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Preface 

Thermophysical Properties of Matter, the TPRC 
Data Series, is the culmination of twelve years of 
pioneering effort in the generation of tables of 
numerical data for science and technology. It 
constitutes the restructuring, accompanied by ex- 
tensive revision and expansion of coverage, of the 
original TPRC Data Book, first released in 1960 in 
loose-leaf format, W x\l" in size, and issued in 
June and December annually in the form of supple- 
ments. The original loose-leaf Data Book was or- 
ganized in three volumes: (1) metallic elements and 
alloys, (2) nonmetallic elements, compounds, and 
mixtures which are solid at N.T.P., and (3) non- 
metallic elements, compounds, and mixtures which 
are liquid or gaseous at N.T.P. Within each volume, 
each property constituted a chapter. 

Because of the vast proportions the Data Book 
began to assume over the years of its growth and the 
greatly increased effort necessary in its maintenance 
by the user, it was decided in 1967 to change from the 
loose-leaf format to a conventional publication. 
Thus, the December 1966 supplement of the original 
Data Book was the last supplement disseminated by 
TPRC. 

While the manifold physical, logistic, and 
economic advantages of the bound volume over the 
loose-leaf oversize format are obvious and welcome 
to all who have used the unwieldy original volumes, 
the assumption that this work will no longer be 
kept on a current basis because of its bound format 
would not be correct. Fully recognizing the need of 
many important research and development programs 
which require the latest available information, 
TPRC has instituted a Data Update Plan enabling 
the subscriber to inquire, by telephone if necessary, 
for specific information and receive, in many in- 
stances, same-day response on any new data pro- 
cessed or revision of published data since the latest 
edition. In this context, the TPRC Data Series departs 
drastically from the conventional handbook and 
giant multivolume classical works, which are no 
longer adequate  media  for  the  dissemination  of 

numerical data of science and technology without a 
continuing activity on contemporary coverage. The 
loose-leaf arrangements of many works fully recog- 
nize this fact and attempt to develop a combination 
of bound volumes and loose-leaf supplement arrange- 
ments as the work becomes increasingly large. 
TPRCs Data Update Plan is indeed unique in this 
sense since it maintains the contents of the TPRC 
Data Series current and live on a day-to-day basis 
between editions. In this spirit, I strongly urge all 
purchasers of these volumes to complete in detail 
and return the Volume Registration Certificate 
which accompanies each volume in order to assure 
themselves of the continuous receipt of annual 
listing of corrigenda during the life of the edition. 

The TPRC Data Series consists initially of 13 
independent volumes. The initial ten volumes will 
be published in 1970, and the remaining three by 
1972. It is also contemplated that subsequent to the 
first edition, each volume will be revised, updated, 
and reissued in a new edition approximately every 
fifth year. The organization of the TPRC Data Series 
makes each volume a self-contained entity available 
individually without the need to purchase the entire 
Series. 

The coverage of the specific thermophysical 
properties represented by this Series constitutes the 
most comprehensive and authoritative collection of 
numerical data of its kind for science and technology. 

Whenever possible, a uniform format has been 
used in all volumes, except when variations in 
presentation were necessitated by the nature of the 
property or the physical state concerned. In spite of 
the wealth of data reported in these volumes, it 
should be recognized that all volumes are not of the 
same degree of completeness. However, as additional 
data are processed at TPRC on a continuing basis, 
subsequent editions will become increasingly more 
complete and up to date. Each volume in the Scries 
basically comprises three sections, consisting of a text, 
the body of numerical data with source references, 
and a material index. 

-  m*^ ■   • ■ 
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The aim of the textual material is to provide a 
complementary or supporting role to the body of 
numerical data rather than to present a treatise on 
the subject of the property. The user will find a basic 
theoretical treatment, a comprehensive presentation 
of selected works which constitute reviews, or com- 
pendia of empirical relations useful in estimation of 
the property when there exists a paucity of data or 
when data are completely lacking. Established 
major experimental techniques are also briefly 
reviewed. 

The body of data is the core of each volume 
and is presented in both graphical and tabular format 
for convenience of the user. Every single point of 
numerical data is fully referenced as to its original 
source and no secondary sources of information are 
used in data extraction. In general, it has not been 
possible to critically scrutinize all the original data 
presented in these volumes, except to eliminate 
perpetuation of gross errors. However, in a signifi- 
cant number of cases, such as for the properties of 
liquids and gases and the thermal conductivity of 
all the elements, the task of full evaluation, synthesis, 
and correlation has been completed. It is hoped that 
in subsequent editions of this continuing work, 
not only new information will be reported but the 
critical evaluation will be extended to increasingly 
broader classes of materials and properties. 

The third and final major section of each volume 
is the material index. This is the key to the volume, 
enabling the user to exercise full freedom of access to 
its contents by any choice of substance name or 
detailed alloy and mixture composition, trade name, 
synonym, etc. Of particular interest here is the fact 
that in the case of those properties which are re- 
ported in separate companion volumes, the material 
index in each of the volumes also reports the con- 
tents of the other companion volumes.* The sets of 
companion volumes are as follows: 

Thermal conductivity: 
Specific heat: 
Radiative properties: 
Thermal expansion: 

Volumes I, 2, 3 
Volumes 4, 5, 6 
Volumes 7, 8, 9 
Volumes 12, 13 

The ultimate aims and functions of TPRC's 
Data Tables Division are to extract, evaluate, re- 
concile, correlate, and synthesize all available data 
for the thermophysical properties of materials with 

♦For the first edition of the Series, this arrangement was not 
feasible for Volume 7 due to the sequence and the schedule 
of its publication. This situation will be resolved in sub- 
sequent editions. 

the result of obtaining internally consistent sets of 
property values, termed the "recommended reference 
values." in such work, gaps in the data often occur, 
for ranges of temperature, composition, etc. When- 
ever feasible, various techniques are used to fill in 
such missing information, ranging from empirical 
procedures to detailed theoretical calculations. Such 
studies are resulting in valuable new estimation 
methods being developed which have made it possible 
to estimate values for substances and/or physical con- 
ditions presently unmeasured or not amenable to 
laboratory investigation. Depending on the available 
information for a particular property and substance, 
the end product may vary from simple tabulations of 
isolated values to detailed tabulations with generating 
equations, plots showing the concordance of the 
different values, and, in some cases, over a range of 
parameters presently unexplored in the laboratory. 

The TPRC Data Series constitutes a permanent 
and valuable contribution to science and technology. 
These constantly growing volumes are invaluable 
sources of data to engineers and scientists, sources in 
which a wealth of information heretofore unknown 
or not readily available has been made accessible. 
We look forward to continued improvement of both 
format and contents so that TPRC may serve the 
scientific and technological community with ever- 
increasing excellence in the years to come. In this 
connection, the staff of TPRC is most anxious to 
receive comments, suggestions, and criticisms from 
all users of these volumes. An increasing number of 
colleagues are making available at the earliest pos- 
sible moment reprints of their papers and reports as 
well as pertinent information on the more obscure 
publications. I wish to renew my earnest request that 
this procedure become a universal practice since it 
will prove to be most helpful in making TPRC's 
continuing effort more complete and up to date. 

It is indeed a pleasure to acknowledge with 
gratitude the multisource financial assistance re- 
ceived from over fifty of TPRC's sponsors which 
has made the continued generation of these tables 
possible. In particular, I wish to single out the sus- 
tained major support being received from the Air 
Force Materials Laboratory-Air Force Systems 
Command, the Office of Standard Reference Data- 
National Bureau of Standards, and the Office of 
Advanced Research and Technology-National Aero- 
nautics and Space Administration. TPRC is indeed 
proud to have been designated as a National In- 
formation Analysis Center for the Department of 
Defense as well as a component of the National 

_ h.   ■   -       114-    .    «^     . 
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Foreword 

In 1957, the Thermophysical Properties Research 
Center (TPRC) of Purdue University, under the 
leadership of its founder. Professor Y. S. Touloukian, 
began to develop a coordinated experimental, 
theoretical, and literature review program covering 
a set of properties of great importance to science and 
technology. Over the years, this program has grown 
steadily, producing bibliographies, data compila- 
tions and recommendations, experimental measure- 
ments, and other output. The series of volumes for 
which these remarks constitute a foreword is one of 
these many important products. These volumes are a 
monumental accomplishment in themselves, re- 
quiring for their production the combined knowledge 
and skills of dozens of dedicated specialists. The 
Thermophysical Properties Research Center de- 
serves the gratitude of every scientist and engineer 
who uses these compiled data. 

The individual nontechnical citizen of the 
United States has a stake in this work also, for much 
of the science and technology that contributes to his 
well-being relies on the use of these data. Indeed, 
recognition of this importance is indicated by a 
mere reading of the list of the financial sponsors of 
the Thermophysical Properties Research Center; 
leaders of the technical industry of the United States 
and agencies of the Federal Government are well 
represented. 

Experimental measurements made in a labora- 
tory have many potential applications. They might 
be used, for example, to check a theory, or to help 
design a chemical manufacturing plant, or to com- 
pute the characteristics of a heat exchanger in a 
nuclear power plant. The progress of science and 
technology demands that results be published in the 
open literature so that others may use them. For- 
tunately for progress, the useful data in any single 
field are not scattered throughout the tens of thou- 
sands of technical journals published throughout 
the world. In most fields, fifty percent of the useful 
work appears in no more than thirty or forty journals. 
However, in the case of TPRC, its field is so broad 

that about 100 journals are required to yield fifty 
percent. But that other fifty peicent! It is scattered 
through more than 3500 journals and other docu- 
ments, often items not readily identifiable or ob- 
tainable. Nearly 50,000 references are now in the 
files. 

Thus, the man who wants 'o use existing data, 
rather than make new measurements himself, faces 
a long and costly task if he wants to assure himself 
that he has found all the relevant results. More often 
than not, a search for data stops after one or two 
results are found—or after the searcher decides he 
has spent enough time looking. Now with the 
appearance of these volumes, the scientist or engineer 
who needs these kinds of data can consider himself 
very fortunate. He has a single source to turn to; 
thousands of hours of search time will be saved, 
innumerable repetitions of measurements will be 
avoided, and several billions of dollars of investment 
in research work will have been preserved. 

However, the task is not ended with the genera- 
tion of these volumes. A critical evaluation of much 
of the data is still needed. Why are discrepant results 
obtained by different experimentalists? What un- 
detected sources of systematic error may affect some 
or even all measurements ? What value can be derived 
as a "recommended" figure from the various con- 
flicting values that may be reported ? These questions 
are difficult to answer, requiring the most sophisti- 
cated judgment of a specialist in the field. While a 
number of the volumes in this Series do contain 
critically evaluated and recommended data, these 
are still in the minority. The data are now being 
more intensively evaluated by the staff of TPRC as an 
integral part of the effort of the National Standard 
Reference Data System (NSRDS). The task of the 
National Standard Reference Data System is to 
organize and operate a comprehensive program to 
prepare compilations of critically evaluated data on 
the properties of substances. The NSRDS is ad- 
ministered by the National Bureau of Standards 
under a directive from the Federal Council for Science 
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and Technology, augmented by special legislation 
of the Congress of the United States. TPRC is one 
of the national resources participating in the National 
Standard Reference Data System in a united effort 
to satisfy the needs of the technical community for 
readily accessible, critically evaluated data. 

As a representative of the NBS Office of Stan- 
dard Reference Data, I want tocongratulate Professor 
Touloukian and his colleagues on the accomplish- 
ments represented by this Series of reference data 

books. Scientists and engineers the world over are 
indebted to them. The task ahead is still an awesome 
one and I urge the nation's private industries and all 
concerned Federal agencies to participate in fulfilling 
this national need of assuring the availability of 
standard numerical reference data for science and 
technology. 

EDWARD L. BRADY 
Associate Director for Information Programs 

National Bureau of Standards 
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Introduction to Volume 8 

This volume of Thermophysical Properties of Matter, 
the TPRC Data Series, follows the general format of 
the volumes on other properties except where depar- 
tures and innovations were found necessary for the 
eflfcctive presentation of thermal radiative properties. 

The volume consists of three major sections: the 
text on theory, estimation, and measurcmmt together 
with its bibliography, the main body of numerical 
data and its references, and the material index. 

The text material is intended to assume a role 
complementary to the main body of numerical data, 
the presentation of which is the primary purpose of 
this volume. It is felt that a moderately detailed 
discussion of the theoretical nature of the properties 
under consideration together with an overview of 
predictive procedures and recognized experimental 
techniques will be appropriate in a major reference 
work of this kind. The physics and basic concepts of 
thermal radiation are discussed in detail in the text 
material accompanying both Volumes 7 and 8. In 
Volume 8, the text focuses attention on treatment of 
nonmetallic materials—theory, estimation, and 
methods of measurement. Sufficient detail is given to 
make the text materials self-contained but it has been 
the practice to provide extensive reference citations 
to lead the interested reader to literature for detailed 
study. 

The main body of the volume consists of the 
presentation of numerical data compiled over the 
years in a most comprehensive and meticulous 
manner. The scope of coverage includes the non- 
metallic elements and their compounds, intermetallics, 
polymers, glasses, and minerals. The extraction of all 
data directly from their original sources ensures 
freedom from errors of transcription. Furthermore, 
some gross errors appearing in the original source 
documents have been corrected. The organization and 
presentation of the data together with other pertinent 
information in the use of the tables and figures are 
discussed in detail in the text of the section entitled 
Numerical Data. 

In addition to the original data presentation in 
the Numerical Data section, the Analyzed Data 
Graphs will give the user an evaluative review of the 
data. This analysis work is first a filtering process; 
it identifies data which are felt to be reliably or 
typically identified with the materials and gives the 
user a good feeling of "relief" from the "spaghetti" 
type of presentation shown in the original or archival 
data graphs. The analyzed curves are based, in some 
instances, on experiences of the research team as well 
as the original data sources. This analysis work is an 
innovative feature of the radiative properties volumes 
and should not be considered as recommended 
reference values identified in other volumes of this 
Series; the work is intended to make the best reliable 
data available to the thermal designer. 

As stated earlier, all data have been obtained 
from their original sources and each data set is so 
referenced. TPRC has in its files all documents cited 
in this volume. Those that cannot readily be obtained 
elsewhere are available from TPRC in microfiche 
form. 

This volume has grown out of activities supported 
principally by the National Aeronautics and Space 
Administration, Office of Advanced Research and 
Technology under the monitorship of Mr. Conrad 
Mook. We wish t,o acknowledge the benefit of 
extensive discussions with Mr. D. W. Gates, Space 
Sciences Laboratory, NASA-MSFC, and Mr. W. F. 
Carroll, Materials Section, Jet Propulsion Laboratory, 
who have served in an advisory capacity throughout 
the progress of work on the thermal radiative prop- 
erties of Volumes 7, 8, and 9 from the outset. 

Over the past five years, many graduate students, 
research assistants, and technical staff have con- 
tributed to the preparation of this volume for varying 
periods under the authors' supervision. In chron- 
ological order of their association with TPRC, we wish 
to acknowledge the contributions of I. M. Yeyinmen, 
R. S. Hernicz, B. Compani-Tabrizi, M. C. Muinzer, 
P. Sioshansi. J. J. Hsia, C. K. Hsieh, R. L Jones, 
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K. F. Sohn, and S. L. Miller. Special mention should 
be made of two of these contributors: Mrs. Sandra L. 
Miller was responsible for the coordination of data 
extraction, final organization of the tables, figures, and 
text, and for the data analysis. Mr. Hernicz partic- 
ipated in nearly all phases of the program since its 
outset and has made valuable contributions to the 
data analysis activity in particular. 

The authors acknowledge the assistance of Mr. 
Joseph C. Richmond. National Bureau of Standards, 
who provided valuable suggestions relating to nomen- 
clature and subproperty classification; many of the 
ideas in the text portion of Volumes 7 and 8 are a 
result of his direct contributions. 

Inherent in the character of this work is the fact 
that in the preparation of this volume we have drawn 
most heavily upon the scientific literature and feel a 
debt of gratitude to the authors of the referenced 
articles. While their often discordant results have 
caused us much difficulty in reconciling their findings, 
we consider this to be our challenge and our contribu- 
tion to negative entropy of information, as an effort 
is made to create from the randomly distributed data 
a condensed, more orderlv state. 

While this volume is primarily intended as a 
reference work for the designer, researcher, experi- 
mentalist, and theoretician, the teacher at the graduate 
level may also use it as a teaching tool to point out 
to his students the topography of the state of 
knowledge on the thermal radiative properties of 
nonmetals. We believe there is also much food for 
reflection by the specialist and the academician 
concerning the meaning of "original" investigation 
and its "information content." 

The authors and their contributing associates are 
keenly aware of the possibility of many weaknesses 
in a work of this scope. We hope that we will not be 
judged too harshly and that we will receive the benefit 
of suggestions regarding major references omitted, 
additional material groups needing more detailed 
treatment, improvements in presentation or in recom- 
mended values, and. most important, any inadvertent 
errors. If the Volume Registration Certificate accom- 
panying this volume is returned, the reader will assure 
himself of receiving annually a list of corrigenda as 
possible errors come to our attention. 

Lafayette. Indiana Y. S. TOUI.OUKIAN 
February 1971 D. P. DEWITT 
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xxll        Grouping of Materials ami List of Figures and Tables 

3. iMKTUKES OF SINGLE OXIDES   (continued) 

Figurt' and/or 
Table No.                                 Material and Suhproperty Page 

197 [M0O3 + SiOjJ Powders - Normal Spectral Ueflectanee  5(i(i 

1»8 (YJOJ + CrjOj] Powders - Normal Spectral Emittancc  569 

4. MULTIPLE OXIDES AND SALTS 

Figure and/or 
Table No.                                 Material and Subproperty Page 

199 Calcium Aluminate - Normal Spectral Transmittancc   573 

2UÜ* Magnesium Aluminate - Normal Spectral Reflectance   576 

2U1 Magnesium Aluminate - Normal Spectral Transmittancc  577 

202 Yttrium Aluminate - Normal Spectral Reflectance   579 

2U3 Miscellaneous Borates - Normal Spectral Reflectance  5S1 

204 Calcium Carbonate - Normal Spectral Reflectance   583 

205 Calcium Carbonate - Normal Spectral Transmittance   585 

206 Lead Carbonate - Normal Spectral Reflectance   587 

207* Lead Carbonate - Normal Solar Absorptance   589 

208 Magnesium Carbonate - Normal Spectral Reflectance   590 

209 Miscellaneous Carbonates - Normal Spectral Reflectance  592 

210 Sodium Chlorate - Normal Spectral Reflectance   594 

211 Miscellaneous Hafhates - Normal Spectral Reflectance  596 

212 Lithium Niobate - Normal Spectral Reflectance   598 

213 Sodium Nitrate - Normal Spectral Reflectance   600 

214 Aluminum Phosphate - Normal Spectral Reflectance   602 

215 Ammonium and Potassium Dihydrogen Phosphates - 
Normal Spectral Transmittance                             604 

216 Miscellaneous Phosphates - Normal Spectral Reflectance  607 

217 Zirconium Silicate - Normal Spectral Emittance   610 

218 Zirconium Silicate - Normal Spectral Reflectance   612 

219* Zirconium Silicate - Normal Solar Absorptance   615 

220* Zirconium Silicate Compounds - Normal Solar Absorptance  616 

221 Miscellaneous Silicates - Normal Spectral Reflectance  617 

222 Miscellaneous Silicates - Normal Spoctral Transmittance  621 

223 Barium Sulfate - Normal Spectrtl Reflectance   623 

224* Barium Sulfate - Normal Solar Absorptance   626 

225 Calcium Sulfate - Normal Spectral Reflectance   627 

226 Calcium Sulfate - Normal Spectral Transmittance   629 

227 Lead Sulfate and Sulfite - Normal Spectral Transmittance  631 

228 Potassium Tantalate - Normal Spectral Reflectance   633 

229 Barium Titanate - Normal Spectral Reflectance   635 

23QA Barium Titanate - Normal Spectral Reflectance   637 

230 Barium Titanate - Normal Spectral Reflectance   638 

231 Barium Titanate - Normal Spectral Transmittance   642 

232 Bismuth Titanate - Normal Spectral Transmittancc   644 

233* Lead Titanate - Normal Integrated Reflectance   646 

234 Lead Titanate - Normal Spectral Reflectance   647 

235 Lead Titanate - Normal Spectral Transmittance   649 

236 Strontium Titanate - Normal Spectrul Emittance   651 

Note;  Figure number with "A" indicates analyzed data graph. 
♦ No figure 
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ürouping of Malcrials and List of Figure* ami Tcihk-s       \\i 

2.     SINGLE OXIDES   (cuntinued) 

i 

« 

Figure and, or 
Table No. Material and Subproperty Page 

15S Tin Dioxide - Normal Spectral Reflectance   451 

160 Titanium Monoxide - Normal Spectral Reflectance  454 

161 Titanium Dioxide - Normal Total Emittance         456 

162 Titanium Dioxide - Normal Spectral Emittance  458 

163A Titanium Dioxide - Normal Spectral Reflectance  461 

163 Titanium Dioxide - Normal Spectral Reflectance  463 

164 Titanium Dioxide - Angular Spectral Reflectance  473 

165* Titanium Dioxide - Normal Solar Absorptance          475 

166 Titanium Dioxide - Normal Spectral Transmittance  476 

167 Uranium Dioxide - Hemispherical Spectral Emittance  478 

168* Uranium Dioxide - Normal Spectral Emittance         485 

169 Uranium Dioxide - Normal Spectral Transmittance  486 

170 Ytterbium Oxide - Hemispherical Spectral Emittance        488 

171 Ytterbium Oxide - Normal Spectral Transmittance  490 

172 Yttrium Oxide - Normal Total Emittance   492 

173 Yttrium Oxide - Hemispherical Spectral Emittance  494 

174 Yttrium Oxide - Normal Spectral Emittance         496 

175 Yttrium Oxide - Normal Spectral Emittance         498 

176 Yttrium Oxide - Normal Spectral Reflectance  501 

177 Yttrium Oxide - Normal Spectral Transmittance  504 

178* Zinc Oxide - Hemispherical Total Emittance  506 

179A Zinc Oxide - Normal Spectral Reflectance   507 

179 Zinc Oxide - Normal Spectral Reflectance   509 

180 Zinc Oxide - Normal Spectral Absorptance          519 

181* Zinc Oxide - Normal Solar Absorptance   521 

182 Zinc Oxide - Normal Spectral Transmittance  522 

183* Zirconium Dioxide - Hemispherical Total Emittance  524 

184 Zirconium Dioxide - Normal Total Emittance  526 

185 Zirconium Dioxide - Hemispherical Spectral Emittance  529 

186 Zirconium Dioxide - Normal Spectral Emittance  531 

187 Zhvoniim Dioxide - Normal Spectral Emittance  533 

188A Zinx'nu n Dioxide - Normal Spectral Reflectance  536 

188 Zi/u>nic'.ti Dioxide - Normal Spectral Reflectance  537 

189* Zircumum Dioxide - Normal Solar Absorptance  544 

190 Miscellaneous Oxides - Normal Spectral Reflectance  545 

191 Miscellaneous Oxides - Normal Spectral Transmittance  548 

3.     MIXTURES OF SINGLE OXIDES 

Figure and/or 
Table No. Material and Subproperty Page 

192 [AI2O, ♦ Cr2ü3] Powders - Normal Spectral Emittance  553 

193 [AljOj + NiO) Powders - Normal Spectral Emittance         556 

194 1A1|0| + SiOj] Powders - Normal Spectral Emlfance         558 

195 IAI2O3 + Si02] Powders - Normal Spectral Rodectance  560 

196 [MnO + TiOj] Powders - Normal Spectra1. Reflectance  563 

Note 1  Figure number with "A" indicates analyzed data graph. 
* No figure 

l^^.*^ in  ■  ■;■■  



•  -  -  - 

:»JL xviii       Grouping of Materials and List of Figures and Tables 

1.     ELEMENTS   (continued) 

( 

Figure imd, ur 
Table No, 

38 

38 

40A 

4Ü 

41 

Al 

43 

44 

4,-. 

4il 

Material and Subproperty Page 

Silicon - Normal Spectral Absorptance  108 

Silicon - Normal Spectral Transmittance  110 

Sulfur - Normal Spectral Reflectance            115 

Sulfur - Normal Spectral Reflectance            116 

Sulfur - Normal Spectral Transmittance  121 

Tellurium - Normal Spectral Reflectance  123 

Tellurium - Normal Spectral Reflectance  125 

Tellurium - Angular Spectral Reflectance  128 

Tellurium - Normal Spectral Transmittance  130 

Tellurium - Angular Spectral Transmittance  136 

3 

M 

:s 

SINGLF OXIDES 

Figure and, or 
Table No. 

47* 

48A 

4S 

4U 

50A 

50 

51A 

51 

5: 

ia 
54* 

55A 

55 

56 

57 

N 
59 

60A 

M 
61 

62A 

u 
13 

M* 
65 

66 

67 

M 
M 

70* 

71 

72 

Note:   Flirre 
No figure 

Material and Subpropertv Page 

Aluminum Oxide - Hemispherical Total Emittance  141 

Aluminum Oxide - Normal Total Emittance  142 

Aluminum Oxide - Normal Total Emittance  143 

Aluminum Oxide - Normal Spectral Emittance  146 

Aluminum Oxide - Normal Spectral Emittance  148 

Aluminum Oxide - Normal Spectral Emittance  149 

Aluminum Oxide - Normal Spectral Reflectance  157 

Aluminum Oxide - Normal Spectral Reflectance  158 

Aluminum Oxide - Angular Spectral Reflectance  163 

Aluminum Oxide - Normal Spectral Absorptance  166 

Aluminum Oxide - Normal Solar Absorptance  168 

Aluminum Oxide - Normal Spectral Transmittance  169 

Aluminum Oxide - Normal Spectral Transmittance  170 

Aluminum Oxide (Ruby) - Angular Spectral Reflectance  174 

Aluminum Oxide (Ruby) - Normal Spectral Transmittance  176 

Aluminum Oxide (Sapphire) - Hemispherical Total Emittance  179 

Aluminum Oxide (Sapphire) - Normal Total Emittance  181 

Aluminum Oxide (Sapphire) - Normal Spectral Emittance  183 

Aluminum Oxide (Sapphire) - Normal Spectral Emittance  184 

Aluminum Oxide (Sapphire) - Angular Spectral Reflectance  187 

Aluminum Oxide (Sapphire) - Normal Spectral Transmittance  190 

Aluminum Oxide (Sapphire) - Normal Spectral Transmittance  191 

Diantimony Trioxide - Normal Spectral Reflectance  198 

Diantinmny Trioxide - Normal Solar Absorptance           200 

Beryllium Oxide - Normal Total Emittance            201 

Beryllium Oxide - Normal Spectral Emittance  203 

Beryllium Oxide - Normal Spectral Emittance  205 

Beryllium Oxide - Angular Spectral Reflectance  208 

Beryllium Oxide - Normal Spectral Absorptance  210 

Beryllium Oxide - Normal Solar Absorptance        212 

Beryllium Oxide - Normal Spectral Transmittance  213 

Cadmium Oxide - Normal Spectral Emittance        216 

number with "A" indicates analyzed data graph. 

.»-*. 



------ ■     I      I ^p^««a . ■ I ■ ^' I ^ I ■■■■ 

^ xvlil        Grouping of Materials ami List of Figures and Tables 

1.     ELEMENTS   (eontinueül 

Figure and/or 
Table No. 

31 

4UA 

4U 

41 

42 

43 

44 

45 

M 

Material and Subproperty Page 

Silicon - Normal Spectral Absorptance  10H 

Silicon - Normal Spectral Transmittance  110 

Sulfur - Normal Spectral lleflectance   115 

Sulfur - Normal Spectral lleflectance   116 

Sulfur - Normal Spectral Transmittance  121 

Tellurium - Normal Spectral Reflectance  123 

Tellurium - Normal Spectral Reflectance  125 

Tellurium - Angular Spectral Reflectance  128 

Tellurium - Normal Spectral Transmittance  IM 

Telluriur: - Angular Spectral Transmittance  136 

* 

2.     SINGLE OXIDES 

Figure and, or 
Table No. 

47* 

48A 

4S 

49 

50A 

50 

51A 

31 

52 

H 
54* 

55A 

55 

M 
57 

5« 

59 

6ÜA 

(1U 

til 

C2A 

i | 

K.\ 

M* 

M 

M 

17 

M 

(19 

7U* 

71 

72 

Note:   Figure 
*No figure 

Material and Subproperty Page 

Aluminum Oxide - Hemispherical Total Emittance  141 

Aluminum Oxide - Normal Total Emittance  142 

Aluminum Oxide - Normal Total Emittance  143 

Aluminum Oxide - Normal Spectral Emittance  146 

Aluminum Oxide - Normal Spectral Emittance  148 

Aluminum Oxide - Normal Spectra.1 Emittance  149 

Aluminum Oxide - Normal Spectral Reflectance  157 

Aluminum Oxide - Normal Spectral Reflectance  158 

Aluminum Oxide - Angular Spectral Reflectance  163 

Aluminum Oxide - Normal Spectral Absorptance  166 

Aluminum Oxide - Normal Solar Absorptance        168 

Aluminum Oxide - Normal Spectral Transmittance  169 

Aluminum Oxide - Normal Spectral Transmittance  170 

Aluminum Oxide (Ruby) - Angular Spectral Reflectance  174 

Aluminum Oxide (Ruby) - Normal Spectral Transmittance  176 

Aluminum Oxide (Sapphire) - Hemispherical Total Emittance  179 

Aluminum Oxide (Sapphire) - Normal Total Emittance  181 

Aluminum Oxide (Sapphire) - Normal Spectral Emittance  183 

Aluminum Oxide (Sapphire) - Normal Spectral Emittance  184 

Aluminum Oxide (Sapphire) - Angular Spectral Reflectance  187 

Aluminum Oxide (Sapphire) - Normal Spectral Transmittance  190 

Aluminum Oxide (Sapphire) - Normal Spectral Transmittance  191 

Diantimony Trioxide - Normal Spectral Reflectance  198 

Diantimony Trioxide - Normal Solar Absorptance   200 

Beryllium Oxide - Normal Total Emittance   201 

Beryllium Oxide - Normal Spectral Emittance  203 

Beryllium Oxide - Normal Spectral Emittance  205 

Beryllium Oxide - Angular Spectral Reflectance  208 

Beryllium Oxide - Normal Spectral Absorptance  210 

Beryllium Oxide - Normal Solar Absorptance        212 

Beryllium Oxide - Normal Spectral Transmittance  213 

Cadmium Oxide - Normal Spectral Emittance        216 

number with "A" indicates analyzed data graph. 
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XX Grouping of Materials and List of Figures and Tables 

2.     SINGLK OKIDH   (tiHitinuuil) 

( 

Figure and, or 
Table No. 

117A 

117 

111 

mi* 

121A 

1J1 

12^ 

12.i 

124 

12.r) 

ua 
127 

128 

121; 

138 

l.U 

132* 

134 

135 

13(i 

137 

138A 

138 

13U 

14U 

141A 

141 

142 

143 

144A 

144 

145* 

14«* 

147 

148 

MS 

15U 

151 

152 

153 

154 

155 

156* 

157 

158* 

Material ami Suhpropurly 

Molylnlenum Trioxidc - Noimal Spectral RsflsetMM 

Molvlxlenum Triuxiiif - Normal Spectral Ueflectanee 

Neodymium Oxide - Normal Spectral Keflectancc 

iSickel Oxides - Normal Total KmllUinci' 

Nickel Oxides - Normal Spectral Emittance 

Nickel Oxides - Normal Spectral Ueflectanee 

Nickel Oxides - Normal Spectral Reflectance 

Diniohium Pentoxide - Normal Spectral Kmittance 

Diniobium Pentoxide - Normal Total Emittance 

Disamarium Trioxide - Normal Total Emittance 

Disamarium Trioxide - Hemispherical Spectral Kmittance 

Disamarium Trioxide - Normal Spectral Emittance 

Disamarium Trioxide - Normal Spectral Emittance 

Disamarium Trioxide - Normal Spectral Reflectance 

Silicon Monoxide - Normal Spectral Emittance 

Silicon Monoxide - Normal Spectral Reflectance 

Silicon Monoxide - Normal Spectral Transmittance 

Silicon Dioxide (Crystalline) - Normal Total Emittance 

Silicon Dioxide (Crystalline) - Normal Spectral Emittance 

Silicon Dioxide (Crystalline) - Normal Spectral Reflectance 

Silicon Dioxide (Crystalline) - Angular Spectral Reflectance 

Silicon Dioxide (Crystalline) - Angular Spectral Reflectance 

Silicon Dioxide (Crystalline) - Normal Spectral Absorptance 

Silicon Dioxide (Crystalline) - Normal Spectral Transmittance 

Silicon Dioxide (Crystalline) - Normal Spectral Transmittance 

Silicon Dioxide (Fused) - Hemispherical Total Emittance 

Silicon Dioxide (Fused) - Normal Spectral Emittance 

Silicon Diixide (Fused) - Normal Spectral Reflectance 

Silicon Dioxide (Fused) - Normal Spectral Reflectance 

Silicon Dioxide (Fused) - Angular Spectral Reflectance 

Silicon Dioxide (Fused) - Angular Spectral Absorptance 

Silicon Dioxide (Fused) - Normal Spectral Transmittance 

Silicon Dioxide (Fused) - Normal Spectral Transmittance 

Silicon Dioxide (Fused) - Normal Solar Transmittance 

Tantalum Oxide - Normal Total Emittanci 

Tantalum Oxide - Normal Spectral Emittance 

Tantalum Oxide - Normal Spectral Reflectance 

Tellurium Dioxide - Normal Spectral Emittance 

Tellurium Dioxide - Normal Spectral Reflectance 

Tellurium Dioxide - Normal Spectral Transmittance 

Thorium Oxide - Normal Total Emittance 

Thorium Oxide - Normal Spectral Emittance 

Thorium Oxide - Normal Spectral Reflectance 

Thorium Oxide - Normal Spectral Reflectance 

Thorium Oxide - Normal Solar Absorptance 

Thulium Oxide - Hemispherical Spectral Emittance 

Thulium Oxide - Hemispherical Spectral Emittance 

336 

:ui 

391 

:i:i7 

;t:i* 

:i4u 

341 

Ml 

.■14'J 

:ir>2 

3M 
SM 

IM 

:)(iu 

3(>3 

3«5 

Mf 

371 

374    ' 

SM 

387 

SM 

Ml 

392 

MB 

405 

4U7 

41)1) 

413 

415 

417 

420 

426 

427 

428 

43U 

432 

434 

43i; 

438 

440 

442 

447 

450 

Notet   Figure number with "A" indicates analyzed data graph. 
* No figure 
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2.     SINGLE OXIDES   (continued) 

Figure aiul or 
Table No. Malunal and Subpiopiriy 

UTA MulylHlcnum Trioxide -  S'ormul Sportral lU-lloctanti 

117 Mulylxlenum Trioxido - Sornuil Spi-clral KafltctlBIW 

118 Ncodymium Oxide - Normal Speclral lUflmaiuv 

119* Niikcl Oxides - Normal Total Kmitlance 

12U Nickel Oxides - Normal Sieciial Emitlance 

UlA Nickel Oxides - Normal Spectial iteflectance 

121 Nickel Oxides - Normal Spectral Heflectance 

1^2 Diniobium Pentoxide - Normal Spectral Kmittantc 

123 Diniobium Pentoxide - Normal Total EmUlance 

124 Oisamarium Tnoxide - Normal Total Fmitlance 

125 Disamurium Trioxide - Hemisphcricai Spectral EnmUmce 

12ü Disamarium Trioxide - Normal Spectral liuiiltunce 

127 Disamar.um Trioxide - Noimal Spectral Kmiltance 

128 DiKamarium Trioxide - Normal Spoctral Reflectance 

12U Silicon Monoxide - Normal Spectral Emittoncc 

13U Silicon Monoxide - Normal SptctraJ Ueflectance 

131 Silicon Monoxide - Normal Spectral Tronsmittoncc 

132* Silicon Dioxide (Crystailine) - Normal Total Emittance 

131, Silicon Dioxide (Crvstallinei - Normal Spectral L nittance 

134 Silicon Dioxide (Crystallinei - Normal Spectral Heflectance 

135 Silicon Dioxide (Cryslullinc) - Angular Spectral Ueflectance 

131) Silicon Dioxide (Crystalline: - Angular Spectral Reflectance 

137 Silicon Dioxide (Crystalline) - Normal Spectral Absorptance 

138A Silicon Dioxide (( rystalline) - Normal Spectral Transmittance 

138 Silicon Dioxide (Cry:italliiu'| - Normal Sjirelral TramtmittaiHi' 

139 Silicon Dioxide (Fused) - Hemisphcricai Total EmUtunce 

140 Silicon Dioxide (Fused) - Normal Spectral Emittance 

141A Silicon Dioxide (Fused) - Normal Spectral Refleclancc 

141 Silicon Dioxide (Fused) - Normal Spectral KcflecUnce 

142 Silicon Dioxide , Fused) - Anjjular Spectral Reflettanee 

143 Silicon Dioxide (Fused) - Angular Spectral Alisorptanco 

144A Silicon Dioxide (Fused) - Normal Spectral Transmittance 

144 Silicon Dioxide (Fused) - Normal Spectral Transmittance 

145* Silicon Dioxide (Fused) - Normal Solar Transmittance 

146* Tantalum Oxide - Normal Total Emittance 

147 Tantalum Oxide - Normal Spectral Emittance 

148 Tantalum Oxide - Normal Spectral Reflectance 

149 Tellurium Dioxide - Normal Spectral Emittance 

15Ü Tellurium Dioxide - Normal Spectral Reflectance 

151 Tellurium Dioxide - N >rmal Spectral Transmittance 

"^  —tM..^ Thorium Oxide - Normal Total Emittance 

153 '    --..^Thorium Oxide - Normal Spectral Emittance 

154 Thorium Oxide - Normal Spectral Ueflectance 

155 Thorium Oxide - Normal Spectral Iteflectance 

15«* Thorium Oxide - Norvial Solar Absorptance 

157 Thulium Oxide - Hemispherical Spectral Emittance 

158* Thulium Oxide - Hemispherical Spectral Emittance 

Pa^e 

uno 
331 

335 

337 

ItH 

Uli 

341 

117 

14!) 

.152 

354 

3M 

IH 

1 n;) 

itif. 

Ml 

3T1 

J'il 
74A 

374 

3S5 

;i«7 

.(.i'J 

Ml 

:m2 

MB 

Ht 

■107 

4Uli 

413 

415 

417 

420 

42^ 

427 

428 

430 

432 

4:i4 

IM 

43H 

440 

442 

441 

446 
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Notei   Fi^re number with "A" indicates analyzed data graph. 
* No figure 
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Grouping of Maierials and List of Figttrta and TaMes        vix 

2.     SINGLE OXIDES   (continued) 

Plgun and/or 
Talile No. Material and S^^lp^^.)l)c^■t>• 

7:) Calcium Oxide - Normal Spectral llcllcciancc    . 

7iA Calcium Oxide - Normal Spectral TrMHWllllWO« 

74 Calemm Oxide - Normal Spectral Transiiiuaiic«. 

75 Cerium Dioxide - Normal Total KmiUance 

7(i Cerium Dioxide - Normal Spectral Kefkutauic . 

77* Chromium Oxide - Normal Total FJmillance 

78 Chromium Oxide - Normal Spectral KmiUance   . 

79 Chromium Oxide - Normal Spectral Reflectance 

80 Cobalt Monoxide - Normal Total Kmittance 

81 Cobalt Monoxide - Normal Spectral rmiltaneo . 

82* Cobalt Monoxide - Normal Spectral Reflectance. 

8J Copper Oxides - Angular Total KmiUance 

84 Copper Oxidca - Angidar Spectral KmiUance 

85 Copper Oxldej - Normal Spectral Keflectaneo    . 

86 Copper Oxides - Normal Spectral Tramimiuancc 

87 Dysprosium Oxide - Normal Spectial llefki.tance 

88* Dysprosium Oxide - Normal Solar Absorptance 

89 Krbium Oxide - Normal Total limittanee 

90 Erbium Oxide    Hemispherical Spectral KmiUance 

91 Erbium Oxide - Normal Spectral Emittance 

92 Erbium Oxide - Normal Spectral Emittance 

93 Gadolinium Oxide - Normal Total Emittance 

94 Gadolinium Oxide - Hemispherical Spectral Emittance 

95 Gadolinium Oxide - Normal Spectral KmiUance 

96 Gadolinium Oxide - Normal Spectral KmiUance 

97 Germanium Dioxide - Normal Spectral Reflectance 

98 Hafnium Dioxide - Normal Total Emittance 

99 Hafnium Dioxide - Normal Spectral Reflectance 

100 Holmium Oxide - Normal Spectral Transmittance 

101 Iron Oxides - Normal Total Emittance 

102 Iron Oxides - Normal Spectral Emittance 

1' J Iron Oxides - Normal Spectral Reflectance 

104 Lutetium Oxide - Normal Spectral Emittanco 

105 Lutetium Oxide - Normal Spectral Emittance 

106* Magnesium Oxide - Hemispherical Total Emittance 

107 Magnesium Oxide - Normal Total Emittance 

108 Magnesium Oxide - Normal Spectral Emittance 

109 Magnesium Oxide - Normal Spectral Emittance 

110* Magnesium Oxide - Hemispherical Integrated llcflectancc 

111A Magnesium Oxide - Normal Spectral Reflectance 

111 Magnesium Oxide - Normal Spectral Reflectance 

112* Magnesium Oxide - Angular Spectral KeflecUuict! 

113 Magnesium Oxide - Normal Spectral Absorptance 

114 Magnesium Oxide - Normal Solar Absorptance 

USA Magnesium Oxide - Normal Spectral Tiansmittancc 

115 Magnesium Oxide - Normal Spectral Transmittance 

116 Manganese Oxides - Normal Spectral Ilcflectanee 

I'age 

111 

UO 

Ml 

22', 

227 

131 
2:12 

Ul 
2:18 

24U 

24.; 

24:1 

24 r, 

247 

241) 

252 

IM 
2^5 

2r,7 

2r,a 

2(11 

NS 
M 

21)7 

M 
271 

m 
275 

277 

279 

2-il 

211 

Ma 
tn 
290 

291 

IM 
2ar, 

290 

2'J'J 

Ml 
114 

319 

:i22 

;i2.i 

32) 

32H 

Notet  Figure numoer with "A" indicates analyzed data graph. 
•No figure 
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xxiv       Grouping of Mulcrials and List of Figures and Tables 

5.    NONOX1DE COM POUNDS   (cunlinued» 

Figure and/or 
Table No. 

27« 

2-7A(l) 

277(1) 

277A(2) 

277(2) 

278A 

27H 

271) 

2SU 

Ml 
282 

2«:! 

284 

285 

28« 

287* 

288 

28a 

29U 

291 

292* 

293A 

293 

294 

295A 

295 

296A 

296 

297 

298* 

299 

;iuu 

301 

302 

303 

304 

305 

3Ü6* 

307 

3U8 

309A 

309 

31U 

311 

312A 

312 

313 

Note: Figure 
♦ No figure 

Material and Suliproperty Page 

Potassium Uromide - Normal Spectral Emittance  749 

Potassium Bromide - Angular Spectral Keflectance  751 

Potassium Bromide - Angular Spectral Reflectance  752 

Potassium Bromide - Angular Spectral Reflectance  753 

Potassium Bromide - Angular Spectral Reflectance  754 

Potassium Bromide - Normal Spectral Transmittance  759 

Potassium Bromide - Normal Spectral Transmittance  761 

Rubidium Bromide - Normal Spectral Emittance  764 

Rubidium Bromide - Angular Spectral Reflectance  766 

Rubidium Bromide - Normal Spectral Transmittance  768 

Silver Bromide - Normal Spectral Reflectance  770 

Silver Bromide - Angular Spectral Reflectance         773 

Silver Bromide - Normal Spectral Transmittance  775 

Thallium Bromide - Normal Spectral Reflectance  778 

Thallium Bromide - Angular Spectral Reflectance  780 

Thallium Bromide - Angular Spectral Reflectance  782 

Thallium Bromide - Normal Spectral Transmittance  783 

Niobium Monocarbide - Hemispherical Total Emittance  785 

Niobium Monocarbide - Normal Total Emittance  787 

Niobium Monocarbide - Normal Spectral Emittance  789 

Silicon Monocarbide - Hemispherical Total Emittance  791 

Silicon Monocarbide - Normal Total Emittance         792 

Silicon Monocarbide - Normal Total Emittance         793 

Silicon Monocarbide - Normal Spectral Emittance  796 

Silicon Monocarbide - Normal Spectral Emittance  798 

Silicon Monocarbide - Normal Spectral Emittance  799 

Silicon Monocarbide - Normal Spectral Reflectance  802 

Silicon Monocarbide - Normal Spectral Reflectance  803 

Silicon Monocarbide - Normal Spectral Absorptance  808 

Silicon Monocarbide - Normal Solar Absorptance          810 

Tantalum Carbide - Hemispherical Total Emittance  811 

Tantalum Carbide - Normal Total Emittance   813 

Tantalum Carbide - Normal Spectral Emittance ....        .... 815 

Tantalum Carbide - Normal Spectral Emittance   817 

Titanium Carbide - Hemispherical Total Emittance  819 

Titanium Carbide - Normal Total Emittance ......... 821 

Titanium Carbide - Normal Spectral Emittance   823 

Titanium Carbide - Angular Spectral Emittance   825 

Tungsten Carbides - Normal Total Emittance   826 

Tungsten Carbides - Normal Spectral Emittance   828 

Tungsten Carbides - Normal Spectral Emittance   830 

Tungsten Carbides - Normal Spectral Emittance   831 

Zirconium Carbide - Hemispherical Total Emittance  833 

Zirconium Carbide - Normal Total Emittance   835 

Zirconium Carbide - Normal Spectral Emittance          837 

Zirconium Carbide - Normal Spectral Emittance          838 

Zirconium Carbide - Normal Spectral Emittance          841 

number with "A" indicates analyzed data graph. 
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MULTIPLE OXIDES AND SALTS   (continued) 

a Figure and/or 
Table No. 

BY 
238 

23» 

24U"» 

241 

242 

243 

244 

245 

Ml 

Material and Subproperty Page 

Strontium Titanate - Normal Spectral Reflectance  e53 

Strontium Titanate - Normal Spectral Transmittance  657 

Zinc Titanate - Normal Spectral Reflectance   660 

Zinc Titanate - Normal Solar Absorptance   662 

Calcium Tungstates - Normal Spectral Transmittance  663 

Miscellaneous Tungstates - Normal Spectral Reflectance  665 

Sodium Vanadate - Normal Spectral Reflectance  667 

Yttrium Vanadate - Normal Spectral Emittance  669 

Yttrium Vanadate - Normal Spectral Reflectance  671 

Miscellaneous Zirconates - Normal Spectral Reflectance  675 

5.     NONOXIDE COMPOUNDS 

• 

• 

Figure and/or 
Table No. 

247A 

247 

248 

24Ü 

250 

251 

252 

253A 

253 

254 

255 

256 

257 

258 

259 

IM 
261 

2(12 

263 

M4 
265 

266 

Ml 
Ml 
269 

270 

271 

272 

273 

274 

275 

Note; Figure 
♦ No figure 

Material and Subproperty Page 

Gallium Arsenide - Normal Spectral Reflectance  679 

Gallium Arsenide - Normal Spectral Reflectance  680 

Gallium Arsenide - Normal Spectral Transmittance  683 

Indium Arsenide - Normal Spectral Emittance          685 

Indium Arsenide - Normal Spectral Reflectance  687 

Indium Arsenide - Normal Spectral Transmittance  689 

Molybdenum Borides - Normal Spectral Emittance  691 

Molybdenum Borides - Normal Spectral Reflectance  693 

Molybdenum Borides - Normal Spectral Reflectance  694 

Niobium Diborlde - Normal Total Emittance   697 

Niobium Diborlde - Normal Spectral Emittance  699 

Niobium Diborlde - Normal Spectral Emittance  701 

Titanium Diborlde - Normal Total Emittance   703 

Titanium Diborlde - Normal Spectral Emittance  705 

Titanium Diborlde - Normal Spectral Emittance  707 

Titanium Diborlde - Normal Spectral Reflectance  710 

Zirconium Oiboride - Normal Total Emittance          713 

Zirconium Diboride - Normal Spectral Emittance  715 

Zirconium Diboride - Normal Spectral Emittance  717 

Zirconium Diboride - Normal Spectral Reflectance  720 

Rare Earth Borides - Normal Spectral Emittance  722 

Rare Earth Borides - Normal Spectral Transmittance  726 

Miscellaneous Borides - Normal Total Emittance  729 

Miscellaneous Borides - Normal Spectral Emittance  731 

Miscellaneous Borides - Normal Spectral Reflectance  734 

Cesium Bromide - Angular Spectral Reflectance  737 

Cesium Bromide - Normal Spectral Transmittance  739 

Copper Bromide - Normal Spectral Reflectance  741 

Copper Bromide - Normal Sectral Transmittance  743 

Lead Bromide - Normal Spectral Transmittance  745 

Dimercury Dlbromide - Normal Spectral Reflectance  747 

number with "A" indicates analyzed data graph. 

I 
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Grouping of Materials and List of Figures and Tables XXV 

5.     MONOXIDE COMPOUNDS   (continued) 

Figure and/or 
Table No. Material and Subproperty Page 

314A Zirconium Carbide - Normal Spectral Reflectance  843 

314 Zirconium Carbide - Normal Spectral Reflectance  844 

315 Miscellaneous Carbides - Hemispherical TojU Emittance  847 

316 Miscellaneous Carbides - Normal Total Emittance  849 

317 Miscellaneous Carbides - Normal Spectral Emittance  851 

318 Miscellaneous Carbides - Normal Spectral Reflectance  854 

319 Copper Chloride - Normal Spectral Reflectance   856 

32ÜA Copper Chloride - Normal Spectral Transmittance   858 

320 Copper Chloride - Normal Spectral Transmittance   859 

321 Potassium Chloride - Normal Spectral Emittance   862 

322A Potassium Chloride - Angular Spectral Reflectance   864 

322 Potassium Chloride - Angular Spectral Reflectance   866 

323 Potassium Chloride - Normal Spectral Transmittance  873 

324 Silver Chloride - Angular Spectral Reflectance   876 

325 Silver Chloride - Normal Spectral Transmittance   879 

326 Sodium Chloride - Hemispherical Total Emittance   881 

327 Sodium Chloride - Normal Spectral Emittance   883 

328* Sodium Chloride - Hemispherical Spectral Reflectance  885 

329 Sodium Chloride - Hemispherical Spectral Reflectance  886 

330A Sodium Chloride - Normal Spectral Reflectance   888 

330 Sodium Chloride - Normal Spectral Reflectance   889 

331 Sodium Chloride - Angular Spectral Reflectance   893 

332A Sodium Chloride - Normal Spectral Transmittance   895 

332 Sodium Chloride - Normal Specu<U Transmittance   896 

333 Thallium Chloride - Normal Spectral Reflectance   899 

334 Thallium Chloride - Angular Spectral Reflectance   901 

335 Thallium Chloride - Normal Spectral Transmittance        903 

336 Miscellaneous Chlorides - Normal Spectral Reflectance  90S 

337 Miscellaneous Chlorides - Normal Spectral Transmittance  907 

338 Barium Fluoride - Angular Spectral Reflectance   909 

339A Barium Fluoride - Normal Spectral Transmittance   912 

339 Barium Fluoride - Normal Spectral Transmittance   913 

340 Cadmium Fluoride - Normal Spectral Transmittance  919 

341 Calcium Fluoride - Normal Spectral Emittance   921 

342A Calcium Fluoride - Angular Spectral Reflectance   924 

342 Calcium Fluoride - Angular Spectral Reflectance   925 

343 Calcium Fluoride - Normal Spectral Absorptance   929 

344A Calcium Fluoride - Normal Spectral Transmittance          931 

344 Calcium Fluoride - Normal Spectral Transmittance          932 

345A Lithium Fluoride - Normal Spectral Reflectance   937 

345 Lithium Fluoride - Normal Spectral Reflectance  -.    . 938 

346 Lithium Fluoride - Angular Spectral Reflectance   942 

347A Lithium Fluoride - Normal Spectral Transmittance   944 

347 Lithium Fluoride - Normal Spectral Transmittance   945 

348 Magnesium Dlfluoride - Normal Spectral Emittance          950 

349 Magnesium Difluoride - Angular Spectral Reflectance  952 

Note;   Figure number with "A" indicates analyzed data graph. 
♦ No figure 

- 
-        -    - ^ 



.    ,    .   ^    ,        ,    .    .    .    .    .   -. c ■>: -"j i —•   .< •   •—>«• i ■ •r -.'■-:'.'  ■' 

xxvl        Grouping of Materials and List of Figures and Tahks 

5.     NONOXIDE CO»lPOUN'>   (continued) 

% 

Figure and/o/ 
Table No. 

:)5U 

351A 

352 

MS 

354 

355 

SM 

357 

358 

35Ö 

■M 
361 

362 

363 

364 

365 

Ml 
367 

368 

369 

37Ü 

371A 

371 

372 

373 

374 

375 

376 

377 

378 

379* 

380 

381 

382 

383 

384 

385A 

385 

386A 

386 

387 

3 »8 

389 

390 

Note:   Figure 
* No figure 

Material and Suhproperty Page 

Magnesium Difluoride - Normal Spectral Absorptancc  955 

Magnesium Difluoride - Normal Spectral Transmitlance  957 

Magnesium Difluoride - Normal Spectral Transmitlance  959 

Sodium Fluoride - Normal Spectral Reflectance  963 

Sodium Fluoride - Normal Spectral Transmittance  966 

Strontium Fluoride - Normal Spectral Reflectance        968 

Strontium Fluoride - Normal Spectral Transmittance  971 

Potassium Magnesium Trifluoride - Normal Spectral Reflectance     .    .    . 975 

Potassium Magnesium Trifluoride - Normal Spectral Transmittance     .    . 977 

Potassium Nickel Trifluoride - Normal Spectral Reflectance  979 

Potassium Nickel Trifluoride - Normal Spectral Transmittance   .... 981 

Rubidium Manganese Trifluoride - Normal Spectral Reflectance   .... 983 

Rubidium Manganese Trifluoride - Normal Spectral Transmittance  .    .    . 985 

Miscellaneous Cubic Perovskite Fluorides - 
Normal Spectral Reflectance                            987 

Miscellaneous Cubic Perovskite Fluorides - 
Normal Spectral Transmittance                       989 

Miscellaneous Fluorides - Normal Spectral Reflectance  991 

Miscellaneous Fluorides - Normal Spectral Transmittance  993 

Cesium Iodide - Normal Spectral Reflectance  995 

Cesium Iodide - Normal Spectral Transmittance  997 

Copper Iodide - Normal Spectral Reflectance  999 

Copper Iodide - Normal Spectral Transmittance  1001 

Lead Diiodide - Normal Spectral Transmittance  1003 

Potassium Iodide - Normal Spectral Reflectance  1005 

Potassium Iodide - Normal Spectral Reflectance  1006 

Potassium Iodide - Normal Spectral Transmittance  1010 

Rubidium Iodide - Normal Spectral Reflectance  1014 

Rubidium Iodide - Normal Spectral Transmittance  1018 

Silver Iodide - Normal Spectral Reflectance             1022 

Silver Iodide - Normal Spectral Transmittance         1024 

Miscellaneous Iodides - Normal Spectral Reflectance  1026 

Miscellaneous Iodides - Normal Spectral Transmittance  1028 

Aluminum Nitride - Normal Total Emittance  1030 

Aluminum Nitride - Normal Spectral Emittance  1031 

Aluminum Nitride - Normal Spectral Emittance  1033 

Aluminum Nitride - Normal Spectral Reflectance  1035 

Boron Nitride - Normal Total Emittance              1037 

Boron Nitride - Normal Spectral Emittance         1040 

Boron Nitride - Normal Spectral Emittance         1042 

Boron Nitride - Normal Spectral Emittance         1043 

Boron Nitride - Normal Spectral Reflectance  1047 

Boron Nitride - Normal Spectral Reflectance  1048 

Boron Nitride - Normal Spectral Transmittance  1054 

Hafnium Nitride - Normal Total Emittance          1056 

Hafnium Nitride - Normal Spectral Emittance  1058 

Hafnium Nitride - Normal Spectral Emittance  1060 

numbei with "A" indicates analyzed data graph. 
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Grouping of Maieriuls and List of Figures und Tables      xxvii 

5.     MONOXIDE COMPOUNDS   (conlinuedl 

Fiijuio and/or 
Table No. Material and Sulvroperty Page 

;iyl Silicon Nitride - No mal Total Emittance   1062 

:iü2 Silicon Nitride - Normal Spectral Emittance         10G5 

393 Silicon Nitride - Normal Spectral Emittance        11)67 

394 Silicon Nitride - Normal Spectral Reflectance  lOfii) 

395 Tantalum Nitrides - Normal Total Emittance  1072 

39(i Tantalum Nitrides - Normal Spectral Emittance  1074 

397 Tantalum Nitrides - Normal Spectral Emittance  1076 

398 Zirconium Nitride - Normal Total Emittance   1078 

J99 Zirconium Nitride - Normal Spectral Emittance  1080 

400 Zirconium Nitride - Normal Spectral Emittance  1082 

401 Miscellaneous Nitrides - Normal Total Emittance  1084 

402 Miscellaneous Nitrides - Normal Spectral Emittance  1086 

403 Miscellaneous Nitrides - Normal Spectral Transmittance  1089 

404 Gallium Phosphide - Normal Spectral Emittance  1092 

403A Gallium Phosphide - Normal Spectral Reflectance  1094 

405 Gallium Phosphide - Normal Spectral Reflectance  1093 

406 Gallium Phosphide - Normal Spectral Transmittance  1098 

407 Indium Phosphide - Normal Spectral Reflectance  1100 

408 Indium Phosphide - Normal Spectral Transmittance  1102 

409 Miscellaneous Phosphides - Normal Spectral Emittance  1104 

410 Miscellaneous Phosphides - Normal Spectral Reflectance  1106 

411 Cadmium Selenide - Normal Spectral Reflectance  1108 

412 Cadmium Selenide - Normal Spectral Transmittance  1110 

413 Zinc Selenide - Hemispherical Total Emittance        1112 

414 Zinc Selenide - Normal Spectral Emittance   1114 

415A Zinc Selenide - Normal Spectral Reflectance   1117 

415 Zlm- Selenide - Normal Spectral Reflectance   1118 

416 Zinc Selenide - Normal Spectral Absorptance   1121 

417A Zinc Selenide - Normal Spectral Transmittance  1123 

417 Zinc Selenide - Normal Spectral Transmittance  1124 

418 Miscellaneous Selenides - Normal Spectral Reflectance  1129 

419 Miscellaneous Selenides - Normal Spectral Transmittance  1132 

420' Boron Silicides - Normal Total Emittance   1134 

421 Boron Silicides - Normal Spectral Emittance  1135 

422 Boron Silicides - Normal Spectral Reflectance         1137 

423* Chromium Silicides - Normal Total Emittance  1139 

424 Chromium Silicides - Normal Spectral Emittance  1140 

425 Chromium Silicides - Normal Spectral Emittance  1142 

426 Chromium Silicides - Normal Spectral Reflectance  1144 

427 Molybdenum Silicides - Normal Total Emittance  1147 

428 Molybdenum Silicides - Normal Spectral Emittance  1149 

429 Molybdenum Silicides - Normal Spectral Emittance  1151 

430 Molybdenum Silicides - Normal Spectral Reflectance  1154 

431* Tantalum Disilicide - Normal Total Emittance         1156 

432 Tantalum Disilicide - Normal Spectral Emittance  1157 

433 Tantalum Disilicide - Normal Spectral Emittance  1159 

434 Tantalum Disilicide - Normal Spectral Reflectance  1161 

Note:   Figure number with "A" indicates analyzed data graph. 
* No figure 

.     • . . 
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xx viil        Grouping of Materials and List of Figures and Tables 

5.    MONOXIDE COMPOUNDS  (continued) 

Figure and/ur 
Table No. 

435* 

4J(; 

4H7 

438 

4;iy 

44U 

441 

442 

443 

444A 

it4 

445A 

445 

44(1 

447A 

447 

448 

449 

450 

451 

452 

4S3A 

453 

454 

455 

456* 

457 

458 

459 

46Ü 

4(il 

4(i2 

4(13 

464A 

4(14 

465 

466 

4(17 

470 

471 

472 

Material and Subproperly Page 

Titanium Silicides - Normal Total Kmittance  1163 

Titanium Silicidcs - Normal Spectral Emittance  1164 

Titanium Silicides - Normal Spectral Emittance  1166 

Titanium Silicides - Normal Spectral Reflectance  1168 

Miscellaneous Silicides - Normal Spectral Emittance         1172 

Miscellaneous Silicides - Normal Spectral Reflectance  1175 

Dlarsenic Trisulfide - Normal Spectral Reflectance   1177 

Diarsenic Trisulfide - Normal Spectral Transmittance  1179 

Cadmium Sulfide - Normal Total Emittance          1181 

Cadmium Sulfide - Normal Spectral Emittance  1183 

Cadmium Sulfide - Normal Spectral Emittance  1184 

Cadmium Sulfide - Normal Spectral Reflectance  1188 

Cadmium Suliide - Normal Spectral Reflectance  119U 

Cadmium Sulfide - Normal Spectral Transmittance  1194 

Lead Sulfide - Normal Spectral Reflectance          1197 

Lead Sulfide - Normal Spectral Reflectance          1198 

Lead Sulfide - Normal Spectral Transmittance  1204 

Molybdenum Disulfide - Normal Spectral Reflectance         1207 

Molybdenum Disulfide - Normal Spectral Transmittance  1210 

Zinc Sulfide - Hemispherical Total Emittance  1213 

Zinc Sulfide - Normal Spectral Emittance   1215 

Zinc Sulfide - Normal Spectral Reflectance          1217 

Zinc Sulfide - Normal Spectral Reflectance          1218 

Zinc Sulfide - Angular Spectral Reflectance          1222 

Zinc Sulfide - Normal Spectral Absorptance         1224 

Zinc Sulfide - Normal Solar Absorptance   1226 

Zinc Sulfide - Normal Spectral Transmittance  1227 

Miscellaneous Sulfides - Normal Spectral Emittance          1231 

Miscellaneous Sulfides - Normal Spectral Reflectance  1233 

Miscellaneous Sulfides - Normal Spectral Transmittance  1235 

Dibismuth Tritelluride - Normal Spectral Reflectance  1237 

Cadmium Telluride - Hemispherical Total Emittance        1239 

Cadmium Telluride - Normal Spectral Reflectance   1241 

Cadmium Telluride - Normal Spectral Transmittance  1244 

Cadmium Telluride - Normal Spectral Transmittance  1246 

Germanium Telluride - Normal Spectral Reflectance         1250 

Lead Telluride - Normal Spectral Reflectance   1252 

Lead Telluride - Normal Spectral Transmittance   1254 

Manganese Telluride - Normal Spectral Reflectance          1256 

Tin Monotelluride - Normal Spectral Reflectance   1259 

Tin Monotelluride - Normal Spectral Transmittance          1264 

Zinc Telluride - Normal Spectral Reflectance   1266 

Zinc Telluride - Normal Spectral Transmittance   1268 

Note i  Figure number with "A" indicates analyzed data graph. 
* No figure 
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6.    INTERMETALUC COMPOUNDS 

( 

1 

Figure and/or 
Table No. Material and Suhproperty 

473* Beryllium Intermetallic Compounds - Normal Total Emittance. 

474 Beryllium Intermetallic Compounds - Normal Spectral Emittance 

475 Beryllium Intermetallic Compounds - Normal Spectral Emittance 

476 Beryllium Intermetallic Compounds - Normal Spectral Reflectance 

477 CdSb Intermetallic Compound - Normal Spectral Reflectance    ■ 

478 CuZn Intermetallic Compound - Angular Spectral Reflectance  • 

479A GaSb Intermetallic Compound - Normal Spectral Reflectance    . 

479 GaSb Intermetallic Compound - Normal Spectral Reflectance    . 

460 GaSb Intermetallic Compound - Normal Spectral Transmittance 

481 AuZn latermetallic Compound - Angular Spectral Reflectance  • 

482 Other Gold Intermetallic Compounds - Normal Spectral Reflectance 

483 InxGai.xSb Intermetallic Compounds - Normal Spectral Reflectance 

484A JISI) Intermetallic Compound - Normal Spectral Reflectance 

484 InSb Intermetallic Compound - Normal Spectral Reflectance 

485A InSb Intermetallic Compound - Normal Spectral Transmittance 

485 InSb Intermetallic Compound - Normal Spectral Transmittance 

486 MgxAly Intermetallic Compounds - Normal Spectral Transmittance 

487A MgfSn Intermetallic Compound - Normal Spectral Reflectance 

487 Mg]Sn Intermetallic Compound - Normal Spectral Reflectance 

488* NixAl Intermetallic Compounds - Normal Total Emittance 

489 NixAl Intermetallic Compounds - Normal Spectral Emittance 

49U NixAl Intermetallic Compounds - Normal Spectral Reflectance 

49IA NIJAI3 Intermetallic Compound - Normal Spectral Reflectance 

491 N'bAlj Intermetallic Compound - Normal Spectral Reflectance 

492 AgCd Intermetallic Compound - Angular Spectral Reflectance 

493 AgZn Intermetallic Compound - Angular Spectral Reflectance 

494 TaAl] Intermetallic Compound - Normal Spectral Emittance 

495A TaAl) Intermetallic Compound - Normal Spectral Reflectance 

495 TaAl] Intermetallic Compound - Normal Spectral Reflectance 

496* TiAl Intermetallic Compound - Normal Total Emittance 

497 TiAl Intermetallic Compound - Normal Spectral Emittance 

498 TiAl Intermetallic Compound - Normal Spectral Reflectance 

499* TiCrj Intermetallic Compound - Normal Total Emittance 

5UU TiCr2 Intermetallic Compound - Normal Spectral Emittance 

5U1 TiCi'2 Intermetallic Compound - Normal Spectral Reflectance 

502 ZnSb Intermetallic Compound - Normal Spectral Reflectance 

503 Miscellaneous Intermetallic Compounds - Normal Spectral Reflectance 

Page 

1273 

1274 

1276 

1279 

1282 

1285 

1287 

1288 

1290 

1292 

1294 

1296 

1298 

1299 

1305 

1306 

1309 

1311 

1312 

1316 
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Radiance factor; Phase factor, imaginary part 
of ■/; Angle of refraction 
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Thermal Radiative Properties of 
Nonmetallic Solids 

I. INTRODUCTION 

Radiation is one of the three fundamental modes 
of heat transfer, the others being conduction and 
convection. Radiation differs from the other modes in 
two important respects: first, no medium is required 
for the transport of energy by radiation and second, 
the rate of heat dissipation by radiation varies 
approximately as the fourth power of the absolute 
temperature, while that by the other modes varies 
approximately as the first power of temperature. For 
these reasons, radiation becomes the dominant mode 
of heat transfer at high temperatures and in the 
absence of an atmosphere. 

The thermal radiative properties—emittance, 
reflectance, absorptance, and transmittance—are the 
parameters which are descriptive of the energy 
transported by the radiation mode. The properties can 
be prescribed in greater detail to account for the 
spectral or wavelength conditions and the geometrical 
or directional conditions in which the radiant energ; 
interacts with the solid. This interaction can be 
phenomenologically described by other properties as 
well, such as the optical constants, complex dielectric 
constant, or propagation factor, each of which is 
especially convenient for studying various aspects of 
the interaction. If the designer is to make effective use 
of radiative properties data, it is helpful that he be 
aware of the various thermal radiative and optical 
properties describing the basic mechanisms of the 
radiant energy matter interaction which models the 
radiative transport piocess. 

There is a marked contrast between the radiative 
properties of metallic and nonmetallic solids. Fn the 
text of the companion Volume 7 [116] of this Series, 
considerable detail was presented showing that 
understanding of the basic mechanism of interaction 
between radiant energy and metallic solids is reason- 
ably well developed. The behavior of the metallic 
solid is adequately described by the free electron 

models which indeed are only approximate, but do 
provide simple and useful tools to the designer. The 
more sophisticated theories, while not useful as yet 
for the prediction of numerical values from structural 
parameters, do provide a means for evaluation of test 
data and a basis for developing empirical relations to 
meet specific conditions. Our understanding of the 
theory of nonmetallic behavior is less well developed. 
The simplest model ascribes the nonmetallic behavior 
due to a combination of several types of free electrons 
and electrons bound to the lattice. The theory is quite 
useful for basic understanding of behavior but not 
tractable for direct computation of property values. 
The problem is further complicated by transparency, 
scattering phenomena, md temperature gradients 
within the solid, which can be usually treated only in a 
gross or oversimplified manner. 

The magnitude of the radiative properties of the 
metallic solid is determined to a large extent by the 
surface condition: due to the large extinction coeffi- 
cient, radiant energy will not travel more than a few 
hundred angstroms into the metal before being totally 
absorbed. As a result, surface roughness, oxide layer 
formations, structural defects due to mechanical 
stresses, etc., can be predominating influences on the 
property variations as a function of wavelength and 
temperature and most important is the dependence 
upon the environmental conditions. The nonmetallu 
or dielectric materials are known to be less sensitive to 
surface conditions; the absorption and emission pro- 
cesses are "bulk" or "volume" phenomena as a 
significant surface layer of the material is responsible 
for the behavior. This is a consequence of appreciable 
transparency of the nonmetallic solid to thermal 
radiation. 

The difficulties of characterizing data—unambig- 
uously relating the measured property data to the 
conditions of the specimen—and of understanding 
environmental infuences have frequently required the 
designer to measure the desired property of the actual 
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material (metallic and nonmetallic) as it will be used 
in the environment of the application. Much 01 such 
effort can be reduced through proper use of the 
extensive compendia presented in this volume: also, 
through the availability of such a bulk of data, it is 
likely that attention to the characterization of 
materials (surfaces) will increase. 

The principal differences between developments 
in the metallic and nonmetallic properties are twofold: 
(I) the lack of theoretical tools and simplified models 
for nonmetallic solids as are available for metallic 
materials and (2) the contributions of the trans- 
parency of nonmetallic solids giving rise to "volume" 
effects rather than "surface" effects which pre- 
dominate the behavior of metallic solids. In subse- 
quent sections of this text, the more important 
consequences of these two nonmetallic characteristics 
will be treated. The presentations will frequently 
contain remarks contrasting the behavior of metallic 
and nonmetallic solids. This will be particularly 
important in the understanding of the property varia- 
tions with temperature, wavelength, and angular or 
geometric conditions. 

The purpose of this text material is to expose the 
user to some of the pitfalls and limitations, as well as 
advantages, in the use of existing data reported in the 
literature. The text follows along lines similar to that 
of Volume 7 of this series; the first seven sections are 
general in character, dealing with basic concepts, laws, 
definitions, and relations which are applicable to both 
nonmetallic and metallic solids. Where appropriate, 
additional remarks pertinent to nonmetallic solids, 
particularly arising as a consequence of their trans- 
parency, are included. 

The exposition begins with Section 2 briefly 
defining the terms—processes, things, quantities, 
properties, and modifiers—used in discussing thermal 
radiation phenomena. Following this. Section 3 
presents a more rigorous definition of the properties 
and the notion of their dependency upon wavelength, 
temperature, polarization, and geometric directions. 
Section 4 reviews the physics of thermal radiation; 
then Section 5 discusses the interaction of radiant 
energy with materials. The interrelations between the 
properties—as described by geometric and wave- 
length modifiers—need to be understood in order for 
the user to synthesize fragments of available data. 
Section 6 treats the subproperty descriptors and 
Section 7 discusses the important concepts in their 
interrelationships. 

Theoretical models of nonmetallic solids. Section 
8, are presented to relate the structure of the solid to 

its radiative properties. The simple dielectric solid is 
first introduced followed by treatment of semi- 
transparent solids and those in which effects due to 
scattering and absorption are important. These 
theoretical results are primarily useful for correlation 
of or consistency checks on data. The problems of 
measuring the radiative properties of the nonmetallic 
solids are first discussed in Section 9. Also, a survey of 
methods of measurement particularly suited to non- 
metallics is presented, repeating the treatment of those 
techniques described in Volume 7 of this Series, the 
majority of which are equally appropriate to non- 
metallic solids. Other methods and apparatus are 
mentioned to inform the reader regarding conven- 
tional approaches used by the experimentalist. It is 
not the aim here to evaluate and recommend tech- 
niques but rather to briefly review the limitations and 
capability of the various techniques. 

The depth of presentation is aimed at the reader 
with a background in the physics of thermal radiation. 
For his benefit, an attempt is made to provide general 
references, usually standard texts or extensive review 
articles, which are intended to complement the 
necessarily brief treatment of the subject in this 
volume. The development of thermal radiation studies 
over the past years can be followed through the 
series of conference proceedings, starting as an 
informal one in 19S8 to the annual AIAA meetings 
in most recent years [4, 5, 8, 18, 57, 58, 68, 98, 105]. 
The data compilations of references [51, 113, 114] 
are most useful supplements for property coverage 
on materials not contained in the data sections of 
this volume and Volume 7. The TPRC's Thermo- 
physical Properties Research Literature Retrieval 
Guide [115] permits rapid access to the literature on 
the thermal radiative properties—and eight other 
thermophysical properties—of all classes of materials. 
Through these references, the reader will have access 
to a vital portion of knowledge created in the field of 
thermal radiation and a better appreciation of the 
technical problems involved in the application of the 
basic principles to actual design situations. 

2. DEFINITION OF TERMS [59] 

A. Processes 
Radiation. The process by which radiant energy is 

emitted by a body, also the process by which energy 
is transferred in the form of radiant energy. 

Reflection. The process by which radiant energy 
incident on a surface or medium leaves that surface 
or medium from the incident side. 
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Transmission. The process by which radiant energ> 
incident on a surface or medium leaves that surface 
or medium on a side other than the incident side. 

Absorption. The process by which radiant energy is 
converted into another form of energy. 

Refraction. The process by which a beam of radian» 
energy, on transmission through the interface 
between two media of different indices of refraction, 
is deviated toward the normal to the interface in the 
medium of higher index of refraction. 

Propagation. The process or processes by which 
radiant energy is transferred from one point to 
another in space. 

B. Things 
Radiator. A source of radiant energy. 
Thermal Radiator. A radiator that emits thermal 

radiant energy, as a consequence of its temperature 
only. 

Blackhody. A body or surface that absorbs all of the 
radiant energy incident upon it, and emits the 
maximum possible amount of thermal radiant 
energy at each frequency for a body at its tem- 
perature. 

Reflector. A body that reflects incident radiant energy. 
Transmitter. A body that transmits incident radiant 

energy. 
Transparent Body. A body which transmits radiant 

energy directly, without diffusion or scattering, and 
which has a relatively high transmittance. 

Translucent Body. A body which transmits radiant 
energy principally by diffuse transmission. Objects 
are not seen distinctly through such a body. 

Absorber. A body that absorbs incident radiant 
energy. 

Retroreflector. A reflector that reflects incident radiant 
energy in directions close to the direction of 
incidence. 

C. Quantities 
Radiant Energy, Q. Energy in the form of electro- 

magnetic waves or photons. Joules, ergs, or 
kilowatt-hours. 

Thermal Radiant Energy, Q. Radiant energy that is 
emitted by a thermal radiator. 

Radiant Density, W.W = dQ'dv. Radiant energy per 
unit volume. Joule per cubic meter, erg per cubic 
centimeter. 

Radiant Flux, <I). O = dQ dt. Time rate of flow of 
radiant energy. Erg per second, watt. 

Radiant Intensity, 1.1 = d<S> doj. Flux per unit solid 
angle from a source. Watt per steradian. 

Radiance, L. L = d1ty:dii} dA cos ft Flux propagated 
in a given direction, per unit solid angle about that 
direction and per unit area projected normal to the 
direction. 

Exitance, M.M = H/dA. Flux per unit area leaving 
a surface. 

Irradiance. E. E = JO dA. Flux per unit area incident 
on a surface. 

D. Properties* 
Reflectance, p. The ratio of reflected flux to incident 

flux. 
Absorptance, a. The ratio of absorbed flux to incident 

flux. 
Transmittance, T. The ratio of transmitted flux to 

incident flux. 
Internal Transmittance, T. The ratio of the radiant 

flux reaching the exit surlace to the flux which 
leaves the entry surface of a transparent body. 

Emittance, t. The ratio of the radiant exitance of a 
body at a given temperature to that of a blackbody 
radiator at the same temperature. 

Reflectivity, p, px. The reflectance of a specimen that 
has an optically smooth surface and is thick 
enough to be opaque. 

Absorptivity, a, aI. The absorptance of a specimen 
that has an optically smooth surface and is thick 
enough to be opaque. 

Emissivity, t,fx. The emittance of a specimen that has 
an optically smooth surface and is thick enough 
to be opaque. 

Reflectance Factor, R. The ratio of the flux reflected 
by a specimen under specified conditions of irradia- 
tion and viewing to that reflected by the ideal 
completely reflecting, perfectly diffusing surface, 
identically irradiated and viewed. 

Radiance Factor, ß. The ratio of the reflected radiance 
of a specimen in a given direction under specified 
conditions of irradiation to that of the ideal com- 
pletely reflecting, perfectly diffusing surface, iden- 
tically irradiated. 

E. Modifiers 
Spectral. For a property, at a given wavelength, 

designated by (A) following the symbol for the 
property. For a quantity, spectral conccnVation, 
designated by the subscript /, such as Q, = d<b/d/.. 

•Note: Properties ending in "ance" are properties of rr.al specimens, 
regardless of thickness or surface condition. Prop« rties ending in 

"■ivity" are intrinsic properties of the material of which the 
specimen is composed, and can only be approacl.^d by values 
measured on real specimens that have clean optically smooth 
surfaces and are opaque. 

- 
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Total * Refers to blackbody wavelength distribution. 
For a quantity, the spectral quantity is integrated 
and designated by the subscript t. For the property 
emittance. which is a ratio, the numerator and 
denominator are integrated separately and desig- 
nated by the symbol U) following me property 
symbol. 

Solar. Having the spectral distribution of solar energy, 
or integrated over the solar spectrum. It is desig- 
nated by the symbol (s) following the property 
symbol. 

Integrated^ Having a spectral distribution prescribed 
by integration over some specified portion of the 
spectrum; designated by the symbol (/) following 
the symbol for the property and necessarily some 
comments regarding the spectrum must be given. 

Directional. In a given direction. The direction is 
completely specified by two angles, 0 and 0; fl is 
the angle between the specified direction and the 
normal to the surface, and (/> is ihi azimuth of the 
specified direction measured from some fiducial 
mark on the specimen. For quantities, direction is 
denoted by the subscripts 0, $ (</> is only required 
when the surface structure has lay). For properties, 
the symbols 0, 0 indicating direction are enclosed 
in parentheses following the symbol for the 
property as (0, ^);ö', 0'), those indicating the inci- 
dent directfo.n first, followed by a semicolon, then 
the primed symbols indicating the direction of the 
reflected or transmitted rays. 

Normal. A special case of directional where 0 = 0°; 
in the context of this volume, this modifier includes 
conditions where 0< 15°, see Section 6.B.a for 
further detail. 

Angular. A more general case of directional where 
0 > 0°, that is, for cases other than normal; in the 
context of this volume, this modifier includes 
0 > 15°, see Section 6.B.a for further detail. 

Conical.X Over a finite solid angle smaller than a 
hemisphere. Both the size and direction of the solid 
angle must be specified. If the angle is a right circular 
cone, the direction is the axis of the cone and is 
designated by the symbols (', ^ as above, and the 

'Frequently the modifier lolal is used to include any wavelength 
distribution including blackhody; in this volume it refers only to 
blackhody conditions and as such is applicable only to the 
property emittance. 

tThis modifier is not in widespread usage but is most convenient 
for suhproperty classification purposes in this volume. 

^Note: unless otherwise indicated, it is assumed that the incident 
radiance is uniform over the specified solid angle for conical or 
hemispherical irradiation. No such assumption is made for 
emitted, reflected, or transmitted radiance. 

size is designated by the plane half angle of the 
cone, a. If the solid angle is not a right circular cone, 
it must be described in detail in the text and is 
designated by the symbol g. As above, primed 
symbols are used to indicate transmitted or 
reflected beams. 

Hemispherical* Over a complete hemisphere, desig- 
nated by the symbol 2^ replacing the 0, (j), g or 
0'. (j)', g' in parentheses following the symbol for 
the property or quantity. 

Specular. In the direction of mirror reflection. Under 
these conditions, 0' - 0 and 0' = 0 + 180°. 

Diffuse. Applied to a reflector or transmitter; reflect- 
ing or transmitting in all directions over a hemi- 
sphere. Applied to incident radiant energy, incident 
from angles over a hemisphere. 

Perfectly Diffuse. With equal radiance in all direc- 
tions from a surface. 

3. THERMAL RADIATIVE PROPERTIESt 

A. Interrelationships of Properties 
All matter is continually emitting radiant energy 

as a result of the thermal vibration of the particles 
(electrons, ions, atoms, and molecules) of which it is 
composed. This process is called thermal radiation, 
and the radiant energy so emitted is called thermal 
radiant energy. 

Each solid body is not only continually emitting 
thermal radiant energy, but it is also continually 
being bombarded by radiant energy from its sur- 
roundings, some of which is absorbed. The net rate 
of heat transfer by radiation to or from the body is 
equal to the difference in the rates of emission and 
absorption. Hence, the properties of the body that 
influence these rates are called thermal radiative 
properties. 

When a body is irradiated, part of the incident 
radiant energy is reflected, part is absorbed, and the 
rest is transmitted. Nothing else can happen to it. 
The incident flux <!), is equal to the sum of the 
reflected flux <I)r, the absorbed flux #s, and the 
transmitted flux «1),; 

«D, = <!>,. + <Da + <D( (I) 

•Note: Unless otherwise indicated, it is assumed that the incident 
radiance is uniform over the specified solid angle for conical or 
hemispherical irradiation. No such assumption is made for 
emitted, reflected, or transmitted radiance. 

tReferences for general background review arc [53. UM, 107, KW, 
120]. 

HM^M 
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The rctkctancc fi is the ratio of reflected flux to 
incident tlux; the absorptance x is the ratio of 
absorbed tlux to incident tlux; and the transmittance 
r is the ratio of transmitted flux to incident flux. 
Dividing both sides of equation (1) by O, gives 

1   = /> +  X +  T (2) 

For opaque materials, T = 0. hence for such materials 

,, + *=!       (T = 0) (3) 

Kirchhoffs law states that the absorptance is equal 
to the emittance 

Thus, for an opaque material 

/) + t = I 

(4) 

(5) 

and the thermal radiative properties of an opaque 
body are fully described by either the reflectance or 
the emittance. However, there are certain restrictions 
that apply to equations (2) through (5) which will be 
discussed later. 

B. Blackbody Radiation 

A blackbody radiator absorbs all radiant energy 
incident upon it and emits the maximum possible 
amount of flux per unit area at any given wavelength 
or wavelength -nterval for any body at its temperature. 

The only true blackbody radiator that exists is a 
completely enclosed cavity with opaque walls at a 
uniform temperature. All real materials reflect part 
of the radiant energy incident upon them and emit 
less radiant energy than a blackbody radiator at the 
same temperature. Nevertheless, the concept of a 
blackbody radiator is indispensable to a discussion of 
thermal radiation processes. The radiant exitance M 
(the flux emitted per unit area) of a blackbody 
radiator is given by the Stefan Boltzmann equation 

A/ = oT* (6) 

in units of watts per square meter, where a is the 
Stefan Bolt/mann constant. 5.6697 x 10"8 W • m2- 
K "* and T is temperature in kelvins. The spectral, or 
wavelength, distribution of this flux is given by the 
Planck equation 

M, = (■,;■" V-' i] (7) 

in which M; is the spectral exitance in watts per 
square meter and meter wavelength interval, (, is the 
first radiation constant. 3.7415 x 10"'"Wm2, c2 is 
the second radiation constant, 1.43879 x 10"2 m • K, 
and c is the base of natural logarithms. The geometric 

distribution of this  radiant  exitance  is  given  by 
Lambert's cosine law 

/„ = /„ cos 0 (S) 

in which /„ is the directional intensity of a plane- 
source in the direction 0 (measured from the normal 
to the surface) and /„ is the intensity of the source in 
a direction normal to its surface. 

While the radiation laws expressed in equations 
(6), (7), and (8) apply only to blackbody radiators,* 
they can be applied to real surfaces by using the 
emittance as a proportionality factor. For instance, 
the exitance M of a real specimen is given by 

M = f{2n:t)aT* (9) 

where ({2n:t) is the hemispherical total emittance of 
the specimen at temperature T, and the spectral 
exitance M; is given by 

A/; = e(27r;;.)(v.-VWr - U" (10) 

where c(2^;/.) is the hemispherical spectral emittance 
of the specimen at wavelength / and temperature T. 
The directional radiance LH, where 0 is the angle 
from the given direction to the normal to the surface, 
is given by 

L,m 0lt)ß'l0T* (11) 

where ((0:t) is the total directional emittance in 
direction 0 at temperature T. The directional spectral 
radiance, Lfl A, of a specimen is given by 

'flu t(ö;/)7t" e,Ä I] (12) 

where dO./.) is the directional spectral emittance of 
the specimen at wavelength /. and temperature T in 
the direction 0. 

Equations (9), (10), (11), and (12) suggest that 
the emittance of a specimen may change with wave- 
length, angle of incidence, and temperature. This is 
indeed the case. All thermal radiative properties vary 
with wavelength, direction (measured from the normal 
to the surface) of the incident or exitant radiant 
energy, temperature of the specimen, the degree of 
polarization, and, for polarized incident or exitant 
flux, with the angle between the plane of polarization 
and the plane of incidence. The plane of incidence is 

*Therc is u further restriction. These equations apply rigorously 
only to the case where the blackbody is emitting into a vacuum 
When emitting into a medium of index of refraction greater than 
unity, the emitted flux is increased by n2, where n is the index of 
refraction of the medium. The increase in emitted energy when 
radiating into air in = 1.0003 approx.) is too small to be detected 
in ordinary measurements. 

         -   --      - 
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the plane defined by the direction of the incident ray 
and the normal to the surface. The modifiers defined 
in the Definitions of Terms are used to indicate the 
conditions under which the properties or quantities 
were evaluated. 

The variation of the thermal radiative properties 
with temperature, wavelength, and geometric condi- 
tions (including polarization) of irradiation and 
viewing poses certain restrictions on equations(2),(3), 
(4), and (5). For equations (2) and (3) to be valid, 
x, p, and T must be evaluated under the same condi- 
tions, which means that the temperature of the 
specimen must be the same, and the spectral composi- 
tion, direction, solid angle, and degree and direction of 
polarization of the incident radiant energy must be 
identical, and all of the reflected and transmitted 
radiant energy must be measured. 

C. KirchhofTs Law 
KirchhofTs law. equation (4), is derived for the 

condition that the specimen is irradiated in a black- 
body cavity with walls at the same temperature as the 
specimen, which means that the specimen is uni- 
formly irradiated over a hemisphere with unpolarized 
radiant energy having the spectral distribution ofthat 
of a blackbody radiator at the temperature of the 
specimen. However, it can be proved that equation (4) 
is also valid for the two conditions: (I) any solid 
angle less than a hemisphere if the direction and solid 
angle of the incident beam for the absorption evalua- 
tion is identical to the direction and solid angle 
(but opposite in sense) of the emitted beam for the 
emittance evaluation, and (2) for plane-polarized 
radiant energy with the plane of polarization at any 
given angle to the plane of measurement, provided 
that it is the same for the incident radiant energy 
for the absorption evaluation and the emitted radiant 
energy for the emittance evaluation. Even with these 
modifications, equation (4) applies strictly only 
provided the spectral composition of the incident 
radiant energy for the absorptance is that of black- 
body radiant energy at the temperature of the speci- 
men. This would appear to impose a severe restriction 
on the general applicability of equation (5). However, 
it can also be shown that equation (4) applies to any 
small wavelength band, as well as to total blackbody 
radiant energy. The properties of reflectance, absorp- 
tance, and transmittance do not vary with the amount 
of incident radiant energy until very high flux densities 
are reached. Within the narrow wavelength band used 
in measuring spectral thermal radiative properties 
the spectral distribution of radiant energy from almost 

any thermal source is approximately the same as that 
from a blackbody radiator at the temperature of the 
specimen. Also, polarization effects are completely 
absent for normally incident radiant energy and are 
negligible at angles near the normal. Hence equations 
(4) and (5) can be considered valid for normal spectral 
properties and can be used to convert normal 
hemispherical reflectance to normal emittance with 
but little error. 

4. PHYSICS OF THERMAL RADIATION 

A. The Nature of Radiant Energy 
Radiant energy can be treated in two ways, as 

electromagnetic waves, or as photons. In both forms 
it travels in straight lines at the speed of light, which, 
in vacuum, is a fundamental constant of nature <•„, 
with a value of 2.997925 x 10'0cmsec"'. 

Photons are particles of zero rest mass, each of 
which contains or consists of a fixed amount of 
energy, called a quantum. Quantum mechanical 
treatment of photons is the most convenient way of 
studying the generation and interaction of radiant 
energy with matter on a micro scale, but interactions 
on a macro scale are handled more readily by wave 
mechanics, in which radiant energy is considered as 
waves. 

Electromagnetic waves are characterized by 
frequency or wavelength and amplitude. Frequency v 
and wavelength /. are related by 

c = vk (13) 

The energy content of a wave is the square of the 
amplitude. 

The frequency v is constant, regardless of the 
medium through which the wave is propagated, but 
the speed and wavelength change with the index of 
refraction n of the medium 

" = cJc* = V^l (14) 

where /.„ and <•„ are the wavelength and speed in the 
medium of index of refraction n, and /.0 and ca are 
the corresponding values in vacuum. 

Electromagnetic waves consist of magnetic (//) 
and electric (£) field vectors which successively 
oscillate in directions perpendicular to the direction 
of travel and to each other: this is a characteristic of 
transverse waves as described by the Maxwell 
equations governing electromagnetic wave phenom- 
ena. The plane of polarization of the wave is defined 
as the plane containing the electric field vector. 
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If the waves are oriented with their planes of polariza- 
tion parallel, the beam is pkme polarized. If the 
planes are randomly oriented, the wave is termed 
unpolorized. The terms eireularly or elliplieally polar- 
ized identify other conditions of amplitude and 
oscillation direction of the electric field. Most 
practical radiant energy sources and beams within 
optical systems—particularly after reflectance from a 
plane surface—are partially polarized; that is, there 
is a partial, but not complete, preferred orientation 
of the planes of polarization of the waves making up 
the beam. 

The plane of polarization of such a partially 
polarized beam is taken as the plane of polarization 
for which the intensity of the beam is maximum. The 
degree of polarization P of such a beam is measured as 

where /,, is the intensity of the beam when polarized 
parallel to its plane of polarization, and /, is" the 
intensity when polarized normal to its plane of 
polarization. 

The frequency, and hence the wavelength, of 
electromagnetic radiation theoretically can vary from 
zero to infinity. Thermal radiant energy, however, is 
generally restricted to the wavelength range of 
0.1 um to 1 mm. This overall range has been broken 
down into seven subranges [59], as follows: 

Range Designation Wavelength Range 
um 

Ultraviolet uvc 0.1-0.28 
UVB 0.28-0.315 
UVA 0.315 0.400 

Visible VIS 0.38a 0.780 
Infrared IRA 0.78  1.4 

IRB 1.4 3 
IRC 3 1000 

B. Basic Laws 
The Planck equation, (7), is the basis for all 

thermal radiation measurements. All of the other 
important relationships can be derived from this 
simple equation; 

M, = (•,;." V2'r-i]'1 (7) 
This equation was derived by quantum mechanics. 
The radiation constants <-, and f j are related to more 
fundamental constants as follows: 

<•, = 2irciA 

Cj = eji k 

where c,, is the speed of light in vacuum, h is the 
Planck constant, 6.6256 x 10"J4 J • sec, and k is the 
Boltzimnn constant, 1.38054 x lO"" J-K   '. 

Since for a blackbody radiator, L = Af TT, equa- 
tion (7) can be rewritten to give spectral radiance: 

L, = ft*    /. v-- 1] (16) 

An inspection of equation (16) shows that the 
right-hand side can be reduced to a single variable, 
/.T, by multiplying both sides of the equation by T-5: 

LJ-S = eln-iUT)~i[eC2*T - l]' (17) 

Equation (17) shows that the shape of the spectral 
distribution of the radiance of a blackbody radiator 
is a function of /.T and not of /. and T separately. 
This is one form of Wien's displacement law, which 
states that the peak of the spectral distribution curve 
occurs at a wavelength that is inversely proportional 
to the absolute temperature. This is shown in Fig. I. 
Setting ilL J/. equal to zero and solving for (/T)I1UX 

gives 

(;.:r)max = 2898/mi-K (18) 

which is the Wien displacement equation. 
Two other equations were developed prior to 

the Planck equation and are important not only for 
their historical significance but also because they are 
useful approximations in certain wavelength ranges. 
Both were develo^d by classical wave mechanics. 
The first is known as Wien's law, and in its original 

1       !   4   ■, 6    e c 
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Kig. I. The Planck distribution law. spectral radiance of blackbod> 
radiation as a function of temperature and wavelength 
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form was expressed as 

L, = F(/.)e'^T (19) 

in which F(/.) and /(/.) were unknown functions of /.. 
It was later found that the true equation is 

L, = c,n - I ; - 5 cj XT (20) 

Note that it is identical to the Planck equation 
except for the jninus one in the denominator. This 
equation is a useful approximation at short wave- 
lengths, and is much used in optical pyrometry. It 
gives values of L; that are too low at long wave- 
lengths. The error is less than 1 percent when /T is 
less than 2898 //m • K. The second important relation 
is the Rayleigh Jeans law, and is expressed as 

(21) 

Equation (21) is valid at very long wavelengths where 
/T > 10,000/(m • K with but small error. 

If equation (7) is integrated over all wavelengths, 

Jo  ^kT - 1      \Sc\ U~' 
which is equation (6). Thus, n. the Stefan Boltzmann 
constant, is expressed in terms of other constants as 

a = 
\Sc*2 

2*V 
(23) 

The fraction of the total exitance of a blackbody 
at temperature T that is emitted within the wavelength 
interval 0 to /.. may be obtained as follows. The 
exitance in the wavelength interval M(0-A| can be 
expressed as a function of/T: 

Jo Jo e 
M,o- 

1 

-/. 
or 

M(0 - /T) = f 
Jo 

* rsc,(;.r)-5rf(/r) 

iT T*cMT)'* 4XT) 
fiT - i 

The total exitance is hi, = aT*, thus 

'iTT*ctUTr5dUT) 
M{0 /T)/M, = f 

Jo ec'XT - 1       / 

l 

aT* 

= J0  -F^rr        l24) 

Substituting M^ within the integral for its equivalent. 

ZOOO    4000    6000    «000    10000   IZjOOO  «000    «000   «000 20000 

XT [/imK] 

Fig. 2. (A) Relative spectral radiance of blackbody radiation as a 
function of/T. solid curve; and fraction of spectral radiance in the 
wavelength interval 0 /T. dashed curve. (B) Relative spectral 
radiance of blackbody radiation as a function of AT. solid curve: 
and percentage increase in spectral radiance produced by a I "„ 
increase in absolute temperature as a function of AT. dashed curve. 

Ci/.'i/{eCllxT - 1), gives 

M(0 - ATl/M, = 
aT r UiTiHT) (25) 

Since for blackbody M = nL, then equation (25) is 
equally valid if L is substituted for M wherever it 
occurs. 

The ratio L(0 - /.T)/LrorM(0 - /iT)/M, is given 
in Table I for various values of AT* The fraction of the 
total exitance or radiance of a blackbody at tempera- 
ture T, occurring in any wavelength interval A, to 
/.2 (/j > /]) may be obtained by subtracting the 
value from the table for /,r from that for /2T The 

•See also [96] for more detailed tables which, however, were 
computed with older set of radiation constants c, = .17413 x 
10"'"Wm2 and(j = 1.4380 x lO^m-K. 
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I able I. Blackbodv Radiation Functions Table I U-ontinucd) 

-c. IT, UyaT*. 
/im   K    m   '   K   ' • sr 

M 

200 
400 
600 
8(K) 

KXXI 

I2(X) 
1400 
1600 
I MX) 
2000 

2200 
2400 
2600 
2X00 

1 

■ 

*• 

« 

3000 
3200 
3400 
3600 
3800 

4(XX) 
4200 
4400 
4600 
4800 

5(XX) 
5200 
54(X) 
5600 
58(X) 

6(XX) 
6200 
64(X) 
66(X) 
68(X) 

7(XX) 
72(X) 
74(X) 
76(X) 
78(X) 

8(XX) 
85(X) 
9(XX) 
4500 
KXXX) 

I05(X) 
I KXX) 
11500 
12000 
I3(XX) 

nLjfi-lTVfT*   LiJiU&T.iiM 

0.375195 
0.490424 
0.104056 
0.991183 
0.118508 

0.523935 
0.134411 
0.249128 
0.375563 
0.493422 

0.589636 
0.658848 
0.701271 
0.720216 

2898  0.722294 

0.720229 
0.705948 
0.681517 

0.650369 
0.615199 

0.578040 
0.540370 
0.503231 
0.467321 
0.433089 

0.400794 
0.370562 
0.342428 
0.316361 
0.292287 

0.270108 
0.249710 
0 230973 
0.213775 
0.197997 

0.183524 
0.170247 

0.158065 
0.146883 
0.136614 

0.127177 
0.106766 
0.901414 
0.765296 
0.653243 

0.560490 

0.483294 
0.418701 

0.364373 
0.279441 

-21 
-7 
__ 2 

- 1 
+ 1 

+ I 
+ 2 
+ 2 
+ 2 
+ 2 

+ 2 
+ 2 
fj 
+ 2 

+ 2 

+ 2 
+ 2 
+ 2 
+ 2 
+ 2 

+ 2 
+ 2 
+ 2 
+ 2 
+ 2 

+ 2 
+ 2 
+ 2 
+ 2 
+ 2 

+ 2 

+ 2 

+ 2 
f 2 
+ 2 
t-2 
+ 2 

+ 2 
+ 2 
+ 1 
+ 1 
+ 1 

+■ 1 

+ 1 
+ 1 
+ I 
+ 1 

0.341796 
0.186468 
0.929299 

0.164351 
0.320780 

0.213431 
0.779084 
0.197204 
0.393449 
0.667347 

0.100897 

0.140268 
0.183135 
0.227908 

0.250126 

0.273252 
0.318124 
0.361760 
0.403633 
0.443411 

0.480907 

0.516046 
0.548830 
0579316 
0.607597 

0.633786 
0.658011 
0.680402 
0.701090 
0.720203 

0.737864 
0.754187 
0.76928.! 
0.783248 
0.796180 

0.808160 
0.819270 
0.829580 
0.839157 

0.848060 

0.856344 
0.874666 
0.890090 
0.903147 

0.914263 

0.923775 
0.931956 
0.939027 
0.945167 
0.955210 

0.997142 
0.977369 
0.943546 
0.900422 
0.851730 

0.373958 
0.345718 
0.319777 
0.295967 

0.274123 

0.254085 
0.235703 
0.218837 

0.203356 
0.189139 

0.105953 
().9044<X) 

'/ 

-26 0.519451 -23 
-11 0.678981 -9 

-7 0.144064 -4 
-4 0.137277 -2 
-3 0.164072 -1 

- 2 0.725376 - 1 
-2 0.186089 0 

-1 0.344913 0 
-1 0.519959 0 

-1 0.683133 0 

0 0.816338 0 

0 0.912161 0 
0 0.970894 0 
0 0.997123 0 

0 0.100000 +1 

0 0.800283 0 
0 0.748131 0 
0 0.696712 0 
0 0.646996 0 
0 0.599602 0 

0 0.554890 0 
0 0.513035 0 
0 0.474084 0 
0 0.437994 0 
0 0.404664 0 

0 0.176075 0 
0 0.147816 0 
0  0.124798   0 

0 0.775987 - 
0 0.669110 - 

0 0.579683 - 
0 0.504466 - 
0 0.386880 - 

IT, 
/im ■ K m  '   K'sr 

nUO- ÄTlaT*    L^L.J,, 

14000 
15000 
16000 
18000 
20000 

25000 
30000 
400(K) 
50000 
75000 

0.217628 
0.171855 
0.137421 
0.908187 
0.623273 

0.276458 
0.140461 
0.473862 
0.201592 
0.418572 

+ 1 
f 1 
+ 1 
0 
0 

0 
0 

-1 
-1 

100000  0.135744 

0.962970 

0.969056 
0.973890 
0.980939 
0.985683 

0.992299 
0.995427 
0.998057 

0.999045 
0.999807 

UXXXXX) 

0.301301 
0.237930 
0.190257 
0.125736 
0.862908 

0.382750 
0.194465 
0.656052 
0.279100 
0.579503 

1 

_ 2 
-3 
-3 
-4 

0.187934     -4 

Note: Value in each case is p x 10'. 

value for the exitance M^A, - /2] 7) may be obtained 
by multiplying the resulting value by oT5, and the 
radiance !([/., - /j]!"), by multiplying the value by 
aT'/n. 

Figure 2A is a plot of the ratio L{0-X)TlaT*, 
dotted line, and LJaT*, solid line, both plotted as a 
function of AT. 

Another useful relationship is the fractional 
change in LA or M? produced by a fractional change in 
the temperature T of a blackbody radiator. Differ- 
entiating equation (16) with respect to T gives 

nflUT dL*   ldT        I.   /IT*     •  (26) 

This ratio is plotted as a function of/T in Fig. 2B, 
dotted line, and shows that the change in spectral 
radiance with temperature increases with decrease in 
/.T, particularly at values of f.T below 2898/<m • K. 
The term on the right of equation (26) can be 
simplified to cJXT for use at kT < 2898 /tm • K with 
an error of considerably less than 1 percent. Again 
the equation applies to either spectral radiance /.„ or 
spectral exitance Mk. 

The value of the right side of equation (26) can 
be used for the exponent x in the relationship 

L, - r (27) 

which is a good approximation when the change in 
temperature is a small fraction of T. Again Mx can be 
substituted for L^ in equation (27). The value of x is 
5.0at 2898/im • K,and varies as I'/T, hence is about 
10 at ISOO/mrK, 15 at 1000/tm-K, and 2.5 at 
6000//m-K. 

-  - - 
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The relationship shown in equation (26) and 
plotted in Fig. 2B is extremely important to re- 
member in making measurements of Z^ by direct 
comparison of the radiance of a hot specimen to that 
of a blackbody radiator at the same temperature: it 
shows the efTect of a small temperature difference on 
the accuracy of the results obtained. 

5. INTERACTION OF RADIANT ENERGY 
WITH MATTER 

A. Wave Behavior [9. 40] 

When an electromagnetic wave in vacuum is 
incident on the plane surface of an optically homo- 
geneous specimen, interaction of the wave with the 
material of the specimen will occur. The electrical 
and magnetic properties of the specimen will be 
different from those of the vacuum, and as a result, 
there may be a change in the direction of propagation 
of the wave, its velocity, amplitude, wavelength, and 
phase, and it may be separated into two portions, one 
reflected and one transmitted. The transmitted portion 
will be partially or totally absorbed. The only property 
of the wave that never changes is its frequency. 

Similar changes in the wave will occur whenever 
it is incident on an interface between two media of 
different properties. The changes can be computed 
from the properties of the material, or the differences 
in properties on the two sides of the interface, and 
from the direction of propagation of the wave relative 
to the interface and the direction of its plane of 
polarization  relative to the plane containing the 

direction of incidence and the normal to the interface 
at the point of incidence. 

B. Optical Properties [46] 
The Maxwell equations describe the change in a 

wave as it crosses an interface and propagates into 
the material: 

£ = £()exp(./<^-y.v) (2S) 

where 

y - at + ß (29) 

Equation (28) indicates that the electric field vector 
£„ at the interface where v = 0 (v is the distance 
from the interface in the material) is attenuated on 
penetrating into the material by an amount r and that 
a phase change ft has occurred in crossing the inter- 
face. Thus, two parameters (or one complex one) 
of the material are needed to define the changes in 
amplitude and phase which occur in crossing the 
interface. 

Many different sets of parameters, called optical 
properties in this discussion, can be found in the 
literature, each having some merit in interpreting 
the interaction of a wave with a material. Table 11 
presents several of the more commonly used optical 
properties, together with a brief description and 
summary of their interrelationship. 

C. Thermal Radiative Properties 
The optical properties describe the interaction 

of an electromagnetic wave with matter in terms of 
phase and amplitude, while the thermal radiative 

Table II. Parameters and Relations Descriptive of Electromagnetic Wave-Material Interaction 

Complex permittivity .•-»'-/.• 

Complex permeability /'' = Pa 
Complex propagation faetor v = * + //' 

Complex dielectric constant It» - -   = K  - fK' 
«0 

Complex index of refraction ii* = M - jk 

Intrinsic impedance z "V? 

Normal spectral rellectivity 
„    ,         (H-   It'  + *' 

In + \y +k1 

■; = McV)1 ! n* = v K* 

t'    Real permittivity 
c"    Loss factor 
Valid assumption for almost all applications 
y   Attenuation factor 
P   Phase factor 

K     Relative permittivity or real dielectric constant 
K"    Relative loss factor 

II    Index of refraction, ratio of phase velocities 
k    Index of absorption 

/•    Ratitt'of electric to magnetic Held vectors 

Ratio of squares of the electric field vector of reflected and incident waves 

1 
-«« 1 -7 
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properties describe the energy transfer during the 
interaction. It is obvious that the two types of prop- 
erties, optical and thermal radiative, are related. In 
some cases the relationships are simple. 

One situation in which the relation is not simple 
is that for the general case of a wave incident on an 
interface. By solving the Maxwell equations for the 
boundary conditions, the Fresnel relations for specu- 
lar reflection can be derived. The specular reflectance 
at the interface (fraction of incident flux reflected in 
the direction of mirror reflectance) is given as 

medium of index of refraction of I. 

/',(") = 
a1 + h2 - 2a cos 0 + cos2 0 
a2 + h2 + 2a cos 0 + cos,2!) 

(30) 

/'„(") = thiO) -i 
a2 + /)' - 2a sin 9 tan 0 -I- sin2 0 tan2 9 

where 

<r + h2 + 2a sin 0 tan 0 + sin2 0 tan2 0 

(31) 

2t/2 = [(;i2 -k2 - sm20)2 + ^rV]1 2 

+ (;i2 - k2 - sin2 0) (32) 

2h2 = [(/i2 -k2 -sin2^)2 +4ii2k2]12 

- {n2 - k2 - sin2 0) (33) 

The angle 9 is the angle between the incident 
ray and the normal to the interface, ps is the reflectance 
for plane-polarized incident radiant energy with its 
plane of polarization normal to the plane of inr!dence 
(the plane containing the incident ray and (In normal 
to the interface at the point of incidence), and t>r is the 
reflectance for plane-polarized incident radiant energy 
with its plane of polarization parallel to the plane of 
incidence. 

If the incident radiant energy is completely 
unpolarized, it can be shown that 

t>m = li[f>,m + PM (34) 

The Fresnel equations, (30) and (31), have been 
expressed in terms of N and k, but the relations are 
found in various forms in the literature. The simplest 
case occurs for normal incidence {0 = 0), where the 
equations reduce to 

pjm = pjm (35) 

and 

a - n      b - * (36) 

Hence, for radiant energy incident from vacuum or a 

/'(()) = 
(» - 1)5 + k* 
{n + I)2 -f k2 (37) 

The above relations express the energy transfer 
in terms of electromagnetic wave theory, and no 
specification of the material, other than its optical 
properties n and k. is necessary. As indicated 
previously, the reflected, absorbed, and transmitted 
flux sum to the incident flux, hence 

/) + T + * = I (2) 

6. DETAILED DISCUSSION OF THERMAL 
RADIATIVE PROPERTIES 

A. Primary Properties 

The primary properties emissivity. reflectivity, 
absorptivity and transmissivity—have been pre- 
viously introduced. The suffix ivity denotes the prop- 
erty of the ideal material -optically smooth and 
homogeneous. For metallic materials that are neither 
smooth nor homogeneous, the radiative parameters 
are not unique properties of the bulk material, but 
rather are properties of the surface. In these more 
frequent situations the properties are denoted by the 
suffix ance and hereafter the properties are referred 
to and defined as follows: 

c emittance 

fi. reflectance 

*, absorptance 

T, transmittance 

Ratio of the radiant exitance of 
the specimen to that emitted by a 
blackbody radiator at the same 
temperature and under the same 
geometric and wavelength con- 
ditions. 
Ratio of the reflected radiant 
flux to the incident flux. 
Ratio of absorbed radiant flux 
to the incident flux. 
Ratio of some specified portion 
of the transmitted flux to the 
incident radiant flux. 

For each of these primary properties, it is necessary 
to specify the geometric and wavelength conditions 
to which the particular property corresponds. Unfor- 
tunately, there is no generally accepted convention 
on the choice of symbols or terminology to describe 
these conditions. After due consideration and con- 
sultation, a nomenclature system suitable to classifica- 
tion needs in the organization of this compendium 
was adopted. To assist the reader, the system used in 
this volume will be fully explained and then related 
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when appropriate to the various terminologies found 
in the literature [59. 67, 84, 117]. 

B. Subproperty Descriptors 

a. Geometrie Deseriptors 

Figure 3 shows the general case of reflection at a 
surface and indicates the necessary geometric param- 
eters requ'red to fully describe the incident and 
reflected fluxes. The beams representing the incident 
or viewed flux are described by the zenith angles for 
0 or 0' and by the beam solid angles a or w'. The 
longitudinal angles (/> and (f)' relate the axes of the 
beams to each other and some reference line on the 
specimen; as a practical matter very few measure- 
ments so specify this angular descriptor. It is the 
convention in this volume to distinguish three sets of 
conditions as follows: 

Normal —Conditions for incidence and/or 
viewing through a solid angle u or 
OK normal to the specimen; that 
is «or«' < 15°. 
Conditions for incidence and/or 
viewing through a solid angle co 
or a»' at some direction specified 
byOorO'> 15° 
Conditions for incidence and/or 
viewing of flux over a hemi- 
spherical region; that is a or 
a)' = 2n 

The descriptors normal and angular do not fully 
describe the geometric conditions; a» and/or w' and 
0 and or 0' must be provided to fully specify the 
geometry. 

INCIDENT 

Angular 

Hemispherical 

Fig. 3. Geometric parameters descriptive of 
reflection from a surface: (' is the zenith angle, 
or colatitude. in degrees: <t> is the azimuthal 
angle, or longitude, in degrees; M is the beam 
solid angle, in steradians: and the symbol 
refers to viewing conditions. 

It has been suggested that other descriptors be 
used to indicate the two extreme conditions for w 
or a)'. If the incident or viewed beam is parallel, then 
w or to' - 0: this condition can be approximated in 
practice where a or to' is so small that slight in- 
creases have no influence. In this case, the term 
direetioml is used and when w or (o is not negligible, 
the term eonieal is applied. As a practical matter for 
categorization of subproperties, only the terms normal, 
angular,and hemispheriealdre separately distinguished 
in the subsequent data tables. Whenever information 
is given on «J or »', it is reported in an appropriate 
column. To a great many thermophysicists details on 
01 or (o' may not be essential, but they should be fully 
aware that such information is available. 

For the subproperties of emittance and absorp- 
tance, only one geometric descriptor is required to 
designate the conditions of viewing and incidence, 
respectively. For the subproperties of reflectance and 
transmittance, two geome'.ric descriptors are required 
since both incidence and viewing conditions need to 
be specified. While the three descriptors selected for 
categorization are not fully descriptive, they give good 
practical resolution from a classification and retrieval 
viewpoint. 

h. Wavelength Descriptors 

These descriptors indicite spectral or wavelength 
conditions for which the subproperties are specified. 
Each of the four prime properties needs to be charac- 
terized by the wavelength conditions of the radiant 
flux—emitted, incident, reflected, or transmitted. The 
following terminology is used in this volume to refer to 
the common conditions: 

Spectral—For a very narrow band of wavelengths, 
also referred to as monochromatic; no 
maximum band width criteria has been 
established by convention; symbolically 
denoted by k. 

Total - Refers to blackbody wavelength distri- 
bution ; this descriptor is applicable only 
to emittance; symbolically denoted by t. 
The temperature of the blackbody should 
be given, since spectral distribution 
varies with temperature. 

The properties, being dimensionless ratios, 
cannot be integrated. The term integrated, when 
applied to such ratios, means that the numerator and 
denominator are integrated separately, then divided. 
An "integrated" ratio can also be thought of as a 
weighted average, where the weighting factor is the 

, 



■•-•■ ■^^^ 

Theory. Esiinuition. and Mcdsurcnwiil 15a 

C 

"I 

spectral distribution of the source, or blackbody in 
the case of emittance. 

Integrated Relative to some specified wavelength 
distribution of the irradiating source 
or some specified broad band; for 
such subproperties it is necessary 
that details of the spectra! charac- 
teristics of the source be fully pre- 
sented; symbolically denoted by /. 

Solar Having the wavelength distribution of 
the sun; the solar distribution can be 
cither natural or artificial lamps, 
arcs, etc.. in which case the nature of 
the source needs to be specified; 
symbolically denoted by t. 

In a later section, interrelationships between the 
various wavelength conditions will be discussed with 
a view to exposing the reader to method, of com- 
puting the subproperties from fragments of other 
subproperty data. 

c. Symbolic Representation 

In subsequent discussion the various subprop- 
erties are expressed according to the following 
convention. The symbols for the four primary 
properties e. /). a. and r have already been pre- 
sented. The geometric (incidence and viewing condi- 
tion) and wavelength descriptors, in that same order, 
are symbolically represented within the parentheses 
being separated by semicolons. The most general case 
would be (using reflectance as an example): 

p{9, (l),o):0\(f)', to';X) 

where the wavelength descriptors used in this text 
are /., f. /', and s indicating spectral conditions pre- 
viously defined. 

As a practical matter not all the designations are 
always needed and many are omitted for con- 
venience sake; usually </> and 0' are not used and, of 
course, for emittance and absorptance. the incidence 
and viewing geometry symbols, respectively, are not 
applicable. 

C. Reflectance Factor 
The refiectame factor R is defined as the ratio of 

the (lux reflected by a specimen under specified geo- 
metric conditions of irradiation and viewing to that 
reflected by the ideal completely reflecting, perfectly 
diffusing surface, under identical conditions of irradia- 
tion and viewing [67]. A perfectly diffusing surface is 
defined as  a surface  whose   reflected  radiance  is 

independent of direction of v iewing and hence obeys 
Lambert's law. 

Reflectance factor is relatively easy to measure 
because comparatively simple equipment can be used. 
Integrating sphere rellectometers are frequently used 
for these measurements. While the ideal completely 
reflecting, perfectly diffusing surface does not exist, 
several materials can be used that are reasonably close 
approximations to such a surface. Examples are 
freshly smoked magnesium oxide, magnesium carbon- 
ate, high-purity barium sulphate, sodium chloride, 
flowers of sulphur, and some good white paints 
[I, 50, 76]. For those conditions where the specimen 
is diffusely irradiated over a hemisphere, a high- 
quality first-surface mirror can be used as the reference 
standard. When integrating sphere reflectometers are 
used, the sphere coating itself may be used as the 
reference. 

Integrating sphere reflectometers are generally 
restricted to operation over the solar range (0.25 to 
2.5 um) where conventional sphere coatings such as 
smoked magnesium oxide and barium sulphate have 
high reflectance. Operation has been extended farther 
into the infrared by use of flowers of sulfur and 
sodium chloride sphere coatings. 

Reflectometers such as the hohlraum refleclom- 
eter, where the specimen is irradiated over n hem- 
isphere, actually measure reflectance factor. This also 
applies to the ellipsoidal mirror, paraboloidal mirror, 
and Coblentz hemisphere reflectometers when used 
in the inverse mode, so that the specimen is irradiated 
over a hemisphere. 

The primary distinction between true reflectance 
and reflectance factor measurements is that in true 
reflectance measurements the incident flux is meas- 
ured directly, then the reflected flux is measured 
directly, and the reported reflectance is the ratio of 
the second measured value to the first. In reflectance 
factor measurements either (I) the incident flux is 
measured indirectly by measuring the flux reflected 
by a diffusely reflecting standard, or (2) the radiance 
of the flux incident on the specimen is measured over 
a small solid angle, either by viewing the source 
directly as in a hohlraum, or by viewing it indirectly 
by use of a mirror standard, as in the ellipsoidal 
mirror, paraboloidal mirror, or Coblentz hemisphere 
instruments. 

Reflectance factor data are useful to the thermo- 
physicist, because for a diffuse reflector the reflec- 
tance factor measured under any given geometric 
conditions of irradiation and viewing is a good 
estimate of the reflectance of the specimen measured 
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under the same eonditions of irradiation, but with 
hemispherical viewing. The error in the estimate is 
zero if the specimen is a perfectly diffuse reflector, and 
increases with both the departure of the specimen 
from a perfectly diffuse reflector and with the variation 
of the solid angle of viewing from a hemisphere. 

The fundamental relationship by the use of 
which the various types of reflectance and reflectance 
factor can be related to each other is [35] 

COS W,('J ll"2 coi0|a)| 

138) 

where the bidirectional reflectance, f>{0,(j),il>i):0'.<j)\ 
da)') is detined as 

f){0. </), ih»: 0'. 0', tloj') = 
LW.(t>)i:osO'ilv)' 
UO^cos. 0 dio 

(39) 

where L is the radiance of the beam incident on the 
specimen over the elementary solid angle cho from 
direction 0, </>, and L is the reflected radiance of the 
specimen over the elementary solid angle d«) in the 
direction 0\ (j)'. The geometry for equations (38) and 
(39) is shown in Fig. 3. 

The only restriction on the general application 
of equation (38) to solid angles of any size is that L, 
the incident radiance, must not vary with angle over 
the solid angle of incidence in either case. 

By the use of equation (38) it can be shown that 
the following relationships hold: 

R{2TI:0\(,)') = RdKm-.ln) (40) 

where (' = 0' and oi = a»'. 

f){2n;2n) = R{2n:2n) (4!) 

,){(Koj-2n) = RUK<,):2n) (42) 

where 0 and w are the same for p and R. 

R{0l,(l)l:02.o)2) = R(^,,w2;^l,wl) (43) 

a)' cos 0'. 
rflKo-J)',™') = RUKwjy.o)'}   (44) 

where for large solid angles, m' cos 0' = jm. cos ()'■ 
sin 0' dO' </<//. 

7. INTERRELATIONSHIP BETWEEN 
PROPERTIES 

A. Geometric Relations 
In many cases, the data required for a specific 

application will not be available in the literature. In 

some of these cases, it is possible to obtain the 
desired data from other subproperties that may be 
available for the same or a similar material by 
judicious use of the relationships previously men- 
tioned and realistic estimates of the geometric 
distribution of the reflected or emitted radiant energy. 

The geometric distribution of the radiant energy 
emitted or reflected from the surface of a nonmetal is 
nearly constant over the hemisphere. The emiMance 
of a typical nonconductor, for either spectral or total 
wavelength conditions, is constant to an angle of 
incidence of nearly 70° and then drops off rapidly 
toward grazing conditions. The distribution is in 
general not affected by the surface roughness, since, 
as will be discussed in some detail later, the radiative 
behavior is dependent upon conditions at a plane 
below the surface, which is usually at some appreciable 
depth [39, 100]. The common notion that nonmetals 
are diffuse emitters is reasonable and follows directly 
from the simple theory of dielectric materials and the 
Fresnel relations. In contrast, the behavior of metals 
is quite the opposite. The radiance of a smooth metal 
surface increases with angle from the normal to a 
maximum somewhere less than 90° and then drops to 
zero at grazing conditions. Only for angles of 10 to 15° 
from the normal is it reasonable to assume that the 
geometric distribution of emitted or reflected flux is 
constant. As the metallic surface is roughened, the 
distribution changes markedly until it resembles a 
diffuse (not totally Lambertian) emitter or reflector. 
The high sensitivity of the radiative properties to 
surface effects is a characteristic of metals, but is not a 
serious consideration for nonmetals. 

The two extremes for geometric distribution of 
reflected flux are specular and diffuse reflection; these 
are the useful limits for the treatment of real materials. 
The equations below can be applied for converting 
data from one set of geometric parameters to another. 
Additional detail is given in references [109] and [61]. 
Reference [67] treats the reflectance and reflectance- 
factor subproperties. 

From Kirchhoff's law [equations (4) and (5)] 

< = * = I - /J (45) 

Equation (45) is restricted by the geometric and wave- 
length distribution of the reflected and emitted radiant 
energy. Considering the geometric distribution only, 
for opaque specimens 

2(0,„>) = | - f4fl,m:2n) (46) 

where 9, oi are the same for z and /», and 

e(0\ to') = M oi) (47) 
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where 9 = 0' and a = io'. Equation (46) was derived 
on the basis of conservation of energy. Incident 
radiant energy that is not reflected must be absorbed 
and equation (47) is a statement of KirchhotT's law. 
Equations (46) and (47) can be used to convert one 
type of data (subproperty) to another. If normal 
emittance data are not available, for instance, normal 
absorptancc or normal hemispherical reflectance can 
be used to compute the desired values. 

In the classification system used in the data sec- 
tion of this volume, reflectance and transmittancc 
subproperties are grouped (geometrically) by common 
incidence conditions. The relations which can be used 
to compute one subproperty of reflectance from 
another for different geometric conditions arc as 
follows: 

For perfectly diffuse reflecting surfaces 

p(W,<ü;27r) = constant, for all 0 ' (48) 

f(B,ai;2n)~— vf>{0,v);0'.o)')       (49) 
/   . 01 COS (I 

where 0 and w are the same on both sides of the 
equation. 

R[0^v>{J)\.v)\) m JKÖj.coj;^,«»',)      (50) 

where (', and /',• "i antl "2- "Ji anc' «"j, to\ and o>j 
can have any values. 

For perfectly specular reflecting surfaces 

P(0,^,CO:2R) - p(9,+,ai;ff,4',o>')       (51) 

if and only if 0' = 0. (j)' = tp + n and at' > o. 
To compute one subproperty of emittance from 

another, for different geometric conditions, the follow- 
ing equation may be used. 

f(2n) =/;i„ß,L(^^'.«A:v''V)cos^sin^JÖ'</0' (5?) 

nL,, 

This equation is sometimes written 

d27r) =     j   f(«'.(f/)cos^</(»/ (53) 

For a perfectly diffuse emitter, which may be approx- 
imated by the typical nonconductor or a roughened 
metal surface. 

din) = liff.ea') - c(().rv) (54) 

As a matter of convenience and practicality in 
much of the development for theoretical relations, 
little attention has been given to specification of the 
solid angles of irradiation or viewing {to or a»). Two 
cases appear  in  the  literature  distinguishing  the 

importance of the relative size of the solid angle. The 
term conical is applied when the solid angle is 
sufficiently large that there is a variation of radiance 
across the front of the solid angle. In the limit when 
the solid angle is 2;:. the term hcmisplwrical has been 
used. The term directional is applied when the solid 
angle is so small that there is insignificant variation 
of the radiance within this solid angle. This concept 
is carried through the literature for bidirectional 
reflectance \ß(0,ai',ff,o>') where ei *■ co'ft 0] and 
directional emittance [<(()'. o)') where w' = 0]. 

More detailed considerations of angular or 
geometric relations for the reflectance (and trans- 
mittancc) properties utilize the concept of a distribu- 
tion function [79]. This function permits computation 
of any of the various geometric subproperties of 
reflectance. There are not too many instances where 
such a function is available in the literature and 
normally there are ii.sutficient fragments of sub- 
property data available to permit one to formulate it. 

B. Wavelength Relations 

The four specific wavelength conditions identi- 
fied in the data section of this volume have been 
defined earlier as: spectral (/.), total (0. integrated (/). 
and solar (.s). Straightforward methods can be used 
to obtain one subproperty from another, although 
in some instances the calculations can be laborious. 

The interrelation between spectral and total 
emittance which follows directly from their defini- 
tions is 

= ft e(/)M,(;., D<//. 
(55) 

If the function e(/.) can be simply prescribed, the 
integration can be performed by a numerical tech- 
nique on a high-speed computer. In practice, it is 
convenient to redefine the limits of integration to 
correspond to the wavelength limits between which 
some specific fraction of the total energy is found. 

The Planck blackbody function indicates the 
distribution of energy throughout the spectrum. 
From such considerations. Fig. 4 is derived with the 
cross-hatched region indicating the wavelength band 
encompassing 99 percent of the flux emitted by a 
blackbody source at the specified temperature. For 
example. 99 percent of the energy emitted by a 
blackbody at KKK) K is in the wavelength band 2 to 
2K/(m. Hence, for this temperature, the integra- 
tion limits of equation (55) above can be simplified 
with small error in the result. 

■ - ^ — 
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In the process of computing total emittuncc datu 
from spectral values, it is essential to identify the 
wavelength band over which most of the radiant 
energy is emitted. To do so permits one to assess the 
validity of a very common assumption used in heat- 
transfer calculations: namely, that the surface in 
question is a grey body which has no spectral variation 
in emittance. Another situation arises when it is 
necessary to evaluate the possible effect extrapolation 
of limited spectral data may have. An example of this 
arises when considering metallic conductors in which 
the spectral emittance in the visible and near infrared 
(say to I //m) is quite variable, but in the longer 
wavelength region is monotonic of a form approx- 
imated by the Hagen Rubens relation. The spectral 
character of nonmetallic solids is usually not as 
simple, and hence care should be taken that all 
absorption bands are identified before making ex- 
trapolations. 

The computations by integration of equation (55) 
can be done by finite wavelength intervals 

£ CUIM,,!/., DA;. 

•w = V- 
£ M,(;.. TIA;. 

(56) 

where the limits /, and /., are selected to include 
substantially all of the flux emitted by a blackbody 
radiator at the temperature T. 

In the Weighted Ordinate Method, uniform 
values of A/ are used, and each value of e(/.) must be 
weighted by a factor proportional to Lb(/., T). the 
flux emitted per unit area, unit solid angle, and, 
within the wavelength interval /. and (/. + A/.), by a 
blackbody at the test temperature T. In the Selected 
Ordinate Method, the area under the blackbody 
spectral distribution curve is divided vertically into 

■ ̂̂Ä B 
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Fig. 4. Wavelength band containing 99",, of the flux emitted by a blackbody 
at the indicated temperature: (Al for high temperatures and (B) for low 
temperatures. 
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V units of equal area. The X selected ordinates are 
then the .V median wavelengths of the .V areas. In 
this case. A/ varies, but the product L(/.. DA/ is held 
constant and foi X = KM) this is 0.01. Under these 
conditions then 

c(f)5 0.0l f «W (57) 

A high degree of precision in the computation of 
c(0 can be attained using either the Weighted or 
Selected Ordinate Method by taking a large enough 
number of ordinates. With any given number of 
ordinates. the computation error will be smaller by 
the Selected Ordinate Method than by the Weighted 
Ordinate Method. Since the spectral emittance 
curves for solids do not normally have sharp peaks 
or valleys, the 100-Selected Ordinate Method gives 
values of adequate precision for most applications. 

The wavelengths representing the 100 selected 
ordinates for the temperature range 600 to 1400 K 
are piesented in Table III [99]. This table along with 
equation (55) should be most useful for computing 
total emittance from spectral emittance data. 

The spectral subproperties of reflectance, ab- 
sorptance. and transmittance are used to find the 
corresponding integrated values according to the 
relation (shown for absorptance) 

(58) 

where £(A) is the spectral irradiance of the irradia- 
ting source. The integration is performed over the 
wavelength interval or band denoted by the limits of 
a and /'. 

Should the source be a blackbody at some 
temperature T, the absorptance can be evaluated by 
use of an equation similar to equation (55). A special 
case of the integrated subproperty is where the 
irradiating source is that of the sola- disc, natural 
or artificial. The solar absorptance is normally 
specified for the geometric condition of normal or 
angular incidence and can be determined from 
spectral data in the following manner. 

Jj a(ö :/.)£.(/■)</;. 
]0'£s(/)<// 

3t(0:s) = (59) 

where £s(/.) denotes the solar irradiance [66,90]. 
Frequently, the solar absorptance is determined from 
room temperature reflectance data 

a(tf:/.)= I - f>{0:2n:/.) 

using Kirchhoff's law. 

(60) 

8. THEORY OF NONMETALLIC 
PROPERTIES 

A. General Considerations 
Metallic behavior is primarily characterized by 

the motion of free electrons under the influence of the 
radiation field. In the simplest case of metallic reflec- 
tion, the free electrons are forced to oscillate at the 
frequency of the induced field and subjected to a 
viscous damping force proportional to the velocity of 
the accelerated electrons arising from collisions with 
the atomic lattice. The motion of those free electrons 
is described by two parameters the number density 
of free electrons and a relaxation time indicatint! the 
average time between collisions of the electron and 
the lattice. When the time between collisions is much 
greater than the period of the induced electric field, 
or when the phase change arising from collisions is 
negligible, the motion of the free electrons and hence 
the radiative properties can be described by the single 
parameter: dc electrical conductivity With this 
model, metallic behavior in the infrared and at 
elevated temperatures, conditions very common to 
many practical engineering problems, has been suc- 
cessfully explained. In the companion Volume 7. 
Section 8, the text "Theory, Estimation, and 
Measurement" describes the pitfalls in the use of this 
model and explains further the effects arising from 
several types of free electrons, bound electrons, and 
others which must be treated by quantum mechanical 
consideration. 

Nonmetallic behavior is primarily characterized 
by the motion of electrons elastically bound to the 
lattice, said motion arising from the influence of the 
radiation field. These electrons, oscillating at the 
frequency of the induced field, are subjected to an 
elastic and a viscous damping force arising from the 
lattice. The equation of motion of these electrons is 
given as 

C 
mv + 27rm , p + Kby = -iiE0<''JW'       (61) 

'■/. 

where M and q are the mass and charge of the electron, 
respectively. The terms v, j>, and y relate to a co- 
ordinate system giving the acceleration, velocity, and 
displacement, respectively. The viscous damping 
parameter is /.,, and the elastic restoring force of the 
bound electrons is K,,. The resonant wavelength of the 
bound electrons, with no damping forces present, is 
given as 

inc 
1  2 

(62) 
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Table III. Wavelengths for Compulation of Total Emlttance from Spectral Data by the 100 Selected Ordinate Method 'W 

kT.nK 

/. um. at various values of T 

•/.• 600 K 700 K 800 K 900 K 1000 K HOOK 12(H)K 13(H)K 1400 K 

0 5 1322 2.203 1.889 1.652 1,469 1.322 1.202 1,102 1.017 0,944 

15 1534 2.557 2.191 1.918 1,704 1.534 1.395 1,278 1.180 1,096 

u 1662 2.770 2.374 2.078 1 847 1622 1.511 1,385 1.278 1,187 

J.3 1762 2.937 2.517 2 202 1,958 1.762 1.602 1468 1.355 1,258 

4 5 1846 3.077 2.637 2.308 2,051 1,846 1.678 1,538 1.420 1,318 

5 5 1120 3.200 2.743 2.400 2,133 1,920 1 745 1,600 1.477 1,371 

65 M89 3.315 2.841 2.486 2,210 1,989 1.808 1.657 1.530 1.424 

7 5 3032 3.420 2.931 2.565 2,280 2.052 1.865 1.710 1.578 1.466 

1.3 211 3.518 3.016 2.639 2,346 2.111 1919 1.759 1.624 1.508 

f.3 2 68 3.613 3.097 2.710 2,409 2.168 1.971 1.806 1.668 1.549 

10.5 ."222 3,703 3.174 2.778 2469 2 222 2.020 1.852 1.709 1.587 

11.5 .'274 3.790 3.249 2,842 2,527 2.274 2.067 1 895 1.749 1.624 

115 2325 3.875 3.321 2.906 2,583 2.325 2.114 1937 1.788 1.661 

I3J 2374 3.957 3.391 2,968 2,638 2.374 2.158 1.978 1.826 1.696 

14.5 2423 4.038 3.461 3,029 2,692 2.423 2.203 2.019 1 864 1.731 

15.5 2470 4.117 3.529 3.088 2,744 2.470 2.245 2.058 1,900 1 764 

165 2517 4.195 3.596 3.146 2.797 2.517 2.288 .''.097 1,936 1.798 

17.5 2563 4.271 3.662 3.204 2.848 2.563 2,330 2.136 1,972 1,831 

18.5 2609 4.348 3.727 3.261 2.899 2.609 2.372 2.174 2.007 1,864 

19.5 2654 4.423 3.792 3.318 2.949 2.654 2.413 2.212 2.042 1,896 

20.5 2698 4.496 3.854 3.372 2.998 2.698 2.453 2.248 2.075 1,927 

21.3 2743 4.571 3.919 3.429 3.048 2.743 2.494 2.286 2.110 1.959 

22.5 2887 4.645 3,982 2.484 3,097 2.787 2.534 2.322 2.144 1.991 

2J.5 2831 4.718 4,044 3.539 3.146 2.831 2.574 2.359 2.178 2.022 

24.5 2876 4.793 4,109 3,595 3.196 2,876 2.615 2,397 2.212 2,054 

25.5 2920 4.866 4,172 2.650 3.244 2,920 2.655 2.433 2.246 2,086 

26.5 2964 4.940 4,234 3.705 3.293 2,964 2.695 2,470 2,280 2.117 

27.5 3008 5.013 4.297 3.760 3.342 3,008 2.735 2,507 2,314 2,149 

28.5 3052 5,086 4,360 3.815 3.391 3,052 2.775 2,543 2,348 2.180 

29.5 3097 5,161 4,424 3.871 3.441 3.097 2.815 2.581 2.382 2212 

30.5 3141 5.235 4,487 3926 3.490 3.141 2.855 2.617 2.416 2.244 

31.5 3186 5.310 4,552 3.982 3.540 3.186 2.896 2.655 2,451 2,275 

32.5 3231 5.385 4.616 4.039 3,590 3.231 2.937 2.692 2,485 2,308 

33.5 3277 5.461 4.682 4.096 3.641 3.277 2.979 2.731 2,521 2,341 

34.5 3323 5.538 4.747 4.154 3.692 3.323 3.021 2.769 2,556 2.374 

35.5 3369 5.615 4.813 4.211 3.743 3.369 3,063 2.807 2,592 2.406 

36.5 3415 5.691 4.879 4.269 3.794 3.415 3,105 2.846 2,627 2439 

37.5 3462 5.770 4.946 4.328 3,847 3.462 3.147 2.885 2,663 2.473 

38.5 3510 5.850 5.014 4.388 3,900 3,510 3.191 2.925 2,700 2.507 

39.5 3558 5.930 5.083 4.448 3,953 3,558 3,235 2.965 2,737 2.542 

40.5 3607 6.011 5.152 4.509 4,008 3,607 3,279 3.006 2.775 2.576 

41.5 3656 6093 5.223 4.570 4,062 3,656 3,324 3,047 2.812 2.611 

42.5 3706 6,176 5294 4.632 4 118 3,706 3 369 3,088 2,851 2.647 

43.5 3757 6 261 5,367 4.696 4,174 3,757 3.415 3.131 2,890 2.684 

44.5 3809 6,348 5,441 4.761 4.232 3.809 3.463 3.174 2.930 2.721 

45.5 3861 6,435 5,516 4.826 4.290 3,861 3.510 3.217 2,970 2,758 

46.5 3914 6.523 5,592 4.892 4 349 3,914 3.558 3.262 3.011 2,796 

47.5 3968 6.613 5,669 4,960 4.409 3,968 3.607 3.307 3.052 2,834 

48.5 4023 6.705 5,747 5,029 4.470 4,023 3.657 3.352 3.095 2,874 

49 5 4079 6.798 5,827 5.099 4.532 4,079 3,708 3.399 3.138 2,914 

50.5 4136 6.893 5,909 5.170 4 596 4,136 3,750 3.447 3.182 2,954 

51.5 4194 6990 5,992 5.242 4.660 4,194 3 813 3.495 3.226 2,996 

52.5 4254 7.090 6,077 5,318 4.727 4,254 3,867 3.545 3.272 3,039 
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Table III (continued) 

/ir./iK 

A. urn at various values or 7" 

a * 600 K 700 K 80OK 900 K I000K HOOK I200K 1300 K 1400 K 

5J.5 4314 7.190 6.163 5.392 4 793 4.314 3.922 3.595 3.318 3.081 

545 4377 7.295 6.253 5.471 4.863 4.377 3979 3.647 3367 3.126 
55.5 4440 7400 6.343 5.550 4.933 4.440 4.036 3 700 3.415 3.171 
56.5 4505 7.508 6436 5.631 5.006 4.505 4095 3.754 3.465 3.218 
57.5 4572 7.620 6.532 5.715 5.080 4.572 4.156 3.810 3.517 3266 
5S5 4640 7.733 6.629 5.800 5.156 4640 4.218 3.867 3.569 3.314 
59.5 4710 7.856 6.729 5.888 5.233 4.710 4.282 3.925 3.623 3 364 

60.5 4782 7.970 6.832 5.978 5.313 4.782 4347 3.985 3.678 3.416 

61.5 4856 8.093 6.937 6.070 5 396 t.856 4.415 4.047 3.735 3.469 

62.5 4932 8.220 7.046 6.165 5.480 4.932 4.484 4.110 3.794 3.523 
63.5 5010 8.350 7.157 6.262 5 567 5.010 4555 4.175 3.854 3.579 

645 5091 8.485 7.273 6.364 5.657 5.091 4.628 4.242 3.916 3.636 
655 5175 8.625 7393 6.469 5.750 5.175 4.705 4.312 3.981 3.696 
66.5 5262 8.770 7.517 6.578 5.847 5.262 4.784 4.385 4.048 3.759 
67.5 5351 8.918 7.644 6.689 5945 5.351 4.865 4.459 4116 3.822 
68.5 5444 9.073 7.777 6.805 6.049 5.444 4.945 4.536 4.188 3.889 

69.5 5541 9.235 7 916 6.926 6.157 5.541 5.037 4.617 4.262 3.958 

70.5 5641 9 401 8.059 7.051 6.268 5 641 5.128 4.701 4.339 4.029 

71.5 5745 9.575 8.207 7.181 6.383 5.745 5.223 4.787 4.419 4.105 
72.5 5854 9.756 8.363 7.318 6.504 5854 5.322 4.878 4.503 4.181 

73.5 5968 9.946 8.526 7460 6.631 5.968 5.425 4.923 4.591 4,263 
74.5 6087 10.145 8696 7.609 6.783 6.087 5.533 5.072 4.682 4.348 
75.5 6212 10.353 8.874 7.765 6.902 6.212 5.647 5.176 4.778 4.437 

76.5 6343 10.571 9.062 7.929 7.048 6.343 5.766 5.286 4.879 4.531 
77.5 6482 10.803 9.260 8.102 7.202 6.482 5.893 5.401 4.986 4.630 
78.5 6628 11046 ''.469 8.285 7.364 6 628 6.025 5.523 5.098 4.734 
79.5 6783 11.304 9.690 8479 7.537 6.783 6.166 5.652 5.218 4.845 

X0.5 6948 11.580 9.926 8.685 7.720 6.948 6.316 5.790 5.345 4.963 
XI.5 7123 11.871 10.176 8.904 7914 7.123 6.475 5.936 5.479 5088 
82 5 7311 12.185 10.444 9 139 8.123 7.311 6.646 6.092 5.624 5.222 

13.3 7514 12.523 10.735 9.392 8.349 7.514 6.831 6.261 5.780 5 367 

84.5 7732 12.886 11.046 9.665 8.591 7.732 7.029 6.443 5.948 5.523 
85.5 7969 13.28! 11.385 9.961 8.854 7.969 7.245 6.641 6.130 5.692 
86.5 8228 13.712 11.755 10285 9.142 8.228 7.480 6.856 6.329 5.877 
87.5 8513 14.188 12.162 10.641 9459 8 513 7.739 7.094 6.548 6.081 
88.5 8829 14.714 12.613 11.036 9.810 8,829 8.026 7.357 6.691 6.306 
89 5 9183 15 304 13.119 11.479 10 203 9.183 8.348 7.652 7.064 6.559 

90 5 9583 15.971 13.690 11.979 10.648 9.583 8.712 7.986 7.371 6.845 
91.5 10042 16.746 14.346 12.552 11.158 10.042 9.129 8.386 7.726 7.173 
92.5 10577 17.628 15.110 13 221 11 752 10.577 9 615 8,813 8.136 7.555 
935 11215 18.524 16.022 14 019 12.461 11.215 10 195 9.345 8.627 8.011 
94.5 11996 19.993 17.137 14.995 13.329 11.996 10.878 9.996 9.228 8.569 

95.5 12990 21649 18.558 16.238 14.433 12 990 11.809 10.825 9.992 9.278 
965 14327 23.877 20.468 17.909 15919 14.327 13 025 11939 10.021 10.233 
97.5 16295 27.157 23.279 20 369 18.105 16.295 14.814 13.579 12.535 11.639 

98.5 19724 32.872 28.178 24.655 21915 19.724 17.931 16 436 15.172 14.088 

99 5 29372 48 951 41.961 36.715 32.635 29.372 26.702 24.476 22.594 20.980 

•The wavelength / is chosen so that the indicated percentage of blackbodv radiation occurs at wavelengths shorter than the indicated 
wavelength 

. . 
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The electric field is shown as a sinusoidal function of 
frequency m. The motion of the bound electrons is 
described by three parameters the number of elec- 
trons per unit volume Nh< the viscous damping 
factor /.h (the relaxation wavelength, or alternately 
expressed as the relaxation time /.hi2nc), and the 
elastic damping coefficient Kb. 

Quantum theory allows free and bound electrons 
to exist in different energy states. As such they would 
react in differing degrees to the intluence of an electric 
field induced by an incident radiation field. The 
classical model for the general case of the nonmetallic 
solid must then include the contributions of several 
types of bound and free electrons to properly describe 
the optical behavior. Hence, the parameters /.,, and Kh 

of equation (62) should be subscripted to indicate 
electron type. For the free electron types, the equation 
of motion would not include an elastic restoring force 
term. 

From the equation of motion for; types of bound 
electrons and ; types of free electrons, the complex 
dielectric constant K* for the nonmetallic solid* is 

K* = I + 
Nhikl/} 

47r»H€(,r 

47r2>Me0c 

' i1 - )2 + ; 0j; ; 

Tfm (63A) 

The second term represents the contribution of the 
bound electrons and the third term that of the free 
electrons; in each case, the contributions are summed 
over the number of types present. This relation has 
the same form as that postulated by Roberts [103] in 
his classical treatment of the optical properties of 
selected metallic solids. 

K*=  '+1: 
Kmf 

/.   - /.: + ßm'sm'- 

2ncf0 V /.„, - J* 
(63B) 

The physical significance of the Roberts' parameters, 
not discussed in his work, can now be seen through 
intercomparison of equations (63A) and (63B). For 
the free electron types 

<T. = 
'/% 

UtCHU 
(64) 

fi 

•The formalism for developing the expression for the complex 
dielectric constant from the equation of motion of the electrons 
and electromagnetic wave theory is given in Reference [I IH]. 

represents the conductivity contribution; the summa- 
tion of all types with / -» x gives the dc electrical 
conductivity. The Roberts" term /.„, and the classical 
model /.fi term are relaxation wavelengths. For the 
bound electrons 

K     = 
47r/ncnr 

OJ (65) 

is proportional to the ratio of the Couloumb repulsive 
force between bound electrons and the clastic restor- 
ing force. The resonance wavelength of bound 
electrons without damping forces present is /.sm and 
identical to the classical model term /0j. The term 6sm 

is equal to /.oj/'-hj* the ratio of resonance wavelength 
to relaxation wavelength under conditions where 
damping and restoring forces are respectively absent. 
Because of the complexity of the model, with its 
numerous parameters, it does not provide a practical 
approach to estimating properties but rather finds 
utility in evaluation of measurements and their com- 
parison with a realistic theory of the nonmetallic 
solid. 

In the classical treatment above, only the pro- 
cesses of refraction and absorption are present; the 
complex dielectric constant K* is related to the 
complex index of refraction which is expressed as 

n* = « - ik (66) 

where n is the index of refraction and k is the index of 
absorption. The latter term follows from the relation 

k = 
Ail 

4n 
(67) 

where a is the absorption coefficient relating the 
attenuation e"x of spectral flux as it penetrates 
deeper into the medium a distance x. The simplest of 
the nonmetallic solids are the so-called dielectrics, 
in which the absorption process is negligible: this 
class of materials is typified by many glasses and 
optical materials. The most difficult to treat of the 
nonmetallic solids are those in which scattering is 
present during the absorption process. In the treat- 
ment above, scattering is not considered and hence it 
is important to distinguish between materials which 
are nonscattering and those in which scattering 
predominates. 

Consider now the case of two simple dielectric 
media of different indices of refraction separated by 
an optically smooth interface. A beam of radiation 
passing through one medium and incident upon the 
interface is reflected according to the Fresnel relations 
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and is refracted into the second medium according to 
Sneii's law. 

H, sin 0| = /i, sin^f (68) 

where »i, and /i, are the indices of refraction of the 
medium in which the beam is incident and refracted, 
respectively. The angles 0i and 0r are the angles of 
incidence and refraction measured from the normal to 
the interface. When »i: > /i, (for example, when a 
beam is incident in air or vacuum onto glass) the 
equation is valid for all values of fl, and there always 
exists a refracted beam. When (12 < «1, the equation 
is valid for values of ^ up to the critical angle defined 
as 

0, = sin (69) 

At W, = 0C. the angle of refraction is 90° and total 
internal reflection occurs. 

The Fresnel relation in its elementary form is 

If«, COS 9| - »2 cos i), 

cos 0, + »2 COS 0, 3* 
+ 1 ^«2 cos 0, - /i, cos 0r~\i 

2\_n1 cos 0, + «1 cos 0t\ 
(70) 

where ft is the reflectance of the interface for un- 
polarized incident flux. From substitution of», or Wj 
from equation (68), the reflectance is given as 

rsin2(0, - fl,)"]2     I pan2«). 
[siiT2^, + 0~)\   + ^[tan2^ 21 sin2!«, + 

zM 
+ 0r) 

(71) 

The first term of equations (70,71) gives the reflectance 
fts for radiation polarized in a plane perpendicular to 
the plane of incidence; the second term gives the 
reflectance /»,,. for radiation polarized in a plane 
parallel to the plane of incidence. The plane of 
incidence is defined as the plane containing the 
normal to the interface and the direction of the 
incident flux. 

In equation (71), the second term for the reflec- 
tance of the parallel component goes to zero when 
{()i + ^p) = nil. The angle 0, at which this occurs is 
called Brewster's angle, 0B, defined as 

OR = tan (72) 

For the air glass interface with »i, = I and "2 = 1.5, 
Brewster's angle is approximately 56°. The conse- 
quence of this theory is that the polarization condi- 
tions of the reflected flux from a nonmetallic solid can 
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Fig. 5. The reflectivity components, ^r and 
/>,, of a simple dielectric as a function of 
angle of incidence for cases of external 
reflection (u, < (i:) and internal reflection 
(n, > n,). 

be substantially different from the incident flux. This 
is to be contrasted with the behavior of metallics 
where, by comparison, polarization changes are 
modest. Figure 5 depicts the variation of the two 
reflectance components pp and ^s for a simple 
dielectric material as a function of angle of incidence 
and for the two cases nx < »2 and H, > H^. 

When the nonmetallic solid has appreciable 
absorption, the complex index of refraction including 
the absorption process must be used. For this case 
Snell's law and the Fresnel relation become complex 
in character and the treatment becomes less simple. 
In an earlier section, the relation between the reflec- 
tance (and its two polarization components) or 
emittance and the optical constants (//, A) was de- 
veloped. From this relation. Fig. 6 shows the depen- 
dency of the normal emittance as a function of the 
index of refraction for typical values of the index of 
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Fig. 6. Normal cmissivily as u function of index of refraction for 
lypical range of index of absorption [107]. 

absorption. The upper curve where fc = Ocorresponds 
to the simple dielectrics and since most of such 
materials have lov indices of refraction, it follows 
that they have high emissivity values. Metallic 
materials have, in general, high extinction coefficients 
and, consequently, lower emittance values. 

From the Fresnel relations, the angular depen- 
dency as a function of the index of refraction can be 
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Fig. K. Ratio of hemispherical to normal emissivity as a function of 
normal emissivity for nonmetals and metals [107]. 

seen. Figure 7 shows the directional emittance for 
several values of the index of refraction; these values 
are typical for the simple dielectric indicative of the 
nearly Lambertian distribution characteristic. By 
comparison, typical metallic directional emittance 
would be a much flatter distribution. Hence, it 
follows that the "diffuse" assumption of emissivity 
for nonmetallic solids has reasonable theoretical 
grounds. 

Because of the convenience in measuring normal 
emissivity and the need for hemispherical emissivity, 
their ratio is an interesting factor to consider. By 
integration of the directional emissivity over the 
hemisphere, using the Fresnel relation to describe the 
angular dependency, this ratio can be determined 
easily for the simple dielectric. Figure 8 shows the 
ratio as a function of the normal emissivity; since the 
angular characteristics as shown in Fig. 7 are nearly 
Lambertian, this ratio is within nearly 5"„ of unity 
for most dielectrics. For metals, the ratio is always 
greater than unity and a strong function of the normal 
emissivity [63]. Two curves for the metallics are shown 
in Fig. 8. The curve labeled "Metallic Theory" is 
computed from the Schmidt Eckert relations for 
hemispherical emissivity and the Foote relations for 
normal emissivity* The curve labeled "H = k" is 
computed directly from the Fresnel relations with the 
assumption   n = k,   which   makes   the   integration 

*See Page 24a of Reference [116] for details on the Schmidt Eckert 
and Foote relations for metallics. 
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possible in closed form but not without considerable 
difficulty [107]. 

B. Partially Transparent Material—Multiple 
Reflection Model 
The simplest of the models to deal with the 

partially transparent nonscattering materials was 
developed by McMahon [80] in which the concept of 
a spectral emissive power and apparent reflectance 
and transmittance were introduced. The theory is 
limited to only the passage of radiant energy normal 
to the surface but is useful to the very common 
problem of interpretation of reflectance or trans- 
mittance spectra of a partially reflecting slab sample. 

KirchholTs law in its simplest form relates the 
spectral emissivity to spectral reflectivity of an opaque 
material as 

eU, T)=\ - pU. T) (73) 

For a body which is partially transparent because of 
its low absorption coefficient and/or thickness, 
KirchholTs law cannot be applied directly. Recall 
that the law derives from the existence of an energy 
balance between the emission and absorption of a 
body in thermal equilibrium within a uniformly 
heated enclosure. When the body is opaque, the 
incident flux is absorbed or reflected. If the body is 
partially transparent, the incident flux is absorbed 
and a significant fraction appears as reflected and 
transmitted flux after having undergone many internal 
reflections. For the general expression of KirchholTs 
law it is necessary to include the influence ol transmit- 
tance. 

Consider a collimated beam of radiant flux 
incident normally on a semitransparent slab of 
thickness il and complex index of refraction n*. The 
incident flux upon first striking the interface is 
partially reflected and the balance passes through the 
interface. The reflected portion is the reflectivity R 
computed from the Fresnel relations for normal 
incidence conditionst 

R 
n* + 1 (74) 

It is important to recognize that this reflectivity, R, 
is based upon a single reflection. The remaining flux 
that passes through the interface will traverse the 
thickness of the slab while being absorbed and 
eventually reach the back side. In the course of 
traversing the thickness of the slab, the radiant flux 

tTho rcflcclivity should he considered as a function of wavelength 
and temperature, hut for convenience in the treatment this is not 
symholically represented as R(/, T). 

is diminished by a factor f"—, where a is the absorp- 
tion coefficient as introduced earlier in equation (67). 
It is convenient to define the internal transmittance, 
T. as 

T=e'-' (75) 
which is the transmittance (frequently referred to as 
the transmissivity) within the material and is not 
eflcctc* by or inclusive of interface influences. Of the 
original flux striking the slab, the fraction (I - R)T 
has reached the near side of the slab upon first 
traversing the slab thickness. At this near interface, 
a fraction R is reflected and the balance passes 
through. This process of multiple reflection at the 
interfaces and traversing of the thickness must be 
considered to determine the overall transmittance and 
reflectance of the slab. Figure 9 represents the multiple 
processes occurring, giving the results 

T2(l - R)2' 
I - 

ll-R2T2] 

(76) 

(77) 

Several interesting conclusions follow from these 
relations. For a perfectly transmitting body, that is, 
when 7" = 1.0, the reflectivity 

2R 
(> = I - R 

(78) 

is nearly twice the Fresnel reflectivity for small values 
of R. It is only when 7 = 0 that the two reflectivity 
terms are identically equal. For a slab with reflecting 

■ ■PaR4 (l-n)!RT! + (1-U)JRST4 + , . . = K Fl +T"11''i>   I 
1« ^ I_ i>2-i-!   ' I-H2T! 

T = ^ = (1-H)5 (T + H!TS + R'T5 + . . . 1 = T <1"1'')' 
k >■ ' l-n'T' 

Fig. 9. The reflectivity and transmissivity of a semitransparenl slah. 
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surfaces, the transmittancc will be less than the 
internal transmittancc because of reflection losses. 
A simple transmission measurement actually mea- 
sures T and will be in error if the result is interpreted 
as T, as is so often the case in the observation of 
absorption spectra. For a transparent substance like 
glass with a reflectan v of 4",,. the error in the trans- 
mittancc can be as high as 8 10 "„depending upon the 
amount of absorption. 

Within the transparent body, the processes of 
absorption, reflection, and emission are occurring 
simultaneously. Radiant flux generated within one 
region propagates toward the interface and is expo- 
nentially attenuated, and a fraction of the flux 
reaching the interface is reflected back into the interior 
according to the Fresnel law. The reflected fraction 
will traverse the slab and eventually be totally 
absorbed by the attenuation process or appear as a 
portion passing through the interface. Hence, the 
emitted radiant flux includes the effect of multiple 
reflections within the transparent material. 

Consider a slab of total thickness J and optical 
properties «(/., T) and k{/., T). Define now the "volume 
spectral emissive power" j{/., T) which is the radiant 
flux generated per unit volume within the wavelength 
interval /. and /. + <//. for the material at temperature 
T; for a unit solid angle, the flux will be I 4?: ■]{/., T). 
The radiant flux generated by a layer dx thickness 
propagating in a direction normal to the interface 
within a small solid angle do is 

:    i(/.,T)dxdo> (79) 

If this layer is a distance v from the interface, the 
emitted flux will be attenuated by a factor t'"v and 
the normal flux reaching the interface is 

j{/.,T)e~axdxdo) («0) 
4n' 

The total normal radiation arriving at the surface 
from all layers within the slab, but neglecting contribu- 
tions due to multiple reflections, is obtained by 
integration of cqcaiion (80) over the interval 0 to d, 
giving 

M T) 
4na{/.. T) [1 

uu.rw ] do (81) 

The portion of this flux which passes through the 
interface is 1 - «(/., 7") where /?(/., 7) is the reflec- 
tivity, and hence the emitted flux is 

I -R(;..T)1 
jU, T) 

4na{/.,T) 
I - TU, DI dm    (82) 

where the term exp[-«(/., 7V] has been replaced by 
the internal transmittancc T{/., T). The criteria that 
this approach must be valid also for the opaque 
material is now used; for this condition T{/.,T) 
becomes zero and the emitted flux of equation (82) 
is equal to the blackbody radiant flux Lh{/., T) times 
the emittance of the surface, hence 

I - «(/, T)\ 
P..T) 

4naU, T) 
dio = 11 - «(/., T) 

Lü, T) 

In 

(83) 

From this, the volume spectral emissive power is 
related to the blackbody radiance as 

jU, T) = 2</(;., r)L,(/, T) (84) 

Now, the expression for the nonreflected portion of 
the flux generated within the interior and penetrating 
the surface, equation (82), can be written as 

11 -/?(/., 7)1 ^'^ 11 - TU, 7)1 ^ (85) 

The portion reflected back into the interior will 
traverse the thickness of the slab and appear as 
emitting flux at the front interface, diminished by a 
factor of R2{/., T)T1{/., 7): accounting for two reflec- 
tions and transmission twice through the thickness of 
the slab. The total emitted flux will be determined by 
a series expression accounting for the multiple 
reflections and transmittancc losses. Also, the emitted 
flux must include the components of radiation 
initially directed toward the rear surface but finally 
emerging at the front surface. The total emitted flux 
from the front surface is then given as an infinite 
series 

du) 
U/, 7)   ■  =y/?"(/, 7) 

7w        t- m 

7n(;., 7)11 - RU,T) 

1 - T[>.,T)\do) 

Uk, 7) 

(86) 

where the even terms of ;i account for the radiation 
initially directed toward the front surface and the odd 
terms for the radiation initially directed toward the 
rear surface. The infinite series may be written in 
analytical form, and, by defining the emittance as 

£(/., 7) = 
./(/.. 7) 

Jba. 7) 
(87) 
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it follows that 

£(;., T) = 
11 - /?(/.. T)! j 1 - TUT)! 

I - R(/., 7)71/:. 7) 
(88) 

This relation meets the test of KirchholT's law when 
7(/.. 7) = 0; then it follows that 

£(/.. 7) = I - R{/.. T) m 
the usual form for the opaque solid. 

The three observable radiative properties of the 
transparent solid are given by the equations (76. 77. 
and 88) for the retlectance, transmittance. and 
emittanee. It ean be shown that the summation of 
these three terms is unity: 

/<(/. 7) + T(/.. 7) + £(/.. 7) = i (90) 

which can be considered an expression of KirchholT's 
law for transparent materials. 

C. Partially Transparent Material—Diffuse Model 

Gardon [41,42] has extended the theory of 
McMahon and the concept of volume spectral emis- 
sive power to include two important features of 
radiation within a transparent material. The first of 
these is to consider the diffuse character of the 
generated radiant flux, rather than only the unidirec- 
tional normal case, so that the hemispherical and 
directional emitted fluxes can be determined. Second, 
the dependence of the volume emissive power on the 
index of refraction of the material is treated. 

The volume spectral emissive power j{/., T) is 
defined as in the previous section; the power radiated 
at a given temperature by a unit volume into a solid 
angle within a small spectral bandwidth. Referring to 
Fig. 10. the power generated by the unit volume at 
so.ne distance within the semi-infinite material is 

Kip. 10. Radiation emitted from 
an elemental volume within a 
transparent material [42], 

attenuated by a factor exp[-(a] before reaching the 
surface. Gardon refers to this Ikix as the "primary 
radiation." indicative of the radiation within the 
material which is totally perceived as "emitted 
radiation" external to the material. The primary 
radiant intensity at the interior surface of the semi- 
infinite solid is determined from considerations of a 
suitable coordinate system to determine the contribu- 
tion of all elemental volume elements and the attenua- 
tion factor exp[ -(.v cos a) • a] to the primar> intensity 
in the direction defined by angle * 

I = cos X 
a 

m) 

and the flux at the surface giving the contribution to 
the primary radiation from all angles is 

<P = n 
a 

(92) 

Equation (91) demonstrates the validity of Lambert's 
law showing that the intensity of primary radiation 
reaching the surface is proportional to the cosine of 
the angle of incidence. 

To determine the fraction of the primary radia- 
tion at the interior surface which appears as emitted 
radiation, the processes of reflection and refraction at 
the surface must be treated. The intensity incident on 
the surface in the direction x measured normal to the 
surface is given by equation (91). and the portion that 
is reflected is given by R, the Fresnel reflectivity as 
discussed earlier for equation (74); fraction (1-/0 
is then refracted across the interface to appear as 
emitted radiation. The reflected fraction is 

R = \{RP + Rs) 

where 

R   = p     tan2 (// + ») 

tan- iß - x) 

tan2(/y 

siir (// - x) 

sin2 {ß + x) 

(93) 

(94) 

(95) 

with x, [t as the angles of incidence and refraction as 
shown in Fig. 10, and are related according to Snell's 
law as 

/ii sin z = R] sin// (96) 

The angular distribution of reflected and refracted 
intensities is illustrated in Fig II. This is a polar 
diagram showing the distribution at the inter- 
face of the primary incident intensity, the reflected 
portion which returns to the interior, and the refracted 

- -■ ■ 
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Fig. 11. Distribution of radiant intensities at the interface of a semi-infinite transparent radiator [41]. 

portion which passes through the interface to appear 
as emitted radiant intensity. On the interior side, as 
shown in this figure, the directional intensity has a 
cosine distribution as determined by equation (91). 
When the angle of incidence a is less than the critical 
angle as defined in equation (69), the incidence flux is 
reflected and refracted according to the relations 
(93 to 95). When the angle of incidence is equal to, 
or greater than, the critical angle, internal reflection 
occurs and none of the incident flux passes through 
the interface. Hence, the portion which appears as 
emitted radiation, (I - R). originated within a solid 
cone defined by the critical angle, emerges to fill the 
entire hemisphere in the space outside the material, 
and has an intensity 

./(/, THl -R)       .. 
/  =  5 COS ß (97) 

Recall that the primary radiation at the interior 
surface has a Lambertian distribution, whereas the 
emitted radiation has an angular distribution which 
deviates from the cosine law to the extent the factor 
(I - R) is a function of the angle of incidence (or 
refraction). From previous discussions on the angular 
characteristics (see for example Fig. 5), the reflectivity 
is nearly constant for values up to 55°, whereupon the 
departure begins to fall ofl" rather rapidly. It follows 

then that the model predicts that the distribution of 
emitted radiation will follow the cosine relation 
except for relatively large angles of emission. 

In the limit of great thickness and high absorp- 
tion, the model of the transparent material must 
agree with the more familiar treatment of the opaque 
surface. The spectral flux of the transparent material 
is obtained by integration of the spectral intensity 
over the hemisphere as prescribed by equation (97). 
This in turn would be equal to the emissive power of 
an opaque radiator in terms of the emittance and the 
radiance of a blackbody. Lh(A, T). By comparison the 
spectral volume emissive power, in terms of blackbody 
radiance, the optical properties of the material (n, and 
a) and the index of refraction (n2) of the medium into 
which the emitted radiation passes, is 

/(///•)      -<4"i| LjA.Ti (98) 

This result shows the spectral volume emissive 
power to be (H,//^)2 times larger than that derived by 
McMahon. Gardon explains that McMahon's final 
results are correct by reason of neglecting the angular 
distribution of intensity which provides a canceling 
effect. 

With the volume emissive power in terms of the 
optical properties and the blackbody distribution 

M* ^ 
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Fig. 12. Angular variation in the directional emissivity of trans- 
parent sheets as a function of dimensionless thickness [41]. 

function. Gardon computes the hemispherical and 
directional emittance of isothermal sheets of finite 
thickness. For the special case of n2 = \.0 and 
»i, = 1.5. typical of glasses, the directional emittance 
is shown in Fig. 12 as a function of the dimensional 
thickness ad. The distribution for infinite thickness 
corresponds to the case discussed during presentation 
of the Fresnel relation for the opaque nonmetallic: 
see. for examp';. Fig. 7. As the thickness is decreased, 
the directional emittance likewise decreases, but the 
distribution becomes flatter with relatively larger 
amounts being emitted in the oblique directions. 
Hence, the ratio of hemispherical to normal emittance 
increases as the thickness is reduced. Figure 13 shows 
the variation of hemispherical emissivity as a function 
of the dimensionless thickness again for the special 
case where n = 1.5. This curve shows a leveling off as 
the dimensionless thickness reaches a value in the 
neighborhood of 3.5; hence, the value of infinite 
thickness can be realistically defined. 
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Fig. 13. Hemispherical emissivity of transparent sheets as a function 
of dimensionless thickness [41]. 

D. Scattering Phenomena [101] 
In the treatment of the absorbing but non- 

scattering material, the path of individual rays as they 
undergo multiple reflections and refractions can be 
modeled and through summation of such rays the 
optical properties can be determined. The scattering 
process occurs in most polycrystalline materials and 
then the processes of reflection and refraction become 
complex and it is no longer feasible to follow the 
individual rays. The scattering occurs by reflection 
and refraction whenever the index of refraction of the 
material changes along the path of the ray. Such a 
material is said to be optically inhomogeneous as a 
result of pores, grain boundaries, and inclusions 
typical of crystalline materials. 

Consider a specimen of very large area, so that 
edge effects may be neglected, that is irradiated 
diffusely over its entire area. Under steady-state con- 
ditions, the incident flux not reflected at the surface 
will penetrate into the specimen at an intensity 
diminishing with the depth of penetration: the amount 
of the diminution at any point along a plane parallel 
to the surface will be a function only of the distance of 
the plane from the surface. Under these conditions a 
one-dimensional analysis can be used. All flux lost by 
lateral scattering will be compensated by an equal gain 
through similar scattering from the surrounding area. 

The flux is separated into two portions: /, travel- 
ing outward from the interior of the specimen, and J, 
traveling inward from the surface, both traveling 
normal to the plane of the surface. Both are attenuated 
by scattering and absorption. A diffuse absorption 
coefficient K is defined by equating KI dx to the reduc- 
tion in / by absorption within an infinitesimal layer 
dx. It should be noted that the diffuse absorption 
coefficient K is exactly twice the absorption coefficient 
a referred to previously. A diffuse backscattering 
coefficient 5 is similarly defined by equating 5/ ax 
to the flux scattered backwards from / and added to 
J in the layer dx. 

Within the distance </v the flux/will be diminished 
by absorption and backscattering. and reinforced by 
the flux backscattered by J. Hence we can write: 

dl/dx = -{K + S)l + SJ (99) 

dJdx = {K + S)J-SI (100) 

These are the basic differential equations used by 
Kubelka [77]. Hamaker [52]. and others. 

Klein [72] derives the following equations for 
those materials where there is essentially no specular 
reflection at the surface. These equations should apply 

^« ■ .i 
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to most ungla/ed ceramic specimens, particularly if 
the surface is not polished : 

/' = 

x = 

T = 

(1 -ft-)sinhfT()D 

(1 + ^2)sinh<T()D + 2/^coshff()D 

2/i(|(/i() sinh ff()D + cosh ff0D - 1) 

(I + /yn)sinh(T0D + 2/i(1 cosh rT„D 

 Vo_  
(1 + ßl) sinh (T0D + 2^0 cosh a0D 

(101) 

in which 

/y() = [K(^c + 2S)],- 

rT0 = [K{K + 25)]' 2 

D = thickness of specimen 

Equation (101) has been further developed [97] 
to include the effects of external specular reflectance 
of the specimen and internal specular reflection at 
both surfaces of the specimen. The final equation is 

/>(27r;27r) = ,>(,+ (1 - pt){\ - pt) 

(1 - /<„)Mf'"0-(l + ß0)Oe-">D 

MNen"D - OPv '"D (102) 

where ^(2^; 2^) is the hemispherical reflectance of the 
specimen for completely diffuse irradiation, p, is the 
specular reflectance of the specimen front surface for 
externally incident diffuse flux, />, is the specular 
reflectance of the specimen front surface for internally 
incident diffuse flux, pt is the specular reflectance of 
the specimen back surface for internally incident 
diffuse flux, and 

M = (l +ß0)- Ps{\ -ß9\ 

/V = (l +/y(,) -^(1 - ßn) 

0 = (1 -/O-/>,(! 4-W 

For a specimen thick enough to be completely opaque, 
equation (102) reduces to 

"i:':-"="'+"lr+"«,I"";r(M'"04' (1 +/»©)- p,(l - ßi)) 

and for such a specimen 

e(27r) = 1 - p{2n:2n) (105) 

which states that the hemispherical emittance is equal 
to one minus the hemispherical reflectance for difluse 
irradiation 

The absorption coefficient, either a or K. is pri- 
marily a function of composition rather than structure. 
However, for some impurities, the effect on the 
absorption coefficient will depend upon whether they 
are present in solution in the crystals of the primary 
constituent or as separate crystallites at grain bound- 
aries, and if present as crystallites, upon their size. 
The scattering coefficient is markedly affected by the 
structure particularly by the characteristics grain size 
and porosity. 

Table IV shows typical values for the coefficients 
ß0, a,,, S, and AC for three different types of poly- 
crystalline materials. In general, AC can vary from zero, 
for materials composed of highly transparent crystals, 
to a value as high as 50,000 mm"' for certain metals 
at some wavelengths. S will vary from near zero for an 
optically homogeneous material such as an optical 
glass or a metal to a high of approximately 1000 mm"' 
for some white paints. It should be emphasized that 
for light scattering materials, the reflectivity is related 
to /?0 which is a function of the ratio of AC to S, and not 
to the absolute value of either AC or S. The extinction 
coefficient which determines the opacity of a material 
is related to the product SAC. 

Table IV. Typical Values of Absorption and Scattering Coefficients 
of Intensely Scattering Materials [101] 

Material description Pt Co. 

mm 
S. 

mm' 
K, 

mm" 

Opaque white porcelain 
enamel 09      0.05      50 500 25 

Polycrystalline ceramic 
(opaque at 3 mm) 0.82    01 1.67        8.25      0.167 

Typical opalescent glass 
(opaque at 25 mm)       0.6      0.25       0.2 0.375    0.05 

The usual laws of reflection and refraction at an 
interface between two materials of different indices of 
refraction, equations (68) and (71), above, apply only 
if there is a finite thickness of material, the same order 
of magnitude or larger as the wavelength -«f the radia- 
tion involved, on each side of the interface. The 
phenomenon can be explained quantitatively in terms 
of frustrated internal reflectance [112]. If two 45° 
totally reflecting prisms are placed so that their totally 
reflecting surfaces are parallel, and are then brought 
slowly together, the totally reflecting surfaces will 
begin to transmit as they approach each other. The 
transmission for polarized radiation with its electric 
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vector in the plane of incidence is given by 

T 

{N2 - I)2 

N2{N2 - 2) 
sinh: v^ .'772 v /VJ -2 (106) 

where /) is the reflectance of the interface, r is its 
transmittancel/) + T = 1), A/is the index of refraction 
ratio, </ is the distance separating the prisn.. ..•■a / is 
the wavelength of the radiation involved. For these 
conditions. /) T = j that given in equation (106) when 
the electric vector is normal to the plane of incidence. 
The index of refraction ratio is iV = /i, IU, where H, 
is the index of the prisms and »i: is that of the layer. 
When the layer is vacuum. N = "i • When it is air, 
N = (i, with an error of about 3 parts in 10.000. 

Because of this phenomenon, there is a marked 
effect of the size of particles (such as inclusions or 
crystallites) or pores on the scattering efficiency of 
each particle. The scattering efficiency per particle 
will decrease markedly with diameter below a critical 
diameter. As a rough approximation, the total scatter- 
ing power will be proportional to the total interface 
area, and from this standpoint the scattering particles 
should be as small as possible. The net result of the 
two effects is that there is an optimum size for scatter- 
ing efficiency. A study of rutile pigments in paint [13] 
has shown that in this case the optimum diameter of 
the pigment particles is about 0.4 times the wavelength 
of the light being scattered. 

The scattering powei- of a particle diminishes as 
the distance separating it from its nearest neighbors 
becomes less than the critical distance mentioned 
above. On this basis the maximum scattering power 
per particle would occur when particles of the optim um 
size are separated by a distance at least equal to their 
diameter. If spherical particles were arranged in a 
cubic array this would occur at volume concentrations 
of particles of less than about 6.6 %. Actually the total 
scattering for all particles increases as the number of 
particles increases, because of the increase in total 
interface area, until the particles get so closely packed 
that the decrease in effective interface area is greater 
than the increase in total interface area. Reference [ 13] 
indicates that for the rutile pigment studied, the 
maximum total scattering occurred at a pigment 
volume concentration of about 25";,. 

For the case where temperature gradients are 
appreciable in the scattering, optically inhomogeneous 
nonmetallic, treatment becomes even more complex. 
Hamaker [52] and Klein [72] have considered the heat 
transfer within and from such materials for the con- 
dition, with no specular reflection at the surface. 
Reference [97] reviews further developments in this 

field relating the emittance of scattering materials to 
their various optical properties. 

9. METHODS OF MEASUREMENT 

A. Basic Techniques 
Many experimental techniques for measuring the 

thermal radiative properties of materials have been 
described in the literature. It is obviously impossible 
to describe all of the methods in detail here. Instead, 
the general principles involved will be discussed 
briefly, and a few general methods will be outlinod. 
The reader is referred to the original references for 
detailed descriptions of the methods. 

In selecting a method for evaluating a given 
property, it is well to keep in mind the equations 
previously discussed which can be used to compute 
one property from another. It frequently happens that 
the desired property data can be obtained more easily 
by computation from data obtained by direct measure- 
ment of another property than by direct measurement 
of the desired property. 

Methods of evaluating radiant flux fall into two 
general categories, calorimeiric and radiometric. In 
calorimetric techniques the radiant flux absorbed or 
emitted by a sample is evaluated in terms of the heat 
lost or gained by the sample. In radiometric techniques, 
the radiant flux is measured directly or comparatively. 
In general, calorimetric techniques tend to be relatively 
simple and free from systematic error, but of relatively 
low precision. Radiometric techniques, on the other 
hand, tend to require more elaborate equipment, 
and, while capable of relatively high precision, are 
subject to systematic errors that may be difficult to 
evaluate. 

Calorimetric techniques are used to measure 
absorptance and emittance; they are not suitable for 
direct measurement of reflectance. In essence, a 
sample is placed in an environment where all heat 
transfer to or from it is by radiation, or is in a lorm 
such that it can be evaluated directly in power units 
(a heater imbedded in the sample for example), or 
heat loss in terms of the rate of boiling of a liquid such 
as water or nitrogen. If a steady-state condition is 
achieved, the heat input can be equated to the heat 
output, and the net radiant heat transfer can be 
related to the temperature of the sample. If the 
temperature of the sample is changing, the net 
heat transfer to or from the sample can be related to 
the temperature and rate of temperature change. The 
desired thermal radiative properties can be computed 
from the measured rate of radiant heat transfer, the 
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geometry of the system, and the temperature of the 
sample and its surroundings. 

In radiometric techniques the emitted incident 
and or reflected radiant flux is measured directly and 
the desired property is computed as the ratio of 
measured fluxes. Rather elaborate optical systems 
may be required to collect the radiant flux from the 
source and focus it onto the sample for reflectance 
measurements and to collect the flux reflected or 
emitted by the specimen and focus it onto the detector 
for reflectance and emittance measurements. If spectral 
measurements are made, a monochromator must be 
included in the optical path. The major errors in 
radiometric determinations arise from flux losses in 
the optical system. 

The physical properties of nonmetallic materials 
their low thermal conductivity and high total 

emittance—give rise to thermal gradients which create 
serious problems in the measurement and use of their 
thermal radiative properties. These materials in gener- 
al tend to be somewhat translucent and hence emit 
and absorb radiant energy within a surface layer of 
appreciable thickness. The thernal gradients tend »J 
be normal to the emitting or absorbing surface, and 
frequently even are nonlinear very close to the surface. 
For such a condition a large gradient across a 
radiating or absorbing layer of appreciable thickness- 
it is not possible to define a unique temperature and 
hence the emittance. defined as the ratio of the flux 
emitted by the sample to that emitted by a blackbody 
radiator at the same tempei Mure, is difficult to evaluate. 
For such a nonisothermal condition it is necessary to 
define an "effective temperature'" as that of an 
isothermal sample which emits at the same rate as 
the nonisothermal one does. This is not a totally 
satisfying solution for several reasons, the principal 
one being that the resulting emittance value has only 
significance to the peculiar details of the test rather 
than being a fundamental property of the material. 
Because of these considerations, all measurements of 
emittance of nonmetallics should be made when 
thermal giadients are as small as possible. 

B. Reflectance Techniques [30] 

The more important techniques for measuring 
reflectance are summarized in Table V. Only methods 
that measure essentially all of the reflected radiant 
energy are included in the table, since methods that 
measure only a portion of the reflected radiant energy 
have only limited application. Goniometi ic reflectance 
methods, which measure the geometric distribution 

of the reflected radiant energy are described in a 
separate section. 

Five separate techniques are described in the 
following sections: they are: (a) heated cavity 
reflectometers. (b) integrating sphere reflectometers. 
(c) integrating mirror reflectometers, (d) specular 
reflectometers. and (e)gonioreflectometers. 

a. Heated Cat ity Reflectometers 
The Gier-Dunkle reflectometer [45] is shown 

in Figs. I4A and B. The sample forms part of thb 
wall of a blackbody cavity and is irradiated over a 
hemisphere by blackbody radiation from the hot 
cavity walls. Images of the sample and a spot jn the 
cavity wall are alternately focused by the optical 
system onto the entrance slit of the monochromator. 
The output of the monochromator is the ratio of the 
radiances in the two beams, which is a measure of 
the hemispherical directional reflectance factor 
Riltr: 0'. a)') of the specimen. 
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The sample is usually viewed at an angle of about 
4° from the normal, so that the specular component 
is incl'ided in the measured value. Ifdesired, the sample 
can be viewed normally, so that the specular com- 
ponent is not included in the measured value. 

The double-beam monochromator frequently 
used with the hohlraum reflectometer is a prism 
instrument with a thermocouple detector that covers 
the wavelength range of 1 to 35 //m. The wavelength 
range is set primarily by the energy available for 
measurement and the sensitivity of the detector. 

Because R(2;r:fl', a»') =/M (/j:27r). the results 
are frequently reported as the directional hemi- 
spherical reflectance and are reported as such in the 
data compilation of this volume, with a footnote to 
the eflfect that R(ln; 0'. a»*) was actually measured. 

There are many sources of error in heated 
cavity reflectance measurements which have been 
discussed in detail in the literature [25, 60, 110]. The 
principal sources of error arise due to nonuniform 
irradiance of the sample over the hemisphere as a 
result of the aperture and thermal gradients in the 
cavity, emission from the sample due to heating, and 
failure of the radiance of the spot viewed on the cavity 
wall to represent the average radiance of the cavity 
walls, again due to thermal gradients in the cavity. 

The hohlraum reflectometer irradiates the sample 
over nearly a complete hemisphere with nearly 
uniform radiance, hence the measured values are 
nearly independent of the geometric distribution of 
flux reflected by the sample. The instrument can be 
used   to  measure   both   specularly  and   diffusely 

Table V. Primary Reflectance Techniques 

Type of rellcctomctcr 
Wavelength      Temperature 

Property range, //m range. K Referenees Remarks 

HcaicJ diiily {Hohlraum) 

Inu-Rnili' f Spheres 
Subslilution comparative ivpe 

Absolute 

Laser source 

Inlt'graliiif' Mirrors 
COMMU hemisphere 

Paraboloidal 

Fllipsoidal 

/>|0: 2») 

R(0;:^) 

M 300 wo 

/>((': :^i 

0;2x) 

0.3 26 

: loo 

i is 

MO 

,Hll:2n) 0.2 16 300 

RlO;» 0.63. 1.15 300 :50O 

I   15 300 600 

300 

3'X) 400 

45 

4"). 62 

31 

74 

20.64 

25. 92 

MtiliipU- Htßtttkm 
Strong technique />|0:0) 0 3  35 300 43. 111 
Bennett Koehkr modification ^0:0) 0.2 33 300 2 

A versatile infrared instru- 
ment ; in widespread use. 

Sample mounted at sphere 
surface: technique used in 
many commercial spee- 
trophotometers: may be 
sensitive to sample texture. 

Sample mounted at sphere 
center: suitable for sample 
of arbitrary reflection dis- 
tribution function. 

Laser used as conventional 
source. 

Sample and detector or 
source are located at con- 
jugate focal points of 
a hemispherical mirror: 
aberrations are a serious 
source of error. 

Suitable for samples of arbi- 
trary reflection distribution 
function. 

Aberrations are reduced by 
using an ellipsoidal mirror 
with true focal points 
instead of a hemispherical 
mirror 

For specular reflectors only. 
Errors minimized by unique 

optical design, accuracy 
state of the art +0.001 
unit 
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reflecting samples. It is not recommended that 
measurements be made on heated samples since it is 
not possible to separate the radiant energy reflected 
and emitted by the sample. 

Several versions of the heated cavity reflecto- 
meter have been built and the reader is referred to 
the literature for details. One major advance [26] has 
been to place the water-cooled specimen at the 
center of the cavity, away from the walls, so that the 
angle of viewing can be varied from normal to near 
grazing. This modification has the further advantage 
that cooling of the cavity walls by the cooling water 
for the specimen is virtually eliminated, hence 
thermal gradients within the cavity are usually 
much smaller than for the type of cavity shown in 
Fig. 14 A. 

h. Integrating Sphere Reßectometers 

Integrating sphere reflectometers are used in 
greater numbers than any other type, and many 
different commercial instruments of this type are 
available. The reflcctometer uses an integrating 
sphere to collect the radiant energy reflected by a 
sample. The reflected flux is distributed uniformly 
over the surface of the sphere, where it can be 
sampled by a detector. The sphere has an inside 
surface that has a high uniform reflectance and is a 
near-perfect diffuse reflector. There are several aper- 
tures in the sphere, one for the incident beam, one 
for the detector, and one for the sample. There may 
also be one for the comparison standard. 

The theory of the integrating sphere is based on 
two fundamental laws of radiation: (1) the flux 
received by an elemental area from a point source is 
inversely proportional to the square of the distance 
from the source and directly proportional to the 
cosine of the angle between the normal to the surface 
and the direction of incidence, and (2) the flux re- 
flected by a perfect diffuser follows the cosine 
distribution law, which means that the flux per unit 
solid angle reflected from a unit surface area in a 
given direction is proportional to the cosine of the 
angle between the normal to the surface and the given 
direction. Thus, for a sphere having an inner surface 
of uniform perfectly diffuse reflectance, the flux 
reflected by an area on the sphere wall is uniformly 
distributed over the surface of the sphere. 

Integrating sphere instruments can be operated 
in the direct or indirect mode. In the direct mode the 
sample is irradiated directly, and the detector views 
an area on the sphere wall. A similar reading is then 
taken on a comparison standard of known reflectance 

-. under the same conditions. The measured directional- 
hemispherical reflectance factor R{0,u):2n) is then 
the ratio of the sample reading to the standard 
reading times the known reflectance of the stan- 
dard. 

In the indirect mode the beam from the source 
is first incident on the sphere wall, and the sample is 
irradiated uniformly over the hemisphere. The 
detector views the sample directly. A similar read- 
ing is then taken on a comparison standard of 
known reflectance under the same conditions. The 
measured hemispherical-directional reflectance factor 
R{2n; 0', (»') is then the ratio of the sample reading 
to the standard reading times the known reflectance 
of the standard. The measured reflectance factors 
R{6,cü:2it) and R(2n;6',u)') are each equal to the 
directional hemispherical reflectance p{6,io:2n) and 
are frequently reported as such. 

The sample may be removed and replaced by 
the standard (substitution method), or there may be 
separate sample and standard apertures which are 
alternately irradiated or viewed (comparison method). 
Practically all double-beam recording instruments 
use the comparison method. In this method the sample 
and standard apertures should be, and usually are, 
located symmetrically with respect to the entrance 
aperture, the detector aperture, and the area of 
sphere wall viewed by the detector or irradiated by 
the source. 

Errors which may be significant for some speci- 
mens can be avoided if there is an internal shield in 
the sphere which prevents the radiant energy reflected 
by this specimen, in direct-mode operation, from 
falling directly onto the area of sphere wall viewed 
by the detector, or, in indirect-mode operation, that 
prevents the radiant energy reflected by the sphere 
wall on the first reflection from falling on the speci- 
men. 

Integrating sphere reflectometers frequently 
include a monochromator, which usually is located 
in the incident beam between the source and the 
sphere in instruments operated in the direct mode, 
and between the sphere and the detector instru- 
ments operated in the indirect mode. 

The wavelength range over which an integrating 
sphere reflcctometer can be used is determined by the 
reflectance characteristics of the sphere walls. For 
the most commonly used wall coatings, magnesium 
oxide and barium sulfate [86], the spectral range is 
about 0.25 to 2.5//m. There are many reports [I, 85] 
in the literature on the techniques of preparing 
smoked   magnesium    oxide,   and   its   reflectance 
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properties. A recent report [50] indicates that high- 
purity barium sulfate may be superior to smoked 
magnesium oxide as a sphere coating. Other materials 
that have been used at longer wavelengths include 
flowers of sulfur [76], sprayed sodium chloride [74], 
and coated roughened glass [28]. Such materials 
have not found extensive use in integrating sphere 
reflectometers. but have been used in flux-averaging 
spheres in the infrared [27]. 

Comparison standards of reflectance are required 
for most integrating sphere reflectometers. The work- 
ing standard that is used routinely is usually a piece 
of white vitrolite glass or white porcelain enamel that 
has been calibrated against freshly smoked magne- 
sium oxide, MgO [91], The measured relative reflec- 
tance (actually the reflectance factor) may be reported 
relative to MgO or as "absolute" reflectance, which 
is the reflectance relative to MgO times the reflectance 
of MgO. In many cases, the values have been reported 
simply as reflectance, with no further designation. A 
second standard frequently used is a block of mag- 
nesium carbonate, MgCOj, the surface of which is 
scraped from time to time to provide a fresh layer of 
material. Both MgO and MgC03 have reflectances 
greater than 0.95 over most of the wavelength range 
where they are used. Hence, for most engineering 
purposes, no serious error is introduced if the reflect- 
ance of the reference standard is considered to be 1.0 
instead of 0.95 to 0.99, as it will be in the visible and 
near infrared. However, the reflectance of MgO and 
MgCOj is low in the ultraviolet, and significant 
errors can be introduced if it is taken as 1.0 in the 
wavelength range of 0.25 to 0.4 //m. 

Goebel et al. [47] have shown how to obtain 
reflectance of a coating directly through the use of an 
auxiliary sphere with an integrating sphere reflectom- 
eter. Kneissl and Richmond [74] have shown that, 
in an integrating sphere in which the area viewed by 
the detector is shielded from the specimen, the ratio 
of the signal when the specimen is irradiated to that 
when an area on the sphere wall not in the area 
viewed by the detector and not shielded from that 
area is irradiated is the absolute reflectance of the 
specimen, except for small errors due to flux losses 
out of the apertures in the sphere. 

Errors in integrating sphere reflectometers are 
due to (I) flux losses out of the apertures of the sphere, 
(2) direct impingement of radiant energy reflected by 
the specimen or standard onto the area viewed by the 
detector, (3) direct impingement of radiant energy 
reflected by the sample onto the detector, and (4) 
variations in the reflectance of the sphere coating and 

deviations of the sphere coating from a perfectly 
diffuse reflector. Error I can be minimized by reduc- 
ing the ratio of the total area of the apertures to the 
area of the sphere wall. Errors 2 and 3 can be virtually 
eliminated by use of suitable radiation shields in the 
sphere. Error 4 can be reduced by care in the choice 
and application of the sphere coating. For well- 
designed spheres, carefully maintained, the errors 
should not exceed 2 or 3 percent. If the sample and 
comparison standard have the same geometric 
distribution of reflected radiant energy, the flux 
losses cancel out, and there is no error. The error for 
any particular sample is a function of the geometric 
distribution of reflected radiant energy for the 
sample. 

The integrating sphere developed by Edwards et 
al. [31] is unusual in that it is designed to measure 
directional-hemispherical reflectance at angles of 
incidence from 0° (normal) to 80° from the normal. 
This instrument is illustrated in Figs. 15A and B. The 
specimen is irradiated with monochromatic radiant 
energy through port £, and the detector is located at 
port C. For absolute reflectance measurements the 
sphere wall, of coated magnesium oxide, is used as 
the reference. This is accomplished by translation and 
rotation of the sphere so that the incident beam misses 
the sample and strikes the sphere wall as shown in 
Fig. I5C. For relative measurements, a calibrated 
standard is attached to the back of the specimen 
holder as shown in the figures. 

A recent development is the use of a laser-source 
integrating sphere reflectometer [73, 74] to measure 
directional-hemispherical reflectance of samples at 
temperatures up to 2500 K. The instrument is used 
at wavelengths of 0.6328, 1.15. and 3.39/on. The 
high-intensity narrow-bandwidth chopped source, a 
spike filter in front of the detector that transmits 
only at the laser wavelength, and synchronous 
amplification of the signal from the detector combine 
to produce a good signal-to-noise ratio in the presence 
of the large amount of radiant energy emitted by the 
hot specimen. 

While not an integrating sphere reflectometer, 
the technique of M^Nicholas [82] and Martin [83] 
gives data equivalewi to those obtained with such an 
instrument. In this type of reflectometer, the specimen 
is located at the center of curvature of a hemispherical 
source and is viewed directionally through a small 
hole in the hemispherical source. Hemispherical 
illumination of the sample is achieved by distributed 
light sources about the exterior of the translucent 
hemisphere. 
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f. Integrating Mirror Reftectometers 

An alternative to the integrating sphere is to 
replace the sphere with an integrating mirror. There 
are both advantages and disadvantages to this 
approach. Mirrors in general have high reflectance 
in the infrared and are much more efficient than 
integrating spheres, hence are highly advantageous 
in the infrared where energy is low. On the other 
hand, it is physically impossible to collect the radiant 
energy, reflected by a sample into a hemisphere, into 
a parallel beam of small cross section. For this 
reason, an integrating mirror reflectometer requires 
either a large area detector, a detector that is equally 
responsive to energy incident on it from different 

directions within a large solid angle, or a flux- 
averaging device [28] in front of the detector. 

Three types ofintegrating mirrors have been used: 
hemispherical,ellipsoidal,and paraboloidal* 

(i) Hemispherical Mirror Reflectometers. The 
hemispherical or Coblentz [20] mirror reflectometer 
was one of the earliest reflectance techniques 
developed. A diagram of the instrument is shown in 
Fig.   16. The operation  of hemispherical mirror 

•This discussion docs not include the arc-image-type apparatus 
[94, 121] which employ extensive integra'-n? mirrors. Such 
apparatus are most useful for measurements on nonmetallic 
materials and for elevated temperatures in the 2500 to .1700 K 
range 

■ -    - 
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reflcctometcrs is based on the fact that radiant energy 
leaving a point source in the plane of the edge of the 
hemisphere will be focused into a small image 
surrounding a second point in the same plane, 
diametrically opposite the source, and at the same 
distance as the source from the center of the 
hemisphere [10]. These two points are called con- 
jugate focal points. The size of the image is deter- 
mined by spherical aberrations, which for any 
hemisphere increase with the distance from the 
source to the center. 

In the Coblentz instrument the sample is centered 
on one conjugate focal point, and the detector is 
centered on the other. The two conjugate focal 
points selected are close to the center, and thus to 
each other. The sample is irradiated directionally 
through a small hole in the hemisphere. An enlarged 
image of the irradiated area of the sample is focused 
onto the detector. The detector can be moved to the 
first focal point to measure the incident flux directly, 
or a standard of known reflectance can be measured 
to evaluate the incident flux. The ratio of the reflected 
flux to the measured incident flux, corrected for 
system losses, is the directional hemispherical 
reflectance f>{0:2n). When a standard of known 
reflectance is used to evaluate the incident flux, the 
instrument measures the normal-hemispherical re- 
flectance factor R{0:2n). 

Major losses in the system ure the absorptance 
of the mirror, flux lost out of the entrance aperture, 
atmospheric absorption, and flux that misses the 
detector due to aberrations. Additional errors are 
due to failure of the detector to sense equally flux 
incident from different angles (angular sensitivity) 
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Fig 16 Tho Cobleni/ hemisphere. 

and on diflerent portions of the sensitive area (areal 
sensitivity). 

Janssen and Torborg [64] modified the original 
Coblent/ instrument as illustrated in Fig. 17. A 
diffuser at one conjugate focal point is irradiated 
through a hole in the mirror, and the üimple at the 
second conjugate focal point is irradiated hemi- 
spherically by the reflected flux from the diffuser. 
The specimen is viewed directionally near normal 
through a second hole in the mirror. This modi- 
fication permits heating of the sample without 
affecting the detector, which could not be done with 
the original Coblentz instrument. A comparison 
standard is required to evaluate the incident flux. The 
instrument operated over the wavelength range of 
0.4 to 20 fim and at sample temperatures up to 
3(X) C. 

White [119] designed an automatic recording 
double-beam instrument employing a hemispherical 
reflector. A Nichrome wire source is located at the 
first focal point, and the sample at the second. The 
source and specimen are viewed through a single 
large hole in the hemisphere, by optical systems that 
focus images on the entrance slits for the two beams 
of a double-beam spectrometer. The wavelength 
range is 2.5 to 22.5 fim. A unique internal chopper is 
provided, so that measurements can be made on 
heated specimens at temperatures up to 1000 C. 
Measurements ■ ve also been made on specimens at 
temperatures as low as - 196 C [69]. 

Birkebak and Hartnett [7] extended the hemi- 
sphere to about three-fourths of a sphere, which 
permitted the sample and detector to be tilted so that 
the reflectance could be evaluated for different angles 
of incidence. Kozyrev and Vershinin [75] used 
baffles within the hemisphere to measure the flux 
reflected into preselected solid angles. Other varia- 
tions of the hemispherical mirror instrument are 
described in references [23, 106]. 

(ill Piiriiholoulal Mirror Rcßcctonwlas. The 
paraboloidal mirror reflectometer [25] is shown in 
Fig. 18. The basic principle of the instrument is the 
same as for the hemispherical mirror reflectometer. 
The movable mirror between the two paraboloids 
permits the sample to be irradiated at any desired 
angle. Neher and Edwards [92] used off-axis 
paraboloids, as shown in Fig. 19. In this case the 
sample is irradiated hemispherically by a large-area 
source, and is viewed directionally. The mirrors 
designated FM in the figure are filter mirrors that 
reflect only in the infrared and absorb at wavelengths 
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Fig. 17 The .lanssen Torborg hemispherical rcfleetometer [64]. 

below 2 /(tn. thus reducing errors due to stray radiant 
energy. The instrument operates in the 2 to 100//m 
range. 

(iii)   Ellipsoi'lal  Mirror   Refteetometers.   Aber- 
rations in the optical system are reduced when the 
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Fig. 18. The paraboloidal reflectometcr. 

hemispherical mirror is replaced with a prolate 
ellipsoidal mirror, which has true focal points. If an 
ellipsoid of low eccentricity is cut along a plane 
through the major axis, one half can be used to 
replace the hemisphere in a hemispherical mirror 
instrument, with reduced aberrations in the image 
and improved operation. Neu [93] and Heinisch 
[56] have constructed instruments of this type. 

If a prolate ellipsoid of appreciable eccentricity 
is cut in a plane normal to the major axis that 

5*'RADIUS SPHERICAL 
MIRROR 

DETECTOR AT   SECOND 
FOCAL   POINT 

49*  ALUMINUM   FRONT 
SURFACE    MIRROR 

GLOtA« 
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Fig. 19. Nehcr Edwards paraboloidal ftflltluilWlM [M] 

"CHOPPER 
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Fig. 20. Ellipsoidal mirror refleclomclcr 
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contains one focal point, the smaller portion of the 
ellipsoid can be used in an instrument of the con- 
figuration shown in Fig. 20 [29]. In this case, the 
sample is located at the first focal point, and irradiated 
by a small chopped monochromatic beam through a 
hole in the mirror. An enlarged image of the irradi- 
ated area of the sample is formed at the second focal 
point where the detector is located. Because the 
image is blurred, a flux-averaging device [28], 
usually an integrating sphere coated with //-sulfur or 
sodium chloride, is used in front of the detector. 
Shields can be placed in the first focal plane to con- 
fine the measured flux to that reflected by the speci- 
men into any desired solid angle. Corrections can 
thus be made for all flux losses on the basis of the 
actual geometric distribution of reflected radiant 
energy from the sample being measured, and the final 
error can be reduced to less than one per percent. A 
high-quality mirror of known reflectance is used as 
the reference standard. The useful range of the instru- 
ment used in this manner is about 0.4 to 8.0/im 
with the long-wavelength limit being imposed by the 
low efficiency of the averaging sphere. Detector 
scanning devices [102] can be used to extend the 
wavelength range to 15 /m 

An improved version of this instrument [102] 
employs a large area source surrounding the second 
focal point, which irradiates a sample at the first 
focal point uniformly over a hemisphere. The speci- 
men is viewed through a small hole in the mirror, and 
the reflected beam is passed through a monochro- 
mator in front of the detector. When used in this 
mode, satisfactory operation was attained at wave- 
lengths out to beyond 30/im. 

The ellipsoidal mirror reflectometer measures 
directional-hemispherical reflectance factor R{0. ID : 2n) 
when used in the direct mode (detector at second 
focal point) and hemispherical directional reflectance 
factor R{2n.0'.(i)') when used in the inverse mode 
(source at the second focal point). 

</. Specular Reftectonieters 

For high-quality mirrors the multiple-reflection 
technique [34, 43. Ill] is simple and accurate. 
Figure 21 shows a schematic of the optical path. The 
reflectance is computed as the square root of the 
ratio of two measured fluxes, hence the uncertainty 
in the reflectance is about half that in the measured 
ratio. Very accurate alignment of the mirrors, and 
optically flat mirrors, are required to maintain the 
same beam geometry for the two configurations. The 
major source of error is due to slight displacement of 

Standord mirror psr 

SompH pt 

Fig. 21 The Slrong multiple-reflection technique. 

the reflected beam on the detector, since for most 
detectors the output varies with the position of the 
incident beam on the detector. Flux-averaging devices 
in front of the detector can help to minimize this 
error [2]. 

Bennett and Koehler [2] have improved the 
optical system to reduce the errors due to slight shifts 
in the alignment of the sample mirror, or slight 
deviations of the sample from optical flatness. They 
report accuracies of ±0.001 reflectance units over the 
wavelength range of 0.45 to 22.5 /im. 

e. Goniorefieetometers 

A gonioreflectometer measures bidirectional re- 
flectance as a function of the angle of reflectance for 
any given angle of incidence. Several instruments 
[12, 48, 74] have been constructed to measure bi- 
directional reflectance in the plane of incidence. 
More elaborate instruments [11, 22, 87] have been 
developed to measure bidirectional reflectance over 
the entire hemisphere. The latter instruments permit 
scanning over nearly the entire hemisphere for any 
given direction of incidence, and the angle of incidence 
can be varied from normal to near grazing. In addition, 
the measurements can be made with monochromatic 
incident radiant energy over the wavelength range of 
about 0.5 to 1.0//m. Reference [89] describes an 
infrared technique for measuring the angular scatter- 
ing of transmitted flux of polycrystalline materials. 

C. Radiometrie Emittanee Techniques 

Thermal emittanee may be measured directly by 
measuring the ratio of the radiance of a sample to 
that of a blackbody radiator at the same temperature 
and under the same geometric and wavelength con- 
ditions of viewing. The measured property is then the 
directional emittanee of the sample, either total, if all 
wavelengths are measured at once with a nonsclective 

. 
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detector, or spectral, if the measurement is confined 
to a narrow spectral band. 

(,   General Consiilcnitions 

The comparison blackbody may be either an 
integiil blackbody cavity, whose walls are formed by 
the sample [24] or a separate blackbody controlled at 
the temperature of the sample [99]. The integral 
blackbody is preferred when working at very high 
temperatures, where temperature measurement and 
control may be difficult, or at very short wavelengths, 
where extremely close temperature control is required 
for accurate measurements. The blackbody cavity 
should be sufficiently deep to appear "black" and 
yet be isothermal: these are difficult requirements to 
satisfy in many nonmetallic samples. The isothermal 
requirement can be better satisfied by a shallow cavity 
which then requires a correction for deviation from 
an emittance of unity, according to the extensive 
studies of Kelly and Moore et al. [70. 88]. 

The integral blackbody technique is particularly 
suitable when measuring samples that are heated in a 
vacuum or in controlled atmospheres, where they 
must be viewed through a window. The transmittance 
of the window may be changed as a result of the con- 
densation on its inner surface of material volatilized 
from the hot specimen. Such change in transmittance 
can cause serious errors, which are compensated when 
both the sample and comparison blackbody are 
viewed through the same window. The separate 
blackbody technique is most accurate at temperatures 
below 1800 K. where temperature measurement and 
control by use of conventional thermocouples present 
no serious problems. 

Spectral emittance is usually desired at all wave- 
lengths where significant amounts of radiant energy 
are emitted. This range was shown as a function of 
temperature in Fig. 4. As a practical matter, most 
measurements are made in the 1 to 15 //m range, with 

a few being extended out to 30 or 35 //m. Measure- 
ments in wavelengths below about 1 /im are difficult 
because of temperature control problems: measure- 
ments at long wavelengths are difficult because of the 
low energy available for measurement. 

The change in temperature required to change 
the spectral radiance of a blackbody radiator by 
0.5 "„ is given in Table VI for several wavelengths and 
temperatures. These data indicate the degree of 
temperature control that is required for accurate 
emittance measurements, particularly by the separate 
blackbody technique. 

h. Rotutinf; Cyliihlricul Sample Tcchniqui' 

The alternate heating and viewing of a moving 
sample is an approach for reducing and controlling 
the thermal gradients. The sample is enclosed in a 
furnace where it is heated then moved in front of a 
cooled port where it is viewed briefly. It may also 
involve alternate heating by radiation and viewing 
of a stationary sample, where the periods of heating 
and viewing are controlled by rotating shutters. 
Movable specimens have been tested in the form of a 
rotating disc [19. 71, 81, 108], a rotating cylinder 
[ 17.33], or as discs mounted on an oscillating beam [3]. 
Stationary specimens have been heated in an arc 
image furnace [21, 32, 94, 121] and in a solar furnace 
[78]. 

In the case of a moving specimen that is alter- 
nately heated and cooled, the specimen will reach a 
steady-rate temperature, and if the motion is rapid 
enough that the viewing time is short, the temperature 
fluctuation of the viewed surface will be so small that 
it can be neglected. 

Photon conduction does not generate a thermal 
gradient in a material. The photons pass through the 
material without affecting it in any way until they 
are absorbed. As a result, a specimen that is heated by 
radiation tends to have a small thermal gradient 

Table VI. Allowable Temperature Variation for a ± J % Variation of Blackbody Radiance 

Temperature differences. AT (K| 

/. ■ 0.4 /im / = 0.5 ^(m /. = 0.75 itm /. = 1.0/im /. = 5 fim /. = 15 /im 
TlK) 

5(t0 0.0.15 0043 0.065 00K7 0.433 1 112 
1000 0 1N 0.174 o.:6i O.MS 1640 3.215 
1500 (UU 0..WI 0 5S6 0.7X2 3.33S 5.538 
2000 0.556 0645 1.042 i.m 5.302 7449 
2500 OMU 10X6 1 628 2.164 7.425 103X4 

3000 1.151 1564 2 343 3.102 9.(31 12X4X 

■ 
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Fig ?2. Cross-scclional view of the rotating specimen furnace used 
in measuring normal spectral emiltance of nonmetals [17]. 

normal to the heated surface. The radiation is absorbed 
within the surface layer from which the emitted radia- 
tion originates, and after the specimen has reached a 
steady-state condition, there is little phonon conduc- 
tion within the surface layer. If the time periods during 
which the specimen is alternately heated and viewed 
are brief, the temperature fluctuation of the specimen 
will be small. Usually these periods are only a fraction 
ofasecond. With both movingspecimensand radiantly 
heated stationary specimens the thermal gradients 
normal to the surface can be reduced to a point where 
they do not introduce a significant error into the 
measurement. 

The rotating cylinder method used at the National 
Bureau of Standards [ 17] will be described briefly and 
should serve to illustrate the basis for the radiometric 
techniques of emittance determinations. The specimen 
was a hollow cylinder 25 mm (I in.) in diameter and 
25 mm (lin.) high, with an outer surface ground 
to be round to about 0.05 mm (0.002 in.). A cross- 
sectional view of the furnace is shown in Fig. 22. The 
specimen was mounted on top of an alumina pedestal 
which revolved inside a platinum-wound resistance 
furnace. The winding of the furnace was designed so 
that there was no axial thermal gradient along the 

specimen. The specimen revolved in front of a water- 
cooled viewing port. A theoretical analysis [95], 
confirmed by temperature measurements at a point 
near the surface of a rotating specimen, indicated (I) 
that the temperature drop at a point on the surface 
of the rotating specimen as it passed in front of the 
viewing port was inversely proportional to the speed 
of rotation of the specimen, and was only about 2 K 
at a speed of 50rpm, and (2) that the temperature 
measured by a stationary, radiation-shielded thermo- 
couple located at the center of the hollow rotating 
specimen was the same, within about I K, as that 
measured by the thermocouple imbedded near the 
surface of the rotating specimen. 

The flux from the hot specimen was focused on 
the entrance slit of one beam of a double-beam 
infrared spectrometer, and the flux from a laboratory 
blackbody furnace was focused on the entrance slit 
of the second beam of the spectrometer. The blackbody 
furnace was controlled to the same temperature as 
the specimen. The spectrometer automatically scanned 
over the spectral range of 1 to 15 /im, and plotted the 
ratio of »he signals from the two beams, which after 
correction for spectrometer errors, was the normal 
spectral emittance of the specimen. 

D. Calorimetric Techniques 
In calorimetric techniques the emittance or 

absorptance is measured in terms of the heat lost or 
gained by the specimen through radiant heat transfer. 
The ratio of the observed rate of heat transfer to the 
computed rate of radiant heat transfer for a blackbody 
surface under the same conditions gives the emittance 
or absorptance. This technique is only suitable for 
total emittance. and. usually, hemispherical total 
emittance. but can be used for absorptance for 
incident radiant energy of any desired spectral distri- 
bution, including narrow spectral bands. 

One common factor in all calorimetric methods 
is that the sample is thermally isolated from its sur- 
roundings so that essentially all heat transfer to or 
from it is by radiation. The rate of heat transfer is 
evaluated in terms of the rate of temperature change 
of the sample, or the power input or output to or from 
the specimen is in a form such that it can be accurately 
evaluated. This assures that when the sample reaches 
an equilibrium temperature, the radiant heat transfer 
can be equated to the heat transfer by other means. 

a. Measiiri'mcnts in the Range 270 to 5(X) K 

In this temperature range the heat input is 
frequently by radiation [38, 44]. The sample may be 

. 
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heated by a beam from a solar simulator, and the 
T-isl'dln; t) ratio computed from the equilibrium 
temperature attained by use of the equation [14] 

x{s)/f{2n:t) = /12<T(7"| - T^/EAt        (107) 

or during heating by use of the equation 

a(.s) = [((2n:t)A2(T{Tl - If) + MCpdTxldt]IEA, 

(108) 

where x(.s) is the solar absorptance, i{2n;t) is the 
hemispherical total emittance, ,4, is the total surface 
area of the sample, a is the Stefan- Bol tzmann constant, 
T, is the temperature of the sample, Tj is the tempera- 
ture of the chamber walls, £ is the irradiance on the 
sample, A, is the irradiated area of the sample, M is 
the mass of the sample, Cp is the specific heat of the 
sample, and dTxidt is the rate of temperature change 
of the sample. The source is then turned off. and the 
»ample is allowed to cool. The hemispherical total 

TO HIGH VACUUM 
SYSTEM 

emittance can then be computed by the equation 

Fig. 23. Concentric sphere technique for low-temperature 
hemispherical total emittance [15]: ll sample container. 
l\ liquid helium space. 3) super-insulated dewar. 4) liquid 
nitrogen space, S) dewar. 6) heat exchanger. 7) support 
tube. K) nylon studs. 9) copper posts. 10) copper plate. 
Ill copper plate. 121 copper block. 13) germanium 
resistance thermometer. 14) sample. 15) diflerential 
thermocouple. 16) radiation shield. 17) radiation shield. 
IK) hermetic seal. 

MC.dT.dt 
^:" = ^(7T^, (109) 

c. Measurements helow 270 K 

For measurements at temperatures below 270 K 
the chamber walls may be cooled by liquid helium 
[14, 65] and the a(s)/e(27r;/) ratio measured by the 
procedures outlined above. For steady-state measure- 
ments, the heat input may be electrical [15, 36, 37]. 
Figure 23 shows a helium-cooled chamber used for 
measurements at temperatures in the 20 to 300 K 
range, in which electrical heating is employed. The 
hemispherical total emittance can be computed from 
the net heat-transfer rate between two parallel plates 
held at different temperatures. Figure 24 is one such 
type of apparatus [54, 55] in which two samples of 
the same material are used. The lower sample, 8 in. 
in diameter, is electrically heated and maintained at 
about 290 K, and the upper sample, 4 in. in diameter, 
is cooled by the liquid nitrogen to about 80 K. The 
net heat-transfer rate is measured by the rate of 
boil-off of the liquid nitrogen from the inner dewar. 
The emittance, t, is computed from 

O = (T 
2- 

A{T* 71) (110) 

WET TEST METER 

BUBBLER 

VACUUM PUMP 

Fig.  24.   Flat-plate technique for averaged hemispherical  total 
emittance. low-temperature region [55]. 
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T! 
where O is the measured heat-transfer rate. A is the 
area of the cold (upper) sample. T, is the temperature 
of the hot sample, and Tj is the temperature of 
the cold sample. The measured emittance. c. is an 
average hemispherical total emittance for the sample 
material at the two temperatures. The factor«(2 - 0 
in the equation arises from the geometrical view 
factor between infinite parallel plates. This condition 
is closely approximated by the small separation 
between the plates. ] in., and the larger size of the 
lower plate. Caren [16] describes an instrument for 
the range 10 to 300 K of a similar nature. 

Biondi [6] measured the spectral absorptance 
and reflectance of specularly reflecting samples at 
4.2 K. The sample and a black absorber are thermally 
bonded to copper stages of appreciable thermal mass, 
which are in turn thermally connected to the liquid 

helium sink through heat leads of the proper thermal 
conductivity to give the stage a thermal time constant 
of about 10. The black absorber is positioned to 
receive the radiant energy specularly reflected by the 
sample. The stages can also be electrically heated. 
The sample is irradiated with a beam of mono- 
chromatic radiant energy of known inadiance and 
allowed to come to thermal equilibrium. The tem- 
perature of the copper stages is then measured, as well 
as that of the liquid helium sink. The source is then 
turned off. and the copper stages are heated electrically 
to the same temperature observed during irradiation. 
The radiant flux absorbed by the sample and black 
absorber is then equated to the electrical power 
required to maintain each stage at its respective 
temperature, and the reflectance and absorptance of 
the specimen is computed. 

. ■ 
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Data Presentation and Related 
General Information 

I. SCOPE OF COVERAGE 

Included in this volume are data on 7 nonmetallic 
elements, 46 oxides, 59 multiple oxides and salts, 
185 nonoxide compounds, 13 groups of cermets, and 
many entries of other classes of materials, including 
intermetallics, mixtures, glasses, minerals, rocks, and 
polymers. Materials within each group are arranged 
in alphabetical order by name, as listed in the Grouping 
of Materials and List of Figures and Tables in the 
front of the volume. In all, this volume reports 4705 
sets of data on 782 materials, which are listed in the 
Material Index at the end of the volume. The Material 
Index lists also the materials contained in Volume 7. 

These data were obtained by systematically exam- 
ining over 1500 documents on radiative properties 
(journals, reports, theses, etc.) dated from 1970 back 
to the early 1900's. Striking a compromise between 
completeness of coverage, broad representation of 
available data, and economy of time and effort, it 
was necessary to limit the references containing useful 
data. 455 references have been included in this volume 
as data sources and 75",, of these have been published 
since 1963. The documents were collected, organized, 
and coded by TPRC's Scientific Documentation 
Division which scans, on a continuing basis, the 
world literature through abstracting journals and a 
large number of primary technical and scientific 
journals. 

Since the major area of interest in thermal 
radiative properties is on materials in their solid 
state, the data presented cover only the temperature 
range from near 0 K to the melting point of the 
materials presented. 

The four primary properties covered in this 
work, as defined in an earlier section, arc emittance. 
reflectance, absorptance, and transmittance. The 
suffix ance is used to indicate that the radiative param- 
eters are not unique properties of the bulk material, 
but rather depend strongly on the character of the 

surface. This contrasts with the use of the suffix irity. 
which denotes the property of the ideal optically 
smooth, and homogenous material. Application of 
the geometric and wavelength descriptors to these 
four primary properties rest-its in the 33 subproperties 
listed in Table VII. 

The thermal radiation spectrum of engineering 
importance includes a relatively small portion of the 
total electromagnetic wave spectrum. Typically, the 
interval runs from 0.3 to 50//m. However, there are 
many applications where there exist significant 
amounts of energy outside these conventional limits. 
For this reason, spectral data in this volume cover the 
expanded wavelength range 0.05 to 1000//m. 

2. PRESENTATION OF DATA 

For each material, subproperty data are separately 
presented h» "-aphical and tabular form, accompanied 
by a table presenting details of the test conditions and 
specimen preparation and characterization. 

The format for the presentation of the thermal 
radiative properties is designed specifically to supply 
the reader with the aspects of the properties in a 
comprehensive yet concise form. Each presentation 
consists of four sections,* analyzed data graph, 
original data plot, specification table, and data table, 
in that order. 

The analyzed data graph presents a new and 
powerful approach to increasing the effectiveness of 
literature data. It is an evaluative review identifying 
and "recommending" reliable or typical data for 
various surface or environmental conditions. Where 
the data are well characterized or highly reliable, it 
is represented by a solid curve; where there exists 
some speculation, the data are represented by dashed 
lines or a shaded band 

*ln ccrlain cases where there exists only a small amount of lata, 
the graphical presentation is omitted 

         - ii^MAi k-M 
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Table VII. Subproperty Designatian 

Emittancc 

Hemispherical total emittancc 

Normal total emittancc 

Angular total emittancc 

Hemispherical spectral emittancc 
Normal spectral emittancc 

Angular spectral emittancc 

Reflectance* 

Hemispherical integrated reflectance 
Normal integrated reflectance 
Angular integrated reflectance 

Hemispherical spectral reflectance 
Normal spectral reflectance 
Angular spectral reflectance 

Hemispherical solar reflectance 

Normal solar reflectance 
Angular solar reflectance 

Ahsorptance 

Hemispherical integrated ahsorptance 

Normal integrated ahsorptance 
Angular integrated ahsorptance 

Hemispherical spectral ahsorptance 
Normal spectral ahsorptance 
Angular spectral ahsorptance 

Hemispherical solar ahsorptance 
Normal solar ahsorptance 
Angular solar ahsorptance 

Transmittance* 

Hemispherical integrated transmittance 
Normal integrated transmittance 
Angular integrated transmittance 

Hemispherical spectral transmittance 
Normal spectral transmittance 

Angular spectral transmittance 

Hemispherical solar transmittance 
Normal solar transmittance 
Angular solar transmittance 

•The geometry descriptors refer to the 
conditions of the incident radiant flux. 

The original data plot is a graphical representa- 
tion which presents most of the tabulated data. In 
overcrowded figures some of the data which are 
repetitive in nature are omitted. Occasionally com- 
ments on the test conditions are included to add 
clarity to the presentation. 

""he specification table gives the most important 
information concerning a set of data: the curve 
number for correlating the information on the 
specification table with that of the figures and data 

table, the reference number corresponding to the 
number given in the listed references, the year of the 
publication from which the data were extracted, 
independent variable range (temperature or wave- 
length), geometric descriptors (0, 0', u>, «/), and the 
error ("„) reported by the author. 

The "Composition (weight percent). Specifica- 
tions and Remarks" column of the specification table 
provides all the available pertinent information about 
the specimen and test conditions. The presentation is 
standardized in the following order: 

(1) trade name of material if applicable 
(2) composition (weight percent) 
(3) film or foil thickness 
(4) specimen preparation processes 
(5) surface conditions (roughness, etc.) 
(6) environment 
(7) form in which data were presented in 

original source document (smooth curve, 
tabular, raw data, etc.) 

(8) reference standard used in data observation 
or reduction 

(9) other pertinent information 
(10) author's sample designation 

With regard to item (8), the phrase "MgO reference 
standard" is frequently used to mean the reported 
reflectance data are relative to MgO: no mention is 
made of a reference standard if the author converts 
the data into "absolute" reflectance values. 

Following the specification table is the data table, 
a tabular presentation of all the property values shown 
or not shown on the figure and described in the 
Specification Table. 

Table VII lists the grouping of the various sub- 
properties that are presented in this volume. It shows 
the 33 subproperties which are classified for organiza- 
tional and retrieval purposes. The amount of existing 
data for some of these subproperties is quite small, 
but there are good reasons to present the data using 
this generalized scheme. First, clarity of presentation 
is better served by not grouping together data which 
logically are unrelated. Also, this scheme lends itself 
especially well to the systematic updating and expan- 
sion contemplated for '.is continuing work. 

3. CLASSIFICATION OF MATERIALS 

The classification scheme for materials in Vol- 
ume 8. shown in Table VIII. is based upon bulk 
composition rather than surface composition which 
may be dependent upon environmental effects, etc. 
The scheme is mainly for the convenience of material 

•fei >Ad 
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grouping and data organization, and is not intended 
to be used as basic definitions for the various material 
groups. 

4. SYMBOLS AND ABBREVIATIONS USED IN 
THE FIGURES AND TABLES 

€ Emittance 
P Reflectance 
I. Absorptance 
T Transmittance 
;. Wavelength, /(m 
T Temperature, K 
M.P. Melting point 
ojr Zenith angle, degrees 
M' Azimuthal angle, degrees 
(0, Hi Solid angle, steradians 
' (prime) Viewing conditions 
> Greater than 
< Less than 
^ Approximately 
0) Curve number 
[4J Single data point number 

5. CONVENTION FOR BIBLIOGRAPHIC 
CITATIONS 

For the following types of documents the biblio- 
graphic information is cited in the sequences given 
below. 

Journal ArticU's 
a. Authorise The names and initials of all authors 

are given. The last name is written first, followed 
by initials. 

b. Title of article. 
c. Journal ti..;—The abbreviated title of the journal 

as used in Chemical Abstracts is given. 
d. Series, volume, and number-If the series is 

designated by a letter, no comma is used between 
the letter for series and the numeral for vo'ume, 
and they are underlined together. In case series 
is also designated by a numeral, a comma is used 
between the numeral for series and the numeral 
for volume, and only the numeral representing 
volume is underlined. No comma is used between 
the numerals representing volume and number. 
The numeral for number is enclosed in paren- 
theses. 

e. Pages   The inclusive page numbers of the article. 
f. Year—The year of publication. 

Reports 

a. Author(s). 
b. Title of report. 
c. Name of the responsible organization—the 

name of the organization that executed the 
research, if different, is not given. 

d. Report, or bulletin, circular, technical note, etc. 
e. Number. 
f. Part. 

Table VIII. Classification of Materials 

Limits of Composition (weight percent)* 
Clussificution 

X, +X, X, 

Elements- 

2, Mixtures (or Solutions! of 
Elements or of Elements and 
Compounds 

3. Compounds  

4. Mixtures (or Solutions) of 
Compounds 

A. Binary— 

B   Multiple 

A   Binarv- 

B   Multiple 

>W.5 

>95.0 

<<iS.O 

<99.S 

>95.0 

<no 
KfSJO 

<0.2 
>o.2 
>0 2 
>o.: 
>0.2 
<0.2 
<:.o 
>2.o 
>io 
>2.0 
>2.0 
<:o 

<0.2 
<0.2 
>o.: 
<o.: 
>0.2 
<0.2 
<2.0 
<2.0 
>2.0 
<2.0 
>2.0 
<2.0 

•X, is the major constituent, X- is the second highest constituent. X, is the third highest con- 
stituent, etc. 

mm* 

. 
^^■^ 



r«    -    ■ •■■ -•-..-*.--.       --     ~* '.-w - - -TT-^   " .   -•«•--'"• ■'■■■ ■ J" 1 ■' '   ' 

52a Numerical Data 

B 
1- Pages. 
h. Year. 
i. ASTIA's AD number this is given in square 

braekets whenever available. 

Bodü 
' 

a. Author(s). 
b. Title. 
c. Volume. 
d. Edition. , 

e. Publisher. 
f. Place. 

» Pages. 
h. Year. 

r/if,. es 

a. Author. 
h. Title. 
C. University. 
d. Department. 
c. Degree    Ph.D. (or Sc.D . M.S., etc.) Thesis. 
f. Pages. 

y- Year. 

6. CRYSTAL STRUCTURES, TRANSITION 
TEMPERATURES, AND OTHER PERTINENT 
PHYSICAL CONSTANTS OF THE 
ELEMENTS 

Table XI of Volume 7 contains information on 
the crystal structures, transition temperatures, and 

certain pertinent physical constants of the elements. 
No attempt was made to critically evaluate the 
temperatures and constants given in that table and 
they should not be considered recommended values. 

The user is referred to companion Volume 7, 
pp. 52a 58a, for the physical constants of the non- 
metallic elements. 

7. CONVERSION FACTORS 
Wavelength 

I micrometer (/(m) ■ KT6 meter (m) 
= 10"4 centimeter (cm) 
= I0"3 millimeter (mm) 
= 103 nanometers (nm) 
= I03 millii"jcrometers (m//m) 
= I04 angstroms (A) 
= 3.937 x KT5 inch 
= 104'wave number (cm"') 
= 1.24, photon energy (eV) 
= 2.998 x 10,4/frequency(cps) 

Temperature 

C = K - 273.2 
F = (9/5)(K -273.2)+ 32 
R = (9/5) K 

where 
C = degrees Centigrade, 
F = degrees Fahrenheit. 
R = degrees Rankine, 
K = degrees Kelvin. 

^^b^ _•    - -. 
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