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ASW . the short‘wavelength absorptance averaged for the
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- AVGALW ‘the average emittance of the detector for the entire
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AVG the everage short wavelength absorptance of the de-
tector for the orbit (dimensionless)
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' based on a Plankian distribution (W/mzum)
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‘ - point in the earth radiation field
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and other orbital parameters for earth radiation field
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- detector as a function of the nodal temperature
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the total long wavelength power 1nc1dent to each

detector node (W/m?%)
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the incident solar flux to the p01nt on the detector
being investigated (W/m2 )
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an intermediate step in the solution of the Fresnel
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sorbed power for the earth reflected solar flux, as
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the componentbof the reflected flux polarized normal
to the plane of propagation
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SOURCE i - the storage érray‘forvthefangleVOf incidence (in
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I. INTRODUCTION

The material needs ofba-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 theée
needs could lead to inadvertent climate modification_[l]. For example,
pollutants in the air are'responsible for altering the fractions of
atmospheric water vapor, ozoﬁe, 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 qualitativevassessment of its local and temporal vari-
ations of the earth's radiative energy budget.for extended periods of
time. This presumaﬁly would permit cérrelations to be established
with concurrently observed.climatic changes, and hopefully would lead
to a long-range predictive ability. .

One proposed method of obtainiﬁg a quantitative measure of the
earth's radiative energy budget.would utiiize man-made satellites in'
earth orbit to measure the solar flux incident on earth, tﬁe earth-
emitted long wavelength radiation, and theIShort wavelength radiation
reflected away from the earth. The monitoring effort Qould have to

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



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
oEtained for limited areas of the earth's surface, did nqtvobtain the
earth's energy budget with the required accuracy,vand were condpcted
over a felatively short time period.

A system of economical, accurate earth orbiting instruménts for
monitoring the earth's energy budget has been proposed [4]. The Long
Term Zonal Earth Energy Budgét Experiment (LZEEBE) system would uti-
lize a fleet of satellites each consisting of a central hub and three
one and one-half meter diameter deteétors 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 shown in Fig. 1.

The inflatable sphere as a radiation détector incorpofates three
important features. Because the spherical detector is light in weight,
the launch cost is significantly reduced. The méterial and fabrication-
techniques are stafe—of—the—art and economiéal. The sphere is also an
omnidirectional sensor of radiation, so that expensive;orientation

equipment with respect to the earth is not required.



‘The pfinciple of;the'system is'described:by‘Sweeﬁ 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.'lThié characteristic is the

basis for the omnidirectional sensing capability of the detector.

Thé

concept: of Sweet and Mahan:is}baséd bn’several.assumptions;

They. are:

(1)

(2)

3)

(4)

(5)

the temperaturé'differé@@é:d;spriﬁﬁtions on £He interipr;;i
and exterior”surféces Q£ ﬁhe‘detégfqr are‘idéntiéai,
condudﬁidn:éiong'fﬁé»détectorhéheil is hegligibie;
the‘spheriqal detector.is‘opaqueftb'all iﬁcid§n£ ,'
radiaﬁion, - | |

the interior énd-éxﬁéfiof_sﬁrfaéés of thé‘détector“aré
0pticélly gréy,'éﬁdf “j: 

the ther@él;réspéﬁse.timeVQf the detecfor is significéﬁtiyv 
mofevrépid'than‘fﬁe variétions in'the radiatioﬁ field |
iQCidént to the exfefior,surfacé,vthﬁs_éilowing'éuéhf‘f

variations to be detected.

The interior,SurfaCe.irradiance~of~the'detectors wili be méasured

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

having different surface optical properties will prévide'differeﬁt ;f;

values of interior irradiance inﬂtheuSame'exterior radiation field. ..

If’ehergy balances are performed on two suchHSPhérical‘détectors,”the

resﬁlts will be'v



H
S
= — -1
HI,a I+ (afe), 7=+ (a/e), T | (1-1)
and
Hs
HI,b = I, + (a/e)b 7t (a/e)b I _ (1-2)
where
1 o ,
I =—f H ds (1-3)
e S . e
S
and
I =2 H_ds (1-4)
T S g T ’ '

the area-weightedlaverage eérﬁh-emitted,and earth-reflected components.
HI is the interior surface irradiancevof 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 surféce ir-
radiance of a spherical detector is a function of three distribufions;
He, the earth-emitted component of irradiance; Hr’ the earth—reflected
short wavelength component, and Hs’ the directvsolar component. It is
possible to detgrmine the area-weighted average earth—-emitted and the
earth4r¢flected components if the solar component, Hs’ is known. The .
two componeﬁts can be determined by exposing two detectors with known
but different surfacg optical property ratios, a/e, 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



usiﬁg two detectors having different surface optical properties was
pioneered by Dr. V. E. Suomi in 1958 [6]. The use of thfée 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.vauther has carried
out investigations into the influencé that parameters such as materialé,
shell thickness, detector diameter, and uniformity of surface radiative
properties using this model. The earth radiation field utilized in
Rasnic's original simulétioﬁbwas an arbitrary field not based on
satellite data.

A simulation of the earth radiation field wasbdeveloped by G. G.
Campbell and T. H. Vonder Haar [8] at Colorado State University. The
computer simulation is based on radiometer measurements taken from
the.Nimbus ITI meterologicalysatellite._ The computer program utilizes
172 Nimbus III measurements to define the earfh radiation field as
viewed from the satellite. The simulation allows the detector to
érbit the earth at differentvaltitudes 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



accurate simulation possible. The cdmposite simulation‘has‘subsequently
been further ﬁodified to‘provide the first and secoud derivatives of
‘the detector surface temperature. These derivatives were»required‘aud
utilized by Luther [9]'for studies of calibratidn of the surface
radiative properties.

The detector simulation is valueless unless it reépbnds preeiselj .
~as the actual detector weuid‘in earth orbit. The aetual.intefcﬁange
of radiant energy witﬁ real surfaces is marked’Byvdependeuce on the
temperature of the surface, the angle of'incidenee, and the:anelength
of the incident radiative fiux [10]. The radiative pfopertie$~of
metallic surfaces are also a funetion of the surface/roughness andu
preparation. However;'all previous<simu1atibns assume the detector
surface to be optically gray and independent of temperature.

The primary objective of the present study is the develupment and
evaluation of a defailed'simulation that ineorperates the interaction
of radiative heat fluxes uith a realistic aluminum surface. The seuuy
includes suitable models tuat'define the sUrface‘radiative properties
of aluminum as functions of.suiface'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;intéraction of radiant energy with-surfaéeé” 
requires that the absorpténce, emittaﬁce, and reflectance charaéter;
istics of the surface be known. Ihe degree of accuracyvattained.in
determining the radiation heat transfer is limited by the“éetail‘with
which the radiation properties are specified."Since the present study :
requires high accuracy, the most detailed descriptions of prdperties
available are employed.

Thevblackbody is by definition a perfect'absorber, an& conée4
quently a perfect emitter, of radiant energy. 1The spectral, or mono- .
chromatic, emissivevpower of a blackbody is given by Planck's Black—
"body distribution function as

C,/nAT
2A5[e 2

epa (I = Cy/n - 1] (2-1)

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

S, =3.740 x 1072 yecm?

)

1,438 cm-degree.

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

eb(T) = nch4 : (2-2),:

b

where o is the Stefan-Boltzmann constant. The éngular distribution

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



Law as

I =1 cos® (23

0

is the directional;intensity,df'a plane souréévinﬂthe
direction 0 with'respgct toftheféﬁrfaceinormal_andflo is'the intensity

" where I
of the source in a difebtibﬁ?normal to its surface. Alsbgkby_utili;?f
zation of Kirchoff's Laws [11] it can,be'showﬁ,thét,theimbhéchroma;icx’11'
absorptance equals the mdnoéhromatié emittanqe:forva system in

' thermodynamic equilibrium. - ‘

Whenva bddy-is;irradiated, part_qf:the iﬁéidént fédiént eﬁergy isf:v

reflected, part is absorbed, and the rest.is transmitqéd‘ ’The inci- [f']

* dent radiant energy Eifis.équalbtb the sum of the reflected radiant

energy Eps the absorbed-enéth'E‘, énd thé’tgansmittédhéhergy ET;‘fF

Byt Eg B - E COR

Dividing both sides of Eq-1(2—4)vby-Er:gives g

E

t=
=

T T ¢ R

Sl S
P
1r§dle

or |
atotTe1 0
_The‘fefleétance p:is ;hé réfio of the»:éflgctéd'enefgy‘tb_;he"incidénﬁ,’
energy; the abSdrptance_d;is the ratio~of the ;bsorbéd’éﬁefgy,td fﬁé :
 incident energy; aﬁd~thertrénéﬁitﬁancejt.i§ thévra£i6 df the ﬁréﬁséf 7>
mittedleneﬁgy tb,ﬁhéﬁiﬁci&ent energy. | |
‘.In'describihg‘fé&iéﬂt-infefChahge.ﬁith‘solids it ié heceséary;to.‘ff
deal with‘two séts:§f pafaﬁétérs,‘dbtiéai bropertiés and:thermal‘vr |



radiative'properfies. 'The optical properties describe the interaétiOn_
of an electromagnetic wavé ﬁith matter in terms of phase andvampli-
tude, while the thermai radiative properties déscribevthe energy
transfer dﬁring the inferaction. of courée,’the two types of proper-
ties, optiéal and thermai radiative, are intiﬁately rélated.

The thermal radiative properties. of the‘opaque metallic materials
are strongly influenced by surface effects arising fromﬁmethods of
preparatibn, surface finish, thermalbhistory, éndvinteraction with the
environment. Oxide films in particular may significantly affeét the
thermal radiative prdperfies. | |

Essential to fhis investigation is‘the need to understand thev
behavior of real ﬁaterials. Fulfillment of this requirement would-
manifest itself as a rigorous définition of thetthermai radiative
properties and their‘dependency upon wévelength,.temperaﬁure, and
geometric direction.

The emittance of metallic sufféces as a function of wavelengﬁh,
and temperature has been‘the subject of several studies. The in-
fluence of temperature on the monochromatic'emittaﬁce 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 mdnochromatiC‘eﬁittance
with an increase in temperature. Thé variation of emiﬁtance with‘
wavelength was investigated by Hagen and Rubens [13]. The behavior of
metals exhibits a sharp decrease in emittance With an increase in

wavelength.



The influence of temperature on the total emlttance of - several .:
metals has beenblnvestlgated by Dav1sson and Weeks [17] The generalj
trends observed in the 1nvest1gat10n p01nt to an increase in total _
emittance w1th an rncreasekrn temperature. 4The.same 1nvest1gatron.
determined that the total‘hemispheriCal emittanee‘ié greater‘than
the total normal‘emittance because of deviation from Lambert{s,COSine:
Law. | |

Eualuation”of_the heat'transfer‘process‘forzsurfaceé”exhibiting,'e
specular.reflectance has Been earried]out and reported by several: |
- authors [18,19,20]. lThe-majority“of these‘investigationaJWere con--
cerned with the effectluf.specular surfacee.vlsible to eaeh othergand -
the influence en the temperature distribution.on theAsurfaces‘[Zl;ZZ,l
23,24]. Tne majority of investigations utilize’the reflectance model
developed by Sparrow and Lin [25] that deals. with the non~diffuse:
character of surface reflectance as the sum ofldiffuse and'speeular
components., .The’formulation by Hering[and Bqncuv[Zl]iempleys a.tmo_
band, or semigray,.mddel to approximate the epectral dependenee ofr‘
‘surface properties for high-temperature solarnradlatien’and 1om—tempera;:
ture surface‘emission. | | :

The‘significanee of directional‘reflectance on’thenradiation heat;;
transfer tovalsurface has teen inveatigated B&:Houchens and'Herlnév[27];i
Clausen and Neu [28], and Hering [29]. TheSe,investigators founu‘that
‘the dlrectional property effects for short wavelength incident radlationl.
are most important for materials which are specularly reflectlng andA -

~ have low shortwave absorptance.



The evaluation offmonochromatic reflectances may- also‘he‘determinedfvj -

from electrOmagnetic-theory;, Various 1nvest1gators have evaluated

monochromatic reflectances of surfaces using the Fresnel equations [30],?’ e

':and one of several models for the‘surface optical propertles. Rolling ‘;'*”d’

and Tien [31] utilized a single electron model to determlne mono-
chromatic behav1or at low temperatures w1th good results.' Hering and

Fischer [32] employed the.Roberts model'to determine the monochromatic

L

and temperature dependent radiative Properties. vTheir'analysisdrevealedfﬂ .

that the gray body assumptions adequately predict the general non—gray
behavior. | |
The Influence of Surface Conditions'on"
‘Surface Optical Properties
. ThehsurfaCe’conditionvof metallic'specimens isrthe dominant o

factor in determlnlng the magnltude of the measured radiatrve proper— -

ties. The 11terature reflects numerous examples of test surfaces shown i

to be very sensitive_to methods of preparation,pthermal history,_and
: the locallenvironment; Despite this knomledge;rthe:descriptions‘ofv‘
test surfacesfare usuallpiinadequate because Offthe Iack‘of under-
1 standing of'the important"mechanisms ofAreal’surfaceieffectsiand.off
how to sufficiently define avsurface.ﬂ | .

The fact that the reflection process is greatly 1nfluenced by the
surface condition is predlctable through utillzation of plane wave ;:g

- theory. "The depth‘ofxpenetrationgof an-1ncident’electric field can,

.~ range fromjvery smallrto‘yeryjlarge values depending‘upon'the abSQrPtiQﬁEjj;J
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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
penétrates the surface léyer of a metal will not travel more than
a few hundred angstroms before being completely absorbed. However,
this behavior is not observed invnonmetallic'or dielectric materiais,
which cbnsequently are less sensitive to surface conditions [34].
In the emission process, internally generated electromagnetic’radi—
ation which feaches the surface originates from atomic and molecular
thermal vibrations. ' For metals these vibratiohs.are characteristic
of the composition and physicél state in a very thin surface layer
occupying approximately the first 1,000 angstroms of depth.

The three different types of parameter which influence the
properties df a surface are topographical, cheﬁical, and physical
in nature. The topographical characteristics define the geometry
of the surféce on a microscopié level. The chemical characteristics
describe the composition of the surface layer including such features
as contaminants. The physical characteristics describe the structure
of the surfaée such as orientation of the crystai lattice, cell sizé,
and strain. It is impossible to separate the effects of individual
surface characteristics. For most materials, it is nof possible to

alter one characteristic without changing another.
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, The most 1nfluent1al factors which bear on the radiative properties

- of metals are those assoc1ated with surface roughness and oxide films.i'

In some 51tuat10ns a thin dielectric film has more 1mpact on emittance
properties than does surface roughness of the same dimen31on. ;The,.v B
1mpact is most pronounced when the characteristic profile variation or"

film thickness is of the same magnltude as the wavelength of 1nterest,'

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 surfacef
meant to behave,as an;absorber of roomvtemperature source radiationi
will be differentfthanvthat of;a;surface meant‘to’belan'abSOrbérfof. S
solar source radiation. |

Thevprofiles of a'metal Surface appear as an'irregular'patternfof

. peaks and valleys.v Several parameters are commonly used to descrlbe

‘the topography of a surface including root mean square (RMS) helght,

center 1ine average (CLA) height, lay, and average slope, to name a
few. These parameters are obtained prlmarily by mechanical measuree
ment_and to some eutent by~interferometry'techniques.

The effect of surface roughness on the optical properties of
surfaces was first studied by Lord Rayleigh in’ 1901. If the 31ze;of

the 1rregular1t1es‘is of the‘order'of the:wavelength or'larger,ethe .

1nteract10n can be described by geometrical optics [35]. The orien—v

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

described by some statistical process in order  to explain the’opticalf ]'

‘behavior of the surface; "On the other hand,eif,the surface irregulari—



‘tiee are much snallerithanlthe wavelength bthe onticelgbehavior'is
';explalnable only as a dlffractlon phenomenon. |

“The diffract1on theory was studled by DaV1ew [36], and his work
was eXtended by Bennet and Porteus [37]. ’The expression developed by 'df
Bennet and Porteus for:the measured.reflectanceifrom al"rough" surface'
reflectance; R, to the snooth" surface reflectance RO’ at. normal

1nc1dence is g1ven as

ol (4ﬂu/k) 1

PU’PU'

sttt @

v_where U is the RMSvroughness, M is the RMS slope; and Aw is' the angle g
© of acceptance of.the optlcalvsystem. The first term represents the |
coherently or,specularly_reflected fraction and the,second term the
incoherent orgdiffusely retlectedeterm; ' The magnitude:OE theveecond
 term ie proportionel to.(p/A)4,i forteus‘{38] showed,that‘when-thev‘
second terﬁ is important, an increasingly exect1statistieal description
of the surface is required;? ” | |

For very'rough surfaees and short anelengths; geometricel'optlcal'
effeCts‘predominate. ‘The;combination of and A as:theeratio U/A‘-
allows the two limiting'caeesvof‘geonetricelrandvdlffraction effeets
to be studied eeperately.f'ln the range of_geometrieal-effecte,‘
only’regular shaped.asperlties can be handled without reeorting'to
elaborate etatistical‘toole.x |
| Clearly, the variations in monoohrometic_reflectanee.must bed
understood before'a meaningful total reflectance can befobtainedvfor

a surface. The factor that most influences the variations: of mono-
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chromatlc reflectance is surface roughness.v The parameter uo/ku mhere v
Y is the RMS dev1at10n of the surface and A the wavelength of the
»1ncident radiant flux, is 1mportant in: determlning the ratlo of total
specular reflectance of a surface. ThlS relatlon was developed by -
Davies [36] and utillzed by Birkebak and Eckert [39]. ~As'the»ratlo.;‘
of the rOughness to Wavelength decreases? the reflectlon”characterlstlc ,g‘

approaches>specular'behavior{
hModels:For Optical Property Behavior

An acceptablevdescription_of emittance:andvreflectance‘character+
istlcs is required‘in order t515ﬁa1yg¢fthe interchange ofuradiantvy‘“
‘energy among surfaces. vConsiderahle detailfiS'required‘in describinge
the surface optical propert1es in any study in: whlch an attempt is.
"made to evaluate the effect of their variatlon on heat transfer‘re—}
:sults. The intent ofethe'present study is to utilize,quantitativelYﬁ;'
correct functional formSIWhlchbrepresent the behavior»of thé'surfaceg ;.'
properties withvvariationshin wavelength, temperature; and direction-'w
to assess_the pOSSihle:effects of such~variations on thelscientlfic'dl
results obtained:frOm the measurement:system;” | |

" The d1rectional reflectance and emittance of optlcally smooth
and chemically clean surfaces may be predlcted from cla331cal electro—e{:d
| magnet;c theory [10,30]; ‘When unpolarlzedvradlatiOn-is 1nc1dent onna fo
' surface; it can.be‘resolvedvintobtwo equal components, one cOmponentn =
polarlzed parallel to the plane of 1ncidence and one component -

\

polarlzed perpendicular to the plane of inc1dence (see Flg. 2)

-



The expressions fqr the two compdnents of polarization, pll(e)_for =

parallel and pl(@) for perpendicular, are given by Fresnel's equations

[10,30]
22 )
' _a +b -2acos @+ cos O _ay
a 4+ b + 2a cos O + cos ©
and
2 2 . L2 2
pll(e) - pl(e) a + b2 - 2a sin © tan O + sin Oltan,ve,, (2-9)

a” +b° + 2a sin O tan O +‘sin2 © tan  ©

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

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

2a

Vel - 2 - sin20)? + 4022 + (0 = 12 - sine)  (2-10)

and

2b2

I

‘/(n2 - kz - sirvxze)2 + 4n2k2 - (n2 - k2 - sinze) . (2-11)

The form of the Fresnel eduations given by Eq. (2;8) and Eq. (259)v
is limited to the case wﬁere the reflecting surface is bounded by a
medium with a refractive index of unity and‘aniéxtinction éoefficiéh£
of zero. The Ffesnel equafions are also a function of wavelength of
the incident radiation and the temperaturé of materiél, since the
index of refraction n and the extinction coefficient k vary with
temperature and w5velength. |

The influence of polarization on the theoretical value of'ré;
flectance has been investigated 5y Edwards and Tobin [40] and EdWards> 

and Bevans [41]. The investigations were directed at the imbortanceb
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of the heat tranéfer'esspcieted withlepeculerlteflecthn.:1The:l§;;‘H

: veetigatldn reveeled_thet‘when:betﬁ xeflector and_abeefbex,erellt—;;;

radiated at'angleslgteeter than 66;deg the‘heetltranefet'caleuletipe’ .

will be'in‘errottby mete then e factor ofeteﬁ.ieHeWever;‘in thie ;, |

investigation it was assumed that the two components of polarlzetlon e

in the incident beam were of equal 1nten81ty; N |
The optical propertles of a material, n and k deflne ‘the complexii.

 index of refraction,

Nen-te @1

For most metale andbsemiconducters'k # 0; hoﬁever; for,electriebhonP- '
conductore k = 0, Both the index of refractlon, n, and the extlnctlon‘
coefficient, k, are functions of both wavelength and temperature.'

The complex 1ndex of refract1on can be related to the electrlcal li'

constants of the,material-by

S (2-13)

where €1 is the dielectric constant, ¢ the cbndﬂctiﬁity;;and w the
frequency of the oscillating electric field,“Since Eq;'(2—l3)>is e‘

complex equation it may be reduced to two equationms,
“(2-14)
and

nkw = 2wo. 5(2F15)f'l
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The earliest attempts to predict the optieél properties ofhmetals-'

were made'by Lorentz [421,fDrude.[43],'Kronig:[44]; ahd Mott and Zener]fh'

[45]. These investigators essumed’the metal te;cohtain electrons which . =~

were essentiallyﬁfree to move,undervthe influence of the”eleetric
field induced by the incident electromagnetic wave. These free

electrons‘ere the valence electrons in the oﬁter,shellnef_the atoms

constltuting the metal. When an electromagnetie ane-isiiheident’hpOnm'*:_V”'i

the metal surface, an oscillatln0 electric field parallel to the
surfece is induced in thevmetal causing the free'electrons to oselllates
at the frequency‘efithe havef Thete.is a phase‘diffetenee hetween:the
oscillation of the eleetrons ahd that of the ineidehtheleetremagnetic
wave caused by a'viecoes‘damping force arieing,ftom coilisiens betheeh;é”
accelerated eleettohs and the atomic 1atticeu[46]. Two perameters'
‘are fequired’to deécribe the optical behavior.of,the.matetial. foﬁé}
parameter is the number density . of free electrons, N belng exc1ted
by the induced field .and the other is the average time, T, called the 3
relaxation time, between COlllSlonS of the_electron w1th.the atomic':;
 lattice. These two parameters can be estimated frem the number szh
~valence electrons“pef;unit volume; the d.cf electricaivCOndhctivity;
and the»essemption_of éssﬁherieal Fermi surface.v The'resulting’ﬁodei
is called the Drude Free Electton Model [47]. . |
The model aescrihing theboptiealtbehaviof:of the materiel is .
greatly simplified‘if'the.phase ehange arising‘from_electronic |
collisions can hetneglected. hThis:sithation'occurs'hhen the re;

laxation time is zero or when the time between electronic collisions
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is much less than the periOdiéf thebinduéed'elecfric‘field; var this '
condition, the optical Behavibf can be compietély'deSCribed'by thé‘ |
d}c; electrical conductivity f47]. | -
| This simplified modél for the opﬁical constants.serves aé the
basis for relations used to compute the thermal radiative properties
of materials from a knowledge of the eléctriéél‘coﬁdUCtiVify (orl
resistivity) és a function’of the temperature.  If the apﬁropriateb
relation between the complex dielectric»éonétant‘ahd the monochromatic -
'normél émittance isbﬁééd‘with the Dﬁﬁde Médéi,'thé émittéhce can be -
expreésed |

€. % §.365 /003 - 00464/, (2-16)
where r is the d.c. electricai resistivity in ohm—meters qnd'A‘is’the
wavelength in meters. Thishceiebrated reiétion is frequgﬁtiy referredt
to és thé Hagen~Rubén$ felation‘[13];u | |

The Hagen-Rubéﬁerelation fdr long waveiengths,

2n00 : ’GOv

w v .

n=k-= N (2-17)

was developed theoretically by Drude [43] and'ﬁohfirmed experimentally
‘by Hagen-Rubens. This,relation isiérrived at by assuming that the

conductivity o, has the value of the d.c. conductivity and the currents

0

in the metal are in phase with the electric field. - The latter as—
. N - § _ S B
sumption is equivalent to assuming that the dielectric conétant is

unity (ek = 1). When these conditions are utilizéd;

nz. _ k2 = £ (2_14)

.and . »
nkw = 27g
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now becomes'
o2 -1 - o (2;185-
‘andcd | ‘V | H
‘m7nkw = 210, ‘di a ;‘ fv' (2- 15)
respectively. - If n2 and k2 are 1arge compared to-unlty, then they are
aoproximétely‘equal.: Substitutlng the'above.values of n andzk 1nto
Egs. (2;8) and (2?9)_for‘the case of:notmelrincddencefyields,b‘v.
(n - 1) o+ k2 FONSEI L
L= 3 5 (481, (2-19) -
' (n + l) + k : : : . .

Further, taking into account the fact that 1 <<'60/v;lthe expressionc'

for the reflectivity becomes -

‘"’pn —1- ZJ(_\;_: . ‘;‘ ” ' - ’ (2_20)

o ‘ 0. R A
This is the fbrmdof the:relatiOn tested‘eXPetiméntally by Hagen ands
'Rubens.' | o

: The assumptlons used to derive thlS basic model limit the Hagem;’
Rubens relation: to 1ong Wavelengths (usually beyond 10 mm) and high d ;
temperatures for metals in which the electronic structure can be: |
approximated by‘oniy freekelectronsvas thetcutrent carrlers. ThlSi;*
‘reiationship hasqudnd extensive use in engiheerdng:aoplications.'

| The Hegen-Rubeﬁstrelation’has 1ed:to the‘deveiopmentfof various
models fOr!expressing'totai'and‘amgular property'velces for metais.
Tablevi shows seversl of these relatioms expressed’im terms of
vemittance. Aschkimass [49] obtained an exptession for the normal

total emittance e (T), by normalization of the first term of the



Hagen-Rubens relation with the Planck‘blackbody:distrihutibn;
| SN o
J~ N (T) ey (T)dA
- l=0' - »

€ : )
n'ot o EA=e

A=0

which after integration yields
:en(T) = 0,5736[rT] = 0.1769[xT]. - ‘(2—22):3,,

Foote [50] improved the usefulneSS of'the Aschkinass”relation by in=

cludlng the second term of the Hagen-Rubens relatlon 1n ‘the 1ntegrat10n,,'3~

yleldlng

— - (2;21f'iuf'f o

e (1) = 0. 578[rT] 5 0.78[x1] + 0.0584LrT1V 0L (223) o

: Thevrelationsfsojfarﬂhave'considered‘only the Casefof emissionl:”x
normal to the-surface.; The class1cal electromagnetic wave theory can N

describe the angular variation in the optical behav1or of the materlal..

Fresnel s.equatlons,relate'the two polarization components of reflectanceflf'

to the angle of 1nc1dence as measured from the surface normal in terms‘”:
of the optical constants o and k In the s1mple Drude theory, n.and k

lare determined by the electrlcal re31st1V1ty. Davisson and Weeks [17]

were ‘the first to treat the problem of determining the total hemispheri—t} R

cal emittance by 1ntegrating Fresnel's relatlons for angular dependency

 for the hemispherlcal space, yleldlng

etkT) = o;7si(rT)Q'?‘;"b;633(gm);[p:';ld ldfl(gtzﬁ)tf};fv.f'

Although the limitation thatvthe prOduCt of-temperature'and‘resistiyity*.';
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-be less thah 0.1 iéjimpéseévéﬁ thé»Daﬁiééoﬁ.énd'Weéké:ﬁoﬁéi, tﬁiéﬂf 
limitatioﬁ is'usdally_noimofé res;fi@fiVe tﬁan:gﬁé-a$Sﬁmﬁtiqnsiﬁ£i;ff
lized in dévelqping ﬁhe;basig mbdél‘iﬁself.

Schmidt and Eckert f@g]»;émoved thé_limiéafipnﬁQh”ﬁh¢ ?rodg9tqu: 

rT and also developed ;élafidqs'forfséécﬁféifpéﬁisphéfiéal'gmis#an?é;f;_
gx(i).= 0.476(;/A)0f§‘_ é;148(t/x):f§§ib?%;r/3;gipls’ «,(é%ég?r
e, (V) _ 0.462(e/0 05 - o».’o'99:_5:3<;£/'x) foros ;..g/_x‘ﬁ':{;%_j-.-_z 5(2-26)
.land the to£gi>hem%éphericalgemittahce;“

e (M = 07511 %" - 0.396(:T) for 0 < xT < 0.2 - (2-27)
and

e (D) = 0.698G)""> - 0.266(xT) for 0.2 < T < 0.5.  (2-28)

_Thgse foﬁrjrelatidns-coﬁéﬁitute the_éonveﬁtiéné;rand,bQSiq equations
used to'eétimate thé ta&iative.froperties_offﬁéf&lS}» i

The previously méﬁtiongd queléfgil égéﬁ@giﬁhét tHe p£asé:dif; 
‘igreﬁce bethén tﬁé’imﬁosed élegtric fié1d1§ﬁdnth§'indugéd eleéﬁféﬁ;
cﬁrrent is ﬁegiigiﬁlé. 'The\reléxétiOﬁ time 6f'the eleétfon carfié?é‘
is sﬁéil compareq £§ the périod‘éf‘ﬁhé"apﬁli§A ei¢étric field;3 Patk§?v;
andgAbbottv[Sll héVgﬁde?elbpéd;éfréiéfiongqufthéﬂemitféngé théﬁ
o achunts for a fihit§ relégétibﬁftiﬁé,v Tﬁé:ﬁtiiiéétion_qf thi§ équ4;iQﬁ;
réqﬁires ﬁhat the parameﬁéfg-§£brelaxa;idp'fiﬁé %:apd therree éieg;fbﬁ:
dénéify n be known.  This pafticﬁlér~modé1 doéé_ﬁot fiﬁd‘widésp£é;d»ﬁ§é

because of the difficulty ih,evaluatipgii and N'as.functions of
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teﬁperature.

‘- Ip a recent experimental study by Bennett eﬁd'Bennett'[SZ] ree
gardiﬁg the validity of the Drude theory, the infrared refleCtance‘ofv
carefully prepared ulffa high—vaeuum—deposited silver, geld, and :
aleminum films ie shown to be in excellent agreement with the theo-
retical predictioms. Thie‘work demonstrates the importence‘of preper
specimen preparatien if the'appropfieteftheoreticalimodelsrare‘ﬁo be.
in egreement. | | | E

‘The failure of the freefeleeﬁrgnvmodels to. agree witﬁ experimehtel:
data in the wavelength regiens‘of'interest ehoﬁld be inferpreted as |
areonSequence of everésimplificationvef,the abSOrp;ion'prOCessv
mechanism. The ébsbrptioﬁ proeess,ectually involves‘several types of
free electrons each characterized by different relaxation’times and :
densities. Contributions to the absorption pfocess also are made by
electrons bound te the lattice, further complicaeing»the‘process.

The contributidﬁ ef thevboued electrons to‘the'optical propefeiee}
has been investigated by eeﬁeral authors. Theeproblemehae’been in-" |
vestigated by Roberts [53,54,55] who ﬁas liﬁited_the'bbeﬁd electron_
contribution to the visible or very near infrared wavelength region{ 
Other authors have expanded Roberts' initial work. Seban [12] studie&_
the emittance'of the transition metals using Roberts' model end hesv
attempted to deterﬁine their high temperature behavior.& Edwardsbaﬁd‘
De Volo [56]¢develo§ed a complieated‘but iealistic_modei;thet is

restricted to research studies due to the complexity of the model.
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The short wavelength absorptance of aluminum as”avfunctlon of‘
angle of 1n01dence has been determined by Douglas [57] and Hoke [58]
Douglas [57] utilized Fresnel s equatlons [30] to calculate the solar
absorptance.' The " theoretlcal values of solar absorptance obtalned are'
basedoOn_anblndex of refractlon (n) Qf,0'75 and extinction coe£f1c1ent
(k) of 4.8._ The theoreticalﬂvaluejof‘absorptaace for»augles:uoﬁto |
85 deg were found-with an uueettainty of four”to=eight per Cent, Hokee’
[58] measured the solar absorptance‘as-a fuudtioh.oftangle_of incidence
out to 75 deg. The findiugs-were_egtrapolated outabeyoﬁd_75‘deg.to
96 deg, as shown iﬁ Fig. 3 ;with auprObable ettof'of lesthhan-three
per'oent. The average hemispherlcal solar absorptance was. obtained b§
mechanical 1ntegrat10n of the absorptance curve w1th a result of
&H = 0.0926 which was within»two_per-cent of the;theoretical value d:

obtained by utilizing the Fresnel equatioﬁs [30].



~TII. ANALYSIS AND SIMULATION
Definition of Correction Factor

Evaluation of the departure of the surface from.a difque, gray
receiver and émitter of thermal radiation is initiatedlﬁy fifst L
proéerly non—dimensionalizing the energy balance expression fér thé
detector. An energy balance éf an elemental volﬁme of‘the détectof

skin, as shown in Fig. 4, yields

Qin - Qdut - Qincrease’
~ storage
where
QL '=v[qe + qr.+ q  * q;1ds, (3-2)

where &e is the absorbed earth-emitted radiant energy flux, &r'is the
absorbed earth-reflected solar energy flux, és is the absorbéd'solar.

energy flux, and.c.li is the absorbed energy from the intefior flux; and

Qout ='[qO + qI]dS,- - H o (3#3)

where éO is the emitted radiant energy flux from the exterior of the
detector, a}ndvc.lI is the emitted radiant energy flux from the interior

of the detector, and

increase

Q = [pgeg 6 3T, /0t]ds, i (3-4)
storage ' '

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

heat of the detector material, and § is the thickness of the detector.’

25



26

The fluxes in the energy balance can be expressed by lntegral

' expre531ons which relate the temperature dependent d1rect10nal
monochromat1c absorptance‘ofcthe detector surface to“thebd;rectloniandf
- wavelength of the incident radiantkflukes aﬁdeﬁﬁé51§§al sﬁrféce'témﬁér;,

ature. The integral'eXpressions for the radiant fluxes are:

q, = J' J‘ a;\(e’e,‘%,rs)‘v ik(@e"be)dx Cos se ame’:, »' (3_5)
- J S w@r’fbrﬂfs)%ﬁ@wr;dms o, @0
9 - f J OFA;‘(»G’Avs,‘,"“i;g’:'Ts‘)fixl(@s""ksv)d‘* °°S es vd‘*_’.s" e ) "
Eli - J’ f ”x(éi"ﬂ'%) ik(e»i,cbi)dx cos ’Qi vdu_)i,v ‘(’3"—,8»)1""-'

fial
o
I

. 1 o ' ‘ .,
;‘j- j. (90’¢0’Ts)ebA(T ) dk cos OO du, (3-9) -

» and

i ?f f ¢ (@I’(‘bI S)ebA(T) dx; cos Op iy, (VB_I,O),‘

Equations (3- 5) through (3 10) identlfy the local energy per unlt:‘
time ‘and surface area that is absorbed and emltted by the detector.pv
- The earth-emitted-long wavelength flux absorbed as a function of ‘
the temperature of the detector surface 1svg1ven by Ed (3-5), the
’earth—reflected short wavelengthksolar—flux absorbed is shown in

(3-6), the short wavelength solar flux absorbed is shown in
Eq. (3-7), and the long wavelength interior 1rradlance absorbed as

: aifunctlon of surface temperature is shown_ln'Eq (3 8) . Thevtotal
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hemispherical flux emitted by the exterior of the detectdf as a -
function of surface temperature is shown in Eq. (3-9}>end the'tote1‘
heﬁispherical 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 non-dimensional

parameters
ay = a,/ay, , _ (3-11)
* - .. :
€, = EA/EA’ v7(3f12)
=1 /MM, G-
* b ’ PR
TS SULLNE 3-14)

These parameters are ratios of the monochromatic values of the ab-
sorptance and emittance to the average values for the orbit. ' The

average absorptance and emittance are determined by:

- 1 ﬁ% o ' .
3, == o, R o (3-15).
J N i=1 I+
and
- 1 Moo o g
o =3 E : aj o A (3—16): o
j=1 .

where N is the number of‘discrete sources of irradianee_incident en
the detector, and M is the number of orbital bositions;' The mono-
chromatic intensity and emitted power are non-dimensionalized by‘the';f
assumed diffuse intensity and the blackbody emitted poWer. Since the
radiative properties are a function ef temperature as weil as wave- vt

length and angle of incidence, the average for the detector must
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reflect the variation in the detector temperature distribution.- The

radiant fluxes, Eqs. (3-5) through (3—10),‘can';heh be expreséed»as

4 = % fé(TS) He’ . | ,,: v(BF;J)f 
= O, (8
qS = OV-S fS(TS) HS,‘ - " E . (3—19)
G.=5. £ (T.) T - (3-21)
0 0 0vs’ 7s? T
and ,
q. = e. £_(T )'T.4- - - (3-22)
I I 1Vs" "s”? ‘ R

where-He is the long wavelength earth-emitted irradiance, Hf is the
short wavelength earth-reflected solar irradiance, Hé is the solar
~irradiance, and H; is the interior irradiance.

The "f" factors employed in Egs. (3—17) through (3—22)_are de-

fined by
. 1 x % q q i :
e(TS) == ] ax(ee’¢e’TS) ll(ee’¢e)~'x cos 0, duw, (3-23)
2m YA E .
c 1 % E , N
r(TS) = ;x]. al(er’¢r’TS) lk(er’¢r) d\ cos Or dwr (3-24)
2m YA '
£ (T, ~vli e ) (0,6 ) d) d 3-2 |
s S) T 0L)’\(Os’(ps’TS) iA( s’¢s) cos B, dug (3-25)
. Zﬁ A ' ’
ey =L X o Ty 1 . )y d 0. d 3-26)
ivvs’ T 0, (0550;5Tg) 1,(0;56;) dA cos 0, duy  (3-26)
2m A‘
f.(T')——l—f f* T)*(T)d)\‘ g (3-27) -
cost iy €1 (0gs9gsTgdey) (Tg) dr cos 0y duy  (3-27)
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and

ooy 1 X | .
fI(TS) = - J ) J; EA(GI’¢I’TS) ebA(TS) dXx cos O dw (3f28)»

The dimensionless "t" factors are developed such that they are unity
for ditfuse, gray, and unifotm radiation'ahd surfacea{ 'Those quantitiea
may then be’considerad_as correction:faétorsvfor use with Egs. (3_17),
through (3-22) for each hode on the detéctor sufface: The COrtectiOn
factors place a quantitative evaluation on the departure of the”locai
radiation field and surface from dlffuseness and unlformlty |

‘Substitution of Egs. (3 5) through (3—10) into Egs. (3-1) through

(3-4) yields

. . . . - . . . —' : . S _ .
(4 * ap +dg +9;)d8 = (g + q)dS = pg eg & 7= dS,  (3-29)
or
. B ' . e . e i . aTS o . .
(g, +q, * q %,qi - gy —'4p) dS = pg g § == dS;  (3-30)

and introducing Egs. (3-17) through'(3-22) yields:

[a H f (T ) + u H f (T ) +a H f (T ) +a Hifi(TS)

8T
,ﬁ—)ds' (3_—31) i .

- 4 e b A"; s
- €y oTg fO(TS)__ e 0T fI(TS)]dS = (DS cg 6

If the assumption is made that the interior absorptance'and emittance
are equal,

- (3-32)

Q1
!
(Ul ]

then Eq. (3-31) becomes

{aeHefe(TS) + ngrfr(TS) + OLsHsfs(_TS)"-,*' ;I Hi fi(TS)
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- ongtEge g+ Efy ) as - (bg e 0 g ds.  (-33)

The'energyjbalance‘forofhe entire detector is determined by inte-

grating Eq. (3-33) over'the'interiot endeextefior surfaces of the
sphere yielding

f oT 445 =’<E) f
s € ee

- - &r s . .
] ), et (ras + (Eg’./; £ (Tg)ds
@) ) LT+ ) | B IS - ) | oTE (oas
0 7s , 0 Js 0 ’s :
e, TR
- (‘é—) f (pS CS th—s‘) ds. - : (3—34) -

It is now possible»to'determine 0verall correctioﬁ‘factore‘abplié
cable to the entire detector surface corresponding to anlsotrophy of

the radiation fleld visible to the detector, that 1s,

F_ =,J; Hefe(Is)dS/J;;Bedsé‘ ‘“:',j, | (3%35)_

I

[ RE QIS Ras G5

o
I

fs Hsfs(TS)dS/fSHst’ | - (3_37)

]
Il

4 J; Hifi(ié)dS/J; Hiéssoiife;”:: | | (3-38)

- P | Vs . ST,
0 J;vqis fO(TS)ds/f OTS dS, , (3-39) -

&)
]

I IS f (T )dS/J oT 4dS L ‘»(3_40?.fv”

¥

L » S 1 [ s S
u =% _’;(ps cs S 3¢ )ds/_a s 6./; s ds- BRCEIO R

0 s
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A more tractable form for the overall energy balance of the detector

is obtalned if the above expressions are substltutedvlnto»Eq (3—34),f

‘yielding
A A aean o 5r o
Fo JoTg  ds = () F_ [ H, ds+ (z9) F_f H_ds+
\ o s ° 0 % 7s
&.S S : Ei. o
(9 F_ f H dS - (&) F, [ H, dS
€g S g 8 = E iJ. 71
4 Pg S5 8. Sia . L ianey
- ( ) F f oTg dS- —VF (—= )f vk LI (3-42)
S f0 o Te e
or,
‘ oT (———) — H dS +. (——) - YH ds + (=) =— H ds
J; S _ eo: gy F r o ;FO J; s
e, F, F 5(:' 5 AT, s
+(§—)§ifuds-(—) fH dS-——M-(‘_S_'_vS O f 52 as (343)
0 "0 % | o fp Tg?

Finally, it is convenient to define dimensionless correction factors for

the detector for each position in orbit, .

. 'i(3fﬁ4if;

.. Ce= e 0’
cr =_Fr/FO, (3—55}
% = B0 (Gte)
and
| | - _CM = FM/FO' (3f47)'
It is.also convenient to define |
- | P T 6 BN o
w0 gy

S » ‘EO
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Sweet and Mahan [5] showvthat it isvpossible to obtain a second .

expression for the interior irradiance, H The second expression is

i.‘
 obtained by integrating the flux emitted overuthe-interier of the
sphere and dividing by the sﬁrface areavbf fhe sphere, yielding

1 4 g : S
H = 3 fS oTg' ds. (3-49)
This expression implies'thatbthefinterior irfediance for the sphere is
uniform, thereby, independent of position.

Substitution of the correctlon factors defined by Eqs (3 44)

L5

through (3-47) into’ Eq (3—43) ylelds

=c @& [ & 1y L o Sy W ge
I = €@ ‘fs He‘ils * Cr'('éo) () fs Hpds + Cs»(Eo)(s)f.s Hgds

: 1 'aTS o S
- CM Ms(g) S EE— ds. (3-50)

The assumptibn has beenrmade;in the present study that CM is
unity. All correetioﬁ'factors, C, fo;'the deteetorlwouldvbe unity
for diffuee, gray»radiatien, and‘coﬁstant thermephysical properties.
' The equation in that’case would reduce to

) : ;f BTS » ‘j “ ..31
Ho =§fs H dS + (-) )f H ds + (—) -A . ‘gg—‘ds,, (3—51) ‘

the radiative energy balance for an "ideal" sphefieai detector. The
cdrrection factors for the orbit can be obtained by. a modification of .
the Rasnic simulation [7] which utilizesdtemperature depehdent;.mdnoélf

chromatic, directional surface optical properties.
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The pfeceding analféis.indiéates fhaf the BehéVior;of a séheriéalz .
thermal radiation‘detector subject to nqn;&iffﬁse‘and nbn—gray radiation
may differ from thé "ideél" behaviop‘based-on £hé”assumption of'cdhf |
stant, uniform thgrmophysiéal properties and gray, diffuse radiatioﬁ;“
The departure.of the correction factors from unity indicates thaé the
assumptions utiliéed in the "ideai" detecﬁorkanalysis are not valid.

If the déviations.of‘the corregtion faétbrs”from‘unity are Sigpificént;

\ o

a more precise numerical analysis should be undertaken.
Simulation of the ThermalﬂRédiationbDétéctor,Behavior

A numerical simulationbof'the prop03ed'detector'iﬂ eérth.orbit
has been acéomplished by couplingia simulaﬁed_éafth.radiation field' .
[8] with the appropriate surfacé optical property‘modelslﬁpplied>to: :
the detector. Utilization of the mathematical modéis ofvthe sUrfacé‘
optical proberties is accomplished by.locatiﬁg'the detector surfacés
reiative to the sources of incidént radiant flux. “ a

The metﬁodvof‘SOlution is baéed on an earth-centered coordinate
éystem. ‘The position of the satellite and the>p§sitioh of.the sun'>
are defined in terms of their direction cosimes relative to gﬁercénfef
of the eérth. The 1ocatidn.of the sateliite‘is>given $y its directipn
cosines EX, EY,FEZ in’cértesian coordinates and”ioéaﬁiqh7df the sunb
‘ by the direction cosines SX, SY, SZ.

The surface of the detector has been divided into a finite
number of isothermal elements. The élements Qﬁ the»sufface are de%

termined by the intersection of N 10ngitudinal segments and. N latif' o
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tudinal segments. ‘The nﬁmber of héde éointS'formed by-this method iér
N2 ;((N'— 2). The number of longitudinéliand 1étitudinal‘s¢gmentS > |
utilized in the ﬁumerical éimulatioh;is ten,vproducing‘QZ.node'points,
Tﬁe nodé points bnrthé detector surface ‘are defined by the carteéian,
components XS,'YS, and ZS in tgrms of a satellite—centered‘coordinafe :
system. Ihé unit’vectorsvdefining the node points ére found'byb
dividing XS, YS, and>ZS reépectiVely by the»tadiusbof'the'spherical
deteétor. .It‘is nét neceééary to transform the satellite—ceﬁtefed '
 co§rdinate system‘intoran5earth—céﬁ£eréd coordinate system since it‘
is of no consequence}hdw,the node points on the detector surface are
numbéred, as loﬁg és the numbering.sys;em is consistent.

Thé simulatéd'earth'radiatioﬁ field developed by Campbell and
Vondef Haar [8] providesithe directibn cdsines from a point on the
'surface.of the earth to the detector, as well as the flux Qriginating'v
from the area. biﬁe direction cosinés make-it poséible»to determine ,‘
the cosiné‘of the'angle formed by thé hegative éf»thevearth—to-satellite.
' vector and the-uﬁiﬁ normal Qectdr of’the>node point on the éetectdr.

By convention, if the negative of the cosinevis;itself negative, the

- earth source isbnot visible to the nqdé_foint in question. All sources-
of flux in the éafth'fadiatioﬁ fieldvare checkedvin,the same manner to
detérmiﬁé the numbér of sburcés 6f flux incident on the_node point in
questien. iThe solution‘routineanw iterates over the remaining node
points oﬁ'thé'détéctor to aetErmine,the sourcesvéf flux ffom’tﬁé simﬁé
-lated earth radiation field visible to the node in questién. Thév

éources of flﬁx provided by the simulated earﬁh radiation field contain’
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the earfﬁ—emitted'and solar‘reflected components'incident to thé  i'
'déteétofvfrom a particular‘direction._\Thé solar flﬁx incident torfhét ,ﬂ
~ detector node points is deﬁermined iﬁ a similar fashidn utilizing'thél‘ 
.sun;to—earth direction cosinesl‘-Tﬁé‘sun—to—earth direétion cosines
' ﬁay be used in the analysis insfead ofjthe suq—to—satellite direction a
cosines since the differenée‘in the two ié:negiigibly small.

': The flux incident to eéch node 1is determined by fiﬁding thg~'
, prodﬁct_df the in@ideﬁt flux and the prOjecféd‘areaibf tﬁe node]in
the direction of the incident flux, Fbr a_system‘of equal area nodes,:'
this is accomplished by the prbductkbf the incident flux and the = -
cbsiné of the angle,formed by_thé earfh—to—satellite vect¢r (or sun-
to-earth vector for'the_solar;comPOnent) and tﬁe unit normal vectqf,:"'
of the node point; H | o

_Thé completion of the iteration over all nodes on the detector’
" surface proﬁides the direct soiar, egrth—refleéted solar and earth‘ 
emitted sources of flux"incidént to the node.
~ The simulation of the flux incident to the detector»surface will

apptoach the integral over the surface of the detector when an infihite
number of nodes‘are'employed to define the sﬁrfaCe»and:én infiﬁite |
nuﬁber of SOurces‘on the earth are used. The economics of computer
~simulation frohibits this levei 6f accuracy since the tiﬁe required'toji
'perform the necessary calculatioﬁs’Would be excéssive. The determi- -
nation of the number of node pointsnutilized is, therefore, a fundtioﬁ
of the acceptable accuracy of the simulation and the computer time

fequiredfto accomplish the calculations. An énalysis performed by
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M. R. Lﬁther has shown‘thatbé’defectof defined by 92 nddes provideswéﬁ
éccuracy of approximately three per.cent érror {9]. The accuracy éf  *
the simulation isvinéréasedvfo 1ess‘théﬁibne peﬁ éent'error when thé 
detector is simulatéd-by_tWeﬁty,1ongitﬁdinai énditwenty_latitudinal'_‘
segments or 382 node points.__However,fthe‘compﬁtef time’féquired to
provide this accuracy is ﬁdt'piacticél. |
The informaﬁidn available at thisaboinf in‘the_simulation,is
adéﬁuateﬂto perfofmvalcompléte determination’df;the~shrféée opti@al_: '."5’ﬂ.'°
properties of the'&etegtor.vlif the:tempéfature of‘the ﬁQae point is

known, it is possible to deﬁermine the absorpténce,'feflectanée; ahd

emittaﬁce‘of the surface és a function of températuré, QéVelength of_
‘the incident energy, and the angle of incidenée;‘

For each nodé on the detectorisﬁrfaCe,'férkwhichlfhe temperaturé'z
of the surface is known, theﬁdiréct and é;;fh-réflectéd solar flux
and the earth—emitted_flﬁ#'are known;»as-is theit»c6££éépénding angle't
of incidence to the;surface. This basic infor@étion in.conjunction
with the_models used to simulate-the éurface'opﬁicéi pfoperties‘éllpw“
the net heat transfer to the’surface.EO'bé Caléulat?d;  |

" As previously mentioned in.Chapte; II, thé absqrgtapce of,a‘
‘metallic surface is'characfefiéed by different’ialueé df‘absorpﬁance
aqcordingvto the%waveiength range Of:the incidéﬁ£ f1ux.1’The wave- o
length dependenée has begn'modéled depending on the wayeléngth ihﬁerval;’:"f 
- short wavelength (direct ana’eap¥h—réflected solar) and‘long'wave— “' !
length (earth-emitted). The determination of thé heat‘trénsfer.td the‘

detector due to the direct solar flux is calcuiéted'by%iterating over
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ali'nodés definiﬁg'thé)surface. If the.nOAe‘isVVisiBle tovthe,sun, ~, o
ﬁhe absérptance of £he surface is deterﬁineduaS'a function gf the |
incident angle by meéhs ofbthe eXperiﬁéntal &alues repgrtéﬂ by Marla::'_;V
G. Hoke [58]. The;éhort wa§e1engtﬁ absorptancé asVé funétion of
incident.angle is shown invFié. 3. The»raté pf heat.;réﬂsfer
aSSdciated‘with this‘§éiue“§f 801arvabsorptan¢e is determinédlby‘the |
kﬁrodﬁct}ofbthe soiaf'éohstaht; the &éiué.gf the solar absérptaﬁcé@-éﬁd ,'v:
the areavof the node pointibrojected in thévdiréction'ofJthé.sdlar |

flux. Thé:detector surface will havg one?half>of>the node'points

 visible to.fhe‘sun, if it is.nof in‘thé éarth’é'éhadswg«

"The contribdtion t6’the total heat transfer from the.eartﬁvre—
flected sélar flux is‘detérminéd as a‘function of the épgle 6fvinci—‘
- dence. The short wavelength abSorpténce askaﬁfﬁnCtionsof incidént :
éngle are the values rep§¥t¢d(by’Hoke<{58]{‘ Thevshort wavelength flux~i*‘
absorbed‘by_each'nédé fr?m each sbufcéiof éarth?ref1é§téd:éolar:fluxv
is the produﬁt of thé areé pf‘the nééé boint préjectedrin'the.direétidn: 1 ﬁ3A’
of iﬁdideﬁt flux,vphe short wavelength absorptance aséociated Withv:

 tﬁe pafticular angié'of'incidence, and the infensity of'tﬁe ih§ident
V‘flﬁx. The tétai absbfbed flux to each né&e‘iéltﬁe summation of thé :
flux absorbed fro@ each source incideﬁﬁ to ﬁhevhodefaﬁd,fhejtotal‘yiA ?  i
v absorbéd fluk is.the;suﬁmaﬁion.of the flux_absbrbed bybeachrhode;ﬁ.v
The heat transfer.to_thé detector éu;féce frbﬁvthebearth-éﬁittéd
component>is determined as a fﬁnctioh.qf the'gﬁg1e of iﬁCidgnce,
temperaturé of the node, aﬁd wavelength of the‘incident>f1ﬁx. :Thef]

temperature of the node and the wavelength of the incidént energy



38

provides the basis of the'determination of the optical constantS'byif L
the Drude-Zener theory‘[47]ifor wavelengths greatef than 3.8 mm. The
energy content in the wavelengthvregioﬁ greater thanv3'mm is determined"

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

gration interval that is small at the shorter wavelengths and increaéingﬁﬂ R

in range at the longer wavelenths. The Drude-Zener theory [47] prqj',fil

vides the optical constants of a metallic surface which are required‘:t

‘by'the Fresnel equation along with the angle of incidence to determine .

the reflectance of the surface. Asguﬁing the,surface_to be opéqﬁe to
the infréred rat‘liation, the sum éf the refleq.taﬁcé and the absorbtaqce_ .
of the surface'is‘unity, éo'that : |

o= i.- 0. _ ' _(3;52), E
Thé‘heat transfer to each node of thé,detéctor from”each inffared
source visible tobthe tdde is the summétion of the product of thé_ab-
sofptance_for thg'wavelength interval aqd the'flux contained in the
interval. The amount of energy contained»in»eath waveleﬁgth'bapd‘is
a function of the temperature of that portton of the_earth~from,which
the inf:ared enetgy.is eminating. It iS‘pOSSible to.determiqe thé
temperature of the earthvfor each source‘of‘infrared’eﬁetgy'intideht i
to the detectot if a flanckian distribution is~as$ﬁmed;' Each éoufceﬂ;‘
of infrared energy is decomposed'into'its’coﬁstituenttwavelengtﬁ‘
bands,‘which‘are treatéd individuaily. The absorptance 6f the‘energyv. f
_within these‘wavelengtﬁ'increments is determined and summéd to obtaiﬁ'” ti

the overall absorptance of the surface.
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The 16ng wavélength abébfptance,ofvaluminuﬁ‘as a funcfion of
Surfacé éemperature, angle of incidence; and wavélength of the_iﬁcidé?£ "
radiative energy is ﬁomputed using ;hé'Drude&Zener‘tﬁéory'I47]'inu'i:ﬁ’
conjunction with Fresnél's equafibns.\ Thelloné Wavelength absorpténc¢'
as a fﬁnéfion of temperaturé and angle of incidence'is shoﬁn in Fig.‘i;:
Thé Drude-Zener theofy is used to célcﬁlaté tﬁe iqd§g~ofvrefraction'ﬁf
aﬁd‘thebextiﬁCtiOnlééefficienﬁ k;"The méthématiéél ekpfeésiOha;éréi:

2
w

e v O

and . 2
‘ w

N S S
nk = ~ , - o (3-54)
2“? we & (1/T2)  7 LT

where w is the angular frequency of ‘the incident flux, 7T the relaxationjlv

time.,,Thve_plasma‘fr‘equ'em:ymP is given by

(3-55)

ﬁhere for a metal N is the free eiectron densify, é the’eléctroﬁ, 
charge,'and M*vthe optical‘éffective mass. Hoﬁé?ér, thearétio N/M#ﬂis;¢ 
edﬁal to‘Neff/M-ﬁﬁéré'M”is the free electron density.,ﬂThe efféctive.J' : 
électron density Neff,has ﬁq'phyéical signifiéaﬁéé.andvmuét noﬁfbg  ;'
associated with the actual electron déﬁsity. R

| vThé;relaxation;ﬁime, T, 1is based on thé aséumption tﬁét the
elgctrOns}have a Fermi‘SPherical velocity ﬁf. -Therefqré the reiaxaﬁioni"v

time is defined as ‘ : R ;
YTy, : T (3-56)
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.:'where % is the mean free path of the electrons between collls1ons.
The d.c. conduct1v1ty can be determined from the Lorentz-Sommerfeld

Relation [42] by

M ‘ S 3 :
The relaxation time can be determined by substituting iﬁto[Eq.;(3—56)
obtaining

'T='N——z—- o (3-58)

" Using 3.178 x 1017_esu as the bulk d.c. ccnductivity and the number of o

effective electrons N is

eff

Free Electrdns
~Atom

.
Mg = NCP = 2.6

The absorptance calculated by thls technlque was found by Bennett,
Sllver and Ashley [59] ‘to be withln 0.6% of the actual absorptance

for alumlnum fllmsvevaporated 1n‘ultravhigh vacuum.

The shortcomingvof this method ef Calcgletlhgbthe absorptance ofi
“an aluminum surfacevie‘that'an allowahce'is not3ﬁadehforf&eterlotation o
of the scrface. The increase in absorptance for evaporated aluminUm“
films as a function of timelie doccmehtedvby Madden and Canfield‘[60].
This inveetigation established that thevincrease'in abSorptance‘of |
aluminum Whlch occurs on exposure to the atmoephere can be explalned

by ‘the growth of alumlnum ox1de on the surface..

(-9
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The determination of the thermal radiative properties on the
detector surface defines the rate of energy incident to Ehe exterior of -
the detector. The femaining quantitiés to be defined are related
through the emittance of the particular node points pn:thé detector
surface. The radiant energy exchange frqm’one nodé to the remaining
nodes is defermined by the emittanée and absdrptance of the interior
surfacé, which in this analysis has been assumed constant.

The emittance of the exterior surface as a function of the ﬁempera—.
ture of the aluminum surface has been simulated by the equation for
total hemispherical emittance develéped by Daviésbn and Weeks [17],

Eq. (2-24). This equation for the total hemispherical emittancé 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 femperaturé is shown in Fig. 6.

The constituent parts of Eq. (3-30) defining the radiative energy |
balance at each node on the detector surfacevare now' available, with
the exception of the time increment At, which can be varied to meet
stability criterian, and the unknownvtemperaturebat time t + At.

The determination of At waé performed by a trial—and—error methbd.v
The initial desire was that At = 20 seconds, the time increment of
change of the radiation field. However, the solution achieved for
At = 20 seconds was unstable. As a consequénCe, the time increment
was halved and the solution was calculated twice for each discrete
radiation field. The solution for this value of At wag_Stable and

this value of At is utilized in the present simulation. The simulation
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The iteration overall nodes on the detector surface at this point -

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

Thé remaining quantities to be'défined‘arg,relétéd through‘the emit- .
tance of the particular node pOintsbdn fhe défecﬁqr.surfééé. Ihe"
ra&iant energy exchangé‘from one node to the‘reméinihg nddéé is de-
terﬁinéd by the éﬁittance_and.absbréténce of the‘iﬁteriér:sﬁrface,
which in this anaiyéis has_beeﬁ aésﬁmédbéonsﬁéﬁt.

The emittance of the exterior surface és'affﬁhction of thentémperéf'

. ture of the aluminum surface has been'simulated bylthé eqﬁatidn fot ‘

total hemispherical emittahce develoﬁed by Daviséon and Wéeks [17],:;
Eq. (2-24). This equation for the total‘hemispﬁeficallémittahce is
based on the Drude free electron theor&; modified tb‘iﬁclﬁde the d.c.
conductivity as a function of temperature,:fhe 1ong‘wéVéléngth emit-
tance as a function bf temperature is shown in Fig;»6t ‘“ |

The constitﬁentvparts.qf Eq. (3?30)fdefiﬁihg the,radiétiVé.enefng' '*
balance at each node oﬁ the detector surface are ﬁow av;ilablé, with
the excepﬁion of the timé increment At, whichiéén be varied to meet j 
stability criterion, and the,ﬁnknowﬁ:temperatﬁfé at"timé:# +.A£;

The‘determinationzof:At was performed by a_trial-aﬁd-effbrvmethod;'

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

_change of the radiation field. vHowever,'the.sdlution achieved for

At = 20 seconds was unstable. ’As.a.gonsequence, the time increment
was halved and the solution was calculated twice for each’discreté‘
radiation field. The solution for this value of At was stable and

this value of At is utilized in the present‘simulation. The simulatiOn
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would approach the evxac‘t éol'ution consistent ﬁit-h the vnumbe'»r of sﬁrf"ace
:  e1ements used if indefinitely small intervals of time ﬁeﬁe utilized.
However, the increased cost in computerlfimé prohibits a further de-
crease in At. |

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 eqﬁilibriﬁm condition of the detéctor corresponding to the
radiation heat flux for the initial position allows the defectorv
behavior to be assessed withéut thé built-in starting transient that
would modify the detector béhavior. Otherwise, the respﬁnse of the.
detector is such that the sﬁarting transient would require several

orbital positions to damp out and providevrealistic detector behavior.



IV. RESULTS AND CONCLUSIONS

The absorbed solar radiant'powér is constant and is,the,primaryf"
.soﬁrce of the toﬁéi rédiangvbowef:abgbfbed whentfhé1detécﬁpr is'vigible
_to the éun.' The]ﬁaximum cbntributioﬁ of the soiér:cdmponéﬁﬁﬂtathe.'
total absorbed po&ér 15598}58 per cent; -Thé:mé#imhﬁ cohffibutioh
occurs at>1660 seéénds into’thehorbit? juSt ﬁrior‘to thegléssbof the‘
éarth-fefleCted‘éolaf componént.  The-ﬁiniﬁum éontributibn:of the
solér chpdneﬁt:ﬁobthg tgfgiLéBsOfﬁedlradiantfpdﬁer is‘76,00bpgrfCentL
* The minimum éontfihufion of the absorﬁéd solgrjcbmponentxand thé
maximum contributigh'offthe’absdrbed earth—reflécfed’solar-¢ompdneﬂ£‘,v
occurs at 5300 seconds'int6 thefofBit,_which:correspgﬁdé;to‘the-dé;'- |
‘tector paSs over;thé polar ice cap;'bThé maxiﬁum cbntfibuﬁioﬁ 6f fhgl
absorbed eafth—emittéd component is ﬁniy 1.68 per cent and'occurSYSGQis_‘ 
- seconds into the orbit as the detect§£~passes_over the equitofial zbﬁé.j

The ﬁhgﬁlar‘diStributiOns of the eérth-emiﬁted andvearth;reflectedv‘;
'Solar‘sourcés of irradiance incident to the,deﬁectof aféIShown in Figé,
(7 throﬁghb(IO). The-angqiar distributions-arékshowniféi angles gréatéf
_than 49 deg, beééuée tﬂeﬂldﬁg WaVe1ength absérptanée anaithe soléf:abf _>
SOrpﬁancé are ﬁeérly‘consﬁaﬁt’for angles less than 50 deg as is shOwﬁi ’f 
iiﬁ Figs. (3) and (5).1'Figures (7 through (lO)Vshow fhafythetnﬁmbe? Qf
sources incideﬁt to the‘detect§r'incfease wifh increasiﬁgléngle ofb..'
incidence. The sigﬁificance bf'the éhgular distribﬁtioﬁs of the earth-

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

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

interval is known, as shown in Figs. (11) through (14). The perceﬁtagés S

44



45

of earth—emitted”aﬁd éaﬁth-ﬁéflected solar sources with an angle of
incidenge greater‘than 50 dég.,vas shown in- Fig. (15),’iévnear1j conQJ
stant at 65 per cént of the total sQurces incident to the“detectdr.;:?v
fhe impéct of the angular distribution on the‘eérﬁh-émifted long
wavelength absorptance and the earth-reflected sélar ébsorptance, aslu
shown in Figs.‘(B) and'(S);'will feéplt in an iﬁcreased absorptaﬁce 
in both cases. The maximum idng waveiéngth absopptancé of 0;00955 18
produced.by an average‘surfage temperature of 460;K and the minimum‘ ‘
absorptance of 0.00708 is producéd_by‘anfaVerégé‘surfacg temperaturg
of 257 K. The per cent change fréﬁﬁfﬂé maximum- to ﬁhé_minimuﬁ‘
absorptance for the-orﬁiﬁ_gorrespohds to a 25;é per1Ceﬁt'éhahge._ Tﬁé
avérage absorptance fof éhévorbifvwéé OI00919.Wﬂiéhvcorrésponds tb‘tﬁé‘
lbng ﬁavelength absof?paﬁce‘fér”a temperatﬁré Qf'380-K'énd~an'angié-df.
incidence of 63.5 deg.u Unfortunatély; the valﬁéé of the'long wave-
length absorptance are in e?rof. The}ﬁaiés éfé»%éw because the ana—
lytical model utilized‘tﬁ détérmine fhe.ldng %aﬁelengtﬁ ébédrptancé. f>v
does not account for any diffuse’réfiectancé fr&m the.alﬁminum'suffacé€
The absorbed long wavéiength eérth—emitted;power is §h6wh'in '2'
Fig. 16. Specific features of thebeérth_fadiatioﬁ’field,can‘be in-
ferpreted from the figure. The poiﬁts in the polar Qrbitrwitﬁ queSt
incident earth—emitted power are étrthe ?olesv(iGOO seconds and‘48;000 :
éeconds'into‘the orbit). ‘Conversely, the éﬁﬁitqrial_zones.shouidqhavg ,
the warmest  temperatures, .therefore the'highes? iﬁcident‘bbwef*as'caﬁ‘¥
be seen at 200 secondé, 3200 seconds,rand 6000:seconds in‘thé orbit,  

corresponding to the detector.pasééS’over*the equitorial*zones. The
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incident long wavelengthvpower-at 3,200 seconds in thé_Orbit is not
as high as that from the equitorial zones at 200 and 6000»$ecqnds
bécause.the terraiﬁ is in darkness. | |

The long wavelength ébsorptahce, ALW, for thé'détectoruis'shoﬁn-'
in Fig. 17. ‘The_absorptancébfollows the’véfiations in:thevearth,
radiation field. The absorptance'decréases rﬁﬁidl&-with the lossvof
the direct solar power, since the détectorvﬁdoléd raﬁidly. This
characteristic reveals the tgmpefatute dependenéé Qf‘£he'lbﬁg wave-
length absdrptance; | |

The absorbed earth—reflected.éksft wﬁvéleﬁgfﬁ'power is shown in
Fig. 18. Thé figure is'démihated‘By-thevloné absence offany refleﬁtéd
power while the deteétor is in the.eérth'é sha&bw; however, there is |
an increase in inciéent éowgr‘af 200 éeconds ané 3200 seconds. The
increase in incident earth,reflectea b0wef at‘200véécond$ can Bé‘at;
tributed to heavy éloud cover in the equitofi51 zone;» The;sharp infv
crease invreflectedvghért wayelength power at 320013ec0nds coincides - -
with the pass ovef the,polar iéé>¢ap. 'Thé snéw»and iCe ref1e¢f,véfyv‘
wellvahd this sharp‘increasefWould bé'anticipated. -

The short ﬁaVelength ébéorptance,‘ASW; fdfﬁthe detectbr surféCeﬂiifﬂ
as a'fuhcﬁion of»iﬁcident angle for_thé»orbit_iSlshoWn in'Fig::(le;b
The figure revegls two periods of inéreaSedvéﬁért wa?elength 5550f§ténééf'
Which coincide With_the‘paSSIOVer'tﬁé polar Caps."fhé directional »:‘v
nature of the earth:radiatidn fiéldlat>£he éolesxcan be séen:frém‘ Lr-
Figs. (9) and (10). The'eérth-feflecté& solér’absorptance increased:

1.6 and 1.3 per cent as the detector passed over each pole. The .



47

increased absorptance resulted from a sharp increase in the percentage = ..

‘of sources incident to the detector with an angle of incidence greater‘?;i 

than 70° at these points;

The total power iﬁcidént_to the détéctdr frdﬁ>the:éérth—refleéted'
short'wavelength and‘the earth-emitted iong Waveiengfh éOﬁponents is,
shown in Fig. (20). The figure contrasté fhe‘ﬁagnitude'bfvthé'tWo
components. Thenearth—reflected short»wavéléngth coﬁpoﬁent_domin&tesiu
the power incident to the detector. The.dispatity in magﬁitude 13 56
large tﬁat ﬁhe total incident power increases from-4ZOd ééconds ﬁﬁtii '
5200>seconds’while the eérth—emittéd’bower décréasesiby fwenty-fivé E
per cent. : .

The interior irradiancé of the spherical detgctpr ié shdwn_in :
Fig. (21). The figure'shows that»thé intgrior irradiancé‘is-strOnglyv - 'v
influénced by the direct sélar .ﬁoﬁer and tﬁe eér‘t‘h‘v-"-reflécted short:
wavelength power. The slight deérease in the ihterior ir;édiance
from thé start until 1,600 seconds is avresult;in the décrease in the
earth—reflécted short Waveleﬁgth pbwer as éan,be‘seen fromlFig, (13).
The interior irrédiance is constént after the 1685 of eaffh—refieétéd
‘solar‘poﬁef;at 2600-séqonds, until‘the‘loss of éolar power'ét 2280

seconds. The interior irradiance after the 1oss>of solar power de-

creases sharply until the solat power is regained at 3320 seconds; Thefff:7“‘"'

return of solar power increases the interior irradiance sharply énd
coupled with the return of the eérth-reflected solar.power at,3840_ -
‘seconds continues to increase and follow the behavior of the earth-

reflected power as can be seen by cémparison with Fig. (16). The
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sharp decrease in the interior'irradiance after the loss of solar‘,

power, at 2280 seconds,‘is a result'of*the'low level of absorbed

earth-emitted long anelength power. The reasonftor:thenlow level of
absorbed earth-emitted pbwer is thellonghwavelength absorptance, which»
is low byva factor of.ten. The reduced value of long wavelength ab-"
sorptance yields a ratio of the long wavelength absorptance to the .
emittance which is O 33 at 1720 seconds into the orblt and increases of;fjmiiu:d
to 0 36 at 2280 seconds 1nto the orblt.‘hAs azre8ult; the\detector tﬁf“Qf"””:

loses radiativefpower by rapid cooling while,in the earth's shadOwll“

The total'hemispherieal'emittance,.ELW;.pfian aluminum:sUrface,

- as a function of temoerature,'for'the orbit'is’shown in Fig. (22)

The emittance behavior directly follows that of the interior 1rrad1anceghf;'
since the emlttance.is ajfunction of temperature.,_Since_thevemlttance‘fflw

follows the interior'irradiance behaVior"itiis strongly‘influenced'byl ;sfnj*-'h

the d1rect solar power and the earth—reflected short wavelength
- power. .The flgure compared w1th Fig (17), the 1ong wavelength ab- :
sorptance, shows that the emittance was from 3. 13 to 2. 60 tlmes

, greater than the infrared absorptance. The theoretical value of the g~7:f7i o

total hemlspherlcal emittance, however, does agree w1th experimental e

values. The range of temperatures encountered in the orb1t vary from SR T

,:a maximum of - 410 5 K to a minimum of 248 7 K This temperature'dif—“gvtjv
‘ference produces a difference in long wavelength em1ttance of 0. 0031
Thervarlation from,the’maximum to mininum-emittance over-the orblt‘!;;iﬁ"'
243.per cent and the»variation,from the maxinunvto'the’minimum

emittance on the detectOr at any‘onevpoint in‘orbitvis 11 per cent.



.l 1

49

 Figure (23) shows the ratio of solutibn.techniques fof the longb
wavelength éqmponeht, FE. The ratio compares the power absorbed by
utilizing an absorptance that is a fuﬁction_of temperature, wavelength
and angle of incidence, and .the powér absorbea by the detector utiliéihg o
the precise absorptance averaged over the entire orbit. Ashcan be seén
froﬁ the figure,'the behavior of the ratio is thaﬁ of the actual long
wavelength absorptance;.as shown in Fig; (17)" The product of timgliﬁ
orbit and the ambgnt that tﬁe ratio is greater than unify 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 lbng‘waveiengfﬁ.i
power as a result of solution techﬁique for the orbit. The absorbed
power detérmiﬁed'by thé‘moré detailed long wavelength absorptance was
kgreater than the:poﬁer determined by the average absorptance for 5000
of the 6,500 seconds in the orbit. The point in the orbit when the
actualfébsorptance was the smallést‘coincides with the point in orbit
~when the detéctor,was the coldest,bat 3200 seconds. The point in orbit
where the infrared absorptance was greatest, 5,200 seconds, was also
the point in orbit where the.detector was thebwarmest.. These two
points»show the significance of the temperature dependence on the long
anelehgthvaBSorptancé.‘
' Figure (25) shows the per cent difference'iﬁ the two solutioﬁ
techniqués for the power absorbedxfrbm the loﬁg‘Wavelengtﬁ earth
emitted component for the érbit. The calculation at each point in °

orbit is based on:the power absorbed based on the value of the actual
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absorptance. The largest per cent difference in the two solution
techniques occurred;when thé 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 figuré reveals ‘the temperature dependéncé
of‘the éctual 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—reflectéd solar short
wavelength absorptance that is a function of thg angle of.incidence“
to the‘average absorptaﬁCe for the'ofbif. The behaviof of'the ra£i9‘
is similar to that of the short wavelength abséfptanég»(ASW) shown.in'.
Fig. (19). The figure fevegls the dependence of thevactual absorptancgv
on the angle of incideﬁce. The per cent difference between the maximumﬂ
and minimum absorptance from‘Fig. (19) equals.the per cent diffefehcé:.
between the maximﬁﬁ and minimum’ratio of solution techniQueS..

The éétual difference in the absorbed eafth—reflected.short;wavéf
length power is shown in Fig. (28). The‘positive'value§ indica£é.whéréV:j
the actual absorptance is greater than the average fér‘the entire orBitgv 
As can be seen from the figure, the tﬁolpoints of maximum difference
between the exaqt’and average absorptance occﬁrs'és‘the detectof.pasées‘
over the poles (1200 sécondé and 5000 secondé),' The points in the orbit.
where the average absorptance for the.orbit is grééter ﬁhan the ekatt‘
absorptance occurs just before the loss of thé'earthfreflected ébmponeﬁ£ 1
(1600 seconds) and the return of the earth-reflected component (4200>1' 3 

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

TR N
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fxrprior to the loss and just after the retﬁrn-of_the_earth—reflected com-
ponent it contributes less than one per cent of the totél incident
power. Howeﬁer;‘at 5,000 seconds into the orbiﬁ the earth—refiected
power constitutes a?proximatély'fifteen'per cent of the absorbed powér.

The per cent difference in the aBsorbed earth-reflected solar
power, as shown in Fig; (27), is the ratio of the‘différence in the
absorbed earth—refiected solar power obtained by'utiliZinglfhe.actual‘
and average values of absorpﬁance to the actual absorbed power.  The
maximum per centbdifférence of 1.6 per cent and 1.3 per cent in'fhe '
absorbed earth-reflected solar powér coincides with the deﬁector pasé
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 ear£ﬁ¥.
reflécted'solar absorptance, as séen from Fig. (l9).

The ratio of solution techniqueS‘fqr the solar compqﬁent, Fs;
is not shown since it is“unity'throhghout the orbit. Tﬁe ratio is
unity throughout the orbit since the detector profiie as'viewed by>
the incident solar radiant flux is invariant. :Thisbcharééferistic'
is reflécted by the constant absorbéd soiar_power aS'mentionéd'on :i
page 41.

The ratio of the exact gmitted power to the average émitted’poﬁefvﬁ»
for the‘orBit, FO, is shown in Fig. (29). The-behévior of the ratio |
follows the interior irradiance as shown in Fig.v(21); The ratio
follows the temperature-dependence of the exact emittance, since thé»'
ratio decreases to less than unity afterbthe loss of the solar com— 7

ponent and the corresponding decrease in the interior irradiance. This



52

behévior'indicates that the average:emittance is greétérfthaﬁ thé;
exact emittance during.this period. . The ratibbof‘the exact emittance
to the'average emittance:reflects the error in pomputing'the long wave—
blengtﬁ absdrptance‘mofe thaﬁ'any éther ratib.’ The rapid'céoiing.as—yl
',SOCiated with the loss 6f tﬁe solar_comppnent rééulted5in éktreméiy
low temperatﬁrqs énd em;ttaﬁce vélués‘debendent:On the ;emperaturé. v
’_The'low emittancéIQAiuéé ﬁhen_#veraged 6ver thé\6fbit-été égain too :
low. Thé redﬁced Vélué”of tﬁe-avérage'emitténcejﬁow'iﬁcreasesfthe'}
value of the ratio for»tﬁe'interValgin the §r61; wherelsolér radiéan T
flux is incident on thg dete;tor; :‘ - |

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

- in Fig. (30). This correctidnvfactbr‘is the ratio offtwolpther ratios,“"v

The two ratios aié the ratiq of,the actﬁél 1§ng ﬁaVeiéngﬁh absor?taﬁééA'f
ﬁo the average 1ong>waveleﬁgth abSérpﬁahce and £hé ratié'bf'the actuél
emitted power to the ayerage eﬁitted‘powef.‘_Valdeé‘of tﬁe éarth;
'.emitﬁed corre¢tion.factof leés tﬁaannify-iﬁdicété,that the’emitted
:power as a function of feﬁpéta@ure is moré.sensitivevto»téﬁferature
than is the ibng w5ve1eng£h‘absorptancekfor‘thé'saﬁé‘tempefature as
can be seen from Fig. (29).:,The'rapid ingreasé‘inlfhe‘tbrrection
factor, witﬁ the 1oé‘s of SOiar pq'Wer.," 1s ‘caﬁ-“s‘éd"b‘y .t_he, rép,id 'd.écr,e;’a'se.-". B
din thé detector températUré.andﬁtﬁé'résultinéfdeCféaéé ihremittedl |
power as a function of'temperaturé‘3_The’éxtremés of the ébrr;ctién“tv
fagtor‘réflect‘a difference of twenty per cent‘from ninimum to maximum.
The eafth—réflected corfectibﬁ faétor,_CR,'fpr the orbit is shdwh'  

in Fig. (31). The correction féctdr, like the earth-emitted correction
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factor, is a ratio of two othef fatios. The‘denominatofvié again the‘
rétio of the actual emittance‘to‘the average emittance fof the Qrbit;f
The numeratof is thevratio of thé éctualbabsorptanéé of the earth-
réfiected short wavelength to the avé:age absorptahce‘fdr the orbit. -
The correction factor‘is leéélfhan unity for ali points in the orbit
where solar powef is incideﬁt to‘the'detectqf; The ratio of the‘
vactualiemittaQCe to the average emiftanceror'thé ;rbit'céntrols,the";
correctibn factgr. As an example,»the correction factor at four
hundfed seconds ‘into the orbit woﬁid be increaéed by seven—tehthsv

of one per cent if the ratio of‘thebactual earth—reflééted solar
absorptance to the average absorptance was unity:versus tﬁe preéeﬁt
1;07. The doﬁinancé‘of'the emittance ratio, FO,.is the»cauée df‘the'
'vsharp increase and decrease in the correétion factor from’twenty—two
‘thousand seconds until thirty-eight thousand seconds in‘the orbit,
since the numerator‘of the ratio is ﬁnity during tﬁis‘timé;

. The solar correctionlfactdr,‘CS, is shown in Fig. (32). The
solar eorrection'féctof as in the two previous cbrrectiQn“faétors is
the ratio of the actual solar absorptance to the avérage éolarbab—‘
sorptance for thekorbit to the ratio fo actﬁal‘to avefage emittance.
The general beha&ior of the‘éorrection factor is déminated by‘the
ratio of thé.éctual to’avetéée emittance. The ébsbrbed sdlar power
is nearly constant, as mentioned on page 41;_however;zthe corfectiOn
factor, Cé,‘varies nearly fifty per cent-from makimum to minimum

values.



V. CONCLUSIONS AND RECOMMENDATIONS

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

ceeding analysis:

1

(2)

(3

(4)

(5)

The assumption of a diffuse, gray earth-radiation field in
the ideal simulation is invalid. This conclusion was arrived:
at from the specular peaks of earth-reflected solar irradiance
encountered as the detector passed over the poles and equi- S
torial zones. '

The assumption that the detector surface is a diffuse ab—3
sorber of incident radiant flux is invalid. This’ conclusion B
is based on the sharp increase in the earth-reflected solar
absorptance as the detector passed over the areas where -
specular reflectance was present.

The.assumption that the long wavelength absorptance and

~ ‘emittance may be treated as independent of surface tempera-
ture is also invalid. The variation in absorptance and R

emlttance over the orbit is 37.4 per cent and 43 per cent,
respectxvely.

The spherlcal radiation detector is not capable of determinlng
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.,

The ab111ty of the non-dimensional correCtlon factors to
quantitatively assess the departure of the spherlcal _
detector from the assumed constant,. uniform thermophysical
properties, and gray, diffuse radlatlon behavior is din= :
conclusive. The error in the long wavelength ‘absorptance
distorted the correction factors and consequently rendered
the values obtained in the present study useless.

Recommendations

The following recommendations are made based on the finding of

this study.

(L The'complex_computer simulation of the sphericaldradiation

detector should be executed again after the model for the
long wavelength absorptance has been modified to more
accurately predict actual alumlnum behav1or.
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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
oy

John Oliver Passwaters, III
(ABSTRACT)

An.exact energy balance is conducted on é~spherical thermal
radiation detector. The‘thermal radiation heat‘transfer to the
spherical detector is éomputed utilizipg modelé of the surface optical
properties that vary with surface temberature,‘Wavelength and angle
of incidence. Studies haVe:been conducféd to analyze the detector
under the assumptions of gray, diffuse‘radiafion aﬁd constant thermo-
physical properties. The previéus'studies havé been helpful iﬁ
developing the theory of operation of such detectoré. However, the
extremé accuracy requiréd in the,experiment‘néééssitates an asséssment
of the éffectsvof non-gray and non-diffuse radiation and surfaces on
the detector beh&vior._

The effects of non-gray and ﬁon—difque radiatién and surfaces on
the detector behavior is aséeSSed by non-dimensionalizing the energy
balance. Tﬁtee correcﬁidn fﬁctéiéﬂareldeve}bped to deséribe the be-
havior of the three compOnénts of'radiant f1ux;incidgnt_to the detector.
The ¢6rrection factors a:9~developedf;9 equél unity'fbr a peffeetly(

diffuse gray radiation‘andzsgrféces.



lhe_realistic model,ot?the surfaceioptical propertresftdrban;
‘*aluminum»detector consists,of'independent-modelSdoftemittance, longi‘
»'wavelength absorptance,'and.solar absorptance.‘ Therenlttance‘as a
x?funct1on of temperature uas‘determlned from the Dav1sson andFWeeks
hanalytiCal expression;,‘TheflongtWavelength,absorptance asﬂaffunctlon
.eof-incident,angle;1naVe1ength, and‘temperature;uas determined by o
“:utilizlng Fresnells eduations in{conﬁunction'uith the,Drude—Zeneri
‘rtheory to obtain the couplexvindexﬂofprefractiong The solar'ab—
l;sorptance as“a functionfofxincidént angle W?é_determinéd from the
.rfexperlmental results of M..C. Hoke.v - |
The results of the‘analysis‘reveals that the earth radlationvds
,vfield is not dlffuse. The polar ice caps were‘found to reflect
1nc1dent solar radiant flux specularly to the spherlcal detector.
”;The‘abSOrptanCevof the earth:reflected solar,component as a‘functionﬁi’
Of.incident‘anglekis importantfand,réapondedwtoLthehspecularly re;
l’flected solar flu#?asptheﬁdetector passed:over'thehrce caps. The
v‘model for thebloné*wavelenéth ahsorptanceaof'thehaluminum detector ls
. incorrect. The model produced values of absorptance one-thlrd of the

~value of»emlttance.T The temperature dependence of the emlttance is

,_’found to be s1gnificant in the detector behavior. The results of the;

non—dimensional»correctiongfactOrsrare found togbezlnconcluslve. .The
'error in the 10ng’wavelength;absorptance distorts the correctionbr

‘factors and renders them useless.



	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110
	0111
	0112
	0113
	0114
	0115
	0116
	0117
	0118
	0119
	0120
	0121
	0122
	0123
	0124
	0125
	0126
	0127
	0128
	0129
	0130
	0131
	0132
	0133
	0134
	0135
	0136
	0137
	0138
	0139
	0140
	0141
	0142
	0143
	0144
	0145
	0146
	0147
	0148
	0149
	0150
	0151
	0152
	0153
	0154
	0155
	0156
	0157
	0158
	0159
	0160

