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I. INTRODUCTION 

The material needs of a rapidly growing world population have 

stimulated a significant rate of increase in industrial and agri-

cultural growth. There is concern that pollution of the air and water 

concomitant with the levels of industrialization needed to meet these 

needs could lead to inadvertent climate modification [l]. For example, 

pollutants in the air are responsible for altering the fractions of 

atmospheric water vapor, ozone, carbon dioxide, and particulates. Pos-

sible consequences of slight variations in these constituents extend 

from the melting of the polar ice caps, to precipitation of another 

ice age [2] because climate changes are known to be sensitive to the 

earth's radiative energy budget, which in turn is sensitive to the 

composition of the atmosphere in a way presently understood only 

qualitatively. Thus, a clear need exists for developing monitoring 

tools for the qualitative assessment of its local and temporal vari-

ations of the earth's radiative energy budget for extended periods of 

time. This presumably would permit correlations to be established 

with concurrently observed climatic changes, and hopefully would lead 

to a long-range predictive ability. 

One proposed method of obtaining a quantitative measure of the 

earth's radiative energy budget would utilize man-made satellites in 

earth orbit to measure the solar flux incident on earth, the earth-

emitted long wavelength radiation, and the short wavelength radiation 

reflected away from the earth. The monitoring effort would have to 

extend over a ten to thirty year period in order to correlate the 

1 



2 

results with observed variations in the earth's climate. An absolute 

accuracy in measuring the earth's radiative energy budget on the order 

of plus or minus one per cent may be needed for the results to be 

useful [1,3,4]. Present satellite data, such as obtained from Nimbus 

and ESSA, are inadequate for this purpose. These measurements were 

obtained for limited areas of the earth's surface, did not obtain the 

earth's energy budget with the required accuracy, and were conducted 

over a relatively short time period. 

A system of economical, accurate earth orbiting instruments for 

monitoring the earth's energy budget has been proposed [4]. The Long 

Term Zonal Earth Energy Budget Experiment (LZEEBE) system would uti-

lize a fleet of satellites each consisting of a central hub and three 

one and one-half meter diameter detectors for monitoring earth-emitted, 

direct solar, and the earth-reflected solar radiation. The three 

spherical detectors, one black,· one white, and one aluminum, would be 

spaced at 120 degree intervals on booms 35 to 40 meters from the 

central hub, which would house electronic and telemetry equipment. 

The satellite configuration is showrt in Fig. 1. 

The inflatable sphere as a radiation detector incorporates three 

important features. Because the spherical detector is light in weight, 

the launch cost is significantly reduced. The material and fabrication 

techniques are state-of-the-art and economical. The sphere is also an 

omnidirectional sensor of radiation, so that expensive orientation 

equipment with respect to the earth is not required. 
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The principle of the system is described by Sweet and Mahan [5]. 

Because the interior of the spherical detector is an integrating 

sphere, the irradiance is uniform across the interior surface. That 

is, the interior surface receives·a uniform radiative heat flux even 

though the surface may not be isothermal. This characteristic is the 

basis for the omnidirectional sensing capability of the detector. 

The concept of Sweet and Mahan is based on several assumptions. 

They are: 

(1) the temperature difference distributions on the interior 

and exterior surfaces of the detector are identical, 

(2) conduction along the detector shell is negligible, 

(3) the spherical detector is opaque to all incident 

radiation, 

(4) the interior arid exterior surfaces of the detector are 

6ptically gray, and 

(5) the thermal response time of the detector is significantly 

more rapid than the variations in the radiation field 

incident to the exterior surface, thus allowing such 

variations to be detected. 

The interior surface irradiance of the detectors will be measured 

by one or more radiometers mounted on the interior wall. Two detectors 

having different surface optical properties will provide different 

values of interior irradiance in the same exterior radiation field. 

If energy balances are performed on two such spherical detectors, the 

results will be 



H = I I,a e 

and 

H I I,b e 

where 

and 

4 

H s (a/E) I + (a/t.)aA+ . a r 

H 
+ (a/E\ ~+ 4 (a/E\ Ir, 

I e H dS e 

(1-1) 

(1-2) 

(1-3) 

(1-4) 

the area-weighted average earth-emitted and earth-reflected components. 

HI is the interior surface irradiance of the two spherical detectors 

whose surface optical properties are denoted by the subscript a and b. 

Equations (1-1) and (1-2) show that the interior surface ir-

radiance of a spherical detector is a function of three distributions; 

H , the earth-emitted component of irradiance, H , the earth-reflected e r 
short wavelength component, and H , the direct solar component. It is s 

possible to determine the area-weighted average earth-emitted and the 

earth-reflected components if the solar component, H , is known. The s 

two components can be determined by exposing two detectors with known 

but different surface optical property ratios, a/t., and measuring the 

interior surface irradiance with wall-mounted radiometers. The measured 

values of the interior irradiance combined with the known quantities, 

allow the two equations to be solved simultaneously. The technique of 
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using two detectors having different surface optical properties was 

pioneered by Dr. V. E. Suomi in 1958 [6]. The use of three detectors 

having different optical properties will allow a cross check of results 

while providing maximum sensitivity in each of the two spectral ranges 

of interest. 

An idealized thermal model of the spherical detector was developed 

by R. L. Rasnic [7] and later improved by M. R. Luther [9]. This 

model accurately predicts the behavior of an ideal detector when ex-

posed to a realistic earth radiation field. Luther has carried 

out investigations into the influence that parameters such as materials, 

shell thickness, detector diameter, and uniformity of surface radiative 

properties using this model. The earth radiation field utilized in 

Rasnic's original simulation was an arbitrary field not based on 

satellite data. 

A simulation of the earth radiation field was developed by C. G. 

Campbell and T. H. Vonder Haar [8] at Colorado State University. The 

computer simulation is based on radiometer measurements taken from 
I 

the Nimbus III meterological satellite. The computer program utilizes 

172 Nimbus III measurements to define the earth radiation field as 

viewed from the satellite. The simulation allows the detector to · 

orbit the earth at different altitudes and polar orbits of various 

inclinations and permits the choice of summer or winter radiation 

fields. 

The present work includes the integration of Rasnic's detector 

simulation with the CSU earth radiation field.to provide the most 
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accurate simulation possible. The composite simulation has subsequently 

been further modified to provide the first and second derivatives of 

the detector surface temperature. These derivatives wererequired and 

utilized by Luther [9] for studies of calibration of the surface 

radiative properties. 

The detector simulation is valueless unless it responds precisely 

as the actual detector would in earth orbit. The actual interchange 

of radiant energy with real surfaces is marked by dependence on the 

temperature of the surface, the angle of incidence, and the wavelength 

of the incident radiative flux [10]. The radiative properties of 

metallic surfaces are also a function of the surface roughness and 

preparation. However, all previous simulations assume the detector 

surface to be optically gray and independent of temperature. 

The primary objective of the present study is the development and 

evaluation of a detailed simulation that incorporates the interaction 

of radiative heat fluxes with a realistic aluminum surface. The study 

includes suitable models that define the surface radiative properties 

of aluminum as functions of surf ace temperature and the wavelength and 

angle of incidence of the incident radiative flux. The analysis es-

tablishes the departure of the surface from the assumed gray behavior. 



II. LITERATURE REVIEW 

Calculation of the interaction of radiant energy with surfaces 

requires that the absorptance, emittance, and reflectance character-

istics of the surface be known. The degree of accuracy attained in 

determining the radiation heat transfer is limited by the detail with 

which the radiation properties are specified.· Since the present study 

requires high accuracy, the most detailed descriptions of properties 

available are employed. 

The blackbody is by definition a perfect absorber, and conse.:.. 

quently a perfect emitter, of radiant energy. The spectral, or mono-

chromatic, emissive power of a blackbody is given by Planck's black-

body distribution function as 

where n is the index of refraction, A is the wavelength, and 

c1 3.740 x l0-12 W-cm2 

c2 = 1,438 cm-degree. 

(2-1) 

The total blackbody emissive power, which is the energy emitted per 

unit time and area by a blackbody over all wavelengths, is given by 

the Stefan-Boltzmann Law as 

2 4 
n aT , (2-2). 

where a is the Stefan-Boltzmann constant. The ~ngular distribution 

of radiation emitted from a blackbody is given by Lambert's Cosine 

7 
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Law as 

I ;::: I cos 0 e o (2-3) 

where 1 8 is the directional intensity. of a plane source i.n the 

direction 0 with respect to the surface normal and r 0 is the intensity 

of the source in a directicfa normal to its surface. Also, by utili"'." 

zation of Kirchoff's Laws [11]. it can be shown that the monochromatic 

absorptance equals the monochromatic emittance for a system in 

thermodynamic equilibrium. 

When a body.is irradiated, patt of the incident radiant energy is 

reflected, part is absorbed, and the rest is transmitted. The inci'-

dent radiant energy E1 is equal to the sum of the reflected radiant 

energy ER, the absorbed energy EA, and the transmitted energy ET; 

(2--4) 

Dividing both sides o:f Eq. · .. (2-4) by E1 gives 

(2~5) 

or 

a+p+T;::L (2-'6) 

The reflectance p is the ratio of the reflected energy to the incident 

energy; the absorptance a is the ratio of the absorbed energy to the 

incident energy; and the transmittance T is the ratio of the trans~ 

mitted energy to the. incident energy. 

In describing radiant interchange with solids it is necessary to . 

deal with two sets of parameters, optical properties and thermal 
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radiative properties. The optical properties describe the interaction 

of an electromagnetic wave with matter in terms of phase and ampli-

tude, while the thermal radiative properties describe the energy 

transfer during the interaction. Of course,· the two types of proper-

ties, optical and thermal radiative, are intimately related. 

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 interaction with the 

environment. Oxide films in partictilar may significantly affect the 

thermal radiative properties. 

Essential to this investigation is the rieed to understand the 

behavior of real materials. Fulfillmertt of this requirement would 

manifest itself as a rigorous definition of the thermal radiative 

properties and their dependency upon ~avelength, .temperature, and 

geometric direction. 

The emittance of metallic surfaces as a function of wavelength 

and temperature has been the subject of several studies. The in-

fluence of temperature on the monochromatic emittance of metals has 

been investigated by Seban [12], Hagen and Rubens [13], Sadykov [14], 

Zholev and Sidorenko [15], and by Jack and Spisz [16]. The general 

behavior observed was a slight increase in monochromatic emittance 

with an increase in temperature. The variation of emittance with 

wavelength was investigated by Hagen and Rubens [13]. The behavior of 

metals exhibits a sharp decrease in emittance with an increase in 

wavelength. 
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The influence of temperature on the total emittance of several 

metals has been investigated by J)avisson and Weeks [17]. The general 

trends observed in the investigation point to ari increase in total 

emittance with an increase in temperature. The same investigation 

determined that the total hemispherical emittance is greater than 

the total normal emittance becai.ise of deviation f:tom Lambert '.s Cosine 

Law. 

Evaluation of the heat transfer process for surfaces exhibiting 

specular reflectance has been carried out and reported by several 

authors [18,19,20]. The majority of these investigations were con-

cerned with the effect of specular surfacesvisible to each other and 

the influence on the temperature distribution on the surfaces [21,22, 

23,24]. The majority of investigations utilize the reflE!,ctance model 

developed by Sparrow and Lin {25] that deab.with the non~diffuse 

character of surface reflectance as the sum of diffuse and specular 

components. The formulation by Hering and Bobco [21] employs a two-

band, or semigray, model to approximate the spectral dependence of 

surface properties for high..;.temperature solar radiation arid low-tempera-

ture surface emission. 

The significance of d.irectional reflectance on the radiation heat 

transfer to a surface has been investigated by Houchens and Hering [27}, 

Clausen and Neu [28], and Hering [29]. These investigators found that 

the directional property effects for short wavelength incident radiation 

are most important for materials which are specularly ref]cecting and 

have low shortwave absorptance. 
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The evaluation of monochromatic reflectances may a,lso be dete:rnlined. 

from electromagnetic ·theory. Various. investigators .have evaluated· 

monochromatic reflectances of surfaces u:sing the Fresnel equations [30J, · 

and one of several models for the surf ace optical properties. Rolling 
. . . . " . 

and Tien [31] utilized a single electror1 model to determine morio-. . . ·. . . 
. · .. ·. \ 

chromatic behavior at low temperatures with good results•. Hering and 

Fischer I32l employed the Rbbe~ts model to.determine the monochromatic· 
.· . . . 

and temperat~re deperidell.t radiative properties .. Their analysis revealed 

that the gray b~dy assumptidns ad~quately predict t;h~ g~neral non-gray 

behavior. · 

The Influence of Surface Conditions·on 

Surface Optical Properties 

. . 

The surface condition of metallie specime11s is the doinip.artt 

factor . in determining the magnitude o:j: the. measured tadia tive proper'--

ties. The literature reflects numerous examples of test. surfaces shown 

to be very f,>ensitive to methods. of preparation~ thermal history, and 

the local environment. Despite this knowledge, the descriptions of 

test .. surf aces are usually inadequate because cff the lack of under-

The fact that the refle(?tion process is gteatly influenc~d. by the 

surface con(lit:{ori is predictable through utilization. of. plarie wave. 

theory. The depth of penetration· of art· incident electric field can'.. 

range from yery smal1 to yery large values depending upon the absorptio.ri 

. . 

., . 

. : ~ 
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and scattering properties of the material. Absorption dominates the 

process for metals since the extinction coefficient is large in the 

thermal spectrum [33]. The extinction coefficient characterizes the 

ability of the material to absorb radiation which has entered 

through the surface. Consequently, incident radiant energy which 

penetrates the surface layer of a metal will not travel more than 

a few hundred angstroms before being completely absorbed. However, 

this behavior is not observed in nonmetallic or dielectric materials, 

which consequently are less sensitive to surface conditions [34]. 

In the emission process, internally generated electromagnetic radi-

ation which reaches the surface originates from atomic and molecular 

thermal vibrations. ·For metals these vibrations are characteristic 

of the composition and physical state in a very thin surf ace layer 

occupying approximately the first 1,000 angstroms of depth. 

The three different types of parameter which influence the 

properties of a surface are topographical, chemical, and physical 

in nature. The topographical characteri~tics define the geometry 

of the surface on a microscopic level. The chemical characteristics 

describe the composition of the surface layer including such features 

as contaminants. The physical characteristics describe the structure 

of the surface such as orientation of the crystal lattice, cell size, 

and strain. It is impossible to separate the effects of individual 

surface characteristics. For most ~terials, it is not possible to 

alter one characteristic without changing another. 
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The most influential factors which bear. on the radiative properties 

of metals are those associated with surface l".olighness and oxide films• 

In some situations a thin dielectric film has more impact on emittance 

properties than doe.s surface roughness Qf the same dimension. The 

impact is most pronounced when the characteristic profile variation or 

film thickness is of the same magnitude as the wavelength of interest, 

as might be anticipated. The influence of surface characteristics on 

a particular surface property can be dependent upon the spectral 

interval of relevance. In particular, the description of a surface 

meant to behave as an absorber of room temperature source radiation 

will be different than that of a surface meant to be an absorber of 

solar source radiation. 

The profiles of a metal surface appear as an irregular pattern of 

peaks and valleys. ·Several parameters are commonly used to describe 

'the topography of a surface including root mean square (RMS) height, 

center line average (CLA) height, lay, and average slope, to name .a 

few. These parameters are obtained primarily by lllechanical measure-

ment and to some extent by interferometry techniques. 

The effect of surface roughness on the optical properties of 

surfaces was first studied by Lord Rayleigh in 1901. If the size of 

the.irregularities is of the order of the wavelength or larger, the 

interaction can be described by geometrical optics [35]. The orien-

tation of the facets, which reflect in various directions, must be 

described by some statistical process in .order to explain the optical 

behavior of the surface. ·On the other hand~ it the surface frregulari-
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ties are much :smaller t:han the wavelength,' the pptic~l' behavior is 

e,xplalnable·oniy as a diffraction ph~nomenon. .. ·. '·. ·:.· ·-'· ~ .· ... · .. :· .. 
' ' 

The diffra.ct;ion theory 'was studied by Dav~ew [36], and. his work 
.. ·. ·, . < . ..:.:·.: .·. ~ 

was extended b:y Bennet ~rid Porteus [J7J • The expression developed by 
. ·. . 

Bennet and Porteus for: the measu,red reflectance from. a i'roughn surface 

reflectance; R, to the "smooth'' '.surface reflectance, R0, at. normal 

inciden2e is given as 

'(2..:.7) 

where µ is the RMs roughness, M is th¢ RMS slope~ and .AiJi is the angle ' 

of acceptance' of' the optical system. ~he 'e irst' term represents the' 

coherently or. spe~ularly reflected fractio·q and the.·second term the 
. . . . ; 

incoherent or .diffusely reflected term. The magnitude ~f the second 
.. '·: '·. . .· .. 

term is proporti~nal to (µ/i) 4 • Porteus {3Sl showed.thatwhe.n the 
. . . .·· . -: - . . ... ,· .. ·.· ...... · 

second term is important, an increasingly exa~1;, statistical description ..... •. 

of the surface .is requ.i.red •. 

For very'rough·surfahes a;nd short wavelengths, geometrical optical 
. . : 

effects. predominate. .The combination of µ and A as the ra'tio µ/:\. 

allows the two liml.tiitg cas~s of 'geometrical and diffrac~tion ~ffects .· .. ·· 
. . . . 

to be studied se'pa~ately. In the range of geomet:dc::al ¢ffects, 

only regular shaped,asperit.ies can be handled without r~sorting tQ 
. _, .. 

elaborate statistical>tools. 
' ' 

Clearly, th~variatio~s in monochromatic r~fiectance must be' 

und'erstood before a meaningful' total reflectanc_e can be:obtained fox: 
1 •. ' '· 

a surface. The fact9r that_ most inf.l,uences the variations· of mono-·· 
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chromatic reflecta.nce is su:i:::'face roughness. .'Ihe parameter v0 (A.~ .where 

·. µ0 is the RMS ,deviatioI1 C)f .~qe syrface and A. the 'Wavelength of_,the 
. . . . . . . 

incident radiant flux/ is important in. determining the ratio of total 

· specular· re~lectanc~ of. a sudac~. . This relation .. was developed by 
. . . . . . . . . . . 

Davi.es [36l and titiliz~d by Birkebak and, Eckert: [39]. As the ratio 
···. -' ··. >.- :.··· : .. 

of the rbughness to wavelength d,ecreases;. the reflection. ¢harad:.eristic 

approaches specularbehavior • 

. Models '.For Optical Property Behavior 

An acceptable de~cription of emittance and refiect:ance ch.;iracter.;.. 

istics is required, in order to analyi'e the irtt.erchange ofradiant 

energy alp.ong surfaces• Considerable detail is required .in describing 

the· surfac;.e optical properties in any study in whiCh an attempt.· is·.· 

made to evaluate .the effect of their .variation on heat transfer re,... 
.·. . . . . . . . ·.. . .·.. . 

sul ts. The int~rit of the 'present. sttidy is to utilize. quantitatively 

correct functional :forms which repre~ent the behavior. of the su+face. 
. ·: . .· '• . 

properties with variations .in wavelen,gth, temperature, and direction 
i; . . . 

. . 

to assessthe possible effects of such varia.tio.ns on the scientific 

results obtained. from, the measur~ent syst~ril.~ .· 
. . . . 

· The di:tectia.nal teflectance and emittance of optically smooth 
·.,.:. 

and chemically clean surfac;es maybe predicted froin,classic~l elect~o.:.. 

magnetic theory !10,30] ~ When unpolarized iadiatiOn is incident oil. a 
' .... 

surface, it can be resc;:ilved into two equal compcments, one component 
. . . ·' . '· . 

polarized parallel to. the plane of incidence ~nd one co~ponent 
polarized perpendicul(;ir t.o. th,e plane of incidence (see F:ig. 2L 

. /" '. 
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The expressions for the two components of polarization, pl 1(8) for 

parallel and P1(8) for perpendicular, are given by Fresnel's equations 

[10,30) 

./ + b2 2a 8 + 2 8 
Pl(8) 

- cos cos 
= 2 a2 + b2 + 2a cos e+ cos 8 

(2-8) 

and 

2 + b2 2a sin 8 2 2 
P 11 Ce) P1(8) 

a tan 8 + sin 8 tan 8 
2 + b2 . 2 2 a + 2a sin 8 tan 8 + sin 8 tan 8 

(2-9) 

where the quantities a and b are related to the angle of incidence, 

8, the index of refraction n and the extinction coefficient k by 

2 ./ 2 2 . 2 . 2 . 2 1 
2a = f (h - k - sin 8) + 4n k (2-10) 

and 

The form of the Fresnel equations given by Eq. (2-8) and Eq. (2-9) 

is limited to the case where the reflecting surface is bounded by a· 

medium with a refractive index of unity and an extinction coefficient 

of zero. The Fresnel equations are also a function of wavelength of 

the incident radiation and the temperature of material, since the 

index of refraction n and the extinction coefficient k vary with 

temperature and wavelength. 

The influence of polarization on the theoretical value of re;... 

flectance has been investigated by Edwards and Tobin [40) and Edwards 

and Bevans [41). The investigations were directed at the importance 
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of the heat transfer associated with specular reflection. ·The in~ 

vestigation revealed. that when both reflector and absorber are ir~ 

radiated at angles greater than 60 deg the heat transfer calculation 1 

will be in error by more tha11 a factor of ten. However, in this 

investigation it was assumed that the two components of polarization 

in the incident berun were of equal intensity. 

The optical properties of a material, n and k, define.the complex 

index of refraction, 

N = n - ik. (2-12) 

For most metals and semiconductors k f.. O; however, for electri.c non-

conductors k = O. Both the index of refraction, n, and the extinction 

coefficient, k, are functions of both wavelength and temperature. 

The complex index of refraction can be related to the electrical 

constants of the material by 

N = n - ik = ~Ek - i(47TCJ) 
w (2-13) 

where Ek is the dielectric constant, CJ the conductivity, and w the 

frequency of the oscillating electric field. Since Eq. (2-13) is a 

complex equation it may be reduced to two equations, 

(2-14) 

and 

nkw = 27TCJ. . (2-15) 
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The earliest attempts to predict the optical properties of tile.tals 

were made by Lorentz [4~], prude [43], · Kronig f44], arid Mott and Z~n~r 

. ; 

.. :.' 

. ' 
": . _ ... 

[45]. These inv,estigators ~SSUtned, the metal to conta:i.rt ele,ctrons which, 

were essentiall)f,free to move.under the influence of t):ie·efec;tric · 
.. ".! . 

field induced by the incident electromagnetic wave .. · T.hese ftee 

electrons are the valence electrons in the, o~ter .shell of the atom$· ... 

constituting the, Iilet(lL . When an electromagnetic wave. is' i~cident t,ipoti 

the metal surface,· an oscillating electric field. parallel to the 

surface is induced in the metal causing the free ·electrons to oscillat~ 

·, 

: .. 
.,_.: 

. . ·. . •, .. 

at the frequency of the wave. There is a phase difference between tfle .·.··· 
. . .. , " . . .. ·. •. ' .;·. 

oscillation of the electrons .and that of the iric:j:dent·electromagrietie . 
. ; -

wave caused by avisc~us-damping force arising from.collisions bet.W~eri· 

accelerated electrons and the atomic lattice [46]. Two para~et.ers 
. ' ' . . . . 

·are required, to describe the dp~ical behavior .of . the. material. . O~e 

parameter is the number density of free electrons, N, beirtg·excited 
:. .·.-

by the induced field, arid the other is the average time; i, called the'· 

relaxation time, between c6llisions of the electron with the atomic 
. . 

lattice. These twd parameters can be estimated from the number of · 
: . . . . ' 

valence electrons,peru~it.volume, the a.c. electrical conductivity, 

and the assumption of a spherical Fermi surface. The resulting m:odel 

is called the Drude Free Elec trort Model [ 4 7] • 

The model describing the optieal behavior or the material. is 

greatly simplified if 'the.phase change arising from electronic 

collisions can be neglected. This.sHuation occurs when the re..,. 

laxation time is ze:rq or when the time between electronic coilisions 

... ·., 

. . ·~.' . 

·~, ' .. 

:-·.·. 
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is much less than the period of the induced electric .field. For this 

condition, the optical behavior can be completely described by the 

d.c. electrical conductivity [47]. 

This simplified model for the optical constants serves as the 

basis for relations used to compute the thermal radiative properties 

of materials from a knowledge of the electrical coriductivity (or 

resistivity) as a function of the temperature. If the appropriate 

relationbetween the complex dielectric constant and the monochromatic 

normal emittance is used with the Dr.Ude Model, the emittance can be 

expressed 

. . 0 5 
EnA = 0.365 (r/A) · - 0.0464(r/A), (2-16) 

where r is the d.c. electrical resistivity in ohm-meters and A is the 

wavelength in meters. This celebrated relation is frequently referred 

to as the Hagen-Rubens relation [13]. · 

The Hagen-Rubens relation for long wavelengths, 

n = (2-17) 

was developed theoretically by Drude [43] and confirmed experimentally 

·by Hagen-Rubens. This relation is arrived at by assuming that the 

conductivity a0 has the value of the d.c. conductivity and the currents 

in the metal are in phase with the electric field. The latter as-

' sumption is equivalent to assuming that the dielectric constant is 

unity (tk = 1). When these conditions.are utilized, 
2 2 

n - k = Ek' (2-14) 

and 

nkw = 21T<J 
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now becomes 

cz..;1ay 
and 

·nkw =·27tcr, (2-15) 

n' ·2 .a· nd k2 · ·· h respectively. . If are large compared to unity, then t ey ate 
. . ' . . . . 

approximately equai. .. Substituting the above values of n and k into 

Eqs. (2.:...8) and (2-9) for the case of ,norm.al inc.idence yields, 

,, 2 2 
(n - 1) + k .·•· · · · 

Pn = · :< .· · 2 ,(Li.a] • · 2 (p_ + 1) + k ' 
'(2-219); 

Further, taking into account the fact that 1 << cr0/v; the expressfon 

for the re~lectivity becomes 

····p = 1-~ z ... ~· .. 
n .'loo ' (2-20) 

This is. the. form of the relation tested experimentally by Hagen and . 

Rubens. 

The assumptions used to derive this basic model limit the Hagen-• 
. -~ . . 

. .- . 

Rubens relation to long wavelengths (usuai1y.beyond 10 mm) and high . 

temperatUl;es for metals in which. the, electronic structure can be 

approximated by only free electrons as the' current carriers. This. 
' ' . 

relationship has found extensive use in engineering applications. 

The Hagen...;Rubens relation has led to the development of various 

models for· express'ing total and· angular proper:t:y vc;i.lues for metal~• 

Table I shows several of these relations·expressed interms of 

emitta~ce. Aschkinass [49] obtained an expression for the normal 

t()tal emittance En (T), by normalization of th~ first term ·of the 
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Hagen-Rubens relation with the Planck blackbody distribution, 
f...=qo f . E\ (T) eb;>.. (T) d;>.. 

. ;>..=O = ~~~~-,-----,-~~~~ . s::: ebX (T) dA 

E (T) 
n 

which after integration yields 

E (T) = 0.5736[rT] 0 •5 - 0.1769[rT]. 
n 

c2..:21) 

(2-22) 

Foote [50] improved the usefulness of the Aschkinass relation by in-

eluding the second term of the Hagen-Rubens relation in the integration, 

yielding 

E (T) = o.578[rT]o.s - o.178[rT] + o.o584[rT]l.5 . 
n ·. 

(2..;.23) 

The relations so far .have considered only the case of emission 

normal to the surface •. The classical electromagnetic wav~ theory can 

describe the angular variation in the optical behavior of the material. 

Fresnel's equations relate the two polarization components of reflectance 

to the angle of incidence as measured from the surf ace 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 [17] 

were the first to treat the problem of determining the total hemispheri-

cal emittance by integrating Fresnel's relations for angular dependency 

for the hemispherical space, yielding 

Et(T) = 0.751(.rT)0. 5 - 0.633(rT). (2-24) 

Although the limitation that the product of temperature and resistivity 
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be less than 0.1 is imposed ori the Davisson.and Weeks model, tnis 

limitation is usually no !nore restrictive than the assumptions U.ti-

lized in developing .the basic model itself. 

Schmidt and Eckert [49] removed the limitation on the produ¢t of 

rT and also developed relations for spectral hemispherical emittance, 

. 0 5 .. . . . . ·. . 
EA(;\) = 0.476(r/1') • - 0.148(r/>-) for 0 <.. rf">.. < 0.5 

and 

0 5 . . . . ·.. . . 
EA(;>..) = 0.442(r/1') • - 0.099~.{r/;\) for 0.5 < r/"A <2.5; · (2-26) 

and the total hemispherical emittance, 

Et(T) = 0.75l(rT)0 •5 - 0.396{rT) for CJ< rT < b.2 . (2•27) 

and 
. . ·. 0 5 . . . . . . .. · 

tt(T) = 0.698(rT) · ..... 0.266(rT) .for.Q.2 < rT < 0.5. (2-28) 

These four relations constitute the conventional and basic equations 
~- '• 

used to estimate the radiative properties of metals. 

The previously !nentioned models all assume that the phase dif-. 

ference between the imposed electric field and the ind.uced. electron 

current is negligible. The relaxation ti1Ile of the electron carriers 

is small compared to the period of the applied electric field. Parker 

and.-Abbott [51] have developed <ii. relation for the emittance which 

accounts for a finite relaxation time. The utilization of this equation 

requires that the parame~ers of .relaxation time T and the free electron 

density n be known. This particular model does not find widespread use 

because of the difficulty in. evaluating T and N as functions of 
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temperature. 

In a recent experimental study by Bennett and Bennett [52] re,.. 

garding the validity of the Drude theory, the infrared reflectance of 

carefully prepared ultra high-vacuum-deposited silver, gold, and 

aluminum films is shown to be in excellent agreement wi.th the theo-

retical predictions. This work demonstrates the importance of proper 

specimen preparation if the appropriate theoret;:ical models are to be. 

in agreement. 

The failure of the free-electt9.n models to agree with experi.mental 

data in the wavelength regions of iti.terest should be interpreted as 

a consequence of over-simplification of the absorption process 

mechanism. The absorption process actually involves several types of 

free electrons each characterized by different relaxation times and 

densities. Contributions to the absorption process also are made by 

electrons bound to the lattice, further complicating the process. 

The contribution of the bound electrons to the optical properties 

has been investigated by several authors. The problem.has been in...: 

vestigated by Roberts I53,54,55] who has limited the bound electron 

contribution to the visible or v.ery near infrared wavelength region~. 

Other authors have expanded Roberts' initial work. Seban [12] studied 

the emittance of the transitio.n metals using Roberts' model and has 

attempted to determine their high temperature behavior. Edwards and· 

De Volo I56] developed a complicated but realistic model .that is 

restricted to research studies due to the complexity of the model. 



The. short wavelength, absorptapce ·of 'aluminum as. a fun,cti9n of·, -
. . . l . . . . 

arigle of incidence.bas.been ditemirted. by· Dotigla$.· [57} ·.and,,Roke' [SB]•····· .. · 

Douglas [57] utilized Fresnei's eq~ations [30] to calculate the solar 

absorptance.··· The ·theoretical VCJ:lues ·.of sola'.~ ·.abJorptanee- obtained.···a:r~· 
based on an index of refraction (n)-of 0~75 an.a eXtinctipn coefficient 

(k) of 4.8. The theoretical value of ab.~orpta~ce for angiesupto 
. : .. ' . ,• ' 

85 deg were found· with an uncertainty of fqur ·t~ eight pet cent. Hoke · 

[58]. measured the $Olar absorptance as· a fundti-on. of ail:gl~ of incidence-_ 
. . ·;i ,· '. 

out to 75 deg. The findings we:re .ex;trapolated btit .beyond 75 deg t 0 ·,"' ,· .. ·.; . 
'·.· ... 

90 deg, as shown in Fig. 3; with a probable erro~ of less than three 

per cent. The ave~age hemispherical solar ab'sorpt~n:te wa,s obtained py · 

mechanical integration of the absorptance curvewith a ,result of 

aH == 0. 0926 which was within two per cent of the; theoreticai value .. , 

obtained by utilizing the Fresnel equa.tio~s I30]. 



III. ANALYSIS AND SIMULATION 

Definition of Correction Factor 

Evaluation of the departure of the surface from a diffuse, gray 

receiver and emitter of thermal radiation is initiated by first 

properly non-dimeIJ.sionalizing the energy balance express;ionfor the 

detector. An energy balance of an elemental volume of the detector 

skin, as shown in Fig. 4, yields 

where · 

6out = 6increase' 
storage 

(3-2) 

where qe is the absorbed earth-emitted radiant energy flux, qr is the 

absorbed earth-reflected solar energy flux, q is the absorbed solar s 

energy flux, and q, is the absorbed energy from the interior flux, and 
1 

(3-3) 

where q0 is the emitted radiant energy flux from the exterior of the 
. 

detector, and qr is the emitted radiant energy flux from the interior 

of the detector, and 

. 
Qincrease 
storage 

(3-'"4) 

where p is the mass density of detector material, c is the specific 

heat of the detector material, and o is the thickness of the detector.· 

25 
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The fluxes in the energy balance can be expr.essed by integral 

expressions which relate the temperature dependent, directional, 

monochromatic absorptance of the detector surface to the direction and 

wavelength of the incident radiant fluxes and .th~ local surface temper-

ature. The integral expressions for the radiant fluxes are: 

J27f f !. al. (Ge,¢e,TS) ii. (8e,¢e).d/. cos e dw e' e (3-5) 

f f a"(e ,¢ ,Ts) ii. ( 8 , ¢ ) di. cos e dw r' 27f >. r r r r r (3-6) 

f f a,(8 ,¢,TS) i, (8 ,¢ )dA cos 8 dw, 
27f A A s s A s s s s 

(3-7) 

(3-8) 

qo =; ~7f IA sx<8o•¢o,Ts)eb>. (Ts) di. cos 80 dw 0, (3-9) 

and 

qr = .! f ~ s" (er,¢r,Ts)eb>. (Ts) d>. cos er dwr 
7f 27f 

(3-10) 

Equations (3-5) through (3-10) identify the local energy per unit 

time and surface area that is absorbed and emitted by the detector. 

The earth-emitted long wavelength flux absorbed as a function of 

the temperature of the detector surface is given by Eq. (3-5), the 

earth~reflected short wavelength solar-flux absorbed is shown in 

Eq. (3-6), the short wavelength solar flux absorbed is shown in 

Eq. (3-7), and the long wavelength interior irradiance absorbed as 

a function of surface temperature is shown in Eq. (3-8). The total 
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hemispherical flux emitted by the exterior of the detector as a 

function of surface temperature is shown in Eq. (3-9) and the total 

·hemispherical flux emitted by the interior of the detector as a 

function of surface temperature is shown in Eq. (3-10). 

At this point it is convenient to define the li.Oli.'-dimensional 

parameters 

* a-;Jd.A.' aA. = (3-11) . 

* r.A.ftA.' t. A. (3.,-12) 

* iA. iX/ (H/TI), 

and 

* 4 
ebA. ebA./oT8 (3-14) 

These parameters are ratios· of the monochromatic val.ues of the ab--

sorptance and emittance to the average values for the orbit. ·The 

average absorptance and emittance are determined by 

1 N 
a. = .~ a,. 

J N i=l Jl 
(3-15) 

and 

1 M 
a = L: a. M j=l J 

(3-16).· 

where N is the number of discrete sources of irradiance incident on 

the detector, and Mis the number of orbital positions.· The mono;,.. 

chromatic intensity and emitted power are non-dimensionalized by the 

assumed diffuse intensity and the blackbody emitted power. .Since the 

radiative properties are a function of temperature as well as wave-

length and angle of incidence, the. average for the detector must 
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refleCt the variation in the detector temperature distribµtion~ The· 

radiant fluxes, Eqs. (3-5) through · (3-10), can then be ex,pressed as . 

q = ·a. f e(Ts) H e' e e 
(3..,f7) .· 

q = a. f (Ts) H r' .r r r 
. (3-18) .. 

qs = a. f s (TS) H s s'· (3-'19) .. 

qi = a.i fi(TS) Hi' 0"'-20) 

-· fo(Ts) 
.. 4 

qo = J.:o TS ' (3:...21} 

and 

fl(TS) 
4 

qr = £1 TS ' 

where H is the long wavelength earth-emitted irradiance, H is the e . . . . r 
short wavelength earth"'."reflected solar irradiarice, Hs is the solar 

irradiance, and H. is the interior irradiance. . . 1 .. 

TlJ.e "f" factors employed in Eqs. (3-17) through (3-22) are de-

fined by 

= ~ Lirl. * * fe(Ts) a.A (8 'cp ,TS) i (e cp ) dA cos e dw (3•23) .. e e · >.. e' e e e .. 

fr(Ts) if f * * ; 

= ir .. 2ir A a.A (er,cpr,TS) iA(e ~cp) dA cos. e dw (3-'24) ·.' r r r r 

=i J J * * . fs (Ts) a.A (es, cps, TS) iA.( 8s'~s) dA cos e dw (3-25) . 
ir 2'1T A. s s 

fi (TS) = ; £1T !. * d.A(ei,cpi,TS) * . iA.(ei,cpi) dA cos e . i dwi (3-26) 

·.. li f :* ~ 
fo<':t's) ="TI"· . £x< 0o,cpo,Ts)~A. (Ts) dA 1cos e dw0 (3-27) 

2ir A 0 
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and 
(3-28) 

The dimensionless "f" factors are developed such that they are unity 

for diffuse, gray, and uniform radiation and surfaces. These quantities 

may then be considered as correction factors for use with Eqs. (3-17) 

through (3-22) for each node on the detector surface. The correction 

factors place a quantitative evaluation on the departure of the local 

radiation field and surface from diffuseness and uniformity. 

Substitution of Eqs. (3-5) through (3-10) into Eqs. (J'-1) through 

(3-4) yields 

( + 
. 

qi)dS (qO + q1)dS 
@TS 

qe qr + qs + - = Ps <::s 0 ar- dS, (3-29) 

or 

(q + . - q ) @TS 
qr + qs + qi - qo dS = Ps cs 0 - dS· (3-,30) e I @t ' 

and introducing Eqs. (3-17) through (3-22) yields 

[~Hf (Ts)+; Hf (Ts) +~Hf (Ts)+ ~ .. H.f .. (Ts) e e e r r r s s s . 1 1 1 

If the assumption is made that the interior absorptance and emittan<::e 

are equal, 

(3-32) 

then Eq. (3-31) becomes 

{~Hf (Ts)+~ Hf (Ts)+~ Hf (Ts)+ ~I Hi. f1.(Ts) e e e · · r r r s s s 
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(3-33) 

The energy balance for the entire detector is determined by inte-

grating Eq. (3-33) over the interior and exterior surfaces of the 

sphere yielding 

(~e) J· .. H f (TS)dS + (~r) ( H f (T8 )dS 
EO s e e EO J8 r r 

-
(~8 ) f H f (Ts) + (~1 ) f H.fi(Ts)dS - (~1 ) .f aTS 4fI(Ts)dS Eo s s s Eo Js i Eo s 

(3-34) 

It is now possible to determine overall correction factors appli....; 

cable to the entire detector surface corresponding to anisotrophy of 

the radiation field visible to the detector; that is, 

F = f H f (T8)dS/ f H dS, 
e S e e S e 

(3-35) 

F = f. H f (T8)dS/ f H dS, 
r S r r S r 

(3-36) 

F = f Hf (T8 )dS/ f H dS, 
s s s s s s 

(3-37) 

Fi= f.·· H.f.(T8)dS/ f H.dS, . s l l s l 
(3-38) 

(3-39) 

(3-40) 

(3-41) 
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A more tractable form for the overall energy balance of the detector 

is obtained if the above expressions are substituted into Eq. (3-34), 

yielding 

Fo fcrTS 4 dS 
a a 

= (_ e) F f H dS + (_ r) F f H dS + 
s 0 e s e EQ r S r 

a E • 
(_ s) f dS - 1 F H (=-) Fi f Hi dS EQ s s s EQ S 

E 4 p cs 0 aT 
- (_I) FI f crT8 dS - F ( S ) f _S dS 

EQ s M EQ s at (3-42) 

or, 

f . 4 dS crTS 
s 

a F a F a F 
(_ e) Fe f H dS + (.-.!:.) _L f H dS + (_ s) s f H dS Eo 0 s e Eo F 0 s r Eo F 0 s s 

EI Fi ·I €I FI ,. + (~) F H dS - (~) -F J H1. dS 
~o o s i so o s 

Finally, it is convenient to define dimensionless correction factors for 

the detector for each position in orbit, 

and 

C = F /F0, s s 

It is also convenient to define 

(3~44) 

(3-45) 

(3-46) 

(3-48) 
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Sweet and Mahan IS] show that it is possible to obtain a second 

expression for the interior irradiance, Hi. The second expression is 

obtained by integrating the flux emitted over the interior of the 

sphere and dividing by the surf ace area of the sphere, yielding 

1 f 4 HI = S oTS dS. 
s 

C3-49) 

This expression implies that the interior irradiance for the sphere is 

uniform, thereby, independent of position. 

Substitution of the correction factors defined by Eqs. (3-44) 

through C3-47) into Eq. (3-43) yields 

a a 
HI C Cl) f H dS + C C-r) Cl) f H dS + C (_ s)(ls)f H dS 

e s s e r EO s s r s EO s s 

(3-50) 

The assumption has been made in the present study that CM is 

unity. All correction factors, C, for the detector would be unity 

for diffuse, gray radiation, and constant thermophysical properties. 

The equation in that case would reduce to 

J f H J ClT 1 a 1 a s 1 S H = - H dS + (-) (-) H. dS + (-) - - M - . - dS, (3-51) I s s e E 0 s s r E 0 4 s s s dt . 

the radiative energy balance for an "ideal" spherical detector. The 

correction factors for the orbit can be obtained by a modification of 

the Rasnic simulation I 7] which utilizes temperature dependent, mono-

chromatic, directional surface optical properties. 
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The preceding analysis indicates that the behavior of a spherical 

thermal radiation detector subject to non-diffuse and non-gray radiation 

may differ from the "ideal" behavio~ based on the assumption of con""" 

stant, uniform thermophysical properties and gray, diffuse radiation. 

The departure of the correction factors from unity indicates that the 

assumptions utilized in the "ideal" detector analysis are not valid. 

If the deviations of the correction factors from unity are significant, 

a more precise numerical analysis should be undertaken. 

Simulation of the Thermal lfudiation Detector Behavior 

A numerical simulation of the proposed detector in earth orbit 

has been accomplished by coupling a simulated earth radiation field 

[8] with the appropriate surface optical property models applied to 

the detector. Utilization of the mathematical models of the surface 

optical properties is accomplished by locating the detector surfaces 

relative to the sources of incident radiant flux. 

The method of solution is based on an earth-centered coordinate 

system. The position of the satellite and the position of the sun 

are defined in terms of their direction cosines relative to the center 

of the earth. The location of the satellite is given by its direction 

cosines EX, EY, EZ in cartesian coordinates and location of· the sun 

by the direction cosines SX, SY, SZ. 

The surface of the detector has been divided into a finite 

number of isothermal elements. The elements on the surface are de;_ . . 

termined by the intersection of N longitudinal segments and N lati-
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tudinal segments. . The· number of node points formed by this method is 

N2 -·(N·- 2). The number of longitudinal and latitudinal segments 

utilized in the numerical simulation is ten, producing 92 node points, 

The node points on the detector surface are defined by the cartei:;ian 

components·XS, YS, and ZS in terms of a satellite-centered coordinate 

system. The unit vectors defining the node points are found by 

dividing XS, YS, and ZS respectively by the radius of the spherical 

detector~ It is not necessary to transform the satellite-centered 

. coordinate sys tern in to an earth-certfer ed coordinate sys tern since it 

is of no consequence how the node points on the detector surface are 

numbered, as long as the numbering system is consistent. 

The simulated earth radiation field developed by Campbell and 

VonderHaar [8] provides the direction cosines from a point on the 

surface of the earth to the detector, as well as the flux originating 

.from the area. The direction cosines make it possible to determine 

the cosine of the angle formed by the negative of the earth-to-,.satellite . 

vector and the unit normal vector of the node point on the detector. 

By convention, if the negative of the.cosine is itself negative, the 

earth source is not visible to the node point in question. All sources 

of flux in the earth radiation field are checked in the same manner to 

determine the number of sources of.flux incident on the node point in 

question. The solution routine now iterates over the remaining node 

points on the detector to determine the sources of flux from the simu-

lated earth radiation field visible to the node in question. The 

sources of. flux provided by the simulated earth radiation field contain· 
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the earth-emitted and solar reflected components incident to the 

detector from a particular direction •. The solar flux incident to the 

detector node points is determined in a similar fashion utilizing the 

sun-to-earth direction cosines. The sun-to-earth direction cosines 

may be used in the analysis instead of the sun-to-satellite direction 

cosines since the difference in the two is negligibly small. 

The flux incident to each node is determined by finding the 

product of the incident. flux and the projected area of the node in 

the direction of the incident flu:l{. For a system .of equal area nodes,· 
l . this is accomplished by the product of the incident fiux and the 

cosine of the angle formed by the earth-to-satellite vector (or sun-

to-earth vector for the solar component) and the unit normal vector 

of the node point. 

The completion of the iteration over all nodes on the detector 

surface provides the direct solar, earth-reflected solar and earth 

emitted sources of flux incident to the node. 

The simulation of the flux incident to the detector surface will 

approach the integral over the surface of the detector when an infinite· 

number of nodes are employed to define the surface. and an infinite 

number of sources on the earth are used. The econoniics of computer 

simulation prohibits this level of accuracy since the time required to· 

·perform the necessary calculations would be excessive. The determi-

nation of the number of node points utilized is, therefore, a function 

of the acceptable accuracy of the simulation and the computer time 

required to accomplish the calculations.. An analysis performed by 
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M. R. Luther has shown that a detector defined by 92 nodes provides.an 

accuracy of approximately three per cent error [9]. The accuracy of 

the simulation is increased to less· t.hari one per cent error when the 

detector is simulated by twenty longitudinal and twenty latitudi1rnl 

segments or 382 node points. However, the computer time required to 

provide this accuracy is not practical. 

The informatfon available at th:i;s point in the.simulation.is 

adequate to perform a compll;:!te determination·of·the surface opti~al 

properties of the detector. If the temperature of the node point is 

known, it is possible to determine the absorptance, reflectance, and 

emittance of the surface as a function of temperature, wavelength of 

the incident energy, and the angle of incidence. 

For each node on the detector surface, for which the temperature 

of the surface is known, the direct and earth-reflf?Cted solar flux 

and the earth-emitted flux. ;:i.r.e known, as is the it corresponding angle 

of incidence to the surface. This basic information in conjunction 

with the models used to simulate the surface optical properties allow 

the net heat transfer to the surface to be calculated. 

·As previously mentioned in Chapter Tl, the absorptance of .a 

metallic surface is.characterized by different values ofabsorptance 

according to the wavelength range of the incident flux. The wave-

length dependence has been model.ed depending on the wavelength interval;· 

short wavelength (direct and earth-reflected solar) and long wave..,. 

length (earth-emitted). The determination of the heat transfer to the 

detector due to the direct solar flux is calculated by iterating over 
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all nodes defining the surface. If the node is visible to the sun, 

the absorptance of the surface is determined as a function of the 

incident angle by means of the experimental values reported by Marla 

G. Hoke [58]. The short wavelength absorptance as a function of 

incident angle is shown in Fig. 3. The rate of heat transfer 

associated with this value of solar absorptance is determined by the 

product of the solar constant, the value of the solar absorptance, and 

the area of the node point projected in the direction of the solar 

flux. The detector surface will have one-half of the node points 

visible to the sun, if it is.not in the earth's shadow •. 

The contribution to the total heat transfer from the earth re-

flected solar flux is determined as a function of the angle of inci-

dence. The short wavelength absorptance as a function of incident 

angle are the values reported by Hoke {58]. The short wavelength flux 

absorbed.by each node from each source of earth-reflected solar flux 

is the product of the area of the node point projected in the direction 

of incident flux, the short wavelength absorptance associated with 

the particular angle of incidence, and the intehsity of the incident 

flux. The total absorbed flux to each node is the summation of the 

flux absorbed from each source incident to the node and the total 

absorbed flux is the summation of the flux absorbed by each node. 

The heat transfer to the detector surface from the earth-emitted 

component is determined as a function of the angle of incidence, 

temperature of the node, and wavelength of the incident flux. The 

temperature of the node and the wavelength of the incident energy 
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provides the basis of the determination of the optical constants by 

the Drude-Zener theory [471 for wavelengths greater than 3.8 mm. The 

energy content in the wavelength region greater than 3 mm. is determined 

by utilization of the Planckian distribution, using a wavelength inte-

gration interval that is small at the shorter wavelengths and increasing 

in range at the longer wavelenths. The Drude-Zener theory [ 4 T] pro ... 

vides the optical constants of a metallic surfac.e which are required 

by the Fresnel equation along with the angle of incidence to determine 

the reflectance of the surface. Assuming the surface to be opaque to 

the infrared radiation, the sum of the reflectance and the absorptance 

of the surface is unity, so that 

a. = 1. - p. (3..:52) 

The heat transfer to each node of the.detector from each infrared 

source visible to the. node is the summation of the product of the ab'-

sorptance for the wavelength interval and the flux contained in the 

interval. The amount of energy contained in each wavelength band is 

a function of the temperature of that portion of the earth from which 

the infrared energy is eminating. It is possible to detertnine the 

temperature of the earth for each source of infrared energy incident 

to the detector if a P1anckian distribution is assumed. Each source 

of infrared energy is decomposed into its constituent wavelength 

bands, which are treated individually. The absdrptance of the energy 

within these wavelength increments is determined and summed to obtain 

the overall absorptance of the surf ace •. 
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The long wavelength absorptance of aluminum as a function of 

surface temperatllre, angle of incidence, and wavelength of the incident 

radiative energy is computed using the Drude-Zener theory [47] in 

conjunction with Fresnel's equations. The long wavelength absorptance 

as a function of temperature and angle of incidence is shown in Fig. 5. 

The Drude-Zener theory is used to calculate the index of refraction n 

and the extinction coefficient k. The mathematical expressions are 

2 
2 ...; k2 

w 
1 12 n = - w2 + 1/-rz (3-53) 

and 2 
1 w 

nk = 2wT 2 (l/-r2) w + 
(3-54) 

where w is the angular frequency of the incident flux, T the relaxation . 

time. The plasma frequency w is given by p 

where for a metal N is the free electron density, e the electron 

(3-55) 

* . * charge, and M the optical effective mass. However, the ratio N/M is 

equal to Neff/M whereM is the free electron density. The effective 

electron density Neff has no physical significance and must not be 

associated with the actual electron density. 

The relaxation time, T, is based on the assumption that the 

electrons have a Fermi spherical velocity vf. Therefore the relaxation. 

time is defined as 

(3-56) 
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where JI, is the mean free path of the electrons between collisions. 

The d.c. conductivity can be determined from the Lorentz-Sommerfeld 

Relation [42] by 

(3-57) 

The relaxation time can be determined by substituting into Eq. (3-56) 

obtaining 

* M cr 0 
T = N e 2 (3-58) 

Using 3.178 x 1017 esu as the bulk d.c. conductivity and the number of 

effective electrons Neff is 

= 2 •6 Free Electrons 
Atom (3-59) 

The absorptance calculated by this technique was found by Bennett, 

Silver, and Ashley [59] to be within 0.6% of the actual absorptance 

for aluminum films evaporated in ultra high vacuum. 

The shortcoming of this method of calculating the absorptance of 

an aluminum surface is that an allowance is not made for deterioration 

of the surface. The increase in absorptance for evaporated aluminum 

films as a function of time is documented by Madden and Canfield [60]. 

This investigation established that the increase in absorptance of 

aluminum which occurs on exposure to the atmosphere can be explained 

by the growth of aluminum oxide on the surface. 
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The determination of.the thermal radiative properties on the 

detector surf ace defines the rate of energy incident to the exterior of 

the detector. The remaining quantities to be.defined are related 

through the emittance of the particular node points on the detector 

surface. The radiant energy exchange from one node to the remaining 

nodes is determined by the emittance and absorptance of the interior 

surface, which in this analysis has been assumed constant. 

The emittance of the exterior surface as a function of the tempera-

ture of the aluminum surface has been simulated by the equation for 

total hemispherical emittance developed by Davisson and Weeks [ 17] , 

Eq. (2-24). This equation for the total hemispherical emittance is 

based on the Drude free electron theory, medified to include the d.c. 

conductivity as a function of temperature, the long wavelength emit-

tance as a function of temperature is.shown in Fig. 6. 

The constituent parts of Eq. (3-30) defining the radiative energy 

balance at each node on the detector surface are now available, with 

the exception of the time increment lit, which can be varied to meet 

stability criterian, and the unknown temperature at time t + lit. 

The determination of lit was performed by a trial-and-error method. 

The initial desire was that lit= 20 seconds, the time increment·of 

change of the radiation field. However, the solution achieved for 

lit = 20 seconds was unstable. As a consequence, the time increment 

was halved and the solution was calculated twice for each discrete 

radiation field. The solution for this value of lit was stable and 

this value of lit is utilized in the present simulation. The simulation 
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The iteration overall nodes on the detector surf ace at this point 

defines the rate of energy incident to the exterior of the detector. 

The remaining quantities to be defined·are related through the emit-

tance of the particular node points on the detector surface. The 

radiant energy exchange from one node to the remaining nodes is de-

termined by the emittance and absorptance of the interior surface, 

which in this analysis has been assumed constant. 

The emittance of the exterior surface as a function of the. tempera- · 

ture of the aluminum surface has been simulated by the equation for 

total hemispherical emittance developed by Davisson and Weeks [17], 

Eq. (2~24). This equation for the total hemispherical emittance is 

based on the Drude free electron theory, modified to include the d.c. 

conductivity as a function of temperature,· the long wavelength emit-

tance as a function of temperature is·shown in Fig. 6. 

The constituent parts of Eq. (3-30) defining the radiative energy 

balance at each node on the detector surface are now available, with 

the exception of the time increment !:It, which (!an be varied to meet 

stability criterion, and the unknown temperature at time t + !:It. 

The determination of !:It was performed by a trial-and-error method. 

The initial desire was that !:It = 20 seconds, the time increment of 

change of the radiation field. However, the solution achieved for 

!:It = 20 seconds was unstable. As a consequence, the time increment 

was halved and the solµtion was calculated twice for each discrete 

radiation field. The solution for this value of !:It was stable and 

this value of !:It is utilized in the present simulation. The simulation 
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would approach the exact solution consistent with ~he number of surface 

eleµients used if indefinitely small intervals of time were utilized. 

However, the increased cost in computer time prohibits a further de-

crease in /.'::, t. 

At the beginning of each simulation the detector is allowed to 

reach equilibrium with the earth radiation .field for the initial 

position in the simulated earth orbit before "launch." Determination 

of the equilibrium condition of the detector corresponding to the 

radiation heat flux for the initial position.allows the detector 

behavior to be assessed without the built-in starting transient that 

would modify the detector behavior. Otherwise, the response of the 

detector is·such that the starting transient would require several 

orbital positions to_ damp out and provide realistic detector behavior. 
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IV. RESULTS AND CONCLUSIONS 

The absorbed. solar radiant power is constant arid is the primary··· 

source of the total radiant. power .. absorbed when. th~ detectpr is visible 
. . 

_to the sun •. The maxiniutn contr:f_bution of the solar. componei:it to the· 
.. - -

total absorbed power :i.~0 98 .58 per cent. Th~ maximum contribution 

occurs at. 1660 seconds into the orbit, just prior to the .losi;; of the 

earth-reflected solar component. The minimum contribution of the 

solar component to the total absorbed radiant power is 76.00 per cen't. 

The minimum contribution of the ~'b~orbed solarcomponerit.and the 

maximum contribution of the absorbed earth-reflected solar c:.omponerit 

occurs at 5300 seconds intothe o~bit, which c·orrespo~ds. to the de-

tector pass over- the polar ice cap.' Themax:ilnum cont.ribu#on of t.he 

absorbed earth-emitted component is only 1.68 per cent and occurs 360 

seconds into the orbit as the detector passes over the equitorial zone.· 

Th~ angular distributions of the earth-emitted and earth-reflected· 

solar sources of irradiance.incident to the detector are .shown in Figs. 

(7) through (10). · The angular distributions are shown for angles greater 

t:han 49 deg, becaqse the long wavelength absorptance and the solar. ab-,. 
/ 

sorptance are nearly constant for angles less than 50 deg as is shown' -

in Figs. (3) and (5). Figures (7) through (10) show that the number of 

sources incident to the· detec.tor increase with incre;:ising angle of 
- . - . .• -

incidence. The significance of .the angular distributions of the earth ... 

emitted and earth-reflected solar sources is more apparent when the 
. . ·. 

percentage of the total sources incident to the detector in each angular · 

interval is known, as shown in Figs. (11) through (14). The percentages 
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of earth-emitted and earth~ref lected solar sources with an angle of 

incidence greater than 50 deg., as shown in Fig. (15), is nearly con,... 

stant at 65 per cent of the total sources incident to the detector. 

The impact of the angular distribution on the earth-emitted long 

wavelength absorptance and the earth,...reflected 13olar absorptance, as 

shown in Figs. (3) and (S}, will result in an increased absorptance . 

in both cases. The maximum long wavelengthabsorptance of 0.00955 is 

produced by an average surface temperature of 400 Kand the minimum 

absorptance of 0.00708 is produced by an average surface temperature 

of 257 K. The per cent change frolli the maximum to the minimum 

absorptance for the orbit corresponds to a 25.9 per cent change. The 

average absorptance for the orbit was 0.00919 which corresponds to the 

long wavelength absorptance f ot a temperature of 380 K arid an angle of 

incidence of 63. 5 deg. Unfortunately, the value.s of the long wave-

length absorptance are in error. The vales are low because the ana-

lytical model utilized to determine the. 1orig wavelengthapsorptance 

does not account for any diffuse reflectance from the aluminum surface. 

The absorbed long wavelength earth-emitted power is shown in 

Fig. 16. Specific features of the earth radiation field can be in-

terpreted from the figure. The points in the polar orbit with lowest 

incident earth-emitted power are at the poles (1600 seconds and 48,000 

seconds into the orbit). Conversely, the equitorial zones should .have 

thewarmest·temperatures, therefore the highest incident power as can 

be seen at 200 seconds, 3200 seconds, and 6000 seconds in the orbit, 

corresponding to the detector .passes over the equitorial zones• The 
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incident long wavelength power at 3,200 seconds in the orbit is not 

as high as that from the equitorial zones at 200 and 6000 seconds 

because the terrain is in darkness. 

The long wavelength absorptance, ALW, for the detector is shown 

in Fig. 17. The absorptance follows the variations in the earth 

radiation field. The absorptancedecreases rapidly with the lass of 

the direct solar power, since the detector cooled rapidly. This 

characteristic reveals the temperature dependence of the long wave-

length absorptance. 

The absorbed earth-reflected short wavelength power is shown in 

Fig. 18. The figure is dominated by the long absence of any reflected 

power while the detector is in the earth's shadow; however, there is 

an increase in incident power at 200 seconds and 3200 seconds. The 

increase irt incident earth reflected pbwer at 200 seconds can be at-

tributed to heavy cloud cover in the equitorial zone. The sharp in-

crease in reflected short wavelength power at 3200 secbnds coincides. · 

with the pass over the polar ice cap. The snow and ice reflect very 

well and this sharp increasewould be anticipated. 

The short wavelength absorptance, ASW, for the detector surface 

as a function of incident angle for the orbit iS shown in Fig. (19). 

The figure reveals two periods of increased short wavelength absotptance 

which coincide with the pass bVer the polar caps. The directional 

nature of the earth radiaticin field at the poles can be seen from 

Figs. (9) and (10). The earth-reflected solar absorptance increased 

1.6 and. 1.3 per cent as the detector passed over each pole.· The 
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increased absorptance ·resuited· from a sharp increase iri the percentage 

of sources incident to the. detector with an angle of. incidence greater 

than 70° at these points. 

The total power incident to the d~tect:or from the e~rth-reflected· 

short wavelength and the earth-emitted long wavelength components is. 
. . . -. 

shown in Fig. (20). The figure contrasts the magnitude of the two 
.'. .. . . : ,· .. · 

components. The earth-reflected short wavi:ilength component dominates 

the power incident to. the detector. ·The disparity in magnitude is so 

large that the total incident power-increases from. 4200 seconds until 

5200 seconds while the earth-emitted power decreases by twenty-five 

per cent. 

The interior irradiance of the spherical detec~or· is shown.in 

Fig. (21). The figure shows that the interior irradiance is strongly 
( 

i:i:ifluenced by the direct solar power and the'earth-"-reflected short . ' 

wavelength power. · .The slight decrease in the· interior irradiance 

from the start until 1,600 seconds is a result in the decrease in the 

earth-reflected short wavelength power as can be seen from Fig. (18) .• 

The interior irradiance is constant after the loss of earth-reflected 

solar. power.at 2600 seconds, until the loss of solar power at 2280 

seconds. The int'erior.irradiance after the loss of solar power de~ 

creases sharply until the solar power is regained at 3320 seconds~·. The 

return of solar pow~r increases the int~rior irradiance sharply and 

coupled with the return of .. the earth-reflected solar power at 3840 ·. 

·seconds.continues.to increase and follow the behavior of the earth-

reflected power as can be seen by comparison with Fig. (16). The 
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sharp decrease in ~he interior irra:diance after.the loss of solar 

P.ower, at 2280 seconds, is a result of the low level of absorbed 

earth-emitted long: wavelength power. The reason for the low level of 
. . . . -

absorbed earth-emitted power is the long w~velerigth absor;Ptance, which 
.·.· .·. ... ·.·. 

is low by a factor of ten. The reduced value ~f loii:g, ~avelength ab-': · .• .··.· .. 

sorptance yields a ratio of.the long wavelengthabsorptanC.~ t~ •the 
. . .. ·.·· .. . ·.. ,. : . 

emittance which is o.33 at 1720 seconds into the orbit anl:l increases 

to 0~36 at 2280 seconds into the orbit. As a ~.~suit·, the.'deteetor·· 

loses radiative .power b)T rapid cooling ~hile .in the e-arth's shadow •. 
.. ·'' . . . . . . . . ' 

The total hemi~pherical emittance, E~W~·· of an aluminum surface,, 
. .·. . ·. ' .. · . .·.·. . . . -· . 

as a function of t.emperatut:~, for the orbit· is· shown in Fig. (22) •. 
·., 

The emittance behavior directly friilows that of. the inter:fot irradiahce · ·· · > 
··.· .. ·· ... -. :.·: 

since the emittance is a function of temperature. Since .the emittaric~ 
·. . ·. . . . ., . . ·-.·: .... 

. follows the interior.irradidnce behavior'it is strorigly influenced by 

the direct solar power, and. the earth..;.reflected short wavelength.· 

power. . The figure compared with Fig. (17), the long wavelength ab-'-. 

sorptance, shows that the emittance was from 3.13 to 2.60 times 

greater than the infrared absorptance. The theoretical value of th~ 

total hemispherical emittaric:e, however, does agree with eXperimental . 

values. The range of temperatures -.encounte-red in the. or pit vary from 

. a maximum of ·410.5 K to a-minimum of .248.7 K. This . .temperature dif~.-·· 
. . .~ 

ference produces a difference in long wavelength. emittance of 0 .0031. 

The variation from the maximum to minimuni emittance over: the orbit ' 

43 per cent and the variation from the maximum to the minimum 

emittance on the detector at any one. point in orbit is 11 per cenL -. '· 

_i·._ ···.····· 

, ... ' .. 
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Figure (23) shows the ratio of solution techniques for the long 

wavelength component, FE. The ratio compares the power absorbed by 

utilizing an absorptance that is a function of temperature, wavelength 

and angle of incidence, and the power absorbed by the detector utilizing 

the precise absorptance averaged over the entire orbit. As can be seen 

from the figure, the behavior of the ratio is that of the actual long 

wavelength absorptance,. as shown in Fig. (17). The product of time in 

orbit and the amount that the ratio is greater than unity equals the 

product of time in orbit and the amount that the ratio is less than 

unity. 

Figure (24) shows the difference in the absorbed lortg wavelength 

power as a result of solution technique for the orbit. The absorbed 

power determined by the more detailed long wavelength absorptance was 

greater than the power determined·by the average ahsorptance for 5000 

of the 6,500 seconds in the orbit. The point in the orbit when the 

actual absorptance was the smallest coincides with the point in orbit 

when the detector was the coldest, at 3200 seconds. The point :j.n orbit 

where the infrared absorptance was greatest, 5,200 seconds, was also 

the point in orbit where the detector was the warinest. The$e two 

points show the $ignificance of the temperature dependence on the long 

wavelength absorptance. 

Figure (25) $hows the per cent difference in the two solution 

techniques for the power absorbed from the long w~velength earth 

emitted component for the orbit. The calculation at each point in 

orbit is ba$ed on· the power absorbed based on the value of the actual 



-''I 

50 

absorptance. The largest per cent difference in tb,e two solution 

techniques occurred when the detector was the warmest and the coldest. 

The per cent difference between the two extreme conditions was· 510 .• 76 

per cent. The behavior of the figure reveals the temperature dependence 

of the actual solution technique. 

The ratio of solution techniques for the .earth-reflected short 

wavelength power as a function of orbital position, FR, is shown in 

Fig. (26). The ratio is formed from the earth-reflected solar short 

wavelength absorptance that is a function of the angle of incidence 

to the average absorptance for the orbit. The behavior of the ratio 

is similar to that of the short wavelength absorptance (ASW) shown in 

Fig. (19). The figure reveals the dependence of the actual absorptance 

on the angle of incidence. The per cent difference between the maximum 

and minimum absorptance from Fig. (19) equals the per cent difference 

between the maximum and minimum ratio of solution techniques. 

The actual difference in the absorbed earth-reflected short wave-

length power is shown in Fig. (28). The positive values inditate where 

the actual absorptance is greater than the average for the entire orbit.· 

As can be seen from the figure, the two. points of maximum difference 

between the exact and average absorptance oc.curs as the detector passes 

over the poles (1200 seconds and 5000 seconds). The points in the orbit 

where the average absorptance for the orbit is greater than the exact 

absorptance occurs just before the loss of the earth-reflected component 

(1600 seconds) and the return of the earth-reflected component (4200 

seconds).· A characteristic of the earth radiation field is that just 

1111'1 I 
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prior to the loss and just after the return of the earth""i:eflected com-

ponent it contributes less than one per cent of the total incident 

power. However; at 5,000 seconds into the orbit the earth-reflected 

power constitutes approximately fifteen per cent of the absorbed power. 

The per cent difference in the absorbed earth-reflected solar 

power, as shown in Fig. (27), is the ratib of the difference in the 

absorbed earth-reflected solar power obtained by utiliZing the actual· 

and average values of absorptance to the actual absorbed power. The. 

ma:ximum per cent difference of 1.6 per cent and 1.3 per cent in the 

absorbed earth-reflected. solar power coincides with the detector pass 

over the polar ice caps, at 1200 and 5000 seconds into the orbit. The 

general behavior of the per cent difference is the same as the earth-

reflected solar absorptance, as seen from Fig. (19). 

The ratio of solution techniques for the solar component, FS, 

is not shown since it is unity throughout the orbit. The tatio is 

unity throughout the orbit since the detector profile as viewed by 

the incident solar radiant flux is invariant. This characteristic 

is .reflected by the constant absorbed solar power as mentioned on 

page 41. 

The ratio of the exact emitted power to the average emitted power 

for the orbit, FO, is shown in Fig. (29). The behavior of the ratio 

follows the interior irradiance as shown in Fig. (21), The ratio 

follows the temperature dependence of the exact emittance, since the 

ratio decreases to less than unity after the loss of the solar com-

ponent and the corresponding decrease in the interior irradiance. This 
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behavior indicates that the average.emittance is greater than the 

exact emittance during this period. The ratio of the exact emittance 

to the average emittance.reflects the error in computing the long wave~ 

length absorptance more than any other ratio. The rapid cooling as-

sociated with the loss of the solar component resulted in extremely 

low temperatureB and emittance values dependent on the temperature. 

The low emittance values when averaged over the orbit are again too 

low. The reduced value of the average emittance now increases the 

value of the ratio for the interval in the orbit where solar radiant. 

flux is incident on the detector. 

The earth-emitted correction factor, CE, for the orbit is showh 

in Fig. (30). This correction factor is the ratio of two other ratios. 

The two ratios are the ratio of the actual long wavelength absorptance 

to the average long wavelength absorptance and the ratio of the actual 

emitted power to the average emitted power. Values of the earth-

emitted correction factor less than unity indicate that the emitted 

power as a function of temperature is more sensitive to temperature 

than is the long wavelength absorptance for the same temperature as 

can be seen from Fig. (29) .. The rapid increase in the correction 

factor, with the loss of solar power, is caused by the rapid decrease 

in the detector temperature and the resulting decrease in emitted 

power as a function of temperature. The extremes of the correction 

factor reflect a difference of twenty per cent from minimum to maximum. 

The earth-reflected correction factor, CR, for the orbit is shown 

in Fig. (31). The correction factor, like the earth-emitted correction 
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factor, is a ratio of two other ratios. The denominator is again the 

ratio of the actual emittance to the average emittance for the orbit. 

The numerator is the ratio of the actual absorptance of the earth~ 

reflected short wavelength to the average absorptance for the orbit. 

The correction factor is less than unity for all points ih the orbit 

where solar power is incident to the detector. The ratio of the 

actual emittance to the average emittance for the orbit controls the 

correction factor. As an example, the correction factor at four 

hundred seconds into the orbit would be increased by seven-tenths 

of one per tent if the ratio of the actual earth-refle~ted solar 

absorptance to the average absorptance was unity versus the present 

L 07. The dominance of the emittance ratio, FO, is the cause of the 

sharp increase and decrease in the correction factor from twenty-two 

thousand seconds until thirty-eight thousand seconds in the orbit, 

since the numerator of the ratio is unity during this time. 

The solar correction factor, CS, is shown in Fig. (32). The 

solar correction factor as in the two previous correction factors is 

the ratio of the actual solar absorptance to the average solar ab-

sorptance for the orbit to the ratio fo actual to average emittance. 

The general behavior of the correction factor is dominated by the 

ratio of the actual to average emittance. The absorbed solar power 

is nearly constant, as mentioned on page 41; however, the correction 

factor, CS, varies nearly fifty per cent from maximum to minimum 

values. 



V. CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions can be made as a result of the pre'-

ceeding analysis: 

(1) The assumption of a diffuse, gray earth..:radiation field in 
the ideal simulation is invalid. This conclusion was arrived 
at from the specula.r peaks of earth..:reflected solar irra.diance 
encountered as the detector passed over the poles and equi-
torial zones. 

(2) The assumption that the detector surface is a diffuse ab-
sorber of incident ra.diant flux is invalid. This conclusion ·· 
is based on the sharp increase in the earth-reflected solar 
absorptance a.s the detector passed over the areas where 
specular reflectance.was present. 

(3) The assumption that the long wavelength absorptance and 
emittance maybe treated a.s independent of surface tempera'-
ture is also invalid. The variation in absorptance and· 
emittance over the orbit is 37.4 per cent and 43 per.cent, 
respectively. 

(4) The spherical radiation detector is not capable of determining 
the earth energy budget to within one per cent. The maximum 
per cent difference between the actual and average absorbed 

. earth-emitted power is 6 .3 per· cent. . 

(5) The ability of the non-dimensional correction factors to 
quantitatively assess the departure of the spherical 
detector from the assumed constant, uniform thermophysical 
properties, and gray, diffuse radiation behavior is in-
conclusive. The error in the long wavelength absorptance 
distorted the correction factors and consequently rendered 
the values obtained in the pres.ent study useless. 

Reconunendations 

The following recommendations are made based on the finding of 

this study. 

(1) The complex computer simulation of the spherical radiation 
detector should be executed again after the model for the 
long wavelength absorptance has been modified to more 
accurately predict actual aluminum behavior. 

54 
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(2) An investigation of the actual emittance of an aluminum 
film as a function. of temperature should be performed to 
verify the calculations performed here. 
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DETAILED THERMAL ANALYSIS OF A 

THIN-SHELL, SPHERICAL RADIOMETER 

IN EARTH ORBIT 

by 

John Oliver Passwaters, III 

(ABSTRACT) 

An.exact energy balance is conducted on a spherical thermal 

radiation detector. The thermal radiation heat transfer to the 

spherical detector is computed utilizing models of the surface optical 

properties that vary with i:;urface temperature, wavelength and angle 

of incidence. Studies have been conducted to analyze the detector 

under the assumptions of gray, diffuse radiation and constant thermo-

physical properties. The previous s.tudies have been helpful in 

developing the theory of op.eration of such detectors. However, the 

extreme accuracy required in the experiment necessitates an assessmerit 

of the effects of non-gray and non-diffuse radiation and surfaces on 

the detector behavior. 

The effects of non-gray and non-diffuse radiation and surfaces on 

the detector behavior is assessed by non-dimensionaliz;ing the energy 

balance. Three correction factors are developed to describe the be-

havior of tl;le three components of radiant flux incident to the detector. 

The correction factors are developed to equal unity for a perfectly 

diffuse gray radiation and surfaces. 



The realistic model of 'the 1:1ud~ce optical propertie,s ·fbr a:n ·· - . - . 

aluminulll detector consists o.f ind~pend~ni:models of ~Htance, long . .. 

·wa:velength apsorptance; and sola~ absorptance. :rheemittance as a 
' . . - . . -

. . 

functibn of temperature was determ:Lned frmn the Davisson, and Weeks-· 

· .. analytical expression .. The long: wavelength. absotptance as a function 
. ·. . - :._ ' ; . 

of. incident q.ngle,. wavelength, and temperature was det.erm;ined by 
... "': .... ·- - . : .. : - . 

titiliz;ing Fresnel'~ equations in c:onju:nction with the.Drude-Zener. 

theory to obtain the comple'X index of refractipn• The solar ab-.. · .. 
. . sorptance as a function of.·· incident angle was d~tetmined from the 

·.experimental· results of M. G. Hoke. 
- - : . . . . . 

The results of the analysi$ reveals that the earth radiation 

.·. field is. not diffuae ..• ·.The: polar ice caps· l'Tete found· to reflect 

incident so.lar radiant flux· SJ?ecularly to the spherica:Ld(;!tec:for. 
-. . .·. - . :··_ 

· . The. absorptance. of the eart~'.".'reflected solar coI11ponent as a function 

of. incident an$1e :i.s inlporta~t a\1d responded to the specularly re-

fleeted solar fltix as .the detector :passed over the ice caps. The 
. ' -· '~ 

model for the long wavelength absb~ptance of ~he aluminum detei;.tor is 

incorrect.·. The model P,rodt:ic~d values of absorptance.·one..,.third of the 

value of ·.emittance.· The· t;a,llpera:ture dependenc~ of the emittance is . . . . . . 

found to be significant •in ,~he detector behavior. The results of the 
. . . 

non-dimensional co~recti.on¥actcn:;s ~re found t~·be J.nconclusive. ·The 
. . . . 

error in the lorig wi:ivel,ength.absorptance distort~ the correction 

fa-ctol;'s and renders.them useless. 
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