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Abstract

This thesis presents the results of a recent compilation
of available commercial materials suitable for use in flat-plate
solar energy collectors. A literature and industrial search of
data pertaining to cover plate materials, intermediate tempera-
ture insulation, and selective and non-selective absorber
materials is provided in chart form. Cost data current through
November, 1975, is included as well as estimated performance
and durability data and other important mechanical and radia-
tive properties.

A computer simulation has been developed which predicts
performance of a general flat-plate collector. All the data
discussed above has been coded for use as input to this
computer simulation. 1In this way all combinations of cover
assemblies, absorbers, and insulation can be examined. The
computer simulation also assigns figures-of-merit to the various
designs based on user supplied weighting functions applied to
cost, weight, durability, temperature limits, and performance
at 120 Btu/hr-ft? and 150 Btu/hr—ft2 heat load removals. In
addition, minimum service can be required regarding any of the
above quantities. For example, if the calculated absorber
temperature exceeds a predetermined maximum value, the design
is rejected.

The computer simulation is employed to select optimal
single and double cover flat-plate solar collectors which are
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suitable in terms of performance and economics for space cooling
applications in the summer in Houston, Texas. In addition,
general performance predictions for single and double cover
collector assemblies are provided for different weather conditions

and degrees of absorber surface selectivity (as/e ratios). This

IR
information can be employed for estimating collector performance
should new selective absorber surfaces be developed in the

future.
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Chapter One

INTRODUCTION

Background

A major concern of people throughout the world today is
diminishing oil and natural gas reserves and the corresponding
increase in cost in procuring and using these existing resources.
The demand for o0il in the United States alone has grown at such a
phenomenal rate that within the last decade the United States has
gone from a period of self-sufficiency to one in which nearly 35%
of the o0il required for daily use is being imported. Adding to
this dilemma is the fact that costs for oil have nearly tripled
over the same time span, and these costs promise to increase
even further as the need for energy grows. Such alarming statis-
tics signal the emergence of new energy sources (e.g., fusion) or
perhaps better use of existing available energy options (e.g.,
geothermal, hydroelectric, wind, fission, and solar).

Of the existing available energy options, solar energy may
prove to be the best for emphasis in the coming decades. The
solar energy striking the earth, while diffuse in nature, is
estimated at 177 trillion kW, which is 500,000 times the electric
powar capacity of the United States [1l-1].%* Therefore, the
tapping of only a small fraction of this potential energy source

would eliminate the anticipated energy dilemma.

*

Bracket numbers ([x-y]) indicate references which may be found
at the conclusion of the thesis. The 'x' indicates the chapter
in which the reference is used.



At present, the majority of solar work being undertaken
can be divided into two areas: 1) heating and cooling, and
2) electric power generation. The technology for the latter
area is still in a developmental period. Heating and cooling
by solar energy is a different matter, however, since a techno—
logy has existed since the early 19200's incorporating flat-plate
collectors and coacentrating parabolic and cylindrical collec-
tors. To be sure, the technology. in this area is still develop-
ing {e.g., the evacuated and moderately concentrating stationary
collectors as well as various tracking aesigns). The majority
of work, however, still incorporates flat-plate ccnfigurations,
since they have been proven to be acceptable for heating from
both a performance and economic standpoint. X
At present, the flat-plate solar collector can provide
sufficient energy for between 50% and 90% of the domestic heating,
cooling, and hot water requirements of the United States [1-2]},
though the upper bound is presently considered unacceptable
based on economic'considerations. Since approximately 30% of
the United States energy consumption is directed towards heating
and cooling of buildings [1-3], an important energy savings can
be accomplished by flat—plate technology. However, two major
shoitcomings of flat-plate energy collection - cost and perfor-
mance at elevated temperatures - as well as the availability of
previously cheaper fossil fuels have curtailed solar implementa-
tion. Development of new flat-~plate collector materials or

better application of presently available materials may alleviate



such problems and thus must be considered critical to making

solar energy utilization feasible.

Discussion of the Problem

The typical flat-plate solar collector consists of five
components: 1) the cover panel, 2) the absorbing surface, 3)
the absorber plate, 4) the side and back insulation, and 5)
the collector box. The cover panel usually consists of one or
two cover plates which afe employed to reduce heat losses (in
the form of convective and radiative heat losses) from the
absorber surface. The cover panel should allow solar radiation
transmission and should also protect the absorbing surface and
insulation from weather extremes. The absorbing surface should
effectively absorb solar radiation. Since the absorber surface
can achieve relatively high temperatures, re-emission of collected
energy can be significant. If justified, the absorbing surface
can be designed to reduce emission while maintaining high solar
absorptivity - the selective surface. The absorbing plate is
generally a metal with high thermal conductivity. It serves to
efficiently conduct the absorbed heat to the working fluid
(usually water or air). The insulation is employed to reduce
back and side heat losses from the collector assembly. The
collector box serves as a structural housing for the otﬁer four
cocllector components. These major collector componenté may
presently be obtained separately or may be purchased as working
systems from several manufacturers. Five currently marketed

flat-plate collector systems are shown in Table 1-1.



TABLE 1-1

FIVE REPRESENTATIVE FLAT-PLATE SOLAR COLLECTOR ASSEFMBLIES
ESTIMATED ABSORBER® COST DATA
FLAT-PLATE MANUFACTURER ABSORSER ABSORBING COVER INSULATION SIZE AND DESIGNED Lo\ ATURE AT 402 ($/£e2) / (8/Paael)
COLLECTCR PANEL SURFACE ASSEMBLY WEIGHT USE E%FICI"VCY E.F)
DESICNATION "'
Number of Units
Baseline Solar P.P.C. Rell Bond Duracron Two sheets | 3" Backing Ye" x 76%6" x Space 170~180 Type 1-7 8-23 24-9% G6+
Collector Industries, Type 1100 Super 600 L/G of 125 wil | of Fiberglass 45, " Heating and " >
Inec. Aluainum Flat Black Tempered 16 6 c 21 Hot Water Aluminum 11.93/214. 10.70/192.00 9.64/173.00  8.92/1€0.00
Panal or Roll Pai tas Weight 1s 6 1b,/fc Copper 14.93/268. 13.43/2641.00  12.09/217.00 ' 1%.20/201.00
i aint a8 when tuhes filled
Bon 1’““"' a = .95 All price data is F.0.B. Ford City, Pennsylvania
rane
T .95
Yorex 14 “Torex Model 14": 8.00/256.00
arex Price data based on single collector orders
Solar Collector Reynolds Integrally Siliconized Two sheets | 1" Spun Class 4' x 8" x 3%&“ Space 175-185 “Torex Model 14": 6.00?192.00
Aluzianum Fianed Polyestar of & wil plus 0.8 Closed Weight 15 67.8 lbs. | Heating and Based on orders of 10 to 24 panels
Extruded Flat Black Tedlar Cell Foam when tubes filled |[HolL Water .. All price data 1s P.0.8. Torrance, Califoruis
Aluninum Tube Paint
a_= .95
s
€rr” .95
. . General Electric Solar Collecetor: 9,89/250.00
General Elcetric General Roll Bend Selective Two sheets Upjohn CPR 9545 95.46" x 38.12" Space 210-220 Based on orders under 200 panels.
Solar Osllector Electric Type 1100 coating of 63 mil Foam Fiberglass x &4.75" Heating, A1l price data is F.0.B. Valley Forge, Penmsylvania
Alusinum Panel a " .949 Lexan UV Bate Total Weight 94 1b. jHor Water, 4
Inhibited Space Cooling
€. . .38
IR
Modular Collect (Douhle Glass r): 8.80/237.69
Modular Revere Copper} Copper Panel | Flat Black One or T™wo | Special Revere 2' x 8' slze or Space Heating 160-180 Hgd:lzr Cgllzztg: ;ST:yI: Cl;z: zgzzr;: 8.90/229.50
Collector and Brass, with tubes Paint sheets of Copper Lami?a:ed 36" x 78" x 5" and Hot Water Depending on tube All price data is F.O.é. Roze, New York.
Tnc. °§‘ﬁ’"°ﬂ " -95 }25 il Panel and 39" Weighe x? 6.5 1b/fc sgacing and nuaber | eorqnated Price per square foot will decresse by 5% for orders
SY"=8" con . - .95 rem?ercd Fiberglass of covers greater than 100 panels
cueifers IR Glass
Model 50 (Plexiglas cover with aluzinua panel dasigacd for bot
todals 100/200 Cruzran Coppar tubes Alcoa Black One cr Two | 3" Backing of Single cover Space Heating 165-180 va::r proﬁuc:io:): 10.00/250.00 P &
herospace bonded to o= .9 gsheets of iberglsss 3 x 9" x 5.5 and Cooling(?7)}{ Depending on mumbar (approximate price data F.0.B, Elte, Nevada)
Cora. Aluminus sheet] . o .35 glass "’°P‘:§i§*“ data of covers Model 100/200 to be distributed befora 12/76.

perforaaace data provided by ceapanies coatacted.

Technical daca provided through phone conversations and sales and performance brochures received.
Tezmperazure ranges estizated for a sumzer issolation of 300 BTU/hreic? and wind velocity of 7 MPH.

The values

shown art¢ extrapo.

latad £zom

Price data current through April, 1976, except for information from Raynolds Alumiaum. This data was astained from commerclal beochure of 8/75.

+



Growing governmental support and industrial and academic
interest has led to extensive flat-plate collector solar heating
and cooling demonstration programs utilizing the tabulated on-
the-market products. The majority of the collector systems
tabulated have been designed for space heating applications and
have been proven acceptable from economic and performance stand-
points. They have also been generally found to be impractical
for space cooling, unless the collector systems have operated at
low efficiencies (low heat removals) [1l-4]. This is due to the
fact that absorber plate temperatures above 190°F are required
to provide hot water suitable for absorption refrigeration air-
conditioning systems. As can be seen from Table 1-1, most of
the systems cannot reach this required temperature limit at
insolations around 300 Btu/hr-ft? unless the operating efficiency
is below 40%. Such low operating efficiencies make the presently
available collector assemblies economically unattractive since
much more additional collector area above the heating requirement
size is required. 1In addition, collector size constraints based
on installation location (e.g., size of roof) often make solar
cooling utilizing currently marketed collectors physically impos-
sible.

Consideration of the materials which comprise the collector
assemblies shown in Table 1-1 gives rise to understanding why
solar cooling is presently cost and performance wise unfeasible.
Commercially available patio-door sized temper glass is employed

in three of the solar collectors. The fact that the overall



solar transmission for a double cover of temper glass is approxi-
mately 70% substantially reduces the solar flux which can be
absorbed by the absorber surface. (In comparison, two sheets of
4 mil Tedlar P.V.F. have an effective solar transmission of 85%.)
Similarly, the use éf nonselective black paints (solar absorp-
tivity is the same as the thermal emissivity) allows for re-
radiation of the thermal energy of the absorber, since the
thermal emissivity approaches 100%. Of the five commercially
available collector systems shown in Table 1-1, only the General
Electric collector can be efficiently applied to air-conditioning
uses. This results from the dual effect of good solar trans-
mission (approximately 76% for the two cover system) and low
thermal energy emission due to use of a selective coating.
Further, the choice of solar collector materials employed
in the collectors of Table 1-1 appears to be based on economics
rather than performance constraints. From studying the tabulated
assemblies, it appears that the flat-plate collectors were
designed with materials which the manufacturers either produced
themselves or which were readily available. The P.P.G. collec-
tor most clearly points out this fact. The Baseline Solar Col-
lector is composed of two sheets of P.P.G. Herculite glass, a
coating of P.P.G. Duracron flat black paint, and a P.P.G. insula-
tion. The absorber plate is purchased from Olin Brass, the
leading solar panel manufacturer in the United States. The com-
bination of these materials does not result in a high perfor-

mance collector, but it will provide sufficient energy for space



heating while allowing P.P.G. Industries, Inc. to market its
glass, paint and insulation. Similar analogies can be drawn to
the General Electric, Revere, and Reynolds Aluminum collectors.
As can be seen, choice of materials has been based on what the
manufacturer can make the greatest profit on rather than what
materials can be matched to create a high performance collector.
Economic pressures, then, may be seen to have restrained the
development of solar collectors which can provide suitable heat
for the air-conditioning process.

In summary, the currently available collector systems will
acceptably provide space heating and associated hot water require-
ments for buildirgys. Solar cooling, requiring higher temperature
levels for absorption air-conditioning operation, can be obtained
currently only at great expense using available systems because of
poor collector assembly design. The selection of materials
utilized in the tabulated collector assemblies is based on the
manufacturer's intent to use his own produced materials rather
than the best materials available. More careful consideration of
cover and absorber material radiative properties can, however,
result in flat-plate collectors which can serve space cooling

performance requirements.

Objectives and Outline of Study

The objective of the work to be presented is to consider the

problem of space cooling and arrive at optimum single and double

cover flat-plate assemblies that can meet absorption refrigeration



air conditioning heat load requirements while being economically

competitive with presently available solar collectors. In addi-

tion, durability, weight, and expected collector life constraints

will be considered so that the designed collectors will be accept-

able for marketing.

In order to accomplish this objective, the following steps

are taken:

]. *

Investigate and compile the current data available on insula-
tion, absorber and cover materials with respect to mechanical,
thermal, and radiative properties. In addition, provide
estimated cost data on the materials studied.

Code the material properties for compu-er input for later
optimization of single and double cover flat-plate collectors.
Model single and double cover flat-plate solar collectors.
Derive working equations which will allow for calculation of
absorber plate and cover plate(s) equilibrium, steady state,
temperatures for various heat load removal conditions.
Consider the effects of variation of wind velocity, insola-
tion, and absorber solar absorptivity on the equilibrium
absorber plate temperatures. Various degrees of selectivity
(varying the as/elR ratio) will be considered with typical
single and double cover plate assemblies.

Apply results gained from the performance analyses to select
collector assembly performénce constraints. Economic, weight,
expected life, weathering, and durability constraints should

be selected based on observations from the materials study.



6. Create a criterion function to assist in selection of optimal
single and double cover flat-plate collectors which can pro-
vide suitable temperétures at elevated efficiencies for space
cooling.

7. Employ the computer simulation to select optimal single and
double cover flat-plate assemblies.

Steps (1) and (2) are presented in Chapter Two. Chapter

Three will include the derivation of the energy balance equations

(step 3) required for determination of the equilibrium tempera-

tures. In addition, assumptions to be included in the analysis

will be provided in this section. Chapter Four will include
general performance data as described in step 4. This data will
primarily be presented graphically with conclusions and discus-
sion also being provided. The basis of the computer simulation and
ontimization will be discussed in Chapter Five, and the constraints
chosen for analysis will also be discussed. Chapter Six will
consider the results of the computer simulation and optimization,

and conclusions will be drawn from this information.



Chapter Two

SOLAR COLLECTOR MATERIALS

Introduction

As has been indicated in Chapter One, most present commer-
cially available flat-plate solar collectors cannot meet the high
temperature-high heat load removal requirements necessary for
space cooling. This is essentially due to poor selection of com-
mercially available materials which comprise cover assemblies,
insulations, and absorbing surfaces. Continued use of time proven
materials (such as glass, fiberglass, and black paint) has retarded
the development ¢f collectors composed of materials with better
radiative and durability properties. Economic constraints, rather
than performance reguirements, have justified the continued use
of the aforementioned materials though educational, governmental,
and some industrial groups are providing better alternative mater-
ials for solar collector design.

The majority of the solar work done by researchers in educa-
tional, industrial, and governmental fields is scattered through-
out the literature. Compilation of material data in terms of
mechanical, thermal, and radiative properties in the literature
is limited, and as a result, comparison of different cover, absor-
ber, and insulation materials requires exhaustive research. 1In
addition, economic studies of collector component materials can

seldom be found, and as a result, considerations of new absorber
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and cover materials (which are currently cost prohibitive but
which could become economically competitive with widespread
usage) are often neglected.

The intention of this chapter is thus to investigate the
currently available industrial and technical literature and com-
pile the material data available on commercial absorber materials,
cover materials, and insulation materials. This tabulated infor-
mation includes present and anticipated future production cost
data as estimated by the industries involved in the material
manufacture and by other informed sources (such as N.A.S.A. Lewis
and Honeywell, Inc.). In addition, problems associated with
ccmparison of mechanical, weatherability, &ad durability data for
cover and absorber materials is discussed.

The chapter is divided into four sections. The first three
sections deal with the basic components of any flat-plate solar
collector: Cover Materials, Absorber Materials, and Insulation
Materials. The fourth section discusses the coding of the tabulated
data for later use in flat-plate solar collector design optimiza-

tion.



COVER MATERIALS

In theory, an optimal cover material for a flat-plate solar
collector would meet the following constraints.

1. The cover would allow a major fraction of the solar insola-
tion to be transmitted.

2. The cover would limit the transmission of thermal radiative
energy from the absorber panel.

3. The cover would be durable in terms of weathering and impact
resistance criteria.

4, The cover would be lightweight.

5. The cover would be inexpensive.

6. The cover would have a "long life".

7. The cover would be easily cleaned, repaired, and replaced.
As might be expected, no one cover material currently available
can meet the above seven constraints. The cover materials to be
discussed, however, are all suvitable for flat-plate collector
utilization depending upon the emphasis placed on the criteria
listed. Tables 2-1, 2-2, and 2-3 summarize the data pertaining
to cover material mechanical, radiative, and economic data by
which the different materials can be compared. The majority of
this data has been gathered from manufacturer technical brochures,
with the cost data provided by material distributors and the

manufacturers.*

*The manufacturers of components used in flat-plate solar collec-
tors are acknowledged in Appendix One. Addresses for the differ-
ent distributors and manufacturers are listed.
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It should be noted that the majority of the cover materials
tabulated have registered trademark names. These materials have
become known in the literature by these designations, and thus
the discussion of the materials will utilize the most commonly
accepted names. The following cover materials have registered
trademark names.

Teflon F.E.P.(R) E. I. DuPont de Nemours & Company
Tedlar P.V.F.(R) E. I. DuPont de Nemcurs & Company
Mylar S(R) - E. I. DuPont de Nemours & Compnny
Lexan(R) - General Electric Company
Plexiglas(R) - Rohm and Haas Company

Lucite A.R.(R) -~ E. I. DuPont de Nemours & Company
Sunadex(R) - A.S.G. Industries, Inc.

The trademark designation [(R)] is omitted in the text for the
above materials.

Table 2-1 provides the mechanical properties of cover plate
materials. The majority of the data has been obtained using
ASTM testing procedures. Problems found in comparing the differ-
ent materials can be noted by studying the various mechanical
properties measured. The glasses, for example, are brittle
materials for which data on flexural strength, bursting strength,
and ultimate elongation would be meaningless. For the materials
like Lexan, however, such properties are their major "selling
points” and thus their inclusion in technical brochures is empha-
sized. Further, the data provided on impact strength points out
a major problem in comparison of different material properties.
As can be seen from Table 2-1, several impact tests are employed.
The results of these tests cannot be ccmpared because of the

variations in test conditions. For example, the DuPont Pneumatic



MECZANICAL PROPERTIES OF COVEFR. MATERIALS

Table 2-1

Material Name Density Tengile Conmpressive Modulus of Flexural Bursting Impact Strength Ultima;e
Strength Strength Flasticity Strength stren?th Elongaticn
(1be/£e’) (1b£/in?) (1bf/in?) {ib£f/in?) (1bf/in?) | 1bf/(in?-mil) {variable) (%)
LEXAN 74.85 9,500 12,500 343,000 13,500 Not 16 ft~1bf/in 110
(Polycarbonate)} (D 792) (D 638) {D 695) (D 638) (D 790) Available (D 256-170D) (D 638)
PLEXIGLAS 74.22 10,000 18,000 456,000 16,000 Not 0.4 ft-1bf/in 4.9
(Acrylic) (D 792) (D 638) (D 695) {D 695) (D 790) Available {D 256-12Z0D) (D €38)
TEFLON F.E.P, 134.10 3,000 Not 70,000 Not 11 2 kg-cm/mil 3 200
{(Fluorccarbon) (D 1505) (D 882-61T) Avaijlable (D 882-61T) | Available (D 774-46) (bu Pont (D 882-61T)
Pneumatic
Test)
TEDLAK P.V.F. 86.07 13,000 Not 260,000 Not 70 5.3 kg-cm/mil 115-~250
(Fluorocarben) (D 1505) (D 882zA} Available (D 882A) Available (D 7748) (Du Pont (D 882A)
Pneumatic
Test)
MYLAR 87.01 25,0090 Not 500,000 Not 66 6.0 kg-crm/mil 120
{Polyester) (D 1505) (D 882A) Available (D 682A) Available (D 774-63T) {Du Pont (D 882A)
Preumatic
Test)
SUKLITE 87.32 16,000 Not Flexural 24,500 Not 18 ft-1bf/in Not
(Fiberglass) (D 792) (D 638) Available Modulus (D 7920) Available (D 256-120D) Available
1,000,000 .
(D 790)
FLOAT GLASS 155,93 6,500 50,000 106,000,000 Not Not Poox Not
{Glass) (P.P.G. {Determined {P.P.G. (P.?2.G. Available Available . Available
Specifica- as Modulus Specifica~ Specifica-
tion) of Rupture tion) tion)
in Bending)
TEMPER GLASS 155.93 29,500 50,000 10,000,000 Not Not Fulfills 2 Not
{Glassg) (P.P,G, {Determined (P.P.G, (P.P.G. Available Available Requirements Available
Specitica~ { as Modulus 8Specifica- Specifica= of USAS-%26-
tion) of Rupture tion} tion) 1-1966
in Bending)
CLEAR LIME 156.5 1,660" Wot 10.5 (10%) Not Not Poor ot
SHEET GLASS {A.S.G. Available PSI Available Available Available
(Low Iron Specifica- (A.S.G.
Oxide Glass) tion) Test Data)
CLEAR LIME 156.5 6,400 Not . 10.5 (10°) Not Not Fulfills Not
TEMPER GLASS (A.S.G. Available P51 Available Available Requirements Available
(Low Iron Svecifica=- (A.S.G. of USAS-726-
Oxide Glass) tion) Test Data) 1-1966
SUNADEX WHITE 154.3 1,600" Not 10.5 (10°) Not Not *ulfills lict
CRYSTAL GLASS (A.S.G. Available PSL Available Available Requirements Available
(.01% Ilron Specifica~ {A.S.G. of UShS-%26-
Cxide Glass) tion) Test Data) 1-1966

1: All parenthesed numbers refer to ASTM test codes.

2: No more than two 12" x 12" panels may shatter upon impact of 0.54 steel ball dropped 10 ft.
3: Test is now also listed a3 ASTM-D3099.
4: Design tensile valuves are for a satety factor of 2.5 and probability cf 0.8% failure under one-minute

windicading.

1
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test (ASTM D3099) essentially measures the change in velocity

of a fired bullet as it passes through a plastic of known thick-
ness. For glass, the test employed determines whether the glass
breaks when impacted with a steel ball dropped from a designated
height. The manner.in which each material is supported, and the
size of each material being tested is different. Thus, compari-
son of the results is an arbitrary process. (It should be noted
that of the materials tabulated, only Lexan is warranteed against
impact breakage.) Differences in the measurement procedures
point out the need for a fixed testing program which compares
materials of the same size supported by the same means. (A stan-
dard collector panel size could be selected for the purposes of
comparing how cover materials would hold up under various loading
conditions.) A testing program of this nature would provide more
useful information than all of the data coded in Table 2-1 and

is thus recommended for future work.

Table 2-2 presents the thermal and radiative properties
tabulated for representative cover material thicknesses. As in
Table 2-1, data provided on weatherability and chemical resistance
were not based on a single standardized testing procedure. The
glasses, having been used in varied chemical and weather condi-
tions, are time proven with regard to weatherability and chemical
resistance. Materials like the fiberglass covers and plastic
film covers have not been utilized in different environments long
enough that data on their weatherability and chemical resistance

can have much significance. Further, unlike the glasses which



Table 2-2

THERMAL AND RADIATIVE PROPERTIES

Haterial Nama Index T 4 T ‘ T 3 Expansion Temperature Weatherability Chemical
of (Solar) {Solar) |{(Infrared) |Coefficlent Limita Resistance
Refrac-
tion
{np) (%) {") (%) (IN/IN-°F) {°P) {commen%) (comment)
* LEXAR 1.595 1| 125 mil 125 mil 125 mid °[3,79 (10-3) 250°-270* Goud: 2 yrs exposura |Good: Compara~
{Polycarbonate) { (D 542} 84.2 72.6 2.0 (H 696) Service in Florida caused ble to Acrylic
(x.8) (1.1} {EST) Temperature |yellowing; 5 years
caused 5% loss in 1
PLENXIGLAS 1.49 125 mil 125 mil 125 mil s 3.9 (107%) 180°-200° Average to Good: Based|{Good to Excel=
(Acrylic) (D 542) 85.6 79.6 2.0 @ 60°F Service upon 20 yrs testing in|lent: Resists
' {£.3) {t.8) {eST} 4.6 (107%) Temperature Arizona, Florida, and [most acids and
@ 100°F Pennsylvania alkais
TEFLON F.E.P. 1.343 S mil 5 mil S mil 5,9 {10~%) 400° continu~ }Good to Excellent: Excellent:
{Fluorocarbon)} |{D 542) 92.3 89.8 25.6 @ 150°F ous use Based on 15 yrs expo= (Chemically
(£.2) (£.4) {£.5) 9.0 (10-%) {475° short term|sure in Florida envir-|Inert
@ 212°F onment
TEDLAR P.V.F. 1.46 4 mil 4 mil 4 wil 2.8 {107%) 225* continu- {Good to Excellent: 10 |Excellent:
{Fluorocarbon) (D 542) 92.2 88.3 20.7 {D 696) ous use yrs exposure in Flor- |[Chemically
£.1) {t.9) (£.2) 350° short term|ida with slight 1nert
yellowing
MYLAR 1.64~ S mil 5 mil 5 mil 0.94 (10~%){ 306° continu~ |pPoor: Ultraviolet Good to Excel=
(Polyester) 1.67 86.9 80.1 17.8 (D 696-44) ous use degradation great lent: Compara=
{D 542) (£.3) {£.1) {:.5) 400° short term hle to Tedlar
SUNLITE 70 1.54 {25 mil (P)[25 mil (P)|25 mil {P) [1.4 (10"%) | 200° continu- [Fair to Good: Regular |Good: Inert to
{Fiberglass) {D $42) |86.5 (£.2){75.4 (2.1)}7.6 (+.1) {D 696 ous use causes| (7 yrs solar life), chemical
25 mil (R)[25 mil (R} |25 mil (R) 5% loss in 71 Premium (20 yrs solar {atmospheres
87.5 (£.2){77.1 {£.7}]3.3 (:.3) . life)
FLOAT GLASS 1.518 125 mil 125 mil 125 mil >{4.8 (107¢) |13s50° Softening{Excellent: Time Good to Excel=-
{Glass) (D 542) 84.3 78.6 2.0 {D 696) point; 100° Proven lent: Time
{t.1) £,2) (EST) thermal shock Proven
TEMBLR GLASS 1.518 125 mil 125 mil 125 mil 5 4.8 (107%) |450°~500° con- |Excellent: Time Gocd to Excel-
(Glass) (D 542) 84.3 78.6 2,.¢C {D 698) tinuous use} Proven lent: Time
. +,1) (£.2) (EST) . 500°~550° short Proven
term
CLEAR LIME 1.51 Insuffici-] 125 mil 125 mil 5.0 (107*) |400°F for con- [Excellent: Time Proven|Good to Excel-
SHEET GLASS (D 542) ent data 87.5 2.0 (D696} tinuous opera-~ lent: Time
tow Iron provided (2.5) (EST) tion Proven
Cxide Class) by ASG
CLEAR LIME 1.51 Insutfici~| 125 mil 125 mid) 5.0 {107%) |400°F for con- [Excellent: Time Proven|Good to Excel=~
TLMPER GLASS (D 542) ent data 87.5 2.0 {D 495) tinuous opera- lent: Time
(Low Iron provided (t.5) (EST) tion Proven
Oxide Glass) by ASG
SUNADEX WHITE 1,50 Insuffici-{ 125 mil 125 mi} 4.7 (107*%) |400°F for con- |Excellent: Time Proven|Good to Excel=
CKYSTAL GLASS {D 542) ent data 91.5 2.0 {D 638) tinuous opera-~ lent: Time
{(.0l% Yron provided (£.2) (EST) tion Proven
Oxide Glass) by ASG

1: All parenthesed numbers refer to ASTM Test Codes.

2: Numerical Integration (I Tav
3: Nunerical Integration (I Tavg

g

4: Compiled data based on ASTM Code E 424 Method B,
1 Data not provided; estimate of 2% to be used for 125 mil samplea.

61 Degrees differential to rupture 2 x 2 % 1/4 - inch samples.

8 70°F.

. éx,r-x,m’ for A = C.2uM to A = 4,0uM.
- By oy, ) £OF A = 3.0uM £o A = 50.0uM.

?s Sunlite Premium data is denoted by (P); Sunlite Regular data is denoted by (R).

Giags cpecimens heateld and then quenched in water bath

91
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have been tested in the support configurations required for
solar collector use, tests on materials like Tedlar P.V.F.,
Teflon F.E.P., and Plexiglas G have been undertaken without
consideration of how the materials are to be used. For example,
Tedlar P.V.F. was nailed to a board while it was tested in the
Florida environment [2-1] and thus did not undergo wind loading
conditions. As can be seen, standardized weather and chemical
testing programs should be established in order to provide more
realistic environmental information on solar collector cover
materials.

The most critical factor in solar collector material cover
choice is how well the cover will transmi‘. the incident solar
flux. An optimal collector cover in this respect would have
spectral transmission properties similar to those presented
in Figure 2-1. From Figure 2-1. it can be seen that cover trans-

mission properties can be divided into two wavelength bands. For

1Y

the band from A = 0.3um to A 2.10um, it is desired that all the
incident radiant energy should be transmitted through the cover.

At wavelengths greater than X = 2.10um, it is desired that the
cover become opaque (in terms of transmission properties) to trap
the emission from the absorber. The two wavelength bands described
correspond to the energy bands in which the sun and a black body
at a temperature between 100°F and 500°F would emit radiative
energy. (The sun has spectrai radiative emission properties
similar to those of a black body at 10,400°R.) The normalized

energy emitted for each black body is shown in Figure 2-2, taken

from work presented by Duffie and Beckman [2-2].
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FIG. 2~

OPTIMAL COVER MATERIAL
SPECTRAL RADIATIVE PROPERTIES
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The transmission properties for representative cover materials

are shown in Figures 2-3A, B, C, D, and E. As can be seen, none

of the materials have perfect solar transmission properties (i.e.,
Tn = 1.0 for A = 0.3um to A = 2.10um). Nonetheless, materials

like Teflon F.E.P., Tedlar P.V.F., Sunadex Glass, and Plexiglas G
exhibit good solar transmission properties for solar collector
usage. The glasses, polycarbonates,and acrylics are excellent
cover materials in terms of poor transmission properties in the

thermal band (A = 3.0ﬁm to A

S0.0ﬁm). The plastics, Teflon
F.E.P., Tedlar P.V.F, and Mylar S exhibit relatively high trans-
mission of thermal radiative energy. Since design of cover
assemblies must consider both transmission bands, however, the
plastics cannot be neglected because they have such high solar
transmission properties. (Choice of cover type, in fact, has
been shown to be tied to the absorber surface radiative proper-
ties [2-3] )

Numerical values for the thermal and solar transmission pro-
perties of representative cover materials are given in Table 2-2.
Insufficient data was obtained on the effects of radiation inci-
dence angle on transmission properties, and thus only normal
averaged transmission of solar and thermal radiative energy is
considered. The average values shown for normal solar transmis-
sivity (Ts) are calculated two ways. The first approach is the
most commonly employed procedure and is based on ASTM Code E 424
Method B [2-4]. The radiative solar energy shown in Figure 2-2

is divided into energy bundles which can be considered to fall
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FIG. 2-3A

COVER MATERIAL DATA

MYLAR:TYPES

THICKNESS . 5 MIL

DATA PROVIDED BY
E.l. DU PONT DE NEMOURS

|
A

1 ] 1 H A ! '
4 6 8 10 2. 3. 5~ 10. 20. 30. 40. 50.
WAVELENGTH (M)
TEDLAR_PVE: TYPE 20
THICKNESS [ 4 MIL
DATA PROVIDED BY
m E.l. DU PONT DE NEMOURS
4 6 B 1.0 20 3. 5. 10. 20. 30. 40.50.

WAVELENGTH (2 M)
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FIG. 2-3B .
COVER MATERIAL DATA

FLOAT OR TEMPER GLASS

THICKNESS' 125 MIL

DATA PROVIDED BY
LIBBEY-OWEN-FORD
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- I / - TEMPER GLASS
=80 . - (SUNADEX)
@ | WATER WHITE CRYSTAL
EGO_ ' -
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FIG. 2-3C
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FIG. 2-3D
COVER MATERIAL DATA
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FIG. 2-3E
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within select wavelength bands. Equation (2.1)* can thus be used
to find the effective solar transmissivity if spectral transmis-

sivity data for the cover material are available.

36
T =71 = L a, T (2.1)
solar s i=1 Ay Ai
where
T, = the spectral transmissivity at the selected wave-
i length
a, = the weighted coefficients as shown below,
i
i ki a, i Al a, i lib a,
i i i
1 .35 1.27 13 .95 3.29 z5 1.55 1.49
2 .40 3.18 14 1.00 4.25 26 1.60 1.36
3 .45 6.79 15 1.05 3.72 27 1.65 1.17
4 .50 8.20 16 1.10 1.70 23 1.70 .89
5 .55 8.03 17 1.15 1.46 29 1.75 .54
6 .60 7.88 18 1.20 2.52 30 1.80 .01
7 .65 7.92 19 1.25 2.21 31 1.85 0
8 .70 7.48 20 1.30 1.78 32 1.90 0
9 .75 5.85 21 1.35 .12 33 1.95 .12
10 .80 5.79 22 1.40 0 24 2.00 .02
11 .85 5.66 23 1.45 .16 35 2.05 .26
12 .90 3.24 24 1.50 1.06 36 2.10 .58

The summation of the weighted coefficients
36
L a, =100 (2.2)
i=1 i

shown in equation (2.2) totals 100% which is what would be expeéted

for a cover having the transmission properties of Figure 2-1. For

*Parenthesed numbers, (x.y), indicate equations shown in the text.
The 'x' indicates the chapter in which the reference is used.
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a black body having a temperature of 10,400°R, the wavelength

band analyzed in ASTM test E 424 Method B accounts for 90% of the

total energy actually emitted since 6% of emitted energy is at

wavelength less than 0.35um and 4% is at a wavelength greater

than 2.1lum.

A second technique for calculating solar transmissivity for
cover materials employs a numerical integration [2-5]. Equation
(2.3) shown below A =00

T (M = 101 | 1, (A, Te, (A,T)dA (2.3)
n A A .
AZ0 n b

where

o]
Ty (A,T)
n

e (AIT)
Ay

Stefan-Boltzmann constant

= normal spectral transmissivity

= spectral emissive power for a black surface

can be approximated by

Tn(T)

(2.4)

Il

T
i=1 I - -1

an average value for normal transmissivity

between wavelengths Ai and Ai_l

the fraction of emissive power for a black
body at temperature T between wavelengths

Ay and Al g
MT e () 21T el ()
A, .
1/0] b gar- f —B___ ar]
5 | 5
0 T 0 T
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vValues for FO-A.T are tabulated in [2-5] for products of wave-
length and abéoiute temperature.

Equation (2.4) is used for calculating Tg by assuming that
the sun has radiative emissive properties similar to that of a
black body at 10,400°R. Figures 2-3aA, B, C, D, and E can be
divided into rectangular sections of constant Tavg® The numeri-
cal integration is performed between ) = .2uym and ) = 4.0pm.
This wavelength range corresponds to 99% of the total energy
which could be emitted by a black body at 10,400°R. The values
obtained using equation (2.4) are shown in Table 2-2.

Comparison of the results obtained from the two calculation
methods indicates that the second procedur= provides lower mea-
surements of solar transmissivity. This is largely due to the
fact that most cover materials are poor transmitters of ultra-
violet energy between A = .2ym and )\ = .35pm. Using method two,
a black body at 10,400°R would emit nearly 6% of its total energy
between A = .2uym and X = .35um. Thus, if the cover transmits
poorly in the ultraviolet range indicated, solar transmissivity
readings could be as much as 6% less than what they would be
using T, @s calculated using the ASTM E 424 Methcd B guidelines.
2 similar argument could be posed for the range of )X = 2.1lum
to A = 4.0um where nearly 4% of the total energy of a black body
at 10,400°R would be emitted. Thus, comparisons between the two
procedures could be as much as‘lD% apart depending upon the

spectral transmission properties of the cover plate.
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Method two incorporating equation (2.4) is used to calculate

normal thermal transmissivity (t._.). The wavelength range of

iR
A= 3.0ﬁm to X_f SOﬂm was analyzed, and close agreement between
the values obtained in this method and a method utilized

by Christie [2-6] was found. (The Christie analysis considers

the wavelength range of 3ﬁm to 20um and neglects the far-infrared
wavelengths.) The data calculated is presented in Table 2-2.

Two other points concerning the o and €1R calculations
should be discussed. The first point concerns the manufacturers'
supplied data. For both techniques employed in the calculation
of average normdl transmissivity, values of spectral transmis-
sivity were taken from plots similar to Figures 2-3A through
2-3D. Due to the reduced scale of the supplied graphical data,
its readability was poor. Discrepancies in the reading of the
figures were accounted for by performing each set of calculations
twice. An average of the two calculated transmissivities is pro-
vided in Table 2-2 along with a possible error based on
the two calculation differences. The second point concerns esti-
mation of TR for several cover materials. The data provided by
manufacturers and distributors of glass, acrylic, and polycarboa~
ate materials was limited to data over the solar wavelength band.
Additional notes indicating that these materials could be con-
sidered "opague" to thermal radiative energy were provided, though
spectral transmissivity data was not included to substantiate
manufacturer claims. Based on manufacturer comments and discus-
sions from the literature, TIR values have been estimated to be
between 0.01 and 0.03 depending upon the material thickness.
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The final data provided on cover materials consider material
availability and cost. This data are summarized for various thick-
nesses of cover materials in Table 2-3. As can be seen from this
table, solar collector size may need to be selected based on the
cover material chosen for use, since standard available sizes
vary so.

The cost data provided are based on manufacturer and distri-
butor estimates for moderately large production purchases. The
cost dataare current through November, 1975. In addition, esti-
mated price increases per year ranging from 10% to 12% were pro-
vided by the manufacturers and distributors contacted. It should
also be noted thet the price data presented for the cover materials
include freight to Houston, Texas where needed. All materials
except for Tedlar P.V.F. and Sunlite can be obtained in Houston
through distributors or manufacturer warehouses.

The cover materials section is concluded by pointing out that
several studies are underway for improving the radiative properties
of several materials presently marketed and utilized in solar
work. Improvements can be made on the cover material transmis-
sion properties if the work done on. producing antireflection
coatings for glass and plastics is successful. Durability and
economics are currently the major shortcomings [2-7]. Further
development work with Mng coatings [2-8] may improve the float
glass solar transmissicn properties, for example, by as much as
7%. Such coatings, however, will not be considered in this
analysis, since durability and weatherability factors presently

limit their applicability over extended time periods.



Table 2-3

COVER PLATE MATERIALS: AVAILABILITY AND COST
. . . . : Cost Data’
Material Manufacturer Material Material Available Forms at Cost Qt Cost
Classification Type Thickness Standard Sizes (ft)éi (sf'fﬁl) (ft¥3 ($/ft2)
(mils) (variable) - -
General Elec- Lexan 63 (4' x 8') Shecet 400-1000 1.29-D 1000+ 1.23-D
tric Corpany Mr-4000 125 (4" x 8') (6" x 8') Sheet 400-1000 2.92-D 1000+ 2.47-D
187 (4" x 8') (6' x 8') Sheet 400-1000 4.21-D 1000+ 3.56-D
POLYCARBONATE
Sheffield Polyglaz 63 (4' x 8') Sheet 400-1000 1.12-D  |1000-5000 1.05-D
Polyglaz, Inc. (Lexan-9030) | 125 {4' x 8') Sheet 400-1000 2.24-D  |1000-5000 1.90-D
187 (4" x 8') Sheet 400-1000 3.30-D 1000-5000 2.76-D
E.I. DuPont 63 (4' x 6') Sheet 400-1000 2.15-D 1000+ 1.86-D
De Newmours Lucite 125 (4" x 8') (5' x 8') Sheet 400-1000 2.19-D 1000+ 1.90-D
5 Company A.R. 187 (4' x 8') (5' x 8') Sheet 400-1000 2.44-D 1000+ 2.11-D
ACRYLIC
Ronm and - Plexiglas 63 (4' x 6') (4' x 8') Sheet 1000-3000 1.27-D 3000+ 1.14-D
Huas Company P & 125 (4" x 8') (6' x 8') Sheet 1000-3000 1.36-D 3000+ 1.22-D
187 (4' x 8') (6' x 8') Sheet 1000-3000 1.61-D 3000+ 1.45-D
E.I. DuPont T?”grzg'v":' 4 Roll: 2"-64" width Below 1000 0.25-D 1000+ 0.23-D
FLUOROCAREON D-.E. 1(\;emo.urs yp 1250" length 1000-3500 0.19-DP 3500+ 0.18-DP
1 Lompany Teflon F.E.P. 5 Roll: 2"-46" width 1000-3000 0.736-D 3000+ 0.693-D
Type A 960" length -
LYESTER Mylar Types 5 Roll: 1.5-50" width 1000-4000 0.085-D |~ 4000+ 0.071-D
1000' length
Sunlite 25 Rolls or Reels 1000-8000 0.35-X 8000+ 6.325-K
Kalwall Regular 40 (5* width) 1000-8000 0.38-K 8000+ 0.355-K
e 3
FIZERGLASS Corporation Sunlite 25 Roll: 50 Lineal Feet 1000-8000 0.41-K 8000+ 0.36-K
Premium 40 Reel: 1200 Lineal Feet 1000-8000 0.48-K 2000+ 0.455-X
P.P.G. Float 125 (36" x 84') (48" x 84") Sheet] 1200+ 0.33-D NO NO
Industries, Inc. | Glass 187 (36''x 120") (48"x 120'") Sheet| 1200+ 0.485 DATA DATA
GLASS and
Libbey-Owen-Ford | Temper 125 (28" x 76'") (34" x 76") Sheet| 1600+ 0.70-D 2400+ 0.64-D
Company Glass 187 (34" x 76") (46" x 76") Sheet{ 1600+ 0.58-D NO DATA | NO DATA
Sheet Lime 125 (36" x 84') (48" x 84") Sheet NO NO Truckload Z 0.33-ASG
Class 187 (36" x 120"} (48" x §4") Sheet]  DATA DATA Truckload 0.485-ASG
3
%‘Joflslmn Indoe oo Tenper Lime | 125 (28" x 75" (34" x 76") Sheet]  NO No Truckload 2| 0.55-ASG
Ovide e o Glass 187 (34" x 76") (46" x 76") Sheet] DATA DATA Truckload 0.58-ASG
Content) Sunadex 125 (34" x 76") Sheet Truckload 2| 0.83-ASG
Water White 156 (34" x 76") (46" x 76") Sheet No N Truckload 0.93-ASG
Crystal Tem- 187 (34" x 76'") (46" x 76") Sheet DATA DATA Truckload 1.03-ASG
per Glass 21 (46" x 96") (46"x 120"} Sheet Truckload 1.17-ASG

[ o]

Cost data based on large scale purchases as shown.
through November 10, 1975,

denoted by (DP); cost estimates by ASG representative denoted by (ASG).
Truckload quantities of glass refer to purchases of 38,000 to 40,000 pounds of glass.

Cost to include freight where necessary to transport materials to Houston and are current
Cost data from Houston distributors denoted by (D); cost data from Kalwall denoted by (K); cost data from DuPont

0€
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ABSORBER MATERIALS

Absorber materials should be designed to meet the following
criteria:
1. The absorber material should absorb incident solar radiation.
2. The absorber material should not emit thermal radiation.

3. The absorber material should have good durability and high
temperature.

4. The absorber material should have a "long life".

5. The absorber material should survive exposure to high humidity.

6. The absorber material should be easily applied to an absorber
panel.

7. The absorber matsrial should be inexpensive.
The absorber ccating for a flat-plate collector may be either

selective (a /e. > 1) or nonselective (as/s = 1). Collector

s’ "IR IR
performance would be about the same with either type coating at
low temperatures, but the nonselective coating may offer cost
and possibly durability advantages. If the collector applicaticn
is for heating and ccoling, then a selective coating would proba-
bly be preferable. Increased collector performance may justify
the higher cost required for selective coating usage.

Information on absorber materials with respect to technical
and economic data has been compiled in a series of siz tables.

The absorber materials analyzed fall into three major categories.

They are:
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1. Selective and nonselective paints.

2. Electroplated surfaces.

3. Dip or chemical conversion surfaces.

These divisions have been selected since cost, durability, and
application processes vary so much. General observations on

each class of absorber surface are summarized below.

Selective and Nonselective Paints

1. Of the absorber materials investigated, the paints are found
to be the least expensive.

2. Durabilitv of absorber paints is general]y good with respect
to moisture (humidity) attack.

3. Temperature limitations for painted surfaces are low enough
that failure cf the heat removal system to operate (during
installation or in case of pump failure) might lead to
absorber surface degradation.

Electroplated Surfaces

1. Of the abhsorber materials investigated, the electroplated
materials are considered to be the most durable with respect
to high temperature degradation and moisture attack.

2. Electroplated surfaces are presently the most expensive
abzorber materials commercially available.

3. Of the absorber materials studied, the electroplated materials

catalcged have the best radiative properties for solar energy
absorption and limited thermal energy emission.

Dip or Chemical Conversion Surfaces

1. The chemical conversion surfaces have gquestionable durability
properties. Upper temperature limits are low enough that
like, paints absorber surface degradaticon could result in the
event of solar collector non-use. In addition, moisture can
cause rapid degradation of the surface.

2. Present production costs for chemical conversion surfaces are
low enough that economically competitive selective coated flat-
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plate collectors may be designed using these absorbing
materials.

The individual absorber material technical data are provided
in Tables 2-4A, 2-4B, and 2-4C. Cost and application data for
the three types of absorbers can be found in Tables 2-5A, 2-5B,
and 2-5C, |

The technical data presented in Tables 2-4A, B, and C indi-
cate that the application procedure for absorbing surfaces can
radically affect the radiative properties at the surface. Based
on the wavelength bands in which the sun and a black body at
100°F-~-500°F emit radiative energy (refer to Figure 2-2), an opti-
mum absorbing surface would have spectral reflectivity properties
similar to those found in Figure 2-4. For absorber surface
radiative properties, Kirchhoff's law [2-5] can be written

%, n AT+ ooy T T (AT = 1.0 (2.6)

In additicn, the selective surface is treated as an opaque body
with respect to radiation so that

ay, T+ 0y () = 1.0 (2.7)

For the solar energy incident on the absorbing surface, it is
desired that the spectral reflectivity should be negligible. If
such is the case, equation (2.7) reduces to

ay (A,T) 1.0 for A = 0.35m to A = 2.1um (2.8)
’ -

and maximum insolation absorption results. In addition, it is
Gesired to limit the thermal energy which the absorber would emit
due to its temperature. Thus, in terms of optimizing properties,

it is desireable for the absorbing surface to absorb little



ABSORBER MATERIALS:

Table 2-4A

TECHNICAL DATA

- SOLARZ THERVALT g TEMPERATURE
ABSORPTIVITY EMISSIVITY — —3— LIMITS
MATERIAL SUBSTRATE PLATING OR COATING DATA S (%) () E1R (°F) DURABILITY

SELECTIVE AND NOASELECTIVE PAINTS .
BLACK ACRYLIC STEEL THOROUGHLY CLEAN THE ALUMINUM 95 95 1 325° - 375° HUMIDITY TESTS SHOW MO
PAINT ALUMINUM SURFACE. SPRAY DURACRON SUPER DEGRADATIOH. '

600 L/G AND BAKE AT 3759F FOR TEMPERATURES AROVE

15 MINUTES. 3250F CAUSE SURFACE

SINMILAR PROCESS EXCEPT NEXTEL 6.7 96.7 i DULLING. SURFACE HARD-

BLACK PAINT USED. NESS BETTER ON

: THERMOSETTING ACRYLIC.

SELECTIVE PAINT | STEEL 0.1 HICRON THICKNESS ’ 84 19 4.4" ABOVE 350° ANTICIPATED DURABILITY
PbS: PIGMENT ALUMINUM SILICON WEIGHT: 0.5 mo/cn EQUAL TO BLACK ACRYLIC
SILICON: BINDER PbS WEIGHT: 0.17 mg/cm WITH BETTER TEMPERATURE

STLTCON WETGHT; 0.17 mg/en? 50 kYA 7.3 LIMITATIONS.

. PbS WEIGHT: 0.55 mg/cm
SELECTIVE PAINT | STEEL 0.21 MIL THICK COATING. 95 47 4 2.02 NO DATA FORMAL DURABILITY TESTS
METEOR - 7890 ALUMINUM 30% PIGHENT VOLUME & = 61 NOT PERFORMED.
Cu-Cr0 : PIGMENT CONCENTRATION. ANTICIPATED TO BE EQUAL
EPDA: "BINER TO THAT OF ACRYLIC
PAINT.
SELECTIVE PAINT | STEEL 0.20 MIL THICK COATING. 90 48 1.9 NO DATA FORMAL DURABILITY TESTS
CdTe: PIGMENT | ALUNINUM 30% PIGMENT VOLUME &y = 49 NOT PERFORMED.
EFD%:  BINDER CONCENTRATION. NITICIPATED 10 BE EQUAL
70 ACRYLIC PAINT.
SELECTIVE PAINT | STEEL 0% PIGNENT VOLUME 92 30 3.0 NO DATA. FORMAL DURABILITY TESTS
METEOR 7890 ALUMINUM CONCENTRATION . BINDER HAS NOT PERFORMED THOUGH
Cu-Cr0,: PIGMENT 0.05 MIL COATING EXCELLENT EXPECTED TO BE EQUAL OR
EPCM3: "BINDER 0.13 MIL COATING 97 35 23 TEMPERATURE OR BETTER THAN ACRYLIC
RESISTANCE PAINT

1. Therma) Emissivity Data is based on the absorber emitting energy as a temperature ranging from 200°F to 500°F and data is numerically attained through

analysis of reflectivity data using &p © 1- Pra

(Hemispheric values shown),

2. Solar absorptivity data is found by integration of reflectivity data over the solar spectrum and application of a= I-ps. (Hemispheric values shown).
3. Total hemispherical thermal emissivity - measured calorimetrically at 200°F.
4. EPD is abbreviation for Ethylene - Propylene - Diene Polymer.

§. EPDM 1s abbreviation for Ethylene - Propylene - Diene - Material.

ve



ABSORBER MATERIALS:

Table 2-4B

TECHNICAL DATA

3

2

SOLAR THERMAL a. TEMPE RATURE
ABSORPTIVITY EMISSIVITY & LINITS . ]
VATERIA SUBSTRATE PLATING OR COATING DATA (%) (%) IR (°F) DURABILITY
ELECTROPLATED ABSORZER SURFACES
BLACK CHRCME STEZL PLATIKG DENSITY: 160 AMPS/ft? 87 6 14.5 ABOVE EXCELLENT DURASILITY IN
OVER DULL PLATING TIME: 30 SECONDS 700° HUMID ENVIRONMENT. FIVE
NICKEL COPPER PLATING DENSITV: TR0 AHPS/TE2 5% T0 35 DAYS HUMIDITY TESTING
PLATING TIME: 1 MINUTE. YIELDED 1% LOSS IN Os and
ALUMINUM PLATING DENSITV: 180 AMPS/TLZ T3 2 8 5% GAIN IN €1g. ESTIMATED
PLATING TIME: 2 MINUTES LIFE IS 20 YEARS.
BLACK CHROME STEEL AND PLATING DENSITY: 200 AMPS/ft° 95 15 6.3. ABOVE HUMIDITY TESTS CN
GALVANIZED PLATING TIME: 2 MINUTES 8000 GALVANIZED STEEL ABSORBER
STEEL YIELDED MINOR RUSTING. ON
COPPER COPPER CLEANED AND BUFFED 95 - 90 20 - 25 4.75 - %E%N’éaggc"ﬁgsgo””o“
PLATING DENSITY: 180 AMPS/ftZ - (ESTIMATE BY (ESTIMATE | 3.6 o TS oo L omPER
OLYMPIC) BY OLYMPIC) ‘
ABSORSER DEVELOPED.
BLACK NICKEL STEEL PLATING DENSITY®1: .93 AMPS/Ft2 87.7 6.5 13.3 ABOVE DESTROYED BY MOISTURE AS
OVER NICKEL COPPER PLATING TINE 1 : 1 - 2 MINUTES _ 5500 INDICATED BY HUMIDITY
' - ALUMINUM LATING DENSITY 2: 1.86 AMP/ft 96 7 13.7 JESTS.  TWO LAYERS OF
PLATING TIME 2: 1 - 2 MINUTES NICKEL HAVE QUESTIONABLE
: TWENTY YEAR LIFE.
BLACK NICKEL STEEL AND PLATING DENSITY: 1.86 AMPS/ft° 88.6 12.2 7.3 ABOVE HUMIDITY TEST RESULTED
GALVANIZED PLATING TIME: 2-4 MINUTES 4000 IN RUST DEVELGPING G
STEEL STEEL ABSORBERS.  COPPER
COPPER PROPRIETARY DATA OF SOLAR 87 10 8.7 RBSORSER OXIDIZES ARD
EQUIPMENT CORPORATION NICKEL PLATE BREAKS DOAN
' 91.4 11.6 7.9 UNDER MOISTURE AKD ACLG.

1. Durability data is based on temperature limitations and on humidity tests as conducted by Honeywell, Inc.
temperature cycle of §0° to 1609F at 95% relative humidity over a 24 hour period.

2. Thermal emissivity data is based on the absorber emitting energy at a temperature ranging from 100° to 300°F and data is numerically attained through

analysis of reflectivity versus wavelength curves assuming that £rg = 1- fip {Hemispheric values shown).

3. Solar absorstivity data is found by integration of reflectivity data over the solar spectrum and application of assumption that o = 1 -Pg+ {Hemispheric

values shown).

4. Data on electroplating two layers of nickel on the substrate metal are shown,
of plating time. The tuc sets of radiative data provide examples of variance

Plating data provided yfelds varied
in possible results.

a,

Principal humidity test employed used a
Test designation is MIL-STD-810B.

/€{p ratios depending upon lengths

S¢



Table 2-4C

ABSORBER MATERIALS: TECHNICAL DATA

SOLART THERMALZ o TEMPE RATURE
ABSORPTIVITY EMISSIVITY e LINITS '
MATERIAL SUBSTRATE  PLATING OR COATING DATA (%) (%) IR (Cr) DURABILITY'
DIP QR CHEMICAL CONVERSION ABSORBER SURFACES

BLACK COPPER COPPER PROPRIETARY DATA OF 90 2 . 0 V iC. G E

(COPPER OXIDE) . ENTHOHE IHC. 1 78 cor«%?:swous %ngNgog'ginggﬁr'm'Zismgag?sg“
(GATA_TS GUARANTEED) USE YEARS. DURABILITY QUESTIONABLE
BATH TIVE: 5 MINUTES _ a7 16 T 5.7 400° IN HUMID ATMOSPHERES AND AT
BATH TEMPERATURE: 219°F . SHORT TEMPERATURES ABOVE 3000F.
BATH TIME: 10 MINUTES 90 20 4.5 TERM
BATH_TEMPERATURE: 140°F
BATH TIME: 270 SCCONDS 88 16 5.5
BATH TEMPERATURE: 1500F

BLACK COPPER ALUMINUM BATH TINME: 3 MINUTES 79 5 15.8 COMPARABLE QUESTICHABLE DURABILITY AT

(COPPER 0XIDE) BATH TEMPERATURE: 290°F - TO BLACK TEMPERATURES ABOYE 3009F. HUMID
BATH TIME; 8 MINUTES 89 17 5.2 COPPER ON ENVIRONMENTS HAVE ADVERSE
BATH TEMPERATURES: 2909F COPPER EFFECTS ON COATING.

BLACK IRON STEEL BATH TIME: 2 MINUTES 84 8 10.5 o ONE MICRON THICK COATING

(IRON OXIDE) BATH TEMPERATURE: 295°F 600° - 700 WITHSTOOD HUMIDITY TEST WITH
BATH TIME: 9 MINUTES 89 kK 2.5 MINOR RUSTSPOTS OCCURRING. -
BATH TEMPERATURE : 295°F LESS THICK COATINGS MAY BREAK
BATH TIME: 15 MINUTES 85 10 8.5 (ESTIMATED DOsN OR RUST THROUGH IN HUMID
BATH TEMPERATURE: 285°F BY ENVIROHMENTS.
BATH TIWE: 3 MINUTES 90 7 1273 ENTHONE)
BATH TEMPERATURE: 300°F

IRON OXIDE STEEL HEAT CARBON STEEL IN AIR TO 88 12 7.3 ABOVE 600° HUMID ENVIROHMENTS MAY BREAK
5500 - 600YF. QUENCH IN WATER {ESTIMATED MAY BIEAK DUWH COATING AND
ONHCE STEEL ATTAINS DARK BLUE BY PROMOTE RUST. DIFFICULT TO
CCLOR. HONEYWELL) ATTAIN UNIFORM PROPERTIES.

ALCOA BLACK ALUMINUM CHEMICAL COMYERSION PROCESS KNOWN{ 90 30 3.0 3509 EXTPEMELY DURASLE IN CONTROLLED
AS ALCOA PROCESS 655 AND IS HUMIDITY ENVIRONMENT NEAR 200°F, -
PROPRIETARY DATA OF ALCOA. 90 40 2.2 COATING DESTROYED UNDER WATER

IMPIHGEMENT.

1. Durability data is based on temgerature limitations and on humidity tests as conducted by Honeywell, Inc. Principal humidity test employed used a
temperature cycle of 900 to 160°F at 95% relative humidity over a 24 hour period. Test designation is MIL-STD-8108.

2. Thermal Emissivity data is based on the absorber emitting energy at a temperatyre ranging from 100%F to 300°F and data is numerically attained through
analysis of reflectivity versus wavelength curves assuming that g’IR =] - P1R" (Vales are hemispheric) -
3. Solar absorptivity data is found by integration of reflectivity data over the solar spectrum and application of ag =1.- o, Humid environment may

break down coating and promote rust. (Values are hemispheric). 8\2
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thermal energy, since

ay U =€y LT (2.9)

Thus, the spectral reflectivity should be maximized in the thermal

energy wavelength band (A = 3.0um to A 50um) , and equation (2.7)
reduces to

oy, (A,T) 0 for A = 3um to A = 50um (2.10)
1

Figures 2-5A, B, C, and D are p%ovided for several of the absorber
materials tabulated. Application data, where provided, are included
in the figures along with the references from which the spectral
data was attained.

The average normal solar absorptivity and thermal emissivity
data presented in Tables 2-4A, B, and C have been taken from the
literature available and from absorber material manufacturers.
Methods employed in the calculating of average normal transmis-
sivities could also be employed to obtain the radiative absorp-
tion properties. However, several absorber material manufacture;s
would not provide spectral data on their coatings for this study,
and these calculations were not made. Of the spectral data
received, use of ASTM E 424 Method B [2-4] for solar spectral
reflectivity data yielded values of solar absorptivity which
closely matched the data provided by the manufacturers. Use of
the provided data was thus found acceptable for analysis purposes.

The cost data presented in Tables 2-5A, B, and C indicate

why selective surfaces (as/s ratios greater than one) have not

IR

been used more extensively in solar flat-plate collector work.
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F1G. 2-5A
ABSORBER MATERIAL DATA
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FIG, 2-58B
ABSORBER MATERIAL DATA
1.0 :
BLACK NICKEL o |
gl BLACK NICKEL PLATED
| ON GALVANIZED /' NICKEL OXIDE ON GALVANIZED
STEEL AND ,' STEEL
6 COPPER n/ __PLATING DENSITY: 1.86 AMP/FT?
! PLATING TIME: NOT GIVEN
i . ag =0.89 r
4r / €., =0.12 (11
! IR
- I ___ NICKEL OXIDE ON COPPER
o~ - !
2k AN ag =0.87 €g=010
v \. ,/ - DATA PROVIDED BY SOLAR
s -’ EQUIPMENT CORP.
O i 1 1 1 1 ] { 1 1 ] 1 1 i
2 4 6 810 2 3 5 10 20 30 40 X
WAVELENGTH (p M)
;"O“ BLACK NICKEL
> L
S g TWO LAYER BLACK
5 NICKEL PLATED NO PLATING DATA
O
LEJ: 6 l- ON STEEL PROVIDED WITH FIGURE
!dl;-' s as = 0.96 [:2'.’2]
é al €n ° 0.07
=
(0o b
o
£ 2r
: -
Q L
o I 1 1 1 I | S 1 ]

2 4 6 .8 10 2 3 5 10 20 30 40 %(

WAVELENGTH (pM)



o

pn (NORMAL REFLECTIVITY)

o
1

pn (NORMAL REFLECTIVITY)

®

o

D

™

o)} (s4]
l

>

N

0

e

41

FIG. 2-5C |
ABSORBER MATERIAL DATA
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FIG. 2-5D

ABSORBER MATERIAL DATA
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With the exception of some of the selective paints and chemical
conversion absorbing surfaces, the present cost of utilizing
selective surfaces is extremely high. Costs for applying electro-
plated absorbers are all above one dollar per square foot, which
eliminates them from consideration if the current theory that
absorber material cost should be limited to less than $0.50 per
square foot is used [2-15]. However, the majority of the present
cost data represents limited assembly line production for coating
panels with absorbing materials. Therefore, estimated future cost
data are included in Tables 2-5A, B, and C to point out that signi-
ficant price reduction for coating absorbing materials may result
if the current sclar market improves.

As a final note, it should be emphasized that breakthroughs
in optimizing the radiative properties of absorber surfaces are
providing new absorbing materials for consideration. Work done
at Honeywell, Inc., ([2-7], [2-12], [2-13]) and N.A.S.A. Lewis
([2-9]1, [2-10]) has already significantly improved the radiative
properties of black nickel and black chrome. With more careful
consideration of bath temperature limits and immersion times,
it may be expected that the black copper, copper oxide, iron
oxide, and Alcoa black surfaces can be improved so that the
solar absorptivities will approach 0.95 [2-13]. In addition,
selective paint studies have recently been undertaken by such
industries as Honeywell, Inc., and preliminary results as tabulated
in the absorber material tables have been favorable. With the

low estimated production costs, selective paint absorber radiative



Table 2-5A

ABSORBER MATERIALS: APPLICATION

AND COST DATA

FUTURE

PRESENT
PRODUCTION COST ESTIMATED, COST
MATERIAL SUBSTRATE METHOD OF APPLICATION PRODUCER ($/£t2) ($/ft2) -
SELECTIVE AND NONSELECTIVE PAINTS
BLACK ACRYLIC STEEL CLEAY PLATES THOROUGHLY TO REMOVE OXIDATION | DURACRON PAINT 0.03 -'0.05 (P) 0.03 - 0.05(P)
PAINT ALUMINUM LAYER. APPLY SUITABLE PRIMER (ZINC PRODUCER :
(AIR DRY) CHROMATE: ALUMINUM; IRON OXIDE PRIMER: P.P.G. INDUSTRIES
STEEL). SPRAY ON ACRYLIC AND ALLOW TO
DRY If AIR.
BLACK ACRYLIC STEEL ALUMINUM: CLEAN, DESMUT AND APPLY ALODINE | DURACRON PAINT .
PAINT ALUMINUM 47-700 PROCESS. ~SPRAY ACRYLIC AND BAKE PRODUCER : :
(THERMOSETTING) FOR 15 - 20 MINUTES AT 3750F. P.P.G. INDUSTRIES .
STEEL: DEGREASE, PHOSPHATE AND PRIME APPLICATOR: 0.20 -0.25 (P) 0.10 - 0.20 (P)
(EPOXY PRIMER). SPRAY ACRYLIC AND HOWMET CORP. (HOWMET ESTIMATE) (HOWMET ESTIMATE)
BAKE FOR EXTENDED TIME AT 3750F UNTIL )
SURFACE HARDENED.
SELECTIVE PAINT STEEL PRECIPITATE PbS CRYSTALS FROM SOLUTIONS. EXPERIMENTAL NOT AVAILABLE 0.03 - 0.10 (K)
PoS:  PIGMENT ALUMINUM ADD SILICON RESIN TO ATTAIN SOLUTION. WORK
SILICON: BINDER SPRAY PAINT ONTO CLEANED PLATE AND DRY
FOR ONE HOUR AT 485CF,
SELECTIVE PAINT STEEL MIX PIGMENT WITH BINDER SO THAT PIGMENT HARSHAW CHEMI CAL PIGMENT COST 0.305 - 0.05 (H)
METEOR - 7850 ALUMINUM HAS 30% VOLUME CONCENTRATION,SPRAY ON PRODUCES THE PIGMENT 3.00/1b (H)
Cu-GrOy~  PIGMENT CLEANED PLATE AND HEAT TO REMOVE EXNON PRODUCES BINDGER COST
EPD%: BINDER SOLVENTS. e BINDER. 0 50715 ()
SELECTIVE PAINT STEEL FOLLOW SIMILAR PROCEDURE AS IN METEOR - NO DATA PROVIDED. PIGMENT COST 0.02 ~ 0.10 (H)
CdTg: PIGHENT ALUMINUM 7890 SELECTIVE PAINT 30.-100./1b (H)
EPDC: BINCER ' BINDER COST
0.50/1b {H)
SELECTIVE PAINT STEEL FOLLOW SIMILAR PROCEDURE AS IN METEOR - HARSHAW CHEMICAL PIGMENT COST 0.005 - 0.05 (H)
.-‘fmgg - 78350 ALUMINUM 7890 SELECTIVE PAINT. PRODUCES THE PIGMENT - 3.00/1b {H)
Cu-Cr0, : PIGMENT EXXON PRODUCES THE BINDER COST
3% nne c U
EPDHY . BikoeR BINDER. NOT GIVEN.

1. Cost data considers coating and preparing the panel prior to coating. Jransportation and packaging price information are neglected. Cost data is
Zstjmatiddfgr &J?ting of 10,000 square feet or larger orders. Quotations from the producer are designated by (P).. Estimates from Honeywell Inc. are
esignated by .

2. EPD is abbreviation for Ethylene - Propylene - Diene Polymer.

3. EPDM is abbreviation for Ethylene - Propylene - Diene Material.
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Table 2-5B

ABSORBER MATERIALS: APPLICATION AND COST DATA

PRESENT FUTURE
PRODUCTION, COST ESTIMXT¥02COST
MATERIAL SULSTRATE METHOD OF APPLICATION PRODUCER (5/7t2) {$/£t%)
FUECTRCPLATED ABSORGER SURFACES
BLACK CHROME STEEL PLATES CLEANED AND THEM PLATED WITH DULL OLYMPIC 1.87 - l0,000ftg 0.80 - 1.00 (P)
WITH DULL COPPER NICKEL (0.0005 INCHES THICK). BLACK PLATING 1.65 - 50,000ft*,(P) {COST SAME FOR ANY
NICKEL CHROME PLATED FOR REQUIRED TIME AT 180 AMPS/rtZ. INDUSTRIES 1.51 - 100,000 ft PLATE TYPE)
PLATE RINSED AND DRIED. (COST SAME FOR 0.70 - 0.80 ()
ALUMINUM ALUMINUM ZINCATED AND THEN PLATED WITH COPPER. ANY PLATE TYPE) (STEEL OR COPPER
PROCESS FOR STEEL PLATE FOLLOWED. PLATES)
BLACK CHROME COPPER COPPER PLATE BUFFED TO REMOVE OXIDATION PRIOR OLYMPIC 4.00 (P) 3.50 (P)
TO PLATING OF BLACK CHROME AT 180 AMPS/ft PLATING (ESTIMATE DUE_TO (ESTIMATE DUE TO
FOR REQUIRED TIME. INDUSTRIES BUFFING COSTS BUFFIHG COSTY
GALVANIZED SUBSTRATE PLACED IN DILUTE HYDROCHLORIC - OLYMPIC NO PRESENT COST BELOW 0.83 (P)
STEEL CHROMIC ACID FOR ONE MINUTE TO PRODUCE UNIFORM PLATING DATA SINCE PROCESS
FILM WHICH IS THEN REMOVED BY CHROMIC ACID. INDUSTRIES NOT COMMERCIALLY BELOW 0.70 (H)
BLACK CHROME IS THEN PLATED FOR'REQUIRED TIME NEEOED
AND IS THEN RINSED AHD DRIED.
BLACK NICKEL STEEL FETAL SUBSTRATE CLEANED AND IMMERSED IN OLYMPIC 1.40 - 10,0002 .30 - 0.40 (H)
OVER NICKEL COPPER ELECTROLYTIC BATH AT S0SF. ELECTROLYSIS PLATING 1.24 - 50 000ft22(P) (STEEL oR COPPER)
CABRIED 04 2 - 4 MINUTES AT REQUIRED CURRENT. INDUS TRIES 1.13 - 100,000ft
ALUMINUM ALUMINUM ZINCATED AND THEN PLATED WITH COPPER. 0.40 - 1.00 (H)
PROCESS FOR STEEL AND COPPER THEN FOLLOWED. (E831E5$¥EE§°R ARY (ALUMINUM)
BLACK NICKEL GALVANIZED METAL SUBSTRATE CLEANED AND IMMERSED IN SOLAR 0.50 - 0.60 (P) 0.10 - 0.20 (P)
{NICKEL OXIDE} | STEEL ELECTROLYTIC BATH AT 900F. ELECTROLYSIS EQUIPMENT SEE NOTE 2 FOR
COPPER CARRIED ON 2 -4 MINUTES AT REQUIRED CURRENT CORPORATION ADDITIONAL DATA
DENSITY.

Cost data unless
Estimates

Transportation and packaging price information are neglected.

1. Cost data considers plating and preparing the panel prior to plating.
Quotations from the producer are designated by (P).

indicated otherwise is estimated for plating of 10,000 square feet or larger orders.
from Honeywell, Inc. are designed by {H) and from NASA Lewis are designated by (N).

2. Solar Equipment Corporation sells selectively coated copper sheet and copper coated steel sheet. Price data current through June 1975 and does not
include shipping or packag1ng.

QUANTITY (SQUARE FEET) COPPER .013" x 24“ (S/ftzl COPPER COATED STEEL .013" x 24" ($/f§gl, ED COPPER .007" x 24" ($/ft;)

10,000+ - - . 0.90
5,000 - 10,000 1.80 0.90 1.08
2,000 - 5,000 2.16 1.08 1.17
1,000 - 2,000 2.34 1.17 1.26

500 - 1,600 2.52 1.26 1.80

- UNDER 500 3.20 1.60 (REQUEST)

Sy



Table 2-5C

ABSORBER MATERIALS: APPLICATION AND COST DATA

PRESENT! FUTURE ESTIMATED
PRODUCTION_CUSTS cosT
MATERIAL SUBSTRATE METHOD OF APPLICATION PRODUCER ($/£t2) ($/£t2)
DIP OR CHEMICAL CONVERSION ABSORBER SURFACE
BLACK COPPER COPPER CLEAN COPPER SURFACE TO ATTAIN BRIGHT ENTHONE INC. 0.25 - 0.50 (P) 0.10 (H)
(COPPER OXIDE) SURFACE. IMMERSE PANEL IN EBONOL-C SEE NOTE 2 FOR
BATH FOR BETWEEN 3 AND 13 MINUTES. ADDITIONAL DATA
RINSE AND DRY.
COPPER OXIDE ALUMINUM ALUMINUM COVERED WITH OXIDE LAYER BY NO DATA NO DATA AVAILABLE 0.10 (n)
ANODIZING. AFTER RINSING, PLATE IS AVAILASLE SINCE NO PRODUCTION
IMMERSED TN SOLUTION CONTAINING COPPER ON COMMERCIAL WORKUPS
NITRATE AND POTASSTUM PERMANGATE PRODUCER
FOR 15 MINUTES. PLATE DRIED AND HEATED
AT 8500F UNTIL SURFACE BLACKENS
BLACK IRON STEEL CLEAN STEEL WITH DILUTE HC1 BATH. ENTHONE INC. 0.25 - 0.50 (P) 0.05 ~ 0.15(H)
{IRON OXIDE) IMMERSE STEEL INTO CAUSTIC EBONOL § (ESTIMATED BY
SOLUTION AT 2550F FOR PRESCRIBED TIME. ENTHONE)
RINSE AND CRY,
IRON OXIDE STEEL HEAT HIGH CARBON STEEL 70 §50° - 600°F INDUSTRIAL NO COST DATA NO COST DATA
IN ATR UNTIL STEEL TURNS DARK BLUE. PROCESS DATA AVAILABLE AVAILABLE
FOLLOW WITH QUENCHING IN WATER. DRY
IN AIR.
ALCOA BLACK ALUMINUM ALCOA €55 PROCESS (PROPRIETARY) EMPLOYED. ALUMINUM 0.30 - 0.50 (P) 0.25 - 0.30(P)
THORQUGHLY CLEAN ALUMINUM AND DESMUT AND COMPANY OF
USE ALODINING PROCESS. PLACE PANEL IN AMERICA

BATH AND ALLOW CHEMICAL CONVERSION PROCESS
TO RESULT. REMOVE, RINSE AND DRY IN AIR.

1. Cost data considers coating and preparing the panel prior to coating.

Transportation and packaging price informetion are neglected.

Cost data unless

otherwise indicated is estimated for coating of 10,000 square feet or larger orders. Quotations from the producer and designated by (P). Estimates
from Honeywell, Inc. are designated by (H) and from Nasa Lewis are designated by (N).

2. Sunworks Inc. of Guilford, Connecticut will market entire flat plate collector assemblies and selectively coated absorber plates.
Plate) composad of copper sheet with silver solder connected copper tubing.
and shipping) $6.00 per square foot.

$4.50 per square foot.

For 11-100 plates, estimated costs are $5.00 per square foot.

(21° x 90" Available
For purchases of 1 - 10 plates, estimated costs are (excluding packaging
for 101 - 1000 plates, estimated costs are

17
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property improvement may make the use of solar flat-plate tech-

nology feasible from an economic and performance standpoint.



INSULATION MATERIALS

The back surface of the collector absorber plate should be
thermally insulated to minimize the amount of heat lost to the
collector housing. In the construction industry, many insulation
materials are available that can be utilized in the collector
assembly for reducing these heat losses. These materials may be
divided into four major groups: fiberglass, foamglas, mineral
wool, and industrial felt.* Technical and economic data is
presented for these materials in Tables 2-6A, B, and C. The
federal specification numbers are included in these tables for the
various materials to provide further reference data. Additional

technical data can also be obtained from Thermal Insulation by

Malloy. This text is considered to be the best single reference
on insulation performance data [2-16].

In addition to reducing the heat loss during normal opera-
tion, the insulation should be selected or designed to withstand
the high temperature which will occur under conditions of no heat

removal (e.g., no flow of the heat transfer fluid). Since optimal

*The following insulations are registered trademark names.

Fiberglas(R) - Owens-Corning (fiberglass)
Foamglas(R) - Pittsburgh Corning (foamglas)
MT Board(R) - Eagle-~Picher (mineral wool)

Thermafiber(R) ~ United States Gypusm {industrial felt)

The trademark designation ((R)) is omitted in the text for the
above materials.



Table 2~6A
MINERAL WOOL: INSULATION DATA3
Material Nominal Temperature Mean Temperature Federal Producer Standard Costl
Density Linitation Thermal Conductivity Specification Sizes
4 | Compliance
(1b/£t?) (°F) (°F) |[(BTU-IN)/(HR~-FT3~F) (variable) ($/BD-FT)
$10 10.0 1200° 200° 0.2% HH-I-558 B Forty-Eight| 2*' x 4' (Board)j 0.125-0.14 (DIST) 2
Insulation 350° 0.32 Form A, Insulations| THK: L1"=-3" Carload: 30,000 BD FT
500° 0.375 Class 4 (1/2" inc)
ETR 8.0 1000° 200° 0.27 HH-I-558 B Forty-Eight| 2' x 4' (Board)| 0.105~0.115 (DIST)
Insulation 350° 0.32 . Form A, Insulations THK: 1"-4" Carload: 30,000 BD FT
500° 0.385 Class 4 (1/2" inc)
I-7 6.0 850° 200° 0.27 HH-I-558 B Forty~Eight| 2' x 4' (Board)| 0.095-0.10 (DIST)
Insulation 350° 0.34 Form A, Insulations| THK: 1"-4" Carload: 30,000 BD FT
500° 0.45 Class 3 (1/2" inc)
MT-EOARD 10.0 1050° 200° 0.25 HR-I-558 B Eagle~ 2' x 4' (Board)| 0.13-0.14 (DIST)
(MT-10) ’ 350° 0.333 . Form A, Picher THEK: 1"-3" Carload: 36,000 BD PT
500° 0.445 Class 1,2,3 (1/2" inc)
MT-BOARD 8.0 1050° 200° 0.255 HH-I-558 B Eagle- 2' x 4' (Board){ 0.107-0.12 (DIST)
(4T-8) 350° " 0.350 Form A, Picher THK: 1"-4" Carload: 36,000 BD PT
500C° 0.470 Class 1,2,3 ' {1/2" inc)
MT-BOARD 6.0 1050° 200° 0.270 HH-I-558 B Eagle- 2' x 4' (Board)| 0.085-0.10 (DIST)
{MT-6) 350° 0.373 Form A, Picherxr THK: 1"-4" Carload: 36,000 BD FT
500° 0.495 Class 1,2,3 (1/2" inc)"
1: Cost data current through October 30, 1975. Costs are bus : cn carload purchases and include freight where necessary
to move insulation to Houston. .
2: Cost from Houston distributors noted by (DIST).
3: All insulations listed will not cause or aggravate corrosion and will absorb less than 1% moisture. All insulations listed
appear as semi-rigid poard which are composed of silica base refractory fibers bonded with special binders for service in
+  indicated temperature ranges. ; .
4: Units are consistently employed within the 1nsulatzon industry. Conductivity measurements consider a test specimen

one inch thick and one squars foot normal area.

6V



Table 2-6B

INDUSTRIAL FELT: INSULATION DATA3

Haterial rominal Tenmperature Mean Temperature Federal Producer Standard4 Cost1
Density Limitation Thermal Conductivity Specification Sizes
Compliance .
(1b/£t?) (°F) (°F) | (BTU-IN)/(HR-FT%~F)> (variable) ($/BD FT)
TAERMAFIBER 8.0 1000° 200° 0.27 HH~-I-558 B United States | THK: 1"=2" (NJ) 0.131 (DIST) 2
(SF-234) 350° 0.36 Form A, Gypsum Length: 60" 7,000-38,000 BD FT
500° 0.48 Class 1,2,3 THK: 1"=-2%4" (IND) .
Length: 48"
THERMAFIBER 6.0 1000° 200° 0.27 HH-[-558 B United States | THK: 1"-24" (TEX)} 0.095-0.113 (DIST)
(SF-240) 350° 0.37 Form A, Gypsum Length: 90" 7,000-38,000 BD PT
500° 0.50 Class 1,2,3 TilK: 1"-33" (IND)
Length: 48"
THERMAFIBER 4.5 800° 200° 0.29 HH-I-558 B United States | THK: 1"-4" (TEX) | 0.081-0.10 (DIST)
(SF-250) 350° 0.415 Form A, Gypsum Length: 90" -17,000-38,000 BD FT
. ‘ 500° 0.55 Class 1,2 THK: 1"-5" (IND)
Length: 48"
THERMAFIBER 4.0 ‘800° 200° 0.30 HH-I-558 B United States | THK: 1"-4" (TEX) | 0.07-0.087 (DIST)
(SF-252) 350° 0.435 Form A, Gypsum Length: 90" 7,000-38,000 BD FT
500° 0.59 ' Class 1,2 THK: 1"-5" (IND)
. Length: 48"
THERMAFIBER 3.5 600° 200° 0.33 HH-I-558 B United States | THK: 1"-4" (TEX) | 0.066~0.084 (DIST)
(SF=-256) 350° 0.47 Form &, Gypsum uengtn: yu" 7,00U~38,000 BD FT
500° 0.62 Class 1, THK: 1"-6" (IND)
' Length: 48"
THERMAFIBER 3.0 5¢0° 200° 0.35 HH-I-558 B United States | THK: 1"-4" (TEX) | 0.064-0.082 (DIST)
{SF-260) 350° 0.50 Form A, Gypsum Length: 90" 7,000-38,000 BD PT
) 500° 0.65 Class 1,2 THK: 1"-6" (IND)
Length: 48"
THERMAFIBER 2.5 400° 200° 0.39 No United States | THK: 1"-4" (TEX) | 0.06-0.078 (DIST)
{SF-270) 350° 0.56 Data Gypsum Length: 90" 7,000-38,000 BD FT
500° -—— Provided THK: 1"~5" (IND)

Length: 48"

1: Cost data current through October 30, 1975. "Custs are based on carload purchases and include freight where necessary to move
insulation 0 Houston. Low price quotation for insulation from Texas facility. High price quotation for insulation from
Indiana facility.

2: Cost from Pouston distributors noted by (DIST).

3: Industrial felt is pre-formed mineral fiber felt which will not cause or sustain corrosion. It absorbs less than 1%
moisture hy weight and is rated noncombustible.

: Insulatiocsn to be ordered in varying thicknesses and lengths; Standard width of 24" employed.

5: Units ar.: consistently employed within the insulation industry. Conductivity measurements consider a test specimen one
inch thidk and one square foot normal area. '

0s



FOAMGLAS AND FIBERGLAS:

Table 2-6C

INSULATION DATA

ces . : 2
Material Name Nominal |Temperature Mean Tempcrature Spec:Lflcatlon1 Producer Standard Sizes Cost
Density {Limitation Thermal Conductivity Compliance
(1b/£t3) (°F) (°F) (BTU-IN)/(HR-FT-°F)6 {variable) ($/BD FT)
FOAMGLAS 4 8.5 600° 200° 0.46 HH-I-551D Pittsburgh|l' X 1.5' (Board) 1 0.22-0.24 s
350° 0.58 (FED) Corning |j14' % 2' (Board)- (Corning)
500° 0.74 ASTHMC 552-73 THK: 1iv"-4" Carload: 36,000 BD F?T
(1" inc)
701 5 1.6 450° 200° 0.33 HH~I-558B Owens- 2' *x 4' (Board) 0.07-0.08 (DIST)
FIBERGLAS 350° 0.51 . Porm A, Class 1 Corning THK: 14"-4" Carload: 30,000~
HH-I-558B, Type l|Fiberglas " inc) 35,000 BD FT
Form B, Class 7
"703 51 3.0 450° 200° 0.30 HH-I-558B Owens- 2' ¥ 4' (Board) 0.14-0.15 (DIST)
FIBERGLAS 350° N.41 Form A, Corning THK: 1"-2". Carload: 30,000~
Class 1,2 Fiberglas " inc) 35,000 BD FT
705 5 6.0 450° 200° 0.27 HH-I-558B Owens- 2' x 4' (Board) 0.25-0.27 (DIST)
FIBERGLAS 350° 0.38 Form A, Corning THK: 1"-2" Carload: 30,000~
‘Class 1,2 Fiberglas " inc) 35,000 BD FT
THERMAL 5 1.25 1000° 200° 0.41 HH-I-558B Oowens-— Rolls 0.04~-0.06
INSULATING WOOL 350Q° 0.65 Form B, Type 1, Corning Width: 2' or 3! (Corning)
TYPE I 500° 0.85 Class 8 Fiberglas THK: 2",3",4" 4 Carload:
Length: 76',52', 35,000 BD FT
kh:
THERMAL 5 2.4 1000° 200° 0.30 HH~-I-558B Owens- 2' x 8! 0.08-0.09
INSULATING WOOL 350° 0.44 Form B, Type 1, Corning 2' x 4' (Board) (Corning)
TYPE IX 500° 0.60 Class 7,8 Fiberglas THK: 1"-3" 0.14-0.15 (DIST)
(3" inc) Carload: 35,060 BD FT
Is 5 4.0 800° 200° 0.30 HH-I-558B Owens- 2' x 4', 3' % 4° 0.10~-0.13
BGARD 350° 0.44 Form A, Corning 4' x 8' (Board) {Corning)
500° 0.61 Class 3 Fiberglas THK: 1"-6" 0.18-0.20 (DIST)
(" inc) Carload: 35,000 BD FT

1l: All codes are federal specifications unless otherwise noted.

2: Cost data current through October 30, 1975.

to move insulation to Houston.

3: Cost from corning Houston warehouse noted by (Corning).

Cost from Houston distributor noted by (DIST).

Costs are based on carload sizes indicated and include freight where necessary

4: Foamglas is an impermeable, incombustible, rigid insulation’ composed of completely sealed glass cells with no binder material.

Its rigid form may allow for foamglas being implemented as the collector box.

5: Insulations are made of inorganic glass fibers preformed into semi-rigid to rigid rectangular boards (T1W I in blankets).
Insulations will not accelerate nor cause corrosion and will absorb less than 1% moisture (by volume).

6: Units are consistently employed within the insulation industry.

inch thick and one square foot normal area.

Conductivity measurements consider a test specimen one

187
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cover materials and absorber materials are being considered to
provide heat for space cooling, the no load condition would prob-
ably result in the absorber surface reaching temperatures in ex-
cess of 350°F under typical summer weather conditions. Thus, the
low temperature urethane and polystyrene insulations can not be
considered for use and are therefore omitted from the tables. In
fact, all insulation materials provided in Tables 2-6A, B, and C
are considered to be intermediate temperature (300°F through
1000°F) insulations.

The angie of the collector assembly dictates that the in-
sulation should not settle or compact near the bottom, which is
the case with loose or poured insulations. The settling of the
insulation would decrease the efficiency of the collector by in-
creasing the heat loss from the absorber plates. In fact, in-
sulation distributors recommend adhering or at least pinning the
insulation boards or blankets to the absorber panel in order to
insure that the insulation can optimally reduce back heat losses.
It should also be noted that a loose insulation would not be
desireable during repair or maintenance operations.

The cost data provided are based on carload purchases from
the distributd& or directly from the warehouses and factories
where the insulations are produced. The prices quoted include
freight charges where necessary to move the material to Houston,

Texas. (For a rough estimate of freight charges, B&B Distributors
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of Houston quoted a charge of $1.10 per hundred pounds weight of
insulation for carload ~ 30,000 - 40,000 board feet - quantities).
In terms of cost, the industrial felts and fiberglasses listed
are the most inexpensive. However, these materials also are the
lower density -~ higher thermal conductivity insulations, and thus
greater thicknesses are required in limiting back heat loss than
for the mineral wools. As can be seen, thickness, weight, cost,
and performance requirements must be considered in the analysis
for optimal insulation material selection for flat-plate collec-
tor usage.

As a final note, foamglas insulation may provide the dual
functions of insmtlation and housing. Foamglas is an impermeable,
incombustible, rigid insulation composed of completely sealed
glass cells with ro binder material. Because of its physical
properties, foamglas can be used to support the absorber panél
and one or two cover plates [2-17]. While the cost of foamglas
used as an insulation alone may be excessive compared to that of
fiberglass, consideration of the savings which result by not
having to build or purchase an assembled collector housing may

justify using this rigid insulating material.



COMPUTER CODING

The various cover, absorber, and insulation materials presented
earlier can be used to design optimal flat-plate solar collectors
for heating, cooling, hot water production, or even steam produc-
tion uses. Analysis of material durability, cost, and performance
properties is required for this design process. Thus, the mater-
ial data tabulated should be more concisely coded than has been
previously shown.

As stated in the introductory chapter, the flat-plate solar
collector consists of five components. Two of these, the collec-
tor housing and the collector panel, have not been previously
discussed. This is because both components will be treated as
design constants for the analysis (i.e., a fixed housing and
collector panel type will be chosen prior to consideration of
absorber, cover, and insulation material options). For the analy-
sis, the housing will be considered to be a separate component
(i.e., foamglas will be considered as an insulation material
only). Sheet metal hqusings for modular collectors can be
assembled to any dimensions specified, and thus a cost per square
foot can be applied independent of the design. It has been
estimated ([2-18]) that if sheet metal housings are produced in
quantities of 100,000 square feet per year, costs of $0.69 per

square foot can be used. (This cost estimate is based on June
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1974 labor and material costs.) Since the estimated housing
cost is constant regardless of the collector assembly makeup,
it will not be included in the total cost calculations.

Different absorber panel configurations were analyzed prior
to selection of onevtype of panel for the study. The basic types
of panels considered are: (1) the bonded panel, (2) the
extruded panel, and (3) the tube and sheet panel., The latter
two panel designs are rejected for the following reasons:

Extruded Panels:

Work done with the Reynolds Aluminum extruded panel
indicated that the design is not rigid enough to
prevent bending of the panel. Buckling of the absor-
ber plate led to poor contact of the plate with the
insulation. In addition, the panel came in contact
with the cover plate because of the bending. Both
aspects impaired the efficiency of the Reynolds
Torex-14 solar collector [2-19].

Tube and Sheet Panels:

Since no company manufactured tube and sheet panels
for sale (except when entire collector assemblies
are purchased), cost of producing such absorber
plates was difficult to estimate. Labor costs
fluctuated so greatly depending upon what types of
sheet and tube combinations were employed, that
cost estimates had to be arbitrarily made. In
addition, Whillier [2-20] indicated that the con-
tact between tube and sheet is critical for maximum
heat transfer to the working fluid. Questions per-
taining to the loss of efficiency were found to
depend upon the workmanship.

The bonded panel has therefore been selected for use in the
flat-plate design analysis. Olin Brass panels are used in the
study, since they are commercially available in large quantities.
In addition, the copper and aluminum 0Olin Brass panels have been

extensively employed in solar work and have had excellent durability
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and life cycle records. O0lin Brass produces standard sized panels
and will also custom build panels depending upon the quantities
ordered. Since the materials shown in the previous discussions
vary so in available size, the ability to design different sized
collector panels cannot be understated. For the analysis, Table
2-7 gives cost and weight data for representative copper and

aluminum panels as provided by 0Olin Brass.

Table 2-7

OLIN BRASS ABSORBER PANELS

Material Size Weight Cost/Quantity
(250 Panels)

1b./panel|lb./sq. ft|$/panel|$/sq. ft

Alloy 122 " "

Copper 22" x 96 22.29 1.86 62.00 3.58
Alloy 1100 " "

Aluminum |22 < 96 12.42 0.847 19.36 1.32

Coded data for the cover plate, absorber, and insulation
materials is found in Tables 2-8, 2-9, and 2-10 respectively.
fhe majority of the data is self explanatory. Discussion on
durability of absorber materials and weatherability and impact'
resistance for cover materials is required, however, sihce an
arbitrary coding procedure has been used. |

In attempting to analyze the data with respect to durability,

impact resistance, and weatherability, questions arose as to the



Table 2-8

CODED DATA FOR COVER PLATE MATERIALS

Material Name Cover Index of Tyisg T1n Temperature Weather:L Impa«::?:7 Weight Cost
Designation|Refraction Limit Code Code
(°F) (1b./50. FT) | ($/5Q. FT)
4 mil cp-1 1.46 0.922]0.207]  225¢ 4.0 3.3 0.029 0.19
Tedlar P.V.F. M ’ ‘ - * ‘ ° °
5 mil
F.E.P. Teflon Cp-2 1.343 0.923} 0.257 400° 4.2 3.6 0.056 0.693
5 mil
Mylar-'s® cp-3 1.64 0.869/0.178| 300° 1.0 3.6 0.036 0.085
25 mil cp-4 1.54 0.875{0.033| 140° 2.0 2.0 0.175 0.35
Sunlite Reg. : 4 : : ’ * .
30 mil cp-5 1.54 0.853/0.008[ 140° 2.0 2.5 0.294 0.38
Sunlite Reg. N . * ‘ * ° :
25 mil cP-6 1.54 0.865[0.076 | 200° 4.0 2.0 0.175 0.41
Sunlite Prem. ‘ M ‘ ° o * ‘
40 mil cp-7 1.54 0.843[0.027] 200° 4.0 2.5 0.294 0.48
sunlite Prem. ‘ . . o i ° *
125 mil
- cr-8 1.518  lo.843]0.02 500° 4.3 1.5 1.62 0.33
125 mil
Temper Glass cp-9 1.518  {0.843]0.02 500° 4.8 2.7 1.62 0.64
187 mil
Plate Glass cP-10 1.518  [0.795]0.01 500° 4.5 1.8 2.45 0.485
187 mil o i
Temper Glass cp-11 1.518  Jo.795{0.01 500 5.0 3.0 2.45 0.58
63 mil cp-12 1.49 0.9070.53 | 200° 3.0 2.5 "0.375 1.14
Plexiglas G * . * : * : :
125 mil
Pioxislas G cp-13 1.49 0.896 10,02 200° 3.0 3.0 0.75 1.22
187 mil
Plexislas G cp-14 1.49 0.881 {0.01 200° 3.0 4.0 1.10 1.45
63 mil oo ;
B cp-15 1.49 0.907 {0.03 260 3.0 2.6 0.375 1.86
"
i;gitélh.R. cp-16 1.49 0.89510.02 200° 3.2 3.5 .75 1.90
M e CP-17 1.49 0.881 }0.01 200° 3.3 4.1 1.10 2.11
63 mil cp-18 1.586  |0.£65]0.03 260° 3.0 3.6 0.39 1.05
Polyulaz : * * “ ¢ ‘ ° ‘
125 mil cP-19 1.586 841 j0.02 260° 3.1 4.2 0.78
Pelysiaz . 0.841 0. . . .7 1.50
187 mil cp-20 1.586  {0.827 [9.01 2600 3.2 4.8 1.17 2.76

Polyalaz

LS



CODED DATA FOR COVER PLATE MATERIALS

Table 2~8 {Continued)

Material Name cher Index of Tyis TIR Temperature Weatherl Impact2 Weight Cost

Designation|Refraction Limit Code Code

(°F) (1b./SQ. FT}}($/SQ. FT)

63 mil
Lexan MR-4000 cp-~21 1,586 0.8650.03 260° 3.0 3.8 0.39 1,23
125 mil
Lexan MR-4000 Cp~22 1.586 0.8410.02 260° 3.2 4.5 0,78 2.47
187 mil
Lexan MR-4000 cp~-23 1.586 0,82710.01 260° 3.3 5.0 1.17 3.56
125 mil *
Cloar Glass cp-24 1.51 0.875/0.02 400° 4.3 1.5 1.63 0.33
125 mil
Clear Temper CcP-25 1.51 0,875]0.02 400° 4.8 2,7 1.63 0.55
187 mil
Clear Glass CP-26 1,51 0.875|0,01 400° 4.5 1.8 2,51 0.485
187 mil
Clear Temper cP-27 1.51 0.855/0.01 400° 5.0 3.0 2.51 0.58
125 mil .
Sunadex Glass cp-28 1.50 0.9150.02 400° 4.8 2,7 1.61 0.83
156 mil
Sunadex Glass CcpP-29 1.50 0.910]0.02 400° 4.9 2.8 2.03 0.93
187 mil
Sunadex Glass CP-30 1.50 0.905{0.01 400° 5.0 3.0 2.41 1,03
219 mil
Sunadex Glass cp-231 1,50 0.90 0,01 400° 5.0 3,2 2.81 1.17

1: Weather Ccde

0O oo
]

2: Impact Cede

(U R A
MR
coccooO
B RHE

No weather resistance.

No wind load resistance.
Effective impact strength of 25 mil sunlite.
Effective resistance of 187 mil tempered glass.
Effective resistance of 187 mil plexiglas G.
Warranteed against impact breakage.

vis
Effective weathering life of twenty years.
Effective weathering life of thirty years,

Degrades rapidly under chemical environment.
U.V. degradation limits solar lifetime to under seven years.

5 to 7% decrease in T over ten years.

Impact strength minimal,

Good chemical resistance.

Superior chemical resistance.
No chemical degradation over lifetime.

86



Table 2~9

CODED DATA FOR ABSORBER MATERIALS

Material Name Absorber | ‘a e Temperature Durability]' Present Cost Future Projected
e s 1R C s
Specifi- Limit Code Cost
cation . (°F) ($/8Q. FT) ($/5Q. FT)
Black Chrome over Nickel c-1 0.87 0.06 700.0 4.8 1.87 0.75
(30 sec. plate)
Black Chroume over Nickel c-2 0.96 0.10 700.0 5.0 1.87 0.75
(1 min, plate)
Black Nickel over Nickel c~3 0.96 0.07 550.0 3.2 1.40 0.35
Black Nickel (Solar E) c-4 0.87 0.10 400.0 2.5 0.55 . 0.15
Black Copper of Enthone c-5 0.90 0.12 375.0 3.0 0.375 0.10
Duracron Thermosetting - A-1 0.95 0.95 350.0 4.6 0.225 9.15
Acrylic Paint
Duracron Air-Drying A-2 0.95 0.95 350.0 4.2 0.05 0.03
Acrylic Paint
Meteor 7830 Sclective A-3 0.92 0.30 350.0 4.3 0.05 0.03
Paint (.05 mil)
Meteor 7890 Selective A-4 0.95 0.47 350.0 4.5 0.05 0.03
Faint (.21 mil)
Black Chrome over Nickel A-5 0.87 0.06 700.0 4.8 1.87 0.90
(30 sec. plate)
Black Chrome over Nickel A-6 0.96 0.10 }. 700.0 5.0 1.87 0.90
(1 min. plate)
Black Nickel over Nickel A-7 0.96 0.07 550.0 3.2 1.4 0.70
Alcoa Black A-8 0.90 0.35 350.0 2.8 0.40 0.25

1: Durability Code:

1.0 = No resistance to environment (requires vacuum).
3.0 = Stable coating except under water impingement.
5.0 = Coating maintains integrity under weathering extremes.
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Table 2~10

CODED DATA FOR INSULATION MATERIALS

Material Name Insulation Thermal Conductivity1 Density Temperature Cost
Specification Limit )
at 200° | at 350° | at 500° | (#/CU;FT) (°F) ($/BD-FT)
#10 Mineral Wool INS-1 0.0217 0.0267 0.0313 10. 1200. 0.13
ETR Board INS~-2 0.0225 0.0267 0.0321 8. 1000. 0.11
IT Insulation INS-3 0.0225 0.0283 0.0375 6. 850, 0.10
MT-10 Mineral Wool INS~4 0.0208 0.0278 0.0371 10. " 1050. 0.13
MT-8 Mineral Wool INS-5 0.0212 0.0292 0.0392 8. 1050, 0.11
MT-6 Mireral Wool INS-6 0.0225 0.0311 0.0412 6. 1050. 0.09
SF-234 Felt INS-7 0.0225 0.030 0.040 8. 10900. 0.131
SF 240 Felt INS-8 0.0225 0.0308 0.0417 6. 1000. 0.104
SF 250 Felt INS-9 0.0242 0.0346 0.0458 4.5 800. 0.09
SF-252 Felt INS-10 0.0250 0.0362 0.0492 4. 800. 0.079
SF-256 Felt INS-11 0.0275 0.0392 0.0517 3.5 600. 0.075
SF-260 Felt INS-12 0.0292 0.0417 | —-——-- 3. 500. 0.073
. 8F~270 Felt INS-13 0.0235 0.0467 | ------ 2.5 400. 0.069
Foamglas INS-14 0.0283 0.0483 0.0617 8.5 600. 0.22
IS Board | INS-15 0.025 0.0367 0.0508 4. 850. 0.13
TIW Type II INS-16 0.025 0.0367 0.050 2.4 1000. 0.085
TIW Type I INS-17 0.0342 0.0542 0.0667 1.25 1000. 0.06
705 Fiberglas INS-18 0.0225 0.0317 | -——=—- 6. 450. 0.26
703 Fiberglas INS-19 0.025 0.0342 | =mw=m- 3. 450. 0.145
701 Fiberglas INE-20 0.0275 0.0425 | ==—m—- - 1.6 450. 0.075

1: Units on mean thermal conductivity are  BTU/HR-FT-F.

09
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accuracy of the data provided by the companies contacted. This
was primarily due to the testing procedures employed (as has
been discussed earlier). Also, several of the companies measured
mechanical properties and weatherability differently, and there-
fore the data proved difficult to compare. With respect to the
properties of durability, weatherability, and impact resistance,
then, an arbitrary ranking system was set up, whereby the materials
could be compared against one another and assigned figures of
merit. For weatherability and impact resistance properties of
cover materials, two codes based on scales of one to five are
selected. The codes can be found for these two properties in
Table 2-8 along with the coded values for the various cover ma-
terials. The durability code for absorber materials is also
based on a scale of one to five and can be found in Table 2-9,
Radiative properties of normal transmissivity and absorptivity
are listed for covers and absorber materials in Tables 2-9 and 2-10
respectively. It was decided to use the transmission data obtained
from ASTM E-424 test procedure, since these values are more commonly
accepted in industry and literature work. Using Kirchhoff's law,
normal reflectivity for absorber materials can be obtained using

equation (2.1la,b)

1.0 - o

. Py - (2.11a)

1.0 - (2.11Db)

€1r ~ PiIR

For cover materials, Kirchhoff's law must include the

transmissivity term.

a, *t pg *t T 1.0 (2.12a)
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+ 1 = 1.0 (2.12b)

€ IR

IR T PR
Since only Tg and Trg 2are tabulated, it appears that agr Pgr

€IR’ and PIR cannot be solved for. However, using electromag-
netic theory for dielectrics [2-5], a one surface reflected

fraction of radiation in air can be written using equation (2.13).

n, -~ 1 2
r = ﬁ (2.13)

where

n; = the refractive index of the cover material which
the radiation is incident on.

Equation (2.13) assumes normal incidence.
Using a ray tracing technique shown in work by Siegel [2-21],
a total (two surface) reflectivity for the incident radiation

can be found by using (2.14)

_ _ 2 2 _ .22
Protar = F1 + (1 - 0)%"/(1 - r7t7)] (2.14)
where
T = transmissivity of the cover material
r = the one surface reflected fraction of incident energy.

Thus, since p,, and pg Can be calculated using index of refraction
data and transmissivity data, equations (2.12a,b) can be used to
calculate ag and €1R for cover materials.

In summing up this chapter, it must be polnted out that the
data ccded for later computer use is based on the writers inter-
pretation of the compiled data. The computer simulation to be
developed is based on this interpretation, and thus discretion

must be exercised in accepting the results obtained. Justification
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for the coding of durability and weathering data has been given.
Other people, however, may order the cover and absorber materials
differently. Therefore different conclusions employing the same

computer analysis could result.



Chapter Three

DERIVATION OF ENERGY BALANCE EQUATIONS

Introduction

Design of single and double cover flat-plate solar collectors
requires consideration of cover plate(s) and absorber panel equi-
librium temperatures under different weather and heat removal
conditions. As a result, a series of energy balances will be
derived for single and double cover collector assemblies for
steady state conditions.

Approximate techniques for the evaluation of flat-plate
solar collector temperatures have been provided by Austin Whillier
[3-1] and by Duffie and Beckman [3-2]. These analyses neglect the
radiative properties of cover materials by employing effective
cover transmissivities and by assuming that cover absorption
of solar and thermal radiative energies can be neglected. Sim-
plified equations for absorber plate temperature analysis are
thus attained. The temperatures obtained from such analyses
have proven acceptable for sizing of solar flat-plate collectors.
However, because of the simplifications employed, cover plate
temperature calculations are inaccurate. Since knowledge of
these temperatures is required for design purposes, the work
done by Whillier and Duffie and Beckman cannot be used‘in this
study. In addition, an intention of the work being undertaken
is to consider new cover plate alternatives. The work done by

the above three authors treats specific cover configurations
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of glass and Tedlar P.V.F. Their equations have limited appli-
cability to other materials as a result. Therefore, a more
complete general derivation is required.

The derivation to be presented outlines the procedure employed
to develop energy balance equations for single and double cover
collectors which more accurately depicts the radiative performance
of the covers. Assumptions employed in the work are listed.
Methods of solving the non-linear equations that are derived are

discussed.



THE DERIVATION

The radiative properties of cover plate and absorber
materials shown in Chapter Two are averaged over two wavelength
bands. The first band, from X = 0.3um to A = 2.1luym, is the wave-
length range over which 90% of the sun's radiant energy is
emitted, absorbed, reflected, and transmitted. The second band,
from A = 3.0um to A = 50um, covers the thermal wavelength
range over which a material of 100°F to 500°F temperature would
radiate energy. (This band includes 98% of the thermal energy
emitted by a black body at a temperature of 300°F.) Properties
of materials for both bands are critical to flat-plate collector
design, as has been indicated previously. The derivation thus
considers radiative energy exchange for the two wavelength
bands, using the averaged normal properties summarized in Table
2-2,

The analysis is based on steady state equilibrium conditions.
Energy balances are obtained for the cover plate(s) and the
absorber panel by including the radiation, convection, and con-
duction effects. The analysis, however, is excessively compli-
cated unless the design configuration is simplified. As a result,
the following simplifying assumptions are considered pfior to
extensive derivation analysis.

1. As stated earlier, steady state performance is to be
considered.
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11.

12.
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The absorber panel surface is to be considered flat for
analysis purposes. While the 0lin Brass panels being
considered have surface curvature due to the tube shapes,
this curvature is neglected.

The headers cover a small area of the collector panel
and can be neglected.

The cover plates are considered to be isothermal (i.e.,
no temperature gradient through the thickness).

There is one-dimensional heat flow through the back
insulation.

The sky can be considered as a black body for the thermal
wavelength band at an equivalent sky temperature.

The temperature gradients around the tubes can be neglected.

Radiative properties for the cover(s) and absorber materials
are independent of temperature.

Dust and dirt on the solar collector are negligible [3-3].
Shading of the collector absorber plate is negligible.

Direct and diffuse insolation is combined for the analysis.
(This is done because the radiative properties being used
are for near-normal incidence. The diffuse component can
not be accurately considered separately as a result.)

The required insulation thickness is designed using a no
heat load condition. The cold face insulation temperature
(back of the collector assembly) is set at 150°F for this
condition.

A typical double cover flat-plate collector is shown in

operation in Figure 3-1. The collector is oriented to some

angle theta (6) in order to receive maximum near-normal insola-

tion at solar noon [3-4]. The incident solar flux at some time

other than solar noon is shown to be incident to the cover

assembly at some angle gamma (y) with respect to the normal.

The ambient temperature and wind velocity can be measured, and

an effective black body sky temperature can be calculated using
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FIG. 3+
TYPICAL FLAT-PLATE SOLAR COLLECTOR
IN OPERATION

' | AMBIENT
SOLAR TEMPERATURE
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HEAT FLUX

REMOVED FOR OPERATION
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equation (3.1) developed by Whillier [3-2],

= - o
Tsky Tair 10.8 (3.1)

where the temperatures are in degrees Fahrenheit.
For the configuration shown, three unknown temperatures

(T2, Ty and T P) can be solved for if a known heat load (qL)

F
is being removed. [If a single cover collector were being
studied, two unknown temperatures (Tl and TFP) could be solved
for.] This can be accomplished by writing energy balances
for each cover and for the absorber plate and solving the two

or three (depending on number of covers) independent equations

simultaneously.

Single Cover Analysis

The energy balance for a single cover flat-plate collector
assembly can be accomplished using a Ray Tracing Technique [3-5]
or the Net-Radiation Method [3-6]. For a double cover flat-plate
assembly, however, the Ray Tracing Technique proved impractical
if thermal radiation transmission through the covers is considered.
The Net-Radiation Procedure is thus presented, since this techni-
que can also be readily applied to more than two covers, though
‘the derivation becomes cumbersome.

The Net Radiation Method essentially considers energy fluxes
crossing imaginary boundaries. Since under steady state conditions
the total energy into a body must equal the total energy out,
the different radiation, convection, and conduction effects can

be considered using equation (3.2),
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n m
T q; = L q; (3.2)
i=1 in j=1 Jout
where
q. = energy flux incident on a surface
iia , )
q. = energy flux leaving a surface.
Jout

Prior to considering the flat-plate configurations, addi-
tional nomenclature should be defined.

= the thermal (infrared) radiative energy flux leaving

q -
0,7 KIR surface J and directed towards surface K.

99 J-K = the solar radiative energy flux leaving surface J and
! s directed towards surface K.

d. = the convective energy flux from surface J to surface
J-K K.

9eond = the energy flux conducted through the insulation.

q;, = the heat flux to be removed to provide energy for

heating, cooling, or hot water applications.

Figure 3-2 shows the single cover flat-plate collector with
the different energy fluxes crossing imaginary boundaries between
the sky and the cover plate and between the cover plate and
absorber panel. Energy balance equations will be derived for
this assembly and will be discussed. The double cover assembly
derivation follows the same procedures as to be outlined. The
algebraic manipulation, being much more tedious, will be neglected.

Energy balances can be written for (l) the cover plate and
(2) the absorber panel using equation (3.2). They are shown

respectively in equations (3.3) and (3.4).



FIG. 3-2

ENERGY' FLUX EXCHANGE FOR A SINGLE
COVER FLAT-PLATE COLLECTOR
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q - +q + q _ q _ + q =q
0,1-S;p 0,1-s 0,1-a;p 0,1-a Ci-g Ca-1
(3.3)
+q + g - d _ + q -
0,a lIR 0,a lS 0,s-1 0,s lIR
q _ + g - + q + q + q. =g _ + g _ (3.4)
0,a lS 0,a lIR ca__l cond L 0,1 as 0,1 aIR

An additional simplification can be made to the absorber
plate energy equation (3.4). Based on experimental verification,
the heat conducted through the insulation is found to be equal

to approximately one-tenth the upward heat loss [3-1].

Therefore,
= *
9eona = 1 Qup (3.5)
where
qup = upward heat loss
= e * 90,a-1 99,1-a
a-1 IR 7 IR
Thus,
q = .1*(q + q _ - q - ) (3.6)
cond Ca—l 0,a 1IR 0,1 aIR

The absorber plate energy balance thus reduces to equation (3.7),

d; *+ g - '
L 0,a 1s + l'lqO,a- + l.lqc

+ q _ (3.7
lIR a-1 0,1 qs

= l.lqoll.__aIR

or rearranging

—-— * - =
qL + (qola_ls qoll—as) + 1.1 (qola-lIR qO,l_aIR + qC ) 0 (3-8)

Equations (3.3) and (3.8) may be reduced from their present
forms to equations consisting of known and unknown temperatures,
incident solar flux, heat transfer coefficients, geometric con-

straints, and radiative properties of the cover plate and absorber
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panel. This is accomplished using the following known relation-

ships,
q =h (T - T,) (3.9a)
Ca-1 al'"Fp 1
q = h. (T, = T,)
Ci-g 1s' "1 A
q = oT" (3.9c)
O’S-lIR S
qO,S-ls = g cosy (3.94)
q = g 0T4 + p 0T4 + T q
0,1-s,p 1001 15078 1..%0,a-1
Q,1-s_ T P19 * Ty 9,01 (3.9£)
g 1, = €1 OT] * Ty TG b ey dp g (3.99)
r+784R IR IR S IR “'371IR
90,1-a_ T 1 9505 * Py Fo,a-1 (3.9h)
q =€ 0T4 +p q
O,a--lIR arg FP argr O,l—aIR

q - p, d -
0,a ls ag 0,1 ag

Following considerable algebraic substitution and manipulation,
equations (3.10) and (3.11) are obtained.
Energy Balance for the Cover Plate:

4 4
a;pTy + by Ty +a,Tep 12TFp 1

Energy Balance for the Absorber Panel:

4 4
8517y * by Ty + a5, Tep 22TFp 2

where

a,;; = ey ofl.0+p_ 1, +e_ =(l-t, Jp_. 1/(l-p_. p; )
11 1r arr TR 21R 11 "21R arg 11g

(3.9b)

(3.9e)

(3.91)

(3.95)

+ b, T -C, =0 (3.10)

+ b, T -C, =0 ' (3.11)
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12 ~ —(eaIRelIRc/(l—paIRplIR))

a,y = —(1.1alIRsaIR?/(1—paIRplIR)

a,y = 1.1eaIRc(TlIR+elIR)/(l—paIRpllR)

byy = h_j+hyg

P12 = “hyy

by, = -l.1h_;

by, = 1.lhy

1T hlSTA+€lIRO[l+TIIRpaIR/(l-paIRplIR)]T:
+els[1+rlspas/(l—paspls)] q4CosY

€27 "1 fa 9s008 /(=R Py )-H1Yy S o Tg/(l—paIRpllR)

As can be seen, equations (3.10) and (3.11) have been written
in terms of radiation components (axyTi) and convection components
(bxyTx). The insolation, radiation, and convection effects related
to the ambient temperature are combined in a Cx term. The two
equations appear to consist of constants multiplied by unknown
temperatures.

Calculations for the convection coefficients hal and hlS must

be discussed since they are not constants like the radiative pro-

perties provided for the cover(s) and absorber material. Both
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forced and natural convection are considered in the analysis.
For forced convection, analytical derivations for air passing
over the cover plate [3-7] require that the flow is parallel to
the plate. Such may not occur since the plate is oriented at
an angle theta to the horizontal. Further, depending upon the
wind velocity and temperature of the air, the flow may be laminar
or turbulent making the choice of analytical tools difficult.
Thus, a simplification proposed by Whillier [3-1] is incorporated
in the work. For forced convection
h=1.0+ .3V (3.12)
where
V = velocity of wind in miles per hou-:.
The free convection coefficient is more easily obtained
since extensive experimental modelling of this phenomena has been
reported in the literature. For free convection, in air between
two plates
Nu = £(Gr,s) (3.13)
where
Nu = the Nusselt number
= hL/k (3.14)
Gr = the Grashof number
= gL>gaT/v? (3.15)
8 = the tilt angle measured with respect to horizontal
g = the gravitational acéeleration constant
k = the conduction coefficient for the air space

L = the normal distance between the two plates
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AT the temperature difference between the two plates

B

volumetric coefficient of expansion of air

v = kinematic viscosity
For the analysis, the experimental results reported by DeGraaf
and Van der Held [3-8] are employed. The relationships between the
Nusselt number and the Grashof number are provided in Figure 3-3
for representative tilt angles.
With the radiative, convective and conduction parameters
determined, equations (3.10) and (3.11) can now be solved for the

cover and absorber temperatures.

Double Cover Analysis

The Net Energy method is also used to write the energy
balances for a two cover solar collector assembly. Figure 3-4
diagrams the energy fluxes crossing the imaginary boundaries
surrounding the cover plates and absorber panel. Based on this
representation, equations (3.16), (3.17) and (3.18) are written.

Absorber Plate Energy Balance:

+ + + + = + .
Yoy T cona T 9 T Yo,a-1 * Yo,a-1, T Y0,1-a F Y000 (3-16)
Inside Cover Plate Energy Balance:
9,a-1., ¥ 9,a-1_ + q +q +q = q
IR s Ca-1 0,2-—1S *0,2—lIR 0,1—aIR
‘ (3.17)
+q - +q - + q - +q
0,1 ag 0,1 ZS 0'1'21R cl__2
Outside Cover Plate Energy Balance:
+ + + =
90,1-2,, F Yo,1-2_ * 0,52 * Yo,5-2 T ey, 90,2-1,,
(3.18)

+ g - + q - + g _ + q
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FIG. 34

ENERGY FLUX EXCHANGE FOR A DOUBLE
COVER FLAT PLATE COLLECTOR
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These equations have been reduced to three equations involving

three unknown temperatures by incorporating equation (3.5) for the

conduction term and equations (3.19) listed below.

4,
q0,s
dg,
99,2
dq,
99,2
g,
90,1
dg,
90,1

9y,

qO,a

q

s-2
s

“21R

2-s
s

"SR

2-1
s

-11r

1-2
S

“21R

1-a
S

TarR

a-1l
s

11

Ca-1

= g cosy (3.19a)
o4 (3.19b)
(¢} s .
s s ' s
e, oTy+p, oTatr, qy ;_, (3.19Q)
IR IR IR ' IR
Py 9p 1-2 +1, g cosy (3.19e)
s ' s s
4 4
£ oT, +p q _ +T oT (3.19f]
21R 2 21R 0,1 2IR 21R s
P1 90,2-1_*T1_0,a-1 (3.199)
S S S S
€1 °Ti+91 99,2-1__TT1_ 99,a-1
IR IR “’“7*1R TIR V/@TIR
(3.19h0)
Py Ay . +Tq Ay o (3.191)
ls 0,a 1S lS 0,2 1s
£ 0T4+p q +1 q
Lign 1 "lpp0sa-lpp "11p70,2-14p
(3.193)
0a 99 1-a (3.19k)
s ' s
4 2
€ oT ,+p q _ (3.191)
argp FP argp 0,1 argp
hal(TFP—Tl) (3.19m)
hlZ(Tl_TZ) (3.19n)
h2S(T2vTA) (3.19%0)
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Eliminating the algebraic substitutions in the interest of

space, equations (3.16),

following.
a13Tep * P11
a1 Tpp * By1Tep
a3, Tpp * P31 rp
where
a1 <
212 7
a13 =
41 <
a2’ =
823 °
431 =
432
433 =
by =
b. . =

12

(3.17), and (3.18) reduce to the

+ b,, T, - C, =0

+ b..T. + a 1375 1

1271 13T

w

4

1

4 b va Tt rb.r -cC. =
2271 2271 2372 2

4

1

o

+ b,, T, - C, =0

+ b,.T, + a,,T 3375 3

3271

N
w
N N N

W
w

a/C
IR

(A-D) e,

ey ol(A-D)p_ /C-ETl py —1]

IR IR IR IR

-ET £ (o}
1IR 2IR

o/C

[(a-D)-(1-p,
IR IR

)T le
lIR a

€1 0[[(A~D)pa /C—ETl Py 1]

IR IR IR "IR

-[(1-p, )(pa 19 1+C) /AaC]]

[A+t p
IR "IR 1 2

IR IR

py 11/(AC)
11r 1R

Cho? 11/(ac)

o'[V—(AC+T2
IR

o
IR I a

€
2 IR IR

[p
g 1

hal

“h,1

(3.19)

(3.20)

(3.21)
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b1 = by
byy = ~(hypth,q)
by3 = Py
by = 0.0 - -
byy = hyy
P33z = ~(hyythyg)

: 4
c, = [E_1, 15 q_cosy~q_1/1.1+ET T oT
S 1S g 8 L 1IR 2IR

4

c, = 1, q cosy[lV +E 1, J+1 T  [V+ET ]

2 ZS s s s 1s 21R s lIR

- Lol
Cy [qsc05y(Ps+VsT2 )foTs(P+VT2 )+hZSTA]
[ IR
and
A = l-p p
21 11g

A =

s = 17py Py
S S

B = 1l-p p
Iir 21R
By = 1=py py
s °s
2
C = AB- p T
arr 21r 1R
C.=AB -p_ pn T
[ s s ag 2S ls
D =



2
Ty Py *ASP
S S S

[(D-A)p, +C]/(AC)
IR

[(D-Bg) 0, +C,1/(AC)
[AC(1-p, )-=t3 (Co, +t o, )1/(AC)
IR IR

IR IR IR

2
(Cpl +Tl Pa
s

2
[A C (1-p, )T
S S ZS 2 s 2g

. )1/(aC)

2
[(1-p )T p -(1l-p )C1/(AC)
21 lir 21R 1

2
[(l—pzs)Tlspas—(l—pls)cs]/(AScS)
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SOLUTION TECHNIQUES

The sets of equations obtained from the energy balance analy-
sis are non-linear algebraic equations. As a result, the unknown
temperatures cannot be directly solved for by linear matrix reduc-
tion. Instead, iteration techniques must be used, based on.éssuming
values for the unknown temperatures and correcting these initial
temperature guesses to obtain the actual equilibrium temperatures.
Two solution techniques are chosen for use in the computer analy-
sis. For the one cover collector assembly, a simple Newton-Raphson
iteration technique [3-9] is used. For the two cover assembly,
the Newton-Raphson iteration technique is found to be too time
consuming, and thus a linearization of the three equations is
employed.

The Newton-Raphson iteration technique used for the single
cover plate collector requires rearranging equations (3.10) and

(3.11) into the following forms,

4 = '
allTl + bllTl = XX (3.10")

4 _ -
a22TFP + b22TFP = vy (3.11")

where xx consists of the ahsorber plate temperature terms and the
ambient temperature and insolation terms and yy consists of the
cover plate temperature terms and other known terms. With the
equations in these forms, the iterative scheme illustrated in

Figure 3-5 is utilized to obtain the required temperatures.



FIG. 3-5

84

EVALUATION OF UNKNOWN TEMPERATURES
FOR A SINGLE COVER SOLAR COLLECTOR

ASSUME Tgp

H

[

CALCULATE XX

ASSUME T,

Y

4
‘“nﬂ tbyT) = XXX

CALCULATE

IMPROVE

Tl GUESS

IS XX=XXX?

6

USE T, T0
CALCULATE YY

ASSUME Tep,

1

rp2 ¥

, CALCULATE
rpo t ba2Trpa = YTV '%
a
: IS YY= YYY?
IMPROVE| ___ (5
Tepp GUESS!
Ywu%——lS'¥P—
PROCESS
FINISHED

-

IMPROVE
Tep GUESS




85

For the two cover collector assembly, the three equations,
(3.19), (3.20), and (3.21), are linearized using a procedure
known as the Newton-Raphson method [3-10]. In this method,
approximations for the temperatures shown in (3.22) are employed.

T. = h. + Tj (3.22)

where

h. is a correction factor

J
TjO is an assumed temperature
Tj is the corrected temperature.

The corrected temperatures (Tj's) are used to compute new
hj's and the process is continued until the hj's become smaller
than a specified value. The hj's are found from the following

set of linear equations:

Fyahy + £10hy + fy3hy + £y =0
f,1hy + £55h, + f23h3 + f2 = 0 (3.23)

f3lhl + f32h2 + f33h3 + f3 =0

The coefficients fl, f2 and f3 are given by
» n T e- 4
£, = jzl (aijTjO + bijTjO) - Cj (3.24)
and the fij are given by
£..=b,. + da,.T . (3.25)
ij ij 13°j0 .

The linear equations (3.23) presented can be solved using
a Gauss-Jordan reduction scheme with the maximum pivot criterion
[3-9]. The above linearization has been selected because it can

be performed on a computer and because convergence is so rapid.
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The method is also noteworthy in that it can be employed for n
equations and n unknowns, whereas the Newton-Raphson iteration

technique is limited to two or three equations.



Chapter Four

FLAT-PLATE COLLECTOR PERFORMANCE PREDICTIONS

Introduction

The performances of the most extensively employed flat-
plate solar collectdrs (one or two glass covers with a flat‘
blaék paint absorber) are well tabulated in the literature
today. Experimental work has subsgantiated the most often
referenced performance anaiysis of Hottel and Woertz [4-1]
indicating that equilibrium absorber temperatures for nonselec-
tive surfaces are not high enough for solar cooling except at
low operating heat removals and 'perfect' weather conditions.

As a result, implementation of flat-plate technology for space
cooling has been generally considered unfeasible.

With the advent of new cover materials and selective sur-
face alternatives, solar cooling using flat-plate collectors maf
now be possible from a performance standpoint. (Collector econo-
mics must still be considered.) As a result, additional perfor-
mance predictions should be undertaken to'provide estimations on
absorber equilibrium temperatures for various operating condi-
tions. Such data could give rise to additional flat-plate
collector utilization in high heat requirement work such as
space cooling and steam production.

General flat-plate performance work will thus be undertaken

employing representative cover materials under several different
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insolations, absorber solar absorptivities, and wind conditions.
A single heat removal of 120 Btu/hr-ft® will be analyzed.
Absorber plate equilibrium temperatures will be obtained for

various degrees of selectivity (i.e., for various as/s ratios),

IR
and results will be presented graphically. The work will analyze
single cover and double cover flat-plate assemblies, and compari-
son of results obtained from collectors comprised of both types
of cover assemblies will also be provided.

Of the thirty-one cover plate options, four representative
materials will be analyzed because of the large range of their

transmission properties. These covers are listed in Table 4-1

along with other pertinent data.

Table 4-1

REPRESENTATIVE COVER PLATE MATERIALS

Material Thickness Tsolar TIR
Teflon F.E.P. 5 mil 0.923 0.257
Plexiglas G 63 mil 0.907 0.03
Mylar S 4 mil 0.869 0.178
Temper Glass 125 mil 0.843 0.02

As can be seen, two of the materials, Teflon F.E.P. and Mylar S,
allow for considerable infrared transmission of emitted absorber
energy. They also have higher solar transmissivities than do

their counterpart materials, Plexiglas G and Temper Glass.
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Comparisons of the absorber plate temperatures for various
as/EIR ratios will thus provide guidelines to establish the
conditions under which each type of material should be used.
Note also that of the materials tabulated in Table 2~8, Teflon
F.E.P. and Temper Glass have two of the highest and lowest solar
transmissivities shown. These materials are being analyzed to

provide upper and lower bounds on absorber plate performance.

Single Cover Flat-Plate Collectors

Three parameters - inéolation, absorber plate solar absorp-
tivity, and wind velocity - are.varied to provide a basis for
selection of single cover flat-plate assemblies. Their effects
on absorber equilibrium temperature can be seen through review
of Figures 4-1, 4-2, 4-3, and 4-4.

Solar insolation variation, as shown in Figure 4-1, most
critically affects the absorber equilibrium temperature for a
given heat removal. Based upon an absorber temperature
constraint of 190°F for absorption air conditioning requirements,
it can be seen that for an insolétion below 240 Btu/hr-ft? and
a heat removal of 120 Btu/hr-ft?, there appear to be no combina-
tions of cover plate and selective surface that will provide
suitable heat for space cooling. For an upper unrealistic insé-
lation of 400 Btu/hr-ft?, it is also seen that nonselecfive
absorber materials may be used. A more typical designAinsolation
of 300 Btu/hr-ft? indicates that selective absorbing surfaces of

as/EIR = 1.5 (with ag = 0.90) or better are required if the flat-
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plate collector is to provide 120 Btu/hr-ft?> heat at 190°F for
space cooling.

Figure 4-2 shows the effects of absorber material solar
absorptivity variation at an insolation of 300 Btu/hr-ft?. The
twenty percent drop in ag from 100% to 80% necessitates use of
a selective surface with an as/EIR ratio of at least 6.0 for a
Temper Glass cover and 3.5 for either Plexiglas G or Teflon
F.E.P. From Figure 4-2, also, the choice of materials like
Plexiglas G or Teflon F.E.P. for a cover can be made depending

upon the as/eIR ratio used. For a selective surface having an

as/eIR (ag = 1.0) ratio of 4.6 or greater, Teflon F.E.P. is a
more effective cover because of its super:or solar transmissivity.
The low thermal transmissivity of Plexiglas G makes up for the

solar transmission difference below an as/e ratio of 4.6, since

IR

it does not transmit the thermal radiation of the absorber plate.
Wind variation effects are revealed in Figures 4-3 and 4-4.

Figure 4-3 indicates that a substantial absorber plate temperature

drop (of as much as 30°F for a 5 mil Teflon F.E.P. cover and an

absorber surface of ag = 0.90 and eIR'= 0.01) can occur because

the wind velocity over the cover is 14 mph instead of 0 mph at

an insolation of 300 Btu/hr-ft?. Figure 4-4 considers this

trend more closely by comparing absorber temperatures under three

wind conditions and three insolations. For Teflon F.E.P., it

is shown that high wind velocities will prevent absorbef tempera-

tures from reaching 190°F at 120 Btu/hr-ft? heat removal regard-

less of the degree of selectivity at insolations around 240 Btu/

hr-ft?.
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(Under no wind conditions, a flat-plate assembly using Teflon
F.E.P. could fulfill solar cooling requirements with an absorbing
surface of a, = 0.90 and €IR T 0.06). Such results indicate
that for single cover flat~-plate assemblies, under-design is
necessary to insure that wind variations will not prevent the
collector from attaining.suitable temperatures at elevated loads.
As in Figure 4-2, Figure 4-3 also provides data for cover plate
material trade-offs between materials like glass and Mylar S
and materials like Teflon F.E.P. and Plexiglas G.

The trends presented may be summarized by stating that
absorption air conditioning requirements may be fulfilled at
120 Btu/hr-ft? loads using single cover flat-plate collectors
if insolations greater than 240 Btu/hr-ft? occur. In addition,
selective absorbing materials with solar absorptivities above
0.90 should be incorporated in single cover collector design.
Finally, since wind effects are so critical to single cover
collector performance, average or above average wind velocities

should be considered in the design of single cover flat-plate

collectors.

Double Cover Flat-Plate Collectors

As in the case of the single cover collector analysis,
insolation, absorber solar absorptivity, and wind velocity
variations are analyzed. The double cover assembly opﬁions
studied include combinations of Temper Glass and Teflon F.E.P.,

and combinations of Plexiglas G and Teflon F.E.P. 1In addition,
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two covers of Plexiglas G, Teflon F.E.P., and Temper Glass are
considered. The data pertaining to this analysis is presented
in Figures 4-5 through 4-10.

Effects of insolation variation are shown in Figures 4-5
and 4-6 for four double cover assemblies. As in the single
cover analysis, the elevated temperatures required for solar
cooling necessitate insolations of at least 240 Btu/hr-ft?
(refer to Figure 4-5) with high solar absorption and low ther-
mal emission. Unlike the single cover collector results,
double cover assemblies at conditions prescribed in Figures 4-5
and 4-6 may attain temperatures near 190°F at 120 Btu/hr-ft?
heat removal and 300 Btu/hr-ft? insolation with nonselective
absorber surfaces. However, choice of a selective absorbing
surface for 300 Btu/hr-ft? insolation still appears more rea-
sonable, since the non-selective surface equilibrium temperature
of 190°F allows for no fluctuation of the conditions shown.
Figure 4-6 provides comparison data for the different possible
arrangements of Temper Glass and Teflon F.E.P. cover materials.
Because the Temper Glass has negligible infrared transmission
properties, it should be employed as the inside cover panel
unless the selective surface being considered has a low thermal
emissivity. The trend revealed through Figure 4-6 indicates
that the inner cover of the double cover assembly should be
selected based on its low.thermal transmissivity if optimal

absorber performance is required.
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Variation of absorber plate solar absorptivity for a fixed
insolation of 300 Btu/hr-ft? (shown in Figures 4-7 and 4-8),
emphasizes the importance which must be placed on using materials
with high values of o - A ten percent decrease in solar absorp-
tivity from ag = 1.0 to ag = 0.90 for a two cover collector of
Teflon F.E.P. (refer to Figure 4-7) results in an absorber plate
temperature drop of 30°F, at an as/eIR ratio of 10. While such
temperature drops are not so great at lower as/sIR ratios, they
are none-the-less significant. Cover plate material selection
is shown to be critical from results presented in Figures 4-7
and 4-8. The choice of two covers of materials like Plexiglas G
or two covers like Teflon F.E.P. should bc¢ based on what type
of absorbing surface is being used. While the effective solar
transmissivity of two covers of Plexiglas G is lower than that
of two covers of Teflon F.E.P., the fact that Plexiglas G has a
low thermal transmissivity makes the Plexiglas G assembly a
better alternative for as/eIR ratios below 7. Further, a col-

lector comprised of two panels of glass with an absorber material

having an as/e = 3.0 or higher (with ag = 1.0) is shown in

IR
Figure 4-7 to perform not as well as the collector with two
covers of Plexiglas G or Teflon F.E.P., even if the absorber
material used for these covers has an ag = 0.90. This results
because the effective solar transmission for two covers of
Temper Glass is so low (approximately 70%). Figure 4-8 provides
additional data substantiating use of collector materials with

low infrared transmission properties for inner cover plates.
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EFFECTS OF FLAT PLATE SOLAR ABSORPTIVITY VARIATION ON

THE ABSORBER EQUILIBRIUM TEMPERATURES FOR A TWO COVER ASSEMBLY
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Fluctuations in wind velocity as shown in Figures 4-9 and
4-10 are found to be less critical for double cover assemblies
than they were for single cover assemblies. The absorber
plate temperature for a double cover of Teflon F.E.P., for
example, will decrease by approximately twenty degrees Fahren-
heit for a change in wind velocity from 0 mph to 14 mph for

a. = 0.90 and ¢ = 0.0l at an insolation of 300 Btu/hr-£ft2?,

S IR
while a 30°F decrease in absorber temperature occurs

for the same conditions if a single'cover of Teflon F.E.P. is
used. The additional cover plate serves to increase absorber
performance by its ability to suppress the forced convection
effect using the air space between the twc covers.

The conclusions drawn from Figures 4-5 through 4-10 are
expectedly similar to those formulated for single cover col-
lectors. Space cooling utilizing heat energy obtained from
double cover flat-plate collectors appears feasible. The
major limitation to application of flat-plate technology for
cooling appears to be the insolation available. With careful
selection of cover materials and selective surfaces, this

drawback can be overcome at the 120 Btu/hr-ft? load analyzed,

so long as the insolation remains above 240 Btu/hr-ft?2.

Comparison of Single and Double Cover Collectors

Performance analyses on single and double cover flat-plate
assemblies have indicated that space cooling applications for

flat-plate technology are feasible. While economic and durability
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EFFECTS OF OUTSIDE WIND VELOCITY ON THE ABSORBER
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FIG. 4-10
EFFECTS OF OUTSIDE WIND VELOCITY ON THE ABSORBER
EQUILIBRIUM TEMPERATURE FOR A TWO COVER ASSEMBLY
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constraints may affect the choice between one or two covers,
performance comparisons must also be considered. Such com-
parisons can be made based on conclusions drawn from Figure 4-11
and Figure 4-12. Figure 4-11 compares single and double cover
collector assemblies of Teflon F.E.P. and glass at 300 Btu/hr-ft?
insolation, and Figure 4-12 compares single and double cover
assemblies of Teflon F.E.P. for two wind velocities and two inso-
lations.

It is shown from Figure 4-11 that collectors with two covers
attain higher absorber plate equilibrium temperatures than do
single cover collectors under the same conditions. In fact,
from Figure 4-11, it can be seen that under the conditions of
300 Btu/hr-ft? insolation and 7 mph wind velocity, the two single
cover collectors attain the lowest absorber temperatures if the
GS/EIR ratio (with ag = 0;90) is below 5.0. This indicates that
for higher performance requirements (above 120 Btu/hr-ft? loads
or above 190°F absorber temperatures) double cover collector
assemblies may emerge as the only design option if flat-plate
technology is to be incorporated. Further justification of
this concept can be found in analyzing Figure 4-12. Wind velo-
city variations are shown to have less effect on double cover
assemblies of Teflon F.E.P. than on single Teflon FlE.P, cover
collectors.

As has been shown, the incorporation of selective absorbing
surfaces and high solar transmitting covers makes space cooling

using flat-plate technology possible. The performance of double
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FIG. 41
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FIG. 4-12
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cover collectors is superior to that of single cover collec-
tors if all other conditions are held constant. Both single
and double cover flat-plate collectors, however, can provide

sufficient heat for solar cooling.



Chapter Five

THE COMPUTER SIMULATION

Introduction

The selection of optimal flat-plate solar collectors will
be accomplished through a computer analysis employing the collec-
tor material coded in Chapter Two. From conclusions obtained in
the flat-plate collector performance chapter, the feasibility of
attaining suitable absorber equilibrium temperatures at elevated
heat removals for absorption refrigeration air conditioning
has been established. Questions concerning collector cost, weight,
durability, and expected life cycles must also be considered in
the total design analysis, however, since performance considera-
tions alone will not provide acceptable marketable products.
Only the most durable high performance flat-plate assemblies
must be chosen, and of these, only the most inexpensive will
probably prove acceptable for consumer use.

The computer simulation will select flat-plate collectors
that meet the consumer demands through a two step procedure.

The first step will be a constraint analysis, which will be
employed to eliminate solar collector designs that cannot meet
performance, durability, and economic restrictions impoéed.

The second step will be an optimization analysis, whicﬁ will
select only the best of the acceptable flat-plate solar collec-
tor designs. Since different importance may be placed on econo-

mics, performance, and durability, the optimization will be
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accomplished through use of a criterion function analysis.
This type of optimization procedure allows the designer to
emphasize that part of the design (e.g., cost or durability)
which he considers most critical to consumer acceptance.
Chapter Five will be divided into two sections: the con-
straint analysis and the criterion function. The first section
will discuss the problems associated with flat-plate collector
design. Constraints employed in the selection of acceptable
assemblies will be chosen based on these problems. The second
section will give background for use of the criterion function
and will define the components which make up this optimization

tool.



FLAT-PLATE SOLAR COLLECTOR CONSTRAINTS

The design of acceptable flat-plate solar collectors should
be based on three criteria: cost, durability, and performance.
While these criteria may be treated separately, the overall design
must consider their integrated effect. First, the cost of the
solar energy collecting assembly is critical. Unless the cost of
solar implementation is competitive with that of conventional
energy sources, acceptance of the new energy source will be
limited. Second, the durability of the flat-plate collector sys-
tem is important. The large initial capital expenditure required
in a solar installation requires a long pay-back period - usually
ten to fifteen years. Therefore, small incremental additional
costs associated with increased collector life expectancy are
justified up to a point. Third, the requirement of good perfor-
mance in the form of high collector temperatures and high effici-
ency 1s necessary. In summary, a good solar collector, like a
component of any good system, is the result of a complete engi-
neering analysis which balances performance against cost. The
omission of any of the three criteria - cost, performance, or
durability - renders solar energy utilization unfeasiblg when
compared with present time-proven energy alternatives.

In order to satisfy cost, durability and performance require-

ments, constraints must be chosen which can be used to design
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flat-plate collector assemblies. Though the flat-plate configu-
ration is simple in design, numerous limitations based upon
operation under no load and heat load removal conditions must be
considered. qu the purpose of discussion, these restrictions
are divided into four sections: weather and geometry constraints,
material constraints, performance constraints, and overall

assembly constraints.

Weather and Geometry Constraints

The flat-plate solar collector assemblies to be designed
are expected to function in typical Houston weather conditions.
For operation at required performance levels, hourly weather
fluctuations are not considered due to limited computer memory
and insufficient weather data. However, for the sake of analy-
sis, average Houston summer conditions have been obtained from
the U. S. Weather Service. This information is shown in Table
5-1 and provides all necessary data except for average hourly
insolation. The incident solar flux values to be used must
include both the direct and diffuse elements of insolation, since
they were not treated separately in the heat balance derivations.
The solar flux information employed comes from consideration of
data provided by the Southwest Research Institute [5-1] and by
the U. S. Weather Service in San Antonio, Texas [5-2] and may
be up to fifteen percent in error due to location, weather
and pollution differences between Houston and San Antonio [5-3].

Therefore, in considering average incident solar fluxes for



Table 5-1

*
AVERAGE SUMMER WEATHER DATA FOR HOUSTON, TEXAS

Information May June July August | September
Temperature High (°F) 86 91 94 94 90
Temperature tow (°F) 66 71 73 72 68
gi%g:i:ture Achieved (°F) 23 99 101 101 97
gg;;:iature Achieved (°F) 46 52 62 62 51
Rind velocity (mph) 7.5 | 7.0 | 6.3 5.1 6.8
Sigge\slglocity (mph) 36 45 46 32 35
%gzgsselocity (mph) 0 0 0 0 0
trerags Mmbes of S P FVE VL
Bverage Monthly 5.01 | 4.52 | 4.21 4.35 4.65

Rainfall (inches)

*
Information provided by the United States Weather Service.

€11
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Houston, conservative estimates of insolation are employed to
allow for over design of acceptable solar collector systems.
Average insolation data and other weather information is provided

in Table 5-2.

Table 5-2
AVERAGE SUMMER CONDITIONS FOR

HOUSTON, TEXAS

Ambient Temperature: 80°F

Black Body Sky Temperature: 70°F

Wind Velocity: 7 m.p.h.
Incident Solar Flux: 280 Btu/hr-ft?

Incident Solar Flux Angle: 10° Off Normal

In addition, since the durability of the collector assembly
is critical, extreme summer conditions should be accounted for.
The solar collector design is based upon a no heat removal con-
dition such as would occur during collector installation or pump
breakdown and associated system failure. The collector equili-
brium temperatures are maximized at this point. If above aver-
age weather conditions occur, this may cause components of the
flat-plate collector to deteriorate because 0of temperature
extremes. Thus, for the protection of the assembly, the design
of the collector is based on no heat removal-extreme summer
condition criteria.

Two extreme summer weather conditions are provided in Table

5-3. The difference between the two data sets is the solar
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iqsolation and theAcorresponding ambient temperature. While the
.méfé extreme éonditions insure that the collector will be protected
in the.évéhtAof no heat removal from the absorber panel, the

cost may also be significantly higher as only the most durable
components can be employed. Since the no heat removal case is to
occur seldom, application of the lesser summer constraints may
allow for less expensive assemblies which can provide suitable
heat for solar air conditioning. Both sets of extreme summer
weather conditions will be studied to see how significant the no

load-extreme summer condition is on assembly cost.

Table 5-3
EXTREME SUMMER CONDITIONS FOR

HOUSTON, TEXAS

More Restrictive Conditions

Ambient Temperature: 95°F

Black Body Sky Temperature: 84°F

Wind Velocity: 0 m.p.h.
Incident Solar Flux: 350 Btu/hr-ft?
Incident Solar Flux Angle: 0° (Normal)

Less Restrictive Conditions

Ambient Temperature: 80°F

Black Body Sky Temperature: 70°F

Wind Velocity: 0 m.p.h.
Incident Solar Flux: 300 Btu/hr-ft?
Incident Solar Flux Angle: 0° (Normal) '

A final point which should be considered concerns the geo-

metric orientation of the flat-plate assembly. The intent of the
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collector tilt is to allow maximum near-normal solar flux
incidence. Based upon actual flat-plate assemblies in operation
in Houston, a thirty degree tilt angle has been selected. While
this angle is not optimal for solar cooling, the flat-plate orieh—
tation of thirty degrees will serve efficiently for both summer
cooling and winter heating. Also, an average angle of solar flux
incidence should be included since hourly incident fluxes are not
treated in the analysis. . An average incidence angle of direct
insolation during the period of four hours before and after solar
noon when most solar energy absorption occurs can not be chosen
without consideration of the diffuse solar component. This
occurs because th~ total solar incident flux includes the direct
and diffuse terms together in the heat balance derivations. A
second point which complicates the choice of the solar flux inci-
dence angle is that the matefial data being studied is based on
normal incidence angles. Beyond a twenty degree off-normal
angle, the transmission and reflection data is inaccurate and
cannot be employed in the heat balance analyses. Therefore, for
the work presented, a near-normal incidence angle of ten degrees
will be employed for average summer conditions. For the extreme
summer condition, normal incidence will be assumed in order to

provide maximum solar fluxes for the analysis of a no heat

removal condition,

Material Constraints

The most critical part of the flat-plate solar collector is
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the cover assembly. The cover must not only be lightweight and
inexpensive, but must also protect the often not so durable
absorbing surface. Further, it should transmit solar energy while
retarding most re-radiation of thermal energy. The cover also
must be able to withstand temperature fluctuations and tempera-
ture extremes resulting from no wind and no heat removal situa-
tions. As such, the cover assembly is emphasized in the constraint
analysis, since its function is so important.

In general, single and double cover panels must be designed
to withstand average weathering and impact loading situations
such that the integrity of the collector assembly is maintained.
As was indicated zarlier in the materials section, consideration
of weatherability and impact strength must be accomplished arbi-
trarily, since the materials are so different in physical appear-
ance and chemical makeup. Nohetheless, by considering average
and above average values of weathering and impact resistance, the
assembly should prove acceptable to most environments. Therefore,
in considering single cover assemblies, impact resistances of 2.5
and 2.75 were studied with weathering values of 2.5 and 2.75 for
a range of four cover equilibrium temperatures (150, 175, 200
and 225°F). This data can be found in Table 5-4 comparing tem-
perature, impact resistance, and weatherability with cost per
square foot and in Table 5-5 comparing the same parameters with
weight per square foot.

By reviewing the data provided, it becomes apparent that

the equilibrium temperature of the cover and the cover impact



Table 5-4

ACCEPTABLE SINGLE COVER PLATE ASSEMBLIES BASED ON COST

TLIM|WETH-IMPR

COST IN DOLLARS PER SQUARE FOOT

(°F) | (Coded) {3.00{2.75|2.50(2.25|2.00{1.75(1.50(1.25{1.00|0.75{0.50/0.25
2.75-2.75] 12 11 11 10 10 10 9 9 5 4 1 1
295 [2.75-2.5 15 14 14 13 13 12 12 12 8 6 1 1
2.5-2.75 12 11l 11 10 10 10 9 9 5 4 1 1
2.5-2.5 15 14 14 13 13 12 12 12 8 6 1 1
2.75-2.75] 16 15 15 14 13 11 11 10 5 4 1 1
200 |2:75-2.5 22 21 21 20 19 16 16 15 9 7 2 1
2.5-2.75 16 15 15 14 13 11 11 10 5 4 1 1
2.5-2.5 22 21 21 20 19 16 16 15 9 7 2 1
2.75-2.75] 16 15 15 14 13 11 11 10 5 4 1 1
175 |2-75-2.5 22 21 21 20 19 16 16 15 9 7 2 1
2.5=-2.75 16 15 15 14 13 11 11 10 5 4 1 1
2,5~2.5 22 21 21 20 19 16 16 15 9 7 2 1
2.75-2.75! 16 15 15 14 13 11 11 10 5 4 1 1
150 |2:75=2.5 22 21 21 20 19 16 16 15 9 7 2 1
2.5-2.75 16 15 15 14 13 11 11 10 5 4 1 1
2.5-2.5 22 21 21 20 19 16 16 15 9 7 2 1
Constraint Code Other Constraints
TLIM: Minimum Cover Maximum Weight Per Square
Temperature Foot: 3 1b.
WETH: Minimum Cover Minimum Visible
Weatherability Transmissivity: 0.70
IMPR: Minimum Cover Maximum Infrared
Impact Resistance Transmissivity: . 0.30

8T1



Table 5-5

ACCEPTABLE SINGLE COVER PLATE ASSEMBLIES
BASED ON WEIGHT

TLIM|WETH-IMPR WEIGHT IN POUNDS PER SQUARE FOOT
(°F) | (Coded) |3.0(2.5{2.0{1.5/1.0|0.5{0.25{0.15{0.05
2.75-2.75] 12] 10 7 7 6 4 2 2 1
225 [2:75=2.5 151 12 9 7 6 4 2 2 1
2.5-2.75 127 10 7 7 6 4 2 2 1
2.5-2.5 15] 12 9 7 6 4 2 2 1
2.75-2.75] 16| 14| 11 11 8 4 2 2 1
200 2.75-2.5 221 19] 16| 14| 11 7 2 2 1
2.5-2.75 16 14| 11| 11 8 4 2 2 1
2.5-2.5 22| 194 16| 14} 11 7 2 2 1
2.75-2.75] 16| 14} 11} 11 8 4 2 2 1
175 2.75-2.5 221 19] 16| 14| 11 7 2 2 1
2.5-2.75 16/ 14] 11 11 8 4 2 2 1
2.5-2.5 22| 19| 16| 14| 11 7 2 2 1
2.75-2.75| 16| 14| 11| 11 3 4 2 2 1
150 2.75-2.5 22| 19} 16] 14| 11 7 2 2 1
2.5-2.75 16] 14 11] 11 8 4 2 2 1
2.5-2.5 22| 19| 16| 14} 11 7 2 2 1

Constraint Code

TLIM: Minimum Cover
Temperature

WETH: Minimum Cover
Weatherability

IMPR: Minimum Cover
Impact Resistance

Other Constraints

Maximum Cost Per
Square Foot: 3.00
Minimum Visible
Transmissivity: 0.70
Maximum Infrared
Transmissivity: 0.30

61T
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resistance strongly influence the number of acceptable cover
candidates. Further, the choice of 2.5 or 2.75 for weatherabil-
ity is shown to be unimportant. Since the impact resistance
parameter is more critical, the lesser value of 2.5 will be
employed, also, to allow for more cover assemblies in the analysis.
Because the assembly cost is critical, a maximum cost of two
dollars per square foot will be specified. Further, the maximum
weight parameter of 3 pounds per square foot will be acceptable
for preliminary analysis. The cover temperature must also be
preliminarily specified. This temperature is dependent upon the
no load-extreme Houston summer conditions described earlier.
Based upon data ohtained from early performance computer analy-
sis, this limiting equilibrium temperature is set at 175°F.

All single cover constraint data is shown in Table 5-6.

The problems associated With single cover constraint assign-
ment balloon as multiple cover plates are considered. The
pairing of thirty-one cover materials results in 961 possible
cover assemblies. The task of analyzing each of these systems
with five copper and eight aluminum absorbing surfaces is stag-
gering. In fact, the computer employed cannot accept such massive
data storage. Therefore, cover constraint analysis is essential
to limiting the number of applicable two-cover combinations.

From the work done on single cover plates, it was decided
to assign a minimum outside cover weatherability constraint of
2.5. The inside cover, while not subjected to wind loading and

chemical environments, still experiences ultraviolet degradation



Table 5-6
MINIMUM SINGLE AND DOUBLE

COVER PLATE PERFORMANCE CONSTRAINTS

Single Cover Plate Constraints

Minimum
Maximum
Minimum
Minimum
Minimum
Maximum
Maximum

Visible Transmissivity:
Infrared Transmissivity:
Coded Weatherability:
Coded Impact Resistance:
Temperature (°F):

Cost ($/£t?):

Weight (1b./ft?):

Double Cover Plate Constraints:

Minimum
Maximum
Minimum
Minimum
Minimum
Minimum
Minimum
Minimum
Maximum
Maximum

Visible Transmissivity:

Infrared Transmissivity:

Coded Weatherability (Outer Cover):
Coded Weatherability (Inner Cover):
Coded Impact Resistance (Outer Cover):
Coded Effective Impact Resistance:
Temperature (Outer Cover) (°F):
Temperature (Inner Cover) (°F):

Total Cost ($/ft?):

Total Weight (1b./ft2):

121

0.70
0.30
2.5
2.5
175.0
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and may face typical weathering problems should the outside cover
be damaged. Therefore, a minimum weatherability constraint of
2.0 for the inner cover will be required.

An additional impact resistance congtraint should be defined
at this point. This constraint, the effective impact resistance
for a two cover system, is based upon the fact that a major pur-
pose of the cover assembly is to protect the absorbing surface.
Since the outside cover is to provide the majority of the protec-
tion, 'EFFIM', the effective impact resistance, will be defined
as follows:

+ IMPR, )/3.0 (5.1)

outside inside
cover cover

EFFIM = (2.0 x IMPR

In considering impact resistance, then, the two parameters
of 'IMPR and 'EFFIM' should be studied. 1In an attempt to limit the
two cover assembly totals, average and above average impact codes
of 2.5 and 2.75 were studied at various inside and outside cover
temperature levels and are presented in Table 5-7, shown for
various costs, and in Table 5-8 shown for various total weights.

As can be seen by Tables 5-7 and 5-8, the number of candidate
systems has been substantially reduced by the application of con-
straints listed, though the totals are still over computer limita-
tions. Since a major desire is to develop a collector cover
which is impact resistant, an outer cover constraint of 2.75 is
selected while the effective cover impact strength constraint is
chosen to be comparable to that of the single cover, i.e., 2.5.

In addition, temperature constraints of 225°F and 175°F were



Table 5-7

ACCEPTABLE DOUBLE COVER PLATE ASSEMBLIES BASED ON COST

TLM1-TLIM2 | IMPR-EFFIM TOTAL COST FOR COVER ASSEMBLY IN DOLLARS PER SQUARE FOOT
(°F) (Coded) |4.00(3.75(3.50(3.25|3.00{2.75{2.50({2.25(2.00{1.75(1.50|1.25{1.00{0.75{0.50(0.25
2.5-2.5 5251 498 479] 4511 404( 370 331 266§ 224 172{ 104 65 251 10 1 0
200-150 2.5-2.75 | 443| 4164 398| 370| 324| 295]| 258| 204 165| 118! 68| 45| 16 8] 1 0
2.75-2.5 | 395| 372 356} 332} 294 267] 239 191] 156| 1204 71| 45 21 8 1 0
2.75-2.751 369 246 3301 306| 268! 242| 214| 166| 1321 96 54 35 13 6 1 0
2.5-2.5 365! 249] 335] 316| 288! 267 246| 209( 179] 139 86 54 20 8 1 0
225-175 2.5-2.75 | 312]| 2961 282] 263| 235! 216| 196| 164] 136 99 59 39 14 6 1 0
2.75-2.5 | 277} 263] 251} 235) 213]| 196| 179] 150 125| 95 57 37 17 6 1 0
2.75-2.754 259 245} 2331 217] 195| 178 161! 132| 107 77 45 29 11 4 1 0
2.5-2.5 342 3261 313] 294 | 266 246 226 1901 163| 123 71 43 13 51 0 0
250-200 2.5-2.75 1 289 273 260] 241! 213| 195} 176} 145 120 83 44 28 77 3 0 0
2.75-2.5 260 2464 2351 219] 197| 181 165) 137} 114 84 47 30 13 5 0 0
2.75-2.75] 242 228 217| 201! 1791 163| 147| 119 96 66 35 22 7 3 0 0
2.5-2.5 168] 164} 161| 153| 143| 137) 134 127| 118| 98} 62| 37| 13 5] 0 0
275-225 2.5-2.75 | 142 138] 135| 127} 117 111 108i 101 92| 73} 41| 26 7 31 0 0
2.75-2.5 | 1431| 137! 134| 126| 116| 110} 107| 100] 91} 75| 45} 29| 13 5] 0 0
2.75-2.751 1271 123| 120] 112} 102| 96| 93| 864 77| 61| 33f 21 7 3] 0 0
Constraint Code Other Cover Constraints
TLIM1: Minimum Inside Cover Minimum Outside Cover
Temperature Weatherability: 2.5
TLIM2: Minimum Outside Cover Minimum Inside Cover
Temperature Weatherability: 2.0
IMPR: Minimum Outside Cover Maximum Weight Per Square Foot: 5.0 1b.
Impact Resistance Minimum Visible Transmissivity: 0.65
EFFIM: Minimum Effective Cover Minimum Infrared Transmissivity: 0.30

Impact Resistance

€¢I



Table 5-8

ACCEPTABLE DOUBLE COVER PLATE ASSEMBLIES BASED ON WEIGHT

TLIM1-TLIM2

IMPR-EFFIM

TOTAL WEIGHT IN

POUNDS PER SQUARE FOOT -

(°F) (Coded) 5.0{4.5{4.0/3.5]3.0}2.5{2.0/1.5{1.0({0.5(0.25]0.15(0.05
2.5-2.5 5251510[473{429(372287|214 {155} 73} 26 6 4 0
200-150 2.5-2.75 1443(432]403{362|318(245185({142]| 63| 26 6 4 0
2.75-2.5 1395[380]3551314[269(202]152[116] 52| 20 6 4 0
2.75-2.75]1369(358{341/300]25711931149{115] 51| 20 6 4 0
2.5-2.5 3653503131279 ]233{169}111| 72| 40| 18 4 4 0
225-175 2.5-2.75 1312(301}{272(241]120811531102| 72| 40| 18 4 4 0
2.75-2.5 1277[262|237(206|172{120| 77| 54| 28} 12 4 4 0
2.75-2.751259[248(231(200[168 (116} 75| 54| 28| 12 4 4 0
2.5-2.5 3421327({290]12561210}1148} 93| 57| 29} 11 2 2 0
250~200 2.5-2.75 1289]278{249(218|185[132} 84| 57| 29| 11 2 2 0
2.75-2.5 1260(245(220[189]155{105| 65| 42| 20 8 2 2 0
2.75-2.75[2421231{214[183(151[101| 63| 42| 20 8 2 2 0
2.5-2.5 16811531116 ]102| 80| 50| 22 7 6 4 2 2 0
275-225 2.5-2.75 11421131102 91| 78] 48| 20 7 6 4 2 2 0
2.75-2.5 1411126101 90| 77| 47| 19 7 6 4 2 2 0
2.75-2.7511271116} 99! 88| 75| 45| 17 7 6 4 2 2 0
Constraint Code Other Cover Constraints
TLIMl1: Minimum Inside Cover Minimum . side Cover
Temperature Weatherability: 2.0
TLIM2: Minimum Outside Cover Minimum Inside Cover
Temperature Weatherability: 2.0
IMPR: Minimum Outside Cover Maximum Cost Per Square Foot: $4.00
Impact Resistance Minimum Visible Transmissivity: 0.65
EFFIM: Minimum Effective Cover Maximum Infrared Tramsmissivity: 0.30

Impact Resistance

1 AN
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previously obtained from no load-extreme summer condition pre-
liminary performance data. Since economics is so critical,
however, the candidate totals can best be limited through con-
sideration of cost. Based upon the above chosen temperature,
weather, and impact constraints, total costs of $2.75, $2.50,
$2.25, and $2.00 per square foot were considered versus total
weight. From this data shown below, a maximum cost per square
foot of $2.50 and a maximum weight of 4.0 pounds per square foot
are chosen as constraints. All double cover constraint data is

summarized in Table 5-9.

Table 5-9
DOUBLE COVER CANDIDATE TOTALS BASED ON

TOTAL COST AND WEIGHT CONSTRAINTS

COST TOTAL WEIGHT IN POUNDS PER SQUARE FOOT

$/ft®> | 5.0 | 4.5 | 4.0 | 3.5 | 3.0 | 2.5 | 2.0

2.75 196 181 156 142 122 83 45

2.50 179 164 139 130 110 73 39

2.25 150 135 110 103 96 64 32

2.00 125 113 88 83 79 51 26

By consideration of the cover assemblies prior to actually
matching absorbers with covers, a reduction in single cover can-
didates from thirty-one to nineteen resulted. 1In the two cover

case, only 139 systems appear feasible for further design con-
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consideration out of the original 961 candidates, if the outside
cover plate temperature minimum is 175°F and the inside cover
temperature limitation is 225°F,

While the preliminary cover constraint analysis serves to
limit applicable systems, each combination of cover, absorber,
and insulation material must be studied together. The intent of
the compilation of materials was to provide different materials
for construction of solar collectors. In order to decide which
components may be matched, performance at elevated heat
removals is critical. Possibly more important, however, may be
insuring that the materials will not fail under elevated tempera-
tures or weather ¢xtremes. By employing the extreme summer
weather data under no heat load conditions, maximum equilibrium
temperatures for the cover(s), absorbing surface, and insulation
may be reached. The ability of all three components to survive
the elevated temperatures virtually assures that the combination
of materials is compatible.

The no load-severe summer weather constraint may seem to be
one of over design. However, since durability and long expected
lives are required for the collector assembly, the no load removal
constraint is not so unusual. Further, the integrity of the
products offered to the consumer is essential to furthering public
interest. While the cost of the resulting assemblies may be
slightly higher, product guarantees may influence consumer imple-

mentation.
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Three other material constraints .must be included. In the
interest of minimizing the size and weight of the flat-plate
collector, maximum limitations on insulation thickness and weight
are chosen. These two constraints are five inches and three
pounds per square foot. Finally, while the cover assembly is
designed‘to protect the absorbing surface, the durability of the
absorber material should also be considered. With suitable
sealing of the collector and with the addition of desicants
within the assembly, moisture problems should be limited. As
such a minimum absorber durability constraint of 2.0 will be

considered acceptable.

Performance Constraints

The primary intent of the work undertaken has been to attain
equilibrium absorber temperatures suitable for absorption air
conditioning. Pursuant to this purpose, technical data from
Arkla Industries, Inc., was obtained on Solaire, a lithium-
bromide absorption air conditioning system presently marketed in
three ton and twenty ton cooling load sizes. These two air
conditioning units can provide cooling capacity for single family
dwellings and for multi-unit apartments, and moderate sized
shopping and office buildings. With conventional energy costs
rising, such commercial and residential air conditioning markets
can be captured by solar cooling if required performance con-

straints can be met.
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The Solaire models considered employ hot water as the heat
source and require that the inlet water temperature should be at
minimum 190°F and at maximum 245°F. Since temperatures below
190°F will not provide enough heat to allow efficient operation ‘
of the refrigeration process, the Solaire system has a natural
gas fired water heater to provide supplemental energy. Pertin-

ent data on the lithium-bromide absorption units is provided

below.
Table 5-10
SPECIFICATIONS FOR ARKLA SOLAIRE
ATR CONDITIONING UMNITS
Model Model
OPERATION DATA 501-WF WF-300
Hot Water Input (Btu/hr) 55,000 435,000
Delivered Capacity (Btu/hr) 36,000 300,000
Hot Water Inlet Temperature(oF) 210 225
Hot Water Flow (gpm) 11 60
Maximum Permissible Flow (gpm) . 22 20
Pressure Drop (feet of water) 4.6 9.5
Heat Rejection (Btu/hr) 91,000 735,000

For analysis purposes, two heat loads are selected
that will be large enough that collector size can be limited.
These loads are 120 Btu/hr-ft? and 150 Btu/hr-ft?>. For the
average incident flux of 280 Btu/hr-ft? being considereé, the
loads correspond to efficiencies of 42.9% and 53.6% respectively

(efficiency is defined as the ratio of the heat load per square
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foot per hour removed to the incident solar flux). Further,
minimum temperature levels are assigned for each operating load
to provide hot water for solar air conditioning. For single
cover flat-plate assemblies, the absorber plate temperature must
be 190°F or higher. For double cover flat-plate assemblies, a
slighter higher performance constraint of 195°F is considered in
order to limit the total number of acceptable systems. The useof
flat-plate collectors to provide low process heat may also be
studied by considering the imposed constraints of 190°F or 195°F
at 150 Btu/hr-ft? heat removal. At a lower efficiency of about
40% (115 Btu/hr-ft? heat removal), absorber equilibrium tempera-
tures between 220°F and 250°F would be expected. These tempera-
tures are suitable for steam production at atmospheric pressure
and thus industrial use of flat-plate collectors could be con-
sidered.

The two heat loads are analyzed in order to see if
the cost of the collector system is reduced significantly by
operating at the reduced efficiency. At 150 Btu/hr-£ft? heat
removal, only the most expensive selective absorbing surfaces
may be applicable since their solar absorptivities are so high
and thermal emissivities are so low. If the reduction in opera-
ting efficiency allows for the use of selective paints and other
"dipped process" absorber materials, then a significant absorber
price drop of as must as one dollar per square foot could occur.
This cost decrease might justify the collector area increase

required to make up for the 30 Btu/hr-ft? less heat removed.
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Overall Assembly Constraints

The ultimate aim of the constraint analysis is to select
solar collector assemblies that not only meet durability and
performance criteria but which also are marketable. For a col-
lector assembly to be marketable, total weight and cost must be
emphasized. Excessive weight may result in additional cost in
the installation of solar equipment since the roof which usually
supports the flat-plate assemblies may need structural modifica-
tion. Also, excessive initial flat-plate assembly cost lengthens
the time required for the consumer to obtain a return on his
investment. If this payback period exceeds ten to fifteen years
the initial investment can not be justified. Therefore, overall
assembly constraints are assigned to keep the flat-plate collec-
tor lightweight and inexpensive.

Four types of flat-plate collectors are to be considered.
They are: single cover with aluminum absorber (SCA), single
cover with copper absorber (SCC), double cover with aluminum
absorbers (DCA), and double cover with copper absorbers (DCC).
The differences among the weight constraints for the four types
of assemblies result from differences in weight per square
foot between copper and aluminum panels (see Table 2-7) and
between choice of one or two covers. The weight per square foot
difference between single and double covers has been set at one
pound. The difference between copper and aluminum panels is
approximately one pound per square foot. By selection of a

maximum weight for the lightest assembly, single cover with
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aluminum absorber, the maximum weight constraints for the other
assemblies can be assigned based on absorber panel and additional
cover weight differences. The maximum weight for the single
cover with aluminum absorber is set at five pounds per square
foot, and all other weight constraints can be found in Table 5-11.
Although it is desired to limit the cost per square foot of
all four types of collectors, care must be taken to insure that
moderately priced high performance systems are not eliminated.
The high performance collectors, in fact, might be utilized for
industrial low temperature process heat, instead of solar cooling,
and therefore different economic considerations would be needed.
Further, while the maximum cost constraints may seem high, it
should be noted that the constraint analysis 1is performed not
to pick the optimal collector assembly but rather to limit the
number of acceptable candidates. As in the overall weight con-
straint selections, a maximum cost per square foot for the singlé
cover with aluminum absorber assembly is chosen and additional
costs for the use of a second cover and/or a copper absorber
plate are included. This overall cost data is summarized in

Table 5-11.




OVERALL ASSEMBLY CONSTRAINTS

Table 5-11
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Maximum Weight

Maximum Cost

SEMBLY TYPE
ASSEMBLY, < (1b/ft?) ($/£t2)
Single Cover with Aluminum
Absorber Plate (SCA) 5.0 4.50
Single Cover with Copper
Absorber Plate (SCCQC) 6.0 6.75
Double Cover with Aluminum
Absorber Plate (DCA) 6.0 5.00
Double Cover with Copper
Absorber Plate (DCC) 7.0 7.25




THE CRITERION FUNCTION

Upon completion of the constraint analysis, a series of
acceptable candidate systems remain which will fulfill the mini-
mum performance, cost, durability, and weight constraints. Since
the acceptable candidate list may be excessive due to unrestric-
tive constraints, the problem then becomes deciding which
assemblies are best suited for use. In order to make such a
decision, the designer should consider the relative importance
of the major judging criteria - cost, weight, performance,
durability, and expected life.

To assist in this process, an overall effectiveness for
each acceptable solar collector assembly should be considered
[5-4]. This effectiveness is made up of the sum of the indivi-
dual judging criteria effects and the product of their inter-
actions. While the intent is to maximize the total effective-
ness, all the constitutent criteria can never be maximized simu-
taneously, except under rare coincidences (for example, though
a Tedlar cover with a black nickel absorbing surface may be
the least expensive and best performing assembly, it will not be
as durable as an acceptable assembly of Lexan cover and.black
chrome absorber). As a result, the various desireable (and un-
desireéble) features and qualities must be blehded together by

"tradeoffs" in order to reach a maximum overall effectiveness.
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The overall effectiveness of a given collector design is

measured using a criterion function (also known as an objective

function). The intent is to maximize the value of this function.
n
CF = I a.X. (dimensionless) (5.2)
. i7i
i=1
where
a; = weighting coefficients, measuring respective
importance
X, = criterion variable, as a system function or

a parameter.

This CF is the sum of n individual constituent effects, Xi’
each weighted or proportioned by the coefficients, a;, so as to
balance the respective X5 importances in the final result. 1In
other words, in choosing candidate designs and their components,
the designer must combine them in such a way as to obtain the
highest effectiveness out of the whole system.

In attempting to select optimal flat-plate solar collector
designs, two general criterion functions are established based
upon six design constraints. The constraints are: (1) collec-
tor cost, (2) collector weight, (3) absorber plate temperature
at 120 Btu/hr-ft? heat load, (4) absorber plate temperature at
150 Btu/hr-ft? heat load, (5) collector durability, and (6)
expected collector life. The functions for each criterion (shown
in Figures 5-1 and 5-2) are created with the intention of com-
paring acceptable systems agaihst one another. In addition,
the values of the functions are normalized so that various weight
coefficients may be assigned to each functional value depending

upon the designers' needs.
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Two functional relations for each of the design criteria
have been selected. One is a linear relation between the best
and worst conditions attainable among the solar collectors which
fulfill the minimum constraints assigned. The second relation
is a power function, which has been arbitrarily selected to
emphasize high performance in each design constraint. For
example, the collector cost function found in Figure 5-2 is an
exponential relation. A collector assembly which has an average
cost (halfway between the maximum cost constraint and the minimum
cost attained) would have a cost function value of 0.223 for the
power function relation and 0.50 for the linear relation. It
may be seen from this that the criterion function composed of
the power function criteria is actually doubly weighted, since
these functions emphasize high criteria performance prior to use
of weighting factors selected by the designer.

The four functional relacionships for cost, weight, and
absorber performances at 120 Btu/hr~-ft? and 150 Btu/hr-ft? are
based on calculated values of total cost, total weight, and
absorber equilibrium temperatures as calculated through the
constraint analysis. The durability and expected life functions
are more difficult to analyze, since both are functions of the
components which comprise the solar collectors. Functional

relationships for the two are based upon the following.

LIFE = f(cover assembly wéatherability, collector plate
type, and absorber surface)
DUR = f(cover assembly impact resistance, durability of

the absorber surface) .
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The collector durability function considers the ability of
the solar collector to survive within the environment. The major
design consideration must be to maintain the absorber surface
(especially if expensive selective surfaces are used), because
the absorbing material is critical to attaining high equilibrium
temperatures. Collector durability is thus defined as

DUR = 2,0*EFFIM + DURA (5.3)

where

EFFIM the coded effective impact resistance of a two

cover assembly or the coded impact resistance
for a single cover. (The code is provided in
Table 2-8).

DURA = the coded durability of the absorber material.
(The code is provided in Table 2-9).

The upper limit of the durability function is 'TDUR' and is
calculated for maximum values of 'EFFIM' and 'DURA' obtained
from the acceptable assemblies. 'LDUR' is calculated using
the minimum constraints for absorber durability and cover plate
resistance.

The expected life function considers the ability of the
solar collector to operate for an extended time period.
Weather effects on the cover are critical, since the cover serves
to protect the assembly while also allowing maximum insolation
transmission. (Cover yellowing and cover ultraviolet degrada-
tion can severely limit the assembly life and must be designed
against.) Further, the collector panel expected life is critical.
While copper absorbers may have twenty year expected lives,

corrosion problems may limit aluminum and steel collector panel



lifetimes to under ten years unless inhibitors are used in the
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heat absorbing fluid [5-5]. Absorber durability must be con-

sidered also,

since loss of the surface for solar energy absorp-

tion will prevent the solar collector from operating effectively.

'LIFE' will be defined as follows.

where

WETH

DURA
EFFIM

CDL

LIFE = WETH + (DURA + (EFFIM*DURA)/25.0)/2.0

+ 4.0*CDL

effective weatherability of the cover assembly.
(The code is provided in Table 2-8.)

= *
WETHtwo (3.0 WETHoutside + WETHinside)/4°o
covers cover cover
WETH = WETH .
one outside
cover cover

coded absorber durability.

coded cover assembly effective impact resistance,
coded expected life for the collector plate,

CDL = 1.5 for steel absorber panels.

CDL = 2.25 for aluminum absorber panels,

CDL = 3.00 for copper absorber panels.

(5.4)

(5.53)

(5.5B)

As in the case of the 'DUR' minimum and maximum values, 'TLIFE'

represents the 'LIFE' function consisting of maximum values of

'DURA', 'EFFIM', 'CDL', and 'WETH' parameters while 'LLIFE' is

determined from the prescribed constraints.

To analyze the various acceptable assemblies, weighting

coefficients are assigned to each of the six criteria so that

they total 100%.

Two criterion functions for each assembly may



140

then be calculated. They are

= * * *
CFl CRDUR CDUR + CRLIF CLIFE + CRC cCOST

e . (5.6A)
- * * *
* CRur*Cyrzcar * “Rs0 Cperso T “R30 Cprr3o
and
= * * *
CF2 CRDUR DDUR + CRLIF DLIFE + CRC DCOST
(5.6B)
* * *
* CRyp™ Pyrzcar * CRs0"Pprrso t CR30 Pprr30
where CRDUR’ CRLIF’ CRC’ CRWT' CRSO' and CR30 are the weighting
coefficients.

The computer program is arranged so that the designer may
choose to emphasize one or all of the six criteria by his choice
of weighting factors. Collector cost and collector performance
at 120 Btu/hr-ft2? and 150 Btu/hr-ft? heat removal will be empha-
sized in the optimization analysis, since these three design
criteria are most critical to consumer acceptance of flat-plate

technology being employed for space cooling.



Chapter Six

COMPUTER SIMULATION RESULTS

Introduction

The results developed from the computer simulation may be
used to select optimal single and double cover flat-plate solar
collectors. From the constraints selected in Chapter Five, two
different extreme summer weather conditions are studied for the
no heat removal case. Only two heat loads (120 Btu/hr-ft?
and 150 Btu/hr-ft2?) have been selected for performance constraints
in order to limit the number of candidate assemblies. Nonetheless,
with single and double cover options and with copper or aluminum
absorber plate choices, a series of sixteen cases must be con-
sidered (eight single cover collector assembly types and eight
double cover collector assembly types). Due to the large collec-
tion of data, Appendix II is provided to summarize the work under-
taken. In addition, only particular cases (e.g., one no load
weather constraint with a specified performance criteria) are
analyzed. Choice of the cases selected, however, can be justified
through preliminary study of the data tabulated in Appendix II
and are discussed in this chapter.

The criterion function optimization results are also presented
for selected weighted coefficient inputs. (Refer to Chapter Five
for the weighted coefficient description.) Performance at the

design load removal and total collector assembly cost
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are emphasized in this work. The effects of total weight,
collector durability, and estimated collector life are also
considered, though these parameters are treated as constants

in the optimization procedure. Elevated temperature collector
performance (i.e.,‘absorber plate equilibrium temperature at a
specified load of 120 Btu/hr-ft? or 150 Btu/hr-ft?) is studied

for possible flat-plate collector usage in process heat or

steam generation applications. Cost is emphasized to détermine
'whether single or double cover flat-plate collectors can econo-
mically provide heat for absorption-refrigeration air conditioning.

This chapter is divided into three sections. The first
two sections discuss acceptable single and double collector
assemblies respectively. From the data, generalizations on the
component makeup for solar flat-plate collectors are provided.
Optimal collector designs are tabulated and compared using the
criterion function. Performance plots for some of the better
collector assemblies are also included. The third section com-~
pares the single and double cover collectors from performance and
cost standpoints. Recommendations on selection of collector
assembly types (whether to use single or double cover assemblies)
are provided to conclude the work presented.

Prior to single cover collector results analysis, the coding
system employed should be explained. There are sixteen different
collector assembly types analyzed in the results. In order to
simplify the description of each collector type (i.e., under what

conditions each collector can be applied for use) a four symbol



code has been chosen and is shown below
XXYZ
where
XX = cover number
SC = single cover
DC = double cover
Y = absorber plate type
A = aluminum
C = copper

Z = weather and performance constraints applied in

1l = more restrictive no load weather condition and
hr-ft? load

2 = less restrictive no load weather condition and
hr-ft? load

3 = more restrictive no load weather condition and
hr-ft? load

4 = less restrictive no load weather condition and
hr-ft? load

As an example, the 'SCA3' collector designation would be
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(6.1)

analysis

150 Btu/

150 Btu/

120 Btu/

120 Btu/

a single

cover with aluminum absorber collector assembly which has an

absorber temperature of 190°F or better for a heat removal

of 120 Btu/hr-ft?. 1In addition, the 'SCA3" assembly can with-

stand the more restrictive no load weather condition found in

Table 5-3.

Table II-1 in Appendix II provides the collector assembly

designation data.



SINGLE COVER FLAT-PLATE COLLECTOR ANALYSIS

Employing the constraints tabulated in Chapter Five, com-
binations of thirty-one cover materials, eight aluminum and five
copper absorber materials were analyzed by the computer. Four
different performance and no load weather constraints were con-
sidered. In addition, maximum total costs of $4.50 and $6.75
and maximum total weights of 5.0 and 6.0 pounds per square foot
for aluminum and copper assemblies respectively were specified.
Table 6-1 below indicates the number of acceptable aluminum and
copper collector systems from the analyses for each set of con-

straints. Information on the coded materials and properties for

Table 6-1

ACCEPTABLE SINGLE COVER COLLECTOR ASSEMBLIES

Aluminum Collectors Copper Collectors

Designation Collector Total Designation Collector Total

scal 13 scel 12
SCA2 18 sSCC2 18
sca 3 24 _ sce3 23

SCA 4 44 SCC4 66
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each of these assemblies are tabulated in Tables II-2 through
IT-9 in Appendix II. Each of the systems listed in Tables II-2
through II-9 has been designed for space cooling applications.

As can be seen by Table 6-1, the constraints chosen have
severely limifed tﬁe number of acceptable assemblies. This is
particularly true when the more restrictive no load weather con-
straints are applied. For this weather constraint, absorber
temperatures in excess of 400°F are reached. Since the majority
of the absorber coatings coded in Table 2-9 have temperature
limitations below 400°F, only the electroplated materials can
be considered for analysis. In addition, the requirement to
obtain an absorber plate temperature of 190°F for 150 Btu/hr-ft?® lcad
requires limited thermal energy emission and maximum solar radi-
ation absorption by the absorber material.

Questions pertaining to varying cost and performance require-
ments are answered by studying Figures 6-1A through 6-4A (the A
designates aluminum absorber panels while the C represents
copper absorber panels) for aluminum absorber collectors and
6-1C through 6-4C for copper collector assemblies. Figures 6-1A
6-3A, 6-1C, and 6-3C examine the effects of varying the absorber
plate equilibrium temperature at the two designated loads.
Figures 6-2A, 6-4A, 6-2C, and 6-4C study the effects of lowering
the maximum total cost requirement. As would be expected, the
acceptable candidate totals decrease with more restrictive con-

straints.
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Based on the figures shown and on the data tabulated on

the assemblies found in Appendix II, the following generali-

zations may be applied:

1.

The performance constraint that the absorber plate maintain

a temperature above 190°F for 150 Btu/hr-ft? heat removal
requires high solar absorption-low thermal emission absorbing
materials. Of the absorbers considered, only the electro-
plated surfaces (black nickel and black chrome) could meet
the performance constraints required.

The performance constraint that the absorber plate maintain
a temperature of 190°F for 120 Btu/hr-ft? heat removal
allows consideration of less selective materials than the
electroplated surfaces. Nevertheless, the nonselective
flat-black paints fail to provide absorber temperatures
suitable for space cooling due to their high emission of
thermal radiation.

Designs incorporating the more restrictive no load weather
conditions severely limit the collector options for further
analysis. Since the no load condition should be avoided

the majority of the time through operation, the less restric-
tive conditions should be incorporated in the design of

single cover assemblies. An emergency recycle system incor-
porating a second pump could also be included in the collec-
tor piping if no load constraints are too critical to neglect.

Comparison of data presented in Figures 6-2A and C and
Figures 6-4A and C point out that the specification of the
lesser performance constraint allows consideration of less
expensive collectors assemblies which can still meet space
cooling requirements. For copper absorber flat-plate collec-
tors, the removal of 30 less Btu's per square foot per hour
from the absorber can reduce the minimum acceptable collector
cost by $1.07 per square foot. For the aluminum assembly,

a $1.45 per sguare foot minimum cost difference between
collectors that can fulfill the two performance constraints
results. From an economic standpoint, the lesser performance
constraints should certainly be applied in designing aluminum
solar collectors. For copper assemblies, the choice of per-
formance constraints is less clear, since a performance
reduction of 20% (30 Btu/150 Btu) results in a collector
price reduction of about 20% ($1.07/$5.45).

For applications where higher equilibrium temperatures are
required (as in process heat applications) the best single
cover flat-plate collectors (from performance standpoints)
can not provide temperatures above 245°F at 120 Btu/hr-ft?
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loads and 210°F at 150 Btu/hr-ft? loads. These collectors
being made up of electroplated absorbing surfaces of black
nickel, are also some of the more expensive assemblies
tabulated.

Analysis of the summarized tables in Appendix II provides
information on the component materials. Conclusions on material
choice are presented below:

1. The insulations employed to reduce heat loss to the back of
the collector to under 10% of the upward loss are the lesser
density materials. Fiberglas and industrial felt are most
often employed because of their low cost. For the more
restrictive no load summer weather constraints, some usage
of mineral wool may be required since insulation hot face
temperatures in excess of 400°F are reached and the fiber-
glas and industrial felts have low temperature limits
(refer to Table 2-10).

2. Three cover materials are found to be best from performance
standpoints. They are Tedlar P.V.F, Teflon F.E.P., and
Sunadex Temper Glass. When combined with absorbers which
emit over 30% of their thermal energy, the Sunadex provides
slightly higher absorber temperatures. For the electro-
plated materials, the plastics, having slightly better
solar transmission properties (refer to Table 2-8) are
superior.

3. As previously stated, the performance requirements specified
necessitate the use of a selective surface. For best per-
formance, ag > 0.90 is required.

4. The most commonly utilized cover, temper float glass, is
limited to use with a high solar radiation absorbing absorber
material. This is expected from the work done in Chapter
Four.

From prior discussion, the optimization analysis will con-
sider applicable assemblies which can withstand the less restric-
tive no load summer weather constraints. Since the intention
of this work is to select high performance-low cost collector
assemblies, the criterion function analysis considered various

combinations of collector cost and performance to arrive at

optimal flat-plate assemblies. For the four cases considered



152

(sCA2, sCA4, SCC2, SCC4 acceptable assemblies) data on optimal
collectors (in terms of cost and performance) is provided in
Tables 6-2A and 6-2C. For each case, three optimal collector
assemblies are provided in terms of cost and performance.

The optimal single cover with copper and aluminum absorber
assemblies have been selected based on both criterion functions
shown in Chapter Five. The second criterion function consisting
of power functions for the six judging criteria (refer to Figure
5-2) yielded the same trends as the criterion function comprised
of six linear criteria. Since the criterion analysis based
on power functions is the more arbitrarily chosen optimization
function, the lirzar criterion function will be used to graphi-
cally show the effects of varying the weighting coefficients
for performance and cost. This data can be seen in Figures 6-5A
through 6-8A.

To choose the best system for a particular set of performance
and cost weights, the designer should select the system from the
graph which has the highest criterion function value. From Figure
6-5A, for example, while SCA2-8 has the best performance charac-
teristics (when 100% weight is applied to performance, SCA2-8
has the highest criterion function value), SCA2-7 is a more eco-
nomical alternative. Thus, if a designer chooses to emphasize
performance but also wants to consider the economics, he would
select assembly SCA2-7 (refer to Figure 6-5A) because the cri-
terion function for this assembly is superior so long as a

weighted cost coefficient of 35% or higher is selected. Also,



TABLE 6-2A

OPTIMAL SINGLE COVER WITH ALUMINUM ABSORBER ASSEMBLIES

Designation Absorber Cover Cost of System Absorber Equilibrium,

Coating Parel in Dollars per Temperature (°F) at
Square Foot Specified Load
120 B9 pe-pe? 1505 /pr-re?

SCA2=-1 Black Chrome 4 mil 3.64 233.9 201.4

' over Nickel Tedlar P.V.F.
{1 minute)

SCA2-7 Black Nickel 4 mil 3.19 241.4 207.1
over Nickel Tedlar P.V.F.

SCA2-8 Biack Nickel 5 mil 3.69 242.5 208.4
over Nickel Teflon F.E.P.

sca2-14 Black Nickel 125 mil Clear 3.55 230.5 195.2
over Nickel Temper Glass

Sca2-15 Black Nickel 187 mil Cclear 3.58 225.6 190.0
over Nickel Temper Glass

SCA2-16 Black Nickel 156 mil 3.93 239.0 204.3
over Nickel Sunadex

SCA4-1 Meteoxr 7890 4 mil 1.74 192.7 166.6
Selective Paint Tedlar P.V.F.
(.05 mil)

SCA4-2 Metecr 7890 5 mil 2.24 192.9 167.1
Selective Paint Teflon F.E.P. .
(.05 mil)

sSCa4-~7 Meteor 7890 125 mil 2,34 194.1 167.3
Selective Paint Sunadex
(.05 mil)

SCA4-30 Elack MNickel 4 mil 3.19 241.4 207.1
over Nickel Tedlar PJ/V.F.

SCA4-31 Black Nickel 5 mil 3.69 242.5 208.4
over Nickel Teflon I.E.P.

Sca4-42 Black Nickel 156 mil
over Nickel Sunadex 3.93 239.0 204.3

€aT



TABLE 6~2C

OPTIMAL SINGLE COVER WITH COPPER ABSORBER ASSEMBLIES

of Enthone

sun-Lite Premium

Designation Absorber Cover Cost of System in Absorber Equilibrium

Coating Panel Dollars per Square Temperature { °F)
Foot at Specified Load
120 B%r-re? | 1508 Ymr_pe?

scc2-1 Black Chrome 4 mil 5.90 233.9 201.4
over Nickel Tedlar P.V.F.
(1. minute)

scc2-7 Black Nickel 4 mil 5.45 241.4 207.1
over Nickel Tedlar P.V.F.

SCC2-8 Black Nickel 5 mil 5.95 242.5 208.4
over Nickel Teflon F.E.P.

scc2-14 3lack Nickel 125 mil Clecar 5.81 230.5 195.2
over Nickel Temper Giass

scc2-15 Black Nickel 187 mil Clear 5.84 225.6 190.0
over Nickel Tenmper Glass

scc2-16 Black Nickel 156 mil 6.19 239.0 204.3
over Nickel Sunadex

sSCc4-19 Black Nickel 4 mil 5.45 241.4 207.1
over Mickel Tedlar P.V.F.

SCC4~20 Black Nickel 5 mil 5.95 242.5 208.4
over Nickel Teflon F.E.P,

SCC4~31 Black Nickel 156 mil 6.19 239.0 204.3
over Nickel Sunadex

SCC4-34 Black Nickel 4 mil 4.58 210.8 176.6
(Solar t) Tedlar P.V.F.

SCC4-49 Black Copper 4 mil 4.38 214.7 182.0
of Enthone Tedlar P.V.F.

scec4~51 Black Copper 40 nil 4.70 198.9 164.6

ST
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FIG, 6-7
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since three other criteria - weight, durability, and expected
life - may need to be considered, constant weighted coefficients
for these functions are applied and shown in Figures 6-5B and C
through 6-8B and C. These figures show the effects of varying
the percentages of cost and performance weights while holding
the other three criteria at fixed weight percentages.

Based on the criterion function analysis, optimal cover
plate and absorber material combinations have been tabulated
in Tables 6-2A and 6-2C. Comparison of these combinations can
also be shown through efficiency versus absorber temperature
plots. Figures 6-9 and 6-10 provide such information. The
two figures also indicate the temperature <cut off level for
absorption refrigeration air conditioning utilization.

As a final comment, it should be noted that while the collec-
tor assemblies selected for graphical analysis are best in terms
of cost and performance, the other collectors listed in Tables II-2
through II-9 are also acceptable for space cooling applica-
tions. Several acrylic materials are shown in the tables to be
good cover materials. Other absorber materials such as black
chrome may even be more acceptable for use than black nickel

should absorber durability problems develop.
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DOUBLE COVER FLAT-PLATE COLLECTOR ANALYSIS

Analyses similar to those described for the single cover
collectors were performed for double cover collectors. The same
no load weather constraints were considered, though different
performance constraints were used. (The equilibrium temperature
constraint for the two specified loads (120 Btu/hr-ft? and 150
Btu/hr-ft?) was increased five degrees to 195°F.) Using these
constraints and other constraints discussed in Chapter Five,
eight analyses based on varying absorber materials, weather con-
straints, and performance constraints were performed to identify
acceptable flat-plate collector assemblies. From Chapter Five,
the double cover constraints limited the number of cover plate
combinations to 139 assemblies. Combined with the five copper
and eight aluminum absorber materials, acceptable flat-plate
collector combinations total 1807 (695 with copper absorber and
1112 with aluminum absorbers). The constraint choices, however,
sufficiently reduce these totals to those presented in Table 6-3.
Appendix II summarizes data for each set of acceptable collector
assemblies in Tables II-9 through II-17.

Variation in the acceptable collector candidate totals by
changing cost and performance constraints is shown for the eight
cases in Figures 6-11A and C through 6-14A and C. Combining this
information with the summary tables of Appendix II, several facts

may be pointed out. They are as follows:
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Table 6-3

ACCEPTABLE DOUBLE COVER COLLECTOR ASSEMBLIES

Aluminum Collectors Copper Collectors
Designation Collector Total Designation Collector Total
DCAl 48 DCCl 47
DCA2 59 DCC2 58
DCA3 98 DCC3 92
DCA4 171 DCC4 111

The solar collector assemblies which attain the highest
equilibrium temperatures all utilize electroplated absorber
materials. The excessive cost of these absorber coatings
limit the number of double cover assemblies which can be
used. Since high solar transmission properties and low
cost are required, the three most commonly used cover mater-
ials are the two plastics, Teflon F.E.P. and Tedlar P.V.F.,
and the clear lime glasses (iron oxide contents of 0.05 to
0.06%).

The most inexpensive acceptable collector assemblies are.
comprised of selective paint absorbers for aluminum panels
and black nickel electroplated surfaces by Solar E for
copper. (It should be noted that the Solar E absorber is
a single step electroplating process. It is less durable
and less effective from performance standpoints than black
nickel over nickel, which is a two step electroplated
surface.) For these collector assemblies, use of plastic
films (Tedlar P.V.F. an Teflon F.E.P.) is required to pro-
vide maximum solar transmission, since the absorption char-
acteristics of the absorber materials are marginal. (i.e.,
the absorbers named emit large fractions of their thermal
radiative energy or absorb less than 90% of the solar
incident energy).

The selection of performance constraints (i.e., whether to
remove 120 Btu/hr-ft? or 150 Btu/hr-ft? and require absorber
equilibrium temperatures above 195°F) limits the economic
study. As can be seen from Figures 6-11A and C and Figures
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6-13A and C, cost savings per square foot of nearly $0.75

for copper collectors and $1.30 for aluminum assemblies may
be realized by lowering the load constraint to 120 Btu/hr-ft?.
As indicated in the single cover collector section, economics
dictates use of the lesser heat removal for double cover
aluminum assemblies. Choice of load constraints for copper
absorber assemblies is not sO obvious, and other constraints
such as durability and weatherability may also need to be
considered in the selection process.

4. The more restrictive no load weather conditions also restrict
the absorber materials which can be utilized in flat-plate
technology. No load absorber temperatures in excess of 400°F
result using the more restrictive conditions even for non-
selective absorbing materials. Since only the electroplated
absorber coatings have temperature limitations above this
level, the lowest total assembly costs are substantially
higher than for collectors where the less restrictive no
weather constraints are employed. This is best seen in
Figures 6-13A and C where for the same load removed, the
different weather conditions are used to limit the candidate
totals. Substantial savings in collector cost per square
foot can be realized from these figures.

Based on the gereral trends presented, 'DCA4' and 'DCC4' were
selected for further optimization studies. These two cases con-
sider collectors which can withstand the less restrictive no load
weather constraints and still provide 195°F absorber temperatures
at 120 Btu/hr-ft? heat removal. They were chosen for analyzes
because both high performance collectors and low cost collectors
can be chosen from the candidate lists in Tables II-13 and II-17.
The high performance collectors listed in these tables are com-
posed of the same materials required for high performance collec-
tors chosen using the other constraint conditions. (This can be
seen by analyzing Figures 6-12A and C and 6-14A and C.) However,
the number of low cost system candidates is limited if high

performance requirements or more restrictive weather constraints

are employed. The relaxing of the constraints to that of 'DCC4'
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and 'DCC4' assures consideration of the less expensive absorber
materials.

Using the two criterion functions, twelve candidates for
each absorber panel type have been chosen. They are listed in
Tables 6-4A and 6-4C. Six of the twelve assemblies for copper
and aluminum panels are chosen based on economics, and six are
selected because of their superior performance capabilities.
While the high performance collectors are significantly more
expensive than the low cost assemblies (by over $1.00 for copper
assemblies and nearly $2.00 for aluminum assemblies), these
collectors may be utilized in industrial process heat applica-
tions. Further, these assemblies can be utilized for solar air
conditioning at greater heat loads (refer to Tables 6-4A
and C) than 120 Btu/hr-ft?,.

Representative double cover aluminum and copper absorber
assemblies are compared in Figures 6-15 and 6-16 for differently-
weighted coefficients for cost and performance. The data obtained
using the linear criterion function is again shown, though similar
relationships between the different collector designs could be
pointed out using the criterion functicen composed of power func-
tions. The choice of an optimal collector type, if collector
weight, expected life, or durability is critical, can be made
through consideration of Figures 6-15B and 6-16B and 6-15C and
6-16C depending upon the importances of these judging criteria.

Figures 6-17 and 6-18 are provided to present the perfor-

mance characteristics of several of the optimal double cover



OPTIMAL DOUBLE COVER ALUMINUM ABRSORBER ASSEMBLIES

TABLE 6~ 4A

Cover Panels

Designation Absorber — Cost of System Absorber Equilibrium
Inside Qutside in Dollars per Temperature {°F) for
Square Foot Two lLnads
120559 /hr-ge? | 150558 /hr-fe?
DCAS4~1 Meteor 7890 5 mll Y mil
Selective Paint | Teflon F.E.P. Tedlar P.V.F. 2.46 208.7 179.0
(.05 mil)
DCA4=3 Mateor 7890 125 mil 4 mil
Selective Paint | Temper Glass Tedlar P.V.F. 2.44 205.8 172.9
(.05 mil)
DCA4-9 Mateor 7890 125 mil 4 mil
Selactive Paint |{Clear Glass Tedlar P.V.F. 2:13 209-0 176.3
(.05 mil)
LCAG-~10 Maeteor 7890 125 mil 4 il
Selective Paint | Clear Temper Tedlar P.V.F. 2.35 209.0 176.3
(.05 mil) Glass
DCA4~11 Meteor 7890 187 mil 4 omil
Selective Paint | Clear Glass Tedlar P.V.F. 2.28 207.5 174.5
(.05 mil)
DCAL-12 Meteor 7890 187 mil 4 mil
Selective Paint | Clear Temper Tedlar P.V.F. 2.38 207-5 174.5
(.05 mnil) Glass
DCA4-99 Black Nickel 5 mil 4 mil
over Teflon F.E.P, Tedlar P.V.F. 3.96 266.3 222.5
Nickel
DCA4-110 Black Nickel 125 mil 4 mil
over Sunadex Tedlar P.V.F. 4.10 262.2 7.4
Nickel
DCA4~111 Black Nickel 156 mil 4 mid
over Sunadex Tedlar P.V.F. 4.20 261.2 216.4
Nickel
DCAL=-114 Black Nickel 5 mil 5 mil
: over Teflon F.E.P. |Teflon F.E.Pf 4-%8 265.4 222.0
Nickel
DCA4-158 Black Nickel 5 mil 137 mil
over Teflon F.E.P. Sunadex 4.84 265.9 221.3
Nickel
DCA4~159 Black Nickel S mil 219 wil
over Sunadex 4.98 264.4 219.7

Nickel

Teflon F.E.P.

OLT



TABLE 6-4C
OPTIMAIL, DOUBLE COVER COPPER ABRSORBER ASSEMBLIES

Cover Pancls

Designation Absorber - - Cost of System Absorber Equilibrium
Inside Qutside X - i °
in Dollars per Temperature (°F) for
Square Foot Two loads
2 B
120P 9 hr-£e? | 1507 Y he-fe
DCC4-49 Black Nickel 125 mil 4 mil N
over Float Glass Tedlar P.V.F. 5.87 247.2 203.0
Nickel
DCC4-55 Black Nickel 125 mil 4 mil !
over Nickel Clear Glass Tedlar P.V.F. 3-85 253.9 209.0
DCC4~-108 Black Nickel 187 mil 4 mil e
(Solur T) Float Glass Tedlar P.V.F. 5.16 212.8 166.4
DCC4-109 Black Nickel 187 mil 4 mil
. . 6.
(Solar E) Temper Glass Tadlar P.V.F. 5.25 212.8 166.4
DCC4~110 Black Nickel 187 mil 5 mil
(Solar E) Float Glass Teflon F.E.P. 566 211.6 +165.5
DCC4-111 Black Nickel 187 mil 5 mil
. . 65.5
(Solar E) Temper Glass Teflon F.E.P. 5.76 211.6 1
DCC4-48 Black Nickel 5 mil 4 mil
over Nickel Teflon F.E.P. Tedlar P.V.F. 6.22 266.3 222.5
DCC4-59 Black Nickel 125 mil 4 mil
. . N
over Nickel Sunadex Tedlar P.V.F. 6.35 262.2 217
DCC4-60 Black Nickel 156 mil 4 mil .
- . . 216.
over Nickel Sunadex Tedlar P.V.F. 6.45 261.2 4
DCC4~63 Black Nickel 5 mil 5 mil
. . 222.0
over Nickel Teflon F.E.P. Teflon F.E.P. 6.72 265.4
DCC4-106 Black Nickel 5 mil 187 mil
. . 221.
over Nickel Teflon F.E.P. Sunadex 7.10 265.9 3
DCC4=107 Black Nickel 5 mil 219 mil
. b o 219.
over Nickel Tefion F.E.P. Sunadex 7.24 2644 19.7

LT
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flat-plate collectors. Different facts can be pointed out by
these curves. Consideration of the no load condition (QL/Qs =
0.0) for the DCA4-10 and DCC4-49 assemblies (refer to Figure
6-17) points out the effect which the absorber thermal emissivity
has on the absorber equilibrium temperature. While both collec-
tor assemblies absorb approximately the same quantity of solar
energy (This is seen by comparing their efficiencies at the Tpp =
TA condition.), the copper assembly, DCC4-49 emits much less
thermal radiative energy (for the copper absorber, €ip = 0.07,

for the aluminum absorber, € R = 0.47). Thus, higher equili-

I
brium temperatures for the copper assembly are possible. 1In
addition, since several collectors have superior absorber equili-
brium temperatures at the designated heat removal of 120 Btu/hr-ft?,
Figures 6-17 and 6-18 indicate that higher heat removals

are possible while still fulfilling space cooling requirements.

In concluding this section, observations on the use of Tedlér
P.V.F. in double cover assemblies can be developed based on the
computer analyses. Work reported by Whillier [6-1] indicated
that this plastic film should be used for inside cover plates
and that temper glass should be used for outside cover plates.

This conclusion resulted from the fact that Tedlar P.V.F. has
questionable weatherability and durability properties. From a
performance standpoint, however, it has been shown in Chapter Four
that higher absorber equilibriﬁm temperatures can be obtained if

glass is used as the inside cover, owing to its low thermal

transmissivity. From the constraints analysis, this is again
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the result since Tedlar P.V.F. has temperature limitations that
prevent its use as an inside cover for the no load-extreme
summer weather conditions. Thus use of Tedlar P.V.F. may be
limited, especially if excessive durability and weatherability
constraints are applied, because this material should be used

only as an outside cover material for a two cover assembly.



COMPARISON OF SINGLE AND DOUBLE COVER COLLECTOR ASSEMBLIES

The results of the computer simulation indicate that there
are cover and absorber material combinations suitable for space
cooling. Twenty-four optimal assemblies have been tabulated.
Questions concerning choice of optimal single or double cover
assemblies can be answered by employing the criterion function
plots provided, so long as designer imposed weighting coefficients
for cost, performance, durability, expected life, and weight are
specified. A design problem not yet considered is the choice
between single or double cover optimal flat-plate collectors.
Since optimal designs for each case can provide for solar cooling,
additional consideration of the relative importance placed on
cost, performance, and durability must be undertaken. The choic?
is perhaps as arbitrary as the one which would have to be made
for absorber panel types (aluminum or copper).

Cost considerations alone favor the single cover collector
assemblies. Tables 6-2A and C and 6-4A and C indicate that
savings between DCC4-108 and SCC4-49 of $0.78 per square foot can
be realized. Both of these collectors have comparable perfor-
mance characteristics so that use of the more expensive models
cannot be justified through increasing the heat removai.

For aluminum absorbers, similar trends are noted. Savings of

nearly $0.40 per square foot can be realized by using the SCA4-1
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assembly instead of DCA4-9. The only difference between these
two collector types, in fact, is in the use of a sheet of clear
lime glass for an inner cover. Such savings are even more sub-
stantial if labor costs are considered. Based on a crude
approximation fhat £he retail cost for solar collectors at most
should equal three times the material costs [6-2], savings of
as much as $1.20 and $2.34 per square foot for aluminum and
copper collectors respectively could be realized using one cover
plate. This trend would be expected since cost of assembling
two cover flat-plate solar collectors would be greater due to
increased labor fime.

Durability considerations favor the use of double cover
flat-plate collector assemblies., The cover materials most often
utilized in the single cover design are the plastics, Teflon F.E.P.
and Tedlar P.V.F. From Chapter Two, guestions pertaining to ex-
tended life cycles for these materials are brought up. In addi-
tion, while the plastics are lightweight, failure due to fatiguing
from cyclic wind loading has been reported in the literature [6-3].
For the double cover assemblies, glass and plastic cover material
combinations are shown in Tables 6-4A and C. For the most inex-
pensive double cover collectors listed, non-tempered glass is
used for the inner cover. While this material has poor impact
resistance properties, it has good temperature limitation pro-
perties and good chemical resistance in the event of outside
cover rupture. The overall superior durability of a two cover

assembly cannot be neglected, particularly if expensive-not-so-

durable selective surfaces are used.
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The performance characteristics‘of double cover flat-plate
solar collectors have previouslykbeen shown in Chapter Four to
be superior to those of single cover flat-plate collectors. If
space cooling is required, it has been shown that single cover
collectors can be utilized at less expense than can double cover
collectors. However, for higher temperature requirements such
as might be needed for low pressure industrial steam production,
temperature differences of nearly 25°F (266°F for double cover
collectors; 242°F for single cover collectors) can be found for
a heat load removal of 120 Btu/hr-ft2. At 150 Btu/hr-ft? heat
removal,differences of approximately 14°F can be estimated for
the best performing single and double cover flat-plate assemblies.
Thus, application of the double cover flat-plate collector for
process heat production at elevated heat removal rates may be
justified while single cover collectors appear questionable with
respect to this application. .

The choice of one or two cover plates for collector design
must be based on all three criteria, however. Since durability
and performance properties are so critical to collector life
expectancy, the inclination is to utilize double cover plate
collectors. The destruction of the single plastic cover neces-
sitates immediate replacement in order to protect the absorber
and insulation. The additional labor and materials costs are
great enough to justify the initial greater expense. It must
also be stated, however, that if economic limitations must be
emphasized, all of the collectors of Tables 6-2A and C have

been designed to survive average weathering and durability problems.
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In concluding this section, two other points should be noted.
The first point addresses the selection of copper or aluminum
collector panels. Analyses have been performed and presented for
both copper and aluminum collector systems because there are
presently two major opinions on how emphasis should be placed on
absorber panel cost and durability. As was shown in Chapter Five,
the 0l1lin Brass aluminum collector is significantly less expensive
(by $2.26 per square foot) than the same copper assembly. While,
this price difference is excessive, support for use of the more
expenéive collector panel can be found if the corrosion problems
of aluminum are not impeded. Olin Brass recommends use of corro-
sion inhibitors in the aluminum panel flow passages [6-4]. Such
use not only prevents the aluminum panels from being used to
also provide hot water for domestic applicaticns, but also in-
creases the cost of the total collector system. In addition,
excessive corrosion problems could result in leaks in the panel
flow network. Damage to both the insulation and absorber sur-
face could result. (It must be pointed out that Olin Brass esti-
mates that use of inhibitors will allow the absorber. to function
from between ten to twenty years depending upon the occasional
flushing of the system and replacement of the inhibitor [6-4].)
Thus, the selection of aluminum or copper absorber solar collec-
tors is left to the designer's discretion. |

The final point considers the question of collector economics
(i.e., are the optimal collectors listed economically competitive

with present marketed collectors?). From Table l-1, present costs



of the collectors can be found.
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For the General Electric and

P.P.G. collectors, the materials utilized have all been tabulated

and thus estimated material costs can be made.

These costs, and

the actual selling prices are provided in Table 6-5.

Table 6-5

COST DATA ON REPRESENTATIVE COMMERCIAL COLLECTORS .

Collector Absorber Estimated Material Estimated Selling*
Panel Cost Price
($/£%) ($/£t%)
P.P.G. Aluminum 2.90 8.92
Baseline
Solar
Collector Copper 5.16 11.20
General
Electric Aluminum 3.92 9.98
Collector

*
Based on price data provided in Table 1-1.

Based on this table, it may be estimated that competitive price
limitations are $6.00 per square foot for copper (higher than.
$5.16 listed in Table 6-5 because the collector tabulated cannot
provide solar cooling at the specified heat removal réte) and
around $3.00 per square foot for aluminum absorber assemblies.
Comparison of these constraints with the optimal collectors tabu-
lated in Tables 6-2A, 6-2C, 6-4A, and 6-~4C indicates that com-
petitive systems have indeed been designed which can provide

space cooling. If different, less expensive copper or aluminum
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panels are utilized, or if the lower estimated production costs
on absorbing materials are ever reached, then the economics will

make solar energy utilization for space cooling attractive to

the consumer.



Chapter Seven

CONCLUDING REMARKS

The work presented has indicated that space cooling incor-
porating flat-plate technology to provide heat for absorption
refrigeration air conditioning is feasible from economic, per-
formance, and durability considerations. The compilation of
materials comprising flat-plate solar collectors has allowed for
a more extensive comparison of solar collector materials than
has previously been found in the literature. Cost data, while
current only through 1975, has been compiled to provide a basis
for moderately large production cost comparisons. The mechanical,
thermal, and radiative properties tabulated provide other means
by which the collector materials can be compared. As such, the
material data provided represents the single most important con-
tribution which this thesis offers fcr future solar work.

Utilizing a computer simulation which determines steady
state equilibrium temperatures for the cover(s) and absorber sur-
faces, two sets of results have been presented. The first set
of data obtained considers general performance characteristics
for representative cover materials and different degrees of absorber

material selectivity (i.e., different as/e ratios). Data with

IR
respect to different wind velocities, insolations, and absorber
solar absorption properties has been presented graphically. This

data may be employed to predict flat-plate collector performance
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for different absorber materials and should prove useful as new
selective surfaces are developed for solar utilization.

The second collection of data considers performance and
additional flat-plate collector constraints with respect to dur-
ability and economics. For estimated Houston summer conditions,
sixteen computer analyses have been presented. From these sim-
ulations, optimal flat-plate solar collector systems for space
cooling have been chosen. These optimal collectors are summarized
in Tables 6-2A, 6-2C, 6-4A, and 6-4C.

Of the assemblies tabulated, one half of these collectors
are especially suited for providing high temperature heat for
absorption refrigeration air conditioning. These systems have
been shown to be economically competitive with presently avail-
able commercial collector systems. The other assemblies are
the more expensive high performance flat-plate collectors which

may be utilized for industrial process heat or steam production..
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Appendix I

The data which has been gathered on eiisting solar equipment
and on solar collector component materials could not have been
obtained without the assistance of the industries, governmental
agencies, and universities involved in solar work. The author
therefore wishes to express his appreciation to these organiza-
tions through the following acknowledgement of groups which
provided technical and economic information.

1. A-]1 Plastics {(Distributor)
5822 S.W. Freeway
Houston, Texas 77027

2. Aluminum Company of America
Alcoa Technical Center
Alcoa Center, Pennsylvania 15069

3. Arkla Industries, Inc.
Arkla Plaza - 400 E. Capitol
Little Rock, Arkansas 72203

4., ASG Industries, Inc.
P. 0. Box 929
Kingsport, Tennessee 37662

5. B&B Insulations, Inc. (Distributor)
8011 Blankenship, P. O. Box 2531
Houston, Texas 77001

6. Binswanger Glass Company (Distributor)
207 N. Main
Houston, Texas

7. Cadillac Plastics (Distributor)
P. O. Box 03000
Detroit, Michigan 48203

8. E. I. DuPont De Nemours & Co.
Film Department or Plastics Department
Wilmington, Delaware 19898



lo.

11.

12.

l3l

14.

15‘

16.

17.

18.

19.

20.

21.

Eagle-Picher Industries, Inc.

Fibers Department - P. O. Box 779

Cincinnati, Ohio 45201

Enthone, Inc.
P. O. Box 1900
New Haven, Connecticut 06508

Forty-Eight Insulations, Inc.
P. O. Box 1148
Aurora, Illinois 60507

General Electric - Sheet Plastics Section

1 Plastics Avenue
Pittsfield, Massachusetts 01201

General Electric - Solarquip Products

P. O. Box 13601

Philadelphia, Pennsylvania 19101

Grumman Aerospace Corporation
Energy Programs
Bethpage, New York 11714

Harshaw Chemical Company
1945 E. 97th Street
Cleveland, Ohio 44106

Honeywell, Inc.
2600 Ridgeway Parkway
Minneapolis, Minnesota 55413

Howmet Corporation
No Address Provided
Phone (214) 226-7671

Kalwall Corporation
1111 Candia Recad - P. O. Box 237
Manchester, New Hampshire 03105

Libbey-Owen-Ford Company
2300 W. Loop South - Suite 515
Houston, Texas 77027

N.A.S.A. Lewis Research Center
Mail Stop - Building 51-1
21000 Brook Park

Cleveland, Ohio 44135

Olin Brass - Roll Bond Products
East Alton, Illinois 62024
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22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Olympic Plating Industries, Inc.
208 - 15th Street
Canton, Ohio 44707

Owens-Corning Fiberglas Corporation
Power and Process Division
Fiberglas Tower

Toledo, Ohio 43659

P.P.G. Industries, Inc.
One Gateway Center
Pittsburgh, Pennsylvania 15222

Pittsburgh Corning Corporation
800 Presque Isle Drive
Pittsburgh, Pennsylvania 15239

Revere Copper and Brass, Inc.
P. 0. Box 191
Rome, New York 13440

Reynolds Aluminum - Reynolds Metal Co.
P. O. Box 27003
Richmond, Virginia 23261

Rohm and Haas Company
Adair Center, Suite 405
6300 Hillcroft Street
Houston, Texas 77036

Sabine Industries, Inc. {(Distributor)
4400 East Park
Houston, Texas

San Jacinto Glass (Distributor)
80063 Channelside
Houston, Texas

Sheffield Poly-Glaz, Inc.
Sheffield, Massachusetts 01257

Solar Equipment Corporation
P. 0. Box 327
Edison, New Jersey 08817

Stonaber, Inc. (Distxributor)
2508 Fairway Park Drive
Houston, Texas 77018
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34,

35.

36.

37.

Suntek Incorporated
33 Edinboro Street
Boston, Massachusetts

Sunworks, Inc.
669 Boston Post Road
Guilford, Connecticut

Transilwrap Company
1118 Quaker Street
Dallas, Texas 75207

02111

06437

United States Gypsum Company

101 South Wacker Drive

Chicago, Illinois 60606
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Appendix II

The results of the computer analysis employed to sélect 
single and double cover flat-plate solar collectors which can
attain suitable temperatures for use in absorption air condition-
ing are provided in Tables II-2 through II-17. The solar collec-
tor assemblies listed fulfill various performance and weather
conditions as discussed in the flat-plate collector constraints
section. Table II-1 summarizes the conditions met by sixteen
sets of acceptable flat-plate sélar collectors. The sixteen
acceptable collector tables provided include cost, weight, dura-
bility, weatherability, and performance data on the assemblies.
The coded components which make up the collector assembly are
listed. 1In order to use this information, a nomenclature explain-

ing the computer printout abbreviations is included below.

Nomenclature

ABS: Coded absorber material designation. In order to know
whether the absorber material is for the copper or aluminum
absorber panel, the 'MAT' column must be checked.

CODE FOR ALUMINUM ABSORBER MATERIAL OPTIONS

1 *** Duracron Thermosetting Acrylic Paint (baked and cured on
aluminum) ’
*** Duracron Air-Drying Acrylic Paint (sprayed on aluminum)
*** Meteor 7890 Selective Paint (sprayed and cured on aluminum:
0.05 mil)
4 *** Meteor 7890 Selective Paint (sprayed and cured on aluminum:
0.21 mil)
5 *** Black Chrome over Dull Nickel (electroplated on aluminum:
30 seconds)

I N



6 **x*

7 kkk
8 *k*

]l **%%
2 k%%

kk*k
* % %

= W

5 *%%*%

ASSY:

DTL1:

DTL2:

DURA:

EFFIM:
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Black Chrome over Dull Nickel (electroplated on aluminum:
1 minute)

Black Nickel over Nickel (electroplated on aluminum)
Alcoa Black (Alcoa 655 process applied to aluminum by
immersion)

CODE FOR COPPER ABSORBER MATERIAL OPTIONS

Black Chrome over Dull Nickel (electroplated on copper:
30 seconds)

Black Chrome over Dull Nickel (electroplated on copper:

1 minute)

Black Nickel over Nickel (electroplated on copper)

Black Nickel (electroplated on copper by Solar Equipment
Corp.)

Black Copper (copper oxide on copper by immersicn process
of Enthone)

Acceptable flat-plate collector assembly. 'ASSY' is
numbered ccnsecutively without consideration of which
collector performs most effectively.

Absorber equilibrium temperature difference with the
ambient temperature (TFP-TA) at a heat removal of
120 Btu/hr-ft? under average weather conditions.

Absorber equilibrium temperature difference with the
ambient temperature (TFP-TA) at a heat removal of
150 Btu/hr-£ft? under average weather conditions.

Coded estimated durability of the absorber material.
= no resistance to environment (requires vacuum)
3.0 = stable coating except under water impingement
= coating maintains integrity under weathering
extremes.

Coded impact resistance of cover assembly. For a single
cover, 'EFFIM' is the cover impact resistance. For a
double cover, 'EFFIM' is the effective impact resistance
(as defined in Chapter 4).

1.0 = no wind load resistance. Impact strength minimal.
2.0 = effective impact strength of 25 mil Sunlite.

3.0 = effective resistance of 187 mil Tempered glass.
4.0 = effective resistance of 187 mil Plexiglas G.

5.0 = warranteed material. Effective strength of 187

mil Lexan MR-4000.
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ICP: Coded inside cover panel for the two cover plate assembly.

CODE FOR COVER PLATE MATERIALS

*kk 4 mil Tedlar P.V.F.

* k% 5 mil Teflon F.E.P.

* % % 5 mil Mylar Type S

*%*% 25 mil Sunlite Regular

**%* 40 mil Sunlite Regular

*** 25 mil Sunlite Premium

**% 40 mil Sunlite Premium

**%x 125 mil Float Glass

***x 125 mil Tempered Glass

*** 187 mil Float Glass

**% 187 mil Tempered Glass

*** 63 mil Plexiglas G

**%% 125 mil Plexiglas G

*%% 187 mil Plexiglas G

**%* 63 mil Lucite AR

**% 125 mil Lucite AR

*¥*% 187 mil Lucite AR

*** 63 mil Polyglaz (polycarbonate)

**%% 125 mil Polyglaz (polycarbonate)

*** 187 mil Polyglaz (polycarbonate)

*¥%*% 63 mil Lexan MR-4000

**% 125 mil Lexan MR-4000

*¥%* 187 mil Lexan MR-4000

**% 125 mil Clear Lime Sheet Glass

*** 125 mil Clear Lime Temper Glass

*¥%% 187 mil Clear Lime Sheet Glass

*¥**% 187 mil Clear Lime Temper Glass

*#%% 125 mil Sunadex Glass (0.01% iron oxide)
**% 156 mil Sunadex Glass (0.01% iron oxide)
%% 187 mil Sunadex Glass (0.01% iron oxide)
*%*% 219 mil Sunadex Glass (0.01% iron oxide)

WO W

NN o et ot =t b et et f
FOWwooJoUndb WNHO

NN
=W N

NN
oA n

NN
\O 0 ~J

w w
O

INS: Coded insulation used to cut down back heat losses.

CODE FOR INSULATION MATERIAL OPTIONS

*** Mineral Wool (10#): 10# density

*** Mineral Wool (ETR Board): 8% density

*** Mineral Wool (IT Insulation): 6# density
*** Mineral Wool (MT-10): 10# density

*** Mineral Wool (MT-8): 8# density

Ul W N =



6 *k#k
7 kk*k
8 *k%
g *kk

10 **%
1] **%%
12 **%
13 *%%
14 **%*
15 *%%
16 **%
17 **%%
18 **%
19 **%
20 *%%

OCP:

TIN:
TWTC:
TSS:

WETH:
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Mineral Wool (MT-6): 6# density
Industrial Felt (SF-234): 8# density
Industrial Felt (SF-240): 6# density
Industrial Felt (SF-250): 4.54 density
Industrial Felt (SF-252): 4% density
Industrial Felt (SF 256): 3.5# density
Industrial Felt (SF-260): 3# density
Industrial Felt (SF- 270): 2.5# density
Foamglas: 8.5# density

Fiberglas (IS Board): 44 density
Fiberglas (TIW Type II): 2.4# density
Fiberglas (TIW Type I): 1.25# density
Fiberglas (705 Series): 6# density
Fiberglas (703 Series): 3# density .
Fiberglas (701 Series): 1.6# density

Code for the absorber panel used.

1.0
2.0
3.0

Coded
coded
Refer

steel absorber plate
copper absorber plate
aluminum absorber plate -

outside cover panel for the two cover plate assembly;
single cover plate for the one cover plate assembly.
to 'ICP' for coded cover plate materials.

Insulation thickness in inches. Designed for under no
load—-extreme summer conditions.

Total

weight of the collector assembly in pounds per

square foot.

Total

cost of the collector assembly in dollars per

square foot.

Coded

weatherability of cover assembly. For a two cover

system, 'WETH' is the effective cover weathering para-

meter
WETH

as defined by

(WETH nside + 3.0*WETH Jutside

cover cover
no weather resistance. Degrades rapidly under
chemical environment.
U.V. degradation limits lifetime (solar) to under
seven years.
5 to 7% decrease in transmission over 10 years.
Good chemical resistance.
effective weathering life of 20 years. Superior
chemical resistance.
effective weatherlng life of 30 years. No chemical
degradation.

)/4.0
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TABLE II-1

CODED COLLECTOR ASSEMBLY DESIGNATION DATA

Collector Number Absorberx Extreme-No Performance cConstraints
Assembly of Plate Load Weather Analyzed
Designation covers Material Constraints (Minimum Temperature Required)
Analyzed
. P Btu 2
scal 1 Aluminum More Restrictive 190°F at 150 /hr-ft" Load
(Table 11-2)
R e o Btu 2
SCA2 1 Aluminum Less Restrictive 190°F at 150 /hr-ft~ Load
(Table II-3)
. s s o Btu 2
SCA3 1 Aluminum More Restrictive 190°F at 120 /hr-£ft° Load
(Table II-4)
SCA4 1 Aluminum Less Restrictive 190° F at 120 Btu/ht-ftz Load
{Table II-5)
s oes o - Btu 2
sccl 1 Copper More Restrictive 190° F at 150 /hr-ft~ Load
(Table II-6)
A N Btu 2
scc2 1 copper Less Restrictive 190° F at 150 /hr-ft° Load
(Table I1-7)
P 5 Btu 2
sce3 1 copper More Restrictive 190°F at 120 /hr-£ft” Load
{Table II-8)
. : I’ ) Btu 2
SCC4 1 Ccopper Less Restrictive 190° F at 120 /hr-£ft~ Load
(Table 11-9)
Btu

DCALl 2 Aluminum More Restrictive 195°F at 150 /'hr--ft2 Load

(Table TI-1e)

Btu
/

py
DCA2 2 Aluminum Less Restrictive 195° F at 150 hr-£ft“ Load

(Table II-1l)

PCA3 2 Aluminum More Restrictive 195 7 at 120 BtU p. g2 1529
(Table 1I-12)

Btu 2

DCA4 2 ¢ Aluminum Less Restrictive 195° F at 120 /hr-£ft~ Load

(rable IT1~13)

Btu 2

DCCl 2 Ccpper More Restrictive 195°F at 150 /hr-ft” Load
(Table II-14)
ccc2 2 Copper I.ess Restrictive 195° F at 150 Btu/hr-—ft2 Load
(Table II-15)

. . o Btu 2
pces3 2 Copper More Restrictive 195° F at 120 /hr-£t" lLoad
(Table II-16) ’

N . o Btu 2
DCC4 2 Copper Less Restrictive 195°F at 120 /hr-£t” toad

(Table 1T-17)
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Table II-Z

SUMMARY DATA ON ACCEPTABLE OPTIOMS
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Table IX-4
SCA3 Collector Assemblies
SUMMARY DATA ON ACCEPTABLE OPYIONS

ASSY TIN TaTE TS DAL 0IL1 DTLZ OURA EFIM WETH MAT ocP icP A8S
1 3.5 Zeb2 1e69 349.3 1392 14207 Gety 3.30 4400 ded ! e 5
2 35 2.5 4.0 3%ues 14040 1L3e5 Gebl KEYY] 420 3ed 2 LX) 5
3 3.6 Zeny le9s 33546 1214 6oy Yedy 2.50 4.00 3.0 7 oo 5
4 3.6 4e22 d4e14 33549 12145 834 " 4.0 2./0 4.80 3.0 9 PN 5
5 3.5 4.3 IETS 34241 12940 Lok 4.8y 2.70 4.80 3.0 25 coe -5
6 3.5 4e21 4433 S 349.7 136.0 Ciule2 4.50 2.70 4080 3.0- _ 28 cae 5
7 3.5 4e43 Hey3 3488 136.9 i00ey 4480 2.60 4490 3.4 29 sow 5
8 3.0 2.17 3.65 34749 15349 12144 5.00 3,30 4400 3.0 [ e [
9 XY P I Y4a1n 347 .9 14,9 12245 Se0UuU .00 4020 3.0 2 tse &

16 3.5 3003 4e11 33uen 13666 10204 S0y 2.70 4,80 340 9 eos 6
11 5en 3e02 407 3263 12543 Y02 50U 3.00 5400 3.U 11 e 6
12 . 3.5 364 4402 34147 Tdy.t 110eY Selu 2,76 4,80 3.0 25 ver 6
i3 3.5 4052 4405 33842 139.6 1LSeh 5.00 3.u0 5.00 300 27 cow s
i4 3.5 3e62 4430 349.5 1534 12043 5.U3 2.70 480 3.0 28 sae 6
15 3.5 4494 44y 3486 15241 119} 5.0U 2.40 4490 3.V 29 oo I3
is 345 4042 4454 34749 Istei 11749 Seun 3.00 S+03 3.4 30 oo 3
17 40 2404 3e21 307} 1éle4 1271 3e2u 3430 4400 3.U ] o 7
18 445 Z2+G7 3.71 35685 16245 1284 3620 3406 4.20 3.0 2 cseo 7
19 3.5 4e22 3e67 352.7 19266 1ube? 3e2u 2.70 4,30 3.0 9 .or 7
20 35 2499 4.06 3561 147.2 11ie7 3e20 3.80 3.00 30 18 ese 7
21 35 2499 4928 35401 147.2 1ile7 3020 3.80 300 3eu 21 see ?
22 3.5 4023 358 359.5 1505 1182 3«20 2.70 4480 3.0 25 “ae 7
23 Gel 4e04 3095 3671 15904 12443 3e20 2450 4490 3e0 29 cos 7
24 4 §e42 4.05 366e3 157.8 12341 3e20 - 3ew0 5.00 3.0 30 voe 7

-
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Table II-5
SCA4 Collector Assemblies
SUMMARY CATA OF ACCEPTABLE OPTIONS

Tes DINL PTLL nTL2 NURA EFIM WETH MAT oce icp , ARS INS
1.76 238.3 112.7 . 8646 4,30 3.30 4.00 3.0 1 e 3 17
2.24 237.7 112.9 £7.1 4,10 3.60 4,20 3.0 2 " 3 17
2.70 244,3 112.7 £S.9 4,30 2.50 3.00 3.0 12 L 1) 3 20
2.79 2436 111.1 84,1 4.30 3.00 3.00 3.0 13 hxn 3 10
3.42 suu,3 112.7 £5.9 4,30 - 2.60 2.0 3.0 15 - 3 20
2,47 243.6 111.1 E4.1 4,30 3.50 3.20 3.0 16 se 3 10
2.79 265.6 114.1 £7.3 4,30 2.70 4,85 3.0 28 wo g 3 20
2.49 245.1 113.3 £6.5 4.30 2,80 4.90 3.0 29 wx 3 20
2.60 45,0 112.6 85.7 4,30 3.60 5.00 3.0 30 whw 3 10
2.74 244,55 111.8 B4, 9 4,30 3.20 5.00 3.0 31 P 3 10
T.66 T12.6 139.2 162.7 4.80 3.30 4.00 3.0 1 T ) 10
4,16 13,0 140,0 163.5 4,8g0 3.60 4,20 3.0 2 e 5 10
3.67 I0n.0 121.4 £3.2 4.80 2.50 u.np 3.0 7 e % s 17
H.13 30C.4 171.5 8.4 4.80 2.70 4.80 3.0 9 L2 s 17
4o Q0 308.9 179,06 91.4 4.80 2.70 4.80 3.0 25 oo S 17
4.07 2.7 174.4 86.5 4.80 3.00 5.00 3.0 27 wxx 3 17’
4,30 712.8 178.0 101.2 4,80 2.70 4.80 3.0 28 % 5 10
4,40 212.0 1%6.9 160.0 4,80 2.8G 4.90 3.0 29 e 3 10
4,50 311.3 175.8 98.8 4.80 3.00 5.00 3.0 30 wax [ 10
3.¢4 312.7 153.9 121.4 5,00 3.30 4.09 3.0 1 e 6 1
4,15 17,6 1564,9 122.5 5.00 3.60 4,20 3.0 2 L L 6 11
2,94 301.4 1%6.3 162.1 5.00 2,50 4.00 3.0 7 i 6 17
W10 I01.9 126.6 102.4 5.00 - 2.76 4.80 3.0 9 kR [ 17
4,04 207,58 1°5.3 0.2 <,00 3.00 5.00 3.0 11 T 6 6
4,01 IC7.6 166412 110.4 SN0 2.70 4.80 3.0 25 vk [}

.04 3CU.4 17%.6 105.§ 5.00 3.00 5.00 3.0 27 weu 6 17
4,29 314,7 153,2 120.3 S.00 2.70 4.80 3.0 28 T 6 17
4,39 313,9 152.1 119.1 S.00 2.80 4,90 3.0 29 enu 6 17
4,89 317.3 151.1 117.9 5.00 3.00 $.00 3.0 30 exn 6 17
3.19 329.5 14144 127,.1 3.20 3.30 4.00 3.0 1 o 7 10
.69 730,09+ 162.5 128.4 3.20 3.60 4.20 3.0 2 P 7 10
S.ug 315.8 142.3 106, 4 3.20 2.50 4.00 3.0 7 wh 7 10
3.84 316.2 142.6 1C6.7 3.20 2.70 4,80 3.0 9 - 7 10
Z.40 ICT7.1 17C.6 93.8 3.20 3.00 5.N0 3.0 a1n b 7 17
4,14 328.6 156.3 123.6 3.20 2,50 3.00 3.0 12 e 7 10
5,2 12647 185.7 120.8 3.20 3.00 3.00 3.0 13 1Y) 7 10
4,45 T24,.1 152.2 117.0 3.20 4.00 3.176 3.0 14 sex 7 10
4,95 319.4 147.2 111.7 3.20 3.60 3.00 3.0 18 wrx 7
4,23 319.0 47,2 111.7 3.20 3.580 3.00 3.0 21 e 7 10
2,55 3122.5 1%0.5 115.2 3.20 2.70 4,80 3.0 25 %% 7 10
2.53 312.9 16546 110,00 ° 3.20 .00 5.00 3.0 27 TS 7 io
3.93 26,2 19,0 124,.3 3.20 2.80 4,90 3.0 29 T 7 10
4,03 32€,5 1€7.8 12341 3.20 3.53 5.00 3.0 30 »un ) 10
4,17 327.5 156,7 121.8 3.20 3.20 5.00 3.0 11 ™ 7 10

17 .

10 .
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5.54
5.06
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Tss

Se91
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be28
Le5b
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$e97
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be21
6e31

T8

5.90
6440
6.27
6,55
6.65
6.75
.45
5.65
6.40
6.45
6.71
6.31
6.H9
5.81
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DTNL

470
34749
34147
34¥.5
348+6
3671
365.5
3561}
35641
3595
3671
3663

DTNL

312.7
31246
307.6
314.7
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313.3
329.5
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SCCl Collector Assemblies

SUMMAKY DATA UN ACCEPTABLE OPTIOwW>

bTLl

153.9
154.9
1441
153.2
15241
161.4
16245
147.2
147.2
15045
1590
187.8

5CC2 Collector Assemblies

Table II-6

0TLZ OURA
1214 SeUU
1225 SeQu
110e4 Se Ul
12063 SeGU
1191 Se00
12741} .20
. 12hBe 3620
1117 320
1117 3.20
1152 e 2y
1243 320
1231 3«20
Table II-7

EFIM

3.30
3,60
2.70
2470
2.80
3.30
3ol
Jeol
Jesd
2.70
2.80
3.00

SUMMARY DATA ON ACCEPTABLE OPTIONS

nTLl

153.9
154,9
tuu,l
163,2
152.1
191.1
161.4
162.5
158,3
165.7
152.2
147.2
l1a7,2
150.5
145.6
159.0
157.8
15647

BTL2

121.4
122.5
110.4
120.3
119.1
117.9

127.1

128.4
123.6
120.8
117.0
111.7
111.7
115.2
l1ic.0
124.3
123.1

121.8

DuraA

5.00
5. 00
5.00
5.00
5.00
5.00
3.20
3.20
I.20
3.20
3.20
3.20
3.20
3.20
3.20
3.20
"3.20
3.20

EFIM

3.30
3.60
2.70
2.70
2.30
3.00
3.30
3.60
2.50
3.00
4.00
3.60
3.8C
2.70
3.G0
2.80
3.00
3.20

WETH

4,00
4,420
4480
4460
4,90
4400
4420
3.00
300
4.80
490
500

WETH

4,00
4.20
4.80
4,80
4,90
5.00
4.00
4,20
3.00
3.00
3.00
3.00
3.00
4.80
$.00
4.90
5.00
5.00
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MAT
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TVTC

3,64
3,67
2.90
5.23
5.24
5.22
S.64
3.39
3,62
4.65
4,83
4,66
S50
4,84
5.06
1.06
3.98
5.21
4.00
4.00
S.24
5.06
5.4y

T%%

5.95
6.6

24
6,40
6.31
6.9
6,69
5.51
6.41
6.37
6.33
6.28
631
6.56
6.€6
S.47
5.97
5.93
634
6452
S.84
6621

6631

DTNL

349,%
35G.6
335.6
335,

342.1
Ju9,7
348.8
347.0
347.9
335.4
32643
34147
338.,2
349,.5
34R.6
367.1
36R.5
352.7
356.1
356.1
359.5
367.1
366.3

SCC3 Collector Assemblies

Table II-8

SUMMARY DATA ON ACCEPTABLE OPTIONS

nTLl

179.2
140.0
121.4
171.5
129.0
135.0
176.9
153,9
15449
136.6
125.3
164.,1
133.6
153,2
152,1
161.4
162.5
142.6
147.2
147.2
10,5
159.5
157.8

.DTL2

102.7
163.5

83.2

83.4

91.4
101.2
100.0
121.4
122.5%
102.4

90.2
110.4
105.5
12C.3
119,1
127.1
128.4
106.7
111.7
111.7
115.2
124,3
123.1

DURA

4.80
b.8Q0
4,80
4.80
4,80
4,80
4,80
5.00

5.00.

5.00
.00
5.00
S.00
5.00
5.00
3.20
3.20
3.20
3.20
3.20
3.20
3.20
3.20

EFIM

3.30
3.60
2.50
2.70
2.70
2.70
2.380
3.30
3.60
2.70
Z.C0
2.70
3.00
2.70
2.80
3.30
3.60
2.70
3.60
3.80
2.70
2.€0
3.00

WETH

4.00
4.20
4.C0
4,80
4.80
4.80
4.90
4.00
4.20
4.8G
5.00
4.80
£.00
4.80
4.90
4.00
4.20
4.80
3.00
3.03
4.80
4.90
5.00
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Table II-9
SCC4 Collector Assemblies
SUMMARY NATA ON ACTEPTABLE OPTIONS

TIin TWTC TeS DYNL [AREIDY prL2 DURA EFIM VETH MAT ocp 1ce AeS INS
3.5 3.C6 5.92 312.6 19,2 1n2.7 4.80 3.30 4,00 2.0 1 rEn 1 ic
X.5 l.C8 hoti2 313.9 140.0 102.5 4,80 3.60 4,23 2.0 2 bl 1 10
.0 2.67 6,22 321.0 121.4 B3.2 4,80 2.57 u,C0 2.0 7 LR L] 1 17
S.0 4,C0 6.39 xon.u 171.5 8.4 420 2.70 4,83 2.0 ¢ ET T 1 17
€. 4,01 6.720 355.9 179.C 9lat 4,80 2.72 %.20 2.0 25 whn 1 17
S.0 U RO 6423 102.7 12404 8h.5 4.80 2.00 6.0C2 2.3 ? EE L 1 17
3.5 4,6u 6.6 ° 312.8 128.0 101.2 4.80 2.70 4.80 2.0 28 nuE 1 10
2.5 5.06 _ 6066 312.0 176.9 1co.0 5,20 2.80 4,90 2.0 29 wnw 1 10
3.% 2.91 S,ep0 312.7 1€3.9 121.2 5.00 3.30 4,00 2.0 1 "ok 2 11
X.5 2.94 S0 31,6 1°4.9 122.5 5.00 3.60 4,20 2.0 2 LA 2 11
k.5 2.62 6.20 301.0 L 1%6.3 102.1 5.20 2.5C 4.00 2.0 7 xe % 2 17
4.5 .08 6436 301.9 136.6 102.0 5.120 2.70 4.80 2.0 9 EL R 2 17
X2 S.F1 6420 29%.5 175.3 gr.2 5.00 3.C02 5.00 2.0 1 PR 2 &
e,5 3496 .27 076 lhtg} 11044 5.00 2.70 4,80 2.0 25 A 2 17
4.5 4,84 6.320 32u,4 139.6 108,95 S.N0 z.00 5.00 2.0 27 nn 2 17
4.5 J.9n « 55 14,7 183.2 120,2 S5.00 2.70 4.R0 2.0 28 no & 2 17
4,5 4436 6.65 313.9 172.1 119.,1 5.00 Z2.80 4.0 2.0 29 =+ w*xam 2 17
9.5 4,74 6.75 313.% 181.1 117.9 S.00 3.00 5.00 2.3 10 Caeh 2 17
.5 X.Ch S.u45 329.5 161.4 127.t 3.20 3.30 4.00 2.0 1 L 3 10
.5 .08 5.%5 L 3I3n.9 162.5 1z8.u 3.20 3.60 4.20 2.0 2 o 3 10
3.5 .32 S.74 1.8 1e2,3 1C6.4 3.23 2.50 4,00 2.C 7 L2 3 10
1.5 4,65 5.°0 3.2 162,86 165.7 3.20 2.70 4.R0 2.0 9 naw 3 10
S.8 4,82 t. 26 307.1 170.6 9r.9 3.20 3.0 5.00 2.0 n L) 3 17
1.8 2.up 600G 32%.56 1%6.7 123.06 .20 2450 Z.02 2.0 12 s 3 10
X.5 3.78 t.ul 2647 1°6.7 120.8 1.20 3.00 Z.r0 2.0 13 “¥e 2 ic
3.8 b.13 6.71 326,1 19242 117.0 3.20 4,00 3.00 2.0 14 E2 Y] 3 1g
3.5 J.u2 6.31 319.4 147.2 111.7 T 3.20 3.60 3.00 2.0 18 LT 3 10
3.5 J.u2 & 49 319.4 14742 1117 z.20 . 3.80 3.N00 2.0 21 LR 3 10
2.8 4,66 5.81 227.5 150.5 115.2 2.20 2,70 8,80 2.0 25 an 3 1a
.S S.54 Se.94 31¢.9 145.6 110.0 3.20 3.0C 5.00 2.0 27 L2 3 13
.5 5.06 6.19 I29.2 1t9.0 S17a .2 2,20 2.80 H.%0 2.0 29 o % 3 10
X.5 SJtiy 5.2% 32¢8.5 1R7.8 123.1 3.20 3.00 5.00 2.0 22 LT 3 10
3.5 S.84 6,43 327.5 1%6.7 121.8 3.20 3.20 S5.00° 2.0 71 LR R 2 10
2.5 2.3 4,5¢ 291.5 1%0.8 Fh.b 2.50 2.30 4.00 2.2 1 EEEY [ 20
X.€ 2.%8 S.0¢e 292.2 13).4 Y742 250 3.60 4.20 2.0 2 > &k 4 22
3.5 2.70 5.53 P92.2 128.5 93,8 2.50 2.50 ° 3.00 2.0 12 nh % L] 23
3.5 2,63 S.61 290.° 126,32 9.4 2.5N 3.00 3.C2 2.0 13 % [ 11
4.5 J.u3 S.#5 288.,7 123.2 8.0 2.%0 4.co0 3.00 2.0 p n b 4 17
3,8 7.70 6,258 292.2 128,55 93.8 2.0 2.60 3.0C 2.0 15 LA 4 20
3.5 3.63 5.29 290.K8 126.3 1.4 2.50 3.50 3.29 2.0 16 e 4 11
3.5 X.27 S.u4 28u0.8 119.1 8.6 2.50 2.60 3.00 2.0 18 LR ] L] 11
3.5 3.27 f.62 284,17 119.1 PI.6 2.50 3.80 3.00 2.0 21 LE 4 11
4,8 3.96 4,95 287.4 121.8 86.5 2,50 2.70 4.R0 2.0 2% % 4 17
4.5 4,98 4.98 284,96 117.6 81.9 2.%0 2.00 .00 2.0 27 LA A4 4 17
3.5 3.04 S.22 293.5 120.2 9%.6 2.50 2.70 4.80Q 2.0 23 o8 4 20
X.8 4,36 5.32 292.8 129.1 Su .4 2.50 2.80 4.90 2.0 29 *xx 4 20
3.5 4.78 B.42 292.3 128.2 93.u 2.50 3.0C 5.C0 2.0 30 L L2 L 20
.5 S.69 R.56 201.85 127.1 62.7 2.5Q0 3.20 5.N0 2.0 21 LA 4 11
1.0 2.89 4,30 2R9.6 124.7 icz.e 3,00 3.2¢ &a00 2.0 1 L2 2] S i0
X.2 2.62 4,°p 290,2 125.3 2.8 r.rco X.50 u.29 2.0 2 BxH -1 10
3.5 Ceb2 4,70 28N.7 118.9 fu L6 r.n0 2.0 4,70 2.0 7 oy 5 29
.S 3.95% 4.B6 ?281,.1 119.1 84.¢ .00 2.7C 4.RC 2.C 9 L2 2] 5 s/
2.5 2.70 Ra.26 290,09 122.6 Q6.5 3.0C 2.50 3.00 2.0 1z % 5 20
3.8 3.c8 S.ty 224,85 13048 97.1 3.00 I.cn I.70 2.0 12 HEx 5 2C
2,8 J.u3 5.467 21740 177.4 9.8 3.00 v 00 .00 2.0 1u pud S 21
.5 2.7C &.08 2509 122.6 ©3,.5 Z.00 2.60 z.n0 2.0 15 e S 20
2.5 2.CR £a12 28°.5 17p.s 97.1 3.00 . N 1.22 2.0 16 AL 5 20
2.5 2.72 §.27 283.% 172.2 £9.2 3.00 3.0 3.N0 2.0 18 LAk S 23
.5 321 6.12 AN a2 6£3.7 r.cn 4,20 110 2.0 19 o E S 20
X.5 Q.72 S.t8& £87.5 103.2 £0.2 3.r0 3.87 3.0 2.C 21 LA 5 2C
3.5 3.0¢ .77 TEb. ] 106, “2aP 3.C0 2.10 4,20 2.0 ?5 e & 20
3.5 4,04 e, FO 2874 12L.¢8 87.7 X.00 J.00 “.0C 2.0 27 LA 5 20
3.5 X,94 f.0% 292,32 176,33 10,2 o Z.nn 2.70 U RT 2.0 28 L2 5 20
.8 4,6 5.15 201.b 1x3%.2 1C0. 1 .00 2.8C u,q0 2.0 29 Ll R 5 2C
X.8 L7k S.25 291.1 172.3 co, 1 2,00 3,00 S,Nr 2.7 kdo] nER 5 2C
.5 S 14 € 20 ~or 2 1171 2 Ceo vy M~ - e s PR - o - -

yoc



Table II-10
DCAL Collector Assemblies
SUMMARY DATA ON ACCEPTASLE OPTIONS

10 -

ASSY TIN THTC Tes NTNL oTLl DTLZ DURA EFIM WETH MAT ocp ICcr ABS INS
1 5.0 2.5C G447 392.9 161.2 11%.1 4.30 3.40 4.05 3.C 1 2 5 10
2 4.5 2.43 4.43 cC. 17e.€ 137.1 €.CC 3.4C 4.Ct 3.C 1 2 6 ic
3 4.5 3.93 4.C7 333.6 162.2 119.¢ 5.00 2.70 4.G7 3.0 1 9 ) 10
L] 4.5 3.82 4.28 JEC.6 162.2 113.6 £.CC 3.1C 4.2C 3.0 b3 e 6 1c
< 4.5 .02 4.07 32s.8 167.9 12%.4 $.00 2.70 4.C7 3.C 1 24 1 i
€ 4.5 4.CC 4.29 JESLE 167.3 128.4 £.CC 3.1C 4.2C 3.C 1 25 6 1C
7 4.5 4,28 4.22 3az.9 164.4 122.1 5.00 2.30 4412 3.0 1 26 & 10
8 4,5 .88 4.32 282.8 164.4 122.1 5.C0 3.2C 4,285 3.C 1 217 6 1c
3 8,8 3.98 4.57 331.4 175.7 132.7 §.00 3.12 4,22 3.0 1 28 6 10

ic 4.8 4.4C 4.€7 IsC.? 174.8 131.7 E.CC 3.13 4.22 3.C 1 2¢ 5 . ic
11 4.5 4.72 §.77 39T.4 174.3 13C.8 .00 3.20 4,23 3.0 1 3C 1 1c
12 4.5 .18 £.21 383.6 173.1 13C0.C £.00 3.27 §e2€ 3aC 1 31 6 ic
b 4e5 2.43 4.33 387.2 177.7 136.5 3.00 3.50 4.22 3.0 2 2 6 10
1% 4.5 §.C2 .87 377.5 161.2 118.9 5.CC 2.3C §.22 3.0 2 e 6 1C
1s 4.¢ 4.02 k.32 377.5 151.2 112.9 $.CO 3.30 4433 3.0 2 9 6 10
16 4.¢ 4.C3 4457 382.3 15¢.9 124.7 £.00 .243C 4.22 3l.C 2 24 6 1Cc
17 4.5 4.03 $.79 322.3 166.9 124.7 5.00 3435 4,35 3.0 2 25 6 10
18 4.5 G.S1 8,72 I75.8 1E3.4 121.4 £.CC 3.CC G.27 3.C 4 26 6 ic
13 4.5 4.91 §.22 372.8 16344 121.4 S.C0 3a42 4.40 3.0 2 27 3 10
2C 5.C 2.39 3.98 §1C.8 1€6.3 1428 .3.20 3. 4C 4.CS 3.0 1 2 1 11
21 S.0 4.16 J.63 337.6 167.2 123.0 .23 2.70 4.07 3.0 1 8 7 1C
22 €.0 .1 3.9% 387.5 16742 122G 3.2C 3.1C 4.2°0 3.0 1 S 7 1C
23 .0 4.17 3.53 402.3 173.9 122.0 3.20 2.70 4.07 3.0 1 24 7 i0
24 €.0C c hel7 J.E8 4C2.8 . 173.9 @ 129.C 3.2C 3.1 §.2C 3.C 1 25 7 ic
Z5 .07 €.03 3.73 4rnc.C 17C.0 12%.6 3.20 2.30 4.12 3.0 1 26 7

2% €.0 £.CE 3.8¢ 4CC.C 17C.C 125.6 3.2C J3.2C §a258 3.C 1 217 7 <
27 S.0 3.34 .11 £09.% 182.2 137.4% 3.20 3.1C 4427 3.0 1 28 7 11
28 €.C 4.286 4.21 4C2.5 l1e1.2 13E.4 20 3.13 4.22 3.C 1 2¢ 7 i1
23 4.5 2.4% 4.45 407.5 188.4 1%2.0 3.20G 3.50 4.272 3.C 2 2 7 1C
3C £.C 4.19 G.14 356.3 1GE.2 122.2 3.2 2.3C §.22 3.C 2 8 7 1c
31 .0 4.19 GabS 33443 16642 122.3 3.20 3.30 4435 3.0 2 9 7 10
32 £.C €.08 4.25 3956.7 182.C 124.9 3.20 3.6C 4.27 3.C 2 26 ? <
33 .3 .08 4.39 335.7 163.0 124.9 3.20 3.43 4.49 3.0 2 27 7 10
4 4.C L XS §.6C 4C6.C Iel.1 136.7 3.2C 2.3C §.3€ 3.C 2 28 7 6
3s S.0 4.33 .72 405.3 180.2 13%.6 3.29 3.33 4.37 3.0 2 29 7 11
2 .0 4.77 4,82 4C4.8 179.3 134.6 J.20 J.40 4ot 3.C 2 3C 7 11
37 .0 .17 4.9% 404.0 178.3 133.6 3.20 3a47 4460 3.0 2 31 7 11
za 4.8 S.ti7 4.87 . 4C7.8 1€L.C 1138.1 3.2C 2.5C 3.32 3.0 13 8 7 6
39 4.5 8.47 4,922 407.3 155.¢0 119.1 3.20 2430 3443 3.0 13 3 7 6
4C €.C §.8¢ 4.68 412.9 17C.5 128.2 3.2C 2.8C 3.32 3.C 13 24 7 1C
41 £.0 4%.29 4.28 412.9 270.8 125.1 3.20 2.93 3045 3.0 13 25 7 13
42 S.C €e24 4,89 41C.3 1EC .4 22C.6 3.2C 3.17 3.32 3.C 14 24 7 1C
43 $.0 2.95 .25 $11.7 172.7 127.6 3.20 5.580 3.330 3.0 18 2 7 10
44 £.0 4.51 4459 4iCed 168.6 121.8 3.20 3.3C 3.4E 3.0 18 28 7 <
45 €.0 §.02 4.39 421.5% 17C.2 128.2 «20 3.20 4,80 3.0 27 2 7 10
46 £.C 4.6C 4.74% $2441 187.2 142.5 3.2C 3.C17 472 3.0 29 2 7 1
&7 5.0 4.98 Qe 36 423.8 135.9 1413 3.20 3.20 480 3.0 30 2 B 4 10
48 5.0 $.38 4.98 422.6 184.4 13S.7 3.20 333 4.8C 3.0 31 2 7 1C.
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Table II~11 '
DCA2 Collector Assemblies .
SUMMARY DATA ON ACCEPTABLE OPTIONS

e s 9 &% * ¢ s 3 Y e &

BOWMAAAANN AU AN AR AMA VN D AN A

tl?.b"ttt.ﬂiﬂtbztkﬂmtbb:tl:rtt:&':Bl?t:l::D#E#

A AU SN A N nn N T D Aan

(I I IR N TR T UG T S N T A O R e
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TvTC T%S DINL nTLl oTL2 DUFA EFIM WETH MAT ocep Ice ASS
2.43 4,43 352.6 16142 115.1 4.80 3.40 4.05 3.0 1 2 S
2424 4,41 353.0 17846 137.1 5.C0 3.40 4.05 3.0 1 2 6
3.99 4.07 343.8 1¢2.2 119.6 $.00 2.70 4.07 3.0 1 8 6
3.99 4,28 343.8 162.2 - 119.6 5.00 3.10 4,20 3.0 1 9 6
2.76 4.79 344,8 1€4.1 121.1 5.CO0 I.40 3.75 3.0 1 18 6
2.76 4,57 3uu,8 154,1 1211 5.00 3.47 3.75 3.0 1 21 [
4.00 4.07 Zuh, ] 167.9 125.4 5.00 2.70 4.07 3.0 1 24 ' 6
4.C0 4.29 T48,.1 167.9 PAIE 5. 00 3.0 4,20 3.0 1 25 [
4.8¢ 4,22 345.9 1644 122.1 5.00 2.80 .12 3.0 1 26 6
4.£8 He32 3645.9 164..4 122.1 5.00 3.29 4.25 3.0 1 27 6
Z.80 4,55 357%.3 175.7 132.7 S.C0 3.10 4,20 3.0 i 28 [}
4.40 4.67 352.7 174 ,8 121.7 S.C0 3.13 4,22 3.0 1 29 6
b,78 u,77 352.4 174.0 13C.8 $.00 3.20 4.25 3.0 1 30 6
5.18 4.51 351.8 1721 130.0 5.00 3.27 4.25 3.0 ) 31 6
2.27 b,91 TEN.1 177.7 136.5 5.00 3.60 4.20 3.0 2 [
u,C2 4,57 Tul.Q 16102 118.,9 S.00 2.90 §.22 3.0 2 6
L.02 L.k8 IhE.9 161.2 118.9 5.C0 3.30 4,35 3.0 2 6
L,02 4,87 I45.1 166.9 124.7 5.00 2.90 4,22 3.0 2 6
4.C3 479 I48,1 16649 24,7 5.00 3.30 4,35 3.0 2 6
4.91 4.72 242.9 163.4 121.4 5.00 3.00 4.27 3.0 4 6
h.91 v,p2 I42.9 163.4 12144 5.00 3.40 4.40 3.0 2 6
4.91 4,82 356.3 14,1 121.0 5.00 3.20 4.R0 3.0 7 6
z.43 3.96 369.R 1643 142.5 3.2C 3.40 4.05 3.0 1 7
3.95 3.€1 357.6 1€7.2 123.0 «20 2.70 4.07 3.0 1 7
2.95 3.92 35746 167.2 123.0 3.20 3.10 4.20 3.0 1 7
2476 4,22 25R.8 169.9 120.6 .20 3.40 3.75% 3.0 1 7
1276 .70 258,58 169.9 124.6 3.70 3.47 3.75 3.0 1 7
4.73 3.60 36242 173.9 129.0 3.20 -2.70 4.07 3.0 1 7
s.Ccn 3.82 362.2 173.9 129.0 3.20 3.10 4.20 3.0 1 T
b,y 3.77 359.7 T170.0 125.6 3.20 2.80 4,12 3.0 1 7
4.°P8 3.86 359.7 170.0 125.6 3.20 3.20 4.25 3.0 1 7
3.9° H410 267.9 1r2.2 127.4 3.20 3.10 4.20 3.0 1 T
Houfy U,a20 167.2 181.2 1Zhat 3.20 3.1% 4,22 3.0 1 7
4,78 4,39 J06.8 10,3 125.4 3.20 3420 4.25 3.0 1 7
S.13 4,44 T6é.1 179.3 134.3 3.20 3.27 4,25 3.0 1 7
2el6 4,46 36¢€.8 185.4 142.0 3.20 3.69 4.20 3.0 2 7
4,02 4,10 54,5 1é6.2 122.3 <20 2.90 4,22 3.0 2 7
4,02 b,h1 354,55 166.2 122.3 3.20 3.30 4,35 3.0 F4 7
2,79 4.82 75%.7 148.8 123.8 3.20 3.60 3.90 3.0 2 7
2.79 S.00 T98,.7 1h8.86 123.8 3.20 3.67 3.90 3.0 2 7
4.73 4,10 359.1 172.9 128.3 3.29 2.90 4.22 3.0 2 7
6,03 U, 359,.1 172.9 128.3 3.20 3.30 4435 3.0 2 T
4.91 4,25 3846 19,0 124.9 3.20 3.Cn 4,27 3.0 2 7
4,91 u.rs I56.6 169.0 120.9 3.26 3.u40 4,40 3.0 2 7
4,21 Ll.eC 36445 1411 126.7 3.20 3.3C 4,35 3.0 2 7
b,u3 4,70 364,11 180.2 135.6 3.20 3.33 4,37 3.0 4 7
Y. 81 LI 3] 363.7 179.3 134.¢€ 3.20 T.40 4.40 3.0 2 7
5.21 L.9Yy 22,0 178.3 133.6 3.20 3.47 4.40 3.0 2 7
hefH Lebb T66.9 155,30 119.1 3.20 Z.50 T.32 3.0 7
4,728 4,97 36649 165.0 119.1 3.20 2.90 3.u45 3.0 7
6,729 b, 66 I71.4 170.5 12541 3.20 2450 3.32 3.0 7
haP§ he®d T71.4 175.5 12541 3.20 2,90 3ou5 3.0 7
Sa77 heR2 T0S. 0 16743 121.7 3.240 2.6C 3.37 3.0 7
S.77 4,91 369.0 1~T7.3 121.7 3.20 3.00 3.50 3.0 7
Sel4 HeP9 36%.1 1f6.4 120.6 3.20 3.17 3.32 3.0 7
2.96 4,26 370.7 172.7 127.6 3.20 3.60 3.30 3.0 7
€.CR 4.29 370.5 170.2 12%.2 3.20 3.20 4.R0 3.0 7
.08 baFg 381.2 12%.9 141.3 3.20 3.20 4.80 3.0 7
5.7% 4,94 3807 15444 139.7 3.20 3.33 4.R0 3.0 7

11
10
10
10
10

t1a

10
10
10
11
1r
10
10
10
10
11
11
10
10
10
10
10
10
10
10
10
10
10
10
ig
10
10
10
10
10
10
io
10
10
10
10
10
10
10
10

90¢



Table II-12
DCA3 Collector Assemblies
SUMMARY DATA ON ACCEPTABLE OPTIONS

ASSY TIN TNTC T¢S DTNL nTLl oTL2 DURA EFIM™ WETH MAT - OCP Ice ABS INS
H €0 2.6C 4,07 392.9 161.2 11%.1 4.80 3.40 4,085 3.0 1 2 S 10
2 S.C L.16é 4.17 38140 164.7 97.9 4,20 2.70 4,07 3.0 1 8 S 10
I SeC b.16 U.n] 3€1.0 14,7 97.6 4,860 .10 .4.20 3.0 i 9 S 10
4. 4,5 5.57 4,27 374.8 127.6 89.3 4.80 2,80 4412 3.0 1 10 5 -]
5 4.5 557 4,26 374.8 137.6 89,3 4.80 3.20 4.25 3.0 1 11 1 6
[ C.n 4.17 - 4,10 I8%.4 189,7 162.9 4,80 2.70 4,07 3.0 1 24 5 10
7 ST 6,17 4,32 385,.4 149.7 102.9 4,80 3.10 4.20 3.0 1 25 5 10
3 £ 5.0'6 4,26 383, 0 146.6 9% .8 4.80 2.80 4.12 3.0 1 26 5 10
9 S.0 5S.C5 4,35 337%.0 186.6 96 .R 4.80 3.20 4.25 3.0 1 27 S 10

10 .0 4,15 .. 4,60 Ien.é 1%56.9 109.1 4,R0 3.10 4,20 3.0 1 28 ) 10
11 sC 4.7 4.7G 390.0 1F6.0 10f. 4 k.80 3.13 4,22 3.0 1 29 5 10
12 5.C 4,95 L.F0 356.6 15,2 107.7 L.ED 3.20 4425 3.0 1 30 S 10
13 5.7 S.35 4.5 389.0 154 .4 107.90 4.k9 3.27 4.25 3.0 1 31 5 10
14 S.C v, 4.61 377.5 1u3.3 9F.6 4,R0 2.90 4.22 3.0 2 8 5 10
15 5.0 4.19 4,92 377.5 143.3 96 .6 4.80 3.30 4435 3.0 2 9 S 1o
16 4.5 Se€D G.77 371.3 1%6.4 B2 .Y k.80 3.00 4,27 3.0 2 10 5 6
17 4.5 S.60 4.87 371.3 176.4 B2. 4 4,80 . 3.40 h.40 3.0 2 11 S 6
18 S.C 4.20 4,61 3g81.8 l148.3 161.9 4.80 2.50 4,22 3.0 2 24 5 10
19 S.0 4,23 4,83 I81.9 148.3 101.9 4,80 3.30 4,35 3.0 2 25 5 10
c S.C S.NA 4,76 379.5 145,3 GR.9 4,80 3.00 4.27 3.0 2 26 5 10
ra .0 5.8 4,26 379.5 1u5.3 G8.9 4,80 3.40 4.40 3.0 2 27 S 10
22 4,5 5.66 4,27 394,5 146.3 98.2 4.80 3.20 4.80 3.0 27 2 5 6
23 4.¢ 2.43 4,43 390.3 17846 137.1 5. 00 3.40 4.08 3.0 1 2 [ 10
24 4,5 3.99 4,C7 33N, 6 162.2 119.6 5.00 2.70 4.07 3.0 1 8 6 10
2% 4.5 J.%9 25 Inn. 6 162.2 119.6 5.00 3.10 4.20 3.0 1 9 6 10
26 4,5 4,00 4,C7 38545 167.9 125.4 S.00 2.70 4.07 3.0 1 24 6 10
27 4.5 4.C00 4.29 385.5 167.9 125.4 S5.C0 3.10 4.20 3.0 1 25 6 10
23 u,5 4.88 4.22 3e2.9 165 .4 122.1 S.00 2.80 4.12 3.0 1 26 6 10
29 4,s G,88 4,72 I82.9 l1é4.4 122.1 5.00 3.20 4,25 3.0 1 217 6 10
i b.F 3.98 4,57 3I91.4 175.7 132.7 S.00 3.10 b.?0 3.0 1 28 6 10
31 4.% 4,up 4,587 “390.7 174,.8 131.7 S.00 3.13 6,22 3.0 -1 29 6 10
32 4.5 .78 4.77 397.4 174.0 130.8 5.00 3.20 4.25 3.0 1 30 6 10
23 §.% $.18 4.91 38G.6 173.1 130.0 S.00 3.27 4.25 3.0 1 31 [ 10
3y 4,5 2.46 4,93 387.2 177.7 136,5 .00 3.60 4.20 3.0 2 2 6 10
3% 4,5 4.0 4,57 377.5 161.2 110.9 S.00 2.90 4,22 3.0 2 8 6 10
36 4.5 4.C2 4,88 377.5 161.2 118.9 $.00 3.30 4,35 3.0 P4 9 6 10
37 o 4,81 4.74 370.7 153.5 lic.? 5.00 3.00 4427 3.0 2 10 -3 11
32 560 4,71 4.cu 370.7 £3.5 Y10.2 5.G0 3.40 4,40 © 3.0 2 11 6 11
39 u,s 4,03 4.57 382.3 166.9 124.7 5.00 2.90 4422 3.0 2 24 6 Jo
&C 4.5 4,03 4,79 382,32 166.9 124.7 5.00 3.30 b435 3.0 2 25 6 10
41 4.5 4,91 4.72 37%9.8 163.4 121.4 .00 3.00 4.27 3.0 2 26 6 lo
42 4.5 4.91 4,82 379.8 163.4 121.4 5.00 3440 4.40 3.0 2 27 6 10
43 Se0 5402 4.86 I77.6 ldo.b 101.3 5.00 3.20 4.R0 3.0 11 2 6 10
44 Sef 4.52 4.96 382.3 151.2 105.2 5.00 2490 3.32 3.0 18 8 6 10
45 Se 4,53 4.96 386.9 156.3 111.6 S.N0 290 3.32 3.0 18 24 6 10
46 Se0t 2.39 2.98 41C.8 186.3 l42.5 . 3.20 3.40 4.05 3.0 1 2 7 11
47 5.0 4.16 3.63 397.6 167.2 123.2 3.20 2.70 4.07 3.0 1 8 7 10
48 Se0 §.16 3.94 397.6 167.2 123.0 3.20 3.10 4.20 3.0 1 9 7 10
49 5.0 4499 3.79 390.1 158.9 113.8 3.20 2480 4.12 3.0 1 10 ? 10

Loc
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Table II-12 (Continued)

DCA3 Collector Assemblies
SUMMARY DATA ON ACCEPTABLE OPTIONS

TWTC TS DTNL nTLl DTL2 OURA EFIM WETH MAT oce ice ABS INS
5,99 z.88 390.1 158,9 113.8 3.20 3.20 4.25 3.0° 1 11 ' 7 ~ 10
4.17 T.63 402.9 173.¢  12°.0 3.20 2.70 4.07 3.0 1 24 T . 10
4.17 3.5 402.9 173.9 129.0 3.20 3.10 4,20 3.0 1 25 7 10
5.25 3.79 40C.n 175.0 125.6 = 3.20 2.80 4.12 3.0 1 26 7 10
5.05 3.88 40D.0 170.0 . 125.6 3.20 3e20 4,25 3.0 1 27 7 10
3.94 .11 4Z%.4 1R2.2 137.4 3.20 3.10 4420 3.0 1 28 7 11
8,36 4,21 4CR.6 1f1.2 136.4 3.20 3.13 4.22 3.0 1 29 7T .11
2.46 G.4¢ 407.5 18544 o 142.0 3.20 3.60 4,20 3.0 2 2 7 10
4.19 4.14 IG54.3 166.2 122.3 3.20 290 4,22 3.0 2 8 7 10
4.19 §.45 I94,3 166,2 122.3 3.20 3.30 4,35 3.0 2 9 7 10
S.02 4.29 JE6.8 157.9 113.1 3.20 3.00 4.27 3.0 2 10 T 10
.02 4,39 336.8 167.9 113.1 x,20 3.40 4.40 3.0 2 11 7 10
5.58 4.29 396.7 149.0 120,9 3.20 3.00 4,27 3.0 2 26 7 10
S.08 4,39 396.7 169.0 -124.9 Z.20 3.40 4.40 3.0 2 27 7 10
4.51 4.60 406.0 irl.l 126.7, 3.20 3.30 4,35 3.0 2 28 7 6
4,39 4.72 40%.3 180.2 135.5 3.20 3.33 4,37 3.0 2 29 1 11
4.77 4,22 4Ch.8 179.3 134.6 3.20 3.40 4,40 3.0 2 30 7 11
5.17 4.96 404.0 178.3 133.6 3.20 3.47 4.40 3.0 2 31 7 11
5.60 4.40 39642 151.6 104.7 3.20 3.20 u.20 3.0 11 2 7 6
S.u7 4.67 4c7.8 145.0 119.1 3.20 2450 3.32 3.0 13 8 7 6
. Seu47 4.c8 4c7,.A 1450 119.1 3.20 2.90 3.45 3.0 13 9 7 3
5.%9 4,86 4005 1%6.9 1i0.0 3.20 2.60 3.37 3.0 13 10 7 ic
S.28 8,95 437.5 156.9 110.0 3.20 3.00 3.50 3.0 13 11 7 10
L,A9 4.66 412.9 170.5 125.1 3.290 2.50 3.32 3.0 13 24 7 10
4,89 4.88 412.9 170.5 125.1 3.20 2490 3.45 3.0 13 25 7 10
‘.40 4,93 4nsg.2 1#1.0 1iu.6 3.20 3.17 3.32 3.0 14 8 7 10
.24 4,89 4172.3 166.4 120.5 3.20 3.17 3.32 3.0 14 24 7 10
2.90 4.006 611.7 172.7 127.6 3.20 3.60 3.10 3.0 18 2 7 10
c.11 4,50 199.2 1546 1cP.7 3.28 2.90 3.32 3.0 18 8 7 6
S.11 4.R1 390,2 15,6 1087 3.20 3.30 3.45 3.0 18 9 T 6
£.32 4,69 39241 147.6 99.4 3.720 3.06 3.27 3.0 18 10 7 10
5.52 4,75 392.1 1876 99.4 3.20 3.40 3.50 3.0 18 11 7 10
4,53 holg ufjt, 2 lel.n 114.7 3.20 2.90 3.32 3.0 18 24 7 10
4,32 4.71 40442 161,30 114.7 3.20 3.30 3.45 3.0 18 25 7 10
6.00 .66 401.5 157.9 111.2 3.20 3.00 3.37 3.0 18 26 7 6
6.00 0,75 4C1.5 157.9 111.2 3.20 3.40 3.50 3.0 18 27 7 [
4.51 4.99 410.4 168.6 121.9 2.20 3.30 .45 3.0 is 28 7 10
S5e11 4.63 369.2 1€5.6 10e.7 5.20 3.03 3.32 3.0 21 8 7 6
S.11 4.¢9 Ine,2 155.6 1CR.7 3.20 J.43 3e45 3.0 21 9 7 [}
5.82 bae? 392.1 147.06 99 .4 3.20 3.13 3.37 3.0 21 10 7 10
5.52 456 392.1 147.6 99,4 3.20 3.53 .50 3.0 21 11 7 10
4.53 b.67 apu,2 161.0 114,.,7 . 3.20 3.03 3.32 3.0 21 24 7 10
4.53 4,89 4042 161.0 114,.7 3.20 3.43 3.45 3.0 21 25 7 10
6.00 4.84 4:1.5 157.9 1il1.2 X.20 | 3.13 3.37 3.0 21 26 T. 6
6.00 4.92 401.5 187.9 111.2 Z.20 3,53 3.50 3.0 21 27 7 6
e(8 4,29 411.5 170.2 125.2 2.20 3.20 4.80 3.0 27 2 7 10
4469 4,74 424.l 1R7.2 14246 3.20 3.07 4.72 3.0 29 2 7 10
4,98 b B4 423.9 185.9 14143 3.20 3.20 4.80 3.0 30 2 7 10
5.38 4.58 42246 1844t 139.7 3.20 3.33 4.80 3.0 31 2 7 10

80¢C
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Table II-13
DCA4 Collector Assemblies
SUMMARY NDATA On ACCEPTABLE OPTIONS

TWTC TS% DTNL nTILL oTL? DURA EFIM WETH MAT ocp icep ABS INS
1.39 2.46 25%.5 17647 99,1 4,50 3.40 4.05 3.0 1 2 . 17
3.u9 2.13 267.2 175.8 2.7 4.50 2.70 4,07 3.0 H 8 4 10
3,49 Ty Pe242 175.8 92.7 4.50 3.10 4.24a 3.0 1 9 4 10
L,32 2.28 25%.7 171.5 7.5 4,50 2.80 4,12 3.0 1 10 4 10
4,32 2.38 257,17 121.5 €76 4.50 3.20 4,25 3.0 1 11 4 10
2.51 2.¢3 761.8 175.7 97,6 4.50 3.40 3.75 3.0 1 18 y 6
2.65 7.70 261.0 123.9 or. 4 4.50 3.60 3.77 3.0 1 19 4 10
2.51 .0t 761.8 175.7 $2.6 4,50 3.47 3.75 3.0 1 21 4 6
7,99 2.13 2644 i79.0 9643 4,50 2.70 4,07 3.0 1 24 Yy 10
3.50 2.3% 26h,4 129.1 9643 4,50 3,10 4.20 3.0 1 25 y 10
4,38 2.28 263.9 177.% S4,5 4,50 2.80 4,12 3.0 1 26 8 10
4,79 2.33 ?6%.0 127.5 U 4.50 3.20 4,25 3.0 1 21 ] 10
2.F3 2.61 267.2 172.8 16,6 4,53 3,10 4,20 3.0 1 28 4 20
7.1 2,71 26649 132.4 10C.1 4.53 3.13 4,22 3.0 1 29 4 20
u,63 2.51 26743 172.4 100.0 . 4.50 3.20 4,25 3.0 1 30 4 B 3
4,63 2.%9 207.0 1319 99.5 4.50 3.27 4.25 3.0 1 31 4 6
1,79 2.95 2572.9 127.8 92.4 4,50 3.60 4,20 3.0 2 2 - 4 10
3.52 2.63 259.7 174.9 9241 4,50 2.90 4.22 3.0 2 8 ] 10
2.2 2.64 259.7 124.9 92.1 4.50 3.30 4,35 3.0 2 9 § 10
4,75 2.78 27,2 170.6 87.17 4.50 3.00 4,27 3.0 2 10 ] 10

.75 2.¢5 257.2 17046 £7.0 4.50 3.40 ] 3.0 2 11 4 10
.54 3,24 750,3 174 .8 2.0 .  4.50 3.60 3.90 3.0 2 18 g 6
2.54 .62 259.3 174.8 G2.0 4.50 3.67 3.90 3.0 2 21 4 [
3.78 2.62 267.0 1°8.1 5.7 .50 2.90 4,22 3.0 2 24 4 6
3,74 2.F4 267,7 17841 $5.7 4,50 3.30 4,35 3.0 2 2s 4 6
u.b 7,78 61.4 176.7 9%.9 4,50 3.00 4,27 3.0 2 26 9 10
b,y 2.8 ?261.4 176,17 02,7 4.5G 3.4 4,40 3.0 2 27 4 10
2.91 3.12 264,7 172.0 100, L 4.50 3.30 4,35 3.0 2 28 4 20
3,33 .22 LTI 171.5 $9.6 4,50 3.33 4,37 3.0 2 29 4 20
.71 .32 26u.8 171.5 99.4 4.52 3.40 4,40 3.0 ? 30 4 20
4,11 .46 264.5 171.1 9R.9 4.50 3.47 4,40 3.0 2 31 4 20
?.93 7.61 26%.3 173.5 97.4 4.50 3.20 1.30 3.0 13 2 4 6
b5y 1,34 269,90 171.0 25,5 4,59 2.6C 3,37 3.0 13 10 4 17
4,51 .44 260.9 171.0 6545 4,50 3.00 z.50 3.0 13 11 q 17
3.25 .74 264.2 175.9 ou.h 4,50 3.87 3.30 3.0 14 2 y 6
4,03 3okl 270.0 172.3 87.7% - 4,50 3.17 3.12 3.0 14 8 4 20
4.03 .72 217.0 172.3 27.3 4.50 3.57 3.45 3.0 14 9 4 20
2.F3 4,13 269,73 ir2.1 £7.1 4,.5¢ 3.87 .00 3.0 14 18 4 20
4,1 4,02 76R.9 1721.0 £5.5 4,50 2.93 3.52 3.0 16 10 4 17
4,e1 4,12 TH3.0 171.0 ES R 4,50 3.33 3465 3.0 16 1l 4 17
4,03 4,07 270.0 172.3 67.3 4.50 3.23 3,55 3.0 17 8 4 20
7ot 3.34 260.2 121.9 89.9 U450 3.60 3.30 3.0 18 2 4 6
2,33 3.C1 260,2 1714 8643 4,50 2.90 1,32 3.0 18 24 4 20
2,33 .23 262,72 1214 K63 4.59 3,30 7,45 3.0 18 25 4 20
?.54 7,62 260.2 1°1.9 89.9 4.0 3.73 3.3G 3.0 21 2 q 3
3.733 1.19 20,2 173.4 6,2 4.5G 3.03 2,12 3.0 21 26 q 20
.33 St} 26%.? 17144 E6L T 4.50 .43 .45 3.0 21 2s 4 20
4,41 2.0A 260,48 1°0.7 ERLS HeS0 3.20 S 4,80 3.0 27 2 Yy 10
4,18 .02 267.0 131.2 Lut. 4 4.50 .07 4,72 3.0 29 2 4 6
4,56 377 2672 130.5 99.6 4.50 3.20 4,30 3.0 30 2 L} 6
4,96 3.l6 26h.5 179.6 YIS 4,50 3.33 4.R0 3.0 3l 2 4 6
2.43 4,43 352.6 161,2 11,1 4,40 3.40 4,05 3.0 1 2 5 10
4,99 4426 136.3 117.6 £9.7% 4.20 2.80 4.12 3.0 1 10 5 10
4,99 4,38 33643 177.6 89,3 4,80 3,20 4,25 3.0 1 11 3 10
2.76 4,79 342,2 146.0 9348 4,80 3440 3.7% 3.0 1 18 [ 10
2.76 4,97 3642,2 146,0 98.8 4.80 3.47 1.75 3.0 1 21 s ., 10
3.96 4.08 34542 luy.7 102.9 4430 2.70 4,07 3.0 1 24 L 11

602



Table II-13 (Continued)
DCA4 Collector Assemblies
SUMMARY DATA ON ACCEPTABLE OPTIONS

ASSY TINM TwTC £33 DTNL oTL1 oTL2 DURA EFIM  WETH MAT ocep _1cp ABS INS
58 e.n 3,96 4,29 08,2 149,7 162.9 4.R0 3,10 4,20 3.0° Yy TS TR 11
59 u,c 7.98 4,57 30,8 156.9 169.1 4,80 3.10 4,20 3.0 1 28 5 10
£ u,s Lol 4,67 340,3 156.0 108.4 4.8C 3.13 4,22 3.0 1 29 S 10 -
61 6.5 4,78 4,77 349.0 155.2 107.7 4,80 3.20 4,25 3.0 1 30 S 10
62 4,x t.14 4,01 48,5 154.,4 167.0 4,80 3.27 4,25 3.0 1 31 s 10
67 4,5 Z.ub 4,93 49,5 160.0 116.2 4.80 3.60 4,20 3.0 2 2 s 10
64 €0 €02 4,78 1213,n 176.5 BR . 4 4,83 3.00 4,27 3.0 2 10 5 1c
ec c.n c,np 4,66 32,0 1%6.5 a8.4 4,80 340 4,40 3.0 2 11 5 10
e6 4,s 4,n3 4,57 42,0 1h8.3 101.9 4,60 2.90 4.22 3.0 2 24 5 10
67 u,c 4,02 4. 79 342.0 1u8.3 161.9 4.20 3.30 4,35 3.0 2 25 3 1G
€8 f.C 4.27 % I 340,.0 145.3 95.9 4,80 3.00 5,27 3.0 2 26 5 11
& Ly 4,07 4,84 Ine,.n 145,3 9R,9 4.80 3.40 4,40 3.0 2 27 S 11
73 €,T .53 4,94 Ig7.6 1%3.3 £F .9 4,80 2.90 3,32 3.0 18 24 s 10
71 S.r 5,08 4,56 354,72 16,3 9e.2 . 4.80 3.20 4,86 3.0 27 2 s 10
72 4.c 2.4 4.k 53,0 17346 137.1 5.00 3.40 4,05 3.0 1 2 6 11
73 4,5 31.99 4.07 43,8 1£2.2 115.6 5.00 2.70 4,07 3.0 1 8 Y 10
74 4,c 3.99 4,38 243,58 162.2 ° 119.6 5.00 3.10 4.20 3.0 1 9 6 10
75 a,r 4,02 4,22 337.8 14,5 110.9 5.00 2.80 u.12 3.0 1 10 6 10
16 4,€ u,p2 4,32 337.9 154.,5 110.9 5.00 3.29 4,25 3.0 1 11 6 10
77 4,5 2.76 4,79 44,8 164.1 121.1 500 3.40 3.75 3.0 1 18 6 10
78 4.5 .76 4,07 354,88 . 16eu.l 12141 5.00 3.47 3,75 3.0 1 21 6 10
79 4,5 tonn 4,07 4o, 147.9 12%.4 £.0n 2.70 4,07 3.0 1 24 6 10
er §,.° u,nn 6,29 40,1 167.9 125.4 5.00 3.10 4.20 3.0 1 25 6 10
g1 4,5 4,op 4,22 e, 9 154.4 12241 S.N0 2.80 4,12 3.0 1 26 6 10
22 u,s 4,98 4,32 45,9 164,84 122.1 5. 00 3.20 4,25 3.0 1 27 6 10
33 6,5 3.80 4,85 353.3 175.,7 132.7 5.00 3.10 4,20 3.0 1 28 6 11
&4 u,c 4,80 4,67 352.7 174.8 131.7 5.0G0 3.13 4,22 3.0 1 29 6 10
RS 4,c 4,71 4,77 3524 174.0 13C.8 5.00 3.20 4,25 3.0 1 10 6 10
EF 4, f.1% 4,41 X51.9° 173.1 13p,0 5.00 3.27 4.25 3.0 1 51 & 10
t7 u,y 2.27 4,91 2650, 177.7 126.5 5, n0 3.60 4,20 3.0 2 2 6 11
52 4, 4.re 4,57 340,09 161.2 110.9 5.00 2.90 4,22 3.0 2 8 [ 10
£5 4,5 “,c2 4,2a YN, 9 161.2 11a,9 5.90 3.30 4,35 3.0 2 9 6 10
R 4,c H.es 4,72 34,8 153.5 110,2 5.00 3,00 . 4.27 3.0 2 10 6 10
91 4,c U, R 4,82 34,0 "1%3.5 1°0.2 5,00 3.40 [('h 3.0 2 11 6 10
52 4.5 u,r3 4,57 45,1 166.,9 126.7 5.00 2.90 4,22 3.0 2 24 6 10
97 4,c 4,03 4.79 48, 166.9 124.7 5.00 3.30 4,15 3.0 2 25 6 10
s a,5 4,51 4,72 347.9 163.4 121.4 5.03 3.00 4,27 3.0 2 26 6 10
98 L.s 4,61 4,82 42,0 163.4 121.4 5.00 .40 4,40 3.0 2 27 6 10
G 4,5 .55 U,22 T41.5 tue .4 1Gl.3 S. N0 2N 4,80 3.0 11 2 6 10
97 4.5 4,37 4,93 40,7 15643 111.6 5.00 2.90 7,32 3.0 18 24 6 10
63 Yeh 4,91 6,r2 754, Y 1641 121.0 5.00 3.20 4,80 3.0 27 .2 6 10
99 4.5 .43 31.66 369,8 19643 ' 142,95 3.20 3.40 T 3.0 1 2 7 10
13 £, 3.95 3.61 357.6 17,2 123.0 3.20 2.70 4.07 3.0 1 8 7 11
101 5.7 2,95 3.92 77,6 167.2 122,0 3.20 3.10 4,20 3.0 1 9 7 11

H 5,0 4,99 3.79 351.0 18,9 112.8 3,20 2.80 4,12 3.0 1 10 7 10
1¢32 " 4,99 T.F8 I51.7% 158,9 112.8 3,20 3.20 4.25 3.0 1 11 7 10
14 4.5 ?.76 4,72 50,8 169.9 124.6 3.20 3.40 3.75 3.9 1 18 7 10
1ze u,c .76 4,85 I5R,.R 169.9 126.6 3.20 3.47 1.75 3.0 1 21 7 10
124 4, u,n" 6D TP, 172.9 129.0 3.20 2.71 4.0n7 3.0 1 24 7 1o
127 4, 4,70 3,67 362.2 173.9 129.0 3,20 3.10 4.20 3.0 1 25 7 10
123 £.r L, Py 3.77 59,7 170.0 125, .20 2.80 4,12 3.0 1 26 ? 11
109 5.7 - 1.E6 59,7 170.0 125.6 3,20 3.20 4,25 3.0 1 27 7 11
10 4,5 3.08 4,10 367.9 1°2.2 137.4 3.20 3.10 4,20 3.0 1 28 7 10
111 4.3 4,n0 4,20 167.2 1P1.2 13644 3.20 3.13 4,22 3.0 1 29 7 10
11? 4.8 4,72 4,320 36648 1R0.3 13,4 3,20 3.20 4,25 3.0 1 30 7 10
117 4.5 3.18 444 66,1 179.3 134.3 3.20 3.27 4.25 3.0 1 31 7 10
114 t,5 Zohe Wb o644 185,y 142.0 2,20 3.65 4,20 3.0 2 2 7 10
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Table II-13 (Continued)
DCA4 Collector Assemblies
SUMMARY DATA OM ACCEPTABLE OPTIONS

ASSY TIN TWTC Ts$ DTNL DIL1 DTL2 DURA EFIM WETH MAT oce icp ABS INS
113 4.5 4,n2 4,1n Tu,5 T 166.2 122,377 3.26 2.95 0,22 3.0 2 8 7 10
116 .S 4,52 L.61 34,5 1hea2 122.3 3.720 3.30 u, 15 3.0 2 9 7 10
117 4.5 2.79 4,52 356,7 16546 123.8 3.20 3.60 1.90 3.0 2 18 7 10
112 45 2.79 5.70 55,7 168.8 123.¢ 3,20 3.67 3.90 3.0 2 21 7 10
1]3 u,s 4,r3 n.10 3189, 1 172.9 127 .3 3.20 2.90 4,72 3.0 2 24 7 10
120 6.5 W03 4,32 50,1 172.9 126,3 3.20 3.30 4,35 3.0 2 28 7 10
121 4.5 4,91 4,75 56,6 169.0 124,9 3.20 3.00 4,27 3.0 2 26 7 10
122 4,¢ 4,91 4,3 5646 169,10 124.,9 3.20 3.40 4,40 3.0 2 27 7 10
127 4,5 4,1 4,60 36048 11,1 136.7 3.20 3.30 4,35 3.0 2 28 7 10
124 4,5 4,063 na70 36u,} 170.2 135.8 1.20 3.33 4,37 3.0 2 29 7 10
125 4,8 4.p1 4,40 147,7 179.3 18,6 3.20 1,40 4.40 3.0 2 30 7 10
124 6,5 5,21 4.%0 67,0 173.3 133.6 2.20 3.47 4,45 3.0 2 31 7 10
127 g, .02 4,79 356.7 151.6 104.7 3,20 3.20 4.80 3.0 11 2 7 10
12» c,n 5.35 4.74 14649 13647 87.5 3.20 3.20 4.50 3.0 11 18 7 10
1z9 €.n €.25 4,92 ek 13647 $7.5 3.2 3.27 4.50 3.0 11 21 7 10
133 E.r 4,99 L,65 36649 165.0 119.1 3.20 2.50 1,22 3.0 13 8 7 10
131 §.0 6,28 u,n7 366.9 165.0 119.1 3.20 2.9C 3.45 3.0 13 9 7 10
172 5,7 4,60 4,06 71,4 175.5 125,11 3.70 2.5G 3.32 3.0 13 24 7 10
132 £,.7 4.59 b,92 r71.4 170.5 12541 3.20 2.90 3.45 3.0 13 2 7 10
124 £, .77 4,22 140,n 167.3 121.7 . 3.20 2.60 3.37 3.0 13 26 7 10
135 5.0 .77 4,51 67,0 1£7.3 121.7 3.20 3.0n 3.5C 3.0 13 27 7 10
116 S.0 €,23 4,99 36446 161.C 114.6 3,20 3,17 1,32 3.0 14 8 7 10
127 8.1 S.24 L.89 369,1 166.4 12n.6 "3.20 3.17 3.72 3.0 14 24 7 10
130 S,.n 2.96 4,0 10,7 172.7 127.6 2,20 3.60 3.30 1.0 18 2 7 10
139 €.n 4,52 4,49 150, 15,6 108.7 3.20 2.90 3.32 3.0 18 8 7 10
149 5.0 0,€2 u,en 759,1 1€5.6 108.7 3.20 3.30 3.45 3.0 18 9 7 10
luy 4,8, €,04 4,46 1652.9 107.6 99.4 3.20 3.00 2,37 3.0 18 10 7 6
162 4,5 €.94 4,75 352.9 1t7.6 99 .4 3.20 3.40 3.50 3.0 18 11 7 6
143 F.0 4,53 4,69 353.6 1¢1.0 114.7 3.20 2.90 3.32 3.0 18 24 7 10
144 G0 u,53 6,71 76346 16149 114,7 3,20 3.30 2,45 3.0 18 25 7 10
145 Sof €.y] 4,68 61,1 1€7.9 111.2 3.20 3.00 3.37 3.0 18 26 7 10
145 5.0 Setal 4oy 61.1 157.9 111.2 3.20 3.40 3.50 3.0 18 27 7 10
167 S.n 4,52 4.67 359.1 1°5.6 1C6.7 3,20 3.03 3.32 3.0 21 8 7 10
162 £.n 4,52 u_oe 769,1 1€5.6 10&.7 3.20 3.43 .45 3.0 21 9 7 10
149 4,k £.94 4,.fh 52,9 107.6 99,4 3.20 3.13 3.37 3.0 21 10 7 6
155 4,8 5.0y 4.9% 3I52,0 167.6 59,4 2.70 3.53 3.50 3.0 21 11 7 6
151 €, 4.53 4.7 76346 1¢1.0 114.7 3.20 3.0% 3.32 3.0 21 24 7 10
12 Bell 4453 _4.89 31632.6 161,10 14,7 .20 3.43 3.45 3.0 21 2s 7 10
153 5.0 5,41 4,93 361.1 157.9 111.2 3.20 3.13 3.37 3.0 21 26 7 10
154 S0 c.41 4,02 kI PN! 157.9 111.2 3.20 3.83 3.50 3.0 21 27 7 10
158 S.0 .08 4,39 . 370.5 17042 125.2 3.20 3.20 4.RQ 3.0 27 2 7 10
15¢ 5.0 S.01 4,74 750.0 184,7 107.7 3.20 3.2n 4,50 3.0 27 18 7 10
157 S0 5.41 4,92 3e0.0 154,.7 1C7.7 3.20 3.27 4,50 3.0 27 21 7 10
159 €.n 4.94 L.py 381.2 155.9 141.3 3.28 3.20 4.P0 3.0 30 2 7 10
157 ] £.32 4,08 I8G.7 1f4 .4 130,.7 3,20 3.33 4,80 3.0 k1 2 7 10
1e0 3.0 1.93 2.84 26641 178.2 95,1 2.80 3.40 4,05 3.0 1 2 8 1c
163 7,8 1.73 .22 269.8 173.1 86.7 2.80 3,40 1.75 3.0 1 18 8 20
162 7.5 1.73 2.40 269.R 173.1 8647 . 2.R0 3.47 .75 3.0 1 21 8 20
1€13 2.5 221 1.33 263.4 177.2 94,4 2.290 3.60 4.20 3.0 2 2 8 6
164 3.5 2.09 3.41 267.7 172.2 6.0 2.R0 2.90 4,22 3.0 2 8 8 20
165 7.5 2.99 31.32 267.7 122.2 86.0 2.60 3.30 4,35 3.0 2 9 8 20
168 7.8 1.76 3.73 26743 12,1 86.0 2.A0 3,67 3.90 3.0 2 18 8 20
167 3.5 1.76 7,91 267.3 1721 6.0 ?.80 3,67 3.90 3.0 2 21 8 20
162 3.8 2,00 .01 759,9 175.4 8c.7 2480 2.90 4,22 3.0 2 24 8 20
169 3.5 3.0 3.23 269.9 12544 89,7 2.R0 3.30 4435 3.0 2 2s 8 20
179 1.5 2.88 3.16 269,3 123.9 87.8 2,80 3.00 427 3.0 2 26 8 20
171 3.5 3.68 .26 26943 123.9 8T.R 2.80 3.40 4,40 3.0 2 27 8 20

11¢



Table II-14

DCCl Collecteor Assemblies
SUMMARY NATA ON ACCEPTABLE OPTIONS

ASSY TIN TWTC Ts% DTNL PTLL DTL2 DUPA EFIM WETH MAT oce Icep ARS
1 5.0 J.61 5.72 7972.9 1A1.2 115.1 4,80 3.40 4.05 2.0 1 2 1
2 L.5 Jouy 6.69 393.3 17646 137.1 5.00 3.40 405 2.0 1 2 2

.3 4,5 S.G1 6622 380.6 16£2.2 11%.6 5.00 2+70 4,07 2.0 1 8 4
Ll b.5 SeC1 6.63 360,6 182.2 119.6 5.00 3.10 4.20 2.0 1 9 2
s L1 S.02 o212 385.5 17,9 1254 .00 2+70 4.07 2.0 1 24 2
5 4.2 £.n2 GeS4 385.5 1€7.9 125.4 5.C0 3.10 4,23 2.0 ] 25 F4
7 4.5 Se53 6els 362.9 14,4 1z2.1 %.Nn0 2.50 4.12 2.0 i 26 2
L1 4eS .63 6.57 3862.9 186.,4 122.:  s.00C 3.20 4.2 2.0 1 217 2
9 §,.5 5.3 he B2 391.8 175.7 122.7 S. 00 3.10 4,20 2.0 1 28 2

19 u,< Seti2 5.92 91,7 174.8 131.7 5.00 3.13 4w,22 2.0 1 29 2

11 6.5 .80 Te02 90y 174.0 130.8 5.90 3.20 4.25 2.0 1 k1¢] 2

12 4,° 6.20 Ts16 3pC,6 173.1 13r.0 5.G0 3.27 4425 2.0 1 31 2

13 4.5 3.47 T.19 ATe2 177.7 13645 5.00 3.60 4.20 2.0 2 2 2

14 4,8 S.C4 5.83 377.5 1f1.2 1ie.9 5.C0 2.90 4.22 2.0 2 8 2

1= 4.5 5.C4 T.14 377.5 161.2 11R.9  5.00 3.30 4,35 2.0 2 9 2

16 u,5 5.05 6.83 382.3 1£6.9 12447 5.C0 | 2490 4,22 2.0 2 24 2

17 4.5 5.08 T.26 3182.3 1A6.9 124,7 5.C0 3.30 4,35 2.0 2 25 2

13 4.5 cen3 &E.58 $79.8 103.4 171.4 5,00 3.00 4.27 2.0 2 26 2

19 4.5 Se93 7.08 370,90 163.4 121.4 S.20 3.40 4,40 2.0 2 27 2

n 5.2 3,40 6,24 410.8 18643 142.5 3. 20 3.40 4.05 2.0 1 2 3

21 5.C 5.18 S.89 397,606 le7.2 i23.0 3,20 2.70 4.07 2.0 1 8 3

22 5.0 S.18 6.20 397.6 167.2 122.n 3.20 3.10 4.20 2.0 i 9 3

23 540 S.109 5.89 402.9 173.9 129.0 3.20 2.70 4,07 2.0 - 1 24 3

24 5.0 $.19 6011 4ii?2.9 172.9 129.0 3.20 3.10 4.20 2.0 1 23 3

25 5.0 6.C7 6,05 400.0 17040 12546 3.20 2.80 4.12 2.0 1 26 3

< Saf .07 6e14 4430.0 170.0 125.6 3.20 3,20 4.25 2.0 1 27 3

27 R0 4,06 6437 4C9.4 122.2 137.4 3.20 3.10 4.20 2.0 1 28 3

28 5.0 .38 6.47 4Ca.b 121.2 1Z6.4 3.20 3.13 4,22 2.0 1 29 3

29 4,5 .47 ‘672 407.5 145.4 142.1 3.20 3.60 4,20 2.0 2 2 . 3

k4] 5.0 .20 6,40 94,3 15642 122.3 3.20 2.90 4,22 2.0 2 8 3

31 S.0 5.20 6.71 Jou,3 166.,2 122.3 3.20 3.30 4,35 2.0 2 9 3

4 S0 6,06 6,55 396.7 169.0 124.9 3.20 3.00 4,27 2.0 2 26 3

33 Sef 6.09 6.65 396.7 169.0 12449 3.20 3.00 4,40 2.0 2 21 3

24 4.0 €.53 6.R6 40€.0 191.1 136.7 3.20 3,30 4,35 2.0 2 28 3

35 Sa.0 S.u0 6,98 40%5.3 120.2 135.6 3.20 3,33 4.37 2.0 2 29 3

36 S.0 S.78 7.08 4Cu,.8 179.3 130.6 3.20 3.40 4,40 2.0 2 3G 3

37 S £e18 T.22 4na,.n 178.3 133.6 3.20 3.47 4.40 2.0 2 31 3

38 4.5 6.48 6.93 407.8 165.0 119.1 3.20 2450 3.32 2.0 13 8 3

19 4.5 bou3 Te2b 407.8 1€5.0 119,1 3.20 2.90 345 2.0 13 9 3

L1+ 5.0 5.51 6.92 412.9 170.5 1281 3.20 2450 3.32 2.0 13 24 3

41 5.0 $.91 Telu 412.9 170.5 12%.1 3.20 2.90 3.45 2.0 13 25 3

42 5.0 €426 7.15 §10.3 165.4 12046 3.20 3.17 3.32 2.0 14 24 3

43 5.0 3.97 7.12 411.7 172.7 127.6 3.20 3,60 3.30 2.0 j8 2 3

44 5.0 6.L9 6.65 4113 170.2 12542 3.20 3.20 “.RO 2.0 27 2 3

4€ €.0 S.61 T.6G0 424,1 187.2 14246 . 3.20 3.07 4.72 2.0 29 2 3

&5 Sen 5499 7.10 423.,9 185,9 141.3 3.20 3.20 4.80 2.0 30 2 3

47 SeC 639 Te24 422.6 1R4.4 139.7 3.20 3.33 4.80 2.0 31 2 3
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Seiii

Sel8
2075
202
5.02
290
5694
Heis)

Sel2
Seau
602U
3.z8
Seu4
SeuY
LelS
SeC5
S5¢%3
593
5293
Jesd
4.97
4.97
3.78
3.78
S¢C2
.02
QoAb
586
S04
Se42
S5e€Q
620
347
S04
SeD4
3«81

S+0L5
505
Se93
He93
03
545
S+33
be23
Se%0
Se98
Se91
Se91

b6e79
679
©0e26
Je97
6e09
599
&el9

Eeb?
bet?
6e32
Gebd
7.04
7+22
be32
bebH
be4h
6e57
betil

6e92
7el2
7.106
717
be3l
7014
boul
7405
698
7.08
Teus
be22
Sebi?7
bel8
64657
be75
Sed5
beg?
6403
bet2
6435
6e45
6055
6069
be72
belb
beb?7
7.08
be36
hebb
6251

XX

6486
be%b
7eUb
7«23
bev2
723
692
Telt
708
7.7
Tels
7.12
be65
7450
7¢29

OTHNL

3526
354.0
34348
3438
3948
4.8
R RN}
34d.}
3459
34549
353.3
392.7
3524
351.8
350}
340.9
34d.9
34954}
345 ¢
342.9
342.9
30443
3698
3676
3576
35d.8
358.8
36242
36242
3597
3597
36749
36742
36068
3661
36648
3549.5
354.5
355.7
3591
359}
35604
3566
16408
364}
36347
363.0
366.9
366.9
3714
371 ey
36Vs0
369G
369.]
37ue?
37ues
3Aled
3847

DCC2 Collector Assemblies

Table II-15

SUMMAKY DATA ON ACCEPTABLE OPTIONS

RN

1612
l17de6
162.2
loie2
lo4del
1é4.i
167.9
1679
ICLER ]
1b64en
17547
174.8
174.0
17561
1777
161.2
16142
léaey
166.,9
16364
16304
* b4}
18643
167.2
167.2
169.9
169.%
173.9
173.9
176U
17u0.0
18242
181.2
18043
1793
1€5+4
166.2
16062
16d.8
17249
172.9
169.0
16940
1811
16042
179.3
17643
16%eu
165,.,0
17U0.5
17G6.5
167.3
167.3
16604
17267
17002
ldbe9
18494

LTeL2

1151
1371
IRRAX:]
11906
12te}
1211
1254
1254
12241
12721
132s7
f317
1308
13Geu
1365
118.9
118.9
1247
1247
1214
1214
1¢lel
1425
12340
123.v
124«6
1244+ 86
149U
1290
1254
145+ 4
1374
13664
1354
13493
142y
1223
12243
123e8
14803
12543
1249
1249
13667
1356
13446
1336
119-4
119vel
12561
125+1
1217
1dts7
140e06
127+6
1252
14%13
13%e7

DURA

Getsy
Se04
SeUU
S5eLO
SelLd
S«00
SeQU
Se0u
Selu
SeUyJ
S5eCU
Seuu
Sedu
S+0G0
S«00
Sellu
Seu0
Selu
5«00
Se0u
S5.00
Seliu
Je2u
320
3elu
Je2u
3.20
3e20
3= 20
320
KT
3e24
3020
320
3.2y
3=20
324
3«20
329
3«20
324,
Je2u
3e2y
Je2u
3.20
Je2u
3e2u
3e2u
3e2u
Jelu
3. 20
Je2u

-3e2u

3020
3«2
ey
Je2u
Je 2y

EFIN

3440
.40
2.70
3.10
3.40
.47
2.70
3410
2.40
320
310
3l
3.20
J.27
3.60
2¢Y0
d.30
2.90
3. 30
3.00
3.40
3440
340
2.70
3elu
340
J.H7
2.70
J.lu
2.80
3el0
3,10
3.13
Je20
3.27
3.60
2.90
3.30
3.60
2e%U
3.30
3.ul
3.H0
330
333
3.40
.47
2.50
2.0
250
2.90
2400
3.U0
3e17
3.60
Je20
de20
3¢3)

WETH

4,05
4405
4.07
4.20
3.75
3.75
4.07
4.20
412
4,25
4420
4.22
4425
4425
4420
4422
4435
Y4e22
4435
4.27
4.40
4.80
4.0%
4.07
420
379
3.75
4.07
4.20
4412
4025
4020
4022
4425
4425
4420
422
4435
Je9U
4.22
4,35
4427
4440
4435
4437
4040
4440
332
3445
Jed2
345
3437
3.50
3.2
Jedu
4.80
%¢80
4480

MaT

2.0
240
2.U
2,0
2.0
2ed
2sud
240
240
244
20
240
yrx]
2.0
2.U
240
2.0
2eU
244
2.0
240
2«
2.0
2.0
24V
2.0
2.4

2.0
240
2.0
2e¢4d
2.0
2.0
2.0
2.0
2.9
2.0

2.4
2.0
240
2+U
2.0
2.0
2.0
2.0
2.0
2.0
2.0
240
240
2.0
240
20
240
240
2.0
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ASSY

CONOCNTWN—-

TIN

5.0
S0
5.0
445
¢S5
Se0
S.0
5«0
S0
SeC
5.0
5.0
S.0
5.0
S.0
4.5
4.5
S0
S0
5.0
5.0
4eS
45
4%
45
He8
45
4¢95
45
45
405
445
45
4e5
“es
4.5
5.0
Sel
45
45
4.5
45
5«0
Se0
50
Se0

TwTC

Jebl
5.18
518
659
659
Sel?
5+19
6eli7
607
5417
He57?
5.97
6437
520
520
6:b2
beb62
Se2l
Se21i
6069
6«09
beb8
3o
5¢01
SeU1
Seu2
$.02
590
%+90
$5.00
He42
$e80
6+20
Je47?7
S5.04
5«04
SeB2
Se82
$+05%
5+05
5.9
$+93
6+03
5054
5e55
Je40

Tss

be73
6036
be b7
653
beb2
belb
6+58
6452
bebl
beB6
be96
7.06
7.230
beti7
7.18
7-03
713
687
7409
7+02
7412
713
beb?
6632
6063
6032
be54
bde4iB
6457
beH2
b2
7«02
716
719
b6e83
Tat4
700

Telu

6¢83
7405
be98
7-08
7+12
7.22
7+22
6024

DTHL

392.9
81«0
381.0
374.8
374.8
3694
3854
383.0
383.0
3906
390.0
3896
389.0
3775
3775
3713
371.3
31«8
3gl.8
379+5
379+5
39%+5
3953
38058
38Jeo
3855
3855
382.9
3gz2.9
3914
39047
3904
31894
3872
377.5
3775
37G.7

37047

382.3
3823
379.8
37%.8
3776
382.3
38649
4108

DCC3 Collector Assemblies

Table II-16

SUMMARY DATA OGN ACCEPTABLE OPTIONS

orid

16142
14447
J44.7
13746
137.6
1497
14947
14646
19646
1569
156.0
155.2
15444
143.3
14343
13644
13644
14963
14843
14543
145.3
1463
17846
162.2
16242
167.9
1679
164e4
1644

175.7 .

174.8
17440
17441
17747
1612
16162
1535

15346

16649
16649
1634
1634
14604
1512
156¢3
18643

DTL2

1151
976
976
893
893

1029

1U2+9
98
998

1U9el

1084

1077

1U7.U
b6+ 6
6 b
884
884

1Ule9

10l.9
98«9
F8ey
982

13701

119-86

1196

1254

1254

122.1

122}

1327

1317

1308

1300 .

1365
11849
1189
1102
JIU'Z
1247
1247
1214
1214
1013
1058
1lle6
14925

DURA

480
4480
4.8uU
4.8u
4e84
Y84
480
He84
4«80
4480
HeBuy
4e8u
4.80
4«80
4480
480
Y4480
H4eB8Y
480
4480

4.80

4.80
500
$e¢00U
S.UU
SeGU
S«00
S+00
S04
S5.00
SeQu
S«040
Seuu
$+00
S«00
S«0U0
5+00
S5+00

Se0ud
S5.ud
S+00
5¢Gd
S«00
S«0u
500
3e26

EFINM

3. 40
2.70
3«10
2.80
3.20
2.70
3.10
280
3.20
3.10
3«13
3.20
327
2490
3.30
3.0
340
2.%0
3.30
J.U0
3.40
3.20
3.40
2.70
3"0
2.70
3.10
2.80
3.20
3. 10
3.3
3.20
.27
3.60
2.90
3,30
3.00
3.40

2.50
3.30
3.0
3.40
3.20
2.%0
290
3.40

WETH

4.05
4.07
4420
4e12
4425
4.07
420
44012
4.25
4.20
4422
4425
4425
4e22
4435
He27
4440
4e22
4435
4e27
440
4.80
4.05
4.07
4420
4.07
4420
4.12
4425
4420
4422
4025
4.25
4420
4422
4435
4.27
4440

4,22
4435

He27.

Y440
4.80
332
Je32
4.05

MAT

240
2.0
200
2o
2.0
2.0
290
240
2.0
2.0
2.9
240
2.0
2.0
2.0

240
2.0
2.0
2.0
240
2.0
2.0
2.0
2-0
2.0
2.0

240

20
240

2.0
2.0
240
2.0
Z.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

- 20

2.0
240
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Table II-16 (Continued}
DCC3 Collector Assemblies

-r

TIN

SUMMARY DATA ON ACCEPTABLE OPTIONS

s

TYIC TS DTNL nTL] oTL2 DURA EFIM WETH MAT ocp Ice
5.0 5.18 SeB9  3%7.8 16742 123.0 3.20 2.70 T %.077 T 230 1

Sedd 5018 6420 39746 16742 1230 3.20 3ei0 420 2.0 ) 9
5e0 6+014 6435 3901 15649 1138 3e29 2.80 4092 2.0 1 10
- X%1] 6o} bl 390.1 15849 1138 324 3,20 4425 2.0 i 1R}
5.0 519 Sep? 4029 173.9 129+0 3.20 2.70 4.07 2.0 1 24
SeC 519 6011 402+9 173.9 1290 3e2u 3.10 4.20 2.0 1 25
5.0 6+G7 6405 40306 170.0 125.06 3+20 2.50 4.12 2.0 1 26
56 607 belY 40040 17uve0 125+6 3.20 3.20 4425 2.0 1 27
Se0 4.96 6437 409.4 1822 13764 3.20 3.10 4.20 2.0 1 28
Se0 , 5¢38 bent7 4086 181.2 13644 3.20 3.13 4e22 2.0 t 29
Y4e5 3eu7 be72 4075 18544 14240 3e2u 3e60 4,20 2.0 2 2
5.0 5620 6440 394.3 16602 12243 3423 2490 4e22 2.0 2 8
5«C 5¢20 6e71 39443 16642 12243 3.20 3.30 4435 2.0 2 9
5.0 603 6455 386+8 15749 11361 320 3.u0 q4.27 240 2 10
540 603 5065 3868 15749 113e1- 3.20 3,40 4,40 2.0 2 1
5.0 6409 6455 39607 169.0 1249 3.20 3.00 4.27 2.0 2 26
"5.6 6409 6065 3907 169.0 1299 3620 3.40 440 . 2.0 2 27
4o 553 betib 40640 18141 13607 3e20 3.30 4435 240 2 28
5.0 543 6498 405.3 1802 135.6 3.20 3.33 4.37 2.0 2 29
5.0 Se78 Te08 404.8 179.3 1346 3.20 3.40 4,40 2.0 2 30
Se 6018 7.22 404.0 17043 133«6 3426 3.47 4,40 2.0 2 31
445 XY bebb 3982 1516 fute? 3.2u 3.20 4.80 2.0 1 2
4.5 6.48 6493 407.8 16540 1191 3e20 2450 3.32 2.y 13 8
4.5 6+48 Te24 407.8 165.0 11941 320 2.90 3.45 2.0 13 9
545 beBY 7e12 40U.5 15649 1100 3e20 2.60 3.37 2.0 13 10
5.5 6489 7e21 4005 156.9 1i0.u 3e20 3.00 3.50 2.0 13 il
S5e8 571 6.92 412.9 1705 12541 3.20 2450 3.32 2.0 13 24
S0 EXR A 714 412.9 17u+5 1251 320 2.70 Jeyd 2.0 13 25
55 beti] 7419 4US5e2 1610 liteb 3e20 3.a17 3.32 2.0 14 8
5.6 6e26 7415 41343 16644 12006 3.20 3.17 3.32 2.9 14 24
50 397 Tei2 4147 172.7 1276 3.20 3.60 3.30 2.0 18 2
4.5 6e12 6476 399.2 15546 1uBe7 320 2.90 3.32 2.0 18 8
4.5 6e12 TeG7 39942 155.6 108+7 3¢20 3.30 3445 2.0 18 9
Seb 6453 b.95 39241 14746 9944 3.20 3.00 3437 2.0 18 10
Seb 6453 704 392.1 14746 99.4 3626 3,40 3.50 2.0 18 1t
5.0 555 6475 43442 1610 11497 3.20 2.%0 3.32 2.0 18 24
5«0 5¢55 6e97 40442 1610 11497 3.20 3430 3.45 2.0 18 25
445 6e12 be94 3992 15546 108+7 320 3.G3 332 2.0 21 8
S5e5 6053 7e13 392.1 149746 994 3e20 3.13 3437 2.0 21 10
S5 6453 7622 392.¢ 147.6 99«4 3«20 3«53 3.50 2.0 21 11
Se0 555 6.93 40442 161.0 1i4.7 3.20 3.03 332 2.0 21 24
5.0 5e¢55 7415 40442 1610 11497 3e20 3443 3.45 2.0 21 25
S0 6«09 b6+65 411le5 17u.2 12542 320 3420 480 2ed 27 2
Se0 Setl 7460 424} 187.2 142¢6 320 Jeu? H4e?72 248 29 2
S0 599 Telu 4239 185.9 1413 3629 3.20 480 2.0 30 2
Se0 639 7e24% H$226 184%¢% 1397 3e2V 3033 480 2e4 3l 2
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Table II~17
DCC4 Collector Assemblies
SUMMARY DATA ON ACCEPTARLE OPTIONS

™TC Tss DTNL DL DTL2 DURA EFIM WETH MAT oce 1cP ARS INS
3.u4 6.69 352.6 161.2 115.1 4,80 3.40 4.05 2.0 1 2 1 10
6.01 6.52 336.3 137.6 89.3 4,80 2.80 4,12 2.0 1 10 1 10
6.01 6.61 336.3 127.6 89.3 4,80 3.20 4.25 2.0 1 11 1 10
3.78 7.04 342.2 146.0 98.8 4.80 3.40 3.75 2.0 1 18 1 10
3.78 7.22 42,2 146.0 98.5 4,80 3.u47 3.75 2.0 1 2} 1 10
4.98 634 34,2 149.7 102.9 4.80 2.70 4,07 2.0 1 2u 1 1
4.95 6.55 45,2 149,7 102.9 4,80 3.10 4.20 2.0 1 25 1 1
5.00 6.82 349.8 15649 109.1. 4,50 3.10 4,20 2.0 1 28 1 10
S.42 6.92 349,3 156.0 108.4 4.80 3.13 4.22 2.0 1 29 1 10
5.80 7.02 349.0 155.2 107.7 4,80 3.20 4,25 2.0 1 30 1 10
6.20 7.16 342.5 1S4.4 107.0 4.80 3.27 4,25 2.0 1 31 3l 10
.47 7.19 240,585 160.0 114.2 4.80 3,60 4.20 2.0 2 2 1 10
€.03 7.02 313,0 176.5 88.4 4.80 3.00 4.27 2.0 2 10 1 10
6.0 7.12 333.0 176.5 8844 4.80 3.40 4.4p 2.0 2 11 1 10
5.C5 6.83 42,0 14643 101.9 4,80 2.90 4,22 2.0 2 24 1 10
5.05 7.05 342.0 148.3 101.9 4,80 3.30 4.35 2.0 2 25 1 10
5.8 7.C0 143.0 145.3 98.9 4,80 2.00 4.27 2.0 2 26 1 11
.28 7.10 34C.0 145.3 98.9 4.80 3.40 4.40 2.0 2 27 1 1
5.55 7.22 47,6 138.3 88.9 4.80 2.90 1.32 2.0 18 24 1 10
6.69 T.12 354,2 16643 98.2 4.80 3.20 4.80 2.0 27 2 1 10
3,26 6467 353.0 178.6 137.1 S.00 3.40 4,05 2.0 1 2 2 11
5.01 6432 43,8 162.2 119.6 5.060 2.70 u.07 2.0 1 8 2 10
5.01 6.63 743.8 162.2 119.6 5.00 3.10 4.20 2.0 1 ° 2 10
S.84 6.8 X37.8 154.5 110.9 5.00 2.80 4,12 2.0 1 10 2 10
5.84 6457 237.8 154.5 110.9 5. 00 3.20 4.25 2.0 i 11 2 16
3.78 . T.04 344.8 164.1 121.1 S.00 3.40 3.75 2.0 1 18 2 10
3.78 7.22 44,8 16he1 121.1 5.00 3.47 3.75 2.0 1 21 2 10
5.02 6.32 TP, 167.9 125.4 5.00 2.70 4.07 2.0 1 24 FJ 10
8.C2 6.54 4R 167.9 125.4 5.00 3.10 4.20 2.0 1 25 2 10
5.56 6.48 34c.9 164.4 122.1 5.00 2.80 4.12 2.0 1 26 2 10
c.50 6.57 365.9 164.4 122.1 5.00 3.20 4,25 2.0 1 27 2 10
4,81 6.1 353,3 175.7 132.7 5.00 3.10 4.2g 2.0 1 28 2 1t
£o42 6.52 50,7 174.8 131.7 5.00 3.13 4.22 2.0 1 29 2 10
S.E0 7.02 3I52.4 174.0 13C.R 5.00 3.20 4,25 2.0 1 30 2 10
6.20 7.16 351.8 173.1 13C.0 5.00 3.27 4.25 2.0 1 31 2 10
3.28 7.17 25n,1 177.7 136.5 5.00 3.60 4,20 2.0 2 2 2 11
5,04 &.22 0.9 161.2 118.9 S.00 2.90 4,22 2.0 2 8 2 10
5.CH4 T.14 243.9 161.2 119.9 5.00 3.30 4,35 2.0 2 9 2 10
5.67 5.96 33a,90 1£3.5 110.2 5.00 3.00 4,27 2.0 .2 10 2 10
S.BT 7.08 32u.8 1£3.5 110.2 5.50 3.40 4,40 2.0 2 11 2 10
5.05 £.83 45,1 166.9 124.7 5.00 2.90 4.22 2.0 2 24 2 10
€0y 7.0¢ 745, 16649 126.7 5.00 3.30 4,35 2.0 2 25 2 10
$.53 6.9% 47,9 163.4 101.4 <. 0n 3.00 4.27 2.0 2 26 2 10
5.92 7.18 242.9 163.4 121.4 5,00 3,40 4.60 2.0 2 27 2 10
5.87 7.Cc8 741.5 1864 161,3 5.00 3.20 4.80 2.0 11 2 2 10
5,38 7.18 49,7 15643 111.6 5.0 2.90 3.32 2.0 18 24 2 10
€.93 7.C08 3154.,3 164,11 121.0 $.00 3.20 4.80 2.0 27 2 2 10
T U4 €.22 369.8 1643 142.5 3.20 3.40 4.0% 2.0 1 2 3 10
4.97 €.87 357.6 167,.2 123.0 .3.20 2.70 4,07 2.0 1 8 3 11
4,97 4.18 35746 167.2 123.0 3.20 .10 4.20 2.0 1 9 3 11
6.0 £.05 351,0 18649 113.9 3.20 2.80 4,12 2.0 1 10 3 10
6,351 6,14 351.0 15849 113.8 3.20 3,20 4,25 2.0 1 1t 3 10
2.78 6.57 353.8 169.9 124.6 3.20 3.40 .75 2.0 1. 18 3 10
3,74 6.75 358.8 169.9 12446 3.20 3,47 3.75 2.0 1 21 3 10
5.02 5.85 162.2 173.9 129.0 3,20 2,10 4.07 2.0 1 28 3 10
5.62 6.G7 362.2 173,9 129.0 2.20 3.10 4.20 2.0 1 25 3 10

[——

91¢



P
[N IV I CONURE T IT T, e N B

* s e e o o

:e:&mmmmmmmmm:tmmmmwmt:mmmmmmmmmmwmm}n:e::l:n::a&:::c:_tu‘u\ -

PR NONIODAOVDNTIVMAODOTIOOVNMDTONIAINODIIDIQADDVLI.AWMN NN

® B ¢ 0 0 8 % 5 & 6 & 4 8 B B E S P €& 4 4 6 B S B S G S AT L S e H G TS S

Table II-17 (Continued)
DCC4 Collector Assemblies
SUMMARY DATA ON ACCEPTABLE OPTIONS

TATC Ts% DINL Ll DTL2 DURA EFIM WETH MAT oce ICP ABS INS
S.86 6.73 359.7 170.0 125.6 3.20 2.80 4,12 2.0 1 26 3 11
€.86 6.12 359,7 17¢.0 125.6 3.20 3.20 4,25 2.0 1 27 3 11
5.C0 6.35 367.9 1£2.2 137.4 3.20 3.10 4,20 2.0 1 28 3 1o
Seu2 6.45 367.2 181,2 136.4 3,20 3.13 4.22 2.0 1 29 3 10
5.80 6.5% 366.8 160.3 1I5.4 .20 3.20 4.25 2.0 1 30 3 10
£.2C 6.69 366,11 179.3 134,3 3.20 3.27 4.25 2.0 1 31 3 in
3.87 6.72 366.8 1f5.4 i4z.0 3.20 3.60 4.20 2.0 2 2 3 1o
S.Cu 6.36 354.5 166.2 122.2 .20 2.90 4.22 2.0 2 8 3 io
5.C4 6.67 3%4.5 1é6ée2 1272.3 3.20 3.30 4,35 2.0 2 9 3 10
3.81 T.08 35%.7 168.8 123.8 3.20 3.60 3.°90 2.0 2 18 3 10
5.05 6436 359.1 172.9 12e.3 3.20 2.90 4,22 2.6 2 24 3 10
5.05 H.EF 359,.1 172.9 128.3 3.20 3.30 4.35 2.0 2 25 3 ig
5.93 6,81 35646 1A9.0 1264.9 3.20 3.00 4.27 2.0 2 26 3 1a
5.93 6.61 25646 169.0 124.9 3.20 3.40 4.40 2.0 2 21 3 10
5.03 6.86 24,8 1P1.1 136.7 3.20 3.30 4435 2.0 2 28 3 10
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