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“In this work, when it shall be found that much is omitted, let it not be forgotten
that much likewise is performed...”

SAMUEL JOHNSON, A.M.

From last paragraph of Preface to his two-
volume Dictionary of the English Language,
Vol. |, page 5, 1755, London, Printed by Strahan.
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Preface

Thermophysical Properties of Maiter, 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 Dara Book, first released in 1960 in
loose-leaf format, 11" x 17" 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 Serics departs
drastically from the conventional handbook and
giant multivolume classical works, which are no
longer adequate media for the dissemination of

= e s gy e v e T e

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.
TPRC's 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, 1 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 Series
basically comprises three sections, consisting of a text,
the body of numerical data with source references,
and a material index.

ix
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X Preface

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: Volumes 1, 2, 3
Specific heat: Volumes 4, 5, 6
Radiative properties:  Volumes 7, 8, 9
Thermal expansion: 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-
cver 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
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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 to 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

vii

MEEETETTE TR TS e . _— T




viii Foreword

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 wanttocongratulate Professor
Touloukian and his colleagues on the accomplish-
ments represented by this Series of reference data

et e e e e b i e T 5 i T B

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.
EbpwaRD 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
effective presentation of thermal radiative properties.

The volume consists of three major sections: the
text on theory, estimation, and measurcrient 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 elementsand 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 to 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 . M. Yeyinmen,
R. S. Hernicz, B. Compani-Tabrizi, M. C. Muinzer,
P. Sioshansi, J. J. Hsia, C. K. Hsich, R. L. Jones,

xiii
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Introduction to Volume 8

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 eflort
is made to create from the randomly distributed data
a condensed. more orderly state.

D L T T T P T o e g P p e e ey

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.

Y. S. TOULOUKIAN
D. P. DEWnNT

Lafayette. Indiana
February 1971
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v
.

Ty
5

@

.

T Y=Y
.

.‘,T
-

Ob i §

S

b e el

Ja

b Lt S i e i
.
el TS

t._!

- .

xxii Grouping of Materials and List of Figures and Tables

3. MIXTURES OF SINGLE OXIDES (continued)

Figure and/or

Table No, Material and Subproperty
197 [MoO; + 8iO,) Powders - Normal Spectral Reflectance |
198 [Ys05 + Cry03] Powders - Normal Spectral Emittance

4. MULTIPLE OXIDES AND SALTS

Figure and/or
Table No, Material and Subproperty

199 Calcium Aluminate - Normal Spectral Transmittance 5 o
200* Magnesium Aluminate - Normal Spectral Reflectance . .
201 Magnesium Aluminate - Normal Spectral Transmittance . .
202 Yttrium Aluminate - Normal Spectral Reflectance 5 o
203 Miscellaneous Borates - Normal Spectral Reflectance . .
204 Calcium Carbonate - Normal Spectral Reflectance a o
205 Calcium Carhonate - Normal Spectral Transmittance ., .
206 Lead Carbonate - Normal Spectral Reflectance .
207* Lead Carbonate - Normal Solar Absorptance . .
208 Magnesium Carbonate - Normal Spectral Reflectance ,
209 Miscellaneous Carbonates - Normal Spectral Reflectance
210 Sodium Chlorate - Normal Spectral Reflectance o o
211 Miscellaneous Hafnates - Normal Spectral Reflectance . .
212 Lithium Niobate -~ Normal Spectral Reflectance o o
213 Sodium Nitrate - Normal Spectral Reflectance g G
214 Aluminum Phosphate - Normal Spectral Reflectance 3 o
215 Ammonijum and Potassium Dihydrogen Phusphates -

Normal Spectral Transmittance e e
216 Miscellaneous Phosphates - Normal Spectral Reflectance -
217 Zirconium Silicate - Normal Spectral Emittance . e
218 Zirconium Silicate - Normal Spectral Reflectance ..
219* Zirconjum Silicate - Normal Solar Absorptance .
220* Zirconium Silicate Compounds - Normal Solar Absorptance
221 Miscellaneous Silicates -~ Normal Spectral Reflectance . -
222 Miscellaneous Silicates - Normal Spectral 7'ransmittance -
223 Barjum Sulfate - Normal Spectral Reflectance ..
224% Barium Sulfate - Norma: Solar Ahsorptance L
225 Calcium Sulfate - Normal Spectral Reflectance e
226 Calcium Sulfate - Normal Spectral Transmittance . .
227 Lead Sulfate and Sulfite - Normal Spectral Transmittance .
228 Potassium Tantalate - Normal Spectral Reflectance o o
229 Barium Titanate - Normal Spectral Reflectance ..
230A Barium Titanate - Normal Spectral Reflectance 5
230 Barium Titanate - Normal Spectral Reflectance o o
231 Barium Titanate ~ Normal Spectral Transmittance o ©
232 Bismuth Titanate - Normal Spectral Transmittance a o
233* Lead Titanate - Normal Integrated Reflectance NG

0 234 Lead Titanate - Normal Spectral Reflectance .

235 Lead Titanate - Normal Spectral Transmittance e
236 Strontium Titanate - Normal Spectrul Emittance P
Notet Figure number with "A" indicates analyzed data graph.
* No figure
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2, SINGLE OXIDES (continued)

Figure and/or

Table No. Material and Subproperty

159 Tin Dioxide - Normal Spectral Reflectance 0 o o
160 Titanium Monoxide - Normal Spectral Reflectance . .
161 Titanium Dioxide - Normal Total Emittance e .
162 Titanium Dioxide - Normal Spectral Emittance . . .
163A Titanium Dioxide - Normal Spectral Reflectance . .
163 Titanium Dioxide - Normal Spectral Reflectance . -
164 Titanium Dioxide - Angular Spectral Reflectance . .
165% Titanium Dioxide - Normal Solar Absorptance @ O
166 Titanium Dioxide - Normal Spectral Transmittance .
167 Uranium Dioxide - Hemispherical Spectral Emittance
168% Uranjum Dioxide - Normal Spectral Emittance a o
169 Uranium Dioxide - Normal Spectral Transmittance .,
170 Ytterbium Oxide - Hemispherical Spectral Emittance
171 Ytterbium Oxide - Normal Spectral Transmittance .
172 Yttrium Oxide - Normal Total Emittance .« o %
173 Yttrium Oxide - Hemispherical Spectral Emittance
174 Yttrium Oxide - Normal Spectral Emittance 5 0 o
175 Yttrium Oxide - Normal Spectral Emittance . . .
176 Yttrium Oxide - Normal Spectral Reflectance . . .
177 Yttrium Oxide - Normal Spectral Transmittance . .
178% Zinc Oxide - Hemispherical Total Emittance . . .
179A Zinc Oxide - Normal Spectral Reflectance a o o
179 Zinc Oxide - Normal Spectral Reflectance o ol o
180 Zinc Oxide - Normal Spectral Absorptance 3 o ¢
181* Zinc Oxide - Normal Solar Absorptance b 0 0
182 Zinc Oxide -~ Normal Spectral Transmittance . . .
183* Zirconium Dioxide ~ Hemispherical Total Emittance .
184 Zirconium Dioxide - Normal Total Emittance . . .
185 Zirconium Dioxide - Hamispherical Spectral Emittance
186 Zirconium Dioxide - Normal Spectral Emittance . .
187 Zirconivm Dioxide - Normal Spectral Emittance - -
188A Zircemiv ra Dioxide - Normal Spectral Reflectance . .
188 Zirwoniuim Dioxide - Normal Spectral Reflectance . .
189%* Zircuitum Dioxide - Normal Solar Absorptance . .
190 Miscellaneous Oxides - Normal Spectral Reflectance .
191 Miscellaneous Oxides -~ Normal Spectral Transmittance

3. MIXTURES OF SINGLE OXIDES

Figure and/or

Table No. Material and Subproperty
192 [Al303 + Cr;05) Powders - Normal Spectral Emittance
193 [Al;04 + NiO) Powders ~ Normal Spectral Emittance
194 [Al§Oy + SiO,) Powders - Normal Spectral Emitiance
195 [Al;03 + S§iO,) Powders - Normal Spectral Reilectance
196 [MnO + TiO,) Powders - Normal Spectra' Reflectance

Note: Figure number with A" indicates analyzed data graph,
* No figure
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T xviii Grouping of Materials and List of Figures and Tables

1. ELEMENTS (continued)

Figure and/or

Table No, Material and Subproperty Page
38 Silicon - Normal Spectral Absorptance ., ., . . . . . . . . . . . 108
39 Silicon - Normal Spectral Transmittance . . . . . . . .+ « . .« . 110
40A Sulfur - Normal Spectral Reflectance bl o 0 o 0 0 0o 0 0o o 0 o© 115
40 Sulfur - Normal Spectral Reflectance SR R TR 116
41 Sulfur - Normal Spectral Transmittance ., . . . . + + o + « o+ & 121
42 Tellurium - Normal Spectral Reflectance , . . . . . . + + « « 123
43 Tellurium - Normal Spectral Reflectance . . . . . . . . + .+ .+ . 125
44 Tellurium - Angular Spectral Reflectance . . . . . . . . . . . . 128
45 Tellurium - Normal Spectral Transmittance . . . . . . . . . . . 130
46 Tellurium - Angular Spectral Transmittance ., . . . . . . . . . . 136

2. SINGLF OXIDES

Figure and/or '
Table No. Material and Subproperty Page

47* Aluminum Oxide - Hemispherical Total Emittance . . . . . . . . . 141
48A Aluminum Oxide - Normal Total Emittance . . . . . . . . .+ . . 142
48 Aluminum Oxide - Normal Total Emittance . . . « « « .« « « .+ . 143
49 Aluminum Oxide - Normal Spectral Emittance . . + . + + + + o+ 146
50A Aluminum Oxide - Normal Spectral Emittance . . . . « « + .+ .+ . 148
L, 50 Aluminum Oxide - Normal Spectral Emittance . . . . . . . . .« . 149
¢ 51A Aluminum Oxide - Normal Spectral Reflectance . . . . « . . . . & 157
- 51 Aluminum Oxide ~ Normal Spectral Reflectance . . « « « « « « + & 158
52 Aluminum Oxide - Angular Spectral Reflectance . . . . « « « .« . . 163
53 Aluminum Oxide - Normal Spectral Absorptance. . . . . . . . . . 166
54% Aluminum Oxide - Normal Solar Absorptance . . . « « « « « . . 168
» BBA Aluminum Oxide - Normal Spectral Transmittance . . . . « + .+ o . 169
55 Aluminum Oxide - Normal Spectral Transmittance . . . . « « « + 170
56 Aluminum Oxide (Ruby) - Angular Spectral Reflectance . . . . . . . 174
57 Aluminum Oxide (Ruby) - Normal Spectral Transmittance . . . . . . 176
b . 58 Aluminum Oxide (Sapphire) - Hemispherical Total Emittance . . . . . 179
k- 59 Aluminum Oxide (Sapphire) - Normal Total Emittance . « .« « « .+ . 181
:' 60A Aluminum Oxide (Sapphire) - Normal Spectral Emittance . . . . . . . 183
[: 60 Aluminum Oxide (Sapphire) - Normal Spectral Emittance . . . .+ . . . 184
3 61 Aluminum Oxide (Sapphire) - Angular Spectral Reflectance . , . . ., . 187
& | 62A Aluminum Oxide (Sapphire) - Normal Spectral Transmittance , . ., ., . 190
:7-7 62 Aluminum Oxide (Sapphire) - Normal Spectral Transmittance , , , , ., 191
K 63 Diantimony Trioxide - Normal Spectral Reflectance . . . . . . . . 198
64* Diantimony Trioxide - Normal Solar Absorptance I e 200
-3 65 Beryllium Oxide - Normal Total Emittance C e e e e e e e e 201
" 66 Beryllium Oxide ~ Normal Spectral Emittance . . « .« + « « + . . 203
d 67 Beryllium Oxide - Normal Spectral Emittance -« . . . « « « « . 205
% 68 Beryllium Oxide - Angular Spectral Reflectance « « . . . « . . . . 208
" 69 Beryllium Oxide - Normal Spectral Absorptance. . . + . . . .« . . 210
K 70% Beryllium Oxide - Normal Solar Absorptance + +» « + « + « + o & 212
:- 71 Beryllium Oxide - Normal Spectral Transmittance « « « « « + « + . 213
tx 72 Cadmium Oxide - Normal Spectral Emittance + . . + « « . + . . 216
;.! Notet Figure nwnber with "A" indicates analyzed data graph,
;: “No figure
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Grouping of Materials and List of Figures and Tables

1, ELEMENTS (continued)

Figure and/or
Table No,

38
39
40A
40
41
42
43
44
45
46

2, SINGLE OXIDES

Figure and/or
Table No.

47*
48A
48
49
50A
50
51A
51
52
53
54*
55A
55
56
57
58
59
60A
60
61
62A
2
63
64*
65
66
67
68
69
70%
71
72

Material and Subproperty

Silicon - Normal Spectral Absorptance . . . . . . . .

Silicon - Normal Spectral Transmittance , , ., . . . .
Sulfur - Normal Spectral Reflectance e e e e e e s
Sulfur - Normal Spectral Reflectance 5 0 0 0 0 0 C
Sulfur - Normal Spectral Transmittance , , . ., . . .
Tellu_rlum - Normal Spectral Reflectance , . . . . . .
Tellurium - Normal Spectral Reflectance , ., ., . . . .

Tellurium - Angular Spectral Reflectance , . . . . . .
Tellurium - Normal Spectral Transmittance . . . . . .
Tellurium - Angular Spectral Transmittance . , . . . .

Material and Subproperty

Aluminum Oxide - Hemispherical Total Emittance . . . .
Aluminum Oxide - Normal Total Emittance . . . . . .
Aluminum Oxide - Normal Total Emittance . . . « . .
Aluminum Oxide - Normal Spectral Emittance . . . . .
Aluminum Oxide - Normal Spectral Emittance . . . . .
Aluminum Oxide - Normal Spectra! Emittance . . . . .
Aluminum Oxide - Normal Spectral Reflectance . . . . .
Aluminum Oxide - Normal Spectral Reflectance . . . . .
Aluminum Oxide - Angular Spectral Reflectance - . . . .
Aluminum Oxide - Normal Spectral Absorptance. . . . .
Aluminum Oxide - Normal Solar Absorptance . . . . .

Aluminum Oxide - Normal Spectral Transmittance . . . .
Aluminum Oxide - Normal Spectral Transmittance . . . .
Aluminum Oxide (Ruby) - Angular Spectral Reflectance . .
Aluminum Oxide (Ruby) - Normal Spectral Transmittance -
Aluminum Oxide (Sapphire) - Hemispherical Total Emittance
Aluminum Oxide (Sapphire) - Normal Total Emittance . .
Aluminum Oxide (Sapphire) - Normal Spectral Emittance . .
Aluminum Oxide (Sapphire) - Normal Spectral Emittance . -
Aluminum Oxide (Sapphire) - Angular Spectral Reflectance .
Aluminum Oxide (Sapphire) - Normal Spectral Transmittance
Aluminum Oxide (Sapphire) - Normal Spectral Transmittance
Diantimony Trioxide - Normal Spectral Reflectance . . .

Diantimony Trioxide - Norrial Solar Absorptance e
Beryllium Oxide - Normal Total Emittance Coe e e
Beryllium Oxide - Normal Spectral Emittance . . . . .
Beryllium Oxide - Normal Spectral Emittance . . . . .
Beryllium Oxide - Angular Spectral Reflectance . . . . .
Beryllium Oxide - Normal Spectral Absorptance . . . . .
Beryllium Oxide - Normal Solar Absorptance . . . . .
Beryllium Oxide - Normal Spectral Transmittance . . .
Cadmium Oxide - Normal Spectral Emittance . . . . .

Note: Figure number with "A" indicates analyzed data graph.

*No figure

Page
108

110
115

121
123
125
128
130
136

Page
141
142
143
146
148
149
157
158
163
166
168
169
170
174
176
179
181
183
184
187
190
191
198
200
201
203
205
208
210
212
213
216
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Grouping of Materials and List of Figures and Tubles

2,

SINGLE OXILDES (continued)

Figure and/or
Table No.

117A
117
118
119*
120
121A
121
122
123
124
125
126
127
128
129
130
131
132%
154A
134
135
136
137
138A
138
139
140
141A
141
142
143
144A
144
145%
146%*
147
148
149
150
151
152
153
154
155
156*
157
158%*

Material and Subproperty
Molybdenum Trioxide - Normal Spectral Reflectance
Molybdenum Trioxide - Normal Spectral Reflectance
Neodymium Oxide - Normal Spectral Reflectance
Nickel Oxides - Normal Total Emittance
Nickel Oxides - Normal Spectral Emittance
Nickel Oxides - Normal Spectral Reflectance
Nickel Oxides - Normal Spectral Reflectance
Diniobium Pentoxide - Normal Spectral Emittance
Diniobium Pentoxide - Normal Total Emittance
Disamarium Trioxide - Normal Total Emittance
Disamarium Trioxide - Hemispherical Spectral Emittance
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
Silll'con Dkﬁdde (Cryﬁalllne) = No'x;mal Spe‘ftral E llttance
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 Dioxide (Fused) - Normal Spectral Reflectance
Silicon Dioxide (Fused) - Normal Spectral Reflectance
Silicon Dioxide (Fused) - Angular Spectral Reflectance
Silicon Dioxide (Fused) - Angular Spectral Abgorptance
Silicon Dioxide (Fused) - Normal Spectral Transmittance
Silicon Dioxide (Fused) - Normal Spectral Transmittance
Silicon Dioxide (Fused) - Normal Solar Transmittance
Tantalum Oxide - Normal Total Emittance
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
Thorjum 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

Notet Figure number with "A" indicates amalyzed data graph.

* No figure




XX Grouping of Maierials «.*! List of Figures and Tab!:;

2. SINGLE OXIDES (continued)

Figure and/or

Table No. Material and Subproperty
1174 Molybdenum Trioxide - Normal Spectral Reflectance
117 Molybdenum Trioxide - Normal Spectral Reflectauce
118 Neodymium Oxide - Normal Spectral Reflectance
119* Nickel Oxldes - Normal Total Emittance ’
120 Nickel Oxides - Normal Spectral Emittance
121A Nicke! Oxides -~ Normal Spectral Reflectance
121 Nickel Oxides - Normal Spectral Reflectance
122 Diniobium Pentoxide - Normal Spectral Emittance
123 Diriobium Pentoxide - Normal Total Emittance
124 Disamarium Trioxide - Normal Total Eumittance
125 Disamarium Trioxide - Hemispherical Spectral Emittance
20 Disamarjum Trioxide -~ Normal Spectral Emiltance
127 Disamar.um Trioxide - Normal Spectral! Emittance
128 Disamarjum Trioxide - Normal Spectral Reflectance
129 Silicon Monoxide - Normal Spectral Enittance
130 Silicon Monoxide - Normal Spectral Reflectance
131 Silicon Monoxide - Normal Spectral Transmittance
132% Silicon Dioxide (Crystalline) - Normal Total Emittance
'li% A Sil‘l‘con Dlt:).cide (Cryf}allinc) 3 No.z‘mn.l Sp..;ctra.l *& l‘!tancc
34 Silicon Dioxide (Crystalline) - Normal Spectral Reflectance
135 Silicon Dioxide (Crystallinc) - Angular Spectral Reflectance
136 Silicon Dioxide (Crystallin‘c: - Angular Spectral Reflectance
137 Silicon Dioxide (Crystalline) - Normal Spectral Absorptance
132A Silicon Dioxide (Crystalline) - Normal Spectral Transmittance
133 Stlteon Dioxide (Crystalline) - Normal Speetral Trangmittance
139 Silicon Dioxide (Fused) - Hemispherical Total Emittance
140 Silicon Dioxide (Fused) - Normal Spectral Emittance
141A Silicon Dioxide (Fuscd) -~ Normal Spectral Reflectance
141 Silicon Dioxide (Fused) - Normal Spectral Reflectance
142 Silicon Dioxide (Fused) - Angular Spectral Reflectance
143 Silicon Dioxide (Fuscd) - Angular Spectral Absorptance
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
150 Tellurium Dioxide - Normal Spectral Reflectance
151 Tellurium Dioxide - Normal Spectral Transmittance
| T2 Thorium Oxide - Normal Total Emittance
L 153 . Thorium Oxide - Normal Spectral Emittance
{' 154 Thorium Oxide - Normal Spectral Reflectance
:‘ 155 Thorium Oxide - Normal Spectral Reflectance
| 156* Thorium Oxide -~ Normal Solar Absorptance
E:\ 157 Thulium Oxide - Hemispherical Spoectral Emittance
b 158* Thulium Oxide - Hemispherical Spectral Emittance
~.\
::_ r:(zscz ~Figure number with "A" indicates anulyzed data graph,
[ @ No figure
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1,. Grouping of Maierials and List of Figures and Tables \ix
2. SINGLE OXIDES (continued)
L Figure and/or
Table No, Material and Subproperty Page
_ 73 Calcium Oxide = Normal Spectral Reflectance . . . . o« . . . . 218
- 73A Calecium Oxide - Normal Spectral Trangimattanee ., , , . ., . . . . 220
_' 74 Calcium Oxide - Normal Spectral Transmjitance + « o« o« o o+ 221
- 5 Cerium Dioxide - Normal Total Emittance e e e e e e 225
. 76 Cerium Dioxide - Normal $pectral Reflectance . . . . . . . . ., 227
- T Chromium Oxide - Normal Total Emittance o ofc O 0o 0o d] o o o 231
L 8 Chromium Oxide - Normal Spectral Emittance . . . . . . . . . . 212
. 3 79 Chromium Oxide - Normal Spectral Reflectance . . . . ., . . . . 235
L 80 Cobalt Monoxide - Normal Total Emittance 5 0 6 0o o 0o o O g o 238
:'T 81 Cobalt Monoxide - Normal Spectral Emittance . . . . . . . . . . 240
B, 82 Cobalt Monoxide - Normal Spectral Reflcctance. . « . . . . . .« . 242
e 83 Copper Oxides - Angular Total Emittance 5 0 0 0 0 0 0o 0 O o 243
34 Copper Oxides - Angular Spectral Emittance . . . . . . . . . . 245
' 85 Copper Oxides - Normal Spectral Reflectance . . o .« o o o o & 247
‘j 86 Copper Oxides - Normal Spectral Transmittance . . + « + o . . . 249
3 87 Dysprosium Oxide = Normal Spectral Reflectance . . . o . . .o o . 252
CER Dysprosium Oxide - Normal Solar Absorptance . « « « « « . .+ . 254
- 8y Erbium Oxide - Normal Total Emittance 5 06 0000 0 0c 255
3 90 Erbjum Oxide - Hemispherical Spectral Emittance . . . . . . . . 257
il 91 Erbium Oxide - Normal Spectral Emittance o ook 000 o0 0o 259
. 92 Erbium Oxide - Normal Spectral Emittance © 0 0o o 00 a a o o 261
oL 93 Gadolinium Oxide -~ Normal Total Emittance . . . . . . . . . . 263
¥ 94 Gadolinium Oxide - Hemispherical Spectral Emittance . ., . . . . . 265
* 93 Gadolinium Oxide - Normal Spectral Emitance ., . . . . . . . . 267
96 Gadolinium Oxide - Normal Spectral Emittance , , . . , . ., . . 269
1 97 Germanium Dioxide - Normal Spectral Reflectance ., , ., ., ., . . . 27
93 Hafnium Dioxide - Normal Total Emittance e e e e e e e e 273
3 99 Hafnjum Dioxide - Normal Spectral Reflectance , , , , ., . . . . 275
y 100 Holmium Oxidc - Normal Spectral Transmittance , , ., , ., . ., , ., 277
L 101 Iron Oxides - Normal Total Emittance 5 o 0o 0o 00 g o o0 g 279
. 102 Iron Oxides - Normal Spectral Emittance c e e e e e e e e 251
:_L.‘ 103 Iron Oxides - Normal Spectral Reflectance s§ 0 0 O |J9d PO o o o 233
::- 104 Lutetium Oxide - Normal Spectral Emittance . . . . . . . . . . 286
o 105 Lutetium Oxide - Normal Spectral Emittance . . . . . ., , . . . 288
o 106* Magnesium Oxide - Hemispherical Total Emittance . . . . . . . . 290
".' 107 Magnesium Oxide - Normal Total Emittance . . . . . . . . . . 291
108 Magnesium Oxide - Normal Spectral Emittance . . . . . . . . . 293
. 109 Magnesium Oxide - Normal Spectral Emittance . . . . . . . . . 295
: : 110%* Magnesium Oxide - Hemispherical Integrated Reflectance « . o o« 298
b - 111A Magnesium Oxide - Normal Spectral Reflectance « - ¢ ¢ 0 . o . & 29Y
L 11 Magnesium Oxide - Normal Spectral Reflectance . « . . + . . . 301
r . 112% Magnesium Oxide - Angular Spectral Reflectance « . . o o 0 o o 34
e 113 Magnesium Oxide - Normal Spectral Abgorptance . . + . « . . . . 319
" 114 Magnesium Oxide - Normal Solar Absorptance 5 0 o 000 6 0 o 322
: 115A Magnesium Oxide - Normal Spectral Transmmattance , , , , . . . . 23
:‘ i . 115 Magnesium Oxide - Normal Spectral Transmittance , , , ., . . . . 324
. . 116 Manganese Oxides - Normal Spectiral Reflectance 5 o DO o o o a 328
.. Notet Figure numoer with "A" indicates analyzed data graph,
3 *No figure
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5. NONOXIDE COMPOUNDS (continued)

Figure and/or

Table No. Material and Subproperty Page

276 Potassium Bromide - Normal Spectral Emittance , . . . . ., . . . . 749
277A()) Potassium Bromide - Angular Spectral Reflectance . . . . . . . . . 751
277(1) Potassium Bromide - Angular Spectral Reflectance . . . . . . . . . 1752
277A(2) Potassium Bromide - Angular Spectral Reflectance . . . . . . . . . 753
277(2) Potassium Bromide - Angular Spectral Reflectance . . . . . . . . . 754
278A Potassium Bromide - Normal Spectral Transmittance . . . . . . . ., 759
278 Potassium Bromide - Normal Spectral Transmittance . ., . . . . . . 761
279 Rubidium Bromide - Normal Spectral Emittance . . . . . . . . . . 764
280 Rubidium Bromide - Angular Spectral Reflectance. . . . . . . . . . 766
281 Rubidium Bromide - Normal Spectral Transmittance . . . . . . . , . 768
282 Silver Bromide - Normal Spectral Reflectance . . . . . . . . . . . 770
283 Silver Bromide - Angular Spectral Reflectance « e s s e e s s . . 7178
284 Silver Bromide - Normal Spectral Transmittance . . . . . . . . . . 775
285 Thallium Bromide - Normal Spectral Reflectance . 0 0 o o o 778
286 Thallium Bromide - Angular Spectral Reflectance . TS £ - 11]
287% Thallium Bromide - Angular Spectral Reflectance . o« o o slsle e . 782
288 Thallium Bromide - Normal Spectral Transmittance . . . . . . . . . 783
289 Niobium Monocarbide - Hemispherical Total Emittance . . . . . . . . 1785
290 Niobium Monocarbide - Normal Total Emittance . . . . . . . . . . 787
291 Niobium Monocarbide - Normal Spectral Emittance . . . . . . . . . 789
292% Silicon Monocarbide - Hemispherical Total Emittance . . . . . . . . 1791
293A Silicon Monocarbide - ‘.;Iormn.l Total Emittance s e e e e e e e s . T92
293 Silicon Monocarbide - Normal Total Emattance o o 4 e o s s e < . 198
294 Silicon Monocarbide - Normal Spectral Emittance . . . . . . . . . . 796
295A Silicon Monocarbide - Normal Spectral Emittance . . . . . . . . . . 798
295 Silicon Monocarbide - Normal Spectral Emittance . . . . . . . . . . 799
296A Silicon Monocarbide - Normal Spectral Reflectance . . . . . . . . . 802
296 Silicon Monocarbide - Normal Spectral Reflectance . ., . . . . . . . 803
297 Silicon Monocarbide - Normal Spectral Absorptance . . . . . . . . . 808
298% Silicon Monocarbide - Normal Solar Absorptance e e s s e« .« . . 810
299 Tantalum Carbide - Hemispherical Total Emittance . . . . . . . . . 811
300 Tantalum Carbide ~ Normal Total Emittance PO - ) & ]
301 Tantalum Carbide - Normal Spectral Emittance o o B o .+ . . 815
302 Tantalum Carbide ~ Normal Spectral Emittance e b |
303 Titanium Carbide - Hemispherical Total Emittance . . . . . . . . . 819
304 Titanium Carbide - Normal Total Emittance « 4 e v v o4 e s . 821

] 305 Titanium Carhide - Normal Spectral Emittance S -

fa= 306% Titanium Carbide - Angular Spectral Emittance e e e e e . . . 825

307 Tungsten Carbides - Normal Total Emittance © o+ e v+ 4« . . . 826

- 308 Tungsten Carbides - Normal Spectral Emittance e e e e e .. 828

t-, 309A Tungsten Carbides - Normal Spectral Emittance O - [)

_(! 309 Tungsten Carbides - Normal Spectral Emittance P % 3 |
310 Zirconium Carbide - Hemispherical Total Emittance . . . . . . . . . 833

L 31 Zirconium Carbide - Normal Total Emittance « « e« ¢ <« s « » . B85

{ 312A Zirconium Carbide - Normal Spectral Emittance P TP T 7 ¢
312 Zircoaium Carbide - Normal Spectral Emittance ol 0 0 o old N o b Lik

f 313 Zirconium Carbide - Normal Spectral Emittance e e 0 ke e e .. 8

+ q Note: Figure number with "A" indicates analyzed data graph.

:' ‘ * No figure
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Figure and/or
Table No.
237
238
239
240%

241
242
243
244
245
246

5. NONOXIDE COMPOUNDS

Grouping of Materials and List of Figures and Tables

4. MULTIPLE OXIDES AND SALTS (continued)

Material and Subproperty

Strontium Titanate - Normal Spectral Reflectance , , .,
Strontium Titanate - Normal Spectral Transmittance , .,
Zinc Titanate - Normal Spectral Reflectance v e
Zinc Titanate - Normal Solar Absorptance e .
Calcium Tungstates - Normal Spectral Transmittance .
Miscellaneous Tungstates - Normal Spectral Reflectance
Sodium Vanadate - Normal Spectral Reflectance ., , .
Yttrium Vanadate - Normal Spectral Emittance . . .
Yttrium Vanadate - Normal Spectral Reflectance . . .
Miscellaneous Zirconates - Normal Spectral Reflectance

Figure and/or
Table No. Material and Subproperty

247A Gallium Arsenide - Normal Spectral Reflectance . .
247 Gallium Arsenide - Normal Spectral Reflectance . ., .,
248 Gallium Arsenide - Normal Spectral Transmittance , .
B~ 249 Indium Arsenide - Normal Spectral Emittance 5 0 O
- . 250 Indium Arsenide - Normal Spectral Reflectance , , .,
:. 251 Indium Arsenide - Normal Spectral Transmittance , .,
1 252 Molybdenum Borides - Normal Spectral Emittance , ,
h 253A Molybdenum Borides -~ Normal Spectral Reflectance , |,
r 253 Molybdenum Borides - Normal Spectral Reflectance , .
p- 254 Niobium Diboride - Normal Total Emittance b 0 o
: 255 Niobjum Diboride - Normal Spectral Emittance , , .,
& 256 Niobium Diboride - Normal Spectral Emittance ., , .
- 257 Titanium Diboride - Normal Total Emittance . . .
258 Titanjum Diboride - Normal Spectral Emittance . . .
- 259 Titanium Diboride - Normal Spectral Emittance . . .
: ! 260 Titanjum Diboride - Normal Spectral Reflectance . . .
‘ 261 Zirconium Diboride - Normal Total Emittance 0 0 ©
- 262 Zirconium Diboride - Normal Spectral Emittance . . .
: ) 263 Zirconium Diboride - Normal Spectral Emittance . . .
F.. 264 Zirconium Dihoride - Normal Spectral Reflectance . .
t‘-’f" 265 Rare Earth Borides - Normal Spectral Emittance . . .
X 266 Rare Earth Borides - Normal Spectral Transmittance .
:' 267 Miscellaneous Borides - Normal Total Emiftance ., . .
- 268 Miscellaneous Borides - Normal Spectral Emittance . .
: 269 Miscellaneous Borides ~ Normal Spectral Reflectance .
L‘ 270 Cesium Bromide - Angular Spectral Reflectance , . .
- 271 Cesium Bromide - Normal Spectral Transmittance . .,
272 Copper Bromide - Normal Spectral Reflectance , ., .,
273 Copper Bromide - Normal Sectral Transmittance , . .,
274 Lead Bromide - Normal! Spectral Transmittance . , .
L= 275 Dimercury Dibromide - Normal Spectral Reflectance

E_‘ Note: Figure number with "A" indicates analyzed data graph.
- * No figure
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5. NONOXIDE COMPOUNDS (continued)

Figure and/or

Table No. Material and Subproperty Page
A 314A Zirconium Carbide - Normal Spectral Reflectance , , , , , , ., , ., 843
E~' 314 Zirconium Carbide - Normal Spectral Reflectance , , , . . . . . . 844
E‘ 315 Miscellaneous Carbides - Hemispherical To.al Emittance , , , . . . . 847
-7 316 Miscellaneous Carbides - Normal Total Emittance . . . . . . . . . 849
o 317 Miscellaneous Carbides - Normal Spectral Emittance . . . . . . . . 851
318 Miscellaneous Carbides - Normal Spectral Reflectance . . . . . . . . 854
319 Copper Chloride - Normal Spectral Reflectance e e+« + .+ . . 8586
k., 320A Copper Chloride - Normal Spectral Transmittance 5 0 0o o 0 0 o o 858
320 Copper Chloride - Normal Spectral Transmittance e e e e e e e 859
—L 321 Potassium Chloride - Normal Spectral Emittance N 862
. 322A Potassium Chloride - Angular Spectral Reflectance e e e s e s e« . B804
322 Potassium Chloride - Angular Spectral Reflectance T 866
L 323 Potassium Chloride - Normal Spectral Transmittance , ., . . , . . . 873
324 Silver Chloride - Angular Spectral Reflectance e v e s e 2 < . 818
1 325 Silver Chloride - Normal Spectral Transmittance v e e e e e . . 879
- 326 Sodium Chloride - Hemispherical Total Emittance t s e e s s . . 881
. 327 Sodium Chloride - Normal Spectral Emittance 5 0o 0o 0 0 0D O O 883
328* Sodium Chloride - Hemispherical Spectral Reflectance . . . . . . . . 885
329 Sodium Chloride - Hemispherical Spectral Reflectance . . . . . . . . 886
1 330A Sodium Chloride -~ Normal Spectral Reflectance o o pl o ofoll o ¢ 888
3 330 Sodium Chloride - Normal Spectral Reflectance e s s s s s+ o . 888
k. 331 Sodium Chloride - Angular Spectral Reflectance . e e e e+ . . B93
332A Sodium Chloride - Normal Spectral Transmittance e+ e 4 s s « . B
332 Sodium Chloride - Normal Speciral Transmittance 5 0 0 0 o 0 o O 896
[ ] 333 Thallium Chloride - Normal Spectral Reflectance T -1
334 Thallium Chloride - Angular Spectral Reflectance « s v oe s o« % . 901
i, 335 Thallium Chloride - Normal Spectral Transmittance 5 0 0 0 0 0 0 G 903
"3 336 Miscellaneous Chlorides - Normal Spectral Reflectance. . . . . . . . 905
\ 337 Miscellaneous Chlorides - Normal Spectral Transmittance . . . . . . 907
. 338 Barium Fluoride - Angular Spectral Reflectance A 909
E: 339A Barium Fluoride - Normal Spectral Transmittance e e e e e 912
: 339 Barium Fluoride - Normal Spectral Transmittance 2 &
;: 340 Cadmium Fluoride - Normal Spectral Transmittance . . . . . . . . 919
ET. 341 Calcium Fluoride - Normal Spectral Emittance v e e e e e .. 921
L‘ 342A Calcium Fluoride - Angular Spectral Reflectance C e e e e e .. 924
- 342 Calcium Fluoride - Angular Spectral Reflectance e e e e e e . . 925
4 343 Calcium Fluoride - Normal Spectral Absorptance e e e e e e .. 929
344A Calcium Fluoride - Normal Spectral Transmittance 9 0 0 0o 0 a 0 ¢ 931
; ) 344 Calcium Fluoride - Normal Spectral Transmittance 5 0 0 0 0 0 0 O 932
R 345A Lithium Fluoride - Normal Spectral Reflectance O 0 oo 0 0 0o o 937
b 345 Lithijum Fluoride - Normal Spectral Reflectance 0o 0 oo o ol o 938
8 346 Lithium Fluoride - Angular Spectral Reflectance e e e e .. 942
: 347A Lithium Fluoride - Normal Spectral Transmittance C e e e e e . 944
‘ 347 Lithium Fluoride - Normal Spectral Transmittance o bl o Mo c G K 945
348 Magnesium Difluoride - Normal Spectral Emittance e s 4 s e« e e« . 950
:_f 349 Magnesium Difluoride - Angular Spectral Reflectance . . . . . . . . 952
5 Note: Figure number with "A" indicates analyzed data graph,
. * No figure
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5. NONOXIDE COMPOUND:. (continued)

Figure and/or

Table No, Material and Subproperty Page
350 Magnesium Difluoride - Normal Spectral Absorptance . d 0 0 0 G 955
351A Magnesium Difluoride - Normal Spectral Transmittance. . . . . . . 957
351 Magnesium Difluoride - Normal Spectral Transmittance. . . . . . . 959
352 Sodium Fluoride ~ Normal Spectral Reflectance . . . . . . . . . 963
353 Sodium Fluoride - Normal Spectral Transmittance . . . . . . . . 966
354 Strontium Fluoride - Normal Spectral Reflectance . . . . . . . . 968
355 Strontium Fluoride - Normal Spectral Transmittance. . . . . . . . 971
356 Potassium Magnesium Trifluoride - Normal Spectral Reflectance . . . 975
357 Potassium Magnesium Trifluoride - Normal Spectral Transmittance . . 977
358 Potassium Nickel Trifluoride - Nurmal Spectral Reflectance . . . . . 979
359 Potassium Nickel Trifluoride - Normal Spectral Transmittance . . . . 981
360 Rubidium Manganese Trifluoride - Normal Spectral Reflectance . . . . 983
361 Rubidium Manganese Trifluoride - Normal Spectral Transmittance . . . 985
362 Miscellaneous Cubic Perovskite Fluorides -
Normal Spectral Reflectance L s 987
363 Miscellaneous Cubic Perovskite Fluorides -
Normal Spectral Transmittance 5 o o o oflc o o ollc 989
364 Miscellaneous Fluorides - Normal Spectral Reflectance . . . . . . . 991
365 Miscellaneous Fluorides - Normal Spectral Transmittance . . . . . 993
366 Cesium Jodide - Normal Spectral Reflectance . . . . . . . . . . 995
367 Cesium lodide - Normal Spectral Transmittance . . . . . . . . . 997
368 Copper lodide - Normal Spectral Reflectance . . . . . . . . . . 999
369 Copper lodide - Normal Spectral Transmittance . . . . . . . . . 1001
370 Lead Diiodide - Normal Spectral Transmittance . . . . . . . . . 1003
371A Potassium lodide - Normal Spectral Reflectance . . . . . « . . . 1005
371 Potassium lodide - Normal Spectral Reflectance . . . . . . . . . 1006
372 Potagsium lodide - Normal Spectral Transmittance . . . . . . . . 1010
3713 Rubidium lodide - Normal Spectral Reflectance. . . . . . . . . . 1014
374 Rubidium Iodide - Normal Spectral Transmittance. . . . . . . . . 1018
375 Silver lodide - Normal Spectral Reflectance o offofic o |d o of o 1022
376 Silver Jodide - Normal Spectral Transmittance e e e e e e e 1024
377 Miscellaneous lodides - Normal Spectral Reflectance . . . . . . . 1026
378 Miscellaneous lodides -~ Normal Spectral Transmittance. . . . . . . 1028
379% Aluminum Nitride - Normal Total Emittance . . . . . . « . . . 1030
380 Aluminum Nitride - Normel Spectral Emittance . . . . . . . . . 1031
381 Aluminum Nitride - Normal Spectral Emittance . . . . . . . . . 1033
382 Aluminum Nitride - Normal Spectral Reflectance . . . . . . . . . 1035
- 383 Boron Nitride - Normal Total Emittance C e e e e e e e 1037
E. 384 Boron Nitride - Normal Spectral Emittance . . . . . . . . . . 1040
3 385A Boron Nitride - Normal Spectral Emittance . . . . . . . . . . 1042
- 385 Boron Nitride - Normal Spectral Emittance . . . . . . . . . . 1043
E ' 386A Boron Nitride - Normal Spectral Reflectance . . . . . . . . . . 1047
] 386 Boron Nitride - Normal Spectral Reflectance . . . . . . . . . . 1048
E. 387 Boron Nitride ~ Normal Spectral Transmittance . . . . . . . . . 1054
3 388 Hafnium Nitride - Normal Total Emittance . . . . . . . . . . 1056
E- 389 Hafnjum Nitride - Normal Spectral Emittance . . . . . . . . . . 1058
t- 390 Hafnium Nitride - Normal Spectral Emittance . . . . . . .« . . . 1060
b ‘ Note: Figure number with "A" indicates analyzed data graph.
—— * No figure
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5, NONOXIDE COMPOUNDS (continued)

Figure and/or

Table No. Material and Subyroperty Page

391 Silicon Nitride - No. mal Total Emittance 5 0 o b o0 0 @ 0 0 o 1062

392 Silicon Nitride - Normal Spectral Emittance O 0 0 0 0 0o 0 0 0 G 1065

393 Silicon Nitride - Normal Spectral Emittance O ppoO O 0O 0 O O ogo 1067

394 Silicon Nitride - Normal Spectral Reflectance . . ., . . . . . . . 1069

395 Tantalum Nitrides - Normal Total Emittance . . . . . . . . . . 1072

396 Tantalum Nitrides - Normal Spectral Emittance . . . . . . . . . 1074

397 Tantalum Nitrides - Normal Spectral Emittance . . . . . . . . . 1076

398 Zirconium Nitride - Normal Total Emittance O 0 0o 0o 0O 0 D O G 1078

399 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

o 404 Gallium Phosphide - Normal Spectral Emittance . . . . . . . . . 1092

:'_ i 405A Gallium Phosphide - Normal Spectral Reflectance . . . . . . . . . 1094

¥ 405 Gallium Phosphide - Normal Spectral Reflectance . . . « . . . . . 1095

-< 406 Gallium Phosphide - Normal Spectral Transmittance . . . . . . . . 1098

t’ 407 Indium Phosphide - Normal Spectral Reflectance . . . . . . . . . 1100

[ i 408 Indium Phosphide - Normal Spectral Transmittance . . . . . . . . 1102

- 409 Miscellaneous Phosphides -~ Normal Spectral Emittance . . . . . . . 1104

__. 410 Miscellaneous Phosphides - Normal Spectral Reflectance . . . . . . 1106

g 411 Cadmium Selenide - Normal Spectral Reflectance . . . . . . . . . 1108

A 412 Cadmium Selenide - Normal Spectral Transmittance . . . . . . . . 1110

?m 413 Zinc Selenide - Hemispherical Total Emittance . . . . . . . . . 1112

: 414 Zinc Selenide - Normal Spectral Emittance 5 0 0 0 00 o 0 O 1114

"_ i3 415A Zinc Selenide - Normal Spectral Reflectance 5 0 o o 0o b oo o 1117

: ) ‘, 415 Zinc Selenide -~ Normal Spectral Reflectance o 0O 0 0 0000 0 1118

i 416 Zinc Selenide - Normal Spectral Absorptance 0O 0 0o 0 0 0o 0 O 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 S 1134

': . 421 Boron Silicides - Normal Spectral Emittance . ., . . . . . . . . 1135

i 422 Boron Silicides - Normal Spectral Reflectance . . . . . . . . . 1137

! 423% Chromium Silicides - Normal Total Emittance . . . . . . . . . . 1139

424 Chromium Silicides - Normal Spectral Emittance , . . . . . . . . 1140

1 425 Chromium Silicides - Normal Spectral Emittance . . . . . . . . . 1142

t 426 Chromium Silicides - Normal Spectral Reflectance ., , ., ., . . . . 1144

1 427 Molyhdenum 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

1'?‘.. 432 Tantalum Disilicide - Normal Spectral Emittance , , , , , . ., ., . 1157

"r' 433 Tantalum Disilicide - Normal Spectral Emittance . . . . . . . . . 1159

::.- 434 Tantalum Disilicide - Normal Spectral Reflectance . . . . . ., . . 1161
P Note: Figure number with "A" indicates analyzed data graph.

* No figure

&

s L . ¥ t Ao A DIV TON WG O SN TPNY UGN PG DT TN TP U DO W Wy SRS el el e 4 P Ap Sl g% e casd




xxviii Grouping of Materials and List of Figures and Tables

5. NONOXIDE COMPOUNDS (continued)

Figure and/or

Table No, Material and Subproperty Page

435* Titanjum Silicides ~ Normal Total Emittance , , . . ., ., . . . . 1163

436 Titanium Silicides - Normal Spectral Emittance ., . . ., . ., ., . . 1164

437 Titanium Silicides - Normal Spectral Emittance , . . . . . . . . 1166

438 Titanium Silicides - Normal Spectral Reflectance . . . . . . . . . 1168

439 Miscellaneous Silicides - Normal Spectral Emittance e e e e e 1172

440 Miscellaneous Silicides - Normal Spectral Reflectance . . . ., . . . 1175

441 Diarsenic Trisulfide - Normal Spectral Reflectance 5 6 o a o a a 1177

442 Diarsenic Trisulfide - Normal Spectral Transmittance . . . . . . . 1179

443 Cadmium Sulfide - Normal Total Emittance 5 0 0o 0 0 0o 0o 0 o a 1181

444A Cadmium Sulfide - Normal Spectral Emittance . . . . . . . . . . 1183

444 Cadmium Sulfide - Normal Spectral Emittance . . . . . . . . . . 1184

445A Cadmium Sulfide - Normal Spectral Reflectance . . . . . . . . . 1188

445 Cadmium Sulfide - Normal Spectral Reflectance . . . . . . . . . 1190

446 Cadmium Sulfide - Normal Spectral Transmittance, . . . . . . . . 1194

447A Lead Sulfide - Normal Spectral Reflectance 5 o™ o0 o o 0 0 o o 1197

447 Lead Sulfide - Normal Spectral Reflectance 5 0 6 o 0 0 b O O O 1198

448 Lead Sulfide - Normal Spectral Transmittance . . . . . . . . . . 1204

449 Molybdenum Disulfide - Normal Spectral Reflectance 5 0o o 0 0o o o 1207

450 Molybdenum Disulfide - Normal Spectral Transmittance . . ., . . . . 1210

451 Zinc Sulfide - Hemispherical Total Emittance . . . . . . . . . . 1213

452 Zinc Sulfide - Normal Spectral Emittance e e e e e e e e e 1215

453A Zinc Sulfide - Normal Spectral Reflectance 5 0 o 0 0o 0o 0O O 0 o 1217

453 Zinc Sulfide - Normal Spectral Reflectance 5 0 0 0 0o 0 0 0 o 1218

454 Zinc Sulfide - Angular Spectral Reflectance 5 0 0 o o 5 a0 o0 a 1222

’ 455 Zinc Sulfide - Normal Spectral Absorptance e e e e e e e e e 1224
L'- 456% Zine Sulfide - Normal Solar Absorptance Sgd 0 O I a d A omd 1226
457 Zinc Sulfide - Normal Spectral Transmittance . . . . . . « « .+ 1227

458 Miscellaneous Sulfides - Normal Spectral Emittance o Id Bl 4 o o la 1231

459 Miscellaneous Sulfides - Normal Spectral Reflectance . . . . . . . 1233

460 Miscellaneous Sulfides - Normal Spectral Transmittance. . . . . . . 1235

461 Dibismuth Tritelluride - Normal Spectral Reflectance . . . . . . . 1237

462 Cadmium Telluride - Hemispherical Total Emittance 5 o o 0 0o o @ 1239

463 Cadmium Telluride - Normal Spectral Reflectance o ol 0 o oflc o 1241

464A Cadmium Telluride ~ Normal Spectral Transmittance . . . . . . . 1244

464 Cadmium Telluride - Normal Spectral Transmittance . . . . . . . 1246

465 Germanium Telluride - Normal Spectral Reflectance O o 0o o 0 o0 o 1250

466 Lead Telluride - Normal Spectral Reflectance 5 o 0 0o o o 1252

467 Lead Telluride - Normal Spectral Transmittance 5 o o 60 oo 1254

468 Manganese Telluride - Normal Spectral Reflectance O o 0 0o ogo o 1256
5 469 Tin Monotelluride - Normal Spectral Reflectance 5 0o 0 0 o 0 o 1259
E' 470 Tin Monotelluride - Normal Spectral Transmittance 5 o 0 0o O 0 o 1264
L;‘ 471 Zinc Telluride - Normal Spectral Reflectance 5 o 0o o 0o o o 1266
472 Zinc Telluride - Normal Spectral Transmittance 3 0o 0 o 0 o o 1268

Note: Figure number with "A' indicates analyzed data graph,
* No figure
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Grouping of Materials and List of Figures and Tables xxix

6, INTERMETALLIC COMPOUNDS

Figure and/or

Table No, Matertal and Subproperty Page
473* Beryllium Intermetallic Compounds - Nurmal Total Emittance. . . . . 1273
474 Beryllium Intermetallic Compounds - Normal Spectral Emittance. . . . 1274
475 Beryllium Intermetallic Compounds - Normal Spectral Emittance. . . . 1276
476 Beryllium Intermetallic Compounds - Normal Spectral Reflectance . . . 1279
477 CdSb Intermetallic Compound - Normal Spectral Reflectance . . . . . 1282
478 CuZn Intermetallic Compound - Angular Spectral Reflectance . . . . . 1285
479A GaSb Intermetallic Compound ~ Normal Spectral Reflectance . . . . . 1287
479 Gash Intermetallic Compound - Normal Spectral Reflectance . . . . . 1288
480 GaSb Intermetallic Compound - Normal Spectral Transmittance . . . . 1290
481 AuZn Intermetallic Comnpound - Angular Spectral Reflectance . . . . . 1292
482 Other Gold Intermetallic Compounds - Normal Spectral Reflectance . . . 1294
483 In,Gay_«Sb Intermetallic Compounds - Normal Spectral Reflectance . . . 1296
484A InSb Intermetallic Compound - Normal Spectral Reflectance . . . . . 1298
484 InSb Intermetallic Compound - Normal Spectral Reflectance . . . . . 1299
485A InSb Intermetallic Compound - Normal Spectral Transmittance . . . . 1305
485 InSb Intermetallic Compound - Normal Spectral Transmittance . . . . 1306
486 MgxAly, Intermetallic Compounds - Normal Spectral Transmittance . . . 1309
487A Mg,Sn Intermetallic Compound - Normal Spectral Reflectance . . . . . 1311
487 Mg,Sn Intermetallic Compound - Normal Spectral Reflectance . . . . . 1312
488* NiyAl Intermetallic Compounds - Normal Total Emittance e e e 1316
489 NixAl Intermetallic Compounds - Normal Spectral Emittance . . . . . 1317
490 NiyAl Intermetallic Compounds - Normal Spectral Reflectance. . . . . 1320
491A NbAly Intermetallic Compound - Normal Spectral Reflectance . . . . . 1322
491 NbAly Intermetallic Compound - Normal Spectral Reflectance . . . . . 1323
492 AgCd Intermetallic Compound - Angular Spectral Reflectance . . . , . 1326
493 AgZn Intermetallic Compound ~ Angular Spectral Reflectance , , , ., ., 1328
494 TaAly Intermetallic Compound - Normal Spectral Emittance ., ., . . . 1330
495A TaAly Intermetallic Compound - Normal Spectral Reflectance . , ., . . 1332
495 TaAl; Intermetallic Compound - Normal Spectral Reflectance , , , , . 1333
496%* TiAl Intermetallic Compound - Normal Total Emittance 5 0o 0 o0 O 1338
497 TiAl Intermetallic Compound - Normal Spectral Emittance 5l o 0 o © 1339
498 TiAl Intermetallic Compound - Normal Spectral Reflectance . . . . . 1341
499% TiCry Intermetallic Compound - Normal Total Emittance o 0o 0 0 o 1343
500 TiCry Intermetallic Compound - Normal Spectral Emittance . . . . . 1344
501 TiCry Intermetallic Compound - Normal Spectral Reflectance . . . . . 1346
502 ZnSb Intermetallic Compound - Normal Spectral Reflectance . . . . . 1348
503 Miscellaneous Intermetallic Compounds - Normal Spectral Reflectance . . 1351

2

5

Z’ 7. NONMETAL-METAL MIXTURES

E,‘ A. Sintered Pressed Powders

r‘ Figure and/or

" Table No. Material and Subproperty Page
b

R 504 [Al;O3 + Cr + ZX|| Cermets - Normal Total Emittance . . . . . . . 1355
= 505* [Al,03 + NiAl] Cermets - Normal Total Emittance S K 1.
P 506 [Al30y + NiAl] Cermets - Normal Spectral Emittance . . ., . . . . 1359
L

:_‘_ Note: Figure number with "A" indicates analyzed data graph.

= * No figure
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XXX Grouping of Materials and List of Figures and Tables

7. NONMETAL-METAL MIXTURES (continued)
A.  Sintered Pressed Powders (continued)

Figure and/or

Table No, Material and Subproperty Page
507 [Al;0; + NiAl] Cermets - Norma! Spectral Reflectance . . . . . . . 1363
508% [Al;0y + TiAl] Cermets - Normal Total Emittance g o 0o 0 o o o 1366
509 [Al;05 + TiAl] Cermets - Normal Spectral Emittance . . . . . . . 1367
510 [Al0y + TiAl) Cermets - Normal Spectral Reflectance . . . . . . . 1371
511 [Al;0y + W + ZX;] Cermets - Normal Total Emittance . . . . . . . 1374
512% [BeO + BeyTa] Cermets - Normal Total Emittance 5 o o o @ o o 1377
513 [BeO + Bey,Ta] Cermets - Normal Spectral Emittance . . . . . . . 1378
514 [BeO + Bey,Ta] Cermets - Normal Spectral Reflectance . . . . . . . 1382
515% [Cry0y + TiCry + IX|] Cermets - Normal Total Emittance . . . . . . 1385
516 [Cry03 + TiCrp + ZX;] Cermets - Normal Spectral Emittance . . . . . 1386
517 [Cry0y + TiCry + IX;] Cermets - Normal Spectral Reflectance . . . . 1390
518% [NiO + NiAl + IX{] Cermets - Normal Total Emittance . . . . . . . 1393
519 [NiO + NiAl + ZX;) Cermets - Normal Spectral Emittance 2 0 0 o o 1394
520 [NiO + NiAl + IX;] Cermets - Normal Spectral Reflectance . . . . . 1398
521 [Si0 + Cr] Cermets - Normal Spectral Transmittance . . . . . . . 1401
522% [Ta;O5 + BegsTa] Cermets - Normal Total Emittance .« . . .+ .« . . 1403
523 [Ta,04 + BeyTa) Cermets - Normal Spectral Emittance . . . . . . . 1404
524 [Ta;O4 + BeyyTa] Cermets - Normal Spectral Reflectance .« . . . . . 1406
525 [ThO, + Ni] Cermets - Normal Total Emittance T 1408
526 [TiB; + Ti) Cermets - Normal Spectral Emittance T 1410
527 {TiC + Ni] Cermets - Hemispherical Total Emittance . . . . . . . 1412
528% [TiC + Ni) Cermets - Normal Total Emittance gfjac o o |4 o g 1415
529% [TiOy + TiCry] Cermets - Normal Total Emittance 5 0 0 0 0 o G 1419
530* [TiO; + TiCr;) Cermets - Normal Spectral Emittance ., . . . ., . . 1420
531 [TiOg + TiCrg] Cermets - Normal Spectral Reflectance . . ., . . . . 1421

B, Pressed Powders

532 [MoOg + Ni) Powders - Normal Spectral Reflectance e e e e e 1425

‘ 533 {SiOy + Al) Powders - Normal Spectral Reflectance e e e e e 1428
'E Y 534 (TaAly + Al] Powders - Normal Spectral Reflectance ., ., , ., ., . , 1431
E‘ ' 535 {TaAly + Ta) Powders - Normal Spectral Reflectance e e e e 1433
- . 536 [TiB, + Ni] Powders - Normal Spectral Reflectance e e e e e 1435
E’“ 537 [TiB; + Ti] Powders - Normal Spectral Reflectance . . . . . . . 1437
[_". 538 [TiOg + Ti} Powders - Normal Spectral Reflectance o 8 0 o o 0 a 1439
4 : 539 [2ZrO, + Al) Powders - Normal Spectral Reflectance 5 0 0 o 0o 0 o 1442
k. 540 [TiBy + B] Powders - Normal Spectral Reflectance o o o 0o o a a 1447
2
e .
- 8. MISCELLANEOUS MIXTURES
: Figure and/or
| Table No, Material and Subproperty Page
3 541 T-12 Commercial Optical Material - Angular Spectral Reflectance , . ., 1451
3 542 T-12 Commercial Optical Material - Normal Spectral Transmittance . 1453
: 543 Thallium Bromide-Chloride (KRS-6) - Angular Spectral Reflectance . . . 1455
" P 544 Thallium Bromide-Chloride (KRS-6) - Normal Spectral Transmittance ., . 1457
B * No figure
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8. MISCELLANEOUS MIXTURES (continued)

Figure and/or

Table No. Material and Subproperty Page
545 Thallium Bromide-lodide (KRS-5) - Normal Spectral Emittance . . . . 1459
546 Thallium Bromide-lodide (KRS-5) - Angular Spectral Reflectance . . . 1461
547 Thallium Bromide-Jodide (KRS-5) - Normal Spectral Transmittance. . . 1463
548 [B,C + MoO,] Powders - Normal Spectral Reflectance . . . . . . . 1465
549%* [TiB; + HyBOg) Powders - Normal Total Emittance 5 0o 0o o oo g 1468
550 (TiB; + HyBO;) Powders - Normal Spectral Emittance . . . . . . . 1469
551 [TiB; + HyBO,) Powders - Normal Spectral Reflectance . . . . . . . 1471
552* [MoSi; + MoO;] Powders - Normal Total Emittance 6 0 0 0 D O G 1473
553 [MoSi; + MoOy) Powders - Normal Spectral Emittance . . . . . . . 1474
554 [MoSiy + MoO,] Powders - Normal Spectral Reflectance . . . . . . . 1476
555* [MoSi; + SiO;] Powders - Normal Total Emittance e e e e e 1478
556 [MoSi; + SiO,) Powders - Normal Spectral Emittance voe e e e 1479
557 [MoSi; + SiO,) Powders - Normal Spectral Reflectance . . . . . . . 1482 |
558 [TiB; + SiO,y) Powders - Normal Spectral Reflectance . . . . . . . 1484 i
559% [TiBy + TiOy] Powders - Normal Total Emittance S 1489
560 [TiB; + TiOq) Powders - Normal Spectral Emittance 5o 0o 00 0o o o 1490
561 [TiB; + TiO,] Powders - Normal Spectral Reflectance . . . . . . . 1493
562 0 [TiB; + ZrSi;) Povders - Normal Spectral Reflectance . . . . . . . 1495
563* [TiSi; + TigSis] Powders - Normal Total Emittance e e e e 1498
564 (TiSiy + TigSig] Powders - Normal Spectral Emittance . . . . . . . 1500
565 [TiSiy + TigSig) Powders - Normal Spectral Reflectance . . . . . . . 1504
566 - [ZrSiy + TiO,] Powders - Normal Spectral Reflectance . . . . . . . 1507
567* [MoSi; + MoO, + SiOg] Powders - Normal Total Emittance . . . . . . 1510
568 [MoSiy + MoO; + Si0,] Powders - Normal Spectral Emittance . ., , . . 1511
569 [MoSt; + MoO; + S$i0;] Powders - Normal Spectral Reflectance, , . . . 1513
570% [TiBy + TiO; + HyBOy] Powders - Normal Total Emittance . ., , . . . 1515
571 [TiBy + TiO, + HyBO;) Powders - Normal Spectral Emittance ., , ., ., , 1516
572 [TiBy + Ti0p + HyBOg) Powders - Normal Spectral Reflectance . . . . 1518

9. GLASSES

Figure and/or

Table No. Material and Subproperty Page
573 Aluminum Silicate Glass - Normal Total Emittance . . . . . . . . 1523
574 Aluminum Silicate Glass - Normal Spectralmffﬂm'hnC,e . . 1525
r'-‘ 575% Aluminum Silicate Glass - Normal Solar Absorptance , . . . . . . 1527
3 576 Aluminum Silicate Glass - Normal Integrated Transmittance . . . . . 1528
: 577 Aluminum Silicate Glass - Normal Spectral Transmittance 5 0 o0 0 o 1530
. 578 American Optical and Schott Glasses - Normal Spectral Transmittance . . 1532
1 4 579 Arsenic Glasses - Normal Spectral Transmittance 50 0 0o o o 1535
;‘ 580 Borosilicate Glasses - Normal Total Emittance 5 0 o 0o g O G 1539
E' 581 Borosilicate Glasses - Normal Spectral Emittance 5 0 0 0 b o g 1541
. y 582 Borosilicate Glasses - Normal Spectral Reflectance o 0o o ole o o 1543
) ! 583* Borosilicate Glasses - Normal Solar Absorptance B -1
F i 584* Borosilicate Glasses - Normal Integrated Transmittance, . ., . . . . 1546
; 1 585 Borosilicate Glasses -~ Hemispherical Spectral Transmittance o o o o 1547
4
'.‘._' * No figure
L9
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9. GLASSES (continued)

Figure and/or

Table No. Material and Subproperty Page

586 Borosilicate Glasses - Normal Spectral Transmittance . . . . . . . 1549

587 Calcium Aluminate Glasses - Normal Spectral Reflectance . . . . . . 1551

588 Calcium Aluminate Glasses - Normal Spectral Transmittance . . . . . 1553

589 Electroconducting Glasses -~ Normal Total Emittance 5 0 0 0 0 o o 1559

590 Electroconducting Glasses - Normal Spectral Reflectance ., . . . . . 1561

591% Electroconducting Glasses - Normal Solar Absorptance , , ., . . . . 1563

592 Electroconducting Glasses - Normal Integrated Transmittance , ., , ., . 1564

g 593 Electroconducting Glasses - Normal Spectral Transmittance . . . . . 1566

: 594%* Fused Silica Glass - Hemispherical Total Emittance 5 0 0o o o O o 1568

' 595 Fused Silica Glass - Normal Total Emittance . . . . . . . . . . 1569

e 596 Fused Silica Glass ~ Normal Spectral Reflectance . . . . . . . . . 1571

_‘ 597* Fused Silica Glass - Normal Solar Absorptance . . . . . . . . . 1573

598 Fused Silica Glass - Normal Integrated Transmittance . . . . . . . 1574

L 599 Fused Silica Glass - Normal Spectral Transmittance . . . .+ . . . 1576

;' 600%* Fused Silica Glass - Normal Solar Transmittance . . . . . . . . . 1578

4 601 ° Pyrex - Normal Total Emittance 5 00 0o O O 0 o o0 O 1579

k. 602 Pyrex - Normal Spectral Emittance e e e e e e e e 1581

F’ 603 Pyrex - Normal Spectral Emittance T 1583

! 604 Pyrex - Normal Spectral Reflectance L I R 1585

: i 605 Pyrex - Angular Spectral Reflectance T 1587

k.” 606* Pyrex - Normal Solar Absorptance 5 0o o 0 0 0 0o a8 0 o 1589

::- g 607* Pyrex - Normal Integrated Reflectance D o o D O o 0 0 O G 1590

. 608 Pyrex - Hemispherical Spectral Transmittance . . . . . . . . . . 1591

609 Pyrex - Norrpal Spectral Transmittance 0O 0o o ofcl o 0o 0o o0 ¢ 1593

F. 610% Pyrocerams - Hemispherical Total Emittance . . . . . . . . . . 1595

611 Pyrocerams - Normal Total Emittance o o o o oo o a dlo 1596

612 Pyrocerams - Normal Spectral Emittance © 0 0o 0 00 0O 0 O 1598

613 Pyrocerams - Normal Spectral Emittance e e e e e e e e 1600

- 614 Pyrocerams - Normal Spectral Reflectance N 1602

y 615 Pyrocerams - Normal Spectral Absorptance . ., . . . , . . . . 1604

e 616* Pyrocerams - Normal Solar Absorptance N 1606

." 617 Pyrocerams - Normal Spectral Transmittance ., . . . . . . . . . 1607

:: 618 Soda Lime Glass - Normal Total Emittance e e e e e e e 1609

L g 619 Soda Lime Glass - Normal Spectral Reflectance ., , . ., . . . . . 1612

E. 620%* Soda Lime Glass - Normal Solar Absorptance , . . . . . . . . . 1614

- 621 Soda Lime Glass - Normal Integrated Transmittance 5 00 o o o ¢ 1615

! 622 Soda Lime Glass - Normal Spectral Transmittance 5 00 a o o ¢ 1617

623 Sulfide Glasses - Normal Spectral Transmittance 5 0o o o o 0 O 1619

£ 624 Vycor Glasses - Normal Total Emittance S 07

- 625 Vycor Glasses - Normal Spectral Emittance . . . . . . . . . . 1623

r i 626 Vycor Glasses - Normal Spectral Reflectance . . . . . . . . . . 1625

~— 627* Vycor Glasses - Normal Solar Absorptance 5 0o o 0o 0o o 0 0 a 1627

r 628 Vycor Glasses - Normal Integrated Transmittance . . . . . . . . 1628

5 629 Vycor Glasses - Hemispherical Spectral Transmittance . . . . . . . 1630

-. 630 Vycor Glasses - Normal Spectral Transmittance o 0 o o o ofjo o 1632

L' 631 Miscellaneous Corning Glasses - Hemispherical Total Emittance . . . . 1635

». 632 Miscellaneous Corning Glasses - Normal Spectral Emittance . . . . . 1637
b'»: * No figure
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Grouping of Materiuls and List of Figures and Tables xXxiii
9. GLASSES (continued)
Figure and/or
Table No. Material and Subproperty Page
633 Miscellaneous Corning Glasses - Normal Spectral Reflectance . . . . 1639
634 Miscellaneous Corning Glasses - Normal Spectral Transmittance . . . 1641
635 Miscellaneous Glasses - Normal Spectral Emittance O 0 0 0 0 O 1643
636 Miscellaneous Glasses - Normal Spectral Reflect~ace o 0 0 0 O O 1645
637 Miscellaneous Glasses - Hemispherical Spectral 1ransmittance ., . , 1647
638 Miscellaneous Glasses - Normal Spectral Transmittance ., . . . . . 1649
10, MINERALS AND ROCKS
Figure and/or
Table No, Material and Subproperty Page
639* Carbonate Minerals - Hemispherical Total Emittance . . . . . . . 1653
640 Carbonate Minerals - Normal Spectral Reflectance o o olo o o o 1654
G41 Carbonate Minerals - Normal Spectral Transmittance . . . . . . . 1657
642 Halide Minerals - Normal Spectral Reflectance o 610 o D O O 1659
643 Halide Minerals - Normal Spectral Transmitiance 5 o o 0 0 0 o 1661
644 Hydroxide Minerals - Normal Spectral Transmittance . . . . . . . 1663
645 Lunar Samples - Angular Spectral Reflectance 5 0 0 0o 0 0 O 1666
646 Molybdate Minerals - Normal Spectral Reflectance 5 0 0 0o o o0 o 1672
647* Oxide Minerals - Normal Total Emittance o o B dl o ollo o o o 1673
648 Oxide Minerals - Normal Spectral Emittance . . . . . . . . . . 1675
649 Oxide Minerals - Normal Spectral Reflectance . . . . . . . . . . 1677
650 Rocks - Normal Spectra! Reflectance 5 0o o 0o 0 0 O 0 O @ 1680
651% Silicate Minerals - Normal Total Emittance 5 o O O 0 0 0 0D O G 1685
652 Silicate Minerals - Normal Spectral Emittance . . . . . . . . . . 1686
653 Silicate Minerals - Angular Spectral Reflectance . . . . . . . . . 1688
654* Silicate Minerals - Normal Solar Absorptance ., . ., . . , . . . . 1692
655 Silicate Minerals - Normal Spectral Transmittance o 0o 60 0 0 0 o 1693
656 Sulfate Minerals - Normal Spectral Reflectance , , , . . . ., . . 1697
657* Sulfate Minerals - Normal Solar Absorptance , , . . . . . . . . 1700
658 Sulfate Minerals - Normal Spectral Transmittance , ., . . . . . . 1701
11, POLYMERS
Figure and/or
Table No. Material and Subproperty Page
659 Polyethylene - Normal Spectral Transmittance . , , , ., . . . . . 1705
660 Poly ( Ethylene Glycol-Terephthatic Acid) [Mylar) -
Normal Spectral Absorptance 5 0 0 0 0 0o 0 0 0 © 1708
661% Poly (Ethylene-Terephthatic Acid) [Mylar) - Angular Solar Absorptance , . 1710
662 Poly (Ethylene-Terephthatic Acid) [Mylar] -
Normal Spectral Transmittance 5 0 0 0o o 0o 0 O o O 1711
L 663 Polyimide [Kapton] - Normal Spectral Absorptance . . . . . . . . 1714
: 664 Polyimide [Kapton] - Normal Spectral Transmittance . . . . . . . 1716
3 665 Poly (Methyl Methacrylate) - Normal Spectral Reflectance . . . . . . 1719
; 666 Poly (Methyl Methacrylate) - Normal Spectral Absorptance . . . . . . 1721
=
- @
o= * No figure
L -
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xxxiv  Grouping of Materials and List of Figures and Tables

11, POLYMERS (continued)

Figure and/or

Table No. Material and Subproperty Page
667 Poly (Methyl Methacrylate) - Normal Spectral Transmittance . . . . . 1723
668 Polystyrene - Angular Spectral Reflectance s 0o o Mo o o o o o 1725
669 Polystyrene - Normal Spectral Transmittance . . . . . . . . . . 1728
670 Polytetrafluoroethylene [Teflon] - Normal Total Emittance . . . . . . 1730
671 Polytetrafluoroethylene [Teflon] ~ Normal Spectral Reflectance ., . . . 1732
672 Polytetrafluoroethylene [Teflon] - Normal Spectral Absorptance . . . . 1734
673 Polytetrafluoroethylene [Teflon) - Normal Spectral Transmittance . . . 1736
674 Rubber - Normal Spectral Reflectance s e e e e e e e 1739
675 Vinyl Resins and Plastics - Normal Spectral Reflectance . . . . . . 1741
676 Vinyl Resins and Plastics - Normal Spectral Absorptance ., . . . . . 1743
677 Vinyl Resins and Plastics - Normal Spectral Transmittance . . . . . 1745
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Notation

Absorption coefficient

Speed of light in a medium

Speed of light in a vacuum

Planck's first radiation constant, 2ncih
Planck’s second radiation constant, ¢oh 'k
Specific heat (constant pressure)

Thickness of slab sample

Elemental area on radiating surface

Base of natural logarithms

Irradiance : Electric field strength

Solid angle of cone

Planck constant

Magnetic field strength

Radiant intensity

Imaginary unit, Volume spectral emissive power
Index of absorption; Boltzmann constant
Complex dielectric constant

Relative permittivity or real dielectric constant,
real part of K*

Relative loss factor, imaginary part of K*
Radiance

Electronic mass

Sample mass: Radiant exitance

Index of refraction

Number density of free electrons

Degree of polarization

Electronic charge

Radiant encrgy

Reflectance factor: Reflectivity, from Fresnel
relations

Solar (wavelength distribution)

Time: Total (blackbody wavelength distribution)
Temperature (absolute): Internal transmittance
or transmissivity

Volume

Radiant density

Distance

Intrinsic impedance

- "‘—\_"'.l.’d“._:- T T

Absorptance: Absorptivity: Plane half angle of
right circular cone: Attenuation factor. real part
of 7; Angle of incidence

Solar absorptance

Radiance factor: Phase factor, imaginary part
of 7. Angle of refraction

Complex propagation factor

Emittance ; Emissivity

Permittivity of frec space

Complex permittivity

Real permittivity, real part of ¢*

Loss factor, imaginary part of ¢*

Angle between surface normal and direction of
incident flux, zenith angle, or colatitude '
Angle between surface normal and direction of
reflected or emitted flux

Wavelength

Integrated (wavelength distribution)
Permeability of free space

Complex permeability

Frequency

Constant, 3.14159...

Reflectance : Reflectivity

Stefan-Boltzmann constant

Transmittance

Azimuthal angle of incident flux

Azimuthal angle of reflected or emitted flux
Radiant flux

Solid angle of incident beam: 2r x frequency
Solid angle of reflected or emitted beam

Subscripts

s

gl PR s |

Perpendicular polarized component: Solar
(spectral distribution)

Parallel polarized component

Blackbody conditions

Spectral concentration

Total (blackbody wavelength distribution)
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Thermal Radiative Properties of

Nonmetallic Solids

1. 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 absplute
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 process.

There is a marked contrast between the radiative
properties of metallic and nonmetallic solids. In 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 clectron

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, and 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 nonmetallic
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 influences 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 ol 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 :
(1) 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 *‘volunie”
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 reraarks 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 secticns 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 § 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 1958 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 energy
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 radiant
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.

Blackbody. 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, ®.® = dQ/dt. Time rate of flow of
radiant encrgy. Erg per second, watt.

Radiant Intensity, 1.1 = d®/dw. Flux per unit solid
angle from a source. Watt per steradian.

g Y 2 .
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Radiance, L. L = d*®/dw dA cos 0. Flux propagated
in a given direction, per unit solid angle about that
direction and per unit area projected normal to the
directioa.

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

Irradiance, E. E = d®/dA. Flux per unit area incident
on a surface.

D. Properties*

Reflectance, p. The ratio of reflected flux to incident
flux.

Absorptance, 2. The ratio of absorbed flux to incident
flux.

Transmittance, 1. The ratio of transmitted flux to
incident flux.

Internal Transmittance, T. The ratio of the radiant
flux reaching the exit surface to the flux which
leaves the entry surface of a transparent body.

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

Absorptivity, a, 1,,. The absorptance of a specimen
that has an optically smooth surface and is thick
enough to be opaque.

Emissivity, ¢, ¢,,. 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, f. 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 (1) following the sy:mbol for the
property. For a quantity, spectral conce:n*vation,
designated by the subscript 4, such as ®, = d®/dA.

*Note : Properties endingin **ance’ are properties of real specimens,
regardless of thickness or surface condition. Properties ending in
“ivity" are intrinsic properties of the material of which the
specimen is composed, and can only be approactiad by values
measured on real specimens that have clean optically smooth
surfaces and are opaque.

Eradtes Bl e S B S e P s ma SRS Tt CP—g NNy TRyt SR QU SRR RNy ST




e e e e e b e e i e e e e b e

6a Theory, Estimation, and Measurement

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 (r) following tie property
symbol.

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

Integrated.t Havingaspectraldistribution prescribed
by integration over some specified portion of the
spectrum : designated by the symbol (%) following
the symbol lor 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 is
the angle between the specified direction and the
normal to the surface, and ¢ is th> azimuth of the
specified direction measured [rom some fiducial
mark on the specimen. For quantities, direction is
denoted by the subscripts 8, ¢ (¢ is only required
when the surface structure has lay). For properties,
the symbols 0, ¢ indicating direction are enclosed
in parentheses following the symbol for the
property as (0, ¢: 0, ¢’), those indicating the inci-
dent direction 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°, sec 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 modificr includes
0 > 15°, see Section 6.B.a for further detail.

Conical.} 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 0, ¢ as above, and the

*Frequently the modifier total is used to include any wavelength
distribution including blackbody : in this volume it refers only to
blackbody conditions and as such is applicable only to the
property emittance.

+ This modifier is not in widespread usage but is most convenient
for subproperty classification purposes in this volume.

1 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
cmitted, reflected. or transmitted radiance.

size is designated by the plane half angle of the
cone, 2. 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 2r replacing the 0, ¢. g or
0. ¢', g’ in parentheses following the symbol for
the property or quantity.

Specular. In the direction of mirror reflection. Under
these conditions, 0’ = 0 and ¢’ = ¢ + 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 ®@,, the absorbed flux @,, and the
transmitted flux @,:

O =0, +0,+ O, 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 are [53, 104, 107, 109,
120].
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The reflectance p is the ratio of reflected flux to
incident flux: the absorptance x is the ratio of
absorbed flux to incident flux: and the transmittance
T is the ratio of transmitted flux to incident flux.
Dividing both sides of equation (1) by ®; gives

l=p+x+1 (2)
For opaque materials, t = 0, hence for such materials
p+ =1 (t=0) (3)

Kirchhoff's law states that the absorptance is equal
to the emittance

A =c¢ 4)
Thus, for an opaque material
p+re=1 (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 interval 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 rcal 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

M =oT? (6)

in units of watts per square meter, where ¢ is the
Stefan- Boltzmann constant, 5.6697 x 1078 W .m~2.
K ~* and T is temperature in kelvins. The spectral. or
wavelength, distribution of this flux is given by the
Planck equation

A,;‘ = (.l/"-S[‘,Q Lr — I]_l (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 107'*W.m?, ¢, is
the second radiation constant, 1.43879 x 10" 2m- K,
and ¢ is the base of natural logarithms. The geometric
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distribution of this radiant exitance is given by
Lambert’s cosine law

l" = ’0 Cos () (8)

in which [, is the directional intensity of a plane
source in the direction () {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 = e2rn:1)oT? 9)

where (27 1) is the hemispherical total emittance of
the specimen at temperature T, and the spectral
exitance M is given by

M, = 2n.i)c, 27 S[e AT — 17! (10)

where ¢(2r: /) is the hemispherical spectral emittance
of the specimen at wavelength 4 and temperature T.
The directional radiance L,, where 0 is the angle
from the given direction to the normal to the surface,
is given by

Ly=e0;t)n" 'aT?* (1)

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

Loy = el0;i)n™ cid™[e3T — 171 (12)

where e(0: ) is the directional spectral emittance of
the specimen at wavelength Z 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

*There is a 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 n?, where n is the index of
refraction of the medium. The increase in emitted energy when
radiating i