonably opaque to infrared, thereby absorbing the long wave reradiation
emitted from the absorber panel. They are also resistant to ultraviolet
radiation. In addition, both glasses are structurally strong; not only self~
supporting, but able to carry wind, rain and snow loads. These glasses are
also more abrasion resistant than plastics.

The spectral transmission characteristics of two plexiglass products,

TLucite and Kel-F, are shown in Figure 21. The Lucite has a particularly
high transmission in the solar wavelength region; however, plexiglass is not
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very opaque in the infrared region, as is shown in Figure 22. This lack of
infrared absorption effectively cancels the transmission advantage of plexi-
glass. Iis physical sofiness reduces its desirability for use as an outer ’
cover; however, it is self-supporting and may therefore serve as an inner
cover. Care must still be used, even if it is selected as an inner cover,for
when heated to 72°C (162°F) it may distort,

The plastic films are potentially attractive candidates because of their
low cost. Dupont Tedlar is quite transmissive in the solar region; however,
it is not particularly opaque in the infrared. The transmission spectra of
Tedlar is given in Figure 23. The material is reasonably durable with regard
to ultraviolet exposure; however, if it is used as. an inner cover, ultraviolet
durability may not be required. If Tedlar is used it must be mounted in a
frame or other supportive device, thus reducing its cost effectiveness.

Other films such as polyethylene can be considered for the inner cover.
The transmission of polyethylene is shown in Figure 24, Solar transmission
is again good, but long wavelength opacity is poor. This film would also
require a support device, such as a wire mesh or frame,

Despite the potential attractiveness of the plastic films as an inner cover,
glass was selected for both the inner and outer cover of the baseline desgign
configuration. This decision was influenced by the unknown cost factors of
frame design and material life expectancy inherent to using the plastic films.
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The glass used was Fourco Clearlite, a low-iron glass, untempered and in
single strength, 0.23 cm (0.090 in.) thick. Based on the results of the thermal
analysm the two cover layers were spaced 3.0 cm (1.25 in.) apart, and the
inner cover was placed 3.2 cm (1. 25 in. ) above the absorber panel. The
space between-the two covers was not hermetically sealed, An investigation
of alternate cover materials was performed during the course of the program.
The investigation included evaluation of a Tedlar inner cover, a Lexan outer
cover, and antireflection-etched glass surface for both inner and outer covers.

Collector Housing

The collector housing serves three functions: it is a pan in which all the
other collector components are nestled; it locates the absorber panel and fixes
its relationship with the cover system; and finally it functions as a weather
barrier.

The housing design selected for the baseline design configuration is com-
posed of 15 piece parts, grouped into 4 different subassemblies; the pan or
box, the cover support, the cover spacer, and the top cover bracket. All
the piece parts are fabricated from sheet metal. The exterior sides of the
assembled housing are coated with a chromide primer to prevent rusting and
then painted with a decorative enamel.

The pan or box is assembled from three pieces of 24-gauge steel. The
base is folded up to form two sides of the box., The other two sides are
fabricated separately and spot-welded to the base to completie the box. Four
U-shaped troughs are cut in opposing corners of the box fo accommodate the
absorber panel inlet and outlet tubes. Figures 25 and 26 show the piece
parts, and Figure 27 shows the assembled box. Figure 27 also includes the
next subassembly: the cover support. The cover support consists of four
pieces of folded 24-~gauge sheet steel which are gas welded together at the
corners to form a frame. This frame slips over the top edge of the assem-
bled box and forms an internal lip on which the inner cover glass sits. Fig=
ure 28 shows the cover support piece part. Locating the cover support on
the top edge of the assembled box automatically fixes the 3.2 cm (1,25 in.)
spacing between the inner cover and the absorber panel.

The cover spacer is formed by gas welding four sections of U-shaped
20-gauge steel together to form a frame, This welded frame rests on top of
the inner cover and supports the outer cover. The cover spacer auto-
matically establishes the 3 cm (1. 25 in. ) spacing between inner and outer
covers, TIigure 29 shows the cover spacer piece part.

The top cover bracket is formed by folding strips of 0, 15 cm (0, 060 in, )
aluminum sheet stock. See Figure 30 for the shape. The choice of
aluminum instead of steel was dictated by the desirability of having folded
corners for the top cover bracket., As can be noted from Figure 30, the
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assembled top cover bracket has a joint in the middle of each side of the
housing, instead of at the corners. This design makes the corners neater
and safer. The top cover bracket is placed over the outer cover and fastened
to the sides of the housing by sheet metal screws. Before placing the top
cover bracket over the outer cover, a strip of butyl rubber weather stripping
is attached to the inside top edge of each bracket section so that it will form
a weather seal for the outer cover when the top cover bracket is fastened
dowr.

Sheet metal was chosen for the housing piece parts primarily for expe-
diency., Folded sheet metal parts are readily fabricated with a minimum of
machines and tooling, yet they retain the potential for being adapted to
automated fabrication techniques for production quantities. Other material
candidates for the housing might be extruded or injection molded plastics,
wood and wood composites, aluminum extrusions and sheets, or combinations
of these materials.

Using materials other than metal presents certain problems: A plastic
housing must include an ultraviclet inhibitor to reduce degradation and a fire
retardant to reduce flammability, A wooden housing must be treated to reduce
weathering and to make it fire resistant. Yet these problems are not insur-
mountable, and a careful study program might enable the design of a non-
metallic collector housing that would certainly be lighter, and perhaps, cheaper,

COLLECTOR PERFORMANCE PREDICTIONS

Based on the thermal analysis it was possible to predict the performance
of a fixed collector design given a set of input parameters, This process
was programmed for operation on a CDC 6600 computer. The analytically
predicted response to a given input could then be calculated for a number of
input parameter sets to generate points to form a collecior performance
curve. This collector performance curve could then be characterized by the
well-known form:

AT .
collector to ambient
n=kqa T -k (7}
1"absorber’' cover 2 Qinci dent
where

o = absorptance

kl,kz = thermal efficiency factors dependent of definition of AT

n = collection efficiency
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Qinci dent = incident solar flux

T = transmittance
AT = temperature difference beiween collector and ambient

Figure 31 presents the resulting predicted performance curve for the
baseline collector design configuration. The performance prediction graph
presents collection efficiency, m, as a function of the temperature differen-
tial between collector fluid inlet and ambient, divided by the incident flux
level, The adequacy of representing this function by a linear equation can be
gauged by examining the data points indicated in Figure 31. The single line
drawn through the points is actually the graphical average of four distinct
sets of points, The four sets were generated by fixing the ambient tempera-
ture and the fluid inlet temperature and modulating the incident flux level.
Two fairly obvious conclusions may be drawn from these data: for a fixed
temperature differential between ambient and fluid inlet, collection efficiency
is directly proportional to the incident flux level; secondly, the rate of change
of collection efficiency increases as the size of the temperature differential
between ambient and fluid inlet increases, However, as may be seen from
the total spread of the four sets of data points, a linear approximation of the
performance curve presents a reasonably good fit to the actual predicted
performance level, except perhaps at the intercepts,
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Once the predicted performance for the baseline collector design con-
figuration was established, it hecame possible to evaluate the anticipated
effects of design modifications, Two particular design modifications were of
primary interest: the change in performance attributable to the use of a
selective coating; and the change in performance attributable to the second
cover layer.

The analytically predicted performance for a two~cover collector with
a nonselective absorber coating is shown in Figure 32, The data are pre-
sented in the same format as that for the baseline collector design configu~
ration in Figure 31, The predicted performance line for the baseline
collector is added for purpose of reference. A comparison of the two
predicted performance lines presented in Figure 32 indicates that a selective
absorber coating provides significantly greater collection efficiency, except
if the differential temperature between ambient and fluid inlet is small and
the incident flux level is high, This statement may be geneneralized o say
that the improvement in collection efficiency obtained by adding a selective
coating to the absorber panel is directly proportional to the temperature
differential, AT, and inversely proportional to the incident flux level, Qjpc-
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The predicted effect of adding the second cover. layer was examined for
both the selective and nonselective absorber coating, Figure 33 shows the
predicted performance for a collector with a selectively coated absorber
panel and one cover layer. The baseline performance reference line is also
included. Losses from a selectively coatfed collector are sufficiently low
that the reduction in convection loss gained by adding a second cover is offset
by the reduction in incident flux level caused by passing through that second
cover; that is, until the combination of AT and Qjn. produces a sufficiently
large ratio. In terms of the potential applications, it appears that air-
conditioning would generally benefit from the Second cover, as would heating
in northern climates or low solar flux levels.
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Figure 33. Predicted Performance for a
Collector with a Selective
Absorber and One Glass Cover

The question of whether or not to add a second cover appears more clear-
cut for a nonselective absorber. Figure 34 presents the predicted performance
for a collector with a nonselective absorber and one cover. Here, the second
cover improves collector performance significantly for essentially all opera=-
ting conditions (compare Figure 34 with Figure 32),

It may also be noted when comparing Figures 34 and 33 that a collector
with a nonselective absorber coating, even with the benefit of a second cover
layer, is not expected fo perform as eff:.mently as a collector with a selective
coating and only one cover.
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The performance predictions examined thus far contained some simplifying
assumptions with regard to ambient conditions: that wind velocity was zero
across the face of the collector, that the incident solar flux was entirely direct
radiation, and that the incident solar flux was orthogonal to the front surface
of the collector. The effect of these assumptions was also investigated.

The predicted effect of wind on collector performance is presented in
Figures 35 and 36, for selective and nonselective absorber coatings, respec-
tively, Figure 35 examines the effect of a 32-kph (20-mph) wind on a
collector with a selective absorber and either one or two covers. A 32-kph
(20-mph) wind reduces collector performance, regardless of whether there
are one or two covers; but the impact is significantly greater with only one
cover, Comparing this response to that for a collector with a nonselective
absorber, as shown in Figure 36, it ig obvious that the effect of wind is more
pronounced with a nonselective absorber, Some interesting conclusions may
be tentatively drawn from comparing Figures 35 and 36. The performance of
& collector with a seleciive absorber and two covers under a 32-kph (30-mph)
wind is essentially egual to that of a collector with a nonselective absorber,
two covers and no wind., A second conclusion is that a collector with a selec-
{ive absorber and one cover still performs better than a collector with a non-
selective absorber and two covers, even with the added factor of a 32-kph
(20-mph) wind,
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Figure 37 shows predicted performance of a collector with a selective
absorber when operating under the condition of a large diffuse component in
the incident solar flux, such as would be expected on a cloudy day. Here the
performance for the collector is compared between operation with an incident
flux that is 100-percent direct radiation, and one that is 50-percent direct
radiation and 50-percent diffuse radiation. This comparison is made for
both one-cover and two~-cover configurations. The net effect of a large diffuse
solar flux component appears to be a uniform reduction in collection effi-
ciency, amounting to a few percentage points all along the operating line.
This small uniform loss in collection efficiency appears to be independent
of the choice of one or two covers for the collector. Figure 38 presents the
same analysis for a collector with a nonselective absorber. Here, too, there
is a small uniform loss in efficiency for both one- and two-cover configura-
tions. In addition, by comparing Figures 37 and 38, it appears that the
presence of a large diffuse component causes about the same performance
loss whether the collector has a selective or nonselective coating on the

absorber panel.

The uniform change predicted for variations in the diffuse component is
of particular interest in light of the test program, to be described in the next
section of this report. The conclusions drawn from Figures 37 and 38 lend
credibility to the use of a solar simulator for testing collector designs under
controlled conditions. The incident flux output from the solar simulation is
effectively 100~-percent direct radiation, and yet, based on the resulis of the
foregoing analysis, test resulls using a ‘solar simulator should be applicable
even for cloudy day collector operation.

100 5 Selective coated abgorber

Amb. temp. 37.8°C (100°F)
Inlet temp. 93°C (200°F)
Zeto wind

Efficlency, percent

- == 2 cover

1 caver

20 1
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& DIffdlr=1
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0 20 40 &0 80 100 CF/Bu/te-R)
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Figure 37, Predicted Effect of Changing
Diffuse to Direct Ratio for a
Collector with Selective Absorber
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Figure 38. Predicted Effect of Changing Diffuse
to Direct Ratio for a Collector with
a Nonselective Absorber

The final variation considered in the analysis program was the effect on
collector performance of changing the incident angle of the incoming solar
flux, Figure 39 contains the expected performance of both a selective and a
nonselective absorber, each with one cover or two covers, when subjected
to a given solar flux applied at varying incident angles. As can be seen from
the figure, collector performance varies only slightly until the flux incidence
angle gets out to 45 degrees off-nermal; from there it drops off more rapidly,
approaching zero as the flux incidence angle passes 60 degrees from the
normal, This result indicates that a fixed collector position would allow
adequate response to the varying sun angle for most of the operating day.

To determine the effect of variable incident angle for a collector with a
selectively coated absorber panel, it was necessary to understand the degree
of angular dependence which a selective coating would be subject to. This
relationship was established by performing a series of tests on a sample
coated with Black Nickel, the baseline collector design configuration absorber
coating. Figure 40 presents the family of reflectance spectra for off-angle
testing of the Black Nickel sample. As can be seen from the figure, reflec-
tance as a function of incident energy wavelength does not vary appreciably
until the incident angle of the incoming flux reaches 60 degrees from the

normal,

To establish the validity of the analysis and performance prediction code,
a test program was devised to provide correlation, The details of the test
program and its performance results are the subject of the next section of

this report.
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BASELINE TESTING

The test and evaluation program had three primary objectives: to
investigate the performance of the baseline collector design configuration
when subjected to known input parameters, to examine alternate materials
and their effect on performance, and to establish correlation between actual
operation and the predicted performance. The last point applies to both the
analytically predicted performance and also to the correlation between testing
with the solar simulator and outdoor operation.

Baseline Test Objectives

The test matrix performed on the baseline collector design configuration
investigated the effects of variations in four input parameters: fluid inlet
temperature, incident flux level, flux angle of incidence, and diffuse/direct
component ratio of the incident flux. In addition, tests were performed to
determine collector startup time, startup time being defined as the time
required for the average absorber panel temperature to reach 93°C (200°F),
with a given incident flux level and a zero fluid inlet mass flow rate.

Indoor Test Facility

The baseline collector test matrix was performed in an indoor test facility
that utilizes a solar simulator to provide the incident flux, as advocated by
Simon and Harlamert. (6) The solar gimulator generates a range of flux levels
that closely approximate the distribution of the solar spectrum at air mass 2.
The simulator consists of 143 projection lamps evenly spaced in a 1. 83 m (6 ft)
square array containing 13 rows and 11 columns. The output from each lamp
is collimated by a 15-cm (6 in. ) diameter plastic Fresnel lens set in an array
23 cm (9 in. ) in front of the lamp array. Using the Fregnel lenses results in
a flux output that is essentially 100 percent direct radiation.

The solar simulator is powered by a 3-phase, 208=volt wye configuration
circuit capable of providing 43, 000 voli-amperes of power. Each phase 6f
the circuit is monitored by an SCR power controlier which restricts the
power output from zero to full scale, dependent on an operator-supplied
control signal. The full scale output from the solar simulator is 1010 w/ m2
(320 Btu/hr-1t2) at a distance of 4.57 m (15 ft) from the lens array. This
solar simulator is similar in design to that at the NASA-Lewis Research
Center, Cleveland, Ohio. A detailed discussion of sclar simulator design
and operation may be found in NASA Technical Memorandum TMX-3059,

"I ow-Cost Air Mass 2 Solar Simulator."{11) The simulator in actual
operation is illustrated in Figure 41,
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Figure 41, Solar Simulator in Operation
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The collector test loop is presented diagrammatically in Figure 42,
System operation is as follows:

The glycol/water mixture was pumped from the reservoir toa 4.57 m
(15 ft) constant head tank. An overflow line to return fluid to the reservoir
maintained a constant pressure head. This pressure head drove fluid to a
conventional hot water heater and then through a constant temperature bath.
From there, the fluid went through the flowmeter and to the collector. The
outlet from the collector returned fluid to the reservoir and completed the
cycle. A valve placed between the constant temperature bath and the flow-
meter regulated the flow.

Mixing cups were inserted at the inlet and outlet of the collector. A five-
junction thermopile and a thermocouple were placed in each mixing cup.
From these, the fluid temperature difference across the panel and fluid inlet
and outlet temperatures was found. Another thermocouple placed behind the
collector stand measured the ambient temperature. These temperatures
were recorded on a digital recorder. Iron=-constantan thermocouple wire

was used.

The flow rate was determined using a calibrated flowmeter. As the
system approached steady state, the flow rate was maintained at a constant
value, This flow rate was also periodically checked by measuring the time
for the return fluid to fill a 1000=ml graduated cylinder.

The flux from the simulator was determined using an Eppley pyranometer.
A 16=-point flux map at the collector surface was made and recorded for each
experimental run. The average value was used as the effective incident radia-

tion level,

Baseline Test Matrix

The tests performed on the baseline collector are listed in Table 4.
As can be seen from this table, each performance test was run with a 48. 9 kg/
hr-m2 (10 lbm/hr-ft2) flow rate of nominally 50-50 water-ethylene-glycol
solution. The collector was tilted at an angle of 40 degrees with respect to
horizontal and had a zero effective wind velocity across the face of the
collector.

A test cycle consisted of preheating the fluid reservoir to the desired
inlet temperature, 27°C (80°F), 49°C (120°F), 71°C (160°F) or 93°C (200°F),
allowing flow through the collector to maintain inlet temperature equilibrium
throughout the system. Once the desired inlet temperature was attained, the
primary heater was shut off, the flow rate adjusted to 48.9 kg/hr-m2 (10 lbm/
hr-ftz), and the inlet temperature trimmed and maintained by the constant
temperature bath.
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TABLE 4, - BASELINE COLLECTOR TEST MATRIX

(TEST DATE)

Aluminum panel

Selective Black Nickel coating, « = . 955

Ambient temperature = 21°C (70°F)

Wind velocity = 0 kph (0 mph)

Collector tilt angle = 40°

Mass flow rate = 48 g kg/ hr-m (10 Ibm/hr- ft )

Angle of

Flux, Inlet temperature
in‘(’iiggence’ W /m? 2750 29°C 71°C 93°C
(Btu/hr-ftz) (80°F) (120°F) | (160°F) (200°F)
0 ) 473 {150) 8/14 8/14 N/A 8/1
Diffuse/direct = 0 789 {250) 8/14 8/14 8/14 8/17
1010 {320) 8/14 8/14 N/A 8/
40 473 {150) 8/30 9/9 N/A 0/13
Diffuse/direct = 0 789 (250) 8/30 9/9 9/10 9/18
1010 (320) 8/30 9/9 N/A o/18
473 {150) 8/30 0/9 N/A 8/13
Diffusel direct = 0 789 (250) 8/30 9/9 9/10 8/18
1010 (320) 8/30 9/9 N/A 9/18
0 789 (250) 10/10 11/14 | 11/18 11/19
Diffuse/direct = 1 1010 (320) 10/10 11/14 N/A 11/18

Startup test:

Plate temperature: 27°C to 93°C {80°F to 200°F)

Mass flow rate: 0 kg/hr-m® (0 Ibm/hr-ft%)
Flux, W/m? (Btu/hr-1t2): Date
789 (250) 8/29
1010 (350) 8/29
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After firing up the solar simulator, the flux map for the intended incident
flux level was measured, and the illuminated collector was allowed to run
until equilibrium was observed for the fluid temperature rise across the
collector. Values for the inlet temperature, fluid temperature rise, fluid
mass flow rate, and incident flux level were then recorded. The aétual
measurement process took approximately one half hour, once initial fluid
inlet temperature equilibrium had been achieved.

The measurement process was then repeated for the next incident flux
level, without altering the flow rate or fluid inlet temperature.
Test Results
The test data is presented and discussed in the following sections. The

bulk of the data is presenied by plotting the efficiency, 7, as a function of
(Tin = Tamb}/Qine. The efficiency is defined as:

n= Qcoll/Qinc . (8)
where

Q.o = heat flux delivered to the collector fluid (per unit ‘
absorber area)

ch = incident solar flux measured in the plane of the collector
surface (per unit absorber area)

Tamb = ambient temperature

in = fluid inlet temperature

The heat flux collected is obiained from the test data by:

Qeop = 10 Cppig Tout ™ Tin) (@)
where
Cp_ .. = heat capacity of the collector fluid
fluid -
m = collector fluid‘ mass flow rate (per unit absorber area)
(T.ou . Tin) = collector fluid temperaﬁre difference between the

_ outlet and inlet (as measured with the differential
thermopile) )
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Ags will be seén from the test results, the pardmeters used do a good
job of cofrelating the data. In addition, they allow direct comparison with
one of the commonly used collector performance mudels:

where

R
]

T

-
n

e
L

c
i

absbrptance of the eollector pldte
Heat removal éfficieticy factor
tradshittance of the cbvefs
coliedtor heat loss toefficient

Tin * Tamd

'n=Fr arTe-UL ®)

inc

. s, |"n '"-, iy 4. *'x "
Baselitie performance results.- The performance of the baseline

(10)

collector is shown in Figure 43; Note thdt this performadlice curve is only
applicable for 100-percerit direct radi'a'.ticiii impifging on tij‘é collector with
a O-degree incident angle; however; it does demonstrate thie effect of
varying inlet températire and irelidént flix level.
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Efficiency varies inversely as the differeéfitial temiperature from ambient
to operating temperature, This, of course, is reasonable as heat losses

from both convection and conduction will increase as the driving force of the
temperature difference between collecior and ambient increases,

A second interesting point relative to the effect of varying inlet tempera-
ture is the case when Tip - Tamp = 0. When the losses due to the external
temperature differential are held to zero, approximately 30 percent of the
incident radiation is still not utilized., This points out an area of collector
design that requires considerable care. As evidenced in Equation (10), the
intercept of the performance curve is a function of cover transmission and
collector absorptance. Improving either of these two factors will tend to
increase the intercept, assuming the heat loss factors are not impacted by
the improvement in 15 or @. This effect became evident later in the re-
search program as varying absorber materials and cover materials were
tested while retaining the same collector conflguratlon The results of
these tests will be examined further.

The other factor exhibited by the graph of Figure 43 is the effect of
varying incident flux level, Collection efficiency increases as incident flux
level increases, This is the loglcal response in that heat losses through the
collector are a function of T; b and not a function of Q;,,.; therefore,
for a given operating temperatureﬁos ses will be fairly consistent, thereby
reducing the effective heat available for transfer to the working medium.
Incident flux levels exceeding that required for collector losses are then
available for transfer.

As mentioned previously, Figure 43 does not represent collector perfor-
mance as a function of flux incidence angle. Performance graphs that allow
comparison of 0-, 40~ and 60-degree flux incidence angles are presented as
Figures 44 and 45, The reduced performance is primarily the result of
decreased window transmittance as the angle increases. An experiment
performed to determine the effect of flux incidence angle on collector cover
transmission did indicate that glass transmission decreased as a function of

increasing incident angle, dropping off quite sharply as the angle of incidence
approached 60 degrees, This experimental result for the glass transmission
correlated well with the published data from Hottel and Whillier's paper
"Evaluation of Flat Plate Solar Collector Performance.'(5) It also provided
good correlation with the predicted performance variation with incident angle
(see Figure 46) at least for high inlet temperatures. As previously described,
experiments performed on a Black Nickel-coated absorber sample indicated
only a weak angular dependence for the absorptance over the range of angles
considered. It should be noted however, that off-normal collector perfor-
mance is still lower than predicted by glass transmission loss alone,

The final variable considered in the baseline test matrix was the effect
of variation in the diffuse [direct component ratio of the incident flux, To
evaluate this effect, the solar simulator was modified by placing a grid be-
tween the collector and the simulator. This grid was a checkerboard arrange-~
ment of 1,25 cm (0.5 in.) squares alternating between clear glass and
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"frosted' or sand blasted glass., Measurements performed on a grid sample
indicated the radiation from the solar simulator was modified from essen-
tially 100 percent direct radiation to 46 percent diffuse and 54 percent direct
radiation by passing through the grid prior to irradiating the collector.
Collector performance under these modified radiation conditions is presented
as Figure 47, By comparison to the results for all direct flux, it may be
noted that the effect of increasing the diffuse component appears to be a
slight overall reduction in effective transmission of the collector covers.

Figure 48 presents the test series performed on the baseline collector
to determine startup time. As mentioned earlier, this test measured the
time required for the absorber plate to reach a desired operating tempera=-
ture; in these cases 93°C (200°F), given a sudden inception of incident radia-
tion, The tests were performed with liquid in the collector, but with no flow.
The flgure shows that startup time for the baseline collector design configu-~
ration is significantly shorter than the design objective startup time of 30
minutes or less,
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ALTERNATE COLLECTOR CONFIGURATION TESTING

Another objective of the test and evaluation program was to examine
other materials as candidates for the collector absorber and the collecior
covers. Of particular interest was the comparative performance of a
collector using a nonselective black paint as its absorber, Surveys of
current literature reveal that black paint is probably the most commonly
used absorber coating. The paint used was 3M Black Velvet which has a
solar absorptance of approximately 0. 95 and an infrared emittance of
approximately 0. 9. In addition to examining black paint on the aluminum
absorber panel, selective Black Nickel on a steel absorber panel and selec-
tive Black Chrome(12) on a steel absorber panel were also evaluated, The
radiation properties of a sample of Black Chrome on steel are shown in
Figure 49. .

Tt should be noted, however, that the commercial Black Chrome

(Harshaw Process) left a black soot-like deposit on the absorber panels.
Removal of this deposit reduced the coating's o to 0. 80. -
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Figure 49. Radiation Properties of Black Chrome on Steel

The choice of cover materials was examined by performance testing
five different cover types on the same baseline collector used for baseline
testing, and also by testing the same five cover types on a collector with
a nonselective black paint on aluminum absorber panel. The five cover-
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types investigated and examined for comparative performance were: two
sheets of glass; one sheet of glass; an outer sheet of glass and an inner sheet
of Tedlar; one-sheet of Lexan; and two sheets of surface etched antireflection

glass,

Table 5: presents the test matrix.performed«io complete the evaluation
of the various absorber and cover choices. It should be noted that here, .
unlike the baseline test matrix, only one incident flux level was used; i.e.,
789 w/m2 (250 Btu/ft®~hr), By testing at four different inlet fluid tempera~
tures, it was possible to generate a performance curve, such as was done
for the baseline collector. The tests listed on the matrix were performed on
the same test arrangement used for the baseline testing, with the collector
tilted at 40 degrees with respect to the horizontal and an inlet fluid mass flow
rate of 48, 9-kg/hr-m?2 (10 Ibm [hr-fi2),

Graphs comparing collector performance for the four absorber material
combinations are presented in Figures 50 and 51. Figure 50 is for low-
temperature operation, An inlet temperature of 49°C (120°F) compares
performance under conditions of low collector heat losses. The data pre-
sented in this figure show that for high incident flux levels and low-to-
moderate temperature differentials between ambient and the collectors, a
nonselective absorber is adequate.

Figure 51 presents the same four absorbers at the other end of their
operating spectrum: a fluid inlet temperature of 93°C (200°F) and a collector-
ambient temperature differential of-72°C (130°F). Under this set of condi-
tions, the reradiation losses of the nonselective absorber become much more
dominant and performance of both the Black Nickel-aluminum and the Black

' Nickel-steel absorbers is significantly better than that of the nonselective

black paint absorber.

A final point of interest is evident in both this figure and the previous
figure, Both the Black Nickel-steel absorber and the Black Nickel-aluminum
absorber have essentially the same performance levels., This is reasonable
as samples of both coatings exhibited the same response; as a weighted
average over the solar spectrum both Black Nickel samples had an absorptance
(@) of 0,95 and an emissivity (¢) of 0,7, In addition, the spacing between
flow tubes was adjusted for the steel absorber panel design to give it the
same thermal resistance between tubes as the aluminum absorber panel.

The full range performance curves for-the four absorber types are pre-
sented at the end of the next section with: the performance curves of the cover
choice investigation.

Figures 52 and 53 present the comparative performance of five various
cover types when used in conjunction with a Black Nickel-aluminum absorber.
As in the absorber material investigation, the graphs presented show com-~
parative performance with a small 28°C (50°F) temperature differential
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TABLE 5.- ALTERNATE CONFIGURATION TEST MATRIX

(TEST DATE)

Incident flux = 780 W/m2 (250 Btu]hr-ftz)
Diffuse/ direct = 0

Ambient temperature = 21°C (70°F)

Wind velocity = 0 kph (0 mph)

Collector tilt angle = 40°

Mags flow raie = 49 kg)'hr-m {10 Ibmm/hr-£t )
Angle of incidence = 0°

Inlet temperature
.. Panel Cover a7oC 49°C giec 93°C
(80°F) (120°F) (160°F) (200°F)
Aluminum, One glass, r=,92 8/22 8/19 g/22 8/23
selective Black _
Nickel coating, One Lexan, 7=.85 9/3 9/9 9/10 9/12
=, 95 Two glass, 7= .85 8/14 8/14 8/14 8/7
Glass/Tedlar, 7 = .86 | 11/26 11/21 11/21 11728
Two AR glass, T = .92 11/26 1i1/26 11/28 11/28
One class, 7= .92 11/22 11/14 11/19 11/28
ﬁluminum. One Lexan, 7= .85 9/4 9/6 g/10 af12 -
lack paint
coating. Two glass, T= .85 7/30 9/6 9/10 9/12
=, 97 Glass/Tedlar, 7= .86 | 11/26 11/21 11/21 11/19
Two AR glass, v=.92 | 11/26 11/26 11721 11/28
Steel, Two glass, r= .85 11712 11/14 11/19 11/19
selective Black : ‘
Nickel coating, = , 94| .
Steel, Two glass, T= .85 2/2 2f2 2/2 2/2
selective Black
Chrome coating,
a=,935
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between ambient and fluid inlet temperature and again with a large tempera—
ture differential 72°C (130°F), This pair of comparisons is made for low,
medium, and high incident flux levels,

Using the baseline collector (two glass covers) performance as a base- -
line, the following conclusions may be drawn from these two figures: at low
fluid inlet temperature the transmission factor, Ty, determined by both the
cover material and cover configuration (i.e., one or two covers), is the
dominant factor in setting the comparative performance levels. At high inlet
fluid temperature, the losses are a significant factor, and the additional
reduction in losses created by adding a second cover outweighs the effect of
differences in the effective transmission factor of the cover.

Figures 54 and 55 are the same performance comparison excepi that the
collector tested had a nonselective black paint absorber. Similar conclusions
may be drawn about the impact of the various covers with regard to collector
performance, The major difference in the test results is that the greater
amount of reradiation loss from a nonselective absorber causes losses in the
collector to he a greater factor at ruch lower temperature differentials,

As can be seen from Figure 54, unlike the case for the selective absorber,
the performance of the glass/Tedlar cover and the single Lexan cover is not
better than the two-glass cover, even at low fluid inlet temperatures, although
they both have higher transmission factors. The one-glass cover, on the
other hand, has better performance than the two-glass cover., The apparent
explanation here is that the glass is opaque to infrared and therefore provides
a greater greenhouse effectiand reduces the losses, However, at low operating -
temperatures, one sheet of glass is about as effective as two sheets, and its
transmission 18 significantly greater, giving better performance.

The higher operating temperature testing shows essentially the same
phenomena, although here, the one cover~two cover difference in reducing
losses is great enough to overcome the improved transmission of one cover
versus two covers.

A final point in connection with these last four flgures is the performance
of the two AR (antireflection surface etched) glass cover.” Figure 56 illus-
trates the impact of using AR glass for the collector cover. The transmis-
sion of the glass is improved to the extent that two sheets of AR glass still
yields a higher effective transmission than one sheet of ordinary glass,
Combining this high effective transmission with the reduction in convection
losses available from using two sheets of glass results in the best performing
cover configuration independent of absorber material or operating conditions.
A description of the glass etching process is included in Appendix E.

The full perforniance curve generated for each combination of cover and
absorber tested is included herein as Figures.57 through 68. They allow
comparison of the various combinations of operating poinis other than those
already presented. The actual test data taken {o generate these performance
curves,as well as the baseline testing, are presented in Appendix C.
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COMPARISON OF TEST RESULTS TO
PREDICTED PERFORMANCE

The performance data obtained by testing with the solar simulator pro-
vides a means for establishing the degree of correlation between the analysis
effort that guided the collector design and the actual performance of the
resultant collector, The analytical predictions of performance can be com-
pared with the empirical results for the baseline collector design, a collector
with a nonselective absorber and two glass covers, a collector with a selec-
tive absorber and one glass cover, and a collector with a nonselective
absorber and one Cover.

The performance predictions generated during the analysis phase of the
program. utilized assumed values of component performance variables in
determining the expected collector performance. Tests performed during
the fabrication phase of the program indicated that some of these assumed
values were not sufficiently accurate. The variation between assumed and
actual values for the absorptance and emittance of the absorber coatings,
both selective and nonselective, and the transmission factor of the glass used
in the covers is tabulated below:
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Analytic. Experimental
Variable assumption value

'

Selective coating

@ 0.90 0. 94
e 0.10 0. 06

Nonselective coating

o 0. 90 0. 97
€ , 0,90 0. 97

Cover glass

T 0.92 0,92

Attempts to correlate the performance predictions and actual test data must
consider these variations in value.

The variation between experiment and analysis can best be seen by
examining the graphs. Figures 69 through 72 present the comparison of the
performance curves for the four collector designs considered in the analysis.
Each performance curve is an equation of the forms:

T. - T
. in amb
ne FB’ [af'l'e UL Qinc ]
where

M = collection efficiency
Fp = heat removal efficiency factor
o = absorptance of absorber coating
Te = {ransmission of cover system
UL = collector heat loss coefficient
Qinc = incident flux level
Tin = fluid temperature at collector inlet
Tamb = ambient temperature surrounding collector

(i
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In graphical terms, FraTe corresponds to the intercept on the ordinate and
FRUy, is the slope of the curve. Since the values of o and 7¢ used in the
analysis differ somewhat from the experimental, it is reasonable to expect
imperfect correlation between the experimental and analytic values of FRroTe;
however, given the discrepancy in input values, the variation exhibited between
experimental and analytic results probably provides a satisfactory 'degree of
correlation. The values determined for FrUy,, however, are consistently

low in the analytic predictions,

To provide a more detailed examination of the differences between the
analysis and the test resulis, Table 6 presents a comparison of the coeffi~
cients from the performance curves of the four collecior coiifigurations
examined in the analysis section and their actual performsance results from
the testing done with the solar simulator.

"The values are derived ag follows:

.« _ Intercept of performance curve

B
R aT,

_ Slope of performance curve
L Fp

U

The transmittance, 7, of a single cover and the absorptivity, « , of the
absorber panel are found experimentally, (z}i‘rom these values, the product of

a T, can be found from the equation below

1 -~
Ta

1
a're=a’{'1' +
Coa

where

v = single cover transmittance

= number of covers

T_ = transmittance of cover system, allowing for absorption
losses only = , 99", where n = number of covers

C = constant, a function of the number of covers*

By comparing the Uy, values from the chart, it becomes obvious that the
analysis has underestimated the heat losseg from the collector.

sNumber of covers 1 2 3 4
Value of C 4.8 3 2.7 2.6
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TABLRE 6.~ COMPARISON OF PERFORMANCIE COREFIICIENTS DERIVED
FROM TESTING AND ANALYSIS

RIrTvnd wod3
81 BOVd TVNIBRID

Experimental resull Analytic prediction
Collector configuration '
F Exp. U . F Anal, u
Intercept| art ar, R slope L Inte_rcept af aTy R slope L
Sclective aluminam 0.74 0,80 | 0.80 [0.93 0,57 | 0,63 0,74 073 {077 0.96 | 0.44 | 0,46

absorber with two
glass covers
(bascline collector)

Nonsclective aluminum 0.80 [0.82 | 0.83 [0.96 ] 0.94 | 0,98 0.74 0.73 | 0.7%7 1 0.96 | 0.68 | 0.71
absorber with two
glass covers

Sclective aluminum 0.82 |0.85 | 0.87 |0.94 | 0.84 | 0. 84 0.79 0.81 | 0 83 ] 0.95 | 0.587 } 0.61
absorber with one ,
glass cover

Nonsclective aluminum 0.89 [0.89 | 0.89 1.0 1.3 1.3 0.78 0. 81 0.83 | 0.94 0. 97 1.03
absorber with one
glass cover

18




These resulis can be compared with typical values found in the literature.
For a nongelective black panel with fluid bathing the entire black surface,
Hottel and Whillier(2) found Uy, = 1, 2 for a one-cover system and 0.7 for a
two-cover system. Our analysis compares well for the two-cover system,
but is quite low in comparison with their one-cover result,

OUTDOOR TESTING

Qutdoor collector performance tests were conducted in Minneapolis.
Two configurations, the baseline and the black-painted~aluminum absorber,
two glass cover, were tested, The two collectors were operated simul-
taneously to allow direct performance comparisons to be made for the same
conditions of solar flux, ambient environment, and inlet temperature. The
outdoor tests also provided a means for correlating the solar simulator
results with actual collector performance.

The outdoor test set-up is presented schematically in Figure 73 and:
photographically in Figure 74. As shown in Figure 73, fluid is supplied to
the collectors using a constant head-tank type of flow loop similar to ihat
used in the indoor tests. The ethylene-glycol/water mixture was pumped
from the reservoir to the constant head tank. To help achieve the required
inlet temperature, auxiliary heaters were placed in the flow line between the
pump and the head tank. From the head tank, the fluid flowed through a
conventional hot water heatexr and then through a constant temperature bath,
A tee was used to direct the flow through each of the two collectors. Valves
were placed downstream of the collector outlets to regulate the fluid flow.
Return lines brought the fluid back to the reservoir to complete the cycle.

Mixing cups were placed at the inlet and outlet of each collector. These
contained both thermocouples to measure inlet and outlet temperatures, and
five junction thermopiles o give a more accurate measurement of the tem-
perature difference across the collector. Another thermocouple with wind
and radiation shield was used to measure the ambient temperature. Iron-
Constantan thermocouple wire was used. These temperatures were recorded
both continuously on a multipoint chart recorder and at 15-minute intervals
using a digital multimeter.

The fluid in the return line could be directed into a beaker to determine
the flow rate. Using a 1000-mi graduated cylinder and a 'stop waich, the time
to fill the cylinder can be checked and thus determine the flow rate. The flow
rate was recorded at 15-minute intervals. To measure the incident solar
radiation, an Eppley pyranometer was mounted between, and in the plane of,
the two collectors. The flux was recorded continuously on a chart recorder
and at 15-minute intervals on the digital multimeter.
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The experiments were performed with the collectors facing south and
with a tilt angle of 40 degrees from the horizontal, The collectors were
operated with a constant mass flow rate of nominally 48. 9 kg/hr-m2 (10 Ibm/
hr-ft2). The inlet fluid temperature was 82, 2°C (180°F). Figures 75 through
83 present test results for typical days representing clear, partly cloudy,
and cloudy conditions. Each figure includes five plots: (1) the instantaneous
solar flux incident on the collector; the heat flux actually collected at each
corresponding instant of time for both the (2) selectively coated (S), and (3)
nonselectively coated collectors: and the simulator empirically predicted flux
collected by the (4) selectively coated, and (5) nonselectively coated collec-
tors. The predictions are made using the measured incident flux, inlet tem-
perature and ambient temperature, and the linear correlations for the col-
lector performance as measured using the solar simulator. All the data are
plotted as a function of time of day (CDT). Typical wind velocity and the
ambient temperature at noon are listed in the figures to give an indication
of the environmental conditions.

It was common that the fluid temperature in the test system reservoir
would drop during the night and an hour or more of startup time was required
before the inlet fluid temperature reached the nominal 82°C condition., During
the startup, the collectors were used to add energy to the system and their
heat output recorded. These data are also included in Figures 75 through 83.

Test results obtained on six relatively clear days are shown in Figures
75 through 80. The results verify that there is a significant difference be-
tween the performance of the two collectors. The correlation between the
empirical results, based on the simulator tests and the outdoor tests,is seen
to be reasonably good. In most cases, the two agree to within less than 10
percent.

The effect of the morning startup is apparent in the data. During this
period it is seen that less heat is going into the collector fluid than is pre-
dicted by the steady-state simulator empirical calculation. The difference,
of course, is the heat required to raise the collector temperature.

The data in Figure 81 were obtained on a partially cloudy day. In this
case, as before, the correlation between the indoor and outdoor results is
seen to be good, The differences, neglecting the startup period, are less
than 10 percent. It is also observed that the two collectors tested responded
rapidly to the variations in flux conditions. The data taken on cloudier days,
Figures 82 and 83, also show the rapid response to sudden flux change. This
is particularly apparent in Figure 82 where between 1:00 and 1:45 p.m. a
cloud passed over, and the flux dropped suddenly from 984 to 710 w/m2 (312
to 224 Btu/hr-ft2) and just as suddenly rose to 1072 w/m2 (340 Btu/hr-ft2).
Both collectors are seen to have followed this change with a time lag of less
than 10 minutes.

The actual test data for the outdoor testing are presented in Appendix C.
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Figure 83. Outdoor Test Results-=-10/15/74

COST ANATYSIS

Costs associated with the fabrication of the baseline collector today are
obviously not representative of what may be expected should the baseline
design ever reach mass production. In fact, the baseline desighn itself may
not be totally representative of the coliectors that would be fabricated in a
production mode,

During the program certain desirable design considerations became
obvious and should be mentioned. The initial choice of collector envelope
was abox 1.22mx 1.22mx 15 cm (4 ft x 4 ft x 6 in,), This choice gave
rise to several fabrication difficulties. The maximum standard width for
sheet steel presently available is 122 cm (48 in. ); thus, we were unable fo
benefit from the cost advantages of a one-piece folded box and were forced
to a three-piece box. LIt is recognized that sheet steel is manufactured in
widths up to 198 cm (78 in.) wide, but these widths are only available on
special order, in large quantity and at a premium price.j Furthermore,
the completed collector is too large for one man to carry comfortably, yet
not heavy enough to require two men to lift it.

Physical size considerations also affected the absorber panel. The

absorber panel selected for the baseline collector was an aluminum roll-
bonded panel produced by Olin Brass. The maximum panel width presently
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available is 91 cm (3 ft}). To produce a 122-cm (4-ft) panel, we frim two
panels down to 61 cm (22 in, ) wide each, and then heliarc weld the two
trimmed panels together. Obviously, 'thlS approach is not cost effective.

The choice of aluminum for the absorber panel also presented some
definite drawbacks. In addition to the major question of corrosion, which
has not yet satisfactorily been investigated, aluminum requires extensive
surface preparation (Zincate and Copper processes) before applying the
bright nickel-Black-Nickel selective coating. A steel absorber panel, on the
other hand, requires only a mild surface cleaning before bright nickel-Black
Nickel plating; and the steel absorber panel can be made in a four-~foot width.

Because a production mode collector likely would adopt at least the size
change recommendation, the cost analysis has been performed on a 91 cm x
122 cm (3 £t x 4 £t) collector of the baseline design configuration,

The fabrigation of small quantities of collector, say 46.5 to 139.4 me
(500 to 1500 f£¢), would remain much the same process as that for those built
during the program: the sheet metal piece parts -- including the three-piece
welded box, cover support frame, welded cover spacer frame, and collector
top cover -- would be built or procured as a box subassembly. The box sub-
assembly would be treated with a chromide rust inhibitor and then painted.
Insulation would be cut to fit the bottom and sides of the box subassembly.
Formed aluminum pipe would be welded to the aluminum absorber panel, and
the compieted absorber panel would then be zincate processed and Black
Nickel coated. The coated absorber panel would be mounted on its standoffs
in the box assembly, the cover support frame added to the top of the box, the
glass-spacer-~glass sandwich laid on the support frame, and the top covers

fastened on.
Figures 84 through 87 illustrate steps in the assembly process.

Figure 84 shows the materials gathered before start of assembly. The
coil of thermocouple wire is for instrumentation purposes only,

Figure 85 shows the insulation being added to the box. Note that the
standoffs are installed at this time,.

Figure 86 shows the installation of the absorber panel. The U-shaped
channels for the absorber panel outlet tubes have been cut by this time.
Collectors assembled later in the program had boxes with pre-cut outlet
tube channels.

Figure 87 illustrates the assembly of the two-cover system. The cover
gupport frame has already been installed on the top edge of the box, and the
inner layer of glass has been laid in place. The assembler is now inserting
the cover spacer frame and is about to apply the weather stripping before
adding the second cover and top cover bracket. Note also that the heavy
rubber gasket has been fitted around the cutlet tube {0 prevent a thermal
. short to the box.

90



Figure 84. Collector Assembly (Prior to the Start of Assembly)

Figure 85, Collector Assembly (Adding the Insulation)
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Figure 87. Collector Assembly (Assembling the Cover System)




The costs associated with this present fabrication process for the basge~
line collector design configuration are presented as Table 7. The total
presented in Table 7 includes material and direct labor costs but does not
reflect the cost of assembly supervision, engineering support, material ac-
quisition, or labor overhead. These additional costs would probably increase
the manufacturer's cost to approximately $323/m2 ($30/ft2).

In a limited mass production mode, i.e., production quantities of the
order of 10,000 m2/yr (100, 000 ft2/yr), costs may be reduced as shown in
Table 8. These costs are total factory cost and do include factory overhead,
but do not provide for engineering support.

This analysis includes another recommended design change: the sub-
stitution of a two-piece welded steel absorber. This change would enable
the manufacturer to produce the absorber panels in-house and realize the
attendant production economies, rather than procuring the absorber panels
from an aluminum supplier. This change in design does not compromise
collector performance in that the simulator testing has shown the steel
absorber panel to be at least as efficient as the aluminum absorber panels,
and perhaps somewhat better. The flow tube spacing, of course, must be
modified to compensate for the change in material.

The estimated cost of the selective coating is also reduced by using a
steel subsirate. This approach enables the use of a bright nickel-Black
Nickel coating. An aluminum absorber, however, requires a zincate-copper-
bright nickel-Black Nickel process. These additional processing steps more
than double the estimated cost. Table 8 presents the estimated limited mass
production cost with both the aluminum absorber panel and the proposed steel
absorber panel.

The estimated cost for limited mass production quantifies of the alter-
nate configurations evaluated during the test program can be determined by
pricing out the component changes, Table 9 lists the estimated component
costs for limited mass production guantities,

As an example of the use of this figure: To determine the cost of a
collector with a nonselective steel absorber and two AR glass covers, take
the $50,70/m?2 ($4.71/£t2) cost of the baseline steel collector; (1) subtract
the 15 percent scrag and salvage, leaving $44, 24/m?2 ($4. 11/ft2), (2) subtract
$3.23/m2 ($0. 30/1t2) for the difference between a selective and a nonselective
absorber coating, leaving $41.01/m?2 ($3.81/ft2), (3) add on the $8.61/m?2
($0. 80/ ftz) difference between two plain glass and two AR glass covers,
leaving $49. 62/m2 ($4, 61/£t2), and (4% add on 15 percent scrap and salvage,
making a total of $58. 02 /m? (555. 39 /ft4).

The other configurations considered during the course of the test program
have been priced out by the technique of using the baseline collector design
cost from Table 8 and adding in the component cost changes from Table 9.
The results are shown in Table 10. This figure again presents comparative
costs with both a steel and an aluminum absorber panel.
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TABLE 7. - BASELINE COLLECTOR DESIGN
PRESENT FABRICATION COST

Cost {dollars)

e ————

Component /[process
Box subassembly 31,00
Chromide treatment 3.00
Painting 5.00
2 glass layers 9.00
Insulation 7.00
Standoffs (4) 2,00
Aluminum absorber 25,00
Connectors (installed) 20, 00
Zincate - Black Nickel coating 45. 00
Assembly labor (4 hours) 30. 00
Leak check 6.00
Packing 5,00
Total
168, 68/m
(15, 67 /£t2)

188. 00 pexr collector

TABLE 8. BASELINE COLLECTOR DESIGN FABRICATION
COSTS WITH LIMITED MASS PRODUCTION

Component/process

Cost (dollars)

Cost {(dollars)

f—  —  —————————————————
Box

Covers
Insulation
Standoffs
Absorber

Selective coating
(bright Ni/Black Ni)

Assembly labor
Serap and salvage (15%)
Total

8.28
12,12
3,72
1.68 .
12, 36 (steel)
4, 80 (on steel)

6. 36
7.20

56, 52

(4.71/t2)

50, 70 /m?

14. 04 (alum)

12. 96 (on alum)
Zincate/Br Ni/Bl Ni

8. 87
68.03
(5.67/ft?)
61.03/m?2
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TABLE 9, - ESTIMATED COMPONENT COST WITH
LIMITED MASS PRODUCTION

Cost (dollars)
Component/process

$/m? $/ft2
Tempered glass cover 4, 31 0,40
Tedlar cover 1,08 0.10
Lexan cover 9.15 0. 85
AR glass cover 8.61 0. 80
Cover frame (1 or 2 covers) 2.26 0,21
Black Nickel coating on steel 4,31 0. 40
Black Nickel coating on aluminum 11.83 1.08
Nonselective {paint) 1.08 0.10
Black chrome coating on steel 4, 84 0. 45
Black chrome coating on aluminum 12.16 1.13
Absorber panel - steel 11.09 1.03
Absorber panel - aluminum 12.59 | 1.17

TABLE 10, - COMPARATIVE COST OF VARIOUS COLL.ECTOR
DESIGN ITERATIONS

Cost (dollars) with Cost {dollars) with
steel absorber aluminum absorber
Configuraticn A& Cost A Cost
2 2 { 2 2 v
$/m $ /1t percent | $/m $ it percent
Baseline (Black Ni - 2 glass) | 50.70 | 4.71 61.03 | 5.67
Black Nickel- 1 glass 45, 96 4,27 - 9.3 5G6.08 5.21 - 8.1
- Glass/Tedlar 47,15 4,38 - 70 57.27 5.32 - 6.2
- 1 Lexan 51, 45 4,78 + I 5 61,68 5,73 + 1,1
- 2 AR glass 60. 80 5.65 +19 9 T0. 94 & 59 +16. 2
Nonselective - 2 glass ’ 47.15 | 4.38 - 7.0 48, 87 4. b4 -10.9
- 1 glass 42, 20 3.92 -16. 8 43 42 4. 08 -28.0
- Glass/Tedlar 43, 49 4,04 -14.2 45. 21 4, 20 -25,9
= 1 Lexan 47,179 4._44 = 5.7 49, 52 4. 60 =-18.9
-2 AR glass 57.05 5. 30 +12.5 58. 77 5. 46 - 31
Black - 2 glass 51.45 { 4.78 + 1.5 61.68 5.73 + 11
Chrome




Based on the results from Table 10, the ieast costly collector design is
a collector with a nonselective steel absorber and one plain glass cover;
however, this conclusion is deceptive as it does not consider the improve-
ment in collection performance obtaining by adding the various component
changes. The additional factor of collector performance enables the com-
putation of an effective cost for a flat plate collector. This means that the
increased cost of each component change must produce at least an equivalent
"increase in collection efficiency, assuming that the objective of a particular
component change is not the resolution of some particular constraint, such
as limited space availability, or perhaps maximum acceptable cost per unit
area.

Table 11 presents a comparison of the cost effectiveness of the collecior
design configurations evaluated during the course of the program. Cost
effectiveness here is calculated by computing the ratio of cost per unit area
and collection efficiency for each collector design configuration and then
comparing it to the value determined for the baseline collector design con-
figuration. The cost values used here gre for the limited mass production
quantity of 9300 m2 (100, 000 ft2). In keeping with the previous cost analysis
figures, Table 11 presents collectors with both a steel and an aluminum
absorber. Based on this figure, one may conclude that the most cost-
effective collector design is actually a collector having a selectively coated
steel absorber panel and a two-cover system consisting of a plain glass
outer cover and a Tedlar inner cover.

It should be noted that the collection efficiency value, 1, used in Table 11
was calculated for a specific set of inpul conditions; a temperature differential
between the fluid inlet and ambient, AT, of 67°C (120°F), a tilt angle of 40°
and an incident flux level of 789 w/m2 (250 Btu/hr-£t2), normal to the collec-
tor surface. 'The actual value of n was determined from the performance
lines established by testing with the solar simulator.

Use of a single-point collection efficiency may also be deceptive in

calculating cost effectiveness, Instead of determining collection efficiency
at a single design point, it may be more accurate to integrate the heat flux
gathered over an operating day and compare it to the integrated insolation
ievel for that day. Table 12 presenis this type of cost-effectiveness analysis
for two typical clear operating days. The insolation curves and the resuliant
collected flux levels for three collector design configurations are presented
as Figures 88 and 89. Based on the analysis in Table 12, it again is obvious
that the lowest cost collector is not necessarily the more cost effective.
This analysis approach can be extended even further to bring-in cloud cover,
variable ambient temperature, and long-term colleciion intervals. Collec-
tion performance integrated over a calendar year is included as a subject of
the utilization study in the next section of this report.
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TABLE 11, - COST EFFECTIVENESS FOR VARIOUS
COLLECTOR DESIGNS

Cost effectiveness, perrgent Amn,
Configuration dollars (a) percent
steel aluminum

Basecline (Black Nickel - 2 glass) 1 00 1.00 44.5
Black Nickel - 1glass 1,03 1.01 41,5 - B.7
- Glass/Tedlar 1,13 L.I1° 46,5 - 4.5
- 1 Lexan 0 92 0.92 415 - 6.7
- 2 AR glass 1,03 1.086 55.0 +23. 6
Nonselective - 2 glass 0. 80 0.93 33.0 -25.8
- 1 glass 0.72 0,83 26,5 ~40,4
- Glass/Tedlar 0,79 0,91 0.0 -32.6
= 1 Lexan 0. 55 0,64 23.0 Y -48.3
- 2 AR glass 0. 85 0.99 42.5 - 4.5
Black Chrome - 2 glass 0.93 0.83 42,0 - 5.6

B At 789 wfmz (250 Btu/ hr- ftz), AT =49°C (120°F),

Costlare

a
cost effectiveness = n ’ Baseline

Cost/area
i

Alternate

configuration

and t1lt angle = 407,

TABLE 12, - COST EFFECTIVENESS FOR VARIOUS
COLLECTOR DESIGNS

pepéent Cost effectiveness,
. {2) dollars
Configuration/cost
/21 12/21 6/21 12/21

Black Nickel - 2 glass 39 29

$590, TOImZ (%4, 71[1'{:2) steel 1.00 1.00

$61. 03/ ($5. 67 /ft2) aluminum 1.00 1.00
Nonselective - 2 glass 27 15

$47, 18/m? ($4. 38/1t?) steel 0.74 0. 58

$48. 87/m? ($4. 54/1t2) aluminum 0.86 0.65
Black Nickel - 2 AR glass 50 38

$60., 82 /m? (35, 65/1t2) steel 1.07 1.09

$70. 94 fm2 ($6. 59/£t2) aluminum 1.10 1.13

2Integrated over the solar day,
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UTILIZATION STUDY
Study Approach

Calculated collection efficiencies based on a given set of input param-
eters, or even integrated over a Specified design day, may be misleading
in terms of just how much a colliecior system will do to supply energy to a
given load. Variations in the incident flux level due to clouds, haze, rain,
etc., and the seasonal nature of the ambient temperature must be considered
to produce a realistic picture of just how well a particular collector installa-
tion will perform. To interpret more accurately the effectiveness of the
baseline collector design, the collected heat flux was calculated and totalled

by month, over a full calendar year, for cities in nine geographie locations
The heating and cooling load for a typical residential
installation was also calculated for the same locations throughout the year.
The collected flux was then matched to the load to determine the degree fo

which a solar installation would satisfy the load. The ability to satisfy the
load determines the degree of potential solar utilization.

in the United States.

Table 13 lists the nine selected cities, their latitude and collector tilt

angle, and their typical heating and-cooling seasons.

Assuming that a tilt

angle equal to the latitude of the city would provide equal solar utilization for
heating and cooling all year long, the tilt angles used in this analysis were

biased slightly to provide the greater amount of energy during the time of

year it is needed most. Chieago, Minneapolis, and Seattle were biased

towards heating, whereas Atlanta, Dallas, Los Angeles, Miami, and
" Philadelphia were biased towards cooling.

TABLE 13.- LOCATIONS AND CONDITIONS USED FOR
THE UTILIZATION ANALYSIS
City (15221?22:) Cmi?gl%r Bt ggaptli%agl 'ﬁiﬁifr?gl
(degrees) months months
=

Atlanta 33.6 25 Oct-Apr May-Sep
Chicago 41.5 55 Sep~-May | June-Aug .
Dallas 32.1 25 Nov-=Apr | May-Oct
Los Angeles 34,0 25 Nov-May | June=~Oct
Miami 25.1 20 - Jan-Dec
Minneapolis 44,5 55 Sep-May | June~Aug
Pittsburgh 40, 1 40 Oct-May | June-Sep
Philadelphia 39.1 35 Oct~May | June-Sep
Seattle 47.5 55 Sep-June | July-Aug
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Table 14 ' summarizes the percentages of hea.tmg and 'cooling loads that
the solar energy collected from 69.17 m2 (750 ft2) of baseline collectors will
provide to a typlcal 139. 4 m2 (1500 ft2 } house in the nine selectied cities,
Also tabulated is the ratio of the typical yearly flux level, which includes
cloud cover, to the maximum possible flux level without clouds.

'
f

TABLE 14.- PERCENT OF LOAD SUPPLIED BY 69.7 M2 (750 FT?)
OF BASELINE SOLAR COLLECTORS FOR A 139. 4 M2
(1500 FT2) HOUSE

Percent of load provided
.Site Typical flux/ by solar collgctor
maximum flux Percent of Percent of
heating load q9q%ing,load
f-———r— e T -
Atlanta | 0.67 ‘ 85 . 63
Chicago 0,60 ' 50 67
Dallas 0.63 88 - 57
Los Angeles 0.71 99 98
Miami 0. 66 99 49
Minneapolis 0.62 45 92 '. t
Pittsburgh 0,56 50 , 85
Philadelphia ' 0.58 | 57 77
Seattle . 0.50 46 99
Philadelphia’ 0.58 | 40 41

lASSumes an air conditioner coefficient of performance of 0, 6.

2 464.5 m2 (5000 #t2) industrial building with 232. 25 m2 (2500 £t2)
collecior area,

The utilization summaries of Table 14 may be separated into heating
and cooling loads. - These loads are graphed separately in Figures 90 and 91
and their sum is shown in Figure 92. 'The percentages of the load which can
be supplied by solar energy from 69.7 m2 (750 £t2) of baseline collectors
are visually presented on these graphs., Also included on the graph is the
yearly total of the monthly load for each of the cities.
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Energy Collection Calculations

The energy which can be collected in a particular geographic region with
69.7T m2 (750 £t2) of baseline collectors was calculated using two subroutines
prepared for the ASHRARE task group on energy requirements, weather tapes
for the city, and the semi-empirical expression for collector performance,
The ASHRAE subroutines are called SUN and CCM (cloud cover medifier),
The SUN subroutine is an algorithm to find solar position and intensity of
direct normal and diffuse radiation without cloud cover, The CCM subroutine
is an algorithm for modifying the solar radiation available in accordance with
the cloud cover. Input for the CCM subroutine is provided from the weather
tape. Incident radiation is also modified by a subroutine which modifies the
energy transmitted through the glass cover sheets due to hourly changes in
the incident angle,

The energy collected per unit area for the baseline collector design was
calculated for each of the nine cities.

Based on the solar simulator tests on this collector, its performance
can be expressed as:
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Selective Black-Nickel Coated Collector

T, =T
g = 0.712 - 0,551 ( s amb) (11)
inc ine
where
Q@ = heat delivered (Btu per hour per square foot of

absorber area)

1]

Qe incident solar flux (Btu per hour per square foot of
absorber area)

T,, ={iluid inlet temperature, °F

T

—_ 3 o
mb = ambient temperature, "I

Calculations were made for two inlet temperatures: 60°C (140°F), typical
of a heating application, and 93°C (200°F), typical of an air conditioning
application. Ambient temperature is input from the weather tapes The
mass flow rate is held constant at 48,9 kg/hr-m (10 lbm/hr-ft ).

The monthly energy these collectors could deliver per unit area in
Minneapolis, for example, is presented in Tables 15 and 16. The
collectors are facing south and tipped 55 degrees from the horizonial.

Table 15 presents the data for clear sky conditions. This data gives an
estimate of the maximum energy available and the maximum energy which
could be collected with the baseline collectors. Table 16 presents the
monthly energy totals when the incident flux is modified by the cloud cover,
The particular year considered in Table 18 is 19586,

T'o utilize this collected energy for space heating or cooling, it is
necessary to factor in a heating efficiency or air conditioning coefficient of
performance (COP). For space heating, the efficiency may be considered
to be 100 percent, but for cooling the typical COP is approximately 0.6,
Applying the COP to the collected energy totals from Table 16, it is then
possible to.determine the amount of energy per unit area of baseline collector
that can be actually delivered to satisfy a given load requirement. Figure 93
presents the amount of energy that can be delivered to a load by 69.7 m2
(7150 ft2) of baseline collector for the typical year in Minneapolis.
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TABLE 15, - INCIDENT AND COLLECTED SOLAR ENERGY
WITHOUT CLOUD COVER FOR MINNEAPOLIS

Collected energy from szelective coated
) Jlector, Whr/m< - mo.
Incident flux, co P
Month Whe[m " - mo. T. = 60° (th/ft 1;10- )— 93°C (200°F)
(Btu/ft? - mo.) in C (140°F) in
1 167, 691 66,182 14 826
(53, 151) {20,977) (14, 208)
5 188, 823 79,534 55, 543
(59, 849) (25, 209) (17, 605)
3 220, 383 86, 394 69, 684
(69, 852) (30, 553) (22, 087)
4 208,895 96,123 68, 346
(66, 211) (30,467) (21, 663)
5 202, 528 97,732 68,176
(64,193) (30,977) (21, 609)
6 188, 044 97,139 67, 529
(59, 602) {30, 739) (21,404)
7 196,493 99, 855 69, 302
(62, 280) {31, 650) (21, 9686)
g 206, 542 108, 519 77,685
(65, 465) (34, 396) (24, 623)
9 206, 141 139, 258 76,126
(65, 338) (44, 139) (24,129)
' 10 202,592 103, 777 75,436
(64,213) (32, 893) (23,910)
11 170,723 '+, 704 53,376
f (54,112) (24;0186) (16,918)
E 12 154, 418 64, 090 42,321
. (48, 9443 (20, 314) {13,414)
H

‘ Total 2,313,274 1,089, 708 768,425
: {733, 209) (345, 391) {243, 558)
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TABLE 16. - INCIDENT AND COLLECTED SOLAR ENERGY
INCLUDING CLOUD COVER (BASED ON 1956
WEATHER DATA) FOR MINNEAPOLIS

Collected energy from %elective coated
. collector, Whr/m< - mo.
Incident flux, (Btu/ft2 - mo. )
Month © Whr/m” - mo. o ° o o
(Btu/ft2 - mo. ) T. = 60°C (140°F) | T, =93°C(200°F)

L 95, 240 23,924 13, 897
(30,187) {7, 583) {4, 405)
5 125, 673 41, 598 27, 060
(39, 883) (13,185) {8,577)
3 112, 528 30,253 18, 257
(35, 666) (9, 589) (5,787)
4 131,945 49,176 . 29, 688
(41, 821) (15, 587) (9,410)
5 130, 998 54, 057 32, 578
(41, 5321) (17,134) (10, 326)
6 140, 068 66, 05 41,4863
(44, 396) (20,943) {13, 142}
7 130, 002 57, 089 33,720
(41,205) (18, 095) (10, 668)
3 141,413 85, 857 42,160
(44, 822) (20, 874) (13, 363)
9 134,936 57,853 37,131
(42, 769) (18, 337) (11, 769)
10 134, 320 57,531 37,4178
(42,574) {18, 235) (11,879}
11 80,490 19, 892 10,947
(25, 512) (6, 305) (3,470)
19 66,712 11, 862 5, 694
(21, 145) (3, 760) {1, 805)
1,424,485 535, 176 330, 016
Total (451 501) (169, 628) (104, 601)
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L.oad Calculations

To determine the percent utilization of the solar energy delivered to the
load, it was necessary to establish the heatlng and cooling load levels for a
i:yplcal residence in each of the nine selected cities for the typical year pro-
vided by the weather tapes

The house load in thls analy51s is based on an area of 139. 4 m? (1500 1t2)
and a volume of 340 m3 (12, 000 ft3), It is assumed that a typical house for
all nine cities has a wall coefficient of transmission (U) of 0. 942 (0, 186) and
a roof U of 0.233 (0. 041), where U is measured in Wat’c/mzn C (Btu/hr-ft2:°F),
The mdoor deSLgn temperatures used were 21°C (7T0°F) in the winter and
24°C (75°F) in the summer, with a summer relative humidity comfort level of
40 percent, A volume exchange rate of 1,5 exchanges per hour was used as a
typical infiltration value. The load was calculated directly from degree days
by determining an average daily temperature difference and using the following
equations:

Hheating - Hinﬁl'tra’cio‘n + Htransmission

= Cp VNp (ti - to) + AU (ti - to)
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cooling Hinfil'tra’cion * Htransmission

= "VNp Cp (to - ti) + (ho - hi)+AU (to - ti)

where
A = surface area of wall or roof
cp = 0,278 watt/hr{kg-°C (0. 240 Btu/Ilbm-°F)
ho = outside enthalpy (Btu/lbm) of air determined from average

monthly dry bulb temperature and relative humidity on
psychrometric chart

H = load level

h, = inside enthalpy of 24°C (75°F) dry bulb temperature and
40 percent relative humidity

N = number of volume exchanges per hour (1.5)

(‘ci - to) = ingide-outside temperature difference

U = coefficient of transmission of wall or roof (Biu/ft2-hr-°"F)
V = house volume

P =1,2 kg/m® (0,075 Ibm/1t5)

These heating and cooling load levels, determined from the equations,

are then multiplied by hours per month to get an average monthly load. The
internal sensible heat associated with electricity use (light bulbs, appliances,
ete. ) is not included in this analysis. For geographical areas where heating
and cooling load levels are similar, the total yearly effect of internal sensible

heat may be negligible as it increases the load in the summer but decreases
the load in the winter.

Table 17 tabulates the calculated heating and cooling load for the house
in Minneapolis, These load levels are also presented graphically as Figure 94

By combining the graphs for energy delivered by 69.7 m2 (750 £i2) of
baseline collector with the load level graphs for the 139 m2 (1500 ft2) house
for each of the selected cities, it is possible to calculate the degree of utili-
zation of the solar system., Figures 95 through 97 show the utilization for
three of the cities. A COP of 0.6 is still assumed for cooling, and all of the
heat collected is considered delivered for heating. The cross-hatched area
in each figure indicates the portion of the load actually supplied by the solar
gystem. System operation is gssumed to switeh from the heating to cooling
mode and back again, as required by the load.
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TABLE 17.~ HEATING AND COQLING LOAD FOR MINNEAPOLIS

8T @OV AVNIDINO

KITIVA® 900d 10

A N b 4 Load(b) .
verage verage egree days 3 :
Month tel}?'g ggﬁg%y’ ) (a) ’ H%ating dcr?; 1;1;5 . hzlrr‘r:i;ilél gair . ?é);g}
| {a) (a) Heating Cooling 10~ Bin 107 Biu 10 Btu | 10" Btu
B 1 12,4 70.0 1631 0 23.9 o 0 23,9
2 15,7 68,0 1380 0 20.3 0 0 20,2
3 27,4 69.5 1188 ] 7.1 0 0 17.1
4 44,3 64. 0 621 0 9.0 0 0 9,0
5 4 B57.3 63.2 288 g4 4.2 1.4 0 5.6
6 66,8 66.0 81 109 1.2 1.6 Q 2.8
7 72,3 68.0 22 148 0.3 2.2 3.5 6.0
8 70.0 68. 8 31 208 0.5 3.0 2.4 6.0
9 60,4 4.5 189 13 2.8 0.2 0 3.0
10 48.9 71.0 505 0 7.4 0 0 7.4
11 31,2 74,8 1014 0 14. 9 0 0 14,9
12 18.1 74,8 1454 0 21.3 0 0 21.3
Total 43.17 69.5 8382 572 . 122.8 8. 5. _5 ] I 137, 2

aMeteorological data from NOAA. Based on 65°F,

bBased on 1500-ft2 house of 12, 000—f’c3 volurne, with 1.5 exchanges/hr and an
average daily degree day temperature difference.




Mwhr

10 4

10

MBtu

30

25

20

15

10

—  — Heating ————peg— Cooling - Heating

[
- -
=
pp
= -
o .
F.
T -
=
o
= -
o -

Month

Figure 94. Heating and Cooling Load for a 139 m?2

Mwhr

MBtu

25

20

15

10

(1500 fi2) Minneapolis House

-
. 139 4 m2 (1500 12 house
h 69 7 mz {750 th) of baseline collectors
4—= Cooling provided O— Heatlng provided o——0 Total load
by collectors by collectors
T,=93°C (200%F) (f,= &600C (140F)

~\

Heating Cooling ——¥%———— Heallng

Solar-satisfied
poztion of fad

a/;\/m/ﬂ/s L

Month

Figure 95. Heating and Cooling Load and Solar-Supplied

Portion of a Load for a Minneapolis House

109



Figure 95 shows the large winter heating load required in Minneapolis
and a comparatively small summer cooling load. The portion of the heating
load which can be supplied by solar collectors is shown by the 60°C (140°1)
{Collector inlet temperature) heating curve and the cooling portion is shown
by the 93°C (200°F) cooling curve. The heating mode of operation ends with
May, and the cooling mode ends with August. This analysis assumes suf-
ficient storage capacity for total use of collected heat during any particular
month. Also, when there is more energy collected than can be used in a
given month, the excess energy is disregarded and has no effect on energy
supplied in subsequent months. Using these assumptions, 45 percent of the
heating load and 92 percent of the cooling lead can be provided by 69. 7 m2
(750 ft<) of solar collectors. Figure 96 shows similar heatinig and cooling
loads for Atlanta. The collectors can provide 85 percent of the heating load
and 63 percent of the cooling load. Figure 97 shows the total load for Miami,
which is entirely cooling. The collectors would always run at a 93°C (200°F)
inlet temperature and would provide 49 percent of the cooling load.

A similar analysis was performed for solar utilization with a light indus-

trial building in Philadelphia. The building load was calculated in the same
manner that the house loads were calculated., The resulis are based on a
464 m2 (5000 ft2) building with a 2548 m3 (80, 000 £t3) volume. The coeffi-
cient of transmission is 0. 908 w/m2°C (0. 16 Btu/ft?hr °F) for the walls and
0.568 w/m2°C (0.1 Btu/ft2hr°F) for the roof. The same indoor design
temperatures were used and internal sensible heat was not included. As
noted previously, the total yearly effect of including internal sensible heat
may be negligible as it increases the load in the summer but reduces the
load in the winter. Table 18 tabulates the results for Philadelphia and Fig-
ure 98 shows graphically the portion of the load which can be supplied by
232 m?2 (2500 ft2) of collectors. A COP of 0, 8 was again used for cooling.

If the system has sufficient storage capability for 100-percent utilization of
collected heat, then the collectors would provide 40 percent of the yearly
heating load and 41 percent of the yearly cooling load for the building. Both
load and solar collection level data for the remaining locations are presented
in Appendix D. The use of these tables will enable calculation of solar
utilization for different array sizes.

Typical Solar Utilization System

Several different system configurations are possible to effect utilization
of the gathered solar flux. One such system currently under consideration
is presented in Figure 99. It is a single-fluid system with a boiler and an
absorption air conditioner. The system consists of a conventional oil-fired
water heating boiler for heating and an absorption air conditioner for cooling.
The solar system consists of the fiat plate collectors which can heat the
building or supply heat to the absorption air conditioner and a liquid storage
tank to store excess energy not needed by the boiler or absorption unit, The
boiler can operate independent of the solar system. A separate coil for the
solar collectors is included in the air duct so that any solar energy collected
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TABLE 18.- HEATING AND COOLING LOAD FOR

PHILADELPHIA INDUSTRIAL BUILDING

Load‘P)
Average} Average Degree days - Cooling Total
Month temp, | bhumidity, (a) Hesating Cooling humid arr load
on °F percent 108 Btu | dryair, | To8 .| 108 Btu
(a) {a) Heating | Cooling 100 Btu
1 33.2 70. 0 986 0 88.7 0 o 88.7
2 33.86 67.0 8'1;9 0 3.1 0 0 79.1
3 42,3 64. 8 704 Y 63.4 0 0 63.4
4 51.6 63.56 402 0 36.2 0 0 36.2
5 63.1 66, 8 104 67 9.4 6.0 0 15,4
6 2.1 68. 8 0 223 0 20.1 26, 8 46,9
T 76.3 69.0 0 366 0 32.9 48.3 81.2
8 74,0 71.8 0 304 0 27.4 27.5 54,9
9 B7.7 72.2 47 131 4,2 90.4 10,4 26. 4
10 56. 6 71.8 269 13 24,2 1.2 0 25.4
11 45.9 70,0 573 0 51.6 0 o 51,6
12 54,3 68. 8 902 0 8l.2 0 Q 81,2
54,3 68,8 4866 - 1104 438. 0 99.4 113.70 "650. 4

aMeteorologmal data from INOAA. Based on §5°F,

bBased on 5250-1t" building of 89, 250-ft3 volume,

average daily degree day temperature difference.

with 1 5 exchanges/ar and an
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can be utilized for the building demands. Utilizing the solar energy available
at low temperatures increases the collector efficiency. Domestic hot water,
heated by solar energy, is not included as the demand is small relative to the
building loads. The absorption air conditioner was selected because there

is a commerciallér available unit that operates on hot water at approximately
82° - 104°C (180° -~ 220°F). The other possibility for solar-assisted ailr
conditioning is the Rankine cycle refrigeration system; nowever, only proto-
type equipment is being introduced and experience in operation is limited.

The various modes of operation of the solar assisted heating and cooling
system can be described as follows:

Heating -- The building demand for heat can be satisfied by
taking heat directly from the collectors, from the storage tank,
or from the boiler. The collector heat is added in the heating
duct prior to the boiler heat so that if the need is satisfied by
sclar heat alone, the boiler will not have to operate. If the solar
heat does not satisfy the load the boiler makes up the difference.

1

For nighttime operation, or during periods of no sunlight, the
storage tank heat, if any, can be used to supply heat to the
building.

Cooling -- The building demand for air conditioning is satisfied
by faking heat directly from the collectors, from the boiler, or
from a combination of the two.

No Heating or Cooling -- If no heating or cooling is needed for
the building and sunlight is available, the storage tank temper-
ature can be increased for later or nightfime operation.

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The program objective was to design, fabricale and test an efficient,
low-cost flat plate collector for heating and cooling of buildings. The major
emphasis was to develop a 122 x 122 cm (48 x 48 in. } collector for the cool-
ing application. Therefore, the performance goal set forth was a collection
efficiency in excess of 50 percent at a 93°C (200°F) inlet fluid temperature,
27°C (80°F) ambient temperature and 1009 W/m% (320 Btu/hr - ft2) ipcident
flux. The design of a baseline collector was conducted with the aid of mathe-
matical models of the heat transfer processes in the collector. The baseline
collector design has an aluminum absorber plate with an optically selective
Black Nickel coating. The absorber plate is backed with 7.6 c¢m (3 in.) of
rigid fiberglass insulation and surrounded with 5 cm (2 in. ) of rigid
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fiberglass insulation on its four edges. This absorber/insulation sandwich
is encased in a sheet metal box and covered with two layers of glass with

a 3 em (1-1/4 in.) air gap between sheets and a 3 cm (1-1/4 in.) air gap
between the absorber and the lower layer of glass. The outside dimensions
of the collector are 122 x 122 x 15.2 cm (48 x48 x 6 in. ). This collector
meets the performance goal.

Variations of the baseline collecior design were also examined to evalu-
ate the effect on cost and performance for various collector materials. The
variations were concentrated in two major design areas: the absorber and
the cover system. Absorber plates were made of both steel and aluminum
and coated with selective Black Nickel (steel and aluminum), nonselective
black paint (aluminum only),and selective Black Chrome (steel only). The
cover systems examined consisted of one glass cover, two glass covers,
one outer glass - one inner Tedlar cover, one Lexan cover, and two anti-
reflection (AR) etched glass covers. The box design and insulation type and
thickness were held constant, as was the cover spacing.

The performance results determined from the solar simulator testing
indicated that the selective Black Nickel absorber, on either steel or aluminu
panel, covered with two sheets of antireflective etched glass provides the
greatest Lollector efficiency, 1.5 percent, at 93°C (200 F) inlet tempera -
ture, 27°C (80°F) ambient temperature, and 1009 W/m2 (320 Btu/hr-ft2)
incident flux.

Within the bounds of experimental accuracy, the following collector con-
figurations are considered to have met or exceeded the performance goal:

° Black Nickel-coated aluminum absorber panel and two glass
covers--50. 5 percent collection efficiency.

e Black Nickel-coated steel absorber panel and two glass
covers~-51.5 percent collection efficiency.

e Black Nickel-coated aluminum absorber panel and two AR
etched glass covers-~61.5 percent collector efficiency.

° Black Nickel-coated aluminum absorber panel and a glass
outer cover and Tedlar inner cover--52.5 percent collection
efficiency.

e DBlack painted aluminum absorber panel and two AR etched
glass covers--51. 5 percent collection efficiency.

o  Black Nickelcoated aluminum absorber panel and a single
glass cover--40. 5 percent collection efficiency.
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° Black Nickel coated aluminum absorber panel and a single
Lexan cover--49. 0 percent collector efficiency.

© Black Chrome coated steel absorber panel and two glass
covers--49. 0 percent collection efficiency.

The following collectors did not meet the design goal:

° Black painted aluminum absorber panel and two glass covers--
42.5 percent collection efficiency.

° Black painted aluminum absorber panel and an ouier glass
cover and an inner Tedlar cover--40. 5 percent collection
efficiency.

® Black painted aluminum absorber panel and a single glass
cover--39 percent collection efficiency.

® Black painted aluminum absorber panel and a single L.exan
cover--34,5 percent collection efficiency.

In addition to establishing the efficiency of the various collectors rela-
tive to the performance goal, the tests conducted with the solar simulator
defined their operating characteristics over a wide range of inlet tempera-
tures and incident flux levels. The inlet temperature was adjusted from
27°C (80°F) to 93°C (200°F) and the incident flux level adjusted from 473 to
1010 W/m?2 (150 to 320 Btu/hr - f12).

The data from the simulator tests resulted in some general con-
clusions. These are:

e The tests further substantiate that good collector performance
correlation is achieved by using the parameter T, - Tamb/ Q0

where:
T.Ln = inlet temperature
Tamb = ambient temperature
Q. = incident flux
inc

e T[or the baseline collector, a reduction in efficiency with
increasing incidence angle of the solar flux is caused by
the conventional reduction in transmission through the
covers with increasing incidence angle.

® The performance of the baseline collector is somewhat re-

duced when a large fraction (~ 50%) of the incoming energy
is diffuse.
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e The efficiency of the collector is not strongly dependent
on the emittance of the absorber plate in the case of small
differences between inlet and ambient temperature
(~28°C or 50°F),

o The efficiency of the collector is strongly dependent of the
emittance of the absorber plate for larger differences between
inlet and ambient temperatures {(~ 72°C or 130°F). This is
a typical operating condition for use of the collector with an
air conditioner,or a heating application in a cold climate.

® The aluminum and steel absorber plates when coated with
Black Nickel had essentially the same performance levels.

e Single cover configurations are more efficient than two
cover configurations for low inlet to ambient temperature
differences (~28°C or 50°F). (NOTE: The exception to
this is the two sheets of AR-coated glass which combined
have a higher transmission factor than the single cover
sheets tested.)

¢ Double cover configurations are more efficient than single
cover configurations for high inlet to ambient temperature
differences (~72°C or 130°F).

® The single versus double cover effects are more pronounced
when using the higher heat loss, non-selective absorber sur-
face than when using a selective absorber surface.

® The cover combinations of two glass and one glass/one .
Tedlar resulted in essentially identical performance.

e The Black Nickel and Black Chrome absorber coatings
resulted in similar performance provided the sooty deposit
on the Black Chrome was not disturbed. (Removal of the
soot reduces the absorptance from 0. 94 to 0. 80.)

Outdoor collector performance tests were conducted on two collector
configurations, the baseline and the black painted aluminum absorber with
two glass covers. The two collectors were operated simultaneously to
allow direct performance comparisons to be made for identical operating
conditions. The performance of the selectively coated baseline collector
was measured to be significantly greater than the collector with the non-
selective absorber. A comparison was made of the actual measured outdoor
performance and empirically predicted performance, based on the simulator
test results. The correlation between the predicted and measured results
was found to be good, agreeing to within 10 percent in most cases. This
result provides added confidence in the positive utility of simulator tests.
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In general, outdoor tests are much more difficult to properly conduct and
interpret due to the uncontrolled environmental conditions which exist.
Therefore, it is difficult, based on outdoor testing, to compare the perfor-
mance of various collectors without running them simultaneously.

The companion objective to performance was cost. Therefore, a cost
analysis was performed on the various collector configurations and combined
with the performance results to find a relative cost effectiveness for each
collector configuration. Cost effectiveness was defined as the cost per unit
heat delivered to the working medlum The costs of the configurations were
estimated for small quantities 93 m2 (1000 t2) and limited mass production
quantities 9300 m? (100, 000 ft2). For the baseline collector the fabrication
cost was reduced by a factor of nearly three when evaluated for the larger

quantity.

The cost effectiveness of the Black Nickel, selectively coated collectors
was significantly better than for the non selectively coated collectors (based
on prices for the 9300 m? (100, 000 ft2) production and the efficiency for a
typical air conditioning application). With the exception of the configuration
uging a single Lexan cover, all of the collectors with the Black Nickel
absorber had similar cost effectiveness values. The total spread in their
cost effectiveness was found to be only 13 percent. The most cost-effective
design was the collector with an oufer glass cover and inner Tedlar cover.

Estimates of thermal heating and cooling leads for both a house and
small industrial building were made and compared with estimates of the amount
of solar energy which would be collected by an array of baseline collectors
with an area equal to approximately one-half the floor area of the house or
building. The calculations for the house were made for nine geographic
locations utilizing actual weather data and insolation from a typical year.

The locations were Atlanta, Chicago, Dallas, Los Angeles, Miami,
Minneapolis, Pittsburgh, Philadelphia and Seattle. The industrial building
was analyzed for a single location, Philadelphia. With the exception of the
Minneapolis and Seattle locations, 50 percent or more of the heating load

for the house was satisfied by the baseline ceollector array., In all locations,
49 percent or more of the estimated energy required for cooling the house
was delivered by the baseline solar collectors.

Recommendations

The analysis and testing completed during the course of this research
program indicated that significant improvements in collection efficiency
could be realized if appropriate design modifications were introduced to
reduce collector heat losses. A solar selective coating could be added to
the absorber panel to reduce re-radiation losses out through the cover, a
second cover layer could be added to the collector to reduce the convection
losses through the cover system, insulation could be added around the
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absorber panel to reduce conduction losses to the housing, and, finally,
performance could be increased by applying an antireflective surface etch
to the covers to allow a greater portion of the incident solar flux to actually
reach the absorber panel.

Presuming the design analysis to be correct, concurrent incorporation of
all of the above mentioned design modifications should enable collection
efficiency to approach the theoretical boundary of performance for conven-
tional flat plate collectors. As can be seen from the test data, the collector
with a selective Black Nickel absorber coating and two AR-etched glass
covers performs significantly better than the other collector design config-
uration under all combinations of input parameters. Certainly some slight
improvements can be made in the performance of this collector. PFerhaps
‘the absorptance of the selective coating can be increased to 0. 97 or more,
and possibly the emittance can be lowered one or two percent; however, ithese
changes are merely fine tuning the existing design, they do not hold promise
of a significant breakthrough for improving collector efficiency. It is there-
fore recommended that further investigation be directed in either or both of
two directions:

® Reduce life cycle cost by materials, process, and design
development. ’

@ Augment collector performance by non-conventional design
modifications, both internal and external to the collector
module.

Life cycle cost reduction. - Life cycle costing requires an accounting
of ali costs associated with the total amount of heat flux delivered over the
expected life of the collector. This includes not only the first cost of fabri-
cating and installing the collector, but also the cost of the required main-
tenance, and the cost of renewal or even replacement of collector compo-
nents, as may be necessary to achieve the expected collector life. Reduc-
tion of present life cycle cost is necessary to improve the economic feasi-
bility of the solar tlat plate collector as an alternate energy source. To
achieve the necessary reduction in life cycle cost, the following areas of
study are recommended:

(1) Durability of selective coatings: The present selective
coatings, such as Black Nickel and Black Chrome, offer a
considerable improvement over standard black coatings,
in terms of solar performance. However, these selective
coatings are susceptible to physical degradation from such
sources as humidity and handling. Frequent renewal of a
deteriorated absorber coating would seriously impact life
cycle cost over the anticipated 15 or 20 year system life.
Additional research and development is required to improve
coating durability and extend their normal operating life.
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(2) Absorber panel corrosion: As has been expressed in the
design gection of this report, there is some definite concern
about the possibility of internal corrosion of the aluminum
roll-bond absorber panel selected for the baseline collector
design. To combat this corrosion problem and extend the
operating life of the absorber panel it may be necessary to
perform considerable periodic maintenance, such as adding
and changing filters, flushing the absorber panels, and
draining and neutralizing the transfer medium. It may even
be necessary to change to a different absorber material,
such as copper, which will significantly increase the collec-
tor first cost. A rigorous investigation of the rates, types
and sources of collector corrosion is necessary before the
associated cost questions can be answered. Further mate-
rial studies are also necessary to reduce potential collector
corrosion problems.

{3) Cover material lifetime: The use of plastic films, such as
polyvinyl fluoride or polyesters, for collector covers
appears attractive as a means of reducing collector first
cost, and also collector weight. However, long term dura-
bility and resistance to weathering and U. V. degradation has
not been well established for the plastic films. A study pro-
gram is recommended to examine the expected lifetime of
plastic films when exposed to conditions such as tempera-
ture and humidity cycling, wind buffeiing, and rain and snow
loading.

(4) Collector Redesign: As was mentioned in the Cost Analysis
section of thig report, the baseline collector design is not
considered to be optimized from a production level fabrica-
tion standpoint. It is recommended that a formal Value
Fngineering Study be performed in order to redesign the
collector to lower fabrication costs and perhaps increase
ease of maintenance.

Collector performance augmentation. - The analysis performed to
characterize the thermal processes in flat plate collector operation has
been quite successful in revealing those design parameters which must be
controlled to achieve improved collector performance. The requirements
for succesgful absorber design and insulation o improve heat transfer and
reduce heat losses are quite well understood. It presently appears that the
area of collector operation least well understood is that of the use of the
cover system. More specifically, a greater amount of the incident solar

flux must be made available to the absorber panel for transfer to the working
fluid. Two types of studies are recommended to pursue this objective:
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(1) Reduce cover system losgses: The collector performance
predictions made during the analysis section of this pro-
gram were consistent in underestimating the amount of
collector heat ioss. Since the mechanics of the conduction
and absorber re-radiation losses are well known, it is
expected that the convection losses through the cover are
actually the loss component that was underestimated. It
is therefore recommended that additional research be per-
formed to more accurately quantify the convection losses,
and that design development be pursued to reduce these
losses, perhaps through some system of baffling that would
disrupt the convection cells without significantly interfering
with cover transmission. A second approach mi ght be to
evacuate the cover system.

(2) Increase the ingolation level at the absorber panel: The
impact of increasing the amount of incident flux that actually
reaches the absorber panel can be well appreciated by con-
sidering the performance improvement achieved by the use
of anti-reflection surface etched glass in the cover system.
Collection efficiency increased approximately 10 percent
for all combinations of input parameters. This improvement
could be further enhanced by the addition of some non-
conventional augmentation system to increase the insolation
level entering the cover system. One recommended approach
that might warrant additional study is the use of external
reflectors.

One final recommendation may be made with regard to further flat plate
collector development. Both the Cost Analysis and Utilization Study sections
of this report indicated that evaluation of collector performance may be
deceptive if only pursued for a limited set of collector input parameters.
Installed collector performance under the actual operating conditions of a
given geographic location may be significantly different than that empirically
predicted from test performance for a limited set of design conditions;
different even to the extent that some design modifications may actually be
vastly more effective than anticipated, and others may not be effective
enough to justify the cost of modification. It is therefore recommended that
various collector designs be evaluated for extended periods of operation over
the naturally varying environmental conditions encountered in the different
geographic areas offered as sites for potential applications.
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APPENDIX A
FLAT PLATE COLLECTOR PROGRAM

INTRODUCTION

A detailed thermal analysis of the flat plate solar collector was accom-
plished. The analysis was programmed for computer solution for either the
steady-state or transient thermal performance, Using finite difference
methods, the heat flows and temperature distribution throughout the collector
are obtained. In the following paragraphs the analytical methods and heat
transfer correlations are presented, and a flow chart and program listing
are given.

Although the flat plate collector has been extensively analyzed by many
investigators, the available literature has several deficiencies, First, due
to the complex nature of the various radiative and convective thermal pro~ s
cesses involved, the literature has tended toward the presentation of simpli-
fied formulae for engineering design. Depending on the accuracy and depih
of understanding desired by the designer, these relations may be more or
less satisfactory. Second, due to the labor involved, a hand calculation can-
not take into consideration the transient response of the collector. Since the
incident solar flux is inherently time varying, it is desirable to be able to
predict the transient performance. This requires the use of a high-speed
computer, and no programs are currently available. Third, the effects of a
nonuniform temperature distribution in the collector components have not
been analyzed. The main source of the nonuniformity is the rise in collector
fluid temperature from inlet to outlet, which imposes a similar temperature
variation on the absorber and to a lesser extent in the covers. TFinally, the
large number of geomeirical and physical parameters such as absorber mate-
rial and thickness, number and type of covers, cover spacing, insulation, etc.
presents the type of problem that is best handled by automated design
analysis.

FLAT PLATE COLLECTOR PROGRAM

T'o achieve the enumerated design goals, a transient thermal analysis
computer program was written, The collector is subdivided inte a number of
elements, "nodes, " which interact thermally., The subdivision is indicated
in Figare 100. Although the method of subdivision is arbiirary, the effect of
the rise in fluid temperature from inlet to outlet is best examined by the
indicated subdivision. The temperature of each node is computed as a function
of time using the siraightforward explicit method in which the temperature
rate of elfange of node i is related to its present temperature and the tempera-
tures of te'neighboring nodes j by

L Preceding page hlank |

123



Appendix A

Nodal subdlvisien cuts

.

L L S P T Ll P Y
Ol=={)

Plate—tube collector
Transparenk covers

Insulatlon

Pigure 100, Nodal Subdivision of Flat-Plate Solar Collector

dTi y‘
= :,_‘_, Kij (Tj - T‘l) + Si (A1)

J

C.
i

where Cj is the heat capacity of node i, Tj is its temperature, dTj/dt is its
rate of change of temperature, T; is the temperature of node j, and 5j is the
solar heat absorption. The coupling coefficients K;;, called conductances,
depend on the heat transfer mode and are, in general, temperature dependent,

There are N such equations, one for each mass element, and the solution
of these N simultaneous, nonlinear, first order, ordinary differential equa-
tions yields the temperature history at N discrete points throughout the col-
lector. Since the temperature of each node is assumed to be given at some
initial time, t,, the rates (dT;/dt)=t . are given, and the temperatures at

. (o
to + At are obtained by
dTi
& |, At (A2)

o

Ti (to + At) = Ti ('to) +

Then the rates at t, + 4t can be calculated, and the procedure is
repeated until the desired time range is covered.
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In the following paragraphs the method of obtaining the necessary solar
input (Si_) to each node and the internodal conductances (Kij) is discussed,

Solar Energy Absorption

The first step in the analysis is to calculate muitiple reflection, absorp-
tion, and transmission of incident solar energy in the covers and absorber
plate. Equations will be derived for the rate of solar flux absorption in
each cover and in the absorber so that these values can subsequently be
included as the heat sources S; in the energy balance of each element of the
collector,

The problem will be analyzed using the net radiation method. In this
approach energy balance equations are written at each surface in terms of
the radiation leaving all the surfaces. The radiation leaving a given surface,
its radiosity, is the emitted, reflected, and transmiited (from the interior
out) energy. One problem which arises is the number of simultaneous alge-
braic equations which must be solved, particularly for more than two covers
pius an absorber. This problem will be circumvented by the following
approach, Reflection, absorption, and transmission coefficients will be
‘derived for a single cover with no absorber. These coefficients are then
used in a two-cover analysis to obtain reflection, absorption, and transmis-
sion coefficients for the two-cover system. The pattern of the results then
emerges such that any number of covers may be analyzed without recourse
to the solution of a large number of simulitaneous equations, Having obtained
the radiation coefficients for the N cover system without absorber, the
absorber is then included using the same procedures.

This procedure, which will be clarified in the analysis to follow, allows
the solution of four important combinations of specular and/or diffuse
conditions:

Direct solar flux with specular absorber
Direct solar flux with diffuse absorber

Diffuse solar flux with specular absorber

o o 9 o

Diffuse solar flux with diffuse absorber

The effects of specular versus diffuse absorbing surfaces may be
examined, as well as a comparison of the absorption of direct and diffuse
solar energy. The program analyzes the reflection, absorption, and trans-
mission of the direct and diffuse components of the incident solar flux sepa-~
rately and then combines the resulis to obtain the total heat absorption.
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Single Layer

The reflection, absorption, and transmission of a single layer will be
obtained. The geometry and nomenclature is indicated below.

INCT
e
T \
. L AT
e
\ |71

I = incident flux
R = reflectance (total reflectance due to both first arid second
surfaces)
= absorptance

A
T = transmittance

¢ = angle of incidence

Y, = angle of refraction; sin ¢/siny = n = index of refraction

The reflectance, absorptance, and transmittance are obtained using the
radiosity method as follows.

Let By be the flux leaving the first surface in a direction into the layer
and Bo be the flux leaving the second surface in a direction into the material.

N

{8,

1°2

AT
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Then By consists of energy transmitied across the first surface plus
reflection og’ energy arriving internally,

Biz(l-r)l_+re-kLB2

and By consists of only reflection of energy arriving internally,

where k 1s the extinction coefficient of the absorbing layer and r is the
reflectance at a single interface.

‘The interface reflectance, r, is given by

sin” (¢ - 1/ tan” (¢ - .
sin® (¢ + Y) - tan? (@ + )

11 7

where ryj is the reflectance for energy plane polarized in the plane of
incidence and r; is the reflectance for energy polarized in a plane perpen-
dicular to the plane of incidence. The compitter program carries out the
analysis for each component separately and averages the final reflected,
absorbed, and transmitted energies under the assumption that the incident
solar flux is unpolarized,

Solving for Bt and By,

l-r
B, = ————p I
1 = 7% 2EL
B = r(l--r)e_k'L n
2 2 -kL
I-r~ e

The reflected energy RI consists of first surface reflectance plus that
portion of Bo which remains after absorption in the layer and internal reflec-
tion at the first surface; i.e.,

rL + (1 - 1) e-kLB

RI 2
I_(1__]:_)2 e-ZkL

rl + =
1-r2 e--ZkL

I
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and the reflectance, R, is

(l_r)z -2kL n
R=rl1+ © (A3)
2 _-2kL ]
1-r~ e

Similarly, the transmitted energy TI1 consistis of that portion of By which
remains after absorption and reflection,

TT = (1 - 1) e KL B,
and
2. -kL
T = (1_% TR (Ad)
i-r” e

The absorbed energy is obtained from the energy balance,
I = RI+ Al + TI

or
A=1-R-T

It is noted here that Equation (A4) differs from the gpnimonly stated
expression for T,

The numerical difference between the two relations is not large for the
values of r, k, and H encountered in the flat plate colle\ctor. However, since
the results are to be obtained by computer analysis, the more precise expres-
sion, Equation (A4), will be used.

Multiple Layers
The results for the single layer can now be used to obtain reflectance,
absorptance, and transmittance for the two layer system. The analytical

procedure will be presented for the two layer case and the results general-
ized for the N layer case.
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The pertinent parameters are indicated on the following sketch. For
convenience the incident flux is taken to be unity with no loss in generality,

R(z) l: 1.0

{

Layer 2

'e
2
QBlu *

Layer 1

T(2)

The superscript in parenthesis is the order (No. of layers) of the system.
The subscripts on B refer to the layer number and the upper (u) or lower (1)
surface, The following nomenclature is used:

'Rl = reflectance of single layer system having properties
(n,r,k,H) of layer 1

R2 = reflectance of single layer system having properties of
layer 2

Tl = iransmittance of single layer system having properties
of layer 1

T2 = transmittance of single layer system having properties
of layexr 2

R(l) = reflectance of single layer system = Rl

R(g) = reflectance of double layer system

T(l) = transmittance of single layer system = Tl

T(z) = transmittance of double layer system

Al(z) = absorptance of layer 1 in a double layer system

Az(z) = absorptance of layer 2 in a double layer system
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To assist in following the analysis and to see the generalization to an N
layer system the algebra has been organized on Figures 101 through 108
along with sketches of the geomeiry. Referring fo Figure 102 for the two
layer system, observe that Bgy is composed of the transmission Ts of solar
flux by material 2 and the reflection Ry By of the energy leaving the upper
surface of layer 1. The interlayer gas is assumed to be nonabsorbing. Biy
consists of the reflectance R{1) of a one layer system times Bgy.

The reflection R(2) of the two layer system is the reflection of layer 2
for the incident flux I plus the transmission of flux By, through layer 2. The
transmission T(2} of the two layer system is the transmission T ) of a ?ﬂe
layer system of flux Bgy through layer 1. The absorptionin-layer 1, A ,
is ihe absorption of a one layer system for incident flux Bey, and the absorp-
tion of layer 2 is the absorFtion of incident solar flux I and incident flux B),..
It is noted that, although R D= Rq, all) = A1, and (1) = T1, the superscript
form 1S used where necessary to show similarity with the three and four
layer relations given on Figures 103 and 104.

The reflectance R, @) absorptances Ai(n:. d), and transmittance r(n, d)
of an n layer system for diffuse incident solar flux are readily obtained by
integration of the above derived direct values over the hemisphere. These
results are given in Figure 105.

Multiple Layers Plus Absorber

Expressions for the reflectance and absorptances for an n layer system
plus an absorbing material are readily derived using the above results. The
relations are presented in Figures 106 through 109 for the four combinations
of direct or diffuse solar flux with a specular or diffuse absorber. Some
comments on the notation are necessary. The superscript n refers to the
number of layers {covers) as before. The superscript nta refers to a sys-
tem of n covers plus an absorber., Capital D implies direct incident solar
flux. Lower case d implies diffuse incident solar flux and/or diffuse .
absorber (the second d refers to the absorber). The s superscript implies
a specular absorber., Finally, the superscript n” - on a parameter such as
R(N~1)} means that the reflectance is fo be evaluated for the reverse order of
the covers; i, e., for incident flux in the opposite direction. This produces
the reflectance of the cover system for energy 1eav'(n% the absorber. Noie
that although it can be demonstrated that T(n-1) = TN} the ex(%reﬁsion T{n-1)
is retained where applicable. In general,R(n" 1) £#r(M) ang A; -1,

Figure 106 contains the results for the direct incident solar plus specular
gbsorber case, B,(1+C,D,S) consists of the reflection of energy leaving the
lower surface of cover 1. The energy leaving the lower surface of cover 1
consists of transmi%ted incicBent solar flux T(D) by an n cover s;zrstem ph}s
the reflection of B, n+e, D, 8) and the absorber absorptance Ay nta, D, 8) gre
similar and will not be elaborated upon.
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#—Layer 1
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1
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Figure 101, One Layer
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R(e{ I=1.0
T -
#— Layer 2
v5,,
QBlu
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Figure 102. Two Layers
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g(3) I=1.0
. 2
— Layer 3
+
B
34
& BEu
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A(3)
334 = T3 + R5 BEu
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Figure 103, Three Layers
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T
B =
5t 1_R(E)R3
5 = R(E)Tj,
20 (2
3
(2) . 2
Ne) I A
3 (2)
LR Ry
(3) . _ T2 T3
A 77 = (1-Ry-Ty) (I-R(l)R?) (1-11(2)113}
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(3) _ qo . T (2) . _ (2
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Figure 103, Three Layers (Concluded)
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HAemswe Taver b
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Figure 104, Four Layers

Layer 1
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R(n’d) I, = 1.0, I, = total {hemispherical} flux
R . 1,0
1 i qub=0_1d/n_ﬁ
Layer n
¢ Layer 1
<
T(nfd)
' n/2 n/2
g(med) f g(™) (% cos §)(2x sin B dP) = 2 f (™) cos ¢ sin ¢ 4@
0

0

r 1'[/2 -
Aim’d) = 2 f %) (os @ sin ¢ 49
0

0

Figure 105, N Layers, Diffuse Incident Flux
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Figure 106, N Layers + Absc;rber: Direct Incident,
Specular Absorber
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Figure 107, N Layers + Absorber: Diffuse Incident,

Specular Absorber
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Figure 108,
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Figure 107 indicates the necessary integration of the direct resulis to,
obtain reflectance and absorptances for the case of diffuse incident solar flux.

The results in Figure 108 for direct incident solar flux and diffuse )
absorber and the resuits of Figure 109 for diffuse incident and diffuse absorber
are arrived at by similar arguments. Note that the diffuse incident - diffuse
absorber results do not require integration since the energy distribution
leaving the absorber is specified (i.e., is diffuse), In the case of the specu-
lar absorber with diffuse incident flux, the angular distribution was not known
gince the covers alter the angular distribution of the originally diffuse incident

flux.

Heat Liosses

The solar energy absorption by the absorber is partially lost 1o the
environment by convection and radiation between the absorber and the cover
system and by conduction through the insulation on the back side of the
obsorber. In addition, there will be edge losses around the periphery of
the collector.

Natural conduction between parallel plates has been treated by several
investigators. Tabort?) reviewed several proposed correlations and
recommends the relations below for the Nusselt number (Nu) which are pre-

sented in Ref. (8):

Nu = 0. 0369 Ra® 38 vertical planes, 1.5 x 10% <Gr 1.5 x 10°,
Pr=0.72
Nu = 0. 0885 Ra® 327 vertical planes, 1.5 x 10° <Gr <10, Pr = 0,72
0.310 o 4 7 (A5)
Nu = 0.102 Ra , 45° planes 10" <Gr <10, Pr = 0. 72
Nu = 0. 168 Rao' 281, horizontal planes, 104 <Gr < 107, Pr =0,72
The heat flow is
_ NukA
or in terms of a conductance,
Q = K.lj (Tj - T)), Kij = NukA/H (A8)
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where A is the area of the nodal element of the absorber or cover, T is
the temperature of the surface indicated by the subscript, H is the gap
width, and k is the thermal conductivity of the air in the gap.

The exchange of infrared radiation between the absorber and cover and

between adjacent covers is given by the expression

1
- 1) Ao (TJ4 -7

f'){p...a

Q (—} .
5
(AT)

I
o
=

t
3
=
"

-1
1,1 2 2
—_ 4+ = -
St 1) AO(T"+ T (T +T)

where € is the emittance of the surface indicated by the subscript, T is its
temperature, and A is the surface area.

The convection loss from the top cover to ambient and from the insula-
tion surface to ambient may be expressed by

@ = hA (TS - Tam'b}’ Kij = hA (A8}

where A is the convective heat transfer coefficient, Ty is the surface tem-~
perature, and Tymyp, is the ambient air temperature., Depending on the wind
velocity and turbulence, coliector orientation, and the effect of the edge con-
ditions, the flow over the collector may be laminar or turbulent.

A well known heat transfer correlation for laminar flow over a flat
plate is

NU = hTL - 0.664 R
[+

where the Nusselt and Reynolds nmumbers are based on the length of the sur-

face in the flow direction. For a boundary layer that is turbulent over the
entire collector,

8 1/3

NU = 0.037 Reo' Pr (A10)

In the computer program suitable local values of these heat transfer
coefficients are used which are then integrated over the length of the nodal
elements., In this way the variation of h with position is accounted for.
(The program also has provision for specifying the wind direction. }
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The radiation loss from the top cover is ambient and from the insulation
to ambient is given by
2 )
sky
where € is the infrared emittance of the surface and Tgky is the mean radiant
temperature of the ambient.

Q=cAo(rTi.T (A11)

In addition to these heat flows, there is heat transfer by conduction
between adjacent absorber nodes, adjacent cover nodes, aid adjacent insula-~
tion nodes. All of these heat flows take the form

T.-T kA

= ] i =
Qij kA i ,Kij = . (A12)

where k is the thermial conductivity of the conducting material and Ax is the
path length for heat flow between the two locations of T; and ’I’j.

Tinally, there will be a flow of enthalpy due to the moving collector fluid.
This must be accounted for in the energy balance of the fluid nodes by a term

fncp at the inlet and exit planes of each fluid node.

HEAT ABSORBED BY COLLECTOR FLUID

The primary purpose of the collector is to heat a fluid which flows in
physical contact with the absorber. The current version of the computér
program assumes an integral tube-plate absorber with parallel flow tubes
as indicated in Figure 100, Fluid is assumed {o enter the tubes from a com-
mon header and empty into a collection header.

The heat transfer from the tube walls to the fluid corresponds to the case
of developing thermal and hydrodynamic conditions. Rohsenow 4) presents
correlations for four combinations of boundary (uniform wall temperature or
uriiform heat flux at the wall) and flow conditions. The computer program
uses the following relation for the average Nusselt number as a function of
the distance x from the inlet,

NU = BD _ 4 3640023 (D/x) RePr

X k 1+ 0.0012 (D/x¥)} RePr (A13)

where the Reynolds number is based on the tube diameter D. This expres-
sion is averaged over the length of the nodal elements to account for the
variation in h over the node and to account for the location of the element
with respect to the inlet.
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SOLUTION STABILITY

The explicit step-by-step solution procedure described earlier is subject
to a restriction on the maximum allowable-integration time step in order to
avoid instability and gross divergence of the solution as time progresses,

An automatic stabilization routine has been built into the computer program
to minimize the possibility of divergence. At each time sitep the maximum
integration step size is computed from the geometrical and thermal condition
and is multiplied by a safety factor, less than or equal to unity. The result-
ing time interval is used as the integration step size. If the solution diverges
outside prespedified bounds on the nodal temperatures, the safety factor is
reduced in magnitude and the problem is restarted from the beginning.
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APPENDIX B
FLOW DISTRIBUTIONS IN SOLAR COLLECTOR ARRAYS

INTRODUCTION

A typical solar heating installation for a residence might consist of a
large number of flat plate collector modules assembled as an array on or in
the structure roof. Collection fluid will be supplied to the modules in some
form of series-parallel network. The piping network musi be designed to
provide the proper flow to each module. Also, within a module, the goal is
to provide uniform flow per unit area of the collector. In the usual case of
uniformly spaced tubes running from a supply header to a collection header
as indicated in Figure 110, it is desirable to provide, as nearly as possible,
equal flow to each tube. This latter problem, uniform flow within a module,
is addressed in the following paragraphs.

Collection header

J,
L | R
L _L i

/

HW]_“ MW

Central
supply manifold

Return

Figure 110. Flat-Plate Solar Collector
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FLOW ANALYSIS

The flow in a tube is determined by the difference in pressure between
the supply header and the collection header at the tube ends. The header
pressures will vary along their length due to (1) wall friction losses and
(2) momentum flux changes in the headers as fluid is withdrawn or added.

The pressure in the supply manifold will fall in the flow direction due to wall
shear stress, but the drop will be reduced by pressure recovery at each
cross fube due to extraction of fluid and subseduent loss of momentum in the
supply header flow. In the collection header, the frictional drop is reinforced
by the acceleration drop due to the increased momentum. The resulting pres-
sure difference at the ends of a tube will, therefore, vary from one tube to
the next, and the flow rate will vary from tube to tube.

Header Pressure Drop Due to Wall Shear

Pressure drop in the flow in a header between adjacent tubes depends on
the flow rate and the flow condition; e. g., laminar or turbulent, developing
or fully developed. Since only a small percentage of the header flow is
extracted or added at each cross tube, the header flow is assumed to be fully
developed at all locations. The flow is assumed to be laminar for Reynolds
numbers below 2000 and turbulent above 2000, In either range, the pressure
drop, AP, over a length, AL, may be expressed by:

AP = 4t z v (B1)

where AL is the header passage length between cross tubes, D is the passage
equivalent diameter, p is the fluid density, and V is the average velocity.
The friction factor, f, for laminar flow in a rectangular duct (it is assumed
that the headers and cross tubes will be essentially rectangular for reasons
which will be discussed later) is given by

16

= ¢Re (B2)

f

where

- pVD

Re , b = dynamic viscosity (B3}

The factor ¢ is a function of the duct aspect ratio, which is the ratio of the
short side o the long side. A plot of ¢ versus aspect ratio is presented on

page 62, Ref. 8.
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1
In the turbulent range the Blasius equation will be used,

£ =0.079 Re~ 25

(B4)
It should be noted that this relation is ordinarily applied for Reynolds numbers
above 5000.- For the transition zone, 2000 <Re < 5000, convenient formulae

are not available, and the Blasius relation will be used for Re greater than
2000,

Cross-Tube Pressure Drop

The discussion above applies equally well fo the cross-tube bressure
drop. However, the flow in a cross tube will almost always be in the laminar
regime and the pressure drop will be given by

Ly
P = i, 51+ K

-21- th2 (B5)

where the friction factor is given by Equation (B2). The factor accounts

for entrance pressure losses due to (1) increased wall shear and {2) momentum
flux increases in the entrance length., K; is presented on page 117, Chapter 7
of Ref. (9) as a function of the cross-tube aspect ratio.

Pressure Changes Due to Removal or Addition of
Flow at Branches

Fluid is removed from the supply header at each cross tube branch.
Considering the control volume as indicated in Figure 111, and equating the
next efflux of longitudinal momentum with the net force in the longitudinal
direction gives:

(P, - P

L~ FPg- &P

YA, =M V. - M_V_ + MV {B6)

shear’ "h R R TL'L t

where APgpegy 1S the pressure drop over the distance a; due to wall
shear siress.

It is convenient to include the effect of the efflux of longitudinal momentum
due to the cross-tube discharge, MVt, as a coefficient C in the form

(Py, = PR~ DPgheaptdy = C(MpVyp - My Vi) (B7)
oxr
P. - P_ = AP N SPCIVET I - (B8)
I, R shear A 2 PV, R :
h
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\ Cross tube Collectar header -

p P
£ . —R .
Vi My Ve Mp,
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1
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1 1
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} 1
] 1
1

. '-~~;'\ ; X

Control volume Supply header

Figure 111. Control Volume Computation

In words, the pressure drop in the supply header from. a cross section at the
ypstream edge of fhe cross tube to a cross section at the downstream edge
ia the shear stress AP minus the pressure recovery due to loss of longitudinal

momentum,

The coefficient C has been studied by Acrivos et al. for air discharging
from ports in a header. For fractional changes of header velocity in the range

V.-V
0.2 « =B 0.5 (1B9)

v,

they observed values of C on the order of 0.7.

For digcharge from a cross tube into the collection header, Equation
(B8) takes the form
2), primes refer to' (B10)

C 'p(VI'{Z - Vf;
collection header

) r '
PL PR - APshear +

where the increased momentum flux in the collection header resulis in an

additional pressure drop. l

150,



Appendix B

Cross-Tube Flow Distribution

Using the relations presented above, the following set of equations can
be written for the ith cross tube,

AL, - a
i % 1 2
Pr,i° PR,i-17 i Dy 5 OVL,i (B11)
AL, - a
14 - Iy t h t }_ I3 2
PL,i " PR,i-1” #n,i 7D 7 UL, (B12)
201 2 C 2 9
Pr,i” Fr,i" %1 D, 2 VL, 7 Vi " Vg,i? (B13)
h A,
: r H 1 ., 2 Cp 5 9
2 _ v 2 ? . ’
P{ i~ Pri- %D 2L, —2VL, " VR, (B14)
h Ay
1 1, , Ly 2
5Py v Pp ) -5(Pf ;+Pp J={4 ; 5 TEJ5 0V (B15)
’ ] 45 3 s t R
phy (Vo 5 VR,i) = PANV (B18)
r ) _
pA (Vg ;= Vi, = PAYy 4 (B17)
Vi,i " VR,i-1 (B18)
! — I 4
Vi,i~ VR,i-1 (B19)

In Equations (B13) and (B14) the friction factors, fy ; and fy, ;. will be com-
puted based on the velocities V1, j and V{, j, respedtively. The velocities
Vg.iand Vﬁ, i, or the mean values, cou{'(’i’ equally well have been chosen with
very little numerical difference in the final result. The difference in average
pressures has been used in Equation (B15) to compute the cross tube flow.
Tquations (B16) and (B17) express mass conservation at the cross-tube

junctions,
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Equations (B11) to (B19) are a set of nine equations in nine unknowns:
P1, i PR.i» YL,i» VR,i> P}L,i: PRr.i» Vi, is VR,i» Vi,i. Considering that
a cbllecl.%)’:‘ may have a dozen cross tubesor that a row of collectors might
involve as many as 100 cross tubesg, solution of the resulting set of nearly
1000 simultaneocus equations would be a formidable task. Fortunately, a

much simpler procedure has been employed which will be outlined.

Assuming for the moment that Vg ;.1 and Vg j.1 are known, then V, i
and VL ; are known from Equations B'18) and (B19), , Then, Py, i and P{. i
are givén by Equations (B11) and (B12), Vp ; and VR j can be expressed in
terma of the tube flow Vi ; from Equations (B16) and (B17). Substituting in
Equations (B13), (B14), 4nd (B18) results in three equations in the three
unknowns ?’R’ is Pﬁjg, Vi,:. Algebraic elimination of P i and Pﬁ ; resulis
in a quadratic in Vi j which, when solved for V4 i, allows direct avéiuation

of Py, i and Pﬁ: ; and all unknowns have been calculated.

The procedure is started by agsuming that the inlet header flow is given
and thus Vg, 1 is known. Similarly it is assumed that theé collection header
flow i8 known upstream of tube No. 1 and thus Vy, 1 is given, The pressure
level of the system is arbitrary, so one pressure, ordinarily the inlet pres-
sure Py, 1, may be assumed, 'The solution then proceeds by assuming a
value for ‘lthe velocity, Vi 1 intube I, This permits direct calculation of all
other parameters at the Supply and collection ends of tube 1, Then the above
outlined procedure for solving for the nine unknowns at tube 2 can be followed
and repeated for all tubes. If the flow in the suppiy header is nonzero imme-~
diately downstream of the last tube, the solution is repeated for a new value
of th 1‘d By trial and error the proper value of Vi 1 18 found and the problem
is solved, .

This procedure has been programmed for solution on &'digital computer
with an on~line plotter. Results have been obtained for a row of 10 collectors
as indicated in Figure 110, This number of collectors was chosen as typical
for a single family dwelling. A complete array would consist of several
rows. The present analysis is concerned with the distribution of flow in one
row. The pressure drop in the supply and collection headers in the collectors
can be reduced by providing a central supply manifold as indicated in Fig-
ure 110, with the flow passing both ways io the outer edge of the array.

This produces a significant improvement in the flow uniformity between tubes,

The analysis hasg thus been carried out for a row of five collectors each
having 12 cross tubes for a total of 60 tubes as shown in Figure 110. The
supply and collection headers are on 42~inch centers and the cross iubes are
40 inches long on 3.552-inch centers. The headers are rectangular ducts
with 1/2-inch by 2-inch inside dimensions, The cross tubes are also rec-
tangular in section and will have 0, 050-inch by €. 500-inch inside dimensions,
Thése spacing and dimensions were arrived at from the résults of the
present analysis.
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Figures 112 to 114 present the results of the flow distribution calcula-
tions for three possible cross-tube dimensions: 0.050-inch by 0. 500-inch,
0.100-inch by 0. 500-inch and 0. 200~inch by 0. 500-inch. The sensitivity of
the flow distribution to the cross-tube dimensgions is immediately evident.
Referring to Figure 112 for the 0. 050-inch by 0. 500-inch tube, it is seen
that the cross-tube pressure drop at a nominal flow of 10 ibm/hr is about
2.5 inches of water. This is a relatively large pressure difference com-
pared with the header pressure variation and, consequently, the cross-tube -
flow distribution is quite uniform. .

As the cross-tube inner height is increased, the associated pressure
drop falls rapidly and, as shown in Figure 113 for the 0.100-inch by 0. 500-
inch tubesg, the header pressure variation causes a significant nonuniformity
in the flow distribution. The distribution for the 0. 200-inch by 0. 500-inch
tubes, Figure 114, is badly out of balance.

mcreasing the cross-sectional dimensions of the headers results in less
header pressure variation and more uniform flow. However, the mass of
fluid and collector heat capability increase as the header dimensions are
increased. For 0. 5-inch by 2. 0-inch headers and 0. 050-inch by 0. 500-inch
cross tubes, the fluid heat capacity is about 25 percent of the total collector
heat capacity, and 90 percent of the fluid is in the two headers,

It should be noted that if a nonuniform flow is present, the resuliing
variation in the fluid temperature will produce a variation in the hydrostatic
pressure distribution which acts in a direction to reduce the nonuniformity.
Since the hydrostatic pressure of a 40-inch column of a 50-percent mixture
of ethylene glycol and water decreases 0. 016-inch of water per °F, the tem-
perature variation will produce a significant improvement in the flow dis-
tribution for the 0.200-inch by 0. 500-inch tubes, but very little improve-
ment for the thinner tubes. )
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APPENDIX C

SOLAR SIMULATOR AND OUTDOOCR
TEST DATA

SOLAR SIMULATOR TEST DATA

Solar simulator test data for Black Nickel on aluminum, black paint on
aluminum, Black Nickel on steel, and Black Chrome on steel are presented
in Tables 19 through 22, respectively, for various combinations of cover,
incident angle, and diffuse/direct ratio.

OUTDOOR TEST DATA

Outdoor test data taken at various times of the day over a period of nine
different days from 9/26/74 to 10/26/74 are presented in Tables 23 through
31 for selective coated and nonselective coated collectors with two glass covers.
In addition to time of day, the data recorded included incident solar flux,
ambient temperature, wind velocity, mass flow rate, temperature rise, and
fluid inlet temperature,
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TABLE 19, - SOLAR SIMULATOR TEST DATA FOR BLACK NICKEL ON ALUMINUM

ABSORRBER: Black Nickel on aluminum

COVER:

2 glass

INCIDENT ANGLE: 0°
DIFFUSE/ DIRECT RATIO: 0

(Baseline)

50% solution ethylene

glycol with water

Fluid

Mass

Average

Collected

Incident

A I e = e e
rn emp, rate, o temp, fluax, flux,
° b /hr $t2 F ° Btu/hr £t2 | Btu/hr fi2 percent
& 200, 0 10.1 5.0 202. 5 44,2 71,1 25, 8
7 200. 0 10. 1 18. 3 206. 7 117. 7 955, 5 46. 1
8 200. 0 10.1 18.8 209. 4 166. 5 119. 0 52. 2
9 160.0 9.9 14. 8 167. 4 126, 7 240, 0 52. 8
58 160.7 10. 0 17.1 169. 3 147.7 266. 8 55, 4
10 120, 0 10.1 9.1 124, 9 82.9 147. 8 56. 1
14 120.0- 9.9 17.5 128. 7 145. 6 282, 0 62. 8
50 120. 6 10. 0 19, 5 130. 4 184. 9 258, 2 63. 9
15 120.0 10.0 25,1 132. 6 212.4 323. 3 65. 7
53 119. 5 10,0 23. 5 131, 2 198. 2 296, 3 66. 9
13 80. 0 9.9 12.7 86. 3 103,72 160. 2 84, 4
12 80.0 9.9 19.5 89.7 158. 9 233, 0 68, 2
11 80. 0 9.8 28, 0 94,0 226, 4 324, 0 69. 9

N xipuadd
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ABSORBER:

COVER:
INCIDENT ANGLE:

40°

DIFFUSE/DIRECT RATIO: ©

TABLE 19, - Continued.

Black Nickel on aluminum
2 glags

Fluid

Mass

Average

Collected

Incident

Test inlet flow Trtzrsnep fivid energy energy S&iig;ﬁ;
run temp, rate, o temp, flux, flux, :
°F Tom /hr £t2 ¥ °F Btu/hr £t2 | Btu/hr 12 | Peveent

72 201,2 10. 0 ¢.0 202.1 o 146, 8 0
74 201, 0 10. ¢ 9.4 205, 7 82. 6 236.3 35.0
76 198, 5 10.0 15.9 207.5 140. 1 322, 3 43.5
59 180, 2 10,0 i4.4 187, 4 124.0 266, 8 46. 5
48 120, 7 10.0 , V.2 124, 3 60. 6 158, 4 38.1
51 120, 8 10,0 16.6 129.1 140, 0 258,32 54, 2
54 119, 1 19,0 ig.1 128.7 i81.4 268.3 54, 5
33 80.3 10, 0 12.3 86.4 101, 1 160. 5 63.0
35 79.5 10.0 18.4 88,17 151, 8 259, 1 08, 6
37 79,3 i0, 0 23,9 81,3 197, 8 311, 2 63.5

0 xpuaddy
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TABLE 19, - Continued.

ABSORBER: Black Nickel on aliminum

COVER:

2 glass
INCIDENT ANGLE:

80°

DIFFUSE/DIRECT RATIO: ¢

Test | et | fiow Temp | ATNRE | “Cierey, | emerey | Sollectar

rUn temp, rate, B temp, © e, flux, g
°F 1bm /hr £12 ¥ SR Btu/hr £12 | Btu/hr fi2 percent
73 201. 7 10,0 -3, 3 200, 0 99, 9 146, 8 ~19.9
75 201, 2 9,9 0.3 201, 3 2.3 236. 3 1.0
77 | 200.5 9.4 3.9 202.1 | 24.1 323, 3 7.5
80 180, 4 10, 0 6.1 163, 4 52,1 268, 8 18,5
49 120.7 10,0 - 3.1 122, 2 25, 8 154, 9 16. 8
52 | 120.4 10.0 8.0 124, 4 67.3 258, 2 26. 1
55 117.7 10,0 9.4 122,4 26,17 296, 3 26,7
34 79, 4 10,0 6.3 82. 5 51.5 160, 5 32,1

36 79. 17 10. 0 10. 9 85.1 89. 5 259. 1 34,5
38 79, 6 10,0 13.1 86,1 - | 107,% 311.2 34, 6

O xipuaddy
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TARBLE 18, - Continued,

ARBSORRBER: Black Wickel on aluminum

COVER: 2 glass
INCIDENT ANGLE: 0°
DIFFUSE/DIRECT RATIO: 0,85

Fluid Mass Average Collected Incident
reae | et |- omew | Teme | HGa® | Cenersy’ | emery | GRNO
run temp, rate, op temp, flux, flux, er Centy,
°F lbm /by £12 °F Btu/hr 2 Btu/hr ft2 p

. 00 198.0 9.9 3.8 199. 8 31.1 160, 6 19, 4
35 161, 0 9.9 5,0 183.5 49,4 141, 4 30. 0
83 120. 0 10,0 6.7 123.4 58, 6 130, 2 45, 5
84 120, 0 10,0 10.1 125.0 84,7 168, 8 50. 8
78 81.1 10. 0 21.0 81, 8 173. B 253, 5 68, 5

~ xipuadd y
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ABSORBER:

COVER:

GO

DIFFUSE/DIRECT RATIO: 0

TARBLE 19, - Continued.

Black Nicksl on aluminum
1 glass
INCIDENT ANGLE:

prpeeend

Test | st | fiow Temp | % | Cenerey | emorsy | Coflestor
run temp, rate, o temp, flux, flux, '
R lbm/hr £t F o Btu/hr ft2 | Btu/hr ft2 percent

23 199. 0 9,9 3.0 200, 5 26.0 160. 6 16.2
24 200, 0 10,1 11,8 205, 9 105, 0 255. 4 41,1
25 200.0 - 10,0 17.9 209, 0 157.8 320.9 49. 2
9 160.0 10,0 14,5 167.3 125.1 238, 6 52.4
16 | 1200 9.5 8,1 124, 1 65, 3 139, 0 46,9
17 120, 0 3,9 18, 6 129.3 1586, 0 244, 0 63.1
18 120. 0 9.6 27.5 133.8 244, 4 330.2 67.9
20 78,0 10,0 12,0 84,0 98,8 136.5 72. 3
21 80,0 10, 0 21,7 90.9 179.5 235, 9 786. 1
22 80. 0 10.0 30, 6 95.3 2534 328, 1 77, 2

~y xipusddy
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'I‘ABLE 19, - Continued,

ABSORBER: Black Nickel on alumiliim
COVER: 1 Lexan

" INCIDENT ANGLE: 0°

DIFFUSE/DIRECT RATIO: 0

Fluid Mass Average Collected Incident
Test inlet flow rI;‘?ISnp fluid energy energy g&?}fd?
run temp’ rates 'OlFe’ temp: ﬂuX, ux, iclen ty’
°F Tom /hr £42 °F Btu/hr £ft2 | Btu/hr ft2 percen
69 201.3 10.0 9,7 206.1 85,0 238.3 35.6
57 158, 9 10,0 13,86 165, 7 117,0 232.8 50, 2
56 119.0 10.0 18.7 128, 3 157, 4 246, 3 63,9
39 81.1 10,0 21,5 91.8 177. 4 261.1 70,7

D xipuaddy
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TABLE 12, - Continued,

ABSORBER: Black Nickel on aluminum
Glass/Tedlar

COVER:

INCIDENT ANGLE: ¢°
DIFFUSE/DIRECT RATIO: 0
Fluid Mass Average Collected incident
Tesgt inlet flow Te".:lp fiunid energy energy C;;"l}gctor
Tun temp, rate, 1;1Fe, temp, flux, ux, e mteniy,
°F lbm /hr 2 ° Btu/hr ft2 | Btu/hr ft2 percen
109 201, 0 9.8 10,4 206, 2 80. 3 : 226.2 39.9

9% 158.0 10.0 15,3 166, 8 131.4 238.7 54.8

92 | 118.0 10.0 18, 3 127.3 156, 2 249, 5 62.8

96 80.0 10.0 20, 8 90. 4 171.8 23,7 72.3

O x1puaddy
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TABLE 18, ~ Concluded,

ABSORBER: Black Nickel on aluminum

COVER:
INCIDENT ANGLE:

2 antireflection glags

ﬁ(}

DIFFUSE/DIRECT RATIO: ¢

Fluid

Mags

Average

Collected

Incident

Test inlet flow T;?;np fiuid . energy energy Cf?}lqctor
run temp, rate, olFe’ temp, flux, flux, € 101@nf:ty,
°p Tom/he 2 ° Btu/br ft2 | Btu/hr ft2 percen
108 201,0 10.0 12.5 207.3 110, 2 ¥ 226,4 - 48,7
103 180.0 10,0 15.7 187,9 135.5 229,3 58,1
140 120, 0 10,0 19,3 128.9 166, 5 231. 4 72,0
08 81.0 10.0 21.8 g1.9 180.2 226, 7 73,5

D xipuadd y
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TARBLE 20, ~ SOLAR SIMULATOR TEST DATA FOR BLACK PAINT ON ALUMINUM

ABSORBER:

COVER: 1 glass
INCIDENT ANGLE:

00

DIFFUSE/DIRECT RATIO: 0

Black paint on aluminum

Collected

Fluid Mass Average Incideht :
Test inlet fow 'I;‘e.;? fluid energy energy Cf(;.li(l:e_:c;%r
rm temp, rate, °1F ’ temp, flux, flux, © ;r::eenty’
°F Tom/hr £t2 °F Btu/br ft2 | Btu/hr £i2 pexcent
107 | 201.0 10. 0 3.4 202,17 29, 8 229, 8 13.0
86 | 161.0 10,0 10.9 166. 4 93, 5 228, 8 40.9
82| 119.0 10,0 7.9 123.0 66. 7 146, 3 45,6
79 80,0 9.9 15,0 87.5 122, 3 162. 5 75, 2

P O]

N xipuadd
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TABLE 20, - Continued.

ABSORBER: Black paint on aluminum

COVER:
INCIDENT ANGLE:

1 Lexan

00

DIFFUSE/DIRECT RATIO: 0

Fluid Mass Average Collected Incident
v | e | | T | EET ) S’ | oo | Gl
run temp, rate, o ! temp, flux, flux, ercenty,
°F Tbm/hr ft2 °F Btu/hr ft2 Btu/hr ft2 p

67 201.4 10,0 4,3 203, 6 38.0 K 243, 4 15, 6

82 157. 4 10. 0 10.1 162. 5 87.0 229, 7 37.9

46 118.6 10.0 17,7 127, 4 148, 9 253, 9 58, 6

41 79.4 10.0 22. 6 90. 7 186. 7 264, 0 70.7

A x1puaddy
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.COVER:
INCIDENT ANGLE:

2 glass

00

DIFFUSE/DIRECT RATIO: 0

TABLE 20. - Continued.
ABSORBER: Black paint on aluminum

Fluid Mass Average Collected Inciderit :
Test inlet flow 'I;_eirsnp fluid energy energy ngit?g;%r
run temp, rate, OFe, temp, flux, flux, - ercenty’
°F ‘1bm/hr ft2 ° Btu/br 12 | Btu/hr 12 | P
64 202, 5 10,0 -2.5 201, 8 -21,6 139, 2 -15,5
65 200, 7 16,0 8.0 204, 7 70. 3 237,86 29. 6
66 201. 2 10.0 12,9 207. 6 113.2 291,0 38. 9
83 157. 1 10.0 12. 7 163.5 109. 4 233, 2 46,9
43 118. 2 10.0 8.5 122.4 71, 2 152.9 46,5
44 119.6 10,0 19. 0 129.1 160, 3 257,9 62, 1
45 119. 8 10. 0 23.7 131, 6 199. 9 302. 5 66. 1
1 79. 0 11.0 11.7 84.9 106. 6 157.2 67.8
2 83.0 11,0 20.3 93.2 185.5 256, 2 72.4

D xipuaddy
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TABLE 20, ~ Continued.

ABSORBER: Black paint on aluminum
COVER: Glass/Tedlar

INCIDENT ANGLE:

00

DIFFUSE/DIRECT RATIO: 0
Fluid Mass Average Collected Incident
Test inlet flow II;_?EZP fluid energy energy Sfof%%:?‘é;c(’:r
Tun temp, raie, o ' temp, flux, flux, ercenty’
°F 1bm /hr £12 ° Btu/hr £ft2 | Btu/hr ft2 P

91 198._0 10,0 7.0 201.5 61,4 241,86 25,4

94 159, 0 10,0 11,3 164, 7 97.4 237.6 41.0

93 120. 0 10.0 15,7 127.8 132.1 236.3 55.9

o7 §0.0 10,0 20, 5 90,2 169, 0 230,86 73.3

N x1pusddy
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COVER:

00

TABLE 20, - Concluded,

.ABSORBER: Black paint on aluminum
2 antireflection glass .
INCIDENT ANGLE:
DIFFI;SE/DIRECT RATIO: O

Fluid

Collected -

"B

Mass ‘ A{rer;gé Incident i
Test inlet low TI"Gflgzp fluid energy energy ng‘?éei:;%p
run temp, rate, o‘lF ' temp, flux, flux, ' erdenty’
°F 1bm/hr £t2 ° Btu/hr ft2 | Btu/hr fi2 P
106 201.0 10.0 8,7 205.4 6.7 230.3 33.3
102 161.0 10.0 14.9 168.5 128.7 232.7 55, 3
101 119, 0 10,0 17, 2 127.6 145,0 233, 4 62, 0
98 81.0 10,0 21,86 91,8 178, 5 227,17 78. 4

O xtpuaddy
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TABLE 21, - SOLAR SIMULATOR TEST DATA FOR BLACK NICKEL ON STEEL

ABSORBER: Black Nickel on steel

COVER: 2 glass

INCIDENT ANGLE: 0° .
DIFFUSE/DIRECT RATIO: 0O

Fluid Mass Average Collected Incident

Test inlet flow 'I;‘e?gr;p fluid energy energy C§}1qct%r
run temp, rate, °1F s temp, flux, flux, e 10;31;1} ty,
ow 1bm /hr ft? ow Btu/hr 12 Btu/hr ft2_ perce
89 | 198.0 10,0 10.6 203, 3 83.06 230. 0 40, 4
104 180. 0 10,0 13,7 166, 8 177, 6 233, 9 50, 3
81B | 110.0 10,0 10,7 124, 3 89, 7 149,8 59, 9
80 81,0 10,0 . 20.8 91.4 171. 9 250, 7 68, 8

D Xipueddy
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TABLE 22. - SOLAR SIMULATOR TEST DATA FOR BLACK CHROME ON STEEL

ABSORBER: Black Chrome on steel
COVER: 2 glass
INCIDENT ANGLE: 0°

80% solution ethylene
DIFFUSE/DIRECT RATIO: ©

glycol with water

Fluid Mass Average Collected Incident
Tegt inlet flow 'I;gg:;p fluid energy energy gfc;}i?g;%r
run temp, rate, op ’ temp, flux, flux, ;rcen’cy,
°F lom /hr £t2 ° Btu/hr £12 | Biu/hr ft2 P
116 201.0 10.0 7.9 204, 9 65.9 ' 208. 3 31.6
115 162.0 10.0 11.3 167.6 92.0 209, 2 44,0
114 121.0 10.0 14.9 128.5 118.6 2090, 3 56, 6
113 82.0 10.0 i8,1 91,1 140, 1 210.4

66. 6

~ xipuadd
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TABLE 23, ~ OUTDOOR TEST DATA FOR 9/26/74

Selective conted collector

Nonselective coated collector

et pmtom | woa  [ES [ memp | T | | Tem |
Time flux, tﬁmp, velocity, rate, LIEe, temp, rate, se, temp,
Btu/br £t2 ¥ mph Ibm/hr 12 F o Tom fhr $£2 F °F
9:30 | 186.7 62. 6 5.7 9.3 1.1 157. 1 9.1 2.7 156.1
9:45 | 209, 9 86. 1 3-5 9.3 7.5 163, 8 8.9 5.5 163. 1
10:17 | 2311 87.5 3-5 10.0 9.9 170, 4 9.8 7.3 159. 4
10:32 | 243.9 70. 3 67 9.6 10. 7 174. 4 9.8 9.1 173. 7
10:50 | 250.4 72.4 45 9.2 12.3 178. 4 9.7 9.9 177. 4
11,05 | 267.5 78. 3 5 11. 5 12.1 1817 9.9 12.2 180.7
11:14 | 276, 4 74,8 8-10 9.7 15.3 180, 4 9.7 14. 2 179. 4
11:92 | 283.9 75,5 §-10 8.7 15,9 178. 1 9.7 13.9 176, 7
11:48 | 286,6 75, 8 7-11 10.2 15.5 182. 1 9.3 13.9 180. 4
12501 2025 76.9 10-12 10. 2 15. 2 184.0 9.1 14. 5 182, 4
12:17 | 295.2 78.6 9-11 10,3 16.3 186.3 10.5 13,7 184. 4
12:32 | 297.8 77,9 10-12 10. 2 17. 6 185.7 0.4 15.2 184, 4
12:49 | 299.1 80. 7 9-11 10.0 19.5 176, 1 10,1 18,3 174.7
1:25 | 290.1 82.1 9-12 9.9 16,5 188. 0 9.9 13.9 186, 7
1:41 | 285.1 82. 4 5-10 9.9 16.5 189, 0 8.4 14.9 188. 4
1:55 | 286.3 81.4 5-10 9.0 18.3 189. 0 10. 2 13.9 188, 0
2:10 | 269.9 84.9 10-15 11.8 13.5 189. 7 9.7 13.5 188. 4
2:25 | 263.9 83. 5 5-10 10.4 14.7 188. 4 9.9 13.1 187.4
2:47 951.7 83.5 8-10 10. 5 14,2 177, 7 g.9 11.1 177. 1
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TABLE 23. - Concluded.

Selective coated collector

Nonselective coated collector

Incildent Ambient Wind I\f/{ass Temp Fluid Bfas 8 Temp Z_F]iuid
Time solar temp velocity ow rise inlet low rise inlet
flux, e h ’ rate, o ’ temp, rate, o ’ temnp,
Btu/hr fte mp lbm/hr £t2 °F Tbm /hr £t2 op
3:00 241.8 83. 5 8-10 10, 4 14,0 179. 4 9,0 11,1 178.4
3:15 227.2 84.5 10-156 10, 4 11.9 179, 1 9.9 11.8 ¢ 178.4
3:30 213. 8 83.5 10-15 10, 4 13.1 179, 1 10.0 10,5 178.4
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TABLE 24, -~ OUTDOOR TEST DATA FOR 10/2/74

Selective coated collector

Nonselective coated collector

reme | Tt | mbient | wna | WEE | Teme | ! WY | Teme | e
flux, o’ ! rate, pytitd temp, rate, S temp,

Btu/hr f2 mph 1bm /hr ft2 ¥ °F lbm /hr £t2 F - °F
9:17 173. 6 38.0 3-5 8.9 5, 9 114.6° 8.6 5.1 113. 6
9:32 195, 3 39, 4 5-8 11. 2 7.4 117. 5 12.8 5. 1 116.9
9:47 215, 3 40, 4 6-8 8.9 9.5 123,09 10.0 8. ‘7 123. 5
10:02 234. 1 42. 5 6-10 8.7 12,3 129,9 10. 2 8.3 129, 2
10:16 246, 0 43,9 5-10 10. 3 12,0 133.8 10.3 9.7 133, 2
10:33 256. 8 44,8 5-10 10.1 13,7 189.5 10. 1 10.8 138. 8
10:48 269. 3 45, 6 5-10 9.8 15,1 143.5 10.3 12. 1 142, 8
11:03 283. 6 44,2 5-10 9.7 16,9 147.8 10. 4 18,1 147. 5
11:17 294. 0 44,6 5-10 9,7 17. 6 150, 8 10. 2 18,9 150, 1
11:32 302. 1 45.6 5-10 9.5 19.1 153. 8 10,0 14,9 153.5
[ 11:48 305. 1 46.0 5-10 9.6 19.7 156. 8 9.9 15,7 156. 5
12:00 310. 1 49. 8 5-10 9.1 20. 3 159, 4 9.6 15. 9 158. 8
12:18 316. 2 47,7 5-10 8.7 21,7 163.8 8.5 i7.1 163.4
12:30 316, 4 48. 7 5-10 13,3 14,7 167.1 13.8 12. 4 166. 8
12:45 318, 8 44.9 5-10 10. 4 18.0 170. 4 1.1 13 6 169. 8
1:00 316. 4 46.7 5-10 10. 3 18. 2 173.7 10. 5 14. 5 173.1
1:15 315. 5 47.7 5-10 10. 0 18. 5 176. 4 9.8 14. 8 175. 7
1:30 309. 8 47.7 5-10 8.5 20. 5 118, 7 9.5 14, 5 178. 1
1:45 303. 9 49, 4 5-10 8.0 21,7 180. 4 8.5 15. 3 180. 1
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TABLE 24, - Concluded,

Incident

Selective coated collector

Nonselective coated collector

rime | comr | Amvent | et | RS | Teme e | hay | Teme | e
flux, | o ! rate, o temp, rate, ain ! temp

Btu/hr fi2 mph lbm/hr 2 F ° 1bm /hr £12 ¥ o

2:01 287.3 51,5 5-10 15,6 13.0 181,131 12, 6‘ - 13.17 7 1é0.74
2:15 | 290.7 52. 2 5-10 9.5 16.0 179.7 11. 0 11.4 179.1
2:30 284,95 80, 9 5-10 10.5 16,5 182. 4 11,7 10,0 181.7
2:47 273. 2 51.2 10-15 9.8 14,3 182.7 8.6 12.1 182. 1
3:00 2560. 6 53, 3 10-15 10,4 13.6 182.1 10,7 8.9 181. 7
3:15 | 245.1 51. 5 10-15 10. 5 12.1 181.7 10.2 3. 181, 4
3:30 234.1 51,8 5-10 10,2 9,2 181, 7 2.8 3.5 181.1
3:43 217. 7 52,2 10-15 10,3 2.9 181.1 9.6 5.0 180. 4
3156 205. 6 5-10 10. 3 7.8 180. 4 9.3 2.9 179. 4

53.9

3 o re ATl
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TABLE 25.~ OUTDOCR TEST DATA FOR 10/8/74

Selective coated collector

Nonselective coated collector

Incident Ambient Wind Mass Temp Fluid Mass Terap Fluid
Time Sffulir tc;,-mp, velocity, i‘lao‘c‘:, r;ise, %2}5;‘ fl}g?;, r;ise, ﬁ:iﬁ;
Btu/hr £12 mph 1bm /hr £t2 F °F 1bm /hr 1t2 ¥ s

8:50 | 115.4 41.8 0 19.7 0.7 80.3 16. 2 0.9 | 80.0

9:11 144, 3 41.8 0-2 13.1 2.9 94,0 11.7 1.9 93,6
9:35 178,89 53.9 0-2 10.5 6.8 118.2 10.9 4,7 117. 6
9:49 194.1 56. 0 1-3 10.6 - 8.3 125.9 10.8 5.7 126, 2
10:03 210.8 58.5 2 10.86 9.4 133.2 10.8 6.8 132.5
10:17 226, 3 59.5 2 10.6 10.7 140, 2 10. 9 7.7 139,65
10:36 242.1 59. 3 2 10.8 12,0 148.1 10. 6 9,3 148, 8
10:50 252.6 59.5 0-5 10.% 13.0 155.8 10. 2 10.0 155, 5
.11:05 260. 6 60.6 0-4 9.8 13. 9 162. 8 8.4 11. 7 162. 4
11:20 270.8 60. 2 3-5 8.5 17.56 167.8 13.6 9.0 167, 8
11:35 278.2 60. 9 3-7 10.9 13. 6 173.4 9.8 11.1 173. 1
11:50 285.4 62.3 3-6 11.1 14. 9 178.1 8.0 13,5 177, 4
12:09 292, 5 63.3 3-6 10.4 15.4 181.4 8.5 14. 9 180. 7
12:21 2098.2 64,4 3-5 10.1 17.8 178.1 9.3 19.1 177.7
12:36 296,17 65. 8 4-8 10.2 13.8 182.% 8.6 13.8 182.4
12:50 305.1 63.0 5-8 10.0 18,5 183, 1 9.9 16. 3 182.4
1:03 312.5 64.0 7-11 11.6 18.3 182.1 10. 6 16,7 181.4
1:32 221.0 63.7 4-8 8.2 4,5 184.4 9.5 0.1 184.0
1:49 343. 2 65. 8 5-8 10,4 21,2 175. 7 9.0 17.9 175.1
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TABLE 25, = Concluded.

Selective coated collector

Nonselective coated collectbr

Incident Ambient Wind Mass Temp Fluid Mass Temp Fluid
Time solar tem velogit flow rise inlet flow fge, | et
flux, on’ Dph I rate, o : temp, rate, op ’ temp,
Btu/hr ft2 P 1bm /hr ft2 °F 1bm /hr £12 °F
2:02 314. 6 65,1 5-8 10. 1 16.3 180.1 11. 4 10. 8 179. 7
2:18 243. 6 65.4 4-8 11.2 11.5 182.4 11. 2 7.0 182, 1
2:39 252, 0 64, 7 4-8 13,7 10.73 182.1 9.2 7.7 181. 4
3:06 75, 4 62.3 3-6 8.1 -1,9 180. 7 Shadow
3:25 73.7 61.2 8-14 7.7 4.3 180. 7 Shadow i
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TABLE 26, ~ OUTDOOR TEST DATA FOR 10/15/74

Selective coated collector Nonselective coated collector

| e | mtenc | wma | e [ demp [ ERE | ¥R T remp | Ehd
Time flux, tgmp, velocity, rate, rise, ternp, rate, rise, temp,

Btu/hr #2 ¥ mph tom /hr 12 ¥ ° 1bm /hr 12 F °F

9:30 | 158.9 38. 3 5-10 7.3 2.1 136.5 5.8 1.4 134. 8
9145 195, 6 30.7 G=6 8.8 4.7 142, 8 10, 8 0.9 142, 2
10:01 234, 7 42,1 5~10 8.8 1.0 183.5 1.0 2.1 152. 8
10:30 113.3 48.5 5-10 8. ‘}cb 7.8 169, 8 11,5 -3, 8 189. 4
10:45 236, 2 43,9 5-10 10, 4 4,9 175, 1 10.0 -3.1 174, 1
i1:01 180. 1 45, 8 8-12 8.6 7.3 178. q 8.9 4.5 177. 4
11:18 148, 2 47,7 §-10 8.0 4.7 181. 4 8.8 1.7 180. 4
11:30 120. 8 47. 8 8~13 8.9 2.3 179, % 10.1 -1.5 178.4
11:45 112.1 48,4 Guld 8,1 2.5 177, 1 11.0 -1.5 176. 1
12:00 175. 3 49, 4 8-12 11. 6 4,3 175, 1 11,1 8.5 174, 1
12:15 240, 3 51.5 10-15 10,2 4,7 197, 4 1.2 -0, 8 176. 1
12:30 i71.2 51,9 11-17 9.7 1.8 181. 7% 8.7 -2.7 181.1
13:47 136, 9 51,8 10~15 8.8 -2, 3 183, 7 8,9 =7, ‘? 183.1
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TABLE 27. - OUTDOOR TEST DATA FOR 10/18/74 -

Selective coated collector

Nonselective coated collector

Incident Ambient | Wind Mass Temp | Fouid Mass Temp | Ihud
Time ﬂu}a{r temp, velocity, i_l;:; rise, :2}:5 frl,gl‘; rise, iﬁ%ﬁt
Btu/hr £t °F mph Wom/hr 2 | ¥ 2 | tbm/nesz | F SF
9:30 173.6 48.17 05 11.4 1.6 126. 9 20.3 2.3 | 126:2
9:45 191, 4 . 49,8 0-2 10, 0 1,9 148, 1 11.5 -2.0 145.1
10:00 209. 6 49. 8 0-3 10. 0 4.0 161. 4 10.1 0.1 160. 1
10:15 227, 8 48, 0 2-4 9.8 5. 5 174, 4 9.5 1.3 173. 1
10:30 241,92 49, 8 0-5 9.7 7.3 184, 7 11.1 1.9 183. 4
10:45 255, 3 49, 8 0-7 8.8 13,9 181, 1 8.6 9.4 180. 1
11:00 266. 0 48, 0 5-10 9.3 15.0 181. 1 7.7 18.3 181. 4
11:15 275, 2 48,7 5-10 11,7 14.5 181. 7 11.5 12,1 180. 4
11:30 283. 8 48. 4 5-17 11. 5 14, 8 179. 7 11. 5 12.3 178.1
11345 288, 4 50, 1 57 11.3 15. 4 181. 1 11. 6 2.5 179.7
12:00 295, 2 50. 5 5-10 11.2 16,7 182. 1 11. 2 13.1 180. 7
12:15% 300, 0_ 52.2 - 5-7 11, 2 17. 0 182, 7 11.1 14.0 181.1
12:30 271. 4 52, 6 5.7 11.1 17.9 183. 4 11.0 14. 5 181. 7
12:45 289, 3 54, 0 57 11. 0 17.7 183. 1 10. 8 14.5 181.4
1:00 | 320.6 53. 9 3-5 10. 8 15,7 182.7 10. 8 12.9 180. 7
1:15 303.9 53. 3 5-7 10. 9 17.9 182.1 10 9 i3.5 180.4
1:30 301. 8 52. 2 5-10 11. 0 16.4 181. 7 10. 7 12. 4 179.7
1:45 289. 9 52. 9 5-10 11.1 17. 4 181. 4 10. 8 14. 1 179. 4
2:00 281.8 54. 6 5=10 11,1 16. 3 181. 4 10.'8 13,1 189 34
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TABLE 27, - Concluded.

Selective coated collector

Nonselective coated collector

Inc:ildent Ambient Wind 1}[[19.35 Cemp Fluid Mass Temp jFIuid
Time solar temp velocity ow rise mlet flow rise inlet
flux, PR mph ’ rate, o * temp, rate, L ’ temp,
Btu/hr 1% P lbm/br ft2 °F ibm/hr 12 | . ¢
2:15 274.9 54, 3 5-10 11.1 15.8 181.% 10. 8 12.5 180.1
2:30 262, 1 53.9 0-5 111 14. 9 182. 4 10.9 11.6 180.4
2:45 248. 1 53.9 5-10 11,0 13. 1% 182, % iG0.86 8.8 181.1
3:00 234, 7 55,3 G-10 10,9 12,9 183.4 Shadow
3:15 221.9 56,0 5-~10 11,1 10, 2 183. 1 Shadow

.
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TABLE 28, -~ OUTDOOR TEST DATA FOR 10/20/74

Selective coated collector Monselective coated collector |
et | ambient | wina | W5 Tremp [ Td | Wt | memp | Fhid
Time flus, temp, velocity, rate, rise, ternp, rate, rise, e
Biu/hr 2 F mph bm/hre ft2 F S 1bm fhr £t2 F SF

6118 180, 4 36. 9 5-10 10.2 ~0.3 131. 5 12.0 -3.% 1305
9:32 181. 0 36.9 0-5 10,7 -0, 4 146. 1 9.5 -3,5 | 144.8
9:45 197, 4 38,0 5-10 10,9 1.6 155, 8 10.9 -2.0 154. 5
10:00 218. 5 39. 0 5-10 11,0 2.5 167, 4 1.0 -1.1 165, 8
10:15 233, 2 39. 4 10-15 10. 4 4,2 178. 4 10.3 -0.5 176. 7
10:30 248, 4 39.7 10-15 8.8 5.8 187.0 9.8 1.3 185.7
10:45 261, 2 41,1 5-10 9,5 18.5 177.7 9.6 4.0 178.1
11:00 271, 1 41,4 10-15 9.2 13,6 177.7 9.0 9.9 176.1
11:15 281. 5 41.8 . 10-15 10. 0 14,3 178.7 8.7 1.8 177, 4
11:30 | 290.4 42. 1 7-12 9.6 16,6 178.7 9.9 | 127 | 177.4
1145 295, 5 43.2 10-15 10.3 17.2 179.4 9.7 13.§ 178.1
12:00 300. 0 44,9 10~15 9.8 18.3 179, 7 10.8 4.1 178.4
12415 304.5 45.3 5-10 9.3 18.8 181.4 8.9 15.0 180. 1
12:30 308, B 48,3 5-10 8.7 21.1 180. 1 8.7 16.9 | 178.4
12:45 308, 0 44,9 5-10 10. 8 17,9 179. 4 9.8 15.5 178. 1
1:00 308. 3 47.3 5-10 10.5 17.8 180. 1 10,2 15,1 178.1
1:15 304. 5 46. 0 5-10 10.3 17.8 180.7 10,0 14.7 179.1
1:30 300, 0 48. 0 10-15 1.2 18,1 182. 4 9.9 14.9 180, 7
1:45 296. 4 47,3 5-10 10.3 18,5 182.7 949 a4 ] 181

- s
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TABLE 28, - Concluded.

Selective coated collector

Nonselective coated eollector

Incident Ambient Wind Mass Temp Flué Iﬁé[ass Temp Ehzié
Time sclar temp velocity flow rise inlet low rise inlet
flux, e T h ? rate, oy : temp, rate, e ! temp,
Btu/hr fte mp ibm/hr ft2 °F 1bm/hr ft2 °F
1145 2986, 4 47.3 5-10 10.3 18. 5 188, 7 9.9 14. 4 181, 4
2:00 287, 8 46.7 5-10 9, 4 18.8 182, 4 9.5 14, 4 181. 1
2:15 281, 2 47,3 510 8.3 18. 8 183. 1 9.3 18,7 181.7
2130 272, 3 48,7 10-15 10.1 18.1 182. 4 9.8 18.0 181. 1
9:48 256, 2 48.0 10-15 8.9 16,9 182, 1 9.2 11.3 180, 7
3:00 246, 3 49.1 5-10 3.9 15. 7 182, 4 9.1 9.9 181, 1
3115 230. 8 47,1 5-10 8.7 13. 5 181. 7 Shadow
3:31 202. 8 48.0 5-10 8.8 11. 8 181, 1 Shadow
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TABLE 29, - OUTDOOR TEST DATA FOR 10/24/74

Incident

Selective coated collector

Nonselective coated collector

: . Mass Fluid Mass Fluid
O N [ e P S v B AR v Y
Btu/hr ft2 F mph Tom /hr £i2 ¥ °F 1bm /hr ft2 ¥ °F
11:00 208. 4 57.8 ' 0-2 9.8 10.0 108.9 10. 2 7.9 112, 2
11:15 219. 5 55,7 0-2 9,2 10. 1 125. 5 9.7 6.6 130. 2
11:30 225. 1 56,0 0-2 -10.1 6.5 141.é 8.5 5.5 145, 5
11:45 228. 7 57. 1 1-3 10.0 8.5 155. 5 10.1 4.7 160. 8
12:00 238.3 55, 3 0-2 9.8 8.7 169. 1 9.5 4.8 174.1
12:15 240. 9 55. 0 3-5 7.8 13.9 179.1 5.6 9.7 184.7
12:30 253. 8 58.5 0-2 11.3 13.9 174. 4 10. 6 13.2 180.1
12145 251. 7 59. 9 0-2 10. 9 11. 9 180. 4 10. 3 9.9 186. 4
1:00 250. 5 60. 6 1-3 10. 2 15. 6 178. 1 10. 3 12.7 183.7
1:15 250. 5 60. 2 0-2 10.0 15. 2 178. 4 10, 2 11.9 183.7
1:30 248, 4 61.9 0-5 10.0 15. 3 178. 7 10. 3 11. 8 184.0
1:45 240, 9 60. 9 2-5 9,9 15. 3 178.7 10. 2 11,2 183. 4
2:00 239, 2 80. 9 3-8 9.9 14. 4 178. 1 10. 2 10 1 182. 7
2:15 222. 8 61. 2 3-8 10. 3 12.9 177.7 10, 2 9.1 182, 4
2:30 213. 5 £0. 9 8-7 10. 2 12, 8 176. 4 10. 0 3.8 181, 1
2:45 204, 3 61. 9 3-5 10. 2 10. 8 177.7 10.1 6.5 182, 4
3:00 18%7. 6 61. 6 3-6 10,2 10.4 177.1 10.1 5. 8 181. 4
3:15 178. 9 - 61. 6 3-6 10. 2 8.5 176, 7 Shadow .
3:30 172. 3 61. 6 4-7 10. 2 7.3 176. 1 Shadow ot
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TABLE 30, ~ OUTDOOR TEST DATA FOR 10/25/74

Selective coated collector,

Nonselective coated collector

mime | cowe | Ambest) Wed | RS | Teme | G| oy | Teme )l
fiux, Gyt ! rate, o temp, raie, Suwm femnyp,
Btu/hr 112 F mph Thm /hr £t2 F oF 1bm /hr £t F Sg

9:15 187.6 42.1 0-5 4.8 ~23.7 | 146.5 5.8 =35, 3 146.5
D:45 207.5 44, 6 3-9 10.8 2.4 164,56 10,5 -1,8 154, 5
10:00 196.5 44, 2 3-6 10.7 3.3 | 184.4 10,4 =3, 4 184, 4
10:15 178. 8 44.8 2-5 10. 8 4.2 | 173, 4 10.3 0.3 173, 4
10:30 232, 9 44,8 2-5 9.8 4,4 | 183.4 10,3 0,5 183, 4
10:46 ' 257.9 44. 8 25 0.9 14.1 | 178,1 10,1 10.4 178, 1
11:00 230, 5 45. 3 510 9.8 10.9 | 178.7 10,2 7.1 179,17
11:15 2786, 7 24.9 57 9,8 16,0 | 178.4¢ 10.0 12,0 | 175.4
11:30 274, 9 44, 6 3-5 9,7 14,9 | 179,1 10,1 11,0 179, 1
11:45 245, 7 46, 3 2~5 8.7 13,9 178.4 8.5 14,3 178, 4
12:00 229,2 45. 3 2-5 8.8 11,1 | 179.4 8,9 7.8 179. 4
12:15 259, 4 48,7 2-5 9,7 14,0 | 181,4 9,9 10,3 | 181.4
12:30 273, 4 47,3 0-5 9,7 16.4 | 182.1 10,0 12,5 182.1
12:45 283, 3 47, 0-5 9.7 17,8 | 182.1 10,2 13,9 182, 1
1:00 286, 0 51.9 0-3 9.7 17.8 | 183.4 8,9 13.8 | 183.4
1:15 283, 0 50, 1 -3 9.5 18,3 | 183.4 9.8 14,2 183, 4
1:30 274.9 51,5 3=-7 _9.5 17,3 184, 0 8,6 12,17 184. 0
1:46 272, 9 51. 9 3-7 9.4 17.5 | 184.4 9,2 12.5 | 184.4
2:00 249, 9 52. 9 3.7 9,2 15,3 | 184.4 9,1, 11.1 184. 4
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TABLE 30, « Concluded,

Incident

Selective ceoated collector

Nonselective coated collector

: ; Mass Fluid Mass Fluid |
Tirge solar ﬁg‘rg‘ent “{L‘f . flow Temp | et flow Temp, | jnjdh
flux, §mp, ve 1}1 s rate, r;lse, temp, rate, r1se, temp,
Btu/hr ft2 mp Tom/hr fi2 s Tom /hr 42 F °
2:15 248.7 52, 3 3-17 9.4 14.7 | 184.0 9,4 10.6 | 184.0
2:30 935. 3 51,2 9-5 10,7 12.3 | 183.1 9.6 9.0 | 183.1
2:51 220,17 52. 6 0-5 11. 0 10,6 | 183.1 9.9 7.4 | 183.1
3:00 214.7 53, 3 0-5 11,2 9.9 | 183.1 10,1 6.8 | 183.1
3:15 199, 2 53.6 0-5 11.0 9.7 | 188.1 Shadow
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TABLE 31.- OUTDOOR TEST DATA FOR 10/26/74

Selective coated collector Nonselective coated collector
moigent | ponpient | wina | e | vems | Dii [ | Tems | TR
Time: flux, temp, velocity, rate, Lae, temf.:, rate, ae, temp,
Btu/hr £12 mph | bm/hr £2 F °F Tbm /hr £12 F °F
9,00 131, 8 12, 1 5-8 11.2 4.3 | 145.8 11,0 8,1 | 144.8
0:15 153, 6 48, 9 5-8 11,2 -2,1 157, 4 11,2 -4,9 154. 1
9:30 174, 4 44, 8 58 11,5 -1,3 | 167.8 10,7 ~4,1 164, 1
9145 192,0 486.0 5w8 10, 8 -0,4 | 178.7 9.5 -3.1 174,17
10:00 210, 2 48,0 B8 10,8 2,0 187.0 10,3 -1,1 183.4
10:17 229, 3 49, 8 5-"7 10,6 8.9 179. 4 10.2 7.7 175..9
10:30 242, 1 51,5 3-6 10,7 8.9 182,1 10,1 7.1 178.7
10:45 253, 8 48,0 3=6 10,7 10,7 181,7 10,1 9.1 178.7
11:00 263, 3 52,2 3-8 10,7 11.7 179,17 10.1 10.1 179, 1
11:15 272, 6 54,6 2-5 10,8 - 13,7 179. 4 10.1 11,8 179. 4
11:30 282, 1 55, 3 5-10 10.0 14,7 179, 4 10.1 12.5 180, 4
11:45 287, 2 56, 7 3-5 10.3 15,5 182,17 10.2 13.1 1811
1200 289, 0 56, 4 3-5 10.2 16,1 184, 0 10.4 13.1 182,7
12:15 294, 6 56, 4 3-17 10.1 17.3 183, 1 10.5 14.5 181, 4
12:30 295.5 57, 4 59 10,2 17, 3 183.7 10, 4 14,3 182, 1
12:45 295, 2 60, 2 5-8 10,2 16.8 185, 0 8.9 15,1 183.7
1:00 295, 8 59, 5 5-8 10,0 18,1 184, 0 10,0 15. 6 182, 4
1:15 291, 6 60, 9 3-5 9.6 18.1 184, 4 9.9 15,2 182. 4
1:30 289, 3 61.6 3-6 9.6 18, 1 184,17 9.7 15, 3 183, 1
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TABLE 31, - Concluded,

Selective coated collector

Nonseleciive coated collector

et | aee | e || T | m | e | e | b
Time Tlox, tgmp, velocity, vate, rise, terap, rate, rise, temp,
Btu/hr #2 raph Tom /hr £t ¥ °F 1bm /hr £2 F s
1:45 283.0 61,6 5-10 16.2 17,1 185,0 8.3 15.5 183. 4
2:00 277.8 61.2 6-12 10.2 - 16.3 184.4 9.4 14,8 182, 4
2:15 266.3 62.3 5-190 10,2 14. 9 184,90 9.4 13,7 182, 1
2:30 255.8 64,0 §~10 10.3 13.8 184.0 8.5 11,5 183,.1
2-:45 243, 0 62,8 9-13 10,2 12,9 182.7 8.5 10.7 ]_.80.4
3:00 321.3 83,0 510 10, 4 11. 4 182.7 Shadow
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APPENDIX D

HEATING AND COOLING LOAD AND
SOLAR-LEVEL COLLECTION DATA

HEATING AND COOLING LOAD

The heating and cooling load, tabulated by month for a 12-month period,
for the cities of Atlanta, Chicago, Dallas, Los Angeles, Miami, Pittsburg,
Philadelpha, and Seattle are presented in Tables 32 through 39, respectively.
Data recorded include average temperature, average humidity, number of
degree days of heating and cooling, load (heating, cooling dry air, and dry-
ing humid air) in 106 Btu's, and total load in 10° Btu's.

SOLAR-LEVEL COLLECTION DATA

Incident and collected solar energy data, tabulated by month for a 12-
month period, are presented in Tables 40 through 47 for the cities of Atlanta,
Chicago, Dallas, Los Angeles, Miami, Pittsburg, Philadelphia, and Seattle,
respectively, The data for collected energy are based on a selective-coated,
(two-g%ass cover collector and inlet temperatures of 60°C (140°F) and 93°C
200°F),

189
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TABLE 32,~ HEATING AND COOLING LOAD FOR ATLANTA

Degree days I(’g?d
?:r;mge hAve'?f ; {2) Heati Cooli Drying | 74tal load
Month P pi?éeilg ’ - , 106 Bt | dry ;rilg, humid air, 106 Bta
(a) (a) Heating | Cooling 106 Biu 10° Btu

1 44,7 69. 2 639 0 9.4 0 0 9,4
2 46,1 64. 8 529 0 7.8 0 0 7.8
3 51.4 62,5 437 0 6.4 0 0 6.4
4 60,2 64.5 168 38 2.5 C.6 0 3.1
5 69.1 68, 2 25 115 0.4 1.7 0.6 2,7
61 76,6 74,0 0 374 0 5.5 8.1 13.6
7 78.9 78,2 0 378 0 5,3 10,7 16.0
8 78.2 77.0 0 371 0 5.4 9.7 15,1
9 73.1 75,2 18 265 0.3 3.9 5.5 9,7
10 62,4 70.0 127 95 1.9 1.4 0 3.3
11 51,2 68,8 414 13 6.1 0.2 0 6.3
12 44,8 70,8 626 5 9.2 0.1 0 9.3
Total 61,4 70,2 2083 1634 44,0 24,1 34,8 102,17

a'I\J’Ie’ceorological data from U, S. Weather Bureau,

b Based on 1‘;':'2)0-1‘t2 house of 12, 000-ft3 volume, with 1.5 exchanges/hr

and an.average daily degree day temperature difference,

 x1puadd
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TABLE 33. - HEATING AND COOLING LOAD FOR CHICAGO

Degree days %g?'d
Month %g;l::.ge h%x;eifiaig;, Heating, Cooling hﬁrmézié}%ir Total load,
[* [} ' et 1]
2 percent Heating | Cooling | 108 Bt | dryair, | o8 by 108 Btu

1 26.0 68.0 12098 0 17,71 0 0 17,7
2 1.7 83.5 1044 0 15.3 G 0 15.3
3 36.3 84,5 890 0 13.1 o 0 13.1
4 49,0 | 64,5 480 0 7.0 0 0 7.0
5 60,0 60.0 211 53 3.1 4.8 0 3.8
6 70,5 61,8 48 191 0,7 2.8 1,8 5.1
7 76.6 65,0 0 301 Q 4,4 5.3 9.7
‘8 74.2 87,2 0 277 0 4,1 3.7 7.8
9 66,1 66,0 81 84 1,2 1,2 0 2.4
10 55,1 682.5 328 18 4,8 0.3 0 8.1
11 30.9 68,2 751’» 0 11,0 0 0 11,0
12 20,1 74,8 1113 ] 18,3 ] a0 16,3
Total 50.8 65, 75 6155 925 90, 2 13.6 10.6 111, 4

Meteorological data from U. S. Weather Buresu.

b

Baged on 1500-ft> house of 12, 000-ft> volume, with 1.5 exchanges/hr
and an average daily degree day temperaiure difference.

q xipuaddy
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TARLE 34, - I[-IEATING AND COQLING LOAD FOR DALLAS
U ayp = 0- 166 Umqf = 0, 041]
. Load
Degree days {b)
Average Average (2) : = Drvin
i temp, humidity, Heating, Cooling g, " Total load,
Month ’ percent Heating | Cooling | 109 Bt | dryair, ﬁ%%llgtilr’ 105 Btu

] (a) {(a) 105 Btu
1 45,5 68.0 614 0 9.0 0 0o . 9,0
2 49, 2- 65, 2 448 6 6.8 0,1 0 6.7
3 55,9 65.5 319 21 4,8 0,3 0 5.1
4 64, 8 69, 2 99 71 1.5 1.0 0 2.5
5 72,7 78,2 0 195 0 2.9 4,9 7.8
6 81,5 66, 8 0 546 0 8.0 9.8 17.8
7 85, 4 59, 5 0 606 0 8,9 11,3 20, 2
8 85, 4 63,2 0 458 0 6,1 11,5 18,2
0 78, 4 71,2 0 382 0 5,6 8,9 14.5
10 67.9 68.0 85 171 1,0 2.5 1,0 4.5
11 57,8 67.5 324 36 4,8 0.5 0 5,3
12 47,1 70,5 536 1 7,9 0 0 7.9
Total 65,8 7.2 2405 2491 35,6 36.5 49, 4 119,5

E’i‘I\/'It»'s‘r.eorologic.'a.l data from U. S, Weather Bureau.

b Based on 1500--1"52 house of 12, 000-ft 3 volume, with 1.5 exchanges/hr

and an average daily degree day temperature difference,

d x1pusddy
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TABLE 35.- HEATING AND COOLING LOAD FOR LLOS ANGELES

A A Degree days 1{'§? d
o | g | mmid, L@ ene [ cootng | 220, | ol
(2) (a) Heating } Cooling 108 Bty 106 Btu
1 55, 8 57. 8 310 71 4.5 1.0 0 5.5
2 57. 1 61,8 230 28 3.4 0. 4 0 3.8
3 59, 4 62,5 202 16 3.0 0.2 0 3.2
4 61.8 64.8 123 46 1.8 0.7 0 2.5
5 64,8 66, 8 68 50 1,0 0,7 0 1.7
6 68,0 62,8 18 131 0.3 1.9 0,2 2,4
7 73,0 87.5 0 291 0 4,3 4,0 8.3
8 73,1 88,5 0 435 0 8.4 4,2 10.6
0 71,9 65. 0 6 296 0.1 4.8 3.0 7.4
10 87. 4 85, 2 31 176 - 0.5 2.6 0.2 3.3
11 62,17 54,2 132 17 1.9 0,2 0 2.1
12 58, 2 54,8 229 0 - 3.4 0 0 3.4
Total 64. 4 53.2 1349 1857 19,9 22,7 11.6 54,2

SMeteorological data from U, S, Weather Bureau.

b Baged on 1500-—f1:2 house of 12, OOO—f‘c3 volume, with 1,5 exchanges/hr

and an average daily degree day temperature difference,

{ xipusddy
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TABLE 36, ~

HEATING AND COOLING LOAD FOR MIAMI
Load
Degree days (b)
Average Average (a) Drvin
Month temp, humidity, He%ting, Cooling hurgild gair ’I‘ot%l load,
- ° percent - . - 109 Btu dry air, 8 ! 106 Btu
(a) (2) Heating Cooling 108 Bty 10° Btu
1 66,9 73.5 T4 85 1.2 1,2 i,2 3,5
2 67,9 71,0 56 59 0.8 0,9 1.5 3.2
3 70.5 70.5 19 239 0.3 3.5 3.0 6.8
4 74,2 69. 8 ) 425 0 6,2 5,3 11.5
5 77.6 72,2 0 446 0 6,5 8.5 15,0
6 80,8 78, 8 0 518 "0 7.8 12,8 20, 2
7 81,8 76,0 0 558 0 8.2 12,8 21,0
8 82,3 75,5 0 598 0 8.7 12,9 21,6
9 81,3 79,5 0 522 7.1 13,2 20,9
10 78,8 78.2 0 457 0 6,7 g.8 16,9
11 72, 4 74,0 0 185 o 2,1 4.9 7.8
12 68,1 72.2 85 213 .0 3.1 .7 5.8
Total 5.1 74,2 214 4303 3.2 3.0 87.4 153.6

Meteoralogical data from U.S. Weather Bureau,

b

Based on 1500—1”’52 house of 12, f}OO—f'l:3 volume, with 1.5 exchanges/hr
and an average daily degree day temperature difference,

g xipuedd y



TABLE 37.- HEATING AND COOLING LOAD FOR PITTSBURG

Degree days I{J;?? ¢
. %:;x:ge hi‘r;fix;lif;, Heating, | Cooling Drying Total 1oad,
Miondt &5 percent Heating | Cooling | 10° Bta | dry air, 108 B 106 Biu
1 32,2 65. 3 1017 0 . 14,9 0 0 14, 9°
2 32,8 4.0 902 o 13,2 0 0 13.2
3 41.6 80. 3 725 0 10.6 0 0 10,6
4 51.3 56, 3 411 7 6.0 0.1 0 6.1
5 62,5 57,7 123 74 1.8 1.1 0 2.9
6 71,3 61,7 11 199 0,2 2.9 1.9 5,0
7 75.7 82,3 0 298 0 4.4 4,7 9.1
8 73. 4 64.7 5 254 0.1 3.7 3.8 7.6
9 67.1 65, 3 57 103 0.8 1.5 0 2.3
10 58. 1 64. 3 285 13 4,2 0.2 0 4.4
11 45, 4 64, 3 588 0 8.6 0 0 8.6
12 34.8 84,17 936 0 13,7 0 0 13,7
Total 53,7 82.7 5060 948 74,1 13,9 10,4 98. 4

GeT

#Meteorological data from U, 8. Weather Bureau.

b

and an average daily degree day temperature difference.

Based on 15\5)0»~f1‘.2 house of 12, (JOO»»ft3 volume, with 1.5 exchanges/hr

a xipusddy
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TABLE 38, - HEATING AND COOLING LOAD FOR PHILADELPHIA

Load
Average Average Degr(:«i da;Ar ) Drvi

e I e | Heting | Gooltne | nuidair, | TRLI0R |
(2) (%) Heating | Cooling 108 Bty 108 Btu ‘
1 33,2 70,0 988 0 14,5 0 0 14,5
2 33,8 67. 0 879 0 12,9 0 0 12. 9
3 432.3 64. 8 704 0 10.3 0 0 10,3
4 51.8 63.5 402 0 5. 8 0 0 5.9
5 63. 1 66,8 104 87 1.5 1.0 0 2.5
8 72,1 68.8 0 223 0. 3.3 3.6 8.9
ki 76.3 69,0 0 , 366 0 B, 4 6.5 11,9
8 74,0 71.8 0 304 0 4,5 3.7 8.2
9 87.17 72,2 47 131 0.7 1.9 1.4 4.0
10 56, 6 71.8 269 13 3.9 0.2 0 4,1
11 45,9 70,0 573 0 8, 4 .0 % 0 8.4
12 35,9 69,8 902 0 13, 2 0. ‘ 0- 13,2
Total 54,3 88. 8 4866 | 1104 71, 3 16, 3 15.2 102,58

aM&teorological data from U, 5. Weather Bureau.

® Baged on 1500-fi> house of 12, 000-ft° volurne, with 1.5 exchanges/hr

and an average daily degree day temperature difference,

a xipuaddy
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TABLE 39, - HEATING AND COOLING LOAD FOR SEATTLE

Degree days %ﬁ?d
%:ri?ge hﬁjr?i?ig; (2) Heating, | Cooling Drying Total load
Month °F percent  [Tgoar T Cootmg | 10° Btw | dryair, | UETA | Togmw
{a} {a} 109 Btu
1 38, 3 79. 8 828 0 12,2 0 0 12,2
2 40, 8 74. 5 678 0 10, 0 0 0 10.0
3 43,8 73. 8 657 0 9.6 0 0 X
4 49,2 78,5 474 0 7,0 0 ) 7.0
5 55,5 70, 2 295 4 4.3 0.1 0 4.4
& 59, 8 68. 2 159 2 2.3 0 0 2.3
7 64,9 ' 66.5 56 106 0.8 1.6 0 2.4
8 64,1 63, 8 62 107 0,9 1.6 0 2.5
9 59,9 74, 8 162 0 2.4 0 0 2,4
10 52. 4 9.5 391 0 5.7 0 0 5,7
i1 43.9 80,2 633 0 9.8 0 0 9.3
12 40.8 81,5 750 0 11.0 0 0 11,0
Total 51,1 74.5 5145 219 75.5 3.3 0 78, 8

aMetecarological data from U, S, Weather Bureau.

b Based on 15()0-ft2 houge of 12, 00'(}-f’c3 volume, with 1, 5 exchanges/hr

and an average daily degree day temperature difference,

-
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Appendix D

TABLE 40, - INCIDENT AND COLLECTED SOLAR ENERGY
INCLUDING CLOUD COVER FOR ATLANTA

Collected energy from szelective coated
, collector, Whr/m< - mo,
Incidenf, flux, {Btu/ft2 - mo.}
Month Whr/m” - mo, - — — "

(Btu/ft2 ~ mo. ) T, , = 60°C (140°F) T. = 93°C (200°F)
1 82,920 23, 151 12,036
(26, 282) (7, 337) (3, 815)
0 104, 307 37,251 23, 609
{33,061} (11, 807) {7, 403)
2 156,245 68, 038 46,211
(49,523) (21, 565) (14, 647)
4 189,578 81,235 58, 159
{53,749} (25,748} {17, 800)
. 172,787 85 848 58, 860
(54,768) (27, 210) (18, 858)
174,989 93, 315 85, 422
6 (55, 464) (29, 577) (20, 738)
184,028 98, 916} 69, 902
7 (58, 329) (31, 352) (22, 156)
148, 380 72,988 48, 398
8 (47, 030) (23, 134) (15, 340)
150,727 73,284 49,410
9 (47,774 (23, 228) © (15, 661)
164, 003 78, 373 54,585
10 (51,982) (24, 841) (17, 301)
110, 592 43, 246 928, 124
11 (35, 053) (12.7067) (8.914)
90, 948 27,572 15, 762
iz (28, 828) (8,739) (4, 996)
1,709,489 783,210 528,472
Total (541, 838) (248, 244) (167,503)
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TABLE 41,

Appendix D

INCIDENT AND COLLECTED SOLAR ENERGY

INCLUDING CLOUD COVER FOR CHICAGO

Incideng, flux,

Collected energy from selective coated

collector, Whr/m?2 - mo,
{Btu/ft? -~ mo. )

Month Whr/m™ - mo. 5 " . o

(Btu/f2 - mo. ) T,, = 60°C (140°F) | T = 93°C(200°F)
; 92, 227 24, 376 13,295
(29, 232) (7.726) (4,214)
) 101, 007 29, 483 18, 627
(32, 015) (9, 345) (5, 904)
118, 401 36, 137 20,974
3 (36, 894) (11, 454) (6, 648)
127,232 48, 284 28, 423
4 (40, 324) (15, 304) (9, 009)
131,276 54, 036 31,351
» (41, 609) (17, 127) (9, 937)
137, 949 85, 444 40, 920
6 (43, 724) (20, 743) (12, 970)
, 129, 588 58,528 34, 762
(41, 074) (18, 551) (11, 018)
: 126, 197 56,516 33, 850
8 (39, 999) (17, 913) (10, 729)
148, 197 69, 883 4'7,297
3 {48, 972} (22,150 (14, 991)
146,525 87,123 44, 897
10 (46, 422) (21, 275) (14, 167)
75, 935 17,797 8,276
11 (24, 068) (5,641) (2,623)
84,059 10, 487 5,509
12 (20, 304) (3, 324) (1,7486)
1,395, 517 538, 092 327, 881
Total {442, 636) (170, 552) (103, 956)
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Appendix D

TABLE 42, -~ INCIDENT AND COLLECTED SOLAR ENERGY
INCLUDING CLOUD COVER FOR DALLAS

Incideng flux,

(Btu/ft2 - mo.)

Collected energy from selective coated -~
collector, Whr/m?2 -

mo,

Month Whr/m® - mo. - - " o
(Btu/t2 - mo. ) T, = 60°C (140°F) | T, = 93°C (200°F)

L 81, 431 20, 325 11,528
(25, 810) (6, 442) (3, 854)
. 88, 618 29, 682 17, 015
(28, 088) (9, 408) (5, 393)
3 138, 410 57, 405 36, 939
(43, 870) (18, 195) (11, 708)
. 127,263 52,991 31,878
(40, 337) (16,796) (10, 080}
5 143, 022 66, 009 41,479
(45, 332) (20, 922) (13, 147)
6 161,741 82,961 56, 478
(51 265) (26, 295) (17,901)
. 190,534 105, 847 75,180
(60, 391) (33, 549) (23,829)
187,271 103, 743 75, 244
8 (59, 357) (32, 882) (23, 849)
156, 860 79,963 54, 831
9 (49, 718) (25, 345) (17, 379)
10 135, 999 60,731 40, 018
(43, 108) (19,249) (12, 684)
” 94,833 31, 941 19,173
(30, 058) (10, 124) (6,077)
119, 139 47,956 29,745

12 (37,762) (15, 200) (9,428) |
1,625,122 739,557 489,299
Total (515, 094) (234, 408) (155, 087)
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Appendix D

TABLE 43, - INCIDENT AND COLLECTED SOLAR ENERGY
INCLUDING CLOUD COVER FOR LOS ANGELES

Jncident flux,

Collected energy from selective coated

collector, Whr/m2 - mo.
(Btu/ft2 - mo.)

Month Whr/m - mO. o o o o

(Btu/ft2 - mo. ) T,, = 60°C (140°F) T, =93°C (200°F)

1 102, 392 36,727 22, 546

(32, 454) (11, 641) (7, 1486)

5 128, 301 56, 374 37,567

(40, 888) (17, 868) (11, 907)

3 161, 943 72,950 51, 341

(51, 329) (23,122) (16, 273)

4 148, 177 63,993 42,469

(46, 332) (20, 283) (13, 461)

5 187, 129 91, 804 85,757

(59, 312) " (29, 098) (20, 842)

6 176, 484 84, 355 58, 020

(55, 938) (26, 737) (18, 390)

. 190, 985 95,764 68,949

(60, 534) (30, 353) (21, 854)

g 189, 650 96, 824 69, 968

(60, 111) (30, 689) (22, 177)

. 176, 311 89, 107 64,668

(55, 883) (28, 243) (20, 497)

10 124, 316 53,178 34,314
(39, 403) (16, 855) (10, 876) {

1 114, 312 47,035 29,742

(36, 232) (14, 908) (9,427)

12 110, 242 43,750 27, 808

(34, 942) (13, 867) (8,914)

Total 1,810,768 831, 863 573,150

ota (573,136) (181, 664)

(263, 665)
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Appendix D

TABLE 44. - INCIDENT AND COLLECTED SOLAR ENERGY
INCLUDING CL.OUD COVER FOR MIAMI

Collected energy from séglective coated . f
Incident flux, °°ue‘§tB°§;;g§mm 3 e i
Month Whr/m ® - mo. - 60°C (140°F T, = 83°C {200°F)
(Btu/ft2 - mo. ) Tin = 60°C (140°F) in N

1 130,721 58, 831 35,118
(41, 443) (18, 847) {11, 131)
5 114,050 50, 101 30,512
(386, 149) (15, 880) (9,871)
3' 174,484 859, 397 62,207
{55, 384) (28, 335) (19,717)
s 166,710 85, 822 60,261
{52, 840) (27,202} (19, 100
5 178,213 93, 205 65, 829
(56, 486) (29, 561) (20, 065)
6 148, 099 783,795 48,442
(46, 941) (23, 300) (15, 354)
. 150,913 75, 259 49,527
{47, 833) (23, 854) {15,598)
159, 722 83,207 57,140
8 (50, 625) (26, 373) (18,111)
151, 440 78,351 52,9898
g {48, 000} (24, 834) (16, 798)
10 150, 809 75,928 50,770
(47, 800) (24, 0886) (18, 092)
1 122,597 - 56, 664 33, 408
(38, 858) (17, 960) (10, 589)
83, 394 35,481 16, 343
12 (29, 602) (i1,249) (5, 180)
1,741, 440 856,112 562,552
Total {551, 962) (271, 351) (178, 305)
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Appendix D

TABLE 45, - INCIDENT AND COLLECTED SOLAR ENERGY
INCLUDING CLOUD COVER FOR PITTSBURG

Collected energy from szelectivehcoa‘ted
C collector, Whr/m2 - mo,
Incideny flux, (Btu/ft2 - mo.)
Month Whr/m® - mo, O - P -
(Btu/ft2 - mo. ) T, = 60°C (140°F) | T, =83°C (200°F)
. 81,917 6,215 2,231
(19, 625) (1,970) (707)
5 72,025 13, 867 6, 367
(22, 829) (4, 332) (2, 018)
3 122,524 41,570 25,066
(38, 835) (13, 178) (7. 945)
A 125, 402 49, 496 30, 250
(39,747) (15, 688) (9,588)
; K 151,935 67,924 43,725
(48, 157) (21,529) (13, 859)
6 142,188 85, 965 . 42,425
(45, 087) (20, 908) (13, 447)
. 153, 500 72,868 47,571
(48, 653) (23, 096) (15, 078)
g 154, 216 73,319 48,196
(48, 880) (23,239) (15, 276)
9 127, 314 55,158 34,639
{40, 353) (17, 451) (10, 979)
10 106, 200 35,904 20,233
(33, 681) (11, 380) (6, 413)
1 77, 462 18,968 9,963
(24, 552) (6,012) (3,158)
75, 095 17,914 10, 415
12 (23, 802) (5, 678) (3, 301)
1,369, 775 518, 865 321,081
Total (434, 160) (164, 458) (101, 769)
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Appendix D

TABLE 46, - INCIDENT AND COLLECTED SOLAR ENERGY
INCLUBING CLOUD COVER FOR PHILADELFPHIA

e s—

Coilected energy fro§n szel‘ective coated
. collector, Whrime ~ mo.
Incident flux, (Bti/f22 - mo.)
Month Whr/m® - mo, - " T T

1 78,049 17,078 7,985
(25, 055) (5, 413) (2,531)

- 85, 952 20,933 11,008
2 (27, 243) {8, 635) (3, 489)

3 129, 200 44 582 27,302
{40, 951) {14,121} {8, 682}

4 141, 17T 57,560 37,1086
(44,747 (18, 244) {11,761)

5 161, 352 73,903 49,414
{581, 445) {23, 424) (15, 682)

8 154, 851 14,953 49,108
{49, 081} {23,757} {15, 585)

" 138, 877 52, 444 36, 996
(43, 416) (18,792) (11,726)

8 155,153 76,158 50,9815
{49, 171 {24, 139) {16,138)

9 124,370 53,922 34,437
{38, 420) {17,081} (10,915}

10 108,118 40,794 24,4909
(34, 585} (12,930) {7,765)

11 84,740 24,718 13, 043
(26, 859) (7,835) {4, 134)

19 63,763 11,882 5,559
{20,210 {3,786} {1,782}

Total 1,425,703 558, 898 347, 454
ma (451, 887) (177, 1486) {110, 128)
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Appendix D

TABLE 47.~ INCIDENT AND COLLECTED SOLAR ENERGY
INCLUDING CLOUD COVER FOR SEATTLE

Collected energy froT{n selective coated
; collector, Whr m2 - mo.
Inciden flux, (Btu/ft - mo, )
Month Whr/m® - mo, R > o
(Btu/ft2 - mo. ) T, = 60°C {140°F) T, = 93°C (200°F)
1 50,158 5, 089 2,215
{15,098) (1,613) (702)
9 83, 059 10, 329 4,414
(19, 987) (3,274) (1,399}
3 86, 494 17,917 7,342
(27, 415) (5,679) (2, 327)
4 113, 899 39, 141 22,908
(36, 101) (12, 406) (7,261)
5 115,744 40, 838 21,624
(36, 686) (12, 944) (6, 854)
g 118,824 o | 45, 878 1o | 24,319 oin
! (37,682)(=¢3":u : (14, 478y v i (7,7@8)43:%:.
' 123,411 49,294 27,679 ,
' (39, 116} : (19, 6247, : (8,7'¢3)
8 152, 372 o ; 68, 482 ..» 45, 350 i o
, (48, 295) v u.u \ (27, T06) ., iecs . (14, 374) .....
S 122,181 ' 49,467 " 32,247
: g | (38’%28 ;ﬂ:l:; :t (15’ ‘Si?rngpnl | : (10 221)
"o . 73,591 ‘ 14,555 ; 10, 850
‘ o (z4 910) : (6, 198) ' (3 459} .
1 57,197 '(m‘mm' U7 804 ’ '3 452
(18, 129) .. (2,502) (1,094) | .
*39 54, 34b ‘ Y, 083 : 4,228
e (17, 225) " (2 8:9) : (1 340) -
| 11,136, 853 wuim | G“ mﬁal-.u I nr ﬁﬁm.mmu
Total |, (380, 150):ri P (114, 9820040, . (65, 481)..
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APPENDIX E

BLACK NICKEL SELECTIVE COATING AND
ANTIREFLECTIVE GLASS-ETCH PROCESS DESCRIPTIONS

The results of the test program indicate the gains in both performance
and cost effectiveness that can be achieved by using solar-selective coatings
in collector design. Two such coatings, examined during the course of the
program, but not yet commercially available, are discussed here. The first
is a selective coating process which electroplates Bright Nickel over a
copper or steel surface and then Black Nickel over the Bright Nickel sub-
strate, The second is a glass-etch process which effectively reduces the
reflectance of both surfaces of a collector cover glass,

BLACK NICKEL COATING PROCESS DESCRIPTION

The Black Nickel selective coating process requires the following equip-
ment:

e Alkaline electro-cleanser tank with heater and power supply
. Muriatic acid tank
° Two rinse tanks

® Bright Nickel plating tank with heaters and plating power
supply

° Black Nickel (nickel-zinc-sulfide) plating tank with heaters
and plating power supply.

The absorber panel is mounted in a plating rack and cleaned by muriatic
acid and electro-cleanser to remove all rust and grease from the surface,
The panel is rinsed after each cleaning to prevent contamination or degrada-
tion of any of the process solutions. When all rust and grease are removed,
the panel is given a final preplating surface-activation dip in the acid bath,
then rinsed and placed in the Bright Nickel plating tank,

A minimum of 1 mil of Bright Nickel is electroplated on the front sur-
face for coating durability (i.e., rust prevention). The panel is again
rinsed and put in the Black Nickel {nickel-zinc-sulfide) plating tank. The
current density is changed during this plating process to achieve a two-layer
selective coating. The panel is removed and rinsed with deionized water and
allowed to dry. Care must be taken to move the panel from the final acid
bath to the stibsequent tanks as rapidly as possible to avoid panel surface
oxidation which will weaken the durability of the coating.

Préceding page blank
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Appendix B

ANTIREFLECTIVE GLASS-ETCH PROCESS DESCRIPTION ?;";h
The glass is etched by immersion in a silica supersaturated hydro- b

fluosilicic acid bath of controlled composition and temperature. The acid
attacks the glass surface and leaves a skeletonized porous silica layer which
has an effective refractive index between that of glass and air. 'This porous
silica layer constitutes the antireflection (AR) coating. Etched AR coatings
have been prepared which reduce the two-surface reflection loss from the
original 8 percent to less than 2 percent in the solar spectrum.

The parar;aeters of the etching process are:

e Degree of soh.;ttion supersaturation {potency)

e Solution temperature

¢ Immersion time

e Glass pretreaiment

e Type 6f glass

The glass-etch process requires the following facilities:
e Hydrofluoric acid pretreatment tank

- Rinse tank

e Silica supersaturated hydrofluosilicic acid tank with heater
and stirring method.

The glass sheet is mounted in a dipping rack and cleaned in the hydro-
fluoric acid tank to remove the weathered surface layer. The HF concentra-
tion used is between 0,5 and 1 percent., The glass is then rinsed and piaced
in the hydrofluosilicic acid etching tank. The tank contains hydrofluosilicie

.acid which is saturated with silica and then supersaturated by adding boric -
acid, The degree of supersaturation is termed "potency' and the required
etching potency varies for different types of glass. The bath mustalso be
heated and stirred so that the solution is homogeneous and without a temper-
ature gradient from bottom to top. The effect of high solution temperature
is to shorten the emmersion time for the etching process.

Both of these coating processes, while not yet fully commercialized,
offer good potential for solar collector applications in that they provide
significant improvements in collector performance without requiring exten-

sive and costly processing.
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