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Introduction 

On May 7, 1964, at the invitation of Dr. Raymona L. Bisplinghoff, 

>ssociate Administrator for Advanced Research and Technology, a confer­

ence was held in NASA Headquarters, on the subject "Heat Transfer Computer 

Programs." The conference was one of several held in Headquarters Juring 

the first half of 1964 for review and planning of NASA's research program 

on space vehicle thermal radiation and temperature control. 

The conference b�ought about a useful interchange of information 

between the NASA Centers, includinK JPL, on computer programs which had 

been developed for the thermal :iesign of spacecraft. The conferees conclu,ied 

that in ad•iition to our annual confer,.::nce in this area, a useful con­

tinuing exchange of informDtion coulj b� through the establishment of a

quarterly newsletter '1 ssued from P.er-.Jd.,uarters iescribing, current efforts. 

Such R newsletter, on heP t t ,-ons-Fer. com,.,ute:t ,.,r..,-:r.':tms, has heen estabH ct,ei 

Pn.1 1 !: :ls hope.1 th11t the puhlicati"n of the present proceedings w!.11 be ll 

f,1rther milestone 1.n aJvancin� the technology of using electronic computers 

as a tool in the thermal design of space vehicles. 

The present volume incluJes al·. of the formal presentations made by 

st.q ff mem1'ers of the various NA'.i.l �enters. Thei.r coopers ti.on, wM ch le·:l 

to ,:, h:lp,hly s11cc'!ssf11l conferenc�, iR ;:-re�tl�r rt,1'r�c1:-t'll. 

�o,:,r.e- ·1 ,., • P,.,ok 
,.,; i:1' TT�.'1 J mn·ters (r.r:,·113 ·�,r-J.) 
,.,,:,�hin'· ton, n.�.
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Thermal Design and Analysis of Satellites 

William C. Snoddy 
MSFC 

INTRflDUCTION 

Three IBM 7094 compy_ter. prQ&ra:;is used in the thermal design of space­
craft will be .. discussed. The first program is one used for integrating 
spectral reflectanc_e or __ �Htan(;e . .data to obtain total reflectance or 
em!ttancif: . ·the second program calculates the percent time a satellite 
spends in the eartli-r s shadow during a revolution 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 ea1·th. 

SPECTRAL INTEGRATION PROGRAM 

This _prgg.r.am...4ntegraars--·spectral radiometric data with respect to 
�radia.t.iJm..a.t any _t_e_!DJ?�r��u�e or with respect to the Johru:ron 
solar �adi"ion �e. One of the advantages of this program over similar 
pro-gr.i"ms 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 1 were 
entered into the computer by reading only those points marked on the 
curves. These points were chosen because it can be seen that if they are 
connected by straight lines (which the computer does when it interpolates 
linearly) 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 1. First is given the identification of the sample and 
then the input data is printed out. �yen aUJ two of the folig�ing, (1) 
emit��c-��- (2).___�_g_�-�-��1.!£� •.. awt (3) t:..r..anamittance, the c���er will cal-

'curate the third using Kirchoff's Law. In this case the sample was opaque 
so-·tliat .. The t'ransmittarice was· -�siiumed to be zero and thus tbe .. emittance. 
was calculated. The integration of this data w1ch respect 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 i:he right g:Lves the percent of t�e energy outside 
the region covered by the data (in this case 1••� that 0.32 microns and 
greater than 3.0 microns). The center three colUIIDS give the integrated 
emittance (which is equal to the absorptance by Kirchoff'• Law) for each 
of the three cases of interest and for various meana of extrapolation to 
cover the wavelengths outside the data region. In the first of these 



columns the integrated value is shown where H "str$1ight" extrapolation is 
used. That is the radiometric value$ for the two end data points are used 
as the. extrapolated values. In the next colunm 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 oe noted that in this case, depending 
on the solar model (blackbody or Johnson) and manner of extrapolation, a 
solar absorptance ranging £�om 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 emittance 
with respect to various blackbody temperatures and by mistake the Johnson 
solar curve. These results are given in figure 5 where the res1,lts for the 
Johnson curve indicates problems caused by extrapolation over lar�e 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 eatellite 
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 paramater 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 u1ed, since these
parameters are usually readily available for any orbiting satellite.
From this input the program calculates, among other things, the orbital 
�sitiona where the satellite enters and Tiavel Oil 11Ci31'1 •!•�9•1 
and the percept ctw sapt tn tbe ebedpw. Calculatiopa •�e also •de for 
liicceaaive days lx .!astrapotagigp gf �4!....2..��!�,.L�ln!D�L�QllliJ•. ihj 
pirturbationa caused bl th•�ok.l1tenees.o.t the eu,iJi. To avoid havina to 
load i:fle·poalt'lonoft� �u;_ into the computer from the epheaaria, equationa
were derived and included in the program which calculate th� right aacenaion 
and declination of the sun considering such paraMtera •• leap yeara .

. Some of the results of the progr• are shown in f ipre 12. 'lbe top 
c-.rve is the percent of ti• spent in the 11mlight per revolution •• a 
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function of days after launch for the Explorer VII satellite. This curve 
11111as obtained in one computer run consis:ing of 365 complete calculations 
and required about one minute of machine time giving a running time of 
about 1/6 second per calculation. '!be orbital parameters "ere extrapolated 
for the entire year and it was later determined that these extrapolated 
results were in good agreement with results obtained using Gctual 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 perigeP 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 polnt of interest and an error analysis indicates accuracy to less 
than 10 seconds. This accuracy was further verified by visual observations 
of Echo I.

Tilis 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 an4lysis. 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 satellite'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 �ines on the graph in figure 12 
could be tracked at some time during the day. Thus initially Huutsville 
could track only during the daylight 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 particular 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, III, 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 
ihown in figure 13. It was found ttat weekr and even months were often 
required to set up and debug each of the co111put@r proJraa used for the 
thermal design and evaluation of each of th•� spacecraft:. '11ius was bom 
the idea of a computer program which could be utilized to ainill\f.ze the 
time and effort involved in obtaining theoretical results and at tbe same 
time maximize the degree of sophistication which can be efficiently used 
for such calculations, 

lbe basic general equation used in the General Space 'l'herul Proaram 
ia given in figure 14. The.equatfJm. ii., a first order fourth dearee differ­
_,ntial equation representing �!�-1.!!!�!.�� IIUf flow Info aiia ®.iJf
a �l,gp tlll iplcecraft the t!PmJSatu_re o wliicli1i.i1i;irad to bLsuch 
that it c��es!�!d l>Y-one-"effective teliper'ature." 'ftle computer 

� .. _,-.. ··••1- � ... .. . .,,,..........,.....���,..., • .,..,.-
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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 resulting set of equations 
will eerve sufficiently as an analytical model. The first term on the 
right !n the equation represents the solar flux absorbed by the section, 
the next term is the earth �lbedo 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. 

'11le manner in which the program is organized is shown in figure 15. 
The program includes many special subroutines wbict. can be used in calcula­
ting the separate functions (A's and Q's). Each ot the subroutines are 
discussed briefly below. - ··· ··· ·· -·-�-·--· · ·· 

"D" :s determines whetbe1· the satellite is in the earth ' s  sh .. dow at 
each calculation point in the orbit 

"PS"= determinr?s the angle between perigee and the sun in the plane 
of the orbit 

"f'., h" = calculates the geometry factor between a flat plate or the sides 
of a cyliuder and the earth as a function of altitude and orien­
tation. 

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

''h" = 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• calculate£ 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 
toward 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 variour orientaticn �nd 
altitudes were calculated using a lengthly numerical progres111 by Balli.nger, 
et.al. (references 1 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 iacontained in one fifth degree 
polynomiel the coefficients of which are each fourth degree polynomials 
(figure 18). Such an efficient me�ns of calculating the ceometry factor 
allows the 1,1xury of being able to combine the flux calculationa directly 
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into the general program itself and thus reduce data handling and overall 
time required to obtain results. 

It was further found that the 3lbedo flux couli be calcul�ted for the 
sides of a cylinder (or a flat plate) simply by multiplying the infrared 
geometry factor (F,�) by the cosine of RAS and ignoring variations in the 
"azimuth" angle /; (figure 19) and the fact that the flux is actually a 
very complicated function of RAS. This proce�s 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. 

'nle method used to_ integrate the aet of "n" first order differential 
equati�s'tne�ft�

_:��!!1f�o� one-thir� rule illustrated in figure 21. 
-1noraer to redice' running time a method of varying the integration time 

step throughout a run was incorporated. This prevents the program from 
''blowing up" and decreasing cc,,nputation times by factors of 10 or more 
in some cases. 

As an example of the simplicitv of using this program the case of a 
space-fixed hollow cube in orbit was considered (figure 22). 'nle only 
information needed to set up the program 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) allowing the computer to 
perform a check on data input. The results for this case are shown in 
figure ?.6. 

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

5 
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DATA INPUT FOR SHADOW-SUNLIGIIT PROGRAM 

1. Universal time during initial perigee passage
2. Number of days after vernal equinox
3. Eccentricity of orbit
4. Longitude of· initial perigee
5. Latitude of initial perigee
6. Inclination of orbit
7. Altitude of perigee
8. North or South at initial perigee
9. Year

Figure 10 



ALTERNATE FORM OF DATA INPUT 

1. Anomalistic period
2. Argument of perigee
3. Longitude of ascending node
4. Inclination of orbit
5. Ratio of orbital sernimajor axis to earth's radius
6. Time of ascending node crossing
7. Number of days after vernal equinox
8. Eccentricity of orbit
9. Year

Figure 11 
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NUMERICAL INTEGRATION BY 
KUTTA-SIMPSON ONE-THIRD RULF� 
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INPUT DATA NEEDED TO MAKE A RlTN 

0 

T. = 300 K
10 

H. = 1. 13 X 10
5 Joules/'x

1 

a = 0. 80
1 

E = 0. 55

s = 1400 watts/mz

B = 0. 39

E = 0. l 74

C .. = &ee matrix 
lJ 

R .. = see matrix 
lJ 

A. = 1 m'
41 

=5 .. 67xl0 -s

')' . 

m1 

0 m1 

a
s 

o
f':' 
� 

R 

R 

e 

T 
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0 

. 
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Fioun.• .24 

0 0 0 0 

= 0, 0, 0, 90, 180°
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°
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= 0. i 

7" o: V 

= 0
0 

= 40
°

= 120 
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SATELLITE HEAT TRANSFER PROGRAMS 

by 

Edward I. Powers 

NASA Goddard Space Flight Center 

Greenbelt, Maryland 



Computer Programs for Spacecraft Thermal,.Jesign 

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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THERMAL RADIATION TO A FLAT SURFACE 

ROTATING ABOUT AN ARBITRARY AXIS 

IN AN ELLIPTICAL EARTH ORBiT: APPliCATION 

TO SPIN-STABILIZED SATELLITES 

;, ,1./Jl 
/\·' v11 1 1,J {

"{ j 

by 

Edward I. Powers 

Goddard Space Flhdil Center 

<:!TJMMAP"' .,_ 

_ .... 

The derivation of total thermal radiation incidc!!t upon 

a flat plate rotating about an arbitrary axis is presented. 

The functional relatwnships between position m an 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. 
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THERMAL RADIATION TO A FLAT SURFACE 

ROTATING ABOUT AN ARBITRARY AXIS 

IN AN ELLIPTICAL EARTH ORBIT: APPLICATION 

TO SPIN-STABILIZED SATELLITES 

by 

Edward I. Powers 

Goddard Space Flight 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 O'' and 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 instantaneous eneq.,ry 
balance 

P '· Sa A + q lb + 1, 
s p • 1,� s 

where 

P = internal power dissipation, 

s = solar constant, 

a. = solar absorptance,

AP 
= instantaneous projected area for sunlight,

q•lb = rt·fiected solar radiatlon (albedo), 

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

(7 • Stefan-Boltzmann constant,

t: • infrared emittance,

1 



A, = tC'tal surface area, 

T4 = mean fourth power, surface temperature, 

wc:P = heat capacity of the satellite, 

f = time rate of change of satellite temperature. 

If the av�rage oroital temperature is being computed, the last term is dropped. In this case al. 
heat ini:,ut terms represent integrated orbital values. 

It should be noted that the above equation, as a representation of the entire s2.tellite, is greatly 
oversimplified. The values for c and a. 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 

= aEA T
4 

+ 
•n n 

where 

cnm = conductance hetween nodt:s n and m.

E""' = effective emissivity between nodes n and m,

F ""' = shape factor-area product between nodes n and m.

Since the major interest at present is to determine the satellite temperature level and not the 
gradients within, a discussion of the terms in the first equation is in order. 

For most passive controlled satellites pis relatively small compared with t�e total radiation 
input and does not have a significant effect or. the satellite mean temperature. The magnitude of 
this effect, however, depends upon the i of the surface (e.g. a surface with a low absolute t: may 
raise the internal temperature signiflcantlJ because the akin has a limited capacity for 
re-radiation). 

The remaining three beat 8Glll'Ce&, direct solar fleatfng, earth-reflected solar beating (albedo), 
and earth-emitted radiation (eartlulldne), represent tie slpifie:uit inputs to the satellite. It is 
apparent that an adequate thermal design is predicated upon a reasonably accurate knowledge of
these thermal radwtlon inputs. The major source � energy-direct solar radlalim-is fortunately 
the moat accurately obtained. Since tbe sun's rays impinging upon the satellite are virtually 

2 



parallel, the problem 1s simply one of determining the instantane01.u, orientatior of each external 

face with respect to the solar vector. 

The calculation of earthshine is considerably less precise, requiring funJamental 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 Wlllorm at 450°R. This pnmits 

direct calculation of energy input from all visible positions on the earth. Since all locations suppl)· 

varying inputs, an integral P-quation must be solved to otxain 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 SW11it portion of the earth. 

For a nonrotaU.ng satellite whose orientation is "fixed in space" the calculai.ion of the therm:u 

radiation :l'LIXes is perfo!'med at an:, interval during the orbit. At each c-rbital position a particulai' 

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

the latter caae integration for albedo and earthshine must exclude the shaded portior. of the cap. 

Spin-stabilized satellite& which rotate uniformly about th� spin axis greatly complicate tile arwJy­

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 impmging upon a flat surface whose 

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

arbitrary axis. This has a much broader app1lcation than may be realized at !irst. Although the 

obviO\..S application is for spin-stabilized satellites, the results 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 flat plat�, the impinging fluxes on cylin�rs and cones are 

obtained. A sphere or a shape with a variable surface curvatur6 along its ui:; requires seve1·al 

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

radiation to the entire satellite surface may� found by simply coosidering a handful ci appro­

priately oriented fiat plates. 

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

equations for the radiation energy sources as stated. Th(/ equations reter specifically to a flat 

surface rotating about an axis whose orientation is arbitrary. TJ\e dependence upon orbital posi­

tion is inclcded; the results of ihe nJJmerical integration of these equations, encompaHing a suit• 

able range of ap;llcable orbits, ls present-,d. 

c•DIIATE SYSTEIS AID VECTOR REPRESENTATION 

The primary coordlnatP system la fixed with respect to the orbit (Figure J). The XY plane 

Ues in the plane of the orbit with the x axis coincident with the line coonecting the center ol the 

earth (the focus ol the ellipse) and perigee. 

3 
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As the satellite traverses the orbit, the 

instantaneous location is defined by the angle 

a. The altitude, therefore, may be determined

at any instant by

A(a) = 

where 

( P + R. ) (1 + e) 
1 t e cos a 

- R�

A( a) = altitude, 

P = altitude at perigee: 

R = radius of the earth, 
• 

e = eccentricity of the orbit. 

(1) 

The orientation of the unit vector:; (Fig­

ure 2) representing the normalf- to the flat 

plates, N, and the solar vector, s, are speci­

fied oy the following angles: 

f3 = angle between the projection of N on 

the XY plane and the x axis, 

y = angle between N and the z axis, 

).I = angle between the projection of s on 

the XY plane and the x axis, 

>-.. = angle betweens and tne z axis. 

Figure 2-0rier.· tion of normal and solar vectors. 
The vectorial represent:.tions in the fixed 

coordinate system a1·e thus 

N = cos /3 sin -y i + sin /3 sin -y j + cos 'Y k (2) 

and 

S = cosJ.1 sin>-.. i + sinJ.1 sinX.j + cos>-..k . (3) 

It is convenient to introduce an instan·.aneous coordinate system (X' Y' Z') whose origin is fixed 

in the satellite (Figure 1). The X'Y' plane lies in the orbital plane with the X' axis coincident With 

the line from the earth's center to the sate'lite. Z' and z have the same orientation. 

The \",,,ctors N and s in tht! primed system are 

N = cos (/3 - a) sin 'Y i' + sin (/3 - a) sin -y j ' + cosy k' 

S = cos (11-a) sin>-.. i' + sin (11-a) sin>-..j' • ,;o<iX.k' 

4 

(4) 

(5)



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

A =  cos(c-a)sinµi'·sin( S-a) sin,-tj'+cosµk' 

where 

s = angle between the projection of A on the '>rt plane and U,e X a1Cis, 

µ = angle between A and the z axis. 
Y" 

PLATE ROTATING ABOUT THE SPIN AXIS 

) 

(6) 

For spin-stabilized satellites the normal 
vectors N, which represent the orientat�on of
the exterior surfaces, rotate about the spin 
axis. In determining both instantaneous and 
average heat fluxes, the orientation of N as a 
function of this rotation with respect to thP 
primed coordinate system ( X' Y' z' ) must be 
known. This is accomplished by defining a 
third coordinate system X" Y" Z" (Figure 3). 
The x" axis is coincident with tht spin axis -'· 
Y" is defined so that it lies in the plane formed 
by X" and an arbitrary fixed position of the 
normal vector N

0
.*

-

Jfe'----'----+----'----------4�--A __ x· 

I 
In Figure 3, the following terms may be 

evaluated: 

Z" 

Figure 3-Double-primed coordinate system. 

cos T = cos ({l- :.i) sin y cos (S-a) sinµ 

+ sin (/3-a) sin')' sin (S-a) sinµ t cos')' cosµ,

sin T = fl-cos 2 T, 

N = cosT i" t siaT cosK j" + sinT sinK k" 

(7) 

(8) 

It can be seen that the angle between the spin axis and N
0 

can be computed only in the 
first and second quadrants of the X"Y" plane. This ha& l:.ttle effect since K varies from Oto 211 
(a rotation). [If the vector N

0 
lies in the third quadrant (of the X"Y" plane) the initial position for 

rotation remains in the second qu�drant.] The objective now is to relate the double-primed unit 
vectors to the primed VP-ctors in order to determine N in the primed system. 

•Since a co11,vlete rotation occurs, the or.entation of N
0 

merely indicates the �tarring pomt. 
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The proJec.tions of j " and k "in the pl'imed coordinate system are found in the following 

ma.nnn: The value for the unit vector I." is 

,,, II' I I 

Ax N 
� ,, -- = gi ' t hj ' + I k '

fr,2+h1+1 1 

r, •;.in U-c) ,;inµ. c-osy - cos1, su• (/3--1) sin) , 

la - msµ co� ((,-a) r.in -,.. - cos {f-a) sinµ. cosy , 

. " 

- cos (3-a) sinµ sin (:J-a) sin 'Y

- sin U -a) sinµ cos (,3-a) siny 

(A X N0) x A

I (A x N
0
) x A 

mi ' + nj ' + ok ' 
fml + n l + o 2 

m -:: hensµ - I sin (&-a) sinµ 

n · = l cos (&-a) sinµ - gcos1- , 

n g sin ( -� - a) sin µ. -h cos ( S - o.) sin µ 

(9) 

(10) 

N nuy now be determined in the primed coordinate system ( X' Y' Z'). By rewritb1g the double­

primed unit vectors, 

i" --

pi' + qj' � r Ii , 

j" = si' + tj' + uk' (11) 

k ,, = . ' 

vl + wj' + xi.'

where 

p = cos (& - a) sinµ 

q "- �in (& - a) sinµ, 

r = cosµ , 

6 



s = 

t :: 

u 

V 

w 

X 

------- ------

() - ----- ---- �---

Uy t.1111::.llluliut; fo1· i '·, j ", ,U!d Ii" in Equation 8 

N ni ' + bj ' + cl,' , (12) 

where 

a pcosr + ssinr co�>< t vsinT sinr: . 

h qcosr + tsin1 co-:;K + wsin-r sinK 

c rr·os-r t usin-r cosK + xsinT sinK , 

where ,. is the angle of rotation. N may now be evalW1.ted at any positiu,1 during rotation through­
out Uw orbit in the primed syl'"tem (X' Y' 2'). 

DETERMINATION OF EARTHSHINE 

The general expression for the radiation intensity dq, from a diffusely emitting source dA
e 

, 
impinging upon a unit area, is as follows: 

rtq � 
I cosw cos 71 d: .• 

n2 (13) 

when, 

I = source intensity, 

"' = angle bt>tween the line connecting the wiit area with dA. and the normal to dA. (N.), 

11 = angle between the line connecting dA. with the unit area ant\ tJI'! normal to the unit area., 

D = distance betr.een the wiit area and dA 
•

7 



X 

! IH"I<- 4 •--trn th':. ""I' •;l$ibl,, l,om satellite (,t, = 0 
wl.0:11 ,.nincidenl with { '). 

With the application of this equation to 

a flat plate of unit area at an altitude A( a>, 

the radiation intensity impinging upon the 

plate is 

where 

(I 

T 

'f 4
n , ---

= 

= 

u T 4 
= 

C'OS ,,, ('OS 1/ d A, 

D2 

Stefan-Boltzmann constant, 

(14) 

mean black body temp�rature of 

the earth's surface, 

the heat flux leaving the source 

dA,. 

F, <1111 lh,· ,;l'1,1all'lry ,,t figurt'. 4 (whi<'h is similar to a sketch used by Katz*) and the vector notation 

pc,·�·• 111, d, llic· In 111;.; in ihe f'l]U.ttion may be defined more specifically: 

II ·· Hi' 1 R,. s111/J cos1, j' + R0 sin0 sin¢ k', 

t'OS IJ 

- [A(o) 1 �. (1-costJ)] i' t R
0 

sin ti cos,t, j' t Re sin/I si1q'. I.' , 

D · N 

I u I 

n2 

{; 

[A(n) + R.(l-c-osA)]2 + R,.2sin 2 u 

[ 
R sin O 

l () + tan-I A(ct) + i (1- cosO) 
• _j 

{ n[A(n) t R. (l-cos0)] + b R
., 

sine cos¢+ c R
0 

sinU s111,t} 

�[A(a) + R. ( 1- cos e)] 2 t (R
.,

2 sin 2 a) 
1 

•Kau:, A. J., "De1er,n1na1ion of Thcrn111l R11dia1ion Incident llpon the Surfaces of ao F.:arth Satellire in an l':lliprical Orb11," Gru,nm1rn 
Aircraft En11inerrrn11 torr,, Rep1. XP 12.20, May 1%0.

8



Equation 14 may now be written in the form 

a-T/ 
Ico,-

1 
[A(a)••♦ • .]J:z.,, { 

11 
cos f) + tan- l 

0 O 

[ 
R. sine ]IL 

A( a.) + R. ( 1 - cos e) r 

· { a [ - A( a.) + R. ( 1- cos 8)] + b R. sin 8 cos¢ + c R. sin 8 sin¢}

{ 

l

J

ln 
· -- . R 2 sin e d¢ d8 .

[A(a.) + R
e 

(l-cos8)) 2 + R/ un28 • (15) 

The limits of integration are such that the part of the ear+.h cap visible from the instantaneous 

location of the satellite is included. For most practical cases, at least a portion of the cap is not 

visible from a plate because of its orientation. Attempts to define the appropriate inte6ra­

tion limits for such cases are extremely laborious. Since the equations cannot be solved 

without the aid of a high speed computer, an alternative approach is employed.• The numerical 

integration includr the entire visible part of the earth cap as stated, but the contributions of the 

elemental area that the plate does not see are deleted if the local value of cos T/ is negative. 

Equation 15 represents the flux for the instantaneous orientation of the plate. Interest also 

lies in the determination of the flux for � complete rotation of the plate about the satellite spin 

axis. The average value for q£ is therefore 

(16) 

where K is the rotational angle. 

DETERMINATION OF ALBEDO 

The calculation for the albedo input to an orbiting plate is similar to that for the earthshine 

but involves additional basic assumptions. The reilectance of the earth depends on what is the 

visible surface-land, water, snow, cloud cover, etc. Until P""ecise data ls available which indi­

cates the functional relationship between the albedo and the visible surface, an approximate mean 

value of 35 percent appears 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 ls a function of the source intensity of the visible elemental areas, the reflected radiation 

can be expressed by 

•Ka\Z, A. J ., op. ch.
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where 

S alb 
J
,-co, -J �(<t/: • .]J2'r l 

q4 = -11- cos l + tan-1
0 0 

[ R. sinB
]} LA(a)+R.(l-co18) 

• {a [- A(a) + R. (1-costf)] + b Re sinB cos¢+ c Re sinB sin¢} •

{ 

l ')3/2 
• cos • =-----------=---------,---� R 2 sin 8 d¢ du ,

,.µ [A(a)+Re(l-cos0)]2+R/sin20J e 

s = sola:,:- constant (440 BTU/hr/ft2) 

alb = albedo factor (0.35) 

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

e 
, 

Cos 1/., may be obtained fI Jm: 

cos 1/., = S • N
e 

(17) 

= cos (11-a) cosf:' sin>-..+ sin (11-a) sin0 cos¢ sin>-..+ cos>-.. sin8 sin<t>. {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 heat input. This is accounted for in 
the numerical integration by deleting inputs when cos 1/., is negative. 

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

(19) 

CALCULATION OF DIRECT SOLAR FLUX 

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

q51 
= S ( S • N)

= S [a cos (11-a) sin>-..+ b sin {11-a) sin>,,+ c cos"] , 

where s is the solar constant. 

10 
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Because of its orientation the plate may or may not be facing the sun during a rotation. Neg­

ative values of s , 1' indicate that it is not facing the sun. 

The average nux per spin is 

(21) 

Because the ori�ntation of the plate i8 fixed in spa<'£', the heat flux is constant throughout the fun -

lit portion of the orbit. To determine whether or not thf' 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 n < o

[R
e 

+ A(a)] · I sin R. , 

where o is the angle between the solar vector s and x ·, 

APPLICATION 

cos 0 = S · 
• I 

l ' 

cos D = cos ( v - a) sin A. , 

Hypothetical geometric configurations (Figure 5) have been chosH1 to illustrate the use 

of the equadons. The external surfaces are represented by the indicat.�d normal vectors. 

•Katz, A. J., op. cit.

y y y 

A 
-

N2 -

- / 
N1 - - -

N3 / N2 N5 N1 A 

X X -- -- X 

- -

N4 N
J 

-
N2

- - N4 -

N5 N4 N3 

(a) ( h) ( C) 

Figure 5-Gcometrical configurations. 
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The three sketches represent three spin axis 

orientations. 

Circular orbits of 150, 550, lfl51j, 2000, and 

5000 statute miles, in which the solar vector Hes i!'l 

the plant' of the orbit (minimum sunli.ght), were con­

sidered. Figuree 6-3�i indicate the orbital variation 

of earthshine and albedo.* These heat fluxes rep­

resent mean integrated values per rotation at the 

instantaneous orbital position. The direct '>Olar 

flux is constant in sunlight fo.r a specific orientation. 

Appropriate values are presented. in Table 1. 
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Table 1 

i'1('an Solar Heat Flux per Rotation• 
-- ---- - -r-- --- - - ---

o .. l 
0 Y, 

I
� (degrees) /1 (degrees) 

(BTU/hr/ft 3)

-------
-

90 

90 

90 

-�-- ----

90 

45 

0 
l 

0.0 

99.0 

140.0 

�o 315 99.0 

90 270 0.0 

43 45 311 0 

45 0 220.0 

45 315 H9.0 

45 210 o.o

45 225 0.0 

0 0 440.0 

U _
315 311.0 

270 0.(J 

225 0.0 

180 0.0 

• The uata pre�enteJ represent the ir,stantaneous day­

light heat flux impinging upon the rot:iung faces of the 
configuration m Figure '5 The sun in all ca!les is paral­

lel to the X axis;µ,), and,,arc 90 dei;rets. 

•The matht>maucal mo<!el a .. sumed the 1·ar1h <ap to be compr1,ed of '512 elemental area�. The curves are based primarily on rakulatton .. 
made at 22. '5 degree in:-rcment� 1hrou11hout rhe orb11 Because of th1�. tl,e peaks in ,ome of the albedo curvn were e5tlm&ted. It should 
be noted that, becaust· of the configurations chosen, the orbual heat lluxe� in .. ,veral casrs arc 1dcn11cal <:1:cept for angular 
dasplacem�nt. 

(Manus,ri?>t received Juric 26, 1')6'1) 

12 



-
c., 

80 

70 

60 

�' 50 
I-

40 __, 

I-

10 

45 90 135 180 225 270 315 360 

ANGULAR POSITION IN OR31T a (degrees) 

figure6-Earth-emitted radiation for circular orbits, S = 90 degrees, 
/3 = 90 degrees. 

50 

40 

30 
--

20 ...I .... 

10 

0 

1----+---+-- 550 miles ....J � ; I 7.,....-- ! � 

0 

� _ 2000 miles � �-
I I I 
,, 5000 m,les , i 

45 ':, 135 180 225 270 

AN �;.'< PO� ·T '.J'J IN ORB:T a 'degrees) 

315 360 

Figure 8-Earth-e.- ,itt , , 'Jdiotio;i for c irculor orb its, , = 90 degrees, 
_; = 45 degrees. 

N 

90.-------.---...----.-----,,---......----.----.....---

:: : �l 
--

-:s 60 , so m1le
i 

__ ....__ I _U I '- \ I

� 50 
--

:J.,.. I 71so m,!e
l [ I Jt

'k '{ 1

x 3 �01 \ I ,, I 1050 miles 
I I 

� 30 2000 mile� -- 1 
I L/ I ,. , I I I I / \ \ u.J 

I
20 

10 k '.,If '< I ,,,., I 

0
0 45 90 

5000 miles� 
I I 

135 180 225 270 
ANGULAR POSITION IN ORBITa(degrees) 

315 360 

Figure 7-Albedo for minimum sunlit circular orbits, S = 90 aegrees, 
/3 = 90 degrees. 

80 .----r----,---"T""--"""T -----r---.-----...-----, 

70t----+---+---+-----t----+---+--�----.1 

60t------f---+-----1r----�---+-------+-----+-t 
-
.c_ 50 

� 40 
X 
:::> 
� 30 

:r! 20

10 

0 

150 rr.1les I I --! 
I 

550 miles I I /..J 
1050 miles -1 I I .. U 

I\ \ I:;;,-<'" I :;;,<'" I I T I 1/f I '.I 
2000 mile: 

0 45 90 135 180 225 270 315 360 
ANGULAR POSITION IN ORBITa(degreesl 

Figure 9-Albeao for minimum sunlit circular orbits, � � 90 d,1grees, 
,_' = 45 degrees. 



-
.. so--�--..-----.---...----,---...-----..----. 

40---+---+------+--+------+ --+-----+ ---------1 
N 

= 
-­
... 

s:; 150 miles 550 miles 1050 miles 
--

=> �m
--

>( 

� 20 t---.......:::-.;;;;::-tt--JI 

� 
fl

c( 
w 
::c: 

45 90 135 180 

2C'OO m1!es 

225 270 
MGULAR POSITION IN ORBIT a (degrees) 

100 miles 

315 360 

Figure 10-Earth-emitted radiation for circular orl:::ts, S = 90 degrees, 
,3 = 0 degrees. 

50 

..... 40 

\ LL��\ v�50r ·es

2 30 -� I ··-+-� 

a; 
--

X 
::, 
_, 
... 

� 
c( w
J: 

�o 

10 

. 5000 miles--· 
I I 

43 90 135 180 225 270 315 

M!',ULAR POSITICN !N ORBIT c; {degrees) 
360 

Figure 12-Earlh-err. •ted rod;otion for circular orbits, = 90 degrees, 
.3 = 315 degrees. 

60 

50 
� 
"' 

150 �1les-1 I I -LJ\ 
r --- i 

� 40 

, ; 550 nules �
�! ;-..........._ -

I : . 
.s:: 
--

::::, 
I-
a:, � 30 

I , ·"50 miles
......_

'
L: � ....___ 
' - +-+-+--+--t

)( 
::::, 
_J 
... 

I-
4: 
w 
I 

10 

ol 
0 

5000 miles

I 

2000 "11les

180 225 270 315 
ANGULAR POSITION II', ORBIT a 1degrees) 

360 

Figure 11-Albedo for minimum ..uni it c.ircular orbits, S --= 90 degrees, 
;3 = 0 degrees. 

"' 

� 
.s:: 
---

::::, 
,­
(I) 

)( 
::-i 
_J 
I.I.. 

.... 
4: 
w 
I 

80.....----.---.....-----.----.....---.---�--� 

70 

401/ » J�==l : 

45 90 135 

150 mu�s
.� 

I 
550 miles

i 

180 225 270

ANGULAR POSITION IN ORBIT a (de�rees) 
315 360 

Figure 13-Albedo for minimum sunlit circular orbits, 8 = 90 degrees, 
; = 3 l 5 degrees. 



-

u, 

BO r-------..-------....-----.---......---..,..---, 

>( 

:::, _.
...

I­
< 
w 
I 

45 90 135 1so 22s ro 31� 360 
A.NG:.JLAR POSITION IN ORBIT a (degrees\ 

Figure 14-Earth-emitted �adiation for circular orbits, s = 90 degrees, 
f-; = 270 degr�es. 

��---,---,---..---r---r-;--r-, 

70 -----+--- --------- ---------�-

-60"' 
-;:- _.c :.O..._ ::> 1-
:: 40 
X 

::) 
-' 30 
'-

1-
� 20
r 

10 

45 90 135 180 225 '270 

t-�lG c4;; POSITION IN ORBIT a (de�r�esl
3.5 3b0 

figure 16-Earth-en,i,t• ,c-diotio:iforc:irc:ulorcvbits, � = 45 degrees, 
= 45 de 1' Jes. 

90--· 

80 

70 
,..,_ 
"' 
� 60 ... - ' y j , ,, F\.l:::: i 

: 

- I i �-i�m1!es 
.c ......
;; 50 
CD 
� 

� I\Q 
-' �
1- 30
·� 

20 

10 

0 
0

1-- ,i, \I , ---<--- 550 mites ..._ 1 ..,,, ...._ ----i 
i 

�-�----.--- 1050 nlles ---�� I 

45 

\::::t::: +- 1 _. 2000 miles 1 , I -,., _. I ! <...::: '- _.,,.,,,_ 

90 

_ -� � 5000 m•l�s "-.--t-�
r , 1 

1050 and 2000 miles ! ,
...._ If N-,i

135 180 225 270 315 360 
ANGULAR PGSIT:ON IN ORBIT a (degrees) 

Figure 15-.\lledo for minimum sunlit c:irc:1,lar orbits, c- = 90 Jegrees, 
,3 --= 270 degrees. 

60,---....... ---,---.,------,----,---�--...---

so� --

� 
,, 

-- i 
----r----

! 
j 

1 t I 

--�--i---- -t---
1 : 

I , I 
' ' 
' 

' 

t_ 40 •- I 
-t
!

r-------+---- L- 150 miles 

! ' I I.c 
-:) 
I-
(Il 

30 -� 
X 

::> 
.J � 
I- 20
<( 
u.J 
I 

10

45 

-:----

i 550 miles 

i ---,-

-------.. 

j 
550 3"d 2000 miles 

90 135 180 225 270 
ANGULAF ?0SIT!UN i�, ORBIT a (·Jeg•ees'. 

Fi,1ure 17-Albedo for minimum sunlit circulororoit, � 
= 45 degrees. 

315 j6() 

45 degrees, 



... 

501 
...... 40 ... :::
---
::, 30 I-

----------- -

---� ----

� l 

IIll ,.., 

��� 

X 
::, 

20 ---... 

J_�.-
..... 
< 
I.LI 
I 

o���
0 45 -3(} 135 180 225 270 

ANGULAR POSITION IN ORBIT a (degrees) 

:::::::::--:::: 
315 360 

Figure 18-f arth-emitted radiation for circular orbits, Ii = 45 degrees, 
/3 = 0 degrees. 

so-----------------------, 

-­...
&; 

401-----

:i 30 
..... 

II) 
-

>( 

3 20 t------.\.---
.... 
..... 
< 
w 
I 

45 

1050 miles

90 135 180 225 ?70 

ANGULAR POSITION IN ORBIT a (degr;;es) 

315 ,60 

Figure 20-Earth-emittet4 radiation for c.ircular orbits, I'- = 45 degrees, 
j3 = 315 degrees. 

60 

��·· 

I
I 

I 
t

-· ♦- --- - • 
t ----

i II 
, 

N - 40 ------

.c 
------
::, 
..... 

CD 30 / l 50 mol,s � 
X 

:::, 

/ 
550 miles ----l 

...J .... 
..... 20 

1 

/- • 1�50 m1le
_
s- - ,� w

J: 2000 miles 
' 

10 T 5000 miles
'---... I 

150 miles

0 
0 45 90 135 180 225 270 315 360 

ANGULAR POSITION IN ORBIT• (degrees) 

Figure 19-Albedo for minimumwnlit circularorbits,S ::o 45 d.grees, 
,; = 0 degrees. 

('� 

� 
_c 

::, 
..... 
CD 

>< 

::, 
...J 
u.. 

..... 
<t w 
J: 

60----.---.----r----,�---r---"'T""--�--, 

45 90 135 J80 225 270 315 360 

ANGULAR POSITION IN ORBIT a (degrees) 

Figure 21-Albedo for minimum sunlit circular orbits, o = 45 degrees, 
/3 = 315 degrees. 



.... 

-i 

N 
-
-
---... 
L: 

so, = 

40 

:, 30 
Iii.....
X :::,..JLL.
I­<w:c

0
() 45 

_L 
150 miles 

90 135 180 225 270 315 360 
ANGULAR POSITION IN ORBIT a (degrees) 

120 

I 
. I 100 

'\/ 

� so, �I ... 
.s::: 
--=>I-
� 601 \\»,,...... 
X=>..JLL.
� 40
u.J:c

20 

45 

I 
i I 

' 

150 miles 

90 135 180 225 

I I 
i 

-1------f

- _,.__ --~ 

270 315 360 Figure 22-Earth-emitted radiation for circular orbits, S = 45 degrees, 
f3 = 270 degrees. ANGULAR POSITION IN ORBIT a (degrees) 

F'igure23-/"lbedo for minimum sunlit circL:larorbits, S = 45 degrNS, 
f' = 270 degrees. 

120 

100 ��- \: 
80 

I 

, 
N 

70 � 

t. so--
I 

� 

.. 
.s::: 
...._ 

- . / 550 miles
=> 

150 miles

�

. - -- ·

; 60� --
-

/ / 1050 m,,;;

",___ 

< .. 
� 40 · 2000 miles

�� ..... I- / ---- . 

2l) 

< 
u.J :c 

j I . 

-l5 90 135 lSC 225 .: ·c 31:i 360 
rJ������� 3E () 

,,,,. ,)000 mil2s 

45 90 135 180 225 270 "315 360 
:.NGULAR POSITIO'. i', J"::'� a •. -,�., 

Figure24-Earth-emitted rc,diation for circular orbits,� = 45 degrees, 
-= 225 degrees. 

A�.GUL-'IR POSiTIOrJ IN ORBIT a (degrees) 

Figure 25-Albedo for minimum sunlit circular orbits, t = 45 degrees, 
;3 = 225 degrees. 



► 
co 

8G 
------···----·--·· ---· ---- --

70 

60 

.c 
3' 50
al - 40 
X 
::::, 
... 
... 30< 

20:r 

10

0 
0 45 90 135 lRO 225 270 315 360 

AN<:llLAR POSITION IN ORBIT a(degrees)
Figure26-Earth�mittedradiation forcircularorbits, S = 0 degrees, 

f3 = 0 degrees.

60 

50 

...... 

E. 40

. ::::, 

� 30 
)( 

� 20 
lt.: 

1 

10

45 90 135 180 225 270 315 360
ANGULAR POSITION IN ORBIT Cl (degrees) 

Figure 28-Earth�mi•tedradiation for circularorbits, 8 = 0 degrees,
f3 = 315 degrees.

1 r- --·- --· --
! 
. 

1..- \ 
. , ; 14 I 

-

N 

� 12... 
.c 
-- I 

-t-
:::, 10I-
al 
......

150 miles
I 

>< 8 :::, 
... 
... 

550 mtles
I 

I- 6 < 
Lu 
::c: 

4 

1050 miles
I 

2000 mtles
I 

2

0
0 45

5000 miles

I � 
90 135 180 225 270 315 360 

A�jGULAR POSITION IN ORBIT e1 (degree<:\
Figure27-Albeclo for minimum sunlit circularorbits,6 = Odet,-ees,

/3 = 0 degrees.

JO,----,---,--------. 

...... 

--

.c 20
--

:::, �x �loom;� 
I ' 

3 I 550 miles; 10 ��1000:m;� 
w 1 2000 miltos :I: : I I 

550 miles and 1050 miles
I I 

5000 miles 
Vrr::::'.'..-t::::: C'-,,, I I 

O 
O 45 90 135 180 225 270 315 360 

ANGULAR POSITION IN ORBIT e1 (degrees}

Figure29-Albedo for minimum sunlit circularorbits,6 = 0 det,-ees, 
f3 = 315 degrees.



... 

co 

so..-----------------------, 

150 miles 

,:::. 1050 mrles 
� 40

� 
550 miles 

:E. 2000 mile:: 
::::, 30 
I­

X 

3 201-
� .... 

I­
<( 
i..J 
::x: 

45 90 135 180 225 270

ANGULAR POSITION IN ORBIT a (degrees) 

315 360 

Figure 30-Earth-emitted radiation for circular orbits, S = Odegrees, 
/J = 270 degrees. 

60 --�----,--...,.-----,-----�-----, 

..... 

t 40

30..., 
X 

I- 20

135 180 225 270 315 360 

ANGULAR POSITION IN ORBIT a (degrees) 

Figure 32--Earth-emi 1 ·ed radiation for circular orbits, S = 0 degrees, 
;3 = 225 degrees. 

60 

50 

-

"' 

f 40
--

::::, 

� 30
X 
::, 
...J ....
� 20 
uJ 
::x: 

10 

0 

·7

---:;,,, 550 miles 

1050 miles 

2000 miles 

5000 miles ---..1.: i Ill / :::---.t 

___ 2000 miles 

I I ,-,,, _l 
0 45 90 1.:;" 180 225 270 

ANGULAR t'OSITION IN ORBIT a (degrees) 

315 360 

Figure 31-Albedo for minimum sunlit circular orbits, S = � degrees .• 
f3 = 270 degrees. 

I­
<( 
..... 
:I: 

120----.---.,.----,.--..,....-'""""'!"--"T'""--,--, 

100 
i 

�150'.11rle<; --\ ! I:/!

�- 550 m1les---1 I I , J:t I ---............ 1 f f 

I 
J- � \ \ .� ...---- l050 mrles"'"'+- 1 l , , 1 ............... y 7 

-=-- .....- 2000 miles
"""+---= 

• 

0
0 45 90 135 180 225 270 315 360 

ANGULAR POSITION IN ORBIT a (degrees) 

Figure 33-Albedo for minimum sunlit circular orbits, S = 0 degrees, 
f3 = 225 degrees. 



'# 1,., �i•.: ,',� '",.,,.,�., ��".:f-'f��··•""' .,��- "" � 

.. ., 

70 

.... 

... 

= ..... 

-.. 

..... 
)( 
:::, 
...J 
i... 

::c 

0
0 45 

I 

--

i 
I 

150 miles 

550 mi!es 

1050 miles 

2000 miles 

90 135 180 225 270 315 360 

ANGULAR POSITION IN ORBIT a (degrees} 

Figure 34-Earth-emitted radiation for circular orbits, 8 = 0 degrees, 
;3 = 180 degrees. 

i 

C') 

• 
Qt 
Qt 

160 

140 

" 
"' 120 

.c 
:,"100 
I-
a, 

;; 80 

i... 
60 

I-
c( 
..... 
::c 40

20 

I \ \.-- I _______.__ 
' 

� v.i : j _t--_J_-=-
1-// I 

. IU/1 

45 

--\� I I =-t-- 11#-v' 1 

90 135 180 225 270 315 360 

ANGULAR POSITION IN ORBIT a (degrees) 

--

Figure 35-Albedo for minimum sunlit circular orbits, 8 = 0 degrees, 
3 = 180 degrees. 



Tlif.?FE DIMENSIONAL HEAT TRANSFER PROGRAM 

' I � ,., 

' ( 

'V 

'1 

{/ 

N66 �4432 
- . 

-



'f!1BLE OF CONTENTS 

I. Swnmary

II. General Discussion

III. Discussion of Specific Environmf.nts

A. �,aunch Phase

B. Orbital Phase

1. Solar Input

2. Earthshine and Albedo

3. Internal Power

IV. Active Control Option

v. Alternate Transient Solution



l. SuDUra8.ry

An IBM 7094, three dimensional, heat transfer

program for satellite application is discussed. The 

program may be applied to all phases of spacecraft life, 

from launch �o orbital quasi-steady state. Launch phase 

heating includes inputs by radiation from the hot fairing 

and free molecule flow heating after nose cone ejection. 

Orbital heat fluxes are accounted for by direct sunlight, 

earth-reflected sunlight, and earth-emitted input to the 

satellite. 

11.ternal heat exchange by conduction and radiation is

determined, provided the apf.Jpriate conductances, radiation 

view factors, and effective emittances are known. 

A simplified analysis of an active thermal controlled 

spacecraft is incorporated into the program. One or more 

�urfaces may contain shutter systems which have optical 

properties specified as a function of shutter opening. The 

program evaluates the feasibility of any configuration based 

upon maintaining an internal component within its tolerable 

temperature limits. 

The program employs a matrix inversion subroutine 

(Gauss Elimination Method) to solve the heat balance 

equations. 
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II. General Discussion

In practice, the thermal ana�ysis of a spacecraft
consists of the development of the thermal model which 
represents a fine mesh of interconnected isothermal nodes. 
The appropriate relationship between nodes regarding thermal 
conduction and radiation interchange must be established. 

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

�+ S°'.sA,o,, + �1,
11 

+ a •• +£.Q,,,,(,,,,=,;)+£"4.r:;,,,, . 
�,, ,,, 

+ ,,, 
{-,;, '--,;,+)+'la.ti + �h::: r6hAsh Ti + U'Cf� c[E
where 

p n
s 

= internal power dissipation of node n 

O's = 

solar constant 
solar absorptance 

dt1i 

(1) 

Apo = 

qalbn = 
Qe5n = 

instantaneous projected area for sunlight of node n 
�bsorbed earth-reflected solar radiation (albedo) 

<!I' = 
'u = 
Asn = 
WCp

0 = 
dTldt = 

cnm = 

Enm
= 

F -= 
nm 

qan •
qFn -= 

absorbed earth-emitted radiation (eartbshinetby node n 
Stefan-Boltzmann constant 
infrared emittance of node n 
surface area of node n 
heat capacity of node n 
time rate of change of node n temperature 
thermal conductance between nodes n and m 
effective emittance between nodes n and m 
shape factor area product between nodes n and m 
free molecule flow heating to node n 

radiation from fairing absorbed by node n 
(when fairing is present external radiation 
sources are 0) 
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The solution of the n simultaneous equations 

shown above is performed by the IBM 7094 digital computer 

with a matrix inversion routine (Gauss Elimination Method). 

However, since the inversion applies only to linear simul-· 

taneous equations, the fourth power temperature terms 

must be linearized. This is dona by retaining the first 

two terms in the Taylor Expansion around Tn
.

where Tin is (a) the initial value of T
n 

for steady state

conditions or (b) the temperature at the beginning of time 

increment �t during transient cases. Substituting this 

result into (1), the general equation in matrix form 

becomes 

[8,,,,,.]x[7i.] =[D11] 
II' ha,e 81,r,= - C,.m - 4o- C,,n, Fi,,,, TiM � ( II *m)

&m::E Cnn, -1- �4-:1--E,,,,, F,,m 77,,�+ �#-ll'f,, ,l.s,, Tn .J (3) 
� ·-t �" / $

) 
(i, =m)

D,, • So(s 4,, + P,, -+ 'fa,t,� t- J.,, + 1ct,. �'J
,;, 

+ W�n TZ,,
+ 3�6, As·,,� 4:+ ¼ 3-,vE;,,-, lf,,,,(17,, l--7,;,,'_)
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Since this procedure is an approximation, the 

error .lnvolved may be significant when T
i 

and 'i' vary 
n " 

by more than a few degrees. For steady state problP.ms 

an iterative procedure is required to approach the correct 

value of T
n

. Convergence is not reached until all nodal 

temperature changes are reduced to within a specified 

tolerance. Experience has shown that if initial temper­

ature estimates are within so
0
c of the converged values,

only 2 - 3 iterations are required before the results 

are virtually constant. 

Transient problems employ the same matrix inversion 

routine except each calculation represents the net energy 

exchange during a specific time interval. Since the 

solution of simultaneous equations is implicit, instability 

of the temperatures is not a problem. Thus, the results of 

high conductance and (or) low heat capacity do not adversely 

affect the num0rical solutivn as they do in most explicit 

techniques. Care, however, must be taken in choosing a 

time interval. Although instability will not occu:r-,. no guarantee 

ex1sts that the resulting temperatures are correct. For 

in·stance, calculat ivns during a normal orbit at one minute 

intervals may be satisfactory since the environmental heat 

fluxes do not vary significantly (except perhaps a-t l!lunrise 

and sunse•\. Eowever, wllen considering tbe launeh pha11e, 
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calculations must be on a second bas�s due to the rapid 

rise and attenuation of fairing and free molecule flow 

heating rates. The short time interval is required both 

to obtain accurate integrated heat fluxes as well as to 

minimize significant temperature oscillations on space­

craft skins and externally mounted components (lightweight). 

The same argument can be applied to sunrise and sunset 

periods during the orbital phase. The two major considera­

tions used to determine the calc·1lating time are, therefore: 

(1) Accuracy in obtaining integ�ated heat flux, and

(2) Change in nodal temperature during a time increment.

The effect of these inputs depends upon the particular 

requirements of the problem. 

The most straightforward procedure regarding (2) is 

to permit the program to calculate the time interval based 

upon a specified permissible temperature change. This 

method, by necessity, involves an iteration for the time 

increment determination. At present, the program provides 

only for a specified calculating time. The value is based 

primarily on previous experience gained with respect to 

the particular situation. 
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III. Discussion of Specific Environments

A. Launch Phase

The thermal environment encountered by the

payload during launch consists primarily of radiation 

from the hot nose cone prior to fairing ejection and 

free molecule flow heating thereafter. Because of the 

short time involved (3 to 5 minutes) the concern is 

generally for spacecraft skins and (or) externally 

mounted components. 

Each surface element (or node) is assumed to 

view primarily one portion of the fairing whose tempera­

ture history is known. The fairing is generally divided 

isothermally into nose cap, ·cone, and cylindrical sections. 

Upon ejection of the fairing, the infrared radiation 

source is replaced by aerodynamic or free molecule flow 

heating, The extent of this heating is based upon the 

kinetic energy available (1/� Pv3) of the impinging air

and the projected area of the corresponding surface normal 

to the velocity vector. It is conservatively assumed that 

all of the kinetic energy of the air is imparted to the 

impinged surface. The analysis in this case depends upon 

a knowledge of the vehicle's trajectory in addition to the 

surface projected area. 
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B. Orbital Phase

1. Solar Input

The solar input may be a constant value per

surface node or a time-dependent variable. The variation 

may be due to change in orientation with respect to the 

sun as well as eclipse by the earth. The possibility of 

internodal shading or reflections must be pre-determined 

since the program employs only net solar flux to a su�face. 

2. Earthshine and Albedo

Earthshine and albedo generally represent

between 15% and 30% of the total energy input to a near 

earth satellite. At present, constant or average values 

per orbit are used. Albedo may be combined with the solar 

input if a transient variation is deemed necessary. 

3. Internal Power

Internal power can be read in only as a constant.

IV. Active Control Option

The purpose oI the active control option is to

evaluate the design feasibility of simpl� shutter systems. 

One contro! temperature with speclfied limits is taken 

within the spacecraft. The effective absorptance and emit­

tance as a function of shutter opening must be known. The 
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results indicate whether the system can handle the 

imposed extremes in thermal environment. 

V. Alternate Transient Solution

\ 

In many instances (especially when many nodes are

involved) the implicit matrix inversion technique becomes 

inefficient from the standpoint of computer time. A simpl� 

finite differ£•nt explicit solution has been programmed as 

an alternative. This option proves advantageous if high 

conductances and/or low heat capacity are not present to 

restrict the calculating time interval to extremely small 

values. The small time interval is necessary to prevent 

instability of the nodal temperatures. It has been shown 

with a 25 node problem that the finite difference solution 

offers no time saving over the matrix inversion. 
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Introduction 

This paper describes b�iefly two rather specialized 

computer programs which solve for steady-state temperatures 

over a sphere. The first program deals with opaque surfaces 

and allows for skin conduction and black body internal 

radiation. This program differs from the conventional 3-D 

heat transfer programs in that it automatically subdivides 

the sphere into a specified number of nodes and computes 

for each node, surface area, conductances, radiation shape 

factors and incident solar flux. The se�ond progu allows 

for transmission through parti�lly or fully transparent 

external surfaces and accounts for multiple diffuse 

reflections at the inner surfaces, but does not include 

conduction. 
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The first program was written because a number of 

GSFC satellites or parts of satellites have been spherical, 

and it has been used directly or modif.ted to calculate 

s1:in temperatures of ECHO-I I, and Explorer 17, and .:>f the 

magnetometers for IMP and OGO. The second program was 

written specifically for the proposed Rebound satellite, 

a large ECHO-type balloon which was to be constructed of 

a laminate of an aluminum mesh and a �ransparent plastic 

film. 

Nomenclature 

A Surface area 

A
p 

- Projected area

F1J - Shape factor from node i to node j

H Infrared energy incident on intertor 

I Solar energy incident on �nterior 

K - Conductivity

Pa Incident albedo radiation

Pc Incident earth emitted radiation

Qcond Conductance 

R Radius of sphere 

s - Solar constant

S1 Solar input

T - Absolute temperature
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� Equatorial angle measured from the i axis

t - Thickness of shell

X - Fraction of surface that is opaque

a Internal solar absorptivity

a External solar absorptivity

e Internal I.R. emissivity

e External I.R. emissivity

P Solar reflectivity (internal)

p* I.R. reflectivity (internal) 

T Solar transmissivity 
• 

T I.R. transmissivity 

cr Stefan-Boltzmann constant 

0 - Polar angle of spherical segment measured

from spin axis

as Angle between spin axis and solar vector

Y - Angle between normal to spherical segment

and solar vector

Subscripts 

Nodes 

- Nodes

p - Transmitting material

0 - Opaque material
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Opaque Sphere Program 

The sphere is divided into a number of concentric 

rings about the spin axis as shown in Figure 1. All 

rings or nodes subtend equal angles at the origin. The 

surface area of a differential element is 

dA = R
2 

sin 0 d 0 d$ 

which when integrated over a node gives 

A1 = 2�R2 (cos 9 1 - cos 8 3 )

The solar energy absorbed is proportional to the 

area of the node projected in the direction of the sun. 

The projection of an elemental area is 

= dA cos y 

( 1) 

(2) 

(3) 

where cos y can be determined from the dot product of the 

solar vector and the normal to the elemental area. This 

expression must be integrated for three distinct zones 

(see Figure 2). 
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a. For oses 90 - es sunlight is incident on every

elemental area of each node. For each node the

projection is a complete ring whose area is

b. For the projection is no

longer a complete ring and it becomes necessary to

limit the integration to sunlit areas only. The

projected area can be demonstrated to be

AP i
= 

,.. 

81 )½
R

a L cos 8 1 (sin2 es - cos2

- cos e J (sin2 es - cos2 e >½

_l 

+ sin- (cos 81 /sin 8
8

) - sin (cos 

+ sin2 e
J 

cos as

- sin2 81 cos as

-1 
( cos -cot 

_l 

cos (-cot 

aJ cot 

81 cot 

8J/Sin 

8s) 

a > l
s j 

c. For 90 +es< 8 � 180 the nodes do not see the

sun and

(4a) 

85) 

(4b) 

(4c) 
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In the expressions for the limits of 8 for each of 

the zones, it was assumed that es � 90° . For 90 <es � 180,

the program in effect inverts the sphere by a simple trans­

formation of varia�les to avoid defining new limits of 8 

for each zone. 

The conductance between adjacent nodes, i and i + l is 

Qcond 
= 21rKt 

( 81 ±1 tan -)
�-

ln 
c;i..> tan 

where the angles 8 1 and 8 1 + 1 refer to the centers of the 

two nodes. This formula can be derived by integration of 

the expression for conductance between differential areas. 

For a hollow sphere, the radiation shape factor is 

simply 

A.1
F1.1 = ----

41rR2 

(5) 

(6)
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The thermal balance at any node in steady-state is 

- 4
= A1 ae 1 T1 

�:o solve these simultaneous equations, the T4 terms are 

linearized by a Taylor expansion and then matrix methods 

combined with iterative procedures are used to solve for 

the temperatures. 

It is planned in the near future to publish a more 

detailed description of this program. 

E�lorer 17 Thermal Model 

The Explorer 17 was not a hollow sphere and hence the 

computer program had to be modified to include the internal 

components. The majority of the electronics were mounted 

on a platform located below the sphere's equator. The 

thermal model chosen was simply that of a sphere circum­

scribed about a cylinder as shown in Figure 3. The shape 

factors were computed by band and read in with other data. 

(7)
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Transparent Sphere Program 

The transparent sphere program solves for the steady­

state temperature of a partially transmitting sphere. It 

is assumed that all reflections are diffuse, that conduction 

is negligible, and that there is no diffraction as the 

energy passes through the transparent part of the sphere. 

Instead of the thermal balance consisting of one 

equation per node as in Equation 7, there are now three 

equations per node. These equations are derived by the 

Poljak1 
Radiosity Method and are completely general for

any enclosure. However, the program is specifically 

written for a sphere and hence the geometric equations 

described for the opaque sphere program are included in 

this program. 

1 Eckert, E.R.G. and Drake, R. II., Jr., "Heat and Mass

Transfer," McG1·aw-Hill Book Co., Inc., 1959, p. 405. 
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The internal energy is divided into I.R. and visible 

(solar spectrum) components. The net solar energy incident 

internally on a node is given by 

l1 = S1 + Pa1 + I F1J r XPoJ + (1-X)P
p

J] IJ (8) 

j 
I.. 

These equations are solved simultaneously for 1 1 by a matrix 

solution. 

The net I.R. energy incident internally on a node is 

given by 

(9) 

These equations are solved simultaneously for Hin terms 

of T4 by a matrix solution. 

Finally, the thermal balance in steady-state for each 

node is 

Ap 1 s [ X�o 1 + ( 1-X )ip 1 J + A1 l [Xao l + ( 1-X )ap 1 J Pa 1 + 

[xc
0 1 + (1-X)i'p t] P1 -[xP 0 1 + (l-X)P,1 + (1-X)T-lj l1}

• A1crT14{[xio, + (l-x)•111 J + [xco, + (l-X)c,1J1 +

[ . . . ] XPo 1 + (l-X)P, 1 + (1-X)T -1 81 (10)
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These equations are linear in T4 and hence can be

solved by a matrix solution to yield the steady-state 

temperature distribution. 

A complete explanation of the derivation of the 

equations for the temperature of a partially transmitting 

sphe1·e is being planned as a NASA Technical Note for 

future publication. 
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ABSTRACT 

N66 34434 

A summary of the work involving the Monte Carlo method 1n the so­
lution of problems in thermal radiation transfer is presented, which 
indicates general methods previously used for solving problems in which 
rad�ation is coupled with other modes of energy transfer. Previous work 
involving radiation in absorbing-emitting media is included. 

An example is outlined to indicate the use of the Monte Carlo method 
in the design of a space radiator. Suggestions are given for solution of 
a complex case incorporating the effects of coupled conduction, convec­
tion and radiation, wavelength dependent and selective surfaces, noniso­
thermal conditions, and strongly directional or nondiffuse emitting and 
reflecting surfaces. 

A discussion is given of the factors that �y affect convergence, 
running time, and accuracy of the Monte Carlo �olutions and of the ad­
vantages and disadvantages of this approach for practical problems. 
Also discussed are the case of programming for complex problemQ and the 
probable machine time requirements of the method. 

INTRODUCTION 

In many thermal radiation problems, integral equations of a type 
that are amenable to a Monte Carlo solution appear. One example of cur­
rent interest from a design standpoint is a space radiator system. A 
segment of such a system might be as shown in figure 1. 

A number of analyses of such a system using conventional approaches 
(refs. 1 to 4, for example) h8ve been performed, but these are limited 
by certain common factors. The general formulation consists of llGi1;3 
"interchange" ("shape", "view", or 'configuration") factors, which are 
derived through an auxiliary analysis to give the fraction of energy 
leaviog a given area element and arriving at another. Inherent in such 
factors is the asswnption of a diffuse surface, which follows the cosine 
law for emitted and reflected energy. 
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These fractions of arriving energy are then summed by an appropriate 
integration, and the net energy flux for each area element is dete�"lrJ.�ed. 
Although it is possiLle to account for such factors as wavelength de­
pendent properties, temperature dependent properties, and coupling with 
conduction or convection in the system studied with this type of analysis, 
it becomes quite cumbersome to evaluate the multiple integral terms that 
appear. These terms may involve integration over three dimensions and 
the wavelength interval of interest. 

Recently, a number of papers have appeared in the open literature 
applying the- method of Monte Carlo to problems involving thermal radia­
tion exchange (refs. 5 to 8). Reference 5, which is concerned with ra­
diant transfer through absorbing-emitting media, discusses the case of 
the wavelength- and temperature-dependent radiation absorption coeffi­
cient. The advantage of this method, as pointed out by this paper, is 
the simple evaluation of an otherwise difficult-to-solve set 01· integral 
equations. 

In reference 6, the case of transients in the temperature of an 
absorbing-emitting gas with simultaneous heat conduction is treated ex­
tensively. In references 7 and 8 a Monte Carlo techniq�e is used to 
solve for the steady-state, axial heat flux distribution in a rocket 
nozzle, considering the effects of flow and convection. In reference 8 
real equilibrium propellant properti:s were used, and temperature, pres­
sure, and wavelength effects on the propellant radiation absorption 
coefficient are demonstrated. 

The latter three papers all involve the solution of' a set of nonlinear 
integro-differential equations, generally using a Monte Carlo technique 
for evaluation of radiation integral terms. A standard method such as 
Newton-Raphson is used for evaluation of the remaining set of equations, 
which are put in f ini.te-difference form. 

SAMPLE MONTE CARLO PROGRAM 

In essence, the Monte Carlo techn:i.que removes the evaluations of 
multiple integra:s from the computer program and replaces it with a 
simple summation. As an example of this approach, we may write the en­
ergy balance on a volume element dVR of a typical radiator fin (fig. 1)
as 

(1) 

where the first term is the energy conducted into the volume element, 
the second term is the radiant energy absorbed by the two exposed surface 
elements of dVR (assuming symmetry about the plane of the fin), and the 
term to the right 0f the equality is the energy radiated from the two 
exposed area elements. .F'or an element on a radiator tube, a convection 
term must be added. 
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If the integral term can be e'raluated separately, the complete 
equation can be written in finite difference form with the integral re­
placed by a constant for each iteration. The coupled set of equations 
that results (one for each element considered) can then be solved by any 
of a number of standard techniques. A new temperature distribution re­
sults that can be used to reevaluate the integral terms. This procedure 
is continued until the temperatures converge, that is, until the old and 
new temperatures are the same. 

The remainder of this section will be devoted to the evaluation of 
the il:tegral terms by the Monte Carlo procedure, leaving the methods of 
solution of the entire matrix of equations and the attendant problems of 
convergence and accuracy to be settled by the knowledge, experience, and 
intuition of the interested progrannner. 

Monte Carlo Procedure 

The procedure to be presented is a simple and straightforward 
"engineering" approach to the problem. It is aimed 9.t giving the general 
methods that can be appli.ed with no attempt at giving the more complex 
but often faster running "shortcuts" in progrannning with which the liter­
ature on Monte Carlo abounds. 

The method for this type problem reduces to this: a number N
d.A 

of "bundles" of energy are assumed to be emitted from each area element 
or. the radiator. The energy per bundle, �, is ta.ken as constant for 
all bundles within the system to simplify bookkeeping, and it can also 
be specified as a program input. The rate of bundles to be emitted from 
a given element must then be given by 

(2) 

If the direction of emtssion of the bundle is (T} ,e) as shown in 
figure 2, then for a surface with c';.irectional emissivity € independent 
of wavelength, the direction of an individual bundle is giv�n by 

0 

R1 = --""""""-------1·\1C/2 
' 

�' e
T} 

cos Tl sin Tl dT}

0 

(3) 

(4)
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where R1 a.nd R2 are numbers chosen at random from a set of numbers
evenly distribuled j n the range O < R ::: L The derivation of equa­
tions (3) and (4) rn given in reference 5. '11hese equations assume an 
emissivity that L, t:ymruetrical ubout the normal to the surface such as 
we might expect for a real etched or plated surface. F'or a surface 
with 1:1. constant E, equation (3) reduces to 

r1 
cos 71 = ...fRi (5) 

If €� is a nonanalytic function, equation (3) may be integrated numer­
ically to find a cur·ife of T} as a functior1 of Ri, which may then be
curve fit to put a f·tlllction, perhap,3 of the form 

A B-r. ''1)2 

� = + rtl + vnl + " • "

directly into the machine. 

(6) 

Directional effects might be exa.mined for their possible use in 
increasing Y'adiator efflciency in this manner. Directional properties 
for a grooved smface with very strong directional effects are given in 
reference 9. Such grooving could be used to minimize interchange of 
radiation between segments of the radiator by directing the radiation 
preferentially toward space. 

Returning to the problem at hand, we may specify the wavelength 
of the bundle from the equation 

1...· "min 

(7) 

where Amin and "max 
are the limits of the wavelength range of interest. 

For ease of use, we may again fit a curve of the form of equation (6) to 
R3 as a function of A for use in the program. 

It should be noted that € has been assumed independent of wave­
length and e:A independent of �irection of emission. If this were not 
so, equation (3) would have to be carried out for many values of A, and 
equation (6) v.ould then give a family of curves with A as the parameter 
for use in the final program. 

Similarly, a family of curves with T} as parameter would result
from equation (7). 
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It is seen from the relations derived previously that Tl, e, and A 
may be found by picking three random numbers Ri, R2, and R5 and using 
them in simple relations. If the direction of emission is known., simple 
geometry determines whether the bundle will be radiated to spe.ce or will 
strike another point on the radiator surface. For example, if the ele­
ment of bundle emission is on the fin, it can be seen from figure 3 that 
for x taken as the distance to the center of the nearest tube, the 
energy bundle must be lost to space if 

cos Tl>.!: 
X 

(8) 

However, if the inequality is not satisfied, the bundle will not neces­
sarily strike a surface. Such simple tests are useful if a large frac­
tion of bundles a.re lost to space, as they save many useless calcula­
tions of final position of the bundle. 

If the bundle does strike another surface, it may be either reflected 
or absorbed. To determine this, another number R4 is chosen and com­
pared to the spectral absorptivity �A evaluated at the bundle wavelength. 
If R4 > �A' the bundle will be reflected; otherwise, it will be absorbed. 

If it is reflected, the new direction must be chosen again by select­
ing at random from the correct distribution of possible angles. For a 
diffusely reflecting surface, these are given by equations (4) and (5).
For a specular surface, we need only to find the incident angle of the 
bundle by geometry, and then the angles of reflection a.re given by 

T'lrefl. = Tlincident
(9) 

0refl. ;:: e + 1( 

incident 

For a directional surface, the direction of reflection will in general 
depend on the angle of incidence. A family of curves with the angle of 
incidence Tl' must then be specified of the form 

1� P�,,� cos� sin� d� l

Rs = 
, n/2 I/ P

T}
,, Tl cos T) sin T) dT) i

'· 0 jTl' 
where P

Tl
,,Tl is the reflectivity in direction Tl for

from Tl'• As a practical matter, such data is scarce. 
reference 10 for an idealized grooved surface. 

(10) 

energy incident 
One source is 



- 6 -

!l'!le reflected bundle is now fol lowed through any successive re­
flections until it is either absorbed at a surface or lost to space.
Each bundle emitted from each element is followed in the same way • 

.Absorptions at each area element are tallied as they occur. Mul­
tiplying the number of bundles finally absorbed by the energy per 
bundle gives the total radiant energy absorbed at each area element, 
and we have thus completed evaluation c,f the integral term in equation (1). 

If solar radiation is to be considered, the direction of incidence 
must be specified, and sufficient bundles are fired at our radiator to 
equal the incident solar energy. The wavelength of each incident bundle 
is again chosen by equation (8) usj_ng solar emissivities and tempera­
tures. The bundles are followed as outl-ined previously. 

Running time for such a program is difficult to predict. It would 
certainly depend on many factors; however, the major ones are probably 
the astuteness of the original temperature distribution.guess and the number 
of energy bundles followed. For this type of program, the running time 
would be nearly proportional to the number of bundles followed. For the 
mathP.matically similar but more cumbersome rocket nozzle program of ref­
ere�ce 8, four to five iterations took less than 10 minutes time, follow­
ing about 75,000 energy bundles on the final few. A Newton-Raphson 
technique gave good conver.gence of the set of equations for each iteration. 
On the IBM 7094, the four to five iterations brought convergence to with-
in 0.1 pereent for all temperatures in the distribution. ille program out­
lined here would almost certainly run faster because the multiple ab­
sorptions in the nozzle propellant are not present, and these absorptions 
represent a major fraction of the running time. 

Advantages and Disadvantages of the Method 

The main work involved in programming this method is the initial 
evaluation of the functions describing wavelength and directional de­
pendence. The·se may involve numerical integration, which needs to be 
carried out only once. The remainder of the programming then consists 
of setting up a series of "do" loops around. the s1-Ple algebraic equa­
tions derived above. 

Many techniques are available (ref. 11) for estimating error in 
Monte Carlo calculations, but accuracy can usually be· increased by fol­
lowing more energy bundles (decreasing the energy per bundle). Often 
it is difficult to predict _or deduce the error present in a standard mul­
tiple numerical integration. 

The advantages of the Monte C&rlo method for these programs might 
be summarized as 

(1) The ability to handle complex problems in a simple and straigh,­
forward manner
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(2) The simplicity of the resulting computer program, with the
attendent ease of checking

(3) The ability to control to some extent and to accurately esti­
mate the probable errors in the solutions

There are also certain disadvantages. It is possible that for cer­
tain problems sufficient accuracy cannot be obtained from the straight­
forward methods outlined without excessive computer times. More sophis­
ticated approaches would then be required, with some loss of the ad.van•­
tages outlined previously. These approaches are well developed in ref­
erence 11. 

Because of the simplicity of the equations and the independence of 
each occurrence along the path of a bundle, it ls sometimes difficult to 
pinpoint or even detect the presence of program err0r�. Judgements made 
are usually on the basis of the final summations, which may show little 
obvious effect of error unless gross mistakes are present. Standard 
approa�hes generally provide a number of possible intermediate check­
points, lending some feeling of security to the prograrmner. 

CONCLUSIONS 

The Monte Carlo method may offer considerable savings in program­
ming complexity and time for therrr.ial radiation problems in which varia­
tions with wavelength and direct.ion are encountered in surface radia­
tive properties. Th� method appears to offer short computer runninr· 
times even where complex variations occur. 



A area 

- 8 -

Ct, energy pe14 Monte Carlo bundle 

eA Planck spectral energy distribution 

F
a-e 

view factor between area elements a and e 

k thermal conductivity 

Nd.A rate of bundles end.tted from a given surface <'�lP.ment 

r outside radius of tube on tube and fin radiator 

R random number from evenly distributed set in range Oto l 

T absolute temperature 

V volume 

x normal distance from area element on fin to centerline of nearest 
tube 

� surface absorptivity 

E surface emissivity 

A wavelength 

T},e angles defined in fig. 2 

P Tl,, T} 
reflectivity in angle Tl for energy incident at angle T}' 

Subscripts: 

A spectrally dependent 

a,e surface area element index, absorbing or emitting element, 
respectively 

T},8 dependent on angle Tl or 8 



- 9 -

l. Callinan, J. P., and Berggren, W. P.: Some Radiator Design Criteria
for Space Vehicles. Jour. Heat Transfer (ASME Trans. ) , ser. C, 
vol. 81, no. 3, Aug. 1959, pp. 237-244. 

2. Sparrow, E. M., and Eckert, E. R. G.: Radiant Interaction Eetween
Fin and Base Surfaces. Jour. Heat Transfer (ASME Trans.), ser. C, 
vol. 841 no. l, Feb. 1962, pp. 12-18. 

3. Haller, Henry C., and Stockman, Norbert, O.: A Note on Fin-Tu.be
View Fact<'Jrs. Jour. Heat Transfer (ASME Trans.), ser. C, 
vol. 85, no. 4, Nov. 1963, pp. 380-381. 

4. Pay, Carol J., and Stockman, N. O.: View Factors and Limits of Vis­
ibility for Radiant Interchange Between Differential Plane and 
Cylindrical Surfaces Having Parallel Generating Lines. To be pub­
lished as NASA Technical Note. 

5. Howell, J. R., and Perlmutter, M.: Monte Carlo Solution of R&diant
Heat Transfer in a Nongrey Nonisothermal Gas with Temperature­
Dependent Properties. (To be publ. in A..I.Ch.E. Jour.) 

6. Fleck, Joseph A., Jr.: The Calculation of Nonlinear Radiation Trans­
fer by a Monte Carlo Method. Methods in Computational Physics, 
Vol. 1, Academic Press, 1963, pp. 43-65. 

7. Howell, John R., Strite, Mary Kern, and Renkel, Harold: Heat T:ransfer
Analysis of Rocket Nozzles Using Very High Temperature Propellants. 
Preprint 64-62, Al.AA, 1964. 

8. llowell, John R., Strite, Mary Kern, and Renkel, Harold: Heat Trsnsfer
in Rocket Nozzles Using High Temperature Propellants with Real Proper­
ties. To be published as NASA Technical Repo-rt. 

9. Perlmutter, Morris, and Howell, John R.: A Strongly Directional
Emitting and Absorbing Surface. Jour. Hee.t Transfer (ASME Trans.), 
ser. C, vol. 85, no. 3, Aug. 1963, pp. 282-283. 

10. Rowell, John R., and Perlmutter, Morris: Directional Behavior of 
!bitted and Reflected Radiant Energy from a Specular, Gray, 
Asymmetric Groove. NASA TB D-1874, 1963. 

, 

ll. Cashwell, E. D., and Everett, c. J.: A Practical ManUPJ. on the Monte
Carlo Method tor Random Walk Problems. Rep. LA-2120, Los Alamos 
Sci. Lab., Dec. 1957. 



COLD WORKING FLUID OUT 

_/ �/ 

HOT WORKING FLUID IN 

Fig. l. - Fin-tube space radiator segment 



.. 

NORMAL 

TO 
SURFACE-....

..
.. 

E-2570-I

DIRECTION OF EMISSION 
OR REFLECTION 

Fig. 2. - Geometry of hundle emission. 

-

., 



1-1 
I 

0 
r--
11) 
N 

I 
r.:l 

.' • I 

Fig. 3. - Criterion for loss to spaceo



I 

} 

ORBITI?fG St\TELLI'lE SURFACE i'DUERATURE 

PREIJICTION 1ID ANALYSIS 

I. Introduction

N66 34435 

Temperature prediction of spacecraft orbiting tbe moon, earth or
other planets is an essential Manned Spacecraft Center capability. 
Existing methods .. was found, however, were either too simplified or 
s»ecia.J.izeit f0r h.J..; requirements. A contra.ct was, tt.�refore, let with 
Midwest Resear.·ch Institute in Kansas City, Missouri, to develop __ �. �-�pu._ter 
P"'�-�term:tne spacacraft he9:�, �<?84s and/or th1n skin transient 
_tem:peraturef' 'Qfi1le·-�nrg-ttie ·moon, earth or other planets. It is this 
computer7)rogre.m, which has recently been completed, that I'd like to 
introduce. 'l'he computer pr.:,gram is written for the IIM 7094- computer 
and is :\n the Fortran II-I&ngUage•�.... -------

----------�- · 

II. Spacecraft Thernal Bal.a.nee

First to give some insight into what are some of the major con­
siderations in determining the thenral balance of an orbiting spacecraft: 
figure 1 shows the principal external heat loads. The q sun represents 
solar thermal radiation coming from the sun and directly impinging 
upon the vehicle • The q albedo represents that quantity of solar 
radiation from the sun that is reflected off the planet 'being orbited 
and then impinging upon the orbiting vehicle. Lastly, the q planet 
is tbat thermal radiation from the planet orbited that impinges upon 
the vehicle. 

When the vehicle is on the tar dark side of the planet, however, 
it can be seen that the vehicle would not receive any q sun or q albedo; 
therefore another consideration is the sun-shade points. 

Ill. Major Features and Capa.bili ties 

Before proceeding further with the fundamentals of the program, 
however, I would like next to outline some of the uaJor features &Di 
capabilities ot the program. 'l'bey are as follows: 

l. The program bis the capability of handling up to 200
el91111Dta; each baa its own thickness, initial temperature, and thermal
properties. ------ - ·-- · ·---- ·- -

-------·· 

2, The program &lao baa the capability to consider eight

d������ .c,01._M.ng_JYMl .. I.UP.� ,d�fttl!t.A1i.M,l!.':l�,s�rate •terials_. 'Me tiiernal 
properties of each may be temperature dependent-: - ·· ··· 

•
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, • A spinning or fixed wi_cle Q�).��ta,�ion may be considered. 
The tiXed orientation my be with respect to the sun or the planet 
being orbit.ed. 

4. Internal heat may be considered as a function of time.
The program has the capa"6I'l.lty to handle eight different internal 
heat tables. 

5. Cg»atant or variable planet temperatures •Y be con­
sidered. This feature is a most important consideration for a lunar 
orbital mission. The significance will be shown later for a hypotlletical 
lunar mission. 

IV, Assumptions 

In order to meet the projects objectives, it was necessary to 
introduce certain simpl�ng assum_P.tions. I feel that it is worth­
while at tiffs "fflie to in uce�·these·assun1ptions for it is up to 
each individual user or potential user to evaluat.e the validity of 
the assumptions for each intended application. 

1. Conduction between elements, and convection between
the vehicle and its surroundings are neglected. When MSC feels con­
duction between elements could be a. significant factor, the program 
is used only to compute tbe incident heat loads and then these 
outputs are loaded as input into a transient conduction type program. 

2. Ro radiant interchange between elements is considered.

3. AU thel'lllll radiation is considered to be diffused.

4. The vehicle's absorptivity to reflected solar radiation
ia assumed to be equal to the vehicle's absorptivity to direct solar 
radiation. 

5. lntern&.l. heat is assumed to be uniformly distributed
over the element.

6. The solar constant is assumed to be independent of the
vehicle's orbital position. 

7. On the sunlit side of a variahle temperature planet,
tbe pl.&Det surface tem]aerature 11 assumed to var,y accordiDg to Lambert's 
cosine l&v. Tbe planet temperature on the dark aide of a variable 
temperature p!anet is, hovever, assumed constant. 

I 
I 



V. Celestial Mechanics

.. ' -

So far o.othing has been said about input data. A general outline
of the type input required shall therefore be presented next. It is 
believed that tile input is quite simple and lcgic�l. 

To compute the heat loada to an orbiting vehicle, four basic
questions must oecons:1.d.ere1L . They are: ., · ·, .. , - ... 

1. What is the location of the vehicle surface element on
the vehicle? 

2. WhP.re is the vehicle 'lfi th res�ct to the planet being
orbited? 

3. What is the celestial location of the vehicle with
respect to space? 

4. What is the sun's location with respect to the planet
being orbited? 

Vehicle Coordinate System 

The first question is not applicable to a spinning satellite; 
however, for an oriented vehicle, the incident heat flux can vary 
considerably from one surface position to another. For example, 
looking at figure 2, the element on the �ide of the planet oriented 
vehicle shown in the upper left hand corner receives radiation from 
the planet whe11eas the element on top does not. Consequently, a 
system to answer the first question (What is the location of element

analyzed?) is required for the thernal analysis of an oriented 
'iehicle. 

A meaningful vehicle coordinate system is set up by replac;�ng 
the compter�onr1guMttq!f::fil_n · a ·�sjier1cai natheiiii tical �el . shown
in� -rtp:m;nind corner of f gure-�'l'he'" elements on the 
sphere are selected so they have the same space orientation as the 
corresponding vehicle elements. 

For a planet or moon oriented. vehicle, the surface positions on 
the sphere are defined with respect to the coordinate system illuatrated
in the lover left hand corner of the figure • For the Bull oriented 
case, the surface positions on the sphere are defined with respect to 
the coordinate system illustrated in the lover ri�t hand corner. 
For a fixed �ientat,ion, the surface elements location is defined by 
the angles .A am 1 · as shovn and are required input data far each 
el8111nt. This system can be likened to defining a position on •rth 
where any position on earth can similarly be defined by giving the 
pro,.·,,r longitude and latitude. 
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Pl.a.net Coordirate System 
---------· 

Before the impinging beat loads em1 tt.ed or reflected by tbe planet 
can be canputed, tbe second question (Wh§re 11 the vebi,c;�� v_� � respect 
to the plant:t bei.Dg orbited? ) must be answered. The ansver to· this 
qiiiitfon---cl.11 .. be'- obtained-- in terms of the planet coordinate system shown 
in figure 3, using Kepler's equations. The input required by the 
program to compute in'tiri:ially-tlie vehicle 1 s positiOD vith respect to the 
pl.a.net consist only of' the atiml-naJor axis (a), semi-minor axis (b) of 
the orbital ellipse and the true anonal.y (4·) at the initial time. The 
three variables are shown in the top right hand corner of the slide vhich 
shows the orbit rotated into the plane or the screen, and the Xp and Yp 
axes superimposed ODto the orbit plane. As shown tor a spinning or fixed 
orientation, the planet coordinate system is the same. 

Celestial. Coordinate System 

The third question (What is the celestial location of the vehicle 
with respect to space?) involves dei'jning +,he c,�� � t. vith re��.c� .. �to 
SIJ!Ce. This question can be answered in ten.lb vf the celestial --, 
coordinate sysumi. The vehicle's orbit can be conventionally related to 
the celestial coordinate axes by three angles which are required input 
data. These angles are shown in figure 4 where J '· is the right ascension 
of the a■cending node, · .• , is the argument of peritocus, am ·- is the 
inclination of the orbital plane. 

Arty reference system could have been selected for the celestial 
coordillate system; however, the basis of selection was that it be com­
patible vith standard astronomical references to minimize input data 
compilation time and effort. With this as a criteria for selection of 
• _s.gJeat11,J coordinate sl!tem thret..,� txateml, ,a®_eptric, modi.t�!.
he1:ioceptric and ths aeJ enngr&ml1s:.xer.e chosen to. dasc�ibe orqi_;�JL!-b�ut 

� e&_!.�hi-�!...Pl&:oet otl;l�.r. �l;la� !�r�h,. and the moon respectively. 
�-

_. _ ..... -
� � 

... . . , ' ... ,� . ,_.,.,..,.....i:..,,,� ......... - � , 

For ea.rth and planets other than earth, the tvo celestial 
ccordinate systems used are pictured in figure 5. 

For the moon the third celestial coordimte system selected 
is illustrated by figut"e 6. 

Sun'• Position 

'l'he onl.y question that reains nov to be answered ia: What is 
the location of the sun vith respect to the pl&Det being orbited! 
Tbi1 can be ansvered Ul...i!_naa ot tvo angles, � .r.� aacenaion 
of the auu @1.�-�!1«!: __ d��f!i!_�!�! .1at.L:liitb anglesare rlfluired
input data to the progrrun and are defiDed by t:1.gure 7. 

Since we were careful in our selection to choose a celeati&l 
coordim.te system that would be compatible vil.b st&IM!•�J aatronomicaJ. 
retenncea, we can obtain frOJ4 the Eph-rua the RA. am DEC tor the 
JIOOD, earth or any other planet for any particular date. 
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A hypothetical lunar mission was run using the described. program. 
For .. this.--P.Q.tlJ�_ular .. .l..\mai- .orbital . .mi1.11.i.014_JtmL�.c,��-��f�_,.�...1t�et
or�� a�--�-™i&lMA. �-� . .!�!!_c_�--��ra ture feat� <?,f the 
program was used. The mission data. was seiected in order thJ.t the sun 
would be-very near to being in the orbital plane. 

Pertinent orbit data consisted of the following: 

Altitude 10 NM to 190 NM. 

Inclination = 13° . 

Right ascension of ascending node = .87
°
.

0Argument of perifucus 270. 

0
Ti--ue anomaly at initial time = O 

The �F?·ture time __ .���oi.:Y __ of_ .. C:i.i�fen:ntly .. oriented a:nc;l P!l�.��-� 
surface elements "'l'eoea:l "several interesting characteristics. 

The results shown in figure o, a white elemer,t · ·· cools initially 
even though it is almost facing directly into the .sun. A similarly 
oriented black element• shown in the same slide, however, rises to a 
peak at · =- - 6o0

, then gradually drops as it turns away from the sun. 
This is true since the white element reflects a considerable a.mount 
of solar energy, whereas the black energy will absorb the nB,1ori ty 
of solar radiation that Dnpinges upon its surface. 

In the next fi�ure (9) the temperature curves of a black -
and white element facinp; the moon are very similar since black 
and white elements absorb long wavelength J:'A.diation &lmost equally. 
Also of interent shown in the figure is the hump in the black element's 

o , 
600 curve at about == 100 a.nd : = 2 . 'Dlis is caused by the fact that 

both elements are briefly irradiated by the 5un just before entering 
the moon's shadow and ,ju3t after leaving its shadow. However, the 
hump shows up only in the black element's C\'.rve since it absorbG the 
solar radiation more readily. 

CQJDP8rison of both black elements in figure 10 reveals at 
= o0 the element facing the moon • is al.most ,is hot as the element 

racing away from the moon and almost lc,oking directly at the sun. 
This demonstrates t.hat at low lwar orbits, the planet heat can be 
as significant. :1. .. ..;'.'lnr heat. 
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Gase 11 

Finally, Lo learn l.h� ct'fecl.o of not, coru;Jdcrjrw; l.tw 1•1111)11 '1, 

nurface temperature grad1ent, a, r.,jmilar run was made ot' Casi� J; 
however, this time the moon wa::. taken as a con&tant temperature planet. 
The results shown in the final 1'1.gure (11) reveal the ·con:;t,a.nt rnonn 
t.emperature" curve /\ is a flat curve that averages out tne maxl111ui,, 
and minimwa peaks of the "-var lable ruoon tempera tur� · cw·ve O. As you 
can see, we have a significant variati•..:!:! (about lO<PR) ca11s.:d by neg­
lecting the moon's surface temperature gradient. 'l'he�;e rei,lu i,:., l:u11i· .i.L·,n 
the importance l)t· the variabJ.t: planl!L Lc111i,ct·1.1Lun: uii�Lt.ud Jn u.an.Jy2-l1,�� 
lunar mir;sionr;. 

Hubect. A. V,w:L 
Manw:,l .,p,1 <'.t!craf't, •A·n 1.1:1· 
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SIMPLIFIED COMPUTATION OF EARTH THERMAL AND 

ALBEDO RADIATION INCIDENT ON A SPACECRAFT 

Doyle P. Swofford 

ABSTRACT 

, 

N66 34436 

'!lie integral used for the computation of the earth thermal and 
albedo flux on a aection of a satellite is directly integrable if the 
projected area is represented by a t.nmcated Fourier series in the 
aspect angle. A great saving in computer tun� results from this rep­
resentation. Tha series for a general surface of revolution, whose 
axls coincides with the axis of rotational synunet.7 of the satellite, 
ls obteined by dividing the surface into elemental conical frustums 
and averaging the series fo..:· a cone over the gPnerating curve. 
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SYMBOLS 

projected, or apparent, area o: a surface viewed at an 
aspect angle 71 

total area of a s·.a-face 

mean solar absorptivity of a surface 

thermal emissivity of a surface 

coefficient of the kth tenn in the Fourier cosine series 
for Ap/A,/ 11) 

kth coefficient of the power series in cosine r1 whi�h 
appr,,:ctmates Ap/�( T})

heat. input to a surface per unit t1.me 

mean albedo of the earth 

solar radiation constant 

blar�-body temperature of the earth 

angu] ar roordinatE-� of an element of i:;urface area on the 
earth, with the 0rigin at thP. satellite 

half' t.he arie:lP s11htender! '.l.t the sat�ll1.t,� by thP earth

a.spect. an'!le - t.he angle betl-tPP.n the spin ax1.s of a sa.tPl 11 tP. 
and the line o� view 

11P. val11<-- of 11 a.t i.'ne p11in+. on ear+h rli rectly beneath the 
so.tel 1 ite 

a�. anglP. bl!tueen the earth-satellite 11.ne and the eai·th-sun 11 ne ..,

� otefan�Hnltz�nnn �nnstant 
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Computation of the heat iaput to a spacecraft surface due to earth 
thermal and albedo radiation involves evaluetion of a double integral and 
extensive tabulation of the projected area of the surface. However, a 
good closed-form approximation for the integral (reqUlri� no numerical 
integration and no tab11la.tion of projected areas) iE obte:tneJ by substi ... 
tuting a tru,1cated Fourier series for the projected area. 

?he two heat input ratP.s are giv�n by 

where F, the so-called shape factor, is given by 

\:her� 

Expanding the projected area tn a Fourier seri�s 

By use of trigonometrtr. identit1.efl. this series is coilverted to 

-A_p ( n) """ 2 4 ., = I
0 

+ I1 cos TJ + I2 cos T) + 14 cos 'l
··"1'
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Taking the scalar product of the unit vectors al.ong the satellite 
uie and the view line, ve get 

cos ri = cos 1le cos�+ sin 'le sin� cos; 

Making use of ":"'is relation and the series for �, we find 
A.r 

F(TJ,,,a.o) � (1 - cos a.0>[210 + I2 a1n211e + t I4 sin4
'le] 

+ (1 - cos"a.0)[11 cos

+ (1 - eos)a.0)[12(! - s1n2�e) + 14 sin2'le � - � sin2�e) J

2 ain2
'le + ;f stn4 �e)

Thus, the problem ts reduced tn finding the coefficients Ik in 
the expansion for Ap/f\rr(�). For a satellite spinning about its axis 
of symmetry, the pro,jE-ct;ed areas of some surfaces are given by simple 
expressions su�h as thes�: 

and 

1--,)_1.ate = ( \1-) ::: 
{ c0s T} 

A.r plate o 

.,, < J{ 0:?T}=-
2 

.l� T} �ff 
2 

~ l 1 12 2 16 4 
µ = - + - COE ft+ - COST} - -::- COST} p1::i..,e •0 rr 2 '),t 1,n 

l I I ~ 4h A r.J 
� 

4 

µ.c:,li"",der = -:; sin 11 :. � - - cos�,1 - Cl')S ri "' ., 15,iC 15n2 15 
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µsphere=¼

1 1 
µhem!sphere = 4 + 4 cos Ti

Other surfaces are much more difficult to vork vith. However, since 
any surface of revolution can be divided into elemental frustums of cones, 
finding the I

k
's of a cone as a function of its semivertex angle 5 

vill make possible a simple general solution. Dividing the cone into 
infinitesimal plane elements and integrating the series for the projected 
area of a plate around the cone from Oto 2,r, the following result 1s 
obtained: 

l-1cone � [.!. + .2.. cos2f> - .l. cos4al + [-2
1 sin 6Jl cos ri

5ff 5,r 5Jf J 

+ - - + - cos o - - cos 6 cos T) [ 16 lh 2 14 4 J 4 
15'1' ''.'f 3!r 

For a general body of revolution, the projected area is found by

stumning infinitesimal frustums 

Ap 
�ody = �

;:

f µ dA 
fr,1st. 

= µfrust. 

For a generating cm·ve, y = f( ,c), --evolved about the X-ax1.s, the 
semivertex angle 6 of an infinitesimal frustum is given by 

tan o
= l�I 
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From this, the Ik's of the infinitesimal frusttDD can be found as 
functions of x. 't'hen, 

where 

I/ 
(

df
)

2

dA = 2tr.r( <·i. l + - dx 
, dx 

In polar coordine.tes, revnlving the curve r = r(J) about the
axis 8 = 0 gives 

dr 
r cos J + � �in

tan 5 = d" 

r sin 3
dr 

'.) - - cos 
dO 

and 

dA = 2,n-2 sin 1 + (!. !!!:r d8
r d8 

The surfaces of revolution will, of course, be split into sections
small enough to justify the assumption of equal temperature throughout
a section. 

Thia technique for surfaces of revolution can be applied also to 
aurtacea not physically circular in cross section, bur. optically so due

,, to their spin. 
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For a satellite tumbling about an axis perpendicular to the symmetry axis, 
with some residual opin about the latter, the projected area is given by 

where 

Substituting 

we get 

or 

cos �l =sin� cos� 

( I ) = [r + ! I + � I41 
0 tumble O 2 2 o �spin 

(Il)tlDDble = O 

(I2) = -[� I2 + 2 I4l 
- tumble 2 Ii" J spin

(I4)tumble = � (I4)sp:1.n 
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MONTE CA!fuO TECHNIQUES FOR SOLVING Tf.ANSPORT PROBLEMS 

by Morris Perlmutter 
Lewis Research Center 

INTRODUCTION 

The Monte Carlo procedure is a model sampling technique. A model is estab­
lished, aud the behavior of sample units in this model is followed. A sufficient 
number of san.ple units are followed to obtain a statistical average or macroscopic 
quantities, which are the quantities of interest. 

( 
�'his techniG_ue was used in crude form by Fermi in connection with the build­

ing of the first atomic pile. Later, Von Neumann and Ulam developed anu used the 
Monte Carlo prJ�edure extens�vely in developing the atomic bomb. Since then this 
technique has gained considerable use in nuclear reactor problems (refs. 1 and 2), 
and we at the Lewis Research Center have been extending it to thermal radiation 
(refs. 3 and 4), rarefied gas flows, and plasma flow problems (ref. 5). This 
technique, which requires a large number of sample histories to obtain solutior.s 
with small variances, is receiving greater use because of the development of the 
high-speed electronic computers. 

Method of Obtaining Sample Histories 

The sample history is the behavior of a sample unit under the conditions of 
the model. The samrle unit can be an actual physical quantity such as a photon 
in thermal radiation problems or a molecule in rarefied gas flow, or it can be 
some idealized nonphysical quantity such as bundle of radiation or a bundle of 
molecules that 'behave according to well defined laws. For purposes of illustra­
tion let us consider rarefied gas flow through a channel. A similar problem for 
ionized gas flow through a channel with a magnetic field across the channel is 
treated in reference 5. (The procedure applied in this sample problem would 
apply to other situations such as thermal radiation as well.) Our sample history 
will be that of a sample molecule as it passes through the channel as shown in 
figure 1. The sample molecule is equally likely tc enter at any height x2 be­
tween O and 1 for the case of a flat plate channel. To find the height at which 
the sample molecule enters the channel, a random number is picked between 0 
and 1. This random number has an equal likelihood of being anywhere between O 
and 1 and can be generated by use of standard techniques on the high-speed com­
puter. If a Maxwellian gas in equilibrium in the reservoir is assumed, then the 
distribution of speeds of the molecules entP.ring the channel is given by 

where fv is called the probability density distribution of V. Then fv dV
is the fraction of all the molecules that enter the channel that have� speed in 
the range V to V + dV. This depends on the parameter 13 = (2RT)-l/2 which
is a function of the gas temperature T in the reservoir. 
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A velocity must now be sele'u.ted f'or the sample molecule entering the chan­

nel from this distribution. There:· are several methods of picking from this dis­
tribution. One method consists of picking two random numbers R1 and R2 and
setting R1 equal to V. In this case every V would be equally likely.
Therefore, it is necessary to reject some of the values of V so that the sam­
ple distribution will agree with fv. This is done by using this value of V
to find fv. If fv is less than Rv then R1 = V is re,1ected (fig. 2) and
a new set of' random numbers is selected. If fv is greater than R2, then
v1 = R1 is used. '.u1us after a large number of sample molecules are picked, the
chosen velocities will satisfy the distribution given by equation (1). There 
are many different techniques for picking from a distribution, and these are 
given 1n the references. In a similar manner we can pick a direction from the 
appropriate distributio� for the sample molecule entering the channel. These 
are given for a Maxwellian gas by fe = e/2� and ft= 2 cos w sin w where
� is the cone angle and e is the polar angle as shown in figure 1 (ref. 3). 
The molecule is followed until it has a collision with another gas molecule. 
The frequency distribution for path length to collision can be given by 

(5) 

where 2 is the path length of the sample molecule and L is the average path 
length of all the molecules at that location; the path length to the collision 
is picked from this distribution. The new molecule path must then be picked, 
and the molecule is followed in this manner w1til it leaves the channel. 

Obtaining the Mean Properties 

The mean properties are obtained by dividing the height of the channel into 
increments of width 6x2 at several locations along the length of the channel
( fig. 2). The amount of some quantity Q that is carried by a single molecule 
across 6x2 at that axial position is given by 

. r
rx, 1' 

(
s+ s-

) M 
J
o QV1f dV

= 
oV1Q 

= 6x2 E Q - E Q 

where M is the mass of a molecule and Cr, is the number of molecules each 
s+ s· 

(6) 

sample molecule represents. The terms I: Q and E Q are the sums of the Q 

contained in each sample molecule passing � in the positive or negative 
axial direction, respectively. The number of these IllOlecules is given by S. 
If the uial flow is desired, then Q • 1 and equation (6) reduces to 

loo 

- � + .. pV1 • M V1f dV • £ (8 • S )
0 2 

( 7) 
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If the mass flow in the x2 or vertical di�ection is desired, then Q = v
2
/v

1
and equation (6) becomes 

(8) 

If the density is desired, then Q = l/V1 and equation (6) reduces to
()C) 

P = M ( 9) 

In this manner macroscopic flow properties in the channel can be obtained by 
summing these Q properties as the molecules pass the designated cross sections. 

In a similar manner the shear stress or drag on the wall can be calculated. 
The shear stress on the wall in the x1 direction Px

1,x
2 

is given by

- co 

0 

That is, by summing the v
1 

components of velocity of all the sample molecules 
hitting an elemental area 6x1 on the wll (fig. 1) we can find the shear
stress or drag at the wall at that location. If the molecules are reflected 
diffusely, they will not contribute to the shear stress. Some results obtained 
in references 5 nnd 6 are shown in figures 2 to 4. 

Figure 3 shows the axial flow through a flat plate channel for a collision­
less gas. Different channel lengths over width l were used. The solid lineo 
are the analytical solutions (ref. 5), and the points are the Monte Carlo re­
·sults (ref. 6). The cross-sectional measurements were made at the entrance
x,· = O, one quarter down the channel Z/4 and the midpoint of the channel 2/2.

'Tlie height of the channel was divided into 20 increments. The results are sym­
metrical around 1/2 and also around x2 = 1/2.

The densities are shown in figure 4. Again the Dack half of the channel 
is not shown because of the relation 
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In figure 5 the wall shear results are presented. There ie good agreement 
b�tween the Monte Carlo and the analytical results. 

One major drawback of tM s techl:ique is the large amount of computor time 
required because of tile fact c.hat to obtain s�ll variations in the average 
quantities a large number of trials are needed. However, various techniqueB 
have been develope1 that allow shorte� running times to be obtained. Also, the 
high-speed computers are constantly being improved. This Monte Carlo procedure 
is relatively new and will probably be used a great deal more in the i't.ture for 
solving problems on widely different subjects. It has already been fo�nd very 
useful in solving problems that would be highly intractable using mer� standard 
procedures. 
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SAMPLING TECHNIQUE 

fv 
OR 
R., I _,_._._.If'-

� 

V OR R1 

fv = 2p4 v3 e-/J
2

v
2

PICK R 1 ,R 2

IF POINT R1 ,R2 FALLS 
BELOW CURVE f (v) THEN 

V = R 1

OTHERWISE PICK NEW R1 ,R2 

Figure 2 
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DISCUSSION OF THf·G,�ERAL ELECTRIC PROPOSAL TO 
DEVEi.DP A COMPUTER PROGRAM TO SELECT THERMAL COATINGS FOR 

PASSIVE TEMPERATURE CONTROL OF SATELLITES 

by 

Robert E. Kidwell, Jr. 
NASA Goddard Space Flight Center 

Greenbelt, Maryland 

Scope of G. E. Proposal 

The General Electric Company, Missiles and Space Division, 
1·- ; 

submitted/a proposal:to NASA ifor the development of an IBM 
! 

: I 

7094 computer program which would select the exterior surface 

coatings for passively controlling spacecraft temperatures.\ 

G. E. claims that the "trial and error" procedures currently 

used can be accomplished more rationally and can there":fore 

be programmed for a digital computer. In the ASME paper, 

63-HT-41, which was present�d at the ASME-AIChE Heat Transfer

Conference at Boston in August, 1963, Costello, Harper, and

Cline, /�escribed the proceduresl that have been used •t G. E.

/to develop a coating selection program subject to the follow-

ing restrictions: l
-

1. Steady-state conditions prevail,

2. Heat transfer occurs by radiation only, 
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3. Temperatures are optimized at only one interior

point in the spacecraft, and

4. Only the solar absorptance of the external coatings

is varied to optimize temperature. The emittance

must remain constant at initially specified values.

General Electric proposes to develop a generalized 

program in three steps: 

1. The program would vary both solar absorptance and

hemispheri.ca.l emittance to obtain the optimum coating patterns; 

2. Temperatures would be optimized at more than one

interior point; and 

3. The equations would be modi.fied to account for both

conduction and radiation heat transfer. 

In the development of the general program, the scope 

would be restricted to steady-state heat transfer. Since the 

thermal designs of most spacecraft are based primarily on 

nearly equilibrium conditions, the proposed program could 

have wide application. An obvious extension of the proposed 

program would be to account for transient temperatures. 

I •
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Examples 

To illustrate how the present program works, two 

exa�ples are discusse�\ The first is very simple �nd the 

second is a little more complex. 

Case I. - Consider a simple spacecraft which can be 

represented by equations describing the heat transfer at 

two locations or nodes. One node would represent the internal 

compartment which contains the electronic modules, batteries, etc. 

and the second node would represent the skin of the spacecraft. 

It is assumed that the internal compartment is isolated ther­

mally from the skin, as in the case of the Vanguard Satellites, 

�o that the predominant mode of heat transfer is by radiation.

The _temperature of the internal compartment is a function

of: (1) a/e of the external surfaces of tbe skin, and (2)

the average per orbit of the solar and planetary beat fluxes

incident on the skin. Consider finally three orbits that

represent typical and extreme environments. The internal

temperature, T, in devrees absolute to the fourth power

is simply a linear function of the a/e of the surface coatings

as shown in Figure 1. If Td is the deaired temperature, then 

----- ... 

.e ,....__:._ -- ...:---- --�-- - - �-..,, * a FT" 
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an a/e can be selected so that the maximum difference 

between T 
4 

and T
4

for the three orbits is a minimum. d 

A selection criterion can be stated formally by defining 

a parameter 6j such that

= 

where j represents a pa.rticula.r orbit. For a riven a/e, 

on� would obtain three values of ��· one for each orbit. 

The optimum coating would have an a/e such that the maximum 

value of 6. for a given a/e would be a minimum, as shown in 
J 

Figure 2, where 6 is plotted as a function of a/e. 

The procedure for applying the selection criterion in a 

way that can be programmed for a computer can be visualized 

by referring again to Figure 2. The first step would be to 

assume a trial a/e, to compute the three 6 's and to select 
j 

the maximum The next step would be to make an incremental 

change in a/e such that the new maximum 6
j 

would be less 

than the previous value. The process would then be mntinued 

until no further decrease in the maximum A
j 

could be obtained. 
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Case II - Consider next a cylinder in a polar orbit 

near the earth with the axis of the cylinder parallel to 

the velocity vector and with one dide of the cylinder always 

facing the earth. It is assumed that there are 10 possible 

orbital conditions based on launches at 8, 10, 12, 2, and 4 

o'clock in summer or winter. Temperature is to be controlled 

at one internal point which is radiatively coupled to the 

skin. To show the advantages of a coating pattern over one 

uniform coating, the optimum a/e's are shown in Figure 3 for 

1, 2, 4, and 8 surface nodes. Include� in Figure 3 is the 

0 
maximum deviation in F of the internal temperature from the 

desired temperature. It is noted that when 8 surface nodes 

are used the maximum temperature deviation is reduced con­

siderably compared to the deviation for one node. In addition, 

the coating pattern for the eight node case appears to be 

rather unusual. It would have been interesting to compare 

this solution to an independent solution by conventional 

methods using the same number of nodes. 

-• --- --- - ··- ··-
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Comments on the Proposal 

There are a number of \advantages which could be derived
\ 

from a coating selection program.· The program would save the 
-· 

engineering time in the coating selection phase of the thermal

design. In addition, �t would save the time lost between

the many trial solutions that are run on the computer. For

example, in the present trial and error procedure for coating

selection, several steps are required. First, it is necessary

to decide what coatings are to be applied hypothetically to

each surface. Then it is necessary to punch new input data

cards for the heat transfer computer program and to submit

the deck to the computer. Without priorities over other

work for the computer (and priorities are extremely difficult

to obtainl several hours or more are lost before the solutions

can be analyzed to determine what adjustments should be made

in the coating pattern for the next trial.

r. 
\Another advantage of a selection program is that a 

computer has infinite patienc«:J It can be required to compare 

and select from hundreds of numbers whereas an engineer tends 

to become fatigued. It is therefore quite probable that a 

computer could arrive at a better thermal design when there 
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are seemingly unlimited combinations to be considered. 

1��re are{t�o reservations about the proposed 

program. First, 1 how does one program a computer to 

perform a function in which so much intuition, judgment, 

and experience is require'!!/ And second, jhow much machine 

time would be required to run such a program?; 
.,,,,.,.,, . . 

In both the ASME paper and the Proposal, none of the 

essential details were given concerning the method used to 

determine how to change the coating pattern for each trial 

so that a minimum number of steps would be required to 

converge on an optimum solution. Therefore, it is difficult 

to tell what obstacles must be overcome in developing the 

general program without actually doing most of the same 

work independently. However,\it is not nea:rly as difficult 

to think of ways that most of the trial and error procedure 

could be programmed for a computer for any type of satellite 

thermal design problem without necessarlly achieving optimQJD 

coatings in an efficient manne� 

It is difficult to know bow to account for tolerances

in the coating properties, or to decide rationally wbe�ber

an optimum coating pattern involving delicate materials
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would be preferred over a less optimum coating pattern in 

which only reliable matt,rials would be requtred. 

At the �resent time, it is convenient to break up 

problems so that the computer time for any one run is 

limited to a few minutes. Longer runs must oe made at 

night. For a SO node problem with 9.�out 24 orbital 

conditions, which is typical for Goddard satellites, the 

running time for one trial is in the order of a few minutes. 

It is obvious that a coating sele�tion program would require 

much longer times. 

Although reservation� �ave been expressed, }it is 

believed that the possible advantages outweigh any of 

these reservations, and that the general coating selection 

program should be developed j 

(On June 19, 1964, contract NASw-960 was awarded to G.E. 

to develop the program)



INTRO DU CTI mt

Spacecraft Heat Transfer Analysis 

J. A. Plamondon 
Jet Propulsion Laboratory 

Two somew"'.at related but yet distinct topics are presented below. First, 
some of onr tho'.ir.hts, at the Jet Propulsion Laborator:, :_on the position of com­
puting as a tool for developing the thermal design of a spacecraft are riv8n�] 
T�e purpose in doinr, this is to stimulate disc':ssion 0n the subject c f ' the col"i­
i:uter by pre sen tin@' orie approach to how computinr mir-�rit fit into the?'IT'«:.l desi,·n. 
Second, ia new general t,:re rieat transfsr prorrarr. t"rn.t was n�c�ntl" o.c8 1 :i�c fror: 
Art,hur ff�- Little, ! nc. is briefly described.· The pro;;--ra1,, is called, 11'1 he .·let'� cd 
o: Zcnes fer tt8 Cal cu la c,icn cf Te:,rperature Jistri.bntio::. 11 

DISCUSSION U? co,,PU'l'ING 

Over the past few yPars - ach.'.lll:: fr-err. trt·: ea:-:-·l d ::s r" + - ,, i rc1"1l-
sion Laboi·a�or:, 's involvement jn space projects - thOS'.-:? w·1c :·,ave been r•}r.�•� t.c 
space�r�:ft tr<?rrr.al ccnL cl ;; directl.v or indirectl.· , ,ave be2n concPrncc, ever 1 •,e 
nosi tion t}:at the diri tal c,:-r�;:iut'Jr shruld · old in the overall P r•·rrt. r · sr ar.P.­
craft thermal desirne 

Them is a r•eneral awareness of the i."Tl··ortance cf the cl� ,·it: l c,�,r .. t,i:-· 
and c: an:i.l�·sis, in fene:·al, in a the:'ITJ.al de::::irr. ef:ort. At the sa::r.2 '-2 ..... ', , ... s 
alsc very clear t\"1qt R�ialysis and, in r.articu.lai, cc,.r.lJ.catel: r.1.r·-l. s · � J.: '·, v n, 
the di,ital crr,r,11·'-r:r is not -r:recise, J.nd �- e:-efcrc, cA.nnot be r·Pli�-..l '1rr� 1 

itself to estatlish the final t err,1al desi;rn cf ·. sracecraft. Scl 1 1Err1= c 1 t( ; nPd 
· from the dir.ital cc�ruter are simply not accurate enc1Jf"h. or at rr,r :-;t, r 1· con fi­

de nee in tL9 ir accuracy is not sufficient, fer tnem tc :)e t�'.e sc 1 � bas '.s cf :inal
desfrn certi.i'ic:.1.tion. Collabora+,ion cf the expcr:i.m�nt.al anrj t;�e Dn:-.1· t.icnl is
es�entia). tc establish crnfidence jn the sui tal'ili ty an,i rPlh1bili t�' c:· ;t design.
f\evertheless, the r.omruter, in sp.i. te of its snortcominr.s, does apP!=?.:.r tc havrJ
P-reat potential, 1:erliaps more potential than an:r other sin,=--le 1,001 av:i 1 labl � t,C.1
the temperature control ent:ineer.

II'he �sual techniaue for using ccmputers tc sclve complicated heat transfer 
problems is to lump into nodes, zones, and so forth, incremental vclumes to form a 
net.work anaJ og or model of the heat flow paths present j_n th0 physical rrcblem. 
The compute�, of crurse, then analyzes this computational model. This is fine; 
but .in the process of tr,anscri'..·i.nt! a real problen into a coml'.'utational model; the 
:ilnrort.ant ouestior. arises of how w�ll this process can be carried out for very 
complicated prob let::;, nnd c onsec,uem:.l.·:, hc-w ,ruch confidence can be placed in 
computed data? 

\The difficulties encountered '-in computational modeling can probablv be 
consideMd as arisinp from twc sourc�s; the modelin� of th e heat ilr.w paths 
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present in the hardware, and the assigning of numerical values to describe the 
lumps and the interactions between lumps. , Fo'.!:' getJJnetrical� simple problems, 
tha lumping or fomati0n cf s heat flow model is a relatively atrai�htforvard 
process with most computer programs hR.ving analytical guide linee. Howewr, 
when the geometry of a problem is complicated, cDmputational modeling becanes

diff1.cu� v and simple analytical ruide lines becane almost meaninrlee9. '!be 
lumping process becomes partly intt1itive and accurate representatior. becomes 
heavily dependP-nt u:ron 8:.1rinearing understanding, judgement, and experience. 
This leads tn uncertainties and a cc::-responding lack of confidence in computed 
results. In t�e area of assigning numerical values to describe the lumps and 
their interacticns, the rnaj n problem is of a different nature and centers around 
obtaining reliable therrm,-physical data; for example, obtaininjl reliable joint 
conductance information. 1 roblems in this area will certainly diminish as a 
result of current and fut11re th�rrno�physieal resl'.Jarch. 

In addition to those problems acsociated with the modeling of hardware, 
uncertainties are also introduced because of the eauations upon which we base our 
calcu:!.ations; fo?· exa111rile, it j s known that. the physical idealizations which are 
generally ascribed to tr e '".:eha, ior of radiation interchange are very liberal. 
This type of uncertainty will alsc diminish wi :.h future researcr. on the ph.vsical 
behavior of heat transport. The _l_ast type of error which is encountered in com­
puted data results from numerical in&ccuracies in computation; however, this type 
of' error can be controlled since it is r,iathematical ir. natu1-e ., involvinf" numerical 
analysis. 

Facec with uncerta.l.:1.:.ies c.:f the type just described, it is leritimate t.o 
ouestion the possible 1Jsares of the dipi tal computer in thermal desiFn and, of 
course, the cunseru-:?nr,ial advantages a: its utilization� 

In reviewing th➔ developITl€ r:t s�l-1eduling of a :�pace craft, it appears that 
the use of the computer should be ini.ti ated as early as p0ssible. Certainl.v, it 
should be init.i.att•d no later than tr1.e completion of preliminary desirn when 
mission objecti 'es and general spacecraft con.firurations are somewhat defined in 
tenns of probable size, shape, power, aud so forth. The purpose would be to inves­
tigate, as early -9.S possible, the feaE"ibili ty of preliminary desir-n concepts as 
they relate to a particular' spa.cecraft 's confiruraticn and mission. The results 
from such early arial·:tical investirations do not have to be very accurate or very 
detailed; all + hat wm.u.d be :rnught is ·rerificati on that preUminary desir·n ccncepts 
do indeed produce des.Lred trends. For example, suppose that preliminar� estimates 
call for a narticular· -�-- pe of temperature cont.rel hardware such as louvers; it 
certainly would be d-Jsirable to analytically verify, earl�,- in the development 
schedule, that the louvers arl':! really needed and, if so, that the.�r produce the 
desired degree of control. Furthermore, and perhaps just. as imt>ortant, it would 
be very desirable to knew early in des.i.rn the criticality of such a device to 
parametric, t.hennal variations so as to know what conditions lead to mar,inal and 
unreliable operatio•,. .-:arl.'.: an;,.lytical investigations in which complicated space­
craft thermal interactions are accounted for, offer the opportunity of uncovering 
critical th�rmal �roblems so as to allow a maximum of time for their solution or 
to penni t al tP ratior.s � n cc,nfigurE.tion and/or mission objectives with the least 
amount of disturbance. It should i_,e pointed out that such early investigations 
can only be c::,.ri·ied r·,t analvticall:,i since experimental hardware is not available, 
and that only thr0t1;·h the use of the computer can the necessary sophistication be 
brought to beAr; by thjs is meant tre multiplicity of thermal interactions. 
Further developrnent in the methodological UN of the digital cClllputer must be 
carried out in crder ti1at such early investigations can be porformed with :reason­
able confidence. 
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Upon confirma.tion of prellllin�ry desip.n concepts and corrections thereof., 

the simple computational models used can then be refined to conform .,ore and more 
closely with actual spacecraft hardware in order to perform detailed thermal 
investigations. However because of the uncertainties associated with computer 
analysis, it is essential that refinements in computational modelinf be carried 
out in conjunction with experimentation. 'lhe inclusion of the experimental with 
the analytical forms an iterative proc�ss or procedure. With somewhat refined 
computational m,:,dels, parametric studies can he undertaken to determj_ne th-3 
importance of various thermal element.3 making up the model. For exampl�, the 
thermal influence of a particular joint thOUf'lt to be important could be analyt­
ically studieQ tc cieterrn.i.ne its in.fiuence. If found to be important, an experi­
ment could be developed to determine :fairly precisel'.' the mafni tude cf t'le 
ccnductance a�ross the joint. rhe experL�ental result wculd then be incorporated 
into the computational M0del. This sort of iteration procedure can be repeated, 
using the computational model itself to deterrdne its own shortcomings throup.h 
para�etric study, until a fairly representative model evc-lves in the sense that 
the heat transfer w·ithin a piece of hardware is well understcod. Utilization cf 
the c 01np11ter ir, this ., anner aidf: in directing and ri vinp creder.ce to certain test 
prorrams; that. is, it aids in determininr just what are;:;s are re;:i.11' important to 
test. Verification of the computational model c-f course reruires experimental 
correlation cf its ahilj ty to predict stead·.1 -ctate and simcle transient cond:'.tions. 
One� correl.s.tion f,as bt�•2n establis:ied, it would then be possible tc ir.vestir.ate 
all thermal events occurring during H:e co1..rse of a misdcr., which is sor.;ethinp 
that is entirely i.>nr.·actical to carr;1 ct't experiir,entally. An0tr.er t.hinr that is 
impractical exy,erin:cntally, but easily c�one anal,, tically, is fail1•re r,ode studies 
in which varic-,us pcssi ble fail,ins can be st11died tc, determine t� ir effect. 

the poter. tial advantafes of better int�grating the digital comrutP.r into 
the desirn effort lie basically in obtaining ccncrete desirn information at an 
earlier time in the ever-all development sci.:edule. Wi tr.out ar.al vsis upon w:1ich 
we can place a high decree of confidence, concrete desir.n information must 
n3cessarily wait fer hardware development, fE..t-ricatio£1, and deli very before 
experimental infornatior. can be obtained. Desirn changes at this rc•int can only 
be justifi�d when c2tastrophic failure or unsolvable situation is exner,ted. Thus, 
the temperature ccntrr1 engineer must live with his prob�em with littl� or no 
chance cf sidestepping it through hardware redesign. What we are seeki.r.r- in 
temperature control is ea:dier decision c.apabili ty in rrder to better integ-rate 
thermal ccnsiderations into other aspect� of hardware design. To do t� is, we must 
be able to obtain i.her.11.al information, accurately founded, at a pace consistent 
with other dElsirn activities. There appears to oe no way, other than analysis. 

Current plans are to i.11vestifate possible ways in wh::.ch t� e di:·i tal com­
puter can best be used within the framcwor�< of its current uncertainties. A 
particular ccnfiruration will be analyzed in order to dEllfir.e the djffkulties 
encountered :i.I, 11sinf the comnuter and to find ways around tr:esr➔ difficulties. 
In this investipation, testing will 'ce used as a cor1plerrent to anal;, sis in the 
maMer described previously. The object for analysis will be the Arthur D. Little 
the:nnal scale mcdels. The A.!)L models ha:ve been thornuphly tested and t�e acc�racy 
of the results is nl1,of:t unouestionable. Plans Cc'.ll for usinr the corr.ruter alcr,g 
with canplementary testing to predict the tr.ennal condition of the models. For 
this effort, none of the ADL model test results will be used as inputs for 
anal:; sis. ':he· w� lJ r.e 1 :sed on 1� as a s t.andard for c anparison with analytically 
obtained predicU cns. �n thi.s way, it is planned that wa,ys of sidesteppinf some 
cur"'8nt uncert�in1 ies in anal.- □is will be found. ntis will in turn lead tc ways 
of better exploiting t.he rctP.ntial of the canputer. 



ME'IHOD OF ZONES 
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Next, a new h�s.t transfer program wh.ich was recently acocired frori 
Art!">ur D. Little, Inc. and which is called, "The Method of Zones :for the Calcu­
lation of Temperature Distribution," will be described. There are twc reports 
on this program, so the description will be brief. The first report covers the 
methodclogy of the approach used in tha program. The second part is a descrip­
tion of how tc use the program covering the input and out�ut format and a 
program listing. 

T'ne "Method of Zones" is an improved method for obtaining Eolutions to 
spacecraft associated heat transfer problems involving radiation and conduction. 
The prog�am is one of the few general type heat transfer programs specifically 
designed for spacecraft heat transfer problems. The approach used in the pro�ram 
is not that r,f si��ly lumping parameters to form a nodal network analogous to an 
electrical circuit as in most general heat transfer p?'ograms. Rather, the 
approach consists of breaking a problem into zones of finite aree. for two­
dimensional situations and into finite volumes for three-dimensional situations. 
The approach retains the essential characteristics of boundary value techniques 
in that each zone is characterized by prescribing conaitions to the boundaries 
of each zone. The boundary conditions can represent a known heat input or out­
put rate, or an unknown heat input or out-put rate expressed in tenns of an 
unknown boundary temperature function such as ih. The generalized he�t diffu­
sion equation is wr1ttP.n for each zone and is integrated over the volumP of' the 
zone. The integration is perfonned by int,roducing the volumetric mean t.P.mpE>ra­
ture of the zone. The integration of the diffusion equation results in F!.n 
instantaneous heat balance equation vhich involves the heat fluxis over the 
boundaries of the zone and the rate of change in the mean temperature of the 
zone; that is, we have a differential equation expressed in tenns of the tim� 
rate of change in mean temperature and the heat fluxes over the boundaries. The 
differential equation itself is no different than one vould find in the ty�icel 
lumped parameter program. The difference results from relating the input Bnd 
out nut fluxes in the diff,•rential eq\�ation to the boundary conditions of the zone. 
This is done by derivin� approximate formulas, based upon Rn PRoumed J)Rrabolic 
temperature distribution in the zone, in which ··.:.be fluxes at t.he boundAries a.re 
expressed in terms of the boundary's mean temperature und the zone's mP.an t�mpe?a• 
ture. If the boundary conditions are ignored, th� program degenerat�s into the 
typical lum'Ped parameter program. $Ch zo11e is, thus, mathe1ratic�lly �harRc-ter­
ized by a s�t of equations consisting of one different�al equation for the mean 
temperature of the zone 11nd a numbe1· of boundary equations (algebrAic) for the 
temperature of the boundary. The equations are solved in a Dlflnner normal to 
other general heat transfer programs in that the differential equation is solved 
implicit.ly; however, the boundary equations are solved explicitly. 1'\e higher 
order of approximation resulting from the parabolic assumption permits & compli­
cat�d systf'll'I to be subdivided into rever parts than is necessary when conventional 
ruethods are used. 

In th1• ··•·1�>r• nn the -progntm, three simple examples are given to illustnte 
the applicatior: anrt ,i.r.c1.1ncy of t hr method. Criteri11. are also given whit'h enable 
zor.,e sizes to be rhnsf!'n proper 1 y 1 n practical applica.tiona. 1'\e criteria aft

J.er·!ved by comnat-1 rw r.a tc-ul.atior.,. !118.i� by the method �f zone vi.th exact results 
obtained for simole r.�s�s. 
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The numer1c&l. procedure, vhicb is a modified Gauss-Seidel procedure, 
tor solving the difference equations at each time step is discussed, and 
experience by ADL with convergence of the procedure is reviewed. The program 
also includes checking procedures which are based on the �r-Jnciples of reci­
procity and conservation of energy. ThP.se provid� an initial check on the 
consistency or the input through the recipro:ity principle, and a !"1.mning 
check on the solution of a problem thr�ugh the conservation of energy principle. 
Capability is built ir.to the program and is controllable by the user for stopping 
the computer should the conservation nf energy check show that th� numerical 
solution is not being carried out to desired accuracy. 

As far as thE" user is concerned, the input and output formats of �,he 
program are as simple as any the writer has seen. However, all information 
supplied to the progre.ni must be supplied in duplicate in order that the reci­
procity Principle C3.Il check for input consistency. One of the important 
advantages in the program results from the way the equations are written. 
Being written in terms of flux instead of temperature, permit� the utilization 
of Oppenheim's network method for diffuse inter-reflections or Bobco's corolla.ry 
for specular inter-reflections involving planar surfaces. 



ORBITER HEAT FLUX COMPlJI'ER PROGRAM 

W. A. Hageme�·er 
Jet Propulsion La.boratory 

Abstract 

A t· .. o-pnased contract is currently underway tu develop 1) a set 
of parametric curves of absorbed htat flu;� for specific geometrles, 
and 2' a generalized computer program whose output is absorbed heat 

flux on tne SU!'faces of a planet orbiting spacecra:f't. The absorbed 
heat fluxes include tne effects of blockage by and reflections from 
adjacent spacecraft surf�es, assuming all surfaces to be diffuse. 

The fin.al computer program will calculate fluxes on any of ten 
arbitrarily positioned plane surfaces, with any surface properties, 
planetar-J radiation cnaracteristics, solar intensity, and orbital 
parameters. Outputs will be heat fluxes versus time, geometrical 
configuration factors, and radiant flux interchange factors. 

This effort; started roughly in� of 1963 when JPL was in the 

midst of its Voyager Studies. Thermal Cvntrol was actively involved 

in that study, seeking to provide guidelines for oasic vehicle 

configuration. The transit problem was felt to be fairly well und::rstood, 

and effort ..,as directed at determi..J.ng the peculiarities inV"Olved in 

making a deep space probe into an orbiter. 

At this point, it might be worth while to mention some of the 

constraints to the Voyager as they apply to the thermal design. JPL 

spacecraft are typicall..v fairly regular polygons with the electronics 

connected to thP flat faces of this polygon, which then constitutes 



what is called the spacecraft bus. This, plus the fact that 

cylinders can be represented by flat sur.faces,allowed us to restrict 

the study to flat surfaces. Mission requirements of importance were 

dual planet capability (Venus or Mars), solar panel or R'1'G power 

source, landing capsule, and a scientific P8i,Yload which would want to 

scan the planet. Obviously a solar panel power source required sun 

orientation for the solar panels and probably the spacecraft bus, 

while an RTG would allow planet orientation. Therefore, both situations 

hart to be evaluated. 

Our first estimation was that the added heat fluxes near a planet 

would be critical, especially in the case of Venus. Tuis conclusion 

was reinforced ·oy some preliminary numbers e:ictracted from Reference l..

A surv0.y of thP literature (Reference �) indicated that no 

published effort had been e:icpended in the direction of accounting 

for snading of orbiter radiator surfaces by portions of the vehicle. 

It was felt that this might be a reasonable way to eliminate some 

unwanted heat fluxes. Alternatively, this approacn might allow 

adding some ueat t'lux during periods of spacecraft quiescence. ThesP. 

heat fluxes, in order to be successf\llly used, must inc lud.e tne 

energy reflected from the adjacent surfaces. To provide tne capability 

to more readily evaluate these effects, a contract was let to generate 

a computer program which would provide the required heat flux information. 

The required flux ir1formation will consist of the following fluxes : 

solar, nlani:a� aJ.bed(), and planetary intn.red, including blockage by 
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and reflections from adjacent spacecraft eurtace1. Secondary 1ntomation 

output will be incident solar, planet albedo, and planetary intrared 

fluxes, view factors, and radiant flux interchange tactoN. 

The contract consists of two phases. The tirat is a parametric 

study of particular orbiter configurations. The second is to prep&rfl! 

a generalized computer program for generating the required heat

fluxes ·tor arzy- configuration of flat surf'aces. 

In the parametric study, the basic contiguration studied consists 

of two or three adjacent sides of a rectangular box as shown in Fig. 1, 

surface 1 being the primary radiator surface, surfaces 2 and 3 being 

secondary surfaces. Fig. l also delineates the dimensions used to 

describe the conf:lgura.t!on. This configuration is then considered to 

be eithel' sun oriented or planet oriented in three particular orbits 

as shown in Fig. 2. S-pecific positions considered in each orbit are 

shown in Fig. 3. For all the above conditions, eight attitudes are 

considered varying from lOOlan to 30,000km, a/band c/b (see Fig. 1) 

vary from 1/4 to 1 while¢• 9()0 and.�•�• 90°, and the surface 

properties of the primary surface and the secondary surface are fixed. 

Several of the other parameters are varied at only one altitude 

at the sub-solar point in order to ir.adicate the trends of these 

changes. 

This parametric information will be tabulated with bounding 

values plotted. It is intended that this data will provide preliminary 

design inf'omation for the up-coming planetary orbiters. 

The generalized computer program will bave u inputs aey arbitrar, 

set ot orbital parameters, planetary cnaracteriatiaa, 101.&r intensity, 



muaber Cid orientation ot radiator surtaces, and a specif'ication ot 

either sun or planet orientation. Using these inputs, the program 

will generate the required heat flux ::.ntormation as mentioned previously 

in a:dition to giving the points of entry and exit trom the planet 

shadow. These heat flux outputs, as well as the radiation interchange 

factors can then be inserted directly into a temperature computation 

program to develop a complete temperature profile tor the vellicle in 

orbit. 

References 
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Numerical analysis methods for the solution of spacecraft heat 

transfer ,roblems were not used to a significant degree at the Jet 

Propulsion Laboratory as of March, 1962. The computer program at the 

Laboratory at that time had been prepared tor another application some 

years earlier and had been found to be unsatisfactory for spacecraft 

calculations. Since it was known that considerable effort in this area 

had been lnvested by various industrial concerns, it seemed_ appropriate 

to examine and compare their m�thods to assure that the utmost advantage 

was taken of this experience. Uppermost in mind was the fact that the 

personnel who would derive the greatest utility from this tool were 

unacquainte<l with co�uter programs. Therefore, the absolute minim•Jm 

of familiarization time was necessary and the routine stlected should 

not be so completely automatic as to make it mert--:ly a "numbers game··. 

The following criteria were established as a basis for evaluation: 
·------- - ., 

1. Simplicity--simplicity should be sacrificed only at the

expense of actual computation time or accuracy. Even then

trade-offs should be carefully examined.

2. Cnput formats should be hlghly systemized. Clear, cancise

!arm sheets together with a code key chart to follow.

3, Assure that data input interpretations by the key punch 

operator are minimized. 

4. Ik>uble storage of any input data will permit external checking

v1 ·• n intf)le aub-routine.

C)�t.r:,11. f0rmut nhould always include a print-out of the input

-:iat.u. 



The routine format finally chosen was that employeJ by the Hughes 

Aircraft Co. e�sentially nue to the progrRm simplicity and the fact that 

explicit and implicit (transient and steady-state) solutions could be

obtained from the same input data "package". 

The 1-nput package consists of: 

1. Problem identification.

2. Time information.

3. Init1al temperatures (T).

4. Heat capacitance (G).

5. Heat generated (internal) (Q).

6. Conductive heat connection (c).

7, Radiation hee.t �onnect,ion (S).

8. Geometry data (ho..: nodes are �, ·tercor.nected).

The program capacity is of the order of 500 "nodes,. and to 
----·----·· . . . .  , .. .. 

date problems of 250 to 300 nodes have been run without difficulty. 

Necessity forced the development of addj.J;J...ona �- features as our 
--- �--

experience increased and specific needs were recognized. 

The transient p�ogram can now monitor the temperature of any 

desired nodP and output the quanti t.:r of heat required to raaintain it within 

a specified temperature range. At a predetermined signal temperature a 

trigger cari be activated to change certain thermal characteristics (such 

as conductivity, emissivity, absorptivity, heat capacitance) when necessary. 

These features provide considerable latitude in examining the 

ua,1y complex problems inherent in the spececratt thermal spectrum. 

I ct��not �ay with great certainty that the following basic q��etion 

has b�en amnrere..i, tut. here ie: my humbl� attE:mpt: 



Why computing? 

Ultiuately to be 1ble, through analysis, tJ define the 

complete temperature spectra of a spacecraft through all phases 

of its flight within the conventional limits of engineering 

accuracy. The two advantages are greatly reduced schedule 

time and cost. It is recognized that this goal is ambitious 

but should we aspire to less we would be remiss in attending 

our professional obligation. 




