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ABSTRACT 

Window glass coated with thin, transparent , conducting films 

composed primarily of tin oxide possesses a high infrared reflectance 

which makes the coated glass suitable for use as cover plates in flat

plate solar energy collectors. 

Film samples were prepared by spraying a solution consisting 

primarily of stannic tetrachloride and alcohol on heated glass under dif

ferent conditions of preparation. The effects of the preparation variables 

on the optical and electrical properties of the resulting filmed glass were 

evaluated with regard to their usage in solar energy collection. A theo

retical analysis of the relative importance of solar transmittance and in

frared reflectance is presented. The performance characteristics of dif

ferent combinations of selective and ordinary glass were determined by 

testing. 

Tin oxide films can be prepared on glass with little difficulty 

and expense. The advantage of tin oxide coated glass cover plates was 

most marked at absorber temperatures above 250 F, while little gain in 

performance is obtained at absorber temperatures near 150 F due to the 

decreased transmittance of the filmed glass. 
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a,b 

Q 

Q 

r 

t 

DEFINITION OF SYMBOLS 

. Definition 

= constants 

= heat loss per unit area of absorber surface at temperature T, 
due to thermal radiation, Btu/hr-sq ft 

= heat loss per unit area of absorber surface at temperature T, 
due to convective and conductive losses, Btu/hr-sq ft 

solar radiation intensity per unit area of absorber surface, 
Btu/hr-sq ft 

= daily mean solar radiation intensity per unit area of absorber 
surface , Btu/hr- s.q ft 

= specific resistivity, ohms/sq 

= film thickness , mm 

= lower glass temperature, degrees absolute 

= absorber plate temperature, degrees absolute 

- absorptance of absorber plate for solar radiation 

= wavelength, microns 

= emittance of glass cover plate 

== emittance of absorber plate 

= instantaneous collector efficiency 

= average daily collector efficiency 

= monochromatic reflectance 

- Stefan-Boltzman constant 

= transmittance of coll~ctor cover plate (s) for solar radiation 

vii 



CHAPTER 1 

INTRODUCTION 

1. 1 History. Until a few years ago the state of solar energy col

lection through the use of flat-plate solar heat collectors appeared to have 

reached a period of stagnation. Practically all existing solar collectors 

employed a glass cover either of one or two g~azings and usually had a 

blackened metallic surface to which tubes were either soldered or formed 

an integral part of the absorber plate.* 

Notable except~ons to the conventional design were: Bliss's air 

heating system, in which a black cloth screen was employed ( 1); plastic 

bags, which are used in Japan for domestic water heating ( 2); and LBf' s 

system for heating air through the use of an absorber surface constructed 

of overlapped glass plates ( 3). 

All of the aforementioned systems are reasonably efficient and 

more than adequate for collection of solar insolation at moderate absorber 

temperatures, i.e., less than 200 F. At higher temperatures, however, all 

types of conventional flat-plate collectors suffer heat losses which seri

ously curtail their efficiency. Simply increasing the number of glass cover 

*For example, Revere Copper Company's "Tube-In-Strip". 
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plates to provide a greater degree of insulation is subject to the limitation 

that the percent gain in heat collection for each additional glass layer over 

the gain of the previous layer diminishes for each plate, mainly due to tran

mis sion and reflection losses. For most applications, a maximum of two 

cover plates is deemed a proper balance between heat gain and economic 

considerations ( 4) . 

1. 2 Methods of Increasing Efficiency. Recently there has been 

a renewed interest by solar researchers in developing new techniques for 

increasing solar collector efficiency for high temperature applications. 

1. 2. 1 Selective Absorber. The first significant breakthrough 

came in 1955 when Tabor proposed that selective surfaces composed of a 

thin gold film prepared by vacuum evaporation made a significant improve

ment in high temperature collection efficiency ( 5). These surfaces, like 

the simple blackened surface, absorb strongly in the visible and solar re

gion of the electromagnetic spectrum, while their emittance in the far in

frared region is but a fraction of that of the simple blackened surface. 

These II selective" surfaces, so called because their optical properties 

vary in a desired manner which is unlike ordinary conductors and noncon

ductors of electrical energy, has been the subject of much interest. 

Tabor's early surfaces composed of gold were somewhat unstable 

and subject to deterioration. Other investigations by Tabor in Israel ( 6); 

Hottel and Unger at MIT ( 7); and Kokoropoulos, Salam, and Daniels at 

the University of Wiscorisin ( 8) into surfaces of compositions such as 
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copper, nickel, and cobalt have produced more durable and efficient selec

tive surfaces. Selective absorber surfaces, consisting of "nickel black" 

electrodeposited on galvanized iron sheet, are manufactured commercially 

in Israel ( 9) . 

1 . 2 . 2 Cover Glass with Lenses . Another possible method of mer

it, also proposed by Tabor, makes use of a fluted glass cover plate com

posed of narrow, half cylindrical lenses which run across the cover plate 

( 10). The lenses focus the sun's rays through narrow slits in a second 

opaque and highly reflective cover below the fluted glass. In this manner, 

solar radiation is allowed to pass unhindered through the cover plates to 

the absorber surface, but the reflected solar radiation and that energy 

emitted by the absorber surface is prevented from escaping by the reflect

ance and opacity of the slitted cover plate. 

The difficulty of this method lies in the design and manufacture 

of a suitable glass cover plate which will focus solar rays through the slits 

for all angles of solar altitude and azimuth. Commercial fluted glass, 

used chiefly for decorative purposes, proved unsuitable in limited testing 

at the Institute of Atmospheric Physics of the University of Arizona. 

1. 2. 3 Selective Glass. An additional manner in which high 

temperature collection efficiency may be achieved is through the use of 

selective glass cover plates. Instead of coating the absorber surface 

with a selective medium, a selective coating that is transparent to visible 

and near infrared energy yet reflective to far infrared or heat energy may 



be applied to ordinary glass cover plates. Thus, with much the same re

sult as the fluted glass arrangement of Tabor, solar radiation may enter 
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the collector and be absorbed while the highly reflective cover glasses 

prevent infrared energy emitted by the absorber surface from being absorbed 

in the cover glasses and lost to the surrounding environment as in the case 

of ordinary glass. 

Ordinary glass may also be considered to have selective proper

ties. It is virtually opaque to radiation from low temperature sources up 

to and including 250 F. Ordinary glass transmits incident radiation which 

is below 5 microns in wavelength; black body radiation from a source at 

250 F has its maximum intensity at a wavelength of 7. 35 microns. As a 

result, very little heat radiation is transmitted directly through glass; and 

for this reason, it is difficult to improve upon the already very excellent 

insulating qualities of ordinary glass. The monochromatic transmittance 

and reflectance properties of ordinary, Pyrex, and a selective glass* are 

given in Figure 1 . 1 . 

It has been shown by Kutchinski that a hypothetical cover glass 

with an infrared emittance of O. 1 and a solar transmittance of O. 8 can 

theoretically retain as much as five times more solar radiation than ordi

nary glass when used as the cover glass for a flat-plate collector with an 

absorber temperature of 250 F ( 11). It was also shown that existing 

*Corning 11 HEAT-SHIELD 11 
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selective glasses, prepared by coating ordinary glass with a thin, trans-

parent film of tin oxide, produced a significant increase in collector heat 

gain. 

Tin oxide coatings deposited on glass, while not heretofore used 

in solar energy collection, have been used in other fields since World War 

II. Not only are these films highly transparent in the visible region and 

reflective in the far infrared regions of the spectrum, but they are also 

electrically conductive. These properties lend the coatings well to such 

specialized applications as heating panels, windshield de-icers, heat 

barriers, electrostatic dissipation, precision resistors, electrolumines-

cent panels, and the creation of electric fields ( 12). Being a fairly re-

cent development, the first patent for a trans parent, conducting coating 

on glass was issued in 1947 and assigned to the Libbey-Owens-Ford 

Glass Company (13). Following this beginning there were over 100 pat-

ents issued dating to the present and pertaining to all phases of prepara-

tion, composition, and applications of trans parent, electrically cond uc-

tive films.* 

Today, electroconductive coatings, composed chiefly of tin ox-

ide and deposited on glass, are marketed by four major glass companies.** 

*See complete list of patent file in Appendix. 

** "NESA" - Pittsburgh Plate Glass Company; 11 81-E" - Liberty 
Mirror Division, Libbey-Owens-Ford Glass Company; 11 ELECTRAPANE 11 

-

Libbey-Owens--Ford Glass Company; and 11 HEAT-SHIELD 11 -Corning Glass 
Works. 
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The first known reference pertaining to the heat reflecting proper

ties of tin oxide films deposited on glass appeared in a 1951 patent as

signed to Corning Glass Works ( 14). As a result, Corning has recently 

put on the market a film coated Pyrex glass product called "HEAT-SHIELD" 

which is intended to be used primarily in locations which require visibil

ity to sources of high thermal radiation such as near blast furnaces. 

1. 3 Purpose of Thesis. The ability of tin oxide films deposited 

on glass to retain or exclude heat suggests their possible usage in solar 

energy applications. It is the purpose of this thesis to investigate further 

the preparation, performance characteristics, and optical properties of 

selective films of tin oxide composition. Their actual performance char

acteristics will be compared with those results calculated by Kutchinski, 

and the procedures necessary to produce a coating especially suited to 

solar energy applications, as determined through experimentation, will be 

presented. 



CHAPTER 2 

FILM PROPERTIES 

2. 1 General Properties. Visibly transparent, heat reflecting 

films of tin oxide on glass may be prepared in many _diverse ways. Films 

may be a.ppli.e.d . onto glass by s.pra.ying ( 15, 16, 17, 18, 19, 2 0) , dipping 

( 13) ,· vaporizing (21, 22, 23, 24). :&nd cathode sputtering (25). However, 

nearly all tin oxide films manufactured today are prepared by spraying a 

solution comprised chiefly of alcohol and stannic tetrachloride along with 

minor proportions of other modifying ingredients on plate, window, or oth

er glasses while it is heated to a temperature above 400 F but below the 

softening temperature, which is at least 1200 F in the case of window 

glass. 

The resulting film is extremely hard and durable and possesses 

a tenacious attraction for the glass substrate. The filmed glass is ex

tremely transparent, having solar transmittances which range from 60 to 

80 percent. The electrical surface resistivity of the films may vary from 

10 ohms per square to a near infinite value. The expression of surface 

resistivity in ohms per square is a convenient means of expressing the 

resistivity of thin films. Surface resistivity is defined as the specific 

resistivity, which may be in units of ohm centimeter, divided by the aver

age thickness of the film within an area of square dimensions . 

8 
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Surface resistivity is obtained in actual practice by measuring 

the resistance of a square area of film with measurement electrodes placed 

all along any two opposite sides of the square. If the film properties are 

isotropic, the size of the square is immaterial to the measured values of 

surface resistivity. Common film thicknesses range from 40 to 800 milli-

microns depending on the relative amounts of light transmittance and elec-

trical conductivity desired. 

2. 2 Infrared Reflectance. The heat reflecting properties of tin 

oxide films derive solely from their electrical conductivity. In fact, a 

highly conductive sample of tin oxide film has a specific resistivityequal 

to that of bismuth, the least conductive of all known metals with the ex-

ception of tellurium. Although classified as a semiconductor, the electri-

cal properties of tin oxide films deposited on glass substrates are more 

akin to those of a metal. 

The reflection of infrared energy by metallic materials is attri-

buted to the interaction of the electromagnetic radiation with the conduc-

tion electrons. Mathematically, the infrared reflectance of a metallic 

surface for radiation of wavelengths beyond two microns is given by the 

relationship ( 2 6): 

{?" = 1 - 0.365.lf 

where 

= 1 - 0.365./.Bt 
~ 

~ A = monochromatic reflectance 



r = specific resistivity, ohm mm 

R = surface resistivity, ohms/square 

A. = wavelength, microns 

t = film thickness, mm 

10 

An interesting corollary of this equation may be observed in Fig

ure 2. 1. In the figure is depicted the variance of infrared reflectance for 

random samples of similar film thickness for black body radiation from a 

surface at 250 F versus surface resistivity. It appears that a limiting value 

of infrared reflectance is reached where the line in the figure intersects 

the abscissa at a value of O. 79. Moderate changes in film thickness 

would displace the curve only slightly due to the insensitivity created by 

the square root relationship in the equation. An absorber temperature oth

er than 250 F would also alter the line, but the effect is also slight since 

the monochromatic reflectance properties of tin oxide selective films are 

nearly constant for wavelengths beyond four microns ( as shown in Figure 

1. 1). The knowledge that one may evaluate the infrared reflecting prop

erties of transparent, selective coatings with similar thicknesses by 

measurement of its surface resistivity will prove useful in later chapters. 

2. 3 Chemical Reaction. The basic chemical reaction which takes 

place during film preparation is not completely understood, but it is known 

that stannic tetrachloride hydrolyzes to form stannic hydroxide or ortho

stannic acid, thus ( 2 7): 

SnC1
4 

+ 4H
2

0 .-.. Sn(OH) 
4 

+4HC1 
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and at elevated temperatures the stannic hydroxide reacts and becomes 

Sn0
2 

or H
2
Sn0

3 
as shown below: 

Sn(OH) 4 _.. Sn0 2 + 2H 20 

Sn(OH) 4 __.. H2Sn0
3 

+ H 20 

12 

It is doubtful that stannous oxide, SnO, is involved because the 

compound is the reduction product of stannic oxide. Also1 when a film 

formed with SnCl 
4 

vapors is heated with a hydrogen flame, which would 

reduce Sn02 to SnO, the electrical conductivity is destroyed ( 2 7). Upon 

exposure to air, stannous oxide is also known to transform into stannic 

oxide. 

Stoichiometric tin oxide that is found naturally has an extremely 

high electrical resistance. The high electrical conductivity of tin oxide 

films prepared on glass by spraying is attributed to reducing conditions 

prevalent in the spray mist during transit to the glass ( 20). Reduced 

stannic oxide will have a certain proportion of missing o- 2 ions. For 

overall electrical neutrality it is necessary for additional electrons to be 

incorporated in the lattice structure, two for each mis sing o- 2 ion. Ap

preciable conductivity can then occur, particularly if the density of these 

defect centers is high, by the electrons moving through the lattice via the 

Sn +4 ions from the vicinity of one defect center to a neighboring center. 



CHAPTER 3 

FILM PREPARATION VARIABLES 

3. 1 Introduction. Tin oxide films prepared commercially under 

current low volume conditions are relatively expensive. Prices vary slight-

ly from company .to company, but a representative cost figure for small 

quantities, for example 100 square feet, ranges from $3 to $'4 per square 

foot. Quantity production would tend to lower the unit cost; however, it 

has been estimated that t i n oxide coated glass could not be produced for 

less than twice the cost of uncoated glass.* A thorough search of United 

States paten~s and other pertinent literature disclosed evidence, obtained 

chiefly from patents, that much experimentation has been performed con-

cerning the preparation variables which affect the optical and electrical 

properties of tin oxide films.** However, especially in the case of pat-

ents, much of the information is slanted toward a particular end - very 

similar ·to the arguments of a salesman. As a result, there is great dif-

ficulty in comparing data and results obtained from patents. 

To obtain better insight regarding the production problems and 

techniques affecting the fabrication of transparent, conducting coatings 

* Letter from Mr . E. C. Miles, Pittsburgh Plate Glass Co., 
November 2, 1960. 

** See complete listing of patent file in Appendix. 

13 
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on glass, a limited production facility was constructed and samples were 

prepared under diverse conditions. 

3. 2 Procedure. Small 2" x 2" glass blanks were cleansed with 

a detergent and wetting agent and rinsed with distilled water. After dry

ing, the blanks were placed in a heated electric oven of dimensions 24" x 

24" x 36". A time of seven minutes was allowed for the glass surface to 

reach the desired oven temperature. The spraying was accomplished with 

the use of a Thayer and Chandler Model C artist's air brush held approxi

mately 14 inches from the glass surface. Filtered, compressed air at 30 

psig was used. A spray rate of 7. 5 cc/min was utilized in all instances. 

The effects of the preparation variables were evaluated by meas

urement of the optical and electrical properties of the glass samples. In

frared reflectance and transmittance measurements from 1 to 2. 5 microns 

were made with the aid of a Beckman IR-4 spectrophotometer; for longer 

wavelengths, to 15 microns, a Perkin-Elmer Infra cord spectrophotometer 

was employed. Visible transmittance measurements from O. 3 to O. 8 mi- · 

crons were obtained with the use of a Cary Model 11 spectrophotometer. 

Reflectance measurements in the range O. 3 to 1. 0 microns were unable to 

be obtained due to the lack of a reflectance attachment for the Cary spec

trophotometer and the inability of the instrument to record from O. 8 to 1. 0 

micron. All reflectance measurements were made at a fixed angle of inci

dence of 30 degrees. These results were utilized to determine the total 

reflectance of the samples with a tabular method presented by Dunkle ( 2 8 ). 
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Solar transmittances for a II standard II sun of air mass two proposed by 

Parry Moon ( 2 9) were calculated from the spectral transmittance measure-

ments. * The solar transmittance properties of the samples were also ob-

tained by placing each sample in front of an Eppley normal incidence pyr-

heliometer and noting the percent change in reading. 

The surface resistivity of the samples was determined by placing 

each sample over parallel grooves in a Plexiglas block spaced at a dis-

tance slightly less than the width of the glass and filled with mercury. 

The convex miniscus of the mercury supported the glass above the Plexi-

glas and provided good electrical contact with the conducting surface. 

The resistance recorded between the two mercury electrodes was thus the 

surface resistivity. 

3. 3 Film Preparation Variables. Our literature search, again 

mostly patents, and the f indings of our experimentation have revealed the 

following to be the most important of the preparation variables affecting 

the optical and electrical properties of tin oxide films deposited on glass 

by spraying: 

(1) Constituents of the spray solution 

(2) Glass t e mpera ture during filming 

(3) Prior treatment of the glass 

(4) Composition of the glass substrate 

* See Appendix for sample calculations of infrared reflectance 
and solar transmittance. 
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(5) Duration and number of spray applications 

(6) Humidity of atmosphere during spraying 

The results of our findings and those published results which sub-

stantiate or conflict with our findings regarding the above variables will 

be presented under the respective headings given above. 

3. 3. 1 Constituents of the Spray Solution. In many of the patents 

on the preparation of tin oxide films there appeared to be certain chemical 

compounds used in the spray solutions which were mentioned more frequent-

ly than others. The conclusion was reached that the innovators had resort-

ed almost wholly to trial and error techniques in the development of their 

film preparation formulas; and this procedure was probably necessary in 

view of the complexity of the chemical reaction which is involved. The 

most commonly mentioned compounds were used to prepare the sample for-

mulation employed in the experimentation. Only a small number of the 

many possible combinations of film producing formulas could be evaluated. 

The following are some of the sample formulas which were attempted: 

All constituents are given in percent composition by weight. 

1. 4 9. 8% stannic tetrachloride 
49. 8% methanol 

0. 4 % ammonium bi fluoride 

2. 2 5. 8% stannic tetrachloride 
0. 7 % antimony trichloride 

73. 5% methanol 

3. 44. 5% stannic tetrachloride 
4 4. 5 % methanol 
11. 0% formaldehyde 



4. 7 8. 5% stannic tetrachloride 
19.6% water 

1. 9% phenyl hydrazine hydrochloride 

5. 44. 5% stannic tetrachloride 
44. 5% water 
11 . 0 % methanol 

6. 41. 5 % stannic tetrachloride 
17. 5% water 
4. 6 % methanol 

12. 0% ammonium bifluoride 
24. 4% formaldehyde 

7 . 3 2. 2 % stannic tetrachloride 
6 7 . 3 % methanol 
0. 5% ammonium bifluoride 

8. 32. 2% stannous bifluoride 
6 7. 3 % methanol 
0. 5% ammonium bifluoride 

9. 62. 1 % stannic tetrachloride 
11 . 0 % methanol 
14. 5 % acetic acid 
12. 4 % hydrofluoric acid 

10. 5 5. 5 % stannic tetrachloride 
25.0% water 
19 . 5 % methanol 

11. 70. 8% stannic tetrachloride 
12 . 5 % methanol 
16. 7% acetic acid 

12. 61. 5 % stannic tetrachloride 
30. 8% water 

7. 7% hydrochloric acid 

13. 61. 2 % stannic tetrachloride 
0. 6% antimony trichloride 

30. 6% water 
7. 6% formaldehyde 

17 



14. 63. 1 % stannic tetrachloride 
34. 4% water 

2. 5% phenyl hydrazine hydrochloride 

18 

To insure reproducible results, at least three samples were made 

in succession from each formula. Each glass blank received six sprayap-

plications of ten second duration spaced five minut~s apart. Total oven 

time, including heating of the glass, was approximately 40 minutes. The 

following general results were obtained and , for the most part, are con-

firmed by the patent literature: 

1. Filming solutions containing even slight amounts 

of water are more subject to the formation of a 

transmittance reducing haze than solution contain-

ing methanol as the only solvent. 

2. The addition of reducing agents such as methanol, 

forma ldehyde, and phenyl hydrazine hydrochloride 

aid in the reduction of haze and the increase of 

electrical conductivity. Methanol in large per-

centages (60-70% by weight) was found to be 

most effective. 

3. Additives such as ammonium bifluoride and antimony 

trichloride appreciably increase the electrical con-

ductivity of the films. Small amounts (less than 

one percent by weight) are most effectual. Quantities 



of antimony trichloride over O. 6% by weight 

impart a bluish tint to the resulting film which 

reduces solar transmittance to an undesirable 

value. 

4. Of the formulas evaluated, number 7 on the pre

vious page gave the most consistent values of 

high solar transmittance, low haze, and high 

infrared reflectance. As a re s ult, formula num

ber 7 , composed of stannic tetra.chloride, metha

nol, and a trace of ammonium bifluoride , will be 

used in the evaluation of succeed ing preparation 

variables and will be referred to as the "standard 

formula. " 

19 

3. 3. 2 Glass Tem_perature Dur_j_ng Filming. Soda- lime double 

strength window glass blanks were sprayed with the standard solution at 

oven temperatures of 100 degree intervals from 800 F to 1200 F. Three 

samples were ma.de at each temperature I and each sample was subjected 

three times to a spray procedure of 20 seconds duration at five minute in

tervals. The outcome is presented in Table I. 
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Table I 

Effect of Glass Temperature on Film Properties 

Sample Oven Temperature Measured Solar Surface 
( F) Transmittance Resistivity 

(percent) (ohms/square) 

El 1200 66.0 250 

Ez 1200 73.3 575 

E3 1200 60.4 60 

D1 1100 59.3 48 

Dz 1100 60.0 100 

D3 1100 58.2 70 

Hl 1000 62.5 55 

Hz 1000 67.7 750 

H3 1000 72.5 700 

Fl 900 67.4 140 

Fz 900 64.4 180 

F3 900 

Gl 800 76.6 1020 

G2 800 69.0 700 

G3 800 54.5 1500 

Although the results contain wide variations, there appears to be 

little discernible difference between samples prepared at temperatures in 

the range 900 - 1200 F. 

The samples prepared at 800 F definitely have inferior electrical 

properties, i.e., low infrared reflectance, and little superiority in solar 

transmittance is exhibited. Aitchison merely states that an optimum tern-

perature range exists between 93 2 F and 14 7 5 F ( 20) . Sustained oven tern-

peratures above 1200 F soften and distort soda-lime glass, although the 
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tendency to warp or distort largely depends on the thickness of the glass 

undergoing heating. Excellent results have also been reported with the 

use of Pyrex glass in the neighborhood of 1300F (30). 

3. 3. 3 Prior Treatment of the Glass. A subject of much discus

sion in the literature has been the reduction of haze created during the for

mation of trans parent, electrically conductive films of tin oxide. Appar

ently the reproduction of consistent optical and electrical properties, as 

confirmed by our own experimentation, is difficult to obtain; and, in many 

instances, there are numerous rejects which materially raise production 

costs. 

At least one of the causes of haze appears to be the premature 

decomposition of the spray solution before reaching the glass surface. If 

partial conversion of the spray solution to the oxide occurs during transit 

to the glass , minute particles of tin oxide tend to be formed in an opaque 

condition and are swept onto the glass surface, there to be entrapped by 

the depositing film. This premature decomposition may be partially allev

iated by the addition of reducing agents, such as methanol, which retard 

decomposition of the stannic tetrachloride ( 31, 32). Other methods such 

as increasing the speed of the spray particle impingement by the introduc

tion of additional air jets have been proposed (33, 34). 

Another probable factor in haze formation is the high alkali con

tent of soda-lime glass. Borosilicate glass, such as Pyrex with its low 

alkali content, is much less susceptible to haze formation than soda-lime 
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glass. Ordinary soda-lime window glass contains certain alkali metal ox-

ides, such as Na
2 
0, in relatively large proportions. 

Table II presents the approximate compositions of soda-lime 

sheet window and low expansion borosilicate glass ( 35). The trade name 

11 Pyrex 11 actually encompasses many different kinds of borosilicate glasses, 

and only one type is presented below: 

Table II 

Approximate Compositions of Window and Pyrex Glass 

Ingredient 

Si0
2 

Na 2o 
K20 
CaO 
MgO 

B203 
Al 20 3 

Soda-lime window sheet 
(percent by weight) 

71-73 
12-15 

8-10 
1.5-3.5 

0. 5-1. 5 

Borosilicate low expan
sion ( percent by weight) 

80.5 
3.8 
0.4 

12.9 
2.2 

When the glass is heated, further amounts of alkali migrate to the 

surface where a reaction takes place with the spray solution to form opaque 

metal salts. In this instance, the tendency toward haze formation may be 

reduced by treating the glass surface with acids such as sulfuric or hydro-

chloric to lower the surface alkali concentration ( 3 6) or by the deposition 

of a precoat that is low in alkali content. Solutions containing hydrofluo-

silicic acid (37), dibutyl tin diacetate (38), and titanium tetrachloride 

( 39) have been presented as effectual haze preventatives when used in 
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precoating solutions which are applied to the glass before filming. 

Still another factor known to cause haze is the hydrogen chloride 

vapor evolved as the hydrolysis product of stannic tetrachloride. Methods 

proposed to mollify this occurrence include: (1) removing the HCl vapor 

from the glass surface by air blasts before it can react, (2) blanketing 

the surface to be filmed with spray, and (3) delaying the reaction of the 

spray solution by the addition of methanol ( 2 7.) • 

3. 3. 4 Composition of the Glass Substrate. As shown in Table 

II , there is a marked difference in chemical composition between win-

dow glass and Pyrex. A test procedure was initiated to determine whether 

this difference would produce any marked effect on the optical and elec-

trical properties of the filmed glass . 

Double strength window and 1/8" Pyrex plate glass were sprayed 

three times at five minute intervals for durations ranging from five to 20 

seconds. The oven temperature was maintained at 1100 F. The results 

are given below in Table III. 

Table III 

Effect of Glass Composition on Film Properties 

Sample Duration of Measured Solar Surface 
Spray Transmittance Resistivity 

(seconds) (percent) (ohms/ square) 

5 74.5 250 
5 71. 4 140 
5 75.7 100 
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Table III continued 

Sample Duration of Measured Solar Surface 
Spray Transmittance Resistivity 

(seconds) (percent) (ohms/ square) 

Alp .(Pyrex) 5 77.6 80 

Azp 5 79.3 170 

A3p 5 78.8 700 

Bl (window) 10 70.7 180 

B2 10 67.4 100 

B3 10 73.5 280 

B (Pyrex) 10 77.3 350 
Blp 10 74.3 1000 
B2p 10 75.6 4000 3p 

cl (window) 15 74.8 1100 

Cz 15 75.0 1000 
C3 15 73.7 1300 

C (Pyrex) 15 75.5 425 
clP 15 74.6 720 2p 
G3p 15 74.1 100 

Dl (window) 20 59.3 45 
Dz 20 60.0 90 
D3 20 58.2 75 

Dlp (Pyrex) 20 65.2 38 

Dzp 20 67.0 32 
D3p 20 67.0 32 

It can be seen from the table that, in most instances, Pyrex 

glass is more conducive to the formation of transparent, conducting films 

than window glass. This apparent superiority is probably due to a number 

of factors . First of all, Pyrex does not contain the quantities of ferric ox-

ide which are sufficient in soda-lime glass to give it a characteristic 
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green tint and cause absorption of light. In addition, Pyrex is lower in al

kali metal content to which is attributed the cause for a 11 milkish 11 haze 

more commonly found with films prepared on soda-lime glass. 

All of the above factors contribute to the general superiority of 

Pyrex as confirmed by our experimentation. However, from a practical 

point of view, the use of Pyrex is not justifiable because of its relatively 

high cost - nearly 20 times greater than ordinary window glass. Pyrex 

glass would only be feasible under severe conditions which ordinaryglass 

could not possibly withstand. 

3. 3. 5 Duration and Number of Spray Applications. The electri

cal and optical properties of tin oxide films are largely dependent upon 

their film thickness. In general, one would expect thicker films to pos

sess high conductivity and infrared reflectance but lower transmittance 

than thinner ones. It logically follows that spray duration would have a 

direct relationship with conductance and reflectance and vary inversely 

with transmittance. However, in actual practice this expected relation

ship proved not to be as direct as expected. 

Samples were prepared by spraying the standard solution onto 

soda-lime and Pyrex glass blanks heated to 1100 F. Each sample was 

sprayed three times at five minute intervals for durations ranging from 5 

to 20 seconds. All spraying was done with the glass remaining in the oven 

to minimize cooling ... 

Table II.I also .. shows the result of spray duration on measured solar 
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transmittance and surface resistivity. The approximate infrared reflectance 

may be obtained by the use of the correlation equation presented in Chap

ter 2. Note that generally there is a gradual decrease in transmittance 

for increasing spray duration, which may be expected due to the increas-

ing film thickness, and a more abrupt transmittance change at 20 seconds 

duration. This abrupt decrease in transmittance can be attributed to either 

excessive cooling of the glass due to prolonged exposure or to large amounts 

of hydrogen chloride vapor in the oven resulting from the extended spraying 

time , or both . 

A decidedly unexpected story is told in the results of surface re

sistivity versus duration. Here it is indicated that relative optimums of 

resistivity exist at the shortest and longest of spray durations which were 

investigated. The cause for this phenomenon is unexplainable, but it is 

worthy to note that both optimums for soda-lime and Pyrex glass occur at 

identical durations. A further investigation reveals that the films produced 

with five seconds duration would be more suitable for solar energy collection 

due to their higher solar transmittance with little sacrifice in infrared re

flectance. Other tests have also disclosed that multiple applications of 

short duration aid in the prevention of haze and to increase conductance 

( 31) . 

3. 3. 6 Humidity of Atmosphere During Filming. The effect of hu

midity was not investigated in our experimentation, but other sources be

lieve that it is an important factor in producing efficient films with repro

ducible results ( 40). Perhaps the lack of control over humidity accounts 
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for the sometimes wide variation of optical and electrical properties of 

films which were prepared under otherwise identical conditions . Accord

i ng to the patent literature I optimum results have been obtained when the 

water content of the air is between O. 001 and O. 005 pounds per pound of 

air . At Tucson , Arizona I where the experimentation was performed , these 

limits correspond to a relative humidity of 5 percent and 30 percent u re

spectively , for a dry bulb temperature of 7 5 F . It is doubtful that these 

requirements were met on all of the filmed samples since the preparation 

room was serviced by an evaporative air cooler which introduces large 

amounts of water vapor into the room during its operation . Any further ex

perimentation should include a careful watch over this variable . 

It has a lso been reported that filming solutions containing alco

hol are less sensitive to humidity than aqueous solutions ( 40) . 



CHAPTER 4 

THEORETICAL IMPORTANCE OF SOLAR TRANSMITTANCE AND INFRARED 

REFLECTANCE 

4. 1 Collector Efficiency Equation. It has been shown that, in 

general, the preparation variables exert a strong infl ue nee on the optical 

and electrical properties of tin oxide films. It was also noted that any in-

crease in infrared reflectance normally results in a decrease in solar trans-

mittance. As a result, for any given absorber temperature, there exists a 

value for both reflectance and transmittance which optimizes a collector's 

operational characteristics. Since any increase in reflectance leads to a 

decrease in solar transmittance, it would be desirable to know what effect 

these two important variables have on the overall collector efficiency. 

The relative importance of infrared reflectance and solar trans-

mittance for a selective glass may be shown by a method analogous to 

that used by Tabor et al. to show the relative importance between the in-

frared emittance and reflectance of selective absorber surfaces ( 41). 

The instantaneous efficiency of a flat-plate solar collector is 

given by the expression: 

r(_ = 

where 

~ -, · Q- ( lrt +let ) 
Q 
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lrt + let 

Q 
(1) 



CX = absorptance of absorber plate for solar radiation 

l = transmittance of collector cover plate (s) for solar 
radiation 
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Q = solar radiation intensity per unit area of absorber surface 

lrt = heat loss per unit area of absorber surface at temperature 
T, due to thermal radiation 

let = heat loss per unit area of absorber surface at temperature 
T, due to convective and conductive losses 

The instantaneous collection efficiency will vary throughout the 

day; and, for the most part, is dependent on the variance of solar inten-

sity. A mean efficiency may be computed by graphical or algebraic meth-

ods. The mean efficiency, rl_ , can be expressed approximately by ( 41): 

'YL = a ~I _ b( lrt ~ let ) .] 

L -o 
( 2 ) 

where a and b are constants less than unity and Q is the daily mean 

solar intensity. 

Assuming that solar transmittance and radiation losses are the 

only variables, we obtain by differentiation: 

= a (O(<l,- _]2_ d lrt ) 

Q 
( 3 ) 

"-' If simultaneous changes in I and lrt are to bring about an in-

crease in mean efficiency, it is required that: 

( 4) 

The radiant energy exchange between the absorber surface and 
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the adjoining glass cover plate may be approximated by the exchange be-

tween two infinite, parallel, flat plates. 

Thus: 

where 

1rt = er (T 4_T 4) 
p g 

1 + 1 - 1 

Ep E g 

u = Stefan-Boltzman constant 

T p = absorber plate temperature, degrees absolute 

Tg = lower glass temperature, degrees absolute 

E P = emittance of absorber 

E = emittance glass cover plate 
g 

( 5) 

Since for a flat-black absorber plate E ~ 1, we obtain by differentiation: 
p 

(T 
4

-T 4 )dE.. p g g 
( 6) 

and, because glass is virtually opaque to radiation emitted by the absorb-

er surface, the sum of the reflectance and emittance of the glass is equal 

to unity, or: 

d ~ g = -d ~ g ( 7) 

hence equation ( 6) becomes: 

d l = - <r( T 
4 

- T 
4 

) d O rt p g \ g ( 8) 

and substituting equation (8) into ( 4): 

4 4 
-di~ b er (T - T ) 

d~g,. Qo( p g 
( 9) 
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In actual practice b is about O. 8 ( 41). Q, Tp, and Tg may be 

di 
obtained from the results of performance tests.* The ratio - d ~g has 

has been calculated for various absorber temperatures of single and double 

plate collectors and is presented in Table IV.** 

Table IV 

'di 
The Ratio - -- fo r Single and Double Cover Glass Collectors 

d \'g 

Absorber Temperature 
(OF) 

150 
200 
250 

200 
250 
300 

Single Cover Glass 

Glass Temperature 
(OF) 

90 
118 
140 

Double Cover Glass 

160 
190 
230 

d i ---
d g 

0.33 
0.54 
0.86 

0.29 
0.52 
0.74 

4. 2 Discussion. The ratio ~ d ~; thus yields an important in

dication of the relative importance of infrared reflectance and solar trans-

mittance as absorber temperatures are increased. For example, in the 

case of a single cover glass collector at an absorber temperature of 150 F, 

a decrease in transmittance from O. 8 to O. 6 ( d I= - 0. 2) because of the 

addition of a s ingle selective glass must be off set by an increase in infra-

* See Chapter 5 . 

** See also sample calculations in Appendix. 
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red reflectance ( d~g) of at least O. 61. On the other hand, at an absorber 

temperature of 250 F, the same decrease in solar transmittance as before 

is balanced by an increase of only O. 233 in film reflectance. This criter-

ion is easily met by existing films since solar transmittance is at most re-

duced by O. 2 5 while the minimum increase in infrared reflectance is O. S 5. 

The resultant gain in efficiency is seen to be more pronounced 

for a single plate collector than for a double cover plate collector at the 

same absorber temperature. This result can mainly be attributed to the 

higher operating temperature s of the interior cover glass in a double lay-

ered collector which is due to the greater degree of insulation provided by 

the exterior cover glass. We can further surmise that, since the tempera-

ture gradient between the interior and exterior glass is normally lower than 

the gradie nt be tween the absorbe r and interior glass, a selective glass of 

lower infrared reflectance and higher solar transmittance would be more 

beneficial as an exterior gla ss than another highly reflective, lower trans-

mittance selective glass. 

The results also indicate that, on cloudy or overcast days, when 

the absorber temperature s e ldom rises above 150 F, it is doubtful that any 

increase in collector e fficiency could be obtained with the use of a selec-

tive glass. 

It must a lso be noted tha t the ra tio 
di - --------
d 0 ,g is at most appro:x:i-

mate and does not a ccount for the change in other important variables con-

ta ined in the efficie ncy equation such as losses due to convection. The 

res ults of performance tes ting of sele ctive and ordinary glass in single 
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and double layered configurations which are given in Chapter 5 indicate 

that, for a single cover glass collector, the glass temperatures are vir-

tually unchanged for ordinary and selective glass collectors during the 

warming up period when the absorber temperatures are nearly equal. In 

this instance, since the exterior glass temperature largely governs the 

amount of loss by convection, the convection loss could be considered a 

constant. However, the exterior glass of a double cover glass collector 

containing selective glass tends to operate approximately 10 degrees 

warmer than those with ordinary glass. This would result in a larger con-

vection loss for the selective glass collector and tend to make dt 
d ~g 

!es s optimistic. But the efficiency derivation did not take into consider-

ation the lower emittance of the coated glass on the outdoor side. Since 

window glass has an infrared emittance of approximately O. 95 and selec-

tive glass has an emittance of less than O. 4, the decrease in radiation 

loss for the case of the selective glass tends to balance any increase in 

convection loss created by its usage. 



CHAPTER 5 

PERFORMANCE TESTING 

5. 1 Testing, Procedure. Three solar test collectors were designed 

and constructed to accomodate either one or two layers of 24" x 24" glass 

sheets. The collectors were insulated with an inch of glass wool on the 

sides and two inches of glass wool on the bottom. Airspaces between both 

the absorber to interior glass and interior glass to exterior glass were one 

inch except in the case of a single cover glass, where a two inch airspace 

was utilized. The collectors were mounted on a south-facing test stand 

and inclined at an angle of 45 degrees from horizontal, a suitable value for 

the time of the year in which the test were conducted. 

The examination of the performance characteristics of three glass 

configurations was permitted at one time. Since it is virtually impossible 

to construct all three collectors with identical heat transfer characteristics, 

it was necessary to insure that each glass configuration spent an equal 

amount of time in each collector. This was accomplished by conducting a 

comparison sequence over a span of three days with each combination 

spending a day in each collector. The absorber and glass temperatures 

were continuously monitored with the use of a 12 channel recorder. The 

average of the absorber and glass temperatures over the three day test per

iod was taken as representative of the performance characteristics of the 

34 
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collector coverings. 

It was desired to compare and evaluate the relative efficiencies 

of the following collector coverings: 

1. Single layers of glass coated on both sides with tin oxide of 

differing surface resistivity. 

2. Double layers of glass coated on both sides with tin oxide of 

differing surface resistivity. 

3. Double layers of glass; one coated and the other uncoated. 

4. Single layer of uncoated glass. 

5. Double layer of uncoated glass. 

5. 2 Properties of Tested Samples. Four 24 11 x 24" sheets of 

double strength 11 Electrapane 11 glass coated on both sides were obtained 

from the Libbey-Owens-Ford Glass Company for testing purposes. Nomi

nal surface resistivity of the samples was 44, 46, 48; and 51 ohms per 

square, respectively. Figure 5. 1 presents the measured solar transmit

tance properties of the samples along with double strength window glass 

for various angles of solar incidence. Figure 5. 2 yields the transmittance 

versus solar angle of incidence for a number of double layer configurations 

of selective and ordinary glass. The ratios denoting the curves in Figure 

5. 2 signify the surface resistivity of the glasses and their relative posi

tions in. the coll.e.ctor ... 

For example, the ratio 46/44 indicates that the 46 ohm per square 

glass is situated over the 44 ohm per square glass. The abbreviation 
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ORD in the figures ·refers to ordinary glass. 

The transmittance properties of the glass samples were deter

mined by placing the samples in a horizontal position over an Eppley nor

mal incidence pyrheliometer and observing the change in reading for num

erous angles of solar incidence throughout the day. 

5. 3 Results. Figure 5. 3 illustrates the glass and absorber 

temperatures obtained in a single cover plate collector with the use of or

dinary and selective glasses of 44 and 51 ohm per square surface resis

tivity. 

Figures 5. 4 and 5. 5 illustrate the absorber , interior glass, and 

exterior glass temperatures for selective and ordinary glasses in a double 

layer configuration. 

5. 4 Discussion of Results. In all instances a significant in

crease in absorber temperature as compared with that obtained by ordinary 

glass was attained by the selective glasses. As confirmed by the analyt

ical results presented in Chapter 4, the seemingly drastic reduction in 

solar transmittance of nearly 20 percent by the addition of a selective 

film is more than offset by the resulting increase in infrared reflectance 

of over 50 percent on both sides of the glass by the application of a se

lective film. 

However, the importance of solar transmittance must nd.t be under

estimated. The variance of surface resistivities , apparently because of 

the small difference between samples , made little or no noticeable effect 
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on the performance characteristics of the samples. In all instances the 

glass or combination of glasses which possessed the higher solar trans

mittance produced the greater increase in absorber temperature. The im

portance of solar transmittance is most vividly shown in the case where 

the 44 ohm per square glass was combined with ordinary glass. In this 

instance, the greater solar transmission of this combination proved super

ior to any of t h e two-layer selective glass combinations which were tested. 

The effect of the decrease in solar transmission is also apparent in the 

warming-up portion of the curves where the selective glass combinations 

slightly lagged those using ordinary glass until an absorber temperature 

of approximately 200 F was reached. 

The insulating qualities of selective glass, although more appar

ent at high temperatures, may also be observed in the cooling-off portion 

of the curves. After sundown and during the night, when the glass and 

absorber surfaces often reach and go below the ambient air temperature, 

the glass and absorber surfaces of collectors using selective glass re

mained at least 5 degrees warmer than those with ordinary glass. This 

result lends substance to the results calculated by Kutchinski where it 

was shown that windows made of selective glass would make efficient 

insulators for use in residential construction ( 11). 



CHAPTER 6 

CONCLUSIONS AND FUTURE RECOMMENDATIONS 

6. 1 Conclusions. It has been shown by the use of experimenta

tion and an analytical approach that selective films composed of tin oxide 

deposited on glass can effect appreciably greater absorber temperatures 

than ordinary glass when used as the cover glass(es) in a flat-plate solar 

collector. The application of a selective film to the glass, however, is 

not without detrimental effects since the solar transmittance is reduced. 

As a result, the advantage of a selective glass would be marginal at ab

sorber temperatures in the neighborhood of 150 F, but great promise is 

shown for usage in high temperature energy sources such as is necessary 

for the operation of a solar refrigeration system. 

Although tin oxide films on glass have been manufactured com

mercially for at least 15 years, the heretofore specialized uses for this 

product has necessitated low volume production which currently results 

in a cost which is not economical for use in solar energy collection. It 

has been found through literature searching and experimentation that ef

fective selective glasses can be prepared with the use of inexpensive 

chemicals and without difficult procedure. Even though reproducibility of 

film properties is a problem, a careful watch over the preparation variables 

and use of the optimum procedures as determined in this thesis should 
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result in a minimum of rejects which may allow the price of tin oxide 

coated glass to become as low as twice the cost of ordinary window glass. 

Initial efforts to optimize the optical and electrical properties of 

the filmed glass for use in solar energy collection were unsuccessful due 

to the lack of correlation between solar transmittance and infrared reflect-

ance. 

6. 2 Future Recommendations. Further studies into the subject 

of selective films deposited on glass for use in solar energy collection 

should include investigations in the following areas : 

1. An analys i s of the optimization of existing selective glasses 

for use in solar energy. 

2. Investigations pertaining to the solid state physics aspects 

of semiconductor films and especially into the effects of 

11 doping 11 agents on film properties. 

3. The application of selective films to other uses such as in

sulating windows for office and residential construction, and 

the direct heating of a building by allowing solar energy to 

pass directly through large areas of selective glass situated 

in the roof or walls . 



APPENDIX A 

Determination of Infrared Reflectance from Spectral Reflectance 

Measurements 

A tabular method given by Dunkle ( 2 8) was used to determine the 

infrared reflectance of the coated samples. All reflectance measurements 

were made at an angle of 30 degrees, and thus the results will only ap-

proximate the hemispherical reflectance. In addition, since all reflect-

ance measurements were made relative to an aluminum mirror at 10 microns, 

the results will be on the order of two percent higher than the true absolute 

reflectance. 

The tabular forms are presented on the following page with the sample 

calculations inked in. If des ired, the sample calculations may be left out 

and the format reproduced. The general procedure is as follows: 

1. The monochromatic reflectance is taken from the spectrophotom-

eter measurements at wavelength intervals corresponding to AT 

in the table. For example, since we want to find the infrared 

reflectance of the sample for radiation from a black body at T= 

710 R, the measured spectral reflectance, NA , is found at the 

wavelength, ~, corresponding to value given in the table for 

AT; or for the first row, I\ = l BOO 
ilO 

45 

= 2. 53. 
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2 . The value fo r N >,. i s then multiplied by the value given under 

5 5 
E .\ x 10 / (JT , and the product added . 

3 . The sum of the products, 2 N >. E ;.. / a-T
5 

, is then multiplied 

by the constant value of /J,( )\T ) = 400 . 

This product is then the reflectance. 

However , it will be noted that a slightly different procedure is given 

in the example. In this case, reflectance measurements were available 

to only 15 microns and were assumed to be constant beyond that value. 

Rather than add up the whole table, a short cut may be utilized. The sum, 

N~E ,\ x 10
5 

/ crT
5

, was added up to only 14. 92 microns and multiplied by 

6( >...r). The additional value for the reflectance was obtained by taking 

the fraction of the total energy remaining beyond AT ( 0. 2 53) and multiply-

ing by the constant va lue of reflectance ( 0. 81) which is assumed to ex-

ist in the farther wave lengths. 
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TABUIATION FORM FOR BIACK BODY RAD IATION 

DETERMINATION O F ~L 

TYPE O F SAMPLE ~ ----'------ ---

TEMP ERATURE I JO O R 

Le t NA = MEASURED SP ECTRAL ABSORPTANCE, TRANSMITTANCE, ETC. 

t hen N = 1~~(0-E{s)d(n) = lt oNA (~~ 5~6 \T 
where l oo 

EAd~ = crT 4 

I NA E). : Jl.f 8 .. 5 X )() _f; I L\(AT) = 400 µ_
0 R 

dys- - -
EMITTANCE, TRANSMITTANC E, :i:;~RPTANCE, ~LECTAN~ 

.J Lf s·~ · s , x 1 o - s x yo o t- o. 2 s 3 x ,. a, -= s 9. 3 -t 2 0 • s -=- 7 CJ. s ; 
0 

AT Perc ent o f EA X 10 5 

·A N>.EAx/0 5 

Total Energy cr T5 

NA CfT5 

(µ OR) 
Below Al C0 R) C0 R) (µ) 

1800 0.03 0 . 21 2.53 05 2 w I I 
2200 0~, 25 1. 04 3 . Io . {; 7 . 6 97 ,__._ .. ________ 

- -··-~· 

2 600 0.98 2.75 3,bb , 75 2,D6 

3000 2.54 5 . 08 Y. 22 . 7 Cf ~.0/ 

3400 5 .06 7 . 50 4.79 08 6,0 

3800 8.50 9.59 5 .3 ~ . 8 7. b 8 

4200 12.7 11.14 .5. q 2. 08 a~ er 
---· 
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TABUIATION FORM FOR BLACK BODY RADIATION continued 
-;-

J - , 
Percent of EA Xf0 5 

'A 
N>,[>.x,oS 

Total Energy CfT 5. NA <::rTs 

(µ OR) Below Al I (?v) ( ft10R) - -µoR 

4600 17.3 12. 10 b. 4 8 0 5 J 1.8 
5000 22.3 12.53 7. o '-f t 8 ! /0. /5 

5400 27.3 12 . 55 l. (, I .. 81 IO, /5 

5800 32.3 12.26 8. I 8 . 81 1,~ I 
6200 37.1 11 . 77 8. 7 Lf .82 9.,·) 

6600 41. 7 11.13 9. 3 / ... 3 2 ~. I Lf 

7000 46. 0 10.43 1. 81 . 82 8.56 

7400 50. 1 9.71 J (), Lf ~ 8 I 187 
{ 

7800 53.8 8.98 l 1.0 • 81 1.) 8 

8200 57.3 8.28 JI ~ 5 .. 80 b,7 

8600 60.5 7.61 I 2, I . 8 I 6. / b 

9000 63.4 6.98 J2.l . 8 { 5.£5 

9400 66.1 6.40 13 .2 . 81 5. /Cf 

9800 68.5 5.86 J 3. 8 ~ 8 l ~. 7; 
10200 70.8 5.37 /Lf .Lf .81 L(s5 

10600 72.9 4.92 / lf .13 . 8 l 3.~8/ 

11000 74.7 4.50 ~r:: I I U• ...... 

11400 76.4 4. 13 

11800 78.0 3.79 ',' 
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TABULATION FORM FOR BLACK BODY RADIATION continued 

Percent of E. 5 ·Nxt.~\/0 5 
x X IQ A \T Total Energy er 1--.S- NA er Ts 

(µ OR) 
Below AT 

(; 0 RJ (µ) C~10 RJ 
12200 79.5 3.48 

12 600 · 80.8 3.20 

13000 82.0 2.94 

13400 83.2 2.71 

13800 84.2 2.50 

14200 85.2 2.31 

14600 86. 1 2.13 

15000 86.9 1. 97 

15400 87.6 1. 83 

15800 88.3 1. 69 

16200 89.1 1. 57 

16600 89.6 1.46 

17000 90.2 1. 36 

17400 90.7 1. 26 

17800 91. 2 1. 18 

18200 91. 6 1. 10 

18600 92.0 1. 03 

19000 92.5 0.96 

19400 92.8 0.90 

19800 93. 1 0.84 

20200 93.5 0.79 

20600 93.8 0.75 

21000 94.0 0.70 

SUM 



APPENDIX B 

Determination of Solar Transmittance from Spectral Transmittance 

Measurements 

A tabular method presented by Moon ( 29) was used to determine 

the solar transmittance of the samples. All transmittance measurements 

were made at normal incidence. In all instances the values tabulated by 

this method differed from the transmittance measurements obtained by 

placing the samples in front of an Eppley normal incidence pyrheliometer 

by less than five percent. The computation procedure is as follows: 

1. The spectral transmittance measurements corresponding to the 

wavelength given in the column under A is placed in the column 

underN~. 

2 . For each particular wavelength under A , the product N >-. G >. is 

evaluated, and all of the products are added. 

3. The sum, ~ N ~ G >.. , is divided by the constant value 

IG A= 24 , 415 to obtain the solar transmittance. 

50 
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TABULATION FORM FOR SOLAR RADIATION FROM PARRY MOON'S STANDARD 

DETERMINATION OF 

TYPE OF SAMPLE 

SUN-AIR MASS OF TWO 

/J 

~ 
let NA = MEASURED SPECTRAL ABSORPTANCE, TRANSMITTANCE, ETC. 

then f°Ni,. G>- d>. N = _o ___ . 

f'G >.d~ 
\' 0 
L N.~G~ = _ I '1 34 ~ 

IF 11'A IS A CONSTANT 

GRANSMITTA~ABSORPTANCE, REFLECTANCE = (). 7 9 

~ GA 
NA 

N~GA 
(fl) (WATTS) ( W/1,HS) 

Md~- /~." M2 - ~ 
-

0.30 0., 081 .--- ---
0.33 101 e /5 /5.2 

0.36 233 . 6 fo /54 

0.39 397 . 74 294-
0.42 733 . 8S 0 2'-f 
0.45 1006 .8( 815 
0.48 1183 .80 ~ L/8 
0.51 1206 t 79 9~5 

0. 54 · 1198 . 80 958 

0.57 1178 .32 175 
0.60 1167 . 83 908 
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SOLAR RADIATION FORM continued 

\ G A N.\ GA 

<P-~J 
WA11S ·NA WA T TS 
M 2 _ _µ., M 2 - JJ.J 

0.63 1176 e 8Lf 988 
0.66 1166 085 CJcro 

0.69 978 . 65 832 

0.72 832 , 85 705 

0.75 867 ~85 137 
0.78 907 Q 8 3 754 
0.81 698 ~ 8 2 073 
0.84 858 .82 7 04 

0.87 798 . 8 ( {/f5 

0.90 480 . 50 3 5 '-f 

0.93 169 .. ·79 / 33 

0.96 584 .71 Lf l I 

0.99 643 , 7 8 5Df 

1. 02 610 .78 Y75 
1. 05 551 . 71 Y 25 
1. 08 512 .7£ 359 
1. 11 126 . 7b C)0 
1. 14 164 . 75 I 2 3 

1.17 328 . 7 Lf 2'-t 3 
1. 20 373 . 73 272 
1. 23 420 .72 307 

1. 26 311 . 72 Z24 
1. 29 346 .12 249 
1. 32 168 . 7 I J I CJ 
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SOIAR RADIATION FORM continued 
~· 

\ GA N~GA 
( µ.,) (W~Tf5 j NA (WATTS ) 

M2 - µ, M z µ.., 

1. 35 18. 1 el j / 2.B 
1. 38 0 .10 ....---

1. 41 1. 91 ~ 6 9 J' 32-
1.44 13 . 7 .69 1.45 
1. 47 45.1 . 6 9 30.l 
1. 50 157 .£8 J () 7 
1. 53 217 . l 8 14 5 
1. 56 217 . l 7 J '--/5 
1. 59 205 ~6~ 135 

1. 62 194 .65 12 l 
1. 65 173 , 64 I IO 
1. 68 145 , l 3 92 
1. 71 124 . l2 17 
l. 74 97.1 . lo 58 
1. 77 38.8 .59 23 
1. 80 0.92 .58 . 53 
1. 83 0 . 5-7 -

1. 86 0 .56 -
1. 89 0 ;:' 2 -. :) 

1. 92 2.34 .5() J. 2 
1. 95 17.7 . 48 8,5 
1. 98 22.6 ~ l/ 7 ID- b 
2.01 19.5 . 40 8.9 
2.04 54.7 ~ 4'-1 z~l t 
2.07 77.0 • l../ 2 32.4 
2 . 10 85.6 • Lj () 3l/. 3 
2 . 13 20.7 .38 7.9 

SUM 193'-!2 
-



APPENDIX C 

Determination of the Ratio d17c!S;Jg for Single and Double Cover Glass 

Collectors 

In order to obtain a gain in collector efficiency by the addition of s~-

lective glass(es), the following approximation was found to be necessary: 

(T 4 - T 4) 
p ·g 

The glass temperatures for a single cover glass collector are found 

in Figure 5. 3; the interior glass temperatures for a double cov~r glass col-

lector are obtained from Figures 5. 4 and 5. 5. 

For the case of a single cover glass collector with an absorber temp-

erature of 200 F, the glass temperature is found from Figure 5. 3 to be ap-

proximately 118 F. If b = 0. 8 ( 41), "Q = 200 Btu/hr-sq. ft. and C\~ 1 , 

then: 

d i 0 . 8 X 0.173 X 10- 8 
(660 4 - 5784 ) 

d~g 
> 200 X 1 

or 

d '1 

a ~ ·g > 0.54 

The glass temperature for a double cover glass collector with an 

absorber temp~rature of 200 F is found from either Figure 5 . 4 or 5. 5 to be 

approximately 160 F. Again, if b = 0. 8 , Q = 200 Btu/sq ft. -hr, and O\. ~ l, 

54 
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then 

- _d_~ '> -8 4 4 
___..:o:__:·_:::8_:x_o_. :-1-73-:--x_i_o___ ( 6 6 0 - 6 • 2 ) 

200 X 1 

or 



APPENDIX D 

PATENT FILE 

The follow i ng patent s have been found to deal primarily with 

the production and applica t ions of conduct ive coatings on glass as of 

Fe brua ry 18 , 1962 : 

U . S . Pa t ent 2 !959,499,; A.He rczog et al , "Art of Producing Electroconduc
tive Films on a Re fra ctory C e ramic Base 11 

U.S . Pa t ent 2 ! 949 8 3 87; W O H . Colbert e t a l, 11 Light Transmissive Electri
cally Conducti ng Art icle 11 

U . S . Pa tent 2 8 94 7 0 939; S . H . Harwig , "Testing Electrically Conductive 
Articles 11 

U.S . Pat ent 2 , 934 , 736; J . K. Davis , " Elect rical Res i stor" 

U . S . Patent 2 u 921 , 357; J . L. Boicey , " Method of Tes t ing Electrically 
Conducting Films 11 

U.S . Patent 2 , 920 , 005; J . Dearden , 11 Electrical Resistors " 

U.S. Patent 2 , 919 , 212; R .A. Gaiser 1 "Electrically Conducting Glass and 
Method for Producing Same" 

U.S. Patent 2 , 894 0 858; W . 0 . Lytle , 11 Method of Producing Transparent 
Electroconductive. Articles 11 

U.S . Pa t ent 2 , 893 , 895; W . F. Claus sen 0 " Method of Vapor Coating" 

U . S. Patent 2 , 887 u 412; L. D . Thomas , " Electri cally Conducting Glass 
Unit and Method of Making Same " 

U. S .Pat ent 2 , 884 u 313; C. M. Browne 1 

81 Method of Removing an Electri-
cally Conducting Film " 

U . S . Patent 2 , 857 , 294; J . K. Davi s O " Electroconduct ive Article 11 
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PATENT FILE continued 

U.S . Patent 2 s 852 , 415; W O H . Colbert et al, "Electrically Conducting 
Coated Glass or Ceramic Articles Suitable for Use as a Lens u a Window 
or a Windshield 0 or the Like 11 

57 

U.S . Patent 2 0 850,409; J. L. Boicey et al , "Method of Deleting Electri
cally Conductive Film from a Surface " 

U.S . Patent 2 1 833 , 902 ; R .A O Gaiser et al O 

II Electrically Conducting 
Glass 11 

U . S. Patent 2,809 , 346; J . E . Archer, "Apparatus for Measuring the Thick
ness of Electroconductive Films 11 

U OS. Patent 2 u 80 8 1 351; W. H. Colbert et al , ii Electrically Conducting 
Coated Glass or Ceramic Articles Suitable for Use as a Lens, a Window 
or a Windshield , or the Like" 

U.S . Patent 2,769,778; J . SO Preston, 11 Method of Making Transparent 
Conducting Films by Cathode Sputtering " 

U.S. Patent 2 , 762 , 726; A. E. Saunders O "Method of Producing a Metal 
Film on a Refractory Base l! 

U . S. Patent 2 1 762 , 7 25; A. E . Saunders , 11 Method of Producing a Metal 
Film on a Refractory Base Having a Metal Oxide Film Thereon" 

U . S. Patent 2 1 741, 5 70; R .A. Gaiser, 11 Electroconductive Article" 

U . S. Patent 2 u 740 , 73 1; W . 0.Lytle and A.E.Junge , 11 Electroconductive 
Article and Production Thereof" 

U.S. Patent 2,733 0 325; S.F.Cox 0 "Electroconductive Article 11 

U.S. Patent 2,730,598; W oO. Lytle, "Transparent Electro-Conducting 
Article 11 

U . S. Patent 2,724,658; W.O.Lytle , "Resistor Coating Method" 

U.S. Patent 2,703 1 7 67; T . K. Young , 11 Transparent Electrically Conduct
ing Unit 11 

U.S. Patent 2 u 695 , 247; A . E . Junge, 11 Production of Trans parent Electro
conductive Article 11 



PATENT FILE continued 

U.S. Patent 2 u 694 , 76 1; M . S . Tarnopol 1 "Method of Producing Electro
conductive Art icles 11 

U . S . Patent 2 , 694 u 649; M . S. Tarnopol O "Indium Oxide Coating on a 
Siliceous Base 11 
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U.S. Patent 2 , 692 , 836; J. W . McAuley, 11 Method of Increasing the Elec
trical Conductivity of Tin Oxide Films 11 

U.S . Patent 2 , 690 , 731; R .A. Gaiser O "Apparatus for Producing Electri
cally Conducting Coated Bodies 11 

U.S . Patent 2 u 68~ , 803; R . L .Ackerman , 11 Method of Producing a Film of 
Uniform Electroconductivity on Refractory Bases 11 

U.S. Patent 2 , 676 , 117; W . H . Colbert et al , 11 Light Transmissive Elec
trically Conducting Optical Article 11 

U.S . Patent 2 , 673 , 325; L . E.Orr , 11 Method of Testing Electroconductive 
Surfaces 11 

U.S . Patent 2 , 667 , 428; T. K. Young et al 1 

11 Method of Producing Trans-
parent Electrically Conducting Films 11 

U.S. Patent 2 u 651 , 585; W. 0. Lytle et al, 11 Production of Electrocon
ductive Articles 11 

U.S. Patent 2 , 648 , 754; W. 0. Lytle, 11 Electroconductive Article" 

U.S. P·atent 2 , 628 1 927; W . H. Colbert et al 1 

11 Light Transmissive Elec-
trocond ucti ve Article 11 

U.S. Patent 2v628 , 921; A . R .Weinrich , " Method of Producing an Inter
mediate Metallic Oxide Film in a Multiple Layer Article 11 

U.S. Patent 2,617 , 745; R . F . Raymond and B. J. Dennison 1 "Method of 
Producing an Electroconductive Article 11 

U.S . Patent 2 , 617 , 742; E . R.Olson 0 

11 Electroconductive Article and 
Production Thereof" 

U.S. Patent 2 , 617 , 741; W . O . Lytle u "Electroconductive Article and 
Production Thereof" 



PATENT FILE continued 

U. S o Pa t ent 2 1 614 1 944; W . 0 0 Lytle O "Method of Applying Electrocon
ductive Film s" 
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U.S . Pa t ent 2 1 605 u 5 66; M . S . Ta rnopol O "Treat ment of Films with Liquid 11 

U.S. Pat ent 2 0 60 2 0 032; R aA . Gaiser O "Electrically Conducting Surface 
and Met hod fo r Producing Same " 

U.S . Patent 2 0 596 1 515; G oB.Watki ns e t al 0 

11 Coating Vitreous Substances" 

U . S . Patent 2 , 592 , 60 l; R. F . Raymond et al , "Transparent Electrocon
ductive Article and Method for Producing t he Same 0 

U.S . Patent 2 8 585 , 341; J . M . Mochel, "Method of Mak i ng Compositions 
of Tin Oxide" 

U . S. Pat ent 2 0 583 1 000; W .0 . Lytle , 11 Transparent Conducting Films" 

U.S. Patent 2 1578 0 956; A.R .Weinrich 1 " Met hod of Forming Metallic 
Oxide Coatings Upon Siliceous Support Articles 11 

U.S . Patent 2 1 570 , 245; A.E.Junge ! nMethod of Spraying Transparent 
Coatings 11 

U.S. Patent 2 , 567 , 331; R .A . Ga i ser e t al 1 

11 Method of Applying Elec-
trically Conducting Coatings to Vitreous Bases 11 

U . S . Patent 2 , 566 , 346; W.0 . Lytle and A.E . Junge ! 11 Electroconductive 
Products and Production Thereof" 

U.S . Patent 2 , 564, 710; J .M . MocheC 11 Electrically Conducting Coating 
on Glass and Other Ceramic Bodies 11 

U . S . Pa t ent 2 1 564 , 708; J.M.Mochel 0 

11 Heat Screen" 

U . S . Pa t ent 2 , 564 , 707; J. M . Mochel 1 

11 Electrically Conducting Coating 
on Glass and Other Ceramic B0dies 0 

U.S. Patent 2 a 564,706; J. M . Mochel O 

II Coat ed Res i stance 11 

U . S . Pa tent 2 8 5 64 , 677 ; J . K. Davi s O 

II Electrically Conducting Coating on 
Glas s and Other Ceramic Bodies u 



PATENT FILE continued 

U.S. Patent 2 , 522 , 531; John M. Mochel, "Method of Producing Elec
trically Conducting Coatings on Glass and Mica Sheet s 11 

U . S . Patent 2 g 516,663; M . J. Zunick O "Conductive Coatings on Glass 11 
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U.S. Patent 2 8 429,420; H.A. M c Mas terv 11 Conductive Coating for Glass 
and Method of Application 11 

U.S . Patent 2 , 118 , 795; J . T. Littleton , "Insulator" 

U.S. Pa t ent 1, 96 4,322 ; J .M.Hyde , "Electrically Conducting Coating on 
Vitreous Subs tance s and Method of Producing It 01 
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