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Satellite thermal control ensures safe operating temperature ranges for satellite
components throughout the mission life. Effects of altitude, spin, and position of satellite
radiator(s) on the thermal control of a small Low Earth Orbit (LEO) satellite have been
studied. Results show that change in satellite altitude, in the range considered here, does
not produce critical thermal conditions. However, satellite spin rate has a marked
influence on the satellite temperatures. Also, comparison of results for the satellite
configurations considered in this study suggests that a radiator at top provides better
thermal design conditions. Results also indicate the adequacy of the discussed
considerations for use in the design of satellites of similar configurations, missions and

orbital parameters.
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Nomenclature

A area

Ci heat capacity of node i

Fij view factor from node i to node j

G radiation conductor (defined in the text)

K material conductivity

Qi heat dissipation of node i

Q.. total heat dissipated by the electronic components
(internal heat dissipation)

T temperature
absorptance

B beta angle (defined as the angle between
the orbit plane and the sun vector)

€ emittance

c Stefan-Boltzmann constant
albedo

hot hot

i, node indicators

int internal

ir infra red

max maximum

1. Assistant Professor (Corresponding Author)
2. M.Sc.

S-S satellite to space
DoD Depth of Discharge
GM Geometrical Mathematical Model

LEO Low Earth Orbit
RPO Revolution Per Orbit

SIN Systems Improved Numerical Differencing
TD Thermal Desktop

™M Thermal Mathematical Model

Introduction

The duty of satellite thermal control system is to
maintain the temperatures of satellite components and
surfaces within allowable limits throughout the
satellite mission. Active and passive thermal control
methods are used for this purpose, which differ in
some of the thermal hardware and control strategies
they use to achieve the required thermal control action.
However, the passive method is preferable, when
simplicity, cost and reliability are the key design
considerations [1, 2]. The passive thermal control is
affected by parameters such as beta angle (the smaller
angle between the sun vector and the plane of the
satellite orbit), satellite altitude, satellite spin rate, and
the position of the satellite radiator(s) [3]. These
parameters must be considered in the thermal design
process. However, there is little information in the
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open literature on the effects of the above parameters
on the thermal control of satellites. In the following
sections, the importance of the above parameters are
discussed in brief, following which, their effects on the
thermal control of a Low Earth Orbit (LEO) satellite
are presented in detail. The results, discussions and
conclusions presented in this paper can be of help to
thermal designers working on satellites of similar
configurations, missions and orbital parameters.

Beta Angle

The beta angle determines the percentage of time an
object such as a satellite in low Earth orbit (LEO)
spends in direct sunlight, absorbing solar energy, and
is defined as the angle between the orbit plane and the
sun vector [4]. Figure 1 shows a pictorial presentation
of the definition of the beta angle. It is the smaller
angle between the sun vector and the plane of the
satellite orbit. It should be noted that the beta angle does
not define a unique orbit plane; all satellites in orbit with
a given beta angle at a given altitude have the same
exposure to the sun, even though they may be orbiting in
completely different planes around the Earth [5]. The beta
angle varies between +90° and —90°, and the direction the
satellite revolves around the Earth determines whether the
beta angle sign is positive or negative. Hence, viewing
from the sun, a beta angle is positive if the satellite orbits
in a counter clockwise direction and negative if it
revolves clockwise [5]. The degree of orbital shadowing,
which a satellite in LEO experiences, is determined by
the satellite beta angle. A satellite launched into an initial
orbit with an inclination equivalent to the complement to
the Earth inclination with the ecliptic, results in an initial
beta angle of 0 degrees (§ = 0°) for the orbiting satellite.
This allows the satellite to spend the maximum possible
amount of its orbital period in the Earth's shadow, which
results in an extremely reduced absorption of solar
energy. At a LEO of 280 kilometers, the satellite in orbit
is in sunlight through 59% of its orbit (approximately 53
minutes in sunlight, and 37 minutes in shadow [4]).

On the other extreme, a satellite launched into an
orbit that follows the terminator, results in a beta angle of
90 degrees (B = 90°), and the satellite is in sunlight 100%
of the time: an example would be a polar orbit initiated at
local dawn or dusk on an equinox [6]. These orbits can be
taken advantage of to keep a satellite as cool as possible
for instruments that require low temperatures, such as
infrared cameras, by keeping the beta angle as close to
zero as possible, or conversely, to keep a satellite in
sunlight as much as possible for conversion of sunlight by
its solar panels, for solar stability of sensors, or to study
the sun by maintaining a beta angle as close to +90 or -
90° as possible [5].

In this paper, the satellite under study has been
analyzed in various beta angles, ranging from 0 to 90°,
and the satellite temperatures under these conditions
have been obtained.
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Fig. 1 Definition of Beta angle [3]

Satellite Altitude

For different orbital inclinations of a LEO satellite,
altitude plays a major role in the determination of the
B angle, which fixes the satellite position with respect
to the sun and determines the orbit type (sun
synchronous or asynchronous orbit). In addition, at a
specific B angle, the satellite eclipse fraction depends
on the satellite altitude [7]. Altitude also plays an
important role in the determination of orbital period
[8]. The eclipse fraction and orbital period, in turn,
affect the satellite extreme temperatures and eclipse
duration (battery discharge time), the sunlight
duration (solar panel operation plus recharge time),
and battery cycling (battery discharge time, solar
panel operation plus recharge time). Eclipse fraction
affects the battery temperature and Depth of
Discharge (DoD). On the other hand, battery
temperature determines battery isothermality, an
important requirement of satellite batteries, which
ensures that all cells charge and discharge at the same
rate [1].

Altitude, as a pertinent orbital factor, also affects the
amount and intensity of environmental factors such as
solar intensity, particulate radiation, micrometeoroids and
debris, and atomic oxygen [9, 10]. For example, the Earth
environment, such as the amount of atomic oxygen that
exists, varies with altitude changes.

Therefore, a clear understanding of the effects of
variations in the altitude of a satellite can be very
important to the designers of thermal control and
electric power subsystems.

In this paper, the satellite under consideration has
been analyzed in three different altitudes: 700, 893 and
1000 km, and in each case, temperatures for
representing satellite surfaces have been obtained.

Satellite Spin

In the passive thermal control method, spinning of
the satellite at an appropriate rate (Revolution Per
Orbit (RPO)), about one of the satellite axis, can be
used as a part of the overall thermal control strategy
to ensure uniform temperatures on the external surfaces.
Studies on rotating cylindrical space vehicles with body
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mounted solar arrays [11-15] have shown the effect of
spin rate on temperature distributions. Petrof [11]
studied the effect of spin in minimizing the temperature
peaks in a rotating vehicle. He concluded that, with
increase in the rate of satellite spin, the extreme points
of the surface temperature shift in the direction of the
rotation, besides diminishing both maximum and
minimum temperature values. In the limit, when the
spin approaches infinity, the temperatures everywhere
approach the average temperature of the vehicle as
required by thermodynamic equilibrium. For example,
for a cylindrical satellite spinning with the sun normal to
the spin axis and having body mounted solar panels
with solar absorption to infrared emittance ratio (o/e) of
nearly 1.0, the satellite will run around the room
temperature [1]. Therefore, as reported by Gadalla [15],
spinning of the satellite as it orbits the earth results in
reduction in the overall temperature on the external
surfaces of the satellite. This is especially important in
the case of body mounted solar panels, because the rate
of power production by the solar cells, as shown in
Figure 2, is affected by their working temperatures [9-
17].

In this paper, the satellite has been analyzed at
several spin rates: RPO=1, 3, 5, and 10. The No Spin
condition (RPO=0) and Quick Spin condition
(RPO=w) also have been analyzed as the limiting
cases. For all the spins, temperatures of the satellite
solar panels, considered as representative surfaces,
have been obtained to show the effect of spin rate on
the satellite temperatures.

Satellite Radiator(s) Position(s)

The external surfaces of a satellite radiatively couple
the satellite to the deep space. These surfaces, known
as radiators, are also exposed to external sources of
energy such as direct solar, albedo (reflected solar flux) and
Earth-emitted IR. Therefore, their radiative properties must
be selected so that an energy balance at the desired
temperature, between the satellite internal heat dissipation,
external sources of heat, and re-radiation to space, is
achieved. Radiators are given surface finishes, such as
white paints with high infrared emittance (¢ > 0.8) and low
solar absorptance (¢<0.2), to maximize heat rejection from
the radiators, while limiting the absorbed heat loads from
the surroundings [10].

The heat removal can be arranged through one
centralized radiator (all dissipated heat going to one
centralized radiator) or several individual radiators,
distributed in the satellite. For satellites with 3-axes
stabilization, the choice of zone(s) for radiator(s)
location(s) depends on the satellite orientation along
its orbital movement. Hence, important issues that the
satellite thermal designer must address pertain to
determining the optimum position(s) of the radiator(s)
on the satellite and estimating their size [3].
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Fig. 2 Temperature effects on (a) short circuit current (b)
open circuit voltage (c) maximum power of solar cells [9]

In order to size the radiator(s), the information on
the satellite orbital positions, in relation to sun, is of
great importance. The thermal designer must
determine the paths, followed by the satellite during
the course of the satellite mission, along which the
impinging fluxes are the lowest and do not vary
significantly. Regions that are mostly perpendicular to
or shaded from the solar vector are candidate locations
for placing the radiator(s). Other surfaces may have to
be insulated to reduce the effects of exposure to space.
These locations are also preferred from the viewpoint
of improved predictability.

For an isothermal space facing radiator, with
dissipating components mounted on its back (see Figure
3), the area 4 (one side) that will keep the temperature
Thot < Tmax, Where Ty is the hot case temperature and
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Tmax IS the maximum temperature considered acceptable
for the radiator in orbit, is given by [18]:
ZQint

A=
eoT* —a (solar + albedo) + € (IR)

1)

where 20, is the total heat dissipated by the electronic

components, and solar, albedo and (IR) are heat loads due
to sun, albedo and Earth IR fluxes, respectively. Radiator
temperature is sensitive to steadiness of the rejected power,
and approximately 1 watt of energy produces about 1 K
temperature change [19, 20].

Surface finish determines o, €
/ Environmental heat loads

Qi _= Asgs(solar + albedo)
= £ Ases(IR)

Q'm_h N ﬂ\‘----.__,_ Reradiated energy
Asgeg TH

Environmental loads +ZQ,; = Reradiated energy
(Steady state)

Fig. 3 Energy balance for the satellite radiator [1]

Considering the design heat loads, the radiator
area calculated using Eq. (1) will give the thermal
designer a rough idea about the optimum position(s)
of satellite radiator(s). If a radiator is to be
positioned on the top of the satellite (zenith
oriented), the IR and albedo flux values will be
zero, and radiator sized on the basis of Eq. (1) will
run cold. On the other hand, for a radiator
positioned at the bottom of the satellite (nadir
oriented), the IR and albedo fluxes will be non-zero,
assuming various values depending on the position
of the satellite in the orbit. Whatever the case, a
satellite radiator should have sufficient radiating
area to fulfill its thermal duty. Therefore, it is
important to estimate the required size and optimum
position of satellite radiator(s) for any thermal
control design.

In this paper, two configurations, namely top
radiator configuration and bottom radiator configuration,
have been analyzed to obtain the temperatures of the top
and bottom surfaces of the satellite.

Thermal Modeling and Analysis

In this study, two specialized software, namely the
Systems Improved Numerical Differencing Analyzer
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(SINDA), and the Thermal Desktop software, have
been used for the satellite thermal modeling and
analysis. SINDA, a network-style (resistor-capacitor
circuit analogy) thermal simulator and heat transfer
analysis software, uses lumped parameter modeling
with FD method for heat transfer design. In general, a
user poses a heat transfer problem by creating an
arbitrary network of temperature points (nodes)
connected by heat flow paths (conductors). Thermal
Desktop is a PC CAD-based thermal model builder.

As required by the thermal modeling process,
more than 1000 lines of programming are also written
for the construction and execution of the Thermal
Mathematical Model (TMM). Also, the detailed
Geometrical Mathematical Model (GMM) of the
satellite is constructed using the Mechanical Desktop
Environment. It should be noted that these two models
complement each other and both are necessary for the
thermal modeling and analysis of a satellite.

The satellite components are modeled using the
Lumped Parameter Method, where networks of
temperature points (thermal nodes) connected by heat
flow paths (conductors) are used to present each
component in the nodal network. The component
mass, optical and thermo-physical properties such as
heat capacities are assumed to be concentrated in the
center of the corresponding thermal nodes. In the
present study, 500 thermal nodes are used for
modeling various satellite components. The number of
nodes, necessary to represent each component, is
decided by the respective component criticality, i.e., its
degree of importance to the satellite mission, and also
the component sensitivity to orbital temperature
variations.

The satellite thermal modeling and analysis process
followed in this study consists of the following steps:

1. Constructing a Geometrical Mathematical Model
(GMM) using Thermal Desktop (TD) software.
This model (see Figure 5a, b) is used for the
estimation of view factors and the absorbed heat
Sfluxes, namely solar (Q,,,), albedo (Q,) and Earth
IR (Q;), which constitute the environmental
thermal loads on the satellite.

2. Constructing a Thermal Mathematical Model
(TMM), consisting of linear and radiation
conductors (see Figure 6a, b, c, d):

a. The linear conductors, representing solid
conduction, transport heat in direct proportion
to the difference in nodal temperatures: Q,.,
= G (T, - T,), where Q,.; is the heat flowing
from node 1 to node 2 through a conductor of
value G (= kA/Ax), T, is the current
temperature of node 1, T, is the current
temperature of node 2, K is the material
conductivity, 4 is the internodal cross-
sectional area and Ax is the distance from
node to node center.
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b. Radiation conductors transport heat according
to the difference in the fourth power of
absolute temperature: Q,, = G (T)* - T,"),
with G = o0&, F;,4;, where o is the Stefan-
Boltzmann constant, & isthe emissivity of
node 1, A; is the area of node 1, and F;_, is
the view factor from node 1 to node 2.

3. Creating the SINDA input file by writing the
thermal network codes using a FORTRAN like
language.

4. Arrangement of the GMM outputs, namely view
factors and the environmental heat fluxes, which
will be used in the TMM, in two files: (i) the first
file containing data on the radiation conductors
for radiation heat exchange among the internal
surfaces and radiation between the external
satellite surfaces and the deep space environment,
and (ii) a second file containing the satellite
environmental thermal loads.

5. Solving the resultant thermal network using
SINDA, to obtain the satellite temperatures.
Figure 4 shows a schematic of a simple satellite

model in its Earth orbit. The heat loads on the
satellite are also shown. If there is a balance
between the energies entering and leaving the
satellite, the satellite will be at an equilibrium
temperature, which can be determined by Eq. (2).
This energy balance is defined by the energy
emitted from the satellite to the deep space as
infrared radiation (Q;_) on one hand, and the energy
absorbed by the external satellite surfaces (Qgun, Qir,
Q.) and the heat dissipation by the internal satellite
components (Q;), on the other. Therefore:

qun +Qir +Qa +Ql = Qs—s (2)

It should be noted that all the terms in Eq. (2)
may not be present simultaneously. For example,
during an eclipse; Eq. (2) will be simplified by the
elimination of the Qg, and Q, terms. Another
important observation about Eq. (2) is that this
equation only yields the temperature of the external
surfaces of the satellite, and it does not provide any
information about the satellite individual components
or the local cold or hot spots. Therefore, in order to
carry out a more detailed thermal analysis, it will be
necessary to use a finer thermal network and a more
accurate meshing scheme. In the view of the nonlinear
nature of the resultant heat transfer partial differential
equations, specialized software for thermal modeling
and analysis are used in this study.

The SINDA code provides four methods,
classified as Steady State and Transient Methods, for
solving the equation network. The Steady State
Methods are used for time independent cases, or as
initial conditions for transient analyses. Transient
subroutines are used to solve governing equations with
respect to time.
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Fig. 4 Energy balance for a LEO satellite [2]

In the Lumped Parameter Method, the thermal
network of the whole satellite is solved in such a way
that at every time interval, the equation of
conservation of energy is satisfied at each node in the
network. The equation system, with the number of
equations equal to the number of nodes in the network,
has been analyzed numerically as an unsteady system,
using a second order implicit numerical algorithm. The
following equation, for the conservation of energy at
thermal node i, holds:

dT. N .
G oE =0+ Y (6T =T+ T} -1 3)
J=1
kA,
— 4
Gj[ — ]l_j_ ( )
K A

cijeij

The radiation conductors are given as following:

Gjj = 0¢;F;_i4; ®)

The small satellite considered in this analysis is
cubical in shape: the bottom side faces the Nadir
(towards the Earth), the top side faces the Zenith, and
the four lateral sides are covered with solar panels.
Figure 5a, b shows the satellite GMM models.

A passive thermal control system is designed in
which paints, multilayer insulation (MLI), and passive
structural radiators are incorporated. The radiators are
painted white (emittance, €>0.8, absorptance, 0<0.2).
Solar cells, placed on top of aluminum walls, are fixed
on all lateral sides of the satellite.

Each thermal analysis set is performed by
constructing two mathematical models: a geometrical
mathematical model (GMM) (see Figure 5), consisting
of sub-models such as electronic box, telemetry units,
batteries, and the satellite structure, and a thermal
mathematical model (TMM) (see Figure 6), consisting



1 8 / Journal of Space Science and Technology
Vol. 7/ No. 1/ Spring 2014

of radiative and conductive thermal conductors.
Output from a particular GMM, namely environmental
heat fluxes consisting of solar, albedo and Earth IR,
and radiative view factors, are used in the
corresponding TMM to obtain the satellite
temperatures.

Boom
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(b)

Fig. 5 GMM: (a) solar panels, (b) internal components
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Fig. 6 Thermal network (TMM): (a) Electronic box, (b) an
electronic component, (c) solar panels, (d) satellite structure

Figure 7a, b depicts the satellite in two possible
orbits (here shown for $=60°, 90°). Table 1 presents the
temperature limits of the satellite main components.
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(b)
Fig.7 The satellite in its orbit: (a) B=60°, (b) =90°

Table 1. Temperature limits of main satellite components

Unit Operating Non-operative
Range (°C) Range (°C)
Solar Panels -50, +120 -
Battery Pack -10, +25 -20, +40
gfgéz‘)ﬁc Box 10, +50 40, +80
Telemetry Units -5, +50 -50, +50
Structure -80, +80 -

Standard software SINDA/FLUINT [21] and
Thermal Desktop [22] are used in this study for the
purpose of thermal modeling and analysis. The
transient thermal analysis is performed through
implicit forward-backward differencing given as:

2C; (o ps1
T;(T-"J' —T,-") = 20, +

,Nl |:Gji(Tjn _]—;n)+8/i{(Tjn)4 _( i”)4}:| )

J=

% [Gﬁ (T - )+ Gji {(T_f”H)A - (Tf”H)AH
Jj=1

where:

(6)

T j" = temperature of node ; at the current time ¢
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Tj"+1 = temperature of node i at the next time ¢+ At

G = linear conductor attaching node j to node i

Ji

A

Gji = radiation conductor attaching node j to node i
C; = thermal capacitance of node i

Q;  =source/sink for node i

In effect, the above finite difference equation uses
the average of the temperature derivatives at the
current and next time to predict the overall temperature
change. and next time to predict the overall
temperature change. This method is second order
accurate in time and first order accurate in space [22].

Results and Discussion

Effects of Beta Angle and Altitude

In this section, effects of variation in orbit altitude,
from 500 to 1000 km, and beta angles, from 0 to 90°,
on satellite temperatures are presented for a nadir
pointing satellite.

Figure 8 shows the variations in the temperature
of the top satellite surface at various altitudes and
different B angles. As shown, the top surface
temperature does not vary significantly with increase
or decrease in satellite altitude. This is mainly because
this surface faces the zenith, which means for all B
angles, it only receives solar radiation: no Earth IR
or albedo radiations are received by this surface. In
addition, the amount of solar radiation depends only
on B angle. Therefore, increase in altitude from 700
to 1000 km has little effect on the amount of solar
radiation received by this surface. The top surface,
being parallel to the direction of solar rays at p=
+90°, receives no solar radiation, and hence, it
reaches very low temperatures. However, at =0°,
the top surface receives the maximum amount of solar
radiation during day time (the lighted part of the orbit),
and attains its highest temperature at this angle. At
0°<p<£90°, the solar radiation received by the top
surface gradually decreases, resulting in a downward
temperature trend as illustrated in Figure 8.
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b0 -90 -80 70 60 50 -40 -30 20 -10 O 10 20 30 40 50 60 70 8 90 100

- //k-—h\

-200

EQUILIBRIUM TEMPERATURE

T \

Beta Angle

Fig. 8 Temperature variations of the top surface at various
altitudes and different B angles
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The temperature variations of the base plate at
different altitudes and P angles are shown in
Figure 9. As depicted, the temperature has
decreased with increase in the altitude, reaching its
minimum value at 1000 km. This observed
behavior may be explained by the fact that the
amounts of IR and albedo radiations received by
the base plate decrease with increasing altitude,
resulting in lower temperatures. In addition, for a
given altitude, the Earth IR radiation shows little
variation with variations in B angle and remains
almost constant, while the albedo decreases with
increase in B angle [l]. Since at B= £90° the
albedo received by the base plate reaches its
minimum value, this surface is mainly affected by
the Earth IR radiations. Therefore, for each of the
three altitudes considered in this study, the lowest
temperature of the base plate occurs at f= £90°.
Also, depending on the altitude, the base plate
receives the maximum amount of solar radiations
atp angles ranging from +£60° to =£70°
Accordingly, maximum temperatures for the base
plate occur at these P angles (see Figure 9).

CUBE BOTTOM-WHITE
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5
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100 90 80 70 60 -50 40 -3 20 10 0 10 20 30 40 50 60 70 8 90 100
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Fig. 9 Temperature variation of the base plate at different
altitudes and B angles

The wvariations in the temperature of the
satellite lateral surfaces at different altitudes and
angles are shown in Figure 10. The satellite is
assumed to be a quick spun one. As shown, the four
lateral surfaces, which are covered with the satellite
solar panels, have attained uniform temperature
profiles due to the quick spin of the satellite. The
maximum and minimum amount of solar radiation
received by the solar panels are obtained at B= +90°
and B= 0°, respectively. Correspondingly, as shown
in this figure, the maximum and minimum
temperatures of the solar panels occur at these P
angles, respectively.

Figure 11 presents the battery temperatures at
B=0 to 90° and 500 km orbit (for the first 20
periods). As shown, at f=70° compared to other beta

——TBOTHOT700
—=—TBOTHOT893
—4—TBOTHOT1000
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angles, battery temperatures show significant
difference. Figures 12 through 14 show the battery
temperatures for orbit altitudes in the range of 600
to 1000 km. It may be concluded that with the
increase in beta angle, battery temperatures show
less variations in a particular time period, which is
due to the increase in the amount of time the
satellite remains exposed to the sun flux, or
conversely, the decrease in the amount of time the
satellite remains in the Earth shadow, with
increasing the beta angle.
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Fig. 10 Temperature variation of the lateral surfaces at
different altitudes and f angles

Height 500 km, 0<Beta <90

—_—
BATTERY1.T100
Bete=T0 MMWW
L Bele=g0
Belte=30

e

7.5+

250 -

Temperature (c)

i

:Il INERENENNRNENNREREN IHI‘HH 1111 \Il LI L]

Fig. 11 Battery temperature for orbital hot case, at =0 to 90°
and 500 km altitude (for the first 20 periods)
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and 600 km altitude (for the first 20 periods)
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Fig. 13 Battery temperature for orbital hot case, at f=0 to 90°
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Fig. 14 Battery temperature for orbital hot case, at f=0 to 90°
and 1000 km altitude (for the first 20 periods)

Comparison of the results for different altitudes
shows that with the increase in altitude to 1000 km, the
critical beta angel tends toward a value close to 60°. The
reason for this observed phenomenon can be explained
by considering environmental heat loads as shown in
Figure 15 which presents the total heat flux consisting of
solar, albedo and the Earth IR, absorbed by the base plate
at various altitudes. As shown, the maximum heat flux
pertains to f=60° at 1000 km altitude. Temperature
results for an electronic unit and the base plate at =0 to
90° and 900 km altitude are given in Figure 16. It should
be mentioned that a good agreement exists between the
temperatures of the electronic unit and the base plate.
This surface, which acts as the satellite radiator, is
influenced by the space environment and the beta angle,
and depending on the amount of absorbed heat flux, it can
attain various equilibrium temperatures.
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Fig. 15 Total heat flux absorbed by the base plate at various
altitudes and for the hot case orbital condition
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Fig. 16 Temperatures of an electronic unit and the base plate
at =0 to 90° and 900 km altitude

Temperatures of the solar panels at =0 to 90°, with
10° increment, are shown in Figure 17. Comparison of
results shows that due to the absence of eclipse and the
existence of complete sunlight at f=60° and 1000 km
altitude, the large temperature variations, which result
from the sunlit and eclipse periods in the orbit, are
reduced and the solar panel temperature variations are
only due to the satellite slow spin (RPO) in the orbit.

Height=1000 km, 0<Beta<90, Hot Case
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Fig. 17 Temperatures of one of the solar panels at =0 to 90°
and 1000 km altitude
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Effects of Spin Rate

Figure 18 shows the limiting case of Zero Spin
(RPO=0), in which a side facing the sun is heated to
high temperatures (>125 °C), and the other three sides
receive no solar heat flux, and hence, are at very low
temperatures (<-80 °C). The case of zero spin presents
the worst thermal condition, as all the solar panels
must endure severe thermal states.

F. Farhani and A. Anvari

rate (RPO=w). Temperatures of the four solar panels
for the limiting case of quick spin (RPO=c0) are shown
in Figure 22. In addition, the variations in the
temperature of a single solar panel at various spin rates
are depicted in Figure 23. As shown, in the case of
quick spin, the maximum and minimum temperatures
vanish, and the temperatures of the solar panels reach a
value close to that of room temperature.
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Fig. 18 Temperatures of solar panels, the no spin limiting
case (RPO=0)

Solar panels temperature variations at RPO=1 and hot
orbital case are shown in Figure 19. Here, the four
solar panels show similar temperature variations, and
the minimum temperature has increased to about -55
°C, while the maximum temperature has decreased to
about 115 °C. However, the temperatures of the solar
panels are still far from satisfactory.
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Fig. 19 Temperatures of solar panels at RPO=1

Figure 20 shows the remarkable improvement in the
temperature conditions for RPO=3. The temperature
range is now between -14 °C to 78 °C.

Solar panels temperature variations at RPO=10 and hot
orbital case are demonstrated in Figure 21. It is
important to note that further increase in spin rate
ultimately results in the limiting case of infinite spin
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Fig. 21 Temperatures of solar panels at RPO=10
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Fig. 22 Temperatures of solar panels for limiting case of
quick spin (RPO=w)
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TEMPERATURES OF A SOLAR PANEL AT VARIOUS SPIN RATES (Hot Case)
J— — -

RPO 10 RPOO RPO3 RPOS Quick Spin RPO1

N \
r AN
+ / /
\ \
r 2 / / ’\\ N R
50
r \ / \
£ / \

! g\ _Y A )

T ¥ N \
' / NS AN \ / / \J RS

Temperatures (°C)
N
7
/
N
/|
/
«
N
/
14

Time (hr)

Fig. 23 Temperature variation of a single solar panel at

various spin rates

The increasing spin rate diminishes both maximum
and minimum temperature values. In the limit, when
the spin approaches infinity, the temperatures
everywhere approach the average temperature of the
vehicle as required by thermodynamic equilibrium.
Satellite spin can be used to improve the temperature
distribution in a satellite.

A comparison of the temperature results of this
study with flight temperatures results reported by
Badari and Venkata Reddy [23] shows that for both
cases, temperatures of the body mounted solar panels,
fixed on the satellite lateral sides, match well.

Effects of Radiator Position

Temperatures of the top and bottom surfaces at f=60°,
for the two radiator positions considered in this study,
are shown in Figures. 24 and 25, respectively.
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Fig. 24 Temperatures of the top and bottom surfaces at
B=60° (the top radiator configuration)

(i) Top Radiator Configuration

In this configuration, the top surface, which acts as the
satellite radiator, faces the deep space, and therefore,
exchanges heat radiatively with the space
environment. At constant internal heat dissipation, the

I
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equilibrium temperature of a radiator surface is
affected by the quantity of flux, namely solar, albedo
and the Earth IR, received by the surface from the
environment. For the top surface (zenith facing)
radiator, the albedo and IR flux will be zero, which
means the radiator only receives the solar flux. This, as
shown in Figure 24, results in lower temperatures of
the top surface (radiator) compared to the temperature
of the MLI covered bottom surface.

(i) Bottom Radiator Configuration

For a radiator positioned at the bottom of the satellite
(nadir oriented), the IR and albedo fluxes will be non-
zero. In this case, the bottom surface is always nadir
pointing and the radiator will receive albedo and the
Earth IR heat flux. Hence, in general, the radiator
temperature will be higher for the bottom surface radiator
configuration (see Figure 25). This means that the
temperatures of various components in the satellite,
depending on their relative positions with respect to the
satellite radiator, will be higher for the bottom surface
radiator configuration than the top surface radiator
configuration.
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Fig. 25 Temperatures of the top and bottom surfaces at

B=60° (the bottom radiator configuration)

Conclusion

The following conclusions can be drawn from the
results:

e Change in the satellite altitude, in the range
considered in this study, does not produce critical
thermal conditions, and hence, passive thermal
control can still be used with sufficient reliability.

e Spin rate has a marked influence on the satellite
temperature distribution. Spin rate equal to or
greater than 3 RPO will result in good overall
temperature distribution in the satellite solar
panels.

e The maximum and minimum temperatures vanish
in the quick spin case; the temperatures of the solar
panels approach room temperature.
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e The top surface radiator configuration results in
lower temperatures as compared to the bottom
surface configuration, and therefore, it could be the
preferred configuration for small satellites with
similar shapes and mission requirements.

e Comparison of the results with flight temperatures
results reported by other researches indicates the
adequacy of the discussed considerations for use in
the design of satellites of similar configurations,
missions and orbital parameters.
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