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INTRODUCTION

Three IBM 7094 computer p_Qgraz_ used in the thermal design of space-
craft will be discussed. The first program is one used for integrating
spectral reflectance or_.em_ttan_, data to obtain total reflectance or
_-_-fah_ The Second program calculates the percent time a satellite

spe_@_i}} the e_9_-'S s_adow during a revolutlon about the earth. And the
third program is called our General Space Thermal Program and is used to
calculate satellite temperatures throughout a revolution about the earth.

SPECTRAL INTEGRATION PROGRAM

This _pK_t_-graue'F"_l_ectral radiometric data with respect to

_radia_i.QR.at any temperature or with respect to the Joh_szm
s_larradiatloncu4_ve. One of the advantages of thi_ program over similar
programs is the simplicity of data input. Only those data points are
needed which together with linear interpolation between points will define
the spectral data curve. For example, the curves shown in figure I were
entered into the computer by reading only those points marked on the

curves. _nese points were chosen because it can be seen that if they are
connected by straight lines (wb.lchthe computer does when it interpolates

llnearly) the result will closely follow the original curves. Thus, for
much spectral data it is necessary to enter only four or five points in-
to the computer.

Figure 2 is the computer printout for the data taken from the upper
curve in figure I. First is given the identification of the sample and

then the input data is printed out. _m_h___the fo!lgwlng , (I)

ceu_.ua__mittance, (2) reflectancg...and. (3) t_ansmittance, the comp_uter will cal-
-the thira-'us-ing'Kirchoff.,sLaw. In this case the-sable was opaque

so-their-he tr_sm--'ftt_ce was assumed to be zero end thus the emlttance

was calculated. The integration of this ds_-'w1_res-_-t to solar-type

radiation was of interest and therefore this integration was performed
with respect to a blackbody curve at 5800°K and 6000°K (for other temper-
atures it is only necessary to input the temperatures themselves) and

also with respect to the Johnson solar curve which Is stored in the
computer.. The column on the right gives the percent of the energy outside
the region covered by the data (in this case les_ tha_ 0.32 microns and
greater than 3.0 microns). The center three col.=.s slve the integrated

emlttance (which is equal to the absorptance by Kirchoff's .Law) for each
of the three cases of interest and for various means of extrapolatlon to
cover the wavelengths outside the data region. In the first of these
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columns the integrated value is shown where a "str_ight" extrapolation is
used. That is the radiometric values for the two and data points are used
as the extrapolated values. In the next column results are given for an
extrapolation made by fitting a curve to the data. And in the next column
the results are shown for the case where no extrapolation is made or it can
be thought of as an extrapolation made such that it does not alter the
value of the integration. It might be noted that in this case, depending
on the solar model (blackbody or Johnson) and manner of extrapolation, a
solar absorptance ranging from 0.32 to 0.39 was obtained.

The 7094 computer together with a S.C. 4020 also plots the data as
shown in figure 3 (reflectance) and figure 4 (emittance or absorptance).

The lower curve in figure 1 was integrated to obtain total em£ttance
with respect to various blackbody temperatures and by mistake the Johnson
solar curve. These results are given in figure 5 where the resl_!ts for the
Johnson curve indicates problems caused by extrapolation over lathe regions.
Plots of the spectral reflectance and emittance are given in figures 6 and
7 respectively. By using the results of this program and fitting a curve
to the total emittance as a function of temperature the variation of
emittance with respect to temperature could easily be included in thermal
computer programs.

SHADOW-SUNLIGHT PROGRAM

In this program information regarding the passage of a satellite
through the earth's shadow (figure 8) is obtained for use in satellite
thermal design and analysis work. The effect that variations in the per-
cent of the time that a satellite spends in the earth's shadow per revo-
lution can have on temperature of a satellite is shown in figure 9 where
a close correlation between this paran_.ter and the internal temperature
of Explorer VII during 320 days of orbiting can be seen.

Great pains have been taken with this program to simplify data input
as much as possible. For prelaunch studies it is usually convenient to
input _he data shown in figure 10 and for postlaunch calculations the
alternate form of data input given in figure 11 may be useg, since these

parameters are usually readily available for any orbiting satellite.
From this input the program calculates, ameng other things, the orbital
positions where the satellite enters snd_ayex Z....rLh_s'o:,.__j._

and the ner_ent _ ._.t t. rha .h._n w. Calcylations are also made for
f_'_ossive days by_x£raoola_tan of_the orbital ___JL__xn_ '

i_'_-urbattona caua-od__b_t_g_h__u_'_h._'_To avoid ha_'_vin8 to
l_e p_o o_o tT_'_n into the computer from the ephemeris, eqtmtiorm
were derived and included in the program which calculate the right ascension
and declination of the sun considering such parumtera as leap years.

Some of the results of the program are shown in figure 12. The top
curve is the percent of _ime spent in the stmlight per revolution aA •
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function of days after launch for the Explorer VII satellite. This curve
_as obtained in one computer run consisting of 365 complete calculatlons
and required about one minute of machine time giving a running time of
about 1/6 second per calculation. The orbital parameters ,_re extrapolated
for the entire year and it was later determined that these extrapolated
results were in good agreement with results obtained using actual orbital
parameters. In the lower part of figure 12 is plotted additional computer
output, namely, the orbital position of ingress into the earth's shadow,
egress from the shadow, and perige_ relative to the ascending node and as
a function of days after launch. The position is given in terms of time
(in minutes) required for the satellite to travel from the ascending node
to the point of interest and an error analysis indicates accuracy to less
than 10 seconds. This accuracy was further verified by visual observations
of Echo I.

This type of graph is especially useful in determining what part of
the orbit a given tracking station will be able to "see" and thus aid in
planning tracking and performing data analysis. This is accomplished by
the fact that a tracking station at some fixed geographical latitude can
at best "see" only a certain part of the satelllte's orbit on any given
day. In the case of Explorer VII and the Huntsville station, that part

of the orbit approximately between the two ilnes on the graph in figure 12
could be tracked at some time during the day. Thus initially Hmltsville
could track only during the dayllght portions of the orbit. On about 20
days after launch we could catch the satellite as it went into the earth's
shadow and around 50 days after lau,ch we could track it as it was leaving
the shadow. Knowing this information ahead of time, tracking at the
Huntsville station was coordinated throughout the year such that special
effort could be made to obtain data at times of partlcular interest such
as ingress, egress, and maximum and minimum sunlight conditions.

GENERAL SPACE THERMAL PROGRAM

MSFC has been involved in the thermal design of several spacecraft
including Explorers I, IlI, IV, VII, VIII, and XI; Pioneers III and IV;
Saturn SA-V Payload; and the Meteoroid Measurement Satellite to be flown
on Saturn around the end of this year. Some of these spacecraft are
thorn in figure 13. It was found that weekr aI_ even months were often
required to set up and debug each of the cm_puter projrams used for the
theraal design and evaluation of each of th. spacecraft. Thus was born
the idea of a computer program which could be utilized to minimize the
time and effort involved in ob_aining theoretical results and at the same
time maximize the degree of sophistication which can he efficiently used
for such calculations.

The basic general__i_n used in the C4aeral Space Thermal Program
to given in figure14. The.___a first order fourth degree differ-
IntLal equation representingth__ _ _ow n _0 a_'_'_P f

3
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will automatically set up "n" such equations depending on how many sections
the spacecraft must be divided in order that the resultin B set of equations
will _erve sufficiently as an analytical model. The first term on the
right In the equation represents the solar flux absorbed by the section,
the next term is the earth _ibedo flux absorbed, next the earLh infrared
radiation term, then radiation away from the surface to space, Internal
heat generation, and finally conduction and radiation exchange with all
the other sections. The bracketed factors are treated as separate functions
which are dependent on the specific makeup of each section.

The manner in which the program is organized is shown in figure 15.
The program includes many special subroutines wi_Ic_ can be used in calcula-
ting the separate functions (A's and Q's). Each o_ the subroutines are
discussed briefly below. _.......................

F

"D" = determines whether the sate111te is in the earth's shadow at

each calculation point in the orbit

"PS" = determines the angle between perigee and the sun in the plane
of the orbit

"F " = calculates the geometry factor between a flat plate or the sides

of a cylinder and the earth as a function of altitude and orien-
tation.

"g" = calculates the geometry factor between a sphere and the earth
as a function of altitude

'_" = calculates the altitude of the satellite as a function of position
in orbit

MAS = determines the angle between M, a vector defining the orientation
of a section of the spacecraft, and S, a vector toward the sun

RAM= calculateE the angle between the radius vector to the satellite
and the vector M as a function of position in orbit

RAS = calculates the angle between the radius vector and a vector
to_ard the sun

The F subroutine might be of particular interest and its derivation
is as follows: The geometry for planetary thermal radiation to a cylinder
is shown in figure 16. The geometry factors for variou _ orlentati_n and
altitudes were calculated using s lengthly numerlcal prosres, by Balllnger,
et.al. (references I and 2) and part of their results is shown in figure 17.
In order to most efficiently enter these results into *he program with an
overall accuracy of better than two percent, a two variable curve fit was
made such all the information in figure 17 Iscontalned in one fifth degree

polynomlel the coefficients of which are each fourth degree pol}momlals
(figure 18). Such an efficient me_ns of calculating the geo_try factor
allowe the luxury of being able to combine the flux calculetlons dlrectly

4
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into the general program itself and thus reduce data handllng and overall
time required to obtain results.

It was further found that the albedo flux coulq be calculated for the

sides of a cylinder (or a flat plato) simply by multlplylng the infrared

geometry factor (F$h) by the cosine of RAg and ignoring variations in the

"azimuth" angle _. (figure 19) and the fact that the flux is actually a
very complicated function of RAg. This procezs gives maximum errors of
around 5_ as shown in figure 20 where the dashed curves represent the results
obtained by this method and the solid curves represent the "true" results
from references 1 and 2. It might be noted that during a complete revolu-
tion about the earth the errors tend to cancel out.

The method used tO integrate the set of 'tart first order differential
equatio_-t_i_e'_t'ta-Sim_son one-thlr _ rule illustrated in figure 21.

_IW'order to redu_ru-nn-ing_Ime a method of varying the integration time
step throughout a run was incorporated. This prevents the progrmn from
'_lowing up" and decreasing computation times by factors of 10 or more
in some cases.

As an example of the simpticitv of using this program the case of a
space-flxed hollow cube In orbit _-as considered (figure 22). The only
information needed to set up the progzam is given in figure 23 and input
data for a run Is shown in figures 24 and 25. The conduction and radiation
coefficients between sections are entered by use of a matrix (figure 25)

and each value is given twice (i.e. Rij = RJi) allowlng the computer to
perform a check on data input. The results for this case are shown in
figure 26.

Thus by use of this program it is posslble to set up and obtain fairly
sophisticated theoretical results from a computer program within 24 hours
in many cases.

S
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Geometry for Planetary Thermal

Radiation to a Cylinder

Figure 16
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by
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Computer Programs for Spacecraft Thermal_3esign

at Goddard Space Flight Center

The thermal design of an earth satellite requires

an accurate knowledge of both thermal radiation inputs and

internal temperature distribution. The use of the IBM-7094

as an analytical tool to determine these functions is now

widely employed.

At Goddard Space Flight Center, two programs are

used extensively. One determines the thermal radiation

(i.e., direct solar radiation, earth emitted radiation,

and albedo) to a spinning flat plate. The program is geared

toward the analysis of spin-stabilized spacecraft, but can

be applied to non-spinning plates either earth or space

oriented. The second program determines the temperature

distribution and net heat flow, provided the appropriate

conductanc=s, radiation view factors, and thermal properties

are known.

A detailed discussion of these programs is presented

below.
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THERMALRADIATIONTO A FLATSURFACE
ROTATINGABOUTAN ARBITRARYAXIS

IN AN ELLIPTICALEARTHORBIT:APPLiCATiON
TO SPIN-STABILIZEDSATELLITES

/

,/!f

/::
by _ t

]/._]// ,_ Edward I. Powers

S UMMA RY_

The derivation of total thermal radiation incident upon

a ix._t plate rotating about an arbitrary axis is presented.

The functional reiat:-.Lships between position m all elliptical

earth orbit and direct solar radiation, earth-reflected solar

radiation (albedo), and earth-emitted radiation (earthshme)

are included. The equations have been programmed for the

IBM 7090 digital computer, resulting in solutions which

relate the incident radiation to spin axis orientation and

orbital position. Several representative orbits for a typical

geometrical configuration were analyzed and are presented

as examples.

J
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THERMALRADIATIONTOA FLATSURFACE
ROTATINGABOUTANARBITRARYAXIS

IN AN ELLIPTICALEARTHORBIT:APPLICATION
TOSPIN-STABILIZEDSATELLITES

by

Edward I. Powers

Goddard Space Fitght Center

INTRODUCTION

The satisfactory operation of an artificial satellite depends upon maintaining the payload

temperature within prescribed limits. For example, the standard batteries employed in present-

day spacecraft generally restrict the temperature limits to 0 '_a_d 40°C. Often experiment= lo-
cated within the satellite structure further restrict this variation.

The temperature level of a satellite may be determined by solving the instax'taneous energy
balance

dT

P '" S a Ap + q.lb + tles ,r ¢: As _1_4 + _p d--t-

where

P ffiinternal power dissipation,

S = solar constant,

= solar absorptance,

Ap = instantaneous projected area for sunlight,

q.lb --- reflected solar radiation(adbedo),

q,. = earth-emitted radiation (earthshine),

c, = 8tefan-Boltzmann constant,

c " infrared emittance,
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A. = t_al suri_ce area,

T4 = mean fourth power, surface temperature,

WCp= heat capacity of the satellite,

dt = time rate of change of satellite temperature.

If the average oroital temperature is being computed, the last term is dropped. In this case aL

heat input terms represent integrated orbital values.

It should be noted that the above equ_ttion, as a representation of the entire se.tellite, is greatly

oversimplified. The values for _ and % generally vary over the surface and great fluctuations in

skin temperature may exist. In practice the thermal analysis consists of the development of a

thermal model which represents a fine mesh of interconnected isothermal nodes. The appropriate

relationship between nodes in regard to thermal conduction and radiation interchange must be
established.

The energy balance for each node of a thermal model may be written

' + * + C C'm (T- T ) + _ C (T4 T4)Pn �So.Ap qllbn q,_ E F -I1 n n

dT

= _EA T_ + (WCp) --_- ,

where

c m = conductancebetweennodes n andre.

z = effectiveemissivitybetweennodes n and m,

F = shapefactor-areaproductbetweennodes n and m.

Sincethe major interestatpresentistodeterminethesatellitetemperatureleveland notthe

gradientswithin,a discussionoftheterms inthefirstequationis inorder.

For most passivecontrolledsatellitesP isrelativelysma_icompared withthetotalradiation

inputand does nothave a significanteffector thesatellitemean temperature. The magnitudeof

thiseflect,however,depends upon theE olthesurface(e.g.a surfacewitha low absolute• may

raise the internal temperature sf_nlflcantl]r because the skin has a limited capacity for
re-radlation).

The remaining three heat mmumes, direct solar Iteath_, earth-reflected solar heating (albedo),
and earth-emitted radlat/on (ear/IImJMne), reprumlt the sf_n_Ic_mt inputs to the satellite. R is

apparent that an adequate thermal design is predicated upon a reasonably aceuxate knowledge of

these thermal radiation inputs. The major source _ energy--direct solar radiation--is Iortunately

the most accurately obtained. 81rice the sun's rays impinging upon the satellite are virtua_y

2
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parallel, the problem xs simply one of determining the instantaneous orientatiov of each external

face with respect to the solar vector.

The calculation of earthshine is considerably less precise, requiring fundamental assumptions

to reduce the complexity of computation. These include the assumptions that the earth is a dif-

fusely emitting blackbody and that the surface temperature is uniform at 450"R. This permits
direct calculation of energy input from all visible positions on the earth. Sinceall locations supply

varying inputs, an integral equation must be solved to obtain the total incident energy.

The albedo determination involves a similar integration. The earth in this case is assumed to

be a diffusely reflecting sphere. In addition, the source int,-nsity is a function of the satellite loca-

tion relative to the sunlit portion of the earth.

For a nonrotattng satellite whose orientation is "fixed in space" the calculation of the thern_

radiation ,'luxes is perfo-'med at an7 interval during the orbit. At each orbital position a particular

fiat surface may or may not "see" the entire part of the earth's cap visible from the satellite. In

the latter case integration for albedo and earthshine must exclude the shaded portion of the cap.

Spin-stabilized satellites which rotate uniformly about the spin axis greatly complicate the an21y-

sis. The rotation around an arbitrary axis means in general that the heat fluxes vary, since the

visible portion of the earth is a function of this rotation.

The analysis presented herein is based upon the energy impinging upon a flat surface whose

orientation is defined in vector notation (by the normal vector), and which is rotating about an

arbitrary axis. This has a much broader application than may be realized at first. Althougb the

obvious application is for spin-stabilized satellites, the re._ults apply to any body of revolution.

Here the interest lies in the variation of flux about the axis rather than an _.verage value per spin.

Thus, with the orientation of a single fiat plate, the impinging fluxes on cylin_,ors and cones are

obtained. A sphere or a shape with a variable surface curvature along its ax!s requires several

or many such plates, depending upon the precision required. It can be seen that the thermal

radiation to the entire satellite surface may be found by simply considering a handful cf appro-

priately oriented flat plates.

The purpose of this paper is to present, in general form, the derivation of the governing

_luations for the radiation energy sources as stated. The equations refer specifically to a flat

surface rotating about an axis whose orientation is arbitrary. The dependence upon orbital posi-

tion is inch'ded; the results of _he numerical integration of these equations, encompassing a suit-

able range of ap,:licable orbits, is presented.

CO011011IATESYSTEMSAliOVECTORREPRESEIITATIOII

The primary coordinatp system is fixed with respect to the orbit (Figure 1). The XYplane

lies in the plane of the orbit with the x axis coincident with the line connecting the center of the

earth (the focus of the ellipse) and perigee.

3
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x As the satellite traverses the orbit, the
v

_,, instantaneous location is defined by the angle

a. The altitude, therefore, may be determined

at any instant by

(P, e)
•- x A(_) : I + ecos_ -I¢ (I)

P

where

A(a) = altRude,

P = aRitudeatperigee.

LEGEND R = radiusoftheearth,
O- EARTH CENTER

P-PERIGEE e = eccentricityoftheorbit.

FigureI--Coordinatesystems. The orientation of the unit vectors (Fig-

Y ure 2) representingthenormals tothefl_t

T _- plates, N, and the solar vector, S, are speci-• "" _ fied by the following angles:

.'_" / I /3 = anglebetweentheprojectionofN on

 I,%iN the XYplaneand the xaxis,

Y \ I/ \L .... F /,
i _z.---'t,- iu // I -_x 7 = anglebetweenNandthe Zaxis,

// u = angle between the projection of S on

// the gYplaneand theX axis,k = anglebetween S and thez axis.

z
The vectorialrepresentationsinthefixed

Figure 2--Orier.' ,'ion of normal and solar vectors, coordinatesystem are thus

N = cos/_ sin), i + sin/3 sin),j + cost k (2)

amd

S = cost, sink i + sine sink j + cosk k • (3)

R isconvenienttointroducean instan'_meouscoordinatesystem (x'Y'Z')whose originisfixed

inthesatellite(Figure1). The X'Y'planeliesintheorbRalplanewiththe x'axiscoincidentwith

thelinefrom theearth'scentertothe sat@lite,z'and Z have the same orientation.

The v,>ctorsN and S intheprimed system are

N = COS (/_-a) sinT i' * sin (/3-a) sin),j' + COsTk' , (4)

S = cos (u-a) sink i' + sin (e-a) sinkj' ' coskl,' (5)

I
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In a similar manner the expression for the spin axis vector A may be shown to be

A = cos (S-a) sin_ i' • sin (8-a) sin_ j' + cos_ It' (6)

where

= angle between the projection of A on the XY plane and the X axis,

= angle between A and the Z axis.
y"

PLATEROTATINGABOUTTHESPIN AXIS

For spin-stabilized satellites the normal /_
// !

vectors N, which represent the orientation of // I

the exterior surfaces, rotate about the spin N-_ ///'/

axis. In determining both instantaneous and / __/ _,_" I'

average heat fluxes, the orientation of N as a

function of this rotation with respect totile /_ _i "r /' i os_// "_ - x
primed coordinate system (X' Y' Z' ) must be 7. '

known. This is accomplished by defining a / \\_._ / ///

third coordinate system x" Y" z" (Figure 3). / \\\ _/\ _s,_rs,n,

The x" axis is coincidentwith the spin axis A.

Y" is defined so that it lies in the plane formed / #/

by x" and an arbitrary fixed position of the / \normal vector No.*
Z"

In Figure 3, the following terms may be
Figure 3--Double-prlmed coordinate system.

evaluated:

cos r = cos (/3-:_)siny cos (5- a) sin/_

+ sin (fl-a) sinT sin (3-a) sin/z + cosy cos_z , (7)

N : cost i" + si;,r cosK j °° + sin r sink It" (8)

It can be seen that the angle between the spin axis and No can be computed only in the

firstand second quadrants of the x"Y"plane. This has l'.ttleeffectsince _ varies from 0 to 2n

(arotation). [Ifthe vectorNO liesin the thirdquadrant (ofthe x"v" plane)the initialposRion for

rotationremains in the second quadrant.] The objectivenow is to relatethe double-primed unR

vectors to the primed vectors in order to determine N in the primed system.

*Since a complete rotation occurs, the ot.entation of N O merely indicates the starting point.

I
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The projections of j " and I,,'in the primed coordinate system are found in the following

manner: The value for the unit vector k" is

P, - ':in(_-c) sin# cosy - cos_z slo (_-._) sin) ,

h - cns;_ cnc (F-a) sin -..,-cos (_-a) sinu cosy ,

i - cns (5-a) sin. sin (2-a) sin y

- sin (_--a) sln_z cos (,7-a) sin).

_llilliiii I II/

(A × No) × A _' + nJ' + ok'-la

J
I(A × No) × A I ]/m-I + n i .I- ol (10)

WhrfO

m -- hc,_su - # sin (8- a) sin# ,

n' = # cos (S-a) sinp - gcos_. ,

o - gsin (,_-ct)sin_ - hcos (S-a) sin_z .

m,ty now be determined in the primed coordinate system (x' Y' z'). By rewritLng the double-

primed uaii vectors,

i" = pi' + qj' _ rk' "l

j " : si' + tj' + uk' _ (11)
/

k" : vi' + wj' + xk' J

where

p = cos (S-a) sinp ,

q "- sin (8°a) sin_z ,

r : COS p. )

I
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iiy ,_,,dP_tltutial_for i ", j ", a_,ci t" it_ Equation 8

N - ai' + hj ° _ ck' , (12)

whel"_.

a pcos r + s sJnT CO.',K F vslnt sJn_" ,

h : qcosr + t sin7 co_.K t wsin'r Sink ,

(" r ('OS 7 �UsinT cos K t- XSlrlT sink t

where _ is the angle of rotation. N may now be evaluated at any position during rotation through-
out the orbit in the primed sy_'_em (X' Y' z' ).

DETERMINATION OF EARTHSHIHE

3'he general expression for the radiation intensity dq, from a diffusely emitting source dA ,

impinging upon a unit area, is as follows:

I cosw cos _ d,'.e

dq -- D2 , (13)

where

I = source intensity,

_, = angle b_ween the line connecting the unit area with dAe and the normal to dA. (N,),

= angle between the line connecting dA, witl', the unit area and the normal to the unit area,

D = distance bet_:een the unit area and da,.

7

J
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x With the appiication of this equation to
-t --_

N A a flat plate of unit area at an altitude A(,_),

i " t plate is, H

>_......./_V" --_t_ .,, q_ _ .... D; - : 04)

,,,.0...... ""

, r, = Stefan=Boltzmann constant,

' , To = mean black body temperature of
t ';'_,/ the earth's surface,

! ,9,,,¢- 4-.-.tu, lh'_ '"'t' ,,,l_ibl(, ham mtellite (4, = 0 o T 4 = the heat flux leaving the source

wl.,:,_,'.nincidet'dwith "')- dA.

I,', ,)m {h,, _c(,m(.lvy (,l FigurL_ 4 (which is similar to a sketch used by Katz*) and the vector notation

pc,.,_a ld. ,i the t,._ )n._ in {he equation may be defined more specifically:

II " Ili' ) R, smt) cos4)j' + R sinO sin$ k' ,

[A(,) _ R (1-cost))] i* + R sine_ cos,/_ j' _ Re sint_ sin.p I,'o e

n2 [A(_) + r(1-cosO)] _ + r2._i,_2o,.

Re sin 0 1a :: O + tan =l 'A(a) + Re (1-cosO) '.3

l) • N
,'o._,l ' ill{ '

. { _[,(o,+_.(,-oo,o>1+,,,..,,,o oo._+_,..,o0 .,,,,,,}
l

_fIA(-)+_.(,-_o.o>]'+(R:.,n'_)'

[-A R, .]O= = cos-' (a)'¥ R •

"Katz, A. ]., "Delcrmmstioa of Therma| Radiation Incident upon the Surfaces of an Earth _tellite in an Elliptical Orbit," Grummun
Aircraft I'M{dnerrini_( orp., Rept. XP 12.20, May 1960,

8
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Equation 14 may now be written in the form

-! 2'_

T'I0° I °qE - 7r COS + tan'l A(o.) +_e (i:co$_) "

[A(_)+ R (l-cos0)]_ + R' sin,OJ R? sin0 d_ ct9 (15)

The limitsofintegrationare such thatthepartofthe eal"h cap visiblefrom the instantaneous

locationofthe satelliteisincluded.For most practicalcases,atleasta portionofthecap isnot

visiblefrom a platebecause of Rs orientation.Attempts to definethe appropriateIntegra-

tionlimitsfor such cases are extremely laborious. Sincethe equationscannot be solved

withouttheaidof a highspeed computer,an alternativeapproachisemployed.* The numerical

integrationincludf theentirevisiblepartoftheearthcap as stated,butthecontributionsofthe

elementalarea thattheplatedoes notsee are deletedifthelocalvalueof cos,7isnegative.

Equation15 representsthefluxforthe instantaneousorientationoftheplate.Interestalso

liesinthedeterminationof thefluxforP complete rotationof theplateabout the satelIRespin

axis.The averagevalueforq_ istherefore

If0'"qz,,. --""_" qz dK (16)

where _ isthe rotationalangle.

DETERMINATIONOFALBEDO

The calculationforthealbedoinputtoan orbitingplateis similartothatforthe earthshine

butinvolvesadditionalbasicassumptions. The reflectanceof theearthdependson what isthe

visiblesurface--land,water,snow, cloudcover,etc. Untilp_'ecisedataisavailablewhich indi-

catesthefunctionalrelationshipbetween thealbedoand the visiblesurface,an appr_imate mean

valueof35 percentappears satisfactory.

The reflected radiation is assumed to be diffuse. The local earth-reflected intensity varies

with the cosine of the angle between the solar vector and the local normal. Since the input to the

plate is a function of the source intensity of the visible elemental areas, the reflected radiation

can be expressed by

*I¢_tz,A.J..op.cir.

9
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..co: (a) + R

S a|b J R, sinO
qA _ cos + tan-' A(e) + Ro (1-cosO) "

0

f[ ,• cos_ • ^(_) + R. (1-cose) 1 2 + R2 sin2#3 Ro_ sine d_d# , (17)

where

S : solar constant (440BTU/hr/ft2)

alb : albedo factor (0.35)

= angle between the solar vector S and the normal to dA., N.,

Cos _ may be obtained fzom:

cos_, : S'N

-- cos (u-a) cos_ _ sink + sin (u-a) sin8 cos_ sink + cosk sinO sine . (18)

The area of the earth that contributes to the albedo input is the surface common to the sunlit

part of the earth and the part of the cap visible from the plate. The remaining area visible from

the plate but receiving no sunlight contributes nothing to the beat input. This is accounted for in

the numerical integration by deleting inputs when cos _ is negative.

The average albedo flux received by the plate per rotation about the spin axis is

I f2'TqA dK (19)
qA,. - 277 *_0

CALCULATIONOF DIRECTSOLARFLUX

The calculation of direct sunlight involves the determination of the instantaneous projected
area of the plate wzth respect to the solar vector:

qs= = S(S.N)

--s [,cos(_-_),ink+ b ,in(_-_),ink+ c ¢o,_], (20)

whcres is the solar constant.

10
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Because of its orientation the plate may or may not be facir, g the sun during a rotation. Neg-

ative values of S. h indicate that it is not facing the sun.

The avei-age flux per spin is

qs_.v" 27--I- qs_ 4_ (21)

Because the ori,,ntation of the plate is fixed in sp:i,'e, the heal flux is constant throughout the sun-

lit portion of the orbit. To determine whether or not the satellite is within the earth's shadow at

any orbital position requires two simple checks.* If both of the following expressions are satisfied,

the satellite received no direct input from the sun:

cos _2 < 0 ,

[Ro+^(_)]•Isi. ,_ ,

where _2is the angle between the solar vector S and x',

cos f_ : S " i' ,

cos_ : cos (u-a) sink

APPLICATION

Hypothetical geometric configurations (Figure 5) have been chosen to illustrate the use

of the equations. The external surfaces are represented by the indicated normal vectors.

*Katz, A. J., op. cit.

Y Y Y

; L'" 1 .N_ x _ x

N4 _ N2 L_---f----/_ N2

N_ N4 N_

(a) (b) ( )

Figure 5--Geometricalconfigurations.

11
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The three eketches represent three spin axis Table l

orientations, idcan Solar lleat Flux per Rotation*

..... Qs|.,.Circular orbits of 150, 550, 1050, 2000, and _ (degrees) C (degrees) (BTU/kr/ft_)

5000 statute miles, in 'which the solar vector iies in [ .........................
90 9o 0.0

the planv of the orbit (minimum sunlight), were con- 90 45 99.0
sidered. Figuree 6-35 indicatethe orbitalvariation 90 0 140.0

_0 315 99.0
of earthshineand albedo.* These heat fluxes rep-

90 270 0.0

resent mean integrated values per rotation at the

instantaneous orbital position. The direct solar 45 45 311 045 0 220.0
flux is constant in sunlight for a specific orientation. 45 315 99.0

Appropriate values are presented, in Table 1. 45 210 0.045 225 0.0

0 0 440.0
0 315 311.0

ACKNOWLEDGMENTS o 270 o.o
0 225 0.0

The author wishes to express gratitude to 0 180 0.0

Mr. Frank Hutchinson and Mr. tlenry Hartley for *The data presented represent the ir,stantaneous day-

the IBM 7090 program and the data presentation, hght heat flux impinging upon the rotatmg facts of theconfiguration in Figure S The sun in all cases is patal-

respectively, lel to the X axis; # ,3', and ;',art 90 degree s.

*The mathemattcal model assumed the _.arth cap to be comprssed of 512 elemental areas. Tile curves are based pnmardy on calculations
made at 22.5 degree m._rcments throut_hout the orbit Because of this, tl, e peaks m some of the albedo curves were estimated. It should
be noted that, because of the configurat,ons chosen, the orbstal heat lluae_ ,n several cases are ident,cal except for angular
displacement.

(Manuscr,pt received Jur_e 26, 196_)
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