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ABSTRACT

The thermal behavior of an octagonal shell orbiting body in space environments had been simulated
theoretically in the present work, and a simplified experimental test in a thermal vacuum chamber
was also made on half-scale model of the prototype to investigate the problem. A mathematical
model was built and simulated numerically by using lumped system technique and finite difference
control volsme approach with explicit scheme. The body in its orbit around the earth is assumed to
receive solar, albedo and earth radiation heat fluxes. The orbit is circular of (500-Km) height and
(40%) inclination. The developed computational algorithm is capable of calculating the heat fluxes
on body faces and the temperature distribution of the body at any time instant. The results showed
that the albedo and earth heat fluxes are smaller when the orbit is higher. In the side faces, the heat
fluxes are maximum when orbit inclination is minimum, and vice versa, the inverse behavior is true
for the upper and lower faces. The heat fluxes are maximum in winter solstice and minimum in
summer solstice. [f the difference between the emissivity and absorptivity values is low, the body
reaches to synchronous steady state faster. The emissivity is affected more than absorptivity. The
temperatures of faces, which see the earth, are more fluctuated than the other faces. Comparison
between theoretical and experimental resulis showed good agreement.
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INTRODUCTION

Satellite thermal design is now an essential engineering activity in the development of all space
vehicles. Satellite thermal analysis is the first step in the thermal design, while thermal control is
the second step. There are several sources of thermal energy acting on a satellite. For near-earth
orbits the major external energy sources are solar radiation, earth-emitted radiation, and earth
albedo radiation. . Internal heat dissipation is another source of heat load acting on satellite. The
acrodynamic heating acts on the satellite in addition to the above mentioned sources when the
satellite ascending through atmosphere, Fig, (1) shows the external satellite heat balance. The heat
transfer between satellite components is by conduction and radiation, and from satellite to space is
by radiation only, no conviction exists due to vacuum. Satellite thermal analysis is concerned with
predicting the temperature of a satellite in known or assumed environment. The numerical thermai
modeling method treats the satellite as a set of small isothermal panels connected by the
conductances that relate heat transfer to temperature differences. The thermal energy equation is
then applied to each panel with the differentials replaced by ratios of small but finite differences,
while local heal dissipation and boundary exchanges are combined into a single heat generation
term, this technique is called lumped system technique. In this discrete form, a set of simultaneous
algebraic equations is obtained involving panel temperatures with coefficients that are known
functions of thermophysical properties and temperature.

The problem was investigated in literatures with different approaches.(Masao, et al.1984) presented
thermal network modeling to describe the heat balance of a spacecraft. (Krishnaprakas. 1998) used
the lumped-parameter network formulation to obtain a set of coupled, nonlinear; first-order ordinary
differential equations whose solution gave the temperature distribution of spacecraft.
(Kim and Chang.1999) presented absorbed heat-flux method for ground simulation of on-orbit
thermal  environment of KOMPSAT  satellite (Korca Multi-Purpose  Satellite).
(Awda and Petrovic.2000) studied octagonal shape plate under constant temperature boundary
condition, using finite difference numerical technique to solve Lapels partial deferential equation.
(Coyl, et al. 2001) presented Spartnik satellite thermal design, the Spartnik was octagonal body
30kg micro-satellite in circular low earth orbit. (Roos and Diner. 2002) described the orbital thermal
analysis of 4 satellite with articulating solar panels. _

The present work is the first in Iraq in this field. A thermal analysis of an earth orbiting octagonal
shell body is developed. This body represents the payload of Iraqi satellite. The main objective was
the development of a theoretical mathematical model to analyze the thermal behavior and
performance of the body under different environmental conditions to calculate the transient and
steady temperature distribution of the body. Besides, experimental test in a thermal vacuum
chamber on a half-scale model of the original body prototype was made to investigate the problem.

MATHEMATICAL MODELING

The geometry, coordinate system and orientation of the problem is shown in Fig. (2).The orbit of

the body is circular with height (h) of (500 Km) and plane inclination angle (i) of (40°), see Fig. (3).

The orbit coordinate system is the earth centered inertial coordinate (ECI) coordinate system shown
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in Fig.(4), Fig.(5) shows the earth-sun- body system, the angular position of the body in its orbit
relative to the earth-sun line is denoted by (n) the value of (n) at which the body enters the earth's
shadow is given by (Kreith 1962) as:

/sin(sm[cos“’ [E?BDP

sin(t)

Nshadow = ! +90 (h)
|
\
p=Re+h (2)
and the rotal included shadow angle (1 jrosh) is:

Nthrosh =180 - (ns_hadow < 9O)$ 2 (3)

The time spent in the earth’s shadow is;

Nthrosk 71
Vel = . LDFOSH 2777 (4)
shadow ] 80.\/3
where;
V2
[ one? )
e gl (5)

s the circular body velocity, The declination angle (8) between solar vector and equatorial plane is
calculated by (Beckman 1974) as;

o
5 = 23.45sin! 360 MQ]
\ 365 )

(6)

where (Nd) is the day number for the year period.

The thermal analysis of the body assumes that there is no temperature variation across the thickness
of the octagonal shell body, the material properties and surface properties are independent of
temperature, no radiation exchange between internal surfaces, surfaces are gray surfaces; properties
are independent of the wavelength. The analysis is based on a simple lumped-capacity concept. The
body is divided into segments that are small enough so that the temperature can be regarded as
constant over the surface, and the outer normal is constant. The instantaneous heat balance on the
n'" segment is given by:

dT
Qern * Qirn +Qjen + Py =Cy 'vd_:_ (7

where;

(Gern ) is the net radiation exchange with the environment.
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(qjmn ) 18 the net radiation exchange with other segments of the body.
(Qicn ) 1s the net conduction exchange with other segments of the body.
(Py) is the internal generation in the segment.

(Cy ) is the thermal capacity of the segment.

(1)) [s the temperature of the segment.

The net radiant exchange with the environment (., ) is calculates as;

Qémiss oFgS +eF E+aF.f S- E‘GT (8)

Where (Fs, Fe and F,) are the sun, earth, and albedo shape factor, (f) is the albedo constant, (S) is the
solar constant, and (E) is the earth radiation, and the radiation and conduction exchange with other
segments are given by:

= 4 il
Qirp = Z Ion 0Ty —aTy) 9)

m

Qien = Z Ko (T = Tyy) (10)

m

Where  (Jmn) is the shape factor between nodes (m and n) and (Kiny) is the conductance between
nodes (m and n.
The solar constant (S) is closely approximated by (Beckman 1974) as;

()

*
S=1353%| 1+0.033%cos (3@%1\3‘])
365 )

The calculations of the shape factor (Fs, Fe and Fr) are very complex because the body is moving
around the earth. In the present work, they are calculated every (45°) interval in the orbit. They are
caleulaled based on relations given by (Siegel and Howell 1972). The sun shape factor;

Fs=cosd (12)

where (@) is the angle between the solar vector and element normal vector. The earth shape factor
for horizontal (Fy) and vertical (Fuy) elements are respectively given by;

B f
. ,).E‘m' }('H;} EK sin(pcoscp{i + (1 + v)2 ~2(I+v)005(pfsincp2F
eH T2 = '

[1 +(1+ v)2 —2{1+v) C()S(p]z

(13)

-
1

=singy L+ (b4 v)” -2(1 +v)cosnpusm(p
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where (@) and (y) are zenith and azimuth angles and (v =a/R) is the ratio of elevation 1o radius.
Ihe albedo shape factor (F,) is calculated by using eq. (13) and eq. (14), except that the upper himit
of the inner integrals is () instead of (27), where

W e
v =300~ }M—mmfety) 1)
=P inax
where
TE L
Psatery = 5~ Pmax (16)
§=20 max " Psafery (17)

the integration here is divided into three regions, the first one is when ( A< Qsetery ), the second is
when (@ <h< &) and the third is when (A=E), see Fig. (6).

NUMERICAL FORMULATION

A numerical calculation algorithm has been developed to solve the governing equations of the
mathematical model described in the previous article. A finite difference control volume approach
with explicit scheme method has been adapted. The grid of Fig. (7) is generated at first. The node 1s
identified by the indices (i, j). The nodes on the edges of the octagonal body where the two side
panels intersect have boundary conditions from the two panels. It can easily be shown that eq: (7}
can be written as;

A = aFsSA, + eFeEA, + oFrfSA, +

., | Forap Y ! (18)
ZK mn (T =Ty )+ Py -e0A T ] i,
Ch
m
where
KA 4
Koy = '"_.—ML -
Yrn
and
Cn = pepv, CA0)

The developed computational algorithm was converted to a computer program in FORTRAN 90
whose main output is the transient and steady temperature distribution of the body and the heat
fluxes on its faces at different environment as conditions.
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EXPERIMENTAL TESTS

The experiments conducted in the present work were made to test a half-scale model of the original
prototype in a thermal vacuum chamber. The model was manufactured from aluminum sheet_type
(2024-T36). During the test, the model was covered with silver wrapper. The model was
instrumented  with ('14) thermal Resistance type (PT-100). The thermal vacuum chamber is a
cybindrical container (1.5 m) in diameter and (1.5 m) length, both ends are of dish type ended, one is

fixed and the other iy iﬂ()\-clbIL to handle the tested model inside the chamber, see Fig. (8) and
Fig. (9).

RESULTS AND DISCUSSIONS
The grid size of the computational domain was optimized to 336 nodes according to Fig. (10). The
( 1Tuxes on the body faces against orbital position (w} was studied, for three different inclination
angles (1=30". 40%and S0%) for three orbit heights (h=400,500 and 600 Km) and for four days in the
vear (vernal equinox, summer solstice, autumnal equinox and winter solstice). Samples are shown
i Figs. (11) 1o (14). [t is clear that the heat fluxes are maximum in winter solstice and minimum in
summer solstice. The albedo and earth heat fluxes effects decrease with orbital height increase. The
light region increases with increasing orbit height. In the side faces the heat fluxes are maximum
when orbit ‘nclination is minimum, and vice versa the inverse behavior is true for the upper and
lower faces. The temperature variations with time of selected nodes on the body faces are studied.
%L mples are shown in Fig. (15) and Fig, (16) for summer and winter solstice davs, respectively. In
Fig, (15). the absorptivity is three times the emissivity. therefore the nodes are heated, the nodes
reach to synchronous steady state after 9 orbits, where the orbit time is (94.5) minutes because the
difference between the emissivity and absorptivity is high. The worst hot temperature is (146.4°C)
et node (4) and the worst cold temperature is (113.5°C) at node (1). In Fig. (16), the emissivity is
higher. and therefor the nodes are cooling, and they reach the synchrenous steady state after 2 orbits
because the difference is low. The hottest temperature is (60.2 °C) and the coldest is (-39 °C). The
tlemperature ditference between the nodes on the body is large when the absorptivity is large. The
average temperature of the body faces were calculated and plotted for different condition. Fig. (17)
and Fig. (18) are samples at summer and winter solstice days respectively. The behavior of the
average temperature is the same as that of nodes on the same face, with different values. Fig. (19)
shows a comparison belween the theoretical and experimental results of the present work. The
agreement is good, with about (5%) average error. The main cause of this error is the neglecting of
the thermal contact resistance in the theoretical model.

CONCLUSIONS

A theoretical and experimental investigation of the thermal behavior of an octagonal shell earth
orbiting budy has been made in the present work. It wes found that the heat fluxes on the body faces
are manmmum in winter solstice and minimum in summer solstice.  These fluxes are inversely
proporiional to the orbit inclination in the side faces of the body. The inverse is true for the upper
and Jower fuces, The body reaches the synchronous steady state temperature faster when the
difference between the emissivity and absorptivity is low. The emissivity effect is larger than that of
absorpuvity. The temperature of the sides facing the earth fluctuates more than the other faces.
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NOMENCLATURE

Latin Svymbols

Symbol Description Unit
A The area perpendicular to 1y, m?

b Farth radiation constant. W/m?
r The albedo constant. e
Ve Albedo shape factor. —
I, Shape factor between segment and earth. .

I Shape faclor between the panel and sun. -

h Orbit height. Km

i . Orbit inclination angle, Degree
k The material thermal conductivity. W/m K
K Conductance between nodes (m and n). Wim K
m The specimen mass. Kg
Nd Day Number. e
17 Internal heat generation in the segment. W/m?®
e Nel radiation exchange with the environment. W/m?®
i Net radiation exchange with other segments of the body. W/m?
iy Net conduction exchange with other segments of the body. Wim’
Fon Distance from the earth center to the orbit. Km
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Re Earth radius.

S The solar constant.

{ Time .

Tehiton Time spent in the earth’s shadow.

T Temperature.

Vs Circular body velocity.

Vi Volume of control volume contains the node.

GREEK SYMBOLS

Synibol Description

(1 The thermal absorptivity,

§ Angle the solar vector makes with orbit plane.

3 The declination angle.

£ The total hemispherical emissivity.

® The angle between the solar vector and element normal.
V5.0 Position angles to the solar vector.

n Orbit position to body in orbit with relative to noon.
0 Zenith angle on the sphere’s surface.

(o — Maximum solid angle view to the sphere.

A The angle between body normal vector and sun vector.
P The material density.

G The Stefan Boltzmann constant.

w Angular position in orbit with relative to X- axis.

W Azimuth angle on the sphere’s surface.
SUBSCRIPTS

Symbol Description

m m™ segment.

]

|
n" segment.

SUPERSCRIPTS

Symbol
L
tHAL

Description
Al time t
Altler time At
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Km
2

/fm”
S
s -
K

;2

m/s

m3

Unit
Degree
Degree
Degree
Degree
Degree
Degree
Degree
Degree

Kg/m*W/m?K*

Degree
Degree



