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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 iias 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 percent! 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 
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TÜi       Foreword 

and Technology, augmented by special legislation 
of the Congress of the United States. TPRC is one 
of the national resources participating in th'" National 
Standard Reference Data System in a united effort 
to satisfy the needs of the technical community for 
readily accessible, critically evaluated data. 

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

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

EDWARD L. BRADY 

Associate Director for Information Progr.ims 
National Bureau of Standards 

— ■ ll^l  »Ml 



Preface 

Thermophysical Properties of Matter, the TPRC 
Data Series, is the culmination of I "live years of 
pioneering effort in the generatioi. of tables of 
numerical data for science and technology. It 
constitutes the restructuring, accompanied by ex- 
tensive revision and expansion of coverage, of the 
original TPRC Data Book, first released in I960 in 
loose-leaf format, ll'xl?' in size, and issued in 
June and December annually in the form of supple- 
ments. The original loose-leaf Data Book was or- 
ganized in three volumes: (1) metallic elements and 
alloys, (2) nonmetallic elements, compounds, and 
mixtures which are solid at N.T.P., and (3) non- 
metallic elements, compounds, and mixtures which 
are liquid or gaseous at N.T.P. Within each volume, 
each property constituted a chapter. 

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

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

numerical data of science and technology without a 
continuing activity on contemporary coverage. The 
loose-leaf arrangements of many works fully recog- 
nize this fact and attempt to develop a combination 
of bound volumes and loose-leaf supplement arrange- 
ments as the work becomes increasingly large. 
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, I strongly urge all 
purchasers of these volumes to complete in detail 
and return the Volume Registration Certificate 
which accompanies each volume in order to assure 
themselves of the continuous receipt of annual 
listing of corrigenda during the life of the edition. 

The TPRC Data Series consists initially of 13 
independent volumes. The initial ten volumes will 
be published in 1970, and the remaining three by 
1972. It is also contemplated that subsequent to the 
first edition, each volume wiil 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. 
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Preface 

The aim uf 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 arc 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 tiMr. 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 arp as follows: 

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

Volumes 1, 2, 3 
Volumes 4, 5, 6 
Volumes 7, 8, 9 
Volumes 12, 13 

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

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

the result of obtaining internally consistent sets of 
property values, termed the "recommended reference 
values." In such work, gaps in the data often occur, 
for ranges of temperature, composition, etc. When- 
ever feasible, various techniques are used to fill in 
such missing information, ranging from empirical 
procedures to detailed theoretical calculations. Such 
studies are resulting in valuable new estimation 
methods being developed which have made it possible 
to estimate values for substances and/or physical con- 
ditions presently v . ■ isured 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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Standard Relerence Data Systeir.  under the cog- 
nizance of the National Bureau of Standards. 

While the preparation and continued mainten- 
ance of this work is the responsibility of TPRC's 
Data Tables Division, it would not have been possible 
without the direct input of TPRC's Scientific Docu- 
mentation Division and, to a lesser degree, the 
Theoretical and Experimental Research Divisions. 
The authors of th? various volumes are the senior 
staff members in responsible charge of the work. 
It should be clearly understood, however, that 
many have contributed over the years and their 
contributions are specifically acknowledged in each 
volume. I wish to take this opportunity to personally 

thank those members of the staff, research assistants, 
graduate research assistants, and supporting graphics 
and technical typing personnel without whose dili- 
gent and painstaking efforts this work could not have 
materialized. 

Y. S. TOULOUKIAN 

Director 
Thermophysical Properties Research Center 

Distinguished A tkins Professor of Engineering 

Purdue University 
Lafayette, Indiana 
July 1969 
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Introduction to Volume 7 

This volume of Thermophysical Properties of Matter, 
the TPRC Data Series, was initiated in recent years 
and follows the general format of the Center's earlier 
works on other properties except where departures 
and innovations were found necessary for the effective 
presentation of thermal radiative properties. 

The volume consists of three major sections: the 
front text material 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 a review of pre- 
dictive procedures and recognized experimental 
techniques will be appropriate in a major reference 
work of this kind. The extensive reference citations 
given in the text should lead the interested reader 
to sufficient literature for a detailed study. It is 
hoped, however, that enough detail is presented for 
tliis volume to be self-contained for the practical 
user. 

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 metallic 
elements and <netallic alloys of engineering im- 
portance. The extraction of all data directly from 
their original sources ensures freedom from errors of 
transcription. Furthermore, some gross errors ap- 
pearing 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 ar- 
chival 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 ether 
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 sup- 
ported principally by the National Aeronautics and 
Space Administration, Office of Advanced Research, 
under the moniiorship of Mr. Conrad Mook. We 
wish to acknowledge the benefit of extensive dis- 
cussions with Mr. D. W. Gates, Space Sciences 
Laboratory, NA8A-MSFC, and Mr. W. F. Carroll, 
Materials Section, Jet Propulsion Laboratory, who 
have followed the progress of work from the 
outset. 

Over the past four years, many graduate 
students, research assistants, and technical staff have 
contributed to the preparation of this volume for 
varying periods under the authors' supervision. In 
chronological order of their association with TPRC, 
we wish to acknowledge the contributions of I. M. 
Yeyinmen, R. S. Hernicz, B. Compani-Tabrizi, 
M. C. Muinzer, P. Sioshansi, J. J. Hsia, C. K. Hsieh, 
and R. L. Jones. Special mention should be made of 
two of these contributors still at TPRC: Mr. Muinzer 
was responsible for the final organization of the 
tables, figures, and text, and for the demanding task 
of checking details. Mr. Hernicz participated in 
nearly all phases of the program since its outset 
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xlv       Introduction to Volume 7 

and made valuable contributions to the data analysis 
activity in particular. 

The authors acknowledge the assistance of Mr. 
Joseph C. Richmond, National Bureau of Standa.ds, 
who provided valuable suggestions relating to nomen- 
clature and subproperty classification; many of the 
ideas in the text portion of this volume are a result 
of his direct effort. 

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 con- 
tribution to negative entropy of information, as 
an effort is made to create from the randomly dis- 
tributed data a condensed, more orderly state. 

While this volume is primarily intended as a 
reference work for the designer, researcher, experi- 
mentalist, and theoretician, the teacher at the 
graduate level may also use it as a teaching tool to 

point out to his students the topography of the st »te 
of knowledge on the thermal radiative properties of 
metals. We believe there is also much food for re- 
flection by the specialist and the academician con- 
cerning 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 bene- 
fit of suggestions regarding references omitted, 
additional material groups needing more detailed 
treatment, improvements in presentation or in 
recommended values, and, most important, any 
inadvertent errors. If the Volume Registration Cer- 
tificate accompanying this volume is returned, the 
reader will assure himself of receiving annually a 
list of corrigenda as possible errors come to our 
attention. 

Lafayette, Indiana 
July 1969 

Y. S. TOULOUKIAN 

D. P. DEWITT 
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1.    ELEMENTS 

Grouping of Materials and List of Figures and Tables      xrli 

GROUPING OF MATERIALS AND 
LIST OF FIGURES AND TABLES 

Figure and/or 
Table No. 

IA 

1 
2 

3 

4 

8* 

(i 

7A 

7 

* 
9» 

10* 

U 

12* 

13 

14 

15 

16* 
17 

18 

19 

20* 
21 

22 

23- 
24» 

25 

2« 

27 

28 

29 ' 

30 

31 

32 

33* 
34 

35" 

36* 

Note;    Figure 
'No figure 

Material and Sub-property Page 

Aluminum - Hemispherical Total Emlttance  2 

Aluminum - liemispherical Total Emittance  3 

Aluminum - Normal Total Emlttance  8 

Aluminum - Normal Spectral Emittanca  12 

Aluminum - Angular Special Emittance  15 

Aluminum - Angular Integrated Reflectance  18 

Aluminum - Hemispherical Spectral Reflectance  20 

Aluminum - Normal Spectral Reflectance  24 

Aluminum - Normal Spectral Reflectance  25 

Aluminum - Angular Spectral Reflectance  34 

Aluminum - Angular Spectral Reflectance  38 

Aluminum - Normal Solar Reflectance  40 

Aluminum - Hemispherical Integrated Absorptance  42 

Aluminum - Normal Integrated Absorptance  45 

Aluminum - Normal Spectral Absorptance  47 

Aluminum - Angular Spectral Absorptance  50 

Aluminum - Normal Solar Absorptance  52 

Aluminum - Angular Solar Absorptance  55 

Aluminum - Normal Spectral Transmittance  57 

Aluminum - Angular Spectral Transmittance  60 

Antimony - Angular Spectral Reflectance  63 

Antimony - Normal Spectral Transmittance  66 

Barium - Angular Pp^ctral Reflectance  68 

Beryllium - Normal Total Emittance  71 

Beryllium - Normal Spectral Emittance  74 

Beryllium - Normal Spectral Emlttance  76 

Beryllium - Normal Spectral Reflectance  78 

Beryllium - Normal Spectral Transmittance  82 

Bismuth - Normal Spectral Transmittance  85 

Bismuth - Angular Spectral Transmittance  88 

Cadmium - HemiBpherical Total Emittance  91 

Cadmium - Angular Spectral Reflectance  93 

Cadmium - Hemispherical Integrated Absorptance  96 

Cadmium - Angular Spectral Absorptance  98 

Chromium - Hemispherical Total Emittance  101 
Chromium - Normal Total Emittance  103 

Chromium - Normal Spectral Emittance  106 

Chromium - Normal Spectral Emittance  108 

number with "A" indicates analyzed data graph. 



mrlli       Grouping of Materials and List of Figures and Tables 

1.   ELEMENTS   (continued) 

Kigurt' and/or 
Table Mo. MaU'rial and Sub-property Plfli 

37 Chromium - Normal Spectral Reflectance  11(1 

38* Chromium - Angular Spectral Reflectance  113 

39 Chromium - Normal Spectral Absorptance  115 

40' Chromium     Normal Solar Absorptancc  UH 

41 Chromium - Normal Spectral Transmittance  120 

42 Cobpit - Normall'otal Emittance  123 

43A Cobalt - Normal Spectral Emittance  126 

43 Cobalt - Normal Spectral Emittance  127 

44 Cobalt - Angular Spectral Reflectance  132 

45A Copper - Hemispherical Total Emittance  130 

45 Copper - MemiBphcrical Total Emittance  137 

4()A Copper     Normal Total Emittance  142 

40 Copper - Normal Total Emittance  143 

47 Copper - Normal Spectral Emittance  149 

48A Copper - Normal Spectral Emittance  152 

48 Copper - Normal Spectral Emittance  153 

49A Copper - Normal Spectral Reflectance  158 

49 Copper - Normal Spectral Reflectance  159 

50 Copper - Angular Spectral Reflectance  165 

51 Copper - Angular Spectral Reflectance  169 

52 Copper - Normal Solar Reflectance  172 

53* Copper - Hemispherical Integrated Absorptance  177 

54* Copper - Normal Integrated Absorptance  179 

55* Copper - Normal Spectral Absorptance  181 

5GA Copper - Normal Spectral Absorptance  184 

56 Copper - Normal Spectral Absorptance  185 

57 Copper - Angular Spectral Absorptancc  188 

58* Copper - Hemispherical Solar Absorptance  191 

59 Copper - Normal Solar Absorptance  193 

60A Copper - formal Spectral Transmittance  198 

60 Copper - Normal Spectral Transmittance  199 

61* Erbium - Normal Spectral Emittance  202 

62 Gadolinium - Normal Spectral Reflectance  204 

63 Gadolinium - Normal Spectral Transmittance  207 

64 Gallium - Normal Spectral Reflectance  210 

65 Gallium - Normal Spectral Absorptance  213 

66 Gallium - Normal Spectral Transmittance  216 

67 Germanium - Normal Total Emittance  219 

68* Germanium - Normal Spectral Emittance  222 

69A Germanium - Normal Spectral Emittance  224 

69 Germanium - Normal Spectral Emittance  225 

70A Germanium - Normal Spectral Reflectance  230 

70 Germanium - Normal Spectral Reflectance  231 

71A Germanium - Normal Spectral Transmittance  236 

Note:   Figure number with "A" indicates analyzed data graph. 
;'No figure 
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1.    ELEMENTS   (continued) 

Grouping of Materials and List of Figures and Tables       xix 

Figure and/or 
Table No. 

71 

72 

73A 

73 

74* 

75A 

75 

It 
77A 

77 

7N 

79* 

go* 
81' 

82» 

83 ■> 

84 

85« 

86* 

87' 

88 

»9* 

90 

91 

92:' 

93 

94 

95A 

95 

96A 

M 
97 

U8::' 

99 

100 

101* 

102 

103 

104* 

105* 

106* 

107* 

108* 

109* 

Note:   Figure 
*No figure 

Material and Sub-property Page 

Germanium - Normal Spectral Transmittance  237 

Germanium - Angular Spectral Transmittance  240 

Gold - Hemispherical Total Emittance  244 

Gold - Hemispherical Total Emittance  245 

Gold - Normal Total Emittance  248 

Gold - Normal Spectral Emittance  250 

Gold - Normal Spectral Emittance  251 

Gold - Normal Spectral Emittance  254 

Gold - Normal Spectral Reflectance  258 

Gold - Normal Spectral Reflectance  259 

Gold - Angular Spectral Reflectance  264 

Gold - Normal Solar Reflectance    267 

Gold - Hemispherical Integrated AbsorpU.ice  269 

Gold - Normal Spectral Absorptance  271 

Gold - Normal Spectral Absorptance  273 

Gold - Angular Spectral Absorptance  275 

Gold - Normal Solar Absorptance  277 

Hafnium    Hemispherical Total Emittance  280 

Hafnium - Normal Spectral Emittance  282 

Hafnium - Normal Spectral Emittance  284 

Indium - Angular Spectral Absorptance  286 

Iridium - Normal Spectral Emittance  289 

Iridium - Normal Spectral Emittance  291 

Iridium - Normal Spectral Reflectance  294 

Iridium - Angular Spectral Reflectance  297 

Iridium - Angular Spectral Reflectance  299 

Iron - Hemispherical Total Emittance  302 

Iron - Normal Total Emittance  306 

Iron - Normal Total Emittance  307 

Iron- Normal Spectral Emittance  310 

Iron - Normal Spectral Emittance  311 

Iron - Normal Spectral Emittance  316 

Iron - Normal Spectral Reflijctance  319 

Iron - Normal Spectral Reflectance  321 

Iron - Angular Spect' 'I Reflectance  324 

Iron - Normal Spectral Absorptance  327 

Iron - Normal Spectral Absorptance  329 

Iron - Normal Solar Absorptance  332 

Lead - Hemispherical Total Emittance  335 

Lead - Normal Total Emittance  337 

Lead - Hemispherical Integrated Absorptance  339 

Lead - Normal Integrated Absorptance  341 

Lead - Normal Spectral Absorptance ....   343 

Lead - Angular Spectral Absorptance.  345 

number with "A" indicates analyzed data graph. 



XX Grouping of Materials and List of Figures and Tables 

1.    ELEMENTS   (continued) 

Figure and/or 
Table No. 

Illl 

Ill 

111! 

113- 

114* 

II r. 

IM 
117* 

118* 

IU 

120 ■ 

121A 

1^1 

i22A 

122 

123 

124A 

124 

125 

126* 

127 

12s 

129 

IM 

131A 

131 

132A 

132 

133 

134A 

134 

135A(1) 

135A(2) 

13.r) 

136 

137 

138* 

139 

140 

141* 

142 

143A 

143 

144* 

Note:    Figure 
'No figure 

Material and Sub-property I'age 

Lutetium - Non.ial Spectral Heflectance  347 

Lutetium - Normal Spectral Transmlttanco  350 

Magnesium - Hemispherical Total Emittance  353 

Magnesium - Normal Spectral Rrflectancc  356 

Magnesium - Angular Spectral Heflectanee  35M 

Magnesium - Normal Solar Reflectance  360 

Magn sium - Normal Solar AbsorpUince  364 

Magnesium - Normal Spectral Transmittancc  36> 

Manganese - Normal Spectral Emittance  369 

Manganese - Angular Spectral Reflectance  371 

Manganese - Angular Spectral Absorptanee  374 

Molybdenum - Hemispherical Total Emittance  376 

Molybdenum - Hemispherical Total Emittance  377 

Molybdenum - Normal Total Emittance  382 

Molybdenum - Normal Total Emittance  383 

Molybdenum - Normal Spectral Emittance  387 

Molybdenum - Normal Spectral Emittance  392 

Molybdenum - Normal Spectral Emittance  393 

Molybdenum - Normal Spectral Heflectance  398 

Molybdenum - Angular Spectral Reflectance  402 

Molybdenum - Normal Spectral Absorptanee 104 

Molybdenum - Angular Spectral Absorptanee  407 

Molybdenum - Normal Solar Absorptanee  410 

Nickel - Hemispherical Total Emittance  413 

Nickel - Normal Total Emittance  416 

Nickel - Normal Total Emittance  417 

Nickel - Normal Spectral Emittance  424 

Nickel - Normal Spectral Emittance  425 

Nickel - Normal Spectral Emittance  434 

Nickel - Normal Intcgraied Reflectance  440 

Nickel - Normal Integrated Reflectance  441 

Nickel - Angular Integrated Reflectance  446 

Nickel - Angular Integrate Heflectance  447 

Nickel - Angular Integrated Reflectance  448 

Nickel - Normal Spectral Riflectance  454 

Nickel - Angular Spectra. R rflectance  457 

Nickel - Hemispherictt.'fti.vci. rated Absorptanee  460 

Nickel - Normal Spectral Absorptanee  462 

Nickel - Angular Spectral Absorptanee  465 

Nickel - Hemispherical Solar Absorptanee  468 

Nickel - Normal Solar Absorptanee  470 

Niobium - Hemispherical Total Emlilance  474 

Niobium - Hemispherical Total Emittance  475 

Niobium - Normal Total Emittance  480 

number with "A" indicates analyzed data graph. 
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1.    ELEMENTS   (continued) 

Grouping of Materials and List of Figures and Tables       xxi 

Figure and/or 
Table No. 

145 

146A 

14« 

147 A 

147 

148 

149* 

160' 

151 

152 

153* 
154 
155 

156* 

157 

158 A 

IM 
159 

160 

161A 

Ifil 

162 

163* 

164* 

165 

166 

167* 

168 

16Ü 

170 

171 

172* 

173 

174 

175* 

17« 

177 

178* 

179* 

180* 

181* 

182* 

183A 

183 

184A 

Note:   Figure 
*No figure 

Material and Sub-property Page 

Niobium - Normal Spectral Emittance  4 82 

Niobium - Normal Spectral Emittance  486 

Niobium - Normal Spectral Emittance  487 

Niobium - Normal Spectral Reflectance  492 

Niobium - Normal Spectral Reflectance  4 93 

Niobium - Angular Spectral Absorptance  497 

Osmium - Normal Spectral Emittance  500 

Palladium - Hemispherical Total Emittance  502 

Palladium - Normal Total Emittance  504 

Palladium - Normal Spectral Emittance  507 

Palladium - Normal Spectral Emittance  51u 
Palladium - Normal Spectral Reflectance  512 

Palladium - Normal Spectral Absorptance  515 

Palladium - Normal Solar Absorptance  518 

Palladium - Normal Spectral Transmittance  520 

Platinum - Hemispherical Total Emittance  524 

Platinum - Hemispherical Total Emittance  525 

Platinum - Normal Total Emittance  529 

Platinum - Normal Spectral Emittance  532 

Platinum - Normal Spectral Emittance  536 

Platinum - Normal Spectral Emittance  537 

Platinum - Normal Spectral Reflectance  544 

Platinum - Angular Spectral Reflectance  547 

Platinum - Angular Spectral Reflectance  549 

Platinum - Normal Spectral Absorptance  551 

Platinum - Angular Spectral Absorptance  554 

Platinum - Normal Solar Absorptance  557 

Rhenium - Hemispherical Total Emittance  559 

Rhenium - Normal Total Emittance  562 

Rhenium - Normal Spectral Emittance  565 

Rhenium - Normal Spectral Emittance  568 

Rhodium - Hemispherical Total Emittance  571 

Rhodium - Normal Total Emittance  573 

Rhodium - Normal Spectral Emittance  576 

Rhodium - Normal Spectral Emittance  579 

Rhodium - Normal Spectral Reflectance  581 

Rhodium - Angular Spectral Reflectance  584 

Rhodium - Angular Spectral Absorptance  587 

Rhodium - Normal Solar Absorptance  589 

Ruthenium - Normal Spectral Emittance  591 

Silicon - Normal Total Emittance  593 

Silicon - Normal Spectral Emittance  595 

Silicon - Normal Spectral Emittance  598 

Silicon - Normal Spectral Emittance  599 

Silicon - Normal Spectral Reflectance  604 

number with "A" Indicates analyzed data graph. 
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xxii       Grouping of Materials and List of Figures and Tables 

1.    ELEMENTS   (continued) 

Figure and/or 
Table No. 

IM 
185 

186* 

187 
188 

189* 

igo* 

191* 

192 A 

192 

iaa 
194' 

195* 

196* 

197 

198 

199 

200A 

200 

201A 

201 

202A 

202 

203A 

203 

IMA 
204 

205 

206 

207 

208 

209 

210* 

211* 

212* 

213* 

214 

215* 

216* 

217 

218 

219 
220 

221 

Note:   Figure 
*No figure 

Material and Sub-property Page 

Silicon - Normal Spectral Reflectance  605 

Silicon - Angular Spectral Reflectance  611 

Silicon - Normal Spectral Absorptance  614 

Silicon - Normal Spectral Transmittance  616 

Silver - Hemispherical Total Emittance  620 

Silver - Normal Total Emittance  623 

Silver - Normal Spectral Emittance  625 

Silver - Normal Spectral Emittance  627 

Silver - Normal Spectral Reflectance  630 

Silver - Normal Spectral Reflectance  631 
Silver - Angular Spectral Reflectance.  636 

Silver - Hemispherical Integrated Absorptance  639 

Silver - Normal Spectral Absorptance  641 

Silver - Normal Spectral Absorptance  643 

Silver - Angular Spectral Absorptance  645 

Silver - Normal Solar Absorptance  648 

Silver - Normal Spectral Transmittance   651 

Tantalum - Hemispherical Total Emittance  654 

Tantalum - Hemispherical Total Emittance  655 

Tantalum - Normal Total Emittance  660 

Tantalum - Normal Total Emittance  661 

Tantalum - Normal Spectral Emittance  666 

Tantalum - Normal Spectral Emittance  667 

Tantalum - Normal Spectral Emittance  672 

Tantalum - Normal Spectral Emittance  673 

Tantalum - Normal Spectral Reflectance  678 

Tantalum - Normal Spectral Reflectance  679 

Tantalum - Angular Spectral Reflectance  684 

Tantalum - Normal Solar Absorptance  687 

Thallium - Normal Spectral Reflectance  690 

Thallium - Angular Spectral Reflectance.  693 

Thallium - Normal Spectral Transmittance  696 

Thorium - Normal Spectral Emittance  699 

Thorium - Normal Spectral Emittance  701 

Tin - Hemispherical Total Emittance  703 

Tin - Normal Total Emittance         705 

Tin - Normal Spectral Reflectance  707 

Tin - Hemispherical Integrated Absorptance  710 
Tin - Normal Integrated Absorptance  712 

Tin - Normal Spectral Absorpouice  714 

Tin - Angular Spectral Absorptance    717 

Tin - Normal Spectral Transmittance  720 

Titanium - Hemispherical Total Emittance  723 

Titanium - Normal Total Emittance "  726 

number with "A" indicates analyzed data graph. 
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1.   ELEMENTS   (continued) 

Grouping of Materials and List of Figures and Tables       xxiii 

Figure and/or 
Table No. 

223 

234 

225 

22(!A 

?26 
227A(1) 

227A(2) 

227 

228* 

229:' 

230* 

231A 

TM 

232A 

21)2 

233A 

233 

234 A 

234 

235 

236'! 

237 ♦ 
238 

239A 

239 

240* 

241 

242A 

242 

243A 

243 

244* 

245A 

24.", 

246A 

24(i 

247* 

24« 

249* 

250* 

251* 

2 52 A 

252 

Note:   Figure 
*No figure 

Material and Sub-property Page 

Titanium - Normal Spectral Emittance  729 

Titanium - Normal Spectral Emittance 732 

Titanium - Angular Spectral Emittance 735 

Titanium - Angular Spectral Emittance 7;IH 

Titanium - Normal Spectral Reflectance   ....  744 

Titanium - Normal Spectral Reflectance         745 

Titanium - Angular Spectral Reflectance 751 

Titanium - Angular Spectral Heflerlance 752 

Titanium - Angular Spi'ctral Reflectance  753 

Titanium - Normal Solar Reflectance          7<i,J 

Titanium - Angular Spectral Absorptance  771 

Titanium - Normal Spectral Transmittance  773 

Tungsten - Hemispherical Total Emittance  776 

Tungsten - Hemispherical Total Emittance  777 

Tungsten - Normal Total Emittance  7«2 

Tungsten - Normal Total Emittance  7*) 

Tungsten    Normal Spectral Emittance  790 

Fungsten    Normal Spectral Emittance  7 91 

Tungsten - Normal Spectral Emittance  79<i 

Tungsten - Normal Spectral Emittance  797 

Tungsten - Angular Spectral Emittance  808 

Tungsten - Angular Spectral Emittance  810 

Tungsten - Angular Integrated Reflectance  812 

Tungsten - Normal Spectral Reflectance  814 

Tungsten - Normal Spectral Reflectance  818 

Tungsten - Normal Spectral Reflectance  819 

Tungsten - Angular Spectral Reflectance  823 

Tungsten - Angular Spectral Absorptance  825 

Uranium - Hemispherical Total Emittance  828 

Cranium - Hemispherical Total Emittance  829 

Uranium - Normal Spectral Emittance  834 

Uranium - Normal Spectral Emittance  835 

Uranium - Normri Spectral Emittance  838 

Uranium - Normal Spectral Emittance  840 

Uranium - Normal Spectral Emittance  841 

Vanadium - Normal Spectral Reflectance  844 

Vanadium - Normal Spectral Reflectance  845 

Vanadium - Angular Spectral Reflectance  848 

Vanadium - Angular Spectral Absorptance  850 

Yttrium - Normal Spectral Emittance  853 

Zinc - Hemispherical Total Emittance  855 

Zinc - Normal Total Emittance  857 

Zinc - Normal Spectral Reflectance  860 

Zinc - Normal Spectral Reflectance  801 

number with "A" indicates analyzed data graph. 



xxlv       Grouping of Materials and List of Figures and Tables 

l.   ELEMENTS   (continued) 

Figure and/or 
Table No. 

253* 

2:,-> 

256 

2.-.? 

zsa 
259» 
260 

Material and Sub-property Page 

Zinc - Hemispherical Integrated Absorptancc  »64 

Zinc - Normal Spectral Absorptance  866 

Zinc - Angular Spectral Absorptance  869 

Zirconium - Normal Total Emittance  872 

Zirconium - Normal Spectral Emittance  875 

Zirconium - Normal Spectral Emittance  878 
Zirconium - Normal Spectral Reflectance  881 

Zirconium - Angular Spectral Absorptance  883 

2.   BINARY ALLOYS 

Figure and/or 
Table No. Material and Sub-property Page 

261 Aluminum ♦ Cobalt - Normal Spectral Reflectance  887 

262 Aluminum + Magnesium - Normal Spectral Reflectance  890 

263 Aluminum * Silicon - Normal Spectral Reflectance  893 

264 Aluminum ♦ Silver - Normal Spectral Reflectance  896 

265* Bismuth + Tin - Normal Integrated Absorptancc         899 

266 Cobalt 4 Aluminum - Normal Spectral Reflectance  901 

267* Cobalt + Iron - Normal Spectral Emittance   904 

268* Cobalt ♦ Nickel - Normal Spectral Emittance   906 

269* Copper + Nickel - Normal Total Emittance,   908 

270* Copper + Tin - Normal Spectral Reflectance   910 
271* Copper + Zinc - Hemispherical Total Emittance         912 

272 Copper + Zinc - Normal Total Emitunce   914 

273 Copper * Zinc - Normal Spectral Reflectance   917 

274 Copper ♦ Zinc - Angular Spectral Reflectance   920 

275* Copper + Zinc - Hemispherical Integrated Absorptance  923 
276* Copper * Zinc - Normal Integrated Absorptance         925 

277A Copper ♦ Zinc - Angular Spectral Absorptance   928 

277 Copper + Zinc - Angular Spectral Absorptance   929 

278 Gold ♦ Silver - Normal Spectral Reflectance   932 

280* Iron + Chromium - Normal Spectral Reflectance        938 

281* Iron + Chromium - Angular Spectral Reflectance  940 

282 Iroi. i Nickel - Normal Spectral Emittance   942 

283 Iron ♦ Tungsten - Normal Spectral Emittance   945 

284* Lead + Tin - Hemispherical Total Emittance   948 

285 Magnesium + Aluminum - Normal Spectral Reflectance  950 

286 Molybdenum ♦ Titanium - Normal Total Emittance  953 

287 Molybdenum ♦ Titanium - Angular Total Emittance  956 

288 Molybdenum ♦ Titanium - Normal Spectral Emittance  959 

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

  



Grouping of Mater' .s and List of Figures and Tables       xxv 

2.     U1NAHY ALLOYS   (cunlinui'dl 

Flgurs and/or 
I'able No. 

2 «a A 

2Hi> 

290* 

291 

292A 

2 «2 

289 

I SB 

2»! 

2a7A 

297 

298* 

299 

:t00" 

301A 

302 

303» 

304 

SOS 

30*; 

307 

308 

309* 

310* 

311A 

311 

312A 

312 

313A 

313 

314 

315* 

316 

317 

318* 

Ml) 

320 

321* 

Material and Sub-property Page 

Mulybdenum • Titanium - Normal Spectral Reflectance  9t>2 

Molybdenum • Tltani'im - Normal Spectral Reflectance  963 

Molybdenum * Tungsten - Hemispherical Total Emittance  967 

Molybdenum • Tungsten - Normal Spectral Emittance          9(i9 

Nickel • Chromium - Normal Spectral Emittance  972 

Nickel * Chromium - Normal Spectral Emittance  973 

Nickel ♦ Iron - Normal Spectral Emittance                   976 

Niobiun. • Tungsten - Hemispherical Total Emittance  981 

Niobium * Tungsten - Normal Spectral Emittance  984 

Niobium ♦ Zirconium - Hemispherical Total Emittance  988 

Niobium f Zirconium - Hemispherical Total Emittance  989 

Niobium • Zirconium - Normal Total Emittance          992 

Niobium ' Zirconium - Normal Spectral Emittance  994 

Platinum ' Rhodium - Hemispherical Total Emittance  997 

Platinum     Rhodium - Normal Total Emittance           1000 

Platinum ♦ Rhodium - Normal Total Emittance           1001 

Platinum t Rhodium - Normal Spectral Emittance  1004 

Silver t Aluminum - Normal Spectral Reflectance  1007 

Silver ♦ Aluminum - Angular Spectral Reflectance  1009 

Silver ♦ Beryllium - Angular Spectral Reflectance  1012 

Silver ^ Gold - Normal Spectral Reflectance                1015 

Sliver * Silicon - Angular Spectral Reflectance            1018 

Tantalum + Tungsten - Normal Total Emittance          1021 

Tantalum * Tungsten - Normal Spectral Emittance  1024 

Tin t Indium - Normal Integrated Absorptance            1026 

Titanium » Manganese - Normal Total Emittance  1028 

Titaniurr, + Manganese - Normal Total Emittance  1029 

Titanium t Manganese - Normal Spectral Emittance  1032 

Titanium ^ Manganese - Normal Spectral Emittance  1033 

Titanium + Manganese - Normal Spectral Reflectance  1036 
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Notation 
c Speed of light in a medium a 

Co Speed of light in a vacuum ". 
Ci Planck's first radiation constant, lTrc0

2h % 
e» Planck's second radiation constant, c0hlk X 

cP Specific heat (constant pressure) ß 
dA Elemental area on radiating surface ß 
e Base of natural logarithms y 
E Irradiance ( 
E Electric field strength *0 

g Solid angle of cone c* 

h Planck constant «' 
H Magnetic field strength «• 
I Radiant intensity e 
J Imaginary unit 
k Index of absorption e1 

k Boltzmann constant 
K* Complex dielectric constant A 
K' Relative permittivity or real dielectric con- A 

stant, real part of K* Po 
K" Relative loss factor, imaginary part of K* M* 
1 Mean free path V 

L Radiance n 

M Sample mass P 
M Radiant exitance a 

m Electronic mass a 

m RMS slope (surface roughness parameter) a 

n Index of refraction 
N Number density of free electrons T 

P Degree of polarization t 
1 Electronic charge f 
Q Radiant energy <D 
r Electrical resistivity at 

R Reflectance factor tu' 

s Solar (wavelength distribution) tu 

t Time Su 
t Total (blackbody wavelength distribution) s 
T Temperature (absolute) p 
V Volume b 
W Radiant density A 
X Distance / 
Z* Intrinsic impedance J 

Absorptance; Absorptivity 
Solar absorptance 
Plane half angle of right circular cone 
Attenuation factor, real part of y 
Radiance factor 
Phase factor, imaginary part of y 
Complex propagation factor 
Emittance; Emissivity 
Permittivity of free space 
Complex permittivity 
Real permittivity, real part of €* 
Loss factor, imaginary part of c* 
Angle between surface normal and direction 
of incident flux, zenith angle, or co-latitude 
Angle between surface normal and direction 
of reflected or emitted flux 
Wavelength 
Integrated (wavelength distribution) 
Permeability of free space 
Complex permeability 
Frequency 
Constant, 3.14. . . 
Reflectance; Reflectivity 
Electrical conductivity (Roberts' model only) 
Stefan-Boltzmann constant 
RMS roughness (surface roughness param- 
eter) 
Transmittance 
Azimuthal angle of incident flux 
Azimuthal angle of reflected or emitted flux 
Radiant flux 
Solid angle of incident beam 
Solid angle of reflected or emitted beam 
2ir x frequency 

Subscripts 
Perpendicular polarized component 
Parallel polarized component 
Blackbody conditions 
Spectral concentration 
Total (blackbody wavelength distribution) 
Solar (spectral distribution) 

la 
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Thermal Radiative Properties of Metals 

1. INTRODUCTION 

Radiation is one of Ihe 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 transport of energy by radiation, and 
second, the rate of heat dissipation by radiation 
varies approximately as the fourth power of the 
absolute temperature, while that by the other modes 
varies approximately as the first power of tempera- 
ture. For these reasons radiation becomes the 
dominant mode of heat transfer at high temperatures 
and in the absence of an atmosphere. 

There has been a marked increase of interest in 
radiant heat transfer and thermal radiative properties 
since about 1957, which is reflected in the scientific 
literature. In large measure this is due to the advent 
of the space age, because in the vacuum of spuce, 
radiation is the only mode of heat transfer to or from 
a satellite or space vehicle that does not also involve 
mass transfer. 

The thermal radiative properties of the opaque 
metallic materials are strongly influenced by surface 
effects arising from methods of preparation, surface 
finish, thermal history, and environmental inter- 
action. Oxide films in particular may significantly 
affect the thermal radiative properties and may 
change in thickness and in character as a result of 
heating unless very careful precautions are taken to 
prevent formation of such films, both prior to and 
during testing. 

The difficulties of characterizing data—un- 
ambiguously relating the measured property data to 
the conditions of the specimen—and of understand- 
ing environmental influences have frequently required 
the designer to measure the desired property of 
the actual surface as it will be used in the environ- 
ment of the application. Much of such effort can be 
reduced through proper use of the extensive com- 
pendia 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 thermal radiative properties are descriptive 
of a radiant energy-matter interaction; this inter- 
action 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 basic mechanisms 
of the radiant energy-matter interaction which 
models the radiative transport process. 

The purpose of the text material following is to 
expose the user to some of the pitfalls and limitations 
in the use of existing data. The exposition begins 
with Section 2 briefly defining the terms—processes, 
things, quantities, properties, and modifiers—used 
in discussing thermal radiation phenomena. Follow- 
ing this. Section 3 presents a more rigorous definition 
of the properties and the notion of their dependency 
upon wavelength, temperature, polarization, and 
geometric directions. Section 4 reviews the physics 
of thermal radiation; then Section 5 discusses the 
interaction of radiant energy with materials. The 
interrelations between the properties—as described 
by geometric and wavelength modifiers—need to be 
understood in order for the user to synthesize 
fragments of data as available; Section 7 treats the 
more important concepts. 

Theoretical models, Section 8, are presented 
which can be used in some instances to predict data 
values or to check the consistency of measurements. 
Such tools are useful to only ideally smooth materials; 
engineering materials as a rule do not fall in this 
category and detail regarding the surface must be 
understood if the theoretical tools are to be of any 
value. Section 9 discusses surface characterization 
and, where possible, quantitative information con- 
cerning influences is shown. This section serves to 
focus attention on the pitfalls in use of data and to 
justify the detail that must be presented to character- 
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ize radiative properties data. Section 10 deals with 
measurement techniques and apparatus, to inform 
the reader regarding the more conventional ap- 
proaches used by the experimentalist. It is not the 
aim here to evaluate and recommend techniques, but 
rather to briefly review the limitations and capability 
of the various techniques. 

The depth of presentation has been aimed at the 
reader with a background in the physics of thermal 
radiation; special attention has been given to 
providing general references, usually standard texts 
or extensive review articles, for the reader's benefit. 
The development of thermal radiation studies over the 
past ten years can be followed through the con- 
ference proceedings starting as an informal one in 
1958 to the annual society meetings in most recent 
years [3, 17, 21, 29, 71, 72, 82, 114]. The data 
compilations of references [65] and [143] are most 
useful supplements for property coverage on 
materials not contained in the data section of this 
volume; the TPRC Retrieial Guide [142] permits 
rapid access to the literature on the thermal radiative 
properties -and eight other thermophysical prop- 
erties—of all classes of materials. Through these 
references, the reader will have access to a very 
vital portion of knowledge created in the field of 
thermal radiation and a full appreciation of the 
technical problems involved in application of the 
basic principles to real situations. 

2. DEFINITION OF TERMS [4] 

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. 

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 index 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 tempera- 
ture. 

Reflector. A body that reflects incident radiant 
energy. 

Transmitter. A body that transmits incident radiant 
energy. 

Absorber. A body that absorbs incident radiant 
energy. 

Retrorefleclor. 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 = dQjdv. Radiant energy per 
unit volume. Joule per cubic meter, erg per cubic 
centimeter. 

Radiant Flux, O. «I> = dQjdt. Time rate of flow of 
radiant energy. Erg per second, watt. 

Radiant Intensity, I. I = '0/</tu. Flux per unit solid 
angle from a source. Watt per steradian. 

Radiance, L. L = d2<t>/d(udA cos 0. Flux propagated 
in a given direction, per unit solid angle about that 
direction and per unit area projected normal to the 
direction. 

Exitance, M. M = d<t>/dA. Flux per unit area leaving 
a surface. 

Irradiance, E. E = dQ/dA. Flux per unit area in- 
cident on a surface. 

D. Properties* 

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

*Note: Properties ending in "ance" are properties of real 
specimens, regardless of thickness or surface condition. 
Properties ending in "ivity" are instrinsic properties of the 
material of which the specimen is composed, and can only 
be approached by values measured on real specimens that 
have clean optically smooth surfaces and are opaque. 
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Absorptance, a. The ratio of absorbed flux to in- 
cident flux. 

Transmiltance, T. The ratio of transmitted flux to 
incident flux. 

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

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

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

Emissivity, e, *«. 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 irra- 
diation and viewing to that reflected by the ideal 
completely reflecting, perfectly diffusing surface, 
identically irradiated and viewed. 

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

E. Modifiers 

Spectral. For a property, at a given wavelength, 
designated by (A) following the symbol for the 
property. For a quantity, spectrjl concentration, 
designated by the subscript A, such as <t>x = 
dQjdX. 

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

Solar. Having the spectral distribution of solar 
energy, or integrated over the solar spectrum. It is 
designated by the symbol (.?) following the 
property symbol. 

Integrated.^   Having   a  spectral  distribution   pre- 

•Frequently the modifier total is used to include any wave- 
length distribution including blackbody; in this volume it 
refers only to blackbody conditions and as such is applicable 
only to the property emittance. 

tThis modifier is not in widespread usage but is most con- 
venient for sub-property classification purposes in this 
volume. 

scribed by integration over some specified portion 
of the spectrum; designated by the symbol (A) 
following the symbol for the property and 
necessarily some comments regarding the spectrum 
must be given. 

Directional. In a given direction. The direction is 
completely specified by two angles, 6 and ^; Ö is 
the angle between the specified direction and the 
normal to the surface, and <f> is the azimuth of the 
specified direction measured from some fiducial 
mark on the specimen. For quantities, direction is 
denoted by the subscripts 6, <f> (^ 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 ai (6, <j>; 6', <j>'); those indicating the 
incident 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 6 < 15°, see Section 
6.B.a for further detail. 

Angular. A more general case of directional where 
0 > 0°, that is, for cases other than normal; in the 
context of this volume, this modifier includes 
0 > 15°, see Section 6.B.d 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 8, <f> as above, 
and the size is designated by the plane half angle 
of the cone, a. If the solid angle is not a right 
circular cone, it must be described in detail in the 
text and is designated by the symbol g. As above, 
primed symbols are used to indicate transmitted 
or reflected beams. 

Hemispherical.* Over a complete hemisphere, desig- 
nated by the symbol 2* replacing the 0, if>, g or 
0' 4', 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; 
reflecting or transmitting in all directions over a 
hemisphere. Applied to incident radiant energy, 
incident from angles over a hemisphere. 

*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 assump- 
tion is made for emitted, reflected or transmitted radiance. 
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Perfectly Diffuse. With equal radiance in all direc- 
tions from a surface. 

3. THERMAL RADIATIVE PROPERTIES* 

A. Interrelationships of Properties 

All matter is continually emitting radiant 
energy as a result of the themral 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 <l>j is equal to the sum of the 
reflected flux <!>,., the absorbed flux *I>a, and the 
transmitted flux <P(: 

<D( = <l>r + <D0 + <!), (1) 

The reflectance p is the ratio of leflected flux to 
incident flux; the absorptance x is the ratio of 
absorbed flux to incident flux; and the transmittance 
r is the ratio of transmitted flux to incident flux. 
Dividing both sides of equation (1) by O, gives 

1 = p + a + T (2) 

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

P + a = 1       (T = 0) (3) 

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

« = « (4) 

Thus, for an opaque material 

P + « = 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 

'References for general background review are [67, 127, 133, 
134, 137, 140, 145]. 

that apph to equations (2) through (5) which will be 
discussed later. 

B. Blackbody Radiation 

A blackbody radiator absorbs all radiant energy 
incident upon 't and emits the maximum possible 
amount of flux per unit area at any given wavelength 
or wavelength interval for any body at its tempera- 
ture. 

The only true blackbody radiator that exists is a 
completely enclosed cavity with opaque walls at a 
uniform temperature. All real materials reflect 
part of the radiant energy incident upon them and 
emit less radiant energy than a blackbody radiator 
at the same temperature. Nevertheless, the concept 
of a blackbody radiator is indispensable to a dis- 
cussion 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 = <sT* (6) 

in units of watts per square meter, where a is the 
Stefan-Boltzmann constant, 5.6697 x 10-8Wm"a- 
K " 4 and T is temperature in kelvins. The spectral, or 
wavelength, distribution of this flux is given by the 
Planck equation 

A/A = CiA'5[<,c,Mr " I]" (7) 

in which Mk is the spectral exitance in watts per 
square meter and meter wavelength interval, Ci is the 
first radiation constant, 3.7415 x 10"16 W-m2, ca is 
the second radiation constant, 1.43879 x 10"2m-K, 
and e is the base of natural logarithms. The geo- 
metric distribution of this radiant exitance is given 
by Lambert's cosine law 

/« = /„ cos 8 (8) 

in which l0 is the directional intensity of a plane 
source in the direction 6 (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, 

•There is a further restriction. These equations apply rigorous- 
ly only to the case where the blackbody is emitting into a 
vacuum. Whem emitting into a medium of index of refraction 
greater than unity, the emitted flux is increased by n9, where 
n is the index of refraction of the medium. The increase in 
emitted energy when radiating into air (n — 1.0003 approx.) 
is too small to be detected in ordinary measurements. 

■MMI 
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the exitance A/ of a real specimen is given by 

iW = €(27r;f)(jr4 (9) 

where *(2jr; 0 is the hemispherical total emittancc of 
the specimen at temperature 7", and the spectral 
exitance A/A is given by 

A/, = «(2»; A^A"V"1, - 'I"1 (10) 

where €(2w; A) is the hemispherical spectral emittance 
of the specimen at wavelength A and temperature T. 
The directional radiance Le, where Ö is the angle 
from the given direction to the normal to the surface, 
is given by 

Ls = «(*;0ffT"17'4 (ID 

where e(0; t) is the total directional emittance in 
direction d at temperature T. The directional 
spectral radiance, /.„;. of a specimen is given by 

LM-«(#:A)c1ir-iA-V'Mr- I]"1        (12) 

where e(0, A) is the directional spectral emittance of 
the specimen at wavelength A and temperature T in 
the direction 0. 

Equations (9), (10), (II), 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 exitent 
radiant energy, temperature of the specimen, the 
degree of polarization, and, for polarized incident 
or exitent flux, with the angh between the plane of 
polarization and the plane of incidence. The plane 
of incidence is the plane defined by the direction of 
the incident ray and the normal to the surface. The 
modifiers defined in the Definitions of Terms are used 
to indicate the conditions under which the properties 
or quantities were evaluated. 

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

C. Kirchhoff's Law 
KirchhofT's law, equation (4), is derived for the 

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

4. PHYSICS OF THERMAL RADIATION* 

A. The Nature of Radiant Energy 

Radiant energy can be treated in two ways, as 
electromagnetic waves, or as photons. In both forms 
it travels in straight lines at the speed of light, which. 

'General references are [22. 1471. 

-■-    ■ -  —  ^. — — 
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in vacuum, is a fundamental constant of nature <,,. 
with a value of 2997925 x 1010 cm sec1. 

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

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

P = 

= vX (13) 

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

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

n = Co/cn = KIK (14) 

where An and cn are the wavelength and speed in the 
medium of index of refraction n, and A0 and f0 are 
the corresponding values in vacuum. 

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

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

Ip-f. 

l, + l. 
(15) 

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

The frequency, and hence the wavelength, of 
electromagnetic radiation theoretically can vary from 
zero to infinity. Thermal radiant energy, however, is 
generally restricted to the wavelength range of 
0.1 /u.m to I mm. This overall range has been broken 
down into seven subranges [4], as follows: 

Range       Designation      Wavelength Range, 
ftm 

Ultraviolet UVC 0.1-0.28 
DVB 0.28-0.315 
UVA 0.315-0.400 

Visible VIS 0.380-0.780 
Infrared IRA 0.78-1.4 

IRB 1.4-3 
IRC 3-1000 

B. Basic Laws 

The Planck equation, (7), is the basis for all 
thermal radiation measurements. All of the other 
important relationships can be derived from this 
simple equation: 

A/ji-cl;rV
,Mr - U"1 (7) 

This equation was derived by quantum mechanics. 
The radiation constants c, and C2 are related to more 
fundamental constants as follows: 

Cj = 2TTC0
2h 

c2 - <?0h/k 

where c0 is the speed of light in vacuum. /( is the 
Planck constant, 6.6256 x 10" 34 J sec, and k is the 
Boltzmann constant, 1.38054 x lO^J-K.-1. 

Since for a blackbody radiator, L = Af/w, 
equation (7) can be rewritten to give spectral 
radiance: 

Li - Ciir-^A-V,MT - l]"1 (16) 

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

LXT-5 = (vr-HAT)-VaT - l]"1       (17) 

Equation (17) shows that the shape of the spectral 
distribution of the radiance of a blackbody radiator 
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Fig. I. The Planck distribution law, spectral radiance of 
blackbody radiation as a funciion of temperature and wave- 
length. 

is a function of XT and not of A and T separately. 
This is one form of Wien's displacement law, which 
states that the peak of the spectral distribution curve 
occurs at a wavelength that is inversely proportional 
to the absolute temperature. This is shown in Fig. 1. 
Setting dL/dX equal to zero and solving for (Ar)mftX 

gives 

(AHmax = 2898/xmK (18) 

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

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

Lx = F{X)e-nMT (19) 

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

Lj, = c1if-
1A-8e-««/*r (20) 

Note that it is identical to the Planck equation 
except for the minus one in the denominator. This 
equation is a useful approximation at short wave- 
lengths, and is much used in optical pyrometry. It 
gives values of Lx that are too low at long wave- 
lengths. The error is less than 1 percent when AT" is 

less than 2898 pm-K. The second important relation 
is the Rayleigh-Jeans law, and is expressed as 

Ii = 
CiT 

A4 
C2ir, 

(21) 

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

If equation (7) is integrated over all wavelengths, 

M 
CjA-^A 

J 0 ec'IAT 
1 I5cs

4 
-T* = aT*      (22) 

which is equation (6). Thus, a, the Stefan öoltzmann 
constant, is expressed in terms of other constants as 

-4f, 
4-5 2A-V 

ISco'A8 
(23) 

The fraction of the total exitance of a blackbody 
at temperature 7" that is emitted within the wavelength 
interval 0 to A, may be obtained as follows. The 
exitance in the wavelength interval will be designated 
as Af(0_A)T. and is given by 

.'* ....      r' c1X-5dX 

■ 0" 

•■,r5f1(Ar)-5</(Ar) 

CA Cx c1X-5d. 

-/: 

■/ 

o       ec>liT - 1 
XT T^iXT)-5d(XT) 

o        ec"'Ar - 1 

The total exitance is Mt = aT*, thus 

M co-i)r ./At, — I 
'     J o        ec**T - 1 

1 /•"■f1(A7r5</(Ar) 1 j*« 
eCtUT _   J 

(24) 

Substituting MA within the integral for its equivalent, 
c1A_5/(ec«"'r - 1), gives 

1    CXT 

Mi0.A)T/Mt = —       M,T d(X T) (25) 
o/^ J o 

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

The ratio L(0_A)r/L, or Mi0_X)TIMt is given in 
Table I for various values of XT. The fraction of the 
total exitance or radiance of a blackbody at tempera- 
ture T, occurring in any wavelength interval X1 to 
A2 (Aa > Aj) may be obtained by subtracting the 
value from the table for AjT" from that for XaT. The 

, 
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Table I. BUckbody Radiation Functions 

AT, Ii.X.'« r5, nL, (O-AD/ aT* UiKUAr • a»» 
(xm-K m1*- 'sr-1 

P 1 P 1 p 1 

200 0.375195 -21 0.341796 -26 0.519451 -23 
400 0.490424 -7 0.186468 -11 0.678981 -9 
600 0.104056 -2 0.929299 -7 0.144064 -4 
800 0.991183 -1 0.164351 -4 0.137277 -2 

1000 0.118508 + 1 0.320780 -3 0.164072 -1 

1200 0.523935 + 1 0.213431 -2 0.725376 -1 
1400 0.134411 + 2 0.779084 -2 0.186089 0 
1600 0.249128 + 2 0.197204 -1 0.344913 0 
1800 0.375563 + 2 0.393449 -1 0.519959 0 
2000 0.493422 + 2 0.667347 -1 0.683133 0 

2200 0.589636 + 2 0.100897 0 0.816338 0 
2400 0.658848 + 2 0.140268 0 0.912161 0 
2600 0.701271 + 2 0.183135 0 0.970894 0 
2800 0.720216 + 2 0.227908 0 0.997123 0 

2898 0.722294 + 2 0.250126 0 0.100000 + 1 

3000 0.720229 + 2 0.273252 0 0.997142 0 
3200 0.705948 + 2 0.318124 0 0.977369 0 
3400 0.681517 + 2 0.361760 0 0.943546 0 
3600 0.650369 +2 0.403033 0 0.900422 0 
3800 0.615199 + 2 0.443411 0 0.851730 0 

4000 0.578040 + 2 0.480907 0 0.800283 0 
4200 0.540370 + 2 0.516046 0 0.748131 0 
4400 0.503231 + 2 0.548830 0 0.696712 0 
4600 0.467321 + 2 0.579316 0 0.646996 0 
4800 0.433089 + 2 0.607597 0 0.599602 0 

5000 0.400794 + 2 0.633786 0 0.554890 0 
5200 0.370562 +2 0.658011 0 0.513035 0 
5400 0.342428 +2 0.680402 0 0.474084 0 
5600 0.316361 +2 0.701090 0 0.437994 0 
5800 0.292287 +2 0.720203 0 0.404664 0 

6000 0.270108 + 2 0.737864 0 0.373958 0 
6200 0.249710 + 2 0.754187 0 0.345718 0 
6400 0.230973 +2 0.769282 0 0.319777 0 
6600 0.213775 + 2 0.783248 0 0.295967 0 
6800 0.197997 +2 0.796180 0 0.274123 0 

7000 0.183524 +2 0.808160 0 0.254085 0 
7200 0.170247 +2 0.819270 0 0.235703 0 
7400 0.158065 +2 0.829580 0 0.218837 0 
7600 0.146883 +2 0.839157 0 0.203356 0 
7800 0.136614 + 2 0.848060 0 0.189139 0 

8000 0.127177 + 2 0.856344 0 0.176075 0 
8500 0.106766 +2 0.874666 0 0.147816 0 
9000 0.901414 + 1 0.890090 0 0.124798 0 
9500 0.765296 + 1 0.903147 0 0.105953 0 

10000 0.653243 + 1 0.914263 0 0.904400 -1 

10500 0.560490 + 1 0.923775 0 0.775987 _ 1 
11000 0.483294 + 1 0.931956 0 0.669110 - 1 
11500 0.418701 + 1 0.939027 0 0.579683 -1 
12000 0.364373 + 1 0.945167 0 0.504466 -1 
13000 0.279441 + 1 0.955210 0 0.386880 -1 
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Table I (continued) 

Ar. i-S.A« T"
5, irL^O-XT) or« LtjJi.t'tjiu -n't» 

Min-K m^K" '•sr-' 

P Q P </ P </ 

14000 0.217628 + 1 0.962970 0 0.301301 -1 
15000 0.171855 + 1 0.969056 0 0.237930 -1 
16000 0.137421 + 1 0.973890 0 0.190257 - 1 
18000 0.908187 0 0.980939 0 0.125736 -1 
20000 0.623273 0 0.985683 0 0.862908 -2 

25000 0.276458 0 0.992299 0 0.382750 -2 
30000 0.140461 0 0.995427 0 0.194465 -2 
40000 0.473862 -1 0.998057 0 0.6560:)2 -3 
50000 0.201592 -1 0.999045 0 0.279110 -3 
75000 0.418572 -2 0.999807 0 0.5795C3 -4 

100000 0.135744 -2 1.000000 0 0.187934 -4 

Note; Value in each case is /> x 10'. 

value for the exitance A/^.-^or may be obtained by 
multiplying the resulting value by <T7"5, and the 
radiance L^^^j, by multiplying the value by 
cT5ln. 

Figure 2A is a plot of the ratio L{0^K)TlaTA, 
dotted line, and LJaT5, solid line, both plotted as a 
function of M. 

Another useful relationship is the fractional 
change in L,, or A/,, produced by a fractional change in 
the temperature 7" of a blackbody radiator. Differ- 
entiating equation (16) with respect to T gives 

dL, IdT ec,l».T 

'ectUT _  j 
(26) 

This ratio is plotted as a function of Ar in Fig. 2B, 
dotted line, and shows that the change in spectral 
radiance with temperature increases with decrease in 
AT", particularly at values of AT" below 2898 ^m ■ K. 
The term on the right of equation (26) can be 
simplified to ca/\T for use at AT" < 2898 /itn • K with 
an error of considerably less than I percent. Again 
the equation applies to either spectral radiance L^ or 
spectral exitance Mx. 

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

ii~ T* (27) 

which is a good approximation when the change in 
temperature is a small fraction of T. Again A/,, can be 
substituted for Lx in equation (27). The value of x is 
5.0 at 2898 /im • K, and varies as I/Ar, hence is about 
10 at 1500(un-K, 15 at lOOO/iin-K., and 2.5 at 
6000/im-K. 

The relationship shown in equation (26) and 

i  .-K) 

Fig. 2. (A) Relative spectral radiance of blackbody radiation 
as a function of AT, solid curve; and fraction of spectral 
radiance in the wavelength interval 0-A7°, dashed curve. 
(B) Relative spectral radiance of blackbody radiation as a 
function of Ar, solid curve; and percentage increase in spectral 
radiance produced by a 1 percent increase in absolute tem- 
perature as a function of Ar, dashed curve. 

    ■ 
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plotted in Fig. 2B is extremely important to re- 
member in making measurements of L^ by direct 
comparison of the radiance of a hot specimen to that 
of a blackbody radiator ai the same temperature; it 
shows the effect of a small temperature difference on 
the accuracy of the results obtained. 

5. INTERACTION OF RADIANT ENERGY 
WITH MATTER 

A. Wave Behavior [22,147] 
When an electromagnetic wave in vacuum is 

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

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

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

B. Optical Properties [59] 

The Maxwell equations describe the change in a 
wave as it crosses an interface and propagates into 
the material: 

E = E0 e\p(jcut - y.x) (28) 

where 
y = * + y/3 (29) 

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

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

C. Thermal Radiative Properties 

The optical properties describe the interaction 
of an electromagnetic wave with matter in terms of 
phase and amplitude, while the thermal radiative 

Table 11. Parameters and Relations Descriptive of Electromagnetic Wave-Material Interaction 

Complex permittivity .'-/,' 

Complex permeability 
Complex propagation factor 

M* = Co 

y = «+y/J 

Complex dielectric constant 
«0 

Complex index of refraction n* - n - jk 

Intrinsic impedance r-n 
Normal spectral reflectivity 

(n - ":)a + *a 

'>(0;A)=(, + I)'+*' 

y=y»(.V),'a «• = y/K* 

t'—Real permittivity 
« '—Loss factor 
Valid assumption for almost all applications. 
■—Attenuation factor 
ß—Phase factor 
K' — Relative permittivity or real dielectric constant 
K' — Relative loss factor 
n—Index of refraction, ratio of phase velocities 
k—Index of absorption 

Z*—Ratio of electric to magnetic field vectors 

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

--••('-i) 
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Table I (continued) 

XT, /-..A" T\ «Z., (0- miaT* Lt,Kl(Le^XT-at»» 
»imK rn'K '•sr"1 

P Q p 1 P                  q 

14000 0.217628 + 1 0.962970 0 0.301301   -1 
15000 0.171855 + 1 0.969056 0 0.237930   -1 
16000 0.137421 + 1 0.973890 0 0.190257   -1 
18000 0.908187 0 0.980939 0 0.125736   -I 
20000 0.623273 0 0.985683 0 0 862908   -2 

25000 0.276458 0 0.992299 0 0.382750   -2 
30000 0.140461 0 0.995427 0 0.194465   -2 
40000 0.473862 -1 0.998057 0 0.656052   -3 
50000 0.201592 -1 0.999045 0 0.279100   -3 
75000 0.418572 -2 0.999807 0 0.579503   -4 

100000 0.135744 -2 1.000000 0 0.187934   -4 

Note: Value in each case Is p x 10«. 

value for the exitance A/(A]_<t)r may be obtained by 
multiplying the resulting value by aT5, and the 
radiance Lai_Xt)T,  by  multiplying   the  value   by 
oTs/7r. 

Figure 2A is a plot of the ratio L{0_i)T/aT*, 
dotted line, and LJaT5, solid line, both plotted as a 
function of AT". 

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

dL, IdT ec'IXT 

(26) 

This ratio is plotted asa function of A7"in Fig. 2B, 
dotted line, and shows that the change in spectral 
radiance with temperature increases with decrease in 
AT", particularly at values of Ar below 2898 /xm-K. 
The term on the right of equation (26) can be 
simplified to c2/A7" for use at Ar < 2898 ^m • K with 
an error of considerably less than ! percent. Again 
the equation applies to either spectral radiance Lx or 
spectral exitance Mk. 

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

Li-T* (27) 

which is a good approximation when the change in 
temperature is a small fraction of T. Again Mx can be 
substituted for Lx in equation (27). The value of v is 
5.0 at 2898 /im • K, and varies as l/AT, hence is about 
10 at 1500/xmK, 15 at 1000 ^mK, and 2.5 at 
6000 ^im-K. 

The relationship shown in equation (26) and 

0 4000        0000 12000       «OOO       KMOO       24000      »OO 

XT [ »m-KJ 

O       2000    4000    »OO    (000 «   12000 M0OO    «000   l*DOO  20000 

kT(M«n'K] 

Fig. 2. (A) Relative spectral radiance of blackbody radiation 
as a function of XT, solid curve; and fraction of spectral 
radiance In the v/avelength Interval O-AT*, dashed curve. 
(B) Relative spectral radiance of blackbody radiation as a 
function of AT, solid curve; and percentage Increase In speci.al 
radiance produced by a 1 percent increase In absolute tem- 
perature as a function of XT, dashed curve. 
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properties describe the energy transfer during the 
interaction. It is obvious that the two types of 
properties, optical and thermal radiative, are related. 
In some cases the relationships are simple. 

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

a2 + b2 - la cos Ö + cos2 d 
PsW = 

i2 + h2 + la cos 6 + cos2 6 
(30) 

Ppi«) - ps(0) 
a2 + b2 - la sin 0 tan Ö + sin2 6 tan2 6 

a2 +b2 + la sin dland + sin2 8 tan2 6 

where 
2a2 = [(n2 - k2 - sin2 B)2 + ^A-2]1'2 

+ (n2 - k2 - sin2 6) 

lb2 - [{n2 - k2 - sin2 df + 4n2k2]112 

- (n2 -k2 - sin2 6) 

(31) 

(32) 

(33) 

The angle 6 is the angle between the incident 
ray and the normal to the interface, ps is the re- 
flectance for plane-polarized incident radiant energy 
with its plane of polarization normal to the plane of 
incidence (the plane containing the incident ray and 
the normal to the interface at the point of incidence), 
and /',, is the reflectance for plane-polarized incident 
radiant energy with its plane of polarization parallel 
to the plane of incidence. 

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

PW = ikC) + P,m (34) 

The Fresnel equations, (30) and (31), have been 
expressed in terms of n and k, but the relations are 
found in various forms in the literature. The simplest 
case occurs for normal incidence (6 = 0), where the 
equations reduce to 

^(0) = ^(0) (35) 
and 

a = n b=k (36) 

Hence, for radiant energy incident from vacuum or a 
medium of index of refraction of 1, 

P(0) = 
(/»- I)2 +A:2 

(37) 
(n + I)2 + k2 

•   The above relations express the energy transfer 
in terms of electromagnetic wave theory, and no 

specification of the material, other than its optical 
properlies n and k, is necessary. As indicated 
previously, the reflected, absorbed, and transmitted 
flux sum to the incident flux, hence 

P + T + x= \ (2) 

6. DETAILED D'SCUSSION OF THERMAL 
RADIATIVE PROPERTIES 

A. Primary Properties 

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

•, emittance —Ratio of the radiant exitance of 
the specimen to that emitted by a 
blackbody radiator at the same 
temperature and under the same 
geometric and wavelength con- 
ditions. 

P, reflectance —Ratio of the reflected radiant 
flux to the incident flux. 

a, absorptance —Ratio of absorbed radiant flux 
to the incident flux. 

T, transmittance—Ratio of some specified portion 
of the transmitted flux to the 
incident radiant flux 

For each of these primary properties, it is necessary 
to specify the geometric and wavelength conditions 
to which the particular property corresponds. 
Unfortunately, there is no generally accepted con- 
vention on the choice of symbols or terminology to 
describe these conditions. After due consideration 
and consultation, a nomenclature system suitable 
to classification needs in the organization of this 
compendium was adopted. To assist the reader, the 
system used in this volume will be fully explained 
and then related when appropriate to the various 
terminologies found in the literature [4, 6, 81, 98]. 

B. Subproperty Descriptors 

a. Geometric Descriptors 

Figure 3 shows the general case of reflection at a 
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Fig. 3. Geometric parameters descriptive of reflection from a 
surface. 9 is the zenith angle, or co-latitude, in degrees; <h is 
the azimuthal angle, or longitude, in degrees; w is the beam 
solid angle, in steradians; and the symbol ' refers to viewing 
conditions. 

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

Normal —Conditions for incidence and/or 
viewing through a solid angle cu or 
u»', normal to the specimen; that 
is 0ot 6' < 15° 

Angular —Conditions for incidence and/or 
viewing through a solid angle a. 
or to' at some direction specified 
by öorö' > 15° 

Hemispherical—Conditions for incidence and/or 
viewing of flux over a hemi- 
spherical region;  that  is  «* or 
<u' = 2»r 

The descriptors normal and angular do not fully 
describe the geometric conditions; tu and/or tu' and 
6 and/or 6' must be provided to fully specify the 
geometry. 

It has been suggested that other descriptors be 
used to indicate the two extreme conditions for tu 
or tu'. If the incident or viewed beam is parallel, then 
tu or tu' = 0; this condition can be approximated in 
practice where tu or tu' is so small that slight in- 
creases have no influence. In this case, the term 
directional is used and when tu or tu' is not negligible. 

the term conical is applied. As a practical matter for 
categoritation of subproperties, only the terms 
normal, angular, and hemispherical are separately 
distinguished in the subsequent data tables. When- 
ever information is given on <u or <u', it is reported in 
an appropriate column. To a great many thermo- 
physicists details on tu or tu' may not be essential, 
but they should be fully aware that such information 
is available. 

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

b.  Wavelength Descriptors 

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

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

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

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

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

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

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

c. Symbolic Representation 

In subsequent discussion the various sub- 
properties are expressed according to the following 
convention. The symbols for the four primary 
properties—t, p, <x, and T—have already been pre- 
sented. The geometric (incidence and viewing 
condition) and wavelength descriptors, in that same 
order, are symbolically represented within the 
parentheses being separated by semicolons. The 
most general case would be (using reflectance as an 
example): 

p(6,<l>, w, 6',if>', ut';\) 

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

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

C. Reflectance Factor 

The reflectance factor R is defined as the ratio of 
the flux reflected by a specimen under specified geo- 
metric conditions of irradiation and viewing to that 
reflected by the ideal completely reflecting, perfectly 
diffusing surface, under identical conditions of 
irradiation and viewing [81]. A perfectly diffusing 
surface is defined as a surface whose reflected radiance 
is independent of direction of viewing and hence 
obeys Lambert's law. 

Reflectance factor is relatively easy to measure 
because comparatively simple equipment can be used. 
Integrating  sphere  reflectometers  are   frequently 

used for these measurements. While the ideal 
completely reflecting, perfectly diffusing surface does 
not exist, several materials can be used that are 
reasonably close approximations to such a surface. 
Examples are freshly smoked magnesium oxide, 
magnesium carbonate, high-purity barium sulphate, 
sodium chloride, flowers of sulphur, and some good 
white paints [2, 64, 89]. For those conditions where 
the specimen is diffusely irradiated over a hemi- 
sphere, a high-quality first-surface mirror can be 
used as the reference standard. When integrating 
sphere reflectometers are used, the sphere coating it- 
self may be used as the reference. 

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

Reflectometers such as the hohlraum reflec- 
tometer, where the specimen is irradiated over a 
hemisphere, actually measure reflectance factor. This 
also applies to the ellipsoidal mirror, paraboloid 
mirror, and Coblentz hemisphere reflectometers 
when used in the inverse mode, so that the specimen 
is irradiated over a hemisphere. 

The primary distinction between true reflectance 
and reflectance factor measurements is thai in true 
reflectance measurements the incident flux is 
measured directly, then the reflected flux is measured 
directly, and the reported reflectance is the ratio of 
the second measured value to the first. In reflectance 
factor measurements either (1) the incident flux is 
measured indirectly by measuring the flux reflected 
by a diffusely reflecting standard, or (2) the radiance 
of the flux incident on the specimen is measured over 
a small solid angle, either by viewing the source 
directly as in a hohlraum, or by viewing it indirectly 
by use of a mirror standard, as in the ellipsoidal 
mirror, paraboloid mirror, or Coblentz hemisphere 
instruments. 

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

The fundamental relationship by the use of 
which the various types of reflectance and reflectance 
factor can be related to each other is [51 ] 

COS 02cu2 COSÖj« 

(38) 

where the bidirectional reflectance, p(0, ^, dw, 6', <f>\ 
du»') is defined as 

p(e,<l>,dw;e',4>',dw') = 
L'(e',<t>')cose'dto' 

(39) 
ue, <f,) cos e dw 

where /. is the radiance of the beam incident on the 
specimen over the elementary solid angle dw from 
direction 0, <i>. and L is the reflected radiance of the 
specimen over the elementary solid angle dw' in the 
direction 6\ <f>'. The geometry for equations (38) and 
(39) is shown in Fig. 3. 

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

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

R(2n; 6', w') = R(e, w; 2n) (40) 

where 8 = 6' and w = w'. 

P(2ir;2iT) = Ril*;!*) (41) 

P{e, m; ITT) = R(0, w; 2*) (42) 

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

Riß,, on; e2, a*) = R(d2, OJ2; eu wj (43) 

«/ COS0' 
p(e,w-0',<u') = R(e,w\e\m') (44) 

IT 

where for large solid angles, u/ cos 6' = jmi cos 8'- 
sin 8' d8' dp. 

7. INTERRELATIONSHIPS BETWEEN 
PROPERTIES 

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

application will not be available in the literature. In 
some of these cases, it is possible to obtain the 
desired data from other data that may be available 
for the same or a similar material by judicious use 

of the relationships previously mentioned and 
realistic estimates of the geometric distribution of the 
reflected or emitted radiant energy. 

The geometric distribution of the radiant 
energy emitted or reflected from a metal surface is 
greatly influenced by the surface roughness, or 
rather by the ratio of the surface roughness, a, 
evaluated in one dimension, to the wavelength of 
the radiant energy involved, or ajX. An optically 
smooth metal surface, ojX < 0.05, reflects specu- 
larly. A very rough surface, c/A > 10, such as might 
be produced by severe sandblasting, reflects diffusely, 
although a rough metal surface is not a close 
approximation to a perfectly diffusing reflector. A 
smooth metal surface emits diffusely in the sense 
that it emits radiant energy in all directions accord- 
ing to the Fresnel relations, but it is far from a 
Lambertian emitter. The radiance of a smooth 
metal surface increases with angle from the normal 
to a near-grazing angle (8' > 85°) then drops to iero 
at grazing (0' = 90°). The angle at which the radiance 
is a maximum is a function of both the electronic 
structure (resistivity, in the most simple case) of the 
metal and the wavelength of the emitted radiant 
energy. The polarization of the emitted radiant 
energy also increases with angle from the normal. 
As the surface becomes rougher, it approaches a 
Lambertian emitter, and the degree of polarization 
decreases. 

The two extremes for geometric distribution of 
reflected flux are thus specular and diffuse reflection. 
These are useful limits that are only approximately 
attained by real metal surfaces. The equations given 
below will be found quite useful in converting data 
from one parameter to another. Additional detail is 
given in references [137] and [74]; reference [81] 
treats reflectance and reflectance factor subproperties. 

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

e = a = 1 — p (45) 

Equation (45) is restricied by the geometric and 
wavelength distribution of the reflected and emitted 
radiant energy. Considering the geometric distribu- 
tion only, for opaque specimens 

X(8,m)=l -M.m-^n) (46) 

where 6, w are the same for a and p. and 

t(0', OJ') = x'ß, w) (47) 

where 8 = 8' and tu = cu'. Equation (46) was 
derived on the basis of conservation of energy. 
Incident radiant energy that is not reflected must be 
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Fig. 4. Reflectance of polished metals, at 10 /im, computed 
from the Schmidt-Eckert equations. 

absorbed and equation (47) is a statement of 
Kirchhoff's law. Equations (46) and (47) can be used 
to convert one type of data (subproperty) to another. 
If normal emittance data are not available, for 
instance, normal absorptance or normal hemi- 
spherical reflectance can be used to compute the 
desired values. 

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

For perfectly diffuse reflecting surfaces 

p(0, u>;lTt) = constant,forallff 

P(»,«;2W) -p(0, u>;0', w') 

(48) 

(49) 
<u'cOS0' 

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

/?(«!, w^B^, «i') = Ä(02, a,2; 02', cu,')        (50) 

where Q^ and 02. "i' and ^2'. «"t and oja- "V an£l tu2' 
can have any values. 

For perfectly specular reflecting surfaces 

P(e, 4,, w', 2n) = p(0, +, w, 9'.+', w')       (51) 

if and only if 0' = 0,1^' = ^ -(- w and m' > to. 

The geometric distribution of reflected radiant 
energy for perfectly diffuse reflectors is described by 
Lambert's cosine law and that for perfectly specular 
reflectors by the Fresnel equations. Figure 4 shows 
how specular spectral reflectance at 10 fim changes 
with angle of incidence for surfaces with different 
electrical resistivities, computed from the Schmidt- 
Eckert relation discussed later in Section 8 and 
Table V. The curve for r = 5000 is typical of di- 
electric materials in general. The reflectance is 
essentially constant out to angles of about 50° from 
the normal, then decreases to a minimum which 
occurs somewhere between 80° and 90° from the 
normal. It should be emphasized, however, that the 
curves are for u»-polarized incident radiant energy. 
When the incident radiant energy is polarized in the 
plane of incidence, the reflectance increases with 
angle of incidence to a value of 1.0 at 90°, with no 
minimum. When the incident radiant energy is 
polarized normal to the plane of incidence, the 
reflectance decreases with increasing angle of in- 
cidence to a minimum then increases to 1.0 at 90°. 
The curves for the two polarized components at 
10/im are shown in Fig. 5 for a metal with r = 100. 
The reflectance for unpolarized incident radiant 
energy is the average of the two reflectances for 
polarized incident radiant energy. 

*MLE   OF    INCOCNCC.f 

Fig. 5. Reflectance of a polished metal (KVm.r = 100) for 
incident radiant energy polarized normal p.(0) and parallel 
P,(9) to the plane of incidence and for unpolarized incident 
monochromatic radiant energy p(9). 
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The different reflectances for incident radiant 
flux polarized in different directions means that un- 
polarized incident radiant energy is partially polar- 
ized after reflection. The degree of such polarization, 
defined earlier as equation (15), is shown in Fig. 6, 
for four different metals at lOftm. The degree of 
polarization is small at angles out to about 70° 
from the normal, especially for metals with high 
reflectance (low r). The degree of polarization is 
inversely reLied to the reflectance. 

The radiant energy emitted by a polished metal 
is also partially polarized. Figure 7 is a plot oC the 
degree of polarization at 10/im for two metals 
having r values of 2.4 and 500, respectively. The 
degree of polarization increases with angle of view- 
ing in a smooth 5-curve, and is not a strong function 
of the resistivity of the metal, and hence of the 
reflectance. Polarization of emitted radiant energy 
begins to become significant at angles of viewing 
greater than about 25° to the normal. 

To compute one subproperty of emittance from 
another, for different geometric conditions, the 
following equation may be used. 

c(2rr) = 

/•a/2     /«aji 

I      I     Lbf(e',it,',oj')co%e's\ne'de1 d<i>' 

TTLb 

(52) 

Kt     tcr     yr    w    vf    mr    jcr     «o*     «r 
«HOLE    OF    ENTANCE,«' 

Fig. 6. Degree of polarizalion (P) of reflected radiant energy 
(10/im) from polished metals as a function of their electrical 
resistivity (r). 

ANQLE   OF   EXITANCE.S' 

Fig. 7. Degree of polarization of emitted radiant energy 
(10 urn) from polished metals as a function of their electrical 
resistivity (/). 

(53) 

be 

This equation is sometimes written 

t(27r) = -        ((e',w')cosd'dui' 

For  a perfectly  diffuse  emitter,  which  may 
approximated by a roughened metal surface, 

t(2n) = f(e',w■) = t(0,w■) (54) 

The geometric distribution of radiant energy 
emitted by a polished metal surface is given by the 
Fresnel relations, and by the Schmidt-Eckert 
relation that will be discussed in a following section. 
The ratio of the hemispherical to normal emittance 
is given by another Schmidt-Eckert relation, which 
shows t(27r)/e(0) to vary from 1.33 to 1.05 as a 
function of «(0). 

As a matter of convenience and practicality in 
much of the development for theoretical relations, 
little attention has been given to specification of the 
solid angles of illumination or viewing (<u or w'). Two 
cases appear in the literature distinguishing the 
importance of the relative size of the solid angle. 
The term conical is applied when the solid angle is 
sufficiently large that there is a variation of radiance 
across the front of the solid angle. In the limit when 
the solid angle is 2ir, the term hemispherical has been 
used. The term directional is applied when the solid 

. i. ii i ii 



angle is so small that there is insignificant variation 
of the radiance within this solid angle. This concept 
is carried through the literature for bidirectional 
reflectance [p(0, tu; 6', u) where w = cu' ~ 0] and 
directional emittance [«(ö', tu') where «u' ^ 0]. 

More detailed considerations of angular or 
geometric relations for the reflectance (and trans- 
mittance) properties utilize the concept of a distribu- 
tion function [94]. This function permits computa- 
tion of any of the various geometric subproperties of 
reflectance. There are not too many instances where 
such a function is available in the literature and 
normally there are insufficient fragments of sub- 
property data available to permit one to formulate 
it. 

B. Wavelength Relations 

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

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

««)- 
J o 

f    Mb(X, 
J o 

(55) 

T)d\ 

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

The Planck blackbody function indicates the 
distribution of energy throughout the spectrum. 
From such considerations. Fig. 8 is derived with the 
cross-hatched region indicating the wavelength band 

•»VtLENGTM. WCIKMS 

Fig. 8. Wavelength band containing 99 % of the flux emitted by a black- 
body at the indicated temperature: (A) for high temperatures and (B) 
for low temperatures. 
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encompassing 99 percent of the flux emitted by a 
blackbody source at the specified temperature. For 
example, 99 percent of the energy emitted by a 
blackbody at 1000 K. is in the wavelength band 2 to 
28 ^m. Hence, for this temperature, the integra- 
tion limits of equation (55) above can be simplified 
with small error in the result. 

In the process of computing total emittance 
data from spectral values, it is essential to identify 
the wavelength band over which most of the radiant 
energy is emitted. To do so permits one to assess the 
validity of a very common assumption used in heat- 
transfer calculations; namely, that the surface in 
question is a grey body which has no spectral 
variation in emittance. Another situation arises when 
it is necessary to evaluate the possible effect extrap- 
olation of limited spectral data may have. An 
example of this arises when considering metallic 
conductors in which the spectral emittance in the 
visible and near infrared (say to 1 pm) is quite 
variable, but in the longer wavelength region is 
monotonic of a form approximated by the Hagen- 
Rubens relation. 

The computations by integration of equa- 
tion (55) can be done by finite wavelength intervals 

•(0- 
2€(A)Wft(A. DAA 
Ai  

A, 

2 Mb(X, r)AA 

(56) 

where the limits A, and A2 are selected to include 
substantially all of the flux emitted by a blackbody 
radiator at the temperature T. 

In the Weighted Ordinate Method, uniform 
values of AA are used, and each value of e(A) must be 
weighted by a factor proportional to Z.b(A, 7"), the 
flux emitted per unit area, unit solid angle, and, 
within the wavelength interval A and (A + AA), by 
a blackbody at the test temperature T. In the Selected 
Ordinate Method, the area under the blackbody 
spectral distribution curve is divided vertically into 
X units of equal area. The X selected ordinates are 
then the X median wavelengths of the X areas. In 
this case, AA varies, but the product L(A, r)AA is held 
constant and for A' = 100 this is 0.01. Under these 
conditions then 

AIIO 

*(0 s o.oi 2 *(A) 
A. 

(57) 

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

The wavelengths representing the 100 selected 
ordinates for the temperature range 600 to 1400 K 
are presented in Table III [117]. This table along 
with equation (55) should be most useful for corn- 
computing total emittance from spectral emittance 
data. 

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

I   a(A)£(A)</A 

. 

(58) 

EXA) d\ 

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

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

x(0;\)E,(\)dX 
a(0;5) = 

f J  0 

(59) 

£8(A) ./A 

where £S(A) denotes the solar irradiance [80, 116]. 
Frequently, the solar absorptance is determined from 
room temperature reflectance data 

«(0;A) = 1 -p(fl;27r;A) 

using Kirchhoff's law. 

(60) 

__ 
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Table III. Wavelengths for Computation of Total Emittance from Spectral Data by the 100 Selected Ordinate Method (117] 

Ar, MK 

A, jtm, at various values of T 

%• 600 K 700 K 800 K 900K 1000K HOOK 1200 K. 1300 K 1400 K 

0.5 1322 2.203 1.889 1.652 1.469 1.322 1.202 1.102 1.017 0.944 
1.5 1534 2.557 2.191 1.918 1.704 1.534 1.395 1.278 1.180 1.096 
2.5 1662 2.770 2 374 2.078 1.847 1.622 1.511 1.385 1.278 1.187 
3.5 1762 2.937 2.517 2.202 1.958 1.762 1.602 1 468 1.355 1.258 
4.5 1846 3 077 2.637 2.308 2.051 1.846 1.678 1.538 1.420 1.318 
5.5 1920 3.200 2.743 2.400 2.133 1.920 1.745 1.600 1.477 1.371 
6.5 1989 3.315 2.841 2.486 2.210 1.989 1.808 1.657 1.530 1.424 
7.5 2052 3.420 2.931 2.565 2.280 2.052 1.865 1.710 1.578 1.466 
8.5 2111 3.518 3.016 2.639 2.346 2.111 1.919 1.759 1.624 1.508 
9.5 2168 3.613 3.097 2.710 2.409 2.168 1.971 1.806 1.668 1.549 

10.5 2222 3.703 3.174 2.778 2.469 2.222 2.020 1.852 1.709 1.587 
11.5 2274 3.790 3.249 2.842 2.527 2.274 2.067 1.895 1.749 1.624 
12.5 2325 3.875 3.321 2.906 2.583 2.325 2.114 1.937 1.788 1.661 
13.5 2374 3.957 3.391 2.968 2.638 2.374 2.158 1.978 1.826 1.696 
14.5 2423 4.038 3.461 3.029 2.692 2.423 2.203 2.019 1.864 1.731 
15.5 2470 4.117 3.529 3.088 2.744 2.470 2.245 2.058 1.900 1.764 
16.5 2517 4.195 3.596 3.146 2.797 2.517 2.288 2.097 1.936 1.798 
17.5 2563 4.271 3.662 3.204 2.848 2.563 2.330 2.136 1.972 1.831 
18.5 260J 4.348 3.727 3.261 2.899 2.609 2.372 2.174 2.007 1.864 
19.5 2654 4.423 3.792 3.318 2.949 2.654 2.413 2.21: 2.042 1.896 

20.5 2698 4.496 3.854 3.372 2.998 2.698 2.453 2.248 2.075 1.927 
21.5 2743 4.571 3.919 3.429 3.048 2.743 2.494 2.286 2.110 1.959 
22.5 2887 4.645 3,982 3.484 3.097 2.787 2.534 2.322 2.144 1.991 
23.5 2831 4.718 4.044 3.539 3.146 2.831 2.574 2.359 2.178 2.022 
24.5 2876 4.793 4.109 3.595 3.196 2.876 2.615 2.397 2.212 2.054 
25.5 2920 4.866 4.172 2.650 3.244 2.920 2.655 2.433 2.246 2.086 
26.5 2964 4.940 4.234 3.705 3.293 2.964 2.695 2.470 2.280 2.117 
27.5 3008 5.013 4.297 3.760 3.342 3.008 2.735 2.507 2.314 2.149 
28.5 3052 5.086 4.360 3.815 3.391 3.052 2.775 2.543 2.348 2.180 
29.5 3097 5.161 4.424 3.871 3.441 3.097 2.815 2.581 2.382 2.212 

30.5 3141 5.235 4.487 3.926 3.490 3.141 2.855 2.617 2.416 2.244 
31.5 3186 5.310 4.552 3.982 3.540 3.186 2.896 2.655 2.451 2.275 
32.5 3231 5.385 4.616 4.039 3.590 3.231 2.937 2.692 2.485 2.308 
33.5 3277 5.461 4.682 4.096 3.641 3.277 2.979 2.731 2.521 2.341 
34.5 3323 5.538 4.747 4.154 3.692 3.323 3.021 2.769 2.556 2.374 
35.5 3369 5.615 4.813 4.211 3.743 3.369 3.063 2.807 2.592 2.406 
36.5 3415 5.691 4.879 4.269 3.794 3.415 3.105 2.846 2.627 2.439 
37.5 3462 5.770 4.946 4.328 3.847 3.462 3.147 2.885 2.663 2.473 
38.5 3510 5.850 5.014 4.388 3.900 3.510 3.191 2.925 2.700 2.507 
39.5 3558 5.930 5.083 4.448 3.953 3.558 3.235 2.965 2.737 2.542 

40.5 3607 6.011 5.152 4.509 4.008 3.607 3.279 3.006 2.775 2.576 
41.5 3656 6.093 5.223 4.570 4.062 3.656 3.324 3.047 2.812 2.611 
42.5 3706 6.176 5.294 4.632 4.118 3.706 3.369 3.088 2,851 2.647 
43.5 3757 6.261 5.367 4.696 4.174 3.757 3.415 3.131 2,890 2.684 
44.5 3809 6.348 5.441 4.761 4.232 3.809 3.463 3.174 2.930 2.721 
45.5 3861 6.435 5.516 4.826 4.290 3.861 3.510 3.217 2.970 2.758 
46.5 3914 6.523 5.592 4.892 4.349 3.914 3.558 3.262 3.011 2.796 
47.5 3968 6.613 5.669 4.960 4.409 3.968 3.607 3.307 3.052 2.834 
48.5 4023 6.705 5.747 5.029 4.470 4.023 3.657 3.352 3,095 2.874 
49.5 4079 6.798 5.827 5.099 4.532 4.079 3.708 3.399 3,138 2.s;4 

50.5 4136 6.893 5.909 5.170 4.596 4.136 3.750 3.447 3,182 2.954 
51.5 4194 6.990 5.992 5.242 4.660 4.194 3.813 3.495 3.226 2.996 
52.5 4254 7.090 6.077 5.318 4.727 4.254 3.867 3.545 3.272 3.039 
53.5 4314 7.190 6.163 5.392 4.793 4.314 3.922 3.595 3,318 3,081 
54.5 4377 7.295 6,253 5,471 4.i>63 4,377 3,979 3.647 3.367 3.126 
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Table III (continued) 

Ar.^K 

A, pm. at various values of T 

%• 600K 700 K 800 K 900 K 1000K HOOK 1200K 1300 K 1400 K 

55.5 4440 7.400 6.343 5.550 4.933 4.440 4.036 3.700 3.415 3.171 
56.5 4505 7.508 6.436 5.631 5.006 4.505 4.095 3.754 3.465 3.218 
57.5 4572 7.620 6.532 5.715 5.080 4.572 4.156 3.810 3.517 3.266 
58.5 4640 7.733 6.629 5.800 5.156 4.640 4.218 3.867 3.569 3.314 
59.5 4710 7.856 6.729 5.888 5.233 4.710 4.282 3.925 3.623 3.364 

60.5 4782 7.970 6.832 5.978 5.313 4.782 4.347 3.985 3.678 3.416 
61.5 4856 8.093 6.937 6.070 5.396 4.856 4.415 4.047 3.735 3.469 
62.5 4932 8.220 7.046 6.165 5.480 4.932 4.484 4.110 3.794 3.523 
63.5 5010 5.350 7.157 6.262 5.567 5.010 4.555 4.175 3.854 3.579 
64.5 5091 8.485 7.273 6.364 5.657 5.091 4.628 4.242 3.916 3.636 
65.5 5175 8.625 7.393 6.469 5.750 5.175 4.705 4.312 3.981 3.696 
66.5 5262 8.770 7.517 6.578 5.847 5.262 4.784 4.385 4.048 3.759 
67.5 5351 8.918 7.644 6.689 5.945 5.351 4.865 4.459 4.116 3.822 
68.5 5444 9.073 7.777 6.805 6.049 5.444 4.945 4.536 4.188 3.889 
69.5 5541 9.235 7.916 6.926 6.157 5.541 5.037 4.617 4.262 3.958 

70.5 5641 9.401 8.059 7.051 6.268 5.641 5.128 4.701 4.339 4.029 
71.5 5745 9.575 8.207 7.181 6.383 5.745 5.223 4.787 4.419 4.105 
72.5 5854 9.756 8.363 7.318 6.504 5.854 5.322 4.878 4.503 4.181 
73.5 5968 9.946 8.526 7.460 6.631 5.968 5.425 4.923 4.591 4.263 
74.5 6087 10.145 8.696 7.609 6.783 6.087 5.533 5.072 4.682 4.348 
75.5 6212 1U.353 8.874 7.765 6.902 6.212 5.647 5.176 4.778 4.437 
76.5 6343 10.571 9.062 7.929 7.048 6.343 5.766 5.286 4.879 4.531 
77.5 6482 10.803 9.260 8.102 7.202 6.482 5.893 5.401 4.986 4.630 
78.5 6628 11.046 9.469 8.285 7.364 6.628 6.025 5.523 5.098 4.734 
79.5 6783 11.304 9.690 8.479 7.537 6.783 6.166 5.652 5.218 4.845 

80.5 6948 11.580 9.926 8.685 7.720 6.948 6.316 5.790 5.345 4.963 
81.5 7123 11.871 10.176 8.904 7.914 7.123 6.475 5.936 5.479 5.088 
82.5 7311 12.185 10.444 9.139 8.123 7.311 6.646 6.092 5.624 5.222 
83.5 7514 12.523 10.735 9.392 8.349 7.514 6.831 6.261 5.780 5.367 
84.5 7732 12.886 11.046 9.665 8.591 7.732 7.029 6.443 5.948 5.523 
85.5 7969 13.281 11.385 9.961 8.854 7.969 7.245 6.641 6.130 5.692 
86.5 8228 13.712 11.755 10.285 9.142 8.228 7.480 6.856 6.329 5.877 
87.5 8513 14.188 12.162 10.641 9.459 8.513 7.739 7.094 6.548 6.081 
88.5 8829 14.714 12.613 11.036 9.810 8.829 8.026 7.357 6.691 6.306 
89.5 9183 15.304 13.119 11.479 10.203 9.183 8.348 7.652 7.064 6.559 

90.5 9583 15.971 13.690 11.979 10.648 9.583 8.712 7.986 7.371 6.845 
91.5 10042 16.746 14.346 12.552 11.158 10.042 9.129 8.386 7.726 7.173 
92.5 10577 17.628 15.110 13.221 11.752 10.577 9.615 8.813 8.136 7.555 
93.5 11215 18.524 16.022 14.019 12.461 11.215 10.195 9.345 8.627 8.011 
94.5 11996 19.993 17.137 14.995 13.329 11.996 10.878 9.996 9.228 8.569 
95.5 12990 21.649 18.558 16.238 14.433 12.490 11.809 10.825 9.992 9.278 
96.5 14327 23.877 20.468 17.909 15.919 14.327 13.025 11.939 10.021 10.233 
97.5 16295 27.157 23.279 20.369 18.105 16.295 14.814 13.579 12.535 11.639 
98.5 19724 32.872 28.178 24.055 21.915 19.724 17.931 16.436 15.172 14.088 
99.5 29372 48.951 41.961 36.715 32.635 29.372 26.702 24.476 22.594 20.980 

*The wavelength A is chosen so that the indicated percentage of blackbody radiation occurs at wavelengths shorter than the indi- 
cated wavelength. 

8. THEORETICAL MODELS 
SURFACES 

IDEAL 

A. Classical Free-Electron Theory 
The earliest attempts to predict  the optical 

properties of metals were made by Lorentz, Drude 

[40], Kronig [88], and Mott and Zener [103], who 
assumed the metal to contain electrons which were 
essentially free to move under the influence of the 
electric field induced by the incident electromagnetic 
wave. These free electrons are the valence electrons 
in the outer shell of the atoms constituting the metal. 
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Tublc IV. Clasiucal Models for the Optical Properties of Metals (MKS Units) 

Drude Free Electron. Assumes the metal contains free 
electrons which are subjected to an oscillating electric 
field and a viscous d imping force proportional to the 
velocity of the electrons arising from collisions between 
accelerated electrons and the atomic lattice. 

Simplified Drude Free Electron. Drude theory valid for 
long wavelengths where currents in the metal are in phase 
with electric field. 

Extension of Drude Theory—Robens' Model. Diude 
theory extended to include seve.al types of free and bound 
electrons subjected to viscous damping and elastic restoring 
forces. 

K* = '-(r) 
A_\2 1 ryU/A,) 
0/   1 + (A/A,)'3 

-/■ 

«o'' 

K* = 1 

A,  =  tircr 

r»mca«cll!2 

Aa - Aa.m + jSmA.mA     21TC.0 ^ V. - . 

When the wave is incident upon its surface, an 
oscillating electric field parallel to the surface is 
induced in the metal and the free electrons will 
oscillate under the influence of this field at the 
frequency of the incident wave. There is a phase 
difference between the oscillation of the electrons 
and that of the field, caused by a viscous damping 
force arising from collisions between accelerated 
electrons and the atomic lattice. To describe the 
optical behavior of the material requires two 
parameters: the number density of free electrons, /V, 
being excited by the induced field, and the average 
time (relaxation time T) between collisions of the 
electron with the atomic lattice. These two param- 
eters can be estimated from the number of valence 
electrons per unit volume, the electrical conductivity 
and the assumption of a spherical Fermi surface. 
This is called the Drude Free Electron model, and is 
shown in Table IV expressing the complex dielectric 
constant as a function of the two parameters N and T. 

If the phase change arising from electronic 
collisions can be neglected, the model describing the 
optical behavior of the material is greatly simplified. 
This situation occurs when the relaxation time is 
zero or when the time between electronic collisions 
is much less than the period of the induced electric 
field. For this condition, the optical behavior can be 
completely described by one material parameter— 
the dc electrical conductivity. Table IV presents the 
resulting model for the complex dielectric constant, 
labeled the Simplified Drude Free Electron model. 

This simplified model for the optical constants 
serves as the basis for relations used to compute the 
thermal radiative properties of materials from 
knowledge of the electrical conductivity (or resistiv- 
ity) as a function of temperature. If the appropriate 
relation between the complex dielectric constant, K*, 

and €(0; A) is used with the simplified Drude model, 
the normal spectral emissivity can be expressed as 
a function of the electrical resistivity, r, in the series 
form 

<(0; A) = 0.365 (r/A)12 - 0.0464 (r/A) + (61) 

where the units are r(ohm-cm)and A(cm).This cele- 
brated relation is frequently referred to as the 
Hagen-Rubens reLiion. 

From the above discussions, the assumptions 
used to derive this basic model limit the Hagen- 
Ruben j relation to long wavelengths (usually beyond 
10/xm) and high temperatures for metals in which 
the electronic structure can be approximated by one 
class of free electrons as the current carriers. This 
relationship has found extensive use in engineering 
applications. 

From the basic theory yielding the Hagcn- 
Rubens relation, various models have been de- 
veloped for expressing total and angular property 
values. Table V shows these relations, expressed in 
terms of the emissivity, which have been developed 
over the years [117]. Aschkinass [8] obtained an 
expression for the normal total emissivity, c(0; t), by 
normalization of the first term of the Hagen- 
Rubens relation with the Planck blackbody distribu- 
tion curve. 

«(0;/) = 
r «(0;A)L6(A, 7VA 

1^,7) dX 

The result of the integration gives two terms 

€(0; 0 = 0.5736(f D1'2 - 0.1769(r71 

(62) 

(63) 

For many metals, particularly at higher tempera- 
tures and for relatively high purity, the electrical 

__•*■■ ^^^^^-^^^^^^^^^ 
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resistivity is proportional to temperature; through 
integration of equation (55) it can be shown that the 
normal total emissivity is proportional to the first 
power of the temperature. For a bhckbody radiator, 
the radiant exitance. A/, is proportional to the fourth 
power of temperature, that is 

M = or4 

and for a nonblackbody 

M =t(0\t)nTi 

(64) 

(65) 

The Aschkinass relation, coupled with the linearity 
of electrical resistivity and temperature, shows that 
the radiant exitance of a metallic surface is to a first 
approximation proportional to theßfth power of the 
temperature. 

Foote [49] improved the utility of the Aschkinass 
relation by including the second term of the Hagen- 
Rubens relation in the integration. This gives rise 
to a third term in the €(0; I) relation as shown in 
the Table V. 

The relations so far have considered only the 
case of emission normal to the surface. The classical 
electromagnetic wave theory can prescribe the angu- 
lar variation in the optical behavior of the material. 
Equations (30) and (31) relate the two polarization 
components of reflectivity to the angle as measured 
from the surface normal in terms of the optical 

constants n and k. In the simple Drude theory, 
n and k are determined by the electrical resistivity. 
Davisson and Weeks [33] were the first to treat this 
problem of determining the hemispherical total 
emissivity using the Fresnel relation for angular 
dependency. 

c(27r;0 = 0.751 (rT)1'2 - 0.632 (rr)+ ... 
, (66) 
forrr<0.1 

The limitation in the product rT is usually not 
more restrictive than the assumptions of the basic 
model itself. Schmidt and Eckert [130] removed 
the product of rT limitation and also developed the 
relations for hemispherical spectral emissivity as 
shown in Table V. These four relations, along with 
the Hagen-Rubens relation, constitute the conven- 
tional and basic equations used to estimate the 
radiative properties of metals. 

The Schmidt-Eckert relations also yield the 
ratio of hemispherical to normal emissivity of 
metallic surfaces. Table VI presents the results show- 
ing that for metals the hemispherical emissivity 
ranges from 1.33 to 1.05 times the normal em.ssivity; 
the values are also shown graphically in Fig. 9 and 
compared to the theory for nonconductors. 

Useful relations for predicting the angular 
variation of spectral emissivity for the two degrees of 
polarization are: 

Table V. Classical Models for the Emissivity of Metals 
Units: f(ohm-ow), X(cin), T(K) 

Hagen and Rubens [66]. Also called the Drude-Zener relations; 
applicable at long wavelengths and/or high temperature; 
derived from classical electromagnetic theory assuming 
negligible phase change of electrical field within the metal. 

Aschkinass [8]. Obtained by integration of Hagen-Rubens' 
first term with Planck distribution curve; when combined with 
r vs 7" linearity relation then radiant energy is proportional 
to the fifth power of the temperature. 

Foote [49). Obtained by integration of Hagen-Rubens" first 
and second terms with Planck distribution curve. 

Davisson and Weeks [33]. Using the Fresnel relation for 
angular dependency, hemispherical emissivity is obtained. 

Schmidt and Eckert [130]. With graphical integration tech- 
niques, the limit of applicability of the Davisson-Weeks 
model is extended. 

Parker and Abbott [109]. Assumed the Drude theory with 
finite relaxation time; expressions for <(0; /), ((2n; A) and 
((2ir; /) are also developed. 

.(0; A)   = 0.365 (r/A)1" - 0.0464 (r/A) 

€(0; t)    =-- 0.5736 (rD1" - 0.1769 (rD 

.(0; f)    = 0.578 (rD1 0.178 (rD + 0.0584 (rD32 

tilir; t) = 0.751 (rD1" - 0.632 (rD + . . .       rT" < 0.1 

1/2 
€(2>r; A) «0.476(r/X)    - 0.148 (r/A) 0 < r/A < 0.5 
((2n; A) = 0.442 (r/A)"a - 0.0995 (r/A)    0.5 < r/A < 2.5 
.(2^; I) = 0.751 (rD1" - 0.396 (rD 0 < rr < 0.2 
.(2ir; t) = 0.698 (rD"a - 0.266 (rD       0.2 < rr < 0.5 

c(0;A) = 22    (-•)"->'(i)" rT- 
7.8 

I + y* 

where y= [(1 + y3)1" - y]11 litcm 
y " XrNq*' Sqar 
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*(M),= 

«(0;A)P = 

Mm/r)12 cos e 
60\/r + 2(30A/r)1,a cos 0 + cos2 0 

4(30A/r)1/3   

«X-VOcos3» + 2(30A/r)1,3cos« + 1 

(67) 

(68) 

The wavelength dependence is based upon the 
Hagen Rubens relation; the angular dependence 
ond polarization are prescribed by the Fresnel 
relation as a direct consequence of electromagnetic 
wave theory and the interaction process with polished 
metals [77]. 

The models prescribed above all assume that the 
phase difference between the induced electric field 
and the electron current carriers is negligible. That is, 
the relaxation time of the electron carriers is small 
compared to the period of the induced electric field. 
Parker and Abbott [109] have developed a relation 
for the emissivity which accounts for a finite relaxa- 
tion time. The resulting equation for the normal 
spectral emissivity is presented in Table V. To use 
this equation, one needs to know two parameters of 

Table VI. Ratio of Hemispherical to Normal 
Emissmly of Metallic Conductors [77] 

42n; t) «(2 »: OM0; f) 

0 1.33 
0.05 1.27 
O.iO 1.225 
0.15 1.185 
0.20 1.145 
0.25 1.105 
0.30 1.075 
0.35 1.055 

S 

0 2 0.4 O« O« 10 

« (0,1) 

Fig. 9. Ratio of hemispherical to normal total emissivity of 
radiating surfaces [77]. 

the material: the relaxation time, r, and the free 
electron density, N. This model develops relations 
for other subproperties of emissivity but does not 
find widespread use because of the difficulty in 
evaluating T and JV as functions of temperature. As 
a result, this model would find more utility in evalua- 
tion of measured data rather than in estimation of 
property values. 

Figures 10 and 11 compare the classical theory 
with selected data on the normal total and hemi- 
spherical total emissivity of several metallic elements. 
The dashed line—denoted as theoretical—refers to 
negligible relaxation time; thus the appropriate 
equations in Table V are those of Schmidt-Eckert 
and of Parker-Abbott. 

Figure 12 shows the results of a recent study by 
Bennett and Bennett [14] regarding the validity of the 
Drude theory; the infrared reflectance of carefully 
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Fig. 10. Normal total emittance of various metallic elements 
[109J. 
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Fig. II. Hemispherical total emittance of various metallic 
elements [109]. 
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Fig. 12. The infrared reflectance of silver, gold, and aluminum 
hi^h-vacuum evaporated tilms compared with the Simple 
Drude model [14]. 

prepared ultrahigh-vacuum-deposited silver, gold, 
and aluminum films are shown to be in excellent 
agreement with the theoretical predictions. Their 
work points out the need for proper specimen 
preparation if the appropriate theoretical mode's are 
to be in agreement. 

B. Other Models 

The failure of the free-electron models to yield 
computed values that agree with experimental data 
in the wavelength regions of interest should not be 
interpreted as a failure of the classical approach, but 
rather should be ascribed to the over-simplification 
of the mechanism of the absorption process. 
Quantum theory states that both free and bound 
electrons exist in a metal and that both types can 
exist in different energy state. 

The basic classical model of a metal consisting 
of one type of free electron which is responsible for 
the absorption process is too simple to explain the 
behavior of many metals. There may be several 
types of free electrons each characterized by a 
different relaxation time and density function. Con- 
tributions to the absorption process arising from the 
influence of the induced electric field can come from 
electrons which are bound to the lattice. It is normally 
assumed that the electrons are elastically bound in 
their equilibrium positions and each type of bound 
electron is characterized by particular values of the 
three parameters—an elastic restoring force, a 
viscous damping force, and the number density of 
the election type. 

The equations for the optical constants for the 
most general case of a metal with several types of 
free and bound electrons are presented in Table IV. 
Roberts [121, 122, 123] has shown that his form of 
the relation is successful in describing "humps" and 

inflection points observed in the optical constants 
data. The relation is primarily useful for correlation 
of measured data, and in general this approach does 
not permit prediction or estimation of the optical 
properties. Despite the large number of parameters, 
the correlation is not an arbitrary curve-fitting 
operation, as there are certain physical constraints 
that the relation parameters must satisfy. 

The influence of bound-electron contributions 
on optical behavior can only be ignored in the long- 
wavelength region of the spectrum. The resonance 
wavelength of the bound electrons in metallic ma- 
ter-jls is usually found in the visible or very near 
infrared (less than 1 /im), but the effect or con- 
tribution to the absorption process is not confined 
to the immediate wavelength region about the 
resonance wavelength. Using the terminology of 
Roberts, the influence of individual terms of the 
multi-free bound electron model on emissivity is 
presented in Fig. 13 for typical metals. 

Seban [131] studied the Roberts model for 
the emissivity of the transition metals iron, nickel, 
and platinum in the spectral region 2 to 15/tm. 
Several types of free-electron carriers and one reson- 
ance term are required to correlate the data. The 
study deals with the possibility of predicting high- 
temperature propeity values from room-temperature 
measurements and knowledge of the temperature 
dependence of the various model constants, especially 
the conductivity terms. 

Edwards and deVolo [47] studied the influence 
of free-electron carriers for some twenty metals for 
the   purpose   of   developing   useful   approximate 

Fig. 13. The effect of individual terms of the multi-free/bound 
electron (Roberts') nodel on normal spectral emissivity of a 
representative metal. 
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expressions for correlating experimental data. No 
simple techniques have been developed for estimating 
or predicting the Roberts or multi-free/bound model 
parameters, consequently this more complicated but 
realistic model of the absorption process finds limited 
applications, primarily in research studies. 

The classical free-electron theory resulting in the 
several models discussed previously all as.ume that 
the relaxation time is small compared to the period 
of the electrical field induced by the absoroed radiant 
energy. At low temperature and short wavelengths 
(high frequency) it is no lo;'.^! permissible to make 
this simplifying assumption. The strength of the 
electric field changes appreciably within the mean 
free path of the electrons, and hence the current 
density (free-electron flow) at a given point within the 
metal is determined only by the value of the electric 
field at that point. The theory to account for this 
effect is called the anomalous skin effect and is 
applicable to low-temperature regions for the alkali 
and noble metals (38, 135]. Relations have not been 
developed to treat metals which are other than one 
band type, and even then the comparison of theory 
and data is only just fair. 

Recently a more generalized quantum theory for 
the optical constants has been developed [132]. The 
theory deals with normal dispersion (in contrast to 
anomalous dispersion) so that the frequency spec- 
trum involved must be sufficiently removed from the 
anomalous region in which photoelectric resonances 
of bound electrons become important. As a result of 
theory, a simple expression for the normal spectral 
emissivity is 

*(0; A) = 2(wri2n)12[b(cj, F)]1'2 (69) 

The term /»(cu, T) is a quantum correction factor, which 
in the limit of the wavelength spectrum approaches 
unity. In this sense, the formula above may be 
referred to as the generalized Hagen-Rubens relation. 

The quantum "A-factor" is determined from the 
overall electronic damping coefficient which is the 
sum of contributions by electron-phonon collisions, 
electron-electron «ollisions, and impurity scattering. 
The electron-fhonon process is of primary import- 
ance for pure metals while the electron-electron 
process may be significant either at very low tem- 
peratures or in the high-frequency limit of the 
spectrum. By comparison of the theory with 
optical constants data, it is possible to determine the 
damping coefficients along with other lattice para- 
meters. Then with these values at one temperature, 
the theory provides for determining the parameters at 

any other temperature. While the theory has not been 
rigorously tested, there is sufficient evidence to 
believe that the approach could eventually be 
utilized for engineering applications. 

9. SURFACE CHARACTERIZATION 

A. Real Surface Effects [37, 54, 124] 
It has been understood for many years that the 

surface condition of metallic specimens plays a 
dominant role in the magnitude of the radiative 
properties. The literature abounds with examples of 
test surfaces shown to be very sensitive to methods 
of preparation, thermal history, and environmental 
conditions. Despite this awareness, descriptions of 
test surfaces are generally inadequate because of our 
modest understanding of the important mechanisms 
of real surface effects and how to properly character- 
ize a surface. 

From consideration of wave theory, it is 
apparent that the reflection process is influenced by 
the surface condition. The depth of penetration of an 
incident electric field can range from very small to 
very large values depending upon the absorption and 
scattering properties of the material. For metals, the 
absorption property dominates the process, since the 
extinction coefficient is quite large in the thermal 
spectrum and radiant energy will not travel more than 
a few hundred angstroms before being totally 
absorbed. This is not the case for nontnetallic or 
dielectric materials, which are shown to be less 
sensitive to surface conditions [118]. In the emission 
process for metals, internally generated radiant 
energy reaching the surface originates from atomic 
and molecular oscillators characteristic of the 
chemical composition and physical state in a very 
thin surface layer from 0 to perhaps 1000 A deep. 

Topographical, chemical, and physical (struc- 
tural) characteristics all influence the properties of 
the metallic surface. The topographical character- 
istics describe the profile or geometry of the surface— 
the boundary between the material and the surround- 
ing medium. The chemical characteristics describe 
the composition of the surface layer including such 
features as inhomogeneities and contaminants. The 
physical characteristics describe the structure of the 
surface such as crystal lattice orientation, particle 
size, strain, and other features which might affect the 
radiant energy exchange process. " 

To isolate the individual cirface characteristics 
as outlined is a difficult task. For iiost materials it is 

... 



28a       Theory, Estimation, and Measurement 

not practical to alter one characteristic without 
causing an influence on another. The control of the 
many variables required to study surface character- 
ization in a logical manner is a complex problem. As 
a result only the simplest of surface profiles or 
compositional effects have been studied or are 
understood. In the succeeding sections studies on 
characterization are discussed. 

The most important influences on the radiative 
properties of metals arise from surface roughness 
and films (oxide growth). The effect is most pro- 
nounced on the spectral radiative properties when 
the characteristic profile variation or film thickness 
is on the same order as the wavelength of interest. 
For some situations a thin dielectric film has a more 
significant influence on emittance properties than 
does surface roughness of the same dimension. 
These changes in spectral properties are also appar- 
ent as changes in angular distribution of reflected or 
emitted energy. 

The influences of surface characteristics- 
topographical, chemical, physical—can be con- 
siderably dependent upon the energy spectrum of 
importance tc the radiative property of interest. 
For example, he description of a surface for use as a 
room temperiture absorber (5 < A < 40 /xm) will be 
quite different than that for a solar absorber 
(0.25 < A < 4 (im). Also the techniques required to 
study each will be quite different. 

B. Topographical Characterization 

The profiles of real metal surfaces are always 
shown as irregular patterns of peaks and valleys. 
Various parameters are in common use to describe 
the topography of a surface including RMS (root 
mean square) height, CLA (center line average) 
height, lay, average slope, height distribution, etc. 
[I, 83, 136]. Such parameters are obtained primarily 
from stylus-type profilometers and to some extent 
from interferometry techniques. 

The effect of surface roughness on the optical 
properties of materials was first studied by Lord 
Rayleigh, but only recently has this problem been of 
intense interest. If the sizi of the irregularities is of 
the order of the wavelength or larger, the interaction 
can be described by geometrical optics [141]. In this 
case, the facets of the surfaces reflect in various 
directions, and the properties/orientation of the 
facets must be described by some statistical process 
in order to explain the optical behavior of the surface. 
If, however, the surface irregularities are much 

smaller than the wavelength, the optical behavior 
can be explained by diffraction phenomena. 

The diffraction problem was originally studied 
by Rice [111] and Davies [32] and their work was 
extended and experimentally verified by Bennett 
and Porteus [16]. Their expression for the relative 
reflectance ratio of the rough, p, to smooth, p0, 
surface at normal incidence is given as 

- = expMW*)2] + 327T4((j/A)4(AÖ)2/w (70) 
Po 

where a is the RMS roughness, nt is the RMS slope, 
and Ad is the half angle of acceptance of the optical 
system. The first term represents the coherently or 
specularly reflected fraction and the second term the 
incoherent or diffusely reflected term. The second 
term is shown proportional to (a/A)4, and hence for 
longer wavelengths and smoother surfaces the first 
term predominates. 

Porteus [110] showed that when the second term 
is important, that is for larger values of <T/A still within 
the diffraction range, an increasingly exact statistical 
description of the surface is required. This necessarily 
follows when taken to the limiting case of the 
geometrical optics region. For a surface of Gaussian 
height distribution, approximated by aluminized 
ground glass, the theory is in good agreement with 
the data [12]. 

This theory, adequate for the range of a/\ 
within the diffraction region, assumes that there is 
no change in the hemispherical reflectance of the 
roughened surface when compared to the smooth 
one, but rather a change in the ratio of specular to 
diffuse reflected fractions. It would then follow 
directly from Kirchhoff's law that no change in 
total emittance can occur in this region because of 
surface roughness; a value of a/X = 0.15 is an upper 
limit for the diffraction range. For room temperature 
the maximum energy occurs at 10/xm and hence, 
for a surface of roughness of 1.5/xm or 60 /tin. (a 
rather rough finished metal surface) there is a negli- 
gible effect on the energy radiated. 

For very rough surfaces and short wavelengths, 
geometrical optical effects predominate. Zipin [149] 
studied the directional reflectance of a series of 
regular V-shaped specimens of RMS heights (a) 2, 5, 
12, and 24/xin. in the visible region. The combina- 
tion of a/A is such that the two limiting cases of 
geometrical and diffraction effects could be studied 
conveniently. In the range of geometrical effects, 
only   regular-shaped   asperities   can   be   handled 
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without resorting to elaborate statistical tools [10, 
13]. Little progress has been made in the correlation 
of rough surface characteristics in this region [19, 
125, 126]. 

C. Chemical Characterization 

The real metal surface unavoidably has a surface 
film of one type or another. In engineering applica- 
tions, these films may be greases or other deposits, 
but normally they are oxides of the base metal. Even 
if only the natural oxide layer is considered, charac- 
terization is difficult. The layer is a mixture of 
several different chemical species (metal atoms, 
oxygen ions, and one or more metal ions); the 
interface between oxide and base metal is not smooth; 
the rate of oxide growth is dependent upon the base 
metal surface topography, structure, temperature, 
and atmospheric conditions. Numerous reviews and 
studies have been reported on oxide-layer growth, but 
the basic mechanism is not completely understood 
for some metals, for there are many conflicting 
theories and opinions. It is evident that considerable 
work is necessary to further our understanding of 
how to chemically characterize a surface. 

The coatings or films formed by oxidation can 
have very significant effects on the thermal per- 
formance of a surface. Generally speaking, the use of 
coatings—combinations of layers or films—for 
tailoring thermal performance is very much a topic 
of current interest. The behavior of the material 
ranges from that of a pure base metal surface to the 
condition where the oxide (or other film) dominates 
behavior and the surface has the characteristics of a 
nonmetallic material. Oxidized metallic surfaces can 
be stabilized and are useful for many purposes; 
oxidized Kanthai and sand-blasted/oxidized Inconel 
are two such materials and are in current use as 
reference standards of emittance [IIS]. 

D. Physical (Structural) Characterization 

The surface characteristics just discussed—topo- 
graphical and chemical—are easily understood to 
have important influences on optical behavior. 
However, the effects caused by physical structure 
beneath the surface are not so apparent [39]. In the 
case of a perfectly smooth surface free from surface 
films, a surface layer several hundred angstroms deep 
(skin depth of penetration of radiation) is responsible 
for the optical behavior of the metal. Structural 
features of this layer, such as adsorbed gas atoms, 
lattice imperfections, and crystallinity variations, can 

be expected to have an influence on the optical 
behavior. 

It has been shown that some mechanical polish- 
ing processes cause structural changes in layers near 
the surface [128]. There is evidence of a layer of 
supercooled fluid metal that fills the scratches caused 
by the abrasive [11]. This layer (called the Beilby 
layer) has no clearly defined interface with the under- 
lying metal. The outermost regions of this layer 
appear to be completely noncrystalline, and the 
structure becomes more crystalline as the depth from 
the outer surface increases. In some cases, the layer 
will contain oxide. It has also been suggested that the 
polished layer is unstable und will revert, in time, to 
the ordinary crystalline state. 

Heat-treating, cold-working, various surface 
preparation treatments, and many other processes 
can give rise to variations in physical and chemical 
characteristics between the bulk and surface layers. 
However, concrete evidence is lacking that these 
variations can in all cases cause significant changes 
in the optical behavior of metals. 

10. METHODS OF MEASUREMENT 

A. Basic Techniques 

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

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

Methods of evaluating radiant flux fall into two 
general categories, calorimetric and radiometric. In 
calorirnetric techniques the radiant flux absorbed or 
emitted by a sample is evaluated in terms of the heat 
lost or gained by the sample. In radiometric tech- 
niques, the radiant flux is measured directly. In 
general, calorimetric techniques tend to be relatively 
simple and free from systematic error, but of 
relatively low precision. Radiometric techniques, on 

i 
■ - ■     - --"-■-    — ■   



30a       Theory, Estimation, and Measurement 

the other hand, tend to require more elaborate 
equipment, and, while capable of relatively high 
precision, are subject to systematic errors that may be 
difficult to evaluate. 

Calorimetric techniques are used to measure 
absorptance and emittance; they are not suitable for 
direct measurement of reflectance. In essence, a 
sample is placed in an environment where all heat 
transfer to or from it is by radiation, or is in a form 
such that it can be evaluated directly in power units, 
such as power input to a direct electrically heated 
sample, or heat loss in terms of the rate of boiling of 
a liquid such as water or nitrogen. If a steady-state 
condition is achieved, the heat input can be equated 
to the heat output, and the net radiant heat transfer 
can be related to the temperature of the sample. If 
the temperature of the sample is changing, the net 

heat transfer to or from the sample can be related to 
the temperature and rate of temperature change. The 
desired thermal radiative properties can be computed 
from the measured rate of radiant heat transfer, the 
geometry of the system, and the temperature of the 
sample and its surroundings. 

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

Table VII. Primary Reflectance Techniques 

Type of reflectometer 
Wavelength    Temperature 

Property range, /mi        range, K References Remarks 

Heated Cavity [Hohlraum) 

Integrating Spheres 
Substitution/comparative type 

Absolute 

Laser source 

Integrating Mirrors 
Coblentz hemisphere 

P(0; 2«) 

R(0; 2^) 

P(«; 2n) 

R(0; 2«) 

P(9; 2») 

Paraboloidai 

Ellipsoidal 

p(9; 2*) 

2-35 

1-15 

2-100 

1-15 

RT-900 

0.3-2.6 RT 

0.2-2.6 RT 

0.63,1.15 RT-2500 

RT-600 

58 

61.76 

48 

85 

30,78 

RT 

RT~400 

42, 104 

43 

Multiple Reflection 
Strong technique P(0;0) 0.3-35 RT 50, 56, 139 
Bennett-Koehler modification P(0;0) 0.2-35 RT IS 

A versatile infrared instru- 
ment ; in widespread use. 

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

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

Laser used as conventional 
source. 

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

Suitable for samples of arbi- 
trary reflection distribution 
function. 

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

For specular reflectors only. 
Errors minimized by unique 

optical design, accuracy 
state of the art ±0.001 
unit. 
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errors in radiometric determinations arise from flux 
losses in the optical system. 

As mentioned in Section 9, the thermal radiative 
properties of metallic surfaces are as much related to 
the character of the surface as to the material of which 
it is composed. Any report of thermal radiative 
property measurements should therefore include a 
complete description of the surface, giving all 
available information on its physical and chemical 
characteristics. 

B. Reflectance Techniques [44] 
The more important techniques for measuring 

reflectance are summarized in Table VII. Only 
methods that measure essentially all of the reflected 
radiant energy are included in the table, since 
methods that measure only a portioi. of the reflected 
radiant energy have only limited application. 
Goniometrie reflectance methods, which measure the 
geometric distribution of the reflected radiant energy 
are described in a separate section. 

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

a. Heated Cavity Reflectometers 
The Gier-Dunkle reflectometer [58] is sketched 

in Figs. 14A and B. The sample forms part of the 
wall of a blackbody cavity and is irradiated over a 
hemisphere by blackbody radiation from the hot 
cavity walls. Images of the sample and a spot on the 
cavity wall are alternately focused by the optical 
system onto the entrance slit of the monochromator. 
The output of the monochromator is the ratio of the 
radiances in the two beams, which is a measure of 
the hemispherical directional reflectance factor 
R(2n; 0', u>') of the specimen. 

The sample is usually viewed at an angle of 
about 4° from the normal, so that the specular 
component is included in the measured value. If 
desired, the sample can be viewed normally, so that 
the specular component is not included in the 
measured value. 

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

Because R(2n; 0',ui') = p(8,to; In), the results 
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Fig. 14. Schematic of the heated cavity (Hohlraum) reflectom- 
eter—the cavity and specimen arrangement. (A) Cavity and 
sample arrangement, (B) Auxiliary optics—sample and ref- 
erence beam viewing. 

are frequently reported as the directional hemi- 
spherical reflectance and are reported as such in the 
data compilation of this volume, with a footnote to 
the effect that R(2ir; 8', w) was actually measured. 

There are many sources of error in heated 
cavity reflectance measurements which have been 
discussed in detail in the literature [42, 73, 138]. The 
principal sources of error arise due to nonuniform 
irradiance of the sample over the hemisphere as a 
result of the aperture and thei mal gradients in the 
cavity, emission from the sample due to heating, 
and failure of the radiance of the spot viewed on 
the cavity wall to represent the average radiance 
of the cavity walls, again due to thermal gradients 
in the cavity. 
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The Hohlraum reflectometer irradiates the sample 
over nearly a complete hemisphere with nearly 
uniform radiance, hence the measured values are 
nearly independent of the geometric distribution of 
flux reflected by the sample. The instrument can be 
used to measure both specularly and diffusely 
reflecting samples. It is not recommended that 
measurements be made on heated samples since it is 
not possible to separate the radiant energy reflected 
and emitted by the sample. 

Several versions of the heated cavity reflecto- 
meter have been built and the reader is referred to 
the literature for details. One major advance [41 ] has 
been to place the water-cooled specimen at the 
center of the cavity, away from the walls, so that the 
angle of viewing can be varied from normal to near 
grazing. This modification has the further advantage 
that cooling of the cavity walls by the cooling water 
for the specimen is virtually eliminated, hence 
thermal gradients within the cavity are usually much 
smaller than for the type of cavity shown in Fig. I4A. 

b. Integrating Sphere Reflectometers 

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

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

Integrating sphere instruments can be operated 
in the direct or indirect mode. In the direct mode the 
sample is irradiated directly, and the detector views 
an area on the sphere wall. A similar reading is then 
taken on a comparison standard of known reflectance 
under the same conditions. The measured directional- 
hemispherical reflectance factor Ä(ö, cu; 2ir) is then 
the ratio of the sample reading to the standard 
reading times the known reflectance of the standard. 

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

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

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

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

The wavelength range over which an integrating 
sphere reflectometer can be used is determined by the 
reflectance characteristics of the sphere walls. For 
the most commonly used wall coatings, magnesium 
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oxide and barium sulfate [100], the spectral range is 
about 0.25 to 2.5 ^m. There are many reports [2, 99] 
in the literature on the techniques of preparing 
smoked magnesium oxide, and its reflectance 
properties. A recent report [64] indicates that high- 
purity barium sulfate may be superior to smoked 
magnesium oxide as a sphere coating. Other materials 
that have been used at longer wavelengths include 
flowers of sulfur [89], sprayed sodium chloride [85j, 
and coated roughened glass [46]. Such materials 
have not found extensive use in integrating sphere 
reflectometers, but have been used in flux-averaging 
spheres in the infrared [45]. 

Comparison standards of reflectance are required 
for most integrating sphere reflectometers The work- 
ing standard that is used routinely is usually a piece 
of white vitrolite glass or white porcelain enamel that 
has been calibrated against freshly smoked magnes- 
ium oxide, MgO [5]. The measured relative reflectance 
(actually the reflectance factor) may be reported 
relative to MgO or as "absolute" reflectance, which 
is the reflectance relative to MgO times the reflectance 
of MgO. In many cases, the values have been reported 
simply as reflectance, with no further designation. A 
second standard frequently used is a block of mag- 
nesium carbonate, MgCOg, the surface of which is 
scraped from time to time to provide a fresh layer of 
material. Both MgO and MgCOg have reflectances 
greater than 0.95 over most of the wavelength range 
where they are used. Hence, for most engineering 
purposes, no serious error is introduced if the reflect- 
ance of the reference standard is considered to be 1.0 
instead of 0.95 to 0.99, ss it will be in the visible and 
near infrared. However, the reflectance of MgO and 
MgCOg is low in the ultraviolet, and significant 
errors can be introduced if it is taken as 1.0 in the 
wavelength range of 0.25 to 0.4 ^m. 

Goebel et al. [60] have shown how to obtain 
reflectance of a coating directly through the use of an 
auxiliary sphere with an integrating sphere reflecto- 
meter. Kneissl and Richmond [85] have shown that, 
in an integrating sphere in which the area viewed by 
the detector is shielded from the specimen, the ratio 
of the signal when the specimen is irradiated to that 
when an area on the sphere wall not in the area 
viewed by the detector and not shielded from that 
area is irradiated is the absolute reflectance of the 
specimen, except for small errors due to flux losses 
out the apertures in the sphere. 

Errors in integrating sphere reflectometers are 
due to (I) flux losses out the apertures of the sphere, 
(2) direct impingement of radiant energy reflected by 

the specimen or standard onto the area viewed by the 
detector, (3) direct impingement of radiant energy 
reflected by the samp'e onto the detector, and (4) 
variations in the reflectance of the sphere coating and 
deviations of the sphere coating from a perfectly 
diffuse reflector. Error 1 can be minimized by reduc- 
ing the ratio of the total area of the apertures to the 
area of the sphere wall. Errors 2 and 3 can be virtually 
eliminated by use of suitable radiation shields in the 
sphere. Error 4 can be reduced by care in the choice 
and application of the sphere coating. For well 
designed spheres, carefully maintained, the errors 
should not exceed 2 or 3 percent. If the sample and 
comparison standard have the same geometric 
distribution of reflected radiant energy, the flux 
losses cancel out, and there is no error. The error for 
any particular sample is a function of the geometric 
distribution of reflected radiant energy for the sample. 

The integrating sphere developed by Edwards et 
al. [48] is unusual in that it is designed to measure 
directional-hemispherical reflectance at angles of 
incidence from 0" (normal) to 80° from the normal. 
This instrument is illustrated in Figs. 15A and B. The 
specimen is irradiated with monochromatic radiant 
energy through port E, and the detector is located at 
port C. For absolute reflectance measurements the 
sphere wall, of coated magnesium oxide, is used as 
the reference. This is accomplished by translation and 
rotation of the sphere so that the incident beam 
misses the sample and strikes the sphere wall as 
shown in Fig. 15C. For relative measurements, a 
calibrated standard is attached to the back of the 
specimen holder as shown in the figures. 

A recent development is the use of a laser-source 
integrating sphere reflectometer [85, 86] to measure 
directional-hemispherical reflectance of samp'es at 
temperatures up to 2500 K. The instrument is used 
at wavelengths of 0.6328, 1.15, and 3.39/^m. The 
high-intensity narrow-bandwidth chopped source, a 
spike filter in front of the detector that transmits 
only at the laser wavelength, and synchronous 
amplification of the signal from the deteaor combine 
to produce a good signal-to-noise ratio in the presence 
of the large amount of radiant energy emitted by the 
hot specimen. 

While not an integrating sphere refleciometer, 
the technique of McNicholas [96] and Martin [97] 
gives data equivalent to those obtained with such an 
instrument. In this type reflectometer, the specimen 
is located at the center of curvature of a hemispherical 
source and is viewed directionally through a small 
hole in the hemispherical source.   Hemispherical 

^ <*.>- ' 

-   



f\ 34* Theory, Estimation, and Measurement 

,MCTOft ran mwnamKM 
Or  SAMPLE HOLM» 

SAMPLE  MOLOt« «LUO 
R0TATA8LE N POKT A 

-.SWEDE ROTATAILC 

•ELLOWS TO EXIT 
OPTICS ENCUMUHE 

•»■tlTA« 

PORT E  MASK 

MOUNT  TRANSLATABLE ON   WAYS 

ROTATABLE   B«SE 

VERTICAL  KARHM RIGID MOUNTIN6 PLATE 

Fig. 15. Integrating sphere reflectometer, after Edwards et al. [48]. (A) The sphere. (B) Auxiliary optics. (C) Top view 
in the reference position for absolute reflectance measurements. 

: 

illumination of the sample is achieved by distributed 
light sources about the exterior of the translucent 
hemisphere. 

r. Integrating Mirror Reflectometers 

An alternative to the integrating sphere is to 
replace the sphere with an integrating mirror. There 
are both advantages and disadvantages to this 
approach. Mirrors in general have high reflectance 
in the infrared and are much more efficient than 
integrating spheres, hence are highly advantageous 
in the infrared where energy is low. On the other 
hand, it is physically impossible to collect the radiant 

energy, reflected by a sample into a hemisphere, into 
a parallel beam of small cross section. For this 
reason, an integrating mirror reflectometer requires 
either a large area detector, a detector that is equally 
responsive to energy incident on it from different 
directions within a large solid angle, or a flux- 
averaging device [46] in front of the detector. 

Threetypesof integratingmirrors have been used: 
hemispherical, ellipsoidal, and paraboloidal.* 

•This discussion does not include the arc-image-type apparatus 
[107, 146] which employ extensive integrating mirrors. Such 
apparatus is most useful for measurements on nonmetallic 
materials and for temperatures in the 2500 to 3700 K range. 

• 
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(i) Hemispherical Mirror Reflectometers. The 
hemispherical or Coblentz [30] mirror reflectomeler 
was one of the earliest reflectance techniques 
developed. A diagram of the instrument is shown in 
Fig. 16. The operation of hemispherical mirror 
reflectometers is based on the fact that radiant energy 
leaving a point source in the plane of the edge of the 
hemisphere will be focused into a small image 
surrounding a second point in the same plane, 
diametrically opposite the source, and at the same 
distance as the source from the center of the 
hemisphere [23]. These two points are called con- 
jugate focal points. The size of the image is deter- 
mined by spherical aberrations, which for any 
hemisphere increase with the distance from the 
source to the center. 

In the Coblenz instrument the sample is centered 
on one conjugate focal point, and the detector is 
centered on the other. The two conjugate focal 
points selected are close to the center, and thus to 
each other. The sample is irradiated directionally 
through a small hole in the hemisphere. An enlarged 
image of the irradiated area of the sample is focused 
onto the detector. The detector can be moved to the 
first focal point to measure the incident flux directly, 
or a standard of known reflectance can be measured 
to evaluate the incident flux. The ratio of the reflected 
flux to the measured incident flux, correcte d for 
system losses, is the directional hemisplerical 
reflectance p(6; In). When a standard of known 
reflectance is used to evaluate the incident flux, the 
instrument measures the normal-hemispherical 
reflectance factor R{6; 2n). 
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Fig. 16. The Coblentz hemisphere. 

Major losses in the system are the absorptance 
of the mirror, flux lost out the entrance aperture, 
atmospheric absorption, and flux that misses the 
detector due to aberrations. Additional errors are 
due to failure of the detector to sense equally flux 
incident from different angle., ^angular sensitivity) 
and on different portions of the sensitive area (area 
sensitivity). 

Janssen and Torborg [78] modified the original 
Coblentz instrument as illustrated in Fig. 17. A 
diffuser at one conjugate focal point is irradiated 
through a hole in the mirror, and the sample at the 
second conjugate focal point is irradiated hemi- 
spherically by the reflected flux from the diffuser. 
The specimen is viewed directionally near normal 
through a second hole in the mirror. This modi- 
fication permits heating of the sample without 
affecting the detector, which could not be done with 
the original Coblentz instrument. A comparison 
standard is required to evaluate the incident flux. The 
instrument operated over the wavelength range of 
0.4 to 20 fi-m and at sample temperatures up to 300 C. 

White [144] designed an automatic recording 
double-beam instrument employing a hemispherical 
reflector. A Nichrome wire source is located at the 
first focal point, and the sample at the second. The 
source and specimen are viewed through a single 
large hole in the hemisphere, by optical systems that 
focus images on the entrance slits for the two beams 
of a double-beam spectrometer. The wavelength 
range is 2.5 to 22.5 ^m. A unique internal chopper is 
provided, so that measurements can be made on 
heated specimens at temperatures up to 1000 C. 
Measurements have also been made on specimens at 
temperatures as low as - 196 C [84]. 

Birkebak and Hartnett [20] extended the hemi- 
sphere to about three-fourths of a sphere, which 
permitted the sample and detector to be tilted so that 
the reflectance could be evaluated for different angles 
of incidence. Kozyrev and Vershinin [87] used 
baffles within the hemisphere to measure the flux 
reflected into preselected solid angles. Other vari- 
ations of the hemispherical mirror instrument are 
described in references [34, 35, 129]. 

(ii) Paraboioidal Mirror Reflectometers. The 
paraboloidal mirror reflectomeler [42] is shown in 
Fig. 18. The basic principle of the instrument is the 
same as for the hemispherical mirror reflectomeler. 
The movable mirror between the two paraboloids 
permits the sample to be irradiated at any desired 
angle.   Neher  and   Edwards   [104]   used   off-axis 
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Fig. 17. The Janssen-Torborg [78] hemispherical reflectometer. 

paraboloids, as shown in Fig. 19. In this case the 
sample is irradiated hemispherically by a large-area 
source, and is viewed directionally. The mirrors 
designated FM in the figure are filter mirrors that 
reflect only in the infrared and absorb at wavelengths 
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Fig. 18. The paraboloid reflectometer. 

Fig. 19. Neher-Edwards [104] paraboloidal reflectometer. 

below 2 /xm, thus reducing errors due to stray radiant 
energy. The instrument operates in the 2 to 100 /xm 
range. 

(iii) Ellipsoidal Mirror Reflectometers. Aber- 
rations in the optical system are reduced when the 
hemispherical mirror is replaced with a prolate 
ellipsoidal mirror, which has true focal points. If an 
ellipsoid of low eccentricity is cut along a plane 
through the major axis, one half can be used to 
replace the hemisphere in a hemispherical mirror 
instrument, with reduced aberrations in the image 
and improved operation. Neu [106] and Heinisch 
[70] have constructed instruments of this type. 

If a prolate ellipsoid of appreciable eccentricity 
is cut in a pli.ne normal to the major axis that 
contains one focal point, the smaller portion of the 
ellipsoid can be used in an instrument of the con- 
figuration shown in Fig. 20 [43]. In this case, the 
sample is located at the first focal point, and irradiated 
by a small chopped monochromatic beam through a 
hole in the mirror. An enlarged image of the irradi- 
ated area of the sample is formed at the second focal 
point where the detector is located. Because the 
image is blurred, a flux-averaging device [46], 
usually an integrating sphere coated with fi-sulfur or 
sodium chloride, is used in front of the detector. 
Shields can be placed in the first focal plane to con- 
fine the measured flux to that reflected by the speci- 
men into any desired solid angle. Corrections can 
thus be made for all flux losses on the basis of the 
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actual geometric distribution of reflected radiant 
energy from the sample being measured, and the final 
error can be reduced to less than one percent. A 
high-quality mirror of known reflectance is used as 
the reference standard. The useful range of the instru- 
ment used in this manner is about 0.4 to 8.0 urn 
with the long-wavelength limit being imposed by the 
low efficiency of the averaging sphere. Detector 
scanning devices [119] can be used to extend the 
wavelength range to 15/im. 

An improved version of this instrument [119] 
employs a large area source surrounding the second 
focal point, which irradiates a sample at the first 
focal point uniformly over a hemisphere. The speci- 
men is viewed through a small hole in the mirror, and 
the reflected beam passed through a monochro- 
mator in front of the detector. When used in this 
mode, satisfactory operation was attained at wave- 
lengths out to beyond 30 /xm. 

The ellipsoidal mirror reflectometer measures 
directional-hemispherical reflectance factor R(0,w; 2n) 
when used in the direct mode (detector at second 
focal point) and hemispherical directional reflectance 
factor R{2ir; 8', «/) when used in the inverse mode 
(source at the second focal point). 

d. Specular Reflectometers 
For high-quality mirrors the multiple-reflection 

technique [SO, 56, 139] is simple and accurate. 
Figure 21 shows a schematic of the optical path. The 
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Fig. 20. Ellipsoidal mirror reflectometer. 
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Fig. 21. The Strong (139) multiple-reflection technique. 

reflectance is computed as the square root of the 
ratio of two measured fluxes, hence the uncertainty 
in the reflectance is about half that in the measured 
ratio. Very accurate alignment of the mirrors, and 
optically flat mirrors, are required to maintain the 
same beam geometry for the two configurations. The 
major source of error is due to slight displacement of 
the reflected beam on the detector, since for most 
detectors the output varies with the position of the 
incident beam on the detector. Flux-averaging devices 
in front of the detector can help to minimize this 
error [15]. 

Bennett and Koehler [19] have improved the 
optical system, as illustrated in Fig. 22, to reduce the 
errors due to slight shifts in the alig iment of the sample 
mirror, or slight deviations of the sample from 
optical flatness. They report accuracies of ±0.001 
reflectance units over the wavelength range of 0.45 to 
22.5 /im. 

e. Gonioreflectometers 
A gonioreflectometer measures the bidirectional 

reflectance as a function of angle of reflectance for 
any given angle of incidence. Several instruments 
[25, 62, 85] have been constructed to measure 
bidirectional reflectance in the plan? of incidence. 
More elaborate instruments [24, 31, 101] have been 
developed to measure bidirectional reflectance over 
the entire hemisphere. The latter instruments permit 
scanning over nearly the entire hemisphere for any 
given direction of incidence, and the angle of incidence 
can be varied from normal to near grazing. In 
addition, the measurements can be made with 
monochromatic incident radiant energy over the 
wavelength range of about 0.5 to 1.0 /im. 

C. Radiometrie Emittance Techniques 
Thermal emittance may be measured directly 

by measuring the ratio of the radiance of a sample to 
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Fig. 22. The Benneli-Koehler [15) high-precision reflectomctcr. 

that of a blackbody radiator at the same temperature, 
and under the same geometric and wavelength condi- 
tions of viewing. The measured property is then the 
directional emittance of the sample, either total, if all 
wavelengths are measured at oncewithanonselective 
detector, or spectral, if the measurement is confined 
to a narrow spectral band. 

The comparison blackbody may be either an 
integral blackbody cavity, whose walls are formed 
by the sample [9, 36, 75, 102, 120] or a separate 
blackbody controlled at the temperature of the sample 
[63, 113]. The integral blackbody is preferred when 
working at very high temperatures, where temperature 
measurement and control may be difficult, or at very 
short wavelengths, where extremely close temperature 
control is required for accurate measurements. This 
technique is particularly suitable when measuring 
samples that are heated in a vacuum or controlled 
atmospheres, where they must be viewed thiough a 
window. The transmittance of the window may be 
changed as a result of condensation on its inner 
surface of material volatilized from the hot specimen. 
Such change in transmittance can cause serious 
errors, which are compensated when both the sample 
and comparison blackbody are viewed through the 
same window. The separate blackbody technique is 
most accurate at temperatures below 1800 K, where 
temperature measurement and control by use of 
conventional thermocouples present no serious 
problems. 

: pectral emittance is usually desired at all 
wavelengths where significant amounts of radiant 
energy are emitted. This range was shown as a func- 
tion of temperature in Fig. 8. As a practical matter, 
most measurements are made in the 1 to IS/im 

range, with a few being extended out to 30 or 35 fxm. 
Measurements at wavelengths below about 1 /xm 
are difficult because oftemperature control problems; 
measurements at long wavelengths are difficult 
because of the low energy available for measurement. 

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

An example of the separate blackbody technique, 
described in reference [113], is shown in Fig. 23. The 
sample, in the form of a flat strip, is heated by passing 
a current through it and is enclosed in a water-cooled 
shield to reduce thermal gradients due to convective 
cooling. Two identical laboratory blackbodies are 
used, designed to have an effective emittance of 
0.998 or better. One blackbody always is used as the 
source for the comparison beam of the spectrometer; 
either the hot sample or the reference blackbody can 
be used as the source for the sample beam of the 
spectrometer. 

In operation, the comparison blackbody is 
brought to the desired temperature by manual 
adjustment of the power input. The reference 
blackbody is placed in position to serve as the source 
for the sample beam of the spectrometer, and its 
temperature is controlled to be the same as that of the 
comparison blackbody by means of a differential 
thermocouple, one junction of which is in each 
blackbody. The ratio of the signals from the two 
beams, plotted as a function of wavelength, is 
referred to as the "100 percent line." The reference 
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Tablr VHI. Allowable Temperature Variation for a * 1 2°0 Variation of BUckbody Radiance 

Temperature differences, \T(K) 

X     0.4^m X = 0.5/im A =0.75 M«! X 1.0 f»m A = 5/»m A = 15 Mm 
r(K) 

500 0.035 0.043 0.065 0.087 0.433 1.112 
1000 0.139 0.174 0.261 0.348 1.640 3.215 
1500 0.313 0.391 0.586 0.782 3.335 5.538 
2000 0.556 0.695 1.042 1.389 5.302 7.949 
2500 0.869 1.086 1.628 2.164 7.425 10.389 
3000 1.251 1.564 2.343 3.102 9.639 12.848 

blackbody is then replaced by the specimen furnace, 
and the sample is controlled at the same temperature 
as the comparison blackbody. again by means of a 
differential thermocouple, one junction of which is 
in the blackbody cavity, and the other being formed 
by separate wire welds to the sample. The ratio of the 
signals from the two beams, plotted as a function of 
wavelength is referred to as the "sample line." The 
specimen beam is then blocked near the specimen 
furnace, and the ratio of the signals from the two 
beams is referred to as the "zero line." The spectral 
emittance at any wavelength. <(0; A) is then computed 
as 

•(0;A) = 
S-Z 

H -Z 
(71) 

where 5 is the height of the sample line, //the height of 
the 100 percent line, and Z the height of the zero line 
at wavelength A. Standards of emittance [117] have 
been calibrated by this technique, and are available 
from the Office of Standard Reference Materials. 
National Bureau of Standards, Washington, D.C. 
20234. 

The integral blackbody approach is illustrated 
in Fig. 24. A thin-walled tubular specimen is heated 
by passing a current through it. The small hole in the 
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wallofthetubeapproximates a blackbody at the tem- 
perature of the wall if the tube walls are thin and of 
uniform thickness and the hole diameter is small 
compared to the diameter of the tube [36]. Thermal 
gradients along the tube are virtually eliminated by 
proper adjustment of the power input to the end 
heaters. Larrabec [91. 92] has generated very-high- 
precision emittance measurements on tungsten with 
this approach although Kunz [90] has raised a 
question regarding manner of viewing to obtain the 
"zero" reading. 

Total normal emittance can be measured by the 

TC    Lt»0»-TO 
FCCD THRU (TVI 

•OTTOH   CLAMP 

IMTmiMtNUTION 

THCRMAL   CXMMtXM 
IMCUP DCVICt 

romin LEAD 
'COOLANT TUK 

THCRMOCOUnl 
TtHUINAL (TYWCAL) 

Tc   JUNCTION 
■ACK sioc mmcAL) 

■LACK ■OUT 
HOLI 

•OTTOM END 
MCATER 

TUNMTEN HEATIN« COIL 

,_       HIGH  VACUUM  1   « 
fEEO TM«U (TYPICAL) 

TO  COOLANT MANIFOLD  • 
ELECTRICAL TERMINAL 

Fig. 23. Schematic of apparatus for measurement of normal 
spectral emittance [113]. 

Fig. 24. Typical arrangement of blackbody technique for 
normal spectral emittance measurements. 
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techniques described above if a detector is used that 
has essentially the same spectral response over the 
wave-length range of emitted radiant energy, or if the 
sample is a graybody emitter [93]. This technique 
has been used [7] to study the variation of total 
directional emittance with angle of viewing. Normal 
total emittance data are frequently computed from 
normal spectral data, as has been discussed previously. 

D. Calorimetric Techniques 

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

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

a. Measurements at Temperatures above 500 K 

The simplest calorimetric technique for measur- 
ing hemispherical total emittance is the hot-filament 
method [148]. The sample, in the form of a long 
filament, is heated in vacuum by passing a current 
through it. If the wire is of uniform cross section and 
resistance, a section at the center will quickly come to 
a uniform equilibrium temperature. A small length 
of this central portion is instrumented with thermo- 
couples, which can also serve as potential leads. After 
the filament has come to equilibrium, its temperature, 
the current flowing through it, and the potential drop 
across the central section are measured. The total 
hemispherical emittance is computed from the 
following equation 

.(27r;0= VI/Ar^T^ - T2*) (72) 

the current flowing in the filament, A is the surface 
area of the center section, a is the Stefan-Boltzmann 
constant, Tj is the temperature of the central section, 
and T.2 is the temperature of the surroundings. 
Several simplifying assumptions were made in 
deriving equation (72), which are discussed in the 
literature. The same general method has been used 
for metal strip samples [9, 112] with the addition of a 
water-cooled chamber, and provision for expansion 
of the heated specimen, and even guard heaters for 
the ends of the sample. Figure 25 is a drawing of one 
such apparatus. The overall accuracy is dependent 
upon the magnitude of Ti - Tj, and the relative 
magnitude of the heat losses by conduction in the 
atmosphere of the chamber, through thermocouple 
leads and the ends of the sample, and the assumptions 
made in deriving equation (72). With careful work, 
accuracy on the order of + 2 percent is easily 
attained. 

Several error analyses of the method [95. 105] 
have been published. Measurements to 1800 K. are 
relatively simple and reliable, with the use of conven- 
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where t{2ir; t) is the hemispherical total emittance, 
V is the voltage drop across the central section, / is 

Fig. 25. Typical arrangement of calorimetric technique for 
hemispherical total emittance measurements, moderate-to- 
hlgh-temperature region. 
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tional noble metal thermocouples. Measurements 
have been made to 3000 K with the use of refractory 
metal thermocouples, with a significant loss in 
accuracy due to the instability of the thermocouples. 

b. Measurements in the Range 270 to 500 K. 

The hot-filament method can be used at lower 
temperatures by reducing Ta. This is commonly done 
by liquid nitrogen cooling and extends tne useful 
temperature range downwards to about 270 K [108]. 
Heat losses by conduction become a much larger 
fraction of the total .ieat loss at these temperatures, 
and more stringent precautions must be taken to 
reduce them. Also longer times are required to reach 
thermal equilibrium. 

In this temperature range the heat input is 
frequently by radiation [SS, 57]. The sample may be 
heated by a beam from a solar simulator, and the 
x(.t)/f(2n; t) ratio computed from the equilibrium 
temperature attained by use of the equation [26] 

*{s)M2rr; t) = Aaa{ T,* - T^/EAj,      (73) 

or during heating by use of the equation 

a(j) = [e(2»r;/)/<20(r1
4 - Tj) + MCpdT1/dt]/EA1 

(74) 

where a(j) is the soiar absorptance, •(2tr; t) is the 
hemispherical total emittance, A.2 is the total surface 
area of the sample, a is the Stefan-Boltzmann constant, 
T1 is the temperature of the sample, 72 is the temper- 
ature of the chamber walls, E is the irradiance on the 
sample, Ax is the irradiated area of the sample, M is 
the mass of the sample, Cp is the specific heat of the 
sample, and dTJdt is the rate of temperature change 
of the sample. The source is then turned off, and the 
sample is allowed to cool. The hemispherical total 
emittance can then be computed by the equation 

<2n; t) = 
MCP dTJdt 

o/MTV- TV») 
(75) 

c. Measurements below 270 K 

For measurements at temperatures below 270 K. 
the chamber walls may be cooled by liquid helium 
[26, 79] and the ix{s)lt{2n; t) ratio measured by the 
procedures outlined above. For steady-state measure- 
ments, the heat input may be electrical [27, 52, 53]. 
Figure 26 shows a helium-cooled chamber used for 
measurements at temperatures in the 20 to 300 K 
range, in which electrical heating is employed. The 

Fig. 26. Concentric sphere technique for low-temperature 
hemispherical total emittance [27]: 1) Sample container, 
2) liquid helium space, 3) super-insulated dewar, 4) liquid 
nitrogen space, 3) dewar, 6) heat exchanger, 7) support tube, 
8) nylon studs, 9) copper posts. 10) copper plate, 11) copper 
plate, 12) copper block, 13) germanium resistance thermo- 
meter, 14) sample, IS) differential thermocouple, 16) radiation 
shield. 17) radiation shield, 18) hermetic seal. 

total hemispherical emittance can be computed from 
the net heat-transfer rate between two parallel plates 
held at different temperatures. Figure 27 is one such 
type of apparatus [68, 69] in which two samples of 
the same material are used. The lower sample, 8 in. 
in diameter, is electrically heated and maintained at 
about 290 K, and the upper sample, 4 in. in diameter, 
is cooled by the liquid nitrogen to about 80 K. The 
net heat-transfer rate is measured by the rate of 
boil-off of the liquid nitrogen from the inner dewar. 
The emittance, t, is computed from 

«D = 
2- 

■AdS - ra*) (76) 

where <t> is the measured heat-transfer rate, A is the 
area of the cold (upper) sample, Ti is the temperature 
of the hot sample, and Ta is the temperature of 
the cold sample. The measured emittance, c, is an 
average total hemispherical emittance for the sample 
material at the two temperatures. The factor f/(2 - e) 

- 
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Fig. 27. Flat-plate technique for averaged hemispherical 
total emittance, low-temperature region [69]. 

in the equation arises from the geometrical view 
factor between infinite parallel plates. This condition 
is closely approximated by the small separation 
between the plates, ] in., and the larger size of the 

lower plate. Caren [28] describes an instrument for 
the range 10 to 300 K of a similar nature. 

Biondi [18] measured the spectral absorptance 
and reflectance of specularly reflecting samples at 
4.2 K. The sample and a black absorber are thermally 
bonded to copper stages of appreciable thermal mass, 
which are in turn thermally connected to the liquid 
helium sink through heat leads of the proper thermal 
conductivity to give the stage a thermal time constant 
of about 10. The black absorber is positioned to 
receive the radiant energy specularly reflected by the 
sample. The stages can also be electrically heated. 
The sample is irradiated with a beam of mono- 
chromatic radiant energy of known irradiance and 
allowed to come to thermal equilibrium. The tem- 
perature of the copper stages is then measured, as well 
as that of the liquid helium sink. The source is then 
turned off, and the copper stages are heated electrically 
to the same temperature observed during irradiation. 
The radiant flux absorbed by the sample and black 
absorber is then equated to the electrical power 
required to maintain each stage at its respective 
temperature, and the reflectance and absorptance of 
the specimen is computed. 

L 
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Data Presentation and Related General 
Information 

1. SCOPE OF COVERAGE 
Included in this volume are data of 43 metallic 

elements, 37 major classes of binary alloys, and 37 
major classes of multiple alloys. These data were 
obtained by systematically searching over 1000 docu- 
ments on radiative properties (journals, reports, 
theses, etc.) dated anywhere from 1895 to 1967 and 
with a few selected 1968 papers; 371 contained usable 
data. These 1000 documents were collected, orga- 
nized, and coded byTPRC's Scientific Documentation 
Division, which scans the world literature through 
abstracting journals and certain primary technical 
and scientific journals. 

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

The four primary properties covered in this 
work, as defined in an earlier section, are emittance, 
reflectance, abscrptance, and transmittance. The 
suffix ance is used to indicate that the radiative 
parameters are not unique properties of the bulk 
material, but rather depend strongly on the character 
of the surface. This contrasts with the use of the 
suffix ivity, which denotes the property of the ideal 
optically smooth, and homogeneous material. Appli- 
cation of the geometric and wavelength descriptors 
to these four primary properties results in the 33 sub- 
properties listed in Table IX. 

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

Table IX. Subproperty Designation 

Emittance 

Hemispherical total emittance 
Normal total emittance 
Angular total emittance 

Hemispherical spectral emittance 
Normal spectral emittance 
Angular spectral emittance 

Reflectance* 

Hemispherical integrated reflectance 
Normal integrated reflectance 
Angular integrated reflectance 

Hemispherical spectral reflectance 
Normal spectral reflectance 
Angular spectral reflectance 

Hemispherical solar reflectance 
Normal solar reflectance 
Angular solar reflectance 

Absorptance 

Hemispherical integrated absorptance 
Normal integrated absorptance 
Angular integrated absorptance 

Hemispherical spectral absorptance 
Normal spectral absorptance 
Angular spectral absorptance 

Hemispherical solar absorptance 
Normal solar absorptance 
Angular solar absorptance 

Transmittance* 

Hemispherical integrated transmittance 
Normal integrated transmittance 
Angular integrated transmittance 

Hemispherical spectral transmittance 
Normal spectral transmittance 
Angular spectral transmittance 

Hemispherical solar transmittance 
Normal solar transmittance 
Angular solar transmittance 

•The geometry descriptors refer to the conditions of the 
incident radiant flux. 
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2. PRESENTATION OF DATA 

For each material, subproperty data are 
separately presented in graphical and tabular form, 
accompanied by a table presenting details of the test 
conditions and specimen preparation and charac- 
terization. 

The format for the presentation of the thermal 
radiative properties is designed specifically to supply 
the reader with the aspects of the properties in a 
comprehensive yet concise form. Each presentation 
consists of four sections*; Original Data Plot, 
Analyzed Data Graph, Specification Table, and Data 
Table, in that same order. 

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

The Analyzed Data Graph presents a new and 
powerful approach to increasing the effectiveness of 
literature data. It is an evaluative review identifying 
and "recommending" reliable or typical data for 
various surface or environmental conditions. The 
study to generate these figures considers the inter- 
relationships between the subproperties to give a 
consistent set of data. Where the data are well 
characterized or highly reliable, it is represented by a 
solid curve; where there exists some speculation, the 
data are represented by dashed lines or a shaded 
band. 

The Specification Table gives the most important 
information concerning a set of data: the curve 
number of correlating the information on the 
Specification Table with that of the figures and Data 
Table, the reference number corresponding to the 
number given in the listed references, the year of the 
publication from which the data were extracted, 
independent variable range (temperature or wave- 
length), geometric descriptors (6, 8', w, tu'), and the 
error (%) reported by the author. 

The "Composition (weight percent). Specifica- 
tion, and Remarks" column of the Specification 
Table provides all the available pertinent information 
about the specimen and test conditions. The pre- 
sentation is standardized in the following order: 

(1) trade name of material if applicable 
(2) composition (weight percent) 

•In certain cases, where there exists only a small amount of 
data, the Original Data Plot and/or the Analyzed Data 
Graph may be omitted. 

(3) film or foil thickness 
(4) specimen preparation processes 
(5) surface conditions (roughness, etc.) 
(6) environment 
(7) form in which data was presented in 

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

(8) reference standard used in data observation 
or reduction 

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

Following the Specification Table is the Data 
Table, a tabular presentation of all the property 
values shown or not shown on the figure and des- 
cribed in the Specification Table. 

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

3. CLASSIFICATION OF MATERIALS 

The classification scheme for materials in 
Volume 7, shown in Table X, is based upon bulk 
composition rather than surface chemical composi- 
tion which varies due to weathering, oxidation, etc. 

4. SYMBOLS AND ABBREVIATION S USED 
IN THE FIGURES AND TABLEJ 

Emittance t 

Reflectance p 
Absorptance X 

Transmittance v 
Wavelength, microns (fi) A 
Temperature, K T 
Melting point M.P. 
Zenith angle, degrees 0,0' 
Azimuthal angle, degrees M' 
Solid angle, steradians CU.   tu 

Viewing conditions • (prime) 

Greater than > 
Less than < 
Approximately ~ 

■ ■ - 



Table X. Classiflcation of Materials 

Numerical Data      51a 

Xu   /0 X, + X2, % 

Metallic elements >99.5 

I—Binary alloys ■ 

Alloys — 

—Multiple alloys- 

<99.5 

A-,, % 

— <0.2 <0.2 

>99.5 >0.2 <0.2 

>99.5 >0.2 >0.2 

<99.5 >0.2 <0.2 

<-99.S >0.2 >0.2 

  <0.2 <0.2 

'Nomenclature: ." ■» the major constituent, ,V_ is the second highest constituent, A,, is the third highest constituent, and % is 
the weight percent. 

Curve number CO 
Single data point [7] 

5. CONVENTION FOR BIBLIOGRAPHIC 
CITATIONS 

Periodicals 
a. Authors- 

initials 
-last   name   first,   followed   by 

b. Name  of the journal—standard  literature 
abbreviations as used in Chemical Abstracts 

c. Series, volume, and number 
d. Pages 
e. Year 

Reports 
a. Author(s) 
b. Name of the responsible organization (not 

the name of the organization that executed 
the research, if they are different) 

c. Report or bulletin, circular, etc. 
d. Number 
e. Part 
f. Pages 

g- Year 
h. ASTIA's  AD  number—given  in 

whenever available 
brackets 

Books 
a. Author(s) 
b. Title 
c. Volume 
d. Edition 
e. Publisher 
f. Pages 
g- Year 

Theses 
a. Author 
b. Title 
c. Degree—Thesis (MS, ScD, PhD) 

d. Pages 
e. Year 
f. Department 
g. University 
h. City and State 

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

Table XI contains information on the crystal 
structures, transition temperatures, and certain per- 
tinent physical constants of the elements. No 
attempt has been made to critically evaluate the 
temperatures and constants given in Table XI and 
they should not be considered recommended values. 
This table has an independent series of numbered 
references, and these references immediately follow 
the table. 

7. CONVERSION FACTORS 

Wavelength 
1 micron (^m) = 10" 6 meter (m) 

= 10"4 centimeter (cm) 
= 10"3 millimeter (mm) 
= 103 nanometers (nm) 
= 103 millimicrons (m/i) 
= 104 angstroms (A) 
= 3.937 x 10" 5 inch 
= 104/wave number (cm-1) 
= 1.24/photon energy (eV) 
= 2.998 x 1014/frequency(cps) 

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

C = "Centigrade, F = "Fahrenheit, R = "Rankine, 
K = "Kelvin 
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